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ABSTRACT

ROOM-TEMPERATURE PHOSPHORESCENCE STUDY OF POLYNUCLEAR

AROMATIC HYDROCARBON COMPOUNDS IN ORGANIZED MEDIA

By

Hai-Dong Kim

Room~-temperature phosphorescence spectrometry (RTP) is a
very convenient method compared +to conventional low-
temperature phosphorimetry. Although the importance of RTP
has been realized in the analytical world over the last two
decades, it still needs a number of improvements to be used
in routine chemical analysis. This research was intended to
develop a new RTP methodology using a synthetiq enzyme model
compound, N,N,N’,N’,N",N",N"" /N’"-0octamethyl-2,11,20,29-
tetraaza([3.3.3.3]paracyclophanetetraammonium tetrafluoro-
borate (methyl-APC).

In the first part of the research, a computer-controlled
versatile luminescence spectrometer was developed with
completely menu-driven software for the control of the
instrument, data acquisition, and data manipulation on a
personal computer. The use of a disk-type chopper gave a

number of advantages over the conventional rotating-can type




phosphoriscope. Results are presented to show the
versatility of the developed instrument.

A new decay kinetic model of micellar stabilized RTP (MS-
RTP) is proposed based on triplet qﬂénching on the micellar
surface. The dependence of MS-RTP lifetimes on environmental
conditions was investigated. It was found that heavy atoms
were the major contributor in MS-RTP lifetimes. Also,
solution temperature and the method of deoxygenation affect
observed lifetimes significantly.

The potential analytical applicability of methyl-APC in
RTP was examined. Methyl-APC showed a very strong binding
ability toward anionic and neutral compounds, but did not
induce RTP when used alone. The addition of premicellar
concentrations of surfactant effectively covered both open
ends of the APC-guest inclusion complex and, thereby,
induced RTP. Methyl-APC also showed more selectivity and
sensitivity than cyclodextrins due to the hydrophobic and

electrostatic interactions involved.
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CHAPTER I
INTRODUCTION

Luminescence spectrometric methods are among the most
popular analytical methods. Luminescence spectrometric
methods allow a greater sensitivity and selectivity in
chemical analysis <than absorption spectrometry. Also,
luminescence spectrometry provides a 1lower limit of
detection and a larger linear dynamic range compared to the
absorption spectrometry.

Room-temperature phosphorimetry (RTP) is quite different
from the classic low temperature phosphorescence technique
which is typically performed in glass matrices at liquid
nitrogen temperature (1). Since the discovery of RTP,
numerous techniques have been developed to induce RTP from
various molecules. These include solid-state RTP (2),
micellar-stabilized RTP (3), sensitized  RTP (4),

Lyclodextrin enhanced RTP (5), and colloidal or

icrocrystalline RTP (6). The probability for observing RTP
(especially in solutions) is enhanced in a rigid molecular
nvironment due to reduced quenching by oxygen or other
impurities and in the presence of a heavy atom due to an
ncrease in the rate of intersystem crossing.

Photophysical and photochemical properties of organic

olecules included in the cavity of cyclodextrins (CDs) have
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been of considerable interest in the past decade (7).
Cyclodextrins form complexes with hydrophobic organic and
organometaliic molecules in aqueous solution. Although there
is no direct proof for a fixation of the guest molecules
within the void space of the cyclodextrin, the complexes are
usually regarded as inclusion compounds, host-guest
compounds, in which hydrogen bonding, van der Waals forces,
and hydrophobic interactions are the main binding forces
(8). When lumiphores are included inside the cyclodextrin
molecules, the resulting RTP shows enhanced intensity and
lifetime because the cyclodextrins protect the lumiphores
from quenchers (9).

The synthetic macrocyclic enzyme model compounds,
azaparacyclophanes (APCs) can act as inclusion hosts capable
of molecular organization by forming complexes with a
variety of hydrophobic molecules (10). Water-soluble
azaparacyclophane, N,N,N’,N’,N",N",N’" ,N’"-octamethyl-2,11,
20,29-tetraaza[3.3.3.3]paracyc1ophanetetraammoﬁium tetra-
fluoro-borate (mehtyl-APC), is an excellent inclusion host
toward certain organic substrates. A unique substrate
specificity was observed due to 1its cavity size and
functionality (11). The macrocyclic cavity is surrounded by

he wall which is formed by four benzene rings and four

uarternary ammonium residues around the macrocyclic ring.
The objectives of this research are divided into three

arts. The first objective of this research was to develop a

ersatile computer-controlled 1luminescence instrument for




measuring fluorescence, RTP, and RTP lifetimes. The second
objective was to study the decay kinetics for micellar
stabilized RTP in order to understand the mechanism of
triplet quenching in micellar solution. The last objective
of this research was to develop a new RTP method using a
synthetic enzyme model compound, methyl-APC. This
dissertation presents work performed mainly on these three
projects.

The entire dissertation is divided into eight chapters
pPlus appendix. Following introductory remarks in this
chapter, the fundamental background of molecular
luminescence is described in chapter II. This chapter is
divided into four main categories: the absorption and
emission of light; the effect of molecular structure; the
effect ofAmedium condition; and, quenching of luminescence.
This background is very important for understanding the RTP
phenomenon.

In chapter III, recent developments in RTP.are reviewed.
Various conditions necessary for the observation of RTP are
discussed first. A brief historical survey of RTP and
various methods for RTP measurements developed so far are
described in the following part. The last two parts discuss
the essential requirements to observe RTP in solution,
deoxygenation methods and the heavy atom effect.

Applications of macrocyclic compounds in chemical analysis
are discussed in chapter 1IV. The host-guest molecular

inclusion phenomenon is discussed first. The general







overview of synthetic enzyme model compounds,
azaparacyclophanes, in host-guest chemistry and their
applications are presented in the second part. The last part
reviews various macrocyclic compounds currently used in
chemical analysis.

The development of a computerized RTP instrument for this
research is described in chapter V. This chapter is divided
into two broad parts: the luminescence spectrometer and a
modification of the IBM-PC data acquisition board. The first
part describes the general principles of the new instrument,
computer interfacing, excitation source modulation and
detection for time-resolved spectrometry, the use of the
instrument for RTP and RTP lifetime measurements, and the
software developed for instrument control and data
acquisition are also discussed. The second part describes a
modification of the IBM-PC data acquisition board used later
in this research with the Perkin-Elmer LS-5B spectrometer.

The RTP lifetime measurements and the st.udy of decay
kinetics in micellar-stabilized RTP are presented in chapter
VI. Various methods for determining RTP lifetimes are
discussed first. And then, a new decay kinetics model in
micellar stabilized RTP is proposed. In the last part, RTP
lifetime data for polyaromatic hydrocarbon molecules,
PyYrene, naphthalene, biphenyl, and 2-bromonaphthalene are
pPresented. Also various factors affecting the observed RTP

lifetime are discussed with the experimental data.
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Chapter VII presents RTP data of organic compounds in
mixed organized media: the azaparacyclophane-surfactant
system. The strength of molecular association of
azaparacyclophane with anionic and neutral compounds in
solution is compared to cyclodextrin. The factors affecting
RTP in this system as well as an analytical figure of merit
are discussed along with the experimental data.

Conclusions and future prospects on instrumentation,
application of synthetic macrocyclic compounds, and RTP
decay lifetimes in chemical analysis are described in the
final chapter. Source codes for the software developed

during this research are presented in the appendix.
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CHAPTER II
MOLECULAR LUMINESCENCE

The emission of light by electronically excited molecules
is the basis of molecular luminescence spectroscopy.
Photoluminescence originates from atoms and molecules that
are excited by an external light source, as opposed to
bioluminescence, chemiluminescence, and electroluminescence,
which are excited by a biological process, by a chemical
reaction, and by electrical energy, respectively.
Fluorescence and phosphorescence are the two major types of
luminescence which occur in molecules as a  result of
photophysical process after absorption of light.
Fluorescence is a radiative transition from the lowest
excited singlet state to the ground state. Phosphorescence
is the result of a radiative transition fr&m the lowest
excited triplet state to the ground state.

This chapter describes the nature of the photophysical
processes of photoluminescence. The theoretical aspect of
Photoluminescence is discussed first. The next two parts
déal with the dependence of photoluminescence upon molecular
structure and the molecular environments. The 1last part
briefly discusses quenching effects for the two major types

of photoluminescence, fluorescence and phosphorescence.
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A. Absorption and Emission of Light by Molecules.

A light wave may be thought of as electromagnetic

radiation traveling with a speed of 3.0 x 109 cm/s. When a
molecule is exposed to electromagnetic radiation, it can
absorb a photon of that radiation. The absorption or
emission process entails the interaction of the electric
field associated with the exciting light with the loosely
bound p or nonbonded electrons of the absorbing molecule.

This interaction distorts the electronic distribution of the

absorbing molecule and causes energy to be absorbed from the
electric field of the exciting light wave.

Electronic absorption entails the promotion of an
electron, by the absorption of energy, from an originally

occupied bonding or nonbonding orbital to an originally

unoccupied molecular orbital. Because ¢ electrons are
usually bound very tightly by the molecule, a great deal of
energy (which is beyond the conventional luminescence

spectroscopic region) is required to promote these electrons

to vacant molecular orbitals. On the other hand, delocalized
¥ electrons are not as tightly bound as ¢ electrons.
Hence, their electronic promotion do not require higher
energy than do the ¢ electrons. The nonbonding electrons are
nly slightly lower in energy than atomic valance shell
lectrons. As a result, the energy gap between the n-
rbitals and vacant ¥ orbitals is very small (1). In most

rganic molecules of spectroscopic interest it is only the ¢
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electrons and n electrons which are involved in electronic

transition to vacant ¥ molecular orbitals.

The amount of light absorbed by the molecules is given by

the Beer-Lambert law:

Po
A = log (—— ) = ¢ bc ( 2.1 )
|

where A is the absorbance, Po and P are the incident and
transmitted light intensity, respectively, & is the molar
absorptivity of the molecule, and c is the molar
concentration of the absorber in light path length b. To
utilize the above equation properly there are several
requirements: the solution must be sufficiently dilute so
that changes in the refractive index are negligible, the
radiation must be monochromatic, and stray light must be
negligible. Quantum mechanically the electronic excitation
of particular molecular species occurs only if- the exciting

radiation energy corresponds to the difference in energy

between the electronically excited state and the ground
state of the absorber.

There are several vibrational levels within each
electronic state in molecules. In the ground electronic
state, almost all molecules occupy the lowest vibrational
level at room temperature. When a molecule absorbs a
particular frequency of radiation it can be excited to one

of several vibrationally, as well as electronically excited

energy levels (Figure 2.1). If the absorbed radiant power by
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\X ISC, —
ISCa VR
T
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Figure 2.1. Jablonskii diagram of a molecule upon excitation.
(A, absorption; F, fluorescence; IC, internal conversion; ISC,
inter-system crossing; P, phosphorescence; VR, vibrational

relaxation).



the
the

obt



11,

the molecules is measured as a function of the wavelength of
the radiation, a molecular absorption spectrum can be
obtained (2).

The excess vibrational and electronic energy is then
dissipated by rapid (10-13 - 10-12 -g) radiationless
processes, vibrational relaxation and internal conversion.
Vibrational relaxation occurs when the excited molecule
loses vibrational energy within a given electronic state,
and internal conversion occurs when the molecule undergoes a
radiationless transition from various excited energy levels
to the lowest vibrational 1level of the lowest excited
electronic singlet state. The excited molecules may return
to the ground electronic state with emission of radiant
energy whose frequency is governed by the gap between the
lowest excited singlet state and the ground electronic
state. This radiative transition between excited and ground
states of the same spin multiplicity occurs in» a time frame
of 10-11 - 10-7 s after excitation, and is called
fluorescence.

Some portion of the molecules in the lowest excited
singlet state may deactivate by crossover to the lowest
excited triplet state, a process called intersystem
crossing. This crossover entails a change in spin angular
momentum. This is, of course, forbidden in absorption
qQuantum mechanically. In the excited singlet state, the
spins of the promoted electrons are still paired with the

round state electrons; however, in the triplet state the
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spins of the electrons have become unpaired and are thus
parallel with the ground state electron. Molecules in the
lowest triplet state can return to the ground state without
radiation being emitted by triplet - singlet intersystem
crossing, or with radiation being emitted, which is called
phosphorescence. Because phosphorescence is spin forbidden
process, the lifetime of the triplet state is very long
(10-4 - 10 s) as compared with an average lifetime of 10-6 -
10-8 s for an excited singlet state (3).

Molecules in the excited states which do not deactivate
with radiation through either fluorescence or
phosphorescence usually deactivate without radiation.
Deactivation of an excited electronic state may involve
interaction and energy transfer between the excited
molecules and the solvent or other solutes (quenchers). This
process is called external conversion. The details of
external conversion processes are not well_ understood.
External conversion competes so successfully with
phosphorescence that phosphorescence could not be observed
without reducing the effectiveness of the external

conversion.
B. The Effect of Molecular Structrue on Photoluminescence.
Molecular structure can have a profound effect on the

pPhotoluminescence. Both fluorescence and phosphorescence are

most often observed in highly conjugated organic molecules
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with rigid molecular skeletons. Those molecules whose
molecular structure have less vibrational and rotational
freedom may have high probability that the energy gap
between the ground state and the lowest excited singlet or
triplet state will be large and require deactivation by
luminescence. Typically, aromatic hydrocarbon molecules show
intense fluorescence and can give high phosphorescence
quantum yield in certain situations.

Aroratic hydrocarbon molecules containing freely rotating
substituents, or lengthy aliphatic side chains, usually tend
to luminescence less intensely than those without those
substituents (4). This results from the introduction of a
large number of rotational and vibrational degrees of
freedom by the exocyclic substituents.

The energy difference between the ground state and the
lowest excited singlet or triplet states becomes smaller in
those molecules which have a more extended conjugated
system. Therefore, benzene, naphthalene, and anthracence
fluoresce maximally at 262 nm, 320 nm, and 379 nm,
respectively.

Certain substituents strongly affect fluorescence (5). A
substituent that delocalizes the ¥ electrons, suqh as -NHz,
-OH, -F, -OCHs, and -NHCHs groups, often enhances
fluorescence. These electron-donating substituents tend to
increase the transition probability between the lowest

excited singlet state and the ground state.
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Electron-withdrawing groups containing -Cl, -Br, -I, -
NHCOCHs , -NO2, and -COOH decrease or quench the
fluorescence. The influence of halogen substituents is
strong. As the atomic number of the halogen substituent
increases, the fluorescence of the molecule decreases, and
the probability for intersystem crossing to the triplet
state increases at the expense of the excited singlet state.
This heavy atom effect will be discussed more in detail in
chapter III.

Molecular rigidity lessens the probability of competing
nonradiative transitions by restricting the vibrational and
rotational degrees of freedom of the molecule. The influence
of the molecular rigidity results in a decreased probability
of collisional deactivation and intersystem crossing. The
formation of chelates of certain organic molecules with
metal ions also promotes fluorescence by promoting rigidity

and minimizing internal vibrations.

C. Medium Effects.

The chemical environment affects the photophysical

Processes of the molecules to a large extent. The effects of
some of these environmental variables are considered briefly

in this section.
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1. Effect of Temperature and Solvent.

The quantum efficiency of photoluminescence by most
molecules decreases with increasing temperature because the
increased frequency of collisions at elevated temperatures
improves the probability for deactivation by external
conversion.

Solvent interactions with solute molecules are largely
electrostatic. It is wusually the differences between the
electrostatic stabilization energies of the ground and
excited states that contribute to the relative intensities,
and spectral positions of fluorescence and phosphorescence
in different solvents.

Solvents containing heavy atoms, or other solvents with
such atoms in their structure, also have a substantial
effect on the photoluminescence of solute molecules. Atoms
of high atomic number in the solvent cage of the solute
molecule enhance spin-orbital coupling in the lowest excited
singlet state of the solute (6). This increases the
population of the lowest triplet state at the expense of the
lowest excited singlet state. Thus, the intensity of
fluorescence becomes less intense while that of

Phosphorescence becomes more intense in heavy atom solvents.

2. Effect of pH and Dissolved Oxygen.
Many aromatic compounds containing acidic or basic ring
substituents show a dependence on the pH of the medium (7).

oth ionized and nonionized forms of the compound are likely
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to show different wavelength and intensity due to a change
in the nature and rates of the photoluminescence.
Protonation and dissociation can alter the relative
separation of the ground and excited states of the reacting
molecules. The protonation of electron-withdrawing groups,
such as carbonyl and nitrogen, results in a shift of the
luminescence spectra to lower wavelengths, while the
protonation of electron-donating groups, such as the amino
groups, produces spectral shift to shorter wavelengths.

The presence of dissolved oxygen reduces the emission
intensity of the photoluminescent molecules. This effect is
more severe in phosphorescence than in fluorescence spectra.
Triplet state oxygen and other paramagnetic species are
highly effective in deactivating excited triplet states (8).
Micromolar amount of oxygen can completely quench the
Phosphorescence of most aromatic compounds in solution. Due
to the 1long intrinsic 1lifetime of the triplet state
engendered by the spin-forbidden nature of ph;sphorescence,
there is a comparatively long period for oxygen to interact

with excited triplet molecules.

3. Effect of Solute Concentration.

At lower solute concentrations, a plot of the
Photoluminescence of the solution versus concentration of
the emitting species is normally linear. But at higher
solute concentrations, there is a tendency for molecules to

form aggregates in both ground and excited states. Molecular
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aggregation can substantially affect the photoluminescence
of molecules (9).

Self-quenching and self-absorption are the two well known
quenching effects due to the high solute concentration. The
former is the result of collisions between excited state
solute molecules. Radiationless transfer of energy occurs
from the excited state of the solute molecules to the
solvent molecules. Self-quenching increases with solute
concentration.

Self-absorption occurs when the wavelength of emission
overlaps an absorption peak. This is due to the absorption
of emitted radiation (secondary absorption) by analyte. But,
there is also absorption of the incident radiation (primary
absorption) which can cause nonlinearity. These two effects

are often called the inner filter effect (3).

4. Effect of Coordination by Metal Ions.

Photoluminescence of aromatic ligands can be affected by
coordination with metal ions. Nontransition metals will
shift the wavelength of fluorescence and phosphorescence of
luminescing ligands to which they are coordinated. This
results from the positive polarization, caused by the metal
ion, at the sites of coordination on the ligand (10). The
luminescence of the ligand may be somewhat enhanced or
quenched by coordination, depending on the influence of the
metal jon has on the nonradiative processes competing with

luminescence.
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The coordination of aromatic ligands with transition metal
ions usually produces electronic spectral shifts which are
much greater than the shifts produced by complexation of the
same ligands with nontransition metal ions.

The fluorescence and phosphorescence of luminescing
aromatic ligands are usually quenched by complexation with
transition metal ions. The reasons for this quenching of
transition metal complexes are not completely understood.
One of the proposed theories is that the paramagnetic and
heavy atom effects of the transition metal ion cause spin-
orbital coupling which populates low lying states which are

then deactivated by internal conversion (11).

D. Quenching of Photoluminescence.

Quenching of luminescence is the result of the interaction
of the chromophore, either in ground or excited state, with
the various other species present in the system. Quenching
Processes may be divided into two broad categories depending
on the state of the chromophore when it actually interacts
to give radiationless deactivation.

Static quenching occurs when an interaction takes place
between the chromophore and the quencher in the ground state
forming a nonluminescent complex. The efficiency of
quenching is governed by the formation constant of the

complex as well as the concentration of the gquencher.
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In dynamic quenching, the quenching species and the
potentially luminescent molecules interact during the
lifetime of the excited state of the chromophore with no
resulting radiation. As a result, the efficiency of dynamic
quenching depends on the viscosity of the solution, the
lifetime of the excited state of the luminescent species,
and the concentration of the quencher. The Stern-Volmer
equation describes this dynamic quenching process as

follows:

. S (2.2)
1 + ket (Q]

where kq is the bimolecular quenching constant, Po and P are
the quantum yields of the luminescence in the abscence and
prescence of the quencher ([(Q], respectively, and T is the
‘lifetime of the luminescent molecule in the absence of the
quencher.

It should be noted that in dynamic quenching, the quantum
Yields of fluorescence and phosphorescence are governed by
the kinetics of the photoreaction. However, in static
quenching, they are generally governed exclusively by the
strength of ground state complexation.

Static and dynamic quenching can be distinguished by

various methods. In static quenching, the observed lifetime

f the luminescence is unaffected by the gquencher, while it
ecreases in dynamic quenching due to a quenching process
hich occured during the 1lifetime of the luminescent

Pecies. Also, absorption spectra of the possible
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luminescent species are different in static quenching from

that in the absence of the quencher due to a complex

formation between lumiphore and quencher in the ground

state.
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CHAPTER III

ROOM TEMPERATURE PHOSPHORESCENCE

Phosphorescence was identified first by Lewis and Kasha
(1) in 1944 as the emission of light as a result of a
transition from the lowest excited triplet state of a
molecule to the ground state. A number of features of
phosphorescence distinguish it clearly from fluorescence.
Most importantly, phosphorescence 1is distinguished from
fluorescence by its much longer lifetime. Fluorescence
lifetimes are typically in the range of 10-8 - 10-6 g,
whereas phosphorescence lifetimes normally lie between 10-4
s and 10 s. These long lifetimes are potentially valuable in
analysis, as they enable phosphorescence to be distinguished
from fluorescence and scattered light. Also phosphorescence
with different lifetimes may be distinguished using time-~
resolved methodology. Unfortunately, long lifetimes are also
the principle disadvantage of phosphorimetry: in these
lengthy periods, the excited molecules are normally
deactivated by collisions with solvent molecules and other
quenchers such as oxygen molecules. As a result, traditional
Phosphorimetry is performed in rigid media at 1liquid
nitrogen temperature (77 K) to minimize the radiationless

deactivation by various quenching effects.
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Sample preparation in low temperature phosphorimetry
nvolves lowering a long capillary cell into a quartz Dewar
flask filled with liquid nitrogen. The rate of cooling of
the sample cell, the chemical nature, and the composition of
the solvent system will determine whether the cooled matrix
will be a clean glass, a cracked glass, or a snow. Thus, the
selection of the proper solvent is critical. It should form
a clear glass at 77 K and have a low phosphorescence
background. Also, the analyte should be readily soluble in
the sol\{ent at 77 K. Experimental difficulties and
limitations associated with traditional methods in
phosphorimetry, have been the primary factors in preventing
broader application of low temperature phosphorimetry.
However, recent developments have shown that a wide variety
of organic compounds exhibit strong phosphorescence at room
temperature when certain conditions are applied to the
sample system (2).

Although the studies by Roth (3) and by Schulman and
Walling (4) generalized room temperature phosphorescence
(RTP) first in an analytical application, perhaps the first
RTP phenomenon was observed by Wiedemann and Schmidt (5) in
1896. Phosphorescence spectra obtained at room temperature
are generally similar to those observed at 77 K, but they
show less vibrational fine structure due to increased
ibrational freedom of the molecule at the higher
temperature. RTP emission peaks are also shifted to slightly

longer wavelengths at room temperature compared with low
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temperature phosphorescence spectra, although shifts are
typically less than 10 nm (6). RTP lifetimes are almost
invariably shorter than phosphorescence lifetimes at 77 K
and rarely exceed a few hundred ms (7). RTP intensities are
also generally lower than those obtained at 77 K; however,
RTP is still capable of low detection limits for certain
molecules.

This chapter describes several features of room
temperature phosphorescence. The conditions necessary for
RTP are d;scussed first, and then various RTP techniques are
described. The last two parts cover the most important and
necessary conditions in RTP: deoxygenation methods and the

heavy atom effect.

A. Conditions for the Observation of RTP.

Most organic compounds which emit strong fluorescence in
fluids, commonly do not give any phosphorescence at room
temperature. Because of the long lifetime of the triplet
state, collisional deactivation is highly effective in
bringing about radiationless decay of triplet states in
fluid media. Quenching of the triplet state by a small
amount of dissolved oxygen is very efficient in preventing
phosphorescence in a 1liquid solution. As a result, some
technique must be used to reduce or to prevent such

uenching in order to observe phosphorescence at room

emperature. The essential requirements for RTP are;
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jeoxygenation of the sample solution, a rigid molecular
microenvironment, and a heavy atom source.

Deoxygenation can be done physically or chemically during
sample preparation and emission measurement. By bubbling the
sample solution with an inert gas such as nitrogen or argon,
the concentration of dissolved oxygen can be reduced below
micromolar amounts. Chemical deoxygenation is another way to
reduce molecular oxygen in a sample solution by converting
it into other species. Sodium sulfite (8), chromium(II) (9),
and zinc, (10) have been wused successfully to convert
dissolved molecular oxygen to other inactive species in
solution.

It has been observed that, a rigid microenvironment
generally increases the phosphorescence intensity by
reducing collisional quenching of the triplet state. Because
collisional quenching is very efficient at room temperature
and is often considered as the main pathway for loss of
triplet state energy, a rigid molecular environment for the
triplet state is very important for the observation of the
Phosphorescence at room temperature. In solid state RTP, the
rigid matrix is formed by the hydrogen bonding of ionic
organic molecules to hydroxyl groups of the filter paper. In
micellar stabilized RTP, sample molecules are confined
inside micelles which are semi-rigid organized media. 1In
cyclodextrin RTP, molecules form trimolecular inclusion
complex with cyclodextrin and a heavy atom. Because sample

molecules are included inside the cyclodextrin cavity, there
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is less probability for collisional quenching of the triplet
state.

Although RTP can be observed in deoxygenated rigid media
at room temperature, the observed intensity of RTP is
generally too low to be useful in analytical work. However,
by adding a heavy atom such as Tl*, I-, or Ag*', into the
sample solution, the intensity of RTP can be increased
significantly. This is due to an increase in the intersystem
crossing rate from excited singlet state to triplet state
through spin-orbital coupling induced by the heavy atom.
These effects are discussed in more detail later in this

chapter.
B. Methods for RTP Measurement.

Since the introduction of analytical RTP by Roth (3) in
1967, numerous methods for RTP measuremeq@ have been
developed. These are solid surface RTP, micellar-stabilized
RTP, sensitized RTP, cyclodextrin RTP, and collidal or
microcrystalline RTP. Though all these different methods of
RTP measurement look different from each other, they have
many common factors. Each different RTP technique tries to
minimize collisional quenching which is believed to be the
main pathway for radiationless deactivation of the triplet
state, by employing different methods to fulfill the three
requirements discussed in the above section. This section

discusses the major RTP methods developed thus far.
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1. Solid Surface RTP.

In 1967, Roth (3) reported a new analytical method based
on the RTP emission from a variety of organic compounds
adsorbed on the filter paper. Schulman and Walling (11)
observed strong RTP from salts of a wide variety of
polynuclear carboxylic or sulfonic acids, phenols, and
amines adsorbed on paper, silica, alumina, and other
supports. The observed phosphorescence lifetimes of several
molecules were in the range of 100-700 ms, which were
somewhat shorter than those observed at 1liquid nitrogen
temperature. In 1974, Paynter et al (12) reported the range
of linearity and detection limits for several compounds
adsorbed on filter paper. Calibration curves had a wide
linear range, detection limits were in the nanogram region,
and precision ranges from about 3% to 10X depending on the
solid surface and experimental conditions.

In most cases of solid surface RTP, drying of the samples
was essential to enhance the RTP signal. It was noted that
moisture on the solid substrate caused radiational
qQuenching. It seemed that moisture acts to disrupt any
binding of analyte on the solid surface so that the rigid
molecular environment becomes loose and aids in the
transport of oxygen into the sample matrix.

Although no general model has been developed to explain
the interactions involved in the production of RTP from

compounds adsorbed on filter paper, it seems that hydrogen
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bonding of ionic organic molecules to hydroxyl groups of the
solid surface is the primary mechanism for providing the
rigid matrix for RTP.

The ionic nature of the analyte molecules plays an
important role in producing RTP. While ionic molecules show
intense RTP signals when spotted on solid surfaces from
solvents containing a large excess of a strong acid or base,
nonionic compounds exhibit extremely weak or no RTP even
from acidic or basic solutions (11). It is believed that the
jonic state of the molecule results in great molecular
rigidity via adsorption to the substrate, which reduces
radiationless decay due to collisional deactivation (12).

The major disadvantage of solid surface RTP using filter
paper, is the strong background from the solid substrate.
Most grades of paper exhibit substantial background
phosphorescence, which is difficult to remove in the
wavelength range 400-600 nm. Attempts to reduce the
background emission from paper have been described by Ward
et al (13). Experiments designed to wash the contaminants
from the paper have met with little success (14). Beteh and
Winefordner (15) tried to photobleach the 1lignins or
hemicelluloses believed to be a constituent of the
background. They concluded that such a pretreatement
improved the absorption characteristics of the filter paper,
but did not significantly reduce the phosphorescence

background.
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Other substrates used for solid surface RTP include sodium
acetate, starch, inorganic substances, polymer-salt
mixtures, and silica gel. Wandruszka and Hurtubise (16)
observed RTP from a number of compounds adsorbed on sodium
acetate. The main interaction éroposed with this system was
the formation of hydrogen bonds of the analyte with the

carbonyl group of sodium acetate.
2. Sensitized RTP.

Sensitized phosphorescence refers to the process whereby
an acceptor (or emitter) having no appreciable absorption in
a given region of the spectrum, is made to emit radiation
upon excitation as a result of triplet energy transfer from
a donor (or sensitizer) molecule. The overall process of
sensitized phosphorescence is shown in Figure 3.1. .The
analyte is excited by means of 1ight‘ absorption.
Subsequently, these non-fluorescent compounds with a high
efficiency of intersystem crossing, deactivate without
radiation tﬁrough intersystem crossing. However, in the
presence of an acceptor, the triplet energy of the donor
molecule can be transferred to the triplet state of the
acceptor molecule, and the excited acceptor molecule
deactivates with radiation.

There are several requirements for successful sensitized
Phosphorescence. In general, a suitable acceptor should have

a8 triplet energy lower than that of the donor, a low molar
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Figure 3.1. Schematic representation of sensitized

Phosphorescence. The analyte (acting as the energy donor)
absorbs light, and the acceptor molecule emits
Phosphorescence. (IC, internal conversion; IS inter-system

crossing; Sn, singlet state; Tn, triplet state; @Q,

quenching).
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absorption in the excitation region of the donor, and a
strong phosphorescence yield at room temperature. The energy
gap between the donor and acceptor triplet state should be
sufficiently high so that it prevents the reverse transfer
mechanism (2). Biacetyl has favorable properties in this
context: its molar absorptivity is exceedingly small over a
wide wavelength range (17). For a given analyte
concentration, the maximum sensitized RTP signal is reached
if the excitation wavelength chosen corresponds to the
maximum in the excitation spectrum of the analyte.
Donkerbroek et al (18) introduced sensitized and quenched
RTP detection for flow injection analysis and liquid
chromatography. In sensitized RTP, the analyte, after
absorption of light, induces biacetyl to emit
phosphorescence. The quenched RTP detection method is based
on a dynamic quenching process in which the analyte acting
as a quencher, reacts with excited Dbiacetyl, thus
prohibiting phosphorescence emission. The limits of
detection for several substituted aromatic compounds in
acetonitrile:water (1:1) were in the range of 10-8 M (19).
DeLuccia and Cline Love (20) demonstrated that sensitized
biacetyl RTP can be enhanced via molecular organization for
many aromatic compounds. Micelles composed of sodium dodecyl
sulfate (SDS) and B-cyclodextrin were used to enhance the
energy transfer reaction by organizing the reactants in
close proximity to one another. Both organized media

provided more favorable environments for induction of
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sensitized RTP than homogeneous solutions of the reactants

in acetonitrile.
3. Micellar Stabilized RTP.

Surfactants (Surface Active Agents) are amphiphilic
molecules composed of a hydrophobic portion and a charged or
polar portion. The hydrophobic backbone of the surfactant
can vary in length from eight to twenty carbons and the
hydrophilic portion can be a partially dissociable
carboxylate (soap), a fully ionized moiety (such as anionic
sulfate or cationic trimethyl ammonium), or an uncharged
polar species (such as alcohol).

A fascinating feature inherent in aqueous surfactant
solutions is the phenomenon of self-organization. At low
concentrations in solution, the surfactants exist mostly as
monomers. Above a certain concentration, the critical
micelle concentration (CMC), surfactant molecules associate
spontaneously to build up structural entities of collidal
dimensions called micelles. The architecture of these
agglomerates is such that the interior contains the
hYdrophobic alkyl chain of the amphiphile, while the
hydrophilic head groups are located at the surface and are
in contact with bulk water.

Micelle formation is believed to be the result of three
Primary forces: hydrophobic repulsion between the

hydrocarbon chains and the aqueous environment; charge
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repulsion of ionic head groups; and, the van der Waals
attraction between the alkyl chains (21). Micelles are
roughly spherical in shape and they consist of typically 60-
100 monomers.

Most micelles are optically clear and they do not cause
measurable light scattering in conventional spectrometry.
The concentration of micelle at various bulk surfactant

solution can be calculated from the aggregation number and

the CMC

[surfactant] - CMC
[micelle] S eecceccccccccccc e e——-— (3‘1)

aggregation number

where the aggregation number is the number of monomers
incorporated into a micelle (22,23).

The shape of micelles depends upon the solvent and the
packing parameters of the surfactant molecule in the
micellar assembly. When surfactants are dissolved in polar
solvents, the polar head groups and counterions orient
together in an outward fashion in contact with the water
phase, However, in apolar solvents the orientation of the
head groups and the aliphatic tail is reversed (reversed

micelle) such that the hydrophobic tails contact the apolar

solvent.
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Figure 3.2. Simplified model representation of the ionic

micelle. The electric double layer is composed of a Gouy-

Chapman layer outside,

surface.

and a Stern layer inside the shear
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The most advanced theoretical model of an ionic micelle
‘discussed so far is a combination of a Stern layer with a
rough rather than a smooth sphere and a Gouy-Chapman diffuse
double layer (24) as shown in Figure 3.2. The aqueous Stern
layer is between the smooth surface of the core and the
shear surface, which contains ionic heads of the micellized
surfactant ions. The Gouy-Chapman region is immediately
outside of the Stern layer and is a diffuse double layer
containing unbound counterions.

Micelles are responsible for many of the practical
applications of detergents, such as enhancement of the
solubilities of organic compounds in water, and catalysis of
organic reactions. Furthermore, micelles have been proposed
as simple model systems for a variety of important "two-
phase"” systems, such as monolayers, colloids, proteins,
enzymes, and membranes. Among the primary reasons for the
usefulness of micelles as models are: (a) the.thermodynamic
stability and reproducibility of many micellar systems; (b)
the simplicity of the structure of the micelle; (c) the two-
Phase nature of the micelle; and (d) the ionic composition
of many micellar surfaces (25).

RTP of aromatic hydrocarbons was first observed in
micelles by Kalyansundaram et al (26). The solutions were
deoxygenated by bubbling them with nitrogen gas for 30 min.
The ready observation of RTP in micellar solution was
attributed to the protective screening of the triplet probe

from external quenchers by the micelle assembly. Cline Love
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and coworkers (27) further developed micellar-stabilized RTP
(MS-RTP) for analytical applications. In addition to
deoxygenation by an inert gas, heavy atoms were required to
enhance the sensitivity. Thallium counterions were found to
give higher signals than silver» counterions in 0.15 M
surfactant solutions, and about 90 ¥ of the fluorescence was
quenched by heavy atoms. The 1limits of detection were
typically in the nanomolar range, and the calibration curves
had a wide linear dynamic range for several hydrocarbons.
The incorporation of the analyte molecule into the core of
a micelle imparts certain advantages (28):
(i) The structural conformation of the micelles protects the
triplet state of the analytes from external quenchers.
(ii) The orientational constraint decreases vibrational
deactivation.
(iii) The altered microenvironment can provide favorable
polarity and acid/base equlibrium for enhanced
Phosphorescence quantum efficiency.
(iv) The micellar solutions can improve the detection limits
for hydrophobic species in aqueous solution by increasing
their solubility.
(v) The proximity of interacting species (phosphors and
heavy atoms) is increased, and can result in a more

effective spin-orbital coupling.
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4, Cyclodextrin Enhanced RTP

Cyclodextrins (CDs) are a series of macrocyclic
oligosaccharides produced by the bacterial degradation of
starch. The most widely used CDs consist of 6, 7, and 8
glucose monomers arranged in torus shapes and denoted as « ,
B ,and ¥ CD, respectively (29). The coupling of the glucose
moieties gives a rigid, torus molecular structure with a
hollow interior that contains one or more water molecules.

This water can easily be displaced by other species which

can enter the CD cage. The interior of the cavities are
composed of two rings of C-H groups with a ring of
glycosidic oxygen in between, allowing them to be
hydrophobic in nature. The internal diameters of these
cavities are approximately 5.7, 7.8, and 9.5 A,
respectively, and the depths are roughly 7.8 A as shown in
Figure 3.3.

The hydrophobic nature of the cavities enables the CDs to

trap compounds, such as aromatic and alkyl halides as guest
molecules in their interior, resulting in the formation of
inclusion complexes (30). The stability of an inclusion
complex depends on the size of the CD cavity and on
intermolecular forces such as hydrogen bonding, van der
Waals attraction, and hydrophobic interactions. These
macrocyclic carbohydrate molecules can be discriminating in

their inclusion complexing tendencies toward different

structural, positional, or stereomeric molecules. A more
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Figure 3.3. Simplified representation of g -cvclodextrin

structure.
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detailed discussion of macrocyclic compounds is given in the
next chapter.

The CD molecule provides a favorable microenvironment for
luminescent probes. Turro et al (31) reported cyclodextrin-
enhanced RTP in 1982. They investigated the emission of
several 1,3-bichromophoric systems in aqueous solutions
which contained various cyclodextrins. In all cases, CDs
revealed structural (size and shape) selectivities toward
inclusion complex guest molecules. The tight CD-lumiphor
complex also showed partial immunity to oxygen quenching.
They could observe RTP of 4-bromo-l-naphthoyl groups in
aqueous solution even under 1 atm of oxygen (32). Oxygen
completely quenched the fast decay, but only partially
quenched the slow decay.

Following the work of Turro’s group, Cline Love and
coworkers further developed cyclodextrin enhanced RTP for
analytical applications. Scypinski and Cline Love (33)
demonstrated cyclodextrin enhanced RTP for the analysis of
Polynuclear aromatic hydrocarbons (PAHs). They found that a
heavy atom source, 1,2-dibromoethane, was necessary, and
deoxygenation with nitrogen gas was required to enhance the
sensitivity. The .proposed inclusion complex is a
trimolecular complex of CD-lumiphor-heavy atom. Only
molecules that can physically enter the CD cavity are
Phosphorescent, which provides considerable selectivity
based on lumiphor size. Shapes of analytical calibration

curves are similar to those obtained for micellar-stabilized
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RTP. Typical detection limits are in the 10-1!1 to 10-13 M
range.

The unique inclusion capability of cyclodextrins was
utilized in other areas of RTP. Vo-Dinh et al (34) reported
RTP of anthracene on cyclodextrin treated filter paper. The
binding constant of anthracene with g-CD was 32. Bello and
Hurtbuise (35) observed RTP of several aromatic hydrocarbons
on a solid surface of CD-sodium chloride. By utilizing the
size requirements of the CD molecule, they could identify
between seven to nine PAHs in the mixtures at nanogram

levels.

5. Other Methods of RTP.

As mentioned earlier, in order to observe RTP, certain
conditions are required: (i) a rigid molecular environment;
(ii) deoxygenation; and (iii) a heavy atom source. Other
methods of RTP try to fulfill these requirements with
different methods. These methods include RTP of colloidal or
microcrystalline suspensions and silicalite RTP.

Weinberger and Cline Love (36) reported RTP observation of

PAHs in colloidal suspensions in water. In this method, the
PAH molecule, which is insoluble in the aqueous media, is
injected rapidly into the aqueous solution. This results in
the formation of a microcrystalline or colloidal suspension
of the sample in the aqueous media. The observed spectrum

was very similar in resolution, shape and symmetry to
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spectra observed at 77 K. Also, this system is insensitive
to quenching by dissolved oxygen. The microcrystals act in a
manner analogous to solid-surface RTP, in that the quenching
pathways that normally operate at room temperature are
minimized. The microcrystals serve as their own substrate
and provide stability to the triplet state. Since the solute
i; present as a solid in suspension, diffusion of molecular
oxygen through the solute is not possible, thus rendering it
immune to oxygen quenching (37).

Casal and Scaiano (38) observed RTP of several aromatic
ketones included in the channels of silicalite, a
hydrophobic zeolite. They found that the lifetime of g -
Phenylpropiophenone at room temperature is enhanced by over
five orders of magnitude by inclusion .in silicalite
cavities. This enhancement was attributed to the steric
restrictions imposed on the included guest molecules in the
channels of the silicalite. Silicalite ( 99 %X SiOz) forms
part of the class of zeolite molecular sieves with a new
topologic type of tetrahedral framework. The channel system
of this zeolite consists of near circular zig-zag channels

which are cross-linked by elliptical straight channels (38).

The diameter of the circular channels is 5.4 A and the free
cross-section of the elliptical ones is 6A . Therefore, the
limiting size for adsorption is around 6A at room
temperature. One of the remarkable properties of this

zeolite is its hydrophobicity, which ensures no deactivation

effect due to water.
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C. Deoxygenation Methods.

Oxygen quenches RTP so efficiently that every method of
RTP requires protection of the triplet state from oxygen. In
soluﬁion RTP, deoxygenation is a necessary condition. 1In
this section, the deoxygenation methods developed to date

for solution RTP are discussed.
1. Physical Methods of Deoxygenation.

The most common method for deoxygenation in solution RTP,
is bubbling of the sample solution with an inert gas, such
as, nitrogen and argon. If the solution is bubbled for 30
min with oxygen-free inert gas, the concentration of
dissolved oxygen can be reduced to less than micromolar
amounts. The disadvantages of this method are the time
consuming process and the fact that it generates excess foam
in a micellar solution.

Reim (40) used semipermeable membranes to remove dissolved
oxygen. Silicon rubber was used as membrane because of its
high oxygen permeability and chemical inertness. Since
oxygen transport is directly proportional to the pressure
difference across the membrane, evacuation around the
membrane was necessary. With this method about 95 X of the

dissolved oxygen could be removed in 25 min.
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Other methods are vacuum degassing and repeated freeze-
thaw cycles. However, these methods are not popular due to
the difficult and time consuming process involved for

degassing of sample solution.

2. Chemical Methods of Deoxygenation.

In most chemical methods the dissolved oxygen is converted
into inactive other species by a chemical reaction.

Rollie and coworkers (41) used chromium(II) to convert
dissolved molecular oxygen into water. Chromium(II) is
formed by the reduction of chromium(III) with Zn(Hg), and is
in contact with the sample solution through a semipermeable

membrane. The chemical reaction is as follows:

Zn(Hg) + 2Cr3* ————— Zn?* + 2Cr?* + Hg (3.2)

4Cr2* + 02 + 4H30* —— 4Cr3* + 6Hz20 (3.3)

Although this method is effective, the long equilibration
time required for the reaction prohibits further application
in RTP.

MacCrehan and May (42) used a 2zinc column to remove
dissolved oxygen. A sample solution is passed through a

column packed with zinc particles and allowed to react with

oxygen as follows:
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Zn + 02 + 2H* ——— 3 Zn2* + H202 (3.4)
Zn 4+ Hz202 + 2 H* ———— Zn2+* + 2H20 (3.5)

Since zinc is oxydized by the reaction, the zinc column has
a finite lifetime.

Recently, Diaz Garcia and Sanz-Medel (43) reported a

deoxygenation method based on the following chemical

reaction of sulfite with oxygen:

2S032- + 02 —— 2S042- (3.6)

The reaction time for oxygen consumption showed a dependence
on the surfactant concentration in MS-RTP. As the
concentration of surfactant increases, it took more time for
a complete reaction due to the restriction of ionic movement
by the micelles. This method has been shown to be an easy

and effective deoxygenation method.

D. The Heavy Atom Effect.

It has been observed that the presence of heavy atoms
affects luminescence significantly.. The wuse of external
heavy atoms to increase phosphorescence yields has become a
common practice in RTP. By mixing two chemical species, one
of which contains a heavy atom, the probability of singlet-
triplet crossover increases. This phenomenon is referred to

as the external heavy atom effect (44), in contrast to the
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internal heavy atom effect, observed when the heavy atom is
chemically affixed to the molecular skeleton whose
intercombinational transition it @perturbs (45). These
interactions between the heavy atom and the sample molecule
may frequently result in an increase in the phosphorescence
quantum yield, and a corresponding decrease 1in the
fluorescence yield. Also, the observed phosphorescence
lifetimes with the heavy atom are usually shorter than
without the heavy atom.

The heavy atom effect has been ascribed to increased spin-
orbital coupling induced by the heavy atom perturber (46).
The external heavy atom effect may take place in two ways:
one, by complex formation with the heavy atom, and another,
by a long range interaction through a statistical
distribution of the heavy atom molecules around the
Phosphorescing molecule (47). It has been shown that the
rate constants of both S1 -> Tl and Tl -> SO processes are
increased (48). This is evident from the observed RTP
lifetimes of probe molecules in micelles with heavy atoms
which decrease substantially as the heavy atom concentration
increases. Furthermore, it has been also demonstrated that
the T1 -> SO radiationless transition is not much enhagced,
and the observed reduction of triplet lifetimes is mainly
due to an increase in the radiative transition probability
(49).

While various mechanisms to explain the enhanced spin-

orbital interaction and the reduced triplet 1lifetime of
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aromatic hydrocarbon molecules have been proposed, it is
still not well understood. The various schemes which have
been previously proposed share a common factor in that the
singlet states are ultimately responsible for the reduced
phosphorescence lifetime (50). That is, the triplet state of
the emitting molecule is mixed with the singlet state of the
other. The sources of the singlet étate can be the same
mélecule (51), the perturber (52), or charge transfer state
of the molecule-perturber complex (53).

Bower and Winefordner (54) investigated the effects of

several heavy metal ions on the RTP of PAHs adsorbed on

paper, and found the following enhancement trend: T1l* > Ag?

> Pb2+ > Hg2+, It has been suggested that ¥ -complex
formation between the heavy metal ions and the PAH might be

providing an internal heavy atom effect in some of these

cases,

White and Seybold (55) have investigated @n detail the
effect of the addition of various sodium halide salts on the
RTP of sodium 2-naphthalenesulfonate adsorbed on paper. The
enhancement in RTP follows the trend of I- > Br- > Cl- > F-,.
Hence, the heavier ions induce the greater RTP enhancement.

In this study (55), the heavy atom perturber was found to

affect the radiative RTP emission rate more than the
nonradiative rate.

The external heavy atom effect is extensively used in MS-
RTP (56). The RTP of many PAHs is not detectable in a 0.1 M

solution of NalLS. However, when thallium(I) is used to
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replace 30 % of the sodium counterions in NaLS, an intense

RTP signal can be detected.
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CHAPTER IV
APPLICATION OF MACROCYCLIC COMPOUNDS IN CHEMICAL ANALYSIS

There has been an increasing amount of research interest
in the general properties and applications of macrocyclic
compounds. Macrocyclic compounds typically contain central
cavities ringed with 1long frameworks. Many of these
macrocyclic compounds have been shown to possess very
interesting and unusual binding properties. Various metal
ions and molecules can be encapsulated inside the cavity of
the macrocyclic compounds. The complexes thus formed are of
great analytical interest. But relati?ely few studies have
been done on the analytical applications of these compounds
compared to the fundamental studies performed.

Although metal complexes of naturally occuriqg macrocyclic
compounds, such as, porphyrins and certain antibiotics have
been known for over 50 years, it is only during the past two
decades that a large number of synthetic macrocyclic
compounds capable of binding metal ions or molecules have
been prepared and investigated (1). These synthetic
macrocyclic compounds include cyclic polyethers,
polythioethers, polyamines, and cyclophanes. There are
numerous publications and patents on applications of
naturally occuring macrocyclic compounds, cyclodextrins and

porphyrins (2). The important properties and usefulness of




these com]
decade (3
Inclusi
having &
and chen:
These i
inclusior
organic
those pe:
Since the
high deg
ions ca
specific
designin
appropri
Rolecy) ¢
Vater
¢ompoung
Racrocy,
Qatery,
Vere
functjq
have 1,
Certair
¥as ob

Th



54

these compounds have become well understood during the past
decade (3).

Inclusion complexes are formed with macrocyclic compounds
having a variety of selectivities, depending on the physical
and chemical property of the host macrocyclic compounds.
These unique ©properties of macrocyclic compounds in
inclusion complex formation stimulated chemists to devise
organic compounds which will perform functions similar to
those performed by naturally occuring macrocyclic compounds.
Since these macrocyclic compounds are synthetic in nature a
high degree of selectivity in binding of guest molecules or
ions can be obtained by designing host molecules for
specific purposes (4). A wide variation 1is possible in
designing host structures which will have the most
appropriate size, shape, and functionality for specific
molecular recognition.

Water soluble heterocyclophanes are synthet%c macrocyclic
compounds which have been proposed as enzyme models (5). The
macrocyclic ring is composed of a wall of benzene rings and
quaternary nitrogens. Several variations of the structure
were made to provide host cyclophanes with different
functionality and substrate specificity. Heterocyclophanes
have been shown to be excellent inclusion hosts toward
certain organic substrates. A unique substrate specificity
was observed due to their cavity size and functionality.

This chapter discusses analytical applications of

macrocyclic compounds. In the first part, a  brief
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introduction to host-guest chemistry and its usage 1in
chemical analysis is discussed. Next, potential applications
of the synthetic enzyme model compounds, cyclophanes, in
molecular luminescence are addressed. The last part reviews

the current status of applications of other macrocyclic

compounds in chemical analysis.

A. Host-Guest Molecular Inclusion.

A basic understanding of the specific binding and
catalytic behavior of enzymes is one of the significant
driving forces for studying host-guest chemistry. In a host-
guest complex, the host molecule is the larger, and the
guest molecule is the smaller of the two. The host molecule
usually contains one or several binding sites for complex
formation (inclusion complex) with guest molecules. The host
molecule must recognize and complex best those guest
molecules that contain binding sites and steric features
that complement those of the host. The self-evident
Postulate that two objects cannot occupy the same space at
the same time indicates that host and guest must be
compatible with respect to shape if they are to complex. The
simple electrostatic attraction of opposite charges accounts
for much of the binding forces between host and guest
molecules (4).

Various investigations have been carried out in recent

Years on some new synthetic catalysts which show enzyme-like




behavior
polymers
phenomeno
Hicellar
site thre
between ¢
intra-cor
effect
effectiv
these ca
and sub,
Thus, 1
substrat
compounc
due to
(1) 1
due to
Nature,
(i1)
the geg
Bacroc)
Subst g

(iii



56

behavior (6). Micellar surfactants and water soluble
polymers bearing various functional groups have shown
phenomenological similarities with enzyme systems (7).
Micellar surfactants have been known to form a hydrophobic
site through micelle formation. The hydrophobic interaction
between substrates and micelles results in the formation of
intra-complexes. Additionally, micelles provide proximity
effect by raising local concentrations of substrates
effectively. The formation of hydrophobic binding sites in
these cases is in dynamic equilibrium with the bulk phase,
and subject to the external medium effects, consequently.
Thus, these mobile structures may provide a limited
substrate specificity. On the other hand, macrocyclic
compounds may exhibit several novel and unique characters
due to the following effects (8).

(i) The macrocyclic cavity provides a stable binding site
due to a characteristic ring conformation of hydrophobic
nature.

(ii) A high substrate specificity can be brought about by
the geometric requirements for binding substrates into these
maprocyclic cavities, as well as by spatial geometries of
substrate molecules incorporated into these cavities.

(iii) A high possibility of introducing a charge relay or
an electrostatic antenna system, which is provided by
spatial arrangements of appropriate functional groups.

Consequently, a well-designed macrocyclic compound may
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exhibit a unique behavior in inclusion complex formation for
certain types of substrates.

Substrate specificity is. understood to indicate that a
specific substrate has a "best fit" to a unique array of
binding-site residues and that the spatial arrangement of
atoms relevant to the catalysis is particularly favorable
for the stabilization of the transition state (9). Although
the specific mechanism and requirements for a stable host-
guest inclusion complex formation may be different for each
complex, it 1is known that the main binding forces are
hydrogen bonding, van der Waals forces, hydrophobic
interaction, and steric and electrostatic interactions (10).

The stability of host-guest inclusion complexes can be
affected by various forces which are at the core of the
discriminative nature of substrate binding. The factors
affecting the formation and stability of host-guest
complexes include: (i) the type or types of bigding sites in
the ring; (ii) the number of binding sites in the ring;
(iii) the relative sizes of the guest and the macrocyclic
cavity; (iv) the physical placement of the binding sites;
(v) steric hindrance in the ring; and (vi) the external
charge of the guest (11).

In room-temperature phosphorescence, quenching of the
triplet state of a molecule is the most annoying problem
especially in solution. Judging from the above discussion,
the inclusion behavior of macrocyclic enzyme model compounds

could provide an ideal environment for observing room-
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temperature phosphorescence. Triplet quenching should be
reduced by inclusion of the triplet molecule inside the
cavity of the host molecule. At the same time, it might be
possible to observe a high degree of selectivity due to the
requirements for the host-guest inclusion complex formation.
Also, since the host molecule 1is synthetic in nature,
specific host molecules could be tailored for a specific
guest in chemical analysis. These are the underlying ideas

of this research.

B. Synthetic Enzyme Model Compounds: Cyclophanes.

Since the discovery of crown ethers by Pedersen twenty
yYyears ago, the chemistry of synthetic hosts for the
selective complexation of organic and inorganic guests has
developed rapidly. Soon after the fundamental studies on
molecular complexation by cyclodextrins, Cramer investigated
the enzyme-like catalytic properties of these systems (12).
Following this, a large variety of stimulating and
innovative studies on the catalytic properties of the
supramolecules have been conducted by many research groups
(13,14,15). Of the fascinating synthetic enzyme model
compounds, water-soluble cyclophanes seem quite interesting
for the examining possible RTP applications

In aqueous solution, cyclophanes form stoichiometric
inclusion complexes with aromatic guest molecules; these can

approach enzyme-substrate complexes in their stabilities
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(16). Diederich and his coworkers (17) introduced water
soluble cyclophanes. For the construction of water-soluble
hosts with apolar cavity binding sites shaped by hydrocarbon
residues, ionic groups remote from +the cavity were
introduced as shown in Figure 4.1. Complexation studies
showed stable 1:1 complexes with various hydrocarbon
molecules in solutions of a wide polarity range (18).

Urushigawa et al (19) reported the synthesis of various
azaparacyclophanes (APCs) containing four benzene rings.
Tabushi and his coworkers (20) studied substrate specificity
of the water-soluble heterocyclophane, N,N,N’,N’,N",N",N’'",
N’"-octamethyl-2,11,20,29-tetraazal[3,3,3,3]paracyclophane-
tetraammonium tetraborate (methyl-APC). Strong inclusion
complexes were formed through hydrophobic, electrostatic,
and steric interactions between the host and guest
molecules. Solubilization of the host methyl-APC molecules
in water was achieved by the introduction ~of the four
quarternary nitrogens around the macrocyclic ring.

The methyl-APC molecule in Figure 4.2-A has a hydrophobic
cavity resembling a square box surrounded by a wall of
benzene rings that form angles of 60" with respect to a
pPseudo molecular plane defined by the four N atoms (21). The
size of macrocyclic cavity is 5.5-7 A wide and 6 A deep. An
NMR study showed that the benzene rings of the methyl-APC
molecule favor a "face" conformation, in which benzene rings

are perpendicular to the hypothetical molecular plane (22).
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Figure 4.1. Diederich's water-soluble cyclophanes.
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Variations of the basic structure of methyl-APC were made
to improve the enzyme-like action of the host molecule.
Nitrogen atoms in the original structure of methyl-APC were
replaced with sulfur atoms as shown in Figure 4.2-B. The
original methyl-APC was more stable in an aqueous media of a
wide pH range, while sulfonium heterocyclophane was unstable
in agqueous solution above pH 9, where a remarkable change in
its electronic spectrum was observed (20).

The basic methyl-APC molecule without modifications with
hydrophobic substituents, containing a relatively small and
‘shallow cavity for host-guest interactions. APC molecules
with long alkyl chains of different functional groups have
been introduced (Figure 4.3) to improve substrate
specificity further. Anionic APC (Figure 4.3-A) favors
cationic guests (23), while cationic APC (Figure 4.3-B)
favors anionic guests (24). Octopus-like APC (Figure 4.3-C)
having eight long alkyl chains gives extra hydrophobic
binding efficiency (25). By using two rigid macrocyclic
skeletons, a capped APC (Figure 4.3-D) with four flexible
hydrocarbon chains connecting the macrocycles was
synthesized (26).

These synthetic enzyme model compounds (APCs) are highly
Promising macrocyclic compounds for various applications in
chemical analysis. Their most prominent characteristics are:
(i) The macrocyclic skeleton may provide a stable binding
site through hydrophobic interaction.

(ii) The stable binding site may show a high substrate
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Figure 4.3. Schematic representations of modified water-

soluble heterocyclophanes.
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specificity due to electrostatic and geometrical
requirements for host-guest interaction.

(iii) A rigid microenvironment may be obtained due to the
wall of benzene rings.

Thus, the APCs may provide a favorable microenvironment
for triplet state molecules. Triplet molecules included
inside the macrocyclic cavity may be protected from
quenching by dissolved oxygen or impurities in the solution.
Also, a high selectivity in RTP is expected due to the size
and charges of the APC. In this research, the possibility of

using APC molecules in RTP was examined.

C. Other Macrocyclic Compounds in Chemical Analysis.

In 1967, Charles Perdesen reported the synthesis of a new
class of macrocyclic compounds called crowns (27). Crown
ethers are cyclic polyethers having various sizes and
structures. These compounds have the ability to selectively
complex metal ions, and in particular, the alkalies. They
can also solubilize inorganic and organic solutes in polar
and nonpolar solvents. Over 60 cyclic polyethers have been
synthesized with ring structures containing from 9 to 60
total atoms, from 3 to 20 oxygen atoms, and from 1 to 4
attached hydrocarbon rings (28).

The nomenclature recommended by Perdesen for his cyclic
polyether compounds does not follow complicated IUPAC rules.

Generally, the groups attached to the crown are mentioned
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first, then the number of atoms in the ring, followed by
"crown" and then by the number of oxygen atoms in the crown.
Examples are given in Figure 4.4. The cyclic polyethers have
been found to form primarily 1:1 polyether:metal complexes
with a large array of metal ions. However, there are some
indications that; depending on the ratio of the cavity to
the metal ion diameter, 2:1 and 3:2 complexes are also
formed. The 1:1 complexes are generally assumed to consist
of the metal ion bound in the cavity of the polyether ring.
On the other hand, 2:1 complexes are '"sandwich" type
structures, in which the metal ion is located between two
cyclic polyether molecules. The 3:2 complexes are "club
sandwich" types, in which two metal ions are located between
polyethers.

Crown ethers have been used in extraction studies (29,30),
membrane transport (31,32), ion-selective electrodes and
related electrochemical procedures (33), ion—gxchange resin
Preparation (34), and liquid chromatographic separation of
ionic and neutral species (35,36).

In 1967, Lehn and his coworkers introduced the macrocyclic
ligands called cyrptands (37). Cryptands form complexes with
metal ions, in which the metal ion is located within the
central cavity (crypt). In the cryptates, the complexed
cation is completely enclosed in three dimensions by ligands
containing O or N which bind to the cation. Thus, the ion
becomes isolated from external species if it fits, or is

smaller than the diameter of the cavity. The cavity is
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hydrophillic, and hydrophobic hydrocarbon groups form the
outside envelope to make cryptands quite soluble in organic
solvents. Thus, the cryptand is a three-dimensional ether,
which has a hydrophillic cavity and hydrophobic exterior
hydrocarbon groups (38,59).

The cryptands promise to become of great analytical
importance, as their cqmplexes with alkali and alkaline
earth ions are much more stable than those with other
macrocyclic compounds, such as crown ethers. The cryptands,
2.1.1., 2.2.1, and 2.2.2. (Figure 4.5), are analytically
important and readily available.

The usage of cryptands in chemical analysis is similar to
crown ethers. Kirch and Lehn (40) used cryptands in alkali
metal ion extraction. Czerwenka and Scheubeck (41)
determined sodium and potassium by potentiometric titration
using cryptands. Cryptands were used for the preparation of
ion-exchange resins (42).

Recently, cyclodextrins have been used extensively in
chemical analysis. The structure, properties, and their
application in luminescence are discussed in the previous
chapter. Mueller and Rodin (43) studied inclusion complex
formation of cyclodextrins with metal ions. Cramer et al

(44) studied cyclodextrins as enzyme model system.

Cyclodextrin polymers are used as filling materials for
column chromatography (45). When compared with customary
Sephadex, it is apparent that cyclodextrin polymers have the

advantage in that they strongly retard molecules of an
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Figure 4.5. Lehn's cryptands.
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appropriate size. Molecules with similar molecular weight or
even isomers can be separated. Armstrong and his coworkers
(46,47) used cyclodextrins extensively in liquid
chromatographic separations. They demonstrated that many
difficult separations, such as enantiomers, diastereomers,
and positional, geometric, and structural isomers can be
accomplished (48).

Recently, an attempt was made to increase thé solubility
of cyclodextrins in the aqueous phase. Using urea, the
solubility of cyclodextrins in aqueous solution was
increased up to 10 times (49). Tabushi and his coworkers
(50,51) modified cyclodextrins to provide more functionality
and structural rigidity. Considerable enhancement of a
certain elementary recognition interaction was observed with

modified cyclodextrins.
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CHAPTER V

INSTRUMENTATION

Although RTP has grown as an important analytical. method
over the last two decades, there are few commercial
instruments available for RTP. Modifications to commercial
instruments for RTP studies have been made to aid individual
needs depending on the RTP technique employed. Vo-Dinh et al
(1) designed an automatic phosphorimeter for solid-surface
RTP with a continuous filter paper device. Cline Love et al
(2) constructed a phosphorimeter from commercially available
components and used it in micellar-stabilized RTP studies.
Nithipatikom and his coworkers (3) designed a spectrometer
for determining single and multiple RTP lifetimes.

The use of microcomputers for instrument control and data
acquisition has become a common tool 1in scientific
laboratories. In many cases, experimental control and data
acquisition require complex timing and synchronization with
other experimental conditions. Instrument control, data
acquisition, complex timing and synchronization, time
consuming event monitoring, tedious calculations, and data
analysis can be done with a personal computer. This ability
of the personal computer has enabled scientists to do

experiments easier with more sophisticated instrumentation

than previously possible.
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In this chapter, the construction of a versatile computer
controlled luminescence spectrometer for measuring
fluorescence, RTP, and RTP lifetimes with comprehensive data
acquisition and analysis software is described. Also, the
modification of an IBM-PC data acquisition and control
adaptor board is presented. This board was used for the

Perkin-Elmer LS-5B spectrometer later in this research.

A. Luminescence Spectrometer.

In this work, an Aminco-Bowman spectrofluorometer (SPF-
500) was modified and interfaced to the IBM-XT compatible
Personal computer for keyboard control of the instrument,
and data acquisition. This instrument allows semiautomatic
luminescence data acquisition and analysis on a personal
computer.

The Aminco-Bowman spectrofluorometer (SPF-500) contains a
Xenon lamp which produces an intense 250 W Xenon arc. The
monochromators are single-pass Czerny-Turner type with a 250
mm focal 1length and f/4 aperature. Both excitation and
emission monochromators use 600 line/mm gratings blazed for
optimal wavelength response. These monochromators are
controlled by precision 500 step/rev stepping motors. This
allows precise control of position and scanning rate of both
monochromators. The interface connector at the back of the

spectrometer contains all the necessary control lines for

the monochromator control.
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1. Principle of Operation of the Instrument.

In this work, the optical unit, excitation and emission
monochromators, PMT, xenon lamp with power supply, and
sample compartment unit of the spectrometer, were used
without modification. A block diagram of fhe instrument is
shown in Figure 5.1. A continuous Xe-arc lamp (250W) was
used as an excitation source. The exciting radiation was
modulated by a rotating single-disk type chopper. This
allows phosphorescence to be measured after any fluorescence
has decayed.

For data acquisition and monochromator control, a data
acquisition board (Lab Master, Scientific Solution, Solon,
Ohio) was used with an IBM-XT compatible computer. Digital
outputs from the Lab Master board controlled both
monochromators for scanning. Menu driven software written in
Turbo Pascal and Macro Assembler was used for instrument
control, data acquisition, and data manipulation.

A photodiode was placed at the opposite side of the
excitation beam to sense the modulation of the excitation
beam. The pulsed signal from the optointerrupter was
adjusted to be in-phase with photodiode signal. This
adjusted chopper signal was used to trigger the AM9513
counter/timer for time-resolved data collection.

The current signal from the PMT (Hamamatsu R928) was

converted into a voltage signal, and a variable gain
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Figure 5.1. Block diagram of the luminescence spectrometer.
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amplifier (AD507, Analog Device) was used to get the desired
input voltage signal (0-10 V) for the analog-to-digital
converter (ADC). To reduce high frequency noise, a low-pass
filter was used for fluorescence and RTP measurements placed
between the current-to-voltage converter and the main
amplifier..It was turned off by a manual switch when RTP

decay curves were to be measured.
2. Hardware Construction.
(a) Computer Interfacing to Spectrometer.

The Lab Master board (4) contains a 12 bit analog-to-
digital converter (ADC) with a built-in 16 channel
multiplexer (MP 6812), a 24 bit parallel port (Intel 8255),
two 12 bit digital-to-analog converters (DACs), and a five
channel 16 bit counter/timer, AM9513, as shown in Figure
5.2. The AM9513 LSI chip is one of the most powerful
counter/timers (5). The Lab Master data acquisition board
installed on the IBM-XT compatible computer controlled the
scanning module of the spectrometer, and digitized analog
signals from the spectrometer.

The Lab Master board address was set to 1808 (decimal) and
I/0 mapped. The last channel of the multiplexer was set to
channel 15. Input mode was set to pseudo-differential 0-10 V
range, and no interrupts were used. Channel 15 of the ADC

was used for luminescence data read, and channel 13 and 14
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Figure 5.2. Schematic representation of the Lab Master

board.
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were used for reading positions of the both monochromators.
Pin 24 (analog output of excitation wavelength) of the
interface connector of the spectrometer must be connected to
ADC channel 13, and pin 23 (analog output of emission
wavelength) must be connected to ADC channel 14.

For control of both excitation and emission
monochromators, a parallel output was used along with a
latch (74LS75). The direction of rotation and the number of
turns of the monochromator to scan wavelength were
controlled by the software. This was done by sending the
appropriate digital outputs to the 1latch inputs, whose
outputs were connected to the control 1lines of both
monochromators. This allowed total computer control of the
scanning modes (emission, excitation, synchronous,
excitation-emission) and automatic initial wavelength
selection of both monochromators.

An Intel 8255-5 parallel I/0O port on Lab Master board was
programmed to work in mode 0, and digital data bits 0-5 of
port A were used to send control pulses for both
monochromators. Data bits 1-4 were latched by a 74LS75 quad
latch in order to keep each control signal of the scanning
module until next operation. Each digital signal and latch
connection is shown in Figure 5.3.

In the phosphorescence mode, counter 5§ of the AM9513
counter/timer was used to trigger the ADC start conversion
after a given delay time. In the RTP lifetime mode, counter

4 was used to control the delay time after lamp excitation,
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ADC channel 8255-5 PPl data bit
13 14 0 1 2 3 4 5 Computer side
[ [}
D |2 3 6
13
41875
Enable
Q|18 15 10
Spectrometer
2 23 48 L] # 50 interface connector
4 ¢ EM m EN KX Sean Lamp
Vavelength Motor clutch  direction ignition
(analog output)
* To control sc module directly b g
pin 33 (motor m hold md pin auto dlrection enable)
must be connected to pin )

Figure 5.3. Interfacing of the control signals from Lab

Master to the Aminco-Bowman spectrometer (SPF-500).
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and counter 3 was used to control the sampling rate of the
ADC. OUT4 of the counter/timer must be connected to GATE3.
GATE4 and GATES5 must be connected to the chopper signal in
order to count the delay time in microseconds. OUT3 and OUTS
of the counter were connected to the control pin of the
external start conversion of ADC through a rotary switch in
order to select external start conversion signals of ADC
between OUT3 and OUTS5. More detailed explanations about the
operation of tﬁe counter/timer will be shown later in this

section.

(b). Light source Modulation and Detection.

Several commercial spectrophosphorimeters, including the
Aminco-Bowman (SPF-500), use a rotating can to modulate the
exciting 1light source. The major disadvantage of the
rotating-can type phosphoriscope is that the modulation
frequency of the excitation source, and the luminescence
detection time window are limited. But the RTP lifetimes of
most organic phosphors are very short, especially in
solution. As a result, the rotating-can type phosphoriscope
gives very low or negligible luminescence signals for short-
lived phosphors. The short delay time will increase the RTP
sensitivity of the short lived phosphors. A pulsed source,
or a single-disk type chopper, gives better performance in
terms of flexibility for selecting appropriate delay times

and gate times for the experimental requirements.
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Figure 5.4. Circiuts built for (A) photodiode light sensor,

(B) current-to-voltage convertor.
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In this design, the Xe-arc lamp was modulated by a
replaceable rotating single-disk type chopper. The chopper
disk was constructed with a stiff, thin plastic blade (10 cm
diameter) and coated with non-glare black paint. The chopper
was driven by &a synchronous motor, and its speed was
controlled by a variable, precision DC power supply. Two
types of disks, which have a different number of open slots,
were used depending on the type of experiment (RTP or RTP
lifetime). When fluorescence was measured, the disk was
stationary with its open slot facing the incoming excitation
beam, so that all the exciting light could pass through the
chopper disk.

The pPhase detection of the rotating chopper was
accomplished through the use of a photodiode and an opto-
interrupter. A photodiode (EG&G UV~100BQ) with a Schmitt
trigger (74LS14) was placed on the opposite side of the
chopper across the sample cell, and an opto-interrupter
(GEH21B1) with monostable multivibrator (74LS121N) was
Placed under the chopper blade. The phase detection signal
was adjusted in the visible range as described below.

At the beginning of the experiment, signals from
Photodiode circuit and opto~-interrupter circuit were
displayed concurrently on a dual-trace oscilloscope. The
output of the photodiode circuit is the true chopped signal
of the excitation source, whereas the output from the opto-
interrupter circuit is not the true source chopping signal,

since its signal depends on the mounting position of the
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Multivibrator

74121N

2 4 4] 7[10] € [11
150 % 220
— 104
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Multi- < > < >
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Figure 5.5. Timing diagram of the chopper phase detector.
The opto-interrupter output is connected to the
multivibrator and the pulse width of the multivibrator is

adjustable with a variable register.




opto-in
pulse
by a
fallin

opto=i

(c). R

For
AM9513

" choppe
500 H
signa
conne
Progr
boare
outpy

conv

exci
For

Simy
Tote
Cou

out;

out



86

opto-interrupter under the chopper blade. The low-going
pulse output of the opto-interrupter was adjusted manually
by a variable register of the multivibrator, until the
falling edges of both signals from the photodiode and the

opto-interrupter were exactly matched (Figure 5.5).

(c). RTP and RTP Lifetime Measurement.

For RTP and RTP lifetime measurements, a timer/counter,
AM9513, on the Lab Master board was used. A single-disk type
chopper with four opening slots was rotated to obtain a 200-
500 Hz modulated source for RTP measurements. The chopper
signal from the one-shot of the phase detector circuit was
connected to gate 1 of the counter 1, and counter 1 was
Programmed to generate a pulse at the terminal count. The on
board 1.000 MHz clock was used as the clock source. The
output of counter 1 was connected to the ADC external start
conversion pin. By varying the count number of the counter
1, data can be acquired at different time delays after
excitation for time-resolved phosphorimetry (Figure 5.6).
For RTP lifetime measurement, two counters were used
simultaneously. A chopper with one or two open slots was
rotated to obtain a 5-10 Hz modulated source. Gate 1 of the
counter 1 was connected to the chopper signal, and the
output of the counter 1 was connected to gate 2 of counter
2. The analog-to-digital conversion was triggered by the

output of counter 2. At the falling edge of the chopper
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Figure 5.6. Timing diagram of the counters for RTP and RTP-

lifetime measurement.
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signal, counter 1 starts the count down for a given delay
time and generates a pulse at the terminal count. The rising

edge of the terminal count signal of counter 1 then

initiates counter 2 to count down for a given gate time,
repetitively, to generate pulses at each gate time interval.
At each terminal count pulse of counter 2, an RTP signal was
read to obtain a decay signal. The delay time is the time
delay from the falling edge of the chopper signal to the
starting point of the data reading. The gate time (33 wus
minimum) is the time interval between the successive data
read points.

At the beginning of each experiment, the user can specify
the number of data points to read at each emission
wavelength for RTP measurement, or the number of decay
cycles to repeat per experiment, and the number of data
points per each decay cycle for RTP lifetime measurement.
The final data are obtained by signal averaging of the

collected raw data in real time.

3. Software Development.

A menu driven program, EMISPEC, was developed using TURBO
PASCAL (Version 4.0, Borland 1International) and MACRO
ASSEMBLER (Version 4.0, MicroSoft) for instrument control,

luminescence data acquisition, and manipulation on the IBM-

XT compatible computer. A block diagram of the program,

EMISPEC, is shown in Figure 5.7. There are six items in the
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Figure 5.7. Block diagram of

the EMISPEC program.

EMISPEC-II
File Data Set-up Graph Lifetime Tools
. Load . Display . Set-up L Screen Plot | Calc LTM . Help
. Save . Print L. Mode . Printer Plot |- Simulate LTM | Change Parm
L List . Smoothing L Plotter Plot L. Semilog Plot | Test Data Read
e Dos Shell L. Start Read .~ Plotter File
L~ MulPlot
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main menu: File, Data, Set-up, Plot, Tools, and Lifetime.
For noisy data, smoothing can be employed using a Fourier
transformation technique, according to the unique algorithm
developed by Eric E. Aubanel (6). Set-up parameters include
mode (Fluorescence, RTP, RTP Lifetime), initial setting and
scan ranges for both monochromators, number of data per
wavelength or number of decay cycles for signal averaging,
scan mode (emission, excitation, synchronous, excitation-
emission), delay time, and gate time. Fluorescence and RTP
spectrum data are plotted on the screen in real time as the
monochromator scans. The plot routine plots data in five
ways: screen plot, printer plot, plotter plot, plotter file.
The spectrum drawn on the screen can be printed with either
an EPSON printer or an HP plotter. Data plot can also be
routed into a file in HPGL format for wuse with other

software.

4. Results and Discussion.

The primary output of any experiment in which chemical
information is to be extracted, is the signal which measures
the phenomenon under observation. In most cases the signal
measured has some superimposed noise which arises from
various sources. Noise can be distinguished from the signal
by 1its frequency characteristics and by the time of
occurrence or phase coherence of their frequency component

(7). The removal of noise can be performed by hardware and
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software.

The three most common methods for smoothing data are
moving-average, least-squares, and Fourier transformation.
In the moving-average method (8), each data point is
replaced by the average of itself and n neighboring points
on either side of it. The advantage of this method is that
it is very easy to program. The disadvantage is that the
first and the last data points are not smoothed to the same
degree as the rest of the data set, because they don’t have
n neighbors on each side of them. This method flattens the
signal more than the other methods.

The least-squares method identifies the line of the order
you specify which minimizes the sum of the squares of the
distances between the data points and the calculated line.
The advantages of this method are that it generates
statistical information on the goodness of the fit, and it
does not require that the data be collected at regular time
intervals. The disadvantage of this method is that it
generates disappropriately biased data by one or two very
bad data points, because it will twist the line of fit to
spread the error over the entire data set.

Fourier transformation and inversion (9) is probably the
best method, since it lends itself naturally to identifying
and eliminating noise. The reason for this is that noise is
usually present at high frequencies, whereas, the signal
components are usually present at low frequencies. Fourier

transformation produces the frequency spectrum. By
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eliminating the high frequency portion of the spectrum and
performing an inverse Fourier transformation, one can obtain
the original data without much of- the noise.

In this system, we employed both hardware and software
smoothing methods. A simple passive low-pass filter (cut-off
frequency 10 Hz) was placed between the current-to-voltage
converter and the variable gain amplifier (10) for RTP and
fluorescence measurements. Because the low-pass filter has a
long time constant which can affect the phosphorescence
decay signal, it was turned off by a manual switch when RTP
lifetime was being measured. Two other methods, signal
averaging and Fourier smoothing, were used to further
enhance the signal to noise ratio (S/N) of the measurement.
If the noise is random and the number of measurements is N,
the noise is proportional to the square root of N, while the
signal is proportional to N. As a result, the S/N will be
improved by the square root of N with signal averaging (11).
Also, by performing Fourier smoothing, one can further
reduce noise components from the measured data. The method
of Fourier smoothing used is a modified Discrete Fourier
Transformation (DFT), which runs much faster than regular
DFT. In this method, the user can control the degree of
smoothing, and the data size is not limited to a multiple of
2, which is the 1limiting factor of the Fast Fourier
Transformation (FFT).

The effect of the degree of smoothing of the data is well .

lemonstrated in Figure 5.8. A typical luminescence data set
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5.8 .A. -Fourier smoothing of the luminescence spectrum of Naphthalene in
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in Figure 5.8 was obtained with an aqueous solution of
naphthalene in a sodium dodecyl sulfate (SDS) micellar
solution. Peaks below 400 nm are fluorescence, and the peaks
above 400 nm are phosphorescence at room temperature. The
dots in Figure 5.8 are the raw data without signal
smoothing, and the solid line is the smoothed data after
Fourier smoothing.

Figure 5.8.A shows oversmoothed data with a degree of
smoothing of 9, while with a degree of smoothing of 25,
undersmoothed data were obtained as shown in Figure 5.8.B.
Choosing the right degree of smoothing is a matter of trial
and error. With a degree of a smoothing of 15, properly
smoothed data were obtained as shown in Figure 5.9. 1In
Figure 5.8, both smoothed data sets show "end effects" in
which the first and last part of the data set are distorted.
This end effect is due to the discontinuity between the
beginning and the end of the data set. The DFT treats the
data as periodic; that is, it assumes that the last data
points are followed by replicas of the initial points. In
Figure 5.9, this "end effect" was corrected by the straight
line method (6).

The general principles and applications of time-resolved
Phosphorimetry were well demonstrated by Winefordner (12).
Fisher and Winefordner (13) showed a detailed comparison of
the pulsed source and cpntinuous mechanical phosphoriscope
system in phosphorimetric instrumentation. The major

advantage of pulsed source phosphorimetry over the rotating
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can type mechanical phosphoriscope, is the possibility of
selecting experimental conditions, such as,'delay time, and
gate time, so that the species of interest is measured
under optimum conditions. For measurement of short-lived
RTP, the rotating can phosphoriscope was found to be
inadequaf.e since it takes a relatively long time (1.5 ms
minimum) to open the emission window by rotating 90 degrees
after excitation. As a result, the intensity of a short-
lived RTP signal has decreased significantly before the
detection of actual RTP signal is started. On the other
hand, if the exciting light source is modulated by a disk
type blade or pulse, the detector is always open to the
rhosphorescence signal. The measurement of the
pPhosphorescence signal can be initiated at any time by
choosing the proper delay time after excitation for time-
resolved spectrometry. This system gives more versatility in
the measurement of short-lived RTP over the. rotating can
type phosphoriscope.

Accurate detection of‘the end of the modulated excitation
source pulse is very important in RTP and RTP lifetime
measurements. Typically, an opto-interrupter or photodiode
is used to detect the chopper phase. However, manual
adjustment of the position of the opto-interrupter so that
its output matches exactly with the true source chopping, is
very difficult. Also, most photodiodes (even UV sensitive)
are not very sensitive to light below 300 nm; however, many

organic compounds require excitation under 300 nm. 1In
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