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Abstract

We have studied the photophysics and photochemistry of the higher-lying triplet
states of rose bengal (tetraiodo-tetrachlorofluorescein) in water.

Triplet-triplet absorption spectroscopy is used to identify a previously unde-
scribed triplet state of rose bengal with an absorption cross section of (1.1£0.1) x
107'% cm? at 1064 nm. This state is the least energetic triplet state, excluding
T,, to be identified, so it will be denoted as T,.

Two-step excitation techniques for measuring reverse intersystem crossing,
an intersystem crossing from a higher-lying triplet state to a singlet state, are
described. The method of two-step laser-induced fluorescence is used to determine
the quantum yield of reverse intersystem crossing for three higher-lying triplet
states of rose bengal. Reverse intersystem crossing yields of 0.0076 + 0.0002,
< 0.06, and 0.12 + 0.02 are found for the triplet states excited by 1064- , 632-,
532-nm light, denoted respectively as T,, T, and T,. Bond cleavage may also
follow excitation of a higher-lying state. Other workers have found evidence for
this photochemical process from T, but not T,. The method of two-step laser-
induced bleaching was used to determine whether bond cleavage occurs from T,.
No evidence was found for a such a process. It had been hypothesized that reverse

intersystem crossing was responsible for the lack of bond cleavage from T,. A



vii

theoretical investigation based on kinetic models including reverse intersystem
crossing shows that variations in the yield of this process would produce only
small changes in the yield of photoproducts formed by bond cleavage.

A two-photon absorption cross section of 0.028 £ 0.001 GM for rose bengal
excited by 1064-nm light is determined using a fluorescence technique. The impact
of higher-lying states on multiphoton excitation is discussed, and it is shown that
the neglect of reverse intersystem crossing can lead to an apparent enhancement

of the two-photon absorption cross section in the analysis of fluorescence data.



viii

Table of Contents

Curriculum Vitae iii
Acknowledgments iv
Abstract vi
Table of Contents viii
List of Tables xii
List of Figures xiv
1 Introduction 1

1.1 Introductory photophysics . . . . . ... ... .. ... ..... 2

1.2 Selection rules for radiative transitions . . . ... ... ... .. 5

1.3 Phosphorescence, excited state absorption, and identification of the

triplet state . . . . . .. ... ... 8
1.4 Intersystem crossing yields . . . . . ... ... ... ... .... 9
1.4.1 'The heavy atom effect . . . . . ... ... ... ..... 9
142 Theenergygaplaw . . . .. ... .. ... .. ...... 11
1.4.3 Oxygen-enhanced intersystem crossing . . . .. ... .. 12

1.5 Photodynamic therapy . . ... ... .. ... ... ....... 16



1.6 Rosebengal . . . ... ... ... . ... .. ... ... ... .

1.7 Outline of the thesis . . . . . . . . . . . .. .. .. ... ....

Detection and excitation of higher-lying triplet states

2.1 Experimental methods . . . . .. .. ... ... .........
2.1.1 In-linegeometry . . . . . . . . ... ... ... .. ... .
2.1.2 Right-angle geometry . . . . . . ... ... ...
21.3 Materials . . ... ... o

2.2 Analytical methods . . . . . . ... ... ... ... ... ...
2.2.1 Total depletion method . . . . . . ... ... ... ....
2.2.2 Partial saturation method . . . . .. ... ... ... ..
2.2.3 Pulsed fluence variation . . ... .. ... ... .....

2.3 Results and discussion . . . . . ... ... ... ... ... ..

2.4 Discussion . . . . . .. e

Intersystem crossing from higher-lying triplet states

3.1 Background . .. ... ... ... ..

3.2 Measurement techniques for determining reverse intersystem cross-
ingyields . . . ... ...
3.2.1 Two-step laser-induced bleaching . . .. ... . ... ..
3.2.2 Two-step laser-induced fluorescence . . . . .. ... ...
3.2.3 Discussion of the &, measurement techniques. . . . . .

33 Priorwork . . . . ...
3.3.1 Low-yieldresults . ... ... ... ............
3.3.2 High-yieldresults . . . . ... ... ... .. .......
3.3.3 Previous rose bengal results . . . . ... ... ......

3.4 One-color experiment . . . .. .. ... ..............

ix

17
19

23
24
26
30
33
33
34
35
36
38
44

45
45

47
48
30
51
54
95
37
39
62



3.5

3.6

3.4.1 Experimental methods . . . ... ... ... ... ....
3.4.2 Analytical methods . . . .. ... ... ... .......
343 Results. ... ... ... ... ... ...
Two-color experiments . . . . . .. ... ... ..........
3.5.1 Experimental methods . . . ... ... ... .. .....
3.5.2 Analytical methods . . . . . ... ... ... ... ....
353 Results. . ... ... ... .. ... ..

Discussion . . . . . . . . . .

Photochemistry of higher-lying states

4.1
4.2

4.3
4.4
4.5
4.6

4.7

4.8
4.9

Overview . . . . . . . . . ..
Limitations of conventional photodynamic therapy and proposed
remedies . . . . . ... L
Objections to the Leupold-Freyer two-step activation proposal .
Photochemistry of the higher-lying states of rose bengal . . . . .
Bondcleavage . . . . . . . ... ... ...
Measurements of T, photochemistry . . . .. ... ... .. ..
4.6.1 Theoretical basis of two-step laser-induced bleaching

4.6.2 Experimental methods and results. . . . . .. ... ...
4.6.3 Analysis and discussion . . . . ... ... ... ... ...
Explanation of photochemical differences based on reverse intersys-
tem crossing . . . . ... ..
Discussion of two-step activation feasibility . . . . . . . ... ..

Conclusion . . . . . . . . . .

Simultaneous multiphoton absorption and the effects of higher-

lying states

62
66
73
79
79
82
90
94

99
99

100
104
106
110
113
113
118
124

128

134
139

140



5.1 Background . . ... . ..

5.2 Fluorescence technique for determining the two-photon absorption

cross section . . . . . . . .

5.3 Intensity-squared dependence of two-photon excited fluorescence

5.4 Two-photon excited fluorescence and reverse intersystem crossing

in rose bengal . . . . . ..

5.4.1 Experimental methods and results . . . . . .. .. .. ..

5.4.2 Analysis . . .. ..

55 Conclusion. . .. ... ..

6 Summary and suggestions for future work

6.1 Summary ... ......

6.2 Suggestions for future work

Bibliography

A Absorption and the effects of molecular rotation

A.1 Molecular orientation and Beer’slaw . . . . .. . .. ... ...

A2 Effect of rotational diffusion on ground state depletion . . . . .

A.2.1 Analytical solutions

A.2.2 Numerical solutions

xi

141

144
145

149
149
153
160

165
165
169

172

185
185
186
186
189



List of Tables

2.1
2.2

3.1

3.2

3.3

3.4

3.5
3.6

4.1

4.2

4.3

Equipment used in the pump-probe experiment . . .. ... ..

Equipment used in the laser flash photolysis experiments . . . .

Summary of reverse intersystem crossing yields appearing in the
literature. . . . . . . ...
Equipment used in the one-color laser-induced fluorescence experi-
MENES . . . . . e e e e e e e e e e e
Photophysical parameters of rose bengal in water that are relevant
to 532-nm excitation. Parameters to be determined in the fitting
process are indicated by t. b. d. . . . ... o000
Equipment used in the two-step laser-induced fluorescence experi-
MENES . . . . . e e e e e e e e e e e
Photophysical parameters for two-color excitation of rose bengal

Energies of rose bengal excited states . . . . .. ... ... ...

Photophysical parameters for 1064-nm excitation of the T, state of

rose bengal . . . ...

Equipment used in the two-color laser-induced bleaching experi-

ments . . ... .

X1i

28
32

63

65

69

81

85
98

116



5.1

5.2

xiii

Photophysical parameters of rose bengal in water that are relevant
to 1064-nm excitation. Parameters to be determined in the fitting

process are indicated by t. b. d. . . .. ... ... 00 156
Photophysical parameters of Rhodamine 6G in ethanol that are

relevant to 1064-nm excitation. . . . . . . . . . . . ... .. .. 157



List of Figures

1.1
1.2

1.3
14

2.1
2.2
2.3
24
2.5
2.6
2.7

3.1
3.2
3.3

3.4

Energy level diagram showing the basic photophysical processes.
Schematic of potential energy surfaces for a non-radiative transition
between two electronic states . . . . . .. ... ... ... ...
Non-radiative transition rate as a function of energy gap

Rose bengal-related articles in the research literature (1991-1999)

Schematic of transient absorption geometries . . . . . . . .. ..
Experimental setup for pump-probe measurements . . . . . . . .
Experimental setup for laser flash photolysis measurements . . .
Ground state absorption spectrum of rose bengal . . . . .. ..
Pump-probe measurements of 1064-nm absorption by T,
Dependence of triplet extinction fit on choice of data subset

Rose bengal near-infrared triplet-triplet absorption spectrum . .

Idealized two-step laser-induced bleaching signal . . . . . . . ..
Idealized two-step laser-induced fluorescence signal . . . .. ..
Experimental setup for one-color laser-induced fluorescence mea-

surements . .. .. L L L L e e e e e e e

xiv

13
14
20

25
27
31
40
41
42
43

49
52

64
68



3.5

3.6
3.7

3.8

3.9

3.10

3.11

3.12
3.13

4.1

4.2

4.3

4.4

4.5

4.6

Experimental results of one-color laser-induced fluorescence mea-
surement (A =532nm) . . . . ... ...
Population dynamics during one-color excitation . . . . . . . . .
Effect of triplet-triplet absorption and reverse intersystem crossing
on S, dynamics during one-color excitation . . . . . ... .. ..
Effect of rotational diffusion and thermalization on one-color laser-
induced fluorescence . . . .. ... ... L.
Experimental setup for two-step laser-induced fluorescence mea-
surements (A, = 1064 nm) . . . .. ... ...

Energy-level scheme for two-color excitation dynamics, complete

Energy-level scheme for two-color excitation dynamics, P, subset
ofmodel . . . . . ...
Emission spectra resulting from 532- + 1064-nm excitation . . .
Two-step laser-induced fluorescence ratio versus P, fluence for 532-

+ 1064-nm excitation . . . . . . . . ... ...

Energy level diagrams for two-step activated photodynamic therapy
Potential energy curves for states in the predissociation pathway

Energy-level scheme for 1064-nm excitation of the T, state of rose

Transient transmission at 920 nm induced by 532-nm excitation
reveals long-term photobleaching effects . . . . . . .. . ... ..
Transient transmission at 920 nm induced by one- and two-step

excitation . . . . . . . L L

Xv

74
75

77

78

80

84

88
91

93

105
111

117

119

123

125



4.7

4.8

4.9

4.10

5.1
5.2
5.3

5.4
3.5
5.6

3.7
5.8
5.9
5.10

Al

A2

A3

Comparison of transient transmission at 920 nm induced by one-
and two-step excitation . . . . . .. . ... L.
Relative change in absorbance at 920 nm induced by two-step ex-
citation . . . . ... L
Theoretical dependence of radical production on the forward and
reverse intersystem crossing yields . . . . . . .. ... ... L.
Theoretical dependence of radical production on the reverse inter-

system crossing yield and upper triplet state lifetime . . . . . .

Models of two-photon excitation . . . . . . . ... ... .....
Models of two-photon excited fluorescence quenching . . . . ..

Experimental setup for two-photon excited fluorescence measure-

Two-photon excited fluorescence of rose bengal and Rhodamine 6G
Energy-level scheme for 1064-nm multiphoton excitation dynamics
The best value of the two-photon absorption cross section ¢ is deter-
mined by a locating a minimum in x? of the fit of § to the 1064-nm
excited fluorescence of rose bengal . . . . . . . .. ... ... ..
Best fit to 1064-nm-excited fluorescence of rose bengal . . . . .
Population dynamics of S, during multiphoton excitation . . . .
Population dynamics of T, during multiphoton excitation . . . .

Population dynamics of T, during multiphoton excitation . . . .

Analytical solutions of ground state depletion including effects of
rotational motion. . . . . ... ..o o0

Numerical solutions of ground state depletion including effects of
rotational motion . . . ... ... Lo oL

Evolution of the ground state population when k,,; = 3.2 ns™!

xvi

126

127

132

133

142
147

151
152
155

158
159
161
162
163

188

192
193



xvil

A.4 Evolution of the ground state population when kot =0 . . . . . 194
A.5 Dependence of rotational diffusion model on number of angular

divisions . . . . . . . 195



Chapter 1

Introduction

Rose bengal is a potent photosensitizing agent first synthesized in the 1880s.
Possessing a near unity intersystem crossing yield, it has been a standard reference
used in experiments determining the intersystem crossing and singlet oxygen yields
of other photosensitizers. It has also been used as source of singlet oxygen in
many studies of the biological effects of singlet oxygen. Careful and complete
characterization of molecules such as rose bengal is essential if they are to be
useful references.

Much of the previous interest in photosensitive molecules has been focused on
the properties of the lowest excited singlet and triplet states. Reports in the past
two decades have suggested that higher-lying states could produce novel effects
that might enhance conventional photodynamic therapy. The logical place to
begin a study of the previously ignored higher-lying states is with rose bengal,
one of the standard conventional photosensitizers.

This thesis describes studies of the important properties of the upper-excited
states of the molecule rose bengal. We will present evidence for a new triplet state
of rose bengal that we predicted would result in strong triplet-triplet absorption

in the near-infrared. The question of whether reverse intersystem crossing yields
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are state-dependent will be answered using a two-step laser-induced fluorescence
technique. An explanation of differences in oxygen-independent damage based on
reverse intersystem crossing will be proposed, and the validity of that explanation
will be evaluated using kinetic models. Our experimental measurements of pho-
tobleaching will be used to set a lower limit on the energy required for cleavage
of a carbon-iodine bond in rose bengal. We will also show that neglect of reverse
intersystem crossing can lead to an apparent enhancement of the two-photon ab-
sorption cross section in the analysis of fluorescence data.

This chapter lays a foundation for the remainder of the thesis by reviewing
key concepts of molecular physics, particularly those related to the absorption
and emission of light. Following that review is a brief history of photodynamic
therapy and rose bengal. Finally, the chapter concludes with an overview of the

remainder of the thesis.

1.1 Introductory photophysics

According to the Pauli exclusion principle, no more than two electrons may occupy
any particular molecular orbital. Most molecules have an even number of electrons
as well as non-degenerate orbitals, resulting in a minimum energy configuration in
which electrons only occur in pairs with anti-parallel spins. Such a ground state
molecule will have no net electronic spin. States with zero spin are called singlet
states because the Mg quantum number describing the total spin can have only
one value, zero. If one pair of electron spins is parallel rather than anti-parallel
then the spin quantum number will be 1. This configuration is called a triplet
state because My can take on three values: +1, 0, and -1. The number of possible
spin quantum numbers is also called the state’s multiplicity. Throughout the rest

of this work singlet states will be denoted by S; and triplet states by T;. In this
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notation S, is the ground state, S, is the first excited singlet state, T, is the first
excited state that is a triplet, and so forth. In the infrequent case where the
ground state is a triplet it will be denoted by T,. According to Hund’s rule a high
multiplicity orbital configuration will be less energetic than an otherwise identical
orbital configuration with a smaller multiplicity. In practice this means that each
excited singlet state has an associated less energetic triplet state.

Dioxygen (O3), which will simply be called oxygen or molecular oxygen else-
where in this work, is one of the important exceptions to the general rule that the
ground state of a molecule is a singlet. The triplet nature of the oxygen ground
state results from the degeneracy of its highest occupied molecular orbitals. Be-
cause reactions between oxygen and dye molecules provide much of the context
for the present work, it is convenient to reserve the S; and T; notation for the dye
molecule and adopt an alternative notation for oxygen. Therefore the ground state
of oxygen will be called 0, and the corresponding excited singlet state O,(*A,)
will be abbreviated as 1O,.

The three main types of non-radiative transitions that will be considered are
vibrational relaxation, internal conversion, and intersystem crossing. Vibrational
relaxation is a fast transition occuring within the vibrational levels of a single
electronic state. Internal conversion is an isoenergetic transition between states
of the same multiplicity (e.g., S, to S,). Typically it occurs from a lower-lying
vibrational level of one electronic state to an upper-lying vibrational level of an-
other state. This is predominantly a unidirectional transition because vibrational
relaxation will quickly depopulate the upper-lying vibrational levels. Intersystem
crossing is essentially equivalent to internal conversion except that it occurs be-
tween states of different multiplicity (e.g., S, to T,). The processes of internal

conversion and intersystem crossing are shown in Fig. 1.1. Transitions between
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Figure 1.1: Energy level diagram showing the basic photophysical processes. The
spin orientations of the outermost pair of electrons are illustrated for the case of
no orbital degeneracy. Electronic states are shown along with their associated

vibrational levels.
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states of different multiplicity are “forbidden” in a simple treatment of the molec-
ular system because spin angular momentum is not conserved. The forbiddeness
of intermultiplicity transitions can be reduced if relativistic effects result in some
coupling between spin and orbital angular momentum, allowing a change in spin if
there is a corresponding change in orbital angular momentum. In many cases this
coupling is weak so as a general rule internal conversion is a much more probable
transition than intersystem crossing. Conditions leading to enhanced intersystem
crossing will be described in §1.4.

Radiative transitions, like the non-radiative transitions described above, are
divided into two main types based on multiplicity. Radiative transitions between
states of the same multiplicity will be called fluorescence and intermultiplicity
transitions are phosphorescence. The spin conservation considerations described
above also apply to radiative transitions, so fluorescence tends to be more probable
than phosphorescence. Fluorescence occurs at an approximately 10° faster rate
than phosphorescence for molecules containing atoms no heavier than oxygen [1].
As a consequence, fluorescence tends to be shorter-lived than phosphorescence.
Alternatively, in some parts of the scientific community a radiative transition is
termed fluorescence or phosphorescence based on its lifetime. In many cases the
lifetime-based and multiplicity-based definitions will overlap, but there are also
several well-known processes leading to long-lived singlet-singlet emission. The
multiplicity-based definition is used throughout this work so emissions such as

these will be termed fluorescence rather than phosphorescence.

1.2 Selection rules for radiative transitions

Radiative transitions cannot occur between any given pair of states. Allowed

transitions occur when various selection rules, based on fundamental laws such as
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the conservation of angular momentum, are satisfied. Transitions which violate
one or more selection rules are termed “forbidden” because in an idealized model
they would never occur. Deviations of the actual molecule from the idealized
model are such that “forbidden” transitions are not absolutely prohibited. In
general, “forbidden” transitions are often less probable than “allowed” transitions,
but still possible.

The set of rules used most commonly in photophysics are those for electric
dipole transitions in molecules where the spin-orbit interaction is weak. An ad-
ditional rule, the Laporte selection rule, applies to the subset of molecules which
are centrosymmetric. Transitions involving dipole or electric quadrupole moments
require different sets of selection rules. Only electric dipole selection rules will be
described here, but information on other types of transitions can be found in a
quantum mechanics text such as Ref. [2].

The Laporte selection rule applies only to electric dipole transitions in cen-

trosymmetric molecules. The rate of such a transition is proportional to

(vrlerftn) (1.1)

where er is the electric dipole operator and v; and ) are the initial and final
states. If the molecule is centrosymmetric, the states ; and %, have a well
defined parity. This parity has traditionally been denoted by g and u where g
comes from the German word for even, gerade, and u stands for ungerade or odd.
Symmetry arguments show that Eq. (1.1) will vanish if the overall parity is odd.
Because the electric dipole operator is odd, the combination of v; and ¢y must
also be odd. Therefore, the Laporte selection rule states that the only allowed
transitions will be g—u or u—g [3].

Spatial symmetry resulted in the Laporte selection rule, but conservation of

angular momentum for the total election spin of the molecule, S, leads to the
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next selection rule. This rule states that transitions must satisfy AS = 0. It is
this rule that forbids transitions between singlet states where S = 0 and triplet
states where S = 1. As noted above, this selection rule only holds for the case of
negligible spin-orbit coupling.

Conservation of orbital angular momentum, L, requires that AL = +1,0.
Each electron involved in the transition must satisfy Al = +1 because the photon
carries a unit spin. The case AL = 0 can occur only if two electrons are involved
in the transition [4]. This selection rule applies only to the case of negligible
spin-orbit coupling.

The conservation of total angular momentum J is independent of the strength
of the spin-orbit interaction. This requires that AJ = +1,0 with the special case
that J = 0 to J = 0 transitions are forbidden. When the spin-orbit interaction
is negligible, the total angular momentum is found by Russell-Saunders coupling.
The assumption in this case is that only the total spin S interacts with the total
orbital angular momentum L. In this limit the allowed values are J = L+ S, L +
S—1,L+S~2,...,|L -S| At the opposite extreme is jj-coupling. In this
case the strong spin-orbit interaction couples each electron’s spin s to its orbital
angular momentum [ to produce the combined angular momentum j for that
electron. The total angular momentum of the molecule is then found from the
sum of all of the individual j. Molecules may also fall somewhere between the

Russell-Saunders and jj-coupling limits [4].
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1.3 Phosphorescence, excited state absorption,
and identification of the triplet state

Early evidence for the generation of triplet states of molecules following excitation
of their singlet ground state was the observation of a long-lived luminescence
lasting for microseconds or longer. The origins of this luminescence were not
immediately associated with a triplet state, partly due to the observation that
the luminescence consisted of two distinct spectral bands, o and 3, but exhibited
only a single lifetime. The a band exactly corresponded to the much shorter-lived
fluorescence spectrum, and the 3 band was red-shifted compared to this [5].

Jablonski proposed that a metastable state existed below the fluorescent
state [6]. The « emission was attributed to repopulation of the fluorescent state
from the metastable state through thermal activation, and the 3 emission resulted
from a direct transition between the metastable state and the ground state. Exper-
imental observations confirmed that the strength of the o band was temperature-
dependent [7]. In the current literature the term « luminescence has been replaced
by delayed thermal fluorescence.

Using intense illumination it was possible to deplete the ground state of the
molecule and generate a significant concentration of molecules in the metastable
state. The absorption spectrum of the metastable state could then be measured.
Lewis et al. observed that exciting the metastable state to these higher-lying
states did not repopulate the fluorescent or ground states, but the higher-lying
states were found to relax exclusively to the metastable state [7]. In 1944 Lewis
and Kasha presented substantial evidence for the triplet nature of the metastable
state [5]. The experiments in which these absorption properties of the metastable

state were studied provided key evidence for the triplet nature of this state. These
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observations were consistent with an explanation in which the states directly ex-
cited from the ground state had one multiplicity and the metastable state and
its higher-lying states had another, with intermultiplicity transitions being “for-
bidden” because of conservation of spin angular momentum. Measurements of
triplet-triplet absorption continue to play an important role in understanding the

photophysics and photochemistry of the triplet state of molecules.

1.4 Intersystem crossing yields

Intersystem crossing would be strictly forbidden if there were no spin-orbit cou-
pling. Even with this coupling intersystem crossing often remains an improbable
process, but under certain conditions this transition rate can become comparable
to other decay rates associated with an excited state. Specifically, intersystem
crossing can become significant in a molecule which contains heavy atoms and
which has a small energy gap between the two states associated with the transi-
tion. In addition, bimolecular effects (to be considered below) can also increase

the yield of intersystem crossing in certain cases.

1.4.1 The heavy atom effect

The motion of the electron in the electrostatic field E of the nucleus produces a
coupling between the spin and orbital angular momenta. This is a consequence of
the fact that the electrostatic field of the nucleus appears as a magnetic field in
the rest frame of the electron. This magnetic field, according to special relativity,
is given by

B'=-1vxE (1.2)
C
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where v is the velocity of the electron as measured in the center-of-mass rest frame

and v =1/4/1 — (v/c)?. Expanded in powers of v/c,

1 1v2 30t v
B =—-(1+-2 422 L ... C— E), 1.
c(+2c2+8c4+ > ¢ (13)
which to first order in v/c gives
r 1

The intrinsic magnetic moment of the electron interacts with this field, providing

an additional term to the Hamiltonian equal to

S
Hso = -2 B (1.5)

m
where S is the spin angular momentum, m is the mass of the electron, and e the
charge of the electron. For a hydrogenic atom, the electric field produced by the

nucleus is given by

E=——r (1.6)

where Z is the nuclear charge. According to Eq. (1.4), this electric field is expe-

rienced as a magnetic field in the electron rest frame such that

, Ze

where p is the linear momentum of the electron in the center-of-mass frame.
Recalling that L, the orbital angular momentum, is defined as L = r x p allows

Eq. (1.7) to be written as
Ze

- . 1.8
mc2rs (1.8)

B =

It follows that the Hamiltonian for the interaction between the electron spin and
the electrostatic field of the nucleus is found by using this expression for the

magnetic field in Eq. (1.5). This differs from experiment by a factor of two. The
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origin of this disagreement can be found in the treatment of the electron rest frame
as inertial when in fact it is not. The non-inertial nature of the electron frame
gives rise to Thomas precession which introduces the required factor of 1/2 [8].
Therefore, the correct spin-orbit interaction for a hydrogenic atom is

Ze?

Hso

In hydrogenic atoms (r~") o Z™ so the spin-orbit interaction will be proportional
to Z*. This strong dependence on nuclear charge also applies to non-hydrogenic
atoms and produces significant spin-orbit coupling in all heavy atoms. This topic
is covered in most quantum mechanics texts but for a more detailed treatment
see Ref. [9]. The incorporation of heavy atoms into molecules has a similar effect,
but the coupling is reduced because the optically-active electrons are not strongly
localized near the heavy nucleus. This is known as the internal heavy atom effect.
Alternatively, the external heavy atom effect relies on the close proximity of heavy

atoms in nearby molecules to increase the spin-orbit coupling.

1.4.2 The energy gap law

In addition to the heavy atom effect described above, the likelihood of intersystem
crossing is also affected by the energy gap between the two states. Englman and
Jortner have described an energy gap law for non-radiative transitions which is
generally applicable to molecular systems [10]. The weak coupling limit of this
theory, relevant to transitions which do not involve a photochemical rearrangement

process, states that the rate, k,,, of a non-radiative transition is given by

b = C*\/2r7
" Aoy AE

2AF

exp(—v AE /hwyy) (1.10)

with
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where AE is the energy gap between the origins of the two electronic states as
shown in Fig. 1.2, wy, is the frequency of the vibrational mode with maximum
frequency, d is the degeneracy of the mode with maximum frequency and A,; is
the displacement of the normalized nuclear coordinate for this mode. The mode
with the highest vibrational frequency is commonly a C-H stretch mode such that
fuwpr 22 3000 cm™!. The coupling parameter C' depends on the initial and final

electronic states and is given by

— <¢f|Hn|¢z>
C= ——_<¢f|¢z> (1.12)

where H,, is the nuclear part of the Hamiltonian and includes contributions due
to spin-orbit coupling and nuclear motion. The contribution of heavy atoms to
an increased rate of intersystem crossing enters into Eq. (1.10) through this pa-
rameter.

The rate of a non-radiative transition decreases at an approximately expo-
nential rate as the energy gap between the two states increases, as illustrated for
a sample set of parameters in Fig. 1.3. The yield of a particular non-radiative
transition depends on the rates of competing transitions. A particularly elegant
example of an application of the energy gap law is the work of Chynwat and Frank

on internal conversion in carotenoids [11].

1.4.3 Oxygen-enhanced intersystem crossing

The discussion above has been restricted to monomolecular singlet-triplet transi-
tions, but bimolecular reactions can also result in the generation of triplet states
from excited singlet states [12]. In particular, molecular oxygen has been found

to enhance the intersystem crossing yield through two processes:

ID*-I-SOQ#SID"‘OQI —)SD*-I—IOQ (113)
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Figure 1.2: Schematic of potential energy surfaces for a non-radiative transition
between two electronic states. AE is the energy gap between the origins of the two
electronic states, and Ay is the displacement of the normalized nuclear coordinate

for the vibrational mode with the maximum frequency.
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Figure 1.3: Non-radiative transition rate as a function of energy gap. Calculated

from Eq. (1.10) using d = 2, fiwpy = 0.37 eV, Ay = 0.2, and C =3.5 x 1073 eV.
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and
ID* +30; = 3|D -0y = *D* + 20, (1.14)
where 3|D---O,| is a short-lived complex between the dye, D, and molecular
oxygen. The notation !D* and 3D* refers in nearly all cases to the states labeled
S, and T, respectively. Process (1.13) can only occur when AEs 1, > 0.97 eV,
the energy required to excite !O,, and both processes can become significant only
for dyes in which 7, is sufficiently large (> 1 ns). \
It is assumed that processes (1.13) and (1.14) are the only mechanisms by

which the complex 3| D - - - O,| deactivates. If ¢ is the yield of process (1.13) then
S
ID* +30, 224 3D* 4+ 0510, + (1 - &) %0, (1.15)

where £5_is the bimolecular rate constant for oxygen-mediated S, — T, quench-

ing. This process results in an oxygen-dependent intersystem crossing yield

I Djsc + knggl [O,]

I = 1.16
= TR [0] (110

where Tgl is the S, lifetime in the absence of oxygen. The enhanced intersystem
crossing plus the direct production of singlet oxygen from S, via process (1.13) can
result in an oxygen-dependent efficiency for singlet oxygen production. For exam-
ple, McLean et al. find that the singlet oxygen quantum yield for protoporphyrin-
IX-dimethylester (PPDME) ranges from 0.63 in oxygen-saturated benzene to 0.45
when the oxygen concentration is reduced to approximately 100 uM [12]. Using
Eq. (1.16) it is calculated that an oxygen concentration of 150 uM produces an
additional 5% intersystem crossing for PPDME based on its lifetime (re =23
ns [13]) and rate constant for oxygen quenching (k5 = 1.5 x 10'° M~! s~ [12]).

In this work the S, — T, intersystem crossing yield for rose bengal will be
treated as a constant. Rose bengal’s short S, lifetime (~90 ps) makes the process

of oxygen-mediated quenching less probable [14-16]. Using the same quenching
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rate constant as for PPDME in benzene suggests that an oxygen concentration of
~7 mM is required to add 1% to rose bengal’s intersystem crossing yield. Oxygen
concentrations of this magnitude were not used in any of the experiments to be

described in later chapters.

1.5 Photodynamic therapy

Photodynamic therapy (PDT) is a treatment in which a dye, light, and oxygen
cause photochemically-induced cell death. This three-component requirement for
producing the desired photochemistry provides the ability to design a treatment
which has good selectivity for destroying diseased regions while sparing the sur-
rounding healthy tissue. Potential and current applications of PDT include the
treatment of cancer, macular degeneration, and artherosclerosis as well as viral
inactivation of blood products.

Observations of the photodynamic effect occured at least as early as the end
of the nineteenth century. While studying differences between the in vivo and in
vitro efficacy of potential anti-malarial drugs in 1900 Oskar Raab observed that
the dye acridine rapidly killed paramecia when exposed to light, but had no effect
in the dark [17]. These observations quickly inspired attempts to use this effect
to treat disease. Light and the dye eosin were combined to treat skin cancer in
1903 [18]; however, significant progress in applying photodynamic therapy to the
treatment of cancer did not occur until the 1940s and 1950s, when it was dis-
covered by Figge [19] and Lipson [20] that porphyrin-based photosensitive dyes
preferentially accumulated in malignant tissues. A sustained series of studies into
the mechanisms and applications of photodynamic therapy for the treatment of a
broad range of cancers was initiated by Dougherty in the 1970s [21]. This work was

joined by many researchers worldwide and led the U.S. Food and Drug Adminis-
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tration in December 1995 to approve the treatment of advanced esophageal cancer
using photodynamic therapy with Photofrin®, a porphyrin-based photosensitizer.
In 1998 this approval was extended to cover the treatment of early-stage lung can-
cer. Other countries have also approved photodynamic therapy for the treatment
of bladder, gastric, and cervical cancers. Several review articles have been pub-
lished that provide an overview of the clinical results and history of photodynamic
therapy [22-24].

The photodynamic effect is a result of three primary optical processes. First,
the ground state of the dye, S,, is optically excited to produce S,. Population
from this state is transferred by intersystem crossing to the dye’s lowest triplet
state, T,. Finally, collisional energy transfer from the triplet dye to ground-state
molecular oxygen, 30,, produces highly reactive singlet oxygen, !O,, and returns

the dye to its ground state:

S, +hv -5 8,
k.

S, —= T,

T1+302—)So+102 .

The singlet oxgyen produced as a result of this three-step process reacts readily
with many biological targets and, in sufficient quantity, can destroy a wide variety

of cells.

1.6 Rose bengal

According to the historical records of the chemical manufacturer CIBA-Geigy,
rose bengal was first synthesized for use in dyeing wool by Rudolf Gnehm in 1880-
1881 at one of their predecessor companies in Basel, Switzerland [25] and its first

mention in print was the 1881 edition of Schultz’s Tables of Dyes. Rose bengal
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was so named because it reminded Gnehm of the red dot worn on the foreheads of
Bengali women to symbolize marriage. Rose bengal is one of many xanthene dyes
introduced at the end of the nineteenth century based on the pioneering work of
Baeyer at the university in Strasbourg. Chief among Baeyer’s contributions were
fluorescein and with Emil Fischer, its brominated derivative, eosin. Gnehm pro-
vided the two other halogenated derivatives that have had a lasting impact, rose
bengal (tetraiodo-tetrachlorofluorescein) and erythrosin (tetraiodofluorescein).

The applications of dyes derived from fluorescein have gone far beyond dyeing
wool. The intense red color of erythrosin (also known as FD&C Red #3) is highly
valued by the food industry and continues to be used in foods (maraschino cher-
ries, candies, etc.) and oral medications (Tylenol capsules, for example) despite
ongoing concerns raised by studies showing that it could lead to thyroid cancer
when ingested in large quantities by rats [26]. These concerns did result in it
being banned from use in cosmetics in the United States. Rose bengal has also
been valued for its brilliant red color. In Japan both erythrosin and rose bengal
are used in foods at up to 100 uM concentrations, providing a dietary source of
iodine. In addition, Japanese cosmetics such as lipstick can consist of as much as
8% (0.8 M) of these two dyes [27].

The intense fluorescence of fluorescein has long been one of its most important
properties, ranging from its use by Baeyer in 1877 to prove the connection of
the Danube to the Rhine to its more recent use in the many specially designed
molecular probes that are increasingly important in the biological sciences [28].
The fluorescence of the fluorescein derivatives is inversely related to the extent of
their halogenation, with rose bengal exhibiting only a weak fluorescence.

The discovery of photodynamic action by Oskar Raab in 1900 [17] was fol-

lowed by the more extensive 1904 work by von Tappeiner and Jodlbauer, in which
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the effectiveness of photodynamic action against paramecia was studied for vari-
ous combinations of dyes, light, and oxygenation [29]. Rose bengal and the rest
of the known fluorescein derivatives were among the dyes studied. One of the
relationships discovered was that the photodynamic effect was inversely propor-
tional to the fluorescence yield of the dye. This is now understood in terms of the
heavy-atom effect.

Rose bengal has a substantial yield of singlet oxygen and has been used as
a standard for determining the singlet oxygen yields of other photosensitizers. In
addition to being used for fundamental studies of singlet oxygen chemistry, the
photodynamic properties of rose bengal have also been applied to problems such
as killing the human immunodeficiency virus (HIV) [30], Salmonella bacteria [31],
and the Trypanosoma protozoa responsible for the human diseases transmitted by
the tsetse fly [32]. Many other applications, too numerous to list, have been found
for rose bengal in chemistry, biology, and medicine. After 120 years rose bengal
continues to be an important research subject and tool, as shown by the significant

number of research articles that feature it prominently each year (Fig. 1.4).

1.7 Outline of the thesis

The second chapter of this thesis describes techniques for measuring triplet-triplet
absorption spectra. Knowledge of the energies of the various higher-lying triplet
states can be approximately determined from such spectra. Chapter Two con-
cludes with an application of these techniques to the identification of a previously
undescribed higher-lying triplet state of rose bengal. This state is the least ener-
getic triplet state to be identified, excluding T,, so it will be called T, through-
out this work. The T, state has an absorption cross section, 1.1 x 10~!6 cm?

at 1064 nm, substantially greater than that found for the other triplet states
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Figure 1.4: Rose bengal-related articles in the research literature (1991-1999).
Publications containing “rose bengal” in their title, abstract, or list of keywords
(—); publications containing “rose bengal” in their title (- - -). The numbers for
1999 are extrapolated from the first six months of that year. All information was

obtained from Science Citation Index (Institute for Scientific Information).
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and approaches that of the maximum ground state absorption, approximately
3.8 x 107! cm? at 548 nm. Portions of this chapter appeared in a 1999 Chemical
Physics article by Larkin et al. [33].

In Chapter Three the photophysical processes which follow excitation of
higher-lying states are described in more detail. The focus of this chapter is
reverse intersystem crossing, the transition from a higher-lying triplet state back
to the singlet manifold. Two experimental techniques for measuring the quan-
tum yield of this transition are introduced: two-step laser-induced bleaching and
two-step laser-induced fluorescence. Experiments using the latter technique to
determine reverse intersystem crossing yields for three higher-lying triplet states
of rose bengal are then described. Those yields, as high as 12%, depend on the
particular higher-lying state initially excited, contrary to the hypothesis of several
previous workers in this field. Portions of this chapter appeared in a 1999 Chemi-
cal Physics article by Larkin et al. [33]. The analysis presented in that article has
been revised in this chapter to include molecular orientation effects.

The possibility of photochemistry from the higher-lying triplet states is the
topic of the fourth chapter. Oxygen-independent biological damage has been at-
tributed to radicals formed following bond cleavage from such states. In this
chapter, two-step laser-induced bleaching is used as an indicator of bond cleavage
following excitation of the T, state of rose bengal. An upper limit of 0.0008 is
found for the yield of photoproducts from this state. Work by other groups has
found oxygen-independent damage following excitation of the T, state of rose ben-
gal but not for the more energetic T,. A proposed explanation of this difference
had been dissimilar yields of reverse intersystem crossing for these various states.
This proposal was introduced in a talk by Larkin et al. at the 1998 meeting of

the American Society for Photobiology [34]. In Chapter Four we quantitatively
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investigate the effect of reverse intersystem crossing on radical formation yields
using a kinetic model. This modeling suggests that reverse intersystem cross-
ing can only account for a small fraction of the observed difference in biological
effects. Finally, this chapter concludes with an analysis of the feasibility of two-
step activated photodynamic therapy capable of producing oxygen-independent
damage.

Chapter Five addresses simultaneous two-photon excitation of rose bengal. A
commonly used fluorescence technique for determining the two-photon absorption
cross section is described and then applied to determine this photophysical pa-
rameter for 1064-nm excitation of the ground state of rose bengal. A two-photon
absorption cross section of 0.028 GM is found for 1064-nm excitation. Compli-
cating effects due to reverse intersystem crossing are discussed, and its impact on
the two-photon absorption cross section is demonstrated.

Chapter Six summarizes the results of the preceding chapters. Areas of future
research are also suggested.

Appendix A discusses the importance of considering the orientation of molecules
during photoexcitation. Analytical expressions for ground state depletion are pre-
sented for the cases of fast and slow rotation of the molecules. A computational

approach appropriate for intermediate rotation rates is also described.
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Chapter 2

Detection and excitation of

higher-lying triplet states

The technique of flash photolysis was introduced in 1949 by Norrish and Porter
135,36] for studies of light-induced chemical reactions in which intermediate species
were produced in concentrations comparable to the reactants. The study of short-
lived transient species requires a means of providing an intense burst of exciting
energy. Norrish and Porter found that flash lamps could provide pulses of light
that were sufficiently bright to generate a significant concentration of transients,
allowing the study of time scales on the order of microseconds. Phenomena lasting
as short as femtoseconds can be studied if pulsed lasers are used instead of flash
lamps. Reference [37] presents a recent overview of the contributions that flash
photolysis has provided to our understanding of biologically-relevant excited states

and free radicals.
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2.1 Experimental methods

The two geometries available in a transient absorption experiment are illustrated
in Fig. 2.1. These experiments require a pump beam to produce the excited state
species to be studied and a probe beam to detect the change in absorption due
to transfer of population from the ground state to one or more excited states.
The probe beam may either be parallel or perpendicular to the pump beam. This
chapter describes experiments conducted with both the in-line (probe parallel to
pump) and right-angle (probe perpendicular to pump) geometries. In this work
measurements performed using the in-line geometry will be called pump-probe
experiments, and laser flash photolysis will primarily be understood to refer to
measurements based on the right-angle geometry.

The primary advantage of the in-line geometry is that a relatively greater
fraction of the absorbed pump photons create excited states in the probed volume.
However, the small cross-sectional area makes achieving good overlap of the pump
and probe beams throughout the sample more difficult. Another disadvantage is
the problem of separating the pump and probe beams following the sample so that
the absorption of the probe can be detected. For thin samples it is possible to have
a larger deviation from perfect collinearity without compromising overlap within
the sample. This allows for the beams to be separated spatially. For extended
samples the overlap requirement greatly reduces the deviations from collinearity
that can be tolerated. In this case it becomes more practical to separate the beams
spectrally, rather than spatially. For broadband probes this separation becomes
more problematic.

The right-angle geometry allows the pump and probe beams to be easily dis-
tinguished, making this technique particularly appealing for probes from broad-

band light sources. In this geometry the pump pulse is typically expanded so that
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Figure 2.1: Schematic of transient absorption geometries, (a) in-line and (b) right-
angle. Shading is suggestive of the spatial dependence of [T,] that could result if

significant attenuation of the pump pulse occurs.
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it excites a rectangular cross section of the sample, with the long axis of the rect-
angle along the direction of the probe’s propagation. If the pump beam overfills a
rectangular aperture an approximately homogeneous beam profile can be created.
If this is true, the probe pulse sees a constant concentration of excited species,
because the probe pulse traverses the sample perpendicular to the pump pulse.
This eliminates the difficulties that can result from attenuation of the pump pulse
as it propagates through the sample.

Although a long path length for the probe pulse can increase the sensitivity
of the technique, it prevents its application to detection of ultrafast transients.
For example, a 1-cm path length results in a transit time of approximately 40 ps
through the sample. The triplet states which are the focus of the present chapter
have lifetimes exceeding a microsecond, and therefore the measurements will not

be significantly effected by this picosecond-scale temporal averaging.

2.1.1 In-line geometry

The experimental setup for the pump-probe measurements is shown in Fig. 2.2 and
uses the symbols defined in Table 2.1. The 1064-nm light is the final output of a
pulsed Nd:YAG laser system. The foundation of the laser system is a mode-locked
Nd:YAG laser that generates a train of pulses at 76 MHz. Every 400 ms a single
pulse is selected using an electro-optic switch and amplified using a regenerative
amplifier followed by a flashlamp-pumped two-pass amplifier (both Nd:YAG). The
final output of the system is a pulse containing up to 2 mJ with a pulse length of
~190 ps. This pulse is split at a beam splitter (BS1), which reflects 90% of the
light. The transmitted light will become the probe pulse. The reflected fraction
passes through a half-wave plate (WP) which is mounted in a computer-controlled

rotary mount. The beam diameter is reduced by approximately a factor of 8 by
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Figure 2.2: Experimental setup for pump-probe measurements. See Table 2.1 for

symbol definitions.
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Table 2.1: Equipment used in the pump-probe experiment

Description Details
BS1 beam splitter 90% reflection
BS2 beam splitter 35% reflection
D diffuser ground glass
DM1-2 | dichroic mirror R@532 nm, T@1064 nm
F1 neutral density filters OD >4
F2 short-pass filters two KG3, one KG2 (Schott)
F3 interference filter Ao = 1064 nm, AX = 10 nm
L1 lens = 100 mm
L2 lens f=-12 mm
L3 lens f =400 mm
M1-3 mirror 1064 nm, 45°
M4 mirror 532 nm, 0°
P pinhole 1 mm radius
PD1-3 | photodiodes EG&G, FND-100
S sample cuvette 1-cm path length
SHG second harmonic generation | KDP crystal
WP half-wave plate rotation computer controlled
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lenses L1 and L2. This 1064-nm pulse then passes through a nonlinear crystal
(SHG), producing the pump pulse, Py, at the second harmonic (A = 532 nm). The
fraction of the 1064-nm pulse that is converted is dependent on the orientation
of its polarization with respect to the optical axis of the nonlinear crystal. This
angle is controlled by the half-wave plate, allowing computer-control of the energy
in the pump pulse. This mixture of 532- and 1064-nm light is incident on a green-
reflecting mirror (M4), removing light at the fundamental frequency from the
reflected light. The spectral purity of the 532-nm pump pulse is enhanced by
attenuating any residual light at the fundamental by passing the pulse through
short-pass filters (F2). The P, pulse is then reflected by a dichroic mirror (DM1)
through a pinhole (P) before exciting the sample (S). After passing through the
sample the pump pulse is reflected by a dichroic mirror (DM2) into a beam stop
(not shown). A small fraction of the P, light is transmitted through DM1 and
then detected by a silicon photodiode (PD2), providing a monitor of the energy
in the pump pulse. This monitor signal is calibrated by placing an energy meter
(Molectron, J50-LP) at the cuvette location.

The probe light is delayed by ~4 ns relative to the pump pulse by traversal
of a greater optical path using mirrors M1-M3. This delay line contains a beam
splitter (BS2) which reflects 35% of the probe light. The transmitted fraction is
detected by a silicon photodiode (PD1), providing a monitor of fluctuations in
the probe pulse energy. The probe light is further attenuated by neutral density
filters (F'1), reducing its energy by more than 10*. The probe light is transmitted
through dichroic mirror DM1, passes through the sample, and is separated from
Py by dichroic mirror DM2. The probe light passes through an interference filter
so that any residual pump light is eliminated. Finally, the probe pulse is detected

by silicon photodiode PD3. The two probe monitor signals produced by PD1 and
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PD3 are calibrated with the pump pulse blocked prior to the sample.

Signals from the photodiodes are captured using three gated integrators
(Stanford Research Systems, 250), digitized (Stanford Research Systems, 240),
and transferred to a computer via GPIB (general purpose interface bus). The
transmission of each probe pulse is determined from PD1 and PD3 and recorded

along with the corresponding pump energy obtained from PD2.

2.1.2 Right-angle geometry

The experimental setup for the laser flash photolysis measurements is shown in
Fig. 2.3 using the symbols defined in Table 2.2. In this configuration the second-
harmonic pulse (A = 532 nm) is separated from the fundamental by a dichroic mir-
ror (DM) with any residual light at the fundamental wavelength (A = 1064 nm)
further attenuated by a short-pass filter (F). The majority of this frequency-
doubled pump pulse is focused by a cylindrical lens (CL) onto the masked sample
cuvette, exciting a 2-mm by 10-mm cross sectional area. A small fraction of the
pump pulse is reflected by a glass plate (BS) prior to the cylindrical lens, atten-
uated by neutral density filters, and then detected by a fast silicon photodiode
(PD1). This signal is captured by a gated integrator (GI) and transferred to
a computer. By removing the sample cuvette and placing an energy meter be-
hind the beam mask, the pump pulse monitor signal measured by PD1 can be
calibrated with respect to the energy reaching the sample. Transient absorption
changes are probed by a broadband light beam traveling along the length of the
irradiated zone (perpendicular to the pump pulse). The probe pulse has a 20-ms
duration and is produced by a mercury lamp followed by a long-pass filter and fast
mechanical shutter. This collection of elements is represented by PL in Fig. 2.3.

The probe pulse passes through a monochromator (SP) before being detected by
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Figure 2.3: Experimental setup for laser flash photolysis measurements. See Ta-

ble 2.2 for symbol definitions.
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Table 2.2: Equipment used in the laser flash photolysis experiments

Description Details
A fast amplifier EG&G, 574
BS glass plate (microscope slide)
CL cylindrical lens
DM dichroic mirror R@532 nm, T@1064 nm
F short-pass filter Schott, KG3
GI gated integrator Stanford Research Systems, 250
PD1-2 | silicon photodiodes EG&G, FND-100
PL mercury arc lamp Olympus, 100 W
fast shutter Vincent Assoc., Uniblitz V525
long-pass filter Schott, RG695
S sample cuvette and beam mask | 1-cm path length
SHG | second harmonic generator KDP crystal
SP monochromator, 13 nm BW Instruments SA, H20
D digitizing oscilloscope Hewlett-Packard, HP54201A
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a silicon photodiode (PD2). The photodiode signal is increased by a multistage
amplifier (A) and then recorded by a digital oscilloscope (TD). The average signal

from 64 shots is then transferred at 9-bit resolution to a computer for analysis.

2.1.3 DMaterials

Rose bengal was purchased from Sigma (St. Louis, MO) and used without further
purification. All experiments were carried out in phosphate-buffered saline with
a pH of 7. Effects of photobleaching were minimized by continuously stirring all
samples with a micro-stirbar during irradiation. Samples were stored in the dark
prior to use, and the laboratory was only dimly illuminated during the experi-
ment. Dye concentrations were determined from ground state absorption spectra
obtained using a Perkin-Elmer Lambda 9 UV/VIS/NIR spectrophotometer and
es, = 47200 M™! cm™! at 532 nm [14]. In the pump-probe experiments the sample

had a concentration of ~65 uM.

2.2 Analytical methods

It is necessary to determine the concentration of molecules in the triplet state in
order to extract a triplet-triplet absorption cross section from transient absorp-
tion measurements obtained using flash photolysis or pulse radiolysis. Additional
complications enter into the calculation of the triplet-triplet absorption cross sec-
tion, or,T,, if there is overlap with the ground state absorption spectrum. Many
methods of analyzing transient absorption data have been used throughout the
history of triplet state studies. In their exhaustive review, Carmichael and Hug
describe in detail seven of these methods, with an additional five covered in less

depth [38]. See this review for additional discussion of these methods, historic
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analysis of their use, and a more than 200 page compilation of triplet extinction

coeflicients for organic molecules reported in the literature between 1950 and 1984.

2.2.1 Total depletion method

The method of total depletion is based on the premise that complete conversion
of the molecules from the ground state, S,, to the lowest triplet state, T,, can
be achieved given a sufficiently large excitation fluence. If complete conversion is
achieved then the concentration of triplets is equal to the total concentration of
the molecules, a quantity that can be more easily determined. If the intermediate

S, state is ignored, a simple two population model of the system is described by

dpr,
ek ®is.0s,s, I ps, (2.1)
where og_g, is the ground state absorption cross section, I is the photon flux,
;i is the quantum yield of S, —T, intersystem crossing, and ps, and pr, are the

population densities of the states S, and T,. Solving this simple model gives
[Tl] = (1 — e_d5051 d)iscF‘) C (2.2)

where F' is the photon fluence, [T,] is the concentration of triplet molecules im-
mediately following the excitation pulse, and C is the total concentration of the
species being studied.

Many details of the true kinetics are ignored by this model, including relax-
ation of the triplet state. Therefore it is necessary to remember that the fluence
required for saturation must be delivered in a time much less than that of the
triplet lifetime, 7. However, as the pulse length is reduced the existence of the
intermediate state S, can no longer be ignored. The complications introduced by
this state have been examined, and it was found that complete conversion can only

be achieved if the singlet lifetime, 75, is sufficiently short [39]. More specifically,
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for the case of a square pulse the conversion of 95% of the ground state can only

be achieved when
27s, << TT, ’
(I’isc o - 20

where I is the length of the pulse. These requirements suggest that the method of

(2.3)

total depletion can only be successfully applied when a sufficient fluence, 3/(®;s.0s,s, )
for 95% conversion, can be delivered in this restricted pulse length range. In the
case of air-saturated aqueous solutions of rose bengal, the pulse lengths for which
the total depletion approximation is applicable are between approximately 180 ps
and 150 ns.

It might be believed that confidence in achieving complete conversion could
be assured if the transient absorption does not continue to grow with increasing
fluence. However, effects other than ground state depletion can lead to the same
appearance of saturation. For example, photoselection effects become important
if the pulse length is not much greater than the rotational diffusion time of the
molecules. Appendix A discusses this particular effect on ground state depletion
in more detail. In addition, multiphoton effects, either simultaneous or sequential,

become increasingly likely at the high fluences required to achieve total depletion.

2.2.2 Partial saturation method

The partial saturation method addresses some of the problems associated with the
method of total depletion [40]. Using the same simple two-level model as before,

the change in absorption, AA, at a particular wavelength is given by
AA = a(l — ™) (2.4)
with

a = (eTl—esD)éC (25)
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b = @iscasosl (26)

where ¢ is the path length of the transient absorption probe and the ¢; are the
extinction coefficients of the corresponding states. The absorption cross section

is related to the extinction coeflicient by
o(cm?) = 3.82 x 107 ¢M~ ! em™?). (2.7)

If both the intersystem crossing yield and the triplet absorption cross section are
unknown then the partial saturation method may allow both to be determined
from the variation of AA with F'. The upper end of the range of fluences used must
be sufficient to achieve at least partial saturation, hence the name of the technique.
If only low fluences are used, Eq. (2.4) can be approximated by AA = abF making
®isc and er, indistinguishable.

Although the partial saturation method does address some of the limitations
of the method of total depletion, it is still plagued by the fact that ground state
depletion is not the only cause of saturation. As mentioned earlier, the effects of
photoselection and rotational motion discussed in Appendix A are an example of

such complicating factors.

2.2.3 Pulsed fluence variation

The pulsed fluence variation method! requires an accurate knowledge of several
photophysical parameters, but when those are known it has the advantage of al-
lowing the triplet extinction to be determined from the dependence of absorbance
on fluence in the low fluence regime. In particular, it is possible to avoid the
complications associated with partial or total depletion of the ground state. In

the low fluence limit the difference in absorbance shortly after the excitation pulse

!Called pulsed intensity variation by Carmichael and Hug [38].
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is given by

AA(N) = [er, (\) — €5, (\)])(CBiscos,s. F (2.8)

where the low fluence condition is satisfied when og s, F < 0.1. Violation of this
condition will result in a deviation from the linear dependence of AA on F. The
triplet extinction can be determined from the slope of this line if accurate values
of @i and eg, are available. Additional constraints are that the pulse length
must be much less than the T, lifetime and AA should be measured after S, has
relaxed.

This equation can be extended so that it can be used to analyze pump-probe
measurements on samples of greater absorbance where pump attenuation becomes

significant. The number of triplets in the excitation volume is given by
Np = & (1 — 10749 E (2.9)

where A, is the absorbance of the unexcited sample at the pump wavelength and
E is the number of photons in the pump pulse. This can be simply converted to

a molar concentration such that

_ 1000Ny

()=~ (2.10)

where a is the cross sectional area (in cm?) of the pump pulse as it travels through

the sample and N4 is Avogadro’s number. If the transient absorbance is due solely

to the triplet state we find

AA = €T, [Tl]g

1
= —0—09<I>isc(1 —107%s)er, F (2.11)
Na

where F is the photon fluence (units of photons cm™2) and er, is in units of

M-lem™!,
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Pulsed fluence variation is difficult to apply with conventional flash photolysis
which uses broadband flash lamps to create the triplets. In this case the og,g, F

term in Eq. (2.8) is more appropriately written as
os.5, F = / 05,5, (M) F(New) dhes (2.12)

where the integral is taken over the wavelength range of the excitation pulse. Any
variation in the spectral distribution of the lamp with time must be carefully
monitored. Light sources which have a bandwidth narrow compared to the rate
of variation in og_s, (Aez) Will not suffer from this complication. Many lasers can
satisfy this condition for the relatively broad absorption bands of dyes in solution.

As noted above, application of this method requires accurate knowledge of ®;g.
and eg,. Particular care must be taken because these photophysical parameters
are well known to exhibit significant solvent-dependent variations. As an example
of the variations observable in absorption and emission spectra and the rates of
radiative and non-radiative transitions, see the work of Fleming et al. [15]. In the
case of rose bengal they observed a shift in the absorption maximum from 548 nm

to 561 nm in changing the solvent from water to isopropanol.

2.3 Results and discussion

The methods of total depletion and partial saturation are difficult to implement
with rose bengal in water for the pulse lengths available from the Nd:YAG laser
used in these experiments. As is discussed in more detail in Appendix A, rose
bengal has a rotational diffusion time comparable to the laser pulse length, causing
significant deviations from the simple exponential depletion model assumed by
the total depletion and partial saturation methods. Therefore, the pulsed fluence

variation method was used to analyze the data obtained in both the pump-probe
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and flash photolysis measurements. Rose bengal has been extensively studied,
and the photophysical parameters required to use this method are known. Both
studies examined the transient absorption of light at wavelengths greater than
650 nm. Ground state rose bengal does not absorb in this region, as shown in
Fig. 2.4.

The change in absorbance at 1064 nm observed in the pump-probe experiment
1s shown in Fig. 2.5. There is a clear deviation from linearity at higher energies.
In order to extract er, from this data using Eq. (2.11) it is necessary to select
only the linear region. However, it is difficult to clearly delineate the extent of this
region. The variation in the value of e, obtained from fits to the first v points in
the data is shown in Fig. 2.6. There is a plateau from approximately v = 11 to
16, corresponding to the region of linear response ending at approximately 33 uJ.
In this region er, (1064 nm) = 32670 M~! cm™, corresponding to a triplet-triplet
absorption cross section of 1.25 x 107! ¢cm?. The fit with the least x? in its
data subset occurs at v = 6 and gives an extinction of 30830 M~! cm™! (opp =
1.18 x 107*® c¢m?). A fit based on this value systematically underestimates the
change in absorbance between v = 7 and 22 (dashed curve in Fig. 2.5). Depletion
effects will result in deviations from a linear increase in the observed AA at high
fluences. Therefore it is expected that the fit should be good at low fluences
but overestimate AA at higher fluences. The larger value of e, (solid curve in
Fig. 2.5) produces this expected behavior.

The near-infrared triplet-triplet absorption spectrum of rose bengal obtained
using laser flash photolysis is shown in Fig. 2.7. The triplet absorption was calcu-
lated using the known ground state absorption, concentration of the sample, and
energy of the excitation pulse. Detector limitations (silicon photodiode) prevented

the extension of this spectrum beyond 1100 nm. Interpolating between the values
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Figure 2.4: Ground state absorption spectrum of 1 uM rose bengal in phosphate-
buffered saline (pH 7).
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Figure 2.5: Pump-probe measurements of 1064-nm absorption by T, state of rose
bengal. Pump wavelength: 532 nm. Probe wavelength: 1064 nm. Pump-probe
delay: ~4 ns. Experimental data (+); Eq. (2.11) with ey, = 32670 M~! cm™! (—
); Eq. (2.11) with ey, = 30830 M~! cm™! (- - -). Error bars indicate the standard

deviation of 64 measurements.
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Figure 2.6: Dependence of triplet extinction fit on choice of data subset. Crosses

(+) represent best fits of Eq. (2.11) to the first v data points in the pump-probe

transient absorption data shown in Fig. 2.5.
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Figure 2.7: Rose bengal near-infrared triplet-triplet absorption spectrum. Error
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found at 1050 nm and 1075 nm gives an estimated triplet-triplet absorption cross
section at 1064 nm of (1.1 £0.1) x 107! c¢m? or in terms of an extinction coeffi-
cient ep, (1064 nm) = 28800 M~! cm™!. The right-angle geometry is expected to
be more accurate so this value of the triplet-triplet absorption cross section will
be the one used in later parts of this work. This value is nearly identical to the

absorption cross section, 1.18 x 1071® ¢cm?, found using the in-line geometry.

2.4 Discussion

To the best of our knowledge, this represents the first measurement of the triplet-
triplet absorption cross section of rose bengal in the near infrared (800 - 1100 nm).
The triplet-triplet absorption near 1064 nm is comparable to the ground state
absorption (1.8 x 107! ¢m? at 532 nm), in contrast to the case between 600 and
680 nm where the cross section ranges between 6.4x 10718 and 1.3x 10717 cm? [41].
The near infrared portion of the spectrum is of considerable interest for various
reasons. On the positive side, near infrared light has the most favorable transport
properties in biological tissue, and therefore exploitation of any biological effects
resulting from excitation of higher-lying states will benefit from the ability to
deliver this light efficiently. A negative effect may be that this complicates the
use of multiphoton microscopy, which most commonly requires intense infrared
light. Following the initial excitation of the dye through a multiphoton process
the triplet state may be subsequently excited by the same light through a single
photon process. This has the potential to create undesirable effects associated
with the higher-lying states. Knowledge of the triplet-triplet absorption spectrum

represents a critical first step towards understanding and controlling these effects.
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Chapter 3

Intersystem crossing from

higher-lying triplet states

3.1 Background

Although intersystem crossing has been identified primarily with transitions from
the lowest excited singlet state of a molecule to an even lower-lying triplet state,
intersystem crossing between other states may also occur. Well-known examples of
triplet to singlet intersystem crossing include E- and P-type delayed fluorescence
[42,43]. E-type delayed fluorescence, also known as delayed thermal fluorescence,
is observed when thermal activation causes population transfer from T, back to the
more energetic S, state. The strength of E-type delayed fluorescence is strongly
temperature dependent, and its lifetime reflects that of T,. The origin of this long-
lived luminescence was first identified definitively in eosin (tetrabromofluorescein),
hence the name E-type [44]. The other delayed fluorescence, P-type, occurs when
the activation energy for transfer of the T, population back to singlet manifold

is provided by triplet-triplet energy transfer. The strength of P-type delayed
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fluorescence increases quadratically with the triplet concentration. The origin
of this long-lived luminescence was first identified definitively in pyrene, hence
the name P-type. The spectra of prompt fluorescence and both types of delayed
fluorescence are identical since they all represent transitions from S, to S,.

Intersystem crossing may also occur from higher-lying triplet states where in-
tersystem crossing to the singlet manifold competes with direct internal conversion
to the lowest triplet state. This triplet-to-singlet transition has been called reverse
intersystem crossing (RISC) in order to distinguish it from the more common S,
to T, transition. Historically this process has received little attention since it
has been believed to be an extremely improbable transition compared to internal
conversion back to T,. This is an application of Vavilov’s rule, which states that
the yield of emission is independent of the state excited, implying that internal
conversion is the only process occuring from a higher-lying state [45]. A related
rule proposed by Kasha states that emission occurs only from the lowest excited
state of a particular multiplicity. In other words, relaxation through internal con-
version will predominate over emission from a higher-lying state [46]. Exceptions
to Kasha’s and Vavilov’s rules are known to exist. For example, azulene predom-
inantly exhibits S, — S, fluorescence [47,48]. This anomalous emission occurs
because S, — S, internal conversion is inhibited by an unusually large energy
gap.

The conditions for significant reverse intersystem crossing are similar to those
for S, — T, intersystem crossing that were described in Chapter 1. The prohibi-
tion of intermultiplicity transitions must be weakened by the heavy atom effect,
and a small energy gap between the two states is required for significant overlap
between their vibrational manifolds. Efficient reverse intersystem crossing requires

a smaller intermultiplicity energy gap than for S, — T, intersystem crossing be-
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cause other relaxation channels (radiation and internal conversion) are slower for

S, than for the higher-lying states.

3.2 Measurement techniques for determining re-
verse intersystem crossing yields

A review of the literature reveals that studies of intersystem crossing from higher-
lying triplet states have typically relied on two-step laser excitation to populate
these energetic states [49-60]. Either time-resolved fluorescence or the transient
absorption have been measured during two-step laser excitation, and with the
appropriate analysis these have been used to determine the quantum yield of re-
verse intersystem crossing, ®s.. In this section the population dynamics induced
by two-step laser excitation will be described, and the techniques for measuring
RISC yields will be introduced. The two pulses of light used to excite the higher-
lying triplet state may have the same wavelength, but for the sake of simplicity
the dynamics described here are based on the assumption that they have dif-
ferent wavelengths. In particular, the ground state of the dye is assumed to be
transparent to the second pulse.

Two-step laser excitation of the dye can result in transient changes in its
absorption as well as the emission of fluorescence. The first pulse of light, P, is
absorbed by the ground state of the molecule and directly or indirectly populates
the lowest excited singlet state, S,. This state can relax radiatively to the ground
state producing fluorescence. Alternatively it can undergo intersystem crossing
to the lowest triplet state, T,. Ideally the second pulse, P,, is delayed so that
it arrives after S, has depopulated but before T, has relaxed substantially. The

P, light is absorbed by T, and populates a higher-lying triplet state, T,, where
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n > 1. This state can relax through internal conversion back to T, or through
reverse intersystem crossing to a less energetic singlet state, S,,, where m > 1.
Population in S,, rapidly decays to S,, where it can subsequently fluoresce or
return to T,. The fluorescence method for determining the reverse intersystem
crossing yield compares the magnitude of the fluorescence induced by P, with the
prompt fluorescence due to P,. The absorption technique monitors the change
in T, population induced by P, through measurements of the absorption due to
this state. We will refer to these techniques as two-step laser-induced fluorescence

(TSLIF) and two-step laser-induced bleaching (TSLIB), respectively.

3.2.1 Two-step laser-induced bleaching

The yield of reverse intersystem crossing can be determined from the P,-induced
bleaching of the T, absorption. This bleaching results from the fraction of the
population undergoing RISC which does not subsequently return to T, from the
singlet manifold. In particular, we are interested in relating the fractional change
in absorbance, AA/Ay, to the T, — S,, intersystem crossing yield, ®rsc1,. Ao
is the absorbance due to T, immediately following P; and AA is the change in
absorbance measured after the relaxation of the sub-nanosecond transient caused
by P,. An idealized two-step laser-induced bleaching signal is shown in Fig. 3.1.
Ay is proportional to the concentration of T, produced by Py, [T,]p,, such
that
Ay = ep[T.]p, ¢ (3.1)

where ¢ is the absorption probe pathlength. The concentration of T, imme-
diately following P, is [Tn]p, = or,1,.F2[T.]lp, = or,1,F2Ac/(e1f), assuming
that the delay between P; and P, is short compared to the T, lifetime. The

photon fluence of P, is given by F» and ot r, is the triplet-triplet absorption
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Figure 3.1: Idealized two-step laser-induced bleaching signal. Labeled arrows
denote the arrival times of the two pump pulses. Aq is the absorbance due to T,
after P,. Excitation of higher-lying triplet states by Py depletes T,, producing an
absorbance change, A;. If some fraction of the excited population does not return

to T,, a bleaching AA will be observed.
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cross section. Reverse intersystem crossing from T, populates S,, such that
Smlpy, = Prise. 1, [Tnlp, = Priset,01, T, FoAg/(e7f) and the remainder of the popu-
lation excited to T, is assumed to return to T, through internal conversion. The
S state is also assumed to relax with unity yield to S, which then returns to T,
with a yield ®;;.. The change in absorbance AA is due to the population which

does not return to T,, giving

AA = “(l—q)isc)[sl]fpzéq‘g

= —(1 = Bise)Prise, T, 0T, T F2 A0 (3.2)

which is easily rewritten in the form

AA
Ay = —(1 = Pisc) Prise T 0T, T, F2 - (3.3)

One of the approximations implicit in this derivation was that P, did not signifi-
cantly deplete T,.

Reverse intersystem crossing is not the only process that can result in a
decrease of the T, population following excitation of the higher-lying triplet state.
As will be discussed in more detail in Chapter 4, photochemical reactions can also
result in a reduction of the T, population. One approach that has been suggested
as a means of verifying the photophysical rather than photochemical nature of
the bleaching is to also monitor the change in ground state absorption. If reverse
intersystem crossing is the only process occuring from the higher-lying triplet

state, the decrease in T, population will equal the increase in S, population.

3.2.2 Two-step laser-induced fluorescence

In addition to the transient bleaching method described above, the reverse inter-
system crossing quantum yield can also be determined from time-resolved fluo-

rescence measurements. The integrated, P;-induced prompt fluorescence, fi, is
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proportional to the population excited to S, and is therefore given by
fi = aos,s, Fi (3.4)

where a accounts for the fluorescence yield as well as factors associated with
the experimental collection and detection of the light, og,g,is the ground state
absorption cross section, and F) is the photon fluence of P,. The repopulation
of S, following the P, pulse will result in a second emission of fluorescence. The
integrated fluorescence following P,, denoted by f», depends on the yield of reverse

intersystem crossing, ®yisc T, , such that
fo = a®isc Prise 1, 05,8, Fior, 1, F2 (3.5)

as can be shown through a derivation similar to that in §3.2.1. The two-step
laser-induced fluorescence ratio fr is defined by fr = f»/f1. Calculating this

ratio using Eq. (3.4) and (3.5) we find that
fr= (I)iscq)risc,TnUTlTn F . (36)

This ratio has the advantage of eliminating the need to measure a, a factor de-
pendent on the particulars of the detection system. An idealized two-step laser-

induced fluorescence signal is shown in Fig. 3.2.

3.2.3 Discussion of the &, measurement techniques

The reverse intersystem crossing yield measurement techniques described above
are generally applicable, but the analytical expressions that were introduced in
§3.2.1 and §3.2.2 must be used with care. One important assumption used in
the derivation of Eq. (3.3) and (3.6) is that the population excited from T, to
T, is linearly proportional to or,t, F5. This condition is satisfied only while

[T,] > [T,]. A common guideline that has been applied to the similar case
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Figure 3.2: Idealized two-step laser-induced fluorescence signal. The fluorescence

emissions due to the two pump pulses are indicated by f; and f;.
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of ground state excitation is that og g, F1 < 0.1. This fails to account for the
effects of excited state relaxation, implicitly assuming that the excitation pulse
is short compared to this time scale. Since the lifetime of T, (~ps) is typically
much shorter than that of S, (~ns), a more appropriate guideline in the case of
excitation of higher-lying triplet states might appear to be ot 1, Faorr, /70 < 0.1
where 77, is the lifetime of the state T, and 7 is the length of P,. However, this
fails to account for any photobleaching and thus the original, more conservative
guideline would be more prudent. Beyond this limit a more complete model is
required and frequently does not permit an analytic solution.

A popular method of calculating the excited state concentration uses acti-
nometric techniques!. This approach is prevalent in the laser flash photolysis
community where several well-characterized molecules serve as actinometric stan-
dards for studies of long-lived triplet states. Such techniques must be carefully
applied in studies of higher-lying states since another consequence of the short
higher-lying state lifetime is the ease of exciting a single molecule to T,, multiple
times during a single excitation pulse. In other words, values of o, 1, F, greater
than 1 can be achieved if 7 > 7r,. In order to report such high-fluence effects
appropriately, an actinometric standard with an absorption cross section signifi-
cantly less than that of the species being studied must be selected so that it does
not exhibit the effects of ground state depletion at these fluences.

Another approach that might be considered for quantification of the pop-
ulation excited to T, involves measuring the relative change in T, absorption
immediately following excitation by P,. This would seem to be an ideal approach

since it would correctly account for depletion effects. However, at best it can only

! Actinometry is a technique for determining the number of photons in a pulse of light through
the measurement of products resulting from a photophysical or photochemical reaction with a

known quantum yield.
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report the maximum instantaneous T, population. Since it ignores all multiple-
excitation effects this technique can be correctly applied only when m < 7, .
This approach is constrained even in that case since the transient absorption de-
tection system must be capable of measuring the initial change in T, absorption
following P,-excitation. This transient decays with a lifetime of 71, necessitat-
ing a picosecond detector response, faster than is common for many laser flash
photolysis systems.

When the experimental details outlined above can be satisfied for either tech-
nique, other considerations may influence which of these methods is selected for
a specific measurement. In particular, the yield of S, — T, intersystem cross-
ing affects whether TSLIB or TSLIF is optimal for the particular molecule being
studied. From Eq. (3.3) and Eq. (3.6) it can be seen that AA/Ap o (1 — ®is)
whereas fr o< ®isc. This suggests that the bleaching technique will be more fa-
vorable when ®;;. < 0.5 and two-step laser-induced fluorescence is to be preferred

when ®;,. > 0.5.

3.3 Prior work

A review of the reverse intersystem crossing literature is presented in this section.
This review is divided into three parts: studies in which molecules had reverse
intersystem crossing yields less than 1%, studies reporting yields greater than 1%,
and studies of reverse intersystem crossing in rose bengal. A summary of these

studies appears in Table 3.1 at the end of this section.
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3.3.1 Low-yield results

It appears that the earliest measurements of intersystem crossing from an excited
triplet state back to the singlet manifold were reported by Keller in 1969 [49].
Keller used two-step excited fluorescence to study this process in naphthalene-
ds, naphthalene-hg, quinoline, isoquinoline, fluorene, benzene, phenanthrene-d,q,
triphenylene, and carbazole. Instead of using pulsed lasers, a system of shutters
and filters was used to create the two-step excitation from a steady-state lamp. A
reverse intersystem crossing yield of 5 x 1077 was determined for naphthalene-dg,
with naphthalene-hg approximately three times smaller. Two-step excited fluores-
cence was observed from quinoline, isoquinoline, and fluorene and was estimated
to result from approximately the same order of magnitude reverse ‘intersystem
crossing yield as naphthalene. Benzene produced weak two-step excited fluores-
cence, but no estimates were made of the reverse intersystem crossing yield. The
weak fluorescence was attributed to weak triplet-triplet absorption. No two-step
excited fluorescence was observed from phenanthrene-d,q, triphenylene, and car-
bazole.

Anthracene and two derivatives (9-methyl-anthracene and 9-phenyl-anthracene)
were studied by Kobayashi et al. in 1976 using a method based on fluorescence
detection following two-step excitation [50]. T'wo-step excitation was produced by
a flash lamp followed by a pulse from a ruby laser. The first pulse did not excite
the anthracenes directly, but rather excited eosin which was also present in the
sample. Energy transfer from eosin populated the T, state of the anthracenes,
circumventing their low S, — T, intersystem crossing yield. The second pulse
excited higher-lying triplets but also produced fluorescence through two-photon
excitation of S,. The contribution of two-photon excited fluorescence was found

by also measuring the fluorescence in the case where the triplet state was not
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populated prior to the laser pulse. Using a previously determined two-photon ab-
sorption cross section for anthracene, the two-photon excited fluorescence served
as a reference for the collection and detection efficiency of the experimental sys-
tem. The reverse intersystem crossing yields determined in these experiments
were 4.5 x 107%, 6.1 x 107%, and 8.3 x 10~® for anthracene, 9-methyl-anthracene,
and 9-phenyl-anthracene, respectively.

One of the most detailed reports of two-step laser-induced fluorescence is the
1994 work of Tokumura et al. with 2,2"-bipyridine-3,3'-diol [57]. This represents
a more complex system than discussed previously. The ultraviolet P; pulse ex-
cited the S, state. Excited-state double-proton transfer produced the lowest-lying
excited tautomer? singlet state, which they denoted as S'. Intersystem crossing
from S’ produced T'. A higher-lying triplet state of the tautomer was excited
by P., a pulse with a wavelength of approximately 670 nm. Reverse intersystem
crossing repopulated the singlet manifold and resulted in S| — S| fluorescence.
Tokumura et al. demonstrated that this fluorescence does not occur if the P; ex-
citation is omitted. In addition, a TSLIF excitation spectrum in which P, was
scanned across the T) — T absorption band confirmed that the two-step laser-
induced fluorescence was due to triplet-triplet absorption. The lifetime of the
two-step laser-induced fluorescence was found to be nearly identical to that of the
prompt fluorescence, as is expected if the upper triplet lifetime is much shorter
than the S! lifetime. Using a comparative technique with 9,10-dibromoanthracene
as the reference (see §3.3.2, High-yield results), the yield of reverse intersystem
crossing was found to be 0.0024. This yield was associated with the T, — S/
transition since that represents a smaller energy gap than a transition from Ty.

Similar work was also performed by the group of Tokumura on two other systems

ZA tautomer is a structural isomer of a molecule formed by intramolecular transfer of a

proton and rearrangement of the bonding electrons.
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exhibiting excited-state intramolecular proton transfer, 2’,3',4’ 5’ 6'-pentamethyl-
3-hydroxyflavone [56] and 3-hydroxyflavone [58]. Two-step laser-induced fluo-
rescence was observed to follow excitation of a higher-lying triplet state of the
tautomer, but no yield for the reverse intersystem crossing process was reported
for these systems.

Chou et al. have also used a two-step laser induced fluorescence comparative
method with 9,10-dibromoanthracene as the reference to study reverse intersys-
tem crossing in several coumarins [55]. The particular goal of their study was
to investigate T,,. — S;r- reverse intersystem crossing which had previously
been predicted to be more probable (10® -10° s™!) compared to the Tz« — Sype
transition [61]. Reverse intersystem crossing yields of 8.4 x 10~* for 7-hydroxy-
4-methylcoumarin (7THMC) and 1.4 x 1073 for 7-diethyl-amino-4-methylcoumarin
(TDAMC) were measured, but no TSLIF fluorescence was measurable for the
parent compound, coumarin (CM). The yields for THMC and 7TDAMC were char-
acterized as “high” and attributed to the small energy gap between the T,,. and
Srr- states. In the case of coumarin, Ty,- is believed to be less energetic than
Srx+, explaining the lack of TSLIF but also a correspondingly higher forward

intersystem crossing yield.

3.3.2 High-yield results

Although the bulk of the reverse intersystem crossing yields reported in the liter-
ature have been quite small, there have been a few notable exceptions. The best
known of these exceptions was reported in the 1989 work of McGimpsey and Sca-
iano [53]. Using two-step laser-induced fluorescence and transient absorption tech-
niques, McGimpsey and Scaiano determined that the reverse intersystem crossing

yield of 9,10-dibromoanthracene was 0.17 in cyclohexane and 0.09 in benzene for
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the triplet state excited by 467-nm light. Two-step laser-induced fluorescence was
also observed following excitation of a higher-lying triplet state by 700-nm light,
but a yield was not determined for this process.

Halogenated derivatives of anthracene were also studied by Kobayashi et al.
in 1978 [51] in a series of experiments which refined and extended their earlier
work with several other anthracene derivatives [50], described above in §3.3.1.
These refinements were motivated by the large uncertainty in the two-photon
absorption cross section for anthracene, which was used in the earlier study to
calculate the collection and detection efficiencies in their two-step excited fluo-
rescence technique. In this series of experiments P-type delayed fluorescence was
used as a reference rather than the two-photon excited fluorescence. Revised
yields of 2.6 x 1075, 3.6 x 10™* and 4.7 x 10 were reported for anthracene,
9-methylanthracene, and 9-phenylanthracence. In addition, reverse intersystem
crossing yields of 0.015 and 0.27 were reported for 9,10-dichloroanthracene and
9,10-dibromoanthracene, respectively, in ethanol.

In 1996 Reindl and Penzkofer reported near-unity reverse intersystem crossing
yields for the well-known dyes erythrosin B, tetraphenylporphyrin (TPP), and rose
bengal [59]. Yields of 0.62+0.05 and 0.940.1 were calculated for the triplet states
of erythrosin B and TPP excited by 527-nm light. A more detailed description
of their experimental technique appears below in the review of the rose bengal
literature.

Including the phrase “remarkably efficient” in the title of their 1997 report,
Redmond et al. clearly emphasized the unusual nature of their observations of
substantial reverse intersystem crossing in several cyanine dyes [60]. Merocyanine
540 (MC540) and two derivatives (BO-Se and QI-Se) were studied using a two-

step laser-induced bleaching method, in which the number of photons absorbed
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by the triplet state was determined using tetraphenylporphyrin as an actinometric
reference. Using 532- + 640-nm excitation, Redmond et al. determined reverse
intersystem crossing yields of 0.77, 0.75, and 0.68 for MC540, BO-Se, and QI-
Se, respectively. The fluorescence produced following reverse intersystem crossing
was also observed and found to be spectrally identical to the prompt fluorescence.
The large yields of reverse intersystem crossing were attributed to the large T,-T,
energy gap and to the presence of heavy atoms (sulfur in MC540 and selenium in
BO-Se and QI-Se).

It is interesting to note that TPP, the actinometric reference used by Red-
mond et al., is also the molecule with the largest yield of reverse intersystem
crossing to be identified by Reindl and Penzkofer. This raises the question of
whether the triplet concentration of TPP can be assumed to have a linear depen-
dence on absorbed photons, especially at high fluences. Because of the relative
scarcity of molecules known to have a substantial reverse intersystem crossing it
would appear prudent to verify the Redmond et al. results using an alternative

method.

3.3.3 Previous rose bengal results

Several reports of reverse intersystem crossing in rose bengal (RB) have been
published [54, 59, 62]. Durdn and Cilento described observations of fluorescence
following generation of RB triplets by energy transfer from excited triplet acetone
[62]. It was believed that higher-lying triplets of RB were populated through
triplet-triplet excitation transfer and subsequently relaxed to S, through reverse
intersystem crossing. The magnitude of the emission was compared for a series of
xanthene dyes (fluorescein and its halogenated derivatives eosin and rose bengal).

This study revealed that heavy-atom substitution enhanced the effect, providing
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evidence for reverse intersystem crossing as a key process leading to the emission.
Durdn and Cilento did not associate this process with a particular triplet state
and did not quantitate the yield of reverse intersystem crossing. This may be due
to the fact that this study represents one of the few in which chemical rather than
optical excitation was used to produce the higher-lying triplet states.

Ketsle et al. investigated transient absorption changes following two-pulse
excitation (532 nm + 694 nm) of various fluorescein derivatives, including rose
bengal, incorporated in polymer hosts [54]. Photobleaching of the T, absorption
due to the second pulse was observed to have a component that was irreversible
on the microsecond time scale. Complementary measurements of the ground state
absorption were also made, and it was found that the decrease in concentration of
T, equaled the increase in concentration of S,, providing evidence for a photophys-
ical rather than photochemical process. Fluorescence emission was also observed
coincident with the second pulse. On the basis of their two-step laser-induced
bleaching measurements Ketsle et al. reported a reverse intersystem crossing
quantum yield of 0.72 for the triplet state excited by red light, to be denoted as
T, in the present work. An examination of their analysis reveals that Ketsle et

al. calculated this yield using the formula

AA

‘AT = (I)risc,Ta (37)

where A; is the prompt decrease in absorption due to P, as shown in Fig. 3.1.
As discussed in §3.2.1 it is more appropriate to interpret bleaching as resulting
from the fraction that undergoes reverse intersystem crossing and in addition
does not repopulate the triplet manifold through S, — T, transfer. This latter

interpretation of the bleaching fraction, also shared by Redmond et al. [60], gives

’Z}é = cI)risc,T:;(]- - (I’isc) ) (38)
Ay
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which is analogous to Eq. (3.3). Recalculating a yield using Eq. (3.8) and the
Ketsle et al. bleaching fraction data found in Table I of Ref. [54] gives Qyige, T, > 1.
Since the reverse intersystem crossing yield cannot exceed unity, it appears that
their experimental data was obtained under conditions in which the assumptions
used to derive these equations do not apply. In particular, these equations are
valid only when the A; measured is equal to o, 1, FoAg. The conditions under
which this assumption are satisfied were mentioned previously (§3.2.3), but briefly,
they are that the length of the exciting pulse is shorter than the lifetime of the
upper-triplet state and that the transient absorption detection system is capable
of responding on this same time scale. Ketsle et al. do not report the length of
their second pump pulse, but only state that it is from a ruby laser. It appears
likely that their excitation pulse is longer than several nanoseconds, which is much
greater than the expected upper-triplet lifetime of picoseconds or less. In addition,
the time response of their transient absorption detection system is not reported.
The use of long pulses or slow detection systems with this approach to two-step
laser-induced bleaching will underestimate the number of absorbed photons, thus
leading to values of @, that exceed unity.

Reindl and Penzkofer reported an 80% quantum yield of reverse intersystem
crossing for T,, the state excited through absorption of green light (527 nm) by
T, [59]. Their measurements were of rose bengal in methanol. Using a model of
the population dynamics, the yield was extracted from measurements of the pulse-
to-pulse variation in fluorescence for a train of 6-ps long pulses with a separation
of 10 ns.

Recent work by Lambert et al. compared fluorescence following 532- + 532-
nm excitation with that following 532- + 640-nm excitation [63]. The absolute

values of the reverse intersystem crossing yields for these two processes were not
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determined, but the relative amount of two-step laser-induced fluorescence was
quantified. When the second pulse was at 532-nm there was 13 times more flu-
orescence than for the case of 640-nm excitation. This result should be treated
with some care as it does not simply translate to a factor of 13 difference in reverse
intersystem crossing yields. The number of photons absorbed in these two cases
was not calculated so it is not possible to come to any clear conclusions. In both
cases the fluences were such that the system could not treated as being in the

regime of linear response.

3.4 One-color experiment

The simple analytical theories described earlier (§3.2.1 and §3.2.2) were based
on the assumption that the light absorbed by T, is not absorbed by the ground
state. The case in which one color of light is absorbed by both states is also of
interest. This was the case studied in the work of Reindl and Penzkofer described
above [59]. The one-color case is particularly interesting since it is possible to
excite both transitions during a single pulse if the pulse length is greater than the
S, lifetime. Reindl and Penzkofer used a multiple pulse technique in their studies.
In this section an alternative single-pulse technique will be described and used to
determine the reverse intersystem crossing yield for the T, state of rose bengal in

water.

3.4.1 Experimental methods

The single-pulse fluorescence measurements probing T, were made with the optical
layout shown in Fig. 3.3. The laser system was previously described in §2.1.1. A

half-wave plate in a computer-controlled rotary mount (WP) and polarizing beam
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Table 3.1: Summary of reverse intersystem crossing yields appearing in the liter-

ature.
Molecule D isc Ref.
anthracene 4.5 x 1078 2.6 x 1075 | [50,51]
2,2'-bipyridine-3,3"-diol 0.0024 [57]
BO-Se 0.75 [60]
9,10-dibromoanthracene 0.09 (benzene) (53]
0.17 (cyclohexane) [53]
0.27 (ethanol) [51]
9,10-dichloroanthracene 0.015 [51]
7-diethyl-amino-4-methylcoumarin | 1.4 x 1073 (55]
erythrosin B 0.62 [59]
7-hydroxy-4-methylcoumarin 8.4 x 1074 (55]
Merocyanine 540 0.77 [60]
9-methyl-anthracene 6.1 x 1073, 3.6 x 10~* | [50, 51]
naphthalene-dg 5x 1077 [49]
naphthalene-hg 2x 1077 [49]
9-phenyl-anthracene 8 x 1075 4.7 x 107* | [50,51]
QL-Se 0.68 [60]
rose bengal 0.8 (527 nm) [59]
0.72 (694 nm) [54]
tetraphenylporphyrin 0.9 [59]
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Figure 3.3: Experimental setup for one-color laser-induced fluorescence measure-

ments. See Table 3.2 for symbol definitions.
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Table 3.2: Equipment used in the one-color laser-induced fluorescence experiments

Description Details

BS beam splitter microscope slide (~4% reflection)

DM dichroic mirror R@532 nm, T@1064 nm

F interference filter Ao = 580 nm, AA =10 nm
long-pass filter Schott, OG570

GI1-2 | gated integrator Stanford Research Systems, 250

LP linear polarizer at “magic angle” (54.7°)

P prism

PD photodiode EG&G, FND-100

PMT | photomultiplier tube Burle, 6199

PS polarizing beam splitter A=1064 nm

S sample cuvette and beam mask

SHG | second harmonic generator KDP crystal

WP | half-wave plate /\=ld64 nm
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splitter (PS) are used to control the energy of the pulse which generates the second
harmonic (A = 532 nm) in passing through a KDP crystal. The second harmonic
and the fundamental (A = 1064 nm) are separated using a prism (P), and the
fundamental is dumped into a beam stop. The second harmonic pump pulse, Py,
is directed towards the sample cuvette (S) by a dichroic mirror (DM). This pulse
overfills by approximately a factor of two a 2-mm diameter pinhole immediately
prior to the sample cuvette. The fluorescence is collected perpendicular to the
excitation pulse. This fluorescence passes through a linear polarizer (LP) oriented
at approximately 54.7° relative to the linearly polarized pump pulse. This is the
so-called “magic angle” that eliminates fluorescence anisotropy effects [64]. A
long-pass filter and an interference filter centered at 580-nm are used to eliminate
any scattered pump light. The fluorescence is then detected by a PMT and the
signal digitized using a gated integrator (GI2). The energy of each pump pulse is
monitored by reflecting a small fraction with a glass plate to a photodiode (PD)
prior to the sample. The resulting signal is digitized using a gated integrator
(GI1). This monitor signal is calibrated by placing an energy probe at the sample

location.

3.4.2 Analytical methods

The green pump pulse used in this experiment had a pulse length approximately
twice as long as the S, lifetime (~200 ps versus ~90 ps). At high fluences the
ground state can be substantially depleted by the first half of the pulse, allowing
the second half of the pulse to excite the resulting T, states to a higher-lying
state, T,. Reverse intersystem crossing from T, will allow the fluorescence signal
to continue to grow even though the ground state has been depleted. This process

should modify the fluence-dependence of the fluorescence signal.
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The orientational-average of the kinetic model used in the analysis is shown

in Fig. 3.4. The rate equations describing the full orientation-dependent model

are
dps. (0, - =
pS(;i(t LI W 0 05,5, (ps, — ps,)11(t) + (1 — ®isc)75, ' ps, + 77, pr,
Tot(pso (pso>)
d 0,t
pTZiEf , ) = (I)iscTStlpsl - TilpTl - 3C0$20UT1T4 (pTl - P’r4)11(t)
+(1 — @risc,n)rilpn - krot(pTl - (PTJ)
dps, (0,1 -
._pila(t__l = ,Ic,.psl1 — 7'Sllps1 - krot(psl - <p81>) (39)
dpg (0,1
_pila(t_’_)_ = 3cos’fos,s, (ps, — ps, )11 (t) — krps, + 75, D5,
rot(pS’ (pS' >)
d 0,t - -
P00 e 75101, — 7505 — Koo — (7))
dpr, (0, -
Zisf ) 3C0820UT1T4(p'T1 —p'r4)11(t) - TT41pT4 - k""t(pT‘i - (P’I‘4>) ’

where the p;(6,t) are the orientational subpopulations of S,, T,, S,, S}, S, and T,
(arranged in order of increasing energy). The orientationally averaged population
(pi(t)) is given by Eq. (A.10). Table 3.3 lists the definitions and values of the
photophysical parameters. The thermalization rate, k., has been assumed to be
similar to that found in the closely related dye erythrosin [67,68]. The unknown

parameters are ®sc,, 71, and 7g,,. The pump pulse P, has a Gaussian temporal
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Figure 3.4: Energy-level scheme for 532-nm excitation dynamics. This diagram
corresponds to an orientational-average of the kinetics described by Eq. (3.9). See

Table 3.3 for parameter descriptions and values.
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Table 3.3: Photophysical parameters of rose bengal in water that are relevant

to 532-nm excitation.

indicated by t. b. d.

Parameters to be determined in the fitting process are

Symbol | Description Value Ref.
0s,s, | Ground-state absorption cross sectionat | 1.8 x 107!¢ ¢cm? [14]
532 nm (S, + hw — §)
or,t, | Triplet absorption cross section at | 7.4 x 107'7 cm? | [14,65]
532 nm (T, + hw — T,)
Ts, Lifetime of S, 89 ps [14-16]
TSm Lifetime of S, t. b. d. —
TT, Lifetime of T, (includes both phospho- 3 us [66]
rescence and oxygen quenching)
Dic Intersystem crossing yield (S, —T,) 0.98 [16,66]
®isc,r, | Reverse intersystem crossing yield t. b. d. —
(T;—Sm)

I First pump-pulse photon intensity variable —
kics. | Internal conversion rate (S,,—S!) 1/7s,, —
Kic,t, Internal conversion rate (T,—T,) (1 = ®rise,1,) /71, —

Kisc Intersystem crossing rate (S, —T,) Pise/ Ts, —

ky Thermalization rate (S!—S,) 3 x 1010 57! [67,68]
Krscr, | Reverse intersystem crossing rate Prise,1, /T, —

(T4—Sm)
kot Rotational diffusion rate 3.2 ns7! [69]
kr, Relaxation rate of T, 1/rr, —
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profile
1(t) = — exp(~£2/(262)) (3.10)

\/ 262

where F] is the fluence (in units of photons/cm?) and 4, is related to the full width

at half-maximum pulse length by FWHM = §,v/81n 2.

Excited state absorption from states other than T, has been neglected. Previ-
ous experiments have found no evidence for absorption of 532-nm light by S, [14].
The state T, may absorb 532-nm light and thus populate an even higher-lying
state, but we assume that any such extremely high-lying state will relax back to
T, essentially immediately. The validity of this assumption will be discussed in

§3.4.3.

Computational techniques

The fluorescence f; due to P, is proportional to the population of S, such that

h= % < +/oopsl (t) dt> (3.11)

o0
where ®; is the fluorescence quantum yield. The unknown photophysical parame-
ters @riseT,, 1,, and 75, are determined by fitting this model of the laser-induced
fluorescence process to the fluence-dependent f, obtained experimentally. A nu-
merical approach is required since analytical solutions cannot be obtained under
the high-fluence conditions required to produce significant T, population. The
numerical analysis consists of three major components: (a) a calculation of the
fluence-dependent f; for a given trial set of photophysical parameters, (b) an algo-
rithm that optimizes these parameters to provide the best fit to the experimental
data, and (c) an estimate of the precision to which the extracted parameters are

known based on a randomization and re-optimization technique.
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Calculation of the fluence-dependent, one-color laser-induced fluorescence was
based on the solution of the rate equations given in Eq. (3.9). These rate equa-
tions were solved using stifbs, an implementation of the algorithm of Bader and
Deuflhard for solving a stiff set of ordinary differential equations [70,71]. A set of
differential equations is “stiff” if the problem is characterized by two or more very
different rates of change. In the case of the present model, T, relaxation takes
place on the microsecond time scale whereas thermal relaxation of S, occurs a
million times faster. More familiar algorithms such as the Runge-Kutta technique
can often solve such sets of equations, but typically with less efficiency. Since the
process of optimization requires the repeated solution of this set of equations it is
prudent to select an efficient algorithm.

In order to compare the f, obtained from this model with the experimental
data, it was necessary to scale the results to account for the unknown collection
and detection efficiency. This was accomplished by selecting a multiplicative scal-
ing factor, «, using standard linear least-squares fitting techniques such that the

reduced x?2 statistic,

XE _ ]_1/__2 (fl,expt (Fl) - a’fl,model(?? cI)risc,T47'7-T477-Sm))2 ’ (312)
131 Ul,expt( 1)

was minimized. The standard deviations of the experimental measurements are
given by o} expr and N is equal to the number of data points minus the number of
free parameters (four, including «). The next step is to search parameter space
in order to find the values of @ 1,, 7r,, and 75, that minimize x2.

Since an analytical expression for the derivatives of X,Iz_(@risc,’l‘4, Tr,, TS, ) With
respect to the free parameters is not available, it is necessary to select an optimiza-
tion algorithm that only requires evaluation of x2. The optimization algorithm
used in this work was based on the downhill simplex method amoeba, though there

are several others which would also be applicable [71]. These methods typically
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require an initial guess for the set of free parameters and then look for a path
downbhill (relative to x?) through parameter space with the goal of finding a mini-
mum. In the downhill simplex method defining the initial simplex requires A + 1
guesses of starting parameter sets, where A is the number of free parameters. In
this case N does not include « since that parameter is optimized separately. The
method proceeds to a minimum by identifying the worst point in the simplex and
then looking for a reflection or contraction in A -space that will replace that point
with one having a smaller x2. Initially the simplex will move primarily through
volume-conserving reflections, but as a minimum is approached contractions will
reduce that volume. The algorithm is terminated when it has not improved on the
best point for several iterations and the worst point is sufficiently close to the best
point. The downhill simplex method will converge on at least a local minimum,
but in order to increase confidence that the minimum is global, the optimization
routine was repeated one or more times starting with a different initial simplex.
The downhill simplex method will report the set of parameters that provides
the best fit, but it does not report the precision with which those parameters are
known given the uncertainties in the experimental measurements. In this work an
empirical approach was adopted, in which the precision was estimated by running
the optimization routine on sets of fluence-dependent fluorescence curves, fi mix,

calculated from

fl,mix(Fl) = fl,expt (Fl) + TO1,expt (Fl) s (313)

where r is a uniformly distributed random number between -1 and 1. The standard
deviations of the parameters found in minimizing ten such data sets provide the

estimated precision to which the fit parameters are known.
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3.4.3 Results

The fluence-dependent laser-induced fluorescence results for rose bengal excited
by 532-nm light are shown in Fig. 3.5. During this series of experiments the pulse
length was approximately 200 ps FWHM. Each point on the plot represents the
average of six data sets, with error bars indicating the corresponding standard
deviations. These data sets were obtained with various concentrations of rose
bengal (55 nM to 24.6 uM). The fluorescence signals in each data set were scaled
using a multiplicative factor defined such that the fluorescence signal was equal
to 1 at a fluence of 0.5 x 10'® photons/cm?. With this scaling it was found that
all data sets were in excellent agreement.

The parameters @y 1,, 7r,, and 7g,, can be determined by analyzing the
nonlinear dependence of the fluorescence on fluence using the multistate kinetic
model described in Eq. (3.9). This analysis of the data shown in Fig. 3.5 gives
®riser, = 0.12 + 0.02 with x? = 0.30. The length of the excitation pulse is
such that population undergoing reverse intersystem crossing will not significantly
repopulate T, until after the pulse has passed. As a result the one-step laser-
induced fluorescence signal is not strongly dependent on 7r, or 7g,. The fitting
algorithm consistently finds ®sc 7, = 0.12 but values for 7p , and 75, range from
0.2 to 45 ps depending on the initial seed. Upper state lifetimes in this range
produced identical x? to three significant figures. All curves shown in this section
were generated using 7r, = 1.9 ps and 75, = 7.7 ps. The fluence-dependent
fluorescence for the case of no reverse intersystem crossing is also shown in Fig. 3.5.

The population dynamics calculated from this model for S,, S,, T,, and T, are
shown in Fig. 3.6 for the case of F; = 4 x 10'® photons/cm? using the parameters
given in Table 3.3 and the best fit values reported above. At this high fluence T,

is substantially populated even before the peak of the pulse arrives at ~430 ps.
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Figure 3.5: Experimental results of one-color laser-induced fluorescence measure-
ments (A = 532 nm). Best fit from model described by Eq. (3.9) (—); model with-
out reverse intersystem crossing (- - -). The best fit is given by ®sc 1 , = 0.1240.02
with x? = 0.30. This fit is insensitive to 7r, and 7g,. Error bars indicate the
standard deviation calculated from six data sets, each resulting from a 64-shot

average.
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Figure 3.6: Population dynamics during one-color excitation. (a) S, (—); T, (---).

(b) S, (—); T, (- - -). Calculations based on the model given in Eq. (3.9) using the

parameters in Table 3.3 and the best fit values obtained from the data plotted in

Fig. 3.5. The peak of the pulse occurs at ~ 430 ps and F; = 4 x 106 photons/cm”.
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This allows for population of T, through triplet-triplet absorption by the later
portions of the pulse.

Reverse intersystem crossing from T, leads to a repopulation of S,, as shown
in Fig. 3.7. This figure compares the time-dependent S, population for a model
with triplet-triplet absorption and reverse intersystem crossing with that obtained
from a model in which these processes are not included. Because fluorescence is
proportional to the S, population, this figure also shows that reverse intersystem
contributes to an increased fluorescence signal at higher fluences.

The relevance of including rotational diffusion in the model of one-color laser-
induced fluorescence is illustrated by Fig. 3.8. The fluorescence signal is limited
by the depletion of the ground state, which is dependent on photoselection effects
(see Appendix A) . The solid curve and dashed curve were computed using the
rotational diffusion rate found experimentally for rose bengal in water (k,,; =
3.2x10% s7!, Ref. [69]) and a much faster rate (k.,; = 10'% s71) that is essentially
equivalent to ignoring rotational effects for the time scale of the pulses used in this
study. For example, at F} = 3x10'® photons/cm? the fast rotation model results in
a 17% greater fluorescence than the model incorporating the actual rotational rate.
The S, thermalization rate also affects the fluence-dependence of the fluorescence.
The crosses in Fig. 3.8 represent a curve in which both fast rotation and fast
thermalization (k, = 10'? s7!) have been included. If the experimental data shown
in Fig. 3.5 are re-fit using the faster rotational diffusion rate and thermalization
rate the values of the free parameters are shifted. In this case Piger, = 0.18,

1, = 31 fs, and 75, = 83 fs with xZ = 0.70.
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Figure 3.7: Effect of triplet-triplet absorption and reverse intersystem crossing
on S, dynamics during one-color excitation. Model with T, — T, absorption
and reverse intersystem crossing (—); model with no excited state absorption
(- - -). Calculations based on the model given in Eq. (3.9) using the parameters
in Table 3.3 and the best fit values obtained from the data plotted in Fig. 3.5.

The peak of the pulse occurs at ~ 430 ps and F} = 4 x 106 photons/cm2.



Chapter 3. Intersystem crossing from higher-lying triplet states 78

O 1 i 1
0 1 2 3 4

Fluence (1 o'6 photons/cmz)

Figure 3.8: Effect of rotational diffusion and thermalization on one-color laser-
induced fluorescence. k,o = 3.2x10%s7! and k, = 3x10'° 57! (—); K,y = 101257}
and k, = 3x 10 571 (- - -); kypp = k, = 10*? 57! (+). Other parameters as given

in Table 3.3 and from the best fit to the data plotted in Fig. 3.5.
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3.5 Two-color experiments

3.5.1 Experimental methods

The two-step laser-induced fluorescence measurements probing T, were made with
the optical layout shown in Fig. 3.9. Briefly, the final output of the laser sys-
tem is a pulse with a length of ~190 ps, a wavelength of 1064 nm and an energy
exceeding 2 mJ. In this experiment the second harmonic was generated from the
laser fundamental using a KDP crystal (SHG), resulting in a pulse with a wave-
length of 532 nm, a pulse length of ~130 ps, and energy greater than 250 uJ. To
achieve a high degree of spectral separation between the fundamental and second
harmonic pulses, a prism (P) is used to spatially disperse the two beams. The first
pump pulse, P, has a wavelength of 532 nm, and the second pump pulse, P,, has
a wavelength of 1064 nm. P, is delayed by 34 ns relative to P, by traversal of a
greater optical path length. The delay path includes a half-wave plate followed by
a polarizing beam splitter, allowing for continuous variation of the second pump
pulse energy. The pump pulses P, and P, are recombined spatially at a dichroic
mirror (DM). The pulses pass through two pin holes, ensuring collimation, before
irradiating a 2-mm diameter spot at the sample cuvette. A small fraction of the
excitation light is reflected by a glass plate to a silicon photodiode. This signal
is split before being sampled by two gated integrators (GI1 and GI2), which dis-
tinguish between the P, and P, signals. The pump-pulse signals are calibrated
individually using an energy meter. Emission from the excited sample is collected,
spectrally resolved using a monochromator (SP2), and detected by a photomulti-
plier tube. The signal from the PMT is split and sampled by an additional two
gated integrators (GI3 and GI4). The temporal gate of GI3 is centered on the

fluorescence excited by P,. The center of the GI4 temporal gate is set to be 34 ns
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Figure 3.9: Experimental setup for two-step laser-induced fluorescence measure-

ments (A, = 1064 nm). See Table 3.4 for symbol definitions.
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Table 3.4: Equipment used in the two-step laser-induced fluorescence experiments

Description Details
BS beam splitter microscope slide (~4% reflection)
DM dichroic mirror R@532 nm, T@1064 nm
GI1-4 | gated integrator Stanford Research Systems, 250
L1-3 | lenses
P prism
PD photodiode EG&G, FND-100
PMT | photomultiplier tube Burle, 6199
PS polarizing beam splitter A=1064 nm
S sample cuvette and beam mask
SHG | second harmonic generator KDP crystal
SP monochromator, 4 nm BW Photon Technology Intl., 102
WP | half-wave plate A=1064 nm
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later than the center of the GI3 gate, corresponding to the time delay between the
pump pulses. Both gates are 20 ns wide. The values of all four gated integrators
are recorded by a computer for each shot.

Two-step laser-induced fluorescence measurements probing T'; are made using
a similar éetup. In this case P,, the 1064-nm pump pulse, is replaced by a 632-
nm-wavelength pump pulse, while the first pulse remains at 532 nm. The 632-
nm pulse is generated by stimulated Raman scattering of the Nd:YAG second
harmonic in an 18-cm ethanol cell, resulting in 60 pJ/pulse with a pulse length
of approximately 80 ps. The 632-nm light is separated from the 532-nm light by
a pair of prisms before P, enters the delay line. From this point the system is

identical to the previously described two-step, laser-induced fluorescence system.

3.5.2 Analytical methods

The analytical model of two-step laser-induced fluorescence given by Eq. (3.6)
is only applicable to low-intensity and low-fluence conditions. A more complex
model that is less amenable to analytic solution can be used to determine several
photophysical parameters associated with an upper triplet state from two-step
laser-induced fluorescence (TSLIF') measurements collected over a range of second
pump pulse (P;) fluences. These measurements are sensitive to the lifetime of the
upper triplet state excited by P, and the quantum yield of intersystem crossing
from this state back to the singlet manifold. The upper triplet photophysical
parameters can be determined by fitting a time-dependent model of the two-step

laser-induced fluorescence process to the fluence-dependent TSLIEF data.
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Two-pulse kinetic model

The orientational-average of the kinetic model used to analyze the TSLIF exper-

iments is shown in Fig. 3.10. The rate equations describing this model are

dps, (9 , t)
dt

dpr, (6,1)

dt

dpsl (9, t)
dt

dpS’1 (07 t)
dt

dprn (0’ t)

dt

dps,, (6,1)
dt

dpr,(0,1)

dt

—3cos’ B ag,s, (ps, — ps; )1 (1) + (1 — ®isc) 75, ' ps, + 1. P,

_krot(pSo - (pSo>)

(DiSCTS—llpsl - T’I—‘llpTl - 3COS2 00T1T4 (m‘l - p"[‘4).[1 (t)
-3 COS2 90”1‘1Tn (pT1 - an)IQ(t) + (1 - (I)YiSC’T4)T’IT41pT4
+(1 = Prise,1, )77, PT — krat(pT, — (PT.))

krpS’l - Ts—llpsl - krot(psx - <p51>)

3 cos? 90’5051 (pso — pS’l)Il (t) - k?,-ps/1 + TS—':psm (314)

+®rise 1, 7T, PT, — krot(Ps, — (Ds;))

3 cos? HUTlTn (PT1 - an)I2(t) - T’I—‘nlan - krot(an - (PTn>)

+®riseT, 71, PT, — T5PSm — krot (D5, — (Ps,))

3cos?for, 1, (pr, — pr,) 11 (t) — 71.'p1, — kret(PT, — (PT,))

where the p; are the orientational subpopulations of S,, T,, S,, S!, Tn, Sm, and

T, (arranged in order of increasing energy), where n = 2 or 3. Tables 3.3 and

3.5 list the definitions and values of the photophysical parameters. The unknown

parameters are ®u.. 1, and 7r,. The pump pulses P; and P, have Gaussian
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Figure 3.10: Energy-level scheme for description of two-color excitation dynamics.
Complete two-step model corresponding to an orientational-average of Eq. (3.14).

See Tables 3.3 and 3.5 for parameter descriptions and values.
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Table 3.5: Photophysical parameters for two-color excitation of rose bengal

Symbol | Description Value Ref.
OT, T, Triplet absorption cross section at | 1.1 x 1076 cm? | Chap. 2
1064 nm (T, + hw — T,)
T, Lifetime of T, t. b. d. —
®risc 7., | Reverse intersystem crossing yield t. b. d. —
(Tn—S))
K First pump-pulse photon fluence variable —
Ey Second pump-pulse photon fluence variable —
kic T, Internal conversion rate (T, —T,) (1 — ®piser,)/ 71, —
kriseT. | Reverse intersystem crossing rate Pise T, /7T, —
(Tr—S))
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temporal profiles such that

B0) = < exp(=(t+ 5/27/28) (3.15)

and

I(t) = \/é%expe(t—A/z)?/(%%)), (3.16)

where F} and F, are the fluences, d, and §, are related to the full width at half-
maximum pulse lengths by FWHM = 6v/8In2, and A is the time delay between
the peaks of P, and P,.

As in the one-color laser-induced fluorescence experiment, excited state ab-
sorption from S, and T, has been neglected. In addition, absorption by T, is also
not included in this model. The validity of this assumption will be discussed in
Sec. 3.5.3.

As a result of the large time delay between the pump pulses (A=34 ns), it
is possible to separate the system of rate equations (3.14) into two subsets. The
set of equations describing the effects of the first pump pulse reduces to Eq. (3.9),
the model used in the one-color laser-induced fluorescence experiments. These
equations are used for t = —oco to t = 0. The time ¢t = 0 is midway between the
peaks of P; and P,, which are separated by a delay much greater than their pulse
lengths and the lifetimes of all excited states except T,. The processes included in
this first segment, where only the effects of P, are relevant, are shown in Fig. 3.4.

This set of equations describing the effects of P, neglects all terms containing
I,. Since T, is only populated by P,, corresponding terms can be eliminated
from Eq. (3.14). The process of reverse intersystem crossing is included in this
model of the interaction of P; with the sample. As shown earlier, the first pump
pulse may be absorbed by both S, and by any T, population created by preceding
parts of the same pulse. Absorption of P; light by the T, state populates the T,
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state, which has a significant yield of reverse intersystem crossing. It is necessary
to include this process for pulses longer than the S,—T, intersystem crossing
time, because it can lead to an apparent enhancement of the fluorescence yield,
particularly at fluences resulting in depletion of the ground state. It is important
to emphasize that the reverse intersystem crossing described above occurs from
the triplet state populated by secondary absorption of the first pump pulse and
is easily distinguished temporally from the process this experiment is designed
to measure: reverse intersystem crossing from the triplet state populated by the
second pulse.

The effects of P; and P, can be separated cleanly because the system has
relaxed such that only S, and T, are populated at ¢t = 0. The effects of only the
second pump pulse are considered from this time to ¢ = +00. The model of this
second excitation step is shown in Fig. 3.11 after orientational-averaging. The

equations describing this segment are

dps, (0, _ _

—p—Sid(t——)_ = (1- (I)isc)Tsllpsl + 7'TllpTl - kTOt(pso - <p80>)
d 0,t

pT;iEf ! = (I)iscTS_llpsl - T’I_‘llpTl — 3cos’for, T, (pr, — Pr.)12(?)

—i—(l - (I)risc,T,,)TT_nlan - krot(pTl - <pT1>)
dps, (0, _
p&d(t : = k.ps, — 7'sllpsl — krot(ps, — (ps.))
(3.17)

dps (0,1 -

__p—s.Ld(t___). = —-krpsll + (I)riSC,TnTTnlan - krot(pS’l - (psll>)
dpr, (0,1t -
—-—-pT'zii ) = 3cos”Oor, 1, (pr, — 1) La(t) — 75,1, — Krot(PT, — (PTL)) -

In this segment all terms containing I; and pr,, the subpopulation of T,, are

dropped from Eq. 3.14.
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Figure 3.11: Energy-level scheme for two-color excitation dynamics. P, subset of

the model corresponding to Eq. (3.17) after orientational-averaging. See Tables 3.5

and 3.5 for parameter descriptions and values.
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The fluorescence f due to the two pulses is proportional to the population of

S, such that

= & < /0 s, (1) dt> (3.18)

7s, e
and
& |7
=2 [ moa) 319

where @ is the fluorescence yield. The two-step laser-induced fluorescence ratio

fr is defined by

_f2
R=f (3.20)

This is a convenient quantity to compare with experimental results because fluo-
rescence yield, collection, and detection efficiency factors are eliminated.
Thermal effects have not been included in this model because of the negligible
increase in temperature with each pulse. The highest fluence of P, is 9 x 10'®
photons/cm?, which corresponds to 0.017 J/cm? for 1064-nm light. Roughly 40%
of this energy will be absorbed along the 1-cm path through the sample, giving
an energy density of 7 mJ/cm? in the excitation volume. If all of this energy is
dissipated non-radiatively into the solvent the specific heat of water (4.18 J/g/° C)
can be used to calculate that the transient temperature increase will be no more
than 0.002° C. The sample is stirred throughout the experiment so no significant

long-term temperature increase is expected.

Optimization technique

The T, photophysical parameters @ 1, and 7r, are determined by fitting this
model of the two-step laser-induced fluorescence process to the fluence-dependent
fr obtained experimentally. As will be discussed in Sec. 3.5.3, extraction of both
parameters requires fr measurements over a range of F, fluences, which, at the

upper limit, are sufficient to partially deplete the lowest triplet state. In addition,
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the length of the second pump pulse must exceed the lifetime of T,,. A numerical
approach similar to that used for the one-color laser-induced fluorescence analysis
is adopted.

Calculation of the fluence-dependent, two-step laser-induced fluorescence ra-
tio was based on the sequential solution of the rate equations given in Eq. 3.9
and 3.17. These rate equations were solved using stifbs, the algorithm for stiff
sets of differential equations described previously. The agreement between the fg
obtained from this model and the experimental data can be quantified by the x?
statistic:

X? — i Z <fR,expt(F17 FQ) - fR,model(Fh b TTh (I)risc,Tn)>2 | (321)
{FiFo} O Rexpt (F1, F2)

which is summed over the set { F}, F>} for which experimental measurements of the

TSLIF ratio, fgexpt Wwere made. The standard deviations of these measurements
are given by Opgexpt.- In contrast with the one-color laser-induced fluorescence
analysis, the use of the two-step laser-induced fluorescence ratio eliminates the
need for the scaling factor a. As described previously, the next step is to search
parameter space using the downhill simplex method in order to find the values
of rr, and ®g 1, that minimize y? and then use the randomization and re-
optimization technique to estimate the precision to which those parameters are

known.

3.5.3 Results

The emission spectra for 532- + 1064-nm excitation of rose bengal are shown in
Fig. 3.12. These spectra were obtained by scanning the monochromator while
keeping the energies of P; and P, fixed. The nearly identical emission spectra
confirms the S, — S, origin of the emission following 1064-nm excitation. The

increased spectral width of the P)-induced emission may be attributed to power
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Figure 3.12: Emission spectra resulting from 532- + 1064-nm excitation. Emission

following P, (+); emission following P, (o).
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broadening [72]. Although P, is more intense than P, it does not lead to power
broadening because P, does not perturb S, and S,.

Fig. 3.13 shows the two-step laser-induced fluorescence ratio for 532- + 1064-
nm excitation. The P; fluence was held constant at 3.3 + 0.2 mJ/cm?, and the
resulting fluorescence varied by less than 2%. No emission following P, was de-
tected when P, was blocked. Each point in this plot represents the average of from
26 to 370 double-pulse excitations. The error bars indicate the corresponding stan-
dard deviations. The parameters &, 7, and 7r, can be determined by analyzing
the multistate kinetic model described by Eq. (3.14). Fitting this model to the
data shown in Fig. 3.13 gives ®5. 7, = 0.0076 £+ 0.0002 and 71, = 1.56 + 0.01 ps
with x2 = 0.012.

Although no analytical expression can be given for fgr(F), F3) that is ap-
plicable for the high fluences used in these experiments, it is possible to explain
qualitatively the shape of the fg versus F; curve shown in Fig. 3.13. This explana-
tion also provides some justification for why the kinetic model analysis is sensitive
to the lifetime of the upper triplet state. Under low-fluence and low-intensity con-
ditions, Eq. (3.6) predicts that fr will increase linearly with F5. Deviations from
the predicted linear response are expected to occur only for P, with sufficiently
high fluence. When the pulse length is shorter than the lifetime of T,, the satu-
ration fluence Fg,; = (o1,7,)”! for T, — T, excitation is 9 x 10'® photons/cm?
(1.7 mJ/cm?). Multiple excitations are possible for pulses that are longer than
the lifetime of T,. This allows the two-step laser-induced fluorescence ratio to
continue to grow beyond the short-pulse saturation fluence limit. The maximum
number of excitation cycles that can be achieved during a pulse is limited by the
upper-triplet lifetime, 7, and the length of the second pump pulse, 2. Since the

nonlinear portion of the fg curve is dependent on the upper-triplet lifetime it is
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Figure 3.13: Two-step laser-induced fluorescence ratio versus P, fluence for 532-
+ 1064-nm excitation. Fitting the model described by Eq. (3.14) gives Drise T, =
0.0076 4-0.0002 and 77, = 1.56 4+ 0.01 ps with x2 = 0.012. Error bars indicate the

standard deviation of from 26 to 370 double-pulse excitations.
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possible to extract this parameter from a fit of the kinetic model to data obtained
under conditions where fz exhibits deviation from linearity.

The multistate kinetic model illustrated in Fig. 3.10 is not the only possible
explanation for fluorescence following 532- + 1064-nm excitation. An alternative
model that deserves consideration includes absorption of 1064-nm light by T,
to populate T,, a state already shown to have a significant reverse intersystem
crossing yield. On the basis of energetic considerations, the T, — T, absorption
process appears to be plausible, although restrictions such as those based on
parity may disallow this transition. If reverse intersystem crossing were to occur
predominantly from T,, then the expression for fg given in Eq. (3.6) should be
modified to give

fr = PigePrise. 1,01, T, 07,1, Fi - (3.22)
According to this model, fg increases quadratically rather than linearly in F, be-
cause population of T, from T, requires the sequential absorption of two 1064-nm
photons. The experimental data shown in Fig. 3.13 do not exhibit this behavior,
which justifies our elimination of this alternative model.

Similar measurements probing T, (532- + 632-nm excitation) failed to detect
any two-step laser-induced fluorescence. Based on the fluorescence detection limits
of this system the quantum yield of reverse intersystem crossing from T, can be
constrained to ®risc,r, < 0.06 using Eq. (3.6) with or, 1, determined from Ref. [41]

and fr set equal to the uncertainty in the TSLIF measurement.

3.6 Discussion

Our value for the reverse intersystem crossing yield from T +» the green-excited
triplet state, is significantly different than that found by Reindl and Penzkofer

(0.12 vs. 0.80) [59]. Some difference in reverse intersystem crossing yields is
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not unexpected because different solvents were used (phosphate-buffered saline
vs. methanol). A more detailed reading of their analysis methods also suggests
further reasons for this discrepancy. First, the 6-ps pulses used in their study
were substantially shorter than the rotational diffusion time of rose bengal in
methanol (180 ps [69]) and were sufficiently energetic to deplete the ground state,
so it would seem necessary to include orientation effects in their model (see Ap-
pendix A). Second, the Reindl and Penzkofer model also assumes that S, has a
thermalization time much shorter than the pulse length. On the basis of fluores-
cence risetime measurements, Alfano and Shapiro reported a thermalization time
of 33£5 ps for erythrosin in methanol [67]. Rose bengal and erythrosin have many
similar photophysical properties, so Reindl and Penzkofer’s assumption that their
6-ps pulses were much longer than the thermalization time would appear to be
inaccurate.

The impact of assuming fast rotational and thermalization rates was explored
numerically. Extending the models developed in §3.4.2 to simulate multiple single-
color pulses, synthetic fluorescence data was generated in which @51 , = 0.1,
k, = 3x10'%s7! and k.. = 5.6 x 10° s~!. This synthetic data was then fit using
a model in which &, and k,,; were chosen to satisfy the assumptions of Reindl and
Penzkofer (102 and 10 s™! respectively). When a two-pulse pair is analyzed
using this method, the optimization algorithm finds a best fit with @y 7, = 0.66
rather than the input value of 0.1 used to generate the synthetic data set. Analysis
of a train of six pulses produces the slightly more accurate value of 0.43. Based on
this exploration it would appear that differing assumptions of thermalization and
rotation rates may account for much of the discrepancy between the present results
and those of Reindl and Penzkofer. As these results show, the two-pulse method

is less robust than the six-pulse method. Both of these multi-pulse, fixed-fluence
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methods are more sensitive to assumptions about rotational and thermalization
rates than the fluence-dependent, single-pulse method described in 3.4.3.

The value of o, the scaling factor used in analyzing the one-color laser-induced
fluorescence data, can be estimated from instrumental parameters. The fluores-
cence is collected by a 2-inch diameter lens placed approximately 10 cm from the
excitation volume. This lens will collect 2% of the fluorescence. Approximately
30% of this light will pass through the linear polarizer. The interference filter has
40% transmission in a 10-nm band centered at 580 nm. Approximately 7% of the
fluorescence will be transmitted by this filter. The OG570 filter has approximately
80% transmission in this region. Therefore the light reaching the photomultiplier
represents approximately 0.03% of the total light emitted. At 25 M concentra-
tions there will be roughly 4 x 10 molecules in the excitation volume. Assuming
a fluorescence quantum yield of 0.0005, approximately 4 x 108 J of light will be
emitted and 1 x 107! J will reach the photomultiplier when half of the molecules
are excited. The photomultiplier converts this light to an electrical signal with
a charge of 0.2 uC. This results in a gated integrator reading of 5 V. Reflections
from the various optical components would reduce that reading to 4 V. That cor-
responds to o = 200 after correcting for the difference between the 0.02 yield for
combined radiative and non-radiative transitions and the assumed 0.0005 yield
for fluorescence used in this calculation. In the results described earlier the best
fit for o was 105, within a factor of 2 of our order-of-magnitude estimation. This
provides further support for the validity of these results.

Reverse intersystem crossing yields have been calculated for a growing num-
ber of molecules. An aspect of this study that makes it of particular interest is
that these yields have now been calculated for several triplet states of rose bengal.

Previous workers in this field have suggested that molecules excited to T, relax
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rapidly to the next-lowest triplet and that triplet-singlet transfer is predominantly
due to reverse intersystem crossing from this less-energetic state [52,59]. Accord-
ing to this model, the reverse intersystem crossing yield should be independent
of the high-lying triplet state initially excited; experimental measurements clearly
contradict this with a yield of ®s. v, = 0.12 if T, is initially excited to the much
lower yield of @5 7, = 0.0076 for the case of direct population of T,, with Dyise,T,
lying somewhere between these two.

To understand these results it is instructive to consider the energies of the
relevant triplet and singlet states. The energies of the singlet states can be es-
timated from the peaks of the ground-state absorption spectrum. Similarly, the
energies of the triplet states relative to T, can be estimated from triplet-triplet
absorption spectra (see Chapter 2 and Refs. [73] and [65]). The energy of T, is
1.75 eV as determined from the phosphorescence spectrum of rose bengal in an
alcohol solvent at 77 K [74]. These results have been compiled in Table 3.6. The
energy gaps between the excited triplet states and the nearest less energetic singlet
state are AE(T,S;) =~ 0.5 eV, AE(T,S;) ~ 0.4V, and AE(T,S,) = 0.1eV. Thus
we find that the transition with the smallest energy gap exhibits the greatest re-
verse intersystem crossing yield (®yisc, v, = 0.0076, ®pisc v, < 0.06, Ppyse7, = 0.12).
Although this ordering is consistent with a simple interpretation of the energy
gap law for nonradiative transitions (see §1.4.2), such an interpretation must be
considered critically. As developed by Englman and Jortner [10], the energy gap
law applies to a particular triplet-singlet pair, whereas here we are considering
three such pairs. The strength of the spin-orbit coupling between different states
may vary by several orders of magnitude. Since we do not know the values of the
coupling parameters for the three transitions under consideration it is impossible
to definitively attribute the entire variation in reverse intersystem crossing yield

to differences in the energy gap.
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Table 3.6: Energies of rose bengal excited states. Singlet-state energies are es-

timated from the ground-state absorption spectrum. Triplet-state energies are

estimated from the T, absorption spectrum.

State | Energy (eV) Ref.
S, 2.10 This work
S, 241 This work
S, 3.51 This work
S, 3.95 This work
T, 1.75 [74]

T, 2.92 This work
T, 3.86 [73]
T, 4.03 [65]
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Chapter 4

Photochemistry of higher-lying

states

4.1 Overview

The interest in photosensitive dyes such as rose bengal has been motivated pri-
marily by their application to photodynamic therapy. As described in §1.5, photo-
dynamic therapy (PDT) is a cancer treatment based on light-activated chemistry.
In conventional PDT, the T, state of a photosensitive dye is excited by visible
or near-infrared light. Collisional energy transfer from T, to 3O, produces 'O,
and returns the photosensitizer to its ground state. Singlet oxygen reacts with a
variety of cellular targets and will result in cell death if a sufficient dose of 'O,
is delivered. Chemistry resulting from states other than T, has commonly been
ignored, but there has been some interest in any novel photochemistry that might
be accessible following excitation of higher-lying states.

This chapter begins by describing several shortcomings of conventional pho-

todynamic therapy as well as the various remedies that have been proposed. One
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of those remedies addresses the limitations of conventional photodynamic therapy
by proposing a two-step excitation of higher-lying states possessing novel photo-
chemistry. Prior work with rose bengal has shown that it can produce oxygen-
independent biological damage from certain higher-lying singlet and triplet states,
but not from others. This damage results from the cleavage of one of rose bengal’s
carbon-iodine bonds.

The rose bengal T, state, newly identified here, possesses an energy of approx-
imately 2.92 eV, greater than the carbon-iodine bond energy reported in many
other molecules. This chapter describes experimental work conducted to deter-
mine whether excitation of T, results in cleavage of this bond. The data obtained
in a two-step laser-induced bleaching experiment rule out any significant photo-
chemistry from this state. One hypothesis for the presence of such chemistry in
certain triplet states and not others is based on differences in reverse intersystem
crossing yields. A theoretical model is presented that allows this hypothesis to be
tested quantitatively. It is shown that reverse intersystem crossing cannot account
for all of the observed differences. Finally, the feasibility of a two-step activated

phototherapy is discussed.

4.2 Limitations of conventional photodynamic ther-
apy and proposed remedies

The major side effect of photodynamic therapy using first generation photosensi-
tizers is prolonged cutaneous photosensitivity. Low levels of the photosensitizing
agent remain in the skin for many days after the treatment, necessitating the
avoidance of brightly lit environments by the patient. In practice this means that

the patient must avoid both direct and indirect sunlight as well as fluorescent
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lights. In the case of Photofrin, cutaneous photosensitivity can last from one to
four months [75]. Reactions include mild erythema' and inflammation, swelling,
blistering, ocular discomfort, and pruritus?. Despite warnings to wear proper
clothing and avoid sunlight and bright fluorescent lights, patient compliance with
these restrictions tends to be poor. Reducing the length of time during which
patients must contend with cutaneous photosensitivity represents a significant
improvement in photodynamic therapy.

Conventional photodynamic therapy requires oxygen and therefore may be
limited in its effectiveness by the unavailability of oxygen. A lack of oxygen in the
tumor can result from chronic, acute, or PDT-induced hypoxia. The condition
labeled chronic hypoxia was identified in 1955 by Thomlinson and Gray [76].
Insufficient oxygenation in these cells simply results from an inadequate capillary
density. The low density of capillaries causes a mismatch between the rate at which
oxygen can be supplied and the rate at which it is consumed through metabolic
processes. Such tumor regions were initially of interest because hypoxic cells
can survive approximately three times more radiation than normally oxygenated
cells [77].

Acute hypoxia, as described in 1979 by Brown [78], is a transient oxygen
deficit resulting from the temporary closure of blood vessels in and around tu-
mors. This type of hypoxia, unlike the chronic hypoxia described by Thomlinson
and Gray, can even affect cells very close to blood vessels. More direct evidence for
fluctuations in oxygenation comes from the work of Reinhold et al. [79] which mon-
itored oxygenation in tumors using the NADH fluorescence technique of Chance et
al. [80,81]. This work revealed that approximately 10 — 20% of the mouse tumor

experienced acute hypoxia at any given time.

lErythema is an abnormal redness of the skin due to inflamation.
2Pruritus is a localized or general itching due to irritation of the sensory nerve endings.
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In the 1990s the work of Foster et al. [82-85] demonstrated the existence of
a type of hypoxia unique to photodynamic therapy. Oxygen is consumed during
photodynamic therapy as singlet oxygen reacts with various biological targets.
If the intercapillary spacing is large enough, PDT-induced oxygen consumption
can exceed the rate of diffusional resupply. The PDT-induced hypoxic regions
between capillaries are protected from further singlet oxygen-mediated damage,
allowing these cells to survive. PDT-induced hypoxia results from an excessive
rate of oxygen consumption and therefore depends on the irradiation fluence rate.

Various modifications of conventional photodynamic therapy have been pro-
posed to address the problems of cutaneous photosensitivity and tumor hypoxia
described above. These remedies have taken both chemical and physical ap-
proaches to solving one or both of these problems. A few of these alternatives
will be reviewed before a two-step activation proposal that involves higher-lying
states is described.

Several chemical approaches to minimizing cutaneous photosensitivity have
been studied. These include the use of anti-oxidants to minimize the damage
caused by singlet oxygen produced post-therapy [86] as well as the design of pho-
tosensitizers which have better specificity and/or clearance rates than Photofrin,
the most successful first generation drug. Second-generation photosensitizers have
already proven to be significantly superior compared to Photofrin, in this respect.
For example, the tumor to muscle ratios of the photosensitizer lutetium texaphyrin
have been reported to be as high as 10:1 within 5 hours of injection (4.72 ug/g
versus 0.46 ug/g) [87]. Within twenty four hours the tumor to plasma ratio of
lutetium texaphyrin is greater than 16:1. The animals treated in these studies
showed no signs of skin photosensitivity. Another example in which the spe-

cific biological differences between normal and cancerous cells was exploited is a
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study in which rose bengal was chemically modified to contain an acetate group
which quenched fluorescence and intersystem crossing [88]. The targeted cells (rat
glioma) display enhanced activity of the enzyme carboxylic esterase. This enzyme
removes the acetate group, restoring the dye to its photodynamically-active form.
As a result of the differences in the activity of this enzyme between normal and
cancerous cells, the photodynamic effect can be targeted at only the undesirable
cells.

The problem of PDT-induced hypoxia can be addressed by reducing the flu-
ence rate, either by using a lower average power or by fractionating the dose.
The decreased fluence rate reduces the rate of oxygen consumption, thereby min-
imizing this type of hypoxia. Experimental work by Foster et al. confirmed this
theory in a multicell tumor spheroid system by demonstrating increased cytotox-
icity with a reduction of the fluence rate [84]. Fluence rate effects had also been
previously observed by Gibson et al. in Fischer rats implanted with the R3230AC
mammary adenocarcinoma [89] and by Feins et al. in nude mice implanted with
human mesothelioma [90]. A reduced fluence rate can help overcome PDT-induced
hypoxia but does not address the problem of chronic or acute hypoxia.

Leupold and Freyer [91,92] have proposed an alternative approach based on
the use of two-step excitation, as shown in Fig. 4.1. The two-step activation they
proposed minimizes cutaneous photosensitivity and possibly results in oxygen-
independent damage. This approach requires sensitizers that do not produce
singlet oxygen following the absorption of a single photon. Such sensitizers would
either have negligible intersystem crossing or have a triplet state lying below
that needed for generation of 'O,(A,). Illumination by conventional light sources
would therefore not produce any harmful effects. However, the much greater

intensities that can be generated by a pulsed laser allow for two-step excitation of
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either higher-lying singlet or triplet states as shown in Fig. 4.1. These states can
potentially produce either monomolecular or bimolecular photochemistry. The
existence of oxygen-independent chemistry involving these states is of particular

interest.

4.3 Objections to the Leupold-Freyer two-step
activation proposal

Several objections to the Leupold-Freyer two-step activation proposal have been
raised by Vidoczy [93]. First, the possibility of bimolecular reactions from higher-
lying states was challenged on the basis of the short lifetimes of these states.
Vidoczy’s second objection was that monomolecular damage mechanisms were
not known to exist for photodynamic therapy. Finally, Vidoczy claimed that
producing significant population in higher-lying states would require laser pulses
with intensities that would cause dielectric breakdown and other unwanted effects.
This last objection will be discussed in §4.8.

Vidoczy’s claim that bimolecular reactions cannot occur from higher-lying
states is contradicted by experimental observations of such reactions. As an ex-
ample of a bimolecular reaction which does occur, Kobyshev et al. [94] report
that the first excited singlet state of naphthalene can be generated by higher-
lying triplet states of fluorescein. The energy transfer does not occur from T,
but requires the more energetic T,, which Kobyshev et al. produced by two-step
excitation.

Numerous reports of monomolecular reactions for photosensitizers such as
protoporphyrin-IX, hematoporphyrin derivative, and rose bengal refute Vidoczy’s

claim that monomolecular damage mechanisms do not exist for PDT. An exam-
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Figure 4.1: Energy level diagrams for two-step activated photodynamic therapy.
Cutaneous photosensitivity can be avoided if photochemistry occurs only from (a)

higher-lying singlet states or (b) higher-lying triplet states.



Chapter 4. Photochemistry of higher-lying states 106

ple of such a reaction in protoporphyrin-IX was reported by Karu et al. [95] in
1981. They showed that photochemical reactions unique to the higher-lying sin-
glet states could be produced by intense excitation of protoporphyrin-IX with
picosecond pulses of 532-nm light. Monomolecular reactions have also been ob-
served from the higher-lying states of hematoporphyrin derivative (HpD). In 1982
Andreoni et al. [96] described their two-step excitation of HpD by pulsed UV
light. It was believed that cells could be damaged either by singlet oxygen pro-
duced from T, or by HpD radicals generated following the absorption of a second
UV-photon. A biological assay found that pulsed irradiation was 1.5 times more
toxic to HpD-incubated cells than continuous irradiation with the same average
power. The damage resulting from pulsed irradiation was found to scale quadrat-
ically with the intensity of the nanosecond pulses of 337-nm light, indicating two-
photon-activated photochemistry. A subsequent study by Andreoni [97] showed
that similar damage could be produced by either one-color (630-nm) or two-color
excitation (630- + 481-nm) of HpD by nanosecond pulses. By varying the inter-
pulse delay in the two-step excitation, Andreoni was also able to determine that
generation of high-lying triplets resulted in damage processes different from those
occurring from high-lying singlet states. Enhanced photosensitization has also

been discovered for the higher-lying states of rose bengal [63,73,98,99].

4.4 Photochemistry of the higher-lying states of
rose bengal

Rose bengal photochemistry has been the subject of ongoing studies by a group
at the Wellman Laboratories of Massachusetts General Hospital [65, 73,98-101].

In 1989 Fluhler et al. [98] reported enhanced photosensitizing efficiency when rose
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bengal was excited by ultraviolet light. Using inhibition of red blood cell acetyl-
cholinesterase as a biological assay for photodynamic damage, they found a 50%
greater toxicity for excitation of a higher-lying singlet state of rose bengal by
308-nm light compared to the effect obtained by exciting S, using 514-nm light.
Higher-lying state photochemistry was believed to be possible because of the rela-
tively large energy gap between these states, suppressing rapid internal conversion.
An attempt was also made to produce this effect through excitation of a higher-
lying singlet by the sequential absorption of two photons of 532-nm light from a
40-ps pulse. No effect beyond that expected for conventional photosensitization
was observed.

Results of further studies of high-lying singlet state photochemistry in rose
bengal were reported in 1991 by Allen et al. [99]. Delivering up to a hundred
times more photons than in the previous study, these authors found up to a 2-
fold enhancement of photosensitization for 313-nm excitation compared to 514-nm
excitation. Singlet oxygen production was monitored through the characteristic
1270-nm luminescence of the excited oxygen species. The yield of singlet oxygen
was found to be independent of the excitation wavelength and therefore could
not be used to explain the observed differences in photosensitization. Using the
bleaching of N,N-dimethylnitrosoaniline (RNO) as an indicator of radical produc-
tion revealed that radical production occurred only from the higher-lying singlet
state. The nature of the radicals was revealed by a spectrophotometric assay
for I,. Molecular iodine was believed to be a stable end product resulting from
the I' radical generated by carbon-iodine bond cleavage. The quantum yield
of iodine formation following 313-nm excitation as measured by this assay was
0.0041 £ 0.0005. However, it is not clear from this measurement whether I'~ or

the complementary RB'* is the species responsible for the enhanced phototoxicity.
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In either case, it appears to be much more potent than singlet oxygen. Allen et al.
calculate that in order to account for the two-fold enhancement in enzyme inhi-
bition the radicals must be approximately 183 times more damaging than singlet
oxygen. In both this report and their earlier work, enzyme inhibition was found
to depend linearly on the number of absorbed photons.

In 1994, Smith et al. [73] expanded the investigation of rose bengal photo-
chemistry to include processes following excitation of higher-lying triplet states.
A higher-lying triplet state was populated by two-color excitation with P; either
an 8-ns pulse at 308-nm or a 10-ns pulse at 532-nm, and P, a 400-ns pulse at
640-nm. The two pulses were separated by 1.2 ps. Smith et al. found strong evi-
dence for radical formation from this higher-lying triplet state, which we denote as
T;. First, a 50% transient bleaching of the T, absorption was observed following
P, indicating that T, did not solely relax through internal conversion. Further
photophysical evidence for radical formation includes the observation of increased
absorption at 470 nm, the location of a RB'* absorption peak [102]. Two biolog-
ical assays were also employed in this study: the acetylcholinesterase inhibition
measurement used in the previous investigations and a test of plasma membrane
integrity using P388D; cells and trypan blue staining. Four cases were studied
using each assay. These cases tested the difference between only P; excitation and
dual excitation by P, and P, under both air-saturated and nitrogen-purged condi-
tions. Under the air-saturated conditions P, excitation produced a 21% inhibition
of enzyme activity whereas P; + P; resulted in 25% inhibition. Nitrogen-purging
prevents enzyme inhibition if rose bengal is only excited by P;, but the combina-
tion of P; + P, was still able to reduce enzyme activity by 16%. The ability to
cause damage independent of oxygen is impressive, but the small enhancement in

phototoxicity under air-saturated conditions is also noteworthy once one accounts
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for the 50% T, depletion caused by P,, indicating significant oxygen-independent
damage also occurs under those conditions. Similar results are found with the
membrane integrity assay. 14% of the cells are stained by trypan blue after P,
excitation in air-saturated samples, with that fraction increasing to 18% with two-
color excitation. Nitrogen-purging does not completely eliminate the effects of P,
excitation (7% stained) but two-color excitation results in 16% of the cells taking
up trypan blue. The radical quantum yield from T, was unknown but assumed to
be approximately equal to that found for the UV-excited singlet state. A signif-
icant chemical yield despite a low quantum yield was explained by rapid cycling
between T, and T, during the 400-ns long P, pulse.

The possibility of using nanosecond pulses of 532-nm light to excite higher-
lying triplet states of rose bengal through two-step sequential absorption was
investigated in 1996 by Lambert et al. [65]. Two photons of 532-nm light provide
sufficient energy to populate a state even more energetic than the high-lying states
studied in the previous work of the Kochevar group. As mentioned above, Fluhler
et al. had investigated the possibility of sequential two-photon absorption within
the singlet manifold using 40-ps pulses and found no effect. A photophysical
study by Stiel et al. confirmed that S, has no measurable absorption at 532 nm
[14]. However, by using 8-ns pulses Lambert et al. could create T, with the first
portion of the pulse and then excite it to a higher-lying triplet state, which we
denote as T,, with the remainder of the pulse. No evidence of higher-lying state
chemistry was observed using the acetylcholinesterase assay even though there is
significant triplet-triplet absorption at 532-nm. Stiel et al. studied the non-linear
transmission of picosecond and nanosecond pulses of 532-nm light through rose
bengal. A kinetic model analysis of this data returned an upper limit of 0.0005 for

the yield of photoproduct formation from T,. The kinetic model of Stiel et al. did
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not include reverse intersystem crossing or photoselection effects. Our attempts
to re-analyze the Stiel et al. transmission data with the more complete model
described below failed to find any dependence on the radical formation yield.

In addition to the studies described above which explicitly investigated the
photochemistry of higher-lying states, work by Ciulla et al. [100] at the Wellman
Laboratory had found that rose bengal could cause single-strand breaks in pBR322
DNA under continuous illumination. They used a filtered quartz tungsten halogen
lamp to produce 2.9 mW/cm? in a 50-nm band centered on 540 nm. The creation
of single-strand breaks proceeded with a first order rate constant, and compared
to an oxygen-saturated sample this rate increased by a factor of 3.9 and 24 for
nitrogen and argon purged samples, respectively. The single-strand breaks were
believed to be initiated by T, or RB’, but no mechanism was definitively assigned.
This same phenomena was observed earlier by Peak et al. [103] but that study
found no oxygen-dependence. As a result of the low light levels used in these
studies, it does not appear that this non-oxygen-mediated damage can be ascribed

to higher-lying state photochemistry.

4.5 Bond cleavage

Bond cleavage is believed to be the mechanism responsible for much of the oxygen-
independent damage that results from excitation of a higher-lying state. The
process of bond cleavage can result from direct excitation of a dissociative state.
Alternatively, excitation of a high-lying bound state can result in bond cleavage
if there is some overlap between the wavefunctions associated with that state and
a dissociative state [104]. This second pathway is called predissociation, and the
relevant states are illustrated by the potential energy curves shown in Fig. 4.2.

The time scale for direct dissociation is one vibrational period of the bond under-
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Figure 4.2: Potential energy curves for states in the predissociation pathway.
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going dissociation. The predissociative mechanism takes place more slowly since
it requires the transfer between two states which might have only a small over-
lap. In this case dissociation can require a hundred or more vibrational periods.
Therefore bond cleavage that occurs through the predissociative mechanism will
be more sensitive to the photophysical properties of the higher-lying state.

The carbon-iodine bond energy depends on its larger molecular context. For
example, the review article by McMillen and Golden [105] states that the carbon-
iodine bond energy is 65.4 & 2 kcal/mol (2.8 £ 0.1 eV) for CgHs-1, 57.2 + 0.3
kcal/mol (2.4540.01 eV) for CH3-1, 53.4+1 kcal/mol (2.29+0.04 eV) for CoH5-1,
and 48.2 £ 1.5 kcal/mol (2.1 £ 0.1 eV) for CHyCgHs-1. The equivalent carbon-
bromine bonds are approximately 20-25% stronger. Earlier reviews by Kerr [106]
and Benson [107] report smaller values for the carbon-iodine bond dissociation
energies in CHyCgHs—I (40 kcal/mol) and CH;-I (56 kcal/mole) and a comparable
value for CoHs (53 keal/mol). The bond dissociation energies listed in these three
reviews are for gas phase molecules. According to Laarhoven et al. the bond
dissociation energies in a nonpolar solvent should be the same as those in the gas
phase [108]. However, bond dissociation energies will increase in polar solvents to
include the energy required for solvation. Additional energy is required if there
is hydrogen bonding between the solute and solvent. For example, the O-H bond
dissociation energy in phenol ranges from 86.2 kcal/mol for the solvent isooctane
to 96 kcal/mol in triethylamine.

Delivering energy greater than that required for bond dissociation is not nec-
essarily sufficient to result in bond cleavage. For example, Scaiano et al. conclude
that an upper triplet state of benzophenone, containing over 25 kcal/mol more
energy than is required to cleave the weakest bond, does not produce any photo-
products because it is efficiently quenched by the solvent (benzene) [109]. Thus,
bond cleavage requires both excess energy and a higher-lying state that is suffi-

ciently long-lived.
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4.6 Measurements of T, photochemistry

Experiments were performed to determine whether bond cleavage occurs following
excitation of rose bengal’s T, state and are described in this section. A two-step
laser-induced bleaching technique was used to measure the yield of bond cleavage
following excitation of T,. We discussed a similar technique in the context of
reverse intersystem crossing in Chapter 3. The modifications required to include
photochemistry in the analysis of two-step laser-induced bleaching are discussed

before a description of the experimental setup.

4.6.1 Theoretical basis of two-step laser-induced bleaching

Higher-lying triplet states can be populated through two-step laser excitation.
The first pulse of light, P, is absorbed by the ground state of the molecule and
populates an excited singlet state, S,. This state can relax to the ground state,
producing fluorescence. Alternatively, it can undergo intersystem crossing to the
lowest triplet state, T,. The second pulse, P,, is delayed so that it arrives after S,
has depopulated, but before T, has relaxed substantially. The P, light is absorbed
by T, and populates a higher-lving triplet state, T,, where n > 1. This state
can relax through internal conversion back to T, or through reverse intersystem
crossing it can populate a less energetic singlet state, S,,, where m > 1. Population
in S,, rapidly decays to S,, where it can subsequently fluoresce or return to T,.
This process is the subject of Chap. 3. Alternatively, molecules in the energetic
T, state can undergo chemical reactions such as bond cleavage which reduce the
concentration of the photosensitizer.

The bleaching of T, due to reverse intersystem crossing and photochemical
reactions during two-step excitation can be measured using transient absorption

spectroscopy. The state T, has a short lifetime compared to that of T,. If
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internal conversion is the only process occurring from T,,, the pre-P, and post-P,
populations of T, will be virtually identical. However, reverse intersystem crossing
and chemical reactions will reduce the fraction of molecules excited to T, that
subsequently return to T,, producing a transient photobleaching.
The fractional change in T, absorption resulting from photochemistry is given
by
(AA
Ao

where ®hem 1, is the quantum yield of the chemical reaction occurring following

) = —q)chem,Tn Na.bs (41)
chem

excitation of T, and N,y is the average number of photons absorbed by a molecule
in the T, state during P,. The bleaching due to reverse intersystem crossing results
from the fraction of the population transferred from T, to the singlet manifold but
which does not subsequently return to T, via intersystem crossing from S,. The
fractional change in triplet-triplet absorption resulting from this photophysical
effect is given by
( AA
Ao

where @i 1, is the T, — S, intersystem crossing yield that can be determined

) ) = —(1 - q)isc)q)risc,TnNabs (42)
risc

using techniques such as those described in Chap. 3.
The observed change in T, absorption because of P, will equal the sum of

these two effects:
AA) (AA) (AA)
= — (== 4+ [ — 4.3
( A0 expt A0 chem AO risc ( )

= - [q)chem,Tn + (1 - cI)isc)q)risx:,Tn] Na.bs . (44)

It is therefore possible to determine ®cpem 1, from two-step laser-induced bleaching
measurements if @i and Py 1, are known. This analysis has assumed that P is

not at a wavelength absorbed by the ground state and that the absorption probe
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wavelength is exclusively absorbed by T,. If these assumptions are not met a
more complete model of the kinetics is required.
The number of photons absorbed by T, — T, excitation during P, can be

calculated using the kinetic model described by

d_mgti(f;t) (1 = ise)75.'ps, + 77, p1, — Krot(Ps, — (ps,))
dPT:i(f’ t) _ @iscTs,—llpsl — TT—11PT1 —3cos’*for,1,(pr, — p1.) (1)
+(1 = Priser, )75 PT, — krat(Pr, — (PT.))
___dpsld(f, H krps, — 75,'Ds, — krot(Ps, — (ps.)) (4.5)
d_mi(i(f;ﬂ = —kyps; + PriseT, T’f,lpT; — krot(Ps;, — (ps;))
Ei—ZZT—:i(t—H’—Q = 3cos’for,,(pr, — pr.)I(t) — 75 P, — Krot(PT, — (PT.))

where the p; are the orientational subpopulations of S,, T,, S;, S}, and T,. See
Appendix A for a discussion of optical transitions and molecular orientation. Ta-
ble 4.1 lists the definitions and values of the photophysical parameters. The
orientational average of this model, which eliminates the # dependence, is shown
in Fig. 4.3. It should be noted that this model does not include a rate for photo-
chemical reactions from T,. The yield of this process is unknown and the intent
of the two-step laser-induced bleaching experiment is to determine it. The yield
is expected to be small so its exclusion from the model should cause only a minor
change in N,s. The time-dependent absorption rate is integrated temporally and

spatially averaged to give

+00
Naps = </_ 3cos’ O or, 1, (pr, — P1,)1(t) dt> (4.6)
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Table 4.1: Photophysical parameters for 1064-nm excitation of the T, state of

rose bengal

Symbol | Description Value Ref.
or,t, | Triplet absorption cross section at | 1.1 x 1071 cm? | Chap. 2
1064 nm (T, + hw — T,)
Ts, Lifetime of S, 89 ps [14-16]
TT, Lifetime of T, (includes both phospho- 3 us [66]
rescence and oxygen quenching)
T, Lifetime of T, 1.56 ps Chap. 3
Bisc Intersystem crossing yield (S,—T,) 0.98 [16,66]
®risc,T, | Reverse intersystem crossing yield 0.0076 Chap. 3
(T,—8})

I P, photon intensity variable —
kicr, | Internal conversion rate (T,—T,) (1 = ®rige,1, )/ 71, —
k,i.g,c;p2 Reverse intersystem crossing rate @dsc,Ta / T, —

(T,—8;)
k, Thermalization rate (S, —S,) 3 x 1010 57! [67,68]
krot Rotational diffusion rate 3.2 ns7! [69]
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Figure 4.3: Energy-level scheme for 1064-nm excitation of the T, state of rose
bengal, corresponding to an orientational-average of Eq. (4.5). See Table 4.1 for

parameter descriptions and values.
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where pr, (0,t) and pr,(6,t) are calculated from the kinetic model described by
Eq. (4.5). The conditions immediately pridr to the arrival of P, were set to
(pr,) + 0.99(pt,) and (ps,) < (ps,) + 0.01(pt, ), accounting for the decay of T,
population between P; and P;.

If there is minimal depletion of T, during P, then Ngs = or,1,F>, where
or,T, is the triplet-triplet absorption cross section and F; is the photon fluence
of P,. The extent of the depletion of T, also depends on 73, the pulse length of

P,, and 7r,, the lifetime of T,,. The minimal depletion limit applies when
aTlTnFQ 6—72/71'" < 0.1 (47)

and

(®chem, T + Prise,T,) o, T, F2 < 0.1 . (4.8)

When these conditions are not met N,,s must be determined from the more de-
tailed calculation accounting for the complete population dynamics, described
above. It should be noted that the photoselection effects discussed in Appendix A
also apply to triplet-triplet absorption and must be considered if significant de-
pletion of T, occurs. In the T, bleaching experiments described below, such an
approach was used because or, 1, F3 &~ 6.9 and photoselection effects for rose ben-

gal in water are significant for pulse lengths of ~190 ps.

4.6.2 Experimental methods and results

The two-step laser-induced bleaching measurements probing radical formation
from T, were made with the optical layout shown in Fig. 4.4. The final output of
the laser system is a pulse with a length of ~190 ps, a wavelength of 1064 nm and
an energy exceeding 2 mJ. In this experiment the second harmonic was generated

from the laser fundamental using a KDP crystal (SHG), resulting in a pulse with
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Figure 4.4: Experimental setup for two-step laser-induced bleaching measurements

(A\; = 532 nm and Ay = 1064 nm). See Table 4.2 for symbol definitions.
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Table 4.2: Equipment used in the two-color laser-induced bleaching experiments

Description Details
fast amplifier EG&G, 574

B back-off circuit

BS beam splitter microscope slide (~4% reflection)

DM dichroic mirror R@532 nm, T@1064 nm

GI1-3 | gated integrator Stanford Research Systems, 250

P prism

PD1-2 | photodiode EG&G, FND-100

PL mercury arc lamp Olympus, 100 W
fast shutter Vincent Assoc., Uniblitz VS25
long-pass filter Schott, RG695

PS polarizing beam splitter A=1064 nm

S sample cuvette and beam mask

SHG | second harmonic generator KDP crystal

SP monochromator, 13 nm BW Instruments SA, H20

TD digitizing oscilloscope Hewlett-Packard, HP54201A

WP half-wave plate A=1064 nm




Chapter 4. Photochemistry of higher-lving states 121

a wavelength of 532 nm, a pulse length of ~130 ps, and energy greater than
250 pJ. To achieve a high degree of spectral separation between the fundamental
and second harmonic pulses, a prism (P) is used to spatially disperse the two
beams. The first pump pulse, P;, has a wavelength of 532 nm and the second
pump pulse, P, has a wavelength of 1064 nm. P, is delayed by 34 ns relative to
Py by traversal of a greater optical path length. The pump pulses are recombined
spatially at a dichroic mirror (DM). The pulses overfill a 2-mm by 4-mm opening
in a masked cuvette holder (S). A small fraction of excitation light is reflected
by a glass plate shortly after the dichroic mirror and is incident upon a silicon
photodiode. The signal generated by this monitor light is sampled by two gated
integrators (GI1 and GI2) which distinguish between the P; and P, signals. The
pump-pulse signals are calibrated individually using an energy meter. Transient
absorption changes are probed by a broadband light beam traveling along the
length of the irradiated zone (perpendicular to the pump pulses). The probe pulse
has a 20-ms duration and is produced by a mercury lamp followed by a long-pass
filter and fast mechanical shutter. This collection of elements is represented by
PL in Fig. 4.4. The probe pulse passes through a monochromator (SP) before
being detected by a silicon photodiode (PD2). The photodiode signal is passed
through an electronic back-off circuit (B). The back-off circuit consists of a sample-
and-hold unit and a differential amplifier. The sample-and-hold unit is used to
acquire the baseline voltage. This baseline is then subtracted from the transient
produced by the two pump pulses by the differential amplifier. This baseline-
corrected signal is then increased by a multistage amplifier (A) to levels which
would not be possible if the baseline were included, increasing the sensitivity of
the system. This amplified signal is then recorded by a digital oscilloscope (TD).

The baseline voltage acquired by the sample-and-hold circuit is sampled by a
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gated integrator (GI3). The average signal from 256 shots is then transferred at
11-bit resolution to a computer for analysis.

The probe wavelength in the two-step laser-induced bleaching experiment is
920 nm. This is a wavelength of light absorbed by T, and not by the ground
state, as shown in Figures 2.4 and 2.7. The use of such a wavelength simplifies
analysis of triplet bleaching by eliminating absorption changes due to other states.
Although not at the peak of the near-infrared triplet-triplet absorption, 920-nm
light is more efficiently detected by the silicon photodiode than 1064-nm light,
and therefore has a greater signal-to-noise ratio than wavelengths closer to the
absorption peak. In addition, the use of a probe at 920 nm reduces interference
that might occur from scattered P; or P, light.

The transient absorption detection system described is unable to temporally
resolve between the arrival of P, and P,, so the bleaching due to higher-lying
triplets can be seen only in the microsecond time-scale response. In order to
properly compare the two irradiation schemes the P; fluence must be kept con-
stant and samples must contain identical concentrations of photosensitizer. It is
essential that a new sample be used for each measurement as photobleaching via
singlet oxygen-, S,-, or T,-mediated processes may occur [110]. These processes
do not depend on the excitation of a higher-lying state. Bleaching using only
932-nm excitation was observed in rose bengal, as shown in Fig. 4.5. This figure
shows the difference in transient transmission between a fresh sample and that
same sample after an additional 54 minutes of 532-nm excitation. If a single sam-
ple was used for one-step and then two-step excitation, the observed increase in
transmission might be mistaken as resulting from T, photochemistry. In order to
distinguish between the various types of bleaching it is critical that a fresh sample

be used for each measurement.
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Figure 4.5: Transient transmission at 920 nm induced by 532-nm excitation reveals
long-term photobleaching effects. Fresh sample (—); sample after 54 minutes of

532-nm excitation (- - -).
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The transient transmission at 920 nm for one-step and two-step excitation
is shown in Fig. 4.6. Each curve represents the average from four samples, with
the response from each sample reported as the average of 256 consecutive shots.
As noted above, the two-step excitation curve cannot show the idealized two-step

response sketched in Fig. 3.1 because of the detection system response time.

4.6.3 Analysis and discussion

The transient transmission at 920 nm induced by one-step and two-step exci-
tation are shown again in Fig. 4.7, but this time the curves are overlayed to
facilitate comparison. The two curves are essentially indistinguishable, indicat-
ing that there is minimal bleaching through either reverse intersystem crossing
or radical formation at P, fluences as high as 6.25 x 10'® photons/cm? (11.7
mJ/cm?). For purposes of analysis it is more relevant to examine absorbance
since it is linearly-dependent on the concentration of T,. In order to empha-
size the difference between the curves shown in Fig. 4.6, the relative change in
absorbance, R = (AAs32:11060 — AAsza)/AAsse, calculated from these curves is
shown in Fig. 4.8 for the time interval labeled 1.2 to 2.0 us. The time-averaged
value of the relative change in absorbance, R, is 0.0004 with a standard deviation
or = 0.0019. A line representing R as well as lines for R + o are shown in
this figure. From Eq. 4.2, the relative change in absorbance resulting from reverse
intersystem crossing is —0.0005 for ®s.r, = 0.0076. Similarly, the bleaching due
to radical formation is —0.015 if ®cpem,7, = 0.004, the yield found for the 308-nm
excited singlet state [99]. Note that N,,s was calculated numerically as described
above.

A radical formation yield as high as 0.004 can be ruled out since that would

result in a relative change in absorbance more than 80z away from the experi-
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Figure 4.6: Transient transmission at 920 nm induced by one- and two-step excita-
tion. (a) 532-nm excitation only; (b) 532- 4+ 1064-nm excitation. The separation
between pulses is 34 ns and the average fluence of the 1064-nm pulse is 6.25 x 10

photons/cm?.
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Figure 4.7: Comparison of transient transmission at 920 nm induced by one-
and two-step excitation. 532-nm excitation only (—); 532- + 1064-nm excitation
(- - -). The separation between pulses is 34 ns and the average fluence of the
1064-nm pulse is 6.25 x 10*¢ photons/cm?. Note that the two curves are virtually

indistinguishable.
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Figure 4.8: Relative change in absorbance, R = (AAs3ai1064 — AAs32)/AAs32,
at 920 nm induced by two-step excitation. Relative change in absorbance calcu-
lated from data in Fig. 4.7 (---); average of experimental data in time interval

shown (—); average + standard deviation of experimental data (- - -); theoretical

bleaching from @5 v, = 0.0076 and Pchem,r, = 0.004 ( ); theoretical bleach-
ing from ®,isc 7, = 0.0076 (™ = =). The separation between pulses is 34 ns and

the average fluence of the 1064-nm pulse is 6.25 x 10'6 photons/cm?.
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mentally measured R. Using a 20 confidence interval, the maximum quantum
yield of radical formation from T, consistent with this data is 0.0008. Therefore
®chem,T, 15 at least a factor of five less than the quantum yield of radical formation
reported for the 308-nm excited singlet state [99]. The radical yield from T, has
not been measured, but has been assumed to be approximately equal to that of
the 308-nm excited singlet state [73].

All of the identified higher-lying triplet states of rose bengal have energies
exceeding 2.8 eV, as shown in Table 4.3. This energy, 2.8 eV, is the maximum
C-I bond energy found in the review of the literature described in §4.5. To our
best knowledge, no theoretical calculation of this energy has been completed for
rose bengal. Therefore it is plausible that T,, with an energy of 2.9 eV estimated
from the triplet-triplet absorption spectrum, is not sufficiently energetic to result
in C-I bond cleavage. The two states that produce oxygen-independent damage
have energies approximately 1 eV greater than this. The lack of radical formation

from T, can not be explained easily, as it is even more energetic.

4.7 Explanation of photochemical differences based
on reverse intersystem crossing

The lack of evidence for oxygen-independent chemistry following 532- + 532-nm
excitation of rose bengal was a puzzle which motivated several studies by the
group at the Wellman Laboratories, beginning with the work of Fluhler et al. [98]
in 1989. Oxygen-independent photochemistry had been expected from the state,
T,, populated by double 532-nm excitation since it was even more energetic than
the UV-excited singlet state for which the oxygen-independent effect had first

been observed or T,, the triplet state populated by 532- + 640-nm excitation [73].
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Table 4.3: Energies and radical yields of rose bengal excited states. The energy

data, with references, also appears in Table 3.6.

State | Energy (eV) | Ref. D chem Ref.
S, 2.10 Chap. 2 — —
. 2.41 Chap. 2 — —
S, 3.51 Chap. 2 || — —
Sy 3.95 Chap. 2 || 0.0041 [99]
T, 1.75 [74] — —
T, 2.92 Chap. 2 || < 0.0008 | This chapter
T, 3.86 [73] ~ 0.004 (73]
T, 4.03 [65] < 0.0005 [14]
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Explanations for a significant chemical yield of radicals despite the low quan-
tum yield for the process had been based on a model requiring multiple excitations
of the higher-lying triplet state during each two-pulse sequence. The short life-
time of the higher-lying triplet state would allow for many excitations of this state
during the 400 ns pulse used by Smith et al. [73]. The observed chemical differ-
ence between T, and T, might therefore be due to a photophysical process which
inhibited rapid, multiple excitations of T,.

With Reindl and Penzkofer’s report of 80% reverse intersystem crossing from
T, [59], a potentially significant photophysical difference between T, and T, was
identified. Depopulation of the triplet manifold via reverse intersystem crossing
would decrease the population repeatedly excited to the higher-lying triplet states,
and therefore decrease the total yield of radicals. This possible explanation was
presented in our talk given at the 1998 meeting of the American Society for Photo-
biology [34] and was subsequently adopted as the sole explanation of the different
biological observations in an article by Lambert et al. [63]. This article did not
provide support for the contention that reverse intersystem crossing was the sole
factor responsible for the observed differences between T; and T,.

Through the use of kinetic models it is possible to explore the effects of reverse
intersystem crossing on photoproduct formation in a more quantitative fashion.
The system of equations describing two pulse excitation, Eq. 3.14, were modified
by including the rate of photoproduct formation, @chem,Tan:an, in the dpr, /dt

equation. The total radical production resulting from excitation of T, is equal to

< O+Oo @chem,TnT{:an dt > (4.9)
where pr,(6,t) is found from the kinetic model. Photophysical parameters for
T, are used in this exploration with F} = 1.75 x 10'® photons/cm? and F; =
8.00 x 10'® photons/cm?. Fig. 4.9 shows the results from this model for a fixed

photoproduct formation quantum yield (®cpem T, = 0.004) and a variable reverse
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intersystem crossing quantum yield, with the radical production being scaled to
unity for &= 0. The solid curve represents the case in which the S, — T,
intersystem crossing yield of 0.98 is used in the model, most closely matching
the conditions of the experiments described in Chap. 3. In this case reverse
intersystem crossing has a relatively small effect on radical production, reducing
it by not much more than 10% even at ®,;;,= 0.9. For these relatively long pulses,
400 ns for P,, the reduction of radical production is primarily occurring due to
depletion of the excited states by S, — S, transitions following reverse intersystem
crossing, reducing the population repeatedly excited to the higher-lying states.
Much greater differences are seen in radical production as a function of reverse
intersystem crossing yield for the cases of decreased S, — T, intersystem crossing.
As shown in Eq. 4.2, the loss of population from T, depends on ®;5. as well as ® g
The yield of intersystem crossing is strongly dependent on the local environment.
For example, ®;;.= 0.98 in water but 0.75 in methanol.

Fig. 4.10 shows the dependence of radical formation on reverse intersystem
crossing yield for the cases of two different upper-state lifetimes, 7, = 10 ps and
rp, = 100 ps. As demonstrated by the figure, there is little or no dependence
on the upper state lifetime for these 400-ns long pulses. For a radical yield of
0.004 and no reverse intersystem crossing, the population of T, after n excitations
relative to the initial T, population is (0.996)". Therefore, approximately 1725
excitations are required to convert 99.9% of the initial T, to photoproducts. This
implies that for 400-ns pulses the radical yields should be essentially independent
of upper state lifetime for lifetimes of 230 ps or less.

The results of this modeling suggest that it is problematic to attribute the
large differences in biological effects solely to differences in reverse intersystem

crossing yields. One issue that should be addressed in future work are changes
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Figure 4.9: Theoretical dependence of radical production on the forward and re-
verse intersystem crossing yields. Radical production, calculated from the kinetic
model developed in Chapters 3 and 4, is dependent on the S, — T, and T,, = S,,,
intersystem crossing yields. ®i,,= 0.98, the intersystem crossing yield for rose
bengal in water (—); ®i.= 0.75, the intersystem crossing yield for rose bengal in

methanol (- - -); ®ie= 0.50 (+).
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Figure 4.10: Theoretical dependence of radical production on the reverse inter-
system crossing yield and upper triplet state lifetime. Radical production is cal-
culated from the kinetic model developed in Chapters 3 and 4. 7r, = 10 ps (—);

T, = 100 ps (- - -).
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in the photophysical parameters when rose bengal is no longer in simple solvents,
but is instead in the more complex biological media used in the assays for cyto-
toxicity. Determining photophysical parameters under these conditions poses new
challenges, but is an important step in connecting the fundamental properties of

the photosensitizer with the biological work.

4.8 Discussion of two-step activation feasibility

Once a photosensitizer has been identified to produce oxygen-independent dam-
age following two-step excitation, is it reasonable to consider its use in therapy?
As described in §4.3, there have been claims that therapies based on two-step
activation are not feasible. One of the claims was that production of significant
population in higher-lying states would require laser pulses with intensities suf-
ficient to cause dielectric breakdown and other unwanted effects [93]. However,
this only considered excitation by isolated picosecond pulses. If the goal is to pro-
duce significant damage from a unimolecular process occurring from a higher-lying
triplet state a more suitable approach is to consider the use of two-step excitation.
The high peak intensities required for simultaneous two-photon absorption are not
necessary in the case of sequential two-photon absorption because of the presence
of a real intermediate state.
A model of two-step activated photodynamic therapy corresponding to Fig. 4.1b

will be considered in order to examine the feasibility of this approach. The rate

of monomolecular photoproduct formation from a higher-lying triplet state is

dN, chem
dt

R T®isc Pehem, T, 08,8, 0T, T, F1F2 N (4.10)

where r is the repetition rate of two-pulse excitation, ®epem T, is the yield of the

monomolecular process leading to reactive photoproducts, and N is the number
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of photosensitizer molecules in the excitation volume. The hypothetical photo-
sensitizer is assumed to have strong ground state absorption in the near-infrared
(0s,3, = 3 x 1071% cm? at A = 800 nm) and strong triplet-triplet absorption in
the red (or,1, = 3x 107! cm? at A = 630 nm). In addition, intersystem crossing
and photoproduct formation yields comparable to those found in rose bengal are
adopted (®isc= 0.98 and Pepem 1, = 0.004).

Several factors influence the choice of excitation parameters for the two
pulses, P; and P,. First, the average power must be kept below approximately
200 mW /cm? in order to avoid thermal effects. Second, unwanted multiphoton
absorption effects can be minimized by keeping the peak power below 1 MW /cm?.
Finally, the length of P; should be comparable to the S, lifetime and P, less than
the T, lifetime. On the basis of these guidelines, average powers for P; of 50
mW /cm? and P, of 100 mW /cm? with a pulse repetition rate of 100 Hz are se-
lected. The corresponding photon fluences at 800 nm and 630 nm are 2 x 10'® and
3.2x 10" photons/cm?. Pulse lengths of 5 ns and 100 ns for P; and P, are reason-
able choices for efficient excitation. These pulse lengths result in peak intensities
of approximately 100 kW/cm? and 10 kW /cm? for P; and P, respectively. Using
these parameters in Eq. (4.10), the rate of photoproduct formation is found to be
0.23N s~!. For comparison, conventional photodynamic therapy produces singlet

oxygen at a rate
dNoxy

dt ~ ®i3C®A08081 FIN 5 (4'11)

where @4 is the yield of triplet quenching by oxygen. Assuming excitation of
50 mW /cm? at 630 nm with the absorption cross sections used above results in a
singlet oxygen production rate of 35N s~} if ®4 = 0.75. The photoproducts gen-
erated from a higher-lying state may have a different potential for causing cellular

damage compared to singlet oxygen. For example, the radicals created following
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excitation of the higher-lying states of rose bengal have been found to be roughly
180 times more damaging than singlet oxygen [99]. Assuming the same toxicity
for photoproducts generated by the hypothetical photosensitizer under consider-
ation, it is found that a photoproduct formation rate of 0.23N s~! is equivalent
to a singlet oxygen generation rate of 41N s™!. Thus it seems plausible that a
two-step activated photosensitizer could produce damage at a rate comparable to
a conventional photosensitizer.

In the typical idealized model of conventional photodynamic therapy there
is no bleaching of the photosensitizer. In actuality, photobleaching can be a sig-
nificant effect. For Photofrin® photobleaching occurs as a result of reactions

between singlet oxygen and the photosensitizer [110]. The fraction of generated

singlet oxygen reacting with the photosensitizer is given by

kOS S0
q)blea.ch ~ k [[A]]

(4.12)

where ks is the bimolecular rate constant for singlet oxygen reactions with ground-
state photosensitizer, k., is the bimolecular rate constant for singlet oxygen reac-
tions with cellular substrates, and [A] is the concentration of cellular substrates.
In Eq. (4.12) the term ko[S,] has been dropped from the denominator since it is
assumed to be a much smaller rate than that of reactions between singlet oxy-
gen and other targets. From this photobleaching yield it can be estimated that
the photosensitizer will produce approximately 1/®pjeacn singlet oxygens before
undergoing bleaching. From their experiments with Photofrin-sensitized EMT6
spheroids Georgakoudi et al. determined that kos/koa[A] = 76 M™'. Therefore
each photosensitizer can produce roughly 700 singlet oxygens before bleaching,
assuming a ground-state sensitizer concentration of 20 pM.

Photoproduct formation from a higher-lying state is generally assumed to be

destructive if it is a monomolecular process such as the radical formation observed
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in rose bengal. In this case each sensitizer can produce only one photoproduct.
Assuming the same enhanced toxicity as above, this is equivalent to 180 singlet
oxygens per two-step-activated sensitizer. On the basis of this analysis of a hypo-
thetical sensitizer, the maximum possible dose from two-step activated photody-
namic therapy is roughly four times less than that of conventional photodynamic
therapy.

Oxygen-dependent selection between singlet oxygen-mediated and radical-
mediated photodynamic therapy is possible with a double-pulse excitation scheme.
Radical formation via bond cleavage directly results in the bleaching of the pho-
tosensitizer whereas the energy transfer from the dye to molecular oxygen returns
the photosensitizer to its ground state, allowing it to undergo the photodynamic
energy transfer cycle repeatedly. This suggests that the singlet oxygen-mediated
process is preferable in regions of adequate oxygenation. However, regions of hy-
poxia are also to be expected. In those areas singlet oxygen-mediated therapy will
not proceed and the radical-mediated process becomes desirable. A double-pulse
excitation scheme can be devised that will switch between these two mechanisms
depending on the local oxygen concentration.

The first pulse is intended to excite the ground state sensitizer, and its wave-
length should be chosen to maximize this transition. Following intersystem cross-
ing, the excited photosensitizer molecules will be in the T, state. The primary
routes for T, relaxation are the energy transfer process to molecular oxygen,
phosphorescence, and intersystem crossing to S,. In the case of rose bengal, the
lifetime of T, in the absence of quenchers has been reported to be 150 ms and the
bimolecular rate constant for oxygen quenching is ka+kso = 1.6x10° M~1s~* [66].
Quenching by oxygen produces !05(A,) at the rate kA[*O] and the superoxide

anion radical, O,~, at the rate kso[3O2]. The ratio of these two rates is sensitive to
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the local environment. The experiments of Lambert and Kochevar indicate that

the singlet oxygen process predominates in biological environments [101]. There-

fore we will assume that kx ~ 1.6 x 10° M~!s™!. At oxygen concentrations of

120 uM the resulting T, lifetime is

1

=5.2 4.1
(1.6 x 10° M~1s~1)(120 zM) + (150 ms)-? 52 ps (4.13)

and at 10 puM oxygen the lifetime is 62 ps. This difference in triplet lifetimes
is the basis for the oxygen-dependent selection between singlet oxygen-mediated
and radical-mediated damage.

The wavelength of the second pulse is chosen to effectively excite a higher-
lying triplet state that will undergo bond cleavage and thus produce oxygen-
independent damage. The higher-lying triplet state will only be excited if the
second pulse arrives while T, is still populated. If the second pulse is delayed rel-
ative to the first pulse by a time that exceeds several lifetimes of T, in conditions of
abundant oxygen then the desired switching between the two damage mechanisms
can occur. For example, if the second pulse is delayed by 20 us then about 98%
of the molecules originally excited to T, in an environment with 120 uM oxygen
will have been quenched by oxygen before the second pulse arrives, leaving only
2% to be excited to a higher-lying state. On the other hand, only 28% of the T,
molecules will have been quenched by oxygen in 20 us if the environment contains
10 M oxygen, leaving 72% to be excited by the second pulse to a higher-lying
triplet state. With this double-pulse configuration the singlet oxygen-mediated
process will dominate in regions of a tumor that are highly oxygenated, but the
radical-mediated process will play a more significant role in those regions where

the availability of oxygen is limited.
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4.9 Conclusion

Our two-step laser-induced bleaching experiments on the T, state of rose bengal
have found essentially no difference between one- and two-step excitation. On
the basis of this data it is concluded that there is little or no yield of radicals,
@chem, . 0.0008, from the T, state of rose bengal. This also suggests that the
energy required for the cleavage of the C-I bond in rose bengal in water is greater
than 2.9 eV.

An explanation of the lack of oxygen-independent photochemistry from the
T, state of rose bengal based on a high reverse intersystem crossing yield has
been examined quantitatively. Results from a kinetic model suggest that reverse
intersystem crossing accounts for a minor portion of the observed differences in
biological effects between this state and T,. It is also shown that the effect becomes
greater as S, — T, intersystem crossing becomes less probable. A full explanation
of the biological results requires that the relevant photophysical parameters for
rose bengal be determined in the biological environment.

The feasibility of two-step activation in a therapeutic context is consid-
ered. Reasonable parameters for the two excitation pulses are estimated to pro-
duce the same damage, within an order of magnitude, as conventional singlet
oxygen-mediated therapy. A scheme for oxygen-dependent selection between
radical-mediated and singlet oxygen-mediated damage is proposed. This exci-
tation scheme favors conventional PDT under conditions of abundant oxygen, but
in hypoxic regions it would produce radical-mediated damage. The results of this
idealized model suggest that further experimental study of oxygen-independent
chemistry from higher-lying states in rose bengal and other photosensitizers is
warranted and could potentially result in a modified form of photodynamic ther-

apy better able to treat hypoxic regions.
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Chapter 5

Simultaneous multiphoton
absorption and the effects of

higher-lying states

Molecular transitions requiring the simultaneous absorption of two or more pho-
tons can now be excited routinely by using pulsed lasers. However, the desired
transition may not be the only one excited, especially if the pulses occur at a
high repetition rate. Under these circumstances higher-lying states can begin to
play a role in the resulting molecular behavior. This chapter examines multipho-
ton excitation and the effect that higher-lying states can have on the resulting
fluorescence. The process of reverse intersystem crossing will be shown to have a
significant impact on a common method of determining the two-photon absorption

cross section.
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5.1 Background

At naturally occurring light intensities, radiative transitions involve the absorption
or emission of a single photon. The existence of radiative transitions involving
the simultaneous absorption of two photons was predicted by Maria Goppert-
Mayer [111] in her dissertation published in 1931. This process does not require
a real intermediate state and is therefore different from the sequential absorption
of two photons. However, it can be helpful to think of simultaneous two-photon
absorption as occurring via a virtual intermediate state, as indicated by the dashed
line in Fig. 5.1.

According to the Heisenberg uncertainty relation AE At > h, the energy of a
state is not well-defined if it is occupied for only a short time. The inclusion of a
virtual state in a model of two-photon absorption is a way of recognizing that an
electron can be briefly excited to an energy that is not allowed in the long-time
description of the system. The virtual state can be thought of as a superposition
of states rather than a single eigenstate. This concept of a virtual intermediate
state also allows for a more precise definition of “simultaneous” absorption. Using

the energy-time uncertainty relation, a lifetime of

h

< (5.1)

Ty <

can be assigned to the virtual state, where AE is the energy gap between the
virtual state and the nearest real state. Therefore, simultaneous two-photon ab-
sorption requires that both photons be absorbed within a time 7,. For example,
if AE =1.2eV then 7, = 0.6 fs.

The virtual state model can also be used to predict R, the rate of two-
photon excitation. The probability of exciting the virtual state in a time 7, is

approximately o;,I7,, where o;, is the one-photon ¢ — v absorption cross section
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Figure 5.1: Models of (a) simultaneous and (b) sequential two-photon absorption.
Initial and final states are denoted by 7 and f, respectively. Virtual and real

intermediate states are denoted by v and r, respectively.
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and I is the intensity of the light. The excitation rate of the final state from the
virtual state is given by o, ;I where o, is the one-photon v — f absorption cross

section. Therefore,

R = (owITy)(0yf]) = (awavf'rv)l'2 (5.2)

which is of the same form as R = 6%, a more conventional expression for the
rate of two-photon excitation in terms of the two-photon absorption cross section
d. This interpretation of § is not universally accepted. A review of the litera-
ture shows many workers in the field have identified 612 as the rate of molecular
excitation [112-116]. Others have identified 6I* as the rate of photon absorp-
tion [117-119], and therefore the rate of molecular excitation is given by 36I2.
The existence of these two different interpretations for the same symbol does not
appear to be openly recognized and may account for some of the disagreement
over the two-photon absorption cross section for various molecules found in the
literature. The two-photon absorption cross section § in this chapter will be based
on the molecular excitation-rate interpretation.

On the basis of these equations it is found that & is approximately equal
t0 0,0y fTy- A rough estimate of § ~ 107*° cm* - s can be made by adopting the
reasonable assumptions that o;, ~ 0,; ~ 10717 cm? and 7, ~ 107'® s. Two-photon
absorption cross sections are also commonly given in terms of the goppert-mayer
(GM), where 1 GM = 107%° cm* - s. In terms of this new unit, the predicted two-
photon absorption cross section is 10 GM. Reference [120] contains this estimate
as well as similar ones for higher-order multi-photon absorption cross sections.
Although resulting from an extremely idealized model, this cross section is within
an order of magnitude of those found experimentally. For example, 6 = 210 £ 55
GM for 840-nm excitation of Rhodamine B, § = 38+9.7 GM for 782-nm excitation

of fluorescein, and § = 12 & 4 for 700-nm excitation of Indo-1 [118]. The rate of
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sequential two-photon absorption is expected to be as much as 10° times greater
because the lifetime of the real intermediate state is nanoseconds rather than the
sub-femtosecond lifetime of the virtual state.

Another difference between one- and two-photon absorption can easily be
seen using this model. For one-photon absorption, the transition matrix element
was proportional to (¢fler|y;). This led to the Laporte selection rule for cen-
trosymmetric molecules that only allowed one-photon transitions between states
of different parity (g—u and u—g). The transition matrix element for two-photon
absorption is proportional to (¢¢|er|¢,)(yyler|i;). Therefore allowed two-photon

transitions occur between states of the same parity (g—g and u—u).

5.2 Fluorescence technique for determining the
two-photon absorption cross section

Although predicted theoretically in 1931, two-photon excitation was not observed
until 1961. The intensity of light required for efficient two-photon excitation
required the development of a new light source, the laser. Using a ruby laser to
excite a CaF,:Eu®" crystal, Kaiser and Garrett [121] were the first to observe
fluorescence resulting from two-photon excitation. Numerous articles reporting
on various aspects of multiphoton absorption have appeared since that time. The
interested reader might begin with the review articles Refs. [113,122,123].
Two-photon excited fluorescence has become one of the accepted methods
for measuring relative two-photon absorption cross sections [118]. The measured

fluorescence rate, F(t), in the excitation volume is proportional to R such that
F(t) = / a®,CI% dV (5.3)

where « is the fluorescence collection efficiency, ®; is the fluorescence quantum
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yield, and C is the dye concentration. Note that this expression differs by a
factor of two from that found in Ref. [118] because that article uses the photon
absorption-rate definition of 4. It is often possible to separate the light intensity
I(r,t) into a spatial and temporal distribution such that I(r,t) = S(r)I(t). If
this is the case, most of the parameters can be removed from the spatial integral
giving

F(t) = ;Coal2(t) / S2(r) dV . (5.4)
Calculation of F, the total fluorescence collected following an excitation pulse, is

found by taking the temporal integral such that

F=Coa ([ Btyat) ([ s*wav) . (5.5)

The unknown two-photon absorption cross section of a dye can be determined
by using the same experimental system to measure the fluorescence of both that
molecule and a reference dye. By calculating the ratio, the instrumental parame-

ters c, [ IZ(t)dt, and [ S?(r) dV can be eliminated. Therefore

-7:11. er)fr
—Ju L5, 9.6
=2 (cee) L

where the properties of the dye with the unknown cross section are labeled by u

and the reference by 7.

5.3 Intensity-squared dependence of two-photon
excited fluorescence

On the basis of the theory described above, one might expect that two-photon-
excited fluorescence would depend quadratically on the excitation intensity. This

is indeed the case for single pulses with moderate excitation intensity. When
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these conditions are not satisfied several complicating processes can result in de-
viations from the expected quadratic behavior. Restricting a review of the liter-
ature to only xanthene dyes, it is found that numerous groups have reported
a less-than-quadratic behavior in what they described as two-photon excited-
fluorescence [115,124-126]. These studies were conducted with excitation pulses
lasting nanoseconds (Hermann and Ducuing, Ref. [125]), picoseconds (Bradley et
al., Ref. [115]), and femtoseconds (Fischer et al., Ref. [126]).

Fischer et al. [126] studied two-photon excited fluorescence for dyes from the
coumarin and xanthene families excited by 80 to 130-fs pulses from a titanium-
sapphire laser which could be tuned from 750 to 850 nm. The coumarin dyes
Coumarin 1, 120, and 151 followed the expected intensity square law but the
xanthene dyes fluorescein, Rhodamine 6G (Rh6G), and Rhodamine B (RhB) were
better fit by a power law of 1.4 (fluorescein) or 1.8 (the Rhodamines) for excitation
fluxes between 8 x 10%® and 3 x 10% photons cm~2 s~!. Fischer et al. proposed
that this behavior could be explained by a model that included excited-state
absorption, as shown in Fig. 5.2a. Population excited to the high-lying state,
Sp, was assumed to not return to any of the lower-lying states. Lacking from
this model is any justification for this unusual assumption. The conventional
assumption (Kasha’s rule) is that any such high-lying state will relax rapidly to
a lower-lying singlet state, with little or no loss. The evidence supporting the
Fischer model is that it produces a less than quadratic behavior, though it could
still be argued that the model fails to convincingly agree with their data (see Fig.
4 in Ref. [126]).

If one chooses to pursue the Fischer et al. model further it is necessary to pro-
pose a loss mechanism from S,, that prevents internal conversion to S, with unity

yield. Although fluorescence quantum yields are often assumed to be wavelength-
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Figure 5.2: Models of two-photon excited fluorescence quenching via excited-state
absorption. (a) Fischer model with unspecified loss process following S, excitation
and (b) model with S, — S, fluorescence. Interval conversion and vibrational
relaxation are shown using dashed (- - -) lines. The S,, — S, fluorescence rate is

given by k¢ ,.
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independent (Vavilov’s rule), in practice this is not always the case. In particular,
it is possible for higher-lying singlet states to have a direct transition to the ground
state, possibly emitting light at a shorter wavelength than the expected S, — S,
fluorescence, as shown in Fig 5.2b. This process was measured previously by
Falkenstein et al. [127] for Rh6G and RhB. In their study two photons of 530-nm
light were sequentially absorbed to populate a higher-lying singlet state. This is
energetically similar to the 2+1 photon absorption of near-infrared light described
by the excited-state absorption model. Falkenstein et al. determined that 30% of
the high-lying singlets returned directly to the ground state in the case of Rho-
damine B, and 5% in the case of Rhodamine 6G. Fluorescence from S, would
reduce the yield of internal conversion to S,, but would not totally eliminate it as
proposed in the Fischer model. The excited state absorption cross sections orig-
inally determined using this model can be adjusted to account for the non-unity
loss process such that og,s. = 3.4 x 1075 cm? for Rh6G and 1.7 x 107!* cm? for
RhB.

It should be noted that femtosecond two-photon excited fluorescence experi-
ments have also been conducted by Watt Webb’s group [118,128] under conditions
similar to those reported by Fischer et al. and the xanthene dyes fluorescein, Rho-
damine 6G, and Rhodamine B were found to follow a quadratic dependence to
within 4%. However, as will be shown below, a quadratic dependence does not

necessarily imply that higher-lying states do not affect the fluorescence signal.
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5.4 Two-photon excited fluorescence and reverse
intersystem crossing in rose bengal

Two-photon excitation of dyes with pulses lasting longer than the S, lifetime pro-
vides an opportunity for triplet-triplet one-photon absorption to occur during the
latter part of the pulse. Triplet-triplet absorption may even occur with ultrashort
pulsed excitation if the pulse repetition rate exceeds approximately 1 MHz. In
that case population excited to the triplet state by the previous pulse has not
fully relaxed back to the ground state before the arrival of the current pulse. Re-
population of S, may occur if reverse intersystem crossing can occur from the
higher-lying triplet excited in this secondary process. This repopulation of S,
will produce fluorescence in addition to that produced by the primary process
of two-photon absorption. This enhancement of the fluorescence, if not prop-
erly interpreted, could lead to miscalculations of the two-photon absorption cross
section.

Two-photon excitation experiments were performed with rose bengal in order
to determine the magnitude of error in two-photon absorption cross sections that
could result if the process of reverse intersystem crossing is not properly included
in the analysis. The selected reference dye was Rhodamine 6G. This dye has been

the subject of several studies of two-photon excitation.

5.4.1 Experimental methods and results

The setup for the two-photon excited fluorescence experiments is shown in Fig. 5.3.
The 1064-nm light is the final output of the laser system described in §2.1.1.
A fraction of this pulse is diverted by a glass plate to a photodiode, allowing

the energy in each pulse to be monitored. The remainder of the beam is down-
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collimated using lenses L1 and L2 and then passed through pinhole P to produce a
beam of diameter 0.49 mm in the sample cuvette. Fluorescence is collected by lens
L3 and directed into the PMT by lens L4. Scattered 1064-nm light is removed by
placing filter F (Schott, KG3) before the photomultiplier tube. The fluorescence
signal and energy monitor are time-gated and averaged using a gated integrator
(Stanford Research Systems, 250), digitized (Stanford Research Systems, 240),
and transferred to a computer via GPIB (general purpose interface bus).

The 0.49 mm beam diameter in the dye was measured by removing the cuvette
and placing a CCD camera (Panasonic GP-MF602) at the same location. The
CCD camera is very sensitive so the beam was highly attenuated using neutral
density filters prior to lens L1. The combination of camera and frame grabber
produced a final resolution of approximately 15 pm per pixel.

Two-photon-excited fluorescence was measured in a 12 pM sample of rose
bengal in phosphate-buffered saline (pH 7) and in a 57.5 uM sample of Rhodamine
6G in ethanol. The results of those measurements are shown in Fig. 5.4. The slope
of the best fit line on a log-log graph determines the exponent n in a power law
model, f « F™, of the dependence of the fluorescence f on excitation fluence
F. The rose bengal fluorescence data exhibited saturation effects at the highest
fluences used in this experiment and only the portion of the data following a
power-law behavior has been used in the analysis appearing in this chapter. The
portion of the rose bengal data selected for analysis is fit by n = 2.19 and the
Rhodamine 6G fluorescence is fit by n = 2.05. Both of these results confirm the

two-photon nature of the primary excitation process.
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Figure 5.3: Experimental setup for two-photon excited fluorescence measurements.
BS, glass plate beam splitter; L1-L4, lenses; P, pinhole; S, quartz cuvette; F, KG3

short-pass filter; PMT, photomultiplier tube; PD, silicon photodiode; GI1 and
GI2, gated integrators.
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Figure 5.4: Two-photon excited fluorescence of rose bengal (x) and Rhodamine
6G (+) excited by 1064-nm light. The best-fit power law is 2.19 for rose bengal
(- - -) and 2.05 for Rhodamine 6G (—).
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5.4.2 Analysis

The kinetic model introduced in previous chapters was modified such that the S,
— S, transition resulted from two-photon absorption rather than a one-photon
process. In order to account properly for photoselection effects, the two-photon
absorption term must also include a factor of 5cos* rather than the factor of

3 cos? @ associated with one-photon absorption. The rate equations describing the

model are

d 6.t

—Z—)—S—‘;i(?—’—l = —5c05* 0 (ps, — ps )6I%(t) + (1 — Pisc)73.' Ps, + 71, PT.
—kTOt(pso - <pso>)

14

dfT—ld(tg’—l = @75 ps, — 71.'pr, — 3cos’ o, 1, (pr, — pr.,)1(t)
+(1 - (Drisc,T,)TT—:pT; - kTOt(pTl - (pT1>)

d 0,t _

—B-S—E(t——l = k,ps, — 75, Ds, — krat(Ds, — (Ps.)) (5.7)

dpg (8,1

—I—)-S—‘d%-’—l = 5cos* 0 (ps, — ps; )0I*(t) — krPs;, + Prise,T, 7T, PTa
—krot(pS’l - (Psg))

d a,t _

Dr00 = 3eos om,m, (o, ~ pr (0 = 7ilpr, — hralpn, - (1))

where the p; are the orientational subpopulations of S,, T,, S,, S}, and T,. The
orientational average of this model is shown in Fig. 5.5. The relevant photophys-
ical parameters for rose bengal and Rhodamine 6G are in Tables 5.1 and 5.2,
respectively. The rotation rate and T, lifetime of Rhodamine 6G were assumed to

be equal to that of rose bengal. This model was first used to calculate the fluence-
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dependent fluorescence signal for Rhodamine 6G. The results of this modeling
were used to calculate the instrumental response parameter. This instrumental
response parameter was then factored out of the rose bengal fluorescence data,
allowing this data to be fit using the above model with the rose bengal two-photon
absorption cross section being the only free parameter.

The goodness of fit, x2, for various d is shown in Fig. 5.6 where all data points

were weighted equally and

¢ = 3 5 (o (F) — afmoaa (F30))" 63)

The scaling parameter o was determined from a fit of the Rhodamine 6G data
shown in Fig. 5.4 using the model described above with the known Rhodamine
6G photophysical parameters. The relevance of reverse intersystem crossing is
demonstrated by including the results for a model which neglects this process
and a model which includes an erroneously high reverse intersystem crossing yield
(®risc,r, = 0.12). Using the reverse intersystem crossing yield found in Chap. 3,
®is. 7, = 0.0076, we find that the best fit occurs when 6 = 0.028 £ 0.001 GM,
as shown in Fig. 5.6. A fit based on a model which neglects reverse intersystem
crossing suggests that § = 0.036 & 0.001 GM. This 28% difference between the
two cross sections resulted from only a 0.0076 reverse intersystem crossing yield.
Fig. 5.6 also shows the case of a larger reverse intersystem crossing yield, ®yiscr,
= 0.12. Using that value in the model gives § = 0.012 £ 0.001 GM, less than half
the two-photon absorption cross section determined using the reverse intersystem
crossing yield determined for this state in Chap. 3. It is expected that the dis-
crepancy in two-photon absorption cross sections would be even greater for larger
errors in the reverse intersystem crossing yield.

The best fit curves for @y 7, = 0.0076 and Pyisc 7, = 0 are shown in Fig. 5.7.

Quadratic behavior is seen with or without reverse intersystem crossing. These
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Figure 5.5: Energy-level scheme for 1064-nm multiphoton excitation dynamics.
This diagram corresponds to an orientational average of the kinetics described by

Eq. (5.7). See Tables 5.1 and 5.2 for parameter descriptions and values.
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Table 5.1: Photophysical parameters of rose bengal in water that are relevant

to 1064-nm excitation. Parameters to be determined in the fitting process are

indicated by t. b. d.

Symbol | Description Value Ref.
0 Two-photon absorption cross section at t. b. d. —
1064 nm (S, + 2kw — S!)
or,t, | Triplet absorption cross section at | 1.1 x 107'® cm? | Chap. 2
1064 nm (T, + hw — T,)
TS5, Lifetime of S, 89 ps [14-16]
TT, Lifetime of T, (includes both phospho- 3 us [66]
rescence and oxygen quenching)
TT, Lifetime of T, 1.56 ps Chap. 3
Dy Intersystem crossing yield (S; —T,) 0.98 (16, 66]
®riscT, | Reverse intersystem crossing yield 0.0076 Chap. 3
(T.—S})
I Photon intensity variable —
kicT, Internal conversion rate (T,—T,) (1 — Prise.1,)/71, —
Kisc Intersystem crossing rate (S,—T,) @i/ 7s, —
kr Thermalization rate (S!,—S,) 3 x101%s5-1 [67,68]
krisc,T, Reverse intersystem crossing rate Drise,T, / T, —
(T2—81)
ot Rotational diffusion rate 3.2 ns7! [69]
kr, Relaxation rate of T, 1/rr, —
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Table 5.2: Photophysical parameters of Rhodamine 6G in ethanol that are relevant

to 1064-nm excitation.

Symbol | Description Value Ref.
) Two-photon absorption cross section at 3.6 GM [116]
1064 nm (S, + 2hw — S))
Ts, Lifetime of S, 4.2 ns [129]
TT, Lifetime of T, (includes both phospho- 3 us —
rescence and oxygen quenching)
Do Intersystem crossing yield (S;—T,) 0.0018 [129]
I Photon intensity variable —
kisc Intersystem crossing rate (S, —T,) ®Oise/ Ts, —
ky Thermalization rate (S}, —S,) 1.11 x 1012 s—1 | [129]
krot Rotational diffusion rate 3.2 ns7! —
kr, Relaxation rate of T, 1/7r, —
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Figure 5.6: The best value of the two-photon absorption cross section ¢ is de-
termined by a locating a minimum in x? of the fit of § to the 1064-nm excited
fluorescence of rose bengal (Fig. 5.4). The three x? curves shown here were run
with models with ®@s 1, = 0.0076 (—), Priscr, = 0 (- - -), and Ppger, = 0.12
(+). The minima are at 0.028, 0.036, and 0.012 GM, respectively.
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Figure 5.7: Best fit to 1064-nm-excited fluorescence of rose bengal. Model with
Pyisc,r, = 0.0076 and § = 0.028 GM (—); model with @5, = 0 and § = 0.036
GM (- - -); data (+).
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pulse fluences are well above the saturation limit of the single photon triplet-triplet
absorption process. Therefore, the amount of fluorescence resulting from reverse
intersystem crossing will be limited only by the two-photon excitation process
populating T, and not by the subsequent triplet-triplet excitation, producing a
strictly quadratic response.

The population dynamics for the two-photon excitation model including the
triplet-triplet absorption process are shown in Figs. 5.8, 5.9, and 5.10. Results
are shown for a fluence of 6 x 10'® photons/cm?. The time-dependent populations
of S,, T, and T, are shown for the three cases described above, where @ T,
= 0.0076 is the actual reverse intersystem crossing yield for this state. Fig. 5.8
shows the dynamics of S,. It can be seen that the peak S, population shifts to
later times as the reverse intersystem crossing yield is increased. This results
from the transfer of population from T, back to the singlet manifold following
excitation of T,. The reverse intersystem crossing process results in the three
cases having approximately the same T, population after the excitation pulse, as
shown in Fig. 5.9. This final value is reached more quickly in the case of less
reverse intersystem crossing. The dynamics of T, are shown in Fig. 5.10. The
greatest T, population occurs in the case of no reverse intersystem crossing, as
should be expected since population is trapped in the triplet manifold in this case.
This series of figures clearly reveals the impact of triplet-triplet absorption and

reverse intersystem crossing on the dynamics following two-photon excitation.

5.5 Conclusion

The two-photon absorption cross section for rose bengal excited by 1064-nm light
is 0.028 GM, over three orders of magnitude less than the 38 GM cross section for

fluorescein excited by 782-nm light. The improbability of this transition should
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Figure 5.8: Population dynamics of S, during multiphoton excitation, calculated
using the kinetic model described by Eq. 5.7. F = 6 x 10'® photons/cm?. @ T,
= 0.0076 and 6 = 0.028 GM (—); Ppise,r, = 0 and 6 = 0.036 GM (- - -); Prisc,T,
= 0.12 and § = 0.012 GM (+).
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Figure 5.9: Population dynamics of T, during multiphoton excitation, calculated
using the kinetic model described by Eq. 5.7. F = 6 x 10'® photons/cm?. @y 1,

= 0.0076 and § = 0.028 GM (—); ®riser, = 0 and & = 0.036 GM (- - -); Priserr,
= 0.12 and § = 0.012 GM (+).
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Figure 5.10: Population dynamics of T, during multiphoton excitation, calculated
using the kinetic model described by Eq. 5.7. F = 6 x 10'8 photons/cm?. @,
= 0.0076 and § = 0.028 GM (—); Pyiser, = 0 and § = 0.036 GM (- - -); Puisc,T,
= 0.12 and 6 = 0.012 GM (+).
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not be misunderstood as eliminating the possibility of multiphoton excitation
of rose bengal for biological applications. It remains to be determined if other
wavelengths, such as those produced by a titanium:sapphire laser, might excite
more probable transitions in rose bengal.

Two-photon fluorescence microscopy is a relatively new research tool that
is becoming more widespread as the cost and technical knowledge required to
use ultrashort pulsed lasers decreases. As this technique becomes more widely
adopted the need for accurate two-photon absorption cross sections will become
more critical. The case of rose bengal suggests that observation of a quadratic
power law is not sufficient evidence to justify neglecting processes involving ex-
cited states. The example of rose bengal also shows that an inappropriate model
of the system, not surprisingly, can lead to inaccurate results. The two examples
of fits using incorrect reverse intersystem crossing yields show that the effect can
cause significant deviations from that found using the correct yield. The pres-
ence of higher-lying states must be included in models of multiphoton excitation,

especially for molecules with a large S, — T, intersystem crossing yield.
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Chapter 6

Summary and suggestions for

future work

6.1 Summary

Our decision to study rose bengal was prompted by indications in the work of
other groups that the higher-lying states of rose bengal had particularly interesting
properties. Oxygen-independent photochemistry had been observed to occur from
some higher-lying states of rose bengal. The factors producing this chemistry
from some states but not others were not known. Other studies showed that rose
bengal had one of the highest reverse intersystem crossing yields ever observed.
Finally, rhodamines with a structure similar to rose bengal had large two-photon
absorption cross sections, suggesting that perhaps two-photon excitation of rose
bengal would be probable. One difference between rhodamines and rose bengal
is the yield of triplet states. Rose bengal’s large yield of triplet states suggested
that the potential effects of excited state absorption during multiphoton excitation

would be enhanced compared to the rhodamines.
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Our selection of rose bengal for detailed study was based on practical consid-
erations as well as the reasons given above. Frequency doubling of the Nd:YAG
laser available for this work produced 532-nm light, allowing the excitation of
a strong ground state absorption band of rose bengal in water. The existence of
strong single photon absorption at this wavelength also indicated that two-photon
excitation of rose bengal by 1064-nm light, the Nd:YAG fundamental, was ener-
getically feasible. In addition, we assumed that there were triplet states closely
associated with the singlet states populated by absorption of 532-nm and 355-nm
light by the ground state. On the basis of this assumption we predicted that there
would be strong triplet-triplet absorption near 1064 nm, corresponding to the en-
ergy difference between 532-nm and 355-nm photons. Triplet states of rose bengal
had not been previously studied in the near-infrared. Such a triplet state was of
particular interest because it would have an energy slightly below an ultraviolet-
excited singlet state previously observed to produce oxygen-independent damage.

Our prediction of strong near-infrared triplet-triplet absorption was confirmed
by our flash photolysis experiments described in Chapter 2. These experiments led
to the identification of a previously unknown triplet state of rose bengal, denoted
T,. This state can be excited efficiently since there is a T, — T, absorption cross
section of (1.1 £0.1) x 107!® ¢m? at 1064 nm. Other properties of this state were
determined in our experiments and will be described below.

Oxygen-independent damage had been observed for T,, a state excited by
640-nm light, but not for the more energetic T,, a state excited by 532-nm light.
The workers who had conducted these studies were unable to provide an ex-
planation for this behavior. We proposed that a photophysical depletion of the
triplet manifold due to reverse intersystem crossing from T, might prevent the

numerous excitations of the higher-lying state necessary to produce a substantial
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yield of photoproducts. We have conducted experimental and theoretical work
to determine whether this proposed mechanism can explain the observations of
oxygen-independent damage. Our proposed explanation of photoproduct yields
being dependent on reverse intersystem crossing yields required that the yield
of reverse intersystem crossing from T, be substantially different than that from
T,. Several previous workers had suggested that reverse intersystem crossing
yields would be essentially independent of the higher-lying state excited. Ac-
cording to their hypothesis, rapid internal conversion from higher-lying states to
T, would effectively prevent reverse intersystem crossing from these states. The
internal conversion from T, to T, was assumed to occur more slowly and thus
allow reverse intersystem crossing from T,. Therefore they hypothesized that all
higher-lying states would have a reverse intersystem crossing yield approximately
equal to that of T,. The first step in confirming our reverse-intersystem-crossing
proposal was to answer the question of whether the yield of reverse intersystem
crossing was state-dependent, contrary to the hypothesis of other workers. Re-
verse intersystem crossing yields of 0.0076 for T,, < 0.06 for Ty, and 0.12 for T,
were found, clearly showing that the yield depends on the particular state initially
excited. Our experiments using one-step and two-step laser-induced fluorescence
to determine reverse intersystem crossing yields are described in Chapter 3.

The next question we sought to answer was whether these differences in yields
of reverse intersystem crossing could produce significant differences in photoprod-
uct yield. The validation of that hypothesis required investigation, as described
in Chapter 4. Through the use of a kinetic model including both reverse intersys-
tem crossing and photoproduct formation from a higher-lying triplet state it was
found that reverse intersystem crossing can account for less than a 10% reduction

in radical yield. At this time our proposed mechanism cannot explain most of the
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photochemical differences between T, and T,. However, this modeling is based on
the assumption that the photophysical parameters of rose bengal in the biological
medium were the same as those in water. It is still possible that reverse intersys-
tem crossing could explain the observed differences in biological effects since the
radical yield could change more significantly in a biological environment or there
might be a threshold for the biological response.

Oxygen-independent damage is believed to result from radicals produced by
cleavage of one of rose bengal’s carbon-iodine bonds. The energy required to cleave
this bond is not known from theoretical calculations. Chapter 4 describes our
experiments to determine whether T,, the least energetic triplet state identified
in rose bengal, is sufficiently energetic to result in bond cleavage. Analysis of
two-step laser-induced bleaching data indicates that it is most probable that no
bond cleavage occurs from this state. An upper limit of 0.0008 was found for the
yield of photoproducts from T,. On the basis of this experiment we believe that
an energy greater than 2.9 eV is required to cleave the carbon-iodine bond in rose
bengal in water.

We predicted that reverse intersystem crossing would have a substantial im-
pact on two-photon absorption cross sections determined using a fluorescence
technique described in Chapter 5. Triplet-triplet absorption allowed for the ex-
citation of T, during 1064-nm excitation of rose bengal. Reverse intersystem
crossing from this state led to an enhancement of fluorescence and thus interfered
with the determination of the two-photon absorption cross section. This effect
could be accounted for by using a model that included the yield of reverse inter-
system crossing for T,. A cross section of 0.028 :l:.0.00I GM was found for the
two-photon excitation of the ground state. Strong two-photon transitions have

cross sections greater than 10 GM, so the excitation of the rose bengal ground
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state by 1064-nm light is relatively improbable. The effect of reverse intersys-
tem crossing on the determination of the two-photon absorption cross section was
demonstrated by performing the analysis with three different values for the yield
of this process, 0, 0.12, and the actual value of 0.0076 determined in Chapter 3.
In the absence of reverse intersystem crossing the best fit of the fluoresence data
gave ¢ = 0.036 £ 0.001 GM, 28% larger than that found using the actual yield.
With an overly large yield of 0.12 the best fit gave 6 = 0.012 & 0.001 GM, less
than half of the actual two-photon absorption cross section. This confirmed our
prediction that the neglect of reverse intersystem crossing can lead to an appar-
ent enhancement of the two-photon absorption cross section in the analysis of

fluorescence data.

6.2 Suggestions for future work

As the result of the work presented in this thesis, rose bengal now appears to
be the photosensitizer with the most completely characterized higher-lying states.
Photosensitizers that are more actively used in clinical photodynamic therapy
should have their higher-lying states studied with equal thoroughness. When
not already known, the triplet-triplet absorption spectra of these molecules in
the far-red and near-infrared should be determined. The transmission of light
through tissue is greatest in this spectral region and is therefore of particular
interest. Unfortunately, most earlier studies of triplet-triplet absorption looked at
shorter wavelengths, largely because of the availability of superior photodetectors
in this region. Improvements in far-red and near-infrared detectors now allow
more measurements to be made in this region.

Good photosensitizers have a large S, — T, intersystem crossing yield, often

resulting from the internal heavy atom effect. This also makes photosensitiz-
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ers strong candidates for possessing significant reverse intersystem crossing from
higher-lying triplet states. The list of molecules known to have large reverse in-
tersystem crossing yields is fairly short, so identification of additional molecules
with large yields would aid deeper understanding of the factors contributing to
this process as well as its consequences. It is also prudent to verify the Redmond
et al. results for Merocyanine 540 using an alternative method that does not use
tetraphenylporphyrin as an actinometric reference.

The experimental studies of rose bengal described in this thesis benefited
from the work of others to determine many of the photophysical parameters of
rose bengal. In particular, our analysis was aided by knowledge of the rotational
diffusion rate of rose bengal in water and the thermalization rate for the S, state.
These parameters are not known for most other photosensitizers and therefore
represent additional work that must be done before the properties of the higher-
lying states can be determined.

Further studies of reverse intersystem crossing in rose bengal are also of in-
terest. Although the variation of reverse intersystem crossing yield for the various
triplet states discussed in this thesis is suggestive of a strong dependence on the
relevant triplet-singlet energy gap, the fact that different combinations of triplet
and singlet states are involved prevents a clear application of the energy gap law.
However, changing the solvent can produce shifts in the energy gaps between
triplet and singlet states, allowing the energy gap for a particular triplet-singlet
pairing to be varied. This phenomena can be used to more carefully study the
energy gap law in the context of reverse intersystem crossing.

As described in Chapter 4, there is evidence for oxygen-independent dam-
age from the higher-lying states of several photosensitizers. A systematic study
of this process in a variety of photosensitizers would increase our knowledge of

the conditions required to produce oxygen-independent damage. This could po-
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tentially allow for the design of a photosensitizer capable of efficiently producing
oxygen-independent damage. These studies would be furthered by the use of
standardized biological assays that would allow for quantitative comparison of

the ability to produce oxygen-independent damage under various conditions.
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Appendix A

Absorption and the effects of

molecular rotation

A.1 Molecular orientation and Beer’s law

The commonly used molecular absorption cross section ¢ is an ensemble average
of individual molecular absorption cross sections. Specifically, it represents an
average over the orientations of the molecules relative to the polarization axis
of the incident light. It is the quantity measured in the typical solution-phase

absorbance measurement and appears in the differential form of Beer’s law,

d = —-nol , (A1)
dz

where n is the molecular number density, I is the photon flux, and z is the distance
traveled through the absorbing medium..

For a single molecule the rate of photon absorption is not given by ol but
rather by oyl cos? §. The angle between the absorption dipole and the axis of light

polarization is # and oy is the magnitude of the absorption cross section at 8 = 0.
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Writing Beer’s law in terms of these more fundamental parameters gives

dI
F —nool{cos® ) | (A.2)

where (cos?6) represents an average over the orientational distribution of the

molecules. For an isotropic distribution

1 2w ks 1
0)=— | s 2040 = - .
(cos” §) 2 o do | siné cos* 0 d 3 (A.3)
which gives
dl 1

From Eq. (A.1) and (A.4) the relation
oo = 30 (A.5)

is obtained. This relation holds only for truly randomly oriented media. Devia-

tions from this relation should be expected for more ordered media.

A.2 Effect of rotational diffusion on ground state

depletion

A.2.1 Analytical solutions

The importance of molecular orientation effects becomes more evident when ground
state depletion is considered. As a first approximation, consider the case of a single
molecule excited by a pulse of light shorter than the relaxation time of the excited
states. During the pulse of light the rate equation describing the probability of

ground state occupation, p, is given by

d_p = —golcos* 6 p=—-30/] cos? f p, (A.6)

dt
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where the effects of stimulated emission have been neglected and Eq. (A.5) has
been applied. For the case of rotational motion rapid compared to the rate of
absorption, the solution for a collection of molecules can be approximated by

averaging the molecular orientation at each instant in time. From this we obtain
T

p(T) — / 6—3rrlt(cos2 ) dt = e—aF (A7)
0

where p(7) is the probability of the ground state being occupied at the end of a
pulse of length 7 with photon fluence F'. At the other extreme is the case of no
rotational motion during the pulse. In this case the order of the time integration

and rotational averaging are interchanged to give

p(T) — </;r 6—301tc0329dt> (A8)

2 T
= —1—/ qu/ e=30F c0s* 0 gin 9 49
0 0

47
= 1/ e(V3oF) (A.9)
T V3R ‘ ‘

The ground state depletion behavior is qualitatively different in these two cases, as
shown in Fig. A.1. A medium in which molecules are undergoing rapid rotation
will approach total ground state depletion much more swiftly than a random
medium in which the molecules are stationary. The importance of considering
rotational effects on ground state depletion has been previously demonstrated
in work such as that of Gensch et al. [130] in which the fluence-dependence of
laser-induced optoacoustic signals was studied, and Nagle et al. [131] in which the
change in absorbance of bacteriorhodopsin in purple membrane as a function of
fluence was studied. The related topic of rotational effects on transient absorption

has been discussed by Lessing and von Jena [132].
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Figure A.1: Analytical solutions of ground state depletion including effects of
rotational motion. Rapid molecular rotation (—), from Eq. (A.7); no molecular
rotation (- - -), from Eq. (A.9). The ground state population density is given by

p and oF is the product of the absorption cross section and photon fluence.
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The discussion above applies to linear chromophores such as fluorescein-
derivatives. A more complete derivation of similar expressions for both linear!
and nonlinear chromophores is presented by Kawato and Kinosita [133]. Nonlin-
ear chromophores such as the metalloporphyrins have more than one absorption

moment, which necessitates a more detailed treatment of photoselection effects.

A.2.2 Numerical solutions

If the pulse length of the excitation light is on the order of the rotational time
of the molecule, a numerical solution is required. The effects of rotation can be
incorporated into systems of rate equations such as those described earlier (see
Chap. 3) by changing the p;(¢) to p;(6,t), replacing oI terms by 30/ cos? 6, and
adding a rotational diffusion term to each rate equation.

One implementation of the rotational diffusion term calculates the orienta-

tional averaged probability density for each state, {(p;(t)), where

1

@) = [ ds [ p0,t)sinoas

= /O ® 1e(6, 1) sin 0.8 . (A.10)

It is then assumed that (p;(t)) contributes equally to each orientation-specific
pi(0,t). For example, by adopting this approximation to the rotational motion

Eq. (A.6) becomes

dpgz, D - 307 cos0 p(0,t) = kratp(6, 1) — (p(t))] (A.11)

!The reader is cautioned that Kawato and Kinosita’s expression for population of excited

states of a linear chromophore (equation 15 in [133]) contains an error since it does not approach

0 in the limit of no excitation. This can be corrected by multiplying the second term in that

equation by /7/2.
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where £k, is the rotational correlation decay rate. In practice the polar angle 0

must be discretized in order to allow for computation such that

T 1
=" (i+=) =01, N—1 Al
2N(z+2) i=0,1 N (A.12)

where NV is the number of angular divisions. This implementation of rotational dif-
fusion was adopted by Penzkofer et al. [134] in their study of transient absorption
by eosin Y.

Understanding this intermediate time scale is relevant for the experiments
described in this work. The rotational motion of rose bengal has been the subject
of many studies [69,132,135-139]. Measurements of the fluorescence polarization
anisotropy are most commonly used to determine the rotational diffusion time [64].
The most relevant of these measurements to the present work are for rose bengal
in water and methanol where the rotational diffusion times were found to be 310
and 180 ps, respectively, by Small et al. [69]. It should also be noted that Ware et
al. [138] reported an average rotational diffusion time of 48 ps for water and 200 ps
for methanol. There is no obvious reason for the significant discrepancy between
the two groups’ results for rose bengal in water. According to the Stokes-Einstein
theory, the rotational diffusion time, 7,.;, depends on the properties of the solvent

such that
Trot = ?7V
rot — kT

where 7 is the solvent viscosity, V' is the molecular volume, k& is Boltzmann’s

(A.13)

constant, and T is the absolute temperature [64,132]. At room temperature, the
viscosities are 1.00 and 0.55 centipoise for water and methanol, respectively [140].
We have chosen to adopt the values of Small et al. since they most closely obey the
theoretically expected behavior of rotational correlation times increasing linearly
with viscosity. The rotational times for rose bengal in other solvents have been

in agreement or exceeded that predicted by Stokes-Einstein theory [69, 135,136].
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This makes the Ware et al. result for water, approximately 6 times smaller than
that predicted by theory, particularly suspect.

In order to examine the impact of rotational diffusion for the conditions stud-
ied in this work, we incorporated the algorithm for rotational diffusion described
above into a rate equation model of rose bengal (neglecting excitation of higher-
lying states for the moment). The results of numerical simulations illustrating the
importance of rotational motion on the ground state depletion of rose bengal are
shown in Fig. A.2. The dashed curve in this figure corresponds to the parameters
under which our experiments were performed. It can be seen that this repre-
sents an intermediate case that differs significantly from the two cases in which
analytical expressions can be obtained.

The time evolution of the discrete angular subpopulations during an exci-
tation pulse can also be examined. The evolution of the ground state for the
intermediate molecular rotation case is shown in Fig. A.3 and the stationary case
in Fig. A.4. The three curves shown are the angular averaged population, the
population most parallel to the light, and the population most perpendicular to
the light. In this calculation there are a total of 8 angular divisions, so from
Eq. (A.12) we obtain 6y = 7/32 and Oy_, = 157/32.

The minimum number of angular divisions N required for an accurate calcu-
lation was investigated. The variation in ground state population as a function of
fluence was calculated for N between 2 and 64. As can be seen in Fig. A.5, there
is little difference between N = 4 and N = 8. No difference was noticed between

the N = 8 and N > 8 calculations (not shown).
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Figure A.2: Numerical solutions of ground state depletion including effects of ro-
tational motion. Calculated for a model of rose bengal in which absorption only
occurs from the ground state and the excitation pulse has a FWHM of 0.2 ns.

Angular space was divided into N = 8 divisions. Rapid molecular rotation (—),

kot = 1000 ns™!; intermediate molecular rotation (- - -), k.o; = 3.2 ns~*; no molec-

ular rotation (---). The intermediate value of ko corresponds to that measured
for rose bengal in water [69]. The ensemble average ground state population is
given by (p) and oF is the product of the absorption cross section and photon

fluence.
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Figure A.3: Evolution of the ground state population when k.., = 3.2 ns7L.

Calculated for a model of rose bengal in which absorption only occurs from the
ground state and the excitation pulse has a FWHM of 0.2 ns. Angular space was

divided into N = 8 divisions. (p(t)) (—); p(fo,t) (- - -); p(On-1,1t) (--).
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Figure A.4: Evolution of the ground state population when k., = 0. Calculated
for a model of rose bengal in which absorption only occurs from the ground state

and the excitation pulse has a FWHM of 0.2 ns. Angular space was divided into

N = 8 divisions. (p(t)) (—); p(6o,t) (- - -); p(On-1,1) (-+).
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Figure A.5: Dependence of rotational diffusion model on number of angular divi-
sions. Calculated for a model of rose bengal in which absorption only occurs from
the ground state, the excitation pulse has a FWHM of 0.2 ns, and k.o, = 3.2 ns~ L.
N =2(—); N=4(---); N =8 (+). The ensemble average ground state
population is given by (p) and oF is the product of the absorption cross section

and photon fluence.



