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Abstract:
The first polarized two-photon fluorescence excitation spectra of jet-cooled indole, 3-methylindole,
3-trideuterio-methylindole, and 5-methylindole were obtained. The 1Lb and previously unidentified
1La state were distinguished for the first time under vacuum excitation conditions, at medium
resolution (≈.2 cm-1) by measuring the ratio of signal intensity for circularly and then linearly
polarized light.

A number of transitions to both states were classified for these compounds. The transitions classified as
1La by two-photon excitation were not identified in earlier one-photon excitation experiments, because
of fast internal conversion (< 1 ns) to the 1Lb state prior to fluorescence.

Methyl rotor structure was apparent in one-photon excitation spectra for 3-methylindole and
5-methylindole, and was used to help assign some weak transitions as 1La or 1Lb based on a calculated
fit of the methyl rotor. Three new transitions were documented in the spectrum of 3-methylindole.
Two-photon data for 3-methylindole also exhibited methyl rotor structure that was helpful in making
assignments.

Evidence is presented which supports the assignment of +455 - 480 cm'1 transitions of indole as a split
1La origin. The lowest 1La transition of 5-methylindole is observed 1,424 cm-1 above the 1Lb origin,
and is proposed as the 1La origin. Two-photon experiments performed on the 3-methylindole water
complex, along with bare 3-methylindole, suggest that there is an avoided-crossing between the 1La
and 1Lb potential surfaces. The 1La origin of 3-methylindole appears to split into a number of
transitions in the region of +334 - 450 cm-1, possibly a result of the avoided-crossing.

Also included in this work are the polarized two-photon excitation spectra of indole and
3-methylindole in perfluorohexane, and indole vapor at 25°C 1 atm N2. Both states were observed in
these experiments.

This work is significant to protein spectroscopy because indole has been studied as a model to help
understand the spectroscopy of the amino acid tryptophan. Indole’s 1La and 1Lb states are sensitive to
the local environment, and may be useful as probes to protein structure. The detailed information of
this work will improve the possibility of using tryptophan as a probe. 
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ABSTRACT

The first polarized two-photon fluorescence excitation spectra of jet-cooled indole, 
3-methylindole, 3-trideuterio-methylindole, and 5-methylindole were obtained. The 1Lb 
and previously unidentified 1La state were distinguished for the first time under vacuum 
excitation conditions, at medium resolution (=.2 cm"1) by measuring the ratio of signal 
intensity for circularly and then linearly polarized light.

A number of transitions to both states were classified for these compounds. The 
transitions classified as 1La by two-photon excitation were not identified in earlier one- 
photon excitation experiments, because of fast internal conversion (< I ns) to the 1Lb 
state prior to fluorescence.

Methyl rotor structure was apparent in one-photon excitation spectra for 3- 
methylindole and 5-methylindole, and was used to help assign some weak transitions as 
La or Lb based on a calculated fit of the methyl rotor. Three new transitions were 

documented in the spectrum of 3-methylindole. Two-photon data for 3-methylindole 
also exhibited methyl rotor structure that was helpful in making assignments.

Evidence is presented which supports the assignment of +455 - 480 cm"1 transitions 
of indole as a split 1La origin. The lowest 1La transition of 5-methylindole is observed 
1,424 cm"1 above the 1Lb origin, and is proposed as the 1La origin. Two-photon 
experiments performed on the 3-methylindole water complex, along with bare 3- 
methylindole, suggest that there is an avoided-crossing between the 1La and 1Lb potential 
surfaces. The 1La origin of 3-methylindole appears to split into a number of transitions 
in the region of +334 - 450 cm"1, possibly a result of the avoided-crossing.

Also included in this work are the polarized two-photon excitation spectra of indole 
and 3-methylindole in perfluorohexane, and indole vapor at 25°C I atm N2. Both states . 
were observed in these experiments.

This work is significant to protein spectroscopy because indole has been studied as 
a model to help understand the spectroscopy of the amino acid tryptophan. Indole’s 1La 
and 1Lb states are sensitive to the local environment, and may be useful as probes to 
protein structure. The detailed information of this work will improve the possibility of 
using tryptophan as a probe.
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CHAPTER I 

INTRODUCTION 

General

Proteins play a crucial role in virtually every biological process. The significance 

and remarkable scope of their functions include immune protection, enzymatic catalysis, 

and the generation and transport of nerve impulses. The broad range of functions 

mediated by proteins results from the diversity and versatility of the amino acids from 

which they are made. Only by carefully studying the physical properties of the amino 

acids, will it be possible to begin to understand the chemistry of proteins.

The characteristics of a given protein are governed by the sequence in which the 

amino acids are linked and the overall conformation assumed by this chain. The 

procedures for determining the amino acid sequence of a protein have become 

commonplace (I). Yet, just the opposite is true for ascertaining the conformational 

aspects of this chain. An understanding of the role conformation plays in protein 

chemistry is being explored in a number of ways: NMR, molecular modeling and 

dynamics, crystallography, and laser spectroscopy. Of all the aforementioned areas, 

laser spectroscopy is a particularly promising area in that in vivo experiments are 

possible, and as such could possibly help reveal the relationship between protein
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chemistry and conformational dynamics in a living system.

Fluorescence spectroscopy was first used as a method of quantitative analysis at its 

inception approximately 50 years ago, and it has since proven useful for a variety of 

other spectroscopic applications. The interaction of electromagnetic radiation with 

matter creates a window with which to view the fundamental physics governing the 

interactions of atoms and molecules. The phenomenon in which matter absorbs 

resonance energy and then loses it through fluorescence or phosphorescence contains a 

wealth of information concerning molecular structure and chemical reactivity. Since the 

observed fluorescence of aromatic amino acids reflects the interaction of balanced forces 

within the protein, it is extremely sensitive to the local environment of the chromophore 

within the protein (2,3,4). Spectroscopic measurements of fluorescence parameters such 

as lifetime and polarization data yield information which is indicative of a 

chromophore’s local environment and thus, contains information relating to the shape 

or conformation of the protein.

This thesis presents a study of tryptophan’s two Tc) electronic transitions known 

as 1La and 1Lb (S1 and S2, respectively, if 1La is lowest) using Platt’s nomenclature (5). 

These two transitions are analyzed with one-photon fluorescence excitation spectroscopy 

(OPE) and a relatively new application of polarized two-photon fluorescence excitation 

spectroscopy (TPE) (6). A recent advancement in the interpretation of £2, the ratio of 

circular to linear transition intensities, for a TPE spectrum of the indole chromophore 

is used to analyze the first TPE spectra of jet-cooled indole, 3-methylindole (3MI), 3- 

trideuterio-methylindole (d3-3MI), and 5-methylindole (5MI). In preparation for the jet-
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cooled experiments, the first TPE spectra of both indole and 3MI solvated with 

perfluorohexane are measured, as well as the TPE spectrum of indole vapor at room 

temperature. Tliese experiments are done in conjunction with high resolution jet-cooled 

OPE experiments of all of the above-mentioned compounds, with this being the first 

reported jet-cooled spectrum of d3-3MI.

Figure I. The indole molecule and its ring numbering system.

By measuring the ratio of circular to linear fluorescence intensities obtained from 

a two-photon excitation process, it is possible to ascertain which of the two possible 

7t*<—TC transitions must have taken place; either 1Lâ -S0 or 1Lb̂ -S0 (see Figure 2). The 

results of OPE spectroscopy are used to help interpret the TPE data as well as providing 

new insights into the photophysics of indole.

Because the excitation energy necessary to reach either the 1La or 1Lb excited state 

depends on the local environment of tryptophan’s chromophore, i.e. the relative energy 

of these states is a function of the protein’s conformation in their locale, tryptophan is 

a candidate for use as a probe to help unravel the relationship between protein chemistry 

and conformation. Therefore, a complete understanding of indole’s photophysics as a 

function of various perturbations is essential before its spectroscopic behavior in a
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protein can be helpful in understanding the local environment of the protein, and thus 

its conformation.

Figure 2. A simple depiction of indole’s two overlapping 
re* <— 7r electronic transitions.

This research is concerned with understanding the behavior of these two excited 

states in the absence of any external perturbations on the chromophore. It is important 

that the photophysics of the bare molecule be studied, so that the effects of solvation 

can be better understood. The necessary experimental conditions are obtained by using 

a free-expansion jet system. By directing a earner gas (He) entrained with sample 

through a small orifice at high pressure (=4 atm) into a region of low pressure (=10 6 

ton), the entrained molecules are cooled down to near their ground vibrational and
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rotational states. This cooling process occurs through a collisional energy exchange; the 

random molecular motion of the gas is converted into directed energy flow of the 

expansion. Thus, a greatly simplified excitation spectrum of the isolated molecule is 

created since all transitions must start from approximately the same ground state energy.

Historical

Protein luminescence was probably first observed by Becchari in the early eighteen 

century. He observed the glow of his own hand in a dark room after exposure to 

sunlight (7). Yet, it was not until the middle of the twentieth century that the molecular 

substrate responsible for this phenomenon was discovered.

The fluorescence of various biological moieties began to be reported in the latter 

half of the nineteenth century. Regnault in 1859 and Schenov in 1859 observed 

fluorescence of the skin, and in 1883 Soret described the violet fluorescence of myosin. 

Fluorescence of vertebrate eyes was observed by Hemholtz in 1886; Hess then observed 

it in the eyes of crustaceans in 1911. The violet, blue, or yellowish-blue color 

fluorescence observed in albumin, casein, and elastin proteins was investigated by 

Svedberg (1925), Liesegang (1926), Pringshein (1928), Tiselius (1930), and Teichler 

(1931) (8). In most cases this fluorescence was due to impurities or chemically altered 

components of proteins.

By 1950, it was well understood that the observed ultraviolet fluorescence from 

various biological samples was due solely to proteinaceous material within the various 

samples. In 1953, Weber postulated that the ultraviolet fluorescence of proteins could
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be attributed to the aromatic amino acids (9). This hypothesis was supported by his 

observations that the band shapes and absorption maxima of proteins were very similar 

to those observed for the aromatic amino acids. In fact, Weber correctly predicted an 

important new area of spectroscopy. "A study of the ultraviolet fluorescence of 

aromatic amino acids and proteins would no doubt provide interesting details as regards 

the interaction of the aromatic residues in the protein molecules as well as help in the 

interpretation of the absorption spectra themselves" (8). Three years later, Shore and 

Pardee were the first to report the measured fluorescence of purified proteins and 

demonstrate that this fluorescence was due solely to the three aromatic amino acids: 

phenylalanine, tyrosine, and tryptophan (9). These results were further supported by 

Duggan and Udenfriend in 1956, and were expanded upon in 1957 when Teale and 

Weber reported the measured fluorescence of free aromatic amino acids in solution 

( 10,11).

Of the three amino acids possessing an aromatic ring, tryptophan exhibits the most 

intense fluorescence in the native state and, as a result, almost all of the observed 

fluorescence of most proteins can be attributed to tryptophan residues. Therefore, 

studies focusing on the fluorescence of isolated tryptophan molecules are an important 

step in understanding the spectroscopy of proteins and thus, proteins themselves.

Background

The indole chromophore of the amino acid tryptophan is important in spectroscopic 

studies of proteins because its spectral characteristics are environment-dependent.
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Indole’s spectral sensitivity is due to the existence of two overlapping, JtTt*, electronic 

transitions, designated 1La and 1Lb, using the nomenclature developed by Platt (5,12). 

Given that excitation energies to these two quasi-degenerate states depend on the 

molecule’s environment, the usefulness of the indole chromophore as a probe of protein 

stmcture clearly depends on a thorough understanding of these two states. To this end, 

a great deal of research has been performed on indole and its analogues, and therefore, 

the characterization of the 1La and 1Lb states has slowly developed over time.

In 1960, Weber stated that the polarization spectrum of indole can only be explained 

by the existence of at least two electronic states (13). After performing fluorescence 

polarization experiments on indole and tryptophan in rigid propylene glycol, V aleur and 

Weber concluded that the longest wavelength-absorption (290 nm) band consisted of two 

independent electronic transitions (14). They resolved these band quantitatively by 

analyzing the anisotropy of the emission spectrum. These two transitions have been 

identified as 1La- and 1Lb̂ type transitions, in accordance with the absorption theory of 

aromatic hydrocarbons (13). The anisotropy measurements showed 1La to be a broad 

band with its absorption maximum at higher energy and its origin at lower energy than 

the narrower, structured 1Lb band. These differences are ascribed to their dissimilar 

Franck-Condon factors (14,15,16,17).

Measurements of the 1La and 1Lb permanent dipoles show that the 1Lb dipole is very 

similar to that of the ground state, while the 1La has a dipole is over two times larger 

than that of the ground state. The 1La dipole moment was calculated to be 5.4 debye. 

This analysis was based on values obtained from solvent-induced shifts measured from
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absorption spectra (18). A measurement of the vacuum Stark effect yielded a dipole 

moment of 2.3 debye for the 1Lb state, which is very close the calculated ground state 

value of =2 debye (19,20).

One-photon absorption studies by Strickland and co-workers illustrate how 

substitutions and solvent perturbations of the indole chromophore can differentially shift 

these two states (16,17,21). The 1La is much more sensitive to solvent polarity, as 

compared to the 1Lb state. This is a result of the 1La state having a larger permanent 

dipole moment than the ground state. By utilizing the 1La state’s sensitivity to solvent 

perturbations, Strickland came to the following conclusions regarding indole, 3MI, and 

5MI: the 1La origin lies above 1Lb for indole in vapor and methy!cyclohexane, and for 

5MI in cyclohexane. Both the 1La and 1Lb origins of 3MI occur at approximately the 

same energy in methylcyclohexane, while the 1La origin is seen to shift further to the 

blue than the 1Lb origin in vapor.

Callis and co-workers presented a direct method for observing the locations of the 

1La and 1Lb states with polarized two-photon absorption spectroscopy (6,22,23). Their 

studies focused on how a polar versus a non-polar solvent would affect the positions of 

the 1La and *Lb bands in indole, 3MI, 5MI, and 2,3-dimethylindole (2,3MI). The TPE 

spectra yielded several important results. First, there was a reasonably close 

correspondence of the TPE with OPE in all cases. Secondly, all studies are consistent 

with the premise that a polar solvent causes substantial red-shift of the 1La band relative 

to the 1Lb, and that the 1Lb is more structured, compared with the broader 1La band. 

Using a non-polar solvent, cyclohexane, Callis and Rehms found the 1La absorption to
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be to the blue of the 1Lb for indole and 5MI, whereas the red edge is predominately 1La 

absorption in 3MI and 2,3MI. However, using a polar solvent, butanol, all compounds 

studied revealed that the 1La absorption had red-shifted relative to the non-polar 

environment of cyclohexane. These results are in agreement with Strickland’s work and 

others (24). The technique of polarized two-photon excitation spectroscopy supplied 

valuable information which is independent and complementary to that given by 

conventional OPE spectroscopy.

Early work performed by Hollas and by Mani and Lombardi on the gas phase 

absorption spectrum of indole identified one electronic transition (25,26). This transition 

has been assigned to the 1Lb state (25,26,27,28). Fluorescence excitation spectroscopy 

in a free-expansion jet has identified many 1Lb transitions, including the origins, for 

indole, 3MI, and 5MI, but the 1La state had yet to be observed for any of these 

compounds when either in a buffer gas at I atm or in a free-expansion jet (27,28,29,30, 

31,32,33,34,35,36). A possible 1La origin for 3MI in a supersonic jet has been proposed 

by Hays and co-workers based on comparisons between the relative intensities of the 

P, Q, and R rotational branches (31). By locating the 1La state of indole and 3MI in 

methylcyclohexane and following its shift when the solvent is changed to perfluorinated 

hexane, Strickland and co-workers extrapolated the results to the gas phase in order to 

locate the 1La origin in the vapor at 274 nm (21). One-photon excitation experiments 

by Hlich showed that the quantum yield of indole vapor increased when the pressure of 

the buffer gas, argon, was increased horn 80 to 800 torr (37). The excitation spectrum 

at this higher pressure resembles the 1La absorption spectrum, thus suggesting that
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fluorescence from the 1La state was observable at higher pressures, but not at lower 

pressures due to the state becoming dissociative. Therefore, a pressure dependent 

dissociative mechanism was offered as a explanation for the absences of observed 1La 

fluorescence under vacuum excitation conditions (40).

Statement of the Problem

In previous research, there had not been any positive identification of the iLa state 

for either indole, 3MI, or 5MI when the fluorescence excitation spectra had been 

measured in a buffer gas at one atmosphere or in a free-expansion jet when performing 

one-photon excitation experiments, even though 1Lb states have been identified under 

these same conditions. This led to the notion that the 1La state must have solvent 

stabilization in order for it to be observed. In fact, the fate of the 1La state in a vacuum 

has been much debated, and as such, non-fadiative pathways have been implicated in 

an effort to explain the missing 1La fluorescence. Apparently, these pathways are so fast 

for the 1La state, that they cause the quantum yield to drop below experimental 

detection, as opposed to 1Lb excitation, which has measurable fluorescence. The two 

most common proposals used to explain the missing *La fluorescence are internal 

conversion to the ground state, and a model where excitation to the 1La state leads to 

dissociation, presumably through the scission of the nitrogen hydrogen bond 

(18,30,36,39,40). As support for the dissociation model, Evleth and co-workers 

proposed a simple correlation diagram for co-planar and non-planar N-H bond rapture 

based on CNDO/S calculations (41). Other non-radiative pathways that have been
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implicated to explain the missing 1La fluorescence are intersystem crossing to the triplet 

state and photoejection (42,43,44). However, the simple possibility that the 1La state has 

not been observed due to lack of resonance, i.e., the correct excitation energy has not 

been used, must not be overlooked.

The goal of the research presented here was to determine the fate of the 1La state 

upon excitation under vacuum conditions. Because there was evidence that the 

fluorescence quantum yield of the 1La state was pressure-dependent, the approach was 

to first study indole at I atm with nitrogen as the buffer gas. This experiment was used 

to determine whether or not the L̂a state was observable in the gas phase at I atm. 

Since the results of this two-photon excitation experiment positively identified both the 

1La and 1Lb states of indole, the next experiment was to measure the two-photon 

fluorescence excitation spectrum of jet-cooled indole. The identification of indole s La 

and 1Lb states under vacuum excitation conditions open the door for a complete study 

of these states in indole, 3MI, d3-3MI, and 5MI.

Technique

The technique developed by Callis and co-workers which utilizes the photoselection 

imposed by a one-color two-photon absorption process was used. This technique 

involves the absorption of two visible photons to reach the same excited state that one 

photon of ultraviolet energy will reach. Since the molecules are motionless in the time 

interval of two-photon absorption, photoselection occurs in the ground state, which 

means that any observed photoselection is dependent only upon the initial excited state
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reached, and therefore information regarding this state is available whether or not it is 

the same state that fluoresces (45). These authors have shown that polarized two-photon 

fluorescence excitation spectroscopy, offers a direct method of identifying the 1La and 

1Lb states of the tryptophan chromophore (6,22).

Photoselection dependents on the polarization of the photons. Therefore, states 

which reflect this dependence can be distinguished based on the polarization of photons 

used (46). Indole’s 1La and 1Lb states were determined to have preferential absorption 

depending on the polarization of the exciting light (6,22,47,48). This dependency can 

easily be observed when the polarization ratio, O, the ratio of two-photon absorptivities 

for circularly polarized versus linearly polarized light (£2 = ScirZSlin), is plotted versus 

wavelength. A high polarization ratio ( £2 = 1.5 ) is associated with the 1Lb state, while 

a low polarization ratio ( £2 = 0.5 ) is associated with the 1La state. These experimental 

results are in harmony with the theoretical calculations. Callis and co-workers have 

computed the two-photon properties of the 1Lb and 1La states of indole using an INDO/S 

method. Theoretical results predict the polarization ratio to be approximately 1.5 for the 

1Lb state and 0.35-0.7 for the 1La state (22,49).

Experimentally, it has been shown that the polarization dependencies of the 1La and 

1Lb states of indole are not changed significantly by methyl substitution or solvent 

perturbations. Thus, a positive identification of the regions of 1La and 1Lb absorption 

of methylated indoles is possible. This technique has been utilized successfully in 

studies of solvent, substitution, and charge effects on methyl indole’s 1La and 1Lb states

(6,23).
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CHAPTER 2

MOLECULAR TWO-PHOTON SPECTROSCOPY 

Two-photon Cross-section

The possibility of two-photon absorption was first outlined theoretically by 

Goeppert-Mayer in 1931 (50). This possibility occurred to her when she was working 

with Dirac’s dispersion theory. Dirac had already realized that the first-order 

perturbation theory of the effect of light on matter yielded terms describing the 

absorption and emission of a single photon, and that second-order perturbation theory 

gave terms which represented transmission and scattering events. But when she studied 

these second^order terms, she realized that these terms also described the simultaneous 

absorption or emission of two non-resonant photons (whose sum energy is resonant) by 

matter (51).

The probability of a two-photon absorption process is given by the two-photon 

cross-section, which is shown below,

wi r Kl2\Y. (ei'</|r|fc>)(<<:|r|g>'e9  |2

were K is a set of constants, and I is the intensity of the incident radiation (52). This
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equation shows that the probability of a two-photon absorption is proportional to the 

square of the laser intensity. The expression being summed over k is the 3 x 3  

transition tensor for a two-photon absorption process, as opposed to a dipole allowed 

one-photon process, which has only a transition vector. This tensor represents a two- 

photon transition from an initial state "g" to a final state 'f', via a set of virtual states 

"k". Absorption of the first photon with a polarization "e" changes the state of the 

system "g" to 'Vc", and the simultaneous absorption of a second photon with polarization 

”e", changes the system from "k'' to wkg is the energy difference between the initial 

and virtual state, and w is the laser frequency.

Polarization Dependence

The probability of a two-photon absorption event occurring is not based only on 

purely molecular properties; the expression for two-photon cross-section contains the 

polarization vectors C1 and e2 (53). These polarization vectors, i.e. the polarization of 

the incident radiation, can be experimentally manipulated, which allows some limited 

control over what rotational and vibrational transitions will be allowed (54). This 

implies that by changing the polarization of the exciting light, new spectroscopic 

information for a molecule can be accessed.

The two-photon transition tensor can be factored into three independent components 

which are expressed in the form of the products of the geometrical factors Cj, the 

molecular factors Mj, and the rotational factors Rj as shown below (45).
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< ^ - / >  = C0 M0 R0  + CiM1Rl + C2 M2 R2

The Rj’s are rotational factors determined by rotational selection rules, the Mj’s are the 

molecular factors obtained from the two-photon tensor, and the Gr’s are the polarization- 

dependent geometrical factors. The three above terms are, moving from left to right, 

known as the isotropic, antisymmetric, and symmetric anisotropic tensors. For one-color 

experiments (both photons have the same energy) the antisymmetric term goes to zero, 

and because all experiments presented here are of this type, the antisymmetric term will 

not be considered further (55).

If a transition is due to only the isotropic component (C0MqR0) then rotational 

selection rules require that AJ and AK = 0, while a symmetric anisotropic (C2M2 R2 ) 

transition can have AJ and AK = 0, ±1, 2± (53). This results in only the Q rotational 

branch being allowed for the isotropic tensor, but the symmetric anisotropic tensor cart 

have O, P, Q, R, and S rotational branches. The molecular factors depend on the 

particular transition occurring. Geometrical factors depend on both the polarization of 

the laser light and the form of the transition tensor. A transition induced by linearly 

polarized laser light will have a value of 1/3 for C0 and 2/15 for C2. In contrast, 

circularly polarized light has a geometrical factor of 0 for C0 terms, and 1/5 for C2 

terms. Thus, if  two transitions were measured, one due to only an isotropic tensor, and 

the other due to a symmetric anisotropic tensor, quite different results would occur, 

depending on the polarization of the light used to make the transitions. Linear light 

would show similar intensity for both transitions, but the isotropic one would exhibit all
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its intensity in a single dominant Q-branch, whereas the symmetric anisotropic transition 

would spread its intensity over all rotational branches. In contrast, circularly polarized 

light would show only the transition due to the symmetric anisotropic tensor since; the 

C0 for the isotropic transition is equal to zero.

The two-photon polarization parameter £2 is defined as (56)

<W. , oo>
-----^ ------- = Q

The value is bound to the interval 0 < £2 < 1.5. This arises from the fact that an 

isotropic tensor will have an £2 value of 0, and a symmetric anisotropic tensor has a 

value of 1.5 for £2. The character of the tensors making up a given transition will be 

reflected in the polarization ratio. A transition whose makeup was ~50% isotropic and 

«50% symmetric anisotropic in character would result in a measured £2 of .75, the 

average value of these two tensors.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

Details of experimental design, equipment, and procedures used in this study are 

described in this chapter. The following topics of experimental importance are 

discussed: the source of the chemical compounds used for this investigation, and the 

subsequent synthesis of 3-trideuterio-methylindole; next, the sample preparation required 

for each of the experiments performed are discussed: TPE spectroscopy experiments of 

indole and 3MI solvated with perfluorohexane, then, gas phase TPE spectroscopy of 

indole, and concluding with OPE and TPE spectroscopy of jet-cooled indole derivatives. 

This is followed by a detailed description of the two experimental apparatuses used to 

perform these experiments, before concluding with the topic of signal processing for the 

one- and two-photon experiments.

Indole Compounds

Indole and 5-methylindole were obtained from Aldrich Chemical, while 3- 

methylindole was obtained from Sigma Chemical Company. All were used without 

further purification. 3-trideuterio-methylindole was synthesized by Dr. C l. Lee 

following the procedure outlined by Huijzer and Adams (57). A yield of 17% was

17
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achieved using this procedure. The d3-3MI was found to be >99% pure using C13 

NMR, H1 NMR, and gas chromatography-mass spectrometry.

Sample Preparations

All solution work was performed using a I cm quartz cuvette. The indole/3MI 

sample is dissolved (0.01M) in S.C.M. spectrophotometric grade perfluorohexane. The 

prepared sample was then checked for fluorescent impurities and the wavelength of 

maximum emission determined by using a Spex fluorolog2 f211 spectrofluorometer.

. For the indole vapor phase experiments, the nitrogen carrier gas, was first purified 

by flowing it through a water trap, a molecular sieve, and an.oxygen trap. A continuous 

flow of nitrogen gas saturated with indole vapor was generated by then directing the 

purified nitrogen through a glass tube (10-mm x 150-mm) loosely packed with indole 

crystals. This tube, as shown in Figure 3, is held in an oven at 38°C in order to 

increase the concentration of gas-phase indole within the tube. Temperatures higher 

than 38°C caused the indole to soften and flow, resulting in blockage of the nitrogen gas 

flow. The indole saturated nitrogen was then carried to a 10-cm cylindrical quartz cell 

for the two-photon excitation experiment. A flow rate of =4 ml/min was used for all 

experiments performed.

It was discovered during this work that due to the high laser intensity necessary to 

perform these experiments, a cloud or fog would slowly form inside the sealed quartz 

cell which contained indole and nitrogen at room temperature. Further experiments 

using benzene, aniline, and styrene showed the same cloud formation occurring. This
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Figure 3. Preparation of indole vapor for TPE experiments.
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type of phenomenon has been observed before with CS2 (58). Careful observation 

showed that the cloud was generated at the point the laser light entered the quartz cell, 

on the surface of the quartz. The baseline of all spectra was observed to rise 

proportionally with increasing cloud formation while maintaining the features of the 

spectrum, suggesting that the cloud arises from a physical change as opposed to a 

chemical one. This view is further supported by mass spectrometry data; a mass 

spectrum of a sample of the cloud created with indole in the cell showed indole to be 

■ the only species present. Thus, to avoid this experimental difficulty, a continuous 

supply of indole vapor flowed through the cell during these experiments (see Figure 2).

For all supersonic jet experiments, approximately 3 g of the appropriate indole 

compound was placed in a stainless steel chamber, which was temperature controlled. 

The indole compound was heated to a temperature at or slightly below it’s melting point 

in a helium atmosphere: indole 55°C, 5MI 45°C, and 3MI 45°C, thus increasing the 

vapor pressure of sample. Entrained in helium at a backing pressure of 5 atm, the 

sample is then supersonically cooled upon expansion through a heated jet nozzle, which 

was maintained approximately 5°C higher than the sample temperature.

Apparatus for Two-photon Solution and Vapor Spectroscopy

Two-photon spectroscopy requires a laser light source because fluorescence intensity 

is proportional to the square of the exciting light’s intensity, as opposed to being directly 

proportional, as is the case for OPE spectroscopy. As shown in Figure 4, a Lumonics 

laser system is used consisting of a HD-300 pulsed dye laser pumped by the third
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Figure 4. Polarized two-photon fluorescence excitation apparatus for solution and vapor experiments.
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harmonic (355 run) of a HY-200 Nd:YAG laser. The HD-300 has a typical line width 

of 0.002 run (0.06 cm'1 at 580 run) and a pulse width of ~6 ns. Exciton’s Coumarin- 

540A dye (1.08 g/l of methanol), when pumped with 355 run light at 20 Hz. (~27 

mJ/pulse), typically gives a dye curve with a usable range of 58 nm, beginning at 587 

run (34,000 cm'1) and ending at 530 nm (37,700 cm'1). The values shown in 

parentheses correspond to the energy region, in wavenumbers, that is accessible, 

assuming a two-photon absorption process. These energies are always twice the photon 

energy in a TPE experiment. Maximum power with this dye occurs at 543 run, giving 

=5.5 mJ/pulse, while the minimum power of —3.0 mJ/pulse occurs at each edge, 525 and 

587 run. Amplified spontaneous emission (ASE) was measured by blocking the grating, 

thus spoiling resonance. The measured value of =0.5 mJ/pulse ASE represents the 

maximum value possible, the actual value is less than this, i.e., some ASE corresponds 

to resonance frequencies. AU laser power measurements were performed using a 

Scienctech (model 380101) calorimeter.

The output of the dye laser is immediately expanded and recollimated to a diameter 

of ca. 8 mm by using a 4X Galilean telescope (GT) comprised of two lenses, a 120 mm 

f.l. convex and a -30 mm f.l. concave (Oriel). It is necessary to expand the beam 

diameter in order to prevent laser damage of various optical components. An aluminum- 

coated mirror (M l) by Newport turns the laser beam 90 degrees before it is spatiaUy 

filtered by an adjustable iris. Next, the beam passes through a shutter that is under 

computer control by a stepper motor before being turned 90 degrees by a second Mirror

(M2).
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These studies require that the polarization of the exciting light be under computer 

control and that it can be changed without altering the optical axis. To meet these 

conditions, a method published by B. Dick, et. al. (56) was employed. This method 

requires that the light be linearly polarized in a given direction. To accomplish this, a 

Glan-Foucault polarizer (P) is used after the shutter to pass only vertically polarized 

light from the dye laser (output >95% vertical). Next, two Fresnel rhombs (FRl) are 

mounted together in a fixture which can be rotated. This assembly serves as a half

wave plate which will rotate the plane of polarization of the laser light without altering 

it’s optical path. A third Fresnel rhomb (FR2) is fixed after the first two on a mount 

common to both, this rhomb serves to act as a quarter-wave plate. If light strikes it 

vertically (0 deg.), the output remains linearly polarized, but if the linear light strikes 

it at 45 degrees, it retards one component of the light by 90 degrees, thus creating an 

output of circularly polarized light. In order to change the laser’s vertically polarized 

light the required 45 degrees necessary to generate circularly polarized light, the double 

rhomb assembly is rotated 22.5 degrees in either direction. The rotation is under 

computer control through use of a second stepper motor, and thus the polarization is 

also.

By choosing an appropriate focussing lens (FL), the intensity of the incident 

radiation upon the sample can be controlled. This is an important variable in achieving 

maximum two-photon absorption. To check that the detected fluorescence is due to a 

two-photon absorption process, the signal is checked for quadratic dependence on the 

laser intensity. This is accomplished by decreasing the laser power by a factor of two
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and then observing the corresponding drop in fluorescence. If the signal is quadratic, 

then the fluorescence signal will decrease by a factor of four. Crossed polarizers are 

used to attenuate the laser power.

After passing through the sample, the relative power of the laser is measured by 

passing it through three Lambertian diffusing disks (DD) and into a solution of 

Rhodamine B (3gA) which acts as a quantum counting solution (QC). The signal read 

by the fast photodiode (PD) is proportional to the average photon flux.

Fluorescence in the ultraviolet occurs after the sample has absorbed two photons of 

visible light; this fluorescence is gathered by use of a collection lens (CL) in conjunction 

with a UV reflecting mirror (RF). The fluorescence is detected by a thermoelectric- 

cooled R928 Hamamatsu photomultiplier tube (PMT) after it has been filtered by two 

UV-bandpass filters (Schott UG-11, I mm) and passed through a H-IO Instmments S. 

A. single monochromator. No slits were used on the monochromator, giving it a band 

pass of 30 nm. The wavelength setting for it was determined using a Spex F211 

fluorolog 2 spectrofluorometer to find maximum emission of the compound. An 

advantage of TPE is that the wavelength of the exciting light is double that of the 

fluorescence; therefore, it is possible to use the UV bandpass filter to eliminate scattered 

laser light.

Both fluorescence and laser reference signals are amplified and integrated (200 ps) 

by Evans Associates circuit boards (models 4163 and 4130). The integrated signals are 

then run through a Data Translation (DT2762-DI) analog-to-digital converter for storage 

on a Digital PDP 11/23 computer. This computer is also used to control the stepper
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motors and laser scan control unit with software written by Dr. Callis’s laboratory. This 

software was modified by the author so as to allow the user to specify how frequently 

each polarization of light was measured during an experiment and the number of scans 

to be automatically ran and averaged for a given experiment.

Apparatus for One- and Two-photon Jet Spectroscopy

AU jet-cooled experiments were performed in the laboratory of Dr. Lee Spangler, 

where he not only loaned his equipment, but his expertise as well. The design of the 

apparatus for measuring the spectra of jet-cooled molecules is similar to the one 

described for solution and vapor phase experiments, except for the free expansion jet, 

as shown in Figure 4. Another Lumonics NdiYAG laser is used to pump an HD-300 

dye laser which is equipped with a Bethune ceU. This cell creates a circular beam with 

uniform intensity, as opposed to the comet-shaped output of a standard dye cell. The 

HY-750 pump laser used is equipped with an amplifier that results in approximately a 

six-fold increase in power output as compared to an HY-200 (osciUator only). This 

greater power output is necessary when using a Bethune ceU in the dye laser since it has 

a lower conversion efficiency than a standard ceU; approximately 7.0% as compared to 

17%. Using Exciton’s Coumarin-540A dye (1.08 %!\. of methanol), the dye laser output 

has a maximum output of =11.5 mJ/pulse at 543 ran when pumped at 20 Hz. with 173 

mJ/pulse of 355 ran light. The dye curve extends from 523 to 590 ran with the power 

m inim um being =4.5 mJ/pulse at each end of the dye. Therefore, two-photon transitions 

occurring between 38,241 and 33,898 cm"1 are accessible with this apparatus. Next, a
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Glan-Foucault polarizer (P) is used to pass only vertical linearly polarized light from the 

dye laser. Two quartz prisms (QP), mounted one above the other, were used to elevate 

the laser beam to the same level as the free expansion jet chamber. In front of the 

prisms, the three rhomb system (FRI & FR2) for light polarization control is placed. 

The polarization was changed by rotating the double rhomb assembly manually. It is 

important to note that circularly polarized light can only be generated after being 

reflected through the prisms; otherwise, the polarization of the light may be elliptical, 

as opposed to circular, due to the prisms retarding one component of the light more than 

the other. When one-photon excitation experiments are performed, a Lumonics 

autotracking HT-IOOO frequency doubler equipped with a BBO crystal is used to 

generate the ultraviolet light in the region between 33,898 and 38,241 cm"1. The 

frequency doubler can be taken in and out without affecting the optical path, and 

because of this, it is possible to switch quickly between one- and two-photon excitation 

experiments. This is very important since it is much easier to optimize the experimental 

parameters of a TPE experiment, if first the OPE experiment has been optimized. To 

help eliminate noise due to scattered light, it was found beneficial to place a UV- 

bandpass filter (U G -Il) after the frequency doubler so as to allow only UV light to pass 

through the free expansion jet.

The free expansion chamber used to generate a jet-cooled beam of helium entrained 

in indole was designed and constructed by Dr. Lee Spangler. As shown in Figure 5, a 

six-way cross and gate valve is mounted atop a Varian (VHS-6) 6" diffusion pump 

backed with a SD-450 roughing pump. The indole sample is mixed with helium and
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expanded through a General Valve Series 9 nozzle, using a backing pressure of 4-5 atm. 

and a frequency of 20 Hz., a vacuum of lxl0"6-10"7 torr is maintained. The expansion 

is crossed =3 cm downstream by the laser light at the focal point of a Griot REM 014 

ellipsoidal reflector which directs the collected fluorescence to its second focal point, 

where a EMI 9813QB photomultiplier tube (PMT) is located. The use of an elliptical 

reflector has two advantages: first, it collects a large solid angle of the fluorescence 

(=70%), and second, it avoids any spurious affects due to any possible photoselection 

of the sample occurring.

An adjustable iris with the aperture set to =2 mm is placed in front of the PMT 

during all one-photon excitation experiments, which served to reduce the amount of 

scattered light while passing the bulk of the fluorescence. When performing two-photon 

experiments, Schott UV-bandpass filters (UG -Il) were used to eliminate all scattered 

laser light, thus avoiding the loss of some signal due to the aperture. Several different 

UV bandpass filters were tried in place of the iris for OPE experiments, but none were 

as efficient as the iris when compared to the total amount of signal collected.

For one-photon excitation experiments, the relative laser power generated by the 

frequency doubler was measured using a PMT covered with UV-bandpass filter to 

remove any visible light. The laser intensity for the two-photon work was measured 

using the same technique as described previously for vapor studies. The control of laser 

power was achieved in one of two ways: using a lens (FE) to focus the beam for greater 

power or turning the voltage down on the amplifier for lower power. The fluorescence 

signal showed quadratic behavior for all experimental conditions used in this study.
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Both fluorescence and laser reference signals are amplified and integrated by SRS- 

250 boxcars (Standford Research Systems) before being digitized and sent to a Zenith 

248 AT compatible computer running SRS software. A 1450 ohm resister is used to 

terminate the signal on each boxcar.

Signal Processing

All fluorescence excitation spectra taken over an interval greater than 15 cm 1 have 

been normalized to the relative laser intensity. The dye, Coumarin 540-A, has a power 

curve that resembles one-half of an ellipse, and since its power curve changes slowly 

and consistently, intervals less than 15 cm"1 do not need to be normalized. The average 

fluorescence signal for one-photon excitation spectra is normalized by dividing the 

signal by the average laser intensity. The average fluorescence signal (<F>) for two- 

photon excitation spectra is normalized by dividing the signal by the average laser 

intensity (<I>) squared: <F>/<!>2.

Two-photon absorption is proportional to the average of the squared intensity <1 >, 

but since the reference detector measures the average relative intensity, the square of 

this was used. This presents no difficulties until the weak edges of the dye are reached; 

then, due to changes in the temporal and spatial profile of the laser pulse the measured 

reference <I>2 is slightly less than <I2>. This results in an artificial increase in the 

baseline of the spectrum, but only at the edges of the dye, which leads to a curling 

effect at the edges of the TPE spectrum (6,52,59). For the work presented here, the 

weak edges of the dye were not used, so normalizing the two-photon spectra with <I>
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does not incur any problems. The polarization ratio, £2, is then calculated by taking the 

ratio of the normalized fluorescence intensity of circularly and linearly polarized light.

_  <F>/<I>2 (cir)
<F>/<I>2 (Iin)

Detailed descriptions of the parameters used for solution, vapor, and jet-cooled 

experiments are presented in the next chapter, Experimental Results, under the 

subheadings Experimental Parameters.
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CHAPTER 4

EXPERIMENTAL RESULTS

Theoretical work discussed previously showed that for indole, Cl will have a value 

of 0.5 when a ''pure" 1La excited state is reached via two photons, and 1.5 when a 

"pure" 1Lb state is reached (6,49). Polarized two-photOn fluorescence excitation 

experiments on indole and methyl indoles in solution revealed that the experimentally 

obtained values for Q are in reasonable agreement with the theoretical results; 0.5 for 

an 1La state and 1.35 for an 1Lb state (6,47). Thus, the interpretation of the TPE spectra 

presented in this thesis will be based upon these established Cl values of 0.5 and 1.35 

as indicators of excitation to either an 1La or 1Lb excited state.

Each figure displaying TPE spectra obtained for solution and gas phase experiments 

will use a solid line to indicate spectra obtained using linearly polarized light, and a 

dashed line for spectra obtained using circularly polarized light. A dotted line is used 

to show the spectrum of Cl, the ratio of circular to linear intensity. The left ordinate is 

scaled to show relative intensity, while the right ordinate is scaled for Cl.

For all jet-cooled TPE data, Cl is calculated by taking the ratio of the integrated area 

under individual band contours measured using linearly and then circularly polarized 

laser excitation, as opposed to taking the ratio of intensities. This method measures the
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average of £2 across all rotational states of a given vibronic transition, thus eliminating 

fluctuations in Q. due to rotational transitions (see Chapter 2.).

Since an electronic transition can only occur if two photons are absorbed, the 

excitation energy shown on the abscissa is the dye laser output doubled (the sum of two 

photons); in other words, all spectra are plotted against final state energy. For jet- 

cooled experiments, the energy is given relative to the 1Lb origin of the compound, 

while for solution and vapor experiments, the total energy is plotted on the abscissa. 

Any discussion pertaining to the dye laser output is noted by the use of nanometers 

(nm.), while wavenumbers (cm'1), are used when referring to the total energy absorbed 

whether it be through either a one- or two-photon process.

The results of the spectroscopic experiments performed on tryptophan’s 

chromophore and their interpretation are presented beginning with two solution 

experiments. The TPE spectra of indole and 3MI dissolved in perfluorohexane were 

measured initially so that there might be overlap and continuity with previous solution 

studies which used this technique, and because these studies provide an important link 

between solvent and gas phase studies. Only a mild perturbation is introduced by 

perfluorinated hexane, a solvent noted for giving well-resolved absorption spectra even 

at room temperature (60).

Next, the gas phase TPE spectrum of indole at 38°C is presented. Studying indole 

vapor allowed all solvent perturbations to be removed while still not being in the regime 

of vacuum excitation. This was desirable since there is evidence that indole’s 1La 

fluorescence may be pressure dependent (P). By performing this experiment first, it was
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possible to ascertain if the technique of TPE could identify any 1La transitions in gas- 

phase indole at I atm, thus, indicating if it would be worth attempting the more difficult 

jet-cooled experiments.

Experimental results of OPE and TPE spectroscopy on jet-cooled indole, 3Mt, d3- 

3MI, and 5M1 are presented and discussed last in this section. This data shows that by 

cooling the molecules rotationally and vibrationally, it is possible to examine and assign 

single vibronic transitions, of these molecules, to either the 1La or 1Lb excited state 

manifold based on their measured polarization ratio, Q.

Indole and 3-methylindole in Perfluorohexane 

Experimental Parameters

The two-photon fluorescence excitation spectra of indole and 3MI in 

perfluorohexane are shown in Figures 6 and 7. These spectra were measured by 

scanning the dye laser from 530 to 580 nm for indole and 7 nm further for 3MI using 

a step size of 0.25 nm. The monochromator in front of the PMT was set at the 

maximum emission measured for each with a spectrofluorometer; 300 nm for indole and 

302 nm for 3MI. At each step the exciting light was cycled between circular and linear 

polarization every 100 laser shots for a total of 500 shots. The fluorescence measured 

for each polarization was then averaged and normalized to the dye curve before £2 was 

calculated. Polarization was changed every 100 shots to ensure that any possible 

changes in the laser pulse over time would not affect the polarization data, for example, 

variations in the dye laser’s pump pulse or the weakening of the dye.
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Figure 6. Two-photon fluorescence excitation (circular polarization = solid line, linear polarization = dashed line), 
and two-photon polarization (dotted line) spectra for indole dissolved in perfluorohexane (.01M).
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Two-photon fluorescence excitation (circular polarization = solid line, linear polarization = dashed line), 
and two-photon polarization (dotted line) spectra for 3MI dissolved in perfluorohexane (.01M).
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Four complete scans for each molecule were performed, then the results of these scans 

were averaged together to create the spectra presented here. Therefore, each data point 

is the average signal measured for 2,000 laser shots.

Indole and 3-methylindole

Comparison of the two-photon fluorescence excitation spectra of indole and 3MI in 

perfluorohexane with one-photon absorption experiments indicates that 1La and 1Lb 

happen to have extremely similar intensity ratios in both one- and two-photon spectra. 

All of the features observed in absorption spectra are also observed in their two-photon 

fluorescence excitation spectra (16).

Indole and 3MI both show clearly defined 1Lb origins at 35,000 and 34,700 cm"1, 

respectively. Moving to the blue of the origin, the absorption becomes increasingly 

stronger and broader out to the end of the measured spectrum. Counting the origin, 

indole has six identifiable features, while 3MI has four. All of these features are seen 

in both circular and linear TPE spectra, but with varying intensities. This variation of 

intensity reflects the nature of the excited state reached. In order to simplify the visual 

interpretation of this phenomenon, Q. is plotted alongside the TPE data. Given that 

transitions broaden significantly due to solvent effects, the measured value of Q  is 

effected by all nearby transitions.

For indole, the value of Q remains below 0.9 from the blue edge of the spectrum 

(37,750 cm"1), out to 36,100 cm"1. This indicates that the excitations occurring within 

this region are predominantly due to 1La states. The maximum absorption occurs at the 

blue edge of the spectrum, and it is here that the lowest value of Q is observed. This
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value of 0.65 is betoken of "pure" 1La transitions. A shoulder at 37,100 cm"1 shows a 

slight rise in £2, signifying an increase in 1Lb transitions with decreasing energy: At 

36,750 cm'1, there is a small bump which is better defined in the circular spectrum than 

the linear, this is where Q. reaches a local maximum of =0.85, suggesting an almost 

equal number of transitions to both excited states, given that 0.93 is the average value 

to be expected for an equal mix of both transitions: 1La=O-S and 1Lb=LSS. Hence, the 

bump is due to 1Lb type transitions. The next major feature at (36,450 cm'1) shows the 

opposite result: linear excitation enhances the peak relative to circular excitation 

(£2=0.65), therefore, the peak is largely due to 1La transitions. This is in corroboration 

with Strickland’s assignment of this feature as an 1La band, based on the observation 

that 1La transitions are more sensitive to solvent perturbations than 1Lb bands (16). The 

remaining three clearly defined peaks (36,050, 35,800 cm"1 and the 1Lb origin), show 

a shift to principally 1Lb excitations. This is easily discerned by noting the point at 

which £2 becomes greater than 0.93, from this point on, £2 never dips below 1.0. Some 

1La character is evident in the two peaks before the origin because the origin has the 

higher value of £2, 1.35. In fact, the plot of £2 shows a local minimum at approximately 

450 cm"1 to the blue of the 1Lb origin which has a value of 1.0, thus implying that 1La 

transitions occur at least that low. Since there is no hint of a decrease in £2 past the 

origin, it would appear that the 1La origin must be to the blue of the 1Lb origin.

By comparison, the features observed for 3MI are somewhat less resolved than those 

of indole and the overall intensity decreases at a slower rate across the TPE spectrum 

from blue to red. Likewise, £2 does not vary greatly across the spectrum. Beginning at
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a minimum of 0.6, £2 slowly rises across the first three of four distinguishable features 

to a value of 0.93 atop the third and most prominent peak, aside from the origin, at 

35,398 cm"1. This value indicates that transitions to both states occur equally at this 

energy. A shoulder at 36,941 cm'1 and a small peak at 36,134 cm"1 are essentially 1La 

as verified by Q. values of 0.64 and 0.68. Between these two features, the increase of 

Q. to 0.70 identifies a small amount of 1Lb character in the overall excitation. Before 

reaching the 1Lb origin, Q. drops back down to a value of 0.65 due to a small feature 

occurring at 35,000 cm"1, then climbs to a value maximum value of 1.1 at the origin. 

This value is lower than what indole shows for it’s 1Lb origin, and since the lowest 

evidence of 1La character in the spectrum occurs at 35,000 cm \  it appears that La 

states cannot be responsible for the low 1Lb £2 value observed. Strickland et al. also 

identified the lowest 1La band of 3MI at 35,000 cm"1 (16). On the red side of the 

origin, the spectrum of £2 is observed to oscillate slightly around the value of one. The 

cause of this oscillation is not understood. One possible explanation is that since the 

dye laser output is very weak in this region, the ASE of the laser is a significant portion 

of the output, and as such, affects the fluorescence intensity.

Indole Vanor at 38°C

Experimental Parameters

With the emission monochromator set at 301 run., the TPE spectrum of indole vapor 

at 38°C was measured from 530 to 575 nm. by stepping the dye laser in 0.01 nm. 

increments. This spectrum, shown in Figure 8, was the average obtained when ten
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separate scans of each polarization were averaged together. Each of these individual 

scans were performed as follows: the polarization of the exciting light is alternated 

between circular and linear every 100 laser shots, after ten cycles the dye laser is 

stepped forward and then the procedure is repeated. Thus, the fluorescence excitation 

spectrum for both polarizations were generated by calculating the average value obtained 

after measuring 10,000 laser shots. The resulting plot for O was then obtained by 

dividing the spectrum measured with circularly polarized light by that measured using 

linearly polarized light.

Indole

Figure 8. shows the two-photon fluorescence excitation spectrum (lower trace) of 

indole vapor in the presence of I atm of nitrogen with linearly polarized light. The 

general features are quite similar to the one-photon absorption and excitation spectra, 

as expected from solution experiments (16). As previously mentioned, 1La and Lb 

happen to have very similar intensity ratios in both one- and two-photon spectra. The 

upper trace is the two-photon polarization ratio, £2, which is expected from the solution 

work to be diagnostic for 1La and 1Lb vibronic states. Information regarding the data 

obtained using circularly polarized light is contained within the plot of £2, and can be 

deduced by examination. Given the narrow range of values measured for £2, it is 

apparent that the spectrum measured using circularly polarized light is very similar to 

the one measured with linear polarization. The results are in close agreement with those 

found in Cable’s polarized two-photon ionization spectrum of indole (33).
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Upon inspection, the 1Lb origin at 35,186 cm'1 is observed to be composed of at least 

three distinct transitions; these are presumably due to sequence bands. Comparable 

structure is also observed at the two other prominent transitions occurring at -35,900  

and 36,600 cm"1, and are explained similarly. The entire spectrum shows what might 

be either structure or noise covering the general contour, which is reflected in the plot 

of fi. Oscillations in Q, range from ±0.1 at the blue edge and increase to a maximum 

of ±0.4 at 35,500 cm"1. There is no doubt that noise is contributing to these oscillations, 

but whether it is due entirely to noise has not been determined. It is probable that at 

least some of this variation is caused by the rotational contours of the vibronic bands. 

Different rotational contours for linear and circular excitation cause Q. to vary 

considerably within a single vibronic band for both 1La and 1Lb. However, the 1La 

bands should show a much lower average value of £2. For a complete discussion of this 

effect refer to Chapter 2.

The gross features of Q. shed light on the problem of determining where 1Lb or 1La 

transitions occur. An average Q. value of =1.3 clearly identifies the 1Lb origin; this 

value remains more or less constant out to 35,900 cm'1. It is here that the first hint of 

a decrease in £2 occurs. This decrease coincides with the above-mentioned second 

transition and continues to decrease until reaching a minimum value of 0.65 directly 

above the transition occurring at 36,650 cm'1. Consequently, this can be identified as 

a transition to an 1La state. Given that the two lowest dips in £2 line up exactly above 

two fairly well resolved transitions and that they have widths comparable to those 

observed for the 1Lb origin, it is sensible to postulate that a ''pure'' 1La transition can
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have an Q. value that is slightly greater than 0.5. This value is also in good agreement 

with the one measured in Cable’s ionization experiment (33). It was this peak at 36,650 

cm'1 that Strickland et al. proposed as the probable 1La origin based upon the fact that 

it shifted more than the 1Lb origin upon solvation (16). Beyond this point, Q. climbs 

back up to =0.95, before slowly descending to 0.85 at the blue edge of the spectrum, 

suggesting that transitions to both states are occurring throughout this region given the 

intermediate value of £2. The polarization ratio gives indication of 1La transitions 

occurring as low as 700 cm'1 above the 1Lb origin. Whether this might signal the 1La 

origin or whether it is due to the higher 1La bands cannot be determined from this data.

One- and Two-photon Jet-cooled Excitation Spectra

A high resolution (0.15 cm"1) OPE, jet-cooled fluorescence excitation spectrum was 

measured for each indole compound in this study before beginning TPE experiments. 

This data was used to ascertain the frequencies of all observable transitions of a given 

indole compound. Since the rate of a two-photon absorption process is proportional to 

the square of the laser power, it is much faster to locate the transitions of a molecule 

first using OPE spectroscopy. Then once the region of interest is determined, it can be 

closely examined using TPE spectroscopy. The high quality of the OPE spectra, which 

served as a guide for transitions to be measured by TPE spectroscopy, also resulted in 

providing the following additional information. The fluorescence excitation spectrum 

of jet-cooled 5MI yielded the excitation spectrum of 5MI complexed with He, 2He and 

water, as well as the spectrum of the isolated molecule. Similarly, the spectrum of jet-
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cooled 3MI also yielded the spectrum of 3-MI complexed with water. Analyses of these 

results along with the results obtained for the isolated molecules, have led to several 

new insights regarding these compounds: the methyl rotor effects in both 3MI and 5MI, 

the possibility of an avoided crossing between the two 7C*<—TC transitions of 3-MI, and 

the identification of three new transitions in 3Ml (48,61). Four comprehensive lists 

containing all the transitions observed in the OPE spectrum for each molecule, including 

those due to the different complexes, are found in the appendices.

By examining individual transitions identified in the OPE spectrum with TPE 

spectroscopy, it has been possible to assign many of them as an excitation to either an 

1La or 1Lb state. AU lines could not be assigned due to the fact that some had weak 

TPE signals. In fact, some lines with OPE intensities as high as 7% of the 1Lb origin 

showed up too weakly in the two-photon spectrum to obtain a definitive value for £2. 

There were other transitions in which an accurate measurement of £2 was achieved, but 

still could not be assigned as a transition to a "pure" 1La or 1Lb state since their values 

are midway between those expected for the two states. These results and their 

interpretation will be fully addressed in Chapter 4, Discussion of Results.

Experimental Parameters

For each of the four compounds: indole, 3MI, d3-MI, and 5MI, the dye laser was 

scanned at a rate of 0.10 cm" 1Zsec. during all OPE experiments. The data were 

measured and stored digitally every 0.15 cm'1, thus attaining the previously mentioned 

resolution of 0.15 cm'1.



44

Two-photon data were measured at a rate which was dependent on the intensity of 

the transition being measured. Very weak transitions were measured at a rate of 0.01 

cmfVsec, while the strongest were measured at 0.05 cm'Vsec. The majority of the TPE 

experiments were performed five times for each polarization, using a scan rate of 0.02 

cm'Vsec which was digitized every 0.03 cm'1, roughly one-half the resolution of the dye 

laser excitation pulse. Then by averaging these five runs, the TPE spectra presented 

here were generated. For all TPE data, the step size used in digitizing the spectrum was 

less than the line width of the dye laser. The minimum resolution of a TPE experiment 

is found by doubling the line width of the excitation source; since two-photons of light 

are absorbed, the maximum line width possible is the sum of their individual line 

widths. Therefore, all TPE data presented here has a minimum resolution of 0.12 cm \  

or twice that of the dye laser.

In order to calculate Q for each transition examined, the integrated area under a 

transition was measured when the spectrum was obtained using circularly polarized light, 

and then again when linearly polarization was used. The ratio of these areas, circular 

divided by linear (Q), are given in tabular form, along with relative intensities and the 

electronic state assignments, when possible. These are discussed in detail below.

Indole

Indole’s one-photon jet-cooled fluorescence excitation spectrum is shown in Figures 

9 and 10. The spectrum is displayed in two figures which share an overlap of 50 cm 

in the middle so that the fine details of the spectrum are easily observed. The most 

dominant feature of the spectrum is taken to be the 0-0 electronic origin of the Lb



45

manifold (1Lb̂ -1A) as determined previously (27,30,32,35).

Beginning at the 1Lb origin which occurs at 35,232 cm"1 (32), Figure 9 shows the 

spectrum of indole from 0.0 to +800.0 cm"1 above the origin. The spectrum is 

continued in Figure 10, beginning at +750.0 and ending at +1600.0 cm'1. The 1Lb 

origin, which has been truncated at approximately 50% of it’s maximum, was saturated 

so as to improve the signal-to-noise ratio of the weaker transitions.

The one-photon fluorescence excitation spectrum of jet-cooled indole is essentially 

the same as in previously published spectra (27,30,32), the dominant features being the 

strong 1Lb 0-0 transition and a doublet at 0 + 730 cm"1. Better resolution and a higher 

signal-to-noise ratio help to distinguish some features of the spectrum which were 

previously hard to observe. One example is the separation of the +718 cm"1 band into 

a doublet, and another is the +461 cm"1 band, which can appear to be on the shoulder 

of the +455 cm"1 band in a spectrum of lower resolution. Distinct vibronic bands are 

clearly visible all the way out to +1525 cm"1, above the 1Lb origin.

Beginning with the 1Lb origin, the value of the polarization ratio (O) was calculated 

for every transition that produced a measurable fluorescence signal when excited by 

two-photon absorption. The following lines at +455, 480, 1,123, and 1316-1458 cm 1 

were identified as 1La in nature, and the +316, 365, 380, 540, 719-737, 970, 991 cm 1 

lines as 1Lb. Table I. lists the observed frequencies of transitions relative to the 1Lb 

origin (Av), their relative one-photon intensities, their two-photon polarization ratios (O), 

and their electronic state assignment, when possible.



Figure 9. One-photon fluorescence excitation spectrum of indole; from Ly origin to +800 cm .
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-IFigure 10. One-photon fluorescence excitation spectrum of indole; from +750 to 1600 cm .
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Table I. One-photon fluorescence excitation frequencies3, relative one-photon 
intensities, and two-photon polarization ratios for indole.

Avb Intensity0 £2d State Av Intensity £2 State

0.0 100 1.40 1Lb 781.6 6.7 0.9 ?

315.7 0.8 1.4 L  ' 909.0 12.7 1.1 ?

364.9 1.3 1.4 1Lb 969.8 7.0 1.3 1Lb
379.5 2.2 1.4 1Lb 990.5 14.0 1.4 1Lb
454.4 3.2 0.7 1L. 1096.4 3.2

479.9 7.0 0.7 1L. 1122.5 4.5 0.8 1L1
540.1 6.0 1.4 1Lb 1315.9 6.0 0.7 'L.
588.4 LI 1330.9 4.5 0.8 1La
718.5 35.0 1.3 1Lb 1405.7 5:0 0,6 ‘L.
720.4 17.5 1.3 1Lb 1418.2 8.9 0.5 1L.
737.0 22.3 1.4 1Lb 1421.5 6.1 0.6 ‘L.
772.0 1.1 1458.4 11.1 0.6

a See Table 8. for comprehensive list. 
b cm"1 relative to the 1Lb origin at 35,232 cm'1.
c One-photon intensity as % of the 1Lb origin intensity and corrected for laser power. 
d The uncertainty is ±0.1 except for the origin where it is ±0.01

Indole’s 1Lb origin, shown in Figure 11, was found to have an Q of 1.40, in accord 

with the values obtained for indole in perfluorohexane (£2=1.30) and indole vapor 

(£2=1.35). An example of two-photon excitation to an 1La state, the +1459 cm"1 band, 

is shown in Figure 12. It can be seen that excitation with circularly polarized light in 

this example is essentially nonexistent compared to that with linearly polarized light. 

This is similarly expressed by the polarization ratio, £2=0.6. These two transitions, one 

to an 1La state (+1,459 cm'1), the other to an 1Lb state (origin), have £2’s which are 

consistent with previously reported results from solution studies (6,23), theoretical



49

Relative Frequency (cm-1)

Figure 11. Two-photon fluorescence excitation spectra of indole s 
1Lb origin with both circularly (dashed line) and linearly 
(solid line) polarized light.

1459
Relative Frequency (cm-1)

Figure 12. Two-photon fluorescence excitation spectra of indole's
1,458 cm'1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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studies (49), and earlier work reported in this thesis.

Figures 13 and 14 are representative of the TPE spectra that were used to generate 

the data given in Table I. A typical 1Lb band, occurring at +719 cm"1 is presented in 

Figure 13; the +480 cm"1 1La band is shown in Figure 14. The lowest measured 1La 

transition occurred at +455 cm"1 and is shown in Figure 15.

Only 5 of the 24 prominent transitions found in indole’s one-photon excitation 

spectrum could not be assigned to either the 1La or 1Lb states. Three of these, +588, 

+772, and +1,096 cm'1, could not be identified due to having a very weak TPE signal. 

The other two, +781 and +909 cm"1, had a strong enough TPE signal for successful 

measurement, but are not identified as transitions to either 1La or 1Lb states due to the 

fact they each have intermediate £2 values of 0.9 and 1.1. Since these values fall 

between the defined values of either state, it is not clear which state was reached upon 

excitation. Tlie simplest explanation is that the experimental measurement is in error, 

but the more likely explanation is that there is a mixing between two degenerate or 

nearly degenerate states, one being an 1La and the other being an 1Lb. This mixed state 

is a linear combination of an 1La state(s) and an 1Lb state(s), which is reflected by the 

measured £2 having a value midway between the value expected for each state. The TPE 

spectrum of the ambiguous +781 cm"1 band (£2=0.9). is presented in Figure 16.
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716 717 718 719 720 721 722 723 724 725
Relative Frequency (cm-1)

Figure 13. Two-photon fluorescence excitation spectra of indole’s 
719 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

e •

478 479 480 481 482
Relative Frequency (cm-1)

Figure 14. Two-photon fluorescence excitation spectra of indole’s
480 cm'1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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Figure 15. Two-photon fluorescence excitation spectra o f  indole’s 
454 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.
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Figure 16. Two-photon fluorescence excitation spectra of indole’s
782 cm"1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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3-methvlindole and Trideuterio-3-methylmdole

Figures 17 and 18 show the one-photon fluorescence excitation spectrum of jet- 

cooled 3-methylindole beginning at the 1Lb origin, labeled 0.0 cm"1, and continuing 

+1,500 cm"1 to the blue. The two spectra share a 50 cm'1 overlap beginning at +750 

cm"1. The most intense transition is attributed to the 0-0 electronic origin of the 1Lb 

manifold (1Lb+ -1A), the same as it was for indole. The 1Lb origin at 34,876 cm"1, 

taking that of jet-cooled indole to be 35,232 cm"1 (32), has been truncated to 

approximately 50% of it’s maximum. In order to enhance the signal-to-noise ratio of 

the weaker transitions, the spectrum was measured under conditions in which only the 

origin was saturated, thus, the intensities of all other transitions have a linear response. 

The satellite lines occurring with 5-10% intensity =2.5 cm'1 to the blue of the strong 

lines are due to a 1:1 complex with helium (29,61). The 1:2 complex is also evident 

5 cm"1 to the blue of the origin.

This spectrum agrees closely with the previously published one-photon fluorescence 

excitation spectra by Hays et al. and is similar to the photoionization spectrum of Hager 

et al., but is unlike the excitation spectrum of Bersohn et al. in terms of both resolution 

and relative intensities (27,31). Due to a very good signal-noise-ratio, three new 

transitions at +188, +196.5, and +251 cm'1 have been documented, as well as clearly 

observing the +217 and 334 cm'1 lines that Bersohn et al. had previously reported. 

Sharp transitions are easily observed out to =1000 cm"1 above the 1Lb origin, beyond 

this the quantum yield appears to diminish quickly. Compared with indole, there are 

many more 1La transitions and much greater 1La intensity below 1,000 cm'1.



Figure 17. One-photon fluorescence excitation spectrum of 3MI; from L yorigin to +800 cm 1.



Figure 18. One-photon fluorescence excitation spectrum of 3MI; +750 to 1500 cm .
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The peaks at +409, 420, 451, 468, 609, 617, 736-749 and +820-829 cm"1 are distinctly 

of 1La character. Those at +427, 527 and +711-719 cm"1 are clearly of 1Lb character. 

A complete list of all assignable transitions is given below in Table 2. Another aspect 

of the 3MI spectrum which contrasts with that of indole is the striking clustering of 

lines, particularly evident at +610, 712, 740, and +825 cm"1, where several lines spaced 

by a few cm"1 are seen.

The deuterated analog of 3-methylindole, trideuterio-3-methylindole, displays an 

intense 1Lb 0-0 transition, occurring at 34,884 cm"1, in the jet-cooled OPE spectrum 

shown in Figure 19. This clearly indicates that deuteration of the methyl group resulted 

in a 8 cm"1 blue shift of the 1Lb origin. The second half of the one-photon fluorescence 

excitation spectrum of d3-3MI is shown in Figure 20 It begins at +750 cm"1, thus 

displaying a 50 cm"1 overlap with Figure 19. As with 3MI, only the 1Lb origin is 

saturated and off-scale, whereas the other peak ratios are still in the linear response 

regime. Along with blue shifting the 1Lb origin, the deuteration of the methyl group 

caused several other interesting effects. The clustering of many of the lines observed 

in the 3MI spectrum have largely collapsed in the deuterated spectrum. Where there 

were four transitions around +200 cm"1, there are now only three, suggesting that the 

lower pair at +190 cm"1 have collapsed together and shifted to +145 cm"1. Besides 

shifting transitions, there also appears to be redistribution of intensities, for example, the 

triplet at +409-427 cm"1 demonstrates a different intensity pattern after deuteration.



Figure 19. One-photon fluorescence excitation spectrum of d 3 -3MI; from Lyorigin to +800 c m 1.
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Figure 20. One-photon fluorescence excitation spectrum of d 3 -3MI; from +750 to 1540 cm"!
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A complete list of all transitions with a measurable two-photon polarization ratio (O) 

obtained from TPE spectra arid their corresponding excited state assignments are 

presented in Table 2 for 3 -methylindole and Table 3 for d3-3MI. Also included in these 

tables are the observed frequencies of all salient transitions relative to the 1Lb origin 

(Av) and their relative one-photon intensities. There is an additional data entry in the 

3MI table, the measured splitting of 1La transitions (A). These doublets are seen for 

most 1La transitions, but not at all for 1Lb transitions, and are to small for measurement 

in the 1La transitions of d3-ML These splittings are attributed to the difference in methyl 

rotor tunneling (potentials) between the ground and 1La states.

Table 2. One-photon fluorescence excitation frequencies1, relative one-photon
intensities, and two-photon polarization ratios for 3-methylindole.

Avb Intensity0 £2d Ae State Av Intensity a A State

0.0 100 1.13 1Lb 762.2 0.8

188.1 0.8 782.9 1.3

196.5 0.7 796.9 0.8

216.6 1.9 814.1 0.7

251.3 1.2 819.5 8.5 0.6 . 1L1

334.1 1.9 0.9 ? 823.5 6.6 0.7 'La
408.5 6.7 0.8 0.5 1L, 828.7 4.2 0.6 1L1

420.0 7.9 0.9 1.1 1L1 832.9 LI

427.2 12.1 1.2 1Lb 839.3 1.2

451.9 1.2 0.8 0.9 1L, 859.2 1.0

467.8 18.6 0.5 1L1 865.3 4.9 0.5 1L,

512.2 1.0 872.4 2.5

526.7 3.3 1.4 X 879.7 0.9

602.1 1.4 893.2 2.1
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Table 2. - Continued

Avb Intensity= Q.d Ae State Av Intensity O A State

617.2 15.7 0.5 ' -L. 906.3 4.4

620.4 1.5 914.7 1.5

658.6 1.0 : 918.1 16.7 0.6 1L1

711.4 4.0 1.2 1Lb 937.5 1.9

715.1 13,0 1.3 1Lb 946.1 6.7

718.9 2.9 1.3 . 1U 950.1 5.0

736.1 5.0 0.7 1L1 952.9 2.6

738.9 27.4 0.6 1L. 961.1 1.7 0.7 4

744.7 7.6 0.6 'La 967.1 1.7

748.5 14.9 0.7 1L1 971.3 1.3

752.7 0.7 977.4 2.5

758.2 3.6 1000. 1.3

a See Table 10. for comprehensive list. 
b cm'1 relative to the 1Lb origin at 34,876 cm'1.
c One-photon intensity as % of the 1Lb origin intensity and corrected for laser power. 
d The uncertainty is ±0.1 except for the origin where it is ±0.01 
= Splitting of line (cm"1) seen in linear TPE spectrum.

AU one-photon fluorescence excitation frequencies listed in Table 3 for d3-3MI are 

relative to the deuterated 1Lb origin at 34,884 cm"1. The +8 cm"1 blue shift in the 1Lb 

origin, caused by deuteration of the methyl group, must be accounted for when judging 

whether a line blue shifts or red shifts upon deuteration. The +334 cm'1 transition of 

3MI is a case in point. This line occurs at +333 cm"1 in the deuterated spectrum, which 

would seem to indicate a I cm"1 red shift. But relative to the 3MI origin it is 341 cm \  

which means that deuteration actually had the effect of blue-shifting it by 7 cm ^
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Table 3. One-photon fluorescence excitation frequencies8, relative one-photon
intensities, and two-photon polarization ratios for 3-trideuterio-methylindole.

Avb Intensity8 State Av Intensity Q. State

0.0 100 1.19 1Lb 755.8 3.5 0.6 1La

146.2 0.9 808.7 3.0 1.3 1Lb

194.5 0.9 812.6 4.8 1.3 1Lb

239.8 0.6 816.0 11.6 1.1 1Lb

332.6 1.2 1.0 ? 818.1 1.6 0.7 X
400.5 5.4 0.9 X 820.3 1.8 0.7 X
408.5 12.0 0.9 X 832.8 7.1 0.5 X
414.3 2.7 1.1 1Lb 871.6 1.3 0.5 X
448.1 1.8 0.6 X 881.3 1.6 0.6 X
464.8 11.0 0.5 X 884.6 4.8 0.5 X
515.5 1.9 1.2 1Lb 902.5 1.2

570.0 0.8 0.7 1La 915.0 10.9 LI 1Lb

584.2 2.4 0.6 X 918.0 3.1

590.6 11.5 0.5 X 925.1 2.1 0.8 X
608.6 1.3 0.5 X 939.5 5.6 0.7 1La

698.5 11.3 1.4 1Lb 943.8 2.2 0.8 1La

723.1 0.7 0.5 X 948.1 0.7

728.6 3.1 0.5 X 958.6 0.7

732.5 3.8 0.5 X 971.5 1.0

737.8 23.3 0.6 X 995.3 1.8 0.9 X
741.9 3.6 0.5 X 1017.7 1.7 1.2 1Lb

8 See table 11. for comprehensive list. 
b cm"1 relative to the 1Lb origin at 34,884 cm 1.
c One-photon intensity as % of the 1Lb origin intensity and corrected for laser power. 
d The uncertainty is ±0.1 except for the origin where it is ±0.01
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The two-photon fluorescence excitation spectra of the 1Lb origin for 3MI and d3- 

3MI are shown in Figures 21 and 22. These profiles are essentially the same except for 

the fact that they have different polarization ratios. Deuterated 3MI has an Q. value of 

1.19 ±.01, while the value for 3MI value is 1.13 ±.01. Also it is important to note that 

3MTs 0-0 transition has a polarization ratio that is substantially lower than that 

measured for indole's 1Lb origin. This result is consistent with the polarization ratio 

measured for 3M i’s 1Lb origin when in perfluorohexane.

The lowest transition determined to be 1La from TPE experiments was at +408 cm"1; 

this band does not shift upon deuteration relative to the 1Lb origin of 3MI. It’s spectrum 

is shown in Figure 23 and 24, the latter being the deuterated species. Next to the 

origin, the lowest 1Lb band is found at +427 cm'1, (see Figure 25) and it is also 

observed to red shift upon deuteration (see Figure 26).

Due to different selection rules for the one- and two-photon absorption processes, 

the band centers of a given transition do not always line up, thus giving the impression 

that the band has shifted when comparing it’s OPE and TPE spectra. This is nicely 

illustrated by comparing the OPE frequencies listed in Table 2 with Figures 27 and 28, 

the former being an illustration of 1La band behavior, while the latter is of 1Lb behavior.

Splitting of many of the 1La transitions of 3MI are observed when linearly polarized 

light is used. This is presumably due to the methyl rotor having different potentials 

between the ground and excited states ("a" and "e" transitions). Methyl rotor transitions 

are clearly seen in both the +408 and +452 cm"1 bands of 3MI by the observed splits 

of =.5 and I cm"1 respectively (see. Figures 23 and 29).
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-0.5 0 0.5
Relative Frequency (cm-1)

Figure 21. Two-photon fluorescence excitation spectra of 3MI’s 
1Lb origin with both circularly (dashed line) and 
linearly (solid line) polarized light.

-0.5 0 0.5
Relative Frequency (cm-1)

Figure 22. Two-photon fluorescence excitation spectra of d3-3MI’s
1Lb origin with both circularly (dashed line) and
linearly (solid line) polarized light.
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407 408 409
Relative Frequency (cm -1)

Figure 23. Two-photon fluorescence excitation spectra of 3M i’s 
408 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

Relative Frequency (cm -1)

Figure 24. Two-photon fluorescence excitation spectra of dr 3MTs
408 cm"1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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424 425 426 427 428 429
Relative Frequency (cm-1)

Figure 25. Two-photon fluorescence excitation spectra of 3M i’s 
427 cm 1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

414 415 416
Relative Frequency (cm-1)

Figure 26. Two-photon fluorescence excitation spectra of d3-3MTs
427 cm'1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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862.5 863 863.5 864 864.5 865 865.5
Relative Frequency (cm-1)

Figure 27. Two-photon fluorescence excitation spectra of 3MI’s 
865 cm"1 transition with both circularly (dashed Line) 
and linearly (solid line) polarized light.

871 872 873 874
Relative Frequency (cm-1)

Figure 28. Two-photon fluorescence excitation spectra of d3-3MTs
414 cm"1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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449 450 451 452 453 454
Relative Frequency (cm-1)

Figure 29. Two-photon fluorescence excitation spectra of 3M i’s 
452 cm 1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

447 448 449 450 451
Relative Frequency (cm -1)

Figure 30. Two-photon fluorescence excitation spectra of d3-3MTs
448 cm 1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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*~v

466.8 467.3 467.8
Relative Frequency (cm-1)

Figure 31. Two-photon fluorescence excitation spectra of 3M i’s 
465 cm 1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

Relative Frequency (cm-1)

Figure 32. Two-photon fluorescence excitation spectra of d3-3MI’s
699 cm"1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.



69

335.5332.5 333.5 334.5
Relative Frequency (cm-1)

Figure 33. Two-photon fluorescence excitation spectra of 3MI s 
334 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

Relative Frequency (cm-1)

Figure 34. Two-photon fluorescence excitation spectra of d^-3MI s
333 cm 1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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The corresponding transitions in d3-3MI do not show any splitting. Apparently 

deuteration of the methyl group causes the "a.- e" splitting to become so small that it 

cannot be measured by this experiment (see Figures 24 and 30). This splitting is not 

observed in all of the 1La lines of 3MI; Figure 31 shows the +468 cm'1 line of 3MI 

which is definitely an 1La transition, but does not exhibit the splitting that is observed 

for other 1La lines. Neither 3MI nor d3-3MI exhibit any splitting for the 1Lb bands (see 

Figure 32).

Of all the bands of 3MI that had measurable two-photon intensity, only one could 

not be assigned as either an 1La or 1Lb transition. This band, which occurs at +334 cm 

1, has a polarization ratio of 0.9 for 3MI and 1.0 for d3-3MI; their TPE spectra are 

shown in Figures 33 and 34. As is seen in the case of indole, the Q. values fall mainly 

into two distinct classes: those above 1.0, which are assigned as 1Lb and those below 

0.8 which are assigned as 1La. Values for Q. which fall between L i and 0.9 cannot be 

considered a "pure" 1Lb- or 1La-Iype transition. Implications of differing values of O 

will be further addressed in the next chapter, Discussion of Results.

3-methvlindole 1:1 Water Complex

The region 700 cm"1 to the red of the bare 3-MI 1Lb origin was carefully searched 

for 1La lines, in particular the 0-0 1La transition. No one-photon excitation intensities 

above 0.1% of the origin were found, except those of the 1:1 (SMI-H2O) water complex; 

These transitions have been previously identified by Bersohn et al. as the 1:1 complex 

of 3MI and water (27). Initially, the source of water that created these van der Waals 

complexes with 3MI came from atmospheric contamination during the sample loading
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process. Subsequently, water was added deliberately to the sample chamber so as to 

increase the signal-to-noiSe ratio of the one- and two-photon experiments performed oh 

these complexes. Hie jet-cooled one-photon fluorescence excitation spectrum of the 3- 

methylindole water Van der Waals complex is shown in Figure 35. By adding water 

directly to the sample chamber, the intensity of the SMI-H2O origin at -235 cm'1 

increased to approximately 25% of the bare 3MI origin.

Comparison of Bersohn et al. OPE spectrum of SMI-H2O with the one presented 

here shows that they agree very well in terms of relative intensities, but are slightly 

different in terms of frequencies. Out of the five spectral features identified in the 

spectrum,, only the two lowest are in agreement with Bersohn’s assignment, and that 

requires taking into account the reported accuracy of ±2 cm'1. The other three lines, 

while appearing to have a relatively similar pattern of spacing, in fact differ significantly 

in their spacing relative to the bare 3MI origin. Going from blue to red, the values 

reported here differ as follows: -I, -I, -20, -7, and -4 cm'1.

One-photon transition frequencies1 of 3-MI complexed with water and their relative 

intensities^ are listed below in Table 4, along with their measured two-photon 

polarization ratios, £2C, and their excited state assignment. Since all lines occur to the 

red of the bare 1Lb origin, the relative frequencies are listed with negative values. Four 

of the five lines identified are clearly 1La in character.



Bare 3MI 
= 3  origin

Figure 35. One-photon fluorescence excitation spectrum of 3MI + water; -250 to +180 cm"1 from L borigin.
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Table 4. One-photon fluorescence excitation frequencies3, relative 
one-photon intensities, and two-photon polarization ratios 
for 3 -methylindole complexed with water.

Ava Intensityb £2° State

-234.7 16.7 0.8 ‘k
-232.1 10.0 0.8 1L,

-213.6 6.0 0.8 1La

-204:2 3.0 0.9 X
-117.5 2.0 1.0 ?

3 cm'1 relative to the 1Lb origin of the bare molecule at 35,353 cm'1. 
b One-photon intensity as % of the 1Lb origin intensity and corrected for laser power. 
c The uncertainty is ±0.2

The larger uncertainty of ±0.2 for £2, as compared with the value of ±0.1 reported 

for 3MI is a consequence of not being set up to add water continuously to the sample 

chamber during the preparation of the complexes. A short time (10-15 min.) after the 

addition of water to the sample chamber, the complexes slowly begin appearing in the 

fluorescence excitation spectrum. The delay between the addition of water and the 

appearance of the complexes is the time it takes the water to travel from the chamber 

through the tubing to the nozzle. Once there is a measurable signal due to the 

complexes, the experiment is performed, but since their is only a finite amount of water 

in the system, the signal will last roughly fifteen minutes. During this period of time, 

the signal intensity will vary slightly, thus introducing the larger uncertainty for £2.

Beginning with the origin of the water complex, Figures 36 through 39 show the 

two-photon fluorescence excitation spectra of the four measured transitions using both 

polarizations of light.
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-239 -237 -235 -233 -231 -229
Relative Frequency (cm-1)

Figure 36. Two-photon fluorescence excitation spectra of H2O-SMI1S
-235 and -232 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

-216 -215 -214 -213 -212 -211
Relative Frequency (cm-1)

Figure 37. Two-photon fluorescence excitation spectra of H2O-SMTs
-213 cm"1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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-207.5 -205.5 -203.5 -201.5
Relative Frequency (cm-1)

Figure 38. Two-photon fluorescence excitation spectra of H2O-SMTs 
-204 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

-114.5-118.5 -116.5
Relative Frequency (cm-1)

-120.5

Figure 39. Two-photon fluorescence excitation spectra of H2O-SMTs
-117 cm 1 transition with both circularly (dashed line)
and linearly (solid line) polarized light.
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These transitions have been attributed to the 1Lb state by Bersohn et al., but the 

polarization ratios for the first three do not support this assignment, and the origin (see 

Figure 36) exhibits a splitting for linearly polarized light, which has only been noted to 

occur only for 1La excitations thus far (27,62).

5-methvlindole

The one-photon fluorescence excitation spectrum for jet-cooled 5-methylindole is 

shown in two figures, Figure 40 starts with the origin of 5MI and continues out +800 

cm"1 to the blue, which creates an overlap of 50 cm'1 with Figure 41. Beginning, at 

+750 cm"1 above the origin, Figure 41 extends out another 850 cm"1 to reach the end 

of the spectrum at +1600 cm'1. 5-methylindole’s 1Lb origin, which has been truncated 

to approximately 30% of its maximum, is observed at 35,353 cm"1, given an indole 1Lb 

origin of 35,232 cm'1 (32). The 1Lb origin is observed to be spread over several 

transitions since its intensity has been distributed over a methyl rotor progression, as 

previously reported by Wallace and co-workers (28). The torsional pattern is repeated 

many times in combination with the skeletal modes of the molecule. In some cases, the 

relative intensities of the transitions within a progression vary from those observed at 

the origin, the progression beginning at =760 cm"1 is a good case in point.

Since the methyl rotor progressions diffuses the intensity of a single vibronic 

transition over several lines, the spectrum does not exhibit intense lines throughout the 

first 1,000 cm"1 in comparison to indole or 3MFs jet-cooled spectrum, thus giving the 

impression that the quantum yield drops off faster than that of indole or 3MI.



Figure 40. One-photon fluorescence excitation spectrum of 5MI; from L yorigin to +800 cm .



1 5 0 0

Figure 41. One-photon fluorescence excitation spectrum of 5MI; +750 to 1600 cm .
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This effect is deceiving though, because transitions as high as +1613 cm"1 above the 

origin have enough intensity for easy measurement using OPE as well as TPE 

spectroscopy.

Close inspection of the methyl rotor progression overlaying the 5MI origin reveals 

a weaker line to the blue of each member of the progression, these lines are caused by 

helium, the carrier gas, forming complexes with 5MI. These are due to the 5MI +!He 

and +2He complexes. The spectrum of the 5MI + water complex was also obtained due 

to atmospheric contamination of water during the sample loading process. An expanded 

view of the low frequency region, which displays the 5MI + He complexes, is presented 

in Chapter 5, Discussion of Results, along with the OPE spectrum of the 5MI + water 

complexes.

A quick survey of Table 5, listed below, immediately demonstrates that the methyl 

group at the 5 position has caused the 1La manifold to shift to higher energy compared 

to that of the 1Lb1S. Intensities of prominent OPE lines, beginning with the 1Lb 0-0 

transition, are listed out to +1,613 cm'1. Every transition which had an intensity > 

2.4%, relative to the origin, was successfully measured and assigned to either an 1La or 

1Lb state based upon its polarization ratio (£2). The first line to have the low £2 value 

associated with an 1La transition occurred 1,424 cm"1 above the 1Lb origin.
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Table 5. One-photon fluorescence excitation frequencies”, relative one-photon 
________ intensities, and two-photon polarization ratios for 5-methylindole.

Avb Intensity” Qd State Av Intensity n State

0.0 100 1.28 1Lb 772.1 19.9 1.2 1Lb
38.9 148.2 1.23 1Lb 794.1 5.7 1.1 1Lb
72.8 142.0 1.28 1Lb 803.2 6.9 1.1 1Lb
93.8 28.5 1.18 1Lb 842.8 9.0 1.2 1Lb
134.6 14.0 1.13 1Lb 870.7 3.9 1.2 1Lb
147.7 7.3 1.2 1Lb 909.2 5.1 1.1 1Lb
155.5 2.4 1.2 1Lb 944.8 5.1 1.2 1Lb
202.9 3.9 1.2 1Lb 954.4 6.6 1.3 X
216.1 2.2 1.2 1Lb 995.2 4.9 1.3 1Lb
390.1 2.6 1.2 1Lb 1424.0 5.6 0.6 1L,
433.8 5.5 1.2 1Lb 1460.8 5.7 LI 1Lb
470.6 6.3 1.2 1Lb 1470.0 3.1 ■ 0.6 1L1
550.7 3.4 1.2 1Lb 1474.6 3.3 0.8 ‘L,
588.7 3.4 1.2 1Lb .. 1498.0 8.3 0.6 ‘L,
623.8 5.7 1.2 1Lb 1538.6 3.2 0.6 1L,
697.9 15.4 1.3 1Lb 1577.2 3.8 0.6 1L1
738.1 19.0 1.3 1Lb 1604.4 2.8 0.7 1L.
762.8 8.1 1.1 1Lb 1613.3 2.7 0.6 1L1

” See Table 9. for comprehensive list. 
b cm'1 relative to the 1Lb origin at 35,353 cm"1.
c One-photon intensity as % of the 1Lb origin intensity and corrected for laser power. 
d The uncertainty is ±0.1 except for the origin (first 5 bands) where it is ±0.01

The lowest methyl torsional transition of the 1Lb origin shown in Figure 42 has an 

Q of 1.28. This value is lower than expected given that indole’s origin has a value of 

1.40, but is consistent the rest of 5MTs 1Lb transitions.
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Relative Frequency (cm-1)

Figure 42. Two-photon fluorescence excitation spectra of 5MI’s 
1Lb origin with both circularly (dashed line) and 
linearly (solid line) polarized light.

700
Relative Frequency (cm-1)

Figure 43. Two-photon fluorescence excitation spectra of 5MTs 
698 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.
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1422.3 1423.3 1424.3
Relative Frequency (cm-1)

Figure 44. Two-photon fluorescence excitation spectra of 5MI’s 
1,424 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.

1611 1612 1613 1614 1615
Relative Frequency (cm-1)

Figure 45. Two-photon fluorescence excitation spectra o f 5MI’s 
1,613 cm"1 transition with both circularly (dashed line) 
and linearly (solid line) polarized light.
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Figure 43 displays the 1Lb line at +698 cm"1; this band’s profile is characteristic of all 

the 1Lb lines measured. As pointed out above, the 1La manifold appears to begin with 

the transition at +1,424 cm"1, presumably the 1La origin.

This line shown in Figure 44 has a polarization ratio of 0.6, clearly indicating that this 

is an 1La transition. From this point on, the transitions to the 1La manifold dominate the 

remainder of the spectrum, only one 1Lb line appears above 1,000 cm"1, the rest are 1La 

lines. The highest transition measured is displayed in Figure 45, and it’s polarization

ratio of 0.6 leaves no doubt as to which excited state is reached.
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CHAPTER 5

DISCUSSION OF RESULTS

The goal of this research was to investigate the outcome of 7r*<—tc transitions to the 

1La manifold of the indole chromophore, as opposed to the 1Lb manifold, in a free- 

expansion jet experiment. Previous work addressing this question has not been 

successful in the sense that the 1La transitions were neither proved nor disproved to exist 

in fluorescence excitation and ionization experiments (27,28,29,30,31,32,33,34,35,36). 

Bands that were observed in these spectra were all attributed to 1Lb excitations on the 

basis of fluorescence lifetimes, dispersed fluorescence, or band contour. Because of this 

circumstantial evidence, it was suggested that the 1La states are not observable in 

vacuum excitation spectra because they rapidly dissociate. Presumably, excitations to 

the 1La state induces a displacement along the N-H coordinate, which ultimately causes 

this bond to rupture and the 1La state to dissociate (18,30,41,42).

The attainment of this research goal and the ensuing results are presented by 

examining the experimental results obtained as the environment of the chromophore is 

moved progressively closer to that of a free-expansion jet, i.e., decreasing perturbation. 

Building upon the two-photon studies of methylindoles in solutions performed by Rehms 

and co-workers, the first TPE spectra to be measured would be indole and 3MI
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dissolved in perfluorohexane. These experiments provided a tie with previous one- and 

two-photon experiments, while at the same time moved closer to the anticipated gas- 

phase experiments by using perfluorohexane, which is a weakly perturbing solvent (60). 

After the results of these experiments are addressed, the subsequent TPE vapor 

experiments performed on indole are explored. Indole’s TPE vapor spectrum was 

instrumental in this study since it provided the first evidence that 1La transitions do exist 

in vacuum conditions and that they would be observable by employing the technique of 

TPE spectroscopy (47). Thus, a green light was given for performing TPE experiments 

in a free-expansion jet and the beginnings of a plausible explanation for the apparent 

inconsistency between the previous theory regarding the 1La state in a vacuum and the 

one presented here.

Aside from the information pertaining to the 1La state obtained when considering 

the TPE spectrum of each compound separately, there is additional information to be 

gained by comparing these results to each other. First, how do the 1La and 1Lb 

manifolds shift relative to each other as a function of the molecule’s environment? And 

secondly, what effect does methylating the indole chromophore have on these two states, 

as well as the position of the methyl group? The analysis of these questions is very 

important in regards to trying to locate the 1La origin of these indole compounds.

The unexpected, but profitable results pertaining to methyl rotor effects in 3MI and 

5MI are also addressed. Two programs, VNCOS and INROT, are used to determine 

barriers by fitting observed frequencies and intensities (63,64). This analysis provides 

insight into the problem of 1La origin assignment as well as the shape of the methyl
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rotor barriers. Several low frequency lines in 3MI had such weak TPE intensities that 

it was not possible to assign them, but the methyl rotor analysis shows them to be 

"torsional" vibrational levels of the 1Lb state, thus eliminating them as possible 1La 

transitions. Also, many of the 1La bands of 3MI show a splitting due to the methyl 

rotor, thus helping with the assignment of bands with questionable TPE results (61).

The TPE spectra of 3MI-water complexes are addressed in reference to the excited 

state nature of these complexes. For example, is the -233 cm'1 band the 1Lb or 1La 

3MI-water origin? Or, are the TPE results suggestive of an avoided crossing of the 1La 

and 1Lb potential energy surfaces? The overall picture of the results obtained for 3MI 

from two-photon experiments seems to indicate an avoided crossing between the 

potential energy surfaces of the 1La and 1Lb manifolds. The possibility of this is 

explored by considering semi-empirical calculations using INDO/S in conjunction with 

experimental information (49).

Indole and 3-methvlindole in Perfluorohexane

The powerful technique TPE spectroscopy presents as a means of differentiating 

these two tc*<—tt transitions of the indole chromophore from one another was first shown 

by Anderson and co-workers (22). The results shown here are a continuation of their 

initial investigation of this chromophore, which is important because it ensures that the 

technique is being employed correctly, while also approaching the non-perturbing 

environment of the vapor experiment (6).
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It was predicted by Platt, based on theoretical considerations, that solvent 

perturbations would cause the 1La electronic transition to be red shift by a much greater 

amount than the 1Lb transition (12). Utilizing Platt’s prediction, Strickland and co

workers identified 1La bands in both indole and 3MI (16). By following the differential 

shifts of the prominent peaks in the absorption spectra when the solvent was changed 

from methylcyclohexane to perfluorinated hexane, and then comparing these results to 

the vapor absorption spectrum, an assignment of either 1La or 1Lb was made. The 1La 

origin of indole in perfluorinated hexane was tentatively assigned at 36,483 cm"1, the 

other broad 1La bands were identified at 0 + 1700 and 0 + 2450 cm"1. Comparison of 

these results to the vapor spectrum, shows the 1La origin blue shifted by 100 cm"1, 

placing it 1,435 cm'1 above the 1Lb origin.

The 1La and 1Lb bands of 3MI in perfluorinated hexane are said to be overlapping 

throughout most of the entire near-ultraviolet band, thus preventing the assignment of 

any 1La bands except for the 0-0 band assigned at 35,063 cm'1. Other 1La bands were 

suggested to possibly exist at 0 + 750 and 0 + 1,000 cm'1. Again, a blue shift in the 

proposed 1La origin is observed in the vapor spectrum, but this time it is considerably 

larger, 700 cm'1, placing it approximately 1,050 cm"1 above the 1Lb origin.

The maximum of the absorption spectrum shifts by roughly 1,400 cm"1 between 

indole and 3MI. Because this maximum is ascribed to primarily 1La absorption based 

on Franck-Condon factors, it appears that placing a methyl group on the 3 position of 

indole red shifts the 1La state relative to the 1Lb state. Strickland’s assignments of the 

1La origin reflect this red shift.
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Assignments of the 1La and 1Lb bands of indole and 3MI in perfluorinated hexane 

made here are based on polarization ratios, in agreement with Strickland’s et ah, except 

in one case, the proposed assignments of their 1La origins (16). Evidence of 1La 

transitions occurring in indole are seen as low as 450 cm"1 above the 1Lb origin, thus 

indicating that 1La states occur over a 1,000 cm'1 lower than previously thought. The 

prominent 1Lb origin of indole (£2 = 1.35) is seen to be lower than any of the 1La bands, 

in agreement with previous evidence that the 1La origin is to the blue of the 1Lb origin 

in a non-polar solvent. As for 3MI, the question of which is higher in a non-polar 

solvent, the 1La or the 1Lb origin, cannot be definitely answered from this TPE data. 

Once again, the polarization data shows 1La transitions occurring -1,000 cm'1 lower than 

predicted by Strickland et al (16). The 1Lb origin is easily distinguished, but it’s Q. 

value of 1.1 is too low for a "pure” 1Lb state, and £2 is seen to decrease slightly, moving 

to the red or blue of the origin maximum. This low polarization ratio is almost certainly 

caused by a nearby 1La state, but due to solvent effects it is not possible to say whether 

or not there is an 1La state below the 1Lb origin. Excitation at the red edge of indole’s 

1Lb origin is observed to be weaker for linear excitation then with circular, while the 1Lb 

origin of 3Mt has approximately equal intensity for both polarizations, implying a 

nearby 1La state. Also, because placing a methyl group at the three position of indole 

red-shifts the 1La absorption maximum =1,000 cm"1 closer to the 1Lb origin, it is likely 

that the two origins are within a couple of hundred cm'1 of each other.

As for 1La transitions elsewhere in the spectra of these two compounds, indole has 

one easily observed feature that is definitely due to 1La transitions occurring at 36,400
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cm'1, but the decreasing value of £2 indicates 1La character to be present from above the 

1Lb origin, extending to the blue edge of the spectrum. The entire spectrum of 3MI has 

O values sufficiently low to indicate 1La transitions are present throughout. The peak 

at 36,100 cm'1 is the best candidate for a band due to primarily 1La excitations. Aside 

from their 1Lb 0-0 transitions, both show one other feature that appears to be due mainly 

to 1Lb excitation. This peak is the next identifiable band after the 1Lb origin in both 

compounds, occurring at 35,800 cm"1 in indole and 35,400 cm'1 in 3MI.

In an attempt to separate the contributions of each state to the total TPE linear 

spectrum and thus develop the qualitative shape of their manifolds, Figures 46 and 47 

were created for indole and 3MI. These Figures were constructed based on the premise 

that the greatest £2 value was a "pure" 1Lb excitation (£2 = 1.35), and that the lowest was 

an 1La (£2 = 0.59), thus allowing their contributions to be separated. Then, by using the 

following two formulas, the contribution of each state to the TPE linear spectrum is 

given as a distinct spectrum.

Q -m in (Q )  

(m ax (Q ) -m in (Q ))
x 100 = %lLb

m a x <Q > - Q  X 100 = %'L
(m ax(Q ) -  m m (Q ))
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Figure 46. The 1Lb (solid line) and 1La (dashed line) components of the linear 
two-photon fluorescence excitation spectrum (heavy solid line) of 
indole dissolved in perfluorohexane.
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Figure 47. The 1Lb (solid line) and 1La (dashed line) components of the linear 
two-photon fluorescence excitation spectrum (heavy solid line) of 
3MI dissolved in perfluorohexane.
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The dashed line in both figures represents the qualitative picture of the 1La component, 

while the solid line represents the 1Lb component. A  solid heavy line is used to show 

the actual TPE spectrum using linearly polarized light: the sum of the dashed and solid 

lines. The major point of interest is the shape of the excited state manifolds. The 

profiles generated are quite reasonable in light of the expected Franck-Condon factors 

of these two states; the 1Lb shows a dominant 0-0 band and a short progression of 

weaker intensity, while the 1La appears to be broad and diffuse with an absorption 

maximum occurring much above its unresolved origin. The 1La component of indole 

is essentially zero at the 1Lb origin, and disappears completely to the red of it. 

However, for 3Mt there is some 1La component still evident underneath and to the red 

of the 1Lb 0-0 transition. This is a result of the fact that 3MTs 1Lb origin has an £2 

value which is -.25  lower than expected for a "pure" 1Lb transition. A polarization ratio 

of 1.13 is also obtained when the 1Lb origin is measured in a free expansion jet, thus 

indicating that the £2 measured is solution has not been lowered by any solvent effects. 

The broad excitation profile of the 1La manifold clearly shows the 1,000 cm'1 red-shift 

upon methylation, as previously discussed. These Figures do not contain any new 

information, but rather are useful in helping to visualize the two-photon polarization data 

for solvated indole and 3MI. Comparison of these 1La and 1Lb profiles generated for 

indole and 3MI using two-photon data, with those created using anisotropy data, shows 

that they are generally similar in shape, but tend to exhibit more detailed structure 

throughout the spectrum (14,15). Therefore, these pictures of the 1La and 1Lb manifolds 

appear to be qualitatively correct, and as such, supports the analysis presented here
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based on the results two-photon spectra.

Indole Vapor

Using one of the least perturbing solvents possible, perfluorohexane, the 1La state 

is clearly evident. The next question then is, can the 1La state be detected when indole 

is in a vapor state? Indole’s TPE vapor spectrum indicates that at least three 1La states 

are present based on the value of Q measured. Looking at indole’s spectrum of £2, the 

most notable features of Q are the three sharp minima, occurring near 36,600 cm'1, 

which coincide with three peaks. The polarization ratio of these peaks indicates that 

they are transitions to the 1La state; £2 = 0.7. These peaks were shown by Strickland et 

al. to red shift further than the 1Lb origin upon solvation (16). This greater red shift was 

attributed to these peaks being 1La in nature since the 1La state is thought to be 

stabilized to a greater extent by solvent interaction than that of the 1Lb, due to the fact 

that it has a greater dipole moment (18,19,49). Given that this was the lowest 1La band 

identified, the 36,483 cm'1 band was proposed as the probable 1La origin by Strickland. 

Comparison of the TPE spectra of indole in perfluorinated hexane and vapor shows the 

same red-shift that was observed in their absorption spectra.

Aside from the 1Lb 0-0 band, there remains one other pronounced band at 35,900 

cm'1. This band occurs at the point where £2 is just beginning to decrease, which could 

signify the onset of the 1La manifold given it’s very weak 0-0 transition. Beyond the 

36,650 cm'1, £2 continues to slowly decrease until the end of the spectrum. This is in 

accord with the Franck-Condon progression expected for the 1La manifold (6,14,15,17).
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The two-photon fluorescence excitation spectrum of indole gives convincing 

evidence that 1La transitions are present in the gas phase at I atm, and while this is not 

in the realm of vacuum excitation, it does not have the stabilizing influence of a solvent. 

Therefore, the next test is to look for these lines under vacuum excitation conditions, 

Le., in a free expansion jet, using polarized two-photon fluorescence excitation 

spectroscopy. Searching for the 1La state in the jet will be useful in one of two ways; 

either the dissociation theory will be supported and appear to be a pressure-dependent 

phenomenon given the TPE vapor results, or the 1La state will be identified.

One- and Two-photon Jet-cooled Excitation Spectra

Indole

The fluorescence excitation spectrum of each compound was taken and compared 

against the spectra published in the literature before beginning the task of measuring the 

TPE spectmm of each rovibronic transition. Indole was chosen for the first jet-cooled 

experiments because it has a relatively simple spectmm and it’s TPE vapor spectmm 

had positively identified at least one excitation to the 1La state. Comparison with vapor 

absorption spectra reveals that this excitation spectmm exhibits the usual strong loss of 

fluorescence quantum yield for isolated molecules as the excess vibrational energy is 

increased. The previously published jet-cooled spectra of indole are essentially the same 

as shown here, except that the signal-to-noise of this spectmm is lower (30,32,35). To 

help untangle the two electronic states present in this spectmm, TPE spectroscopy was 

applied next. Tire first and most obvious transition of indole to be measured by two-
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photon spectroscopy was the intense 1Lb origin (see Figure 11).

Because its band contour was cleanly resolved, the polarization ratio could be 

determined precisely by measuring the area under the origin obtained when excitation 

was obtained for each polarization of light; Q = area(cir)/area(lin). This proved to be 

the case for all bands measured; therefore, Q is reported for each individual vibronic 

transition that had sufficient two-photon intensity. This is in marked contrast to solution 

experiments where Q is reported as the spectrum obtained by taking the quotient of the 

circular and linear spectra. The method used for solution experiments calculates the 

value of Q  at each point data was collected, instead of being summed over a specified 

vibronic band.

Indole’s Q  value of 1.40 for the 1Lb origin was a very promising result, it provided 

evidence that TPE spectroscopy gave similar results for the 1Lb state whether in a 

solution, vapor or jet environment. The next experiment, now that an example of a 

known 1Lb transition had been correctly identified by TPE spectroscopy, was to see if 

an 1La state could be identified under vacuum excitation conditions. Assuming that the 

1La state is not dissociative under these conditions as suggested by the vapor spectrum, 

it should be possible to locate an 1La excitation by looking for a band with a low 

polarization ratio (Q < 0.8). This is based on the assumption that £2 will respond to the 

1La state under vacuum conditions, the same way it does for one in solution.

Given that the 36,650 cm'1 band of indole was undoubtedly an 1La excitation in 

vapor, and that in this same region, the jet-cooled fluorescence excitation spectrum 

(+1,450 cm'1) shows a group of bands, it was the first region to be searched for an 1La
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excitation using two-photon spectroscopy as a diagnostic technique. The transition at 

+1,458 cm"1, shown in Figure 12, exhibits an intense peak for linear excitation as 

compared to circular excitation. This contrast is so striking that upon inspection alone, 

it is apparent that this must be an 1La transition. This observation is supported by it’s 

measured polarization ratio; Q. = 0.6. Given this proof that the 1La state is not 

dissociative under vacuum excitation and that it is identified by a Q of =0.6, every 

transition with observable two-photon intensity was measured, and the results of these 

experiments are presented in Table 2.

Two-photon spectroscopy has clearly identified nine 1La excitations for indole in a 

jet-cooled experiment based upon their value of £2, yet these same transitions were 

labeled as 1Lb according to a experiments which analyze the fluorescence. Nibu et al. 

have stated that fluorescence resulting from exciting the +1,458 cm'1 band indicated it 

was of S1(1Lb) character (35). Lifetime measurements of the +455, +480 and +1,458 

cm"1 bands classify them as 1Lb transitions based on the fact that all lifetimes measured, 

including the 1Lb origin, were similar (30). Bickel et al. have found that excitation of 

the +455- and 480 cm"1 lines produces a simple dispersed fluorescence similar to that 

from exciting the 1Lb origin (32).

The key to understanding these obviously conflicting results is to realize that £2 is 

dependent only upon the initial excited state reached and that the subsequent 

fluorescence may or may not emit from that state. Evidently, there is a rapid internal 

conversion to the 1Lb state after the initial excitation to the 1La state, and therefore, 

dispersed fluorescence, lifetimes measurements, or any other method dependent on the
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emitting state is not a reliable criterion for initial state character in this molecule.

"A useful understanding of the indole 1La and 1Lb two-photon rovibronic contours 

and intensities may be extrapolated from the elegant work by Metz, Neusser, and Schlag 

et al. on the 1Lb state of naphthalene vapor", as proposed by Callis (47). The two- 

photon polarization ratios measured by Rehms et al. for various indoles in solution, 

along with the molecular orbital calculations performed using INDO/S, demonstrated 

that the two-photon tensor patterns of the 1La and 1Lb happen to be very similar to those 

found for the ag and blg vibrations of naphthalene’s B2u (1Lb) state (6,49,65). Thus, the 

indole 1La state appears to contain approximately equal contributions from both the 

isotropic and symmetric anisotropic two-photon tensors, while the tensor for the 1Lb 

state is predominately symmetric isotropic. Due to rotational selection rules, only the 

Q-branch is allowed for an isotropic tensor, but a symmetric anisotropic tensor can 

deliver intensity to all five branches, 0,P,Q,R, and S. Also, the polarization of the 

incident radiation will have an effect on the relative intensity of a given tensor. Both 

tensors have approximately equal geometric factors for linear polarization, but this does 

not hold true for circularly polarized light: the anisotropic tensor has a geometric factor 

of .15, whereas the isotropic tensor is zero (see Chapter 2).

If the TPE theory developed for naphthalene is applicable to indole, then 1La states 

will have most of their intensity go into the Q-branch with linear excitation and 

practically no intensity will be observed with circular excitation. This prediction is 

fulfilled for the 1La states, as can be seen by looking at Figures 12 and 14, or at the 

tabulated polarization ratios, which reflect this phenomenon by the fact that 1La states
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have values ranging between 0.5 and 0.8. A purely symmetric anisotropic tensor would 

result in a Q of 1.5 due to the increased enhancement of circular light, but since the 1Lb 

origin was found to have an £2 of 1.35 in solution and vapor, it appears that there is a 

small amount of an isotropic component: present in the tensor also. This is verified by 

the small spike that is observed in the 1Lb origin. £2 is near 1.5 over most of the band 

except at the presumed Q branch, where £2 is near unity for the 1Lb bands. Of all the 

bands that had sufficient two-photon intensity for measurement, only the two at +782 

and 909 cm"1 had ambiguous values for £2, 0.9 and 1.1 respectively, making it 

impossible to assign them.

The 1La bands which occur at +1,450 in the vapor spectrum have been located in 

the jet-cooled spectrum along with others, the lowest being +455 cm"1. This is not a 

total surprise because the TPE spectrum of indole vapor hinted that there might be 1La 

states occurring as low as +700 cm"1 above the 1Lb 0-0 transition.

Now that the location of bands attributed to 1La transitions have been ascertained, 

the question as to the location of the 1La origin may be addressed. The most obvious 

candidate for the 1La 0-0 transition is the +455 cm"1 band since it is the lowest 

discovered. Yet, there are several difficulties that must be overcome in order to make 

this assignment. First, to assign the +455 cm"1 line as the 1La origin, the existence of 

a second 1La band only 25 cm"1 away must be addressed. And secondly, the +455 cm 1 

has previously been assigned as the combination of two low-frequency out-of-plane 

modes, SOUl1 (35).
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The first difficulty is dealt with by proposing that the +455-480 cm"1 pair is a split 

1La origin. If the intermediate value of 465 cm'1 is used as the 1La origin, the 1La bands 

labeled in Figure 48 as 1123, 1331,1418, and 1459 cm'1, relative to the 1Lb origin, form 

a Franck-Condon progression of 658, 866, 953, and 994 cm'1 relative to the 1La origin. 

This turns out to have a pattern quite similar to the Franck-Condon progression built on 

the 1Lb origin of 719, 909, 970, and 991 cm'1, which is not an unexpected result if the 

+455-480 cm"1 is indeed a split 1La origin. As for the +455 cm'1 band, it does not fit 

the assignment of Bickel et al. as the SO ^ l1 combination when compared to their other 

assignments; it is much more intense than any other low-frequency combination band 

identified, and the sum of the fundamental frequencies is +461 cm"1, where there is in 

fact a weak transition left unassigned. In addition, the intensity of the +461 cm 1 line 

is similar to that of other combination band assignments made by Bickel et. al., and 

therefore, it is assigned as the SOM-I1 combination band. Whereas the +461 cm 1 

appears as a separate line in the fluorescence excitation spectrum presented here, it 

arises only as a weak shoulder or not at all in previously reported spectra, which 

probably explains why it was overlooked for this assignment (30,32,35).

Additional support for this assignment of the 1La 0-0 transition comes from an 

experiment performed by Nibu and co-workers in which indole was complexed with 

methanol and dioxane (35). The results showed that the +480 cm 1 band was red-shifted 

14 cm 1 more than were the +540 and 718 cm 1 bands upon complexation with methanol 

and dioxane, thus signifying that the +480 cm"1 band is due to excitation to the 1La 

state; the 1La red shifts in a polar environment.
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Figure 48. Two-photon fluorescence excitation spectra of indole. The top spectrum has only Lb transitions shown.
The bottom spectrum shows only 1La transitions and has been moved to line up the proposed La origin 
with the observed 1Lb origin (465 cm"1 was chosen as an intermediate value of the split  ̂ La origin). 
This illustrates the similar Franck-Condon progression of the 1La state compared to the Lb state.
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The 1La State of 3-methylindole and 5-methvlindole

Once again, the jet-cooled fluorescence excitation spectra of each compound were 

obtained before beginning the two-photon excitation experiments. Both 3MI and 5MI 

show a substantial increase in the number of transitions as compared to indole’s 

spectrum. This increased congestion is definitely caused by the addition of the methyl 

group, which has distinctly different effects on the spectrum, depending on whether it 

is in the 3 or 5 position of indole. Each of these molecules exhibits the usual sudden 

loss of fluorescence quantum yield for isolated molecules as the excess vibrational 

energy is increased. The fluorescence intensity appears to fall off extremely fast in 5MI, 

but this is somewhat misleading because the intensity of a vibronic transition is spread 

over a number of rotational states. The 1Lb state fluorescence drops considerably above 

+1,000 cm"1; the lines at =1,400 cm"1 are due to the onset of the 1La manifold. For 

3MI, the fluorescence excitation spectrum diminishes quickly beyond +950 cm"1, in stark 

contrast to its vapor absorption spectrum (25). In other words, the fluorescence quantum 

yield decreases at higher vibrational excitation energies. Comparison with indole’s 

excitation spectrum suggests that the methyl group is somehow causing the drop in 

fluorescence quantum yield to occur sooner, since indole fluoresces strongly out to 

1,400 cm"1.

The most striking feature of the 5MI spectrum is the methyl rotor progression 

dividing the intensity of the 1Lb 0-0 transition (28). If a single line were used to 

represent every transition split by the methyl rotor torsion, the spectrum would be seen 

to be extremely sparse. The spectrum of 5MI that Bickel and co-workers previously
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measured is essentially the same as the one presented here, except that it covers only 

the first 350 cm'1, whereas this one covers 1,600 cm'1. This turned out to be important 

for the following two reasons: first, the torsional pattern that is seen on the origin is 

repeated many times in combination with the skeletal modes of the molecule; and 

second, the first 1La transition appears over 1,400 cm'1 above the 1Lb origin.

Strickland and Billups found that a methyl substituent at the 5 position of indole 

caused a 950 cm'1 red-shift of the 0-0 1Lb band without shifting the 1La bands when in 

cyclohexane (17). This interpretation is in agreement with the results obtained by TPE 

experiments, as well as anisotropy spectra of 5MI at -50°C in propylene glycol glass 

(15). Therefore, given an 1La origin of «465 cm'1 in indole, the 1La origin is expected 

to be «1,500 cm'1 above the 1Lb origin in 5MI. This expectation for the 1La-1Lb 

separation in 5MI is met, the first 1La transition is observed at +1,424 cm"1 above the 

1Lb origin under vacuum excitation conditions.

Seven other 1La transitions were located by their low polarization ratios, the highest 

occurring at +1,613 cm"1. The region between the 1Lb 0-0 and the +1,424 cm"1 line was 

carefully searched for any other 1La bands, with particular emphasis above +1,000 cm"1 

because the onset of 1La was observed to begin there in cyclohexane, but none was 

found. This raises the question: where is the 0-0 transition of the 1La manifold? There 

are several possible answers to this question based on the data presented here.

First, due to Franck-Condon factors, the 1Lk origin is too weak to be observed above 

the signal-to-noise ratio of this experiment, and the cluster of 1La lines beginning at 

+1,424 cm"1 are vibronic transitions due to various skeletal modes, similar to the group
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at +1,000 cm"1 for indole. A second possibility is that the multiple 1La lines are due to 

methyl rotor torsional transitions distributing the intensity of the 1La origin over several 

lines, as is the case for the 1Lb origin. Alternatively, the 1,424 cm"1 line is a vibronic 

transition that is being split into multiple peaks by methyl rotor effects and the 1La 

origin is lower but too weak to be measured. Given the increasing loss of quantum 

yield with excess vibrational energy and the Franck-Condon factors of the 1La state, this 

must be considered as a possibility. To explore the possibility that the 1La origin may 

be divided into multiple peaks by methyl.rotor transition, modeling of the methyl rotor 

was performed.

The potential function of hindered internal rotation has the following fonn.

F3
V = -y(l-cos3<t))

V6
-  cos6<f>)

Where <j> is the internal rotation angle.

By varying both V3 and V 6 values until the calculated spacings fit the experimental 

data, the shape of the torsional potential can be determined. For example, a negative 

V6 value will give rise to wider wells and narrower barriers.

Using the program VNCOS developed by Lewis et al., assignments of the methyl 

rotor progression on the 1Lb origin were made by Spangler and Siewert (61). Table 6 

gives the assignments as well as the observed and calculated frequencies for the 

torsional progression of the 1Lb origin. This fit is slightly different than that presented 

by Wallace et al. due to a different assignment of the Se and Sa1 levels, the use of a
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smaller rotational constant, and the fact that the relative frequencies were somewhat 

different. Following that success, an attempt was made to fit the observed * 1La lines to 

a methyl rotor progression. The best fit of the first four lines gave frequency 

differences that ranged from 2 to 8 cm'1 between calculated and observed lines, whereas 

the fit used for the 1Lb origin was off by only .5 cm'1, at the most, for the four lowest 

transitions. This result does not rule out the possibility of this being the 1La origin. The 

poor fit may be a consequence of having a high density of nearby 1Lb states which 

perturbs the 1La torsional states to a great extent, but it is unlikely given the good fits 

obtained for nearby 1Lb methyl rotor progressions.

Table 6. Calculated barriers and experimental transition frequencies 
for 5-methylindole: V3’ = 80.8 cm'1 and V 6' = -21.4 cm'1.

Transition Experimental Calculated

Oa1 0 0

Ie 1.2 1.7

2e 39.5 39.5

Sa2 52 52.1

3aI 74.6 74.4

4e 94.4 100.7

5e 155.5 147.1

Oa1 203.1 . 206.4

A third possibility is that the 1La 0-0 transition is split into multiple peaks by nearby

1Lb states, as is the case for indole, where the origin is observed to be split into two 

transitions 25 cm'1 apart. This view would suggest that the lower 1La lines are the 

divided origin, and the ones above 1,600 cm'1 are probably due to some low-frequency
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out-of-plane mode..

The expectation for 5MI that the 1Lb - 1La gaps widens by =950 cm'1 is in accord 

with the assignment of the 1La origin at 1,424 cm"1. The lowest 1La lines observed for 

jet-cooled indole were at +455 and 480 cm"1 above the 1Lb origin, approximately 950 

cm"1 lower than in 5MI.

A definitely much more crowded, and therefore complex, excitation spectrum is 

obtained for 3MI, as compared to either indole or 5MI. This increased congestion, as 

previously pointed out by Strickland et al., is due to the 1La and 1Lb states overlapping 

in this molecule (16). While the methyl group in the 5 position pushes the 1Lb state to 

the red relative to it's position in indole and thus increases the 1La-1Lb separation, it has 

been shown that moving the methyl to the 3 position has just the opposite effect (15,16).

The 1La absorption band in 3MI is observed to red-shift =900 cm"1 relative to the 1Lb 

origin in vapor at 70°C, as compared to indole (16). Given this result, and the fact that 

indole’s origin is approximately at +465 cm"1 in the jet-cooled spectrum, it would appear 

that the 1La origin of 3MI might be below that of the 1Lb origin under vacuum 

excitation conditions.

To obtain more information regarding the excited states of this molecule, the 

excitation spectrum of 3-trideuterio-methylindole was also measured. By comparison, 

the clustering of lines which is prevalent in 3MI, appears to have collapsed in the 

deuterated spectrum, suggesting that Franck-Cbndon factors involving the methyl 

hydrogen motions are responsible. Deuterating the methyl had the effect of blue-shifting 

the 1Lb origin by 8 cm"1, whereas most other vibronic transitions are red-shifted by
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comparison. Any one of the "vibronic" transitions that blue-shifted might signal the 1La 

origin because it is also expected to blue-shift, based on zero point vibrational energy 

difference. This analysis singles out the +334 cm'1 and +468 cm"1 transitions as 

candidates for the 1La origin.

Before proceeding with the TPE experiments on 3MI and it’s deuterated analog, the 

region below the 3MI 1Lb origin was carefully scanned for any transitions out to -700 

cm'1. No transitions of 3MI were located, but transitions due to the 1:1 water complex 

were identified (27,29,62). Apparently, the 1La origin does not shift below the 1Lb1S 

when indole is methylated in the 3 position. If it did happen to shift below the 1Lb 

origin, then there is a very good chance that the 1La state would have already been 

identified by its fluorescence characteristics, because there would not be a fast internal 

conversion to a neighboring 1Lb state.

A number of 1La transitions were identified based on their polarization ratios. The 

strong peaks at +468, 609, 617, 736-749, and 820-829 cm"1 are clearly 1La states, while 

those at +427, 527, and 711-719 cm"1 are clearly 1Lb states. Q. of 0.5 and 0.8 for the 

+408.5 and 452 cm"1 lines, respectively, identifies these two as the lowest 1La transitions 

found thus far. These assignments are in agreement with rotational structure based on 

assignments made by Wu and Levy (66). They carried out a high resolution UV 

fluorescence excitation study of jet-cooled indole. By looking at the rotational band 

structure, they have determined the square of the projection made by the transition 

dipole on to the three inertial axes for 24 transitions. Several cases of apparent 

disagreement can be explained based on the fact that they only know the square of the
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projection, not the absolute value, and as such, these cases may be interpreted to agree 

with the results presented here.

As with indole, many of the 1La states show a prominent Q-branch for linear 

excitation, while the 1Lb states are broad for both polarizations since the 0,P,Q,R,S 

rotational branches share the total intensity of a given vibronic transition. This implies 

that the 1Lb two-photon tensor is dominated by the symmetric anisotropic component 

and that the 1La is dominated by the isotropic component.

Due to insufficient two-photon intensity, acquisition of reliable polarization ratios 

were not possible for several lines, and therefore they could not be assigned to an 

excited state based on their value of Cl In particular, and most importantly, are the first 

four transitions above the 1Lb origin, three of which have never been observed before. 

Also of interest are the relatively low lines at +334 and 420 cm'1, which cannot be 

assigned because their value of 0.9 for Q is ambiguous as to which state was reached.

The excited state character of each of these transitions needs to be addressed in 

order to determine if one. of them might be the 1La origin or a vibronic transition of the 

1La manifold. This task will require looking at methyl rotor behavior in both 1La and 

1Lb states for 3MI, as well as, d3-3MI, and considering the out-of-plane bending modes 

in this molecule.

Several of the 1La bands show a definite split in their TPE spectrum using linear 

polarized light, ranging from 0.5 to I cm'1 in width. Whereas none of the 1Lb lines 

exhibit any splitting. No splitting is observed for either the 1La or 1Lb states of d3-3MI. 

Calculations by Spangler and Siewert showed this splitting to be due to the Oa1 and Ie
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torsional modes of the methyl group built on an 1La vibronic transition (61). This 

splitting is observable in the one-photon spectrum, but is even more apparent in the 

linear polarized two-photon contour because the rotational selection rules require most 

of the intensity to go into the Q-branch for an 1La transition (see discussion for indole). 

A split is not observed for the 1La states of d3-3MI because the deuterium effectively 

reduces the split below the resolution of the experiment.

Using this methyl rotor split of the 1La state as a diagnostic technique, it is now 

possible to assign the +420 cm'1 as an 1La transition and further support the assignments 

for the +408.5, 452, 609, 617, and 820 cm'1 lines. At this point, the five lowest lines 

still remain to be identified as either 1La or 1Lb. Torsional transitions of the methyl 

rotor are observable on some 1La lines, so could there be torsional transition built on 1Lb 

bands? It is this possibility that is next considered.

Could one or more of these lowdying transitions be assigned as 1Lb vibrations, or 

more precisely, are any of them a torsional transition of the 1Lb origin? Any attempt 

to fit these to an 1Lb methyl rotor progression must also be consistent with the observed 

shifts of these lines in the d3-3Ml spectrum. Most notable is the impression that the 

+188 and 197 cm'1 transitions appear to coalesce into a single line at 146 cm 1 in the 

deuterated spectrum. In fact, if this is the case, then the large shift in frequency would 

suggest a vibration solely involving the methyl hydrogens, a torsional vibration. An 

elegant analysis by Spangler shows that this is indeed the case (61). The +188 cm 1 line 

is assigned as the Sa1 and the +197 cm'1 as 4e in the protonated molecule. Then, by 

plotting the difference between excited state frequencies as a function of a pure V3
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Figure 49. Plots of excited state combination differences (the same as relative 
frequencies in this case) vs. a barrier height for both 3MI and 
d3-3MI. This shows that the 197 and 188 cm'1 lines coalesce into a 
single line at 146 cm'1 upon deuteration of the methyl group.
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barrier height, as shown in Figure 49, a split of ~9 cm"1 occurs between the Sa1 (=188 

cm"1) and 4e (=197 cm'1) lines for a barrier height of 300 cm"1. Because the energy 

difference between the ground and excited state for both the Oa1 and Ie states is 

essentially the same, the excited state differences correspond to the frequencies in the 

excitation spectrum. The same plot for d3-3MI results in the Sa1 and 4e coalescing into 

a single peak at =146 cm'1 because of the reduced tunneling interaction. Table 7 gives 

the calculated frequencies and intensities for the 1Lb origin's torsional transitions. High 

resolution measurements by Levy and co-workers determined a value of 0.0304 cm"1 for 

the Oa1 - Ie split in the excited state (67). A methyl rotor barrier was assigned for both 

the ground and excited states potentials based on Levy’s measurements, consideration 

of experimentally measured transition intensities, and the use of the program INROT 

(64). Tlie calculated intensities of the 2e and 5e levels, listed in Table 7, reveal why 

they are not observed in the 3MI spectrum.

Table 7. Calculated transition frequencies and intensities for 3-methylindole 
with a ground state barrier of V 3” =,443.2 cm"1 and an excited state 
barrier of Y3'= 307.6 cm"1, V6' = -10.9 cm'1.

Transition Frequency Intensity (%)

Oa1 0 100 (combined)

Ie 0.0304 100 (combined)

2e 103.1 1.9 x 10"4

3 ai 188.1 .33

4e 196.4 .33

Se 256.9 .011
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This analysis has eliminated the two lowest transitions as possible 1La origins by 

assigning them as 1Lb torsional vibrations. Lines at +217, 251, and 334 cm'1 remain to 

be identified as 1La or 1Lb in nature. The existence of two additional vibrations in 3MI 

below 700 cm'1, as compared to indole, is suggested by MOPAC calculations. The 

lowest of these is predicted to be =40 cm'1 lower than the lowest in indole. Given that 

indole’s lowest fundamental frequency is observed at +158 cm'1, that places a vibration 

at 108 cm"1 in 3MI, which is not unreasonable for an out-of-plane vibration (32,68). 

Also because one-quantum changes in a" modes are forbidden, the +217 cm'1 line is 

explained as a two quanta transition of the +108 cm'1 a" mode.

A very weak transition is observed at 125 cm'1 in the OPE spectrum of 3MI, 

approximately one-half of the 251 cm'1 line. Comparison with the d3-3MI spectrum 

reveals that the 251 cm'1 line has shifted to =240 cm'1, and the weak 125 cm'1 line now 

appears at 120 cm'1. Thus, the 251 cm'1 is assigned as a two quanta out-of-plane 1Lb 

vibration. One quanta of the a" mode is weakly allowed by the methyl rotor e level. 

The 125 cm"1 transition is actually a combination band consisting of one quanta of the 

out-of-plane mode, plus one quanta of the e torsional level which allows the transition.

Only the +334 cm"1 line is left unaccounted for in this low frequency region, but 

there are two pieces of evidence that point to this being an 1La transition. First, as 

mentioned before, this is one of only two lines that blue-shifted upon deuteration, and 

secondly, the polarization ratio of 0.9 leans closer to the expected behavior for an 1La 

transition. Assuming that the 334 cm"1 line is 1La in nature, where is the 1La origin? 

No harmonic progressions are found built upon the +334 cm"1 or any other 1La line,
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including the +468 cm"1 line which was the other transition that blue-shifted with 

deuteration. Some Q  measurements are higher or lower than expected for a "pure" state 

which suggests that the 1La and 1Lb states are mixing in some cases. The 1Lb origin is 

a good case in point with an £2 of 1.13; this low 1Lb £2 value would seem to indicate that 

there is an 1La state mixing with the 1Lb origin.

Before drawing any conclusions pertaining to the 1La origin, there is one last bit of 

data which might help to create a picture of what is happening between these two 

excited states. The 3MI + H2O complex transitions yielded a surprising result when 

measured with TPE spectroscopy. These transitions have been previously identified as 

belonging to the 1Lb state, the lowest at -233 cm'1 being assigned as the 0-0 1Lb + H2O 

transition. Yet, when their polarization ratios are measured, £2 has values characteristic 

of transitions to the 1La state. Plus, the -233 cm"1 band has a splitting of ~.l cm'1 

which has been shown to occur only for 1La transitions in 3MI. These results along 

with the fact that the 1Lb origin of 3MI has a slightly lower value for £2 compared to 

other 1Lb lines in 3MI, as well as, indole’s 1Lb origin, are indicative of an avoided 

crossing between the 1La and 1Lb states. This idea was proposed along the N-H stretch 

before there was direct evidence of 1La excitations (30,69). To this end, Callis has 

studied such an avoided crossing by performing INDO/S computations (49). By using 

geometries and parameters designed to make 1La and 1Lb precisely degenerate, an 

avoided crossing is exhibited. As the geometry is changed along the vibrational 

displacement shown in Figure 50, the lower state (1Lb) gradually takes on 1La character, 

while the upper state (1La) becomes more 1Lb-Iike. The two surfaces are separated by
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200 cm"1 at the point of maximum mixing. This description is supported by the 

behavior of the +188 and 197 cm 1 vibrations. TPE measurements of these two lines 

were too noisy to be fully trusted, but comparison of their Q values between 3MI and 

d3-3MI showed a decrease as the transitions red-shifted closer to the 1Lb origin, 

suggesting that the amount of 1Lb character decreases by moving along the surface of 

the avoided crossing.

Figure 50. The "Franck-Condon mode", showing the direction of proposed 
displacement of ring atoms upon excitation to the 1La state.

The number of 1La transitions suddenly increases once above 700 cm"1 for 3MI, 

which implies an 1La origin around 400 cm"1, given the 1La harmonic progression 

observed for indole. Yet, none of the low lying 1La transitions show the start of a 

harmonic progression, most importantly the lowest one at +408.5 cm 1 or the probable 

1La line at +334 cm"1. There are five 1La transitions in this region (+400 ± 70 cm'1) and



the highest and lowest ones both shift to the blue upon deuteration, as does the 1Lb 

origin. Tile avoided crossing calculations, the low Q, of the 1Lb origin, intermediate 

values of O occurring for both 1La and 1Lb lines, and the apparent anharmonicity of the 

spectrum leads to the proposal of a multiple split 1La origin. The origin appears to be 

split up into several peaks, possibly including all of the following lines: +334, 409, 420, 

452, and 468 cm"1.

113
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CHAPTER 6 

SUMMARY 

General Results

The most important discovery of this research is that the 1La state does not 

dissociate under vacuum excitation conditions. Although the 1La is a bound state, it 

never appears to fluoresce directly to the ground state, but rather goes through a fast 

internal conversion (< I ns) to the 1Lb state prior to the observed fluorescence. One- 

photon fluorescence excitation experiments assume that the initial excited state reached 

and the state that fluorescence originates from are one and the same. Since this is not 

the case for the tryptophan chromophore under vacuum excitation, the 1La state had 

gone undetected, and the theory that the 1La state might undergo dissociation began to 

be developed.

Due to this internal conversion, excitation to the 1La manifold can only be detected 

by using a technique that can differentiate the two states based on the absorption 

process. Polarized two-photon fluorescence excitation spectroscopy is a method which 

can differentiate the 1La and 1Lb states of indole. The photoselection is dependent upon 

the polarization of the exciting light. 1Lb states show greater absorption, and thus, 

greater fluorescence intensity for circularly polarized light as opposed to linearly
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polarized light, whereas 1La states have just the opposite response to these two 

polarizations. Therefore, this makes it possible to determine which excited state was 

reached upon excitation, regardless of the state from which the fluorescence originates.

Specific Results

After determining that the technique was being employed correctly by measuring 

indole and 3MI in perfluorohexane, the TPE spectrum of indole vapor at I atm was 

measured. The results of this experiment confirmed that the 1La state was measurable 

under solvent-free conditions, and as such, must be a bound state in indole vapor. A  

band approximately 1,450 cm"1 above the 1Lb 0-0 band gave the strongest indication of 

an 1La transition based on it’s Q value of 0.65. Given the positive result of this 

experiment, the next step in this study was to move to vacuum excitation conditions 

using a ffee-expansion jet which cools the molecules both vibrationally and rotationally, 

and thus allowing for a much simpler spectrum. This experiment was the crux of the 

study because previous jet-cooled experiments had failed to identify the 1La state by 

one-photon excitation and dispersed fluorescence experiments.

The TPE results of jet-cooled indole showed that the 1La state was observable under 

vacuum excitation conditions, thereby eliminating the idea that the 1La state was 

dissociative under these conditions. A number Of1La transitions were identified by their 

polarization ratios (£2), which allowed an Franck-Condon progression similar to that 

observed for the 1Lb state to be identified, and an 1La origin to be proposed. The +455 

and 480 cm"1 transitions were proposed as a split 1La origin. Though the reason for the
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splitting is unknown, a likely possibility is that an optically silent 1Lb state is 

responsible. A weak transition at +461 cm"1 is assigned as the 391411 combination 

band, in contrast to being previously assigned to the +455 cm'1 line (35).

Indole’s two-photon tensor patterns for the 1La and 1Lb states are seen to be quite 

similar to naphthalene’s ag and blg vibrations of the B2u (1Lb) state. The 1La state is 

prominently isotropic in character, which gives rise to a strong Q-branch using linearly 

polarized excitation because selection rules require that AJ = 0, and there is very little 

intensity with circular light because of geometrical factors. On the other hand, 1Lb 

states have their intensity distributed over all five rotational branches for either 

polarization of light and give a much broader band in comparison to 1La states; this is 

due to being almost purely symmetric anisotropic in nature.

5-methylindole’s one-photon fluorescence excitation spectrum showed methyl rotor 

structure throughout the spectrum. A fit of the torsional progression on the 1Lb origin 

was made that differed slightly from the one previously reported by Wallace et al. (28). 

The two-photon data identified the lowest 1La transition at 1,424 cm"1. This is 

consistent with the increased separation o f —1,000 cm"1 that is observed between the 1Lb 

origin and the 1La maximum for the gas phase absorption spectra of indole compared 

to those of 5MI, and as such, serves to further, support the assignment of indole’s 1La 

origin. The lowest 1La lines are proposed as a split 1La origin, similar to what is 

observed for indole.

3-methylindole’s one-photon spectrum yielded three new transitions at +188,196.5, 

and 251 cm"1. The first two were observed to coalesce into a single line at +146 cm 1
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in d3-3MI, while the +251 cm"1 blue-shifted down to 240 cm'1. The collapse of the 

+188 and 196.5 cm'1 lines into a single line upon deuteration is understood because 

these transitions are due to methyl rotor structure built on the 1Lb origin. A very weak 

line at +125 in 3MT, which shifts to +120 cm"1 in d3-MI, is used to identify the +251 

cm"1 transition as a combination band. One other line in this region, the +217 cm'1, is 

attributed to a two-quanta transition of an out-of-plane mode of 108 cm"1. This 

fundamental is predicted by model calculations using MOP AC. Deuteration has the 

effect of blue-shifting the 1Lb 0-0, while all higher vibronic transitions red shift. 

Likewise, the 1La origin is expected to blue shift, and as such, both the +334 and 468 

cm"1 are candidates for the 1La origin.

Comparison of the TPE spectra obtained for jet-cooled indole and 5MI showed that 

a methyl placed in the 5 position of indole shifts the 1Lb origin to the red by =1,000 

cm"1, as predicted by the absorption data measured by Striddand and co-workers (17). 

Similar comparison between indole and 3MI implies that the 1La state fed shifts by =900 

cm"1 when methylated in the 3 position, thus placing the 1La origin lower than the 1LbfS. 

TPE data clearly identifies distinct 1La transitions at +427, 609, 736-749, and 820-829 

cm"1, while the lines at +427, 527, and 711-719 cm'1 are shown to be 1Lb in nature. 

Utilizing the fact that most 1La transitions have "a - e" splitting due to methyl rotor 

effects, the ambiguous +408 cm"1 line was shown to be an 1La state. No harmonic 

progression involving these 1La states could be identified , as was the case for indole’s 

1La origin.
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A careful search 700 cm"1 to the red of the 1Lb origin did not revealed any 1La lines, 

but it did expose transitions of the 3MT + H2O complex. These transitions of complexed 

3MI are thought to be the 1Lb state from OPE experiments, but TPE experiments 

indicate that they are 1La in nature.

A multiply split 1La origin is proposed over the set of lines including +334, 409, 

420, 452, and 468 cm"1 based on the following: the absence of an 1La harmonic 

progression, the low O measurement of the 1Lb origin (only 1.13 vs. 1.41 for indole), 

and the TPE results of the 3MI water complex. This evidence suggests that the reason 

the 1La 0-0 does not appear below the 1Lb5S is due to an avoided crossing between the 

1Lb and 1La surfaces. Such an avoided crossing would explain the low polarization ratio 

of the 1Lb origin, the multiply split 1La origin, and the lack of harmonic behavior in 

3MI. This explanation is supported by the results of INDO/S calculations. An avoided 

crossing between the two states originates by using geometries and parameters designed 

to make the 1La and 1Lb degenerate.



119

REFERENCES CITED



120

REFERENCES CITED

1. Stryer, L., in "Biochemistry," 2nd ed., W.H. freeman and Co., San Francisco, CA, 
(1981).

2. Creed, D., Photochem. Photobiol. 35, 537 (1984).

3. Wetlaufer, D B., Adv. Protein Chem, 17, 303 (1962).

4. Strickland, E.H., Horwitz, J., Kay, E., Shannon, L.M., Wilchek, M., and Billups, C., 
Biochem. 13, 2631 (1971).

5. Platt, J.R., J. Chem Phys., 17, 484 (1949).

6. Rehms, A.A., and Callis, P.R., Chem. Phys. Lett., 140, 83 (1987).

7. Konev, S.V., in "Fluorescence and Phosphorescence of Proteins and Nucleic Acids", 
(Plenum Press, New York, 1967).

8. Weber G., in "Advances in Protein Chemistry. Vol. 8", (Academic Press, New York, 
1953).

9. Shore, V.G., and Pardee, A.B., Arch. Biochem. Biophys., 60, 100 (1956).

10. Duggan, D.E., and Udenfriend, S., J. Bio. Chem., 313, 223 (1956).

11. Teal, F.WJ, and Weber, G., Biochem. J., 476, 65 (1957).

12. Platt, J.R., J. Chem Phys., _19, 101 (1951).

13. Weber, G., Biochem J. 75, 345 (1960).

14. Valeur, B., and Weber, G., Photochem. Photobiol. 25 441 (1977).

15. Eftink, M.R., Selvidge, L.A., Callis, P.R., and Rehms, A.A., J. Phys. Chem., 94, 
3469 (1990)

16. Strickland, E.H., Horwitz, J., and Billups, C., Biochem. 9, 4914 (1970).



121

17. Strickland, E.H., and Billups, C., Biopolymers. 12, 1989 (1973).

18. Lami, H., and Glasser, N., J. Chem. Phys. 84, 597 (1986).

19. Chang, C., Wu, C., Muirhead, A.R., and Lombardi, LR., Photochem. Photobiol. 19, 
347 (1974).

20. McClellan, A.L., in "Tables of Experimental Dipole Moments", (Freeman, London, 
1963).

21. Strickland, E.H., Billups, C., and Kay, F., Biochem. JT, 3657 (1972).

22. Andersen, B.E., Jones, R.D., Rehms, A.A.,Tlich, P., and Callis, P.R.,
Chem. Phys. Lett. 125, 106 (1986).

23. Rehms, A.A., Ph.D thesis, montana state university (1989)

24. Maxtinaud, M., and Kadiri, H., J. Chem. Phys. 28, 473 (1978).

25. Hollas, J., Spectrochim Acta, 19, 753 (1963).

26. Mani, A., and Lombardi, J., J. Mol. Spectrosc. 31, 308 (1969).

27. Bersohn, R., Even, U., and Jortner, J., J. Chem. Phys. 80, 1050 (1984).

28. Bickel, G., Leach, G., Demmer, D., Hager, J., and Wallace, S., J. Chem. Phys.
SWL 1(1988).

29. Hager, J., and Wallace, S., Phy. Chem. 87, 2121 (1983).

30. Hager, J., Demmer, D., and Wallace, S., J. Chem. Phys. 91, 1375 (1987).

31. Hays, J., Henke, W., Selzle, W., and Schlag, E., Chem. Phys. Lett. 97, 347 (1983).

32. Bickel, G., Demmer, D., Outhouse, E.A., and Wallace, S.C., J. Chem. Phys.
91, 6013 (1989).

33. Cable, J.R., J. Chem. Phys. 92, (1990).

34. Hays, T.R., Henke, W.E., Selzel, H.L., and Schlag, E.W., Chem. Phys. Lett. 97, 347
(19831

35. Nibu, Y., Abe, H., Mikami, N., and Ito, M., J. Chem. Phys. 87, 3898 (1983).



122

36. Lipert, RJ., Bermudez, G., and Colson, S.D., J. Chem. Phys. 92, 3801 (1988).

37. Ilich, P., Canadian J. Spect. 32, 19 (1987).

39. Phailthorpe, M., and Nicholls, C., Photochem.Photobiol. 14, 135 (1971).

40. Glasser, N., and Land, H., J. Chem. Phys. 74, 6526 (1981).

41. Evleth, E., Chalvet, O., and Bamiere, P., J. Chem. Phys 81, 1913 (1977).

42. Evleth, E., Horowitz, P., and Lee, T., J. Am. Chem. Soc. 95, 7948 (1973).

43. Klein, R., Tatischeff, I., Bazin, M., and Santus, R., J. Chem. Phys. 85, 670 (1981).

44. Lee, J., and Robinson, G., J. Chem. Phys. 81, 1203 (1984).

45. Monson, P.R., McClain, W.M., J. Chem. Phys. 53, 29 (1970).

46. McClain, W.M., J. Chem. Phys. 55, 2789 (1971)..

47. Sammeth, D.M., Y an, S., Spangler, L.H., and CaUis, P.R.,
J. Phys. Chem. 94, (1990).

48. Sammeth, D.M., Siewert, S., Spangler, L.H., and Callis, P.R., Chem. Phys. Lett, 
submitted.

49. Callis, P.R., J. Chem. Phys. 95, 4230 (1991).

50. Goeppert-Mayer, M., Ann. Phys. 9, 273 (1931).

51. McClain, W.M., Acc. Chem. Res. 7, 129 (1974).

52. McClain, W.M., and Harris, R A ., in "Excited States", (Academic Press, New York, 
1977).

53. Lim, S.H., Fujimura, Y., Neusser, HJ., and Schlag, E.W., in "Multiphoton 
Spectrosocpy of Molecules", (Academic Press, New York, 1984).

54. Lombardi, LR., Wallenstein, R., Hansch, T.W., and Friedrich, D.M., .
J. Chem. Phys. 65, 2357 (1976).

55. Hohlneicher, G., and Bernhard, D., J. Chem. Phys. 70, 5427 (1979).



123

56. Dick, B., Gonska, H., and Hohlneicher, G., Ber. Bunsenges. Phys. Chem., 85, 746 
(1981).

57. Huijzer, J.C., Adams, Jr., J.D., and Yost, G.S., Toxicol. Appl. Pharmacol., 90, 60 
(1987).

58. Arecehi, F., Stmmia, F., and Walther, H., in "Advances in Laser Spectroscopy", 
(Plenum Press, New York, 1983).

59. Jones, R.D., and Callis, P.R., J. Appl. Phys. 64, 4301 (1988).

60. Lawson, C.W., Horwitz, E.H., and Lipsky, S., J. Chem Phys. 51., 1590 (1969).

61. Sammeth, D.M., Siewert, S., and Callis, P R., Spangler, L.H., J. Phys. Chem. 
submitted.

62. Tubergen, M.J., and Levy, D.H., J. Chem. Phys. 95, 2175 (1991)

63. Lewis, J.D., Mallory, Jr., T.B., Chao, T.H., and Lanne, J., J. Mol. Struct. 12, 427 
(1972).

64. Spanglar, L.H., and Pratt, D.W., J. Chem. Phys. 84, 4789 (1986).

65. Boesl, U., Neusser, H.J., and Schlag, E.W., Chem. Phys. 15., 167 (1976).

66. Levy, D.H., Private communication.

67. Wu, R. Doctoral Thesis, University of Chicago (1990).

68. Dewar, M., Zoebisch, E., Healy, E., and Stewart, J., J. Am. Chem. Soc. 3902 
(1985).

69. Demmer, D.R., Leach, G.W., Outhouse, E.A., Hager, E.A., and Wallace, S.C., 94, 
582 (1990).



124

APPENDIX

i



125

Table 8. Indole: Transition Energies (cm-1) Relative to the Lb Origin (*).

I -131.4 41 772 81 1053.2 121
2 -127.7 42 773.8 82 1065.1 122
3 -106.8 43 781.6 83 1068.3 123
4 -61.6 44 784.5 84 1070.9 124
5 * 0.0 45 787.2 85 1076 125
6 2.4 46 837.8 86 1079.6 126
7 4.1 47 842.7 87 1083.1 127
8 22.3 48 848.5 88 1096:4 128
9 249.7 49 851.9 89 1099.8 129

10 315.7 50 855.6 90 1102.3 130
11 341.3 51 859.6 91 1115.2 131
12 364.9 52 867.3 92 1117.7 132
13 368.6 53 871.3 93 1122.5 133
14 379.5 54 895.2 94 1129.3 134
15 382.2 55 898.8 95 1132.6 135
16 409 56 902.6 96 1148.2 136
17 435.3 ' 57 909 97 1175.8 137
18 454.4 58 920.6 98 1186.8 138
19 460.8 59 923.6 99 1191 139
20 479.9 60 927.8 100 1199.1 140
21 482.8 61 930.5 101 1200.9 141
22 524.2 62 954.1 102 1211.5 142
23 540.1 63 957 103 1217.2 143
24 542.9 64 969.8 104 1231.8 144

25 549 65 973.6 105 1234.6 145
26 558.2 66 976.6 106 1236.3 146
27 588.4 , 67 985.9 107 1246.4 147

28 593.3 68 990.5 108 1250.8 148

29 612.2 69 993.6 109 1264.8 149
30 645.6 70 996 HO 1277.9
31 654.8 71 1001 111 1285.6
32 690.9 72 1004.1 112 1288.2
33 718.5 73 1013.1 113 1297.2
34 720.4 74 1017.8 114 1313.2
35 723.3 75 1021.6 115 1315.9
36 737 76 1024.8 116 1330.3
37 742.3 77. 1034.2 117 . 1347.5
38 748 78 1036.7 118 1358.8
39 759.8 79 1041 119 1370.6
40 768.5 80 1044.8 120 1380.4

1382.9
1385.8
1389.9
1394.2
1402.7
1405.7
1414.9 

1418
1421.5 

1428
1438.2
1454.8
1458.4
1469.6
1482.8
1493.8
1503.8
1523.7
1585.6
1627.8
1641.4
1660.9
1684.5 
1688.4
1709.3
1714.8
1739.6
1819.8
1843.6
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Table 9. 5MI: Transition Energies (cm-1) Relative to the Lb Origin (*).

I -141.9 41 704.6 81 1099.6
2 -99 42 724 82 1111.4
3 -61.6 43 732.9 83 1130.2
4 -45 44 738.1 84 1133.4
5 * 0.0 45 740.6 85 1138.1
6 2.3 46 762.8 86 1150.6
7 38.9 47 772.1 87 1173.5
8 41.4 48 775.2 88 . 1182.7
9 72.8 49 792.1 89 1185.5

10 74.6 50 794.5 90 1188
11 77.4 51 8012 91 1222.1
12 93.8 52 812.7 92 1259.6
13 96.1 53 832.9 93 1297.6
14 109.1 54 835.4 94 1313.8
15 134.6 55 839.7 95 1318.7
16 147.7 56 842.8 96 1323
17 155.5 57 854 97 1329
18 193 58 857.6 98 1333.2
19 202.9 59 870.7 99 1353
20 216.1 60 886.7 100 1359.9
21 234.4 61 889.4 101 1389.6
22 271.3 62 899 102 1396.8
23 335,5 63 902.9 103 1400.8
24 362.1 64 909.2 104 1409
25 390.1 65 920.8 105 1424
26 392.9 66 926.1 106 1428
27 433.8 67 944.8 107 1439.5
28 439.8 68 954.4 108 1462.5
29 470.6 69 956.9 109 1470.5
30 478.4 70 962.4 HO 1474.9
31 487.9 71 975.2 111 1494.4
32 514 72 982.4 112 1498
33 516.9 73 992.4 113 1505
34 550.7 74 995.2 114 1518.1
35 588.8 75 1008 115 1531
36 623.8 76 1020 116 . 1537.8
37 643.6 77 1034.7 117 1552.6
38 686.9 78 1044.8 118 1557.6
39 697.9 79 1070.2 119 1577.5
40 700.6 80 1094.9 120 1613.3
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Table 10. 3MI: Transition Energies (cm-1) Relative to the Lb Origin (*).

I -234 41 485.1 81 738.9 121 878.2
2 -231.3 42 503 . 82 742.9 122 879.7
3 -213.2 43 512.2 83 744.7 123 881.3
4 -210.3 44 518.4 84 748.5 124 886.3
5 -207.3 45 526.7 85 752.7 125 891.8
6 -203.8 46 529.5 86 758.2 126 893.2
7 -117 47 544.1 87 760.4 127 897.2
8 -25.9 48 546.4 88 762.2 128 900.7
9 -6.5 49 571 89 764.1 129 886.3

10 * 0.0 50 574.2 90 767.8 130 909.2
11 2.9 51 575.7 91 771.6 131 910.9
12 4.1 52 580.9 92 780.1 132 914.7
13 5.1 53 586.7 93 782.9 133 918.1
14 18.3 54 589.3 94 786.8 134 921.8
15 26.6 55 590.9 95 789.1 135 924.7
16 188.1 56 599.4 96 796.9 . 136 927.1
17 196.5 57 602.1 97 801.4 137 930.4
18 216.6 58 605.7 98 804.1 138 933.1
19 218.7 59 609.2 99 812.3 139 937.5
20 251.3 60 611.5 100 814.1 140 941.7
21 334.1 61 613.4 101 815.1 141 946.1
22 ■ 356.4 62 617.2 102 817.1 142 948.5
23 358.8 63 . 620.4 . .103 819.5 143 950.1
24 382.8 64 625.4 104 821.1 144 952.9
25 388.9 65 631.9 105 823.5 145 955.7
26 408.5 66 634.6 106 • 826.4 146 961.1
27 410.9 . 67 637.2 107 828.7 147 962.6
28 414.6 68 639.6. 108 829.6 148 967.1
29 416.6 69 651.7 109 832.9 149 971.3
30 419.2 70 658.6 n o 836.4 150 974.4
31 420.4 71 664.1 111 839.3 151 977.4
32 423.1 72 680.2 112 848.9 152 981.4
33 425.4 73 685.1 113 851.1 153 993.3
34 427.2 74 706.9 114 855.7 154 1000.4
35 430.3 75 711.4 115 859.2 155 1006.2
36 451.9 76 715.1 116 865.3 156 1025.9
37 458.5 77 718.9 117 868.1 157 1032.8
38 463.7 78 721.7 118 870.5 158 1035.2
39 467.8 79 733.5 119 872.4 159 1040.5
40 470.9 80 736.1 120 876.4 160 1042.4
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Table 10. - Continued

161 1048.6 201 1228.6 241
162 1053.4 202 1230.4 242
163 1055.6 203 1235.9 243
164 1057.1 204 1241.4 244
165 1059.2 205 1245.1 245
166 1061.9 206 1246.9 246
167 1067.7 207 1248.2 247
168 1070.9 208 1251 248
169 1072.6 209 1260.4 249
170 1074.8 210 1265.3 250
171 1076.9 211 1269.7 251
172 1088.4 212 1272.4 252
173 1093.7 213 274.8 253
174 1111.1 214 1278.7 254
175 1117.9 215 1283.9 255
176 1123.8 216 1287.3 256
177 1127.7 217 1295.5 257
178 1134.1 218 1298.3 258
179 1137.1 219 1305 259
180 1140.8 220 1309.9 260
181 1142.4 221 1314.5 261
182 . 1144.9 222 1321.1
183 1147.9 223 1322.9
184 1152.8 224 1326.4
185 1163.4 225 1328.3
186 1164.7 226 1334.1
187 1167.5 227 1338.8
188 1169.1 228 1347.3
189 1172.9 229 1352.9
190 1175.9 230 1355.9
191 1177.4 231 1363
192 1180.7 232 1365.2
193 1193.4 233 1369.6
194 1195.9 234 1373.5
195 1204.1 235 1376
196 1205.3 236 1380.1
197 1211.8 237 1387.1
198 1215.8 238 1395
199 1221.1. 239 1401
200 1223.4 240 1404.7

1407.4
1410.9
1414.4
1420.4
1422.1
1425.7
1431.5
1433.2
1436.2
1439.7
1442.9 
1446.1
1449.5 

1453 
1459 
1463

1464.4
1467.4
1468.7
1472.6
1478.5
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Table 11. d3-3MT: Transition Energies (cm-1) Relative to the Lb Origin (*).

I -12.9 41 607.3 81 836.5 121 1028.9
2 -3.7 42 608.6 82 846.5 122 1031.8
0 * 0.0 43 609.4 83 853 123 1035.1
4 2.8 44 623.4 84 856 124 1052.4
5 4.2 ■ 45 348.9 85 860.9 125 1056.1
6 5.2 46 653.6 . 86 866.7 126 1058.2
7 17.7 47 661.9 87 869.3 127 1063.1
8 23.5 48 668.6 88 871.6 128 1068.5
9 26.5 49 687.9 89 881.3 129 1084.3

10 120.3 50 693:1 90 884.6 130 1102.9
11 146.2 51 698.5 91 886.5 131 1109.6
12 194.5 52 700.3 92 888.5 132 1114.4
13 239.8 53 701.9 93 894.6 133 1138.2
14 332.6 54 703.6 94 902.5 134 1139.9
15 348.5 55 708.4 95 904.3 135 1149.8
16 367.1 ■ 56 710.5 96 911.4 136 1153.6
17 400.5 57 728.6 97 913.3 137 1165.3
18 406.3 58 729.6 98 915 138 1188.4
19 408.5 59 732.5 99 918 139 1194.7
20 411.6 60 737.8 100 920.9 140 1199.3
21 414.3 61 741.9 101 925.1 141 1201.9
22 417.3 62 749.5 ■ 102 930 142 1208.3
23 419 63 753.4 103 939.5 143 1216.1
24 448.1 64 755.8 104 943.8 144 1218.9
25 455.5 65 762.4 105 948.1 145 1221.9
26 462.2 66 765.6 106 949.8 146 1224.1
27 464.8 67 774.4 107 954.5 147 1226.1
28 468.3 68 779.9 108 958.6 148 1230.8
29 493.3 69 783.3 109 962.5 149 1237.9
30 515.5 70 793.8 HO 969.5 150 1241.4
31 518.4 71 799.7 111 971.5 151 1245.7
32 543.3 72 808.7 112 974.3 152 1260
33 570 73 812.6 113 985.4 153 1262.5
34 584.2 74 816 114 995.3 154 1264.8
35 590.6 75 818.1 115 1000.6 155 1267.5
36 591.9 76 820.3 116 1011.6 ■ 156 1273.5
37 594.6 77 823 117 1016.4 157 1281.2
38 596.2 78 827.6 118 1018.9 158 1288.2
39 598.1 79 832.8 119 1021.4 159 1293.4
40 603.6 80 834.7 120 1027.1 160 1298.1



Table 11. - Continued

I 1302.2
2 1303.8
3 1.307.6
4 1334.3
5 1341.7
6 1360.4
7 1363.7
8 1367.7
9 1370

10 1374.4
11 1377.4
12 1400.4
13 . 1403.3
14 1408.3
15 1415.3
16 1423.5
17 1433.2
18' 1436.2
19 1444.6
20 1453.9
21 1456.8
22 1478.2
23 1514.6
24 1524.7
25 1530.2
26 1535.9




