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Abstract:
The effects of basis and method on the calculated ground and lower excited state properties of indole,
3-methyl indole, and 5-methyl indole are investigated.

Ground state calculations are performed primarily at the Hartree-Fock (HF) level while the excited
states are examined mainly with the Configuration Interaction-Singles method (CIS). Basis sets range
in size up to triple-C valence with polarization functions and diffuse functions on each atom for the
ground state, and up to double-{ with polarization functions on each atom and diffuse functions on
heavy atoms for the excited states. In general, little or no improvement is obtained in the calculated
properties by increasing the size of the basis set.

The calculations show pronounced differences in polarity between 1La and 3La indole, thereby
accounting for the comparative resolution of tryptophan’s fluorescence and phosphorescence in polar
environments. The difference arises in theory from large 3La off-diagonal CI dipole matrix elements
that are negligible in the 1La state. It is also shown that the indoles’ lower electronic manifold is
qualitatively reproduced with a drastically truncated CIS wave function. Methyl indole torsion barriers
calculated at this theoretical level are in qualitative agreement with observation. The calculations also
reproduce the 60° change in methyl group phase accompanying 1Lb excitation of 5-methyl indole and
predict pronounced vibronic coupling and the existence of two conical intersections near the 1La
minimum of 3-methyl indole.

The intermolecular potential energy surface of water complexed to indole in its ground electronic state
shows a global minimum resulting from the interaction with the N-H group and a local minimum
arising from the interaction with the & cloud above the indole ring. The corresponding two-dimensional
vibrational wave functions of the first ten bound states are localized entirely in the global minimum.
Calculations at the Hartree-Fock and CIS level on the 1:1 and 1:2 complexes between indole or
3-methyl indole and water discourage an exciplex interpretation of the indoles’ solvatochromism.
Binding energies are typically less than I kcal/mol greater in the excited states for the 1:1 complexes,
and 2 to 3 kcal/mol greater for the 1:2 complex. The results are in accord with jet-cooled spectra, where
n-complex formation is observed to cause the smallest red shift in the complex origin and 1:2 complex
formation causes the largest red shift.
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ABSTRACT

The effects of basis and method on the calculated ground and lower excited
state properties of indole, 3-methyl indole, and 5-methyl indole are investigated.
Ground state calculations are performed primarily at the Hartree-Fock (HF) level while
the excited states are examined mainly with the Configuration Interaction-Singles
method (CIS). Basis sets range in size up to triple-C valence with polarization
functions and diffuse functions on each atom for the ground state, and up to double-§
with polarization functions on each atom and diffuse functions on heavy atoms for the
excited states. In general, little or no improvement is obtained in the calculated
properties by increasing the size of the basis set.

The calculations show pronounced differences in polarity between 'L, and 3L,
indole, thereby accounting for the comparative resolution of tryptophan’s fluorescence .
and phosphorescence in polar environments. The difference arises in theory from large
3L, off-diagonal CI dipole matrix elements that are negligible in the !L, state. It is also-
shown that the indoles’ lower electronic manifold is qualitatively reproduced with a
drastically truncated CIS wave function. Methyl indole torsion barriers calculated at
this theoretical level are in qualitative agreement with observation. The calculations
also reproduce the 60° change in methyl group phase accompanying 'L, excitation of
5-methyl indole and predict pronounced vibronic coupling and the existence of two
conical intersections near the 'L, minimum of 3-methyl indole.

The intermolecular potential energy surface of water complexed to indole in its
ground electronic state shows a global minimum resulting from the interaction with the
N-H group and a local minimum arising from the interaction with the n cloud above
the indole ring. The corresponding two-dimensional vibrational wave functions of the
first ten bound states are localized entirely in the global minimum. Calculations at the
Hartree-Fock and CIS level on the 1:1 and 1:2 complexes between indole or 3-methyl
indole and water discourage an exciplex interpretation of the indoles’ solvatochromism.
Binding energies are typically less than 1 kcal/mol greater in the excited states for the
1:1 complexes, and 2 to 3 kcal/mol greater for the 1:2 complex. The results are in
accord with jet-cooled spectra, where n-complex formation is observed to cause the
smallest red shift in the complex origin and 1:2 complex formation causes the largest
red shift. '




Chapter 1
INTRODUCTION

Indole’s spectroscopy is important because of the ubiquity of the indole ring in
biology and chemistry. Among the more notable compounds containing this‘moiety
are the brain metabolite serotonin, the pigments indigo and the nielanins, and the plant
growth hormone heteroauxin. Research on indole (Figure 1) is usually undertaken
becauée the indole ring is also the chromophore of the amino acid tryptophan, a
residue common to most proteins, and the primary participant in their near UV spectra. - )
However, for a détailed understanding of protein spectroscopy, it is not sufficient.to
consider indole itself. Many of the spectroscopic propeﬁies of the indole ring c_lepend
on whether one is considering an isolated, unsubstituted molecule or a chromophore

attached to a protein in its native environment.

Indole
The near dégeneracy of two low-lying excited electronic stétes, denoted !L, and
IL, by Platt,! has been the main source of puzzlement in indole’s spectra. For the
isolated indole molecule, the 'L, origin is split between several lines 1,200 to 1,460
cm! above the 1L, origin in the jet-cooled fluorescence excitation spgctrum, as shown
from a comparison with low temperature matrix-isolated spectra.2 A 3,700 cm!

vertical separation is observed in hydrocarbon solvent? Thus far, only ab initio
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X .
with the lowest ﬁnoccupied molecular.orbital (the HOMO — LUMO determinant), like
IL,. (Indole’s 'L, wave ﬁJnction consists mainly of the ﬁOMO-i — LUMO and
HOMO — LUMO+1 determinants.) '

The geometry change following an electronic transition is important because it
determines the spectrum’s vibrational fine structure. Tﬁe intensity of any particular
vibronic line is determined primarily by the proj’ection 6f the final electronic state’s
normal coordinates on to the geometry difference between the combining electronic
states. Normal coordinates with a non-zero projection are said to be Franck—Condon
allowed.

For indole, the geometry difference__between the ground and 'L, states is
characterized by radial motion in the phenyl and pyrrole rings, according to both semi
empirical® and ab initio methods:1® When used with ground state normal modes and
frequencies calculated at a correlated level of theory, the ab initio geometry difference
reproduces indole’s 'L, dispersed fluorescence épectrum to a considerable extent. This
study showed, for instance, that the mode describing radial deformation of the benzene
ring c'arries much more intensity than any other vibration, in agreement with the
observed spectrum. The semi empirical spectrum is less accurate. The geometry
difference between the ground and 'L, states .is cha;acteﬁzed by a deformation of the
C2-C3 and C6-C7 bond leﬁgths, as both the semi empirical and ab initio analyses have
revealed, and the dispersed fluorescence from this state has intensity distributed fairly '
evenly betweeh three.ﬁhg-stretcﬁiﬁg normal modes.

The accuracy of vibronic spectra calculated within the clamped-nuclei
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approximation is sometimes wgrsened by geometrical distortion-induced mixing
between electronic states, or vibronic coupling. That is, the nuclear displacement due
to vibrational zero-point motion mixes Born-Oppenheimer st‘ates’ to an extent dictated
to first order in perturbation theory by the quotient of the vibronic coupling matrix
element and the separation in energy between the interacting electronic states.!!
Consequently, Franck-Condon forbidden transitions may acquire intensity or allowed
transitions rﬂay gain intensity, such as indole’s mode 28. The Franck-Condon factor
for mode 28 is underestimated in the aforementioned calculated 'L, emission spectrum

because of unaccounted vibrationally acquired !L, intensity.

1:1 and 1:2 Indole:Water Complexes

The most widely celebrated spectroscopic difference between isolated and
solvated indole is the differential shift of its fluorescence emission.!? Polar solvents
cause a large red shift in indole’s emission band while having a modest effect on the
position‘of the absorption band. Only to a much smaller exteﬁt 'do polar ‘envi'ronments
shift emission from other amino substituted aromatic molecules. The size of the red
shift is important because it deI;ends on the extent to which the indole chromophore is
exposed to the surrounding medium and therefore provides information regarding the
structure and environment of proteins.

The reason for the vast difference between indole and similar molecules has
been thoroughly debated. It is often argued that indole’s red shift results from the

interaction with the dipolar reaction field.!* This is the dipole formed in the medium
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surrounding the solute by the reorientation of solvent molecule electrons and nuclei in
response ’;o the solute’s presence. According to this modei, the excited states are
preferentially stabilized by a larger projection onto the’ ground state reactioh field and,
to an even greater degree, by inducing a larger reaction fiéld. The stabilization 1s
barticularly pronounced in the 1L, state, which has a dipole 6 Debyé larger than that of
the 'L, or ground states accordiﬁg to both experiment!4 and high level theory.> In |
keeping with this expectation, studies of the degree to which indole’s emission is
shifted as a function of solvent polarity show an abrupt increase on going to solvents
of intermediate polarity, signifying an abrupt change in the dipole of the fluorescing
state and suggestiﬁg an inversion between 'L, and 'L;.15

An alternative model of indole’s solvatochromisﬁl postulates that the
eléctronically excited indole ring forms a much stronger hydrogen bond than the
ground state species, i.e., forms exciplexes. The exciplex hypothesis arose from
studies of the extent to which indole’s emission is shifted as a function of alcohol
concentration in hydrocarbon cosolvent.16 A significant shift is -obtained in extremely .
dilute solutions (~0:001 M), suggesting that the dielectric‘properties of the surrounding
medium are virtually immaterial in this regard. A specific interaction, an interaction
between specific molecular sites, was then proposed to exist between electronically
excited indole; and the polar solvent molecules.lﬁs17 The n cloud above C3 has been
suggested as the 1nteract1on site based on the correlat1on between the (ground state)
basicity of this atom and spectral broadening and shifting.l” The absence of red-shifted

" emission in fluorescence from 5-methoxy indole,!® a molecule of comparatively low
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polarity, prompted speculation that the exciplex is mainly dipole-dipole in nature and
therefore involves 'L,

Evidence of exciplex formation between indole and water has been sought from
jet-cooled spectroscopy, which provides the low temperatures needed to study
interactions of this strength. Two cluster origins are found in the jet-cooled
fluorescence excitation!® and dispersed fluorescence?® spectra, implying two
conformations or stoichiometries. Rotationally resolved fluorescence spectra
indicated,2! and resonance enhanced multiphoton ionization spectra later proved,? that
the less red-shifted origin, 131 cm-! from the 'L, bare molecule origin, is a 1:1
complex. As inferred from the high resolution spectrum, the monomers are associated
in a o-complex, where the N-H group acts as a hydrogen donor to the water molecule.

The other cluster origin in the excitation spectrum, red-shifted 434 cm-!, was
thought to arise from a 1:1 interaction based on mass spectral data,?0 but has been
conclusively assigned a 1:2 stoichiometry based on a combination of spectroscopic
methods.22 (The 1:2 clustér catic-m apparently dissociates before mass selection.)
Based mainly on its broad and unstructured appearance, fluorescence emission from
this origin was thought to be from a IL, state greatly stabilized by an interaction
involving C3,2° but has since been conclusively attributed to an 'L, transition, like the
o-complex, based on'two-photon absorptivity ratios.??

Thus, jet-cooled spectra provides no support for the exciplex model. However,
the interaction with indole’s © clpud will remain important regardless of the outcome

of this debate. This is demonstrated by the fluorescence emission from N-methyl
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indole, which is also red-shifted in polar solvents, only at higher concentrations.¢
Environmeﬁt effects th;a solvatochromism of indole and N-methyl indole in the same
manner, causing an abrupt increase in the red shift on going to solvents of intermediate
polarity.!s Furthermore, the jet-coolea multiphoton ionizgtion spectrum of N-methyl
indole in the presence of water shows a shifted origin.20 The specttum contains a very
long progression of vibronic lines, indicating that the minimum is substantially
displaced along an intermolecular mode upon excitation, as expected for a n—x*
transition of a n-complex. Formation of an N-methyl indole n-complex would also be
anticipated based on the 1:1 benzene:water rotational spectrum, which is consistent
with a structure where the water moiety is above the © cloud.?*

Solvation has other important spectroscopic consequences. It may affect the
strength of vibronic interactions by altering nqnnal coordinates or the electronic
manifold. It may also affect spectral resolution. The large !L, dipole results in
structureless condensed phase emission due to inhomogeneous broadening, the
distribution of transition energies resulting from a distribution of chromophore
environments. Surprisingly, the 3L, dipole is small and indole’s phosphorescence is
comparatively sharp in polar solution. The energy of 3L, indole is?* (or is notf)
sensitive to environment. Other information, such as the local rigidity of proteins and

the solvent viscosity of protein environments, may be established from the lifetime of

indole’s 3L, state.?6

3-Methyl Indole and 5-Methyl Indole

The separation between 'L, and 'L, is greatly decreased by 3-methyl
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substitution, which increases the extent of mixing between adiabatic states. Thus,
measurements of 3-methyl indole’s two-photon polarization ratios in the supersonic jét
show increased L, character in the L, origin, in comparison to indole, and 'L,
character in the low frequency vibrations.?” The !L, origin is split between several -
peaks from 300 to 900 cm! to the blue of the 1L, origin. Thé ﬂm'ixing is severe near
avoided crossings, the regions of an adiabatic potential energy surface where two states
with the same symmetry are negrly degenerate, because of a very small energy
denominator 1n the ﬁrst-oraer correction to the wave funct'ioi}. .

The methyl group élso in&oduces additional states to the rovibronic r‘nanifold
and the possibility for gdditional pro_gfessions in the vibronic spectfa. The jet-cooled
spectrun‘ly reveals slight methyl rotor, activity in 3-methyl indole,?® indicating that the
torsional poten1':ia1 undergoes a change in amplitude, but nbt phase, upon excitation.,
The barrier to rotation is larger in the ground state than the excitéd' states, particularly
the IL, state, and the ground and be barriers are similar in size to those of methyl
alkenes. In contrast, 5-methyl indole shows ample Franck-Condon activity in the
methyl torsion mode upon 'L, excitaﬁon28,29 and barrier sizes in each state like those of
methyl benzenes. The length and pattern of 5-methyl indole’s torsional progression

implies a 60° change in the conformation of the methyl group upon excitation.

Statement of the Problein -

Part of this thesis presents the results of an effort to determine and test a simple

non-empirical model for representing the indole’s lower excited electronic manifold.
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the ab initio model employed therein failed in a very fundamental sense. This study
used excited state geometries obtained with the full Configuration Interaction - Singles
(CIS) method, which expresses the wave function as a spin-adapted linear combination
of configurations formed from all possible replacements of a single molecular orbital
(MO) that is occupied in the Hartree-Fock (HF) determinant with an unoccupied MO
of the self-consistent field (SCF) calculation. Unfortunately, the ‘singles only’
approximétion causes 'L, indole to fall below !L,, with an adiabatic separation of 1,000
cm! at CIS/3-21G. The incorrect ordering makes spectra and other full CIS properties
more pertinent to indole perturbed by an external electric field. Comparing these
results with experimental data from isolated molecule conditions is not c;;)mpletely
justified. |

Additional calculations are aimed at éppraising the validity of the exciplex
interpretation of the indoles’ solvatochromism. Although jet-cooled spectra have
provided a great deal of data about the energetics, dynamical behavior, and structure of
indole’s complexes with polar solvents in the ground and excited states, there are
limitations to their informativeness. For example, this technique provides no
information regarding the L, complexes, aside from their being less stable than those
of the 'L, state. No information is provided in regards to the n-complex, aside from it
being less stable than the c-complex. Jet-cooled spectra contain no information
regarding absolute binding energies, nor may detailed information be gleaned in .
regards to the geometry of fhe 1:2 compléx. AD initio calculations are needed for

these purposes. Calculations take on added significance in the case of the excited state -
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1:2 3-methyl indole:water complex. One would expect the origin of the 1:2 3-methyl
indole:water complex to appear approximately 500 cm- to thé red of the bare molecule
origin in the fluorescence excitation?0 and dispersed fluorescence?® spectra. For
unknown reasons, the 1:2 complex origin is absent from these spectra. ‘Thus, whether
1L, or !L, is the lowest excited state remains undetermined.

A complete theoretical investigation of hydrogen bonding must take into
account the quantum dynamical behavior of weakly associated molecules. The
potential energy surface of such a system may be rather flat along one or more of the
intermolecular coordinates, with zero-point motion resulting in large displacements
from the energy minimum geometry. The optimized geometry is then of reduced
significance because the orientation at the minimuﬁ may differ considerably from the
vibrationally averaged position. Normal coordinate analyses are also of reduced
significance becéuse they only provide information in the region of the minimum.
More importantly, molecular complexes may have more than one minimum, such as
the o- and m-complex, that may interconvert through quantum mechanical tunneling,
resulting in anharmonicity. Thus, an emphasis must be placed on the probability
densities and eigenvalues of the indole:water bound state wave functions rather than

the energy minimum geometry and the normal modes of vibration.
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Chapter 2
COMPUTATIONAL METHODS

All calculations were performed on an Indigo2 Silicon Graphics, Incorporatéd
workstation with a R4400 200Mhz processot, 6 Gigabyte}s of disk space, and 160
Megabytes of RAM. Unless otherwise noted, all ab'initio calculations were performed
with the Gaussian 92 or Gaussian 94 quantum chemical program packages.! The
internally stored basis sets of these programs were used without modification, unless

otherwise noted.

Geometry Optimizations

Optimized geometries were obtained through minimization of the energy
gradient by including the ‘FOPT’ keyword in the route card of the input file.
Transition state optimizations require the ‘OPT=TS’ command. Molecular structure
was specified in cartesian coordinates and the default Berni optimization procedure3?
was uséd. This algorithm calculates the gradient of the energy by interpolation and
estimates or updates the second derivative matrix (the hessian). The gradient gives the
direction in which the potential energy changes fastest and the hessian indicates where
along the gradient a stationary point is present. For a harmonic surface, the product of
the inverse of the hessian and the energy gradient yields the displacement along each

dimension of parameter space needed to reach the nearest stationary point. For an
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anharmonic surface, this product does not necessarily yield a stationary point and the
gradient and hessian must be recalculated at the new geometry. Thus, the number of
steps taken near the minimum is indicative of the anharmonicity of the potential
energy surface. The geometry is considered cohverged when the norm of the energy
gradient falls below the threshold value of 0.0001 atomic units, by default.

The frozen core approximation, which is the default, was used in all MP2 and
CIS calculations, unless otherwise noted. With Gaussian 94, the CIS expansion may
be further truncated by specifying the ‘RW” option with _the ‘CIS’ keyword in the route
card. Ground and excited state CISD calculations were performed with the General
Atomic and Molecular Electronic Structure System suite of ab initio programs,® or
GAMESS, by specifying the appropriate variables in the ‘SDRT’ input group. For
excited state calculations, the state identities were confirmed by determining the
direction of the transition dipole moment. A small Fortran program was written for
this purpose, as the absence of symmetry in some systems made it too difficult to do

this by inspection.

Mulliken Populations

Including the ‘POP(FULL,BONDING)’ commaﬁd in the route card of the input
file causes the density matrix and the bonding density matrix to be printed in the
output file. The ‘DENSITY=CI’ or ‘DENSITY=CURRENT’ command must be used
for access to the CIS generalized dér;sity matrix or MP2 density matrix. A small
Fortran program was written to read these results and calculate the o- and n-electron

Mulliken populations and Mulliken overlap populations. The ‘MOLPLT’ utility
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program of GAMESS was modified to create the population difference figures.

Projection Density Contour Maps

Density grids were constructed of the ground, !L,, and 3L, states at the ground
and 'L, geometries using the 6-31G(p,d) basis set. This ié accomplished with the
‘CUBE(DENSITY,FULL)’ keyword and options. The SCF and CIS densities were
used in the ground and excited states, respectively. The ‘FULL’ option specifies the
inclusion of all electrons in the CIS calculation. The grid spacing was at 0.1 A along
the in-plane coordinate axes of the ‘STANDARD ORIENTATION’ of Gaussian94,
which places the center of mass at the origin. The grid extended out to 5.0 A from the
origin along both in-plane coordinates. In order to create the projection density maps,
this procedure was repeated from 0.0 to 4.0 A above the molecular plane at increments
of 0.1 A. A small Fortran program was written to perform Simpson’s rule integration
at each in-plane grid point over the coordinate perpendicular to the molecular plane.
Finally, the ‘CUBMAN’ utility program of GAUSSIAN was used to subtract the
integrated densities, and the ‘PLTORB’ utility program of GAMESS was modified to

produce the contour plots.

Dipole Moment Matrix Elements '

Single point calculations at the CIS/3-21G level were performed on indole at its
optimized 'L, geometry to obtain CIS coefficients for the 'L, and 3L, electronic states.
All of the valence and core electrons were included in each CIS calculation. The

keyword ‘IOP(9/42=5)" was included in the route card of each input file so that all
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CIS coefficients greater than or equal to 10 would be included in the output files.
The keywords ‘IOP(3/33=1)’ ?.nd ‘POP=FULL’ were also included in the route cards
in order to obtain the dipole moment matrix elements in the atomic orbital basis and
the molecular orbital (MO) coefficients, respectively. As a test of the effects of basis,
all calculations were repeated at CIS/6-31G(p,d). As a test of the effects of geometry,
the CIS/3-21G single point calculations were repeated at the 'L, CIS/3-21G optimized
geometry of indole, with the ‘ROOT=2’ option used in the 'L, case. The 'L, and 'L,
optimized geometries were chosen so as to minimize the effects of mixing between
these states, which leads to less meaningful results. At either geometry the 3L, state
lies too far in energy below other triplet states for any significant mixing to oceur.

A Fortran program was written that, using the data from these CIS single point
calculations, converts the dipole moment matrix elements from the atomic orbital basis,
M., to the CI basis, My, in terms of which the nth component of the molecular

dipole moment, M+, may be expressed as

M = ZEM?”“ - ZZ%%Q —jlm|k—>1> @D
iy 7K §

Here i and k represent one of the MOs occupied in the ground state while j and 1
represent virtual MOs and the sums are over all possible pairs of occupied and virtual
MOs. The a; and a, are coefficients for the | i—> j>and Ik — 1> configurations in
the CIS wave function, ¥ = 2a; |i — j>, and m, is the nth component of the dipole
moment operator. The task of determining the CIS dipole matrix elements may be
readily accomplished in the density matrix formulation of quantum theory. The

diagonal elements (i = k and j = 1) are given by
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My = (2% - pr + pM, | 22

with px = ¢,c being the N x N matrix, N equalling the number of basis functions,
formed by the product between the MO k coefficient column vector ¢, and row vector
c; and the sum being taken over the p MOs occupied in the ground state. The symbol
~“” js used to denote a double dot product between p“ and Mz, ,, (the sum of the
products between corresponding matrix elements). The 'off-diagonal elements of Eqn.

(2.1) (i = k or j # 1) are given by
My, = (p13, - p8,):Ma,,, 2.3)
The rules for evaluating matrix elements of a one-clectron operator between singly
substituted determinants stipulate that the‘Mlgj « vanish when i # k and j # 1. The
diagonal elements may therefore be written more compactly as My; and the off -
diagonal elements may be written as Mz, or My,
The use of Eqns. (2.2) and (2.3) in Eqn. (2.1) gives the 1 particle density

matrix (1PDM) result for the dipole moment.

Normal Coordinates
All normal coordinate analyses were performed at staﬁonary points, using the
‘FREQ’ command in the route card. The vibrational frequencies are determined by
first calculating the second derivative matrix of the energy with respect to cartesian
displacement coordinates. Frequency calculations at the Hartree-Fock level compute
the first and second derivative analytically,** as do those at the CIS level, while MP2

frequency calculations compute the second derivatives from the finite difference
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approximation using analytical first derivatives’* (‘FREQ=NUMER’). The hessian
matrix elements are divided by mass-weighted coordinates and then diagonalized to
produce the eigenvalues, which are finally converted to frequencies. The number of
imaginary frequencies thereby obtained characterizes the nature of the stationary point
- an nth order saddle point yields n imaginary frequencies. The 3 rotations and 3
translations, or ‘zero frequencies’, will be zero only if the calculation is performed
precisely at a minimum. The size of the zero frequencies therefore characterizes the
quality of calculation. Figures of the normal modes were produced with a modified

version of the ‘MOLPLT’ graphics utility program of GAMESS.

Calculated Spectra

In order to properly calculate vibronic spectra, it is necessary for the ground
and excited state geometries to differ neither by translational motion nor by rotational
motion. This means that the center of mass and the moments of inertia of both
structures must be identical. A Fortran program written by P. R. Callis, ‘xyz6b.f*, was
used to satisfy both conditions. Typically, the excited state geometry was manipulated
until differing from the ground state by less than 102 A2g/mol in angular momentum
around any one axis, Further improvements in this regard were found to have a
negligible impact on the calculated spec;,tra. A Fortran program written by J. T.
Vivian,3s based on the Doktorov method,3 was used to calculate the vibronic spectra.
This program exploits no simplifications aside from the normal mode approximation.
The intensities of all transitions up to ten vibrational quanta were calculated.

Absorption spectra were weighted by the transition frequency and emission spectra was
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weightec_l by the cube of the transition frequency, in keeping with the appropriate
Einstein coefficient of each process. Finally, the spectra were broadened to simulate
the jet cooled spectra, or to simulate the effects of hot bands and inhomogeneous

broadening to the extent of the gas phase.

Binding Energies

The binding energies, AE,, of the ground state anci excited state complexes
were calculated using the supermolecule method. This approach treats the complex as
a single molecule, or “suﬁermolecule”, on which a geometry optimiiation is performed
in order to obtain a minimum energy. Because the basis sets are truncated each
monomer may use the functions centered on the other monomer vto improve the
description of its electron distribution when the energy of the' dimer is calculated. This
leads to the Basis Set Superposition Error (BSSE), which 'results in an unphysical
lowering of the dimer’s energy and an exaggerated binding energy. The BSSE
correction to AE, was computed using the full counterpoise method of Boys and
Bernardi3” For each complex, this entails that the energy of each monomer be
computed with and without the basis functions of the other monomer present. Tn
-Gaussian94, the former calculation may be accomplished by including the
- “MASSAGE’ keyword in the route card, and entering the Imolecule whose energy is
not being calculated as * ghost. atoms’. Thué, |

Ae, = AE,, - BSSE - AZPE

where AE, . and AZPE are differences in electronic and vibrational energy between the

int

complex and the monomers at 0 K. For the ground state,
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AE,, = By (HF) - By (HF) - nEo(HF)
AZPE = ZPE,,.(HF) - ZPE,,,(HF) - nZPE,(HF)
and for the excited states,
AE,, = Eoomp.lex(CIS) - E, .i.(CIS) - nE,(HF)
AZPE = ZPE,,,,.(CIS) - ZPE, . (CIS) - nZPE,,(HF)
or
AE,, = B, (CIS-MP2) - E,,,,(CIS-MP2) - nE,,(MP2)
AZPE = ZPE,,.(CIS-MP2) - ZPE,,,(CIS-MP2) - nZPE,,(MP2)
with the theoretical method used in the calculation enclosed by parehtheses and n
referring to the number of water molecules in tﬁe complex. Both the CIS and the CIS-
MP2 methods are size consistent, i.e., they correctly predict a binding energy of zero
for two infinitely separated fragments. The Hartree-Fock method is size consistent
only when the isolated fragments are closed shell species, as is the case for indole and
water in the ground state. Of all these methods, only the Hartree-Fock and CIS
methods are variational, but the difference between two variational energies is not

necessarily variational.

Morokuma Energy Decomposition ‘
One of the drawbacks of the supermolecule method is its inability to. provide
information about the intermolecular forces at play in a molecular complex. The
binding energy may receive contributions from five types of interactions - electrostatic,

polarization, exchange, charge transfer, and dispersion.’® The supermolecule method
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only provides their sum. A Morokuma decomposition3® of the Hartree-Fock interaction
energy of the 1:1 indole:water complexes was therefore performed using GAMESS -
with the 6-31G basis. Because this type of calculation requires a great deal of disk
space, larger basis sets could not be used. In order for the SCF calculation to
converge, it was necessary to specify the ‘DAMP=TRUE’ parameter of the ‘$SCF’
input group. This damps the oscillation between several successive Fock matrices in
the SCF procedure. It was also necessary to increase the maximum number of SCF

cycle iterations to 60 with the ‘MAXIT* parameter of the ‘SCONTROL’ input group.

Intermolecular Bound States

A coarse grid of the 1:1 indole:water complex intermolecular potential energy
surface was constructed at the Hartree-Fock (HF) level of theory using the 6-
31++G(p,d) basis set. With indole constrained to its uncc;mplexed HF/6-31++G(p,d)
geometry, the water oxygen was held fixed at each grid point above or beside indole’s
plane while the remaining geometrical parameters were optimized, including the
intermolecular distance. Freezing the geometry of the indole moiety assumes that its
intramolecular modes are decoupled from the intermolecular modes, a safe assumption
when the contribution to the binding energy associated with relaxation of the'monomer
geometry is small. The intermolecular potential was sampled in this manner at a total
of 40 grid points, mostly near either minima. The spacing of the grid was 0.8 A along
lines parallel to the long and short axes of indole. The potential at all remaining
points was obtained by interpolation or extrapolation. Finally, the potential energy

surface was smoothed by averaging.
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The bound state calculatiops treated the water moiety as a éingle particle. A
Fortran program for solving the radial Schrédinger Equation, based on the method of
Kimball and Shortley?, was obtained from the Quantum Chemistry Program Exchange
and modified to calculate the two-dimensional van der Waals vibrational wave
functions and energy levels. The method of Kimball and Shortley treats the wave
function as a numerical representation, i.e., as a discrete function of position rather
than a continuous function, so that the Schrodinger Equatioh becomes a difference
equation rather than a differential equation. Consequently, the value of the wave
function at each lattice point may expressed in terms of itself and the wave function at
each adjacent point. The variation theory then leads to an improvement equation for
the wav‘e function at each lattice point, an equation that lowers the calculated energy
contingent on a sufficiently fine lattice. Point by point application of the improvement
equation at each lattice point lowers the energy of the system if the lattice spacing is
sufficiently small. |

A lattice of 400 square points was used herein for the ground state and
increased by increments 50 for each successive pair of higher energy excited sfates.
The process.of applying the improvement equétion at each point is repeated until the
energy difference between successive iterations fall below a:speciﬁed' threshold, taken . 1
herein as 0.2 cm’!. Thé numerical solutioﬂ becomes mo‘re exact, i.el, con%rerges to that
of the differential equation, as the lattice spacing is decreased.

As a test of the program, the ten lowest eigenstates were calculated for a two-

dimensional quadratic potential. . Finally, the utility program ‘PLTORB’ of the ab initio
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program package GAMESS was modified to generate the contour plots.

Methyl Torsion Potential Energy Curves

A small Fortran program was written for rotating the methyl indoles around
the exocyclic bond axis. Hartree-Fock or CIS single point calcﬁl‘ations were taken
with the methyl group rotated ﬁfoﬁ 0 to 60° in increments of 5° from the equilibrium
position in the ground, 'L,, and 'L, states. Because indole possesses no rotational
symmetry around any of its C-H or N-H bond axes, thé torsional potential of the
methyl indoles contain only 3 equivalent minima corresponding to the threefold
symmetry of the methyl group. Data points from 65 to 120° were therefore obtained
by reflection. The methyl rotor barriers were calculated aé the difference between the

rotated and the energy minimum geometry.
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Chapter 3
RESULTS AND DISCUSSION
Indole

Transition Energies

The transition energies between the states comprising indole’s lower electronic
manifold are presented in Tables 1 and 2. The vertical transition energy, v, is
calculated at the ground state Hartree-Fock geometry of each basis set while the
adiabatic transition energy, v,.,, is the difference between the zero point vibrational
levels at the optimized geometries of the combining states. Increasing the basis size,
particularly with diffuse functions, is shown to lower the excited singlet states with
respect to the ground state, particularly !L,, at both the vertical and adiabatic
separation. Going to the triple zeté basis has a meager impact on the vertical
transitions, however, suggesting a proximity to the theoretical limit in this property at
CIS/6-311++G(p,d). In spite of the sizeable basis, the vertical 'L, and 'L, transitions
are overestimated by about 7,000 cm-! and 11,000 cm, respectively, a result typical at
this level of theory. One concludes that electron correlatidn lowers both excited states
with respect to the ground state, assuming an equivalency in this regard between the
Hartree-Fock and CIS singlet wave functions.

The incorrect ordering of the excited states in the CIS manifold is more
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Table 1. Indole G — L, 'L, transition energies (103 cm?)

ILa lLb
basis v Voo \ A
321G ' 50.2 46.3 5011 473
4-31G 49.7 46.1 ' 49.8 46.9
6-31G 49.0 455 49.2 46.3
- 6-31G** ' 48.0 44 .4 48.3
6-31+G** ' 45.8 4228 46.5
6-31++G** 45.8 46.5
6-311++G** 45.7 . 46.4
CIS(9,9)/6-31G 50.6 ' 48.1
CIS(11,11)/6-31G 52.6 50.1 50.1 - 47.9
CIS(13,13)/6-31G .50.0 . 47.7
CIS(13,14)/6-31G . 52.3 50.1 500 - 47.7
CIS(22,22)/6-31G 51.0 49.7 '
CISD(11,11)/6-31G° 60.9 . ' 50.0
CISD(22,22)/6-31G* 87.4 - 79.6
EXP ' , ~36.5¢ ‘ ' 35.20

EXPd . 38.9 35.2

aUsing HF/6- 31G(p,d) & CIS/6-31G(p,d) zero point energies. bRefc-:rence 40.
«CISD/6-31G//HF/6-31G. dReference 3. cReference 2.

disconcerting than the absolute values of the transition energies. At CIS/6-31G'the'
adiabatic separation is éboﬁt 1,000 cm-‘,. wifh 1L, beneath 'L, Howéver, it is possible
to correct this situation by m_odifyihg the computational_ procedure in a very simple
way. As mentioned, the full CIS wave function is foqned by sumrrﬁng over all
possible determinants obtained by replacing one of the occupied MOs in the Hartree-
Fock wave function with a virtual MO of the corresponding SCF calculation. By
retaining only the determinants formed from &msiﬁom bet’ween a srhgll number of
high energy occupied MOs and low enérgy virtual MOs for the CI calculation, it is

seen from Table 1 that the correct ordering is obtained. When the 11 HOMOs and 11
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LUMOs bracketing the Fermi level are retained, for example, in conjunction with the
6-31G atomic basis functions, indble’s IL, state is more stable than 'L, by 2,200 cm!
in the adiabatic sense. This result is reasonably close to the observed separation of .
~1,400 cm! between the 'L, and 'L, origins in the jet-cooled spectrum.2 The L, state
is above *I._,b by over 800 cm! at the 'L, minimum, which is also realistic. Huowev—er‘,
the predicted vertical gap of 2,500 cm! underestimates the observed separation of
3,700 cm-! between the intensity maxima of the _1La and 1L, absorption bands,? |
indicating that the energy of one or both of these states is not sufficiently sensitive to
geometry in this model. Including a few more determinants in the CI calculation
causes 'L, to convergé on the 1% geometry during the énergy minimization. With still
more determinants, the unwanted inversion occurs.

The practice of truncating the summations is commonly usedi for CI methods
involving multiply substituted co_nﬁgurations because of their enormous disk space
requirements, but this.opti(_)n is not often exercised at the CIS level. Following the
usual convention, the truncategi CIS expansion is dénoted hél_rein as CIS(L,J), with I aﬁd
J the number of occupied and upoccupied MOs bracketing the Fermi level between
which transitions are considered in forming the excited state wave function. In
addition to the modelling benefits, truncating the CIS expansion is preferable from the
vantage poini of computational cost. A CIS/6-31G single point calculation on indole, -
for instance, requires 19 minutes of CPU time using the computer referred to in
Chapter 2, but less than 13 minutes of CPU time at CIS(11,11)/6-31G.

By truncating the CIS summations, determinants formed by excitat_ion from

relatively compact occupied orbitals, or by excitation to relatively diffuse virtual




25
orbitals, are omitted from the excited state wave function. As Table 1 shows, the 1L,
state is raised By 3,600 cm-! on going from CIS/6-31G to CIS(11,11)/6-31G, compafed
to a mere 900 c! elevation of the IL, state. This suggests a less compact distribution
of electron density in the 'L, state in at least {)né portion of indole, a notion that is
supported by tﬁe comparatively larger elements in the 'L, CIS/6-31G polarizability
tensor. If is also fitting that the 1L, sAtate shows greater sensitivity to diffuse functions
in Table 1._' Apparently, the preferential stabilization of 'L, brought about by the
aforementioned determinants .roughly matches the; preferential stébilization of 1L,
brought about 'by doubly substituted configurations,*! ‘resultjng in a properly ordered
manifold at CIS(11,11)/6-31G.

”The transition energies between the ground and lower triplet states of indole are
shown in TaBlc 2. As noted, an approximate value may be obtained for the vértical
transition energy by reﬂectihg indole’s phosphorescence spectrum, the onset of which
appears at 24,762 cm! and the maximum of which appears at 23,149 cm!. This gives
v = 26,375 cmrl, in excellent agreement with the present calculationsr In further
contrast to. the singlet states, the vertical transition energy is very insensitive to basis
set size, suggesting a prqximity to the theorétical limit in this quantity. l

Two sets of values are given in Table 2 for the adiabatic G — T, transition
because,‘with the full CIS method, two energy minimum conformations are found for
indole’s lowest triplet state. The planar conformation is the global minimum, being
236 cmr! more stable than the non-planar conformation at CIS/6-31G(p,d). The barrier - |
between the two conformations amounts to 54 cm-! relative’ the global minimum,

according to a CIS/6-31G(p,d) transition state dptimization. Regardless of the excited
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Table 2. Indole G —->'Tn (n=1, 2, 3) transition energies (10 cm-!)

T, T, : , T,
basis v Voo v - Y
3-21G - 27.0 2.1 36.1 40.9
4-31G 26.4 217 . 354 ' 40.7
6-31G 26.7 21.5 35.3 39.8
6-31G* 26.5 35.1 '39.5
6-31G** 26.5 21.7 35.0 - 395
6-31+G** 21.64 :
6-31++G** 26.3 34.5 38.6.
CIS(11,11/6-31G  28.8 24.6 37.4 41.5
3-21Ga 223
6-31G**a 22.0
UHF/3-21G 16.2
UHF/6-31G** ' 15.2
EXPb ~26.4 24.8
EXPe 24.8
EXPe 24.2

iNon-planar configuration. Reference 6. °Reference 7. dFrom HF/6-31G(p,d) &
C1S/6-31G(p,d) zero point energies. 'fReference 42.

state’s conformation, the adiabatic separation is reasonably well described by, and
fairly basis set insensitive within, the CIS method, as shown in the Table.

One concludes that the CIS wave function represents indole’é. 3L, state much
better than !L, or IL,, but a more generél statement is possible. Being spin-adapted,
the CIS triplet wave function is the antisymmetric combination of determinanté
obtained from single o and 8 ele;:tron excitations, wixile the singlet state is the
symmetric combination. For a two electron sy_steﬁl the triplet state wave function

therefore vanishes when the electrons are at the same point in space, resulting in
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correlated motion. For a more general system there is a measure of correlation
between thé unpaired electrons in the triplet state. The added correlation relative to
the Hartree-Fock ground state results in a slight underestimation of the transition
energy, or sometimes a smaller oyerestﬁnatidn than that of the correspon(iing singlet
state. The latter circumstance ié appérent in the CIS study of" pyridine.*?

The accuracy of the 3L, CIS transition energy does not guarantee a similar level
;)f agreement when this method is applied tﬂo.T2 and T,. T, indole lies 8,200 cm'!
above 3L, at CIS/6-31+G(p,d), compared to a 4,800 cm! vertical separation in the
complete active space - SCF calculation ('CASPTZ),5 where all possiblé substituﬁons
are considered between a limited numbér of éonﬁgufations, serving as a reference for a
' second order perturbation theory calculation. This approach is usually more accurate
ﬂlan the CIS method (but overestimates the energy of T, indole by 4,000 cm).
Indole’s T, state is 12,300 cm'! above 3L, at CIS/6-31+G(p,d) a;nd 10,600 cm-! above
3L, according to the CASPT2 study. Thus, neither method predicts a dense triplet
’manifold near 'L,. Indole’s triplet-triplet absorption spectruni contains a single strong
band at 23,200 cm!,6 attributed to a T, — T, transition in the CASPT2 study.

6ﬂy the non-planar geometry is a minimum energj-/ conformation ‘at UHF/3-
21G or UHF/6-31G(p,d). The compietely planar structure is a transi_tion state, less
stable than the global minimum by 2,436 cm-! at UHF/6-31G(p,d). The nbrmal
coordinate of the imaginary frequency is the C2-H2 motion connecting the equivalent
minima. As shown in Table 2, the UHF 1Iansitiqn energy is much smaller thap the
" CIS result or the oﬁsérved value, probably due mainly to spin contamination. Being a -

' single, open shell determinant, the UHF wave function is not necessarily an




eigenfﬁnction of the §2 operator. T, indole at UHF/6-31G(f),d), for instaﬁce, has an S?
eigenvalue of 2.60, or 2.22 after annihilation of the first spin contaminant, rather than
2. This means that the UHF state is mixed w1th higher multiplicity, higher energy
states, which artificially lowers its energy. (With the loss of C, symmetry in the non-
planar configuration, mixing between erstwhilc o and © MOs is possible and the
classification scheme of Platt! is no longer appropriate.)

’I'heré is also an extra measure of correlation ét the UHF level that further
lowers the T, state relative to the RHF ground state; the o and B electrons are not
restricted to tﬁe same spatial orbitals in the UHF method, which correlates their motioﬁ

to a certain extent.

Transition Properties

Indole’s transition moments are defined in terms of a vector of magnitude p
originating from ﬁle C8-C9 bond midpoint and forming an angle 6 with the long axis.
Indole’s long axis is the imaginary line that intersects the equilibrium C2 position and
bisects the equilibrium C6-C7 bond. Negat.ive values of 6 correspond to _clockwise
rotation of the transition'dipole véctor from the long axis. The phase of 0 is arbitrary
because it depends on ﬁe arbitrary phases of the com;t)irling states. The tabulated |
direction of polarization is therefore equivalent to the resultant obtained by rotating the :
transition dipole vector by 180° |

The L, and lLb states of indole are mlxed at the HF/3-21G equlhbnum
geometry, resultmg in transmon dipoles and oscﬂlator strengths in considerable discord
with the observed values (Table 3). As the size of thg basis set is increased, the -

interstate i)roperﬁes fluctuate considerably, particularly the polarization of the 1L,
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Table 3.. Indole G — !L,, 'L, transition properties

L, ' L,
basis - ®: fo Oe Fd ® f (0] F
3-21G 92 0.132 -30.9 0.352 71.6 0.088 36.7 0.100
4-31G . -37.8 0.164 -30.2 0.352 36.3 0.057 283 0.095
6-31G -38.4 0.164 -29.5 0.348 348 0.056 29.5 0.092
6-31G** -30.3 0.151 -289 0.324 48.4 0.050
6-31+G** © 2302 0.173 272 0.350 46.5 0.058
6-31++G** -30.7 0.173 . 382 0.058
6-311+-G** -29.4 0.166 38.6 0.055
CIS(11,11)/6-31G -39.2 0.183 -37.7 0.331 385 0.042 382 0.056
CIS(13,14)/6-31G -38.1 0.188 -38.5 0.311 . 359 0.045 36.0 0.064
CIS(22,22)/6-31G -39.5 0.185 30.0 0.055
csp(il, 1631 -41.8  0.126 45.6 0.019
CSD(22,22)/6-31GF -44,0 0.169 . 47.0 0.031
EXPe -54  0.12 38
EXPs +45
EXPh -42 . ' 46 0.012
EXPi ' . . 38

" «Transition dipole moment direction, in degrees, calculated at ground state geometry.
vOscillator strength calculated ‘at ground state geometry. “Transition dipole moment
direction, in degrees, at excited state geometry. ‘Oscillator strength at excited state
geometry. °Reference 44. CISD/6-31G//HF/6-31G. eReference 45. "Reference 46.
iReference 47. -
trénsition, instead of converging on a certain value. The greater sensitiVity of the 1L,
transition moment may be traced to the dominance of the HOMO—-LUMO+1 and
HOMO-1—LUMO configurations in the 'L, wave function (Tables 4 and 5). For
benzene, the transition moments of these configurations are equal in magnitude and

opposite in direction, resulting in cancellation and the parity forbidden nature of the

IL, transition. For indole, the cancellation is not total. The (1PDM) transition moment
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Table 4. Indole optimum CIS coefficients

5L, L, iL,
© MOs 321G 631G 6-31G** 6-31+G** 3-21G 6-31G 6-31G** 6-31+G** 321G 6-31G
HO— LU 0.63 063 063 056 0.65 064 064 063  <[0.10] <|0.10]
HO—LU+1 <|0.10] <[0.10] <[0.10] 0.17  <[0.10] <|0.10] <|0.10] 0.12  -033  -0.34

HO—LU+2 <[0.10] <|0.10] <[0.10] -0.14  <[0.10] <|0.10| <]0.10] <[0.10]  <[0.10] <[0.10]
HO-1-LU <[0.10] <[0.10] <|0.10| <[0.10]  <[0.10] <|0.10] <|0.10] <|0.10] ~ 0.60  0.59
HO-1-LU+1 016 0.7  0.16 <|0.10] 023 024 024 -0.11  <[0.10] <[0.10|
HO-2—LU+2 020 -020 ° -0.19 <|0.10]  <|0.10] <|0.10} <|0.10 <[0.10] = <[0.10] <]|0.10|

Table 5. Indole optimum CIS(1,J)/6-31G coefficients

L, L,

© MOs © CIS(11,11)  CIS(13,14)  CIS  CIS(11,11)  CIS(13,14)  CIS
HO— LU . 0.62 0.61 0.64 <|0.10] - <|0.10] <|0.10]
HO—LU+l  <[0.10] 0.13  <|0.10] -0.40 -0.39 -0.34
HO-1—LU -0.11 -0.16  <|0.10] 0.56 0.57 0:59
HO-1-LU+1 0.29 0.26 024 <|0.10]  <[|0.10]  <[0.10]
HO-2—LU+1  <[0.10]  <[0.10]  <[0.10] 0.11 0.11  <[0.10]

between the Hartree-Fock determinant and a singly_ substituted configuration (| i — k _

>)is the double dot product cc;; Ms,,.» Where ¢, represents the MO coefficients of

orbital i and M»

HVAC

is the dipole matrixin the AO ba81s For indole’s i = 30 and k 32

at CIS/3-21G, this gives transition moment components of {-5.9,8.2} Debye parallel

and perpendlcular to indole’s long axis, and {2.9,-4.8} D for i = 31 and k = 33. The

large difference in the transition moment directions of these conﬁguratlons is thus

preserved in indole, and so small changes in the CI coefficients have a significant

impact on the direction of the !L, polarizatrion, resulting in a greater fluctuation
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between basis sets. The computed oscillator strength remains fairly constant, aside
from the CIS/3-21G result, as the size of the Basis is increased, suggesting that the
transition dipoles of these configurations aré closer in magnitude when calculated with
- the CIS density.

The dominance of a §ingle configuration in the 'L, transition (Tables 4 and 5)
results in a transition moment with less computational sensitivity. For indole’s i = 31
gnd k = 32, cep:Ms,,, = {6.2, -7.5} Debye at CIS/3-21G, giviﬁg a polarizat.ion of -38°
for the HOMO — LUMO transition moment..

At CIS/6-31 1++G(p,d) the interstate properties are only qualitatively correct,
and it is obvious that a higher level of th_eory‘ must be summoned for quantitative
agreement. Table 3 shows that simply increasing ie active space to include doubly
substituted determinants dramatically improves both the 'L, and 'L, transition

. properties, at least in comparison to the results of the linear dichroism study.*
Nevertheless, the CISD(22,22)/6-31G oscillator strengths are peculiar, relative to
~CISD(1 1,11)/6-31G, given the tendency for doubles to decrease the value of this
property. Going from (11,11)/6-31G to (22,22)/6-31G adds only one r MO to the CI
calculation, so it is not too surpri'sing‘that this modification lowers the g;'ound state in
relation to the excited states, as Table 1 shows, thereby increasing the oscillator

strength if the transition moment is unchanged.

Ground State Geometry _
The equilibrium bond lengths and bond angles of indole, as calculated by the

Hartree-Fock method or at MP2/6-31G(p,d), are qompai‘ed to the results of microwave

spectroscopy in Table 6. The equilibrium structures show tiny deviations from




Table 6. Indole ground state bond lengths (A) and bond angles (Degrees)

32

HARTREE-FOCK MP2
3-21G 4-31G 6-31G 6-31G** 6-31+G** 6-311++G** EXP»  6-31G**

N1-C2 1.3881 1.3816 1.3831 1.3725  1.3726 1.3723 1.433 1.3793
C2-C3 . 1.34911.34791.3526 1.3478  1.3509 1.3487 1.363 1.3752
C3-C9 1.4465 1.4421 1.4445 1.4420  1.4423 1.4421 1.443 1.4300
C4-C9 1.3936 1.39351.3979 1.3985  1.4002 1.3984 1.387 1.4079
C4-C5 1.3746 1.3742 1.3786 13746  1.3764 1.3743 1.367 1.3872
C5-C6 1.4014 1.4000 1.4043 1.4039  1.4062 1.4043 1.375 1.4121
C6-C7 1.37451.37451.3788 1.3748  1.3767 1.3746 1.369 1.3883
C7-C8 1.3903 1.3893 1.3935 1.3942  1.3956 1.3937 1.392 1.4008
C8-C9 1.4039 1.4015 1.4048 1.4007 1.4014 1.3993 1.372 1.4227
N1-C8 1.37741.3762 1.3787 1.3708  1.3714 1.3710 1.448 1.3765 .
N1-H1 0.9940 0.9879 0.9888 0.9909  0.9915 0.9907 1.00 1.0058
C2-H2 1.0656 1.0655 1.0669 1.0711 1.0709 1.0708 1.08 1.0778
C3-H3 1.0656 1.0662 1.0675 1.0708  1.0708 1.0705 1.08 1.0776
-C4-H4 1.0723 1.0724 1.0736 1.0763  1.0760 1.0758 1.08 1.0836
C5-H5 1.0718 1.0718 1.0730 1.0757  1.0755 1.0753 1.08 1.0827
C6-H6 1.0721 1.0720 1.0732 1.0759  1.0757 1.0755 1.08 1.0827
C7-H7 1.0718 1.0722 1.0734 1.0762  1.0761 1.0758 1.08 1.0836
C8-C9-C3 106.80106.81 106.83 106.68  106.70 106.72 107.7 107.05
C9-C3-H3 126.38.126.59 126.66 127.17  127.22 127.25 . 127.21
C9-C3-C2 107.12107.13107.09 106.74  106.70 106.73 105.5 .107.05
C3-C2-H2 129.69129.68 129.66 129.54  129.52 129.50 130.20
C3-C2-N1 109.67 109.66 109.63 110.06 - 110.02 110.00 = 111.5 109.30
C8-N1-H1 125.76 125.71 125.68 125.69  125.71 125.72 125.33
C8-C9-C4 119.49119.22119.21 119.10  119.17 119.17 ~ 121.1 118.68
C9-C4-H4 120.29 120.40 120.44 120.50  120.47 120.47 120.42
C9-C4-C5 119.02119.07 119.04 119.08  119.04 119.04 114.6 118.94
C4-C5-H5 119.94119.91119.90 119.88  119.89 = 119.89 119.62
C4-C5-C6 120.81120.87 120.88 120.88  120.86 120.86 124.8 121.30
C5-C6-H6 119.30.119.29119.28 11929  119.28 119.28 119.35
C5-C6-C7 121.22121.21121.22 121.27  121.28 121.28 119.7 121.28
C8-C7-H7 121.12121.27121.34 121.36  121.43 121.42 121.53 -

aReference 45.
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Table 7. Indole Hartree-Fock and CIS equilibrium bond iength basis set effects (A)

-0.0106 -

G
3-21G—6-31G —6-31G** —6-31+G** —6-311++G**
N1-C2 -0.0050 -0.0106 0.0001 -0.0003
C2-C3 0.0035 -0.0048 0.0031 -0.0022
C3-C9 -0.0020 -0.0025 0.0003 -0.0002
C4-C9 0.0043 0.0006 0.0017 . -0.0018
C4-C5 0.0040 -0.0040 0.0018 -0.0021
C5-C6 0.0029 -0.0004 0.0023 -0.0019
Ce6-C7 0.0043 -0.0040 0.0019 -0.0021
C7-C8 0.0032 0.0007 0.0014 -0.0019
C8-C9 0.0009 -0.0041 0.0007 -0.0021
NI-C8 0.0013 -0.0079 0.0006 -0.0004
'L,
3-21G—6-31G —6-31G** —6-31+G**
N1-C2 -0.0014 -0.0117 -0.0068
C2-C3 -0.0026 -0.0058 0.0052.
C3-C9 0.0030 -0.0044 -0.0042
C4-C9 0.0024 0.0000 0.0024
C4-C5 0.0022 -0.0032 0.0018
C5-C6 0.0068 -0.0030 0.0009
C6-C7 -0.0031 -0.0028 -0.0004
C7-C8 0.0061 -0.0012 0.0017
- C8-C9 -0.0005 -0.0030 -0.0058
N1-C8 -0.0016 0.0001 -0.0007
3L,
3-21G—6-31G —6-31G** —6-31+G**
N1-C2 -0.0028 -0.0164 -0.0014
C2-C3 0.0008 -0.0164 -0.0003
C3-C9 0.0041 -0.0053 0.0013
C4-C9 -0.0009 0.0110 0.0019
C4-C5 0.0010 0.0000 0.0027
C5-Cé6 0.0076 . -0.0069 0.0011
C6-C7 -0.0063 0.0090 - 0.0023
C7-C8 0.0048 0.0013 0.0031
C8-C9 0.0003 -0.0071 -0.0012
N1-C8 0.0021 '0.0001
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planarity that may be attributed to the numerical imprecisions of the calculation. All .
calculated dihedral angles therefore correspond to the planar geometry and are omitted
from the Table. | -

A comp11at10n of the changes in bond lengths with each increase of basis set |
size is presented in Table 7. Significant changes in length are observed in most
carbon - carbon and carbon - nitrogen bonds as the basis set is modified, even between
the larger basis sets, and in no way can arrival at the Hartree-Fock limit be declared
with regards to most if not all of these parameters. Each modiﬁcaﬁon is theféfore
necessary for an accurate description of the bond lengths formed by indole’s heavy
atoms. Conversely, the C-H and N-H bonds show little sensitivity to basis set size.
Only small variations are also noted in the equilibrium bond angles ( a change in bond
angle of 0.01° here corresponds to a change in nuclear bosition of less than three ten-

_thousandths of an angstrom), especially‘those of the benzene ring, and especially
between the larger basis sets, suggesting a proximity to the Hartree-Fock limit in this

regard.

'L, Geometry

It was not possible to locate a minimum energy conformation on the 'L,
potential energy surface when basis sets contalmng polarization funct1ons were used
with the full CIS wave function. Instead, the wave function would converge on the 'L,
state during the geometry optimization. It appéars that the preferential stabilization of
the 'L, state brought about by “d” functions creates a stronger repulsion between the
potential ‘energy surfaces in the region of the avoided crossing and the 'L, state
.becomes unbound

The 1Lb state is less elusive than the IL, state from an empirical perspectlve ‘

however. Table 8 compares indole’s calculated 'L, bond lengths with the results of
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Table 8. Indole 'L,, 'L, bond lengths (A) and bond angles (degrees)

L, 1L,
6-31G
321G CIS CIS(11,11) EXP: 321G 6-31G 6-31G** 6-31+G**
N1-C2 1.4238 1.4124 1.4000 1.440  1.3645 1.3631 1.3514 1.3446
C2-C3 13592 13635 13633 1370  1.4154 1.4128 14070 1.4122
C3-C9 1.4297 1.4279 1.4303 1433  1.3946 1.3976 1.3932 13890
C4-C9 1.3990 1.4046 1.4025 1.400  1.4358 1.4382 1.4382 1.4406
C4-C5 1.4140 1.4140 1.4177 1400 13979 1.4001 1.3969 1.3987
C5-C6 1.4110 1.4165 1.4181 1.400  1.3822 1.3890 1.3860 1.3869
C6-C7 1.4060 1.4089 1.4109 1.400  1.4530 1.4499 1.4471 1.4467
C7-C8 1.4069 1.4078 1.4049 1400  1.3659 13720 1.3708 1.3725
C8-C9 1.4638 - 1.4626 1.4589 1.408  1.4355 1.4350 1.4320 1.4262
N1-C8 13472 1.3539 1.3637 1.438  1.3973 1.3957 1.3858 1.3851
N1-H1 09960 0.9902 0.9898 1.00  0.9964 '0.9907 0.9927 0.9935 .
C2-H2 1.0635 1.0652 1.0655 1.08 1.0644 1.0658 1.0692 1.0697 -
C3-H3 1.0664 1.0678 1.0678 1.08 1.0662 1.0679 1.0713 1.0709
C4-H4  1.0697 1.0710 1.0713 1.08 1.0705 1.0721 1.0741 1.0740
C5-H5 1.0718 1.0729 1.0723 1.08 - 1.0722 1.0731 1.0757 1.0749
C6-H6 1.0703 1.0716 1.0715 1.08 1.0711 1.0724 1.0748 1.0747
C7-H7 1.0698 1.0714 1.0716 1.08 1.0700 1.0719 1.0742 1.0740
C8-C9-C3 106.17 10620 10624 107.7 10736 107.25 106.98 107.23
C9-C3-H3 125.53 125.87 126.03 12698 127.13 127.41 127.77
C9-C3-C2 108.77 108.58 108.34 105.5 10832 10825 108.07 107.73
C3-C2-H2 131.53 131.10 130.52 ©129.98 130.00 130.07 129.84
C3-C2-C1. 107.85 108.16 108.62 111.5  107.62 107.72 108.03 108.09
C8-N1-HI 125.05 124.50 125.01 124.54 124.59 124.64 124.81
C8-C9-C4 118.93 11879 119.01 121.1 11896 11882 118.89 119.21
C9-C4-H4 12139 12143 12138 ~  121.55 120.60 120.59 120.76
C9-C4-C5 117.87 117.86 118.08 1146  117.99 118.06 117.92 117.68
C4-C5-H5 118.71 118.89 119.10 11895 119.06 119.16 119.27
C4-C5-C6 12274 122.64 12212 1248  122.02 12143 121.93 121.76
C5-C6-H6 119.31 119.17 119.19 - 12041 12022 119.99 119.77
C5-C6-C7 12097 121.12 121.15 1197 12115 121.21 121.44 12172
C8-C7-H7 12143 121.69 121.79 122.72 122.63 122.82

122.69

aR eference 45.
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Table 9. Indole ground and 'L, rotational constants (MHz)

G

3G 3-21G 6-31G 6-31G** 6-31++G**  6-311++G**  CISD/6-31G MP2/6-31G** EXP»

A 3920 3950 3939 3952 3943 3953 3873 3876 3878
B 1632 1648 1645 1653 1651 1653 1622 1637 1636
C 1152 1163 1160 1165 1164 1166 1143 1151 1151
| "
321G 431G CIS/6-31G  CIS(11,11)/6-31G  *~ EXPe
A 3308 3816  3798(-141) 3809(-130) 3743(-135)
B 1634 1641  1633( -12) 1629( -16) 1618( -18) -
C 1144 1147  1142( -18) 1141( -19) 1130( -21)

aReference 47.

high resolution fluorescence spectroscopy while Table 9 compares the calculated and
observed ground and 'L, rotational constants. The CIS/6-31G and HF/6-31G
geometries are of con_lparable acc.:uracy. The pyrolle bond lengths generally
underestimate experiment by 2.0% and the phenyl bonds are exaggerated by 0.5% at
both computational ievels due to correlation and basis set truncétion errors. The
rotational constants are overestimated, which follows from their inverse dependence on
the moments of inertia.

The differences between the HF and CIS rotational constants (in parenfheses).
are perhaps more pertinent to calculated spectra than the absolute values, and these .
show good agreement with the mea_sured results, leﬂding a small measure of credibility
to the calculated geometry change. The HF-CIS(11,11)/6-31G differences are slightly
more accurate ;chan those obtained at HF-CIS/6-31G, 1-)articu.1ar'ly for AB.

Indole’s rotationally resolved fluorescence indicates that the bond angles
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formed by the heavy atoms are essentially the same in the ground and 'L, states.*
This is consistent onty ‘with radial disptacement of the benzene and pyrrole moieties
upon excitation or, of course, no dlsplacement upon exc1tat10n (aside from zero point
motion). The calculated geometry dlfference between the ground and 1L, states, Flgure
2, shows that, aside from the N-H moiety, the atoms are in fact radially displaced
following excitation, much like benzene’s 'B,, transition. The amplitude of .
displacement on the N-H group also shows the greatést sensitivity to basis, particularly
between CIS-HF/6-31G and CIS(11,11)-HF/6-31G. The remaining displacement
vectors are fairly basis insensitive, at'least in appearance dnd within this small range of
sizes. Also independent of basis are the C’-Hzand N-H bonds, nearly uﬁchanged upon

excitation, and the molecule’s planarity. '

1L, Geometry
The equilibrium bond lengths of 'L, indole, as calculated by the CIS method,

are provided in Table 8. As shown in Table 7,.the iL, bond lengths are more sensitive
to basis than those df the Hartree-Fock ground state, reflecting greater changes in the
shape and energy of the lower virtual © MOs V;/ith increasing basis set size. This is
particularly apparent from comparison of Figures 3 and 4, which show two-
. d1mens1ona1 slices of the © MOs near the Fermi level as calculated at HF/6- 31G(p d)
_and HF/6-31+G(p,d). The diffuse functions contribute margmally to occupled MOs
and therefore heavily to virtual MOs, which are residual functions of the SCF
calculation. The virtual 1 MOs are also strodgly mixed at HF/6-31+G(p,d), in
comparison to- HF/6-3iG(p,d), which changes the 'L, wave function (Table 4).

(The diffuse nature of the virtual MOs is exaggerated by the Hartree-Fock
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method in another manner. The energy of an SCF virtual MO includes the repulsion
terms w1th the charge clouds of all 2n electrons in the n MOs of the system. |
Consequently, they are more representative of the MOs of the correspondmg anion
 than of the excited MOs of the neutral molecule.)

As Table 7 shows, diffuse functions effect many of the ground state and 1L
bond lengths in a quahtatlvely different manner. All bonds are lengthened by th1s
modification in thé ground state while many are shortened in the 'L, state, especially
those of the pyrrole ring. As Figure 5 shows, however, enly emall changes in the
calculated 'L, - ground state geometry difference are discernetble, pﬁmarily at C3 and
C9, when diffuse ﬁmctions are included in the basis. The other modifications in the |
atomic basis functions also appear to have a small impact on the geon'retry‘ differ-ence.‘
A larger change is present between the displacement vectors obtained with the full and
truncated CIS wave functions and, as with the 1L, state, these appear mainly at N, C3,
and C9 while the structure of the benzene ring is less sensitive to this modification. |
Regardless of basis, the C-H and N-H bond lengths are virtually unchanged upon

excitation and the molecule remains planar.

3L, _Geometry

As Table 7 shows, polarization functions have a much greater impact on the
geometry of the triplet state (Table 10). Four 3L, Bond lerrgths increase by more than
one hundredths of an angstrom due to this modification, compared to orle_llLa bond
length and none in the ground state. The heightened sensiti'vity reflects a greater
reorganizatien of charge on going from CIS/6-31G to C_IS/6-31G(p,d), a}s made evident

by the eoncommitant sigh change in the non-zero off-diagonal element of the 3L,
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quadrupole tensor. Less uﬁexpected are the comparative effects of diffuse functions,
which have a much smaller impact on the geometry of thé 31, state, iﬁ comparison to
IL,. This is due to its spin orthogonality with the grounci state, which removes the
requirement for spatial orthogonality, resulting in a more compact electron distribution.
The geometry difference between °L, and the ground state, Figure 6, is similar to the
IL, difference. Sufficiently broadened 3L, phosphorescence should bear a resemblance
to 'L, fluorescence. | |

For the other configuration of T, indole, the N and C2 atoms deviate by 0.05 -
0.15 A from the otherwise approximately planar ring. H1 and H2 deviate by ~0.30 A
at CIS/6-31G(p,d) and by 0.30 and 0.90 A at iJHF/6-31G(p,d). There is a 'cohcomitant
~,O.1‘O A increase in the C2-C3 bond length compared to the planar configuration. |
Thus, the hybridization of the N and C2 atomic orbitals is about sp? inhnon-planar T,
while the C3 atom is still approximatély sp? hybridized. The lpwest triplet states of
pyridine* and pyrrole® also Have non-planar conformations, in theory, adopting boat-
like structures with the nitrogen atom significantly out-of-plane.

The stability of the non-planar conformation is easily understood in terms ‘of
molecular orbital theory. Indole’s LUMO and LUMO+2 (Figure 3) are distinctly
antibonding in the N-C2 and C2-C3 linkages. The dominance of the HOMO—LUMO
and HOMO-2—LUMO+2 configurations, amounting to 88% of the 3L, wave function,
then leads to a pronounced weakening of these bonds. The latter configuration is'
virtually absent from ’ghe 1L, wave function, a fact that, along with the significant
contribution fr(‘)m the HbMO-l—»LUMOH determinant, possibly explains Why only

the planar conformation is stable in this state.
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Table 10. Indole 3L; bond lengths (A), bond angles, and dihedral angles (degrees)

UHF ' CIS
3-21G 6-31G** 3-21G 6-31G** 3-21G 6-31G 6-31G** 6-31+G**

N1-C2 1.4271 1.4198 1.3881 1.4138 1.3950 1.3922 1.3758 1.3744

C2-C3 1.5476 1.5220 1.3491 1.4946 1.4324 1.4332 1.4168 1.4165
C3-C9 1.3960 1.3930 1.4465 1.4006 1.3914 1.3955 1.3903 1.3916
C4-C9 1.4117 1.4179 1.3936 1.4035 1.4374 1.4365 1.4475 . 1.4494
C4-C5 1.3973 1.3956 1.3746 1.3945 1.4077 1.4087 1.4087 14114
C5-C6  1.4000 1.4045 1.4014 1.3798 1.3718 1.3794 1.3725 1.3736
Co6-C7 1.4168 1.4149 1.3745 1.4203 1.4600 1.4537 1.4627 1.4650
C7-C8 1.3691 1.3753 1.3903 1.3623 1.3710 1.3758 1.3771 1.3802
C8-C9 1.4394 1.4335 1.4039 14242 14245 1.4248 1.4177 1.4165
N1-C8 1.4074 1.4147 1.3774 1.3996 1.3836 1.3857 1.3751 1.3752
NI1-H1 0.9938 0.9955 0.9940 0.9946 0.9940 0.9887 0.9909 0.9917
C2-H2 1.0807 1.0844 1.0656 1.0765 1.0627 1.0641 1.0672 1.0676
C3-H3 1.0676 1.0716 1.0656 1.0711 1.0670 1.0687 1.0718 1.0718
C4-H4 1.0722 1.0755 1.0723 1.0754 1.0708 1.0723 1.0739 1.0738
CS5-H5 1.0720 1.0756 1.0718 1.0753 1.0719 1.0730 1.0756 1.0754
C6-H6 1.0718 1.0753 1.0721 1.0754 1.0714 1.0726 1.0748 1.0747
C7-H7 1.0717 1.0759 1.0718 1.0754 1.0701" 1.0720 1.0740 1.0740

C8-C9-C3 108.82 108.07 106.80 107.76 108.14 108.05 107.75 107.78
C9-C3-H3 127.51 127.76 126.38 127.19 126.67 126.83 127.04 127.14
C9-C3-C2 107.95 107.40 107.12 107.83 108.08 108.02 107.87 107.78
C3-C2-H2 118.99 119.00 129.69 123.21 130.94 .130.91 130.78 130.77
C3-C2-N1 103.16 104.71 109.67 105.22 106.43 106.50 '107.03 107.07
C8-N1-H1 . 123.63 116.93 125.76 119.01 124.80 124.76 12473  124.79
C8-C9-C4 119.18 119.08 119.49 119.42 119.46 119.22 119.24 119.31
C9-C4-H4 120.15 120.33 120.29 120.26 120.32 120.45 120.48 120.53
C9-C4-C5 119.04 118.87 119.02 119.05 11847 11857 118.38 121.15
C4-C5-H5 119.65 119.68 .119.94 119.71 119.17 119.29 119.28 121.16
C4-C5-C6 120.77 120.89 120.81 120.49 .121.11 121.39 121.12 121.15
C5-C6-H6 119.83 119.60 119.30 119.71 12032 120.07 119.91 119.97
C5-C6-C7 12093 121.02 12122 121.41 121.37 121.39 121.62 121.60
C8-C7-H7 121.27 121.35 121.12 120.39 12236 122.32 122.50 122.59
C4-C9-C8-N1 181.42 -175.75 -179.75 -182.18

C2-N1-C8-C9 -4.28 -12.24 129 -8.49

C3-C9-C8-C7 180.35-178.22 -181.06 177.65

H1-N1-C8-C9 188.65 -147.04 -182.54 150.31

H2-C2-C3-C9 125.95 119.67 137.01 146.34

H3-C3-C9-C8 184.94 175.89 -177.72 -178.57




AG

$7C* $+ ,&

%$7C* $+ ,& (D)

-7C$G7C $+ ,& (D)

9%( C6 #,) )F -(%# $!! - &I( *(#.6



46

T, Atomic .Spin Densities

~ The reasonably small (0.22) deviation from the trué value of S? suggests that T,
indole is fairly well-separated from higher spin states, and that the Spin pfoperties of
this state are satisfactorily represented at UHF/6-31G(p,d). The total spin densities on
each heavy atom in the triplet state, as calculated at UHF/6-31G(p,d), may therefore
also be used to further rationalize the non-planar géometry. The total atomic spin
density is sirﬁply thé difference between the population of o- and B-spin electrons.
(Removing the restriction of a- and B-spin electrons occupying the same spatial
orbitals in Hartree-Fock theory leads to separate’ MOs and orbital energies for these
particles in the solition to .the Schrédinger eq-uation.51 The separate nature of the
solution rﬁay carried into the population analysis, defining the population of a- and 8-
spin electrons in a manner analogous to the restricted case.) On atom A, for ins_fance,
for open-shell systems there is in general a non-zero total spin density given by I;S(A)
=P, (A) - PB(A), where P(A) is the population of electrons on A with a-spin ar_1d Py(A)
is the population of electrons on A with B-spin.

The results are presented in Figure 7, where unfilled circles denote an éxcess of
a-spin density and the radii denote the extent of the surplus. For the non-planar |
structure, the total spin density on the benzene ring is fairly uniform from one atom to
the next and its sign is alternat.ely positive and negative. The destabiiizing exchange
interaction between electrons with the same spin is consequently reduceci. In the
pyrrole moiety, however, the alternating pattern of signs is not possible because of the
odd number of atomic centers. Conseqﬁently, the total spin densities on C2 and C3

are of the same sign and in order to reduce the spin repulsion between these atonis, a
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non-planar conformation is adopted. It is also seen that the distribution of total spin
densi~tie.s in the pyrrole ring is far from uniform. In particular, the lone pair character

" of nitrogen’s p-m orbital results in a very small surplus of 8 s_pin density on this atom,
another circumstance contributing to the large deviation from planarity at C2. The loss
of resonance energy is apparently compensated to sbme extent by a reduction in spin

repulsion.

Ionization Potentials

Indole’s first vertical ionization potential, as obtained from photoelectron
spectroscopy, is compa:reci with ab initio resuits using Koopmans’ Theorem in Table
11. Koopmans’ Theorem equates the ﬁth vertical ionization potential to minus the
" energy of the highest occupied + 1 - n molecular orbital, -g;. For first ionization
potentials this is quite often a good approximation due to a cancellation of errors - the
neglect of orbital relaxation following ionization, which increases the calculated

jonization potential, and the difference in electron correlation between the radical

Table 11. Indole vertical ionization potentials (eV)

FIRST VERTICAL IONIZATION POTENTIAL
3G 321G 6-31G 6-31G** 6-31++G** 6-311++G** EXPa
6.15 7.81 7.71 . 7.63 7.82 783 7.79

HF/6-311++G(p,d) VERTICAL IONIZATION POTENTIALS

IP27.79 8.18 9.88 11.12 11.56 1224 13.26 13.77 1428 1540 17.03- 18.51

-¢; 7.83 8.24 10.50 12.75 13.20 13.90 15.01 15.85/15.99 16.34/16.54 17.78/18.09 20.03 21.64/22.05

a Reference 52.
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cation and the ﬁeutral parent molecule. For a molecule the size of indole, neither
source of error would be expected to be large and, as Table 11 shows, this is indeed
‘ the case for the first ionization potential. Althéugﬁ the STO-3G basis significantly
underestimates this »quantity, the 3-21G. basis set gives a very accurate result. The 3-
21G result is clearly not formitoué, as demonstrated by calculations using basis sets
with longer contraction lengths, or polarization functions, or diffuse functions, or more -
valence basis functions, all of which have a modest impact on the outcome and
illustrate the HOMO?’s basis iﬁsénsitivity. One concludes that the orbital
approximation is pertinent and that the shape and energy of indole’s HOMO is well
reproduced with just the 3-21G basis set.

At HF/6-31++G(p,d), Koopmans’ Théorem_ is seen to overestimate the first
ionization potential, indicating that the neglect of orbital relaxation is a greater source
of error than the neglect of electron correlation. The errors 'ass'ociated witﬂ either .

" approximation would be expected to increase when Koopman’s Theory is applied to

. the higher energy lines of a photoeleétron spectrum. Tl_le' orbital relaxation error grows

because an increasing number of MOs are shielded by the ejected electron while the
correlation error grows because the smaller size of the lower energy MOs causes an -

increase in dynamical correlation. As Table 11 shows, the error associated with the

former approximation becoﬁes more dominant as lower energy electrons are removed

from the indole molecule.

Mulliken Populations

Figure 8 demonstrates the effects of electron correlation as calculated at the
MP2-HF/6-31G(p,d) and CISD-HF/6-31G levels of theory on the ground state
Mulliken populations of indole. Filled circles denote a decrease in population on

going to the correlated methbd, unfilled circles denote a gain in population, and the
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radius of each circle denotes the magnitude of the population change. The populations '
have been calculated at the equilibrium geometry of the correlated method.

The two methods give qualitatively the same result at each atom or bond, for
both 6 and 7 electrons, thus corroboratiné each other.” Both methods assert that the
effect of electron correlation is particularly pronounced in the C8-C9 ov¢r1ap I
population, which loses 0.300 e at MP2-HF/6-31G(p,d) and 0.249 e at CISD-HF/6-
31G, as well as the C2-C3 and C3-C9 overlap ¢ populations. At both levels of theory,
the electron densities of bonds farther from indole’s center of mass are geperally less
affected by correlation. Both methods assert that bonds between carbon atoms show
greater sensitivity to correlation than the carbon-nitrogen bonds, perhaps because of
their more covalent nature. Conversely, the atomic popﬁlations at the carbon atoms
are less affected than those of the nitrogen atom, at both levels of theory, presumably
as a consequence of less contracted orbitals. | |

At 'both computational levels, the shift of n electron density is a tiny fraction of
the total' effect. Although small, this shift is nonetheless interesting. Both correlafed
methods appear to enhance the aromatic character of the indole molecule. For
instance, the increased m overlap population between C3 and C9 indicates stronger
aromatic coupling between the ethylene and benzene moieties on going to the
correlated density. All remaining © overlap populations between adjacent carbon
atoms are decreased by correlation. The aromatic coupling between N and t1-1e,
benzene moiety or between N and the ethylehe moiety is also strengthened, albeit
‘minutely, as indicated by the increased overiap © population between the ring-forming
bonds involving the nitrogen afom. This is also true regardless of method. Thus,
lone paif density is delocalized into the indole ring, resulting in a slightly more
uniformly distributed n cloud.

Further agreement between the MPZ;HF and CISD-HF results are found in the
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overlap populations between non-adjacent atoms. As compensation for the decrease in
density in each of the above-mentioned regions, there is an increase in the MP2 and
CISD overlap populations between several npn—adjacent atoms. In particular, the C2-
C8, C2-C9, and C3-C4 overlap o populations increase by about 0.100 e at MP2/6-
31G(p,d), While the C6-CS8, CS—”C8, and C7-N overlap ¢ populations each gain 0.050 e.
Also, the hydrogeﬁ nuclei gain about 0.030 e at MP2/6-31G(p,d). The electron density
is then shifted to tﬁe periphery of the molecule, as with small molecules. The CISD-
HF population differences are smaller than those of MP2-HF, in further analogy to
small molecules, and are more uniformly distributed between the bonds.

The effects of basis on indole’s ground state Mulliken populations are presented
in Table 12. Diffuse functions lead toﬂ unrealistic ¢ electron atomic populations and
bizarre overlap populations for the ¢ electrons. In addition to being unrealistically
large, most of the overlap o electron populations are negative when diffuse functions -
are used, indicating that they are antibonding in nature. The principal assumption of
‘the popula'tioﬁ analysis, that the atomic orbitals are well localized on the nuclei and do
not contribute to the description of the adjacent atoms, apparently is no longer valid
with diffuse functions in the basis set. |

Figure 9 shows the CIS-HF/6-31G(p,d) Mulliken population changes brought
about by vertical excitation of the indole molecule. Excitation to the 'L, state results
in a somewhat symmetric pattern of redistribution of electrons that is localized
~ mostly on the benzeﬁé ring while the 'L, and 3L, excitations show a more irregular
pattern involviné both rings. Summing the positive or negative population changes on -
eaé:li atom shows that a _total of 0.360, 0.213, and 0.238 electrons are transferred by
IL,, IL,, and 3L, excitation, respectively, a total of 0.222, 0.142, and 0.155 being = e.

The directions of the shifis 1ﬁay be explaingd simply in terms of the HOMOs
arid LUMOs of Figure 3. With the 'L, transition, a total of 0.11 = e are transferred




Table 12. Indole Hartree-Fock Mulliken populations
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HF/3-21G HF/6-31G HF/6-31G(p,d) HF/6-31++G(p,d)

c n  total o n  total c T total c - w total

Nl 629 169 7.99 626 1.73 798 6.05 1.70 7.74 572 1.67 7.39
HI 064 000 0.64 062 0.00 0.62 068 0.0l 0.69 0.64 001 0.65
C2 486 1.02 588 485 1.02 587 487 1.02 588 481 103 5.84
H2 074 0.00 0.74 0.77 0.00 0.77 . 0.83 0.00 0.84 0.82 0.00 0.82
Cc3 517 1.12 628 . 5.08 1.11 620 5.08 1.12 620 . 507 1.13 6.21
H3 076 0.00 0.76 0.79 -0.00 0.79 0.85 0.00 0.85 .0.86 0.00 0.86
c9 507 1.05 6.14 . 5.13 '1.04 6.17 5.03 1.04 6.07 3.62 1.01 4.63
C4 523 099 622 515 099 6.14 514 1.00 6.13 610 1.00 7.10
H4 076 0.00 0.76 0.79 0.00 0.79 0.85 0.00 0.85 0.88 0.00 0.88
C5 520 1.05 625 517 105 622 513 105 6.17 4.60 1.04 5.64
H5 077 0.00 077 0.81 0.00 081 0.86 0.00 0.86 0.86 0.00 0.86
C6 523 101 623 521 1.03 622 515 1.01 6.16 552 1.01 653
H6 0.77 0.00 0.77 0.81 0.00 0.81 086 0.00 0.86 0.87 0.00 0.87
C7  5.17 1.06 623 507 106 613 509 1.06 6.15 430 1.06 5.36
H7 077 0.00 0.77 0.80 0.00 080 0.85 0.00 0.85 0.84 0.00 0.85
C8 456 1.00 557 468 1.00 568 471 099 570 649 1.02 7.52

Mulliken overlap populations

HF/3-21G - HF/6-31G HF/6-31G(p,d) HF/6-31++G(p,d)

T c w c c o

Ni-C2 0.11 0.46 0.06 035 0.10 0.57 0.07 1.27
C2-C3 044 073 046  0.80 047 0.84 0.54 -4.73
C3-C9 0.14 0.67 0.13 0.74 0.14 0.83 0.13 -10.65
C8-C9 0.27 0.60 029 0.82 030 0.90 037 -10.25
C4-C9 024  0.63 024 0.74 0.25 0.82 0.24 -2.18
C4-C5 034 0.69 034 073 0.35 0.78 039. . -1.76
C5-C6 0.25 0.69 0.25 0.76 0.25 0.81 0.28 -5.60
C6-C7 033 0.66 034 0.73 0.35 0.79 0.39 -7.05
C7-C8 024 059 0.25 0.74 026 0.82 0.25 -8.63
N1-C8 0.11 0.30 0.07 0.23 0.10 0.50 0.09 -0.26
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about evenly from N and C3, while C4 is the recipient of 0.04 = ¢ and C7 is the
recipient of 0.08 w e, and this would be anticipated by examining iedole’s HOMO and
LUMO. The C2-C3 and C6-C7 bonds see the greatest decrease in everlap popuiation,
which is also consist-ent with the nodal patterns of the HOMO and the LUMO. In the
3L, transition, a total of 0.10 = e are transferred from C3 while C2 is the recipient of
0.09 7 e and roughly 0.04 = e are transferred from C6 and to C7. Each of these
changes are reflected in the amplitudes of the LUMO and LUMO+2. Thus, the 3L,
transition involves a larger amount of charge transfer than 'L,, but over a much shorter
distance. Also, the transfer of charge from C3 to C2 or from C6 to C7 is part1cu1ar1y
effective at decreasmg indole’s polarity because these bond are approx1mate1y parallel
to the dipole. With each transition, no s1gn1ﬁcant changes are seen in the overlap
populations between non-adjacent atoms,

Tables 13, 14, 15, and 16 show indole’s excited state equilibrium geometry |

Mulliken populations as calculated with a variety of basis sets.

Integrated Density Difference Maps

A more detailed picture of the electronic reorganization'accompanyivng
excitation is provided by projection function difference maps, where differences in ‘
integrated molecular electron density are taken. Figure 10 shows the projection
function differences between the 1L or 3L, states and the ground state, at the 'L, "and .

" ground state geometri¢s. The sohd contours indicate regions in wh1ch electronic
charge is increased upon excitation and the dashed contours indicate a decrease in
electronic charge. Density difference maps involving the 'L, state are shown in Figure

11.
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Table 13. Indole !L, Mulliken populations

N1-C8

0.24

CIS/3-21G CIS/6-31G CIS(11,11)/6-31G
c n  total c T total c =w total
N1 6.05 1.70 7.74 6.30 1.67 7.96 6.29 1.68 7.97
H1 0.68 0.01 0.69 0.61 0.00 0.61 0.62 0.00 0.62
C2 4.87 1.02 5.88 . 4.83 1.09 592 4.84 1.06 5.90
H2 0.83 0.00 0.84 0.77 0.00 0.77 0.77 0.00 0.77
C3 5.08 1.12 6.20 5.10 1.08 6.18 5.11 1.08 6.19
H3 0.85 0.00 0.85 0.78 0.00 0.78 0.78 0.00 0.78
C9 5.03 1.04 6.07 5.13 1.02 6.15 513 1.02 6.15
C4 5.14 1.00 6.13 5.09 1.10 6.19 5.12 1.05 6.17
H4 0.85 0.00 0.85 0.81 0.00 0.81 0.79 0.00 0.79
C5 5.13 1.05 6.17 523 096 6.19 521 0.99 6.21
H5 0.86 0.00 0.86 0.81 0.00 0.81 0.81 0.00 0.81
Cé6 5.15 1.01 6.16 5.19 1.04 6.23 520 1.02 6.22
H6 0.86 0.00 0.86 0.81 0.00° 0.81 0.81 0.00 0.81
C7 509 1.06 6.15 5.02 1.13 6.16 504 1.11 6.15
H7 0.85 0.00 0.85 0.80 0.00 0.80 0.80 0.00 0.80
C8 471 099 5.70 473 091 5.65 470 0.97 5.67
Mulliken overlap populations
CIS/3-21G CIS/6-31G CIS(11,11)/6-31G
T c T c T c
N1-C2 0.02 046 -0.02 034 0.00 035
C2-C3 036 0.73 037 0.80 . 038 0.80
C3-C9 0.18 0.65 0.17 0.74 0.16  0.75
C8-C9 0.10 0.61 0.09 ~ 0.79 0.08 0.81
C4-C9 0.13 0.62 0.12 0.73 0.14 0.73
C4-C5 0.16 0.68 014 072 0.13 073
C5-C6 0.19 0.66 0.18 0.74 0.16 0.74
C6-C7 0.12 0.68 -0.10 0.74 0.11 074
C7-C8 0.15 055 0.16 0.71 0.15 0.73
0.15 0.09 0.18 0.04 0.20
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Table 14. Indole 'L, Mulliken po;‘)ulations'

CIS/3-21G CIS/6-31G CIS/6-31G(p,d) | CIS(11,11)/6-31G

o T total o n  total o nt  total o t  total

Nl 634 1.70 7.74 629 1.65 793 6.07 162 7.69 632 159 791
Hl 068 0.01 069 061 000 061 067 001 068 0.60 0.00 0.65
C2 487 1.02 588 485 102 587 4.88 1.02 590 485 1.03 5.89
H2 0.83 0.00 0.84 0.76 0.00 0.76 0.82 0.00 0.82 0.76 0.00 0.80
C3 508 1.12 620 518 105 623 515 1.05 620 519 1.02 6.21
H3 0.85 0.00 085 0.77 0.00 0.77 0.83 0.00 0.83 0.77 0.00 0.80
CO 503 1.04 607 509 1.05 6.14 501.1.04 605 508 1.06 6.14
C4 5.14 1.00 613 508 1.07 615 5.09 1.08 6.17 5.10 1.07 6.17
H4 0.85 0.00 085 081 0.00 081 0.86 000 086 081 0.00 0.81
c5  5.13 1.05 6.17 518 1.03, 620 5.12 103 615 518 1.02 6.20
H5 086 0.00 0.86 0.81 0.00 081 0.86 0.00 086 0.82 0.00 0.82
c6 5.15 101 6.16 519 1.02 622 515 1.02 617 517 1.07 .6.24
H6 086 0.00 0.86 0.82 0.00 0.82 0.86 0.00 086 0.82 0.00 0.82
C7° 509 106 615 5.07 1.12 619 508 113 621 507 111 6.18
H7 0.85 0.00 085 080 0.00 0.80 0.86 0.00 086 081 0.00 0.81
c8 471 099 570 4.68 1.00 568 470 099 569 4.67 1.02 5.69

Mulliken overlap populations

CIS/3-21G ~ CIS/6-31G - CIS/6-31G(p,d)  CIS(11,11)/6-31G

T c T o T c T c
Ni-C2 011 041 0.06  0.30 0.10  0.54 0.06 030
C2-C3 020 0.0 021 075 023 079 - 024 076
C3-C9 026 064 . 025 073 027  0.83 021 073
Cc8-CO 016 061  -0.16 081 0.17  0.87 0.13 0.8l
C4-C9 005  0.60 003  0.69 0.06  0.78 007 073
C4-C5 021 070 021 075 022 078 0.18 0.76
C5-C6 029  0.67 029  0.75 030  0.81 027  0.78
C6-CT  0.03  0.66 002  0.70 0.04  0.74 003  0.76
Cc7-C8 028 055 028  0.73 029  0.82 026 075

N1-C8 0.07 028  0.02 0.21 0.06 047 0.03 0.19
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Table 15. Indole 3L, Mulliken populations

CIS/3-21G CIS/6-31G CIS/6-31G(p,d)

o n total ‘o n total o n  total
N1 6.27 1.70 7.97 6.24 1.74 7.98 6.04 1.70 7.74
H1 0.64 0.00 0.64 0.63 0.00 0.63 0.68 0.01 0.69
C2 481 1.12 5.94 480 1.11 5091 483 1.10 5.93°
H2 0.75 0.00 0.75 0.78 0.00 0.78 0.83 0.00 0.83
C3 525 1.01 6.25 5.20 1.00 6.20 5.16 1.02 6.18
H3 0.76 0.00 0.76 0.78 0.00 0.78 0.84 0.00 0.84
C9 5.07 1.07 6.14 5.10 1.06 6.16 5.01 1.05 6.07
C4 5.22 097 6.20 5.13 0.99 6.11 5.14 099 6.12
H4 0.76 0.00 0.76 0.79 0.00 0.79 0.84 0.00 0.85
C5 . 521 1.04 6.25 5.17 1.04 6.22 5.12 1.04 6.16
H5 " 0.77 0.00 0.77 0.81 0.00 0.81 0.85 0.00 0.86
C6 5.24 0.98 6.21 521 098 6.19 5.17 097 6.14
H6 0.76 0.00 0.76 0.81 0.00 0.81 0.85 0.00 0.85
Cc7 5.15 1.12 6.26 5.08 1.11 6.18 5.09 1.12 6.20
H7 0.77 0.00 0.77 0.80 0.00 0.80 0.85 0.00 0.86
C8 4,58 0.99 5.56 4,67 0.97 5.65 4.69 098 5.67

Mulliken overlap populations

CIS/3-21G CIS/6-31G CIS/6-31G(p,d)

T c T e} T c
N1-C2 0.03 0.46 0.04 0.34 0.02 0.56
C2-C3 0.12 0.75 - 0.10 -0.78 0.17 0.82
C3-C9 0.28 0.59 0.28 0.70 0.30 0.83
C8-C9 0.20 0.61 0.21 . 0.82 0.23 0.89
C4-C9 0.07 0.61 0.06 0.69 0.05 0.77
C4-C5 0.19 0.68 0.19 0.72 0.19 0.77
C5-C6 0.33 0.64 0.32 0.73 0.35 0.80
C6-C7 0.03 0.68 0.03 0.72 0.02 0.76
C7-C8 0.28 0.55 0.29 0.71 0.29 0.81
N1-C8 0.09 0.33 0.03 0.26 0.08 0.52
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Table 16. Indole T, Mulliken populations, non-planar conformation

CIS/6-31G(p,d) ~ UHF/6-31G(p,d)

total total o B total : total
N1 7.72  N1-C2 0.50 N1 3.85 3.85 7.70 Ni-C2 0.51
H1 0.70 C2-C3 0.70 H1 036 036 071 C2-C3 0.64
C2 593 C3-C9 0.98 C2 344 245 589 C3-C9 0.97 -
H2 087 C8-C9 1.08 H2 044 046 089 C8-C9 1.01
C3 6.17 C4-C9 1.03 C3 3.58 262 620 C4-C9 0.95
H3 0.84 C4-C5 1.04 H3 0.39 046 0.85 C4-C5 1.01
C9 6.03 C5-C6 1.14 C9 260 340 6.00 C5-C6.1.01
C4 6.13 C6-C7 095 C4 349 263 6.13 C6-C7 0.95
H4 0.85 C7-C8 1.21 H4 040 045 085 C7-C8 1.11
C5 6.17 N1-C8 -0.12 C5 269 347 6.15 NI1-C8 0.50
H5 0.85 H5 045 040 035 .
C6 6.14 C6 350 265 6.5
H6 0.85 H6 0.40 045 0.85
C7 6.19 C7 272 344 6.16
H7 0.85 , H7 ‘045 040 0.85

C8 570 . C8 325 251 576
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At the ground state geometry, the contour minimum of the G — 'L, map is
near C3, representing a depletion by 0.024 electrons, while N and the C6-C7
intemuclear region are both depleted by 0.018 e. The contour maximum is centered
on C4, which gains 0.030 e while C7 gains 0.020 e. For G — 3L,, the C2-C3 and C6-
C7 internuclear regions both lose 0.024 e and thé contour maximum is centereci on C2,
which gains 0.036 e. These results are consistent with the Muiliken poi)ulation
differences in Figﬁre 8.

Geometry has a significant impact on the topology of both maps. At the 1L,
geometry, the contour minimum of the G — 'L, Iriap remains near C3, amounting to a
| 0.036 electron depletion, but N now loses 0.024 electrons, <;r 0.006 e more than in the
ground state geometry. Also, the contour maximum has shifted from C7 to C4, which
gains 0.030 e. For G — 3L, the contour maximum is still centered on C2, which
gains 0.060 e, but now the C2-C3 internuclear region is the sole minimum with a loss
of 0.036 e, 0.012 e more than in the grourd state geometry. C7 gains 0.042 é, 0.024 e
more than at the ground state geometry.

The largé geometry effect in the topology belies the insensitivity of indole’s
calculated 'L, and 3L, dipoles to small distortions in nuclear configuration.® For G —
3L,, the geometry effect may perhaps relate to the non-zero off-diagonal element of
indole’s quadrupole tensor, which changes sign iﬁ the triplet state on going from the
ground to the 3L, nuclear configuration at CIS/6-31G(p,d), resulting in a significant
redistribution of charge. No such changes are present between the higher order
multipoles of the ground and 1L, states, however.

In order to quantify the total charge shift represented by each map in Figures
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10 and 11, Simpson’s rule numerical integration was performed over the positivé
amplitudes of the contour grid files and the result was then multiplied by two to
account for the other side of the molecule. (Integrating over the negative amplitudes
1ead§ to virtually identical results.) According to this tabulation, at the ground state
geometry, the !L, transition amounts to a charge shift of 0.250 e, while the 3L,
transition amounts to a charge shift of 0.268 e, which are comparable to the Mulliken
population differénces of 0.213 e and 0.240 e. A charge shift of 0.245 e accompanies
the 'L, transition, compared to the 0.360 ¢ sum of Mulliken popul;ation differencés. A
slightly greater ch_;rge redistribution occurs at the 'L, geometry, where 0.294 e are
transferred in the 'L, transition and 0.330 e are transferred in the 3L, transition;' At
either geometry, the total chérge shift of either !L, or 3L, excitation is much greater
than the sum of changes at a small number of atoms or bonds. Describing the 'L,
transiti.on as a ‘ch"arge transfer between N, C2, C4, and C.7, as 1s commonly done,

should be recognized as an approximation.

Dipole Moments

Table 17 shows the dipole moment of indole in each electronic state of interest,
as calculated by a vaﬁew of methods and basis sets. Indole’s dipole moment is
defined in the same manner as its transition dipole momént, with the vector pointing
towards the positive end of the molecule. This property éhows little sensitivity to basis
set size at the Hartree-Fock level of theory. The various modiﬁcations have small |
effects that largely cancel each other so that the HF/3-21G and HF/6-311++G(p,d)
dipole moments are very similar in both magnitude and direction. Oné concludes that

the gross charge distribution in the ground state of the indole molecule is adequately
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Table 17. Indole ground and excited state dipole moments (Debye)

method/basis//density m 0

G HF/STO-3G//SCE 1.80 -47.9
HF/3-21G//SCF 2.02 - 453
HF/4-31G//SCF o 1.90 S 456
HF/6-31G//SCF= . - s/ - 1.93 . 453
HF/6-31G(p,d)//SCF , 2.05 -45.3
HF/6-31+G(p,d)//SCF 2.08 ' -45.8
HF/6-31++G(p,d)//SCF 2.08 ' -46.2
HF/6-311++G(p,d)//SCF 2.05 -45.8
CISD/6-31G//CISD 2.13 -45.9
MP2/6-31G(p,d)//SCF : 2.11 -44.6
MP2/6-31G(p,d)//MP2 2.19 473
EXPe 2.14

3L, CIS/3-21G//1PDM e 1.53 -34.4
CIS/3-21G//CIS 1.29 37.2
CIS/4-31G//CIS o112 -36.5
CIS/6-31G//CIS 1.15 -37.4
CIS/6-31G(p,d)//CIS 1.41 _ 373
CIS/6-31+G(p,d)//CIS 141 -39.5
CIS/3-21G//CIS? 0.63
CIS/6-31G(p,d)//CIS 0.52°
UHF/3-21G/SCF¢ 0.91
UHF/6-31G(p,d)/SCF : 1.36.

L, CIS/3-21G/IPDM - 3.42 207
CIS/3-21G//CIS ' 3.22 273
CIS/4-31G//CIS o 3.03 . 27.7
CIS(11,11)/6-31G//CIS 3.65 -22.4
CIS/6-31G//CIS 3.07 27.9
CIS/6-31G(p,d)//CIS '3.19 279
CIS/6-31+G(p,d)//CIS 3.05 316
CIS/6-3114++G(p,d)//CIS 2.85 27.9
EXPb . ~8.00

L, CIS/3-21G//1PDM 2.42 440
CIS/3-21G//CIS 2.15 -41.3
CIS/4-31G//CIS 2.08 -41.4
CIS(11,11)/6-31G//CIS 2.01 -37.5
CIS/6-31G//CIS ' : 2.11 412
CIS/6-31G(p,d)//CIS/6-31G//CIS 2.25 -38.7
CIS/6-311++G(p,d)/CIS 2.32 31.1
EXP- : 2.3

:Reference 53. "Reference 14. °Reference 54. “Non-planar configuration. °CIS/6-
311++G(p,d)// HF/6-311++G(p,d).
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represented at just the HF/3-21G level. The dipole is less tﬂan a tenth of a Debyé
smaller fhan the measured value near the Hartree-Focic limit, and its value is increased
roughly 0.15 Debyes by either of the correlated methods, reflecting the delocalization
of lone pair density from N.

The comparative effects of basis on the four states in question are in keeping
with results observed in other properties: polarization functions have the greatest effect
on the 3L, dipole, diffuse functions have the greatest effect on the 'L, dipole, and the
IL, dipole Sl:lOWS the most sensitivity to the length of the CIS expansion. Less easily .
explained are the differing effects of the triple zeta basis on the e);cited state dipoles.
In any event, Table 17 shows that a co&elated density is not needed to accurately
describe this property in the 'L, state, in contrast to the IL, state.

The differences between the integrated electronic densities of 'the 'L, and 3L,
states are presented in Figure 12 so as to apbreciate their polarity disparity in the
context of the projection function. The solid contours represent regions where the
integrated density of the 3L, state exceeds that of the IL, state. Fittingly, solid contour
émplitudes are centered almost entirely on N and C2. The 'L, density exceeds that of
the 3L, state by 0.024 e at N and 0.036 e at C2 in th.e ground state geometry, and by
0.036 e at N and 0.042 e at C2 in thg IL, geometry. That N and particularly C2 are
out-of-plane in the less stable configuration of the triplet state suggests that retention of
electron density at these atoms is conducive to non-planarity in the excited state.

On the bénzene ring, the triplet state shows slightly greater electron density on
the atoms than the singlet state and a slightly smaller density in the bonds. In this

case the direction of the charge shift recalls the effect of correlation, and might simply
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be an artifact of the extra correlation provided to CIS triplet states. In any event, the
small density differences in this region of the molecule are seen to reinforce the

_ dissimilarities between the 'L, and 3L, dipoles.

The lack of dashed contours in Figure. 12 indicates that the charge lost at N and

C2 in the 'L, state is somewhat uniformly redisuil;uted arounci tﬁe remainder of the

~ molecule and therefore inapparent at the present contour width. This is confirmed by
integrating over the positive or negative contours in thé Figure. According to either .
tabulation, a total of 0.180 e and 0.185 e are redistributed in the ground state and .lLa

geometries, respectively.

Dip' ole Moment Matrix Elements

Using the 3-21G basis set, indole has 95 basis functions and therefore 64
virtual molecular orbitals. The dipole moment matrix then has a dimension of 1,984
resulting from the product of 31 occupied and 139 virtual MOs. Table 18 shows thqt
only a small number of matrix elements ar—ising from transitions be;cween higher
occupied and lower v'irtuall MOs are needéd to qualitatively reproduce’the
dissimilarities between 'L, and the oﬁm elec&onic states. These matrix elements are
listed in b;)ld. Also, it is shown that tfle dissimilarities may be explained in terms of
‘the x component alone (i’.e., Mx=322D for 'L, 1.13 D'for-3La,l and 2.22 D for 'L,),
which is taken as the direction of the long molecular axis. |

Table 18 and 19 show that the smaller dipoles in the. 'L, and 3L, statés result
from a cancellation between diagonal and off-diagonal matrix _elements, Each of the
four largest CIS coefficients of the 'L, wave function inyolve. transitions between

different occupigd and virtual orbitals: |31 — 32>, |30 — 335, |29 — 34>, and
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Table 18. Indole 3L, and 'L, dipole moment matrix elements

3132

3La ) lLa
i k1 <ij|m|k> aG) a(k,]) Mz,p  alij) a(k,) M
3132 3132 3.384 0.889 0.889 2.672 0919 0.919 2.858
3033 3033 3.710 0.244 0.244 0.221  0.329 0.329. .0.401
2934 2934 -1.496 -0.275 -0.275 -0.113 -0.105 -0.105 -0.016
2932 2932 4.032 -0.112  -0.112 0.05s1 -0.007 -0.007 0.000
3134 3134 -2.144 --0.088 -0.088 -0.017 0.015 0.015 '0.000
2833 2833 2.566 -0.083  -0.083 0.018 -0.005 -0.005 0.000
2842 2842 1.157 0132 -0.132  0.020 -0.071  -0.071 - 0.006
2832 2832  -1.285 0027 0027 -0.00l -0.013 -0.013  0.000
3042 3042 2.301 20001 -0.001  0.000 -0.033  -0.033  0.003
: OFF-DIAGONAL ELEMENTS
3132 2932  12.063 0889 -0.112 -1206 0919  -0.007 -0.080
3134 3132 12019  -0.088  0.889 -0.939 0015 0919  0.167
2934 2932 12,019  -0275 -0.112 0372 -0.105  -0.007  0.009
3134 2934  12.063 .0088 -0.275 0291 0.015 -0.105 -0.019
3033 2833 11.189 0244 -0083 -0226 0329  -0.005 -0.017.
2842 2833 9.183 0132 -0.083 0101 -0.071  -0.005  0.003
3132 2832 3.975 0899 0027 0.094 0919 -0.013 -0.048
3042 3033 0183  -0.001 0244 -0.002 -0.033 0329 -0.100
‘ 3La ‘ lLa
i k1 <ij|m|k> alj a(k,l) Myt a(iyj) a(k) My,
3132 3132 -0.807 0.889 0.889 -0.638 0919 0919 -0.682
2934 2934 -1.838 -0.275 -0275 -0.139 -0.105 -0.105  -0.020
3033 3033 -2.161 0.244 0.244 -0.128  0.329 0.329 -0.233
2932 2932 -0.788 -0.112 -0.112 -0.010 -0.007 -0.007 0.000
3134 3134 -1.857 -0.088 -0.088 -0.014  0.015 0.015 0.000
2832 2832 -1.822 0.027 0.027  -0.001 - -0.013 -0.013 0.000
2833 2833 -1.971 -0.083 -0.083 -0.014 -0.005  -0.005 0.000 -
2834 2834 -2.872 -0.075 -0.075 -0.016 -0.026 -0.026  -0.002
2334 2334 -5.004 -0.047 -0.047 -0.011 -0.010 -0.010 . 0.000
~ OFF-DIAGONAL ELEMENTS
3132 2932 1.694 0.889 -0.112 -0.169 0919 -0.007  -0.011
3134 3132 2.152 -0.088 0.889 -0.168 0.015 0919 -0.030
3132 2832 6.720 0.889 - 0.027 0.159 0919 -0.013 . -0.082
3033 2833 - -4.967 0.243  -0.083 0.100  0.329 -0.005 0.007
2934 2334 7.333 -0.275  -0.047 0.094 -0.105 -0.010 0.008
2934 2834 -4.075 -0275 -0.075 -0.084 -0.105 -0.026  -0.011
3142 6.986 0.001 0.889 0.007 -0.018 0919 -0.121.

aCalculated at CIS/3-21G optimized 'L, geometry. *Mz, = a(i,j) X a(k,l) x
<ij | p, | KI>X(2 - 80)-
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Table 19. Indole 'L, and !L, dipole moment matrix elements

2832

_ L, L,
ij k1 <j |I‘hx I k> a(ij) a(k,]) M a(iyj) a(k,l) M
3133 3133 7.234 -0.595 -0.595 2.557 -0.002 -0.002 0.000
2933 2933 7.883 0.136 (_).136 0.147 0.011 0.011 0.001
3132 3132 3.384 -0.008 -0.008 0.000 0.919 0.919 2.858
3033 3033 3.710 -0.010 -0.010 0.000 0.329 0.329 0.401
3034 3034 -5.669 0.075 0.075 -0.032 0.053 0.053 -0.016
3032 3032 -0.141 0.776 0.776 -0.085 0.013 0.013 0.000
3142 3142 5.826 0.047 0.047 0.013 -0.019 -0.019 0.002
3134 3134 -2.144 -0.048 -0.048 -0.005 0.015 0.015 -0.005
OFF-DIAGONAL ELEMENTS
© 3133 2933 12.063 -0.595 0.136 -0.979 -0.002 -0.011 0.000
3034 3032 12.019 0.075 0.776 0.703 0.053 0.013 0.008
3142 31 33 9.183 0.047 -0.595 -0.256 -0.018 -0.002 0.000
3134 3133 3.884 -0.048 -0.595 0.110 0.015 = -0.002 0.000
3134 3132 12.019 -0.048 -0.008  0.005 0.015 0.919 0.167
2842 2833 - 0.183 0.015 0.024 0.003 -0.071 -0.005 0.003
3132 2832 3.975 -0.008 0.001 0.000 0.919 -0.013 -0.048
3042 3033 9.183 -0.006 -0.010 0.000 -0.033 -0.329 -0.100
lLb 1La .
P k1 <ij|m|k> a) al) My e akl) My,
3032 3032 -2.012 - 0.776 0.776 -1.211 0.013 0.013 0.000
3133 3133 -0.956 -0.595 -0.595 -0.338 -0.002 -0.002 0.000
3132 3132 -0.807 0.008 0.008 0.000 0.919 0.919 -0.682
3033 3033 -2.161 -0.010 -0.010 0.000 0.329 0.329 -0.223
2933 29.33 -0.937 0.136 0.136 -0.017 "0.011 . 0.011 0.000 -
3034 3034 -3.062 0.075 .0.075 -0.017 0.053 0.053 -0.009
3142 3142 -1.354 0.047 0.047 -0.003 -0.019 -0.019 0.000
2833 2833 -1.971 0.024 0.024 -0.001 -0.005 -0.005 0.000
OFF-DIAGONAL ELEMENTS
3133 2933 1.694 -0.595 0.136 -0.137 -0.002 0.011 0.000
3034 3032 2.152 - 0.075 0.776 0.126 0.053 0.013 0.001
3142 3133 -3.748 0.047 -0.595 0.104 -0.019 -0.002 0.000
3133 2833 6.720 -0.595 0.024 -0.094 -0.002 -0.005 - 0.000
3134 3133 -2.255 -0.048 -0.595 -0.064 0.015 -0.002 0.000
3142 3132 6.986 0.047 -0.008 -0.003 -0.019 0919 -0.122
3132 6.720 -0.008 0.001 0.000 0.919 -0.013 -0.082

aCalculated at CIS/3-21G optimized 'L, geometry.

<ij | o, | K>*(2 - 80)-

"My, = a(i) * afcl) x
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| 28 — 42>. These configurations account for over 98% of the CIS 'L, wavefunction.
Because the dipole moment operator is a one-electron operator, the off-diagonal matrix
elements involving only these configurations vanish, e.g. <31,32 | th, I 30,33>=0, as
diécussed in the Methods chapter. In contrast, the 3L, wave function receives a
significant contributions from |29 — 32> and |31 — 34> in additioﬁ to the large
contribution from I 31 — 32>. The latter determinant can and does form large’ off-
diagonal matrix elements with the former determinants, as Table 18 shows. (The off-
diagonal elements have been multiplied by a factor of two in order to account for the
identical contribution from the transpose matrix element in the symmetric ;iipole
moment matrix.) Similarly, the !L, wave function receives a significant contribution
from | 29 — 33> in addition to the large coritributiqns from | 30 — 32> and | 31. —
33>, resulting in a la;ge off-diagonal matrix element. Very similar results for each

state are obtained at CIS/6-31G(p,d).

Ground State Normal Modes and Frequencies

Indole has 42 normal modes of vibration, of which 29 are in-plane having &’
symmetry and 13 are out-of-plane having a" S}}mmetry. By convention, the a' and a”
vibrations are enumerated, in order of increasing frequency, as modes 29 through 1
and 'modes 42 through 30, respectively. The ground state frequencies of indole, as
calculated by the Hartree-Fock method with a Varie‘ty of basis sets, and at MP2/6-
31G(p,d), are compared to the results of Rgman spectroscopy in Table 20.

As shown in the Table, most ffequéncies decrease uniformly as the sizé of the
basis set is increased. The major éxéeption i_s mode 40, the a” N-H bend, the
frequency of which shows extreme sensitivity to basis set size. Using a split valence
basis increases the frequency of this mode by 90% (i.e., from 330 cm! to 618 cm!), .

causing an inversion, while inclusion of polarization functions decreases the frequency
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Table 20. Indole ground state frequencies (cm!)

HARTREE-FOCK
: 3G 3-21G 4-31G  6-31G 6-31G** 6-31-+G** 6-311++G** EXP* MP2/6-31G**
42, 217 246 244 242 232 230 228 207 205

41 264 282 282 279 266 264 262 240 221
40 330 494 491  486-: 378 . - 383 365 420 332
39 498 618 615 604 472 471 469 516 379
38 658 665 661 654 632 631 627 570 388
37 691 690 689 682 666 661 661 601 540
36 879 852 848 842 814 810 805 715 589
35 899 883 878 872 839 835 830 738 710
34 933 920 912 903 865 860 858 791 720
33 1035 1022 1013 1005 960 957 951 850 782
32 1092 1072 1068 1061 1006 1004 1000 904 807
31 1158 1122 1116 1110 1062 1066 1059 925 860
30 1193 1168 1164 1159 1100 1107 1090 979 888
29 448 436 441 440 431 431 429 387 400
28 615 603 606 603 588 - 586 585 538 553
27 694 687 687 682 662 660 660 612 618
26 866 831 841 838 825 822 819 745 780
25 1002 968 976 972 946 945 - 942 879 896
24 1027 997 1004 1000 971 975 974 899 914

23 1183 1107 1122 1120 1109 1102 1097 1014 1050
22 1238 1151 1176 1180 1176 1173 1166 1067 1109
21 1256 1209 1219 1217 1191 1188 1181 1083 1136
20 1279 1243 1256 1253 1223 1221 1213 1122 1169
19 1321 1281 1290 1288 1243 1240 1233 1150 1199
18 1394 1320 1337 1336 1313 1311 1304 1204 1251
17 1403 1362 1397 1400 1368 1365 1358 11227 1289
16 1455 1390 1408 1410 1386 1385 1372 1244 1336
15 1499 1415 1427 1429 1398 1392 1386 1278 1410
- 14 1604 1506 1524 1521 1506 1501 . 1492 1330-47 1460

13 1692 1556 1581 1582 1575 1568 1560 1414 1503
12 1742 1616 1632 1631 1620 1613 1604 1458 1542
11 1793 1656 1675 1672 1661 1653 1645 1479 1556

1853 1686 1714 1711 1707 1691 1682 1520 1590
1921 1745 1780 1782 1779 1768 1762 1576 1651
1960 1783 1819 1821 1816 1805 1798 - 1705
3709 3349 3339 3349 3334 3337 3315 3246
3722 3358 3348 3358 3343 3346 . 3324 - 3252

3734 3370 3361 3371 3355 3358 3336 3051 3264
3742 3383 3376 3386 3363 3370 3348 3072 3276
3747 3432 3427 3436 3409 3410 3385 3322
3786 3458 3456 3465 3431 3433 3408 3118 3341
4147 3858 3928 3945 3939 3934 3918 3523 3746

aR eference 55.

— WA o100 o
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by 40% (from 604 cm! to 378 cm!), once again inverting the order. Accompanying
both of these shifts are large changes in the force constant and small changes in
reduced mass of the normal mode. Ultimately, mode 40 underestimates the observed
frequeney by 13% at Hlé‘/6-'3l 1++G(p,d) while nearly all other a” frequencies are
overestimated by 10% - 15%. The a' frequehcles are overestimated by 7 - 11% at
HE/6-311++G(p,d) and medes with amplitude on H1, such as 1,9, 11, 13, and 17,
' comprise the upper bound. The. frequencies of a’ modes that slretch the ethylene-like
C2-C3 bond also tend to be less accurate at the Hartree-Fock level. The dlscrepancies
between theory and 'experiment are a&ﬁbutable to the inflationary effects of the
independent electron appro;iimation and the hannenic oscillator approximation, which
are usually reinforced by the bas1s set truncation error.

Electron correlation, as calculated at the MP2/6-31G(p,d) level, decreases the
frequencies of most a” modes by roughly 15% This is attributable to the more diffuse
nature of virtual © MOs, in comparison to the occup1ed T MOs The contribution of
the diffuse, or “outer” p function of split valence basis sets tends to be greater irl the
" virtual T MOs than the occupied © MOS. These functions have a bearing on the MP2
energy correction and therefore the MP2 frequéncies by mixing with occupied orbitals
through the two electron operator. The MP2 ﬁequencies then reflect a system with a
smaller 7 electron density near the molecular plane, resultiﬁg in a smaller restoring
force for out-of-plane motion. For indole, the MP2/6-31G(p,d) a" frequencies are
about 10% smaller than the obeerved values, suggesting an exaggeration of the effects
of electron correlation, as is often the case - with other MP2-computed propert1es 56 In-
plane frequencies are less sensitive to correlation, be1ng only 5% smaller than the

HF/6-31G(p,d) values. One a' frequency, that of mode 15, is increased by the MP2
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method. This mode is only 12 cm-! hlgher in frequency than.m-ode 16 at HF/6-
31G(p,d)‘, and 44 cm! lower than mode 14, so it is-not surprising that its value gets
raised.

The MP2/6-31G(p,d) normal modes, which have not been mass-weighted, are
shown in Figure 13 and 14. In contrast to the frequencies, electron‘ correlation has a
greater effect on the normal coordinates of the a’ modes. In particular, modes 9 - 20,
the in-plane ring skeletal modes in the 1,000 - 1,800 cm! frequency range, have |
normal coordinates that are very sensitive to this perturbation. The normal coordinéteé
of the C-H bending modes also appear sensitive to electron correlation, while those of
~ the low frequency a’ modes and the N-H and C-H stretching modgs appear unaffected.
Thus, each a’ mode’s sensitivity appears to be dictated simply by the extent to which it
is séparatéd in energy from other a' modes. -The medium frequency a’' modes are
closely spaced, helping to create a small energy denominator and therefore a large
second order correction. The exceptions, modes 18, 14, and 8, are seen to be
somewhat well-separated in energy frém the other a’ modés, com.parati'vely speaking,
making their normal coordinates less sensitive to the effects of electron correlation, at
~ least to second order. |

Most normal coordinates of the a” moaes éhdw little or no sensitivity to_
electron correlation, but the N-H out-of-pl_ane Bend is once again the exception. While
this motion is limited to mode 39 at HF/6-31G(p,d), it is distributed between three a”
C-H bending modes at MP2/6-3 l'G(p,d)', as Figure 14 shows. This result deﬁés the
comparatively greater separation between mode 40 and the other a"at HF/6-31G(p,d),
as shown in Table 20. It is evident that the correlation energy is particularly sensitive

to displacement along this normal coordinate.
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Excited State Normal Modes and Frequéncies

The calculated vibrational frequencies of electronically :ezxcitéd indole are listed
in Table 21. The a’ and a” modes are separa;ced and listed in descending order, as
with the ground state, although the Duschinsky effect and changes in the ordering may
make comparisons between the two states less meéningful. .The experirﬁental results
of jef-cooled spectroscopy are included alongsj’de the calculated IL, frequencies,
although the paucity of experimental d_ata make the assignments uncei’taiﬁ. The jet-
cooled spectrum gii}es'résults very similar if nof identical to those obtained in a study
of indole’s photoelectron spectrum. To date, very _few ab initio normal coordinate
analyses have been performed on the excited states of aromatic molecules, and it
appears that none have been performed on indole’s excited states.

As ’fable 21 shows, the L, low frequency é’ modes are extremely sensitivity to
basis. The large ﬂucﬁation between CIS(11,11)/6-31G and CIS/6-31G is of particular'
interest, as it accompanies the inversion between 'L, and 1L,. Mode.28 (denoted with
an asterisk), in particular, decreases in frequency by 28%, resulting in an inversion
with 29. This concurs with the role mode 28 plays in vibrationally coupling 'L, aﬁd
11,2 The coﬁpling induc;ad by this vibration is apparently strong enough to warp the

| i, potential energy surface from its zeroth-order topology, resulting in a.soﬁ:ened
mode.

Additional support for this assertion is found in the frequency differences.
between the excited and ground states, which are also important in so far as calculated
vibronic spectra is concerned as they allow overtone vibrations to acquiré intensity.
_Table 22 shows that, for the low fre_:quéncy modes, the CIS(1 1;1 1)-HF/6¥31G

frequency differences are far superior to those of the CIS-HF/6-31G level of theory.
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Table 21. Indole excited state frequencies (cm-!)

L,

lLa

3La

6-31G

6-31G

3-21G CIS CIS(11,11) EXP: 3-21G CIS CIS(11,11) 6-31G**

3-21G 6-31G 6-31G**

42 188 188 210 158 192 217
41 210 207 212 183 241 254
40 374 361 359 257 355 354
39 441 434 441 278 539 545
38 583 580 597 316 582 595
37 670 649 635 369 669 699
36 713 704 709 498 721 747

35 743 744 741 745 755
34 758 748 781 788 773
33 836 -8ll 826 872 868
32 882 869 888 925 955
31 994 989 980 980 989

30 1001 999 1009 . 1086 1073

29 . 401 242*% 431 . 380 427 432
28  502*% 467 557 480 553 579
27 605 582 626 540 638 712
26 773 795 801 718 790 819
25 880 872 937 720 923 933
24 964 967 972 955. 976
23 982 1027 1054 920 1005 1077
22 1057 1082 . 1117 990 1094 1159
21 1158 1151 1185 969 1128 1167

20 1194 1193 1222 _ 1194 1233
19 1263 1277 1284 1211 1279
18 1267 1290 1303 1122 1254 1345
17 1360 1358 1385 1290 1353
16 1388 1398 1408 - 1350 1375
15 1409 1433 1483 1422 1491
14 1492 1496 1531 1317 1460 1518
13 1527 1530 1562 1489 1560
12 1586 1589 1617 1534 1595
11 1603 1620 1642 1557 1614
10 1634 1663 1725 1604 1635
9 1707 1736 1775 1616 1704
g8 1729 1775 1809 1679 1815
7 3363 3367 3371 3354 3357
6 3379 3379 3380 3372 3370
5 3393 3395 3394 ' 3384 3379
-4 -3401 3404 3405 3393 3393
3 3434 3438 3437 © 3438 3445
2 3475 3480 3477 3464 3483
"1 3833 3925 3933 3829 3914

184
241
346
536
575
655

710 .

732
778
857
906
976
1078

430
553
641
804
930
960
1036
1127
1146
1212
1248
1266
1323

1361 -

1447
1492
1514
1557
1566
1623
1635
1709
3357
3372
3384
3394
3441

3474 .

3921

178
234
329
454

548 .

578
664
689
746
800
835
917

.1017

423
536
626
800
906
942
1034
1122

1132

1197
1219
1248
1304
1345
1420
1490

1498

1552
1558

1610

1633
1708
3343
3358
3371
3378
3414
3443
3916

211
254
387

437

540
550
589
752
781
873
908
915
1077

426

539

646

656

844

936

972
1010
1087
1181
1231
1236
1320
1326
1375
1467
1501
1519
1558
1609
1628

. 1648

3355
3371
3382
3390
3428
3475

3855

206
251
382
391
526
537
572
746
773
846
898
905

1066

431
557
649
688
859
938
975
1054

1111

1197
1245
1266
1337
1350
1404
1492
1527
1532
1572
1618
1666
1684
3356
3370
3381
3391

3430 .

3483
3944

184
243
315

372
" 438

531
558
692
716
787
821
977
1011

416
528
627
711
867
922
961
995
1093
1185
1211
1250
1313
1322
1367
1462
1505
1550
1554
1604
1664
1669
3343
3358
3370
3377
3406
3453
3935

aModes 42, 41, 39, 37, '36 - reference 57, 58. Modes 40, 38: reference 57.
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Table 22. Indole 'L, - ground state frequency differences (cmY)

mode CIS/3-21G CIS/6-31G  CIS(11,11)/6-31G ~ EXPe
29 36 198 9 . 7
28 101 136 46 58
27 . 82 , 100 56 72
26 57 43 35 27
25 89 100 37 159
42 55 ' 54 S 32 49

41 72 72 67 . 57

a References 55, 57.

For modes 29 through 26, even the relative sizes of ﬁle diffefencés are feproduced by
the truncated wave function. At CIS/6-31G, vibronic couplihg lowers the 'L,
frequencies, and exaggerated differences are obtained. At CIS/3-21‘G, the effect of
vibronic coupling is much less apparent because of the mere 80 cﬁrl change in the 0-0
separatioﬁ between the excited states. ‘ |
The smaller frequencies of the CIS/6-31G metho& means that the simple picture

attached to second order Jahn-Teller type interactions, where the upper state has the
sharper well and the lower surface haé the flatter well due to the rﬁutual repulsion of '
surfaces, is not pertinent in the present situation. This is because the potential enefgy
curves are displaced along the normal coordinate 1n question, so that 'L, is the lower
state at or near its own minimum. Other ab initio calculations have shown that
indole’s avoided crossing is near the L, minimum,® which agrees with the larger
frequency shift in this state. Near the 'L, minimum the-'surfaées are well-separated in
energy and the shift in mode 28 is less pronounced.

- Although the effect of vibronic coupling is particularly appareﬁt in the lower
vibrational manifold, and at first glance confined to these states, its consequences are

actually rathér pervasive according to the present calculétions. Aside from the C-H
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Table 23. Indole Hartree-Fock & CIS(11,11)/6-31G vibrational properties

ul - KZ
_ G 1L, IL, G 1L, 1L,
42 4.11 3.39 3.53 0.14 0.09 0.09
41 3.59 4.03 4.03 0.16 0.15 0.11
40 2.80 2.66 2.95 0.39 0.20 0.22
39 1.14 2.06 2.42 0.24 0.36 0.28
38 3.24 2.45 1.52 0.82 0.51 0.32
37 2.95 1.28 1.72 0.81 0.37 0.41
36 1.47 1.36 1.85 0.62 0.45 0.55
35 1.40 1.64 1.49 0.63 0.55 0.48
34 1.96 1.45 1.35 0.94 0.51 0.48
33 1.57 1.61 1.79 0.93 - 0.71 0.72
32 1.40 1.94 142 0.93 1.04 0.66
31 1.40 '1.46 1.55 1.02 0.84 0.88
30 1.40 1.55 1.40 -1.10 1.05 0.84
29 3.73 3.78 3.86 0.42 0.42 0.42
28 6.60 6.81 6.81 1.41 1.35 1.25
27 6.56 6.29 6.39 1.80 1.88 1.48
26 517 5.04 4.84 2.14 1.99 1.83
25 4.83 5.05 5.19 2.69 2.59 2.69
24 4.36 4.65 4.64 2.57 2.61. 2.58
23 2.31 2.48 2.69 1.70 1.69 1.76
22 2.23 1.73 3.01 1.83 1.37 2.21
21 1.38 1.87 1.80 1.21 1.50 1.49
20 1.55 1.71 1.26 1.44 1.53 1.11.
19 1.28 1.24 1.85 1.25 1.20 1.80
18 2.24 2.09 145 2.36 2.23 1.45
17 2.00 2.26 1.49 2.30 - 244 1.68
16 2.64 241 3.02 3.09 2.69 3.53
15 2.81 1.99 2.17 3.38 2.61 2.81
14 1.75 3.01 1.60 2.39 4.09 2.22
13 1.91 2.26 1.96 2.82 3.24 2.81
12 2.36 1.93 2.19 3.70 2.89 . 3.38
11 2.43 3.10 - 2.46 4.01 4.75 3.91
10 3.86 2.17 3.98 6.67 3.42 6.97
9 4.97 3.03 5.79 9.30 5.19 10.74
8 5.84 7.24 8.36 11.40 14.05 16.11
7 1.09 1.09 1.09 7.18 7.22 7.28 .
6 1.09 1.09 1.09 7.25 7.31 7.33
5 1.10 1.09 1.09 7.34 7.35 7.42
4 1.10 1.10 1.10 7.43 7.44 7.50
3 1.09 1.09 1.09 7.54 7.66 7.61
2 1.11 1.10. 1.10 7.83 7.86 7.85
1 1.08 1.08 1.08 9.91 9.76 9.85

iReduced mass. 2Force constant in amu.
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Table 24. Indole 1L, isotope shift (Vi 4uemn “Vipgoreqn ) (cm?)

mode/basis CIS/321G  CIS/6-31G CIS(11,11)/6-31G  EXPs
42 0 0 6 -1
41 -6 -6 -1 -3
40 | 0 0 0
39 -6 -7 -11 -6
38
37 -1
29 ‘ 7 2 -8 -4
28 -4 -7 2 2
27 3 2 -2 -2
26 -9 -9 -7 4

a Reference 57.

and N-H stretches, every 1L, a' mode decreases in frequency. on going from CIS/6-31G
to CIS(11,11)/6-31G while the same modification causes the frequency of every 'L, a’
mode increase. Also, the higher frequency IL, a’' modes tend to be shifted further than
those of the 1L, state. (The absence of significant vibronic activity in mode 24 reBukes
the 24} assignments for the 737 cm! transition in the 'L, excitation spectrum and
supports the 373 assignment.’) Thus, the changes in zero-point motion caused by the
inversion are predicted to have a small effect on the relative stability of these states

The decrease in v1brat10na1 frequency, relatlve to the ground state, followmg L,
and 'L, excitation results primarily from smaller force constants, especially those of the
a"modes, as Table 23 shows. The reduced masses of both the a’ ann a” normal modes
are generally larger in the excited states than in the ground state, indicating that the
modes are more localized and invol_ve larger amplitude motion on fewer atoms. The
effect of vibronic coupling decreases the force constant of mode 28 from 1.25 to 0.24
mDyne/A between CIS(11,11)/6-31G and CIS/6-31G while the reduced mass goes
from 7.01 to 6.81. |

The 'L, CIS(11,11)/6-31G normal coordinates are shown in Figures 15 and 16.
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The effect of deuterium substitution at H1 on the frequencies of the low energy 'L,
normal modes are presented in Table 24. In general there is a one-to-one correlation
between the calculated a” modes of indole-H1 and indole-D1 up until mode 38, at
which point the modes become mixed.. Virtually no mixing is predicted in the four
Jowest a’ modes upon déuteration, regardless of basis. As the Table shows, there is an
inversion between modes 29 and 28 on going from the truncated to full CIS wave
function, thereby demonstrating another effect of vibronic coupling, and the
CIS(11,11)/6-31G a’ shifts are more consistent with the observed results. However,
the a” shifts are better described at CIS/6-31G. In either case, the shifts are generally
exaggerated by theory, meaning that the calculated amplitudes of vibration are too
localized on H1 in certain modes. The obser{/ed shifts indicate that H1 vibrational
motion is distributed more evc;,nly between the various modes, particularly those of a”
symmetry, then is pfedicted by the calculations’.l |
Additional computational evidence of vibronic coupling is provided by a large
variation in the infrared absorption intensity. Mode 28 has an IR intensity of 2.63
KM/Mole at CIS(11,11)/6-31G and 89.4 KM/Mole at CIS/6-31G. The lgtter result is
consistent with significant redistribution of electronic charge when the nuclei are
displaced from the equilibrium position.! .
The situatio'ﬁ regarding vibronic coupling is complicated by substantial mixing

_of normal rﬁodes at CIS/6-31G. Mode mixing results from changes in the off-diagonal '
elements of the force constant matrix that may accompany electronic excitation.. When
the energy separation between two modes having the same symmetry is small, changes
in the coupling constants lead to mixing 'between ground state normal coordinates.
Table 25 shows the 'L, Dushinsky matrix el_ements of indole as calculated at
CIS(11,11)/6-31G, in relation to HF/6-31G normal modes. Indole’s a' C-H and N-H

bending modes constitute a fairly dense manifold of vibrational states and, as a
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Table 25. Indole 'L, CIS(11,11)/6-31G mode mixing

42" = -0.19%42" + 0.98%41’
41" = -0.97*%42' - 0.18%41" + 0.14*40’

40" = 0.15%42' + 0.98*40'

39" = 0.26%39' + 0.92*38' + 0.16%37' - 0.17*36 - 0.13*34

38" = -0.66*39" + 0.72*37' - 0.15%35' + 0.11*33

37" = -0.64*39" + 0.35%38’ - 0.62*37' + 0.15%36 + 0.18%34 + 0.10*33

36" = 0.25*39' + 0.13%38’ + 0.22*%37" + 0.64*36 - 0.23*35 + 0.61*34

35" = -0.10%39' + 0.91*35' + 0.35*34'

34" = -0.10%39" + 0.66*36' + 0.22*35' - 0.56*34 - 0.30*33 + 0.30*32

33" = (.11*%35' - 0.32*%34' + 0.91*33" + 0.19*32

32" = 0.26*32' + 0.96*31' '

31" = 0.12*36' + 0.13*33' - 0.35%32" + 0.91*30

30" = -0.26*36' + 0.23%34’ + 0.83%#32' - 0.26*31 + 0.36*30

29" = .1.00%*29’ ,

28" = -0.98%28' - 0.13*27' + 0.14*26'

27" = -0.14%28' + 0.98*27'

26" = 0.13%¥28' + 0.98%26" + 0.15%24'

25" = -0.86*25" - 0.48%24’ '

24" = -0.12%26' - 0.51%25' + 0.84*24'

23" = 0.96%23' - 0.24%22'

22" = 0.11%24' + 0.24%23" + 0.94%22' + 0.16*20'

21" = -0.82%21" + 0.53*20" + 0.11*19'

20" = -0.16%22' + 0.55%21' + 0.77%20' + 0.21*19' - 0.13*15'

19" = -0.11%24' - 0.17%20' + 0.72*19" + 0.57*18' + 0.31*15'

18" = 0.53*%19' - 0.77*18' - 0.25*%16" + 0.17*15'

17" = 0.13%20' - 0.11%18’ + 0.67*17" + 0.61*16' + 0.38*15'

16" = -0.13*18’ - 0.73*17' + 0.57*16' + 0.29*15’ :

15" = 0.14%19" + 0.17*16’ - 0.20%15' + 0.83*14' - 0.33%13" + 0.30*12’

14" = -0.10%19" + 0.21*15" + 0.53*%14' + 0.70*13' - 0.37*12" - 0.11*9'

13" = 0.10%15' - 0.12*14' + 0.51*%13' + 0.79*12' + 0.21*10" + 0.14*9'

12" = 0.84*11' + 0.47*10" + 0.15%9' - 0.18*8'

11" = 0.28*12' + 0.47*11' - 0.80%10" - 0.17*9" - 0.13*8’

10" = -0.17%16' + 0.25%15' - 0.11*%12' - 0.23*10’ + 0.86%9" +0.28*8'
9" = 0.14%19' + 0.20*16' - 0.34*15" + 0.18*13' + 0.24*11" - 0.12*9"'
8" = 0.10%20' - 0.27*19' - 0.33*16' + 0.59*15' + 0.12*14' - 0.27*13'
7" = 0.96*7" + 0.13%6' + 0.19*5" - 0.12'

6" =-0.17*7" + 0.96*%6' + 0.21*5" - 0.12*4'
5" = -0.16*7" - 0.24*6' + 0.96*5'

4" = 0.10%7" + 0.12*6" + 0.98*4’

3" = 0.98*3" + 0.22%2'

2" =-0.22%3' + 0.97*2'

1” 1.00*1’
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Table 26. Indole 'L, CIS/6-31G mode mixing

42" = -0.97*42 + 0.23*40
41" = 0.99%41

40" = 0.25%42 + 0.96*40
39" = 0.24%39 + 0.91*38 + 0.17*37 - 0.20%36 - 0.14*34
38" = -0.52*%39 + 0.83*37 - 0.11*35
37" = -0.66*39 + 0.35%38 - 0.45%37 + 0.21%36 - 0.24*35 + 0.25%34 + 0.20%33
36" = 0.39%39 + 0.24%37 + 0.69%36 + 0.49%34 + 0.20%33 + 0.15*32
35" = 0.25%39 - 0.17%36 - 0.93%35 - 0.17*32
347 = -0.12%39 + 0.55%36 - 0.14*35 - 0.70%34 - 0.20%33 + 0.33*32 + 0.13*30
337 = -0.13*38 - 0.30%34 + 0.89%33 + 0.20*32 + 0.19*31 - 0.16*30
307 = 0.11*35 + 0.18%33 - 0.16*32 - 0.95%31 - 0.14*30
317 = -0.28%36 - 0.12*35 + 0.16%34 - 0.20¥33 + 0.75*32 - 0.12*31 - 0.51*30
30" = -0.18%36 + 0.22%34 + 0.12*%33 + 0.45%32 - 0.20*31 + 0.81*30
29" = 0.50%29 + 0.35%28 + 0.65%27 - 0.11%26 - 0.12%25 - 0.22%24 + 0.17%20
28" = -0.85%29 + 0.34*28 + 0.33*27 - 0.10%24
27" = 0.13*29 + 0.84%28 - 0.51*27 ‘
26" = -0.17%28 - 0.18*27 - 0.94%26 - 0.21*24
257 = -0.37%27 + 0.28%26 - 0.51%25 - 0.61%24 + 0.21%20 + 0.13%12 +.0.16*8
24" = 0.11%26 + 0.82%25 - 0.54*24
23" = -0.15%24 - 0.62*23 + 0.70*22 - 0.15%18 - 0.11*14 + 0.16*13
22" = -0.77%23 - 0.61%22 - 0.10%21
21" = -0.13%27 + 0.11%25 + 0.36%24 - 0.13%23 + 0.12%22 - 0.15%21 + 0.80*20
20" = -0.13*24 - 0.96*21 - 0.10*10
19" = -0.13%24 + 0.11%21 + 0.15%20 + 0.87%19 + 0.12%18 - 0.15%17 - 0.19%16
18" = -0.21%22 + 0.22%20 - 0.89%18 - 0.14*17 - 0.18*16 - 0.11*15 + 0.12*13-
177 = -0.24%20 + 0.26%19 - 0.31*18 + 0.68*17 + 0.16*16 + 0.35%15 + 0.17*12.
16" = 0.27%20 - 0.10*19 + 0.77*16 + 0.35%15 - 0.21%14 - 0.23*12 - 0.19%10
15" = -0.16%22 + 0.17%20 - 0.16%19 + 0.16*18 + 0.61*17 - 0.32*16 - 0.36*14.
147 = 0.13%20 + 0.26*17 - 0.25%15 + 0.76*14 - 0.19*13 - 0.18%12 - 0.22*10
13" = -0.11*17 + 0.28%15 + 0.45%14 + 0.80*13 + 0.20%10
127 = 0.14%16 - 0.12%15 + 0.22%13 + 0.85%12 - 0.30*10 - 0.30*8
11" = 0.11*13 - 0.87*11 - 0.35%10 + 0.27*8
10" = 0.13*19 + 0.19%16 - 0.22%15 - 0.42*11 + 0.73*10 - 0.42*8

o = -0.15%10 + 0.94%9 - 0.21*8

8" = -0.12*20 + 0.29*19 + 0.37*16 - 0.65*%15 + 0.32%13 - 0.13*12 + 0.18*11
7" = 0.92*7 + 0.20%6 + 0.28*5 - 0.20*4 :
6" = 0.28%7 - 0.93%6 - 0.13*%5 + 0.19%4
5" = 0.24*7 + 0.20*6 - 0.95%5 '
4" = -0.15%7 - 0.23*6 - 0.96*4
3" =-0.97%3 - 0.26%2
2" = -0.24*%3 + 0.97*2
" =-1.00*%1
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consequence, are considerably mixed in the IL, state while the low frequency modes
and very high frequency a’ modes correlate to a small number of gfound state modes.

As Table 26 shows, the modes are mixed to a considerably greafer extent at
CIS/6-31G. While the CIS(11,1 1)/6-31G normal coordinates of the low frequency a’
modes correlate to a single ground state mode at arbund 98%, the CIS/6-31G normal
coordinates correlate in a range from 94% to 50%. This also sﬁggests that the |
CIS(11,11)/6-31G normal coordlnates are more accurate. Indole’s single v1brat10na1
level fluorescence shows a 1:1 correlation between the low energy ground and IL, state
frequencies for modes up to ~800 cm1.5 In particular, a 1:1 correlation was found to
exist between mode 28, in the ground and 'L, states, whic;h is much more in kéeping
with the CIS(11,11)/6-31G Duschinsky matrix elements. At CIS/6-31G, the |
vibronically active mode is a strong mixture of modes 27, 28, and 29 of the Hartree-
Fock ground state.

The Duschinsky effect is more pronounced in the 'L, state (Table 27),
particularly between 1,000 and 2,000 cm-!, and this is anticipated from'its larger and
less radial geometry difference with the ground state.

The sparsity of the transition density between 'L, and L6 suggests that the HT
activity in mode 28 is due mainly to a large projection onto the geometry difference
between these st;cxtes (Figure 17 at CIS/6-31G). This is supported by the present
calculations. Modes 27 and 28, Figure 16 at CIS/6-31G, ﬁave the largest projections,
at 0.191, and 0.157, respeétively. For rr;ode 28, the projection is mainly onto N-H1
and C3-H3, suggesting that these distortions are effective at decreasing the energy gap

between 'L, and 'L,. For mode 27, the projection is mainly onto C4-H4 and C7-H7.




BH

9( 3H6 #,) ) & EBL1EHL # ) F3-,&!( *(# | 7CF>36



88

Table 27. Indole CIS(11,11)/6-31G 'L, mode mixing

42" = -0.57%42" + 0.82*41"

41" = 0.81*42' + 0.56*41'

40" = 0.97%40' + 0.16*38" - 0.14%35' | -

39" = -0.12*41" + 0.19%40" - 0.39%39’ - 0.75*38' - 0.36*37' + 0.13*36'
38" = -0.11%39" - 0.41*38' + 0.88%37' - 0.12*35' - 0.14%32'

377 = [0.67*39' + 0.24%38" + 0.28*36' - 0.23*35' - 0.50*34' + 0.12*33’
36" = -0.50*39" + 0.31%38" - 0.24*36' - 0.22*35' + 0.66%34’ - 0.30*32'
357 = 0.29%38' + 0.26*37' + 0.28%36" + 0.70%35' + 0.20%34' + 0.32*33'
347 = .0.28%39" - 0.76*36' + 0.45%35' - 0.36*34' - 0.11*33’

337 = 0.13%39" - 0.30%36' - 0.16%35' + 0.57*33' + 0.33%32 + 0.65*31'
321 = -0.16%39" + 0.17%36' + 0.22%35' + 0.16%34" - 0.63*33' + 0.14*32’
317 = -0.28%36' - 0.16*35' + 0.28*34' - 0.27*33' + 0.78*32' - 0.35*31'
307 = 0.15%35' + 0.15%34' + 0.19%33' - 0.14*31" + 0.95%30'

20" = 1.00%29'

28" = 0.98%28' - 0.15%27"

27" = 0.14%28' + 0.98%27’

26" = 0.99*26'

25" = -0.47*25' - 0.84*24' - 0.10%22" - 0.13*19’

24" = -0.87%25' + 0.48%24' -

23" = -0.90%23 + 0.12%22 - 0.20%21' + 0.11*20’ + 0.23*19" + 0.11*16’
22" = 0.28%23' + 0.60%22" - 0.69%21" + 0.14*20’ + 0.12*18' - 0.13*10’
21" = 0.15%23' - 0.40%22' - 0.11%21 + 0.78%20" + 0.26*19" + 0.23*18’
20" = 0.56%22' + 0.66%21" + 0.20%20' + 0.29%19" + 0.29%18" - 0.12*17’
19" = -0.13%24" + 0.19%23" - 0.13%22' - 0.11*21" - 0.27*20’ + 0.82*19’
18" = 0.10%21' + 0.54*17' + 0.45%16' + 0.63*15' - 0.18*10' + 0.15*8’
17" = -0.10%23" + 0.11%22' + 0.22%19" + 0.73*17' - 0.50%16' - 0.21*15'
16" = -0.15%22" - 0.34*20" + 0.79%18" - 0.11*17" - 0.24*16' + 0.32*15'
15" = 0.13%20' - 0.11*18' - 0.17*17' - 0.51¥16' + 0.25%15" - 0.45%14'
147 = 0.24*17 - 0.16*15' - 0.71%14" + 0.34%13' - 0.34%12" - 0.39*Y’
13" = -0.15%20" + 0.23*16' - 0.13*15" - 0.39%14’ - 0.17*13' + 0.74*12'
127 = 0.13%20" + 0.11%18 + 0.12*16' - 0.18*14’ - 0.21*13' + 0.66*11’
11" = 0.13%22" + 0.16*20' - 0.11%18" - 0.18*16' + 0.37*15" - 0.15*14'

10" = -0.21*%15' + 0.21*13" + 0.43%12" + 0.27*11’ - 0.77*10" - 0.15%8
9" = -0.11*18' + 0.33*%13" + 0.55%11" + 0.14*10' + 0.32*9" + 0.65*8'
8" = -0.15%22' - 0.20%20' + 0.18*19" + 0.28*18’ + 0.29*16' - 0.28*15'

77" =.0.90%7" + 0.42*6'

6" = 0.33%7' - 0.79*6' + 0.50*5'

5" = .0.27*%7" + 0.43*%6' + 0.84*5' - 0.21*4'
4" = 0.20*%5' + 0.97*4' '

37 = 0.96*%3' + 0.29*2'

2" = -0.29%3" + 0.96%2'

1” = 1.00*1'
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Calculated Spectra

Benzene. As a test of the computational procedures, the excitation spectn_nﬁ of
the vibrationally induced !'A,, — 'B,, transition of benzene was calculated. Table 28
compares the observed and calculated relative Franck—Coﬁdon factors for the benzené
ring ‘breathing’ vibration. The Franck-Condon factor of the origin, 0.36 at CiS-HF/3-
21G, is undoubtedly an overestimation as the calcéulated geometry chahge is much too
small.. Experimentally, benzene’s C-C bond lengtias increase by 0.0340 A with 1B2u“
excitation,5? while the c'alculated change is only 0.0155 A at CIS-HF/3-21G. The
-computation correctly predicts the ﬁIndarﬂental of the ring breathing mode to be the
" most intense transition of the pfogfession. Appropﬁatély, this is the only transition
with more computed or intensity than the origin. However, the level of agreement |
between theory and experiment becomes progressively worse with increasing quanta,
due probably to a breakdown of the harmonic approximation. (For a harmonic
oscillator, the relative intensity of the nth member of a progression is given by the

Table 28. BenzeneilAlg — 1B, relative Franck-Condon factors (f_../fo0) for the ring
“breathing’ vibration.

n 3-21G 3-21G? 6-31G 6-31G(p,d) EXP® EXPe
0 1.000 1.000 1.000 1.000 1.00 1.00

1 1.154 1.162 1.151 0.957 1.36 1.19
2 0.664 0.675 0.665 0.457 0.98 0.83
3 0.255 0.261 0.250 0.145 0.62 0.37
4 0.073 0.075 0.072 0.035 0.42

5 0.017 0.018 0.017 0.007 0.35

6 0.002 0.004 0.002 0.001 '

a“Fopt=VeryTight’. PReference 64. ‘Reference 65.
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Poisson distribution functién, (AreM)/n!, with A the intensity ratio of the origin and
fundamental.) Using a tighter convergence criteria for the energy gradient during the
geometry optimization leads to a minuscule improvement, while polarization functions
worsen the level of agreement. The inferiority of the 6-31G(p,d) results stems from
the greater impact polarization functions have on the excited state geome@. Inclusion
of d functions decreasés the C-C bond lengths by 0.0030 A in the IB,, state and byA
0.0021 A in the ground state, resulﬁng in an even 'greater underestimation of the

geometry change.

Indole 'L, Emission and Excitation. Table 29 compafeé the obseryed and
calculated Franck-Condon factors of indole’s L, dispersed fluorescence spectrum. The
calculated spectra use ground state MP2/6-31G(p,d) modes and frequencies in both the
ground and excited states. The intensities of overfone and combination transitions are
thereby neglected and only the quality of the geometries may be assessed by the
aifferenceé in th(;, calculated spectra. The total number of lines with intensity greater
than one ten-thousandths of the origin ranges from 904 af CIS-HF/3-2-1G to 433 at
CIS(11,11)-HF/6-31G. The sum of these lines ranges from 0.97 at CIS-HF/3-21G to
0.98 at CIS(11,11)-HF/6-31G. Regardless of basis, 1io progression is p_redicted to
co;ltain more than two members, which agreés With the observed‘ spectrum and
justiﬁes‘ the use of MP2 modes in the ground and excited states.

_Table‘ 29 shows that while the CIS-HF/3-21G and CIS-HF/6j3iG I, emission
spectrd are very similar, significant differences exist between CIS-HF/6-31G and
CIS(11,11)-HF/6-31G. As with benzene’s 'B,, transition, thé intensity of the origin

transition is overestimated at the CIS-HF level, for instance, and this flaw is amplified-
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Table 29. Indole !L, fluorescence emission Franck-Condon factors
CIS-HF/3-21Ge CIS-HF/6-31G>  CIS(11,11)-HF/ 6-31Gs  EXPd

29 0.0076 0.0063 .0.0024 0.004
28 0.0036 0.0059 0.0015 0.012
27 0.0139 0.0098 0.0069 0.030
26 0.0935 0.1074 0.1216 0.138 .
25 0.0011 - 0.0017 0.0022 0.000
24 0.0074 0.0111 ©0.0148- 0.005
23 0.0297 0.0360 - 0.0534 0.052
22 . 0.0145 0.0147 0.0093 0.041
21 0.0079 0.0077 0.0034 0.012
20 0.0018 0.0008 0.0002 0.004
19 0.0015 0.0019 0.0017 0.000
18 0.0004 0.0001 0.0003 0.000
17 0.0025 ©0.0029 0.0037 0.005
16 - 0.0322 . 0.0339 0.0357 0.010
15 0.0046 0.0050 0.0050 0.058
14 0.0838 ' 0.0808 0.0699 0.027,22
13 0.0000 0.0000 ' 0.0002 : 0.016
12 0.0011 0.0007 - 0.0028 ~0.008
11 0.0000 0.0003 0.0000 0.003
10 0.0005 0.0001 0.0011 0.000

9 0.0003 0.0004 0.0001 0.000

8 0.0000 0.0008 0.0005 0.000

7 0.0000 0.0000 0.0000

6 0.0000 0.0000 0.0000

5 0.0000 0.0000 0.0000

4 0.0003 0.0000 0.0000

3 0.0000 0.0000 0.0000

2 0.0000 0.0001 0.0000

1 0.0000 0.0000 0.0000

FC origin = 20.2287, ©0.2781, ¢0.3325 40.20. 9Reference 57.

at CIS(11,11)-HF/6-31G. The intensities of modes 28 and 27 are also more accurately
reproduced at CIS-HF/6-31G. | |

In other respects, however, the CIS(11,11)-HF/6-31G spectrum is more
accurate. In particular, the intensities 'of modes 26, 22, 21, 19, and 15 are significantly
closer to their experimental values at CIS(11,11)-HF/6-31G. Also, mode 13 is
predicted to be Franck-Condon active at CIS(11,1 1)-HF/6-31G, in accordance with
experiment and in contrast to the CIS-HF/6-31G spectrum. It is clear that the low

energy region of the spectrum is more accurately described by the full CIS wave
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function while the high energy region is more accurately described by the truncated
wave function. |

The CIS-HF/6-31G and CIS(11,11)-HF/6-31G geometry changes differ mainly
at the N-H moiety, as shown in Figure 2, which is less displaced at CIS(I 1,11)-HF/6-
31G. The greater and more accurate intensity of mode 26 at CIS(11,11)-HF/6-31G
apparently results from a smaller negative projection on to the displacement of thé N-
ﬁ group. This, in turn, results in a smaller cancellation with the positive projection
this mode has onto the displacements on .the benzene ring. A similar éxplanation
might pertain to modes 13, 15, and 21, which also have sighiﬁcant amplitude on I:Il
and have intensities that are more accurately provided at CIS(11,11)-HF/6-31G.

The calculated and observed L, emission stick spectré are compared in Figure
18 and the broadened spectra are compared to the observed band shapefé in Figure 19.

- Table 30 compares the observed and calculated Franck-Condon factors for 'L,

fluorescence excitation. The first column of Franck-Condon factors are calculated |
entirely at the CIS-HF/6-31G level of theory, the second column. is entirely at the
CIS(11,11)-HF/6-31G level, and the third column is the CIS(I 1,11)-HF/6-31G
geometry difference with MP2 modes and frequencies in the grouﬁd and excited states
(e, identic;al to the ciispersed fluorescence but weighted by the frequency rather than
the cube of the frequency.) The CIS-HF/6-31G spéctrum contains 1,653 lines with
intensity at least 10+ tha£ of the origin, summing to 0.94, while the CIS(11,1 1)-HF/6-
31G spectrum contains 911 lines summing to O..98. The spectrum is shown in Figure
20. |

Mode 26, the benzene ring céntraction, is the most intense fundamental
transition in the excitation spectrum according to both theory and experiment. As
Figure 14 shows, the atomic displacements of mode 26 are appr_oximately equal in

magnitude but opposite in direction to those of mode 26 of the ground state, the most
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Table 30. Indole !L, fluorescence excitation Franck-Condon factors

mode CIS-HF/6-31G CIS(11,11)-HF/6-31G CIS(11,11)-HF/6-31G* EXPr

29 0.0012 0.0033 0.0066 0.004
28 0.0054 - 0.0015 0.0062 0.021
27 0.0092 0.0063 0.0105 0.021
26 0.1108 0.1462 0.1161 0.160
25 0.0037 - 0.0065 0.0018 0.100
24 0.0052 0.0001 0.0122 ‘ 0.009
23 0.0003 0.0413 -0.0400 - 0.060
22 0.0610 0.0344 0.0164 ‘
2] 0.0000 0.0004 0.0086
20 0.0026 0.0066 0.0011
19 0.0115 0.0076 _ 0.0021
18 0.0037 0.0004 0.0002
17 0.0101 0.0016 0.0033
16 0.0081 0.0512 0.0388
15 0.0480 0.0259 - 0.0058
14 0.0045 0.0039 ~ 0.0936
13 0.0016 0.0012 0.0002
12 0.0297 0.0006 - 0.0009
11 0.0014 0.0011 0.0000
10 0.0116 0.0081 0.0002

9 0.0034 0.0044 0.0002

8 0.0047 0.0060 0.0005

7 0.0000 0.0000 0.0000

6 0.0000 0.0000 0.0000

5 0.0000 0.0000 0.0000

4 0.0000 0.0000 0.0000

3 0.0000 0.0000 0.0000

2 0.0000 0.0000 0.0000

1 0.0000 0.0000 0.0000

aMP2/6-31G(p,d) modes and frequencies. "Reference 67.

intense vibration of the emission spectra. The countervailing effgcts of mode mixing
and frequency weighting increase the measured iﬁtensity of this vibration by 16% in
relation to the dispersed fluorescence spectrum, while a 20% and 3% increase are
predicted at CIS(11,11)-HF/6- 31G and CIS-HF/6-31G, respectlvely

The overtone of v, an intense transition observed at 737 cm-! in the 1Lb
excitation spectrum, is completely absent from the calculated spectra. Instead, mode
22 of Figure 14 is the second most intense vibration, although this seems reasonable

since its atomic displacements are equal and opposite to mode 23 of the ground state,




4C

?6EG

F 7CF>3

2eEF

?63GF

?6?GF

FG?? 3?27?27 3G?? E??? EG?? >??7? GG??

?6EG

3" F 7CF>3

=3

?63GF

?6?GF

FG??

9%( E?6 #,) 3 # 3%%,($.# =!1#%$.)%)! | F 7CF>36
(, ## *1(3$D > # >?? *"&6



97

which is active in the emission spectrum. Other vibrations with calculated intensity '
include modes 16 and 23 of Figure 14. The 39}41} transi;cion also carries a small
amount of iﬁtensity, in agreement with matrix-isolated and jet-cooled spectra,? as do
40441} and 393.

Indole I Emission. Calculated 'L, fluorescence emission stick spectra are

comphred in Figure 21. The geometry differences are at the CIS-HF level while the
gfound state MP2/6-31G(p,d) modes and frequencies are used in both the ground and
excited states. The total number of lines with intensity greater than one ten-
thousandths of the origin ranges from 4,368 at CIS-HF/3-21G to 1,199 at CIS(11,11)-
HF/6-31G, summing from 0.93 at CIS-HF/3-21G to 0.96 at CIS(1 1,11)—HF/6-31G.

~ At CIS-HF/6-31G, the origin accounts for less than 15% of the total intensity.
Intensity is distributed evenly between modes 27 and 26 near 700 cm-l,'an'd modes ‘10, '
9, and 8 near 1,650 cmr!, and the remaining strength (~81%) appears in huch weaker |
lines. Polarization functions slightly decrease the origin’s intensity, in contrast to
benzene’s 'B,, transition, and alter the relative intensities of some of the |
_ aforementioned modes. Diffuse functions bring about virtually no change in the
spectrum. The CIS expansion length has considerable effect on the intensity of the
origin, which accounts for over 25% of the total intensity at CIS(11,11)-HF/6-31G.
The origin’s intensity increases upon truncation because the high énergy virtual © MOs
omitted from the CI calculation (Figure 3) are more likely to have a node in any
particular C-C bond. Mode’s 26, 14 at 1,450 cm!, and 10 are similarly gffected.

The broadened 'L, emission spectrum is compared to the experimentai band

shapes¢ in Figure 19.
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Indole 3L, Emission Table 31 compares the observed and calculated Franck-
Condon factors of indole’s phosphorescence spectrum. The Franck-Condon factors are
reported relative to the intensity of the origin transition. MP2/6-31G(p,d) modes and
frequencies are used in the ground and excited state. The planar confdnnation is used
for the triplet state. The totél number of lines with intensity greater than one ten-
thousandths of the origin ranges from 8,323 at CIS-HF/3-21G to 5,410 at CIS-HF/6-
31G, summing from 0.89 at CIS-HF/3-21G to 0.92 at CIS-HF/6-31G.

At CIS-HF/3-21G and /6-31G, the origin is the most intense tfansition and
mode 9 is the most intense vibration, in concurrence with experiment. Mode 10 is
second in intensity, both at CIS-HF/3-21G or /6-31G and experimentally. Polarization
. functions diminish the quality of the spectra in these regards. The moderate intensities
of modes 27, 26, and 14 are reflected in the computed spectra, regardless of basis, as
are the weak inténsiﬁes of modes 29, 25, 24, 21, 20, ‘19, and 15. The greatest
discrepancies with experiment are in modes 22 and 16; which are too intense. The
intensities of most if not all modes are exa_ggerated due to‘intersystem crossing.

The calculated stick spectra are shown in Figures 22 and 23. Interestingly, the
intensii;ies of the four vibrations clustered around the 1,100 cm-! region of the
spectrum, modes 23 to 20, are sensitive to basis but the relative intensities of these
transitions are unchanged with each modification. The same observation pertains to
modes 10, 9, and 8 in the 1,650 cm! region and the peaks spanning the 400 - 700 cm!
region, modes 29, 28, and 27. Consequently, the broadened 3L, phosphorescence
spectra (Figure 19) is very insensitive to basis. It also compares well to the observed

band shape.® The presence of intensity in clusters of closely spaced : v1brat1ons is

believed to g1ve tryptophan’s phosphorescence its simple appearance.s®
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Table 31. Indole 3L, emission relative Franck-Condon factors (fo_../ fo )

“mode  CIS-HF/3-21G*®  CIS-HF/6-31Gec  CIS-HF/6-31+G**d EXPe
29 0.0346 0.0293 0.0356 0.05
28 ~0.1084 0.0980 0.1238 0.06
27 . 0.1985 0.1723 0.1990 . 0.11
26 0.1302 0.1180 0.1510 0.10
25 0.0283 0.0252 0.0177 0.03
24 0.0019 0.0021 0.0038 0.01
23 0.1176 0.0971 0.1189 | 0.01
22 02622 - 0.2622 0.1665 - 0.05
21 0.0721 | 0.0710 0.0400 0.03
20 . 0.0970 0.0743 0.0973 0.07
19 0.0322 10.0262 0.0522 0.05
18 0.0017 0.0008 0.0036
17 0.0443 0.0387 0.0268
16 ©0.1523 0.1000 0.2270 . 0.03
15 0.0957 0.0894 0.0529 . 0.05
14 0.2825 0.2425 0.2221 0.10
13 0.0119 0.0081 0.0139
12 0.0300 0.0189 - 0.0427
11 . 0.0112 0.0128 0.0015
10 0.4110 03811 0.2668 - 0.12

9 0.5348 0.4123 0.2073 0.21
8 02172 0.1680 0.0001 0.06
7 0.0000 0.0000 0.0015
6 0.0012 0.0007 0.0001
5 0.0000 0.0000 0.0020
4 0.0017 0.0013 0.0010
3 0.0009 0.0009 0.0020
2 0.0031 0.0030 0.0010
1 0.0001 _ 0.0001 0.0000

aMP2/6- 31G(p,d) modes. FC origin =0.0560, 0. 0859, 40.0709. <Reference 30. .

The program for calculating spectra could not run to éompletion when the non-
planar T, conformation was used. Perhaps the geometry difference with the ground
state is unrealistically large when calculaied at this level of theory Or perhaps the
geometries are accurate and theFranck-Condon overlap between non-planar T, and the
ground state is too small for this conformat10n to be observed in the electronic spectra.
Its phosphorescence would exhibit a very long progression along at least one erstwhile

out-of-plane mode.
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1:1 and 1:2 Indole:Water Complexes

Intermolecular Geometries

c-complex. Figure 24 shows the energy minimum ground and excited state 1:1
indole:water complexes. Each water in Figure 24 indicates the equilibriutm position of
this monomer in a 1:1 complex with indole.

In each state the c-complex has C, symmetry with the molecular planes
perpendicular to each other. The intermolecular geometries are summarized in Table
32. Rotationally res‘olyed fluorescence indicates a l\inee;r hydrogen boﬁd is formed in
the ground state and 'L, c-complexes.?! As indicated by the bond angle AN_HI_(); the
present calculations predict that this orientation corresponds to the energy minimum
geometry only when basis sets containing diffuse functions are used. - The angle
formed by the plane of the water moiety and the axis of the hydrogen bond, £y 0.5,
has been estimated as ~125° in the ground state according to the high resolution
spectrum,?! which is very close to the calculated value in the equilibrium geometry. In
the 1L, state, this angle increases to 180° according to the spectrum, but the
equilibrium value decreases by nearly 3° according to Table 32. In general, the effects
of polarization functions and diffuse functions roughiy cancel so.that the 6-31G
intermolecular angles are close to those of the 6-31++G(p,d) basis set.

(The truncated CIS wave function is not size consistent and therefore a less
practical tool for examining the excited state complexes than full CIS. The CIS(14,13?
wave function, rather than CIS(11,11), is used herein to account for the high energy
occupied and low energy virtual MOs localized on the water moiety that take part in

the configuration interaction.)




3?7A

%

%( EA6 #,)('(3D3.&)=$ #!" -(%#131 # 3 M,IL.&O $!!$6



105

Table 32. Indole:water 1:1 complex intermolecular geometries

n-complex
2§03 mao(A) ‘ ZLing o
G G
basis ma 7mb 1L, L, ma =wb . L, ' 1L,
6-31G 3.35 3.38 3.28 333 60.1 79.9 80.9 75.2
6-31G(d) 3.32 3.40 3.24 56.1 77.4 81.0
6-31G(p,d) 3.38 3.40 3.31 56.4 78.0 79.7
6-31+G(p,d) 3.48 356 64.1 -85.0
6-31++G(p,d) 3.52 65.4
c-comialex
RN-O . AN-HI-O ZHI-O-H_
basis , G L, 1L G L, L, G L, L,
6-31Gb 286 291 1742 174.0 122.9 123.4
6-31G 293 2.89 290 173.0 173.7 1740 123.6 123.0 123.5
4-31G(p,d) 3.04 3.00 3.01 166.3 1653 1651 119.8 116.7 117.9
6-31G(p,d) 306 3.01 3.02 1667 167.5 167.1 122.5 118.6 119.9
6-31+G(p,d) 3.09 3.02 179.9 180.0 126.2 125.0 .
6-31++G(p,d) 3.09 179.9 A 126.2

EXP2 2.935 2.934

aReference 70. ®CIS(14,13)/6-31G.

The hydrogen bond length of the o-complex, Ry, is exaggerated by the
Hartree-Fock method when an extended basis is used, aséuming a small effect from
vibrational aver_aging on an accurately determined oBserved ;1istance'.. Regz;rdless of
basis, a decrease in separation is predicted to accompany 'L, excitation,.which is

consistent with the H1 Mulliken populations (Tables 12,13) and the more acidic nature

of this state.”! A much larger (0.1 A) decrease has been 'predicted based on center of .
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Table 33. Indole:(water), (n=1,2) H,O center of mass displacement (A).

L, . IL,
basis ma  7b 6 IW2a IW2b ma  Tb c IW2a IW2b
6-31G 0.061> 0.250¢ 0.439¢ : 0.0220 0.224c 0.418¢
6-31G 2048 0.499 0.031 0.238 0399 2.011 0.531 0.025 0.270 0.424
4-31G**  2.119 0.479 0.048 0.076
6-31G** 2.040 0.397 0.040 0.052
6-31+G** 1.780 0.053 ,
EXP> . 0.16 033 0.33

- “Reference 19. bCIS(14,13)-HF/6-31G. <CIS(17,15)-HF/6-31G.

mass displacements,?! and amuch smaller (0.001 A) decrease is observed in the
rotational spectrurn. Exitation to the 'L, state results ina siightly larger decrease in
Ry, according to the Table, regardless of basis.

Table 33 shows that, for the o-complex, the displacement of the water moiety
following 1L, excitatidn is underestimat.ed in the present computations, paﬂiculgrly
when polarization functions are omitted from the basis set. This suggests that the
difference between the hydrogen bond strengths of the éound and excited state
complexes is underestimated. However, the intermolecular geometry change also
depends crucially on the intramolecular charge redistribution in the indole monémer,
due either to excitation or the interaction itself, and this also may be slightly
mischaracterized. In any event, the amplitude of the displacement vectors strongly
suggests Franck-Condon actlaivity in at least one intermolecular mode.

" In addition to improving the arﬁplitude, polarization functions also have a great'
effect on the d1rect10n in Wthh the water mo1ety is displaced by the transition, as
" shown in Figure 25, g1v1ng it axial character. Part of the axial character results from

the rad1a11y directed displacement amplitudes on the N-H group that accompany the 'L, '
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Table 34. Indole:water c-complex rotational constants (Mhz)

G IL,

6-31G 4-31G** 6-31++G** EXP> MP2/6-31G** 6-31G® 6-31G 4-31G** EXP= -
A 2079 1990 2138 2063 1902 2051 2041 1928 1988
B 970 996 904 945 1065 966 971 1019 964

C 663 666 637 649 685 659 660 669 650

sReference 21. °CIS(14,13)/6-31G.

stransition, as shown in Figure 2. It is also possible that d functions bring about a
tronger interaction between the water rnoiety and the phenyl ring in the excited state.
-Table 34 compares the observed and calculated rotational constants of the’
ground and 'L, c-complex. Surprisingly, the HF/6-31G rotational constants are in
better agreement with experiment than those obtained with larger basis sets or both a
larger basis set and a correlated density. Similarly, the CIS/6-31G rotat10na1 constants
are closer to experiment than the CIS/4-31G(p,d) results, exaggerating the measured
values by 10 - 20%. However, the differences between the ground and 'L, o-complex
rotational constants suggest that the geometry change is more accurately depicted at
CIS-HF/4-31G(p,d). Experimentally, AA = -75, AB = 19, and AC = 1 Mhz, compared
to -62, 23, and 3 Mhz at CIS-HF/4-31G(p,d) or -38, 1, and -3 Mhz at CIS-HF/6-31G.
In each electronic state, o-complex format10n has a neghg1b1e effect on the
intramolecular geometry of the indole moiety (less than a 0.004 A change in the C-C
or C-N bond lengths) according to the present calculations. Also, the 1La or 1L,
' character of the wave function, as defined by the square of the HOMO—LUMO CIS
" coefficient or by the sum of the squares of the HO-1-LU+1 and HO—-)LU+2

coefficients, remains virtually unchanged in these respective states (Table 35). These
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Table 35. Indole:(water), (n=0,1,2) 'L, CIS/6-31G coefficients

T MOs indole c-complex . IW2a
HO—-LU+2 -0.399 -0.390 -0.357
HO-1—=LU+1 0.562 . 0.570 0.588

HO-2—LU+1 - 0.112° ~ & 0.114 0.116

results sugg'eSt that indole’s electronic structure is only weakly perturbed by complex
formation with polar molecules, in contrast to a molecule involved in exciplex
forrﬁation.

No other o-complex energy minimum geometry could be found involving the
N-H group in any of the herein investigated electronic states. In particular, r_otating
the H,0 moiety by 180° around the N-H bond axis and using the result as a starting
geometry in a new optimization did not lead to a different result. This may simply be
due to the more favorable electrostatic interaction between the water hydrogens and C7
which, according to the Mulliken populatio_ns (Table 12), is more © electron rich than
C2. Geometry optimizations perfomﬁed with the indole and water mbieties'restricted
to co-planarity produée structures that are saddle points rather than minima on the
intermolecular potential energy surface, regardless of the electronic state. This is
consistent with the isotope effect exhibited By the progressions of the indole:water o-
complex origin. The intermolecular separation increases by about 0.1 A when the
mc;ieties are co-planar, indicating that internal torsional by the water moiety is coupled

with the intermolecular stretch, as has been suggested elsewhere.?! ‘

w-complexes. Included in Figure 24 are the energy minimum

geometries of the hypothetical ground and excited state indole:water n-complex. The
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minimum above the benzene ring (denoted nb) is found only vs./ith the Hartree-Fock
method, and only when basis sets without diffuse p functions on the heavy atoms are
used. The excited state m-complexes, however, possess a single energy rﬁinimum at
the CIS level, regardless of basis. The position of the water hmoiety in the L, m-
complex, over the beﬁzené rather than the pyrrole ring, reflects the transfer of n
electron density from' atoms 1, 3, and 4 to 7 and 9 associated with the 'L, transition.
Consequently, the water moiety center of mass is displaced by‘ 1.764 A fr’om its HF/6-
31+G(p,d) equilibrium position, indicating a very ﬂat intermolecular potential eﬁergy |
surface. The !L, state n-corﬂplex shows an equally large in.térrnoleéular geometry
change, which is expected from the N-methyl indole:wate_r excitation spectrum.

At MP2/6-31G(p,d), the center of mass separation between the indole and water
moieties of the t-complex is 3.01 A,24 compared to 3.18 A for' the benzene:water -
compléx at the same level of theory. A signiﬁcantA change in the iptermolecular
distance, Az_, is predicted upon excitation. For the 1L, transition, Azcm'= -0.0674 at
CIS-HF/6-31G, but Az, = +0.0469 at CIS-HF/6-31+G(p?d). A étronger interaction in
the excited state would, of course, result in a large negative value fof Az,. For the
IL, transition, Az, = -0.0368 at CIS-HF/6-31G. In each’ state, n-édmplex formation

has a negligible impact on the geometry of the indole ring. The ring‘ does not adopt a

non-planar structure, as suggested in a semi empirical study.”

. 1:2 complexes. The HF/6-31G 1:2 complex enefgy minima, IW2a and IW2b,
are shown in Figure 26. The intermolecular geometry has both water moieties on one
side of indole’s molecular plane, in somewhat distorted conformations of the water

dimer that allows for both o- and m-complex type interacﬁons' with indole. The two




































































































































































































































































































