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Abstract:
Two-photon polarized fluorescence • excitation and vibronically resolved one-photon dispersed
fluorescence from experiments in the supersonic jet have been used to characterize the lowest excited
state of van der Waals complexes of indole and 3-methylindole with various polar solvents. For indole,
in complexes with water, methanol, and formamide, the two-photon spectra for all of the complexes
have circular/linear polarization ratios of absorptivity (Ω-values) that show the excitation is to the 1Lb
state. The Franck-Condon patterns of the dispersed fluorescence for these same indole-polar solvent
complexes show that emission is also from the 1Lb state. The complexes of 3-methylindoie with water,
methanol, ethanol, butanol, diethyl ether, diethylamine, and triethylamine show that the nature of the
emitting state is closely related to the proton affinity of the complexing solvent. As the. proton affinity
increases there appears to be a shift from a 1Lb type excited state to one which has more 1La type
characteristics. The point at which the excited state becomes more 1La-like than 1Lb-like appears to be
around a proton affinity of 200 kcal/mol. Two-photon Ω-values decrease from 0.99 for water which has
a proton affinity of 166.5 kcal/mol to 0.55 for triethylamine which has a proton affinity of 231.2
kcal/mol. The dispersed fluorescence spectra of the 3-methylindole-polar solvant complexes all show
characteristics which can be associated with both 1La and 1Lb types of emission. However, for
solvents with lower proton affinities the 1Lb type characteristics dominate, while solvents with higher
proton affinities have emission more like that expected for the 1La state. Also reported here are results
of supersonic jet experiments using 2,3-dimethylindole, 7-azaindole, bare indole, and bare
3-methylindole. 
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ABSTRACT

Two-photon polarized fluorescence • excitation and vibronically 
resolved one-photon dispersed fluorescence from experiments in the 
supersonic jet have been used to characterize the lowest excited state 
of van der Waals complexes of indole and 3-methylindole with various 
polar solvents. For indole, in complexes with water, methanol, and 
formamide, the two-photon spectra for all of the complexes have 
circular/linear polarization ratios of absorptivity (Q-values) that 
show the excitation is to the 1Lb state. The Franck-Condon patterns of 
the dispersed fluorescence for these same indole-polar solvent complexes 
show that emission is also from the 1Lb state. The complexes of . 3- 
methylindoie with water, methanol, ethanol, butanol, . diethyl ether, 
diethylamine, and triethylamine show that the nature of the emitting 
state is closely related to the proton affinity of the complexing 
solvent. As the. proton affinity increases there appears to be a shift 
from a 1Lb type excited state to one which has more 1La type 
characteristics. The point at which the excited state becomes more 1La- 
Iike than 1Lb-Iike appears to be around a proton affinity of 200 
kcal/mol. 'Two-photon Q-values decrease from 0.99 for water which has a 
proton affinity of 166.5 kcal/mol to 0.55 for triethylamine which has a 
proton affinity of 231.2 kcal/mol. The dispersed fluorescence spectra of 
the 3-methylindole-polar solvant complexes all show characteristics 
which can be associated with both 1La and 1Lb types of emission. However, 
for solvents with lower proton affinities the 1Lb type characteristics 
dominate, while solvents with higher proton affinities have emission 
more like that expected for the 1La state. Also reported here are 
results of supersonic jet experiments using 2,3-dimethylindole, 7- 
azaindole, bare indole, and bare 3-methylindole.
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INTRODUCTION

Motivation for this Research

The spectroscopic characterization of proteins and their components 

has long been a subject of great interest to physical and biological 

scientists. This interest is the result of the belief that it should be 

possible to determine much about the structure and local environment in 

a protein simply from the intensity, shape, and wavelength of the 

spectral signal. All of the amino acids in proteins show spectroscopic 

activity. However, of the twenty amino acids that commonly make up 

proteins, tryptophan has been of greatest importance in probing local 

protein structure and environment. This is because tryptophan has by 

far the largest spectroscopic activity (absorption) in the near UV (250— 

300nm) (I) , and because it has the most sensitivity to changes in the 

local environment. So, even if a large protein contains only one 

tryptophan residue, it will dominate the protein spectrum in this 

wavelength range. The intensity and wavelength position of the maximum 

fluorescence signal will depend strongly on the local environment and 

conformation of the tryptophan residue. Thus, tryptophan (or one of its 

analogues) can be used as a sensitive local probe in proteins. In many 

instances, this is accomplished by using site specific mutagenesis in 

which specific insertions or deletions of tryptophan are made. For this 

reason, it is important to determine what changes in tryptophan 

fluorescence mean in terms of specific changes in its local environment 

and conformation.
In the absorption spectrum of aqueous tryptophan three of the 

important (7c,7t*) transitions ' occur at about 220nm(45455cm ) , 

280nm(35714cm’1) , and 288nm(34722cm'1) {439} . These correspond
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respectively to the electronic transitions 1Ba *- 1A, 1La <- 1A z and 1Lb 

^-1A (2,3). The same three bands are also present in solution spectra of 

indole, which is the chromophore of tryptophan (see Figure I).

Structures of Indole Derivatives

Figure I. The structures of various indole derivatives and the numbering 
of the indole ring are shown.

Their exact positions depend on the particular indole derivative and the 

polarity of the solvent environment. We are interested here in the 

nearly degenerate 1La and 1Lb transitions. For many indole derivatives 

in polar solutions(4) or low temperature solvent glasses(5-7), 

absorption spectra show that the 1La maximum occurs at higher energy 

than the 1Lb maximum. However, the 1La band often has a low energy tail
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that extends beyond the red edge of the 1Lb transition (Figure 2) . The 

work described in this thesis has helped to firmly establish the view 

that, for most proteins, the 1La 0-0 transition occurs at a lower energy 

than the 1Lb 0-0 transition(8).

Resolution of 1La and 1Lb Bands

230 250 270 290 310 \ nm
Figure 2. The absorption spectrum of indole is shown resolved into its 
1La and 1Lb components. This figure is taken from reference(6).

The fluorescence spectrum of indole is extremely sensitive to the 

polarity of its environment. The spectral position of La emission is 

particularly sensitive to local environment. This is due to the large 

permanent dipole moment of this state. The larger dipole will have more 

interaction with the local electric field caused by the neighboring 

atoms, stabilizing or destabilizing the excited state that affects the 

properties of the fluorescence(9). The magnitude and directions of the
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ground, 1La, 1Lb, and 3La permanent dipoles are shown in figure 3. The 

ground state dipole has a value of 2. ID, the 1La 5. ID, and the 1Lb 

2.2D(2). More recent measurements have put the ground state to excited 

state permanent dipole changes at 1La | A(i.| =5.9+0.3D and 

1LbIAiiI=I-Sj1O-SD(IO). So, it is not surprising that the spectral 

position of 1La emission is very sensitive to its environment.

Figure 3. The 1La, 1Lb, 3La, and ground state (G) permanent dipoles of 
indole are shown. This figure is taken from reference(9).

This sensitivity to environment makes indole amenable to studies in 

which it is formed into van der Waals complexes with various solvents in 

the environment of a supersonic jet. Jet spectroscopy allows high 

resolution vibronically (and rotationalIy) resolved spectra to be 

collected in the gas phase. Its characteristics will be reviewed in the 

Experimental section. Since complexes can be formed that contain only 

one or two solvent molecules, it is possible to determine how specific 

solvent interactions affect 1La and 1Lb emission. Information of this 

type will be very important in establishing how specific interactions in 

proteins affect tryptophan fluorescence.
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Various derivatives of indole can be formed by attaching 

substituents at different positions around the five- or six-membered 

rings. Addition at each position affects the fluorescence emission in 

different ways(5). It is important to understand these changes in 

fluorescence for the following reasons. First, for tryptophan in 

proteins the connection of the indole group to the peptide backbone is 

via the 3-position, thus 3-methylindole is the indole analogue most like 

tryptophan. Second, it has recently become possible to incorporate 

tryptophan analogues into proteins in place of unmodified tryptophan. 

These analogues include 7-azaindole(11) and 4-fluoroindole(12) . Since 

these modified tryptophans can be used as reporter groups in proteins it 

is important to understand their spectroscopic properties. Finally, it 

is interesting from a fundamental point to understand how an identical 

perturbation at different ring positions affects indole fluorescence. 

The mono-methylated indoles have been useful in this regard(5).

Jet spectroscopy measurements of indole have characterized the 

vibronic structure of both the ground(13) and excited states(14). Using 

only jet data, it initially proved impossible to determine the location 

of the 1̂ a origin (T5-18) . However , the combination of polarized two- 

photon jet spectra with matrix isolation studies of indole in an argon 

matrix(19), has found the location of the 1La origin of indole to be 

displaced about 1400 c m 1 above that of the Lb origin. This is in 

agreement with the seminal work done by Strickland et.al.(20) more than 

twenty—five years ago on indole dissolved in polar and non—polar 

solvents.
The maximum wavelength of tryptophan fluorescence in proteins, in 

solution, ■ varies from 308-355nm, depending primarily on the exposure of 

the indole chromophore to water(8,21-25). Therefore, of the jet studies 

that have been done on indole and its various derivatives in van der
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Waals complexes with one" or more polar or non-polar solvent 

molecules(16,17,26-36) , the ones involving water complexes(16,26,28- 

34,36) have been of most interest. Hager et al. first reported that 

indole formed two van der Waals complexes with water(30) and 

alcohols(31): one whose origin was shifted 132-214 cm”1 below the bare 

molecule origin (the cr-complex) , and another whose origin was shifted 

450-518 cm"1 below the bare origin and showed greater Franck-Condon(FC) 

activity. The c-complex was assigned to a complex in which the solvent 

acted as a proton acceptor from the indole NH group. The second complex 

was at first attributed to an indole associated with two solvent 

molecules because of its concentration dependence(31), but the 

subsequent observation that this signal was confined to the indole + H2O 

mass channel during mass selected experiments(30) led to its assignment 

as a second 1:1 complex. Because no redshifted complexes were found for 

N-methylindole, Hager et al. suggested that the second 1:1 complex also 

involved a hydrogen bond with the water or methanol acting as a proton 

acceptor(30). Levy and co-workers(35,37) then discovered that a special 

conformer of tryptophan and related molecules exhibited a long FC 

progression in a 20-30 cm”1 vibration in the excitation spectrum, and 

that excitation of the special conformer resulted in a unique redshifted 

and diffuse dispersed fluorescence in comparison to that from other 

conformers. In the course of their extensive investigation, the Levy 

group came to the interpretation that this behavior was associated with 

an intramolecular %-complex between a polar side chain and the indole Ti 

system. They also concluded "(despite no real proof) that, the interaction 

was sufficient to invert the order of the nearly degenerate 1La and 1Lt 

TiTi* excited states whose mixing was responsible for the large FC 

activity and the diffuse redshifted fluorescence. This interpretation 

was then extended to those complexes of indole with water, methanol.
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formamide, and acetamide that exhibited long, low-frequency progressions 

and broad, redshifted fluorescence(29). Independently, Arnold and 

Sulkes(28,36) applied the same interpretation to a larger set of 

methylated indoles complexed with various polar molecules, concluding 

that solvent-induced 1La emission in jet-cooled indole complexes is more 

the rule than the exception. Finally, the Levy group (29) tried to 

correlate the two types of complexes observed in cold jets with the two 

exciplexes postulated by Lumry and co-workers(38,39) to explain the 

pronounced redshifts of fluorescence for solutions of indole in . 

hydrocarbons at room temperature when mM quantities of alcohols were 

added.
An achievement of this thesis has been to show unequivocally that 

the above picture is incorrect. We have used polarized two-photon 

excitation and dispersed fluorescence, to show that jet-cooled complexes 

of indole with the polar solvents water, methanol, and formamide are 

both excited to and emit from the -1Lb state. We have also shown that 

exciplexes are not involved in the redshifted indole polar-solvent 

complexes.
Despite no real proof of its structure, it has become well accepted 

to refer to the indole-water complex with the redshifted spectrum as the 

71-complex(28,29,36). Recently, however Carney, Hagemeister, and Zwier, 

have found from resonant ion-dip infrared spectra, infrared-ultraviolet 

holeburning, and supporting ab initio calculations(40) that this complex 

has the formula Indole-(H2O)2, with one water accepting a hydrogen bond 

from the indole N-H and the other accepting a hydrogen bond from the 

first water and bridging to the %-system. Because of this, the complexes 

showing redshifted spectra will be referred to as "^complexes," with 

the "p" standing for redshifted. This red shift is what the indole-polar
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solvent complexes have in common with the intramolecular complexes 

reported by the Levy group.

Although fluorescence from some, complexes of different indole 

derivatives with polar- solvents is believed to originate in the 1La 

state, oqe question has remained. What is the vibronic structure of 1La 

fluorescence in a jet environment? It was originally suggested, based on 

the unexpectedly short fluorescence lifetimes for the higher vibronic 

modes of 2,3-dimethylindole(13,28,33), that the 1La transitions could 

not be observed in the jet because this state is dissociative through 

breaking of the N-H bond. Further studies with 3-methylindole(34) and 

negative results in a mass-resolved search for the possible fragment of 

N-H bond dissociation in 2,3-dimethylindole(36) , led to the suggestion 

that the 1La state is not dissociative, but is coupled to a third state 

that is probably a highly excited ground state vibronic level. So the 

short lifetimes in 2,3-dimethylindole were explained by non-radiative 

decay to this state. Independent of this idea, as mentioned above, the 

idea that emission from the 1La state is broad and redshifted was being 

proposed(28,29,36) . During this same time, experimental and theoretical 

results from the Callis group had started to suggest a slightly 

different picture of 1La emission. Muino and Callis(32) showed that 

dispersed fluorescence from an indole-HgO complex, that was believed to 

originate from the 1La state, could be well represented simply by adding 

the appropriate progression onto each line of the emission spectrum from 

bare indole (which has 1Lb emission) and broadening each line by 50 c m 1 

to simulate typical monochrometer resolution. This suggested that the 

emission could not be 1La because it was constructed from 1Lb emission. 

Also, ab initio calculations of the vibronic spectra for indole(41) had 

' suggested that 1La emission while different from 1Lb emission should have 

a well defined vibronic structure in which the 0-0 transition and should
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have the largest FC activity. Initial experimental evidence for these 

ideas has come from well resolved phosphorescence spectra of indole in 

an argon matrix(42) . Indole phosphorescence is known to originate from 

the 3La state and so should have a FC pattern very similar to that 

expected for 1La fluorescence. This is exactly what was found for the 3La 

phosphorescence spectrum of indole. It is against this background that 

the research to be presented here was started.

Subject of this Research

The research described here was started at a time when the nature of 

the emission from the p-complex was undefined. A major goal was to 

clearly define the state to which this complex was excited and from 

which it emitted, using polarized two-photon excitation and high 

resolution dispersed fluorescence. It should be noted that the 

sensitivity of the measurements had to be extended well beyond what had 

been previously obtained in our lab(two—photon measurements) or in other 

labs(dispersed fluorescence).

Another goal in this research was to more clearly define the 

vibronic structure of the 1La <— ground transition and to prove that it 

can be observed in the supersonic jet. Also we wanted to form a better 

picture of the way in which polar solvents influence the energies of the 

1La and 1Lb states relative to one another. This has been done by 

studying 3-methylindole in the supersonic jet, either as a bare molecule 

or as a van der Waals complex with polar solvent molecules.
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METHODS

Description of Experimental Methods

There were three different spectroscopic methods used in these 

studies. They are fluorescence excitation, dispersed fluorescence, and 

polarized tworphoton excitation. All measurements were made after laser 

excitation of the sample in a supersonic jet apparatus. The jet setup 

will be described first, then the three different experimental methods 

will be reviewed.

Supersonic Jet

Jet spectroscopy and the advantages derived using this method are 

based on some very simple ideas. A diagram of the jet apparatus is shown 

in Figure 4.

Diagram of the Supersonic Jet

Expanding
Gas

^— Sample Container 
— Pulsed Hozzle
— Low Pressure 

Chamber

Figure 4. A diagram of the supersonic jet setup is shown.

The sample container is pressurized with the sample and a carrier gas 

(normally helium, although other noble and non-noble gases can be used) 

at a- pressure of 0.5atm(about 380 torr) or greater. This chamber is 

connected to a second chamber maintained at low pressure (10 5 torr or
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less) by a small diameter (0.05 to lmm) opening or nozzle that may or 

may not be pulsed, to allow gas passage from the higher pressure to 

lower pressure chamber. As the sample and carrier gas expand into the 

low pressure chamber there are a .large number of collisions while 

exiting the nozzle, in the early stages of the expansion. It is this 

process that causes the "cooling" characteristic of jet spectra. The 

mechanism involves collisional energy exchange that converts the random 

thermal energy of the gas in the high pressure chamber into directed 

energy of flow in the expansion. This will continue as long as the gas 

density in the expansion is high enough to support collisions, and the 

temperature will continue to drop. If a polyatomic molecule, such as 

indole, is included in the expansion there will be a collisional 

exchange of energy between the translationally cold carrier gas and the 

vibrational and rotational modes of the polyatomic molecule. When gas 

density falls below the level necessary to support collisions, the 

vibrational and rotational temperatures become frozen at specific 

values. It is common to obtain rotational temperatures of '5 K and 

vibrational temperatures below 50K(43). This restricts populations of 

rotational levels to within 3 to 4 cm-1 of the ground rotational level, 

and of vibrational states to levels with less than 30 to 40 cm 1 of 

vibrational energy. The low rotational temperature causes vibrational 

lines in the spectra to be very narrow and the low vibrational 

temperature, causes most transitions to originate from the v=0 level of 

the ground electronic state. This allows jet spectra to have well 

resolved vibrational lines and allows these transitions to be more 

easily assigned to specific normal modes in the excited state.
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Fluorescence Excitation

One simple experiment that gives information about the structure of 

the excited state is fluorescence excitation. In the jet this experiment 

involves excitation, with a single photon of light, from the lowest 

vibrational level of the ground state to the vibrational levels of an 

upper state. The total fluorescence from each of these levels is 

monitored (see Figure 5). Because of the cooling that takes place in the 

jet, the lines are usually narrow and well resolved. The information 

obtained from fluorescence excitation is the same as that from 

absorption spectroscopy except that the sensitivity is much greater than 

with absorption measurements.

Energy Representation of Fluuorescence Methods

Fluorescence Excitation
Excited
State

Ground
State One-Photon Two-Photon

Measure Total Fluorescence

Dispersed
Fluorescence

Disperse the 
Fluorescence 
Before Measurement

Figure 5. A schematic representation of one- and two-photon fluorescence 
excitation, and of dispersed fluorescence is shown.
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Dispersed Fluorescence

Another one photon experiment, gives information about the energy 

distribution of the ground state vibrational levels, is dispersed 

fluorescence. In this experiment, a specific vibrational level of an 

upper electronic state is excited and the vibrationally resolved 

emission spectrum of the ground state is collected(see Figure 5) . The 

information gained from the spectra can in many cases be used to 

correlate one or more specific vibrational levels in the ground state 

with a specific excited state level. As will be shown below, dispersed 

fluorescence is also somewhat useful in helping to decide whether 

emission is from the 1La or 1Lj3 states.

Polarized Two-Photon Excitation

A different way to excite a molecule from the ground state to a 

higher electronic level is through multiphoton excitation. We are 

interested here in polarized two-photon excitation. This type of 

spectroscopy is actually a three-photon process because, not only are 

two photons needed to reach a higher state, but a third photon is j

emitted as the molecule relaxes back to the ground state(see Figure 5). •,
' ' 1 I

The first two photons can be either of the same or different energies. .

Their absorption occurs in about 10 16 seconds(44) , and so the molecule 

is essentially motionless during the process. In the studies here, we j

also assume that there is complete randomization of the gas phase : [

molecules before emission of the fluorescence photon. Thus, there is no |

polarization information to be gained. There is however a conservation ,

of information about the original excited state, even if the molecule ;

undergoes internal ■ conversion to another excited state before ;

emitting(45). ' ;
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The two-photon effect was first proposed by Goppert-Mayer in I

1931(46). At that time however, there were no high-intensity light 

sources with which to test it. With the advent of lasers, experimental 

applications have increased. In tandem the theoretical treatment has 

also improved. The series of articles by McClain and coworkers(45,47-49) 

as well as recent treatments by Callis (44,50) , are useful in 

understanding two-photon spectroscopy. Since. these published

descriptions of two-photon absorption are quite well written and 

informative, a detailed treatment will not be given here. However, it is 

useful to review some of the more important points.

The rate at which two photons can be absorbed by a molecule is 

represented by the following equation(49).

Rate = 12 87t3a2(02gm (2©) | |i * S * (i 12cp2

Where |i. is the unit polarization vector of the exciting light, S is the 

two-photon tensor, q> is the flux of the excitation light, a is the 

fine-structure constant, and gm(2co) is the line-shape function. One I

thing to note is that the rate is proportional to the light intensity 

squared. This explains why light sources with high photon fluxes are so 

useful in two-photon spectroscopy.

The two-photon tensor, S, is given by (49)
. : 

’ f
rfing i

i v i g  ^laser | :1I
- i

Or in terms of Cartesian components of the 3 x 3  matrix, one component

Sab is
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Sab= Y  afibig
i vig l7Iasei

Where a,b = x,y, z. .JTfirig and Bfibig are the product of the transition 

dipole between the initial state, g, and any of the states of the 

molecule, i, times the transition dipole from state I to the final 

state, f. Vig is the frequency difference between the ground state and 

any of the states of the molecule, and Viaser is the frequency of the 

exciting light. A two-photon absorption event will then usually have no 

direct relationship to the transition dipole for one-photon absorption 

directly to the same final state.

The fluorescence intensity for emission of a single photon after 

absorption of two photons is given by

4
I = ̂ TPiMijQj 

Ij=I

where Pi are geometric factors depending on the polarization of the. 

absorbed and emitted photons, Qj are molecular factors that depend on 

the two-photon absorption tensor and the fluorescence transition dipole, 

and Mig are the components of the averaging matrix that connect the 

geometric and molecular factors. One of the Qj factors, Q3 or Qjf, is 

directly connected to an easy to measure experimental parameter known as 

the two-photon polarization, Q. Qy is the square of the normalized two- 

photon tensor. The relationship . is summarized in the following 

equations(44). First,

where
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<SG = 2 ŝ 5iHS|2 and = ̂ sSaSjbjb = IrrS]2
a,b a,b

The ratio SFjSG is • measured experimentally when the emission is 

isotropic by the two-photon polarization, Q., where

3 -  Sf/dG^circular

U lineaJ isotropic 2 + SfIs g

Qy = -T-
3' — 2C1 
I + Cl

Here, Circular and linear are the absorptivities from excitation with 

circular and linearly polarized light, respectively. Experimentally, Cl 
is found by determining ratio of the areas under the peaks from the 

total fluorescence by two-photon excitation with circularly and linearly 

polarized light. Knowledge of Qy is important in the two-dimensional 

limit. The indole chromophore falls under this limit since the 

electronic transitions are within the plane of the molecule. Given Qy it 

is possible to determine the maximum and minimum values of the 

anisotropy, r±, by

_ 2 ± 9 [ e ^ 2 - e j U ,
r ±  1 4  +  7 0

This provides a direct connection between gas-phase experiments and 

experiments in which the anisotropy can be measured directly.

For isotropic emission, ' Cl can vary Only from O to 3/2. For pure 1La 

emission from indole, Cl has a value of about 0.5 and for pure Ll3 

emission from indole Q  has a value of 1.4(44). Since the angle between 

the 1La and 1Lb transition dipoles of 3-methylindole is similar to that
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of indole(5) , it is assumed that the electronic properties of 3- 

methylindole are similar to those of indole. Also, the calculated two- 

photon tensor shapes for the 1La and 1Lb transitions of 3-methylindole 

are similar to those of indole (50), so the fi-values for 1La and 1Lb 

emission are expected to be similar for the two molecules. This is not 

quite what is found experimentally. For excitation to the 1Lb state, 

Q»1.4 for indole (4) and Q«1.13 for 3-methylinddle (51) . For emission 

when excitation is to the 1La state, f2»0.5 for both indole and 3- 

methylindole(4).

Finally, as stated above, information about the two photon 

polarization in absorption is preserved regardless of the mode of 

excited state decay. In two-photon experiments there is preferential 

excitation of the 1La state by linearly polarized light and of the 1Lb- 

state by circularly polarized light. One way to understand this is to 

consider the value of Qy, the normalized trace squared of an S tensor 

with no off-diagonal elements. The shape of the tensor changes as Qy 

changes, thus changing the polarization of light favored for excitation. 

For the 1Lb state (0=1.4) the tensor has a near zero Qy value, which 

favors excitation by light that is circularly polarized(or two linear 

photons with - perpendicular polarizations). For the 1La state (0=0.5) the 

tensor hss relative principal values of 1.0, 0.17, and 0.0, that favor 

excitation by light.that is linearly polarized. It is shown that these 

are the correct values by substituting 0=0.5 into the equation for Qy to 

obtain QY=5F/5G=1.33. . It can then be shown that if. the xx, yy, and. zz 

elements of the tensor(with no off-diagonal elements) are 1.0, 0.17 and 

0.0 respectively, then 5F will equal 1.3689 and 5G will equal 1.0289. 

These are the values which give Qy=I.33.
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The preferential excitation, based on the polarization of the light 

used, is an advantage that two-photon polarization measurements have 

over one-photon polarization measurements. In one-photon gas phase 

experiments it is not possible to gain information about which state the 

excitation is to, because it is not possible to directly measure the 

anisotropy.

Materials and Experimental Procedures 

Chemicals and Materials Used

Indole (99+%, lot numbers 03231AZ and 14818CG), 3-methylindole (98%, 

lot number 08810LQ), 2,3-dimethylindole (97+%, lot number 092767), and 

7-azaindole (98%, lot number 05026LG) from Aldrich were used without 

further purification. For indole, bulk deionized water, methanol (HPLC 

grade) from Fisher, and formamide (Practical grade) from E. M. Science 

were used in forming the complexes. For 3-methylindole, bulk deionized 

water, spectroscopic.grade methanol from J. T . Baker Chemical Company, 

ethanol from U .S. Industrial Chemicals Co. (dehydrated), freshly 

redistilled diethylether, diethylamine (99%+) from Acres, and

triethylamine (99%) from Acros were used in forming the complexes. For

2,3-dimethylindole and 7-azaindole, bulk deionized water was used in 

forming the complexes. Ultra-pure helium (99.999%), from General 

Distributing Co. (in Bozeman, MT) was used as a carrier gas in the jet. 

The laser dyes rhodamine choride 560, rhodamine tetrafluoroborate 590, 

rhodamine perchlorate 610, rhodamine perchlorate 640, and coumarin 54OA 

were from Exciton. Bulk grade methanol from Dyce Chemical Company 

(Billings, MT) was used as a solvent for the dyes. Often, a mixture of 

more than one dye was used in order to get maximum laser intensity in a 

desired frequency range. Glass filters were from Schott Glass 

Technologies.



19

Instrumentation

The experimental setup is shown in Figure 6.

Experimental Setup
Reference Dectector

SignalReference BoxcarBoxcarPMT or
Fiber Holder

FiberApparatus

ComputerController and
Digital delay/Doubler 

or I
Fresnal Rhomb

Pulse Generator

Focusing
Optics—

Lumonics
Dye Laser Monochromator

Nd:YAG 
Laser

Figure 6. The experimental setup is shown.

A Lumonics HD300 dye laser was pumped with either a Lumonics Nd:YAG 

(HY-200) at 20 Hz or a Continuum Surelite III N d :YAG at 10 Hz. Pulse 

lengths are about 8ns for the Lumonics Nd:YAG laser and 3-5ns for the
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Continuuiri laser. The energy of a pulse from the dye laser was dependent 

on the dye(s) used, its age, and how hard it was pumped. With the 

Continuum laser, running at 532nm, the flashlamp voltage was normally 

1.28-1.38kV for one-photon experiments and 1.48-1.5'5kV for two-photon 

experiments. Depending on the experiment, either the third harmonic (355 

run) or the second harmonic (532 run) were used to pump the dye laser. The 

supersonic jet is the same setup that has been described before(52). For 

one-photon fluorescence excitation experiments and dispersed 

fluorescence experiments ah INRAD Autotracker II frequency doubler was 

used to generate ultraviolet light. The doubled light was passed through 

UG-Il filter (I mm thick) to prevent transmission of the fundamental. 

During two-photon experiments the light was not doubled, but a double 

Fresnel rhomb half-wave plate followed by a Fresnel rhomb were used to 

generate circular and linear polarizations for the spectra.

The indoles were placed in a heated sample chamber. The jet nozzle 

was kept at 5-20 °C above the sample chamber in .order to . inhibit 

clogging of the nozzle tip. Temperatures used in the experiments are 

shown in Table I.

Backing pressures between 0.0 and 2.7 atm were used in all 

experiments. The pressure of 0.0 atm was used when the nozzle.was shut 

off in order to collect background fluorescence. The nozzle was driven 

and the laser triggered by an Iota One controller (from General Valve). 

A delay of 600 ûs between nozzle opening and the laser firing was 

introduced using a deiay/pulse generator (Stanford Research Systems, 

model DG§35). "The nozzle diameter was 0.5 mm. The laser intersected the 

molecular beam 0.5-1.0,cm downstream in all experiments.

Fluorescence was collected at a right angle using a Hammamatsu R928

photomultiplier tube cooled to -25 °C. The output was amplified' and

gated for 100 [i& with Evans Associates circuitry. To improve signal
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collection, a spherical mirror (diameter = 60.0 mm, focal length = 25.0 

mm) was placed opposite the photomultiplier tube (PMT), on the other 

side of the molecular beam. Fluorescence was focused on the PMT by means 

of two lenses (diameter = 50.8 mm, focal Iengthx = 50.8 mm, and focal 

lengtha = 101.6 mm) . For one photon excitation a diaphragm and a 2 mm 

thick WG-320 filter were used to reduce background noise. It was

TABIS I. Temperatures used in the Jet Experiments.
Molecule or 

Complex
Sample Container 
Temperature (0C)

Jet Nozzle 
Temperature (0C)

Bare Indole 50 60

Indole-Water 50-70 60-75

Indole-Methanol 60 75

Indole-Formamide 60-65 75

Bare 3-Methylindole 50-80 60-95

3-Methylindole-Water 55-95 65-115

3-Methyiindole-Methanol 85 105

3-Methylindole-Ethanol 85 105

3-MethylindoIe-ButanoI 85 105

3-Methylindole-
Diethylether

85 105

3-Methylindole-
Diethylamine

85 105

3-Methylindole- ■ 
Triethylamine

85 95-105

Bare 2,3-Dimethylindole 75-95 105-110

2,3-Dimethylindole-Water 80-95 95-110

J-Azaindole 75 95

7-Azaindole-Water 75-105 95-115

eventually found that, with careful laser alignment, either no filter or

a diaphragm with a saturated aqueous solution of NiSO4 (I cm path

length), gave superior signal-to-noise. For two photon excitation a 3 mm
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thick UG-Il filter and a saturated aqueous solution of NiSO4 (1cm path 

length) were used to reduce background noise. In the dispersed 

fluorescence experiment the emission was collected at a right angle 

through the same two-lens system and focused into a 2 mm (core diameter)

UV transmitting plastic clad fiber optic (Fiberguide Industries) . The 

light was carried about 3.3 m by the fiber and focused using an f/1 

optical system into a Spex 1404 double spectrometer with a 2400 g/mm 

grating(linear dispersion = 0.2nm/mm), where the dispersed emission was 

measured using a 'Hammamatsu R928 photomultiplier tube cooled to -25 C. .

Slit widths varied with the desired resolution. The monochromator 

resolution is reported in the figures as twice the spectral 

bandpass (full width at half maximum). In all experiments, signals were 

normalized by dividing the signal by the laser energy (or the square of 

the laser energy when measuring the two-photon signal) measured with a 

homemade quantum counter previously described(53).

Calculations

Computer Hardware

Calculations necessary for spectral simulations were performed on a 

Zeos Meridian 400 subnotebook computer with an Intel 486 100 MHz

processor and 8 MB of RAM. !
.I

Computer Software I

Programs used in the spectral simulations were originally written in I

Fortran by Patrik Callis. They were modified somewhat before use in this i

work.
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Spectral Simulations

Simulation of dispersed fluorescence spectra used a procedure similar 

to that described previously(32) . The method is shown schematically in 

Figure 7.

Briefly, the spectra were constructed by first converting the bare 

indole or the bare 3-methylindole dispersed fluorescence spectrum to a 

stick spectrum of the intensities. A stick spectrum was then constructed 

from the group of peaks starting near 765 cm"1 in both the indole-water 

and indole-methanol dispersed fluorescence spectra, and at the origin in 

the 3-methylindole-water dispersed fluorescence spectrum. For indole

Method of Spectral Simulation

__________________ _______I____ I I I i l i i

Stick Spectrum of Impose a 
Bare Molecule Progression on

each Line

Figure 7. The method used in simulating spectra is shown.

water the intensities at 767, 783, 792.1, 805.8, 821.8, 836.6, 851.4, 

861.6, and 877.5 cm'1 were used. For indole-methanol the intensities at 

764, 805, 844.8, 887.9, 935.4, and 974.9 cm'1 were used. For 3-

methylindole the intensities at 0.0, 22.5, 45, 74.5, 98, 119.2, 135.7,

159.2, 179.1, 210.8, 234.2, 252,8, 276.2, 294.8, 330.9, and 354.1 cm"1 

were used. These stick spectra from the complexes were substituted for 

each line of the bare indole stick spectrum and normalized to contain

Broaden the 
Lines



the same total intensity as the line being replaced. The resulting stick 

spectra were then broadened with a Gaussian until a close match with 

experimental dispersed fluorescence spectra was obtained.

24
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RESULTS AND DISCUSSION 

Indole-Polar Solvent Complexes

Indole-Water

Figure 8 shows the one-photon fluorescence excitation spectrum of 

the indole-water complex. The origin regions of the i t -  and /7-complexes, 

of the bare indole molecule are shown.

Fluorescence Excitation

I41
II

IndolezH2O Complex Bare Indole

a - Complex

p - Complex

....I I I I I' r  I I I I I I I I I I I ■ ■ I ■ ■ ■ ■ I I
-500 -400 -300 -200 -100 0

cm1 Relative to the Bare Origin

Figure 8. The fluorescence excitation spectrum of the origin regions of 
the indole-water p- and cr-complexes and of bare indole is shown.

The shifts from the bare indole origin are -132 and -450 c m 1, for the 

Cr- and /7-complexes, respectively. Polarized two-photon excitation 

spectra for the first four peaks, starting at -450 cm 1, of the 35 cm
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progression of the ^-complex are shown in Figure 9a-d.

Indole-Water 
Two-Photon Excitation

Q=1.22

£2= 1.22

&  -418 -416 -414 -412

-384 -382 -380 -378

-350 -348 -346 -344 -342

cm" Relative to the Bare Origin
Circular
Linear

Figure 9. Polarized two-photon excitation spectra are shown, (a)-(d) the 
/7-complex, (e) the cr-complex.
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The fi-values of 1.2 to 1.3 show that excitation is to the 1Lb state and 

that this state is the lowest excited state for the p-complex. Since the 

individual complexes are isolated from one another in the jet, this is 

the state from which emission is expected to occur. The two-photon 

spectrum of the cr—complex, which is known to have Lb emission (29), is 

shown for comparison [Figure 9e].
The high-resolution dispersed fluorescence spectrum of the indole- 

water p-complex is shown in Figure 10b. .Xt does not have the broad 

redshifted component present in a low-resolution spectrum of the same 

complex(see reference 29). This spectrum has two regions in which well- 

resolved progressions are visible. These start at the origin and near 

760 cm"1 to the red of the excitation. Scans with only the laser on and 

the pulsed valve of the jet off show that most of the intensity at the 

origin is due to scattered light.
There are two characteristics of the indole-water dispersed 

fluorescence spectrum (Figure 10b) that were unexpected. First, the 

progressions in the ground state (Figure 11a) did not have the evenly 

spaced lines found in the excited state(Figure 8). Lower resolution 

spectra, like that in Figure 10b, had suggested a progression with the 

second peak at 17 cm'1 and a 14-15 cm'1 spacing of subsequent peaks. When 

higher resolution spectra were collected this characterization broke 

down. A tentative assignment of the vibronic structure based on a 

minimum number of vibrations was made. It is found that this spectrum 

can be characterized by five active vibrations (see Table 2). Some lines 

have more than one possible assignment, because different combinations 

were found to fit the same frequency. One caveat needs to be stated 

about this assignment. It is somewhat unexpected that certain modes, 

particularly 2Vi and V3V2, are. absent. The possibility can not be ignored
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Dispersed Fluorescence 
Indole-Water

Bare Indole

_aI_
I
0 -400 -800 -1200

Ma-jv-x.__A____ k..A.__. -— A-T-rT-I I I l— l
-1600

o -400 -800 -1200 -1600

Calculated, Indole: Water

-1600-1200-400 -800
cm1 Relative to the Excitation

Figure 10. Dispersed fluorescence spectra (excitation at the origins) 
are shown for (a) bare indole, (b) the indole-water /7-complex, and (c) 
the simulated spectrum for the indole-water /7-complex. The monochromator 
resolution for the bare indole spectrum is about 7 cm 1 and for the 
experimental indole-water spectrum about 14 cm"1.
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that this spectrum actually is a progression of one vibrational mode, 

which has been somewhat distorted by the local structure of the 1:2, 

indole:water, complex.

It is noted that there are more lines listed in Table 2 than are 

present in Figure 11a. The reason is that if the excitation is to higher 

levels of a given vibrational mode of the excited state, the wave 

functions of those levels have a different overlap with the ground state 

manifold. This is illustrated in Figure lla-d, where excitation is to 

the first, second, third, and fourth lines of the most intense excited 

state progression of the p-complex. That these lines belong to the same 

vibrational mode is shown by the fact that the number of nodes increases 

from zero to three from the first to fourth line of the progression.

The second unusual characteristic of the indole-water dispersed 

fluorescence spectrum (Figure 10b) is the emission between 200 and 400 

cm"1, that was not expected when considering the spectrum of bare indole 

(Figure 10a) . The intensity between 200 and 400 c m 1 was shown to be 

from the p-complex, by setting the monochromator in this region and 

scanning the excitation with the laser. For monochromator settings of 

200, 280, 300, 325, 350 and 400 cm'1 to the red of the complex origin 

the resulting spectra all closely resembled that of the p-complex shown 

in Figure 8. The fluorescence excitation spectra detected at 200, 300, 

and 400 cm"1 to the red of the complex origin are shown in Figure 12. 

The presence of the p-complex origin transition' at -450 cm 1 in each of 

these excitation spectra proves that the dispersed fluorescence in the 

200 to 400 cm"1 region is from the p-complex. It is not known why 

fluorescence intensity is present in this region, but one guess is the 

following. In a study from the Zwier group (40) in which it was shown

that the p-complex is a
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Intramolecular Vibrations, 
Indole-Water

■ I ■ ■ ■ ■ I ■ ■ ■ ■ I I I ■ ■ I ■ ■ ■ ■ I ■ ■ ■ ■ i 1 1 1 1 i
0 -50 -100 -150 -200 -250 -300

Relative to the Excitation(cm1))

Figure 11. Dispersed fluorescence spectra of the Indole Water /7-complex
are shown, with excitation at (a) the /7-complex origin, (b) the /r-
complex origin +35.2 Cirf1(V1) (52), (c) the /7-complex origin +69.9 cm'1 (2V1),
and (d) the /7-complex origin +103.9 C m 1(Sv1). The monochromator
resolution is about 3 cm 1 in (a) and about 9 cm in (b)-(d).
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Table 2. Tentative Assignment of the Intramolecular 
Indole-Water Vibrations(see Figure 11)

Red Shift from 
the Origin (cm1)

Peak Assignment

17.7 Vl
27.1 ■ . . V2
40.0 V3
54.2 2v2
60.0 ViV3
70.0 V4
81-82 3v2
85.9 V5

98-101 Vi2 v3, ViSv2
110-112 v3v4, Vi2v2v3
128.6 V3V5, ViV3V4

142-144 ViV3V5
154-158 V4V5, ViSV4
169-175 2v5 ,2 ViSv2Sv3, ViV4V5
186-188 V1Sv5,v24v3
202-205 SviSv5,V1V2Sv4
217-219 2v32v4, ViV2Sv5
235-236 Sv1V2Sv5

1:2, indole:water, complex, there are unexplained sidebands on at least 

two of the peaks of the resonant ion-dip infrared spectrum. We have 

suggested, and the Zwier group has agreed(see their note under reference. 

20 of (40)), that these may represent a second 1:2, indole:water, 

complex. This would assume that the 1:2 complexes are indistinguishable 

from each other in their one-color resonant two-photon ionization 

spectrum(it gives the same information as the fluorescence excitation 

spectrum in Figure 8), since they observed only one set of peaks for the 

1:2 complex(Figure I of reference (40)). It is also.interesting to note 

that they have found(as have we, "David "Hahn - unpublished results) in ab 

initio calculations two stable forms of the 1:2 complex separated in 

energy by only.0.7 kcal/mole (244.8 cm'1). We suggest that the
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Fluorescence Excitation, Indole-Water 
Specific Detection

£

I
$'15TB

200 cm1

Rdative to the Bare Origin(cm"))

Figure 12. Fluorescence excitation spectra of the indole-water /7-complex 
detected at 200, 300, and 400 cm"1 to the red of the complex origin are 
shown. The monochromator window was 140 cm"1 for detection at 200 c m 1, 
and 47 cm"1 for detection at 300 and 400 cm"1.

unexpected emission in the -200 to -400 cm region of our indole-water 

spectrum may be due to a second stable form of the 1:2, indole:water, 

complex.

Indole-Methanol

In Figure 13 the one-photon fluorescence excitation spectrum of the
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indole-methanol complex is shown. Again, the origin regions of the p- 

complex, the cr-complex, and of bare indole are shown. The shifts from 

the bare origin are -160 and -469 cm'1 for the a- and /?-complexes, 

respectively. The splitting of the origin region for the p-complex is 

not a regular progression as is observed for the indole-water /7-complex.

Two-photon fluorescence excitation spectra of the first three major 

peaks of the /7-complex are shown in Figures 14a-c. The O-values of 1.13 

to 1.26 show that excitation is to the 1Lb state. Also shown is the two- 

photon excitation spectrum for the indole-methanol <7-complex [Figure 

14d] . The O-value of 1.35 is characteristic of excitation to the 1Lb 

state.

Fluorescence Excitation

I
I
I

IndoIeiMeOH Complex Bare Indole

o - Complex

p - Complex

I l l l I I I I T I I I I T I I IT r ■ i I

-500 -400 -300 -200 -100
cm1 Relative to the Bare Origin

Figure 13. The fluorescence excitation spectrum of the origin regions of 
the indole-methanol p- and <r-complexes and of bare indole is shown.
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Indole-Methanol 
Two-Photon Excitation

Q= 1.26

Q=1.13

-430 -428 -426

• ? v

cm"1 Relative to the Bare Origin Circular
Linear

Figure 14. Polarized two-photon excitation spectra are shown, (a)-(d) 
the /7-complex, (e) the cr-complex.
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Indole-Methanol 
Dispersed Fluorescence

0 -400 -800 -1200

- ■ .. ■ >-l--- x.X. . _ji• .......... I I' I I I I I I I I I I I
0 -400 -800 -1200 -1600

0 -400 -800 -1200 -1600

Calculated, IndoleiMethanol

-1200 -1600
cm 1 Relative to the Excitation

Figure 15. Dispersed fluorescence spectra are shown for (a) bare indole, 
(b) the indole-methanol /^-complex, and (c) the simulated spectrum for 
the indole-methanol /7-complex. The monochromator resolution for the bare 
indole spectrum is about 7 cm 1 and for the experimental indole-methanol 
spectrum about 19 cm-1.

Figure 15 shows a high-resolution despersed fluorescence spectrum of
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the indole-methanol /7-complex. The regions near the origin and near 650, 

760, and 1330 cm*1 show groups of well-resolved peaks. It is noted that, 

like the indole:water spectrum in Figure 10b, the indole:methanol 

spectrum in Figure 15b displays intensity between -250 and -400 cm"1 

that can not be duplicated in the calculated spectrum in Figure 15c.

In dispersed fluorescence spectra, much of the intensity at the 

excitation energy is due to scattered light. An estimate of the 

scattered component can be obtained by taking the difference between the 

signal with the pulsed valve of the jet on and with it off. This

Indole-Methanol 
Dispersed Fluorescence 
Difference Spectrum

-50 -100 -150 -200

cm"1 Relative to the Excitation

Figure 16. The difference spectrum for the indole-methanol origin region 
is shown. The signal with the supersonic jet pulsed valve off is 
subtracted from the signal with it on. The monochromator resolution is 
about 19 cm*1.

difference for the origin region of the indole-methanol /7-complex is 

shown in Figure 16. With the scattered light subtracted out, the peak 

structure in the origin region now more closely resembles that in the
Ji

region starting near 760 cm"1 (see Figure 15a) . This is important, 

because intensities of the peaks near 760 cm 1 are used to simulate the
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entire spectrum.

Indole-Formamide

Formation of the indole-fomamide complex was first verified by 

comparison of the one-photon fluorescence excitation spectrum (Figure 

17a) with that published previously(29). Figure 17c shows the polarized 

two-photon fluorescence excitation spectrum of the lowest energy peak of 

the complex. An £2-value of 1.46 leaves little doubt that excitation is 

to the 1Lb state. A high-resolution dispersed fluorescence spectrum from 

this peak', is shown in Figure 17b. The regions near the origin and 

starting near 760 cm"1 show groups of well-resolved peaks.

Simulation of Spectra

Simulated spectra for the indole-water and indole-methanol complexes 

are shown in Figures IOc and 15c, respectively. It has been noted 

before(32) that the dispersed fluorescence spectrum of the indole-water 

complex, found by Tubergen and Levy(29) and identified as 1La 

fluorescence, could be plausibly simulated without reference to the La 

state. This was done by taking the bare molecule 1Lb spectrum of Bickel 

et al. (13) and substituting the 35 cm"1 progression from the excitation 

spectrum for each vibronic line (32) . The resulting spectrum was them 

broadened by 50 cm"1. We have improved the simulation method by using 

the bare molecule stick spectrum from our own dispersed fluorescence 

data (Figures IOa or 15a), and imposing on it the low-frequency Franck- 

Condon pattern found in the dispersed fluorescence spectra of the 

complexes (Figure IOb and Figure 15b). After broadening, the resulting 

spectra (Figure IOc and Figure 15c) are found to match experimental data 

remarkably well. The main difference between the observed and simulated 

spectra is the absence of the unanticipated bands in the 200-400 cm 1



38

Indole-Formamide

I
I

(a )
I i

One Photon
Fluorescence Excitation

0 100 200 300
cm"1 Relative to the Complex Origin

cm1 Relative to the Complex Origin

Circular
Linear

Figure 17. Spectra for the 1:1, indole-formamide are shown. They are (a) 
one-photon fluorescence excitation, (b) two-photon fluorescence 
excitation of the complex origin, and (c) dispersed fluorescence from 
the complex origin. The monochromator resolution in (c) is about 14cm .

region, that are not observed in the fluorescence from bare indole. 

There is also no evidence of them in the excitation spectrum of the p- 

complexes. The missing intensity is probably the reason for the small
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amount of intensity missing from the gaps at about 900 and 1200 ■ cm"1 in 

the simulated spectra. This is because monitoring the intensity in the 

200-400 cm"1 region gives the same excitation spectrum as when 

monitoring the entire spectrum, so this intensity is expected to be a 

satellite of all bands in the spectrum. As stated above, this intensity 

is likely connected to multiple conformations of the 1:2, indole:water, 

complex and so can not be attributed to 1La emission. Since, the spectra 

of the /^-complexes can be simulated by starting with the bare molecule 

1Lb .spectrum and imposing on it the Franck-Condon pattern from the low 

frequency intermolecular modes, it is likely that emission in the 

complexes is from the 1Lb state.

Origin of Broad Redshifted Emission

In previously reported investigations of the indole-polar solvent 

complexes studied here, the broad redshifted fluorescence found was 

taken as a sign of emission from the 1La state (28,29,36) . The redshifted 

component is likely due to an increased density of lines in combination 

with instrumental broadening. It is useful to consider an example of how 

this can occur. Figure 18 shows a comparison of two simulated spectra of

the indole-water /7-complex.

The two spectra differ only by the width of the Gaussian broadening 

given to the lines, I or 100 cm 1IFWHM — full width at half maximum) . 

The spectrum with I cm"1 broadening (Figure 18a) has low relative 

intensity in the region above 2000 c m 1. The spectrum with 100 cm 

broadening (Figure 18b) however, has.a higher relative intensity in this 

region. And, although the first moments in the two spectra are 

identical, that of the lower resolution spectrum appears to be 

redshifted from that of the spectrum with I cm"1 resolution. These two 

things occur because the large number of weak, closely spaced lines
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Indole-Water 
Simulated Spectra

100 cm

-1000 -2000 -3C
Wavenumbers Relative to the Excitation

Figure 18. A comparison of two indole-water simulated spectra are shown. 
They are broadened to I and 100 cm 1 (full width at half maximum) 
respectively.

coalesce into peaks when the spectra are broadened. It is thus apparent 

that care must be taken in identifying the emitting state of low 

resolution spectra.

Consideration of Exciplexes

It has been suggested(29) that the two different complexes formed by 

indole with polar solvents are the same as the exciplexes(38) that have 

been postulated to explain the fluorescence of indole and 3-methylindole 

in room temperature hydrocarbon solutions containing minute amounts of 

various alcohols. There are several reasons why this is unlikely. First, 

the jet-cooled spectra are for ground state complexes, whereas the 

exciplexes are believed to form only in the excited state. Second, the
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two exciplexes were both postulated as x-complexes, which does not 

explain the occurrence of the - a-compIex. Finally, the recent 

evidence(40) concerning the stoichiometry (1:2,indole:water) and

geometry of the indole-water />-complex suggests that assignment as a 1:1 

alcohol x-complex may be incorrect.

Summary of the Evidence of 1Lb Emission

Two points supporting 1Lb emission in the indole-polar solvent 

complexes have been covered above. First, since excitation is to the 1Lb 

state, the emission in a jet environment is expected to be from that 

state. Second, the dispersed fluorescence spectra of the complexes can 

be simulated by starting with • 1Lb emission from the bare molecule, 

imposing the intermolecular vibrational progression on each line of that 

spectrum, and broadening the result with a Gaussian function.

There are also specific spectral characteristics that can be used to 

distinguish 1La and 1Lb emission. In bare indole the most Franck-Condon 

active vibration is V2S, with a frequency of 760 cm'1 in the ground 

state (54). For bare indole in the jet (see Figures IOa and 15a), its 

intensity is close to 50% of the origin intensity. In the indole-water , 

indole-methanol, and indole-formamide complexes (see Figures 10b, 15b,

and 17c) this intensity is also approximately 50%. In addition, the 

V2V (610 cm'1) activity is much weaker and there is little or no evident 

Franck-Condon activity of the C-C stretching modes that would appear 

near 1600 cm'1. This pattern has been well reproduced by geometry 

changes and normal modes obtained for the 1Lb transition from ab initio 

calculations(41) . The same calculations give considerably different 

Franck-Condon factors for the 1La transition, and produce spectra in 

good agreement with 1La fluorescence, from 2,3-dimethylindole (42) and 3La



42

phosphorescence (9,54) from indole in argon matrices at 20 K. Also, 

recent calculations in our lab on the 1:2, indole:water, complex(David 

Hahn - unpublished results), predict that although the 1La state has a 

larger redshift than the 1Lb state, it is not large enough to invert the 

states. These theoretical predictions, and the absence of the 

characteristics of 1La Franck-Condon activity in the dispersed 

fluorescence spectra of the three complexes means that the emission is 

from the 1Lb state.

3-Methylindole-Polar Solvent Complexes 

Fluorescence Excitation

Figure 19 shows the one-photon fluorescence excitation spectra of 

the various 3-methylindole polar solvent complexes. A number of these 

have been reported previously (15,34,36). It is noted that, unlike 

indole, only one solvent complex, is observed for 3-methylindole 

complexed with water and methanol (34,36). The red-shifts of the complex

origins from the bare origin are 233.8 cm 1 for water. 288.3 -Icm for

methanol, 385.8 cm'1 for ethanol. 385.5 cm'1 for butanol , 428.5 cm for

diethyl ether. 709.8 cm"1 for diethylamine, and 676.5 cm"1 for

triethylamine. It is assumed. although not proven, that all the

complexes involve formation of a hydrogen bond to the nitrogen proton on 

the pyrole ring of 3-methylindole(34).

There are a couple of interesting things to note about the spectra 

in Figure 19. First, it is possible to assign vibrational.progressions 

for the butanol, diethylether, diethylamine, and triethylamine 

complexes, that have not previously been assigned. They are listed in

Table 3.
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Table 3. Assignment of Progressions for the 3-Methylindole Complexes
Complexing Solvent ■ Peak Positions (cm1)

Butanol . .19-20, 81,140

Diethylether 0,76.1,151.9,228.7

Diethylether 212.5,290.4,367.5

Diethylether 238,326.4,409

Diethylamine 0,84.5,167.7,249.8

Triethylamine 0,106.2,212.9 
(see arrows on figure)

Triethylamine 80.9,171.9,260.4

Triethylamine 100.6,185.8,268-270

The second interesting thing to note is the apparent vibrational 

structure of the 3-methylindole-triethylamine spectrum. With the 

exception of the butanol complex, the origin band is the largest 

vibronic band in the spectra of the other 3-methylindole-polar solvent 

complexes. For triethylamine it is somewhat smaller than the 80.9 cm'1 

peak. Also, it was noticed that the diethyl amine complex has a very 

small peak at -25.9 cm'1 relative to its assigned origin (see the arrow 

in the 3-methylindole-diethylamine spectrum in Figure 19). This suggests 

the possibility that the real origin for the 1:1 3-methylindole- 

triethylamine complex might be at 80.9 cm"1, and that the peak at 0 cm 1 

might represent a complex with more than one triethylamine molecule. 

There is however a reason why the origin assignment might be correct. It 

is possible to assign at least three progressions in the 0-300 c m 1 

region, of this spectrum (see Table 3). Triethylamine is somewhat larger 

than the other complexing solvents, and so it may form more than one 

stable 1:1 complex with 3-methylindole. So it is possible the peaks at 

0, 80.9, and 100.6 cm"1 could represent multiple 1:1 complexes.
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Fluorescence Excitation 
3-Methylindole Complexes

3-Methyllndole-Water Bare ___
Origin

0=1.29

3-Methyllndole-Methanol
Bare
Origin

0 = 1.20

Vw
50 150

Relative to the Complex Origln(cm")
0 100 200 300

Relative to the Complex Origlnlcm'1)
Bare .3-MethyIIndoIe-EthanoI Origin - 3-Methylindole-Butanol Bare ___

Origin

-
Q=1.27

__ W ii

100
Relative to the Complex Originlcm'1)

3-Methytindole-Diethytether Bare---
Origin

vJiljL

200 300

Relative to the Complex Origlnlcm"1)

100 200 300 400

Relative to the Complex Orlglnlcm"1)
-200 -100 0 100 200 300 400 500 600 700

Relative to the Complex Origlnlcm'1)
3-Methyllndol̂ -
Triethylamlne Bare Origin 

at 677cm"1

50 100 150 200 2»
Relative to the Complex Origin (cm1)

Figure 19. Fluorescence excitation of 3-methylindole-polar solvent 
complexes are shown. The position of the bare 3-methylindole origin is 
labeled in each spectrum. The Q-values of several peaks are labeled.
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Two-Photon Excitation

In Figure 20 are shown polarized two photon excitation spectra for 

the origin peaks of bare 3-methylindole and of each of the van der Waals 

complexes. For bare 3-methylindole the Q-value of 1.23 suggests that 

excitation is to the 1Lt state. The Q-values of the complexes 

progressively decrease from 0.99 to about 0.55 as the proton affinity of 

the solvent increases (see Table 4) . This suggests that the 1La 

character of the state to which the complex is excited increases as the 

proton affinity of the solvent increases. The diethylamine and 

triethylamine spectra appear to have an underlying background for 

excitation with linearly polarized light. The cause of this is unclear, 

but it is possible it represents underlying emission from clusters with 

more than one solvent molecule.

Dispersed Fluorescence

High-resolution dispersed fluorescence spectra of bare 3- 

methylindole and of each of the complexes are shown in Figure 21. In 

each case excitation is at the origin peak of the bare molecule or 

respective complex. Bare 3-methylindole shows characteristics expected 

of emission from the 1Lb state. The spectra of the complexes also show 

some of the characteristics expected of 1Lb emission along with varying 

degrees of the characteristics expected with 1La fluorescence. As the 

discussion below will show, the 1La character of the emitting state 

increases with increasing proton affinity of the complexing solvent.

Figure 22 shows a comparison of the dispersed fluorescence spectra 

of bare 3-methylindole and the 3-methylindole-water complex. The 

spectra have been scaled so that the origin peak at 0 cm"1 has the same 

height in both. Each peak in the spectrum of the complex has a series
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Polarized Two-Photon Excitation 
3-Methyiindole Complexes

Ii Bare 3-Methyllndole . 3-Methylindole-Water

—  Circular
—  Linear

-2 0 2 4 ' 6 8 10

Relative to the Complex Origin(cm'<)Relative to the Bare Origin(cmJl)

3-Methyllndole- 
D = 0.81 Methanol

3-Methyllndole-
Ethanol

Relative to the Complex Origin(cm^) Relative to the Complex Origin(cm4)

Q=O.83 J A 3-Methyllndole- 
I. x Butanol

Q = 0.76 3-Methyllndole-
\ Dlethylether

Relative to the Complex OrigirKcm4)

Q = 0.54 I 3-Methyllndole- 
Diethylamlne

Relative to the Complex Origin(cm'1) Relative to the Complex OrigirKcm4)

Figure 20. Polarized two-photon excitation spectra of bare 3-
methylindole and the polar solvent complexes are shown. C2-values are
given in each spectrum.
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Table 4. 3-Methylindole Complexes, Proton Affinities and Q-Values

Complexing Solvent Proton Affinity Origin Q-Value

Water 166.5 0.99
Methanol 181.9 0.81
Ethanol 188.3 0.83
Butanol 195* 0.83

Diethyl Ether 200.2 0.76
Diethylamine 225,1 0.54
Triethylamine . 231.2 0.55

*Estimated

of peaks built off of it due to the intermolecular vibrational modes 

between 3-methylindole and water. This is particularly noticeable for 

the origin peak. There are also apparent changes in the intensity of 

peaks of the complex that should be noted. Peaks at 708, 760, 1129, and 

1355 cm"1 all show increased intensity in the complex relative to the 

bare molecule. In the 1500-1700 cm"1 region there is increased 

intensity in the complex, and there is the appearance of at least one 

new peak. As considered below, emission in this region is 

characteristic of that expected from the 1La state.

Further Characterization of the Higher Vibronic Levels of the 

Water, Methanol, Ethanol, and Triethylamine Complexes

In an attempt to gain a better understanding of changes in the 

relative locations of the 1La and 1Lb states when 3-methylindole forms 

complexes with polar solvents, additional polarized two-photon 

excitation spectra were collected of the higher vibronic levels of four 

of the complexes. Spectra for the 3-methylindole complexes with water, 

methanol, ethanol, and triethylamine are shown in Figures 23, 24, 25, and 26.
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When 3-methylindole forms a ■ complex with a polar solvent, the 1La 

state will be red-shifted relative to the 1Lb state (9) . It is likely 

then that some understanding of this shift will be gained by considering 

the f2-values of similar vibronic transitions in the different 

complexes. Consider first the peak at 117 cm-1 in the water complex 

(Figure 23), 136 cm'1 in the methanol complex (Figure 24), and 129 cm 1 

in the ethanol complex (Figures 19 and 25). For all three complexes the 

Q-value suggests 1Lb character and is similar to the value observed for 

the bare 3-methylindole origin. It is possible that these peaks 

represent the position of the 1Lb origin for these three complexes. The 

triethylamine complex has no similarly located peak with a large Q- 

value. This suggests that the 1La state is more red-shifted, relative to 

the 1Lb state, in the triethylamine complex than in. the other three.

Moving from the origin to higher energy in the water, methanol, and 

ethanol complexes the Q-value goes up and then starts to go down again. 

The Q-value for the 223 cm"1 peak in the water complex (1.13) is much 

higher than those for the 230 cm'1 methanol peak (0.60) and 224 c m 1 

ethanol peak(0.67). This suggests that the 1La origin in the methanol 

and ethanol complexes may be at an energy lower than the 1La origin in 

the water complex. For the triethylamine complex the Q-value starts low 

and only starts to rise slightly starting with the 260 c m 1 peak. This 

would imply that the 1La and 1Lb states probably do not overlap very much 

in this complex. Finally, the presence of peaks with low Q-values both 

above and below a peak with a higher Q-value in the methanol and 

ethanol complexes, suggests a splitting of the 1La origin by the nearby 

1Lb state. This is comparable to the situation in the bare 3- 

methylindole(51) where the 1La origin appears to be spread over a region 

of at least 140 cm'1, starting near 334 cm"1.
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Two-Photon Excitation 
3-Methylindole-Water

Complex Origin 21 cm

Q =0.99 Q =0.96

Relative to the Complex Origin (cm")

117 cm30 cm

Q=1.29

26 28 30 32 34 36
Relative to the Complex Origin (cm') Relative to the Complex Origin (cm )

223 cm
Circular

£2= 1.13
... Linear

Relative to the Complex Origin (cm )

Figure 23. Polarized two-photon excitation spectra for different
vibronic levels of the 3-methylindole-water complex are shown. The re
values are given in each spectrum.
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Two-Photon Excitation
3-Methylindole-Methanol

21 cmComplex Origin

Relative to the Complex Origin (cm")Relative to the Complex Origin (cm")

42 cm
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—  Circular
—  Linear

Figure 24. Polarized two-photon excitation spectra for different
VibrorrLc levels of the 3-methylindole-methanol complex are shown. The
Q-values are given in each spectrum.
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Two-Photon Excitation
3-Methylindole-Ethanol
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Figure 25. Polarized two-photon excitation spectra for different
vibronic levels of the 3—methylindole—ethanol complex are shown. The
values are given in each spectrum.
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Two-Photon Excitation 
3-Methylindole-T riethylamine
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Figure 26. Polarized two-photon excitation spectra for different
vihronic levels of the 3-methylindole-triethylamine complex are shown.
The fi-values are given in each spectrum.
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Simulated versus Experimental Dispersed Fluorescence

A simulated 3-methylindole-water dispersed fluorescence spectrum is 

compared in Figure 27 with the -experimental spectrum. Since the 

simulated spectrum is constructed using data for bare 3-methylindole it 

shows the emission pattern expected if the fluorescence is from an 

unperturbed 1Lb .state- Compared to the -simulated spectrum, peaks at 

708, 760^ and 1355 cm-1 show larger than expected intensity in the 

experimental spectrum. Some of the experimental peaks appear to have 

shifted position from their expected energies, notably those peaks 

expected at 764.,. 1014, 1132, 1230, and .1524 cm'1 were lound at 7.60, 

1010, H 39, 1236, and 1519 cm'1 respectively. This is not an artifact 

of the simulation, as the same shifts are observed in Figure 22 where 

the experimental spectrum of the water complex is compared, to that of 

bare 3-methylindole. The exact reason for these shifts is not known, but 

several things can be noted. Only four of the vibrations need to be 

considered since the peak at 1519 cm'1 is the first overtone of the 760 

cm'1 peak. It might be argued that the peak at 1129 cm'1 is due to the 

vibrational progression of the 1010 cm'1 peak, similar to that found in 

the origin region. However, its experimental intensity appears tod large 

for this to be true. If the experimental spectrum of 3-methylindole is 

compared to that of indole, a possible correspondence can be made 

between the four peaks and the expected normal mode vibrations. The 

peaks at 760, 1010, 1129, and 1236 cm'1 are assigned normal modes 

similar to V26, V23, V20, and V16 of indole respectively (54) . These are all 

in-plane vibrational modes. V26 and V23 are breathing modes, V20 is an H- 

wagging mode, and V16 is mode in which there is an alternation, around 

. the ring structure, between bond stretching and compression,. When 3- 

methylindole binds a polar solvent molecule, these modes may be more
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sensitive to changes that occur when the emitting state becomes more 

1La-Iike and so jalightly change .their positions... Another commonly evoked 

explanation for the changes in peak positions and intensities observed 

here, that may be independent of changes associated with the 1La state, 

is Duschinsky rotation(53) . The "rotation" in this name refers to the 

change in the orthonormal basis set of a normal mode that occurs when 

there is a perturbation to the 3-methylindole molecule. Finally, in the 

1500-1700 cm"1 region there are peaks at 1542, 1574, 1592, and 1628 c m 1 

that can not be duplicated in the simulation.

Ab Initio versus Experimental Spectra

In Figure 28, a comparison is made between the dispersed 

fluorescence spectrum of the 3—methylindole-diethylamine complex and the 

calculated Frank-Condoh factors for 1La emission from 3-methylindole. 

The ab initio results have been scaled so that the position of the most 

intense vibronic peak at 1590 c m 1 is the same in both spectra. It is 

noted that a number of apparent peaks in the experimental spectrum are 

just part of the progression built off of the main peaks, due to 

intermolecular vibrations in the complex. Peaks at 635, 831, 1426, and 

1666 cm"1 are examples of this. When this, is considered, the agreement 

between the 3—methylindole-diethylamine spectrum and the calculations 

appears to be reasonably good.. The intensity of the 758 c m 1 peak in 

the complex spectrum is still larger than expected. This suggests that 

if the emission is from the 1La state, it is probably still influenced 

by the nearby 1Lb state. It could also suggest that the calculation is 

not yet optimized.
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The Effects of Solvent Proton Affinity

The data presented in figures 20 and 21 shows that there is an 

apparent change in the state to which the molecule is excited and from

which it emits. as the proton affinity of the solvent changes. For

instance. water. with a proton affinity •of 166.5 kcal/mol, forms a

complex with 3-methylindole that has a two-photon O-value of 0.99 and a 

dispersed fluorescence spectrum with many of the characteristics of 1La 

emission and only a few of the characteristics expected for 1Iib 

emission. It is likely "then that for the 3-methylindole-water complex, 

emission is from the 1Lb state strongly influenced by the 1La state. In 

comparison, diethylamine, with a proton affinity of 225.1 kcal/mol, 

forms a complex with 3-methylindole that has a two-photon Q-value of 

0.54 and a dispersed fluorescence spectrum with more characteristics 

expected of 1La emission than of 1Lb emission. The 3-methylindole- 

diethylamine complex then probably emits from the 1La state with strong 

influences from the nearby 1Lb state.

To understand these changes it is first necessary to consider what 

occurs in the indole chromophore upon excitation to the 1La or 1Lb states 

from the ground state. When comparing the two excited states, it is 

found that the 1La transition has a much larger charge transfer 

component than the 1Lb transition. In the 1La transition electron density 

decreases primarily on atoms I and 3 while increasing on atoms 4, 7, and 

9(9) (see Figure I for the atom numbering). This causes an increase in 

the permanent dipole moment of 3-5 Debyes, which is much larger than 

that observed in a transition from the ground state to the 1Lb state. 

As a result, the 1La state is much more sensitive to changes in its 

local environment, and so will be red-shifted or blue-shifted relative 

to the 1Lb state, depending on the perturbations caused by its
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surroundings (9,26,32) . If the local environment is such that it 

stabilizes electron density on the five-membered ring then the emission 

will be blue-shifted while a local environment that destabilizes 

electron density on the five-membered ring will cause the emission to be 

red shifted relative to an isolated indole molecule.

Consider the results presented in Figure 20 and Table 4. A plot of 

the Cl-values versus proton affinities (see Figure 29) shows a 

reasonably linear correlation. This suggests that as the proton 

affinity of the complexing solvent increases, the state to which 3— 

methylindole is excited shifts from one that has mixed 1La and 1Lb 

character to one that is essentially 1La.

Q-Value vs. Proton Affinity

Figure 29. The O-values from polarized two-photon excitation spectra of
3-methylindole-polar solvent complexes are plotted versus the proton
affinity of the complexing solvent.
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The .dispersed fluorescence spectra in figure 21 also show changes as 

the proton affinity of the completing solvent increases. Peaks near 

1016 and 1232 cm"1 decrease in relative intensity as the proton affinity 

increases. Peaks neax 1352 cm"1 and between 1500-1700 cm"1 Increase In 

relative intensity as the proton affinity increases. These observations 

agree reasonably well with the calculated 1La Franck-Condon factors in 

figure 28. Here a larger peak is predicted to occur near 1590 cm"1 and 

there is much predicted Jntensdty between 1_265 and 1335 cm 1̂  There

also are no large peaks predicted near 1016 or 1232 c m 1. One 

unexpected observation is that the experimental intensity at 758 cm 1 is 

still much larger than what the calculations predict. These observations 

along with the low O-values make it likely that the emission from the 

3-methylindole-diethylamine and -triethylamine complexes ■ is from the 

1La state, and that it is somewhat influenced by the nearby 1Lb state.

A  Model for Solvent Induced Changes in Emission

It is useful to consider how the experimental observations made as 

the proton affinity varies are related to changes on a molecular level 

that occur in the 3-methylindole chromophore upon excitation. The 

following model is proposed. When a single polar solvent molecule forms 

a van der Waals complex with 3-methylindole it is assumed to form a 

hydrogen bond with the proton on the !-position nitrogen(40). The 

solvent molecule has a certain proton affinity (see Table 4) . As the 

proton affinity increases the local negative charge on the proton 

accepting oxygen or nitrogen atom of the solvent molecule increases. 

Since the 1La state has a large dipole pointing in the general direction 

of the solvent molecule (see Figure 3), this state will be 

preferentially stabilized with respect to the 1Lb state. At some value 

of proton affinity the 1La state will be shifted to a lower energy than
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the 1Lb state. It will then become the lowest state, in the supersonic 

jet, to which excitation occurs and from which emission occurs. The 

results here do not predict what this value of the proton affinity will 

be. However, results from the Wallace group(34) suggest that the 1La 

state may become lower in energy than the 1Lb state when the proton 

affinity is about 200 kcal/mol. They however did not describe the nature 

of 1La emission, but only showed a low resolution spectrum of 3- 

Inethylindole-ND3 and stated that it represented 1La emission, because it 

was broad and red-shifted.

In that study it was also found that hydrogen bond strength does not 

correlate with proton affinity. However, the ratio of the hydrogen bond 

strength in the excited state over that in the ground state was found to 

correlate with proton affinity. For proton affinities less than about 

200 kcal/mole this ratio is less than 1.0, signifying that the hydrogen 

bond formed with the complexing solvent is stronger in the ground state 

than in the excited state. For proton affinities greater than about 200 

kcal/mole the ratio is greater than 1.0, signifying that the hydrogen 

bond in the excited state is stronger than that in the ground state.

Basecj on the model here, we suggest that at proton affinities below 

about 200 kcal/mole the 1Lb state is preferentially stabilized. When the 

proton affinity is above about 200 kcal/mole the 1La state is more 

stable. This means upon excitation that there is a large transfer of 

electron density but of the !—position nitrogen. It is possible that 

this at least partly explains the stronger hydrogen bond in the excited 

state when the proton affinity is greater than 200 kcal/mole, as there 

will be less electron density holding onto the N-H proton when 

excitation is to the 1La state.

Finally, in the low resolution dispersed fluorescence spectrum from 

the origin of the 3-methylindole-ND3 complex reported by the Wallace
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group(34), broad peaks appear near 760, 1360, and 1600 c m 1. Here, we

have observed much better resolved sharper peaks for the 3-methylindole— 

diethylanfLne and -triethylamine complexes at the same frequencies (see 

Figures 21 and 28) . These two amine complexes have low two-photon re
values when excited at their origins (see Figure 20), suggesting that 

excitation is to and emission is from the 1Iia state. This suggests that 

emission from the ND3 complex is also from the 1La state.

In proteins and in bulk phase polar solvents, indoles or tryptophan 

are considered to be in a "reaction field"(9,26,32) . Since there is a 

dipole in the ground state of the indole chromophore, a reaction field 

from the partially ordered environment will exist. In solution the 

magnitude of this stabilizing electric field will depend on the polarity 

of the solvent. Upon excitation, the dipole of the indole chromophore 

increases and is immediately stabilized by the 'surrounding reaction 

field. If the surroundings are mobile, they are further ordered by the 

increased dipole causing the . stabilizing reaction field to become even 

stronger. The stabilization by the reaction field is what causes the 

large red shift in the fluorescence. In.the experiments reported here, 

3-methylindole complexed with one solvent molecule can be considered as 

a special case of this idea. The stabilizing field is provided by the 

single solvent molecule, and the larger the proton affinity of the 

solvent the greater the stabilization. So, for solvents such as 

diethylamine and triethylamine the stability provided by the large 

localized negative charge, before excitation, is large enough to shift 

the 1La state below the 1Lb state.

2,3-Dimethylindol-e

There have been a number of spectroscopic studies involving 2,3— 

dimethylindole(4,5,28,33,36,42,54,55). Two characteristics, of this
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molecule, in the jet, make it unusual(33,36) . First, with the exception ;

of the 0-0 transition, the fluorescence quantum yield (on the nanosecond !

timescale) is very low. Second, the fluorescence lifetimes of all the

vibronic levels are unusually short. Initially, it was thought that the

1La state of bare 2,3-dimethylindole was dissociative and was slightly

lower in energy than .a bound 1JLb state (33,36) - So, upon excitation to

the 1Lb state there would be a rapid conversion to the 1La state and

subsequent loss of the NH-proton, thus explaining the low quantum yields

and short lifetimes. More recent studies however, have questioned this

interpretation(34,36). Mass-selected results(36) have given no evidence

for dissociation. It is now believed that 2,3-dimethylindole, when

excited, decays by coupling to some third, as yet undefined, vibronic

manifold!34)• There still remained the question as to the location of '

the 1La state, and rtf -it. J,s at a JLowex energy than the 1JLb state in the

bare molqcule. We decided to look at 2,3-dimethylindole in an attempt to

define the properties of 1La emission in the jet. This attempt has been

unsuccessful. However we have obtained other interesting results that

are presented below.

Fluorescence Excitation

Figure 30 shows the fluorescence excitation spectrum of 2,3- 

dime thy I indole. Our spectrum appears to be of comparable quality to a ;

one-color photoionization spectrum reported previously(54). We found 

that there is vibronic activity to at least 1390 cm-1 above the origin.

Table 5 lists the position above the origin, the intensity(height), and j

selected O-vales of the peaks in the excitation spectrum. The numbers 

by the peaks in Figure 30 are the two-photon Q-values that will be '

considered presently.
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Two-Photon Results

Until now it has not been known whether the origin transition of

2,3-dimethylindole in the jet, is to the 1La or the 1Lb state. In an 

argon matrix at 20K the 1La state lies 190 cm"1 below the 1Lb state (42). 

Studies of 2,3-dimethylindole in solution have also shown that the 1La 

state is the lowest state (5,56,57) . So, to determine if the 1La state 

was also the lowest in the supersonic jet environment, polarized two- 

photon spectra were collected for 2,3-dimethylindole. These spectra are 

shown in Figure 31, and the corresponding £2-values are reported in 

Table 5. The origin peak has an Q-value of 1.25. This implies that the 

0-0 transition in bare 2,3- dimethylindole is to the 1Lb state. Starting 

near 341 cm"1 and extending to about 410 cm"1 are a series of peaks vfith 

Cl-values characteristic of excitation to the 1La state. The better 

resolved of these peaks appear to exhibit the a-e splitting that has 

been observed before for ^La-type peaks (51) . "We tentatively assign these 

peaks as the 1La origin. It is likely split into a series of peaks due 

to coupling with the nearby 1Lb vibronic states. Starting near 605 cm"1 

and extending to at least 920 cm"1, the Cl-values return to those that

are characteristic for excitation to the 1Lb state. It is noted that 

there are a number of small peaks between 80 and 300 c m 1 for which we 

were unable to obtain two-photon spectra. It is possible that one or 

more of these peaks may have 1La character. The Sulkes group has taken 

tfyree sets of calculations(36), INDO/S-SDCI and INDO/S-SCI calculations 

from reference(5) and CNDO/S calculations from reference(28) and scaled 

them so that the 1La - 1Lb energy difference for bare indole is 1400 cm"1. 

This places the 1La origin of 2,3-dimimethylindole between 115 to 440 

cm"1 above the 1Lb origin, in agreement with the results. reported here. The
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Table 5. 2,S-Dimethylindole, Fluorescence' Excitation

Peak Position (cm'1) Intensity Q-Value
-r27.9 0.0701 -

0 3.9207 1.25
80.3 0.468 -
88.2 0.0576 -
211.8 0,0568 -
220.4 0.0723 -
244.4 0,0479 -
262.1 0.0698 -
296.7 0.0566 -
341.8 0.1342(broad) 0.38
356.1 0.1954 0.50
370.9 0.0645 0.63
383.3 0.0796 0.66
396.3 0.08 0.49
406.3 0,1136 0.41
418.1 0.0506 -
461.0 0.0534 -
490.9 0.0515 -
595.4 0,0957 0.87
614.8 0.0963(broad) 1.30
652.6 0.0647 -
673.4 0.1039 1.45
685.4 0.063 -
703.7 0.0609 -

724.5(7) 0.0577 -
766.9 0.0661 -
801.2 0,1148 1.59
889.7 0.0644 -
917.1 0.1955 1.07
936.9 0.0674 -

965.I,971.4-doublet 0.084,0.0834 -
1008.7 0.0726 -

1150.6(7) 0.0753 -
1391.1 0.0873 -

1473.3 (?) 0.0755 -
1528.7 (?) 0.0716 -

scaled calculations should however be interpreted with a bit of caution, 

since the original calculations were for vertical transitions and we are 

concerned here with the 0-0 transition.
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Dispersed Fluorescence

Figure 32 shows the dispersed fluorescence spectrum due to 

excitation at the origin of 2,3-dimethylindole. It is of comparable 

resolution to that reported by others(33). The peak positions and 

intensities are given in the Appendix. The pattern of vibronic activity 

is unlike that of other indoles considered here. For example, there is 

no 760 c m 1 vibration, which would be comparable to Vze of indole. 

However, when the sum of intensities of the peaks at 652, 665, 846, and 

864 c m 1 is determined, it is found' to be 48% that of the origin. This 

is about what is found when the 760 cm-1 peak of indole is compared to 

its origin. Also, the average position of the four peaks from 2,3- 

dimethylindole is about 758 cm"1. These observations suggest that the 

760 c m 1 peak of indole might be split into different components. Since 

the 760 c m 1 peak is observed for 3-methylindole, it is likely that the 

methyl group in the 2-position causes the perturbation which could split 

this peak. One way this might occur is the following. It is known that 

for the v2e vibronic mode of indole that the 2-position is part of the 

outward ring-breathing motion and that the hydrogen atom connected to it 

has a outward stretching motion at the same time (54) -. The much larger 

methyl group in 2,3-dimethyiindole is likely to hinder both of these 

motions. "This may cause the 760 cm"1 peak to split and -distribute its 

intensity among the four peaks observed here.

Water Complexes

When 2,3-dimethylindole forms complexes with polar solvents, it is

believed that fluorescence emission from these clusters is from the 1Li



Figure 32. 
The dispersed fluorescence spectrum for 2,3-dimethylindole is 

shown. 
The monochromator resolution is about 14 cm 
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state(33,54,56,57). In an attempt to characterize 1La emission we made 

and studied 2,3-dimethylindole-water complexes. A representative 

fluorescence excitation spectrum of the complex is shown in Figure 33.

Fluorescence Excitation 
2,3-Dimethylindole-Water

Relative to the Bare Origin (cm1)

Figure 33. Fluorescence excitation of the 2,3-dimethylindole-water 
complex is shown. The sharp peak at 0 cm"1 is uncomplexed 2,3- 
dimethylindole.

The fluorescence excitation spectrum is similar to those presented by 

the Wallace group for complexes of 2,3-dimethylindole with methanol or 

with trimethyl amine (33,54). That is, the spectrum is broad and has 

little or no vibronic structure. The prominent peak at 0 cm'1 is due to 

uncomplexed 2,3-dimethylindole present in the jet mixture. It is



72
somewhat surprising that the spectrum is so broad and unstructured, and 

the idea needs to be considered that it represents a mixture of 

complexes with more than one water molecule, perhaps where the waters 

are associated with 2,3-dimethylindole in a heterogeneous manner. The 

experimental conditions were similar to those for the indole- and 3- 

methylindole-water complexes, so the water vapor concentration in the 

jet should have been similar to those experiments.

It was not possible to obtain a well resolved vibronic 

characterization of this emission. However, preliminary dispersed 

fluorescence spectra from this water complex (Figure 34) show a very 

weak signal starting near 1000 cm-1 to the red of the excitation and 

extending to lower energies. This appears to be similar to spectra 

reported for the complexes with methanol and trimethylamine (33) . In 

summary, it appears that the complexes of 2,3-dimethylindole polar 

solvents may not be a useful model for learning the details of the 

vibronic structure of the 1La state.

7-Azaindole

Recently, it has become common, to make specific amino acid 

substitutions in proteins using analogs of tryptophan with slightly 

different' fluorescent properties(11,12). This is done to allow a 

specific site or function of the protein to be probed spectroscopically, 

without interference from other tryptophans. Or if there are no 

tryptophans, the probe allows information to be gathered about regions 

of the protein that would otherwise be inaccessible using fluorescence. 

One of the more popular of these probes is 7-azatryptophan (11) . In the 

jet it is possible to study the portion of 7-azatryptophan that gives it 

the spectroscopic properties of interest, 7-azaindole (see Figure I) .
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Dispersed Fluorescence 
2,3-Dimethylindole-Water
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Figure 34. Dispersed fluorescence of the 2,3-dimethylindole-water 
complex is shown. Excitation is at the origin of the complex. The 
monochromator resolution is about 47 cm"1.

Although this molecule has been the subject of other studies in the 

supersonic jet(58-60) , little is known about its emission properties in 

complexes with polar solvents and about the relative locations of the 

1La and 1Lb states. The results of preliminary experiments are shown in 

Figures 35 and 36. Figure 35(top) shows the fluorescence excitation 

spectrum of 7-azaindole. The peak positions agree with those in the 

literature(60), but the relative intensities do not because this 

spectrum is a combination of three different scans using two different
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laser dyes. The dispersed fluorescence spectrum of 7-azaindole from 

excitation at the origin (34630 cm'1) is shown in Figure 35(bottom), and 

agrees with that reported by others(58). Upon forming a complex with 

water the origin of the lowest excited state shifts to a lower energy by 

1283 cm'1 (see Figure 36a) . A dispersed fluorescence spectrum from this 

peak is shown in Figure 36b. Vibronic levels of the ground state appear 

to be visible at approximately 119, 158, 177, 236, 269, 309, 621, 760, 

877, 1207, 1425, 1510, and 1587 cm'1 above the origin. The spectral 

quality is not good enough to say which of these is the most intense 

peak. Future work should resolve this issue

7-Azaindole
Fluorescence Excitation

*  -

So

I
I

-
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Relative to the Origin cm"1)

Dispersed Fluorescence

-1000 -1500 -2000 -2500 -3000
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Figure 35. Fluorescence excitation and dispersed fluorescence 
(excitation is at the origin) of 7-azaindole is shown. The monochromator 
resolution for the dispersed fluorescence spectrum is about 14 cm .
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7-Azaindole-Water

Fluorescence Excitation

-1260-1320 -1300 -1280
Relative to the Bare Origin (cm )

Dispersed Fluorescence

-2000-1500-1000
Relative to the Excitation (cm 1)

Figure 36. Fluorescence excitation and dispersed fluorescence 
(excitation at the origin) of the 7-azaindole-water complex is shown. 
The resolution for the dispersed fluorescence spectrum is about 14 c m 1.

and two-photon spectra will define the positions of the 1La and 1Lb 

states ip the jet.

Other Dispersed Fluorescence Results

During the course of these studies, dispersed fluorescence spectra 

of many of the vibronic levels of indole and 3-methyl indole were 

collected. It was thought that the emission from higher vibronic levels 

with two-photon Q-values characteristic of excitation to the 1La 

manifold might show emission patterns expected for 1La emission. This is 

not a naive expectation. It was first observed long ago for 

azulene(61,62), that emission can originate solely from an upper singlet
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state, without the occurrence of internal conversion. And even in a 

vapor phase, as found with pyrene(63), emission can be a mixture of the 

two lowest singlet states. For bare indole in the jet though, while 

excitation at some frequencies is to the 1La state, it is apparent that 

internal conversion to the 1Lb state takes place before emission occurs. 

However, some interesting observations were made and will be considered 

presently. <

Bare Indole

The Wallace group has previously reported dispersed fluorescence 

spectra of the vibronic levels of indole up to 969 cm-1 above the 

origin (13). Above about 700 cm'1 they found the emission was no longer 

predominantly to a single vibronic mode of the ground state. This 

increased spectral congestion made interpretation of the emission 

spectra more difficult. In' spite of the expected spectral congestion at 

even higher vibronic levels, we decided to proceed anyway in measuring 

the dispersed fluorescence from these levels. The results were 

unexpected. Some of the spectra that were obtained are shown in Figure 

37. As expected, for vibronic levels immediately above 969 cm 1 the 

spectra remain highly congested. This is shown in Figure 37a for the 

emission from the 1095 Cm-1 peak. At slightly higher energies, 1120 c m 1 

(see Figure 37b), the emission pattern starts to become more defined. 

Even higher in energy, at 1284 cm"1 (Figure 37c), the emission appears to 

be that of the origin built on the Viz vibration. This is .made clear by 

the spacing (758 cm'1) and intensity ratio of the two largest peaks in 

the spectrum which are similar to that observed for emission from 

excitation at the origin (see Figure 10a, on page 27, for a comparison). 

The spectral congestion again increases with increasing energy, with a 

typical example shown in Figure 37d from excitation of the 1329 cm 1
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Dispersed Fluorescence 
Indole
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Figure 37. Dispersed fluorescence spectra of indole are shown. The
excitation frequency is given in each spectrum. The monochromator
resolution is about 14 cm”1.
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peak. The emission then simplifies again, quite spectacularly, when 

collected from excitation of the 1357 cm"1 peak (Figure 37e) . Here an 

almost perfect duplication of emission from the origin is built off the 

combination V29V i2 . Above this energy, spectral congestion again 

increases up to the highest level sampled at 1479.8 cm"1. It is likely 

the observation of emission to a single ground state mode higher on the 

vibronic manifold is the result of a chance "good" overlap of the 

excited state level with a particular ground state level. Although this 

is the region where the 1La origin is expected, it is not known how its 

presence will affect the emission. There is no apparent correlation 

between two-photon Q-vaTues and uncongested emission from higher 

vibronic levels. All the emission spectra and their tentative 

assignments are shown in the Appendix.

Bare 3-Methylindole

Dispersed fluorescence spectra were also collected from a number of 

the excited state vibrational modes of 3-methylindole. Like indole, some 

of the spectra exhibited interesting emission patterns. A number of 

representative spectra are shown in Figures 38 and 39. Six of the eight 

spectra shown decay predominantly to one vibronic level of the ground 

state, with smaller amounts of other levels mixed in. The corresponding 

levels for the ground and excited states of 3-methylindole are presented 

in Table 6. Like indole, the emission appears to be that of the origin 

built upon a given ground state level. All the emission spectra in 

Figures 38 and 39, except for excitation at 713 c m 1, have two prominent 

peaks (or groups of peaks) about 7 60 c m 1 apart. This is the same 

spacing found between the two largest peaks when excitation is at the 

origin of 3-methylindole (see the top part of Figure 22, on page 47) . 

Emission from the 408 and 467 cm"1 peaks is unusual since it appears
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that i"t is split nearly equally between two different ground state 

levels. For 467 cm-1 it is apparent that the corresponding ground state 

level is at 532 cm-1. This is because the 460 cm"1 ground state level 

appears to correspond to 427 cm"1 in the excited state. For excitation 

to 408 c m 1 however, no easy assignment of the corresponding ground 

state mode can be made since the two peaks at 442 and 574 cm"1 are not 

major peaks in any of the other spectra recorded in this study. The 

behavior for excitation to 408 and 467 cm'1 is similar to that found by 

the Wallace group for excitation to 526 cm"1 in indole (supplementary, 

material of reference (13)). They found the emission to the ground state 

is split almost equally between peaks at 608 and 779 cm"1. The 

assignment of the peak at 779 cm"1 as corresponding to the excited state 

level at 526 cm'1 was based on spectra from other excited state levels.

Dispersed fluorescence spectra of 3-methylindole at the lower 

vibronic levels show in general more congestion than for indole (13). It 

is not yet known if this is related to the presence of the 1La origin 

between 356 and 749 cm"1 (51) in the excited state of 3-methylindole. The 

presence of this state however, means that the density of lower vibronic 

levels is greater for 3-methylindole than for indole. This may 

facilitate intramolecular vibrational redistribution (IVR) (64-67) in 

the excited state and subsequent emission to multiple ground state 

levels. Indirect evidence for this comes from considering emission from 

peaks at 408, 419, and 427 cm"1 (Figure 38a-c). The positions of some of 

the peaks in these spectra are labeled.

Consider these same peaks in an enlarged section of the dispersed 

fluorescence spectrum from excitation at the origin of 3-methylindole in 

Figure 40. With the exception of the 462 and 532 cm"1 peaks, the marked 

transitions in the origin spectrum are weak or very weak. In the spectra 

for higher excited state vibronic levels these peaks have moderate to
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strong eifiission intensity. This greater intensity may simply be due to a 

better overlap of these ground state levels with the higher excited 

state levels, but one other possibility remains the occurrence of IVR.
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Dispersed Fluorescence 
3-Methylindole
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Figure 38. Dispersed fluorescence spectra of 3-methylindole are shown.
The excitation frequency is given by the large number in each spectrum.
Selected emission frequencies are labeled. The monochromator resolution
is about 14 cm’1.
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Dispersed Fluorescence 
3-Methylindole
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Figure 39. Dispersed fluorescence spectra of 3-methylindole are shown.
The excitation frequency is given by the large number in each spectrum.
Selected emission frequencies are labeled. The monochromator resolution
is about 14 cm"1.
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Table 6. Corresponding Ground and Excited 
State Frequencies

Excited State Ground State
Frequency (cm"1) Frequency (cm"1)

408 442,574
419 506
427 460
467 532
608 710
617 753
713 749
738 867
744 787
747 893,1021
819 931

D is p e rs e d  F lu o re s c e n c e  

3 -M e th y lin d o le , E x p a n d e d  V ie w

532 cm'

574 cm"

€39 cm"506 cm
590 cm442 cm

Relative to the Excitation (cm )

Figure 40. An expanded view of a region of the dispersed fluorescence 
spectrum of 3-methylindole from excitation at the origin is shown. The 
monochromator resolution is about 8 cm"1.
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SUMMARY AND CONCLUSIONS

For the van der Waals complexes of indole-water and indole-methanol, 

it was found at indole': solvent ratios of 1:1 and 1:2 that emission is 

from the 1Lb state. Fluorescence from a 1:1 complex with the larger 

polar solvent formamide also is from the 1Lb state. The state from which 

emission occurs was characterized both by high resolution dispersed 

fluorescence spectra and"by spectral simulations. Tt was found that the 

resolution at which spectra are collected is critical in deciding what 

the emitting state is. Finally, the results here suggest that it is 

unlikely that the indole-polar solvent complexes are exciplexes.

The •state from which '3-methylindole—polar solvent complexes emit 

depends strongly on the proton affinity of the complexing solvent. For 

solvents with proton affinities less than about 200 kcal/mole 

fluorescence appears to be from the 1Lb state, which is influenced by 

the nearby 1La state. When the proton affinity is greater than about 200 

kcal/mole, emission is from the 1La state which appears to be influenced 

by the nearby 1Lb state. The change from 1La to 1Lb emission is not 

abrupt, and while it may not be a linear function of proton affinity, it 

appears to occur gradually as the proton affinity increases. This 

conclusion is based partially on the observation that the two-photon Q- 

values gradually decrease as the proton affinity increases. It is also 

based partially on changes in the dispersed fluorescence spectra that 

gradually take on more of the characteristics expected of 1La emission, 

as the proton affinity increases. And finally, emission . from 3- 

methyiindole complexed with the amines agrees surprisingly well with 

that predicted by ab Initio calculations, for the 1La state.
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There are some•other interesting conclusions from these studies. The 

0-0 transition for 2,3-dimethylindole was found to be to the 1Lb state. 

Polarized two-photon results also showed that the 1La origin of 2,3- 

dimethylindole is likely 340 - 410 cm-1 above the 1Iq3 origin. Preliminary 

results showed that it is possible to obtain an emission spectrum from 

the 7-azaindole-water complex, although the state from which it emits 

was not assigned.

Dispersed fluorescence from the higher vibronic levels of bare indole 

gave the surprising result that even at 135 7 c m 1 above the origin 

transition, there can be emission to a single ground state level. It is 

not yet known if a similar situation occurs for bare 3-methylindole. For 

3-methylindole the lower vibronic levels appear more congested than the 

corresponding levels in indole. It is not known if differences between 

indole and 3-mehtylindole in the relative positions of the 1La and 1Iq3 

states has any connection to this observation.

The results presented here from both experiments and calculations 

have given us a more coherent understanding ■ of the electronic state 

character of the indole chromophore, and how it can be changed by the 

influence of polar solvents. It is noted that only a relative small 

perturbation to the local environment, as provided by di- or 

triefchylamine, is sufficient to invert the 1Ia and '1Lb states of 3- 

methylindole. It is. believed that this will aid in understanding what 

fluorescence from proteins means in terms of the structure of the local 

environment near tryptophan residues. Also, more clearly defining the 

vibronic character of the 1La state may make it possible to determine 

the relative amounts of 1La and 1Lb fluorescence from proteins, such as 

azurin, which have extremely blue shifted spectra(8).
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A. Dispersed Fluorescence of Indole

This section contains a number or dispersed fluorescence spectra, 

most of which have not been reported before. With two exceptions, 

vibronic assignments are based on those made in reference (54). Spectra 

at 717.8 and 720.1 cm"1 are based on the assignments made for the 

718/720 cm"1 spectrum in reference (13.) .
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. I
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Relative to the Excitation (cm'1))
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Excitation at 0 cm 1

I Position 
(cm-1)

Assignment Position
(cm"1)

Assignment Position
(cm1)

Assignment

0.0 0-0 1588 9i,35i33i 2329
394 29i 1595 2342
414 42z 1608 28i22i 2359
481 412 1621 36i32i 2367
542 28i 1626 27i23i 2381
596 37i? 1639 2396
608 211 1658 2413
627 42i40i 1674 2426
759 26i 1698 2435
791 29% 1759 2450
807 42i37i 1774 26i23i 2455
840 402 1815 2471
899 24i 1825 26i22i 2478
1000 29i27i 1840 2486
1014 23i 1848 2517
1057 42i33i 1882 2528
1066 22i 1899 2548
1083 21i 1907 2572
1092 1919 2581
1107 39i37i 1936 2603
1122 20i 1953 2621
1141 382,41i32i 1961 2637
1153 19i,28i27i,29i26i 1973 2654
1201 18i 2001 2673
1206 372 2014 2682
1216 272 2034 26il6i 2688
1246 17i 2056 2708
1279 16i 2066 2730
1301 28i26i 2080 26il5i 2740
1331 15i 2086 2758
1337 37i35i 2104 26il5i 2771
1348 40i31i 2130 2789
1356 38i34i 2149 2810
1366 27i26i,39i33i 2163 26il4i 2822
1408 29i23i 2169 2838
1414 14i 2191 .2860
1421 38i33i,39i32i 2206 2868
1428 362 2214 2889
1458 13i 2233 2897
1476 12i, 352,38i32i 2245 2912
1516 262 2256 2929
1520 IOi 2272 2948
1549 28i23 2289
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717.8 cm

-1000 -1500 -2000

Relative to the Excitation(cm 1)

-3000

Excitation at 717.8 c m 1

Position (cm"1) Assignment
0 26o,29o42o41o
541 26o 28i
762 CN

842 29i 42i 41i
947 34i42i
1047 32i42i
1141 26o 37°
1451 29i 42i 41i 27°
1516 26z
1599 29i 42i 41i 26°
1705 34i42i26i
1856 29i42i41i23i
1911 29i 42i 4li 22°
2119 29i 42i 41i 15i
2272 26]
2357 29i 42i 4li 26°
2871
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720.1 cm

T I I I I I I I I I I I I I I I I I I I I I I I I I | -

-500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm )

Excitation at 720.1 cm

Position (cm 1J Assignment
0 29o42o41o
796
842 29i42i4li
904
925 35i42i
947 34i42i
968 33i42i
1048 32i42i
1519 262
1555 26i 29°
1599 29i 42i 4li 26?
1705 34i42i26i
1810
2116 29i 42i 41i 14?
2222
2258 29i 42i 4li 26°
2720
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968.2 cm

-500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm )

Excitation at 968.2 cm'1

Position (cm 1J Assignment
0
602 211
760 26i
1027 40i37i
1083 21i
1129 40i36i
1151 19i
1179 39i33i
1243 17i
1784 40i37i26i
1835 40il4i
1884 4 0i36i26i
1937 21i33i
2025 39i10i232
2371 28i22i26i
2899
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984.3 cm

-2000 -2500-500 -1000 -1500 -3000

Relative to the Excitation(cm 1)

Excitation at 984.3 cm 1

Position (cm-1) Assignment
0 37o
1204 37z
1312 42224i
1456 13i
1592 37229i
1959 37226i
2218 37223i
2331 37220i
2411 374
2482 37216i
2528 26z23i
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988.9 cm'1

Relative to the Excitation(cm1)

Excitation at 988.9 cm’1

Position (cm"1) Assignment
0
761 26i
1066 22i
1112 37i39i
1125 20i
1137 382, 41i32i
1204 372
1241 41226i
1433 38i33i, 39x32i,28i25i
1706 41i39i26i
1824 22i26i
2079 22i23i
2132 22%
2173 22i39i37i
2414 22i40i31i
2829
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999.4 cm"1

-I I I I | I I I I | I I I I | I I I ■ | I I r I | r

O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm )

Excitation at 999.4 cm 1
Position (cm 1J Assignment Position (cm"1) Assignment
0 1962 37226i
607 27% 2023 40i33i26i
632 42i40i 2047
670 2079 22i23i
762 26i 2227 26227i
1011 23i 2264
1070 22i 2287 40i33i23i
1150 19i28i27i,29i26i 2485 26i27i23i
1206 372 2536 26i27i22i
1215 2 h 2750 26i27il6i
1239 26i412
1270 40i33i
1291
1325
1358 38i34i
1422 38i33i,39i32i
1443
1470 26i27i
1507
1567 36i33i,34i
1615 37i23i
1666 40i33i29i
1826 26i22i
1873 40i33i37i
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1094.5 cm

-3000-1000 -1500

Relative to the Excitation(cm )

Excitation at 1094.5 c m 1

Position (cm 1) Assignment Position (cm Assignment
0 1906
392 29i 2076 26il4i
932 2165
992 42i33i 2191
1057 22i 2428 26329i
1069 21i 2665
1085 26i29i 2772 26229i24i
1153 18i 2806 26229i23i
1202 2921
1233 15i
1282 37i36i
1316 14i
1341 26i27i
1365 26i42i39i
1383 36z
1429 37i33i
1450 Hi
1481
1511
1535 36i33i
1560
1611
1667
1695
1728 26i27i29i
1758
1809 26229i
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1120.3 cm

-3000-2500-1000 -1500 -2000

Relative to the Excitation(cm 1)

Excitation at 1120.3 cm 1
Position (cm 1J Assignment Position (cm'1) Assignment
0 2027 40i33i26i
392 29i 2124
607 211 2165 26il3i
760 26i 2220
785 292 2235
902 24i 2264
1017 23i 2342 22il5i
1086 21i 2434
1154 26i29i, 19i 2483 37216i
1207 372 2540
1244 17i 2617
1265 40i33i 2719
1345 14i 2781
1373 2823
1440 2972
1473 12i
1498
1522 2 62
1552
1576
1754
1810
1912 26229i, 26il9i
1965 17i26i
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1283.8 cm'1

I  •  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I I  ■ I  r

0 -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm )

Excitation at 1283.8 cm"1

Position (cm 1J Assignment
0
399 29i
1031
1312
1368 26i27i
1451 26i34i
1503
1565
1589 9i,35i33i
1650
1698
1852
1975
2070
2209 26234i
2320
2474
2515 26i34i22i
2687
2725 26i34il6i
2790
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1313.5 cm

-3000-2000 -2500-1500-1000

Relative to the Excitation(cm )

Excitation at 1313.5 cm'1

Position (cm-1) Assignment Position (cm"1) Assignment
0 1676 29il6i
409 1733 271201
445 1760
604 29i42i 1824 26i22i
627 421401 1851 13129,
759 26! 1896
791 29% 1947
838 4 O2 1962
1010 392 2114 38134126i
1066 22x 2332
1123 20i 2370 28i22i26i
1148 19i 2422
1189 2492 27120i26i
1276 IB1 2630 27i20i24i
1335 37i35! 2685
1357 38i34i 2742
1412 14i 3005
1431 362
1452 IS1
1477 12i352,38i32i
1517 2 62
1554
1575
1627 27i23i
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1326.9 cm

-1000 -1500 -2000

Relative to the Excitation(cm"1)

-3000

Position (cm1) Assignment Position (cm"1) Assignment
0 2201
501 2283
762 26i 2307
1070 22i 2351 29il8i26i
1114 2398
1205 372 2435 29il6i26i
1336 37i35i 2456 41il3i26i, 13i29i37i
1358 38i34i 2488
1416 14i 2523 26227i29i
1444 2560 37i18i26i
1484 2692 14il6i
1536 2761
1561 2830
1597 29il8i 2875
1643 2957
1677 29il6i 2974
1698 41il3i 3013 26i27i29il6i
1731 27i20i
1761 26i27i29i
1801 37il8i
1960
2074
2103 26il5i
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1327.9 cm'1

I  I I I I I I I I I i  I I I I I I I I I I I I I I I I I I i  p

0 -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1327.9 cm 1
Position (can 1) Assignment Position (cm 1J Assignment
0 2522 26227i29i
439 2569
756 26i 2623
903 24i 2761
1139 382, 41i32i 2968
1199 IS1
1358 38i34i
1413 14]
1441
1558
1674 29il6i
1692 4IilS1
1719
1762 26i21i29i
1792
1813
1891
1960
2035 26il6i
2109
2415
2432 29116126!
2456 41il3i26lf 13i29i37i
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1329.2 cm

-3000-1000 -1500 -2000

Relative to the Excitation(cm"1)

-2500

Excitation at 1329.2 cm"1

Position (cm"1) Assignment Position (cm 1) Assignment
0 2418
137 2456
452 41x42! 2485
598 37 x 2526
762 26x 2739
1199 18x 2972
1246 17x
1274 IS1
1336 37x35i
1358 38x34!
1417 14x
1524 2 62
1570
1613
1698 41il3x
1726 II1IO1
1771 26x23i
1795
1895
1964
2116 38i34x26i
2172 14x26x
2322
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1356.6 cm

-2500-1000 -1500

Relative to the Excitation(cm )

Excitation at 1356.6 cm 1

Position (cm-1) Assignment Position (cm 1) Assignment
0 2529
420 4 Oi 2607 13i26i29i
757 26i 2859 13i29i23i
1086 21i 2916 13i29i22i
1132
1347 4 O1Sli
1415 14i
1465 13i
1480 12i
1587 9i, 35i33i
1639
1779 26i23!
1849 13i29i
1879
1903
1930
2032 26il6i
2077 26il5i
2112
2172 26il4i
2239 13i292
2386 13i29i28i
2453 13i29i37i, 41il3i2

6i
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1378.1 cm"1

0 -500
I ' I 

-1000 -1500
I I

-2000 -2500

Relative to the Excitation(cm 1)

I
-3000

Excitation at 1378.1 cm 1

Position (can"1) Assignment
0
758 26i
1016 23i
1519 10i,262
1629 27i23i
1678 29il6i
1724 19i38i
1800 18i37i
1866
1923
1965
2070
2094
2242 13i292
2328
2413
2453 41il3i26i, 13i29i37i
2477 19i38i26i
2570
2803
2917 13i29i22i
2982 13il0i
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1391.5 cm"1

I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I r
0 -500 -1000 -1500 -2000 -2500

Relative to the Origin(cm'1)

-3000

Excitation at 1391.5 cm 1

Position (cm 1I Assignment
0
1396
1455 13i
1511 27i32i
1554
1600
1624 36i32i
1676 26il6i
1780 26i23i
1825 26i22i
1940
2119 27z32i
2155
2217
2267 27i32i26i
2519 27i32i23i,27i32i392
2554
2770
2833
2953



H O

- 1403.2 cm"1

IiW m M
0 -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1403.2 cm 1
Position (cm 1I Assignment Position (cm-1) Assignment
0 2538 10i23i
758 26i 2558
1014 23i 2599 1 0 i2 1 i
1162 2773 10117!
1203 18i 2792 IO1I61
1353 38i34i 2849 10il5i
1456 13i 2923 10il4i
1493 2977 10il3i
1520 1 0 i, 26z
1588 9i,35i33i
1610 28i22i
1659
1707 42i40i21i
1726 42il0i
1774 26i23i
1805 37il8i
1959
2067 10i28i
2108 26il5i
2126 10i27i
2 2 1 2
2254 10i35i
2274 10i26i
2468 42i40i26i21i
2507



Ill

1412.6 cm

T  " I" !"  I

-500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm )

Excitation at 1412.6 cm'1

Position (cm 1J Assignment
0
630 42i40i
759 26i
804 42i37i
1008 39z
1463 13i
1525 IOi
1586 9i,35i33i
1611 28i22i
1690
1721 19i38i, 15i29i
1803 37il8i
2273
2370 28i22i26i
2449 41il3i26i, 13i29i37i
2481 19i38i26i
2519 27i32i23i,27i32i392
2828
2942
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1415.3 cm

I i I I I I i -

-500 -1000
- i  I I I I I I I I I I I  I I I  i  j -

-1500 -2000 -2500 -3000

Relative to Excitation Energy(cm'1)

Excitation at 1415.3 cm 1
Position (cm"1) Assignment Position (cm 1J Assignment
0 1878
395 29] 1975
652 41i40i 2002
759 26i 2216 13]26i
804 42i37i 2246 13i292
842 402 2287 10i26i
992 2346 9i26i
1014 23i 2370 28i22i26i
1122 20i 2527
1141 382,41i32i 2678
1150 19] 2724
1198 IS1 2804
1238 2853 IOilSi
1270 2887
1298 28i26i 2941
1332 15i
1410 29i23i
1459 13i
1493
1524 IOi
1555
1586 9i
1610 28i22i
1687
1809
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1418.6 cm'1

O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm1)

Excitation at 1418.6 cm 1

Position (cm 1J Assignment
0
1475 12i
1709
1773 26i23i
1848 13i29i
1888 27il6i
1918
2041 26il6i
2370 28i22i26i
2612
2836
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1435.4 cm"1

WvvvhiA4'
I - I  I I I I  I I I I I I ' ' ' I ' 1 ' ' I ' ' ' ' I ■ ' ' ' I
O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm 1)

Excitation at 1435.4 cm 1
Position (can"1) Assignment
0
761 26i
844 4 Oz
1143 382, 41i32i
1468
1521 IOi
1628 27i23i
1787
1890 27il6i
2017 27i29i23i
2276 27il6i29i
2496 27216:
2650 27il6i26i
2863 13:29i23i
2906 27il6i23i
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1445.8 cm"1

i ■ ■ ■ ■ i ■ • 1 1 I • • • ■ i • ■ * ■ i • I 1 t- 't  * I I I r
O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1445.8 cm 1
Position (cm"1) Assignment
0
1450 13i
1524 IOi ?
1647
1800 37il8i
1854 13i29i
1876 27il6i
1936
2098
2226
2353 29il8i26i
2476 27il6i37i
2892 27il6i23i
2900



116

I I I r — i—I I I I I i I I I I I I I I I i I I I I I f
-500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1448.2 cm*1

Position (cm*1) Assignment
0
1518 262, IOi
1561
1718
1852 13i29i
1912 26229i,26i19i
2024 10i39i
2090 10i38i
2274 10i26i
2433 29i16i26i
2599 10i21i
2614
2715 IO1I81
2844 IOilSi
2990 10il2i
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1449.5 cm'1

I ' '  I ' 1 ' I ' 1 ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I
O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1449.5 cm 1

Position (cm 1J Assignment
0
353
667
963
1172
1453 13i
1546 28i23i
1629 27i23i
1672 29il6i
1800 37il8i
1855 13x291
1897
1961
1976
2322
2383 29il6i36i
2568
2643
2947
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1452.2 cm 1

I ' ' ' ' i ' ' ' ' I ' ' ' ' i ' ' ' ' i ' ' ' ' i ' ' ' ' r
O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1452.2 cm-1

Position (cm 1J Assignment
0
757 26i
840 402
940
1140 382,41i32i
1410 14i
1530
1663
1770 26i23i
1791
1897 12i40i
1976
2084 26il5i
2280 26il0i
2471 12i40i38i
2654 26210i
2732 12i403
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1455.9 cm'1

I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I
O -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1455.9 cm

Position (cm"1) Assignment Position (cm1) Assignment
0 2600 9i23x
395 29i 2657 9x22i
545 28i 2690 14xl6i
609 27i 2862 14il3x
759 26i 2912 9il5x
839 402
955 41i36i
1015 23i
1122 2 Oi
1147 19i
1279 I Si
1331 IS1
1348 40x31!
1412 14i
1498 26i35i
1521 IOi
1591 9i
1625 20i39i
2023 9x391
2089 15i26i
2174 14x261
2192 9x37i
2342 9x26x
2426 14i23x
2478 14x22i
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1479.8 cm'1

0 -500 -1000 -1500 -2000 -2500 -3000

Relative to the Excitation(cm"1)

Excitation at 1479.8 cm 1

Position (cm'1) Assignment
0
879 25i
1142 382, 41i32i
1837
1979
2012
2156 41i32i23i
2281 412322
2487 27i20i26i
2607 13i26i29i
2769 10il7i
2906 27il6i23i
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B . Dispersed Fluorescence of 3-Methylindole

The high resolution dispersed fluorescence spectrum of 3- 

methylindole, excited at the origin, is shown along with a tabulation of 

peak positions and their intensities.



Dispersed Fluorescence 
3-Methylindole, Excitation 
at the Origin

J l
I y -  ■ ■ ■

A/w**A
T

-500 -1000 -1500 -2000 -2500

- 1,Relative to the Excitation(cm")

1 ' I
-3000

122



3-Methylindole, Dispersed Fluorescence
123

Position can x Intensity Position cm-1 Intensity
0.0 3.4061 1309.359 0.0687
220.7319 0.0145 1323.813 0.1763
244.429 0.0152 1333.812 0.1442
303.526 0.0104 1346.023 0.0242
436.345 0.0258 1354.9 0.3548
460.916 0.1291 1372.64 0.0142
507.62 0.0164 1383.714 0.0206
529.76 0.1242 1388.143 0.0286
561.174 0.2843 1391.466 0.0225
572.795 0.0094 1400.319 0.0258
586.729 0.0087 1418.007 0.2401
591.371 0.0108 1434.577 0.0334
637.722 0.0182 1442.302 0.0232
678.178 0.0748 14447.818 0.0248
710.472 0.0921 1452.23 0.0157
748.457 0.3104 1462.154 0.0983
763.396 0.9623 1474.272 0.083
773.734 0.0104 1495.184 0.0272
793.239 0.0277 1502.882 0.059
804.703 0.008 1522.661 0.2759
817.303 0.0096 1542.418 0.046
829.894 0.0089 1551.188 0.0183
843.62 0.1001 1561.053 0.0892
882.449 0.0272 1574.194 0.1188
898.413 0.0091 1592.797 0.0297
928.019 0.0128 1600.449 0.0495
974.598 0.0174 1626.663 0.1022
984.808 0.0815 1638.663 0.0424
991.608 0.0324 1649.565 0.0413
1001.673 0.0366 1660.458 0.0238
1014.262 0.4687 1680.051 0.0531
1063.992 0.0768 1689.838 0.0746
1079.786 0.0563 1707.225 0.0135
1092.184 0.1891 1719.166 0.0197
1104.572 0.0079 1746.275 0.0277
1109.075 0.0075 1760.357 0.0799
1122.577 0.0576 1775.504 0.2466
1131.5727 0.1646 1789.56 0.0911
1140.563 0.0137 1813.317 0.034
1148.425 0.0994 1819.79 0.0312
1158.528 0.0349 1821.947 0.0305
1167.504 0.033 1843.505 0.0725
1174.233 0.0181 1847.811 0.0841
1203.362 O O O

J 1855.349 0.0397
1213.431 0.0458 1858.577 0.038
1221.259 0.2439 1866.11 0.0332
1230.202 0.6526 1869.335 0.0286
1240.258 0.015 1875.787 0.0457
1246.956 0.0503 1881.16 0.0973
1259.234 0.0094 1891.904 0.0877
1278.187 0.0097 1901.566 0.0311
1292.667 0.013.9 1908.005 0.0597
1297.12 0.041 1917.661 0.0579
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Position can"1 Intensity Position can"1 Intensity
1930.521 0.026 2672.046 0.0264
1932.664 0.0328 2684.327 0.0487
1938.022 0.0219 2705.795 0.0376
1943.375 0.0105 2747.628 0.0529
1962.636 0.0309 2767.993 0.0581
1966.913 0.0231 2787.317 0.0267
1974.394 0.0872 2800.527 0.0321
1981.872 0.0939 2824.882 0.0307
1990.415 0.2242 2853.253 0.0372
2005.355 0.0248 2875.506 0.0336
2009.621 0.0328 2916.899 0.0345
2011.754 0.0327
2025.607 0.0621
2040.516 0.0218
2047.963 0.0231
2060.725 0.0647
2069.228 0.0525
2080.91 0.096
2095.768 0.0683
2104.252 0.046
2109.551 0.0391
2114.848 0.1158
2144.489 0.0396
2159.29 0.0429
2165.626 0.0268
2175.131 0.1053
2184.628 0.0243
2197.284 0.0259
2209.93 0.0535
2216.249 0.0266
2222.563 0.0463
2234.139 0.0424
2241.499 0.1319
2259.362 0.0384
2278.255 0.0349
2289.789 0.0243
2318.067 0.054
2337.936 0.0638
2347.341 0.0309
2358.826 0.0524
2364.043 0.0497
2373.433 0.04
2396.358 0.0298
2407.808 0.0393
2430.688 0.0557
2438.999 0.0452
2450.42 0.0883
2477.384 0.0347
2535.305 0.0574
2548.724 0.0557
2582.73 0.0815
2608.446 0.0405
2638.225 0.0662
2661.804 0.0293
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C. Dispersed Fluorescence of 2,3-Dlmethylindole

The high resolution dispersed fluorescence spectrum of 2,3^ 

dimethylindole, excited at the origin, is shown along with a tabulation 

of peak positions and their intensities.



Dispersed Fluorescence 
2,3-Dimethylindole, Excitation 
at the Origin

-1000 -1500 -2000

Relative to the Excitation(cm-I)
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2,3-dimethylindole, Dispersed Fluorescence
127

Position cm'1 Intensity Position cm'1 Intensity
0 2.4374 -1726.87 .1071
-164.506 .0402 -1788.423 .056
-196.511 .0261 -1797.044 .0673
-230.821 .0132 -1811.045 .0491
-273.316 .0207 ' -1839.007 .0995
-306.289 .0133 -1849.749 .0712
-406.035 .0145 -1865.849 .1229
-488.902 .0628 -1912.986 .053
-500.541 .0345 -1932.232 .0409
-558.619 .1393 -1951.452 .0489
-591.059 .0209 -1995.153 .0545
-615.347 .0219 -2010.049 .0763
-644.217 .27 -2020.681 .0667
-658.058 .4331 -2051.472 .0677
-676.493 .0837 -2076.91 .0749
-715.606 .3539 -2091.732 .051
-838.109 .2664 -2098.081 .0517
-856.353 .1981 -2112.88 .0472
-879.127 .018 -2124.503 .0614
-895.053 .0629 -2141.39 .0441
-973.322 .0413 -2161.422 .0817
-1011.758 .4574 -2173.01 .0807
-1063.62 .1117 -2187.743 .0683
-1117.567 .0359 -2212.972 .0603
-1128.782 .0393 -2225.572 .117
-1152.316 .1298 -2243.404 .0374
-1201.514 .077 -2265.405 .0536
-1213.791 .3139 -2305.141 .0677
-1242.773 .1015 -2318.713 .0652
-1258.359 .0222 -2369.768 .09
-1276.154 .0263 -2444.497 .0788
-1297.260 .2087 -2470.363 .0739
-1311.686 .0662 -2509.601 .0614
-1318.34 .0555 -2588.819 .0691
-1331.641 .1265 -2624.7 .0622
-1338.287 .0899 -2643.12 .0815
-1373.687 .0476 -2680.921 .0794
-1393.569 .0434 -2728.809 .042
-1429.954 .1383 -2734.912 .0385
-1466.259 .2151 -2756.255 .0497
-1492.616 .0545 -2781.626 .0535
-1512.355 .0417 -2813.031 .0518
-1532.07 .0256 -2844.375 .0821
-1556.136 .0493 1 -2873.64 .0438
-1582.348 .1513 -2895.807 .0531
-1598.71 .0436 -2932.011 .0679
-1621.593 .0452 -2962.118 . .0328
-1631.389 .1677 -2986.165 .0357
-1656.397 .1088 -2997.173 .0383
-1673.773 .1402
-1691.128 .0705
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D. Computer Programs

A listing of the two computer programs used to impose a progression 

on a stick spectrum and to broaden a spectrum is given.



129

c This program will add a progression to a spectrum.

dimension p h (1100),pf(1100) 
open(unit=12, file='water.dat') 
rewind(12) 
do i=l,12
read(12,*)pf(i),ph(i) 
enddo

c close(12)
c write(6,*)pf(920),ph(920)
c write(6,*)pf(I),ph(l)

write(6,'("read data")') 
c Normalize 

sum=0. 
do i=l,11 
sum=sum +ph(i)**2 

c write (-6,12) sum
cl2 format(lx, F5.3) 

enddo

sum=sum**. 5 
c write(6,13)sum
cl3 format(lx,F6.4)

do 1=1,11 
ph(i)=ph(i)/sum 

c write(6,14)ph(i)
cl4 format (lx, F8.6) 

enddo
write(6,'(" Hi!")') 

c write (6,11) s,urn,ph (21)
cll format(F5.3, F5.3)
c shift frequencies 

do i=l,11
pf(i) = pf(12) -pf(i) 

c write 16,15)pf(i)
cl5 format(lx,F8.2)

enddo
c write(6,15)pf (I)
cl5 format(lx,F8.2)
c

w r i t e ( 6 , s t a r t  CaljCj')') 
open(unit=10, f i l e = 'd a t a .d a t ') 
r e w i n d (10)

10 read(10,*,end=999)f,h
c close(10)

sh=0.0 
sf=0.0 
do i=l,11 
sh=h*ph(i) 
sf=f-pf(i)
if(sh.lt.0.0012)go to 100 
open(unit=ll, file='neww.dat') 
write(11,*)sf,sh 

c write(6,16)sf,sh
cl6 format(lx,F7.2,lx,F6.3)
100 sh=0.0

sf=0.0

I.)
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enddo
c close(11)
c write(6,'(" done with Il")')
c
c do i=149,296
c sh=h*ph-(i)
c sf=f-pf(i)
c if(sh.lt.0.0012)go to 101
c open(unit=13, file='new2.dat')
c write(13,*)sf,sh
c write(6,16)sf,sh
cl6 formatilx, F7.2, lx, F-6.3)
ClOl sh=0.0
c sf=0.0
c enddo
c close(13)
c write(6,'(n done with 13")')
c
c do i=297,444
c sh=h*ph(i)
c sf=f-pf(i)
c if(sh.lt.0.0012)go to 102
c open(unit=l4, file=,new3.dat')
c write(14,*)sf,sh
c write(6,16)sf,sh
cl6 format (lx, F7.2, lx, F6.3)
cl02 sh=0.0
c sf=0.0
c enddo
c close(14)
c write (G71C1 done with 14")')
c
c ' do i=445,592 
c sh=h*ph(i)
c sf=f-pf(i)
c if(sh.lt.0.0012)go to 103
c open(unit=!5, file='new4,dat')
c write(15,*)sf,sh
c write(5,16)sf,sh
cl6 format(lx,F7.2,lx,F6.3)
cl03 sh=0.0
c sf=0.0
c enddo
c write(6,'(" done with IS”)')
c
c do i=593,740
c sh=h*ph(i)
c sf=f-pf(i)
c if(sh.lt.0.0012)gd to 104
c open(unit=16, file=,new5.dat')
c write (1-6, * )sf,sh
c write(6,16)sf,sh
cl6 format(lx,F7.2,lx,F6.3)
c!04 sh=0.0
c sf=0.0
c enddo
c close(16)
c write(6,'(" done with 16")')
c
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C do i=741,888

C sh=h*ph(i)
C sf=f-pf(i)
C if(sh.lt.0.0012)go to 105
C open (unif=l7, tile='TiewE. dat
C Write(17,*)sf,sh
C write(6,16)sf,sh
cl6 format (lx, F7.2, lx, F6.3)
cl05 sh=0.0
C sf=0.0
C enddo
C
C do i=889,1036
C sh=h*ph(i)
C sf=f-pf(i)
C if(sh.lt.0.0012)go to 106
C open (unit=l-8, file=' new7 . dat1
C write(18,*)sf, sh
C write(6,16)sf, sh
cl6 format(lx,F7.2,lx,F6.3)
cl06 sh=0.0
C sf=0.0
C enddo
C
C close(17)

goto 10
999 end

2)

program broadS

c This program will broaden a line spectrum, 
c from broad4.for without scaling, 
c use:
c echo 'results.dat1 -30 3500 4 20 I broadS >pi20.dat 
c
c 16aug96 from broadS scale emission by nu**3 abs by nu 
c 5aug96 writes # for use by gnuplot 
c 22may95 for unix; callis input is all in cm-I 
c 27apr95 for unix; callis
c a better version of broad2 for widths near I cm-I
c a better version of broad, for publication quality
c needed to keep from chopping off front end with really broad spect
c often were not enough points

implicit real*4(a-h,o-z)
parameter(' ieneg= -1000 , iepos= 40000 , npmax=41000 ) 
dimension w (ieneg:iepos),y(ieneg:iepos) 

c character infile*40
character line*80,infile*40 

c character*! emabs
I format(a80)

c emin and emax are the energy extents in wavenumbers.
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c step is the increment between points. fwhm is the width 
c make the ratio of fwhm/step about 5 or 6

print*, ' enter filename, no.ascii, no.points'
5 read(5,*) infile,nasc,npts

Do i=l,npts 
A(I)=O.0 

end do

infile=infile//0

open(10,file=infile,Status=lOldl) 
read(10,*,end=10) e,fc

Do i=l,npts 
B(i)=0.0 

end do

infile=infile//l

open(10,file=infile,Status=1Oldl) 
read(10,*,end=10) e,fc

Do i=l,npts
A (i) =A (i) +B (i) 

end do

open(10,file=infile,Status=lOld1)
read(10, 1(a80)1)line
write(6,1(a80)1)line
read(10,1(a80)1)line
write(6,1(a80)1)line’

c if(emabs.ne.1a')emabs=1e 1

do m=iemin,iemax 
w (m)=fIoat(m)*step 
y(m)=0. 
end do

c y is the intensity at w cm-I

gamma=fwhm/l.665 
sigma=gamma * gamma 
iwidth=int(fwhm/step)*2

print*, infile, emin, emax, step, fwhm, !width 
c print*, w(0), w(l) '
c loop reading the line number (not used), wavenumbers,, and FC factor 
c if(emabs.eq.’e')then■
c weight by nu**3 if emission
c2 read(10,*,end=10) n,e,fc 
2 read(10,*,end=10) e,fc

ie=int(e/step)
do 7 j=ie-iwidth,ie + iwidth

c y (j ) =y (j )+fc*exp (-( w (j ) - e ) **2/sigma) * ( (w00-w( j,) ) /wOO) **3
y(j)=y(j)+fc*exp(-( w (j )- e )**2/sigma) 
continueI
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goto 2

10 continue 
npts=0

do k=iemin,iemax

open(unit=ll,file='pih2o.res')
if(y(k).gt.l.e-06)write(11,*)w(k)„y(k)

end do 
stop

end
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