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Abstract:

Polarized two-photon fluorescence excitation spectroscopy has been applied for the first time to the
study of indole, the chromophore of the amino acid tryptophan. Investigations of three nine-membered
ring systems, benzimidazole, benzimidazole cation, and indole have emphasized the utility of the
experimental technique and revealed that the overlapping La and Lb states of indole have very different
two-photon polarization ratios. Substituted indoles, with their varying La-Lb energy gaps, were studied
in cyclohexane and n-butanol to explore the usefulness of the polarization ratio difference. The results
of this study have directly confirmed the previously deduced La-Lb energy gaps in these compounds,
the greater sensitivity of La to polar solvation, La-Lb level inversion, the role of La in producing broad
red-shifted fluorescence, the existence of ground state complexes, and the importance of hydrogen
bonding in the ground state complexes. The La Lb polarization ratio difference was also exploited to
investigate the influence of charge on the La and Lb states. Experiments with tryptophan,
5-methoxytryptophan and yohimbine revealed the great sensitivity of the La state to a positive charge
in the vicinity of the 5-ring of indole. The results with tryptophan also hint at a role of the Lb state in
the dual exponential decay of tryptophan fluorescence. Two-photon spectra of all the aromatic amino
acids and a comparison of the strength of their signals show tyrosine to be comparable to phenylalanine
for two-photon excitation. Unlike the situation in one-photon spectroscopy, it may be possible to
observe phenylalanine residues in proteins with two-photon spectroscopy. Finally, the first ever
two-photon excitation spectrun of a small protein, melittin, shows that it is possible to observe a
two-photon signal from a protein.
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ABSTRACT

Polarized two-photon fluorescence excitation
spectroscopy has been applied for the first time to the
study of indole, the chromophore of the amino acid
tryptophan. Investigations of three nine-membered ring
systems, benzimidazole, benzimidazole cation, and indole
have emphasized the utility of the experimental technique
and revealed that the overlapping L, and L, states of indole
have very different two-photon polarization ratios.
Substituted indoles, with their varying L.-L, energy gaps,
were studied in cyclohexane and n=butanol to explore the
usefulness of the polarization ratio difference. The
results of this study have directly confirmed the previously
deduced L.-L, energy gaps in these compounds, the greater
sensitivity of L. to polar solvation, L,-Lp level inversion,
the role of L. in producing broad red-shifted fluorescence,
the existence of ground state complexes, and the importance
of hydrogen bonding in the ground state complexes. The L.-
L, polarization ratio difference was also exploited to
investigate the influence of charge on the L., and L, states.
Experiments with tryptophan, 5-methoxytryptophan and
yohimbine revealed the great sensitivity of the L, state to
a positive charge in the vicinity of the 5-ring of indole.
The results with tryptophan also hint at a role of the L,
state in the dual exponential decay of tryptophan
fluorescence. Two-photon spectra of all the aromatic amino
acids and a comparison of the strength of their signals show
tyrosine to be comparable to phenylalanine for two-photon
excitation. Unlike the situation in one-photon
spectroscopy, it may be possible to observe phenylalanine
residues in proteins with two-photon spectroscopy. Finally,
the first ever two-photon excitation spectrun of a small
protein, melittin, shows that it is possible to observe a
-two-photon signal from a protein.




INTRODUCTION

The near ultraviolet absorption and fluorescence of
proteins can be ascribed to the aromatic amino acids
phenylalanine, tyrosine, and tryptophan (1). Absorption and
emission of light by these amino acids have been exploited
to study protein structure and dynamics (2,3,4,). The most
useful of these is tryptophan, whose indole chromophore is
highly sensitive to local solvation and structural
environment. The lowest energy UV absorption band of indole
consists of two nearly degenerate electronic transitions
designated L, and Ly (5). One photon studies have indicated
that solvent(6,7,8,9,10), substitution (7,8,9), and charge
(11) can differentially shift the L_, and I, states and lead
to large changes in the fluorescence spectra of indoles.
This occurs without great alterations to their absorption
spectra (12,13,14,15).

Perhaps the most notable characteristic of indole
photophysics is the large stokes shift of the fluorescence
in polar media. Red shifts of the fluorescence relativé to
that seen in hydrocarbon solvents occur for additions of
polar solvent insufficient to alter the bulk dielectric
properties of the solvent. Accompanying the red shift is a
loss of structure in the fluorescence. It appears that
polar solvents interact with indoles in a specific manner

(12,13,14). sSolvents also seem to have more general effects
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on the fluorescence (15,16,17,18,19). The hypotheses
advanced to explain how the solvent causes the large red
shift of indole fluorescence are based upon solvent shift
studies of absorption and fluorescence peaks.
Unfortunately, the broad nature of the transitions and
complications due to dual absorption and emission from the
L. and L,, states make such studies subject to errors. What'
has been needed to resolve some of these questions is a way
of separating the contriﬁution of each state to these
processes. Polarized fluorescence excitation has been used
to resolve the band shapes of L_, and L, in polar solvents
(20,21) but has failed in hydrocarbon solvents where minute
amounts of polar impurities complex with indoles at the low
temperatures necessary to perform the experiments (22).
Substituent perturbation (9,23) and derivative spectroscopy
(24) have also been tried with largely unsatisfactory
results.

Polarized two-photon fluorescence excitation offers a
direct method of observing the L. and L, states separately
in absorption. This technique involves the essentially
simultaneous absorption of visible photons to reach excited
states of ultraviolet energies. The simultaneous nature of
the absorption makes it possible to observe a polarization
dependence from non-rigid samples. It was discovered as
part of this thesis work (25) that the L., and L, states of

indole are characterized by very different two-photon
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polarization ratios. This enabled fhe author to direétly
observe regions‘of L, and L, absorption.

The aim of this thesis ﬁas to utilize this powerful
technique to learn more about the relative response of L,
and L, to solvent, substitution, and charge. 1Indole and
various of its methyl and methoxy derivatives were eéamined
in hydrocarbon and alcohol solvents. Models for charge
interadtions, which included the amino acid tryptophan
itself, were also examined. These two-photon experiments
represent the first time this technigque has been used to
look at indoles and were designed to answer specific
questions about the wvalidity of conclusions drawn from the
indirect one photon methods used by others. The results for
these models systems combined with two-photon spectra of all
the aromatic amino acids and a small protein, melittin,
serve to pave the way for two-photon spectroscopy of
proteins. INDO/S calculations have been compared to the
experimental results to test their predictions so that they
might also prove useful for interéretation of indole and

protein spectra.




EXPERIMENTAL

Theory of Two-photon absorption

The simultaneous absorption of two non-resonant photons
by matter was first postulated to occur by Maria Goeppert-
Mayer in 1931 (26). Observation of this phenomenon at
optical frequencies had to await the advent of the laser
(27) because of the inherently low transition probabilities
associated with two-photon processes: Once practical, this
new spectroscopy offered many unigue possibilities and was
quickly utilized to investigate a large number of compounds
(28,29). Theoretical advances (30-40) of the period allowed
experiments to be designed and gave a deeper insight into
' the regularities emerging in two-photon spectra of aromatic
" molecules.

Second order time-dependent perturbation theory
predicts that molecules can absorb two photons through two
types of interaction with the radiation. The
relativistically invarianf form of the Hamiltonian for a
system in the presence of. an electromagnetic field is given
by (41)

H= 2 (p - 2 2)7 + [V(r) + eo]

where A is the vector potential of the radiation field given
by
A(r,t) = A, cos(wt-k*r)
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5
¢ is the scalar potential associated with the
electromagnetic field, and V(r) is an effective potential
for a given electron due to the nuclei and other electrons
in the system. Writing all the terms of equation 1 in
detail, the Hamiltonian is
o2

— . e =
H-—2m (-R *v* + iR —CA'V+6—2—IA| ) + V(r) + eo

If the coulomb gauge is chosen, it provides that V - A =0

‘and ¢ = 0. The equation above becomes

1 e’

- 5 £ . e_ 2
H = T (- *V* + 2iR - A vV + cz|A| ) + V(r)

Rewriting this as

H=H® + H'= [——2v +V(r)]+[leﬁA-V+————z|A|2]

2me
it is clear that the perturbation is
v — ieh . e? 2
H e A vV + iﬁEIAI

These two terms describe the coupling with the
electromagnetic field that lead to changes in the state
function of the system. In Figure 1 are the time ordered
Feynmann (42) diagrams which correspond to the couplings
described by the A - V and A + A terms. The straight upward
arrows represent a molecule moving through time and spéce in
state Y° and the wiggly arrows are photons which may
interact with the molecule and leave the molecule in a state
Y. Since the A - A term involves 2 photons it makes no
contribution to ordinary one photon processes. The

calculations of McClain and Harris (31), Honig et al.
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Woe®’=128n%a%w?F? | Sqe | 2gm(20)
This equation demonstrates the quadratic dependence of the
transition rate on the photon flux (F) which distinguishes
two-photon from one-photon processes. Dividing out the flux
gives a purely molecular quantity, &.r, the two-photon
absorptivity, given by (31)
Ggf=128n3a2|sg;|?gm(2w)

In both cases above S, . {(assuming 2 identicalfphotons)

is (31) '

_ I (e<flr|k>)(ck|r|g>)-e)

k Wieg™W

ng

Sg£, the two-photon tensor, demonstrates the complementary
nature of one and two-photon processes. The dipole moment
operator appears twice in S_r and both transitions ke¢g and
f<k must be parity allowed (i.e. one-photon allowed) for the
two-photon transitioﬁ to be allowed. For gerade ground
states this corresponds to successive ueg and g<u |
transitions for an overall g«g parity selection rule. The
Feynmann diagram, which corresponds to the two successive
A-V couplings suggested by the two-photon tensor, is also
shown in Figure 1.

The states |k> over which the tensor is summed are
" termed intermediate states and should include the initial
and final states (35,39,40). Inclusion of the groundland
final states is especially important in the description of

polar molecules, where there are states characterized by
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large changes in permanent dipole moment (39). This can be
seen by looking only at the two terms in the sum over
intermediate states which correspond to the ground and final

states as intermediate states. The two terms are:

<flrlg><glr]a> + <Elr|f><flr]g>
Wog™ W | _ Weg™W

S =
If the matrix elements of the dipole operator are denoted in
the form R,., this can be written as

Spartiar = ng Roo + Res ng‘

Wgo= W) Weg™W

Recognizing that wg, = 0 and we, = 2w for identical photons

ng Rgg + Rff ng
- w

Spartial

which leads to

ng
W

Spartial -

(Rff - Rgg)

Res 1s simply the matfix element of a one-photon (dipole
induced) transition from the ground state to the f£inal state
and (Re, - R,,) is the difference in the permanent dipole
moment of final and ground states. Thus, for the ground and
final states to be important as intermediate states, the
transition must be one-photon allowed and there must be a
considerable change in permanent dipole moment between the
ground and final states. Such an addition to S, is not
important for centrosymmetric molecules, but is for polar
molecules like the indoles studied in this thesis. If the
transition dipole and the change in dipole moment are

collinear, an additional contribution to &, proportional to
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the oscillator strength of the transition feg and the sguare
of the change in dipole moment given in debyes is
introduced. The contribution of dipole terms for equally
polarized photons of the same energy in the case where R.,
is parallel to R..~R,, is in gm given by (39)

f(aw)=
AE

5104 = 1.043
where-f is the oscillator strength of f<¢g, AW is the change
in dipole moment (in debyes), and AE is the excitation
energy in eV. Excitation energies of 5eV associated with
strong one-photon transitions (f=1) and changes of dipole
moment on the order of 2 debyes will produce extra two-
prhoton absorptivity contributions as stfong as a moderately
intense two-photon transition (i.e., 1 GOppert-Mayer, lgm =
1 X 107 cm®sec/photon molecule).

The 3 x 3 cartesian tensorial nature of the two-photon
process leads to a polarization dependence of & upon the
light which survives averaging over all molecular
orientations. This is not true for one-photon processes
where the cross-section has no polarization dependence. The

quantities which survive the orientation averaging are

denoted €., €., and &, are defined as: (28)

82 = SauSps = ?Idiagonal elements|?
84 = SasSas = %Ieach element]|®

8n = SasSga = ?Ihermitian products)
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Identical photons from the same laser beam make 55=6,,.
Information about the elements of the tensor can still be
obtained from the relation for the absorptivity of
circularly verses linearly pola;ized light. This quantity,
Q, the two-photon polarization ratio, is defined as (37)

édcir - 54364
6lin 51286,

Q =

Upper and lower limits on the value of Q are exhibited by

tensors with the following patterns of elements.

011 100}
101 010
110 001

N=32 =0

The value of Q@ will in general be different for every
transition. Molecules which are symmetric will exhibit
characteristic tensor patterns for each symmetry species.

In order to assign a polarization ratio to a given state for
molecules which lack symmetry it is necessary to rely upon
approximate molecular orbital calculations such as CNDO/S

and INDO/S (35,36,38).

. Instrumentation and Procedures

The two-photon fluorescence excitation spectra recorded
in this study were obtained using the apparatus drawn

schematically in Figure 2. The spectra of benzimidazole,
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benzimidazole cation, and indole in cyclohexane were taken
with an NRG 0.5 MW (peak) nitrogen pump laser and aﬁ.NRG
single stage scanning dye laser as the light source. Early
work on the methylindoles (44) also utilized this laser
system. Subsequent spectra of the methylindoles and the
spectra of all other molecules were obtained using a
Lumonics HD 300 dye laser (8ns, <13mJ/pulse) pumped by the
2nd or 3rd Harmonic of a JK HY200 Nd:YAG laser. A Gallilean
telescope expanded and collimated the dye laser beam. It
was then routed through a shutter to'theﬂglan polarizer
which polarized it vertically. A double fresnel rhom-
bahedron on a rotating mount served to rotate the plane of
polarization 45° before the beam passed through a stationary
fresnel rhombahedron. Linearly and circularly polarized
‘light utilized for measﬁring Q were prbduced here. The
shutter and the double rhomb were both rotated by stepping
motors under computer control. The beam was either left
unfocused or focused slightly from 8 mm in diameter to 4-6
mm in diameter, depending upon the dye being utilized and
the sample characteristics. 1In all cases the peak power
density at the sample was below 1.25 X 10" wm™. The signal
from the sample was also checked for quadratic behavior by
attenuating the beam with crossed polarizers. If the
quadratic condition was met, a reduction of the laser energy

by 50% led to a two-photon excited fluorescence signal of
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25% of the original. These checks were'performed at both
ends of the dye ranges, the maxima of the dye gain curves,
and -at peaks due to molecular transitions. Defocusing was"
performed if necessary. The fluorescence of the sample was
collected at right angles by an £3.0 quartz cylindrical
lens, which focused it through 2 UV-pass filters (Schott UG-
11) and onto the slit of an £/3.3 holographic grating
monochromator (Instruments SA, 50 nm bandpass, 16 nm for
early work where polarizer was rotated). No slits were used
because slight changes in beam height due to the rotation of
the double rhomb moved the beam off of the slit, giving a
low reading for the circular sigﬁal. The laser beam was
passed through the sample and into an integrating sphere
where a quantum counting solution and a photodiode generated
a signal proportiongl to the: average photon fiux. Below 600
nm Rhodamine (3g/l) was used as the gquantum counter and
above 600 nm, Nile Blue (1g/l). The fluorescence signal and
the reference signal were amplified and integrated (200 us)
using printed circuit boards purchased from Evans |
Associates. Integrated signals were stored and processed by
a PDP 11/23 computer which also controls the stepping motors
and the laser scan control unit. In a typical experiment |
the signals froﬁ the sample fluorescence and the laser
reference detectors were averaged for 400 shots. The
average of the sample signal was then divided by the square

of the reference signal to obtain the normalized two-photon
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signal. This was done at each wavelength using linearly
polarized light to measure the two-photon fluorescence
excitafion spectrum. Determinations of the two-photon
polarization ratio (Q) were made at each wavelength using
circularly polarized light for excitation and dividing the
resulting two-photon signal by that just obtained for
linarly polarized excitation.

Nine organic dyes and mixtures thereof covering a
wavelength range of 440 nm to 650 nm were utilized in the
dye laser to obtain the daté segments. At least 5 nm of
overlap was maintained between dye segments and they were.
joined to create the two-photon spectra. A more exact
method of joining these segments to create a complete two-
photon excitation spectrum has been developed recently by
Jones and Callis (45). Within.the range of 600 nm to 650
nm, this SHG technique was used as published. It involves
second harmonic generation (SHG) from a powder sample of
potassium di-hydrogen phosphate (KDP) to obtain a reference
signal proportionallto the instantaneous photon flux
squared. The signal is used to compensate for changes in
the temporal and spatial profiles of the laser beam to which
the one photon reference is insensitive. In an attempt to
extend the technique to shorter wavelengths, suspensions of
urea crystals (75-150 um) in decalin were tried. A quantum
counting solution of 1g/l1 skatole in n-butanol was also

added to remove the strong wavelength dependence below
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600 nm of the UV pass filters used to separate the second
harmonic from the fundamental. These efforts were
successful in extending the technigue With reasohable
confidence to 530 nm where absorption by the decalin and
possible scattering due to the mismatch of the refractive
indices of decalin and urea caused the corrected two-photon
signal to increase. Where reliable SHG data was obtained
the procedure was utilized. All segments, corrected or not,
were joined at the middle of the overlap and truncated so as
to maintain the shape indicated by the midsection of each
segment.

All solutes and solvents were of the highest quality
available and used as received. Solutions were checked with
l-photon fluorescence excitation (Spex Fluorolog) and
revealed no interfering fluorescent impurities. All
solutions were approximately 0.01M except as indicated.
Absorption spectra of dilute (10° M) solutions were
obtained with a Cary 14 spectrophotometer. Fluorescence
spectra were taken with the Spex Fluorolog.

Relative two-photon absorptivities (8) for the
benzimidazoles, toluene, and indole were determined by
measuring the relative fluorescence signal excited by one
and two-photon absorption. A 150 W Xenon arc lamp and a
0.5M grating monochromator were used for UV excitation. The

detection geometry for both one and two-photon excitation
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was kept constant. The relative two-photon absorptivity was
then calculated from the relation

$:7/857 = €aCabalra)/exCata{izs)
where S‘?’A is the photon flux normalized two-photon signal
for sample A, C, its concentration, and ¢,(X.) its differen-
tial fluorescence quantum yield. ¢ represents the probabil-
ity an absorbed photon will be emitted between wavelength X
and A+di. The assumption of S, ‘3’ = G¢.(A,) where G is the
combined instrumental response function allowed calculation
of &8.. Underlying the whole procedure is the assumption
that the quantum yield per excitation is the same for one
and two-photon excitation.

Molecular orbital calculations of one and two-photon
properties were performed using a spectroscopically
calibrated INDO/S program originally obtained from Dr.
Michael Zerner, University of Florida(46), coupled to
programs for calculating transition densities and two-photon
properties.(47,48) Mataga-Nishimoto and Ohno-Klopman
electron repulsion integrals were used for singly and doubly

excited configuration calculations respectively.
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NINE-MEMBERED RING SYSTEMS: INDOLE AND BENZIMIDAZOLE

Background

Nine-membered heterocyclic arométic ring‘systems are
important in nature. ~They are found as the side chain of
the amino acid tryptophan and are the basis for the nucleic
acids adenine and guanine. These systems are non-alternate
and lack symmetry, making it necessary to rely mostly upon
semi-empirical molecular orbital calculations for
theoretical insight. (48,49,50) The two lowest singlet m*em
states for indole have been assigned (1) Ly (S,) and L.

(Sz) where the operational difference between the two states
is that L, is structured while IL_. is broad and unstructured.
This assignment appears to have followed the perimeter model
classification scheme introduced by Platt. (5) While the I_
and L,, labels are meaningless for the odd-atom perimeter, a
similarity exists between the transition density pattern
(48) of the nine-ring states and the L., and L. states_of
benzene. Evleth (49) has also noted a similarity in the
configuration wave functions.

The parent molecule for the nine-membered 10 pi
electron series is the cyclononatetraenide anion. In this
molecule the La'and L, states are degenerate. Callis (48)
has discussed how cross-linking to form éhe 5-6 fused ring
system of the indenyl anion (C.H;"”) removes this degeneracy.

The L, state appears to be mixed with the Ba state due to a
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large L_.-Ba transition density between the atoms that are
cross-linked. The result is that the L_ state is greatly
shifted to the red of theé L, state. Introduction of the
nitrogen to form indole results in a cancellation of the
effect of the cross-link and shifts the IL_ state to the blue
so that the two states are nearly degenerate again but with

the L, state now lowest. Introduction of another nitrogen

at the 3 position to make benzimindole further shifts the L_

to the blue, separating them again. The inductive effect of
the nitrogen has been discussed by Feitelson(SO) aé arising
mainly from differences in the electrical charge |
distribution between the ground and excited states at the
site of the nitrogen atom and he stressed the importance of
including the interaction between the ground and excited
states in the description of heterocatomic indene
derivatives. He reasoned that since the inductive effect

shifted the L_, and L, states in different directions to

leave L, lowest for indole, electron donating groups at the

1 or 3 positions would lessen the inductive effect and lead
to less of a blue shift for the L, state. Indeed, the broad
L. state has been shown to move closer to the L, state for
tryptophan (3-substitution) (6) The importance of the
charge density of the nitrogen can also.be seen in
Evleth's(49) work where moderate changes in the nitrogen
parameters, leading to less of an inductive effect actually

caused the L_, state to agaln become lowest for indole.
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Since two-photon spectroscopy offers information

complementary to that obtained with conventional one-photon
spectroscopies, two-photon fluorescence excitation spectra
of indole, benzimidazole, and benzimidazole cation were
obtained. These experimental results have been used to
judée the validity of INDO/S calculations. In order to
further test the theory, measurements of relative two-photon

absorptivities were made.

Two-photon Spectra

Shown in Figure 3 are the two-photon fluorescence
excitation for'linearly polarized light (solid line), one-
photon absorption (dashed lineé), and two-photon
polarization ratio (dotted lines) spectra for indole (0.2M).
As is done throughout this thesis, the one-photon absorption
is shifted from its one-photon waveleﬁgths to correspond to
wavelengths for two—photon'absorption of the same‘total
energy. The 0-0 of the absorption spectrum is also
normalized to follow the 0-0 ﬁeak of the two-photon
spectrum. The polarization spectrum shown ié that obtained
for a 0.05M solution. £ is seen to be near the theoretical
maximum for the 0-0 L,. It then drops steeply, presumably
due to the onset of L_, absorption, and levels off at ~0.7.

The slight drop of the polarization ratio on the red edge is
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concentration dependent and may be due to intermolecular
hydrogen bonding. NMR experiments of concentrated solutions
support this contention.(51) Little change is seen once the
concentration is below 0.10 M. The two-photon excitation
spectrum shows that the broad L, band is less pronounced in
two-photon than in one-photon excitation, but still
outwelghs the L, band by a factor of four.

At this point some comment should be méde about the
apparent profile of the two-photon excitation spectra. The
spectra presented in this section were obtained using the N,
laser described pre&iously. L.ter two-photon spéctra
utilizing the Nd:YAG system appear to follow the one-photon
spectra more closely and then deviate above them at higher
energies. The effect seems to be due to the laser and not
the detection system. This uncertainty precludes detailed-
discussion of relative L_, and I, strengths in these
molecules, but the wealth of information contained in the
two-photon polari;ation ratio still makes this a very
powerful technigque.

In Figure 4 are shown spectra for benzimidazole (0.2 M
Isopropanol). The two-photon excitation spectrum follows
the oné—photon absorption through both the 0-0 and the 0-1
of the L, band. At approximately 0+1550cm™ there appears a
peak which does not appear at all in the one-photon
spectrum. With a spacing similar to that of the 0-0 and 0-1

a second peak, also missing in the one-photon absorption,
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appears. The polarization spectrum shows @ high for the 0-0
and 0-1 of. L, but a much lower polarization is exhibited by
the new peaks. The behavior of these peaks indicates a
vibronic origin. A smaller dip in the polarization spectrum
between the 0-0 ahd 0-1 may also be due to a two;photon
active vibrational mode. The L. state appears to be reduced
also for benzimidazole, and shows an Q slightly less than
1.0 while the L, state shows Q = 1.3.

The data for the cation of benzimidazole (0.2m in
methanol-H.S0O,) is shown in Figure 5. Two peaks which do
not appear in the one-photon absorption again appear at
about 0+1550 cm™ with a spacing similar to that of the 0-0
and 0-1. The polarization spectrum shows a high Q value for
the 0-0 and 0-1 peaks with dips corresponding to the two
vibronic peaks. " Interestingly, the polarization ratio falls
on either side of the 0-0.

Figure 6 presents the two-photon spectra of each
molecule such thatnthe two-photon absorptivity scale is the
éame for each molecule. This graph was constructed using
measurements of the relative 8's as outlined in the
experimental section. Ihe units are such that 6§ = 1 for
toluene in cyclohexané excited at 513 nm (®*v..). Indole
shows a two-photon absorptivity approximately five times
that for toluene. The benzimidazoles are only slightly

stronger than toluene.
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Discussion

Indole

The degenerate L, and L, bands of indole have been the
subject of intensive studf (4,53), yet much remains unknown
because they do overlap so egtensively. A greater
sensitivity to solvent environment for the L. state,
believed due to its larger dipole (16,17,54,55), has been
the basis for assigning peaks to L. or:Lb in absorption.
(7,8,22) The solvent shift technique utilized by Strickland
and co-workers has led them to éssign a peak at about 1000
cm™ above the L,, 0-0 to the L., 0-0 for indole in
methylcyclohexane. The two-phqton results are largely
consistent with this assignment. Assuming a 500 ém41 fwhm
for this peak the polarization ratio should begin dropping
at 567 nm but it is seen to be dropping already at 572 nm.
It may be that the L, 0-0 is much broader than assumed or is
somewhat closer to the L, 0-0 than previously believed.
Nonetheless, L., absorption begins very close to the L, 0-0.
The structured fluorescence of indole in cyclohexane (Figure
7) is consistent with assigning L, as the lowest state as
indicated by the polarization spectrum.

The computed two-photon properties of indole are in
good agreement with‘the experiment (see Table 1). The Ly
state is predicted to show @ = 1.5, ¢lose to that observed.

The low Q observed for the L, state 1s also predicted
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Table 1. INDO/s results for indoles studied. a) 10 x 20
singles only, Mataga-Nishimoto &'s; b) 14 x 14
singles only Mataga-Nishimoto &'s; ¢) 9 x 7
singles and doubles Ohno-Klopman 6's.
85,+6. 5,48,
Derivative QL. QL,,  (L,.gm) (L.,gm) E..-E.(cm™)
5MI a) 1.498 0.578 125.573 163.883 4478.6
b) 1.499 0.583 117.187 169.828 4680.28
c) 1.497 0.372 24.939 31.889 6255.34
Indole a) 1.494 0.479 89.846 131.537 3367.90
b) 1.496 0.468 92.139 164.805 3905.01
c) 1.497 0.324 12.230 27.693 6584.31
1MI a) 1.471 0.342 86.437 122.675 l 3178.50
b) 1.471 0.350 82.600 138.356 3521.53
c) 1.378 0.256 15.884 21.326 4734 .45
2,3MI a) 1.480 0.666 137.680 574.880 2946.6
b) 1.480. 0.664 131.630 583.676 2909.50
c) 1.470 0.500 21.724 81.104 4594.01
3MI a) 1.480 0.515 116.772 278.827 3021.90
b) 1.474 0.526 108.867 301.672 3233.66
c) 1.409 0.411 21.2269 33.700 5062.89
4AMTI a) 1.499 0.834 210.723 120.717 3794.30
b) 1.498 0.809 205.696 123.411 3942.25
c) 1.499 1.456 32.320 10.499 6067.99
S5MTT a) 1.495 0.588 156.411 168.303 4938.60
~b) 1.499 0.588 153.251 164.184 5069.59
c) 1.497 0.429 33.337 55.458 6858.83
6MTI a) 1.417 0.265 92.654 73.062 4217.50
b) 1.413 0.266 85.594 76.229 4320.20
c) 1.433 1.099 17.966 90.040 6233.78
TMTI a) 1.500 0.449 43.341 115.672 4137.21
b) 1.499 0.464 40.471 121.477 4305.43
c) 1.468 0.369 12.131 40.816 5844.24

successfully. It should be noted that unless the ground and

final states are included in the sum over intermediate
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states, the L, polarization ratio is predicted to be near
" 1.5. The charge transfer character and associated dipole
moment change for the L_, state contribute to the xx and b 9%
terms of the two-photon tensor and lead‘to.the low Q@ value.
The ground and final states of this polar molecule
contribute because the L_, transition moment and the dipole
moment change ére-largely in the x direction. Such a
contribution has been preaicted theoretically (39) and this
may represent the first experimental observation. INDO/S
predicts the two-photon absorpfivity of indole to be about
10 times that for benzene, also in good agreement with the
results.

Benzimidazole

Perhaps thé most interesting feature of the two-photon
spectrum of benzimidazole is the appearance of two vibrqnic
peaks without analog in the one-photon spectrum. These
peaks are assigned to a vibration similar to the v..
vibration of benzene and the v., vibration of néphthalene
(56) that is so effective in inducing two-photon intensity.
A vibration that distorts the six-membered ring of
benzimidazole toward a kekule structure is predicted by a
normal mode calculation, FORCE, based on an MNDO generated
force field (57). The ground state frequency is calculated
to be 1302 cm™ and agrees with the analysis by Cordes and.
Walter (58) who find 1316 cm™ and assign the IR band

observed at 1280 cm™ to this vibration. An increase
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similar to the 300 cm™ increase in the v,.. frequency for the
excited L,, state of benzene would bring the frequency to
about 1580 cm™, in close agreement with that observed.

The INDO/S calculations are somewhat less successful
for benzimidazole in that the calculated 8g+8h values are
about three times higher than observed. Also, the L, of
benzimidazole is predicted to be of the same .absorptivity as
indole's L,, and appears not to be the case. The
calculations predict £, = 1.33 and Q.o = 1.23 which is
consistent with what is observed since the L_ state is
overlapped by states with low polarization on both sides.

Benzimidazole Cation

In addition to the interesting vibronic peaks shown for
this molecule, benzimidazole cation shows a very interesting
polarization spectrum. Q is high only at the first two L,
peaks and low elsewhere. The drop in polarization seen on
the red edge of the excitation spectrum is interesting in
light of the large red shift in fluorescence maximum seen
for the benzimidazole cation (59,60). Protonation of
benzimidazole shifts the fluorescence maximum from 299 nm to
360 nm. Associated with this large stokes shift is a loss
of structure much like that observed for indole dissolved in
water (6). The two lowest states of the cation are .
predicted to have charge transfer character like the L_
state of indole. 1In the cation, the L, state appears to

have moved closer (blue shift) to the L. state and may
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actﬁally allow L. to become lowest. It is however possible
that another state not predicted by the theory underlies the
structured 'L,,. Tway and Love (60) have proposed that
prototropic equilibria in the excited state explain the
charge transfer type fluorescence seen in certain
benzimidazole and thiabendazole homologues. INDO/s
certainly fails in regard to the predicted absorptivity for
the cation. It is calculated to be 20 to 40 times that of

benzene.

Summary

Two-photon spectroscopy of three nine-membered ring
systems h;s provided a mechanism by which to further test
the semi-empirical methods relied upon for insight in these
systems. INDO/S does a good job predicting the two-photon
properties of indole but fails for the benzimidazoles,
especially the cation. The large difference in © of the L,
and L, states of indole offers a mefhod of resolving these .
two states in room temperature solvent systems as well as in
the gas phase. The data for indole in cyclohexane are
consistent with literature assignments of the L, state as
the lowest singlet state with L., about 1000 cm™ above it in

hydrocarbon solvent.
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implicated by this behavior. As the concentration of polar
solvent is increased, the fluorescence slows its broadening
and only shifts further to the-red. Experiments in viscous
polar solvents, where the solvent relaxation time is
comparable to the fluorescence lifetime, show that the
fluorescence undergoes a red-shift in time due'to solute-
solvent relaxation (SSR) (68). 1In rigid polar glasses where
SSR cannot occur the fluorescence loses much of its red
shift and becomes somewhat structured. These results
suggest that a non-specific interaction is responsible for
the red shift. Various theories have drawn upon specific
. and non-specific interactions alike to explain the anomalous
fluorescence behavior of indoles in polar éolvents.

Van Durren (15) discussed the role of solvent
dielectric and hydrogen bonding on indole fluorescence,
citing non-specific dielectric properties as more important.
Mataga, et al. (16) proposed that a reversal of the L_, and
L,, levels during the excited lifetime of indole was
responsible for the red shift. 1In their model, a large
increase in dipole moment upon excitation initiates solvent
relaxation which preferentially stabilizes the larger dipole
moment of the L. state. Similar models haye been proposed
by Song & Kurtin (18) and Suzuki et al. (17). Matéga et al.
also predicted that the L, state of indole should have a
large contribution from a configuration resembling styrene's

lowest charge transfer (CT) state. Furthermore, they stated
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that the contribution of this configuration would likely
increase as a result of the interactions with the polar
solvént during the excited state lifetime.

Based upon the specific nature of the polar
interaction, Lumry and co—workers have, in a series of
papers (13,61-64), proposed the existence of excited state
solute-ground state solvent complexes ("exciplexes") which
stabilize charge centers in the excited state by dipole-
dipole interactions. These exciplexes were shown to exhibit
1:1 and/or 1:2 stoichiometry and are believed to involve
complexation at N-1 and C-3 of the indole ring. 5-
methoxyindole was classified as a non-exciplex forming
indole since polar solvation produces no greatly red-shifted
fluorescence for this molecule. The exciplex model does
however neglect the relétive L_-L, enérgy gap and the state
of origin for the red-shifted fluorescence. Another
specific interaction deduced for indoles and used to explain

the anomalous fluorescence characteristics is that of grbund

state complexes. Skalski et al. (14) were able to correlate

changes in absorption with the appearance of a red-shifted
component in the fiuorescence for l-methylindole.

Virtually all of the work on the nature of the
fluorescent state of indoles in polar solﬁents has based its
explanation of experimental results on at least one of the
aforementioned proposals; i.e., SSR around the large dipoleA

of L., charge transfer, level inversion, exciplex formation,
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and ground state complexes. Hydrogen bonding to the indole
N-H group has been somewhat ignored as an explanation. This
is likely due to the similar photophysics of l1-methylindole.
The more recent fluorescence solvent shift studies of L_mi
have led to a model which includes ground state complexes
and L_-L,, level inversion as a result of both solvent
polarity and solvent reorientation. The growing charge
transfer character for L_, due to SSR during the excited
state lifetime has been re-emphasized by the time-resolved
fluorescence experiments of Meech et al. (19). It is in a
synthesis of the above models that a truer picture of indole
photophysics has emerged.

Important to interpretation in terms of these models is
the relative energy of the L, and L, states. This is
especially true for defivatives with closely spaced levels
where dual emission from L_, and L, is possible. While the
broadening of the L, and L, absorption peaks in polar
solvents make their assignment difficult, it is even more
- difficult to discern the onset of L. absorption which is
apparently so important in describing the anomalous
fluorescence. Polarized two-photon fluorescence excitation
spectroscopy provides a‘direct method of viewing the L_, and
L, states separately despite their large degree of overlap.

It is the aim of this section to describe efforts in
following the movement of the L. and I, states under the

influence of polar solvation for a series of methyl and
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methoxy derivatives of indole. As a reference point, two-
photon spectra of the compounds dissolved in cyclohexane
were obtained. These are then compared to those observed in
n-butanol. The two-photon spectra, especially the
spectra, provide a firm basis on which to discuss the
proposed models of indole fluorescence. The absorption and
fluorescence changes upon polar solvation were recorded as
an aid in the discussion. The results of INDO/S
calculations for the derivatives are also presented as they

lend insight and support.

Two-Photon Spectra

Indoles in Cyclohexane

S5-methylindole (5MI). Of all the methylindoles, 5-

methylindole (Figure 8, 0.01M cyclohexane) shows the largest
L.~-L,, energy gap (9). The structured L, state is well
separated from the broad L_, state in both the one-photon
absorption (OPA) (dashed lines) and the two-photon
excitation spectra (TPA) (solid line). The polarization
spectrum (Q) (dotted line) shows a high value of ~1.3 for
the L, 0-0 and is still above 1.0 for the L,, 0-1. It then
drops to ~0.6 for shorter wavelength excitation and then
rises again to the blue as a third transition with a higher
polarization ratio is excited below 510 nm.

Indole. Presented again (Figure 9, O;OlM in

cyclohexane) but this time at a slightly lower concentration
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the profile seen with the YAG system, the TPA is seen to
follow the OPA closely like the TPA of 5-methylindole. The
polarizafion spectrum is identical to that shown before for
the 0.05M solution with € ~ 1.4 at the origin and dropping
steeply to the blue where it levels off at @ ~0.65 for bulk
L. excitation. Again, a third transition with a highér Q
value begins to absorb below 510 nm.

1-methylindole (1MI). Figure 10 shows the results for

l-methylindole (0.01 M cyclohexane). This molecule is
believed to have a somewhat smaller L_,-L,, energy gap tﬁan
indole (12) and the Q spectrum is c¢onsistent with L_ being
closer in energy to the Lg 0-0. The Q value at the origin
is just above 1.1 and drops steeply in the region between
the L, 0-0 and 0-1 which are still resolved. The
polarization ratio for what should be L, excitation drops
only to about 0.8. The third transition, growing in below
520 nm, shows a polarization ratio above 1.1. The high
polarization ratio for L, excitation may be a reflection of
the fact that 2 states with high Q@ values straddle it on
both sides and seems to indicate that L, may be somewhat
reduced in this molecule despite the apparent TPA.

3-methylindole (3MI). 3-methylindole (Figure 11, 0.01M

cyclohexane) is the most closely related to tryptophan (also
3-substituted) and is believed to have the L, 0-0 and L, 0-0
superposed in hydrocarbon (7). This would account for the

strength of the origin peak relative to the rest of the
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absorption in boﬁh the OPA and TPA. The Q value of only 0.9
at the origin also hints that this is the case. The
polarization ratio drops on the red edge indicating that the
L. 0-0 is somewhat broader than the L, 0-0. Like 1-
methylindole, the rise in @ for the 0-1 peak of Ly is
broader than is seen for indqle. This may be a
manifestation of the Ly 0+730 cm™ and 04980 cm-1 peaks seen

for indole and 3-methylindole by Strickland (7). L_, may

also in fact be reduced for this moleculé and the TPA seems

to indicate this is true. A prominent peak appearing at 558
nm in the TPA has a dip in the polarization spectrum
associated with it and surely is part of the L_ manifold.
Strickland tentatively assigned this peak in OPA as L,
0+1340 cm™. It appears it may be a superposition of an L.
peak and an L, peak. L, excitation gives an Q value of
about 0.6 and again a third transition with high Q grows in
below 510 nm.

2,3 dimethylindole (2,dMI).  The 2,3 dimethyl

substituted derivative (Figure 12, 0.01M cyclohexane)
exhibits the smallest L_-L, energy gap (8). In fact, this
molecule is believed to have L_ lowest even in fhe vapor
state (65). The polarization ratio is ~0.5 on the red edge
and a shoulder is visible in the TPA. Strickland has
assigned this shoulder in OPA as the 0-0 L_.. An intrinsic
polarization ratio of 0.5 can thus be assigned to the L_

state; very different from the Q=1.4 found for the L,
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state. The L, origin peak shows Q=0.85 and excitation of L_
gives an @ of about 0.6. Overlap of L, with the L, state
and the third transition seen again must ;ontribute to the
somewhat higher L., Q. |

4-Methoxyindole (4MTI). The one and two-photon spectra

of 4-methoxyindole in cyclohexane (.004M) are shown in
Figure 14. The Q value of 1.45 for the origin of this
molecule is the highest observed and is quite close to the
theoretical maximum. The polarization ratio begins to fall
after the 0-1 of the L, to a low value of'0.85.A A
conspicuous dip at 552 nm probably corresponds to the 0-0 of
the L_, state. 4—methoxyindole is predicted to have a much
reduced intensity for the L. state (Table 1). The TPA and
the high @ value for L. excitation support this picturei
The third transition again appears to the blue and may also
contribute to the high Q.

5-methoxyindole (SMTI). The 5-methoxy derivative

(0.004M cyclohexane) exhibits the largest separation of the
L. and L, states seen (Figure 14). The structured L, state
exhibits a high polarization ratio of about 1.25 for the

first three peaks visible. Substitution at the 5-position

apparently lowers the Q value of the L, state. The 5-methyl

derivative (Figure 8) also has a somewhat lower value of Q
L, than is seen for indole. The L, state of 5-methoxyindole
also shows another sign of being quite perturbed relative to

indole's L,,. A shoulder appears at
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about 623 nm in TPA and 31lnm in OPA which is not observed
for the other derivatives. This peak was assigned as a hot
band by Strickland (9) but this does not appear fo be true.
They cooled a sample to 90°K in polar solvent and saw that
it had disappeared. The polar solvent has the effect of
blurring all the transitions and the room temperature
spectrum in n-butanol (see Figure 35) does not show the
shoulder resolved either. The new assignment of the
shoulder would be L, 0-0 which results in an L, band shape
much different than for indole. Such an alteration of the
L, band shape might be expected sinée the transition density
pattern of the L, state is mostly in the six ring (48).
Another interesting feature appears in the Q spectrum at 587
nm where a reproducible dip like that seen in 4-methoxy-
indole apparently reveals the position of the L, 0-0 or a
vibronic peak of L,. L. excitation gives a value of about
0.62 and the third transition grows in below 500 nm.

6-methoxyindole (6MTI). Like 4-methoxyindole, 6-

methoxyindole (Figure 15, 0.004M'cyclohexane) is predicted
to have a much reduced L, intensity (Table 1). The TPA
indicates that this is true. Very little TPA intensity is
seen in the wavelength region where L, should appear.
Unlike the other molecules studied, the TPA does not
correspond well to the OPA. The TPA is seen to have a
maximum at 563nm thch does not have an analog in the OPA.

Another peak in this new band appears at 573nm, and the
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separation of the 0-0 to this peak is 1572cm-1. In analogy
to the benzimidazoles, this suggests a vibronic origin for
the anomalous structure seen for this molecule. 1In the
other ihdoles, the strongly allowed L., covers up the
vibronic structure. The strong third transition seems to
~cover L, completely to the blue and I, covers it to the red
giving an L, Q value of 0.85. A slight rise in Q
corresponding to the dip seen in the OPA at 525 nm belies
L.'s existence in the two-photon spectrum.

(-3

7-methoxyindole (7MTI). In contrast to 4 and 6-

methoxyindole, for 7-methoxyindole (Figure 16, 0.04M
cyclohexane) it is the L, band which is predicted to be
substantially reduced (Table 1). This would appear to be
the case. The sharp origin peak is seen to have a
polarization ratio that is lowef (@ = 0.8) than 2 peaks in Q
that appear to the blue. The Q value for L, excitation is
0.5, the value of Q@ L, in 2,3 dimethylindole where L_, is to
the red of I, and exposed. The low value of Q@ around 525 nm
does seem to indicate that L, is quite reduced for 7-
methoxyindole but why does the origin have a low
polarization? It is possible that 1like 5-methoxyindole, 7-
methoxyindole has a very different L, band shape and a lower
intrinsic polarization ratio. Another possibility is that
the L, 0-0 is superposed with the L,, 0-0 and this leads to

the low Q@ wvalue.
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Indoles in Butanol

b-methylindole. Figure 17 shows the TPA (solid line),

the Q (dotted line), and the OPA {(dashed line) for 5-
methylindole dissolved in n-butanol at 0:.01M. The main
effect of polar solvation is to lower the polarization ratio
at the origin and cause it to drop on the red edge. The
polarization changes seen going from hydrocarbon by n-
butanol are shown in Figure 18 and are cohsisfent with a red
shift of L,. The fluorescence changes seen going to the
polar sol&ent are shown in Figure 19 along with the
absorption changes. The fluorescence maximum shifts from
310 nm in cyclohexane to 313 nm in buténol and the
fluorescence becomes somewhat broader while losing structure
in butanol.

Indole. The TPA, Q, and OPA for indole in butanol
(0.01M) are shown in Figure 20. The polarization spectrum
now closely resembles that seen for 3-methylindole ih
cyclohexane. Martinaud and Kadiri (10) have placed the 0-0
L, and 0-0 L, on top of one another for indole in polar
solvents as a result of their solvent shift studies. The
two-photon results suggest this is correct. The changes in
the Q spectra for polar solvation are shown in Figure 21 and
the associated absorption and fluorescence charges appear in
Figure 22. Loss of structure in the fluorescence is

accompanied by a shift in the maximum from 300 nm to 328 nm.
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l-methylindole. The data for l-methylindole in

butanol (0.01M) are shown in Figs. 23-25. Again the values
of @ are lowered in the origin and the fluorescence loses
structure and shifts to the red (310 nm to 326 nm).

3-methylindole. The 3-methyl derivative which had the

L, and L, 0-0's superposed in cyclohexane now has L., as the
lowest singlet state. The polarization ratio (Figure 26,
0.01M butanol) at the red edge is about 0.5 as was seen for
2,3 dimethylindole in cyclohexane. The TPA and OPA now
appear less steep on the red edge. Figures 27 and 28 show
the changes in © and in the absorption and fluorescence for

3-methylindole.

2,3 dimethylindole. The spectra for 2,3 dimethylindole
in butanol (0.01M) are shown in Figure 29 along with the
associated changes in Q (Figure 30) and fluorescence (Figure
31). The fluorescence spectra are of interest because they
show what fluorescence from L., looks like in non-polar and
in polar solvenfs.

4-methoxyindole. This molecule with its reduced L.

absorption in TPA shows a small drop in Q on the red edge
when dissolved in butanol (0.004M) (Figures 32 and 33). The
fluorescence maximum shifts from 305 nm to .307 nm (Figure
34) and loses little structure. It appears this

molecule emits predominantly from. the Lb_state and this is

consistent with the high @ value on the red edge.
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5-methoxyindole. The broad L, state shifts red and

covers most of the L, state for 5-methoxyindole in butanol
(0.004M) (Figure 35). The Q value on the red edge never
changes and correspondingly there is only a shift in
fluorescgnce maximum from 327 nm to 330 nm with very little
broadening (Figures 36 and 37), indicating L,, fluorescence.

6-methoxyindole. The TPA shows very little L,

intensity (Figure 38) for this molecule (0.004M butanol) and
the peak not seen in OPA is also evident in butanol solvent.
Q drops on the red edge and the fluorescence maximum shifts
from 318 nm to 334 nmland becomes much broader (Figures 39
and 40). 6-methoxyindole is the only methoxyindole which
shows such a large red shift. Perhaps the L, state is more
sensitive to solvation when it is substituted at position 6.

7-methoxyindole. As the broad L, shifts red in the

polar solvent, the Q value at the origin drops and the 2

peaks assoclilated with the L, band are somewhat smeared out
(Figure 41, 0.004M butanol). However, virtually no change
in fluorescence is observed, the maximum staying at 305 nm.

(Figures 42,43). It is likely that this molecule emits from

Ly.

Discussion

Assigning a high polarization ratio of ~1.4 to the "L
state and a low ratio of ~0.5 to the ‘L, state gives a

general picture in accord with that deduced from one-photon
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