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CHAPTER 1. INTRODUCTION 

Biological Activity of Polycyclic Aromatic Hydrocarbon (PAHs) 

PAHs are of interest in many fields of chemical and biological 

sciences (1). From an environmental point of view, PAHs represent a 

class of undesirable compounds, because they are now recognized as major 

environmental pollutants (2,3). It has been estimated that some 70 to 

90% of human and animal cancers are caused by environmental factors 

(4,5). Among the environmental chemicals concerned, PAHs comprise the 

largest group of carcinogens (6). Extensive research studies have shown 

that many PAHs are potential carcinogens (7-9), cocarcinogens (6,10), 

mutagens (11), tetratogens (12), and many others promote chronic respi

ratory and/or metabolic diseases (13). 

Most PAHs, however, are biologically inert and require metabolic 

activation to exert their mutagenic and carcinogenic effects (14). 

Animal studies indicate that PAHs are metabolized to epoxides, dihydro-

diols, phenols, and quinones and exert their biological and toxic ef

fects only after metabolism (15). Although efforts to relate molecular 

structure to biological activity have been only moderately successful, 

certain correlations have emerged. The most active molecules have from 

four to six fused aromatic rings and possess an unsubstituted, carbon-

carbon bond flanked by two aromatic rings. This portion of the mole

cules is often called the K-region and is distinguished by its rela

tively high electron density and olefin-like character (16). It is, 

therefore, expected that the carcinogenic activity of a particular com

pound is dependent on various structural features of the molecules such 
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as shape, size, and steric factors (17-19). Hence, isomeric parent PAHs 

may differ markedly in their activities. Benzo(a)pyrene and benzo(e)-

pyrene are typical examples; the former is a well-known carcinogen 

whereas the latter is a relatively innocuous compound (20). 

Alkyl substitution at various positions on the parent PAH can dra

matically enhance or diminish activity, depending on the position of 

substitutions (21). Within the series of methylated benzo(a)anthracene 

(B(a)A), for example, the isomers have very different biological activi

ties (22). B(a)A itself has only very weak activity (23). In the mono-

methylated derivatives of B(a)A, 7-methyl B(a)A has the highest carcino

genic activity among the B(a)A derivatives (22). Although the 8-methyl 

and the 12-methyl isomers are only weakly carcinogenic, the 7,12-

dimethyl B(a)A and the 7,8,12-trimethyl B(a)A compounds are among the 

most potent carcinogenic PAHs and has been found to be considerable more 

active than the 7-methyl derivative (23-25). Moreover, the carcinogen

icity of certain heterocyclic analogs of PAH may be greater than that of 

3-methylbenz(j)aceanthrylene, a very potent carcinogen (26). Recent 

studies indicate that aromatic amines and the nitrogen heterocyclics, 

for example, contribute to a greater extent than the PAHs to the muta

genicity of some liquid fuels (27-29). 

Occurrence of PAHs in the Environmental Systems 

Polycyclic hydrocarbons are widely dispersed in the atmosphere 

(30,31), soil (32), and waters of the earth (33) and can be formed fom 

natural sources as well as anthropogenic (induced or altered by presence 

and activity of man) sources (34,35). An interesting natural source of 
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these compounds is their long-term formation from biological material 

(34). For example, fossil fuels (petroleum, shale oil, etc.) contain 

extremely complex mixtures of these compounds (35-37). Natural sources 

may also include natural combustion, volcanoes, and biosynthesis (32). 

Anthropogenic sources are by far the major contributors of PAH primarily 

as a result of incomplete combustion of organic matter. It is believed 

(38) that two distinct reaction steps are involved, namely, pyrolysis 

and pyrosynthesis. At high temperatures, organic compounds are par

tially cracked to smaller, unstable molecules (pyrolysis). These frag

ments, mostly radicals, recombine to yield larger, relatively stable 

aromatic hydrocarbons (pyrosynthesis). Petroleum refining, shale oil 

recovery operation, coal combustion, coke production, automobile ex

haust, residential furnaces, and tobacco smoke are a few examples of 

anthropogenic sources responsible for accidental, or purposeful, release 

of PAH into the aquatic, terrestrial, ambient air, or work place 

envi ronment. 

PAHs can be taken into the body by different routes (inhalation, 

skin contact, and ingestion), and because of their prevalence in the 

environment, exposure to them is virtually unavoidable. As a conse

quence, the analytical characterization, both qualitative and quantita

tive, has attracted much attention in recent years. 

Analytical Overview 

Although many analytical approaches have been devised (38,39), no 

one analytical technique has been found sufficient to solve all of the 

analytical problems. It is, therefore, not surprising that various 
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multi-technique approaches have been required (38). There are several 

problems involved in the analysis of PAHs. Firstly, adequate clean-up 

procedures are needed since the PAHs must be separated from other or

ganic substances in the complex mixtures which are often encountered in 

environmental samples. Secondly, high separation efficiency is neces

sary if structural isomers are to be separated. Furthermore, high de

tection sensitivity is required for detecting the low concentrations of 

PAHs and other biologically significant compounds found in environmental 

samples. Finally, photochemical transformation during sample separation 

and processing is particularly relevant to possible losses during analy

sis (40,41). 

Chromatographic Hyphenated Techniques 

The classical techniques of column adsorption (42), paper (43), and 

thin-layer chromatography (43) have been widely used in the separation 

of complex PAH mixtures into simpler fractions prior to further separa

tion by higher resolution techniques and/or identification of mixture 

constituents (42). More sophisticated techniques, such as capillary 

column gas chromatography (43) together with mass spectrometry (44), 

high performance liquid chromatography in combination with ultraviolet 

or fluorescence spectroscopic detection (45,46), microcapillary liquid 

chromatography (47), gas-liquid chromatography using nematic liquid 

crystal column (48), and supercritical fluid chromatography (49,50) are 

now generally used for the analytical separation and identification of 

PAHs. 
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Optical Spectroscopic Techniques 

Various optical spectrometric techniques have been extensively 

employed for PAHs analysis, including absorption spectroscopy (conven

tional ultraviolet-visible absorption (51) as well as photoacoustic 

(52)), luminescence spectroscopy (conventional fluorescence (53,54) and 

phosphorescence (55), synchronous fluorescence (56,57), room temperature 

phosphorescence (56-58), derivative and wavelength modulation (59), 

time-resolved fluorescence (60), two-photon induced fluorescence (61), 

total luminescence (62), and low temperature techniques), vibrational 

spectroscopy (infrared (63), Fourier transform infrared (64) and Raman 

(65)), and nuclear magnetic resonance (66). All of these methods vary 

in respect to speed, reproducibility and sensitivity and have been used 

with varying degrees of success. 

For any optical spectroscopic technique to be useful in character

izing a very complex sample, it must have adequate sensitivity so that 

trace constituents can be determined. Further, it should exhibit ade

quate selectivity so that fractionation and separation steps prior to 

the actual analysis can be held to a minimum. To achieve high analyti

cal selectivity, an analytical spectroscopic technique should produce 

highly structured and specific spectra useful for "fingerprinting" pur

poses, and should minimize the extent of overlap of spectral bands due 

to different constituents of complex samples. This is why ambient tem

perature luminescence spectrometry, in spite of its high sensitivity has 

been utilized to a limited extent for the qualitative and quantitative 

determinations of PAHs in complex mixtures (67-72). The limitation 
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arises from the fact that molecular absorption and emission spectra from 

room temperature solutions are generally broad and featureless, because 

the molecules in fluid media can easily be affected by their immediate 

environments that shift their electronic levels. This broad feature 

causes severe spectral overlap, making the identification of the con

stituents of a complex mixture difficult. 

Low Temperature Luminescence Spectroscopy 

It has been known for a long time that molecular luminescence spec

tra can be sharpened by use of low temperature matrices. More recently, 

it has become evident that the use of low temperature techniques can 

offer important advantages for the measurement of fluorescence in com

plex environmental samples (73). Narrowing of lines at low temperature 

improves spectral resolution and enhances selectivity and the fluores

cence spectra usually are sufficiently characteristic to serve as "fin

ger prints" for individual PAHs. The "rigidity" of a cryogenic solid 

minimizes or completely eliminates fluorescence quenching, provided that 

aggregation of solute molecules in the low-temperature sample can be 

avoided (74). The highly-structured absorption and emission spectra 

obtained in these techniques reduce the severity of inner-filter effects 

(absorption of fluorescence emitted by one compound, either by other 

molecules of that same compound or by those of another sample constitu

ent) by reducing the overlap between a fluorescence spectra and the 

corresponding absorption (excitation) spectrum (75,76). Since quenching 

and inner-filter effects ultimately are the factors limiting the accu

racy of quantitative fluorometric analysis in complex samples, the 
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elimination of these effects should greatly enhance the ability of fluo

rescence to deal with real samples without lengthy preliminary sample 

clean-up steps (73). 

High-resolution spectrofluorimetric detection methods (T « 77K) 

have been developed. These are based on the Shpol'skii effect, matrix 

isolation, fluorescence line narrowing in organic glasses, and super

sonic jet fluorescence spectroscopy. For Shpol'skii spectroscopy (the 

technique used in the present work), polynuclear aromatic compounds are 

dissolved in appropriate n-alkane solvents as hosts and the resulting 

solutions are frozen to cryogenic temperature. The obtained luminescent 

spectra are quasi linear (line-like) with bandwidths under tunable dye 

laser excitation on the order 1-10 cm"^ (77,78). In matrix isolation 

spectroscopy, a liquid or solid is vaporized under vacuum and mixed with 

a large excess of a diluent inert gas. This gaseous mixture is then 

deposited on a cold surface for spectroscopic analysis. The deposited 

solid is usually at a temperature of 15K or less. Typical bandwidths of 

PAH absorption or luminescence under matrix isolation conditions are of 

the order 50-200 cm"^ (79-81). In fluorescence line-narrowing 

spectroscopy, tunable laser excitation is used to selectively excite a 

narrow portion of a judiciously chosen, inhomogeneously broadened 

absorption band of fluorescent species imbedded in glasses at liquid 

helium temperature (82-84). In supersonic jet fluorescence spec

troscopy, supersonic expansion of an inert carrier gas through an ori

fice into a vacuum is used to cool the gas to very low translational 

temperature (less than IK). At these temperatures, supersonic jet spec
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tra can be obtained. A typical carrier gas-to-solute mole ratios is on 

the order of 10^-10^ for large molecules (85-87). All of these tech

niques have been utilized for the analysis of mixtures of PAH. 
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CHAPTER 2. LASER EXCITED SHPOL'SKII SPECTROSCOPY 

Shpol'skii Effect 

Many methods have been developed for the investigation of spectra 

of complex compounds in mixed crystals. When the molecules under inves

tigation are introduced into a crystal lattice of another substance and 

the study is carried out at a sufficiently low temperature, a condition 

is achieved in which, first of all, the interaction between the emitting 

molecules and surrounding medium is at a minimum and, secondly, the 

amount of vibrational energy of each molecule is small. With a suitable 

selection of the crystalline structure into which the molecule is intro

duced, it is possible to obtain very sharp spectra of quite complex 

compounds (88-92). Shpol'skii and co-workers made wide use of such a 

method of mixed crystal for the study of luminescence spectra of aro

matic hydrocarbons. They used a comparatively simple procedures. 

Highly dilute solution of the aromatic compound (10"^-10'^ M) in an 

appropriate normal alkane solvent was frozen to temperature <77 K to 

form a crystalline mass. The obtained luminescence spectra were 

quasi linear and the observed bandwidths were of the order 1-10 cm"^ 

(93-97). This type of line narrowing phenomenon is now called the 

"Shpol'skii effect". Since those early observations in 1952, this 

phenomenon has received extensive study in terms of both its fundamental 

chemical physics and its application to chemical analysis. 

General characteristic features of Shpol'skii effect 

Quasi linear spectra Typical observed bandwidth of the quasi-

linear Shpol'skii spectra (absorption and fluorescence) are of the order 
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1-10 cm"^ (98). There is now general agreement that there are two very 

necessary conditions that must be met for observing these sharp line 

spectra. These conditions are: (a) observation at cryogenic tempera

ture and (b) occurrence of the solute species in a strictly oriented 

manner, at very low concentrations in a solid crystalline host (99-102). 

It might seem that lowering the temperature should automatically 

result in quasilinear spectra; however, in fact, temperature is only one 

parameter among several other interrelated parameters (e.g., type of the 

solute, type of the solvent, solute concentration, cooling rate, pres

ence of certain impurities and their concentration) that play a major 

role in achieving quasilinear spectra. In a given Shpol'skii matrix, 

the width of a particular band in the spectrum of an analyte can be 

thought of consisting of two contributions (103): homogeneous and het

erogeneous broadening. Homogeneous broadening originates from the fact 

that any spectral transition has a certain inherent energy uncertainty, 

ultimately related in the limiting case to the excited-state lifetime 

through constraints imposed by the Heisenberg uncertainty principle. 

This "inherent" contribution to the observed spectral bandwidth depends 

in rather a complex way upon the energy level structure and excited-

state decay properties of the matrix in which the analyte is situated 

(104,105) and defines the limit of spectral resolution that can be 

achieved in any fluorescence measurement, assuming that each molecule of 

the analyte experience the same local environment on the fluorescence 

time scale. Heterogeneous broadening is produced by environmental het

erogeneity at the molecular level. In general, different molecules of 
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an analyte, experiencing slightly (or perhaps drastically) different 

local microenvironments within the sample, will exhibit different ener

gies of interaction with the matrix material. Consequently, the elec

tronic transition energies for different molecules of the same compound 

will be somewhat different, and the resulting spectrum of the sample 

(which can be thought of as a weighed average of the individual spectra 

of the molecule comprising the sample) will be broad. The extent of 

heterogeneous spectral broadening is huge compared with that of homoge

neous broadening. The extent of heterogeneous broadening can be reduced 

by three obvious general approaches: (a) using an inert matrix material 

with which the analyte is unlikely to exhibit highly energetic interac

tions, (b) decreasing the extent of microenvironmental heterogeneity by 

making the matrix behave in as similar a manner as possible to a perfect 

crystal, and (c) employing an excitation source having a linewidth which 

is substantially smaller than the width of the heterogeneously broadened 

absorption spectral band. In reality, combination of tunable dye laser 

as an excitation source with Shpol'skii system (as employed in the pres

ent work) realizes these three approaches for minimizing the extent of 

the heterogeneous broadening and provides an excellent way to obtain 

quasi linear luminescence spectra. 

Multiplet site structure A remarkable characteristic feature of 

Shpol'skii quasi linear spectra is the frequently observed multiplet 

structure of the vibronic bands, i.e., the spectrum consists of the 

superposition of several identical molecular subspectra, displaced rel

ative to one another. The composite spectrum of multiplets is often a 
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unique signature of a given solute-solvent system. There have been many 

theories on the interpretation of the nature of multiple structure (106-

111). There is now general agreement that these multiplets arise from 

several different orientations (sites) of the solute molecules in the 

solidified matrix (108-115). These different orientations lead to non-

equivalent crystal field effects and, hence, multiple site spectra. For 

a given solute, the number of sites, their degree of resolution, their 

wavelengths, and their relative intensities depend on the choice of 

solvent (116), cooling rate (117,118), matrix temperature (119), excita

tion wavelength (120), and concentration of the solute (121). 

Weak phonon wing In a typical Shpol'skii fluorescence spectrum, 

the vibronic bands are usually accompanied on the long-wavelength side 

of the spectrum by a series of additional features, usually superimposed 

on a broad, rather diffuse, band. The origin of the diffuse bands is 

now rather wel1-understood. The quasi linear portions of a Shpol'skii 

fluorescence spectrum correspond to purely electronic transitions of the 

solute and no changes in the vibrational state of the crystalline matrix 

accompanies the emission process. Hence, the quasi linear portion of a 

Shpol'skii fluorescence spectrum is referred to as the phonon-free or 

zero-phonon region (quanta of lattice vibrational energy are commonly 

termed phonons). On the long wavelength side of a zero-phonon fluores

cence band and on the short-wavelength side in case of absorption, there 

occurs a much broader band called a phonon wing or a phonon sideband. 

In the latter, the electronic transition in the solute is accompanied by 

changes in the vibrational state of the lattice. This broad phonon band 
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arises from the simultaneous creation (in fluorescence) or annihilation 

(in absorption) of matrix phonons during the electronic transition of 

the solute. The term "electron-phonon coupling" is often used to de

scribe this process (122-126). It is desired that the degree of such 

coupling be weak (126), otherwise the zero-phonon lines will be weak and 

difficult or impossible to detect. The intensity ratio of the zero-

phonon line to that of the phonon sideband commonly is known as the 

"Debye-Waller factor" (124). This quantity is known to be both tempera

ture and solvent dependent (126-128) and it can be increased by the 

judicious choice of matrix material and by lowering the matrix tempera

ture. Fortunately, in a Shpol'skii system the phonon wings are weak due 

to the weak interactions between the guest molecules and host matrix 

lattice (126); thus, an intense zero-phonon line usually is obtained at 

77 K although lower temperature may be required for certain solutes. 

Temperature effect The sharpness of Shpol'skii effect spectra 

depends on the final temperature of the matrix. For example, at 77 K, 

the spectrum of pyrene in n-hexane contains about 60 lines, whereas at 4 

K, the same solution shows more than 220 lines (129). At low tempera

tures, molecular rotation is restricted and the nonradiative processes 

are suppressed, leading to the intensification of the luminescence emis

sion of the solute; furthermore, the matrix vibrational states are mini

mized and the interaction between the emitting molecules and surround

ings is at a minimum. Also, as the temperature is decreased, electron-

phonon coupling is reduced and enhancements of the zero-phonon bands are 

achieved. In some cases, it is sufficient to decrease the temperature 
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to 77 K, e.g., for n-alkane solutions of a large number of aromatic 

hydrocarbons (130,131) while in other cases, it is necessary to cool the 

solution tested to 20 K or 4 K (e.g., porphyrins (132), chlorophyll 

(133), diphenyl polyene (134), and benzophenone solutes (135)). 

Solvent effect The identity of the solvent is rather critical 

in producing truly "quasilinear" fluorescence spectra (136). The crys

tal linity of the solvent matrix is a prerequisite (126). Furthermore, 

the solvent has to be inert toward the analyte molecule (89) and there 

must be a geometric/dimensional match between solute-solvent combination 

(95,136). Normal saturated hydrocarbons (n-alkanes) were the originally 

chosen solvents and are still the most widely used. A feature of 

Shpol'skii systems is that only a few n-alkane solvents may be an appro

priate host for an extended list of classes of compounds. As previously 

mentioned, the crystallinity and the inertness of the n-alkane solvents 

will alleviate and limit both the heterogeneous broadening and the pho-

non sideband effects, resulting, therefore, in narrow intense zero-

phonon bands. Historically, the physical interpretation of the 

Shpol'skii effect has invariably been based on some dimensional and 

geometrical correlations between the aromatic solute molecules and the 

n-alkane hosts. These correlations are readily visualized for catacon-

densed (linearly fused benzene ring) aromatic molecules, as shown in the 

top half of Fig. lA. A match in the linear dimensions, geometric fit, 

and bond angles for these solute-solvent is clearly apparent (78). For 

pericondensed (nonlinearly fused benzene ring) molecules, these similar

ities are not as obvious as can be seen in the lower half of Fig. lA. 



www.manaraa.com

C«ucondtna«d Aronmic» 
/vPmun* n-H*pttiw 

SotMrt 

- 00 000 oooo 
Ntphtfuton* Anthracma Niphthacana 

PyraiM 
P#ncand*nwd*mm«ùc« 

P«ytan* Coronan* 

SoluM 

SolvM 
0-Hwan» n4topcam nCcsam 

CJl 

Figure 1. Geometric relationships of n-alkane and PAH molecules, which attempt to rationalize the 
Shpol'skii "key and hole" rule (A) and schematic representation of the orientation of 
paraffin chains in an n-heptane single crystal and substitution of benzo(a)pyrene for 
n-heptane molecules in a lamellar plane; the planar n-heptane molecules occur as parallel 
zig-zag chains, with the chain axis making a 71° angle with the crystal growth axis, a 
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The solvents indicated are those that have been experimentally deter

mined to give quasi linear spectra (78). Because of the strong correla

tion of development of the Shpol'skii effect with dimensional and geo

metric similarities between the solvent host and solute molecules, the 

explanations of the Shpol'skii effect generally have been based on the 

Shpol'skii "key and hole" rule, i.e., the n-alkane carbon skeleton chain 

lengths are equal to the longest dimension of the carbon skeleton of the 

guest aromatic molecules (95,136). This rule, however, is not as re

strictive as may be implied, although serious mismatches of the n-alkane 

chain length with solute molecular dimension may lead to severe line 

broadening (137). It is generally believed that planar aromatic com

pounds are oriented in the alkane lattice with their aromatic planes 

parallel to the carbon skeleton chains of the alkane molecules (138-

140). An example of one such situation, benzo(a)pyrene in crystalline 

n-heptane, is shown in Fig. IB. Benzo(a)pyrene is believed to occupy a 

site created by the displacement of two heptane molecules (shown as 

dashed lines) in an n-heptane single crystal. The orientation of all 

the impurity molecules in the solid solution will not be identical. In 

fact, substitution in a limited number of crystallographically different 

sites is observed. The important consideration is that all of the PAH 

molecules that occupy specific types of crystallographic sites are in 

strictly oriented positions, experience identical molecular fields, and 

behave as isolated molecules (78). 

Concentration effect The dependency of Shpol'skii effect spec

tra on concentrations has been of great concern. Depending on the na
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ture of the solvent and the cooling rate, two totally different concen

tration behaviors of quasi linear spectra are often observed. In the 

first kind, quasilinear emissions are observed at low concentration and 

as the concentration increases, diffuse bands are superimposed on the 

quasilinear spectrum. This behavior has been interpreted as follows. 

The solute molecules are of comparable sizes, and the quasilinear emis

sions at low concentrations are due to the matrix-isolated solute mole

cules, whereas the broad emissions observed at high concentrations are 

due to the formation of aggregates of the solute molecules, or even 

precipitation of microcrystals of these molecules. In the second kind, 

the spectra consist of diffuse bands at low concentrations and as the 

concentration of solute increases, the spectra become quasilinear but 

are still accompanied by diffuse bands. The diffuse bands at low con

centrations have been attributed to severe site heterogeneous broaden

ing, presumably due to a mismatch of molecular dimension. The appear

ance of quasi lines at higher concentrations is associated with the 

alignment effect of the solvent crystal lattice near the solute mole

cules. As the solute concentration increases further, the extent of 

orderlines of the solute molecules relative to the solvent is also in

creased, leading to a decrease of site heterogeneity (141-143). 

Cooling rate effect The rate of cooling of sample solutions 

plays an important role in determining the width and intensity of the 

quasilinear luminescence emission spectra observed from aromatic hydro

carbons in Shpol'skii matrices (144,145). Two different observations 

have been described depending on the type of aromatic solutes. First, 
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quasi linear spectra were obtained independently of the cooling rate 

provided that the solute concentration was lower than the threshold 

concentration, at which crystallites appeared (146-149). In this case, 

the dimension of solute molecules allowed substitution of two or more 

n-alkane molecules and exhibited spectroscopic properties with all the 

characteristic features of isolated molecules. For the second type of 

observations, quasi linear spectra were obtained only if a fast cooling 

rate and suitable concentration conditions were fulfilled (149-153). 

Because of the low solubility of polynuclear aromatic hydrocarbons in 

n-alkane, the occurrence of the quasi linear spectra were attributed in 

this case to the formation of highly supersaturated solid solutions. In 

the presence of a dissolved materials, the crystal structure of a solid 

solution depends on the crystallization conditions. With a slow cooling 

rate, the precipitation of the solute is expected as soon as the experi

mental conditions allow molecular movement and migration. Therefore, 

phase separation due to the formation of aggregates or crystallites of 

solute will occur. These aggregates and/or crystallites have different 

spectroscopic properties from that of isolated molecules, e.g., differ

ent absorbitivity, smaller quantum yield, occurrence of solute-solute 

interaction, etc. (146), hence, broad spectra are obtained. Further

more, when quasi linear spectra are observed, particularly when accompa

nied by broad bands from aggregates and/or crystallites, the distribu

tion of molecules among different sites changes, depending upon the 

cooling rate and solute concentration. Therefore, fast reproducible 
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cooling rates with appropriate solute concentration are needed to mini

mize these undesirable effects. 

Presence of other impurities An impurity, other than the ana-

lyte in question, can substantially affect the structure of a crystal

line solution. For example, the impurity may stabilize a crystalline 

modification of the host that would be unstable under the prevailing 

conditions if there were no impurity, e.g., the fluorescence and absorp

tion spectra of perylene in n-pentane at concentration <10"^ M consist 

of diffuse bands; these spectra become quasi linear in the presence of 

-3 pyrene at concentration >10" M. Other impurities may deform the crys

tal lattice causing restructuring of the matrix through formation of 

local or dispersed aggregates. As a result, the analyte molecules may 

become incorporated in more than one media and their behavior as iso

lated molecules will be destroyed. Finally, impurities other than the 

analyte may alter the external appearance of the growing crystals; the 

extent of this effect depends on the concentration and solubility of the 

impurity and the conditions of crystallization (154-156). 

Tunable dye laser excitation of Shpol'skii systems 

Although Shpol'skii spectra are quasi linear, a complex mixture of 

several PAHs or their derivatives, occupying several types of crystal

line sites in the Shpol'skii matrix may still present the analyst with 

hopeless spectral overlap. An additional refinement must, therefore, be 

added by selectively exciting only those molecules of a specific com

pound occupying the same crystallographic site in the matrix. Since the 

absorption spectra of PAHs in Shpol'skii matrix are also quasi linear. 
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these narrow absorption bandwidths allow the selective excitation of a 

given PAH species present in a complex mixture. Thus, site-specific 

excitation of a given PAH species can be obtained through the utiliza

tion of narrow-bandwidth, tunable dye-laser excitation. The capability 

of exciting these site-specific spectra not only enhanced specificity 

but also provides added flexibility in the event that spectral interfer

ences by other sample constituents invalidate the use of one site-

specific line. Should such interferences occur, other interference-

free, site-specific lines may usually be selected. Because the number 

of photons emitted by a sample increases linearly (up to the point of 

saturation) as the number of excitation photons, the best signal levels 

are obtained with high power laser excitation. Moreover, because of the 

narrow absorptive feature exhibited by PAHs in a frozen Shpol'skii ma

trix, narrow band lasers can provide more effective excitation of PAH 

luminescence and, consequently, an enhanced detection sensitivity. In 

fact, coupling the laser with its powerful advantages (monochromaticity, 

high intensity, phase coherence, high degree of collimation, short pulse 

duration, polarized radiation, and low stray light) makes the Laser 

Excited Shpol'skii Spectroscopy (LESS) a technique of tremendous poten

tial for high resolution spectroscopy. 

Scope of application 

The discovery that quasi linear spectra can be obtained from poly

atomic molecules stimulated a large number of studies in the field of 

the electronic spectroscopy of complex organic compounds. The quasi-

linear spectra are very characteristic and exhibit absolute individual
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ity as well as selectivity. Further, they can be exceedingly useful for 

"fingerprinting" PAHs in complex samples, even when these compounds have 

similar chemical properties. Moreover, the quasi linear spectra can also 

be used to make accurate observations of molecular properties, such as 

electronic and vibrational transitions (157,158). 

The wide array of organic compounds that exhibit quasi lines spectra 

in Shpol'skii hosts are documented in an excellent review (159). Typi

cal aromatic structures that should provide quasi lines spectra in appro

priate n-alkane solvents are shown in Fig. 2. Analytical applications 

of conventional Shpol'skii spectroscopy and of LESS for the analysis of 

PAH mixtures have been documented (160-174). A summary of recent obser

vations on the Shpol'skii effect spectra is given in a recent article 

(78). 

In spite of the large number of applications published to date, 

there have been repeated assertions in the literature that Shpol'skii 

effect spectroscopy is potentially burdened with a number of shortcom

ings that may limit the ultimate analytical utility of the technique. 

These limitations have been identified as: (a) nonreproducibility in 

relative site populations, hence, nonreproducibility in the relative 

fluorescence intensity of site-specific lines (175,176); (b) the band-

widths may be dependent on freezing rate (177,178), final temperature 

(145) and solute concentration (99); (c) restricted linear working range 

because of aggregate formation; (d) excessive scattering of the excita

tion radiation by the polycrystalline solid (175); (e) difficulties of 

achieving a proper match of molecular dimensions between the solvent and 
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solute molecules (84,179); (f) low solubility of PAHs in n-alkane sol

vents (180); (g) limitation of solutes to those soluble in n-alkane; (h) 

inner filter and enhancement effects (181); (i) intermolecular interac

tions that may effect site structure and population (182); and (j) the 

high spectral resolution achieved in Shpol'skii matrices is beyond the 

capabilities of most commercial fluorescence spectrometry (176). 

The recent work by Yang et al. and others (169-174) has demon

strated that these limitations can either be eliminated or significantly 

reduced by introducing a number of refinements. A major innovation 

recently introduced into the technique was the use of unable dye laser 

excitation of the luminescence. This innovation plus refinements in 

procedures and experimental conditions have made it possible to either 

eliminate or reduce the limitations discussed above to tolerable propor

tions, as exemplified by the following: 

1) The laser monochromaticity allows: (a) site specific excitation of 

a given PAH occurring in a complex mixture; (b) produces sharper 

line luminescent spectra; and (c) causes lower level of exciting 

light scatter to the analyte luminescent signal. 

2) Higher analyte signal levels are obtained because of the higher 

radiant fluxes in the monochromatic exciting radiation leading to 

improvement in power of detection. 

3) The higher powers of detection provided by (2) makes it possible to 

work at much lower solute concentration levels, typically down to 

10"^ M. At these concentrations and when fast reproducible cooling 

regimes are followed, the spectra of the molecules at various sites 
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have reproducible bandwidths and intensity ratios which resulted 

from: (a) reduction of inner filter effect; (b) elimination of 

aggregates and microcrystallites formation; and (c) minimization of 

solute-solute interaction. Further, the linear dynamic range is 

extended to more than 3,5 decads showing better conditions for quan

titative analysis. 

4) Further improvement in limits of detection achieved through the 

reduction in stray light contribution to the analyte signal by the 

use of holographic gratings (to reduce far scatter), filters, and 

good optical engineering. 

5) The high degree of collimation of laser beams permits the use of 

much smaller sample volumes for which more rapid and reproducible 

cooling regimes can be implemented. 

6) The use of mixed solvents (159,182) and solvents such as cyclohexane 

and tetrahydrofuran (182) to expand the scope of application to a 

broad range of compounds. 

7) The use of internal reference and standard addition techniques to 

internally compensate for residuse inner filter and enhancement 

effects (182,184). 

Laser Technology 

The word laser is an acronym for light amplification by stimulated 

emission of radiation. A stimulated emission occurs when a photon 

strikes an already excited atom, thereby causing that atom to emit its 

stored photon, with the condition that the energy of the impinging pho

ton is exactly equal to the energy of the stored photon. Another re
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quirement for the stimulated emission is that the lasing medium contains 

more excited atoms than unexcited ones. Laser operation occurs inside a 

resonant optical cavity, in which the amplification process builds up or 

strengthens until a very intense beam is formed. The optical cavity may 

be filled with a gas, a semiconductor, or a dye solution. 

The use of lasers has had a dramatic impact in analytical spectros

copy. New spectral information, difficult or impossible to gather by 

classical spectroscopy, extremely high resolution spectroscopy, and 

selective excitation and detection of single and molecular quantum 

states are examples of the role played by lasers in analytical chemistry 

(185-187). 

In the present study, a dye laser pumped by an excimer laser was 

used to excite the Shpol'skii effect luminescence emission. When exci

tation wavelengths lower than 340 nm were needed, the output beam of the 

dye laser was frequency doubled using a doubling crystal. 

Excimer laser 

Excimers are molecules that exist only in the electronically ex

cited state. The basic principles of an excimer laser are illustrated 

in the schematic energy level diagram of Fig. 3A. An excited diatomic 

molecule is formed either via an association reaction involving an ex-
• 

cited atom x and another atom y or by the recombination of a positive 

ion x^ and a negative ion y". In such a reaction, the reactants spiral 

in towards one another from an initially large value of internuclear 

separation towards values close to 0.1 nm at which the energy curve 

corresponding to the excited bound molecular level (xy) has its mini-
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mum. The formation reaction usually involves a third collisional part

ner z, which could be another atom of type x or y or of a different 

species, or it could initially be part of a molecular combination xz or 

yz. The departure of z following the collision allows (xy) to stabi

lize in a low vibrational level. 

The upper laser level is usually pumped by a pulsed electron beam, 

thus, making an excimer laser a pulsed source. This upper level is 

populated not by excitation from the ground state, but via the reactions 

mentioned above. Another feature shared by all excimer systems is that 

the lower laser level (the molecular ground state) is either fully re

pulsive or has at most only a very shallow potential well. This means 

that the lower level is totally unstable and this is very advantageous 

from the point of view of obtaining a population inversion (188-191). 

When a large number of excimers has been created in a given volume, 

laser action can be produced on the transition between the upper (bound) 

state and the lower (unbound) level. A simplified diagram of the prin

cipal components of a typical excimer laser, pulse-generating circuit is 

shown in Fig. 3B. When the thyratron switch (Fig. 3C) is closed, the 

energy stored on the primary capacitor is transferred to the peaking 

capacitor Cg and, subsequently, discharged into the excimer gas load. 

The repetition rate of the pulses is controlled by the thryatron. 

One important example of excimer laser is the xenon chloride laser 

(192). In its lowest excited state configuration, xenon displays prop

erties similar to those of the corresponding alkali metal atom, cesium. 

In this state, xenon can then react with halogen-containing molecules to 
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produce diatomic noble gas-halide molecules in strongly bound ionic 

states. Unlike the alkali-halide state, however, these are excited 

states which radiate energy upon decaying to lower electronic states. 

The high optical power densities achievable from laser sources 

make them ideal candidates for optically pumping organic dyes. 

Dye lasers 

The active substance for a dye laser is a highly fluorescent or

ganic dye dissolved in a suitable organic solvent. The energy level 

diagram for a typical dye molecule is given in Fig. 4A. Each electronic 

state is actually made up of a set of vibrational levels (the heavier 

lines in the figure) and rotational levels (the lighter lines). The 

rotational lines are not normally resolved and, therefore, give rise to 

a continuum of levels between the vibrational levels. Intense radiation 

originating from the pump excimer laser that has a wavelength within the 

absorption band of the dye can excite a relatively large number of mole

cules into the excited manifold level, from which electronic transi

tions to some higher lying vibrational levels of may be stimulated by 

the laser action. Although the laser emission has a much narrower band

width than the normal fluorescence (see Fig. 4B), it can hardly be 

called "monochromatic" radiation. As a result of the closely spaced 

vibrational-rotational levels in the ground electronic state of the dye 

molecules, many transitions are allowed. As a consequence, broad-band 

emission with bandwidths ranging from 5 to 10 nm occurs depending on the 

compound used. However, when a fine-tuning device, e.g., a wavelength-

selecting grating or prism, is inserted into the cavity, the output of 



www.manaraa.com

SINGLET 
STATES 

TRIPLET 
STATES 

ABSORPTION 
CWVERSION 
MO" SEC 1 

!S INTERSYSTEM 
CROSSING 

>IO'SEC» 

S.-S 
FLUORESCENCE 

MO^ECI 
St—Sq 
INTERNAL 

COHVERS 

ABSORPTION 

ABSORPTION 

T, 
(METASTABLEI 

Old^SECI 

Tr-Sfl INTERSYSTEM 
CROSSING 

PHOSPHORESCENCE 

(U 4-> 
C 

•4-> 

«3 

O) 
ai 

broadband 
lasing 

normal 
fluorescence 

1 - normal fluorescence 

2 - coarse tuned lasing 

3 - fine tuned lasing 

wavelength 

Figure 4. Energy level diagram of an organic laser dye molecule (A), a comparison of the emission 
bandwidth for normal fluorescence and broadband lasing of a typical laser dye (B), and 
an idealized energy diagram comparing normal fluorescence emission with coarse tuned 
and fine tuned lasing (C) 



www.manaraa.com

30 

the laser can be narrowed to as little as 0.01 nm, as shown in Fig. 4C. 

(Dye laser fine-tuning procedures will be described in detail in Chapter 

3). Because of the broad fluorescing spectral range of a dye, the emit

ted radiation can be fine tuned over a range of perhaps 40 nm. With a 

series of different dyes, dye tuning can be accomplished across a large 

spectral range from the UV to the near IR (193-195). 

There are two distinctly different methods of pumping, namely, 

longitudinal (196) and transverse pumping (197,198). In longitudinal 

pumping, the pump beam (from a ruby laser) enters the dye laser cavity 

at a small angle to the cavity axis (-3°). In transverse pumping (the 

type used in the present study), the pump-laser radiation impinges on 

the dye cuvette in a direction normal to the axis of the dye laser emis

sion. In the simplest case, a cylindrical lens focuses the pump-laser 

beam into a simple rectangular cuvette so that the line image lies di

rectly behind and parallel to the entrance window and coincides with the 

optical axis of the dye laser. 

Frequency doubler 

The frequency doubler is a second harmonic generation (SHG) system 

used to obtain tunable laser output in the 217-365 region through the 

use of nonlinear optics. Basically, the frequency doubler takes the 

fundamental beam output of the dye laser and generates its second har

monic in the following manner. If an electrical field is applied across 

a material, a polarization will be induced. At low fields, this polari

zation will be linearly proportional to the electric field. However, 

there is a limit to the size of the electric field that can be applied 
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and the relation between the material polarization and the applied field 

remains linear. This is because the electron bonding energies decrease 

with the increasing electric field and, at sufficiently high electric 

field, the polarization fields induced in the material eventually become 

comparable to these electron bonding energies. Finally, the electron 

will be pulled off and dielectric breakdown occurs. Electromagnetic 

waves propagating through a material behave similarly (due to their 

oscillating electric field). When a laser beam with a given frequency 

interacts with a material far from any of its absorption lines and under 

the very high field strength encountered in the focused laser beam, the 

electric fields are comparable to electron bonding energies, thereby, 

inducing dielectric breakdown. The material will, therefore, distort 

any laser beam passing through it. This distortion is found to be the 

result of the addition of one or more harmonics to the original laser 

beam. Thus, the changes in the optical characteristics of crystals can 

be used to produce laser beams on new frequencies. 

To obtain efficient conversion of the primary laser beam, the beam 

must be of high intensity and must be directed into the crystal at one 

specific angle - the angle at which phase matching of the input ground 

wave and the produced doubling frequency wave occurs. This angle can be 

reached by tilting the crystal with respect to the optical axis. It has 

been shown that the original and second harmonic beams propagate through 

the crystal at slightly different velocities, and that the second har

monic beam produced deep within the crystal has a different phase to 

that second harmonic beam produced near the surface of the crystal. 
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This timing difference produced at different points in the crystal re

duces the power of the second harmonic beam. However, usually the sec

ond harmonic generated at the crystal surface is negligible compared to 

the intensity of the one generated in the bulk of the crystal. The most 

successful technique for phase matching uses birefringence (double re

fraction) to cancel out the effects of dispersion (199-201). 

Object of the Present Work 

To date, the LESS approach has been successfully utilized for the 

direct selective detection and quantitative determination of a variety 

of PAHs in various matrices. For this technique to gain wider accept

ance, a far broader application base needs to be developed. In addi

tion, potential problems that may emerge need to be identified and solu

tions need to be provided. Finally, an atlas of reference spectra use

ful for the selective identification of individual PAHs needs to be 

completed. The work reported in this thesis addresses all of these 

needs. 
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CHAPTER 3. APPARATUS, MATERIALS AND PROCEDURES 

Apparatus 

A block diagram of the LESS system is shown in Fig. 5. The compo

nents of the system are summarized in Table 1. A more detailed descrip 

tion for these components is given below. 

Fluorescence excitation source 

The excitation source was a tunable dye laser pumped by an XeCl 

excimer laser. To reach excitation wavelength from 217-360 nm, the 

output beam of the dye laser (for some suitable dyes) was frequency 

doubled using a frequency doubler. 

Excimer laser The Model EMGlOl excimer laser utilized a gas 

mixture composed of 60 mbar xenon, 80 mbars of 5% hydrogen chloride in 

helium and 800 mbar argon. The emitted XeCl laser beam had a rectangu

lar shape (dimensions ««-lO x 25 mm), a peak output wavelength of 308 nm, 

a pulse energy of 120-140 mJ per pulse at a pulse duration of -10 ns, a 

pulse repetition rate of 30 Hz, and the capacity to pump all dye lasers 

from 320 nm to about 970 nm. 

Dye laser The Model FL500 Lambda Physik dye laser followed the 

desigi of Hansch (198). It incorporated an oscillator-amplifier setup. 

A holographic grating, beam expanding telescope, dye cell, and coupling 

mirror were utilized in the oscillator stage. The grating, in connec

tion with a conventional sine bar mechanism, could be either set at a 

specific wavelength or scanned linearly in wavelength by a wavelength 

scan controller Model LF500. The dye laser output had a beam width of 
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Table 1. Experimental apparatus of laser-excited Shpol'skii spectroscopy system 

No. Component Model No. Manufacturer 

1 Excimer multigas laser EMGlOl Lambda Physik, West Germany 
2 Dye laser FL2000 Lambda Physik, West Germany 
3 Dye laser scan controller FL500 Lambda Physik, West Germany 
4 Frequency doubler 512SHG Interactive Radiation Inc., Northvale, NJ 
5 Monochromator (0.64 m) HR-640 Instruments SA, Inc., Metuchen, NJ 
6 Microprocessor scan controller 980022-23 Instruments SA, Inc., Metuchen, NJ 
7 Silicon photodiode array 1412 EG&G Princeton Applied Research, 

Princeton, NJ 
8 Detector controller 1218 EG&G Princeton Applied Research, 

Princeton, NJ 
9 System processor 1215 EG&G Princeton Applied Research, 

Princeton, NJ 
10 Photomultiplier R955 Hamamatsu Co., Middlesex, NJ 
11 HV power supply 110 Pacific Photometric Instrument, HV power supply 

Emeryville, CA 
12 Omingraphic x-y recorder 2200 Houston Instrument, Austin, TX 
13 Cryogenic refrigerator CSW-202 Air Products and Chemicals, Inc., Cryogenic refrigerator 

Allentown, PA 
14 Temperature indicator/controller 3700-APL-E Air Products and Chemicals, Inc., 

Allentown, PA 
15 Diffusion vacuum pump 1397 Welch Scientific Co., Skokie, IL 
16 Turbo vacuum pump TCP040 Pfeiffer, West Germany 
17 Thermocouple and emission 

regulated ion gauge 710 NRC Equipment Co., Newton, MA 
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-0.02 nm FWHM (full width at half maximum). Further details about the 

dye laser components, laser dyes experimental conditions, and dye laser 

tuning will be described later in this chapter. 

Frequency doubler The Inrad Model 512SHG Autotracking system 

employed in the present work consisted of a doubler (crystal assembly) 

and an electronic autotracker. The autotracker sensed the UV output of 

an angle-tuned, second-harmonic generation crystal (potassium dihydrogen 

phosphate, KDP, crystal) and adjusted the phase match angle so as to 

achieve maximum conversion from the visible into the ultraviolet. The 

active feedback design of the system accommodated crystal temperature 

changes produced either by ambient or laser-induced heating. After 

passage through the crystal, the beams were guided by quartz prisms into 

the sample cell. Fig. 6. 

Optical system 

A schematic diagram of the optical system is shown in Fig. 6. 

Initial optical alignment (aligning the dye laser components, position

ing the excimer laser and centering the pump beam on the dye cell to 

match the optical axis of the cavity) was performed using a continuous 

wave He-Ne laser with emission at 632.8 nm (C. W. Radiation, Inc., 

Mountain View, CA). 

In the oscillator stage of the dye laser, the grating and the out

put coupler were the boundaries of the optical cavity. A holographic 

diffraction grating with 2440 1/mm (used in the first order) was the 

wavelength selecting element of the dye laser. The grating reflected 

only one wavelength depending on the input angle and the plane front of 
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the outcoupling lens. The output coupler (the other end of the resona

tor) was a f = -50 mm plane-concave lens. The plane surface faced the 

dye cell and served as a 4% feedback mirror and the concave side faced a 

f = 150 mm convex lens. The latter was used to focus the oscillator 

beam into the amplifier cuvette. A beam expanding telescope (25x), 

consisting of diverging and converging lenses, was inserted between the 

grating and oscillator cell for better beam quality, smaller beam band

width, and exact wavelength selection. The reduction in bandwidth cor

responds to the expanding factor as the divergence was lowered and more 

lines of the grating were illuminated. The optical axis of the dye 

laser was fixed by the entrance aperture (0.6 mm) of that telescope. 

The possibility of continuous tuning was maintained as wavelength 

changes were caused by rotation of the grating only. 

With the aid of the two reflecting mirrors (R = 98%) and by means 

of the quartz beam splitter, the pump beam was split into two beams of 

intensities about 10% and 90% of the original beam. The former was 

focused into the oscillator (responsible for the spectrally pure laser 

emission) and the latter into the amplifier (employed for the high peak 

power) cuvettes by two cylindrical focusing lenses (F = 118 mm of quartz 

glass). With controlling knobs of the cylindrical lens, the focused 

pumping beam was centered into the dye cell to match the optical axis of 

the dye laser. Due to this focusing, a thin line of fluorescence ap

peared across the front of the cell. The excitation laser pulses were 

so intense that an almost total population inversion occurred (for a 

given dye concentration in a given solvent). Spontaneous emitted pho
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tons of different frequencies then irradiated the grating and out-

coupling mirror. Because of wavelength selection by the grating, only 

photons of certain wavelength were amplified and the emission was then 

stimulated for only part of the fluorescent spectrum, namely, the wave

length reflected by the grating back into the optical axis. The side

ways position of the output coupler could be changed to steer the oscil

lator beam into the amplifier cell. The position of the two reflecting 

mirrors (Fig. 5) assured a 1-1.5 ns optical delay line (the time of the 

pump beam to reach the amplifier cuvette) such that the amplifier was 

only pumped when the oscillator emitted the small bandwidth beam instead 

of the superradiance at the beginning of the pulse. 

When the frequency doubling system was required, the dye laser 

output was diverted to pass through the doubler by a system of quartz 

prisms. The two quartz prisms positioned inside the dye laser were 

mounted on a stage that could be reproducibly moved in and out of the 

optical path of the dye laser output. The dye laser or the second har

monic generation output beam was focused onto the sample (contained in a 

multiple sample holder) by another f = 150 mm plano-convex lens (the 

laser beam could be steered horizontally or vertically as needed by the 

lens control knobs). The luminescence generated in the sample was 

focused by a fused-silica, 100 mm focal length, and 76.2 mm diameter 

plane convex lens onto the entrance slit of a scanning monochromator. 

The distance between the focusing lens and the sample holder or the 

entrance slit was twice the focal length of the lens. The emission axis 

was perpendicular to the exciting laser beam. The sample holder was 
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positioned so that the angle between the sample face and the incident 

laser beam in the horizontal plane was about 55° in order to avoid col

lecting the laser radiation reflected off the sample holder optical 

window surface. 

A 0.64 meter Czesny-Turner monochromator was used to disperse the 

luminescence emission. This f/5.7 monochromator was equipped with a 110 

X 110 mm plane holographic grating having 1200 1/mm and a reciprocal 

linear dispersion of 1 nm/mm. Scanning of the monochromator was accom

plished by a microprocessor scan controller. The monochromator was 

fitted with two interchangeable detectors, a photomultiplier tube (PMT), 

and a photodiode array detector (PDA). The selection of either detector 

was achieved by a simple change in position of a beam directing mirror. 

All of the optical components shown in Fig. 4 were mounted on an optical 

table (Newport Research Corp., Fountain Valley, CA). 

Sample holder, vacuum sample chamber and refrigeration unit 

A schematic diagram of the multiple cell holder is shown in Fig. 

7A. The holder was designed to contain four cells and made of oxygen-

free, high-conductivity copper of approximately 20 yl capacity. The 

dimensions of the holder were 3.8 cm x 1.6 cm x 1.0 cm. A fused quartz 

plate (sealed to the main body of the holder via four 0-rings, indium 

gaskets, and a copper retaining diaphragm) was used as the optical win

dow. Sample solutions were injected into cell ports with a syringe, 

after which the parts were sealed with stainless steel set screws. The 

entire sample was then cooled to liquid Ng temperature by emersion be-
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fore mounting the holder in thermal contact with the cryostat head 

through an indium washer. Fig. 7B. 

The cryogenic refrigeration system was a water-cooled, closed he

lium refrigerator that cooled the sample holder down to 15°K. The cryo

stat head along with the sample holder was inserted into a stainless 

steel chamber. The chamber had two 3.5 cm diameter viewing ports at 90° 

with respect to each other and was sealed with an 0-ring and a square 

quartz plate. Inside the vacuum housing, a radiation shield was in

serted between the cryostat head and the chamber walls to minimize radi

ation leakage to the cryostat cold surface. 

In addition to thermal isolation of the sample, evacuation of the 

sample chamber was necessary to prevent ambient water vapor from conden

sation on the cold sample holder. Part of the vacuum system used in the 

present work is shown in Fig. 7C. A mechanical pump in series with a 2 

in. diameter diffusion pump provided the first stage of vacuum. A turbo 

pump, backed by the diffusion pump and a trapping filter, reduced the 

pressure to mbar. The vacuum system was designed in such a way 

that it prevented oil molecules (from the trapping filter) from dif

fusing to and condensing upon the cold sample holder when the pressure 

inside the vacuum chamber became very low. At the beginning of a run, 

while the three valves were closed, 1 to 3, the three pumps would be 

turned on, then valve 2 would be opened. When the pressure inside the 

vacuum chamber became about 100 mbar, valve 2 would be closed and valve 

3 would be opened. To release the vacuum inside the chamber, valve 3 

would be closed and valve 1 would be opened, and to establish the vac
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uum, valve 1 would be closed and valve 2 would be opened. Finally, the 

design allowed the refrigerator-vacuum assembly to be reproducibly 

raised or lowered to position anyone of the four cell parts in the opti

cal path of the dye laser beam. 

Detectors and data processing 

Two detectors were used in the present work, namely, a photodiode 

array detector (PDA) and a photomultiplier tube (PMT). In the Model 

1412, the PDA is a series of light-sensitive elements (1024 photodiode) 

etched onto a silicon chip. The elements work in parallel to simultane

ously monitor a range of wavelength (through a 30 nm window) spread 

across the face of the chip by the holographic diffraction grating of 

the monochromator. Incident photons generate a charge that is stored on 

individual diodes. The accumulated charges are then switched sequen

tially by shift registers to form the detector output after being ampli

fied. The Model 1218 Solid State Detector Controller stored the infor

mation that specified the detector scanning and provided for the setting 

of exposure times. The Model 1215 OMA-2 console, which was used as the 

data processing system, incorporated all the control functions required 

for the Model 1218 operation. 

A side-on Hamamatsu photomultiplier tube. Model R955, operated at 

1100 V was also employed as a detector. The power supply used for this 

tube was a Model 110 HV. 

The spectra obtained from both detectors were recorded on a Model 

2200 Omingraphic x-y recorder. 
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Materials 

PNAs, solvents and solution preparation 

The normal and heterocyclic polynuclear aromatic hydrocarbon com

pounds (collectively called PNAs in this thesis) are listed in Table 2. 

The n-alkane solvents (pentane, hexane, heptane, octane, nonane, decane, 

undecane and dodecane) were all 99% purity or more and were obtained 

from Aldrich. 

Standard gravimetric and volumetric procedures were used in prepar

ing the PNAs reference solutions. An ultrasonic bath was used to facil

itate dissolution of some of the compounds. Freshly prepared PNA solu

tions were generally used. Stock solutions were prepared with a concen

tration level of at least 100 ppm and were stored in dark location when 

not in use; these precautions were followed to minimize absorption 

losses and photochemical decomposition of the PNAs. 

Laser dyes, solvents and solution preparation 

A variety of laser dyes were utilized in order to generate tunable 

radiation in specific spectral regions. These dyes (supplied by Lamda 

Physik, Gottingen, W. Germany or Exciton Chemical Co., Inc., Dayton, OH) 

and the relevant experimental parameters attended to these used in the 

laser systems are given in Table 3. The dye solvents were of spectro

scopic grade and were obtained from Aldrich. 

Excimer laser gases 

The excimer laser gases, namely, xenon (Spectra Gases, Inc.), 5% 

hydrogen chloride in helium (Cryogenics Rare Gas Laboratory, Inc.) and 
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Table 2. Polynuclear aromatic compounds involved in the study 

No. Compound Formula MW No. of Purity Source 
Rings % No.^ 

Normal PAH 

1 Anthracene ^14^10 
178 3 99.9 1 

2 Anthracene-d^Q ^14^10 188 3 98*^ 1 

3 Benzo[a]anthracene O
 

1—
» 

ro
 228 4 99 2 

4 Benzo[a]anthracene-dj^2 ^18°12 240 4 98^^ 3 

5 Chrysene ^18^12 
230 4 99 2 

6 Chrysene-d^2 ^18°12 242 4 98^ 3 

7 Fluoranthene ^16^10 
202 4 99 2 

8 Pyrene ^16^10 202 4 99 2 

9 Pyrene-d^Q ^16^10 212 4 98^ 3 

10 Benzo[b]chrysene ^22^14 278 5 NC 4 

11 BenzoCb]fluoranthene ^20^12 252 5 NC 4 

12 Benzo[k]fluoranthene ^20^12 252 5 99.5 4 

13 Benzo[a]pyrene ^20^12 252 5 99+ 1 

14 Benzo[a]pyrene-d^2 ^20°12 264 5 97^ 3 

15 Benzo[e]pyrene ^20^12 252 5 99 2 

^Sources are: 1 - Aldrich Chemical Company, Inc., Milwaukee, WI, 
2 - Analabs, Inc., North Haven, CT. 
3 - Merck & Co., Inc./Isotopes, St. Louis, MO, 
4 - Commission of the European Communities, Community 

Bureau of Reference BCR. 
5 - Sigma Chemical Company, St. Louis, MO. 
6 - ICN Pharmaceuticals, Inc., Life Sciences Group, 

Plain view, NY 
7 - Alfred Bader Library of Rare Chemicals, Inc., 

Milwaukee, WI. 
8 - Professor M. L. Lee of Brigham Young University, 

Provo, UT. 

^Atom %D. 

^Not indicated. 
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Table 2. Continued 

No. Compound Formula MW No. of Purity Source 
Rings % No.® 

16 Dibenzo[a,h]anthracene 

17 Perylene 

18 Perylene-d^g 

19 Anthanthrene 

20 BenzoCghi]perylene 

21 Dibenzo[a,i]pyrene 

22 Indeno[l,2,3-cd]pyrene 

23 Coronene 

PAHs Derivatives 

24 l-Aminoanthracene 

25 1-Aminopyrene 

26 2-Aminopyrene 

27 4-Aminopyrene 

28 7-Methylbenzo[a]pyrene 

29 7,10-Dimethylbenzo[a]pyrene 

Heterocyclic PAHs 

30 Dibenzofuran 

31 Dibenzofuran-dg 

32 BenzoCb]naphtho[l,2-d]thiophene 

33 Benzo[b]naphtho[2,l-d]thiophene 

34 BenzoCb]naphtho[2,3-d]thiophene 

35 Benzo[2,3]phenanthro[4,5-
bcd]thiophene 

36 Chryseno[4,5-bcd]thiophene 

^Practical grade. 

^22^14 278 5 97 1 

^20^12 252 5 99 2 

^20^12 264 5 97*^ 3 

^22^12 276 6 99 2 

^22^12 276 6 99 2 

^24^14 302 6 5 

^22^12 276 6 4 

C24H12 300 7 98 1 & 

C14H11N 193 3 1 & 

CieHiiN 217 4 1 

C16H11N 217 4 N^ 7 

CieHiiN 217 4 N^ 7 

^21^14 266 5 N^ 7 

C22H16 280 5 N^ 7 

^12^8° 168 3 99+ 1 

0
 

1-^
 

ro
 0
 

176 3 98*^ 3 

^16^10^ 234 4 N" 8 

^16^10^ 234 4 N^ 8 

^16^10^ 234 4 N" 8 

CibHIQS 258 5 NC 8 

CigHioS 258 5 N" 8 



www.manaraa.com

47 

Table 2. Continued 

No. Compound Formula MW No. of Purity Source 
Rings % No.® 

37 Dibenzo[a,j]acridine ^21^13'*' ^ 5 

38 13H-dibenzo[a,i]carbazole ^20^13^ 267 5 98 1 

39 7H-dibenzo[c,g]carbazole ^20^13^ 267 5 95 2 
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Table 3, Laser dyes used and their experimental conditions 

No. Dye Name MW Structure (202) 
Oscillator^ Lasing Wave-

Solvent Concen. length (nm) 
(g/1) Peak Range 

1 P-terphenyl 

2 DMQ 

3 BPBD 

4 PBO 

5 QUI 

6 BBQ 

230 

334 

354 

298 

606 

675 

ooo 
CH, 

CH3 

N—N 

CH3 CH3 

{>CX>CK  ̂
CH3 CH3 

cyclohexane 

cyclohexane 

dioxane 

dioxane 

dioxane 

cjM3-cH-cM2-o-^^-^^-^^-^j^o-cH2-cH-csHij ethanol .toluene 
(1:1) 

0.70 339 323-362 

0.17 359 341-368 

0.30 363 356-385 

0.20 378 353-381 

0.20 390 368-402 

0.35 385 366-400 
c4h9 C4K9 

®The concentration inside the amplifier was 1/3 of the concentration in the oscillator. 
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Table 3, Continued 

No, Dye Name MW Structure (202) 
Oscillator* Lasing Wave-

Solvent Concen. length (nm) 
(g/1) Peak Range 

7 PBBO 

8 DPS 

347 % 
332 oo-"-»-ao 

dioxane 

dioxane 

0.40 396 386-420 

0.25 406 399-415 

9 Stilben 3 562 0-c"=c"-Cy0-cH=cH-Q methanol 0.65 425 412-443 

10 Coumarin 120 175 methanol 0.82 441 423-462 

11 Rhodamine 590 479 
VycogCgHs 

metahnol 1.2  581 569-608 
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argon (Matheson Gas Products, Inc.) were all of ultra-high purity 

(>99.99%). 

Environmental samples 

The environmental samples involved in the present work were urban 

air particulate (National Bureau of Standards Reference Material, SRM-

1649), diesel particulate (SRM-1650), carbon black, and solvent-refined 

coal liquid (SRC-II). Carbon black was donated by Professor Milton L. 

Lee (Department of Chemistry, Brigham Young University, Provo, UT). 

Other samples were provided by the National Bureau of Standards (NBS). 

The nature of these samples and their preparations for analysis will be 

described in Chapter 5, Diphenylmethane (used in sample preparations) 

was obtained from Aldrich. 

All chemicals involved in the present study were used as received 

without further purification, except diphenylmethane which was purified 

by distillation under vacuum. 

Procedures 

Wavelength calibration 

Accurate wavelength adjustment of the monochromator is essential if 

corrected spectra are to be obtained and for qualitative and quantita

tive application studies sensitivity and selectivity may be sacrificed 

if the monochromators are not set at the optimum wavelengths. Since 

monochromators may go out of adjustment relatively frequently (and es

pecially in the present system when the position of the beam directing 

mirror is changed while selecting in the process of choosing one of the 
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two detectors). Thus, a quick and convenient method for wavelength 

calibration is highly desirable. In the present work, wavelength cali

bration was performed before recording the luminescence spectra. For 

this purpose, a procedure based on using a sharp spectral lines from an 

auxiliary light source, recommended by American Society for Testing and 

Materials (ASTM) and others (203-205) was used to calibrate the emission 

monochromator which was then used to calibrate the mechanical counter of 

the dye laser. To calibrate the emission monochromator, a low pressure 

mercury pen lamp (Model 4987-003, Hamamatsu Corp., Middlesex, NJ) was 

inserted between the sample holder and the focusing lens in the front of 

the monochromator (Fig. 6). With suitable bandwidth and suitable in

strument amplification (to avoid saturation of the detector, the sharp 

atomic emission lines of mercury (204) in the region where the spectrum 

would be recorded were used to calibrate the monochromator. This method 

allowed the emission monochromator to be calibrated over a wide wave

length range. After the initial calibration of the emission monochroma

tor, a sharp dye laser line at a peak wavelength (to be used for excit

ing the fluorescence and obtaining the excitation spectrum for a given 

compound) was used to calibrate the mechanical counter of the dye laser. 

Dye laser tuning procedure 

In this work, the optical multichannel analyzer (OMA) was employed 

for the fine tuning of the dye laser using the scattered laser radia

tion. As can be seen from Fig. 6, the dye laser was initially set up in 

front of the excimer laser so that the pumping beam could be focused 

into both the oscillator and amplifier cuvettes. The following proce
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dure was then used in tuning the dye laser with the sample holder (e.g., 

containing frozen n-octane) in its usual position and the mechanical 

counter of the dye laser positioned at the peak wavelength of the dye in 

the dye laser cells. 

1. The amplifier cuvette was removed. 

2. A piece of white cardboard (or a fluorescing card in case of UV 

dyes) was placed adjacent to the grating to observe the zero order 

reflected by the grating. 

3. The output coupler was blocked by a piece of paper inserted between 

it and the oscillator cuvette. 

4. The pump beam was aligned in the oscillator cell to coincide with 

the optical axis of the dye laser. This alignment could be 

achieved by fine adjustment of the height and the tilt control 

knobs of cylindrical focusing lens. The adjustment was somewhat 

critical as the entrance aperture of the telescope (which fixes the 

dye laser axis) was only 0.6 mm. Alignment was concluded when the 

brightest circular image appeared on the cardboard. 

5. The output coupler block was removed and the output coupler lens 

(in a swivel mount) was adjusted until a distinct diffraction pat

tern consisting of bright and dark vertical strips appeared on the 

cardboard. This is a necessary condition for laser action to 

occur. 

6. At this stage, the laser spot can be easily seen on a reflecting 

white cardboard placed in front of the output coupler. As a fur

ther check, the output coupler was blocked by a piece of paper 
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inserted between dye cuvette and the output coupler to determine 

whether the diffraction pattern vanished. A check was also made to 

assure that the laser spot disappeared when a piece of paper was 

inserted between the telescope and the grating. 

7. Once the laser spot was visualized, further tuning was accomplished 

via the OMA system. The oscillator beam was allowed to reach the 

sample holder where the scattered laser beam could be seen on the 

microprocessor screen of the OMA system. The scattered laser beam 

bandwidth and intensity could then be further "tweaked up" (could 

also be performed visually or by an energy meter) by trying differ

ent oscillator controls (height and tilt of the cylindrical lens as 

well as of the output coupler). The adjustment of the oscillator 

was conducted when the scattered laser beam had the smallest possi

ble bandwidth and the highest intensity (at the dye peak). 

8. The amplifier pump beam was then blocked and the amplifier cell was 

inserted in its position. 

9. The lens between the output coupler and the amplifier was adjusted 

in the horizontal and vertical planes to steer the laser beam 

through the amplifier cuvette so that the laser beam appeared al

most unobscured. 

10. The amplifier pump beam block was then removed, and the axis of the 

amplifier pump beam adjusted by the height and the tilt of the 

cylindrical lens until it coincided with the oscillator beam trans-

versing the amplifier cuvette. At this point, the output laser 

beam had the lowest bandwidth and highest intensity. 
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Sample loading and cooling procedures 

To assure reproducible freezing-cooling cycles, the following pro

cedures were followed. The multiple sample holder (designed to accommo

date four samples) was first laid down horizontally with the optical 

window facing downwards. The sample solutions were then injected into 

the sample holder ports with syringes. The ports were sealed (one at a 

time to avoid changes in the sample concentration by solvent evaporation 

especially when n-pentane or n-hexane was used as solvent) with stain

less steel screws such that no air remained in the ports. While still 

in a horizontal orientation, the sample holder was immersed in liquid 

nitrogen to solidify the sample. After a few minutes in liquid nitro

gen, the sample holder (held in a liquid nitrogen soaked piece of cloth) 

was rapidly attached to the cold finger of the He cryostat precooled to 

77°K. The cold finger was then quickly inserted in the vacuum housing, 

which was slightly pressurized with helium gas to prevent ambient air 

from entering. Thereafter, the cryostat pump evacuated the vacuum cham

ber, Cool down from'^77°K to 15°K required ^10 min. The reproducibil

ity of the cooling rate was confirmed by the reproducibility of the 

relative intensities in the multiple site spectra of PAHs such as benzo-

(b)fluoranthene and indene(l,2,3-cd)pyrene. 

Excitation and emission spectra 

The excitation spectra and the proper, selectively-excited emission 

spectra (details will be given in Chapter 4) for a given compound were 

usually obtained by the following three steps: (a) a dilute solution of 

a particular PAH in the Shpol'skii host was irradiated by a short wave
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length, ~300 nm, to determine the nonselectively excited emission fluo

rescence spectra, (b) the excitation spectrum of the analyte was then 

determined by setting the spectrometer on the most intense emission peak 

exhibited by the spectrum obtained in the previous step, and (c) selec

tive determination of the emission spectrum by setting the tunable dye 

laser on one of the most intense peaks in the excitation spectrum deter

mined in step (b). If the nonselectively excited fluorescence spectrum 

showed several sites, the excitation and the emission spectra for each 

site could be determined by repeating steps (b) and (c) for each site. 

In this work, no attempt was made to correct the observed spectra 

for the wavelength-dependent efficiency of the dye laser, the day-to-day 

variation in the laser energy, the spectral variations introduced by the 

monochromator-detectors combination and the spectrometer throughput. 

Analysis of real samples 

The procedures associated with the qualitative characterization and 

quantitative analysis of multicomponent mixtures in environmental sam

ples by LESS are summarized here and will be described in more detail in 

Chapter 5. 

Qualitative analysis The following were employed in the course 

of identification of various PNAs. 

1) Specificity of the emission and excitation spectra. 

2) The standard addition technique. 

Quantitative analysis The following methods were used in quan

titation of different PAHs. 

1) Internal standard method. 
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Standard addition method. 

Internal standard-standard addition combination technique. 
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CHAPTER 4. RESULTS AND DISCUSSION 

Illustration of the LESS Technique 

The Shpol'skii effect can be illustrated by the behavior of a very 

dilute solution (of '-1 ppm) of benzo(a)pyrene (B(a)P) in n-octane. When 

this solution is rapidly frozen to a temperature of 15 K and the fluo

rescence emission recorded, a sharp quasi linear spectrum is obtained as 

shown in the top spectrum of Fig. 8. This spectrum is very characteris

tic for B(a)P and very reproducible under certain experimental condi

tions. One of these conditions is the final temperature of the matrix. 

To demonstrate the temperature effect on the sharpness of the spectrum, 

different spectra were recorded while the temperature was gradually 

increased. The warming up procedure was chosen to study the temperature 

effect rather than the cooling down procedure to avoid the side effects 

that may arise from the slow cooling. The recorded spectra are shown in 

Fig. 8. It is seen that at room temperature, the fluorescence spectrum 

is broad. In fact, at room temperature, the specific vibrational struc

ture that contains most of the characteristic information on a particu

lar PAH is lost. Obviously, the temperature decrease from 300 to 15 K 

effects an enormous increase in spectral resolution. However, it must 

be emphasized that such enormous enhancements in resolution occur, for 

any PAH, only in certain very specific solvents. For example, as shown 

in Fig. 9, n-octane is an appropriate Shpol'skii solvent, whereas etha-

nol is not. In case of the ethanol solvent, severe heterogeneous band 

broadening apparently occurs, even at 15 K. 
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Most successful observations of the Shpol'skii effect for PAH com

pounds have been made when n-alkane solvents were used. It has gener

ally been accepted that matrices formed from the straight-chain hydro

carbon solvents of suitable molecular dimensions are required to obtain 

quasi linear emission spectra. A striking demonstration of the need to 

select the correct n-alkane solvent can be made by comparing the fluo

rescence spectra obtained for B(a)P in eight n-alkane solvents, ranging 

from n-pentane to n-dodecane, at = 339 nm. As shown in Fig. 10, 

nonselective excitation at 339 nm into the congested region of the upper 

vibrational manifold of the excited singlet state leads to the emission 

of spectra of B(a)P molecules occupying different number of sites de

pending on the n-alkane solvent, e.g., 4 in n-heptane, 4 in n-octane, 

and 9 in n-nonane. As indicated earlier, these multiplets arise from a 

distribution of occupancy of different lattice sites by the solute mole

cules, resulting in different solute-host interactions. From Fig. 10, 

one can observe that n-octane is superior to other solvents for B(a)P 

and this is in a direct agreement with the "key and hole" rule mentioned 

before. The spectrum of B(a)P observed in n-dodecane is in agreement 

with previous observations that the use of n-paraffins with large mole

cules as solvents leads to diffuse spectra (88). 

The occurrence of only a single sharp line in the 0-0 region of 

B(a)P in n-octane is not characteristic of all PAHs. As a consequence 

of the multiplet structures, the Shpol'skii effect spectra are generally 

quite complex and, hence, spectral interference has been a problem, 

particularly for the analysis of PAH mixture spectra when broadband 
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Figure 10. Solvent effect observed in the fluorescence spectra of 1 ppm 
benzo(a)pyrene in different n-alkane solvents at nonselective 
excitation wavelength of 339 nm 
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excitation sources have been utilized. However, due to the narrow ab

sorption bandwidths (FWHM <10 cm"^) of PAHs in n-alkane hosts, the com

plication of multiple sites common to Shpol'skii matrices has been 

largely eliminated by narrow-band, dye laser excitation. 

The site selection technique of LESS involves several experimental 

steps. To illustrate these steps, the behavior of B(a)P in n-heptane 

(see Fig. 11) is chosen as an example. Initially, nonselective excita

tion at 339 nm into the congested upper vibrational manifold of the 

excited state leads to emission spectra of molecules occupying different 

lattice sites, as shown by spectrum A of Fig. 11. In the 0-0 region of 

this spectrum, it is easy to distinguish at least four sharp lines, 

which result from molecules occupying at least four different crystal-

lographic sites. The wavelengths of these 0-0 transitions are at 

402.36, 402.71, 403.14 and 403.88 nm and are indicated in the figure as 

site 1, 2, 3 and 4, respectively. If the spectrometer is now set to 

monitor the emission of 402.36 nm while the tunable dye laser output is 

scanned through the wavelength intervals shown for spectrum B, the exci

tation spectrum of molecules occupying site 1 may be obtained. The 

resulting excitation spectrum (Fig. 118) clearly shows that the best 

wavelength to excite the fluorescence emission of B(a)P molecules oc

cupying site 1 is 393.28 nm. If the laser radiation is now tuned to 

393.28 nm, the fluorescence spectrum of site 1 molecules, as shown in 

Fig. IIB', may be recorded. In an analogous fashion, the best laser 

wavelengths for exciting analyte molecules that occupy crystallographic 

sites 2, 3 and 4 were determined to be 393.61, 394.00 and 394.72 nm. 
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respectively. The resulting fluorescence spectra from these excitation 

wavelengths can be seen in spectra C, D' and E' in Fig. 11. It should 

be noted that the relative intensities of the 0-0 multiplets shown in 

Fig. IIA do not indicate the relative site concentrations, unless the 

molecules in all the sites are evenly excited with a broadband light 

source. Selective excitation of spectrum A in Fig. 11 clearly shows the 

site-specific, fine structure luminescence spectra that are so informa

tive. Further, the capability of exciting only site specific spectra 

(B'j C, E' and F) not only enhances specificity but also provides added 

flexibility in the event that spectral interferences by other sample 

constituents invalidates the use of one site-specific line. Should 

interferences occur, other interference-free, site-specific lines may 

then be selected as will be seen shortly. 

The LESS of PNAs: Typical Spectra, Problems and Their Solutions 

A necessary prerequisite to the routine use of LESS as an analyti

cal technique is a knowledge of the excitation and emission wavelengths 

best suited to selectively identify one compound in the presence of 

others. In the remainder of this chapter, the characteristics of the 

spectra of some PNAs (including normal PAHs, PAH derivatives, sulfur-

heterocyclic, nitrogen-heterocyclic, and oxygen-heterocyclic compounds 

will be presented along with enumeration of problems encountered in 

applying the observed spectra to the identification and quantitation of 

selected PNAs. 
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Benzo(a)pyrene 

Because of its biological activity and its importance as an envi

ronmental pollutant, B(a)P was selected as a "marker" compound for some 

preliminary studies. The nonselectively excited fluorescence emission 

spectrum of B(a)P in n-octane is shown in Fig. lOD. The excitation as 

well as the selectively excited fluorescence emission are given in Fig. 

12A and B, respectively. The simplicity of this emission spectrum can 

be attributed to occupancy of basically only one site by the analyte 

molecules. Under these conditions, nonselective and selective excita

tion fluorescence spectra are approximately identical as shown by com

paring Fig. 12B with Fig. lOD. This observation was found to be gener

ally true for other PAHs. In these cases, only the selective emission 

spectra will be presented. In fact, the presence of a single, sharp and 

intense 0-0 transition of B(a)P provides an excellent opportunity for 

the determiantion of low concentrations of B(a)P in environmental 

samples. 

Deuterated analogs as internal reference compounds 

Deuterated analogs have the potential of being ideal internal ref

erence compounds. When used in this way, the internal reference com

pound is added at constant concentration levels to each sample. The 

relative intensity of the analyte line is then ratioed to the intensity 

of the corresponding line emitted by the internal reference compound and 

the intensity ratio is related to the concentration of the analyte. To 

serve as an ideal internal reference compound, the latter should exhibit 

the following properties. 
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1. Its spectroscopic properties should be as similar as possible to 

those of the analyte being determined so that the internal reference 

compound will provide adequate compensation for the emission varia

tion associated with intermolecular interactions and inner filter 

and enhancement effects. 

2. It should be absent in the sample. 

3. It should be in a high state of purity with respect to the analyte 

being determined. 

4. The spectral lines of the internal reference and analyte compound of 

interest should be free of spectral interferences arising from emis

sions of other sample constituents. 

5. The spectral lines selected should be free of self-absorption. 

6. It is preferable to employ the same excitation wavelength for the 

reference and analyte, whenever possible. 

A comparison of Figs. 12 and 13 shows the high degree to which 

deuterated benzo(a)pyrene (BfajP-d^g) serves as an internal reference 

for B(a)P. In fact, B(a)P-d^2 satisfies the stated criteria to an unu

sually high degree. 

Phosphorescence spectra 

In molecules where the singlet and triplet T^ energy levels are 

closely spaced, there is a significant probability that the excited 

molecules can drop into the lower energy T^ state through an intersystem 

crossing process (see Fig. 4). The molecule can then return to the 

ground state by emitting its characteristic phosphorescence. As with 

fluorescence emission, the spectra of phosphorescence emissions are 
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unique in regard to its frequency, lifetime, quantum yield, and vibra

tional pattern and such properties are useful for qualitative identifi

cation. The correlation of intensity with concentration can also serve 

as a basis for quantitative measurement. Although the phosphorescence 

emissions of PAH compounds are normally very weak compared to the fluo

rescence emission, the former are occasionally of analytical value. As 

shown in Fig. 14, the concentration required to produce useful spectra 

for the compounds are in the 100 to 200 ppm range. These phosphores

cence spectra show that at least two sites are occupied for each com

pound. This observation was in conflict with fluorescence emission 

observation (see Figs. 12 and 13), which showed that only one site was 

substantially occupied. These contradictory observation may be ex

plained as follows. At low concentration (^10"® M), only one site ap

pears to be substantially occupied; the other sites evidently were not 

sufficiently populated to show detectable fluorescence. At higher con

centration, two sites appear to be populated, as reflected in the phos

phorescence emission. This interpretation was confirmed in the fluores

cence spectra of B(a)P and B(a)P-d^2 when higher concentration samples 

were examined. 

Detrimental effects of frost film formation 

The precautions that were taken to avoid the deposition of frost 

films on the interface of the quartz sample holder plate on the sample 

cell and the high vacuum space were described earlier (Chapter 3). When 

these precautions failed and films were formed, the quality of the spec

tra deteriorated. In addition to causing a reduction of S/N ratio 
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through scattering of the excitation radiation and blockage of the emit

ted fluorescence, the presence of the frost film usually also led to 

severe broadening of the emitted spectra, especially when samples in 

n-pentane hosts were irradiated. The degree of line broadening caused 

by the presence of the frost film was indicative of a temperature of 

-100°K at the surface of the sample, i.e., the interface between the 

frozen sample and the quartz plate. These observations strongly suggest 

the presence of or formation of intolerable temperature gradients 

through the sample, perhaps through preferential warming of the frost 

film by the incident laser beam. Clearly, the formation of frost film 

cannot be tolerated. 

Inhomogeneous solid solution formation 

The formation of inhomogeneous solid solutions can be detected by 

irradiating different areas of the sample surface and observing the 

reproducibility of the intensity distributions in the spectra. With 

some of the sample holder designs evaluated during this study, espe

cially those with larger, more massive cells, nonreproducible spectra 

were consistently observed, whereas these difficulties were rarely en

countered in the small cell described in this thesis. In view of the 

different thermal conductivities of various components of the cell in 

contact with the sample, their rate of cooling would be expected to be 

quite different, leading in all likelihood, to different rates of 

cooling for different areas of the solid host. Empirically, it was 

found that reproducible Shpol'skii effect spectra could be consistently 

observed if the following four conditions were met: (a) a very fast. 



www.manaraa.com

72 

first stage solidification (quenching) by immersing the sample holder in 

liquid Ng: (b) miniaturized sample holder, as described in this thesis; 

(c) solute concentration in the 10"^ mole region (to prevent aggregate 

formation during the cooling cycle); and (d) avoidance of low melting 

point solvents such as n-pentane, whose rate of solidification is so 

slow that solute migration and aggregation may occur, even during the 

fast liquid Ng immersion stage. 

Spectrum of 7-methylbenzo(a)pyrene; an example of line overlap 

Nonselectively excited fluorescence emission spectrum as well as 

site-specific spectra for this compound in n-octane are shown in Fig. 

15. The excitation wavelength indicated in Figs. 15B to E for each one 

of the four sites was selected to be as free as possible from spectral 

overlap with excitation wavelengths of other site molecules. 

It is of interest to note that the multiplet site spectra of both 

B(a)P and 7-MB(a)P exhibit an intense line at 402.98 nm (see Figs. 11 

and 15C'). This overlap may have been caused by the following factors: 

(a) the individual compounds each emit coincident lines; or (b) the 

7-MB(a)P sample contained B(a)P impurity or vice versa; or (c) both 

factors (a) and (b) may have contributed to the overlap. 

To unequivocally identify the nature of this overlap, detailed 

comparison of the site-specific excitation and emission spectra in other 

hosts beside n-octane were undertaken. These spectra as well as those 

of B(a)P-dj^2 3re shown in Figs. 16 to 23. 

A comparison of the six excitation spectra at = 402.98 nm in 

Fig. 16 clearly show that the two compounds possess different excitation 
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spectra and that the two compounds are quite pure. The above conclusion 

was further confirmed when the phosphorescence spectrum of 7-MB(a)P was 

compared with that of B(a)P (see Fig, 14) and when other solvent hosts 

were used. In n-octane solvent, the prominent fluorescence line at 

402.98 nm appears in the emission spectra of both compounds at all exci

tation wavelengths shorter than 402.98 nm. However, its intensity de

pends on Therefore, even selective excitation will not tell 

whether only one compound or both compounds are present in real samples. 

In n-heptane solvent, site-selective spectra for B(a)P were given 

previously in Fig. 11. As expected, B(a)P-d^2 molecules in n-heptane 

are also distributed in four sites and their 0-0 transitions are blue-

shifted with respect to those of B(a)P in the same solvent, as shown in 

Fig. 17. The site-selective spectra of 7-MB(a)P in n-heptane shown in 

Fig. 18 suggest that 7-MB(a)P is distributed in at least 8 sites. A 

critical examination of the various 0-0 transitions of both B(a)P and 

7-MB(a)P indicated that for this solvent the two compounds could be 

determined in the presence of each other. This conclusion was tested on 

a synthetic mixture of the two compounds (see Fig. 19). The examination 

showed that the 0-0 line at 403.91 nm (Fig. 11) can be used to deter

mined B(a)P at X = 395.79 nm. At the same x , 7-MB(a)P can be deter-
ex 

mined via its line at 402.33 nm. Furthermore, 7-MB(a)P can be deter

mined via its line at 402.13 nm at 390.92 nm without interference 

from B(a)P. For quantitative analysis, B(a)P-d^2 can be used as an 

internal reference. The emission line of shortest wavelength at 401.49 

nm of B(a)P-dj2 is well situated to be an appropriate internal reference 
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line because it will not suffer interference from any of the lines of 

B(a)P and 7-MB(a)P, Further, no interference from BfajP-d^g will occur 

to B(a)P at 403.91 nm or to 7-MB(a)P at 402,33 nm. 

Site-selective spectra for B(a)P, BfajP-d^g, and 7-MB(a)P are given 

in Figs. 20 to 22, respectively. While B(a)P and B(a)P-dj^2 ^re distrib

uted in at least 9 sites in n-nonane, the molecules of 7-MB(a)P are 

present mainly in only 3 sites. Examination of these three figures 

shows that B(a)P can be determined in the presence of 7-MB(a)P, as shown 

in Fig. 23, i.e., B(a)P can be determined via its fluorescence line at 

402.26 nm, using = 393.17 nm, and 7-MB(a)P will not interfere. 

However, if B(a)P-d^2 is used as the internal reference, interference at 

402.24 nm of B(a)P by B(a)P-d^2 will occur. In this case, another in

ternal reference should be used. For 7-MB(a)P, the three site- specific 

0-0 transition wavelengths of 7-MB(a)P overlap those of B(a)P (see Figs. 

20 and 22) to such a degree that they are not useful. The observations 

on 7-methylbenzo(a)pyrene summarized above provide an excellent example 

of: (a) how the capability to generate site-specific spectra can cir

cumvent some serious line overlap; (b) how the sample introduction of a 

methyl group to a PNA can alter the orientation of a solute in the 

Shpol'skii host and impact the site population patterns; and (c) how the 

proper choice of Shpol'skii solvent can solve spectral coincidence 

problems. 

7,10-Dimethylbenzo(a)pyrene 

The nonselectively excited fluorescence of this compound is shown 

in Fig. 24A and the site-specific spectra in n-octane are shown in Fig. 
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24. This figure shows that the 0-0 transitions of 7,10-DMB(a)P are 

red-shifted with respect to those of B(a)P and 7-MB(a)P and are not 

subject to interference from them. The phosphorescence spectrum of 

7,10-DMB(a)P is given in Fig. 14D. 

Benzo(e)pyrene; an example of the analytical utility of phosphorescence 
emission 

The fluorescence emission of benzo(e)pyrene (B(e)P) in n-octane 

excited at a nonselective wavelength of 339 nm is shown in Fig. 25A. 

Under identical experimental conditions, the phosphorescence spectrum 

shown in Fig. 25B was recorded. The intensity ratio of the strongest 

fluorescence and phosphorescence lines is -«.9:5 which is considerably 

lower than is typically observed. This fact makes the phosphorescence 

of B(e)P of considerable analytical importance. 

The emission maximum at 388.27 nm for B(e)P was selected to record 

the fluorescence excitation spectrum shown in Fig. 26A. From that fig

ure, the most promising wavelength for exciting the fluorescent emission 

at 388.27 nm is at 366.58 nm. With the laser tuned to this wavelength, 

the selectively excited fluorescence emission shown in Fig. 26B was 

recorded. The sloping baseline, more so on the shorter wavelength side, 

arises from scatter of the laser radiation. In a similar way, the phos

phorescence excitation and emission spectra were obtained. These spec

tra are shown in Fig. 27. Figures 26A and 27A show that the two excita

tion spectra obtained through monitoring the fluorescence and phospho

rescence emissions are identical. A general advantage of phosphores

cence excitation spectrum is that the high background from light scat-
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taring (which sometimes distorts the fluorescence excitation spectrum) 

is avoided. Figures 26A and 27A also show that the 0-0 transition of 

B(e)P occurs at 376.96 nm, which is the minimum energy required to ex

cite a molecule of B(e)P. 

Perylene and Perylene-d^gl an example of strong self-absorption 

The nonselectively-excited, fluorescence emission spectrum of pery

lene in n-octane is shown in Fig. 28A. The selectively excited 

420.52 nm) spectra at decreasing concentrations from 10 to 0.1 ppm are 

shown in Figs. 28B, C and D. In recording the spectra shown in Figs. 

288 to D, the signals were attenuated by adjusting the slit width so 

that the most intense lines in the individual spectra remained on scale, 

i.e., less than 16,800 counts for an integration time of 30 sec. on the 

OMA. It is readily apparent that as the concentration decreases the 

intensity ratio of I^^^ 64^^444 57 ^Iso decreases. In other words, the 

intensity of the line at 444.57 nm decreases relative to that at 451.64 

nm as the concentration increases. These observations strongly suggest 

that as the perylene concentration increases from 0.1 to 10 ppm, strong 

self-absorption (inner filter effect) occurs at 444.57 nm. The self-

absorption of the 0-0 transition at 444.57 nm and the enhancement of the 

transition at 451.64 nm at high concentrations may be interpreted by 

Fig. 28E. 

The observed self-absorption indicates clearly that the emission 

not only originates from the surface of the frozen matrix, but also from 

the bulk of the matrix. This reflects the importance of using constant 

sample volumes in the cell for a given analysis and of avoiding any 
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trapped gas bubbles in the matrix. Furthermore, these observations 

reemphasize the importance of using some sort of an internal reference 

compound if quantitative analysis is desired. As indicated earlier, 

pery1ene-d^2 should serve this purpose. Site-selective spectra for 

perylene and perylene-d^g are shown in Figs. 29 and 30, respectively. 

The ideality of perylene-d^g as an internal reference compound for pery

lene is shown in Fig. 31 for a mixture of the two compounds. This ide

ality arises from the following considerations: (a) the behavior of 

perylene-d^g, especially with respect to self-absorption, were found to 

be similar to that of perylene; (b) perylene-d^g is unlikely to be pres

ent in real samples; (c) perylene-d^g is available commercially with 

high purity; (d) the lines of perylene-d^g are well resolved from those 

of perylene and in close proximity to them; and (d) it is possible to 

excite the fluorescence emission of both compounds at one which is 

at 420.39 nm. 

Indeno(l,2,3-cd)pyrene, anthanthrene, benzo(k)fluoranthene, and benzo-
(b)fluoranthene; examples of relatively large shifts in the multi-site 
spectra 

The characteristic LESS spectra of these compounds are shown in 

Figs. 32 to 39. For all of the emission spectra, the recorded signals 

were adjusted by varying the slit width, so that the most intense line 

in the individual spectra remained on scale. 

Typically, the difference in wavelengths between two adjacent 0-0 

lines in multiplet site structures is a few tenths of a nanometer, as 

can be seen, e.g., in Fig. 11 for B(a)P in n-heptane. The above four 
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Figure 32. Nonselectively excited fluorescence spectra of indeno-
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Figure 39. (continued) Simple Jablonski diagram for benzo(b)fluoranthene 



www.manaraa.com

107 

compounds show considerable deviation from this typical difference. For 

example, the nonselectively excited spectra for indeno(l,2,3-cd)pyrene 

shown in Fig. 32, at decreasing concentrations from 75 to 1 ppm, reveal 

a separation of 3.78 nm between the prominent site lines at 462.52 and 

466.35 nm. These same lines appear to suffer from strong self-

absorption, i.e., their relative intensities relative to other lines in 

the spectra decreased with concentrations. The evident self-absorption 

of these lines indicates that both of them are 0-0 lines. This last 

conclusion was further confirmed by the work described below. 

Excitation spectra observed at of 462.57 and 466.35 nm for 

indeno(l,2,3-cd)pyrene are shown in Fig. 33A and C, respectively. The 

two excitation spectra are complicated and at first glance, they seem 

different. However, when the two spectra are placed as shown in Fig. 

33E, the structural similarity becomes clear. A comparison of line 

intensities in Figs. 32B and 33B and D for nonselective and selective 

excitation fluorescence, respectively (collected in Fig. 35F for easy 

comparison), suggests that there are two groups of lines; each group 

belonging to a different site. These sites are marked in Fig. 32B as 

site I and site II. Similarities in the excitation spectra (see Fig. 

33F) indicated that lines marked in Fig. 328 as 1,2,3,4 and a,b,c,d 

originate from molecules residing in site I and II, respectively. From 

these observations, it can be concluded that the fluorescence spectrum 

of indeno(l,2,3-cd)pyrene is the sum of two subspectra, which have simi

lar structure, with the group originating from site II being shifted by 
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about 4 nm to a longer wavelength relative to the group originating from 

site I. 

The excitation-emission profiles of the compounds anthanthrene, 

benzo(k)fluoranthene and benzo(b)fluoranthene were obtained by utilizing 

experimental procedures similar to those used for obtaining the spectra 

of indeno(l,2,3-cd)pyrene and are shown in Figs. 34 to 39. Of the four 

compounds, only benzo(b)fluoranthene exhibited relatively intense phos

phorescence. It is apparent that there are similarities in the excita

tion spectra shown in Figs. 38B and 39D, and Figs. 38D and 39B, which 

leads to the conclusion that the phosphorescence lines 524.91 nm and 

524.45 nm originate from site I and II, respectively. A Jablonski dia

gram base on the above conclusions is shown in Fig. 40. From the fig

ure, it is apparent that there is an inversion in the energy levels of 

states relative to the states for the molecules originating from 

the two sites. Apparently, the crystal field effects induce more sub

stantial shifts in the energy of the state at site I than at site II. 

A more critical theoretical investigation will probably reveal the rea

sons for the above observations. 

Coronene; an example of impurity effect on the spectrum of a given 
compound 

Nonselectively-excited, luminescence spectra of coronene in n-

octane for two different commercial products are shown in Fig. 40. The 

two spectra were approximately the same, but they were not in agreement 

with previously published spectra of coronene (206). The obtained spec

tra, however, and the published spectra showed a strong well-resolved 
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Figure 40. Nonselective excitation luminescence spectrum of two commercial brands of 2 ppm 
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phosphorescence line at 562,75 nm. Because this line could be conven

iently measured, it was used as the for determining the for 

coronene and for identifying the 0-0 excitation line. The obtained 

excitation spectrum, which is shown in Fig. 41, reveals that the longest 

wavelength line in this spectrum is at 425.60 nm (there were no peaks 

observed at higher wavelengths). When the excitation wavelength at 

400.73 nm (see Fig, 41) was used to excited the fluorescence emission, 

the spectrum shown in Fig, 42 was obtained. This spectrum is now in a 

good agreement with previously published (206) spectrum of coronene. 

When the two emission wavelengths at 443.93 and 444.54 nm (see Fig. 42) 

were used to record the excitation spectra, the spectra shown in Fig. 

43 were obtained. From these two spectra, the excitation wavelength at 

408.17 and 408.57 nm were selected to obtain the site-selective spectra, 

which are given in Fig. 44, 

The present study of coronene shows clearly how the presence of 

certain impurities can effect the spectrum of a given compound and how 

by applying LESS, one can discriminate against these impurities. The 

study also shows that LESS technique can be used to study the purity of 

PAH commercial products. 

Observed Luminescence Spectra of PNAs 

Beside the PAH compounds previously discussed, a number of other 

PNAs were also studied. The obtained luminescence spectra are shown in 

Figs. 45 to 76. As can be seen from these figures, the compounds stud

ied included normal PAHs, 4 amino derivatives, 3 nitrogen-, 5 sulfur-, 

and 2 oxygen-heterocyclic compounds. Comments on a few of the unusual 
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Figure 53A. Nonselectively excited phosphorescence emission spectra of 
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at = 339 nm 
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Figure 54. Nonselectively excited fluorescence emission spectrum of 
anthracene at 10 ppm in n-heptane 
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Figure 55. Nonselectively excited fluorescence emission spectrum of 
anthracene-djg at 10 ppm in n-heptane 
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Figure 57. Nonselectively fluorescence emission (A) and excitation (B) spectra of chrysene-d^g 
at 50 ppm in n-octane 
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Figure 58. Nonselectively phosphorescence emission of chrysene-d^g 
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Figure 59. Nonselectively excited fluorescence spectrum of benzo(b)-
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Figure 61. Nonselectively excited fluorescence spectrum of dibenzo-
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Figure 63. Excitation (A) and fluorescence emission (B) of 2-aminopyrene at 1 ppm at 10 ppm in 
n-octane 
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Figure 65. The Shpol'skii effect spectra of a mixture of 1-, 2- and 4-
aminopyrenes (AP) in n-octane at 15 K 
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Figure 66. Nonselectively excited fluorescence spectra of two commercial products of 1-amino-
anthracene at 10 ppm in n-heptane 
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Figure 68. Phosphorescence emission (A) and phosphorescence excitation (B) of 13H-dibenzo(a,j)-
acridine at 50 ppm in n-octane 
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Figure 69. Luminescence spectra of 7H-dibenzo(a,j)carbazole in n-octane 
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Figure 70. Luminescence spectra of 13H-dibenzo(a,i)carbazole in n-octane 
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Figure 71. Nonselectively excited fluorescence emission (A), excitation 
(B), and selectively excited fluorescence (C) of benzo(2,3)-
phenanthro(4,5-bcd)thiophene at 1 ppm in n-hexane 
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Figure 72B. Selectively excited phosphorescence emission of benzo(b)-
naphtho(l,2-d)thiophene at 10 ppm in n-heptane 
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Figure 72C. Nonselectively excited phosphorescence emission spectra of 
benzo(b)naphtho(2,l-d)thiophene at 100 ppm in n-heptane 
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Figure 73. Nonselectively excited fluorescence emission (A) and excitation (B) of chryseno(4,5-bcd) 
thiophene at 1 ppm in n-hexane 
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Figure 74A. Comparison between nonselectively excited fluorescence (1) 
and phosphorescence (2) of benzo(b)naphtho(2,3-d)thiophene 
at 10 ppm in n-heptane. Both spectra were recorded under 
identical conditions 
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Figure 75A. Nonselectively excited fluorescence emission (1), excitation 
(2), and selectively excited fluorescence emission (3) of 
dibenzofuran at 1 ppm in n-hexane 
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observations are made below. When no unusual observations were made, 

their luminescence spectra are simply given as a nucleus of the LESS 

atlas to be completed in the near future. 

Fluoranthene is a four ring compound exhibiting unusual solvent 

effects. As is seen in Figs. 48 and 49, the sharpest excitation and 

emission (fluorescence and phosphorescence) spectra are observed in a 

n-pentane solvent in contrast to n-heptane, which is an ideal solvent 

for pyrene, another four ring compound. However, n-pentane is not a 

suitable solvent for analytical work for reasons discussed earlier. 

Thus, the choice of an adequate solvent is limited to either n-hexane or 

n-heptane with the possibility of detecting either fluorescence or phos

phorescence. For the analysis of complex mixtures, the latter is to be 

preferred as it provides a simple spectrum. The excitation-emission 

spectra for 1-aminopyrene, 2-aminopyrene and 4-aminopyrene are shown in 

Figs. 62 to 64. The sharp line excitation spectra observed for the 

first two compounds is an indication that they are appropriately incor

porated in n-octane microcrystals to facilitate the observation of the 

Shpol'skii effect. In contrast, 4-aminopyrene does not appear to be 

incorporated in the host in a suitable manner resulting in broad band 

excitation spectra. This will preclude the selective excitation of the 

compound in complex mixtures. However, in a simple mixture, the three 

compounds can be readily identified as is seen in Fig. 65. Because of 

the sharp-line excitation spectra, it is feasible to selectively excite 

the fluorescence of 1- or 2-aminopyrene in the mixture but emission from 

4-aminopyrene will also be observed as the broad band excitation spectra 
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of 4-aniinopyrene will always overlap the excitation spectra of the other 

two compounds. 

The nonselectively excited fluorescence spectra for two commercial 

products of 1-aminoanthracene are shown in Fig. 66. Clearly, the two 

spectra are different and at least one of the two commercial products is 

not 1-aminoanthracene. This reemphasizes what was previously mentioned, 

that is, LESS can be used to determine the identity of a given PAH if 

the LESS reference spectra for that compound are available. 

The use of LESS to study heterocyclic aromatic compounds (to our 

knowledge) has hitherto not been reported. This is due partially to the 

lack of standard substances and partially to the fact that many hetero

cyclic compounds have low quantum efficiency. The heterocyclic com

pounds studied in the present work showed typical Shpol'skii spectra. A 

general observation for these compounds is that photodecomposition oc

curs, especially under prolonged exposure to the laser radiation. This 

was concluded from the gradual decrease in the peak intensities with 

time of exposure. 
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CHAPTER 5. ANALYTICAL APPLICATIONS 

The Shpol'skii effect has opened up new possibilities for research 

on luminescence spectra for purposes of qualitative and quantitative 

analysis of polynuclear aromatic hydrocarbons. As a result of their 

high selectivity, individuality and sensitivity, the quasi linear lumi

nescence spectra of frozen n-alkane solutions of these compounds have 

found wide use for analytical ends. In the present study, the analyti

cal investigation was not meant to determine as many PNAs as possible in 

one sample, but to examine the feasibility of utilizing LESS to identify 

and quantitate selected PNA compounds in a number of samples of various 

complexity. 

Samples Analyzed 

Urban air particulate sample (SRM 1649) 

The sample was prepared from atmospheric particulate matter col

lected in the Washington, DC area. The material was collected over a 

period in excess of one year and, therefore, represents a time-

integrated sample (207). 

Diesel particulate (SRM 1650) 

These are exhaust particulates emitted by diesel engines (208). 

SRC-II 

SRC is defined as the pyridine-soluble coal-derived product boiling 

generally above about 800°F (209). 

The above three samples were provided by NBS as part of the round-

robin analysis for the NBS surrogate reference materials program. The 
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objective of this program is to evaluate, with provided material, the 

effectiveness of the various techniques utilized by different laborato

ries for the determination of trace organic constituents in these 

samples. 

Carbon blacks 

Carbon blacks are used in the reinforcing of rubber for tires and 

other articles and as a pigment in inks and paints. Carbon blacks are 

produced by the "furnace combustion" method. By this method, raw mate

rial (mineral oils, natural gas, or other hydrocarbons) are submitted to 

"cracking" and the cracked products are burned in refractory lined fur

naces with a deficiency of air (210). A carbon black sample was pro

vided by Prof. Milton L. Lee, Department of Chemistry, Brigham Young 

University, Provo, UT. 

Sample Extraction Procedures 

Particulate samples 

These procedures should meet the following criteria: (a) high 

extraction efficiencies for a wide range of organic and organometallic 

compounds without limitation on molecular weight; (b) feasibility of 

extraction from small sized samples, preferably less than 100 mg; (c) 

shorter extraction times to facilitate the analysis of a large number of 

samples; (d) small solvent volumes (<1 to 2 ml) to facilitate direct 

analysis of the extract and to minimize losses that may occur on evapo

ration of large solvent volumes; and (e) the use of solvents that are 

compatible with the LESS analytical approach. 
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An overall procedure that satisfies these criteria to a high degree 

is based on moderately high temperature extractions (240°C) with high 

boiling solvents (>250°C) that are directly compatible for the direct 

determiantion of the PAHs with LESS (170). 

The high temperature extractions were accomplished as follows. To 

particulate samples weighing between 50 mg and 200 mg contained in a 10 

ml test tube, diphenylmethane (B .p. 265°C) was added and the mixture was 

heated for five minutes in a molten salt bath maintained at 240°C. The 

salt bath consisted of an equimolar mixture of NaNOg and KNOg. The hot 

extract was immediately filtered through a glass microfiber filter 

(Whatman 934-AH) fitted to a small Buchner funnel set in a test tube 

with a side arm attached to a vacuum filtration system. The extract was 

separated from the particulate matter in less than one minute after 

extraction to prevent readsorbtion of organics on cooling. The extracts 

were immediately frozen and kept frozen until analyzed to preserve the 

compositional integrity. Solvent blanks were also obtained under the 

above conditions. 

SRC-II sample 

A 0.1 ml portion of SRC-II sample was pipetted into a 10 ml volu

metric flask and diluted with n-octane solvent to the mark. The re

sulting solution was agitated using a mechanical shaker at room tempera

ture for at least 10 minutes, and then left unagitated for 2 hours, 

agitated again for 10 minutes, and then left unagitated for several 

hours, usually overnight, to allow the insoluble residue to settle to 

the bottom of the solution flask. For qualitative analysis, the solu
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tion portion of the dilute solution was pipetted into a volumetric flask 

for further dilution prior to spectroscopic investigations. 

Identification of PNAs in SRC-II and Carbon Black 

The most direct LESS method of qualitative analysis is to compare 

the LESS emission spectrum of the substance being analyzed with that of 

the compound of interest. The procedure is simple and can often be very 

efficient. However, for many complex samples, spectral identification 

is not always straightforward because the component of interest is 

buried inside a composite spectrum with overlapping bands. In such 

cases, the standard addition technique can be used to confirm the spec

tral identification. The compound of interest is added to the sample at 

increasing concentration levels and the spectra of the mixture (sample 

plus added compound) is recorded. If the suspected compound was already 

present in the original sample, then only the characteristic peaks will 

increase in intensity. A practical example illustrating these two meth

ods (spectral identification and standard addition) is shown in Fig. 77 

for the identification of anthantherene in SRC-II sample. In this fig

ure, site-specific spectra unambiguously identify anthantherene. The 

figure shows the specificity achieved with the use of the LESS emission 

spectra for identification, especially when the compound of interest is 

a major component in the sample and has a high quantum yield. 

In the same manner for the heterocyclic compound studied in the 

present work, SRC-II was examined for nitrogen compounds and dibenzo-

furan, and carbon black was examined for sulfur compounds. The data 
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Table 4. Analysis of SRC-II and carbon black for PNAs 

Carbon 
Compound SRC-II Compound Black 

dibenzo(a,j)acridine X benzo(b}napththo(l,2-d)thiophene X 

13-H dibenzo(a,i)carbazole ND benzo(2,3)phenanthro(4,5-bcd)thiophene X 

7-H dibenzo(c,j)carbazole NO chryseno(4,5-bcd)thiophene X 

dibenzofuran X benzo(b)naphtho{2,3-d)thiophene ND 
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obtained are summarized in Table 4, The PNA that was searched for is 

indicated either by a check mark (identified), or by ND (not detected). 

Quantitative Determination of PAHs in Urban Air and 
Diesel Particulate Samples 

Seven PAHs were identified and quantitated in both urban air par

ticulate (SRM 1649) and diesel particulate (SRM 1650) samples. For a 

given PAH, one of the following methods was used for quantitation. 

Internal reference method 

For quantitative determinations, the internal reference principle 

was adopted to compensate for: (a) any variations of the sample cell 

position in the optical path; (b) drift in the single beam laser output; 

(c) possible variations in the inhomogeneity of the front surface of the 

sample, which may give rise to variable reflectivity; and (d) intermo-

lecular interactions that may occur in samples of widely varying compo

sition (170). The selection criteria of an internal reference compound 

was discussed on page 65. 

In the internal reference method, a number of reference solutions 

with increasing concentrations for the target PAH are prepared to cover 

the concentration range of interest. During the preparation of these 

standard as well as sample solutions, the internal reference is added in 

constant concentration to all of them. An analytical calibration curve 

is plotted as the ratio of the luminescence line intensities of the 

analyte to that of the internal reference line. The ratio of line in

tensities of the internal reference and the sample is then used to cal

culate the unknown concentration of the PAH in the sample. 
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Standard addition method 

Because of the complex nature of many samples, the "inner filter 

effect" may result in quenching or enhancement of the observed lumines

cence (75). In the absence of a suitable internal reference, the ana

lytical bias that may be occasioned by this effect can usually be elimi

nated through the standard additions approach (182). In this approach, 

the procedure for quantifying a given analyte in a sample consists of 

first preparing a series of solutions containing the same amount of the 

original sample but increasing amounts of added analyte. All the mix

tures are then analyzed under identical experimental conditions. The 

analyte emission readings for these mixtures are then corrected for 

background and plotted against the concentrations of the added reference 

compound present in the solution. The resulting extrapolated line in

tersecting the concentration axis indicates the concentration of the 

analyte in the sample. 

Internal reference-standard addition combination 

In making up the series of solutions for analysis by the standard 

addition method, an internal reference substance can be introduced in 

the same concentration Into the solution. 

The PAHs quantitated and the method of quantitation for each com

pound are given in Table 5. The two particulate samples were extracted 

by the high temperature extraction procedure described before using 

diphenylmethane. It was found that a dilution ratio of 200 using, e.g.,  

n-octane for the obtained extract was appropriate. At lower dilution 

ratios, e.g.,  100, the diphenylmethane concentration disturbed the crys-
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Table 5. Quantitated PAHs and the method of quantitation for each compound 

Urban Air Part. Diesel Particulate 
Compound Internal Reference^ (SRM 1649) (SRH 1650) 

Name 
(nS? 

Method Used Name *em LESS 
ppm 

NBS 
ppra 

LESS 
ppm 

NBS 
ppm 

benzo(a)pyrene 388.72 402.98 internal ref. B(a)P-d22 402.06 3.2±0.2b 2.9+0.3C 1.7+0.2b 1.9+1.7C 

benzo(k)-
fluoranthene 

386.78 403.55 internal ref. B(a)P-dj2 402.06 2.5+0.3 2.0+0.2 0.5+0.1 2.0+0.4 

benzo(ghi)-
perylene 

387.79 419.56 internal ref. B{a)P-dj2 402.06 6.3±0.4 4.7+0.2 2.4+0.2 3.9+2.4 

benzo(a)-
anthracene 

374.18 384.16 internal ref. B (a)A-dj2 383.66 2.8+0.2 2.5+0.3 5.8+0.3 7.7+3.8 

pyrene 357.31 372.01 internal ref. pyrene-djg 370.93 6.6+0.3 6.3+0.4 50.7+1.5 42.9+6.9 

benzo(e)pyrene 366.58 537.59 standard add. - - 3.2+0.2 3.3+0.2 9.7±0.3 9.3+2.7 

perylene 420.52 444.57 standard 
and 

internal 

add. 

ref. 

perylene-dj2 443.52 0.73+0.04 0.15±0.01 0.13+0.01 

for the internal reference was the same as that of the target compound. 

''Deviation from the mean of replicate values. 

•-Half of the range of the values reported by different laboratories. 
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talline matrix and effected the quasi linear spectrum of the analyte of 

interest. At higher dilution ratios, e.g.,  400, the analyte concentra

tion became too diluted to a given measurable signal. Background cor

rection was performed for all the peaks utilized for the calculation. 

The background was measured at both sides of the base of the peak of 

interest. The average of the two measurements was then subtracted from 

the total signal. The results of the determination are given in Table 4 

as well as the data from NBS for comparison. Examples of actual spectra 

of PAHs in the real samples are shown in Fig. 78. Analytical calibra

tion curves for the seven compounds determined are shown in Figs. 79 to 

83. In case of perylene, the internal standard-standard additions 

method was used to obtain the best straight line fit of the data points 

and to avoid possible error in the slope of that line. This was per

formed when the qualitative examinations showed that the concentration 

of perylene was low, as can be seen in Table 5. When the diesel partic

ulate sample was analyzed by different laboratories, benzo(k)fluoran-

thene was reported only by the NBS and by the LESS. The NBS value for 

B(k)F was 4 times that obtained by the LESS technique. Repetition of 

LESS analysis for B(k)F confirmed the value of 0.5 ± 0.1 ppm. 
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anthracene-di2 (15 ppb) as internal reference (B). Excitation and emission wave
lengths are given in Table 5 
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Figure 81. Analytical calibration curve for pyrene utilizing pyrene-dig (10 Ppb) as internal ref
erence (A) and selectively excited fluorescence emission of pyrene in particulate 
sample spiked with pyrene-d.* (B). Excitation and emission wavelengths are given in 
Table 5 



www.manaraa.com

168 

Urban Air Particulate 
cu c 

QJ -»-> 

Q. 

-10 0 10 

B(e)P concentration (ppb) 

Diesel Particulate 

o ^ s: (O 
a. (u 

-10 0 10 

B(e)P concentration (ppb) 

Figure 82. Calibration curves for benzo(e)pyrene by the method of 
standard additions. Excitation and emission wavelengths 
are given in Table 5 
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Figure 83. Calibration curves for perylene in SRM 1649 (A) and in SRM 
1650 (B) by the method of internal reference standard addi
tions. Excitation and emission wavelengths are given in 
Table 5 
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