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1 Introduction

Theoretical study of interactions between electronic and nuclear degrees of freedom and
their impact on chemical dynamics constitutes the main theme of this thesis. It is well
established that the so-called adiabatic approximation [1] breaks down to deal with
nuclear dynamics of polyatomic molecular systems. While this approximation worked
qualitatively well in the development of the theoretical research in chemical dynamics in
initial years, the modern experiments witnessed its shortcomings to a large extent. The
validity of the approximation relied on the energy gap between electronic states. This is
usually larger than the relevant vibrational quanta of a molecule. Now, if two electronic
states approach energetically very close to each other, this approximation remains no
longer valid. The interaction of two or more electronic states through nuclear motion is
termed as Vibronic coupling (VC) [2-5] in the text. The VC in polyatomic molecules is
an ubiquitous phenomenon because of the availability of more nuclear degrees of free-
dom which goes beyond the well-known non-crossing rule [6,7]. Such coupling introduced
conical intersections (CIs) of electronic potential energy surfaces (PESs) and allows the
nuclei to move concurrently on more than one electronic state. The crossing of elec-
tronic PESs was historically invented in early 1930s [8-10] and an intense research in
this field was started nearly two decades later of this invention. Further monumental
growth on this subject [11-17] predicted a variety of physical phenomena related to
the PES crossings and ClIs. The latter play crucial role in various photophysical and
photochemical transitions and known as photochemical funnels in the literature [18,19].
Jahn-Teller (JT) active systems represent a well-known subclass of conically intersect-
ing PESs, where the symmetry-enforced electronic degeneracy is lifted upon distortion
along suitable symmetry reducing nuclear (vibrational) motion [10,12,16]. Another sub-
class of VC, which deals with the interaction between the components of two different
degenerate electronic states or one component of split-degenerate electronic state and
a non-degenerate electronic state is referred as pseudo-Jahn-Teller (PJT) interaction in
the literature [15,20-23]. While the dominating coupling goes first-order in nuclear dis-
placement coordinates in the above case, another type of intersections of glancing type,
which goes second-order or higher-order in nuclear displacement coordinates is known as
Renner-Teller interactions occurs in linear systems with an axial component of electronic
angular momentum [8,9,24].

1.1 Vibronic coupling

The occurrence of CIs of electronic states can have dramatic effects on the nuclear
dynamics of polyatomic molecules. The electronic spectra become broad and with a



1 Introduction

huge increase of vibronic line density. The adiabatic PESs have “cusp” like behavior
near the vicinity of the CIs and the adiabatic electronic wavefunction diverges at Cls.
A (quasi)-diabatic approach to transform the singular kinetic coupling of the adiabatic
representation [15,16,25,26] to smooth potential coupling is exercised to deal with this
situation [27-29]. The existence of CIs in multimode system replace the avoided crossing
encountered in a single mode vibronic coupling problem [7,30]. Let us take a simple
example of a model two-states vibronic coupling problem of two nondegenerate electronic
states |1) and |2) of different symmetry to elucidate the above mentioned point. The
total molecular Hamiltonian of the above model system can be expresed in the following
form:

Vii Vi
H="Tn1+ . 1.1
" Var Vi (1)
Here, Ty and V; (i = 11, 12, 22) are the nuclear kinetic energy operator and the po-
tential energy matrix elements within a diabatic two electronic states representation,
respectively. 1 denotes the 2x2 unit matrix. The adiabatic PESs of the Hamitonian 1.1
can be written as,

%

Vi + Voo
2

Vi + (1.2)

Vi — Var )
(112 22) +V122

If only one coupling vibrational mode is considered, then the adiabatic surfaces (Vi)
exhibit an avoided crossing-type of behavior. The totally symmetric modes present in
a polyatomic system and do not mix the electronic states however only modulate the
energy gap Vii1-Vos. The totally symmetric vibrational mode transforms the avoided
crossing of the single-coupling-mode problem to CIs through the modulation (tuning) of
energy gap between the electronic states. This shows the importance of the combined
influence of coupling and tuning vibrational modes on the electronic states. The result-
ing combined effect of coupling and tuning vibrational modes was initially proposed to
explain the characteristic features of photoelectron spectra of C;Hy [4] and HCN [31].
Qualitatively, the strength of nonadiabatic interaction increases with the inclusion of
more vibrational modes in the vibronic coupling, which can be traced by observing
rapidly growing density of vibronic energy levels.

It is observed that even the contribution from individual tuning mode has a minor
influence on the vibronic coupling problem, the combined effect of several tuning modes
may be strong enough to introduce the nonadiabaticity into the dynamics of a molecule.
For example, C-H stretching mode v; has been found to nearly decouple from the cou-
pling torsional vibration v4 in the vibronic structure of C4HJ [4]. Tt is found that the
indirect tuning effect of vy, which is mediated by C-C stretching motion v, has the
profound impact on the total nonadiabaticity prevailed in the second vibronic band of
C,Hy (cf. Figure 2 of Ref. [4]). Tt is suggested that great care is necessary to choose
the effective vibrational mode(s) to deal with vibronic coupling problem. Another in-
teresting fact encountered in Ref. [32,33] is that the nonadiabatic effects can be very



1.1 Vibronic coupling

strong even though a large energy separation exists between electronic states within the
FC zone. The energy separation between the ground electronic state (X) and second
excited state (B) of CHyF} ~2.00 eV at the FC zone [32]. It is found that these two
states are coupled through H-C anti-symmetring stretching () and H-C-H in-plane
anti-symmetric bending (v7) vibrational motions. The impact of nonadiabatic effect of
the v; vibrational mode on the X state of CH,F3 is depicted in Figure 2b in Ref. [33].
Thus it can be concluded that the vibronic structure of well-separated electronic states
can also be perturbed by nonadiabatic coupling effects.

Until now, characteristic features of the totally symmetric vibrational mode(s) on the
nonadiabatic effects in the electronic states have been discussed. The effect of coupling
vibrational mode(s) on the electronic states will be discussed here. The elaborated
form of Eq. 1.2 in terms of vertical excitation energy (E;, where i=1,2), second-order
intrastate coupling (7%, where i=1,2), first-order interstate coupling ()), ground state
frequency (w) of the coupling mode and normal coordinate (@) along that mode is as
follows:

Vi(Q) = %wQQ + %(vz +HQ% + %(El + Ey)

:t¢{@h—Eﬂ+%hﬂ—¢Xf}+4VQ?(La

A characteristic feature of new minima is observed in lower adiabatic surface V_(Q),
whereas the upper surface becomes steeper. The symmetry of the nuclear geometry at
the new minima is lower than the symmetry of equilibrium geometry of the reference
state, this phenomenon is known as “the breaking of molecular symmetry”. It is known
that the symmetry breaking is simply a consequence of repulsion of the diabatic surfaces
via the vibronic coupling [15,34,35]. The value of dimensionless normal coordinate at
the minimum of the lower adiabatic PES is represented by following equation (excluding
the v*):

)\2
Q|lw— - = 0. (1.4)
\/(Engl) + )\QQQ
In this equation, A:% and a::)‘—ZA and z is a dimensionless quantity. The three
Wk

roots of Eq. 1.4 have the following forms:

A
Q= 0; Q:iE 1—é. (1.5)

If the value of x < 1, then the second and third roots of Eq. 1.5 become imaginary. So
the validity of second and third roots remain only when > 1 and when x < 1 first root
@ = 0 is valid. As a result, two equivalent minima form at ) # 0 in the lower adiabatic
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Figure 1.1: Diabatic (dashed lines) and adiabatic (full lines) torsional potential curves
for the two lowest cationic states of ethylene [34] are shown here. Here,
Vi and V5, corresponds to V_ and V. according to Eq. 1.3. In each case the
potential curve Vj represent the neutral ground (reference) state of ethylene,
assuming the same frequency w, for all the states. F; and F5 are the vertical
ionization potentials. Vibronic coupling is shown only for the ionic states: a)
a case of zero coupling, A=0, b) the limit of weak vibronic coupling, = < 1
and c¢) a case of strong vibronic coupling, = > 1. E is the stabilization energy
in case of strong vibronic coupling problem, depicted in panel c¢. The figure
is reproduced from Ref. [34].

PES when x > 1 and the previous minimum at ) = 0 is converted to local maximum.
The stabilization energy due to this symmetry breaking phenomenon is F, = A(U;;:)Q).
No symmetry breaking occur for x < 1 and molecule does not get any stabilization due to
this phenomenon. Only just above the threshold value of x = 1, the stabilization energy
quadratically increases with x, whereas at the larger value of x, a linear dependence is

observed. The pictorial representation of the above discussion is presented in Fig. 1.1.




1.2 The Jahn-Teller effect

After inclusion of M number of coupling vibrational modes in Eq. 1.4, the generalized
formula of x becomes:

M
T = Z T (1.6)
k=1
2
Where, z;, is the dimensionless z parameter for k" coupling mode and z; = w);:kA' It is

seen from Eq. 1.6 that due to multi-mode effect x is generated from the contribution
(xy) of each coupling vibrational mode. In this way symmetry breaking phenomenon of a
molecule becomes cumulative effect of all coupling vibrational modes. So in order to give
an explanation of Eq. 1.6, one can say that if a single coupling vibrational mode fails to
introduce a minimum at V_(Q) at @ # 0, then due to the multi-mode effect of the other
coupling vibrational modes, there is a possibility to form a minimum in the ) sub-space
under the condition of x > 1. The symmetry breaking by a single coupling mode is a
well-known phenomenon and it is discussed several times in the literatures [15,36-43].
It is found that symmetry breaking occurs at the lower adiabatic coupled A-B surfaces
of CHyFJ due to the cumulative effect of F-C antisymmetric stretching (vg) and H-C-H
out-of-plane symmetric bending (v9) vibrational motions [35].

1.2 The Jahn-Teller effect

In contrast to the discussion above, yet another type of Cls is formed in JT active
system. This is symmetry enforced in a non-linear system, the electronic degeneracy
is lifted upon distortion along a JT active vibrational mode. The lifting of degeneracy
causes symmetry breaking of molecular system, which develops a reduced symmetry
equilibrium minimum [44-46]. It is established that non-totally symmetric vibrational
modes lift the degeneracy of degenerate electronic states and the JT effect corresponds
to vibronic coupling between these split components of the degenerate electronic states
[2,7,12,47-49]. The two-fold degeneracy (£) of a molecule with three (six) fold symmetry
is lifted by degenerate mode of e symmetry. This is known as F ® e JT effect [12,15,16,
50-52]. Likewise, the two fold degeneracy of molecules possessing two or four fold axis of
symmetry, belonging to, Cy, Cy,, Cyapn, Dy, Daog, Dyp, S4, and Dyy symmetry point groups,
the vibrational modes of b symmetry lifts the degeneracy and is known as £ ® g JT
effect [12,15,16,47,53-59].

Let us consider the Hamiltonian of Eq. (1.1). The inclusion of one totally symmetric
vibrational mode along with the coupling mode in the Hamiltonian of Eq. (1.1), makes
it a two-states-two-mode problem. Then the eigen value form of Eq. (1.2) becomes more
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complicated and it has the following form in linear coupling scheme:

1 1 1
§<E1 + E2> + §/€1Qg + §R2Qg

£ {(Bs = B+ (52— )@, +4NQ2 (L7)

1 1
Vi(@gp Qu) = 5“9@92 + §quu2 +

Here, g stands for totally symmetric representation and u stands for non-totally sym-
metric representation. k is the first-order intra-state coupling parameter for totally
symmetric mode and other parameters are already described in Section 1.1. Now, we
consider a special case of a doubly degenerate electronic state with £y = Ey = FE,
K = -k =\ Q’4+Q;=0Q* and w, = w, = w that correspond to the £ ® e-JT case.
With these Eq. (1.7) modifies to

Vi(Q) = %WQQ + E+£)Q. (1.8)
Where @ is the dimensionless normal coordinate of one component of the degenerate
vibrational mode. This creates a “Mexican Hat” type PESs in E®e Jahn-Teller problem.
In this case curve crossing occurs at the symmetric configuration of the nuclei between
the two components of the degenerate electronic states and at this configuration the
potential gradient with respect to some JT-active vibrational coordinate is nonzero.
This gives rise to linear JT coupling and degeneracy of the electronic state lifts upon
the distortion along that vibrational coordinate. Two symmetric energetic minima form
along the JT-active vibrational coordinate and the molecule stabilizes due to first-order
or linear JT effect. The presence of second-order or higher order JT couplings makes
the situation more complicated by hindering the molecule to pseudorotate around the
potential energy moat. As a result of this, the existence of one local minimum and one
local maximum is observed instead of two symmetric minima in PES and PES becomes
“tricon” in two dimensional subspace. A beautiful pictorial description of the above
discussion is available in the Fig. 1 of Ref. [60] and here it is reproduced in Fig. 1.1.
The details of the figure is described in the figure caption. The pictorial description of
a general CI found in a photochemical reaction and JT CI is reproduced from Ref. [61]
and presented in Fig. 1.2. It is not always necessary to cross PES to observe the JT
activity. Accidental mixing of electronic states through vibronic coupling is named as
pseudo-Jahn-Teller (PJT) effect. As its name implies, it is closely related to Jahn-Teller
effect and there is no necessity of curve crossing or electronic degeneracy to observe the
PJT effect in the molecule. The only requirement is the energetic proximity between
electronic states.

Another important aspect of JT effect, static and dynamic JT effect, is discussed in
this paragraph. A strong JT coupling which distorts the molecule permanently to the
lower symmerty point group is called static JT effect. In this case potential well of the
distorted molecule becomes very deep and vibronic energy levels are mainly localized in
that potential well. That is why, it is suitable to construct Hamiltonian at the point
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(a)

(c)

Figure 1.2: Examples of conical intersections. (a) A cut through a molecule’s PES
illustrating a conical intersection of two electronic surfaces, such as that
found along the reaction path in many organic photochemical reactions. (b)
An expanded view in three dimensions of the CI illustrated in (a). (¢) A cut
through a PES with a JahnTeller CI. (d) The three-dimensional form of the
PES for a JahnTeller CI. The figure is reproduced from the Ref. [61].

group of distorted molecule for the analysis of the vibronic energy levels of this type
of JT activity. On the other hand, in case of dynamic JT effect, the JT coupling
is moderate and an equilibrium exists between the higher symmetric and the lower
symmetric molecular structure. Thus, the Hamiltonian at the higher symmetric point
group of molecule is often used to analyse the dynamic JT effect.

1.3 Connection with experiment

Photoelectron (PE) spectroscopy measurement is one of the direct tool to probe the core
as well as the valence electronic structure of molecules [62,63]. The Koopmans' theo-
rem [64] is validated by this experiment. Helium (He) discharge lamp is applied to
ionize the molecule and then kinetic energy distribution of the photoelectrons yields
the spectrum. This procedure qualitatively provides the adiabatic ionization energy of
molecules. The conventional PE spectroscopy cannot achieve a resolution more than
800 cm™! [65]. Consequently, the vibronic energy levels appear as a broad structure
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(a) (b) (c)

Figure 1.3: Slices through the JT PES. Curves (a), (b), and (c) are slices through the
surface that correspond to (i) zero JT coupling, (ii) nonzero linear JT cou-
pling and (iii) nonzero linear and nonzero quadratic JT coupling, respectively.
In curves (b) and (c), the dotted lines correspond to the average potential,
which is a harmonic curve. The figure is reproduced from the Ref. [60].

in this measurement. Recent technique of Zero Kinetic Energy pulsed-field-ionization-
energy (PFI-ZEKE) spectroscopy, developed by Miiller-Dethlefs; Schlag, and cowork-
ers [66-70], provides the PE spectrum with a resolution of ~1 cm™! or less. The main
difference between the conventional PE spectroscopy and the ZEKE spectroscopy lies
in the basic principles of the respective techniques. In case of conventional PE spec-
troscopy molecules are used to stay at ambient temperature in their ground state. Then
molecules are excited by a single photon, which removes one electron from the occupied
(valence) molecular orbital (MO) and the excess energy of the photon is carried away by
the ejected electron as its kinetic energy. The PE spectrum is defined as the intensity
of the ejected electron as a function of its kinetic energy. The gas-phase PE spectra are
usually measured at ambient or elevated temperatures, vibrational congestion causes
additional overlap between the ionization bands. Thus, it is very difficult to get exact
adiabatic ionization energy of a molecule by conventional PE spectroscopy. To overcome
the drawbacks of conventional PE spectroscopy, Miiller-Dethlefs and coworkers [66-70]
developed the PFI-ZEKE experiments, where molecules are excited to their first excited
state by a photon and then a second photon is used to ionize the molecule. A supersonic
jet expansion is applied to keep the molecule vibrationally cold (all ;,=0). So in ZEKE
spectroscopy excitation starts from a vibrationless ground state of the molecule with
first photon and then second photon with exactly enough energy is applied to ionize the
molecule to a given vibrational level of the ion. In that way, care is taken to produce the
ejected electrons with zero kinetic energy. A outline of the ZEKE experiment is given
below, where we have taken the example of MCHj radical cation as discussed in Ref. [65]
to make the discussion lucid. The pictorial comparison between the conventional PE
spectroscopy and ZEKE spectroscopy is shown in Fig. 1.4. The ZEKE spectroscopy
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(T~ 300 K) (T~10K)

(@) (b)

Figure 1.4: Qualitative depiction of the difference between (a) conventional photoelec-
tron spectroscopy and (b) ZEKE spectroscopy. In PE spectroscopy, the
relatively low resolution is caused by a combination of several factors: the
ground-state molecule is usually at ambient temperature, the incident radia-
tion is not monochromatic, and the high-energy kinetic electrons (the dashed
arrows) formed upon ionization are kinetic-energy analyzed to produce the
spectrum. In ZEKE spectroscopy, the groundstate molecule is cooled to its
vibrationless level and the ionizing radiation hvs is nearly monochromatic.
Because only “zero kinetic energy” electrons are detected, the result is much
narrower spectral bands. The figure also shows the principal behind REMPI
spectroscopy, in which his is kept sufficiently high in energy to ionize the
excited state, while hiry is scanned, producing a REMPI spectrum of the
excited state of the neutral radical. The figure is reproduced from Ref. [65].

of the MCHj radicals relies on the excitation (by hwy) of the radicals from the ground
electronic state (X24;) to its well-defined first excited state, A2E, from which they are
ionized by a second photon. Because the radicals are cooled by supersonic expansion,
nearly all of them exist in the vibrationless (all 7;=0) level of the X2A; ground state;
hence, only the v=0 level is drawn for it in Figure 1.4b. Excitation of the radicals will
occur when the first photon (hry), is in resonance with a transition from the vibration-
less level of the ground state to a vibronic level of the excited state. The second photon
(his), plays the role of the photon used in a normal PE spectroscopy experiment, with
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the difference being that the ionization is occurring from a resonant excited state of the
radical rather than from the ground state. For the radicals discussed here, both the
A?FE « X2A, and the 7' A, + A%E transitions are electric-dipole allowed. The excit-
ing frequency huy is fixed to be in resonance with one of the levels of the excited-state
of neutral molecule. The ionizing frequency his, is then varied. If the second photon
has exactly enough energy to ionize the molecule to a given vibrational level of the ionic
state, but no more, then an ion and an electron with zero kinetic energy will be cre-
ated. Following ionization, any electrons with nonzero kinetic energy drift away from
the ionization volume. The ZEKE electrons have no kinetic energy and remain in the
ionization region. Several microseconds after the ionization, a small negative potential
is applied to force the ZEKE electrons through the time-of-flight (TOF) tube, providing
the signal of the ZEKE experiment. Thus, the ZEKE spectrum records the production
of zero-kinetic energy electrons as a function of his, and the spectrum generally consists
of very sharp peaks that correspond to specific vibrational or even rotational levels of
the ion. This description of ZEKE spectroscopy is somewhat simplified, but will suffice
for our purposes here.

The present thesis deals with the vibronic dynamics of different cationic and neutral
molecules in their ground as well as excited electronic states. The theoretical results
are compared to the related available experimental data to validate the developed mod-
els. It is well known that in PE spectroscopy, electron(s) is removed from the occupied
molecular orbital(s) (MOs) and produces a different system with different number of
number of electrons than the parent molecule. We assumed that reference state of the
neutral molecule has the simple harmonic type of potential and we treated ionization
as a perturbation. The electronic potential of the target molecules (ions) is expanded
in a Taylor series. Removal of an electron from the highest occupied molecular orbital
(HOMO), HOMO-1, HOMO-2 ... produces the ground state, first excited state, second
excited state ..., respectively, of the target molecules (ions). lonization from the op-
timized geometry of the reference state produces the vertical ionization energy (VIE),
which is then compared with the experimental findings. The one dimensional poten-
tial energy surfaces (1-D PESs) are calculated by distorting reference state along each
normal mode and performing single point (SP) energy calculations. All the representa-
tive molecules (anions) in this thesis are nonlinear and polyatomic and hence, coupling
between the electronic states and vibrational modes (vibronic coupling) is ubiquitous.
We constructed diabatic molecular Hamiltonian of the representative molecules (ions)
to deal with the vibronic coupling in those molecules (ions). The adiabatic potential
energies evaluated by different ab initio quantum chemistry methods are equated with
the diabatic to adiabatic transformation in our model Hamiltonian to get the vibronic
coupling parameters. The dynamics of the representative molecules (ions) are studied
by both time-independent and time-dependent quantum mechanical methods. The com-
plex experimental PE spectra of different molecules (ions) are systematically examined
through various reduced dimensional calculations. The multi-states-multi-modes dia-
batic Hamiltonian is split into two-states-two (multi)-modes Hamiltonian to find out
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role of a particular or a set of vibrational mode(s) in the dynamics of different elec-
tronic states . This exercise helped us to find out the role of individual or collective
vibrational motions in the complex structure of PE spectrum. The block-improved re-
laxation calculations [72,73] as implemented in MCTDH programing module [71]. Thus
the different vibrational levels of ZEKE spectrum are assigned by our theoretical calcu-
lations. In this thesis, we have studied the conventional as well as the ZEKE spectrum
of CHoFy (CDyFy), CH3F and HeB; (D2B7). Among these molecules (ions), CH3F
belongs to Cs, point group symmetry at its reference neutral geometry. It possesses
electronic degeneracy in its cationic ground states and is a £ ® e JT system. Both
CHyF;, and HyB7 belong to equilibrium Cs, point group symmetry in their respective
electronic ground state. We examined the vibronic interactions of four electronic states
of CHQFSr and five electronic states of HyB.

1.4 Content of the thesis

A detailed theoretical framework of the present work is outlined in Chapter 2. The
fundamental concept of adiabatic and diabatic electronic basis is illustrated. A general
form of diabatic electronic Hamiltonian is presented that can be constructed with tha aid
of symmetry selection rules. An extended symmetry selection rule is exercised to con-
struct a higher-order JT Hamiltonian in three-fold symmetry point group. The strategy
to estimate the parameters of the electronic Hamiltonian is described in each chapter.
Technical details of the first principles quantum dynamics calculations are also discussed.
Calculation of vibronic spectrum by both time-independent and time-dependent meth-
ods is discussed at length.

In Chapter 3, the Jahn-Teller effect in the degenerate X2E electronic ground state of
CH3F™* is discussed in conjunction with the observed high level ZEKE spectrum. The
electronic potential energy surfaces and the coupling surfaces are calculated employing
state-of-the-art ab initio quantum chemistry methods. The vibronic Hamiltonian is con-
structed with the aid of multimode vibronic coupling theory and symmetry selection
rules. It is systematically extended to higher order in the Taylor series expansion and
the parameters are carefully estimated in the present study. First principles quantum
dynamics study is carried out to calculate the vibronic eigenvalue spectrum of this degen-
erate electronic state of CH3F*. The vibronic energy levels are assigned and compared
with the experimental PFI-ZEKE spectrum and one photon ZEKE spectra of CH3F*
and also with the earlier theoretical results reported in the literature.

The vibronic coupling in the energetically lowest first four electronic states of CHoF3 and
CD,F3 are discussed in Chapter 4. A model 4x4 Hamiltonian is constructed in a dia-
batic electronic representation employing normal coordinates of vibrational modes and
standard vibronic coupling theory. Extensive ab initio quantum chemistry calculations
are carried out to determine the parameters of the Hamiltonian and energetic ordering

11
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of the electronic states. The topographical features of the latter are examined at length
and several conical intersections are established. The effect and consequence of the
inter-state coupling between the two energetically close-lying excited electronic states,
A?By and B?A;, of CH,yF; is discussed in detail. The result shows that the symmetry
breaking and stabilization of lower A-B coupled adiabatic surface is not possible through
single mode interaction rather it is possible via cumulative interaction of both coupling
modes.

The vibronic structural envelope and nonradiative decay dynamics of energetically
low-lying electronic states of CHyF3 and its isotopomer (CDyF3 ) are presented and dis-
cussed in Chapter 5. A comparison of the results obtained from the nuclear dynamics on
the electronic states of these isotopomers are also discussed in this chapter. The results
are compared with both broad band as well as high resolution experimental spectroscopy
data available in the literature. The progression of vibrational modes in the spectra is
identified, assigned and discussed in relation to the assignments available in the liter-
ature. Both time-independent and time-dependent quantum mechanical methods are
used to carry out nuclear dynamics calculations.

The vibronic structure of the partially hydrogenated boron cluster, HyB7 is discussed
in Chapter 6. Detailed electronic structures of the first five electronic states of HyB; are
discussed in this chapter. The topography of the 1-D potential energy surfaces along
the totally symmetric vibrational modes in relation with several static points on these
surfaces are discussed. Primarily, the effect of X- A X-B and A-B interstate coupling
is discussed through X-A-B coupled states dynamics on HyB7; and the obtained the-
oretical results are compared with the available experimental findings. Latter, on the
basis of some speculations, C' and D electronic states are included in the dynamics and
a improved set of theoretical data is obtained. The calculated theoretical findings are
good in acorrd with the available ZEKE spectrum study on this system.

An overall conclusion and future direction of this Ph. D work is made on Chapter 7.
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2 Theoretical methodology

2.1 Adiabatic electronic representation and breakdown
of Born-Oppenheimer approximation

The molecular Hamiltonian in a time-independent Schrodinger representation can be
expressed as

H(q, Q)¥(q,Q) = E¥(q,Q), (2.1)

where the Hamiltonian (H) and the wavefunction (V) are the simultaneous function
of electronic coordinate (¢) and nuclear coordinate (). The energy of the molecular
system (&) can be obtained by solving the above eigenvalue equation. The H consists
of kinetic and potential energy terms corresponding to the electrons and nuclei, is given

by

H(q, Q) = Te(q) + Tn(Q) +U(q, Q) (2.2)

T. and Ty are electronic and nuclear kinetic energy terms, respectively. U(q, Q) is
the total potential energy of the molecule, which includes the electron-electron re-
pulsion (Uee(q)), electron-nuclear attraction (Un.(q,Q)) and nuclear-nuclear repulsion
(Unn(Q)). Spin-orbit coupling, which is the function of electronic coordinates is ex-
cluded from the total potential energy of the molecule [1]

The nonseparability of U(q, Q) in terms of electronic and nuclear motions makes the
solution of Eq. 2.2 cumbersome. The nonseparability of electronic and nuclear motions
can be approximated by considering the fact that nuclei are much heavier than elec-
trons. Hence, electrons move much faster than nuclei, classically, the change of nuclear
configuration is negligible during a complete cycle of electronic motion. Thus 7y can
be set as zero by considering the nuclei as fixed. This approximation is know as Born-
Oppenheimer (BO) approximation in quantum chemistry. This is also called clamped
nuclei approximation [1,2] because at a particular electronic configuration, the nuclear
configuartion is approximated as fixed. So Born-Oppenheimer adiabatic electronic states
are obtained by setting 7 = 0 and solving the fixed-nuclei electronic Schrodinger equa-
tion

He(q,Q)n(q; Q) = (Telq) + U(q; Q))n(q; Q) = Valq; Q)n(q: Q) (2.3)

Where, 1¥,(q; Q) is the BO adiabatic electronic wavefunctions and V,(¢; Q) is the adi-
abatic potential energies, respectively. These quantities depend parametrically on set
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of nuclear coordinates Q. The quantity V,(q; Q)) converts to potential energy surfaces
(PESs) by solving the above electronic Schrédinger Eq. 2.3 at different configuration of
nuclei (Q). Now, the total molecular wavefunction v, (¢; Q) can be expanded as a product
of nuclear wavefunction (x,(Q)) and parametrically depended electronic wavefunction

(Yn(q; Q)) as follows:

Vi(q, Q) =D tn(q; Q)xmi(@Q)- (2.4)

Insertion of Eq. 2.3 and Eq. 2.4 into TISE of Eq. (2.1) provides the following coupled
differential equations of nuclear wavefunction x,(Q)

[TN(Q) + Valg; Q) = E) xn(Q) = D M (Q)xm (Q) (2.5)

where

S Al @ = = [ v Q) (1@, (0 Q) (2.6

Where A, defines the coupling between two electronic states n and m through the
nuclear kinetic energy operator. This is known as nonadiabatic coupling in quantum
chemistry. The quantity A,,,(Q) can be expressed in terms of first-order and second-
order derivative coupling as follows [2, 3]

A P 4o (o) 2 P o
where M; are nuclear masses and
AR (@) = (Wnlg; Q)IViltom(g; Q)), (2.8)
and .
BY(Q) = (u(q; Q)IVE, [m(q; Q) (2.9)

represents the derivative coupling vector and scalar coupling, respectively. It can be
seen from Eqs. 2.8 and 2.9 that the elements of nonadiabatic matrix A, are the deriva-
tive of electronic wavefunctions with respect to the nuclear coordinates and nuclear
kinetic energy operator is non-diagonal, whereas potential energy operator is diagonal,
in adiabatic electronic representation. The off-diagonal element A,,,,, defines the coupling
between electronic states through nuclear kinetic energy operator. If we set A, = 0,
then one can arrive at the well-known BO or adiabatic approximation. In this situation
nuclear movement is confined in one (uncoupled PES) PES only. Considering the nu-
clear movement, total molecular wavefunction and electonic Schrodinger equation can
be now expressed as

(TN (Q) + Va(¢: Q) — E] xn(Q) = 0
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2.1 Adiabatic electronic representation and breakdown of Born-Oppenheimer approximation

UP9(q,Q) = Z%qum (@)

[Te(a) +U(q, Q) — Val(q; Q)] ¥n(¢: Q) = 0 (2.10)

This BO approximation holds for energetically widely separated PESs. The above sit-
uation can dramatically change when differenet PESs of molecule closely approach or
intersect with each other. The off-diagonal elements of nonadiabatic coupling matrix
A, become extremely large and the electronic states can strongly couple with each
other. In this situation, the nuclear movement can not be confined on a single electronic
state rather it gains the energy (through coupling) to move concurrently on the available
relevent electronic states. In this situation, the classical approximation of large ratio of
nuclear masses to electronic masses is overcome by the large derivative coupling A,,,,.
Thus BO approximation is no longer valid in this situation. Eq. 2.3 represents the
electronic Schrodinger equation which can be rewritten as

(U (@: Q) He(@: Q)|Yn(a; Q) = (Wmlq; Q)Valg; Q)|¥n(e:; Q))
(Vin(q; Q) He(q; Q) Yn(q; Q) = Viulq; Q)0mn

After differentiation with respect to @, the above equation transforms to

9 OH(q; Q) B
0 1 OH,
(Ul 110) = 5=yl <q D

Finally, using the above equation, ASZQn(Q) can be expressed as Hellmann-Feynman type
of relation [2,6,7]

(Um(q; Q)| ViHe(q; Q) 1¥n(q; Q))
Vu(Q) = Vin(Q) ’

ADQ) - 212

where H. represents the electronic Hamiltonian for fixed nuclear configuration. The
derivative coupling elements of Eq. (2.12) exhibit a singularity at near degeneracy or
degeneracy of the two PESs, as at this situation V,(Q) ~ V,,(Q) or V,(Q) = V,,(Q). In
principle this leads to discontinuity in both the electronic wavefunction and the deriva-
tive of energy. In these circumtances the adiabatic or BO representation is completely
unsuitable for the computational study of the nuclear dynamics. Inelastic atom-atom
collisions and ultrafast radiationless decay of excited electronic states are the typical
examples associated with the violation of the BO approximation [7,8]. To overcome the
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2 Theoretical methodology

problem of singular derivative couplings of the adiabatic representation, the basis func-
tions are replaced with diabatic electronic basis which are smooth and slowly varying
functions of nuclear coordinates [2,9-15].

2.2 Diabatic electronic representation

In a diabatic electronic representation, the adiabatic electronic wavefunctions, 1(q; @), are
replaced by new electronic wavefunctions, ¢(q;@Q), which are slowly varying functions
of the nuclear coordinates. The corresponding eigenstates of these new diabatic wave-
functions may cross at the avoided crossing of the adiabatic potential energy surfaces.
In this representation, the nuclear kinetic energy operator becomes diagonal and the
coupling between different electronic states is introduced by potential energy operator
in off-diagonal positions of the molecular Hamiltonian. Diabatic basis functions are gen-
erally constructed by a suitable unitary transformation of the adiabatic basis as shown
in Eq. 2.13.

o(4; Q) = S(Q) ¥(¢; Q) (2.13)
where S(Q) is the transformation matrix which reads as
_ [cosf(Q) —sinf(Q)
S(Q) = (sin@(@) cos 6(Q) ) (2.14)

The matrix S(Q) is called the adiabatic-to-diabatic transformation (ADT) matrix. 6(Q)
represents the transformation angle. The necessary condition for such transformation is
that the first-order derivative couplings of Eq. (2.8) should vanish in the new represen-
tation for all nuclear coordinates [16,17] i.e.,

15)
/ (4 Dy

This condition leads to the following differential equations for the transformation matrix
[16,18,19]

Um(q; Q) = 0. (2.15)

0S
9Q;

where the elements of the first-order derivative coupling matrix A® are given by Eq.
(2.8). A unique solution of the above equation can be obtained only when starting from
a finite subspace of electronic states [17]. Therefore, rigorous diabatic electronic states of
polyatomic molecular systems do not exist [17]. The concept of diabatic electronic basis
was introduced quite early in the literature in the context of describing the electron-
nuclear coupling in atomic collision processes [9-12] as well as in molecular spectroscopy
[13,14]. However, construction of the latter for polyatomic molecular systems is tedious
and difficult since it is a problem depending on multi-coordinates rather than a single
nuclear coordinate. Therefore, various approximate mathematical schemes have been

+AVS =, (2.16)
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2.2 Diabatic electronic representation

proposed in the literature [12,19-24] to accomplish this task.

2.2.1 The model diabatic Hamiltonian

Vibronic Hamiltonian

Quasi diabatic Hamiltonian method as proposed by Koppel, Domcke and Cederbaum [2]
(KDC approach) is one such approximation. It is assumed in this approximation that
ground state of the reference geometry is well separated from the final (excited /inonized)
states and the molecular Hamiltonian is constructed in a diabatic electronic basis. The
matrix elements of the model diabatic Hamiltonian are constructed by following the
symmetry selection rules. The vibronic Hamiltonian of the final states is constructed
in terms of the dimensionless normal coordinates of the reference (electronic ground
state of the corresponding anion or neutral species) electronic state. The dimensionless
normal coordinates are obtained by performing electronic structure calculations of the
reference state, employing a suitable quantum chemistry software. The mass-weighted
normal coordinates (g;) obtained during the diagonalization of the force field are then
converted into the dimensionless form by following the Eq. 2.17

Q: = (wi/h)2g;, (2.17)

where w; represents the harmonic frequency of the i*" vibrational mode. The normal
displacement coordinates (); represents, the displacement from the equilibrium configu-
ration of the reference state,i.e., Q = 0. The vibronic Hamiltonian of different photoin-
duced molecular process is then given by [2]

H = (Ta + Vo)l + AH. (2.18)

The zeroth-order or unperturbed Hamiltonian of the reference state is represented by
(Tv + Vo) in Eq. 2.18. The quantity 1, is a (n x n) (where n depends on the number
of electronic states participating in the nuclear dynamics study) unit matrix. A in
Eq. (2.18) describes the change in the electronic energy upon excitation/ionization and
which is treated as perturabation. The nuclear kinetic energy and the potential energy
at the reference state in dimensionless normal coordinate representation is given in the
following equations,

1 0?
Ty = 3 i Wi [TQZQ] ; (2.19)
and )
Vo= wa (2.20)

It is assumed that all vibrational motions in this reference state are harmonic. The diag-
onal elements of the electronic Hamiltonian, A, represent the diabatic potential energy
surfaces of the electronic states and the off-diagonal elements represent the coupling be-
tween different diabatic surfaces. Particularly, the non-adiabaticity in the molecules is
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2 Theoretical methodology

taken care by these off-diagonal elements. In this case, different electronic states are
coupled through potential energy operator. The elements of the AH matrix can be
expanded in Taylor series in terms of normal displacement coordinates as [2]

Wan(@) = En + Sk Qi + Ziyy Qi + . (2:21)
and

respectively. The quantities, x and ~, are termed as intra-state coupling parameters. A
is the inter-state coupling parameter. These set of coupling parameters are derived by
using the following equations:

A = (Wi /0Qs)0 (2.24)
%(;L) = %[(62Wnn/aQin)0] (2.25)

Here E, denotes the vertical excitation/ionization energy of the n'* excited electronic
state from the reference state.

Vibronic Jahn-Teller Hamiltonian

The conversion of the vibronic Hamiltonian to the Jahn-Teller Hamiltonian (special case
of vibronic coupling) is already discussed in Chapter 1. So, instead of details of that
conversion, the representation of the Jahn-Teller Hamiltonian in dimensionless normal
coordinate is discussed here. The matrix elements of the perturbed Hamiltonian is
expanded in a Taylor series to get the fully coupled diabatic potential matrix for general
D3y, or C,, E®e system. Particularly, this F®e Hamiltonian can be applied to potential
energy surfaces of the degenerate states with pronounced anharmonicity. In case of less
anharmonic surfaces, one can use the reduced order expansion. Following the recipe
given in Ref. [24], a Taylor expansion of the (E®e)-JT diabatic electronic Hamiltonian
matrix up to fifth order is carried out. The general form of the Hamiltonian is same as
Eq. 2.18.

H=Hol + AH, (2.26)
with,

Ho=Tn+ Vo.
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2.2 Diabatic electronic representation

A full description of all the terms of the above equations are already given in previous
section.

= __Z { 8(222 } , (2.27)

Vo= % > wilQ% + Q2. (2.28)

i€e

Here, the two components of the degenerate vibrational mode (x,y) can be represented
by Qir and @y, respectively. The diabatic electronic Hamiltonian AH can be written
as

o War Wi
AH = ( W ) . (2.29)

Following Ref. [24], the elements of the electronic Hamiltonian matrix of Eq. 2.29 are
expanded in a Taylor series as:

1 1
Wee = Ept 5 0@+ Q) + 5D Y 0(QuQis + QiyQyy)

i€e ice jee i#£j

ice i€e
1 5 1 1 2
+ 5 2o (207 —4QLQ%, — 6QuQ),) * Z NQu 2 3N (@ - @2)
ice i€e i€e
1 3
+ 9l Z Z Aij (QinQja — QiyQjy) + 30 Z )‘( ) e+ Qi )
i€e jEe,iF£j ice
(4 (4 )
4| Z )\ zx - 6Q2$sz + sz 4| Z )\ zz - sz)
ice i€e
5) 5 3 N2 4
5! Z )\ 10@ + 5Q”Q1y 5; Z /\ i T QQix iy + QixQz‘y)’
ice i€e

(2.30)
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2 Theoretical methodology

Wee =W, => 200 =Y MQuQiy — > Y XiQu,

ic€e ice i€e jEe,iF]
1 ; 1 A 1 "
1€e 1€e 1€e

1 5 1 5/
+ 5! Z )‘1( )(_5Q24iny + 10@12% fy - z5y) + 51 Z )\z(' )( ?zQiy + 2@123: ?y + ny)
1€e 1€e

(2.31)

The various parameters introduced in Eqgs. 2.30 and 2.31, have the following meaning.
The x and y components of the degenerate vibrational mode in the present nomenclature
are denoted by Q;, and @y, respectively. The vertical ionization energy of the degenerate

state is defined as EY%. The parameter )\1(»") is the n'” order JT coupling parameter for
the degenerate vibrational modes and A;; is the inter-mode JT coupling parameter.
The quantities al(-n) are the n'® -order intra-state coupling parameter for the degenerate

modes, a;; is the inter-mode intra-state coupling parameters for the degenerate modes.

2.2.2 Symmetry selection rule

Symmetry selection rules are then employed to determine the possible coupling between
the states:
I@lg, @I, DIy, (2.32)

where I',,,, ', and I'g, denote the irreducible representations (IREPs) of the electronic
states m,n and the *" vibrational mode, respectively. I'4 denotes the totally symmetric
representation. From above description, it should be noted that the totally symmetric
vibrational modes are always active within a given electronic state. A truncation of the
Taylor series in Eqgs. 2.21 2.22 at the first-order term leads to the linear vibronic coupling
(LVC) model [2]. In case of quadratic vibronic coupling (QVC) model, Eq. 2.32 becomes,

T ®To, @ o, @ Ty D Ty, (2.33)

where, (s represents the same or other vibrational mode.

Extended symmetry selection rules for JT Hamiltonian

It is well-known that the total Hamiltonian 4 must be invariant under the symmetry
operation S. The derivation of the nonvanishing terms in the Taylor expansion of the
Hamiltonian are identified by this invariance condition. Here, we transform the real
nuclear coordinates (x, y) of the degenerate mode and the degenerate electronic functions
((¢zl, (1)) to their complex representation by the unitary transformation UT,

aw ()G G)-Gr) (@) e
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2.2 Diabatic electronic representation
and
L (] iy (¥4]
w(<%|>:_( el TGy (0 2.35
ol ) =3 el =ito ) =\ el 239
The coordinates Q4 and Q_ and the state functions (¢, | and (¢_| are eigenfunctions

of the symmetry operator Cy with e*73". Thus these complex coordinates rotate during
this operation in the following way:

CoQr=e"5Qs Q- =e 5 Q- (2.36)
Colsl = "5 (0s|  Cafy| = e—@w | (2.37)
Calvoy) = e Flpy)  Caluo) = e 3[3) (2.38)

The electronic Hamiltonian in (i), |¢_)) can be written as,

H, = Z ) Hos (Y| (2.39)

where, H,_ = (¢ |H(¢)_| and it is expanded in Taylor series up to fifth-order in @,
() coordinate space. The diagonal element of this H,_ matrix has the following form:

Hoir = (Ui Heltby) (2.40)
(2.41)
ez 3 grgn (242)
++ = :
=, vt a)

Invariance condition under the symmetry operations has to be applied in each term in
Eq. 2.42. Let us first apply C'3 operation on each of the term of Eq. 2.42.

Cs (|9 QL Q™ (W) (2.43)

(+-+)
Where, the constant term (C;’fq)! is excluded from Eq. 2.43 as symmetry operation does

not have any impact on this constant term. At the end of this operation, Eq. 2.43
transforms in the follwing form:

e (|9 ) QEQL (14 ) (2.44)
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Table 2.1: Nonvanishing terms of the Hamiltonian matrix of Eq. 2.39.
Expansion order Diagonal H,,. = H__ Off-diagonal H,_ = (H_,)"

0 Q% Q2 -
1 - Qf QL
2 QL Q- Q1 Q2
3 Q% Q° and QY Q* QL Q*
4 Q% Q% Q% Q* and Q3 Q'
5 Q4 QL and Q1 Q* Q% Q3 and Q5 Q%
or,
2T 27 » A\a
(<ot — 0% + sinty — 0 ) (1) QL Q" 0] (2.45)

The invariance condition is fullfilled by Eq. 2.45, only when, the combined value of
(p,q) follows the relation [p — ¢| = 0,3,6..., because only in this condition Eq. 2.45
becomes unity. The same procedure is followed to find out the other off-diagonal nonva-
nishing terms of Eq. 2.39. It is also verified that this invariance condition is followed at
the other symmetry operations, ég, d, and d. To make the analysis more easier a tabu-
lation of nonvanishing terms of Eq. 2.39 is given in Table 2.1. The matrix representation
of Eq. 2.39 can be converted into the real representation by the back transformation.

2.3 Electronic structure calculations

The estimation of the Hamiltonian parameters of the vibronic Hamiltonian (cf. Egs.
2.21, 2.22, 2.30 and 2.31) is a computationally demanding and time-consuming task.
First, the equilibrium geometry and corresponding vibrational frequencies of the refer-
ence state of the system are obtained through electronic structure calculations by quan-
tum chemistry method (such as, MP2, CCSD, CCSD(T) etc.). In the next step, single
point energy calculations are carried out along normal displacement coordinates. These
single point energy calculations are performed by using for example, OVGF (ROVGF),
EOM-CCSD, MCSCF and MRCI quantum chemistry method. Depending upon the
electronic configuration of the system (total number of electrons, closed or open shell
configuration), the most appropriate quantum chemistry method is chosen for these sin-
gle point calculations. The computed excitation energies are then fit to the adiabatic
Hamiltonian to extract the parameters of the Hamiltonian introduced in Eqgs. 2.21,
2.22, 2.30 and 2.31. A non-linear least square fittings method or Levenberg-Marquardt
algorithm [38,39] is for the fit. The ab initio potential enegy surfaces (PESs) relative to
the reference geometry at Q = 0 [29,30], are calculated by adding the potential energy
of the system at its reference geometry with the calculated excitation energy along each
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2.4 Vibronic eigenvalue spectrum

vibrational mode. In this thesis, we have calculated ab inito excitation points for a large
normal displacement coordinate, -5.0<();<5.00, along each normal mode. Finally, the
model Hamiltonian constructed is used in the subsequent dynamics calculations.

2.4 Vibronic eigenvalue spectrum

The excitation spectrum of a molecule within the Fermi’s golden rule is given by

2 .
§(E — El + E}), (2.46)

P(E) = 3 [(wlTw))

where the quantity T represents the transition dipole operator that describes the in-
teraction of the electron with the external radiation of energy E during the photoex-
citation/ionization process. |¥{) is the initial vibronic ground state or reference state
with energy Ej. |¥/) corresponds to the final vibronic state of the photoionized /excited
molecule with energy EJ. The reference ground electronic state is approximated to be
vibronically decoupled from the other states and can be written as simple product of
the electronic ®° and nuclear (x{) components:

[To) = 12%)Ix0), (2.47)

The final vibronic state |¥/) in the coupled electronic manifold of n interacting states
is expressed as

o) = Y 19"k, (2.48)

The superscripts refer to the ground and excited states. Using Eqs. (2.47-2.48), the
excitation function Eq. (2.46) is rewritten as

P(E) = )

v

2
§(E — Ef + EY), (2.49)

> T NIXG)

where

" = (d"|T| ) (2.50)

represent the matrix elements of the transition dipole operator of the final electronic
state n. In a diabatic basis, these elements depend very weakly on nuclear coordinates
(). Hence, in the study of photoinduced processes presented in this thesis, the transition
dipole matrix elements are treated as constants within the Condon approximation [31].
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2.4.1 Time-independent matrix diagonalization approach

The time-independent vibronic Schrodinger equation
H|W)) = B,[0), (2.51)

is solved by expanding the vibronic eigenstates {|¥/)} in the direct product harmonic
oscillator basis of the electronic ground state [2]

W) = D kL KOIKS). K |60) (2.52)
(1K)}

Here K level of i'* vibrational mode is denoted by |K;). |¢,,) is the electronic wave-
function. 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 [32]. 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 component of the Lanczos eigenvectors [2,15]. The stick
vibronic lines obtained from the matrix diagonalization calculations are convoluted [2]
with a Lorentzian line shape function of appropriate FWHM I' to be on par with the
the experimental resolution

(2.53)

2.4.2 Time-dependent wavepacket propagation approach

In a time-dependent approach the Fourier representation of the Dirac delta function is

used in the Fermi’s golden rule, §(z) = % fj;o et/" including the delta function, the

golden rule equation transforms Eq. (2.46) to the following useful form, readily utilized
in a time-dependent picture

P(E) ~ 2Re / e B (W (0)| e W, (0))dt, (2.54)
0

~ 2Re / e BYR Cy(t) dt. (2.55)
0

In the above Eq. 2.54, the elements of the transition dipole matrix 71 is given by,
5 = (¢/|T)¢"). The quantity C;(t) = (V(0)|¥,(¢)), is the time autocorrelation func-
tion of the WP initially prepared on the f™ electronic state and, W (t) = e="*/" W (0).
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2.4 Vibronic eigenvalue spectrum

The time autocorrelation function is calculated above damped with a suitable time-
dependent function before Fourier transformation. The usual choice has been a function
of type

ft) = expl-t/7] , (2.56)

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. (2.53)) of FWHM, I' = 1.31/7,..

2.4.3 Propagation of wave packet by MCTDH algorithm

The matrix diagonalization approach requires huge computational overheads and is im-
practicable with systems of growing size in terms of the electronic and nuclear degrees
of freedom. Therefore, the matrix diagonalization approach fails for large molecules and
with complex vibronic coupling mechanism. The WP propagation approach within the
MCTDH scheme has emerged as an alternative and very promising tool to circumvent
the computational cost in such situations [33-36]. This is a grid based method which
utilizes DVR basis combined with fast Fourier transformation 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 [34-36]

U(Qr,..., Q1) = U(Ry,..., Ry, t) (2.57)
( ) (a)

= ZZ Z Hso“”“ (Ri,t)|a),  (2.58)

a=1 j1=1 Jp=1

where, f and p represents the number of vibrational degrees of freedom and MCTDH
particles, Wthh are combined by the vibrational degrees of freedom a is the electronic
state index, AJ 1.....;, denote the MCTDH expansion coefficients and ¢; k’ are the ny SPFs
for each degree of freedom k associated with the electronic state . In this scheme all
multi-dimensional quantities 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 SPF's
are designed by appropriately choosing the set of system coordinates so as to reduce the
number of particles and hence the computational overheads. The operational princi-
ples, successes and shortcomings of these schemes are detailed in the literature [34-36].
The Heidelberg MCTDH package [33] is employed to propagate WPs in the numerical
simulations for present molecules. The spectral intensity is finally calculated using Eq.
(2.54) from the time-evolved WP.
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Here we provide a brief overview on the memory requirements for the MCTDH method
to understand the efficiency of time-dependent WP calculations. In general, the memory
required by standard method is proportional to N¥, where N is the primitive basis
functions/total number of grid points. In contrast, memory needed by the MCTDH
method scales as

memory ~ fnN +nf (2.59)

where, n represent the SPFs. The memory requirements can however be reduced if
SPFs are used that describe a set of degrees of freedom, termed as multimode SPF's.
By combining few (d) degrees of freedom together to form a set of particles (p=f/d),
the memory requirement changes to

memory ~ [AN®+ 7/ (2.60)

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. (2.60), is dom-
inated 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.
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3 The Jahn-Teller effect in the X2E
electronic ground state of CHsF™

3.1 Introduction

The electronic ground X2E state of the methyl fluoride radical cation (CH3F*) is or-
bitally degenerate at the equlibrium geometry of the neutral molecule (CH3F) belongs
to Cs, point group symmetry. This orbital degeneracy is lifted upon distortion along
vibrational modes of e symmetry. This so-called (E®e)-Jahn-Teller (JT) effect [1] leads
to a coupling of the electronic and nuclear motion. As a result, the adiabatic Born-
Oppenheimer (BO) approximation remains no longer valid and nuclei move concur-
rently on the JT split component electronic states [2-6]. These component JT states
remain degenerate at the Cs, symmetry configuration and form conical intersections
(CIs) [7-9] in multi-dimensional nuclear coordinate space. As discussed in Chapter 1,
the Cls of electronic surfaces are ubiquitous in polyatomic molecular systems [2-15]
and have been proven to be the mechanistic pathway of triggering ultrafast molecular
processes [5,6,16,17]. The associated nonadiabatic effects yield broad and complex
molecular electronic spectra, and an assignment of vibronic energy levels often becomes
a cumbersome task. The theoretical study in this chapter is aimed to elucidate the
nature of the energetically low-lying vibronic structures of the doubly degenerate X2E
electronic state of CH3FT. The motivation behind this exercise stems from recent ex-
perimental studies [18,19] on this subject. In contrast to the other halogenated methane
derivatives (e.g. Cl, Br and I), the spin-orbit (SO) coupling is very weak (discussed later
in the text) as compared to the JT coupling in CH3F". Therefore, the SO coupling
is not considered in this study. The first excited EQAl electronic state of CH3F* is
energetically well separated (~3.64 eV) from its electronic ground state at the vertical
configuration. The pseudo-Jahn-Teller (PJT) coupling of the X-A states was found to
be quite weak and does not influence the vibronic progressions in the low-energy part of
the X band [20,21]. Therefore, X-A PJT coupling is also not considered in this study.

In earlier works [20,21], the vibronic structure of the X2E state of CHsF* was cal-
culated with the aid of ab initio complete active space self consistent field and multi-
reference configuration interaction (CASSCF-MRCI) quantum chemistry and time- in-
dependent quantum dynamics methods. Linear plus quadratic (E®e)-JT couplings as

9The subject of this Chapter is published by: Rudraditya Sarkar, S. R. Resddy, S. Mahapatra and H.
Koppel in Chem. Phys.482, 39 (2017).
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well as PJT coupling between X2E and A%A; electronic states of CH3F* [20,21], were
considered to understand and interpret the experimental photoelectron (PE) spectrum
of Karlsson et al. [22]. Recent high resolution experimental results of Griitter [18] and
Mo et al. [19] differ from the experimental findings of Karlsson et al. [22], mainly in the
low energy wing of the spectrum.

In the low-energy part of the spectrum, excitation of the vibrational mode 1, was
not found in the experiment of Griitter [18] which is consistent with earlier experiments
[22,23]. The vibrational line at ~1300 cm™! was assigned to the fundamental of v5 and
v3 by Karlsson et al. [22] and Locht et al. [23], respectively. The fundamental of v3 and
first overtone of 14 was reported at ~1293 cm~! and 1267 cm ™!, respectively, by Griitter
[18]. While the fundamental of v was not found in the experiment of Griitter [18], it is
tentatively assigned at ~650 cm ™! in that experiment. The same peak was reported at
~690 cm ™! by both Karlsson et al. [22] and Locht et al. [23]. While the fundamental of
v was not found in the experiment of Griitter [18], it is reported in the experiment of
Mo et al. [19] in the 101092-101954 cm™! energy range, at 565 cm~! from the 0) peak.
In the former experiment this region of the spectrum was attributed due to absorption
of residual HyO in the sample chamber and was designated as a "dark” region. The
combined experimental and theoretical study of Mo et al. [19] established a tunneling
splitting level at 56 cm™' (not found in their experimental results) of the origin 03 line
and was attributed due to higher pseudo-rotation barrier along the JT-active modes
v5 and 5. However, no clear assignment of this level was available.

The mentioned discrepancies motivated us to undertake this study in order to un-
derstand the origin of the observed discrepancies. In the present study we carry out
new quantum chemistry calculations and critically examine the coupling parameters of
the theoretical model developed in Refs. [20,21]. As compared to the latter studies, in
the present work, we devised a higher order vibronic coupling model in terms of the
dimensionless normal coordinates of the electronic ground state of neutral CH3F. The
model is based on a large number of potential energy data computed ab initio over
an extended range of nuclear configurations. Both one and two dimensional fittings
of ab initio points are carried out in order to obtain an improved description of the
electronic Hamiltonian. Using this Hamiltonian, nuclear dynamics calculations are car-
ried out by both time-independent and time-dependent quantum mechanical methods.
The results of the nuclear dynamics are compared with the recent experimental high
resolution pulsed-field-ionization zero-electron-kinetic energy (PFI-ZEKE) [18] and one
photon ZEKE spectra [19] as well as available theoretical results.
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3.2.1 The vibronic Hamiltonian

In order to treat the nuclear dynamics in the JT split X2E eletronic manifold of CH3F™,
a vibronic Hamiltonian is constructed in a diabatic electronic basis using dimensionless
normal displacement coordinates (NCs) of the electronic ground state of neutral CH3F
and symmetry selection rules. Following the recipe given in Ref. [24], a Taylor expansion
of the (E®e)-JT diabatic electronic Hamiltonian matrix up to fifth order is carried out.
The nine vibrational modes of CH3F transform according to the following irreducible
representations (IREPs) of the Cs, equilibrium symmetry point group

I' =3a; ® 3e. (3.1)
The symmetric direct product of two degenerate (E) representations yields
[EQE|t=a®e. (3.2)

The TREPs of electronic states and vibrational modes are denoted by the upper and
lower case letters, respectively. With the above description, the vibronic Hamiltonian of
the X2E electronic manifold of CH3F* can be symbolically represented as

H=Hol +AH, (3.3)
with,
Ho =Tn + Vo.

In the above, H, is the unperturbed Hamiltonian of the electronic ground state of neutral
CHj3F, taken as a reference and treated within the harmonic approximation in the relm of
standard vibronic coupling theory [2]. The term AH represents the change in electronic
energy upon ionization and 1 represents a (2 x 2) unit matrix. With this definition, the
Hamiltonian (H,) for the reference state is given by [2]

1 0? 1 0? 0?
=33 (a0) -3 5% gz + oz 64
Voo 3w+ 5 S wn(@h +Q2) (3.5)
’ 2i€a1 o 2 o v '

The diabatic electronic Hamiltonian AH can be written as

_ [ Wi Wy
AH = ( W oW ) . (3.6)
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Following Ref. [24], the elements of the electronic Hamiltonian matrix of Eq. 3.6 are
expanded in a Taylor series as:

Was = B+ nQet g A2 3T 3 k@@ Y n Qi e

1€a 1€ay i€al jEay,i#£] i€a i€al
1 9 1
t o 2 a QL+ Q) 5 D D a(QuQus + Qi)
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4
' Z - GQZJ)QZy 4' Z ( le + Qszsz + sz)
i€e ice
1
(5) 2
+ o >0 (2QL - 4Q5Q% — 6QuQl) £ YA Qu £ 5 S APQL - Q2)
ice i€e i€e
+ o Z > (QuQie — QuyQiy) £ o Z > b;QiQa
i€e jEe,i#] i€a1 jEe
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(3.8)

The various parameters introduced in Eqs. 3.7-3.8 have the following meaning. The
r and y components of the degenerate vibrational mode in the present nomenclature
are denoted by @i, and Q;,, respectively. The vertical ionization energy of the X?E

state is defined as EY%, lign) is the n'* order intra-state coupling constant for the totally

symmetric modes, x;; is the inter-mode intra-state coupling constant for the totally sym-
metric modes, )\g") is the n'" order inter-state JT coupling parameter for the degenerate
vibrational modes and );; is the inter-mode inter-state JT coupling parameter. It is
noted that there are two independent coupling terms in 4" and 5 order expansion
with even similarly large coupling constants (see below). The quantities a§”> are the
n'" —order intra-state coupling parameter for the degenerate modes, a;; is the inter-mode
intra-state coupling parameters for the degenerate modes and b;; is the bilinear coupling
parameter between totally symmetric and degenerate modes. The vibronic Hamiltonian
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constructed above is utilized below to examine the static and dynamic aspects of the JT
effects in the X2E state of CHsF™*.

3.2.2 Nuclear dynamics

The vibronic energy level structure of the photoionization band of CH3F™ is calculated
by a time-independent matrix diagonalization approach [2,25]. The spectral intensity,
P(FE), is calculated by Fermi’s golden rule,

P(E) =Y |<Wi|T1W>["5(E — B + Ej) . (3.9)

In the above equation, | U} > and |W/ > represent the initial and final vibronic states with
energies Ef and E/, respectively. The operator T is the transition dipole operator, which
describes the transition from the reference neutral state to the cationic state with the
aid of external radiation of energy E. The ground state |¥}> (ground state of neutral
CH3F) is assumed to be vibronically decoupled from the excited electronic states and
can be written as

Vo) = 196)x0), (3.10)
where |®)) and |x}) represent the electronic and vibrational components of this state,
respectively. This state is assumed to be harmonic and the vibrational component
of the above wavefunction is expressed in terms of the eigenfunctions of the reference
Hamiltonian, Ty + Vo [(cf. Eqgs. 3.4-3.5] . These are, in practice, taken as the direct
product of one-dimensional harmonic oscillator wavefunctions along the coordinates of
all relevant vibrational modes. The final vibronic state of the X?E electronic state of
CH3F™ can be expressed as

[T1) = 125 [x) + 125) i), (3.11)

where the superscripts £, and E, represent the x/y components of the X2E electronic
state of CH3F ™, respectively. With the above definitions the spectral intensity of Eq.
3.9 can be rewritten as

P(E) =" 75 (B [xo) + 75 (x 2o [xo)P6(E — Ef + E}), (3.12)

where, R
™ = (®™T| DY), m= E,, E, (3.13)

represents the transition dipole matrix elements. These are treated as constants (see
Egs. 3.12, 3.13) in accordance with the applicability of the Condon approximation
in a diabatic electronic basis [2]. The time-independent Schrédinger equation of the
vibronically coupled states is solved by representing the Hamiltonian (cf. Eqgs. 3.4-3.8)
in a direct product harmonic oscillator (HO) basis of the reference state. The final
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vibronic states, |¥/), can be expressed as

U= Ayl K K )| m). (3.14)

|K2>7m

In the above equation the K™ quantum of the " vibrational mode is denoted by | K;) and
|®,,,) denotes the m' electronic state of the interacting electronic manifold of CH3F*
radical cation. For each vibrational mode, the oscillator basis is suitably truncated in the
numerical calculations. In practice, the maximum level of excitation for each vibrational

mode can be approximately estimated from its excitation strength, (2'1—22) and (2’;) for
the symmetric and degenerate modes, respectively. The Hamiltonian matrix expfessed
in a direct product HO basis is highly sparse. We tri-diagonalize this sparse Hamiltonian
matrix employing the Lanczos algorithm [26] prior to its diagonalization. The diagonal
elements of the resulting eigenvalue matrix give the positions of the vibronic lines and
the relative intensities are calculated from the squared first components of the Lanczos

eigenvectors [27].

In a time-dependent picture, the spectral intensity described by Eq. 3.12 relates to
the Fourier transform of the time autocorrelation function of the wave packet (WP)
propagating on the final electronic state [28]

2 (o.0]

P(E) ~ ) 2Re / e BUR (o[ T T e T Y™ vV dit, (3.15)
m=1 0
2 (0.0}
~ ) 2Re / PR ™ (t)dt, (3.16)
m=1 0

where, C™ = (U™ (0)|¥™(t)), represents the time autocorrelation function of the WP,
initially prepared on the electronic state m. The time-dependent WP propagation is
carried out employing the multi-configuration time dependent Hartree (MCTDH) ap-
proach. For the details of this approach the reader is referred to the comprehensive

literature [29-31]. The Heidelberg MCTDH program modules are used for the numeri-
cal calculations [32].

3.2.3 Details of electronic structure calculations

The equilibrium geometry of the reference electronic ground state of CH3F is calculated
by the Mgller-Plesset perturbation (MP2) theory employing the cc-pVTZ basis set of
Dunning [33]. The GAUSSIAN-03 suite of programs [34] is used for this purpose. The
optimized equilibrium structure of CH3F belongs to the C', symmetry point group. The
optimized equilibrium structural parameters are given in Table 3.1 along with recent
literature data. The molecular orbital (MO) sequence of the optimized configuration
of CH3F is, (1a1)? (2a1)? (3a1)? (4a1)? (1e)* (1le)? (hap)* (2e)? (2e)?. Ionization of an
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electron from the highest occupied 2e molecular orbital of CH3F leads to CH3F™ in its
X2E electronic ground state.

The harmonic vibrational frequency, w;, of the vibrational mode i of the X LA, state
of CH3F is calculated by diagonalizing the kinematic and ab initio force constant matrix
obtained at its equilibrium geometry. The harmonic frequencies and descriptions of
all vibrational modes of CH3F are listed in Table 3.2 along with the recent literature
data. Mass weighted normal displacement coordinates (Q;, measured relative to the
equilibrium reference configuration of neutral CH3F at Q=0) of the vibrational modes
are calculated from the resulting eigenvector matrix and after multiplication with \/w;,
these are transformed to their dimensionless form. The vertical ionization energy (VIE)
of the X2E state of CH3F*, calculated at the CASSCF-MRCI level of theory employing
the cc-pVTZ basis set, is tabulated in Table 3.3 along with the literature data.

The energy of the X2E electronic state of the CH3F* is calculated as a function
the of displacement coordinates of the vibrational modes (vide supra) in the range -
5.0<Q;<5.0. The calculations are carried out employing CAS(14,11)SCF-MRCI ab
initio quantum chemistry method and the cc-pV'TZ basis set. The calculated adiabatic
electronic energies are fitted to the adiabatic form of the diabatic electronic Hamiltonian
to obtain the parameters introduced in Eqgs. 3.7-3.8. The CASSCF-MRCI calculations
have been performed by using the MOLPRO suite of programs [37]. Adiabatic electronic
energies are calculated along each vibrational modes and pairs of vibrational modes.
All one-dimensional fits are carried out by a non-linear least squares method and the
Levenberg-Marquardt algorithm [38,39] as implemented in MATLAB [40] is used to
perform two-dimensional fits. The coupling parameters of the Hamiltonian derived from
these fits are given in Table 3.4. 