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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'l 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.



POLARIZED TWO-PHOTON FLUORESCENCE EXCITATION

STUDIES OF JET-COOLED INDOLES

by

David Michael Sammeth

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Doctor of Philosophy .
in

Chemistry

MONTANA STATE UNIVERSITY
Bozeman, Montana

April 1992




/
+* $1% % %& # $$!

" #H1$

% $1%% % !II')! DOo##ED) +* 81 $1% % +## 33 ' % I
*+& $+ 1% $%* $+) )-) - +'$I'S3 "% &% -13F+H)HE3 $$+ %3 " +-) (
%$"13 " +'% %$!" 3 ' %) *+) %&H %%+ S+ $! +"I-1 +*7) & B! $& 1%.

893
3! )(N%+'3 7) &$! +## $$!!

(O+! *4)$! ) 1()$H#'S

$! ;3 ) 1()$#!'S

(O+! *) $1 +"1-1 +% 7) &S $& 1%

$! 7) & SIS !



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of-_ the requirements for a doctoral
degree at Montana State University, I agree that the Library shall make it available to
borrowers under the rules of the Library. I further agree that copying £his thg:sis is
allowable only for scholarly purposes, consistent with "fair use" as prescribed in the
U.S. Copyright. Law. Request for extensive copying or reproduction of this thesis
should be referred to University Microﬁlms International, 300 North Zeeb Road, Ann
Arbor, Michigan 48106, to whom I flave granted‘ "the e;cclusive right to reproduce and
distribute copies of the dissertation in and from microfilm and the right to reproduce and

distribute by abstract in any format."

Signature ﬂ M A1 \XW”W% '

Date [0 /d'ﬁfl{ (992




iv

In memory of my grandfather, Donald C. Anderson, who shared his "hands on"
approach to life with me.




ACKNOWLEDGMENTS

I wish to thank Professor Patrik Callis for his guidance and instruction during my
graduate education. The success of this endeavor was only pdssible because of his fuli
support. I also» wish to express my gratitude to Professor Lee,.Spangler who was
instrumental in expanding the breadth of my education by sharing both his knowlédge
and laboratory. A special thanks ‘is, extended to Ms. Sonja Siewert for her help in the
lab. She was always willing to lend a hand, or a smile, depending on which I needed.
My appreciatioﬁ ié also extended to Mr. Lee David for his invaluable technical support.
A ;pecial acknowledgment is extended td Ms. Lisa Mullen for her encouragement
throughout my graduate work. Her unfaltering belief in my abilities helped me to reach
my goals. And a fmal wor‘dnof thanks goes to my parents for. their never ending

support.




vi

TABLE OF CONTENTS

Page

1. INTRODUCTION ....oiiiiiiiiietreeeteeseesseessete s seesesseesssnesaseesneseesasasssssesssmsssnsessessses 1

GENETAL ...oeieiiiiiiitetei ittt e e 1

|3 6] 0’ w Lot 1 R PO UU R 5

Background .....coeeieeeeiieereiree e drra e s b e 6

Statement Of the Probleml ........oevivriiinciiciiiieiiineec i 10

TECHINIGUE ...oeiiiiiiiiiiittet et sttt st st s rae e s ebs st et e e saases 11

2. TWO-PHOTON MOLECULAR SPECTROSCOPY ....ccoovviiriiriiiieriiiinnieceieiienes 13

TWO-photon CroSs-SECHION ....coceivviiiiiiiiiiie ittt 13

Polarization Dependence ..........ccoeveerrceeeniiniiiininitie e 14

3. EXPERIMENTAL PROCEDURE................ Eeeesieeeeereesseeesstee e beee e neeesbeeesbaeebbestbesnteen 17

Indole ComPOUNdS ......ccoccerrrrreeecienirereneiicissiressiis st sae st se s r e sasaeees 17

Sample Preparations ......cccceceiiceneiiinioienniiesioiiininieeessssssssss s ssesssessens 18

Apparatus for Two-photon Solution and Vapor Spectroscopy ....... ORI 20

Apparatus for One- and Two-photon Jet SPectroSCOPY ....c.eoeerrrsrmreneeierensienes 25

S1ZNAl PrOCESSINE ..uvereererrrneneentrienitrieestecsestenasssisessessseseessasssssssessssneseessnssenssscas 29

4. EXPERIMENTAL RESULTS .....oooviiiintiniiiiiicnitiinncscine e sane s s sessenes 31

Indole and 3-methylindole in PerfluOLONEXANE .........vevevrrvereersieerseesrseescerenseenes 33

Experimental Parameters .......ccoccovvrerreniiniininiieinieieeenienesisssssee e 33

Indole and 3-methylindole .......cocovrrirereiriieeniir e 36

Indole Vapor at 38%C .......ccvvirimiiiiiniieniiiis ittt s b s s e 38

Experimental Parameters ..........coevvvveeviinmininniinneesie st 38

Indole ...ccceeuerevcerirnrens NveamemtesesereseesmesasestientietstisesssNIoEs e sast iR s et s anetsRnaaten 40

One- and Two-photon Jet-cooled Excitation Spectra ...........coveiveeeviinenincnncenns 42

" Experimental Parameters .......ccvivieeiniiniiiinsisiensenenssnsssnsesssessssneenseneas 43

INAOLE ..ottt e s e e ereeeeesraanees 44
3-methylindole and Trideuterio-3-methylindole ..........coeeevniiiiiennnne. 53 .

3-methylindole 1:1 Water COmPplex .....ccceciiiveviieiiiieiinieienie e 70

S5-MethyHNAOLE ....covuiiiiieiiriiirciee e e e ae e 76




vii

TABLE OF CONTENTS - Continued

Page

5. DISCUSSION OF RESULTS .......oo s SO 84
Indole and 3-methylindole in Perfluorohexane ........c.ccceevveeeveciierececeveeecieveene, 86

INAOLE VAPOL ...ttt sttt et sae e e b a e sae s san e sre e ene 92

One- and Two-photon Jet-cooled Excitation Spectra vttt ettt e 93

INAOLE ...ttt ettt sttt et et e st et e s en s be et s 93

The 'L, State of 3-methylindole and 5 methylindole .......ccccovveernienenn. 100

6. SUMMARY ..ottt et eteste s teses et e e cotesae e seeese stensent satessesmeensaessansaensensensenns 114
General RESUILS .....oceeeiieeecieeeec ettt et sne e e e 114
SPECILIC RESULLS ....eviieeiiiecrrete et ectese et ee et seeseesee st esressesmneraenaens 115
REFERENCES CITED ....c.ooeiieiieitrieicnieereneesenteereerestsneseseseset st s stesesssseessesenessens 119
* APPENDIX ....oococoe et e 124




Table

11

10.

viii

LIST OF TABLES

Page
One-photon fluorescence excitation frequencies,

‘relative one-photon intensities, and two-photon _
polarization ratios for indole...........cccccviviiiiniinni 48
One-photon fluorescence excitation' frequencies,
relative one-photon intensities, and two-photon
polarization ratios for 3-methylindole......cccecervrnvinniinninn. et 59
One-photon fluorescence excitation frequencies,
relative one-photon intensities, and two-photon ‘
polarization ratios for 3-trideuterio-methylindole.........c.cccccevvnene. eeeene 61
One-photon fluorescence excitation frequencies, relative
one-photon intensities, and two-photon polarization ratios
for 3-methylindole complexed with Water..........coovvvvennieniinnicncene 73
‘One-photon fluorescence excitation frequencies,
relative one-photon intensities, and two-photon ,
polarization ratios for 5-methylindole.........ccoeveveeninns e rrente e naes 80
Calculated barriers and experimental transition frequencies
for 5-methylindole: V;’ =80.8 cm! and Ve =-214 em e, 103
Calculated transition frequencies and intensities
for 3-methylindole with a ground state barrier of
V3= 4432 cm™ and an excited state barrier of
V3'=307.6 cm™, Vi’ = -10.9 cm™coovieecerecie s 109
Indole: Transition Energies Relative to the 1Ly Origin.......c.ccvevvuceceen. 125
5MI: Transition Energies Relative to the 1L, Origin..........ccovceecvreinnn 126
3MI: Transition Energies Relative to the 1Lb Origin....ooveueeenceennee e 127

d3-3MI: Transition Energies Relative to the 1L!;Ori'gin ....... ceeeernenneenns 129




Figure

10.

11.

12.

LIST OF FIGURES

Page
The indole molecule and its ring numbering system................. eneeeeens 3
A simple depiction of indole’s two overlapping
T <= T eleCtronic transitions.........wereeremsreresmessoen. ettt 4
Preparation of indole vapor for TPE experiments...........cccococcevevevevnenee. 19
Polarized two-photon fluorescence excitation
apparatus for solution and vapor experiments.............c.oocoeveeveeereerneennan. 21
Polarized two-photon fluorescence excitation
apparatus for jet-cooled EXPErImMEntS........cccererrrerereenererererersrsserenensieesenns 27
‘Two-photon fluorescence excitation and two-photon polarization
spectra for indole dissolved in perfluorohexane...........ccoceveenircerenennens 34
Two-photon fluorescence excitation and two-photon polarization
spectra for 3MI dissolved in perfluorohexane............ O 35
Two-photon fluorescence excitation spectrum with linear
polarization and polarization ratio, {2, of indole vapor
at 1 atm 0f N, at €a. 38%C.....couiiiiiiiiieiniiirnere st 39
One-photon fluorescence excitation spectrum of indole;
from 'Ly origin t0 +800 cm™...........rvveeeeree e 46
One-photon fluorescence excitation spectrum of indole; -
£10m +750 t0 1600 CI ™ c.ovvvevereereeeseneeesesssssssenssee s sssssss s sssnes 47
Two-photon fluorescence excitation spectra of indole’s lLb
origin with both circularly and linearly polarized light..........ccceceveveueeen. 49
Two-photon fluorescence excitation spectra of indole’s 1,458 em’!
transition with both circularly and linearly polarized light............c....... 49




Figure

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

X

LIST OF FIGURES-Continued

Page
Two-photon fluorescence excitation spectra of indole’s 719 cm™
transition with both circularly and linearly polarized light.................... 51
Two-photon fluorescence excitation spectra of indole’s 480 emt
transition with both circularly and linearly polarized light................... 51
Two-photon fluorescence excitation spectra of indole’s 454 em
transition with both circularly and linearly polarized light.................... 52
Two-photon fluorescence excitation spectra of indole’s 782 cm?
transition with both circularly and linearly polarized light.................... 52
One-photon fluorescence excitation spectrum of 3MI;
from 1Lb origin to +800 CIN et nree 54
One-photon fluorescence excitation spectrum of 3MI;
F10mM +750 10 1500 CI L. veeeoeeeeeereeeresneccssescensie st sssnse s 55
One-photon fluorescence excitation spectrum of d;-3MI;
from 1Lb origin to +800 CIN ettt 57
One-photon fluorescence excitation spectrum of d;-3MI;
£rom +750 t0 1540 €I eeeovirctvceeesress e 58
Two-photon fluorescence excitation spectra of 3MI’s 1Lb -
origin with both circularly and linearly polarized light.........c..cocenceve. 63
Two-photon fluorescence excitation spectra of d;-3MI’s 1Lb
origin with both circularly and linearly polarized light...........ccccoceencee 63
Two-photon fluorescence excitation spectra of 3MI’s 408 et
transition with both circularly and linearly polarized light.................... 64
Two-photon fluorescence excitation spectra of d;-3MI’s 408 cm?
transition with both circularly and linearly polarized light.................... 64

Two-photon fluorescence excitation spectra of 3MI’s 427 em’?
transition with both circularly and linearly polarized light.................... 65




Figure

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

X1

LIST OF FIGURES-Continued

Page
Two-phofon fluorescence excitation spectra of d;-3MI’s 427 emt
transition with both circularly and linearly polarized.........c.ccrcuerunnnne. 65
Two-photon fluorescence excitation spectra of 3MI’s 865 cm’.
transition with both circularly and linearly polarized light.................... 66
Two-photon fluorescence excitation spectra of d;-3MI’s 414 cm™
transition with both circularly and linearly polarized light.................... 66
Two-photon fluorescence excitation spectra‘of 3MI’s 452 cm?
transition with both circularly and linearly polarized light.................... 67
Two-photon fluorescence excitation spectra of d;-3MI’s 448 cm?
transition with both circularly and linearly polarized light.................... 67
Two-photon fluorescence excitation spectra of 3MI’s 465 cm!
transition with both circularly and linearly polarized light.................... 68
Two-photon fluorescence excitation spectra of d;-3MI’s 699 cm!
transition with both circularly and linearly polarized light.................... 68
Two-photon fluorescence excitation spectra of 3MI’s 334 e
transition with both circularly and linearly polarized light.................... 69
Two-photon fluorescence excitation spectra of d;-3MI’s 333 cm?
transition with both circularly and linearly polarized light.................... 69
One-photon fluorescence excitation spectrﬁm of 3MI + water;
-250 to +180 cm™ from MLy, OigIN.....vvceverreereereee e eceniaece. 72
Two-photon fluorescence excitation spectra of H,O-3MI’s
-235 and -233 cm’! transition with both circularly and
linearly polarized light.......c..ccocevunee. ettrte ettt ettt e eesaeneaeesebeneeseaeenree 74

Two-photon fluorescence excitation spectra of H,O0-3MI’s
-213 cm! transition with both circularly and |
linearly polarized light................ Pereereebee e ber bRt 74




Figure

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Xii

LIST OF FIGURES-Continued

Page

Two-photon fluorescence excitation spectra of H,O-3MI’s
-204 cm! transition with both circularly and
linearly polarized Light.......c.covveeeiiiieeiieerriireenrenne e see et sreeessre et eeneeeae 75
Two-photon fluorescence excitation spectra of H,O-3MI'’s
-117 cm™ transition with both cucularly and
linearly polarized LGht.......coocirreiel ettt 75
One-photon fluorescence excitation spectrum of SMI;
from Lb OFigin 10 4800 CI ... oooeeeeeeeeeeneeee s 77
One-photon fluorescence excitation spectrum of SMI;
£rom +750 t0 1600 €I ....oooveeecceeeieaeeseceesesec oot 78
Two-photon fluorescence excitation spectra of SMI’s 1Lb

" origin with both circularly and linearly polarized light.............c............ 81
Two-photon fluorescence excitation spectra of 5MI’s 698 em’!
transition with both circularly and linearly polarized light.................... 81
Two-photon fluorescence excitation spectra of SMI’s 1,424 cm’
transition with both circularly and linearly polarized light.................... 82
Two-photon fluorescence excitation spectra of SMI’s 1,623 cm! 7
transition with both circularly and linearly polarized light.................... 82
The 1Lb and 1La components of the linear two-photon
fluorescence excitation spectrum of indole dissolved
N PErfIUOTONEXANE. ... eeuveeenrererrrerirreeereesreeeeseenessaesneeemensaesnssraeesaesseeanans 90

The 1Lb and 1La components of the linear two-photon
fluorescence excitation spectrum of 3MI dissolved
IN PEIfIIOTONEXANE. ...ttt s s 90




Figure

48.

49.

50.

xiii

LIST OF FIGURES-Continued

Two-photon ﬂuorescence excitation spectra of indole. The top
spectrum has only Lb transitions shown. The bottom spectrum
shows only L transitions and has been moved to line up the
proposed 1L origin with the observed Lb origin (465 cm™

was chosen as an intermediate value of the split 1L‘)

This illustrates the similar Franck-Condon progression of the

lL21 state compared to the 1Lb SEALE....eeertieerirtieteet et

Plots of excited state combination differences (the same as
relative frequencies in this case) vs. a V; barrier height
for both 3MI and d;-3MI. This shows that the +197 and
188 cm’ ! Jines coalesce into a single line at +146 cm™

upon deuteration of the MEthyl EIOUP. .......ccceviverrerirereeerarserserissessrssens ‘

The "Franck-Condon mode", showing the direction of proposed

displacement of ring atoms upon excitation to the 1La state......ccenn..

Page




Xiv

ABSTRACT

The first polarized two-photon fluorescence excitation spectra of jet-cooled indole,
3-methylindole, 3-trideuterio-methylindole, and 5-methylindole were obtained. The 'L,
and previously unidentified 'L, state were distinguished for the first time under vacuum
excitation conditions, at medium resolution (=.2 cm™) 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 'L, by two-photon excitation were not identified in earlier one-
photon excitation experiments, because of fast internal conversion (< 1 ns) to the 'L,
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
'L, or 'L, 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! transitions
of indole as a split 'L, origin. The lowest L, transition of 5-methylindole is observed
1,424 cm™ above the 'L, origin, and is proposed as the 'L, 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 'L, and 'L, potential

surfaces. The 'L, origin of 3-methylindole appears to split into a number of transitions
in the region of +334 - 450 cm™, 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 N,. 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 'L,
and 'L, 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.




CHAPTER 1
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 govermned 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 (1). 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 analysig 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 fund‘amenta_l physics goveming the
interactions of atoms and molecules. The phenomenon in which matter absorbs |
resonance energy and then loses it through fluorescence or ph(_)sphorescence contains a
wealth of information concerning molecular structure and chemical reactivity. Since the
observed fluorescence of aromatic amino acids reflects the intefaction 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 (1" ) electronic transitions known
as 1La and 1Lb (S; and S, respectively, if 1La is lowest) using Platt’s nomenclature (35).
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-methylindolé (d3-3MI), and 5-methylindole (SMI). In preparation for the jet-
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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 eerly eighteen
century. He observed the glow of his own hand in a dark.room after eiposure 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 Hembholtz in 1886; Hess then observed
it in the eyes of crtlstaceans in l9ll. : ‘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, lt 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 ébsorbtion spectra therﬁselves"' (8). Three years iater, 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 measuréd 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 molecuies 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, 7177!:*, electronic
transitions, designated lLa‘ and lLb, 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 chromopﬁoré as a ﬁrobe of protein
structure clearly depends on a thorough understanding of these two states. To th1s end,
a great deal of research has been performed on indole and its analogués, and therefore,
the characterization of the 1La and 1Lb states has slowly developed over time.

In 1960, Weber stated that the polarization spectrum of iﬁdole 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 glycoi, Valeur and
Weber cc;ncluded 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 1Lb—.type transitions, in accordance with the absorption theory of
aromatic hydrocaxboﬁs' (13). The anisotropy measurements show‘éd- 1La td 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).

Measureménté 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 1L‘b state. This is a result of the 1La state having a larger permanent
dipole moment than the ground state. By utilizing the ILa state’s sensitivity to solvent
perturbations, Strickland came to the following conclusions regarding indole, 3MI, and
SML: the 1La origin lies above 1Lb for indole in vapor and methylcyclohexane, and for
5MI in cyclohexane. Both the 1La and 1va 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 'L, origin in vapor.

Callis and co-workers presented a direct method for observing the locations of the
1La and lLb 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 lLb bands in indole, 3MI, 5MI, and 2,3-dimethylindole (2,3MI). The TPE
spectra yielded several important results. First, there was a reaéonably 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 11, band rclative.
to the 'L, and that the 1Lb is more structured, compared with the broader 1L, 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 1~Lb for indole and 5MI, whereas the red edge is predominately lLa
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 ié independent and complémentary 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. trénsition
has been assigned to the lLb 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 1 atm or in a free-expansion jet (27,28,29,30,
31,32,33,34,35,36). A possible lLa 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 fhe gas phase in order to
locate the 1La origin in the vapor at 274 nm (21). One-photon excitation experiments
by Illich showed that the quantum yield of indole vapor increased when the pressure of
the buffer gas, argon, was increased from 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, a4 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 lLa 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 ILb states have been ideﬁtiﬁed under
these same conditions. This led to the ‘notion that the 1’La.state must have solvent
stabilization in order for it to be observed. In fact, the fate of the 'L, state in a vacuum
has been much debated, and és such, non-rh'a'diativé pathways have been implicated i
an effort to explain the missing 1La fluorescence. Apparently, thesé pathways are éo f;dst
for the 1La state, that they cause the quantum yield to drop below experimental
detection, as opposed to ‘1Lb excitation, which has rﬁeasurable fluorescence. The two
most common proposals used to explaih the missing 1La ﬂﬁorescence are internal
conversion to the ground state, and a model where excitation to the 1La sfate leéds 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 rupture

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, niust not be overlooked.

The goal of the research presented here was to determine the fate of the 11, 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 1 atm with nitrogen as the buffer gas. This experiment was used
to determine whether or not the lel state was observable in the gas phase at 1 atm.
Since the results of this two-photon excitation experiment positively identified both the
1La and 1Lb states of indble, the next experiment was to measure the two-photon
fluorescence excitation spectrum of jet-cooled indole. The identification of indole’s 1La
and 1Lb states under vacuum excitation conditions open the door for a complete study

of these states in indole, 3MI, d;-3MI, and SMI.

Technique

The technique developed by Callis and co-workers which utilizes the photoselection
imposed by a one-golor two-photon absorption process was used. This technique
involves the abéorption 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. 6ffers a direct method of identifying the 1.La and
1Lb states of the tryptophan chromophore (6,22).

Photoselection dependents on the polarization of the photons. Therefére, 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, £, the ratio of two-photon absorptivities
for circularly polarized versus linearly polarized light (£2 = 8ci1/6,lin)’ is plotted versus
wavelength. A high polarization ratio (Q = 1.5 ) is associated with the 1Lb state; while
a low polarization ratio (Q = 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
1L, state and 0.35-0.7 for the 1L, state (22,49).

Experimentally, it has been shown that the polarization dependencies of the lLa 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 successfglly 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 vthe two-photon

cross-section, which is shown below,

2 (e <Sr[k>)(<k|r|g>e))
W=k Izl; 1 =2

were K is a set of constants, and 1 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
quua‘re of the laser inte;lsity. The expression beﬁg summed over k is tfle 3x3
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 polarizétion "e" changes the state of the
system "g" to "k", and the simultaneous absorption of a second photon witﬁ polarization

"e", changes the system from "&" to "f". w,, is the energy difference between the initial

and virtual state, and w is the laser frequency.

Polarization Dependence

The p'robability of a two-photon absorption even£ occurring is not based only on
purely molecular properties; the expression for two-photon cross-section contains the
polarization vectors e¢; and e, (53). These polarization vectors, i.e. the polarization of
the incident radiation, can be expefhnenta]ly manipulated, which allows some limited
control over what rotational and vibrational fransitions will be allowed (54). This
implies that by changiné the polarization of .thle excitjng light, new spectroscopic
informatio‘n. 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 Mjy, and the rotational factors Ry as shown below 45).
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Wiy = CGMyR, + C, MR, + C,M,R,

The R;’s are rotational factors determined by rotational selection rules, the M;’s are the
molecular factors obtained from the two-photon tensor, and the C;’s are the polarization-
dependent geometrical factors. The three above terms are, moving from left to right,
known as the iso&opic, 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 (CoMgR,) then rotational
selection rules require that AT and AK = 0, while a symmetric anisotropic (C,M,R,)
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 can
have O, P, Q, R, and S rotational branches. The moiecular factors depend on fhe
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 C, and 2/15 for C,. In contrast,
circularly poiarized light has a geometrical factor of 0 for C, terms, and 1/5 for C,
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
C, for the isotropic .transition is equal to zero.

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

'<Wi*f o0o>
<VVi—»f T1>

= Q

The value is bound to the interval 0 < Q < 1.5. This arises. from the fact that an
isotropic tensor will have an Q value of 0, and a symmetric anisotropic tensor has a
value of 1.5 for Q. ‘The character of the tensors making up a given transitic;n will be
reflected in the polarization ratio. A transition whose makeup was zSO% isotropic and
~50% symmetric anisotropic in character would result in a measured Q of .75, the

average value of these two tensors.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

Details of experimental design, equipment, and procedures ﬁsed in this study are
described in this chapter. The following topics of expérimental importance are
discussed: the source of the chémical compounds used for this investigation, and the
subsequent synthe;sis of 3-tr'ideuteriq-methylindole; next, the sample preparation required
for each of the experiments performed are discussed: TPE spectroscopy experiments of
indole and 3MI soivated with perfluorohexane, then, gas phase TPE spectroscopy of -
indole, and concluding with OPE and TPE spectfos‘copy 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 sighal processing for the‘

one- and two-photon experiments.

Indole Compounds

Indole and '5—methy1i11dole' ‘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. CJ. Lee

following the procedure outlined by Huijzer and Adams (57). A yield of 17% was
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achieved .using this procedure. The d,-3MI was found to be >99% pure ﬁsing c?

NMR, H! NMR, and gas chromatography-mass spectrometry.

Sample Preparations

All solutiop work was performed using a 1 cm quartz cuvette. The indole/3MI
sample is dissolved (0.01M) in S.C.M. spectrophotometric grade perf,luorohexane‘. The
prepared sample was then checked for fluorescent impurities and the wavélength of
maximum emission determined by using a Spex ﬂuorologZ‘fZH spectroﬂuorbméter.

. For the indole vapor phase experiments, the nitrogen carrier gas, was first purified
by flowing i.t 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 vthréugh a glass tube (IO-Iﬁm x 150-mm) loosely packed with indole
crystals. This tube, as shown in Fi.gure 3, is held in an oven at 38°C in -6rdcr t(g
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 saturatea 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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type of phenomenon has been observed before with CS, (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, suggegting that the cloud arises from a physical change as opposed to a
chemical one. This view is fﬁrther supported by mass spectrometry data;, a mass
spéctrum 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 s;ceel chamber, which was temperature controlled.
The indole compound was heated to a temperature at or slightiy 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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harmonic (355 nm) of a HY-200 Nd:YAG laser. The HD-300 has a typical line width

of 0.002 nm (0.06 cr’! at 580 nrﬁ) and a pulse width of =6 ns. Exciton’s Coumarin-
540A dye (1.08 g/l of methanol), when pumped w@th 355 nm light at 20 Hz. (=27
ml/pulse), typically gives a dye curve with a usable range of 58 nm, beginning at 587
nm (34,000 cm'l) and ending at 530 nm (37,700 cm'l). 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 nm, giving
=5.5 mJ/pulse, while the minimum power of =3.0 mJ/puise occurs at each edge, 525 and
587 nm. 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. All 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
£1. convex and a -30 mm fl. concave (Oriel). It is necessary to expand the beam
diameter in order to prevent laser damage of various optical components. An aluminum-
coated mirror (M1) by Newport tumns the laser beam 90 degrees before it is ’spatia]ly
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 méet 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
GIan—Foucault‘polarizer P) is used after the shutter to péss only vertically polarized
light from the dye laser (output >95% vertical). Next, two Fresnel rhombs (FR1) are
mounted together in a fixture which can be rotated. This assembly servés as a half-
wave plate WhiCl\'l will rotate the plane of polarization of the laser light without altering
it’s optical path. A third Fresnel thomb (FR2) is fixed after the first two on a mount
common to both, this thomb serves to act as a 'quart.er-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 circulafly polarized light. In order to change the laser’s vertically polarized
light the required 45 degrees necessary to generate circularly polarized light, the double
rhorr;b assembly is rotated 22.5 degrees m 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 checkéd 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 fhe 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 diffuéing disks (DD) and into a solution of
Rhodamine B (3g/l) 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 thgrmoel'ectric-
cooled R928 Hamamatsu photomultiplier tube (PMT) after it has been filtered by two
UV-bandpass filters (Schott UG-11, 1 mm) and passed through a H-10 Instruments 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) analo'g-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 run and averaged for a given experiment.

Apparatus for One- and Two-photon Jet Spectroscopy

All jet-cooled experiments were performed in the laboratory of Dr. Lee Spangler,
where he not only loaned his equipmént, 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 Nd:YAG laser is used to pump an HD-300
dye laser which is equipped with a Bethune cell. This cell creates é 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 (oscillator only). This
. greater power output is necessary when using a Bethune cell in Fhe dye laser since it has
a lower conversion efficiency than a standard cell; appfoximately 7.0% as compared to
17%. Using Exciton’s Coumarin-540A dye (1.08 g/l of methanol), the dye laser output
has a maximum output of ~11.5 mJ/pulse at 543 nm when pumped at 2Qv Hz. with 173
mJ/pulse of 355 nm light. The