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adiabatic potential energy surface sections are calculated. In the CIS/3-21 G manifold an avoided
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ABSTRACT

Indole, the chromophore of the amlno acid tryptophan, has two low-lying Ttﬂ:
smglet excited states denoted L and L The differential sensitivity of the L,
and L to molecular envnronment enables indole to be exploited as a probe of
protein structure and dynamics. Optimized excited state geometries are calculated
using configuration interaction - singles (CIS) and MP2-corrected CIS (CIS-MP2)
theory with the 3-21G basis set. The CIS/3- 21G excited state properties are
compared with experiment. It is found that the L permanent dipoles agree well
with the vacuum measurements but the L dlpole is underestimated compared to
previous INDO/S calculations and solvent measurements. CIS and CIS-MP2
vertical excitation energies and CIS transition properties are calculated using a
progression of basis sets. The CIS transition energies are slightly overestimated
with the CIS-MP2 energies grossly overestimated. The basis set effects on the
state energies are dramatic. The ! Ly transntlon dipoles and oscillator strengths
agree better with experiment than the calculated L, properties. CIS and CIS-MP2
adiabatic potential energy surface sections are caIcuIated In the CIS/3-21G
manifold an avoided crossing exists but the potential well minima order is reversed.
In the CIS-MP2/3-21G manifold the potential well mimima order is correct but a
surface crossing is present. There is general agreement with previous INDO/S
calculations.




¢ 1
. INTRODUCTION

Indole, the chromophore of the amino acid tryptophan, is responsible for a

large fraction of the UV absorption and fluorescence in most ‘proteins.1

Figure 1. Indole

The strong 280 nm absorption band results from two nearly degenerate vibronic
transitions inVoIving two excited states den,otéd 1La and 1Lb. The 1La and 1Lb are
singlet, ©n* excited states having A’ symmetry for indole with C, molecular
symmetry.

The 1La‘and 1Lb stateé have distinctive structure and properties. The 1La
tra‘nsitio.n is a strong transition haviﬁg an oscillator strength of approximatsly 0.12
while the 1Lb transition is comparatively wéak with an oscillator strength of about
0.012:2'3'4 The 1La and 1L-b transition dipoles are épproximately perpendicular.
The 1Lel transition dipole is found to be -54° from the long axis in indole ‘(ntj-:'gative
angle toward the nitrogen) while the L, is 45° from the same axis.>>® The 'L,
and 1Lb states have differential solvent interactions resulting in a nhighl,y

environment-dependent transition energy order. This effect is thought to be due
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primarily to the large difference in the 1La and 1Lb excited state dipole moments.
In polar solvent, the larger 1La dipole is thought to quickly reorient the local solvent
environment after excitation causing a greater redshift (stabilization) than the
smaller .1Lb dipole resulting in an 1La fluorescence transition energy less than the
1Lb transition energy.7 In vapor phase, the larger 1La dipole is unsolvated giving
a Iarger.transition energy than the 1Lb transition. This environment dependence
has been exploited in tryptophan as a sensitive pr'obe. of protein environment and
solvation.8 Methy! substitution in indole can also result in transition energy shifts
aﬁd reordering.9 |

The near degeneracy of the 1La and 1Lb states is accidental but can be
understood in terms of a crosslink perturbation and an aza substitution electrostatic
perturbation.’® Initially, the nine member aromatic CgHy™ has the L, and 'L,
states degenerate. Crosslinking CqHy™ to form the fused five and six member ring
system, indenide, splits the 1Lal and 1Lb considerably. However, the aza
substitution in the five member ring to form indole brings the 1La and 1Lb ieto near
degeneracy aéein.

Interpreting indole spectra is compli,cated by the near degeneracy of the 1La |
and 1Lb transitions. Pioneering work using polarization resolved two-photon
fluoresence excitation spectroscopy on jet-cooled (~2K) indole has been
accomplished by the Callis and Spangler research groups.1 1,12 Using the fact that
the 1La and 1Lb transitions have different two-photon absorptivity ratios for

» circularly:linearly pblarized light, these studies have allowed the assignment of
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transition character to the vibronic,péaks in the overlapping spectra. With this
important advance, new complexities have arisen. The spéctral congestion of ..
peaks having 1Lal character a few hundred cm'1' above the 1Lb origin coupled with
the obsgrvafion of more 1Lal character in the ,1Lb origin of 3-methylindole suggest
an avoided crossing in the 1La;1 L, manifold. An avoided crossing has been
demonstrated theoretically using semi-empirical QCPE calculations.'® The first two
peaks having 'L, chéracter in'the indole spectra were thought initially to be the 'L,
split origin. Recent evidence, such as the lack of si,ghificant shift in " L, origin®
due to complexation with polar molecules in the jet-cooled experiments14 and

13,15

disagreement in the intenstiy of the 1La origin in simulated spectra suggest a

different 1La origin.. A new explanation involving Herzberg-Teller coublin_g and/ér
Born-Oppenheimer breakdown is evolving in our group. ’

To understand these spectral complexities and other interesting questions
involving indole-solvent complex formation, the electronic structure and potential
energy surfaces of indole need to be assessed. The initial’ electronic structure
calculations of the 1La and 1Lb excited states have been performed using semi-
empirical INDO/S methods.'® With the advent of new theoretical methods and
advances in algorithm and hardware development, systematic ab initio excited
stafe molecular orbital procedures are efnerging with applications becoming
feasible for “large” molecules.'”:® An initial ab initio study on indole has been

accomplished.19 Lacking a complete excited state investigation, the scope of this

study was to determine the effect of a dipole reaction field on the transition
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energies and properties of the 1La,and 1Lb excited states of indole. Further ab
initio studies are warranted to understand the electronic structure of the 1La and
1Lb excited states in detail aﬁd determine existence of an avoided crossing in the
L, manifold. Consiétency with the initial INDO/S picture should help establish

a unified theoretical view of the 1La and 1Lb excited states of indole.

Problem Statement

This thesis will address the calculatic.m of the optimized ground state
wavefunction. and electronic properties of indole using a series of basis sets. The
effect of MP2 correlation is evalluafed using the 6-31G* baéis. The 1La and 1Lb
optimized excited states and properties are calculated at thé CIS/3-21G level of
theory using different density matrices. The CIS-MP2/3-21G method is used to
assess the effect of higher correlation on the optimized geométry. The study also
addresses the effect of basis set on CIS and CIS-MP2 vertical transition energies
and CIS transition properties. The existence of ari avoided crossing in the 1L&,L-1 L,

manifold at the CIS/3-21G and CIS-MP2/3-21G level of theory is determined.
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Il. THEORETICAL BACKGROUND

A. Approximate Solutions to the Schrédinger Equation

The theorstical investigation of the electronic structure of molecules®®:?’

involves determining approximate solutions to the Schrodinger équa_tion
Ho)=&0,) o=012,..
where the electronic Hamiltonian operator in atomic units for N electrons and M

nuclei

N N

1oz <= Z oy
“2"7/2'22""’22*’

1At g i Iy

b

M=

A= -

-~
n

1

resulté from the application of the Born-Oppenheimer approximation. Due to the
larger rest mass of the nuclei compared to the electron mass, the nuclear kinetic
energy operators can be neglected and the quantal electronic distributions are
determined in the electrostatic field of fixed nuclei.

The exact eigenvalues of the Schrédinger equation cdrrespond to the
electronic energies of the ground state (a = 0) and the electronic excited states (o
= 1,2,...) of the molecule. The electronic energies have pérametri-c dependence
on the nuclear coordinates

&, = &, (R4 '
The corresponding exact eigenfunctions are the electronic wavefunctions which

describe the motion of all the electrons in the molecule for each electronic state.
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The electronic wavefunctions have explicit dependence on the electron coordinates
but parametric dependehce on the nuclear coordinates
@) =@ ({r}{R 4.
Under the Born-Oppenheimer 'approx-jm ation the potential for nuclear motion

is provided by the total state energy (for fixed nuclei)
M M ZAZB

Eota =& v ) 2

A=1 B>A HAB

The double sum represents the nuclegr repulsion which was omitted from the
electronic Hamiltonian. This function of the nuclear vcoordin‘ates, obtained by
solving the electronic problem, represents the potential surface on which the nuclei
move.

Fdr computationally viable approximate solutions, the Schrédinger equation
can be cast into the equivalent matrix representation. This can be accomplished
by adopting an approximate or trial wavefunction which is written as éfinite linear

expansion of the orthonormal basis functions {1¥) i=1,...,n} ‘

N .
@) =Y a'l®) .« =0,1,.,N-1 (4)
=1 :

where the coefficients are variational parameters required to obeylz(ai“)*a ,.B = 6043.
With this constraint on the variational coefficients and the orthonormality of the

basis-functions, the trial wavefunctions are orthonormal. The expectation value
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E, = (@A)
is the approximate energy (eigenvalue) of the trial wavefunction and is a function
of the variational parameters. The variation principle assures that 'f'or
orthonormalized trial wavefunctions, the approximate energies are bounded below

by the exact energieszo

E >2 «-=01,.N-1

The linear variational method determines the variational parameters which
minimize E,. Defining the matrix representation of the electronic Hamiltonian in

‘the I¥) basis

and using the orthonormality of the basis functions, application of the linear

variational method resulis in

2 H,ja/a = Eaa/“

or

where a* is the coefficient eigenvector (a,* 'a2°‘...an°°)t containing the coefficients
which minimize the expectation vaiue for the energy. Introducing a diagonal matrix
E;!B = Eoc?aﬁ and the matrix of eigenvectors A, , = ai°‘, the n relations can bg written
as

HA = AE.




8

For a complete basis {'¥)}, the eigenvalues of H are exactly equal to the
eigenvalues of Fl.. Since a finite basis (noncomplete) is used, the linear variation
method is equivalent to solving the eigenproblem, I:IkDO;) = &)@ ) in a finite
subspacg spanned by {%¥) i=1,...,n}. A large body of computational mathematics
has been developed to efficiently diagonalize H and thus d_etérmine the

eigenvalues and corresponding eigenvectors.

B. Hartree-Fock Theory

The basis functidns {I‘I’) i=1,...,n}, are most commonly defined in quantum

chemistry as Siater determinants. The Slater determinant
L) |

is a many-electron function , defined in terms of spin orbitals, which satisfies the
Pauli Exclusion Princfple and the antisymmetry principle. The spin orbitals are
one-electron functions which are constructed as products of a spatial function v,
termed a molecular orbital, and an o or B spin function.
vi(No(o)
vi(r)B(w)

The spin functions are the eigenfunctions of the s2 and the S, operators. The

%) = or

molecular orbital (MO) describes the spatial distribution of an electron such that

hyi(r)i2 dr is the probability of finding an electron in the volume element dr

centered at r.
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The spin orbitals are determined from the Hartree-Fock (HF) eigenvalue
equation
f(i)x (%) = ex(x)
where ¢ ‘is the spin orbital energy for the it" electron and

1 " Za
(i) = -=V? - E 2 + viA()
2 A=1 Tjp

is the effective one-electron Fock operator. Here VHF(i) is the Hartree-Fock
potential which is the average potential exberienced by the i electron due to the
presence of the other electrons in their spin orbitals. The derivation of the HF
equations results from the functional variétion of the spin orbitals to minimize the
expectation value of the electronic energy. Since f(i) depends on the spin orbitals
of the other electrons (i.e. f(i) depends on its oWn eigenfunctions through vHF), it
is nonlinear and requires an iterative solution. The sdlution to the eigenvalue
problem for all electrons is termed thé self-consistent-field (éCF) method and
yields a se;t of orbital energies {¢,} and a set {,} of orthonormai spin orbitals.
The single aeterminant formed from the N lowest energy spin orbitals is
termed the Hartree-Fock ground state wavefunction I‘I’J = h(y%p--xn) @and has
energy E, = (¥ A¥y. This éingle determinant wavefunction incorporates
exchange correlation be'tweén pairs of electrons having parallel spins but lacks any
correlation between pairs of electrons with opposite spins. For this reason, single
determinant wavefunctions are termed uncorrelated wavefunctions. The other spin

orbitals produced in the SCF method are virtual orbitals and are used to form

<
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excited configurations aiso called excited or substituted” Slater ‘déterminants.
Singly excited configurations are formed by substituting an occupied spin orbital
x; from the HF wavefunction with a virtual orbital Xa @nd are denoted I¥).
Similarlyf doubly excited configurations are formed py substituting two occupied
spin orbitals y;, X with two virtual spin orbitals x,, X, and are represented as
IT,jab). Higher excited configurations are formed and represented analogously.
Excited configurations are used in electron correlation methods.

Since the spin orbital is a product of an M‘O and a spin function, it is
possible to integrate out the spin componént leaving expressions involving 6nly the
IVIQs. -A common approach for representing the MOs is to decompose them into

finite linear expansibns of predetermined atomic basis functions .{¢u(r) p=12,..k}.

k
v(r) = }:1 C.b,(N =12k
b

Such a set of basis fuﬁctions is termed a basis set. The common basis sets used
in this study are STO-3G, 3-21G, 6-31G, 6-31+G, 6-31 G*,and 6-31+G". They are
listed in order of increasing number of basis functions and are desbribe_d' more fully
below. A basis set of k functions produces 2k spin orbitals, N which are occupied -
and 2k-N which are virtual. The larger the basis set, the greater the flexibility of
thé MO expansion. As a result, the electronic energy of the molecule usually‘
decreases ubon increase in basis set size. In the limit of an infinite, compléte
basis set, {he electronic energy approaches the HF limit. Finite basis sets will give

an energy above the HF limit. Certain calculated properties of the wavefunction
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have strong dependence on the inclusion of particular types of basis functions.
The details of this dependency will be discussed in _the Results and Discussion
chapter. |

The STO-3G is a minimal basis set having one basis function per electron.
It uses a linear combinatien of three Gaussian type functions (primitive) to model
Slater type orbitals. The other basie sets are split-valence using a linear
combination of two atomic basis functions for every valence electron but only one
basis function for the core electrons. The 3-21G basis uses three Gaussian
primitives to model the one basis function representing the core electrons with two
and one Gaussian primitives to represent the valence' basis functions. The basic
6-31G series has the same number of valence and core electron basis functions
but has an increased number of gaussian primitives to better model the basis
functions - 6 Gaussian primitives for the core slectron basis functions with 3 and
1 Gaussian primitives for the valence basis functions. The basic 6-31G basis set
can be modified by the inclusion of polarization basis functions and diffuse basis
functions. The polarization functions denoted by "*", allow electron distributions to
be polarized from the presence of nonuniform electric fields in nonspherical
molecular environments. Diffuse functions denoted by "+", represent highly diffuse
electron distributions present in anions, diffuse lone pairs, and excited states
having significant anti-bonding character. The polarization functions used in the
baeis sets listed are six 3d-functions of symmetry 3d,,, 3d 3&22, 3d,,, 3d,.,, and

yy’ Xy’ =Fyz’

3d,, centered on each heavy atom.” The diffuse functions for the listed basis sets
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are a single set of diffuse s-type and p-type functions centered on each heavy
atom.

With the introduction of a basis, the HF differential équations are
transforrped into the algebraic Roothaan-Hall equations which are solved by

standard matrix techniques. Defining the overlap matrix

S,, = [drén(1) 6,(1)

and the Fock matrix

F,, = [dré,(1) 1) é,(1)
where (1) represents the spe{tial Fock operator with spin integrated out and q’u are

the basis functions, the Roothaan-Hall equations are
E Fuvovl = SIE sp,vcv[ i=1 ,2,...,k

or
FC = SCe

where C is the k x k matrix of the MO expansion coefficients Cui and ¢ is the

diagonal matrix of orbital energies ¢;. Solving this matrix equation produces the

HF MOs {y;} and orbital energies {e} which minimize the HF energy E,. To do

this an explicit expression for the Fock matrix is‘needed.

Defining the SCF density matrix as
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- _
P, = 2%: C,:Cva

and the one-electron Hamiltonian operator

. 1 Z,
h(1 = ____VZ - ——————
2" ; | - Ryl

‘then, the Fock matrix can be decomposed as

F. = Hp‘vcare +.G

puv 1Y

where

H® = [droy(1) (1) d,(1)

is fixed for a given basis and

G,, = 3 P l(uv|or) - l(p.)klov)]
. Ao 2

is the two-electron part of the Fock matrix depending on the density matrix and the

two electron integrals

(kv |ho) = [drdré;(1)é,(1)r7 6;(2)6,(2).
The calculation and manipulation of the two-eléctron integrals form the bottleneck
in SCF calculations. For k basis functions, the number of distinct two-electron
integrals is O(k4/8). The main difference between' ab initio and semi-empirical
calculations is that all the two-electron integrals are evaluated in ab initio -
calculations while semi-empirical methods neglect many: integrals but formulate

other schemes to model the electron repulsion neglected by the omission of these
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integrals.

C. Electron_Correlation Methods

For most closed shell molecules in their ground state the HF method, using
a single determinant wavefunction, is very successful in describing the energy and
electronic structure of the molecule. This is attributed to two factors. First, the
antisymmetrization of the Hartree— product wavefunction to produce the Slater
determinant introduces exchange correlation between electrons of the same spin
creating a Fermi hole around each electron. Second, the potential v (i) of the HF
method accounts for the average coulombic interactions of an electron with tﬁe
"sea" of another electrons in the molecule. Both of these factors are highly
. dominant in produc‘ing the proper electron'ic energy and charge distributions. But:
the HF method fails to aéco,un"c for the interactions of electrons of the opp.osﬁe spin
and the pairwise instantaneous coulombic interactions of any two elecirons. These
omissions can have a large effect on the calculation of accurate energies and
wavefunctions for the grou._md state of molecules having several degenerate or
nearly degenerate electron configurations (excitéd configur'a,tions).‘ Also,
treatments beyond the HF method are essential for the calculation of potential .
energy surfaces and excited states for any rhblecul’e.

The difference in the exact, nonrelativistic electronic energy and the energy

of the HF wavefunction, as the basis set approaches completeness, is termed the
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correlation energy. Two types of electron correlation that contributes to the
correlation energy and electronic structure have been identified22’23.
Nondynamical electron correlation arises when two or more excited configurations
are deggnerate or nearly degenerate in energy and thus have relatively large
coefficients in the CI expansion of the wavefunction. This is the mafn failure of a
single determinantal wavefunction approach, such as‘the HF method, an_d seems
to be more important for the high energy valence electrons. Dynamical correlation
is rebresented by the pairwise instantaneous electron-electron coulombic
iﬁteractions. It is the dominant correlation'for core electron interactions having
close proximity due to large nuclear attraction and also for core-valence electron
. interactions. Two techniques are commonly used to account for these types of

electron correlation in molecules.

1. Moller-Plesset Perturbation Theory

" In this study, perturbation theory is used to calculate the ground state
correlation energy in indole. Another common approachis configuraﬁon interaction
but this method is much more computatio-nally intensive than perturbation theqry.
Configuration interaction, to be discussed in the next section, is used for the
: excited state electron correlation only. The use of Rayleigh-Schrédinger
= perturbatioh theory (also called many body perturbation theory) with the HF
Hamiltonian, FiO, as the zeroth-order Hamiltonian is termed Moller-Plesset

perturbation theory (MPPT). In this theory, the generalized electronic Hamiltonian,
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H, is the sum |
A, = Ay + AV

Here, the perturbation is defined by

AV = AMH-Hy)
where H is the exact electronic Harﬁ‘iltonian and A is a dimensionless parameter.
Now, I¥,) and E,, the ekact ground state wavefunction'(with‘in a given basis for
A=1) corresponding to the Hamiltonian le, can bé expanded in a power series

according to many body perturbation theory

IP,) = [FO) + AlPM) + A2¥@) + .,

and

E, = EO + E® . E(2>‘ i
implementations of the .theory set A=1 (to give I:I}~ = H, the exact
Hamiltonian) and truncate both series to various orders. For this study, trdncation
after the second order, known as MP2, is used. Applying the generalized
Hamiltonian to the truncated wavefunction and energy series and solving results

in

Yy = PO . [pm)

where ) = l‘I’d) is the HF wavefunction and

TN = S (E, - EQ Vg ¥

S0
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where Vg, are the matrix elements involving the perturbation operator and Egis
the eigenvalue corresponding to a substituted determinant ITS). 'By Brillouin’s
Theorem (WgH¥,) = 0, where S'is a single substitution) and other properties
of matrix elements over higher substituted determinants2°, Vgp Vanishes unless S

corresponds to a double substitution. For the energy expansion,

EMPE - EO . EM . E®

where EQ 4+ EM) is the HF energy and

D
- E® = -3 (Ey - E9 W
S

Since g} is the double substitution ij — ab, Vg, reduces to

where

iflab) = [x;(1)x; (@) ra Ixa()xs@) - 1s()xa2)]dr
is an antisymmetrized two-electron integral over épin orbitals. The final form for
the second order contribution to the electronic energy is
E® - -;}E (ea * € - € - €) ijlabP?
ijab '
This has been noted to be probably the simplest approximate expression for the -

correlation energy. As a theoretical model, MP2 theory is size consistent but not

variational.
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2. Configuration Interaction

As discussed in section ILA. of this chapter, the wavefunctions for the; .
ground and excited states can be written as a linear expansion of the basis
function§ {v) i=1,...,.n}. It can be shown that for the N-ele‘ctron problem, excited
configurations (substituted Slater determinants) can be used as the basis
functions®®. The procedurp of representing the wavefunction with excited
configurations and using the linear variational method in detérmining the energies

and coefficients of this linear expansion is known as configuration interaction (CI).

The general form of the ground state full Cl wavefunction is

'@o) = 80|T0> + ;Z&,J‘I’,a) + Z; a”ab,T”ab> + i;zk aijkabcl‘PIjkabc> + ..
a < <J< -

a<b . a<b<c

where 1¥,,), I\I’ij

ab’ ‘I‘I’,jkabc), etc. are the singly, doubly, triply, etc. excited
configurations and the coefficients a,, 8y, 8jape are the CI cosfficients
determined with linear variational theory. The excited state Cl wavefunction omits
the initial HF wavefunction term. This is a simplified form of the wavefunction. In
implementations of Cl theory, spin adapted configurations (Iinéar combinations of
the exéited configurations) are always used to keep the wavefunction én
eigenfunction of the total spin angular momentum squared operator, «¢?. Also,
excited configurations of different spin symmetry are omitted since no mixing
occurs between wavefunctions of different spin symmetry. The CI wavefunction

can be connected to MPPT2', The first order contribution to the Cl coefficient ag,

where S represents a substitution, is
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ag) = (Ep - Es) Vg

Using the full Cl wavefunction and a finite-basis set, the qalcu'lation is termed exact
within the subspace spanned-by the one-electron basis. The difference between
the energy of this exact calculation and the HF energy using the same basis is
termed the basis set correlation energy. As the basis set approache's
completeness, the -wavefunctions and energies approach the exact non-relativistic

solutions to the Schrédinger equation.

a. Configuration Interaction - Singles
Limiting the use of full Cl is that C(2k,N) distinct N-electron excited

\

configurations comprise the wavefunction. For scale, using the 3-21G basis on '

indole, the full Cl wavefunction will have 0(1025) excited configurations. Clearly, -

the number of excited configurations needs to be reduced for practical

implementations of Cl. To do this in a non-biased, unprejudiced manner, the

wavefunction is restricted to certain types of excited configurations. In this study, |

the Cl wavefunction is composed of singly excited configurations only. This is
termed full configuration interaction in the space of the single substitutions or Ci-

Singles (CIS)17. The wavefunction is then written as
ITCIS> = Z a,-a|‘I'ia>
a

The CI coefficients are the normalized eigenvectors of the Hamiltonian matrix
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(B AL, = (B + €5 - €18,80 - (Jallib)
where (jalib) is the usual antisymmetrized two-electron integral in terms of spatial
basis functions and EHF.is the sum of the HF energy (Eo') and the nuclear potential
energy. The eigenvalues E,g are the Cl-Singles total energies for various excited
states and are given by

Ecis = Eye + Y (e, - €) - 3 apayallib) .

ia ijab

In the Gaussiang2 implemeﬁtation of CIS theory, the eigenvectors and
corresponding eigenvalues are calculated with the iterative Davidson
diagonalization method.

There are some important points to note about the CIS method. The CIS
| method produces excited state wavefunctions orthogonal to the HF ground state
wavefunction by Brillouin’s. Theorem, (¥, H¥, = 0. Next, the method is
variational and sizé consistent. Finally, the CIS method leads to a well-defined
and differentiable energy for which analytical gradient techhiques can be applied

to determine properties and optimized excited state geometries very efficiently.

b. Higher electron correlation

The CIS method, involving only singly excited configurations, is an adequate
zeroth-order approximation fto some- excited states. However, the omission of
higher excited configurations (doubly and triply excited configurations, etc.) can

lead to poor representation of the energies and properties derived from
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wavefunctions of certain excited states. An expression which attem'pts to access
‘the influence of higher excited configurations on the energy has been suggestéd”.
Recall the second order correction‘ to the HF energy of the ground state (see
section .II.C.1.). The expression includes summatio\n over singly excited
configurations but those matrix elements vanish by Brillouin’s Theorem. This
expression for the ground state correlation energy suggests that if the zeroth order
wavefunction is a CIS wavefunction, then a plausible second order correction will
involve single and double substitutions from the reference state. This implies

double and triple substitutions from the CIS wavefunction. The energy correction

is given by
Aoy = ~13. (P sl 2
R 4ijab €q + € - € - € - Agg
_ 1 (‘PCIsI_m‘I’r/kabcy'

36Ijkabc ea + eb + ec - e, _el = €k - Ac,s

where Agg = Eyr - Egg is the CIS vertical excitation energy. This energy
correction, when. added to the CIS enérgy, defines a second order total énergy for
an excited state, Eq g po- The difference in Eq g ypo and the grbund étate Emp2
‘is the CIS-MP2 vertical excitation enérgy. The procedure is referred to as CIS-
MP2 theory. For full details see reference 17. It isAimportant to note that this is
only a suggested enérgy correction with né w'avefunction correction derived. This,

as well as the O(ks) running time, se\)erly limits the utility of the method. It hés
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been successfully used in this study to demonstrate the dependence of the 1L%l
and 1Lb excited states of indole on higher electron correlation but fails in several

important aspects.

D. Molecuiar Electronic Properties

1. Computational Methods

The calculation of molecuiar properties is accomplished by two methods.
In computing the quantum mechanical expectation value of an obssrvable, a
suitable operator representing the molecular property is formulated. For instance,

the dipole moment operator is

N
o=-3n+3 ZA,
=1 A

Then the expectaﬁon value

(M) = (@, 1M, )
is evaluated directly with the. use of matrix element expressions involving the two-
electron integrals. Here, @ ) is the exact electronic wavefunction for a particular
ground or excited state. An alternate approach to the calculation of molecular
properties, involving the derivatives of the elecfronic energy, follows from the
Hellmann-Feynman theorem. For an exact perturbed wavefunction I®_(u)) which
is an eigenfunction of the perturbed Hamiltonian H(u), both dependent on a

perturbation parameter proportional to the strength of the perturbation,
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- dE(p) _ aH .
T —(‘I’a(p)l-a—;l@a(p))

Then, adopting a Hamiltonian of the form

Aw) = A + pM

where H is the electronic Hamiltonian of the unpérturbed molecule having the

wavefunction b ),

(W) - (o e, - (M.
dp' p=0

Thé equivalence of these two procedures given by this expression also holds for
certain approximate theoretical methods. For example, the equality is valid for the

HF method even with a finite basis2425

. In general, the equality is not valid for
incomplete electron correlation methods such as MPZ or CISZGI. It should be noted
that derivative methods have béen deemed supérior since they represent th.ev
wavefunction response to a perturbation and are thus more closely related to
experimental observables®®%’. Also, analytic derivatives exist for the MP2 and

CIS implementations in Gaussian92 making this method of calculating molecular

properties attractive.

2. The Density Matrix

Many molecular electronic properties can be expressed in terms of the
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density matrix; the key dependency of the expressions for the energy derivatives
and expectation values is the density matrix. The one particle (one electron)

reduced density matrix (1PDM) is defined as

Va06X5) = N @iy @ () Xoreres X) @ (K] Kopenrr X

where @©_ is a normalized gr_ound or excited state wavefunction. The density
matrix y(x4,%,’) results from integrating the probability distribution (charge density)
function (Da'tba over the space and spin coordinates of the N-1 electrons havi'ng
positions X,,...,)y and thus depends only on two continuous indices. For the case

that @, = ¥, the HF ground state wavefunction, it can be shown that

N
w,
YG,x) = 3 xal6)xa00)
a
With introduction of a basis and integrating over spin, the: diagénal element

Af'F(x1 ,X4) reduces to
p(n) = 3 P, (Nd,(n
. uv

where

HE _ e
P, =2) C,C
a
is the discrete representation of the HF or SCF density matrix. With this last

expression, given a pfedetermined basis set, the HF ground state charge density

is completely specified.




25

The one particle density matrix involves integration (averaging) over all
‘electrons-except one and thus represents the density of one electron independent
of the explicit location of the other electrons in the system. Corrections to the
1PDM to produce a‘“correlated" density have been mads. The generaliied density
matrix (GDM) is an effective correlated density matrix which is defined as the sum
of the 1PDM and the Z-vector?®. The Z-vector is obtained in solving a single set
of céupled perturbed Hariree-Fock (CPHF) equations for the orbital rotation
parameters necessary in Cl gradient calculations?®® and acts as a relaxation
correctipn to the 1PDM. This relaxation is captured through nonzero occﬁpied-
virtual (OV) density matrix elements which are inter'preted, in the case of the CIS
GDM, as orbital relaxation following the initial gréss charge rearrangement due to
electronic excitation'”. These OV elements, which are zero in the 1!3'DM, are
found from solving a single set of CPHF equations. The Z-vector method is not
limited to Cl calculations, but is applicable to all correlation methods including MP2
gradient calculations®”2%30_ |t has been demonstrated that it is the GDM, and not
the 1PDM, which allows realistic computation ‘of charge distributiqns, orbital

17.28 and is a better representatior:

populations, and molecular electronic properties
for correlated densities. In Gaussian 92, derivative methods are used in
conjunction with the CIS and grou'nd‘state MP2 methods while expectation value

methods are used with the HF method in the calculation of molecular properties

for the ground and excited states®’.
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3. Electronic Transition Dipole Moment and Oscillator Strength

An important quantity in characterizing molecular electronic transitions is the

electronic dipole transition moment

g = (Foliiol¥,) . .
The eléctronic transition moment (or transition dipole moment) can be interpreted
as a measure of the dipole associated with the electronic charge density migration
during the electronic transition. It is the transition dipole moment which couples
with the electric field vector of the Iighf to stimulate photon absorbtion and
emission processes. The origin of the electronic transition moment lies in the

ability to partition the vibronic transition moment

(¥ 1pl1¥,,)
characteristic of the intensity of the vibronic transit’ion, into separate factors, one
dependent on the eléctronic wavefunctions and the other on the vibrational
wavefunctions. The Born-Oppenheimer approximation allows the separability of
the vibronic wavefunction into a product of an electronic wavefunction and a

vibrational wavefunction

lI,rnzv = Tu T‘v

Also, the dipole moment operator, defined above, can be partitioned into an

electronic term and a nuclear term
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Bo= i+ i,
With the orthogonalify of the electronic wavefunctions and the assumption that the

electronic transition moment does not vary significantly with nuclear configuration,

the vibro‘nid transition moment can be factored

(¥ lul®,,) = parySyy
where S, is the overlap integral between two vibrational states. The insignificant
invariance of the electronic transition moment is valid about the equilibrium ground
state geometry from which the vertical transiftion originates according to the
Franck-Con‘don Principle. The electronic transition moment can be written

conveniently as

where

Pe/a = 2-1/2‘2 alax;Xa

is the transition density between the HF ground state and any single reference Cl
wavefunétion. This definition includes single reference Cl wavefunctions beyond
the CIS level of theory since the m.atrix elements between the HF wavefunction
and higher excited configurations vanish. In terms of this form of the electronic
transition moment, for an electronic t_r‘ansition to pe allowed, the transition density
must have a dipole which is the electronic transition dipole moment>2.,

The intensity of a transition is more commonly quantitated by the oscillator
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strength. For a nondegenerate transition, the oscillator strength is

fre = nmg/3e%m)vp®,
where v is the vertical excftation energy in wavenumbers (cm'1) and ua,a'is in
Debyes (D). Intense, allowed electronic transitions have oscillator strengths of
6(1) while weak, forbidden electronic transitions have oscillator st.rengths of O(10°

5 to O(107).

E. Ppgulation Analysis

Mulliken population analysis allows the quantitative, fraétional» allocation of
electron density among the atoms aﬁd bonds of a molecule in terms of a de_nsity ~
matrix (1PDM or GDM), P,,, for the ground and excited states?'.

One berspe'ctive of the electron pdpulation involves partitioning the electroﬁ
density into atoms within the molec_uie. The grosé'atomic electron population is

defined as

qA = E qu

B

‘where the sum is over all basis functions centered on atom A and

q. = Puu * E Puvsuv

vep

is a gross population for the basis function ¢,. It follows that this 'sum over all

basis functions is the total electron population, N. The diagonal density matrix




29

element PW represents the number of electrons directly associated with the
normalized basis function q’u' The off diagonal term PWSW B s v, arbitrarily
represents 1/2 of the overlap electron population between the basis functions ¢u

and ¢,; 'fhe total overlap electron population between q;lLL and ¢, being

Q, = P,S, +P,S,, =2P.S

By = By v VR VR pv T pvt
When appropriate, the gross atomic electron population can be further partiiione.d
into © and o electron populations by summing over the basis functions having =

and ¢ symmetry
A A, A,
3q,-%q +%q,
B B H

Another perspective of the electron population which emphasizés the

bonding within the molecule is the internuciear overiap population

A B
- Qap = }u: ; Q,

where one sum is over the basis functions centered on atom A and the other sum
is over the basis function on atom B. Large positive q,g represents strong
bonding whi_le large negative magnitudes represent strong antibonding. Like the

gross atomic populations, q,g can be partitioned into  and ¢ components.
To assess what portion of the gross atomic population is due to strictly to
atomic electron denéity and not overlap population, a modified atomic populétion

is calculated. This is defined as the gross atomic population with the dominant
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adjacent atom overlap population subtracted. This is only an approximation since

overlap population with nonadjacent atoms, while small in magnitude, is still

present.

F. Potentialjnergx Surfaces and Avoided Crossings

Under the Born-Oppenheimer approximation the nuclei of a molecule move
on the potential énergy surface (PES) of a specified ground or excited state. The
total energy (see section il.A.), as viewed as a function of the nuclear coordinates,
constitutes the PES for a specnfled eigenvalue of the Hamiltonian matrix. The full
PESis a hlgh dimensional surface havmg the same dimension as the number of
nuclear degrees of freedom in the molecule or complex plus another for the energy
coordinate. Often, only a section of this muiti-dimensional surface is necessary to
-investigate the important behavior of the system. In this study, the high dimension
of the full PES is reduced fo a planar section to. observe the behavior of the
surfaces for a ms;ible avoided crossing. éince a potential avoided crossing may
occur between the 1Lal and 1Lb states, the PES sections in this study represent a
plot of the CIS or CIS-MP2 energy in the plane containing the 1Lb-1La difference
vector connecting the 1‘La and 1Lb opiimized geometries.

In many singlet and triplet manifol.ds avoided croésings between pbtential |

energy surfaces are common (no mixing between surfaces of differing spin

symmetry can result in an avoided crossing, however). The avoided crossing
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results from degeneracy in two or more unperturbed energy surfaces causing a
surface repulsion in the perturbed system characterized by time-independent
perturbation theory33. To rigorously establish the existence of an avoided
crossing, the difference of Hamiltonian matrix 'elements for the 'L, and 'L, states
- in the diabatic representatioﬁ |
AH = Hy{ - Hyy = (¢4IH l,) - (¢é’lH oo

must be examined for a changé of sign as the geometry passes through the
avoided crossing region (ACR). Along the seam (péint for Z-b sections) for which

AH = 0, the additional condition

must be met where H,, is the perturbation and v is the adiaba'_tic representation
. of the wavefunction for the 1La and 1Lb State§34'35.

In this étudy, the CIS wavefunctions, generated under the B.O.
approximation, represent adiabtic wavefunctions. Diabatic wavefunction
representations are not explicitly constructed, although a straightforward method
exists®®. With the adiabatic wavefunctions produced in the CIS method, only
perturbed energy surfaces are observed in the event of an avoided crossing.
Without explicit diabatic.states, the degeneracy of the unperturbed energy sqrfaces
in the diabatic repesentation must be deduced by examining fhe change in the

wavefunction character as the nuclear geometry is incremented .through the ACR.
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. PROCEDURES AND METHODS

‘The computational quantum chemicéi calcﬁlations in this study use the
Gaus.’siap 92%7 (G92) suite of codes resident on the Cray Y-MP C90
supercomputer at the Pittsburgh Supercomputing Center (PSC) in Pittsburgh,
Pennsylvania. The application of all HF and MP2 ground state methods?! and CIS
and CIS-MP2 excited state methods'” used in this study are discussed in the G92
User's Guide and G92 Programmer’s .Reference. The MOs and. density
differences are plotted using Insightll v. 2.2.0 (Biosym Technologies, San Diego).
The potential energy surfaces are plotted using Quatiro Pro v. 4.00 (Borlaﬁd
International).

All calculations in this study are constrained to a planar indole geometry
implying C, symmetry in the ground and the 1LaL and 1Lb excited states. Forindole
under a planar nuciear configuration, 2N-3 = 29 degrees of freedom result where
N = 16 is the number of atoms. An internal coordinate representation is used

within G92. The standard numbering system of indole is given in figure 2.

Figure 2. Numbering of Indole
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The hydrogen number corresponds to the heavy atom number.

The internal coordinates used are |

Bond Lengths:
N.1 -C2, C2-C3, C3-C9, C4-C9, C4-C5, C5-C6, C6-C7, C8-C9, N1-H1,
C2-H2, C3-H3, C4-H4, C5-H5, C6-H6, C7-H7

Bond Angles:

| C8-C9-C3, C9-C3-H3, C9-C3-C2, C3-C2-H2, C3-C2-N1, C8-N1-H1,
C8-C9-C4, C9-C4-H4, C9-C4-C5, C4-C5-H5, C4-C5-C6, C5-C6-H6,

C5-C6-C7, C8-C7-H7

The above listed internal coordinates were determined to be linearly independent
using the "FOpt" option and link 0 command "%KJOB L103" within G92.

The CIS and CIS-MP2 calculations included all electrons. The ground state'
MP2 optimiiations used the frozen-core approximation. Stand;rd basis sets were
used without modification. The HF (SCF), CIS GDM, MP2 GDM, and 1PDM were
kept in terms of canonical HF MOs to calculate the total electron density planes.
The MO and density xy planes parallel to the molecular plane were calculatea at
0.2 A intervals extending for 5 A in the %x and +y directions from the center of

charge.
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‘A. Ground State Optimizations

1. Starting Geometry

The starting geometry for all HF and MP2 ground state optimizations was
adapted from a tryptophan crystal structure®®, The ring was made planar and all
bond lengths to hydrogens were taken as 1.08 A. The complete starting structure

is provided in table 16. of the Appendix.

2. Methods/Options Used

The HF wavefunctions constructed at the starting geometry using the STO-
3G, 3-21G, 6-31G, and 6-31G* basis sets and the MP2/6-31G* wavefunction also
using this starting geometry, were optimized with the standard "OPT" option. T‘His
berforms a Berny optimization39 to achieve the minimum energy ground state
struciure. The SCF procedure was not explicitly specified in the input deck. This
meant that G92 decided whether to run the SCF direct or not. For ground state
indole and these basis sets, the conventional algorithm was used which stores thel
two-electron integrals in the AO representation externally instead of using the

direct method which recomputes the needed integrals.

3. Resource Allocations

For all optimizations, 4 megawords of memory were allocated. Based on

single point calculations, the following CPU times were allocated: 10 min for
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HF/STO-3G, 35 min for HF/3-21G, 1.5 hrs for HF/6-31G and HF/6-31G*, and 2 hrs

for MP2/6-31G™. The'MP2/6-31G* optimization was restarted from the existing

checkpoint file since more CPU time than allocated was required.

B. Excited State Optimizations

1. §jartihg Geometries

Since it was suspected that an avoided crossing may be present in the
potential energy eurfaces, it was critical for the etate being optimized to have the
lowest excited state energy. If not, the lack of convergence (CIS method) or
_coﬁvergence to the wrong state (CI1S-MP2 method) may result. For the CIS-MP2
optimizations, the optimized HF/3-21G ground state geometry had the 1La state
lowest in energy so this was used fer the starting geometry in the CIS-MP2 1La1
. optimization. Since the 1Lb energy was higher at this geometry, a modification to
this geometry was needed to get the 1Lb energy lower. It seemed reasonable that
a starting georhetry similar to the 1Lb optimized geometry mey have the 1Lb state
energy lower than the 1L state energy. Usmg the INDO/S densnty dufferences as-
a guide to predict the optlmlzed 1LID geometry, the following bond length
~ elongations (in angstroms) were made to the HF/3-21G otimized ground state
geometry: (N1-C2, 1.40), (C4-C9, 1.42), (C4-C5, 1.45), (C5-C6, 1.45),'(06-07,.
1.40), (C8-C9, 1.50). This modified geometry, which produced the 1Lb state

energy lower than the 1L state energy, was used as the startung geometry for the
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CIS-MP2 1Lb optimization. It should be noted that in determining the identity of a

state, the transition dipole must be examined. The CIS coefficients were not
reliable indicators of state identity since 1La'1|-b state mixing was present at these
starting geometries. Forthe CIS 1Lal and 1Lb optimizations the corresponding CIS-

MP2 opfimized geometrie's were used as the starting geometries.

2. Methods/Options Used

At the above stated initial geometries, the 'CIS and CIS-MP2 geometry
optimizations were performed using the 3-21G basis set. The standard "OPT"
Berny optimization was specified in both methods. In contrast to the ground state
optimizations, the excited state optimizations had SCF=Direct explicitly specified.
For the CIS-MP2 method, the CIS must be run in MO basis which is the default
and fastest CIS 6ptiori. This excludes running the CIS direct which is nice for
restarts, however. The CIS run in MO basis with SCF=Direct is stated to be a vefy
_ efficient combination and was chosen for both optimization methods. By default,
three CIS excited states were calculated at each optimization step. This allowed
monitoring of state mixing during the optimization. Since the state being optimized
is lowest in energy, the "root=1" CIS option is always chosen. The CIS options
"densities” and "AllTransitionDensities” were specified to write fhe 1PDM and the
transition densities between all 3 states to the checkpoint file. Since the CIS-MPZ
is an energy correction only, these CIS options are only applicable to the CIS

opfimizations. The "geom=check"” command was used to read the z-matrix of the
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starting geometry from the optimized HF/3-21G checkpoint file. . The

*"geom=modify” command is used to nﬁodify the HF/3-21G starting geometry in the
CIS-MP2 1Lb optimization. The "guess=read" command is l_Jsed to specify that the
initial guess to the HF wavefunction is read from the optimized HF/3-21G
checkpoint file. In overlay 8, IOp(6)=4 needs to be set to make sure all the
required MO integrals are produced and in overlay 9, IOp(50)=1 is set to specify
the CIS-MP2 method.

The population analysis for the CIS/3-21G 'L, and 'L, states is done at
their corresponding optimized geometries using the 'CIS GDM specified with the
"density=current” option. The "pop=bonding” option is specified to getv both the

A standard Mulliken population analysis and a bonding Mulliken population analysis
(total overlap populations) for which only density matrix terms involving pairs of
basis functions on different centers are retained. A ground state population
analysis of the HF/3-2%G optimized wavefunction is ﬁsed as the reference in the

density difference calculations.

3. Resource Allocations

‘The CIS and CIS-MP2 optimizations had 8 megawords of memory allocated.
The CIS-MP2 optimizations, whicﬁ were performed first, required many restarts
until "optimized" structures (as defined in the results chapter) were determined.
'The CPU time allocatéd for the 1La CIS-MP2 optimization was 1.5 hrs initially and

a 5 hr restart was run. The cohvergence problems of the CIS-MP2 method had
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not been discovered at this point and the majority of the 5 hr restart was
unnecessary. The optimization was- expected to converge fully and terminate
preventing the unnecessary use of CPU time. The 1Lb CIS-MP2 optimization was
monitore.d more closely with a 0.25 hr initial run and three 0.5 hr restars
performed. However, since the CIS is run in the MO basis, it is necessary to
recompute and tranform the integrals at each restart making restarts costly. The
CIS optimizations were allocated an ove;estimated 2 hr to avoid a restart since full

convergence was expected.

C. Vertical Excitations

1. Transition Geometry

The MP2/6-31G* optimized ground state geometry was used for the vertical
excitation calculations in accord with the Franck-Condon Principle. This geometry
“was chosen since optimized structures of molecules at this level of theory are

usually found to be in close agreement with éxperimentza.

2. Methods/Options Used

The CIS and CIS-MP2 vertical transition energies were calculated using the
following progression of basis sets: STO-3G, 3-21G, 6-31G, 6-31+G, 6-31G*, and
6-31+G*. Both the CIS and CIS-MP2 energies for an excited state were calculated

in a single job step since the CIS-MP2 energy is a correction to the CIS energy.
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A separate job step for the 1La and 1Lb must be run because the CIS-MP2
correction is only applied to a single state, even though three CIS states (by
default) are calculated within the job step. This is accomp'li‘shed by specifying -
“root=1"‘ir.1 the first job step and "root=2" in the second stép. Once the first job
step has diagonalized the CIS matrix for the energies and wévefunctions, the
second step need only read the specified CIS wavefunction off thé checkpoint file
before performing the CIS-MP2 correction. With the xexceptioh of the OPT
~command, all the options pertinentA to the CIS-MP2 excited state geometry
optimization_s are used for the vertical excitation energy calculations. In the _
"gues§=read“ command, the use of the 6-31G* HF ‘wavefunction in the MP2/6-
31G* checkpoint file as an initial guess for the HF wavefunction of a different basis
poses no problems. An initiai guess HF wavefunction usiné a different basis set
can be projected onto the new basis. The same is not true for the CIS
wavefunction.

The vertical excited state density differehqes (CIS GDM - SCF DM, CIS
GDM - 1PDM) for the 1L and 1Lb excited states and the MOs were calculated with
the CUBE keyword at the MP2/6-31G* optlmlzed geometry For the density
difference and MO calculatlons the geometry was read from the checkpomt file
using the "geom=check" command and the wavefunction was read using the
"guess=(read,only)" command. The density differences were calculated from the
total electron densities using the 6-31+G* basis (the exﬁited states are better

modeled with diffuse functions) while the MOs were calculated using the 6-31G*
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basis. The total electron densities -were' produced‘ with the
"Cube=(Density, Total,Full)" command. To specify the CIS GDM in calculatiﬁg the
total electron density, the "Density=(Chk,Current)" is used and to specify the
1PDM, the "Density=(Chk,CIS=n)" command is used where n is the excited state ‘
of interest. Accessing the CIS 1PDM from the checkpoint file assumes that the
CIS command "Densities” was used in the excited state calculation. The MOs
were produced using the "Cube=Orbitals”" command from the SCF density by
default. The total electron densities were examined at a parallel plane 0.6 A above
the molecular plane. The MOs were calculated in a parallel plane 0.7 A above the
molecular plane. The density diﬁeréncs and MO plane grids were 101 by 101.
points across with an interval size of 0.1 A and centered at the molecular center
of charge given in the G92 standard orientation. The plots of the MOs used a
contour range aﬁd separation of (-0.1 to 0.1, 0.01). The (CIS GDM - SCF DM)
density differences used a contour range and separation of (-0.01 to 0.01, 0.001)

while the (CIS GDM - 1PDM) density differences used (-0.001 to 0.001, 0.0001).

3. Resource Allocations

For the vertical transition calculationé eight megawords of ﬁemory were’
allocated for all basis sets. The \}ertical excitation calcﬁlations had the following
CPU fime allocations: 10 min for STO-3G and 3-21G; 1 hr for 6-31 G, 6-31+G, and
6-31G*; and 2hr for 6-31 +G*. The density and MO plots had 2 megawords of

memory allocated and 90 s of CPU time.
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D. Potential Energy Surfaces

1. Geometry Incrementation

ane the optimized ‘geomet'ries fof the 1La and 1Lb states ha;/e been
calculated, the optimized geometry difference vector (difference vector) connecting
the minima can be cénstructed. This is done by subtracting the 29-dimension
‘vector representing the 1Lb optimized geometry (optimized geometry vector) from
the 1La optimized geometry vector to form the 1L5-1‘La'difference vector. Each
combonent of the optimized geometry vector is a generalized internal coordinate
of the optimized excited state. |

The difference vector is scaled by the‘inverse of the desired number of
intervals between the minima. This produces a linear geometry increment between
the excited state minima. For the surfaces in this study, ten intervals between the
‘minima were chosen. This produces 11 geomeiry points between (and including)
the minima. An additional four increments in the negative direction of the 1Lb-1 L,
difference vector starting at the 1Lb minima and 4 increments along the direction
of the 1Lb-1 L, difference vector starting at the 1Lé minima produce an additional
8 geometry points for a total of 19 geomefry points. Two sets of 19 geometry
points over which to calculate the 1Lé and 1Lb electronic state energy result since .

the CIS and CIS-MP2 1Lb'-1 La difference vectors are distinct.
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2. Surface Construction

For the calculation of the CIS 1La-1 Ly, singlét manifold, individual input decks
at each geometry point were constructed. Since the CIS method as implemented
in G92, by default, calculates three excited states and some of the_ir properties, the
information for both the 1La and 1Lb states at a selected geometry point is acquired
with one input deck. inthe CIS-MP2 cafculation,_ individual input decks for each
excited state ("root=1" and "root=2") at each geometry point must be constructed
since.‘the CIS-MP2 method is applied to only one excited state at a time. Each of
these input decks performs a single point CIS or CIS-MP2 excited state calculation
at a geometry modified from the HF/3-21G optimized ground state geometry. A
program was written to perform the geometry increments discussed in the
preceeding section énd write each geometry point (generalized coordinates) to a
file in the format acéeptable for the "geom=mc;dify" éommand. A VMS DCL
command file was written to apbend each geometry point filé to a G92 input deck
contai.ning the nécessary keyword command line to perform an excited state .'
calculation at each modified geometry. -

Each input job, which runé one inpUt deck, was submitted in batch mode to
the Cray Y-MP C90. To speed the calculation, four input jobs to be processed
were kept on the Cray queue. Since the resulting output files were rather large
(approximately 80 blocks with "pép:minimal'f), the relevant excited state
information was extracted from each §utput file as it was produced and then the

output file was discarded. The important information to keep is: 1) excited state
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and ground state energies, 2) transition dipoles and oscillator strengths, 3) excited
configuration coefficients.

The excited state information was then merged into one file creating an
excited §tate summary file from which the potential- energy surface section was
plotted. The excited state summary file was read into Quattro Pro as a text file
and a Quattro Pro macro was written to convert the text data into numerical
columns. The CIS or CIS-MP2 state energy and transition dipole angle at each
geometry point was plotted as a function of the fraction of the difference vector

corresponding to the geometry point.

3. Resource Allocations

For each CIS and CIS-MP2 single point calculation, 8 megawords of
memory and 1‘0 minutes of CPU time was allocated. At least approximately 320
blocks (4 X 80 blocks) of disk storage wés neccessary on the VMS front end to
prevenf jobs being held on the Cray in the event the output file processing was

interrupted.
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IV. RESULTS AND DISCUSSION

‘A. Ground State Optimizations

1. Convergence and Timihg‘_s_

The optimized ground state geometries of indole (C, symmetry) were:
obtained relatively easily using a series of basis sets: STO-3G, 3-21G, 6-31G, and
6-31G". The convergence criteria of maximum force, RMS force, maximum
displacement, and RMS displacement within Gaussian 92 were met indicating a
converged geometric structure for the HF and MP2 methods and all basis sets
considered. |

"The optimization timings are given in table 1. Increasing the number of
basis functions results in increased CPU time required. The MP2 method requires
substantially larger CPU time due to a dominant partial integral transformation
which scalés as O(Nk4)21, where N is the number of electrons and k is tﬁe number
of basis functions. Within the HF method the number of optimization steps is
constant indic.ating an independence of basis set (for the basis sets used) in the
rate of structure convergence. The MP2 method actually requires fewer
optimization steps (though nearly the same) than the HF method. This suggests
fhat the method used for optimization and not the basis determines the speed of
structure convergence. The choice of basis will affect the SCF convergence rate

within each optimization step, however. Optimizations using different basis sets

!
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having the same number of basis functions require the same time indicating the

independency on the number of gaussian primitives.

Table 1. Ground State Geometry Optimization Timings

. basis optimization :
method/basis functions steps? cpu® (min)
HF/STO-3G 52 . ' 6 2
HF/3-21G 95 6 ' 15
HF/6-31G 95 6 15
HF/6-31G* 149 6 82
MP2/6-31G* 149 5 144

2All optimizations start from crystal coordinates (see text).
bCray Y-MP C90 running Gaussian92

2. Optimized Ground State Geo_metric Structure

The optimized internuclear disténces' are listed in téble 2 and compared with
one experimental crystal structure®. The theoretical geometries are relatively
~consistent but do not agree well with the crystal structure for mos'g bond lengths.
‘Bond length alternation in the calculated structures is‘observed in the benzene ring
bonds not common to the pyrrole ring. The HF/STO-3G geometry is in most
discord with the HF/split valence basis geometries in the bonds invc;lving nitrogen
(N1-C2 and N1-C8). This is probably due to the enhanced ability of the split
valence basis to produce éafbon orbitals in the anisotropic environment which

-overlap the contracted nitrogen orbitals better producing shorter bond lengths. The




Table 2. Ground State Optimized Internuclear Distances (in A)

-

MP2/6-31G*

HF/STO-3G HF/3-21G  HF/6-31G  HF/6-31G* expt?
N1-C2 1.400 1.388 1.383 1.373 1.380 1.377
C2-C3 1.342 1.349 1.353 1.348 1.376 1.344
C3-C9 1.450 1.446 1.444 1.442- 1.430 1.451
Cc8-C9 1.401 1.404 1.405 1.401 1423 1.380
C4-C9 1.406 1.394 11.398 1.399 1.408 1.412
C4-C5 1.371 1.375 1.379 1.379 1.388 1.397
C5-C6 1.410 1.401 1.404 1.404 1.413 1.386
C6-C7 1370 1.374 1.379 1.375 1.389 1.391
c7-C8 1.403 1.390 1.393 1.394 1.401 1.400
1.377 1.379 1.371 1377 1.391

N1-C8 1.396

aCrystal structure (see text)

oy
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effect of polarization functions in going from the 6-31G basis to 6-31G* basis is

also most pronounced for these bonds enabling a shift of electron density into the
" carbon-nitrogen internuclear region resulting in bond lengths about 0.01 A shorter.
The polarization functions have little effect on the other bond lengths. Varying the
number of gaussian primitives in going from the 3-21G basis to the 6-31G basis
the geometry varies insignificantly by less than 0.006 A.

Compared to the HF/6-31G* structure, the MP2 correlation tends to
lengthen all bonds by about 0.01 A except for the 03-09 and N1-C8 bonds which
are involved in the linkage of the enamine moiety to the benzene ring. The C3-C9
bond length is contracted by about 0.01 A and the N1-C8 bond is invariant. The
"+ C2-C3 and C8-C9 MP2/6-31G* bond lengths elongate sig'nifiéantly from both the
HF and crystal valués. This is an interesting result in light of the observation that |
- MP2/6-31G* strﬁctures of many other molecules are found to closely agree with
their experimental structure. This is thought to be due to a cancellation of errors
induced by énharmonicity and MP2 bond length extensioh.‘28 Interestihgly, it is the .
C2-C3 and C8-C9 bonds which have‘ near perfect agreement with another recéntly
reported SCF ground state structure calculated using a double-zeta level basis with
K-shell orbitals replaced by compact effective core poten‘tials.19 The rest of the
MP2/6-’:§1G* bond Ieﬁgths are contracted by over 0.01 A compared to this
structure. The MP2/6-31G* geometry is used as the ground state structure in
excited state calculations invol\)ing fhe Franck-Coﬁdon approximation. The

complete optimized structure is provided in table 17 in the Appendix.
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3. Ground State Dipole Moments

The calculated permanent dipole moments at the optimized geometries are
provided in table 3. The ground state of the indole molecule has Cg symmetry and
the dipo!e moment has nonzero x,y components which can equivalently be
expressed in terms of a magnitude and angle from an arbitrary axis chosen to be
the Iong axis. The magnitudes are in Debyes (D) and the direction is in degrees
away from the long axis with a negative angle and .positive dipole end toward the
nitrogen. The épproximate long axis is calculated from each optimized geometry
as the vector connecting the' midpoint of the C5-C6 bond and the C2 atom.

The dipole magnifudes and directions are qualitatively independent of the
Varipus geometries, density matrices, aﬁd methods used in the dipole balculation.
The dipole magnitude tends to increase with basis and levei of theory. The
HF/STO-3G//SCF calculated dipole has a smaller magnitude than the calculated
dipoles using a split valence basis. Also, it Has a direction about 3 degrees farther -
away from the \loﬁg axis. Thé HF//SCF dipoles using a spiit valence basis vary
slightly in magnitude bﬁt have nearly equal directions. Thé effect of MP2
correlation using the SCF density tends to increase the magnitude to very good
agreement with experiment*® while presérving the direction. This agresment may
be coincidental since the experimental‘ magnitude is a benzene solution
measurement. The effect of using the MP2 density increases the magnitude while
slightly decreasing the angle.

Justifying the MP2 correlation effects on the dipole moment is not easily
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accomplished by just comparing the electronic structure manifest in the MP2 and
SCF density matrices. Thé HF dipole is calculated as an expectation value while
the MP2 dipole is calculated as a derivative in accord with the Hellmann-Feynman
theorem.‘ Since MP2 is an incomplete elelctron correlation method, inéquality is
expected in the dipoleszs, regardless of which density is used. One electron
properties calculated using the derivative methods have been shown to be superior
to expectation value methods'’*?® and thus the difference from experiment using

the derivative method is probably due to basis set truncation errors and incomblete ‘

electron correlation. Errors in the experiment are also possible.

Table 3. Ground State Dipole Moments

geometry//density T eP
HF/STO-3G//SCF 1.80 . -48.8
HF/3-21G//SCF 202 -45.3
HF/6-31G//SCF 1.93 -45.9
HF/6-31G"//SCF 2.05 -45.5
MP2/6-31G*//SCF 2.12 -45.2
MP2/6-31G*/MP2 2.21 -47.6
Expt | . 2.13° |

@Dipole moment magnitude in Debyes

bDipole moment direction in degrees away from
long axis. Negative angle is towards N.
°Reference 40.
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B. Excited State Optimizations

1. Convergence and Timings

Bpth the CIS and CIS-MP2 optimized excited state structures for the 1La
and 1Lb states. (Cq symme;cry) were obtained using the 3-21G basis. The CIS
structures coﬁverged to the optimized geometry as evidenced by the G92
convergence criteria being satisfied. Instability of the CIS-MP2 method kept these
convergence criteria from being met in both the 'L, and 'L, excited state
optimizations.

For reasons unclear, the CIS-MP2 method would start to converge to the
optimized structure but then would repeatedly jump to another structure having a
lower CIS energy (the minimum energy CIS-MP2 structure is not necessarily the
CIS minimum energy structure). For the 1Lb obtimization this structure closely
resembled the CIS optimized geometry. in the 1La optimization this structure was
intermediate between the CIS and tﬁe CIS-MP2 optimized structure. The transition
dipole was checked to ensure that state flipping between the 1Lal and 1Lb states
was not occurring. CIS-MP2 convergence Was determined by analyzing the state
energy as a function of optimization step. A period of constant CIS-MP2 state
energy occurring for four or.more optimization steps was taken as a converged,
optimized structure.

The exéited‘state geometry optimization timings are given in table 4. The

CIS-MP2 starting geometry is given in the Procedures chapter and the CIS starting
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geométry is the CIS-MP2 optimized structure. Since it was unknoWh how much
optimization time would be required, the higher correlated CIS-MP2 structures
were found before the CIS structures. This resulted in the CIS optimizations
requiring less optimization stéps since it was near the converged structuré initially.
In retrospect, since both CIS-MP2 and CIS optimizations were performed, greater
efficiency would be achieved in performing the CIS optimization first. The.
approximate CPU time per optimization step of 7 min/opt step for the CIS-MP2
method and 3 min/opt' step for the CIS method indicates the increased
computétional intensity of the CIS-MP2 method. More direct comparisons of the
. CIS and CIS-MP2 methods and their dependency on the number of basis functions

is examined in the vertical excitation timings section.

Table 4. Excited State Geometry Optimization Timings®

1La | 1Lb.'
opt cpPUP opt cpPUP
method steps (min) - steps . (min)
Cis 5 13 5 13

CIS-MP2 11 70 16 125

aAll excited state optimizations performed with the 3-21G basis
bCi'ay Y-MP C90 CPU running Gaussian92

2. Optimized Excited State Geometric Structure

The CIS/3-21G and CIS-MP2/3-21G optimized internuclear distances of

indole are provided in figure 3. The optimized geometries are substantially
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different from the ground state MP2/6-31G* geometry (see table 2). The

previously reported optimized CIS 1La geometry19 is in perfect agreement with our
I strucfure. Their optfmized 1Lb structure, obtained with a C‘ASSCF/'3-21G '
calculatipn correlating four electrons over a four m orbital activé space, is in
significént disagreement with both the CIS and CIS-MP2 1Lb structures obtained
in this study. The MCSCF 1Lb structure, while having an identical C2-C3 bond
length to the CIS 1\Lb structure, is believed by our group to seriously deviate from
the unknown experimental structure. The Franck-Condon progression anticipated
from such slongated C4-C5, C5-C6, and C6-C7 bonds found in their MCSCF 1Lb
structure is not observed ex_pe-rimentally.”'12 The complete CIS and CIS-MP2
optimized structures are given in table 18 and table 19 of the Appehdix.

The optimized CIS and CIS-MP2 geometry differences from the ground
state (optimized MP2/6-31G* géometry) for the 1La and 1Lb excited states are
prbvided in figure 4. They illuminate th‘e excited state electronic structure through
its effect on the geometry. One striking feature is the alternation of bond length
contractions symmetric about the plane cpntaining the long axis perpendicular to
the molecular plane. In the CIS 1La geometry difference from the ground state, the
bond contractions involve the C5-C6, C7-C8, C9-C3, and N1-C2 bonds while in the
1Lb geometry difference, bond contractioné occur, to a lesser degres, in the C5- .
C6, C4;CQ, C8-N1, and C2-C3 bonds. The alternati'dn in bond length contractions
corresponds to alternation in localized internuclear electron density accumulation

upon excitation. This symmetry is indicative of uniformity in the 1LaL and 1Lb
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(a)
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[1.350]
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Figure 3. 1La (a) and 1Lb (b) optimized internuclear distances (in A).
(CIS/3-21G) [CIS-MP2/3-21G]
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(a)
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E:g'gg}% [+0.013]
T (-0.016)
[-0.030]
(+0.064) (-0.035) I}q
[+0.084] [-0.031]1  (+0.020)
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(-0.009)
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(+0.026)
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[+0.0127.
(+0.044)
< [+0.034]
(+0.017) ]}J
[+0.014] (+0.006) (-0.030)
[+0.018] [-0.028]

Figure 4. 1La1 (a) and 1Lb (b) optimized geometry differences (excited state -
ground state) from the optimized MP2/6-31G* ground state geometry
(inA). (CIS/3-21G) [CIS-MP2/3-21G]
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electronic structure at the CIS level of theory.

The effect of the CIS-MP2 correlation on the 1La and 1Lb geometry differs
significéntly and serves to distinguish the 1La and 1Lb optimized geometry
differenqes. In the 1Lb, the higher correlation iengthen.s tbe C5-C6 bond: instead
of contracting it slightly as CIS does. The CIS-MP2 C4-C9 bond confracts very
slightly compared to a more signifcant CIS contraction. CIS-MP2 contracts the C8-
N1 and C2-C3 bonds about the same as CIS does. In the 1La, the CIS-MP2 effect
severiy contracts the C5-C6, C9-C3, and N1-C2 bonds more than the CIS m‘ethod
does but céntracts the C7-C8 bond length about the same as CIS. This difference
in behavior of the CIS-MP2 correlation shows the very different character of these
excited stateé. It indicates that CIS-MP2 1‘Lb geometry change from the ground
state now involves a benzene ring expansipn, similar to that observed in the
INDO/S results, while in CIS-MP2 1La structure the originél CIS geometry chénges
are reinforced. Most of the other 1L,D bondé expérience a slight increase in bond
length compared to CIS (less than 0.01 A) while‘ most other 1L’a Bonds are‘
lengthened significantly compared to CIS with many changes greater than 0.02 A
and a maximum change (N1-C8) of 0.052 A from the CIS structure. |

Thus, it seems as if two perspectives exist in how the CIS method r’n.ay be
deficient in representing the geometric structure of the 1La and 1Lb optimized -
éxcited states as compared to the correction producedl by the CIS-MP2 rﬁethod.
The CIS-MP2 1La correction involves changes of extremely Iargé magnitude but

still reinforces the overall CIS excited state geometry. The CIS-MP2 1Lb
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correction, while much more subtle in magnitude, changes the general symmetric
CIS structure to involve a ring expansion distinct from the 1La optimized structure.
The pyrroIe structure is not radically changed with the CIS-MP2 correction in both
the 1La gnd 1Lb optimized geometries.

| In comparing bond length differences between the excited state geometries,
some trends emerge. As expected from the differences with the ground state, the
CIS-MP2 method produces larger geometry differences between the 1La and the
1Lb optimized geometries than the CIS method. All boﬁds except the C4-C5 bond |
involve large differenceé having magnitudés greater than 0.028 A with half the
bonds iri\/olving differences greater than 0.04 A. The maximum CIS geometry
difference is 0.060 A for the N1-C2 bond followed by 0.057 A for the C2-C3 bond.
The maximum CIS-MP2 geometry difference is 0.100 A for the N1-C8 bond
followed by 0.071 A for the C2-C3 bond. A bond having a large excited state
geometry difference always haé a large = bond order difference if n-c polarization
is neglected. It is likely thét the 1La and 1Lb surfaces cross along the stretchiﬁg

mode involving this bond'®.

3 Optimized Excited State Electronic Structure

a. Molecular Orbitals and CIS Expansion Coefficients

The coefficients of the dominant singly excited configurations (magnitude

> 0.1) which constitute the 1La and 1Lb excited states at the CIS level of theory are
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shown in table 5. The coefficients are reported at the optimized geometry for each
- state. There is an interesting symmetry in the coefficients which results in a
complementarity of the coefficients of the excited coefficients in the CIS expansion.
The sum of the magnitudes of the coefficients for the excited configurations
involving‘ excitation from the same occupied MO is nearly equal in the 1La and 1Lb
states. 'Alternatively, the magnitudes of the coefficients of the excited
configurations involving excitation into the same virtual MO are nearly equal.
Interestingly, from the normality condition oh the CIS wavefunction, the dominant
coefficients of both CIS/3-21G 1La‘and 1Lb wavefunctions account for 47% of the
total CIS wavefunction. Comparing the Cl coefficients of the previous INDO/S-SCI |
calculations,'® the same excited configurations are dominant but account for a
higher percentage of the wavefunction ( > 93%)-.— This is probably due to the
restricted CIS space in the INDO/S calculations (196 singly excited configurations)
whereas comblete CIS (within the 3-21G basis) is performéd in this study ( 2816

SECs).

Table 5. CIS/3-21G Optimized Excited State Configurations®

state CSF ‘ Coefficient

L, HOMO-1 — LUMO+1 0.23

| HOMO — LUMO 0.65

L, HOMO-1 — LUMO 0.60
HOMO - LUMO+1 -0.33

#Dominant excited configurations with coefficient
magnitude greater than 0.1
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The & molecular orbitals (HOMO-1, HOMO, LUMO, LUMO+1) involved in

the dominant singly excited configurations of the 1La and 1Lb nr* states are shown .
in figures 5,6,7,8. They were celculated at the MP2/6-31G* optimized geometry
07A above the molecular plane using the HF/6-31G* density. The MOs are ef
spatial symmetry A" with the HOMO-1 and HOMO nondegenerate due to the
presence of the nitrogen perturbation and C8-C9 crosslink. The general structure
of the occupied MOs (HOMO-1 and HOMO) was basis set independent. The
virtual MOs (LUMO and LUMO+1) were basis independent within the split valence
basis sets without diffuse functions. With diffuse functions or using the STO-3G,
energy reordering occurred in the virtual MOs. Also, with diffuse functions, more
_ CSFs involving extremely diffuse virtual © MOs became dominant in the 1La and
1Lb wavefunctions. The general nodal structure of the degenerate HOMOs and
LUMOs of benzene persist in the six member ring of the indole MOs. Larger
distortions to the MO structure in the benzene region dAue,to the enamine linkage
occur at C8 in the HOMO and LUMO but also across the ring at C5 in the LUMO.
The}e is good agreement of the general structure of the ab initio MOs with the
corresponeing INDO/S MOs.

From the MOs and CIS expansion coefficients characterizing the excited
states, it can be predicted that the electronic structural differences from the ground
state involve increased antibonding _predominantly in the N1-C8, C7-C8, and C8- '

C9 bonds due to excitation into MOs (LUMO, LUMO+1) having these antibonding

regions. Loss of electron density in specific bonding and antibonding regions due

\ .

>
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Figure 5. HOMO-1 at MP2/6-31G* ground state geometry using HF/6-31G*
density. Contour separation: 0.01 A 3721range: [-0.1,0.1] A 372.
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Figure 6. HOMO at MP2/6-31G* ground state geometry using HF/6-31G* density.
Contour levels as specified in Figure 5.
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Figure 7. LUMO at MP2/6-31G* ground state geometry using HF/6-31G* density.
Contour levels as specified in Figure 5.
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Figure 8. LUMO+1 at MP2/6-31G* ground state geometry using HF/6-31G*
density. Contour levels as specified in Figure 5.
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to excitation out of MOs (HOMO-1, HOMO) can also be anticipated. The predicted

expansion or contraction of bond length as a result of these predicted changes in
electronic structure are in go.od accord with the calculated excited state optimized
g‘eometries. If the geometry of an optimized structure and hencs, its electronic
structure, are not radically different from a chosen starting structure, these
predictions of electronic structure change based on the MOs and excited state Cl
coefficients can provide valuab'Ie insight into the nature of the optimized excited

state geometry without explicit optimization.

b. Electron Populations

Mulliken population analyses using the optimized CIS/3-21G wavefunctiens
and the CIS GDM illustrate the electronic structure of the 1La and 1Lb excited
states. The basis set dependence of Mulliken population analysis mandates the
use of the 3-21G basis in the optimized ground state for comparison. All electron

population calculations discussed in this section use this level of theory.

1. Atomiic Populations

The gross atomic populations presented in table 6 pljovide a perspec.:tive‘ of
the electronic structﬁre' in terms of the electron populations partiiioned_into the
atoms within the molecule. As discussed in the Theoretical Background, the
internuclear overlap population between two atomic centers is arbitrarily distr.ibuted

equally between the centers in partitioning the electron population for each atom.




Table 6. Mulliken Gross Atomic Populations?

GS 1La 1|-b

T  O© tot T c tot T c tot
N1 169 630 7.99 1.61 634 794 162 634 796
c2 103 486 588 102 486 588 111 483 594
C3 112 517 6.28 105 524 6.28 1.08 519 6.26
C4 099 523 622 108 517 6.25 1.09 518 6.27
C5 105 520 6.25 . 1.03 521 6.24 095 526 6.21
Cé 101 523 623 1.03 5.22 6.24 1.05 521 625
c7 - 107 516 623 112 515  6.27 114 513 626
(073} 100 456 557 1.01 458 559 093 460 553

C9 . 105 509 6.14 1.06 5.06 6.12 103 509 6.12

3HF/3-21G(SCF density) ground state popuiations, CIS/3-21G(CIS GDM) excited state pépulations.

9
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Some trends concerning both the ground state and excited statés can be seen.
The nitrogen carries the largest excess of total electron density due to its greater
electronegativity.. This is due to a significant increase in the ¢ density since a
depletioq of the = density for this atom is also observed. This results in the C2
and C8 atoms having a decrease in total electron density due to significant .c
density depletion. The C9 atom als§ has significant total electron depletion
probably due to the mildly electronégative character of the ethylenic fragment.
This is reflected in lower ¢ densities compared to the remaining carbon atoms
located in the benzene ring. These remaining carbon atoms have relatively
~ equivalent total electron densities but varying o and = densities in the ground and
excited states. In general, the r densities vary more than the o densities (as

expected for n* states) which vary slightly more than the total electron densities.
For the ground state, the‘mai-n featuré is the alternation in electronic charge
accumulation and dépletion of the & populations around both rings and the o-n
polariza;tion response. The 1La and 1Lb excited states also experience -7
polarization in the following sense: if state A has a higher (lowel,r) n population than
state B for a particular atom, then state A has a lower (higher) ¢ populatién than
state B in that atom, even though thé excited states léck the atomic n bopulation
alternation present in the ground state. This shows that there is a semi-constancy
of the total electron population in an atoﬁ upon excitation. This is also supported
by the observation that thé total atomic populationé have the least variance

- between the ground and excited states. The lack of distinction between the states
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is probably due to the inclusion of the overlap population in the gross atomic
populations. With this type of population, any information about the redistribution
of electron density between internuclear bonding regions and localized atqmic
regions i§ lost. |

The modified atomic populations given in table 7 provide a meésure of the
electron density in the immediate vic’i'nity of the étomic (;,enter completely separate
fror.n the édjacent atom internuclear overlap population. The carbon modified
atomic populations in the ground and excited states are significantly less than the
nitrogen population due to the greater electronegativity of nitrogen. This difference
in electronegativity has a dramatic effect on the adjacent carbon populations (C8
and C2) with these carbon populations greatly reduced compared to the
nonadjacent cérbon populations as also found with the gross atomic populations.
All excited state carbon atomic populations increase significantly compared to the
ground state except for C3 which increases only in the 1La state and C5 which -
increases predominan‘.tly in the 1Lb‘ state. ‘In_ this respect, the modified atomic
populations are more illustrative of the charge redistribution due to excitation than -
the gfoss atomic pobulations which show little change upon éxcitation. This
" increase in the excited ;state atomic populations results from electron transfer from
the overiap populations to the atomic populations. This is consistent with a _nn*
excitation from a bonding MO having higher electron density in the internuclear
region to a antibonding MO having lower density in the internuclear region and

- higher density in close atomic proximity. The nitrogen population remains relatively
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constant between the ground and excited states. While significant increase in
atomic population results upon excitation, the differences in the modified atomic
populations between the 1La and 1Lb states is rather insignificant except for the C3
and C5 populations. This may in part be due to the uniform'representation of
electron cofrelation of both states afforded by the CIS method. However, in the
next paragraph, it will be apparent that the dominant glectronic rearrangement
distinctive of the 1La and 1LS states occurs withiﬁ the édjacent atom internuclear

overlap populations which are deducted in the modified gross atomic.

Table 7. Modified Atomic Populations

GS L, L,
cs 4.52 4.61 4.63
co 4.87 496 4.98
c3 4.90 . 4.99 4.91
c2 4.63 4.79 - 4.77
NT 745 7.16 7.18
c4 | 4.87 5.07 5.08
Cc5 ' 4.87 4.90 4.98
o 4.87 5.02 5.03
c7 4.92 5.11 5.10

2. Overlap Populations

. The Mulliken internuclear overlap populations given in table 8 are more

revealing of the characteristics of the ground and 1La and 1Lb excited states. This




Table 8. Mulliken Overlap Populations?

GS o L, | L,

T (o) <. T 167 T 167
N1-C2 0.11 0.46 0.11 0.41 0.02 0.46
C2-C3 0.44 0.73 - 0.20 0.70 0.36 0.73
C3-C9 0.14 067 026 0.64 0.18 0.65
C8-C9 0.27 0.60 0.16 0.61 0.10 0.61
C4-C9 0.24 0.63 0.05 0.60 0.13 0.62
cacs 034 0.69 0.21 0.70 0.16 0.68
- C5-C6 0.25 0.69 0.29 0.67 0.19 0.66
C6-C7 0.33 067- - 003 066 0.12 0.68
c7-c8 0.24 0.58 0.28 0.55 0.15 0.55
N1-C8 0.11 030 0.07 0.28 0.15 0.24

#HF/3-21G(SCF density) ground state populations, C1S/3-21G(CIS GDM) excited state populations.

89
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view of the electronic structure emphasizes the overlap pépulation between
adjabent aioms. The overlap ¢ populations are much larger than the overlap =
populations, as expected, shéwing that the dominant internuclear density is due
~ to the strong o framework in organic aromatic molecules IikQ indole. The o
populations do not vary as huch as the & populations upon excitation signifying
the ntn* character of the transitions. élight variations in the ¢ density may be o-nt
bolarization but the variations do not follow the inverse relationship found Within the
gross afomic populations. The high & and ¢ populations of the C2-C3 bond in the
ground state indicates strong, compact bonding characteristic of a near ethylenic
moiety. The low m and ¢ populations in the ground and excited states of the N1-
C2 and N1;CB bonds reflect lower internuclear electron density and thus weaker
bonds than the C-C aromatic bonds. This is prolbably due to diminished overlap
of the contracted & and ¢ nitrogen orbitals with the carbon orbitals and possibly 5-
member ring strain. The distinct structure of tﬁe 1La and 1Lb excited states is

clearly demonstrated in the overlap populations presented in table 8.

3. Electron Population Differences

The total.gross atomic population changes‘due to charge redistribution upon
excitation (diagonal population differences) as well as the constituent changes in
the overlap populations (off-diagonal population differences) are summarized in
table 9. .A striking trend in the diagonal density differences is -n polarization.

Atoms which have large increases (decreases) in & density tend to have large
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Table 9. Electron Population Differences?®

" 'Ly,

T o} T 4]

N1 -0.085 - 0.040 -0.069 0.043
c2 -0.002 0.004 0.088 -0.025
c3 L0072 0.070 -0.041 0.019
c4 0.085 -0.061 0.103 -0.052
Cc5 -0.021 0.006 -0.008 0.060
Cc6 0.021 -0.014 0.044 -0.024
c7 0.059 -0.015 0.071 -0.039
c8 0.004 0.017 -0.077 0.039
c9  0.004 -0.027 -0.021 -0.001
'N1-C2 0.008 -0.060 -0.081 -0.011
C2-C3 - .0.237 -0.024 -0.079 0.000
C3-C9 0.122 0.029  0.039 -0.017
C8-C9 -0.115 © 0.018 . -0.176 0.013
C4-C9 _-0.180 -0.039 -0.102 .0.017
C4-C5 -0.125 0.005 -0.183 -0.008
C5-C6 0.048 - -0.024 -0.058 -0.031
C6-C7 . -0.300 -0.006 -0.211 0.014
- c7-Cc8 0.039 -0.034 -0.084 -0.035
N1-C8 -0.040 0.014 0.037 -0.051

8Diagonal population,difference's from Mulliken gross atomic
populations, off-diagonal population differences from
Mulliken overlap populations.
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decreases (increases) in ¢ density. For the 1La state, large decreases in the =
density occur in atoms C3 and N1 while large increases in n density occur in
atoms C4 and C7. This is in good accord with previous INDO/S results although
the magpitude of the differences is much larger in the INDO/S calculations'®. A
different picture emerges for the 1Lb state. The 1Lb state involves large & density
decreases in atoms N1, C5, and C8 while large nt dgnsity increases occur in atoms
C2, C4, and C7. Other moderate m density differences occur. The density
differences of fhe 1Lb compare reasonably to those found for the 1Lb state in the
INDO/S calculations but the ab initio density differences tend to have larger
magnitude than the INDO/S values with a few exceptions in both sign and
magnitude. The 'magnitude of the density differences in the 1Lb state are very
similar to those found for the 1La state. This is in poor accord with the INDO/S
results which show a large difference in the magnitude of the density differences
in the 1Lb state compared to the 1La state. The uniformity of the density |
differences of the 1Lal and 1Lb states may be due to the lack of proper elecfron
correlation (higher excited configurations). If the 1La density differences are much .
larger in magnitude than the 1Lb density differences, then it is probable that-the
CIS method is more poorly representing the 1L&l electron density compared to the
1Lb electron density.

The overlap density differences of the 1La and 1Lb states are also listed in
table 9. For the 1Lb state, the major decreases in & electron population occur in

all bonds of the benzene ring of the order of 0.1e-0.2e (bond order changes =
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0.05-0.1). In the pyrrolé ring, moderate decreases in &t populations also occur in

the N1-C2 bond and C2-C3 bond. Slight gains in r population occur in the C3-C9

bond and the N1-C8 bond. The changes in ¢ population are minor. For the 1La
state, the benzene ring &t density differences differ greatly from the 1Lb state. The

C6-C7 bond has the most extensive n-density loss with additional significant = |

~ density decreases occurring in the C4-C5, C4-C9, and C8-C9 bonds. -The C5-C6

and C7-C8 bonds have w density increases. In the pyrrole ring a very large e
density decrease (much larger than in the 1Lb state) occurs in the C2-C3 bond.
A significant = density increase also occurs in the C3-C9 bond but the N1-C2 bond
has very little T bond change. As in the 1Lb state, only slight changes in o density

6 exists for the

occur. Remarkably good agreement with the INDO/S calculations’
overlap (off-diagonal) & charge density changes in the 1La state. For the 1Lb state
the sign of the differences are all the same but the magnitudes of some of the
differences are slightly different than in the INDO/S calculations.

For the 1La, the changes in electron density are in good accord with the CIS

"and CIS-MP2 optimized geométry differences. For the 1Lb, the density ehanges

of the benzene ring are in good accord wit_h the ring expansion predicted by CIS;
MP2 but not the CIS method whiqh' predicts a geometry slightly symmetric to the
1La. Also,‘ the'C2-C3 bond loses 7 density in the 1Lb but a bond éontraction
occurs in both CIS and ClS-MF"Z. Similarly,' the N1-C2 bond contracts
substantially in CIS and CIS-MP2 when it is predicted to Iehgthen with the

moderate decrease in w density. This discrepancy probably arises since the
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optimized geometry is highly dependent on the ¢ density changes due to n-o
polarization. While the ¢ population differences are smaller in magnitude, their
effect on the geometry is not identical to the & electrons since the orbital overlap
and corr‘espondi‘ng bond strength for these types of electrons differs. That one
geometry agrees well with ‘the'n.density differences and the other does not could
be explained by the 1La aﬁd 1Lb, having a different dependence on =n-¢

polarization18.

lonic structures are known to depend on n-o polarization more.
Consistent with the greater ionic nature of the 1La state over the. 1Lb state, the
magnitude of the n-e polarization of the 1La is somewhat greater than the 1Lb
state. The discrepancy may also be due to poor electronic structure of the 3-21G
ground state whose use was mandated by the basis set dependence of the
Mulliken population analysis. The © and o differences are summarized graphically
in figure 9. The ab initio difference pattern.s as defined by the gross atomic and
overlap populations agree remarkably with the INDO/S density difference matrix
elements'® even though they are not the same quantities. The INDO/S values are
" density matrix elements while the gross atomic populations contain overlap terms

in addition to the density matrix elements and the overlap populations are overlap

weighted density matrix elements resulting from a nonorthogonal basis.2":

4. Optimized Excited State Energies

The CIS and CIS-MP2 optimized excited state energies are shown in table

10. From these it is apparent that at the CIS/3-21G level of theory, the 1La state




Sigma Density Differences Pi Density Differences

Figure 9. 1La and 1Lb a and /r population differences (CIS/3-12G - HF/3-21G)
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is lower in energy than the 1Lb state by about 0.0043 au. This contradicts the
experimental observation that the vapor phase 1Lb 0-0-transition is lower energy
than the 1La 0-0 transition.'"12 At the CIS-MP2/3-21G level of ‘theor’y, the energy
ordering is correct with thg 1Lb state lower in énergy than the 1La1 state by about
0.0251 au = 5513 cm™. While the exact location of the 1La origin remains
unknown, vibronic peaks having 'L, character are known to start 455 om”! to the
‘blue of the 1Lb origin.”'12 With the proper state order'emerging with the CIS-MP2
method, this demonstrates that the 1‘Lb state depends more strongly on higher
eiectron correlation than the 1Lal state. Viewed another way, it suggests that the
CIS method more poorly modeis the 1Lb excited state energy than the 1La excited

state energy.

Table 10. Optimized Excited State Energies (in au)

CIS-MP2°
state .- Ccls? doubles triples total
1 L, -369.2376 -0.0998 -0.6525 -359.9866
1 Ly -359.2333 -0.1348 -0.6444 . -360.0118

aCaIculated at CIS/3-21G optimized geometry
bCalculated at CIS-MP2/3-21G optlmlzed geometry

.Provided in the output of the CIS-MP2 excited state energies is an estimate
of the contribution of doubly and triply excited configurations to the correlation
energy. These are listed in Table 10 also. The doubly excited configurations are -

predicted to lower the CIS 1La state energy by 0.09_98 au while lowering the CIS
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1Lb state energy by 0.1348 au. This suggests a greater dependence of the 1Lb
state on doubly excited configurations compared to the 1La state. The predicted
contribution of the triply qxcited configurations is to lower the 1La state energy by
0.6525 au and the 1Lb statg energy by 0.6444 au. This suggests that the 1La1 state
has a stronger dependence on the triples than the '1Lb state. Equally significant
is that the contribution of fhe triples to the correlation energy is much larger than
the doubles for both excited states. The sum contribution for the 1La state is
0.7523 au and for the 'L, state is 0.7792 au. This shows that the 'L, state does
~ have greater dependence than the 1La on higher excited configurations in lowering
the Qlectronic enefgy. While the effect of the triples’is greater on the 1La state
energy, with the improper state energy retained, it is the larger contribution of fhe
doubles to the ! L, state energy which produces the correct energy order produced

in the CIS-MP2 method.

5. Excited State Dipole Moments

Thé excited state dipole moments are provided in table 11. Assuming that
the molecule maintains C symmetry in the optimized excited state geometry, the
dipole momént will be represpnted in terms of two polar coordinates, magnitude
and direction. The oriehtation' of the dipole direction is that the positive end points |
down toward the nitrogen. |

It seems that the dipole magnitude for the 1La state is grossly

underestimated compared to experiment while the 1Lb is in close agreement.
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However, the reported experimental 1Lb dipole ‘magnitude was measu'red in vapor
phase41 \’Nhile the reported experimental 1La dipole magnitude was measured in
benzene solution*2. A 1.1 D difference between the vapor and benzene 1Lb dipole
magr;i‘tudes42 along with t.he larger polarizability of the 1La state (transitions with
larger oscillator strengths are more mlérizableaa), indicates that the 1La calculated
dipole magnitude may not be that distant from thé unknown vapor phaseA
experimental value. The standard INDO/S-SCI 1La and 1Lb sta—fe dipoles16 are
overestimated compared to the a? initio and experimental magnitudes but match
the experimenfal solvent mea’surements—more closely. The large = 'electron
population decrease in atomé N1 and C3 coupled with large increase in & slectron |
population of atoms C4 and C7 increases the magnitude of the 1La excited state
dipole from the ground state value'® as found in the INDO/S. results. Since the
magnitude of the & density differences in the 1L&l state are much smaller .than
those of the INDO/S calculations but still retain the same sign, it is likely that this
is fthe reason for the underestimated dipole magnitude compared to the Iarger
‘value obtained in the INDO/S caIcuIationé. ' Even with the large = density
differences produced in the 1Lb state, they are distributed such that little change
in magnitude and direction from the ground state dipole results.
With the 1La and A1Lb dipoles, using the 1PDM produced. a larger dipole
magnitude. It is plausible that the larger magnitudes are due to the greater
uniform extent of the unrelaxed electron density afforded by the 1PDM. This is

supported by the density difference plots between the CIS GDM and the 1PDM,
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figures 12 and .13, which shows the greater extent of the 1-particle density and
also supports a smaller dipole angle from the long axis. The larger deviation in the
1La dipole angle between CIS GDM and 1PDM suggests a greater overall
rotational shift of the electron density in the 1La state provided by the CIS GDM.
This further suggests a greater dependence of the 1La stafe on correlated electron

distributions.

Table 11. Excited State Dipole Moments

state geometry//density e eP

L, CIS/3-21G/1PDM 3.42 -20.7
CIS/3-21G//CIS 3.22 -27.3
Expt ' 5.4°

L, CIS/3-21G/1IPDM ' . 242 -44.0
CIS/3-21G/CIS 2.15 -41.3
Expt 23

®Dipole moment magnitude in Debyes. :
Direction in degrees away from long axis, negative angle towards N.
el magnitude ref 42, 'L, magnitude ref 41.

While the change in geometry due to higher correlation will have an effect
on the dipole magnitude, this effect is small compared to the effect of better
charge distributions afforded by higher correlation. For example, the calculated
dipole. at the ClS-MP2/3-21G optimized geometry using the CIS density (CIS-
MP2/3-21G//CIS) only improved (increased) the magnitude of the CIS/3-21G//CIS

'L, dipole by 0.09 D and the 'L, dipole by 0.05 D.
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C. Vertic_:al Transitions

1. Single Point Timings

The CIS-MP2 single point timings are provided in table 12. The individual
CPU times for the CIS and MP2 calculations as a function of basis set are
provided as well as the tqtal time. The difference between the total time and the
sum of the CIS and MP2 time is the time needed for the AO to MO integral
transformation. The MP2 time is given for the calculation of the Hamiltonian matrix
elements over triply excited configurations only but the number of triply excited
configurations is far greater than the number of doubly excited configurations for
large basis sets so this time should provide a reasonable estimate. The timings
increase moderately for the CIS diagonalization and sharply for thé MP2 Iine‘ar
transformation. The Cl diagonalization is supposed to scale as O(N2k4) and the
MP2 transformation scale as O(ke) 21 where N = number of electrons and k is the
numbér of basis functions. The timings reported here take less time than required
| by these scaling relations. Since the Cray Y-MP C90 has 16 parallel processors,
médifications made to Gaussian 92 to efficiently utilize this hardware may have
changéd the " scaling relations repoﬁed in the older literature. The ClI
diagonalization operates iteratively and.thus seems to converge at different rates
depending on basis as illustrated in the 3-21G and 6-31G timings. The MP2
timings remain constant over this change of basis. For a small number of basis

functions the MP2 times are less than the CIS as observed in the STO-3G basis.
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Table 12. CIS-MP2 Vertical Excitation Timings® (in min)

: basis
basis functions cIS MP2P total
STO-3G 52 0.13 0.12 0.5
3-21G 95 0.38 370 65
6-31G 95 - 0.80 3.70 7.9
6-314G 131 1.57 14.1 26.1
6-31G* 149 208 234 34.3

6-31+G* . 185 3.92 55.6 80.5

8Cray Y-MP C90 CPU running Gaussian92
bTime required for triples

2. Vertical Transition Energies

This study examines the effects of a common progression of basis. sets:
STO-3G, 3-21G, 6-31G, 6-31+G, and 6-31+G*. The basis sets elicit the effect of
split valency, increase in Gaussian primitives, diffuse functions, bolarization
functions, and the combination of these basis functions on the CIS and CIS-_MPZ
 electronic energy. This order of basis sets is increasing in the number of basis
functions. While improvement of the basis sef resuits in lowered state energies,
convergence in the transition and staté énergies was not detected. All vertical

transition energies are calculated at the MP2/6-31G* ground state geometry.

a. CIS Transition Energies

The calculated CIS vertical excitation energies are given table 13. As




Table 13. CIS//MP2/6-31G* Energies

'L, "Ly ‘
Transition State (a.u.) Transition | Stater (a.u.) .
Basis (103 em™) ; (10° em™)
STO-3G 582 -356.764 57.1 -356.769
3-21G 48.6 -359.230 49.0 -359.228
6-31G 47.7 -361.117 48.3 -361.115
6-31+G '45.8 -361.137 46.9 -361.132
6-31G* 465 -361.253 47.2 -361.250
 6314G* 44.6 -361.273 45.7 -361.268
Expt.2 +38.9 35.2

4Reference 8.

I8
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mentioned previously, experimental evidence indicates that the 1La transition
energy is greater than the 1Lb transition enérgy. The CIS method, at all basis sets
except the STO-3G, reverses the proper order of the 1La and 1Lb vertical transition
energies. This indicates a.biased’representation of the excited states with the 1La
state energy. better modelled using the CIS method thaﬁ the 1Lb state energy.
This is also demonstrated by the fact that the difference bétw‘een the best
calculated 1Lal transition energy and the experimental value is better (sma||er5 than
the 1Lb difference. All CIS transition energies improve with basis set viewing the
6-31G transition eﬁergy as a reference for the 6-31G series; The larger 6-31G*
transition energy compared to the 6-31+G transition energy is due to the
polarization functions lowering the HF energy more than the diffuse functions.
Although the CIS/STO-QG excited states had the proper trahsition energy
order, the transition energies were 8,000 to 10,000 cm™! higher than thé 3-21G
transition energies ‘and the CIS/STO-3G étate energies were 2.5 au greater than
the 3-21G state energies. These inaccuracies demonstrate that a split valence
" basis is required in excited state studies of large molecules. Slightly better
transition energies (decrease of 900 cm'1) and dramatically bett'er siate energies
(aecrease of 1.9 au) are observed in going from the the 3-21G to the 6-31G basis.
This large decrease in CIS state energy but minor decrease in trgnsition energy
shows that the 6-31G basis substantially lowers both ground and excited state
energies. The addition of diffuée functions causes a significant improvement in

transition energies (decrease of 1900 cm'1). Since the state energy decrease is
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large with large improvement in the transition energy, the diffuse functions lower
the excited state energy significantly more than the ground state energy. With the
addition of polarization functions the transition energy improves compared to the
CIS 6-31G transition energy implying that the excited state energy is improved
more than the HF energy since the excited state energy is decreasing. The order
of the basis set effects in lowering the excited state energy is: increase in
Gaussian primitives (decrease of 1.9 au), polarization functions (decrease of 0.14
au), and diffuse functions (décrease of 0.02 au). The magnitude of the Easis set
effects are virtually identical for both CIS 1La and 1Lb excited states suggesting a
uniform representation of the excited state energies at the CIS level. ‘

As a final note, the addition of di.ffuse functions in the basis caused a
Rydberg no™ state to drop doWn between the 1La1 and 1Lb state, intermediate in
~ CIS energy. With improved electron correlation using the diffuse functions, the 1Lb

state should drop below tHe 1La state.” Assuming this Rydberg state is not strongly
affected by electron correlation (since t’he electron density is highly diffuse and
| rionlocalized) it should remain the third or higher excited state depending on the

behavior of the B states.

b. CIS-MP2 Transition Energies

The calculated CIS-MP2 vertical excitation energies are provided in table
14. For all basis sets used, the CIS-MP2 method produces the correct transition

“energy ordering of the 1La and 1Lb excited states demonstrating the greater




Table 14. CIS-MP2/MP2/6-31G" Energies

L, L,

Transition State (a.u.) * Transition State (a.u.) .
Basis (102 em™) _ (10% em™) \
STO-3G 69.7 -357.229 55.3 -357.295
3-21G 61.4 -359.970 54.3 -360.002
6-31G 61.4 -361.851 541 -361.885
6-31+G 58.3 -361.890 52.7 -361.916
6-31G* 63.2 -362.354 574 -362.380
6-31+G* 60.3 -362.390 56.1 -362.409
Expt2 38.9 35.2

aReference 8.

v8
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dependence of the 1Lb state energy on higher e'l‘ectron correlation. The transition
energies are much higher than found with the CIS method. Recall that the CIS-
MP2 vertical transition energy is defined as the difference between CIS-MP2 state -
energy and the MP2 groupd state energy. Since the CIS-MP2 state ehe’rgi‘es are
substantially lower than the CIS state energies the MP2 method Iéwers the ground
state energy more than the CIS-MP2 method lowers the excited state energy.
The same basis set effects on transition and state energy observed in the
CIS method apbgar with the CIS-MP2 method but the magnitude differs. In going
from the 3-21G to 6-31G basis set, the effect on thé 1l.".=l and 1Lb transition
energies is reduced compared to the CIS method but the effect is of the same
magnitude for the state energies. There was no change in the 1La transition
energy (little was observed in the CIS 1La1 state) and slight 6hange in the 1Lb
transition energy. The effect of diffuse functions is slightly increased in the CIS-
MP2 1La and 1Lb state energies but for the transition energies, an increase in .
magnitude is observed in the 1La state only with the 1Lb effect the same as in CIS
"method. The magnitude of the effect of polarization functions is greatly increased
in the CIS-MP2 state energies: For transition eh_ergies ‘involving polarization
functions an interesting effect occurs. It was observed that the CIS transition
energies decrease with the addition of polarization functions since the CIS state
énergy is lowered more than the HF energy. For the CIS-MP2 method, the -
transition energies increase since the CIS-MP2 energy is lowered less than the

MP2 ground state enefgy due to a greater sensitivity of the MP2 energy to the
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polarizatibn functions.

With the transition energy order correct, excited state energy differences are
meaningful. Using the 6-31+G* basis, the caléulat'ed difference in'the 1La-1 Ly
transition energies is appfoximately 4200 cm™ while the experimental difference

is about 3700cm™".

3. Transition Properties

The CIS transition dipole directions and oscillator strengths calculéted atthe
MP2/6-31G* optimized ground state geometry using the CIS GDM are provided in
table 15. For the nin* states of C, indole, electrénic rearrangement upon excitation
is confined to a plane parallel to the molecule. For this reason, .the transition
dipoles can be described as a magnitude and direction in the molecular plane.
While the transition dipole angle is phase indeterminats, the tra‘nsition dipole\phase
has been made consistent with the o'rientation of the 1La transition dipole positive
end toward_ the nitrogen and the 1Lb transition dipole positive end toward the
* double bond in the pyrrole moisty.

For the 1La state the transition dipole angle approaches smaller angles from
the long axis as the basis improves and looks to converge to about -25° at the CIS.
level. This s in Iérge disagreement with the experimental value of -54°.358 |n the
V1Lb state, basis sets without diffuse functions cause the transition dipole angle to

be too large while diffuse functions decrease the angle to good agreement with

" experiment. Excellent agreement exists between the condensed phase LD




Table 15.'CIS//IV.IP2/6-31G* Transition Properties

! L.a ! I'b

Basis c] f 0 f

STO3G  -37 0.210 34 10.056
321G~ - -30 0.198 57 0.051
'6-31G -30 0.200 59 0.047
6-314G -30 . 0.223 48 0.050
- 6-31G* -27 0.180 56 0.044
6-31+G* -26 0.207 48 0.047
Expt. 2P 54 0.12 45 0.012

®: transition dipole dlrectlon in degrees away from long axis and
away from N.

f- oscillator strength
2 fransition dipole directions Ref 3,5,6.
® oscillator strengths Ref 2,3 4.

8




88

measurement in stretched polyethylene5 and the supersonic jet, vapor phase
meas'urement6 of the experimental 1Lb tr.ansition dipole angle. This, coupled with
the lower sensitivity of the 1La transition dipole angle to environment suggests that
t_he unknown vapor phase_ 1La transition dipole angle Would be very similar to the
condensed phase LD measurement and that the calculéted 1La transition dipole
angle is in error. Since the transition dipo]e can be expressed in terms of the 1-
particle transition density (1PTD) and the 1PTD is invariant to higher excited
c.onfigurations, poor agreement of the calculated 1La, 1PTD suggests a greater
dependence of the 1La electron distribution on higher excited configurations than
the 1Lb electron distribution. This is further demonstrated in the, ‘INDO/S-S,‘CI and
INDO/S-SDCI transi;tion dipole éngles16: the 1Lb transition dipole angle is modelled
well with INDO)S-SCI as is the CIS value but the doubles are necessary in
modeling the 1Lal transition dipole angle since the INDO/S-SCI 1 L, transition dipole |
angle is overéstimated as is CIS value but INDO/S-SDCI value agrees well with
experiment.

The calculated oscillator strengths are ove'réstimated compared to
experimental,values.2'3'4 The oscillator strengths vary significantly with basis set.

With the 1La state, diffuse functions tend to increase the oscillator strength while

polarization functions decrease it. The 1Lb oscillator strengths vary less than the

1Lal values but the same basis set effects are present. The overestimation of the
oscillator strengths can be due to the large CIS transition energies and

inaccuracies of the transition dipole magnitude. The quadratic dependence of the
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transition dipole magnitude accounts for a significantly larger percentage of the
observed error. Compared to the INDO/S oscillator strengths16, the CIS 1La value
matches the standard INDO/S-SCl value which are both overestimated but the CIS
1Lb oscillator strength is _overestimateﬁ compared to INDO/S-SCI,SDCI values

which agree well with experiment.

4. Electron Density Differences

The charge density difference plots for the 1La and 1Lb states calculated at
the MP2/6-31G* optimized ground state geometry are provided iﬁ figure 10 and
figure 11, respectfvely. The charge density differences calculated at the stationary
ground state geometry give a view of the electron density changes due to
excitation without the influence of geometry change. Initial electronic excitation
without geometry change is physically reasonable by the Franck-Condon principle.
The total electron densities were calculated at 0.6 A above the plane using the CIS
GDM/6-31+G™* density/basis in the excited state and the MP2 GDM/6-31G*

| density/basis in the ground state. At tﬁis height above the molecular plane, the
changes in the.x electron density upon excitation should be illuminated.

In both plots, the outer contour is positive showing that the excited state _
electron density is greater than the ground state density in regions distant from the
molecule. This is due to excitation of electrons in compact, occupied MOs into
diffuse, virtual orbitals. Both plots predict geometry changes in excellent accord

with the calculated CIS optimized geometries differences. Comparing the plots,




Figure 10. Vertical density difference 1LJCIS GDM/6-31+G*) - gs(MP2 GDM/6-31G*)
dash = negative dd, solid = positive dd. Contour separation: 0.001 A3, range: [-0.01,0.01] A3



Figure 11. Vertical density difference 1LA"CIS GDM/6-31+G*) -gs(MP2 GDM/6-31G *)

dash = negative dd, solid = positive dd. Contour levels as specified in Figure 10.
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it can be seen that the predicted symmetry }n the e4lectron density discussed
previously is present (see figure 3). .

Although s.ymmetry.is evident in the pyrrole moiety, the nitrogen perturbation
more strongly distinguishqs the CIS 1'La and 1Lb electron densities in this regidn.
In the 1La density difference significangelec’tron density accumulation occurs in the
C3-C9 and N1-C2 bonds with significant density accumulation over the nitrogen
atom. Substantial density loss occurs in the C2-C3 bond. In the 1Lb density
difference, Adensity increases occur in the C2-C3 and N1-C8 bonds with mild Ios§
in the N1-C2 bond. An additional density increase is observed in the C3-C9 bond
not reflected in the CIS 1Lb optimized geometry. Its symmetric counterpart \'is
vaguely.seen as the slight density increase of the N1-C8 bond shifted closely
toward the nitrogen in the 1Lal density difference. The density loss occurring over
the C3 atomic basin separating the adjacent regions of density increase in the 1Lb
density difference does not have a symmetric counterpart in the 1L&l probably due
" to the increased electronegativity of the nitrogen atom. The excited state electron
'density build up on the nitrogen .is conducive to pyramidalizatior;n suggesting the
possibility of a nonplanar 1La mihima. |

The symmetric uniformity of the CIS electron density IS more pronounced
in the benzene ring region of the 1L',=1 and 1Lb density differences. Both plots show
significant density loss betwaen the C8-C9 bonds with oply the heavier Ioss4in 1 Ly,
deﬁsity-difference reflected in the CIS optimized geometries. Likewise, the more

significant density increase in the C6-C7 bond of the 1La density differences is




93

accounted for in the geometry differences. Notice that this bond length increases

in the the CIS-MP2 optimized geomefry showing that improvenient in electron

density afforded by the increased basis set of these vertical density differences is
not sufficient to account fo_r the lack of higher correlation. ]'he symmetrical density
loss of the C6-C7 bond and density increase in the C7-C8 bond of the 1‘La density
difference is mirrored in the C4-C5 and C4-C9 bonds, respectively, of the 1_Lb
density difference. While these density differences provide the most direct picture
of the uniformity of the CIS 'L, and 'L, electronic structure, some distinction,
especially in the pyrrole moiety, exists. The question of how much distinction is -
necessary to accurately describe the 1La and 1Lb cannot be énswered directly from
the density diﬁereﬁée plots. . Assessment of the quality of excited state '
wavefunctions must be done through the calculation of measurable properties.

It is of interest to compare the CIS density difference contour plots at the
MP2/6-31G* ground state geometry with the INDO/S density tdiffference matrix

elements’® since the latter exhibit greater distinction in 1La and 1I_‘b electronic

“structure. Recall that in cohparing the CIS/3-21G population differences from the

HF/3-21G ground state (both computed at the'optimized geometries) of section‘ ‘
IV.B.3.b.3. with the INDO/S density difference matrix eleménté, goo‘d agreement
existed. Good agreement between the CIS/6-31+G* (CIS GDM) 'L, and 'L, total
electron density differences from the MP2/6-31G* ground state (MP2 GDM) and
the INDO/S density différence matrix elements also exists. The CIS 1La density

difference agrees well with the INDO/S 1La density difference in the pyrrole and
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benzene rings as anticipated from the observation that the CIS-MP2 ged'metry
correction reinforced the CIS 1L}.=l structure and the CIS-MP2 also served to
distinguish the 1Lal and 1Lb geometries. The CIS 1Lb density difference is different
from the INDO/S 1Lb density difference in certain aspects. The heavy d‘ensity loss
of the C4-C5, C6-C7, and C8-C9 bonds agrees well in both differences but den,sity
accumulations are observed in the rest of the benzene ring bonds of the CIS 1Lb
‘density difference where density losses are observed in the INDO/S density
difference. Interestingly, the density differences predicted from the CIS-MP2
geometry changes from the ground state in most of these bonds agree with
INDO/S 1Lb density differences predicting a ring expansion. The .INDO/S pyrrole
ring density differences are insignificant in contrast to large CIS 1Lb pyrrole ring
density differences. The large density accumulations of the benzene and pyrrole
rings in the CIS 1Lb difference is expected from the symmetry and uniformity of the
CIS electronic structure representation.
Charge density differences between the CIS GDM and 1PDM éxcited state
“electronic distributions provide an interesting look at how eléctronic relaxation is
modelled with the correlated CIS GDM. The density differences calculated at the
MP2/6-31G* optimized ground state geometry using the‘ 6-31\4‘-G* basis .are/
provided in figures 12 and 13. Note the contour separation scalé of 0.001,
compared to 0.01 for the excited - Qround state density differences. Since the
geometry is fixed, the electronic relaxation is not due to nuclear rearrangement to

the potential minimum but instead represents the orbital relaxation following the
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Figure 12. 1L.texcited state density difference (CIS GDM/6-31+G* - CIS 1PDM/6-31+G*)

dash = negative dd, solid = positive dd. Contour separation: 0.0001 A3, range: [-0.001,0.001] A3



Figure 13. 1Lb excited state density difference (CIS GDM/6-31+G* - CIS 1PDM/6-31+G*)

dash = negative dd, solid = positive dd. Contour levels as specified in Figure 12.
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initial gross charge rearrangement due to excitation'”. The plots capture the
contribution of the occupied-virtual (OV) terms of the relaxed density rﬁatrix to the
total electron density since the CIS GDM and CIS 1PDM differ in the OV terms
bnly. The effect is minor_and differences are only visible between both excited
state densities and not between. each excited state dénsity (GDM or 1PDM) and
. the ground state density. Positive contours can be interpreted as the regions to
which electron density, originating from the negative regions, relaxes into following .
the initial charge rearrangement. |
| The outlying regions of negative density difference indicate lower electron

-density produced by the CIS GDM. The CIS GDM distributes less electron densify
in the hydrogen regions than the 1PDM at the 0.6 A level. This is physically
reasonable since after an electron is excited from a deeper, lower energy MO into
a diffuse virtual MO, the remaining electrons experienqe reduced repulsion creating
a. more compact electron density. The migration tends to occur from nuclear '
centered regions into other nuclear centered regions but é few internuclear regions
‘are also involved. There is alternation in the atoms and internuclear regions
invo';lved in relaxation. In the 1'La and 1Lb density differences, positive difference
regions having larger CIS GDM density correlate reasonably to the regions of
positive CIS excited - gr'qund state density differenbe (see figures %0 and 11). This
suggests that th; CIS GDM enhances the magniiude of the CIS density build up
(at the 0.6 A level) but does not radically redistribute density to change the overall

structure of the excited state.
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D. Adiabatic Potential Energy Surfaces

To determine thé existence of an avoided crossing in the 1La'1 L, singlet
manifold, a section (plane) intersecting the full 30-dimension adiabatic potential
energy surfaces was examined. After the qetermination of the CIS and CIS-MP2
1La and 1Lb optimized geometries, a 29-D vector connecting the corresponding 1La
and 1Lb minima (1 Lb-1 L, difference vector) was constructed and extended on both
sides of the minima as desc;ribed in the Procedures chapte'r, l.D.1. The CIS and
CIS-MP2 state energies are plotted as a function of the fraction~ of the
corresponding difference vector. The 0.0 and 1.0 fractions of the 1Lb-1 L,
difference | vector corresponds to the 1Lb and 1La optimized geometries,
respectively.

'I;he time required to compute the CIS section was about one hour of Cray
Y-MP C90 CPU time which is roughly equal to the product of the number of points
along the incremented coordinate vector (19 geometry points) and the execution -
- time ;)f a CIS single point calculation (3 min) using tHe 3-21G basis. The CIS-MP2
section comphtation time was about four hours which is approximately the product
of twice‘ the number of geometry points and the execution time of a CIS-MPZ‘
sfngle point ca!culationj (6 min) since each individual CIS-MP2 state must be
calculated. No problems in SCF or CIS matrix diagonali.zation convergence were
observed. The structure of the CIS surface differs from the CIS-MP2 surface in

many important aspects.




99
1. CIS Potential Energy Surface Sections

The CIS/3-21G surface section is given in figure 14. As expected from the
optimized. excited state energies, the lack of higher electron correlation reverses
the expected order of the ‘poter_'ntial minima in the CIS 1La-1Lb manifold. Neér thé
1La and 1Lb minima the structure of the surface \is nearly harmonic. Observed in
the CIS section is an avoided crossing in the adiabatic representation of the
potential surfaces produced under the Born-Oppenheimer approximétion as
expected for a degeneracy of the 'singl'et 1La and 1Lb states in the diabatic
representation. The avoided crossing is apparent in the adiabatic CIS section
since a slight repulsion indicates that H,, = (‘I’1|Hl‘i'2) # 0 as required at a point
in the 2D section simultaneously with the vahishing Hamiltonian matrix element
involving the diabatic 1La and 1Lb states at this point. While not explicitly
constructed, the degeneracy in the diabgtic states is easily deduced.

| To further support the existence of an avoided crossing, a plot of the
electronic transition dipole angle is provided in figure 15. This figure demonstrates
that the transition dipole angles associéted with the first and second excited states
change character in the same region the nuclear repuision occurs in the CIS
section. For increasing 1La-1 L, difference vector fraction, tt]is corresponds to a
change in wavefunction having more 1Lb characterto a wavefﬁnction having more
1Lel character in the first excited stafe (root 1) and from more 1La c_haractef to more
1Lb character in the second excited state (root 2). The point of equal mixing of the

1La and 1Lb states characteristic for a 2D avoided crossing region is indicated by
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Figure 14. Indole CIS/3-21 G 1Lb-1l.a manifold section.
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Figure 15. Indole CIS/3-21 G transition dipole angle as a function of nuclear configuration.
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the smooth transition of tﬁe root1 and root2 transition dipole angleé betwesn 1La
and 1Lb values as the geometry is incremented through the ACR. In the limit of
infinitesimal surface coupling (a coﬁic intersectioﬁ in the potential energy surfaces),
the transition dipole angle would undérgo ‘an abr’uﬁt transition becoming
discontinuous at the point or seam of intersection.

The avoided crossing region lies much closer to the 1Llo minimum in the CIS

surface due to the reversal of the potential minima for the distance between the

minima of the nearly harmonic potential surfaces. The surfaces are weakly
coupled with an estimated intersurface separation of 186 cm™ in the avoided
crossing region. While thought to exist from experimental evidence,1,4 the avoided
crossing was previously demonstrated by our group'using semi-empirical QCPE

calculations.!®

2. CIS-MP2 Potential Energy Surface Sections

The CIS-MP2 surface section given in figure 16 has a much different

structure than the CIS section. The presence of higher correlation produces the

correct ordering of the potential minima in the CIS-MP2 1La'1 L, manifold as a
resuit of the 1Lb surface being lowered more than the 1Lal surface. A slight bump
is evident at the 0.2 fraction of the difference vector. Since the CIS-MP2 energy
functional involves a correction to the CIS energy, the structure .of the CIS-MP2
surface is strongly dependent on the CIS surface. :This creates some prbblems

with regard to the CIS ACR. Because the optimized CIS-MP2 'L_ and 'L,
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geometries are not that different from the CIS geometries, when the geometry is
incremented along the CIS-MP2 difference vector, an avoided crossing is also
observed if monitoring the CIS energy during the calculation of the CIS-MP2 .
potential surfaces. Now d_ue to this CIS avoided crossing, when incrementing the
geometry through the ACR the CIS wavefunction corresponding to the second
lowest eigenvalue (first excited staie) changes rapidly from a wavefunction having
predominantly 1Lb character to a wavefunction having largely 1La character in the
direction the difference vector is incremented. "Similarly, the CIS wavefunction
corresponc_iing to the third lowest eigenvalue (second excited state) changeé
rapidly in a cor—nplementary fashion from a wavefunction having mostly 1,La
structure to a wavefunction héving largely 1L‘b structure. Now in calculating the
CIS-MPZ surface, this changing CIS state character results in an abrupt transition
from the lower 1Lb CIS-MP2 surface to the upper 1La CIS-MP2 surface due to the
loss of the exira 1Lb correlation energy. Similarly, a complementary transition from-
the upper 1La CIS-MP2 surface down to the lower 1Lb CIS-MP2 surface occurs.
‘This transition from one CIS-MP2 surface to the other is not a discontinuity since
the CIS wavefunction changes character in a rapid but continuous manner. This
artifact is a consequence of defining the CIS-MP2 energy as a correction to the
CIS energy. A correction to this prqblem is to transpose the energies from the
upper (root=2) and lower (root=1) surfaces when plotting the surfaces to eliminate
this abrupt transition between surfaces.

The corrected CIS-MP2 surfaces are shown in figure 17. A slight bump on
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the surfaces still persists in the CIS-MP2 surfaces due to the CIS avoided
crossing. An obvious feature is the surface crossing near the 1.2 fraction of the
difference vector. The lack of an avoided crossiﬁg results from the failure of the
CIS-MP2 energy function_al to couple to the nearby excited states directly. In
contrast, the repulsion in the avoided crc;ssing in the CIS surfaces results from the
H,p perturbation strongly coupling the * L, and 'L, due to the near degeneracy of
the states having ';he same singlet symmetry. In the ground state MP2 energy
éxpression, coupling with doubly excited configurations occdrs to refine the energy
of the HF reference state but no coupling with higher molecular electronic states'
is accounted for. The CIS-MP2 state energy correction, which was defined
analogously to the ground state MP2 method as a correction to the CIS reference
state, couples to the other sfates only indirectly through the CIS wavefunction on |
which the u vectors depend.17 Since the 1La and 1‘L,D CIS state energy is fairly
- nondegenerate at the nuclear configuration of the surface crossing, only minor
mixing of the 1La and 1Lb occurs and no perturbation is observed in the CIS-MP2
| potential energy surfaces. This surface crossing occurs near the 1La minimum in
the CIS-MP2 section due to the greater ‘ldwering of the 1Lb surface for similar CIS
and CIS-MP2 potential minima distances. o

As a final noté, in calculating' the CIS-MP2 surface it 'wa\é discovered that
the point to the right of the 1Lb- optimized geometry is actually lower in energy.

This suggests the possibility of a double minimum in the 1‘Lb well but without a

more refined surface in this area nothing can be concluded. An anomoly in using
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the CIS-MP2 method for optimization is more likely. The incomplete convergence'
of the CIS-MP2 method for indole was discussed in section IV.B.1. The energy |
difference between these points is small ( < 10 a.u.) for these points "close” in

generalized coordinate space.
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V. SUMMARY AND CONCLUSIONS

This thesis has provided a deeper look at the electronic structure of ihe 1L8l
and 1Lb excited states of.indole at the ab initio level of theory. In addition, the
existence of an avoided crossing has been firmly established. It has been
demonstrated in this study that higher. electron correlation is necessary to
unbiasedly represent the 1La and 1Lb,excited states. This work suggests that the
CIS method more drastically underrepresents the 1La electronic distribution than
the 1'Lb state but underrepresents the 1Lb electronic energy morefseriously than -
the 1La state. |

The difference in 1‘Lé1 and 1Lb CIS energy répresentation was shown as a

.combin.ed contribution of the doubles and triples to the CIS-MP2 correlation
energy.' Whilé the triples contribution dominates both excited states, the larger
contribution of fhe doubles lowers the 1Lb energy more than the 1Lal indfcgting that
the CIS method models the 1L,a exéited state energy better than the 1Lb excited
state energy. The difference in 1La and 1Lb CIS electron distribution representation
was shown through comparison of calculated properties to experiment. The 1La
one-electron properties were shown to have a larger dependence on higher excited
configurations than 1Lb properties leading to poorer agreement with experiment
under the CIS representation.

Ground State Results:

- The optim'ized MP2/6-31G* ground state structure has been calculated.
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This represents a significant contribution (highest level of theory to date) providing
a high ievel starting structure for vibrational fréquency analysis and further vertical
excitation studies using higher levels of theory. Some trends emerge in the ground
state structures at different levels of theory and basis. The grouné:l state structure
of bonds involving the nitrog.en (N1-C2 and C8-N1) are most sensitive to basis and
level of theory. This is probably due to the differeﬁce in the overlap of the nitrogen
orbitals with the carbon orbitals afférded by each basis. In examining the effects
of electron correlation with'in the 6-31G* basis, all bdnds exhibit length extension -
with MP2 cbrrelation except the C3-C9 and C8-N1 bonds linking the enamine
substituent to the benzene fing. The C3-C9 bond contracts by 0.01 angstroms
and the N1-C8 bond .length remains relatively constant. The MP2/6-31G* dipole
using the SCF density gives best agreement with the benzene solvent
experimental magnitude.

Optimized Excited Stateé: :

The CIS optimized excited state geometries are significantly different from
the optimized ground state geometry and are fairly consistent with predictions
based on INDO/S density differences.‘ ‘Given the corespondence between the
optimized geometry and electronic structuré, the optimized geometry differences
demonstrate a symmetrical, uniform nature to the CIS L, and 1 L, electron density.
The CIS-MP2 correlation affects the 1La and 1Lb states differenftl)./. The magnitude
of the geometry correction is much greater in the 1L‘.=l with both significant bond

length contractions and expansions. The 1Lb corrections are minor with bond
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length expansions only. The CIS-MP2 correction serves to further distinguish the |
1 L, and 1Lb excited states breaking the symmetrical geometry differences. The
CIS-MP2 optimzed geometries are in good agreement with INDO/S density
difference predictions. The result is that the QIS 1L,‘=1 optimized geometry is
reinforced but the CIS-MP2 1Lb structure now involves a benzene ring expansion.

The optimized Cl coefficients and MO’s are consistent with tﬁe INDO/S
values. 'fhe population analysis shows significant n-¢ polarization in the ground
and excited states and between fhe 1Lal and 1Lb states. The electronic structure
distinction between the 1La and 1Lb excited states‘is more apparent in the overlap
populations.. The ‘1La diagonél .density difference signs agree wsell but tﬁe
magnitudes are too small at the CIS/3-21G level as compared to INDO/S. The off- |
diagonal density différences are in good agreement. The 1'Lb diagonal density
difference signs agree well with INDO/S but are larger in magnitude. The
agreement of the off-diagonall density differences is fair. The 1La and 1Lb density
difference magnitudes are of the same order suggesting that the CIS electronic
structure is too uniform.

The optimized excited state energy order is reversed at the CIS level
placing the 1La state energy below the 1Lb state energy. The CIS-MPZ correction
produces the correcf order. 'fhis shows that the 1Lb excﬁed state energy has a
greater dependence on higher correlation than the 1La state. This directly
suggests that the CIS method more significantly underestimates the '1Lb electronic

energy than the 1La energy. The contribution of triply excited configurations was
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found to be more important than doubly excited configurations in the 1La and 1Lb_
excited states.

The 1La dipole moment is grossly underestimated ét the CIS level of theory
as compared to the INDQ/S magnitude but may not be that different from the
unknown vapor phase value. This underestimation is probably due to the poor
calculated density differences in the 1La since the dipole direction agrees with the
INDO/S values and the effect of a correlated geometry was found to be minor.
Since the dipole moment is a direct function of the electronic structure thréugh the
density hatrix, the high inaccuracy in the dipole moment suggests poor
representation of the 1La electron distribution. The 1Lb dipole is modeled well with
the GDM/derivati\(e method and is in good agreement with the vapor pﬁase
‘magnitude.

Vertical Transitions:

Improvement in basis leads to lower 11..a. and 'L, state energies for both the
CIS and CIS-MP2 nﬁethods; The increase in Gaussian primitives lowers both the
| ground and excited state energies significantly but excited state energies more.
Thé polarization functions have the next largest effect on the state energies.
These functions lower the CIS excited state energies more than the SCF energies
but lower the CIS-MP2 state energies less than the MP2 ground state energies.
The diffuse functions effect on state energies is of least magnitude but the effect
on the excited state energies is substantially gr‘e\ater than the ground -state

energies. All CIS transition energies improve with basis but the CIS-MP2 transition
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energies increase with polarization functions due to their effect on the MP2 ground
state energy. | |

The CIS 1La transition dipole angle is in large disagreément with experirﬁent
while the 1Lb is in good aqreement. Since the transition dipole is equivalent to the
dipole moment of the one-particle transition density, this further indicates that the
CIS 1La electron density is more poorly represented than the 1Lb distribution. The
oscillator strengths vary with basis but diffuse functions tend to increase the
oscillator strength while polarization functions decrease it. "fhe CIS oscillator‘
strength error is dominated by the error in the transition dipole magnitude.

The ’vertical transition charge density difference plots predict geometric '
structural changes fromtthe‘ ground state which are in good agreement with the.
‘ CIS optimized excited state geometries. The plots indicate higher density in the
excited states at greater distances from the ‘molecule. Thé electron density is
uniform and sym;netric about the plane-containing the long axis perpendicular to
the molecular plane. This vuniforrr.lity may be due to the CIS repfesentation and the
| _static geometry of the vertical transition.

The excited state density differences between the CIS GDM and the CIS
1PDM show the electron density relaxation due to the occupied-virtual terms in the
correlated CIS GDM. This has a subtle effect on the electron density compared
to the lack of higher electron correlation.

Potential Energy Suﬁaces:

An avoided crossing is shown to exist in the CIS 'L,-'L, manifold: The
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coupling between the surfaces is weak producing a slight repulsion of 186 em™.
The CIS surfaces have a reverse order of the potential well minimum which
positions the ACR near the 1Lb minimum. The CIS-MP2 manifold possesses the
correct ordering of the potgntial well minima duse to higher electron correlation but
lacks én avoided crossing since the CIS-MPZ method lacks direct coupling to other
molecular electronic stétes. The surfaces intersect close to the 1La minimum. It
is apparént that to achieve the correct 1La and 1Lb surface order and demonstrated

avoided crossing, higher levels of theory are necessary.
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Table 16. Indole Ground State Crystal Structure®

Bond Length  (Angstrems)  Bond Angle‘ (Dagrees)

~ N1-C2 1.377 C8-C9-C3 107.7
C2-C3 1.344 C9-C3-H3 127.3
C3-C9 1.451 © C9-C3-C2 105.5
C4-C9 1412 - ©3-C2-H2 = 1243
C4-C5 1.397 C3-C2-N1 1115
C5-C6 1.386 C8-N1-H1 126.3
ce-c7  1.391 C8-C9-C4 121.1
c8-Co . 1.380 C9-C4-H4 122.7
N1-H1 1.080 - C9-C4-C5 114.6
C2-H2 1.080 C4-C5-H5 117.6
C3-H3 1.080 C4-C5-C6 124.8
C4-H4 1.080 C5-C6-H6 120.1
C5-H5 1.080 - ¢5-c6-C7 - 1197
C6-H6 1.080 C8-C7-H7 121.8

c7H7 1080

8Reference 38., All CH and NH bonds set to 1.08 angstroms.
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Table 17. MP2/6-31G* Ground State Optimized Geometry

Bond Length  (Angstroms)  Bond Angle (Degrees) |
N1-C2 1.3796 | C8-C9-C3 107.06
C2-C3 1.3755 C9-C3-H3 127.18
C3-C9 1.4301 C9-C3-C2 "107.05.
C4-C9 - 1.4082 C3-C2-H2 130.21
C4-C5 1.3875 C3-C2-N1 109.30
C5-C6 1.4127 C8-N1-H1 125.31
C6-C7 1.3886 C8-C9-C4 118.67
C8-C9 1.4230 C9-C4-H4 120.43
N1-H1 1.0111 C9-C4-C5 118.96
C2-H2 1.0825 C4-C5-H5 119.63
C3-H3 1.0825 C4-C5-C6 121.28
C4-H4 1.0884 'C5-C6-H6 119.35
C5-H5 1.0874 C5-C6-C7° 121.29
C6-H6 1.0875 C8-C7-H7 121.61
C7-H7 10883




Table 18. 'L, Excited State Optimized Geometry (3-21G)

Bond Length Bond Angle

(Angstroms) CIS CIS-MP2 (Degrees) CIS CIS-MP2
N1-C2 1.364 1.350 C8-C9-C3 1074 107.8
C2-C3 1416 1.428 C9-C3-H3 127.0 125.7
C3-C9 1395 1.373 C9-C3-C2 108.3 109.6
C4-C9 1436 1.434 C3-C2-H2 1300 131.3-
C4-C5 1398 1.425 C3-C2-N1 _ 1076 1075
C5-C6 1382 1.362 C8-N1-H1 1245 124.6
C6-C7 1453 1.472 C8-C9-C4 119.0 119.6
C8-C9 1436 1.436 C9-C4-H4 1205 1223
N1-H1 0.996- 0.998 C9-C4-C5 - 118.0 116.8
C2-H2 1.064 1.063 C4-C5-H5 1189 1175
C3-H3 1.066 1.069 C4-C5-C6 1220 12238
C4-H4 1071 1;070 C5-C6-H6 1204 121.0
C5-H5 1.072  1.072 C5-C6-C7 1211 1213
C6-H6 1071 1.071 C8-C7-H7 1227 12241
C7-H7 1.070 1.069

gt




Table 19. 1Lb Excited State Optimized Geometry (3-21G)

Bond Length Bond Angle
(Angstroms) ClIS CIS-MpP22 (Degrees) CIS  CIS-MP2
N1-C2 1424 1414 C8-C9-C3 106.2 105.9
C2-C3 1359 1.357 C9-C3-H3 - 1255 1255
03-09 1430 1.437 C9-C3-C2 108.8 108.4
C4-C9 1399 1.405 C3-C2-H2 1315 1310
C4-C5 1414 1429 C3-C2-N1 1079 108.7
C5-Cé6 1.411 1.425 C8-N1-H1 125.0 1251
C6-C7 1406 1.403 C8-C9-C4 1189 1189
C8-C9 1464 1.475 C9-C4-H4 1214 1210 -
N1-H1 0.996 0.995 C9-C4-C5 1179 11841
C2-H2 1.064 1.065 C4-C5-H5 118.7 - 119.2
C3-H3 1.066 1.066 C4-C5-C6 122.7 1222
C4-H4 1070 1.071 C5-C6-H6 1193 1192
C5-H5 1.072 1.072 C5-C6-C7 | 121.0 1214
C6-H6 1.070 1.071 C8-C7-H7 1214 1213
C7-H7 1070 1.070

3Geometry found during CIS-MP2 optimization, but does not correspond
to the global energy minimum. ‘
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