R |

National Library
of Canada

Acquisttions and
Bibliographic Services Branch

395 Wellngto™, Street
Ottawa Ontano
KA ON4

Bibliotheque nationale
du Canada

Direction des acgunsitions ot
des services bibhoqraphigques
395 rue Wel'ingha

Qttawa (Ontanad
RTAONS

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

i+l

Canada

AVIS

La qualite de cette microforme
dépend grandement de la qualité
de la these soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec [l'université
qui a conféré le grade.

La qualité dimpression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a l'aide d’'un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.




The Static and Dynamic Spectroscopic Studies of 7-Aminocoumarins,
Their Cyclodextrin Complexes; and of Nitrobenzene Derivatives

YouXian WEN

A Thesis
in
The Department
of

Chemistry & Biochemistry

Presented in Partial Fulfiliment of the Requirement
for the Degree of Doctor of Philosophy at
Concordia University
Montreal, Quebec, Canada

April, 1993

© YouXian WEN, 1993



- d |

National Library
of Canada

Acquisitions and
Bibliographic Services Branch

395 Wellington Street

Bibliotheque nationale
du Canada

Direction des acquasitions ¢t
des services bibliographiques

395 e Wellington

Ottawa, Cntano
K1A ON4 K1AON4

The author has granted an
irrevocable non-exclusive licence
allowing the HNational Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

Ottawa (Ontario)

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniere et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a Ila disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protéege sa
these. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-84691-7

Canada



To my wife, son, mother, parents-in-law

and memory of my father



ABSTRACT

The Static and Dynamic Spectroscopic Studies of 7-Aminocoumarins,

Their Cyclodextrin Complexes; and of Nitrobenzene Derivatives

YouXian WEN, Ph. D.
Concordia University, 1993

On the basis of a thorough study of 7-aminocoumarin dyes in different
solvents, the methodology of amplified spontaneous emission (ASE) gain
spectroscopy at pumping threshold is established and has been applied to study
the complexation of 7-diethylamino-4-methylcoumarin (C1) in different co-solvent
systems. The advantage of ASE gain spectroscopy over conventional
spectrofluorimetry is the ease of separating heavily overlapping emission spectra
of 'free’ And complex species, which is important for the study of compiexation in

biological system.

The photophysical behaviour of conformationally sensitive 7-
aminocoumarin dyes in different solvents and their cyclodextrin (CD) complexes
in water is studied using picosecond time-resolved transient absorption and
emission techniques. These studies offer some important information about the
possible twisted intramolecular charge transfer (TICT) state of C1 (not the rigid
C102) in protic solvents. The structures of C1/CD complexes in water are

deduced from both static and dynamic studies and are supported by the study of




these dyes in pure or binary solvents. The time-resolved emission spectral study
of C1 and C102 in protic solvents, shows that the solvation dynamics can be
explained by a multi-state model in kinetics rather than a single excited state
undergoing a continuous solvent relaxation process. This has been confirmed
by (i) the simulation results, and (ii) the shape of the decay associated spectrum
which is the normal preexponential distribution of the exponential time-
dependent fluorescence (TDF). One of the wavelength-independent decay
times of TDFD is closer to the longitudinal relaxation time of solvent than that of

the single state model.

Time-resolved pump-probe technique has been aiso used to investigate
the poorly understood excited state photophysical behaviour of nonfluorescent
nitrobenzene derivatives in solution. A remarkable solvation effect is found in
the ESA study of dimethoxynitrobenzenes. The lowest excited state observed
on ESA spectra is attributed to an intramolecular charge transfer state. The rate
constant of the time-dependent blue-shift ESA spectra is comparable to the rate
constant of the longitudinal relaxation of solvent. This observation implies an
alternative method to study the solvation dynamics. A relationship between
excited state absorption (ESA) spectra of some alkylnitrobenzenes and the
structure of substituted nitrobenzene is found. Finally, in order to understand
and to control the photochemical process, the biradical intermediate of o-
nitrobenzyl p-cyanophenyl ether in acetonitrile has been identified from ESA
spectra which provides information about the partitioning singlet/triplet pathway

of the photochemical reaction.
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TRES of (a) C1 and (b) C102 in 1-octanol, at 0, 20, 50,
100, 150, 200, 300, 400, 500, 700 ps, and 1 ns,
Symbols represent the experimental data and are fitted
by various curves using the log-normal function.

C(t) calculated from SR TRES of (a) C1 In 1-butanol (®)

and in 1-octanol (O), fitted by an exponential function
(curves); (b) C102 In 1-butanol (@) and in 1-octanol
(0), fitted by an exponential function (curves).
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Chapter 1: INTRODUCTION

1.1 Photophysics

Photophysics is the study of physical processes (without chemical
change) initiated by electronic excitation of a molecule or system of molecules by
non-ionizing electromagnetic radiation (photons). Transitions between different
electronic states can be separated into (i) absorption; (ii) radiation (emission);
and (iii) nonradiative processes. Transitions between excited states of different
spin such as singlet and triplet states is termed intersystem crossing. These
various intramolecular transitions are usually summarized schematically as a
Jablonski Diagram? in which the energy levels of a given spin state are
displayed vertically, and the spin states, horizontally. Intramolecular interactions,
or interactions between the electronic states of different molecules can also
occur. These include full or partial nonradiative transfer of an electron to form a
Donor-Acceptor complex,2 or of energy (electronic energy transfer and
sensitization).3 Experimentally, some of these photophysical processes can be

detected using static and/or dynamic spectroscopic technigues.
1.1.1 Steady state spectroscopic methods

UV/VIS absorption is the detectable photophysical process of transition from
the ground state up into excited singlet states excited by incident light in the
ultra-violet and visible region. In contrast to absorption, fluorescence is the
observable deactivation by radiation of the excited single state back to the
ground state. By considering the fast relaxation of vibronic Franck-Condon

States, mirror image absorption and fluorescence spectra can be observed



experimentally. The energy of the frequency spacing between these two peaks
is cailed Stokes' shift. For charge transfer (CT) species, the Stokes'’ shiftis
related linearly to the polarity of the solvent,4 and satisfies the Lippert-Mataga
equation‘5 Such solvent-dependent or solvatochromic shifts are typical of CT
states.5:6 The technique used to monitor these photophysical processes with
constant photon flux is defined as Steady State Spectroscopy such as: uv/vis
absorption spectrophotometry and spectrofluorimetry.”.8 These techniques
have been conventionally applied in chemistry, biology, and medicine for study

of the photoactive species in different environments.’-10

To study complexation of a radiative solute kq[Q)"
molecule (e.g., organic dye11,12) with an A’ *—'—k—'__? B
additional species, Q (e.g., impurity, quencher), it T R l
is very important to identify the contributions to the K™
fluorescence spectrum of the excited state A F=—F B
complex originating from absorption of both (1) the Scheme 1-1

ground state solute which dynamically forms the excited state complex (excited

state A"—B” "dynamic complexation") and (2) the ground state complex (ground
state B »B” "static complexation).13-16 in this thesis, we have formulated the
kinetic relation among these components. On basis of this study, the fraction of
each contribution to the fluorescence spectrum of the excited state complex can

be identified experimentally.

Spectrofluorimetry has been used to study excited state molecular
complexation in different areas for more than three decades.9:10 These include
biologically important systems in polar solvents,17-21 guest-host
complexation,22-25 dyes in different solvents, 16,26 dimerization or

isomerization,2/ etc. Although highly sensitive, conventional spectrofluorimetric



measurements on solution molecular complexes often be difficultly identified in
components and thus, in order to resolve the overlapping fluorescence bands
into their components, extremely precise measurements and assumptions
regarding the shapes of the component bands are necessary. By contrast, the
bands from amplified spontaneous emission gain spectroscopy introduced by
Siltvast et al.,28-30 are intrinsically narrower than those of the corresponding
fluorescence emission due to laser characteristics of the probe molecule (e.g.,

laser dye).

Amplified spontaneous emission (ASE) is the amplification of spontaneously
radiated photon flux from the excited singlet state to the ground state. In
contrast to the absorption coefficient g(A) in Beer-Lambert law, the gain

coefficient G(A) of the emission is defined by

G(A) =(0,(A)-0,(A)) [ N,(t)dr - 6, (A) [ Ny (D)t (1)
[¢ 0

where og(A), o5(A), and o1(X) are the cross sections in cm?2 of the stimulated
emission, excited singlet state absorption and intersystem (singlet to triplet state)
crossing, respectively. The population density at the first excited singlet state S4
and triplet state T4 is represented by Ng(t) and Ny(t) in cm-3, respectively. For
relatively weak excited state absorption (o5(A)) and intersystem crossing (o1(})),
ASE gain spectra correlate in a simple fashion to the conventional fluorescence
spectra. The direct relation between the gain coefficient G(A) (cm2) or emission
Cross section Gg(A) (cm?2) and the fluorescence spectrum E()) can be simply

expressed by the following relationship:30,31



G(1) =0, (W) [ N,(1dr = ; £
0

BT, 1y )
nten® |

Here 1 is the fluorescence lifetime in seconds, n is the dimensioniess refractive
index of the solvent, and cis the velocity of light in vacuoin cm/s. Since the
1970's, ASE gain spectroscopy has been used almost exclusively to study the
fundamental characteristics of lasers.?2-35 Recently, distinctly resolved bands
were observed in the study of the dual ASE of 7-aminocoumarin dyes in different
solvents.36 In this thesis, results on the origin of the dual ASE bands are
presented. We find that dual emission is due to uncomplexed and hydrogen-
bonded complexes rather than the formation of an exciplex with twisted amino
group at the 7 position.36 We have established a kinetic correlation between
ASE and conventional fluorescence both experimentally and theoretically. Our
results show that ASE spectroscopy is a useful technique to resolve normally
heavily overlapping bands due to 'free' and complexed dyes or dyes in

heterogeneous environment.
1.1.2 Time-resolved spectroscopic methods

With the rapid development of laser technologies, the flash photolysis
technique of Norrish and Porter,37 has proved to be a powerful tool to probe the
dynamics of molecular orientation, excited state relaxation, molecular
rearrangement, and other fast processes.38:39 Flash photolysis is a time-
resolved technique to study the photoactive species initiated by a short-duration
photon flux . This technique is of benefit not only to chemistry and physics, but
also in biology.40:41 |n this thesis, two types of time-resolved spectroscopy are
applied. These are (i) transient absorption spectroscopy;39 and (i) emission

spectroscopy.40-42



Time-resolved transient absorption spectroscopy can be divided into two
categories: (1) those in which the detector itself possesses adequate time
resolution for the task at hand; (2) those in which the response of the system is
sampled by means of a second ("probe ") pulse delayed in time from the initial
("pump ") pulse. By varying the delay times, a set of time-resolved spectra can
be obtained. In the latter case, referred to as pump-probe spectroscopy, the
time resolution of the detection is unimportant and experimental time resolution
is limited by the pump- and probe-pulse duration. Reflecting the high activity in
the application of this technique to study photochemical and photophysical
processes, a number of reviews on various specialized topics have appeared in
the last two decades. These include vibrational dynamics in liquids and
solids;43 photoinduced charge and energy transfer process;44
photodissociation;38 isomerization;45 photoreactions;46 biradicals;47 cage
effect, orientational relaxation, internal convention and intersystem
crossing;48.49 Iocalized electrons;50 and the photophysics of pyrene in

solution, 51 etc.

In this study, time-resolved transient absorption measurements were
carried out at the Canadian Center for Picosecond Laser Spectroscopy at
Concordia University. The spectra were recorded using the pump-probe
technique with variable delays of up to 10 ns between the probe and excitation
pulses, in which a Nd:YAG laser system was used consisting of a passively
mode-locked (Kodak 9740 dye in chlorobenzene) at 355 nm with a pulse
duration of 35 ps (full width at half-maximum (FWHM)).45,52  Details are given

in section 3.2.

Time-resolved emission spectroscopy is a technique to obtain fluorescence

emission spectra at discrete times during the fluorescence decay, or a



fluorescence decay at a single wavelength position. Time-resolved emission
spectroscopy (TRES) can yield both qualitative and quantitative information
about many photophysical processes that can not be gleaned from conventional
fluorescence spectra of even extremely high optical resolution. It is helpful, and
even necessary, to characterize kinetically complex excited state phenomena.42
Since the 1970's,53 this technique has attracted tremendous attention for
studies of molecular reorientation,94-56 solvation dynamics,27.58 cage
effect,99.60 gspecially, the effect of the local environment in biological molecules

on the spectral characteristics of fluorescent probes.41.61,62

In this project, the time-resolved emission measurements were carried out
in the laboratory of Dr. A. G. Szabo at the Biology Division, National Research
Council of Canada, Ottawa. The emission was generated from a Spectra
Physics mode-locked synchronously pumped and cavity dumped dye laser
system with a pulse widih of 20 ps at a repetition rate of 825 kHz. The decay
curves were measured with single photon-counting instrumentation.63 Details

are given in section 5.2.
1.1.3 Solvation dynamics

Solvation dynamics is the study of time-dependent molecular relaxation
process of a solvent due to the molecular dipole-dipole interaction induced by
the sudden change of the dipole moment of an excited solute molecule. The
effect of macroscopic solvent parameters (i.e., viscosity, polarity) on chemical
dynamics has been extensively studied for many decades.® These studies show
that to some extent, the nature of solvent effects on chemical reactions can be
accounted for in terms of the changes of the potential energy barrier and relative

free energies of the reactants and products.64.65 |n order to understand



dynamic solvent effects on chemical reactions, it is necessary to determine the
time scale for solvent dielectric relaxation as well as to evaluate the time
dependent forces, or dielectric friction, that the polar solvent exerts on the

reacting molecule.

Time-resolved fluorescence spectroscopy of polar fluorescent “probes"
has been used extensively to study microscopic solvation dynamics for a broad
range of solvents.57,58,66-70 One of the basic methods extracts the
polarization function C(t) which is the fractional change of the instantaneous
fluorescence maximum as a function of ime?1 defined by

U, (1) =0, (o0)
V,(0) = v, (c°) (3)

C)=

where up(0), uy(t), and vy(e) is the zero-, instantaneous, and infinite time
frequency at emission maximum. In this method, the solvation process has been
assumed to be a dynamic shift of a single excited state undergoing continuous
solvent relax.."*7n from the initial excited state to the solvated excited state.65,72

Therefore, the decay of the time-dependent fluorescence i(A,t) can be expressed
by:
i) = f(A,1)e "™ (4)

In eq. (4), t(t) is the lifetime of the solvating state and should vary with time; and
f(A,t) is the fluorescence profile with time-dependent spectral shape. Forthe
excited solvating state undergoing continuous solvent relaxation, there should be
no kinetic correlation between initia! and final excited states. However, in our
recent time-dependent fluorescence decay TDFD measurements of 7-

diethylamino-4-methylcoumarin in 1-butanol, we found one negative



preexponential distribution oj(A) from the exponential fittings of the fluorescence

decay spectra

i(A,t) = ia,(k)e‘”‘- . (5)
1=l

Here, the decay of the fluorescence at each wavelength, has been considered

as the sum of all contributions from incremental ke

individual decay components with wavelength- A "‘"v"k—-——“X B
independent decay time t; (i=1..n). About ten kaJ R l/kb
years ago, the study of these preexponential

distributions indicated that for an irreversible Scheme 1-2

two-state system (kg+kg » kp+kg and kg « kg in Scheme 1-2), one of the two
preexponential distributions appears to be negative in part of the spectral region,
which the other one remains positive overall.”3,74 This has been accepted as a
signature for studying the kinetics of the irreversible two-state system.”3-78
Apparently, a similar observation (a negative preexponential distribution) in our
experiment indicates a kinetic relationship between the unsolvated (initial) and
the solvated (final) excited states. One of the wavelength-independent decay
times from the exponentially fitted fluorescence decay spectra appears to
depend on the solvent rather than the probes. The value is comparable to the

longitudinal relaxation time of the solvent.

The longitudinal relaxation time 1 of solvent is conventionally used to
study solvent dynamics. In highly polar solvents, t_is much smaller than the
single Debye relaxation time 1p, and can be approximated by the ratio €,/¢q 0f

high- and zero-frequency dielectric constants as below:

W= (% ) ©




This approximation is often applied in experimental studies for correlating time-

resolved emission spectra (TRES) shift time to the Debye relaxation time
TD_57,58,63-72

In this thesis, the kinetic relationship between the initial and the final
excited states has been discussed. In order to verify the multistate kinetic
model, we have made the following comparisons in: (1) the decay times from the
exponential fit of C(t); (2) the spectral shape parameters of TRES between the
spectral reconstructed (SR) TRES and the simulated TRES. The agreement
among these results provides clear evidence of the multistate kinetics. However,
for the short-lived component (e.g., in 1-octanol), the decay time from the
exponential fit of C(t) of both SR and simulated TRES, is different from that of
the exponential fit of the time-dependent fluorescence decay TDFD. Such
difference raises a question about the functional time-dependency of C(t).
Therefore, the TRES i(uy,t) dependent C(vy,t) has been formulated according
to the multistate model. In order to obtain the best-fit decay time of C(t), this
TRES dependent C(vm,t) has been used to simulate the C(t) data of SR TRES,
instead of using a multiexponential function, while the peak positions vy, of SR
TRES and the SR TRES at peak i(vy,t) are applied in the optimization. The
values of the decay times from this optimization are closer to those of the

exponential fitting of TDFD than those of the exponential fit of C(t).
1.2 Photophysical Characteristics of Selected Organic Species

For nearly three decades, there have been increasing interests in the
determination of the microscopic polarity in both biological and non-biological
systems using fluorescent probes.”9-85 In general, the probe molecule contains

an electron donor (e.g., dialkylamino group) and an electron acceptor (e.g., nitro



group) attached on the same or linked aromatic ring. Presently, the factors
affecting the intramolecular charge transfer (ICT) of both emissive and non-

emissive species are the subject of intense investigations.57,58,71,72,79-102

C460(C1) C450(C2)
Cr, CF,
N Q (o] \N (¢] 0
L |
C481(C1F) C152(C311F) C153(C102F)

Fig. 1-1 Molecular Structures of 7-Aminocoumarins

Organic dyes (i.e., Rhodamines, oxazines, coumarins, etc.) used as
probes are known as the members of the donor-acceptor family.89 Among the
vast number of dyes, the coumarin derivatives, especially, the
alkylaminocoumarins with alkylamino (donor) and carbony! (acceptor) groups on
the two sides of the coumarin skeleton (Fig. 1-1), posses conformationally
sensitive ICT state. Their photophysical properties (e.g., quantum yield) are very
sensitive to the environment.13,16,23-26,87-90,92-95,100 Thjs photophysical
behaviour affected as by structural and the environmental factors, has still not
been satisfactorily interpreted. Especially, the effect of possible formation of the

excited twisted intramolecular charge transfer (TICT) state,** is not directly

" The stable ICT state by twisting of the amino group due to full or partial charge separation
between donor and acceptor. (details were given in Ref. 101-103)
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observable in normal fluorescence spectra of 7-aminocoumarin dyes. Their
fluoerscence spectra only show a single fluorescence band rather than dual
fluorescence bands of the typical TICT compound (e.g., 4-
Dimethylaminobenzonitrile, etc.).101-103 The objective is to study the
fundamental photophysical behaviour of selected coumarin dyes, with flexible or
constrained amino group at the 7 position of the coumarin skeleton, in different

environments using both static and dynamic spectroscopic techniques.

To understand the photobehavior of the real and complex system and its
potential applications, itis necessary (o investigate the structural, substituent,
excited state conformationally and environmental electronic factors on the
photophysical and primary photochemical processes of the model systems. The

interpretation of \hese effects on chromophores (including

probes) similar to the real system in complex o) o
N N/
environments, is surely helpful to get insight on the more
L] Rl
complex system. For nitrobenzene derivatives (Fig. 1-2), 2 | N 8
interest in the photochemistry has grow: considerably R 7 R
3 5
over more than three decades. 104 Nitrobenzene and R
4
substituted nitrobenzenes display a remarkably wide
variety of photochemical reactions.105  The photophysical Fig. 1-2

properties of the nitro compounds have also been studied extensively 106 not
only for photochemical reactivity and fundamental understanding of
photophysics, 14 but also owing to the recently fast growing attention to the
nonlinear cptical (NLO) properties!07 for potential roles in optical storage and
information processing.108 In these applications, the excited state
photobehaviour plays an extremely important role. In the second part of this

thesis, photochemically rich but poorly understood excited state properties of

11



nonluminescent nitrobenzene derivatives (nitroaromatic systems) have been

chosen to study the substituent, environmental factors on their excited states.
1.2.1 Aminocoumarin dyes

The importance of aminocoumarins as laser dyes and fluorescent
probes for a wide spectral region has been recognized for more than two
decades.89 Recently, many investigators have focused on the role of the
solvent in controlling the intramolecular charge transfer (ICT) process of these
dyes;87,88,90,92-94 the interaction of solvent-solute molecules, or the solute-
impurity complexation;16:26 and dipole-dipole interaction induced molecular
relaxation of solvent (solvation dynamics®4-74) as fluorescent probes.57,58,74
With respect to characteristics of the conformationally sensitive 7-
aminocoumarin dyes (see Fig. 1-1) 90,94 twisting of the flexible amino group at
the 7 position on the coumarin ring could reduce the fluorescence quantum yield
in more polar solvents due to formation of a nonradiative twisted intramolecular
charge transfer (T1CT)90,92-95,100 state. The twisting angle of amino group at
the 7 position depends on the charge transfer probability between amino group
and carbonyl group on the coumarin skeleton.94 Such characteristics have
been applied to study the guest-host complexation of biologically important

species such as cyclodextrins.23-25,82,109
1.2.2 Cyclodextrins and crown ethers

The growing significance of supramolecular chemistry has already been
documented in a number of reviews!10-114 with early emphasis on the
complexation of metal ions,112,113 and on the noncovalent interaction between
host and guest molecules.110.114 The interaction between guest and host

molecules can be classified into two categories: (i) ion-dipole interactions which
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are the principle forces offered by crown ethers;115 and (i) hydrophobic
interactions of cyclodextrins116 and cyclophanes.17 There are considerable
number of studies on ground state host-guest interaction,110-117 for
applications in pharmacy, medicine, chemical analysis,110 and
chromatography, 18 as well as catalysis119 and material science.120 Recently,
there is growing interest in the potential role of molecular recognition in the
excited state in (i) biological systems,121-123 (i) optical storage and

computing, 124 and {iii) optical sensors. 125,126

Cyclodextrins (CDs) are cyclic
oligosaccharides of 6-8 a(1-4) /%
linked D-glucose units called o-, B- o o

and y-CD (Fig. 1-3), respectively.

,G.H OH,

The most remarkable property of & :'Z‘"r_qh <
0 I\
CD is its ability to form inclusion A~ o
. ?(,)_T.) n
complexes with a great variety of X o
o le)

guest molecules due to the ™ o o

hydrophobic character of CDs' m° ) o

cavity.127  From the microscopic
point of view, this can lead to Fig. 1-3 Cyclodextrins
advantageous changes in chemical and physical properties on micro-
encapsulation by CDs for: (i) fundamental studies in chemistry, bioclogy and
medicine;22-25,109,110,128,129 (ji) industries like pharmacy, foodstuffs, plant
protective agents and toilet articles. 130,131 The photophysical and
photochemical behaviour of the complexes of CDs with guest molecules, has
received considerable attention using both static and dynamic

spectrophotometry22-25,59,60,108,129-133 owing to their potential roles in
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various areas. The time-resolved spectroscopies offer more detailed information

about the complexation either qualitatively or quantitatively.59,60,134

Crown ethers (cyclic ether) are potentially exolipophilic

o
compounds which can selectively complex with alkali and (0 ‘—\
o
alkaline earth metal cations in their endopolarophilic o J
_°

cavities. 135 Efforts to modify the widely useful properties 136
of such crown ethers (Fig. 1-4) by variation of all possible Fig. 1-4 15-CW-5
structural parameters have continued in order to make accessible new ligand
systems, and to study the relationship between structure and cation selectivity as
well as their complex chemistry.137 The selectivity of binding to different
cationic species is thus determined by both the nature of the electronic
interactions and the ability of the crown ether to adopt specific conformations
that maximize these energetic interactions between the macrocyclic polyether
oxygen ligands and the substrate.136 Recently, the complexation by crown
ether binding of organic ammonium cations has been reported both
experimentaily and computationally.138-140 Such crown molecules could serve
as separating agents for biologically active amino hormones that have very

similar structures as suggested by Lehn.141
1.2.3 Nitrobenzene derivatives

Almost 35 years ago, Nagakura's group ascribed the solvent polarity
dependent electronic absorption band of nitrobenzene to the excited
intramolecular charger transfer (ICT) state.142 This ICT is formed by an
electron transfer from the benzene ring (Donor) to the nitro group
(Acceptor).142C The nitrobenzene derivatives are well known to be

nonluminescent due to the fast singlet-triplet intersystem crossing. 143 The
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influences of structural, substituent, and environmental electronic factors on the
photobehaviour of nitrobenzene derivatives have been studied for more than
three decades.142-151 For nitrobenzene derivatives,144 the effect of the
substituent is to change the ionization potential (IP) of the ring (donor) and
therefore the energy of the CT state.14  Apparently, the CT state is very
sensitive to the polarity of solvent. Additional to the observabie effect of the
solvent polarity on the ground state absorption of alkylnitrobenzenes, 142 the
lower excited triplet solvated state of 4-nitro-4'-methoxystilbenes in different
solvents was found to be a charge transfer state by ESA spectroscopy. 145
Experimentally, (i) we observe the static blue-shift of the triplet ESA spectra of
two dimethoxynitrobenzenes in different solvents; (ii) in alcohols, we find a
remarkably dynamic blue-shift of the ESA 'red’ band in picosecond time region.
The rate constant of the dynamic blue-shift of the triplet ESA band depends on
the solvent but not on the probe molecues. It is comparable to 1/1 in which t_is

the longitudinal relaxation time of the solvent as mentioned before.

In the infrared absorption study, the oscillator strength, and the position of
the absorption band of the symmetric and asymmetric stretching modes106

(Scheme 1-3) of the nitro group showed a

dependence on the other substituents, the \o \o

e . . N—Ar N->Ar
position of the substituent on the nitrobenzene o l l o
ring, and the dipole moment of the molecule. 146 / 4
Within the framework of the Herzberg-Teller asymmetric symmetric
model, the ground state vibrational frequency can Scheme 1-3

be applied to identify the excited vibronic interaction under certain
approximations. The validity of this application was verified in the study of the

phosphorescence spectrum of benzene which is particular rich in vibronic
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structure.147 Indeed, the resonance interaction of nitro group in the excited
triplet state was observed in ESA study of p-nitroaniline.148 In comparison to
the triplet ESA spectrum of aniline which only shows a 'blue’ ESA band149
characteristic of locally excited benzene ring, the ‘red ESA band of p-nitroaniline
is more like the locally excited nitro group. Therefore, the assignment of the
structure on ESA ‘blue’ band of p-nitroaniline to the symmetric stretching of NO»

is arguable.

In this thesis, similar to p-nitroaniline, structured ESA spectra are
observed for the most of alkylnitrobenzenes. The spectral shapes of these ESA
spectra appear to be affected by the numbers and position of the substituent on
the nitrobenzene ring, and/or the polarity of solvent. The fine structure on the
ESA bands appears to reflect excited state vibronic interaction. The frequency
spacing of these coupled fine structures is similar to the frequency of the ground

state vibronic modes of NO» or benzene.

In contrast with the above-mention nitrobenzenes, the o-nitrobenzenes
are photochemically active owing to the benzylic hydrogens. The general
phntoreactivity of o-nitrobenzyl systems with intramolecular hydrogen abstraction
has attracted considerable attention for development of photochromic
compounds and photolabile protecting groups,192 in which a biradical species
has been implicated as intermediate in the photochemical process. 193
Therefore, the detection of the biradical appears to be a key step to obtaining
insight into the photochemical process in order to control the photochemical
reaction.45 In this project, the biradical intermediate is identified during the
picosecond laser absorption investigation of o-nitrobenzyl p-cyanophenyl ether

(ONBCPE) in acetonitrile. We have obtained some valuable information about
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the partitioning between the singlet and triplet pathways during the

photochemical reaction. 194
1.3 Organization of this thesis

Following the review of the present studies related to this project,
Chapter 2 focuses mainly on the kinetic correlation between the ASE gain
spectra and the fluorescence spectra from the 7-aminocoumarin C1. in Chapter
3, the photophysical behaviour (ESA and AE) of 7-aminocoumarin dyes and their
guest-host complexes with 3-CD in different solvents has been investigated. In
Chapter 4, the study of static solvation using these dyes, especially in binary
solvents is presented. From dynamic shifts of TRES of the 7-aminocoumarins in
1-butanol and 1-octanol, in Chapter 5, a multi-state kinetics in the dynamic
solvation process is discussed, and gives a more reasonable interpretation of the
experimental results than that of the single state model of continuous solvent
relaxation.28,99,65-72 |n Chapter 6, the foliowing topics are discussed: (i) the
solvation related static and dynamic ESA shift of dimethoxynitrobenzenes in
ditferent solvents, and the preliminary test of the salt eftect135,136 on ESA of 4
nitrobenzene-15-CW-5; (i) the substituent and solvent effects on photophysical
properties of nitrobenzene derivatives; (iii) the identification of the biradical of o-

nitrobenzy! derivatives in acetonitrile.
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Chapter 2: NOVEL AMPLIFIED SPONTANEOUS EMISSION (ASE) GAIN
SPECTROSCOPIC STUDIES of EXCITED STATE
COMPLEXATION in COMPARISON with CONVENTIONAL
SPECTROFLUORIMETRY

2.1 Introduction

Since the 1960's, spectrofluorimetry has been widely applied to study
excited state molecular complexation in both biological and chemical systems.8-
10,17-27 Although highly sensitive, conventional spectrofluorimetric
measurements on molecular complexes in solution often lack spectral resolution
on the intrinsic emission spectra and thus, in order to resolve the overlapping
fluorescence bands into their components, extremely precise measurements and
assumptions regarding the shapes of the component bands are necessary. By
contrast, the bands from amplified spontaneous emission (ASE) gain
spectroscopy introduced by Silfvast et al.,28.29 are intrinsically narrower than
those of the corresponding fluorescence emission. This is because of the laser
characteristics of the probe molecule (i.e., laser dye). Since the 1970's, ASE
spectroscopy has been used almost exclusively to study the fundamental
characteristics of lasers.29-36 |n this chapter, the possibility of applying the ASE
spectroscopic technique to resolve normally heavily overlapping bands in
conventional fluorescence spectra due to ‘free' and complexed dyes or dyes in

heterogeneous environment, will be considered.

Towards this end, we have set up the ASE gain spectroscopic system to

(i) establish a relationship between a constant derived from ASE gain
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measurements and the Stern-Voimer constant14 for fluorescence quenching or
ground state complexation constant from uv/vis absorption study, and (ii) carry
out ASE gain measurements on weakly bound complexes comprising excited
state 7-diethylamino-4-methylcoumarin (C1) in solvent systems containing either
dichloromethane or n-butyl acetate as co-solvents. In these solvent systems,
steady state fluorescence spectra show no or extremely small frequency shifts
with added concentrations of the co-solvents. The clearly resolved bands
observed in the ASE gain in the same systems demonstrate the superior

frequency resolution of the method.
2.2 Cxperimental Section

Three different spectrometers were used: (i) a system to measure the
ASE gain; (ii) a uv/vis absorption spectrophotometry; and (iii) a
spectrofluorimetry. All the experimental measurements were carried out at

Département de Chimie, Université du Québec a Montréal.
2.2.1 ASE gain spectroscopic system

The ASE was generated using a 337 nm laser beam from a PRA LN100
N2 laser (Ep = 60 pJ, pulse width = 0.3 ns, Wy, = 200 kW) vhich was focused
through a 2" focal length quartz cylindrical lens to transversely excite dye
solution contained in an upright 1 cm rectangular 4-window quartz fluorescence
cell. The ASE through a 0.8 mm pin-hole was detected using a JY HR 320
monochromator and a silicon diode array/optical multichannel analyzer OMA
(EG&G 1412F/1461) system. A sharp cut-off filter (Schott, KV-375) was placed
in front of monochromator to protect the detector from uv light including the
excitation beam, as illustrated in Fig. 2-1. The size of the excitation beam

focused on the cell without an excitation slit, is ~10.0mm (length) x 1.0 mm
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Slit

Cylindrical Lens

Cell |

Pin-hole

v

//

Spectrometer

Fig. 2-1 ASE gain spectroscopic system

(width). The upright angle of the cell is set ~ 3 ° to reduce the interference of
reflection beams. The entrance slit width of the monochromator is set at 50 um.
The high voltage supply of the PRA LN 100 No laser is set at 16.0 kV under
pressure of the pure N2 of 30 psi. Digital data from the EG&G 1461 detector
interface was collected and analyzed using an IBM AT connected to the 1461

interface unit via the first serial port (COM1). To avoide damage from moisture

No
SRS Interface L
' (SR245) Trigger Delay |—» g
e
r
Detector
----- B S o Lerromaot.
— (EG&G ( 1412F) [ [WY HR 320) | |Cell| -
1461) > . :
See Fig.2-1/

Fig. 2-2 Control diagram of the ASE gain spectroscopic system

on the detector at low temperature, the vacuum of the detector unit (EG&G
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In order to obtain the ASE gain spectra, the following equation can be
applied to calculate the ratio (R = I_(A)/lg3_(A), or B = I (A)/14,0(A) ) of the
average ASE spectra || (A) and Iz (A) or I4,o(A) with full (L=3.6 mm) and partial
(2/3L=2.4 mm or 1/2L=1.8 mm) excitation slit width (refer to Appendix A):

I1

_ GAL _
I (M) "m0 (¢ 1)
Zln(R—-l) (R= ll,/lu/m)
G(A) = 3 (1)

fm{l [(R —1)+\/(R - 1)2 +4(R - l)]} (R = ‘L/‘wm'-)

2
where Il is a wavelength dependent parameter including the instrumental

response function which is independent of the excitation slit width and can be

cancelled from the ratio of the ASE spectra with different excitation slit width.

In order to protect the detector, the counts of the ASE have to be kept
less than 15,000 using different neutral density filters (ON series of Polaroid) in
the visible region. The uv/vis absorption spectra of tiiese filters measured on
Cary 2200 spectrophotometer, are shown in Fig. 2-4. The fit functions of these
absorption spectra were used in the program SDAGF for calculating the

corrected ASE spectra.
2.2.2 UV/Vis absorption spectrophotometry and spectrofluorimetry

Most uv/vis absorption spectra were measured on the double-beam Cary
2200 spectrophotometer (Varian). The baselines of the spectra were obtained
from the absorption difference between the two quartz cells (1 cm) filled with
solvent which were allowed to thermally equilibriate for at least a half hour before
the measurement. Then, the sample measurements can be obtained using

program PCCONT on an interfaced IBM pc/2 computer, in which the baseline
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can be automatically subtracted from the spectrum (details see Operation
Manual of Cary 2200). In order to avoid the nonlinear effect due to saturation,
the maximum optical density (OD) of the solution in the 1 cm quarnz cell, is kept
in the range 0.8~1.2 for quantitative analysis. Additionally, while the Cary 2200
was occupied, some uv/vis absorption measurements were done on a Pye
Unicam PU8800 (Phillips, double beam), PU8B600 (Phillips, single beam), and

Beckman DU-8 (Beckman, single beam) uv/vis spectrophotometers.

The fluorescence spectra were measured using an MPF-44 (Perkin-
Elmer) fluorescence spectrophotometer with a xenon lamp. The typical

experimental conditions are listed in Table 2-2:

Table 2-2  Experimental condition of MPF-44 spectrophotometer

Mode Excitation Emission
Measurement Energy Slit Scan Slit Scan
(nm) (nm/min) (nm) (nm/min)
Wavelength
Drive Single 2.5 60 2.5 60
Photometric AC Dynode Voltage (V) Dynode Voltage (V)

Manual Dynode
Voltage Int 950 750

The spectra were recorded using a Perkin-Elmer £6 recorder. The recording
rate is varied with the spectral scanning rate of excitation or emission. Details
can be found in the MPF-44 spectrophotometer operation manual. The stability
(~1%) of this spectrophotometer is sensitive to the instrumental sensitivity and

time. Forthe quantitative analysis, the reference spectrum (pure solution
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without any additional species) was measured before measuring the spectrum of
the sclution with additional species. The concentrations of the solute in the
reference and samples are the same. The emission spectra have not been
calibrated with standard solution with similar spectral coverage (300 ~ 400 nm
for excitation and 400 ~ 600 nm for emission) (e.g., quinine sulphate in
H2504),8 because the study of the complexation involves changes in magnitude

of the spectra only at a specific wavelength.
2.2.3 Absorption and fluorescence titration

To study the complexation of either ground or excited state, systematic
changes in the concentration of the added species were done using titration
technique. This involves adding a certain amount of the species Qp into one
container with known volume of the stock solution B to prepare solution A ([QS]).
The concentrations of the solute Qg in both solutions are the same ([Qg]). Then,
a series of spectra can be obtained by measuring samples with different
concentrations of the species A, but the same concentration ([Qg]) of the solute
B by adding different volumes (v;, i=1..n) of solution A into the cell with initial

volume (Vg). Thus, the concentration [7,] of the species A after the nth (n>1)

dose satisfies:

>y,
[QA]= —=2+—[Q}]
Vv, +2vI
1=0

while the solute concentration is kept the same ([Qg)).
224 Chemicals

n-Butyl acetate (nBuOAc) (Fisher reagent), and acetonitrile (Caledon
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distilled in glass) were refiuxed over CaHo for 1 h and distilled under high purity
nitrogen flow. 1-Butanol (Fisher Certified A.C.S.), chloroform (CHCI3) (Accusolv
distilled in glass), dichloromethane (CH2Clo) (Anachemia spectro),
chlorobenzene (CgHsCl) (Aldrich 99%), and 2,2,4-trimethylpentane (iso-octane)
(Matheson Coleman & Bell spectro), cyclohexane (CgH14) (OmniSolv distilled in
glass), methanol (Accusolv distilled in glass) have been used without further
treatment. Preliminary studies of the ASE of coumarin-1 in untreated and CaHo-

treated dichloromethane gave, in contrast with nBuOAc, identical results.

Among the coumarin dyes illustrated in the previous section, the 7-
diethylamino- 4-methylcoumarin (C1, C460) (Exciton) was recrystallized from
methanol-water and sublimed; 2,3,5,6-1 H,4 H-tetrahydro-8-methylquinolazino
[9,9a,1-gh] coumarin (C102, C480) (Exciton), and 7-diethylamino-4-
trifluoromethylcoumarin (C1F, C481) (Eastman Kodak), were recrystallized from
methanol; the 7-ethylamino-4,6-dimethylcoumarin (C2, C450) (Exciton) was

used as received.

The glassware used for distillation were heated at 140 °C for at least 12
hours in the oven. Only the intermediate fraction of the distilled solvent was
used to prepare the sample. The recrystallization was done by dissolving the
dve into warm (~ 60 °C < the melting point of dye) alcohol or alcohol/water
mixture to make a saturated solution. The clear saturated solution was
transferred into another container through a filter paper at the same
temperature. Then the crystallization occurred gradually as the temperature
decreased. In order to gain more product, the temperature was dropped to ~ 10
°C lower than the room temperature using a thermoelectric cold plate (TCP-2 of
Thermoelectric Unlimited Inc.). The crystals were washed several times using

pure alcohol at the same temperature, and were air dried on filter paper. The
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residual moisture on the crystals was removed under vacuum. To avoid
contamination from the pump oil, the pumping tube was passed through a cold
trap using solid CO2 before connecting to the container with the crystals. A
microsublimation apparatus (Fisher) was used to sublime small amounts of dyes.
Since the vapor pressures of these dyes are very low under 1 atm. pressure, the

sublimation was done under vacuum (~0.1 torr).
2.3 Steady state fluorescence and ASE gain kinetics
2.3.1 Fluorescence quenching

For a normal two-component system, the ratio of fluorescence intensity at

wavelength A with and without

0 n
quencher (I(A) and °(A) k.- kg, R kq[Q] o Zky- K
respectively), can be considered N Kq B I
as the sum of two contributions Kia Jl\(l_a)opblp km\"\aopa b
* * K

from the free (A, B ') and A< N B
complexed species (refer o
Scheme 2-1): Scheme 2-1

I(A)/1P(A) =B g/d°5 + B(L) (Dp/d°p) (2)

where ®; and @7 (i= a or b}, are the quantum yields with and without quencher
(of free or complexed species respectively), and B(A) is the ratio of the intensity
when the solvent has been completely replaced by quencher to that in neat
solvent. In the far blue region shown in Fig. 2-5, the contribution of the complex
can be eliminated (B(A) — 0). Thus, the intensity ratio in eq. (2) can be simply

replaced by the quantum yield ratio of the free species, which should satisfy eq.
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{AYIP(A)=dg/d°g = (1-a)/(1+Kgy[Q]™) (3)

where o is the fraction of the incident light absorbed by ground state complex B

and satisfies:13-16
o= K[Q]m/(cpa/opb+K[Q]m) (4)

In eq. (4), cpi(lp) (i=a,b) are the absorption cross sections of species A and B,
and xp is the pumping (excitation) wavelength, and Kgy is the Stern-Volmer

constant14 defined by:
Ksv = kqta/(1 + K-qTb) (5)

where 15, Tp are the lifetimes of excited 'free’ and complexed species defined as
the reciprocal of Zkg and Zkp, respectively, and K, kq and k_q are the equilibrium
and kinetic constants illustrated in Scheme 2-1; m and n are the stoichiometries

of ground and excited state complexes, respectively.
2.3.2 Gain coefficient

The small-signal ASE gain is proportional to the population of the excited

state as described in eq. (6):29,35
g(A.1) = oe(AIN() - gai(r) (6)

where og(A) is the stimulated emission cross section, N is the population of the
fluorescing state, and gg; is the sum of possible losses due to the internal
transitions between excited singlet-singlet and triplet-triplet states. In view of the
location of the singlet-singlet absorption banc100 and the near-unity quantum
yields of coumarin-1 in aprotic and moderately polar protic solvents,87,88,90,94

the gain of coumarin-1 in aprotic (iso-octane, nBuOAc, and CHoCl2) or
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moderately polar protic (nBuOH) solvents can be approximated by eq. (7):
g(At) = ce(AN(t) (7)

The experimentally observable ASE gainin eq. (1) is the integral of eq. (7) with

respect to the exposure time of the detector as expressed below:
GO = J, gt = oe(h) ) Nityat ®)

The ASE gain ratio of excited state species B* and A" can be simply represented

by:
Rg = Gp(*p)/Ga(ta) (9)
= [oeb(M/cea®], [B*()idv, [A'()]dt = [Gep(R) cea(M] Rp

where ogj, (i=a,b) are the stimulated emission cross sections of species A" and

B, respectively, Rp is the ratio of the maximum population of species B and A"
23.3 Relationship between Rg and Kgy or K

The gain ratio (Rg) determined from ASE gain experiments is proportional
to the ratio (Rp) of the integral populations as described in €q.(9). On the basis
of the kinetics illustrated in Scheme 2-1, the differential populations of A" and B

with respect to time can be expressed by the following equations:

d_[d’;_] = (1=, +K [ B 1~ (T K, + K QT + 0,0, )| A']
. (10)
_d.%_l = ol + K QYA 1= (T Ky +K g + Ol 1 B’

where [A'], [B'] are the population ot excited states, ogj (i=a,b) are the

stimulated cross sections of species A and B; Ip and lgj (Ip dependent) are the
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pumping photon rate per area, and stimulated emission photon rate per area of

species A" and B"; and the rest of the terms are defined in Scheme 2-1,
2.3.3.1 Excited state equilibrium pumping at threshold ( lgj — 0, i=a,b)

Under transient conditions corresponding to excitation att = 0 by a -
function laser pumping of negligible duration,15% which is valid for the short
duration Ny laser (tp = 300 ps) in comparison to the lifetimes of fluorescence
species (1j = 3 nS), a zero pumping rate per area (lp = 0) in the equation set (10)
can be assigned fort> 0. Therefore, the equation set (10) can be simplified by

eliminating the first terms and the stimulated emission (lgj, i=a,b) as follows:

dIA ), s
A2 - k81— k(4] "
i”—d-’f—-1=k,,lQr[A‘1—k2[B‘1

where the coefficients: kq = Zkg + Kg[Q]"; ko = Zkp + k.g.

From eq. (11), the population of species B* can be represented by the

population of species A* as follows:
(B = (d[A™Yidt + k1 [A kg (12)

Introducing the first-order derivative of eq. (12) with respect to time into
eq. (11), and replacing [B*] ineq. (11) by eq. (12), the simple second-order
differential equation of [A'] with respect to time is given by the following

equation:
d2[A")/dt2 + B d[A")/dt + C [A] =0 (13)

where B = k1 + ko, C = kko - k-qkq[Q]n.
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Since B2-4C = (kg - kp)2 + 4k.gkglQ]" > 0, the population of species A’

can be solved from eq. (13) as:156

[A"] = Cq exp(-s1t) + Co exp(-sot) (14a)

where C1, Co are the constants that can be found by considering the initial

conditions (will be discussed later), the parameters s > are:

_05[13 JB? 4c] nan
0o 5]

and the B, C are defined in eq. (13).

With eq. (12) and eq. (14), the population of species B can be expressed

in the form of

[B'] = [(k1- 51)C1exp(-s1t) + (k1 - sp)Coexp(-s2t)l/kq (15)

Under the transient conditions, the initial populations of both species

([A'(O)], [B"(0)]) excited by a & - function laser pulse at t = 0, can be presented

by:

get

[A(0)] = (1- @)lo (16a)
[B"(0)] = g (16b)

By introducing the initial conditions (eq. (16)) into egs. (14) and (15), we

[A(0)] = Cq +C2 = (1-)lg (17a)
[B"(0)] = [(k1- 51)C1+ (k2 - s2)Calk.q = (1- )lg (17b)
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Replacing C2 in eq. (17b) by eq. (17a), and dividing the non-zero

common factors of C4 in both sides, the constants C1 2 can be obtained:

Cq = [k.qo - (k- 82)/(1- a)]lp/(s2 ~ 51), (18a)
Cz =[(k1- s1)(1- @) - k.qo]lo/(s2 - 51). (18b)

Since the experimental observable ASE gain ratio Rg is proportional to
the ratio of the integral populations of species B and A” as described in eq. (9),
the integral populations of both species, which can be solved from egs. (14),

(15), and (18), are as follows:

(m oo
[1a%1dr = [(Ge™ + e e = .’l.;.[ak_q +(1-a)k,]
0 0

) [1B" 1t = [((k, = 5)Ce™ + (k= 5,)Coe™ ) k.t (19)

0

[(1-a)k, (01 +ak,]

~ |-~

Therefore, the gaiis ratio can be derived from egs. (9) and (19) as:

Rg = (oeb/oeal{aky + (1-a)kg[QI)/[(1-a)kz + ak-g], (20)
where k1 2 are defined in eq. (11).
(i) Excited state complexation at o — 0 (or K — 0).

For the dynamic quenching process, the ASE gain ratio Rg in eq. (20) can

be simply expressed by:

Rg = (0eb/CealhqlQl"k2 = (0eb/CealkglQIV[Zkp + k.q] (21a)
= (ceb/Cea) (1/1a)Ksv[QIN = KaselQI"

where k1 2 have been replaced by the terms kg + kq[O]”, and Zkp + k.g,
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respectively. Hence the Kagg obtaiiied from ASE gain measurement is related

to the Stern-Volmer constant Kgy (defined in eq. (5)) by:

KASE = (Ceb/Cea)(Tt/Ta)Ksy (21a)
where 1j = 1/Zk;, (i = a, b) are the lifetimes of species A’ and B
(ii) Ground state complexation only

By ignoring the excited state complexation {(dynamic quenching process) (
kq[Q]n « aZkg, K.q « (1- «)Zkp ), the ASE gain ratio can be obtained from eq.
(20) by eliminating the terms with kq[Q]n and k.q, as expressed by the following

equation:

Rg = (ceb/Oea)ak1/[(1-a)ka] = (Ggb/Oea)(Zka/Zkp) ov/(1-a)
= (0eb/Cea)(0pb/Opa)(1/T1a)KIQI™ = Kase[QIM (22a)

where o/(1-a) has been replaced by the terms of (opb/opa)K[Q]m from eq. (4).
Therefore, the Kpgg constant obtained from ASE gain measurement can provide

information about the ground state complexation by:

KASE = (Oeb/0ea)(0pb/Opa)(th/Ta)K (22b)
where K is the ground state complexation constant with stoichiometry m.
2.3.3.2 Effect of pumping intensity

In the above discussion, the pumping intensity effect!7-21 represented by
the stimulated emission rates (lga, and lgp) in equation set (10) was not
considered. Since the stimulated emission rate (lgg or lgp) is a function ot the
excited state population as well, the solution of the equation set (10), which

could only be solved numerically, is very complicated. However, for moderate
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pumping intensity with a small perturbation on the excited state population, the
excited state population can be assumed constant. Therefore, the solution to
the moderate pumping case can be found by derivations similar to those used
for the threshold pumping case, except that the coefficients k9 2 in egs. (11)-

(20) are now given by:

k1 = Zka + kq[Q]n + Gealea (233)
ko =Zkp +K.q + Oebleb (23b)

instead of those in eq. (11).

As the pumping intensity is increased above the threshold value (Wyp),
the stimulated emission will compete with spontaneous emission and
radiationless deactivation of species A* and B*, which leads not only to a
shortening of the decay time but also to strengthen the non-exponential
decay.18 For the purpose of extrapolation to the Kagg at the pumping intensity
threshold value, Kase(Wih), €g. (20) can be simplified for the dynamic

quenching process (o — 0):
Rg = (0eb/dealkq/k2 [Q]N = KasglQ)" (242)

Here the Kpgg constant obtained from ASE gain measurement can be described

by:

Kase = (0eb/Cea)(kg/k2)
= (Geb/Gea)kq/(Zkb + k.q + Geb,eb)
= (0gb/Oea)(1 + k-qip)(1 + K.gTp + Oebleb)Ksy (24b)

Since the stimulated emission cgplgh is pumping intensity dependent, eq. (24b)

can be expressed in the simple form of:
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Kase = Kase(Wth)/{1 + Tlgp(W)} (25)

where I' is a constant and Kage(Wtn) is defined in eq. (21b).
24 Application

2.4.1 Origin of the dual amplified spontaneous emissions (ASE) of 7-

aminocoumarin derivatives
2.4.1.1 Dual ASE of 7-aminocoumarin in unpurified n-BuOAc

The ASE spectrum of C1 or C2 but not the rigidified C102 in unpurified
nBuOAc showed two bands at 420 nm and 455 nm, consistent with previous
observations.36 However, further investigations of C1 in dried nBuOAc (or THF)
revealed a single ASE band at 420 nm, with only a trace of the 455 nm band,
and conversely in water-saturated nBuOAc solution.19:16 These results (Fig.2-6
show conclusively that the ASE band at 455 nm from coumarin-1 in nBuOAc
originates from traces of water probably H- bonded to the excited C1 dye and
not from a Twisted Intermolecular Charge Transfer (TICT)101-103. solvent

exciplex.36

The role of hydrogen bonding in the dual ASE of coumarin-1 in nBuOAc
was investigated by adding submolar concentrations of methanol or n-butyl
alcohol (nBuOH). Fig. 2-7b shows that the proportion of the long to short
wavelength bands was altered by the addition of methanol. In contrast, the ASE
spectra from C102 showed the normally observed continuous shift in the
wavelength position of the single peak with increasing alcohol concentration.
Though less dramatic, dual ASE was also observed for coumarin-1 in nBuOAc +

dried acetonitrile (AN) as co-solvent (Fig. 2-7a). This unanticipated resulit

37




"(v) ovongu pejeinjes-iajem (@) paup (0) payundun :u1L) jo enoads ISy 9-Z ‘614

WU ‘YISUdPARAA

ovy octv o0V
! 00

CYNELAEN |

- S°0

£)1suldjuy

38



Relative ASE

Relative ASE

C1/nBuOAc

-------------------- 0.7h1 “xN

————— LOM AN
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Wavelength (nm)

Cl1/nBuOAc¢
0.36M McOll
0.48M McOH

1,0
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0,0 e
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Fig. 2-7 ASE spectra of C1 in nBuOAc contammg (a) acetonitrie; (b)

methanol.
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seems to suggest that high dielectric constant solvents such as AN can also
participate in complexing with the highly polar excited state of C1. In this case,

H-bonding is not important.

At high concentrated or neat methanol (or nBuOH), structure, due
possibly to specific alcohol self-associated complexes with C1, can be observed
reproducibly in the long-wavelength C1 ASE band. In Fig. 2-7b, there are three
ASE bands at 455 nm (shoulder), 458 nm and 465 nm for C1 in methanol,
respectively. The intensity ratios of these ASE bands (455nm, 458 nm, and 465
nm) varies shot by shot at room temperature. By diluting the concentration of C1
into aalf (~4 mM) at room temperature, there is only a structureless long-
wavelength ASE band being observed. Under low temperature (~0 °C), the ASE
'red’' band appears to be unresolvable. These observations indicate a
temperature and concentration dependence of the ASE. Should these
observations be substantiated by future experiments, ASE would then be a
powerful technique to study alcoho! self-association157-160 in solution, since, as
far as we are aware, there 1s no method of direct measurement in solution at
ambient temperature of specific signals due to particular associated species of
alcohol, although important indirect information can be gained from

thermodynamic!57.158 and other methods. 159,160

The uv absorption of C1 (and coumarin-102) in nBuOAc + nBuOH was
studied to determine whether, as was in the case of 1-methylindole and
nBuOH,21 the ground state complexation was solely responsible for the
fluorescence properties. The uv abscrption spectra of coumarin-1 and C102 in
nBuOAc with different concentrations of nBuOH showed isobestic wavelengths

A at 369 nm and 378 nm, respectively, which shows that the dyes form

complexes with alcohol. For the equilibriuny:
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D+ mQ-= D-mQ,

the corresponding absorbance Agpg, from both the free and complexed dye is

given by:
[Dlo/(Ag-Aobs) = l(€ - gL 1(1 +K-1[Q)M) (26)

which is similar to the Bensi-Hildebrand ralation.161 In eq. (26), e and ey are
the extinction coefficients of the “free” (species A’) and complexed dye (B,
and Ag is the absorbance and [D]g is the dye concentration at [Q]=0. This
ecuation follows from the definition of the equilibrium for formation of a dye-
alcohol complex, in which the free dye concentration is expressed as a
difference in concentration between the initial dye concentration and the
concentration of complexed dye, i.e., {D]o-[Dex]; and replacing the free and
complexed dye concentrations by their optical absorbbances. Fig. 2-8 show the
fitting of the experimental data to eq. (26) with different stoichiometry m for C1
and C102, respactively. The data clearly show a best fit using eq. (26) for m-.2
(D..2(nBuOHY), D = C1 or C102) for both coumarin dyes. From the above plot,
we obtained K = 0.19£0.03 (C1) and 0.01620.003 M-2 (C102), which shows that
C102 is only weakly complexed to alcohol in the ground state. The extent of

complexation of C1 with alcohol in the ground ctate is non-negligible .

The fluorescence spectra of C1 and C102 in nBuOAc with different
amounts of added nBuOH (Fig. 2-9) showed an isobestic wavelength for C1 (A”
~ 425 nm) but not clearly for C102. To assess the reiative contribution of ground
and excited state dye interaction in the alcohol to the fluorescence quenching by
alcohol, the Stern-Volmer constant for fluorescence quenching of the “free"
excited state dye by alcohot was determined by calculating the fraction of the

total absorbed light and fluorescence intensity due to the free dye. The analysis
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was facilitated by exciting the dyes at their absorption A% (369 nm for C1, and
378 nm for C102, respectively) and keeping the dye concentration constant.
Under these conditions, the intensity of light absorbed by the system is
independent of the alcohol concentration and remains constant. Knowing the
ground state equilibrium constant, the fraction of the total incident light absorbed

by the ground state complexes can be calculated from the eq. (4) as:
a = (K[QM)/(1 + K[QIM) (27)

where apg = Opp OF € = £cx , and the ground state stoichiometry m=2 for both C1
and C102 (refer to Fig. 2-8) has been applied. The fluorescence quantum yield
ratio for the uncomplexed excited state dye, ®,/®! , can be obtained from the
measured total fluorescence intensity ratios /19, where | and I© are the
intensities in the presence and absence of [ROH] (refer to eq. (2)). From the
relationship between &,/®! zd the concentration of nBuOH [Q], the Stern-
Volmer constant Kgy can be obtained from eq. (3). The data from both C1 and
C102 in n-butyl acetate containing different amounts of nBuOH (Fig. 2-10)
displayed a good fit to eq. (3) with n = 1 and Kgy = 5.320.8 M-1 for C1; and n=2
and Kgy = 2.5+0.8 M-2. For C102, the stoichiometry of the complex does not
appear to change under excitation. But, the ablity to form the complex seems to
be stronger in the excited state. The fluorescence results taken together with
those from absorption show that the principal quenching process by alcohol is

dynamic quenching of the excited state and not that ground state complexation.

The result for C1 implies (i) detachment of one alcohol molecules upon
excitation of the complex, consistent with a large dipole change (i.e., a highly
dipolar C1 ') and rupture of a H..N bondin C1": or (i) fluorescence inactive

ground state H-bonded C1.
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The detachment of one alcohol from the complex for C1 but not for C102,
could explain the presence of dual ASE bands for C1 and only one ASE band for
C102, it H-bonded C-102 is fluorescence inactive. The data presented thus far
suggest that in the presence of a hydroxylic component such as alcohol, excited

C1 and its hydrogen-bonded complexes are in equilibrium:
C1" +HOR =[C1..HOR]",

and that the two ASE bands (at 420 and 455 nm) are due to free and complexed
dye molecules. If this is correct, then the ratio of the gain factors for the two ASE
bands, G(455nm)/G(420nm) should be linearly dependent on the alcohol
concentration as derived in egs. (20) - (22). The application of ASE gain

measurement will be discussed in next section.
2412 Dual ASE of C1 in chiorohydrocarbon solvents

in chlorohydrocarbon solvents, the solvent dependency of ASE was
observed (Fig. 2-11), in which, the intensity ratio of two ASE bands ( Ragg = 147

/5" ) follows the order of:

Rase(CeHsCl) < Rase(CHCI3) < Rage(CH2CIR).

The empirical polarity (E2 6) of these chlorohydrocarbon solvents (Table 2-3), it
is parallel to the order of Ragg observed in experiment. Such behavior indicates
the existence of the hydrogen bonding effect in the chlorohydrocarbon solvent.
The activity of the chlorohydrocarbon solvent to form the H-bond with polar

solute molecule can be represented by the empirical polarity (EY ) as listed in

Table 2-3.
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Fig. 2-11 ASE spectra of C1 in (a) CgH5Cl; (b) dried CHCI3 (solid line)
and CDCIg3 (broken line); (c) wet CHCI3; and (d) CH2Cl».
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Table 2-3: Comparision of Rage of C1in Chiorohydrocarbon Solvents

Solvent E; 6 Rase
(kcal/mole)
Chlorobenzene 37.5 0
Chloroform 39.1 0.5
Dichloromethane 411 100

The difference of Ragg in the dry and wet chloroform (Fig. 2-11b,c)
provides additional evidence of the H-bond effect as discussed above.
Meanwhile, the isotope effect on the dual ASE has been preliminarily tested.
The relatively weak 'red ASE band in CDCl3 in comparison to that in CHClg
(Fig.2-11b), may be due to its weak ability for forming the hydrogen bonded

complex in chlorodeuterocarbon.

24.2 Amplified spontaneous emission gain spectra of 7- aminocoumarin

derivatives in different solvents

2.4.2.1 Studies of excited state complexation of 7-aminocoumarin

derivatives in different solvents by conventional spectrofluorimetry.

(i) The fluorescence spectra of coumarin-1 in nBuOAc containing different
amounts of CHaClo (refer to Fig. 2-5), show slight shifts in the peak position with
concentration of CHoCla. This is mainly due to the excited state complexation

between dye and quencher (CHoClp). The Stern-Volmer constant Kgy



determined from eq. (3) is much larger than that of the ground state constant K
from uv/vis absorption study (as listed in Table 2-4) which implies a higher
capability for complexation in the excited than the ground state. The polarity
(EY 6) of the chlorocarbons which have been investigated, are between aprotic
solvents and alcoholic solvents. In a system containing nBuOH, significant
changes in the fluorescence spectra have been observed due to strong H-

bonding between alcohol and dye in the excited state as indicated earlier.

Table 2-4: Kinetic Constants of C1 in different solvent-mixtures:

E} of Quenching constants
(M-1) Kd
Solvent  Quencher quencherd KsvP KaseC (M-1)
n-BuOAc nBuOH 0.602 5.3 4.9 0.2¢
nBuOAc CHoaClo 0.309 0.40 0.33 0.09
iso-Octane  nBuOAc 0.241 0 0.4 0.33(0.26)f

aReference 6; 2 From conventional spectrofluorimetric study (eq. (3)); “‘Under 100 kW pumping
intensity, if not specified; d From uv/vis absorption study; €In unit of M-2; fNo dynamic
contribution; K=0.26 M1 was obtained from fluorescence spectra using eq (27b).

(i) In the iso-octane/nBuOAc system, where there is no H-bonding in the
excited state, there is only a slight shift in the fluorescence spectra of coumarin-1
with increasing concentration of nBuOAc. The value of the Stern-Volmer

constant for dynamic quenching in the excited state determined from eq. (3) was

found to be zero. With Kgy = 0, eq. (3) for the fluorescence quenching
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becomes:
D/ d°5=1-0a (28a)

Since the sample is excited at the isobestic wavelength (lp = A2 ), the ratio of
OpalOpp = 1ineq. (4) defining a, and eq. (28a) for the ground state equilibrium

becomes:
Dy/d°g = 1/(1 + K[Q)M) (28b)

The value of K = 0.26 M-1 obtained from the fluorescence quenching using
equation (28b) (Table 2-4) is similar to that obtained from the absorption

measurements.

Table 2-4 also shows that the Stern-Volmer constants increase in the

order:
Ksv (nBuOAc) < Ksv (CHaClp) < Ksv (nBuOH) (29)

which parallels with the trend of the quencher polarity (EY 6). The most sig-
nificant factor, however, appears to be H-bonding between dye and quencher,

consistent with our earlier conclusion.

2422 Studies of excited state complexation of 7-aminocoumarin

derivatives in different solvents using ASE gain measurement

As discussed in the previous section, the gain ratio of complexed and free
species should satisfy eq. (21a). A linear relation between Rg and concentration
of CHoClo has been observed in Fig. 2-12 as expected. The ASE quenching
constants Kagg obtained experimentally in nBuOAc with CH>Clo and nBuOH

(Table 2-4) are comparable to their Kgy from conventional spectrofluorimetry as
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mentioned in the above section. Since the increases of gain ratio Rg with
CHoClo or nBuOH are mainly due to excited state complexation between dye
and CHoClo or nBuOH (dynamic quenching), Kagge should satisfy eq. (21b) with
unit stoichiometric constant (n = 1) as observed experimentally. Similarly, the
Kasg constant of C1 in the co-solvents, iso-octane and nBuOAc should be

directly related to its ground state constant K (refer to eq. (22b)).

2.4.3 Agreement between conventional spectrofluorimetry and ASE gain

measurements

When the dominant process is dynamic quenching as in the case of C1in
nBuOAc mixed with nBuOH, the value of the Kagg at threshold, 5.2:0.3 M1
should be consistent with that determined from the Stern-Volmer quenching. By
estimating the ratios of ogp(455nm)/cgg(420nm), 1h/15 of coumarin-1 in pure
nBuOH and nBuOAc as listed in Table 2-5, an ideal value of the Kagg constant
(Kagg=5.8£1.7 M-1) can be estimated from the Kgy determined from
conventional spectrofluorimetry by means of eq. (21b). This value is similar to
the Kagg constant determined by extrapolation to the threshold intensity (Wyp)
using eq. (30) (Kage(Wih)=5.2+0.3 M-1). The agreement between these two
estimations of Kagg also confirms the anticipated equivalence of these two

techniques for studying the excited state complexation.

Similarly, the weak binding of C1 in iso-cctane mixed with nBuOAc, is also
observed from their ASE gain spectra. To increase the signal, 200 kW pumping
intensity was applied to get a gain ratio that satisfies the eq. (22a) (m=1). A
value of the Kagg constant obtained by using eq. (22a) in Table 2-4 is
comparable to the ground state complexation constant K from uv/vis absorption

studies as presented by eq. (22b).
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[CH2Clz2] (M)

Fig.2-12  Plot of ®°/®, -1and Rg vs. [CHCl]. (@): ®° /D, 1
([C1]=0.035 mM) from conventional spectrofluorimetry fitted by dark dots
(Kgy=0.40 1/M); (O): Rg ([C1]=8.0 mM) from ASE gain spectroscopy fitted
by solid line (Kapgg=0.33 1/M)
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Table 2-5: Comparison of Kagg of C1 in nBuOAc containing different
amounts of nBuOH from ASE gain spectroscopy to that from conventional
spectrofluorimetry

Cgb/Oea? /130 Kgy M1 KaseC M1

1.4 0.85 5.3+0.8 5.2+0.3 (5.8+1.7)
a.The stimulated emission cross section agj(};) (i=a,b) is given by the relationship.31
Sei = MAE;(A)/(8rticn;2),

where E;(2;) is the fluorescence line shape function, n; the refractive index of the solution at
wavelength 4;, 1 is the lifetime of fluorescing state without stimulated emission and c the velocity
of light in vacuo. Therefore, the ratio ot the stimulated emission cross section of coumann-11n
nBuOH and that in nBuOAc can be estimated by

Oeb/Oea = (Ayra)* 12/ ) (Na/Np)A(Ep(Ap)Ea(ra)
= (AyA2)* (12/1p) (Na/Np) 2/ Ta) = (Ap/Aa)¥(na/np)2
= (455/420)31 = 1.4,

where the fluorescence line shape ratio at peaks (Ap=455 nm, and A5=420 nm) is approximated
by its quantum yield ratio under assumpition of equal band width, and the index ratio can be
assumed to be unity; quuaI to its quantum yield ratio in reference 94; € Obtained from the best
fit (eq. (30)); d Estimated from the Stern-Volmer constant using eq. (21b)

24.4 Effect of the pumping intensity

At pumping intensity above the pumping threshold (W 2 Wip), we expect
and observe an exponential dependence with respect to the pumping intensity
for relatively small ASE signals.30 The dependence of the total ASE (Iagg) of
C1in pure nBuOH at peak position (Ap = 455 nm) on the pumping intensity (W)
is shown in Fig. 2-13. The circies are the experimental points and the solid line

is the best fit computed from the equation:
|asg = 4103 { exp(0.00909(W - Wip)) - 1} (30)

with Wip, = 80£5 kW.



Since the spontaneous emission (Igp) contribution is negligible (Igp « lgp)
for pumping intensities W > Wiy, the stimulated emission (lgp) can be
considered as the total ASE (lgp = lagg). Applying eq. (25) to simulate the
experimental values of Kpogg by considering eq. (30) as the pumping intensity
dependence of the stimulated emission (lgp) in eg. (25) for pumping intensities

W 2 Wy, we obtain:
Kase = Kage(Win)/{1+0.341[exp(0.00909(W - Wip) - 1]} (31)

where Kase(Wih) = 5.2¢0.3 M-1. The results are shown in Fig. 2-14 where the
filled circles are the experimental values from the slopes of gain ratio (Ry) vs.
concentration of nBuOH using eqg. (21a), and the solid curve is calculated from

eq. (31).

2.4.5 Advantage of ASE gain spectroscopy in comparison with

conventional spectrofluorimetry

In Fig. 2-15, the separated two-component ASE gain spectra of C1in
nBuOAc with different amounts of CHoClo, were obtained directly from eq. (1).
By comparison with their fluorescence spectra in Fig. 2-5, significantly higher
resolution is observed for the gain spectra, which are very powerful for

identifying multiple components with closely emissive peak positions.

During sample preparation, the gain ratio (Rg) was found to be relatively
insensitive to the variation of the C1 concentration (x1x10-4 M). By comparison
the quantum yield ratio measurements from conventional spectrofluorimetry
were carried out with C1 concentrations of 0.035 mM and the difference between

each sample and reference had to be less than 0.5% or = +10-7 M.
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by eq. (21b)

56



Relative Gain

/ i
10l |
08| | .
II \\
, ,"‘x ‘\
);‘:‘i k \\‘
\\\‘ ‘
SR y— 1 3.0
{ ) ‘\‘ﬁ“{ E ‘ / )
e T 15 (M
/ (
| A WA A WA l ]
v M0 L 0B
2

4500 5000

Wavelength (A)

Fig.2-15 Relative ASE gain spectra of C1 (8.0 mM) in nBuOAc
containing different amounts of CH2Cl» (03 M) using eq. (1)

57




s

2.5 Conclusions
251 Further studies

In the above studies, the application of ASE gain measurement has been
successfully applied to study dynamic and static complexation. But, it still has
not been widely applied in other areas. However, the preliminary test of the
isotope effect (Fig. 2-11b) does imply a potential role in this area, which could
provide an alternative method for studying the formation of H-bonded complex in

chlorohydrocarbons or chiorodeutrocarbons.

For a hydroxylic environment, e.g., methanol, the ASE of 7-
aminocoumarins have been probed to observe temperature and concentration
dependent fine structure. The origin of this fine structure is not clear. It could be
the aggregation of the alcohol,157-160 the depopulation of the temperature

sensitive vibrational states, etc..

The 7-amino-4-trifluoromethylcoumarin does not absorb strongly enough
at the 337 nm line of the N laser to permit ASE gain measurements significant
for study of its complexation with B—cyclodextrin in water. However, such studies

should be possibie by applying a higher output N2 laser or other laser sources.

The principle of this dual ASE and its nonlinear pumping intensity
dependence possess high potential for its application in Optical Computing as a

Bichannel Ontical Logic Device, details have been proposed elsewhere.163
252 Conclusion

Dual ASE from C1 in a polar environment originates from an excited state

quasi-equilibrium concentration of H-bonded or acetonitrile-solvated complex.



The results are inconsistent with a planar ICT and an evanescent laser-excited
population of TICT-nBuOAC exciplex as an explanation for the previously
reported dual ASE from C1 in nBuOAc. The present results and those from
parallel ESA studies32-34 of C1 in nBuOAc indicate a single non-90°
conformational (with respect to the ring C-N bond) excited state species that is
significantly more polar than that of C102. Of signiticance to the use of coumarin
dyes in laser applications is the sensitive dependence of the ASE profiie from C1
in dried nBuOAc on the concentration of hydroxylic co-solvent. This suggests
that the lasing profile can be tuned by adding a smali quantity of alcohol. In
addition, this sensitive ASE dependence on hydroxylic co-solvents can be used
to selectively probe for H-bonded excited-state dye molecules whose normal
fluorescence is usually obscured by that from the free C1 dye. The results for
the coumarin C1 dye illustrate that the strongly overlapping normal fluorescence
bands can be experimentally "deconvoluted” into two characteristic ASE bands
due to distinct species of fluorophore. The origin of the fine structure observed
in the ASE of C1 in nBuOAc at high or pure alcohol concentrations are not

known but may be due to solvent structure.

The excited and ground state complexation of coumarin-1 in different
solvents with or without quenchers has been investigated and a correlation
between ASE gain spectroscopy and conventional spectrofluorimetry has been
established which has been confirmed in both experiment and theory. Although
obviously limited to fluorophores capable of undergoing stimulated emission, the
advantages of ASE gain spectroscopy in comparison to that of conventional

spectrofluorimetry, have been found to be:

a) higher frequency resolution to permit identification of multicomponents

with close band positions;
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b) easier sample preparation (no precise requirement of dye concentration);

c) fast datatreatment.

By comparing the excited state quenching constants with empirical

parameters of proper quencher polarity E Y 8 the reduction of the ASE gain of

free species or enhancement of the ASE gain of complex with respect to the

quencher polarity EJ , can be explained by the formation of H-bonding between

dye and quencher.

60



Chapter 3: PICOSECOND EXCITED STATE ABSORPTION (ESA) &
AMPLIFIED EMISSION (AE) of 7-AMINOCOUMARIN
DERIVATIVES and CYCLODEXTRIN COMPLEXES

3.1 introduction
3.1.1 ESA and AE of 7-aminocoumarin Dyes in Ditferent Solvents

The important 7-aminocoumarin laser dye have been the subject of recent
fluorescence studies concerning the role of the conformation of the amino group
in the excited singlet internal charge transfer (ICT) state of the
aminocoumarins.87,88,90,94 The perpendicularly twisted conformation of the
internal charge transfer (TICT) state has been unequivocally established for the
excited 4-dimethylaminobenzonitrile (DMABN) archetypal model system as one
which has a maximal dipole moment from full electron transfer, a low quantum
yield energy dissipative state, and fluoresces uniquely at a lower frequency than

does the planar form of the ICT excited state.101-103

Although the necessary condition of an amino group that is already in, or
able to rotate to, the perpendicular configuration is met in the aminocoumarins,
the experimental evidence on the sufficiency of this condition for formation of the
TICT state in these molecules is less clear-cut: dual emission due to the planar
and perpendicularly twisted conformations of the dialkylamino group, has not
been observed even in the most polar solvents, nor has the excited stc e
absorption (ESA) of the TICT state been observed. However, a difference in the
fluorescence quantum yield of the flexible and constrained 7-aminccoumarins is

observed. The quantum yield (d) of the flexible 7-aminocoumarins (e.g., C1, C2,
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and C1F, etc.) shows a strong solvent dependence. The trend of the quantum
yield is parallel to that of the fluorescence litfetime and drops dramatically by a
factor of 10 or more from aprotic to protic solvent, especially in water ($~0.05 for
C1 and ~0.01 for C1F).90 By contrast, for the constrained 7-aminocoumarin
(e.g., C102, C102F), the change in quantum yield with solvent is less dramatic
than that of flexible 7-aminocoumarins (e.g., C1, C2 and C1F, etc.) as listed in
Table 3-1. On the basis of fluorescence quantum yields and solvatochromic red
shifis in alcohol, Rettig and Klock94 have concluded that, for C1, the TICT state
is only partially developed in the hydi .yii. and polar solvent, such as methanol.
However, the recent observation o du.. « iued spontaneous emission from
C1 in moderately polar solvents such as dichloroethane and n-butyl acetate
suggested that popuiation of a distinct TICT state of C1 is sufficient for
stimulated emission to occur.36 But, the origin of this dual amplified
spontaneous emission (ASE) has been fully explained by the H-bonding effect
instead of the solvent exciplex of the TICT state in n-butyl acetate and

chlorohydrocarbon solvent itself15.16 as discussed in the previous chapter.
3.1.2 Complexation of 7-aminocoumarin Dyes/Cyclodextrin

Cyclodextrins (CD's) are naturally occurring cyclic oligomers of glucose
that have a cylindrical shape and are noted for their ability to complex small
molecules within their interior due to their size and hydrophobic nature.128,130
As a result, CD's have been used extensively to model protein-ligand and
enzyme-substrate interactions.127 They have found widespread application in
separation sciences, 164 selective synthetic strategies, 165 in molecular
recognition, 16 and have been used as color-change indicators, 126 srobes of
molecular photophysics,22 or as chemical sensors.125 There are a number of

observations of fluorescence enhancement when CD's have been included in
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Table 3-1: Quantum yield (®) of 7-aminocoumarins in different

solvents87,88,90
C1 Ct1F
Solvent @ Ratiogp 1 b Ratiog 1
ethyl acetate 0.99 1 3.1 1.09 1 4.6
acetonitrile 1.03 1 3.4 0.091 0.09 0.60
ethano! 0.73 0.7 3.1 0.09 0.09 0.85
water 0.055 0.06 0.4 0.011 0.01
C102 C102F
cyclohexane 1.05 1 2.6 0.9 1 43
acetonitrile 0.91 0.9 3.3 0.56 0.43 5.6
ethanol 0.95 0.9 4.5 0.38 0.26 3.4
water 0.66 0.6 59 0.12 0.1

the aqueous medium containing fluorescent species (i.e., dye), in which the

conventional spectrofluorometric technique23-25,92,109,133 or time-resolved



emission spectroscopic methods59,60,134,167 have been used to study the

formation of D-CD complexes.
3.1.3 Objectives

In this chapter, there are two objectives presented. (i) The picosecond
time-resolved excited state absorption (ESA) and Amplified Emission (AE) of C1
in different solvents are examined in comparison to the rigid aminocoumarin
C102's. Inthe absorption measurements, we attempt to detect the ESA
spectrum of C1 in polar solvents and to determine whether a unique TICT ESA
spectrum is observed and whether such TICT ESA spectrum follows the pattern
of the simple systems. Information on the ESA of the TICT state is sp.arse.102
Results on the simple model DMABN168 and more recently on carbonyl
derivatives of dimethylaniline169 show that the absorption spectra of these
compounds are very similar to a superposition of the nearly non-interacting
radical ions resulting from the charge transfer. However, the ESA spectrum of
the 10-anthryl-p-dimethylaniline system appears to be complex.169 Probe pulse
stimulated time-dependent amplified emission (AE) to monitor the population of
the excited singlet state, although not normally used in pump-probe ESA
experiments, should nevertheless be possible and should provide useful
information in the present system where there are potentially one or more short-

lived weakly emitting states.100,172a

(i) The time-resolved pump-probe excited state absorption (ESA) and
amplified emission (AE), and time-resolved fluorescence measurements are
applied to investigate the photophysical behaviour of 7-aminocoumarin-CD

complex in aqueous medium, to obtain more adequate information about the



structure of the complexes. On the basis of specific information, the possible

structures of D-CD complexes have been deduced and are discussed.
3.2 Experimental Section
3.2.1 Picosecond time-resolved absorption laser system

A Nd:YAG laser system was used consisting of a passively mode-locked
(Kodak 9740 dye in chlorobenzene) 7.0 mm x 90 mm oscillator (ends at
Brewster angle), a 7.0 mm x 115 mm preamplifier and a 9.35 mm x 115 mm
amplifier, a KDP frequency doubler and tripler (type Il) which produced
frequency-tripled single pulses (up to approximately 4 mJ) at 355 nm with a
pulse duration of 35 ps (full width at half-maximum (FWHM)). Time-resolved
spectra were recorded using the pump-probe technique (Fig. 3-1).45.52,100
The 355 nm uv excitation beam was split off from the collinear second harmonic
and fundamental beams using a 355 nm reflecting/1.06 um transmitting beam
splitter. The transmitted 1.06 pm pulse was optically delayed by approximately
10 ns and then focused, using a 1 m focal length lens, into a 5 cm cell containing
a solution of 30% H3PO4 in HoO to generate the continuum probe pulse which
provided useful coverage from approximately 390 nm to 750 nm. The coverage
of each spectrum depends upon the calibration function of the OMA (250
channels) at the specific grating wavelength of the monochromator. Using a
Hamamatsu C979 streak camera equipped with a C1000 type 18 head, the
FWHM of the polychromatic continuum puise was found to be approximately 35
ps. Variable delays of up to 10 ns between the probe and excitation pulses were
obtained by inserting a vanable optical delay line (L.j=24.75 cm) in the path of
the exciting uv pulse. To measure the spectrum and intensity of the probe

beam. a portion was split off (using a prism beam splitter) for use as a
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“reference” beam. The spectrum of the "reference" beam (which bypassed the 2
mm path length sample cell) was recorded simuitaneously with that of the main
"sample” probe beam ( which examined the excited portion of the sample cell )
by focusing both beams at different heights along the slits of a monochromatoi -
spectrograph (instrument SA (JY) model HR-320) fitted with a silicon intensified
target (SiT) vidicon detector (EG&G PAR model 1254) with two-dimensional light
sensing capabilities. The probe beam impinged on the samgle cell at an angle
of 2.5 ° with respect to the excitation beam. The main parameters of the system

are listed in Table 3-2.
Table 3-2: Main Paramelers of the System

FWHM (ps) Spectral Region Delay Time  Pumping Enerqgy

~ 35 395 ~ 645 nm (600 nm4) 0~10ns <4md
425 ~ 675 nm (610nm4)
475 ~ 730 nm {640nm4)

@ The grating wavelength of the monochromator
3.2.2 Chemicals

Dichloromethane (CH2Clp) (CP), poly(ethylene-glycol) (Aldrich, MW .600),
methanol (Accusolv spectro), and water (distilled) have been useda without
further treatment. The 7-diethylamino- 4-methylcoumarin (G1, C460) (Exciton)
was recrystallized from :aethanol-water and sublimed; C102 or C480 (2,3,5,6-
1H,4 H-tetrahydro-8-methylquinolazino [9,9a,1-gh] coumarin) (Exciton), and 7-
diethylamino-4-trifluoromethylcoumarin (C1F, C481) (Eastman Kodak), were

recrystallized from methanol. The B-cyclodextrin (Aldrich) was recrystallized
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from HPLC water and has no detectable fluorescence. The purification

procedurcs have been described in section 2.2.4.

The D-CD aqueous solutions were prepared as described in reference!70
and used for absorption or fluorescence titration as described in section 2.2.3.
The ground state absorption and excited state fluorescence spectra were done
on a Cary 2200 (Varian) uv/vis spectrophotometer and an MPF-44 (Perkin-
Elmer) spectrofluorimeter (see section 2.2.2) at Dépt. de Chimie, UQAM,
respectively. The optical densities (OD) in 2 mm quanz cell at 355 nm of all
samples were kept in the range of 0.3 ~ 1.0 for ESA studies, and ~0.1 for time-
dependent fluorescence decay (TDFD) measurements. The time-dependeni
fluorescence decay (TDFD) measurements were carried out at the Biology
Division, NRC, Ottawa. The system (Ar+, Rhodamine 6G dye laser, 310 nm)83
is described in Chapter 5.

3.3 Excited State Absorptior: Data Analysis

The transmission of the probe beam T(A,t) at time t, and wavelength A is

given by the following expression:171
T(A1) = exp{G(A, 1)L} (1)
where L is the excited sample length and G is the gain coefficient.

For the wavelength region in which there is no significant ground state
absorption (i.e., wavelengths are longer than 410 nm in methanol ), the gain

G(A.t) is given by:

G(At) = {og(A) - as(Mns(t) - or(A)nT(t). (2)



The first term in eq. (2) is the positive gain due to the stimulated emission, the
second is loss due to singlet ESA and the third is loss due to triplet ESA, where
oe()), og(A) and oy(A) are the stimulated emission, the Sy— S absorption and
the T1 — T, absorption cross-section, respectively. ngit) and ny(t) are the
populations of the singlet excited state S4 and the triplet excited state Ty,

respectively.

Since the triplet decay term 17 TnT(t) « 157 Tng(t), 17~ Tny(t) can be
neglected due to relatively long lifetime of the excited triplet state, increased

population of the triplet excited state T4 at instance t, can be given by:

nt(t) = Qr{ng(0) - ng(t)} (3)

where the quantum yield of the triplet formation Qt = kjgcts, ks is the rate
constant for intersystem crossing from S4 — T4 and 1g is the lifetime of S4.

Substituting for n(t) from eq. (3) into eq. (2), we get:
G(A.1) ={oe(A) + o1(A)Qr - o5(M)}ns(t) - 07(A)Qrng(0). (4)
Since the absorbance A(A,t) = -log T, we have:
A(L) =-0.434 { [og(A) + o7(A)Qr - 65(Mns(t) - o7(M)Qrns(0) L. (5)
For the limited conditions:

()  Atshortwavelengths, where {cg(A) » oT(\)QT, o5(M)}, the negative
absomtion (due to AE of the probe pulse) decays according to the population

function ng(t) as:

A(\Y) = - 0.434 og(M)ng(t)L. (6)
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(ii) At isobestic point (A = Ajgp), Se(A) + o7(A)Qr - og(A) = 0, A should be
independent of ng(t), therefore, we expect no changes in the absorbance of the

probe pulse with respect to time at this specific wavelength (A,s5):

G(Aiso) = - Qrorng(0) (7a)
A(Aiso) = 0.434 [QyoTng(0)]L. (7b)

(i)  Atlong wavelengths, the contribution of the stimulated emission can be
ignored (cg = 0). Thus, the change of the absorbance with time, depending on
the magnitude of the triplet absorption term Qtor relative to the singlet

absorption cross-section og is:
A(AY) = - 0.434 { [oT(M)Qr - og(M)ng(t) - o7(A)Q7ns(0) L. (8)

From the above model and assumptions, we expect the following
absorbance changes: at short wavelengths, a decay of the negative absorption
due to AE of the probe pulse; a wavelength where the AE i1s balanced by the
singlet and the triplet ESA, resulting in no time-dependent absorbance changes;
and at long wavelengths, the changes of absorbance depending on the relative
magnitudes of Qro1(A) and og(A) associated with the triplet and singlet excited
states. Since decay of the AE and ESA depends on the same population
function of the Sy state, ng(t), we expect these two signals to have the same

decay constant.

3.4 Time-Resolved Excited State Absorption (ESA) and Amplified
Emission (AE) Spectra of
3.4.1 7-aminocoumarins in different solvents
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Time-resolved AE spectra of C1 in methanol which appears as the
"negative absorption”, and the short wavelength portion of the transient
absorption are shown in Fig. 3-2. The transient absorption spectra (maxima at
approximately 630 - 640 nm) between 1 ns and 10 ns are shown in Fig. 3-3.
The emission at 400 - 550 nm consists of the AE of the probe pulse, which
examines the population of the emitting state, and the non-time resclved
amplified spontaneous emission. The amplified spontaneous emission appears
as a residual background emission at long probe delay times. Clearly, if the AE
and ESA originate from the same species, we expect from eq. (5): (i) decay of
the AE signal, (ii) decay (if the singlet absorption dominates the triplet
absorption) of the ESA signal at the same rate as the AE, and (iii) the
appearance of an "isobestic" wavelength in which the absorption does not
change with time during the decay of the singlet excited state (eq. (7)). The
appearance of an "isobestic" wavelength in the time-resolved spectra (Fig. 3-2)
is clearly in evidence as are the decays of both the AE and ESA (Fig. 3-3). The
decay kinetics of the ESA ( 1gga = 2.620.1 ns) are identical with those of the AE
(Tap = 2.320.3 ns) (Fig. 3-4). These results show that both signals originate
from the same excited state. The conclusion is further supported by the
expected decrease in the lifetimes ( tgga = 1.4 £0.3 nsand tag = 1.5£0.5 ns) of
both signals from C1 in a water-methanol solution containing 9.3 M water, and
leaded in a decrease in fiuorescence quantum yield with increased polarity of the
solvent. 90,94 The excited state observed by the ESA and AE can be assigned
to the singlet excited state on the basis of the short lifetime. The lifetime of the
triplet excited state of C1 in ethanol is known to be of the order of
microseconds.!72b This assignment is in agreement with the independently
determined single-photon fluorescence decay value (2.1 ns) of C1 in methanol

(details are discussed in chapter 5).
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The remaining broad absorption at 10 ns (maximum at approximately 630
nm, Fig. 3-3), which is rather simiiar to the absorption at early times, can be
assigned to the triplet excited state for the following reasons: (i) this is not the
initially formed species; (i1) the same transient is observed in less polar solvents
and from C102, C314, C334172a (where the possibility of formation of radicat
ions is less likely); (iii) the internal crossing time is obtained from the slow rise
time of fluorescence intensity of C102, C314 and C334;172a (jv) the spectrum of
this transient is virtually identical with the triplet excited state observed from flash

photolysis of C1 in ethano! on a microsecond time scale.172b

The picosecond transient spectra of C1 in the other solvents
(dichloromethane, water and PEG) Fig. 3-5 are similar to that observed in
methanol and to that of C102 (Fig. 3-6). However, in dichloromethane, we were
unable to measure a significant decrease in absorption from picosecond to
nanosecond time reqion. In water, the magnitude of the decrease in the
transient ESA from C1 was not sufficiently large for the quantitative estimation ot
the decay constant. However, the AE signal showed a clear rapid decrease (
Tag = 43050 ps ). This lifetime is in accord with the value of 410+10 ps
obtained from fluorescence lifetime measurements (chapter 5) independently. In
the case of C102 in water, the transient absorption actually increases from 100
ps to 5 ns. These results are interpreted to mean that not only are the singlet
and triplet ESA transitions similar in energy, but, they also possess comparable
oscillator strengths throughout the absorption wavelengths investigated. Thus
depending on the quantum yield of formation of the triplet excited state and the
extinction coefficients of the excited singlet and triplet states, the transient

absorption can either decrease, when the singlet absorption dominates, or
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increase, when the triplet excited state absorption dominates, as described
earlierin eq. (8). Such triplet ESA leads in changes in fluorescence quantum
yield of these 7-aminocoumarins in polar solvents. The observed increase in
transient absorption with C102 in water can be interpreted in terms of a greater
yield of the triplet excited state since the structural constraint of this molecule is
such that the TICT state, which may offer a competing rapid decay channel, can
not be formed. lIdeally, the singlet ESA can be identified by applying (i) the
intersystem crossing rate k;g¢ from the rise time of fluorescence using the time-
resolved fluorescence spectroscopic technique, (ii) the decay time g of AE from
the time-resolved transient absorption measurement, and (iii) the maximum
triplet ESA intensity at lcng delay time after complete depopulation of the excited
singlet state (ng —0). From eq. (8), the relationship among these above

parameters (for 1g «10 ns) can be expressed by the following equation:
A(A,10ns) = 0.4340, (M)k, - Ton (0L (9)
Thus, the cross section of the triplet ESA can be found:

2.304A(A,10ns)
ke Tsng(0)L

or(A)= (10)

Therefore, ESA intensities at long wavelengths satisfies the following equation:

A(A,1) = A(A,10ns) —[A(A,10n5)/n(0) - 0.4346, () L]n (1) (11)

By applying the exponential decay of the population at the excited singlet state of

eq. (12)
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n (t)=ng(0)e™'* (12)
into eq. (11), the cross section of the singlet excited state can be estimated from

the following relation:

A(L,t) = A(A,10n5) =[A(A,10ns) - 0.4346,(L)ng(0)L]e™"" (13)

where the initial population at the singlet excited state can be estimated from the

the number of the probe molecules (C102) with a factor of 105,

The AE from C1 in dichloromethane was intense, and not surprisingly, in
view of the increased fluorescence yield in solvents of moderate polarity (refer to

Table 4-1), consisted mainly of non-time-resolved AE of the spontaneous
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Scheme 3-1 Excited States

fluorescence. It is reasonable to assume in our case, that the similar spectra
observed for C1 and the rigid C102 aminocoumarin in highly polar aqueous
solution, and for C1 in solvents of lower polarity, are associated with non-fully-
twisted ICT state; the (short) lifetime of the ICT state of C1 in aqueous solution
(0.4 ns) is determined by the rate of conversion of the ICT state to the TICT state

and by the lifetime of the TICT state. The TICT state can be considered as a
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nonradiative state with fast rate of conversion to the lowest excited triplet state.
The excited states are illustrated in Scheme 3-1, in which scheme (a) and (b)
can be assigned to C102 and C1 in polar solvent, respectively. Both scheme (a)
and (b) can offer the similar ESA spectrum without distinct TICT contribution for
C1in polar solvent as we observed in experiment. For scheme (c), the fast
decay of triplet ESA would be expected, which is not observed experimentally for

either 7-aminocoumarins.
3.4.2 C1/B-cyclodextrin complexes
3.4.2.1 Formation of C1/BCD complexes

From uv/vis absorption and steady state fluorescence (excited at isobestic

point Ay =A% ) studies, as shown in Fig. 3-7 and Fig. 3-8, the ground state
P

150

complexation dominates the mechanism of fluorescence enhancement in

presence of B-CD with high ground state association constant (Fig. 3-9a) in the
order of 104 (v-1) instead of 102 (M-1).24 The kinetic study of the farmation of
ground and excited state complex 12,16 as discussed in chapter two, has been

applied to distinguish the origin of the florescence enhancements in Fig. 3-8.

From Fig. 3-8, the weak contribution of excited state complexation (Kgy —
0 M1 in comparison to K ~ 104 m-1) has been calculated and illustrated in Fig. 3-
9b. Therefore, the formation of D-CD complexes is dominated by static

process.15,16

3.4.2.2 Picosecond time-resoived amplified emission (AE) and excited

state absorption (ESA)

The picosecond time-resolved AE & ESA spectra of C1 in methanol, in

water with or without B-CD (10 mM) at 50 ps, are shown in Fig. 3-10. The
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shift of AE peak position due to the environmental polarity known from the
steady state study,b and shows that C1 included in B-CD (Fig. 3-11) is in an
environment of polarity intermediate between methano! and water. Meanwhile,
the change of the kinetic decay from AE & ESA spectra of these systems (Table
3-3) parallels the tendency of the AE peak position change (tMeoH > T3-CD/H20 >
TH20) for both C1 and C1F/BCD complexes in aqueous solution. But, as we
know from the steady state fluorescence studies (Figs. 3-8, 3-9b), the
fluorescence peak position should correspond to the poiarity of the empty cavity
which is like alcohol,127,128,130 if the probe molecule occupies the empty CD's
cavity. The results obtained from the AE & ESA spectra contradict this

expectation.

Table 3-3: Comparison of the lifetimes in AE & ESA studies:

Dyes Solvent CD's Apg, NM 1, NS
C1 Ho0 None 471 0.43+0.05
C1 Ho0O B-CD 456 0.620.2
C1 MeOH None 440 2.3x0.3
C1F HoO None Noned None?d

C1F HoO B-CD 530 0.05+0.01
C1F MeOH None 523 0.37+0.08

4 No AE & ESA was observed from 0.05 to 10 ns within limits of apparatus.
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3.4.2.3 Time-resolved fluorescence measurements

To answer the above question, additional time-resolved fluorescence
studies were carried out. The results show that the decay of the fluorescence of
C1/B-CD (~10 mM) in water follows a triexponential decay kinetics with 85% of
two similarly short-lived (0.3+0.1 ns and 0.5+£0.1 ns) and 15% of long-lived
(2.5+0.1 ns) components. The species associated spectra (SAS)74 are shown
on Fig. 3-12, using multiexponential- component kinetics (details see chapter 5).
The lifetimes of the short-lived species are similar to that of C1 in water, and that

of the long-lived species closes to that of C1 in methanol (Table 3-4).

Table 3-4: Comparison of lifetimes of C1 in time-resolved fluorescence
studies:

Solvent CD's Kinetics TrL (nS) TAg (NS)
Ho2O None Single-exponential  0.416+0.001 0.43+0.05
HoO B-CD Tri-exponential 2.310.1

0.5+0.1 0.6+0.2
0.320.1
MeOH None Single-exponential  2.100+0.001 2.3+0.3

On the basis of information obtained from the time-resolved
measurements, such as kinetic decay time of the emitting state, the coexistence

of short-lived and long-lived components was reported in
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pyrene/cyclodextrin/alcohols,167 and potassium 2-(p-toluidinyl)naphthalene-6-
sulfonate/cyclodextrin/surfactant system,60a using time-resolved fluorescence
techniques. But, until now, there is no report on the kinetics and the dynamics of
the formation of 7-aminocoumarin dye/cyclodextrin complexes in aqueous
solution using time-resolved transient absorption and fluorescence
spectroscopies. In comparison with AE & ESA results (Tables 3-3, 3-4), the AE
position of C1 included in B-CD and the lifetime of the excited state, can bé
explained by the overlapping of three fluorescent components as detected in
time-resolved fluorescence measurements. Since the majority (85%) of the
complexes are the short-lived species, the lifetimes found in AE & ESA studies

are of the same order as that of C1 in water.

The co-existing short (85%) and long-lived (15%) components in
presence of B-CD could be explained by co-existing normal and inverted D-CD
complexes as illustrated in Figs. 3-13a, b23 where the normal complex should
have a long lifetime due to alcohol-like environment inside the empty CD's cavity.
Conversely for the inverted complex, the environment seems similar to that in
water and a much shorter lifetime is observed (Tables 3-3, 3-4). But, the reason
for forming two short-lived complexes is still arguable109 considering the
hydrophobic nature inside the CD's cavity and charge transfer (CT) properties of

coumarin dyes.

However, since the C1 molecules have been completely included inside
CD's cavity (complexed) as observed from ground state and steady state
fluorescence studies, the more acceptable structure of D-CD complexes can be
considered as the normal form as illustrated in Fig. 3-13a. The pre-existing HoO
molecules inside CD's cavity are coexisting with dye molecule rather than

excluded.109  As a result, the co-existing HoO molecules inside the CD's cavity
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can build a water-like environment for the short-lived normal complex (Fig. 13c).
In other words, a majority of CD cavities include HoO molecules to build up a
water-like environment; 15% of CD's cavities exclude HoO molecules with more

alcohol-like environment as illustrated in Fig. 13a.

Fig. 3-13 (a) Normal; (b) inverted; (c) normal with HoO; and (d) unsolvated TICT
C1/B-CD complexes



Meanwhile, the origin of the shortest-lived species found in time-resolved
fluorescence measurements (Table 3-4), may be due to the unsolvated twisted
internal charge transfer state (TICT) of C1in the empty CD cavity (Fig. 13d).
But, this is contradictory to the nonradiative characteristics of the TICT state.

Therefore, the origin of this shortest lifetime component is still not clear.

3.5 Conclusion
3.5.1 Further studies
3.5.1.1 ESA and AE studies

In the ESA study of C1, C102 in methanol, and water, some additional
work can be done in future: (i) The effect of the solvated electron absorption
which can be subtracted by applying the spectral simulation using the results
from the radiation studies;!73 (i) The explanation about possible TICT
contribution to maintain the stable ESA for C1 in aqueous solution could be
made clearer by excluding the contribution from the solvated electron; (iii) There
is the possibility of calculating the excited singlet state cross sections by
integrating the time-resolved transient absomtion spectra with respect to time.
From egq. (5), the integral of transient absorption with respect to time can be

given by:

A =] A(tydt = -0.434] L{ [0g(}) - 55(A)Ing(t) + oT(A)Qr{ns(t) - ng(0)]}dlt
= Lloe(M) - og(A)] [ ng(t)dt + Lor(h)Qr Jing(t) - ng(0)]ct (14)

where the integral of the sncond term is equal to zero. Thus, the integral of the

transient absorption can be found as:

A(\) - - 0.434[cg(A)-05(N)]LIng(t)dt = -0.434[cg(A)-05(M)]Lng(0)ts  (15)
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where 1g is the lifetime of the excited singlet state.

For the limited cases: (i) at short wavelengths, 6g(A) = 0, the stimulated

emission cross section can be quantitively estimated by:
op(A) = - 2.304 A(A)/ (ng(0)1sl); (16)

(i) at long wavelengths, 6g(A) = 0, the excited singlet state cross section is

simply given by:
Gs(k) = 2.304 A(l)/ (nS(O)TsL\ (17)

where the initial population of the excited singlet state can be considered as the

number of dye molecules in the solution with a factor f,, " under assumption of

full excitation.
3.5.1.2 Dye-Cyclodextrin complexes

The steady state fluorescence study of C1, C102/-CD in aqueous
solution’4 done in Biology Division, NRC, Ottawa, may offer some valuable
information about the difference in complexability of these two dyes with p-CD.
The difference can be explained by the following reasons: (i) the molecular size
of C102 is comparable to the cavity diameter of B—CD; (ii) the reiatively poor
cationic character of C102 due to the rigid amino group and less charge
separation in comparison with that of the conformational mobile C1 molecules

with a potential TICT state.

™ This factor fy, can be approximated by: fy = [ E, / (hvp )]e""'”’ el where Ep is the pumping

energy; € (vp) is the ground state molar absorption coefficient at pumping frequency vp; and h 1s

the Planck's constant.
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To better understand the formation of D-CD complexes, and proving the
coexistence of the water molecules inside the CD's cavity, the dry D-CD solid
dissolved into aqueous solution, can be used for further studies. The
preparation method of the solid inclusion complex used by Scaiano, et al.,132b
in studying the xanthone-CD complex, can be introduced to make dry D-CD solid

(without water molecules inside the CD's cavity).

For veriftying the formation of TICT state D-CD complex (Fig. 3-13d),
alcohols can be chosen as the ideal solvent to study the kinetics of the D-CD
complexation using single photon counting techniques. The formation of the
partial TICT state for C1 in alcohols (methanol) was predicted from MINDO
calculation and spectrofluorimetric studies.94 If two fast-decay components
exist in C1/CD methanol solution, but notin C1/CD butanol solution (which is the
critical point for the significant TICT formation®0), along with single decay
kinetics for the C102/CD in the similar solvents, it will provide strong evidence for
the existence of TICT state of C1 complexed with B—CD in aqueous solution.
Meanwhile, a system like C1/CD in chlorinated co-solvents, could be used to
verify the possibility, and study the kinetics, and dynamics of exiting HoO

molecule from the CD's cavity92 using single photon counting techniques.
35.2 Conclusion

Time-resolved AE has been observed in the transient absorption spectra
of C1 in solution using a pump-probe experimental arrangement. The spectral
changes consisting of AE at short wavelengths, a time-independent wavelength
region and ESA at longer wavelengths are consistent with a single excited state
species. On the basis of the similar transient ESA spectra observed for C1 and

the "rigid” C102 aminocoumarin in aqueous solution, and for C1 in less polar



solvents, the transient is assigned to an excited ICT state100 rather than to a
TICT state of C1.92 These results do no appear to support previous evidence

for the formation of a TICT-solvent exciplex in moderately polar to polar solvents.

The independent time-resolved measurements of coumarin dye-CD
complex, provide some information about the structure of the D-CD complexes.
The time-resolved AE spectra of D-CD in aqueous solution possess an
intermediate peak position and decay time between that of C1 in methanol and
aqueous solution. This is evidence that there are water molecules inside CD
cavities, which can not be identified by steady state fluorescence studies.123-
25,92,104,133. The tri-exponential decay of the time-resolved fluorescence
spectra observed in C1/BCD in aqueous solution, is an another example of CD
inclusion complex and differs from the other cyclodextrin inclusion system.60a
The majority of the D-CD complexes decay much faster than C1 in methanol, but
slower than C1 in water, which is consistent with their AE results. The further
studies will focus on the identification of the co-existing HoO D-CD complex

(Fig. 3-13c) and the possible unsolvated TICT D-CD complex (Fig. 3-13d).



Chapter 4: SOLVATOCHROMICS of 7-AMINOCOUMARINS

4.1 Introduction

Molecules dissolved in a solvent undergo intermolecular interaction with
the solvent in both the ground and excited state,5:6,65,70,101 which is reflected
in changes in ground state absorption and fluorescence spectra with solvents of
different polarity. The change can be quantified by a plot of the difference of the
maximum absorption and the fluorescent band (represented by the peak
frequency) versus solvent polarity function known as a solvatochromic
plot.5:6.101 A commonly accented polarity function is that due to Mataga and
Lippert.5 Exceptions are observed when a conformational change occurs in the
excited state such as the formation of a twisted intramolecular charge transtfer

(TICT) state.101-103

The mechanism of this phenomenon has been studied for about thirty
years. The intermolecular interaction between solute and solvent can be due
t09C (i) changing the charge transfer band due to the H-bond formation; (ii)
dipole-dipole interaction; (iii) dielectric dispersion ¢f solvent; and (iv) the
formation of the TICT state.101-103 A significant solvatochromic shift was
observed for bis(N,N-dialkylamino)phenyl sulfones in homologous alcohol
solvents,!74 in which a very high slope for the ‘red band (TICT) and a more flat

slope for the 'blue band with polanty of the solvents have been found.

For the 7-aminocoumarin dyes, 01 a linear solvatochromatic plot satisfing
the Lippent-Mataga equation is observed in aprotic solvents. Such linear

behaviour is not found in protic solvents. The mechanism of the nonlinear
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phenomenon is not clear and could be due to the formation of TICT state as

pointed out by Rettig and Klock for C1 in alcohols.94

In contrast to the thoroughly studied polarity properties of pure liquids,6a
only little is known about the polarity of mixtures of liquids,175-177 which are
rather useful for studying solvent effects due to continuously adjustable
properties of various solvents by changing the mixture ratio. Based on Rettig
and Kiock's interpretation,94 and the significantly lower fluorescence quantum
yield for C1 and C1F in comparison with that of C102 and C102F in alcohols and
water,87,88,90 and the difference in the sclvatochromic plot between the
flexible C1(or C1) and the rigid C102 (or C102F) in the co-solvent system is a
reflection of the conformational change asscociated with the formation of TICT

state in C1 or C1F, but not in the rigid species (C102, C102F).
4.2 Experimental Section
4.2.1 Chemicals

Cyclohexane (BDH, distilled in glass), n-butyl acetate (Fisher, spectro),
acetonitrile (Caledon, distilled), 1-butanol (Fisher, spectro), 1-propanol ( Fisher,
spectro), methanol (Accusolv spectro), Dichloromethane (CH2Clo) (Anachimia,
spectro), and water (NANO Pure, distilled) have been used without further
treatment. The 7-diethylamino- 4-methyicoumarin (C1, C460) (Exciton) was
recrystallized from metnanol-water and sublimed (as described in section 2.2 .4);
C102 or C480 (2,3,5,6-1H,4H-tetrahydro-8-methylquinolazino [9,9a,1-gh]
coumarin) (Exciton); 7-diethylamino- 4-trifluoromethylcoumarin (C1F) (Exciton)
and C102F or C530 (2,3,5,6-1H,4 H-tetrahydro-8-trifluoromethylquinolazino

[2,9a,1-gh] coumarin) (Exciton), were used as received.



4.2.2 Sampling and measurements

For the binary solvent system, the samples were made by titrating two
stock solutions of ditferent compositions with the same molar concentration ot

the coumarin dve. (For detailed information see section 2.2.3)

The ground state absorption and excited state fluorescence spectra were
done on Cary 2200 (Variar.} ... vis spectrophotometer and MPF-44 (Perkin-
Elmer) spectrofluorimeter (see section 2.2.2) at Dépt. de Chimie, UQAM,
respectively. Unfortunately, calibration of the wavelength position was not done
in the measurement. But, it can be considered as a constant factor which is

acceptable over a small wavelength region.

4.3 Solvatochromics of 7-aminocoumarin Derivatives
4.3.1 in pure solvents
4311 Lippert-Mataga relation

According to the Lippert-Mataga relation:5¢

2 (u,-1,) e-1 nl-l
Av =0, -vf = ———4 -——)+Z 1
T e & (2£+I 2n'+1) M

where v},, v} are the frequencies at peak position on the absorption and
fluorescence spectra, respectively. u,, i, are the dipole moments of the ground
and excited states, respectively; n ande are the refractive index and dielectric
constant of the solvent. The constants hand c are respectively, Planck's
constant and the velocity of light in vacuum. The Onsager radius a of the solvent
cage can be taken as approximately 40% of the long axis of the molecules as

suggested by Lippert for elongated nonspherical molecules.5d Zis a minor term
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related to the sum of the maximum vibronic energy in both ground and excited

singlet states.5¢

The solvatochromic plots of C1 and C102 in different solvents are
illustrated in Figs. 4-1, 4-2. The horizontal shift of the solvatochromic plot of C1
in aprotic solvents in comparison with that in protic solvents (Fig. 4-1), is
consistent with the H-bonding effect from the H-bond donating protic solvents.
The linear fit for the shifts of C1in apiotic scivents is computed by the method of

least square as:
Avgt = (4.3£1.0)F(g,n) + (3.020.2) (2)
where the function F(e,n) is derived from the eq. (1) as defined by:

e—1 n’-1

F(e,n) = -
2e+1 2n°+1

3)

This is similar to the linear fit function obtained from C102 in the whole range of

solvents as:
A'Ust = (40i07)F(€,n) + (341‘02) (4)
Since the excited state dipole moment is much larger that that in the ground

state u,» 11, ,5C the excited state dipole moment can be estimated from the slope

in eq. (2) for C1 or eq. (4) for C102, which are of the same order, if the Onsager

radius is assumed to be the same for both.

The nonlinear solvatochromic plot of C1 in protic solvents is in sharp
contrast with the linear plot for C102, and may be due to their conformational

difference in excited state. The difference in the fluorescence quantum yield
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Fig. 4-1 Solvatochromic shift of C1 in aprotic (@) and protic (O)
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studies between these two molecules seems to further support this

view.87,88,90 5ych solvatochromic behaviour is similar to the solvatochromic
study of the other coumarin dyes (7-N-dimethylamino-4-rnethylcoumarin, and 7-

amino-4-methylcoumarin).178

The nonlinear change of Avgg for C1 in protic solvents, but not in aprotic
solvents, is attributable to the formation of the TICT state 102 whose dipole
moment is much larger than that of the planar ICT state and leads to the change
in the slope of the solvatochromic plot as described by eq. (1). The increased
dipole moment of the TICT state is due to the full charge separation in contrast
to that of the planar ICT state.103 As observed by Rettig and Kiock,24 the
threshold for nonlinearity is between butanol and propanol, which is exactly the
same as was observed from with experiment shown in Fig. 4-1 (open circles).
Therefore, the question about the origin of the fluorescent state of C1 in protic

solvents has been raised, which is the main object in the following discussion.
4.3.1.2 Empirical Polarity ET(30)62

In Fig. 4-3, the solvatochromic shifts of C1 and C102 over the whole
range of solvents, are plotted with respect to the empirical polarity ET(SO)GEl
instead of F(g,n), where the H-bonding induced solvent polarity change is taken
into account. The linear solvatochromic behavior for both C1 and C102 in the
whole range of solvents clearly suggests that the origin of the fluorescence is the
planar ICT state in all cases.%0 From the Lippert-Mataga equation (eq. (1), such
linear solvatochromic shift should be proportional to the empirical polarity

ET(30), and satisfies eq. (5),

2 (1 -

YS— E,(30)+Z (5)

p— -
Av=v}, v} =
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The trend of the plots for both dyes in the whole range of solvents, seems to be
the same, in spite of the larger fluctuation for C102 in water. (This may be due to
the aggregation of C102 in water which shouid be verified again in the near
future.) Coupled with the solvatochromic shift, the fluorescence quantum yield of
C1 in protic solvent decreases with the polarity of the solvent as listed in Table 3-
1, which is due to fast internal conversion among the excited states including

TICT states as discussed in the previous chapter.

From ASE study in chapter 2, the H-bonding effects on 7-aminocoumarins
have been observed.15,16 There are three possible modes for forming H-
bonded complexes:179 (i) H-N bond, (ii) intramolecular hydrogen bond, and (iii)
intermolecular hydrogen bond. In the presence of hydroxylic molecules in
solution, the third mode is the main mechanism for nonlinear solvatochromism
for C1 as obsered in Fig. 4-1. If Av is now plotted against the empirical polarity
ET(30) (see Fig. 4-3a), alinear plot is observed for both C1 and C102. The
empirical polarity parameter ET(30) takes into account of hydrogen bonding
eftects. In other words, when H-bonding is taken into account, there is no
difference in the solvatochromic plots between C1 and C102. Therefore, the
fluorescence band of C1 can be assigned to its planar ICT state, rather than the

TICT state.
4.3.2 in Binary solvents

A dramatic change of the fluorescence quantum yield was observed in
protic solvents for C1, and polar solvents for C1F (Table 4-1),90 which is
consistent with the prediction made by Rettig and Klock.94 This extraordinary
behaviour has been explained as being due to the radiationless decay of TICT

state in C1in comparison with the rigid species C102 (or C102F). Such
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expectation still has not been observed directly in experiments (unlike the dual
fluorescence of N, N-dimethylaminobenzonitrile (DMABN) in moderate polar

solvents180),

Since the polarity of a binary solvent can be adjusted continuously with
the mixture ratio, 179 this could be an ideal means to study the formation of TICT
state of C1 or C1F. The difference between the solvatochromics of C1 or C1F
and that of C102 or C102F, can be explained by two factors as: (i) the formation

of TICT state, and (ii) the H-bonding induced dipole-dipole interaction.

To take into consideration of the H-bonding effect, the empirical polarity
has been applied to this study. The nonlinearities of the empirical polarity

ET(3O)‘5"=l of some binary solvents (apiotic/protic, protic/protic) with respect to the
molar concentration of the more polar component, were studied systematically
and satisfied the empirical function with specific parameters for each binary

solvents as:179
C
E.(30) = E, In(=+ + 1) + EL(30) (6)
C

where Ep and ¢ are the parameters for each binary solvent mixture and can be
found in Ref. 175, Cp is the molar concentration of the more polar component,

and E%(30) is the empirical polarity of the less polar component as listed in Table

4-1,
4.3.2.1 Aprotic solvent mixture (nBuOAc/AN)

For the aprotic solvent mixture such as n-butyl acetate (nBuOAc)-

acetonitrile (AN), the solvatochromic plots of C1F and C102F of Fig. 4-4, do not
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Table 4-1. Polarities of the solvents used in this study

Solvent €a nd F(e,n)b ET(30)¢
cyclohexane 2.02 1.4262 -0.00165 31.2
n-butyl acetate 5.010 1.394 0.1709 38.0
tetrahydrofuran 7.58 1.4072 0.2096 37.4
dichioromethane 8.93 1.4242 0.2171 411
benzonitrile 25.7 1.528 0.2359 42.0
acetonitrile 35.94 1.3441 0.3046 46.0
1-butyl alcohol 17.51 1.3993 0.2635 50.2
2-propanol 19.92 1.3772 0.2762 48.6
ethanol 24.55 1.3614 0.2888 51.9
methanol 32.66 1.3284 0.3086 55.5
water 78.30 1.3330 0.3210 63.1

4 Dielectric constant and refractive index of solvents from Reference 6a; £ Equation (3); €

Empirical polarity of solvents from Reference 185
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Fig. 4-4 Solvatochromic shifts of C1F (O), C102F (@) in n-butyl acetate
(nBuGAc)/acetonitrile (AN).
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show any extraordinary behaviour. The empirical polarities of the mixture are

proportional to the mole fraction of the more polar component as expected:
ET(30) = X (EY(30)- EX(30)) + E;(30) (7)

where E! (30), E}(30) are the empirical polarities of the less, and more polar
components, respectively, and X, is the mole fraction of the more polar

component.

The solvatochromic shifts for both C1F and C102F in n-butyl

acetate/acetonitrile, are well fitted by the linear functions as:

Avgt(C1F) = (0.054+0.003)ET(30) + (2.420.1). (8)
and

Avst(C102F) = (0.0570.002)ET(30) + (1.8£0.1). (9)

These linear solvatochromic plots of C1F or C102F (Fig. 4-4) are similar to those
of C1 or C102 in different pure aprotic solvents as shown in Figs. 4-1, 4-2. In
comparison to eq. (7), the parallel solvatochromic plot as observed from these 7-
aminocoumarin dyes indicates that there is no difference in dipole moment of the
fluorescent state for either flexible or rigid species, while the Onsager radius for
both systems are assumed to be the same. The constant shift of the plot, AC =
0.06 x 104, cm™1, is the difference of the Stokes Shift between C1F and C102F
in aprotic solvent mixture. The direction of the shift of the plot is contrary to that
of the shift for C1 and C102 in aprotic solvents, which is about - 0.04 x 104, cm~1
from egs. (2) and (4). It could be due to the difference in maximum vibronic
rnergy of Z in eq. (1) between these two 7-aminocoumarins. The dramatic

quantum yield change for C1F in acetonitile can be explained by the loss due to
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the nonradiative internal transition from the TICT state to the ground state.90
The coexisting planar ICT state contributes to the fluorescence quantum yield as

discussed for C1.
4322 Polar aprotic and protic solvent mixture (AN/MeOH)

Due to the existence of the H-bonding effect,181 the nonlinear relation
between the mole fraction X and the empirical polarity ET(30) has been studied
in different solvent mixtures.175-177,182,183 |n this study, the binary system
consisting of unreactive acetonitrile (no H-bonding effect)184 and the H-bond
donor, methanol was chosen. The empirical polarity of the mixture can be
obtained using Dawber's!78 results from which nonlinearity of the empincal
polarity ET(30) with respect to the mole fraction of the binary solvent due to the
H-bonding effect is illustrated on Fig. 4-5. Fig. 4-6 shows the solvatochromic
shifts of C1 & C102 and C1F versus corrected polarity ET(30) of the binary
solvent (AN/MeQOH). The results shown on Fig 4-6, do not supply enough
information to allow interpretation such as: (i) no result with C102F can be
compared; (ii) there are missing the data for all these dyes in the binary solvent
from XmeOH = 0 to the synergistic maximum which is defined as the mole
fraction at maximum polarity. From the information we have, it 1s difficult to
distinguish the effect of the formation of TICT and the inhomogeneity of the
mixture. This needs to be completed through further studies as descnbed in the
next section. However, by combining Fig. 4-4 and Fig. 4-6 for C1F which shows
the solvatochromic shift continuously from n-butyl acetate to methanol, the
extraordinary behavior illustrated in Fig. 4-7, we could obtain some useful
information about the effect of the formation of the TICT state, which we believe

exist. It will also be interesting to study this for C102F.
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XMeOH

Fig. 4-5 Corrected empirical polarity ET(30) of acetonitrile

(AN)/methanol (O), and methanol/water (®) mixture with mole fraction of
methanol.176
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4.4 Conclusion
4.41 Further studies

According to Rettig and Klock's study,94 the quantum yield drop occuring
in 1-BuOH for C1 is explained by incomplete formation of the TICT state in which
the dimethylamino group is only partially twisted. Therefore, the solvatochromic
plots of C1 the propanol/methanol mixture, show an anomalous behaviour in
corparison with that of C102. Such extraordinary phenomena (if it would be
observed) would offer strong evidence to support the predicted formation of the
TICT state for C1. For comparison, since the formation of the TICT state for the
N, N-dimethylaminobenzonitrile (DMABN) is well known,101-103 it can be
selected as the probe to study the solvatochromic shift in binary solvents, such
as cyclohexane/acetonitrile, acetonitrile/methanol, and cyclohexane/methanol.
These three binary solvent systems can be applied to study (i) nonlinearity of the
solvatochromic shift due to the formation of the TIiCT state for the b band in
comparison with the linearity for the g band (planary ICT band); (ii) the H-
bonding effect on the dipole moment of the TICT band (reflecting on the slope
change, nonlinearity). These solvatochromic plots could be applied as the
reference to study the formation of TICT for the 7-aminocoumarin dyes. The
reason of excluding water as one component, is due to its complicated solvation

effect,6a that would make the problem more difficult.
4.4.2 Conclusion

The solvatochromic shift study of the 7-aminocoumarin dyes in pure
solvents is apparently consistent with the previous observations from other
typical TICT compounds (DMABN).101 Without considering the H-banding

effect, the nonlinear solvatochromic plot of C1 in protic solvents seems to
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suggest of the formation of a partially twisted intramolcular charge transfer
(TICT) state.94.100 However, when the H-bonding effect is taken into account,
by plotting solvatochromism of C1 against the empirical polarity (ET(30)) of
solvent, a linear plot is obtained. Therefore, there is no evidence for the
formation of a TICT state. The fluorescence of C1 originates from the planar ICT
state rather than the TICT state. Further studies are proposed, which could offer

enough information to distinguish these two effects in experiment directly.
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Chapter 5: IRREVERSIBLE SOLVATION DYNAMICS and KINETICS

5.1 Introduction

Interest in the molecular motions associated with chemical reactic .s in
solution has prompted an effort to understand the dynamics of solvation. The
effect of macroscopic solvent parameters (i.e., viscosity, polarity) on chemical
dynamics has been extensively studied for many decades.® These studies show
that only to, some extent the nature of solvent effects on chemical reactions can
be accounted for in terms of the changes the solvent induces on the potential
energy barrier and relative free energies of the reactants and products.64.65 n
order to understand dynamic solvent effects on chemical reactions, it is
necessary to determine the time scales of solvent dielectric relaxation as well as
to evaluate the time dependent forces, or dielectric friction, that the polar solvent

exerts on the reacting molecu!z.

Time-resolved fluorescence spectroscopy of polar fluorescent "probes”
has been used extensively to study microscopic solvation dynamics in a broad
range of solvents.98,66-70 QOne of the basic methods of extracting the
polarization function C(t)71 of the fractional change in time-resolved emission
maximum on the time and wavelength resolved fluorescence spectra has been

known, in principle, for about ten years.”2

For an exponential C(t), the solvation process of a solvating state is
assumed to undergo a continuous relaxation process from the initial excited
state to the final solvated excited state due to the induced rotational and

longitudinal relaxation of solvent molecules. A mixture of the emissive
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unsolvated and solvated species, has been considered as a single solvating

species.”2 Therefore, the decay of the time-dependent fluorescence i(A,t) can

be expressed by:
i) = f(A,t)eV (1)

where 1(1) is the lifetime of the solvating state and should vary with time; and
f(A.t) is the fluorescence profile with time-dependent spectral shape. However,

in our recent time-dependent fluorescence TDF measurements of 7-
diethylamino-4-methylcoumarin in 1-butanol, we found negative distribution of a
preexponential parameter a;()) corresponding to a wavelength independent
decay time 1j. The fluorescence decay at specific wavelength i(A,t) is considered
as the sum of all contributions from each individual decay component with decay

time 1; (i=1..n), and satisfies the following exponential relation:

ian=tiW“ (2)
=]

For an irreversible two-state system, the kinetics were found from these
preexponential parameters o;(1), i=1,2, in which one of the two preexponential
parameters appears to be negative in part of spectral region, and the other one
remains positive over all.”3,74 This has been accepted as a signature in the
study of the kinetics of the irreversible two-state system.”3-78 Apparently, the
similar observation (a negative preexponential parameter) found in our
experiment indicates the presence of two-state kinetics. In order to verify the
multistate kinetics, in this chapter, the following comparisons have been made,
which are based on our experimental observations: (i) the decay time of the
exponential fit of C(t) and (ii) the spectral shape parameters T, b in log-normal

shape fitting function (eq. (3)) to the spectrally reconstructed (SR) time-resolved
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emission spectra TRES and to the simulated TRES. We find a significant
difference in values of the decay times (especially for the fast decay component
in 1-octanol) between those of the exponential fit of C(t) ot TRES, and those of
the global fit of TDF. Such difference raises a question as to the precise time-
dependency of C(t). (ili) Under the multistate model, the TRES i(vy.t)

dependency of C(t), the function C(um,t) has been derived from the gaussian

like species associated spectra while the condition of i'(()u't)

= () is applied.
LV dy=y

m

In order to obtain the optimum decay times of C(t), the function C(um,t) has
been used to fit to the C(t) data of SR TRES instead of using a multiexponential
function while the peak positions vy of SR TRES, and the SR TRES at peak
i(lum,t) have been applied in the optimization. The decay times from this
optimization are closer to those global fit of TDF than those of the exponential fit
of C(t).

5.2 Experimental Section
5.2.1 Chenicals

n-Butyl acetate (Fisher reagent) and dichloromethane (Anachemia
spectrograde) were refluxed over CaHy for 1 h and distilled prior to use.
Methanol (Caledon distilled in glass), 1-butanol (Fisher certified), isooctane
(MCB spectro) were used without further treatment. 1-Octanol (BDH reagent)
was distilled under reduced pressure. All solvents were checked for
fluorescence impurities. The coumarin dye 7-diethylamino-4-methyl-coumarin
(C1) (Exciton) was recrystallized from methanol-water and sublimed. 2,2,5,6-
1H,4H-Tetrahydro-8-methylquinolazino-[9,9a,1-ghjcoumarin (C102) (Exciton)

was recrystallized from methanol.
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5.2.2 Measurements

The steady state fluorescence spectra were measured with a SLM 8000C
spectrofluorimetry. The emission spectra were corrected using correction

factors derived from a calibrated tungsten lamp.

The fluorescence decays were obtained with 310 nm excitation pulses (15
ps FWHM) generated at a repetition rate of 825 kHz by a Spectra Physics mode-
locked synchronously pumped and cavity dumped laser system whose output
was frequency doubled with a KDP crystal. The fluorescence was detected by a
Hamamatsu 1564 U microchannel plate after passing through a polarizer set at
the "magic =ugle" to exclude errors from Brownian rotation and a Jobin Yvon
H10 monochromator (4 nm band pass) and measured by usual time-correlated
single-photon instrumentation.63 The instrumental response function was 60 ps
FWHM measured at a resolution of 10 ps or 1 ps per channel and was recorded
before and after each sample decay measurement. The fluorescence decay
parameters were obtained after convolution analysis using the Marquardt
algorithm, a background signal always being subtracted prior to deconveiution.
The adequacy of fit to the decay data was determined by the inspection of the
weighted residuals plot, serial variance ratio (SVR), and root mean sumi of

weighted squares of residuals (RMSR).186
5.2.3. Log-normal line shape function187

For spectral reconstruction and simulation, the four-parameter function

describing an asymmetric line shape was applied
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o (n[1+2bv-v,)/ A]) ) )
i(v) = 10cxp{ ln(Z)( 5 )} 2b(v-v,))/A> -1 (3a)

0 2b(v-v,) /A< -1

where parameters ip, bm, and b are the peak height, the peak frequency at
maximum intensity, and an asymmetry parameter, respectively. The FWHM, T,

of this function relates to the width parameter A as:S7

= A(i‘.‘lh_(ﬁ).)l (3b)
b
5.3 Irreversible Dynamics
5.3.1 Two-state system
53.1.1 Dynamics and kinetics
* kF *
Based on Brand's work,”5:76 the time- A S B
resolved emission spectrum i(v,t) can be kaj R J K
expressed by species associated spectra aj(v)
j=A, B, in forms of Scheme 5-1
i(u,t) = aa(v) NA() + ag(v) Ng(t) (4)

where N(t)A g are the ratios of the population of species A" or B” per total
excited state population (No=Na+NB); oA B(v)73-78 are the fluorescence
spectra associated with species A" and B’, respectively. In eq. (4), the only
time-dependent population ratios Na(t), Ng(t) satisfy the following ditferential

equations:
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.g..r:J_A_St_). = anB(t) - (ka +kF)NA(t)
p ()

9_“3’?“_) = ke Ny () = (K, + kg )Ny (1)

and can be expressed by:

N, () =y, +7,6
-o,t —,f (6)
Ny (t)=6€e™" +6,e™
where the coefficients 1, 2, and 81, 82 are
11 =[(62X) + (Bo No) kRl/(o2-01);  12=1-71 (7a)
and
81 = [(Bo No) (02-Y) + kEl(o2-61);  82= (Bo /No) - 81. (7b)

N and By are the initial populations for A" and B'. The decay rates 61 , 02

can be found by solving the differential equation set (8) and are presented by:

o, =0.5[x+Y+J(X—Y)2+4kka] (8)

0, =0.5[X + Y = (X=Y) +4kpke |

where X = kg+kF, Y = kp+kR.
5.3.1.2 Decay associated spectra of an irreversible two-state system

Under the assumptions of (i) X > Y, kg—0 (for the irreversible process 73-
78y, (ii) Kj (i=a,b) « kg (for the fast forward transition, such as solvation process
58,65-70y, and (iii) Ng(0) = Bo /Ng =0 (by ignoring the ground state

complexation19.16), these coefficients can be simplified

119



X=kF=01=1/14. Y=kp=02=1/12
71 = (62-X)/(62-01) = (02-01)/(02-01) =1,  y2=1-y1=0 (9)
81 = 01/(09-01) =-1; 0o =-98¢4=1.

Thus, the population ratio of each species can be expressed simply by:

{Nm o (10)

Ng(t) =7 — g™

Therefore, from the egs. (4) and (10), the spectral density i(v,t) is given

by:

i(u,t) = aa(v) Na(t) + ag(v)Np(t)
[oa(v) - ap(v)] exp(-o1t) +ag(v)exp(-oat)
ai(v)exp(-o1t) + op(v)exp(-oat), (11)

where the preexponential coefficients a;(v), i=1,2 are

aq(v) = oa(v) - og(v)
(12)
02(v) = ag(v).

Under abave assumptions, the fractional contribution of the ith decay
component to the steady state fluorescence (decay associated spectra DAS) can

be defined by:

DAS, (V) =, (V)T, /i[a, WT,Jis (V) =F(v)ig (v) (13)
1=]

where the normalized contribution of a specific exponential component to the
steady state fluorescence, is defined as Fj(A) = oj(A)tj/ Z [«j(A)1i], and igg()) is the

normalized steady state fluorescence spectrum.
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From egs. (12), (13), we can find the correlation between the emission

spectra aj(u/k) associated to the species j, j=A, B and DAS:
aa(r) = aq(d) + an(A) = );[a;(k)ti]/iss(k,t) [DAS{(A)/t1 + DASa(A)/12]
aB(A) = as(A) = ;[ai(l)q]/iss(x,t) DASs(A)/12 (14)

aAM/oB()= [ () + ap(h) iag(h) = at (MWep(h) +1.

By introducing the steady state fluorescence spectrum
IssM) = itdt = aa) 1 + agh)(t2 - 11), (15)

which is the integral ot eq. (11) and is equal to Z[j(A)1j], i=1,2, we can find the

normalized SAS by the steady state spectrum Igg(A) defined as the fractional

contribution of species j (j=A, B) to the steady state fluorescence as the form of

SASAM) = [aa(A)T1/ 1ss(M)] Iss(M)= FA(M)igs(A)
SASB(A) = [og(A)(t2 - 11)/ Iss(M)] igs(A) = FB(Migs(P) (16)
SASA(A)/SASB(A) = aa(M)/ag(h) T1/(to - 11)

= [oy (A)/ap(R) +1] Tq/(2- 11).

Here the normalized contribution of the species j, j=A, B to the steady state
fluorescence, is defined as FA(R) = ap(M)11/ Igg(A) and Fg(R) =ag(A) (T2 - T1)/
Iss(A), respectively. The correlation between DAS;(A), i=1, 2, and SASj(k), j=A,

B, can be derived from egs. (14) and (16) as below:

SASA(A) = DAS1 () + DASo(A)11/1p
SASB(A) = DASo(A)(1-14/19). (17)
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5.3.2 Serial three-state system

5.3.2.1 Dynamics
» k F1 * k F2 .
. A NB ——— = > ¢
For a serial three-state < <
, , Kp1 kg2
system as illustrated in Scheme [ Kq Kp Ke
5-2. There are two steps to
complete the whole process as Scheme 5-2

from A" to B’ for the first step process and followed by the second step process
from B” to C". Obviously, the population ratios (population per total population

No) of species A", B, and C’ should satisfy the following differential equations:

(L ON, (t
Na(h= C;t( - Ko Ny (1) = (k, + ke )N (8
: aN, (1)
) NB(t)=—_!(;t__ = Key)No () + KaoNe (8) = (k, + Ky + KON (1) (18)
LN‘(‘(”: deCt(t) = szNB(t) —(kc + K )N (1)

which can be obtained by solving the third derivative equation (19)156 (details

see Appendix B):
d’N,(t)  _ d’'N,(t) LdN,(1)
+ + +9V,(1)=0 19
dr * dr’ p dt A0 19)

where a = kg+kF{ +kp+kR{1+kF2+KketkR2
B = kakp+kpke +kcka + KF1kF2
Y = Kakpke +ke(kakFa+kpkF1+kekR1+kF1kF2)
+ kpa(kakp+kpkp1+kckR1),

and are in the forms of:
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N, (t)= Be™ + Be + B,
N,(t)y=6," + 6,7 +5,." (20)
Ne()y =7, + 7,67 +7.€"

The population ratios of all species can be obtained by solving the third
derivative equation and the expressions are complicated. However, since the
solvation processes are much faster than the decay of each emissiv. state (kgq,
ko » kg, kp, and kg), for the irreversible process satisfying the following

conditions:

kF1, F2 » kR1, R2;
NB(0) = Ng(0) = 0; Na(0) =1 (21)

the population ratios in the initial period as the first-order two-step kinetics, can
be expressed by:

(
N, ()= e'’n

~tty -ty

INy (=t
0= (22)
=17

et -1 /1,0
1-1,/1,

Ne(=e"'™ -

.

where the decay times t1=1/kF1, t2- 1/KF2, and 13=1/kc . and the kinetic rate
constants kr1, kFp, and kg are defined in Scheme 5-2.

5.322 Decay-associated spectrum DAS;(v/A), i=1..3

Similar to the two-state system, the time-resolved spectral density i(v,t)
can be represented by the species associated spectra (SAS) and the population

ratio in the relationship of:
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c
i(v.t)=Y a,(VN, (1)
1=A

e _glin
=a,(V)e™"" +a,(v)
A b 1-1,/1, (23)
=11, ~1/t
- e £ - T Twe !
+aB(U) ef/f\_ l/ M

Similar to eq. (11), the correlation between the species associated spectra SAS
(cj(v), J=A..C) and the preexponential coefficients (oj(A), i=1..3)) can be
expressed by:

a,(v)=a,{)+a,V)+a,(v)

0 (0) = @, ()1 - )+ &, V) (24)

2
ac(v) =, (v)

The decay associated spectrum to the ith decay component is defined as
the fractional contribution to the total fluorescence are the same as eq. (13), and

the normalized species associated spectra by the steady state fluorescence are.

SASA(R) = [xaMT1/lss(M] iss(R)
SASB() = [oap(Mt2/lss(M)] igs(h) (25)
SASC(M) = {oc(M)13 - (11 + 12)/lss(M)} iss()

where t1= 1/kgq, 12 = 1/KF2, and 13 = 1/kc. The total fluorescence Igg(h) is:
lss() =" i) ot = ap(MTe + 012 + ac(M)[3 - (t1 +12)],  (26)
and is also equal to Z[aj(A)T].

From the definitions of a's (eqs. (24), (25) and eq. (11)), the normalized

species associated spectra SASj(A) and DAS;(2) are related by:
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SASA(A) = DAS{ (L) + DASo(A)(t1/17) + DAS3(A)(11/13)
SASB(A) = DAS2(A) (12 - 11)/12 + DAS3(A)(12/13) (27)
SASc(R) = DAS3(A)[13 - (11 + 12)V/3,

533 Parallel three-state system
5.3.3.1. Dynamics and kinetics

For the possible parallel

three-state system with two A KF1_ c < K F2 B
init d one final Tk

initial states and one final state k R1 k R2

due to the heterogeneity of the Ka ke Kp

environment, as illustrated in
Scheme 5-3, the population Scheme 5-3

ratios of A", B", and C” can be obtained from the following differential equations:

[ oN, (t
N, (1) = 9()

= KaNe (1) = (K, + ke )N, ()

JN',,(t)=g%’;(t—)= kNe () = (K, + ke )Ny () (28)

: aN.(t
N(h= c;()

= kN, (1) + K, Ng (1) — (K, + Ko + K )NG (1)

Similar to the serial three-state system, for the irreversible process satisfying the

following conditions:

kR1,R2 « kF1,F2 « ka, kb, and ke

Nc(0)=0, and Ny = Nj + N (29)

the population ratio at each state can be simply expressed by:
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Na (1) = Ee™""
Ne(hh=(1=-&Ee™™ 0)
NC(t) = e"!/f) _(1 __é)e-!/r: "ée-”r'

where the initial population ratio & =Nj /N, =1-N2/N, .
5.3.3.2 Decay-associated spectrum DAS;(v), i=1..3

From the expression of the emission density i(v,1)

(o] 3
i(L,1) =Y aWIN,(t) =Y a,(v)e™™" (31)
I=1

=A

the correlation between SAS and preexponential coefficients can be found:

'aA (v)= % (% +04(v)

<aB(v)=a2(v)(1_€)+a3(v) (32)

- (V) = oy (v)

As the serial three-state system, the decay associated spectrum to ith
decay component is defined as the fractional contribution to the total
fluorescence are the same as eq. (13), therefore the normal species associated
spectra SAS](X), i=A, B, and C are defined by:

SASAR) = p aa(A)ty/lss(M) igg(h)
SASg(A) = (1-p) ap(M12/lgs(A) iss(A) (33)
SASc(A) = acA)(t3 - pT1 - (1-p)T2)/lss(R) iss(R)

In comparison with the DAS and preexponential distribution o's in egs. (13), (32)
and eq. (33), the correlation between DAS and normal SAS can be found as

below:
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SASA() = (a1 () + p az(h))Ty/lss(P) igs(R)
= a1 (M)1)/lgg() iss(R) + p agz(A)Ty/lss(R) iss(R)
= DAS1(A) + p14/13 DAS3(A),
SASB(A) = (1-p) oB(A)12/lgs(A) igs(A) (34)
= a(A)1/lsg(R) iss(R) + (1-p) ag(A)t2/lss(A) iss(R)
= DAS2(A) + (1-p)to/13 DAS3(A),
SASC(A) = ag(M)(13 ~ p1y — (1-p)12)/I5s(A) iss(A)
= (13 - p11 — (1-p)12)/13 DAS3(R)

where the total fluorescence lgg(A) = Z[aj(A)t;], has been applied.

54 Time-Dependent C(vm,t)
5.4.1 Two-state system

For the irreversible two-state system, the species associated spectra
(SAS) aa(v), ag(v) of both species A and B can be simplified by assigning a
gaussian function187 instead of a log-normal line shape function.57,187 For
mathematical derivation convenience, the species associated spectra can be

expressed simply by:

o, (V) = @@ lv-mOY /&

A(U)=a, N (35)
o, (V) = age—{v-um(«»)] 18
where § is the band width of the distribution and is assumed to be the same for
all species; a,, o, are the maximum amplitudes; and vy(0), V() are the
frequencies at maximum intensity at initial and infinite tume as the peak position
of species A" and B™ (v, (0) =v?, v, (=)= vE), respectively.
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From eq. (11), the first derivative fluorescence spectral density with

respect to the frequency v is given by:

di(v,1) _ [daA(u) N daa(u)] o 4 4 (V) o,

36
v dv dv dv (36)

da, (V) _

Since
dv

-2[v -v,(0)]/8’a, ), gg% = =2[v -v,()]/ 8, (),

eq. (36) can be written to:

7
v &’ (37)

A

dicun) __ 2 {{[v— v, (O]at, () =[v = v, (=)o (W}

+Hv = v, (=)]o, (v)e

For the frequency at maximum emission (v = v), the first derivative i(v,t) with

respect to the frequency, should be equal to zero:

{[vm =0 (0)]0t, (V) = [V = V(o) ]ty (0, )

(38)
+{v,, =V ()]t (V)€™ = 0
and
{[v,,, — 0, (90) 4V, (20) = 0,(0)] s (V) = [V, =V (00) ], (0, fe 39)
+{v, = vp(e) ]y (V)6 =0
Dividing the constant vy (0)—vm(e) for all terms, we can get
U, — U, (o0) ] VUp = Uy, (00) -1t
o -1la,(v,) - a,,(v,,,)}e !
{[ U, (0) = v, (o) Un(0) =V, (o) (40)

Y, - (°'°) -t
m m 1 =)
vm(O)—vm(oo)aB(v'")e
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v, =V, (e0)
U, (0) =, (o)

where the fraction =C(v,,t) is exactly the same as the definition

of the function C(t).”1 Thus the eq. (40) can be represented by C(v,,.t) as:
{[C(um,l) -1, (v,) - C(um,t)aﬂ(um)}e""' +C(v,, 0oy (v,)e""™ =0(41)

Therefore, the C(v,,.t) can be described by:

Clv.t) = aA(v,,,)e-r/r. - a,(v,)e"’" (42)
T [aa (V) -~ (0,)]€7 + g (v,)e7 (V1)
5.4.2 Serial three-state system

Similarly to the two-state system, a gaussian function can be assigned to
the SAS for A, B®, and C” with different peak position as:

= (0 182
a,(v) =aletml

—f U Py :‘"2 - 2,02
o,(L) = OtSe v—vmie] 787 _ age-[u Uy (0] /8 (43)

~Uy o)) 162

a.()=ale™

where § is the band width of the gaussian distribution and is assumed to be the

same for all species; a, ¢;, and o are the maximum amplitudes of species
A", B", and C”; and v1m om(0) and vim 2m(e) are the peak positions at initial
and infinite of two separated solvation steps ( V{m(e) = Vam(0)), which are also

the same as the frequencies at maxima of these three species

(01 (0) = V), D (20) =1, (0) = V3, AN vy, () = )

For monitoring the peak shift with time, the first derivative spectral density

with respect to the frequency v from eq. (23) is
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i(v.t) _ do, (V) i, , doty (0) et — el

dv dv v 1-1/1
Lo e, e -1 [1,e7'" (44)
dv -1, /1,

where the first derivative SAS with respect to time are:

d . 1
LaL) = v -0, (0)]/ 6, ©)
< dadBlEv) = —2[1) —vlm(N)]/azaB(v) = -—2[v _vzm(o)]/‘s:a“(v) (45)
dotc
adlfv) = =2[V = Uy ()] / 8%t (V)

Dividing a constant term v{m(0)-vom(e) for all, and applying

UV — Uy, ()

Cvut) = 46
©.0 vlm(O)— va(°°) ( )
into eq. (45), we get
(do, (V) _ 2[0,,(0) =y, ()] _
A = = [Cu.n)—1]a,(v)
) daB(U) - _ 2[1)]"1(0) - DZM(OQ)] -
o= 5 [C(v.1)=C)ag(v) (47)
dog (v) _ 2[v,(0) = v, ()]
o= 5 C(u.t)o (V)

‘Ulm(oo) ~ U () = vzm(o) =V (o0)
vlm(o)_v2m(°°) Ulm(O)—UZm(OO)

where { = = Const. Therefore, for monitoring

the emission peak position shift with time, the first derivative i(v,t) of eq. (44)
should be equal to zero, in which the first derivative a's can be replaced by the

equation set (47) as:
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-1/7,

[a, (V) - pay(v,,)]e”"" + pas (v, )e (48)
a, (V) -1,/ 7,0.(V,) o' 4 ag (v, ) — 0 (V) o1l
1-1,/1, I-7,/1,

Clv,.H)=

[aA (V) —

+a.(v,)e"'

In comparison to eq. (23), the spectral shape- and time-dependency of C(vm,t)

of eq. (48) can be simply expressed by:

[a, (V) - poy, (v,)]e™"™ + pog (v,)e™"™

N CACY m 49

C(vy,,t) oD (49)
B_,.C

where p = § = U~

1-1,/7, B (vnl‘:_v;)(l—rl/‘tz).

5.5 Fiuorescence Decay Spectra of C1 and C102
5.5.1 Fluorescence decay spectral measurements
5.5.1.1 Spectral deconvolution

The fluorescence decay kinetics of C1 and C102 in the different solvents
were fitted to a sum of exponentials, no physical significance a priori being
attributed to the recovered lifetimes or preexponential terms. The data for C1 in
water could only be satisfactorily fitted, if a very short decay time component
with a value less than 0.5 ps was included. In the data analysis, the value of the
0.5 ps component was held at this constant value and represents an upper limit
to a very short decay time component. By contrast, the data for C102 in water

gave an excellent fit for a single exponentia! decay.

The "best fit" parameters are presented in Table 5-1, where there is more

than one kinetic component (bi- or tri-exponential decays), the shortest
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Table 5-1

: Fluorescence Decay Parameters for C1 and C102 in Different

Solvents
Fluorescence Fluorescence Decay Parameters@ 7 b
Maximum, ps
nm
Solvent C1  C102 C1 C102
Water 472.0 4922 11<0.0005 5.9610.01¢€
19=0.416 +0.001 SW(500 nm) 0.53d
13=4.3310.07
GF (12)
Methano!  456.5 476.5 19=0.0157+0.0006 14=0.022+0.004
19=2.100.01 19=5.50+0.01 9.30€
GF(9) SW(450 nm)
1-Butanol 445.5 466.0 11=0.10740.001 11=0.109+0.001
19=3.750.01 19=4.67+0.01 118€
GF(14) GF(11)
1-Octanol  440.5 457.5 14=0.190+0.003 11=0.139+0.001
12=0.413+0.003 12=0.439+0.002 471
13=3.80+0.01 13=4.48+0.01 +5f
GF(14) GF(15)
Dichloro- 4240 441.0 1=3.1710.01
methane SW(460 nm)
n-Buty 407.5 432.0 11=0.37-0.869 11=0.62-0.509
Acetate 10=3.28+0.01 19=3.83+0.01
Isooctane T =2.89+0.01)

4GF = global fit (no. of data sets); SW = single wavelength (wavelength). The mayorty of data 15
taken with 10 ps channel width except for the data in 1-butanol and 1-octanol where a 20.5 ps

channel width was used. In the case of water solutions, where a higher time resolution was
required, 1 and 10 ps channel widths were used.

B ongitudinal relaxation time at 293K, T~

€.0/Eq TD, Where €., €4 is the high-frequency and zero-frequency dielectric constant, and 1y s the
Debye relaxation time. 5(12 =1.045 SVR =1.98) Single exponential decay was observed from
460-540 nm. dMason, P.R.; Hasted, J. B.; Moore, L. Adv. Mol Relaxation Processes, 1974, 6,

217. €From Ref. 188. 'Caiculated from the arc plot of the first dispersion region (Fig. 5-15) while

1p=1780 ps from Ref. 189. YThe lifetime did not appear to be independent of the emission

wavelength. hSingIe wavelength at 420 nm. (12 =1.045 SVR =1.98)
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component is labeled as 11, the nexi longest component as 1, etc. The
following trends were observed. (1) The number of components necessary to
describe the decay kinetics was the same for both C1 and C102 in the various
solvents except for water. (2) The short-lifetime components were similar for
both C1 and C102. (3) A single-exponential decay function was observed for the
dyes in dichloromethane and isooctane solutions. (4) Double exponential
decays were observed in 1-butanol, methanol and n-butyl acetate. In 1-octanol,
three exponentials were required to describe the decay. In the alcohols where
muilti-exponential decays were found, the short-lifetime components had

negative preexponential factors at long wavelengths.
45.1.2 in Water

The residual plots for the two dyes C1 and C102 are shown in Fig. 5-1
and Fig. 5-2, respectively. The single and biexponential residual plots for C102
are virtually unchanged (Fig. 5-2) and therefore the decay of C102 in water is
best described by a single exponential. In contrast, the residual plots fora
biexponential decay at channel widths at 10 ps or 1 ps (Fig. 5-1 (a), (b)) for C1in
water show a poor fit at low channel numbers. Inclusion of a third, short
component of 0.5 ps in the decay function (Fig. 5-1 (c), {d)), gave an excellent fit.
The 0.5 ps decay component is not an experimental or instrumental artifact. The
fluorescence results of the same C1 in other solvents such as dichloromethane
and isooctane gave excellent fits to single exponential decay behaviors. In
methanol, the fluorescence decay of C1 was satisfactorily fit to a double
exponential decay mode! with no evidence of a very short decay (< 1 ps)
component. This is a strong evidence that the 0.5 ps component observed for
C1 in water does not originate from a solute impurity. This also eliminates a

strong-light artifact.
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Fig. 5-1 Plot of the weighed residual vs channel number for the

fluorescence decay of C1 in water at 430 nm. (a) biexponential fit; 1 ps
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fit; 1 ps channel width. (d) triexponential fit; 10 ps channel width.
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5.5.1.3 in 1-Butanol

In 1-butanol, the lifetime of the short-lived component of the biexponential
decays was virtually identical for C1 and C102 (107 ps and 109 ps, respectively).
The lifetimes and preexponential factors (aj(A)'s, i=1,2) at different emission
wavelengths for C1 are listed in Table 5-2, and the emission spectra associated
with each lifetime (decay-associated spectra or DAS) for C1 and C102 are
shown in Fig. 5-3. Table 5-2 shows that a1 (short-lifetime component) is positive
at short wavelengths, crosses zero and becomes negative at long wavelengths.
At the cross-over point (440-445 nm), the fraction of the short-lived component
becomes minute and the decay function fits a single exponential reasonably well.
The values of the decay times of a double exponential decay in the cross-over
region appear to vary singnificantly from the values at the other wavelengths.
This is because the integrated intensity of the short-lifetime component at these
wavelengths is extremely small and the error in this component is large for the
biexponential fit. The trend of the preexponential factors as a function of
wavelength for C1 and C102 are more clearly seen as DAS curves in Fig. 5-3.
The DAS curves for the two coumarins have the same shape. The shont-lifetime
curve is positive at short wavelengths, crosses zero and becomes negative (due
to the negative values of aj(A)'s, i=1,2 ) at long wavelengths, whereas the long-
lifetime curve remains positive throughout the emission region. The
fluorescence decay kinetics of C1 and C102 in methanol are qualitatively
identical to those in 1-butanol (shape of DAS curves, wavelength-independent
lifetimes, etc.). The lifetimes for C1 and C102 in the different solvents are

summarized in Table 5-1.
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Table 5-2: "Best Fit" Fluorescence Decay Parameters for C1 in 1-Butanol

at Selected Emission Wavelengths

Aem (nm) Lifetime (ns) Preexponential Factord

13| 12 04 oo

415 0.10 3.81 0.72 0.28
420 0.13 3.80 0.57 0.42
425 0.12 3.78 0.47 0.53
430 0.14 3.77 0.33 0.67
435 0.18 3.77 0.18 0.82
440 - 3.75b - 1.00
.52 3.77 0.04 0.96

443 . 3.76b . 1.00
0.91 3.78 0.02 0.98

445 . 3.76b . 1.00
0.03 3.75 -0.68 1.68

450 0.05 3.76 -0.84 1.84
455 0.08 3.75 -0.60 1.60
460 0.08 3.75 -1.12 2.12
465 0.09 3.75 -1.13 2.13
470 0.12 3.75 -0.49 1.49
475 0.10 3.74 -1.91 2.91
480 0.11 3.72 -1.39 2.39
490 0.12 3.72 -1.31 2.31
500 0.12 3.72 -1.61 2.61

@Normalizedto aq + ap=1. bSingIe exponential fit was satisfactory.
55.1.4 in 1-Octanol

In 1-octanol, three exponential terms were required to fit the decay
kinetics for C1 and C102. The three DAS curves associated with each of the

terms for C1 were similar to those for C102 (Fig. 5-4). The most intense of the
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Fig. 5-4 Decay-associated spectra of (a) C1 and (b) C102 in 1-octanol.
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three DAS curves was positive throughout the wavelerigth region (o (A)>0, i=3)
and had the longest lifetime. The other two DAS curves contained negative
values of g;(A), i=1,2 at long wavelengths. The more intense of the two negative-
going curves had intermediate lifetimes of 0.413 ns (C1) and 0.439 ns (C102),
and the negative-going curves had the shortest lifetimes: 0.190 ns (C1) and
0.139 ns (C102). The litetimes of the short-lifetime components are similar for
C1and C102 in 1-octanol, but are clearly different from those in 1-butanol.
These results obviously indicate a solvent-dependency rather than a probe

dependency.
55.1.5 in Aprotic Solvents

The fluorescence decay of C1 in isooctane gave a single exponential (1 =
2.9010.01 ns; x2=0.997; SVR=2.01) since no significant solvation was
expected. C1 in dichloromethane also displayed single exponential kinetics with
the same lifetime throughout the emission wavelength range of 400-480 nm (t =
3.17£0.01 ns, x2=1.013, SVR=1.83 at 460 nm). Both C1 and C102in n-buty!
acetate (see Table 5-1) gave biexponential kinetics with negative
preexponential factors for the short-lived components at long wavelengths.
However the lifetimes of the short-lived component varied slightly with the
emission wavelength. This was probably due to the very low contribution of this

component to the total fluorescence.
552 Discussions

The multiexponential decay kinetics (with long and short components)
observed for C1 (or C102) in the polar solvents cannot be due to impurities since
only single exponential decays with comparable decay time values were

observed from solutions of C1 (C102) of identical purity in dichloromethane or
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isooctane. A feature of a kinetically coupled A/B system is that the kinetics are
biexponential with lifetimes which are independent of the emission
wavelength, as is observed in the present case. By contrast, relaxation
described by a single excited state undergoing a continuum solvation process
should give multiexponential and emission wavelength dependent fluorescence
decays. This has been observed for the case of 12-(9-anthroyloxy)stearic acid
in hydrocarbon solvents.62 The DAS curves are signatures of the kinetics of a
two-state system.”3-78 |n the case of a coupled irreversible system (A" — B,
kg « ka + kap) as illustrated in Scheme 5-1, the DAS curve corresponding to the
long-lived component remains positive throughout the emission wavelength
region (contribution by species B only). The short-lived component is due to a
difference in the spectra of species A" and B™.73-78 Therefore, in the specific
wavelength region where the contribution of the two species are comparable, the
DAS will be near zero. Thus the DAS of the short-lifetime component curve is
positive at where species A" predominates, crosses through zero and becomes
negative in the spectral region where the B fluorescence prednminates. The
results in the polar solvents (Fig. 5-1) are in exact accord with the signature in
which the A” emission spectra predominate at short wavelengths and the B”

emission spectra predominate at the long wavelengths.

The values of the short-lifetime component for C1 and C102 in the polar
solvents provide further evidence that the decay kinetics are intimately related to
the solvation process. The differences in lifetimes (of the short-lived component)
in the different polar solvent do not correlate with the probe molecule but rather
to the solvent polarity. The lifetimes of the short-lived component are more likely

correlating to the longitudinai relaxation times 1_ of the solvent (Table 5-1).
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The fluorescence decays of C1 and C102 in 1-octanol required
triexponential functions to fit the experimental results. The similarity in the shape
of the DAS curves (Fig. 5-1) for the both coumarins suggests that the third
component is not a random adventitious observation but rather results from a
property of the solvent. The shapes of the DAS show that the initial and final
states are kinetically coupled. The 400 ps component correlates with the
longitudinal relaxation time for 1-octanol. The values of the shortest time
component are similar for the two different probe molecules in the same solvent.
Therefore, they may be related to some sort of solvent relaxation process such
as solvent heterogeneity since 1-octanol contains a large hydrophobic side-
chain. The results of the DAS emissions do provide encouragement 1o the view
that the method is capable of detecting subtle differences in the solvation

process.

The fluorescence decays for C1 and C102 in water show a marked
divergence from that in the other solvents. The fluorescence decay of C1fit to
three exponentials whereas the decay of C102 fit well to a single exponential.
The 4.33 ns component contains only positive a's and accounts for between 1-8
% of the total fluorescence in the emission spectra. Rationalization of the origin
of this component is speculative. We suggest that the < 0.5 ps component may
be associated with twisting of the diethylamino group to form a TICT state, in the
relaxation process. Such a possibility does not exists in C102 and would
account for the difference in the fluorescence decay behavior between the two

coumarins.
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5.6 Spectral Reconstruction of TRES

From the fluorescence-decay measurements, the fluorescence density

i(v,t) can be obtained from the global fitting results using a multi-exponential

function®3 as

i) = Y ailv)exp(-vr) (50)

1=]

where o4(v), i=1..n is the preexponential coefficient of the ith decay component
with decay time of t;. The fractional contribution of the ith decay component to
the steady state fluorescence called the decay associated spectrum DAS as

shown in Fig. 5-3, and Fig. 5-4, is defined by eq. (13) as:
DASj(v)=aj(v)ti/ 3, [oi(v)ti] igs(v) (50)
1=l

Here igg(v) is the normal steady state fluorescence spectrum.
5.6.1 C1 and C102 in 1-butanol

The SR time-resolved emission spectra (TRES) of C1 and C102 in 1-
butanol illustrated in Fig. 5-5a, and Fig. 5-5b, were calculated by eq. (50) using
the preexponential coefficients and the decay times listed in the Table 5-3 from
our global fitting”3 of the experimental TDF. Obviously, the TRES of both C1
and C102 in 1-butanol can be reconstructed (lines in Fig. 5-5a, and Fig. 5-5b)
very well using the log-normal line function (eq. (3)), in which the frequency at
fluorescence maximum (vm) at each specific time, was used to calculate the

fractional frequency shift C(t) of eq. (52)
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vm ({)—Um(oo) (52)

C(t)=
O = (0=, (=)

as plotted in Fig. 5-7a and Fig. 5-7b. The Decay of the C(t) follows a single
exponential decay with decay time of 10944 ps for C1 and of 9712 ps for C102,

respectively.
5.6.2 C1 & C102 in 1-Octanol

Similarly, the spectral densities of C1 and C102 in 1-octanol were
obtained using eq.(50) in which the parameters in the Table 5-3 from the global
fit of the TDF were applied. The TRES were fitted well using the log-normal
function of eq. (3) as illustrated in Fig. 5-6a, 5-6b, respectively. The decay of the
fractional frequency shifts C(t) of eq.(52) are calculated, and fitted to a
biexponential function with decay times of 128+4, 469+9 ps for C1 and of 65+2,
47215 ps for C102, as illustrated respectively in Fig. 5-7a and Fig. 5-7b. There
is no significance on the shapes of these two C(t) fitted by either single or double
exponential founction. The decay time from the single exponential fit of these

two C(t) are: 24826 ps for C1 and 235+13 ps for C102, respectively.
5.7 Simulation of TRES under Irreversible Multi-State Model
571 Kinetics

The negative decay associated spectra (DAS) of C1 or C102 in alcohols
as illustrated in Fig. 5-3, and Fig. 5-4, indicate the existence of the kinetic
correlation among the individual states (j=A..Z). The fluorescence dencsity can

be described by the total contribution of each individual species as:
7

i) = 3 a(uN(1) (53)

J=A
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Table 5-3: CTomparison of the decay times obtained from different
methods

1-Butanol 1-Octanol
Methods Probe Function  T1%Ati 11:AT1(%)f  oxAR(%)f
(ps) (ps) (ps)
T4 118 47115
C(t)b LDS- 61
750
TDF¢ C1 1071 19013 41313
C102 10941 13911 43912
C1 monoexp. 1044 24816
C(t) biexp. 128+3(41)  469+9(60)
(Spectral C102  monoexp. 9742 235+13
Reconstruction) biexp. 65+2(31) 47215(69)
C1 monoexp. 11443 292+13
C(t) biexp. 120£4(40)  488+12(60)
(Simulation)  C102  monoexp. 104+2 292119
biexp. 72:3(32)  48117(68)
TRESd C1 C(um,t)e 10541 14243 43345
(Spectral
Reconstruction) C102  C(um,t)e 101+1 9813 44615

4 Longitudinal solvent relaxation times from Ref. 188, 188, and Fig. 5-15. b Ref 190. ¢ TDF
Time-Dependent Fluorescence. d Applying eq. (59) for 1-butanal, and eq (60) for 1-octanol €
TRES: Time-Resolved Emission Spectra. /. Values in parentheses are the preexponential
fractions of the bi-exponential fittings.

where N;(t) is the population ratio of the ith (j=A..Z) species. From egq. (50) and
eq. (63), the species associated spectra (SAS) aj(n), j=A..Z, are correlated to

the preexponential coefficients a;(v), i=1..n by the following equations:
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(i). Two-state system (Section 5.3.1.2, and eq. (14))

{aA(v)=a,(v)+a2(v) (54)
o, (V) = a, (v)
(i)  Serial three-state system (Section 5.3.1.3, and eq. (24))
a,(v)=a,@)+a,V)+a,v)
a,(v) =a2(v)(1—-z-’-)+a3(v) (55)

pa

o.(v)=a,(v)

It has to be pointed out that the similar DAS behaviour can be also found
for a parallel three-state system, in which the correlation between SAS and the

preexpoential coefficients can be expressed by:

aA(v)=a'(%+%(v)

a,(v)

r

L, (V)= (1_€)+a,(v) (56)

a- (V) = 0, (V)

where £ = NJ'/N,, 1-£ =NB/N, and N, = N2 + N? are the irutial population ratios
of two individual species (see Section 5.3.1.4 and eq. (32)). Unfortunately, the
parallel three-state kinetics can not be confirmed from our TDF results due to

unknown initial population ratios in two heterogeneous states.
572 Simulation of TRES

From the bi-, and tri-exponential decay characteristics of TRES of C1 &
C102 in alcohols,”3 the SAS of two (eq. (54) ), and three (eq. (55)) species can
be calculated from their preexponential coefficients. These SAS were fitted well

by the log-normal function of eq. (3). Therefore, the TRES can be simulated
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under the irreversible multi-state kinetics by combining the contribution from

each species as:
(i) Two-state (eq. (11))
i(V,t)=a, (V)" +ag(v)(e T -e™"") (57)

(i) Serial three-state (eq. (23))

-1,

e—r/f, -e
-1, /7,

-1,/ 1.€
t-1/7,

~ir;
i(vrt) = aA(v)e—”fl +(IB(I)) +a(‘(v)(e"”71 _ e

e, ) (58)

The parameters of the log-normal SAS of the SR TRES as listed in the Table 5-
4, were applied into the simulations. In Fig. 5-8, Fig. 5-9, the simulated TRES
were illustrated whose frequencies at maxima can be found from each curve
fitting result using the log-normal function. These frequencies at maxima are
applied into eq. (52) to get the frequency fraction C(t) as shown in Fig. 5-10.
The mono- and bi-exponential decay of the C{t) are observed for both dyes in 1-
butanol, and 1-octanol, respectively. The decay times of 10945 ps for C1, of
100x1ps for C102 in 1-butanol, and of 120+4, 488+12 ps for C1, of 7243, 48117
ps for C102 in 1-octanol, are obtained as listed ir the Table 5-3. Similar to the
C(t) of SR TRES of both coumarins in 1-octanol, there is no significance on the
shape of C(t) fitted by either single and double exponential founction. The
decay times from the single exponential fitting are 292x 13 ps for C1 and 292419

ps for C102, respectively.
5.7.3 Comparison between SR and simulated TRES

In the above simulation (in Table 5-3), we find the agreement in (i) the
decay times obtained from decay of C(t); (ii) spectral shapes, of reconstructed

TRES and simulated TRES under irreversible multi-state kinetics. Such
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Table 5-4

Spectrum {SAS) used in Simulations

Parameters of the log-normal line shapef Species Associated

Solvent Dye  Species i0 -b/A b vm rb
(1At ps) 104/cm
A’ 0.3149 1.1449 0.2984 2.3338 0.2645
C1  (107%1)
B 0.2680 0.9196 0.2696 2.2399 0.2967
1-Butanol (3752%1)
A 0.23; 0.7729 0.2128 2.2352 0.2774
C102  (109+1)
B’ 0.2140 1.0700 0.2966 2.1501 0.2813
(467442)
A 0.2883 0.6017 0.2005 2.3877 0.3355
(190£3)
C1 B* 0.3000 0.9173 0.2629 2.2970 0.2899
(413£3)
c 0.2672 0.8087 0.2383 2.2476 0.2975
1-Octanol (3800+1)
A 0.2249 1.0612 0.3159 22960 0.3027
(1391)
C102 B’ 0.2588 1.0986 0.2910 2.2266 0.2686
(439+2)
c’ 02239 1.0158 0.2822 2.1674 0.2815
(4479+2)

8 As defined by eq. (3). b, FWHM of emisston spectrum as defined by eq (3) from Ret 57
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consistency indicates that the individual species are kinetically related, a
conclusion previously reached on the basis of the negative character of DAS.
Fig. 5-11, and Fig. 5-12 respectively illustrate the time-dependency of the FWHM
ofthe SR TRES (I' of eq. (3)) of C1 and C102 in 1-butanol and 1-octanoi. This
observation contradits to the single state model, in which the unique change of
both I (FWHM) and asymmetric parameter (b in eq. (3)) is expected.®’
Theretore, the time-dependency of these parameters further supports the

previous conclusion of the multi-state kinetics.

For both C1 and C102 in 1-octanol, we find a difference in decay times
between those from exponential fitted C(t) and those from global fitting of TDF
(refer to Table 5-3). Whatever, ideally, there should be no singnificant difference
in these decay times. Therefore, there is a doubt about the real time-

dependency of C(t) which is the objective of the next section.
574 Spectral shape dependency of C(um,t)

From the definition of C(t) which monitors the frequency shift at emission
maximum, the nonexponential time-dependent C(um,t) can be derived under the
irreversible multi-state kinetics (Section 5.4). To simplify the derivation of
C(vm.t), the gaussian shape distribution with constant band width was assigned
to each SAS (xj(v), j=A..Z)), therefore, the nonexponential time-dependent

C(vm.t) can be expressed by the egs. (42) and (49) as below:
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B aA (Um) e-'lltl

C(v,.b i(v,.t) (Two-State) (59)
. C(\)m B = [a,\(\)m )= pau(l)in(\ )]e-:; +pog, (v, Yoo\
v,.
’ (Three-State)(60)
w L
\ p= (‘\):“US‘)(I -1, /Iz)

where v3, vB, and vS are the frequencies at maximum emission of species A’
and B”, and C”, respectively. i(vp,t) is the fluorescence maximum at an instant

time.

In the limiting case of b=0, the log-normal function of eqg. (3) turns to be a
gaussian function. Therefore, it is acceptable to use the above equations (eq.
(59) and eq. (60)) to monitor the frequency shifts of TRES at maxima at short
times. In this study, these spectral shape dependent functions have been
applied to test the irreversible multi-state model. In order to find the optimum
decay times from C(t) data, the following values have been applied into the
functio.s C(um,t) (eqg. (59) or eq. (60)): (i) the spectral shape paremeters of the
species associated spectra (SAS) aj(v), j=A..Z; (ii) the frequency at maximum
fluorescence (vy) and the amplitude of TRES i(vm,t) at maximum obtained from
the log-normal fits of the SR or the sumulated TRES; (iii) the amplitude of SAS
at vm (aj(v)=aj(um), j=A..Z); and (iv) the decay times (t;, i=1..n) obtained from
the global fit of TDF. Fig. 5-13 shows the fit of C(t) data to function C(vm,t). The
results listed in Table 5-3, appear to be closer to the results from the global fit of
the time-dependent fluorescence decay (TDF) than those from the exponential fit
of C(t). Ideally, the decay times from this optimization should be the same as the

results from the global fit of the TDF. The origin of this ditference can be
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explained by considering the factor resulting from the simplification made in

deriving these spectral shape dependency C(um.t).

The difterence in decay times from the optimization of C(t) using the
spectral shape dependent C(vm,t) and muilti-exponential fit of C(t) is due to:
(i) the simplification of the fraction of the preexponential factor as express by eq.
(61), which has been set as a constant in the muiti-exponential fit of C(t), but not
in the case of C(vm,1); (ii) in 1-octanol, no significant difference in the shape of
C(t) using either single or double exponential function. As a result, it introduces
large uncertainty and difference in the decay times by comparing to those from
the global fit of TDF. In Table 5-4, the values of FWHM of each SAS are
variable within a moderate region (~15%). The variation of FWHM does not
show significant effect on the decay times from C(t), but does show the effect in

1-octanol, in which the C(t) data are no longer following the exponential function.

From the expression of C(v,t) of eq. (60), the fraction of the
preexponential contribution can be described by:
f = aA(vm) - pan(vm)
: i(v,,h

_ Poy(Uy)
(vt

(61)

where constant p is the same as defined in eq. (60). These two fractions

(fi, i=1,2) of two dyes in 1-octanol are illustrated in Fig. 5-14. The average
values of fj, i=1,2 from 0 to 100 ps (f,=0.45x0.08, {,=0.5920.08 for C1 and

f=0.28i0.09, f2=0.70i0.07 for C102) due to the weight of contribution are close

to the preexponential constants of bi-exponential functions as listed in

parentheses of Table 5-3.
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58 Conclusion
5.8.1 Further studies

The absence of a short-lived component in the fluorescence decay of
C102 in water is consistent with a subpicosecond®8 solvation time component
which could not be detected with the time resolution of these measurements.
Further experiments to obtain more definitive data on these subpicosecond

components have to be done in near future.

The overdamped behaviour defined as the slower decay of C**) at very
eartier time from 0 to 0.1 ps, and fast in later time region from 0.1 t0 1.0 psin
acetonitrile®3 were predicted from the simulation studies®9,191 and were
observed experimentally.192 The mechanism of this behaviour was explained
by the heterogeneity of the inertial relaxation process of the solvent.65,191,193
But, from the kinetic point of view, for the multi-state system, the overdamped
behaviour of C(t) can also be found for the system with large ditference in
energy betwe 1 initial and final excited state in comparison to FWHM of their
spectra. It would be interesting to measure the TRES of C102 in acetonitrile in
the subpicosecond region to investigate the fast soivation dynamics.
Alternatively, the possible difference from that of C1 in the same solvent could
offer some intormation about the fast conversion of TICT state as discussed in

Scheme 3-1b.
582 Conclusion

The DAS emission measurements have enabled us to clearly
demonstrate that a two-state kinetic model related to the solvation process

applies to the alcohol solvents but not dichioromethane (or isooctane as
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expected). n-Butyl acetate may be a borderline case. In this solvent, rnegative
preexponentials were observed, but, the lifetime was not wavelength-dependent
as required by the two-state model. The results from 1-octanol solutions have
revealed an additional kinetic process not previously noted in the fluorescence
decay of photophysical probe molecules and indicates that DAS measurements
are capable of uncovering subtle differences in the solvation process. The
fluorescence decay of C1 in water displayed a less than 0.5 ps ccomponent which

may be associated with rotation of the diethylamino group.

For the fast solvation processes of the two 7-aminocoumarin dyes (C1,
C102) in 1-butanol and 1-octanol, a kinetic correlation among the individual
excited solvation states has been observed from the negative DAS. The decay
times of different states were obtained from C(t) data of SR TRES and simulated
TRES by the irrversible multi-state model. The resuit from the optimization of
C(t) using the function C{vm,!) appears to be more precise than those of
exponential fitting with uncertanty. This can be understood by the irreversible
multi-state model. The same time-dependency (not the unique cniange for a
single continuum shift state) of the spectral shape parameters (FWHM, and
asymmetry) from the log-normal fit of both SR TRES and simulated TRES
according to the irreversible multi-state model does give strong evidence for the
existence of a kinetic correlation among different states instead of a single

excited state undergoing a continuum solvaiion process.
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Chapter 6: PICOSECOND EXCITED STATE CHARACTERISTICS of
NITROBENZENE DERIVATIVES in SOLUTION

6.1 Introduction

Interest in the photochemistry of nitrobenzene derivatives has grown
considerably for more than three decades.104 Nitrobenzene and substituted
nitrobenzenes display a remarkably wide variety of photochemical reactions. 105
These include intermolecular!94 and intramolecular benzylic, 193 and
homobenzylic104 hydrogen abstraction, photoaddition to olefines, 195
photoredox, 196 heterolytic photocleavage of the benzylic C-C bond197,198 in

aqueous solutions, and photosubstitution. 199

The photophysical properties of the nitro compounds have been
extensively studied?06 not only for photochemical reactivities and fundamental
understanding of photophysics,’4 but also owing to the recently widespread
interest in the nonlinear optical (NLO) characters107 for potential applications in
optical storage and information processing.108 Among the nitro compounds,
nitrobenzene derivatives are well known to be nonfluorescent and strong in
excited state absorption (ESA), due to the fast singlet-triplet intersystem
crossing. 143,154 Between the 1950's and the 1960's, Nagakura's group
ascribed the red-shifted electronic absorption band of nitrobenzene to an
intramolecular charger transfer (ICT) transition.142 This ICT transition involves
an electron transfer from the benzene ring (Donor) to the nitro group
(Acceptor),142¢ and is affected by subsitutents on the nitrobenzene ring.144

Since the effect of substituent on the energy of the charge transfer state is
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proportional to that of the ionization potential (IP) of donor,4 the lower IP is, the
more significant CT character could be appearing on both ground and excited
state absorption spectra. For nitromesitylene142 and 4-nitro-4'-
methoxystilbene, 149 the solvent polarity effect (i.e., dipole-dipole interaction) on
ground142 and excited state absorption spectra’4S were reported.
Experimentally, we find a similar effect of solvent polarity on ESA spectra of two
dimethoxynitrobenzenes. With increased solvent polarity. we find the blue-shift
of the 'red ESA band of these compounds in nanosecord time region, which is
similar to that of 4-nitro-4-methoxystilbene.145 in spite of this quasi-static ICT
behaviour, in subnanosecond time region, we also find a remarkably dynamic
blue-shift of the red’' ESA band of these dimethoxynitrobenzenes in alcohols.
Such time-dependent b/ue-shift can be quantified by plotting the function C(t)
which represents the fractional shift in frequency of ESA peak against time. We
find that decay time from an exponential fit of C(t) shows solvent (polarity and
viscosity) dependency rather than a dependence on the structure of the probe
molecule. The decay time of C(t) is comparable to the longitudinal relaxation
time 1|_of the solvent. 190 To my knowledge, this is the first observation of
dynamic solvation linked ESA spectra. Alternatively, this study implies that a

novel spectroscopic method has been found to study solvation dynamics.

The ICT characteristic triplet ESA spectra were also reported in p-
nitroaniline at low temperature, in which the red-shift of one triplet ESA band of
different substituted anilines was interpreted as an ICT between donor and
acceptor.148 n this study, we find that (i) this interpretation was based on an
inadequate comparison of the triplet ESA spectra between p-nitroaniline and

aniline derivatives (except nitro substituted anilines); (ii) the fine structure on the
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‘blue’ band is more likely due to vibronic interaction of locally excited benzene

ring, rather than the symmetric stretching of locally excited nitro group.

In infrared absorption study of alkyinitrobenzenes, the intensity, or the

band position of the symmetric and asymmetric stretching201 of the nitro group

\ ,\ (Scheme 6-1) varied with the type and the
0o 0O position of substituents on the nitrobenzene
:N—-Ar 1N~>Ar ring,106 and the dipole moment of the
/Ol l /O molecule.106.202 Generally, for
alkylnitrobenzenes, the oscitlator strength (f)
asymmetric symmetric for the asymmetric stretching of NO» i1s
Scheme 6-1 larger than that for the symmetric band (i.e.,

for nitrobenzene, f45=2.72x10% and fg=1.86x104 1/(M cm2)).203 The variation
in the ratio of the oscillator strength (R=fg/fz) for the symmetric (fg) and the
asymmetric (f5g) stretching bands of NOo with the position of alkyl substituent

attaching on the nitrobenzene ring is in the order:204
R(para-) > R(meta-) > R(ortho-) > R(2,6-)

This trend reflects the symmetry of the vibronic mode including the factor of
twsting of nitro group. Within the framework of the Herzberg-Teller model under
certain approximation, the ground state vibrational frequencies can be applied to
study the excited state vibronic interaction. The validity of this application was
verified in study of the phosphorescence spectrum of benzene which is
particularly rich in vibronic structure, 147 In this chapter, we have studied the
ESA spectra of alkylnitrobenzenes with two transient absorption bands at long
and short wavelengths. By considering the following factors: (i) position of the

substituent on the nitrobenzene ring; (ii) solvent polarity, we find the effect on
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the intensity of these two ESA bands. The vibronic coupling between excited
triplet states in characteristics of locally excited benzene ring 1462 is manifested
as fine structure on 'blue’ band (~430 nm) for the most alkylnitrobenzenes. This
observation is similar to the low temperature triplet ESA spectra of p-
nitroaniline 148 and aniline.149 The frequency spacing of the structured 'blue’
band is comparable to the vibrational frequency of the CH bending, or stretching
of the benzene ring (~1174, 1550 cm=1).146 |n contrast to this structured 'blue’
band, the structured ‘red band (~610 nm) which was not found in aniline, 149
can be assigning to the locally excited NOs group. The frequency spacing of the
structured ‘red band is the same as the vibrational frequency of the asymmetric
stretching of NO»5 group (~1540 cm~1).205 The intensity ratio of ‘blue’ and * red’
ESA bands depends on the twist of the NOo group from the plane of the

benzene ring.

To monitor the photochemical process, we studied the ESA of the o-
nitrobenzyl (ONB) system. The general photoreactivity of ONB with
intramolecular hydrogen abstraction has stimulated considerable interests in the
exploitation of this reaction in the development of photochromic compounds, 152
photolabile protecting groups,206 and phtotresists.207 The photorearrangment
reaction (Scheme 6-2) can be proceed from the short-lived photo excited singlet
state S; (1 <10 ps)49.208 to an o-quinonoid intermediate 0-Q, or from the n-t*
excited triplet state209 T' to biradical (BR), which has been postulated210 as an
intermediate in the formation of 0-Q. The BR can also give the cyclization
product (CP) directly as has been observed in the case of geometrical
constrained o-nitrobenzyl system.193 Thus, detection of the biradical, a key

intermediate in the triplet pathway for the rearrangement, would provide an
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important way in which the mechanism could be delineated since the triplet

excited state may or may not lead to reaction product.45.212

R R
Z
H hv
—_—>
D
1
(0]
ONB
-
R R R R R
“, 3
« — QL R
NO bll *s_OH
OH 1
L. O. —
Ccp BR

Scheme 6-2

In the previous studies of these alkylnitrobenzenes in our laboratories, the
ESA spectra were assigned to the triplet state by quenching with addition of 5-
methyl-5-(hydroxymethyl)-1,3-cyclohexadiene (CHD, 12 in Fig. 6-1).47,154,209-
211 |n this chapter, the studies on the nitrobenzene derivatives (structures

shown on Fig. 6-1) are presented in the following three categories.

(1) For dimethoxynitrobenzenes (1, 2in Fig. 6-1), with increased solvent
polarity, the blue-shift of the 'red ESA band shows a significant ICT character.
The decay time of the exponential fit of C(t) of DMONB in alcohol is comparable

to the longitudinal relaxation time of the solvent, and is consistent with our
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Fig. 6-1 Molecular Structures of Nitrobenzene Derivatives and CHD

solvation dynamic studies using TDF technique.’4:73 To my knowledge, this is
the first observation of dynamic solvation linked ESA spectra. This solvent-

dependent ESA shift implies an alternative method to study solvation dynamics
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that does not require some of the constraints imposed on fluorescence probes
and might provide additional insight on unexpected relaxation processes

observed by other metheds (chapter 5).

(2)  For alkylnitrobenzenes (3 - 7 in Fig. 6-1), the structure and solvent effects
on ESA spectra are observed, in which the structured 'blue’ and ‘red bands
correspond to vibrational modes of the benzene ring and asymmetric stretching
of NOo; the relative intensities and the structures of the two ESA bands depend
upon the conformation of the C-N bond of the substituted nitrobenzenes, such as

in nitromesitylene (6 in Fig. 6-1).200

(3)  For o-nitrobenzyl derivatives, ONB (8 - 11 in Fig. 6-1), the identification of
the biradical absorption band at 460 nm is done by resolving a series of ESA
spectra of ONB into their component bands. The ESA spectra are recorded from
about 50 ps to 10 ns. From the kinetics of the component bands corresponding
to the triplet excited state, the BR, and the o-quinonoid intermediate, the relative
contributions of the singlet and triplet excited-state pathways in the formation of

the o-quinonoid intermediate, are able to established. 194

6.2 Experimental Section
6.2.1 Chemicals
6.2.1.1 Dimethoxynitrobenzenes

1,2-Dimethoxy-4-nitrobenzene (DMONB) (1 in Fig. 6-1) of Aldrich, was
recrystallized from methanol. The recrystallization procedure is similar to the
procedure described in section 2.2.4. 4'-nitrobenzene-15-crown-5 (4NB15CW5)

(2 in Fig. 6-1) of Aldrich was used as received.
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6.2.1.2 Alkylnitrobenzenes

Nitrobenzene, o-, and p-nitrotoluenes (3 - 5 in Fig. 6-1) provided by
Professors D. Gravel and R. Giasson (Université de Montréal), 2,4,6-trimethyl
nitrobenzene (nitromesitylene) (6 in Fig. 6-1) of Aldrich, a-rmethyl-m-nitrobenzyl
alcohol (AMMNBA) (7 in Fig. 6-1) provided by Professor Yates (University of

Toronto), were used without further treatment.
6.2.1.3 o-Nitrobenzyl derivatives

o-Nitrobenzyl-p-cyanophenyl ether (ONBCPE) (8 in Fig. 6-1), o-
nitrobenzyl-p-phenyl ether (ONBPE) (9 in Fig. 6-1), o-nitrophenylethylene glycol
(ONPEG) (10 in Fig. 6-1), and o-nitrobenzaldehyde acetal (ONBAA) (11 in Fig.
6-1) provided by Professors D. Gravel and R. Giasson (Université de Montréal),

were used without further treatment.
6.2.1.4 Solvents

Cyclohexane (BDH distilled), tetrahydrofuran (THF) (Aldrich, Gold label),
2-propanol (Fisher, certified A.C.S.), tert-buty! alcohol (Fisher, certified A.C.S.),
1-butanol (Fisher, certified A.C.S.), methanol (Accusolo, distilled), poly(ethylene
glycol) (PEG, M.W.: 200) (Aldrich), Poly(ethylene glycol) (PEG, M.W.: 600)
(Aldrich), and deionized water (NANO Pure), were used without further
treatment. 1-Octanol (BDH reagent) was distilled under reduced pressure. n-
Butyl acetate (nBuOAc) (Fisher reagent), and acetonitrile (Caledon, distilled),
were refluxed over CaH2 for 1 h and distilled. The triplet quencher 5-methyl-5-
(hydroxymethyl)-1,3-cyclohexadiene (CHD) (12 in Fig. 6-1) was provided by

Professors D. Gravel and R.Giasson (Université de Montréal).
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6.2.2 Measurements

The ESA spectra of the above species in different solvents were done
using the picosecond transient absorption spectroscopic technique, as
mentioned in Chapter 3. Briefly, the third harmonic Nd: YAG laser pulses at 355
nm of 30-40 ps duration were used for the excitation and continuum puilses with
a useful window between 390 and 730 nm for probing the transient absorption
from O ps to 10 ns with pumping energy between 1.9 -2.7 mJ. The optical
densities of all samples at 355 nmin 2 mm cell were between 0.3- 1.0. There
are three calibrated spectral regions being used for most measurements as
listed in Table 3-2. In order to keep the number of photon on the optimum level
for the detector (5000 - 10000), various neutral density filters, a special filter (0.8
mm Corning 7-51 + 1 mm Schott BG24), and a short-wavelength sharp cut-off
filter (Schott, KV-380, or KV-400), were chosen and put in front of the
monochromator to protect the detector from uv light and overflow of photuns.
The role of the special filter is to balance the spectral distribution of the contiuum
light pulse. The control program automatically rejzcted signals less than 1000
counts. The spectra were treated on a PDP-11 computer and transferred to IBM
data format which can be read using the program CRVFIT written in our

laboratories.
8.2.3 Deconvolution of ESA

The absorption spectra were fitted to absorption bands described by

Cauchy-Gauss product functions of the type

—Clx-x,0?

e
1+B*(x - x,)

Fx-x,)=A (1)
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where x is the wavelength of the band in nm; X, is the wavelength of the peak of
the band in nm; B is the Cauchy factor; C is the Gauss factor; and A is the band
amplitude, by using the program (CRVFIT) developed on the basis of Pitha and
Jones' work212 which employed the Marquardt optimization method. In order to
eliminate the fluctuation on the two edges of spectra, the spectral deconvolutions
were done in the restricted spectral region eixcluding the initial and final
channels. But, the spectral region should be kept the same for each series
spectra. The average pumping energy of each set of spectra with the same
decay time, was used to divide the spectral area of each component from the
deconvolution. The spectral area per pumping energy was applied in the

quantitative analysis in kinetics.
6.2.4 Time-dependent fraction in frequency at absorption maxima C(t)

The shifts of ESA bands fitted by Cauchy-Gauss function were caiculated

using the time-dependent fraction of the frequency at absorption maxima C(t)

(1)~ Uy (=)

C(t) - vm m 2
Up, (0) = 0, () @
where vy(0), vm(t), and vy(eo) are the zero-, instantaneous, and infinite time
frequencies at absorption maxima. The expression of C(t) is similar to the

function discussed in the previous chapter (Chapter 5).

6.3 Triplet ESA of 1,2-Dimethoxy-4-nitrobenzene and 4'-Nitrobenzene-15-

crown-5: New Method for Study Solvation Dynamics

By introducing methoxy group onto the nitrobenzene ring, both ionization
potential of the benzene ring (the electron-donor chromophore) and the charge

transfer energy should be depressed. Therefore, such effect could be reflected

174



in the ESA spectra, such as the excited state ICT interaction. Indeed, we
observe significant ICT phenomena on the ESA spectra of two
dimethoxynitrobenzenes. (i) Only in cyclohexane, we find a decay of both ESA
bands. (ii) Both ESA bands can be assigned to triplet ESA by quenching with
addition of 5-methyl-5(hydroxymethyl)-1,3-cyclodiene (CHD, 12 in Fig. 6-1). (iii)
The blue-shift of the 'red' ESA band shows the solvent polarity dependency
rather than the dependence on the probe molecule. (iv) In alcohols, a dynamic
blue-shift of the 'red ESA band is observed. The rate constant of this dynamic
blue-shift of the 'red band depends on the solvent polarity and viscosity. (v) For
4NB15CWS5, the salt effect on ESA spectrais observed and shows a selectivity

to the presence of metal ions.
6.3.1 The lower excited CT state
6.3.1.1 4NB15CW5, DMONB in cyclohexane

There are two transient absorption bands (~425, and ~510 nm) in the
ESA spectra of both 4NB15CWS5 and DMONB in cyclohexane as illustrated in
Fig. 6-2, and Fig. 6-3. The decay rate constant of the 'blue’ band is
(0.2120.03)x109 s-1 for DMONB, and (0.42+0.10)x109 s-1 for 4ANB15CWS5,
respectively. These decay rate constants are comparable to those of the 'red
band of (0.28+0.02)x109 s-1 for DMONB, and (0.42+0.09)x109 s-1 for
4NB15CWS5, respectively. The comparable decay rate constants of these two
bands indicate that both bands originate from the same kinetic state. The decay

of both ESA bands are associated with the probe compound.

175




1-S 04X (01°0F2¥"0) JO Juelsuod ajes Aedap
awes ay) yum (@) Wwu S1S~ pue (O) wu pLp~ 1e spueq uondiosqe yuaisues) omy jJo Aedap ay) :awely 391 “(wonoq

o} do1 wouy) su O} pue ‘su g ‘L ‘sd 055 ‘0G 18 auexayo[dAd ui SMISEENYD J0 ejdads yS3 awesy Wby ¢-9 ‘b4

(wu) yjsusisaepy (su) Aefaq

Relative Absorbance
soueqJlosqy aalje[ay

176



‘Kjoaoadsal (@) wu 125~ 1e).S 601X (20°0782°0) PuE (O)
WU Ly~ 18,5 gOLX (€0'0%12°0) 4O JuBRISU0D ajes Aedap ynm spueq uondiosqe Jualsuesl 0m} jo Aesap :awely 3y

‘(wonoq o) doj woJ}) su gL pue ‘s ‘g ‘| ‘sd Os 1B auexayooAd ul GNOWA Jo erdads ys3 :awedy Jybiy €-9 ‘bi4
(wu) yirsusiasepy (su) LeraQ
ov9 065 O0¥S 06%¥ 0¥y 068 8 9 4 2 0
000 —— — _ —T — 000
.w 5070 G000 =
c o)
o &
,m 01°0 o
. <
m 01°0 3
L0
. o>
< G1°0 m
> S10 O
= 020 4
© o
= :
G20 020 g
0€°0 - - 620

177



6.3.1.2 4NB15CW5, DMONB in acetonitrile

In acetonitrite, the ESA spectra of both compounds are significantly
different from those in cyclohexane. There is the blue-shift of the transient
absorption band at long wavelengths (~480 nm) whose intensity does not
change from 30 ps to 10 ns as the 'blue' band at ~ 430 nm (see Fig. 6-4). By
adding 3.7 M of triplet state quencher, CHD, to the 4NB15CWS5/acetonitrile
solution, both ESA bands start to decay with decay rate constants of
(2.320.8)x109 -1 (~430 nm) and (1.6+0.5)x109 s-1 (~480 nm), respectively.
This quenching behavior indicates that the two ESA bands originate from a

common lower excited triplet state.

Additionally, the ESA spectrum of DMONB (ground state optical density:
OD~0.7 in 2 mm cell at 355 nm) ir acetonitrile was not observable due to the

intense Raman Scattering, which grossly distorted the spectrum.
6.3.2 Polarity-dependent ESA

In some moderately polar solvents, such as THF and n-buty! acetate, the
blue-shift of the ‘red band with no decay from 30 ps to 10 ns, is also observed
in comparison with that in cyclohexane. With respect to the polarity of solvent,
this band seems to shift further towards the blue region. In water, it shows an
extreme case of merging of the ‘red band into the 'blue' band as shown in

Fig. 6-5.

This solvent-dependent behaviour implies that this transient absorption
band correlates to the solvated excited state. Such quasi-static solvent-
dependent behaviour was also reported in 4-nitro-4'-methoxystilbene in

microsecond time region. 149 On the basis of the Lippent-Mataga theories,5.6b
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the empirical parameter ET(30)63,185 of solvent is used to study the solvation
related phenomena.6P Similar to the solvatochromic study, the plot (see Fig. 6-
5) of the triplet ESA peak frequency vs. the empirical parameter E7(30) of

solvent does show linear correspondence for both dimethoxynitrobenzenes.

Table 6-1: ESA peak positions of 4NB15CW5 and DMONB in different
solvents determined by CRVFIT

E+(30)a 4ANB15CW5 DMONB
Solvent kcal/mol Delay AP  Ag® Delay AP AgC
ps nm nm ps nm___ nm

Cyclohexane 31.2 50 5151 4126 50 521.3 413.1

THF 37.4 50 509.5 4150
n-Butyl-acetate 38.0 50 5114 4147 50 5147 4123
Acetonitrile 46.0 50 4948 4120 d
1-Octanol 48.3 1000 453.3 4183 5000 4675 416.0
1-Butanol! 50.2 5000 4543 4154
Methanol! 55.5 50 4412 4182 1000 4511 4155
Water 63.1 50 423 4125 50 4295 e

a@ Reference 185. P Peak position of the ‘re¢ band. € Peak posttion of the ‘blue’ band. 9 Too
strong Raman Spark. € Only fitted to a single band.

From the solvatochromic study in the chapter 4, such linear relation
indicates CT characteristics. In other words, it shows a correlation of excited
triplet state with the solvation process. The triplet ESA peak positions of both
compounds in different solvents are deconvoluted from their ESA spectra
(section 6.2.3) using program CRVFIT (see Table 6-1). In spite of this quasi-

static shift of ESA spectra with solvent polarity in nanosecond time region, we
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also observe the dynamic blue-shift of the ‘'red ESA band in the picosecond time

region. This dynamic behavior is discussed in the following section.

6.3.3 Time-dependent ESA shitt in alcohols

Table 6-2: The shift time of the red’' ESA band of DMONB in different
solvents.

Solvent E+(30)a nb T° tesa?
kcal/mol cp ns ns
PEG-600 ~53.5 0.56+0.06
1-Octanol 48.3 10.6 0.471x0.005 0.2101
ter-butyl alcohol 43.3 3.316 0.19+0.06
1-Butanol 50.2 2.948 0.118 0.076+0.006

a Reference 185. ¥ CRC Handbook of Chem. & Phys.. ¢ Longitudinai relaxation time of solvent.
Reference 74, 68. 9 Obtained from the single exponential fit of ESA peak shift — C(t).

The significant solvatochromic shift of the 'red band is not just a quasi-
static behavior (within 10 ns). In alcohols, the dynamic blue-shift of this 'red
band was observed at picosecond time scale. Fig. 6-6 and Fig. 6-7,
respectively show the dynamic shifts of the ESA spectra of DMONB in 1-octanol
and PEG600, and 4NB15CWS in 1-octano!, in subnanosecond time region. The
shift times (listed in Table 6-2) of these 'red bands of DMONB in PEG600, 1-
octanol, tert-butyl alcohol, and 1-butanol, are determined using a single

exponential fit of their C(t) data as illustrated in Fig. 6-6, and Fig. 6-8. The
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definition of C(t) is simifar to that in the chapter 5 and is given in section 6.2.4.
Due to the time-resolution limitation of present appratus with ~30 ps FWHM, the
time-dependent ESA shift of these compounds in aprotic solvents (i.e., THF,
nBuOAc, AN, etc.) was not detected, and are expected to occur at

subpicosecond time scale.
6.3.4 Matal ion effect on the ESA of 4NB15CWS5 in acetonitrile

Table 6-3: ESA shift of 4NB15CW5 with metal ions in acetonitrile

Salt Conc. Delay (ns) A (nm) Amax (nM)  lon Size (nm)

0.05 495.1

LiCIO4 0.06 M 1.0 491.3 16.8 17
10.0 478.3

NaClOg4 0.05M 0.05 492.7 11.6 12
10.0 481.1
0.05 491.5

KCIOg4  saturated 1.0 488.4 5.8 6
10.0 485.7

The preliminary study of the metal ion effect on the ESA of ANB15CWS5 is
done in acetonitrile. From the time-resolved ESA spectra of ANB15CWS5 in
acetonitrile with various metal ions, a slightly shift of the ‘red band is observed

at nanosecond time scale. In acetonitrile, such dynamic blue-shift is not
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observed in absence of metal ions from 30 ps to 10 ns. The metal ion
dependent ESA band positions at different time are deconvoluted from ESA

spectra as listed in Table 6-3.

The trend of the maximum band shift (AAmax) Seems to correlate with the
size of the metal ion as ~17 nm for Li*, ~12 nm for Na+, and only about 6 nm for
K+, respectively.135 In comparison with the solvent polarity dependency of this
ESA band presented before, the interaction between lithium ion seems much
stronger than that of potassium ion despite of smaller size of the lithiumion. The
parent molecule, the 15-crown-5, is more selective for the larger potassiumion is
than that for lithium ion.135 Apparently, the selectivity of 4NB15CWS5 for the
metal ion at excited state shows a converse trend to the ground state property of
its parent molecule, 15CWS5. The ground state absorption spectra of
4NB15CWS5 with different salts in acetonitrile (Fig. 6-9) show the similar
behaviour as that of ESA spectra. Therefore, both ground and excited states
complexation processes might not occur in the cavity of the crown as known in
15CW5.135 1t can not exclud the interaction between the anion-liked nitro group
and the metal ions. This has to be verified in the further study of the effect of

metal ion on ESA of DMONB in both ground and excited states.
6.3.5 Discussion

Outlining the ESA results of two compounds, four important phenomena
are observed. These are: (i) decay of both ESA bands (‘blue’ and ‘red) in
cyclohexane, and stabilized in the most solvent at nanosecond time scale; (ii)
blue-shift of the 'red ESA band with solvent polarity, but not the 'blue’ band; (iii)

dynamic blue-shift of the 'red ESA band in subnanosecond time region affected
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by two factors: polarity, viscosity of solvent; and (iv) salt effects on the blue-shift

of the 'red ESA band of 4NB15CWS5 in acetonitrile in nanosecond time region.

In cyclohexane, the decay of both ESA bands shows that the two ESA
bands originate from the same. excited triplet state. The lifetime of this lowest
triplet state is about 2.3 ns for ANB15CWS5, and is about 4.7 ns for DMONB,
respectively. But, the decay of both transient absorption bands is not observed
in other solvents such as THF, n-butyi acetate, acetonitrile etc., ‘or both probing
compounds. This raises a question about the property of this triplet state.
Fortunately, the observation of the solvatochromic shift of the ‘red” ESA band
(Fig. 6-5) gives strong evidence for the CT characteristics of the triplet state,
which is stabilized by the dipole-dipole interactions of the surrounding polar
media. This shift is also observed by adding different metal ions into

4NB15CWH5/acetonitrile solution.

—3 T2 Tz
A Ag 1
S S
n A Ty Sn —T[———r— )\_____ ry Ty
A 4 CT L L
84 o Tx Sy * Tx
‘ CT.
L — 4— Teown
So > S -»
(A) (B)

Scheme 6-3 Energy diagram

Scheme 6-3 schematically shows the transitions among the excited triplet
states involving the lowest CT state. With increased surrounding polarity, the CT

state drops from slightly higher energy in less polar solvent to lower energy than
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does the lowest excited triplet state Ty in moderately polar and polar solvents.
Therefore, the conversicn from the excited singlet state (S4) to this CT state
should be more signiticant. As a result, with increasing solvent polarity, the ‘'red
band due to the transition from this CT state to the excited triplet state Ty, must
shifi towards the short wavelength region. From the study of two ESA bands for
alkylnitrobenzenes in the next section, this triplet Ty state is characterized by the
locally excited nitro group and is not sensitive to the polarity of surrounding
media. By contrast, the upper excited triplet state T, characterized by the
excited dimethoxybenzene, seems more sensitive to the surrounding media.
Thus, the change of the transition energy between the CT state and the T, state
can not be identified. The quenching of both ESA bands from 4NB15CWS5 in
acetonitrile (Fig. 6-4) can be explained by the intermolecular energy transfer

from the lowest CT state to the excited triplet state Tonp of the quencher (CHD).

The significant solvent effect on the ESA spectra of both
dimethoxynitrobenzenes found in this study, is the first observation of strong ICT
characteristic ESA spectra. The dynamic blue-shift of the 'red’ ESA band of
both compounds in various alcohols shows a significant solvation related ESA
phenomenon, which depends strongly upon the solvent polarity and viscosity.
Alternatively, this observation implies a novel method to study the solvation

dynamics using transient absorption technique.
6.4 Triplet ESA of Alkylnitrobenzenes

On the basis of the previous observation of quenching of ESA spectra of
alkylnitrobenzenes with addition of CHD (No. 12 in Fig. 6-1) in solution, in our

laboratories, the triplet state characteristics of these ESA bands are
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Table 6-4: Peak position of 'red’ and 'blue' ESA bands and the frequency
spacing between two resolvable peaks on the structured ESA bands of

alkylnitrobenzenes

Molecular Solvent 'red Band 'blue' Band Rd
Ap?@ Avb FwHMC Ap@ Aub
N o, ANH20 66238 4378 1275 1.9
(2:5)€ 463.7
PNT
iy _@_CH THF  647.0 3.4x105 437.8 1145 1.6
1y 3
° 460.9
PNT
Oy O
N AN 634.2 427.0 1069 1.2
NB
447.4
Oy +-O
N THF 653 429.4 1254 0.6
cH, ONT
453.8
o AN 5785 1510 2.9x105 432.8 0.3
N NM
0 633.9
ﬁ o AN 5764 1443 3.5x105 4308 1454 1.1
0’ CH,
629.3 459.6

AMMNBA

8 \p: Peak posttion in nm. b Frequency spacing between two resolvable peaks on the ESA
bands. € FWHM: Frequency width at half maximum of the whole ‘red band.

band areas. € Volume ratio.
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Table 6-5: Kinetic Rate Constants of Alkylnitrobenzenes

Molecular Solvent kotAkp  (Ap)@ kstAks (Ap)P

Structure 109 -1 109 s-1

Q. _@_CHS AN/H20  0.83%0.23 (663.7 nm) 1.11+0.02 (437.8 nm)

° (2:5)¢ 0.92+0.14 (463.7 nm)
PNT
Os 4.0
N THF 1.940.5 (653 nm) 429 4 nm
CHy ONT 2.3+0.7
453.8 nm

AN
629.3 nm

0;. AN 2.3#0.2 (633.9nm)  0.4420.28 (432.8 nm)
“ NM
o 2.5+0.2 (578.5 nm)
9’ OH
o’,N\O)\Cm

576.4 nm) 1.120.1(430.8 nm)

1.31:0.01(
0.8+0.1(459.6 nm)

AMMNBA

@ Decay rate constants of ESA at long wavelengths (Ap: wavelength at peak position). bpecay
rate constants of ESA at short wavelengths (Ap: wavelength at peak position). CAN: acetonitrile,
volume ratio of acetonitrile/water =2/5.

confirmed.47 Through a systematic analysis of the ESA spectra of some
alkylnitrobenzenes in solution, the following important features have been
observed (refer to Table 6-4 and Table 6-5). (1) The structured 'blue' band at
short wavelengths appears to be distinct in p-, o-nitrotoluenes and nitrobenzene
from that in nitromesitylene. (2) In comparison to the 'red band at long

wavelengths, the relative intensity of the 'blue’ band varies with the position of

the substituents on the nitrobenzene ring, (i.e., significantly in p-nitrotoluene, but
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not in nitromesitylene and tri-tert-buty! nitrobenzene). (3) The structured 'red
band has been observed in nitromesitylene and a-methyi-m-nitrobenzy! alcohol.
(4) The blue edge of the 'red band, shifts towards the short wavelength region,
i.e., from ~600 nm for nitrobenzene to ~550 nm for nitromesitylene in

acetonitrile. (5) The full width at half maximum (FWHM) of the 'red band seems
to vary with the position of the substituents on the nitrobenzene ring. Addition to
the substituents effect, (6) the solvent eifect on the decay rate constant (Table 6-

5) and on the shape of the ESA spectrum has also been found in this study.
6.4.1 Substituents effect
6.4.1.1 Nitromesitylene in acetonitrile

The ESA spectra of nitromesitylene in acetonitrile are illustrated in Fig. 6-
10, in which a transient absorption 'red band at ~615 nm is similar to that in
alkylnitrobenzenes (Fig. 6-11, Fig. 6-12). The similar observation from the low
temperature ESA study of p-nitroaniline, 147 not from that of aniline,149 indicates
that the origin of this 'red band is due to the contribution from the nitro group on
the benzene ring. The single exponential decay of this 'red band with decay
time of 2.4£0.2 ns, is found by an exponential fit of the band area. The
structured 'red ESA band of nitromesitylene (Fig. 6-10), can be resolved into two
separated bands whose peak positions do not depend on time. The frequency
spacing between these two peaks (578.5 nm and 633.9 nm) is resolved by the
spectral deconvolution as described in section 6.2.3. Therefore, these fine
structures reflect the transitions between the lower excited triplet state to the
vibronic states of the upper excited triplet state, or to two very close upper

excited triplet states. In comparison to the ground state infrared absorption
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0.0 t-
0.15 ¢ j

Relative Absorbance

425 475 525 975 625 675
Wavelength (nm)

Fig. 6-12 The curve fit of ESA spectra (O) of (a) pNT/THF, (b)
Nitrobenzene/acetonitrile at 100 ps, (¢) oNT/THF, and (d)
nitromesitylene/acetonitrile at 50 ps. The dash, short dash and dot
represent the components of the transient absorption bands
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studies, this frequency spacing Av is found to be the same as the vibrational
frequency of the asymmetric stretching of the nitro group.205 Thisis not a
random agreement. Actually, it is the reflection of the characteristics of the ‘red

band characterized by locally excited nitro group.
6.4.1.2 o- and p-Nitrotoluenes and nitrobenzene

In contrast with the ESA spectra of nitromesitylene in acetonitrile, the
structured transient absorption 'blue’ band at ~ 420 nm is observed from o-, p-
nitrotoluenes in THF, nitrobenzene in acetonitrile at 100 ps, and AMMNBA in
acetonitrile at 50 ps (see Fig. 6-12), respectively. The area ratio R=Ag/AL of the
'blue’ (~ 440 nm) Ag to the ‘red band (~ 620 nm) AL varies with the position of

substituents attached to the benzene ring (Table 6-4) and is in the order
R(pNT) > R(NB) > R(oNT) > R(nitromesitylene) (A).

In the previous section (6.4.1.1), the comparison between the frequency spacing
of the structured ‘'red’ band and the ground state asymmetric stretching of NOo
shows that this fine structure on the triplet ESA band may reflect excited state
vibronic interaction of NO>. It itis true, the excited state vibronic interaction ot
NO» could be similar to its ground state with strong resonance of the asymmetric
stretch of NOo. By comparison with the infrared spectra of alkylnitrobenzenes,
this structure dependency of the ratio of the 'blue’' and the 'red” band areas
parallels the trend of the ground state vibrational absorption intensity of the
asymmetric stretching of NOo, and the oscillator strength ratio (R=fg/f55) of the
symmetric (fg) and the asymmetric (f55) stretching band of NO2 with the position
of alkyl substituent attached to the nitrobenzene ring which appears in the same

order:204

197



R(para-) > R(meta-) > R(ortho-) > R(2,6-) (B)

This agreement indicates a significant contribution from the vibronic interaction
of the asymmetric stretching of NO» group to this ‘red ESA band. By
considering the contribution of the locally excited nitro grcup to the 'red band (~
620 nm) as for p-nitroaniline, 148 there is a question about the 'blue' band which
could have strong contributions from locally excited benzene as for aniline.149
Similar to the 'red band, the frequency spacing (1069 ~ 1454 cm-1) of the fine
structure on the 'blue' band (~ 440 nm) is comparable to the vibrational
frequency of CH bending (Av = 1174 cm-1), or the ring stretching of the benzene

(Av = 1550 cm-1).150

The ratio of the 'blue’ to 'red ESA band areas reflects a difference in the
probability of the transitions from the lowest to two upper excited triplet states.
For nitromesitylene, the characteristics of locally excited NO» seems to be more
significant due to the twisting of the nitro group out of the plane.200 |n
comparison to the relatively small twisting of a nitro group for nitrobenzene and
p-nitrotoluene, the NO» group of nitromesitylene in solution is twisted by 90 °
from the ring plane due to the steric hindrance of the adjacent methyl groups.200
With twisting of NO» off the plane of the benzene ring, the symmetry of the
upper excited state could be similar to that of the lower excited state. Therefore,
the excited state transition moment between the lowest and the upper excited
triplet state as the 'red” band, can be much larger than that of the 'blue’ band.
Thus, the ESA spectra with more significant characteristics of local NOo should
be observed. By contrast, for those alkylnitrobenzenes with untwisted or slightly
twisted NOp, the transient absorption of the '‘blue’ band, should be more
significant. This is actually what we observed in Fig. 6-12, and from the

agreement between the trends (a) and (B).
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6.4.2 Solvent effect on ESA of nitromesitylene and a-methyl-m-

nitrobenzyl alcohol (AMMNBA)
6.4.2.1 Nitromesitylene

(i) As presented before, two sets of ESA spectra of nitromesitylene in
acetonitrile were analyzed using program CRVFIT. The fast decay band at ~615
nm (Fig. 6-10) due to the locally excited niiro group was resolved. The two
peaks of the 'red band are spaced about 1510 cm-1 appart (see Table 6-4).

The transient absorption at short wavelengths (~ 430 nm) was not reproducible
in two sets of spectra. The cause is not known but may be due to hyroxylic
impurities in the the solvent resulting in the transient absorption in this

wavelength region as is observed in acetonitrile/water mixture.

(ii) In acetonitrile/water mixture, two time-dependent transient absorption
bands are found from the spectra (Fig. 6-13). These are: (1) a decay band at
~613 nm with a relatively small decay rate constant of (0.47 £ 0.17)x1 09s1in
comparisonto (1.9 O.4)x109 s-1in acetonitrile; and (2) twe gradually enhanced
bands at ~400 nm and ~493 nm with the similar rate constant (0.57 + 0.15)x109
s-1as listed in Table 6-6. Since the rate constants of both short bands (~ 400
and 493 nm) are very close from the exponential fitting of their transient
absorption areas per average pumping energy, it is reasonable to treat these two

bands as being kinetically identical.

(i)  In contrast with the ESA in acetonitrile, the ESA in water is very weak.
This is due to the trivial factor of low concentration and low absorption of the
sample. From the ESA spectra (Fig. 6-14), the transient absorption at 600 nm
can be considered as part of the baseline as mentioned before. Similar to the

ESA in acetonitrile/water mixture, the transient absorption band of
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nitromesitylene in AN at short wavelengths was fitted by two separated
components (~443 and 522 nm) with the same kinetic rate constant. Therefore,
these two components can be considered as a single component with the rate
constant of (0.32+ 0.08)x109 s-1. The large deviation (70%) in the rate constant
(1.1 £ 0.7)x109 s 1 of the decay band at 600 nm, is not surprising in view of the
poor signal/noise.

Table 6-6: Comparison of the Kinetic Rate Constants of Nitromesitylene in
Ditterent Solvents

Solvent k Ak (A, nm)a kgxAkg (A, nm)P R=As/AL
109 51 10951
see the
Cyclohexane 8.541.5 (60045)  12+10 (233~434) sfé’&”ﬁ”}ﬁ, )
A 23£0.2(634) 0.44+0.28 (433) 0.3
Acetonitrile 2.5£0.2 (579)
B 1.9:0.4 (615)
0.1£0.4 (573) 0
Acetonitile/water ~ 0.5:0.2 (614)  0.57:0.15 (493:400) 1.3
(12)¢
Water 1.1£0.7 (600)  0.32:0.08(522;443) 8.3

8 Decay rate constants of ESA at long wavelengths (peak position, nm). b Decay rate constants
of ESA at short wavelengths (peak position, nm). ¢ Volume ratio = VAN/VH20=1/2.

The increase in the transient absorption of nitromesitylene in water (see
Fig. 6-13 and Fig. 6-14), is not clear, which could be due to the H-bonding

interaction between NO2 and solvent molecules. Therefore, the intensity of the
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‘red band which exhibits NO» group character should be reduced dramatically.
The origin of the high ratio (R=Ag/A_ ) observed from pNT in acetonitrile/water
mixture (see Table 6-4), is still not clear. By comparison with the time scale of
the solvation process, this observation also indicates that there is no
contributions from the solvated electronic absorption to both 'blue’ and ‘'red

bands.

Table 6-7: Spectral Deconvolution Results ot ESA Spectra for

Nitromesitylene in Cyclohexane

Time ‘blue' band 'red band

(ps) _ A (nm)d Bb ce A (nm)a Bb ce

50 403.4 0.0032 0.00456 594.2 0.00002 0.01171
100 434.3 0.0032 0.00456 603.8 0.00002 0.01171
200 232.7 0.0032 0.00456 592.6 0.00002 0.01171
350 396.6 0.0032 0.00456 599.6 0.00002  0.01171
500 358.3 0.0032 0.00456 607.3 0.00002  0.01171

Mean 365179 0.0032 0.00456 6006 0.00002 0.01171

aWavelength at peak position. © Cauchy factor of eq. (1). € Gauss factor of eq. (1).

(iv)  Anintense transient at short wavelengths is observed from the ESA
spectra of nitromesitylene cyclohexane as illustrated in Fig. 6-15. From the
spectral deconvolution of these time-dependent ESA spectra by fixing the
spectral shape parameters (i.e., Cauchy and Gauss factors of eq. (1)) as listed in
Table 6-7, we find great uncertainties in () the peak position (359£79 nm); (b)
the decay rate constant (12+190 ns 1) of this ‘blue' band. By contrast, the ‘red
band is located in a reasonable wavelength region (600+£6 nm) with exponential

decay rate constant of 8.5+1.5 ns"1. The rate constant of the decay of the 'red
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band in cyclohexane is much larger than that for the 'red band in acetonitrile as
listed in Table 6-6. This could imply the solvent polarity effect on the lifetime of
the lowest triplet state. The peak positions of both ESA bands might shift
towards the short wavelength region with solvent polarity. This may be the
reason for the weak transient absorption at short wavelengths for nitromesitylene
in acetonitrile. It will be interesting to measure the ESA spectra of
nitromesitylene in different aprotic solvents for verification of these possible

solvent effects.

By viewing the ESA spectra of nitromesitylene in different solvents, four
significant observations can be noted: (1) the ratio of the transient absorption
area (or intensity) of the 'blue' and 'red bands is small in pure acetonitrile (not in
cyclohexane) due to the twisting of the nitro group out of the benzene ring.200 It
shows significant locally excited NOo characteristics; 143 (2) in presence of
water molecules, the rate constant for the rise of the 'blue' band is slower than
that in pure acetonitrile. This could originate from the external H-bonding
interaction between nitro group and water molecules. This new transient band at
~480 nm has the same kinetics as the 'red band; (3) the polarity dependent
decay rate constant of the 'red band tends to be the fastest in cyclohexane. It
seems that the lowest triplet state is stabilized by the dipole-dipole interactions in
polar solvent and tends to have more ICT characteristic state; (4) the fine
structure on the 'red band with frequency space of ~ 1510 cm~1 in acetonitrile
(AN) and AN/H>0 is due to the asymmetric stretching of locally excited NOp
group; (5) the origin of the uncertainty of the 'blue’ band in cyclohexane is still
not clear. we can not exclude the possible of a blue-shift of this ‘blue’band due

to solvent polarity.
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6422 o-methyl-m-nitrobenzyl alcohol (AMMNBA)

(i) The time-resolved transient absorption spectra of AMMNBA in acetonitrile
(Fig. 6-16), were analyzed by program CRVFIT. There are four resolvable
peaks (630, 576 nm, and 460, 431 nm) on two fast decay ESA bands at long and
short wavelengths. The decay rate constants of these two ESA bands are
(1.31+0.05)x109 s°1, and (1.0+0.3)x109 s for the ed’, and 'blue’ bands,
respectively. These components can be considered kinetically identical due to
their comparable decay rate constants. After 2 ns, there is a rising component
appearing around 566 nm. Obviously, the origin of this ESA band is not the

same as the decay components. It may or may not be the effect of impurities.

(i) In acetonitrile/water (1:2) mixture and pure water, no difference on the
ESA spectra of AMMNBA can be found. Both red’'and 'blue’ bands decay

exponentially with the similar rate constants. The results are listed in Table 6-8.

By comparison with nitromesitylene, we have not observed a significant
solvent effect on the ESA spectra of AMMNBA. There are two structured
transient absorption bands at ~ 420 nm and ~ 600 nm, respectively. This is
consistent with our previous observation from other alkylnitrobenzenes. The
origin of the ‘blue’ band, and the ‘red’ band, can be respectivly assigned by the
transitions between the lowest triplet state to the upper excited triplet state
characterized by (i) locally excited benzene, and (i) locally excited NO». The
appearance of both structured ESA bands for AMMNBA displaying the
characteristics between oNT's and niirobenzene's, can be explained as followa.
(1) in AMMNBA, the nitio group is less hindered than in oNT and is slightly more
hindered than in NB. Therefore, the contribution from the locally excited

benzene should be more significant than that in oNT. (2) The hydroxy! group
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attached on the meta substituent, can form hydrogen bonding or dipole-dipole
interactions with the surround molecules. Such interaction provides a shell for
the NO2 group, and reduce its sensitivity to the surrounding media. Thus, the
external H-bonding interaction between NO2 group and the surrounding media
should be weaker than that in both pNT (see Table 6-4) and nitromesitylene
(Table 6-6).

Table 6-8: Comparison of the Kinetic Rate Constants of AMMNBA in
Different Solvents

Solvent k Ak, (A, nm)a kgtAkg (A, nm)b R=As/AL
109 s-1 1091 (100 ps)
THF/water 1.840.4 (613) 1.4+0.2 (433.5) 0.7
(4:1)c
Acetonitrile 576.4 1.1+0.1 (430.8) 1.1
1.31£0.05 ( )
629.3 0.8£0.1 (459.6)

Acetonitrile/water  1.5+0.4 (607.3) 1.4+0.3 (430.3) 1.1
(1:2)¢ 1.3£0.2 (460.2)
water 0.90.1 (607.6) 1.1£0.2 (433.8) 1.1

1.4+0.3 (459.6)
d Decay rate constants of ESA band at long wavelengths (peak position, nm). b Decay rate
constants of ESA band at short wavelengths (peak position, nm). € Volume ratio.

6.4.3 Discussions

in the above ESA study of alkylnitrobenzenes, it is significant that (1) that

the ratio of two transient absorption band areas varies with (a) the position of the
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substituent and (b) the solvent, (2) the fine structure of either 'blue’ or 'red ESA
band reflects the excited state vibronic interaction of the locally excited benzene
ring or the NO»> group. These fine structures on the 'blue’ and ‘red’ ESA bands
correspond to vibronic interaction of locally excited benzene and NO»,
respectively. The ESA of the excited state alkylnitrobenzenes (see Fig. 6-12)
are similar to p-nitroaniline, 148 but not to aniline, whose ESA spectra only show
a single transient absorption band at short wavelengths. 149 The agreement (1)
between the frequency spacing of the structured 'red band and the asymmetric
stretching of NOo; (2) the comparable frequency between frequency spacing of
the structured 'blue’ band and the CH bending or stretching of the benzene
ring; (3) the trends of the transient absorption ratio (R=Ag/A| ) and the oscillator
strength ratio of symmetric and asymmetric stretching of NO2; further support
the assignment of the ‘red band to a state with locally excited NO2
characteristics, and the ‘'blue' band to a state having e localized benzene ring
characteristics. The ratio of these two ESA band areas can be affected by the
position of the substituent on the nitrobenzene. Especially, when the nitro group
is twisted out of the plane due to steric hindrance, the tansition moments of the
'red ESA band could be more significant due to change in symmetry. As a
result, the structure of the 'red band appears to be more identical to the ‘blue’

band.

For the protic solvent such as water, the H-bonding interaction between
nitro group and HoO becomes more significant. Therefore, in the ESA spectra,
the intensity of the 'red band with the locally excited NOo character, appears to
be much weaker than those in the absence of water molecules. This is true in
the study of the solvent effects on the ESA spectra of nitromesitylene (Fig. 6-10,

Fig. 6-13), pNT (Table 6-4). In comparison with nitromesitylene and pNT, for
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nitrobenzene in Ho0O, a relative strong 'red band (~ 575 nm) instead of a ‘blue’
band is observed in the initial period (Fig. 6-17). For nitromesitylene in HoO, a
new ESA band at ~ 480 nm builds up and posseses the same kinetic rate
constant as the decay of the 'rec band. This is possible due to the formation of
a new H-bonding state as nitrobenzene in water (Fig. 6-17). For AMMNBA, the
OH group on the m-substituent could have the function to block the
intermolecular interaction between surrounding protic molecules (e.g., water)
and NO». Thus, the sensitivity of AMMNBA to the external protic molecules is
reduced. As a result, no significant solvent effect on ESA spectra can be

observed.

6.5 Identification of the Biradical Intermediate in the

Intramolecular Rearrangement
6.5.1 Biradical of intermediate in intramolecular rearrangement
6.3.1.1 ONBCPE in acetonitrile

In thye studies of ONBCPE in acetonitrile (0.8-1.0 x 1072 M), the time-
resolved transient absorption spectra (Fig. 6-18) display two bands (400 ~ 425
nm, and 600 ~ 650 nm) of similar intensities at picosecond times (300 ~ 400 ps),
and at longer delay times, a single band at ~425 nm. These excited state
behaviors were also reported from the ESA of ONBCPE, and ONBPE in THF.45
The single triplet excited state absorption band (~ 425 nm) appeared at times
comparable to the pulse duration (~30 ps) and persisted beyond our time
resolution (~10 ns) was attributed to intramolecular H-abstraction reaction from
the excited singlet state (Scheme 6-2), which were similar to the o-quinonoid

absorption characters.209 Theretore, the intermediates were identified to be o-
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quinonoid intermediate.194 Thus the principle features of the transient

absorption spectra are the following: (1) at picosecond times, two absorption

bands: one at ~425 nm due to superimposed 0-Q and T, absorption, and the
other at ~ 650 nm due to T," absorption; (2) at times > 10 ns, a single absorption

band at ~ 425 nm due to o-Q.

In addition, a biradical route to 0-Q via T, (Scheme 6-2) should result in
an increase absorption of the 0-Q at ~ 425 nm at a rate identical with that of the
decay of its biradical precursor. Experimentally, in the 400 ~ 500 nm region, we
find what appears to be a single absorption band which gains in intensity from 1
to 10 ns (see Fig. 6-18) which is consistent with a triplet pathway in which 0-Q s
formed from the biradical. A similar observation has been reported for o-
nitrobenzy! esters by Schnabel and co-workers.212 The apparent shift in the
baseline of the spectrum at 10 ns is an experimental artifact due to thermal
lensing effect which appears at 8 ~ 10 ns after excitation. This was verified by
flash excitation studies of the solution, of different solvents by themselves at

different intensities.
6.5.1.2 Deconvolution of the ESA of ONBCPE in acetonitrile
(i) ~425 nm band at 10 ns

To further analyze the band structure of the absorption in the ~425 nm
region, we began by fitting the spectra at 10 ns to the function described by eq.
(1), since there does not appear to be significant time-dependent between 8 and
10 ns. The fit should describe a single species due to 0-Q. We obtained
optimization of the band at 42113 nm, and Cauchy and Gauss factors of

B=0.012+0.005 and C=0.022+0.02, respectively from six ESA spectra.
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(i) 421 nm and 460 nm bands

Spectra corresponding to a delay time of 1 ns (Fig. 6-19) were next
selected for optimization with the 421 nm band position and band factors B and
C fixed to the previously optimized values. These spectra correspond to
absorption due to 0-Q and possible the biradical. Contribution from the triplet
excited state is not expected to be significant because of its short litetime (~300
ps, vide infra). Optimizations were carried out for different number of bands but
significant contribution were found only for bands at 421 nm and a new band at
460+17 nm optimized from seven ESA spectra. Inthe presence of 6-methyl-6-
(hydroxymethyl)-1,,-cyclohexadiene (CHD), a diene which is known to quench
the triplet lifetime of ONBCPE,45 the amount of the 421 nm band at 10 ns was
reduced by ~40% compared with the band area from ONBCPE without the
quencher (Fig. 6-20). The quenching constant K (0.58 M-1) can be obtained

from the slope of the straight line in the insert frame of Fig. 6-20.

Table 6-9: Optimized Fitting Parameters for Transient Absorption
Spectra Bands from ONBCPE in Acetonitriled

Delay Peak Gauss factor Cauchy factor
time position (nm) C B

50 ps 64917 (4) 0.008+0.004 0.005+0.004
1ns 46017 (7) 0.01420.005 0.0005+0.0005
10 ns 42143 (6) 0.022+0.002 0.012+0.005

4 Values in parentheses are the number of samples. The band shape Cauchy and Gauss factors
are defined in eq. (1).
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(i)  ~650 nm Band

Attimes < 1 ns, we were unable to resolved a third band in the 400 ~ 450
nm wavelength region due to the triplet excited state.45 The weakness of the
absorption band at 460 nm and that of the T, was, however, optimized at 649+7
nm from four ESA spectra. The optimization parameters for ESA of ONBCPE in

acetonitrile are summarized in Table 6-9.
6.5.2 Kinetics

The absorption at the 460 nm band overlaps with that expected for a
'blue’ band of the triplet excited state. Therefore, if the 460 nm band was due to
the biradical derived from triplet and the two bands were similar in intensities,
little or no absorption changes would result during decay of the triplet. However,
as the o-quinonoid is formed from the biradical, decay of the 460 nm band is
expected together with increase of the 421 nm band of the o-quinonoid.
Kinetically, the intramolecular hydrogen abstraction from the triplet excited state
leading to the o-quinonoid intermediate via the biradical can be represented by
the series of two first-order reactions with rate constants k4 and ko (see Scheme
6-2). Other competing reactions by T, and BR, will reduce the yields of BR and
0-Q (I'gr and I'y.q, respectively) from the triplet excited state. The populations

of the three species can be expressed by the following equations:210

r

T (1) =™
{BR(t) = Bgs(e7™! —e™) (3)
-kt e okt
0-Q(t)=0-Q(0)+ ﬁo-o(”kze e J
{ kl - kz

217



where ag=T; (0) is the yield of 7;" at t=0; Pgr=I"BRogk1/(k2-k1); 0-Q(0) is the
initial concentration of the o-quinonoid from the singlet excited state; and B,
a=Toq0o- In the case where the rate of decay of the triplet state is much
greater than that for the formation of 0-Q, (k1 » k), decay of the biradical could
be described by a single-exponential function. Therefore, eq. (3) can be simply
expressed by:

(1) = oge™

BR(1) = Ty0qe™" (4)

0-Q() = 0-Q0)+T, g0, (1-€™)

The area of the band component for the o-quinonoid (A =421 nm) at
different delay time was fitted to 0-Q(t) of eq. (4) with minimization function ¢™
using a modified Simplex optimization algorithm.219 In all, 35 spectra from 7
sets were used for the global fit which gave a 1/ka rise time of 7.7+1.2 ns. The
areas of the T, and the BR band components were substantially smaller than
those of the 0-Q. To reduce the random error for these weaker signals, the
results for a given delay time from several sets were averaged. The fit of the
results from 23 spectra for T to T,'(t) of eq. (4) gave a 1/kq decay time of
2941112 ps. The kinetics of the BR is expected to rise and decay according to
BR(t) of eq. (4) with the same k4 and ko as those obtained from the kinetic
treatment of the o-Q and T;. The calculated curve from eq. (3) and the

experimental points (derived from 23 spectra) for the 460 nm band component

)
6= 2 2( n (t ) (ml _1) . where ni(tj) is the jth data of the ith set; mi is the

j=1
total number of data in the ith set; F(tj) is the optimized data for all sets at tj; and n is the total
number of sets.

218



attributed to the BR, together with the resuits for the 0-Q and the T,’, are shown

in Fig. 6-21. These results support the assignment for the BR.

Table 6-10: Deconvolution Results of o-Nitrobenzy! Derivatives

Compound Solv AT, ("M) Agg (nm) A ~(nm) 14 (nS) 15 (ns)

ONBCPE AN 649+7(4)  460+17(7)  42113(6) .29:.11(23)  7.711.2(35)

AN 65315(2) 444 42742 017 5
ONBPE

THF 66512 45114 42512 0.2 412
ONBAA THF 449 420
ONPEG THF 482 429

Similarly, the optimizations of ESA of ONBPE in acetonitrile and THF (not
ONBAA in THF, ONPEG in THF) by eq. (1) offered some similar information as
observed from ONBCPE in acetonitrile. The kinet.c transition times were
obtained by the same treatment as those of ONBCPE. The signals of BR band
for ONBPE were so weak that it was hard to deconvolute the BR band from
some sets of ESA spectra of ONBPE in acetonitrile, THF, and ONBCPE in THF.
For both ONBAA, and ONPEG in THF, the signals of the triplet excited state
were difficult to identify which were comparable to the noise. The uncompleted
results of these o-nitrobenzyl derivatives ir;‘ENQo solvents listed in Table 6-10,

were obtained from insufficient or uncompleted time-coverage numbers of
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spectra. The order of the band fit was the same as that for ONBCPE in

acetonitrile.
6.5.3 Pumping energy effect

To eliminate the possibility that the 460 nm band was a consequence of
nonlinear processes, the excitation energy Ep was varied to determine if there
was a threshold energy, or a quadratic (Ep2), or higher power, energy
dependence for the 460 nm band. We obtained the relative band areas of
ONBCPE in acetonitrile at 10 ns. Fig. 6-22 shows the linear relation beiween the
area of 460 nm band and the excitation energy, exciuding the highest excitation
energy. The latter may originate from saturation, a diminution of the triplet
lifetime due to triplet-triplet annihilation, or other effects; and in any event it is

incompatible with an Ep? or higher power.
6.5.4 The yield of o-quinonoid formation

The vyield of the o-quinonoid formed from singlet excited state (0-Q(0)) as
a fraction of the total o-quinonoid (0-Q(e)) formed can also be obtained from the

kinetics. The value for 0-Q(0) can be obtained by band fitting at 1ns, where the

contribution due to absorption from T is negligible, and the value of 0-Q()) can
be obtained from the blot of 0-Q(t) of eq. (4). We obtained a value of 0-Q(0)/o-
Q(e<) = 0.43+0.05—that is , approximately 40 % of the o-quinonoid is formed
from the singlet pathway. From the relative area obtained from the decay of the
biradical and the rise of the o-quinonoid, we obtained a limiting value for the

relative oscillator strengths f (f = 4.139x10“’je(u)dv) of the two species, f, o/fgR

24.6+1.1. The inequality corresponds to a yield of the o-quinonoid from the

biradical of < 1.
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6.6 Conclusion
6.6.1 Further studies
6.6.1.1 Solvation dynamics

The solvation correlated ESA shift provides an alternative method o study
the solvation dynamics. The solvation dynamics should be systematically
studied in various solvents to determine the scope of this method. Since the
solvation relaxation is completed at subpicosecond or picosecond time scaie,
the femtosecond technique will be required to study the time-dependent blue-
shift of ESA of these dimethoxynitrobenzenes in aprotic solvents, methanol, and
water. Meanwhile, the effect of the viscosity, temperature (thermodynamics)

studies can be also carried out.

The identification of the excited and ground state moiecular recognition of
4NB15CWS5 with metal ions has to be worked out. The blue-shift of the ESA of
4NB15CWS5 with metal ions seems much slower than the solvation process,
which would provide some information about the salt effect on the solvation
dynamics. It can be identified by comparing the ESA spectra of these two

compounds with and without addition of salts.
6.6.1.2 Alkylnitrobenzenes

For the ESA study of alkyInitrobenzenes, the following phenomena have
not been verified. (1) The 'red ESA band couid shift with (i) the position of
substituents on the nitrobenzene ring, (e.g., Ap (oNT) > Ap (nitromesitylene) as
listed in Table 6-4); (i) polarity of solvent. (2) The effect of hydroxyl group on
substituents or in solvent, on ESA spectra. (3) The transient at short

wavelengths is observed significantly in cyclohexane (Fig. 6-15) which is weak in
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acetonitrile (Fig. 6-10) and is diminished in water (Fig. 6-14). The transient at
short wavelengths could be real, and may be due to the blue-shift ofthe "blue'
band with solvent polarity. (4) The quantitative analysis of the twisting of NO»
for these alkylnitrobenzenes, should provides clear evidence about its correlation

to the trend of the ratio of the ESA band areas.
6.6.2 Conclusion
6.6.2.1 ESA of DMONB and 4dNB15CW5

From the ESA results, the following important features are observed for
both compounds. These are (1) decay of both ESA bands ('blue’ and 'red) in
cyclohexane, and stable in the most solvents at nanosecondtime scale; (2)
quenching of these triplet ESA spectra with addition of 5-methyl-
5(hydroxymethyl)-1,3-cyclohexadiene (CHD); (3) at nanosecond time scales, a
quasi-static blue-shift of the 'red ESA band, not the 'blue' band with increasing
of solvent polarity; (4) in alcohols, a dynamic blue-shift of the ‘red ESA band
affected by two factors: polarity, viscosity; and (5) with addition of salts in
solution, a slowly dynamic blue-shift of the 'red ESA band of ANB15CWS5 in

acetonitrile at nanosecond time scale.

The energy diagram of these cornpounds in different solvents is
schematically illustrated in Scheme 6-3. The triplet state characteristics of these
ESA spectra has been confirmed by the quenching of both ESA bands with
addition of CHD (No. 12 in Fig. 6-1). The lowest excited triplet state in less polar
solvent (e.g., cyclohexane) contributes to the dual transient absorption bands
with the same decay rate constant. The observation of a linear solvatochromic
shift of the 'red ESA band (Fig. 6-5) in most solvents gives strong evidence of

the charge transfer characteristics of the lowest excited state. It is stabilized by
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the dipole-dipole interactions of the surrounding polar media. With increased
solvent polarity, the drop in the energy of the CT state turns to be more
significant than that for the lowest excited triplet state Ty and even to be lower
than the Ty. Therefore, the CT characteristic 'red band shifts towards the short
wavelength region due to the environment insensitive triplet state Ty. By
contrast, the stable bl/ue’ ESA band reflects that the upper excited triplet state T,
is more sensitive to the surrounding media. As a result, the transition energy
between the CT state and the triplet state T, does not change or only change
slightly with solvent polarity. The preliminary test of the salt effect on ESA of
4NB15CWS has been done, which shows excited state molecular recognition

and salt effect on the solvation dynamics.

At subpicosecond time scale, the dynamic blue-shift of the 'red ESA band
is observed. The shift time from the exponential fit of C(t) is comparable to the
longitudinal relaxation time of alcohol.”4.68 Such correlation to the dynamic
solvation has been confirmed. No such time-dependent phenomenon has been
reported. This observation implies an alternative method for studying the

solvation dynamics using transient absorption technique.
6.6.2.2 ESA of alkylnitrobenzenes

Several significant observations can be drawn from the above ESA
studies of alkyInitrobenzenes: (1) the ratio of two ESA band areas varies with (a)
the position of substituents and (b) solveat; (2) the fine structure of the ‘blue’
and/or the 'red® ESA bands, reflects the excited state vibronic interaction of the
benzene ring on the 'blue' band, and the NO» group on the 'red band. The
steric hindrance on the twisting of niu group, could enhance the characteristics

of locally excited NOo and relatively reduce the characteristics of localized
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benzene ring. The structure (position of the substituent attached to the benzene
ring) dependency of the ratio of two ESA band areas (R=Ag/A|) posses the
same trend as that of the ratio of the oscillator strength of the symmetric and
asymmetric stretching of the amino group from infrared measurements. 106,201
Such agreement provides strong evidence of locally excited NO2 characteristics
of the ‘red ESA band as for p-nitroaniline, 148 but, not for aniline. 149 The effect
of hydroxylic solvent on the ESA spectra could be due to the H-bonding

between nitro group and media. This should be confirmed in further study.
6.6.2.3 Identification of biradical intermediate

From the transient absorption spectra of ONBCPE and some other
derivatives, an absorption band at 460 nm has been resolved by CRVFIT. It has
been assigned to the biradical BR (Scheme 6-2) on the basis of the kinetics of
the biradical species and of the formation of the o-quinonoid intermediate 0-Q
absorbing at 421 nm, and is further supported by intensity and diene quenching
experiments. To our knowledge, this identification represents the first optical
detection of the biradical intermediate in o-nitrobenzyl system. These resuits
also show that, in the case of ONBCPE, o0-Q is formed from both the singlet as
well as the triplet excited state, with approximately 40% of the total reaction
originating from the singlet excited state. The present and past45 results on
ONBCPE together with those of Schnabel and co-workers on the o-nitrobenzyl
esters208 gstablish that, at least in these two instances, dual singlet and triplet
excited-state pathways are operative. The generality of the phenomenon and
the factors determining the partitioning of the two pathways remains to be

investigated.
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Appendix A: Derivation of ASE Gain from ASE Spectra

In laser physics, the intensity I(A) of the amplifed spontaneous emission ASE
can be described by the gain coefficient G(A) and the width (L) of the amplification

media in the form of:29

IA) = g&)(eg""‘—l) (A.1)

where C is a wavelength dependent parameter including the instrumental response
function which is independent to the excitation slit width and can be cancelled from
the ratio of their ASE spectra with different excitation slit width. In order to obtain
the gain spectrum, the ratio R of ASE intensities with partial and full excitation width

are used in experiment. There are two cases being used in this project:
1. With half of full width

In this case, the ASE intensity ratio R can be expressed by:

R=1.(W/1 A__ef‘_"i—i__ Gl 4 q A2
L (A Ly, € )"ecun/u__l“’ + (A.2)

Therefore, the gain can be obtained as:
2
G(A)=Zln(R—l) (A.3)

2. 2/3 of full width

Similary, from eq. (A.1), the ASE intensity ratio R can be given in the form of:

_ M1 X -1 X'+ X+
R"IL()')/IZIJL()")= P B

(A.4)
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where X =¢"*“'* can be solved from the following second order equation:
(X+1)R=X2+X+1 (A.5)

as a function of R. Thus, the gain coefficient can be expressed by the following

relations:

X = PP = -l—[R-1+J(R—1)’ +4(R-1)]
2 (A.6)

3.1(1
G(A) = Eln{E[R -1 +J(R— 1)? +4(R—1)]}

Appendix B: Derivation of the Third Order Differential Equation

From eq. (18) of chapter 5, the population of B can be expressed in terms

of the populations of A" and C" as below:

Ng(t) = {N'al) + X Na®)}kgs (8.1)
and the first derivative Ng(t) in eq. (18) with respect to time is:

N'g(t) = {N"A() + X N'A(}ks (8.2)
which should be equal to N'g(t) in eq. (18) as:

N'g(t) = {N"al) + X N'A()}Kgs= KFINA() + kpoNe(t) - Y Ng(t)  (B.3)
where the population Ng(t) can be replaced by eq. (B.1) as:

{N"A(t) + X N"a()}/krq= kpiNA() + kpaNe(t) - Y {N'A(t) + X Na(t)}/kgy (B.4)

By rearrangment of eq. (B.3), the population of C* can be expressed by:
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Ne() = {IN"at) + X Na(t)lkry- kr1Na®t) + Y [N'alt) + X NAVKgMkga
=[N"A) + (X +Y)N'AQ) + (XY - Kgykey)NA() 1/ (krikpo ) (B.5)

Similarly, we can get

N'c(t) + Z Ng(t) = [N"A() + (X +Y)N'A®t) + (XY - kpike)N'AQ) VikRikge)
+Z[N'At) + (X +Y)NA®) + (XY - Kgikp1)NA(t) V(krikg2)

= kpaNg(t) = {N'at) + X Na(t)kp2/kRy. (8.6)

and

[N"A®) + (X +YIN"A(t) + (XY - Krqkpe)N'A(t) Vkpo

+ [ N"a(t) + (X +Y)N'a(t) + (XY - Kr1kp1)NA(t) Vkp2

= {N'a(t) + X Na(t)}ke2 (B.7)

N™alt) + (X +Y + Z)N"a(t) + [XY + (X + Y)Z - kp1kgq - kpokgo]N'a(t)

+ [ (XY - kp1kp1)Z - X Kpgkpa INA(Y) =0 (B.8)
or

N"A(t) + aN"a(t) + BN'A(t) +¥Na(t) =0 (B.9)

where X = kg+Kgy; Y = Kpt+kgpy+Kpa: Z = Kotkpo
o =X +Y + Z = kg+kpy +kp+kpi+Kpotke+kpo
B=XY + (X +Y)Z-Kr1krq - kKroKRa = kgKp+kpke +kekg + Kpikpa
Y = (XY - Ke1kr1)Z - Xkpokga

= Kakpkc +Kc(kakra+kpKri+kckpitkriKea) + Kpa(Kakb+kpker+kckpy)
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