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Chapter 1

Introduction

The celebrated Born-Oppenheimer (BO) [1,2] adiabatic approximation has been

the cornerstone in the development of quantum mechanical treatment of chemical

reaction dynamics. The large mass of the nucleus as compared to that of an elec-

tron permits an approximate separation of the motion of these two microscopic

particles. The concept of adiabatic potential energy surfaces (PESs), defined by

the BO approximation is fundamental to the understanding of chemical reaction

dynamics and molecular spectroscopy. Many chemical reactions can be rational-

ized in terms of the motion of atomic nuclei on a single BO PES. This well known

approximation breaks down when two or more electronic PESs become degener-

ate at some (finite or infinite) number of molecular configurations. For such an

intersection to appear, these molecules should necessarily contain at least two

nuclear coordinates [3]. In a simple two-electronic picture, only two independent

relations between three electronic Hamiltonian matrix elements are sufficient for

the existence of doubly degenerate electronic energy eigenvalues [4]. As a result,

these relations can easily be satisfied explaining thereby the frequent occurrence

of conical intersections (CIs) of PESs [4–6]. For polyatomic molecules with their

1



Chapter 1. Introduction 2

dense electronic states and many nuclear degrees of freedom, CIs of BO PESs

have become a generic feature [6,7]. CIs occurring due to the symmetry enforced

instabilities in Jahn-Teller (JT) active molecules in their nonlinear configurations

are well known in the literature [8–11] and are known as JT CIs. Another sub-

class which deals with the interaction between the degenerate and nondegenerate

states and are referred to as pseudo - JT (PJT) systems in the literature [12–15].

Linear molecules are exceptions of the JT and PJT interactions but instabilities

(for linear geometries) in their degenerate electronic states leads to Renner-Teller

(RT) or glancing type of interactions [16, 17].

CIs of PES are ubiquitous in polyatomic molecules, and their existence leads

to a complete breakdown of BO adiabatic approximation and therefore, nonadi-

abatic electronic transitions take place during the nuclear motion. As a result,

it is necessary to monitor the nuclear motions simultaneously on more than one

electronic PES in a nuclear dynamical study [12, 18]. Apart from this, a sec-

ond complexity arises from the diverging nature of the (derivative) non-adiabatic

coupling elements in the adiabatic electronic basis making it unsuitable for dy-

namical studies. In order to deal with this situation one resorts to a diabatic

electronic representation [19–21], where the diverging kinetic coupling elements

are transformed into the smooth potential coupling elements and thereby the

discontinuity of the adiabatic representation is avoided. Various approximate

schemes have been proposed for this adiabatic-to-diabatic transformation [22–24]

through a suitable unitary transformation of the adiabatic electronic states de-

fined in terms of the adiabatic-to-diabatic mixing angle [25].

One generally follows either a time-independent or a time-dependent quan-

tum mechanical approach for the simulation of the nuclear dynamics. In a

time-independent method, the time-independent Schrödinger equation (TISE)
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is solved by representing the nuclear Hamiltonian in a suitable basis. In time-

dependent approach, an initial wave packet (WP) corresponding to the ground

vibrational level is prepared which is subjected to a Franck-Condon (FC) tran-

sition to the final electronic state(s), where it is propagated with aid of time-

dependent Schrödinger equation (TDSE) in a spectroscopic study. In a reactive

scattering study, the initial WP is located in the reagent asymptote of the PES

and propagated thereafter by solving the TDSE. The dynamical observables are

finally calculated from the time evolved WP.

1.1 Hydrogen exchange reaction and its isotopic

variants

The hydrogen exchange reaction, H + H2 → H2 + H is the simplest chemical

reaction consisting of three nuclei and three electrons and has been a prototype

model in the development of chemical reaction dynamics [26, 27]. Dynamical

studies on this reaction started in the late 1920 [28]. Accurate quantum mechan-

ical (QM) calculations appeared about a half a century later, in 1970s [29]. Full

and converged QM calculations were performed in 1980s [30]. With advances in

theoretical and experimental methods, good agreement between the theory and

experiment has been achieved for integral and differential reaction cross sections

and thermal rate constants in recent times [31–42,44,45]. The increase in the pre-

cision of the experimental data [46,47] drove the theoretical research to consider

the complex electronic nonadiabatic interactions in the nuclear dynamics of this

fundamental reaction, since it occurs on an orbitally degenerate electronic state.

Attempts were made to include such nonadiabatic quantum mechanical effects ei-

ther in terms of geometric phase (GP) change of adiabatic electronic wavefunction
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or by considering the nonadiabatic coupling explicitly in the formalism [25, 48].

The triatomic hydrogen H3 has been a benchmark candidate to understand

the most fundamental chemical processes occurring on Earth as well as in the

interstellar media [49]. In spite of its structural simplicity, the fragmentation

dynamics of Rydberg excited H3 appears to follow an outstandingly complex

mechanism [50–54]. The process of dissociative recombination (DR) of triatomic

hydrogen ion H+
3 has attracted extensive attention from both experiment and

theory in recent times [53, 55]. The H+
3 ion acts as proton donor in chemical re-

actions that occur in interstellar clouds [56]. It is also the simplest triatomic ion,

and serves as a benchmark system to understand the polyatomic DR processes.

Various nonadiabatic transitions are expected to contribute to the observed dis-

sociative recombination when a H+
3 ion captures an electron and the resulting

Rydberg H3 subsequently dissociates, via,

H+
3 + e− → H∗

3 → H2 + H or H + H + H (1.1)

This dissociative recombination is an important process in the chemistry of diffuse

interstellar cold plasma clouds. The JT and PJT - type of interactions among

various Rydberg electronic manifolds of H3 have been predicted to play a crucial

a role in it [52–54]. In this context, investigations of the structure and dynamics

of the 3p (E ′) and 3d (E ′′) Rydberg electronic states of H3 radical was felt to be

important to understand the DR process and pursued here.

1.1.1 Potential energy surface of H + H2 reaction

There are several global ab initio electronic PESs available in the literature for

this system. They are well-known by the abbreviations viz., LSTH [57, 58],
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DMBE [59], BKMP [60] and BKMP2 PESs [61]. Varandas et al. [59] have re-

ported an analytical representation of the two lowest electronic PESs of H + H2

based on the DMBE (double many body expansion) method. These authors have

used 267 ab initio points of Liu and Siegbahn [62,63], 31 points from Blomberg and

Liu [64] and 18 new ab initio points. Their ab initio calculations employed a prim-

itive (9s3p1d) basis set contracted to [4s3p1d]. They first performed a complete-

active-space-self-consistent-field (CASSCF) calculation [65] with the three active

orbitals to obtain eight configurations and followed by a multireference configu-

ration interaction calculation with all single and double excitations (MR-CISD).

The fundamental form used for the DMBE fit reveals correct analytical proper-

ties [66–69] for the PES exhibiting a D3h CI and is analytically continued to the

first-excited electronic PES (22A′). A schematic diagram of the conically inter-

secting PESs of the ground electronic state of H3 is shown in Fig. 1. The two JT

split PESs are shown by red colored (V−) and blue colored (V+) lines, respectively

for the D3h geometry.

Although the DMBE PES is derived from a relatively small number of ab

initio points, it is accurate enough as revealed by further ab initio calculations [25]

and justifiably used in the literature to simulate the nuclear motion of H3 [26].

Till date, the DMBE PES is the only one available which globally represents

both the lower and upper adiabatic sheets of the ground electronic manifold of

H3. Wu et al. reported a new surface based on spline fits of the exact quantum

Monte Carlo calculations [70]. All the surfaces mentioned above are constructed

based on the same initial ab initio data points with different sets of additional

data points for each surface. Recently, Mielke et al. [71] reported a set of three

PESs for the hydrogen exchange reaction using a hierarchical set of electronic

basis. These were subsequently used to estimate the complete basis set limit of
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Figure 1.1: Adiabatic PESs of ground (shown by red colored contours) and first
excited electronic states (shown by blue colored contours) of H3 for D3h geometry.
The point of CI is shown by X in the figure.
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the calculations, generating a fourth surface, named CCI surface [71].

1.1.2 Nonadiabatic effects in H + H2 reaction

As discussed above that the hydrogen exchange reaction takes place on the JT

split PES, and hence a study of the electronic nonadiabatic effects on the nuclear

dynamics of this fundamental reaction has become an important topic of research

in recent times [25,72–78]. The orbital degeneracy of the electronic ground state

of H3 is split when it is distorted from its equilibrium D3h configuration along its

degenerate asymmetric stretching and bending vibrational modes. The resulting

two JT split PESs form CIs at the D3h equilibrium configuration of H3 [4]. The

possible effects of CIs on the nuclear dynamics of this system had initiated con-

siderable debates in the literature [25,72,75–83], which could be resolved partially

only in the recent years [25, 72, 73].

The effects of CIs on the molecular spectroscopy and later on reaction dynam-

ics are well studied in literature in terms of GP change of adiabatic electronic

wavefunction when encircling the CI in a closed path. The GP effect was first

identified in a molecular system by Herzberg and Longuet-Higgins [4]. To make

the total wavefunction single valued, one must either impose multivalued bound-

ary conditions on the nuclear wavefunction, or one must make the electronic

wavefunction complex and single valued by introducing a vector potential into

the Hamiltonian [84]. The effect of GP on the bound vibrational energy level

spectrum and more recently on the H + H2 reaction dynamics have been studied

at length [79, 85]. Early work on the GP effects in H + H2 reaction was done by

Mead [86]. He showed that the GP changes the relative phases of the inelastic

and reactive contributions to fully symmetrized cross sections. Kupperman and

coworkers have carried out extensive quantum reactive scattering calculations of
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the H + H2 reaction and its isotopic variants [79–83] for collision energies less

than the energetic minimum of the CIs of ∼ 2.74 eV. The GP effects was found

to change markedly the state-to-state rovibrational product distributions [79–83].

These results were found to be in better agreement with the earlier experimen-

tal measurements of these quantities [87]. Subsequent calculations that omit the

GP change revealed an excellent agreement with the results of molecular beam

experiments, based on the Rydberg atom time of flight technique at energies

slightly above the minimum of CIs [88] establishing no noticeable GP effects on

the hydrogen exchange reaction.

The absence of detectable GP effects in all the high resolution experiments

stimulated further theoretical calculations. Recently, Kendrick [89–93] has carried

out extensive theoretical investigations on the role of GP effects on the reactivity

of the H + H2 reaction and its isotopic variants. The important outcome of

these theoretical studies [89–93] is that the GP effects cancel out in all of the

state resolved integral and differential cross sections, when the contributions of

odd and even values of the total angular momentum are added together. These

studies were done using the LSTH and BKMP2 PESs and cancellation was found

in both the cases [89–93]. This cancellation seems to be due to a symmetry

property, independent of the PES and holds for all values of J . The results of

these calculations did not agree with the previous ones [79–83].

The influence of GP on the reactive scattering dynamics of the H + H2 system

has been further considered and analyzed by an entirely different approach by

Althorpe and coworkers [75,76]. These authors have carried out WP calculations

on the hydrogen exchange reaction over the 0.4 - 2.5 eV total energy range using

the BKMP2 PES, both with and without the inclusion of the GP effects [76].

The results obtained by them are in excellent agreement with those of Kendrick



1.1. Hydrogen exchange reaction and its isotopic variants 9

[89–93] showing that the GP effects are observable in the state-to-state reaction

probabilities but cancel exactly when the contributions from different partial

waves of J are summed to obtain the integral reaction cross sections. Their results

are also consistent with those of Kendrick [89–93] in predicting that there are no

significant GP effects in the full differential reaction cross sections at energies

below 1.8 eV, and in the partial differential cross sections at energies above this.

In addition to this, they also observed small GP effects in the full differential cross

sections above 1.8 eV [76] (which was not reported by Kendrick) which may be

experimentally observable. In subsequent studies [77,78], Althorpe and coworkers

have explained this cancellation by showing that the nuclear wavefunction around

a CI branches into even and odd components (with a sign change that depends

on the GP) and these two components can further interfere and thus contribute

to the partial cancellation of the GP effects in the reaction cross sections. In the

recent past, Mahapatra et al. [25] have studied the role of CIs on the hydrogen

exchange reaction by explicitly including the coupling between the two sheets of

the JT split ground electronic PES for the first time. In this work, the authors

have computed the initial state-selected total reaction probabilities for J = 0 by

a time-dependent WP method. This work represents the inclusion of the GP

change and the nonadiabatic coupling in the reaction dynamics in a consistent

fashion. They have calculated the reaction probabilities for energies upto the

onset of the three-body dissociation of H3 and found a very minor impact of

nonadiabatic coupling on the reaction dynamics for J = 0.

The GP change also shown to have a negligible effect on the transition state

resonances in the H + H2 reaction [85]. Due to the fact that the CIs occur at

the D3h equilibrium geometry of H3, understandably the saddle point resonances

are not affected by the strong nonadiabatic effects. While the H + H2 reaction
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dynamics has not yet been proved to be dramatically influenced by the GP ef-

fects, the direct evidence of the strong nonadiabatic effects in the H3 system and

its isotopic variants emerged from the neutralized ion-beam experiment of Bruck-

meier et al. [94, 95]. The latter probed these systems in the close proximity of

the seam of CIs. GP change, understandably accounts for a part of the nonadi-

abatic interactions and a more complete study (including the full nonadiabatic

coupling) by Mahapatra et al. have unambiguously established the importance of

nonadiabatic effects in the Rydberg emission spectra of H3 and its isotopomers

in conjunction with the experimental observations [96].

1.2 Bimolecular atom-diatom insertion reactions

The bimolecular atom-diatom insertion reactions of the type, X + H2 [X is O(1D),

C(1D), N(2D) and S(1D)] follow an indirect mechanism and are characterized by

the presence of deep well on their PES. A common characteristic of these inser-

tion reactions is that the deep potential well between reactants and products is

associated with strongly bound species which is formed after the insertion of the

incoming atom (X) into the H - H bond, i.e., XH2 (e.g., H2O, CH2, NH2 and

H2S) molecules are formed. Among these molecules, H2O and H2S are formed in

their ground electronic state and CH2 (a1A′) and NH2 (X2B1) are the radicals.

Because of the presence of a very deep well, accurate QM scattering calculations

are quite cumbersome and approximate methods such as quasiclassical trajec-

tory (QCT) or reduced dimensionality QM calculations have been mostly used

together with time-dependent methods to calculate the dynamical quantities of

these reactions. As these reactions are believed to proceed statistically because of

the stability of the intermediate complex with respect to reactants and products,
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a number of statistical studies are carried out in the literature [97–99]. Accurate

QM calculations have appeared quite recently [100–102]. Each of the reaction

has its own peculiarities and among these, the reaction of N(2D) atom with the

H2 molecule is considered and studied in here.

1.2.1 The N (2D) + H2 insertion reaction

The N(2D) + H2 (X1Σ+
g ) → NH (X3Σ−) + H (2S) reaction represents a prototype

for insertion reactions. It has been studied both experimentally and theoretically

over the past few decades due to its important role in atmospheric and dark

zone chemistry of propellant combustion [103]. In former times, dynamics of

this reaction has been studied using a London-Eyring-Polanyi -Sato type of PES

by Suzuki et al. [104] first, and then employing a more realistic one of Sorbie-

Murrell type derived from ab initio electronic structure data [105]. Both these

studies concluded that the reaction takes place via hydrogen atom abstraction,

in agreement with previous experimental results [106]. However, more advanced

experimental studies using laser induced fluorescence [107,108] and crossed molec-

ular beam [109] techniques indicate that the reaction proceeds via an insertion

type of mechanism. This apparent controversy could be resolved with the avail-

ability of more refined global ab initio PES for the 1 2A′′ electronic ground state

of NH2 reported by Ho et al. [110]. The topography of this PES reveals that the

reaction proceeds via an approach of the nitrogen atom perpendicular to the H2

bond [110]. This PES supports two barriers of height ∼ 0.21 eV and ∼ 0.08 eV,

respectively, for the linear and T - shaped approaches and a well of depth ∼ 5.5

eV for the latter C2v configuration [110].

QCT calculations based on the above PES show good agreement with the

more recent experimental data [107–109]. Lin et al. [111] reported quantum dy-
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namical results employing the 1 2A′′ PES of Ho et al. [110]. Initial state-specific

integral reaction cross sections (up to the collision energy of ∼ 0.25 eV) and

thermal rate constants are reported by these authors. In this study the authors

have included partial wave contributions up to J = 29 to calculate the integral

reaction cross sections. The calculated thermal rate constants turned out to be

slightly larger than the experimental results and these results also show that the

QCT method underestimates the observed rate coefficients. They also reported

state-to-state differential and integral cross sections [112,113] of this reaction us-

ing same PES [110]. An ab initio PES for the 1 2A′′ electronic state based on

the DMBE method has also been reported by Poveda et al. [114]. These authors

also performed quantum dynamical studies using this PES [115] and reported the

initial state-selected and energy resolved reaction probabilities, integral reaction

cross sections and thermal rate constants. The rate constants obtained by these

authors are slightly smaller than the experimental results [115]. Very recently

Castillo et al. [116] have reported quantum WP and classical trajectory studies

of this reaction and its isotopic variants on the 1 2A′′ PES of Ho et al. [110].

These authors have calculated the initial state-selected reaction probabilities and

product rotational distributions for the total angular momentum J = 0 by using

a real WP propagation method [117] up to a collision energy of ∼ 1.0 eV. Inte-

gral reaction cross sections (up to collision energy ∼ 0.25 eV) and thermal rate

constants have been calculated from the J = 0 reaction probabilities by using the

standard J-shifting [118], uniform J-shifting [119] approximations and also using

the coupled states approximations for J > 0. The thermal rate constant data

obtained by these authors are in good agreement with experimental results [116].

All these theoretical studies revealed oscillatory structures in the initial state-

selected reaction probabilities and integral reaction cross sections as a function
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of collision energies. The oscillatory structures bear the signature of long lived

complex (NH2) formation during the course of the reaction.

1.2.2 Potential energy surface for the N (2D) + H2 reac-

tion

There are many PESs available for the N(2D) + H2 reaction, but the first PES

for the ground state 1 2A′′ of NH2 which supported the insertion type of mech-

anism appeared in 1999 [120]. This PES is based on high quality ab initio data

and within the framework of the reproducing kernel Hilbert space (RKHS) the-

ory [121–123]. This PES has been used in various QM and QCT studies of

dynamics of the N(2D) + H2(D2, HD) reactions and its high quality is evident

from the good agreement found between the theoretical calculations and the cor-

responding experimental measurements. But this PES contains spurious small

scale structures (of magnitude smaller than 1.0 Kcal/mol) at large separations

and fails to give proper values at and near collinear geometries H-N-H. Also this

surface does not describe the C2v transition state and the N-H-H linear barrier

regions correctly.

Ho et al. [110] have reported an improved version of this PES based a large set

of data points resulting from the multireference configuration interaction (MRCI)

calculations. This new PES is based on a set of 2715 ab initio points resulting

from the MRCI calculations. This implementation is carried out using the RKHS

interpolation method. A fast algorithm, with the help of low-order spline repro-

ducing kernels, is implemented for the computation of the PES, which is essential

for the large scale calculations of the dynamics. This PES removes all the short-

comings of the previous surface [120] and correctly describes the C2v transition

state [see Fig. 4]. We have utilized it in our dynamical calculations reported
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Figure 1.2: Schematic representation of the adiabatic potential energy surface
[110] of the electronic ground state (12A′′) of the N (2D) + H2 system for the C2v

arrangements of the three nuclei.

below. Recently, a new ab initio PES of the X2A′′ ground electronic state of NH2

has been reported by Zhou et al. [124]. This is a global PES constructed by a

three-dimensional cubic spline interpolation of more than 20000 ab initio points,

which were calculated at MRCI level with Davidson correction using augmented

correlation-consistent polarized valence quadruple-zeta basis set.

1.2.3 Nonadiabatic effects in N (2D) + H2 reaction

The ground 1 2A′′ and first excited 2 2A′ electronic states of NH2 transform into

a degenerate 2Π state for linear configurations and thus interact through RT type

of vibronic coupling. NH2 is the first molecular system where RT effects were ob-
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served [125]. Santoro et al. [126] have investigated the RT effect in the collision

dynamics of NH2 using a trajectory-surface-hopping approach. Recently, Defazio

et al. [127] have studied the RT dynamics of the title reaction using a J - shifting

approximation on the PES reported by Santoro et al. [126]. These authors have

reported state resolved reaction probabilities, cross sections and thermal rate con-

stants paying special attention to the RT effects. Very recently, the experimental

rate constants for the NH (a1∆) + H and ND (a1∆) + D reactions have been

measured using a quasi-static laser flash photolysis/ laser-induced fluorescence

technique [128]. The findings of this experiment are corroborated in a theoreti-

cal analysis using a simple surface-hoping approach to reveal the impact of RT

coupling on the reaction dynamics on the excited electronic state [128].

1.3 Current state of research and the aim of the

present work

Recently, Varandas et al. have studied the nonadiabatic effects in the H + D2

reaction [129]. These authors have reported the state-to-state dynamics of the H

+ D2 reaction by the reactant-product decoupling method. These authors have

calculated rotational distributions for the reaction H + D2 (v = 0, j = 0) →
HD(v′ = 3, j ′ = 0) at eight different collision energies between 1.49 and 1.89

eV. These authors have not found any major nonadiabatic effects in their re-

sults. Initial state-selected total reaction probabilities and integral reaction cross

sections are also reported for energies ranging from 0.25 upto 2.0 eV and no sig-

nificant nonadiabatic effects are observed in the dynamical results. Althorpe and

coworkers have studies the effect of GP in the state-to-state opacity functions of

the hydrogen exchange reaction, which cancel out in the state-to-state integral
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reaction cross sections [76]. Recently, Althorpe and coworkers have studied the

effect of GP on the state-to-state dynamics of H + H2 reaction upto the total

energies of ∼ 4.5 eV above the ground state potential minimum [130]. These

authors have found that the upper electronic state makes only a very small con-

tribution to the state-to-state dynamics, even at energies much higher than the

minimum of CIs. At total energies above 3.5 eV, many of the state-to-state reac-

tion probabilities show strong GP effects. These effects are found to survive the

coherent sum over partial waves to produce features in the state-to-state differ-

ential cross sections which could be detected in an experiment with an angular

resolution of ∼ 20o [130]. The effect of coriolis coupling (CC) in the state-to-state

differential and integral reaction cross sections for the H + D2 reaction on the

BKMP2 surface [61] in the total energy range of 0.4 - 1.2 eV with D2 initially in

its ground vibrational-rotational state has been studied by Chu et al. [131] us-

ing the DIFFREALWAVE code [132]. These authors have compared the results

from calculations including the full CC and those using the centrifugal sudden

(CS) approximation. They showed that the energy dependence and the angular

dependence of the calculated cross sections are sensitive to the coriolis coupling,

which emphasizes the importance of the CC in the accurate state-to-state dy-

namical calculations. Recently, Defazio et al. have studied the effect of CC on

the initial state-resolved dynamics the N(2D) + H2 insertion reaction, with and

without including nonadiabatic RT interactions between the NH2 X 2B1 and A

2A1 electronic states [133]. These authors have found that the CC effects are

rather small up to J = 40 when the RT interactions are excluded and the CS

approximation is found to be sufficient in this case. On the otherhand, RT effects

are associated with large CC effects near the linearity of NH2, and the accuracy of

the CS approximation breaks down at high collision energies, when the reaction
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starts on the excited state.

The aim of the present work is to investigate the effects of the CIs and the

associated nonadiabatic effects in the H + H2 (and its isotopic variants) reac-

tion. An examination of the details of the N(2D) + H2 reaction dynamics is also

planned. The initial state - selected and energy resolved reaction probabilities,

integral reaction cross sections and thermal rate constants have been calculated

for both H + H2 (and its isotopic variants) and N(2D) + H2 reactions. The ef-

fect of the CC on the coupled state dynamics of the hydrogen exchange reaction

is also investigated. The calculated thermal rate constants are compared with

the available theoretical and experimental results. The effect of JT CIs in the

3p (E ′) and 3d (E ′′) Rydberg electronic states of triatomic hydrogen has been

investigated in an attempt to understand the DR processes of H3.

1.4 Overview of the Thesis

In Chapter 2, we present a detailed description of the theoretical framework to

deal with nuclear dynamics in the coupled-state situation by a TDWP approach.

The nuclear dynamics is treated with a two-state model Hamiltonian. The flux

operator is represented in both adiabatic and diabatic representations to calcu-

late the initial state-selected and energy resolved reaction probabilities. Initial

state-selected and energy resolved integral reaction cross sections are calculated

by summing up all the necessary partial waves depending on the total angular

momentum, J within the coupled state approximations and also including the

CC terms in the Hamiltonian. The thermal rate constants are calculated from

the integral reaction cross sections.

In Chapter 3, we present and discuss the reaction probabilities, integral re-
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action cross sections and thermal rate constants obtained for H + H2 and its

isotopic variants using the theoretical formalism described in chapter 2. The

reaction probabilities are calculated both in the uncoupled and coupled surface

situations, respectively. All partial wave contributions upto the total angular

momentum, J = 50 (60, in case of H + HD) are calculated. The reaction prob-

abilities depending on the total angular momentum J are summed up using the

CS approximation to calculate the integral reaction cross sections. The thermal

rate constants are calculated by Boltzman averaging over the reagent rotational

angular momentum quantum number, j.

In chapter 3, we also present and discuss the effect of the reagent rotation

and vibration on the dynamics of the H + H2 reaction when the reagent is in its

(v = 0, j = 0 − 10) and (v = 0 − 10, j = 0) states. We calculate the reaction

probabilities upto the three-body dissociation limit of H3 both in coupled and

uncoupled states situation, respectively. The integral reaction cross sections have

been calculated by summing over all partial waves upto J = 50, in both coupled

and uncoupled surface situations, respectively. The observed nonadiabatic effects

on the dynamical attributes are discussed at length.

In chapter 4, we present and discuss the reaction dynamics of the prototypical

insertion reaction, N(2D) + H2. The initial state-selected total reaction proba-

bilities are calculated for the title reaction up to the collision energy of 1.0 eV.

All partial waves up to the total angular momentum, J = 60 are included to

obtain converged integral reaction cross sections. The thermal rate constants are

calculated by Boltzman averaging of the initial state specific rate constants over

reagent rotational angular momentum quantum number, j. The large number

of vibrational levels supported by the NH2 PES for the C2v geometry are calcu-

lated and analyzed. The eigenfunctions of some of the low lying energy levels are
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calculated and assigned with the nodal pattern. A statistical analysis of these

vibrational levels is also undertaken.

In chapter 5, we study the static and dynamic aspects of the JT conical

interactions in the 3p (E ′) and 3d (E ′′) Rydberg electronic states of the H3

theoretically. The static aspects are discussed based on recent ab initio quantum

chemistry results, and the dynamic aspects are examined in terms of the vibronic

spectra and nonradiative decay behavior of these states. The adiabatic PESs

are diabatized and the nuclear dynamics is studied on the resulting conically

intersecting manifold of electronic states by a time-dependent WP approach.

Calculations are performed both in coupled and uncoupled surface situations in

order to understand the importance of the nonadiabatic interactions due to JT

CIs in these excited Rydberg electronic states.

Finally, the summarizing remarks including the future directions are provided

in chapter 6.



Chapter 2

Quantum dynamics on coupled

electronic states

2.1 Introduction

This chapter describes the theoretical formalism to study the dynamics of a bi-

molecular reaction occurring on a coupled manifold of electronic states. The

nuclear dynamics is studied with a two-state model by representing the flux op-

erator both in the adiabatic as well as in a diabatic electronic basis. The reaction

is initiated in the adiabatic electronic representation and then monitored by nu-

merically solving the TDSE in a diabatic electronic representation to avoid the

diverging kinetic coupling terms of the former representation [25]. The observ-

ables are finally calculated in either of the two representations. The complexity of

defining a suitable adiabatic-to-diabatic transformation angle, increases with an

increase in the number of participating electronic state. A numerical diagonaliza-

tion of the electronic Hamiltonian matrix is often undertaken to approximately

describe the adiabatic-to-diabatic transformation matrix. For an explicitly time-

20
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independent Hamiltonian, the solution of the TDSE reads

|Ψ(t)〉 = exp

[

−iĤt
~

]

|Ψ(t = 0)〉 (2.1)

where, |ψ(t)〉 is the wavefunction at time t, and Ĥ defines the Hamiltonian oper-

ator of the reacting system.

2.2 Hamiltonian

The diabatic Hamiltonian for the ground electronic manifold, for example, of the

H + H2 system can be written as

Hd = TN





1 0

0 1



 +





U11 U12

U21 U22



 (2.2)

where, TN represents the nuclear kinetic energy operator, which is diagonal in

this basis. In terms of the mass-scaled body-fixed (BF) Jacobi coordinates R

(the distance of the hydrogen atom to the center of mass of the diatomic reagent

molecule), r (the internuclear distance of the reagent molecule) and γ (the angle

between ~R and ~r) [see Fig. 3] and for total angular momentum J 6= 0, it is given

by

TN = − ~
2

2µ

[

∂2

∂R2
+

∂2

∂r2

]

+
ĵ2

2µr2
+

l̂2

2µR2
. (2.3)

In Eq. (2.3), the operator ĵ defines the diatomic rotational angular momentum

associated with the Jacobi angle γ, and l̂ is the orbital angular momentum op-

erator. The quantity, µ =
√

(mHmHmH)/(mH +mH +mH), is the three-body
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Figure 2.1: The center-of-mass coordinates for the H + H2 collision used in the
space-fixed and body-fixed frame are represented as XYZ (blue) and xyz (red)
axes, respectively. The coordinate origin is at the center of mass atom-diatom
system.
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scaled reduced mass and quantities U11 and U22 in Eq. (2.2) are the energies of

the two diabatic electronic states and, U12 = U21 represent their coupling poten-

tial. The BF z-axis is defined to be parallel to R̂ and the diatom lies in the (x, z)

plane [see Fig. 2.1].The quantity l̂2 is expressed as

l̂2 ≡ (Ĵ − ĵ)2 = Ĵ2 + ĵ2 − 2Ĵz ĵz − Ĵ+ĵ− − Ĵ−ĵ+ (2.4)

where, Ĵ is the total angular momentum operator and Ĵz and ĵz are the respective

BF z components of Ĵ and ĵ. Ĵ+(Ĵ−) and ĵ+(ĵ−) are the corresponding raising

(lowering) operators. Within the coupled states or centrifugal sudden approxima-

tion (CS) [135, 136] the last two terms of Eq. 2.4 are neglected. The elements of

the diabatic electronic Hamiltonian matrix of Eq. (2.2) are obtained by diabatiz-

ing the adiabatic electronic Hamiltonian matrix through the following similarity

transformation:





U11 U12

U21 U22



 = S





V− 0

0 V+



S† (2.5)

=
V− + V+

2
1 +

V+ − V−
2





− cosχ sinχ

sinχ cosχ



 , (2.6)

with

S =





cosφ sinφ

− sin φ cos φ



 . (2.7)

The quantities V− and V+ represent the JT-split lower and upper adiabatic sheets

of the DMBE PES [59], and S defines the unitary transformation matrix from

the adiabatic-to-diabatic representation; Ψdiab = S Ψadiab; φ is the adiabatic-to-
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diabatic mixing angle. The quantity χ (= 2φ) above is the pseudorotation angle

defined to be the polar angle of the e-type vibration in the two-dimensional vi-

brational subspace of the system. It has been demonstrated that this scheme of

diabatization removes the leading singular derivative coupling of the adiabatic

electronic representation and is able to yield quantitative experimental informa-

tion [23, 24].

In the adiabatic representation the electronic part of the Hamiltonian is diag-

onal and the nonadiabatic coupling elements appear as off-diagonal elements in

the nuclear part of the Hamiltonian. The adiabatic Hamiltonian matrix can be

obtained from the diabatic one of Eq. (2.2) using the above S matrix:

Had = S†HdS

= TN1 − S†[TN , S] −





V− 0

0 V+



 , (2.8)

where TN represents the nuclear kinetic energy operator given in Eq. 2.3.

2.3 Preparation of the initial WP

In a reactive scattering study the initial wavefunction is prepared in the asymp-

totic reactant channel where the interaction potential almost vanishes. In such a

situation the initial wavefunction pertinent to the reacting system can be writ-

ten as a product of the translational wavefunction F (R) for the motion along R

and the rovibrational wavefunction Φvj of the reagent molecule. We locate the

wavefunction initially on the repulsive lower adiabatic sheet (V−) of the DMBE



2.3. Preparation of the initial WP 25

PES [59] of H3 which assumes the form

|ΨJ
Ω(Rl, rm, γn, t = 0)〉 =

√
ωnF (Rl)φvj(rm)P̃Ω

j (cos γn). (2.9)

where Rl, rm and γn are the grid points in the (R, r, γ) space. The quantity Ω is

the quantum number for the projection of j (and also J) on the BF z axis. We

choose a minimum uncertainty Gaussian wave packet (GWP) for F (R):

F (R) =

(

1

2πδ2

) 1
4

exp

[

−(R −R0)
2

4δ2
− ik0(R−R0)

]

. (2.10)

The quantity δ is the width parameter of the GWP, and R0 and k0 correspond to

the location of its maximum in the coordinate and momentum space, respectively.

The functions φvj represent the rovibrational eigenfunctions corresponding to a

given vibrational v and rotational j levels of the reagent molecule. The sine

discrete variable (sine-DVR) representation approach of Colbert and Miller [137]

is used to solve the rovibrational eigenvalue equation for φvj :

[

− ~
2

2µ′

d2

dr′2
+ V (r′) +

j(j + 1)~2

2µ′r′2

]

φvj(r
′) = εvjφvj(r

′). (2.11)

Here µ′ is the reduced mass, εvj is the energy eigenvalue, and r′ = r(µ/µ′)1/2,

the unscaled internuclear distance of the reagent molecule. V (r′) is its poten-

tial energy obtained from the DMBE PES [59] by setting R → ∞. The initial

wavefunction defined in Eq. (2.9) is transformed to the diabatic electronic rep-

resentation by using the S matrix (Eq. (2.7)) prior to the propagation. In the

diabatic electronic representation the initial wavefunction can be written in the
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vector notation as

Ψd(R, r, γ, t = 0) = ψd
1(R, r, γ, t = 0)





1

0



 + ψd
2(R, r, γ, t = 0)





0

1



(2.12)

where





1

0



 and





0

1



 indicate the first and the second diabatic electronic state

with energy U11 and U22, respectively.

2.4 Time evolution of the initial WP

The general solution of the TDSE [Eq. (2.1)] is given by

Ψ(t) = P̂ exp

[

−i~
∫ T

0

Ĥ(t′)dt′
]

Ψ(0) (2.13)

where, Ψ(0) and Ψ(t) are the wavefunctions at time 0 and t, respectively. P̂ is

the time ordering operator. For an explicitly time-independent Hamiltonian, the

solution reads as in Eq. (2.1). The exponential operator in the R.H.S.of the Eq.

(2.1) forms a continuous dynamical group where time t is a parameter, and is

known as the time-evolution operator denoted by Û(t, t0). For t0 = 0,

Û(t, t0) = e−iĤt/~. (2.14)

Time t is divided into smaller steps of length ∆t and the evolution for the entire

range of time is accomplished through:

Û(t) = Π
Nt−1

n=0 Û((n + 1)∆t, n∆t) (2.15)
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where, Nt is the total number of time steps and, ∆t = t/Nt is the step length.

Û(t, t0) is a linear operator and is unitary:

Û Û † = Û †Û = 1 (2.16)

The exponential operator is approximated in various ways in the literature.

For example, the second order differencing (SOD) scheme [138], the split operator

(SO) operator [139], the chebyshev polynomial (CP) scheme [140] and the short

iterative Lanczos (SIL) scheme [141] represents a few of them. For the present

investigations, we have used the chebyshev polynomial scheme for time evolution

[140]. Chebyshev polynomials are found to be superior to many other polynomials

and are optimal for a scalar function F (x) bounded in the interval [-1,1]. So, a

scalar function like eax can be expressed in terms of these polynomials in the

interval -1≤ x ≤ 1 as

eax =

∞
∑

n=0

(2 − δn0)Jn(α)Tn(x), (2.17)

where δn0 is the Kroenecker delta and, α = ∆E ∆t/2~. Jn(α) are the modified

Bessel functions of order n. Tn(x) are the Chebyshev polynomials of order n,

calculated using the recursion relation [142]

Tn+1(x) = 2xTn(x) − Tn−1(x) (2.18)

with T0(x) = 1 and T1(x) = x.

The evolution operator is a function of an operator. It can be shown that a

function of an operator can be expressed as a function of a scalar in the complete

basis of the operator. So, the function of the operator can be approximated in the
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Chebyshev series, provided the domain of the operator is confined to the interval

[-1,1] in which the Chebyshev polynomials are optimal. In case of a Hamiltonian

which is self-adjoint, the eigenvalues lie on a real axis, and they can be positioned

from -1 to 1 by renormalizing the Hamiltonian as follows:

Ĥnorm = 2(Ĥ −H)/∆E (2.19)

where, H = (Emax + Emin)/2, and, ∆E = Emax − Emin. In terms of this renor-

malized Hamiltonian, Hnorm, the evolution operator can be written as:

e−iĤ∆t/~ = e−iH∆t/~e−iαĤnorm. (2.20)

The first term in the above equation is the phase shift due to the shift of the energy

scale. The second term is approximated by the chebyshev series [140,143,144] as

e−iαHnorm =

∞
∑

n=0

(2 − δn0)Jn(α)Φn(−iĤnorm) (2.21)

where, Φn(−iĤnorm) are the complex Chebyshev polynomials of order n satisfying

the recursion relation:

Φn+1 = −2iĤnormΦn + Φn−1 (2.22)

where, Φ0 = 1 and Φ1 = -iĤnorm. Therefore, the evolution of Ψ(t) in this scheme

on a discrete grid is given by:

Φ(t + ∆t) = e−iĤ∆t/~

N
∑

n=0

(2 − δn0)Jn(α)Φn(−iĤnorm)Φ(t). (2.23)
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The number of terms to be used in the above expansion is estimated from the time-

energy phase space volume α. In practice the number of terms used is slightly

larger than this estimate for a good convergence. Since the evolution operator

is expanded in a series of polynomials in the Chebyshev method, by definition

the scheme is not unitary. The deviation from the unitarity corresponds to the

remainder term in the expansion. This deviation provides as an accuracy check

of the scheme. The errors are uniformly distributed in the bounded interval

[143, 145]. Since Bessel functions show exponential convergence for n > α, the

error is usually very small.

The Eq. (2.20) is used in conjunction with the fast Fourier transform method

(FFT) [146] to evaluate the action of the radial kinetic energy operator. The

action of the rotational kinetic energy operator is carried out by transforming the

discrete variable representation (DVR) [147] wavefunction, |Ψlmn〉 to the angu-

lar momentum space (finite basis representation (FBR)), multiplying it by the

diagonal/off-diagonal value of the operator and transforming it back to the DVR

representation [147]. Numerically this is accomplished in a single step as follows

T̂dia(γ)|ΨΩ
lmn′〉 =

∑

n







∑

j

U
Ω
n′,j

†
{

~
2

2

[

j(j + 1)

I
+

J(J + 1) − 2Ω2

µR2

]}

U
Ω
j,n







|ΨΩ
lmn〉,

T̂±
off (γ)|ΨΩ

lmn′〉 =
∑

n







∑

j

U
Ω±1
n′,j

†
{

~
2

2µR2

[

C±
JΩC±

jΩ

]

}

U
Ω
j,n







|ΨΩ±1
lmn 〉 (2.24)

where, the quantity Uj,n represents the DVR-FBR transformation matrix and

U
†
n,j is the Hermitian conjugate to Uj,n. C

±
JΩ and C±

jΩ are the CC terms defined

as

C±
JΩ = [J(J + 1) − Ω(Ω ± 1)]1/2, (2.25)

where, J is the total angular momentum quantum number of the system and Ω
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is the projection of J on the body-fixed axis.

As the WP moves forward in time, its fast moving components approach the

grid boundaries and are no longer relevant for the rest of the dynamics [148].

Therefore, to avoid unphysical reflections or wrap around of these components

from the boundaries of a finite sized grid, the WP at each time step is multiplied

by a damping function [149]

f(Xi) = sin

[

π

2

(Xmask + ∆Xmask −Xi)

∆Xmask

]

, Xi ≥ Xmask (2.26)

which is activated outside the dividing line in the product channel and also in the

asymptotic reactant channel. Xmask is the point at which the damping function is

initiated and ∆Xmask(= Xmax−Xmask) is the width of X over which the function

decays from 1 to 0, with Xmax being the maximum value of X in that direction,

in a particular channel.

2.5 Final analysis (Quantum flux operator ap-

proach)

The flux operator F̂ is defined in terms of a dividing surface Θ which is the

function of a suitable coordinate that separates the product from the reactants.

F̂ =
i

~

[

Ĥ,Θ
]

, (2.27)

where

Θ = h(r − rd). (2.28)
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The quantity h above is a heaviside step function which equals unity for a positive

argument and zero otherwise. rd is chosen far out in the product channel to ensure

the asymptotic motion for all r = rd. Since Θ depends only on coordinates the

potential operator commutes with it and F̂ is given by the commuter of Θ with

TN . The latter is diagonal in a diabatic electronic basis and hence F̂ . Whereas, in

the adiabatic basis TN is nondiagonal and therefore F̂ also contains off-diagonal

elements [25]. The reaction probability is the expectation value of the above

flux operator in the basis of the energy normalized time-independent reactive

scattering wave function evaluated at r = rd. We write this wavefunction in the

diabatic electronic basis as

|Φd(R, rd, γ, E)〉 =





|φd
1(R, rd, γ, E)〉

|φd
2(R, rd, γ, E)〉



 (2.29)

where φd
1 and φd

2 corresponds to the wavefunction components on the diabatic

state 1 and 2, respectively.

2.5.1 Calculation of reaction probability

For an initial state i (corresponding to a specific vibrational v and rotational

j state of the reagent diatom) the energy resolved reaction probability is given

by [25]

PR
i (E) =

∑

f

|SR
fi|2 = 〈Φd(R, rd, γ, E)|F̂ |Φd(R, rd, γ, E)〉 (2.30)

=
~

µ

2
∑

k=1

Im

[

〈φd
k(R, rd, γ, E)|∂φ

d
k(R, rd, γ, E)

∂r
〉
]

|r=rd
.
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The quantity in the right-hand side of the above equation is integrated over

the entire range of R and γ. The energy normalized time-independent reactive

scattering wavefunction is calculated along the dividing surface at, r = rd by

|φd
k(R, rd, γ, E)〉 = |ψd

k(R, rd, γ, E)〉/κE (2.31)

The function ψd
k(R, rd, γ, E)〉 is obtained by Fourier transforming the time-evolved

WP ψd
k(R, rd, γ, t)〉 along the dividing surface

|ψd
k(R, rd, γ, E)〉 =

1√
2π

∫ +∞

−∞

eiEt/~|ψd
k(R, r, γ, t)〉dt|r=rd

. (2.32)

The quantity κE in Eq. (2.31) is the weight of the translational component F (R)

contained in the initial WP for a given total energy E

κE = (
µ

2π~k
)1/2

∫ +∞

−∞

F (R)eikRdR, (2.33)

where k =
√

2µ(E − εvj)/~, with εvj being the initial ro-vibrational energy of

the reagent molecule. For the present two state problem, the flux operator in

the adiabatic electronic basis depends (see ref. [25] for details) only on the re-

action coordinate (here r), so only the r-dependent part of the nuclear kinetic

energy operator is of relevance in Eq. (2.30). The nuclear kinetic energy oper-

ator of the Hamiltonian in this basis is nondiagonal and consequently the flux

operator possesses nondiagonal elements. We redefine the energy normalized

time-independent reactive scattering wavefunction in the adiabatic electronic ba-
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sis as

|Φad(R, rd, γ, E)〉 =





|φad
− (R, rd, γ, E)|

|φad
+ (R, rd, γ, E)〉



 (2.34)

where φad
− and φad

+ represent the two components of this wavefunction on V− and

V+, respectively. The reaction probability in the adiabatic electronic representa-

tion is then given by [25]

PR
i (E) =

~

µ

[

Im < φad
− (R, rd, γ, E)|∂φ

ad
− (R, rd, γ, E)

∂r
>

]

+

~

µ

[

Im < φad
+ (R, rd, γ, E)|∂φ

ad
+ (R, rd, γ, E)

∂r
>

]

+

~

µ

[

2Im < φad
− (R, rd, γ, E)|∂φ

ad
+ (R, rd, γ, E)

∂r
>

]

. (2.35)

The probability expression in the adiabatic electronic basis, therefore, contains

the off-diagonal electronic contributions in contrast to the same (Eq. (2.30)) in

a diabatic electronic basis.

2.5.2 Calculation of reaction cross sections and thermal

rate constants

The cumulative reaction probability for a given initial (v, j) state is calculated

by summing up the reaction probability results for different partial wave contri-

butions as follows [150]

Nvj(E) =

j
∑

Ω=0

gΩ

(2j + 1)

Jmax
∑

J≥Ω

(2J + 1)P JΩ
vj (E). (2.36)
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the quantity gΩ is the degeneracy factor; gΩ = 1 for Ω = 0, and gΩ = 2 for Ω 6= 0.

The total reaction cross section is given by

σvj(E) =
π

k2
Nvj(E). (2.37)

The initial state-selected thermal rate constant can be obtained from the total

reaction cross section [151] as

Kvj(T ) =

√

8KBT

πµ

1

(KBT )2

∫ ∞

0

Eσvj(E)e−E/KBTdE, (2.38)

where KB is the Boltzmann constant. Finally, the rotationally averaged thermal

rate constants can be obtained by averaging over a Boltzmann distribution of

such states

Kv(T ) =
∑

j

Kvj(E)

Qrot

(2j + 1)e−Bj(j+1)hc/KBT , (2.39)

where B is the rotational constant of the reagent and Qrot is the rotational par-

tition function given by

Qrot =
∑

j

(2j + 1)e−Bj(j+1)hc/KBT . (2.40)



Chapter 3

Nonadiabatic quantum wave

packet dynamics of hydrogen

exchange reaction and its isotopic

variants

3.1 Introduction

In this chapter, we present and discuss the reaction probability, reaction cross

section and thermal rate constant results obtained for the hydrogen exchange re-

action and its isotopic variants, employing the theoretical methodology illustrated

in chapter No. 2. The reaction probabilities are calculated upto the three-body

dissociation limit of ∼ 4.74 eV. In the CS [135,136] model inclusion of partial-wave

contributions upto J = 50, for the H + H2, H + D2; D + H2 reactions and upto

J = 60, for the H + HD reaction, respectively, are found to be necessary to ob-

tain converged cross section results in this energy range. Calculations are carried

35
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Table 3.1: Numerical grid parameters and properties of the initial wavefunction
used in the present study

Parameter Value Description
NR/Nr/Nγ 128/64/48 Number of grid points
Rmin/Rmax (a0) 0.1/15.34 Extension of the grid along R
rmin/rmax (a0) 0.5/8.06 Extension of the grid along r
∆R/∆r (a0) 0.12/0.12 Grid spacings along R and r
rd (a0) 4.10 Location of the dividing surface

in the product channel
Rmask/rmask (a0) 11.74 /4.70 Starting point of the masking function
R0 (a0) 10.5 Initial location of the center of the GWP

in the coordinate space
Etrans (eV) 2.0 Initial translational kinetic energy
δ (a0) 0.16 Initial width parameter of the GWP
∆t (fs) 0.135 Length of the time step used in the WP propagation
T (fs) 413.76 Total propagation time

out both with and without the coupling of PESs and the results are compared.

Channel specific reaction attributes are reported in case of H + HD reaction.

The convergence of each calculation is checked with respect to the choice of the

numerical grid parameters given in Table 3.1.

The effect of reagent rotations and vibrations on the reactivity is also studied

employing the CS [135, 136] approximation in this chapter. Initial state-selected

and energy resolved reaction probabilities have been reported for the reagent, H2

in its (v = 0, j = 0 − 10) and (v = 0 − 10, j = 0) levels. Integral reaction cross

sections have been calculated from the reaction probabilities as discussed in chap-

ter 2. Analysis of the reaction probability and reaction cross section data shows

that the nonadiabatic effects are insignificant at small values of j and v, which

become more pronounced with an increase of the latter quantities. Electronic
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nonadiabatic effects appear to be more important in the reaction dynamics of

rotationally excited H2. A more exact treatment of the dynamics including the

coriolis coupling terms in the Hamiltonian (c.f., Eq. (2.4)) is also considered and

some of the preliminary results are presented and discussed in case of H + H2

exchange reaction. It is important to note that the uncoupled surface calculations

refer to the treatment of the nuclear dynamics on the lower adiabatic sheet of the

degenerate ground electronic state of H3 without inclusion of any nonadiabatic

or GP effects. The initial state selected rate constants are calculated from the

integral reaction cross sections and Boltzman averaging of these rate constants

over the reagent rotational levels, j yields thermal rate constants.

It is found that the reaction cross sections show only minor differences beyond

the minimum of CIs occurring at ∼ 2.74 eV. These findings are consistent with

the single surface calculations reported in the literature including the GP change

of the wavefunction [75–78,89–92]. In case of H + H2 reaction, the cross section

initially increases with increase in total energy and reaches a maximum of ∼
2.5 Å2 at ∼ 2.5 eV and then decreases at higher energies. In case of H + D2

reaction, the cross section initially increases reaching a maximum of ∼ 1.25 Å2

at ∼ 2.5 eV and then decreases at higher energies. In case of D + H2 reaction,

the cross section reaches to a maximum of around 2.5 Å2 at ∼ 2.5 eV and then

decreases thereafter. The difference between the cross sections obtained with and

without the PES coupling somewhat increases with the rotational excitation of

the reagent diatom. The thermal rate constants computed in the coupled and

uncoupled state situations differ only slightly. In case of H + HD reaction, the

cross section initially increases with the total energy and reaches to a maximum

of ∼ 1.6 Å2 at ∼ 3.5 eV and then decreases. In this case also the thermal rate

constants calculated with and without PES coupling reveal only minor differences.



3.2. Results and Discussion 38

3.2 Results and Discussion

The results obtained for the H + H2, H + D2, D + H2 and H + HD reactions

are presented and discussed below. Within the CS approximation, all the partial

wave contributions upto the total angular momentum J = 50 (60, in case of H

+ HD) are included to obtain the converged cross sections upto the three-body

dissociation of H3.

3.2.1 Computational details

The detailed theoretical framework and computational methodology to treat the

reaction dynamics by the TDQM approach is outlined in Chapter 2. We describe

below few essential points. The TDSE [Eq. (2.1)] is solved numerically on a grid

in the (R, r, γ) space using the matrix Hamiltonian of Eq. (2.2). In a reactive

scattering study the initial wavefunction is prepared in the asymptotic reactant

channel where the interaction potential almost vanishes. In such a situation

the initial wavefunction pertinent to the reacting system can be written as a

product of the translational wave function for the motion along R, rovibrational

wavefunction for the motion along r and the angular basis functions for the motion

along γ. This initial wavefunction is located on the repulsive lower adiabatic sheet

(V−) of the DMBE PES of H3 [59].

A coordinate grid consisting of 128 × 64 × 48 points in the R, r and γ space

with R ranging between 0.1 a0 to 15.34 a0 and r ranging from 0.5 a0 to 8.06 a0.

The grid along γ is taken as the nodes of a 48-point Gauss Legendre Quadrature

(GLQ) [153] for each value of Ω. For the latter purpose, the matrix of the cos(γ)

operator in the basis of the associated Legendre polynomials is diagonalized.

The resulting diagonal elements define the nodes of a n-point Gauss Legendre
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quadrature [153] and the DVR to the FBR transformation matrix is given by the

eigenvector matrix U . The quadrature weight associated with the grid points are

calculated by w
1/2
n =

√

2Ω+1Ω!
(2Ω+1)!!

sin−Ω(γn)U1n, where U1n refers to the first row of

U (the lowest value of j, i.e., j = Ω). The action of the rotational kinetic energy

operator is then carried out by transforming the DVR wavefunction to the angular

momentum space (FBR), multiplying it by the diagonal value of the angular

kinetic energy operator, and transforming it back to the DVR representation.

3.2.2 Reaction Probability and Time Dependence of Elec-

tronic Population

The H + H2 (v = 0, j = 0) → H2 (
∑

v′,
∑

j ′) + H reaction probability values

as a function of the total energy E (H, H2 translational + H2 rovibrational) are

plotted in Fig. 3.1 (a) for a few selected values of the total angular momentum,

J = 0, 10, 20, 30, 40 and 50 (indicated in the panel) and for Ω = 0. These

represent the initial state selected and energy resolved total (summed over all

open v′ and j ′ levels of the product H2 at a given energy) reaction probabilities.

The coupled and uncoupled surface results are shown by the solid and dashed

lines, respectively. The reaction probabilities in both cases are calculated for the

entire relevant energy range starting from the onset of the reaction to the three

body break-up limit of ∼ 4.74 eV. The energy distribution of the translational

GWP used in the initial WP is shown in Fig. 3.1 (b). It can be seen from Fig. 3.1

(b) that the translational energy components of the initial GWP cover a broad

range of energies which fits well to the energy range considered here. We note here

that, this is the first theoretical work of its kind which considers to investigate

this exchange reaction over such a wide range of energy. It can be seen from Fig.

3.1 (a) that the reaction onset in both the coupled and uncoupled state situation
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Figure 3.1: (a) Total reaction probabilities as a function of the total energy E (H,
H2 rovibrational) for the H + H2 (v = 0, j = 0) → H2 (

∑

v′,
∑

j ′) + H exchange
reaction on the DBME PES for the total angular momentum, J = 0, 10, 20, 30,
40 and 50 (indicated in the panel). The coupled and uncoupled surface results
are shown by the solid and dashed lines, respectively. The zero of the energy
scale corresponds to infinitely separated reagent. (b) The energy distribution of
the initial translational (H, H2) GWP used for calculating the above reaction
probabilities.
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shifts to higher energies with an increase in the total angular momentum, J . The

resonance structures and their energetic locations remain same for a given value

of J in the coupled and uncoupled surface situations. The difference between

the coupled and uncoupled surface reaction probabilities for a given value of J

is nearly zero at low energies. At higher energies near and above the energetic

minimum of the seam of CIs (at ∼ 2.74 eV) this difference becomes noticeable

(cf., Fig. 3.1 (a)). However, as J increases, the coupled and uncoupled surface

results merge on each other, particularly for J ≥ 30. The resonance structures

seen in the reaction probability curves for low J values gradually disappear as

J increases. Beyond J = 40 these resonances are not at all seen in the reaction

probability curves.

The effect of rotational and vibrational excitation of the reagent H2 on the

coupled and uncoupled surface reaction probabilities of the H + H2 reaction is

shown in Figs. 3.2 (a - b), respectively. In Fig. 3.2 (a), the reaction probabilities

of the reagent H2 (v = 0, j = 1 - 3) for J = 10 and Ω = 0 are plotted. Again,

the coupled and uncoupled surface results are shown by the full and dashed lines,

respectively. It can be seen from Fig. 3.2 (a) that the difference between the

coupled and uncoupled surface results is small at low energies and this difference

increases with increasing energies for a given value of j. In addition, with rota-

tional excitation of reagent H2, the difference between the coupled and uncoupled

surface results increases and for j = 3, it becomes quite substantial already at

energies much below the minimum of the seam of CIs. As the initial rotation of

the reagent H2 correlates with the internal rotation of the system around the CI,

it is possible for the nuclear wavefunction to encircle the CI on the lower adia-

batic sheet even if the upper one is not accessible at these energies. Therefore,

the nonadiabatic effects seen in the reaction probability curve for j = 3 are likely



3.2. Results and Discussion 42

0.0 1.0 2.0 3.0 4.0 5.00.0

0.2

0.4

0.6

0.8

1.0

0.0 1.0 2.0 3.0 4.0 5.0
Energy [eV]

0.0

0.2

0.4

0.6

0.8

1.0

Re
ac

tio
n 

Pr
ob

ab
ili

ty
J = 10

J = 10

j = 1

j = 2

j = 3

v = 1

v = 2 v = 3

(a)

(b)

Figure 3.2: Same as in Fig. 3.1 (a) for (a) H + H2 (v = 0, j = 1 − 3) → H2

(
∑

v′,
∑

j ′) + H and (b) H + H2 (v = 1 − 3, j = 0) → H2 (
∑

v′,
∑

j ′) + H and
for J = 10, Ω = 0.
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Figure 3.3: Weighted partial wave contribution to the integral reaction cross
sections at various values of the total energy (indicated in the panel) for the H +
H2 (v = 0, j = 0) reaction.

to arise from the geometric phase.

In Fig. 3.2 (b) we show the reaction probabilities of the reagent H2 (v = 1 −
3, j = 0) for J = 10 and Ω = 0. The onset of the reaction shifts to higher energies

with the vibrational excitation of the reagent H2. The coupled and uncoupled

surface results are shown in the panel by the full and the dashed lines, respectively.

For a given value of v, the difference between the coupled and the uncoupled-

surface results is small at low energies and it increases slightly with an increase in

the energy. This slight difference is more visible beyond the energetic minimum

of the seam of CIs. As the vibrational quantum number increases, the difference

between the coupled and the uncoupled surface results also increases slightly.

However, the effect of the nonadiabatic coupling on the reaction dynamics with

reagent vibrational excitation appears not very significant.
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Figure 3.4: Electronic population dynamics for the H + H2 (v = 0, j = 0) → H2

(
∑

v′,
∑

j ′) + H exchange reaction. The population of two component diabatic
electronic states U11 and U22 for various values of the total angular momentum,
J are shown by different line types (indicated in the panel). Because of the
damping function activated at the grid edge, the above populations approach to
zero at longer times. The maximum of the time-dependent population of the
upper adiabatic electronic state (V+) for different values of J are shown in the
inset of the figure.



3.2. Results and Discussion 45

In Fig. 3.3, the J dependence of the degeneracy, (2J+1) weighed reaction

probability for the H + H2 (v = 0, j = 0) reaction for eight representative val-

ues of the total energy (indicated in the panel) calculated from the probability

results obtained in the coupled surface situation are shown. This analysis helps

to assess the partial wave contributions to the integral reaction cross sections

(discussed later in the text) for a given value of the total energy. The weighed

probability value for a given energy initially increases with J due to the (2J+1)

degeneracy factor and then decreases at higher values of J , due to the shift of

the reaction threshold caused by the centrifugal barrier. The partial wave contri-

bution increases with increasing total energy, and J values upto 50 are necessary

to include to obtain the converged reaction cross sections upto a total energy of

∼ 4.5 eV. The mild oscillations (mostly at low energy values) in the probability

curves in Fig. 3.3 are associated with the resonances of the H + H2 system. These

oscillations disappear with an increase in the energy. In order to better under-

stand the similarities between the coupled and uncoupled surface results we show

in Fig. 3.4 the time evolution of the electronic populations in the coupled surface

dynamics of H + H2 (v = 0, j = 0) reaction for different values of J and Ω = 0.

The initial WP is prepared in the reagent asymptote of the lower adiabatic sheet

of the DMBE PES. It is transformed to the diabatic electronic representation

using the S matrix (cf., Eq. (2.7)) prior to the propagation. The two component

diabatic populations for different values of J are shown by different line types

indicated in Fig. 3.4. It can be seen from Fig. 3.4 that the population of the two

component diabatic electronic states are ∼ 0.75 and ∼ 0.25 at t = 0. Therefore,

we note that the asymptotic adiabatic potential also represents an admixture of

the two diabatic potentials. However, as discussed in our earlier article [25], this

does not introduce any numerical artifact in the dynamical attributes. At longer
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Figure 3.5: Same as in Fig. 3.1 for the H + D2 (v = 0, j = 0) → HD (
∑

v′,
∑

j ′)
+ D exchange reaction on the DBME PES for the total angular momentum, J
= 0, 10, 20, 30, 40 and 50 (indicated in the panel). The coupled and uncoupled
surface results are shown by the solid and dashed lines, respectively. The zero of
the energy scale corresponds to infinitely separated reagent.

times (> 50 fs) the populations of both diabatic sheets approached zero. This is

because of the absorption of the wavepacket at grid edges by the damping func-

tion. The WP component reaching the upper adiabatic electronic state during

the dynamics is shown in the inset of Fig. 3.4 for different values of J indicated

in the figure. The population of this state reaches a maximum value of ∼ 6 ×
10−3 after ∼ 15 fs for J = 0. But as J increases, the population of this state

decreases. These maximum populations are ∼ 2.7 × 10−3 and ∼ 3.8 × 10−4 for

J = 10 and 20, respectively. Beyond J = 20, the population of this state is found

to be almost negligible.

We now discuss the above dynamical quantities calculated for the isotopic H +

D2, D + H2 and H + HD reactions. The H + D2 (v = 0, j = 0) → HD (
∑

v′,
∑

j ′)

+ D reaction probability values as a function of the total energy E are plotted in

Fig. 3.5 for a few selected values of the total angular momentum, J = 0, 10, 20,
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30, 40 and 50 (indicated in the panel) and for Ω = 0. The coupled and uncoupled

surface results are shown by the solid and dashed lines, respectively. We can

see from Fig. 3.5 that the threshold for the reaction increases with increasing

J to higher energy values. The difference between the coupled and uncoupled

surface results is not seen below the minimum (∼ 2.74 eV) of CIs. But above

this minimum, the difference becomes noticeable. As J increases the difference

between the coupled and uncoupled surface results becomes negligible. Above J

= 20, the coupled and uncoupled results merge each other.

The D + H2 (v = 0, j = 0) → HD (
∑

v′,
∑

j ′) + H reaction probability values

as a function of the total energy E (D, H2 translational + H2 rovibrational) are

plotted in Fig. 3.6 for a few selected values of the total angular momentum, J =

0, 10, 20, 30, 40 and 50 (indicated in the panel) and for Ω = 0. The coupled and

uncoupled surface results are shown by the solid and dashed lines, respectively.

The coupled surface results here refer to those obtained by simulating the nuclear

dynamics using the Hamiltonian of Eq. 2.2 and the uncoupled surface results are

those obtained by simulating the nuclear dynamics on the uncoupled lower adia-

batic sheet of the DMBE PES [59]. The reaction probabilities are calculated upto

the three-body dissociation limit of the DH2 system (∼ 4.7 eV). As J increases,

the reaction threshold increases to higher energy values due to an increase in the

centrifugal barrier height with J . The resonance structures and their energetic

locations remain same in both coupled and uncoupled surface results for a given

value of J . The difference between the coupled and uncoupled surface reaction

probabilities for a fixed value of J are nearly zero at low energies. At higher

energies near and above the minimum of CIs, this difference becomes noticeable.

With increase in J , this difference becomes insignificant.

We now discuss the above dynamical quantities calculated for the isotopic H
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Figure 3.6: Same as in Fig. 3.1 for the D + H2 (v = 0, j = 0) → HD (
∑

v′,
∑

j ′)
+ H exchange reaction on the DBME PES for the total angular momentum, J
= 0, 10, 20, 30, 40 and 50 (indicated in the panel). The coupled and uncoupled
surface results are shown by the solid and dashed lines, respectively. The zero of
the energy scale corresponds to infinitely separated reagent.

+ HD reaction. This reaction yield either HD + H (channel R1) or H2 + D

(channel R2) products. Therefore, we in the following consider to show both the

channel specific as well as total reaction probabilities. The reaction probability

values for H + HD (v = 0, j = 0) reaction as a function of the total energy E are

plotted in Figs. 3.5 (a-c) for five selected values of the total angular momentum,

J = 0, 10, 20, 30 and 40 and for Ω = 0. The reaction probabilities obtained in

the uncoupled and coupled surface situations are shown by the dashed and solid

lines, respectively. The reaction probabilities for channels R1 and R2 are given

in panels (a) and (b), respectively, and the overall reaction probabilities (sum

total of the two channel specific probabilities) are given in the panel (c). The

effect of the nonadiabatic coupling on the channel specific reaction probabilities

of panel (a) and (b) appears to be quite large for J = 0 and 10. These reveal

a classic signature of nonadiabatic interactions including the geometric phase.

Interestingly, the uncoupled and coupled surface results exhibit opposite behavior
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Figure 3.7: Reaction probabilities of the H + HD (v = 0, j = 0) reaction for the
(a)H + HD (R1) and (b)H2 + D (R2) channels as a function of total energy, E.
The sum total of these probabilities are plotted in panel (c). The probabilities
are shown for various values of the total angular momentum, J indicated in each
panel.
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beyond the energetic minimum of the seam of CIs for J = 0 and 10 as shown

in panels (a) and (b) for the R1 and R2 channels, respectively. And for J = 20

and beyond the differences between the uncoupled and coupled surface results are

negligible. Due to this, the effect of the nonadiabatic interactions averages out in

the total reaction probability results of panel (c) for small values of J . This may

be because the inelastic probability (1 - total reaction probability) is not expected

to show any geometric phase effects as it would require the nuclear wavefunction

to traverse infeasible paths over three transition states. A verification of this will

be worthwhile and will be addressed in a future publication [152]. For large J

values, the channel specific reaction probabilities seem not to be affected by the

nonadiabatic coupling and therefore, a similar trend is also observed in the total

reaction probability results.

It emerges from the above discussion that the nonadiabatic coupling have

almost similar effects in the dynamics of H + H2 and its isotopic variants. At a

more detailed level the channel specific reaction probabilities of the H + HD are

seen to be severely affected by this coupling for low J values. A similar analysis to

that depicted in Fig. 3.3 for the H + H2 reaction revealed that the partial wave

contributions upto J = 60 are necessary to obtain converged integral reaction

cross sections for H + HD reaction upto the three-body dissociation limit.

3.2.3 Initial State-Selected Integral Reaction Cross Sec-

tions

The initial state-selected and energy resolved integral reaction cross sections, as a

function of the total energy in the H + H2 collisions are shown in Figs. 3.8 (a-d).

These cross sections are calculated by Eq. (2.37). The coupled and uncoupled

surface results are shown by the full and dashed lines, respectively, in each panel.
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Figure 3.8: Initial state-selected integral reaction cross sections of the H + H2

(v = 0, j) as a function of the total energy. The cross sections for various j values
are indicated in each panel.
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Figure 3.9: Same as in Fig. 3.8, for H + H2 (v, j = 0) reaction. The cross sections
for various v values are indicated in each panel.

The reaction cross sections shown in Figs. 3.7 (a-d) for both the coupled and

uncoupled surface situations are obtained with the rotationally excited reagent

H2 (j = 0 - 3, in panels (a) -(d), respectively) in the vibrational ground level (v =

0). The cross section results for j > 0 includes the contributions from Ω > 0 and

as stated above, Ωmax = min(j, J), within the CS approximation. For a given

value of j the reaction cross section increases with energy reaching a maximum

in the energy range of ∼ 2.5 - 2.7 eV and then decreases as the energy increases

in both the coupled and uncoupled surface results. The difference between the

coupled and the uncoupled-surface results for a given value of j, is small at low
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Figure 3.10: Same as in Fig. 3.8, for H + D2 (v = 0, j) reaction. The cross
sections for various j values are indicated in each panel.
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Figure 3.11: Same as in Fig. 3.8, for D + H2 (v = 0, j) reaction. The cross
sections for various j values are indicated in each panel.

collision energies and increases very slightly for j = 0 - 2 beyond the energetic

minimum of the seam of CIs. This difference appears to be somewhat larger for

j = 3. The results of Fig. 3.8 do not reveal any dramatic effect of nonadiabatic

coupling in the H + H2 reaction dynamics on par with the recent GP results.

The integral reaction cross sections obtained with vibrationally excited H2

are shown in Fig. 3.9 (a-d) for v = 0 - 3, respectively. In this case also no

dramatic effect of the nonadiabatic coupling can be observed. The coupled surface

results (solid lines) remain essentially identical to the uncoupled surface (dashed

lines) results. The initial state-selected and energy resolved integral reaction cross

sections of H + D2 (v = 0, j = 0 − 3) reaction are plotted as a function of the
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Figure 3.12: Same as in Fig. 3.8 for H + HD (v = 0, j) reaction. The cross
sections here represent the sum total of those for the HD + H and H2 + D
channels shown for various j values indicated in each panel.

total energy and are shown in Figs. 3.10 (a - d). The coupled and uncoupled

surface results are shown by the solid and dashed lines, respectively. It can

be seen from the Figs. 3.10 (a - d) that for a particular value of j, the cross

section values increases reaching a maximum in the energy range of 2.5 - 3.5

eV and then decreases, both in coupled and uncoupled surface situations. The

difference between the coupled and uncoupled surface results is small at low

energies and increases very slightly beyond the energetic minimum of the seam

of CIs, occurring at ∼ 2.74 eV for a particular value of j. As j increases, the
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Figure 3.13: Same as in Fig. 3.8 for HD + H channel of H + HD (v = 0, j)
reaction.

difference between the coupled and uncoupled surface cross sections increases.

The initial state-selected and energy resolved integral reaction cross sections of D

+ H2 (v = 0, j = 0− 3) reaction are plotted as a function of the total energy and

are shown in Figs. 3.11 (a - d). The coupled and uncoupled surface results are

shown by the solid and dashed lines, respectively. It can be seen from the Figs.

3.11 (a - d) that the cross section increases with energy reaching a maximum

value in the energy range 2.5 - 3.5 eV and then decreases for a particular value

of j. The difference between the coupled and uncoupled surface results is small

at low energies and increases very slightly beyond the energetic minimum of the
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Figure 3.14: Same as in Fig. 3.8 for H2 + D channel of H + HD (v = 0, j)
reaction.

seam of CIs, occurring at ∼ 2.74 eV for a particular value of j. As j increases,

the cross section values are seen to increase with energy in both coupled and

uncoupled surface cross sections.

The initial state-selected total integral reaction cross sections for the H +

HD (v = 0, j = 0 - 3) reaction are plotted in Figs. 3.12 (a-d) as a function

of total energy. Unlike H + H2 reaction cross sections (cf., Figs. 3.8 (a - d))

the H + HD reaction cross sections reveal resonance structures. The difference

between the uncoupled (dashed lines) and coupled (solid lines) surface results in

this case is somewhat larger when compared to the H + H2 (cf., Figs. 3.8 (a - d))
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results. The trend observed in the channel specific reaction probability results

(cf., Figs. 4 (a-c)) also show up in the channel specific reaction cross sections.

The channel specific reaction cross sections are shown for H + HD (v = 0, j = 0

- 3) reaction in Figs. 3.13 (a - d) and 3.14 (a - d) for the R1 and R2 channels,

respectively, for illustration. However, in the total reaction cross section (sum

total of R1 and R2 channels) the two opposite trends cancel out and therefore

the coupled and uncoupled surface results essentially becomes identical. The

reaction cross sections obtained with the vibrationally excited HD molecule in

the ground rotational level also reveal similar characteristics and are not shown

here.

3.2.4 Thermal Rate Constants

The thermal rate constants obtained by statistically averaging over the rotational

states j = 0 - 3 are shown in Fig. 3.15 for the H + H2 (v = 0) reaction. The

coupled and uncoupled surface results are shown by the full and dashed lines,

respectively.

The rate constants values available in the literature are shown by different

points on the diagram. The meaning of various points are also indicated in the

panel. The unfilled diamonds represents the experimental points extracted from

Table IX of Pack et al [155]. With quite minor deviations all results of Fig. 3.15

are consistent with each other. The minor deviations represent estimates of the

accuracy of the PES and the theoretical methods. The present rate constants

reveal the expected Arrhenius behavior. Now most importantly Fig. 3.15 reveals

that the difference between the coupled and uncoupled surface results is insignif-

icant (within the drawing accuracy) in the reported temperature range of ∼ 0 -

1500 K.



3.2. Results and Discussion 59

1.0 2.0 3.0 4.0
1000/T [K-1]

10-16

10-14

10-12

10-10

K 
 [c

m
3 se

c-1
m

ol
ec

ul
e-1

]

coupd DMBE
uncoupd  DMBE
KQTST    LSTH
Kflux-flux  LSTH
KICVT/MCPSAGLSTH
Exp
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Figure 3.16: Same as in Fig. 3.15 for H + D2 (v = 0) reaction. The points on
the diagram refer to the results from the Ref. [157].
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Figure 3.17: Same as in Fig. 3.15 for D + H2 (v = 0) reaction. The points on
the diagram refer to the results from the Ref. [158].

Similarly, we also show the thermal rate constants for the H + D2 (v = 0)

reaction by statistically averaging over the rotational states j = 0, in Fig. 3.16.

The coupled and uncoupled surface results are shown by full and dashed lines,

respectively. The rate constants values available in the literature are shown and

indicated in the figure.

The thermal rate constants obtained for the D + H2 (v = 0) by statistically

averaging over the rotational states j = 0 - 3 are shown in Fig. 3.17. The

coupled and uncoupled surface results are shown by the solid and dashed lines,

respectively. The rate constant values available in the literature are shown and

indicated in the diagram. The meaning of various points are also indicated in the

figure. The rate constants reveal the expected Arrhenius behavior. It can also be

seen from the Fig. 3.17 that the difference between the coupled and uncoupled

results are insignificant in the reported range of ∼ 0 - 1500 K.

In Figs. 3.18 (a-b), we show the thermal rate constants obtained by statisti-

cally averaging over the rotational states j = 0 - 3 for the R1 and R2 channels
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Figure 3.18: Same as in Fig. 3.15 for H + HD (v = 0) reaction. Thermal rate
constants for the HD + H and H2 + D channels are shown in panel (a) and (b),
respectively. The points on the diagram refer to the results from the Ref. [159].
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of the H + HD reaction, respectively. The coupled and uncoupled state results

are shown by the full and dashed lines, respectively. The difference between the

coupled and uncoupled surface results is also insignificant in these cases, although

the channel specific reaction cross sections reveal some variations (cf., Figs. 3.13

(a - d) and 3.14 (a - d)). The difference apparently averages out on integrating

the cross sections over the energy, to calculate the thermal rate constants. The

theoretical results of Aoiz and coworkers extracted from [159] are superimposed

on Figs. 3.18 (a-b) and are shown as squares. We see that our rate constant

values are in good agreement with those of Aoiz and coworkers [159]. In Fig.

3.19 the total (sum of two channels) thermal rate constants obtained by statisti-

cally averaging over the reagent rotational states j = 0 - 3 are shown. Again, the

coupled and uncoupled surface results shown by the full and dashed lines, respec-

tively, reveal hardly any difference. We can see from the figure that the difference

between the coupled and uncoupled surface results is small in the temperature

range considered.

This drives us to the final point of concluding that the important dynamical

observable like the thermal rate constant derived from the microscopic reaction

probabilities is insensitive to the nonadiabatic coupling in the H + H2 reaction

dynamics. Even though, the latter show some effects of coupling in their detailed

variations over the considered energy range.
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Figure 3.19: Same as in Fig. 3.15, for the total H + HD reaction.

3.3 Effect of reagent rotation and vibration on

the H + H2 reaction

3.3.1 Reaction probability

The H + H2 (v = 0, j = 4) reaction probability values as a function of the total

energy E (H, H2 translational + H2 rovibrational) are plotted in Fig. 3.20 for a

few selected values of the total angular momentum J = 0, Ω = 0 and J = 4, 10, 20,

30, 40 and 50 (indicated in the panel) and for Ω = 4. The coupled and uncoupled

surface results are shown by the solid and dashed lines, respectively. The zero of

the energy scale corresponds to asymptotically separated reagents. It can be seen

from Fig. 3.20, that coupled and uncoupled surface results dramatically differ

from each other. The reaction threshold in both coupled and uncoupled surface

situations shifts to higher energy as J increases.
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Figure 3.20: Total reaction probabilities as a function of the total energy E (H,
H2 rovibrational) for the H + H2 (v = 0, j = 4) → H2 (

∑

v′,
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j ′) + H exchange
reaction on the DBME PES for the total angular momentum J = 0, Ω = 0 and
J = 4, 10, 20, 30, 40 and 50 (indicated in the panel) for Ω = 4. The coupled and
uncoupled surface results are shown by the solid and dashed lines, respectively.
The zero of the energy scale corresponds to infinitely separated reagent.
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Figure 3.21: Same as in Fig. 3.20, for the H + H2 (v = 0, j = 0 - 5, Ω = 0 - 5)
reaction for the total angular momentum, J = 10. The coupled and uncoupled
surface results are shown by the solid and dashed lines, respectively.

The difference between the coupled and uncoupled surface results increases

with increase in J , and the reactivity increases in the coupled surface situation.

It can also be seen from the figure that the uncoupled surface reaction probability

for J = 50 is almost zero. The resonance structures are absent in the uncoupled

surface results for small values of J .

In Figs. 3.21 (a - f) H + H2 (v = 0, j = 0−5,Ω = 0−5) reaction probabilities

are shown for the total angular momentum, J = 10. The coupled and uncoupled

surface results are again shown by solid and dashed lines, respectively. It can be

seen from Figs. 3.21 (a - f) that the difference between the coupled and uncoupled

surface reaction probabilities is insignificant for j = 0 - 2 and becomes substantial

for j ≥ 3. This shows that the nonadiabatic effects can become quite substantial

with rotational excitation of reagent, H2.

The H + H2 (v = 4, j = 0) reaction probability values as a function of the

total energy E are plotted in Fig. 3.22 for a few selected values of J = 0, 10,
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Figure 3.22: Same as in Fig. 3.20, for the H + H2 (v = 4, j = 0) → H2 (
∑

v′,
∑

j ′)
+ H reaction for the total angular momentum, J = 0, 10, 20, 30, 40 and 50
(indicated in the panel) and Ω = 0.

20, 30, 40 and 50 (indicated in the panel) and for Ω = 0. The coupled and

uncoupled surface reaction probabilities are shown by solid and dashed lines,

respectively. It can be seen from the Fig. 3.22 that the difference between the

coupled and uncoupled surface reaction probabilities is low at small values of J

and this difference increases with J .

When compared with Figs. 3.20 and 3.21 (a-f) it can be seen that electronic

nonadiabatic interactions have more pronounced effect in the reaction dynamics

with rotationally excited reagent. It can also be seen from the Fig. 3.22 that the

resonance structures survive for smaller values of J and they are not seen beyond

J = 30.

The effect of reagent, H2 rotational excitation on the coupled and uncoupled

surface reaction probabilities of the H + H2 (v = 0, j = 0 − 10) reaction is

shown in Figs. 3.23 (a - k) for J = 0 and Ω = 0. The coupled and uncoupled

surface results are shown by solid and dashed line types, respectively. It can
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be seen from the figure that the difference between the coupled and uncoupled

surface reaction probabilities is small at smaller values of j and it increases with

increasing j values. This difference is quite substantial already at energies below

the minimum of the seam of CIs occurring at ∼ 2.74 eV for j ≥ 3. As j increases,

the initial rotation of the reagent can correlate with the internal rotation of the

system around the CI, and it becomes feasible for the nuclear wavefunction to

encircle the CI on the lower adiabatic sheet even if the upper adiabatic sheet is

not accessible at these energies. Therefore, the electronic nonadiabatic effects can

become substantial with an increase in the reagent rotation.

The effect of reagent, H2 vibrational excitation on the coupled and uncoupled

surface reaction probabilities of the H + H2 (v = 0−10, j = 0) reaction is shown in

Figs. 3.24 (a - k) for J = 0 and Ω = 0. The onset of the reaction shifts to the higher

energies with the vibrational excitation in both the coupled and uncoupled surface

situations. The resonance oscillations increase with the vibrational excitation for

v = 0 - 10. The difference between the coupled and uncoupled surface reaction

probabilities increases only slightly with the vibrational excitation. The effect

is far lower in magnitude when compared with similar rotational excitation (cf.,

Figs. 3.23 (a-k)). The difference between the coupled and uncoupled surface

results in Figs. 3.24 (a-k) is more visible only above the minimum of CIs. This

shows that the effect of nonadiabatic coupling on the reaction dynamics with

vibrationally excited reagent is not very significant.

3.3.2 Initial state-selected integral reaction cross sections

Initial state-selected and energy resolved integral reaction cross sections, as a

function of the total energy in the H + H2 collisions are shown in Figs. 3.25 (a -

k). The coupled and uncoupled surface results are shown by solid and dashed line
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Figure 3.23: Same as in Fig. 3.20, for H + H2 (v = 0, j = 0 - 10) → H2

(
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j ′) + H reaction on the DBME PES for the total angular momentum,
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Figure 3.25: Initial state-selected integral reaction cross sections of the H + H2

(v = 0, j) as a function of the total energy. The cross sections for various j values
are indicated in each panel. The coupled and uncoupled surface results are shown
by the solid and dashed lines, respectively.
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types, respectively, in each panel. These reaction cross sections shown in Figs.

3.25 (a - k) for both coupled and uncoupled surface situations are obtained with

the reagent, H2 is in its ground vibrational level and j = 0 - 10 levels (indicated in

the respective panel). The cross section for j > 0 includes the contributions from

Ω > 0 and Ωmax = min(j, J), within the CS approximation. For a given value

of j the reaction cross section increases with energy reaching a maximum in the

energy range ∼ 2.5 - 2.7 eV and then decreases as the energy increases in both

coupled and uncoupled surface situation. The difference between the coupled and

uncoupled surface results for a given value of j, is small at low collision energies

and increases very slightly for j = 0 - 3, at energies beyond the minimum of the

seam of CIs (∼ 2.74 eV). This difference becomes quite pronounced beyond j ≥
3.

The integral reaction cross sections obtained with vibrationally excited H2

are shown in Fig. 3.26 for v = 0 - 10, in panels (a - k), respectively and for j

= 0. In contrast to the rotational excitation, reactivity upon reagent vibrational

excitation is not dramatically affected by the nonadiabtatic coupling. It can be

seen from Fig. 3.26 that the difference between the coupled and uncoupled surface

results is negligibly small. The resonance structures of the probability results

average out with many partial wave contribution in the cross section results of

Figs. 3.25 and 3.26.

3.4 Coriolis coupling effects

In this section, we present and discuss the effect of CC on the initial state-

selected reaction probabilities of H + H2 reaction and compare them with the

same using the CS approximation. The CC reaction probabilities are reported for
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Figure 3.26: Same as in Fig. 3.25, for H + H2 (v, j = 0) reaction. The cross
sections for various v values are indicated in each panel.
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a total energy of ∼ 3.0 eV. Exact quantum scattering calculations were obtained

by a WP propagation method based on the CP expansion scheme and DMBE

PES of the reacting system. Partial wave contributions up to the total angular

momentum J = 20 were found to be necessary for the scattering of H2 in its

ground rotational and vibrational states up to a total energy of 3.0 eV. For each

J value, the projection quantum number K was varied from 0 to min (J ,Kmax),

with Kmax = 4. We present only the preliminary results here. The work including

higher values of K is presently under progress .

3.4.1 Computational Details

The properties of the initial WP and the grid parameters used for the numerical

calculations are listed in Table I. The WP is propagated for a total time of 413.76

fs using the CP scheme. It is well known that the stability of the CP scheme de-

pends on the maximum allowed energy on the grid. For the potential energy, one

generally sets a cut-off value to control the stability. The angular kinetic energy

on the grid depending on the jmax (= Nγ - 1) and J is usually large. Very large

values of this kinetic energy are unphysical and the relevant wavefunction does

not contain any components corresponding to them. In the present application

the maximum permitted value of the angular kinetic energy is therefore truncated

gradually above a reasonable value [160]. All calculations reported in this section

are carried out with H2 in its vibrational and rotational ground state. Each WP

propagation upto 413.76 fs on a single processor takes nearly 60 hours of CPU

time in an IBM P690 machine for the uncoupled situation. This CPU time in-

creases considerably in case of coupled situation. The maximum allowed value of

K (Kmax) is considered upto 4, in the present case. The calculations considering

higher values of K are still ongoing and we present only the preliminary results
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here. The parity is included in the dynamical calculations, which is decided by

the (-1)J+p value. The convergence of the CC reaction probability results upto

the total energy E ∼ 3.0 eV and for each J and K values is explicitly checked

with respect to the numerical parameters given in Table 3.1.

3.4.2 Reaction Probabilities

The initial state-selected and energy resolved reaction probability as a function

of the total energy E for uncoupled situation are plotted in Figs. 3.27 (a - b)

for the total angular momentum, J = 1 and K = 0, in panel (a) and K = 1,

in panel (b), respectively. We also show the corresponding results with the CS

approximation for comparison in each panel. The full lines represents the CC

results and dashed lines represents CS results, respectively.

The CS calculations are carried out for a fixed value of the K quantum num-

ber, whereas in the CC calculations K is a variable quantity and is allowed to

vary between 0 to min (J, Kmax). We can see from the Figs. 3.27 (a - b) that

both CC and CS reaction probabilities show the same number of resonances. The

location of these resonances differ in both the cases which can be seen from Figs.

3.27 (a - b). The initial state-selected CC reaction probabilities calculated in

both coupled and uncoupled surface situations are shown in Figs. 3.28 (a - b).

The coupled surface results are shown by the full line type and the uncoupled

surface results are shown by a dashed line type for clarity in the Figs. 3.28 (a -

b). It can be seen from the Figs. 3.28 (a - b) that the coupled and uncoupled

surface results differ above the minimum of the CIs, i.e., above 2.74 eV.

The initial state-selected CC reaction probabilities calculated in both coupled

and uncoupled surface situations for J = 5 and K = 0 to 4 are shown in Figs.

3.29 (a - e) panels. The coupled and uncoupled surface results are shown by full
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Figure 3.27: H + H2 (v = 0, j = 0) reaction probabilities as a function of the
total energy (H - H2 translational energy + H2 rovibrational energy) for the total
angular momentum J = 1, K = 0, in panel (a) and J = 1, K = 1, in panel (b)
calculated using the CC and CS models, respectively. The different line types are
identified in the panels.
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Figure 3.28: Total reaction probabilities as a function of total energy E for the
H + H2 (v = 0, j = 0) exchange reaction for the total angular momentum J = 1,
K = 0, in panel (a) and J = 1, K = 1, in panel (b). The coupled and uncoupled
results are shown by solid and dashed lines types, respectively.
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Figure 3.29: Same as in Fig. 3.28 for H + H2 (v = 0, j = 0) and for J = 5, K =
0 - 4, in panels (a) - (e), respectively.

and dashed line types, respectively. It can be seen from Figs. 3.29 (a - e) that

the difference between the coupled and uncoupled reaction probabilities increases

with the increase in the K quantum number.

But as J increases, the difference between the coupled and uncoupled surface

results reduces for any value of K = 0 to Kmax which can be seen the in the Figs.

3.29 (a - e) where the CC reaction probabilities for J = 15 and K = 0 to 4 are

plotted. The coupled and uncoupled surface results are shown by full and dashed
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Figure 3.30: Same as in Fig. 3.28 for H + H2 (v = 0, j = 0) and for J = 15, K
= 0 - 4, in panels (a) - (e), respectively.

line types, respectively.

3.5 Summary

We presented a theoretical account of the electronic nonadiabatic coupling effects

on the dynamics of H + H2 and its isotopic variants. The H + H2 reaction occurs

on the lower adiabtic sheet of its JT-split degenerate ground electronic manifold.
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The quantum dynamical simulations are carried out by constructing suitable

diabatic electronic states and by a time-dependent WP propagation approach

within the CS approximation. Calculations of quantum dynamical quantities e.g.,

initial state-selected energy resolved total reaction probabilities, integral reaction

cross sections and thermal rate constants are carried out both in the uncoupled

and coupled surface situations in order to explicitly examine the effect of surface

coupling on the reaction dynamics.

The quantum dynamical results of these reactions reveal only minor impact

of the nonadiabatic coupling on them. The effect of the surface coupling shows

up only beyond the energetic minimum of the seam of conical intersections. Even

though the reaction probability results show some sensitivity to this coupling

(quite substantial in the channel specific reaction probabilities and reaction cross

sections of H + HD reaction, cf., Figs. 3.7(a - b) and 3.18 (a - d)), the effect

averages out in the total integral reaction cross sections with inclusion of the

contributions from many partial waves. The Boltzmann averaged thermal rate

constants are found to be essentially same in the uncoupled and coupled surface

situations for both the reactions. The investigations reported in this paper are

extended to a wide energy range starting from the onset of the reaction to the

three-body dissociation limit. The findings of this paper are in general agreement

with the recent literature data obtained by including the GP effect only. The

reactivity of the hydrogen exchange reaction appears to vary with with isotopic

substitution in the following order D + H2 < H + H2 < H + HD < H + D2 (cf.,

Figs. 3.1 (a), 3.5, 3.6, 3.7 (c), 3.8 (a-d), 3.10 (a-d), 3.11 (a-d) and 3.12 (a-d)).

We reiterate that the seam of CIs in H3 occurs at the D3h configuration

whereas, the minimum energy path for the reactive scattering occurs at the

collinear geometry, and this is perhaps the main reason that no dramatic sur-
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face coupling effect can be seen in the dynamics of this prototypical reaction.

To this end we mention that the CS approximation is accurate enough for the

title reaction. Inclusion of coriolis coupling does not dramatically change the

integral reaction cross sections, it only alters very slightly the trend of variation

of the reaction cross sections with reagent rotational excitation as noted in a

recent publication [161]. Additionally, in a most recent work the GP effects on

the coriolis coupling terms are predicted to be very small [76]. Therefore, the

general findings of above are not expected to change dramatically on inclusion of

the coriolis coupling terms in the dynamics. This work is currently underway.



Chapter 4

Quantum wave packet dynamics

of N(2D) + H2 reaction

4.1 Introduction

In this chapter, the reaction probability, reaction cross section and thermal rate

constant results obtained for the N(2D) + H2 insertion reaction employing the

recently developed ab initio PES of Ho et al. [110] are presented and discussed.

For this reaction partial wave contributions upto the total angular momentum J

= 55 were necessary to obtain converged integral reaction cross sections up to a

collision energy of 1.0 eV within the CS approximation [135, 136]. The thermal

rate constants are calculated from the reaction cross sections and compared with

the available experimental and other theoretical results. We also present and

discuss the typical resonances formed during the course of the reaction and elu-

cidate the insertion type mechanism for the product formation. The vibrational

levels supported by the deep well (∼ 5.5) eV of the 1 2A′′ PES of NH2 are also

calculated for the total angular momentum J = 0. A statistical analysis of the

81
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spacing between the adjacent levels of this energy spectrum is performed and the

extent of irregularity in the spectral sequence is assessed.

4.2 Theoretical and computational details

4.2.1 Integral reaction cross sections and thermal rate

constants

Integral reaction cross sections and the thermal rate constants of the N + H2

reaction are calculated here by a time-dependent WP propagation approach [134,

150,162,163] as discussed in chapter 2. In this approach, the nuclear motion on the

potential energy hypersurface is monitored by solving the TDSE (c.f., Eq. (2.1))

in the reactant channel (N + H2) body-fixed Jacobi coordinates R, r and γ. A

second-order split-operator scheme in conjunction with FFT and DVR methods

is utilized to propagate the WPs and the reaction probabilities are calculated by

the flux operator method discussed above.

4.2.2 Vibrational energy level spectrum of the NH2 radi-

cal

The potential energy well of depth ∼ 5.5 eV in the 1 2A′′ ground electronic state

of the NH2 occurring at the C2v symmetry configuration is expected to support

a large number of bound states corresponding to the vibrational energy levels of

this radical. In addition, a large number of quasibound vibrational levels is also

expected to be supported by the PES. In the following, the calculation of the

vibrational energy level spectrum by a time-dependent WP method is discussed.

In this method, the pseudospectrum pertinent to the Franck-Condon transition
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of a hypothetical initial state to the (final) Born-Oppenheimer PES of the N

(2D) + H2 system is calculated. In the time-dependent picture, the golden rule

expression for the spectral intensity is given by

P (E) ≈ Re

∫ ∞

0

C(t)eiEt/~dt. (4.1)

The quantity, C(t) = 〈Ψ(t = 0)|Ψ(t)〉, in the above equation is the autocorrelation

function of the system at time t. This is calculated by propagating a hypothetical

initial state, |Ψ(t = 0)〉 on the adiabatic (final) 1 2A′′ PES with the aid of the

TDSE (Eq. (2.1)). As described in the previous section, the latter is numerically

solved employing a mixed grid/basis set method. A 128×128 spatial grid is used

in the R × r plane with 0.1 a0 ≤ R ≤ 12.8 a0 and 0.1 a0 ≤ r ≤ 12.8 a0. The

nodes of a 47-point GLQ are used for the grid along Jacobi angle γ. The WP is

propagated for a total time of ∼ 2.21 fs with a step length, ∆t = 0.135 fs. The

damping function [149] is activated at Rdamp = 10.2 a0 and rdamp = 9.6 a0, to

absorb the WP components reaching the grid edges at longer times.

The initial wavefunction, |Ψ(t = 0)〉 pertinent to NH2 is assumed to be a

stationary GWP constructed in terms of the Jacobi coordinates

|Ψ(R, r, γ, t = 0)〉 = N
√

w(n) exp

[

−(R − R0)
2

2δ2
R

− (r − r0)
2

2δ2
r

]

×
{

exp

[

−(γ − γ0)
2

2δ2
γ

]

+ exp

[

−(γ − π + γ0)
2

2δ2
γ

]}

. (4.2)

This GWP is initially located in the well region as well as in the barrier region

along the minimum energy path of the 12A′′ PES of NH2. The quantities R0, r0

and γ0 specify the initial location and δR, δr and δγ refer to the width parameters

of the GWP along the respective coordinates. The vibrational levels of NH2 are
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Table 4.1: Parameters for the different choices of the initial GWP used in the
calculation of vibrational energy level spectrum of NH2.

GWP R0 r0 γ0 δR δr δγ 〈E〉
(a0) (a0) (rad) (a0) (a0) (rad) (eV)

1 1.2275 3.0389 1.5708 0.35 0.25 0.10 -4.5983
2 1.4888 2.6398 1.5708 0.35 0.25 0.10 -4.3769
3 1.5656 2.5068 1.5708 0.35 0.25 0.10 -4.1961
4 1.6271 2.4147 1.5708 0.35 0.25 0.10 -4.0373
5 1.6655 2.2715 1.5708 0.35 0.25 0.10 -3.7841
6 1.7039 2.1793 1.5708 0.35 0.25 0.10 -3.5905
7 1.7654 2.1179 1.5708 0.35 0.25 0.10 -3.4290
8 1.8038 2.0463 1.5708 0.35 0.25 0.10 -3.2506
9 1.8422 1.9645 1.5708 0.35 0.25 0.10 -3.0383
10 1.8730 1.9030 1.5708 0.35 0.25 0.10 -2.8675
11 2.0881 1.6370 1.5708 0.35 0.25 0.10 -1.9077
12 2.3340 1.6677 1.5708 0.35 0.25 0.10 -1.4914
13 2.4493 1.5961 1.5708 0.35 0.25 0.10 -1.0897
14 2.9026 1.5654 1.5708 0.35 0.25 0.10 -0.1526
15 4.3241 1.4221 1.5708 0.35 0.25 0.10 0.7196
16 4.0 1.41 1.5708 0.35 0.25 0.10 0.7196

obtained with appreciable intensity by suitably varying the initial location and the

width parameters of this GWP. The initial parameters and average energies of the

GWPs used in the present calculations are given in Table 4.1. The convergence of

each calculation is checked by varying the numerical grid parameters mentioned

above.

The pseudospectral intensity (cf., Eq. (4.1)) when plotted as a function of

energy yields peaks at the energy eigenvalues of the vibrational levels. The

eigenfunctions of these levels are calculated by the spectral quantization algo-

rithm [164]: by projecting a time-evolved WP onto the desired eigenstate (n) of
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energy En,

Ψn(E) =

∫ T

0

eiEnt/~Ψ(t)dt. (4.3)

4.3 Results and Discussion

4.3.1 Reaction Probability, Integral Reaction Cross Sec-

tion and Thermal Rate Constant

The reaction probabilities are calculated up to a total energy of 1.27 eV. In the

CS model inclusion of partial-wave contributions up to J = 55 are found to be

necessary to obtain converged integral reaction cross section results in this energy

range. The convergence of each calculation is checked with respect to the choice

of the numerical grid parameters given in Table 4.2. The reaction probabilities

are found to be very sensitive to the location of the initial GWP at the asymptotic

reactant channel. The reaction probabilities vary dramatically particularly for the

higher values of J and exceeds its limiting value when this parameter is varied.

Also the probabilities are sensitive to the choice of the spacing of the grid along

R (this may be due to the possible artifacts of the PES arising from the grid

representation). The slowly decaying centrifugal potential for higher J values

will result a wrong value of the right hand side of Eq. (2.33), if it is not zero at

the location of the initial WP. Therefore, we have located the latter far out in

the asymptotic reactant channel (cf., Table 4.2) in the present study to obtain

the correct reactant asymptote. An alternative to this problem is also advocated

in a study by Schatz and coworkers [165].

The N (2D) + H2 (v = 0, j = 0) reaction probability values as a function of

the collision energy E are plotted in Fig. 4.1 for a few selected values of the total
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Table 4.2: Numerical grid parameters and properties of the initial wavefunction
used in the N + H2 scattering study

Parameter Value Description
NR/Nr/Nγ 512/64/48 Number of grid points
Rmin/Rmax (a0) 0.1/86.97 Extension of the grid along R
rmin/rmax (a0) 0.5/8.06 Extension of the grid along r
∆R/∆r (a0) 0.17/0.12 Grid spacings along R and r
rd (a0) 4.94 Location of the dividing surface

in the product channel
Rmask/rmask (a0) 74.5 /5.06 Starting point of the masking function
R0 (a0) 73.5 Initial location of the center of the GWP

in the coordinate space
Etrans (eV) 0.44 Initial translational kinetic energy
δ (a0) 0.30 Initial width parameter of the GWP
∆t (fs) 0.135 Length of the time step used in the WP propagation
T (ps) 1.1 Total propagation time
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angular momentum, J = 0, 10, 20, 30, 40, 50 and 55 (indicated in the panel) and

for Ω = 0. These represent the initial state-selected and energy resolved total

(summed over all open v′ and j ′ levels of the product NH at a given energy)

reaction probabilities. It can be seen that the reaction has a threshold, because

of the intrinsic barrier (∼ 0.08 eV) in the PES, which shifts to the higher energy

with increasing contribution from the centrifugal barrier for higher J values. The

probabilities show a very sharp rise near the threshold and then oscillate at higher

energies for all J values. The reaction probability for J = 0 shows a sharp peak

at a collision energy of ∼ 0.08 eV near the threshold region. A similar peak

has also been observed by Lin et al. [111] and Castillo et al. [116] in their WP

calculations and is attributed to the formation of a shape resonance at the C2v

transition state [116]. The oscillations seen in the reaction probability curves of

Fig. 4.1 can be attributed to a large number of quasibound vibrational levels

supported by the 1 2A′′ PES.

In Fig. 4.2(a) we show the calculated reaction probabilities for J = 0, Ω = 0

and for different values of the diatomic rotational angular momentum, j = 1 - 3.

The general trend of a sharp increase of the probability near the threshold and

a tendency to oscillate later can also be seen from the figure. A similar behavior

can be seen in Fig. 4.2(b) where the probabilities for J = 0, Ω = 0 and for v =

1 is plotted. Fig. 4.2(c) shows the calculated reaction probabilities for J = 12

and for Ω = 0 - 3. We can see from the Fig. 4.2(c) that the reaction threshold

increases with an increase in the values of j and Ω. For a Fixed J , this causes an

increase of the height of the effective barrier to the reaction, i.e., due to the term

j(j+1)/2µR2. The general tendency of sharp rise of the reaction probabilities

near threshold and then to oscillate later can also be seen from this figure.

The integral reaction cross section results as a function of collision energy
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Figure 4.1: Total reaction probability as a function of the collision energy E for
the N + H2 (v = 0, j = 0) → NH (

∑

v′,
∑

j ′) reaction for the total angular
momentum, J = 0, 10, 20, 30, 40 and 45 indicated by different line types in the
figure.

calculated by Eq. (2.37) for the N + H2 (v = 0, j) reaction for four different

values of j (indicated in the panel) are shown in Fig. 4.3. The cross section values

increase monotonically with increasing collision energy and reach to a plateau at

high energies. It can be seen from Fig. 4.3 that the cross section values increase

with the rotational excitations of the reagent diatom. The resonance oscillations

also persist in the cross section results, though they are much weaker compared

to those in the reaction probability results. This is because the oscillations in

the probability results average out with different partial wave contribution of the

total angular momentum J in the cross section results. It is also observed that

the integral reaction cross sections (in the given energy range) decrease when H2

is excited by one vibrational quantum (result not shown here for brevity).

The thermal rate constants obtained by statistically averaging over the rota-

tional states j = 0 to 3, are compared with the experimental and other theoretical
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Figure 4.2: Same as in Fig. 4.1 for (a) N + H2 (v = 0, j = 1 − 3) → NH
(
∑

v′,
∑

j ′) + H (b) N + H2 (v = 1, j = 0) → NH (
∑

v′,
∑

j ′) + H for J = 0,
Ω = 0 and (c) N + H2 (v = 0, j = 0 − 3) → NH (

∑

v′,
∑

j ′) for J = 12, and Ω
= 0 - 3.



4.3. Results and Discussion 90

0.0 0.2 0.4 0.6 0.8 1.0
Ecollision [eV]

0.0

2.0

4.0

6.0

8.0

Cr
os

s 
se

ct
io

n 
[A

2 ]

j = 0
j = 1
j = 2
j = 3
j = 0 [from Ref. (13)]

Figure 4.3: Initial state-selected integral cross sections of the N(2D) + H2 (v =
0, j) reaction as a function of the collision energy. The cross sections for various
j values are shown by different line types indicated in the panel. The integral
cross section results for j = 0 taken from Ref. [113] shown by the asterisks.

results (data extracted from the plots given in references mentioned) are shown

in Fig. 4.4. It can be seen that the present results are in good accord with the

available experimental results. The rate constant results exhibit the Arrhenius

type of behavior as observed in the experimental results, revealing the feature of

a barrier type of reaction. The rate constant values are fitted to the Arrhenius

equation, K(T) = A0 exp(-Ea/RT), where A0 and Ea are the pre-exponential

factor and activation energy for the reaction, respectively. The quantity R in the

above equation denotes the universal gas constant. The fit yields the value A0 =

6.37 × 10−11 cm3 sec−1 molecule−1 and Ea = 0.093 eV.
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Figure 4.4: Arrhenius plot of Boltzmann averaged (over j = 0 - 3) thermal rate
constants for the N + H2 (v = 0) reaction. The points on the figure represents the
results from the literature (KExp from Ref. [104]; KLin from Ref. [110]; KV arandas

from Ref. [115]).

4.3.2 On the insertion type of mechanism of the N + H2

reaction

The nature of the sharp peaks observed in the J = 0 probability curve in the

vicinity of the threshold region of the N + H2 reaction (cf., Fig. 4.1), were

examined to understand the reaction mechanism. For this purpose, we calculate

the transition state spectrum (using the pseudospectral approach described in

section 4.22) by placing a suitably chosen GWP at the location of the barrier

along the minimum energy path (GWP No. 16, in Table 4.1). This GWP is

time evolved for a total time of ∼ 2.2 ps. The pseudospectrum of the quasibound

states thus obtained is superimposed on the J = 0 reaction probability curve and

is shown in Fig. 4.5 by different line types.

It can be seen from Fig. 4.5 that the peaks in the transition state spectrum

can be associated with the oscillations in the reaction probability curve. It can
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Figure 4.5: Quasibound spectrum (dashed lines) of NH2 in the energy range 0 -
1.27 eV computed with the initial GWP no. 16 of Table 4.1. The initial state-
selected total reaction probability for J = 0 is superimposed on the quasibound
spectrum and by the solid line.

also be seen from the Fig. 4.5 that the sharp peak in the reaction probability

at collision energy, E ∼ 0.08 eV (0.35 eV total energy) corresponds to the peak

marked by arrow in the transition state spectrum. To characterize this further, we

computed the eigenfunctions of first few peaks around 0.08 eV. The eigenfunction

of the resonance peak indicated by an arrow in Fig. 4.5 is shown in Fig. 4.6. The

probability density contours of resonance eigenfunction (indicated by an arrow in

Fig. 4.5) are plotted in the (R, r) and (γ, R) planes and are shown in Fig. 4.6.

The energy eigenvalue (total energy) of the peak is included in panel of Fig.

4.6. We can see from Fig. 4.6(b) that there is a heavy buildup of the proba-

bility density near the Jacobi angle, γ = π
2
, revealing a C2v configuration of the

quasibound complex. Lifetimes of first few resonances have been estimated from

the width of the spectral peaks fitted to a Lorentzian function and also from

the decay of these states in time and the resulting data are collected in Table

4.3. In order to better understand the mechanistic aspects of the N (2D) + H2
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Figure 4.6: Probability density contours of the eigenfunction of resonance peak
(indicated by an arrow in Fig. 5) of NH2 (occurring near the barrier region
of the PES) averaged over γ and r are plotted in the (R, r) and (γ, R) planes,
respectively.

(v = 0, j = 0) reaction dynamics, we examined the time evolution of the decaying

resonance shown in Fig. 4.6.

The probability density of this decaying resonance averaged over γ and r at

different times (indicated in the panel) are shown in the left and right columns of

the Fig. 4.7, respectively. This wavefuncion is scattered symmetrically on either

side of the T - shaped configuration at latter times (not shown here for brevity).

Heavy buildup of probability density near γ = π
2

implies that N atom approaches

perpendicularly to the H2 molecule supporting an insertion type of mechanism of

the reaction dynamics [107, 108].

This reveals that the scattering occurs through a C2v geometry and the reac-

tion proceeds through an insertion mechanism consistent with the experimental

observations.

The reaction path for the C2v approach of the N atom is sketched in Fig.

4.8. It reveals a barrier height of ∼ 0.08 eV. The topography of the barrier
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Figure 4.7: Time evolution of the quasibound eigen function of panel (b) of Fig.
7 displaying an insertion type of mechanism of the N + H2 reaction dynamics.

Table 4.3: Energy (E), line-width lifetime (τlinewidth) and decay lifetime (τdecay)
of first three resonances near the barrier along the C2v reaction path of NH2.

GWP E τlinewidth τdecay

(eV) (fs) (fs)
1 0.33384 77.53 77.64
2 0.34771 52.65 94.30
3 0.36511 122.43 125.72
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Figure 4.8: A schematic plot of the C2v reaction path of N + H2 reaction.

region exhibits no local minimum. Therefore, the observed sharp resonances in

the vicinity of this region are of barrier type [166] rather than of shape type as

noted in Ref. [116].

4.3.3 Vibrational energy level spectrum of the 12A′′ elec-

tronic state of NH2

In this section we present the vibrational energy level spectrum of NH2 supported

by the deep well of its 12A′′ PES. These vibrational levels are calculated by the

pseudospectral approach as discussed in section II. Eigenfunctions of first few

energetically low-lying and well separated vibrational levels are calculated and

assigned. A total of ∼ 400 vibrational levels are calculated. The NNSD of

these vibrational level spectrum is examined in order to assess the short-range

correlations and the extent of level repulsions in the spectral sequence.

In Fig. 4.9 we show a typical vibrational energy level spectrum of NH2 calcu-

lated using the initial GWP No. 4 of Table 4.1. The intensity in arbitrary units is
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Figure 4.9: A typical vibrational energy level spectrum of NH2, computed with
the GWP No. 4 (cf., Table 4.1). The intensity is plotted in arbitrary units as
a function of energy of the vibrational levels. The zero of energy corresponds to
asymptotically separated N + H2 reactants.

plotted as a function of the energy of the vibrational levels of the 12A′′ electronic

state. Energy is measured from the bottom of the well of the 12A′′ PES and the

zero of energy corresponds to asymptotically separated N + H2 reactants. The

peaks in the spectrum correspond to the vibrational energy levels of the NH2 rad-

ical and energy corresponding to the peak maximum represents the vibrational

energy eigenvalues. The nature of the peaks implies that the levels are of bound

type. The WP is time evolved for 2.21 ps which leads to an energy resolution of ∼
0.002 eV in the spectrum. This resolution is obtained by effectively doubling the

propagation time obtained by calculating C(2t) from Ψ(t) [167]. It can be seen

from Fig. 4.9 that at low energies near the bottom of the well, resolved peaks are

obtained. The number of peaks in the spectrum increases significantly with an

increase in energy. The energetic minimum of the well of the 12A′′ PES occurs

at ∼ -5.5 eV for the C2v geometry of NH2. It can be seen that the 0 - 0 line in
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the spectrum of Fig. 4.9 occurs close to this energy. The zero point vibrational

energy of NH2 is estimated to be ∼ 0.527 eV. Approximately 400 vibrational

levels are calculated by varying the location of the initial WP (a set of 15 WP

calculations are carried out and the parameters are given in Table 4.1) in the well

region of the 12A′′ PES.

Instead of giving an exhaustive list of 400 vibrational levels, it would rather be

useful to analyze these levels in order to understand the nature of intramolecular

motion in NH2. The eigenfunctions of some these vibrational levels are calculated

by Eq. (4.3) and their probability density (|Ψ(E)|2) contours are plotted in Figs.

4.10 (a - f) and Figs. 4.11 (a - g) in the (R, r) and (γ, R) plane averaged over γ and

r, respectively. The eigenfunctions in Figs. 4.10 (a - f) reveal local mode behavior

and exhibit nodal progression along R, r and γ coordinates. The eigenfunctions in

Figs. 4.11 (a - g), on the other hand, reveal hyperspherical mode type of behavior

and exhibit nodal progression along the polar angle, Φ (= tan−1( r
R
)) [168, 169].

The eigenfunction of Fig. 4.10 (a) represents the vibrational ground level (the

0 - 0 line of Fig. 4.9) of NH2. It does not contain any node along any of the three

Jacobi coordinates. This level occurs at ∼ -4.973 eV and ∼ 0.53 eV above the

minimum of the well of the 12A′′ PES. The latter therefore corresponds to the

zero point vibrational energy of the 12A′′ electronic state of NH2. The contour

diagram in the (γ, R) plane reveal heavy build-up of probability density near γ

= π/2, implying a T - shaped configuration of NH2. The eigenfunction in Fig.

4.10 (b) represents one quantum excitation predominantly along R and corre-

sponds to the fundamental level along this coordinate. The vibrational quantum

of energy along this coordinate is about 0.184 eV. This vibrational level can be

assigned as (1, 0, 0) according to the number of nodes along (R, r, γ) coordinates,

respectively. The vibrational wavefunctions in panel (c) and (d) reveal excitations
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Figure 4.10: Probability density contours of the eigenfunctions of the low-lying
vibrational levels of NH2. The contours are plotted in the (R, r) plane averaged
over γ (left column) and (γ, R) plane averaged over r (right column), to clearly
reveal the nodal pattern in them.



4.3. Results and Discussion 99

along the r coordinate and can be assigned as (0, 1, 0) and (0, 2, 0), respectively.

The vibrational quantum of energy along this coordinate is ∼ 0.395 eV. The vi-

brational wavefunctions in panel (e) and (f) reveal two quanta excitation along

γ. In addition, the latter also reveals one quantum excitation along R. These

wavefunctions can be assigned as (0, 0, 2) and(1, 0 , 2), respectively.

In contrast to Figs. 4.10 (a - f), the vibrational wavefunctions in Figs. 4.11

(a - g) do not reveal distinct excitations along the R, r and γ coordinates and

a clear assignment of these wavefunctions according to the above prescription is

impossible.

The progressions in the wavefunctions in Figs. 4.11 (a - g) can be assigned

according to (νR, νP ) specifications as discussed earlier in the literature [168,169].

The quantities νR and νP correspond to the number of nodes along the reactant

(N + H2) and product (NH + H) channels, respectively. Although the present

system do not have high symmetry, for practical convenience the diagonal line

in the (R, r) plane can be roughly assumed to separate the products from the

reactants. According to this nomenclature the eigenfunctions of panel (a), (c),

(e) and (f) correspond to a νR = νP progression, and can be defined as (1, 1), (2,

2), (3, 3) and (1, 1), respectively. In addition, the one in panel (f) also reveals

two quanta excitation along γ. The eigenfunctions in panel (b) and (d) of Fig.

4.11 correspond to a νR = νP - 1 progression, with (1, 2) and (2, 3) for (νR,

νP ), respectively. This kind of analysis and assignment of wavefunctions was

previously done by Sadeghi and Skodje for the D + H2 resonances [168] and by

Mahapatra and Sathyamurthy for the He + H+
2 resonances [169]. While νP = νR

- 1 and νP = νR - 2, progressions were found for the D + H2 resonances, νR = νP ,

νR = νP - 3 and νR = νP - 4 were reported for the He + H+
2 resonances. At further

high energies the vibrational wavefunctions reveal complex and irregular nodal
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Figure 4.12: The quantum mechanical sum of states N(E) as a function of energy
E, derived from the folded vibrational level spectrum of the 12A′′ electronic state
of NH2. The corresponding unfolded spectrum is shown as an inset.

pattern which indicates quite a strong coupling between the three vibrational

degrees of freedom of NH2. For illustration, a typical wavefunction is shown in

Fig. 4.11(g), for which no clear assignments can be made.

In order to have an insight of the extent of coupling between the three degrees

of freedom and the observed complex pattern of the vibrational wavefunctions at

higher energies we examine the calculated ∼ 400 vibrational levels for short-

range correlations by analyzing the NNSD [170]. Prior to the application of this

statistical analysis, the energy spectrum is unfolded, i.e., the energy values are

scaled with respect to a constant mean energy level spacing. This makes the

average density of levels uniform over the entire energy range and removes the

irrelevant secular variations of the spacing (decrease of spacing with energy),

keeping the fluctuating variations unaffected. The quantum mechanical sum of

states N(E) (up to the energy E) as a function E is plotted in Fig. 4.12. It

can be seen from Fig. 4.12 that N(E) reveals the characteristics of a staircase
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Figure 4.13: The nearest neighbor spacing distribution P (s) as a function of the
spacing s between energy levels derived from the unfolded bound state spectrum
of NH2 given in Fig. 8. Poisson (curve 1) and Wigner (curve 2) distributions
correspond to the regular and irregular limits, respectively. The best fit of the
histogram to the Brody distribution with q = 0.7 (see text) is included in the
figure by curve 3.

function. This staircase function becomes almost a straight line (see the inset in

Fig. 4.12) when the unfolded energy values Ei are used. These unfolded energy

values are used to estimate the correlation between the adjacent energy levels by

analyzing the NNSD, P (s), where si = Ei+1 − Ei, i = 1, 2, 3, ..., N -1.

In absence of any correlation between the adjacent energy levels, the NNSD

becomes an exponential function, i.e., P (s) = exp(-s). This is the regular limit

of the variation of the spacing, and is called the Poisson limit [171]. Therefore

a classically integrable system shows ”level clustering”, P (s) → 1 as s → 0,

indicating no correlation between the adjacent energy levels. On the other hand,

for a classically chaotic system this distribution in the semiclassical limit is given

by the Wigner surmise [170, 172], P (s) = (π s/2)exp[-(π s2)/4], which is the

GOE limit of the Hermitian matrices. In this case one finds, P (s) → 0 as s →
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0, indicating a ”level repulsion”, which means that the adjacent energy levels

are strongly coupled. The NNSD obtained from the unfolded vibrational energy

level spectrum of NH2 is presented in Fig. 4.13, in the form of a histogram plot.

Curves 2 and 3 are the regular (Poisson) and irregular (Wigner) limits of the

distribution, respectively. It is evident from the histogram that the observed

distribution does not correspond fully to either of the two limits. It exhibits an

intermediate type of behavior. In order to estimate the extent of irregularity in the

spectral sequence, we have fitted the histogram to the Brody distribution [173]:

P (s) = asqe[(−bs1+q)], where, a = (1 + q) b, and b = Γ[(2 + q)/(1 + q)]1+q; this

distribution interpolates between the Poisson and Wigner limits by varying q in

the range of 0 - 1. A value of q = 0.7 shown by the dashed lines (curve 1), in Fig.

4.13 can be seen to yield a good fit to the histogram. This reveals that at least

∼ 70 % of the phase space contributes to the irregular spectral sequence. This is

expected to initiate a large number of chaotic trajectories in the dynamics of N

+ H2 reaction.

4.4 Summary

We have calculated the initial state-selected total reaction probabilities, integral

reaction cross sections and thermal rate constants of the N + H2 reaction in its

12A′′ electronic ground state for the total angular momentum, J 6= 0 within the CS

approximation. The integral reaction cross sections are reported over an extended

range of collision energies up to 1.0 eV. The calculated thermal rate constants

are somewhat in better agreement with the experimental results compared to the

available theoretical results. The transition state spectrum of NH2 is calculated by

locating suitable GWP at the location of the transition state. The eigenfunctions
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of first few transition state resonances are computed. The linewidth and decaylife

times of these resonances are calculated. The insertion type of mechanism for the

N + H2 reaction dynamics is examined by time evolving a suitable resonance. The

vibrational energy level spectrum of the 12A′′ electronic state of NH2 radical is also

calculated for the total angular momentum J = 0. We obtained ∼ 400 vibrational

levels supported by the deep well (∼ 5.5 eV) of the 12A′′ electronic state of NH2

radical. Some of the low-lying vibrational levels are characterized by examining

the nodal pattern in their eigenfunctions. The eigenfunctions reveal both local

and hyperspherical types of nodal structures. Well defined nodal structures are

found at low energies which become irregular with increase in the energy. The

irregularity of the spectral sequence is further analyzed by analyzing the NNSD,

which correlates to a Brody distribution revealing an irregularity index of 0.7.



Chapter 5

On the (E ⊗ e)-Jahn-Teller CIs in

the 3p (E′) and 3d (E′′) Rydberg

electronic states of triatomic

hydrogen

5.1 Introduction

A theoretical account of the static and dynamic aspects of the JT interactions

in the 3p (E ′) and 3d (E ′′) Rydberg electronic states of H3 are presented in this

chapter. The static aspects are discussed based on ab initio quantum chemistry

results, and the dynamic aspects are examined in terms of the vibronic spectra

and nonradiative decay behavior of these states. The adiabatic PESs of these de-

generate electronic states are derived from extensive ab initio calculations. The

calculated adiabatic PESs are diabatized as illustrated in chapter 2 [174]. The

nuclear dynamics on the coupled diabatic electronic states is simulated by prop-

105
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agating WPs with the aid of the TDSE. Calculations are performed both for the

uncoupled and coupled state situations in order to understand the importance of

nonadiabatic interactions due to the JT CIs in these excited Rydberg electronic

states.

The ab initio adiabatic potential energies of the JT split components of the 3p

(E ′) , 3d (E ′′) and several other excited Rydberg electronic states of H3 were cal-

culated over a large number of geometrical arrangements by Jungen and cowork-

ers [175]. The vicinity of the D3h equilibrium geometry of Rydberg excited H3 is

probed by the electron collision of H+
3 in molecular beams [94, 95]. Therefore, it

is valuable to understand the topography of the PESs of the 3p (E ′) and 3d (E ′′)

electronic states in the neighborhood of the D3h configuration and the motion

of the WP on them (these two states have major contributions to the Rydberg

emission process [94,95]). Like the 2p (E ′) ground electronic manifold, these two

degenerate Rydberg excited states are also prone to the JT instability [8]. Inves-

tigations of the impact of the JT coupling on the spectroscopy and nonradiative

decay of these states are the two main aspects of the present investigation.

The CIs of the JT split 3p (E ′) and 3d (E ′′) Rydberg electronic states are

established. Our analysis shows that the JT interactions are not particularly

strong in these electronic states, when compared to that in the electronic ground

state of H3 [96, 174, 176]. The nonradiative decay of these states is examined

by calculating the time-dependent adiabatic and diabatic electronic populations.

The results show much slower decay rates of these Rydberg states when compared

with the same of the electronic ground state [96, 174].
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5.2 Diabatic electronic states and conical inter-

sections

The adiabatic potential energy surfaces used in this paper are a subset of solutions

from a large number of geometrical arrangements where the lowest 15 electronic

states have been documented between the geometry of H+
3 and the dissociation

limit to H + H2 [175]. An orbital basis of 165 contracted Gaussian functions

has been used which can describe Rydberg dissociation to H∗ + H2 as well as

to H + H∗
2. At every grid point a CI (Configuration Interaction) calculation in

the dimension of about 14000 CSF’s (Configuration State Function) has been

performed and calculations for 2366 grid points have been carried out.

The internal coordinates of H3 have been chosen as mass scaled Jacobi coor-

dinates R, r and γ with

R = S · 0.75−1/4 (5.1a)

r = s · 0.751/4. (5.1b)

Here s is the H-H distance in the diatom, S is the distance between the third

H atom and the center of mass of the diatom, and γ is the angle between the

vectors ~r and ~R. For the equilibrium geometry of H+
3 (an equilateral triangle with

interatomic distances of 1.65 a0) we have R = r = 1.536 a0 and γ = 90◦. Our

grid has been chosen such that one point exactly coincides with this equilibrium

; the step size is 0.2 a0 for R and r in the vicinity of the H+
3 minimum, 0.4 a0 at

longer separations, and 15◦ for γ. In the following these internal coordinates will

also be used for the treatment of the nuclear dynamics.
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In contrast to the 2p (E ′) surfaces the potentials of the 3p (E ′) state have

an absolute minimum near the geometry of H+
3 . It is a double surface which in

D3h symmetry penetrates itself. Close to the minimum the surfaces are roughly

parallel to that of the parent ion, but in C2v symmetry (γ = 90◦) the higher

component of the 3p (E ′) surfaces has a saddlepoint near R ∼ 1.0 a0, r ∼ 2.6

a0, about 1.3 eV above the minimum; near R ∼ 0.9 a0, r ∼ 2.9 a0 it intersects

the lower component such that in a linear arrangement (R =0) their sequence is

inverted for r > 3.0 a0.

The surfaces of the 3d (E ′′) state are embedded in a dense sequence of elec-

tronic states, together with 3s (A′
1), 3p (A′′

2), 3d (E ′) and 3d (A′
1). At the

equilibrium these 7 states are compressed into an energy interval of about 0.1

eV, much less than the typical zero point vibrational energies in these potentials

(0.54 eV for H+
3 ). The potential surfaces are qualitatively parallel to that of the

parent ion and the 3d (E ′′) surfaces are not intersected by another potential upto

an energy of about 1 eV above the minimum.

We utilized the above adiabatic potential energy data for the 3p (E ′) and

3d (E ′′) electronic states and diabatized them as discussed before in chapter

2 [22–24]. In passing we note that for a symmetry-enforced (E ⊗ e)-JT CIs,

much simplification results in the construction of the diabatic electronic states

[23]. In this case the adiabatic-to-diabatic mixing angle is solely determined in a

geometrical fashion and does not depend at all on the strength of the JT coupling.

This is already been exploited in our earlier works on this system [25,96,174,176]

and encouraging results emerged thereof. If the two adiabatic components of the

JT split potential energy surfaces are designated V− (lower) and V+ (upper) then

the diabatization scheme reads as given in Eqs. (2.5), (2.6) and (2.7).

The computed adiabatic points on a (R, r, γ) grid by Jungen and coworkers
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are used here [175]. The raw adiabatic data are used to calculate the diabatic

potential energies at each point of the grid and the resulting diabatic surfaces

are then numerically interpolated using a three-dimensional spline on a denser

grid. The numerical WP calculations are carried out on the latter consisting

of a uniformly spaced 128 × 128 grid in the (R, r) plane with 0.33a0 ≤ R ≤
5.13a0 and 1.13a0 ≤ r ≤ 5.13a0 (for the 3p (E ′) electronic manifold) and 0.33a0

≤ R ≤ 3.13 a0, 1.13a0 ≤ r ≤ 2.33a0 (for the 3d (E ′′) electronic manifold). A

63 point GLQ [153] is used for γ in both cases. Unlike the adiabatic potential

energy functions, the diabatic potential energy functions do not exhibit a cusp

like behavior at the seam of CIs [12]. Therefore, it is much simpler to numerically

interpolate the diabatic potential energy functions rather than the adiabatic ones.

The two diabatic components of the 3p (E ′) Rydberg electronic manifold of H3

are shown in Figs. 5.1 (a-b) and indicated by the thin and thick lines. The contour

lines in panel a are plotted in the (R, r) plane for γ = π/2 corresponding to the C2v

arrangements of the three nuclei. The seam of the (E ⊗ e)-JT CIs occurring for

R = r is shown by the line on the diagram. H3 possesses an equilateral triangular

geometry on this line. The energetic minimum on the seam is indicated by the

cross. This minimum occurs at R = 1.56 a0, r = 1.56 a0 and γ = π/2. This

minimum point on the seam is more clearly shown in panel b and indicated by

an arrow. The energy at this minimum of the seam is ∼ 2.43 eV relative to the

three-body dissociation (H+H+H) limit.

The above two diabatic potential energy surfaces obtained from the computed

adiabatic potential energy data (panels in the left column) and the corresponding

interpolated ones (panels in the right column) on the denser grid (defined above)

using a three-dimensional spline are shown in the (R, r) plane in Figs. 5.2 (a-

c) for γ= 0◦, 30◦ and 60◦, respectively. The two diabatic electronic states are
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Figure 5.1: (a) Contours of the potential energies (eV) of the two diabatic
components of the 3p (E ′) Rydberg electronic manifold of H3 plotted in the
(R, r) plane for γ=π/2. The lowest energy contour for both the states occurs
at 2.45 eV and the spacing between the successive lines is 0.3 eV. The energy is
measured relative to the three-body dissociation (H + H + H) limit. The straight
line in the figure indicates the seam of CIs (occurring for R = r between these
two component states). The location of the energetic minimum on this seam is
shown by the cross. (b) Potential energy cuts of the above two diabatic electronic
states along R through the minimum of the seam of CIs. The minimum of the
seam is indicated by an arrow and the minimum energy amounts to 2.43 eV.
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indicated by two different line types in the figure.

It can be seen from the figures that the interpolated diabatic surfaces represent

quite well the raw data, and are very smooth. The coupling surfaces of the above

two diabatic surfaces are shown as contour line diagrams in the (R, r) plane in

Figs. 5.3 (a-c) for γ = 0◦, 30◦ and 60◦, respectively. The raw data and the

corresponding interpolated ones are shown in the left and right column of the

figure, respectively. A smooth behavior of the coupling surfaces is also apparent

from the figure. It is to be noted that the coupling energy is exactly zero for the

C2v arrangements of the nuclei. The magnitude of the coupling potential becomes

maximum at γ = 0 or π. Typically for the 3p (E ′) electronic state the maximum

value is ∼ 0.78 eV, occurring for R ∼ 3.43 a0, r ∼ 5.04 a0 and γ ∼ 0 or π.

The two component diabatic potential energy surfaces of the 3d (E ′′) Rydberg

electronic manifold of H3 are plotted in the (R, r) plane for γ = π /2 and are

shown in Fig 5.4 (a). It can be seen that the topography of these two diabatic

states is very similar and they remain energetically very close even for geometries

far away from the D3h configurations. This indicates that the JT interaction

in the 3d (E ′′) electronic manifold is weaker than that in the 3p (E ′) electronic

manifold.

The seam of CIs in the 3d (E ′′) electronic manifold is indicated by the straight

line in Fig. 5.4 (a). The energetic minimum on this seam is marked by the cross

on the diagram. This minimum occurs at R = 1.52 a0, r= 1.52 a0 and γ =

π/2. The cuts of the above two diabatic surfaces through this minimum along

R is shown in panel b. The minimum is more clearly shown by an arrow in the

diagram and the energy at this minimum is ∼ 2.87 eV relative to the H + H +

H dissociation limit. The maximum magnitude of the coupling potential in this

case is 0.31 eV. We note that the coupling potential has a maximum value ∼
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Figure 5.2: Contours of the diabatic potential energies of the 3p (E ′) Rydberg
electronic manifold of H3 plotted in the (R, r) plane for γ=0◦, 30◦ and 60◦ in
panel a,b and c, respectively. The diabatic surfaces are obtained from the com-
puted ab initio adiabatic potential energy data (see text in Sec. II) and the
corresponding interpolated ones are shown in the left and right columns of the
figure, respectively.
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Figure 5.3: The coupling surfaces of the two diabatic PESs of Fig. 5.2 obtained
from the computed ab initio data and interpolated using a three-dimensional
spline. The contour line diagrams are plotted in the (R, r) plane for γ=0◦ (panel
a), 30◦ (panel b) and 60◦ (panel c).
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Figure 5.4: Same as in Fig. 5.1, for the 3d (E ′′) Rydberg electronic states of H3.
(a) The lowest energy contours in panel a in this case occurs at ∼ 2.88 eV and the
spacing between the successive contour lines is 0.3 eV. The energy is measured
relative to the three-body (H + H + H) dissociation limit. (b) The minimum
of the seam of CIs is indicated by the arrow and the energy at this minimum
amounts to ∼ 2.87 eV.
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Figure 5.5: Same as in Fig. 5.2, for the 3d (E ′′) Rydberg electronic state of H3.
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Figure 5.6: Same as in Fig. 5.3, for the 3d (E ′′) Rydberg electronic state of H3.
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3.25 eV for the 2p (E ′) ground electronic manifold of H3. Therefore, it appears

that the JT effects are much weaker in the Rydberg electronic states compared

to those in the ground electronic manifold.

In order to show the quality of the numerical interpolations, we show in Figs.

5.5 (a-c) the cuts of the component diabatic states of the 3d (E ′′) electronic

manifold in the (R, r) plane and for γ = 0◦, 30◦ and 60◦, respectively. The

coupling potentials of these two states are shown in Figs. 5.6 (a-c) for γ = 0◦, 30◦

and 60◦, respectively. The diabatic energies and the coupling potentials derived

from the computed ab initio adiabatic potential energies are shown in the left and

the corresponding interpolated surfaces are shown in the right columns of Fig.

5.5 and Fig. 5.6. A smooth behavior of the diabatic surfaces and their coupling

surfaces is also apparent in this case.

5.3 Theoretical framework to treat the nuclear

dynamics

The nuclear dynamics in the degenerate 3p (E ′) and 3d (E ′′) Rydberg electronic

states of H3 is expected to be influenced by the low-lying CIs discussed above.

For propagation of wave packets in these electronic states, we resort to the dia-

batic electronic basis as discussed in chapter 2. Spectral quantization algorithm

with a GWP as discussed in chapter 4 has been employed to calculate the vi-

bronic spectra. All the vibronic energy levels of the system can be obtained with

appreciable intensities by suitably varying the initial location and the width pa-

rameters of this GWP. The initial parameters and the average energies of the

GWPs used in the present calculations are given in Table 5.1 (for the 3p (E ′)

electronic manifold) and Table 5.2 (for the 3d (E ′′) electronic manifold).
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A second order split-operator scheme in conjunction with FFT and DVR

methods is utilized to propagate the WPs. In each calculation the WP is evolved

for a total time of 2.2 ps with a step length of ∆t = 0.135 fs (3p (E ′) electronic

manifold) and 550 fs with a step length of ∆t = 0.135 fs (3d (E ′′) electronic

manifold). The fast moving components of the WP reaching the grid edges are

absorbed by activating a sin-type masking function [149] at Rmask = 4.15 a0,

rmask = 4.13 a0 in case of the 3p (E ′) electronic manifold and at Rmask = 2.72

a0, rmask = 2.23 a0 in case of the 3d (E ′′) electronic manifold, respectively. The

convergence of the calculations is explicitly checked by varying the numerical grid

parameters stated above.

5.4 Results and discussion

The focus of the present work is to investigate the nonadiabatic coupling effects on

the WP dynamics of H3 near the CI of its 3p (E ′) and 3d (E ′′) Rydberg electronic

states. This is motivated by our further plan to examine the DR process of

Rydberg excited H3. In the coupled state calculations the WP is initially prepared

on the adiabatic electronic state and then transformed to the diabatic electronic

basis for the propagation and final analysis. Companion calculations are carried

out for the uncoupled adiabatic electronic states in order to clearly reveal the

impact of the (E⊗e)-JT CIs on the vibronic structure of these degenerate Rydberg

electronic states. Different initial locations of the GWP on the potential energy

surface yield same eigenvalue spectra. However, the intensity of the peaks differs

in different spectra. Therefore, by varying the initial location of the GWP (cf.,

Tables 5.1 & 5.2) we are able to map out all the low-lying energy levels of the 3p

(E ′) and 3d (E ′′) electronic states with appreciable intensities. In the following,
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we show and discuss the results obtained with only one location of the GWP in

each case.

5.4.1 Vibronic energy levels of the 3p (E ′) Rydberg elec-

tronic manifold

The pseudospectrum of the uncoupled lower (V−) adiabatic sheet of the 3p (E ′)

electronic manifold of H3 obtained with the initial GWP No. 3 (cf. Table 5.1)

is shown in Fig. 5.7 (a). The peaks in the spectrum correspond to the bound

vibrational energy levels of V−. The energy is measured relative to the three-

body dissociation (H + H + H) limit of 1.5 Eh. The energy eigenvalues and the

assignments of the low-lying vibrational levels of V− are given in Table 5.3 and

are discussed below. The commonality of energy eigenvalues in various spectra

obtained with different initial location of the GWP is explicitly checked. The

pseudospectrum of V− obtained with the GWP No. 3, in the coupled state

situation is shown in Fig. 5.7 (b). The discrete level structure of the uncoupled V−

(cf., Fig. 5.7 (a)) becomes somewhat diffuse in the coupled state situations. The

peak origin in the latter spectrum (cf., Fig. 5.7 (b)) shifts by ∼ 0.04 eV to higher

energy which is due to the GP effects arising from the sign change of the adiabatic

electronic wave function while encircling the CI in a closed loop [174, 182]. The

minimum of the seam of CIs in the 3p (E ′) electronic manifold occurs at ∼ 2.43

eV. It can be seen that the 0-0 line in both the spectra in Fig. 5.7 appears above

this energy. The energy eigenvalues of some of the distinct peaks in Fig. 5.7 (b)

are also given in Table 5.3. It can be seen that the line density in the coupled state

spectrum increases when compared to the uncoupled one. This increase is due

to the nonadiabatic effects associated with the JT CIs in the 3p (E ′) electronic

manifold [12]. The vibrational levels of the uncoupled V− in Fig. 5.7 (a) are
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Figure 5.7: Pseudospectrum of the lower adiabatic sheet (V−) of the 3p (E ′)
Rydberg electronic manifold of H3 in the uncoupled (panel a) and coupled state
(panel b) situations. Intensity in arbitrary units is plotted as a function of the
energy of the final vibronic states. The energy is measured relative to the three-
body dissociation (H + H + H) limit.
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assigned by computing their eigenfunctions, by projecting the time evolved WP

onto the desired eigenstate (n) of energy En as given in Eq. (4.3).

The vibrational eigenfunctions of the uncoupled V− surface are shown in Figs.

5.8 (a-h). Probability density (|ψn(E)|2) contours of the eigenfunctions are plot-

ted in the (R, r) plane (panels in the left column) and (γ, R) plane (panels in the

right column). The probability density is averaged over γ in the former case and

over r in the latter case. The eigenfunctions are assigned in terms of the number

of nodes, nR, nr and nγ along R, r and γ, respectively. According to this pre-

scription the eigenfunction in Fig. 8 (a) would correspond to a (0,0,0) level. This

is the ground vibrational level of the uncoupled V− surface. The eigenfunction in

Fig. 5.8 (b) represents the (0,1,0) level and that in Fig. 5.8 (c) the (0,0,2) level.

The assignments of all the eigenfunctions in Figs. 5.8 (a-h) are given in Table

5.3. Even quantum excitation along the angle γ is seen in the eigenfunctions.

In our previous work on the 2p (E ′) ground electronic state of H3, we identified

the eigenfunctions in terms of the progression along the breathing and bending

vibrational modes [12]. These actually represent suitable linear combinations of

the motions in Jacobi coordinates. Excitation along the breathing mode corre-

sponds to a nodal progression along the D3h symmetric stretch line (R = r). A

nodal progression orthogonal to this line corresponds to the excitation along the

bending mode. It is difficult to unambiguously assign the eigenfunctions in Fig.

8 according to this prescription due to their complex nodal pattern, however, the

following qualitative estimates can be made. The eigenfunction in Fig. 5.8 (b)

corresponds to one quantum excitation along the degenerate bending vibrational

mode. Therefore, one vibrational quantum of this mode is ∼ 0.38 eV in the lower

adiabatic sheet of the 3p (E ′) electronic manifold. Similarly, the eigenfunction in

Fig. 5.8 (f) has two quanta along this mode in addition to two quanta along γ.
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Figure 5.8: Probability density (|ψn(E)|2) contours of the bound-state eigenfunc-
tions of the lower adiabatic sheet (V−) of the 3p (E ′) Rydberg electronic manifold
of H3, plotted in the (R, r) plane averaged over γ (left column) and (γ, R) plane
averaged over r (right column). The energy eigenvalues are also indicated in the
panels.
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Figure 5.9: Same as in Fig. 5.7, for the uncoupled (panel a) and coupled (panel
b) upper adiabatic sheet (V+), of the 3p (E ′) electronic manifold of H3.

The eigenfunction in Fig. 5.8 (e) corresponds to one quantum excitation along

the breathing and one quantum along the degenerate bending vibrational mode.

Therefore, the vibrational quantum along the breathing vibrational mode is ∼
0.27 eV.

The pseudospectra of the upper adiabatic sheet, V+, of the 3p (E ′) electronic

manifold in the uncoupled and coupled state situations obtained with the initial

GWP No. 3 (cf. Table 5.1) are shown in Figs. 5.9 (a-b), respectively. The band
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origin in the coupled state results shifts by ∼ 0.08 eV to the lower energy. The

width of the peaks in the two spectra essentially remains the same. The line

density in the coupled state spectrum is higher than the uncoupled one. As men-

tioned above the additional peaks originate from the nonadiabatic interactions

in the coupled state situation. The energy eigenvalues of some of the low-lying

vibronic levels of V+ are given in Table 5.3. The eigenfunctions of the vibra-

tional levels of the uncoupled V+ surface are shown in Figs. 5.10 (a-g). The

probability density (|ψn(E)|2) averaged over either γ or r are plotted as contour

line diagrams in the (R, r) (panels in the left column) and (γ, r) plane (panels

in the right column), respectively. The eigenfunctions are assigned in terms of

(nR, nr, nγ) specifications (as discussed above) and are included in Table 5.3. In

this case also the eigenfunctions show even quanta excitation along the angle γ.

The eigenfunction in Fig. 5.10 (c) exhibits one quantum excitation along the

breathing mode and two quanta excitation along γ. The eigenfunction in Fig.

5.10 (e) on the other hand reveals one quantum excitation along the bending mode

and two quanta excitation along γ. Therefore, roughly each quantum along this

degenerate vibrational mode amounts to ∼ 0.57 eV.

To this end we devote some space to further discuss the coupled state results

shown in Figs. 5.7 (b) and 5.9(b). These two spectra are obtained with the

same GWP No. 3 (cf. Table 5.1) evolving on the same final electronic manifold.

However, the differences seen in the two spectra arise due to a difference in the

initial location of the GWP. In the former case it is located on V− and in the

latter case it is on V+. Therefore, the initial location of the WP represents

different admixture of the two component diabatic electronic states U11 and U22.

The energy eigenvalues of the peak maximum of the coupled state spectra are also

given in Table 5.3. It can be seen that the peaks in both the coupled state spectra



5.4. Results and discussion 125

0.0 1.0 2.0 3.00.0
1.0
2.0
3.0

0.0 1.0 2.0 3.00.0
1.0
2.0
3.0
4.0

R [bohr]

R [bohr]]r [
bo

hr
]

γ [rad]

(a)

(b)

(c)

(d)

(e)

(f)

(g)

E = 3.06 eV

E = 3.45 eV

E = 3.69 eV

E = 3.75 eV

E = 3.82 eV

E = 3.98 eV

E = 4.02eV

Figure 5.10: Same as in Fig. 5.8, for the vibrational levels of the upper adiabatic
sheet (V+) of the 3p (E ′) Rydberg electronic manifold of H3.
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appear at the same energy. However, due to two different locations of the initial

WP the intensity of the peaks differs in two spectra. For example, the line at 2.95

eV gets more intensity and the line at 2.98 eV appears as a kink in Fig. 5.7 (b),

whereas the opposite trend can be observed in Fig. 5.9 (b). As expected, the 0-0

line lies almost half-way between the 0-0 lines of the two uncoupled state spectra

(cf. Table 5.3). The additional peaks in the coupled state spectrum result from

the nonadiabatic interactions between the JT split potential energy surfaces. The

shift in energy of the peaks between the uncoupled and coupled state spectra is

quite small. This reflects that the JT coupling in this Rydberg electronic state

is rather weak compared to the far stronger coupling effects observed in the 2p

(E ′) ground electronic state of H3 [96, 174, 174].

5.4.2 Vibronic energy levels of the 3d (E ′′) Rydberg elec-

tronic manifold

It can be seen from Figs. 5.4 and 5.5 that the two components of the 3d (E ′′)

electronic manifold have almost identical topography. The adiabatic and the

diabatic surfaces nearly coincide in this case. The vibronic structures of both the

adiabatic surfaces are found to be very similar and we show only one of them

below. In Figs. 5.11 (a-b) the vibronic structure of the upper adiabatic (V+)

state of the 3d (E ′′) electronic manifold in the uncoupled (panel a) and coupled

(panel b) state situations is shown. These pseudospectra are calculated using the

initial GWP No. 2 (cf. Table 5.2). A close look at the spectra in panels a and b

reveals that nonadiabatic interactions cause somewhat broadening of the coupled

state spectrum (panel b) at high energies. Analogous to the 3p (E ′) spectra, in

this case also, the zero point vibrational level appears above the minimum of the

seam of CIs at ∼ 2.87 eV. The individual peak positions remain identical in both
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Figure 5.11: Same as in Fig. 5.7, for the uncoupled (panel a) and coupled (panel
b) upper adiabatic sheet, V+, of the 3d (E ′′) electronic manifold.

cases (cf. Table 5.3), however, additional peaks appear due to the nonadiabatic

interactions in the coupled state situation [12]. The energy eigenvalues of both

the adiabatic sheets of the 3d (E ′′) electronic manifold in the uncoupled and

coupled state situations are given in Table 5.3.

The eigenfunctions of the low-lying vibrational levels of the uncoupled upper

adiabatic sheet of the 3d (E ′′) electronic manifold are shown in Figs. 5.12 (a-

g). They are also assigned in terms of the (nR, nr, nγ) specifications as discussed
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above and the assignments are given in Table 5.3. The vibrational levels of the

uncoupled lower adiabatic sheet reveal identical nodal progressions and we do not

show them here. The eigenfunction in Fig. 5.12 (b) seems to reveal one quantum

excitation along the degenerate bending vibrational mode. The quantum of this

bending vibration therefore amounts to ∼ 0.43 eV, which can be compared with

a value ∼ 0.31 eV derived from the available experimental results [177–179]. The

eigenfunction in Fig. 5.12 (d) corresponds to one quantum excitation along both

the breathing and bending vibrational modes. From the data given in Table 5.3

one can see that one quantum of the breathing vibrational mode amounts to ∼
0.35 eV. This can be compared with a value of ∼ 0.39 eV estimated from the

available experimental data [177–179].

More recent and improved electronic structure calculations [181] indicate a

lowering of the absolute energies of the Rydberg electronic states. At the equi-

librium geometry of H+
3 , the energy of the 3p (E ′) state is found to be ∼ 0.17

eV and that of 3d (E ′′) state found to be ∼ 0.12 eV lower than the results dis-

cussed above. In view of these corrections the energy of the minimum of the

seam of intersections occurs at ∼ 2.26 eV and ∼ 2.76 eV for the 3p (E ′) and 3d

(E ′′) electronic states, respectively. The energies of the first few vibronic levels of

3p (E ′) and the 3d (E ′′) electronic states along with the available experimental

results [177–180] are given in table 5.4. The theoretical results in the latter are

obtained by incorporating the above energy correction to the energies of table 5.3.

It can be seen that the low-lying vibronic levels of both the electronic states are in

fairly good agreement with the experimental results. A more rigorous comparison

with the available experimental data [177–180] necessitates the energy levels to

be calculated including the rotation, i.e., for the total angular momentum J 6= 0.

Such calculations are presently being taken up.



5.4. Results and discussion 129

0.5 1.0 1.5 2.0 2.50.0
1.0
2.0
3.0

0.5 1.0 1.5 2.0 2.5 3.00.0
1.0
2.0
3.0

R [bohr]

R [bohr]r [
bo

hr
]

γ [rad]

(a)

(b)

(c)

(d)

(e)

(f)

(g)

E = 3.44 eV

E = 3.87 eV

E = 4.08 eV

E = 4.22 eV

E = 4.35 eV

E = 4.46 eV

E = 4.58 eV

Figure 5.12: Same as in Fig. 5.8, for the vibrational levels of the uncoupled upper
adiabatic sheet (V+) of the 3d (E ′′) electronic manifold.
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Figure 5.13: Time-dependence of the adiabatic (solid lines) and the diabatic
(dashed lines) electronic populations in the coupled state dynamics of the 3p
(E ′) Rydberg electronic manifold of H3. The GWP No. 3 is initially located on
V+. The upper and the lower solid curves represent the population of V+ and V−,
respectively.

5.4.3 Time-dependent wave packet dynamics

We now focus on the internal conversion dynamics of the 3p (E ′) and 3d (E ′′)

Rydberg electronic manifold of H3 driven by the JT CIs in the respective states.

The relevant quantity reported here is the time-dependence of the diabatic and

adiabatic electronic populations of these states.

In Fig. 5.13, we show the time-dependence of the adiabatic and diabatic

electronic populations in the coupled state dynamics of the 3p (E ′) electronic

manifold. These populations and all later ones shown below represent the frac-

tional populations. The initial GWP No. 3 (cf. Table 5.1) is located on the

upper adiabatic sheet V+. The nuclear dynamics in this sheet is expected to be

strongly affected by the nonadiabatic interactions. This is because the minimum

of the seam of CIs coincides with the energetic minimum of this state. The adi-

abatic and diabatic electronic populations in Fig. 5.13 are indicated by the solid
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and dashed lines, respectively. The upper solid curve indicates the population

of V+ and the lower one that of V−. Since the WP is initially located on V+,

the population of this state is 1.0 at t = 0. The population of this state sharply

decreases to ∼ 0.5 within 3.58 fs and to ∼ 0.3 within ∼ 6.5 fs and then fluctuates

statistically around a value of ∼ 0.3 at longer times. Therefore, within ∼ 3.58 fs

the WP reaches the CI, which is also marked by the growth of the population of

V− (upper solid line) within this period. The latter fluctuates around a value of

∼ of 0.7 at longer times. This indicates that on the average only 70 % of the WP

reaches the lower adiabatic sheet. The maximum population exchange occurs at

∼ 30 fs. Within this time ∼ 80 % of the WP moves to V−. The initial location

of the WP on V+ corresponds to an admixture of both the component diabatic

states. Therefore, one finds a 49 % (51 %) population on U11 (U22) at t = 0.

The lower adiabatic surface exhibits a ”Mexican hat” type of topography and

has a cusp like behavior at the intersection seam. The resulting anharmonicity

of this surface apparently causes most of the damping of the oscillations in the

diabatic population [180] . Similar electronic population dynamics is observed

by preparing the initial GWP on the lower adiabatic sheet (V−). In this case on

the average 30 % of the lower adiabatic population moves to the upper adiabatic

sheet.

In order to better understand the above population dynamics we present snap-

shots of the WP evolving on the coupled 3p (E ′) electronic manifold at different

times in Fig. 5.14. The probability density of the WP averaged over the angular

coordinate is superimposed on the potential energy contours for γ = π/2 in the

(R, r) plane. The seam of CIs between these two electronic states is also indi-

cated in the first panel of the left column. It can be seen that the WP at t = 0

is generated very near to this seam. Because of this a considerable portion (∼ 65
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Figure 5.14: Probability density (|ψ|2) of the adiabatic wave packet averaged
over the Jacobi angle γ and superimposed on the potential energy contours in
the (R, r) plane for γ = π/2. The WP components on the V− and V+ at a given
time are shown in the left and right panels, respectively. The seam of CIs between
these states is shown by a solid line in the first panel in the left column of the
figure.
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%) of the WP moves to the lower adiabatic state within ∼ 5 fs. (Since the WP

is initially located on V+, the population of this state is 1.0 and that of V− is 0.0

at t = 0). Within ∼ 5 fs significant portion of the WP approaches the CIs and

moves towards the minimum of the lower adiabatic sheet. The WP on V− then

moves towards the intersection seam and a portion of it moves back to V+, which

is marked by a rise in the population of the latter to ∼ 47 % (cf. Fig. 5.13) at

∼ 50 fs. The WP moves back and forth between the two states in time and the

population exchange through the intersection seam continues. At longer times

e.g., ∼ 250 fs, ∼ 76 % of the WP moves to V−.

The electronic population dynamics in the coupled 3d (E ′′) electronic manifold

exhibits very similar pattern as that in the 3p (E ′) electronic manifold. In this

case the time-dependence of the populations reveal a more regular pattern. The

time-dependence of the adiabatic and diabatic electronic populations obtained by

locating the initial GWP No. 2 (cf. Table 5.2) on the upper adiabatic sheet (V+)

of the 3d (E ′′) coupled electronic manifold is shown in Fig. 5.15.

As before the solid and dashed lines represent the adiabatic and the diabatic

electronic populations, respectively. The time-dependence of the adiabatic elec-

tronic population exhibit a very regular pattern and the recurrences therein are

on the average ∼ 9 fs spaced in time. In this case on the average ∼ 50 % of the

WP moves to the lower adiabatic sheet. The initial location of the WP in this

case corresponds to 50 % (50 %) admixture of the two diabatic electronic states.

Unlike in the 3p (E ′) electronic manifold (cf., Fig. 5.13) the diabatic electronic

populations in this case reveal a very simple pattern. The oscillations seen in

the adiabatic electronic populations are heavily suppressed in the corresponding

diabatic ones.

The WP motion in the above coupled 3d (E ′′) electronic manifold is shown in
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Figure 5.15: Same as in Fig. 5.13, for the time-dependence of adiabatic (solid
lines) and the diabatic (dashed lines) electronic populations in the coupled state
dynamics of the of 3d (E ′′) electronic manifold of H3.

Fig. 5.16, at various times indicated in the diagram. The probability density of

the two component adiabatic wave packets averaged over γ is plotted in the (R, r)

plane and superimposed on the potential energy contours for γ = π/2. The seam

of CIs is indicated by the solid line in the first panel in the left column. It can

be seen that the WP is prepared close to this seam in this case also. Therefore,

the WP is immediately perturbed by the strong nonadiabatic coupling and as a

result ∼ 59 % of the WP moves to V− at a very short time of ∼ 5 fs. Both the

WP components move to the minimum of the respective surfaces and develop

structures. The WPs move back and forth between the two states, which gives

rise to quasiperiodic recurrences in the adiabatic electronic populations (cf., Fig.

5.15). On an average ∼ 50 % of the WP reaches the lower adiabatic state during

the course of the entire dynamics.
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Figure 5.16: Same as in Fig. 5.14, for the 3d (E ′′) Rydberg electronic manifold
of H3.
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5.5 Summary

We have presented a detailed account of the topography, spectroscopy and the

time-dependent dynamics of the two important degenerate 3p (E ′) and 3d (E ′′)

Rydberg electronic manifolds of H3. The static aspects of these electronic states

are discussed based on the ab initio adiabatic potential energy data. The adia-

batic surfaces are diabatized and the JT CIs are established. The spectroscopy

and the time-dependent dynamics are examined by propagating the WPs on the

coupled manifolds of these electronic states.

Our findings reveal that the nonadiabatic coupling effects in these Rydberg

electronic manifold of H3 are much milder than those found in case of its 2p

(E ′) ground electronic manifold. Comparing the two Rydberg electronic states,

the nonadiabatic effects are slightly stronger in case of the 3p (E ′) electronic

manifold. The strength of the coupling potential within each electronic manifold

is proportional to the splitting of the adiabatic surfaces δ and a geometrical factor.

In the case of a Rydberg series this splitting is proportional to n−3
eff , where neff

is the effective principal quantum number. With neff [2p (E ′)] = 1.512 and neff

[3p (E ′)] = 2.593 [187], the coupling strength is expected to be about 5 times

weaker for 3p (E ′), assuming a constant JT splitting if expressed by effective

quantum numbers. This however is only approximately true and the real ratio

of the coupling strength is ∼ 1/8. A similar explanation can be given for even

weaker coupling strength for 3d (E ′′) electronic manifold.

The vibronic energy levels in both uncoupled and coupled state situations

have been presented here and individual eigenstates of the uncoupled adiabatic

electronic states were assigned. The results compare well with the available ex-

perimental data (cf. Table 5.4). The present work is motivated by recent ex-

perimental interest on the dissociative recombination process of H3. Apparently
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Table 5.1: Parameters for different choices of the initial Gaussian wave packet
used for simulating nuclear dynamics in the 3p (E ′) Rydberg electronic manifold
of H3.

GWP R0 r0 γ0 σR σr σγ 〈E〉
(a0) (a0) (rad) (a0) (a0) (rad) (eV)

1 1.5823 1.5903 1.5708 0.25 0.20 0.15 3.0895
2 1.7882 1.7899 1.5708 0.25 0.20 0.15 3.1267
3 1.8912 1.8950 1.5708 0.25 0.20 0.15 3.4231
4 1.9868 2.0105 1.5708 0.25 0.20 0.15 3.6885
5 2.0823 2.0840 1.5708 0.25 0.20 0.15 3.9243
6 2.1779 2.1786 1.5708 0.25 0.20 0.15 4.2052

Table 5.2: Parameters for different choices of the initial Gaussian wave packet
used for simulating nuclear dynamics in the 3d (E ′′) Rydberg electronic manifold
of H3.

GWP R0 r0 γ0 σR σr σγ 〈E〉
(a0) (a0) (rad) (a0) (a0) (rad) (eV)

1 1.6872 1.6876 1.5708 0.20 0.15 0.10 3.6068
2 1.8149 1.8145 1.5708 0.20 0.15 0.10 3.8071
3 1.9092 1.9095 1.5708 0.20 0.15 0.10 4.0789

the mechanism involved is much more complex and can not be satisfactorily ex-

plained by the currently available electronic structure data. An investigation of

this complex mechanism and the analysis of the vibronic levels of the 3p (E ′) and

3d (E ′′) Rydberg electronic manifolds of H3 including rotations are the two main

tasks in the future and are presently in progress.
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Table 5.3: Vibronic energy levels of the uncoupled and coupled lower (V−) and upper (V+) adiabatic electronic
states of the 3p (E ′) and 3d (E ′′) Rydberg electronic manifolds of H3. The assignments of the vibrational
levels of the uncoupled states are also given (see text for details). A blank entry in the table implies that the
corresponding quantity can not be given unambiguously.

3p (E′) 3d (E′′)
V− V+ V− V+

Uncoupled Coupled* Uncoupled Coupled* Uncoupled Coupled* Uncoupled Coupled*
Energy Assignment Energy Energy Assignment Energy Energy Assignment Energy

eV (nR, nr , nγ ) eV eV (nR, nr , nγ) eV eV (nR, nr, nγ) eV eV (nR, nr , nγ ) eV

2.91 (0,0,0) 2.95 3.06 (0,0,0) 2.95 3.44 (0,0,0) 3.44 3.44 (0,0,0) 3.44
3.29 (0,1,0) 2.98 3.45 (0,0,2) 2.98 3.87 (0,1,0) 3.74 3.87 (0,1,0) 3.74
3.43 (0,0,2) 3.22 3.69 (1,-,2) 3.22 4.04 (0,0,2) 3.78 4.04 (0,0,2) 3.78
3.48 (1,0,2) 3.29 3.75 (2,0,2) 3.29 4.22 (1,1,0) 3.87 4.22 (1,1,0) 3.87
3.56 (1,1,0) 3.36 3.82 (0,1,2) 3.36 4.35 (1,0,2) 4.03 4.35 (1,0,2) 4.03
3.66 (0,2,2) 3.57 3.98 (0,0,4) 3.57 4.46 (3,0,2) 4.22 4.46 (3,0,2) 4.22
3.79 (1,1,2) 3.64 4.02 (3,0,2) 3.64 4.58 (0,1,2) 4.31 4.58 (0,1,2) 4.31
3.90 (2,2,0) 3.67 - - 3.67 - - 4.33 - - 4.45

- - 3.74 - - 3.74 - - 4.45 - - 4.55
- - 3.80 - - 3.80 - - 4.55 - - 4.59
- - 3.86 - - 3.86 - - 4.59 - - -
- - 3.88 - - 3.88 - - - - - -
- - 3.91 - - 3.91 - - - - - -
- - 3.99 - - 3.99 - - - - - -
- - 4.02 - - 4.02 - - - - - -
- - 4.09 - - 4.09 - - - - - -
- - 4.10 - - 4.10 - - - - - -
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Table 5.4: The low-lying vibronic levels of the 3p (E ′) and 3d (E ′′) Rydberg elec-
tronic manifolds of H3 along with the available experimental results [183–186].
The two numbers in the parentheses in the first column indicate the quantum
numbers of the breathing and bending vibrational modes, respectively. The the-
oretical energy values are obtained from the coupled state energies of Table III
with the corrections noted in the text at the end of the section IV B. A blank
entry implies the corresponding value is not available.

Theory Experiment.
Vibronic level (eV) (eV)

3p E′(0,0) 2.79 2.72
3p E′(1,0) 3.06 –
3p E′(0,1) 3.17 3.05
3d E′′(0,0) 3.32 3.26
3d E′′(1,0) 3.67 3.65
3d E′′(0,1) 3.66 3.56

Finally a remark on the important role of the JT coupling in the dissociative

recombination process seems to be useful here. Greene and coworkers [53] pre-

sented a model based on multichannel quantum defect theory which treats the

capture of an electron into a whole Rydberg series, distinguishing direct (2p (E ′))

and indirect (higher Rydberg states) processes. The present study does not deal

with the process of electron capture, but the predicted probability of population

for the upper and lower sheet of 3p (E ′) (30 % : 70 %) may be relevant, under

suitable circumstances, to the branching ratio of the H + H2 and H + H + H

channels.



Chapter 6

Future Directions

A theoretical account of the nonadiabatic reactive scattering dynamics of H + H2

reaction and its isotopic variants with the aid of a TDWP approach is presented

in this thesis. The nuclear dynamics is treated with a coupled electronic states

of the system. The dynamical observables reported include the state-selected

reaction probabilities, integral reaction cross sections and thermal rate constants.

The reaction probabilities and integral reaction cross sections are calculated upto

the three-body dissociation limit of H3 (∼ 4.75 eV). All the calculations are

carried out with and without including the surface coupling in the dynamics to

understand the importance of the nonadiabatic interactions on these observables.

The difference between the reaction probability and integral reaction cross section

data calculated with and without the surface coupling is small at low collision

energies. At higher energies near and above the energetic minimum of the seam

of CIs this difference becomes noticeable. However, as J increases this difference

becomes negligible. The effect of reagent rotation and vibration on the dynamics

of the H + H2 reaction is studied when the reagent diatom, H2 is in (v = 0, j =

0− 10) and (v = 0− 10, j = 0), respectively. Analysis of the reaction probability

140
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and integral reaction cross section data shows that the nonadiabatic effects are

insignificant at small values of j and v, which become more pronounced with an

increase of the latter quantities. Electronic nonadiabatic effects found to more

important in the reaction dynamics of rotationally excited H2. The thermal rate

constants calculated and compare well with the available other theoretical and

experimental results in the literature.

Quantum WP dynamical study of N(2D) + H2 reaction on a recently devel-

oped ab initio PES of NH2 is studied in this thesis. Initial state-selected reaction

probabilities, integral reaction cross sections and thermal rate constants are calcu-

lated and compare well with available other theoretical and experimental results.

The reaction probabilities rise near threshold and then oscillate at higher ener-

gies for a particular value of J . These oscillations in the reaction probabilities are

attributed to the large number of the quasibound vibrational levels supported by

the ground PES of NH2. The reaction cross section values increase with energy

and then reach to a plateau at higher energies. The cross section values are found

to increase with rotational excitation of the reagent, H2. The results obtained

support the expected insertion type of mechanism for this reaction. The vibra-

tional levels supported by the deep well in the PES of this system are calculated

and analyzed statistically.

The JT CIs in the 3p (E ′) and 3d (E ′′) Rydberg electronic states of H3 is stud-

ied by calculating the vibronic energy spectrum of these electronic states with and

without including surface coupling in the dynamics. The JT interactions in these

electronic states are expected to be important in the dissociative recombination

of H+
3 ion. The JT conical interaction are found to be low in these electronic

states as compared with degenerate ground electronic state, 2p (E ′) of H3. The

nonadiabatic interaction are more in 3p (E ′) electronic state as compared to 3d
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(E ′′).

To this end we note that further studies on state-to-state dynamics of H + H2

reaction by including the surface coupling explicitly in the dynamics is important.

A detailed exploration of the GP effects on the H + H2 reaction dynamics is

necessary. Investigations of the coupling mechanism of Rydberg electronic states

with its ground electronic state to shed light on the DR process of Rydberg

excited H3 is also important. Also study of the RT effects on the N (2D) + H2

reaction dynamics and an extension of the above techniques to other polyatomic

reactions where surface coupling plays an important role in the dynamics will be

valuable to arrive at a better understanding of the nonadiabatic chemical reaction

dynamics.
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