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Chapter 1

Introduction

1.1 Effects of vibronic interactions in the pho-
toinduced dynamics of polyatomic molecules

The interactions between the nuclear and electronic motions are termed as vi-
bronic interactions and their consideration is essential at the degeneracy and near
degeneracy of molecular electronic states where the celebrated Born-Oppenheimer
approximation of quantum mechanics [1] breaks down. In this approximation,
the nuclear motion is confined to a single (scalar) 'adiabatic’ electronic poten-
tial energy surface (PES). Such treatments of nuclear dynamics enriched our
understanding of chemistry at a molecular level for a long time. However, when
several electronic states exist energetically close, the nature of the nuclear mo-
tion becomes nonadiabatic, i.e. nuclei can move on multiple electronic states
simultaneously [2-4].

While the crossings of electronic states of same symmetry is prohibited by the
von Neumann and Wigner’s non-crossing rule [5] in diatomic molecules, the same
restriction does not apply to polyatomic molecules due to the availability of three
or more degrees of freedom for the internal atomic motion. In this situation,

the electronic states cross and exhibit a double cone type of topography in the
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vicinity of the crossing - popularly known in the literature as conical intersection
(CI) [2-4].

The CIs of electronic PESs can be grouped into few categories with the aid
of symmetry rules [6]. Symmetry enforced (or required) electronic degeneracy is
exhibited by the Jahn-Teller (JT) active molecules [2]. This degeneracy is split
upon distortion along a suitable symmetry reducing nuclear coordinate. The re-
sulting JT split component electronic states form Cls at the equilibrium geometry
of the undistorted configuration. For example, the degenerate components of a £’
electronic state in Dsj, split into A; and By when distorted to Cs,. The latter two
electronic states form Cls in the Dgj, configuration [7]. An analogous situation
arises in the linear molecules which is termed as Renner-Teller (RT) effect [8]. In
this case, a II electronic state in the linear C',, configuration splits its degeneracy
upon bending and transforms to A" and A” component states in C;. Symmetry
allowed and accidental Cls are ubiquitous molecular systems [9]. In the former
the two electronic states required to have distinct spatial symmetries. The 24,
and 2B, electronic states of NO, form symmetry allowed intersections in the Cy,
symmetry configuration [10]. CIs of states of same spatial symmetry are very
rare. It has been shown by Yarkony and coworkers that the excited electronic
states of methyl mercaptan of ' A” symmetry indeed possess such intersections [9].

ClIs are considered as bottleneck in the chemistry and physics of excited states
of a molecule and are termed as photochemical funnels [11-14]. Based on the to-
pography of the intersecting PESs in the vicinity of a crossing, Cls are further
classified as peaked and sloped [15-17]. In the latter type of Cls, both the PESs
have downhill slope and touch each other at the crossing points in the branching
space. The minimum energy point of the upper PES is always lower in energy
than crossing point and the crossing appear as a seam of intersections. The
sloped Cls are responsible for the unsuccessful chemical reactions and provide
the decay channels of photophysical processes such as radiationless deactivation

via internal conversion [16,17]. In case of peaked Cls, both the PESs are ellip-
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tical cones pointing against each other with a common tip. In this situation,
the crossing point is the lowest energy point on the upper PES and the crossing
appears as a double cone. The peaked Cls corresponds to the formation of pho-
toproducts via excited-state reaction pathways. Ring-opening and ring-closure
reactions, hydrogen transfer reactions and cis/trans isomerization reactions are
the standard photochemical reactions mediated via peaked Cls [16,17]. The pho-
tochemical reaction or internal conversion processes occur on subpicosecond time
scale competing with the radiative processes which generally occur in nanosecond
time scale. The nuclear dynamics in the vicinity of CIs have major implications in
chemical physics of molecules in the area of molecular /astrophysical spectroscopy,
photochemistry, photobiology and reactive chemical dynamics [9,11-14,18-29].

Some consequences of vibronic interactions in molecular spectroscopy are (i)
loss of mirror symmetry of absorption and emission bands, (ii) appearance of for-
bidden bands in absorption spectrum, (iii) odd quantum excitation of non-totally
symmetric vibrational modes, (iv) irregular and complex vibronic structure, (v)
broad and diffuse vibronic bands and (vi) low quantum yield or lack of fluo-
rescence emission. As the absorption or photoelectron spectroscopy probes the
excited state within the Franck-Condon (FC) region, these features become dom-
inant when the Cls occur near or within the FC zone. These phenomena in a
wide variety of molecular systems are successfully explained theoretically within
a multi-state and multi-mode vibronic coupling approach [22].

The static and dynamical JT effects in electronic spectroscopy of polyatomic
molecules, ranging from triatomics to medium-sized molecules, are treated with
the pioneering linear vibronic coupling (LVC) model Hamiltonians and remark-
able agreement has been achieved with the experimental observations [22]. The
vibrational progressions, spectral intensity and broadening of vibronic bands are
studied in grater details. In some cases, the LVC model found to be inade-
quate and quadratic coupling terms were required to reproduce the spectral fea-

tures [30-33]. With the availability of better experimental measurements, recent
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theoretical studies have shown the necessity of further higher order coupling terms
for better comparison with the recorded data [34,35].

The structure and dynamics at conically intersecting PESs in lower symmetry
polyatomic molecules are also investigated [22]. The quantum dynamical calcu-
lations including multimodes and multielectronic states are carried out within a
time-independent approach to unravel the nonadiabatic effects such as irregular
and complex vibronic spectra. The broadening of vibronic bands and nonradia-
tive decay of electronic states are examined within a time-dependent approach
by propagating wave packets. The underlying mechanistic details of the ultrafast
processes in low-lying electronic states of molecules are established. A molecule
excited by UV photon to its excited electronic states can return to its ground
electronic state either by a emissive or a non-emissive path. Fluorescence and
phosphorescence are the radiative channels depending on the spin multiplicity
of the involved electronic states. The other channel is the rapid radiationless
relaxation which occurs via internal conversion through conical intersections and
is described as photostability of molecule against UV radiation. This mechanism
prevents the initiation of hazardous and dangerous photoreactions in biologically
important molecules and greatly contributes to the life on the earth [36-40].

The vibronic interactions in degenerate II electronic states of linear molecules
are of special interest. The topography of intersections of states in this molecules
is of glancing type. The spectroscopic effects and reaction dynamics of linear
triatomic molecules in relativistic and non-relativistic situation are addressed

both theoretically and experimentally over the past few decades [8,41-45].
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1.2 A brief overview of photophysics and pho-
tochemistry of interstellar molecules

Important astronomical observations such as the enigmatic diffuse interstellar
bands (DIBs)and mid-infrared emission features, over galactic and extragalactic
regions are attributed to the ramifications of photophysics of polycyclic aromatic
hydrocarbons (PAHs) [46-48]. Identification of carriers of DIBs represents a
long standing and unresolved issue in the astrophysical spectroscopy. The diffuse
structure of these bands is attributed to the very short life times of the excited
electronic states of the carrier molecule [49]. It is now well accepted that these
bands originate from the ultrafast nonradiative decay of excited electronic states
of PAH cations. These cations are most abundant and highly photostable than
their neutral and anionic counterparts in the interstellar space. The mid-infrared
emissions, also known as unidentified infrared (UIR) bands, are characteristic of
IR spectrum of PAH cations.

The absorption/emission features of the family of PAH cations has been ex-
plored in the range of near-infrared to UV region in the laboratory as the astro-
nomical observations reveal direct connection to their photophysics. The spectral
intensities, broadening and cross sections are the cynosure of the gas-phase spec-
troscopic investigations in laboratory. The measurements on the intrinsic spectral
features poses greater challenges as these molecules possess low vapor pressures
and high reactivity. In this regard, novel experimental spectroscopic techniques
with high sensitivity and high resolution are developed such as matrix isolation
spectroscopy (MIS), cavity ring down spectroscopy (CRDS), resonance-enhanced
multiphoton ionization (REMPI) and photodissociation of van der Waals com-
plexes. The electronic spectra of naphthalene radical cation, the smallest molecule
in PAH family, was extensively studied with these techniques [54-58]. These ex-
periments revealed diffuse vibronic bands and subpicosecond dynamics of their

low-lying electronic states. Very recently, spectroscopic measurements of moder-
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ately reddened star Cernis 52 located in the Perseus molecular cloud lead to the
discovery of three new DIBs [59]. Aided by the laboratory measurements these
are assigned to the electronic transitions in the naphthalene radical cation.

The origin and evolution of PAHs and their role in the molecular universe has
profound implications in astrochemistry and astrobiology. Their formation, frag-
mentation and reactions with the small molecules are studied in greater details
both theoretically and experimentally [60-69]. As these processes occur in the
presence of UV radiation, the knowledge on the mechanistic details of photoin-
duced dynamics of excited electronic states enriches the understanding on the
existence of complex molecular species such as prebiotic molecules.

Phenyl radical plays a crucial role in the formation of PAHs in astrophysical
conditions. The reaction dynamics and kinetics of elementary gas-phase reactions
of unsaturated hydrocarbons with the phenyl radical in its ground electronic state
are studied with molecular beam experiments [70-72]. The reaction with the
acetylene molecule results in the formation of phenylacetylene, which acts as an
intermediate in the synthesis of naphthalene [71]. The benzene molecule was
discovered from circumstellar medium in 2001 by Cernicharo et al. [73] and the
presence of phenyl radical and phenylacetylene is more likely expected.

Photodestruction channels such as loss of hydrogen or acetylene from PAHs
are studied with theoretical models and are verified by experiments [62-66,75-78].
Phenylacetylene radical cation is one of the isomers formed during the loss of
acetylene from the naphthalene radical cation. The photophysics of pheny-
lacetylene radical has been studied in greater detail in connection with DIBs.
The experimental investigations have shown that the excited state dynamics is
dominated by the ultrafast nonradiative decay through internal conversion pro-
cess [79-81].

The reactions of ions/molecules with PAHs are of fundamental importance in
the interstellar chemistry [67]. The laboratory experiments revealed the formation

of aromatic alcohols and ketones by irradiation of UV photons on naphthalene
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and HyO ice mixture under astrophysical conditions [68]. The building blocks
of life i.e amino acids are produced by reaction of naphthalene and NH3+H,O
ice mixture [69]. Naphthaquinones and aminoacids were identified in meteorites
[82-86]. The available UV light ejects an electron from naphthalene to give
naphthalene radical cation. As this cation is already identified in the universe, it
may play key role in the chemical and biological reactions leading to the origin
of life.

The interaction of UV radiation with the interstellar aromatic molecules pre-
pares them to the excited electronic states is the first step in their photophysics or
photochemistry. The lack of fluorescence emission, broadening of vibronic bands
and photostability are indicative of complex vibronic coupling in the electronic
excited states of these systems. The knowledge of the fate of low-lying excited
electronic states of these species is the major goal in the process of understanding

of the molecular universe.

1.3 Outline of the thesis

Chapter 2 deals with the theoretical background of vibronic interactions in poly-
atomic molecules. Adiabatic and diabatic basis, construction of model dia-
batic vibronic hamiltonians utilizing elementary symmetry selection rules, elec-
tronic structure calculations to extract parameters of Hamiltonian follow. The
time-independent and time-dependent approaches for solving quantum eigenvalue
equation to calculate vibronic spectra are also discussed.

In Chapter 3, a detailed theoretical account of the photodetachment spec-
troscopy of phenide anion is presented. The structure and dynamics of ground
and two low-lying excited electronic states of phenyl radical are studied with a
model diabatic vibronic Hamiltonian. As the ground electronic state is well sep-
arated from the rest, the dynamics is treated adiabatically on this state. On the

other hand, the two excited states are coupled to each other and the associated
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nonadiabatic effects are discussed.

Chapter 4 presents a study on the quantum chemistry and dynamics of four
low-lying electronic states of phenylacetylene radical cation. A model diabatic
Hamiltonian is constructed from ab initio electronic structure calculations. The
nonadiabatic dynamics are treated by wave packet propagation method to sim-
ulate the complex vibronic spectra. The estimated decay rates of the electronic
states are compared with the charge exchange ionization and absorption spec-
troscopy results. The reduced dimensional calculations are also performed to
unravel the resolved vibrational level structures of mass analyzed threshold ion-
ization (MATI) and photoinduced Rydberg ionization (PIRI) spectroscopy and
the agreements and discrepancies are also discussed.

A benchmark ab initio quantum dynamical study on photoinduced dynam-
ics of six low-lying electronic states of naphthalene radical cation is presented in
Chapter 5. The photoelectron spectra and decay rates of electronic states are
calculated by developing a model vibronic Hamiltonian consisting of 6 electronic
states and 29 vibrational degrees of freedom and solving the eigenvalue equa-
tion. The theoretical results are compared with the recent experimental results.
The fundamental issues such as broadening of vibronic bands, lack of fluores-
cence emission and photostability are discussed in detail in connection to the
astrophysical observations.

Final conclusions and future directions are presented in Chapter 6.



Chapter 2

Theoretical Methodology

2.1 Vibronic dynamics in polyatomic molecules

2.1.1 The Born-Oppenheimer Adiabatic approximation

The general molecular Hamiltonian in terms of the set of electronic (q) and

nuclear (Q) coordinates can be expressed as

H(q,Q) =Te(q) +Tn(Q) +U(q,Q), (2.1)

where T,(q) and T (Q) are the kinetic energy operators of the electrons and nu-
clei, respectively. The total potential energy term, U(q, Q), consists the potential
energies of electron-electron, electron-nuclear and nuclear-nuclear interactions.
The BO adiabatic electronic states are obtained by fixing Tv(Q) = 0 and solving

the resulting electronic eigenvalue equation for fixed nuclear configuration [1,87]

[Te(a) +U(q, Q)] ®u(q; Q) = Va(Q) ®n(q; Q) (2.2)

where ®,,(q; Q) and V,,(Q) are the BO adiabatic electronic wavefunction para-
metrically depending on the set of nuclear coordinates Q and the adiabatic elec-

tronic PES, respectively. The full molecular wavefunction ¥(q, Q) can now be

9
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expressed in terms of the above adiabatic electronic functions as
T(q,Q) =) xn(Q) ®u(q; Q). (2:3)

In the above expression the coefficients y,,(Q) contains the nuclear coordinate
dependence. Insertion of ¥(q, Q) in Eq. (2.1) gives the following coupled differ-

ential equations for the expansion coefficients x,,(Q) [87]
{Tn(Q) + Va(Q) = E} xa(Q) = Y Aun(Q)xm(Q), (24)

where

A(Q) = — / 1a® (¢ Q) [Tw(Q), B,n(c; Q)] (2.5)

defines the coupling of electronic states n and m through the nuclear kinetic en-
ergy operator and is termed as the nonadiabatic coupling matrix of the adiabatic
electronic representation. The nuclear kinetic energy operator takes non-diagonal

form in this representation. The quantity A,,,(Q) can be expressed as [22, 88]

A P 40 o2 P p

where M; are nuclear masses and

AD(Q) = (®,(q; Q)| Vi|®.n(a; Q)), (2.7)
and
B (Q) = (®,(q; Q)|V?|®,.(q; Q)), (2.8)

represents the derivative coupling vector and scalar coupling, respectively.
In the BO approximation A,,,(Q) is set to zero which holds for widely sep-

arated electronic PESs. Using the Hellmann-Feynman theorem A,,,(Q) can be
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expressed as [22]

_ (®n(q:Q)IViHa(q: Q)P (2 Q))
Va(Q) — Vin(Q) ’

(2.9)

where H,; represents the electronic Hamiltonian for fixed nuclear configuration.
When the two surfaces V,(Q) and V,,,(Q) become degenerate, the derivative cou-
pling elements of Eq. (2.9) exhibit a singularity. This results discontinuity in
both the electronic wavefunction and the derivative of energy at the point of
degeneracy and making the adiabatic representation unsuitable for the computa-
tional study of the nuclear dynamics. The derivative coupling, A,,,(Q), becomes
extremely large at near-degeneracy or at degeneracy of different electronic PESs

eventually breaking down the BO approximation.

2.1.2 Adiabatic to diabatic transformation

The concept of diabatic electronic representation was introduced to overcome
the singularity problem of the adiabatic electronic representation [89-91|. By
a suitable unitary transformation the diverging kinetic energy couplings of the
adiabatic representation transform to smooth potential energy couplings in a
diabatic representation. This results into a diagonal form for nuclear kinetic
energy operator and the coupling between the electronic states is described by
the off-diagonal elements of the potential energy operator. In this representation

the coupled equations of motion (as compared to Eq. (2.4)) read [92,93]

{Tn(Q) + Upn(Q) = E} xn(Q) = Y Unin(Q)xm(Q), (2.10)

m#n

where U,,,(Q) are the diabatic PESs and U,,,(Q) are their coupling elements.

The latter are give by

mmm=/Mﬁ@@HHV@QMMq®, (2.11)
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where 1) represents the diabatic electronic wavefunction obtained from the corre-

sponding adiabatic ®(q; Q) ones via a unitary transformation

(@) =8 ®(q; Q), (2.12)
with the aid of a orthogonal transformation matrix

S(Q) = cosf(Q) sinf(Q) (2.13)

—sinf(Q) cosf(Q)
The matrix S(Q) is called the adiabatic-to-diabatic transformation (ADT) ma-
trix and 0(Q) defines the transformation angle. The required condition for such
transformation is the first-order derivative couplings of Eq. (2.7) vanishes in the

new representation for all nuclear coordinates [94,95] i.e.,

/ dai(a, Q)a%wmm, Q) = 0. (2.14)

This requirement yields the following differential equations for the transformation

matrix [94,96,97]
0S

9Q;

where the elements of the first-order derivative coupling matrix A® are given

+AYS =0, (2.15)

by Eq. (2.7). A unique solution of the above equation can be obtained only
when starting from a finite subspace of electronic states [95]. Therefore, for
polyatomic molecular systems rigorous diabatic electronic states do not exist [95].
Approximate schemes are therefore developed to construct diabatic electronic
states [97-99].

A brief review on the basic aspects of PES crossings is discussed here by
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considering a two-state electronic Hamiltonian in a diabatic representation

Ha(Q) = Hu(Q) Hi2(Q) (2.16)

H21(Q) H22(Q>

where Hy; and Hyy represent the potential energies of the two diabatic electronic
states and, Hy1o = Hy, describes their coupling potential. We also assume that
all the elements of Eq. (2.16) are real. On diagonalization using the ADT matrix
S, the electronic Hamiltonian of Eq. 2.16 yields the adiabatic potential energies

Vi2(Q) =X £ /A2 + HE, | (2.17)

where ¥ = (Hy; + Hy)/2 and A = (Hy; — Hay)/2. The transformation angle
0(Q) of the ADT matrix depends on the set of nuclear coordinates and can be

obtained from

O(R) = %arctan 2H15(Q)/(Has(Q) — H11(Q))]. (2.18)

It can be seen from Eq. (2.17) that the two adiabatic surfaces, V;(Q) and V5(Q)
exhibit a degeneracy when, A = 0 and Hy5 = 0. The latter quantities depend on
two independent set of nuclear coordinates, not available for a diatomic molecule
leading to the non crossing rule [5] unless Hj, vanishes on symmetry ground.
On the other hand, due to the availability of more than one nuclear degrees
of freedom, the PESs of polyatomic molecules generally cross. It can be seen
that Vi 2(Q) resembles the equation of a double cone intersecting at their vertex.
This topography of intersecting PESs is popularly known as conical intersections
(ClIs) [24,11-14,18-25]. By expanding H;1, Hoy and His in a first-order Taylor
series, the quantities A and His can be equated to a gradient difference and
nonadiabatic coupling vectors, respectively [15]. The space spanned by these

vectors defines the two-dimensional branching space in which the degeneracy of
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the two surfaces is lifted except at the origin. Whereas, the surfaces remain
degenerate in the remaining N — 2 dimensional space (when spin is not included,
N is the number of nuclear degrees of freedom). The locus of the degeneracy of the
two surfaces defines the seam of the CIs. The estimation of energetic minimum
of adiabatic PESs and minimum of seam of ClIs of PESs of a multidimensional

system are discussed in detail in Appendix A.

2.1.3 The model diabatic vibronic Hamiltonian

The vibronic coupling in the radical and radical cations of aromatic hydrocar-
bons is studied by photoionizing the corresponding anion and neutral molecules,
respectively. The vibronic Hamiltonian of the final states of the ionized species
is constructed in terms of the dimensionless normal coordinates of the electronic
ground state of the corresponding (reference) anion or neutral species. The mass-
weighted normal coordinates (¢;) are obtained by diagonalizing the force field and

are converted into the dimensionless form by
1

where w; is the harmonic frequency of the i** vibrational mode. These actually
describes the normal displacement coordinates from the equilibrium configura-
tion, Q = 0, of the reference state. The vibronic Hamiltonian describing the

photoinduced molecular process is then given by [22]
H = (Ty + Vo)1, + AH. (2.20)

In the above equation (Zy + V) defines the Hamiltonian for the unperturbed

reference ground electronic state, with

D [8—2} : (2.21)
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and

1 2
V, = 3 ZwiQi, (2.22)

describing the kinetic and potential energy operators, respectively. All vibrational
motions in this reference electronic state are generally, to a good approximation,
assumed to be harmonic. The quantity 1, is a (n x n) (where n is the number of
final electronic states) unit matrix and AH in Eq. (2.20) describes the change in
the electronic energy upon ionization. This is a (n x n) non-diagonal matrix. A
diabatic electronic basis is utilized in order to construct the above Hamiltonian.
This is to circumvent the stated shortcomings of the adiabatic electronic basis in
the numerical application. The diagonal elements of the electronic Hamiltonian,
A'H, describe the diabatic potential energy surfaces of the electronic states and
the off-diagonal elements describe their coupling surfaces and are expressed in

terms of normal coordinates as [22]

Won(Q) = Wo(Q) + By, + Zikt Qi + 27 QiQ; + ... (2.23)

and

Wi (Q) = Wi (0) + ZX"Qi + .., (2.24)

respectively. The intrastate (xk and 7) and the interstate (A) coupling parameters

are given by

A = (W /0Qi)o (2.26)

7

%'(;L) = %[(aQWnn/aQin)O] (2.27)
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Here E,, denotes the vertical ionization energy of the n'* excited electronic state
from the reference state. Possible coupling between the states is assessed by

employing the symmetry selection rule

I, x FQi x Iy, DTy, (228)

where I',,,,I',, and I, refer to the irreducible representations (IREPs) of the
electronic states m,n and the i** vibrational mode, respectively. I'y denotes
the totally symmetric representation. According to this prescription, the totally
symmetric vibrational modes are always active within a given electronic state. A
truncation of the Taylor series in Equations 2.23 and 2.24 at the first-order term

leads to the pioneering linear vibronic coupling (LVC) model [22].

2.1.4 Electronic structure calculations

The coupling parameters of the vibronic Hamiltonian are determined by calcu-
lating the adiabatic potential energies as a function of the dimensionless normal
coordinates by a suitable ab initio method. For the reference molecule, the equi-
librium geometry and the harmonic force field of the ground electronic state are
routinely calculated by electronic structure methods in which the analytic gradi-
ents of energy are available. The geometry optimization and the calculation of
harmonic vibrational frequencies of the reference molecule in its electronic ground
state are carried out at the Mgller-Plesset perturbation theory (MP2) level em-
ploying the correlation-consistent polarized valence double - ¢ (cc-pVDZ) Gaus-
sian basis set of Dunning [100]. Using the Gaussian-03 program package [101],
the electronic structure calculations were performed. For molecules which possess
a closed-shell ground electronic state, the outer valence Green’s function (OVGF)
method has been found to be very successful in estimating the energies of their
ionized states [102,103]. In this method the vertical ionization energies (VIEs) are

calculated along the normal coordinates of a given vibrational mode. These VIEs
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plus the harmonic potential of the reference state are equated with the adiabatic
potential energies (V) of the final electronic state. The latter are then fitted to
the adiabatic form of the diabatic electronic Hamiltonian of Eq. (2.20)

SH(H —Tn1,)S = V (2.29)

2.2 Simulation of Eigenvalue spectrum

The excitation strength in the spectral transition to the coupled electronic states

is described by the Fermi’s golden rule and is given by

PE) = S| e - B + ) (2.30)

where |W}) is the initial vibronic ground state (reference state) with energy FE
and |U/) corresponds to the (final) vibronic state of the photoionized molecule
with energy EJ. The reference ground electronic state is approximated to be

vibronically decoupled from the other states and it is given by

W) = [25)[0), (2.31)

where |®§) and |0) represent the diabatic electronic and vibrational part of the
wavefunction, respectively. The quantity T represents the transition dipole oper-
ator that describes the interaction of the electron with the external radiation of

energy F during the photoionization process.

2.2.1 Time-Independent Approach

The time-independent vibronic Schrodinger equation
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H|L) = Ea| V), (2.32)

is solved by expanding the vibronic eigenstates {|¥/)} in the direct product

harmonic oscillator basis of the electronic ground state [22]

W = Y a0 K |6)- (2.33)
{IK)}m

Here K level of i'* vibrational mode is denoted by |K;) and |#,,) denotes the
m* electronic state of the photoionized molecule. For each vibrational mode, the
oscillator basis is suitably truncated in the numerical calculations. In practice,
the maximum level of excitation for each mode is estimated from the convergence
behavior of the spectral envelope. The Hamiltonian matrix expressed in a direct
product Harmonic oscillator basis is highly sparse and is tri-diagonalized by the
Lanczos algorithm [104]. The diagonal elements of the resulting eigenvalue matrix
give the position of the vibronic lines and the relative intensities are obtained
from the squared first components of the Lanczos eigenvectors [22,93]. These
calculations are simplified by employing the generalized Condon approximation
in a diabatic electronic basis [105], that is, the matrix elements of T in the diabatic
electronic basis are treated to be independent of nuclear coordinates and have the

equal modulus.
To reflect the inherent broadening of the experimental vibronic spectrum,
the stick vibronic lines obtained from the matrix diagonalization calculations are

usually convoluted [22] with a Lorentzian line shape function

(2.34)
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with a full width at the half maximum (FWHM) I'.

2.2.2 Time-Dependent Approach

Use of Fourier representation of the Dirac delta function, 6(z) = 5= fj;o etwt/h
in the golden rule equation transforms Eq. (2.30) into the following useful form,

readily utilized in a time-dependent picture

P(E) ~ 2Re /0 PR L (0) e [ 1 (0) (2.35)

~ 2Re / B C(t) dt. (2.36)
0

In Eq. (2.35) the elements of the transition dipole matrix 71 is given by, 7/ =
(®/|T|®%). These elements are slowly varying function of nuclear coordinates and
generally treated as constants in accordance with the applicability of the Condon
approximation in a diabatic electronic basis [22,105]. The quantity Cf(t) =
(Wr(0)|Ws(t)), is the time autocorrelation function of the wave packet (WP)
initially prepared on the f* electronic state and, W () = e~/ ¥ (0).
In the time-dependent calculations, the time autocorrelation function is damped

with a suitable time-dependent function before Fourier transformation. The usual

choice has been a function of type

ft) = expl—t/m] | (2.37)

where 7, represents the relaxation time. Multiplying C(¢) with f(¢) and then
Fourier transforming it is equivalent to convoluting the spectrum with a Lorentzian

line shape function (cf., Eq. (2.34)) of FWHM, I" = 2/7,.
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2.2.3 Propagation of wave packet by MCTDH algorithm

The matrix diagonalization approach becomes computationally impracticable with
increase in the electronic and nuclear degrees of freedom. Therefore, for large
molecules and with complex vibronic coupling mechanism this method often be-
comes unreliable. The WP propagation approach within the multi-configuration
time-dependent Hartree (MCTDH) scheme has emerged as a very promising al-
ternative tool for such situation [107-109]. This is a grid based method which
utilizes discrete variable representation (DVR) combined with fast Fourier trans-
formation and powerful integration schemes. The efficient multiset ansatz of this
scheme allows for an effective combination of vibrational degrees of freedom and
thereby reduces the dimensionality problem. In this ansatz the wavefunction for

a nonadiabatic system is expressed as [106-108]

U(Q1,...Qpt) = U(Ry,..,Ryt) (2.38)
(a) (a)

- ZZ Z 31, ,Jp HSOJ (Bi,t)|a), (2.39)

a=1j1=1 jp=1

Where, Ry,..., R, are the coordinates of p particles formed by combining

k) are the

vibrational degrees of freedom, « is the electronic state index and gpgz
ny single-particle functions (SPFs) for each degree of freedom k associated with
the electronic state a. Employing a variational principle, the solution of the
time-dependent Schrodinger equation is described by the time-evolution of the

expansion coefficients Al In this scheme all multi-dimensional quantities

]lw-wjp'
are expressed in terms of one-dimensional ones employing the idea of mean-field
or Hartree approach. This provides the efficiency of the method by keeping the
size of the basis optimally small. Furthermore, multi-dimensional single-particle

functions are designed by appropriately choosing the set of system coordinates so

as to reduce the number of particles and hence the computational overheads. The
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operational principles, successes and shortcomings of this schemes are detailed in
the literature [106-108]. The Heidelberg MCTDH package [109] is employed to
propagate WPs in the numerical simulations for present molecules. The spectral
intensity is finally calculated using Eq. (2.35) from the time-evolved WP.

Here we provide a brief overview on the computer hardware requirement for
the MCTDH method. The memory required by standard propagation method is
proportional to N/, where N is the total number of grid points or primitive basis
functions and f is the total number of degrees of freedom. In contrast, memory

needed by the MCTDH method scales as
memory ~ fnN +n' (2.40)

where, n represent the number of SPFs. The memory requirements can however
be reduced if SPF's are used that describe a set of degrees of freedom, termed as
multimode SPFs. By combining d degrees of freedom together to form a set of

p=f/d particles, the memory requirement changes to
memory ~ faN®+ il (2.41)

where 7 is the number of multimode functions needed for the new particles. If
only single-mode functions are used i.e. d=1, the memory requirement, Eq. 2.41,
is dominated by nf. By combining degrees of freedom together this number can
be reduced, but at the expense of longer product grids required to describe the

multimode SPFs.



Chapter 3

Vibronic interactions in the
photodetachment spectroscopy of

phenide anion

3.1 Introduction

This chapter deals with the detailed analysis of vibronic level structures of ground
and two low-lying excited electronic states of phenyl radical (CgH? ). Phenide
anion, the conjugate base of CgH? , belong to Cy, symmetry point group at its
equilibrium configuration in its ground electronic state ()N( LA}) with the following

molecular orbital sequence,
(1&1)2(2&1)2(1[)2)2(3&1)2(2[)2)2 ..... (1b1)2(7b2)2(1@2)2(261)2(1]_@1)2.

The SCF canonical molecular orbitals (MOs); the highest occupied molecular
orbital HOMO; 11a;, HOMO-1; 2b; and HOMO-2; la, are shown in Fig. 3.1.
The HOMO is of nonbonding type of orbital and the other two orbitals are of 7-
type. Photodetachment of an electron from 11aq,2b; and las molecular orbitals

of phenide anion yields phenyl radical in its ground X 2A,, and excited

22
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HOMO (a) HOMO -1 (b,) HOMO -2 (a,)

Figure 3.1: The canonical molecular orbitals of the phenide anion.

A2B; and B?A, electronic states, respectively. The detachment energies of ~
1.007 eV, 2.862 eV and 3.433 eV are obtained for these electronic states, respec-
tively. The 27 vibrational degrees of freedom of the phenide anion (shown in
Table 3.1) belongs to the following irreducible representations of the Cy, symme-

try point group

Fvib = 10&1 + 3&2 + 5b1 + 9b2

According to the symmetry selection rules described in Chapter 2, the totally
symmetric vibrational modes are always active within each electronic state [22]
and the interstate couplings (in first-order) between the X, A and B electronic

states are given by

2A1® FQ®231 DA FQEbl
2A1® FQ®2A2 DA FQGCLQ

B ® Tg @ *Ay DA ; Tg€b

Therefore, only non-totally symmetric vibrational modes give rise to non-zero
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Table 3.1: Symmetry, frequency and description of the 27 vibrational modes of
the phenide anion in its electronic ground state.

Symmetry Mode

Vibrational Frequency (w;)/eV
MP2/cc-pVDZ

Description

ai

by

ag

14!
D)
V3
Vy
Vs
Ve
U7
g
Vg
V1o
Y
V12
13
V14
Vis
Vie
b7
V1s
V19
V2o
Va1
V22
Va3
Vo4
Va5
Va6
Var

0.0727
0.1196
0.1248
0.1316
0.1479
0.1802
0.1965
0.3772
0.3861
0.3931
0.0487
0.0832
0.0851
0.1063
0.1160
0.0769
0.1288
0.1414
0.1606
0.1705
0.1791
0.1976
0.3771
0.3869
0.0433
0.1041
0.1173

Ring deformation

Ring deformation

Ring deformation

C-H in-plane rocking

C-H in-plane scissoring
C=C Stretching

C=C Stretching

C-H Symmetrical stretching
C-H Symmetrical stretching
C-C Symmetrical stretching
C=C Out-of-plane bending
C-H Out-of-plane wagging
C-H Out-of-plane wagging
C-H Out-of-plane twisting
C-H Out-of-plane twisting
Ring deformation

C-H In-plane rocking

C-H In-plane scissoring
C-H In-plane rocking

C-H In-plane rocking

C=C Stretching

C-H Bending

C-H Asymmetric stretching
C-H Asymmetric stretching
C=C Out-of-plane bending
C-H Out-of-plane twisting
C-H Out-of-plane twisting
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interstate coupling. There are five b; and three a, vibrational modes which can
cause coupling of the ground X2A4; with the excited A2B; and B2A, states,
respectively.

The photodetachment spectrum of the phenide anion has been recorded by
Gunion et al. using 351 nm photon energy and it revealed well resolved vibronic
structure of the X2A; electronic ground state of phenyl radical and a broad (unre-
solved) and diffuse hump at high energies [110]. The observed progressions in the
X2A,; photoelectron band are attributed to the two totally symmetric vibrational
modes at ~ 600 cm ™! and ~ 968 cm ™. The weak and diffuse signal at high ener-
gies is attributed to an excited A electronic state of the phenyl radical. Despite a
very high resolution, the X2A,; band appears to be very complex and a satisfying
interpretation of the observed vibrational structures of this band is still missing.
This band revealed anomalous intensity distributions and the progression due to

! still remains ambiguous as

the high frequency vibrational mode at ~ 968 ecm™
there are three vibrational modes of approximately the same frequency in phenide
anion.

The electronic absorption spectra of phenyl radical have been recorded by dif-
ferent experimental groups in the gas phase and in matrices and also in aqueous
solution [111-118]. In particular, the electron absorption spectrum recorded by
Radziszewski revealed well resolved vibronic structures of the A2B; and higher
electronic states (24, and 2B;) [117]. While the vibronic structure of the A2B;
electronic state is obtained from the electronic absorption measurements, the
optically dark B2 A, electronic state has no clear signature in the literature.
The electronic excitation energies for the low-lying excited electronic states of
phenyl radical have also been theoretically calculated by different groups [119-
122]. Most recently, Kim et al [122] have performed ab initio calculations at the
CASSCF/MRCI level of theory for seven excited electronic states of the phenyl

radical in an attempt to assign the electronic absorption spectrum recorded by

Radziszewski [117]. Their analysis revealed the 2B; and 2A, electronic states as
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the first and second excited electronic states of the phenyl radical, respectively.
While the experimental 2B; vibronic spectrum revealed a long vibrational pro-
gression, the theoretical calculations of Kim et al [122] did not reproduce the
rich vibronic structure observed in the experiment [117]. The latter authors [122]
however, have pointed out that consideration of 2B, - 24, vibronic coupling may
be important to overcome the observed disagreement between theory and exper-
iment.

In this chapter we set out to resolve the ambiguity in the assignment of the
vibronic structure of the X2A; electronic state of the phenyl radical and also
attempt to develop a model to describe the A2B; - B2A, vibronic coupling and
discuss its possible impact on the vibronic structure of the mentioned experimen-

tal bands.

3.2 The Vibronic Hamiltonian

As mentioned before, the X state of CeH? is well separated from A and B states.
However, the A and B states are energetically close and the coupling between
them is important to consider in order to elucidate the vibronic structure of
these electronic states. Therefore, the nuclear motion in the X state treated
adiabatically and the nonadiabatic interactions are considered in the coupled A
and B electronic states.

The vibronic Hamiltonian in terms of the dimensionless normal coordinates
Q; of the vibrational mode v; of the electronic ground state of phenide anion in

a diabatic electronic basis [89-91] can be written as

U1 0 0

*
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Where
27
1 02
Ty = —— il — |, 3.1b
is the nuclear kinetic energy operator and
1 Z
= 52%)3, (3.1c)
i=1

is the harmonic ground state potential of the phenide anion. 1 represents a
3 x 3 unit matrix. The 27 nondegenerate vibrational modes (cf., Table 3.1) are
designated by the index ¢, and are defined in the following way: ¢ = 1 — 10
(v1 — 1) belong to the a; representation, i = 11 — 15 (v41-145) belong to the
by representation, i = 16 — 24 (146 -194) belong to the by representation and
i = 25 — 27 (v95-197) belong to the ag representation. The quantity w; represents
the harmonic frequency of these vibrational modes. The elements of the electronic
Hamiltonian (the second matrix in Eq.(3.1a)) represent the potential energies of
the neutral electronic states (u1,u92 and wugs) and their coupling potentials (wus3).
These elements are expanded in a Taylor series around the reference equilibrium
geometry of the electronic ground state of the phenide anion (occurring at Q = 0)

as follows [22]

10 27
1
un = B+ mQir 5 Y Vel § § 10Q,Q;, (3.1d)
i=1 i=1

i=1 i#j,j=1

10 27 10 10
i=1 =1

i=1 i#j,j=1
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10 27 10 10
1 1
us = EP 4+ KEB)Qi+§E ’VfB)Q?+§§ > 17 (3.11)
i=1 i=1

i=1 i#j,j=1

24
Upy = Upy = Z Az(A’B)Qz‘- (3.1g)

=16

In the above equations the quantity E(()k) (k € X /A/B) represents the vertical
ionization energy of the k' electronic state. mgk), %(k) and %(]k ) are the linear,
second-order and intermode bilinear coupling parameters of the *" vibrational
mode (bilinear between vibrational modes i and j) in the k™ electronic state.
The quantity )\Z(»A’B) is the linear vibronic coupling parameter between the A’B,
and B2A, electronic states of CgH? . All these coupling parameters are derived
by performing extensive ab initio calculations as mentioned in Chapter 2.

In Fig. 3.2, the non-linear least square fittings of adiabatic potential ener-
gies of the X 2A, state of CgH? measured relative to the X 1A, electronic state
of phenide along 10 totally symmetric vibrational modes (a;) are shown. The

complete set of coupling parameters derived for the X , A and B electronic states

of the phenyl radical are given in Tables 3.2-3.3.
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Figure 3.2: Adiabatic potential energies of the X2A,; electronic states of
CgH? measured relative to the electronic ground state of phenide anion along
the dimensionless normal coordinates of the totally symmetric vibrational modes
(v1-110). The asterisks represent the computed data for the X 2 A, electronic state
and a quadratic fit to these data is shown by the solid line in each panel. The
linear (k;) and diagonal quadratic coupling (v,) parameters listed in Table 3.2
are obtained from the above fits.
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Table 3.2: Coupling parameters for the X2A4,, A2B; and B2A, electronic states
of the phenyl radical derived from the OVGF data. The dimensionless coupling
strengths, x2/2w?, K'*/2w? and k"*/2w? are shown in parentheses. All quantities
are given in eV.

modes K ~y k' ~' K ~"
(symmetry) X24, X24, A2B, A2B, B2A, B2 A,

vi(ap) -0.1876 (3.327)  0.0069 -0.0814 (0.627) -0.0036  0.0690 (0.4502) -0.0060
va(ay) 0.1848 (1.194) -0.0014 -0.0727 (0.185)  0.0027 -0.0507 (0.0898)  0.0011
v3(ap) 0.1362 (0.595) -0.0017  0.0277 (0.025)  0.0006  0.0437 (0.0613) -0.0001
va(ap) -0.0529 (0.081)  0.0019  0.0115 (0.004)  0.0036 -0.0147 (0.0062)  0.0001
vs(ap) -0.0138 (0.004)  0.0046  0.0822 (0.154)  0.0011 -0.0835 (0.1594)  0.0950
ve(ar) -0.0457 (0.032)  0.0048  0.1001 (0.154)  0.0071 -0.0564 (0.0489)  0.0052
vr(ap) 0.1180 (0.180)  0.0001 -0.1277 (0.211) -0.0028  0.1603 (0.3327)  0.0112
vs(ay) 0.0535 (0.010)  0.0130  0.0424 (0.006)  0.0120  0.3840 (0.5181)  0.0113
vo(ay) 0.0480 (0.007)  0.0152  0.0409 (0.006)  0.0094  0.0292 (0.0028)  0.0940
vio(ar) 0.0366 (0.004)  0.0071  0.0339 (0.004)  0.0071  0.0409 (0.0054)  0.0065
vi1(b1) - 0.1561 - -0.1688 - -0.0152
vi2(b1) - 0.1345 - -0.1595 - -0.0250
vi3(b1) - 0.0624 - -0.0549 - 0.0072
v14(b1) - 0.0519 - 0.0016 - 0.0123
vis(b1) - 0.0457 - -0.0198 - -0.0305
vi6(b2) - -0.0071 - -0.0214 - 0.0153
vi7(ba) - 0.0088 - 0.0007 - 0.0020
vig(b2) - 0.0086 - 0.0003 - 0.0226
vig9(b2) - -0.0044 - 0.0124 - 0.0157
vao(ba) - -0.0041 - 0.0266 - 0.0189
Va1 (bo) - -0.0086 - -0.0066 - 0.0484
V22 (ba) - -0.0046 - -0.0612 - 0.0748
v23(ba) - 0.0136 - 0.0125 - 0.0116
va4(bz) - 0.0106 - 0.0086 - 0.0088
vas(az) - 0.0218 - -0.0110 - -0.0524
vag(az) - 0.0176 - 0.0044 - 0.0220
var(az) - 0.0188 - 0.0018 - 0.0074

3.3 Results and Discussion

3.3.1 Adiabatic potential energy surfaces and conical in-

tersections

The adiabatic potential energy surfaces of the X , A and B electronic states of the
phenyl radical are obtained by diagonalizing the diabatic electronic Hamiltonian
introduced in Eq.(3.1) (see Appendix A for details) [22]. One dimensional cuts

of the multidimensional potential energy hypersurface of the phenyl radical along
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Table 3.3: The linear vibronic coupling parameters ();) for the A2B, - B%A,
electronic states of the phenyl radical derived from the OVGF data. The di-
mensionless coupling strengths \?/2w? are given in parentheses. The vertical
ionization energies of the ground and two excited states of the phenyl radical are
also given. All quantities are given in eV.

modes A
(symmetry) A2DB, - B2A,
vig(b2) 0.074 (0.459)
vi7(b2) 0.013 (0.005)
v1g(b2) 0.057 (0.081)
vig(b2) 0.022 (0.009)
V20(52) -
vo1(b2) 0.092 (0.131)
22 0.147 (0.277)
Vgg(bg) -
v24(b2) 0.007 (0.0001)
EY, 1.007
E% 2.862
ES, 3.433

the dimensionless normal coordinates of the totally symmetric vibrational modes
vy - vy are shown in Fig. 3.3. The potential energies of the X, A and B states
of the phenyl radical obtained from the model are shown by the solid, dashed
and dotted lines, respectively. The points superimposed on them represent the
computed ab initio energies. It can be seen that the latter are well reproduced by
the quadratic vibronic model. A few relevant details are immediately revealed by
the potential energy curves of Fig. 3.3. At the vertical configuration (Q = 0), the
X state is well separated from the A and B states. The crossing of the X state
with the A state (for example, along vy, v, and v; vibrational modes) occurs at
much higher energies (> 5 eV) which is not relevant for the energy range of the
photoelectron bands considered here. Moreover, these crossings occur at much
larger values of the dimensionless normal coordinate of these vibrational modes,
and it is very unlikely for such large amplitude nuclear vibrations to be relevant

for the photodetachment process treated here.
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Figure 3.3: One-dimensional cuts of the X2A4; (solid line), A2B; (dashed line)
and B2A, (dotted line) electronic states of CgH2 as a function of the dimension-
less normal coordinates of the totally symmetric (a;) vibrational modes, v1-v1g.
The potential energy surfaces are obtained with the quadratic vibronic coupling
scheme. The computed ab initio potential energies of these states are superim-
posed and shown by the asterisks on_each curve. The equilibrium geometry of
CgHj in its electronic ground state (X'A;) corresponds to Q = 0.
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The crossings of A and B electronic states, on the other hand, occur in the
accessible energy region of the second and third photoelectron bands. For exam-
ple, the crossings of these two electronic states (above 3.0 eV) are immediately
seen from Fig. 3.3 along the vy, v5, 15 and v; vibrational modes. These lead
to the formation of multidimensional CIs between these two states. Within the
linear coupling scheme the global energetic minimum [22] of the seam of the CIs
is estimated to occur at &~ 3.28 eV. For illustration, the seam of CIs in the space
of the @; and Q)7 vibrational modes is schematically shown in Fig. 3.4(a). The
energetic minimum on this seam occurs at ~ 3.4 eV, for (); ~ 2.55 and Q)7 ~
-0.65. A three dimensional perspective view of the A - B (CIs is shown in Fig.
3.4(b). The adiabatic potential energies of the A and B electronic states of the
phenyl radical are plotted along the dimensionless normal coordinates of ()7 and
(016 vibrational modes. It can be seen from the perspective plot that the inter-
section of the two surfaces occurs quite near to the minimum of the B electronic
state. Therefore, the vibrational structure of the high-energy wing of the second

(A) and that of the entire third (B) band is expected to be strongly perturbed

by the associated nonadiabatic coupling.

3.3.2 Photodetachment spectra
3.3.2.1 The first photoelectron band

The first photoelectron band is calculated by the matrix diagonalization approach
using the Lanczos algorithm. It is discussed above, that the coupling between
the X state with the A and B electronic states occurs much beyond the energy
range of the first photoelectron band and the coupling strength is also very weak,
therefore, the nuclear motion in the X state is considered to remain insensitive
to this coupling, and treated to proceed adiabatically on this electronic state.
According to the symmetry selection rule stated above, only the totally symmetric

vibrational modes can have non-zero first-order (intrastate) coupling in the X
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Figure 3.4: (a) The seam of Cls between A2B; and B2A, electronic states of
the phenyl radical, calculated along the normal coordinates of the vy and vy
vibrational modes. (b) Three dimensional perspective view of the A - B Cls in
the subspace of v; (a;) and vig (bg) vibrational modes.
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state [see the Hamiltonian Eq. 3.1(d)]. Out of the ten, only three (17, v» and
v3) totally symmetric modes exhibit large first-order coupling, (cf., Table 3.2). In
the quadratic vibronic model employed here, the second-order terms due to all
vibrational modes can have non-zero contribution to the Hamiltonian. A careful
examination of the coupling strengths (cf., Table. 3.2) of all the vibrational
modes reveals that not all of them are significant for the nuclear dynamics and
therefore, a selection has been made based on extensive trial calculations. The
final theoretical results are presented in the lower panel of Fig. 3.5 along with
the experimental results of Ref [110], in the upper panel. The theoretical stick
spectrum in Fig. 3.5 is obtained by considering four a; (vq, vo, v3 and vy), five
b1 (v11, 12, V13, Y14 and vy5) and three as (195, Vo and vy7) vibrational modes.
A vibrational basis consisting of 30, 12, 6, 3, 5, 5, 3, 3, 3, 3, 2 and 2 harmonic
oscillator functions (in that order) is employed.

This leads to a secular matrix of dimension 5,24,88,000 which is diagonalized
using 5000 Lanczos iterations. The second-order coupling parameters due to the
by vibrational modes are very small (cf., Table 3.2) and therefore are not included
in the calculations. Also the bilinear a;-a1, a1-b; and b1-b; coupling parameters are
not significant (< 1072 and inclusion of them in them in the simulations does not
cause any noticeable change in the spectrum). The stick theoretical spectrum of
Fig. 4 is convoluted with a Lorentzian line shape function of 20 meV full width
at the half maximum (FWHM), to generate the spectral envelope. A similar
convolution procedure is applied to all later stick spectra shown in this chapter.
It can be seen from Fig. 3.5 that the theoretical results compare well with the
experiment despite a few minor discrepancies. We note that anomalous intensity
distributions were observed in the experimental measurements [110] because of
possible contamination from the overlapping benzyne anion spectrum. A further
improvement of the energy resolution in the experimental recording may also
reveal the additional splitting of lines obtained in the theoretical envelope.

The first peak in the experimental envelope is attributed to a hot band con-
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Figure 3.5: The first photoelectron band of the X2A4, electronic state of
CeH? computed with 12 [four ay (v, va, v3, and v7), five by (111, V12, 113, V14 and
V15), and three ag (o5, 196 and 1o7)] modes and the quadratic vibronic Hamil-
tonian [Eq. (3.1d)]. The experimental (reproduced from [110]) and theoretical
results are shown in the upper and lower panels, respectively. The theoretical
stick spectrum is convoluted with a Lorentzian function of 20 meV FWHM to
calculate the spectral envelope. The theoretical spectrum is shifted by 0.4 eV to
the higher energy along the abscissa to reproduce the adiabatic ionization position

of the band at its experimental value.
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tribution which has no counterpart in the theoretical envelope. This is because
our theoretical results correspond to zero temperature simulations. The domi-
nant progressions in the theoretical band are formed by the 14 and 15 vibrational
modes. The peaks are ~ 0.0727 eV and ~ 0.1196 eV spaced in energy and cor-
respond to the vibrational frequencies of these modes. The vibrational mode v
is only weakly excited. In order to establish this assignment unambiguously we
performed two modes calculations also. The results obtained with 415, 1413,
and v,v3 combinations are shown in Figs. 3.6(a-c). It can be seen from these
plots that the 1115 combination reproduces the envelope quite closer to the ex-
periment [110]. Therefore, vy and v, vibrational modes are the crucial ones (also
revealed by their excitation strengths; cf., Table 3.2) and form most of the pro-
gressions observed in the experiment. Finally the spectrum obtained by including
all ten a; vibrational modes is also shown Fig. 3.6(d). It can be seen that the
dominant structures in the latter spectrum are much similar to the spectrum
in Fig. 3.6(a). Inclusion of additional modes increases the line density in the
spectrum due to the multimode effect [22]. Since, apart from vy and v, all other
vibrational modes have very weak excitation strengths (cf., Table 3.2), the dom-
inant spacings of the cluster of lines correspond nearly to the frequencies of 14
and 1, vibrational modes only. These two vibrational modes are schematically

shown Fig. 3.7, they describe deformations of the benzene ring.

3.3.2.2 The overlapping second and third photoelectron bands

The second and third photoelectron bands of the phenide anion are found to
be highly overlapping. These two bands represent to the vibronic structures of
the A and B electronic states of the phenyl radical, respectively. It is already
stated above that these two electronic states are ~ 0.57 eV spaced in energy
at the vertical configuration and low-energy Cls with an energetic minimum at
~ 3.3 eV are discovered between these two electronic states [for example, see,

Figs. 3.4(a-b) and the related discussions]. Therefore, nonadiabatic effects due
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Figure 3.6: The theoretical first photoelectron band of the phenyl radical obtained
with (a) v; and vy, (b) 14 and v3, (c) vo and vz and (d) all ten v4- vy totally
symmetric vibrational modes. Each theoretical stick spectrum is convoluted with
the Lorentzian function of 20 meV FWHM to calculate the spectral envelope.
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Figure 3.7: The two totally symmetric vibrational modes (v; and 15) of the
ring deformation type which show the most dominant progressions in the first
photoelectron band.

to these energetically relevant Cls are expected to play the most crucial role on
the vibronic dynamics in the coupled A - B electronic states of phenyl radical. In
the following, we first discuss the photoelectron bands of the uncoupled Aand B
electronic states of the phenyl radical obtained by the time-independent matrix
diagonalization approach. Subsequently, the nuclear dynamics in the coupled A
- B electronic states is considered, and a simulation of this including all relevant
vibrational degrees of freedom was found to be computationally impracticable by
the usual Hamiltonian matrix diagonalization scheme. This task is therefore ac-
complished by the wave packet propagation method using the efficient MCTDH
algorithm [109]. In addition to the coupled states vibronic spectrum, this also
yields the time dependence of electronic populations and hence provides valu-
able information on the nonradiative decay of the excited electronic states of the
phenyl radical.

In Fig. 3.8, we show the second photoelectron band pertinent to the uncou-

pled A state of the phenyl radical along with the experimental optical absorption
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Figure 3.8: The second photoelectron band revealing the vibronic level spectrum
of A%2B; electronic state of the phenyl radical. The experimental UV absorption
spectrum for this electronic state reproduced from Ref. [117] and included in the
panel. The relative intensity (in arbitrary units) is plotted as a function of the
energy of the levels of the final vibronic state. The theoretical stick spectrum
calculated with 15 [ six a1 (14, va, v3, vs, vg and v7), four by (v11, 12, 113 and
V15), four by (146, 118, Vo1 and as), and one ay (v95)] vibrational modes and the
quadratic vibronic Hamiltonian [Eq. (3.1e)] with out considering the coupling
with the EZAQ electronic state. The theoretical stick spectrum is convoluted
with a Lorentzian function of 20 meV FWHM to calculate the spectral envelope.
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spectrum of this state [117] . The stick spectrum is obtained by including six
a; (11, va, s, Us, Vg, and vy), four by (111, v, vz and vys), five by (146, V19,
U0, Voo and 1o3) and one ay (v95) vibrational modes in the dynamical simulation.
A secular matrix of dimension 79,626,24 obtained by using 6, 2, 2, 2, 2, 2, 4,
4,3, 2, 3, 2, 3, 4, 2 and 3 harmonic oscillator basis functions (in that order)
is diagonalized employing 5000 Lanczos iterations. The spectral envelope is cal-
culated by convoluting the stick spectrum by a Lorentzian function of 20 meV
FWHM. The major progressions in the spectrum of Fig. 3.8 are formed by vy,
vy, v3 and vy vibrational modes. The dominant lines are ~ 0.072 eV, ~ 0.113
eV, ~ 0.12 eV and ~ 0.14 eV spaced in energy corresponding to the frequencies
of these vibrational modes, respectively. It can be seen from Fig. 3.8 that the
rich vibronic structure of the experimental band is very well reproduced by the
theoretical results particularly at low energies. We note that Kim et al. have
performed multireference ab initio calculations in order to assign the observed
vibronic transitions in this band [122]. However the spectrum calculated by them
was found to contain significantly less lines than observed [122]. The present theo-
retical simulation considers a photodetachment process rather than the electronic
absorption recording. Therefore, the apparent disagreement in the intensity of
the peaks between the theoretical and experimental results of Fig. 3.8 is obtained.
Despite a good match between the theory and experiment, the theoretical band
seems to have too much structures in the high-energy wing (beyond ~ 2.9 eV) of
the spectrum.

There is no clear experimental evidence so far in the literature supporting the
existence of §2A2 electronic state of the phenyl radical. This is partly because
the photodetachment experiments were not carried out at such high energy of
photon and partly due to the fact that this state is optically dark and could not
be probed by the optical absorption spectroscopy. There is however a broad and
poor signal observed in the photodetachment recording in the energy range of

B electronic state [110]. This is attributed to an excited electronic state of the
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Figure 3.9: The third photoelectron band of revealing the vibronic level spectrum
of the B2 A, electronic state of the phenyl radical. The theoretical stick spectrum
is calculated with 15 [ six a1 (v1, 19, v3, Vs, Vg and vy), four by (v11, V12, 113 and
v15), four by (146, 118, Vo1 and vag), and one ay (v95)] vibrational modes and the
quadratic vibronic Hamiltonian [Eq. (3.1f)] without considering the coupling with
the A2B electronic state. The relative intensity (in arbitrary units) is plotted as
a function of the energy of the levels of the final vibronic state. The theoretical
stick spectrum is convoluted with a Lorentzian function of 20 meV FWHM to
calculate the spectral envelope.
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phenyl radical [110]. This information is too sketchy and cannot be compared with
the present theoretical data. The discrepancy between the theoretical (Kim et
al [122]) and experimental (Radziszewski [117]) results however speculated to be
due to the nonadiabatic coupling with a nearby electronic state of A, symmetry by
the former authors. We here consider this issue and show that such coupling does
exist and the associated nonadiabatic effects cause a demolition of the vibronic
structures in the high-energy tail of the A2B, band and that of the entire B2A,
band. The vibrational structure of the uncoupled B electronic state of the phenyl
radical (corresponding to the third photoelectron band of phenide anion) is shown
in Fig. 3.9. The theoretical stick spectrum is obtained by considering fifteen [six
ay (11, va, v3, Vs, Vg, and vy), four by (111, V12, 114 and vy5), four by (16, 118, Vo1
and v57) and one ay (v95)] vibrational modes and using 7, 2, 2, 2, 2, 5,4, 2,2, 2, 2,
2, 2, 3 and 3 harmonic oscillator basis functions along these modes, in that order.
The resulting secular matrix of dimension 12,902,40 is diagonalized using 5000
Lanczos iterations. The theoretical stick data is convoluted with a Lorentzian
of 20 meV FWHM to generate the spectral envelope. The spectrum in Fig. 3.9
reveals well resolved progressions due to the vy, 15, v3 and vg vibrational modes.
Peak spacings of ~ 0.072 eV, ~ 0.113 eV, ~ 0.12 eV and ~ 0.18 eV can be
observed from the spectrum.

We now consider the nonadiabatic coupling between the A and B electronic
states and simulate the nuclear dynamics including all relevant vibrational modes.
It is discussed before, that this coupling in first-order is caused by the vibrational
modes of by symmetry. The data given in Table 3.3 reveal that the vibrational
modes v1g, 18, Vo1 and 199 have moderate coupling strengths and are expected to
have some impact on the vibronic dynamics in the coupled electronic states. The
second order coupling parameters of nine by vibrational modes (cf., Table 3.2)
reveal that each one of them is important in either of the two electronic states.
Therefore, although only four b, modes are relevant from the coupling point of

view, it is necessary to include others also for the reason stated above.
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Figure 3.10: The final theoretical photoelectron bands pertinent to the coupled
A?B; - B%A, electronic states of phenyl radical. The theoretical bands are ob-
tained by propagating wave packets within the MCTDH scheme using (b) the
21 most relevant and (c) all 27 vibrational modes of phenide anion. For com-
parison the UV absorption band of the A electronic state of the phenyl radical
is reproduced from Ref. [117] in the panel and indicated as (a). The theoretical
spectrum is shifted by 0.5 eV to the lower energy along the abscissa to reproduce
the adiabatic ionization position of the band at the observed value in the optical
absorption.
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The final theoretical simulation therefore involves two electronic states (2{ and
E) and six ay (v1, vo,v3, Vs, Vg, and v7), four by (141, V12, 113 and vg5), nine by
(v16, V17, V18, V19, Voo, Vo1, Va2, Vo3 and og) and two as (195 and vog) vibrational
modes. This leads to a problem of enormous size which cannot be solved by the
matrix diagonalization approach. To this end we also included all 27 vibrational
degrees of freedom to simulate the spectrum. These tasks were accomplished
by propagating wave packets using the MCTDH algorithm [109]. The details of
the mode combinations, sizes of the primitive and single particle bases used in
these simulations are given in Table 3.4. The vibrational modes are grouped into
multidimensional particles and thereby the computational overhead is reduced.
The theoretical photoelectron bands along with the experimental absorption spec-
troscopy results for the A electronic state are shown in Fig. 3.10. In the panel,
the spectra marked by a, b and c¢ represent the experimental absorption band
of the A electronic state (reproduced from the reference [117]), the theoretical
photodetachment spectrum of the coupled A - B electronic states considering 21
most relevant vibrational modes and the same including all 27 vibrational modes,
respectively. Each theoretical spectrum of Fig. 3.10 is generated by combining
two partial spectra obtained for two different (g or E) initial location of the wave
packet. In each calculation the wave packet is propagated up to 100 fs, and since
we use a real initial wave packet this yields time autocorrelation function up to
200 fs [124]. The latter is then damped with an exponential function [ exp (-t/7,);
with 7, = 66 fs which corresponds to a 20 meV FWHM Lorentzian]| and Fourier
transformed to generate the spectrum. In representing the spectrum the inten-
sity in arbitrary units is plotted as a function of the energy of the final vibronic
states. The adiabatic ionization position of the theoretical band is adjusted to
that of the experimental absorption band of the A state occurring at ~ 2.4 eV.
This quantity is not so far measured in a photodetachment experiment.

Apart from some expected discrepancies between the theory and experiment

for the intensities of the peaks of the A band, the main vibronic structure and the
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Table 3.4: Normal mode combinations, sizes of the primitive and single particle
bases used in the MCTDH calculations for the coupled A2B; - B%A, electronic
states of phenyl radical.

Normal modes Primitive basis © SPF basis ® [A?B,, B*4,]  Fig.
(1/1, Vs, 1/6) (40, ].0, 5) [15,12]
(1/2, Vs, 1/7) (33, 5, 4) [8,10]
(11, V12, V13, V15, Vag) (4, 3, 2,2, 4) 5,4] 3.10(b)
(116, 17, V18, V19 Va5) (5,4, 5, 4, 4) 6,6]
(20, Va1, Va2, Va3 Vag) (4,4, 4, 4, 4) [4,5]
(v1, vo, V10, V13, V17) (40, 4, 4, 2, 4) [15,12]
(1/2, V4, Vg, V16, V22,V27> (33, 5, 5, 5, 4, 4) [8,10]
(1/3, V7, V11, V14, V15, VQG) ]_0, 4, 4, 2, 27 4) [5,4] 310(C)
(1/6, V19, V18, V19, VQ5) ( , O, 5, 4, 4) [6,4]
(1/5, Voo, V21, V23, 1/24) (5, 4, 4, 4, 4) [4,5]

@ The primitive basis is the number of harmonic oscillator DVR functions, in the
dimensionless coordinate system required to represent the system dynamics along
the relevant mode. The primitive basis for each particle is the product of the
one-dimensional bases; e.g for particle 1 in the set given for Fig. 3.10(b) the primitive
basis contains 40 x 10 x 5 = 2000 functions and the full primitive basis consists of
a total of 4.15 x10' functions. For Fig. 3.10(c) the full primitive basis consists of
1.33x 10" functions. ® The SPF basis is the number of single-particle functions used.
There are 28,800 and 24,000 configurations altogether for Fig. 3.10(b) and Fig. 3.10(c)
calculations respectively.
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progressions of the vibrational modes are reproduced satisfactorily. Furthermore,
the results of 21 modes and 27 modes calculations are essentially identical. The
available experimental spectroscopic data do not reveal any clear evidence of B
and therefore results on this state shown here as a theoretical prediction. Strong
impact of nonadiabatic coupling is immediately visible by comparing the above
theoretical results with those obtained for the uncoupled B and A states (cf.,
Figs 3.9, 3.8). The nonadiabatic coupling causes a partial demolition of the
vibronic structure in the high energy wing of the A band and it has huge impact
on the vibronic structure of the B band. The energetic minimum of the Cls of
the multidimensional potential energy hypersurfaces occurs at ~ 3.28 eV and
this almost coincides at the minimum of the B state estimated at ~ 3.27 eV.
Therefore, although the strength of nonadiabatic coupling is not very strong (cf.,
Table 3.3), it severely affects the B band and as a result the vibronic structure
of the latter is completely demolished and it is transformed to a diffuse broad
bump. It would be worthwhile to carry out photodetachment experiment to

validate these new findings.

3.3.3 Time-dependent dynamics

The time dependence of electronic populations provide valuable information on
the decay of an excited molecular state which can be measured in a femtosecond
time resolved experiment. In the present case this decay is solely driven by
the CIs and the associated nonadiabatic coupling. The energetic locations of
the minimum of the seam of Cls as well as the minimum of the participating
electronic states solely governs the nonadiabatic decay process.

In Fig. 3.11 we show the time-dependence of the diabatic electronic popula-
tions of the A and B electronic states of the phenyl radical in the coupled-states
situations. In panel (a), the diabatic electronic populations of the A (shown by

the solid line) and B (shown by the dashed line) electronic states obtained by
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locating the wave packet initially (at ¢ = 0 ) on the A electronic state are plotted.
These populations are obtained by propagating the wave packet including all 27
vibrational degrees of freedom. It can seen that very little population transfer
occurs to the B electronic state in this situation. This is because the energetic
minimum of the seam of intersections occurs at higher energy and the low lying
vibronic levels of the B state are not perturbed by the nonadiabatic interactions.
In contrast, a large population transfer occurs through the A - B ClIs when the
wave packet is initially located on the B state. The diabatic electronic popula-
tions obtained in this situation are plotted in panel (b). As stated before that
the minimum of this state nearly coincides with the minimum of the seam of in-
tersections and therefore, a profound effect of the nonadiabatic coupling prevails
on the vibronic dynamics of the B state. It can be seen that the population of
this state (dashed line) starting from 1.0 at t=0 sharply decays to less than 0.1
in about 30 fs and reaches to a value of ~ 0.05 at longer times. The population
of the A state on the other hand starting from 0.0 at t=0 grows to a value ~ 0.95
at longer time. The initial sharp decrease of the population of the B state relates

to a decay rate of ~ 30 fs of this state.

3.4 Summary and Outlook

We have presented a detailed theoretical account of the photodetachment spec-
troscopy of the phenide anion. The vibronic structures of the ground X2A, and
two low-lying excited A2B; and B2A, electronic states of phenyl radical are ex-
amined. A vibronic coupling model is established with the aid of extensive elec-
tronic structure calculations and the nuclear dynamics is simulated by solving
the quantum eigenvalue equation both in time-independent and time-dependent
framework.

The X state of the phenyl radical is energetically well separated from the

A and B states. Whereas, the latter two states are energetically close to each
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Figure 3.11: Time dependence of the diabatic electronic populations in the cou-
pled states simulations of Fig. 3.10. The populations of the B and A states are
shown by the dashed and solid lines, respectively. The upper and lower panel
corresponds to the initial location of the wave packet on the A and B state,

respectively.
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other. The possible symmetry allowed crossings among these three electronic
states are examined. It is found that the X state undergoes crossings with the
A and B states at much higher energies (beyond 5 eV) and such crossings are
not relevant for the energy range of the first three bands of the photodetachment
spectrum. Furthermore, the strength of the coupling between the X state and
cither of the A and B electronic state is very small. The crossings between the
A and B electronic states on the other hand, occurs at much lower energy and
are relevant for the energy range of the second and third photoelectron bands.
Low-energy Cls between these two states are discovered and their impact on the
vibronic structures of these electronic states is examined.

The theoretical results on the first band are in good accord with the resolved
vibrational progressions observed in the experimental photodetachment record-
ing. Two totally symmetrical vibrational modes of ring deformation type (14
and v5) form the major progression in this photoelectron band. The existing
ambiguity in the assignment of these progressions is resolved here.

The experimental photodetachment spectrum of the A state is not available.
However, information on the vibronic level structure of this state is available
from the electronic absorption spectroscopic measurements. The rich vibronic
structure observed in the absorption spectrum is very well reproduced in our
theoretical nuclear dynamical simulations of the uncoupled A state. Despite
some differences in the intensity of the individual lines. The vibrational modes
vy, Vg, v3 and v5 form most of the progressions in this band. The B state of the
phenyl radical is optically dark and no clear evidence of this state emerged from
the photodetachment measurements. In the uncoupled state calculations distinct
vibrational progressions due to vy, v, v3 and v are found for this electronic state.

The energetic minimum of the A - B CIs occurs at ~ 3.29 eV which is located
very near to the energetic minimum of the B state. The final theoretical simu-
lations of the nuclear dynamics in the coupled A - B electronic states is carried

out by propagating wave packets using the MCTDH algorithm. The theoreti-
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cal simulations were carried out by considering the most relevant 21 vibrational
degrees of freedom as well as by including all 27 vibrational degrees of freedom
also. It is found that the vibronic structures of the high-energy tail of the A band
and the entire B band are severely affected by the nonadiabatic coupling. As a
result the B band transforms to a broad and structureless envelope in the cou-
pled states situations. Although the nonadiabatic couplings are not particularly
strong in this case, the crossing between the A and B state occurs nearly at the
minimum of the latter state and therefore, such a profound effect of the crossing
on the vibronic structure of the B state is seen. Photodetachment experiments
at higher photon energies will be valuable to support these theoretical findings.
An ultrafast nonradiative decay rate of ~ 30 fs of the B state is estimated from

the decay of the electronic population in the coupled electronic manifold.



Chapter 4

Electronic nonadiabatic
interaction and internal
conversion in phenylacetylene

radical cation

4.1 Introduction

In this chapter we consider the structural and dynamical aspects of the low-lying
electronic states of phenylacetylene radical cation (PA1) and attempt to investi-
gate them by an ab initio quantum mechanical approach. Phenylacetylene (PA)
belongs to the Cy, symmetry point group at the equilibrium geometry of its elec-
tronic ground state (X'A4;). The 36 vibrational modes of PA (shown in Table 4.1)
decompose into 13 a; @ 3 as & 8 by & 12 by irreducible representations (IREPs)
of the Cy, point group (Table I). The ground and first three excited electronic
states of PA* belong to the X2B;, A2A,, BB, and C2B; symmetry species of
the equilibrium Cs, point group and result from ionization of the first four va-

lence by, as, by and by type of molecular orbitals (MOs) of PA, respectively. These

52
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canonical MOs, viz., the HOMO (highest occupied MO), HOMO-1, HOMO-2 and
HOMO-3 of PA are of w-type MOs. While the HOMO and HOMO-1 represent
the 7 orbitals mainly localized on the phenyl ring, the HOMO-2 and HOMO-3
are representatives of the acetylenic 7 orbitals parallel and perpendicular to the
phenyl ring, respectively.

The gas-phase photoelectron (PE) spectrum of PAT measured by Rabalias et
al. [125] and Lichtenberger et al. [126] revealed resolved vibrational level struc-
ture of its X2B;, B2B, and C2B electronic states and a diffuse and structureless
band for the EZAQ electronic state. The C «— X gas-phase visible absorption
spectrum of PAT-Ar van der Waals complex recorded by Bréchignac et al. shows
a well resolved vibrational structure of the C' state [127,128]. An upper limit of
non-radiative decay rate of 1.4x10'? 57! is estimated from the average line width
of the resolved vibrational structure of this state. This decay rate is related to a
sub-picoseconds life time of the C state arising from possible internal conversion
within the electronic doublet states of PAT. Youn et al. have predicted a long life
time (of the order 10 microseconds) for the B state of PA* in a charge exchange
ionization followed by mass spectroscopic measurement [129]. The resolved vi-
brational spectrum of the X state is recorded by Kwon et al. in a one-photon
MATT experiment [130]. An adiabatic ionization energy of 8.8195 £+ 0.0006 eV
is estimated from the position of the 0-0 peak of this MATT spectrum [130]. Ex-
citations of both the totally and non-totally symmetric vibrational modes are
reported in the MATI spectrum. The latter modes are predicted to appear due
to the vibronic coupling of the X state with the other excited electronic stats of
PAT.

Xu et al. have recorded the the PIRI spectrum of the C electronic state by
exciting the ion core of the Rydberg molecule [131]. An adiabatic ionization
energy of 11.03 eV is estimated for this state. Again both the totally and non-
totally symmetric vibrational modes are reported to form progressions in this

state. The width of the vibrational peaks are estimated in the range of 20-40
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Table 4.1: Details of the 36 vibrational modes and their frequencies (in cm™') of
the ground electronic state of PA. The theoretical numbers are harmonic where as
the experimental ones are fundamentals. Wilson’s numbering of the vibrational
modes are also given in the parentheses.

symm- mode MP2 Expt( [130]) Expt( [134]) Mode
etry (ce-pVDZ) description
ay 2z 3493 3291 (vCH) 3332 C-H stretching
Vo 3247 3083 (20a) 3078 (20a) C-H stretching
V3 3234 3064 (2) 3067 (2) C-H stretching
Vg 3215 3035 (7a) 3047 (7a) C-H stretching
Vs 2121 2118 (VCC) 2120 C=C stretching
V6 1652 1598 (8a) 1610 (8a) C=C stretching
vy 1515 1489 (19a) 1488 (19a) C=C stretching
Vg 1225 1192 (13) 1192 (13) -C-C=C-H stretching
vy 1189 1178 (9a) 1175 (9a) C-H in-plane bending
20 1048 1028 (18a) 1028 (18a) C-H in-plane bending
v 1009 1000 (12) 998 (1) C=C=C in-plane bending
V12 769 763 (1) 760 (12) -C=C-H stretching
V13 464 467 (6a) 465 (6a) -C=C-H stretching
as V14 952 971 (17a) 968 (17a) C-H out-of-plane bending
V15 848 842 (10a) 842 (10a) C-H out-of-plane bending
V16 398 418 (16a) 418 (16a) C=C out-of-plane bending
by V17 956 986 (5) 985 (5) C-H out-of-plane bending
V18 902 918 (17b) 915 (17b) C-H out-of-plane bending
V19 741 756 (11) 756 (11) C-H out-of-plane bending
V20 636 691 (4) 689 (4) acetylenic C-H in-plane bending
Va1 582 610 (vCH) 613 acetylenic C-H out-of-plane bending
V92 490 531 (16 b) 530 (16b) C=C out-of-plane bending
Va3 343 352 (vCCQC) 349 (10b) -C-C=C out-of-plane bending
Vo4 137 165 (10Db) 162 -C=C-H out-of-plane bending
bo Va5 3241 - (7b) 3096 (7b) C-H stretching
V26 3224 3058 (20b) 3058 (20b) C-H stretching
Va7 1625 1573 (8b) 1573 (8b) C=C stretching
Vg 1484 1444 (19Db) 1447 (19Db) C=C stretching
oo 1449 1331 (14) 1330 (3) C=C stretching
vso 1321 1283 (3) 1282 (14) C-H in-plane bending
V31 1172 1158 (9b) 1157 (9b) C-H in-plane bending
V32 1095 1071 (18b) 1070 (18b) C-H in-plane bending
V33 623 653 (BCH) 649 acetylenic C-H in-plane bending
V34 622 619 (6b) 613 (6b) acetylenic C-H in-plane bending
V35 502 516 (BCC) 513 -C=C-H in-plane bending

V36 147 - (15) 162 -C=C-H in-plane bending
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1 and found to be broader than the halogen substituted benzene cations.

cm”
The broadening of the peaks is attributed to a predissociating nature of the C
state or its possible vibronic mixing with the other electronic states. The C
— X visible spectrum of the PAT measured and compared by Pino et al. by
employing two methods namely a resonant multiphoton dissociation scheme for
the bare cations and a resonant photodissociation technique applied to the PA™-
Ar,,_; 5 ionic complexes [132]. The well resolved vibrational peaks with dominant

progression due to the totally symmetric vibrational modes are reported in these

measurements.

4.2 The Vibronic Hamiltonian

For the nuclear dynamical simulations, a vibronic Hamiltonian is constructed
below in terms of the dimensionless normal coordinates of the vibrational modes
and utilizing a diabatic electronic basis [89-91]. The coupling between the states
m and n in the diabatic electronic Hamiltonian through a given vibrational mode

(Q) is assessed using the symmetry selection rule given in the Chapter 2
I®lo®T, >T4 |

According to this rule, the totally symmetric (a;) vibrational modes are always
active in a given electronic state and the first-order coupling between the X —ﬁ,
X-B , ﬁ-é, A-C and B-C electronic states of PAT is caused by the vibrational
modes of by, as, by, by and as symmetry, respectively. These couplings lead
to multiple multidimensional CIs in the mentioned manifold of electronic states
of PA*T. The impact of the electronic nonadiabatic effects on the vibrational
level structure of a state depends on the strength of the associated coupling. A
detailed account such effects is exposed in this chapter. Till date, none of the

theoretical studies dealt with these details in order to corroborate to the vast
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amount of experimental data available on this system. A combination of time-
independent /dependent quantum mechanical simulations presented below enable
us to explain a large part of the complex vibronic spectrum of PA™ and the
dynamics of its excited electronic states. Very good agreement is achieved with
the PE spectroscopy data. Despite some differences, the theoretical data also
reveal good agreement with the high resolution measurements. Possible avenues
for further improvements of the study is also discussed.

The Hamiltonian for the coupled manifold of X-A-B-C electronic states of
PA™ is constructed in terms of the dimensionless normal displacement coordinates

(@) of its 36 nondegenerate vibrational modes in a diabatic electronic basis as

W Wg i3 Wi s Wi
W+ Wi =~ Wi ~

H = (Tv+Vo)la+ A A-BTAC (4.1a)
h.c. WE Wg_é

where 14 is a 4x4 unit matrix and (Zy + V) is the Hamiltonian for the unper-
turbed electronic ground state of the neutral PA. This reference state is assumed
to be harmonic and vibronically decoupled from the other states. Therefore, 7y

and V), are given by

1<, 92
1 36
_ )2
Vo = 5 izlwzQz- (4.1¢)

The non-diagonal matrix Hamiltonian in Eq. (4.1a) represents the change in

the electronic energy upon ionization of PA and describes the diabatic electronic

PESs (diagonal elements) of the X , Z, B and C electronic states of PA* and



4.3. Results and Discussions 57

their coupling potentials (off-diagonal elements). These are expanded in a Taylor
series (excluding the intermode bilinear coupling terms) around the equilibrium

geometry of the reference state at (Q=0) as [22]

13 36
, . 1 . -~~~
W, = B+ Qi3 070 j e X ABC (1)
i=1 =1

Wi = S AV Mo, (4.1e)

where j — k € X-A, X-B, A-B, A-C, B-C with i € by, as, by, by, as in that

) represents the vertical ionization

order. In the above equations the quantity Eéj
energy of the j** electronic state and /al(j ) and 'yz-(j ) are the linear and second-order
coupling parameters of the ¥ vibrational mode in the j** electronic state. The
quantity )\Z(j %) describes the first-order coupling parameter between the 5 and k
electronic states through the vibrational mode i. A linear interstate coupling is
considered throughout this study. We find the bilinear coupling terms are smaller
in size (of the order of ~ 1073 or less) and therefore not included in the dynamical

simulations. These coupling parameters are extracted from ab initio electronic

structure calculations as mentioned in Chapter 2 and are listed in Table 4.2-4.4.

4.3 Results and Discussions

4.3.1 Adiabatic electronic potential energy surfaces and

conical intersections
The adiabatic PESs of the X , Z, B and C electronic states of PAT are obtained

by diagonalizing the diabatic electronic Hamiltonian of Eq. (4.1a) and the pa-

rameters of Tables 4.2-4.4. One dimensional cuts of the multidimensional



Table 4.2: The linear coupling parameters (x;) for the X2B,, A2A,, B2B, and C2B, electronic states of the PA* derived
from the ab initio electronic structure data. The dimensionless coupling strengths, x?/2w?, are given in the parentheses.
The vertical ionization energies (E°) of the above electronic states are also given. All quantities are in eV.

modes frequency K kA w(B) K(©)
(symmetry) (eV) X2B, A4, B2B, C2B,
v1(ay) 0.4332 0.0044 (0.0001) 0.0160 (0.0007) -0.0230 (0.0014) -0.0053 (0.0001)
vo(ay) 0.4026 -0.0144 (0.0006) -0.0157 (0.0007) -0.0113 (0.0001) -0.0185 (0.0011)
vy(ar) 0.4010 0.0045 (0.0001) -0.0018 (0.0001) 0.0035 (0.0001) -0.0043 (0.0001)
vy(ay) 0.3987 0.0025 (0.0001) -0.0026 (0.0001) -0.0017 (0.0001) 0.0025 (0.0001)
vs(ay) 0.2631 0.1407 (0.1430) 0.0028 (0.0001) 0.3097 (0.6928) 0.1283 (0.1189)
ve(a) 0.2049 -0.1322 (0.2081) 0.1538 (0.2817) 0.0117 (0.0016) -0.0036 (0.0001)
ve(ar) 0.1879 0.0288 (0.0117) 0.0271 (0.0104) -0.0049 (0.0003) -0.0911 (0.1175)
ve(ar) 0.1519 -0.0489 (0.0517) -0.1075 (0.2504) 0.0447 (0.0433) 0.0775 (0.1302)
vo(ay) 0.1475 0.0728 (0.1218) -0.0543 (0.0677) 0.0318 (0.0232) 0.0173 (0.0069)
vio(ay) 0.1300 -0.0161 (0.0077) -0.0464 (0.0636) 0.0275 (0.0223) -0.0473 (0.0662)
vi1(ar) 0.1251 -0.0470 (0.0706) -0.0540 (0.0932) -0.0421 (0.0566) -0.0556 (0.0988)
vis(ay) 0.0954 -0.0420 (0.0969) 0.0302 (0.0501) -0.0269 (0.0397) -0.0713 (0.2793)
vis(ar) 0.0576 -0.0580 (0.5070) 0.0647 (0.6309) -0.0266 (0.1066) -0.0014 (0.0003)
Y, 8.5079
ES, 9.1548
Y, 9.9821
B, 10.7509
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Table 4.3: The second-order coupling parameters (v;) (in V) for the X2B;, A2A,,
B?B, and C?B; electronic states of the PA* derived from the ab initio electronic
structure data.

modes frequency ) A4 ~(B) A©)
(symmetry) (eV) X2B, A2 4, B2B, C?B,
vi(ay) 0.4332 0.0010 0.0012 0.0010 0.0010
vo(ay) 0.4026 0.0034 0.0038 0.0016 0.0024
v3(ay) 0.4010 0.0042 0.0044 0.0020 0.0030
vy(ay) 0.3987 0.0054 0.0058 0.0036 0.0048
vs(ay) 0.2631 -0.0194 0.0002 0.0074 0.0282
ve(ay) 0.2049 -0.0056 0.0104 -0.0146 0.0046
v7(ay) 0.1879 -0.0052 0.0030 -0.0104 0.0016
ve(ar) 0.1519  -0.0046  0.0052  -0.0120  -0.0116
vo(ay) 0.1475 0.0044 0.0056 0.0054 0.0054
vio(ay) 0.1300 0.0018 -0.0028 0.0014 -0.0022
v11(aq) 0.1251 0.0006 -0.0010 -0.0024 -0.0004
via(ay) 0.0954 -0.0024 -0.0006 -0.0038 -0.0022
vis(ar) 0.0576  -0.0042  0.0004  -0.0044  -0.0010
v14(asg) 0.1181 0.0090 0.0076 0.0020 -0.0078
vi5(as2) 0.1052 -0.0080 0.0070 -0.0018 -0.0088
vig(az) 0.0493 -0.0100 -0.0332 -0.0026 -0.0106
v17(b1) 0.1186 0.0040 -0.0108 0.0100 -0.0168
v138(b1) 0.1119 0.0152 -0.0188 0.0074 -0.0054
vio(by) 0.0919 0.0024  -0.0034  0.0052  -0.0026
vao(b1) 0.0789  -0.0062  -0.0184  -0.0100  -0.0166
var (1) 0.0722 0.0086  0.0080  -0.0304  -0.0168
Voo (1) 0.0608 0.0016 -0.0074 -0.0136 -0.0110
vo3(by) 0.0426 -0.0168 -0.0098 -0.0248 -0.0194
Va4 (b1) 0.0170 -0.0128 -0.0144 -0.0400 -0.0294
Va5 (b2) 0.4018 0.0032 0.0046 0.0016 0.0024
Va6 (b2) 0.3998 0.0048 0.0054 0.0026 0.0038
Vor(bs) 0.2016 -0.0430 0.0438 -0.0058 0.0152
Vog (o) 0.1840 0.0132 0.0388 -0.0034 0.0168
Va9(b2) 0.1797 0.0272 0.0142 -0.0018 0.0130
v30(bo) 0.1638 0.0026 0.0058 0.0034 0.0042
Vi1 (b2) 0.1454 0.0024 00128  0.0040  0.0074
v32(bs) 0.1358 0.0008 -0.0020 0.0024 0.0070
v33(bo) 0.0773 -0.0120 0.0060 -0.0058 -0.0010
v34(b) 0.0772 -0.0076 0.0080 0.0040 -0.0026
v35(bo) 0.0623 -0.0028 -0.0020 -0.0054 -0.0164
v36(b2) 0.0182 -0.0222 -0.0028 -0.0624 -0.0390




Table 4.4: The linear interstate coupling parameters (\;) (in eV) of PAT. The dimensionless coupling strengths, A\?/2w?,
are given in parentheses.

modes )\XfA AXfB )\AfB )\AfC )\B*C
(Symmetry) )2231 - 112_/42 )2231 - EQBQ /12A2 - EQBQ E2A2 - CN'QBl EQBQ - CN'QBl
Vs (b2) 0.0150 (0.0007) - - _ -
Va6 (bo) 0.0107 (0.0003) - - _ _
vo7(by) 0.1228 (0.1855) - - _ _
V28(b2) 0.0644 (0.0613) - - - -
Vgg(bg) - - - - -
v30(by) 0.0223 (0.0093) - - _ _
v31(b2) 0.0403 (0.0384) - - - ,
v32(b2) - - - 0.0589 (0.0941) -
v33(b2) 0.0542 (0.2458) - - - -
v34(D2) 0.0501 (0.2106) - - B, B
v35(b2) 0.0092 (0.0109) - - i _
Vg@(bg) 0.0557 (4.6831) - - - _
via(az) - - - - -
v15(az) - 0.0486 (0.1067) - - _
vi6(az) - 0.0529 (0.5757) - - -
v17(b1) - - 0.0699 (0.1737) - ;
vis(b1) - - 0.0745 (0.2216) - §
vig(b1) - - 0.0435 (0.1120) - -
v20(b1) - - 0.0430 (0.1485) - .
Vgl(bl) - - - - -
Vgg(bl) - - - - -
Vgg(bl) - - - - -
V24(b1) - - - - -
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potential energy hypersurface of PAT along totally symmetric vibrational modes
(v4-113) are shown in Fig. 4.1. The X-A states crossings can be seen along the
3, Vg, Vg and 5. Similarly, the A-B states crossings can be seen along vg and vs.
A magnified view of the low-energy crossings of the X-A and A-B states along
the v; (acetylenic C=C stretching) and 5 (C=C stretching of the benzene ring)
vibrational modes is shown in Fig. 4.2. These curve crossings would lead to the
formation of multidimensional CIs when distorted along the nontotally symmetric
vibrational modes. Within the linear coupling scheme the energetic minimum [22]
of the seam of the )N(—Z, A-B and B-C ClIs is estimated to occur at ~ 9.01 eV,
~ 9.83 eV and =~ 11.69 eV respectively. This minimum for the X-A surfaces
occurs ~ 0.02 eV above the equilibrium minimum of the A electronic state. The
vibrational structure of the A state is therefore expected to be strongly perturbed
by the associated nonadiabatic interactions. The minimum of the A-B CIs occurs
at ~ 0.95 eV and ~ 0.06 eV above the minimum of the A and B electronic states,
respectively. The minimum of the B-C Cls occurs at &~ 1.06 eV above the global
minimum of the C state. The minimum of the X-B Cls occurs at ~ 12.23 eV,
which is &~ 2.5 eV above the equilibrium minimum of the B state. The X and C
CIs occur at much higher energy and are not considered here.

A careful examination of the linear coupling parameters and the excitation
strengths of all 36 vibrational modes given in Table 4.2 and 4.4 reveals the impor-
tance of 9 ay (v13-v5), 9 by (v36-1a7), 2 as (116 and vy5) and 4 by (v90-117) vibrational

modes in the coupled state dynamics of the X-A-B-C electronic states of PA*.

4.3.2 Electronic spectra

As stated in the introduction, the complex vibronic bands in the energy range of
the X , g, B and C electronic states of PA* are recorded in the PE spectroscopy
experiment [125]. The vibrational level structures of the X electronic state is

recorded in a MATI [130] and that of the C state in PIRI [131] spectroscopy
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Figure 4.1: Adiabatic potential energies of the X (thin line), A (thick line), B
(dashed line) and C' (dotted line) electronic states of PAT as a function of the

dimensionless normal coordinates of the totally symmetric (a;) vibrational modes,
Vi-V13.
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Figure 4.2: Adiabatic potential energies of the X , ;L B and C electronic states
of PAT along the vibrational modes vg and v5. A sketch of the vibrational mode
is also shown in the respective panel. The potential energy surfaces are obtained
with the quadratic vibronic coupling scheme. The computed ab initio potential
energies of these states are superimposed and shown by the asterisks on each

curve. The equilibrium geometry of PA in its electronic ground state (X'A;)
corresponds to Q = 0.
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experiment at improved energy resolution. In the following, we first focus on the
PE spectroscopy results and show and compare the theoretical results obtained
at lower energy resolution using the full vibronic Hamiltonian of Eqs. 4.1(a-e)
with 24 relevant vibrational modes listed above. The results at a higher energy
resolution are considered next to compare with the observed MATI and PIRI
spectroscopy data.

In Fig. 4.3, theoretical results obtained for the coupled X-A-B-C electronic
states are shown in the bottom panel along with the experimental PE spec-
troscopy results [125] in the top panel. The relative intensity in arbitrary units
is plotted as a function of the energy of the final vibronic states. The theoretical
results are obtained using the ab initio parameters of the Hamiltonian given
in Table 4.2-4.4 without any adjustments. The quantum dynamical simulations
are carried out by propagating WPs using the MCTDH algorithm [109]. Un-
derstandably, the large dimensionality of the problem and huge requirements of
computer hardware makes the matrix diagonalization approach impracticable in
this case. The details of the basis set and mode combinations employed in the
WP propagations using the MCTDH algorithm are given Table 4.5. Four sepa-
rate WP calculations are carried out with four different choices of initial states
of PA™ and finally the results are combined to obtain the composite vibronic
band presented in Fig. 4.3. In each WP propagation the time autocorrelation
function is calculated upto a total time of 300 fs. The combined autocorrelation
function is finally damped with an exponential function, e=*/™ (with 7, = 66 fs),
before Fourier transformation to generate the spectrum of Fig. 4.3. This damp-
ing corresponds to a convolution of the vibronic lines with a Lorentzian function
of 20 meV full width at the half maximum (FWHM). An energy shift of 0.98 eV
is applied along the abscissa to reproduce the experimental adiabatic ionization
position of the X state at ~ 8.83 ¢V [125].

Despite very minor differences in the finer details, the theoretical results of

Fig. 4.3 are in excellent accord with the experiment and reveal resolved vibronic
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Figure 4.3: The PE spectrum of the coupled X-A-B-C electronic states of PAT.
The experimental (reproduced from Ref [125]) and the present theoretical results
are shown in the top and bottom panels, respectively. The intensity (in arbitrary
units) is plotted along the energy (measured relative to electronic ground state
of PA) of the final vibronic states. An energy offset of ~ 0.98 eV to the theoret-
ical results is applied along the abscissa to reproduce the experimental adiabatic
ionization energy of the X band.
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Table 4.5: Normal mode combinations, sizes of the primitive and single particle
bases used in the MCTDH calculations for the coupled X- A-B-C electronic states
of PAT,

Normal modes Primitive basis * SPF basis * [X, A, B, C]
(1/11, vs, V17, 1/27) (4, 5, 5, 6) [8, 7, 8, 5]
(118, V10, Vs, V32) (4, 5, 4, 4) 6, 8, 6, 7]
(I/lﬁ, Vg, V34, 1/12) (5, 4, 6, 5) [8, 6, 5, 6]
(1/19, V35, V30, 1/20) (5, 5, 4, 4) [6, 7, 9, 5]
(1/36, Vs, V33, V31) (8, 20, 5, 4) [97 6, 5, 8]
(1/13, Vg, V15, 1/7) (5, 5, 5, 5) [6, 5, 6, 7]
The calculations were converged with respect to the spectrum. ¢ The primitive basis

is the number of Harmonic oscillator DVR functions, in the dimensionless coordinate
system required to represent the system dynamics along the relevant mode. The
primitive basis for each particle is the product of the one-dimensional bases; e.g for
particle 1 in the set given for Fig. 4.3 the primitive basis contains 4 X 5 x 5 x 6 =
600 functions and the full primitive basis consists of a total of 9.216 x10'® functions.
b The SPF basis is the number of single-particle functions used.

structure of the X , B and C states and an extremely broad and diffuse vibronic
band of the A state. Nonadiabatic coupling among the four electronic states
leads to the complex vibrational structures of the bands in Fig. 4.3. Apart from
a few dominant progressions, it is difficult to decipher the entire vibrational level
structure from the theoretical results of Fig. 4.3. The X and A states are strongly
coupled (cf. Table 4.4), particularly through the vibrational mode v54 (15). This
is a low-frequency mode of by type and causes strong mixing of the X and A
states. As the energetic minimum of the X-A Cls occurs at & 9.01 eV, the low-
energy vibrational structures of the X state are not much affected by this strong
nonadiabatic mixing. The vibrational structures of the A state, on the other
hand, is strongly perturbed starting from its onset, as the minimum of the X-A
CIs occurs below the zero-point energy level of the A state. Furthermore, the
latter state is also coupled moderately with the B and weakly with the C state
through the vibrational modes of b; and by symmetry, respectively (cf., Table
4.4). However, the impact of the A-B and A-C Cls on its vibronic structure is
much less compared to that of X-A CIs. The X state is also coupled with the
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B state through the vibrational modes of as symmetry. Reduced dimensional
calculations and a systematic analysis of the results enable us to make a few
remarks here. The low-lying vibrational structure of the X state is unaffected
by the nonadiabatic coupling. The effect of the latter seems to be the strongest
in the vibrational structure of the A state. The low-lying vibrational structure
of the B band is affected by the X-B and A-B Cls. The C state is found to be
only weakly coupled with the A state through the by vibrational mode, v55 (18b)
and therefore this coupling does not have any noticeable impact on its vibrational
structure.

The dominant progressions in the X band is found to be caused by the vi-
brational mode v43 (6a). A long progression of this mode due to several overtone
transitions is found. The peaks are ~ 429 cm™! apart corresponding to the fre-
quency of this mode. This result is in accord with the PE spectroscopy data,
which reveal a slightly higher value of ~ 489 cm™!. A value of ~ 460 cm™! has
been reported for this progression in the threshold photoelectron spectroscopy
measurements [135]. It is attributed to one of the bending mode in the experi-
ment [125]. However, Table 4.1 shows that this vibration is of stretching type.
Short progressions of ~ 1204 cm™! and ~ 1147 cm™! due to vg (13) and vy (9a)
vibrational modes, respectively, are also found from the theoretical results. Apart
from these, several combination levels of v3 with vg and vy vibrational modes
are also found from the theoretical data. Further discussions on the vibrational
structure of the X band is considered below in relation to the observed MATI
results.

An extended progression of ~ 467 cm~! due to vi3 mode is also observed in
the A state. The vibrational modes vg (13) and g (8a) are also excited in the A
band. Peak spacings of ~ 1267 cm™! and ~ 1734 cm™! are attributed to their
progressions, respectively. Apart from these, the densely packed vibronic levels
of the A state could not be assigned further. The increase in the vibronic level

density is caused by a strong mixing of this state with the X and B states as
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discussed above. The progressions in the B state is primarily caused by 13 (6a),
vs (o) and vg vibrational modes. Peak spacings of ~ 427 cm™!, ~ 2180 ¢cm™!
and ~ 1170 cm ™! are attributed to these progressions, respectively. Progressions
of ~ 484 cm™! (due to vy3) and ~ 2050 cm™! (due to v5) are extracted from
the PE spectrum [125]. The latter is predominantly acetylenic C=C stretching
vibration and is strongly excited in the B state. This indicates that the B state
originates from a MO mainly localized on the acetylenic moiety, on par with the
nature of the HOMO-2 plotted in Fig. 4.7.

The vibrational structure of the C state is formed by many low frequency
vibrational modes. Among the symmetric vibrational modes v19, V11, 119, V7 and
vs are excited. In contrast to the X , A and B electronic states the vibrational
mode 143 is very weakly excited in the C state. While the overall structure of
the C band reveals very good agreement with the experiment in Fig. 4.3, the
finer details show some discrepancies when compared with the PIRI spectrum
recorded by Xu et al. [131]. These authors have reported the vibrational energy

level structure of the C' state upto an energy of ~ 2200 cm™!

above its origin at
~ 17834 cm™!. The dominant progressions in the spectrum are reported to be
formed by the totally symmetric vibrational modes. In addition, weak excitations
of the overtones and combinations of the nontotally symmetric modes are also
assigned in the experiment.

In order to corroborate to these experimental results, we performed reduced
dimensional calculations of the vibrational energy levels of the C state employ-
ing the matrix diagonalization approach within the capability of the computer
hardware. These calculations are performed both for the uncoupled and coupled
state situations in order to obtain the precise locations of the vibrational levels to
be compared with the experiment. The present electronic structure data reveal a
weak coupling of the C state with the A state via the vibrational mode vs, (18b).
Apart from this the C state is not found to have any coupling with the other

states in the set of electronic states considered here. Therefore, the dynamical
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simulations are carried out by retaining the AC coupling and considering the
vibrational modes [six a; (v13-110, V7 and vs), three by (vsg, V35 and v35) and three
by (va4, 123 and v91)] assigned to the observed lines in the PIRI spectrum [131].
Again we note that, with these 12 vibrational modes and two electronic states,
calculations become computationally intensive and seem not well converged. We,
therefore, also carried out various two states and single state calculations by re-
ducing number of vibrational modes to confirm the location of a given vibrational
level in the spectrum.

In the experimental spectrum the mode 6a (v43 in our list) is found to be

! and transition upto its third overtone level has

strongly excited at ~ 448 c¢cm™
been reported [131]. In contrast, we find only weak excitation of its fundamental
at ~ 456 cm™! (also apparent from its excitation strength given in Table 4.2)
and its first overtone is hardly observed at ~ 913 cm™!. The weak excitation of
113 is in agreement with the laser photodissociation spectroscopy results of Pino
et al. [132], who reported its fundamental at ~ 452 cm™!. We find the mode
v12 (12 in the Wilson’s notation) is strongly excited in the theoretical spectrum.
Intensity of 13 fundamental is about a factor of 10% less than that of the v15. The
excitation upto the second overtone level of the latter mode is found from the

theoretical data. The fundamental of v is found at ~ 751 cm™*

as compared
to its experimental value of ~ 939 cm™! [131]. We mention, that the Wilson’s
and Herzberg’s notations are interchanged for this mode in different articles. We
believe that 12 of Ref. [131] corresponds to the mode v4; in our list. If this is the
case, then excitation of the mode 45 is not observed at all in the experiment [131].
Apart from the modes v;3 and vy5, fundamentals of 117 at ~ 1028 cm™!, vy at ~
1046 cm™, vg at ~ 1232 em ™, v7 at ~ 1528 cm ™! and v5 at 2280 cm ™! are found
from the theoretical data. The fundamentals of 18a (), 13 (v5) and 19a (v7)
are observed at ~ 996 cm™!, ~ 1147 cm~! and ~ 1467 cm™!, respectively, in the

experimental spectrum [131]. The fundamentals of vy and g appear with much

lower intensity at ~ 1207 cm~! and ~ 1689 cm ™!, respectively, to be compared
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with their experimental value of ~ 1116 cm™!' (1118 cm™" in Ref. [132]) and ~
1546 cm™! (1561 em™! in Ref. [132]), respectively. However, we are not very
comfortable with the latter two transitions as the observed intensities are very

small on par with their excitation strengths given in the Table 4.2. Excitations

1

Y

of combinations viyis, Vigvly, Vigliy, Vigrd and viul, visvdy at ~ 1212 em™
~ 1759 ecm™t, ~ 1783 em™!, ~ 1988 ecm™!, ~ 1463 cm ! and ~ 1488 cm™!,
respectively is also revealed by the theoretical data. Excitations at ~ 2074 cm ™!,
~ 2258 cm ™! and ~ 2577 cm ™! are attributed to v{ v, v}, and viv], respectively.
Weak lines at ~ 2075 cm™!, ~ 2241 ecm™! and ~ 2577 ecm™! are also reported
in the photodissociation spectrum of PAT [132]. As regard to the nontotally
symmetric modes, the A-C vibronic coupling does not induce their noticeable
excitations in the C' state. The minimum of the seam of CIs of the A and C
states occur at ~ 8500 cm™! above the equilibrium minimum of the C state,
therefore the low-lying vibronic levels of the C state are not found to be affected
by this vibronic coupling. Comparison calculations with and without the b; and
b, vibrational modes also support these findings.

It is worthwhile to make a few remarks here. The theoretical results obtained
with the complete model of four coupled electronic states and 24 vibrational
modes exhibit excellent agreement with the broad band PE spectroscopy results.
For comparison with the high resolution PIRI spectrum of the C state appro-
priate reduced dimensional models had to be constructed to be able to simulate
the dynamics by the computationally intensive matrix diagonalization approach.
Analysis of the results from various models enabled us to compare the dominant
excitations of the totally symmetric vibrational modes with the experiment. The
weak excitations of the nontotally symmetric modes reported in the experiment
are however not revealed by the theoretical results. The discrepancies may be
attributed to a difference in the initial state considered in the theory (neutral
ground state) and experiment (ion core of the Rydberg state) and possible cou-

pling of the C state with the other high-lying excited electronic states of PAT.
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The quality of the ab initio electronic structure data may also be refined further
to reproduce the high resolution experiment quantitatively. Work along these

lines are presently in progress.

4.3.3 The MATI spectrum of the )N(QBl state

Kwon et al. have recorded one photon MATI spectrum of the X state by directly
exciting PA to a Rydberg state using vacuum ultraviolet radiation [130]. This one
photon measurement avoids the excitation to an intermediate state as in a two
photon measurement and yields better intensity. We note that, the theoretical
calculations reported here directly probe the cationic states, and does not go
through the Rydberg electronic state. Therefore, we do not expect to reproduce
the intensities so as to compare with the experiment. This is also the case with
the PIRI spectroscopy results discussed above. The line positions are therefore
directly compared with the experimental data. The relative intensities are shown
to be comparable with the PE spectroscopy data in Fig. 4.3 within the Condon
approximation. Furthermore, the results shown in this section are obtained by the
matrix diagonalization method, so as to accurately calculate the position of the
vibronic levels. Therefore, huge computational overheads prohibit to perform a
full dimensional calculation and we resort to various reduced dimensional models
to compare the results with the experiment.

From the foregoing discussions it is clear that the X-A Cls play some role in
the high energy tail of the X band. The MATI spectrum extends upto an energy
of ~ 74500 cm ™!, which is about 2100 cm~! below the minimum of the seam of the
X-A Cls. Therefore, only weak excitations of the nontotally symmetric modes
are to be expected in the recorded energy range of the MATT spectrum. Because
of vibronic mixing of the X and A electronic states, both the fundamentals and
overtones of these vibrational modes would show up in the spectrum.

In Fig. 4.4, the experimentally recorded MATT spectrum from Ref. [130] is
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Figure 4.4: The MATI spectrum of the X state. The experimental spectrum
(reproduced from Ref. [130] is shown in the top panel. In the bottom panel, the

coupled X-A spectrum (a) including 7 a; + 4 by vibrational modes and also the
uncoupled X state spectrum (b) including the 7 a; vibrational modes are shown.
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plotted (top panel) along with the theoretically calculated coupled X-A spectrum
(a). The latter is obtained by including seven totally symmetric (v43-111, vo, Vs, Vg
and v;5) and four nontotally symmetric (vs6, V34, V33 and vo7) vibrational modes.
Among various reduced dimensional calculations, the above set yields result close
to the experimental lines. The eleven vibrational modes above are selected based
on their dominant linear coupling parameter (cf., Tables 4.2 and 4.4). At the
bottom of the lower panel of Fig. 4.4 the uncoupled (without X-A coupling) X
band (b) obtained with the above set of vibrational modes is shown.

The calculated stick lines are convoluted with a 2 meV FWHM Lorentzian
to obtain the spectral envelopes plotted in Fig. 4.4. The theoretical spectrum is
shifted by ~ 4027 cm™! along the abscissa to reproduce the adiabatic ionization
position of the band at ~ 71133 em~!. A critical analysis reveals that the first
peak at ~ 115 cm™! from the 0-0 line corresponds to the fundamental of the
coupling vibrational mode 3¢ (15) of by symmetry. It is to be noted that this
line appears at ~ 110 cm™! in the MATI spectrum and is attributed to the
vibrational mode 10b of b; symmetry (vo4 in our list) [130]. The fundamentals
of v34 (6b), v33 (Ber) and v (8b) are found at ~ 602, ~ 658 and ~ 1624 cm™!
in accordance with their experimental locations at ~ 561, ~ 658 and ~ 1505
cm ™!, respectively. Additional calculations are carried out considering the weak
coupling by vibrational modes vs5 (Boc), vs1 (9b), v3p (3) and g (19b) along
with the seven a; modes discussed above. Very weak lines at ~ 1169, ~ 1320 and
~ 1480 cm™! due to 31, 39 and vag, respectively, are found from the theoretical
data. The fundamentals of v3; and v5g are reported at ~ 1158, ~ 1287 cm ™!,
respectively, in the MATT spectrum [130].

The most dominant excitations in the vibronic spectrum of Fig. 4.4 are due
to the vibrational modes of a; symmetry. Nonadiabatic mixing with the A state
leads to weak excitations of the vibrational modes of by symmetry. This can be

seen by comparing the two theoretical spectra shown in the middle and lower part

of Fig. 4.4. Among the seven totally symmetric vibrational modes v43 is strongly
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excited at ~ 429 cm~!. Strong excitation of this mode is also observed at ~ 458

1in the experiment [130]. Relatively weaker excitations of vys, v11, vy, s,

cm
vs and vs fundamentals are found at ~ 788 (~ 759 cm™! in Ref. [135]), ~ 1013,
~ 1147, ~ 1249, ~ 1628 and ~ 2055 cm ™!, respectively. These transitions are
reported to occur at ~ 747, ~ 979, ~ 1185, ~ 1249, ~ 1604 and ~ 2040 cm™*,
respectively, from the MATI spectroscopy data. The nonadiabatic interaction
mixes the vibronic levels at the high energy tail of the X band with those at the
onset of the A band. The weak peaks in the spectrum at the middle, absent in
the one at the bottom of Fig. 4.4, originate from this vibronic mixing.

Apart from the above fundamentals numerous weak lines appear in the spec-
trum of Fig. 4.4 due to overtones and combinations. For example, excitations
upto the third overtone level is observed for v35. Lines at ~ 231 (230 in MATT), ~
346 and ~ 464 cm ™! are assigned to 562 and vs¢® and 1564, respectively. Similarly,
several overtone levels of the strongly excited 143 are observed from the theoret-
ical data. The weak shoulder peak reported at ~ 989 cm™' [130] appears at ~
970 cm ™! in the theoretical data and is assigned to a combination peak v;32vs6.
With increasing energy the spectrum becomes congested due to an increase in
the vibronic mixing. The bound levels become resonances which causes an in-
crease of the line density as can be seen from the spectrum of Fig. 4.4. A clear
and systematic assignment of the spectrum in the high energy region therefore
becomes ambiguous and impossible.

The b, vibrational modes does not couple the X and A electronic states and
only second order effects due to these modes are expected in the spectrum. Cal-
culations are performed for the uncoupled X state including the above seven a;
modes and the b; vibrational modes. We did not observe any noticeable excita-
tions of the b; vibrational modes.

To this end, we reiterate that the results discussed above are obtained through
a reduced dimensional treatment of the dynamics, therefore, the experimental

and theoretical positions of the prominent peaks differ to some extent. Because
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of the dimensionality problem the coupling of the X state with the others, apart
from the A state, could not be considered. Furthermore, as stated before, the
model PESs and nonadiabatic coupling surfaces developed here may would need
further refinements in order to have a more quantitative agreement with the
high-resolution experimental data, although an excellent agreement with the less

resolved PE spectroscopy results is obtained with these surfaces.

4.3.4 On the life time of the excited electronic states of
PA": time-dependent dynamics

In this section we show and discuss the time evolution of diabatic electronic
population in the coupled states dynamics discussed in section 4.3.2. The time-
dependent populations of the four diabatic electronic states are shown in each
panel of Figs 4.5(a-d) and indicated by different line types. The results obtained
by initially populating the X , Z, B and C states in the WP dynamics are shown
in the panels a-d, respectively. It can be seen from the Fig. 4.5(a) that the
populations of all four states exhibit minor variations when the dynamics is ini-
tially started in the X state. Since the X-A and X-B Cls are located at higher
energies (see the text above) they do not affect the short time dynamics of the X
state. This leads to the observed sharp vibrational level structure of the X band.
Despite this, minor transitions (~ < 0.1% population) to the A state take place
owing to a very strong X-A coupling. This minor population flow triggers weak
excitations of the nontotally symmetric vibrational modes in the high energy tail
of the X band as clearly observed in the MATI spectrum of Fig. 4.4.

Profound effects of the strong X-A coupling can be seen in the population
dynamics of the A state shown in Fig. 4.5(b). As the minimum of the seam of
X-A CIs located only ~ 0.02 eV above the equilibrium minimum of the A state,
a rapid flow of the population to the X state takes place during the dynamics.
The population of the X state reaches to ~ 90 % within ~ 100 fs. The rapid
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Figure 4.5: The time dependence of electronic (dlabatlc) populations of the X
(thin lines), A (thick lines), B (dashed lines) and C (dotted lines) states of PA™ for
an initial transition of the WP to the X (panel a), A (panel b), B (panel ¢) and C

(panel b) in the coupled X-A-B-C states dynamical treatment of PAT discussed
in section 4.3.2 in the text.
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initial decay of the A state population relates to a nonradiative decay rate of
~ 20 fs. This also accounts for the photostability PAT excited to the A state
and its possible contributions to the diffused interstellar bands. The broadening
of the vibronic band of the A state mainly results from this rapid nonradiative
decay. Similar findings are reported recently for the dynamics of electronically
excited naphthalene radical cation [136]. The A-B CIs do not seem to have much
importance in the short time dynamics of the A state as indicated by a minor
transfer of population to the B state (cf. Fig. 4.5(b)). Again, this is because
the minimum of the seam of A-B Cls occurs &~ 0.95 eV above the equilibrium
minimum of the A state.

For monosubstituted benzene cations the B state is generally predicted to be
long lived. For most of these cations the B and C states are close in energy and
they belong either to a 2By or a ?B; representation depending on the nature of
substitution. In PA* the B state is 2B, and the C state is of 2B; type. Youn
et al. have carried out charge exchange ionization followed by mass spectroscopic
measurements for the monosubstituted radical cations of benzene [129]. Narrow
band width in the high resolution PE spectrum is used as a guideline to search
for the long lived states in those measurements. By analyzing the signals due
to fragment ions and their recombination energies, these authors have predicted
B2B, as the long lived state of CgH5CI*, C¢HsBr*t, CgH;CN*t and PA™T [129].

Long lived excited electronic state should be devoid of any efficient nonradia-
tive decay channel. The electronic structure data of the B2B, state of PA* dis-
cussed above obviously show that this state is moderately coupled with the A
and X states through the vibrational modes of b; and ay symmetry, respectively,
(see, Table 4.4). The minimum of the seam of X-B and A-B Cls located at ~ 2.5
eV and =~ 0.06 eV above the equilibrium minimum of the B state, respectively.
Therefore, the A-B CIs indeed expected to impart considerable nonadiabatic ef-
fects in the vibronic dynamics of the B state of PA*. A short detour to the X-B

and A-B coupled state spectra presented in Figs. 4.5(a-b), respectively, support
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Figure 4.6: The vibronic spectra of the coupled X-B (panel a) and A-B (panel b)
electronic states of PA*. The vibrational energy level spectrum of the uncoupled

B state is shown as an insert in panel a.
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the above remarks. These spectra are obtained by the matrix diagonalization
method and considering seven symmetric vibrational modes (v13-v11, Vo, Vs, Vs
and v5) plus the coupling modes (16 and 115) for the X-B spectrum (panel a) and
(va0-117) for the A-B spectrum (panel b). It can be seen that the X-B coupling
has only minor effects on the vibronic structure of the B band, whereas, the latter
is significantly affected starting from its onset by the A-B coupling. Notice, the
clustering of the lines around the origin peak of the B band in Fig. 4.6(b). The
uncoupled B state spectrum is also included in panel a for a better comparison.
Broadening of the vibrational peaks of the B band is also in accord with the PE
spectroscopy results of Fig. 4.3. Reverting back to the population dynamics of
Fig. 4.5, it can be seen from the panel c¢ that the B state population decreases in
time and reaches to a value of 20 % at 150 fs. Both the populations of the A and
X state grows in time and the growth rate is in accord with the estimated impact
of the A-B and X-B Cls on the nuclear dynamics of the B state. The initial
decay of the B state population relates to a nonradiative decay rate of ~ 88 fs
of this state. Collecting all the evidences given above, it appears that the §2B2
state of PA™ is not a very long lived state which deviates from the experimental
prediction [129]. A sub-picosecond lifetime of the B2B, state of C¢HsF* has also
been reported recently [137].

The population dynamics of the (2B state of PAT is shown in panel d of
Fig. 4.5. The foregoing discussions reveal that the C state is very weakly coupled
with the A state only. Therefore, the population of this state remains almost
unchanged over the entire period of dynamics considered here. The sharp peaks

observed in its vibronic structure supports the above findings.
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4.3.5 Correlations with the benzene and fluorobenzene

radical cations

It is worth while at this point to compare some of the above findings with those
of the Jahn-Teller (JT) and non-JT analogue benzene radical cation (Bz") and
fluorobenzene radical cation (F-Bz"), respectively. Particularly, it will be of
interest to understand how the substitution effects prevail in the MO sequence,
vibronic band structure and the ultrafast nonradiative dynamics of the excited
states. The HOMO and a few low-lying MOs of benzene (Bz), fluorobenzene (F-
Bz) and PA are sketched in Fig. 4.7. The HOMO of Bz comprises the components
of the degenerate e;;, MO. Fluorine and acetylene substitution breaks the Dgy,
equilibrium symmetry of Bz to (5, in F-Bz and PA and the orbital degeneracy is
split. The HOMO and HOMO-1 in FBz and PA belong to nondegenerate b; and
ay species, respectively, and correlates to the two components of the e;;, MO of
Bz. The HOMO-1 of Bz again comprises the two components of the degenerate
eag MO. It can be seen that the second component of this MO correlates to the
HOMO-2 of by symmetry of F-Bz. The HOMO-3 of the latter of b; symmetry
correlates to the nondegenerate as, MO (HOMO-2) of Bz. The HOMO-2 and
HOMO-3 of PA of by and b; symmetry, respectively, on the other hand do not
correlate to these MOs of either Bz or F-Bz. Instead, the HOMO-2 and HOMO-3
of PA describe the acetylenic m-type orbital parallel and perpendicular to the
phenyl ring, respectively.

It follows from Fig. 4.7 that within the Koopman’s theorem in the MO picture,
the )N(QElg JT state of Bz+ would correlate to the X2B; and A2 A, electronic states
of both F-Bz+ and PA*. The B2B, and C2B, states of F-Bz* would correlate to
one component of the X 2Ey, JT state and the B2A,, state of Bz*, respectively.
The B2B, and C2B; state of PA* on the other hand, do not correspond to
the corresponding states of F-Bz' and also of Bzt. Therefore, the B and C

states of PAT seems to be very different and originate from the ionization from
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Figure 4.7: Schematic plots of the canonical MOs of benzene, fluorobenzene and
PA for the respective equilibrium configurations.
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Table 4.6: Frequencies and coupling constants (in eV) of relevant vibrational
modes for the JT active X 2Elg state of BzT and their counterparts for the X2B;
and A2A, electronic states of F-Bzt (PAT). The results for Bz* and F-Bz* re-
produced from Ref. [140] and Ref. [137], respectively.

Species Vibrational modes Frequency Coupling parameter
X?Ey,
Bzt €2g Vg 0.0767 0.077
Vg 0.2053 0.152
X?B; A% A,
F-BzT (PAT) a1 Vgq 0.0643 (0.0576) 0.091 (-0.058) -0.055 (0.065)
Vsa 0.2021 (0.2049) 0.176 (-0.132) -0.125 (0.154)
ba v 0.077 (0.0772) 0.075 (0.050)
Vgp 0.203 (0.2016) 0.158 (0.123)

the acetylenic m-type of orbitals. The relation between the Bz' and its non-JT
counterpart, F-Bz' has been discussed by Béaldea et al. [137]. A comparison of the
static and dynamical aspects of the JT X ?F), state in Bz vs. the corresponding
nondegenerate X2B,-A%A, states in F-Bz* is the following. The degenerate (es,)
skeletal deformation (v5) and C=C stretching (vg) vibrational modes are most
strongly JT active in the X state of Bz* [140]. These transform to vg,, Ve, and
Vsa, Vgp (in Wilson’s numbering) in F-Bz* and are the most active Condon and
coupling modes, respectively [137]. Therefore, the moderate JT coupling due to
these modes in Bz™ prevails in a comparable manner in the vibronic dynamics
of the X-A coupled electronic manifold of F-Bz*. The lower part of the better
resolved MATTI spectrum of the two exhibit similar pattern.

The scenario in the X-A states of PA* is quite analogous to the above picture
as discussed before in the text. We reiterate that both the C=C stretching (6a
and 6b) and the skeletal deformation (8a and 8b) modes in PAT are similarly
active as in the case of F-Bz". The coupling strengths and harmonic vibrational
frequencies of these modes in Bz, F-Bzt and PA* are comparable as can be seen
from Table. 4.6. What seems to be more novel in PA™ in addition is very strong
coupling due to the low frequency bending mode 3 (15) and also moderate

coupling due to another low frequency bending mode vs3 (Bon) (cf., Table. 4.4).
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These two modes involve the acetylenic moiety and are absent in Bz™ and F-
Bz". Excitation of the fundamentals, overtones and combinations of these modes
are observed in the MATI spectrum of the X state of PA* as discussed in Sec.
4.3.3. The broad structure of the A band correlates well with that of F-Bz*.
A nonradiative decay rate of ~ 20 fs is estimated for the A state of both these
cations. Both the B and C bands of PAT originate from an ionization of the
acetylenic moiety, which is supported by the excitation of the C=C stretching
vibration v in these states, and bear no correlations with those of F-Bz™. For
example, the B state decays at a relatively faster rate in PA*. The C state of the
latter is found to be long lived, where as, a decay rate of ~ 20-30 fs is estimated

for this state in F-Bz™ [137].

4.4 Summary and outlook

A theoretical account of the quantum chemistry and dynamics of the four low-
lying electronic states of phenylacetylene radical cation are examined in this ar-
ticle. A model diabatic electronic Hamiltonian is constructed with the aid of
dimensionless normal coordinates and ab initio electronic structure calculations.
First principles simulation of nuclear dynamics is carried out to determine the
vibrational level structure of the electronic states and their time-dependent prop-
erties.

The electronic structure data reveals a strong coupling between the X and A
electronic states of PA™T. The coupling of the C state with the A state is found to
be quite weak. The B state is moderately coupled to both the X and A states.
Considering the possibility of various intra- and inter-state coupling, we find that
24 (out of 36) vibrational modes are relevant for the nuclear dynamics of the
X-A-B-C electronic states of PAT. The full simulations of the nuclear dynamics
are therefore carried out on the four coupled electronic states including these 24

vibrational modes and employing the MCTDH WP propagation algorithm. The
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resulting vibronic spectrum is found to be in excellent accord with the broad
band PE spectroscopy results attesting the reliability of the present theoretical
model. Partial simulations of the nuclear dynamics are also carried out employ-
ing the matrix diagonalization approach to calculate the precise locations of the
vibrational levels and to compare with the better resolved MATTI spectrum of the
X state and PIRI and photodissociation spectrum of the C state. Except for v3
in the PIRI spectrum, excitations of all other totally symmetric modes are found
to be in accord with the experimental data. Strong coupling between X and A
electronic states triggers weak excitations of the fundamentals of the nontotally
symmetric by vibrational modes in the MATI spectrum of the X state. Because
of very weak coupling between the A and C electronic states, the weak excita-
tions of the nontotally symmetric modes assigned in the PIRI spectrum are not
observed in the present theoretical results. The assignment of the complex vibra-
tional spectrum of the A and B state appears to be a formidable task because of
the nonadiabatic mixing. The A band is particularly very diffuse and broad and
a nonradiative decay time of ~ 20 fs has been estimated for this state. Nonadi-
abatic effects on the B band are relatively mild and therefore its PE spectrum
reveals structures. A nonradiative decay rate of ~ 88 fs is estimated for the B
state from the theoretical data, although experimentally it is predicted to be a
long-lived state of PA™T.

Despite a very good agreement between the theory and experiment as regard
to the PE spectroscopy results, the high-resolution spectroscopy results perhaps
would require further refinements. Part of the problem behind the discrepancy is
difficult to repair as a full dimensional simulation using the matrix diagonaliza-
tion approach is beyond the scope for this large polyatomic molecular system with
many relevant degrees of freedom. Another part concerns the further refinement
of the ab initio electronic structure data and examination of other possible inter-
state couplings, particularly, between the C state and further higher electronic

states of PAT. Such an exercise is left for the future work.



Chapter 5

Photophysics of naphthalene

radical cation

5.1 Introduction

Understanding of the origin of diffused interstellar bands (DIBs) and their as-
signments are long standing issues in astrophysical investigations [141]. The
consensus is, they originate from electronically excited radical cations of poly-
cyclic aromatic hydrocarbons (PAHs), most abundant in the interstellar medium
(ISM) [142]. This PAH hypothesis inspired new laboratory measurements in the
typical conditions of ISM which revealed diffuse vibronic bands and subpicosec-
ond dynamics of their low-lying electronic states [54,56-58, 149,150, 153] Very
recently, spectroscopic measurements of moderately reddened star Cernis 52 lo-
cated in the Perseus molecular cloud lead to the discovery of three new DIBs [59].
Aided by the laboratory measurements they are assigned to the electronic transi-
tions in the naphthalene radical cation (Np*). Despite some attempts [154-159]
a detailed complementary theoretical study is missing till date.

The present chapter deals with the electronic structure and nuclear dynam-

ics of Np*. Neutral naphthalene (Np) belongs to Dy, symmetry point group at

85
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Figure 5.1: Schematic diagram of the valance molecular orbitals of naphthalene.

the equilibrium geometry of its X 1A, electronic ground state. The six low-lying
electronic states X2A,(Dy), A2Bs,(Dy), B*Bay(Dy), C?By,(Ds), D*A,(D,) and
EZng(D5) of Np* results from valence ionization of six highest occupied molecu-
lar orbitals (HOMOS) ay, bsy, bag, big, a, and bs, of Np. These MOs are of 7-type
and are schematically shown in Fig. 5.1. The 48 vibrational degrees of freedom of
Np decomposes into the following irreducible representation of the Dy, symmetry

point group,

Fvib = 9(Zg + 3b19 + 4b29 + 8b39 + 4au + 8b1u + 8b2u + 4b3u
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Figure 5.2: The experimental gas phase photoelectron spectrum of naphthalene
reproduced from Ref. [149].

The totally symmetric vibrational modes (a,) are always Condon active within
a given electronic state [22]. The possible interstate coupling vibrational modes
between different electronic states of Np*t are derived from symmetry selection
rules discussed in Chapter 2.

The photoelectron spectrum of NP is recorded by various experimental groups
[143-150]. The high resolution gas phase spectrum recorded by da Silva Filho
et al. [149], shown in Fig. 5.2 reveals well resolved vibronic structures of the
X and B electronic states and a broad band for the A state. The highly over-
lapping bands for the 6’, D and E electronic states show complex structure in
the 10.75-11.75 eV ionization energy range. The broadening of the A band in the
spectrum is attributed to the vibronic coupling of X with the A state [149]. Exci-
tation of nontotally symmetric vibrational modes (by,) in the X state of Np* was

observed in a two color zero kinetic energy (ZEKE)-photoelectron spectroscopy
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Figure 5.3: The vibrational progression of the Dy (B) «— Dy (X) electronic
transition of Np* reproduced from Ref. [58].

measurement [151].

The gas phase electronic absorption spectrum of Np™ has been the subject
of major interest. The DIBs, the absorption features observed over the inter-
stellar media in the range of ultraviolet and infrared region of electromagnetic
spectrum, are linked to the electronic transitions of Np™. The novel experimental
spectroscopic techniques such as matrix isolation spectroscopy, cavity ringdown
spectroscopy and photodissociation of van der Waals complex are developed and
utilized to explore the intrinsic band profiles of the low-lying electronic states of
Np*. The vibrational peak positions and widths are measured in the laboratory
experiments by mimicking astrophysical environments and are directly compared
with the observed DIBs. The resolved vibrational structures of Dy (B) < Dy (X)
transition are reported [54,56-58,152]. The four sharp peaks in this transition

(shown in Fig. 5.3) correspond to the excitation of the two totally symmetric
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vibrational modes [58]. The recorded experimental data have been used recently
to assign the three new DIBs discovered by astronomers [59]. So far no theoretical
data is available to validate this assignment. The vibrational structure of Dj (6’)
— Dy (X) transition revealed larger peak widths compared to that of Dy (B) «—
Dy (X) transition [57].

The relaxation dynamics of electronically excited Np* is studied in glass ma-
trix environments using (femto) picosecond transient grating spectroscopic tech-
niques [153]. A biexponential recovery kinetics of the photobleached Dy ()? ) state
containing a fast (= 200 fs) and a slow (= 3-20 ps) component is observed [153].
The former is attributed to the Dy (B) < Dy (X) transition and the latter is to
the vibrational relaxation of the D, ()? ) state in the matrix. The Dy state relax-
ation time was further estimated later to be ~ 212 fs from the cavity ringdown
spectroscopy data [58] shown in Fig. 5.3. A nonradiative decay rate of ~ 1.7x10"3
s7! is estimated for Dj (5) electronic state from the absorption spectroscopy
measurements [57]. These results reveal that the excited state intramolecular dy-
namics of Np* is quite involved and is dominated by ultrafast internal conversion
mechanism. This issue is also unraveled below.

Although there are several theoretical studies on the electronic structure of
Np™ [148,150,154-159], the mechanistic details of the dynamical processes are
not explored, presumably due to its large dimensionality and the complex nature
of vibronic interactions. We address these unresolved issues here and develop a
theoretical model through ab initio electronic structure calculations and simu-
late the nuclear dynamics quantum mechanically employing a vibronic coupling
approach [22] aided by the MCTDH WP propagation [109] as well as matrix

diagonalization methods.
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5.2 Vibronic Hamiltonian

A vibronic coupling model is established using a diabatic ansatz for the electronic
basis [89-91] and dimensionless normal coordinates of the reference electronic

ground state of Np. The Hamiltonian for the X-A-B-C-D-E coupled electronic

manifold can be written as

H = (Tn+Vo)le+ AH (5.1)

where 1g is a 6x6 unit matrix and 7 and V, are the kinetic and potential energy
operators of the reference state of the Np. This state is assumed to be harmonic
and vibronically decoupled from the other states. The electronic Hamiltonian
matrix of the ionic states, AH, is given by

W Wg 3 W Wi Wi p Wi

Wi Wip Wieg Wip Wigpg

Wg Wi Wi p Wi

AN = (5.2)
h.c We Wep W
Wy Wp_g
W

In the above, the diagonal and off-diagonal elements refer to the energy of the
diabatic electronic and their coupling surfaces, respectively. The elements of the
above matrix Hamiltonian are expanded in a Taylor series around the equilibrium

geometry (Q=0) of the reference state as

9 48
. . 1 .
W, = B+ wQi+5> 7@ j € XABCDE (53
i=1 =1
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Wik = Y AWM (5.4)

)

()

The quantity E((]j ) is the vertical ionization energy of the j electronic state. r,
and 'yi(j ) are the first and second-order coupling parameters of the i*" vibration in
the j** electronic state, respectively. The quantity AU=%) is the linear parameter of
coupling between electronic states, j and k, through i"* vibration. The complete
set of coupling parameters for the X , /T, B , C , D and F electronic states of the
Np* are computed ab initio as mentioned in Chapter 2 and are listed in Table
5.1-5.5.

A concise account of the coupling parameters of the Hamiltonian is as follows.
A large excitation strength for the v7 in the X , v1 and vy in the /T, vy in the B ,
v3 and v in the 5, 11, vs and v7 in the D and 1, V9, Vg and v; in the E state can
be seen from the Table 5.1. The vibrations v5 and vg in the X , v3 and v; in the
Av, vy and v; in the B , Vg in the C state have moderate excitation strength. The
excitation of the remaining a,, vibrations are weak. The vibrational modes of a,
symmetry, v19 and vq; between the A/—E, V10 between the X-D states possesses
large coupling strength (cf., Table 5.2-5.3). In case of by, symmetry vibrations,
V14 between the E—E, v14 and v between the C-D states, have large coupling
strength. The by, symmetry vibrational modes have moderate coupling between
the X-C' and A-B states. The B-D and C-D states are strongly coupled by
the vibrational modes of by, symmetry. The vibrations of by, symmetry couple
the X-B states and Va9, V32 and v3y reveal moderate coupling in this case. A
moderate coupling strength of v54 between A-C states can also be found from
Table 5.2. Among the vibrational modes of b3, symmetry, the coupling strengths
of v37 and vy are largest between the X-A and D-F states. The A and D states

are strongly coupled by the vibrational mode, v4q, of bs, symmetry.



Table 5.1: The linear intrastate coupling parameters (r;) for the )?QAU, EZBgu, EQBQQ, 52319, 52Ag and EQng electronic
states of the Np™ are derived from the OVGF data. The dimensionless coupling strengths, x?/2w? are given in parentheses.
The vertical ionization energies of the ground and excited electronic states of the this radical cation are also given. All

quantities are given in eV.

modes frequency K K K K K K
(symmetry) (eV) X2A4, A2By, §232g 5’2319 lN)QAg EQng
v1(ag) 0.0638  -0.0162(0.032)  0.0467(0.269) -0.0898(0.990) 0.0013(0.0002) -0.1121(1.543)  0.0927(1.056)
v (ag) 0.0956 0.0034(0.001) -0.0890(0.433) -0.0371(0.075) -0.0563(0.174)  0.0149(0.012) -0.0651(0.232)
v3(ag) 0.1303  -0.0059(0.001) -0.0589(0.102) -0.0073(0.002) -0.1280(0.483)  0.0438(0.056) -0.0283(0.024)
v4(ag) 0.1451 0.0346(0.028) -0.0502(0.060)  0.0346(0.028) -0.0093(0.002)  0.0097(0.002) -0.0334(0.027)
vs(ag) 0.1808  -0.0841(0.108) -0.0166(0.004)  0.0558(0.048)  0.0125(0.002) -0.1355(0.283)  0.0534(0.044)
ve(ag) 0.1847 0.1095(0.176)  0.0412(0.025) -0.0664(0.065)  0.1323(0.257)  0.0547(0.044) -0.1504(0.334)
vr(ag) 0.2014 0.1633(0.329) -0.1246(0.192)  0.1195(0.176)  0.0319(0.013) -0.2673(0.881)  0.2728(0.919)
vg(ag) 0.3979 0.0045(0.001)  0.0149(0.001)  0.0026(0.001)  0.0117(0.001) -0.0944(0.028)  0.0769(0.019)
vy(ag) 0.4015 0.0169(0.001)  0.0200(0.001)  0.0181(0.001)  0.0356(0.004) -0.0362(0.004) -0.0672(0.014)
E% 7.7903
EY 8.4987
EY, 9.7589
EY 10.9475
EY, 11.3785
EY. 11.5299

URTUO}[IUIRT] OTUOI]IA 'T'C

¢6



from the OVGF data. The dimensionless coupling strengths, A\?/2w? are given in parentheses. All quantities are given in

eV.

modes
(symmetry)

_Ax,A
X2AU—A2B3U

_AX.B
X2 Ay-B2By,

Ax,c

X2A,-C%Byy

~ AX’D,-V
X24,-D2A,

AR
X2A,-E?Bsq

AA,B

A2B3,-B2Bs,

~. )\A’O~
A2Bs,-C2?By,

vio(ay)

0.0579 (
0.0225 (0.015
0.0254 (
0.0918 (0.179
0.0204 (0.006
0.1027 (0.141

0.0579 (0.426)
0.0271 (0.028)
0.0430 (0.045)
0.0298 (0.018)
0.0183 (0.005)
0.1579 (0.285)

0.286

0.015

_ D

0.0223 (0.128)

0.0696 (0.122)

0.1321 (0.212)

0.0843 (0.739)

0.0650 (0.213)
0.0539 (0.058)
0.0349 (0.020)
0.1204 (0.176)

}[IWre] oIUOIqIA “Z°G

ueIuo

€6



Table 5.3: The linear interstate vibronic coupling parameters ();) for the A-B-C-D-FE electronic states of the Np* derived
from the OVGF data. The dimensionless coupling strengths, A\?/2w? are given in parentheses. All quantities are given in

eV.

modes
(symmetry)

__Mp
A2B3,-D2?A,

__ MaE
A2Bj,-E2 B,

__ BC
B?B3,-C?Biy

__ABD
B2By,-D2A,

_ ABE
B2By,-E2Bs,

_ Aon
C?B14-D%A,

_ rom
C?B14-E?Bsg

__ADE
D2A,-E2 B,

vio(aw)

0.1028 (1.604)

0.0744 (5.419)
0.1694 (2.938)
0.0491 (0.112)

0.0132 (0.022)
0.0316 (0.038)
0.0645 (0.101)
0.0412 (0.035)
0.1029 (0.156)

0.0081 (0.001)

0.0777 (0.687)
0.1308 (0.772)
0.1070 (0.412)

0.0970 (2.148)
0.0346 (0.075)
0.0225 (0.019)

0.0762 (1.326)

0.1410 (0.757)

0.0748 (0.895)
0.0503 (0.288)
0.0921 (0.383)
0.1460 (0.767)

0.0744 (0.704)
0.0410 (0.063)
0.0543 (0.072)
0.0290 (0.017)
0.0377 (0.021)
0.3016 (1.038)
0.0397 (0.004)
0.0575 (0.010)

}[IWre] oIUOIqIA “Z°G

ueIuo
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Table 5.4: The quadratic intrastate coupling parameters (;) for the )Z'QAU,
A?Bs,, B*By,, C?By,, D*A, and E?Bs, electronic states of Np* derived from
the OVGF data.

modes frequency ) A4 7(B) A©) AP) )
(symmetry) (eV) X%A, A’Bs, B?B,, (®B,, DA, FE’Bs,
v1(ag) 0.0638  -0.0014 -0.0014  0.0010 -0.0006 0.0060 -0.0102
va(ay) 0.0956  -0.0026  0.0026 -0.0016 -0.0002 -0.0020 -0.0028
v3(ay) 0.1303  0.0002 0.0036 0.0006 0.0054 -0.0036 -0.0066
vy(ay) 0.1451 0.0058  0.0074 0.0054 0.0062 -0.0074 -0.0214
vs(ay) 0.1808  0.0044 0.0234 0.0058 0.0084 -0.0656 -0.0150
ve(ag) 0.1847  0.0044 0.0050 0.0134 0.0034 -0.0340 -0.0434
v7(ag) 0.2014  0.0040 0.0084 0.0010 0.0064 -0.0108 -0.0144
vs(ag) 0.3979  0.0042 0.0042 0.0034 0.0034 0.0012 0.0040
vo(ay) 0.4015 0.0032  0.0032 0.0028 0.0030 0.0012 -0.0050
vio(ay 0.0226  0.0068 -0.0188 -0.0114 -0.0112 -0.0026 -0.0118

0.0693  -0.0064 -0.0252 -0.0144 -0.0168 0.0014 0.0122

0.3998 0.0044 0.0040 0.0038 0.0038 -0.0062 -0.0064

)

)
vi2(ay) 0.1038 0.0088 -0.0006 -0.0020 -0.0132 -0.0140 0.0024
v13(ay) 0.1157 0.0052  0.0008 0.0002 -0.0190 -0.0010 -0.0282
v14(b1g) 0.0468  -0.0104 -0.0112 -0.0272 -0.0274 0.0236 -0.0062
v15(b1g) 0.0894 0.0094 0.0030 -0.0076 -0.0004 -0.0130 -0.0052
v16(b1g) 0.1146 0.0098 0.0084 -0.0040 -0.0858 0.0734 -0.0032
Vi7(b1u) 0.0441  -0.0046  0.0008 -0.0038 -0.0040 0.0038 -0.0088
V18(b1u) 0.0995 0.0014 -0.0094 0.0042 -0.0018 -0.0138 -0.0250
v19(b1y) 0.1412 0.0004 0.0042 -0.0010 0.0070 -0.0246 -0.0318
Vo0(b1y) 0.1583 0.0032 -0.0016 0.0078  0.0030 -0.0286 -0.0232
Vo1 (b1y) 0.1744 0.0026 -0.0016 0.0026  0.0024 -0.0200 -0.0758
Vo2 (b1y) 0.2029  -0.0058 -0.0200 0.0252 0.0162 -0.0398 -0.1024
Vo3 (b1u) 0.3973 0.0046 0.0046 0.0042 0.0042 -0.0062 -0.0042

(bru)

iy
<
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Table 5.5: The quadratic intrastate coupling parameters (;) for the )Z'QAU,
A?Bs,, B?Bsy,, C?By,,D*A, and E*Bjs, electronic states of Np' derived from
the OVGF data.

modes frequency ) A4 7(B) A©) AP) )
(symmetry) (eV) X%A, A’Bs, B?B,, (®B,, DA, FE’Bs,
Vo5 (bag) 0.0559  -0.0058 -0.0206 -0.0098 -0.0214 -0.0158 0.0156
Va6 (b2g 0.0663  0.0018 0.0016 -0.0220 -0.0202 -0.0076 -0.0018
Vo7 (bag 0.1053  0.0134 0.0060 -0.0284 -0.0324 0.0126  0.0230
Vg (bag 0.1179  0.0052 0.0036 -0.0136 -0.0738 0.0140 0.0598

0.0766  -0.0082 -0.0006 -0.0012 -0.0008 -0.0114 -0.0144
0.1292  -0.0004 -0.0010 0.0010 -0.0018 -0.0052 -0.0062
0.1450 0.0070  0.0102 0.0088  0.0090 -0.0152 -0.0148
0.1556  -0.0012 0.0062 0.0016 -0.0076 -0.0194 -0.0062
0.1853 0.0282 0.0332 0.0290 0.0322 -0.0626 -0.0466
0.1936  -0.0104 -0.0066 0.0112 0.0136 -0.0824 -0.0480
0.3976 0.0048 0.0042 0.0036  0.0040 -0.0216 0.0024
0.4014 0.0036  0.0038 0.0030 0.0032 -0.0040 -0.0140
0.0627  -0.0110 0.0078 -0.0012 -0.0008 -0.0594 0.0512
0.1154  -0.0030 0.0012 -0.0036 -0.0004 -0.0534 -0.0134
0.1439  -0.0012 0.0092 -0.0022 0.0116 -0.0432 0.0220
0.1556  -0.0004 0.0046 0.0016 0.0074 -0.0276 -0.0066
0.1840  -0.0016  0.0002 -0.0136 0.0214 -0.0536 -0.0188
0.2093  -0.0636 0.0656 0.0042 0.0004 -0.3626 0.3296
0.3971 0.0050  0.0048 0.0042 0.0044 -0.0242 0.0138
0.3998 0.0048  0.0042 0.0042 0.0040 -0.0370 0.0324
0.0208  -0.0186  0.0006 -0.0114 -0.0160 -0.0040  0.0012
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Va6( D3y 0.0574  -0.0134 0.0006 -0.0196 -0.0040 0.0152 -0.0244
Va7(b3y 0.0973  -0.0006 0.0062 -0.0010 -0.0120 -0.0114 -0.0052
V48(D3y, 0.1155 0.0094 0.0090 0.0028 -0.0318 -0.0558 -0.0064
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5.3 Results and Discussion

5.3.1 Adiabatic potential energy surfaces and Conical In-

tersections

The adiabatic PESs of the X , g, é, 5, D and E electronic states of Np*t are
obtained by diagonalizing the diabatic electronic Hamiltonian of Eq. (5.1). One
dimensional cuts of the multidimensional adiabatic PESs of Np* are shown in Fig.
5.4 along the nine a, vibrational modes, v1-19. The low-energy curve crossings
of X-A and A-B states can only be seen along the C=C stretching vibrational
mode v;. The B-C and B-D states cross along v (at higher energies) and vy
vibrational modes, respectively. As C , D and F states are energetically close lying
at the vertical configuration, the crossings of these states are seen along the all
nine vibrational modes. Various low-energy crossings of X-A-B-C-D-E electronic
states are shown more clearly in Fig. 5.5 along the totally symmetric vibrational
mode v;. The computed ab initio energies are superimposed as points on the
curves obtained by the present vibronic coupling model. It can be seen that the
model reproduces the ab initio data extremely well even in the vicinity of various
curve crossings. These curve crossings develop into Cls in multidimensions. The
energetic equilibrium minimum and minimum of the seam of various CIs of the
PESs of Np™ are estimated within a linear coupling model (see Appendix I for
details) [22] and are listed in Table 5.6.

The energetic minimum of the seam of X —g, A-B and X-B Cls are found to
occur at ~ 8.48 eV, ~ 10.11 eV and ~ 13.67 eV, respectively. The )Z', A and E, B
states are vertically ~ 0.70 eV and ~ 1.27 eV apart, respectively. The minimum
of the X-A CIs occurs ~ 0.1 eV above the minimum of the A state. This result
is ~ 1 kcal mol~! higher than the ab initio CASSCF estimate and well within the
CASPT?2 results of Hall et al. [158]. The minimum of the A-B Cls occurs at =
1.72 eV and ~ 0.48 eV above the minimum of the A and B states, respectively.
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Figure 5.4: Adiabatic potential energies of the X (thin line), A (thin dotted
line), B (thin dashed line), C' (thick line), D (thick dotted line) and E (thick
dashed line) electronic states of Np™ as a function of the dimensionless normal

coordinates of the totally symmetric (a,) vibrational modes, v;-vy.
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Figure 5.5: Adiabatic potential energy surfaces of the six low-lying electronic
states of Np* along the vibrational modes 7. A sketch of the vibrational mode
is also shown. The potential energy surfaces are obtained with the quadratic
vibronic coupling scheme. The computed ab initio potential energies of these
states are superimposed and shown by the points on each curve. The equilibrium

geometry of Np in its electronic ground state (X' A,) corresponds to Q = 0.
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Table 5. 6. Equilibrium minimum (diagonal entries) and minimum of the seam
of various Cls (off-diagonal entries) of the potential energy surfaces of Np™. All

quantities are given in eV.

X — 848 13.67 2525 14.38 16.89
A 8.37 10.11 20.94 14.02 13.50

B 9.63 11.64 11.34 12.07
C 10.82 11.08 11.18
D 11.02 11.44
E 11.17

Hall et al. [158] obtained the latter number at &~ 1.0 eV in the CASSCF and
similar to our value in their CASPT?2 treatment. The minimum of the X-B Cls
occurs at &~ 4.0 eV above the minimum of the B state. The B-C' and B-D Cls
occur at much higher energies (not seen in Fig. 5.5) and expected to have no
impact on the dynamics of C and D electronic states. Interestingly, B-E CIs
occur at ~ 0.9 eV above the E state minimum. As mentioned before, the C , D
and E electronic states are very close in energy. The C-D CIs occur at ~ 0.06
eV above the minimum of D state.

Similarly, the D-E Cls occur at ~ 0.17 eV above the minimum of the D
state. The seam minimum of C-E Cls (~ 11.18 €V) almost coincides with the
minimum of E state (~ 11.17 eV). The D and E states resemble well known
Jahn-Teller effect where their crossing occur very near the equilibrium geometry
(Q = 0) (cf., Fig. 5.5). The mentioned various Cls among these electronic states
open up complex pathways for the nuclear motion on them. The effect of the low-

energy Cls in the vibronic bands and excited state relaxation dynamics of Np™ are
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discussed in relevance to the astrophysical observations in the next section.

5.3.2 Vibronic band structures of electronic states of Np™

5.3.2.1 X, ﬁ, é, 5’, D and E uncoupled state spectrum

The uncoupled state spectrum for the X , Z, E, 5, D and E electronic states
of Np* is calculated by the matrix diagonalization approach using the Lanczos
algorithm. The results are shown in Figs. 5.6-5.11 . The theoretical stick spectra
for the X (Fig. 5.6), A (Fig. 5.7), B (Fig. 5.8), C (Fig. 5.9), D (Fig. 5.10) and E
(Fig. 5.11) electronic states are calculated using 7 totally symmetric vibrational
modes (v1-v7) within a linear as well as quadratic vibronic coupling model. The
vibrational basis of harmonic oscillator functions, dimension of secular matrix and
number of Lanczos iterations used to obtain converged theoretical data are given
in Table 5.7. The spectral envelopes are generated by convoluting the theoretical
stick data with a Lorentzian line shape function of 20 meV full width at the half
maximum (FWHM).

The vibrational modes v and v; form the dominant progression in the X state.
The peaks are ~ 0.183 eV and ~ 0.2035 eV spaced in energy and correspond to
the vibrational frequencies of these modes. The peak spacings of ~ 0.0632 eV,
~ 0.0968 eV and ~ 0.2064 eV corresponding to the excitation of vy, v and
v; vibrational modes, respectively, are observed in the A state. A dominant
progression of vy, vs, Vg, and v; in the B state is found with the corresponding
peak spacings ~ 0.0643, ~ 0.1852, ~ 0.1874 and ~ 0.2019 eV, respectively. It is
also found that the vibrational modes v5, 3 and 14 in the C , 1 and v; in the D
and vy and v3 in the E state form the detectable progressions.

The vibrational structures of the uncoupled X and B electronic states reveal
close resemblance with the experimental results [148,149]. This is because the
minimum of CIs are located at energies well above the location of the FC zone

centers of the X and B states. The vibrational spectrum of the uncoupled A
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Figure 5.6: The uncoupled vibronic band of the X electronic state of Np™ com-
puted with relevant seven a1, (v1-v7) vibrational modes within the linear (panel
a) and quadratic (panel b) vibronic coupling scheme. The theoretical stick spec-
trum in each panel is convoluted with a Lorentzian function of 20 meV FWHM

to calculate the spectral envelope.
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Figure 5.7: Same as in Fig. 5.6 shown for the uncoupled vibronic band of A state
of Np*.
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Figure 5.8: Same as in Fig. 5.6 shown for the uncoupled vibronic band of B state
of Np*.
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Figure 5.9: Same as in Fig. 5.6 shown for the uncoupled vibronic band of C state
of Np*.
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Figure 5.10: Same as in Fig. 5.6 shown for the uncoupled vibronic band of D
state of Np™.
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Figure 5.11: Same as in Fig. 5.6 shown for the uncoupled vibronic band of E
state of Np™.
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Table 5.7
The number of harmonic oscillator (HO) basis functions along each vibrational
mode, the dimension of the secular matrix and the number of Lanczos iterations

used to calculate the converged theoretical stick spectrum shown in Figs. 5.6 -

5.11.

Dimension of the No. of Lanczos
No. of HO basis functions secular matrix iterations Figure(s)

V1 12 V3 Vg4 Vs 123 124

4 2 2 12 18 33 228096 5000 5.6
8§ 16 4 4 6 4 8 393216 5000 5.7
20 3 3 3 3 3 5 24300 5000 5.8
2 6 16 2 2 8 2 12288 5000 5.9
30 4 4 4 20 2 24 1843200 5000 5.10
32 17 2 2 2 16 17 1183744 5000 5.11

state reveals resolved vibrational structures whereas, it is found to be broad and
structureless in the experiment [148,149]. The coupling of A particularly, with X
appears to be extremely important in this case. Similarly, the vibrational struc-
tures of the uncoupled 5, D and E electronic states are well resolved whereas,
complex and overlapping bands for these states found in the experimental mea-
surements [148,149]. This is due to the fact that these electronic states are very
close in energy and their seam of Cls occur within the FC zone. This is expected
to have profound effect on the vibrational structure of these states. In order
to understand the observed experimental vibronic structures, possible interstate
coupling parameters need be considered. Such a dynamical simulation using the
matrix diagonalization approach can no longer be carried out because of a huge
increase in the electronic and nuclear degrees of freedom. A WP propagation ap-
proach within the MCTDH framework [109] is undertaken below to accomplish

the goal.
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In this section the X-A-B-C-D-E vibronic spectrum is calculated by including
coupling among these states and considering 29 most relevant vibrational modes.
The MCTDH WP propagation approach [109] is used to calculate the spectrum
and to study the mechanistic details of internal conversion process. In this ap-
proach five, five dimensional and one, four dimensional particles are constructed
by judiciously combining the vibrational modes. The details of the basis set and
mode combinations employed in the WP propagations using the MCTDH algo-
rithm are given Table 5.8. The resulting six states vibronic spectrum is presented
in Fig. 5.12 (bottom panel) along with the experimental results (top panel) of
Ref. [149]. The former represent a combined results of six separate WP propa-
gations for six possible initial transitions to the X , g, B , C , D and E electronic
states. In each calculation, the WP is propagated up to 200 fs and the resulting
time autocorrelation function is damped with an exponential function [exp (-
t/7.); with 7, = 66 fs] before Fourier transformation. This damping corresponds
to a Lorentzian line shape function with 20 meV FWHM. While the vibronic
structures of the X and B states in Fig. 5.12 remain almost same as the un-
coupled state results, the vibronic structure of the A state is severely affected
by the nonadiabatic coupling. This is due to the fact that the minimum of the
seam of X-A Cls is located only ~ 0.1 eV above the minimum of the A state and
therefore the low-lying vibronic levels of the latter state are strongly perturbed.
It can be seen that the overall broadening and the detail fine structures of this
band are in perfect accord with the experiment. The complex vibronic structures
of the overlapping C-D-F electronic manifold are also in very good accord with
the experiment [149]. The energetic minimum of these electronic states occurs
in the vicinity of the minimum of the seam of various Cls within the C-D-E
electronic states (cf., Table 5.6). The associated nonadiabatic coupling causes a

strong mixing of their vibrational levels and as a result the vibronic bands become
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Figure 5.12: The photoelectron spectrum of the coupled X-A-B-C-D-FE electronic
states of NpT. The experimental (reproduced from Ref [149]) and the present
theoretical results are shown in the top and bottom panels, respectively. The
intensity (in arbitrary units) is plotted along the energy (measured relative to

electronic ground state (X'A,) of Np) of the final vibronic states.
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Table 5.8
Number of basis functions for the primitive as well as the single particle basis

used in the MCTDH calculations.

Normal modes Primitive basis® SPF basis® [X, A, B, C, D, E]
(v1,017,V,V14,19) (10, 5, 5, 7, 6) 6,7, 5,6,5, 6]
(Vs,26,V18,V37,V45) (4, 6, 6, 5, 15) [7,5,7,5,6, 6]
(v11,V16,V32,V4,V41) (6,4,7,4,06) 6, 5, 6, 6, 7, 5]

(vo7,28,V39,V/34) (6, 5, 5, 5) 5, 5,6, 7,5, 6]
(V6,/29,V92,V42,Vs) (5,4, 6,5, 8) 6, 6, 7, 6,5, 6]
(v7,V3,119,V05,V46) (5,4, 5, 8, 6) (7,6, 5, 6,5, 6]

%The primitive basis is the number of Harmonic oscillator DVR functions, in the di-
mensionless coordinate system required to represent the system dynamics along the rel-
evant mode. The primitive basis for each particle is the product of the one-dimensional
bases; e.g for particle 1 in the set given for Fig. 5.12 the primitive basis contains 10 x 5
X 5 x 7 x 6 = 10500 functions and the full primitive basis consists of a total of 7.9009

x10%! functions. ® The SPF basis is the number of single-particle functions used.

highly overlapping and complex. The larger widths of the vibronic peaks reported
in the gas phase electronic absorption spectra of C state can be attributed to the
associated nonadiabatic effects in the C-D-E electronic manifold. It is difficult to
decipher the vibrational progression in this situation as compared to the resolved

vibronic structures of B state.

5.3.3 Time-dependent Dynamics

The time-dependent populations of the six diabatic electronic states of Np™ in
the coupled state dynamics of section 5.3.2.2 are shown in Figs 5.13. The results
obtained by initially populating the X , E, E, C , D and F electronic states are

shown in panels a-f, respectively. The six electronic populations are indicated
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by six different line types in panel a. It can be seen from Fig. 5.13(a) that the
populations of all the five excited states are very small when the dynamics is
initially started in the X state. This is due to the fact that the Cls with the X
state are located at higher energies which are not accessible to the WP during the
short time dynamics of this state. This results into the observed sharp vibrational
level structure of the X band .

A rapid transfer of A state population to the X state can be seen in panel (b).
Within ~ 25 fs, 90% of the population transfers to the X state through the X-A
CIs. This is due to the fact that the minimum of the seam of X-A Cls located
only ~ 0.02 eV above the equilibrium minimum of the A state. An initial decay
of ~ 29 fs is estimated from an exponential fit to the diabatic population of the A
state. The faster relaxation of the A state is in par with the observed broadening
of this band. This supports the observed lack of fluorescence emission from this
state [153] and photostability of Np™. A very minor population transfer to the
remaining electronic states (B, C, D and E) indicate that the dynamics of A
state is not affected by these excited states.

The diabatic populations of the six electronic states are shown in panel (c) by
initially launching the WP in the B state. The population of B state decays to ~
0.5 within 100 fs and remains unchanged during the entire course of propagation
time. A rise in the population of A and X state as time increases indicates that
the population transfer occurs through A-B and X-A Cls. In this case also the
remaining excited (5 , D and E) states do not effect the dynamics of the B state.
A decay rate of &~ 217 fs is derived from an exponential fit to the population curve.
This estimate is in excellent agreement with the experimental data [58,153].

Quite unusual phenomenon can be seen when the initial WP propagated on
C electronic state. The C state population rapidly decays to ~ 0.3 within ~ 25
fs. A major portion of population transfers to the D state and a minor portion
transfers to the B state. As mentioned before, the minimum of C-D Cls occur at

~ 0.06 eV above the minimum of D state and the C state population flows to the
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Figure 5.13: The populations (diabatic) in time of the X (thin lines), A (thin
dashed lines), B (thin dotted lines), C' (thick line), D (thick dashed 1lines) and E
(thick dotted lines) states for an initial transition of the WP to the A (panel a), B

(panel b), C (pane ¢), D (panel d) and E (panel e) in the coupled X-A-B-C-D-E
states dynamics of Np*.
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Figure 5.14: The diabatic electronic populations in time of the X (thin lines), A
(thin dashed lines), B (thin dotted lines) and C' (thick line) states for an initial
transition of the WP to the C state in the coupled X-A-B-C states dynamics of
Npt.
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D state through these Cls. As propagation time increases the population of D
state also increases and reaches to ~ 0.4 and remains unchanged for the rest of the
propagation time. An estimated decay rate of ~ 60 fs is in excellent agreement
with the value ~ 58 fs (~ 1.7x10'® s71) estimated from electronic absorption
experiment [57]. Further calculations are performed to confirm the role of D state
in the dynamics of C state. A coupled states dynamical calculation considering
only X , g, B and C states is performed by launching the WP initially on the C
state. The experimental vibronic structures of X , A and B bands are reproduced
accurately. The diabatic electronic populations obtained in this case are shown
in Fig. 5.14. It is clear from the figure that the C state population decays very
slowly (compared to that of X-A-B-C-D-E coupled state dynamics) which relates
to a much longer life time of this state. This indicates the importance of the D
state in the intramolecular relaxation dynamics of the C state.

In the panel (e), we show the electronic populations of the six electronic
states when the initial WP launched on the D state. Within ~ 25 fs the D state
population sharply decays and the C state population rises simultaneously. As
already mentioned above that the energetic minimum of the C state occurs at ~
0.06 above the minimum of the C-D CIs, and the D state population flows to the
C state via these Cls. Similarly the minimum of the B-D Cls occurs at ~ 0.32
eV above the D state minimum. Due to this the population of B state increases
to ~ 0.3 in ~ 25 fs and remains unchanged for the rest of the propagation time.
A substantial portion of population also flows to the E state via the D-E Cls.
In case of dynamics of E state (panel f), half of the population transfers to the
lower electronic states within ~ 15 fs via the C-D-E ClIs. Nonradiative decay

rates of ~ 29 and 15 fs are estimated for the D and E states, respectively.
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5.3.4 Vibronic dynamics of B state: Astrophysical rele-

valnce

The vibrational energy level structures of the B band of Np™ has been critically
examined in laboratory measurements in relevance to the astrophysical DIBs [54,
56-58]. The vibrational progression of the D, (B) « Dy (X) electronic transition
of Np* (reproduced from Ref. [58]) is shown in Fig. 5.3. The obtained four
strong absorption peaks are attributed to the progression of two totally symmetric
vibrational modes and a sub-picosecond life time (/ 212 fs) is estimated from the
observed broadening of the peaks [58]. The position and width of the peaks
obtained from the laboratory measurements are utilized to assign the three new
DIBs discovered by astronomers [59].

The simulation of vibronic structures of uncoupled B band is already pre-
sented in Sec. 5.3.2.1. Here, we performed several reduced dimensional calcu-
lations via a time-independent matrix diagonalization method [22] to examine
the effects of X-B , A-B and B-C couplings on the broadening of the B band.
The coupled state spectrum of X-B (panel b), A-B (panel c), B-C (panel d)
and X-A-B-C-D-E (cf., Sec 5.3.2.2) (panel e) is shown in Fig. 5.15 along with
the experimental photoelectron band [149]. While the X-B and B-C couplings
do not have much effects, the A-B coupling (cf., panel c) causes clustering of
vibronic lines starting from the origin of the band.

The theoretical coupled A-B state spectrum is obtained by including six to-
tally symmetric (vq, vo, vy, Vs, Vg and v7) and four nontotally symmetric (g,
Vo, Vo1 and vy) vibrational modes selected depending on their coupling strength
(cf., Tables 5.1 and 5.2). A secular matrix of dimension 22,39,488 obtained by
using 12, 6, 2, 3, 4, 4, 6, 3, 3 and 6 harmonic oscillator basis functions (in that
order) is diagonalized employing 5000 Lanczos iterations. The spectral envelope

is calculated by convoluting the stick spectrum by a Lorentzian function of 20

meV FWHM. The dominant progressions in the theoretical band are formed by
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Figure 5.15: The photoelectron spectrum of the B state of Np™. The experimental
spectrum (reproduced from Ref. [149] is shown in panel (a). The coupled state

spectrum of X-B (b), A-B (¢), B-C (d) and X-A-B-C-D-E (e) is also shown.
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Table II. Calculated vibronic energy levels of the §2ng state of Np™ along with

the various experimental results. Energies are given in nm.

Theory (present) DIBs [59] a b c d
670.69 (0-0 peak) 670.74 670.69 670.70 670.65 674.1
648.15 648.87 648.93 648.89 648.84 652.0
637.49 - 638.57 - - -
- - 634.72 - - -
627.07 - 628.50 - - -
617.09 - 617.34 - - -
609.87 611.80 612.48 612.52 - 615.1
607.55 - 609.27 - - -
} - 997.33 - - .
591.17 - 593.40 593.35 - 596.5
D88.78 - 591.36 - - -
082.29 - 585.27 - - -

a - Pino et al. [127]
b - Bienner et al. [58]
¢ - Romanini et al. [56]

d - Salama et al. [54]
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the totally symmetric vibrational modes same as in the case of uncoupled B state
spectrum. The excitation of nontotally symmetric vibrations is induced by A-B
coupling and results into a broadening of each peak. The energetic locations of
vibronic lines of Fig. 15.15(c), compiled in Table 5.9, are in good accord with
the data from laboratory and astronomical measurements [54,56,58,59,127]. In
compiling the data the origin band is placed at 690.90 nm. It can be seen from
Table 5.9 that the present theoretical data are in very good accord with the
astronomical observations of the three new DIBs and also with the laboratory
experiments. A decreasing intensity pattern with increasing energy as noted in
the spectrum of star Cernis 52 also follows from Fig. 15.5. To this end, it is
gratifying to state that the present theoretical results unambiguously support
the assignments of the three new DIBs to the electronic transitions in Np*. This
also convincingly adds to the present consensus and hypothesis that the PAH

radical cations are potential carriers of DIBs.

5.4 Summary and Outlook

The vibronic energy level spectrum and dynamics of six low-lying electronic states
of Np™ are theoretically studied. A model vibronic Hamiltonian constructed in a
diabatic electronic basis and the Hamiltonian parameters are computed ab initio .
The nuclear dynamical simulations are carried out by time-independent and time-
dependent approaches. The theoretical results are in excellent agreement with
both experimental and astrophysical findings.

The )?, Z, E, 6, D and E electronic states of Np* are close in energy at the
vertical configuration and possible low-energy Cls are established. The uncoupled
state spectrum of these states is calculated by time-independent approach uti-
lizing matrix diagonalization method and resolved band structures are obtained

for all these states. The X-A-B-C-D-FE coupled state spectrum is calculated in-
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cluding relevant 29 vibrational degrees of freedom by a WP propagation method.
The theoretical results are excellent agreement with the experiment. The ob-
served broadening of A band is attributed to the vibronic coupling of A state
with X state. The vibronic structures of the A state are strongly affected by X-
A Cls leading to the broadening of the A band. The complex vibronic structures
of the C-D-E electronic states are also accurately reproduced. Nonradiative de-
cay rates of ~ 20, ~ 217, ~ 60, ~ 29 and ~ 15 fs are estimated for the Z, é, 5,
D and E electronic states, respectively.

Reduced dimensional calculations are also carried out on the vibronic spec-
trum of the B state including X -E, A-B and B-C coupling. The theoretical
results revealed that the X-B and B-C coupling do not have much impact on
the nuclear dynamics of E, whereas the A-B coupling induces the excitation of
nontotally symmetric modes leading to the broadening of the vibrational peaks
of the B state.

Finally, we have attempted to unravel some contentious issues of interstellar
physics based on the dynamical results of the six-low lying electronic states of
Np*t. The outcome unambiguously reveals the latter as potential DIB carriers
and a nonradiative deactivation of its excited electronic states is mediated by
numerous complex nonadiabatic paths which establishes the mechanism of its
photostability. The theoretical results presented here complement for the first
time the observations by the astronomers as well as laboratory experimental-
ists. The present study is hoped to trigger further experimental and theoretical

research in this area in future.



Chapter 6

Summary and Outlook

A detailed description of the photoinduced dynamics of the low-lying electronic
states of radical and radical cation of aromatic hydrocarbons is presented in
this thesis. The intricate coupling of electronic states through nuclear vibrations
is discussed in particular, and its consequence in spectroscopy and nonradiative
decay of electronically excited molecular systems is delineated. The basic concept
of vibronic coupling leading to the conical intersections of electronic states is
discussed. The theoretical treatment of vibronic coupling employing state-of-
the art quantum chemistry and first principles quantum dynamical methods is
discussed at length.

The complexity in the assignment of electronic spectra of polyatomic molecules
is addressed by showing recent results on three representative examples viz.,
CgH: , PAT and Np™. Dynamical observable like the rich vibronic spectrum
is calculated and assigned. The mechanistic details of the ultrafast nonradiative
dynamics of the excited states is studied. These observables are compared with
the available experimental data to validate the established theoretical model. The
discussions in this thesis reveal the need of understanding the complex vibronic
coupling mechanisms while dealing with the electronically excited molecules in
particular, and the recent advancements in the experimental and theoretical tech-

niques to observe and treat them.

121
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The main findings of the present work are given below.

1. (a) The vibronic structure of the photodetachment band of the X2A; state of
CgH? revealed resolved vibrational progressions observed in the experiment. Two
totally symmetric vibrational modes of ring deformation type (v; and v5) form
the major progressions in this band. The existing ambiguity in the assignment
of these progressions in the experimental data is resolved.

(b) Despite some differences in the intensity of the individual lines, the rich
vibronic structure observed in the experimental absorption spectrum is very well
reproduced in our theoretical nuclear dynamical simulations of the uncoupled
ngl state. The vibrational modes vy, v5 v3 and v5 from most of the progressions
in this photodetachment band.

(¢) In the uncoupled state results for the B2A, electronic state of CgHg distinct
progressions due to vy, 15 v3 and v vibrational modes are found.

(d) The energetic minimum of the A - B Cls occurs at ~ 3.29 eV which is
located very near to the equilibrium minimum of the B state. The A-B coupled
state calculations were carried out by propagating WP using the MCTDH algo-
rithm. It is found that the vibronic structures of the high-energy tail of the A
band and the entire B band are severely affected by the nonadiabatic coupling.
As a result the B band transforms to a broad and structureless envelope.

(e) An ultrafast nonradiative decay rate of ~ 30 fs for the B state is estimated

from the decay of the electronic population in the coupled electronic manifold.

2. (a) The vibronic spectrum of coupled X2B,-A%Ay-B2B,-C? B, electronic states
of PA™ is calculated including the relevant 24 vibrational modes by employing
the MCTDH WP propagation algorithm. The resulting spectrum is found to
be in excellent accord with the broad band photoelectron spectroscopy results
attesting the reliability of the present theoretical model.

(b) The vibrational energy level spectrum of the X and C states of PA* is

simulated by performing reduced dimensional calculations employing a matrix



Chapter 6. Summary and Outlook 123

diagonalization approach. The precise locations of the vibrational levels are com-
pared with the MATT spectrum of the X state and PIRI and photodissociation
spectrum of the C state. Except for v13 in the PIRI spectrum, excitations of all
other totally symmetric modes are found to be in accord with the experimental
data.

(c) Strong coupling between the X and A electronic states of PA* triggers
weak excitations of the fundamentals of the nontotally symmetric by vibrational
modes in the MATI spectrum of the X state. Because of very weak coupling
between the A and C electronic states, the weak excitations of the nontotally
symmetric modes assigned in the PIRI spectrum are not observed.

(d) The A band is particularly very diffuse and broad and a nonradiative
decay time of ~ 20 fs has been estimated for this state.

(e) The Nonadiabatic effects on the B band are relatively mild and therefore
its photoelectron spectrum reveals resolved structures. A nonradiative decay rate
of ~ 88 fs is estimated for the B state from the theoretical data, although exper-
imentally it is predicted to be a long-lived state of PA™.

3. (a) The photoelectron spectrum of the coupled )?2AU—Z2B;3U—§2B29—5231Q—
D2A,-E?Bs, electronic manifold of Np* is calculated by including 6 electronic
states and 29 relevant vibrational degrees of freedom employing WP propagation
approach. The theoretical results are in excellent agreement with the available
experimental data.

(b) The strong nonadiabatic coupling between the X and A states of Np* leads
to a broadening of the A band. A lifetime of ~ 25 fs is estimated for this state
which supports the observed lack of fluorescence emission from this state and
photostability of Np*.

(c) The A-B coupling leads to a clustering of the vibronic lines starting from
the origin of the B band and thereby causes a broadening of each peak. Distinct

progressions of two totally symmetric vibrational modes (~ 514 em™! and ~
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1458 cm™!) are found. The energetic locations and peak widths of the vibronic
lines are in excellent accord with the data from laboratory and astronomical
measurements.

(d) The C , D and E electronic states of Np™ are very close in energy at the
vertical configuration and lead to the formation of multiple CIs. Our theoretical
analysis reveals that these Cls are responsible for the observed complex structure
of C-D-E vibronic bands.

(e) The C-D and C-F Cls play crucial role in the nonradiative decay dynamics
of the C state. A rapid population transfer occur via these CIs to the D and E
electronic states during the initial WP propagating on the C state. A life time of
~ 60 fs of the C state, in excellent agreement with the experimental absorption
spectroscopy results, is estimated from the theoretical results.

(f) Nonradiative decay rates of ~ 29 fs and ~ 15 fs are estimated for the D
and E electronic states of Np™*, respectively.

(g) The present theoretical findings unambiguously qualify Np™ as potential
DIB carrier and a nonradiative deactivation of the excited electronic states is
mediated by numerous complex nonadiabatic paths, which establishes the mech-

anism of their photostability.

In conclusion, the role of intricate vibronic coupling in the photoinduced pro-
cesses of radical and radical cations of aromatic hydrocarbons is examined by
establishing model diabatic Hamiltonians. First principles nuclear dynamical sim-
ulations are carried out both within the time-independent and time-dependent
frameworks. Our findings very accurately reproduce the vibronic structures of the
low-lying electronic states and the time scale of their nonradiative decay. The
results, therefore, clearly vindicate the utmost importance of electronic nonadia-
batic interactions in the broad and diffuse nature of the observed vibronic bands,
ultrafast nonradiative decay, low quantum yield of fluorescence and photostability

of electronically excited aromatic hydrocarbons.
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This study is further extended to the investigation of the photophysics of the
radical cations of higher polyacenes of the PAH family. The laboratory electronic
spectroscopy results revealed that the intramolecular dynamics of the low-lying
electronic states of acenaphthylene (C1oHg), acenaphthene (Ci9Hio) and fluorene
(Cy3Hy0) radical cations are dominated by the ultrafast internal conversion mech-
anism [148,160-163]. The energy separation between the X and B states in these
cations is similar to Np* (~ 1.9 eV). The magnitude of the relevant vibrational
frequencies in these cations are also similar to those of Np™. Therefore, electronic
transitions in these cations might be responsible for some of the DIBs observed
in the spectra of reddened stars. Investigation of the vibrational progression of
the B « X electronic transition is of prime interest.

However, study of the dynamics of the systems with the large number of
vibrational degrees of freedom (as in the present case) is a daunting task. Ap-
parently not all the vibrational degrees of freedom contribute to the dynamics
and the most relevant degrees of freedom are selected judiciously. The previous
experience (in the case of PAT and Np™) shows that the within the quadratic
vibronic coupling model the dynamical observables are accurately reproduced.
Within this implicit considerations, the dynamics of the larger system can be
treated successfully. In case any heteroatom is involved, the quadratic vibronic
coupling model is inadequate and further higher order couplings to be considered
for better comparison with the experimental data [34,35].

The findings of the present work also expected to initiate study in the exper-
imental, observational and theoretical fields of interstellar chemistry and physics
of aromatic hydrocarbons. As these molecules are the precursors of the important
complex biological compounds i.e, amino acids, their photoinduced reactions are
to be investigated in greater details to understand the origin and evolution of life
in the universe. Evidence of prebiotic molecules present in the comets and mete-
orites suggest possible connection between life on earth and interstellar space. A

study on origin of life in space provides insights into the life on earth.
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Adiabatic potential energy

surfaces and conical intersections

The concept of adiabatic potential energy surfaces (PESs) and Cls are impor-
tant for the interpretation and understanding of the dynamical observable such
as vibronic spectra and nonradiative decay rates of the electronic states. We
shall consider a 2x2 diabatic Hamiltonian containing M tuning modes (totally
symmetric, ;) and N coupling (non-totally symmetric, ),,;) vibrational modes

and is given as

B+ YN 5V Qy S A Qus

H - (TN + V(])]_
S N Qu By + 3N kPQ,

, (A.la)

Where

1 1 & o?
= 2w (acf)—i}%‘ (5z,) (D)

is the nuclear kinetic energy operator and
VO = 3 szQ + = Zw]Quj7 (A.lC)
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is the potential energy operator. The quantities x and A represents the intrastate
and interstate coupling parameters. Here F; and E, (assuming E; < E,) are
the ionization of the coupled electronic states at the reference geometry Q=0,
where Q represents collectively (Q,, @.). The adibatic PESs are obtained by

diagonalizing the above Hamiltonian in the fixed-nuclei limit, Ty —0, as follows.

SI(H—-Ty1)S = V (A.1d)
V = Q) 0 (A.le)
0 1A(Q)

where S is an orthogonal matrix which describes the adiabatic to diabatic trans-
formation. Here Vi (Q) and V3 (Q) are the adiabatic PESs of Hamiltonian (A.
la).

For analysis of adiabatic PESs, it is convenient to write H of Eq. (A. la) in

the following form:

—d ¢
H = Hy+ (A.1f)
c d
where
Hoy = TN+V0+E—|—JQ9 (A.lg)

S = (B +Ey)/2 (A.1h)
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oi = (k) +r®)/2 (A.1))
i o= (kY —r)/2 (A.1k)
N
d = A+ 6:Qqy (A.11)
i=1
c = Z/\jQuj (Alm)

The adibatic potentials are given by the expression within the linear vibronic

coupling (LVC) model

N
Vip(Q) = W(Q)+X+ Z 0:Qgi FW (A.1n)

i=1

W = V&t (A.10)

The conditions for the occurance of Cls between Vi(Q) and V5(Q) are simply
d =0 and ¢ = 0. These conditions define a hypersurface of dimension N + M — 2
in the N + M dimensional coordinate space i.e. in order to exhibit degeneracy of
PESs, two independent set of nuclear coordinates are required.

The minimum of the seam of Cls is given by

N

c (F_ A)Q 1
Vi, = D 5203/%1' (A.2)
=1
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The position of the minimum in the space of the tuning mode is

Q) in = <5i/w9i)l()F —&)_ %,y N (A.3)

The minimum of the seam of the Cls relative to the minimum of the upper

adiabatic PES is given by

© } LN p_ e
where
N ¢o
D = o (A.5)
wgi
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