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Abstract:

The effect of solvent on the first two n<—m excited states of indole and 3-methylindole, (1La and 1Lb),
has been studied using a combination of hybrid theoretical methods and experimental techniques. A
procedure that couples molecular dynamics with semiempirical molecular orbital methods has yielded
information about the mechanism and time scales involved in bulk solvent reorganization after
excitation of the indole molecule to the 1La, (or 1Lb), state. The fluorescence red shifts predicted in
several solvents, (water, butanol, methanol and dimethylether), agree reasonably well with
experimental values. These time resolved calculations also indicate that the solvent relaxation has two
components: The first one is inertial in character, with a Gaussian shape having a half-width at
half-maximum of ~15 fs for water, and of 100-300 fs for the other, (larger), solvents. The second
component shows an exponential decay behavior and seems related to the longitudinal relaxation time
of the solvent. The correlation times for this component are -170'fs for water, and a few picoseconds
for the larger solvents. By coupling molecular mechanics with semiempirical molecular orbital
methods, information was obtained about the relative populations and spectroscopic properties of the
different conformers of tryptophan at 300 K. We also present very detailed one-photon excitation
spectra of indole complexed with H20, D20, and methanol, along with an analysis of the
intermolecular vibrational modes of the two types of complexes present in each spectrum. The
two-photon excitation spectra of selected peaks helped in determining the 1Lb or 1La character of a
few transitions. The origin of the first of the complexes has been assigned as 1Lb and the putative
origin of the 1La manifold has a polarization ratio compatible with 1La character. Analysis of the ring
vibrational modes associated with the other complex suggests that its origin also has 1Lb character.
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Abstract

The effect of solvent on ‘the first two n*é—jn‘ excited states of indole and
3-methylindole, (lLa and 1Lb), has been studied using a combination of hybr'id theoretical
methods and expeﬁmental techniques. A procedure that couples molecular dynamics with
éemiempin'cal molecular orbital methods has yielded information about the mechanism
and. time scales in;folved in'bulk solvent reorganization after excitation of the indole -
mole'cule to the lLa’ (or 1Lb), state. The fluorescence red shifts predicted in several
solvents, (water, butanol, methanol and dimethylethef), ‘agree reasonably well with
experimental vaiues. These time resolved calculations also indicate that the solvent
relaxation has two components: ~The ﬁ.rét one is inertial in character, with a Gaussian
shape having a half-width at half-maximum of ~15 fs for water, and of 100-300 fs for the
othér, (larger), solvents: The second component shows an exponential decay bel_lavior and
seems related to the longitudinal relaxation time of the solvent. The correlation times for
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this component are ~170 fs for water, and a few picoséconds for the larger solvents. By




coupling molecular rﬁechanics with semiempirical molecular orbital methods, information
was obtained about the relative populations and spectroscopic properties of the different
conformers of tryptophan at 300 K. We also pfesent very detailed one-photon excitation

spectra of indole complexed with H,0, D,0, and methanol, along‘ with an analysis of the

intermolecular vibrational modes of the two types of complexes present in each spectrum. -

The two-photon excitation spectra of selected peaks helped in determining the lLb or 1]I.,a
3

character of a few transitions. The origin of the first of the complexes has been assigned

as lLb and the putative origin of the 1La manifold has a polarization ratio compatible with -

1La character. Analysis of the ring vibrational modes associated with the other complex

suggests that its origin also has.lLb character.
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ABSTRACT

The effect of solvent on the. first two 7 «m excited states of indole and
3-methylindole, (lLa and 1Lb), has been studied using a combination of hybrid theoretical
methods and experimental techniques. A procedure that couples molecular dynamics with
semiempirical molecular orbital methods has yielded information about the mechanism
and time scales involved in bulk ‘solvent reorganization after excitation of the indole
molecule to the 1La, (or ,lLb), state. The fluorescence red shifts predicted in several

"solvents, (water, butanol, methanol and dimethylether), agree reasonably well with
experimental values. These time resolved calculations also indicate that the solvent
relaxation has two components: The first one is inertial in character, with a Gaussian
shape having a half-width at half-maximum of ~15 fs for water, and of 100-300 fs for the
other, (larger), solvents. The second component shows an exponential decay behavior and
seems related to the longitudinal relaxation time of the solvent. The correlation times for -
this component are ~170 fs for water, and a few picoseconds for the larger solvents. By
coupling molecular mechanics with semiempirical molecular orbital methods, information
was obtained about the relative populations and spectroscopic properties of the different
conformers of tryptophan at 300 K. We also present very detailed one-photon excitation
spectra of indole complexed with H,0, D,0, and methanol, along with an analysis of the
intermolecular vibrational modes of the two types of complexes present in each spectrum.
The two-photon excitation spectra of selected peaks helped in determining the 1Lb or 1La
character of a few transitions. The origin of the first of the complexes has been assigned
as 1Lb and the putative origin of the lLa manifold has a polarization ratio compatible with
1La character. Analysis of the ring vibrational modes associated with the other complex
suggests that its origin also has 1Lb character.




INTRODUCTION

The indole xﬁolecule has been studied'” in detail in order to get i.nformation about
the amino acid tryptopilan, (see Figure 1), which: is the .main contributor to the UV
absorption and ﬂudrescence of protems4'8'1°. The spectrum of indole and derivatives,
however, is complicated by the presenc'e of two near degenerate m*«7 transitions

labelled 'L, and 'L,'2.

Figure 1. Tryptophan -

oY

The work of Valeur and Weber6, in 1977, was successful in applying fluorescence

y

polarization techniques to separate the 1La and. 1Lb contributions to the excitation
spectrum of indole in propylene glycol at 215 K. As a result of this wé)rk. more
information about the nature of these two states was obtained: the lLa state presenté a
broad, featureless ‘s.pectrum, possibly because of a Frgnék-'Condon progression stemming

from a geometry displaced from that of the ground state; while the lLb state results'in a

11




-
sharp band as g_result of a geometry similar to that of the ground state.

Early studies by Strickland er al* suggested that the nature of the solvent, and
sﬁbstimﬁdp at the 3 position, (see Figure 2 for numbering of the ring), affected‘the shape
of the spectra. More thorough studies in@icated that indeed substitution®%213, solvent

4,8,9,13-15

effects , and charge effects'® affect the 'lLa and 1Lb states differently, thus leading

to changes in the spectra.

Figure 2. Numbering of Indole

Therefore, it was understood that differences in the electronic spectra of proteins
could be analyzed in order to get information on the environment surrounding tryptophan

inside a protein14’17’18’1'9’20

, yielding information about its tertiary structure. A better
understanding of the indole chromophore is necessary to accomplish this task. In this
respect, Lautié ez al’ presented the first infrared and Raman‘spectra of indole, which
resulted m a complete study of its groﬁnd state vibrational frequencies. Lami and
Glasser? perforrnéd a very detailed analysis of the effect of substitution and solvent on
the 1La and 1Lb absorption and lLa fluorescence shifts.

When the technique of laser excitation in supersonic jet was first applied to
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22,23

indole?! and to indole+solvent it was clear that it would prove useful to- get

information about the vibrational frequencies of the excited?27 and ground states?’28 for
different indole derivatives. However, through this period, a very important question, that
of the location of the 1La origin of indole, remained unanswered. Wallace e al.?”"*? and
Sulkes et al.30. suggested that the 1L‘a trans\i.tions could not be seen in supersonic jet
because this state is dissociative, leading to a breaking (probably) of the N-ﬁ bond. It
is possible, however, that the 1La origin wés' mistakenly identified as a 1Lb vibrational
mode_, (or combination of), because the fluorescence lifetime would be similar to those

typical of the 1Lb state. The fact that indoles present normally single state emission’! ¢

an
be responsible for this_ behavior, since the cqllected fluorescence wqu;d éome from S,

. independently -of which state was excited.
On a parallel course, Callis ez al. had been successful in applying the technique
of two-photon spectroscopy éo resolve the lLa" and 1Lb bands of indole and
) {benzimidazole”, met'hylindoles33 , and other aromatic systéms34. In 1990, this technique
was used in combination with a supersoﬁic expansion for indole® , and succeeded in
yielding the first positive identification of .1Lal transitions in jet. Callis ez al. reported that
‘the transitions at 455 and 480 cm™! to the blue of the 1Lb 0-0 have 1La character. As the

spacing between them, ~25 cm!

, was too small to correspond to a vibrational mode of
the 1La state, it was suggested that the 1La origin is split, possibly as the result of a
coupling with a nearby dark ng state.

Thé effect of solvent dynamics haé also been subject to a detailed study during the

past years. Specifically, it is now ‘well understood how the solvent affects electron .

transfer reactions’6-38, Fleming ez al3®* and Barbara er al.4** have pioneered work
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on subpicosecond spectroscopy which has resulted in a mucil better understanding of
molecular phenomena and solvent reorganization at tirﬂe scales as short as 50 fs** for
coumarin dyes in water. These experiménts have been coupled to numerous calculations
on the behavior of different molecules in polar solvents* -1, -This work has helped in
establishing that tI;e temporal fesponse of the solvent is dominated by solvent properties,
but the magnitude of the shift clearly depends on the difference of the permanent dipoles
of ground and excited states” L. '

It should also be pointed out that self consistent reaction fiel_d methods are
appearing as of 1ately52'55 :
continuum. Ther are uéeful for predicﬁng, iﬁ an easy way, equilibrium solvation -
energies.. However, they cannot predict good ‘spectroscopic informatiqri for different.
solvents because the dielectric continuum formulation is not seﬁsitive to changes _in
dielectric constant when £>10, (see RESULTS AND DISCUSSION). Lami and Glasser'?
have measured different shifts for indolés in fi\}e different solvents with dielectric constant
~ larger than 10, (rgnging from 17 to 80). They found that each solvent induced a different
shift, contrary to what the self consistent reaction field rpethods would predict..

vThe question of which mechanism is.responsible for the red shift induced by
solvation has often been addressed in the literature. A very interesting theory explains
the fluorescence red shift by means of exciplex formation. Exciplexes are excited-state
solute-solvent éomplexes. Lumry et al?? suggested that exciplex formation was
responsible for a large red shift and -a loss of vibrati'ona-ll structure in the fluorescence

spectra of indole in polar solvents. They reported a solute-solvent stoichiometry of 1‘:'2‘

and 1:1 for associating and non-associating solvents and dismissed the possibility of

In these methods, the solvent is modelled as a dielectric . -
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hydrogen bonding bétween the N-H group and the solvent. One important characteristic
of this work is that the spectré were taken in indole solutions in non-polar solvents
containing smail amounts of pola; solvents. Thus, it is conceivable that the formation of
the exciplex wés induced by the presence of the non-polar 'environment which would tend
to enhance the degree of association of the polar components.

The idea of exciplex formation has been used by T ubergen and Levy26i and Sulkes
and Amoldjo to explajn the broad ‘an‘d red shifted emission of the secondv of‘ the
complexes that indole forms with water in a supersonjc jet. They have stated that the first
cpmpléx is hydrogen bonded to the N-H group, while the second is located over the &

cloud of the ring, producing an effect similar to the one seen in solution?. The lifetime

results of the fluorescence taken by Sulkes and Arnold are compatible with the idea that
a second state is emitting. This would indicate that, upon complexation, the IL; state.

origin becomes nearly degenerate with the 1Lb origin and emission from both states

follows. Presumably, the broad, red shifted emission would be caused by the 1La state.

Statement of the Problem

Our .goal in this research is to shed some Hgﬂt on the 'prpblem of whether the
assigned 1La origin is truly lLa or is a pair of -ILb transitions borrov(ziﬁg 1La charactér :
through Herzberg-Teller coupling. We will also investigate the effect of the solvent on
the gr01.1nd and electronically excited states. To this end, we wi}l be using two
approaches which are going to yield information about two different aspects of the

phenomenon.
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Molecular dynamics coupled with s'emiempirical~ molecular orbital methods can
yield good results about the behavior of indole in a bulis solution. The time scales
involved in molecular dynamics, (femtoseconds to picoseconds), allow one to follow the
dynamics of the indole molecule in the inst'ants following exbitation, when the solvent
molecules ;are réspénding to the changes in the electric field generated by the solute. This:
will allow us to predict ﬂuorescénce shifts in sqution.l Comparison of resuits in\different '
solven'ts will also provide information about the effect of the polarity of the environment
and the size of the solvent molecuies. Direc.t inspéction of the solvent reorientation in
response to the changing electric field generated by the solute will be very useful in
helping to determine the mechanism iesponsible for the red shift. |

On the other hand, we will apply the te;chniques of one- and twé-photon iés&
induced fluorescence in supersonic jet to obtain information on ‘how a single solvent
molecule, forming a van der Waals complex ~§vith indole, affects the electronic states. vWe
can use one-photon spectroscopy to get a very detailed picture of the vibrational
frequencies, (both intra- and intermolecular), of the complexes using different solvehté,
aﬁd two-photon spectroscopy to obtain information on the nature of some of the
transitions in the electronic spectra. 'fhis information can .be c.oupled to that obtained by
analysis of the differential shifts on the 1La and 1Lb peaks induced by complexation.

Comparison of these two techniqﬁes, which represent the many moleculés’ as well
as the single molecule limit, will provide information that willﬂhel;; in answering the
que.sti.ons of how, in which way, how fast, and how much the solvent molecules‘ affect

the indole chromophore.




BACKGROUND

Theory
S . . . : ' . :
This section contains a quick overview of the methods we are going to use in our
calculations. It is our intention to explain their purpose, advantages and drawbacks,

without giving an in-depth explanation of the theory behind them.

M Orbital Meth
In general, quantum mechanics methods try to solve the Schrédinger equaﬁon, (see

Equation 1), in order to obtain the associated eigenvalues and eigenfunctions.

HY, = B, o - )
However, when three or more particles, (including nuclei and. electrons), are
pfesent, Equation 1 does not have an analytiéal solution, and approximate methods are
necessary. The reason for this impossibility to solve the equation stems from the presénce
of electron repulsion terms,.(o‘f the form of 1/r;,), in the Hamiltonian of the system.
One way to write a one-electron Hamiltonian which inc.:ludes the repulsion between
that electron and the others consists of explicitly using the one-electron wavefunctions
when' bui_ldjng H. I-iowever, this introduces the problem of having to know H to get ¥,
and having .to know P in order to have H. To get around this situation, the best way to

proceed is to start with a guess wavefunction, \|!(0), and use it to construct an approximate
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Hamiltonian, A, Now, vx.ze can solve the Schridinger equation and obtain a better
wavefunction, \y(l), which is used to obtain a better Hamiltonian, AD. This process is
repeated until seif-co;lsistency,_ that is, until the wavefunction obtained from the
‘Schrédinger equation is.the same that was used to ‘build .the Hamiltonian, (that is,
y®=y®@+D) " Obviously, the better w9, the faster the method will converge.

’i‘he wavefunctions obtained and used in the Self Consistent Field (SCF) method
are multielectron wavefunctions and, in their simplest form, can be thought of as products
of one-electron spin-orbita1s56. However, one of the po.stulates of Quantum Mechanics
states that an acceptable 'wavefunction must be antisymmetric with respect to the exchange
of electrons. To this effect, Slater>’ showed that one cz.m assure antisymmetry with
rt;,spect to the exchange of electrons by writipg the wavefunction as a determinant whose.
elements are one-electron spin-orbitals. For instance, the multielectron wavefunction for _

the helium atom in its ground state can be expressed as

1

1s(1)e(1) ls(2)a(2j | | (i)
V2

1s(DB(1) 1s(2)B(2

The SCF method cannot reach the true energy of the sysfgm because the electronic
motion is-not correlated. Each electron is seeing the other electrons as a time-averaged
charge cloud, but there is no penalty built .in the wavefunction preventing all the electrons
- from simultaneousliy occupying the same point ini space. The minimum energy that. can
be obtained without inciuding electroﬁ correlation is called the Hartree-Fock limit. Thus,

a Slater determinant is an approximate solution of the Schriodinger equation, but it cannot
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be used, by itself, to reach the true energy of tﬁe system.

. To go beybnd this limit, one has to include electron correlation. There are se;zgral
ways to do so. ’fhe method most widely used is called Configuration Interaction, (CI).
In this method, the wavefunctions are ‘buﬂt as linear c‘ombination.s of Slater determinants

corresponding to different configuration of the éystem, (see Equation 3), .

T=Z°1D1. - _ (3)

where the D;s are Slater determinants.

| ‘The conﬁgﬁraﬁons previously mentionqd correspond to the ground state of the
molecule, (1 configuration), and as many excited state configurations as one desires. Thé
latter ones correspond to promotion of one electron to an unoccupied orbital, (singly
excited configuration), of two electrons to two unoccupigd orbitals, (doubly excited
configuratior-l), et cetera.

With the inclusion of CI, it is poséible to reach the exact energy iimit. The
difference J'Jet_ween this and’ the Hartree-Fock limit is called the correlation energy, an\dr
it ié rather large. For instance, for helium, it is on the. order of QS kcal/m015 8 In our
calculations, we are going to include CL, because it helps in better reproducing the spacing

between the lL,(1 and'lLb states of indole, as shown by Callis .

Approximéte Methods: INDO/S

. With the use of computers, every integral stemming from the Schrodinger equation

can be computed, even for fairly large systems. This is the basis for the ab initio
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methods. These, however, are computationally intensive, because the number of integrals
'to be evaluated grows as the fourth power of the number of the basis function used.A

If the molecule is large, the number of integrals extended over four nuclei is very
large. Clementi and Mehl®® have shown that many of these four center integrals are
almost n_eéligible. It would be interesting to devise a method that allows one to
selectively neglect these integrals without having .to spend time in calculating them.
There are severai considerations to take care of. For instance, if all the; integrals
neglected were very small,. but all of them added together had a fairlj" large value, it
would not be very wise to neglect them. Another problem to be addressed is that df
relating the process of negiecting integrals to the Basis func;tion ina simi)le way. If one .
is not careful, different energies can be obtained for a molecuie if its orientation changes.

Pople and coworkers®!% have develo.ped a series of methbds that t'a.ke care of
these and other problems and yield good results when calculating different molecular
properties. In the first paper of the series®!, Pople et al. introduced 5 aéproximations in
the process of calculating the integrals. This method, called CNDO, (Complete ngiect
of Differential Overlap), is the simplest of a group of methods based on the concept of
Zero Differential Overlap, (see reference 56). Normaily, tﬁese methods are also
parametrized, indicating that scaling factors or parameters are included in the pro;grar’ll SO
it yields good results for certain molecular properties.

‘The method we aré going to .use in our calculations is called INDO/S,
(Intermediate Neglect of Differential Overlap, calibrated for Spectroscopy), due to Zerner

et al.66_‘69. Ridley and Zerner®® preferred the INDO over the CNDO formulation because
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4

the latter does not include the one-center ethapgg integrals ‘which are required to
separate different terms ‘within a conﬁguration, (like singlets and -&iplets in ®'en
transitions). At any rate, the program allows one to choose between the CNDO and the
INDO formulations, (and also between different versions of them, corresponding to
different bafmnetrizations). The method has been widely tested, yieiding good results for

aromatic molecules’?%7!

, aromatjc molecules in a crystal fiqldn, and, more specifically,.
for indole™”.

Zerner's pfogram allows the selection of different types .of electron repulsion
parameters, like Mataga—N.isliimoton, Ohno-Klopman74, Pariser75, and theoretical

parameters. A general formula for the electron repulsion between two atoms A and B,

at a distance R , p is given by Callis et a1

Yan = (Ris +[05(1, +1)]?) ™" )

In t‘he‘ Mataga-Nishimoto scheme, n=1 and R, is divided by 1.2%6. Mean\;vhil.e,
n=2 in the Ohno-Klopxhan formulatioﬁ. As pointed out by Callis®®, when n increases; the
splitting between 1La and lLb decreases because Y5 g de;creases more graduany with R 4 .
Zefn_er's program also pé_rxﬂitg one to choose scaling factors for the interaction between
molecular orbitals, (see METHODS -section).

As stgted in the previous section, CI can be used to include the electron '
correlation. The program allows for the inciusion of up to 210 configurations. Zerner -
et al$57677 have shown that the use of singly - excited configurations with

Mataga-Nishimoto electron repulsion yields results in good agreement with experiments
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for benzene and related molecult_es. This procedure was previously tested by Jaffé er al’®
for CNDO. C_aJJis59, working on a suggestion by Zerner, has shown that this procedure
. is not the only one to effectively reproduée experimental results. He obtained good
agreement by using doubly .excited configurations along with Ohno-Klopman repulsibfl,
because, although the doubly éxcited configurations bring the 1Lb state farther down than
the lLa’ the use of Ohno-Klopman repulsion, (and differentl interaction scaling factors), ,
reduces the gap betwéen the two stétes and compensates for the pre\‘rious effect.

In our work, we chose to follow the first scheme, since it i$ easier to implement,
especially when working with thousand»s of different geometries, as in our case. To that
effect, (see METHODS section), we used a total of 14x14=196 excited configurafions;
that is, those formed from promotion of one electron from any of the 14 highest occupied

to any of the 14 Jowest unoccupied molecular orbitals.

Molecular Mechanics

Molecular Mechanics diffgrs from molecular orbital metﬁods in that | no
wavefqnctiohs are sought. The idea behipd molecular mechanics is that an appfopriatq
potential energy function for the system, (wheré each atom is basically treated as a point
charge), can be calculated and the geometry optimized towards the minimum of such
potential energy. |

Its eXpressioﬁ is a rather complicated one, and can depend on a lot of parameters.
For instance, a very simple expression for the potential energy for CO, could be as the

one shown in Equation 5:
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V= %koo(rl~r06)2+%kco(r2—fcd)2+-;-,koco(6—6000)2 o

where k., and k., are forcebonstants, and r, and 6, are values for the standard
length and angle of such bond types. These magnitudes must be input into the program,
(or the i)rogram has to store them). It must be pointed out that the expression for V in
Equation 5 depends on r;, (intermolecular distances), so it can be minimized.

This expression fér v, howev.er, is extremely simplified. - As an example, the
Central Valence ForceField, (CVFF)79, includes up tc; elevgn different terms, (Equation
5 includes oﬂly one term for bond distances an(-i‘ one flor bond angles). The first four of
those eleven are what is normally called diagonal tern;s. ‘They include the energy of
defor;nation of bond lengths, angles, torsional angles, and out of plane interactions. The
other seven terms correspond to the off-diagonal terms and represent couplings of the’
diagonal deformations. |

It is clear from Equation 5 that this method requires heavy parametrization,
because -each term needs at least two parameters for each type of bond included. CVEF
has parameters for 50 different types of atoms and ionms, thus, the number of -bonds,
angles, and dihedrals is going to be rather large.

Aﬁother widely used forcefield is the AMBER forcefield; due ‘to Kollman et
al.8%81 which has six terms., The first three handle the deformations of bonds, angles,
. and dihedral angles, the fourth and fifth terms correspond to fhe van der Waals and

electrostatic interactions, and the sixth corrects the electrostatic interaction for a hydrogen

bond.
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One important féature of molecular mechanics relies on the algorithm used in the
minimization. There is a wide variety of algorithms, but we will‘ mention hére only the
two that will be used in our calculations.
‘\ The steepest descents algorithm is the simplest of the methods. It just calculates

the gradient along each coordinate and follows that path. After each step, the previous

direction is substituted by the newly calculafed, and the process is repeated until the

convergence criterium has been met. ‘The disadvantage of this method is that it is rather

slow, especially when the system approaches a minimum. However, the advantage this

method-has is that it does converge even when far from a minimum. This is crucial in

calculations involving many atoms, where the starting geometry is normally not very
good. Other methods do not converge to a minimum in this case, but steepest descents
does,.even if the system does not behave harmonically.

The other method we used is the Quasi-Newton-Raphson algorithm, also known

as the variable metric method, developed by Fletcher and Powell®2, It is based on the

N ewton;Raphson method, which, besides using gradient  information, uses the Hessian
matrix calculated from second derivatives, (curvature); to prediét where the function will
change directions, (which indicates that it will pass through a minimum). The Quasi-
Newton-Raphson method calculates the Hessian ma;rix numerically from the first
deriv_atives, rather than analytically from second derivativc;,s, and, , therefore, it is much
faster. ’i‘his method is not as forgiving of bad initial s-tructures as steepest de.scen_rs is,
thus, it is most‘ suitable to be used in small systems Where the initial geometry is.not tha:t

far from a local minimum.
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Molecular Dynamics

Molecular Dynamics can be considered a generalization of molgcular mechanics
in the sense that the system not only has a potential energy term but is also given kinetic
energy and is allowed to change in time. The same potential energy ferm that was
mentioned in the previous section is used, but the system doés not evolve along the line
* that minimizes the gradients. Rather, the gradients of the potential energy along each

coordinate correspond to the force applied to the particles according to Newton's law,

. &, ‘ :
F = -%:’— -m— - ma @
1 oty -

‘In trying to solve this equation, we face the same problem that was faced when
trying to solve the Schrodinger equation, namely- that there is no closed form solution. for
.a system of three or more particles. Thus, a numerical solution has to be found, and the

new position of each particle has to be approximated by a Taylor expansion,

2 3 '
r(t+At) = r(t)+%At+—Zt-zr-At—+—qs‘r—A—t+... )

To calculate the new position, it is necessary to know the original position,
velocity, and acceleration, and itis also requi1;ed to know the value for higher order terms.
As a result of the approximation made here, there arises a limitation on the time step
used. The best resuits for systéms like ours are obtained when At<l fs, because the

integration algorithms require that velocities and accelerations are virtually constant over
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the time step.

Another important issue here is that of temiperature control. The temperature is

initialized by assigning velocities to the ensemble of molecules, according to the

Maxwell-Boltzmann equation,

, 3p ) .
f =2 o -V | 47y 2 ' (8)
v)dv (anT) exp( 2k’1‘) nvedv |

which expresses the probability for a molecule of mass m to have a velocity v at a
temperature T, (k is the Boltzmann constant). When dynamics is started, (initialization
period), the velocities are scaled at every step to instantaneously achieve the desired

temperature. However, in later stages of the calculation, the scaling has to be much

" smoother, in order to not introduce artifacts that can affect the results. The best method

to achieve the scaling has been developed by Berendsen and coworkers®>.  Each

calculated velocity is scaled by a factor A, given by Equation 9.

A = 1+AE -'I;o.—l - | (9)
27\ T ‘ '

where T, is the desired temperature, T is the temperature corresponding to the distribution
of velocities, and 7 is the characteristic relaxation time, which can be adjusted to obtain
better results.

A big drawback of both molecular mechanics and dynamics consists on the fact
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that all the calculations are purely classical. Thus, there are some systems that cannot be
accurately described, like electron or proton transfer, or bond breaking or formation, since

they have to be treated by means of quantum mechanics methods.

‘. Periodic Boundary ang' itions

In trying to simulate a .liquid solution, a common problem is that of finding an
adequate geometry. fpr the system. The m'os.t obvious solution would consist on
surrounding the solute with a drop qf solvent.’ ‘Howe\.'er, this is not an accurate
description, because it is actually equivaler'lt'to a tiny sphere of a few. angstroms in
diameter surrounded by vacuum. This is the reason why peribdic boundary conditions,
(PBC), are used. In this arrangement, the soh_Jte is surrognded, not by a sphere, but by
a cube of solvent. This cube is reproduced by the program, aJ;d an "infinite" number of
these reproductions, (ghosts), are stacked alongside the origina} in all dﬁections of space.
Therefore, the molecules in the original surface do not see a vacuum surrounding them.
They actually see other solvent molequles, as théy would in nature. This brings the
problem of reducing the number of molecular interactions to a manageable size, which
is taken care of by setting a c'ut-off distance where the interactions are no longer felt.
Should a ghost molecule retﬁ;n inside the cut-off distg'nce, its' presence would be feltA by
the reél molecule once again. When cut-off distances are chosen properly, MD runs even
slightly 'faster using PBC than _usir;g a drop 6f solvent, (because some of the
solvent-solvent interactions across the box .are neglected while all of them are computed
using a drop).

Another advantage of PBC is that the number of solvent molecules in the vicinity
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of the solute is always the same. When using a drop, if the original geometry is strained,
(especially for large systems), some of the solvent molecules can leave the system, acting

as if ;hey.were evaporating.
Solvents

. The Ongég._ehr-Maggg-Lipggrt Model -
The Onsager reaction field®* is the first useful formulation of the effect of a solute

molecule in a medium of dielectric constant €. The mathematical expression for the

dielectric constant is attributed to Debye85 , who stated that

e;; =-‘3‘é’EEN(a+—"f-) - o (10)
< |

where N is the concentration, (in molecules/volume), o and p are the polarizability and
permanent dipole of the molecule,lk is the Boltzmann constant, T is the temperature, and
the summation refers to the different coﬁponentg of the solvent mixture. |

Onsager's model refers to a spherical solute of radius « inside a . continuous
medium of dielectricv constant £, (see Figufe 3). In this model, the solvent polarizability

can be expressed in terms of the solute size and the refractive index, (1), of the solvent

it PL (11)

The question of which molecular size to use is not a trivial one. Onsager himself
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acknowledged that it is not reasonable to expect that the solute fills all the available space
and that, therefore, a void, where e=I, should be added to the formulation. In our
analyses, whenever a is needed in order to calculate some variable, we are going to
calculate the molecular volume from density values, (£5), in crystalline phase, assuming
that the shape of the molecule is spherical, and using the molecular mass of the molecule,
(AT). From this size, a radius can be calculated, (see Equation 12). Alternatively, using

the formulation described below, one can calculate values from spectroscopic results.

a="']m™. (12)
\ 4TD

Figure 3. Onsager model: Spherical solute of radius a in a continuous solvent of
dielectric constant e
An additional problem in this model is the continuous nature of the solvent. As
noted by Frisch et al*6, this model, is not realistic when hydrogen bonds are present. Our
calculations include hydrogen bonding between solvent molecules and, at least, partial

hydrogen bond between solvent and solute. And, as it will be seen later, we can develop
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a good qﬁantitative analysis.

Further work by Ooshika®’, Ma;tz;lgass’sg, Lipper_t9°’91, and McRae?>%3 has
improved Onsager's model ar.ld resulted in useful formulations for‘ the spectral shifts
reported in these previous refe;ences and in the work of Muiifio and Callis®!.

When an indole molecule goes fro;n vacuﬁm to solﬁtion in a polar solvent,-both
the ground and the 1La state are stabilized, although thé magnitude of the stabilization is
larger for the excited state as a ;esult of the larger dipole moment of this state. ’I)'he

amount of stabilization induced on the ground state is given by Equation 13.

- 2|l e-1 n?-1 22| n%-1
heAv . = -pi= - -pi L 13)
: p8a3[2€+1 2n2+1] ”333[2n2+1]

where p g is the permanent dipolev of the ground state of the solute,  is Planck's constant,
and c is the speed of light in vacuum.

Although the expressions containing f(i) in Equation 13 cancel out, they have been
included to explicitly state the contribution of this term to the orientational polarizability
of the solvent, (in the first bracket), aﬁd to its electronic polarizability, (second bfacket). '

| Both components of the polarizéb.ilil'ty of the solvent play differgnt roles in an
excitation process. When the solute*j is pr.omoted to the excited state, the solvent does not
have time to reorient in the time eiapsed in the excitétion, (Born-Oppenheimer
approximaﬁon). Thus, the orientational component of the polarizability remains constant
duﬁng excitation. ‘On the otﬁer hand, the electronic component remainé in equilibrium

with the solute dipole during the excitation process.
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In calculating the stabilization of the excited state-before the solvent has had time
to respond, we expect the orientational pc.)larizabi]ity contribution, (the first term on the
right side.of Equation 13), té 'be equivalent to that for the grouqd state, but substituting
one of the éround state dipole moments in pg for p o~ T0 explain this partial substitution,
one must consider thaf the solvent field is still equilibrated to the ground state, (thus a Pg
© must remain in thé expression), but the dipolé of the state is now p,, (thus a p, must

appear). Then, this contribution can be expressed as

2[e-1 n2-1 '
. ) (14)
IJ.O l"'ga3[2€+1 2n2+1} i

The contribution of the ele_ctro.nic polarizability of the solvent is not so obvious, beéause
the dipole inducing solven't field is not the same in both states. We can calculate the
ciifference in this contribution b;:t‘ween ground and excited states by obtaining an
expression for the work effected on the field by going from the ground to the excited

state. If py=p +(n p g)?\. and dp,=(n,-p g)d?L, then

gl p2-1’ w252 2 [ n2-1 '
—w=f w, = 2= lda, =( : F]— 2 (1s)
o a¥2n%+1 2 Ja% 2n%+1 z

" Then, the stabilization of the excited state is given by the sum of Equation 5 to
the contribution of the ground state to the solvent electronic polarizability, (from Equation

13), plus the contribution of the orientational polarizability, (see Equation’ 14).
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- 2[ €1 n2-1]
hCAV = - . — - +
ewced = " Ho Mg a®[2e+1 2n2+1]
_'(ui-uﬁ\_z_ n?-1]_ 22[n%-1]_ 16)
\2 )a®2n2+1] %a3|2n%+1
e pop [t 1] Betig) 2[ n2-1
° " %a3|2+1 2n2+1 2. )a* 2n%+1

By subtracting Equation 13 from Equation 16, we can calculate the absorption shift

upon solution relative to vacuum®1+94-%,

2""3[ e-1 - n2-1

2 2 '
_'I"'e—l'l‘g_2_‘ n?-1 an
2¢+1 2pn2+1

heAv, = -(iy~ Iy "2 a3 2n2%+1

a3

Once the molecule is in the excited state, the solvent will start reacting to the new
field induced by the solute. When the solvent finally is in equilibrium around the new
charge distribution of the solvent, a similar analysis can be done, resulting in the

formulation for the fluorescence shift relative to vacuum shown in Equation 18.

2u,’[ e-1 a2-1 ]’_ By -

2e+1 2p%+1

(18)

B2 2 [ n?-1

hc.A;f = (B Hy) 23| 2m2+1

a’ 2 g3

Primes are used in this equation to indicate that these dipoles do not necessarily .

" match those shown in Equation 16, because the polarization of the solvent field, (different
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from the one induced when the solute was in the ground state), also induces changes in
the dipole moments of the solute. The model we are using in our calculations does not

include electronic polarizability of the solvent. If we subtract Equation 17 from Equation

18, and assume that p e2-}1 ézng-pé , the electronic polarizability drops out®”%8

— =y o w2[e-1 _n2-1] '
hc(Avf Avﬂ) B (l"'e p'B) a—3.[ze+]_ 2112+1] (19)

which is convenient, since it allows us to predict this magnitﬁde without having to worry
about thellack of soivent electronic polaﬁzabi]ity in the —model.. This expression can be
thought as the difference in ﬂuoréscence shift between a fluid solﬁtion, (AV;), where the
solvent is allowed to relax aftef excitation, and a rigid solution, (AV, ), (for instance,
* indole in ethylene glycol+water at 80 K), where the solvept cannot react to the new
dipole. This last scenario may not be completely accurate, because our calculations oﬁ
3MI in butanol at 0 K show that the solvent molecules can realign their dipoles according

Lin a few picoseconds,

- to the new solute dipole and cause a red shift of 1000-2000 cm”
(see RESULTS AND DISCUSSION).
If, instead of subtracting Equation 17 from Equation 18, we add them up together,

(and divide by 2hc), we get the following expression

= A= 2 2 '
Ava+Avf _ _l“l‘e—p‘g 2[6—1 ] (20)

2 "~ " 2hc ga3|2e+l
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which is the quantity that Birks™ calls the shift in mirror symmetry wavenumber. The
importance of this expression stems from the fact that, from Marcus' work94'97, it can be
shown that!

A y a v f

AA = Yo Vs (21)
s 2

where AA_ is the difference in free energy of solvation between the excited and ground
states.
L_evy e.t al.}%® have compaied their calculated AA, to experimental AVa-AV,;f values.
On the other hand, Marcus”® has shown that this expression is equivalent to two times the
free-energy to charge a molecule in the process of going from being uniforn;ly neutral to
having a charge distribution equal to * the difference between the charge distributions of
the ground and .excited states'.
From Equations 20 “and 21, the sign of AA, depends oh the relative magnitudes
of p, and p g which is expected, because the free energy of solvation can decrease or
-increase aftt;:r excitation, depending on whether the excited state dipole moment is larger
or smaller than that of the ground state. On the other hand, if AAS were proportioﬂal to
'AVa-AVf , (see Equation 19), one would get similar free ehergy changes regdrdless of
which state has the larger dipole, which is counterintuitive. Callis®! has pointed out that
the expression for_* AA cbrréspox}ds to half the difference of the solute reacti<.)n field
inte;action potential energy. It is only half the difference because there is a quadratic

relation between the solute-solvent interaction energy and the magnitude of the solute
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charges due to the linear response of the solvent field.

Water Models .

Important to any calculations in solution is the question 6f which theoretical model
to choose for the solvent. Basically, two issues have to be addressed in pickin‘g it. First,
the model must be fairly good in predicting th.e properties at hand. Second, it is
impértant that it is as simple as possible in order to reduce computational time.

The search for a model for w’ater‘ has been and still is the subjéct of numerous
| studies. One of the first widely accepted was the S&‘Z mddel, due to Stillinger and
Rahman!®1192,  The early models tried to proﬁde a method capable of mimicking

solute-sqlvent interactions, and were parametrized to yield good results in som_o; specific
property.

Perhaps the most accurate model for non;rigid water is due to Watts!?®, He fitted
tﬁe model to spectroscopic data for the i_solated water molecule and to the second virial
coefficient of steam. He also corrected for lopg range interactions, with the result that
his model was good in predicting the static lattice energy of ice. Unfortunately, this
model needs 19 and 12 parameters for the int;;l- and intermolecular poténtial energies, -
respecﬁveiy, making it computationally expensive for large syétemé.

In 198 1, Berendsen et al 104 proposed a. néw r-igid model for water, called SPC,

_(single point charge). In this model, each atom of each water molecule is represented by
a point charge, (O.:-O.820 au.,, H:+0410 a.u.), and each molecule presehts a rigid
geoinetry with r5=1.0 A and Ogop=109.47°. Key to this model is a Lennard-Jones

“potential that reproduces very well the solute-solvent distances.
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Meanwhile, Jorgensen ez al.103-106 developed the "TIP" series: TIPS2, TIP3, and

TIP4P. These models are all'ﬂexiblel, and, therefore, they include some polarizability of
the solvent. The TIPS2 and ':I‘IP4P models also include some electronic polarizability,
be_causé, although the positive charges, (~+0.5 a.u.), are centered in the hydrogens, the
negative charge; (~-1.0 au.), is not centered on the oxygen, but on a point 0.15 A away,
whose distance to the oxygen may change. The TIP3 model does not have this feature,
but it is simpler, (fastef), and more used. As SPC, it has; three pbint charges, (0:-0.834
au., H:+0417 au.), with r54=0.957 A and 9H0H=104.5i°, and it is also a good model
to predict intermolecular distances.‘ |

The  model used in these calculations, which is the default for Discover, (the
molecﬁlar dﬁmics program we use), is labelled SPC, but is not a pure SPC model.
Rather; it is a SPC/TIP3 hybrid, buiit accordiﬁg to the foltlowing‘specificat»ions;

1. SPC Lennard-fohes botentials for ongex_i. |

2. SPC charges.

3. TIP3-like Bond length and angles, ( r0H=0.96 A and Oou=104°).
4.1t is flexible. - |

5. .Lennard-Jones parameters fdr hydrogen, (A=10'8 kcalAn/mol).

A regular SPC model does not need a Lennard-Jones paramé;er for hydroger;
because the model is rigid. However; when the> model is flexible, if the parameter is not-
included, it w;)uld result in the so called Coulomb catast;roplze107; that is, the hydrogens B
would be pulled away from their oxygens by the neighboring oxygen atoms. |

Lau et al.'% have found that the first peaks of the 0O-O, O-H, and H-H and the
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second peaks of the O-H‘and H-H calculated radial distribution functions, (rdf), are within
0.1 A of experimental values. The second peak of the O-O rdf has-an error qf 1.0 A. The
equilibriurh.densi'ty is within 3% of experimental value and the intermolecular energy has -
a2% érror, (~0.2 kcal/mol). On the other hand, the diffu;ion coefficient is off by a factor

09

of 2. These results have been confirmed by Th(‘)mpson1 , except for the second peak of

the O-O rdf, which he does not observe.
Experiment

Eariy stuaies of indole!* were done by méasmement of the absorption spectrum
of the vapor phase or liquid éblution of indole in a spectrometer. Thus, the molecule was
excited with a non-.coherent, low intensity soufce, and the linewidth of the exciting light
was fe'zirly broad. The use of lasers as an excitation source was a significant
improyemeht, because the linewidth 6f the light is much narrower and allows for site-

selection?

10 which means that we can selectively excite different conformers on the same
molecule or molecules which are in a particular type of environmeﬂt.

In our experiments, we use the technique' of laser induced fluorescence excitation,
widély used to study indoles and similar’ molecules in all types of environments>233, In
these experiments, the sample absorbs part of the light in the laser beam, but, instead of
measuring the améunt of light absorbed, what is measured .is the fluorescence emitted by
the exéited molecules. In condensed phase, this -measuremént is generally equivélent to

an ‘absorption measurement of the 1La and 1Lb states, because, although the amount of

collected fluorescence depends not only on the absorption, but also on the quantum yield
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of the transitionllo, the quantum yield does not change with the excitation frequency.
This behavior, however, is not characteristic of the.gas phase. The expression for the
quantum yield, (¢p), is:

o -2 22)
- kptkg

where kg is the rate ‘constar.lt for the fluorescence process and ky, is the rate constant for
non-radiative pro'cesses starting at the same level as the fluorescence. ‘Obviously, if a"
véry strong -absorption is follbwed by total intersystem crogsing, no signal would be
collected using this method. In practice, for our Work on indole in a supersonic jet, it has
5éen fpund that at ~1500 cm™' above the 1Lb origin the quaﬁtum yield decreases

significantly and fewer transitions are characterized>>111:112,

Supersonic Jet

The combination of laser induced fluorescence with expansion in a supersonic jet
started in thé 1970s. Levy er al}3 reported a fluorescence ex’citatioﬁ spectrum of NO,
that was much simpler than'a.ny ‘othér.measured at room temperature. This is the main
advantage of a supersonic éxpansion: it allows the "cooling" of the molecules, resuiting
in a significant decrease in the population of the vibrationally and rotationally excited
states of the electronic ground state.:

A supersonic jet, (see Figure 4), consists of a pressurized chamber at 3-10 atm, (a),
with the sample and a éarrier gas, (norma]ly helium, but other noble of even non-noble

[

gases can be used). This chamber is connected to another one, (b), at higher vacuum,




29

(>10 5torr). In between these two chambers there is a small opening, or nozzle, whose
diameter is in the order of 0.05 to I mm. When the molecules escape from the first to
the second chamber, they acquire a large kinetic translational energy in the direction of
the expansion. However, this energy is taken from the rotational, vibrational, and the
other translational degrees of freedom, resulting in very low rotational, (-1-5 K in our
system), and low vibrational temperatures, as well as a smaller transversal Doppler

effect110.

Figure 4. Schematics of a supersonic jet

As a result, most transitions originate at the v=0 state of the electronic ground
state and each of the few transitions present in the spectra can be assigned to a normal

mode, overtone, or combination band of the electronically excited state.

Two-Photon Spectroscopy

In the previous pages we described the technique of laser induced fluorescence.
In general, the simplest way to reach the excited state consists of using a photon whose
energy matches the gap between initial and final states. This is the basis of what is called

one-photon absorption, or OPA, (see Figure 5). However, there is another way to reach
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the final state: if, simultaneously, two photons arrive at the molecule, and the sum of their
energies matches the energy difference between states, the photons can be absorbed and
the molecule ends up in the excited state, even though each individual photon is (il
resonant with any individual state of the molecule. The two photons do not need to have

the same energy, although they will in our experiments.

Figure 5. One- and two-photon absorption.

The first formulation about two-photon process was due to Gdppert-Mayer114 in
1931. At the time her work was published, however, there was no light source intense
enough to induce these phenomena. The two-photon formulation can be derived from
perturbation theory. When the photon flux of the light source is high enough, second
order perturbations are no longer negligible.

Two-photon spectroscopy is just a branch of a more general field dealing with

multi-photon processes. An excellent theoretical treatment can be found in the work of



31

McClain' 117 ang Schlag er all8, In our experiments, we w1]1 be dealing with the
particula; caée-where the two photons are absorbed siﬁultaneou’sly, and the moiecule has
enough time to become spatially randomized befdre emission. Thus, no infonﬁation about
the emitted photon polarization is required 6r gained. Furthermore, as the absorption of
the two photons takes place sim.ultaneously, the molecule‘cannot move in that interval,
and the photoselection refers only to the ground state and the final state reached by the
two-photon absorption. 'Mglson and McClair‘1119 pointed out that even if the excited state
undergoes internal conversion and then ﬂﬁoresces, the photoselegtion informétion about
the original excited state is conserved. This last statement is of paramount impoftance
to our experhnent§ because, independently of which one .is tile fluorescing state, we can
éet information about the state that was reached upon absorptioni. The rate of

simultaneous absorption of two identical, non-resonant photons ig!17:120

mte = |p-S- p[212 (23)

where p and I are the unit polarization vector and the flux of the laser light, and S is the

two photon tensor.

An expression for a component, (S ), of a 3x3 two photon tensor is also widely'

available in the literature!!7-120:121

_2aby | (24)

Sab = oy
i vig V'laset

where a and b are x,' y, and z, and the summation is extended to all energy levels,
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including ground, (g), and final, (f), states.

Inspection of Equation 23 reveals that there is a condition required in order to
have a strong two .photon absorption: The laser intensity needs to be ,strbng. In particular,
for oﬁr system, Where thé laser light comes from a pulsed nanosecond dye laser, the laser
beam needs to be tightly focﬁsed in order to supply enough photon flux, (see METHODS

section). ) .

Polarization
It was stated preﬁously that, through photoselection, we can get information about

the nature of the excited state. From Mc(flain's115

work, Equation 25 gives the
expression for the fluorescence intensity when the two absorbed photons are identical and

the emission is isotropic.
4 .
I =E:1 PllMiij ‘ (28)

where P; are geometric factors depending on the polarization ‘of vthe absorbed and emitted
photons, M is a rr.latrix that binds P; and Q;, and Q; is a factor which depends on the
two-photon tensor, (see Equation 23), and the ﬂ;orescence transition dipole.

The key factor here is P, As P, depénds on the polarization of the light, it is
expected that the fluorescence intensity will change if we change the polarizatién. To this
effect, McClain!1® has deﬁned several mol'eclular'para.meter's. Two of them are. presented |

in Equations 26 and 27, (see also Cal]islzo).
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8r = 3 S, S (26)

8g = 2 S S ' \ 27)
. ab

"

From these parameters, a third one, 2, can be defined. This Q is the so called
tw o-photbn polarization or polarization ratio, which is the ratio of fluorescence intensities
obtained when using circularly and linearly polarized light.

Q = ICIRCULAR = 3-61’/60 - - (28)
Lngar  2+8¢/8g

(we are still under the assumption that the molecules are randomized before emission).
Under these conditions, it can be showﬁ that 2 can vary only between O and 1.5120,
Expeérimental results32:33:3 havé consistently shown that € is approximatgly 1.5 for the
lLb state and 0.5 fo; the lLa state. These measurements agree quite well vs_zith calcu-lated
INDOYS values'?®, Transition to the 1Lb state ié favored when the polarization of the
. second photon is perpend{culax to that of the first one. This scenario is enhgnced by the
use of circularly polarized light. On the other hand, absorptior'li to the 1La state is favored,
when the polarizations of both photon are paréllél, and this is obviously enhanced by the
use of linearly polarized light. Thus, two photén spectroscopy using polarized light

provides a means of distinguishing 1La from 1Lb transitions.
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METHODS
Theoreti th

Hardware

With the exception of one se.t of simulations, which will bé described later, all the
calculations reported here have been performed on a Silicon Graphics 4D25TG Personal
Iris, with an IP6 Processc;r operating at 20’ MHz and a MIPS R2000A/R3000 processor

chip.
Software

INDOS

INDO/S was obtained from Professor Michael Zerner®%%7 and adapted by Patl.'ik
Callis to run in the UNIX environment. A configuration int'eraction of 196 singly excited
‘'states, (14x14), was used to calculate the transition energies for ;the 1La and 1Lb states;
Mataga-Nishimoto gamma integrals73 were used because they have been shown by Callis
to better reproduce experimental results for indoles when used with singly excited

59

configurations.”> Also, from this work of Callis' we chose the corresponding scaling

factors for the molecular orbital interactions: 1.000 for Gs-Cp 1:267 for Gy-Cp and 0.585
for .- interactions. The, effect of the solvent on the solute was treated as purely

coulombic, and thus, it was added to the diagonal eleménts of the Fock matrix. This aiso

has the advantage of not introducing the molecular orbitals of the solvent molecules into
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the calculation, greatly reducing the computational time required for these calculations.
The atomic charges for the water molecules were picked from the SPC model'%*: -0.820
a.u. for oxygen and +0.410 a.u. for hydrogén. For the other solvents, an 'optimized
geometry was obtained using MOPACS6, (adapted by V. Danﬂov), followed by an INDO/S
calculation performed on this geometry to obtain theicharges from the Lowdin basis atom

densities. A list of the charges for the three solvents is given in Table 1.

Table 1. Atomic charges for three of the solvents used.

BUTANOL METHANOL ' DME
Atom  Charge | Atom  Charge | Atom  Charge
Cl- 00970 | C 0.1100 | C1 0.1060
Hil 00520 | H1 - 00210 | HI1 0.0220
HI2 00460 | H2 00210 | HIZ 00220
Ol  -05070 | H3 00210 | HI3 0.0220
HO 0.2830 0 03910 0 -0.3440
C2 00570 | . HO 02180 | <2 0.1060
H21  0.0320 H21  0.0220
CH22  0.0450 _ H22 0.0220
C3 " -00610 | - - H23 0.0220
H31 0.0450
H32°  0.0350
c4 -0.1140
H41 00310 |
H42 0.0350 -
H43 0.0380
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Molecular Dynamics

Molecula;r Dynamics was run using the program Discox}e'r v. 2.80, from Biosym.
The input files were prepared using the graphics interface InsightIl. A single 3MI -
molecule, (or indole in some simulations), was placed in the center of a periodic boundary
conditions cubic box. The number of solvept ;nolecules .added to the box resulted in a
total density of ~1 g/cm3 for water and ~0.8 g/cm3 for the other solvénts. In dne set of
_simulations involving 3MI in water and another one, involving 3MI in butanol at 0 K, the
solute was placed at the center of a spﬁeﬁcai drop;‘ of solvent.

_ The geSmeuy for the solute was obtained frém a tryptophan crystal structure 22
and adapted for planarity of the molecule, (see Figure 6). Geometries for the ;La and 1Lb
states were est_imat‘ed ulsing INDO/S. To obtﬁn them, the bond length variations witﬁ
reépect to the ground state geometries were calculated by mulﬁplyi;lg the corresp_onding
off-diagonal terms in th‘e n-bond order difference mé@ices by the scaling factor -0.1759.,.
(see Figu;e 7),‘or 02233123 The charges for the solute molecule were also obtained
using INDO/S. Iﬁ some instéﬂceé, the charges calculated for the isolated molecule were
used, but, mdst frequently, the charges were calcuiated for the fnolecuIe surr?unded by
the solvent- cloud. Two different approaches .were tried. First, a model we cglled
semipolarizable was developed. Charges were calculated for 1000 different configurations
and averaged, for ground and excited states. The charges calculated in this way were kept
constant during the whole molecular dynarhics simulation. Later, a second model, called

polarizable, was introduced. In this model, after a small number of molecular dynamics

steps, the coordinates of the whole system were extracted and used as input for INDO/S,
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Figure 6. 3MI, (a), and indole, (b), geometnes in the ground state. The C-H and N H
bond distances are 1.08 A.
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Figure 7. Geometries for the 1La, (a), and lLb, (b), states of 3MI, and the 1La state of
indole, (c). The C-H and N-H bond distances are 1.08 A
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which calculated a new set of charges for the solute that was used for the next dynamics
_ steps. The same solvent charges used in INDO/S were used l;ere. Independently of the
model used, output from -any of the programs, (INDO/S or Discover), was going to be -
used as iﬁput for the other one. To adapt the files to the requireq format, we wrote our
own code, (see Appendix A for a list of programs and files), using Fortran77 on the
Silicon Graphics. | |

We chose to use the CVFF cforcefield79, which is the ('iefault in Di_scover. As
stated before, one set of simulations was performed without using Discover. The program
CHARMM'?* was run for these particular simulations on. t}ue CRAY YMP at the -
Pittsburgh Supercomput-jng Center. This prégram has its own forcefield, which includes
the TIP3 model'®1% for the water molecules. No significant differences were found
with respect to Discover, thus, CHARMM was no. ionger used.

It was necessary to introduce cutoff distances when using periodic boundary
conditions, in order to reduce the number of non—bondjné interactions so thg calculations
could be performed in a reasonable amou‘nt of time. The cutoff distance was set at 10
A for the Discover calculations and 9 A for those run in CHARMM.

In the CVFF forcefield, there are threé switches that can be used to specify
whether particular additions or modifications are to be added to the potential energy: The
first switch allows the inclusion of charge-ch‘arge interactions (coulombic);.the second
determines whgther Or not cross terms (or coupling of the deformation of internal

coordinates) are to be included; finally, the third switch allows the addition of a Morse

function to the potential energy terms so that they are no longer harmonic. In our
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calculations, the first two options were used. Some experimelitation was done on the use
of Morse potentials, but it was found that, due to a bug in the program, the calculations

crashed when these potentials ‘were included along with ‘s_olvent molecules.

Molecular Mechanigs_

Dispover was élso used to run molecular mechanics under the same conditions;
(forcefield, cutoffs,...) that were. used in molgcular: dynamics. | The steepest descents
algorithm was chosén to find a minimum for the system because it is the most convenient
to use in the presence of many atoms. The criterion for a conformation to be considered
a minimum, (in tl;e presence of solvent), was established at the lar'gest gradient being less
than 0.5 keal/A.

Some calculations were performed where the number of atoms was small, for
instance, when searching for minima for an indole-solvent compléx or for rotational
conformers of tryptophan. In these cases, the Quasi-Newton-Raphson algorithm82 was
chosen because i-t convérges faster fdr small systems. Morse potentials were iﬁbluded and

the criterion for a minimum was set for the largest gradient being less than 0.0001 kcal/A.

Procedure

Solution

Once the solute was surrounded by the solvent cloud and the parameters for the
calculation were set, as'previously déscribed, a molecular mechanics minimization was
done to eliminate all possible strains in the system that would not allow molecular

dynamics to run. At all times during this minimization as well as during dynamics, the .
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solute geometry was kept fixed, in order to not let molecular vibrations interfere with the
. solvent effects, which was the object of our study.

After a local minimum was found, (according to the criterion described in the

previous section), molecular dynamics was initialized for 1000 steps, (1 fs each), in order

.to‘ bring the temperature of the system to 300 K by scaling of the velocities of the solvent
molecules. Thep, the eﬁsemb}e was equilibrated and homogenized for another 99 ps.
Such a long equilibration is necessary t(-) bring the system to a Boltzmann distribution of
' energies, as evidenced by &e small oscillations in the total energy, ‘(at earlier stages, t-he
oscillations are large, indicating the scaling -of the kinetic energy is frequently under way).
After these_ elapsed 100 ps, the system was ready to start our calculations, e;s indicated by

the smaller fluctuations in the energy of the system.'
A tion
The solute was always kept in the ground state to calculate the ébsorption redshift.

The calculations started with the equilibrated system at a time arbitrarily. called 0.

Molecular dynamics was run for 5 fs and the coordinates for the ensemble were obtained _

and input in INDO/S which then calculated the transition energies, permanent dipoles, and

oscillator strengths for the 1La and 1Lb states and the ground state charges, (Appendix A -

contains a list of typical command and data files) . The charges were then changed in the

molecular dynamics input, so this program could use the new charges for the next 5 fs.

This procedure was repeated 6000 times, so a total of 30 ps of dynamics was simulated.

We had previoﬁsly performed shorter simulations using 1 fs dynamics runs between. -

INDO/S calculations, and we.had found that 5 fs infervals between transition energy
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calculations capture all the structure in the solvent induced fluctuations.
Afte'r the calculation was finished, a histogram of the frequency of the transition
energies was generated using Quattro Pro. The chosen transition energy intervals were

50 cm™! for lLb and..200 em! for L

.- 1he maxima of these two histograms were
compared to the transition energies for both states in vacuum and thus the Stokes shift
Iwas, calculated for each of the solvents.

Math_einatical manipul‘atiqn of the solvent induéed transition energy fluctuations
can yield information about time resolved fluorescence redshift. If we calculate the
autocorrelation function, (see Equation 29), of these fluctuations, this function should be
equivalent to the calculated direct response"'s"”s’125 (see next section), in the event that
the solvent is not significantly polarized by the solute*8

(Avg @ Ave ®) _ v(g)-v(w)

(29)
(Av @F YOV

Coe® =

Fluorescence

In-order to calculate the fluorescence redshift, the solute lwas excited to the 1La
state at some point in the calculation. This was achieved by mstmtmeously changing the
geometry and charges of the molecule from ground to 1La state values.

After an equilibrated ensemble was generated, the caléulation was ready to start.
The .procedure‘ v'a.riedl depend’ing ‘on whether the solvent was semipolarizable or
polarizab.le. The time scales were different for water than for ‘Fhe other solvents. The

values shown in the following description correspond to water, while the values in
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parentheses are the ones used with the other solve;lts.

When the solvent was sem ipolari;;'able, (as described in’ the‘ MMM
section), moiecular dynamics ran w1th the solute 1n the ground state for 0.5 ps (1.25 ps
for the non-aqueous solvents) and the coordinates for the system were re'ad and stored
every 10 fs (25 fs). Then, the geometry and charges of the solute were changed to the
1La values, and molecular dynamics ran for another 4 ps (10 ps). During fhe first 200 fs |
(400 fs) after excitation, the coordinates of the ensemble were read and stored e\\rery 5fs
(10 fs). For the rest of the run, these coordinates were extracted every 10 fs (25 fs). The
50 structures read for the ground state and the 420 read for the excited state were then
input into .INDO/S, which generated transition eqergies, dipoles and oscillator strengths
for both excited states that -Wouid be plotted as a function of ~time. Normally, ten
calculations, (each with a different 'starting point), were performed under a partiéular set
of conditions and averaged.

When the solute was polarizable, the time scales involved were similar, but
molecular dynamics did not run continuously. Instead, eirery time the ensemble
coordinates were ektracted, mélecular dynémics stopped and an INDO/S calculation
followed. Along with the transition energies, dipoles, and oécillator strengths for the
excited states, new charges for the solute were calculated and input in the molecular
dynamics calculations. As it was done for the sem ipolarizable model, -a set of ten rdns
was recorded and averaged together.

Finally, some calculaﬁions were done in butanol at 0 K. Th'e.procedu;e was

- different from those described before. The system was equilibrated at 300 K. Then, 25
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starting configurations were generated, each of them at 1 ps from the previous one, (still

at 300 K). Every configuration was cooled down for 8 ps to within 0.05 K of 0 K.

Molecular dynamics was run for 2 ps, still in the ground state, and coordinates were

recorded every 25 fs. Then, the solute was excited to the 1La state and molecular
dynamics ran for another 5 ps. During the first picosecond, coordinates were recorded
every 10 fs. For the rest of the calculation, coordinayes were recorded every 25 fs. Once
again, they were fed into INDO/S to get spectroscopic informaticn on the excited states.
The 25 calculations were averaged, bqt individual analyses on some of them were glso
done. For instance, the ﬁucrescence decay in some runs was Fourier transformed to get'

/

information on the frequencies of the decay.

Rotati nformers of Tryptophan in Vacuum'

Molecular mechanics, (using Discover), was used to study the number and relative

population of the rotational conformers of non-zwitterionic tryptophan. The geometry of

the indole ring was kept fixed while each of the angles in the side chain was modified in

steps of 60°. Then, molecular mechanics was run until a local minimum was reached. -

More than 60 different minima were found. Their relative population was calculated by

- means of the Boltzmann factor for the energy of the minimum. Also, an INDO/S

calculation was performed on each minimum to determine the _lLa and 1Lb transition

energies.
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Experimental methods

Chemicals

Indole from Aldrich (99+%), lot number 03231AZ, was used without ‘further
purification. Bulk deionized water from our lab faucefs was pure enough for these
experiments. D,0 (99.9%) was purchaséd from CIL and.methanol (HPLC grade) was
obtained from 'Fishe’r. Ultra high purity helium (99.999%) was necessary for these
experiments. Lower grade helium wés tested, but it' contained enougﬁ impurities .to {
produce a, significant number of complexes with indole that showéd in the spectra.
Helium was obtained from General Distribuﬁng. |

The dyes for the laser, (C540A, R590, and R610), were obtained from Exciton.

Methanol, already described, was used as solw)ent for the dyes.

Instrumentation

Our experimental setup can be seen in Figure 8.

A Q-switcheﬁ Lumonics Nd:Yag (HY-200) was used to pump a Lﬁmonics HD300
dye laser'26-128  Either the second (532 nm) or the third (355. nm) harmonics were used
to pump the dye laser. The laéers' operated at 20 Hz and were driven by an Iota One
c.ontroller, (from General Valve), wlﬁch also was used to run the nozzle, (also from
General Valve), in the jet, (Appendix B contains informatiop about the connections and
parameters of pperation).

The supersonic jet was built by Jungst SCientific according to the specific;ations

provided by Callis and Sammeth. It consists of a cubic stainless steel hollow box of 25
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Figure 8. Experimental setup.
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cm per side. Two cylindrical tubes (¢;=2.5 cm) guided the laser light in and out of the

jet along its X axis. Each of them has three internal baffles (¢,~4 mm) to prevent outside

* light from entering the jet. Two quartz windows sealed with Apiezon were placed at the

outer ends of the tubes and perpendicular to the laser beam. The inside ends do not touch
each other. Rather, they are approximately 15 cm apart.
A heated sample chamber was located above the jet and was connected to the

nozzie directly along the Z axis. A second chamber, containing the solvent could be

~ connected to the carrier gas line, (see Figure 8). The amount of solvent in the system was

regulated by metering valves. The nozzle could be displaced along the Z axis. 'For the
one-photon experiments, the nozzle was 2.0 cm above the center of the chamber, (which

was crossed by the laser beam). For the two-photon experiments, the nozzle was 0.5 ¢m

. above the center of the chamber.

To aid in the fluorescence collection, a series of optical instruments was al_igned‘
along the Y axis. A coated _sphericél mirror, (¢=60.0 mm, fl.=25.0 mm), from
Melles-Griot, was placed opposite‘ the PMT, (described later), on the other side of the
molecular beam. Fluorescence was focused on the PMT by means of two S1-UV grade
fused silica lenses, from Esco, (q)=50.8 mm, f.l.1=50.'8 mm, and £1.,=101.6 mm).

| A vacuum was constantly kept in the chamber by meéans of a series of pumps. A
Varie;.n 15.8 CFM roughing pump, backed a Varian VHS-6 diff:usion pump, with a §peed
of 3000 1/s (He). We placed a gate valve and a cryopump between chamber and diffusion |

pump. The Edwards GVA 060M gate valve allowed isolation of the chamber from the

*pumps, so'they could be running while modifications were made inside the chamber. The

cryopump, which was not cooled, simply acted as a trap to prevent oil spillage from the
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diffusion pump into the chamber. The diffusion pump could be bypassed, so it was not
necessary to stop it when the chamber needed to be roughed. Two Varian stainless steel
thermocouple gauges ,(modei 531) connected to Varian 801 controllers measured the _
chamber and backing pressures, while a more precise Varian 524-2F cold cathode
jonization gauge connected to a Varian 860A cathode gauge control recorded. the préssure
inside the. chamber when this :was below 10'? torr.

As mentioned before, the Iota One controller drove both the nozzle and. the lasers.
However, due to the mecﬁanical nature of the nozzle, as opposed to the electronic nature
of the laser firing, the effective opening of the nozzle took place after the laser beam had
already passed through the jet. Therefore, it was necessary to introduce a deléy in the
laser trigger to avoid this problem. First, we used ;1 homemade electronic delay with a
range from 0.4 to 2.5 ms. Unfortunately, this delay was very sensitive to ground current
loops and the circuit breaker in the Nd:YAG laser was frequently throw-n. Thus, we
adapted a EG&G Princeton Applied Research model 162 boxcar averager to act as a
delay. Finally, we acquired é Stanford Research Systems DG535 Digital Delay/Pulse
Generator, (see Appendix B for details). All three delays performed equally well and the
results were similar. ‘

‘When doing one-photon spectroscopy, the gre'eﬁ laser light emitted by the dye .
laser was doubled into UV light by means of an Inrad Autotracker II frequency doubler.
To generate circular and linear polarizations fo_1; the two-photon spectra, a double Fresnel
rhomb half-wa\'re plate followed by a Fresnel rhomb was usedﬁg, Also in two-photon
spectr’oscopy, a UV grade 'fused. silica focusing lens, from Esco, (¢=50.8 mm, £1.=700

mm), was placed at the jet entrance, at approximately 460 mm away from the center of
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the jet cﬁamber, in order to focus the laser beam at 240 mm beyond that pbint. This was -
the distance that yielded the best experimental results by increasing the laser éc;wer
without significantly reducing the excitatio'P volume.

Fluorescence was collected at right angles with a Hammamatsu R928 PMT cooled
" at -25°C‘. The output was amplified and gated using Evans Associates circuitry included
in a boxcaf triggered by a pair of photodiodes placegi at ‘the dye laser exit. This boxcar
was built by Anderson and Callis'?®. A diaphragm with a 5 mm opening and a WG-320
filter (2 mm thick) were used to prevent scattered light from reaching the PMT during
' -one-photon spectroscopy. The transmittance of a 1 mm WG-320 filter is less fhan 107 for
waveleﬁgths between 270 and 290 nm. ‘Transmittance goes up.very quickly, reaching 0.8
at 325 nm. A 3 mm thick UG-ll filter, ;1 saturated aqueous solution of NiSO,, and .a
diaphragm with a 1 cm opening were used in two-photon experiments for the same
purpose. A UG-11 filter transmits ‘\"ery well in the region of 325 nm, where the
fluorescence is collected, but its transmittance, (per mm), a.t 560 nm is aiso Jess than 107.
) NiSO4 was used to block the R#man scatt_ered light produced by the quartz windows
wh'c;n the lasef beam passed through them. A sahrated solution of NiSO, does not
transmit from 680 to 750 nm, the region of the spectrﬁm corresponding to the scattered
light, but does give a window of i;ansmission around 325 nm. The laser intensity was
measured by a homemade ciixantum counter containing Rhodamine B built by Johes and
Callis!3°. |

Data were recorded in a PDP-11 computer through a Data Translation A)D' board.
A piogram to coﬁtrol the laser scan and to drive the polari.zer was wri&en by Anderson,

Callis, Jones, Rehms, Theiste, and Williams, and later modified by Sammeth and Muifio.
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The pressure in the sample chamber was set at approximately 4 atm, while the
tempefature v"/a.s 44°C in the one-photon experiments and 90°C in tl_le two-photon
experiments. When the nozzle was not in qperation, the pressure in the jet chamber was
kept at ~5x 107 torr. The pressure raised to ~5x107 .torr when the jet was firing. The Iota
One controller triggered the nozzle at a 20 Hz rate with an opening of 600 ps per shot.
The laser was fired with a delay of ~500 ps with ‘respect to the nozzle trigger.

The second harmonic of the Nd:YAG laser was used to pﬁmp the dye laser when
using R590 (53 mg/l) or R590+R610 (53 mg/l and 7 mg/l). The third harmonic was used
to pump the dye laser when using C540A (1080 mg/l). The laser ‘beam was expanded at
the exit of the dye laser using an inverted galilean telescope, in ordef to bring its diameter
to ~4 mm, which is the minimum required to prevelit burning of the optical coatings in
tﬁe mirrors. These mirrors are used to align the lgser beam through the jet. To aid in this
procedure, the last two mirrors r;lre placed as closé as possible to the jet entrance, (see
Figure 8). It is necessary, however, to leave enough room 'tc.) place the frequency doubler
or the polarizer and the focussing lens between the last Iﬁirror' and the. jet. The last mirror
should not be mopnted dirécrly on the table. It should be bolted to an XY mount in order
to assist in the fine adjusting of its position

The collected fluorescence and the laser signal were gated and integrated for 200
ps in the boxcar, converted to digital outpu't and directed to the computer, where they
were stored. To normalize the signal, this.was divided by the iaéer inténsity in one-

photon experiments and by the laser intensity squared in two-photori experiments.
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RESULTS AND DISCUSSION

This section is divided into the same two categories as the METHODS section
was. The first is a description of the theoretical work and a discussion of the results
obtained for indole and 3MI in bulk solvents. The second refers to the experimental work

on indole and van der Waals complexes, including as well a discussion of this work.

Theoretical Work

Figure 9 shows the lLa and 1Lb transition energy fluctuations fbr 3MI in' the
ground state in water at 300 K. At t=0, -the molecule abéorbéd a photon and was excited
to the 1La state. This excitation was simuiated by instantaneously changing the charges -
of the solute from ground state to IL; values. It can be interpreted from the graph that
this had the effect of reorganizing the solvent which, in turn, s_tabilized both excite& states
resulting in a red shift in the transition energies. At t=2.0 ps, the molecule emitted a
photon .and returned to the ground state, (simulated by a new changg in the charges).
This brought the transition energies to pre-excitation values.

" Although this calculation was useful in establishing that this method could be used-
to study the transition energy ﬂucmaﬂong and their response to excitation, it is clear that
several improvements were needed in order for it to yield good quantitative results. First
of all, the question of the time step- arose, 'that is, the'question of how often it was

necessary to calculate the transition energy fluctuations. To answer this, a caltulation was
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Figure 9. 1aand ILb transition energies for 3MI in water. The system absorbs a photon at t=0, and emits it at t=2 ps.
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performed where the transition eneréies were obtained every femtosecond. It was
discovered that all the structure could be observed if an INDO/S calculation was done
every 10 fs, (5 fs for the first 200 fs after exci_tation), as reported in the METHODS
section along with the time steps used with the other so‘lve;ﬁts. It was also clear that it
was redundant to simulate excitation and emission, as this matched the fprmér‘.

Another factor that was ;10t taken into account was the difference in geometry
Between gr(_)imd and excited states. This is not exceptionaﬁy important in order to -
calculate red shifts. However, in the case of 3MI, if the ﬁolecule remains in the ground
state; geometry, our calculations show that the ‘1La.and 1Lb states are aﬁnoSt degenerate
after excitation. In this situation, therg is an avoided crossing between both states. that
complicates the interpretation of results. As a geometry for the 1La state has not been
experimentally dete?mined, we esiimated it using an average of 4000 INDO/S
calculations, each of them with a different solvent field. The procedure to obtain t_his
geometry has been outlined in the METHODS section. Thls ad hoc geometry does not
necessarily represent thevlLa tﬁinimum, but it is disélaced towards it, and this results in
the 1La vertical transition being generaily smailer than the 1Lb transition in polar solution.
As an example of this decrease- in transition cngfgy, the values for the transﬁon energies
for 3MI in vacuum go from 33951 and 37185 cm™ for 1Lb and 1La .respect‘ively,‘(SOv
geometry), to 33177 and 34671 cm'l, (lLa.geometry). Figures 6 and 7 show the different
geometries used.

Another refinement, dealing with the solute chargels, was also introduced. In the

calculation shown in Figure 9, the ground and excited state charges were calculated using
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INDOY/S for the isolated molecule, (vacuum). In principle, these values should not'égree

with values calculated for 3MIrin solution. Thus, the 4000 INDOY/S. calculations ﬁsed to

. '(
calculate the 1La geometry were also used to obtain the charges for 3MI in solution.

3MI _in_Water
Fluorescence

In this section, (and similar ones for the other systems), we wil-l- show the results
that yield information on the fluorescence red shift.

Figures 10 and- 11 show results using the semipolarizable and polarizable
procedure, respectively, (see METHODS section). Figure 10 shows the de-cay in-the
_ fluorescence, (as r‘neasured by the decay in the transition energies), for 3MI in water when
the molecule is excited to the lLa state,> averaged over 5 runs. In these simulations, the
molecule is in the ground state from t=-0.5 to t=0 ps. At t=0, the solute is excited to the
1La'state, in'this case b); changing its charges and its geometry from ground to 1La state
values. The change in geometry can be seen in this figure in the vertical transition energy
drop at t=0, (for both 1Lzl and 1Lb states). It must be emphasized that this drop would
also be present even in the absence of solvent becaﬁse it is a purely geometric effect.
Following the excifation, the solvent reorganizes as a consequence of the new dipole of
the solute molecule, thus causing a red shift in the transition energies of both excited
states. This similar behavior of both states' transition energies is expected because the red

shift is related to the magnitude and orientation of permanent dipole of each state. Since

the 1La dipole is larger than the 1Lb one and their orientation is roughly the same, it is
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expected a very simila; pattern for the transition energy decays with larger values for the
: 1I‘_,a-one'. - : ' . j |

“The bracket ‘at the bottom left of Figure 10 represents the experimental
values!31132, Unfortunately, no direct response has yet been measured. directly for this
system because the time SCaies inyolv'ed here are too fast. Barbara er al®, and
especially, Fleming er al** have Had success in measuring the subpic()second.response
of coumarin dyeé in water. Thus, this reported t;,xperimental shift, -3800 cm™, is
compared to the difference between the fluorescence Stokes shift of.a 3MI solution in
water at 300 K131, (where the solvent can reorient and stabilize the excited states after
absorption), and that of a 3MI solution in an vethylene glycol-water glass at 140 K132
(wheré, presumably, the ‘solvent is frozen in its conformation and cannot stabilize the
excited states after the excitation). Ho§vever, this latter ‘assumption does not seem to be
. completely true, (as will be shown iafer, for the simﬁlatiods of 3MI m butanol at 0 K,
relaxation by as much as 1000 cm™! within a few picoseconds is possible in a glass). The
experimental work of Lami et a/.** on 1-methylindole and 2,3-dimethylindole in butanol
at 118 K also shows that the solyent field around' the emitting state is different from that

1 can be considered a

previous to excitaﬁon. Therefore, this reported value of -3800 cm”
lower '1imit' for the fluorescence shift. bur calculated value of -2750+750 cm™? s
significantly smaller. It is also noticeable that the absblute values for the initial and final
. transition energies are larger than the "experimental” values. However, thi‘s does not have

any particular relevance because it is due to the fact that our calculated geometry for the

excited state does not bring the solute to the excited state minimum, in which case the
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absolute values for the transition energies would be smaller. At ény rate, the important
magnitude is the fluorescence shift, not the absolute values of the transitions.

In the calculation shéwn in Figure 10 the solvent is réacting to the new solute
dipole after excitation. It is clear, then, that the environment seen by the 3MI molecule
Ais changing. This should have the effect of inducing changes in the solu'te dipole, but,
in Figure 10, we kept it ﬁxed throughout the simulation.

The root of this behavior lies on the fact that the charges computed usin'g INDO/S
do not neéessarily have to be the same ones used in MD. The latter ones are responsible
for polarizing the solvent field, (the MD ,dipolé of the solute is a solvent-field-inducing
dipole). On the other hand, INDO/S calculates its own set of charges, which are going .
to be 'affec'ted by the polarization of the solvent fieid, (thus, the dipole calculated by
INbO/S isa solvent-ﬁe}d—induced dipole). In our calculations we can choose whether or
. not to make these dii)oles equal. In the semipolarizable model just mentioned, the MD
dipole has a fixed value, which happens to be ~35% smaller than the average of the
INDO/S dipoles.‘ |

If the INDO/S cal(;ulated charges are input into MD, this would have the effect
of polarizing the solvent field even more, which in turn would result in a larger calculated
dipole in INDO/S, which would polarize the solvent field more, et cetera. This procédure,
followed untll self consistency, results in a slight increase, ~5%, in the calculated INDO/S
dipoles, and a large increase, ~40%, in the dipoles used‘ in MD. This is the basis of the
p‘olarizable model, which predicts larger red shifts as a result of the larger dipoles of thé

. solute.
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Figure 11 _shows an average of 10 calculations using the so called polarizable
model..' In these calculations, every time INDO/S was used to obtain the excited state
transition energies, the charges for the solute were also computed and used in the input
for the next molecular dynamics steps, (see METHODS section). In this case, the average
value for the solvent ﬁeld inducing dipole, (lLa state), went from 6.83 D in the
"semipolarizable" modei to 11.66 D, that is, an increase over 70%. Thé ;olvent induced
dip(')le for the li..a state, (see above), went from 10’.93 D to 11.66 D. NoFe that, as
required -by the self—consistenéy of this mo.del, the solven’t field induced and inducing
dipoles are equal. |

As a consequence of these larger dipole values, the calculated shift is also larger

than in the previous simulation: -4875+800 c¢m™ vs -2750£750 cm™..,

In this case, the
calculated \)alile is larger than the "experimental” value of -3800 cml, bﬁt it should be
pointed.lout once again that this experimental Qal;le might be missing ~1000 em™? of
subpicosecond fluorescence red shift.

Other calculations were done using the polarizable model and a different program,
.CHARMM, or a different geometry for the solvent cage, (a drop, as opp‘osed to PBC).
In both cases, the results were similar to those shown in Figﬁre il,‘,although the
calculated red shift was slightly larger, (~-5500 cm™! for the CHARMM calculation and -
~-5900 c_m'1 for the drop geometry). As the computational time required for these
altemate'calcuiations was larger, théy were abandoned in favor of the previously described
method, consisting in using Discover and fBC.'

An interesting issue here is that of the time scale involved in the red shift. . It can
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be seen from Figure 11 that the relaxation is complete in less than 500 fs, but a good part

of it takes piace almost imfnedi‘étely after excitation. Figure 12 shows the first IOOO fs
of the ﬂuoréscence decay shown in Figure 11. Almost half of the red shift tékes place
during the first 20 fs.. In fact, the decay can be approxiiated by a Gaussian and an

exponential decay.

‘ t . Y. t g )
= 1680 exp| - - 3250 exp| - 29050 (cm ™! (30)
Ve © [ (15.7fs”+ ¢ ( 170fs)+ ) (m™)

In this case, 29050 cm™! is the average value of the 1La transition energies after
the solvent reorganization has taken place.

Using Equation 29, we can get an expression for C,_(¢) for 3MI in H,O.
. q eg\®/. 2

2 L
(16806@{—( t ]]+3250eXp(—17(t)fs

15.7 fs |
- 33980 - 29050 , (31)

2
0.341 exp[—( 15t7fs] ]+0.659exp(— 17:)fs)

) . 29»050) ~29050

Cogl®

Such fast response is a little puzzling. What can be happening so fast?. The fact
that the decay can be approximated by a Ga_ussian for the fast time scale suggests that the
response is inertial in character?6:48:49,134 To verify this hypothesis, we have analyzed
the first 20 fs of each of the 10 calculations averaged in Figures 11 and 12. Each of

those 10 cases was compared to an equivalent calculation, (with the same starting point),
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Figure 12. Zoom of Figure 11 for the first 1000 fs after excitation.
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but where the solute was never excited to the lLal state, ’fhus, the solvent motion in this
‘second set of calculations was purely thermal, as opposed to the simulations \;vheré the
molecule was excited, in which the soivent motion had no:t only a thérrha_l component, but
_also was partly due to a new solute electrostatic field. If the thermal motion were
subtracted, the residual displacements could be assi gned to the change in the solute dipqle;
Fiéure 13 shows a sﬁapshot of two eqﬁiv_alent trajectqries taken at t=ZQ fs. For most of
the solvent molecules, all the observable motion is purely thermal in nature, as evigienced
by the fact that each two equivalent molecﬁl'es superimpose so well that we can see only
one. But there are a few casés where there is a significant, alBeit small, displacemeﬁt.

This motion is purely rotational in the sense that the center of masses always
moves less than 0.005 A. Even the rotat_ion'al motion is small, <20° for these few
molecules, ~1° in average, (as opposed to ~35° average for the thermal motioﬁ between
t=0 and t=20 fs), bﬁt it accounts for a significant fraction of the red shift. Mar.oncelli‘f6
has shown, for ménoatomic _ions in acetonitrile, that the fast response is not only inertial
in character; but also that each molecular response is independent of the others: the total
response is equivalent to the sum of the responses. when only one molecule is allowed to
move-and the others are fixed in place.

Figure 14 shows a plot of the r‘otétional contribution to the red shift as a function
of the distance to the solute, (at t=20 fs). it can be seén that only molecules closer than
~6. A have an effect on the red shift.

| At t=150 fs, most of the relaxatioq has taken place. When a prOcedure similar to’

the one explained for t=20 fs is applied, the results are not so simple. The rotational




Figure 13. Superimposed snapshots of two trajectories 20 fs after excitation.
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Figure 14. Rotational contribution to the red shift vs distance, for the same trajectories shown in Figure 13.
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contribution is still dominating, but most of the molecules show a displacement of the
center of mass that’accounts for ~20% of the red shift.. It is important to note that those
molecules responsible fof the largest amount of red shift at t=26 fs are not the same ones
- responsible for the main cpntfibution to the red shift at t=150 fs. This suggests that at
any given time the .main contribu_tidn to the red shift comes from those Iflol_ecul_es that,
because of their position, can align their dipole with that of the solute by a fast rotational
motion of their hydrogens. This also seems to dispel the necessity éf féirmatioq of excited

state complexes, (exciplexes), to explain the red shift®. Figure 15 shows a picture of

3MI with 13 solvent molecules, (from 10 different simulations), each of which, at t=150

fs, contributes between 1500 and 4000 cm™! to the fluorescence red shift. It can be seen
that they are located in completely different places over the molecule, providing'evidence
against a spécific site for exciplex formation.

There is some organization in Figure 15. Those solvent molecules over the five-
membered ring point their o:fyge’n towards the ring, while those over the six-membered
ring point thei; oxygen away from the ring, thus favoring the electron transfer towards the
six-ﬁembered ring which is the signature of the tragsition to the 1La‘state. |

Although the notion of exciplex formation does not appear to be needed'tb explain
the red shift, it is not sur;;rising that the solvent cloud resulting from the solvent being
in equilibrium with the solute ground state is different from the.cloud formed when the
solvent is in equilibrium with the solute 1La state. Figure 16 shows 'the radial d’igtribt_ltion,
(RDF), (normalized to 252 water molecules), of solvent hydrogen a‘tq;ms around the C4

atom of 3MI for ground and excited states. The hydrogen cloud gets much closer to the
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Figure 15. 3MI with 13 water .molecules which make exceptional contributions, (>1500cm"1), to the fluorescence red shift at
t=150 fs after excitation, (from 10 different trajectory pairs of the type displayed in Figure 13.
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Figure 16. Radial Distribution Functions for the distance from C4 to the hydrogen atoms
in the water molecules, for the ground, (a), and 1La, (b), states of 3MI.
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carbon atom when the solute is in the 1La state, which is not surprising, considering that
C4 receives a large part of the electron transfer. Integration of the region between 1.8
and 2.4 A, (taking into account that the radial distributions in Figure 16 have been divided -
by 4m2), indicates that the numBer ;>f water molecules inérpases from 0.06 .to 1.0
- following excitation and equilibration, thus supporting the idea of hydrogen-bond
formation, after the solvent has relaxed. The hy&ogen bond length of 2.4 A,‘(the distance
conespgnding to the maximum of the radial distribution flinction); however, will hot be
particularly strong, because it is much longer than that found in water 135136, 1.76i0.p4

A, and about the same distance as the weak 7 H-bond found between water and

137

- benzene™-’,

Figuré 17 shows the.RDF for the distance to the oxygen atom in the solvent
molecﬁles for three different atoms in 3MI: N1, (a), C2, (b), and H1, (c). The first two
suffer a loss of 0.15-0.20 €™ upon excitation and z;re expected to attract the oxygen atoms
closer. ;ndeed, it canlbe seen in the figure, that the RDF is slightly closer for thg excited
state, (in thick line). Integration of the functiéns also reveal this phenoménon. If we
define a distance, r;, corresponding to the radius of a sl;here containing an éverage of 1
. atom of oxygén, (or hydrogen), from the solvent'molecules, ryis 3.27 A for N1 when 3MI
is in the lLa state, and 3.36 A in the ground state. These numbers are 3.39 A and ‘3.51
.A, respectively, for C2. There is another atom in 3MI, (C3), which also loses electron
density upon excitation, but no change iﬂ the RDF is obéerved, probably because short
range interaction with the solvent molecules is hinderedvby the 1'nethy1 group.

H1 does notlose or gain any charge upon excitation in our calculations. However,
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Figure 17. Radial Distribution Functions for the distance from NI, (a), C2, (b), and HI,
(c), to the oxygen atoms in the water molecules for the ground, (thin dotted
line), and 1L a states, (thick solid line), of 3MI.
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(it is interesting to. examine the behavior of the RDF since a hydrogen bond "can be

expected at this position because of the higher positive charge of H1 as compared to the’

other hydrogens in 3MI. Furthermore, the charge loss at N1 can be interpreted as

c.orrespondjng to the N-H unit, and can be felt by oxygens beyond H1. On an average,

. the oxygen atoms do get a little closer: 7, is 2.67 A for the 3MI in the excited state vs

2.76 A for 3MI in the ground state.

Figure 18 ﬁhbws the RDF for the hydrogén atoms around C5, (a), and C7, (b),
which received a large portion of the electron transfer. It can be easily seen that the
(hydrogen atoms get much closer to C5 or C7 after excitaﬁon. In Cs, r} is2.49 A, (almost
the same value as for C4), for the 1La state; and 2.94 A for the ground state. . For C;7,
these values are 2.73 and 3.06 A.

From these numbers shown, it seems clear that the different charge patterns

between ground and excited states causes a reorganization of the solvent around the

solute. I.t must be ;.>ointed out, however, that all these phenomeha are observed after the
fluorescence shift has .taken place. It-is also observed that, when an atom receives
electron transfer, the displacement of the hydrogen cloud towards the atom is larger than
the displacement of the oxygen cloud towards an atom which lost electronic character.
Similar calculations to those shown in Figures 11 and lé were performed for 3MI
in D,O. A similar behavior as that calculated .for 3MI in H,O was expected, except for
the relaxation time of the Gaussian component. The results agree with these expect-e;tions,
althougil the calculated red shift is some 15% larger than the 3MI-H,O red shift,

(;5700:t800 vs -4875+800 cm'l). The difference in these two estimates indicates.that the
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Radial Distribution (NMiur2)

Figure 18. Radial Distribution Functions for the distance from CS, (a), and C7, (b), to
the hydrogen atoms in the water molecules for the ground, (thin line), and 1L.a
states, (thick line), of 3MI.
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eerror in our calculations is large, since a differential shift between H,0 and D,O is not

expected. The overall decay can be approximated by the following function:

t
25.11s

)
) ] + 3600 exp (— —t—) +26550 (cm™)  (32)

v, = 2115 exp| -
f 'XP[ ( 225 fs

Thus, Ceg(t) for 3MI in D,0 is:

2 ! .
(2115exp[-( _t )]+3600exp(- ¢ )+26550]—26550

25.1fs 22515
C. @) =
) 33265 -26550 (33)
- 0370exp| [t )| + 0.630exp[ -t
25.1f5 235 fs

The relative amplitudes of the Gaussian and exponential decays are very similar

to that for H,O. However, the important issue here is that of the relative magnitudes of

the Gaussian relaxation time. Tg is 15.7 fs for H,O and 25.1 fs for D,0. Rothschild!3®

has suggested that the ratio of 15's should be proportional to the square root of the ratio
(

of the moments of inertia of the two solvent species when the behavior is inertial. In this
case, this ratio is 1.39. Our calculated ratio, 1.630.1, disagrees with this previous

48

statement, but agrees with previous calculations, reported by Perera and Berkowitz™", and

Neria and Nifzan®, as pointed out by the analysis by Bagchi and Chandra!3*

, Where the
ratio of T5's is intermediate between that predicted by Rothschild and the ratio of

moments of inertia, 1.93.
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Absorption

Information about the absorption red shift induced when going from vacuum to
solution and about the associated inhomogeneous broadening can be easﬂy calculated
using this method. However, unlike in the simulations reported in the previous section,
the solute molecule does not need to be excited to the 1La state: The absorption
maximum in solution can be obtained by leaving the system in the ground state and
calculating the average of the transition energies for a large .number of solvent

conformations. The red shift is then obtained by .subtracting the transition energy in

vacuum. A frequency distribution of the transition energies is Gaussian in shape, (if’

enough conformations are used), and its width gives information about the broadening.

Fig_ﬁre 19 shows the transition energy fluctuations for both lLa and 1Lb states over
a period of 3~0 ps. Enérgies and dipoles are calculated every 5' fs. The new charges are
used as input for the next rpolecuia.r dyn?mics steés. Therefore, the solute is polarizable.
The horizontal lines in Figure 19 .represent the calculated transition energies for the
isolated 3MI molecule (vacﬁum). It c'a-n be seen that during mos;‘. of the six-nulatioﬁ the
solvent field red shifts the transition energies with respect to vacuum, but there are some
‘ conforrﬁations thaf cause a blue shift. All these :different microenvironments are
responsible for the broadening. It is also observéd that a few solvent environments bring
the 1La state below 1Lb, even at the ground state geometry, (the transition energies shown
here correspond t6 the vertical transitions). This implies that the 1Lb equilibrium
geometry, whlich is very similar to that of the ground. state, (see Figures 6 énd 7), is above

the lLa origin for 3MI in water, because the 1La‘o'rigin is, at least, 3000 cm™! below the
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Figure 19. 1laand ILb transition energy fluctuations for 3MI in water.
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vertical energy calculated at the S, geometry, (see Figure 11).

- These large ﬂﬁctﬁations in the tranﬁtioﬂ energies seem to indicate that the
oscillations in the permanent dipole moments are: also large. Figure 20 shows a plot of
the permanent dipole of the lLa state, (at the ground state geometry), as a function of the
lLa transition energy. We can see that the permanent dipole changes along a large range:
from ~3 D at 39000 cm™ to ~12 D at 33000 cm™!. This large polarizability of the 3MI
molecule with respect to the solvent explains the difference in calculated fluorescence red
shift for the two models shown in the previous section, (see Figures 10 and 11).

The average transition energies for the 1La and 1Lb states are 36635 and 33870

cm'1

respectively, which represent-an absorption red shift of -550&300 cm'l‘ for 1La. and
-8040 cm™ for 1Lb. This latter value compares rather well with the experixﬁental valﬁe
for the 1Lb absorption shift of -95 cm™ 13, However, the experimental value for the llLa
stete is much larger, -1450 cm’! 13, than the calculated value. The reason fqr this poor
agreement will be discussed later, when these results are compared to the calculated
absorption shifts for indole in water.

Figure 21 shows a frequency distribﬁ_tion of the 6000 calculated trensition energies
for both states, (not norrﬁalized for different oscillator strengths). The size of the.intervals.
used to calcﬁlate the frequencies w.ere 50 and 200 cm™! for 1Lb and 1‘La respectively. The
shape of the distribution is Gaussian, as. expected for the inhomogeneous limit of the
broadening, as it is in this case, where the different conformations generated along the

time coordinate can be considered equivalent te different spatial configurations,

(microstates). The full width at half maximum, (FWHM), is 400250 cm™ for 'L, and




2| , | i i i j
32000 33000 34000 35000 36000 37000 38000 39000

Transition Energy (cm1J)

Figure 20. 1LaPermanent Dipole vs Transition Energy, (for the 6000 configurations in Figure 19).
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Figure 21. Distribution of the transitions energies shown in Figure 19.
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12000£100 cm! for lLa. Demchenko er al.!3® have deduced an’ experimental width of
1040 cm! for indole in glycerol, which is in qualitative agree't.nex_lt with our result,.
especially if we c‘onsider-’ the sméller dipole of indole, as compared to 3MI, and the
smaller dielecﬁic constant of glycer0113-, as compared to water. It can be understood from
Figure 20 wﬁy smaller fluctuations would result in smaller widtﬁs. ‘
Similarly, for 3MI in D,0, the calculated absorption shifts are -750+450 cm™! for
Iy, and -150440 cm™ for 'L, with the linewidths being 2200£200 cm™’ and 40050
cm’), respectively. The results are similar tc; those reported previously for 3MI-in H,0,
(if we consider the error bars), as it was expectéd.
From Figure 19, we éan aiso extréct information about the ﬂubrescence red shift.
As pointed out by Bagchi and Chandrai25 , the autocorrelation function of the transition
enefgy fluctuations, (see Equation 29), should be equivalent to the calculated direct
respoﬁse, (as shown in Figuré 11). In practice, they are not _quite the same, because of
numerical error, (siﬁce we are uéing a finite number of configuration‘s), and because the
solute geometries are différent, (the .direct response was calculated for the ILa geometry
while the a;utocorrelation function of the transition energy fluctuations was calculated with
the molecule in the ground state). Figﬁre 22 compares the_‘ calculated autocorrelation
function with the direct response for the first 1000 fs. Bo.th trajectories compare fairly

well. The autocorrelation function can be also approximated as a linear combination of

a Gaussian and an exponential decay:
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Figure 22. Autocorrelation of the 1La transition energy fluctuations, (from Figure 19), and direct fluorescence shift, (from
Figure 11), for 3MI in water.
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. g 2 ‘ ; _—
C..(t) = 0389 exp| - | +0.610 exp| - (34)
() exp[ .(15.2 fs) }+ °XP( 10 ﬁ) '

In comparing Equations 31 and 34 we find soxﬁe intereéting similarities: the fast
response, (Gaussian), is almost identical in both cases, ~15 fs, \;vhile the exponential
decay is rather different, 170 fs vs 410 fs. The magnitude of the Gaussian decay is
significantly smaller in both cases than the magnitude of the exponential decay.

For D,0, the calculated autocorrelation function can be approximated by

| (.t Y ey 35
C.(® = 0.2 - ) - (35)
a(® = 0 97“?[ (20.2fs)]+0703e,xP( 420fs)

which, once again'-looks very similar to its HZO counterpart, (Equation 34), except for the
calculated Gaussian correlation time. The ratio of these Tg's in this case matches that
predicted by Rothschild!?®, that is the square root of the ratio of the respective moments

of inertia.

Indole in Water

Fluorescence
Figure 23 shows the time resolved fluorescence decay for indole in water. As a
result of the larger INDO/S calculated dipolés as compared to 3MI, (13.0 vs 11.7 in

average); the calculated red shift is also larger, -6000 cm'l, which is ~1100'cm™ more
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Figure 23. 1Laand 1Lb fluorescence shifts for indole in water.
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\than‘calculated for 3MI in water.

This value is much larger than the expeﬁmentd value, deduced from the work of
Eisinger and N?,von3, of -3500 cm™. It seems that the dipoles calculated by INDO/S are
anomalously large. éimilarly, the work of Callis'Z? suggests that INDO/S predicts very
well the two-photon properties of 3MI, but is nbt so good for indole.

The fast response Gaussian decay has a correlatioﬂ time of 15.3 fs, which. is
comparable, (as expected), to that calculated for 3MI in water. The slow response has
a rather large correlation time, (390 fs), and its amplitude is 3 times that of the fast
response.

As it was done for 3MI in water, the fluorescence decay was also simulated using -

1

" the semipolarizable model, which predicted a red.shift of -2750 cm™. Once again, this

model predicts smaller than experimental values.

Testing the Qnggggr-Matagg-Ligpgrt Formulation
At this point, it was obvious that the caiculated dipoles had a decisive
influence in the 'caiculated red shift. The Onsager-Mataga-Lippert mode]®487-93 predicts
that the relation between the fluorescence and absorption shifts for a molecule in a )
spherical cavity of radius a, inside a solvent of dielectric constant € and refractive index
n is given by Equation 19.
To test the validity of this formulation, 'wg- performed several calculations on the
indole-water éystem using the semipqlarizéble model. In these calculations, the solvent

~ reaction field-inducing permanent dipoles for both ground and éxcited states of the solute

were scaled by different factors ranging from 62.5% to 150% of the calculated values, in
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steps of 12.5%, for a total of 8 sets of simulations. Each of these sets consisted of 5 runs,

- which were subsequently averaged together. AV, was calculated, in each case, as the

difference between the average value of the 1La transition energies, (with the solute in the
ground state), and ‘the 1L a umsiﬁon energy for the solute in absence of | solvent.
Similarly, AV, was galculated as the difference beWeen the average value of the lLa
transition energies measqred once the relaxation was completed, and the transition energy

for the solute, (in the 1La geometry), in the absence of solvent.

Figure 24 shows a plot of the calculated AV, - AV, values, (note the change in

order with respect to Equation 18, which results in a positive slope), vs Au ;gp e - An eghg’

and an adjusted linear regression fit for the first six points. The fit was obtained setting
the y-intercept equal to 0. The regression shows a reasonable fit, with 1?=0.976. Tﬁe
point farthest to the right cor;espoﬁds to the polarizable model. |

By assuming €=80, the experimental value for water and neglecting f(n), (the
expression containing 7 in'Equation 19), a is calculated to be 3.61 A from the value of

the slope, 105.0 cm'1/D2, (using the dipole values shown in Table 2). T_hé value of a is

‘not sensitive to the value of €. This is because f(€) reaches a plateau at €~10. Larger

values of £ do not significantly change f(€). The SPC }nodel results in values of
8=65:i:9140'1“13, thﬁs falling well within the range where f(€) is constant. The calculated
value for a is in excellent agreement.with the experimental value for the cavity size of
crystalline inciole, 3.6 A f(n) was neglected in the ‘calculation because this factor
accounts for solvent electronic’ polarizability, which is not included in this model.

Therefore, it does not contribute to the calculated AV, - AV,. If we were to fit the value
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Figure 24. Dependence between absorption and fluorescence shifts and the permanent dipoles of ground and 1La states
indole in water.



Table 2. Calculated dii)oles for indole and 3-methylindole for several geometries and environments.
~ MD DIPOLE (Debye) INDO/S DIPOLE (Debye)

Sy Geometry IL; Ge-ometr& Sp Geometry 'L Geometry
5o L, So L, | So VlLa So '11_‘; |

vaomm 149 552 169 553 149 552 169 553

Indole  Nonpol 228 653 232 659 252 649 396 847
Polariz. 278 704 601 1303 278 704 601  13.03

vacoum 121 696 142 684 121 696 142 634

3MI

Nonpol 122 685 123 683 207 787 378 1093

-Polariz. 224 7.86 4.56 11.66 224 . 786 4.56 11.66

€8
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' correspondmg to the polarizable model, we would ilave to use a=4.06 A for the cav1ty '
radius. A similar fit of AV, - AV, would require that a=4.27 A for 3MI. Alternatively,
the lower than expected values for AV¢ - AV, at high dipoles .could be quali}tat.ively ‘
understood in ter;ns of aielecuic saturation induced by large dipole values.

In éalculating Equation 19,\ it has been assum;d that the electronic polarizability

_of the solveﬁt included in Equations 17 and 18 éanc;els out® 8. However, for this ,
cancellation to be complete, one has to assume that the ground and excited state dipoles
responsible for the absorption red shift have to match those inducing the fluorescence .
shift. This is not generally true,Asince the solv'_enf field is polarized differently in each
case because 01; the djfferent solvent—fieid-inducing dipole. Therefbre, our calculations,
(even when we use the polarizable model) have an intrinsic error due to the lack of

solvent polarizability equél to .

a3

(u,’z-ug’z);(ui-uz)[nhl] : _ . (36)-
The primed dipole rr;oments are the dipole moments of the solute after the solvent
relaxation has taken place, while the non-primed ones correspond to the dipoles of the
solute during, (or before), excitation.
Using the dipole values in Table 2 and assummg that n=1.33 and a=4.06 A for
indole and a=427 A for 3MI, Equatlon 36 yields values of 1175 and 640 cm™

" respectively, representing errors of ~10-20% for A\7f - AV,
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Absorption )

Figure 25 shows the 1La and 1Lb transition energy fluctuations fof indoie in water,
(polarizable model). It looks very similar to Figure 19, the only difference beiﬁg that the
1Lal vertical transition energies never go below thqse of 1Lb at this particular geome&y.
From these data, the calculated absorption red shift are -6204400- cm™! for 1La and -
10040 cm™! for 1Lb which do not compare very well with the expe“rim.ental values of -

2350 and -135 cm™’ respective1y13. It has been mentioned in the previous section that the
solveﬁt eléctronic polarizability would répresent 10-20% of thé d;electric contribution to
A\'?f:- AV,. Therefore, the question ﬁises as to which percentage of the absorption shift
would be qaused by. the not included electronic polarizability of the solvent. From

Equation 16, the expression for this contribution is

_HZ‘Pg[nz—l] : .
a® [2n%+1

Using n=1.33 and 4=4.06 A and a=4.27 A for indole’ and 3MI respectively, Equation 37‘
yields -550 ‘CII_l-l for indole and -621 cm™ for 3MI. Both values are comi)arablé in
magnitude to the calculated values, (-620 and -550.cm'1). Thus, it. is expected that our
method is not going to yield good quantitative result; for the absorption shifts because

the solvent electronic pblarizabi]ity is not included. .
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Figure 25. 1 aand 1Lb transition energy fluctuations for indole in water.
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3MI in'chér Solvents '

To further understand the influence of tﬁe solvent on the épectral shifts of indoles,
we have done calculations on three other polar solvents: butanol, methanol, and
dimethylether, (DME). All of the calculations reported here have been done uéing the

polarizable model.

Fluor nce

The ﬂuorescenée shift for 3MI in these three solvents has been calculated by
means of the dir‘ect respon‘se of the tfansition energies to the changing solvent field upon
excitation.

The response of these solvents is slower than that of water, thus, it was necessary
to follow the temporal evolution of the fluorescence for a longer period of time, (16 ps
as opposed to 4). On the otiler hand, it was not necessary to sample the transjtion
energies so often. ’As previously reported in the. METHODS section, an INDO/S.
calculation was performed every 25 fs, except for the f'1rs't 400 fs following exéitation,
wheﬁ they were performed every 10 fs. |

Figure 26 shows the evolution of:the 1La and _IL.b transition energies following
excitaﬁon for 3MI in butanol. Comparison to Fiéures 11 and 23 indicgtes that the solvent
rélaxatién is much slower and induces a smaller red shift. Equivalent behavior has been

" found for 3MI in methanol and DME. These calculations are not shown because they are
very similar to Figure 26. (See values in Table 3). .
It was pointed' out in page 57 thaf our 'éalculéted values are compared to the

difference in the fluorescence maxima of a liquid"131 and a rigid solution'*2.  Our
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Figure 26. 1aand 1Lb fluorescence shifts for 3MI in butanol.
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Table 3. Calculated and experimental absorption and fluorescence shifts.

ABSORPTION FLUORESCENCE
SHIFT (cm™) ~ SHIFT (cm™)
L, | R ~ to vacoum® 1o t=0°
Calc. Exp. Calc. Exp. ~ Cale. Exp. Calc. Exp.
Semipol.  -6050 400450 27504750 24754900
Idoletwater 5 _jo0ea0 35 goomoo ¥ esoosrso 8 sgsousso 3450
| Semipol.  -80%50 4704450 34254750 -27404850
Miswater b gora0 9 ssowso0 5% sooorzoo 0 Lagrsiso 800
3MI+butanol 45850 -430° 2004350 -1635° -2650+800 -4300° -2530+800 -2700f
3MI+methanol 60£50  -360° 2404350 _1660° 20504800 -4660° -2030800 -23007
_3MI+DME 43078 490400 -1525° -1050£750 2140 -11004750 -

+35+200

Fluorescence maxima relative to the maxima in vacuum (these maxima correspond to the Lb state). The
fluorescence maxima in vacuum are calculated at the L geometry.
Fluorescence maxima relative to the rigid solvent limit (see text).

From Ref. 13.

From Ref. 3.

From Refs. 131 and 132.

From Ref. 144.

Expenmental values for 3MI in dlethylether

16 .
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calcglated value for butanol, 2530%800 cmfl, compares fairly well with a similarly
_obtained experimental value!** of 2700 cm™. Our calculated values agree with the
-éxperimental data in showing that there is a differential shift between water and butanol.

In the INTRODUCTION, it was ndted that self consistent reaction field methods cannot
predict the differential shift. Indee&, by inspection of Equation 18, it is easy to show that
substitution of € and n by 81 and 1.333 for water and 17.1 and 1.390 for butanol!? is not |
going to cause any differential §hift unless the cavity radius changes significantly.

Table 3 lists the calculated red shifts and compares theﬁ to t‘he experimental
values, when available. The values obtained for 'tl'.lé bolar solvents are smaller than the
experimental vaiues, which is the 6p1;osite of what happened with 3MI in water. It must
be hoted, however, that at t=1'0 ps, the solvent does not seexﬁ to be completely
equilibrated to the excited state. This is apparent from the fact that the transition energies
are 'sti"]l red shifting at the end of the. simulation.

Table 4 contains the fits of the direct respohsé to Gaussian and exponential decays
for indole in H,O, and for 3MI in the 5 solvents reported. The differenc;a in temporal
response are dramatic .when comparing water to the other solvents. The Gaussian
corfelation time goes from 15-20 fs to 200-300 fs, while the exponential decays go from
200-400 fs to 5000-9000 fs. These. numbers suggest, as mentioned in the pr;vious
paragraph, that solvent relaxation carnnot be 'complete_d in only 10 ps.

Figure 27 shows the evolution qf the lLa transition energies for 3MI in H,0,

butanol, methanol, and DME for the first 50 fs after excitation. The transition energies

were calculated every femtosecond, and the starting points were shifted in order to fit the
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four trajectories into .one graph. It is clear from this picture that the behavior is Gaussian
for the 3MI+H2Q system. For the other s_ol&ents, there is not énough time to ‘teli with
absolute certainty, but the fact that the transition énergies do not decay from t=0 is an
indication that the decay is not exponential in nature.

Table 4. Fits for the dlrect response of the transition energy fluctuations to a Gauss1an
and an exponential decay, (including a constant term).

cg (em™y 15 (fs)  cglemt) g (fs) K (em)

Indole+H,0 1460 - 153 4635 390 . 28700
IMI+H,0 -~ 1680 15.7 3250 170 29050
SMI+D,0 - 2115 . 251 3600 225 26550
3MI-+butanol 1065 275 2075 5000 30530

3MI+methanol 1025 225 1275 5470 31290

3MI+DME 675 345 860 9230 32525

A better comparison of the actual time scale and red shift for these; solvents is
shown in Figure 28, which. shows the temporal evolution of the transition energies for .
3MI in the four solvents for a period of 10 ps. In this long time scale, the response in
water séems. almost instantaneous. The response in methanol and butanol look very ‘
similar, but the response in DME is much smaller and slower.

This agrees with the ihter.pretation of Figure 13 éiven previously, which stated th.at
the fast response is due ¥o rotational reorientation of the hydroxyls following excitatioﬁ
to the 1La state. Each wat;er molecule has two of these hydrogens, whiie the alcohols
ha§e only one per molecule and DME has none. Furthermo;e, the smaller size of the

water molecules allows the presence of more of them closer to the solute molecule.
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Figure 27. 1La fluorescence shift for 3MI in water, butanol, methanol, and DME, for the first 50 fs after excitation.
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Figure 28. 1La fluorescence shift for 3MI in water, butanol, methanol, and DME, for the first 10 ps after excitation.
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Figur;a 15 helped establishing that the h);droxyl induced red shift was nof a mafter' of
hydrogen bond formation initialiy, but rather an inertial phenomenon due to realignmerii
of dipoles located at févorable positions. Thus, the larger t'he number of solvent
molecules close to the solute, the higher the number of possible red shifting interactions,
and the larger contribution to the red shift.

The-.sIow, (exponential), decay élsQ ‘depends strongly on the solvent prépertigs.
For water, values for the longitudinal relaxation time have been reported ranging from 180
£, (TIP4P model)!3, to 420 fs, (ST2 model)*. These results are based on calculations
of dielectric responses ;)n continuum based models, and Fh'ey agree well with our reported
values fpr the correlation times for the exponential decay. In this context, the longitudinal
relaxation time, (T; ), can be viewed as a collective, (coupled), response (l)lf many solvent
"molecules to the changing field generated by the solute. The picture is not so clear for
the other solvents. From experimental and calculated data reported by Fleming et ‘al.146, :
7y, can be obtained fo-f n-propanol at 253 K. Tﬁis value for the longitﬁdinal relaxation
time, 1.93 ps, can be crgdely compared to those calculated here for the correlation time
of the exponential decay, (‘tE),.in the five solvents studied here. It is larger than those
repor_ted for H,O and D,0, but smaller than our‘calculated values f;)r T in the ofhef three
solvents. Still, the emerging picture indicates that the‘siow response arises. from the
combined action of the .solven‘t,xn'olecules trying to relax by slowly overcomiﬁg the action

of their kinetic, (thermal), energy. Thus, the water response is much faster than those of

the other solvents because of its larger dipole and smaller mass and size.
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Absorption

Figure 29 shows the lLa and 1Lb transition enéfgy fluctuations f<.)r 3MI in butanol.
A comparison with Figure 19 indicates that the amplitude of the oscillations is mlich
sma]lér in the case of butan‘ol'. Also, the graph is less "crowded" in this case, indicating
that the solvent motion around the 3MI molecule 1s slower in butanol than it is ip water.
The behavior is very similar for 3MI in methanol and DME. Figure 30 ShO.WS th.e.
distribution of 1‘La and 1Lb transition energies for 3MI in the four solvents studied. Each
graph is normalized differently, thus, there is no information to be‘ obtained from the
relaﬁve "intensities". However, it can be clearly seen that the linewidths are related to
the polarify of thé solvent, being largest for the water solution, (20004100 and 400i5_0
cm™ for 'L and 'L,, (FWHM)), and narrowest for 3MI in DME, (650100 and 15050
gm'l, respectively). | The other systems show intermediate widths of 1400+100 and
300450 cm! for 3MI+methanol and 1600100 and 300+50 cm™ for 3MI+butanol.

Calculatéd values for the absorption red shift for 3MI in butanol, methanol, and
DME are shown in Table 3. . Sixﬁila:ly to water solution, the results match poorly the
exPerimenté.l ones as a result of the lack of eleclronic polarizability of the solvent. The
results are particularly poor for the DME solution, a case in which our calculati‘ons predict
a .blue shift instead of a red shift for the absorption. This-is probably due to the fact that
the solvent motion is very slow. Therefore, it can be ll‘o'cked iﬁ Jsom_e _particular
conformation that causes the average blue shift. The time scale of the calculation does

not allow for the solvent to reach a conformation more suitable to yield a red shift.

L
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Figure 29. 1l aand 1Lb transition energy fluctuations for 3MI in butanol.
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Figure 30. Distribution of transitions energies for 3MI in water, butanol, methanol, and DME.
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Free Energies of Solvation

An estimate of the difference in free energy of solvation btheen ground and
excited states can be obtained by using the calculated shifts acqording tb Equation 21;
This equation can also be used to obtain the corresponding "experimental” values from
'spectxoscopic data.

For 3MI in water, a experimental AA  can be c;allculated using the red shift values
provided by Lami and Glasser'® for AV, , (-1500 cm™), and AV, (-6200 em™), (see
Table 3). The result is AA =-11.0 kcal/mol. Using 6ur calculéted values we get AA=-7.9
kcal/mol. It is interesting to note that our calcﬁlations Qveresthna;e AV, - AV, but they
underestimate AV, + AV, because the contributions from the electronic polarizability of
the solvent do not cancel. We can also calculate AA using Equation 20 al(;ng with the
values for Hg > (224 D), and p., (11.66 D), rep_orted in Table 2, and using a=4.27 A,
(calculafed in ;Mr_,jmgmg@) These values yield AA =-11.0 kcal/mol,
which is surprisingl& close to the expérimenfal value considering that this procedure is not
very good in calculating the absorption red shift.

Similarly, for indole, an experimental value for the free energy of solvation is
found to be -10.0 kcal/mol. From our calculated AV, and AV;, we obtained AA=-10.2
kcal/m:)I; and using Equation .20, with pé=2.78 D, n,=13.03 D, and with a=4.06 A, (see
Indole in Water. Fluorescence), we got AA=-17.1 kcal/mol.

Free energies of solvation can also be oSteﬁned for the other three solvents. From

13

the absorption and fluorescence shifts reported by Lami and Glasser™~, we can get values

of AA equai to -8.5, -9.0, and -5.2 kcal/mol for butanol, methanol, and diethylether.
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Using our calculated values for AV, and AV,, we obtained values for the free energies of
solvation of -4.1, -3.3, and 71.4 kcal/mol for butanol, methanol, and dii_n_e_t_hﬂether,
respectively. |
.Once aggin, the calculated AV, + AV, underestimate the experimental value, except

for the case of indole in water, possibly because the exaggerated calculated dipoles for

indole may compensate for. the lack of solvent électronic polarizability.

in_But: t

- 'When comparing.our calculated values for the fluorescence red shift of 3MI in
water at room texhperature, (see 3MI in Water), it was mentioned that the '.'experimental"
valués corresponded to a loWer. limit_ because even in the case whére the solvent was
presumed to be rigid, (like in a glass), the iﬁ,dividual molecules could reorient as to
_ position their dipoles in a more favorable position with réspect with the new electric field
generated by the solute, thus causing a red shift. This shift wéuld be very fast and could
be un&etected by current experimental techniqut;,s.

To test the validity of this assumption, a series of calculations was performed on
a éystem consisting of a 3MI molecule surrounded by 44 butanol molecules at 0 K. The
method used in these calculations has been described in the METHODS section.

As it was expected .that the ensemble would shrink vs;hen cooling, periodic
boundary conditions were no longer consideréd to be‘conveniént, L;,ince tvhe;;r can be
interpreted as constant vplume conditjoné. Therefore, we chose to use a spherical cluster
for the 3MI+butanol system. Its total volume did decrease during the simulation.

Figure 31 shows a graph of the 1La transition energy for 3MI in butanol at 0 K
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Figure 31. 1La fluorescence shift for 3M in butanol at 0 K, (canonical ensemble).
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for the first 5 ps after excitation. A décay of 1000 cm™ takes place in the ﬂrst'SOQ fs,
indicating that even at 0 K tﬁere is enough solvent motion to induce a significant red
shift. Visual inspection of the solv‘ent motio.n shows that the red shift is caused by
rotation of the hydroxyls in the soiveht molecules in reéponse to the new solute dipolc.:.
Their movement takes them back and forth past the "equilibrium" position, thus causing
the ringing see.n in the fir;<:t 500 £s of the trajectdry.

.Molecular dynamics, by default, scales the velocities of the molecules in order
to match their kinetic energy to that corresponding to the requested éem/perature of the
system. In this respect, it behaves like a canonical ensemble, because its energy is slowly
being dumped to a surrounding heat bath. This behavior, which is very convenient when
working at room temperature, is somehow artificial at 0 K, since it is hard to estimate
how fast the ene.rgy absorbed by the molecule will dissipate.

To study the other limit, (where the energy acquired by the molecule i§ not
dumped), a set of. simulations ‘was run where the tc;tal epefgy of the éystem was kept
constant, effectively resembling a microcanonical ensemble. The starting points of these
calculationis were the sam.e used wi;h the canonical ensemble simul‘étions, in order to be
able to compﬁre- them.

Figure 32 shows a graph of the decay of the 1La transition energy using the
inicrocanonical ensemble and starting at the same poiﬁt ‘as in Figure 31. The first
200-300 fs of both trajectories are very similar, l(note t?xe difference in scale in the two
. graphs), both in terms of red shift and in terrﬁs of molecular motion. However, 'contra_ry

to what happened in Figure 31, the solvent energy ans not being dumped, but rather, it
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Figure 32. 1La fluorescence shift for 3MI in butanol at 0 K, (microcanonical ensemble).
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was - transmitted to the other xholgcular degrees of freedom.‘ After t=0.5 ps, other
vibrations were visible in the solvent molecuies and soon after that, part of this energy
was transformed. into tfanslational kinetic energy, which resulted in a larger red shift,
(2500 cm! at t=5 ps vs 1500 cm™ in Figure 31). At t=5 ps, the temperature of the
system was found to be ~4 K., |

Analyses of other trajectories showed similar results to these reported here, with
minor differences in the shape and rﬁagﬁitude of _the decay. .

Although neither of thqse models is quite realistic, they represent limiting cases
to what can be expected to happen when a molecule in a rigid solvent is excited. Solvent

-

reorganization can take place very fast, producing a non negligible red shift. Thus, the
experimental results reported in Table 3 may be, as mentioned before, 1000-2000 cm!

too small, if these simulations are realistic.

wmmw

| The side chain of tryptophan is a flexible structure With several degrées of
freedom. At room temperature, it can adopt several conformations. Each of those will
have di.stin.ctive lLa and lLb origiﬂs resultingin a more complicated spectrum with respect
to those of indole or 3MI. Using molecular mechanics, we found 6_2 different conformers
for the neutral, (non-mitteﬁoMc), species in vécuum, corresponding to local ﬁlinima of
the potential energy surface. However, the population of each conformer is different, -
depending on the relat‘ive.energy of each minimum. Table 5 shows a list of thé 62
conformers, the angles defining the orientation Qf the side chaih, their energy in kcal/mol,

(relative to the absolute minimum, which corresponds to conformer # 46), the 1La and

“




106

Table 5. List of conformers of tryptophan at 300 K.

Angles?
# Energy® IL,° IL° %4
#1- #  #3  # #5 '
1 78 161 123 3 .45 44540 34095 37961  0.01
2 79 163 63 178 -61 22283 34091 37916 046
3 91 64 94 5 -43 40161 34015 37476 0.2
4 86 63 79 179 66 32672 34027 37560  0.08
5 94 67 90 10 -37 46759 34099 37943 0.0
6 -98 64 55 179 -63 06979 . 34045 37633 596
7. 90 -66 -115 -178 -67‘_ 40394 33999 37362 0.02
§ -95 68 -125 180 -64 00181 34071 37925  18.63
9 -104 74 176 -10 -61 51108 34096 38088 0.0
10 82 74 174 -10 -6l 43671 33965 37097 001
11 81 67 -135 180 -64 03381 34008 37352  10.89
12 92 61 -102 -179 -69 38205 34094 37949 003
13 -8 -65 96 5 45 36432 34131 38260 004
14 91 61 80 -179 -68 25182 34082 37927 0.8
15 82 70 _ 101 8 -40 ~ 46601 34024 37378 001
16 78 64 54 179 63 10162 34067 37672 349
17 98 163 125 2 -46 48047 34011. 37468 0.1
18 96 164 62 178 -61 24873 34026 37568 030
19 96 166 -133 -178 -62 23552 34032 37645 037
20 -80 163 58 178 57 25044 34075 37804 029
21 -78 163 88 7 54 33438 34026 37568  0.07
22 87 62 8 2 54 31417 34038 37570 0.09
23 -84 60 77 180 . 56 45369 34048 37637 001
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Table 5-Continued

Angies®
# ' Energy® IL,° IL° %?
#1 #2 #3 #4 #5

24 93 67 76 8 57 29070 34100 37966 0.15
25 99 64 51 179 58 09495 34052 37690 3.90
26 -8 -69 -160 -178 54 55549 33978 37246 0.00
27 95 68 -130 179 59 0.8910 34078 37992 493
28 99 72 -151 -4 57 7.5881 34103 38119 0.00
29 84 7 -167 -6 53 7.0546 33971 37139 0.00
30 Sé 67 -144 180 58 0.9949 33995 37320 3.62
31 94 -58 -86 180 60 52631 34065 37732 0.00
32 89 -63 83 2 54 - 25681 34117 38133 0.26 -
33 93 -60 -78 -179 56. ‘ 3.5767 34064 37787 0.05
34 83 68 78 8 56  3.0579 34055 37562 0.11
35 78 64 48 179 = 58 12213 34066 37674 248
36 9% 164 87 7 53 3.6413 34030 37560 -‘ 0.04
37 94 163 57 178 56 2.7609 - 34037 37631 0.19
38 94 164 145 -178 56. 29606 34037 = 37679 0.13
39 -82 161 61 179 179 28603 34073 37791 0.16
40 -81 160 78 5 -177 6.6820 34101 37954 0.00
4i -85 -63 73 2 180 43119 34037 . 37599 0.01
42 -85 -62 79 180 179 32103 34039 37626 '- 0.09
43 -94 66 65 4 178 5.1973° 34087 37852 0.00
4 99 64 54 180 178 0.5867 = 34045 37664 7.18
45 -89 63 -102 180 -178 4.0166 34029 37529 " 0.02
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Angles® :
# Energy® IL,° ILe° %°
#1  #2  #3  #4#5 '

46 94 68 -123 179 180 0.0000 - 34073 37955 » 19.20 -
47 . -94 69 -84 8 -179 6.0125 34097 38059 0.00
48 84 70 -‘156 3 -174 61222 - 33988 37254 0.00
49 80 67 -‘134 180 180 0.3505 34017 37428 10.67
50 91 -60 -87 180 180 3.6351 34076 378'14 0.04
51 92 -64 72 -3 178 39198 34106 38097 - 0.03
52 91 | -61 81 -178 178 24757 34070 37834. 0.30
53 81 66 64 4 178 53741 34084 37748 0.00 .
54 78 64 51 - 180 178 0.8945 34074‘ 37741 428
55- 95 162 <165 . -5 -172 87091 34039 37625 000
56 95 162 61 179 179 3.3432 34041 37629 007
57. 95 163 ;132, -179 -179  3.3030 34048 37705 0.08
58 | 96. 162 77 5 -177 7.1892 34039 37566 0.00
59 79 165 -132 -178 61 2.1155 34056 37686 0.55
60 -8 1- 164 - -144 -178 57 2.0648 34037 37584 0.20
61 -83 163 -131 -179 -179 2.8274 34037 37571 0.17
62 -84 -165 -5 -173 8.1 868 34043 37602 0.00

" The angles, in degrees, are defmed as: #1: C62 (C9 in indole)-Cy (C3)-CB-Coy;
. #2: Cy-CB-Ca-Cyy; #3: CB-Cat-Cy-Oyy; #4:Cai-Cox-Oy-H; and #5:'CB-Co-N-H1.

Energy of the conformer, in kcal/mol, relative-to the absolute minimum, (#46).
Transition Energy, in emt, "

Relative percentage " of the conformer,
.correspond to a conformer with a relative population of less than 0.01%.

at 300 K.

Those labelled "0.00"
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' 1Lb transition energies, (in cm'l), and their relative populatiox} at 300 K. The angles are
defined as follows: #1: C32-Cy-CB-Co, ( C82 is C9 and Cy is C3, see Figure 6, CB is -
the carbon attached to C3, and Ca is bonded to CB and having -NH, a;nd -COOH as_
substitueqts); #2: Cy-CB-Ca-Cg, (Cy is the carboxilic carboh); #3: CB-COL-CO-OH, Oy
s the oxygen in the -QH group); #4 Co-C-Oy-H; and #5: CB-Ca-N-H1.
From Table 5, we can sée that, among the 62 conformers, only 12 of them
contribute significantly, (>1%), to thg total population. These 12 conformers account for
( :
~95% of the tryptophan molecules, (non-zwitterionic), in tryptophan vapor at 300 K.
Figu£e 33 shows the simulated s;iectrum, (for the 1La region), for the 12 most
populated conformers of tryptophan, (weighted by their relative population factor). It can
be undergtood from thlS figure that the spectrum of tryptophan 1n solution hag to be very
crowded, considering that to this broadr;ess, (as a result of the different conformers), one
has to add the inhomogeneous broadening and Franck-Condon factors that each of these
origins is going to have built upon.
Figure 34 shows the simulated spectrum for the l‘Lb region of the 12 conformers,
(note the different x-axis scale with respect to Figﬁre 33). Therelative ordéring is similar

for the two regions, (L. #30<11<49<6<44<25<35<16<8<46<54<27, 1Lb:

at
#30<1 1<49<6<44<16<35<25<54<8<46<27); but not identical. In particular, conformers
# 16, 25, and 35; and # 8, 46, and 54 change relative positions‘when going from the 1La

to the 1Lb transition energies.
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Figure 33. 1L transition energies, (weighted by their Boltzmann factors), for the 12 most populated conformers of tryptophan
in vacuum at 300 K.
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Figure 34. 1L btransition energies, (weighted by their Boltzmann factors), for the 12 most populated conformers of tryptophan
in vacuum at 300 K
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.Careful inspection of the dihedral angle vaiues reveals that the rotations around
the Cy-CB, Cy-Op, and Ca-N bonds correspond to "two:-fold,axis", in the sense that two
loc:;.ll minima can be f(.)-ungi in a 360° rotation. This seems obvious in the last two cases,
but it is less clear for the first, since one would expect three local minima per fevolution
ground‘ .é carbon-carbon vbond.. It appears, however, that only those conformatiohs with
the bulky -CH(NH,)-COOH sﬁbstitpent roughly :perpeﬁdicular to the ring, (either above
or below), are stable, thus éiving the "two-fold axis". Rotations around CB-Ca or Cai-C,
are "three-fold axis", in the sense that three local minima can be found every 360°. The
latter is also surprisin/g, but arises from the relative orientation of the -COOH group vyith
respect to the other two substituents of the Ca cax-bon: -H and -NH,.

Considéring the number of minima per 360° rbtation around each bond, a total of
2x3x3x2x2=72 conformers would be expected. These 72 were analyzed, but 10 of them
did not correspond to a local minimum and went "downhill" along the potential energy
éurface, to en_d up in one of the 62 conformers presented in Table 5.

These calculations are relevant for the prediction of the beha;rior of tryptophan in
supersonic jet. Levy et al.1%7 have found six distinctive electronic origins in the spectrum

[§

of tryptophan in jet, each of them having different intensities aﬂd corresponding .to a
different conformer. A sinﬁlar behavior was found for other tryptbphan derivatives'4S,
Each of the origins has its own vibrational modes, and this will result in a more
complicated spectrum that one can expect for indolé, because there will be vibronic lines |

from each of the conformers present. This is why calculations of the type presented here

can be an useful tool in order to help understanding the spectrum of tryptophan.
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Experimen

Figure 35 shows a detailed‘ one-pheten excitation spe&:rum of indole in supersonic
' jet.. Table 6 lists the' frequencies for the observed transitions, along with their intensities
relative to the transition at 717.8 cm™ from the 1Lb origin aﬁd'the assignments of some.
of the transitions?’~>12714%  1p this specu'um., the lLb origin, (at 0 _cm'l), is saturated,
(we will use, in this section, the word sarurated to indicate PMT saturation. This means
that, after 'the fluorescence collected reaches a certain intensity level, the PMT sends a
constaht.voltage to the board which integrates the signal). .This is the reason why the
intensities shown in Table 6 refer to the second highest peai( in.the spectrum. The ratio
between the intensities of 'L, 0-0 and 'L, 26} reported in the table' has been obtained
from another. spectrum. The épectrum show‘n in Figure 35 is‘\llery similar to that reported
by Sa1nmeth127, but is colder, and no hot bamis have been assigned.

All the transitions listed in Table 6 correspond to the spectrum of bare indole,
_except for the one at 19.1 cm’!, which we believe coneéponds to an intermolecular
vibrational mode of the complex indole+He, as evidéncéd by the. fact that its relative '
intehsity with respect to .other i)éaks changes with the backing pressure. In other words,
if the backing pressure increases, (thus, increasing the ratio He/indole), the intensity of
the peak goes up, because more complexes are formed. On the other hand, its relative
intensity with.respect to the' origin of the indole+He complex is relatively constant,

(~7-9%). !
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Figure 35. One-photon excitation spectrum of indole in supersonic jet.
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Table 6. List of transitions in the spectrum of indole, along with their assignments.
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Spectral Intensity®  Assignment? Spectral Intensity®  Assignment®
shift (cm™) ' shift (cm™) :
0.0 . 3.74° L, 0-0 866.4 0.10
19.1 002  Ind+He(v)) | 894. 0.08
316.6 0.05 422 901.6 0.03
365.7 0.08 412 9075 0.64 . mix. Vy-V,,
380.5 0.10 293 919.2 0.12
- 4361 0.01 39423 9225. . 010
4549 012 . L, 00 926.7. - 0.06
. 461.2 0.01 39441} 929.4 0.12
4804 024 1L, 0-0 9522 0.02
524.1 0.02 370428 | 95538 0.02
539.8- 027 278 968.2 0.29 mix. a" states
548.7 0.03 37141} 972.5 0.06
558.0 0.03 393 L9843 - 0.14
588.1 0.02 ' 988.9 1050 ,
645.0 0.01 994.5 0.10 363
654.0 0.01 999.4 0.13 |
717.8 1.00 264 1011.2 0.09
720.1 047 29¢41542% 1019.8 0.08
736.6 0.83 373 10323 0.04
759.2 0.02 1039.2 0.05
7731 0.07 365395 10513 0.02
783.8 0.19 L, ™ 10632 . 0.05
837.0 0.02 1066.5 0.06
841.6 0.02 1073.7 0.06
851.1 0.07 1077.7 0.05
854.7 0.09 1 1094.5 0.21
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Table 6-Continued

Spectral Intensity®  Assignment” . Speciral  Iiniensity®> Assignment’
shift (cm™) | shift (cm™) :
11004 0.11 1310.5 0.10

1115.6 0.02 | 13135 - 037

11203 0.21 L, 13225 . 003

1127.5 0.04 | 13269 0.20 L,
1130.5 007 1327.9 018 L
1146.4 0.04 | 1329.2 017 . L,
1174.2 0.06 13452 0.05 | |
1179.8 0.02 113566 015

1185.1 0.02 . | 13683 0.05

1189.7 0.03 1378.1 0.11

1197.0 0.08 1380.4 0.07

1199.4 0.08 | 13834 0.09

12093 . 0.3 1387.1 0.08

1215.3 0.08 : 13915  0.12

12296 004 14002 0.09

12329 007 14032 034

12349 0.04 | | 14009 o008

1244.2 0.04 | 14126 0.34 I,
1248.9 0.09 14153 052 I,
12632 0.08 | 14186 - o014 4,
12762 0.05 ‘ 14253 0.06

1283.8 0.11 14354 0.15

12868 0.07 Sl 14391 . 005

1295.2 007 | 14432 007

13025~ 0.03 14458 0.17
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Table 6-Continued

Spectral  Intensity®  Assigmment? Spectral  Intensity® Assignmentb
shift (cm™) _ shift (cm™) :
14482 0.12 . 14637 0.06 |
1449.5 0.12 | 14670 . 006

14522 022 L, 14798 . 0.11

1455.9 0.56 L,

Intensity relative to the 26(1, band. _

The assignments have been made with the aid of references 27, 35, and 127.

c This line is saturated in the spectrum in Figure 35. Its relative intensity with
- respect to the 26(1, band has been obtained from another spectrum.

o e

The assignment of the 'L, transitions in Table 6 is based on the work of Caﬂis et
_al331?7, We have performed several two-photon experiments on selected transitions, (1Lb '
0-0, 'L, 265, 'L, (at 480.4 cm™), 'L, (at 1455.9 cm™), and the peak at 783.8 cm™), and
the Q values we measured agree with theirs, in ;pite of the spatial differences in the
fluorescence collection: whilg they collect all the light in a'surface larger than ox;e half

127’ we

of an.imaginary' sphere centered at the intersection oi' laser and m‘olecular beams
collect the fluorescence projected towards two 'regions defined by the intersection of such
a spﬁere with a éyh’nder of radius 50 mm perpendicular to the plane containing the laser
aqd molecu_lar beams, (see Figure 7). |
“Figure 36 ghows the two-photon excitation spectra of typical 1Lb, (the origin), 'and
1La, (,at’ 14559 cm’!), transitions. The thin line cofresponds to.the spectfum obtained
using cifcularly polarized light, and the thick line corresponds fo the spectrum obtained

when perpendicular polarization was used. The respective € are 1.4 and 0.5, in good
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Figure 36. Two-photon excitation spectra of the 1Lborigin, (a), and an 1Latransition, (b),
of indole in supersonic jet.
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aéreemenp with the expected valueg _reported in the BACKGROUND section. To obtain
Q, Fhe two spectra, (using circularly and linear polarized light), obtained for each peak
are integrated. 'The ratio of thé areas gives 2. The estimated error for the polarization.
rations which will be reported in this section is £0.05 for the lLb origir; of bare ir;dole,
10.10 for the other peaks in bare 'ind(')le ;(md the 'ILb origin’ of the corﬁplex with methanol,
and :l:Q.2 for the lLa origin of indole+methanol. Also, the shape of the spectra are‘
‘different for the different polariiations: the 1Lb spectrum is more intense with circularly -
polarized light, except at the Q branch!®, where the intensity with linearly polarized light
i§ larger. The 1La spectrum contains mainly a Q branch, thus, the intensity with circularly
polarized light is small, résultiﬁg in a low value. for Q. The shapés of the, two photon
spectra taken by Sammeth er al.'?? are significantly different from the sHaPes in our
spectra, because the expansion condiﬁ(;ns were diffefent, résulting' in a estimated
temperature of ~1 k, compared.-to ~5 K in our experiments. - When we changed the
expansion conditions to allow for a better cooling, the shapejs.looked simila; to those
;eported by Sz;mmeth, wher.e the half width at half maximum was ~2 cm'l, Which is
significantly less than the ~5 cm™! measured at 5 X.

The spe;:trun‘l.-in Figure 35 serves as a background to which we can compare
spectra of indole forming van der Waals complexes with solvents. In these latter ones,
both complexes and bare indole appear in the spectra. Thus, comparing them to‘the _
spectrum in Figure 35 helps in identifying the transitioﬁs coﬁespohding to the complex.

Figure 37 and 38 show the one-photon excitation spectra of indole+H,0O and.

indole+methanol, (the'lLb origin in Figure 37, and the four highest peaks in Figure 38
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Figure 37. One-photon excitation spectrum of indole+H20 in supersonic jet.
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Figure 38. One-photon excitation spectrum of indole+methanol in supersonic jet.
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are saturated). . Visual comparison of these figures with Figu're‘ 35 reveals that there are
significant differences, particularly in the region to the red of the 1Lb origin. (In Figure
35, the spectrum is not shown further to the red because no transition was observed in the
region between 0 and -700 cm™!). The reason for all thesé extra transitions can be traced
to the formation of complexes between indole and thé solvent with active intermolecular

vibrationg?3+25:26,151-152,

The Region of the 'I., Origins of the Spectra of Complexes
]g- dole+Water

Figure 39 shows the region corresponding to the 1Lb origins of the COmplexés
formed between indole and H,0 and ’in.dole and D,O. The transitions at 0 cm’
coﬁespond t‘o fhe 1Lb origin of bare indole and bare d-indole, respectively. It has been
documented in the erfature that there ar-e @o binding sites for Fhese .complexes25 26,55
and this is evidenced in our spectra by the .preéence of two distinct origins in both traces
in Fi.gure 39. One of them, (which wi]li be referred -as complex II), appears at'-449.4 em™t
for indole+H,O .and at -461.0 cm! for d-indole+D20, whiie the other, (coniplex D,
appears at -131.7 and -132.1 em’l, respec'tively..l Wallace et al.25- havé used mass
spectrometry to determine that both types of complexes correspond to the formula
ind01e+(water)'1. Their behavior, however, is very different. Coniplex I shows a short
Franck-Condon progression, (1 member)'; with a frequency of 24.4 cm™! for the H,O
complex, and 23.2 cm™! for the D,0 corﬁplex. Complex II shows a beautiful and long

Franck-Condon progression with two easily . identifiable vibrational modes with

frequencies: 35.1 and 48.5 em!  for indole+H,O and 33.6 and 47.3 cm'lv for
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Figure 39. One-photon excitation spectra of the 1Lborigin region Ofindoie-1-H20, (a), and
Indole-1-D20, (b), in supersonic jet.
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d-indole+D,0. Additionally, we believe we also have identified a third vibrational mode.

in the indole+H,O complex with a frequency of 188.8 cm’!

. This mode has built upon
a progression of mode I, with spacings of 35.2 and 34.7 _cm'l, very similar to the spacings
of 35.1 and 34.6 cm™! built upon the origin.

The uanéitions in the indole+D,0 spectrum look much wider than those in then
spectrum of indole+H,O. For instance, inspection of the origin of the .bare molecule,
(although trunéated), shows a different structure when comparing both graphs. The 'peak
at 5 cm™! to the red of the origin in Figure 39b corresponds to the origin of A-indole.
This is consistent wiﬁ the values reported by Wallace et al.?’ which indicate that the 1Lb
origin shifts 5 cm™! to the blue upon deuteration in the 1 position, (see Figure 2). It
seems clear, then, that although our st;arting materials were indole and D,0, an exchange
reactipn took place in the nozzie and most of the indole was converted into 1-d-indole,
(from now on referred as d-indole). Figure 40 shows a detailed spectrum of the oriéin
of complex I in Figme 39b. It can be observed 'that it has more structure than its
counterpart in Figure 39a, beéause of the different species present. Comparison of the
relative intensities of the first two peaks, (starting from the left), to the rslative intensities - '
of the bare h-indole and d-indole peaks suggests that these two peaks correspond,
respectively, to the 1Lb origins o'f coinplex I of h-ind01e+D.20 and d-indole+D,0. The

" third transition, (at -129.0 cm™ fornﬁ the d-indole 0-0), is believed to correspond to the
origin of cbmplex Iof d-ﬁdole+HDO. Rough estimates of the amount of d-indole formed

suggest that it is certainly possible that enough HDO is present to form complexes.

The formation of trimers between an indole species, water, and helium, and other
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dimers between the indole and water species adds further broadness to the peaks in the
spectrum shown in Figure 39b. Most of the peaks are going to have this type of
structure, with several complexes contributing to the total shape and intensity of the peak.
In some cases, it is going to be difficult to separate the different transitions, but an
attempt has been made to make assignments on the vibrational modes of the different
complexes involved. Tables 7 through 10 show these assignments for /z-indole+H20,

</-indole+D20, A-IndoleH-D20, and d-indole+HDO.

-1*5 - 1%0 -115

Figure 40. Origin of Complex I in the indole+D20 system

Inspection of Figure 39 and Tables 7 to 10 reveals that similar features and
spacings are present in spite of the significant difference in mass between H20 and D20,
which should result in a difference in the frequency of the vibrational intermolecular
modes. The nature of the two complexes has been subject of debate in the literature.
Wallace et al.25 have suggested that both complexes could be hydrogen bonded to the
hydrogen at the | position, but they would differ in the relative orientation of the acceptor

with respect to the indole molecule. On the other hand, Tubergen and Levy26 have
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Table 7. h-indole + H,0

Spectral - Intensity® Assignment®

shift (cm™) '
1073 0.89 I, v; (244 cm™)
1317 6.09 100
-190.7 0.18 I0, 2V, + V4
2143 0.24 I, 7v,

| -22;.4 0.18 0, Vv, +V,
-230.9_ 0.26 I, 5v; + v,
-246.2 048 1, 6v,
-2492 021 I0, 3v, + 2v,
-260.6 0.24 I, v, (188.8 cm™)
-264.2 0.33 IL, 4v; + vy
-278.6 0.70 I 5v,
-2832 0.15 10, 2v, +2v,
-2975 0.38 I 3v, +V,
-3119 0.79 10, 4v,
-317.3 0.14 II, v, + 2v, ‘
-331.7 0.35 IL, 2v; + v,
-345.3 124 11, 3v,
-352.4 0.06 10, 2v,
-366.0 040 o, v, +v,
-379.7 148 10, 2v, |
-400.9 0.26 I, v, (485 cm™)
-414.3 141 II, v, (35.1 cm™)
-449.4 1.00 11, 0-0

Relative to the origin of complex II.
The two complexes, (k-indole+(H,0),), are labelled I and II.
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Table 8. d-indole + D,O

Spectral Intensity® . Assignment®
shift (cm™) :
286 070 -
313 . 104 L.
- -36.0 061 -
-1089 154 I v; 232 em™)
1321 85 500
-206.8 040 . I, 8v,
-236.8 0.49 B
-250.6 0.40 I, 5v; + v,
-267.4 073 I, 6v,
-282.0 - 058 I, 4v, + v,
-298.5 0.80 I, 5v,
3144 0.66 I, 3y, +V,
-330.2 128 10, 4v,
-3472 . 0.73 I, 2v, + Vv, -
' 3622, 1.56 0, 3v,
-366.7 0.14 10, 2v,
-379.8 0.62 : Iov, +v,
-394.7 1.64 I, 2v,
-413.2 041 . I, vé (47.8 cm™)
-427.4 133 I, v, (336 cm™)
-461.0 100 - CILOO

Relative to the origin of complex II.

The two complexes, (d-indole+(D,0),), are labelled I and II.

This line is saturated in the spectrum shown. The relative intensity with respect
to the origin of complex II was obtained from another spectrum.
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Table 9. h-indole + DZO

Spectral Intensity® Assignment®
shift (cm™)

© 0 -1086 . 045 I v, (228 em™))
-131.4 126 I, 0-0
-295.7 0.26 . I 5vy
3274 - 035 11, 4v,
-359.3 0.36 0, 3v,
-391.5 036 XL 2v,
4242 033 I, v, (33.6 em™)
-457.38 021 11, 0-0

a ~ Relative to the origin of comp:le)l{ II of d-indole + D,O.

b The two complexes, (h-indole+(D,0),), are labelled I and II. .

suggested the possibility (;f two ;iifferent typesl of hydrogen bond between indole and
water. Complex‘I would correspond to a species withr a hydrogen boqd bétwéen the
solvent and the hydrogen af. the 1 position, while complex II would have the solvent
hydrogen-bonded to the 7 cloud of the indole ring. They have found that Complex I

follows the pattern discovered by Hager and Wallace!®® where the hydrogen-bond

‘ .accepting species induces a red shift which is linearly proportional to the proton affinity

of the solvent. Complex II does not follow that pattern. We have performed calculations
using molecular mechanics which find.‘ two minima, (supporting Levy's idea), for the
indole+H,0 sYstex;l m the places he suggested. (There are actually three minima, but
two of them are equivalent since they correspond to bonding to the m cloud in either side
of the ring). However, INDO/S calculations performed on those mil'lima result in red

shifts which do not agree with experimental values.
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Table 10. d-indole + HDO

Spectral Intensity?® ' Assignment®

shift (cm'l) o .
-105.8 0.12 I, v; (232 cm) -
-129.0 1.72 I, 0-0
2255 033 10, 7v,
2591 . 033 I, 6v,
2715 0.35 1L 4vy + v,
-291.8 0.34 oo 5v,

| -311.0 039 I, 3v, +V,
-324.8 0.64 I, 4v,
-345.8 042 IO, 2v, + v,
-358.2 0.74 L3y,
-378.6 0.31 IO, v, + v,
-391.1 0.68 0, 2v,
4117~ - 021 I0, v, (45.1 cm™)
-423.7 055 . ILv, (331 cm})
-456.8 0.29 1L, 0-0

Relative to the origin of complex II of d-indole + D,0.
The two complexes, (djind01e+(HDO)1), are labelled I and II.

o ®

Both models postulate that at least one complex, (I), must be hydrogen-bonded to
H1. The sharp peak at 24.4 cm™! to the blue of the origin of this éomplex corresponds
to an intermolecular vibrational mode, poséibly involving a displacement of the solvent
mole;:ule towards and away from the N-H group. Indeed, the change in vibrational
frequency from the D,0 to the H,O cbmplex, (although small in absolute value), agrees

with the ratio shown in Equation 38,
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Vil (M : . . (38)
ml '

indiéating that the solvent molecule as a whole is displaced instead of just the hydrogens. |
If only these atoms, (and not the oxygen), were moving, we would expect a larger change
in the frequency: vp,o should be (m(Dz)/m(Hz))V’=1.41 times smaller than vy,q.

A similar analysis caﬁ be done on the vibrational modes of complex II. ;I‘he
frequencies of the first mode, (35.1 em’! for HZO‘and 33.6 cm™ for D20), show a simiiar
ratio as those of complex I. The frequéncies of the second mode are similar in both

complexeé, (485 and 47.8 cm™ respectively), but they are within experimental error of
what one would expect if the whole molecule were moving. (If only the hydrogens were
moving,. there should be a 40% difference in frequencies, (see above), which is clearly not
the casé). |
Aécording to - the B-om-Oppenheimer approximation, the electrons move much
faster than the_ nuclei. Thus, when the molecule absorbs a photon and gets promoted to
the excited state, the nuclei remain virtuélly motionless in this interval, (~10'14 sec,
according to Steinfeld!!%). Therefore, the molecule .‘reaches- the excited state but still
retains the ground state geomeﬁy, even when the equilibrium geometries for both states
" are différent. This is the basis of the so called Franck-Condon principle154'155 .

According to this principle, the intensity of a transition between any two vibrational states

is equal to the square of the vibrational overlap integfal, |(v' | v")|2, which is also

v

referred as a Franck-Condon Factor, (f,._,,1).




131
From the relative intensities, (and spacing), of the members of a progreséibn
starting in the vibrational ground state of the electronic Sy, we can recover information
ébout thg relative displacement between the. equilibrium geometries of'b.oth electronic

states!6.

(39)

where A is a parameter that can be obtained from the ratio of the intensities of the origin

and first member of the progressidn:

: -A
fou _ 2e* _, ©(40)

From Table 7, we can see that this ratio is 1.41 for the first vibrational mode of
complex II of h-indole+H,0. The djmensiomess displacement, s, (which is a measure of
the distance 5etwecn the equilibrium geometries of both electronic states), is equal to
(27\.)‘/2.' Therefore, in this case, s is (2x1.41)%=1.68. From s, we can calculate the net

. displacement, AQ, using-Equation 41,

‘ & A2 1
AQ = s.‘j— - 168 | BTSN amuem o5 0 uh (@D
@ 35.1cm ! 15.6amu .

where p, 15.6 amu, is the reduééd mass of the indole+H,O system. . The error in the

displacement has been obtained by introducing in Equation 41 the error in the
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_measurement of frequencies and relative intensities.

This analysis can also be performed for' the othe;: mode pf complex II and the

single mode of complex I, yielding displacements of 0.15 & 0.02 A and 0.16 £ 0.02 A,
' respectively.

In contrast, molecular mechanics predicts a displacement of the center of mass of
0.08 A for comblex 1, if the molecule is exci?e;l to the lL-D state, and 0.13 A if it is excited
to the 1L§ state. It predicts displacements of 0.18 and 0.26 A respectiveiy, for complex
II. -

As mentioned previously, INDO/S calculations on these geometries yielded mixed
results. The prédicted red shift for complex I is 134 cm™! for the 1Lb transition and 719
cm’! for .lLa; whiie the predicted red shifts for complex II are 23 and 216 cm?,
respectively.

Another interesting question is that of the anhannohicity of the poténtial energy
surfaces for the complexes. In this respect, complex II for the indole+H,0 systém, has
a mode, v;, with up to six overtones in the spectrum. The presence of so many

transitions makes it a likely candidate for this type of study. |

If the potential energy surface were harmonic, the energy, G,, of any vibrational

state v from the bottom of the potential energy well wouid be

o

-where the prime indicates that we are referring to the excited state, and ®, represents the
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spacing between levels.
However, if the potential is not harmonic, other terms have to be added to this

expression15 7,

2 3
Gv - (V+—)m°'_(v+l) xe’me’+(v+%) ye'.(oe'-'-"' 43)

whefe %o and y_ are anhafmonicity terms. Calculation of @), x.®, and y ) is fajﬂy
straig_htforward if enough ernones are preseﬂt in the spectrum.

Table 11 shows tﬁe first, second, and third order differenées for the transitions
corresponding to the first intermolecular vibrational mode of complex II for inciole+H20.
The average value;, of the third order differences, A3, gives the value for 'y .. Using this
calculated value, we can manipulate the second order differences, A,, in order to obtéin
%, Finally, plulg.ginghthes'e‘ two values into our list of the first order differences, 4,,
we can get @,. |

With the differences shown in Table 11, we have calculated the follovx‘/ing" values:

'@, = 0.000 % 0.003. This means,

e

®, = 35.72 £ 0.16 cm™, y ®, =027 £ 0,02, and y
that the thifd order correction for anharmonicity, y,, is; 0.0000 + 0.0061, wﬁile the second
order correction, ¥, is 0.0076 £ 0.0006. Thus, we can see. that the potential energy is .
cl‘oge to harmonic for the‘ first 7 vibrational levels. |

The spacing between two consecutive levels, v, and v +1, is:

AG = 35.72-0.54(v, +1) cm™ ‘ (44)
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Table 11. Spacings between the méxﬁbers of the progression of the first intermolecular
vibrational mode of complex II for the indole+H,O system.

Spec. A2 A A
shift (cm” )

-449.4

-414.3 35.1

-379.7 34.6 -0.5

-3453 344 02 03
-311.9 334 -1.0 -0.8
-278.6 33.3 -0.1 0.9
2462 324 -0.9 -0.8
-2143 31.9 -0.5 0.4

a A, refers to the spacing between two consecunvé transitions, A, refers to the

differences between two consecutive A;s, and A3 refers to the d1fference between

two consecutive A,s.

Indole+Methanol

Comparison of Figures 37 and 38 shows that the spectrum of indole+H,O and

indole+methanol share the fact that two sets of transitions, corresponding to two different

complexes, are present.

However, possibly because of the large size of the methanol

molecule as compared to H,O, which results in a larger number of degrees of freedom,

the details of the spectra are different.

Figure 41 shows the region of the lLt; origin of the spectrum. of indole+methanol.

Wallace ez al.?> have identified two complexes with formula indole+(CH;0H),, labelled.

I and II, which correspond to equivalent geometries to those seen for indole+water, and

one complex with formula indole+(CH;OH),. Their identification is based on two-color

photoionization followed by detection of the ions in a quadrupole mass spectrometer.




0.8

0.6

0.4

Energy Relative to 1L.b 0-0 (cm *)

Figure 41. One-photon excitation spectrum of the 1Lb origin region of indole+methanol in supersonic jet.
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Table 12 shows a list of thp observed transitions. and intensities relative to the
origin of complex I. The assignments of the transitions are also included. Apparently,
the amount of coﬁplex II formed is very dependent on the expansion‘ conditions in the
jet, (see Appendix B), because we.have a ratio of intensities for the origins of complex
II and I of 0.29, while from the spectrum §hown in reference 25,_this ratio’ can be
estimated to be beﬁeen 0.05 and 0.10. We have done experiments where the amount .of
methanol in the lines is optimized to produce the largest possible amount of complex I.
When this is done, the ratio goés down to ~0.05, (indépendently of the nozzle distance),
* which is compatible with tﬁe numbers obtaine('i‘ by Wallace ez al.

Several explanations can be preéented t‘o explain this difference. On one hand, we
can think that this phenomenon ‘is related to the binding energy of the complex. It is
" expected that this energy is larger for complex I. Then, it-is reasonable to expect that
certain expansion' conditions may be affecting: coxﬁplex I by knocking off solvent
molecules from the complexes. It can also be argued— th;lt changing the expansi(;n
conditions effectively changes the amount of methanol.i.n the lines. Thus, if complex
II were not'a 1:1 complex but a 1:2 complex, opth'nizing ti1e formation_ of complex I, (a
1:1 complex), would certainly result in a decrease of the relative population of complex
Ii. Although Wallace and coworkers have detected the ions formed after excitation to the
modes of complex II in the 1:1 mass channel, it cannot' be compietely ruled out that,
because of thetlow binding energy, the cbmpléx did not lose a solvent molecule before

137

detection. This behavior has been observed for benzene+(H,0), ~’, where most of the

complex is observed in the 1:1 mass channel.
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Table 12. 1Lb origin region for the indole+methanol complex.

of water impurities remaining from previous experiments.

Freq. Intensity*  Assignment® Freq. Intensity®  Assignment® -

. shift (cm'l) : shift (cm'l)

-9.5 0.14 -343.1 0.07 I, va+v,
-17.2 0.10 X, v, (48.6) -346.4 0.12 I0, v +vs
-38.3 0.13 X, 2v, -352.5 009 I, v, (116.4)
-529 0.09 X, v;(12.9) -3574 0.09‘ Ii, Vi+Vy
-65.8 0.11 X, 0-0 -365.6 0.04 II, 2v,
-72.0 0.09 -374.7 0.06 0, vy+v,
1072 0.09 3762 008 I, vg (92.7)
-1094 0.09 -382.0° 0.19 I, v5 (86.9)
-112.8 0.09 L 2v, -384.1 012 10, 2v,
-116.5 0.08 -390.2 0.16 I, ViV,
-117.7 0.08 - -392.9 0.10
1313 0.07 ¢ -394.1 011 LVa(BH
-136.2 040 L, v; (23.7) -396.6 0.07 II, 2v,
-159.9 1.00 I, 0-0 -401.1 0.04 "

--302.9 0.05 o I, vaHv, -417.2 0.14 II, v4 (51.7)
-308.4 0.06 II, vy+v, -426.3 0.27 II, v, (42.6)-
.-316.9 0.05 I, v,+v, -432.6 0.18 II, v, (36.3)
3248 006 I, vybvg 4514 0.04 e
-342.5 0.05 I, 3vZ . -468.9 - 029 1I, 0-0

a. Intensity relati\‘/e to the origin of Complex I.

b Assignments based on Ref. 25. There are two complexes of the form
Indole-(CH,OH),, labelled I and II, and one of the form Indole-(CH,OH),,
labelled 'X. The numbers in parentheses correspond to the frequency in cm™ of
the vibrational mode.

c These peaks possibly correspond to the complex Indole-(H,0),, formed because
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Iﬁ this work just referenced, Wallace er al. assigned three vibrational modes to
complex II, one to complex I, and two to the .d;atected 1:2 complex, (labelled X in Table
12). In our 'gxperiments, we have detected at'least‘7' modes for. complex II, and one and
at least two for complexes I and X, respectively, (see Table 12). As a result.of the
increased intensity of the tramsitions in our 'spectra, we have positively identified
vibrational mocies in 'complex'II with the following frequencies: 36.3, 42.6, 51.7, 75 4,
(this is the average of a split peai:), 869, 92.7, and 1164 cm™l. There is another
transition, at 67.8 c'm;1 from the origin of the complex, which cannot be assigned as an
overtone or combination band of the other modes. Hc;wever, its low intensity, which
would make impossible the detection of combination bands uwith other modes, does not
allow for a positive identification.

Complex I has only one identifiable vibrational mode, with ﬁequency 23.7 em’},
which even presents an overtone. There are also four other transitions in its vicinity that
cannot be assigned.

Finaily, we have detected the same four transiti;ms that Wallacé et a{.zs assigned

1to

to the 1:2 complex. In their vicinity, there are two other transitions: one is 6.2 cm’
the red of their proposed origin, and the other is 56.3 cm™! to the blue. However, since
we 'do not have the capability, to assign masses to these 'coﬁlplexes, an attempt to associate
these two transitions with this complex wc;ulci'be guesswork on our part. |
Comparison of Figures 59a and 41 shows another interésting phenomenon. The

origins of complex I have a fairly large satellite peak corresponding to the trimer

indole-(solvent),-He. However, the trimer peaks are conspicuously absent, or are small,
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in the peaks .corresp‘onding to complex‘II. This supi)orts the idea of solvent bonding to
the .‘It cloud in complex II, because that geome&y would hinder thé access of 'helium to
the binding site over the ring, thus resulting in a smaiier, (or null), intensity for the
associated trimer.

In this discussion, we have been assuming, (as it was assumed in the

 literature® 26,55 ’152), that these transitions to the red of the lLb origin cdrrespond to the

-.lLb state of the complexes. - This. assumption .can be tested using’ two photon

speétroscopy. Figure 42 shows the two-photon excitation spectrum of the origin of

complex I for indole+methanol, (6nce again, the thin and thick lines correspond to the

fluorescence spectra obtained using circularly and linearly polarized.light). Integration
of each line resuits in a polari.zat:ion ratio’ of 1.4, consistent with the lLb character. Visual
compa;ison of this figure with Figure 36a reveals that the shape of the épectrum is similar
to that of the parent transition, (although thé signal to noise ;atio is worse as a result of
a lower intensity for this transition).

A_ttempt.s. to measu.re the two-photon spectrum -of the origin of complex II were
unsuccessful. The expansion conditions necessary to have a large enough two-photon

cross section, (see METHODS section), did not result in a significant amount of complex

II, as evidenced by one-photon studies. Perhaps, at 0.5 cm from the nozzle, (the distance

used in two-photoh experir'nents)‘, the molecules have enough kinetic energy to break the
weakly bound complex II. Evidence of the 1Lb nature of this complex will be provided

in the next section.
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Figure 42. Two-photon spectrum of the origin of complex | of indole+(CH30H)1

The Region of the "1Ln Origins™ of the Spectra of Complexes

The study of the region surrounding the 1La origins of indole, (at 455 and 480
cm"1 to the blue of the 1Lb origin), is the object of this section. This study is more
complex than that of the 1Lb origin region since there are a lot of bare molecule
transitions intermixed with those corresponding to the complexes. On the other hand, the
intensity of the bare molecule peaks in this area is much smaller than that of the origin.
This means that, in most cases, only one line, that corresponding to an indole vibrational
mode of complex I, will be seen. Therefore, (except for a few cases in indole+methanol),
complex 1l lines will not be seen. Lines corresponding to intermolecular vibrational
modes of complex | will not be present in the spectra, either.

Tables 13, 14, and 15 show the transitions for indole+H20, d-indole+DjO, and

indole+methanol, and their assignments. It must be pointed out that the transitions in
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Table 14 are referred to the origin of d-indole, which is 5 cm™! to the blue of the origin

of h-indole?’. Most of the transitions in d-indole show a similar spectral shift to their

counterparts in A-indole, (with a difference of 2-4 cm‘l).

However, Wallace et al?’

reported, (in agreement with our own experiments), that the peak assigned by Callis er

al.35

as the first lLa‘ origin of indole appears in d-indole at 442 cm™! to the blue of the lLb

' origin. This means a shift of 13 cm™! with respect to its h-indole counterpart.

Table 13. Indole+H,0. Assignments for the 1La origin region.

Spec. Intensity® Assignment® Shift® (cm-1)
shift (cm” ) :
185.0 0.05 428 -1316
. 250.7 015 29} -129.8°

326.4 0.17 1L, ("455™) -128.5
340.1 1023 L a0 302
3423 023 at Tov ’
408.3 0.29 27} 1310
587.8 . 1.00 263 -130.0°
611.6 0.44 373 -125.0
653.8 0.36 "784" -130.0
8372 0.50 "968" -131.0

a Relative to the 260 transition of the complex. :

b ‘Indicates the assignment in the spectrum of bare indole to whom the transition is

related to.

¢ - Relative shift to the parent transition in the spectrum of bare indole.

From Téble 13, we can see that all of the 1Lb transitions shift ~130 cm™ with

respect to their parent transition, with the exception of the 37(2) transition, which only

shifts 125 cm’l. In contrast, the transition associated with the 1La, (at 480 cm'l), orig_in .
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shifts 139.2 cm™), and it is split. This is consistent with the expectation that the 1La
levels are shifted more by a pdlar solvent than 1Lb levels are. However, this difference,

~9 cm!

, is minute if we compare it to the shifté calculated by INDO/S, (see
Inglg1§+Wgt§r section). In these calculations, the predicted red shifts were 134 and 719
. B !

cm! for 1Lb and 1'La respectively. We will discuss this behavior later in this section.

Table 14. Indole + D,O. Assignments for the lLa origin region.

Spec. Intensity>  Assignment®  Shift® (cm™)
shift (cm™): .

2412 028 29 -129.8

288.5 013 |

3321 - 037 1L, ("480") -144.2

401.2 0.16 274¢ -132.9

406.6 - 032 273 -133.5

5786 1.00 26 -133.5

6065 - 045 3 1263

687.6 0.39

693.4 047

799.9 0.34 "929" -130.4

8223 0.38
a Relative to the 26(1) transition of the complex. :
b  Indicates the assignment in the spectrum of bare indole to whom the transition is

related‘to. : :

¢ ' Relative shift to the parent transition in the spectrum of bare indole.

d This peak corresponds to the complex /-indole + D,O.

The other 'L_ origi , (at 455 cm! in bare indole), shifts less than the one just
a OT1gM .

mentioned, ~128.5 cm™l. The different spacing in solution could be, in pringiple,
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Table 15. Indole + methanol. Assignments of the

1La origin region.

Spec. Intensity® Assignment® Shift® (cm™)
shift (cm™) '

160.0 0.07 . 422 (D -154.8
219.9 016 298 (1) -158.5
243.8 0.05 295+v,(D) -158.5+23.9
. 2507 0.05 264 (1) -465.2
293.0 007  26%v,an -465.2+42.3
3024 0.29 L, ("480™ (@) -17538
3204 0.10° I, (455" (1) -132.6
325.8 010 'L ('480")+v, ()  -1758+234
3704 0.09

381.2 0.24 278 @ -156.7
404.4 007 . |

490.0 0.06 "968" (II) (7) 4764
5574 1.00 264 (@) -158.5
581.1 021 265+v, (1) | -158.5+23.7
5837 033 373 () -153.9
614.5 0.11 © 365393 -156.8
6190 - 019 L gy -164.8
6792 - 008

692.4 0.17

7512 0.15 "907.5" (D) -154.4
1806.6 023 "968.2" (1) -159.8
835.5 023 . 365 -156.8
. 12776 0.09 "1435.4" (7) -157.8

Relative to the 26(1, transition of the complex.

Indicates the assignment in the spectrum of bare indole to whom the transition is’
related to. The roman numbers in parentheses indicate the nature of the complex.
Relative shift to the parent transition in the spectrum of bare indole.
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attributable to the coupling of an unique 1La state with a.dark 1Lb state, as previously
stated. If we assumed that complexation, (or d- substitution, as in the case of d-indole),
shifted the 1Lb dark state and the 1La origin differently, the resulting coupling of states
would not be the same as it was for.bare indole. Therefore, the spacing bétween the
observed transitions wéuld be different. ‘ HoWever, a linear variation analysis of the
' coupling of states reveals thata two le\}el System cannot explain the behavior of these two
transitions in the indole+H,O complex if I‘La states shift more than lLb states, (it cannot
explain it for incioleﬂnethanol, either). If we assume that complexation éhifts the dark .
1Lb state slighdy less than the lLb origin, as is seen for out-oﬂplane modés, (see below),
the new positioné of the lines can be explained by linear variation on a two ie.vel system,
bu.t the calculated intensities are v.ery different from those seen in the .spectra. (It is
predicted that botﬁ transitipns shbuld have roﬁgﬁly the same intensity, both in water and
in methanol).

.In/Table 15, it would be vefy interesting to observe a similar pattern for the red
shift of the 1La origins, but this is not the case. The peak corresponding to the seconc.i’
1La origin shifts even more, (~144.2 cm'l, or ~11 cm™ more than the 1Lb transitions), but
the peak correspondiﬁg to the ofher 1La origin is absent, (or is lost in the complicated
épectrum arising from the coexisting of isotopic species)_. In fact, the system is not
nécessarily similar to ixidole;i—HZO because isotopic _substitution_, (yielding d-indole), is
affecting the ring modes.

Another importanf feature present in Table 13 is that the peak associated with the

possible 1La line at.784 cm™ dnly shifts 130 cm™. Sammeth!?’ reports a polarization
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ratio of 0.9 for this transition, in agreement with our value of 1.0. This pola;izatién value
is’inteqnediate between what we would expect from pﬁre 1La and pure 1Lb transitions.
*_ Therefore, based on the red shift upon complexation, assignment of this peak as a 1La
transition,‘ (see Table 6), seems to be wrong. Unfortunately, \;ve could not obtain, a
- two-photon of the corresponding transition in the in%lole+methanoi comple);.

T'ﬁe spectrum of the complex between indole and methanol is richer in transiti(;ns
than that of indole+H,O. Apparently, it is easier for indole to fon:q ai large number of 1:1
complexes with methanol. For the complex with water, if one increases the amount of
H,0 in the lines, (see METHODS section), the result is not an increased number of 1:1
compiexes, but an increase in the number of large solvent clusters which cause the
spectrum fto. look like the spectrum of indole in solution. Tile large number of complexes .
forméd with methanol results in a larger intex.isi‘ty for the transitions, allowing for peaks.
corresponding to complex II or to intermolecular modes of both complexes to be
observed. |

Most of the 1Lb peaks shift ~158 cm'l, while one of the lLa origins shift 175.8
cm! and the_ other shifts only 132.6 cm'l, ;esulti_ng in a behé.vior similar to, (but more
eﬁaggerated), than that of the indole+H,0 complex. |

Figure 43 shows a region of the oﬂe-phot.on e_xcitation spectrum of
indole+méthanol. The transitions mariced with a dot correspond to vibrational modes of.
complex IIL | These transitions are small, but they appear consistently at the same
- frequency in all the spectra taken. The first of them corresponds to the '265 mode of

complex II, while the second is an intermolecular vibration, (mode v,), built upon the
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Energy Relative to 1L.b 0-0 (cm'1)

Figure 43. One-photon excitation spectrum of the "1La origin" region of indole+methanol in supersonic jet.
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previous transition. The third one possibly corresponds to a vibratioﬁ of ‘coxhpl‘ex II
equivalent to the-mode labelled as "968" in the spectrum of bare indole, al'thouéh the shift
is ﬂiéhtly larger than for the 1Lb origin: -476 cm™ vs -469 cm™. In the previous section,
it was mentioﬁed that the origin of complex II could not be assigned fo the lLb by means
of two-photon spectroscopy because of the low intensity of the transition. Thus, one
coﬁld conceivably believe this to be the 1La origin of the vcomplex', siqce calculations
predict a 719 cm™ red shift, (in water), and this transition, (also in water), is at ~930 cm™!
to the red of the 1La origin of l;are indole. However, the fact that these ring-vibrational
modes are seen indicates with almost complete cértainty that they correspond to a second
complex and the origin at -460 cm™ to the red of the l;are indole origin must be 1Lb in -
- nature. For it to.be 1La, one would have to postulate that at least two vibrational modes,
(or more, since "968" is assigned by Wa]lac‘e et al.?” as a mixture of out-of-plane modes),
of the 1La state are identical, (within 5 cm'l), to their counter;;arts in thé lLb. state, which
is highly unlikely.

In both indole+wate; and indole+methanol spectra, there are some transitions
which shifted ~5 cm! less with respect to their parent transitions than the rest. Car'eful'
inspection reveals that all of them correspond to. out-of-plane vibrational modes.
Furthermore, Witil the exception of the 42(2) level of ind01e+H2.O, and the level in the

3

Lin the spectrum of bare

indole+methanol spectrum equivalent to the one at 968.2 cm’
indole, (which Wallace et al.?’ assigned as corresponding to a mixture of out-of-plane
modes), all transitions correspondi‘n:g to out-of-plane modes shift less than the in-plane

ones.
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it is interesting to note that the '41(2, level cannot be seen in any of the complexes
studied. ' This does not seem to be an intensity problem, since there are other transitions
- which should be less inteﬁée aqd aré seen, (like the 42_% level). This is a puzzling result,
and needs to be investigated in more de@l.

Finally, it has to be pointed out.that no transition for any of the complexes is-
observed above 850 cm™ to the blue of the 1La origin of bare indole, with the i)ossible- :
exception of a transition observed at 127 8 cm™! in the spectrum of indole+methanol. This
transition would represent a red shift of 157.8 cm! with respect to the bare molecule
transi'tilon at 14354 cm'l, which is certainly reasonable. The fag:t that nb other transitions
are seen can -be explained by considering that the enefgy of excitation could b? transferred
to the bond between the two species of the complex resulting in dissociation. In the

observed transition, the ring vibration is probabls' not coupled to the "bond breaking"”, and

| the energy of excitation is not available to knoék thé solvent off the complex.. It is also
possible that some other transitions are present, but cannot be seen because there are so
‘many transitions corresponding to the bare molecule that they just overlap these latter
ones.

Figure 44 shows a 250 cm'l region, (in the neighbqrhood of thé 1La origins), for
indole and indole complexe(.i with methanol, H,O, and DZQ- In these last three cases, the
' ~ spectra have been shifted by 132, 132 and 160 cm™! to the blue. respectively, (that is, a
distance equé.l to that between the origin of complex I and the bare indolé origin in each
of the solvents). Also, in these spec&a, the transitions corresponding to the baré molecule

have been deleted, in order to not interfere in the picture. Finally, in the spectrum
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indole

indole+methanol

indole+H-,0

300 350 400 450 500 550
Energy Relative to 1L.b 0-0 (cm 1)

Figure 44. One-photon excitation spectra of the "1La origin" region of indole, (a),
indole+methanol, (b), indole+I*O, (c), and indole+D20, (d), in supersonic jet.
The last three spectra have been shifted by 160, 132, and 132 cm"1to the blue.
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of indole+methanol, the transitions corresponding to intermolecular vibrational modes of
the complexes have also been d;aleted. ‘

The t'ransition_s assigned to thé 1Lb state line up very well with their counterpart
in bare indole; (there are some dis.crepancies in indole+D,O due to. the isotope effects).

: Ho;wvéver, as pointed'o'ut previously, the 1La transitions shift very.differently and can be
assigned by visual inspection. This is not the only evidence to assign these transitions
as the 1Lal origin of the éomplex. Figure 45a shows the two-photon fluorescence
spectrum of the putative origin of i'ndole+methanol. Although the s1gna.1 to noise ratio
is rather poor, the shape of the s;pectrum-indic;tes that the .uanéition_ has 1La nature. The
a .
polarization ratio is 0.7, although is not very accurate beéause of the noise.

Also in Figure 45, we have the two-photon e;tcitaﬁon spectrum of the 26(1, level
in indole+methanol. Its parent &ansition, at 718 cm'l, haé a polarization ratio of 1.2,:.
(S‘an.n'neth127 reports a value of 1.3). The experimental Q for the transition in the
complex ié 1.0, which may indicate that complexation alters the nature of the two-photon
tensor.

Before finishing this discussion, the problem of the smaller than pxpeéted red shift
fof the .1La transitions must be addressgdl Not only do calculations predict that the shift
should be several times larger than for- 1Lb, l_)ut‘ also experimental results on the absorption
red shift in bu]k,solutionla' reﬂect' this behavior of the 1La state with respect to 1Lb.

One way to explain this phenomenon is by invoking an avoided crossing between

the 1La and 1Lb states. Our calculations show that when both states become nearly
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Energy Relative to 1Lb 0-0 (cm'l)

Figure 45. Two-photon excitation spectra of the 1La origin, (a), and the 26g mode, (b),
of indole+methanol in supersonic jet.
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degenerate, they tnix, pushing the resulting states .apart.. The distance betvteen the
observed states is around 400-5’00-cnt'1, which is ttle spacing observed in the spectra of
indole and indole+solvent. The presumed avoided ctossing would explain the relative
displacement of the peaks, but it would also pred10t that the nature of the peaks
correspondmg to the complexes would be reversed w1th respect to the peaks in the bare
".molecule. That is, the origin of complex I should have lLa character and the pea.k at 341
cm™! to the blue of the origin, (in indole+H,0), should have lLt., character.. Therefore,‘
our two-photon data can be used to rule out the hypothesis of an :avoided crossing
between the two states to explain the shifts in the spectra ef the complexes.

It is possible that the minimum of the mc;ole-solvent dimer is not a conformation
that favors the 1L red sh1ft In our calculations we showed, (see Figure 13), that only
specific posmons around the rmg have the net effect of stabilizing s1gmficantly the 1L
st‘ate Those positions were beheved to be the ones most likely to help the charge transfer
associated to the excitation to the 1La state. If the solvent molecule hydrogen-bonds to
the N-H group, with the oxygen in the plane of the indole ring, (as suégested in our
calculations), its dipole would be roughly perpendicular to that of the indole molecule. -
In this case, not‘much differential effeet between the tvt/o states Would be induced. We
have performed some calculations to test this hypothesis, and the results are somewhat
encouraging. To this effect, we generated muitiple geometries for an indole+water dimer
similar to that of complex I. We applied two restrictions to the system: the

H1, 4016 Owater distance had to be 2.0 A, and the oxygen had to remain in the plane of the

ring. Then, we performed INDO/S over these georhetries to get the transition energies.
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In oﬁe case, where the water dipole formed a 50° angle with the N-H 'bond, (the molecule
was on the side of the C9 atom), and the hydrogens were abeve and below the plane of
the ring, INDO/S calculated a red shift of ~100 cm™ for 'L, and ~150 em! for L,
which still differs, but net as much, from experixhental values.

" Another possibility is for complex 1 to have a geometry like the one postulated for
complex' 1L, that is, with the solvent bonded to the 7 cloud. We have done calculations
similar to these Just reported in the previous paragraph with the solvent molecule over, the
indole ring. Multiple geometries were generated again, varying its posmon over the rmg
and the angle between the water dipole and the plane of the indole molecule. The results
were more dramatic in this case. One particular conformation, with the water above C9,
bridging over both rings, and with its dipole forming a 40° angle with respect to the
moleeuier plane, resulted in a calculated red shift of ~70 cm! for both states.

This last result, couples with calculations shown previously in this section
suggesting that a hydrogen-bonded complex should be responsible for a larger red shift
than one bonded to the 7 cloud, might indicate that the geometry of complex I is different
from what was believed in the literature. Certainly, suggestions based on comphter
models are not reliable enough to overthrow an e)sisting model. However, it must also
be pointed out that the c;nly experimental evidence on- the geometry of the complexes -
consists of a linear relation found by Hager and Wallace between'” 3 between red shift and
proton affinity. This relation was found for hydrogen-bond accepting solvents, and it was
presﬁmed that‘ the solvents were bound to ﬁl. Tubergen and Levy26 found that the red

shift induced by Complex I falls in the experimental curve obtained using this linear

relation.
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SUMMARY AND-CONCLUSIONS

From our calculations and our experimental results, we have learned about the

influence of the solvent on the energy levels of the indole chromophofe.

Theoretical Methods

The modeling of the solute-solvent interactions is very sensitive to the dipole of
the excited state. In faét, there is a quadratic relation between the ﬂuqrescence red shift
and a function of the permanent dipole of thé ground and excited states, (see Figure 24). .
HoWever,,, there seems to be no relation beﬁeen the red shift and the dipole of the
solvent, possibly because the orientationalbolarizability of the solvent is ﬁroportional to
a functiori of the dielectric which is nearly constaht when €>10. The changes in thé
solvent chérges that we used. were not large enough to bring the dielectric constant below
this value. The use of different rﬁolecula: dynémics programs or different shapes for the
solvent cage does not seem to affect the calcuiated red shift, either.

The solvent rela:_{ation, (after excitation of the solute to the 1La state), shows two
~ distinctive types of decay. The fast component is inertial in character and has a Gaussian
shape. The correlation time for this component goes froﬁl ~15 fs (for water) to >300 fs, -
(for DME). We have shown that this fast respohse is.ass'ociated with rotational mption
of the solvent molecules in  order to realign their dipoles in z;way that aids the electron

transfer which is characteristic of excitation to the 1La state. The slow component of the A
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solvent reorientation, with correlation times on the order of 200 fs to 10 ps, depending
on the soivent, is rela;ed to the‘translétional properties of the solvent, and responsible for
a red shift 50-100% larger tha’n' that corresponding to the fast component.

From our calculations in butanol at 0 K, we have founq that even if thé solvent -
is rigid, we can expect a fast, (1-5 ps), red shift in the ﬂl;oreséence, as 1argé as 1000-2000
cm’l, This red shift, as in the s_imulatipns at 300 K, comes from the inertial response of |
the solvent molecules to aid in the electron transfer in the indole ring. The slow response
seen at 300 K is obviously not,seen here, since the solvent molecules have_ no kinetic
energy. However, it is possible that some of the excitation energy is transferred to-the
neighboring solvent molecules, (via coupling to the rotgtional inertial displacements),
causihg a local melting of the solution, and rearrangement into a new minimum.

T‘ilere is a significant difference in the calculated red shift depending on whether |
the polarizabilit& of the solute is included or not. This difference arises from the large
effect of the dipole on the shift, (see above). Inclusion of polarizability has the effect' of
increasing the solvent field inducing dipole by as much as 50%. .

Although tﬁe predicted fluorescence red shifts agree very well wich éxperimental
' vélues, the results are rather poor for the palculated absorption shifts. lWhen the ground
state dipole is small, the orientational polarizability of the soivent is smaller than the
electronic pola.riz;lbility, which is neglected in our' calculations. As a result, we are
neglecting a cont;ibutio.n as large as, (or larger than), the one we are including, énd the

calculated shifts are signﬁcmﬂy smaller, (50-70%), than the experimental value.

As a response to the large solvent field, the 1La state increases its charge transfer
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. character. This can be seen in the reduction of oscillator strength from ~0.30 to ~0.15."

The permanent dipole moment of the state increases by a factor of ~60%.

Differences in free energies of solvation between the ground and excited states. can

be obtained from spectroscopic data. The values obtained from our calculated shifts are

~ in good agreement with those obtained from experimental values.

Calculations done on non-zwitterionic tryptophan in the gas phase suggest that a |

large number, (>60), of conformers are possible, although only 12 of them aré
significantly populated at 300 K. This has an important consequence in the spectrum- of
tryptophan, since each of these conformations is going to have a distinctive origin and a

progression similar to that observed for indole, resulting in a more complicated spectl;um.

Experimental
), .

From our fluorescence excitation spectra of supersonic expansions of indole in the
presence of solvents, we have identified two types of complexes for the systems

indole+H,O, indole+D,0, (with several isotopic mixtures), and indole+methanol. In the

first case, we have identified an intermolecular vibrational mode of complex I, (see .

below), and three for complex II. For the indole+methanol system, we have identified
one intermolecular vibrational mode for complex I, and seven for complex II.
The two-photon excitation spectrum of the origin -of complex I for

indole+methanol shows a polariza'tion ratio of 1.36 and a shape similar to that of the

spéctrurn of the origin. This is consistent with the expected 1Lb character of the

transition. Attempts to take a two-photon spectrum of the origin of complex II were
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unsoccessful.
Complex I, (for the three sol\}en_ts studied), presents several ring-vibrational modes.

The shi;fts of these transitions with respect to their counterparts in the bare molecule
spectrum are similar to the spacing between the origin of- complex I and 1he 1Lb origin
of the bare molecule. For the in-plane 1Lb modes, the shifts are identical within
experimental error. For out-of-plane lLb modee', the shifts are approxhnotely 5 cm™! less
than the reference. | | |

VA Ring-vibrational modes of complex II were observed, mdicating that the origin of
. the complex must be 1Lb in nature. If there was only one complex, and what we labelled
as complex II was jost the 1La origin of such complex, it would be an exceptional
. coincidence that some ring-vibrational modes associated to the L, stote had 'the same
\frequenoies as their couxjtefparts in the 1Lb state. |

Only one ring-vibrational mode of complex I was observed above 1000 cm. .
This méy suggest that the excitation energy causes dissociation of the complex. On the
other hand, it is possible that more transitions are just hidden in this congested region of
the spectmm.

We have calculated, (from spectroscopic data and using molecular mechanics), the
relative displacement of the minima of the potential wells of the groond and excited states
of complexes I and I for indole+water. These calculations, along with measurements of
the relatlve intensities of the trimers, (mdole+H20+He), formed in -both complexes

suggest that complex I has the solvent hydrogen bonded to the N-H group and complex

1I has the solvent bonded to the T cloud. Calculations using MOPAC and molecular
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mechanics have also found that the conformations just mentioned correspond to minima
. . . . \ .
of the potential energy surface. No other minima have been found using these two

methods.

A potential energy curve for the éxcited state of complex II has been studied by
analysis of the fundamental and 6 overtones of the intermolecular vibration labelled v,
of the complex indole+H,O. The differential spacings resulted in a second order
anharmonicity constant, )., equal to 0.0076+0.0006, and a third order constant, y,, equal .
fo 0.0000+0.0001. These resuits seem to indicate that the surface is fairly _h;armonic for
the first 7 vibrational levels. |

The hydrogen at position 1 in indole is exchanged for deuterium in the presence
of D20: This complicates the spectrim Qf the system, since several" isotopic spe.cies
coexist and fo@, at least; three different types of complexes. Other types may be
present, adding‘ broadness to the peaks. The oﬁgin of complex II of d-indole+D,0 is
more red shifted than the origin of the co'rnplei in A-indole+H,O0. Tﬁis is expected if one
. assumes that the intermolecular modes are higher in frequency in the excited states. On
the other hand; the intermolecular vibfational levels of both complexes, (I and II), in both
isotopic species are different, as expected. Their relative: frequenc'ies agree with the
notion Fhat the whble water moleculé is moving, (and not just the hydrogens). -

The éornplexes between indole and water or methanol do not show -the transition
labelled 41(2) in the spectrum of indole. This absence cannot be attributed to lack of
intensity, éince there a;e other transitions, like 42(2)' m both complexes, which would be

expected to have less intensity than 41(2) and are seen. It can be postulated that the
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position of the solvent in complex I is such that it disrupts' mode 41 so much that it is no

longer present or it appears at a completely different wavelength:
Conclusions

Solvation in water brmgé the l)La and 1Lb states closer together. Even. m the
ground state, where the geomeuy of the ring is far away from the 1La minimum, theré
are some solvent conformations that b_ring the 1La vertical transition energy below that
of lLb. This seems to indicate that the 1‘La origin, which is at I;ast 3000 cm™ lower. than
the vertical transition energy, (from experimental spectra), is below the 1Lb origin in ‘
water solution. | |

There is no need to invoke exciplex fonhétion to expla:in the red shift in
Aﬂuorescence,-sin'ce it can be well reproduced by regular electrostatic integactions. The
mechanism of the fast response of solvent to solute excitation has been found to
correspohd to rapid realignment of the solvent dipole, (by x,ﬁo,tion of the hydroxyl
hyd:ogén's). Only the solvent molecules within ~6 A'c')f‘ the solute f.eel" its change in
dipole. This is not surprising considering tﬁat the torque felt by the so.lvéht‘\dip().le is
inversely propor—tional to the cube. of the distance to the solute: Once the solvént has
relaxed, :there is evidence of hydfogen—bond fopnation around certain atoms, like C4,
which have been fecipients of a large amount of electron transfer.

The method presented here includes, (as shown in the previous para{graph), thé
solvent motion required to explain spectroscopic-shifts. Therefore, this method is useful

f01.' predicting the differential behavior of a fluorescing molecule in different solvents:
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In this regard, this method is qualitatively superior to other methods which rely solely on
tf_le dielectric properties of the solvent, because the Ohsager—Mataga—Lippert formulation
is not sensitive to changes in the< diele'ctric constant when its value is above 10, which is
the case in polar solvents

Two-photon excitation studies of the putative 1La origin of the ‘indole+methanol

complex show a polarization ratio and shapes of the spectra under different polarizations

- compatible with 1La character. However, the shifts assbciated with the "480" 1La origin ‘

of the complex are always larger than the reference shift, but not much larger, (between
10 and 15 crﬁ'l, depending on the solvent). This agrees with calculated values, (and
experimental values in bulk solu‘tion), indicating that 1La states should shift ‘more than lLb
states in the presence of a polar solvent; but disagrees with these same ca.lcula'tions
because the differential shift is not large enough. The shifts associated with the "455" 1La
origiri always shift less than the reference shift. There is also alla.rg'e variation in the
relative intensities of these two transit'ions 1n the different ‘systems. The fact that the
'.'lLa"_ shifts are not tHat much different from those seen in the 1Lb states may lead one - -
to invoke the existence of an avoided cross.ing between these two states, which would
result in a similar spacing between their origins both in the bare molecule spectrum and-

in the spectra in solution. However, under these circumstances, the nature of the origins

“should be reversed upon complexation, that is, the origin of the complex should have lLa .

character and the peak ~480 cm’! to the blue should be lLb in nature. As two-photon
spectroscopy indicates that this is not the ‘case, the evidence presented here suggests that

"455" and "480" are 1Lb transitions that have borroweci some 1La chalracter.
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APPENDIX A

~ Files Used in the Theoretical Methods

The programs and command files necessary to run the calculations described in
this thesis are stored in the subdirectory Fortran in the account muino of the Personal Iris.
They are also stored on tape. A subdirectory of Fortran, named files, contains other files °

needed to execute these programs.

Command Files

Two types of command files are necessary to perform these calculations. They
are generally labelled Run and Rup. -

Run is used for the sirnula‘tions where we obtain information about abs.orption'.
The version stored in the subdirectory Fortran is designed to run the system for 5 ps,
stoppipg every 5 fs and calculating the transition energies for botl'; IL; and lLb states.
' The input fi{es needed are the following: |
1. A cartesian coofdinate file, (.car).
2. A molecular data file, (.mdf).
3. ’A molecular dynamics restart file, (.ors).
4. A molecular dynarrﬁcs input ﬁle, (.inp).'

The last of these files has to be set to run for 5 fs and write an archive file, (.arc),

at the end of the 5 fs. (Normally this file is named 5 .inpj. It also requires some of the
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fortran programs that will be déscribed below).
The Rup.command file is required to run the fluorescence calculations. It runs
. molecular dynamics continuously for 5000 fs, in order ‘to generate a starting point
reasonably far from the previous calculation. ‘Then, it runs for 500 fs in the ground state,
stopping every 10 fs, in order to calculate the transition energies; for 200 fs in the lLa
' state, (stopping every 5 fs); and, finally, for 3.8 és m the 1'La state, (stopping every 10 fs')..
The same type of files as béfore are needed, plus two extra moleculgr dynamicés input.
files: one set to run for 10 fs, (10.inp), and another set to—mn for 5000 fs, (5000.inp).
To adapt either of these files to other systems, (iikg 3MI in butanol, indole m
water, ...), the only necessary cﬁanges in the files .are: :
1. Change the directory where Discover is to bel un.
2. Change the root of the filenames.
3. Chéngé the *.inp fﬂes so that they run “for the required .amount of time, (éee
METHODS section).
4. Change the root of the ouiput files.
"The command files are set to'producq the following output:
1. Réstart files, (.ors), so a new calculation can be started where the last finished. ‘
Rup provides also three intermediate restart files: the first is genérated after the 5000 fs
run, the second is created at thg point where the molecule is excited; and the third is
genera;ed at the point where molechu-lar dynamics stops running at 5 fs intervals.
2. Archive files, (.arc), which are like cartesian coord.inates files, (.car), but have a

different format and use less space.
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3. Summary files, (.sum), from INDO/S.

4. Transition Density files, (.tds), also from INDO/S.
5. One file containing the charges of the solute in the ground state for every INDO/S
calculation, and, in Rup, another file containing the excited state charges.

Run generates 1000 files of types 2, 3, and 4. Rup generates ‘470.

Programs

The follovﬁng is a list of the programs used. All of them, (unless stateci
other@ise), were written for a systeni consisting of 3MI and 252 water molecules, but
sometimes there are versions of these‘pr'ograms prepared for other sys_ten{s. For instance;
com.f generates an input file for INDO/S from a c;.rtesian .coordinate file of 3MI in water;
~ icom.f and gcolm.f do the same for indole and tryptophan 1n water; comb.f, cbmm.f, and .
comdf are similar, but for 3MI in butanol, methanol, and dimethylether, respectively.

It is possible that some of these programs need to be slightly modified if the
numbér of solvent molecules is changed, or a new version of Discover, (with different
sized headings in its files), is used.

autocorrelation.f is a program that calculates the autocorrelation function of a
numerical function: It reads free format files with two columns of data: the first is time
gnd the second is a function of time.

carf reads a list of charges, (prepared with c'harges.f or f06.f, see below.), and
prepares .part of a cartesian c.oordinate file, (.car). The héading', (car.st), aﬁd the

coordinates of the solvent, (car.end), must be added to the output of car f, (normally using

cat, which is a unix command). To run carf, a file labelled l/l.car, containing the




175

cbordinates and the atom types present in the molecule, is needed.

.charges.f prepares the charges of the e:jccitec.l state from the charges of the ground
state, (obtained with f06.f), and the difference in charge between excited and ground state,
(from 1ds.f). ‘Th.e input file is an f06.f output file which has a tds..f output appended.

com f reads the solvent coordinates ffom. a cartesian-coordinate file and prepares
it to be used in the IhiDO/S input. It needs to be appended to a heading, (startG.com or
startLa.com), cbntaining the coordinates of the ground or excited states of .the ring.
Another file, end.com, containing molecular orbital ‘information, needs to be appended to
the com.f output. ' |

f06.f reads and INDO/S output file, and obtains the charges for the ‘ground state
of the molecules.

getarc reads an archive file, (.arc), seércheé for a specifié frame, (an archive file
may contai;l many frames,‘ each of which has the c.ax‘tesian coordinates of 3MI with 252
water molecules, (or any other system), at a certain time in the calculation), and generates
a caﬁesian colordirnate file. The syntaxis to run this pfogram is the following:

getarc filename.arc filename.car -i
where i is the frame number. This pfogram works with any combination of solute ar_ld
solvent, regardless of the number of solvent molecules.

mdf.f is equivalent to carf, but prepares a'molecular‘ data file. The files used with
it are mdf.st, mdf.end, and Ul.mdf.
nentrvf f and nentrvquartrol fread two cartesian coordinates files and caiculate the

difference in translational, rotational, and vibrational contributions to the fluorescence red
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shift between these two configurations. They only work for 3MI with 252 water

moiecules. The difference bemeen these two programs is that the second produces output
designed to be graphed us\ing Quattro Pro, (from Bérland).

sep.f reads a transition density file, (.tds), and decides which state of the system
corresponds.to 1La.and which to 1Lb. |

tds.f, (tdsla.f or tdslb.f), reads a transition (iensity ’file and obtains the difference
in charge between the 1La or 1Lb states and the ground state. The output is normally
appended to the output file of f06.f in order to create an input file for charges.f.

zind is a command file to run INDO/S. It needs an inpu£ file, (.com), and
generates three files: an output file, (,f06), a silmmary file, (.sum), and a trans_ition density
file, (.t_ds). 'fhere are three programs, (rsumm.f, rsumml f, and rsumm?2.f), whiclr; maké
different types of summary files. A prograrﬁ named rtndl5 f generates the .tds file. This
program needs another input file, ¢ndl.in, which specifies which density matrices are to
be calculatéd. The programs to run ]NDO/S. are stored in the subdirectory z2 of the
account callis. They are also stored in the same tape containing the command and fortran

files ‘speciﬁed in this appendix.
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APPENDIX B

Experimental Setup and Procedures

This appendix contains information about the connections between the different
electronic apparatuses needed to sun experiments on one- and two-photon sp?ctroscopy
in the superson_ic jet in Callis lab. It also contains information about the procedure to
align the lenses and mirror in the two-photon e:éperiments. Information on the electronics
. of the boxcar can be found in a manual written by S. Williams. A laboratory not'eb'ook
labelled Laser Notebook #1, written by P. Muifio, describes mqst of the procedures
.required to operaté and maintain the dye and Nd:YAG lasers. Finally, a manual labelled
Alignment of the HY-200 Nd:YAG Laser, by P. Muifio, describes the procedure to realign
this laser. |

As stated in the METHODS 'section, the Iota Valve Cont:roller drives the jet and
the laser. A coaxial cable connects the outlet labelled output, (in the valve controller),
to the external trigger of the Stanford Research delay. External Triggering and Delay A
are chosen. The settings for Delay A are as follows: delay:~600 psec, (it may change a
few tens of psec depending on the behavior of the nozzle); output: vaﬁablé, (+1.9V, 50Q).
The delayéd pulse ié taken from outlet A in the b;ack panel of the delay box, (where all .
the voltages are multiplied by 10, so the actual amplitude of the pulse is +19 V), and
directed to the outlet labelled EXT located inside the laser controller. (To make the

connection, the cover of the controller must be removed and the laser turned off). The
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knob labelled Repetition Rate in the laser must be set at Exfernall

The amount of solvent in the line can be regulated using the metering valve
located after the ,solvént. chamber, (see Figure 8). For instance, the optimum intensity for
the transitions corresponding to compiex I in the indole+methanol system, (at 44°C in the

sample chamber), is obtained when the valve reads 0.35.

Alignment of the Collecting Lenses and Mirror

To get signal in two-photon spectroscopy, the lenses must be carefully aligned.
The process requires the use of the dye laser and a HeNe laser.
| We define three orthogonai axes in the jet. The dye laser beam travels along the
X axis, (see Figure 8); the fluorescence is.collected along the Y axis; and, finally, t-he
molecular beam travels along tche Z axis. All these axes intersect in-a i)oint, with an error
of less than 1 mm. It is important that the center of the lenses and mirror are in the Y
axis, and that they focus the ﬂuorescence‘ along this axis.
To align thce léﬁses and mirror, the following procedure can be followed.
1. Remove the leﬁses, mirror, mirror mount, PMT, filter holder, and the two_windows
along the Y axis. |
2. Make two circular pieces of cardbbard. Their diameters must be equai to the
internal diameter of the openings in the jet along the Y axis: They must have a ~2 mm
hole in the center. Pliace each cardboard piece in one df the jet openh;gs.
3. Shine the dye laser, (at lowest power), aiong the X a;;is. Shine':‘ the HeNe along

the Y axis. The hole in the cardboard pieces should help in the alignment.

4. At the bottom of the jet, place a lens holder supporting a-verﬁcal white wire, (as
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narrow as possible). Move the wire until it partially blocks both dye and HeNe beams

at the point where they cross.
| 5. Place the lenses in their guides. The‘:‘position of the lenées along the Y axis should
be roughly equal to what is expected, (based on their focal lengths), to yield the best
. collection. Juggle them until the HeNe beam exits tt-le jet through the hole in the
cardboard piece. (The HeNe beam will be expanded as a result of placing the lenses back
in. One should pass the center of the expanded beam through the hole in the cardboard).
6. Put fhe mirror mount and the mirror back into the chamber. Adjust the mirror so
the HeNe hits its center.
7. Alternatively blocking the HeNe and dye laser beams, a very careful adjustment

must be done on the lenses. With the HeNe blocked, (and the lights off), the lenses must

be moved along the Y axis to focus the reflection of the dye laser beam in the wire at the

place where the PMT entrance is, (this must be estimated since the PMT is not in place).
W_ith the dye laser blocked, the lenses should be juggled'to ensure that the HeNe beam
passes through their center.

8. Alternatively blocking the HeNe and dye laser beams, the mirror positioning must

be adjusted so that the reflection coming off the mirror superimposes the point made by .

focusing of the direct reflection from the wire. (The reflection from the mirror should
be partially, (and, ideally, symmetrically), blocked by the wire).
9. Remove the wire and the cardboard pieces, and place the windows, filter holder

and PMT back into the jet assembly.







