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pled X̃2B1, Ã2A2, B̃2B2, C̃2B1, D̃2A1, Ẽ2B2, F̃2A1and G̃2B1 electronic states

of BN.+, calculated with nine totally symmetric vibrational modes using the

EOMIP-CCSD Hamiltonian parameters. . . . . . . . . . . . . . . . . . . . 131
xii



5.15 Time evolution of the diabatic electronic populations obtained in the coupled
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Chapter 1

Introduction

The study of chemical reactions mediated by light energy is known as photochemistry4.

Numerous fundamental mechanisms in this nature are initiated by photochemical reactions.

Among them, one of the most important photochemical reactions is photosynthesis. The

process is driven by the absorption of sunlight by chlorophyll in the leaves in presence of

carbon dioxide and water. As a result, the starch stores the absorbed energy as chemical

energy5. A thorough understanding of photochemical processes and the ability to regulate

themwill help us in the creation of artificial experimental photochemical systems that closely

resemble natural ones, such as sunscreens6, solar cells7, photostat machines8 and so on.

Theoretically, it became feasible to find solutions to mysterious chemistry issues like what

occurs when two substances mix, why a certain product is generated, whether a product will

develop at all, and if so, when - it might be seconds or even years! Furthermore, the capac-

ity to create new materials and investigate the characteristics of matter were made available.

Comparing today’s kitchen to that of our ancestors highlights the advancements in chemistry

over time. The impact of technology on daily life is subjective, but it has undoubtedly altered

our way of existence. The understanding of molecular processes at the atomic level made

all of this practical. The development of science has been greatly supported by theory and

experimentation, which frequently inspires experimentalists to conduct new and challenging

studies. When discussing molecules, the two components, electrons and nuclei, are readily

identifiable that contribute to chemistry. Their mass and, consequently, the time scale of mo-

tion are the primary distinctions between these two components. The Schrödinger equation

for the two cases can be independently solved. This approach, which is well-known as the
1



Born-Oppenheimer (BO) or adiabatic approximation9;10;11;12, has served as the fundamental

basis for molecular chemistry, whether it is in energetics, kinetics, or spectroscopy. Elec-

tronic structure theory is the area of study that deals with electron motion, whereas nuclear

dynamics is the theory that deals with nuclei motion11.

Simple yet elegant physical models can be used to understand the complexity of nature.

When the previously mentioned BO approximation begins to fail in specific situations, one

such complexity emerges. This occurs more frequently than one may imagine. Nonadiabatic

processes are those in which the motion of nuclei and electrons can no longer be handled sep-

arately due to their mass difference (Massel > Massnu by a factor of 103). Even though these

processes have been understood for a long time, Köppel, Domcke, and Cederbaum’s intro-

duction of vibronic models in the 1980s marked the beginning of theoretical advancements

for addressing them11.

Vibronic models offer a compact representation of potential energy surfaces in close ener-

getic proximity, making them an excellent tool for studying nonadiabatic processes. High-

level ab initio electronic structure methods can be used to obtain the parameters of the model

responsible for the coupled motion of electrons and nuclei. In the work presented here, the

vertical ionization energies (VIEs) and vibronic model parameters will be obtained using

the Equation-of-motion coupled cluster singles and doubles Ionization Potential (EOMIP-

CCSD) method13;14 and extended multiconfiguration quasi-degenerate perturbation theory

(XMCQDPT) framework15;16;17. By fixing the nuclear motion and by treating the electronic

motions for several fixed nuclear configurations potential energy surfaces can be constructed

as first step. Then the obtained potential surfaces provide force field for the nuclear dynamics

of molecular systems of our interest10;11.

Important to say, the electronic structure components of any nonadiabatic process only ac-

count for half of the total. Solving the nuclear motion problem is necessary to ascertain the

experimental observables. This will be done by using both the time-dependent wavepacket

propagation technique and time-independent diagonalization method. Cyanogen (C2N2),

Carbon Monohydride, C2nH− (n = 1 − 4) linear carbon chain series, and Cyanoben-

zene (C6H5CN) are the vibronic model systems of our interest. Each belonging to different

symmetry point group and give us an opportunity to understand the role of symmetry on

electronic degeneracies, vibrational couplings, and the overall manifestation of nonadiabatic
2



effects. These species are highly interesting and are significant in the astrophysical environ-

ment. The goal is to replicate the photoelectron spectra of these species and compare the

theoretical findings with the existing experimental literature.

1.1 Outset of the theory

In polyatomic systems, the ground electronic state is generally well separated from the other

excited states. The excited states can be very close in energy and thus leading to strong cou-

pling between the electronic states. As a consequence, the electronic states intersect with

each other leading to the formation of conical intersections (CI)18;19;20 and breakdown of

adiabatic approximation. In such situations, we are compelled to include the couplings be-

tween electronic and vibrational motions. Such couplings are termed as vibronic coupling

(VC). VC has vital role in polyatomic molecular systems, having close lying electronic states

and many nuclear degrees of freedom. Also, VC has great importance in molecular spec-

troscopy, specially in absorption and photoelectron spectroscopy11;21;22;23.

As mentioned earlier, CIs can be formed when two electronic states intersect and forms a

double cone topography. Whereas in other case, instead of intersecting, the electronic states

coincide and gives a glancing type of topography which is termed as Renner-Teller (RT)

effect or RT coupling. RT type of coupling is common for degenerate electronic states of

linear systems with axial symmetry. According to Wigner and von Neumann’s non crossing

rule24, potential energy surfaces (PES) of diatomic molecules cannot cross unless they have

different symmetry or spin multiplicity. There should be at least two nuclear degrees of free-

dom (DOF) for two electronic states to be degenerate when spin-orbit coupling is excluded.

In 1934, nonadiabatic couplings in the excited electronic states of linear system CO2 was

reported by Renner18. Then in 1937, Teller has shown how nonradiative decay in photo-

physics are mediated through CIs19. The internal conversion dynamics was first carried out

by Köppel et al. by performing quantum dynamics simulations25, since then CIs provided

deep insights in predicting the physical phenomena and significant ultrafast mechanisms for

various photo-chemical reactions26.

The Jahn-Teller (JT) effect is an unique type of VC among the trigonal and tetragonal sys-

tems11;20;27;28;29;30;31. In 1937, Jahn and Teller, have came up with the concept of instability

and spontaneous distortion of nuclear configuration along the asymmetric vibrational modes
3



in an orbitally degenerate electronic states (Γ)20;27. The mentioned JT effect has vital role

in the complex electronic spectra of JT active systems. Like JT systems, linear molecules

do experience instabilities in the degenerate electronic states along the bending vibrational

modes. The VC that exists in linear molecules is called as RT coupling and this is one of the

best examples that explains the violation of BO approximation. In its most basic form, this

vibronic interaction is caused by a coupling between the nuclear angular momentum coupled

to the bending vibration and the electronic orbital angular momentum in linear molecules in

orbitally degenerate Π electronic states32. An extra dipole moment is created in the molec-

ular plane when the molecule is bent, raising the electronic degeneracy. Nonetheless, the

motion on both potential surfaces is connected by a coriolis-type interaction between elec-

tronic and vibrational angular momentum. The breakdown of the adiabatic approximation

results from this singularity behavior at the linear configuration. A review by Rosmus and

Chambaud33 is advised for an in-depth account of the RT effect.

All of the previous instances make use of perturbation theory. When a nonadiabatic cou-

pling is sufficiently strong, perturbative strategies are known to fail. It appears that the mul-

timode dynamics of linear polyatomic molecules can be systematically understood using the

quadratic vibronic coupling (QVC) technique, which was originally developed by Köppel,

Domcke, and Cederbaum34. A higher degree of sophistication has been attained in the liter-

ature through theoretical investigations of VC effects in molecular systems11;25. Typically,

the theoretical approach relies on the linear vibronic coupling (LVC) scheme, which is fre-

quently improved by quadratic vibronic coupling terms11;28;29;30. Using a diabatic electronic

basis, this sustains linear or quadratic terms while expanding the potential energy matrix in a

Taylor series in appropriate displacement coordinates. The nuclear motion and the relevant

coupling constants are calculated using an ab initio quantum dynamical approach. Differ-

ent electronic spectra’s vibrational structures have been investigated as time-independent

observables. In the interacting manifold of electronic states, time-dependent quantities of

interest are frequently electronic populations. The strong nonadiabatic couplings among the

electronic states drives the electronic population transfer indicating the internal conversion

dynamics11.
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1.2 Organisation of the Thesis

The thesis is organised as follows:

Chapter 1: This chapter gives a brief introduction to the thesis. The photo-induced vi-

bronic interactions in the vibronic models are introduced. The vibronic models of interest

areCyanogen (C2N2), carbonmonohydride, C2nH− (n = 1−4) linear carbon chain series,

and cyanobenzene (C6H5CN) which are of different symmetry point groups (D∞h, C∞v and

C2v) respectively. The essential development of theory, required approximations and their

breakdown consequences are mentioned in this chapter.

Chapter 2: A thorough theoretical basis for amultistate-multimode vibronic coupling scheme

is provided in chapter 2 of this thesis. In order to study the RT and PRT interactions in

multimode molecular systems, the idea of adiabatic approximation and the requirement for

a diabatic electronic basis are covered. This chapter also includes a detailed discussion

of the vibronic coupling including degenerate vibrational modes and degenerate electronic

states. A few illustrative examples are provided to illustrate how to construct a diabatic

electronic Hamiltonian using basic symmetry selection principles. It is presented how to

compute the vibronic eigenvalue spectrum using the Lanczos algorithm23 to solve the time-

independent Schrodinger problem numerically. Using multi-configuration time-dependent

Hartree (MCTDH) method35 and multi layer multi-configuration time-dependent Hartree

(ML-MCTDH)method36;37;38;39, the computation of complicated vibronic spectra ofmolecules

with significant electronic states using all the vibrational DOF is demonstrated by a time-

dependent wave packet (WP) propagation approach.

Chapter 3: A thorough theoretical analysis of the electronically excited six states and as-

sociated photoelectron spectrum of the Cyanogen molecule is presented in chapter 3. An

in-depth understanding of the electronic bands, one-dimensional PESs, and vibrational as-

signments is provided by combining precise ab initio calculations with sophisticated WP

propagation techniques. Investigations are being done to examine the vibronic coupling in

cyanogen’s six electronic states. Among the six electronic states, two are degenerate Π states

and two are non-degenerate Σ states. Using the vibronic coupling theory and the symmetry

selection rules, a 6x6 diabatic model Hamiltonian is built in terms of the normal coordinates

of vibrational modes. Comprehensive ab initio quantum chemistry computations are used to

estimate the Hamiltonian parameters. A thorough analysis of the topography of cyanogen’s
5



first six electronic states is conducted, and CIs are established. The WP propagation method

is used to do the nuclear dynamics computations on the coupled electronic surfaces. It comes

to light that the theoretical findings agree well with the experimentally known photoelectron

spectrum.

Chapter 4: Over the past couple of decades, bare carbon clusters, or Cn, have been the

subject of in-depth experimental and theoretical research. A little less study has been paid

to the related carbon monohydrides, CnH, which are crucial for combustion and interstellar

chemistry. The interstellar medium has been found to include a number of CnH chains. Fur-

thermore, the diffuse interstellar bands could be candidates for CnH radicals. The existence

of close-lying 2Σ and 2Π electronic states, however, makes it challenging to perform vibra-

tional and electronic spectroscopy on these open shell species. The ground state of C2H is

X̃2Σ1 electronic state, for instance, interacts strongly with the adjacent Ã2Π state. The 2Σ and
2Π states in C4H are almost degenerate. The 2Π state is the ground state in C6H and C8H; a

low-lying 2Σ state is anticipated in each instance, though its term values are unknown in the

reports. The impact of vibronic interactions on the vibronic structure of each state is theo-

retically investigated. The interactions between the doubly degenerate and non-degenerate

electronic states of C2nH (n=1-4) species are evaluated. This work discusses the pattern in

which nonadiabatic couplings and Renner-teller effects alter as chain length increases.

Chapter 5: Accurately understanding themany-body quantum effects for complexmolecules

is a major difficulty in theoretical chemical physics and physical chemistry. It is antici-

pated that the most basic aromatic CN-substituted hydrocarbon, cyanobenzene or benzoni-

trile (BN), will serve as the foundation for polycyclic aromatic hydrocarbons (PAHs). Ap-

parently, no specific PAH has been discovered in the Interstellar Medium (ISM), despite the

fact that PAHs are known to be a class of interstellar molecules. Radio telescopes and other

astronomical methods can identify the BN’s spectral signature in the ISM because of its po-

larity caused by the CN-group and permanent dipole moment. This work uses a cutting-edge

theoretical technique to treat the first eight low-lying electronic states of the cyanobenzene

radical cation. The EOMIP-CCSD and XMCQDPT approaches are used to calculate the

corresponding PESs using CFOUR and GAMESS program modules. The diabatic model

Hamiltonian, which includes all eight electronic states and all DOFs, is used to study their

vibronic coupling. Lastly, the extremely effective MCTDH and ML-MCTDH technique is
6



used to perform the nuclear dynamics. According to their CIs and vibronic coupling con-

stants, all vibronic interactions of the states that make up the manifold have been identified

and described. The results of the simulated spectrum reflect the available experimental data

quite well. The study of population dynamics has made it possible to have discussions about

nonradiative decay channels.

Chapter 6: The main conclusions, contributions, and insights from the study are compiled

in this chapter. Future directions are discussed briefly.
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Chapter 2

Theoretical methodology

The theoretical approaches and strategies employed to accomplish the objectives mentioned

in the introduction are briefly described in this chapter. We’ll divide thewhole non-relativistic

time-dependent Schrödinger equation (TDSE) into two components: the nuclear TDSE and

the electronic TISE. To solve the electronic time-independent Schrödinger equation (TISE),

ab initio quantum chemistry techniques will be employed. The techniques for determin-

ing the non-adiabatic coupling terms (NACTs) are described. We will present the interac-

tion between molecules and light and talk about the adiabatic-to-diabatic transition (ADT).

The nuclear Schrödinger equation will be solved numerically using both time-dependent and

time-independent approaches.

2.1 Born-oppenheimer approximation

The BO approximation relies on the idea that nuclear motion is slower than electronic motion

because of the significant mass difference between nuclei and electrons. By distinguishing

nuclear and electronic motions, the BO approximation simplifies the solution. Because of

the low electron mass in relation to the nuclear one, the fast-moving electrons in the BO

approximation can instantly re-adapt to the changing nuclear geometry. Consequently, the

TISE for the electronic Hamiltonian is solved initially. While keeping the nuclei fixed, the

electronic problem is solved. The PESs are determined by using quantum chemistry methods

to calculate the electronic energies for each fixed nuclear configuration. The second stage

involves performing nuclear dynamics on one or more selected PESs9;11;12.
9



In the entire space of electronic {q} and nuclear {Q} coordinates, the TISE can be expressed

as

Ĥ(q,Q)Ψ(q,Q) = EΨ(q,Q) (2.1)

where themolecular Hamiltonian, wavefunction, and energy are denoted by Ĥ(q,Q), Ψ(q,Q),

and E, respectively. The expression for the molecular Hamiltonian is

Ĥ = −ℏ2

2
∑
A

∇2
A

mA
− ℏ2

2mel

∑
i

∇2
i +

∑
A

∑
B>A

ZAZBe2

rAB
−
∑
A

∑
i

ZAe2

riA
+
∑
i

∑
i>j

e2

rij
(2.2)

where A and B in the Eq. 2.2 stand for nuclei and i and j are for electrons. The nuclei and

electron masses are given as MA and mel, e is the electron charge, ZA is the atomic number

of the Ath nuclei. The first term on the RHS of the Eq. 2.2 is the kinetic energy (KE) of

nuclei and second term is of electron, respectively. The third, fourth, and fifth terms are po-

tential energies between the pair of nucleus-nucleus, electron-nucleus and electron-electron

respectively. For simplicity, the above equation can be represented as

Ĥ ≡ TN + Tel + VN−N + VN−el + Vel−el (2.3)

Within the BO approximation, the total molecular wavefunction can be expressed as:

Ψi(q,Q) =
N∑
i=1

Φi(q;Q)χi(Q) (2.4)

Eq. 2.4, can be exact only when the considered number of eigenstates are infinite (i.e., N

→ ∞). In chemistry applications, energetically close electronic states are taken into con-

sideration. In the product of electronic wave functions Φi(q;Q) and nuclear wave functions

χi(Q), the electronic wave function depends on the electronic, q and nuclear coordinates Q

while the nuclear wave function depends solely on the nuclear coordinate. The presence of

interaction term of electron-nucleus in the Eq. 2.2, makes it difficult for the separation of

q and Q variables. That’s when the BO approximation is invoked, in which the electronic

and nuclear motions are treated independently based on their significant mass difference. In

quantum chemistry modules, the electronic schrödinger equation is solved and the PESs can
10



be generated by fixing the nuclear positions (TN = 0).

ĤelΦ(q;Q) = Vi(Q)Φi(q;Q) (2.5)

In Eq. 2.5, Ĥel represents the electronic Hamiltonian part i.e., Tel+VN−el+Vel−el and Vi(Q) is

the electronic potential energy obtained by solving the Eq. 2.5. By solving Eq. 2.4 and 2.5,

and by left multiplying the complex conjugate of Φ(q,Q) and integrating over the electronic

coordinate leads to coupled differential equation for χi(Q) expansion coefficients

[T̂N(Q) + V̂j(Q)− E]χj(Q) =
∞∑
i=1

Λ̂ijχi(Q) (2.6)

The term Λ̂ij in Eq. 2.6 represents the nonadiabatic coupling operator between the electronic

states i and j and is expressed as

∑
i

Λ̂ij(Q) = −
∫

dqΦ∗
i (q;Q)[TN,Φj(q;Q)] (2.7)

The coupling between the electronic states causes the nuclear kinetic energy operator to

acquire non-diagonal form in this formulation. Decomposition of the nonadiabatic operator

coupling Λ̂ij is11;40

Λ̂ij(Q) = −
m∑

n=1

ℏ2

Mn
Fn
ij(Q)

∂

∂Qi
−

m∑
n=1

ℏ2

2Mn
Gn

ij(Q) (2.8)

In Eq. 2.8, Mn represents the nuclear masses, Fn
ij(Q) is the derivative coupling and Gn

ij(Q)

is the scalar coupling. This nonadiabatic operator (Λ̂ij) affects the solution of the nuclear

Schrödinger equation, particularly for polyatomic molecules where several nuclear DOF

must be taken into account. In the adiabatic approximation, the nonadiabatic operators are

disregarded (Λ̂ij = 0)9;12;10. This approximation relies on the assumption that the kinetic

energy operator (KEO) of the nuclei acts as a minor perturbation to the electronic motion.

A more practical approach, referred to as the Born-Huang approximation41, involves ne-

glecting only the off-diagonal elements of the nonadiabatic operators Λ̂ij. By applying the

Hellmann-Feynman theorem42;43;44;45, the vector coupling term can be expressed as

Fn
ij(Q) =

⟨Φj(q;Q)|∇iHel(q;Q)|Φi(q;Q)⟩
Vi(Q)− Vj(Q)

, (2.9)
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In some circumstances, especially when the energy levels of the electronic states are identi-

cal, the adiabatic approximation fails. When two electronic states become exactly degenerate

(i = j) at a CI, the adiabatic approximation fails because the derivative coupling terms (Fij

in Eq. 2.8) become infinite. Due to this singularity, the electronic nature abruptly changes

since the electronic states and their energies are no longer smooth analytic functions of nu-

clear coordinates. They feature a cusp at the degeneracy in their energy surfaces46.

The adiabatic electronic foundation is insufficient for numerical solution of the nuclear

Schrödinger equation due to the singularity of the derivative coupling. An alternative elec-

tronic basis, referred to as the diabatic electronic basis, is reported in order to solve this

problem. In this case, an adequate unitary transformation transforms the sharply fluctu-

ating kinetic coupling found in the adiabatic basis into a smoothly varying potential cou-

pling11;47;48;49. This is the version of the nuclear Schrödinger equation (Eq. 2.6) in this

diabatic basis50.

[TN(Q) + Uj(Q)− E]χj =
∑
i̸=j

Uij(Q)χi(Q) (2.10)

∑
j

Uij(Q) =
∫

dqΦ∗
i (q;Q)[Tel + V(Q)]Φj(q;Q) (2.11)

For the diabatic electronic wave function, the term Φ(q;Q) is used. Over electronic co-

ordinates q, the integration is performed. The only distinction between Eqs. 2.6 and 2.11

is that in Uij, the diverging kinetic coupling of Eq. 2.6 is converted into a smooth poten-

tial coupling. On a diabatic basis, the wave function and energy both restore the analytic

continuation as a function of Q since the diverging kinetic coupling may be ”ideally” elim-

inated (completely). While the off-diagonal elements, Uij (Q), define the coupling between

them, the diagonal elements, Uj(Q), of the U matrix explain the diabatic electronic states.

The states retain their electronic nature in this representation and become smooth across the

nuclear coordinate space as a result of analytic continuation. As was discussed before, the

dynamics cannot be studied using the adiabatic electronic description, despite it being more

realistic. Consequently, a diabatic electronic representation can be obtained for all practical

applications, like molecular spectroscopy11;48;51.

The diabatic electronic wavefunction generated via appropriately transforming the equiva-

lent adiabatic ψ(q;Q) ones.

φ(q;Q) = S(Q)ψ(q;Q) (2.12)
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S(Q) =

 cosθ(Q) sinθ(Q)

−sinθ(Q) cosθ(Q)

 (2.13)

The matrix S(Q) is referred to as the adiabatic-to-diabatic transformation (ADT) matrix,

with θ(Q) representing the transformation angle. This transformation is constructed under

the condition that the first-order derivative couplings, described in Eq. 2.8, must be zero in

the transformed (diabatic) representation for all values of the nuclear coordinates52;53.

Themathematical equations for the transformationmatrix are produced by this condition52;54;51.

∂S
∂Qi

+ A(i)S = 0 (2.14)

As given in Eq. 2.8, the entries of the derivative coupling matrix A(i) depend on first-order

terms. Importantly, a unique solution to this equation exists only if the electronic states

under consideration are from a finite subspace53. Consequently, strictly diabatic electronic

states cannot be rigorously defined for polyatomic molecular systems53. Due to this lim-

itation, several approximation methods have been devised to construct diabatic electronic

states54;55;56.

The idea of a diabatic electronic basis was introduced early in scientific literature, initially

in the study of electron-nuclear coupling during atomic collisions57 and later in molecular

spectroscopy58. However, constructing such states for polyatomic molecules is particularly

challenging because the problem depends on multiple nuclear coordinates rather than just

one. As a result, numerous mathematical approximation techniques have been proposed to

address this issue52;53;55;56;59;60;61;62.

2.2 Vibronic Hamiltonian

All theoretical investigations presented in this thesis employ a diabatic electronic represen-

tation. In this framework, the nuclear kinetic energy operator becomes diagonal, while elec-

tronic state couplings arise from the off-diagonal elements of the potential energy opera-

tor. Unlike adiabatic representations where potential energy surfaces (PESs) exhibit avoided

crossings with discontinuous behavior, diabatic PESs appear as smooth, intersecting curves.
13



The vibronic Hamiltonian for the excited states is expressed using dimensionless normal co-

ordinates derived from the electronic ground state of the corresponding neutral reference

species. Following conventional methodologies12;57;31;63, these normal coordinates64 de-

scribe small-amplitude vibrational motions near the equilibrium geometry of the electronic

ground state (assuming a closed-shell molecule with a well-defined structure). The normal

coordinates are formally defined as follows:

Q = L−1δR (2.15)

For a N-atom system, internal displacements δR (comprising bond length and angle changes)

form a vector of dimension 3N− 6 (3N− 5 for linear geometries). These connect to normal

coordinates through the transformation matrix L of the Wilson FG-matrix approach64. The

practical implementation utilizes dimensionless normal coordinates Qi, which are obtained

by scaling the mass-weighted coordinates qi resulting from force field diagonalization64 :

Qi = (ωi/ℏ)1/2qi (2.16)

The term ωi represents the harmonic frequency corresponding to the ith vibrational mode.

These frequencies characterize the normal displacement coordinates (Q) relative to the equi-

librium configuration (Q = 0) of the reference state.

The vibronic Hamiltonian, which governs the quantum mechanical behavior of a molecule

upon photo-excitation, is formulated as:

Ĥ = (H0)In +W(Q) (2.17)

In this expression, H0 (defined as TN+V0) represents the zero-order, or unperturbed, Hamil-

tonian corresponding to the electronic ground state. When expressed in terms of the dimen-

sionless normal mode displacement coordinates, the kinetic and potential energy operators

of H0, under the harmonic approximation, are given by:

TN = −1
2
∑
i

ωi

[
∂2

∂Q2
i

]
(2.18)
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V0 =
1
2
∑
i

ωiQ2
i (2.19)

In Eq. 2.17, the term In denotes an n× n identity matrix, where n corresponds to the number

of electronic states involved in the nuclear dynamics analysis. The operator ΔH represents

the change in electronic energy resulting from excitation or ionization relative to the refer-

ence Hamiltonian H0. The components of W(Q) define the diabatic potential energy sur-

faces (PESs), denoted by Unn, as well as the coupling PESs Unm between adjacent electronic

states. Notably, the off-diagonal elements Unm account for nonadiabatic interactions within

the molecular system. These PES elements are typically expanded in a Taylor series with

respect to the normal displacement mode coordinates Qi as follows:

Unn = En +
∑
i

κ(n)i Qi +
1
2!

∑
i,j

γ(n)ij QiQj + ... (2.20)

Unm =
∑
i

λnmi Qi + ...(n ̸= m) (2.21)

The term En refers to the vertical excitation or ionization energy of the system - defined

as the energy gap between the ground state potential energy surface (PES) and that of the

nth vibronically active electronic state, evaluated at the ground-state equilibrium geometry

(Q = 0). The parameter κ(n)i represents the gradient of the potential energy surface for the

nth electronic state along the ith vibrational mode; it gives the driving force for structural re-

organization in the excited state relative to the ground state. The coefficient γ(n)ij accounts for

changes in vibrational frequencies upon excitation and represents the quadratic intra-state vi-

bronic coupling, which includes effects such as Duschinsky rotation. The term λ(nm)i denotes

the linear vibronic coupling between the nth and mth electronic states. In systems with high

molecular symmetry, many of these coupling terms vanish due to symmetry constraints. The

selection rules governing the presence of non-zero linear coupling elements are determined

by the symmetry properties of the involved vibrational modes and electronic states.

Γn ⊗ ΓQi ⊗ Γm ⊃ ΓA (2.22)

Here, Γn and ΓQi denote the irreducible representations of the nth electronic state and the ith

vibrational mode, respectively. In the case of quadratic coupling, the nonzero terms obey the

symmetry condition Γn ⊗ ΓQi ⊗ ΓQj ⊗ Γm ⊃ ΓA. Analogous symmetry requirements apply

15



to all higher-order coupling terms.

2.3 Vibronic Hamiltonian for linear systems

Polyatomic molecules classified under the D∞h and C∞v point groups exhibit both degen-

erate electronic states and degenerate vibrational modes. In such systems, formulating the

molecular Hamiltonian for investigating vibronic coupling is particularly challenging. This

is primarily due to the fact that electronic state degeneracy highlights a significant limitation

of the Born-Oppenheimer adiabatic approximation. Vibronic coupling in orbitally degener-

ate Π electronic states in linear molecules results from the coupling between the vibrational

angular momentum associated with bending modes and the electronic orbital angular mo-

mentum. Bending the molecule within its plane causes a dipole moment to be created, which

splits the electronic degeneracy. In principle, vibrational modes of δ symmetry can lift orbital

degeneracy through first-order vibronic coupling. However, in linear molecules, such δ-type

vibrational modes are absent, which results in the vanishing of first-order coupling between

the components of a Π electronic state. Nonetheless, since (πg)2 = (πu)2 = δg, second-order

coupling becomes possible via vibrational modes of π symmetry. This second-order inter-

action effectively removes the degeneracy of the Π states and gives rise to the Renner-Teller

(RT) effect.

The Hamiltonian in Eq. 2.17, for a linear system with D∞h symmetry is constructed within

the harmonian approximation, and the H0 elements are written as

TN = −1
2

∑
i ∈ σ+g , σ+u

ωi
∂2

∂Q2
i
− 1
2

∑
i ∈ πg, πu

ωi

(
∂2

∂Q2
ix
+

∂2

∂Q2
iy

)
(2.23)

and

V0 =
1
2

∑
i ∈ σ+g , σ+u

ωiQ2
i +

1
2

∑
i ∈ πg, πu

ωi
(
Q2

ix + Q2
iy
)

(2.24)
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The elements ofW(Q) of Eq. 2.17, are expressed as

Hjx/jy = Ej
0 +

∑
i ∈ σ+g

κjiQi +
∑

i ∈ σ+g , σ+u

γjiQ2
i +

∑
i ∈ σ+g

ζ jiQ3
i +

∑
i ∈ σ+u

ξ jiQ4
i

+
∑

i ∈ πg, πu

[γji(Q2
ix + Q2

iy)] +
∑

i ∈ πg, πu

[ξ ji(Q2
ix + Q2

iy)
2] +

∑
i ∈ πg, πu

[σji(Q2
ix + Q2

iy)
3]

±
∑

i ∈ πg, πu

ηji(Q2
ix − Q2

iy)±
∑

i ∈ πg, πu

δji(Q4
ix − Q4

iy)±
∑

i ∈ πg, πu

ρji(Q6
ix + Q4

ixQ
2
iy − Q2

xQ
4
y − Q6

iy)

; j ∈ Πg,u (2.25)

Hj = Ej
0 +

∑
i ∈ σ+g

κjiQi +
∑

i ∈ σ+g , σ+u

γjiQ2
i +

∑
i ∈ πg, πu

[γji(Q2
ix + Q2

iy)] +∑
i ∈ πg, πu

[ξ ji(Q2
ix + Q2

iy)
2] +

∑
i ∈ πg, πu

[σji(Q2
ix + Q2

iy)
3] ; j ∈ Σg,u (2.26)

Hjx−jy =
∑

i ∈ πg, πu

[2ηji(QixQiy) + 2δji(Q3
ixQiy + QixQ3

iy) +

2ρji(Q5
ixQiy + QixQ5

iy + 2Q3
ixQ

3
iy)] ; j ∈ Πg,u (2.27)

Hj−k =
∑
i ∈ σ+u

λj−k
i Qi ; j− k ∈ Πg − Πu, Σg − Σu (2.28)

Hjx−k/jy−k =
∑

i ∈ πg/u

λj−k
i Qix/iy ; j− k ∈ Πg/u − Σu/g (2.29)

In eqs. (2.25-2.29), the vertical ionization energy (VIE) corresponding to the jth electronic

state is represented by Ej
0. The components associated with degenerate vibrational modes

and electronic states are identified as x and y. The symbol κij denotes the linear intrastate

vibronic coupling parameter along vibrational modes of σ+g symmetry. The parameters ηij,

δij, and ρij represent the second-, fourth-, and sixth-order RT coupling constants, respectively,

for the jth electronic state along the doubly degenerate vibrational modes πg and πu.

The linear coupling between two different electronic states j and k via the ith vibrational

mode is given by λj−k
i . For a single electronic state j, the second-, third-, fourth-, and sixth-

order intrastate coupling parameters along the ith mode are denoted by γij, ζ ij, ξ ij, and σij,
17



respectively. The superscripts ’+’ and ’−’ indicate the x and y components of the degenerate

vibrational states.

The relative signs of all elements in the diabatic electronic Hamiltonian are determined using

symmetry-based invariance principles. A comprehensive derivation of the RT Hamiltonian

for the Π state is provided in the Appendix I.

2.4 Nuclear dynamics

The nuclear dynamics of molecular systems are significantly determined by vibronic cou-

pling. This thesis concentrates on a quantum mechanical explanation of nuclear motion.

Either time-independent or time-dependent approaches can be used to solve the nuclear

Schrödinger equation, which is necessary for accurately describing such quantum dynam-

ics. A common method involves constructing the total wave function using stationary basis

functions while allowing their expansion coefficients to vary with time. However, this ap-

proach becomes computationally prohibitive for systems with many degrees of freedom,

as both memory usage and computational time scale exponentially. To address this chal-

lenge, the Multi-Configuration Time-Dependent Hartree (MCTDH) method, developed by

Meyer, Manthe, and Cederbaum in 199065, offers an efficient solution. It utilizes a multi-

configurational representation of the wave function to solve the time-dependent Schrödinger

equation effectively.

The time-independent method is used to accurately determine the positions of vibronic en-

ergy levels, while the time-dependent approach helps in simulating the broad spectral en-

velope and tracking the evolution of electronic populations across coupled electronic states.

Spectral intensities are estimated using Fermi’s golden rule.

I(E) =
∑
n

∣∣∣⟨Ψf
n|T̂|Ψi

0⟩
∣∣∣2 δ(E− Ef

n + Ei
0). (2.30)

The transition dipole operator, represented by the symbol T̂, describes how the electron inter-

acts with the external electromagnetic field of energy E during the photoionization process.

While |Ψf
v⟩ is the final vibronic state of the ionized or electronically excited molecule, with

energyEf
v, |Ψi

0⟩ is the initial vibronic ground state (which serves as the reference) with energy
18



Ei
0. The ground electronic state reads as

|Ψi
0⟩ = |Φi

0⟩|χi0⟩ (2.31)

where |Φel
i ⟩ represents the electronic part of the wave function, and |χ0i ⟩ denotes the vibra-

tional ground-state wave function. Similarly, the final vibronic state is described by:

|Ψf
n⟩ =

∑
m

|Φm
f ⟩|χmn ⟩ (2.32)

The expression for the spectral intensity in Eq. 2.30 can be written as11

P(E) =
∑
n,m

|τm⟨χmn |χi0⟩|2δ(E− Ef
n + Ei

0) (2.33)

here,

τm = ⟨Φm|T̂|Φ0⟩ (2.34)

represents the diabatic electronic basis’s transition dipole matrix elements. Assuming that

the Condon approximation is valid in this basis, these are treated as constants66.

2.5 Time-independent method

The photoionization spectrum can be obtained through a quantum mechanical approach

that involves time-independent matrix diagonalization, which entails solving the eigenvalue

problem associated with the time-independent vibronic Schrödinger equation.

H|Ψf
n⟩ = En|Ψf

n⟩ (2.35)

The solution involves expressing the vibronic eigenstates |Ψf
n⟩ as a linear combination of

basis functions constructed from the direct product of harmonic oscillator states associated

with the electronic ground state11.

|Ψf
n⟩ =

∑
|Ki⟩

anK1...Kl
|K1⟩|K2⟩...|Kl⟩|φn⟩ (2.36)
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The state |Ki⟩ represents the Kth vibrational level of the ith mode, and |φn⟩ corresponds to the

electronic wavefunction. In numerical implementations, the harmonic oscillator basis for

each vibrational mode is truncated appropriately to ensure computational efficiency. When

the Hamiltonian is represented in the direct product harmonic oscillator basis, it acquires a

highly sparse structure. This sparse matrix is efficiently tridiagonalized using the Lanczos

algorithm23. The diagonal elements of the resulting eigenvalue matrix indicate the positions

of the vibronic transitions, while the associated intensities are calculated by squaring the

first component of the corresponding Lanczos eigenvectors11;67. To simplify the evaluation

of transition dipole matrix elements, the generalized Condon approximation is applied within

the diabatic electronic representation66.

To account for the natural linewidth observed in experimental vibronic spectra, the discrete

stick spectra derived frommatrix diagonalization are typically broadened using a Lorentzian

line shape function11 with a full width half maximum, Γ.

L(E) =
1
π

Γ
2

E2 + (Γ2 )
2 (2.37)

2.6 Time-dependent method

Within the time-dependent framework, the spectral intensity described in Eq. 2.30 cor-

responds to the Fourier transform of the wavepacket’s time autocorrelation function as it

evolves on the final electronic potential energy surface11;68.

I(E) ≈ 2Re
N∑

m=1

∫ ∞

0
e

iEt
ℏ ⟨χm(0)|τ†e−

iEt
ℏ τ|χm(0)⟩dt,

≈ 2Re
N∑

m=1

∫ ∞

0
e

iEt
ℏ Cmdt.

(2.38)

Here, Cm = ⟨χm(0)|χm(t)⟩ denotes the time autocorrelation function of the wavepacket that

was initially launched on the mth electronic state. The total spectrum is then obtained by

summing the individual spectral contributions resulting from wavepacket propagation on

each electronic surface.
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2.7 Wave packet propagation via the MCTDH algorithm

As the number of electronic and vibrational degrees of freedom increases, the matrix di-

agonalization method becomes computationally infeasible. For large molecular systems or

those with intricate vibronic coupling, this approach often proves impractical. In such cases,

wavepacket propagation using the Multi-Configuration Time-Dependent Hartree (MCTDH)

framework has proven to be a highly effective alternative69;65;70;35. This grid-based technique

employs discrete variable representation (DVR), fast Fourier transforms, and advanced in-

tegration algorithms. Its efficient multiset wavefunction ansatz enables flexible grouping of

vibrational modes, helping to mitigate the curse of dimensionality. Within this framework,

the wavefunction of a nonadiabatic system is formulated as65;70;35:

|Ψ(t)⟩ =
∑
j1

...
∑
jp

Aj1,...,jp(t)
p∏

k=1

|φ(k)
jk (t)⟩ (2.39)

The summation runs over every possible configuration of single-particle functions, |φ(k)
jk (t)⟩

for each of the p single-particle groups (k=1,2,…,p). The upper bound jk in each sum limits

the subspace defined by the SPFswithin the kth group. By applying a variational principle, the

solution to the time-dependent Schrödinger equation is obtained through the time evolution

of the expansion coefficientsAj1 , ..., jp(α). In this framework, multidimensional functions are

represented using one-dimensional components, following the principles of themean-field or

Hartree approximation. This strategy enhances computational efficiency by minimizing the

size of the required basis set. Additionally, multidimensional single-particle functions (SPFs)

are constructed by carefully selecting coordinate groupings, which effectively reduces the

number of particles considered and lowers computational demands.

Although significantly more advanced than traditional methods, the MCTDH approach is

still limited to systems with only a few dozen degrees of freedom. To overcome this lim-

itation, the multi-layer MCTDH (ML-MCTDH) method was introduced, which employs a

hierarchical and dynamically contracted structure of basis functions derived from the orig-

inal SPFs. This layered representation offers a flexible and efficient description of the full

wavefunction, enabling accurate quantum simulations for systems with substantially more

degrees of freedom than previously possible36;39;71. For a comprehensive understanding of

the methodology and computational procedures, readers are encouraged to consult the re-
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search publications36;39;71;72;37;73;38;74;75;76;77;78;79;80;81.

TheML-MCTDHmethod utilizes a hierarchical structure in which effectivemodes are recur-

sively defined. At the top level, the wavefunction is represented by time-dependent functions

(first layer), governed by equations derived from the Dirac–Frenkel variational principle.

Rather than relying on fixed basis functions, each of these functions is further expanded in

terms of lower-dimensional, time-dependent functions (second layer), also optimized varia-

tionally. This recursive process continues through additional layers, ultimately terminating

in either time-independent functions or the lowest level of time-dependent functions. This

multi-tiered structure grants ML-MCTDH remarkable flexibility and enables a compact, ef-

ficient representation of the full wavefunction36;39;71.

|Ψ(t)⟩ =
∑
j1

...
∑
jp

Aj1,...,jp(t)
p∏

k=1

|φ(k)
jk (t)⟩ (2.40)

|φ(k)
jk (t)⟩ =

∑
i1

...
∑
iQ(k)

Bk,jk
i1,...,iQ(k)(t)

Q(k)∏
q=1

|υ(k,q)iq (t)⟩ (2.41)

|υ(k,q)iq (t)⟩ =
∑
α1

...
∑
αM(k,q)

Ck,q,iq
α1,...,αM(k,q)

(t)
M(k,q)∏
γ=1

|ξ(k,q,γ)αγ (t)⟩ (2.42)

Eq. 2.40 includes a summation over all combinations of single-particle functions (SPFs)

|φ(k)
jk (t)⟩ for k = 1, 2, ..., p corresponding to each single-particle (SP) group. In Eq. 2.41, the

hierarchy is extended as each SPF from the first level (L1) undergoes another time-dependent

multiconfigurational expansion, forming what are called level-two (L2) SPFs. Each L1-SP

group contains Q(k) L2-SP groups, and the function |υ(k,q)iq (t)⟩ denotes a L2-SPF in the qth

group of the kth L1-SP group. Eq. 2.42, introduces a third layer (L3), continuing the recursive

expansion. This hierarchical construction can be extended to an arbitrary number of layers.

The expansion coefficients at each layer are labeled Aj1 , ..., jp(t) for L1, B
(k,jk)
i1,...,iQ(k)(t) for L2,

and C(k,q,iq)
α1,...,αM(k,q)(t) for L3. At the deepest level, the SPFs are represented using fixed (time-

independent) basis functions. Throughout this thesis, all quantum dynamical calculations

are performed using the Heidelberg MCTDH program package82.
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Chapter 3

Photoionization Bands of Cyanogen:

Multi-Mode Vibronic Coupling and

Renner-Teller Effects

ABSTRACT

Multi-mode vibronic coupling in the X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu electronic states of Cyanogen

radical cation (C2N.+
2 ) is investigated with the aid of ab initio quantum chemistry and first princi-

ples quantum dynamics methods. The electronic degenerate states of Π symmetry of C2N.+
2 undergo

Renner-Teller (RT) splitting along degenerate vibrational modes of π symmetry. The RT split com-

ponents form symmetry allowed conical intersections with those from nearby RT split states or with

non-degenerate electronic states of Σ symmetry. A parameterized vibronic Hamiltonian is constructed

using standard vibronic coupling theory in a diabatic electronic basis and symmetry rules. The pa-

rameters of the Hamiltonian are derived from ab initio calculated adiabatic electronic energies. The

vibronic spectrum is calculated, assigned and compared with the available experimental data. The

impact of various electronic coupling on the vibronic structure of the spectrum is discussed.
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3.1 Introduction

Nitriles (RCN, where R is a organic group) are known to have presence in a wide range of as-

trophysical environments83. Considerable attention is paid on cyanopolyynes (HCnN; n=3,

5, 7,...) because of their possible signatures in the interstellar medium84;85;86;87;88. CN radi-

cal is thought to be a predominant species in the evolution of prebiotic molecules and it was

spectroscopically detected at different wavelengths in a variety of astrophysical objects like

cometary coma89;90, stellar and interstellar environments91;92. Symmetric cyanopolyynes

(NC(C≡C)CN) are reported to be present in space and was detected by radioastronomy.

Cyanogen (C2N2), is the smallest in the family that was reported to be observed in Titan’s

atmosphere93.

The present work is aimed to study the electronic spectroscopy and nonadiabatic interac-

tions in the low-lying electronic states of C2N.+
2 . At equilibrium minimum, the neutral

C2N2 molecule belongs to the D∞h symmetry point group in its electronic ground state. In

linear molecules, the vibronic coupling in orbitally degenerate Π electronic states is caused

by coupling between the electronic orbital angular momentum and the nuclear vibrational an-

gular momentum associated with bending vibration. The bending of molecule in the molec-

ular plane develops dipole moment which lifts the electronic degeneracy. Breakdown of the

adiabatic approximation occurs in this situation34. Since the adiabatic basis fails to describe

the nuclear motion of a linear molecule within its degenerate states, adiabatic approximation

is inapplicable for the theory of Renner-Teller (RT) effect. In order to overcome these dif-

ficulties, a diabatic electronic basis can be used34. The details related to the Hamiltonian is

discussed in ‘Vibronic Hamiltonian’ section.

Numerous experimental and theoretical investigations have been carried out on the molecu-

lar structure and infrared (IR) spectrum of the C2N2 molecule. The geometry of the molecule

has been experimentally determined by Moller and Stoichff94 and Maki95. Molecular struc-

tures, ab initio frequencies, IR intensities, dipole moment derivatives have been derived

from quantum chemistry calculations96. Raman intensities of the normal modes and basis

set dependence was investigated taking electron correlation into account96. Ionization po-

tentials were calculated in different orders of the perturbation expansion of self-energy. The

sequence of orbitals given by the Hatree-Fock (HF) calculations is 1πg, 1πu, 5σg and 4σu in
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the increasing order of energy. When correlation and reorganisation effects were included,

interchange of 5σg and 4σu orbitals with 1πu was observed97. This is also observed for N2

molecule where the 3σg and 1πu orbitals change their energetic order when going from a

HF level of low accuracy to more accurate methods98. The mismatch of the order of bands

obtained using HF level of theory with the experimental spectra has been reported98.

The photoelectron spectra of C2N2 was recorded and calibrated using the 127◦ electrostatic

energy analyser1 and 2P1/2 and 2P3/2 peaks from Xenon, respectively. Cyanogen can be eas-

ily synthesized by reacting potassium cyanide with copper sulphate in aqueous medium1.

The first band (X̃2Πg) in the photoelectron spectrum of C2N2 corresponds to removal of an

electron from the 1πg orbital. The C2N.+
2 has a vibrational frequency of 2120 cm−1 which

appeared in the spacing of the peaks in the X̃2Πg band. The vibrational structure of the fourth

band is well interpreted as a series of doublets of simultaneous excitation of two vibrational

modes. The symmetric stretching mode frequency of C-C bond is 710 cm−1. The two or-

bitals 5σg and 4σu, which are associated with the nitrogen “lone pairs” are not degenerate.

Two peaks associated with these orbitals are assigned as 0←0 components of the band at

14.49 eV and 14.86 eV, respectively. According to the reports, the former one corresponds

to a vibrational series with an average spacing of 0.23 eV (1860 cm−1) associated with the

C≡N symmetric stretching vibrational mode, ν1 1.

Detailed study on the vibronic structure of C2N.+
2 has not been reported till date to the best

of our knowledge. In the present work, the ambiguity in the position of the bands obtained at

the HF level of theory is resolved by using higher level ab initio quantum chemistry calcu-

lations. In order to achieve this goal, potential energy surfaces (PESs) of the first four low-

lying X̃2Πg, Ã2Σ+
g , B̃2Σ+

u and C̃2Πu electronic states are calculated using equation of motion

ionization potential coupled cluster singles and doubles (EOMIP-CCSD) method13;14 with

augmented-correlation consistent polarized Valence Triple Zeta (aug-cc-pVTZ) basis set99

using CFOUR suite of program package100. The nuclear dynamics in the four electronic

states is investigated using a vibronic coupling model derived with the aid of the standard

vibronic coupling theory34. The latter is based on a diabatic electronic basis and a Taylor

series expansion of the elements of the diabatic electronic matrix employing symmetry se-
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lection rules. The nuclear dynamics calculations are performed quantum mechanically by

both matrix diagonalization and wave packet propagation techniques. The vibronic energy

levels and their assignments are precisely determined by the matrix diagonalization results.

On the other hand, the time-dependent wave-packet (WP) propagation results yield the broad

band spectra and also provide the detailed mechanistic aspects of the decay of the excited

electronic states. All these calculations are carried out with the aid of multi-configuration

time-dependent Hartree (MCTDH) method developed at Heidelberg65;70;35. The theoretical

results are discussed in detail in relation to the available experimental data.

3.2 Electronic Structure Calculations

The second-order Møller-Plesset perturbation (MP2) theory101 is used to optimize the geom-

etry of the reference neutral C2N2 molecule in its electronic ground state with aug-cc-pVTZ

basis set99. The calculations are carried out using Gaussian 09 suite of program102. The equi-

librium geometry converged to the D∞h point group symmetry and it is shown in Figure 3.1.

The canonical molecular orbitals (1πg, 1πu, 5σg and 4σu in the order of increasing energy)

of the optimized configuration of C2N2 are shown in Figure 3.2. The optimized geometry

data are given in Table 3.1 and compared with the available literature data103;96;104;94. At the

same level of theory, harmonic vibrational frequencies (ωi) are calculated at the equilibrium

geometry of the ground electronic state. The mass-weighted normal displacement coordi-

nates are calculated which are further multiplied by the factor
√
ωi/ℏ105 in order to obtain

them in dimensionless form (Qi). The obtained harmonic frequency of seven vibrational

modes, their symmetry and mode designation are listed in Table 3.2 along with the exist-

ing literature data103;96;104;106;107. The PESs of the first four low-lying electronic states of

C2N.+
2 are calculated along the dimensionless normal displacement coordinates of the refer-

ence electronic ground state of C2N2. The EOMIP-CCSD13;14 method and the aug-cc-pVTZ

basis set is used to determine the adiabatic potential energies and these calculations are car-

ried out using CFOUR suite of program100. In CFOUR, the calculations are carried out in

D2h symmetry. The correlation table of D∞h to D2h is used to derive the electronic terms

and symmetry representation of vibrational modes. The vertical ionization energies (VIEs)

are calculated along the dimensionless normal displacement coordinates of individual vibra-

tional mode for nuclear geometries, Qi = ±0.10 and ± 0.25 to ± 5.0 with a spacing of 0.25.
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The VIEs calculated at the equilibrium geometry of the reference state are listed in Table

3.3 and are compared with the previous reports1. In the MRCI calculations the active space

consists of 12 electrons and 6 valence orbitals. It is clear from Table 3.3 that, our theoretical

results are in good agreement with the available experimental data1. Also, Table 3.3 reveals

that, at the vertical configuration electronic states Ã2Σ+
g , B̃2Σ+

u and C̃2Πu are energetically

close. Therefore, the vibronic coupling may become an important mechanism in driving the

nuclear dynamics in these electronic states.

Figure 3.1: Equilibrium minimum geometry of C2N2 optimized at the MP2 level of theory and aug-
cc-pVTZ basis set.

a) πg (HOMO) b) πu (HOMO-1)

c) σu (HOMO-2) d) σu (HOMO-3)

Figure 3.2: Canonical molecular orbitals (HOMO to HOMO-3) of C2N2. The red and green lobes
shown in the above pictures represent positive and negative phases respectively.
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Table 3.1: Bond lengths (in Angstrom unit) of the equilibrium structure of electronic ground state of
C2N2 compared with the available literature data.

This work (MP2/aug-cc-pVTZ) MP2/6-311G*103 MP2/D9596 B3LYP/6-311G(d)104 CISD/D9596 Expt.94

C≡N 1.175 1.178 1.218 1.155 1.177 1.15

C - C 1.378 1.381 1.404 1.375 1.401 1.38

Table 3.2: Symmetry, designation and vibrational frequencies (in cm−1) of C2N2 of its ground elec-
tronic state.

Symm. Mode MP2/aug-cc-pVTZ MP2/6-311G*103 MP2/D9596 B3LYP/6-311G(d)104 Expt. Schematic description

σ+g ν1 2238 2248 2128 2440 2374106 C≡N symmetric stretch

ν2 857 857 808 887 862106 C-C symmetric stretch

σ+u ν3 2047 2047 1875 2266 2191106 C≡N asymmetric stretch

πg ν4 497 501 526 573 503107 trans bending

πu ν5 232 223 233 260 233107 cis bending

Table 3.3: VIE (in eV) of the X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu states of C2N+
2 calculated at the reference

equilibrium geometry of C2N2 and compared with the available experimental data.

States X̃2Πg Ã2Σ+
g B̃2Σ+

u C̃2Πu Method

VIE 13.64 14.72 15.12 15.98 EOMIP-CCSD

13.33 14.79 15.21 15.46 OVGF

13.44 15.52 15.92 15.96 MRCI

13.36 14.49 14.86 15.47 Expt.1

3.3 Vibronic Hamiltonian

A vibronic Hamiltonian of the coupled X̃2Πg-Ã2Σ+
g -B̃2Σ+

u -C̃2Πu electronic states of C2N.+
2 is

developed here. Dimensionless normal displacement coordinates of vibrational modes in-

troduced in the previous section, symmetry selection rule and a diabatic electronic basis are

employed in the construction11. Irreducible representations of seven vibrational modes of
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C2N2 in D∞h equilibrium point group read Eq. 3.1.

Γvib = 2σ+g + σ+u + πg + πu (3.1)

In the D∞h point group, the symmetrized direct product of the electronic states Πg, Σ+
g , Σ+

u

and Πu reads

Πg/u ⊗ Πg/u = δg + σ+g (3.2a)

Πg ⊗ Πu = δu + σ+u (3.2b)

Πg/u ⊗ Σ+
g/u = πg (3.2c)

Πg/u ⊗ Σ+
u/g = πu (3.2d)

Σ+
g ⊗ Σ+

u = σ+u (3.2e)

The Condon active totally symmetric (σ+g ) vibrational modes, cannot lift the degeneracy of

Πg as well as Πu electronic states. However, the orbital degeneracy can be lifted in first order

by the vibrational modes of δ symmetry. Because of the absence of δ symmetry vibrational

modes in linear systems, the first-order coupling between the components of Π state van-

ishes108. However since, (πg)2 = (πu)2 = δg, they can be coupled in second-order through

the vibrational modes of π symmetry. This leads to a lifting of the degeneracy of Π states

and gives rise to the RT effect. From the symmetry rules given in Eqs. 3.2a-3.2e, it can be

seen that the components of the RT split Π states can undergo coupling among themselves

and also with the non-degenerate Σ states along vibrational modes of π symmetry. The σ+u
vibrational modes, can give rise to first-order coupling between the Σ states. Based on the

stated coupling recipe, the vibronic Hamiltonian is constructed in a diabatic electronic basis
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following standard vibronic coupling theory and can be expressed symbolically as

H = H016 +



HX̃x HX̃x−X̃y HX̃x−Ã HX̃x−B̃ HX̃x−C̃x 0

HX̃y HX̃y−Ã HX̃y−B̃ 0 HX̃y−C̃y

HÃ HÃ−B̃ HÃ−C̃x HÃ−C̃y

HB̃ HB̃−C̃x HB̃−C̃y

HC̃x HC̃x−C̃y

HC̃y



(3.3)

In Eq. (3.3) , H0 = TN + V0, represents the unperturbed Hamiltonian of the reference elec-

tronic ground state of C2N2. Its elements within the harmonic approximation are given in

Eqs. 3.4 and 3.5 as

TN = −1
2

∑
i ∈ σ+g , σ+u

ωi
∂2

∂Q2
i
− 1
2

∑
i ∈ πg, πu

ωi

(
∂2

∂Q2
ix
+

∂2

∂Q2
iy

)
(3.4)

and

V0 =
1
2

∑
i ∈ σ+g , σ+u

ωiQ2
i +

1
2

∑
i ∈ πg, πu

ωi
(
Q2

ix + Q2
iy
)

(3.5)

In Eq. (3.3), the term 16 represents a 6×6 diagonal unit matrix. The diagonal elements

of matrix Hamiltonian in Eq. (3.3) represent the diabatic energies of the above mentioned

electronic states of the radical cation and the off-diagonal elements represent the coupling

between electronic states. Around the optimized minimum geometry at, Q=0, the matrix

elements are expanded in a standard Taylor series as given below11

Hjx/jy = Ej
0 +

∑
i ∈ σ+g

κjiQi +
∑

i ∈ σ+g , σ+u

γjiQ2
i +

∑
i ∈ σ+g

ζ jiQ3
i +

∑
i ∈ σ+u

ξ jiQ4
i

+
∑

i ∈ πg, πu

[γji(Q2
ix + Q2

iy)] +
∑

i ∈ πg, πu

[ξ ji(Q2
ix + Q2

iy)
2] +

∑
i ∈ πg, πu

[σji(Q2
ix + Q2

iy)
3]

±
∑

i ∈ πg, πu

ηji(Q2
ix − Q2

iy)±
∑

i ∈ πg, πu

δji(Q4
ix − Q4

iy)±
∑

i ∈ πg, πu

ρji(Q6
ix + Q4

ixQ
2
iy − Q2

xQ
4
y − Q6

iy)

; j ∈ X̃, C̃ (3.6)

30



Hj = Ej
0 +

∑
i ∈ σ+g

κjiQi +
∑

i ∈ σ+g , σ+u

γjiQ2
i +

∑
i ∈ πg, πu

[γji(Q2
ix + Q2

iy)] +∑
i ∈ πg, πu

[ξ ji(Q2
ix + Q2

iy)
2] +

∑
i ∈ πg, πu

[σji(Q2
ix + Q2

iy)
3] ; j ∈ Ã, B̃ (3.7)

Hjx−jy =
∑

i ∈ πg, πu

[2ηji(QixQiy) + 2δji(Q3
ixQiy + QixQ3

iy) +

2ρji(Q5
ixQiy + QixQ5

iy + 2Q3
ixQ

3
iy)] ; j ∈ X̃, C̃ (3.8)

Hj−k =
∑
i ∈ σ+u

λj−k
i Qi ; j− k ∈ X̃− C̃, Ã− B̃ (3.9)

Hjx−k/jy−k =
∑

i ∈ πg/u

λj−k
i Qix/iy ; j− k ∈ X̃− Ã, X̃− B̃, Ã− C̃, B̃− C̃ (3.10)

In Eqs. (6-10), the VIE for the jth electronic state is given by Ej
0. The components of degenerate

vibrational modes and electronic states are labelled with x and y. The quantity, κji is the linear intrastate

coupling parameter along the vibrational modes of σ+g symmetry. The second, fourth and sixth-order

RT coupling parameters of the jth electronic state along the degenerate vibrational modes (πg and

πu) are denoted by ηji, δ
j
i and ρji, respectively. The linear inter-state coupling parameter of the j and k

electronic states along the ith vibrational mode is given by λj−k
i . For the jth electronic state along the

ith vibrational mode, the second, third, fourth and sixth-order intrastate coupling parameters are given

by γji, ζ
j
i, ξ

j
i and σji, respectively. The + and - signs are for the x and y components of the degenerate

state, respectively. By using the invariance principle for various symmetry operations, relative signs

are assigned to all the elements of the diabatic electronic Hamiltonian matrix. A full derivation of the

RT Hamiltonian of the Π state is given in the Appendix I.

3.4 Nuclear Dynamics

The spectral intensity of the X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu electronic states of C2N.+
2 is calculated by

the Fermi’s golden rule

I(E) =
∑
v

∣∣∣⟨Ψf
v|T̂|Ψi

0⟩
∣∣∣2 δ(E− Ef

v + Ei
0). (3.11)
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In Eq. (11), the wave function of the initial vibronic ground state of C2N2 (with energy Ei
0), is repre-

sented by |Ψi
0⟩, and the wave function of the final (f) vibronic state with energy E

f
v is represented by

|Ψf
v⟩.

The quantity T̂ represents the transition dipole operator. The ground vibronic state is written as

|Ψi
0⟩ = |Φ0

0⟩|0⟩, (3.12)

where |Φ0
0⟩, denote the diabatic electronic state and |0⟩ is the ground vibrational component of the

wave function of the reference electronic ground state C2N2. The vibrational component (|0⟩) in

Eq. (12), is defined to be the direct product of harmonic oscillator functions of the reference state.

A matrix diagonalization method using the Lanczos algorithm is used to calculate I(E) in the time-

independent framework109;110. The eigenvalues are the exact position of the vibronic energy levels

and squared first component of the Lanczos eigenvectors defines the relative intensity11;111;66.

The spectral intensity transforms to the Fourier transform of time autocorrelation function of the WP

evolving on the final electronic state in a time-dependent framework in Eqs. (13-14) as

I(E) ≈ 2Re
6∑

m=1

∫ ∞

0
eiEt/ℏ⟨χm(0)|τ† e−iHt/ℏ τ|χm(0)⟩dt, (3.13)

≈ 2Re
6∑

m=1
|τm|2

∫ ∞

0
eiEt/ℏ Cm(t) dt. (3.14)

The time autocorrelation function of the WP constructed on themth electronic state of C2N.+
2 is given

by, Cm(t) = ⟨Ψm(t = 0)|Ψm(t)⟩. At t = 0, |Ψi
0⟩ is the initial WP, which is vertically promoted to

the final state |Ψm
0 ⟩, and evolves thereafter according to the time-dependent Schrödinger equation.

The transition dipole matrix is represented by τ: τ† = (τX̃, τÃ, τB̃ and τC̃), where τm = ⟨Φm|T̂|Φ0⟩.

In a diabatic electronic basis, the matrix elements of T̂ are treated as constant and are assumed to be

independent of the nuclear coordinates within the generalized Condon approximation66. Finally, by

combining the partial spectra obtained by propagating WP on individual electronic states, the com-

posite spectrum is obtained.

Using the MCTDH method, WP propagation calculations are done65;70;35. The multiset formalism

of MCTDH allows vibrational degrees of freedom (DOF) to be combined into a “particle” (p). Using
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this ansatz the MCTDH wave function is given as

Ψ(q1, ..., qp, t) =

n1∑
j1=1

...

np∑
jp=1

Aj1,...,jp(t)
p∏

k=1

φ
(k)
jk (qk, t). (3.15)

The set of DOF combined in a single particle is qk = (Qi,Qj, ..), and the MCTDH expansion coef-

ficients are Aj1,...,jp in Eq. (15). The single particle functions (SPFs), φ
(k)
jk , are the time-dependent

basis functions, and the number of SPFs are denoted by nk. SPFs are expressed in a primitive time-

independent basis to solve the MCTDH equations of motion. The primitive basis is represented in a

discrete variable representation (DVR) with HO basis. Readers are referred to the original research

articles65;70;35 for further information on this method and algorithm.

3.5 Results and Discussion

3.5.1 Adiabatic potential energy surfaces and Renner-Teller splitting

In this section, the topography of the adiabatic PESs of the first four electronic states of C2N.+
2 is

examined. The energy order of the electronic states is X̃2Πg < Ã2Σ+g < B̃2Σ+u < C̃2Πu. The potential

curves of the electronic states mentioned above are examined along the dimensionless normal dis-

placement coordinates of both totally symmetric (σ+g ) and degenerate (πg and πu) vibrational modes.

Along the coordinate of σ+g vibrational mode, one dimensional cuts of the multidimensional PESs of

C2N.+
2 are shown in panels (a) and (b) of Figure 3.3. The ab initio computed adiabatic electronic ener-

gies and those obtained using the vibronic model developed in this study are shown by dots and solid

lines, respectively, in these plots. As can be seen from Figure 3.3, the calculated ab initio energies are

well represented by the present theoretical model. We find, up to a third-order Taylor expansion of the

Hamiltonian is appropriate along the σ+g vibrational modes to accurately reproduce the ab initio ener-

gies. The totally symmetric (σ+g ) vibrational modes do not lift the electronic degeneracy of the X̃2Πg

and C̃2Πu electronic states. But, they can tune the energy minimum relative to the equilibrium min-

imum of the electronic ground state of C2N2 (Q = 0) and therefore modify the energy gap between

the electronic states. In contrast to the σ+g vibrational modes, the degenerate πg and the πu vibrational

modes split the electronic degeneracy of the X̃2Πg and C̃2Πu electronic states when distorted along

them. Such splitting can be seen in the potential energy curves plotted in panels (a) and (b) of Figure

3.4 along the degenerate πg and πu modes, respectively. It can be seen from Figures 3.3 and 3.4 that,

both the degenerate X̃2Πg and C̃2Πu electronic states are energetically well separated from the Ã2Σ+g
and B̃2Σ+u states [cf. Table 3.3]. In case of X̃2Πg and C̃2Πu electronic states, the coupling strength

(k2/2ω2) of ν1 and ν2 vibrational modes is quite large [cf. Table 3.4]. Along ν1 vibrational mode,
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X̃2Πg electronic state undergoes curve crossing with Ã2Σ+g and B̃2Σ+u states [cf. Figure 3.3(a)]. The

minimum of the degenerate X̃2Πg state shifts (relative to equilibrium atQ = 0) to a large extent along

the strongest Condon active, C≡N symmetric stretching vibrational mode (ν1). The minimum of the

C̃2Πu electronic state shifts towards the negative displacement along the ν1 mode, just as the X̃2Πg

state. The X̃2Πg electronic state is energetically well separated from the other states along the C-C

symmetric stretching mode (ν2). It can be seen from Figure 3.3(b), that the equilibrium minimum of

the B̃2Σ+u and C̃2Πu states shifts in opposite directions along C-C symmetric stretching vibrational

mode (ν2). The displacement of the reference equilibrium minimum of both B̃2Σ+u and C̃2Πu states

are largest along ν2 which appears to be a strong Condon active mode in these states [cf. Tables 3.4

and 3.5]. The adiabatic PESs along the σ+u mode are shown in Figure 3.5.

-8 -6 -4 -2 0 2 4 6 8
Q

13

14

15

16

17

18

19

20

21

E
n

er
g

y
 (

in
 e

V
)

-8 -6 -4 -2 0 2 4 6 8
Q

13

14

15

16

17

18

19

20

X 
2
Π

g

~

X 
2
Π

g

~

A 
2
Σ

g

B 
2
Σ

u

~

~

C 
2
Π

u

~

B 
2
Σ

u

A 
2
Σ

g

C 
2
Π

u

~

~

~

a) b)

ν
1
 (2238 cm

-1
, σ

g

+
) ν

2
 (857 cm

-1
, σ

g

+
)

Figure 3.3: Adiabatic potential energy cuts of the X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu electronic states of
C2N.+

2 along the totally symmetric (σ+g ) vibrational modes ν1 and ν2. The energies calculated from
the present vibronic model and computed ab initio energies are represented by solid lines and points,
respectively.
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Table 3.4: Linear (κi), quadratic (γi and ηi), cubic (ζ i), quartic (ξ i and δi) and sixth-order (σi and ρi)
coupling constants of the Hamiltonian for the X̃2Πg and C̃2Πu electronic states of C2N+

2 . The values
in the square brackets indicate dimensionless excitation strengths. All the values are given in the eV
units.

Symmetry Mode κi γi (ηi) ζ i ξ i (δi) σi (ρi)

X̃2Πg

σ+g ν1 0.3063 [0.61] 0.0070 -0.0004

ν2 0.0004 [0.00] -0.0014 -0.0000

σ+u ν3 - -0.0107 -

πg ν4 - -0.0130(0.0058) - 0.0001(-0.0001) -0.0000(0.0000)

πu ν5 - -0.0361(0.0019) - 0.0003(-0.0000) -0.0000 (0.0000)

C̃2Πu

σ+g ν1 0.1437 [0.13] 0.0031 -0.0004

ν2 -0.1635 [1.18] -0.0041 -0.0000

σ+u ν3 - 0.0283 -

πg ν4 - -0.0161(0.0035) 0.0001(-0.0001)

πu ν5 - -0.0317(0.0006) 0.0001(0.0000)

Table 3.5: Linear (κi), quadratic (γi), cubic (ζ i), quartic (ξ i) and sixth-order (σi) coupling constants of
the Hamiltonian for the Ã2Σ+g and B̃2Σ+u electronic states of C2N+

2 . The values in the square brackets
indicate dimensionless excitation strengths. All the values are given in the eV units.

Symmetry Mode κi γi ζ i ξ i σi

Ã2Σ+
g

σ+g ν1 -0.0195 [0.00] -0.0042 0.0000

ν2 0.0117 [0.00] -0.0018 0.0000

σ+u ν3 - -0.0087 - 0.0000

πg ν4 - -0.0108 - -0.0001 -0.0000

πu ν5 - 0.0020 - -0.0000 -0.0000

B̃2Σ+
u

σ+g ν1 -0.0350 [0.00] -0.0071 0.0000

ν2 0.0645 [0.18] 0.0001

σ+u ν3 - 0.0076 - 0.0000

πg ν4 - 0.0042 - -0.0002

πu ν5 - 0.0131 - -0.0000
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Along the coordinates of the degenerate πg and πu vibrational modes, the potential energy curves of

X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu electronic states of C2N.+
2 are plotted and shown in Figure 3.4. As in

Figure 3.3, the points and the solid lines in Figure 3.4 represents the ab initio electronic energy data

and the energy obtained from the vibronic coupling model developed in section ‘Vibronic Hamilto-

nian’, respectively. These two data sets are in excellent agreement over a large nuclear displacement.

We note that upto sixth-order Taylor expansion of the Hamiltonian is found to be appropriate along

the degenerate modes to represent the ab initio electronic energies extremely well. Distortions along

the degenerate modes (πg and πu) split the electronic degeneracy of the X̃2Πg and C̃2Πu electronic

states. The splitting of the degeneracy can be seen from Figure 3.4. It can be seen from Figure 3.4(b),

that the Ã2Σ+g and B̃2Σ+u electronic states intersect with C̃2Πu state at longer displacement along the

RT active bending vibrational mode ν5. Also, the adiabatic PESs of both X̃2Πg and C̃2Πu electronic

states along the low frequency πu mode exhibits a non-linear equilibrium geometry. This leads to an

extended progressions in both X̃2Πg and C̃2Πu vibronic bands along this mode and will be discussed

later in the text. In addition, the coupling of the RT split components of C̃2Πu state seems to be strong

with the B̃2Σ+u state through the modes of πg symmetry. The data given in Table 3.3, show that Ã2Σ+g ,

B̃2Σ+u and C̃2Πu electronic states are relatively close in energy. So, vibronic coupling among them

can be expected to play major role in the nuclear dynamics in these electronic states. The interplay

of RT and general vibronic coupling in the manifold of X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu electronic states of

C2N.+
2 on its vibronic structure is discussed in section ‘Interanal Conversion Dynamics’.

Energetic minimum of RT coupled surfaces, V(c)
min, and the minimum of other intersections are cal-

culated with the help of MATHEMATICA program package112. The results obtained are listed in

Table 3.6 in a matrix array. In the latter, the numbers in the diagonal and off-diagonal represent the

minimum of a state and the minimum of the intersection seam, respectively. The energetic minimum

of X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu states occur at ∼13.47 eV, ∼14.72 eV, ∼15.10 eV and ∼15.83 eV,

respectively. The X̃2Πg-Ã2Σ+g , X̃2Πg-B̃2Σ+u and X̃2Πg-C̃2Πu intersection minimum occurs at high

energy. The data suggest that, the coupling of X̃2Πg state with Ã2Σ+g , B̃2Σ+u and C̃2Πu states will

have insignificant role in the nuclear dynamics of the X̃2Πg electronic state. The energetic minimum

of the Ã2Σ+g , B̃2Σ+u and C̃2Πu electronic states are relatively close to each other, the seam minimum

of Ã2Σ+g -B̃2Σ+u intersections is at higher energy whereas, the seam minimum of B̃2Σ+u -C̃2Πu inter-

sections occurs just ∼0.18 eV above the C̃2Πu state minimum. Also, coupling between B̃2Σ+u -C̃2Πu

electronic states occurs through πg vibrational mode and this coupling is expected to have a signifi-

cant role in the nuclear dynamics.
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Table 3.6: Estimated energy (in eV) of the equilibrium minimum (diagonal elements) and mini-
mum of the seam of various conical intersections (off-diagonal elements) of the electronic states
of C2N.+

2 within a quadratic coupling model.

X̃2Πg Ã2Σ+
g B̃2Σ+

u C̃2Πu

X̃2Πg 13.47 16.48 17.66 25.15

Ã2Σ+
g - 14.72 18.49 17.10

B̃2Σ+
u - - 15.10 16.01

C̃2Πu - - - 15.83

3.5.2 Vibronic band structure of the X̃2Πg, Ã2Σ+
g , B̃2Σ+

u and C̃2Πu states

Of C2N.+
2

Uncoupled state spectrum and the Renner-Teller effect in C̃2Πu electronic state :

The vibrational energy level structure of the uncoupled X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu states of

C2N.+
2 is examined first in order to illustrate the influence of nonadiabatic coupling on the vibronic

structure of the photoionization bands of C2N2. The calculations are carried out by taking two totally

symmetric vibrational modes (ν1 and ν2) in a time-independent matrix diagonalization approach using

Lanczos algorithm109. The convergence of the stick spectrum is ensured in terms of the vibrational

basis and the number of Lanczos iterations. Table 3.7 lists the vibrational basis functions utilized in

each computation. The calculated stick spectrum of X̃2Πg and C̃2Πu states are convoluted with 30

meV, Ã2Σ+g with 15meV and B̃2Σ+u with 25meV full width at the half maximum (FWHM) Lorentzian

line shape function to generate the spectral envelopes shown in the respective figures. Later in the

text, the coupling among the states is included, and discussed in relation to the experimental results.

Panels (a) and (b) of Figure 3.6, portray the uncoupled spectrum of non-degenerate Ã2Σ+g and B̃2Σ+u
states, respectively. The fundamentals of C-C, ν2 and C≡N, ν1 symmetric vibrational modes are ex-

cited in both the states. Peak spacings of ∼842 cm−1, ∼2205 cm−1 and ∼857 cm−1, ∼2182 cm−1

corresponding to the fundamental of ν2 and ν1 vibrational modes are found in the spectrum of Ã2Σ+g
and B̃2Σ+u electronic states, respectively. The excitation of ν2 vibration forms dominant progressions

in the uncoupled state spectrum of Ã2Σ+g and B̃2Σ+u electronic states. The overtones of ν2 are found

at ∼1684 cm−1 and ∼1715 cm−1 in the spectrum of Ã2Σ+g and B̃2Σ+u states, respectively. In case of

B̃2Σ+u electronic state, a combination peak of ν1 and ν2 appears at ∼3039 cm−1.
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Figure 3.6: Vibrational energy level spectrum of the uncoupled Ã2Σ+g (panel (a)) and B̃2Σ+u (panel
(b)) electronic states C2N.+

2 computed with the vibrational modes of σ+g symmetry.

Table 3.7: Number of HO basis functions along vibrational modes, the dimension of the secular matrix
and the number of Lanczos iterations used to calculate the converged theoretical stick spectrum of
X̃2Πg and C̃2Πu states of C2N.+

2 shown in various figures.

Vibrational modes (HO basis functions) Dimension of Lanczos Figure(s)

the matrix iterations

ν1, ν2 (38,26) 1008 10000 panel a of Figure 3.6

(26,38) 1008 10000 panel b of Figure 3.6

(26,38) 1008 10000 panel a of Figure 3.7

ν4x, ν4y (26,38) 1008 10000 panel b of Figure 3.7

ν5x, ν5y (38,26) 1008 10000 panel c of Figure 3.7

In panel (a) of Figure 3.7, the vibronic band structure of the degenerate X̃2Πg and C̃2Πu electronic

states calculated with symmetric vibrational modes is shown. The symmetric C≡N stretch, ν1, forms

an extended progression in the X̃2Πg electronic state, as shown in Figure 3.7(a). The fundamental,

first overtone and the second overtone of this vibrational mode appear at ∼2304, ∼4609 and ∼6914
40



cm−1, respectively. The fundamentals of ν1 and ν2 appear at ∼2261 and ∼886 cm−1, respectively,

in the C̃2Πu band. In addition to the fundamental modes in the C̃2Πu state, the first overtone, second

overtone and third overtone of ν2 appear at ∼1772, ∼2658 and ∼3544 cm−1, respectively. Several

combination peaks of ν1 and ν2 vibrational modes are also identified in this state.
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Figure 3.7: Vibrational energy spectrum of the X̃2Πg and C̃2Πu electronic states of C2N.+
2 computed

with the symmetric σ+g (panel (a)), degenerate πg and πu (panel (b) and panel (c) vibrational modes.
The convoluted spectrum of the panels (a), (b) and (c) is shown in panel (d) (see text for details)..

The Hamiltonian of the degenerate electronic states (X̃2Πg and C̃2Πu) are separable in terms of sym-

metric (σ+g ) and degenerate (πg and πu) vibrational modes when the bilinear coupling terms are ig-

nored. Accordingly, the partial spectra computed with the totally symmetric [cf. panel (a) of Figure

3.7] and degenerate (πg and πu) [cf. panels (b) and (c) of Figure 3.7] vibrational modes separately, can

be convoluted to obtain the composite vibronic band structure of the state. The composite vibronic

structure of the X̃2Πg and C̃2Πu states, presented in panel (d) of Figure 3.7, reveals a weak contribu-

tion of the degenerate vibrational modes. The entire spectral envelope is similar to that obtained with
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the symmetric vibrational modes as shown panel (a) of Figure 3.7. As discussed in previous section,

the PESs, of both X̃2Πg and C̃2Πu states along πu mode exhibits a non-linear equilibrium geometry

[cf. Figure 3.4(b). The results obtained in the dynamics calculations are shown in Figure 6. It is

to be noted that πu mode exhibits an extended vibrational progression and its impact on the overall

band structure is very small because of low intensity of individual vibronic lines. The experimental

photoelectron bands of cyanogen1 reveal that the bands due to X̃2Πg and C̃2Πu electronic states ex-

hibit considerable vibrational structure, whereas, that due to Ã2Σ+g and B̃2Σ+u electronic states show

only little vibrational structure. The C≡N symmetric stretching, ν1 mode is excited in the X̃2Πg state

and the C-C symmetric stretching mode, ν2 forms dominant progression in the C̃2Πu electronic state

[cf. Table 3.4]. The ν1 vibrational mode has the strongest excitation strength in the X̃2Πg state, as

can be seen from the data given in Table 3.4. The fundamental of ν1 appears at ∼2120 cm−1 in

the experimental results of Baker et al.1, as compared to the present theoretical estimate of ∼2304

cm−1. The above-mentioned all the electronic states vibrational progressions are given in Table 3.8.

The block-improved relaxation approach implemented in the MCTDH package is used to calculate

vibronic wave functions in order to validate the assignments113;114. Appropriate reduced dimensional

space of normal coordinates are considered and a few of the wave function probability densities of

the vibrational levels X̃2Πg and C̃2Πu states are plotted in Figures 3.8 and 3.9, respectively.

Table 3.8: A few vibrational energy levels (in cm−1) of the X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu electronic
states of C2N.+

2 obtained from the uncoupled state calculations using the EOMIP-CCSD energy data.
The assignment of the levels carried out by examining the nodal pattern of the wavefunctions is
included in the table.

X̃2Πg Ã2Σ+
g B̃2Σ+

u C̃2Πu

Energy Assignment Energy Assignment Energy Assignment Energy Assignment

0 000 0 000 0 000 0 000

845 ν210 842 ν210 857 ν210 886 ν210

1691 ν220 1684 ν220 1715 ν220 1772 ν220

2304 ν110 2205 ν110 2181 ν110 2261 ν110

2536 ν230 2573 ν230 2658 ν230

4609 ν120 3039 ν110+ν210 3147 ν110+ν210

6914 ν130 3544 ν240

4033 ν110+ν220

4430 ν250
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Figure 3.8: Probability density of vibronic wave functions of the X̃2Πg electronic state of C2N.+
2 as a

function of nuclear coordinate. Panels a, b, c represent the fundamental, first and second overtone of
ν1 mode, respectively.

43



d) 885 cm−1
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Figure 3.9: Probability density of vibronic wave functions of the C̃2Πu electronic state of C2N.+
2 as a

function of nuclear coordinate. Panels d and f represent the fundamentals of ν2 and ν1, respectively.
panels e, g and h are first, second and third overtones of ν2. panels i and j are combinations of modes
ν1 and ν2.
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Coupled States Spectrum and Time-Dependent Dynamics

The coupling of the X̃2Πg, Ã2Σ+g , B̃2Σ+u and C̃2Πu states through vibrational modes σ+u , πg and πu

symmetry as mentioned in section ‘Electronic Structure Calculations’ is included in this section. The

coupling parameters given in the Table 3.10 reveal that the coupling strengths of the πg vibrational

mode in the X̃2Πg-Ã2Σ+g electronic manifold is large. Whereas, along the πu mode both X̃2Πg-B̃2Σ+u
and Ã2Σ+g -C̃2Πu coupling strengths are much larger. The X̃2Πg state is energetically well separated

from the Ã2Σ+g , B̃2Σ+u and C̃2Πu states, as explained in section ‘Adiabatic potential energy surfaces

and Renner-Teller splitting’, and its intersection with the other states occurs at higher energies [cf.

Table 3.6]. As a result its coupling with the Ã2Σ+g , B̃2Σ+u and C̃2Πu states is unlikely to have any

impact on the nuclear dynamics in these states. On the basis of coupling strength and various test

calculations, seven (2σ+g +σ+u +πg+πu) modes are included in the nuclear dynamics. The dynamical

calculations were carried out by propagating WP on six electronic states (two components of the RT

split X̃2Πg and C̃2Πu states plus Ã2Σ+g , B̃2Σ+u states), using the MCTDH program modules115. The

initial WP corresponding to the vibronic ground state of the reference neutral molecule is vertically

promoted to each of the ionic states and propagated in the coupled manifold of X̃2Πg-Ã2Σ+g -B̃2Σ+u -

C̃2Πu electronic states for 200 fs. The numerical details of the vibrational basis functions used in

the WP propagation calculations are listed in Table 3.9. The time autocorrelation functions obtained

from six WP calculations are combined, damped with an exponential function, e(−t/τr) (with τ = 33

fs) and Fourier transformed to calculate the composite vibronic band. The vibronic band structure of

the X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu coupled electronic states of C2N.+
2 obtained from these calculation is

presented in Figure 3.10 along with the available experimental1 spectrum. It can be seen from Figure

3.10 that the theoretical results are in good accord with the experimental findings. The vibronic bands

of the individual electronic states are well separated and the nonadiabatic coupling effect appears to

be weak. Some impact of the nonadiabatic coupling appears in the detailed band structure of the Ã2Σ+g
and B̃2Σ+u electronic states. In addition to this we explicitly checked the convergence test of MCTDH

calculations by varying the size of the basis and the corresponding results are shown in Figures 3.11

and 3.13.
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Table 3.9: First column denotes the vibrational degrees of freedom (DOF) which are combined to
form particles. Second column represents the number of primitive basis functions for each DOF.
Third column represents the number of single particle functions (SPFs) for each electronic state.

Normal modes Primitive Basis SPF Basis

ν1, ν2 20, 10 10, 10, 8, 8, 10, 10

ν4x, ν4y 12, 12 10, 10, 8, 8, 10, 10

ν5x, ν5y 18, 18 8, 8, 8, 8, 6, 6

ν3 16 10, 10, 8, 8, 10, 10

18

Figure 3.10: Vibronic band structure of the coupled X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu electronic states of
C2N.+

2 . Relative intensity(in arbitrary units) is plotted as a function of the energy of the vibronic
states of C2N.+

2 . The experimental results of Ref.1 is shown in panel (a) and the present theoretical
results are shown in panel (b). The experimental spectrum in panel (a) is reproduced with permission
from Ref.1. Copyright (2017) Royal Society (for scanned images).
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Figure 3.11: Convergence behaviour of the vibronic spectrum with respect to the number of basis
functions along the πu mode in the MCTDH calculations.

Table 3.10: Interstate coupling parameters (in eV) of the vibronic Hamiltonian of Eqs. (10) and (11)
for the X̃2Πg, Ã2Σ+g B̃2Σ+u and C̃2Πu electronic states of C2N+

2 estimated from the ab initio electronic
structure results (see text for details).

Symmetry Mode Frequency λA−B
i λX−C

i

σ+u ν3 0.2538 0.0601(0.03) 0.2058(0.33)

πg λX−A
i λB−C

i

ν4 0.0617 0.1260(2.08)/0.0984(1.27) 0.0915(1.09)/0.0701(0.64)

πu λX−B
i λA−C

i

ν5 0.0288 0.2003(24.18)/0.1933(22.52) 0.1365(11.23)/0.1336(10.76)

3.6 Internal Conversion Dynamics

Time-dependence of the diabatic (column(i)) and adiabatic (column(ii)) electronic populations of

C2N.+
2 in the coupled six (X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu) states including seven (2σ+g +σ+u +πg+πu) vibra-

tional modes shown in Figures 3.12 and 3.14 are examined in this section in order to better understand

the nonadiabatic coupling effects on the dynamics. The diabatic and adiabatic electronic populations

for an initial location of the WP on the x-component of the X̃2Πg state shown in panel (a) and (b) of

Figure 3.12, respectively. At t=0, the diabatic population starts from 1.0 at the x-component of the
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X̃2Πg state and that of the y-component starts at 0.0, as shown in panel (a) of Figure 3.12. Because a

diabatic state is an admixture of the two adiabatic states, the initial location of the WP on the diabatic

x-component of the X̃2Πg state corresponds to∼50:50 population of the two (x and y) adiabatic states

[cf. panel (b) of Figure 3.12]. The adiabatic population flow between x and y-components of the

X̃2Πg state is much smaller in magnitude as compared to the diabatic populations. The population of

the x-component flows to the y-component in time. That is, WP switches between the RT split com-

ponents of the X̃2Πg state and only a small portion of the population is transferred to Ã2Σ+g , B̃2Σ+u
and C̃2Πu state in this case [cf. panel (a) of Figure 3.12].
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Figure 3.12: Time dependence of diabatic (panels (a) and (c)) and adiabatic (panels (b) and (d))
electron populations in the X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu coupled states nuclear dynamics of C2N.+

2 . The
initial (at t=0) WP is located on the x-component of X̃2Πg and C̃2Πu states as indicated in the panels.

When the WP is initially placed on the x-component of the C̃2Πu state, the diabatic (i) and adiabatic

(ii) electron population dynamics becomes more complicated and involved, as can be seen from pan-

els (c) and (d) of Figure 3.12, respectively. In the diabatic case, most of the population flows to both

the Ã2Σ+g and B̃2Σ+u electronic [cf. panel (c) of Figure 3.12] states. This is because of nonadiabatic

coupling between Ã2Σ+g -B̃2Σ+u , B̃2Σ+u -C̃2Πu and Ã2Σ+g -C̃2Πu states along σ+u , πg and πu vibrational

modes, respectively [cf. Table 3.10]. Also, the minimum of B̃2Σ+u -C̃2Πu conical intersections is only

∼0.18 eV above the C̃2Πu state minimum [cf. Table 3.6]. At t=0, the diabatic and adiabatic popula-
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Figure 3.13: Convergence behaviour of the diabatic electronic calculations with respect to the number
of basis functions along the πu mode in the MCTDH calculations.

tions of the x-component of the C̃2Πu state start from 1.0 and ∼0.46, respectively [cf. panel (c) and

(d) of Figure 3.12]. In this case population also flows to the Ã2Σ+g and B̃2Σ+u electronic states in addi-

tion to the flow of populations back and forth between the x and y-components of the C̃2Πu state. The

initial decay of the population relates to a life-time of∼ 39 fs of the C̃2Πu state in the diabatic picture.

The electronic population dynamics for an initial transition of the WP to the Ã2Σ+g state in both di-

abatic (i) and adiabatic (ii) situations are shown in panels (a) and (b) of Figure 3.14, respectively.

The internal conversion of electronic population is minor in this case. This is due to the energetic

minimum of the X̃2Πg-Ã2Σ+g , Ã2Σ+g -B̃2Σ+u and Ã2Σ+g -C̃2Πu conical intersections occur ∼ 1.76, ∼

3.77 and ∼ 2.38 eV above the minimum of the Ã2Σ+g state, respectively [cf. Table 3.6]. Because of

this, when the WP is initially prepared on the Ã2Σ+g state, it hardly accesses these high energy CIs.

Also, when the electronic states are energetically well separated the initial adiabatic and diabatic pop-

ulations become nearly same. Therefore, both diabatic and adiabatic population profiles may show

similar behaviour if the coupling is small. In addition, the X̃2Πg-Ã2Σ+g coupling is small and Ã2Σ+g -

C̃2Πu coupling is strong (however they are energetically well separated) [see Tables 3.10 and 3.6].

These considerations imply a long lived nature of the Ã2Σ+g -state (or slow decay). Considering the

vibronic mixing of (g − u) Ã2Σ+g and C̃2Πu states, the radiative emission of C2N.+
2 from the Ã2Σ+g

state is expected. Until now there is no experimental report on this and certainly it calls for future

experiments.
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Figure 3.14: Time dependence of diabatic (panels (a) and (c)) and adiabatic (panels (b) and (d))
electron populations in the X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu coupled states nuclear dynamics of C2N.+

2 . The
initial (at t=0) WP is located on the Ã2Σ+g and B̃2Σ+u states, respectively as indicated in the panels.

The WP initially prepared on the diabatic and adiabatic B̃2Σ+u state is shown in panels (c) and (d)

of Figure 3.14, respectively. In the diabatic picture, the internal conversion takes place to the Ã2Σ+g
state via the Ã2Σ+g -B̃2Σ+u conical intersections. These states are moderately coupled through the vi-

brational mode ν3 of σ+u symmetry [see Table 3.10]. Also, at the Franck-Condon region both Ã2Σ+g
and B̃2Σ+u states are energetically close and all other states are far apart [cf. Table 3.3]. So, the popu-

lation moves back and fourth between Ã2Σ+g -B̃2Σ+u states in time. At longer times, population of both

Ã2Σ+g and B̃2Σ+u states become equal (∼ 0.4) and very minimal amount of population is transfered

to the X̃2Πg and C̃2Πu states Figure 3.14]. A non-radiative decay rate of ∼ 104 fs can be estimated

from the population curve of the B̃2Σ+u -state [cf. panel (c) of Figure 3.14] in the diabatic picture.

50



3.7 Conclusions

The nonadiabatic coupling effects in the vibronic structure and dynamics of X̃2Πg, Ã2Σ+g , B̃2Σ+u and

C̃2Πu electronic states of cyanogen radical cation is investigated in this article. The theoretical re-

sults are compared with the experimental recording of Baker et al.1. The equilibrium geometry of the

reference electronic ground state of the neutral C2N2 is optimized at the MP2/aug-cc-pVTZ level of

theory using Gaussian-09 suit of program. The reference electronic ground state hasD∞h point group

symmetry at its equilibrium minimum. When the correlation and reorganization effects are added,

the ordering of the MO’s changes as compared to the calculations at the HF level. Using EOMIP-

CCSD ab initio quantum chemistry method, the potential energy surfaces of the X̃2Πg, Ã2Σ+g , B̃2Σ+u
and C̃2Πu electronic states of C2N.+

2 are computed along the dimensionless normal displacement co-

ordinates of the electronic ground state of C2N2 . At the Franck-Condon geometry, it is found that

the electronic states Ã2Σ+g , B̃2Σ+u and C̃2Πu are energetically close. Both the RT effect in the doubly

degenerate electronic states and their interactions with the nondegenerate states are examined and

discussed. A coupled state vibronic Hamiltonian is developed in a diabatic electronic basis in terms

of dimensionless normal displacement coordinate of vibrational modes using the electronic structure

results.

Time-independent and time-dependent quantum mechanical approaches are used to study nuclear

dynamics from first principles. The vibronic band structures are reported and progressions of vibra-

tional modes are assigned and compared with the experiment. It is found that the C≡N symmetric

stretching mode, ν1 of σg symmetry forms progression in all four electronic states of C2N.+
2 . In the

first vibrational band due to X̃2Πg state, C≡N stretching vibrational mode ν1 is strongly excited at

∼2304 cm−1 and it is in agreement with the experimental estimate of Baker et al.1 of ∼2120 cm−1.

Due to very weak RT coupling, RT active degenerate vibrational modes are not excited in this band.

The second and third bands are due to Ã2Σ+g and B̃2Σ+u states, respectively. These two bands show

only little vibrational structure. Only C-C symmetric stretching, ν2 vibrational mode excited in the

B̃2Σ+u state. The fourth band due to the C̃2Πu state exhibits considerable vibrational structure. In this

band, the C-C stretching, ν2 vibrational mode is strongly excited and the C≡N stretching mode ν1 is

moderately excited.

The diabatic and adiabatic electronic populations in the X̃2Πg-Ã2Σ+g -B̃2Σ+u -C̃2Πu coupled states dy-

namics are further examined to better understand the nonadiabatic coupling effects. Due to RT cou-

pling, theWPmoves back and forth between the RT split (x and y) components of the X̃2Πg state. The
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scenario is different when WP is placed on the Ã2Σ+g state, no internal conversion takes place since

the X̃2Πg-Ã2Σ+g and Ã2Σ+g -B̃2Σ+u conical intersections occur at higher energies. Due to this, the WP

stays for longer times in this state and is predicted to have radiative emission which can be validated

in future experimental measurements. The initial location of the WP on the B̃2Σ+u state reveals the

population transfer between the Ã2Σ+g -B̃2Σ+u states throughout the timescale. This is due to the nona-

diabatic coupling of Ã2Σ+g -B̃2Σ+u through ν3 vibrational mode. The dynamics is more complex when

WP is placed on the x-component of the C̃2Πu state. Due to strong vibronic mixing, the population

flows nonradiatively to all the electronic states in this case.
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Chapter 4

A Full-dimensional Investigation of

Vibronic Coupling and Renner-Teller

Effects in Linear Carbon Monohydrides,

C2nH− (n = 1− 4) of Astrophysical

interest

ABSTRACT

In this work, electronic structure and quantum dynamics of astrophysically important linear carbon

monohydrides, C2nH− for n = 1 − 4 is investigated by constructing a multi-state and multi-mode

vibronic coupling model. The latter relies on the standard vibronic coupling theory and symmetry

rules and a diabatic electronic basis. Three energetically low-lying electronic states of neutral radical

species (C2nH, n = 1 − 4) are probed and dynamical investigations are carried by both a time-

dependent and time-independent quantum mechanical methods. The impact of conical intersections

and glacing degeneracies are thoroughly examined and their existence is confirmed in conjunction

with available experimental results. It is observed that the Renner-Teller (RT) effect leading to glanc-

ing degeneracy decreases with increasing n. In contrast, the effect of conical intersections of the RT

split states with the energetically higher non-degenerate electronic states increases with increasing n.

Moreover, the outcomes of the present theoretical results are in excellent accord with the experiment.
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4.1 Introduction

The ubiquitous carbon in the form of bare carbon clusters, C−
n , carbon monohydrides, CnH−, carbon

hydrides, CnH−
n , and their corresponding neutral radicals are known to be abundant in interstellar

medium (ISM)116 and hydrocarbon combustion processes117. These compounds also serve as build-

ing blocks for the formation of larger hydrocarbons, longer carbon chains and rings118. Interestingly,

the anionic species C2nH−(n = 1 − 4) are among the first ones to be detected in the ISM and cir-

cumstellar media, and believed to be formed through radiative attachment119. These species have

been studied through various spectroscopic techniques120. Among them, the photoelectron (PE) spec-

troscopywas employed as amajor tool, as it providedwith the crucial details of the ground and excited

electronic states of the corresponding neutral species, C2nH (n = 1− 4)121. The early experimental

PE spectra of n = 1 species was reported in 1991122. Later, other scientific groups investigated the

subsequent n = 2, 3, & 4 species2 employing the same tool. Simultaneously, theoretical studies have

been conducted in order to explore the details of electronic structure of C2nH123;124;125;126. These joint

efforts, established a linear structure and strong acetylenic nature of the electronic ground state of both

neutral and anionic species127. Furthermore, ambiguity in the assignment of vibronic structure of the

electronic bands was attributed to the possible existence of Renner-Teller (RT) coupling along the

molecular axis and conical intersections (CIs) along the bending vibrational modes.

Although the mentioned efforts are successful in eliminating the problematic assignment of peaks

in the electronic band associated with the first excited state, the apparent effects of RT coupling and

CIs are seldomly discussed in the literature. Apart from these effects, for all neutral species the

ground and first excited electronic states belong to either a 2Σ+ or a 2Π terms. The energetic ordering

of these low-lying 2Π and 2Σ+ states in the neutral species varies with the chain length2;124. While

the longer chains, n = 3, 4, have 2Π ground state, the C2H and C4H radicals have 2Σ+ ground-state.

Due to strong vibronic coupling and the energetic closeness of these two states in C2H and C4H, leads

significant complexity in their observed electronic spectrum. Furthermore, vibronic coupling in the

longer chains with X̃2Π ground states has not been studied so far.

The C4H is the most controversial species with experimental results favouring 2Σ+ ground state,

while the theoretical results126 reported near degeneracy between 2Π and 2Σ+ states. More recently,

the Ã2Π-X̃2Σ splitting in C4H128 was estimated to be ∼213 cm−1. In contrast, the present study

reveals that except for C2H, rest of the species possess 2Π ground state (details are elaborated later

in the text). As a corroborating evidence, the HOMO, HOMO-1, and HOMO-2 molecular orbitals

of the anionic species C2nH−(n = 1 − 4) corresponding to three energetically low-lying electronic
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states of neutral species (C2nH(n = 1− 4)) are presented in Figs.4.1 and 4.2. In addition, the energy

difference between the frontier orbitals of anionic species generally decreases with increasing n as

shown in Fig. 4.3. Hence it would be intriguing to explore how this trend correlates with effects due

to RT coupling and CIs.

Overall, a comprehensive and detailed analysis seems necessary in case of C2nH− (n = 1− 4) lin-

ear carbon chain series. Therefore in this work, a vibronic coupling approach is undertaken to address

the ambiguity in the assignment of ground electronic state through electronic structure calculations

and to elucidate the effects of RT coupling and CIs through nuclear dynamics calculations. For this

purpose, state-of-the-art ab initio electronic structure methods are employed in order to establish the

relevant potential energy surfaces and parameterize the constructed vibronic Hamiltonian. Extensive

nuclear dynamics calculations are carried out to unravel features observed in each photodetachment

bands. Finally, the theoretical results are compared with the available experimental findings to con-

firm the validity of the present vibronic coupling models.

a) σ (HOMO) b) πx (HOMO-1) c) πy (HOMO-2)

a) πx (HOMO) b) πy (HOMO-1) c) σ (HOMO-2)

Figure 4.1: The canonical molecular orbitals shown in the first and second row are the (HOMO to
HOMO-2) of C2H− and C4H−, respectively. The pink and blue lobes in the above pictures represent
positive and negative phases, respectively.

55



a) πx (HOMO) b) πy (HOMO-1) c) σ (HOMO-2)

a) πx (HOMO) b) πy (HOMO-1) c) σ (HOMO-2)

Figure 4.2: Same label as Fig. 4.1 of C6H− and C8H−, respectively.

C2H
- C4H

- C6H
- C8H

-

0.25

0.21

0.16
0.13

Figure 4.3: Schematic representation of HOMO-LUMO energy difference of C2nH−(n = 1− 4).

4.2 Computational Details

4.2.1 Electronic Structure

The equilibrium geometry of the electronic ground state of C2nH− (n = 1 − 4) (the reference ge-

ometry) is optimized by the Becke-3-parameter (exchange), Lee, Yang, and Parr (B3LYP) density

functional method using the correlation consistent polarized valence double— ζ (cc-pVDZ) basis set

of Dunning129. By diagonalizing the kinematic and force constant matrices of the reference equilib-

rium geometry, the harmonic frequency (ωk) of vibrational modes and their dimensionless normal
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displacement coordinates (DNDCs), (Qk) are determined105. In these coordinates the reference ge-

ometry corresponds to Q=0. Table 4.1 lists the frequencies (cm−1) and symmetries of C2nH− (n=1-

4). The Gaussian-09102 suite of programs, is used for these calculations. The optimized equilibrium

structure of the electronic ground state of the linear chains belongs to C∞v symmetry point group. The

normal vibrational modes of the C∞v symmetry point group of linear carbon monohydride chains,

C2nH− (that is, 2n+1 = N), belong to the following irreducible representations (IREPs) as illustrated

in the Appendix II.

Γvibrational = (N− 1)σ + (N− 2)π (4.1)
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Table 4.1: Symmetry, designation and vibrational frequencies (in cm−1) of C2nH− of its ground
electronic state.

C2H− Symmetries Modes B3LYP/cc-pVDZ

σ+ ν1 3363

σ+ ν2 1902

π ν3 568

C4H− Symmetries Modes B3LYP/cc-pVDZ

σ+ ν1 3493

σ+ ν2 2182

σ+ ν3 1989

σ+ ν4 910

π ν5 623

π ν6 438

π ν7 251

C6H− Symmetries Modes B3LYP/cc-pVDZ

σ+ ν1 3487

σ+ ν2 2230

σ+ ν3 2150

σ+ ν4 1985

σ+ ν5 1208

σ+ ν6 640

π ν7 576

π ν8 497

π ν9 461

π ν10 268

π ν11 111

C8H− Symmetries Modes B3LYP/cc-pVDZ

σ+ ν1 3485

σ+ ν2 2238

σ+ ν3 2205

σ+ ν4 2104

σ+ ν5 1987

σ+ ν6 1354

σ+ ν7 946

σ+ ν8 493

π ν9 577

π ν10 531

π ν11 507

π ν12 462

π ν13 281

π ν14 167

π ν15 64

It is also evident from the results given in the Appendix II, that these linear molecules lack vibra-
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tions with angular momentum greater than one. Therefore, the vibrational modes belong to σ and π

symmetry only. Along the DNDC of each vibrational mode, the vertical ionization energies (VIEs)

of the electronic states of C2nH− (n = 1 − 4) are computed. The CFOUR suite of program100 and

cc-pVDZ basis set are employed for this purpose using the equation of motion ionization potential

coupled cluster singles and doubles (EOM-IP-CCSD) method13;14. These calculations are carried out

in C2v symmetry. The symmetry representation of vibrational modes and electronic terms are derived

using the C∞v-C2v correlation table, which is provided in the Appendix II. Table 4.2 lists the VIEs

computed at the reference equilibrium geometry for energetically low-lying three electronic states of

C2nH (n = 1 − 4). The VIEs are calculated along all Q’s for -5.00 (0.25) +5.00. Table 4.2 shows

that all the electronic states of considered carbon chains belong to either a Σ+ and Π term. As the

length of the carbon chain increases, the energy of the HOMO decreases (see Fig. 4.3). It indicates

an increase of the vertical ionization energy with chain length (cf. Fig. 4.3 and Table 4.2). It is there-

fore logical to anticipate that vibronic coupling would be playing crucial role in the nuclear dynamics

since the states are energetically extremely near to their surrounding states (see Table 4.2). At the

configuration of C∞v symmetry, the Π electronic state is orbitally degenerate. When the linear chain

is bent, this degeneracy splits, resulting in the RT effect. It is possible for the RT split components to

couple with the nondegenerate state and give rise to NAC effects.

Table 4.2: VIEs (in eV) of the X̃ and Ã states of C2nH− calculated at the reference equilibrium geom-
etry of C2nH and compared with the available experimental data.

Molecule X̃2Σ Ã2Π Method

C2H 2.77 3.29 EOMIP-CCSD

2.96 Exp.2

X̃2Π Ã2Σ

C4H 3.60 3.71 EOMIP-CCSD

3.55 Exp.2

C6H 3.84 4.25 EOMIP-CCSD

3.80 Exp.2

C8H 4.03 4.63 EOMIP-CCSD

3.96 Exp.2
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4.3 Theoretical Framework

4.3.1 The Hamiltonian

The current study examines the photoionization of C2nH− (n = 1 − 4) of the lowest two doublet

electronic states of C2nH (n = 1−4). According to the calculations (vide supra), the ground and first

ionized electronic states of C2H are observed to be X̃2Σ and Ã2Π respectively. On the contrary, the

ground and first ionized electronic states of C4H, C6H, and C8H are observed to be X̃2Π and Ã2Σ.

Further, the vibrational modes of each molecular system are classified into totally symmetric (σ+)

and asymmetric (π) modes. The vibrational modes of the mentioned four molecular systems (using

the Eq. 4.1) transform according to the irreducible representations (IREPs) as follows:

Γn=1,vib = 2σ + 1π (4.2)

Γn=2,vib = 4σ + 3π (4.3)

Γn=3,vib = 6σ + 5π (4.4)

Γn=4,vib = 8σ + 7π (4.5)

The symmetry rule11, ΓR ⊗ Γk ⊗ ΓS ⊃ σ, directs the first-order connection between the electronic

states R and S via vibrational mode k. IREPs are represented by the symbol Γ. The symbol σ+ repre-

sents the totally symmetric IREP of the linear molecule with C∞v symmetry. This rule indicates that

the latter vibrational modes are active in the specified electronic states (R = S). Now, the symmetrical

direct product transforms in accordance with Π2 = σ+ δ for the degenerate Π state. The δ symmetry

vibrational modes can lift orbital degeneracy in the first-order of the Π state, while the totally sym-

metric vibrational modes cannot. The first-order RT coupling diminishes in linear molecules due to

the absence of vibrational mode of δ symmetry (see the Appendix II). The π mode can, however,

be RT active in the Π state in second-order, since π2 ⊃ δ. The Π state’s RT split components may

experience a PRT-style coupling with the neighboring nondegenerate Σ+ state according to

Σ+ ⊗ Π = π (4.6)

Eq. 4.6, demonstrates that direct coupling of Σ+ and Π state couples in first-order through π vibra-

tional mode.

According to the vibronic coupling theory, the vibronic model Hamiltonian is built in a diabatic elec-
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tronic basis using the above mentioned coupling recipe11. It may be represented symbolically as

H = H013 +


W11 W12 W13

W22 W23

W33


(4.7)

The unperturbed Hamiltonian of the reference electronic ground state of C2nH− is denoted

by the equation H0 = TN + V0. Within the harmonic approximation, its components are

provided by

TN = −1
2
∑
i ∈ σ+

ωi
∂2

∂Q2
i
− 1
2
∑
i ∈ π

ωi

(
∂2

∂Q2
ix
+

∂2

∂Q2
iy

)
(4.8)

and

V0 =
1
2
∑
i ∈ σ+

ωiQ2
i +

1
2
∑
i ∈ π

ωi
(
Q2

ix + Q2
iy
)

(4.9)

The term 13 in Eq. 4.7 implies a 3×3 diagonal unit matrix. The diabatic energies of the

aforementioned electronic states of the C2nH are represented by the diagonal components

of the matrix Hamiltonian in Eq. (4.7), while the coupling between the electronic states is

represented by the off-diagonal elements. The matrix elements are extended in a typical

Taylor series around the optimized minimum geometry at Q = 0, as shown below11.

WRx/Ry = ER
0 +

∑
i ∈ σ+

κRi Qi +
∑
i ∈ σ+

γRi Q
2
i +

∑
i ∈ σ+

ζRi Q3
i +

∑
i ∈ σ+

ξRi Q4
i (4.10)

+
∑
i ∈ π

[γRi (Q
2
ix + Q2

iy)] +
∑
i ∈ π

[ξRi (Q2
ix + Q2

iy)
2] +

∑
i ∈ π

[σRi (Q2
ix + Q2

iy)
3]

±
∑
i ∈ π

ηRi (Q
2
ix − Q2

iy)±
∑
i ∈ π

δRi (Q4
ix − Q4

iy)±
∑
i ∈ π

ρRi (Q
6
ix + Q4

ixQ
2
iy − Q2

xQ
4
y − Q6

iy)

; R ∈ Π (4.11)

WR = ER
0 +

∑
i ∈ σ+

κRi Qi +
∑
i ∈ σ+

γRi Q
2
i +

∑
i ∈ π

[γRi (Q
2
ix + Q2

iy)] +∑
i ∈ π

[ξRi (Q2
ix + Q2

iy)
2] +

∑
i ∈ π

[σRi (Q2
ix + Q2

iy)
3] ; R ∈ Σ+ (4.12)
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WRx−Ry =
∑
i ∈ π

2ηRi (QixQiy) + 2δRi (Q3
ixQiy + QixQ3

iy) +

2ρRi (Q
5
ixQiy + QixQ5

iy + 2Q3
ixQ

3
iy) ; j ∈ Π (4.13)

WRx−S/Ry−S =
∑
i ∈ π

λR−S
i Qix/iy ;R− S ∈ Σ+ − Π (4.14)

The VIE for the Rth electronic state in the equations above is provided by ER
0 . The subscripts x and y

stand for the constituents of degenerate vibrational modes and electronic states, respectively. Along

the vibrational modes of σ+ symmetry, the linear intrastate coupling parameter is represented by the

value κRi . Along the degenerate vibrational mode π, the Rth electronic state’s second, fourth, and

sixth-order RT coupling characteristics are represented by ηRi , δ
R
i and ρRi , respectively. For the R and

S electronic states along the ith vibrational mode, the linear inter-state coupling value is λR−S
i . The

second, third, fourth, and sixth-order intrastate coupling parameters for the Rth electronic state along

the ith vibrational mode are denoted by γRi , ζRi , ξRi and σRi respectively. The x and y components of

the degenerate state are represented by the + and - signs, respectively. All of the diabatic electronic

Hamiltonian matrix elements are given relative signs by using the invariance principle for different

symmetry operations.

4.3.2 Nuclear Dynamics

The time-independent spectral calculations109;110 are carried out for the first three electronic states of

C2nH (n = 1− 4) with the aid of Fermi’s golden rule:

I(E) = Σν|⟨Ψf
ν|T̂|Ψi

0⟩|2δ(E− Ef
ν + Ei

0), (4.15)

where, the terms Ψf
ν and Ψi

0 represent the final and initial vibronic ground state possessing E
f
ν and Ei

0

energies respectively for each the molecular system of our concern here. The term T̂ is the transition

dipole operator. Further, the initial vibronic state is expanded as a product of diabatic electronic state

(|Φ0
0⟩) and its vibrational component (|0⟩) as depicted below

|Ψi
0⟩ = |Φ0

0⟩|0⟩. (4.16)

Wherein, |0⟩ is further expressed in terms of a direct product of harmonic oscillator functions of the

reference molecules of each molecular system. Consequently, a matrix diagonalization is carried out

following Lanczos algorithm as implemented in the MCTDH module program11;111;66.
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The time-dependent spectral calculations are carried out for the first three electronic states of C2nH

(n = 1− 4) by the aid of transformed Fermi’s golden rule:

I(E) ≈ 2Re Σ3m=1
∫ ∞

0
e
iEt
ℏ ⟨χm(0)|τ†e−

iEt
ℏ τ|χm(0)⟩dt,

≈ 2Re Σ3m=1|τm|2
∫ ∞

0
e
iEt
ℏ Cmdt.

(4.17)

Here, the initial wave packet (Ψi
0) is vertically promoted to the final state (Ψ

m
0 ) through time evolu-

tion propagation scheme. This process is monitored over time through the autocorrelation functions,

Cm(t) = ⟨Ψm(t = 0)|Ψm(t)⟩. In this context, the transition dipole matrix is denoted by τ as following:

τ† = (τX̃, τÃ), (4.18)

with τm = ⟨Φm|T̂|Φ0⟩. The subsequent computations of wave packet propagation are performed with

the MCTDH module program66;70;65;35.

4.4 Results and Discussion

4.4.1 Potential energy surfaces

To comprehensively understand nuclear dynamics, it is essential to analyze electronic potential energy

surfaces (PESs). Within the framework of vibronic coupling theory, we study the potential energy

cuts (PECs), derived from electronic structure calculations (vide supra), as functions of the DNDCs

corresponding to each vibrational degree of freedom presented in Figs. 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, and

4.10. Concerning the PECs presented in all the figures, the adiabatic electronic energies computed ab

initio are represented by points, while those derived from the vibronic coupling model discussed in

Section 5.2.2 are represented by solid lines. It can be seen that the ab initio electronic energies are in

good agreement with those calculated from the theoretical model. In general, the energy gap between

the electronic states is altered by the vibrational modes of σ+ symmetry, also referred as Condon

active modes, which adjust the electronic energy minimum away from the reference geometries of

the electronic ground states of C2nH− (at Q = 0).

For detailed analysis, consider the PECs for the three lowest electronic states of C2H (X̃2Σ & Ã2Π)

as shown in (a), (b) and (c) panels of Fig. 4.4, corresponding to 2σ+ (ν1 and ν2) and the third panel

for the degenerate π vibrational modes (ν3 and ν4). Despite their near proximity along the v1 mode,

the three electronic states did not intersect at any distortion and had a little shift in the minima with
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respect to Q = 0. This demonstrates that the Frack-Condon activity of ν1 vibrational mode is weak

which is also reflected in the intrastate coupling value in Table 4.3. The excitation strength along ν1

mode in both the X̃2Σ and Ã2Π states is zero as shown in square brackets. On the contrary, along

ν2, the two electronic states exhibit shifting of their corresponding minima in the opposite directions

with respect to Q = 0 along with a crossing. This proves that ν2 is strongly Frack-Condon active.

Justifying this, the intrastate coupling value in Table 4.3 shows a value of 0.34 and 0.21 for ν2 mode

in X̃2Σ and Ã2Π states respectively. The mentioned curve crossings among the potential cuts might

eventually form conical intersections (CIs) in multidimensions. Along the degenerate ν3 and ν4, π

modes, the degeneracy of Ã2Π state is lifted as anticipated. It is evident that the degenerate Ã2Π elec-

tronic state’s RT-splitting is significant which is consistent with the magnitude of second-order RT

coupling parameter displayed in Table 4.3.

Table 4.3: Linear (κi), quadratic (γi and ηi), cubic (ζ i), quartic (ξ i and δi) and sixth-order (σi and ρi)
coupling constants of the Hamiltonian for the X̃2Σ and Ã2Π electronic states of C2H. The values
in the square brackets indicate dimensionless excitation strengths. All the values are given in the eV
units.

Symm. Mode Freq. (eV) κi γi (ηi) ζ i ξ i (δi)

X̃2Σ

σ+ ν1 0.4170 -0.0258 [0.00] 0.0094 -0.0007 0.0012

σ+ ν2 0.2358 0.1963 [0.34] -0.0065 0.0002 -0.0003

π ν3 0.0705 - -0.0098 - 0.0108

Ã2Π

σ+ ν1 0.4170 0.0371 [0.00] 0.0086 0.0003 0.0007

σ+ ν2 0.2358 -0.1552 [0.21] 0.0191 -0.0024 0.0006

π ν3 0.0705 - 0.0550 (-0.0457) - -0.0060 (0.0107)
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Figure 4.4: Adiabatic potential energies along the totally symmetric vibrational modes (σ+) and
degenerate mode (π) of the electronic states X̃2Σ and Ã2Π of C2H. Solid lines and dots, respectively,
represent the energies derived from the current vibronic model and calculated ab initio energies.
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In Fig. 4.5, the PECs for the three lowest electronic states of C4H (X̃2Π & Ã2Σ) are shown in (a)-(d)

panels corresponding to 4σ+ (ν1− ν4) vibrational modes. Here, the electronic states are energetically

quite close as compared to its smaller counterpart C2H system corroborating for the minute energy

difference in the VIE values of Table 4.2. Along ν1 mode, the shift in the minima is negligible with

respect to Q = 0, proving it’s weak Franck-Condon activity as also seen in Table 4.4, while along

ν2, ν3 and ν4 modes, a noticeable shift is seen, with clear crossing between the electronic states.

Accordingly, strong Franck-Condon activity is witnessed here along ν2 and ν3 modes in the intrastate

coupling values presented in Table 4.4. Fig. 4.6 exhibits PECs along the degenerate πmodes in (a)-(c)

panels. Although the second-order RT coupling value (see Table 4.4) is somewhat lower compared

to that of the degenerate state of C2H, the RT-splitting of the X̃2Π state is nevertheless substantial.

The PECs of the degenerate state X̃2Π showing symmetric double well nature along v5 and v7 modes,

with two symmetric minima at the distorted geometries. These modes’ unusual double well character

will have a substantial impact on the nuclear dynamics on the electronic states in addition to being

the coupling modes.

Table 4.4: Linear (κi), quadratic (γi and ηi), cubic (ζ i), quartic (ξ i and δi) and sixth-order (σi and ρi)
coupling constants of the Hamiltonian for the X̃2Π and Ã2Σ electronic states of C4H. The values
in the square brackets indicate dimensionless excitation strengths. All the values are given in the eV
units.

Symm. Mode Freq. (eV) κi γi (ηi) ζ i ξ i (δi) σi (ρi)

X̃2Π

σ+ ν1 0.4331 -0.0159 [0.00] 0.0018 -0.00007 0.0006

σ+ ν2 0.2705 -0.1397 [0.13] -0.0094 -0.0007 0.0016

σ+ ν3 0.2466 0.1219 [0.12] 0.0031 -0.0002 -0.00002

σ+ ν4 0.1128 0.0203 [0.01] -0.0049 0.0007 0.00008

π ν5 0.0773 - -0.0374 (-0.0268) - 0.0195 (0.0159) -0.0111 (-0.0093)

π ν6 0.0542 - 0.0363 (0.0159) - -0.0046 (-0.0090) 0.0039 (0.0050)

π ν7 0.0311 - -0.0481 (0.0155) - 0.0142 (-0.0124) -0.0074 (0.00001)

Ã2Σ

σ+ ν1 0.4331 -0.0312 [0.00] 0.0021 0.00005 0.0006

σ+ ν2 0.2705 0.1727 [0.20] -0.0039 -0.0040 -0.0009

σ+ ν3 0.2466 -0.1107 [0.10] -0.0087 -0.0007 -0.00006

σ+ ν4 0.1128 0.0640 [0.16] 0.0016 0.0005 -0.000007

π ν5 0.0773 - 0.0431 - -0.0175 0.0096

π ν6 0.0542 - 0.0586 - -0.0061 0.0046

π ν7 0.0311 - 0.0789 - -0.0216 0.00001
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In Fig. 4.7 and Fig. 4.9, the PECs for the three lowest electronic states of C6H and C8H (X̃2Π &

Ã2Σ) are shown in panels (a) - (f) and (a) - (h) corresponding to 6σ+ (ν1−ν6) and 8σ+ (ν1−v7 and ν11),

respectively. As the length of the carbon chain increases, it is evident that the energy gap between the

electronic states has been decreasing (see Table 4.2). Consequently, we could observe curve crossings

between the possible PECs. Furthermore, it is noticed that as the length of the carbon chain increases,

the excitation strength (κ2i /2ω2
i ) of the symmetric modes decreases, lowering Condon activity. Panels

(a)-(e) and (a)-(g) in Fig. 4.8 and Fig. 4.10 display the PECs of the degenerate π modes of C6H and

C8H, respectively. Compared with the PECs to the lower carbon chains discussed previously, it is

evident that the splitting of degenerate states is not as considerable. Furthermore, the amount of

second-order RT coupling values shown in Tables 4.5 and 4.6 aligns with the splitting observed in

the respective figures.
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Table 4.5: Linear (κi), quadratic (γi and ηi), cubic (ζ i), quartic (ξ i and δi) and sixth-order (σi and ρi)
coupling constants of the Hamiltonian for the X̃2Π and Ã2Σ electronic states of C6H. The values
in the square brackets indicate dimensionless excitation strengths. All the values are given in the eV
units.

Symm. Mode Freq. (eV) κi γi (ηi) ζ i ξ i (δi) σi (ρi)

X̃2Π

σ+ ν1 0.4323 -0.0198 [0.00] 0.0016 -0.0001 0.0004

σ+ ν2 0.2765 -0.1024 [0.06] -0.0299 -0.0002 0.0030

σ+ ν3 0.2666 0.1092 [0.08] -0.0028 -0.0003 0.00005

σ+ ν4 0.2461 0.1011 [0.08] 0.0067 0.0004 0.0000

σ+ ν5 0.1497 0.0090 [0.00] -0.0041 -0.0004 0.00004

σ+ ν6 0.0794 0.0273 [0.06] -0.0025 0.00019 0.0000

π ν7 0.0715 - -0.0117 (0.0026) - 0.0046 (-0.0016) 0.0000 (0.0000)

π ν8 0.0616 - -0.0057 (0.0049) - 0.0003 (-0.0005) 0.0000 (0.0000)

π ν9 0.0572 - 0.03115 (-0.0093) - -0.0053 (0.0040) 0.0000 (0.0000)

π ν10 0.0332 - -0.0276 (0.0055) - 0.0057 (-0.0043) 0.0000 (0.0000)

π ν11 0.0137 - -0.0076 (0.0001) - 0.0008 (-0.0001) 0.0000 (0.0000)

Ã2Σ

σ+ ν1 0.4323 -0.0225 [0.00] 0.0017 -0.00006 0.0003

σ+ ν2 0.2765 0.1666 [0.18] -0.0014 -0.0057 -0.0010

σ+ ν3 0.2666 -0.0928 [0.06] -0.0063 0.0006 -0.00005

σ+ ν4 0.2461 -0.1603 [0.21] -0.0091 0.00002 0.00003

σ+ ν5 0.1497 -0.0390 [0.03] 0.0014 -0.00003 0.0000

σ+ ν6 0.0794 0.0344 [0.09] 0.0006 0.0001 0.0000

π ν7 0.0715 - 0.0138 - 0.0009 0.0000

π ν8 0.0616 - 0.0103 - -0.0016 0.0000

π ν9 0.0572 - 0.0374 - -0.0030 0.0000

π ν10 0.0332 - 0.0694 - -0.0103 0.0000

π ν11 0.0137 - 0.0344 - -0.00145 0.0000
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Table 4.6: Linear (κi), quadratic (γi and ηi), cubic (ζ i), quartic (ξ i and δi) and sixth-order (σi and ρi)
coupling constants of the Hamiltonian for the X̃2Π and Ã2Σ electronic states of C8H. The values
in the square brackets indicate dimensionless excitation strengths. All the values are given in the eV
units.

Symm. Mode Freq. (eV) κi γi (ηi) ζ i ξ i (δi) σi (ρi)

X̃2Π

σ+ ν1 0.4321 -0.0177 [0.00] 0.0012 -0.0001 0.0003

σ+ ν2 0.2772 -0.0916 [0.05] -0.0088 0.0007 0.0003

σ+ ν3 0.2734 -0.0816 [0.04] -0.0412 -0.0004 0.0051

σ+ ν4 0.2609 -0.0801 [0.04] -0.0003 -0.0006 0.00005

σ+ ν5 0.2463 0.0978 [0.07] 0.0049 0.0002 -0.00003

σ+ ν6 0.1679 -0.0063 [0.00] -0.0031 0.0002 0.00001

σ+ ν7 0.1173 0.0011 [0.00] -0.0021 0.0001 0.00001

σ+ ν11 0.0611 0.0237 [0.07] -0.0017 0.00009 0.0000

π ν8 0.0716 - -0.0090 (-0.0003) - 0.0037 (-0.00059) 0.0000 (0.0000)

π ν9 0.0658 - 0.0007 (-0.0009) - 0.0006 (0.0000) 0.0000 (0.0000)

π ν10 0.0628 - 0.0236 (-0.0043) - -0.0037 (0.0021) 0.0000 (0.0000)

π ν12 0.0573 - 0.0061 (0.0023) - 0.0003 (-0.0002) 0.0000 (0.0000)

π ν13 0.0348 - -0.0173 (0.0023) - 0.0030 (-0.0020) 0.0000 (0.0000)

π ν14 0.0207 - -0.0070 (0.0008) - 0.0008 (-0.0002) 0.0000 (0.0000)

π ν15 0.0080 - -0.0036 (-0.00008) - 0.00019 (0.0000) 0.0000 (0.0000)

Ã2Σ

σ+ ν1 0.4321 -0.0173 [0.00] 0.0012 -0.00006 0.0002

σ+ ν2 0.2772 0.0757 [0.03] -0.0061 -0.0004 -0.0001

σ+ ν3 0.2734 0.1687 [0.19] -0.0005 -0.0075 -0.0017

σ+ ν4 0.2609 0.1570 [0.18] -0.0013 -0.0014 -0.0002

σ+ ν5 0.2463 -0.1530 [0.19] -0.0114 -0.0001 0.00006

σ+ ν6 0.1679 0.0498 [0.04] 0.0008 -0.00002 -0.00001

σ+ ν7 0.1173 0.0246 [0.02] 0.0011 0.0001 0.0000

σ+ ν11 0.0611 0.0185 [0.04] 0.0001 0.00005 0.0000

π ν8 0.0716 - 0.0055 - 0.0037 0.0000

π ν9 0.0658 - 0.0057 - 0.0009 0.0000

π ν10 0.0628 - 0.0253 - -0.0018 0.0000

π ν12 0.0573 - -0.0009 - 0.00046 0.0000

π ν13 0.0348 - 0.0589 - -0.0054 0.0000

π ν14 0.0207 - 0.0315 - -0.0013 0.0000

π ν15 0.0080 - 0.0258 - -0.0005 0.0000

The stationary points corresponding to the equilibrium minimum of a state and the energy mini-

mum of the seam of different CIs are calculated by MATHEMATICA program package112 and are

71



4

5

6

7

8

9

10

11

12

4

5

6

7

8

9

10

4

5

6

7

8

9

10

4

5

6

7

8

9

-6 -4 -2 0 2 4 6

4

5

6

7

-6 -4 -2 0 2 4 6

4

5

6

Q Q

E
n

er
g

y
 (

eV
)

ν1 (3487 cm
-1

, σ+) ν2 (2230 cm
-1

, σ+)

ν3 (2150 cm
-1

, σ+) ν4 (1985 cm
-1

, σ+)

ν5 (1208 cm
-1

, σ+) ν6 (640 cm
-1

, σ+)

A
2Σ+

X
2Π

~

~

X
2Π

~

A
2Σ+~

A
2Σ+

A
2Σ+

A
2Σ+

A
2Σ+

X
2Π X

2Π

X
2ΠX

2Π

~

~

~

~ ~

~

~

~

(a) (b)

(c) (d)

(e) (f)
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analysed. A matrix array containing the findings is displayed in Table 4.7. The minimum of a state

and the minimum of the intersecting seam are denoted by values in the diagonal and off-diagonal in

this instance, respectively. The X̃ and Ã states of C2H have energy minima at 2.81 and 3.39 eV, re-

spectively. Also at 3.52 eV, the X̃− Ã CI minimum is located which is only 0.13 eV above the Ã state

minimum. Then for C4H, the minima of X̃ and Ã states are located at 3.53 and 3.61 eV respectively.

Additionally, the CI minimum between these two states is located at 3.65 eV, meaning only 0.04 eV

above the Ã state minimum. For C6H, the minima of X̃ and Ã states, and the CI between the two states

are located at 3.77, 4.11, and 4.11 eV respectively. Similarly, for C8H, the minima of X̃ and Ã states,

and the CI between the two states are located at 3.96, 4.45, and 4.46 eV respectively. Overall, the

CIs between X̃ and Ã states in case of C2H is located less than 0.2 eV, in rest of others it is quite close

(< 0.05 eV). Consequently, one can expect a significant and rapid electronic population transfer from

the Ã to X̃ state contributing for predominant nonadiabatic effects in the nuclear dynamics of all the

species.

Table 4.7: VIEs (in eV) of the X̃ and Ã states of C2nH− calculated at the reference equilibrium geom-
etry of C2nH and compared with the available experimental data.

C2H X̃2Σ Ã2Π

X̃2Σ 2.81 3.52

Ã2Π 3.39

C4H X̃2Π Ã2Σ

X̃2Π 3.53 3.65

Ã2Σ 3.61

C6H X̃2Π Ã2Σ

X̃2Π 3.77 4.11

Ã2Σ 4.11

C8H X̃2Π Ã2Σ

X̃2Π 3.96 4.46

Ã2Σ 4.45

4.5 Vibronic Structure and Dynamics

The vibrational progressions of C2nH (n = 1−4) carbon chains in the first three electronic states i.e.,

one degenerate and one nondegenerate state (X̃ and Ã) of uncoupled spectral envelopes (convoluted

through Lorentzian line shape with 30 meV full width half maximum) shown in the Fig. 4.11. In this
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Figure 4.11: The uncoupled X̃ and Ã electronic states of C2nH (n=1-4) vibrational energy level spec-
trumwas calculated using (a) totally symmetric vibrational modes (σ+) and (b) degenerate vibrational
modes (π).

figure, the spectral envelopes presented in each of the panels are the ones resulting from the time-

independent matrix diagonalization approach using Lanczos algorithm. Further, the upper panels

represent the stick spectra by including totally symmetric σ+ modes, while the lower panels represent

the stick spectra of degenerate π modes.

For C2H (panel (a) of Fig. 4.11) species, through the inclusion of σ+ modes (ν1 & ν2), the antic-

ipated stick spectra of X̃2Σ and Ã2Π states is visible here. Consider the X̃2Σ state stick spectra

originating at energy spacings of ∼ 3404 and ∼1874 cm−1 corresponding to ν1 and ν2 respectively.

These eigenvalues are also confirmed from the reduced-dimensional vibronic wave packet density

plots displayed in Fig. 4.12 and presented in Table 5.12. In panels (a) and (b) of Fig. 4.12, a single

node is visible along Q2 and Q1 DNDCs dedicated to the fundamental frequencies of ν2 & ν1 modes

respectively. Further, panel (c) of Fig. 4.12 is assigned to the combination of ν1 & ν2 modes due

to two nodes simultaneously along their respective Q1 and Q2 DNDCs. Moreover, strong Condon

activity of ν2 in the X̃2Σ state (cf., Table 4.3) is also confirmed through wave packet density plots in
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panels (d), (e), and (f) of Fig. 4.12, dedicated to first, second, and third overtones due to two, three,

and four nodes respectively along Q2 DNDC. Likewise, the subsequent Ã2Π state stick spectrum

originates at energy spacings of ∼ 3400 and ∼1974 cm−1 corresponding to ν1 & ν2 modes respec-

tively. Of note, even in the Ã2Π state, the Condon activity of ν2 is stronger. The assignments are

derived from the wave packet density plots of Fig. 4.13, and presented in the Table 5.12. Panels (a)

and (b) of Fig. 4.13 exhibits a single node along Q1 and Q2 DNDCs dedicated to the fundamental

frequencies of ν1 & ν2 modes respectively. The successive panels (c) and (d) of Fig. 4.13 are assigned

to the combination modes of ν1 + ν2 and ν1 + 2ν2 respectively due to two and three simultaneous

nodes alongQ1 andQ2 DNDCs. The panels (e) and (f) of Fig. 4.13 are assigned to the first overtones

of ν1 & ν2 respectively due to the apparent two nodes along Q1 and Q2 DNDCs. Finally, panels (g)

and (h) of Fig. 4.13 are assigned to the second and third overtones of ν2 due to three and four nodes

respectively along Q2 DNDC.
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Table 4.8: Energetically low-lying vibrational energy levels (in cm−1) of the X̃ and Ã electronic states
of C2nH, (n = 1− 4) obtained from the uncoupled state calculations.

C2H C4H

X̃2Σ Ã2Π X̃2Π Ã2Σ

Energy Assignment Energy Assignment Energy Assignment Energy Assignment

0 000 0 000 0 000 0 000

1874 ν210 1974 ν210 889 ν410 915 ν410

3404 ν110 3400 ν110 2003 ν310 1831 ν420

3748 ν220 3948 ν220 2146 ν210 1952 ν310

5278 ν110+ν210 5374 ν110+ν210 2892 ν310+ν410 2176 ν210

5622 ν230 5923 ν230 3035 ν210+ν410 2869 ν310+ν410

7495 ν240 6801 ν120 3503 ν110 3092 ν210+ν410

7349 ν110+ν220 4006 ν320 3504 ν110

7899 ν240 4149 ν210+ν310 3905 ν320

4294 ν220 4008 ν420+ν210

4137 ν310+ν210

4351 ν220

5267 ν220+ν410

6304 ν220+ν310

C6H C8H

X̃2Π Ã2Σ X̃2Π Ã2Σ

Energy Assignment Energy Assignment Energy Assignment Energy Assignment

0 000 0 000 0 000 0 000

630 ν610 643 ν610 485 ν1110 493 ν1110

1191 ν510 1213 ν510 972 ν1120 950 ν710

1260 ν620 1950 ν420 1342 ν610 1357 ν610

2012 ν410 2124 ν310 2006 ν510 1943 ν510

2111 ν210 2180 ν210 2039 ν310 2095 ν410

2140 ν310 2593 ν420+ν610 2103 ν410 2145 ν310

2642 ν410+ν610 2823 ν210+ν610 2202 ν210 2209 ν210

2741 ν210+ν610 3163 ν410+ν510 2492 ν510+ν1110 2437 ν510+ν1110

2770 ν310+ν610 3337 ν310+ν510 2525 ν310+ν1110 2588 ν410+ν1110

2589 ν410+ν1110 2639 ν310+ν1110
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Figure 4.12: Probability density of vibronic wave functions of the X̃2Σ electronic state of C2H as a
function of nuclear coordinate. Panels a and b represent the fundamentals of ν1 and ν2, respectively.
Panel c represents the combination of modes ν1 and ν2. Panels d, e and f are the first, second and
third overtones of ν2.
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Figure 4.13: Probability density of vibronic wave functions of the Ã2Π electronic state of C2H as a
function of nuclear coordinate. Panels a and b represent the fundamentals of ν1 and ν2, respectively.
Panels c and d represent the combinations of ν1 and ν2 modes. Panels e and f are the first overtones
of ν1 and ν2 respectively. Panels g and h represent the second and third overtones of ν2.
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For C4H (panel (b) of Fig. 4.11) species, through the inclusion of σ+ modes (ν1, ν2, ν3, & ν4),

the anticipated X̃2Π and Ã2Σ states’ stick spectra is seen here. The X̃2Π state stick spectrum

originates at ∼3503, ∼2146, ∼2003, and ∼889 cm−1 corresponding to fundamental frequencies of

ν1, ν2, ν3, and ν4 modes respectively. In the current X̃2Π state, one can realize that the Condon

activity of ν2 and ν3 modes is significant compared to the weaker Condon activity of the remaining

modes (ν1 & ν4) from Table 4.4. This observation is also established from the assignments carried

out based on wave packet density plots presented in Fig. 4.14 (data given in Table 5.12). Here, panels

(a), (b), (c), and (f) of Fig. 4.14 display a single node corroborating for the fundamental frequencies

of ν4, ν3, ν2, and ν1 modes respectively along their corresponding DNDCs. Further, the subsequent

panels (d), (e), and (h) corresponds to the combination frequencies of ν3 + ν4, ν2 + ν4, and ν2 + ν3

respectively. Then panels (g) and (i) correspond to first overtone of ν3 and ν2 modes along Q3 and

Q2 DNDCs respectively due to two nodes. Later, the apparent Ã2Σ state stick spectra originates

at ∼3504, ∼2176, ∼1952, and ∼915 cm−1 corresponding to fundamental frequencies of ν1, ν2, ν3,

and ν4 modes respectively. In this context, the Condon activity of ν2, ν3, and ν4 modes is stronger

compared to that of ν1 from Table 4.4. As already pointed out, this proposition is backed with the

assignment exercise performed through the wave packet density plots of Fig. 4.15 (data given in

Table 5.12). Here, Panels (a), (c), (d), and (g) of Fig. 4.15 correspond to the fundamental frequencies

of ν4, ν3, ν2, and ν1 modes respectively along their corresponding DNDCs. Then the overtones of

ν4, ν3, and ν2 are observed in the panels (b), (h), and (k) of Fig. 4.15. Later, various combinations of

ν4, ν3, and ν2 are observed in the remaining panels (e), (f), (i), (j), (l), and (m) of Fig. 4.15.
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Figure 4.14: Probability density of vibronic wave functions of the X̃2Π electronic state of C4H as
a function of nuclear coordinate. Panels a, b, c, and f represent the fundamentals of ν4, ν3, ν2, and
ν1 respectively. Panels g and i are the first overtones of ν3 and ν2 respectively. Panels d, e, and h
represent different combinations of ν2, ν3 and ν4.
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k) 4351 cm−1
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Figure 4.15: Probability density of vibronic wave functions of the Ã2Σ electronic state of C4H as a
function of nuclear coordinate. Panels a, b, c, and d represent the fundamentals of ν1, ν2, ν3, and ν4
respectively. Panels e, f, and g represent the first overtones of ν2, ν3, and ν4 respectively. Panels h-m
represent different combinations of ν2, ν3 and ν4 modes.

In the similar lines, the X̃2Π and Ã2Σ states’ stick spectra of C6H and C8H is shown in panels

(c) and (d) of Fig. 4.11. As detailed above, one can interpret the Condon activity and the impact of

ν2 − ν6 modes on the stick spectra of C6H through wave packet density plots (Fig. 4.16 & 4.17) and

their corresponding assignments (Table 5.12). Furthermore, the Condon activity and the impact of

ν2 − ν7 & ν11 on the stick spectra of C8H through wave packet density plots (Fig. 4.18 & 4.19) and

their corresponding assignments (Table 5.12) can be understood.
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Figure 4.16: Probability density of vibronic wave functions of the Ã2Σ electronic state of C6H as a
function of nuclear coordinate. Panels a, b, c, and d represent the fundamentals of ν1, ν2, ν3, and ν4
respectively. Panels e, f, and g represent the first overtones of ν2, ν3, and ν4 respectively. Panels h-m
represent different combinations of ν2, ν3 and ν4 modes (please refer to Table 5.12 for more details).
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Figure 4.17: Probability density of vibronic wave functions of the Ã2Σ electronic state of C6H as a
function of nuclear coordinate. Panels a, b, c, and d represent the fundamentals of ν1, ν2, ν3, and ν4
respectively. Panels e, f, and g represent the first overtones of ν2, ν3, and ν4 respectively. Panels h-m
represent different combinations of ν2, ν3 and ν4 modes (please refer to Table 5.12 for more details).
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Figure 4.18: Probability density of vibronic wave functions of the Ã2Σ electronic state of C6H as a
function of nuclear coordinate. Panels a, b, c, and d represent the fundamentals of ν1, ν2, ν3, and ν4
respectively. Panels e, f, and g represent the first overtones of ν2, ν3, and ν4 respectively. Panels h-m
represent different combinations of ν2, ν3 and ν4 modes (please refer to Table 5.12 for more details).
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Figure 4.19: Probability density of vibronic wave functions of the Ã2Σ electronic state of C6H as a
function of nuclear coordinate. Panels a, b, c, and d represent the fundamentals of ν1, ν2, ν3, and ν4
respectively. Panels e, f, and g represent the first overtones of ν2, ν3, and ν4 respectively. Panels h-m
represent different combinations of ν2, ν3 and ν4 modes (please refer to Table 5.12 for more details).
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Along the π vibrational modes, the Π electronic states are RT active in fourth order. When the

degenerate vibrational modes are distorted, there is significant splitting between the two components.

It is anticipated that the vibronic structure of Π states will be greatly impacted by RT coupling of

C2nH (see Figs. 4.4,4.6, 4.8, 4.10). The splitting along the π modes of Π states for the mentioned

carbon chains is in the decreasing order, indicates that the RT impact likewise diminishing. Tables

4.3,4.4,4.5 and 4.6 provide evidence for this observation by displaying the RT values (γi) that are

decreasing as chain length increases. Fig. 4.11 displays the partial spectra of C2H, C4H, C6H, and

C8H, respectively, in panels (e), (f), (g), and (h), which were computed using the degenerate RT

modes (π). These spectra show how RT coupling contributes to the vibronic structure of Π states.

4.6 Time Dependent Dynamics of X̃− Ã States

As discussed in the section ’The Hamiltonian’ along with RT, this also includes the PRT coupling of

the X̃− Ã states of C2nH through vibrational modes π symmetry. The π vibrational mode’s coupling

strengths in the X̃ − Ã electronic manifold is substantial, according to the coupling values shown in

Table 4.9. All of the modes of C2nH carbon chains are taken into account in the nuclear dynamics

calculations to eliminate any room for uncertainty. Using the MCTDH program modules, the dy-

namical computations were performed by propagating WP on three electronic states (two RT split Π

states + one Σ+ state) of C2nH. The initial WP, which corresponds to the reference neutral molecule’s

vibronic ground state, is vertically promoted to each of the ionic states and propagated in the coupled

X̃− Ã electronic states. To determine the composite vibronic band, the time autocorrelation functions

derived from three WP calculations are merged, damped by an exponential function, e(−t/τr) (with τ

= 30 fs), and Fourier transformed. Fig. 4.20 displays the available experimental spectra as well as the

vibronic band structure of the X̃ − Ã coupled electronic states of C2nH that are determined by these

calculations. It is seen from the Fig. 4.20 that the theoretical results are in good agreement with the

experimental findings2. The vibronic bands of the individual electronic states X̃ and Ã are close in

energy and the RT and PRT couplings are having a vital role in the nonadiabatic dynamics.

90



Table 4.9: Interstate coupling parameters (in eV) of the vibronic Hamiltonian of Eqs. (10) and (11)
for the X̃, Ã electronic states of C2nH (n = 1−4) carbon chains estimated from the ab initio electronic
structure results (see text for details).

Symmetry Mode Frequency (eV) λX−A
i

C2H

π ν3 0.0680 0.1018 (1.12)

C4H λX−A
i

π ν5 0.0773 0.0594 (0.29)

π ν6 0.0542 0.0278 (0.13)

π ν7 0.0311 0.0912 (4.29)

C6H λX−A
i

π ν7 0.0715 0.0505 (0.24)

π ν8 0.0616 0.0403 (0.21)

π ν9 0.0572 0.0279 (0.12)

π ν10 0.0332 0.1129 (5.78)

π ν11 0.0137 0.0703 (13.16)

C8H λX−A
i

π ν8 0.0716 0.0005 (0.00)

π ν9 0.0658 0.0280 (0.09)

π ν10 0.0628 0.0203 (0.05)

π ν12 0.0573 0.0289 (0.12)

π ν13 0.0348 0.1140 (5.36)

π ν14 0.0207 0.0792 (7.31)

π ν15 0.0080 0.0688 (36.98)
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Figure 4.20: Vibronic band structure of the X̃− Ã coupled electronic states including σ+ + π vibra-
tional modes of C2nH (n=1-4) are shown in panels labelled as (b) and just including totally symmetric
σ+ vibrational modes, band structures are shown in panels labelled as (c). Relative intensity (in arbi-
trary units) is plotted as a function of the energy of the vibronic states of C2nH (n=1-4). The present
theoretical results are shown in panels (b) and (c) whereas the experimental results of2 are shown in
panels labelled with (a).
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4.7 Internal conversion Dynamics

Figs. 4.21, 4.22, 4.23 and 4.24 helps us to further understand the implications of nonadiabatic cou-

pling on the dynamics, this section examines the time-dependence of the diabatic electronic popula-

tions of C2nH (n = 1− 4) carbon chains in the coupled X̃− Ã states, encompassing all of the (σ+ π)

vibrational modes. The magnitude of the PRT coupling that exists among the electronic states de-

termines the population transfer. When WP is initially prepared on the X̃2Σ state of C2H (Fig. 4.21,

panel (a)), a significant portion of WP is confined on X̃ itself. The X̃− Ã PRT intersection seam (see

Table 4.7), which is 0.71 eV greater than the X̃2Σ state equilibriumminimum, provides an explanation

for this. When WP is placed on a single component of the Ã2Π electronic state (let’s say x and y)

(Fig. 4.21, panels (b) and (c)), the electron population swings between the x/y component of Ã2Π and

X̃2Σ electronic state. This may be explained by the PRT coupling between the two electronic states

(X̃2Σ and Ã2Π) via the π vibrational mode, which is considerable (see Table 4.9). Furthermore, the

Ã2Π state minimum is 3.39 eV, while the PRT intersection minimum of X̃2Σ-Ã2Π is 3.52 eV, which

is just 0.13 eV higher, which helps in oscillating the population smoothly. Also, there is a signifi-

cant RT coupling in the Ã2Π state (see Table 4.3). Consequently, the population flow to the second

component of the Ã2Π state (y/x) is seen.

Around 50% of the population oscillates between the x and y components of X̃2Π state in a mirror

image pattern when WP is positioned on one of the components (x/y) of X̃2Π state of C4H (see Fig.

4.22, panel (a) and (b)). This indicates a considerable degree of RT impact. The population leakage to

the Ã2Σ state is quite small as the equilibriumminimum of state X̃2Π can neither access the minimum

of Ã2Σ nor the intersection minimum of X̃2Π-Ã2Σ. However, when WP is placed on the Ã2Σ state

(see 4.22, panel (c)), around 40% of the population moves to the X̃2Π state, which is explained by the

X̃2Σ-Ã2Π PRT seam minimum, which is just 0.04 eV higher than the Ã2Σ state minimum.

In the case of C6H, around 40% of the population is moved to another component (y/x) of X̃2Π state

when WP is applied to one of the components (x/y) of X̃2Π state (see Fig. 4.23, panels (a) and (b)).

Additionally, almost 20% of the population leaks to the Ã2Σ state, which is significantly higher than

the C4H, suggesting that the PRT coupling between the X̃2Π and Ã2Σ states along π modes is higher

(cf. Table 4.9). In a similar vein, around 30% of the population gradually moves to the X̃2Π state

whenWP is placed on the Ã2Σ state (see Fig. 4.23, panel (c)) since the X̃2Π-Ã2Σ PRT seamminimum

and the equilibrium minimum of the Ã2Σ state are quasidegenerate. Similarly electronic population

dynamics of C8H, when WP is placed on one of the components (x/y) of X̃2Π state (see Fig. 4.24,

panels (a) and (b)), curiously 40% of the population is moved to the Ã2Σ state and just around 30%
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of the population is transferred to the (y/x) component of X̃2Π state. This can be the result of higher

PRT coupling of X̃2Π-Ã2Σ and low RT impact of X̃2Π state, respectively. Similarly, roughly 30% of

the population progressively transfers to the X̃2Π state when WP is positioned on the Ã2Σ state (see

Fig. 4.24, panel (c)), since the equilibrium minimum of the Ã2Σ state and the X̃2Π-Ã2Σ PRT seam

minimum are just 0.01 eV apart.

An extensive description of the nonadiabatic dynamics of all four carbon chains C2nH (n = 1− 4)

is provided by taking into account the cumulative consideration of RT effect within the degenerate

Π state along the π coupling vibrational mode (see Tables 4.3,4.4,4.5,4.6), PRT coupling strength

between the X̃ − Ã states (see Table 4.9), and also from the static points (see Table 4.7). As the

chain length increases, a general tendency is observed in which the impact of PRT increases and the

RT effect eventually decreases. The nonadiabatic dynamics of the aforementioned systems has been

significantly influenced by these two factors.
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4.8 Conclusions

In this work, a detailed and exhaustive account of the C2nH− (n = 1 − 4) species and their corre-

sponding neutral species is presented. To achieve this, state-of-the-art ab initio electronic structure

calculations are carried out and revealed X̃2Σ ground state for n = 1 and X̃2Π ground state for n > 1

species. The calculations also supported the extraction of electronic PECs from the three low-lying

electronic states of neutral species. The analysis of the former, unfolded that the energy differences

among the electronic states and the Franck-Condon activity of the symmetric modes decreased as n

increased. Furthermore, the impact of asymmetric modes is found to be significant, but gradually

decreased with n in terms of second-order RT coupling. The decrease in energy differences among

electronic states resulted in enhanced curve crossings which translated as CIs and helped us anticipate

their dominant influence on the dynamics. In this direction, an analysis of the quantitative data of the

minima of electronic states and the minima of seams of CIs occurring between various combinations

of electronic states is presented. Considering all the relevant couplings and constructing a diabatic

Hamiltonian, nuclear dynamics is performed in both uncoupled and coupled frameworks. The un-

coupled states results in a time-independent methodology provided us with the vibronic eigenvalues

in the form of stick spectra of each electronic state. Based on these results along with the wave packet

density plots, assignment of each symmetric vibrational mode and their corresponding overtones and

combinations is carried out for all the species. The coupled states results in a time-dependent method-

ology exhibited excellent accuracy in reproducing the experimental outcomes of each of the species.

As a final note on the impact of nonadiabatic effects in all these systems, further deep analysis is

carried out with the outcomes of time-dependence of diabatic electronic population picture. Overall,

the RT and PRT effects are observed to be following a decreasing and an increasing trends with n

respectively.
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Chapter 5

Full-dimensional investigation of the

photoionization spectrum of benzonitrile

(BN)

ABSTRACT

The present investigation employs the state-of-the-art ab initio electronic structure and quantum dy-

namical method to examine the photoionization spectrum of benzonitrile (BN) also called cyanoben-

zene. A multi-state and multi-mode vibronic coupling model is developed and employed for the pur-

pose. Utilizing both the multi-configuration time-dependent Hartree (MCTDH) and its multi-layer

(ML-MCTDH) variant, the dynamics and spectral feature of benzonitrile radical cation (BN.+) is ex-

amined. The findings from the present theoretical work in conjunction with experimental photoion-

ization spectroscopy aids to the understanding of complex interplay of electronic structural feautures

and nuclear dynamics of this complex molecular system. This approach not only elucidates cru-

cial features of individual photoionization bands of BN, but also sheds light on the discrepancies of

previous studies as revealed by the reported spectral features. The results contribute further to the un-

derstanding of BN’s potential applications in various dimensions, highlighting its unique electronic

properties influenced by the cyano group. A strong correlation was found between the full dimen-

sional ML-MCTDH findings, the experiment, and reduced dimensional MCTDH calculations. This

indicates that the ML-MCTDHmethod is very efficient, which enabled to understand the finer details

of spectral and dynamical features.
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5.1 Introduction

In theoretical chemical physics and physical chemistry, it is a significant challenge to describe many-

body quantum effects accurately for complex molecules. For small gas phase reactions, a direct

method can be utilized, wherein the entire wave function is expanded using static basis functions

or configurations that comprehensively cover the Hilbert space of the problem, ensuring numeri-

cal convergence. Thanks to advancements in both numerical algorithms and computer hardware,

significant advancements have been achieved in recent decades in executing such calculations. Nev-

ertheless, the majority of techniques developed within this framework are not readily adaptable in

treating larger systems. The main challenge associated with these conventional full configurational

methods is the exponential increase in the number of basis functions relative to the system’s size36;39.

Then in the field of molecular quantum dynamics, the multi-configuration time-dependent Hartree

(MCTDH)35;65;70;130;131 method has emerged as a paradigm tool to treat systems with large elec-

tronic and nuclear degrees of freedom fully quantum-mechanically. MCTDH can be interpreted as a

technique utilizing highly adaptable time-dependent functions, which adhere to the variational equa-

tions originating from the Dirac-Frenkel variational principle. This method converges towards the

precise solution and can accommodate a greater number of degrees of freedom (DOFs) compared to

quantum dynamics approaches utilizing fixed time-independent functions. More recently, a multi-

layer (ML) version of MCTDH has emerged, capable of handling even higher-dimensional systems

over 1000 DOFs36;39;71;72;37;73;38;74;75;76;77;78;79;80;81 quantum mechanically.

In this study, both standard MCTDH (two layers) and ML-MCTDH are employed to investigate the

photoionization dynamics of the benzonitrile (BN), C6H5CNmolecule. The latter, is the simplest aro-

matic CN-substituted hydrocarbon and apparently is the building block of Polycyclic Aromatic Hy-

drocarbons (PAHs). Although PAHs are generally to be an established class of interstellar molecules,

apparently no particular PAH has been found in the Interstellar Medium (ISM) using rotational spec-

troscopy or infrared spectroscopic investigations. A large number of PAHs have high rotational parti-

tion functions and are either apolar or weakly polar, meaning that their rotational lines are not intense

enough to be detected by radioastronomy, making them poor candidates for detection. On the other

hand, the CN-group in the BN makes it polar and its permanent dipole moment allows for detecting

BN’s spectral signature in the ISM using radio telescopes and other astronomical techniques132.

In organic chemistry, BN’s ability to modify band gaps when combined with other materials makes

it a crucial component in various fields, such as optoelectronics and photovoltaics133. Furthermore,

substituted benzenes show electronic transitions between substituent and phenyl moiety, which is

also observed in BN. The CN group in BN is known to be bifunctionally interacting with the CN

lone pair and phenyl group, resulting in a shift in the molecule’s electronic properties. In material
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science, the interaction between the cyano group and the phenyl group has been studied extensively

in the context of cyano-substituted benzene derivatives and has led to the development of various

functional materials134;135.

A large number of studies have been carried out on the BN molecule, with a plethora of studies

encompassing various areas of its chemical and physical properties. Vibrational analysis and assign-

ment studies have also been performed, which have allowed researchers to understand the molecular

vibrations of BN better136. These studies have been complemented by spectroscopic investigations

which probed the ground and excited electronic states of BN by means of photoabsorption and in-

frared spectroscopy137. Furthermore, photoelectron spectroscopy has provided crucial insights into

the molecule’s electronic structure and its properties3. One notable finding is the molecular orbital

structure of substituted benzene molecules, where the degenerate e1g orbital of benzene splits into

orbitals of b1 and a2 symmetry3. Interestingly, this trend is also observed in BN, indicating that it

shares similarities with its parent benzene molecule. However, there are notable differences, such

as the first ionization potential of BN, which is higher than that of benzene138. This increase is at-

tributed to the electron density difference in the benzene ring caused by the electron withdrawing

cyano group. Specifically, the electron density on the benzene ring is reduced by the cyano group,

leading to a higher ionization potential. The results of these analyses have allowed researchers to

assign all the peaks to their corresponding vibrations. In this work, we hope to shed light on the miss-

ing spectral features of BN and finally provide some new insights on its electronic and vibrational

properties.

5.2 Theoretical details

5.2.1 Electronic structure

The geometry optimization of BN is carried out utilizing density functional theory (DFT) using the

Becke 3-parameter, Lee, Yang, and Parr (B3LYP) functional, employing the augmented correlation-

consistent polarized valence double-zeta (aug-cc-pVDZ) basis set of Dunning139. Then obtained the

ground state equilibrium geometry and vibrational frequencies with the aid of GAUSSIAN-09 suite

of programs102. The optimized ground state converges to the C2v symmetry point group see Fig.

5.1. Schematic picture presented in Fig. 5.2, illustrates the molecular orbital correlation between

benzene and BN. It demonstrates how the D6h symmetry breaks to C2v upon cyano substitution. The

degenerate orbital e1g breaks into two orbitals, b1 and a2 symmetry in C2v point group, of which some

are stabilized and others are destabilized. This observation explains the shifting of ionized bands with

cyano substitution to the parent benzene molecule.
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Figure 5.1: Schematic representation of BN’S optimized equilibrium structure in its electronic ground
state

Figure 5.2: Schematic representation of molecular orbital correlation of benzene and BN.
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To continue further, the eigenvectors of the force constant matrix are used to calculate the mass-

weighted normal coordinates of the vibrational modes. The latter are then converted into dimen-

sionless form by scaling with √ωi (in atomic units)105. These dimensionless normal displacement

coordinate (DNDC) for each vibrational mode, denoted as Q in the rest of this paper. The adiabatic

potential energies are calculated along the coordinate range, -5.00 (0.25) +5.00, along each vibra-

tional mode. It is important to note here that the reference equilibrium configuration of the molecule

lies at Q = 0. The vertical ionization energies (VIEs) at the reference equilibrium geometry are also

calculated with the outer valence Green’s function (OVGF)140 method. Ionization potential variant of

equation-of-motion coupled cluster singles and doubles (EOMIP-CCSD)methods13;14 using CFOUR

program package100 are given in the Table 5.1 and compared with the available experimental results.

At a first glance, Table 5.1 might appear confusing. However, in this study, the electronic states are

energetically ordered as X̃2B1< Ã2A2< B̃2B2< C̃2B1< D̃2A1< Ẽ2B2< F̃2A1< G̃2B1, which differs

from the sequence reported previously in the literature3 as X̃2B1< Ã2A2< B̃2B2< Ẽ2B2< C̃2B1<

D̃2A1< G̃2B1< F̃2A1. Such rearrangements of electronic terms can occur when the energy difference

between electronic states are minimal. A detailed discussion on this exchange of electronic terms

is provided in Section 5. Moreover, VIEs calculated using OVGF and EOMIP-CCSD methods are

largely consistent with each other, however, they differ from the experimental findings. While the

experimental studies reveal seven photoelectron bands within a certain energy range, our theoretical

analyses predict eight bands. The additional band, not observed in the experimental photoelectron

spectrum, is elucidated by the current multi-state multi mode vibronic coupling (MMVC)model, with

further details discussed in the results and discussion section. Additionally, this study addresses and

resolves discrepancies in state symmetries noted between current calculations and earlier predictions

at the end of the paper. Later, at each one of the DNDCs (Q ⋚ 0), the adiabatic energies of eight

low-lying electronic states of BN.+ are calculated employing the EOMIP-CCSD approach and are

illustrated in Figs. 5.3, 5.4, 5.6, 5.7, 5.9 and 5.10.

5.2.2 The Hamiltonian

This study focuses on examining photoionization of BN to the lowest eight doublet electronic states,

of BN.+ which are energetically close to each other. For this purpose, we developed aMMVCHamil-

tonian within a diabatic electronic framework, utilizing DNDC’s to represent vibrational modes of the

equilibrium reference geometry of BN. The thirty-three vibrational modes of BN undergo transfor-

mation in accordance with the irreducible representations (IREPs) of the C2v symmetry point group,
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Table 5.1: Energetically lowest eight electronic states of BN.+. VIEs (in eV) using OVGF and
EOMIP-CCSD methods computed at BN’s reference equilibrium geometry and compared with the
experimental data3.

symm.a OVGFa EOMIP-CCSDa Expt.3 reported symm.3

B1 9.64 9.71 9.70 B1

A2 9.89 9.95 10.13 A2

B2 12.01 12.18 11.80 B2

B1 12.28 12.50 12.10 B2

A1 12.88 12.61 12.62 B1

B2 13.00 13.05 13.00 A1

A1 13.39 13.32 13.42 B1

B1 13.64 13.86 16.50 A1
a This work

as follows,

Γvib = 12a1 + 7b1 + 11b2 + 3a2. (5.1)

Standard group theory selection rules are applied to evaluate the coupling schemes as given below,11

Γn × ΓQs × Γn ⊃ ΓA, (5.2)

Γm × ΓQc × Γn ⊃ ΓA. (5.3)

Here, Γm, Γn and ΓQc denote the IREPs of the electronic states m, n and the cth vibrational mode, re-

spectively. Wherein, ΓA represents the totally symmetric irreducible representation (A1 for C2v point

group). Based on the symmetry selection rules outlined above (Eqs. 5.2,5.3), it can be concluded that

only the vibrational modes belonging to a1 symmetry contribute to non-zero intrastate coupling con-

stants, while the modes belonging to b1, b2, and a2 IREPs contribute to non-zero interstate coupling

constants.

Taking the mentioned coupling schemes into consideration, the vibronic Hamiltonian is constructed

within a diabatic electronic framework, following the standard vibronic coupling theory11;10;141.

Symbolically, the coupled-states Hamiltonian can be expressed as:

H = H018 + ΔH, (5.4)

where

H0 = TN + V0, (5.5)

H0 refers to the unperturbed Hamiltonian associated with the electronic and vibrational ground state

of the reference molecule BN. The quantity ΔH, indicates the change in electronic energy upon ion-

ization, and 18 denotes a (8 × 8) diagonal matrix (owing to eight electronic states considered in the
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present case). The elements of the unperturbed Hamiltonian in terms of the DNDCs of the vibrational

modes, within the harmonic approximation, are given as:

TN = −1
2
∑
i
ωi

(
∂2

∂Q2
i

)
, i ∈ a1, a2, b1, b2, (5.6)

V0 =
1
2
∑
i
ωiQ2

i , i ∈ a1, a2, b1, b2, (5.7)

where ωi is the frequency of the vibrational mode, i. For the energetically low-lying eight electronic

states, ΔH assumes the form

ΔH =



H11 H12 H13 H14 H15 H16 H17 H18

H22 H23 H24 H25 H26 H27 H28

H33 H34 H35 H36 H37 H38

H44 H45 H46 H47 H48

H55 H56 H57 H58

h.c. H66 H67 H68

H77 H78

H88



. (5.8)

The elements of this matrix are expanded in a Taylor series around the equilibrium geometry of BN

(Q = 0) as11

Hnn = En
0 +

∑
i ∈ a1

κniQi +
1
2!

∑
i ∈ a1, a2, b1, b2

γniQi +
1
2!

∑
i,j ∈ a1

γnijQiQj +
1
3!

∑
i ∈ a1

ρniQ
3
i +

1
4!

∑
i ∈ a2, b1, b2

ξniQ4
i

+
1
6!

∑
i ∈ a2, b1, b2

δniQ6
i ; n ∈ X̃− G̃,

(5.9)

Hnm =
∑

i ∈ a2, b1, b2

λnmi Qi (5.10)

In the equations above, n and m are the indices for electronic states, while i and j are used for the

vibrational modes. The VIEs, associated with the nth electronic state, is represented by En
0. The
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quantity κni defines the linear intra-state coupling parameter. The latter is instrumental in quantifying

the shift in the equilibrium position (Q ≶ 0) of an excited state relative to Q = 0. Furthermore,

κni also represents the first derivative (slope of the curve), ρni is the third derivative, ξ
n
i is the fourth

derivative of energy with respect toQ, while γnij denotes the second derivative of energy with respect

to Qi & Qj (bi-linear in nature). The parameter λnmi denotes the linear inter-state coupling strength

existing between the states n and m, coupled via the ith vibrational mode. It is estimated within the

framework of linear vibronic coupling theory11. Moreover, determining the interstate coupling term

H(nm) between electronic states of identical spatial symmetry can be quite complex. To address this

challenge, we utilized the direct diabatization technique known as the ”four-fold way,” originally

introduced by Truhlar and co-workers142;143;144;145;146, to evaluate vibronic coupling among states of

same symmetry. For these calculations, we applied the extended multiconfiguration quasi-degenerate

perturbation theory (XMCQDPT) method15;16;147. The expression below provides an estimate of the

coupling strengths between the closely spaced electronic states

H(nm) = Hnm
0 +

∑
i ∈ a1

λ
′nm
i Qi+

1
2!

∑
i ∈ a1

γ
′nm
i Q2

i ; n−m ∈ X̃− D̃, X̃− G̃, B̃− Ẽ, C̃− F̃, D̃− G̃ (5.11)

In this case, the electronic couplings of the diabatic electronic states taken into consideration are

represented by Hnm
0 .

The parameters required for the Hamiltonian are derived via the Taylor series expansion, fitting the

ab initio calculated potential energy data . The parameters resulting from the fitting procedure are

documented in Tables 5.2, 5.3 and 5.4. Moreover, the diagonal bi-linear coupling parameters, rep-

resented as γnij in Equation 5.9, are calculated and presented in Table 5.5. To obtain these, a two-

dimensional fitting of the adiabatic ab initio electronic energies employing the Levenberg-Marquardt

algorithm17;148 is carried out with MATLAB149.

5.2.3 Nuclear Dynamics

For large electronic and nuclear degrees of freedom (DOF), the time-dependent matrix diagonaliza-

tion approach becomes computationally intractable due to a significant rise in the dimensionality. In

the latter instance, a novel theoretical framework for the numerically precise solution of the time-

dependent Schrödinger equation (TDSE) is developed with the MCTDH approach. This approach is

based on discrete variable representation and propagates WPs with a variational ansatz. The system’s

dimensionality is effectively reduced by its multi-set formulation. Despite being far more sophisti-

cated than the conventional methodology, the MCTDH approach is only applicable to systems with

a few tens of degrees of freedom. ML-MCTDH theory is subsequently developed by using a hierar-
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chical, dynamic contraction of the basis functions that make up the original SPFs to successfully get

around the MCTDH method’s bottleneck. This provides a versatile depiction of the complete wave

function and creates new opportunities to greatly expand the number of degrees of freedom that can

be handled by a numerically precise simulation technique36;39;71.

In ML-MCTDH, a layered approach is adopted wherein effective modes are selected recursively.

Initially, the wave function is expressed in terms of time-dependent functions (first layer) following

equations derived from the Dirac-Frenkel variational principle. Instead of using time-independent

basis functions, these functions are expressed in terms of lower-dimensional time-dependent functions

(second layer), also adhering to the variational principle. Subsequently, these functions can be further

expressed in terms of even lower time-dependent functions (subsequent layers) or time-independent

functions when reaching the final layer. This approach offers MCTDH a high degree of flexibility

and results in a highly compact representation of the wavefunction as shown below36;39;71:

|Ψ(t)⟩ =
∑
j1

...
∑
jp

Aj1,...,jp(t)
p∏

k=1

|φ(k)
jk (t)⟩ (5.12)

|φ(k)
jk (t)⟩ =

∑
i1

...
∑
iQ(k)

Bk,jk
i1,...,iQ(k)(t)

Q(k)∏
q=1
|υ(k,q)iq (t)⟩ (5.13)

|υ(k,q)iq (t)⟩ =
∑
α1

...
∑
αM(k,q)

Ck,q,iq
α1,...,αM(k,q)(t)

M(k,q)∏
γ=1
|ξ(k,q,γ)αγ (t)⟩ (5.14)

Eq. 11, sums over all possible combinations of SPFs |φ(k)
jk (t)⟩ for k=1, 2,... p single particle SP

group. In Eq. 12, further level in the hierarchy is created by each SPF |φ(k)
jk (t)⟩ going through a time-

dependent multiconfiguration expansion once again. The SP introduced in Eq. 11 is now referred as

the level one (L1) SP. Then, there are multiple level two (L2) SPs in each L1-SP. Q(k) is the number

of L2-SP groups in the kth L1-SP group and |υ(k,q)iq (t)⟩ indicates a L2-SPF in the qth L2-SP group.

In order to generalise ML-MCTDH, a third layer is introduced as shown in Eq. 13. An arbitrary

number of layers can be added by recursively carrying out this technique. Aj1,...,jp(t), B
k,jk
i1,...,iQ(k)(t),

Ck,q,iq
α1,...,αM(k,q)(t) are expansion coefficients of L1, L2, L3 layers. The deepest level of the multilayer

hierarchy is reached by stating the SPFs in terms of static configurations.

To carry out the nuclear dynamical computations, the time-independent method to determine the exact

positions of the vibronic eigenvalues109;110 as well as time-dependent method to calculate the broad

band spectral envelope and the electronic population dynamics on the coupled electronic states are

employed. Fermi’s golden rule is utilized to estimate the spectral intensity of the eight X̃2B1, Ã2A2,
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B̃2B2, C̃2B1, D̃2A1, Ẽ2B2, F̃2A1and G̃2B1 electronic states of BN.+.

I(E) =
∑
ν
|⟨Ψf

ν|T̂|Ψi
0⟩|2δ(E− Ef

ν + Ei
0), (5.15)

In the above equation, |Ψi
0⟩ is the initial vibronic ground state’s wave function with energy Ei

0 while

the final vibronic state wave function is represented by |Ψf
ν⟩, with energy Ef

ν. The operator T̂ charac-

terizes the electron’s interaction with external electromagnetic radiation, where E signifies the energy

of the incident photon. The reference state, |Ψi
0⟩, is assumed to be as follows:

|Ψi
0⟩ = |Φ0⟩|χ00⟩, (5.16)

The diabatic electronic state in this case is denoted by |Φ⟩, and the ground vibrational component of

the wave function corresponding to the reference molecule’s ground state is denoted by |χ⟩. Equation

(5.16) defines the vibrational component |χ⟩ as the direct product of harmonic oscillator functions

that correspond to the reference state. Using the Lanczos algorithm and a matrix diagonalization

technique, I(E) is calculated in the time-independent framework. The squared first component of the

Lanczos eigenvectors yields the relative intensity, whereas the eigenvalues accurately show the loca-

tions of the vibronic energy levels11;111;66. The Fourier transform (Eqs. 5.17 and 5.18) of the WP’s

time autocorrelation function evolving on the final electronic state in a time-dependent framework

can be expressed as

I(E) ≈ 2Re
8∑

n=1

∫ ∞

0
eiEt/ℏ⟨n0 |†e−iEt/ℏ |n0⟩dt, (5.17)

≈ 2Re
8∑

n=1

∫ ∞

0
eiEt/ℏCn(t)dt, (5.18)

TheWP launched70;65;35 on themth electronic state of BN.+ has a time frame autocorrelation function

that is provided by Cn = ⟨Ψn(t = 0)|Ψn(t)⟩. The vibrational as well as electronic ground state is

indicated by, |χ0⟩ whereas, the transition dipole matrix is referred as τ. The extended Condon ap-

proximation66 considers the matrix components of τ as constant and relies on the fact that they are

independent of the nuclear coordinates in a diabatic electronic basis. Finally, the composite spectrum

is calculated by adding together all of the partial spectra that are calculated with WP propagation on

every electronic state.
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5.3 Results and Discussion

5.3.1 Potential energy surfaces

To understand the details of nuclear dynamics, it is required to understand the detailed topography of

the underlying electronic potential energy surfaces (PESs). In the perspective of vibronic coupling

theory, we examine the potential energy curves (PECs) obtained from electronic structure calcula-

tions (vide supra) as a function of DNDCs for each vibrational degrees of freedom. Naturally, the

vibrational modes are predominantly separated according to symmetry, as totally symmetric (a1) and

asymmetric ones (b1, b2 and a2). As already mentioned, the lowest eight electronic states represented

as PECs of BN.+are presented in Figs. 5.3 and 5.4 for vibrational modes of a1 symmetry and Figs.

5.6, 5.7, 5.9 and 5.10 for vibrational modes of a2, b1 and b2 symmetry, respectively. We begin the

analysis with the symmetric vibrational modes ν29, ν24, ν19, ν17, ν14, ν13, ν09, ν07, ν06, ν05, ν03, and

ν01 and the results are presented in Figs 5.3 and 5.4.
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Figure 5.3: One-dimensional cuts of adiabatic electronic energies plotted along the dimensionless
normal displacement coordinate of totally symmetric vibrational modes given in X̃2B1, Ã2A2, B̃2B2,
C̃2B1, D̃2A1, Ẽ2B2, F̃2A1and G̃2B1 electronic states of BN.+ . Solid lines and dots, respectively,
represent the potential energies derived from the current theoretical model and computed ab initio
EOMIP-CCSD.
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Figure 5.4: Same as the label of Fig. 5.3.

It is already established in the literature that the energy gap between the electronic states is altered

by the vibrational modes of a1 symmetry, also referred as Condon active modes, which adjust the

electronic energy minimum away from the reference geometry of the electronic ground state of BN at

(Q = 0). As regard to the PECs, the adiabatic electronic energies computed ab initio are represented by

points, while those derived from the vibronic coupling model discussed in Section 5.2.2 are presented

by solid lines. It can be seen that the ab initio electronic energies are in good agreement with those

calculated from the theoretical model, as elucidated by Eq. 5.9. The fitting parameters extracted from

the Taylor series, as displayed in Eq. 5.9, are presented in Tables 5.2, 5.3, and 5.4. It was observed

that a third-order Taylor expansion of the Hamiltonian is adequate along the a1 vibrational modes.

Further, Figs. 5.3 and 5.4, shows that almost along all the symmetric vibrational modes, the X̃2B1and

Ã2A2 states are energetically quite close over the whole range of nuclear coordinates. It is evident that

these states cross along the vibrational modes ν07, ν29, ν24, and ν14. Upon examining the remaining

potential curves for the states B̃2B2, C̃2B1, D̃2A1, Ẽ2B2, F̃2A1, and G̃2B1, several noteworthy

intersections amongst them are noticed. Such curve crossings transform to the conical intersections

(CIs) in the multidimensional space.

As illustrated in Figs. 5.3 and 5.4, electronic states with same spatial symmetries-namely A1, B1, and

B2 exhibit avoided crossings. Such states with identical spatial symmetry can also interact via totally

symmetric vibrational modes. This type of uncommon pheneomena is often seen in low-symmetry

point groups150;151;152. The coupling parameters between these spatially symmetric electronic states

are derived from the corresponding adiabatic states using the diabatization approach developed by

Truhlar and collaborators142;143;144;145;146. The adiabatic electronic states are computed employing
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Table 5.2: Linear (κi), quadratic (γi) and cubic (ρi) coupling parameters along totally symmetric
modes (a1) calculated ab initio for the X̃2B1-G̃2B1 electronic states of BN.+ extracted from EOMIP-
CCSD electronic energy data. All values in eV, with dimensionless excitation strength parameters
(κ2i /2ω2

i ) enclosed in parentheses.

Symm ML-tree labels Mode Freq κi (κi2/2ωi
2) γi ηi κi (κi2/2ωi

2) γi ρi
X̃2B1 Ã2A2

a1 ν1 ν1 0.3979 0.0112 (0.00) 0.0030 -0.0002 0.0076 (0.00) 0.0036 -0.0003

ν2 ν3 0.3964 -0.0012 (0.00) 0.0044 0.0001 -0.0064 (0.00) 0.0041 0.0000

ν3 ν5 0.3942 0.0235 (0.00) 0.0058 0.0000 -0.0029 (0.00) 0.0058 -0.0000

ν4 ν∗6 0.2881 0.0607 (0.02) -0.0149 0.0023 -0.0080 (0.00) 0.0023 -0.0003

ν5 ν∗7 0.2038 0.1496 (0.26) 0.0012 -0.0015 -0.1481 (0.26) 0.0126 -0.0006

ν6 ν∗9 0.1871 -0.0096 (0.00) -0.0052 -0.0000 -0.0238 (0.00) 0.0037 -0.0000

ν7 ν∗13 0.1507 -0.0277 (0.01) -0.0027 -0.0005 -0.0935 (0.19) 0.0074 -0.0010

ν8 ν∗14 0.1479 0.0801 (0.14) 0.0046 -0.0000 -0.0463 (0.05) 0.0053 -0.0005

ν9 ν∗17 0.1296 -0.0271 (0.02) 0.0022 -0.0001 -0.0394 (0.05) -0.0025 0.0000

ν10 ν∗19 0.1250 0.0468 (0.07) 0.0008 0.0001 0.0454 (0.07) -0.0007 0.0001

ν11 ν∗24 0.0954 -0.0574 (0.18) -0.0024 -0.0000 0.0330 (0.06) -0.0008 -0.0000

ν12 ν∗29 0.0575 -0.0504 (0.38) -0.0041 -0.0001 0.0625 (0.06) 0.0004 0.0000

Symm ML-tree labels Mode Freq κi (κi2/2ωi
2) γi ηi κi (κi2/2ωi

2) γi ρi
B̃2B2 C̃2B1

a1 ν1 ν1 0.3979 -0.0183 (0.00) -0.0113 -0.0046 0.0196 (0.00) 0.0022 -0.0003

ν2 ν3 0.3964 0.0075 (0.00) -0.0008 -0.0009 -0.0077 (0.00) 0.0034 0.0001

ν3 ν5 0.3942 -0.0280 (0.00) -0.0035 -0.0020 0.0006 (0.00) 0.0050 0.0000

ν4 ν∗6 0.2881 0.2504 (0.37) -0.0381 -0.0120 0.1741 (0.18) -0.0018 -0.0102

ν5 ν∗7 0.2038 0.1212 (0.17) -0.0559 0.0038 -0.0083 (0.00) 0.0005 -0.0001

ν6 ν∗9 0.1871 -0.0784 (0.08) -0.0547 0.0134 0.0484 (0.03) 0.0071 0.0006

ν7 ν∗13 0.1507 -0.0188 (0.00) -0.0194 0.0005 -0.0103 (0.00) -0.0154 0.0027

ν8 ν∗14 0.1479 0.0343 (0.02) -0.0050 -0.0061 0.0169 (0.00) 0.0038 -0.0004

ν9 ν∗17 0.1296 0.0253 (0.01) -0.0053 0.0008 -0.0656 (0.15) 0.0005 0.0010

ν10 ν∗19 0.1250 0.0544 (0.09) -0.0220 -0.0069 0.0715 (0.16) -0.0005 0.0000

ν11 ν∗24 0.0954 0.0200 (0.02) -0.0150 0.0028 -0.0365 (0.07) -0.0008 -0.0003

ν12 ν∗29 0.0575 -0.0136 (0.02) -0.0142 0.0013 -0.0174 (0.04) 0.0009 -0.0000

Symm ML-tree labels Mode Freq κi (κi2/2ωi
2) γi ηi κi (κi2/2ωi

2) γi ρi
D̃2A1 Ẽ2B2

a1 ν1 ν1 0.3979 -0.0140 (0.00) -0.0058 -0.0022 -0.1484 (0.06) 0.0099 0.0053

ν2 ν3 0.3964 0.0221 (0.00) -0.0124 0.0050 -0.0708 (0.01) -0.0137 0.0020

ν3 ν5 0.3942 0.0234 (0.00) -0.0146 0.0069 -0.0480 (0.00) -0.0067 0.0025

ν4 ν∗6 0.2881 -0.0090 (0.00) -0.0076 -0.0010 0.0763 (0.03) 0.0538 0.0142

ν5 ν∗7 0.2038 -0.1190 (0.17) -0.0522 -0.0056 0.1953 (0.45) 0.0473 -0.0134

ν6 ν∗9 0.1871 -0.0006 (0.00) -0.0201 -0.0019 0.1436 (0.29) -0.0635 -0.0168

ν7 ν∗13 0.1507 0.0394 (0.03) -0.0199 0.0019 -0.0004 (0.00) -0.0161 0.0028

ν8 ν∗14 0.1479 0.0378 (0.03) -0.0042 -0.0006 -0.0778 (0.13) -0.0277 0.0134

ν9 ν∗17 0.1296 0.0127 (0.00) -0.0033 0.0003 0.0031 (0.00) -0.0224 -0.0003

ν10 ν∗19 0.1250 0.0253 (0.02) -0.0290 -0.0109 -0.0090 (0.00) -0.0412 0.0030

ν11 ν∗24 0.0954 -0.0286 (0.04) -0.0050 -0.0005 0.0355 (0.06) -0.0074 -0.0016

ν12 ν∗29 0.0575 -0.0549 (0.45) -0.0008 -0.0000 0.0479 (0.34) 0.0030 -0.0018

Symm ML-tree labels Mode Freq κi (κi2/2ωi
2) γi ηi κi (κi2/2ωi

2) γi ρi
F̃2A1 G̃2B1

a1 ν1 ν1 0.3979 -0.0798 (0.02) 0.0041 0.0020 0.0196 (0.00) 0.0027 -0.0002

ν2 ν3 0.3964 0.0895 (0.02) -0.0117 -0.0091 -0.0039 (0.00) 0.0036 0.0001

ν3 ν5 0.3942 0.1250 (0.05) -0.0069 -0.0125 0.0007 (0.00) 0.0052 0.0000

ν4 ν∗6 0.2881 -0.0275 (0.00) -0.0062 -0.0013 0.0617 (0.02) 0.0039 0.0111

ν5 ν∗7 0.2038 -0.1926 (0.44) 0.0458 0.0137 0.0131 (0.00) -0.0007 0.0002

ν6 ν∗9 0.1871 -0.0381 (0.02) -0.0224 0.0028 -0.0226 (0.00) 0.0078 -0.0001

ν7 ν∗13 0.1507 -0.0588 (0.07) -0.0122 0.0021 0.0163 (0.00) 0.0213 -0.0019

ν8 ν∗14 0.1479 0.0996 (0.22) -0.0038 -0.0043 0.0192 (0.00) 0.0043 0.0000

ν9 ν∗17 0.1296 -0.0073 (0.00) -0.0075 0.0015 -0.0112 (0.00) 0.0109 -0.0018

ν10 ν∗19 0.1250 -0.0803 (0.20) -0.0134 0.0120 0.0859 (0.23) 0.0044 0.0005

ν11 ν∗24 0.0954 -0.0837 (0.38) -0.0042 0.0001 -0.1135 (0.70) 0.0048 -0.0004

ν12 ν∗29 0.0575 -0.0722 (0.79) 0.0010 0.0003 0.0489 (0.36) 0.0015 0.0000
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Table 5.3: Quadratic (γi), quartic (ξ i) and sixth-order (δi) coupling parameters along the asymmetric
modes a2 and b1 calculated ab initio for the X̃2B1-G̃2B1 electronic states of BN.+ extracted from
EOMIP-CCSD electronic energy data. All values are in eV.

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
X̃2B1 Ã2A2

a2 ν15 ν∗20 0.1220 0.0062 -0.0001 - 0.0049 0.0000 -

ν14 ν22 0.1052 -0.0140 0.0002 - 0.0045 -0.0002 -

ν13 ν∗30 0.0562 -0.0121 0.0001 - -0.0331 0.0014 -

b1 ν22 ν∗18 0.1252 0.0023 -0.0001 - -0.0027 0.0000 -

ν21 ν21 0.1160 0.0104 -0.0007 - -0.0117 0.0005 -

ν20 ν23 0.0959 0.0095 -0.0002 - -0.0288 0.0021 -

ν19 ν∗25 0.0874 -0.0266 0.0019 - -0.0195 0.0013 -

ν18 ν∗27 0.0721 -0.0153 0.0007 - -0.0123 0.0004 -

ν17 ν∗31 0.0481 -0.0255 0.0009 - -0.0118 0.0002 -

ν16 ν∗33 0.0181 -0.0067 0.0000 - -0.0123 0.0002 -

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
B̃2B2 C̃2B1

a2 ν15 ν∗20 0.1220 -0.0660 0.0031 - -0.0170 0.0123 -0.0000

ν14 ν22 0.1052 -0.0141 -0.0005 - -0.0083 -0.0007 -

ν13 ν∗30 0.0562 -0.0096 0.0000 - -0.0142 0.0018 -

b1 ν22 ν∗18 0.1252 0.0023 -0.0015 - -0.0566 0.0060 -

ν21 ν21 0.1160 0.0006 -0.0012 - -0.0670 0.0075 -

ν20 ν23 0.0959 0.0046 -0.0008 - -0.0336 0.0047 -

ν19 ν∗25 0.0874 -0.0055 -0.0001 - -0.0202 0.0032 -

ν18 ν∗27 0.0721 -0.0026 -0.0002 - -0.0255 0.0031 -

ν17 ν∗31 0.0481 -0.0224 0.0006 - -0.0375 0.0061 -

ν16 ν∗33 0.0181 -0.0280 0.0001 - -0.0315 0.0012 -

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
D̃2A1 Ẽ2B2

a2 ν15 ν∗20 0.1220 -0.0038 -0.0013 - -0.0215 0.0127 -0.0000

ν14 ν22 0.1052 0.0044 -0.0003 - -0.0362 0.0020 -

ν13 ν∗30 0.0562 -0.0056 -0.0001 - 0.0105 -0.0022 -

b1 ν22 ν∗18 0.1252 0.0311 -0.0164 0.0000 -0.0190 0.0013 -

ν21 ν21 0.1160 0.0403 -0.0224 0.0000 -0.0163 -0.0004 -

ν20 ν23 0.0959 0.0227 -0.0149 0.0000 -0.0021 -0.0003 -

ν19 ν∗25 0.0874 0.0078 -0.0066 0.0000 -0.0045 -0.0009 -

ν18 ν∗27 0.0721 0.0124 -0.0078 0.0000 -0.0127 0.0001 -

ν17 ν∗31 0.0481 0.0326 -0.0166 0.0000 -0.0119 0.0003 -

ν16 ν∗33 0.0181 -0.0315 0.0012 0.0000 -0.0127 0.0013 -

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
F̃2A1 G̃2B1

a2 ν15 ν∗20 0.1220 -0.0150 0.0014 - 0.0505 -0.0108 -

ν14 ν22 0.1052 0.0034 -0.0008 - -0.0451 0.0076 -

ν13 ν∗30 0.0562 -0.0111 0.0002 - 0.0011 -0.0001 -

b1 ν22 ν∗18 0.1252 -0.0229 0.0041 - 0.0121 -0.0042 -

ν21 ν21 0.1160 -0.0286 0.0070 - 0.0197 -0.0049 -

ν20 ν23 0.0959 -0.0244 0.0023 - -0.0114 0.0005 -

ν19 ν∗25 0.0874 0.0077 -0.0022 - -0.0107 0.0005 -

ν18 ν∗27 0.0721 0.0089 -0.0002 - -0.0134 0.0002 -

ν17 ν∗31 0.0481 -0.0066 -0.0001 - -0.0030 0.0018 -0.0000

ν16 ν∗33 0.0181 -0.0123 0.0002 - -0.0186 0.0027 -
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Table 5.4: Quadratic (γi), quartic (ξ i) and sixth-order (δi) coupling parameters along the asymmetric
modes of b2 symmetry calculated ab initio for the X̃2B1-G̃2B1 electronic states of BN.+ extracted
from EOMIP-CCSD electronic energy data. All values in eV.

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
X̃2B1 Ã2A2

b2 ν33 ν02 0.3975 0.0032 -0.0000 - 0.0042 -0.0000 -

ν32 ν04 0.3955 0.0047 -0.0000 - 0.0057 -0.0000 -

ν31 ν∗08 0.2001 -0.0954 0.0485 -0.0003 0.1058 -0.0485 0.0000

ν30 ν10 0.1813 -0.0086 0.0009 - 0.0090 -0.0008 -

ν29 ν11 0.1676 0.0314 -0.0021 - 0.0308 -0.0017 -

ν28 ν12 0.1639 0.0099 -0.0003 - 0.0240 -0.0009 -

ν27 ν15 0.1459 -0.0024 0.0021 0.0000 0.0217 -0.0014 -

ν26 ν16 0.1363 -0.0022 0.0001 - 0.0031 -0.0002 -

ν25 ν∗26 0.0785 -0.0332 0.0049 - 0.0261 -0.0049 -

ν24 ν∗28 0.0692 -0.0060 0.0002 - -0.0023 0.0001 -

ν23 ν∗32 0.0207 -0.0109 -0.0001 - -0.0022 0.0000 -

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
B̃2B2 C̃2B1

b2 ν33 ν02 0.3975 -0.0027 -0.0015 - 0.0026 -0.0000 -

ν32 ν04 0.3955 -0.0122 -0.0019 - 0.0042 -0.0000 -

ν31 ν∗08 0.2001 -0.1070 0.0079 - 0.0060 -0.0001 -

ν30 ν10 0.1813 -0.0363 -0.0029 - 0.0082 0.0004 -

ν29 ν11 0.1676 -0.0184 -0.0054 - 0.0122 -0.0011 -

ν28 ν12 0.1639 -0.0134 -0.0039 - 0.0081 -0.0003 -

ν27 ν15 0.1459 -0.0044 -0.0004 - 0.0073 -0.0001 -

ν26 ν16 0.1363 -0.0058 -0.0012 - 0.0079 -0.0000 -

ν25 ν∗26 0.0785 -0.0304 0.0024 - -0.0026 0.0000 -

ν24 ν∗28 0.0692 -0.0361 0.0033 - -0.0132 -0.0001 -

ν23 ν∗32 0.0207 -0.0508 0.0009 - -0.0368 0.0013 -

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
D̃2A1 Ẽ2B2

b2 ν33 ν02 0.3975 0.0000 -0.0021 - -0.0434 0.0077 -

ν32 ν04 0.3955 -0.0120 0.0022 - -0.0503 0.0322 -0.0000

ν31 ν∗08 0.2001 -0.0425 0.0220 -0.0000 -0.1851 0.3688 -0.0012

ν30 ν10 0.1813 -0.0200 -0.0076 - -0.0565 0.0273 -0.0000

ν29 ν11 0.1676 -0.0198 -0.0072 - -0.0514 0.0109 -

ν28 ν12 0.1639 -0.0057 -0.0069 - -0.0570 0.0287 -0.0000

ν27 ν15 0.1459 -0.0047 -0.0070 - -0.0246 0.0057 -

ν26 ν16 0.1363 -0.0004 -0.0003 - -0.0254 0.0019 -

ν25 ν∗26 0.0785 0.0103 -0.0039 - -0.0229 0.0054 -

ν24 ν∗28 0.0692 0.0164 -0.0135 0.0000 -0.0059 0.0066 -0.0000

ν23 ν∗32 0.0207 0.0009 -0.0006 0.0000 -0.0209 0.0045

Symm ML-tree mode labels Mode Freq γi ξ i δi γi ξ i δi
F̃2A1 G̃2B1

b2 ν33 ν02 0.3975 -0.0018 -0.0006 - 0.0027 -0.0000 -

ν32 ν04 0.3955 0.0602 -0.0121 - 0.0044 -0.0000 -

ν31 ν∗08 0.2001 0.1948 -0.1072 0.0000 0.0032 -0.0001 -

ν30 ν10 0.1813 -0.0452 0.0086 - 0.0078 0.0001 -

ν29 ν11 0.1676 -0.0458 0.0108 - 0.0145 -0.0013 -

ν28 ν12 0.1639 0.0008 -0.0082 0.0000 0.0121 -0.0002 -

ν27 ν15 0.1459 -0.0243 -0.0008 - 0.0064 -0.0001 -

ν26 ν16 0.1363 -0.0128 0.0001 - 0.0049 0.0001 -

ν25 ν∗26 0.0785 0.0268 -0.0053 - -0.0006 0.0000 -

ν24 ν∗28 0.0692 0.0074 0.0001 - -0.0148 0.0007 -

ν23 ν∗32 0.0207 0.0149 -0.0020 - -0.0233 0.0026 -
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Table 5.5: Diagonal bilinear γnij parameters (in eV) along the totally symmetric relevant vibrational
modes ν29, ν24, ν19, ν17, ν14, ν13, ν09, ν07 and ν06 of the lowest eight electronic states of BN.+.

γij X̃2B1 Ã2A2 B̃2B2 C̃2B1 D̃2A1 Ẽ2B2 F̃2A1 G̃2B1

γ0607 0.0059 0.0021 0.0697 -0.0080 -0.0086 -0.0845 -0.0052 -0.0111

γ2919 -0.0010 0.0037 0.0192 -0.0016 0.0000 -0.0042 -0.0023 0.0026

γ0907 -0.0002 0.0009 0.0061 0.0074 -0.0031 0.0080 -0.0053 -0.0036

γ1309 -0.0108 0.0024 -0.0014 -0.0040 -0.0013 0.0429 0.0190 0.0050

γ2419 -0.0063 0.0024 -0.0043 -0.0049 -0.0261 -0.0268 -0.0217 -0.0023

γ1714 -0.0037 0.0015 0.0100 0.0020 0.0034 -0.0043 0.0018 -0.0012

γ0717 -0.0036 0.0053 -0.0016 -0.0027 0.0003 -0.0037 0.0153 0.0026

γ0714 -0.0026 0.0053 0.0286 -0.0039 0.0080 0.0079 -0.0187 -0.0049

γ0713 -0.0040 0.0060 0.0388 0.0066 0.0187 -0.0257 0.0084 0.0028

γ0629 0.0054 -0.0025 0.0435 0.0061 0.0057 -0.0345 0.0011 -0.0096

γ0624 -0.0092 0.0018 0.0236 0.0031 -0.0043 -0.0344 0.0037 0.0017

γ0619 0.0017 -0.0011 -0.0094 0.0132 -0.0015 0.0152 0.0058 -0.0135

γ0617 -0.0060 -0.0010 0.0030 -0.0072 0.0009 0.0007 0.0012 0.0154

γ0614 -0.0019 0.0017 -0.0403 0.0025 -0.0062 0.0319 -0.0043 -0.0079

γ0613 0.0109 -0.0050 0.0005 -0.0304 0.0113 0.0229 0.0088 0.0359

γ0609 0.0096 -0.0023 0.0209 -0.0177 0.0073 -0.0099 0.0030 0.0166

γ2924 -0.0011 -0.0035 -0.0153 -0.0000 0.0078 0.0055 0.0072 -0.0059

γ2914 -0.0003 0.0013 0.0167 0.0003 -0.0000 -0.0250 -0.0048 -0.0000

γ2409 -0.0023 0.0003 0.0019 -0.0032 0.0020 -0.0089 0.0125 0.0043

γ2407 -0.0064 0.0012 -0.0287 -0.0039 -0.0258 0.0301 0.0340 -0.0035

γ2406 -0.0092 0.0018 0.0236 0.0031 -0.0043 -0.0344 0.0037 0.0017

γ1917 0.0036 -0.0074 -0.0169 0.0045 -0.0054 -0.0368 -0.0013 -0.0065

γ1907 0.0071 -0.0081 0.0256 -0.0007 -0.0252 -0.0171 0.0437 0.0057

γ1409 0.0024 -0.0006 0.0217 0.0025 0.0048 -0.0340 -0.0113 -0.0024

γ1909 -0.0027 0.0050 -0.0119 0.0025 0.0062 -0.0229 0.0184 -0.0041

γ1713 0.0016 0.0018 -0.0073 -0.0237 -0.0052 0.0059 -0.0014 0.0182

γ2909 0.0006 -0.0013 -0.0008 0.0018 -0.0015 0.0077 -0.0052 -0.0016

γ2413 0.0037 0.0001 0.0107 0.0068 0.0002 -0.0213 -0.0210 -0.0079

γ2414 -0.0024 0.0032 0.0061 -0.0009 0.0048 -0.0158 -0.0059 0.0008

γ1914 0.0048 -0.0042 -0.0000 -0.0014 0.0172 0.0205 -0.0036 0.0054

γ1913 -0.0022 -0.0013 -0.0203 -0.0085 -0.0275 -0.0071 -0.0226 -0.0145

γ1709 0.0094 0.0075 -0.0282 -0.0103 0.0048 -0.0354 0.0117 -0.0026

γ2907 -0.0050 -0.0032 -0.0359 -0.0021 -0.0050 0.0388 -0.0043 -0.0021

γ2417 0.0027 -0.0032 -0.0066 0.0072 0.0003 -0.0177 0.0019 -0.0079

γ1413 0.0031 0.0034 -0.0073 0.0074 0.0133 0.0134 0.0093 -0.0036

γ2917 0.0019 -0.0018 0.0045 0.0004 0.0013 -0.0037 0.0038 0.0001
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the XMCQDPT method15;16;147 with a aug-cc-pVDZ basis set, considering eight electronic states.

The active space included 15 electrons distributed over 10 orbitals, denoted as (15,10). All computa-

tions were performed using the GAMESS software package153. The calculated diabatic PECs along

the twelve totally symmetric modes are shown in Fig. 5.5 and the couplings among the same spatial

symmetry states are given in Table 5.6.
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Figure 5.5: One-dimensional cuts of adiabatic electronic energies plotted along the dimensionless
normal displacement coordinate of totally symmetric vibrational modes given in X̃-G̃ electronic states
of BN.+
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Table 5.6: Interstate coupling parameters (in eV) along a1 symmetry modes among the same spatial
symmetry states of BN.+.

a1 Freq λ
′

i γ′i λ
′

i γ′i λ
′

i γ′i λ
′

i γ′i λ
′

i γ′i

X̃− C̃ X̃− G̃ B̃− Ẽ C̃− F̃ D̃− G̃

ν1 0.3979 -0.0024 0.0001 0.0091 -0.0022 0.0332 0.0036 0.0174 -0.0002 -0.0135 0.0000

ν2 0.3964 -0.0141 -0.0007 0.0110 0.0019 0.0297 0.0017 -0.0206 0.0010 -0.0051 0.0011

ν3 0.3942 -0.0081 0.0022 0.0055 -0.0030 -0.0126 -0.0020 -0.0462 -0.0007 -0.0049 0.0005

ν4 0.2881 -0.1572 -0.0081 -0.1311 -0.0032 0.0693 0.0205 0.0035 0.0028 0.1207 0.0046

ν5 0.2038 0.0207 -0.0003 0.0156 0.0252 0.0117 0.0227 0.0062 0.0135 0.0042 -0.0118

ν6 0.1871 0.0831 0.0030 -0.0841 0.0107 -0.1035 -0.0095 -0.0120 0.0100 0.0011 -0.0015

ν7 0.1507 0.0575 0.0018 0.0031 -0.0085 -0.0125 -0.0002 0.0492 -0.0075 0.0848 -0.0011

ν8 0.1479 -0.0085 0.0015 0.0086 0.0023 0.0363 0.0185 -0.0235 -0.0014 -0.0071 -0.0015

ν9 0.1296 -0.0626 0.0032 0.0541 -0.0003 0.0093 0.0047 0.0105 -0.0006 0.0631 -0.0009

ν10 0.1250 -0.0108 -0.0017 0.0226 0.0029 0.0217 0.0027 0.0431 -0.0037 -0.0383 -0.0023

ν11 0.0954 -0.0214 -0.0001 -0.0460 0.0025 0.0095 -0.0004 0.0260 0.0000 -0.0141 -0.0009

ν12 0.0575 0.0224 -0.0005 0.0254 0.0023 -0.0236 0.0038 0.0070 0.0009 -0.0156 -0.0002

The static points on the PESs are crucial to elucidate the dynamical mechanism. For this purpose,

the static points such as equilibrium minima of each state and the minimum of CIs between various

states is presented in Table 5.7. To calculate these static points, we have employed a constrained

minimization algorithm using Lagrange multipliers provided in theMathematica programmodule112.

The analysis shows that X̃2B1 and Ã2A2 states are close enough and the CI between these states

is just ∼0.02 eV above the minimum of Ã2A2 state. Then there exists a considerable energy gap

(∼ 2 eV) between Ã2A2 and B̃2B2 states with negligible possibility of intersection. This is also

observed qualitatively in the PECs. However, the minimum of B̃2B2- C̃2B1 CIs lies very close to the

C̃2B1 state equilibrium minima (∼ 0.16 eV) which may result in multiple crossings and nonadiabatic

effects. Also, the minimum of B̃2B2- D̃2A1 CIs lies close to the D̃2A1 state equilibrium minimum

(∼ 0.15 eV). Quite surprisingly, the C̃2B1- D̃2A1 CI and equilibrium minima of D̃2A1 state are

located at ∼ 12.52 eV. This might affect the dynamics significantly, which will be addressed later.

In a similar line, the D̃2A1- Ẽ2B2 CI lies very close to equilibrium minima of Ẽ2B2 state (∼ 0.02

eV). Furthermore, Ẽ2B2- F̃2A1 and F̃2A1- G̃2B1 CIs lie close to respective minima of F̃2A1 (∼ 0.09

eV) and G̃2B1 (∼ 0.06 eV) states. This validates the observation of several crossings among these

electronic states as can be seen in the PECs. Subsequently, through fitting procedure, the resultant

Hamiltonian parameters as presented in Table 5.2 displays the Condon activity, or excitation strength

(k2i /2ω2
i ), for each of the twelve vibrationalmodes. For each of the eight electronic states, the intensity

of the intra-state couplings is indicated by the magnitude of the excitation strength. The vibrational

modes with significant excitation strengths, shown in Table 5.2 by asterisks are taken into account in

the reduced dimensional MCTDH computations.

118



Table 5.7: The diagonal entries represent the equilibriumminimum of the given state and off-diagonal
entries represent the minimum of various seam of CIs of the electronic states of the BN.+ estimated
with a second-order vibronic soupling model. All quantities are given in eV.

X̃2B1 Ã2A2 B̃2B2 C̃2B1 D̃2A1 Ẽ2B2 F̃2A1 G̃2B1

X̃2B1 9.57 9.83 14.92 26.89 14.91 15.07 20.65 51.36

Ã2A2 - 9.81 12.59 16.81 21.21 14.57 17.47 27.96

B̃2B2 - - 11.96 12.55 12.54 12.98 13.32 17.19

C̃2B1 - - - 12.39 12.52 12.84 13.16 18.73

D̃2A1 - - - - 12.52 12.85 13.59 15.98

Ẽ2B2 - - - - - 12.83 13.17 14.05

F̃2A1 - - - - - - 13.08 13.80

G̃2B1 - - - - - - - 13.74

Subsequently, we focus on the asymmetric modes and their influence on the electronic states. It is

known that the coupling modes that couple two distinct electronic states, as indicated by Eq. 5.2, are

the asymmetric vibrational modes of b1, b2, and a2 symmetry. The PECs corresponding to a2 symme-

try (ν20, ν22, ν30) are presented in Fig.5.6, those of b1 symmetry (ν18, ν21, ν23, ν25, ν27, ν31, ν33) in Fig.

5.7, and those of b2 symmetry (ν02, ν04, ν08, ν10, ν11, ν12, ν15, ν16, ν26, ν28, ν32) in Figs. 5.9 and 5.10.

In comparison to the reference equilibriumC2v geometry atQ = 0, the adiabatic PECs display a sym-

metric double well form along the b1 vibrational mode, ν31 and b2 vibrational mode, ν32 and ν08 with

two symmetric minimum at distorted geometry as shown in Fig. 5.8 and 5.11, respectively. The nona-

diabatic coupling (interstate coupling) between the energetically close lying electronic states arises

due to b1 and b2 symmetry vibrational modes, which cause this symmetry breaking11, sometimes

referred to as pseudo-Jahn-Teller (PJT) effect154. Thus, it seems that the BN.+ molecule is stabilized

in the fourth and sixth electronic states at different distorted geometries via vibronic interaction by

means of b1 and b2 vibrational modes. Here, due to the increased anharmonicity in the framework of

the potential cuts, up to a sixth-order Taylor expansion was necessary for a few of the asymmetric vi-

brational modes. As regard to Fig. 5.7, electronic states X̃2B1and Ã2A2 cross under vibrational modes

(ν23 and ν21), whereas the other six adiabatic potential energy curves along all the b1 symmetry modes

are at extremely close in energy and some of the states cross over. The electronic states of X̃2B1and

Ã2A2 are close to each other in Figs. 5.9 and 5.10, while the remaining six electronic states not only

are close in energy, but they cross over among themselves. Tables 5.8, 5.9, 5.10 and 5.11 display the

interstate coupling strengths (λ2i /2ω2
i ) of electronic states through a2, b1, and b2. Asterisks are used

to represent the notably high coupling strengths of a2, b1, and b2, vibrational modes which are taken

into account in reduced dimensional MCTDH dynamics. Thus, one can anticipate that the nuclear

dynamics in these electronic states will be significantly influenced by the vibronic coupling among
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the energetically close lying electronic states with required symmetry.
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Figure 5.6: Same as the label of Fig. 5.3 along the asymmetric vibrational modes, a2.
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Figure 5.7: Same as the label of Fig. 5.3 along the asymmetric vibrational modes, b1.
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Figure 5.8: The adiabatic potential energy curve showing double well nature along the vibrational
mode, ν31.
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Figure 5.9: Same as the label of Fig. 5.3 along the asymmetric vibrational modes, b2.
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Figure 5.10: Same as the label of Fig. 5.9.
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Figure 5.11: The adiabatic potential energy curve showing double well nature along the vibrational
modes, ν32 and ν08.

5.3.2 Photoionization and its signature in the experiment

The entire vibronic band structure of the coupled X̃2B1-Ã2A2-B̃2B2-C̃2B1-D̃2A1-Ẽ2B2-F̃2A1-G̃2B1 elec-

tronic states is presented in this section. It is calculated by reduced-dimensional MCTDH calculations
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Table 5.8: Interstate coupling parameters (in eV) along a2 symmetry modes of the vibronic Hamilto-
nian of Eq. 5.10 for the X̃2B1-G̃2B1 electronic states of BN.+ estimated from the ab initio electronic
structure results (see text for details). Dimensionless excitation strengths (λ2i /2ω2

i ) are given in the
parentheses.

Symm Mode ν∗20 ν22 ν∗30
a2 λX̃,B̃i 0.0391(0.24) 0.0550(0.13) -

λX̃,D̃i 0.0677(0.72) 0.1151(0.59) -

λÃ,D̃i 0.1337(2.83) - -

λÃ,F̃i 0.1343(2.85) - -

λB̃,C̃i - 0.0199(0.01) 0.0712(0.17)

λB̃,G̃i 0.0671(0.71) - 0.2240(0.70)

λC̃,Ẽi 0.0582(0.53) - -

λẼ,G̃i - - 0.1186(0.47)

taking into account twenty with symmetry designations (9a1 + 2a2 + 5b1 + 4b2), vibrational modes.

Another set of reduced dimensional MCTDH calculations including bilinear coupling parameters ex-

tracted along nine totally symmetric vibrationalmodes in combinations are performed, (see Table 5.5).

Now in order to obtain a relatively complete picture, using optimizedML-trees (cf. Figs. 5.18-5.25) a

full dimensional, that is by including all the thirty-three modes (12a1+3a2+7b1+11b2), nonadiabatic

dynamics calculations are performed using ML-MCTDH program of Heidelberg MCTDH program

module. In addition, to the set of full dimensional calculations, same spatial symmetry couplings

shown in the Table 5.6, are incorporated and nonadiabatic dynamics calculations are performed. The

parameters required for the construction of Hamiltonian are presented in Tables. 5.1, 5.2, 5.3 and

5.4 and the interstate coupling parameters are given in Tables. 5.8, 5.9, 5.10 and 5.11. The X̃2B1-

Ã2A2 electronic manifold has substantial coupling strengths along b2 symmetry vibrational modes.

As can be seen from the coupling parameters presented in Tables 5.10 and 5.11. In contrast, the cou-

pling strength of Ã2A2-B̃2B2 (cf., Table 5.9) is greater than that of X̃2B1-Ã2A2. The coupling strength

of X̃2B1-B̃2B2 along a2 vibrational mode (cf., Table 5.8) is not very strong. There is a significant

energy difference, see Table 5.1 between the electronic states X̃2B1and Ã2A2 and the other electronic

states B̃2B2-G̃2B1. Therefore, it is unlikely that the coupling of X̃2B1 and Ã2A2 with B̃2B2 and other

states would have any impact on the dynamics. Using the ML-MCTDH module full dimensional

calculations and the MCTDH program module for reduced dimensional calculations, WPs are per-

formed on eight electronic states. The WP is vertically excited to each ionic state separately and

propagated in the coupled electronic manifold for 200 fs. To compute the composite vibronic band,

the time autocorrelation functions derived from eight WP calculations are combined and damped by

an exponential function, e(−t/τr), with τ = 33 fs, and then Fourier transformed to generate the spectral

envelope.
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Table 5.9: Same as the label of Table. 5.8 along b1 symmetry modes.

Symm Mode ν∗33 ν∗31 ν∗27 ν∗25 ν23 ν21 ν∗18
b1 λX̃,D̃i 0.0676(6.97) 0.1991(8.56) 0.1332(1.70) 0.1504(1.48) - 0.1368(0.69) 0.1367(0.59)

λX̃,F̃i 0.1093(18.26) 0.1300(3.65) 0.1465(2.06) 0.1703(1.89) - - -

λÃ,B̃i - - 0.0717(0.49) 0.0856(0.48) 0.1346(0.98) 0.0788(0.23) 0.0458(0.06)

λÃ,Ẽi - - - 0.1026(0.68) 0.1404 (1.07) - -

λC̃,D̃i 0.0357(1.94) 0.0581(0.73) 0.0376(0.13) 0.0322(0.06) 0.0484(0.12) 0.0831(0.25) 0.0716(0.16)

λC̃,F̃i 0.0911(12.68) 0.0859(1.59) 0.0872(0.73) 0.0752(0.37) 0.0515(0.14) 0.1027(0.39) 0.0928(0.27)

λD̃,G̃i - - - - - - -

λF̃,G̃i - 0.0242(0.12) - - 0.0405(0.08) 0.0828(0.25) 0.0694(0.15)

Table 5.10: Same as the label of Table. 5.8 along b2 symmetry modes.

Symm Mode ν∗32 ν∗28 ν∗26 ν16 ν15 ν12 ν11
b2 λX̃,Ãi 0.0238(0.66) 0.0148(0.02) 0.0697(0.39) 0.0178(0.00) 0.0395(0.03) 0.0302(0.01) -

λÃ,C̃i - - - 0.0558(0.08) - - -

λÃ,G̃i - - - 0.0443(0.05) - - -

λB̃,D̃i 0.0810(7.67) 0.0747(0.58) 0.0679(0.37) 0.0259(0.01) - 0.0282(0.01) -

λB̃,F̃i 0.1421(23.56) 0.1151(1.38) 0.1294(1.35) - - 0.0655(0.08) -

λD̃,Ẽi - - - - - - -

λẼ,F̃i 0.0521(3.17) 0.0279(0.08) 0.0621(0.31) 0.0289(0.02) - 0.0542(0.05) 0.0199(0.00)

The experimental photoelectron spectrum is shown in panel (a), a reduced-dimensional (as mentioned

above) MCTDH spectrum is shown in panel (b), reduced-dimensional MCTDH spectrum includ-

ing bilinear couplings is presented in panel (c) and the full-dimensional (including all vibrational

modes) ML-MCTDH spectrum is shown in panel (d) of Fig. 5.12. Parallelly, the spectrum obtained

through full-dimensional ML-MCTDH calculations by incorporating same spatial symmetry cou-

plings is shown in the Fig. 5.13. From the theoretical results, the spectral bands in the energy range

∼ 9 to ∼15 eV are predicted as X̃2B1-G̃2B1 states. Upon comparison it can be seen that, the gen-

eral shape and structural features are satisfactorily reproduced by the three theoretical calculations

as mentioned above. The whole spectrum appears as two distinct group of bands, one containing

bands corresponding to both X̃2B1, Ã2A2 states and the other one appears to corresponds to energet-

ically closely-lying B̃2B2, C̃2B1, D̃2A1, Ẽ2B2, F̃2A1, and G̃2B1 states of BN.+. Also, the PECs

shown in Figs. 5.3, 5.4, 5.6, 5.7, 5.9 and 5.10 clearly exhibit the nature of states being separated

Table 5.11: Same as the label of Table. 5.8 along b2 symmetry modes.

Symm Mode ν10 ν∗08 ν04 ν02
b2 λX̃,Ãi 0.0337(0.01) 0.1409(0.24) 0.0778(0.01) 0.0078(0.00)

λÃ,C̃i - - - -

λÃ,G̃i - - - -

λB̃,D̃i 0.0429(0.02) 0.0951(0.11) 0.0164(0.00) 0.0149(0.00)

λB̃,F̃i - 0.3193(1.27) 0.1540(0.07) 0.0252(0.00)

λD̃,Ẽi - - - -

λẼ,F̃i - 0.1834(0.42) 0.0991(0.03) 0.0540(0.00)
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into two groups due to the energy difference between X̃2B1, Ã2A2 states and the remaining states.

Furthermore, the spectral features in the first region show less complicated vibronic structure owing

to a weak coupling of X̃2B1 and Ã2A2 states. On the other hand, the second band, exhibits highly

complex vibronic structures due to the strong vibronic coupling among B̃2B2, C̃2B1, D̃2A1, Ẽ2B2,

F̃2A1, and G̃2B1 states as revealed by the electronic structure data.
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Ã

Ã
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Figure 5.12: Composite Vibronic Band Structure of Coupled X̃2B1-Ã2A2-B̃2B2-C̃2B1-D̃2A1-Ẽ2B2-
F̃2A1-G̃2B1 electronic states of BN.+. In panel (b), the band structures calculated using Hamiltonian
parameters derived from EOMIP-CCSD energy data via reduced dimensional MCTDH calculations
are presented. Panel (c) displays the band structures obtained by including the bilinear coupling in-
corporated reduced-dimensional MCTDH. Full-dimensional ML-MCTDH calculated band structures
are shown in Panel (d), while panel (a) presents the experimental results reproduced from3.
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Figure 5.13: Composite vibronic band structure of coupled X̃-G̃ electronic states of BN.+ using full-
dimensional ML-MCTDH by including same spatial symmetry coupling among the electronic states.

Regarding the theoretical methods and their comparison, both reduced-dimensional (panel (b) & (c)

of Fig. 5.12) and full-dimensional calculations (panel (d) of Fig. 5.12), also full-dimensional calcu-

lations including same spatial symmetry couplings reproduce the features of the experimental obser-

vations. While there are not many visible changes in the spectral characteristics compared to panels

(b), (c) and (d) and Fig. 5.13, the population dynamics shown in Figs. 5.15 and 5.16 and Fig. 5.17

show notable improvements. Note that, including bilinear coupling terms in the reduced-dimensional

MCTDH (panel (c) of Fig. 5.12) had only minor impact on the overall spectrum. However, the full-

dimensional spectrum exhibits all the peaks and finer details of the band when compared with the

bands of reduced-dimensional spectra of panel (b) and (c). For example, the peak at∼ 12 eV and the

vibronic structure thereafter, is clearly visible in the panel (d) of Fig. 5.12.

At this point, it is worthwhile to discuss on the discrepancies of electronic state terms. Although the

order of the state symmetries in the current work using the EOMIP-CCSD method, X̃2B1< Ã2A2<

B̃2B2< C̃2B1< D̃2A1< Ẽ2B2< F̃2A1< G̃2B1 and the previously predicted work, X̃2B1< Ã2A2< B̃2B2<

Ẽ2B2< C̃2B1< D̃2A1< G̃2B1< F̃2A1 3 did not match, the final coupled states spectrum obtained

through all four sets of dynamical calculations (see Fig. 5.12) and Fig. 5.13, confirm that the order of

the state symmetries reported in the experiment3 is appropriate. However, this does not imply that the

current study is flawed; rather, it just indicates that the electronic states C̃2B1, D̃2A1, and Ẽ2B2 were
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switched because there was very little energy difference among them. Within the specified energy

range, the experimental measurements indicate seven photoelectron bands; our theoretical model

yields eight bands. This is one of the most significant findings of this study. Using vibronic coupling

theory, the present MMVC, nonadiabatic dynamical treatment predicts the extra band that was not

observed in the photoelectron spectrum reported in the literature3.

5.3.3 Vibrational energy level spectrumof the uncoupled X̃2B1-G̃2B1 elec-

tronic states of BN.+

Using the Lanczos algorithm combined with a matrix diagonalization technique, the vibrational en-

ergy level spectrum of the uncoupled X̃2B1-G̃2B1 electronic states of BN.+ is calculated. Nine totally

symmetric vibrational modes marked with asterisks in Table 5.2 are used in the theoretical compu-

tations, together with the vibronic Hamiltonian of Sec. 5.2.2. Fig. 5.14 display the corresponding

convoluted and stick spectra, which were performed using parameters generated from the EOMIP-

CCSD electronic energies. 10000 Lanczos iterations are carried out to diagonalize the Hamiltonian

of each state represented in the HO basis. The spectral envelopes seen in Fig. 5.14 are produced

by convolution of the stick spectrum with a Lorentzian line shape function of 33 meV FWHM. This

method allows for the computation of individual transitions, or vibrational progressions, in addition

to the spectral envelope. However, this strategy could not be applied for fully coupled states due to

the dimensionality problem. Table 5.12 provides the energy eigenvalue and corresponding assign-

ments of the low-lying vibronic levels of the uncoupled X̃2B1, Ã2A2, B̃2B2, C̃2B1, D̃2A1, Ẽ2B2,

F̃2A1and G̃2B1 states. Table 5.12 records the progressions of lines with significant intensities. The

findings shown in Table 5.12 show that in every electronic state of BN.+, the fundamental nine a1

vibrational modes are excited. Additionally, it is possible to find the excitation of many combination

energy levels. Fig. 5.14, displays the spectrum of X̃2B1 electronic state of BN.+, where ν29, ν24,

ν17 and ν07 vibrational modes represent the predominant sequence in this band, with corresponding

vibrational progressions found at ∼481, ∼768, ∼1054, and ∼1654 cm−1, respectively. In addition

to fundamental vibrational progressions, this band exhibits combination levels that are considerably

excited, with peaks located at ∼1249, ∼1696, and ∼2136 cm−1. Vibrational modes ν29, ν24, ν14 and

ν9 are dominantly excited whereas ν19, ν17, and ν13 exhibit mild excitation in the B̃2B2 state, which is

energetically close to the Ã2A2 state (cf. Table 5.12). Peaks are located around ∼516, ∼767, ∼1248

and ∼1524 cm−1 and approximately ∼1005, ∼1035, and ∼1214 cm−1 separated in that sequence,

respectively. Moderately and weakly excited combination levels are also observed at ∼1283 and

∼1522 cm−1, respectively. The computed X̃2B1 and Ã2A2 bands are to be shifted by -0.60 and -0.46

eV, respectively, in order to reproduce the experimental adiabatic ionization position, see Fig. 5.14.
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From B̃2B2 to G̃2B1, the ionization bands are complex and close in energy. The switching of elec-

tronic bands happened as a result of the extremely small energy difference between the electronic

states, as seen in Fig. 5.14. The coupled state spectra displayed in Fig. 5.12 is in good agreement

with the order of the electronic state terms presented in the Fig. 5.14. Referring to state B̃2B2’s pro-

gressions, vibrational modes ν29, ν13, and ν14 are highly excited and peaks are ∼ 406, ∼1135 and

∼1172 cm−1 spaced, while the rest are moderately excited. In order to place the computed ionized

band B̃2B2 at the experimental adiabatic ionization position, a shift of -0.80 eV is given along the

abstica of Fig.5.14. The ionized bands C̃2B1, D̃2A1and Ẽ2B2 are shifted by -0.48, -0.13 and -1.55 eV

respectively to bring them to the experimental band position. Table 5.12, which lists progressions

and combination levels, reveals the sticks with good intensity obtained for states Ẽ2B2, C̃2B1 and

D̃2A1. Even if the experimental spectrum (see Fig. 5.12) doesn’t show the vibronic band structure of

F̃2A1 distinctly, this band unquestionably contributes to the overall shape of the composite spectrum.

This band shares parts of its commonality with the eighth electronic band (state G̃2B1) and its major

portion falls underneath the sixth electronic band. The vibrational progressions in the seventh and

eighth vibronic bands of F̃2A1 and G̃2B1 electronic states, includes fundamental and many combina-

tion levels in each band and the peak spacings are given in Table 5.12. To bring the computed ionized

bands F̃2A1 and G̃2B1 to the experimental band positions, they are moved by -0.60 and -0.90 eV,

respectively.

5.3.4 Internal conversion dynamics

Time-dependent diabatic electronic populations of coupled X̃2B1—G̃2B1 states are analysed here to

understand the impact of nonadiabatic coupling effects on the overall dynamics. Figs. 5.15 and 5.16

present the population dynamics during the propagation of the WP till 200 fswith an initial excitation

on various electronic states. Both Figs. 5.15 and 5.16 contain three columns corresponding to the

results obtained from the reduced-dimensional MCTDH (column (i)), bilinear couplings incorporated

reduced-dimensional MCTDH (column (ii)), and the full-dimensional ML-MCTDH (column (iii)).

Each column in panels (a)-(l) of Figs. 5.15 and 5.16 show multiple rows of panels where WP is

initialized on specific electronic states (X̃2B1, Ã2A2, B̃2B2, C̃2B1, D̃2A1, Ẽ2B2, F̃2A1, G̃2B1) as shown

in the respective Figs. 5.15 and 5.16.

In panels (a), (b), and (c) of Fig. 5.15, the propagation initiated from X̃2B1 state, there is a slight

electronic population transfer to Ã2A2, B̃2B2, D̃2A1, and F̃2A1 states justifying the corresponding

coupling parameters obtained in Tables 5.8, 5.9, 5.10, and 5.11. Although the coupling strengths ob-

tained for vibrational modes of b1 symmetry between X̃2B1-D̃2A1 (ν33: 6.97 & ν31: 8.56, see Table

5.9) and X̃2B1-F̃2A1 (ν33: 18.26 & ν31: 3.65, see Table 5.9) seems to be stronger than that of X̃2B1-
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Table 5.12: Energetically low-lying vibrational energy levels (in cm−1) of the X̃2B1, Ã2A2, B̃2B2,
C̃2B1, D̃2A1, Ẽ2B2, F̃2A1 and G̃2B1 electronic states of BN.+ obtained from the uncoupled state cal-
culations. The assignment of the levels with significant intensities of the progressions marked with
(+) and are included in the table.

X̃2B1 Ã2A2 B̃2B2 C̃2B1

Energy Assignment Energy Assignment Energy Assignment Energy Assignment

0+ 000 0+ 000 0+ 000 0+ 000
481+ ν2910 516+ ν2910 406+ ν2910 460+ ν2910
768+ ν2410 767+ ν2410 705+ ν2410 766+ ν2410
1012+ ν1910 1005+ ν1910 930+ ν1910 1006+ ν1910
1055+ ν1710 1035+ ν1710 1023 ν1710 1050+ ν1710
1204 ν1310 1214+ ν1310 1135 ν1310 1152 ν1310
1214+ ν1410 1248+ ν1410 1172 ν1410 1209 ν1410
1249+ ν2410+ν2910 1283+ ν2910+ν2410 1304+ ν0910 1226 ν2910+ν2410
1493+ ν1910+ν2910 1522+ ν2910+ν1910 1399+ ν0710 1466 ν2910+ν1910
1536 ν2420 1524 ν0910 2330+ ν0710+ν1910 1510 ν2910+ν1710
1654+ ν0710 1552 ν1910+ν1710 2400+ ν0610 1537+ ν0910
1686 ν2910+ν1310 1693+ ν0710 2704+ ν0710+ν0910 1773 ν2410+ν1910
1696+ ν2910+ν1410 1730 ν1310+ν2910 1816 ν2410+ν1710
1779 ν1910+ν2410 1765+ ν2910+ν1410 2056+ ν1910+ν1710
1822 ν1710+ν2410 1772 ν1910+ν2410 2100 ν1720
1972 ν1310+ν2410 2016 ν1410+ν2410 2350+ ν0610
1982 ν1410+ν2410 2210+ ν0710+ν2410
2136+ ν0710+ν2910 2254 ν1910+ν1410
2226 ν1410+ν1910 2284 ν1410+ν1710
2262 ν0610 2460 ν2410+ν0710
2422+ ν0710+ν2410 2463 ν1310+ν1410
2869+ ν1410+ν0710

D̃2A1 Ẽ2B2 F̃2A1 G̃2B1

Energy Assignment Energy Assignment Energy Assignment Energy Assignment

0+ 000 0+ 000 0+ 000 0+ 000
495+ ν2910 488+ ν2910 551+ ν2910 485+ ν2910
749+ ν2410 743+ ν2410 802+ ν2410 887+ ν2410
894+ ν1910 837 ν1910 985+ ν1910 1025+ ν1910
1118+ ν1710 1054+ ν1410 1015 ν1710 1066+ ν1710
1133+ ν1310 1122+ ν1310 1172+ ν1310 1210 ν1410
1177+ ν1410 1231 ν2910+ν2410 1204+ ν1410 1300 ν1310
1244+ ν2410+ν2910 1367+ ν1410 1353+ ν0910 1372+ ν2910+ν2410
1408+ ν0710 1611+ ν2910+ν1710 1537+ ν2910+ν1710 1510+ ν2910+ν1910
1904+ ν0720+ν2910 1834+ ν0710 1724+ ν2910+ν1410 1540 ν0910
2527+ ν0710ν1710 1856+ ν2910+ν1410 1755+ ν1310+ν2910 1912+ ν1910+ν2410
2542 ν0710+ν1310 2111+ ν1410+ν2410 1787+ ν2410+ν1710 1954+ ν2410+ν1710
2586 ν0710+ν1410 2322+ ν0710+ν2910 1833+ ν0710 2092 ν1910+ν1710

2006+ ν2410+ν1310 2397+ ν0610
2094+ ν0920+ν2410
2339+ ν0610
2384+ ν0720+ν2910
2558+ ν0920+ν1410
2635+ ν2920+ν0710
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Figure 5.14: The stick vibrational spectrum and the convoluted envelope of the uncoupled X̃2B1,
Ã2A2, B̃2B2, C̃2B1, D̃2A1, Ẽ2B2, F̃2A1and G̃2B1 electronic states of BN.+, calculated with nine totally
symmetric vibrational modes using the EOMIP-CCSD Hamiltonian parameters.

Ã2A2 (through ν32 of b2 symmetry: 0.66, see Table 5.10) and X̃2B1-B̃2B2 (through ν20 of a2 symme-

try: 0.24, see Table 5.8), due to the large separation between X̃2B1 and any of the concerned states

here, the population transfer is negligible. Furthermore, comparison among reduced-dimensional,

bilinear coupling incorporated reduced-dimensional, and full-dimensional MCTDH shows minor dif-

ferences in this case.

In panels (d), (e), and (f) of Fig. 5.15, there is a significant population transfer (∼ 80%) to the

X̃2B1 state from the initial Ã2A2 state within ∼ 15 fs. Thereafter, rapid depletion of population of

Ã2A2 state and simultaneous major rise in population of X̃2B1 state and minor rise in D̃2A1, and

F̃2A1 states is clearly visible. This rapid electronic population transfer to X̃2B1 state originates due

to the existence of X̃2B1-Ã2A2 CIs just ∼ 0.02 eV above the Ã2A2 state minimum (vide supra).

In addition, mild coupling strength observed through vibrational modes of b2 symmetry between

X̃2B1 and Ã2A2 states (through ν32 of b2 symmetry: 0.66, see Table 5.10). Further, the coupling

strength obtained between Ã2A2-D̃2A1 (through ν20 of a2 symmetry: 2.83, see Table 5.8) and Ã2A2-

F̃2A1 (through ν20 of a2 symmetry: 2.85, see Table 5.8) states is slightly strong. However, owing to

the energy difference between Ã2A2-D̃2A1 and Ã2A2-F̃2A1 states, the population transfer is minimal.

On the dynamical front, minor differences exist between reduced-dimensional MCTDH and bilin-

131



ear couplings incorporated reduced-dimensional MCTDH, whereas the results of column (iii) full-

dimensional ML-MCTDH stands out showing a different behaviour. Firstly, the population transfer

to the X̃2B1 state occurs within ∼ 11 fs of WP propagation, quicker than that of columns (i) [panel

(d)] and (ii) [panel (e)] and secondly minor population transfers to D̃2A1, and F̃2A1 states are more

pronounced. Most probably the reason behind this can be attributed to the inclusion of all vibrational

modes and the coupling parameters which are additionally included in the ML-MCTDH.

In panels (g), (h), and (i) of Fig. 5.15, there is an apparent population transfer from the initial

B̃2B2 state to X̃2B1, Ã2A2, D̃2A1, and F̃2A1 states. Note that, the energy difference between B̃2B2-

Ã2A2 and B̃2B2-X̃2B1 states is higher (∼ 2 eV, see Table 5.7) as compared to B̃2B2-D̃2A1 and B̃2B2-

F̃2A1 states (∼ 1 eV, see Table 5.7) as seen in the PECs. However, the coupling strengths obtained

between B̃2B2-X̃2B1 (through ν20 of a2 symmetry: 0.24, see Table 5.8) and B̃2B2-Ã2A2 (through ν23:

0.98, see Table 5.9) states is lower than that of B̃2B2-D̃2A1 (through ν32 of b2 symmetry: 7.67, see

Table 5.10) and B̃2B2-F̃2A1 (through ν32 of b2 symmetry: 23.56, see Table 5.10) states. Surprisingly,

a major electronic population is transferred to X̃2B1 and Ã2A2 states after∼ 58 fs ofWP propagation.

This result is more evident from full-dimensional MCTDH dynamics in column (iii) [panel (i)], the

population transfer is quite dramatic within ∼ 44 fs.

Panels (j), (k), and (l) of Fig. 5.15 exhibit rapid and major electronic population transfer (∼60%)

from the initial C̃2B1 state to B̃2B2 state and to other states to a minor amount within ∼ 45 fs of

WP propagation. This can be readily attributed to the existence of C̃2B1-B̃2B2 CI just ∼ 0.16 eV

above the C̃2B1 state minimum and to the mild coupling strength obtained between B̃2B2-C̃2B1 states

(through ν30 of a2 symmetry: 0.17, see Table 5.8). Even in this case, the results obtained through full-

dimensional MCTDH dynamics in column (iii) [panel (l)], the electronic population transfer happens

rather quickly within ∼ 20 fs of WP propagation.

In Fig. 5.16, panels (a), (b), and (c) exhibit electronic population transfer to the B̃2B2 and C̃2B1 states

from the initial D̃2A1 state within ∼ 20 fs. Between B̃2B2 and C̃2B1 states, the majority of the

population transfer takes place to the B̃2B2 state and a minor amount to the C̃2B1state. This is due

to the stronger coupling strength of D̃2A1-B̃2B2 states (through ν32 mode of b2 symmetry: 7.67, see

Table 5.10) and weaker coupling strength of D̃2A1-C̃2B1 states (through ν33 mode of b1 symmetry:

1.94, see Table 5.9) respectively. The energy difference between D̃2A1-B̃2B2 states (∼0.02 eV)

is slightly higher than that of D̃2A1-C̃2B1 states (∼0 eV) according to Table 5.7. Here, the full-

dimensional MCTDH dynamics in column (iii) [panel (c)], displays almost similar results obtained

from both the reduced-dimensional MCTDH dynamics (columns (i) [panel (a)] and (ii) [panel (b)])

except for the rise in B̃2B2 state population and simultaneous fall in C̃2B1 state population at ∼ 10

fs.
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Panels (d), (e), and (f) of Fig. 5.16 exhibit electronic population transfer to the C̃2B1, B̃2B2, D̃2A1,

and F̃2A1 states in ascending order from the initial Ẽ2B2 state within ∼20 fs. The population trans-

fer towards C̃2B1 and F̃2A1 states can be due to the coupling strengths obtained between C̃2B1-

Ẽ2B2 states (0.53, through ν20 mode of a2 symmetry, cf., Table 5.8), and between F̃2A1-Ẽ2B2 states

(3.17, through ν32 mode of b2 symmetry, cf., Table 5.10). Considerable population transfer to the

-C̃2B1 state than F̃2A1 state can be due to C̃2B1-Ẽ2B2 CIs is just ∼0.01 eV above the Ẽ2B2 state

minimum and F̃2A1-Ẽ2B2 CIs is just ∼0.09 eV above the Ẽ2B2 state minimum. Whereas, the pop-

ulation transfer to the B̃2B2 and D̃2A1 states can be due to B̃2B2-Ẽ2B2 CIs and D̃2A1-Ẽ2B2 CIs

lies ∼0.15 eV and ∼0.02 eV, respectively above the Ẽ2B2 state minimum. The results obtained

through full-dimensional MCTDH (column (iii) [panel (f)]) contrast the ones obtained from reduced-

dimensional dynamics (columns (i) [panel (a)] and (ii) [panel (b)]). The population transfer is delayed

and observed initially towards C̃2B1 state, later with a higher proportion towards B̃2B2 state at ∼60

fs.

Panels (g), (h), and (i) of Fig. 5.16 exhibit electronic population transfer to the B̃2B2, C̃2B1, and

Ẽ2B2 states from the initial F̃2A1 state quite rapidly in such a way that within∼15 fs the population of

F̃2A1 state is∼90%depleted. Themajor proportion of the population is transferred to the B̃2B2, C̃2B1,

and Ẽ2B2 states, with a minor proportion to the D̃2A1 state. The population transfer to the B̃2B2,

C̃2B1, and Ẽ2B2 is dependent upon both coupling strength and static energies. Careful examination

reveals that the population transfer occurs uniformly to the B̃2B2, C̃2B1, and Ẽ2B2 states. The

coupling strengths between B̃2B2-F̃2A1 (through ν32 mode of b2 symmetry: 23.56, see Table 5.10),

C̃2B1-F̃2A1 (through ν33 mode of b1 symmetry: 12.68, see Table 5.9), and Ẽ2B2-F̃2A1 (through

ν32 mode of b2 symmetry: 3.17, see Table 5.10) seem to justify the population transfer. Also the

B̃2B2-F̃2A1 CI, C̃2B1-F̃2A1 CI, and Ẽ2B2-F̃2A1 CI which are ∼0.24 eV, ∼ 0.08 eV, and ∼0.09 eV,

respectively, above the F̃2A1 state minimum adds to the explaination. Whereas D̃2A1-F̃2A1 CIs

is ∼0.51 eV above the F̃2A1 state minimum justifying the minor population transfer. The results

obtained through full-dimensional MCTDH (column (iii) [panel (i)]) displays almost similar nature

to the ones obtained from reduced-dimensional dynamics (columns (i) [panel (g)] and (ii) [panel (h)]).

Panels (j), (k), and (l) of Fig. 5.16 exhibit electronic population transfer to the Ẽ2B2 and F̃2A1 states

in major proportion and to the B̃2B2, C̃2B1 and D̃2A1 states in minor proportion. This population

transfer happens within ∼70 fs and ∼30 fs of panels (j) and (l), respectively. The population transfer

towards Ẽ2B2 and F̃2A1 states is justified by coupling strength and energetic factors. The coupling

strength between G̃2B1 and Ẽ2B2 states (through ν20 mode of a2 symmetry) is 0.47 (see Table 5.8)

with G̃2B1-Ẽ2B2 CI located 0.31 eV above the G̃2B1 state minimum. On the other hand, the cou-

pling strength between G̃2B1 and F̃2A1 states (through ν21 of b1 symmetry) is 0.25 (see Table 5.9)
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with G̃2B1-F̃2A1 CI located 0.06 eV above the G̃2B1 state minimum. Here, comparison of different

dynamics shows that the reduced-dimensional MCTDH displays an equal proportion of population

transfer towards Ẽ2B2 and F̃2A1 states from G̃2B1 state (columns (i) [panel (j)]). The bilinear cou-

plings incorporated reduced-dimensional MCTDH dynamics revealed a dominant population transfer

to the F̃2A1 state (columns (ii) [panel (k)]). The full-dimensional MCTDH dynamics resulted in a

rather rapid population transfer of ∼70% within ∼30 fs along with a dominant population transfer to

the Ẽ2B2 state (columns (iii) [panel (l)]).

The results obtained by propagating theWP on X̃2B1-G̃2B1 states, respectively, with the incorporation

of the same spatial symmetry couplings, are depicted in panels (a)–(h) of 5.17. When the same spatial

symmetry couplings are included (see Fig. 5.17), the population profiles differ slightly from the three

sets discussed above (see Figs. 5.15 and 5.16). Since this set of calculations show only minor changes

in the population profiles, we can hereby conclude the effect of same spatial symmetry couplings is

weak.
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Figure 5.15: Time evolution of the diabatic electronic populations obtained in the coupled X̃2B1-
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ear couplings incorporated reduced-dimensional MCTDH, and column (iii), full-dimensional ML-
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electronic states of BN.+ using full-dimensional ML-MCTDH by including same spatial symmetry
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Figure 5.19: Same as the label of Fig. 5.18 promted to the Ã2A2 state.
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Figure 5.20: Same as the label of Fig. 5.18 promted to the B̃2B2 state.
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Figure 5.21: Same as the label of Fig. 5.18 promted to the C̃2B1 state.
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Figure 5.22: Same as the label of Fig. 5.18 promted to the D̃2A1 state.
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Figure 5.23: Same as the label of Fig. 5.18 promted to the Ẽ2B2 state.
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Figure 5.24: Same as the label of Fig. 5.18 promted to the F̃2A1 state.
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Figure 5.25: Same as the label of Fig. 5.18 promted to the G̃2B1 state.
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5.4 Summary and conclusions

The photoelectron spectrum of BN is elucidated by considering eight lowest electronic states and

all the vibrational modes. Extensive electronic structure calculations are performed using ab ini-

tio quantum chemistry techniques. Subsequently, the PECs are constructed along all the vibrational

modes. The electronic structure results are used to generate a model vibronic Hamiltonian in a dia-

batic electronic basis using the DNDC of the vibrational modes. The basic symmetry selection rules

and standard vibronic coupling theory are used to assess the coupling between various electronic

states. As the study of PECs reveals a complex structure of electronic states, we observed a distinct

separation of (X̃2B1-Ã2A2) from the remaining (B̃2B2-G̃2B1) electronic states. Based on the distinctive

features of the PECs and the parameters derived from the model Hamiltonian, fascinating dynamics

are expected.

With the hope, we moved forward with four distinct approaches for the time-dependent nuclear dy-

namics calculations. The first approach involves reduced-dimensional dynamics with twenty care-

fully chosen vibrational modes out of 33. Similarly to reduced-dimensional, bilinear couplings are

included in the second. In the full-dimensional approach, all the thirty three vibrational modes are

included and in the final same spatial symmetry couplings are added to the full-dimensional set. We

note that there is a strong agreement between the available experimental spectrum and the theoretical

spectrum that is reproduced using these four approaches. Full-dimensional dynamics results have

provided a detailed outcomes when compared with both the reduced-dimensional dynamics results.

It is a difficult effort to choose vibrational modes collectively for eight electronic states in a complex

system like BN. The advantage of including all the modes contributed to an improvement of full-

dimensional dynamics results. As already noted, the experimental photoelectron spectra possesses

broadly two bands, one with the X̃2B1, Ã2A2 states and the other with the remaining states B̃2B2-

G̃2B1. However, a distinctive ordering of electronic state symmetries is given to the second band.

The significant nonadiabatic coupling and energy closeness between the electronic states can be the

cause of this.
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Chapter 6

Summary and Outlook

The present work provides a comprehensive account of nonadiabatic coupling effects in three dif-

ferent molecular systems, each belonging to a different symmetry point group. By combining high-

level ab initio electronic structure calculations, construction of diabatic vibronic Hamiltonians, and

both time-independent and time-dependent nuclear dynamics simulations, the vibronic structures and

electronic state dynamics of these systems were explored in detail. While the chosen species are,

cyanogen (C2N2), carbon monohydride anions C2nH− (n = 1–4), and BN which are chemically di-

verse, they share a unifying theme: their symmetry properties strongly influence electronic degenera-

cies, vibronic couplings, which pave the path to study variety of nonadiabatic effects that manifests

in molecular spectroscopy and chemical dynamics.

In the first chapter, the cyanogen molecule was studied which possesses D∞h symmetry point in its

equilibrium geometry. This high symmetry plays a decisive role in defining the degeneracies of the

low-lying electronic states, particularly the doubly degenerate X̃2Πg and C̃2Πu states. It also dictates

the vibronic activity of vibrational modes, with symmetric stretching vibrations being strongly Con-

don active and degenerate modes coupling through the Renner-Teller effect. Theoretical vibronic

band structures, compared against the experimental work of Baker et al., revealed the dominance

of the C≡N stretching mode (ν1), which formed progressions in all four states. For instance, the

Ã2Σ+g state remained dynamically isolated due to the absence of energetically accessible glancing

degeneracy at the equilibrium geometry of the reference state, leads to the prediction of long-lived

radiative emission. In contrast, population redistribution in the B̃2Σ+u and C̃2Πu states demonstrated

how symmetry-allowed couplings promote nonradiative transitions. Thus, the linear D∞h symmetry

framework both constrains and enables the observed vibronic structure and dynamics of C2N.+
2 .

The second chapter addressed the carbon monohydride anions C2nH− (n = 1-4), belonging to the

C∞v symmetry point group. This axial symmetry, distinct from the inversion-symmetric D∞h case
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of C2N2, plays a pivotal role in shaping the electronic structure trends across the series. Ground state

symmetries were identified as X̃2Σ for n = 1 and X̃2Π for n > 1, reflecting the interplay between or-

bital ordering and symmetry constraints. Potential energy curves were then constructed for the lowest

three electronic states of the neutral species. Analysis of these curves revealed clear trends. As the

chain length (n) increases, the energy gaps between different electronic states become smaller as was

known from text books highlighting the fundamental particle-in-a-box model. At the same time, the

Condon activity of symmetric vibrational modes also decreases. In contrast, asymmetric vibrational

modes initially play a significant role through second-order Renner-Teller coupling, but their impact

gradually weakens as ’n’ grows. The decrease in energy gaps with increase in chainlength also in-

creases the number of curve crossings between electronic states. These crossings, which manifest

as CIs, influenced the dynamics of the system. A detailed analysis of the minima of both the elec-

tronic states and the seams of the CIs was calculated to quantify their positions and roles. Next, a

diabatic Hamiltonian was constructed that included all relevant couplings. Using this, nuclear dy-

namics was performed with both time-independent (uncoupled states) and time-dependent (coupled

states) approaches. In the uncoupled framework, the vibronic eigenvalues were obtained, producing

stick spectra for each electronic state. From these results and the associated wave packet density

plots, vibrational progressions, overtones, and combination bands were identified and assigned for

all species. In the coupled framework, the time-dependent dynamics gave results that agree very well

with the experimental observations, confirming the accuracy of the theoretical approach. Finally,

the time evolution of diabatic electronic populations was analyzed in detail. This provided further

insight into the role of nonadiabatic effects across the series. The results showed two clear trends: the

influence of the Renner-Teller effect decreases as n increases, while the nonadiabatic effect becomes

more prominent with increasing chain length. Overall, this chapter demonstrates how increasing the

length of the C2nH− chains systematically modifies their vibronic behavior. The observed trends, in

energy gaps, vibrational activity, and the balance between RT and nonadiabatic couplings, highlight

the strong connection between molecular size, symmetry, and nonadiabatic dynamics.

The third chapter focused on the BNmolecule, which belongs to the lower C2v symmetry point group.

This reduced symmetry, compared to the linear D∞h and C∞v point groups of the previous systems,

results in electronic states of nondegenerate symmetry labels (e.g., X̃2B1, Ã2A2, B̃2B2), while still al-

lowing strong vibronic couplings due to their close energetic proximity. The complexity of BN lies in

the coexistence of eight low-lying electronic states and 33 vibrationalmodes, creating a dense vibronic

manifold. The construction of diabatic vibronic Hamiltonian using derivative nonadiabatic couplings

revealed a natural separation of the (X̃2B1, Ã2A2) states from the higher-lying manifold (B̃2B2–G̃2B1),

consistent with the experimentally observed two-band photoelectron spectrum. However, the lower

142



C2v symmetry permits numerous vibronic interactions that complicate the band structure. Nuclear

dynamics calculations, performed with reduced- and full-dimensional models, demonstrated that in-

cluding all 33 vibrational modes was essential to capture the subtle couplings and achieve quantitative

agreement with experiment. While reduced models provided qualitative insights, the full dimensional

consideration was necessary to reproduce the intricate band structure and vibrational contributions.

The BN case thereby illustrates how lower symmetry molecule, combined with strong state proximity,

amplifies nonadiabatic complexity.

When viewed collectively, these three case studies emphasize the role of symmetry in governing

vibronic structures and dynamics. In the high-symmetry D∞h system of C2N2, degeneracies and

RT couplings define the dynamics but also restrict nonadiabatic pathways. In the axial C∞v carbon

monohydride chains, systematic modulation of vibronic activity with molecular size is observed, pro-

ducing predictable trends in RT and nonadiabatic effects. In the lower symmetry C2v BN system, the

absence of high-symmetry constraints and the presence of many vibrational modes amplify coupling

opportunities, demanding full dimensional treatments. Across these distinct symmetry frameworks,

a common set of nonadiabatic processes, Renner-Teller splitting, and conical intersections are com-

puted and analyzed. These insights not only resolve long-standing spectral puzzles, but also provide a

predictive framework for extending vibronic coupling theory to complex systems and low-symmetry

systems of astrophysical importance.

• The present work has primarily focused on light-atom molecular systems. A natural extension

is to investigate linear transition-metal complexes, where the interplay of Renner-Teller distor-

tions and spin-orbit coupling (SOC) produces complex spin-vibronic dynamics. These systems

demand multi-state vibronic Hamiltonian parameterized with relativistic ab initio methods,

and their study will provide insights into SOC-driven nonadiabatic mechanisms in functional

materials.

• Another promising avenue is the systematic treatment of open-shell linear systems with triplet

states, where spin contamination complicates the construction of diabatic Hamiltonian. In-

corporating spin-Renner-Teller couplings and mixed-spin conical intersections into vibronic

models will be essential for capturing the accurate dynamics. Such studies will advance our

understanding of nonradiative relaxation in radicals and spin-forbidden processes of impor-

tance in photochemistry.

• With the advancement of computational methodologies, particularly the multi-layer multi-

configurational time-dependent Hartree (ML-MCTDH) approach, we are now well equipped

to tackle complex systems of biologically relevant size. Extending vibronic coupling theory
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within this framework will enable detailed investigations of photophysics and excited-state dy-

namics in biomolecules, providing microscopic insights into nonadiabatic relaxation, energy

transfer, and photostability mechanisms central to biology and photochemistry.
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Chapter 7

Appendix

Appendix I: The Renner-Teller Hamiltonian of the degener-

ate Π electronic state of symmetric linear molecule

Symmetric linear molecules belong to the D∞h symmetry point group which possess doubly de-

generate electronic state like Π,Δ, · · · etc. It is found that linear molecule34 like C2N.+
2 possesses

vibrational modes of σ+g , σ+u , πg and πu symmetry only. Due to the lack of δ vibrational modes in

linear molecules degenerate Π electronic states are RT active in second-order along π modes and

Δ electronic states are RT active in fourth-order along these modes (see text for the corresponding

selection rules). The symmetry selection rules read

Πg ⊗ Πg ⊃ δg + σ+g + σ−g (A1)

Πu ⊗ Πu ⊃ δg + σ+g + σ−g (A2)

The electronic Hamiltonian for the doubly degenerate Π electronic state can be derived as follows.

Let φx and φy be the two components of the Π state. In polar coordinate (ρ, φ) the two components

of Π state can be written as

|φx > = ρ cosφ (A3)

|φy > = ρ sinφ . (A4)
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In complex coordinates the components of the Π state can be written as

|φ+ > = φx + iφy = ρ eiφ (A5)

|φ− > = φx − iφy = ρ e−iφ . (A6)

The degenerate πg or πu vibrational mode lifts the electronic degeneracy of the Π state. Let Qx and

Qy be the two components of a πg (or πu) vibrational mode. In polar coordinate one can write

Qx = ρ cosφ (A7)

Qy = ρ sinφ . (A8)

Analogous to the state representation, Qx and Qy (in complex coordinates) can be written as

Q+ = Qx + iQy = ρ eiφ (A9)

Q− = Qx − iQy = ρ e−iφ . (A10)

The rotation operations on the above functions reads

Cφ|φ+ > = eiφ|φ+ > (A11)

Cφ|φ− > = e−iφ|φ− > , (A12)

and

Cφ Q+ = eiφQ+ (A13)

Cφ Q− = e−iφQ− . (A14)

Now the 2× 2 diabatic electronic Hamiltonian for the Π electronic state can be written as

Hel =

 S11 S12

S∗12 S22

 . (A15)

In the above matrix Hamiltonian 1 and 2 are the ‘x’ and ‘y’ components of degenerate Π electronic
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state. The elements of this matrix Hamiltonian can be expanded in a Taylor series. In this article, the

Hamiltonian of the doubly degenerate Π electronic state is expanded up to sixth-order as follows

Hel = W(0) +W(1)
+ Q+ +W(1)

− Q− +W(2)
++Q

2
+ +W(2)

−−Q
2
− +W(2)

+−Q+Q− +W(2)
−+Q+Q−

+W(3)
++Q

3
+ +W(3)

−−Q
3
− +W(3)

+−Q
2
+Q1

− +W(3)
−+Q

1
+Q2

− +W(4)
++Q

4
+ +W(4

−−Q
4
−

+W(4)
+−Q

3
+Q1

− +W(4)
−+Q

1
+Q3

− +W(4)
+−Q

2
+Q2

− +W(4)
−+Q

2
+Q2

− +W(5)
++Q

5
+ +W(5

−−Q
5
−

+W(5)
+−Q

4
+Q1

− +W(5)
−+Q

1
+Q4

− +W(5)
−+Q

3
+Q2

− +W(5)
−+Q

2
+Q3

− +W(6)
++Q

6
+ +W(6

−−Q
6
−

+W(6)
+−Q

5
+Q1

− +W(6)
−+Q

1
+Q5

− +W(6)
−+Q

4
+Q2

− +W(6)
−+Q

2
+Q4

− +W(3)
+−Q

3
+Q3

− +W(3)
−+Q

3
+Q3

− .

(A16)

The operation of Cφ on the above Hamiltonian reads

Hel = W(0) +W(1)
+ eiφQ+ +W(1)

− e−iφQ− +W(2)
++e

2iφQ2
+ +W(2)

−−e
−2iφQ2

−

+ W(2)
+−e

iφe−iφQ+Q− +W(2)
−+e

−iφeiφQ−Q+ +W(3)
++e

3iφQ3
+ +W(3)

−−e
−3iφQ3

−

+ W(3)
+−e

2iφe−iφQ2
+Q1

− +W(3)
−+e

iφe−2iφQ1
+Q2

− +W(4)
++e

4iφQ4
+ +W(4

−−e
−4iφQ4

−

+ W(4)
+−e

3iφe−iφQ3
+Q1

− +W(4)
−+e

iφe−3iφQ1
+Q3

− +W(4)
+−e

2iφe−2iφQ2
+Q2

− +W(4)
−+e

−2iφe2iφQ2
+Q2

−

+ W(5)
++e

5iφQ5
+W

(5
−−e

−5iφQ5
− +W(5)

+−e
4iφe−iφQ4

+Q1
− +W(5)

−+e
iφe−4iφQ1

+Q4
− +W(5)

−+e
3iφe−2iφQ3

+Q2
−

+ W(5)
−+e

2iφe−3iφQ2
+Q3

− +W(6)
++e

6iφQ6
+ +W(6

−−e
−6iφQ6

− +W(6)
+−e

5iφe−iφQ5
+Q1

−

+ W(6)
−+e

iφe−5iφQ1
+Q5

− +W(6)
−+e

4iφe−2iφQ4
+Q2

− +W(6)
−+e

2iφe−4iφQ2
+Q4

−

+ W(3)
+−e

3iφe−3iφQ3
+Q3

− +W(3)
−+e

−3iφe3iφQ3
+Q3

− . (A17)
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Upon simplification it assumes the form

Hel = W(0) +W(1)
+ eiφQ+ +W(1)

− e−iφQ− +W(2)
++e

2iφQ2
+ +W(2)

−−e
−2iφQ2

−

+ W(2)
+−Q+Q− +W(2)

−+Q−Q+ +W(3)
++e

3iφQ3
+ +W(3)

−−e
−3iφQ3

−

+ W(3)
+−e

iφQ2
+Q1

− +W(3)
−+e

−iφQ1
+Q2

− +W(4)
++e

4iφQ4
+ +W(4

−−e
−4iφQ4

−

+ W(4)
+−e

2iφQ3
+Q1

− +W(4)
−+e

−2iφQ1
+Q3

− +W(4)
+−Q

2
+Q2

− +W(4)
−+Q

2
+Q2

−

+ W(5)
++e

5iφQ5
+ +W(5)

−−e
−5iφQ5

− +W(5)
+−e

3iφQ4
+Q1

− +W(5)
−+e

−3iφQ1
+Q4

− +W(5)
−+e

iφQ3
+Q2

−

+ W(5)
−+e

−iφQ2
+Q3

− +W(6)
++e

6iφQ6
+ +W(6

−−e
−6iφQ6

− +W(6)
+−e

4iφQ5
+Q1

−

+ W(6)
−+e

−4iφQ1
+Q5

− +W(6)
−+e

2iφQ4
+Q2

− +W(6)
−+e

−2iφQ2
+Q4

−

+ W(3)
+−Q

3
+Q3

− +W(3)
−+Q

3
+Q3

− . (A18)

Now the elements of the matrix Hamiltonian [Eq. (A15)] reads

S11 =< φ+|Hel|φ+ >= < eiφφ+|Hel|eiφφ+ > (A19)

= < φ+|Hel|φ+ > , (A20)

and

S22 =< φ−|Hel|φ− > . (A21)

These elements required to be symmetry invariant. Therefore the terms of Eq. (A18) which do not

contain any e±iφ factor are collected. This consideration yields

S11 = < φ+|Hel|φ+ >= W(0) +W(2)
+−Q+Q− +W(2)

−+Q−Q+ +W(4)
+−Q

2
+Q2

− +W(4)
−+Q

2
−Q2

+

+ W(6)
+−Q

3
+Q3

− +W(6)
−+Q

3
−Q3

+ , (A22)

S22 = < φ−|Hel|φ− >= W(0) +W(2)
+−Q+Q− +W(2)

−+Q−Q+ +W(4)
+−Q

2
+Q2

− +W(4)
−+Q

2
−Q2

+

+ W(6)
+−Q

3
+Q3

− +W(6)
−+Q

3
−Q3

+ . (A23)

It can be seen that, S11 = S22 , now

S12 =< φ+|Hel|φ− >= < eiφφ+|Hel|e−iφφ− > (A24)

= e−2iφ < φ+|Hel|φ− > . (A25)

Therefore the terms which contain e−2iφ coefficient would correspond to the symmetry invariant
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expression of S12. Collecting those terms from Eq. (A18) gives rise to

S12 =< φ+|Hel|φ− >= W(2)
−−Q−Q− +W(4)

+−Q
1
+Q3

− +W(6)
+−Q

2
+Q4

− (A26)

Now a unitary transformation is carried out to bring the Hamiltonian back to the real representation.

Defining such a unitary matrix as

U =
1√
2

 1 −i

1 i

 . (A27)

It can be seen that U−1 = U† ; UU† = 1 and U† = (U∗)T .

Now,

Hreal = U†HelU . (A28)

Using Eq. (A15) and the U matrix the following expression follows

Hreal =
1
2

 S11 + S22 + (S12 + S∗12) −iS11 + iS22 − i(S∗12 − S12)

iS11 − iS22 − i(S∗12 − S12) S11 + S22 − (S12 + S∗12)

 . (A29)

Using Eqs. A9, A10 and A22 one can write

S11 = W(0) +W(2)
+−Q+Q− +W(2)

−+Q−Q+ +W(4)
+−Q

2
+Q2

− +W(4)
−+Q

2
−Q2

+

+W(6)
+−Q

3
+Q3

− +W(6)
−+Q

3
−Q3

+ (A30a)

= W(0) +W(2)
+−(Qx + Qiy)(Qx − Qiy) +W(2)

−+(Qx − Qiy)(Qx + Qiy)

+W(4)
+−(Qx + Qiy)

2(Qx − Qiy)
2 ++W(4)

−+(Qx − Qiy)
2(Qx + Qiy)

2

+W(6)
+−(Qx + Qiy)

3(Qx − Qiy)
3 +W(6)

−+(Qx − Qiy)
3(Qx + Qiy)

3 (A30b)

= W(0) + (W(2)
+− +W(2)

−+)(Q
2
x + Q2

y) + (W(4)
+− +W(4)

−+)(Q
2
x + Q2

y)
2

+(W(6)
+− +W(6)

−+)(Q
2
x + Q2

y)
3 . (A30c)
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Similarly using Eqs. A9, A10 and A23 one obtains

S22 = W(0) + (W(2)
+− +W(2)

−+)(Q
2
x + Q2

y) + (W(4)
+− +W(4)

−+)(Q
2
x + Q2

y)
2

+(W(6)
+− +W(6)

−+)(Q
2
x + Q2

y)
3 . (A31)

Eqs. A9, A10 and A26 yields

S12 = W(2)
−−Q−Q− +W(4)

+−Q
1
+Q3

− +W(6)
+−Q

2
+Q4

−

= W(2)
−−(Qx − iQy)

2 +W(4)
+−(Qx + iQy)

1(Qx − iQy)
3 +W(6)

+−(Qx + iQy)
2(Qx − iQy)

4

= W(2)
−−(Q

2
x + 2iQxQy − Q2

y) +W(4)
+−(Q

4
x − 2iQxQ3

y − 2iQ3
xQy − Q4

y)

+W(6)
+−(Q

6
x − Q2

xQ4
y + Q4

xQ2
y − Q6

y − 2iQ5
xQ1

y − 2iQ1
xQ5

y − 4iQ3
xQ3

y) , (A32)

and

S∗12 = W(2)
−−(Q

2
x − 2iQxQy − Q2

y) +W(4)
+−(Q

4
x + 2iQxQ3

y + 2iQ3
xQy − Q4

y)

+W(6)
+−(Q

6
x − Q2

xQ4
y + Q4

xQ2
y − Q6

y + 2iQ5
xQ1

y + 2iQ1
xQ5

y + 4iQ3
xQ3

y) . (A33)

Now

(S12 + S∗12) = 2W(2)
−−[Q

2
x − Q2

y ] + 2W(4)
+−[Q

4
x − Q4

y ] + 2W(6)
+−[Q

6
x − Q6

y − Q2
xQ4

y + Q4
xQ2

y ] . (A34)

and

−i(S∗12 − S12) = 4W(2)
−−QxQy + 4W4

+−(Q1
xQ3

y +Q3
xQ1

y) + 4W6
+−(Q5

xQ1
y +Q1

xQ5
y + 2Q3

xQ3
y) . (A35)
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Now the final elements of the matrix Hamiltonian are given by

(H11) =
1
2
[S11 + S22 + S12 + S∗12] ,

=
1
2
[2(W(0) + (W(2)

+− +W2
−+)(Q2

x + Q2
y) +W(2)

−−(Q
2
x − Q2

y) + (W(4)
+− +W4

−+)(Q2
x + Q2

y)
2 +

W(4)
+−(Q

4
x − Q4

y) + (W(6)
+− +W6

−+)(Q2
x + Q2

y)
3 +W(6)

+−(Q
6
x − Q6

y − Q2
xQ4

y + Q4
xQ2

y) ,

= W(0) + (W(2)
+− +W2

−+)(Q2
x + Q2

y) +W(2)
−−(Q

2
x − Q2

y) + (W(4)
+− +W4

−+)(Q2
x + Q2

y)
2 +

W(4)
+−(Q

4
x − Q4

y) + (W(6)
+− +W6

−+)(Q2
x + Q2

y)
3 +W(6)

+−(Q
6
x − Q6

y − Q2
xQ4

y + Q4
xQ2

y) . (A36)

(H22) =
1
2
[S11 + S22 − (S12 + S∗12)] ,

= W(0) + (W(2)
+− +W2

−+)(Q2
x + Q2

y)−W(2)
−−(Q

2
x − Q2

y) + (W(4)
+− +W4

−+)(Q2
x + Q2

y)
2 −

W(4)
+−(Q

4
x − Q4

y) + (W(6)
+− +W6

−+)(Q2
x + Q2

y)
3 −W(6)

+−(Q
6
x − Q6

y − Q2
xQ4

y + Q4
xQ2

y) . (A37)

(H12) =
1
2
(−iS11 + iS22 − iS∗12 + iS12) ,

= 2W(2)(QxQy) + 2W4(Q1
xQ3

y + Q3
xQ1

y) + 2W6(Q5
xQ1

y + Q1
xQ5

y + 2Q3
xQ3

y) . (A38)

The coefficients appearing in the above equations have the following definition as appeared in the

text [Eqs. (6-10)]

W(0) = EΠ ,

(W(2)
+− +W(2)

−+) = γ(2) ,

W(2)
−− = η(2) ,

(W(4)
+− +W(4)

−+) = ξ(4) ,

W(4)
+− = δ(4) ,

(W(6)
+− +W(6)

−+) = σ(6) ,

W(6)
+− = ρ(6) ,

Inserting them in Eqs. A36, A37, A38 the RT Hamiltonian for the Π state as written in the text is

obtained

(Hreal)11 = EΠ + γ(2)(Q2
x + Q2

y) + η(2)(Q2
x − Q2

y)
2 + ξ(4)(Q2

x + Q2
y)
2 + δ(4)

(Q4
x − Q4

y) + σ(6)(Q2
x + Q2

y)
3 + ρ(6)(Q6

x − Q6
y − Q2

xQ4
y + Q4

xQ2
y) (A39)

(Hreal)22 = EΠ + γ(2)(Q2
x + Q2

y)− η2(Q2
x − Q2

y)
2 + ξ(4)(Q2

x + Q2
y)
2 − δ(4)

(Q4
x − Q4

y) + σ(6)(Q2
x + Q2

y)
3 − ρ(6)(Q6

x − Q6
y − Q2

xQ4
y + Q4

xQ2
y) (A40)

(Hreal)12 = 2η(2)QxQy + 2δ4(Q1
xQ3

y + Q3
xQ1

y) + 2ρ6(Q5
xQ1

y + Q1
xQ5

y + 2Q3
xQ3

y) . (A41)
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Appendix II: Irreducible representation of linear chains of

C∞v point group symmetrywithN carbon and hydrogen atoms

The carbon chains C2nH− (n = 1 − 4) examined in this study have equilibrium geometry of C∞v

point group symmetry. In terms of correlation, the highest Abelian point group with C∞v is C2v. The

correlation table between vibrational modes and electronic states is shown below. The molecule has

been proposed to be on the Y-Z plane, with the X-axis perpendicular to the molecular plane, as shown

in Fig. 4.1 and 4.2.

The orthogonality theorem is used to develop a generic equation for the symmetry representation of

a linear molecule with N atoms that belongs to the C∞v equilibrium symmetry point group whose

highest abelian point group is C2v.

The derivation for n odd number of atoms (where, n = 3,5,...9).

C2v E C2(z) σ(xz) σ(yz)

Γred 3n -n n n
Now the components of C2v point group reduces to :

ηA1 =
1
4
[3n− n+ n+ n] =

1
4
[4n] = n (A42)

ηA2 =
1
4
[3n− n− n− n] = 0 (A43)

ηB1 =
1
4
[3n+ n+ n− n] =

1
4
[4n] = n (A44)

ηB2 =
1
4
[3n+ n− n+ n] =

1
4
[4n] = n (A45)

(A46)

Now,

Γtotal = nA1 + nB1 + nB2 (A47)

= nA1+ n(B1+ B2) (A48)

= nσ+ + nπ (A49)

Γrotational = 1A2 + 1B1 + 1B2 (A50)

= 0+ 1π (A51)
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Since, Cn is linear, rotation along z-axis, Rz should be ignored. So, A2 vanishes from here.

Γtranslational = 1A1 + 1B1 + 1B2 (A52)

= 1σ+ + 1π (A53)

Now,

Γvibrational = Γtotal − Γrotational − Γtranslational (A54)

= nA1 + n(B1 + B2)− (B1 + B2)− A1 − (B1 + B2) (A55)

= (n− 1)σ+ + (n− 2)π (A56)

It demonstrates that there are no δ vibrational modes in linear odd-numbered molecules. Because

of this, its degenerate electronic states (Π) have degenerate π vibrational modes, which make them

second-order Renner-Teller (RT) active.

Correlation table (from Herzberg’s book) :

C∞v C2v vib mode

Σ+ A1 σ+

Σ− A2 σ−

Π B1+B2 π
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[118] T. Pino, M. Tulej, G. Güthe, M. Pachkov, and J. P. Maier. J. Chem. Phys., 116:6126,
2002.

[119] E. Herbst and Y. Osamura. Astrophys. J., 679:1670, 2008.

[120] E. Garand, T. I. Yacovitch, J. Zhou, S. M. Sheehan, and D. M. Neumark. Chem. Sci.,
1:192, 2010.

[121] J. Zhou, E. Garand, and D. M. Neumark. J. Chem. Phys., 127:114313, 2007.

[122] K. M. Ervin and W. C. Lineberger. J. Phys. Chem., 95:1167, 1991.

[123] R. Tarroni and S. Carter. J. Chem. Phys., 119:12878, 2003.

[124] D. E. Woon. Chem. Phys. Lett., 244:45, 1995.

[125] M. Perić, B. Engels, and S. D. Peyerimhoff. J. Mol. Spectrosc., 150:56, 1991.

[126] S. Graf, J. Geiss, and S. Leutwyler. J. Chem. Phys., 114:4542, 2001.

[127] Peter Botschwina and Rainer Oswald. Coupled cluster calculations for (potential)
interstellar anions: The c2nh(-) series (n=2–6). International Journal of Mass Spec-
trometry, 277(1):180–188, 2008. Electron-induced atomic and molecular processes:
A special issue honoring Eugen Illenberger on his 65th birthday.

[128] Jia Zhou, Etienne Garand, and Daniel M. Neumark. The Journal of Chemical Physics,
127(15):154320, 10 2007.

[129] Jr. Dunning, ThomH. Gaussian basis sets for use in correlated molecular calculations.
I. The atoms boron through neon and hydrogen. The Journal of Chemical Physics,
90(2):1007–1023, 01 1989.

[130] Hans-Dieter Meyer and Graham Worth. Theor. Chem. Acc., 109:251, 06 2003.

[131] H.-D. Meyer, F. Gatti, and G. A. Worth. Wiley-VCH, Weinheim, 2009.

[132] B. A. McGuire, A. M. Burkhardt, S. Kalenskii, C. N. Shingledecker, A. J. Remijan,
E. Herbst, and M. C. McCarthy. Sci., 359:202, 2018.

[133] Sung Yong Byeon, Kyung Hyung Lee, and Jun Yeob Lee. J. Mater. Chem. C, 8:5832,
2020.

[134] A. R. Dixon, K. Dmitry, and S. Andrei. J. Chem. Phys., 143:134306, 2015.

[135] R. Yamamoto, S. Ishikawa, T. Ebata., and N. Mikami. J. Raman. Spectrosc., 31:295,
2000.

162



[136] Y. Dimitrova. J. Mol. Struc., 39:241, 1997.

[137] B. N. Rajasekhar, V. Dharmarpu, A. K. Das, A. Shastri, A. Veeraiah, and S. Krish-
nakumar. J. Quant. Spec. & Rad. Trans., 283:108159, 2022.

[138] T. Kobayashi and S. Nagakura. Bul. Chem. Soc. Japan, 47:2563, 1974.

[139] Jr. Dunning, Thom H. J. Chem. Phys., 90(2):1007–1023, 01 1989.

[140] L. S. Cederbaum and W. Domcke. John Wiley & Sons, Ltd, 1977.

[141] G. Fischer. Vibronic Coupling. Academic Press, London., 1984.

[142] Hiroki Nakamura and Donald G. Truhlar. J. Chem. Phys., 115(22):10353–10372,
2001.

[143] Hiroki Nakamura and Donald G. Truhlar. J. Chem. Phys., 117(12):5576–5593, 2002.

[144] Hiroki Nakamura and Donald G. Truhlar. J. Chem. Phys., 118(15):6816–6829, 2003.

[145] KuanYinYang, XiaoXu, Jingjing Zheng, andDonald G. Truhlar. Chem. Sci., 5:4661–
4680, 2014.

[146] Yong-Shi Shu, Zoltán Varga, Suttipong Kanchanakungwankul, Ling Zhang, and Don-
ald G. Truhlar. J. Phys. Chem. A, 126(5):992–1018, 2022.

[147] Alexander A. Granovsky. J. Chem. Phys., 134(21):214113, 2011.

[148] D. W. Marquardt. J. Appl. Math., 11:431, 1963.

[149] The MathWorks Inc. Matlab optimization toolbox, version 9.13.0 (r2020a), 2020.

[150] Harald Köppel, Lorenz S. Cederbaum, andWolfgang Domcke. Chem. Phys., 69:175–
183, 1982.

[151] Banafsheh Nikoobakht and Harald Köppel. Mol. Phys., 119(21):e1958019, 2021.

[152] Banafsheh Nikoobakht and Harald Köppel. Phys. Chem. Chem. Phys., 24:12433–
12441, 2022.

[153] Michael W. Schmidt, Kim K. Baldridge, Jerry A. Boatz, Stephen T. Elbert, Mark S.
Gordon, Jan H. Jensen, Shiro Koseki, Nikita Matsunaga, Kiet A. Nguyen, Shujun Su,
Theresa L. Windus, Michel Dupuis, and John A. Montgomery Jr. J. Comput. Chem.,
14(11):1347–1363, 1993.

[154] Isaac B. Bersuker. Chem. Rev., 113(3):1351–1390, 2013.

163



Publications

1. Rani, M., Arun Kumar, K., & Susanta, M. Photoionization Bands of Cyanogen: Multi-

Mode Vibronic Coupling and Renner-Teller Effects. ChemPhysChem, 24, e202200882

(1-14), (2023).

2. Ajay, K., Rani, M., & Susanta, M. Vibronic Coupling in Formamide Radical Cation: A

Full-dimensional Approach. Journal of Computational Chemistry, 1–6 (2025).

3. Mohammad, A., Rani, M., & Susanta, M. Laser driven S-CH3 Photodissociation Dy-

namics of Thioanisole on a New Potential Energy Surface. Journal of Chemical Sciences,

(2025). (accepted)

4. Nagarajan, S., Srivastava, A., Ishtiyak, M., Rani, M., & Pal, S. Cycloruthenates(iii)

with CNO Pincer-like Ligands: Regioselective Metallation of N -(4-R -Benzoyl)-N -(2-

Naphthylidene)Hydrazines. Journal of Organometallic Chemistry, 975, 1 (2022).

5. Rani, M., & Susanta, M. Full-Dimensional Investigation of the Photoionization Spec-

trum of Cyanobenzene. (Soon to be submitted)

6. Rani, M., & Susanta, M. Vibronic Coupling and Renner-Teller Effects on Linear Carbon

Chains, C2nH− (n = 1− 4). (Soon to be submitted)



Conferences attended

1. Poster presentation in ‘DAE Symposium on Current Trends in Theoretical Chemistry

(CTTC-2020)’ Sep 2021, BARC, Mumbai, India.

2. Poster presentation in ‘17th Theoretical Chemistry Symposium (TCS-2021)’, Dec 2021,

IISER Kolkata, India.

3. Oral presentation in ‘20th Annual In-House Symposium CHEMFEST-2023.’

4. Poster presentation in ‘Quantum System in Chemistry, Physics, and Biology (QSCP-

XXVI)’, Oct 2023, Ashoka University, India.

5. Attended workshop, ‘MCTDH Summer School July-2023’, Heidelberg, Germany.



Renner-Teller effects and
Vibronic Coupling: Full-

dimensional Nonadiabatic
Dynamics of Linear carbon
chains and Cyanobenzene

by MAMILWAR RANI

Submission date: 13-Oct-2025 12:48PM (UTC+0530)
Submission ID: 2779685521

File name: MAMILWAR_RANI.pdf (4.08M)

Word count: 51150

Character count: 202481



Renner-Teller effects and Vibronic Coupling: Full-dimensional 
Nonadiabatic Dynamics of Linear carbon chains and 
Cyanobenzene 
ORIGINALITY REPORT 

23. 
SIMILARITY INDEX 

PRIMARY SOURCES 

2 

3 

5 

2023 
Publication 

Internet Source 
chemistry.uohyd.ac.in 

9% 

Mamilwar Rani, Arun Kumar Kanakati, 
Susanta Mahapatra. "Photoionization Bands 
of Cyanogen: Multi-Mode Vibronic Coupling 
and Renner-Teller Effects", ChemPhysChem, 

Student Paper 

INTERNET SOURCES 

Publication 

22% 

Submitted to University of Hyderabad, 
Hyderabad 

PUBLICATIONS 

Publication 

5% 
STUDENT PAPERS 

Samala Nagaprasad Reddy, S. Mahapatra. 
"Theoretical Study on Molecules of Interstellar 
Interest. 1. Radical Cation of Noncompact 
Polycyclic Aromatic Hydrocarbons", The 
Journal of Physical Chemistry A, 2013 

Vadala Jhansi Rani, Arun Kumar Kanakati, S. 
Mahapatra. "Multi-state and Multi-mode 
Vibronic Coupling Effects in the 
Photoionization Spectroscopy of 
Acetaldehyde", The Journal of Physical 
Chemistry A, 2022 

Haobin Wang. "Multilayer Multiconfiguration 
Time-Dependent Hartree Theory", The Journal 

15% 
slsansMatapattar a 

Senior Professor 

School of Chemistry 

University of Hyderabad 

Hyeerabad-500046, TS, India. 

2% 

2% 

1 % 

<1% 

<1% 



7 <1%

8 <1%

9 <1%

10 <1%

11 <1%

12 <1%

of Physical Chemistry A, 2015
Publication

Rudraditya Sarkar, S. Mahapatra. " Theoretical
study of photodetachment spectroscopy of
hydrogenated boron cluster anion H B7− and
its deuterated isotopomer ", The Journal of
Chemical Physics, 2017
Publication

Arun Kumar Kanakati, S. Mahapatra. "Vibronic
coupling in the first six electronic states of
pentafluorobenzene radical cation: Radiative
emission and nonradiative decay", The
Journal of Chemical Physics, 2021
Publication

fdocument.org
Internet Source

S. Rajagopala Reddy, Arpita Ghosh, S.
Mahapatra. " Electronic spectroscopy of
carbon chains (C , = 7–10) of astrophysical
importance. I. Quantum chemistry ", The
Journal of Chemical Physics, 2019
Publication

Samala Nagaprasad Reddy, S. Mahapatra.
"Theoretical Study on Molecules of Interstellar
Interest. II. Radical Cation of Compact
Polycyclic Aromatic Hydrocarbons", The
Journal of Physical Chemistry B, 2015
Publication

T. Mondal, A. J. C. Varandas. "Quadratic
coupling treatment of the Jahn-Teller effect in
the triply-degenerate electronic state of CH4+:
Can one account for floppiness?", The Journal
of Chemical Physics, 2012
Publication



13 <1%

14 <1%

15 <1%

16 <1%

17 <1%

Karunamoy Rajak, Arpita Ghosh, S.
Mahapatra. "Vibronic Coupling in the First
Five Electronic States of Dicyanodiacetylene
Radical Cation", The Journal of Physical
Chemistry A, 2018
Publication

Samrit Mainali, Fabien Gatti, Dmitri
Iouchtchenko, Pierre-Nicholas Roy, Hans-
Dieter Meyer. "Comparison of the multi-layer
multi-configuration time-dependent Hartree
(ML-MCTDH) method and the density matrix
renormalization group (DMRG) for ground
state properties of linear rotor chains", The
Journal of Chemical Physics, 2021
Publication

Arpita Ghosh, Karunamoy Rajak, Arun Kumar
Kanakati, S. Mahapatra. "Renner-Teller and
pseudo-Renner-Teller interactions in the
electronic ground and excited states of the
dicyanoacetylene radical cation: Assignment
of vibronic spectrum and elucidation of
nonradiative and radiative decay
mechanisms", Computational and Theoretical
Chemistry, 2019
Publication

Rudraditya Sarkar, Susanta Mahapatra. "
Vibronic coupling in the first four electronic
states of CH F ", Molecular Physics, 2015
Publication

V. Sivaranjana Reddy. "Vibronic interactions in
the photodetachment spectroscopy of
phenide anion", The Journal of Chemical
Physics, 2007
Publication



18 <1%

19 <1%

20 <1%

21 <1%

22 <1%

23 <1%

24 <1%

Susanta Ghanta. "Photophysics and
photostability of pyrimidine molecule and its
radical cation: a theoretical study", Molecular
Physics, 2016
Publication

"Multidimensional Quantum Dynamics",
Wiley, 2009
Publication

Arun Kumar Kanakati, Vadala Jhansi Rani,
Susanta Mahapatra. "The Jahn-Teller and
pseudo-Jahn-Teller effects in propyne radical
cation", Physical Chemistry Chemical Physics,
2022
Publication

T. Mondal, S. Rajagopala Reddy, S. Mahapatra.
"Photophysics of fluorinated benzene. III.
Hexafluorobenzene", The Journal of Chemical
Physics, 2012
Publication

T. Mondal, S. Mahapatra. "Photophysics of
fluorinated benzene. II. Quantum dynamics",
The Journal of Chemical Physics, 2010
Publication

Susanta Mahapatra. "Structure and dynamics
of electronically excited molecular systems",
WIREs Computational Molecular Science,
2021
Publication

T. Mondal, S. Mahapatra. "Complex Dynamics
at Conical Intersections: Vibronic Spectra and
Ultrafast Decay of Electronically Excited
Trifluoroacetonitrile Radical Cation", The
Journal of Physical Chemistry A, 2008
Publication



25 <1%

26 <1%

27 <1%

28 <1%

29 <1%

30 <1%

31 <1%

32 <1%

V. Sivaranjana Reddy, S. Mahapatra.
"Electronic nonadiabatic interactions and
ultrafast internal conversion in
phenylacetylene radical cation", The Journal
of Chemical Physics, 2009
Publication

Daniel M. Neumark. " Slow Electron Velocity-
Map Imaging of Negative Ions: Applications to
Spectroscopy and Dynamics ", The Journal of
Physical Chemistry A, 2008
Publication

"The Jahn-Teller Effect", Springer Science and
Business Media LLC, 2009
Publication

www.x-mol.com
Internet Source

"Advances in Chemical Physics", Wiley, 1984
Publication

S. Rajagopala Reddy, S. Mahapatra.
"Theoretical study of photodetachment
processes of anionic boron clusters. II.
Dynamics", The Journal of Chemical Physics,
2012
Publication

Karunamoy Rajak, Arpita Ghosh, Susanta
Mahapatra. "Vibronic Coupling in the First
Five Electronic States of Dicyanodiacetylene
Radical Cation", The Journal of Physical
Chemistry A, 2018
Publication

V. Sivaranjana Reddy, Samala Nagaprasad
Reddy, S. Mahapatra. "Ultrafast dynamics of
electronically excited diborane radical cation",
Theoretical Chemistry Accounts, 2015



33 <1%

34 <1%

35 <1%

36 <1%

37 <1%

38 <1%

39 <1%

40 <1%

Publication

Wu, Ming, and Trevor J. Sears. "STUDIES OF
THE RENNER–TELLER EFFECT IN NCO BY SEP
SPECTROSCOPY", Advanced Series in Physical
Chemistry, 1995.
Publication

Arun Kumar Kanakati, Vadala Jhansi Rani,
Rudraditya Sarkar, Susanta Mahapatra.
"Elucidation of vibronic structure and
dynamics of first eight excited electronic
states of pentafluorobenzene", The Journal of
Chemical Physics, 2022
Publication

idr.l2.nitk.ac.in
Internet Source

T. S. Venkatesan, S. Mahapatra. "Exploring the
Jahn-Teller and pseudo-Jahn-Teller conical
intersections in the ethane radical cation",
The Journal of Chemical Physics, 2005
Publication

Susanta Mahapatra, Gireesh M. Krishnan.
"Photoelectron spectroscopy of chlorine
dioxide and its negative ion: A quantum
dynamical study", The Journal of Chemical
Physics, 2001
Publication

ijfcs.ut.ac.ir
Internet Source

pubs.rsc.org
Internet Source

Thoss, M.. "Quantum dynamical simulation of
ultrafast molecular processes in the
condensed phase", Chemical Physics,
20060306



41 <1%

42 <1%

43 <1%

44 <1%

45 <1%

46 <1%

47 <1%

48 <1%

49 <1%

50 <1%

Publication

digital.lib.washington.edu
Internet Source

Rudraditya Sarkar, S. Mahapatra. " Vibronic
Dynamics of Electronic Ground State of CH F
and Its Deuterated Isotopomer ", The Journal
of Physical Chemistry A, 2016
Publication

hdl.handle.net
Internet Source

nzdr.ru
Internet Source

Rudraditya Sarkar, S. Rajagopala Reddy, S.
Mahapatra, H. Köppel. " On the Jahn–Teller
effect in the electronic ground state of CH 3 F
+ ", Chemical Physics, 2017
Publication

arxiv.org
Internet Source

discovery.researcher.life
Internet Source

Applications of Topological Methods in
Molecular Chemistry, 2016.
Publication

ia803001.us.archive.org
Internet Source

Roberto Improta, Fabrizio Santoro, Lluís
Blancafort. "Quantum Mechanical Studies on
the Photophysics and the Photochemistry of
Nucleic Acids and Nucleobases", Chemical
Reviews, 2016
Publication

Submitted to University of Birmingham



51 <1%

52 <1%

53 <1%

54 <1%

55 <1%

56 <1%

57 <1%

Student Paper

Arpita Ghosh, S. Rajagopala Reddy, Susanta
Mahapatra. " Electronic spectroscopy of
carbon chains (C , = 7–10) of astrophysical
importance. II. Quantum dynamics ", The
Journal of Chemical Physics, 2019
Publication

T. S. Venkatesan, S. Mahapatra, L. S.
Cederbaum, H. Köppel. " Theoretical
Investigation of Jahn−Teller Dynamics in the E‘
Electronic Ground State of the Cyclopropane
Radical Cation ", The Journal of Physical
Chemistry A, 2004
Publication

assets.researchsquare.com
Internet Source

Arpita Ghosh, Samala Nagaprasad Reddy, S.
Rajagopala Reddy, S. Mahapatra. " Vibronic
Coupling in the X̃ Π –Ã Π Band System of
Diacetylene Radical Cation ", The Journal of
Physical Chemistry A, 2016
Publication

Atkins, Peter, de Paula, Julio, Friedman,
Ronald. "Physical Chemistry", Physical
Chemistry, 2017
Publication

U. Priyanka, Aishwarya Paul, T. Mondal.
"Vibronic coupling and ultrafast relaxation
dynamics in the first five excited singlet
electronic states of bithiophene", The Journal
of Chemical Physics, 2024
Publication



58 <1%

Exclude quotes On

Exclude bibliography On

Exclude matches < 14 words

Vincent Pohl, Jean Christophe Tremblay.
"Adiabatic electronic flux density: A Born-
Oppenheimer broken-symmetry ansatz",
Physical Review A, 2016
Publication


	864bddb89eca7cc2a7b07e1db5c33de3d7946f27aae3295984a4d6c289e20701.pdf
	eb915d307deea3e02c05776d39f88c2e5749833e8fcf8dc11949f43d63417e3c.pdf
	8bf5d6643728a8e6e634bb2b8f81bf6d99d3bf1ffc919d6d64a1ccb95febaddf.pdf
	285f140c66117b5c933b8d0eac09ce6ff75856f7ea9c91b9475c2f6243dfbcdd.pdf
	eb915d307deea3e02c05776d39f88c2e5749833e8fcf8dc11949f43d63417e3c.pdf
	a8e677f9db67cc82dbe070870b467df4424abb700725cce038c36cd28d3a3f39.pdf
	67a4ea56241f2d5ab7459c9103140c0489deef4642ad1e9ad2ee3e76a8991bb4.pdf
	67a4ea56241f2d5ab7459c9103140c0489deef4642ad1e9ad2ee3e76a8991bb4.pdf
	67a4ea56241f2d5ab7459c9103140c0489deef4642ad1e9ad2ee3e76a8991bb4.pdf
	List of figures

	67a4ea56241f2d5ab7459c9103140c0489deef4642ad1e9ad2ee3e76a8991bb4.pdf
	List of tables
	Introduction
	Outset of the theory
	Organisation of the Thesis

	Theoretical methodology
	Born-oppenheimer approximation
	Vibronic Hamiltonian
	Vibronic Hamiltonian for linear systems
	Nuclear dynamics
	Time-independent method
	Time-dependent method
	Wave packet propagation via the MCTDH algorithm 

	Photoionization Bands of Cyanogen: Multi-Mode Vibronic Coupling and Renner-Teller Effects
	Introduction
	Electronic Structure Calculations
	Vibronic Hamiltonian
	Nuclear Dynamics
	Results and Discussion
	Adiabatic potential energy surfaces and Renner-Teller splitting
	Vibronic band structure of the X"0365X2"Πg, s2, B"0365B2"Σu+ and C"0365C2"Πu states Of C2N2.+

	Internal Conversion Dynamics
	Conclusions

	A Full-dimensional Investigation of Vibronic Coupling and Renner-Teller Effects in Linear Carbon Monohydrides, C2nH-  (n=1-4) of Astrophysical interest 
	Introduction
	Computational Details
	Electronic Structure

	 Theoretical Framework
	The Hamiltonian
	Nuclear Dynamics

	Results and Discussion
	Potential energy surfaces

	Vibronic Structure and Dynamics
	Time Dependent Dynamics of X"0365X-A"0365A States
	Internal conversion Dynamics
	Conclusions

	Full-dimensional investigation of the photoionization spectrum of benzonitrile (BN)
	Introduction
	Theoretical details
	Electronic structure
	The Hamiltonian
	Nuclear Dynamics

	Results and Discussion
	Potential energy surfaces
	Photoionization and its signature in the experiment
	Vibrational energy level spectrum of the uncoupled X"0365X2B1-G"0365G2B1 electronic states of BN.+
	Internal conversion dynamics

	Summary and conclusions

	Summary and Outlook
	Appendix
	References




	d0ea3adc4aa43ba5924a7c871a900e95ed2b2f7f9ae6a63165404d150552fe31.pdf
	be42487cb5dabf8e12a31ad83f9f370aafb5e6eec677085a270bb15be60344a5.pdf
	49f290c88a8ceab9a2229f9187e87d27c91742e72ec1f0391e832b8f706bae11.pdf
	741b4c27084111522d2e0e2ccca6e7d44cac2da3bce7cb0c3769d8f859b30548.pdf
	49f290c88a8ceab9a2229f9187e87d27c91742e72ec1f0391e832b8f706bae11.pdf


