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Abstract

The research presented in this dissertation involves spectroscopic studies of
cyclodextrin complexation reactions with various guest molecules. Chapter 1 provides
an introduction that forms the basis for the remaining chapters. The topics covered in
the introduction include the structures and properties of cyclodextrins with a brief
section specifically dedicated to solid cyclodextrin. In addition, the environmental
applications of cyclodextrins are discussed. The last part of the introduction concerns
the theory and applications of fluorescence spectroscopy.

In Chapter 2, the extraction of volatile polycyclic aromatic hydrocarbons
(PAHSs} from air by use of solid cyclodextrin is presented. Naphthalene was chosen as
the model compound due to its high vapor pressure. The effect of various alcohols on
the gas-solid complexation reactions of PAHs as well as quantitative studies are also
reported in this chapter. These studies with the solid cyclodextrin are compared to
those examined in aqueous solutions.

Chapter 3 pertains to the effect of cyclodextrins on excited state proton transfer
reactions of carboxylic acid compounds. Several naphthoic and anthroic acids
including 2-naphthoic acid, 1-hydroxy-2-naphthoic acid, 9-anthroic acid, and 2-anthroic
acid are studied in order to propose mechanisms for these compounds in monomeric
and polymeric cyclodextrins. The inner cavity diameters of the cyclodextrins play a
major role in the proposed mechanisms.

Chapter 4 reports the effect of the Cyclodextrin Host Isolation Matrix (CHIM)
method on excited state proton transfer reactions. These studies involve solid samples
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of the compounds mentioned in Chapter 3 with the addition of 3-hydroxy-2-naphthoic
acid. The CHIM method mimics the spectroscopy of isolated molecules. The results
obtained from the solid samples are compared to those obtained from aqueous
solutions reported in the previous chapter. Dual fluorescence is reported for the

anthroic acids and an explanation for this phenomenon is given.
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Chapter 1. Introduction

Cyclodextrins

In 1891, A. Villiers discovered and isolated cyclodextrins (CDs) from the
enzymatic degradation of starch by bacteria [1]. However, Schardinger was the first to
give a detailed account and characterize cyclodextrins as cyclic sugars. Thus, these cyclic
sugars are sometimes referred to as Schardinger dextrins [2,3]. Cyclodextrins are a series
of cyclic oligosaccharides formed by the linkage of glucopyranose units through a-(1,4)
glycosidic bridges (Figure 1.1). These molecules have a torus shape with the primary
hydroxyl groups lining the smaller edge of the cavity and the secondary hydroxyl groups
lining the larger edge of the cavity (Figure 1.2). The cyclodextrin interior cavity is
hydrophobic due to the glycosidic oxygens, whereas, the exterior of the cyclodextrin cavity
is hydrophilic due to the hydroxyl groups. Nuclear magnetic resonance and infrared
spectra studies indicate the formation of intra-molecular hydrogen bonds in solution
between the secondary hydroxyl groups of adjacent glucopyranose units {4-6]. It is
suggested that these bonds serve to restrict rotation of the glucopyranose units,
contributing to the structural rigidity of cyclodextrin molecules.

The most widely used cyclodextrins are a-, B-, and y- cyclodextrins with six,
seven, and eight glucopyranose units, respectively. Cyclodextrins composed of
glucopyranose units greater than eight units are known to exist, but they are highly flexible
and do not favor complexation. Due to the extensive steric strain for CDs with five or less

glucopyranose units, they are highly unlikely to exist. The cavity diameters are
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approximately 5.7, 7.8, 9.5 A for a-, B-, and y- cyclodextrins, respectively. The variations
in cavity size enables each CD to selectively incorporate hydrophobic guests based on size
and geometry. The important physical properties of the most common cyclodextrins are
summarized in Table 1.1.

The average bond distances between the O(2) and O(3) atoms of adjacent
glucopyranose units for a-, p-, and y- cyclodextrins are 3.00, 2.86, and 2.81 A,
respectively. Therefore, «-CD is the most flexible of the CDs in solution due to the weak
intramolecular hydrogen bond interactions. Conversely, the intramolecular hydrogen
bonds increase in strength for B-CD. Furthermore, the aqueous solubility of p-CD
decreases relative to that of «- and y-cyclodextrins. The odd number (7) of glucopyranose

units seems to allow dimerization of the molecule in solution causing this decreased

solubility.

Table 1.1 Physical Properties of -, f-, and y-Cyclodextrins
Physical Property «-CD B-CD v-CD
# of glucose units 6 7 8
Molecular weight, 972 1135 1297
g
Cavity diameter, A 5.7 7.8 9.5
Cavity depth, A 7.8 7.8 7.8
Solubility in water, 14.7 1.85 23.2
g/100 mL

The use of cyclodextrins is restricted due to their limited solubility. This is
particularly true for  -CD. Therefore, many attempts have been made to modify B-CD

2
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chemically to improve its solubility. Many B-cyclodextrin derivatives have been
synthesized due to their higher aqueous solubility than the native §-CD. The B-CD
derivatives have been synthesized by substitution of the primary and secondary hydroxyl
groups with different functional groups [7,8]. Monosubstituted 6-O-p-toluenesulfonyl-
cyclodextrin is normally used as the starting material in the preparation of cyclodextrin
derivatives. Methylation of heptakis-(2,6-di-O-methyl-)-8-CD and heptakis-(2,3,6-tri-O-
methyl-)-B-CD have been reported [9,10]. The water solubilities of these two compounds
are 57 and 31 g/100 mL for the di- and tri-methylated CDs, respectively [11]. Methylation
of cyclodextrins involves all the hydroxyl groups at positions C2, C3, and C6 or all C2
secondary and C6 primary hydroxyl groups. Hydroxypropylation of cyclodextrins leads
to the formation of hetereogeneous products with various degrees of substitution [11].
These derivatives have amorphous structures with water solubility of more than 50 g/100
mL at 25 °C[11]. Similarly, water soluble cyclodextrin polymers have been synthesized.
The most common procedure to produce these polymers involves the use of
epichlorohydrin. The resulting CD polymers are a polydisperse mixture containing CD
units joined by repeating glyceryl linkers (-(CH,-CHOH-CH,-),). All three of the CD
polymers (x-CDP, B-CDP and y-CDP) are very water soluble and commercially available.

The study of cyclodextrin inclusion complexes has attracted interest over the past
decades [12]. An inclusion complex can be defined as a guest molecule occupying the
interior space of the host. Various property changes of the included guest is a result of

cyclodextrin complexation. Depending on the host/guest system, complexation usually
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Figure 1.1 The chemical structures of a-, p-,and y-cyclodextrins
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occurs in a manner that allows maximum exposure of the hydrophobic portion of the guest
to the apolar host cavity. Effective complexation usually occurs by a number of factors
[13]: (1) favorable energetics must exist in order to initiate CD/guest interactions; (2) the
guest must have some affinity for the CD cavity; and (3) the protective guest must be a
compatible size for the CD cavity so that full or partial inclusion can occur.

Water molecules play an important role in the driving force of CD complex
formation with hydrophobic molecules in aqueous solutions [7]. High energy water
molecules are released from the cyclodextrin cavity upon guest inclusion. Replacement
of high energy water with a hydrophobic guest is favored because the cyclodextrin ring
strain is reduced. Thus, complexation results from this decrease in the cyclodextrin ring
strain upon inclusion of the guest molecule. Moreover, hydration of the cyclodextrin
complex is energetically favored over the hydration of individual components. These
considerations are not obvious when generally speaking about the properties of solid

cyclodextrin.
Solid Cyclodextrin

Cyclodextrin inclusion complexes may also occur in the solid state. These
complexes are different than those formed in solution. In solution, the guest molecule is
included in the cavity and the whole complex is surrounded by a hydrate shell of water
molecules. However, in the solid state, the guest molecule can either form a complex
within the CD cavity or within the intra-molecular cavities formed by the crystal lattice of

the CD molecule. It should be noted that solid CD includes water molecules in its cavity
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[7]. The number of water molecules included in the solid CD depends on the kind of CD
and ranges from 6 to 17 water molecules [7]. Therefore, a driving force for CD solid
complex formation, in which water molecules can be released from the CD cavity, is still
possible, even in solid cyclodextrin. One additional note is that solid cyclodextrin
complexes are seldom of stoichiometric composition.

Clathration [14] is a special type of complexation that occurs in the solid state, in
which the guest molecule is retained in the host by crystal lattice forces. However, CDs
exhibit complexation in both the solution phase and the solid state. The structures of solid
CDs have been described as cage- or channel-type structures [7,14]. In the channel-type
structure, the CD molecules are vertically stacked, with the guest molecules embedded
into these channels. In contrast, the cavity of one CD in a cage-type structure is blocked
on both sides by adjacent CD molecules, thereby leading to isolated cavities. A
considerable amount of work regarding the use of solid CDs as host matrices has involved
room-temperature solid surface luminescence analyses [15-17]. These analyses have
explored cyclodextrin-salt mixtures as solid matrices. In addition, studies which involved
the grinding of solid CD with solid pyrene or solid PPO reported the formation of
inclusion complexes [18]. Otherwise, complex formation studies of CDs in the solid state
have not received much attention from researchers [14].

Solid CD complexes can be formed with a variety of solid, liquid, or gaseous guest
molecules. For example, liquids can be transformed into solid substances and formulated

as dosable pills. Volatile substances, such as aromas, can be stabilized by forming solid
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complexes. These complexes remain stable for long periods of time, whereas in aqueous
media, these substances are liberated especially upon heating.

In the early 1990s, Procter and Gamble released its first commercial cyclodextrin-
based product when it relaunched Bounce fabric softener sheets for the dryer {19]. The
reformulated Bounce sheet contains a cyclodextrin/fragrance complex. During the drying
process, this complex transfers to the fabric along with the softener. The fragrance is
released when the fabric becomes wet from water or perspiration. Otherwise, the
fragrance is not noticeable when locked inside the cyclodextrin cavity on dry fabric.

More recently, Procter and Gamble released another cyclodextrin-containing
product called Febreze [19]. Febreze is a spray that was created to remove odors from
fabrics such as clothing, carpet, or furniture. In this particular product, some of the
cyclodextrins release fragrance while others are not complexed with fragrance. Instead,
when Febreze is used on fabrics, the free cyclodextrins bind with odor-causing molecules
such as tobacco, masking the odors.

Several intermolecular forces are involved in the formation of cyclodextrin
inclusion complexes. These include van der Waals forces, hydrogen bonding, and
hydrophobic interactions. Van der Waals or London dispersion forces are weak attractive
forces which occur from dipole-dipole interactions. Hydrogen bonding usually invoives
interaction between a hydrogen atom and another very electronegative atom resulting in
strong dipole-dipole interactions. Van der Waals forces and hydrogen bonding are not

crucial in establishing stable cyclodextrin complexes. Hydrophobic interactions, on the
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other hand, are the contributing factors needed for both formation and stabilization of
cyclodextrin inclusion complexes. These interactions result when the entropy is changed
due to the release of high energy water molecules from the CD cavity. The stability of CD
inclusion complexes is also a function of the hydrophobicity of the guest molecule, and is
considered to be proportional to the apolar character of the included molecules [7].
Complex formation between a guest molecule and cyclodextrin in solution can be

described by the following dynamic equilibrium

C+G=C-G (L.1)
K.= [C-G] (1.2)
([C(GD),

where [C], [G], and [C-G] represent the respective equilibrium concentrations of
cyclodextrin, guest molecule, and complex. The stability of the complex can be described
by the association constant, K;, shown in equation 1.2. The parameter, K,, is usually
expressed in L/mol. Values for association constants can be determined spectroscopically
using the Benesi-Hildebrand [20] method by monitoring changes in spectral intensity upon
the addition of cyclodextrin. The Benesi-Hildebrand method will be discussed in more
detail in Chapter 3.

Equation 1.1 indicates a 1:1 stoichoimetric ratio between the cyclodextrin and the
guest, but other stoichiometric complexes suchas 2:1 or 1:2 cyclodextrin:guest complexes
also exist. The following equilibria describe a 2:1 inclusion complex

2C+G=C-G+C=C,G (1.3)
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This type of complex has been reported for the methyl orange:-CD complex [21]. Two
isosbestic points are observed in the absorption spectra of methyl orange upon increasing
«-CD concentration. The first isosbestic point is observed at low a-CD concentrations
and indicates formation of the 1:1 methyl orange:x-CD complex. The second isosbestic
point appears upon further addition of «-CD and indicates formation of the 2:1 complex.
These complexes are favorable for guest molecules that are too large to be fully included
by one CD molecule. The portion of the guest that is not included may be surrounded by
a second CD molecule, provided the geometry and size are comparable to the
cyclodextrin.

There is a correlation between enthalpy, AH, and entropy, AS for complex
formation. Iflittle heat is generated during complexation, then AH is small and AS is large
implying a higher degree of disorder after complex formation. Additionally, if AH is large,
the entropy is negative resulting in a higher order of the complexation system.
Calorimetric measurements are used to determine real values for AH and AS [22.23].

The procedure for the preparation of cyclodextrin guest complexes in water
depends upon the guest properties and varies among experimentalists. One preparation
method reported in the literature describes the dissolution of the guest analyte in an
aqueous solution of cyclodextrin [24,25]. However, the guest analyte is normally too
small to be weighed due to its low aqueous solubility. Therefore, an alternative method is
to prepare the guest analyte in an organic solvent and transfer an aliquot of this stock

solution to another container. The organic solvent is then evaporated and the residue is
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diluted with an appropriate amount of aqueous cyclodextrin. In many instances, overnight
equilibration of the cyclodextrin:guest solution is needed for adequate formation of an
inclusion complex. Inaddition, turbid cyclodextrin:guest solutions occur especially those
prepared with -CD. The turbidity may occur from precipitation of either cyclodextrin or
the complex from the aqueous solution. The preparation for solid cyclodextrin:guest
complexes will be discussed in Chapter 2.

Many spectroscopic techniques have been used to analyze inclusion complexes.
Normally, changes in the absorbance or fluorescence spectrum of the guest upon additon
of cyclodextrin have been utilized to investigate the formation of an inclusion complex.
Circular dichroism can also be employed to examine complex formation by addition of
cyclodextrin. The chirality of CD can cause achiral compounds to exhibit induced circular
dichroism signals upon CD complexation. NMR studies are used to obtain information
on the location and orientation of the guest analyte with regards to the CD cavity.

The major interest in cyclodextrins arises from their ability to form inclusion
complexes with a wide range of guest analytes. The varied practical applications of
cyclodextrins have increased over the years as reflected in the increasing number of patents
and publications involving inclusion complexes. Cyclodextrin complexation often results
in changes in various properties of the included guest or guests. Thus, cyclodextrins have
been utilized as microencapsulators in the food, pharmaceutical, and environmental

industries.
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Cyclodextrins in the Food Industry

Cyclodextrins have been used in the food industry for a wide range of applications.
For example, CDs have been used in separations to remove caffeine from tea [26] and as
additives in various food products [27]. Specifically, CDs have been incorporated as
additives for fish and other nitrogen containing food products [27]. The stability of certain
food ingredients has been increased due to the use of CD additives as preservatives. In
this application, B-CD minimized the degradation of rice products by lessening the odor
developed by the products during storage [28]. Similarly, CDs have been used to protect
food ingredients in fruits and spices from the environmental effects of light, oxygen, and
heat. The spices and fruit flavors were changed into powders using CDs which increases
the stability of the products when subjected to the rigors of industrial food processing,
with a higher shelf life than their liquid counterparts [29-31]. Hamilton and Heady [32]
reported in a patent that unpleasant tastes of instant beverages associated with
overextraction or overboiling can be removed by use of cyclodextrin. Suzuki [33] found
that the bitter taste of protein hydrolyzates can also be reduced using cyclodextrin. The
above examples show the wide applicability of the use of cyclodextrins in the food
industry.

Szejtli [34] encapsulated various oils such as sage, raspberry, lemon, cinnamon,
garlic, and onion by obtaining odorless powders with minimized hygroscopicity. The
powdered oil showed more stability than the normal oils, losing less than five percent of

their active ingredients after a two-year period [11]. Vinegar and other liquids have aiso
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been prepared in powder form from CDs to produce food products with enhanced flavor
[35-37].

Cyclodextrins are also used in the cosmetic industry as liquid body deodorants and
breath freshners to mask unpleasant odors [11]. Cosmetic products often contain high
concentrations of emulsifying agents and perfumes, which can have irritating side effects.
Therefore, cyclodextrins can be used in this aspect to decrease undesirable effects of such
agents. Cyclodextrins have also been used to stabilize the liopsoluble vitamins such as
vitamins A, K, E, and D in various formulations [11]. Furthermore, cyclodextrins can form
complexes with fatty acids and have been used as additives in products to treat acne [11].

Pharmaceutical Applications of Cyclodextrins

The encapsulation of drugs in the cyclodextrin cavity offers many possibilities in
the pharmacutical industry. The physical and chemical properties of a cyclodextrin-
encapsulated drug can differ significantly from the properties of the same drug in a free
state, leading to numerous applications of cyclodextrins in the pharmaceutical industry.

The main requirement for any compound to be useful in the pharmaceutical is
sufficient proof of its nontoxicity, supported by data from extensive clinical studies.
Toxicity studies have shown that cyclodextrins can be administered orally, rectally, or
dermally without harmful effects. The effects of oral administration of §-CD revealed no
toxic, carcinogenic or mutagenic consequences [38]. Radio-labeling studies were also
conducted to determine the degree of absorption of $-CD from the intestinal tract.

Although glucose, maltose, and starch were found to be metabolized, f-CD was not

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



detected in the bloodstream following oral administration. These and other metabolic,
toxicological and pharmacokinetic investigations of cyclodextrins [39,40] have
convincingly demonstrated their nontoxicity, presenting unlimited possibilities for their use
in the pharmaceutical industry.

Cyclodextrins have also been shown to improve the solubility of drugs that are
poorly soluble in water. The encapsulation of such drugs in the hydrophobic cavity of
cyclodextrin promotes their dissolution in aqueous media. Hamada [41] investigated the
effect of monomeric glucose and different cyclodextrins upon the solubility of several
nonsteroidal anti-inflammatory drugs such as infomethacin, whose size is comparable with
the diameter of the B-CD cavity. The presence of glucose had no effect and «-CD only
slightly increased their solubility in water. However, $-CD proved to be quite effective
in the enhancement of the solubility of the drugs, which is most likely due to the formation
of an inclusion complex between the drug and the B-CD.

The bioavailability of a drug is the rate of its absorption from the dosage form into
circulation. The formation of a drug:cyclodextrin inclusion complex results in dipsersion
of the drug molecules in a sugar matrix, which readily disintegrates under physiological
conditions. As a result, poorly water soluble drugs can be available in relatively high
concentrations in the plasma when they are encapsulated in the cyclodextrin cavity. The
effect of cyclodextrin inclusion on the bioavailability of digoxin was demonstrated by
Uekama et al. [42]. Their results indicated that the presence of y-CD increases the rate

of absorption of the drug from the plasma.
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Environmental Appplications of Cyclodextrins

The use of cyclodextrins for environmental purposes is widespread. For example.
cyclodextrins have been used in the analysis of polyvcyclic aromatic hydrocarbons.
Polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants that have received
considerable attention because of their carcinogenic and mutagenic effects [43]. Due to
the extensive amount of data suggesting the hazards of these compounds. many PAHs are
on the Environmental Protection Agency (EPA) list [44]. The structures of the sixteen
PAHs on the EPA’s list are shown in Figure 1.3.

Significant levels of PAHSs are found in the atmsophere but are more prominent in
polluted urban areas. These compounds are often emitted into the atmosphere by way of
combustion processes [43]. For example, a partial combustion of fuel in an internal
combustion engine results in the formation of trace amounts of PAH compounds [45].
Due to their wide range of vapor pressures, some atmospheric PAHs exist exclusively in
the gas phase, while others exist as adsorbed particulate matter. The volatility of these
organic compounds controls their transport in the workplace and in the environment in
general.

It is well established that CDs will size-selectively complex with PAHs through
host-guest interactions and cause significant changes in the spectral properties of these
PAH compounds{46]. Elliot ez al. [47] reported a procedure to size selectively extract
naphthalene, pyrene, and benzo(a)pyrene from an oil-in-water microemulsion system. The

«-, B-, and y-cyclodextrins were used in the extraction process and the ability of each CD
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to extract the PAHs was evaluated by measuring the fluorescence intensity of each PAH
before and after extraction with that CD.

Cyclodextrins are also useful tools in providing protective environments for PAHs
[48-50]. Husain et al. [S1] developed a procedure to separate PAHs utilizing
cyclodextrins and organic modifiers. The use of organic modifiers along with a size-
compatible CD resulted in shorter retention times for the PAHs in this chromatographic
system. Volatile pesticide compounds have been stabilized with the use of CDs by
converting the pesticide compounds into microcrystalline complexes [52,53]. These
complexes improve the potency of these pesticides as well as restrict the evaporating
pollutant to selected areas. One example of this includes a class of herbicides, called
thiolcarbamate esters [54]. These herbicides are effective for the protection of rice crops
but are harmful to the environment. Cyclodextrin complexation ofthese herbicides caused
a decrease in the loss of these compounds to the surrounding atmosphere [54].

Moreover, B-CD has been used to stabilize pyrethroids through inclusion and have
been used to treat tea plantations and rice paddies in Japan [10]. Pyrethroids are
excellent insecticides since they are highly effective and have a low toxicity to humans.
However, these insecticides are susceptible to degradation by UV light and oxygen.
Therefore, B-CD has been used to protect these compounds from such effects.

Pollutants present in the liquid phase can also be stabilized using cyclodextrins and
the ability of CDs to form inclusion complexes with such molecules. Trichlorfon, a highly

toxic, noncrystallizable insecticide can be converted to dichlorvos (DDVP) [55]. This
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insecticide can form a water soluble incluson complex with §-CD. This complex can then
be easily extracted from the liquid phase. The 8-CD causes a decrease in the toxicity of
the substance.

It is apparent that cyclodextrins can be widely used for environmental purposes.
The above environmental applications represent a sampling of the ability of cyclodextrins

to influence certain properties of various harmful pollutants.
Theory and Applications of Fluorescence Spectroscopy

In 1852, G. G. Stokes [56] provided a detailed account of the phenomenon of
fluorescence. He discovered the relationship between fluorescence intensity and
concentration which led to the fluorescence process being thought of as an emission
process. Since then, fluorescence spectroscopy has found many applications in various
areas of research. Many review articles have been published on this technique over the
years [57-60].

Luminescence measurements are highly sensitive and offer selectivity by choice of
excitation and emission wavelengths as compared to absorption measurements. In
addition, lasers and fiber optics have increased the sensitivity and selectivity of the
fluorescence technique [61-64]. This section presents an overview of fluorescence
spectroscopy in order to provide a sufficient background for forthcoming chapters.

Spectroscopy is a method of analysis that measures the amount of electromagnetic
radiation that is absorbed, emitted, or scattered by a sample. Electromagnetic radiation

is a form of energy that possesses wave properties and properties of discrete particles of
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light (photons). Electromagnetic radiation is transmitted at high speed and can be
recognized as light, radiant heat, x-ray, ultraviolet, microwave, and radio radiations.
Processes that involve the absorption of electromagnetic radiation are explained by the
particle nature of the electromagnetic radiation. However, processes that do not involve
the absorption of electromagnetic radiation such as diffraction, reflection, and refraction
of light are explained by the wave properties of the electromagnetic radiation. The dual
nature of electromagnetic radiation is related by the Einstein-Planck equation

E=hv, (1.49)
where E is the energy of a single photon of the electromagnetic radiation in Joules, v is the
frequency of the wave in Hertz, and h is Planck’s constant (6.634 x 10 Jsec). The
equation relates the frequency of radiation (wave theory) to the energy of a quantum of
radiation (particle theory). The frequency and wavelength are related as follows

A=clv, (1.5)
where A is the wavelength in m, c is the speed of light in vacuum (2.9979 x 10® m/s) and
v is the frequency in Hertz.

The electromagnetic spectrum is divided into regions according to energy. Figure

1.4 shows the various regions of the electromagnetic spectrum and some spectroscopic
methods used in each region. Absorption of light by a molecule in the ultraviolet and
visible regions is the process by which a molecule is promoted from a lower energy state
to a higher energy state. Other absorption methods include infrared, atomic absorption,

nuclear magnetic resonance, and x-ray absorption. Emission methods commonly
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employed in molecular spectroscopy include fluorescence, phosphorescence, and x-ray

emission.
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Figure 1.4 The electromagnetic spectrum

The Jablonski diagram shown in Figure 1.5 can be used to illustrate the various
processes associated with the absorption and emission of radiation. The diagram is
composed of ground, first excited, and second excited singlet electronic states denoted by
Sy, S, and S,, respectively. The first excited triplet state is denoted by T,. The total

angular momentum determines the multiplicity of the various states for typical organic
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molecules and is given by

M=2S+1, (1.6)
where S is the spin quantum number. For most organic molecules, S=0 because they
normally have an even number of electrons. Therefore, M=1 and is referred to as the
singlet state. All electrons in the molecule are spin paired in the singlet state. In the triplet

state, an electron has flipped its spin in an excited state, providing a spin quantum number

of one and therefore a multiplicity of three (triplet).
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Figure 1.5 The Jablonski diagram
Absorption
The absorption process promotes an organic molecule from the lowest energy level

or ground state (S;) to a higher energy level known as the excited state (S, or S,). This

process is depicted vertically in the Jablonski diagram and occurs in approximately 10
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