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Abstract

In most quantum descriptions of chemical reactions, the Born-Oppenheimer (BO)
approximation is invoked that separates the motion of light electrons and heavy nuclei,
thereby restricting the motion of those nuclei to a single adiabatic electronic state.
Intersections between neighboring electronic states are more common in molecular
systems of interest to chemistry and biology than in diatomic molecules. The picture
is further complicated due to nonadiabatic couplings which can be present in these
systems even in the absence of intersections between electronic states. These couplings
are solely responsible for all nonadiabatic effects in chemical and biological processes.
For understanding these nonadiabatic effects, the BO picture needs to be replaced by
the general Born-Huang (BH) description, in which the nuclei can sample an arbitrary

number of electronic states.

A general BH treatment is presented for a polyatomic system evolving on n adi-
abatic electronic states. All nonadiabatic couplings are considered in this adiabatic
representation. These couplings can be singular for electronically degenerate nuclear
geometries. The presence of these nonadiabatic couplings (even if not singular) can
lead to numerical inefficiencies in the solution of the corresponding nuclear motion
Schrodinger equation. This problem is circumvented by going to a diabatic representa-
tion, in which these couplings are not only never singular but are also minimized over
the entire dynamically important nuclear configuration space. This BH description
is applied to the benchmark triatomic system Hj by obtaining an optimal diabatic
representation of its lowest two adiabatic electronic states. A two-electronic-state
quantum dynamics formulation is also presented, which, in addition to providing re-
action cross sections over a broad energy range, will also enable a quantitative test of

the validity of the BO approximation.
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Chapter 1 Introduction

Electronic transitions (excitations or deexcitations) can take place during the course of
a chemical reaction and have important consequences for its dynamics. The motions
of electrons and nuclei were first analyzed in a quantum-mechanical framework by
Born and Oppenheimer [1], who separated the motion of the light electrons from that
of the heavy nuclei and assumed that the nuclei moved on a single adiabatic electronic
state or potential energy surface (PES). This Born-Oppenheimer (BO) approxima-
tion can break down due to the presence of strong nonadiabatic couplings between
degenerate electronic states (due to conical, parabolic or glancing intersections be-
tween those states) or between the near-degenerate ones (due to avoided crossings).
These couplings allow for the motion of nuclei on coupled multiple adiabatic electronic
states, with the BO approximation replaced by the Born-Huang expansion [2,3] in
which an arbitrary number of electronic states can be included. A recent volume of
Advances in Chemical Physics [4] deals with understanding the issues surrounding
the role played by degenerate electronic states in determining the mechanism and

outcome of many chemical processes.

These nonadiabatic couplings that give rise to electronic transtions can be classi-
fied into two categories: (a) Radial couplings, which have been treated by Zener [5],
Landau [6] and others [7-12], arise due to translational, vibrational and angular mo-
tions of the atomic or molecular species involved in the chemical process. These cou-
plings allow for transitions to occur between electronic states of the same symmetry.
(b) Rotational couplings, which have been studied by Kronig [13] and others [14-20],
arise as a result of a transformation of molecular coordinates from a space-fixed (SF)
frame to a body-fixed (BF') one due to the conservation of total electron plus nuclear
angular momentum. These couplings allow for transitions between electronic states

of the same as well as of different symmetries.
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An important consequence of the presence of degenerate electronic states is the
geometric phase effect. For a polyatomic system involving N atoms, where N > 3,
any two adjacent adiabatic electronic states can be degenerate for a set of nuclear
geometries even if those electronic states have the same symmetry and spin multi-
plicity [21]. These intersections occur more frequently in such polyatomic systems
than in the diatomic world. The reason is that these systems possess three or more
internal nuclear motion degrees of freedom, and only two independent relations be-
tween three electronic Hamiltonian matrix elements (in a simple two-electronic-state
picture) are sufficient for the existence of doubly degenerate electronic energy eigen-
values. As a result, these relations can easily be satisfied explaining thereby the
frequent occurrence of intersections. If the lowest order terms in the expansion of
these elements in displacements away from the intersection geometry are linear (as is
usually the case), these intersections are conical, the most common type of intersec-
tion. Assuming the adiabatic electronic wave functions of the two intersecting states
to be real and as continuous as possible in nuclear coordinate space, if the polyatomic
system is transported along a closed loop in that space (a so-called pseudorotation)
that encircles one conical intersection geometry, these electronic wave functions must
change sign [21,22]. This change of sign requires the adiabatic nuclear wave func-
tions to undergo a compensatory change of sign, known as the geometric phase (GP)
effect [23-27], to keep the total wave function single-valued. This sign change of the
nuclear wave function, which is a special case of Berry’s geometric phase [26], is also
referred to as the molecular Aharonov-Bohm effect [28] and has important conse-
quences for the structure and dynamics of the polyatomic system being considered,
as it greatly affects the nature of the solutions of the corresponding nuclear motion

Schrodinger equation [27].

The dynamics of chemical reactions on a single ground adiabatic electronic PES
has been studied extensively over the last few decades using accurate quantum-
mechanical time-dependent and time-independent methods. These studies have been

successfully applied to triatomic [29-31] and tetraatomic [32-34] reactions in the ab-
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sence of conical intersections. In the last decade or so, these studies have included
indirectly the effect of the first-excited adiabatic electronic state, that intersects coni-
cally with the ground state, by introducing the GP effect through appropriate bound-
ary conditions on the adiabatic nuclear wave function corresponding to the ground
electronic state [35-41]. The reaction rates (products of initial relative velocities
by integral cross sections) for the D 4+ Hy reaction, obtained with the GP effect in-
cluded [37], were in much better agreement with the experimental results [42-45] than
those obtained with the GP effect excluded. Although the GP effect is certainly more
pronounced at resonance energies [46], its importance for differential cross sections

has been the topic of hot debate recently [40,41].

Many studies have appeared in the last few years that include two or more excited
electronic states and nonadiabatic couplings between them to study nonadiabatic be-
havior in chemical reactions. The effect of spin-orbit couplings on electronically nona-
diabatic transitions has been demonstrated for many chemical systems [47-56]. The
photodissociation of triatomic molecules like O3 and HyS has been studied on their
conically intersecting potential energy surfaces (PESs) [57,58]. The benchmark H +
H, reaction has also been studied on its lowest two conically intersecting PESs, but
only for total angular momentum quantum number J = 0 [59]. Most of these studies
have been made possible due to the availability of realistic ab initio electronic PESs
and their nonadiabatic couplings [60]. These nonadiabatic couplings have very inter-
esting properties that have a forebearing on the behavior of molecular systems and are
currently the topic of active interest [61]. The singular nature of these couplings at the
conical intersections of two adiabatic electronic states introduces numerical difficul-
ties in the solution of the corresponding coupled adiabatic nuclear motion Schrédinger
equations. These difficulties can be circumvented by transforming the electronically
adiabatic representation into a quasi-diabatic one [62-74], in which the nonadiabatic

couplings still appear but are not singular.

In this thesis, a rigorous quantum-mechanical formalism is introduced for studying

the dynamics of a polyatomic system (comprising of N atoms) on n electronically
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adiabatic states, interacting due to the presence of nonadiabatic couplings. The
spin-spin and spin-orbit interactions are not considered. These interactions can be
introduced subsequently as perturbative corrections, if they are not too large. This
formalism is then applied to a triatomic system in a two-electronic-state Born-Huang

approximation. The overview of the thesis is as follows.

In Chapter 2, the adiabatic n-electronic-state coupled nuclear motion Schrodinger
equations are presented for an N-body system and the properties of first-derivative
and second-derivative nonadiabatic couplings are discussed. The presence of first-
derivative couplings, that may be singular at electonically degenerate nuclear configu-
rations, can lead to numerical inefficiencies in the solution of the adiabatic Schrodinger
equations. A diabatic representation is defined through an adiabatic-to-diabatic
transformation that minimizes the magnitude of the first-derivative nonadiabatic cou-
plings in the diabatic nuclear motion Schrodinger equations. This formalism is ap-
plied in Chapters 3 through 5 to a triatomic system in the presence of two interacting

electronic states.

In Chapter 3, accurate first-derivative nonadiabatic coupling vectors are presented
for Hz system that exhibits a conical intersection between its ground (1 2A4’) and its
first-excited (2 2A’) electronic states. These coupling vectors, which are singular at the
conical intersection geometries, and the two electronic states they couple are fitted us-
ing their ab initio data and compared with their approximate analytical counterparts
obtained by Varandas et al. [75] using the double many-body expansion (DMBE)
method. Contour integrals of the ab initio first-derivative couplings, calculated along
closed loops around the abovementioned conical intersection, contain important prop-
erties of these couplings besides information about possible interactions between the
2 2A” and the second-excited (3 2A’) states. The second-derivative couplings are ap-
proximated by using the abovementioned accurate first-derivative coupling vectors in

a two-electronic-state model.

These coupling vectors between the corresponding electronically adiabatic states

can be decomposed into longitudinal (removable) and transverse (nonremovable)
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parts. This property is used in Chapter 4 to obtain a diabatic representation for
the lowest two adiabatic electronic states of Hs, in which singular nonadiabatic cou-
plings are replaced by non-singular ones. The adiabatic-to-diabatic transformation is
achieved by solving a three-dimensional Poisson equation over the entire internal nu-
clear configuration space. The boundary conditions imposed on this solution minimize
the magnitude of the nonremovable couplings that survive in the diabatic represen-
tation. This makes the diabatic language a convenient one for studying quantum

reactive scattering on more than one interacting electronic states.

In Chapter 5, an electronically nonadiabatic reactive scattering formalism is pre-
sented for triatomic reactions involving two coupled adiabatic electronic states in adi-
abatic and diabatic languages. This formalism is an extension of the time-independent
coupled-channel hyperspherical coordinate method [18] used in the past to study such
reactions on a single adiabatic Born-Oppenheimer (BO) electronic state. Both adia-
batic and diabatic representations lead to a set of coupled nuclear motion Schrédinger
equations that can be solved to obtain scattering matrices, which then furnish the
differential and integral cross sections. The advantages and disadvantages of the two
languages are discussed. This formalism will not only provide reaction cross sections
over a broad energy range (including those energies where the BO approximation
breaks down), but will also enable a comparison with the cross sections obtained us-
ing only the ground adiabatic PES (with the geometric phase included), to estimate

the validity of the one-electronic-state BO approximation as a function of energy.
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Chapter 2 Born-Huang treatment of an

N-body system

2.1 Introduction

Consider a polyatomic system consisting of N, nuclei (where N, > 3) and N, elec-
trons. In the absence of any external fields, we can rigorously separate the motion of
the center of mass G of the whole system as its potential energy function V is indepen-
dent of the position vector of G (rg) in a laboratory-fixed frame with origin O. This
separation introduces, besides rg, the Jacobi vectors R} = (R}, R),,....R} )
and 1’ = (r}, 1), ..., rly ) for nuclei and electrons, respectively [1]. These Jacobi vec-
tors are simply related to the position vectors of those nuclei and electrons in the
laboratory-fixed frame. A refers to an arbitrary clustering scheme for the N,, nu-

clei [2,3] and helps specify different product arrangement channels during a chemical

reaction.

The kinetic energy operator f@ of the center of mass G can be omitted, since no
external fields act on the system. The internal kinetic energy operator Tt is given
by

T =T 4+ Ty, (2.1)

where iﬁﬁt and T,, are respectively internal nuclear and electronic kinetic energy
operators in the Jacobi vectors mentioned above. If these Jacobi vectors R} (i =
1,2,.., Npy — 1) and 1 (j = 1,2, ..., Ng) are transformed to their mass-scaled coun-
terparts [3] R, and r;, the kinetic energy operators have relatively simple expressions
given by

i~ _Pge g F o g (2.2)
nu 21u R el — o2m r .
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where
Npu—1

Nel
Vi, = > Vi, and Vi=>"V} (2.3)
=1

j=1
with the laplacians on the left of these equivalence relations being independent of
the choice of the clustering scheme A. The transformation of Jacobi vectors to the

mass-scaled ones is defined by

m " o VY2
R,\Z.:<,ul) R), and qz(;) rl, (2.4)
where )
Nou nu = 1/Ney
1 M
= =11Mm d v=my|—"r—— 2.5
1) I R R B

are the effective reduced masses of the nuclei and electrons, respectively, with M;
being the mass of the " nucleus. py, and v; in Eq. (2.4) are the effective masses [1]

associated with the corresponding vectors R} and r’;, with

[IM + (] — 1)mel]mel
- 2.6
€ M+ 3mg (2:6)

In Egs. (2.5) and (2.6), M is the total mass of the nuclei and m,; is the mass of one
electron. Using Eq. (2.2), the system’s internal kinetic energy operator is given in
terms of the mass-scaled Jacobi vectors by

B, h? o2

fint:__v o
ou By gy T

(2.7)
If V is the total coulombic potential between all the nuclei and electrons in the
system, then, in the absence of any spin-dependent terms, the electronic Hamiltonian
Hel is given by
. B2
H(r;qy) = —EVE +Vi(rian), (2.8)

where q, is a set of 3(N,, — 2) internal nuclear coordinates obtained by removing

from the set R, three Euler angles which orient a nuclear body-fixed frame with
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respect to the laboratory-fixed (or space-fixed) frame. Due to the small ratio of the
electron mass to the total mass of the nuclei, v ~ m,;. This approximation is used
in the ab initio electronic structure calculations that use the electronic Hamiltonian
given in Eq. (2.8) but with the v replaced by m;. Figure 2.1 illustrates for a three-
nuclei, 4-electron system, the corresponding non-mass-scaled Jacobi vectors. The
nuclear center of mass G is distinct from the overall system’s center of mass G. This
distinction of the centers of mass and the difference between v and my,,; is responsible
for the so-called mass polarization effect in the electronic spectra of these systems
that produces relative shifts in the energy levels of 10~ or less. In actual scattering
calculations, these differences are normally ignored as they introduce relative changes
in the cross sections of the order of 107 or less [1].

The electronically adiabatic wave functions ¥ (r; q,) are defined as eigenfunc-
tions of the electronic Hamiltonian H¢ with electronically adiabatic potential energies

e%(qy) as their eigenvalues:

He (r; gy )0 (r; qn) = 99(qn) e (r; ) (2.9)

The electronic Hamiltonian and the corresponding eigenfunctions and eigenvalues are
independent of the orientation of the nuclear body-fixed frame with respect to the
space-fixed one and hence depend only on q,. The index i in Eq. (2.9) can span both
discrete and continuous values. The )] l’ad(r; q,) form a complete orthonormal basis

set and satisfy the orthonormality relations

8iir for ¢ and 7’ discrete
el,ad /.. el,ad/ . _ . . . . .
(W7 (s an) [ (s an))r = (i —¢') for i and 4’ continuous
0 for ¢ discrete and 4’ continuous or vice versa

(2.10)
These electronic wave functions are used in a Born-Huang expansion of the electronu-

clear wave function, as presented in the next section.
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2.2 Born-Huang expansion

The total orbital wave function for this system is given by an electronically adiabatic

lad
P

n-state Born-Huang expansion [4,5] in terms of this electronic basis set 1 r;q))

as

WO(r, Ry) =j ARG 1 ), (2.11)

7

where gz is a sum over the discrete and an integral over the continuous values of 1.

i
The x%Y(R.,), which are the coefficients in this expansion, are the adiabatic nuclear
motion wave functions. The number of electronic states used in the Born-Huang
expansion of Eq. (2.11) can, in most cases of interest, be restricted to a small number

n of discrete states, and Eq. (2.11) replaced by
UO(r,Ry) ~ Z X R (s qn) (2.12)
i=1

where n is a small number. This corresponds to restricting the motion of nuclei to
only those n electronic states. In particular, if those n states constitute a sub-Hilbert
space that interacts very weakly with higher states [6], this would be a very good

approximation. The orbital wave function W satisfies the Schrodinger equation
H™(r, R))¥O(r,Ry) = EV°(r,R)) (2.13)

where

H™ (1, Ry) = T (x,Ry) + V(r;q)) (2.14)

is the internal Hamiltonian [Eq. (2.7)] of the system that excludes the motion of its
center of mass and any spin-dependent terms and F is the system’s total energy. The
Eq. (2.12) through (2.14) are used next to get the n-electronic state nuclear motion

Schrodinger equation.
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2.2.1 Adiabatic nuclear motion Schrodinger equation

Let us define x®(R,) as an n-dimensional nuclear motion column vector, whose
components are x4(R,) through x%¥(R,). The n-electronic-state nuclear motion
Schrodinger equation satisfied by x(R,) can be obtained by inserting Eqs. (2.12)
and (2.14) into (2.13) and using Egs. (2.7) through (2.10). The resulting Schrodinger

equation can be expressed in compact matrix form as [1]

—g {IVR, +2WW(R,) - Vg, + WO(R,)} + {(ax EI}] x““(Ry) =0,
(2.15)

where I, WHad W®@ad  and g% are n x n matrices and Vg, is the column vec-
tor gradient operator in the 3(V,, — 1)-dimensional space-fixed nuclear configuration
space. I is the identity matrix and €%(qy) is the diagonal matrix whose diagonal
elements are the n electronically adiabatic PESs £¢%(qy) (i = 1,...,n) being consid-
ered. All matrices appearing in this n-electronic state nuclear motion Schrodinger
equation [Eq. (2.15)] are n-dimensional diagonal except for We? and Wa¢ which
are respectively the first- and second-derivative [1,7-13] nonadiabatic coupling ma-
trices discussed below. These coupling matrices allow the nuclei to sample more than
one adiabatic electronic state during a chemical reaction and hence alter its dynam-
ics in an electronically nonadiabatic fashion. It should be stressed that the effect of
the geometric phase on Egs. (2.15) must be added by either appropriate boundary

conditions [1,25] or the introduction of an appropriate vector potential [1, 14, 15].

2.2.2 First-derivative coupling matrix

The matrix W®1(R,) in Eq. (2.15) is an n x n adiabatic first-derivative coupling

matrix whose elements are defined by

w R = @ q)) | Ve (ma))e i =1,.0n (2.16)
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These coupling elements are 3(N,,, — 1)-dimensional vectors. If the cartesian compo-
nents of Ry in 3(V,,,—1) space-fixed nuclear congifuration space are X1, Xx, ..., X23(Npu—1),

the corresponding cartesian components of ng)ad(RA) are

W] = qA>|—w“d< e 1=1,2,.,3(Ny — 1) (217)

The matrix W™ is in general skew-hermitian due to Eq. (2.10) and hence its
diagonal elements W (R)\) are pure imaginary quantities. If we require that the
wd % he real, then the matrix W1 hecomes real and skew-symmetric with the
diagonal elements equal to zero and the off-diagonal elements satisfying the relation

w R, = —wR,) i £ (2.18)

Z7-7 .772

As with any vector, the above non-zero coupling vectors (wfj“d(RA), i # j) can

be decomposed, due to an extension beyond three dimensions [1] of the Helmholtz
theorem [16], into a longitudinal part w, zon(R/\) and a transverse one w. % (Ry)

2,7,tra

according to

wiU(Ry) = wili (Ry) + wii (Ry), (2.19)

where by definition, the curl of WZ b zon(RA) and the divergence of WZ 7 tm(RA) vanish:
curl WZ] lon(RA) =0 (220)

VRA ’ Z]t?”a(RA) = O (221)

The curl in Eq. (2.20) is the skew-symmetric tensor of rank 2, whose k, [ element is

given by [1,17]

[curl w”lon(RA)]kl - 0)8@ [ g;ljn(m)h—aik [ ”lon(RA)] kol =1,2, ., 3(Nyu—1)
| (2.22)
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As a result of Eq. (2.20), a scalar potential o ;(R,) exists for which
w; J lon(RA) VRA Q5 (R)\> (223)
At conical intersection geometries, w;, ]lon(R,\) is singular because of the qx-

dependence of ¢{"*(r; q,) and w;l’ad(r;q,\) in the vicinity of those geometries and

therefore so is the W(M(R,) - Vg, term in Eq. (2.15). As a result of Eq. (2.19),
(Dad

WMad can be written as a sum of the corresponding skew-symmetric matrices W,

and W(l ad7 .

tra €.,

WU (R,) = W (Ry) + Wi (R)) (2.24)

lon

This decomposition into a longitudinal and a transverse part, as will be discussed in
Sec. 2.3, plays a crucial role in going to a diabatic representation in which this singu-
larity is completely removed. In addition, the presence of the first-derivative gradient
term W(R,) - Vg, x*(R,) in Eq. (2.15), even for a non-singular W1(R))
(e.g., for avoided intersections), introduces numerical inefficiencies in the solution of

that equation.

2.2.3 Second-derivative coupling matrix

The matrix W®(R,) in Eq. (2.15) is an n x n adiabatic second-derivative coupling
matrix whose elements are defined by

Wi UR) = W an) | VR, O a))e 6 =10 (2.25)

27.7

These coupling matrix elements are scalars due to the presence of the scalar laplacian
V2RA in Eq. (2.25). These elements are, in general, complex but if we require the
Y o be real, they become real. The matrix W®d(R,,), unlike its first-derivative
counterpart, is neither skew-hermitian nor skew-symmetric.

2)a

The W( (R,\) are also singular at conical intersection geometries. The decompo-

sition of the first-derivative coupling vector, discussed in the preceding section, also
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facilitates the removal of this singularity from the second-derivative couplings, as will
be shown in Sec. 2.3. Being scalars, the second-derivative couplings can be easily
included in the scattering calculations without any additional computational effort.
It is interesting to note that in a one-electronic-state Born-Oppenheimer approxima-

tion, the first-derivative coupling element wﬂad(RA) is rigorously zero (assuming real

adiabatic electronic wave functions), but wﬁad(RA) is not and might be important
to predict sensitive quantum phenomena like resonances that can be experimentally

verified.

2.3 Adiabatic-to-diabatic transformation

2.3.1 Electronically diabatic representation

As mentioned at the end of Sec. 2.2.2, the presence of the W (R,) - Vg, x*(R,)
term in the n-adiabatic-electronic-state Schrodinger equation [Eq. (2.15)] introduces
numerical inefficiencies in its solution, even if none of the elements of the W()ed(R )

matrix is singular.

This makes it desirable to define other representations in addition to the elec-
tronically adiabatic one [Egs. (2.9) through (2.12)], in which the adiabatic electronic
wave function basis set used in the Born-Huang expansion Eq. (2.12) is replaced by
another basis set of functions of the electronic coordinates. Such a different electronic
basis set can be chosen so as to minimize the abovementioned gradient term. This
term can initially be neglected in the solution of the n-electronic-state nuclear motion
Schrodinger equation and reintroduced later using perturbative or other methods, if
desired. This new basis set of electronic wave functions can also be made to depend
parametrically, like their adiabatic counterparts, on the internal nuclear coordinates
q) that were defined after Eq. (2.8). This new electronic basis set is henceforth
referred to as “diabatic” and, as is obvious, leads to an electronically diabatic repre-

sentation that is not unique unlike the adiabatic one, which is unique by definition.



19
Let 1¢4(r; qy) refer to that alternate basis set. Assuming that it is complete in r
and orthonormal in a manner similar to Eq. (2.10), we can use it to expand the total
orbital wave function of Eq. (2.11) in the diabatic version of Born-Huang expansion

as

¥0(r, Ry) :j VR ), (2.26)

7

where the )} l’d(r; q,) form a complete orthonormal basis set in the electronic coordi-

nates and the expansion coeffecients y¢(Ry) are the diabatic nuclear wave functions.
As in Eq. (2.12), we also usually replace Eq. (2.26) by a truncated n-term version
UO(r,Ry) & Y x{ (B¢ (i) (227)

i=1

In the light of Egs. (2.12) and (2.27), the diabatic electronic wave function column

vector ¥ (r; qy) (with elements ¢¥%(r;qy), i = 1,...,n) is related to the adiabatic

one > (r; q)) (with elements @Dfl’ad(r; dy), ¢ = 1,...,n) by an n-dimensional unitary
transformation
(i) = Ulan) 9 (r q) (2.28)
where
U'(q)) U(qy) =1 (2:29)

U(qy) is referred to as an adiabatic-to-diabatic transformation (ADT) matrix. Its
mathematical structure is discussed in detail in Sec. 2.3.3. If the electronic wave
functions in the adiabatic and diabatic representations are chosen to be real, as is
normally the case, U(q,) is orthogonal and therefore has n(n — 1)/2 independent
elements (or degrees of freedom). This transformation matrix U(q,) can be chosen
so as to yield a diabatic electronic basis set with desired properties, which can then be
used to derive the diabatic nuclear motion Schrédinger equation. Using Egs. (2.27)
and (2.28) and the orthonormality of the diabatic and adiabatic electronic basis sets,

we can relate the adiabatic and diabatic nuclear wave functions through the same
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n-dimensional unitary transformation matrix U(q,) according to
X'(Ry) = Ulan) x"(R») (2.30)

In Eq. (2.30), x*(R,y) and x?(R,) are the column vectors with elements y¢¢(R.,)

)

and Y4(R,), respectively, where i =1, ..., n.

2.3.2 Diabatic nuclear motion Schrodinger equation

We will assume for the moment that we know the ADT matrix of Egs. (2.28) and
(2.30) U(q,) and hence have a completely determined electronically diabatic basis
set %(r;q,). Replacing Eq. (2.27) into Eq. (2.13) and using Egs. (2.7) and (2.8)

along with the orthonormality property of 1/)el’d(

r;qy), we obtain for x¢(R,) the

n-electronic-state diabatic nuclear motion Schrédinger equation

—% {IVR, +2WWIR,) - Vg, + WOURY)} + {e¥(ay) — EI}} X (Ry) =0
(2.31)
which is the diabatic counterpart of Eq. (2.15). €%(qy) is an n x n diabatic electronic
energy matrix which in general is nondiagonal (unlike its adiabatic counterpart) and

has elements defined by

edila) = @ man) | H e [ (man)e  dj =1 (2.32)

WWI4(R,) is an n x n diabatic first-derivative coupling matrix with elements defined

using the diabatic electronic basis set as

wi Ry = @) | Ve (man)e =10 (2.33)

Requiring @Dfl’d(r; qy)) to be real, the matrix W®4(R,) becomes real and skew-
symmetric (just like its adiabatic counterpart) with diagonal elements equal to zero.

Similarly, W®4(R,) is an n x n diabatic second-derivative coupling matrix with
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elements defined by
w2 Ry = @ an) | VRO a4 =1enn (2.34)

An equivalent form of Eq. (2.31) can be obtained by inserting Eq. (2.30) into
Eq. (2.15). Comparison of the result with Eq. (2.31) furnishes the following relations

between the adiabatic and diabatic coupling matrices:

WOUR,) = Ulay) [Vr,Ula) + W (Ry)U(ay) | (2.35)

WOUR,) = Ula) Vi, Ula) +2W(R,) - Vi, Ulay) + W (R U(dR)$6)

It also furnishes the following relation between the diagonal adiabatic energy matrix

and the nondiagonal diabatic energy one:
e'(ay) = U(an)e™(a)U(an) (2.37)

It needs mentioning that the diabatic Schrodinger equation [Eq. (2.31)] also con-
tains a gradient term W4(R,,)- Vg, x(R,) like its adiabatic counterpart [Eq. (2.15)].
The presence of this term can also introduce numerical inefficiency problems in the
solution of Eq. (2.31). Since the ADT matrix U(q,) is arbitrary, it can be chosen
to make Eq. (2.31) have desirable properties that Eq. (2.15) doesn’t possess. U(q,)
can, for example, be chosen so as to automatically minimize W14(R,) relative to
WWed(R,) everywhere in internal nuclear configuration space and incorporate the
effect of the geometric phase. Next we will consider the structure of this ADT matrix
for an n-electronic-state problem and a general evaluation scheme that minimizes the

magnitude of W(4(R,).
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2.3.3 Diabatization matrix

In the n-electronic-state adiabatic representation involving real electronic wave func-
tions, the skew-symmetric first-derivative coupling vector matrix W®(R,) has
n(n — 1)/2 independent non-zero coupling vector elements ng)ad(R,\), (1 # j). The
ones having the largest magnitudes are those that couple adjacent neighboring adi-
abatic PESs, and therefore the dominant ng)ad(RA) are those for which j =7 +1,
i.e., lying along the two off-diagonal lines adjacent to the main diagonal of zeroes.
Each one of the ng)ad(R,\) elements is associated with a scalar potential o; ;(R.)
through their longitudinal component (see Eqs. (2.19) and (2.23)). A convenient and
general way of parametrizing the n x n orthogonal ADT matrix U(q,) of Egs. (2.28)
and (2.30) is as follows. Since the coupling vector element W§7ly»)ad(RA) couples the
electronic states ¢ and j, let us define an n x n orthogonal 7, j-diabatization matrix
(u;(qn), with j > i) whose row k and column [ element (k,l = 1,2,...,n) is desig-
nated by uf”;(qx) and is defined in terms of a set of diabatization angles f; ;(q\) by

the relations

whqy) = cosfBij(qn) fork=idiandl =1

Z?]

= cosf;;(qn) fork=jandl=j
= —sing;;(qn) fork=7and =7

(2.38)
= sinf;;(qy) fork=jand =1
= 1 fork=1#1iorj
= 0 for the remaining k£ and [

This choice of elements for the u; ;(qy) matrix will diabatize the adiabatic electronic

states ¢ and j while leaving the remaining states unaltered.

As an example, in a 4-electronic-state problem (n = 4) consider the electronic

states ¢ = 2 and j = 4 along with the first-derivative coupling vector element

wézad(Rx) that couples those two states. The ADT matrix us4(qy) can then be
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expressed in terms of the corresponding diabatization angle (5 4(qy) as

0 cosfBea(qr) 0 —sinfaa(qy)
11274((1)\) = (239)
0 0 1 0

0 sinfa(qy) 0 cosfBra(qn)

This diabatization matrix only mixes the adiabatic states 2 and 4 leaving the states

1 and 3 unchanged.

In the n-electronic-state case, n(n — 1)/2 such matrices u; ;(qy) (j > ¢ with i =
1,2,...,n—1and j =2,...,n) can be defined using Eq. (2.38). The full ADT matrix
U(q,) is then defined as a product of these n(n — 1)/2 matrices u; ;(qy) (j > ¢) as

n-1 n

Ulay) =[] J] wis(a) (2.40)

i=1 j=i+1

which is the n-electronic-state version of the expression that has appeared earlier [18,
19] for three electronic states. This U(q,) is orthogonal, as it is the product of
orthogonal matrices. The matrices u;;(qy) in Eq. (2.40) can be multiplied in any
order without loss of generality. A different multiplication order leads to a different
set of solutions for the diabatization angles f3; ;(q)). However, since the matrix U(q,)
is a solution of a set of Poisson-type equations with fixed boundary conditions, as will
be discussed next, it is uniquely determined and therefore independent of this choice
of the order of multiplication, i.e., all of these sets of 3; j(q\) give the same U(qy) [19].
It should be remembered, however, that these are purely formal considerations, which

are useful for the truncated Born-Huang expansion as discussed after Eq. (2.46).

We want to choose the ADT matrix U(q,) that either makes the diabatic first-
derivative coupling vector matrix WM?(R,) zero if possible or that minimizes its
magnitude in such a way that the gradient term WM4(R,)- Vg, x4(R,) in Eq. (2.31)
can be neglected. Rewriting the relation between W®M4(R,) and WM(R,) of
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Eq. (2.35) as

WOUR,) = U(qy) [Vr, Ulqy) + WD(R,)U(qn)] (2.41)

we see that all elements of the diabatic matrix W4 (R,) will vanish if and only if
all elements of the matrix inside the square brackets in the right-hand side of this

equation are zero, i.e.,
Vg, U(qy) + WR,)U(qy) = 0 (2.42)

The structure of WM(R,) discussed at the beginning of this section, will reflect
itself in some interrelations between the f3; ;(q\) obtained by solving this equation.
More importantly, this equation has a solution if and only if the elements of the

matrix W1ed(R,) satisfy the following curl-condition [1,20-23] for all values of Ry:

[curl wg}jad(m)] = [w,(:)“d(RA),wl(l)“d(RA) L RI=12 3N~ 1)
(2.43)
In this equation, w]f,”“d(RA) (with p = k, 1) is the n xn matrix whose row ¢ and column
j element is the p cartesian component of the w;lj)“d(RA) vector, i.e., [W;lj)ad(R,\)]p,
and the square bracket on its right-hand side is the commutator of the two matrices
within. This condition is satisfied for an n x n matrix W1 (R,) when n samples

the complete infinite set of adiabatic electronic states. In that case, we can rewrite

Eq. (2.42) using the unitarity property [Eq. (2.29)] of U(q,) as
Ve, U(@)] U(qy) = ~-WH*(R,) (2.44)

This matrix equation can be expressed in terms of individual matrix elements on both

sides as

> (Ve filBlan)]) fixlBlan)] = —wi) ™ (Ry) (2.45)

where 5(01/\) = (51,2(01/\)7 ey 61,11(01/\)7 52,3(01/\)7 ey 52,n(q/\)7 ey 5n—1,n((b\)) is a set of all
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unknown diabatization angles and f, ,[8(qx)] with p,q = i, j, k are matrix elements
of the ADT matrix U(q,), which are known trigonometric functions of the unknown
B(qy) due to Egs. (2.38) and (2.40). Equations (2.45) are a set of coupled first-order

partial differential equations in the unknown diabatization angles (3; ;(qy) in terms of

the known first-derivative coupling vector elements w;lj)ad(RA) obtained from ab initio
electronic structure calculations [7]. This set of coupled differential equations can be

solved in principle with some appropriate choice of boundary conditions for the angles
Bij(an)-

The ADT matrix U(q,) obtained in this way makes the diabatic first-derivative
coupling matrix W14(R,,) that appears in the diabatic Schrédinger equation [Eq. (2.31)]
rigorously zero. It also leads to a diabatic electronic basis set that is independent of
q [23], which, in agreement with the present formal considerations, can only be a
correct basis set if it is complete, i.e., infinite. It can be proved using Eqs. (2.35),
(2.36) and (2.42) that this choice of the ADT matrix also makes the diabatic second-
derivative coupling matrix W®4(R,) appearing in Eq. (2.31) equal to zero. As a
result, when n samples the complete set of adiabatic electronic states, the corre-
sponding diabatic nuclear motion Schrodinger equation [Eq. (2.31)] reduces to the

simple form

h2
—ﬂlvih + {e(q\) — EI}| x*(R)) =0 (2.46)

where the only term that couples the diabatic nuclear wave functions x4(R,) is the

diabatic energy matrix e%(qy).

The curl-condition given by Eq. (2.43) is in general not satisfied by the n x n
matrix W(1(R,,), if n doesn’t span the full infinite basis set of adiabatic electronic
states and is truncated to include only a finite small number of these states. This
truncation is extremely convenient from a physical as well as computational point of
view. In this case, since Eq. (2.42) does not have a solution, let us consider instead
the equation obtained from it by replacing Wed(R ) by its longitudinal part:

Ve, Ulay) + Wi (R))U(qy) = 0 (2.47)

lon
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This equation does have a solution, because in view of Eq. (2.20) the curl condition

of Eq. (2.43) is satisfied when W1e(R,) is replaced by W *(R,).

lon

We can now rewrite Eq. (2.47) using the orthogonality of U(q,) as

Ve, U(a)] U(ay) = ~Wi " (Ry) (2.48)

lon

The quantity on the right-hand side of this equation is not completely specified since
the decomposition of W44 (R,) into its longitudinal and transverse parts given by

Eq. (2.24) is not unique. Using that decomposition and the property of the transverse

part W (R,) given by Eq. (2.21), we see that
Vi, Wi (R)) = Vi, - WO“(R,) (2.49)

and since W(194(R,) is assumed to have been previously calculated, Vg, ~Wl(37)lad(R>\)

is known. If we take the divergence of both sides of Eq. (2.48), we obtain (using
Eq. (2.49))

V&, Ulan)] Ula) + [Vr,Ulay)] - [ Ve, Ula)| = =Va, - WO(R,)  (2:50)

Using the parameterization of U(q,) given by Egs. (2.38) and (2.40) for a finite n,
this matrix equation can be expressed in terms of the matrix elements on both sides

as

> [(V%Afi,mqm)fj,k[ﬂ<qx>]+(kaf,-kaqA)])-(kafj,k[qu)])] = —Vr, wi)"(R,)
‘ (2.51)

where f, , are the same as defined after Eq. (2.45). Equation (2.51) is a set of coupled
Poisson-type equations in the unknown angles (3;;(qy). For n = 2 this becomes

Eq. (4.30), as shown in Chapter 4. The structure of this set of equations is again

dependent on the order of multiplication of matrices u;;(qy) in Eq. (2.40). Each

choice of the order of multiplication will give a different set of f3; ;(q,) as before but
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the same ADT matrix U(q,) after they are solved using the same set of boundary

conditions.

Using the fact that for a finite number of adiabatic electronic states n, we choose a
U(qy) that satisfies Eq. (2.47) (rather than Eq. (2.42) that has no solution), Eq. (2.35)
now reduces to

WOUR,) = U(q) Wi (Ry)U(ay) (2.52)

tra

This can be used to rewrite the diabatic nuclear motion Schrédinger equation for an

incomplete set of n electronic states as

3
(2.53)
In this equation, the gradient term U(qy )W (R, )U(qn)- Ve, X (Ry) = WD4(R,,)-
V&, X4(R,) still appears and, as mentioned before, introduces numerical inefficiencies
in its solution. Even though a truncated Born-Huang expansion was used to obtain
Eq. (2.53), W(l)ad(R,\), although no longer zero, has no poles at conical intersection

tra

geometries (as opposed to the full W (R,) matrix).

The set of coupled Poisson equations [Eq. (2.50)] can, in principle, be solved

with any appropriate choice of boundary conditions for (; ;(qy). There is one choice,

(1)ad
tra

however, for which the magnitude of W, (R) is minimized. If at the boundary
surfaces R} of the nuclear configuration space spanned by R (and the corresponding
subset of boundary surfaces q2 in the internal configuration space spanned by qy),

one imposes the following mixed Dirichlet-Neumann condition (based on Eq. (2.48)),
Ve Ula})| Ula}) = ~WO(RY) (2.54)

it minimizes the average magnitude of the vector elements of the transverse coupling
matrix Wirlc)bad(RA) over the entire internal nuclear configuration space and hence the

magnitude of the gradient W(M4(R,) - Vg, x?(R,), as will be shown for the n = 2

case [24] in Chapter 4. To a first very good approximation, this term can be neglected

[ " {IV%M +2U0(qn) Wi (Ry)U(q) - Vg, + W(2)d(RA)} +{e(an) — EI}} x'(Ry) =0



28

in the diabatic Schrodinger Eq. (2.53) resulting in a simpler equation
h’ 2 2)d d d
2 {IVE, + WOUR,)} + {e¥(an) — EI} | x“(Ry) =0 (2.55)

In this diabatic Schrédinger equation, the only terms that couple the nuclear wave
functions y¢(R,) are the elements of the W®?(R,) and €%(q,) matrices. The
—%W(z)d(Rx) matrix does not have poles at conical intersection geometries (as op-
posed to W24 (R,)) and furthermore it only appears as an additive term to the
diabatic energy matrix %(qy) and doesn’t increase the computational effort for the

solution of Eq. (2.55). Since the neglected gradient term is expected to be small, it

can be reintroduced as a first order perturbation afterwards, if desired.

In the following chapters, this theory will be applied to a two-electronic-state

triatomic problem and results presented for the Hg system.
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!
Po y

Figure 2.1: Jacobi vectors for a three-nuclei, four-electron system. The nuclei are Py,
P,, P3 and the electrons are eq, ey, e3, ey.
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Chapter 3 Accurate first-derivative

nonadiabatic couplings for H3; system

3.1 Introduction

For any polyatomic system involving three or more atoms, the ground and the first-
excited adiabatic electronic PESs can intersect even if the corresponding states have
the same symmetry and spin multiplicity [1]. These intersections, which are usually
conical, occur quite frequently in polyatomic systems. The reason is that these poly-
atomic systems possess three or more internal nuclear motion degrees of freedom, and
only two independent relations between three electronic Hamiltonian matrix elements
are sufficient for the existence of doubly degenerate electronic energy eigenvalues. As
a result, these relations between those matrix elements are easily satisfied and explain
the frequent occurrence of conical intersections. Assuming the adiabatic electronic
wave functions to be real and as continuous as possible in the nuclear coordinate
space, if the polyatomic system is transported around a closed loop in that space
(a so-called pseudorotation) that encircles a conical intersection geometry, these elec-
tronic wave functions must change sign [1,2]. This change of sign has consequences for
the structure and dynamics of the polyatomic system, as it requires the correspond-
ing nuclear wave functions to undergo a compensatory change of sign, known as the
geometric phase (GP) effect [3-7], to keep the total wave function single-valued. This
sign change is a special case of Berry’s geometric phase [6], and is also referred to as
the molecular Aharonov-Bohm effect [8]. It greatly affects the nature of the solutions
of the corresponding nuclear motion Schrédinger equation [7,9]. Accurate quantum-
mechanical reactive scattering calculations (on the ground electronic PES), with and

without the GP effect included, have been carried out for the H + Hy system and
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its isotopic variants (D + Hy and H + Ds) [9-13] to obtain differential and integral
cross sections. The cross sections obtained with the GP effect included were in much
better agreement with the experimental results [14-17] than those obtained with the
GP effect excluded. Hence, the GP effect is an important factor in accurate quantum

scattering calculations done on the ground adiabatic electronic PES.

A review of the one- and two-electronic-state Born-Huang [18,19] (also usually
called Born-Oppenheimer) approximations has been given in detail elsewhere [7] and
only the features pertinent to this chapter are summarized here. In the one-electronic-
state approximation, the GP effect has to be imposed on the adiabatic nuclear wave
functions in order to obtain accurate results at low energies. At energies above the
conical intersection energy, when this approximation breaks down, the effect of the
first-excited electronic PES has to be included explicitly in the scattering calculations
to obtain accurate results. In the adiabatic representation, the GP effect still has to be
imposed on each of the two state nuclear wave functions. In this two-electronic-state
approximation [7], the nuclear motion Schrodinger equation for an N-atom system

[Eq. (2.15)] becomes

—% {1V, +2WW(R,) - Vg, + WOUR,)} + {e"(qn) — EI}} x“(R,) = 0,
(3.1)

where R, is a set of 3(/N — 1) nuclear coordinates (remaining after the removal of the
center of mass coordinates), and q, is a set of 3(IN — 2) internal nuclear coordinates
obtained by removing from the set R, three Euler angles which orient a nuclear body-
fixed frame with respect to a space-fixed one. As an example, for a triatomic system
R, can be a set of principal axes of inertia body-fixed symmetrized hyperspherical
coordinates (p, 0, px, ax, by, cx) [7,9], and q, is then comprised of p, 6, and ¢, since
the remaining ay, by, c\, are Euler angles. It is shown in Appendix 3.A that for a
triatomic system, W()4(R,,)- Vg, of Eq. (3.1) can be replaced by W) (q,)- Vg, .
The matrix W®4(R,) can also be replaced by W®?4(q,) as the electronic wave

functions don’t depend on the three Euler angles mentioned above. So Eq. (3.1)
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becomes

h2
2 {IVg, +2WW¥(q,) - Vg, + WP (q))} + {e"(qy) — EI}| x"/(Ry) =0
(3.2)

In addition, I is a 2 x 2 identity matrix,

X% (Rn)
X“(Ry) = (3.3)
xX5*(Ry)

is a 2 x 1 column vector whose elements are the ground (y$¢(R,)) and the first-excited

(x44(R,)) adiabatic nuclear motion wave functions, and

SR 0
e (aqy) = (3.4)
0 55%%)

is a diagonal matrix whose diagonal elements are the ground (£¢%(qy)) and the first-

excited (€5%(qy)) adiabatic electronic PESs.

WWad(q,) and W2(q,) are respectively the first-derivative [20-23] and second-
derivative [20,24,25] nonadiabatic coupling matrix elements between the ground and
first-excited adiabatic electronic PESs. For the two-electronic-state approximation

they are 2 x 2 matrices, whose elements are defined by

We(q) = (@(r;qn) | Ve, vi4(r;qy))r  and (3.5)
W2(q) = (ad(rian) | VR, 5 (i an)e (3.6)

where r is a set of electronic coordinates, and m and n refer to the ground or the first-
excited electronic PESs. 1%4(r; qy) is an eigenfunction of the electronic Hamiltonian

and satisfies the electronic Schrodinger equation

A — ()] v an) = 0. (3.7
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¥ (r; qy) and £2%(qy) depend only on the internal nuclear coordinates qy because
the coulombic interaction potential between the (N-atom) system’s particles (nuclei
and electrons), which appears in He, depends only on their relative distances and
hence these quantities depend on q) but not on the three Euler angles which orient
the nuclear frame with respect to a space-fixed one. This introduces small rotational
coupling terms that are two orders of magnitude or more smaller than the remaining
coupling terms and can be neglected. This leads to a subtle but important point im-
plicit in Egs. (3.5) and (3.6): although the right-hand sides of these equations contain
R, the left-hand sides contain only qy. Also, since Vg, and V2RA are respectively
the gradient and laplacian operators, Wﬁ,}b?ﬁd(q,\) is a vector quantity and Wg?zd(q,\)

is a scalar quantity.

The matrix W(ed(q, ) is skew-hermitian, and if we choose 1§¢(r; qy) and 1/$%(r; q5)
to be real, it is skew-symmetric and Wﬂad(q,\) and Wégad(q)\) are identically zero.
Furthermore, the off-diagonal elements, Wgad(qx) and Wé}fad(qx), satisfy the rela-
tion

W (an) = W5 (ay). (3.8)

The presence of the first-derivative term W1 (q,) - Vg, in Eq. (3.2) introduces in-
efficiencies in the numerical solution of this equation. A diabatic representation [7,26]
of this equation is introduced to circumvent this problem, since in that representa-
tion the first-derivative coupling element is minimized. It has been shown [27, 28]
that in general a perfect diabatic basis that makes that first term vanish for all nu-
clear geometries does not exist for a polyatomic system, and hence a finite part of
the first-derivative coupling cannot be totally removed even in the diabatic represen-
tation. This part is referred to in literature as the nonremouvable part. For systems
having a conical intersection, Wgad (qx) has a singularity at conical intersection ge-
ometries [29]. This singularity along with some finite part of the coupling is removable
upon an adiabatic to diabatic transformation and is hence referred to as the remowvable
part. Mead and Truhlar [28] have shown how to calculate the removable part, but

their approach is difficult to implement [30]. Over the years, a number of formalisms
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involving (quasi-)diabatic basis have also been put forward [30-40].

This chapter focuses on the calculation of high-quality ab initio ground and first-
excited electronic energies and the first-derivative couplings between them. The
second-derivative couplings are generally assumed to be negligible as compared to
the other terms in the Hamiltonian [Eq. (3.2)], except at the conical intersection [41].
These accurate energies and first-derivative couplings will be used for transforming
the two-state adiabatic problem expressed by Eq. (3.2) to a (quasi-)diabatic represen-
tation and will be incorporated into the quantum scattering formalism to calculate
the effect of conical intersections on the dynamics of the chemical reactions at energies

for which a minimum of two electronic states is required to obtain accurate results.

The H + H; system is being used for this work because it is the simplest of the
chemical reactions for which the concurrent bond breaking and bond formation can
be studied in detail both experimentally and theoretically. Many quantum scattering
calculations have been performed on this system [9,10,42-45]. The equilateral triangle
(Cs,) configuration of Hy corresponds to a conical intersection between the ground
and the first-excited electronic states of the system. This conical intersection induces
a GP that is important in studying the reactive scattering in the ground state |7,
9-13,46,47]. With the breakdown of the one electronic state Born-Oppenheimer
approximation near 2.75 eV, which corresponds to the minimum of the first-excited
PES [48], both surfaces must be used in a scattering calculation for an accurate result
to be obtained. Such two-state calculations should be performed and compared with
the recent quantum scattering calculations [9,10] done with and without the inclusion
of the GP effect. This comparison is expected to provide an upper limit to the energy
at which the ground state PES by itself, with an incorporation of the GP effect, is
capable of furnishing a quantitative description of the reaction dynamics of the Hj

system and its isotopomers.

In this chapter, we present the first-derivative nonadiabatic couplings between the
ground and the first-excited PESs for the H 4+ H, system obtained from high-quality

ab initio wave functions and analytic gradient techniques over the entire nuclear
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internal configuration space. We also present a fit to the corresponding ground and
first-excited electronic PESs and analyze the regions of that space for which the
first-derivative couplings could affect the dynamics of the H + Hy reaction. For
comparison, we also present the first-derivative couplings and the lowest two electronic
PESs obtained analytically from the double many-body expansion (DMBE) method
of Varandas et al. [49], as the DMBE couplings are designed to be accurate only in

the vicinity of the conical intersection.

In Sec. 3.2, we describe the methods used to obtain the first-derivative couplings
and introduce their contour integrals. In Sec. 3.3, we present a fit to the ab initio
energies corresponding to the lowest two electronic PESs and compare them to the
DMBE ones. We present and compare the ab initio and DMBE first-derivative cou-
plings in Sec. 3.4, which is concluded by an analysis of the contour integrals of the

ab initio couplings.

3.2 Theory and numerical methods

3.2.1 Ab wnitio couplings and electronic energies

The first-derivative couplings are determined using an analytic gradient technique
summarized in Ref. [50]. This technique is a significant improvement over the finite-
difference techniques introduced previously [20,51-54] and has been used recently in
a number of problems to obtain electronic energies and first-derivative couplings [37,
55-58]. Using it, the first-derivative couplings are first evaluated in terms of six
atom-centered displacements [50] in the H3 molecular plane and then transformed
to standard internal mass-scaled Jacobi coordinates (Ry,7y,7x). In addition to the
derivative couplings associated with these coordinates, the coupling due to rotation
in the molecular plane is also determined. This rotational coupling must equal the
interstate matrix element of the z component of total electronic orbital angular mo-

mentum operator, LS [59,60]. This equivalence provides a measure of the precision
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of the derivative couplings presented in this chapter and the two approaches agree to

1 x 107 bohr!.

In this work, the first-derivative couplings and the ground (E;) and first-excited
(Es), electronic PESs for Hy were determined on a grid of 784 geometry points picked
in the symmetrized hyperspherical coordinates (qx:p, 6, ) used previously [7,9] and
defined in detail in Sec. 3.3. The adiabatic wave functions, first-derivative couplings,
and electronic energies were determined from second-order CI [61-63] wave functions
based on a three-electron, three-orbital, active space. The molecular orbitals were
determined from a complete active space [64-66] state-averaged multiconfiguration
self-consistent field procedure [67,68], in which two A’ states were averaged with
weights (0.505,0.495) based on (6s3pld) contracted Gaussian basis sets on the hydro-

gens.

After being evaluated in nuclear mass-scaled Jacobi coordinates as mentioned
above, the first-derivative couplings are transformed to the q, coordinates (p, 6, ¢,)

to obtain the first-derivative coupling vector

W (an) = (@8 an) | Vi 080 (r; an))e, (3.9)

whose components in the p, # and ¢, unit vector directions are defined as

a a a a
WIE(0,0,:03) = (03(r;p,0,02) | 50 (x:p,6,00) (3.10)
a " 10 ,
ng79€l(pae>¢)\) = < ld(r;p7e7¢)\) | ;% 2d(r;p787¢)\)>1‘7 and (311)
(1)ad _ ad/... 1 9 ad/...
Wl,Q,qBA(p?@?(ﬁ)\) - < 1 (I',p,@,(}%) | pSiH‘98¢A 2 (r7p767¢)\)>1" (312)

The values of the qy coordinates (p, 8, ¢,) are limited to the ranges

0<p<oo 0<6<m/2 0< ¢y <2 (3.13)

6 = 0° corresponds to conical intersection geometries. As seen from Eq. (3.12) and the
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behavior of 1§4(r; p, 0, ¢ ) and ¥5¢(r; p, 6, ) in the vicinity of the conical intersection
(see Eq. (116) of Ref. [7]), W?;“;i has a pole at those geometries.

A three-dimensional cubic spline [69] interpolation of the components of the first-
derivative coupling vector is performed using all 784 geometries. The vector resulting
from this interpolation is presented and discussed in Sec. 3.4. The adiabatic electronic
energies for the ground and first-excited states are fitted by a method that will be
described in Section 3.3.

According to Mead and Truhlar [28], the first-derivative coupling vector can be

partitioned (using the Helmholtz decomposition theorem [70]) as

1ad 1Dad 1)ad
WL ay) = W5 (an) + Wi, (ay) (3.14)

1)ad .
,%ira(qk) 18

the divergence-free transverse (nonremovable) part of the coupling vector. Although

where Wgcﬁn(qﬂ is the curl-free longitudinal (removable) part and Wg

Wg%ad(q,\) is singular, the Helmholtz theorem is still valid in this case because the
singularity can be removed analytically [71] from Wf;“di For a strictly diabatic two-
electronic-state basis, ngfﬁa(q,\) is identically zero. In the present two-adiabatic-
electronic-state approximation, ngﬁa(q,\) is not zero due to the presence of con-

tributions to Wgad(qA) from other non-negligible derivative couplings with states
outside this two-state space (see Eq. (28) of Ref [28]). Since W§1%‘§‘jm(q,\) is curl-free,

an angular potential 3(q,) exists for which

nggazcoln(%) = Vg 6(an) (3.15)

This equation can be solved by integration along paths £ in the nuclear configuration

space [27,37,72]

X

Blap) = / WO () - def, (3.16)

L qo )
where qg, is a point along £ at which we take 3(qo,) = 0. [ defined in this way

is a particular diabatization angle that transforms an adiabatic basis to a diabatic
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basis. It should be noted that because of Eq. (3.15), this integral depends on q, and
oy, but not on the path £. In addition, if the integral in Eq. (3.16) is carried along
a closed loop enclosing one or no conical intersections, due to the geometric phase
theorem ( should change by 7 or zero, respectively [6,37,55]. We can define another
angular potential ®(qy, qo,; £) corresponding to the Wgad(q,\) analog of Eq. (3.16)
by
ax
®(dx, qox; £) = / W12 () - dd (3.17)
L qoy

This angle is called the open-path phase if q\ # qo, [73]. It is also convenient to
define the corresponding closed path phase @, called the topological phase [74]:

r(L) = 74 W (o) - def (3.18)
L

Since ngad(qx) does not in general satisfy Eq. (3.15), these path integrals are no
longer independent of the path L. It is also convenient to define the angle (L) by

n(L) =dr(L) — pr (3.19)

where p = 0 if £ does not enclose any conical intersection and p = 1 if it encloses one
conical intersection. This angle is the closed path integral of the transverse part of the
first-derivative coupling. A necessary but insufficient condition for the first-derivative
coupling to be purely longitudinal is that n(L£) should vanish [71]. Since conical
intersections produce large derivative couplings, large (L) have been interpreted in
the past as indicating the existence of conical intersections with the first excluded
state [37] or even to locate such intersections [75]. In Sec. 3.4, we present values
of the topological phase between the first two states of Hs over the entire nuclear

configuration space and discuss the results.
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3.2.2 DMBE couplings and electronic energies

Varandas et al. [49] have reported an analytical representation of the lowest electronic
PES (1 24’) of H + Hy based on the DMBE method. For the DMBE fit, they used 267
ab initio points of Liu and Siegbahn [76,77], 31 points from Blomberg and Liu [78] and
18 new ab initio points. Their ab initio calculations employed a primitive (9s3pld)
basis set contracted to [4s3pld]. They first perfomed a complete-active-space-self-
consistent-field (CASSCF) calculation [64] with the three active orbitals to obtain
eight configurations. It was followed by a multireference CI calculation with all single
and double excitations out of that eight configuration reference space (MR-CISD).
The fundamental form used for the DMBE fit has correct analytical properties [79-82]
for a PES exhibiting a Cj, conical intersection and is analytically continued to the
first-excited electronic PES (2 2A4’). In the process, it yields a good representation
of the first-derivative couplings in the vicinity of the conical intersection. In fact,
it gives the leading terms of the longitudinal part of the first-derivative coupling
vector, nggalin(q,\) Varandas et al. [49] also mention that these leading terms (of the
longitudinal part) can be determined from the adiabatic PESs, but the transverse part

(nggéﬁa(q »)) cannot be completely determined. Besides, in the vicinity of the conical

intersection, Wgﬁn(q,\) diverges but the ngfﬁa(q,\) part stays finite and small.
Hence, the leading terms that provide the longitudinal part give a good representation

of the first-derivative couplings in the vicinity of the conical intersection.

Using the DMBE method, it has been shown [49,80] that the longitudinal part and
hence the total DMBE first-derivative coupling vector can be approximated (assuming

the transverse part to be zero over the entire configuration space) as

W PMEE (g ) o WTEDNPE () = W, 3P4 (g (3.20)
where
1 _ go(p) sin 0 sin 3¢,
DMBE = —tan~ ! 3.21
P ) = g |t () sinfeos 3o + filpsmZd) o2V
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Egs. (3.20) and (3.21) have been obtained in our hyperspherical coordinates by re-
placing s by sinf and ¢ by our ¢, in Eq. (48) of Ref. [49]. go(p), fo(p), and fi(p)
are some factors that depend only on the hyperradius p. The original DMBE code
was used in this work to obtain these longitudinal couplings and the two lowest PESs
for Hs. In the vicinity of the conical intersection, these longitudinal couplings are
expected to be quite close to the ab initio first-derivative couplings. Using this crite-
rion, a systematic mismatch in sign was found in those couplings and was removed by
flipping the sign of go(p) in the DMBE code. These DMBE couplings are presented
and compared with the ab initio ones in Sec. 3.4. In Sec. 3.3, the two lowest DMBE

PESs for H3 are compared to the PESs obtained from the fits of the ab initio energies.

3.3 Ab initio and DMBE electronic energies

3.3.1 Fitting method

Any PES fitting procedure is expected to be reasonably simple, result in good agree-
ment with the ab initio data and have a physically realistic mathematical form to
minimize the number of ab initio geometries needed to obtain a surface with cor-
rect features and topology [83,84]. We have used a DMBE plus single-polynomial
(DSP) fitting method based on the recent [85] generalized London-Eyring-Polanyi-
Sato double-polynomial (GLDP) method as it satisfies most of the abovementioned
criteria for fitting methods. The DSP method uses data from the DMBE fit to the
lowest two adiabatic electronic PESs for Hs. Since the original DMBE fit is explained
in detail in Ref. [49], we will only describe the DSP method here.

The DSP mathematical form used for the lowest two PESs for Hs is the sum of
two terms

ESSP _ ET]?MBE + E:L’OLY’ (3.22)

where n = 1 or 2 for the ground or first-excited PES, respectively. The first term
is the DMBE potential [49], as it gives a good physical description of the two PESs.
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The second term is a single high-order polynomial multiplied by a switching function
and modifies the initial DMBE potential to provide greater accuracy. With the three
H atoms in Hj labelled A,, Ag, or A, this polynomial term is defined by

tn
E°Y = Sy(an) ( Z Cnijk(Rap — @) (Rpy — an)’ (Rya — an)k> (3.23)

i+j+k=0
where R), is the distance between Ay and A, (A\v = af3,37v,va). The ¢, j; are
coefficients and S,,(q,) are the switching functions. The switching function S is used
to turn the single polynomial in EF°" on and off in different regions of the internal
nuclear configuration space. Terms up to fifth-order (¢; = 5) are used in the above
polynomial for the ground state PES and up to sixth-order (¢, = 6) for the first-
excited PES. The sum extends over all possible sets of i, j, k satisfying the condition

1+ 7+ k <t,. The switching function S is defined by

Sn(dr) = $(Yn,a8)5(Yn,6+)5(Ynra) (3.24)
where
$(Ynw) = 1 — tanh(y, \) (3.25)
in which
Yn v = ’Yn(R)\V - an)> AV = Olﬁ, ﬁ’% §ees (326)

The ¢, ijk, an, and v, are variational parameters determined by the fitting method.
The s(yn 1) terms in Eq. (3.25) turn the E}°™ term off for the asymptotic geome-
tries. As a result, the asymptotic regions of the PESs have the correct diatomic
behavior, included in the EPY"® term. The slope parameter, 7,, having dimensions
of a reciprocal length controls how rapidly EF°™ is made to vanish, whereas a, is a

reference internuclear distance.

The DSP mathematical form is fitted to the ab initio data using a linear least-
squares method to obtain the set of variational parameters (a, and 7, ) that minimize

the root-mean-square (rms) error. Using an initial estimate of the parameters, the
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Cnijk and the corresponding root-mean square (rms) error € are determined by a linear
variational procedure. a,, and 7, are then varied and the determination of ¢, ;;, and
€ is repeated until that error is minimized. This procedure is carried out for both the
ground and first-excited PESs, and the resulting PESs are examined with the help of
equipotential contour plots in the corresponding two-internuclear-distance cartesian
space at fixed bond angles for any spurious features in these PESs. No such features
were detected. The fitted ground PES 1 2A’ (EP®") has an rms error with respect to
the ab initio data of 0.31 kcal/mol and the corresponding error for the fitted first-
excited PES 2 2A’ (EDS?) is 1.12 kcal/mol. The optimized parameters (a,, and 7,)
are given in Table 3.I and the corresponding optimized coeflicients (c,, ;i) are given
in Table 3.I1. These fitted DSP PESs are also examined in hyperspherical coordinates
with the help of equipotential contour plots at fixed hyperradii, as discussed in the
next subsection and compared with the corresponding contour plots for the DMBE

PESs.

3.3.2 DSP and DMBE potential energy surfaces

Equatorial projection plots (Figs. 3.1 and 3.2) of potential energy surfaces in internal
symmetrized hyperspherical coordinates (p, 6, ¢,) [7,9, 86] provide useful informa-
tion for reactive scattering calculations that use these coordinates. These plots are
obtained as follows. Let the arrangement channel A, + A, A, be called the \ ar-
rangement channel, where Avk is a cyclic permutation of afy. Let R),r) be the
Jacobi vectors associated with this arrangement channel, where r’ is the vector from
A, to A, and R/, the vector from the center of mass of A A, to A). Let Ry,r) be

the corresponding mass-scaled Jacobi coordinates [86-90] defined by

1/2 1/2
R, = (M) A r), = (MM) r) (3.27)
0

I
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where (1, is the reduced mass of A, A,;, iy, the reduced mass of the Ay,A, A, pair,

and p the system’s overall reduced mass given by

1/2
_ MaMpgin,y
H (ma +mg + mﬁ,)

my being the mass of atom Ay (A = a, 3,7). We now define a set of symmetrized

hyperspherical coordinates p,wy, v\ [86,91] by
p=(R2+2)" (3.28)

and

Ry = pcos % T\ = psin P 0<wy<m (3.29)

where p is independent of the arrangement channel [87,88]. The corresponding inter-

nal configuration space cartesian coordinates are defined by

X, = p sinwy cosvyy (3.30)
Y = p sinwy siny, (3.31)
Zy = p coswy (3.32)

where 7, is the angle between R, and r, (or R} and r)}) in the 0 to 7w range and
wy, Ya are the polar angles of a point in this space. The alternate internal configuration
space symmetrized hyperspherical coordinates 6, ¢, are defined as the polar angles
associated with the interchanged axes OX, = 0Z,, OY, = 0X,, and OZ, = OY,

for which we have

Xy = Zy =p sinf cos o, (3.33)
Yy = X,=p sinf sin¢, (3.34)
Z =Y =p cosb (3.35)

with 6 and ¢, limited to the ranges given in Eq. (3.13).
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The coordinates used for Figs. 3.1 and 3.2 correspond to a mapping [86,92] of the
points P of a constant p hemisphere in the OX,Y Z, space onto a plane tangent to
that hemisphere at the intersection T of the OY axis with it (Fig. 3.3). Let Tz, and
Ty, be respectively the intersection of the OZ,Y and OX,Y planes with that tangent
plane. The corresponding x, and y, of the map Q of the point P onto the tangent

plane are then

xx = pb cosoy (3.36)

yr = p 0 sing, (3.37)

This mapping of P onto Q is not a perpendicular projection, but is one in whch the
length of the arc PT of the circle of center O on the constant p hemisphere is equal

to the length of the straight line TQ on the tangent plane.

To obtain such maps, we start out with a configuration of the molecule defined by
the 3 internuclear distances R,g, Rg,, and R, and then calculate R} (the magnitude
of RY), r (the magnitude of r}), and 7,. From the first two we calculate the mass-
scaled distances Ry and ry and then, with the help of Egs. (3.28) and (3.29) we obtain
p and wy. Using Egs. (3.30) through (3.35) and (3.13) we then calculate 6 and ¢,
and finally we obtain z) and y, from Egs. (3.36) and (3.37), respectively.

This mapping of the PES onto the x,,y, tangent plane is called the equatorial
view because it corresponds to a non-perpendicular arc-length preserving projection
of the constant hyperradius hemisphere on a plane tangent to it at the point on its
equator defined by wy = 7, = /2. This permits the viewing of all three possible
atom-diatom arrangement channels (for the triatomic reaction) as well as the regions
for which the three atoms are at comparable distances from each other, for a fixed

hyperradius p. Maps of this kind have been used before [85,86,93].

In Figs. 3.1 and 3.2, we present the equatorial views for the lowest two PESs for Hs
obtained by the DSP and DMBE fits. The plots display the Cs, symmetry of the Hs

system. Also, the circle at the edge of each plot corresponds to collinear geometries
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(0 = 7/2) and the center of each plot corresponds to a conical intersection geometry
(0 = 0). Figs. 3.1 (a) through (d) show the equatorial views of the equipotential
contours of the 1 24’ surface for the DSP fit (EP5?) to the ab initio data at constant
values of the hyperradius p. Figs. 3.1 (e) through (h) show the corresponding contours
for the DMBE fit (ETY®"). Figs. 3.2 (a) through (h) show the corresponding equatorial
views for the first-excited (2 2A’) surface. The DSP and DMBE fits are extremely
similar for the ground PES (1 24’), but show some differences in the first-excited PES
(2 24").

For the ground PES (1 24’) at p = 2 bohr (Fig. 3.1 (a)), there are no contours
below 3.5 eV suggesting that at energies below 3.5 eV regions for which p is smaller
than 2 bohr will not be dynamically important. For all other p (Fig. 3.1 (b, ¢, d)),
contours as low as 0.5 eV exist suggesting the dynamical importance of these higher
p regions. In going from p = 4 bohr (Fig. 3.1 (b)) to p = 6 bohr (Fig. 3.1 (¢)) to p =
8 bohr (Fig. 3.1 (d)), we are considering triatomic configurations whose overall size is
increasing. For p = 4 bohr the region near to the center of the figure corresponds to
E} between 2.5 eV and a value less than 4.0 eV, whereas for p = 6 bohr that energy
lies between 4.0 eV and a value close to the dissociation limit of 4.75 eV and for p =
8 bohr it is between 4.5 eV and that dissociation limit. This indicates that for large
p and stretched configurations of the system, which those regions correspond to, the
system approaches dissociation, as expected. The first-excited PES (2 2A4’) is similar
for both the DSP and DMBE PESs at p = 2 bohr (Figs. 3.2 (a) and (e)) and at p
= 8 bohr (Figs. 3.2 (d) and (h)). At p = 4 bohr, the DSP PES (Fig. 3.2 (b)) has a
6 eV contour that spreads over the entire surface, whereas this contour is closed for
the DMBE PES (Fig. 3.2 (f)). On the other hand at p = 6 bohr, the 5 eV contour
spreads over the entire surface for the DMBE PES (Fig. 3.2 (g)) but is closed for the
DSP one (Fig. 3.2 (b)).

For the ground PES, DSP fit (E}®") has a rms deviation of 1.15 kcal/mol relative
to the Liu-Siegbahn-Truhlar-Horowitz (LSTH) PES [94] (E}®™) and of 1.03 kcal/mol
relative to the DMBE one (EP™®*) for energies below 5 eV. For the first-excited
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PES, DSP fit (E2%") has a rms deviation of 1.19 kcal/mol relative to the DMBE one
(ESMBE) for energies below 5 eV and of 2.97 kcal/mol for energies below 10 eV. EPS*
stays greater than Ey*™ and EPYP® for most geometries (except for large geometries
with p greater than 6 bohr near the conical intersection with € smaller than 10°) in
the internal nuclear configuration space, whereas ES®" stays greater than EZ™"® only
for compact geometries (p less than 4 bohr) near and slightly away from the conical
intersection (6 less than 40°). This is due to the fact that ab initio electronic structure
calculations were performed to obtain good representative ground and first-excited
state energies used in the EP®" and E5®" fits. This leads to a slightly higher E}®" than
it would be, if the basis set used was chosen to optimize the ground state energies
only. Since ESMP® PES is an analytic continuation of the EP™P* PES, EP*" PES is

lower than EZ™P® for most nuclear geometries.

Overall, for the ground PES, the DMBE PES is accurate over the entire internal
configuration space, but for the first-excited state PES, the similarities between DSP
and DMBE PESs at p = 2 bohr and 8 bohr and the differences between them at p
= 4 bohr and 6 bohr indicate that the DMBE PES is accurate in the compact and

asymptotic regions, but not in the strong interaction regions.

3.4 Results and discussion

3.4.1 Ab initio and DMBE first-derivative couplings

The first-derivative coupling vector (Wgad(q,\)) obtained using Eq. (3.9) had its
three components defined in the p, 6, and ¢, unit vector directions by Eqgs. (3.10)
through (3.12). These internal hyperspherical coordinates (qy: p, €, ¢,) defined in
Sec. 3.2 are identical to ordinary spherical polar coordinates except for the range of
¢ which is 0 to /2 for the former [Eq. (3.13)] compared to 0 to 7 for the latter.
These internal hyperspherical coordinates span half a sphere (compared to the full

sphere spanned by ordinary spherical polar coordinates). This property facilitates
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the visualization of the first-derivative coupling vector in the associated internal 3-D
cartesian coordinate configuration space. The transformation of this vector into its
cartesian counterpart, which has components nggaj : W@“j , and W@“j in the z, y,

and z unit vector directions, is defined as

nggaj sinf cos ¢\ cosf cos Py —sin ¢y ngf‘f
Wf%“j = sinfsin ¢y cosfsing, cos oy ng?ed (3.38)
Wi cos —sinf 0 wijed

In the central panels of Figs. 3.4 through 3.7, we present a perpective view of
the three-dimensional ab initio first-derivative coupling vector at points in this space
with varying values of the hyperangle ¢,, for fixed values of the hyperradius p and
hyperangle 6. In cartesian language, this is equivalent to varying x and y and keeping
z fixed, as indicated by the dotted horizontal circles in those figures. The cartesian
components of this vector were obtained from Eq. (3.38). The leftmost panels contain
the corresponding DSP ground state electronic energies plotted as vertical lines such
that the energies can be read off from the length of those vertical lines. The rightmost
panels contain the DSP first-excited state electronic energies plotted in the same
way as the ground state electronic energies. Figs. 3.8 through 3.11 present the same
physical quantities but obtained by the DMBE method. The cartesian components of
the longitudinal part of the DMBE first-derivative coupling vector are also obtained
from Eq. (3.38). Figs. 3.4, 3.5, 3.6, and 3.7 correspond to the fixed hyperradii of
2 bohr, 4 bohr, 6 bohr, and 8 bohr respectively. The same is the case for Figs. 3.8,
3.9, 3.10, and 3.11. In all figures (3.4 through 3.11), panel (a) (the first row of plots)
corresponds to § = 1° (a value very close to the conical intersection geometries of
6 = 0°), panel (b) corresponds to 6 = 30°, panel (c¢) to § = 60°, and panel (d)
to @ = 90° (collinear geometries). The tail end of the vectors lies on a circle that

corresponds to a fixed # on the hemisphere in hyperspherical coordinate space defined
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by a fixed hyperradius p. This circle maps the full ¢, range of 0° to 360° and is shown
on the bottom face of all E; and E, panels. The coupling vectors shown in the central
panels correspond to the configurations being mapped by this circle. Above each of
these central panels two scales are given. The one in units of bohr corresponds to
the internal nuclear configuration space corresponding to the full 0° to 360° ¢, range
spanned on the xy plane. The second one in units of bohr~! corresponds to the three-
dimensional space sampled by the z, y, and z components of the coupling vector.
The two spaces co-exist on the xy plane. In addition, in all figures the ground-state

energies (E;) have been cut off at 10 eV and the first-excited state electronic energies

(Eq) at 15 eV.

The first-derivative coupling vector plots at § = 1° (panel (a) in all figures) have
been included to show their behavior near the conical intersection. The § = 90° (panel
(d) in all figures) case has been included, as it corresponds to collinear geometries for
the triatomic system. This case is important for lower energies due to the collinear
dominance of the H 4+ Hs reaction at those energies, as will be discussed in the next
subsection. The # = 30° and 6§ = 60° cases (panels (b) and (c) respectively in all
figures) have been included to gauge the importance of the coupling vector away
from the conical intersection as well as the collinear geometries.

For the DMBE case, the total first-derivative coupling vector (Wgad’DMBE(qA)) is
equal to its longitudinal part (nggalglfMBE(q,\)) because the transverse part (Wf;‘;‘ij’MBE
was neglected over the entire internal configuration space. Figs. 3.8 through 3.11
show the DMBE’s total (or longitudinal) first-derivative coupling vector and the cor-
responding ground and first-excited DMBE energies for comparison with the ab initio
first-derivative coupling vector plots. In the next subsection, the comparison between
DMBE and ab initio first-derivative coupling vectors is discussed, based upon their
magnitudes and the corresponding ground and first-excited energies. This discussion
will help locate the regions of the internal hyperspherical configuration space for the
H + H, reaction, for which the first-derivative couplings may affect the dynamics of

that reaction.
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3.4.2 The topological phase

In Sec. 3.2.1 we mentioned how we can get some qualitative indication of possible
non-negligible derivative couplings between the 2 24’ and 3 2A’ PESs of Hs. This
involves calculating the topological phase ®1(£) from Eq. (3.18) along closed loops
around the conical intersection between the 1 2A” and 2 2A’ states. A non-zero n(L)

(defined by Eq. (3.19)) is indicative of such non-negligible couplings (see Sec. 3.2.1).

In our symmetrized hyperspherical coordinates, q, is a set of the three coordinates
p, 0, and ¢y. The abovementioned original conical intersection between the 1 24’ and
2 2 A states lies along 6 = 0° for all values of p. ¢, is undefined at # = 0°. To evaluate
the integral in Eq. (3.17) along an open loop around that conical intersection, we take
a circular path £ given by a fixed value of 8 # 0°, a fixed p, and ¢, varying along

that path from 0 to an arbitrary value, according to

B(62,0; .6 / WO (5,0, 64) psin0 dd (3.39)

where ngza(;i (p, 6, ¢)) is defined in Eq. (3.12). These integrals are evaluated using
the standard Simpson numerical integration quadrature. From here on, we will drop

the 0 in ®(¢y, 0; p,0) and just refer to it as ®(py; p, 0).

In Fig. 3.12 we show the open-path phase ®(¢,; p, 0) as a function of ¢, evaluated
using Eq. (3.39) for four values of p (2, 4, 6, and 8 bohr) and four values of 6 (1°,
30°, 60°, and 90°). For each p and 6 we then calculate the closed-loop integral (or
the topological phase) ®t. This corresponds to a complete loop around the conical

intersection (¢ = 27 in Eq. (3.39)) and is expressed as

Br(p.6) = § WL (5.0.64) psin dds (3.40)

In Fig. 3.13 we display this topological phase as a function of p and 6 for the entire
(p,0) space considered in this chapter.
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3.4.3 Discussion

As mentioned in Sec. 3.4.1, Figs. 3.4 through 3.7 display the ab initio first-derivative
coupling vector and the corresponding DSP ground and first-excited electronic state
energies for p = 2 bohr through 8 bohr, in steps of 2 bohr. Each of the figures has
4 sets of panels: (a) # = 1° (triatomic geometries near conical intersection), (b) 6 =

30°, (c) @ = 60°, and (d) & = 90° (collinear triatomic geometries).

Fig. 3.4 (a) (p = 2 bohr and § = 1°) corresponds to a very compact set of geometries
near the conical intersection. Being near the conical intersection (where the two
electronic states are degenerate), the ground (E;) and the first-excited (Ey) state
energies are close to each other and stay around 3.3 eV as a function of ¢,. The first-
derivative coupling vector has a large magnitude (between 10 and 15 bohr™!) but its
z-component is very small compared to its length, due to a singularity at the conical
intersection geometries. This dominance of the z- and y- components translates into a
strong dominance of the ¢,-component of the first-derivative coupling vector near the
conical intersection. Fig. 3.4 (b) (p = 2 bohr and 6 = 30°) corresponds to a compact
set of geometries further away from the conical intersection (but with the largest bond
angle in the range 106° to 120° and the smallest bond length around 1.5 bohr, as seen
in Table 3.IIT). This manifests itself in the fact that for this 6 the E; and E; energies
are quite different from each other, the former staying above 3.1 eV and varying slowly
between 3.1 and 3.5 eV as a function of ¢, with the latter staying around 6 eV and
varying even more slowly with ¢,. The coupling vector is smaller in magnitude (with
a maximum around 1 bohr~! and an average around 0.5 bohr™!) than for Fig. 3.4 (a)

due to its greater distance from the conical intersection configurations.

Fig. 3.4 (¢) (p = 2 bohr and # = 60°) corresponds to compact geometries (with
the largest bond angle in the range 140° to 150° and the smallest bond length in the
range 0.56—1.14 bohr, as seen in Table 3.1IT) even further removed from the conical
intersection. The E; and E, energies are again quite different from each other, and
vary more rapidly with ¢, than before (Fig. 3.4 (b)). The E; energies vary between

4 eV and some value higher than 10 eV as a function of ¢,, while the E; energies
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vary between 7 eV and some value higher than 15 eV with ¢,. Both E; and Es
display maxima at ¢, = 0°, 120°, and 240°. The coupling vector is again smaller in

1 and averaging around 0.3 bohr—1)

magnitude (with a maximum around 0.5 bohr™
than for 6 = 1° (Fig. 3.4 (a)) but varies more rapidly with ¢, as compared to the § =
30° case (Fig. 3.4 (b)). The z-, y-, and z-components are comparable with each other
contrary to the § = 1° (Fig. 3.4 (a)) and § = 30° (Fig. 3.4 (b)) cases. Fig. 3.4 (d) (p
= 2 bohr and 6 = 90°) corresponds to compact collinear geometries with the smallest
bond length in the range 0 to 1 bohr. The E; and E, energies are again quite different
from each other, and vary even more rapidly with ¢, than before (Fig. 3.4 (c)) with
minima around 5 eV and 8 eV, respectively. Both E; and E; have maxima at ¢ =
0°, 120°, and 240° as for the 6§ = 30° case (Fig. 3.4 (c)), as at these configurations
two out of three atoms are superimposed on each other. The coupling vector is small
(averaging around 0.5 bohr™') as compared to the § = 1° case (Fig. 3.4 (a)), and
has a negligible z-component compared to the § = 30° (Fig. 3.4 (b)) and 6 = 60°
(Fig. 3.4 (c)) cases. Both E; and E, energies over the entire p = 2 bohr configuration

(compact geometries) space are 3.1 eV or higher and are expected to be of dynamical

importance only at energies slightly below that value or higher.

Figure 3.5 presents the first-derivative coupling vector and the E; and E5 energies
for p = 4 bohr. This hyperradius is of dynamical importance for energies significantly
below the lowest conical intersection energy of 2.75 eV (which occurs at p, = 2.6
bohr for the DMBE PES [49]), and is also expected to be of importance at that
energy and above since the conical intersection energy increases rather slowly with
with p above ppi,. The 0 = 1° case (Fig. 3.5 (a)) is similar to the one for p = 2 bohr
(Fig. 3.4 (a)). E; and E, are close to each other and are approximately equal to 3.6 eV.
The coupling vector has large z- and y-components (10 bohr~!) and a negligible z-
component, again translating into a strong dominance of its ¢,-component near the
conical intersection. At 6 = 30° (Fig. 3.5 (b)), E; is as low as 1.5 eV, Eg is 5 eV
or larger, and the coupling vector has a smaller magnitude than for § = 1° (Fig. 3.5

(a)). At 8 = 60° (Fig. 3.5 (¢)), E; is as small as 0.25 eV, E, is 6 €V or larger, and the
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coupling vector has about the same magnitude as that at § = 30° (Fig. 3.5 (b)). At
0 = 90° (Fig. 3.5 (d)), which corresponds to collinear geometries, E; can be as low as
0.2 eV and varies rapidly with ¢, than for smaller values of # and E, is again 6 eV
or larger. The coupling vector has a larger z-component than for the lower values of
6 discussed. Collinear geometries are important for low collision energies [42]. Their
importance at energies close to and above conical intersection energies is likely to
be significantly smaller or perhaps negligible but this remains to be determined by

future scattering calculations.

For the p = 6 bohr (Fig. 3.6) and 8 bohr (Fig. 3.7) cases, which correspond to
triatomic large sized geometries (see Table 3.III), the electronic energies are fairly
similar to the p = 4 bohr case (Fig. 3.5). In both these cases, E; can be as low as
0.2 eV. The coupling vector magnitudes on the the other hand are smaller on average
and have sharper maxima compared to the p = 4 bohr case at around ¢, = 60°, 180°,
and 300°. They all have negligible z-components, but their maxima occur in low
energy regions. The coupling vectors presented in Figs. 3.6 and 3.7 may also affect

the dynamics of the H + Hj reaction depending on their magnitudes.

A similar detailed analysis of the DMBE first-derivative coupling vectors (Figs. 3.8
through 3.11) leads to the following conclusions. For p = 2 bohr (Fig. 3.8), the
coupling vector has a z-component which is negligible in the vicinity of the conical
intersection (6 = 1°) and at the collinear geometries (6 = 90°) but non-negligible in
the intermediate regions. For all other values of the hyperradii (p = 4 bohr, 6 bohr,
and 8 bohr), that z-component is negligible over the entire 0, ¢, space (Figs. 3.9,
3.10, and 3.11), which indicates the dominance of the ¢y-component. This stems
from the fact that the DMBE coupling vector is purely longitudinal and given by
Egs. (3.20) and (3.21). A comparison of the DMBE first-derivative coupling vectors
with the corresponding ab initio couplings confirms the previously stated fact that
the DMBE’s coupling vector has the right physical and quantitative behaviour in the
vicinity of the conical intersection. The differences between these two vectors, which

occur even at low energies, stem mainly from the fact that the ab initio couplings
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include both a longitudinal part and a transverse part, whereas the DMBE couplings
only include a longitudinal part, which is a good approximation to the ab initio

longitudinal part in the vicinity of a conical intersection.

Fig. 3.12 shows the open-path phase ®(¢,; p, 8) for four values of 6 (1°, 30°, 60°,
and 90°) and four values of p ((a) 2 bohr, (b) 4 bohr, (c¢) 6 bohr, and (d) 8 bohr)
as a function of ¢, as defined by Eq. (3.39). It shows how the open-path phase ®
increases with ¢, along a loop around the conical intersection between the 1 2A” and
2 2A’ electronic states. For the § = 1° case (solid line in all four panels), to a very
good approximation (0.2 % or smaller difference) ® is equal to ¢,/2 for all values of
p considered. This is clearly expected because § = 1° is a region very close to the
conical intersection and the ¢,/2 is a leading term of the diabatization angle in that
region. For other values of 6, ® fluctuate around some mean value proportional to
¢x. The deviation of this mean value from ¢, /2 is dependent both on p and 6. Also,
® returns to its mean value at regular intervals of 60° in ¢,. As a result, we can
approximate ® by a sum of two terms, the first one being proportional to ¢, and
the second more complicated one possessing the Cs, symmetry (of Hj) via a sin 3¢y
dependence. The fluctuations in & about the mean value arise only from this second
term and have an amplitude which increases monotonically with p between p = 2 bohr
and p = 8 bohr. This seems to stem from the fact that for a large value of p, the
length of the circular loop around the conical intersection is large, which leads to a

large phase accumulation in these fluctuations.

Fig. 3.13 shows the topological phase ®(p, ) (defined by Eq. (3.40)) as a function
of p and 6 over the p space of 2 bohr to 10 bohr and the 6 space of 1° to 90°. &1 =
180° values correspond to a purely longitudinal first-derivative coupling vector. Any
deviation of ®1(p,#) from this value suggests a non-zero transverse (nonremovable)
part of the coupling vector [37,56]. On the bottom part of Fig. 3.13 we show contours
corresponding to fixed values of ®1(p,0) ranging from 150° to 225° every 15°. The
180° contour has been shown in bold lines and its different segments labelled Sy, So,

and S3. For small values of # and all p, the values of ®1(p, ) stay reasonably constant
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and equal to 180°. This is expected because these small values of # correspond to
regions near the conical intersection, where the transverse component of the first-
derivative coupling vector is expected to be negligible. This flat portion of the &
surface is quite narrow at small p and gets wider as p increases. Also, for small values
of p (< 6 bohr) ®(p, ) first increases and then drops as a function of . Beyond p
= 6 bohr, &1(p, d) first drops somewhat and then increases slightly to a value under

180° as a function of 6.

The phase ®1(p, 0) plotted in Fig. 3.13 gives an indication of the presence of non-
negligible derivative couplings in the regions of (p, @) space where it is different from
180°. In the present work, we have computed this phase over the entire dynamically
important part of configuration space. In the absence of additional electronic state
calculations, no method exists, to the best of our knowledge, that quantitatively cor-
relates the deviation of this phase from 180° (over the whole configuration space)
with the non-negligible derivative couplings that arise from nonadiabatic interactions
involving states outside the two-adiabatic-state space. The 180° contour segments
S, and Sz in Fig. 3.13 are embedded in regions of (p,#) configuration space, where
O (p, 0) deviates substantially from 180° and hence are not expected to contain in-
formation about any glancing interaction or conical intersections between the 2 2A’
and 3 2A’ states of Hs. Such is not the case for the S; segment. In Fig. 3.14, we
display this segment in two representations. Fig. 3.14 (a) shows it in the X,Y plane
of Fig. 3.3 and Fig. 3.14 (b) in the regular p-0 plane. The points corresponding to
p greater than 8 bohr have been indicated as dashed lines because they are a result
of an extrapolation of the computed couplings and hence should not be used to draw
any conclusions. Points below the solid curves correspond to extended regions of con-
figuration space for which ®1(p, ) deviates from 180° and indicates that the value
of ng‘ia is non-negligible in those regions. These solid curves seem to suggest the
presence of intersection lines or avoided intersections between the 2 2A’ and 3 2A’
PESs in the (p, 0, ¢)) space, where ¢, might correspond to three possible sets of Cs,
configurations. It can either be the (0°,120°,240°) set or the (60°,180°,300°) set, or
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even both. A possible conical intersection between the 2 2A’ and 3 2A’ states was
suggested by Yarkony [37] earlier for H3. An alternate explanation may be that, at
(1)ad
12 (

the values of p of relevance to Fig. 3.14, the curl of W or, equivalently, of its

transverse part) is large [95].

Calculations of the energy of the 3 2A’ state of Hz and of its first-derivative
couplings with the 2 2A’ state are needed to help establish a quantitative correlation
between possible conical intersections involving those two states and the topological
phase between the 1 24" and 2 24’ states. The regions of nuclear configuration space,
where the effect of nonadiabatic couplings (between the 2 2A" and 3 2A’ states) is
being felt, have many low energy regions, suggesting that the nonremovable part of
the nonadiabatic couplings (between the 1 2A” and 2 2A’ states) cannot be ignored
and may play a significant role in the dynamics of the H + Hsy reaction, due to its
presence in the diabatic nuclear motion Schrodinger equation [7].

The vector w(MYed(q,) (or Wgad(q,\)) can also provide a good first approximation

to the second-derivative coupling matrix W®4¢(q,), which in a two-electronic-state

approximation is given by

2)ad 2)ad
wi(ay) wih(an)

W& (qy) = (3.41)

2)ad 2)ad
wi(an) wih ' (ay)

In the two-electronic-state Born-Huang expansion, the full Hilbert space of adiabatic
electronic states is approximated by the lowest two states and furnishes for the cor-

responding electronic wave functions the approximate closure relation

[ 5 s @) (5 (s an) |+ | e an)) (v () | ~ 1 (3.42)

Using this equation and the fact that for real electronic wave functions the diagonal
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elements of W(19(q,) vanish, it can be shown that

(3.43)

For the Hj system, since Wgad(q,\) is known over the entire q, space [96], Eq. (3.43)

can be used to obtain the two equal non-zero diagonal elements of the W(®(q,)
matrix. Since this matrix appears with a multiplicative factor of (—h?/2u) in the
adiabatic nuclear motion Schrodinger equation giving it the units of energy, both
(—h%/2u) Wf{ad(q,\) and (—h*/2u) W%ad(q,\) can be labelled as ¢4, In Fig. 3.15,
this quantity is displayed in units of kcal mol™ for several values of p as a function
of # and ¢,. It shows the singular behavior of the diagonal elements of W?%(q,) at
conical intersection geometries (f = 0°). Being a repulsive correction to the adiabatic
energies, this singular behavior would prevent any hopping of the nuclei from one

electronic state to another at and extremely close to the conical intersection.
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Appendix 3.A - First-derivative coupling vector for triatomic

reactions

As discussed in Sec. 2.1, the adiabatic electronic wave functions $** and ﬂ)j-l’ad
depend on the nuclear coordinates R only through the subset q, (which in the
triatomic case consists of a nuclear coordinate hyperradius p and a set of two internal
hyperangles £,), this permits one to relate the six-dimensional vector w(M(R,) to
another one w(%?(q,) that is three-dimensional. For a triatomic system, let a’* =
(a™, b ') be the Euler angles that rotate the space-fixed cartesian frame into the
body-fixed principal axis of inertia frame I\, and let V{D:\A be the six-dimensional
gradient vector in this rotated frame. The relation between the space-fixed Vg, and
Vﬁ; is given by

Vg, = R(a"™) Vg (3.44)

where R(a’*) is a 6 x 6 block-diagonal matrix whose 2 diagonal blocks are both equal

to the 3 x 3 rotational matrix R(a’*). The V{{‘A operator can be written as [97]
V{{\A = G"(&)pM(an) + HM(fA)jM(aM) (3.45)

In this expression, G and H’* are both 6 x 3 rectangular matrices whose elements are

A is a 3 x 1 column vector operator

known functions of the internal hyperangles £,. p’
whose elements contain first-derivatives with respect to the three q, coordinates and
J™ is the 3 x 1 column vector operator whose elements are the components jﬁ,
jﬁ and jZI  of the system’s nuclear motion angular momentum operator J in the I\

frame. From these properties it can be shown that
w(R,) = R(a™) G (&,)w" (an) (3.46)
and that

WOH(R,) - T, x(Ry) = GEW(qy) - TH x“(R») (3.47)
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where

wBe(qy) = (W qn) | P (@) s (s an))e (3.48)

is a three-dimensional column vector and W% (q,) is a 2 x 2 skew-symmetric matrix
whose only non-zero element is the w(M?(qy) vector. The effect of G'*(£y) can be

built into the V% operator leading to

WOUR,) - Ve, x(Ra) = W) - Ve, x"(Ra) (3.49)

where

Vg, = b)) + G (E)H(£,)3 () (3.50)

Using the symmetrized hyperspherical coordinates defined in Sec. 3.3 for a triatomic
system, the elements of p’* are the spherical polar components of the three-dimensional
gradient associated with the polar coordinates p, 0, ¢, [96]:

0

dp
_ 10
= 20 (3.51)

1

The corresponding cartesian gradient Vg, is given by

sin @ cos ¢\ cosfcosg) —sin @y
Va = | sinfsing, cosfsingy, cosgy |p" (3.52)

cosf —sinf 0

in a space whose polar coordinates are p, 8, ¢,.
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Table 3.I: Switching Function Parameters®

parameter 124" 224
an/bohr  0.00  2.00
Yn/bohr=t 0.17  0.20

® These parameters are used for S,,, as described in Egs. (3.23)-(3.26)
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Table 3.II: Coefficients® c1,ijx and cy;j; corresponding to EP®” and E3*?,

respectively (as defined in Eq. (3.23))¢

i j k Cl,ijk C2,ijk

0 0 0 0.3699 -0.2274
1 0 0 -0.4927 0.0255
2 0 0 04726 0.0996
1 1 0 0.0237 0.2025
3 0 0 -0.2590 -0.2606
2 1 0 0.1258 0.1934
1 1 1 -04795 -1.2400

0.0398  0.0845

-0.0156  0.0075

1 1 0.0299 0.2397

-0.0162 -0.2428

SN

—_

0.0006 -0.0155

0
0 -0.0018 -0.0070
0
0

0.0005  0.0332

N | DN

1 -0.0006 -0.0378

-0.0009 -0.0044

N || W | W ks |0 | W N W O[N] W |
—
—

0 0 - 0.0000
1 0 - 0.0013
2 0 - -0.0015
3 0 - -0.0013
2 1 - -0.0001
1 1 - 0.0006
2 2 - 0.0062

b _ _ _ _
Clijk = Cljki = Clkij a0d Coijk = C2jki = C2.kij

¢ With these ¢, coefficients used in Eq. (3.23) and Rap, Rpc,andRc4 given in
bohr, the EP®F are given in eV and are referred to the minimum of an isolated Hs

molecule as the origin of energy.



Table 3.III: Range of the largest and smallest internuclear distances and largest
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bond angle over the full 0 to 27 range of ¢,

p = 2 bohr

p = 4 bohr

max

T

min
R)\V

mazx
R)\V

min
R)\V

mazx
R)\V

10

90.5-91.0°

1.50-1.51

1.52-1.53

3.01-3.03

3.05-3.07

30°

106.1-120.0°

1.07-1.32

1.70-1.86

2.15-2.63

3.40-3.72

60°

130.9-150.0°

0.56-1.14

1.82-2.08

1.11-2.29

3.64-4.15

90°

180.0-180.0°

0.00-1.07

1.86-2.15

0.00-2.15

3.72-4.30

p = 6 bohr

p = 8 bohr

max

5y

min

v

max
v

min

Av

max
Av

10

90.5-91.0°

4.52-4.54

4.58-4.60

6.03-6.05

6.11-6.13

30°

106.1-120.0°

3.22-3.95

5.10-5.58

4.30-5.26

6.80-7.44

60°

130.9-150.0°

1.67-3.43

5.46-6.23

2.23-4.58

7.28-8.30

90°

180.0-180.0°

0.00-3.22

5.58-6.45

0.00-4.30

7.44-8.60
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FIGURE CAPTIONS

Fig. 3.1 Ground electronic state (Ei) energy contours in eV for the Hs system in an
equatorial view (see text for definition): (a) DSP E; at p = 2 bohr, (b) DSP E; at p =
4 bohr, (c) DSP E; at p = 6 bohr,(d) DSP E; at p = 8 bohr, (¢) DMBE E; at p = 2 bohr,(f)
DMBE E; at p = 4 bohr (g) DMBE E; at p = 6 bohr,(h) DMBE E; at p = 8 bohr. The
solid circle depicts collinear geometries (§ = 90°) and the dotted circles are lines of constant
f. The radial dotted lines correspond to the constant values of ¢, in degrees, displayed

outside the solid circle.

Fig. 3.2 First-excited electronic state (Ez) energy contours in eV for the Hs system in an
equatorial view (see text for definition): (a) DSP Ey at p = 2 bohr, (b) DSP Eg at p =
4 bohr, (c) DSP E5 at p = 6 bohr,(d) DSP Es at p = 8 bohr, (e) DMBE E; at p = 2 bohr,(f)
DMBE E; at p = 4 bohr (g) DMBE Ej at p = 6 bohr,(h) DMBE E; at p = 8 bohr. The
solid circle depicts collinear geometries (§ = 90°) and the dotted circles are lines of constant
f. The radial dotted lines correspond to the constant values of ¢), in degrees, displayed

outside the solid circle.

Fig. 3.3 Mapping of the point P of a constant p hemisphere in the OX,Y Z, space onto a
point Q on a plane tangent to that hemisphere at the intersection T of the OY axis with
it, such that the length of the arc(TP) = TQ. The point P has 6, ¢, polar angles in the
0X,Y Z, space and wy, vy in the OX,Y ,Z space. P is the projection of point P on the
0X,Y plane.

Fig. 3.4 Ab initio nonadiabatic coupling vector, ngad, ground state energy (E;) and

first-excited state energy (Eq) for p = 2 bohr and (a) 8 = 1°; (b) 8 = 30°; (c) 8 = 60°; (d)
6§ = 90° (collinear). The scale in bohr~! refers to coupling vectors, and that in bohr to the

cartesian coordinates associated with the middle column plots (see Sec. 3.4.1).
Fig. 3.5 Same as Fig. 3.4 for p = 4 bohr.
Fig. 3.6 Same as Fig. 3.4 for p = 6 bohr.

Fig. 3.7 Same as Fig. 3.4 for p = 8 bohr.
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(1)ad,DMBE

Fig. 3.8 DMBE nonadiabatic coupling vector, W 5 , ground state energy (E;) and
first-excited state energy (Eg) for p = 2 bohr and (a) = 1°; (b) 6 = 30°; (¢) 0 = 60°; (d)

6 = 90° (collinear). The scales have the same meaning as in Fig. 3.4.
Fig. 3.9 Same as Fig. 3.8 for p = 4 bohr.

Fig. 3.10 Same as Fig. 3.8 for p = 6 bohr.

Fig. 3.11 Same as Fig. 3.8 for p = 8 bohr.

Fig. 3.12 Phase ®(¢y; p,0) as a function of ¢, evaluated using Eq. (3.39) for four values of
6: 1° (solid line), 30° (dashed line), 60° (dotted line), and 90° (dash-dotted line) for each
of the four values of p: (a) 2 bohr, (b) 4 bohr, (c) 6 bohr, and (d) 8 bohr.

Fig. 3.13 Topological phase ®1(p,0) as a function of p and 6 evaluated using Eq. (3.40).
The contours on the bottom face correspond to ®(p,#) values ranging from 150° to 225°
every 15°. The three 180° contours have been shown in bold and labelled as Si, Ss, and

Ss.

Fig. 3.14 (a) The 180° S; contour of Fig. 3.13 shown in the X,Y plane of Fig. 3.3. (b) The
same contour shown in the regular (p, ) plane. (The dashed points correspond to values of

p greater than 8 bohr).

Fig. 3.15 Second-derivative coupling term E(z)ad((h), defined after Eq. (3.43), for the Hg
system at: (a) p = 2 bohr, (b) p = 4 bohr, (c) p = 6 bohr, and (d) p = 8 bohr. The following
contours are displayed: 0to 0.1 kcal mol ™! every 0.01 keal mol™*, 0.1 to 1.0 kcal mol ™! every

0.1 keal mol™! and 1.0 to 10.0 kcal mol™! every 0.5 kcal mol ™.
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Figure 3.1:
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Figure 3.2:
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Figure 3.3:
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Figure 3.4:



76

p =4 bohr

(1)ad
V\/1,2

5 bohr ™t
—— 0.05 bohr




7

p = 6 bohr

(1)ad
W1,2

5 bohr™*
0.1 bohr




78

0.5 bohr™*
5 bohr




79

p =2 bohr
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Figure 3.9:
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Figure 3.10:
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Figure 3.11:
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Chapter 4 An optimal diabatization of

the lowest two states of Hj

4.1 Introduction

A detailed review of the adiabatic and diabatic representation of polyatomic molecules
is given in Chapter 1 and we will only summarize below the main aspects needed for
the present chapter. We neglect all spin-spin and spin-orbit terms in the molecular
Hamiltonian. Consider a polyatomic system with electronic coordinates r and nuclear
coordinates R. The total wave function for this system is given by the Born-Huang
expansion [1,2]

(r;R)) = ZX Y (r; Ry) (4.1)

where 1% (r; Ry) are the adiabatic electronic wave functions satisfying the electronic

Schrodinger equation
He (r; Ry) ¥ (r; Ry) = e%(Ry )12 (r; Ry), (4.2)

n is a complete set of quantum numbers needed to specify them and x%¢(R.,) are the
adiabatic nuclear wave functions. €%4(R,) are the electronically adiabatic potential
energy surfaces (PESs). If two of these surfaces, labelled n =i and n = j, exhibit a
single conical intersection and the 12 are required to be real, then according to the

geometric phase (GP) theorem [3-7],

Pi(rRy) — YRy n=i,j (4.3)
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and

XAHRy) — —x*(R)) n=1i,j (4.4)

when the polyatomic system traverses a closed loop in nuclear configuration space
Q around that conical intersection (a so called pseudorotation). As a result, the
1% (r; Ry) are not single-valued functions of R,. Alternatively, if the electronic wave
functions are allowed to be complex, they may be required to be single-valued [§].

For example, we may express them as
Tl Ry) = By Ry n=i,j (4.5)

and require that the ¢4"®x) (n = i j) change sign (i.e., that A,(R,) change by
7) upon a pseudorotation. The A, (R,) are the geometric phases that appear in the
corresponding modified adiabatic nuclear motion Schrodinger equation [7-11]. In this

chapter, we will require the electronic wave functions to be real.

In a two-electronic-state representation of the system involving electronically adi-

abatic states ¢ and j, Eq. (4.1) is written as
U(r;Ry) = MRV (r; Ry) + X3 (RA) Y (s Ry (4.6)

Let us define x®(R,) as a two-dimensional column vector whose components are

X¢*(R,) and x9%(R,). The Schrodinger equation satisfied by x*(Ry) is

—g {IVE, +2WW¥(q,) - Vg, + WO (q))} + {e(an) — EI}} X““(Ry) =0
(4.7)

where q, represents a set of internal nuclear coordinates of the system, whereas R
includes both q, and the external coordinates that orient the system in space, but
excludes the system’s center of mass coordinates. The R, symbol represents a set
of nuclear coordinates that locate the N nuclei of the molecule in a center of mass
frame, and s is an overall reduced mass. I, WHed W ®ad and g2 are 2 x 2 matrices

and Vg, is a gradient operator in the 3(N — 1)-dimensional nuclear configuration
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space. I is the identity matrix and €% is the diagonal matrix whose diagonal elements
are the potential energy surfaces £¢¢ and E?d of the two electronically adiabatic states
being considered. The matrices W1 and W are the the first- and second-

derivative [9,12-17] 2 x 2 coupling matrices whose elements are defined by

WOk (qy) = (od(r: qn) | VR, 0% (r; )
m,n=r1,j (4.8)

W@ (qy) = (Y2(r;an) | Vi, 02 an)e

and are respectively 3(/N—2)-dimensional vectors (Wﬁ?ﬁd(qk)) [18] and scalars (Wg?gd(q \))-

The matrix W14 is in general skew-hermitian and, due to the requirement that the

1% be real, is real and skew-symmetric and can be written as

0 W (an)

)

wWhe(q,) = (4.9)
—nggad(q,\) 0

)

Qad is a three-dimensional vector that from here on will be

For a triatomic system, Wy

labeled w1V As any three-dimensional vector, it can be expressed, according to the

(1)ad

Helmholtz theorem [19], as a sum of a longitudinal part w, )

one w'M(q,) according to

(qy) and a transverse

Wi an) = i (an) + wir" (@) (4.10)
where by definition, the curl of Wl(ol,)fd (qa) and the divergence of wﬁ?ﬁd(qx) vanish:
Va, X Wi (@) = 0 (4.11)
(1)ad .
VQA " Wirg (Q)\) =0 (412)

As a result of these equations, a scalar potential 5(q,) and a vector potential A(qy)

(not to be confused with the scalar geometric phase A,(qy) of Eq. (4.5)) exist for
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which
Wi (an) = Vg, B(an) (4.13)
and
Wi (@) = Vg, x A(qy) (4.14)

(1)ad

ton(qy) is singular because of the q, dependence

At conical intersection geometries, w
of ¢¢(r; q,) and 1?/(r;qy) in their vicinity and therefore so is the W (q,) - Vg,
term in Eq. (4.7). For the same reason, Wﬁad (qn) and W%ad (qa) are also singular at
such geometries. Replacing Eq. (4.10) into Eq. (4.9), W4 can be written as a sum
of the corresponding skew-symmetric matrices Wl(izlad and Wﬁ})ﬁd. In addition, the
presence of a first-derivative term of this type, even if not singular (for intersections
that are not conical or for nearly avoided intersections), introduces inefficiencies in the
numerical solution of that equation. This makes it desirable to switch to a diabatic
electronic basis [9,20,21], ¥%(r; Ry), which in the two-electronic-state case is given
by

Yi(r;Ry) _ Yi(r;Ry)
= U[B(ay)] (4.15)
Yd(r;Ry) Yi(r; Ry)

where U[(qy)] is the transpose of the matrix

cos B(qy) —sinB(qy)
Uld(ar)] = (4.16)
sin B(qx)  cos B(qy)

and ((q,) is called the diabatization or mixing angle. In terms of the diabatic elec-

tronic basis, Eq. (4.6) becomes
U(r;Ry) = x{ (Ra)¥ (1 Ra) + 1§ (Ra) 5 (1 Ry) (4.17)

where the relation between the y2¢(R,) and x4 (R,) is

n

X! (Ry) = U[B(ay)]x"(Ry) (4.18)
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where in analogy to x®¥(R.), x%(Ry) is the two-dimensional column vector whose
two elements are x¢(R,) and x4(R,). Replacement of Eq. (4.18) into Eq. (4.7) yields

the diabatic nuclear motion scattering equation

h2
—Z{IV§{A+2W(1)( @) - Vi, + W (qy)} + {e%(ay) — EI} | x*(Ry) = 0.
(4.19)
where

WO (q,) = Wi (qn) (4.20)

tra

The elements of the first-derivative W4(q,) and second-derivative W®(q,) cou-
pling diabatic matrices are analogous to their adiabatic counterparts and given by
Eq. (4.8) with the 12 (n =4, j) replaced by the 2. In addition, €%(qy) is the 2 x 2
matrix defined by

e(an) = U[B(an)] e(ax) UlB(an)] (4.21)

The adiabatic to diabatic transformation eliminates the poles in both the first- and
second-derivative coupling matrices. W(14(q,) does not appear explicitly in Eq. (4.19)
but is equal to Wgaad( ), as can be shown by using Eq. (4.15) in the definition of
WWd(q,) together with Eqs. (4.10) through (4.14). Elements of the diabatic matrix
W@ are usually small in the vicinity of a conical intersection and can be added to
e? to give a corrected diabatic matrix. An approximate estimate of the magnitude of
the elements of this matrix is made at the end of the results section. As can be seen,

whereas in Eq. (4.7) W1 contains both the singular matrix W% and the non-

lon

singular one W™ Eq. (4.19) contains only the latter. Nevertheless, the residual

tra

first-derivative coupling term w{! VRA does not vanish.

tra

A “perfect” diabatic basis would be one for which the first-derivative coupling
W W4 vanishes [22]. From the abovementioned considerations, we conclude, as is well
known [9,23,24], that a “perfect” diabatic basis cannot exist for a polyatomic system
(except when the complete infinite set of electronic adiabatic functions is included [23
27]), which means that W(Y4d(q,) cannot be transformed away to zero. As a result,

the longitudinal and transverse parts of the first-derivative coupling vector are referred
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to as removable and nonremouvable parts respectively. Over the years, a number of
formulations of approximate or quasi-diabatic or “locally rigorous” diabatic states [20,
25-33] have appeared. Only very recently [34-39] have there been attempts to use
high-quality ab initio wave functions to consider the magnitude of the nonremovable
part of the first-derivative coupling vector. In one such attempt [38], a quasi-diabatic
basis was reported for the HeH, system by solving a two-dimensional Poisson equation
on the plane in three-dimensional configuration space passing through the conical
intersection configuration of smallest energy. It seems that no attempt has been made
to get an optimal diabatization over the entire configuration space for a triatomic
system, to facilitate accurate two-electronic-state scattering dynamics calculations.
Conical intersections being omnipresent, such scattering calculations will permit a
test of the validity of the one-electronic-state Born-Oppenheimer approximation as a
function of energy in the presence of conical intersections, by comparing the results

of these two kinds of calculations.

We report here an approach to obtain an optimal diabatic basis over the entire
internal nuclear configuration space, based on the knowledge of the first-derivative
coupling vector over the entire dynamically important part U of that space and appro-
priately chosen boundary conditions. We have applied this approach to the simplest
triatomic system, Hsz, which has a conical intersection between the 1 24’ and 2 2A’
electronic potential energy surfaces (PESs) at equilateral triangle geometries. The
corresponding conical intersection line induces a geometric phase effect, important
for the reaction properties of the ground electronic state [9,40-46]. The lowest coni-
cal intersection configuration energy occurs at 2.75 eV [47]. As a result, for energies
in the vicinity of this value and above, the one-electronic-state Born-Oppenheimer
approximation breaks down and a scattering calculation involving both these states
and their couplings must be used to obtain accurate scattering results for this system.
In this approach, first an adiabatic to diabatic transformation is obtained by calculat-
ing the diabatization angle 3(q,) (appearing in Eq. (4.16)) from the first-derivative

couplings (WM (q,)). This calculation involves solving a three-dimensional Poisson
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equation with boundary conditions that minimize the average value of the magnitude
(1)ad

of W over U. This will allow an initial neglect of the term containing Wy,

tra
in Eq. (4.19) and a later reintroduction of this term followed by a solution using
perturbative or other methods.

Another check of the existence of a non-zero transverse part (W(l)ad or equiv-

tra
(1)ad

o) is the evaluation of line integrals of first-derivative couplings w1

alently w
along loops around conical intersection geometries. If these integrals are carried
along open paths £ in nuclear configuration space, an angular potential ®(qy, qoy; £)

with g\ = qo, can be defined by [18,23,34,48]

B(atr, doy: L) / wl(q,) - def, (4.22)

L qo )

where qg, locates the initial point on £. This angle is called the open-path phase [49].
It is also convenient to define the corresponding closed path phase &1, called the
topological phase [50]:
Br(£) = f wi(ct) - da (423
c
In light of Eq. (4.10), we can define two more angular potentials ®,,,(qx, qo,; £) and

(1)ad

1)ad
and w,,, ,

®irq(ar, oy: £), by replacing wVe? in Eq. (4.22) by Wlon respectively.
The corresponding topological phases @1 o, (L) and Pt 4,.4(L) can be likewise defined

using Eq. (4.23) in lieu of Eq. (4.22):

D yon(L) = 7{ wilod (). dg), (4.24)
L

Sroa(L) — 74 wilod(qf) - def, (4.25)
L

According to the geometric phase theorem [6,34, 35]

1100 (L) = pr (4.26)
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where p = 0 if £ does not enclose any conical intersection and p = 1 if it encloses one

conical intersection. Using this and Eq. (4.10), we have
(DT,tra(ﬁ) = (I)T(,C) — pT (427)

As a result, a necessary but insufficient condition for the first-derivative coupling to
be purely longitudinal is that ®v4.,(L) vanish [38]. Non-zero ®v,(L) and hence

(1)ad
a NON-Zero wy,.,

correspond to the existence of non-zero derivative couplings in-
volving electronic states outside the two-electronic-state sub-Hilbert space [24] being

considered in the present chapter.

In Sec. 4.2, we present an approach to obtain an optimal diabatic basis by using a
Poisson equation obtained from Eqs. (4.10) through (2.21), similar to that used pre-
viously [38], and a special set of boundary conditions. The present Poisson equation
differs from the latter, however, in that it extends over the entire three-dimensional
U domain of configuration space and uses very different boundary conditions. In
Sec. 4.3, we present the results of the diabatization angle calculation and the longitu-
dinal as well as transverse parts of the first-derivative coupling vector and discuss the
possible implications of dropping the transverse part in two-electronic-state quantum
scattering calculations. The open-path phases ®,,, and ®,,, and topological (closed-
path) phases @t ,, and Pt 4., are evaluated, which confirm the presence of a non-zero
transverse part. We also present the diabatic PESs (elements of the 2 x 2 diabatic
energy matrix €%(qy)) corresponding to this optimal diabatic basis and discuss their

features.

4.2 Methodology

4.2.1 Coordinate system

For any triatomic system, the internal nuclear coordinate space Q spanned by qx

is three-dimensional. We adopt the symmetrized hyperspherical coordinates q, =
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(p, 0, ¢y) used previously [9,42-46,51]. The ranges of these coordinates are as follows:
0<p<oo 0<0<7/2 0<oy<2n (4.28)

For a constant hyperradius p, these coordinates span a hemisphere whereas ordinary

spherical polar coordinates span a full sphere.

The Hj system exhibits a conical intersection between the 1 24’ and 2 2A’ elec-
tronic PESs for equilateral triangle geometries, which corresponds to # = 0 and all
values of p and ¢,. Collinear geometries of H3 are mapped by 6 = 7/2 for all values

of p and ¢,.

Projection plots of physical quantities in internal configuration space cartesian
coordinates (X,,Y, Z,), which are related to these symmetrized hyperspherical co-
ordinates, provide valuable information for reactive scattering calculations that use
these physical quantities and hyperspherical coordinates. As mentioned above, for a
constant hyperradius p the hyperspherical coordinates span a hemisphere. Fig. 4.1
shows this hemisphere for a constant p (the radius of this hemisphere) and a point P
on this hemisphere which has 6, ¢, polar angles in the OX,Y ,Z frame and another
related set of polar angles wy, v, in the associated OX,Y Z, frame. +, is the angle
between mass-scaled jacobi coordinates. v, = 0° or 180° (equivalent to § = 90°) cor-
responds to collinear configurations of the H3 system and v, = 90° to configurations
for which the H atom is on the perpendicular bisector of the H—H line. All these

coordinates and their interrelations have been discussed elsewhere [18,52-58].

4.2.2 The Poisson equation

Replacing Eq. (4.13) into Eq. (4.10) results in

whed(q,) = Vo, Blan) + win™(ay), (4.29)
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Taking the divergence of both sides of this equation and using Eq. (4.14) together
with the known property that the divergence of a curl of a three-dimensional vector

vanishes, we get

Ve, Blan) = o(an) (4.30)

where

o(ar) = Vg, - w(ay) (4.31)

is known because w("%(q,) has been accurately calculated and fitted over the en-
tire Q space of interest [18]. Eq. (4.30) is the Poisson equation for 3(q,). Once the

boundary conditions associated with it are chosen, this equation can be solved numer-
(1)ad

tra

ically. Replacing the solution into Eq. (4.29) then furnishes w,,,  (qx) and therefore

the first-derivative transverse coupling matrix

ad
e 0 Wi ()
Wtra (qA) = (432)
ad
—wi () 0

which appears in the diabatic nuclear motion scattering Eq. (4.19). As a result, the
flexibility provided by the selection of these boundary conditions injects an element

of flexibility in the determination of W’ (qy).

In the next section we discuss the nature of the effect of the boundary conditions
on this determination and how to select these conditions so as to result in an optimal

diabatization.

4.2.3 Boundary conditions for solving the Poisson equation

The Poisson equation [Eq. (4.30)], being a second-order partial differential equation,
has an infinite set of solutions because of the infinite choice of boundary conditions
that can be imposed on it. Any of these solutions results in a $(q,) that removes the
singularity in W(e4(q,) at the conical intersection geometries upon the adiabatic to

diabatic transformation defined by Eqs. (4.18) and (4.16). If o(qy) goes to zero at
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infinity, a formal solution that also goes to zero at infinity is [9,19,59]

)
Blan) = / 47T|qk_q&|qu (4.33)

This is, however, not the only boundary condition possible. To pick an optimal set of
boundary conditions we need to look at the individual terms in the diabatic nuclear

motion Schrodinger equation [Eq. (4.19)].

It is customary in two-electronic-state problems to introduce two approximations
into this equation. The first is to assume that the W®4(q,)x?(R,) term is negli-
gible compared to the remaining ones. This term vanishes for a complete diabatic
electronic basis set but not for a two-diabatic electronic basis set. The second is to
assume that the W(l)ad(q)\) - Vr,X*(Ry) term is negligible compared to the remain-

tra

ing ones. This assumption is justifiable if Wﬁt)lad(q,\) is sufficiently small in the entire
internal nuclear configuration space Q and, in particular, in the neighborhood of the
conical intersection. This suggests that we select the boundary conditions satisfied

by Eq. (4.30) so as to minimize as much as possible this transverse part in this space.

We will select a domain V in configuration space Q, enclosed by a boundary
surface S, within which the Poisson equation is to be solved. This domain includes the
dynamically important part of Q. The definitions of V and S are given in Sec. 4.2.4.
As shown in that section, the choice of a reference surface at which the adiabatic
and diabatic wave functions are equal, together with the condition that the adiabatic
to diabatic transformation should reflect the P3 permutation symmetry of the Hj
system, as well as the change of sign under pseudorotations given by Eq. (4.4), fixes
the value of #(qy) on parts of S. On the remaining parts, we pick the following
boundary condition (using Eq. (4.29)),

[VaBlan)ls = [wP*(an)]g (4.34)

The reason for this choice is that if we make the transverse part zero on some parts

of the boundary surface S, Eq. (4.29) leads directly to Eq. (4.34) on those parts. This
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equation corresponds to a Neumann boundary condition for the Poisson equation
and, as proved in Appendix 4.A, minimizes the average value of the magnitude of
this transverse part over the domain V. Using this condition tends to decrease the
magnitude of the Wg}lad(q)\) - Vr,X4R,) term in Eq. (4.19). This is therefore an
optimal boundary condition. It is quite different from setting 3(q,) = 0 at the

boundary, as will be shown in Sec. 4.2.4. In order to assess the effect of W (Ded

tra on

the dynamics, one can first solve Eq. (4.19) omitting that term and then reintroduce
it using perturbation theory or other methods.

4.2.4 Numerical solution of the Poisson equation

We express the Poisson equation in terms of the internal hyperspherical coordinates

p797¢)\ as
0? 20 1 [ 02 0 1 02
a—pQ + ;a—p + ; <w + COte@ + sm—zeafbi)] B(p,0,0x) = a(p,0,¢5) (4.35)

For the Hj3 system, we change the dependent variable 3 to + by the transformation

3(.6,03) = 2~ (0.0, 301). (1.36)

The dependence of v on 3¢, (rather than on ¢, simply) is due to the P3 permutation
symmetry of the Hs system. It should be noted that although the P3 group is iso-
morphic with Cs,, the configurations we are considering are only equilateral triangles
for 6 = 0°. The term ¢,/2 is responsible for the singularity in the first-derivative
coupling vector at conical intersection (§ = 0°) configurations. When ¢, changes by
27 radians during a pseudorotation (which encircles the conical intersection), v does
not change but 3 changes by 7. As pointed out in the beginning of the introduc-
tion, under such a pseudorotation x® changes sign and as a result of Eqs. (4.18) and
(4.16) x? is unchanged and is single-valued. This is a useful property of the diabatic
representation. An approximate analytical expression for 3(p, 0, ¢,) was obtained by

Varandas et al [47] using a double many-body expansion (DMBE) of the two lowest
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electronic PESs for Hj, and is given by

.0, 62) = 2~ 9P (p,6,36) (4.37)

where

go(p) sin 0 sin 3¢,
folp) + go(p) sin @ cos 3¢ + f1(p) sin” 0

1
7 (0, 0,30) = 5 tan”! (4.38)

and go(p), fo(p), and fi(p) are functions that depend only on the hyperradius p.

BPMBE(p, 0, ¢) is accurate close to conical intersection geometries, i.e.,

ﬁDMBE(p7 97 ¢)\) E)) ﬁ(pv 97 gb)\) (439)

In the DMBE treatment, the transverse part of the first-derivative coupling vector is
assumed to be negligible (especially near the conical intersection) as compared to the
longitudinal part. In this approximation wﬁj()ngBE(qA) is required to vanish at all qy,
ie.,

Wonet (q)) = Vg, 82 (q). (4.40)

To test the validity of Eq. (4.39), since we know G°M5%(p, 0, ¢,) analytically, we com-
pared W](Dllv)fgi(qx) with our ab initio first-derivative coupling vector w1 (q,) in re-
gions near the conical intersection and found a systematic mismatch in sign that was
removed by changing the sign of go(p) in the DMBE code. After making this change

these first-derivative coupling vectors agreed quite well in these regions. Rewriting

the Poisson Eq. (4.35) in terms of v(p, 0, 3¢,) by using Eq. (4.36), we get

— ==+ + = | == + cot = +
dp*  pdp  p?

? 20 1[0 0 1 >
00?2 90 sin?0 0¢3

)] 20003600 = 10,6360
(4.41)

This equation was solved using the MUDPACK [60, 61] library of subroutines. This

library permits the solution of two- and three-dimensional linear elliptic partial differ-

ential equations with any combination of periodic, Dirichlet (for which the unknown
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function is specified on the boundary), Neumann (for which a derivative of the un-
known function at the boundary is specified) and mixed Dirichlet-Neumann boundary
conditions. The solution of Eq. (4.41) was obtained on the following restricted domain

V of nuclear configuration space:

1.5 bohr < p < 10 bohr 0.1° <6 <90° 0° < oy <60° (4.42)

The full domain U = 6V has the same p and 6 ranges as in Eq. (4.42) but the
full ¢, range of 0° to 360°. The solution over V leads directly to a solution over U
with the help of the P3 symmetry properties of the system. The use of 1.5 bohr for
the minimum value of p required a small extrapolation of the ab initio first-derivative
couplings available in the 2 bohr to 8 bohr interval. At 2 bohr, the lowest energy point
on the ground adiabatic DSP PES [18] is about 3 V. The corresponding lowest energy
point for p = 1.5 bohr is greater than 5 eV and hence regions of configuration space
for which p < 1.5 bohr (very compact nuclear geometries) will not be important for
scattering dynamics at energies less than 5 eV, approximately. The 10 bohr value was
chosen as the maximum p because at this hyperradius the H + Hjy interaction energy
is too small to affect reaction cross sections of interest to this chapter. The lowest
value used for # was 0.1° because the Poisson equation solver in MUDPACK library
for spherical polar coordinates is unstable for values of § below that value. Besides, at
such small values of 0, both # and 7 are known since the DMBE representation [47]
[Egs. (4.37) and (4.38)] is quite accurate in these regions.

Let us consider the internal configuration space frame OX,Y,Z of Fig. 4.1 in
which an internal nuclear configuration q, is represented by a point whose spherical
polar coordinates are p, 0, ¢,. Fig. 4.2 depicts in this frame the boundary surface S

that encloses the domain V defined by Eq. (4.42). It is comprised of 6 pieces:

a) S1, the surface defined by ¢, = 0°,0.1° < 6 < 90° and 1.5 bohr < p <
10 bohr. It lies on the positive X, and Z quadrant of the OX,Z plane.

Its vertices are points A, B, C and D.
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b) Sa, the surface defined by ¢, = 60°, 0.1° < # < 90° and 1.5 bohr <
p < 10 bohr. It is analogous to Sy, but lies on a plane containing the
OZ axis and making an angle of 60° with the OX,Z plane (measured
counterclockwise from the latter as viewed from a point on the latter

having Z > 0). Its vertices are points E, F, G and H.

¢) Ss, the surface defined by 6 = 0.1°, 0° < ¢ < 60° and 1.5 bohr < p <
10 bohr. It is a piece of a narrow conical surface whose vertices are B, C,

H and E.

d) Sy, the surface defined by 6 = 90°, 0° < ¢ < 60° and 1.5 bohr < p <
10 bohr. It lies on the OX Y, plane. Its vertices are A, D, G and F.

e) Sy, the surface defined by p = 1.5 bohr, 0.1° < 0 < 90° and 0° < ¢ <
60°. It is a portion of a spherical surface of radius 1.5 bohr having as

edges the intersections with Sy, So, Sg and S4. Its vertices are C, D, G and

H.

f) Sg, the surface defined by p = 10 bohr, 0.1° < 6 < 90° and 0° < ¢ < 60°.
It is a portion of a spherical surface of radius 10 bohr having as edges the

intersections with Sy, Sg, S3 and S4. Its vertices are A, B, E and F.

The boundary conditions adopted on S were the following:

a) On Sy,
B(S1) =7(51) =0 (4.43)
for all points on this surface. From Egs. (4.16), (4.18) and (4.36), this

condition results in the relation

Xd(sl) = Xad(sl) (4.44)

In other words, S; is chosen as the surface on which the diabatic and
adiabatic representations coincide. This is a natural Dirichlet boundary

condition.



which force the #-component of wﬁ}
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b) On 52,
B(S2) =7/6 and ~(S3) =0 (4.45)

for all points on this surface. This condition is a consequence of Eq. (4.43)
and the P3 symmetry of the Hs system and forces v to be single valued
upon a pseudorotation of the system around the conical intersection line
between the 1 2A’ and 2 2A’ states of Hg, i.e., to have the same value
at ¢ = 0° and ¢, = 360°. This in turn forces 5(p,0, ¢») [Eq. (4.36)]
to change by 7 upon such a pseudorotation, as required. This is also a

natural Dirichlet boundary condition that follows from the one on S;.

C) On 53,
B(S3) = ¢2/2 and y(S3) =0 (4.46)

for all points on this surface. This is a consequence of the fact that, close to
the conical intersection (§ = 0.1° in the present case), the electronic wave
functions ¥%(r;q,) and w;d(r;qk) are, to first order in 6, independent
of # and depend on q, only through p and ¢, [9]. This is a mandatory

Dirichlet boundary condition.

For boundary surfaces S, through Sg we chose Neumann boundary conditions

)ad

component of this vector to vanish at the S; and Sg boundaries. As proved in Ap-
pendix 4.A, these choices minimize the average value of the magnitude of Wﬁt)}ad over

the space enclosed by S. Specifically, the boundary conditions on S; through S¢ are

as follows:

d) On S4,

B\ _ (O _  (ad ano
<89)S4_ (09)54—0“70 (p79_90 a¢)x) (447)

o to vanish at the S; boundary and the p-
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for all points on this surface. This condition results in the property
Winns (p,0 = 90°, 65) = 0 (4.48)

i.e., the #-component of Wﬁ[)lad is forced to vanish on this surface.

e) On Ss,
op vy (1ad
= = — | — = Y“p=1. h 4.4
(5:). =~ (52), =wo=15vomm 0.0 (ha9)
which results in
win™(p = 1.5 bohr, 8, ¢,) = 0 (4.50)
f) On 56,
85) (597) (1ad
— =— (= =w, " (p =10 bohr, 0, ¢ 4.51
(5:). = (52), = v SERRNCEL
which results in
win™(p =10 bohr, 8, ¢,) = 0 (4.52)

The calculation using the boundary conditions above will henceforth be designated

as byg.

The number of grid points used in the p, # and ¢, directions in the MUDPACK
equation solver was 513, 257 and 65, respectively, for a total of about 8.6 million grid
points. The relative number of points for the three variables was found to optimize the
accuracy of the solution. The grid spacings associated with p and € were smaller than
that associated with ¢, because the Neumann boundary conditions for S, through Sg

and the associated evaluation of numerical derivatives required such finer grids.

v(p, 0, 3¢,), obtained by the solution of the Poisson equation [Eq. (4.41)] with the
boundary conditions just described, was used in Eq. (4.36) to obtain the diabatization
angle, B(p,0,$,). This angle was then used in Eq. (4.29) to obtain the transverse

part of the first-derivative coupling vector. As a check of the self-consistency of the
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calculations performed, we also employed the values of v obtained at the boundary
surfaces S, through Sg as Dirichlet starting conditions in a new solution of the Pois-
son equation involving only Dirichlet conditions. As expected, the new results were

identical to the previous ones within the numerical accuracy of the calculation.

To obtain a quantitative estimate of the sensitivity of the solution of the Poisson
equation to the boundary conditions used, we generated solutions for the following

additional sets of boundary conditions:

1. Neumann conditions on Sz through Sg and Dirichlet conditions on Sy

and S,. The Neumann condition on S3 is given by

B\ _ (O _  (ad g0

which results in the property

w6 =0.1°¢)) =0 (4.54)

tra,

This property is consistent with the boundary condition Eq. (4.46) (at
6 = 0.1° but not necessarily at other small #) and as a result we should
expect this calculation to yield results very close to those obtained in the
by calculation. That did indeed turn out to be the case, the results of the
two calculations differing only slightly near the conical intersection (for
6 < 3°) and being identical (within calculation accuracy) away from it.

The ratio & defined by Eq. (4.56), differed from unity by less than 10~%.

2. Dirichlet conditions v = 0 on all six boundaries S; through Sg. This
calculation without any Neumann boundary condition is expected to give
results that most differ from the optimal by (3 Dirichlet and 3 Neumann)

boundary conditions.

3. Neumann conditions on S; and S; and v = 0 Dirichlet conditions on

the other S;.
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4. Neumann conditions on Sy and Sg and v = 0 Dirichlet conditions on

the other S,.

5. Neumann conditions on S and Sg and v = 0 Dirichlet conditions on

the other S;.

6. Neumann conditions on S; and v = 0 Dirichlet conditions on the other

Si.

7. Neumann conditions on S5 and v = 0 Dirichlet conditions on the other

S;.

8. Neumann conditions on Sg and v = 0 Dirichlet conditions on the other

S;.

The Neumann conditions referred to in 3. to 8. above are those given by Egs. (4.47),
(4.49) and (4.51). The calculations specified in 1. through 8. above will henceforth
be designated as by through bg, respectively. They were all performed using the same

grid parameters as for by, described after Eq. (4.52).

In order to compare results of calculations by through bg, we calculated for each
the corresponding root-mean-square average magnitude of the transverse coupling

vector, over the full domain U of configuration space, defined by

1)ad
<W(1)ad>i [fu |W1§T’a q>\ 2dq)\

tra fU dq)\

/2
] i = 0 through 8 (4.55)

where dq) is the volume element of the domain U. We also obtained the ratios

1)ad
‘= (Wi,
L 1ad
(winy

tra /0

i = 0 through 8 (4.56)

which will be useful for comparing the results of these b; calculations. The larger
(1)a

(Hady “from the minimum

& is, the larger is the deviation of the corresponding (w

value <W$ZL )o. These quantities will permit an assessment of the magnitude of the

minimization achieved in the latter and of the relative importance of using Neumann
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boundary conditions on Sy, S5 and Sg.

In the next section, we present the results obtained for the diabatization angle as
well as those for the longitudinal and transverse parts of the first-derivative coupling
vector. We will also discuss the magnitude of the transverse part in the dynami-
cally relevant regions of nuclear configuration space, the importance of the Neumann
boundary conditions used in its determination, and its possible effect on scattering

calculations upon its reintroduction as a perturbation.

4.3 Results and discussion

4.3.1 Diabatization angle

The function o(p, 8, 3¢, ), needed to solve the Poisson equation, is displayed in Fig. 4.3,
with a multiplicative factor of sin®f, as a function of # and ¢, for p = 2 bohr,
4 bohr, 6 bohr and 8 bohr. This factor is used to cancel out the pole behavior
of o associated with its 1/sin?# dependence. This source term also displays the
permutation symmetry of the Hs system. For p = 2 bohr (panel (a)), it (sin?# o)
has sharp minima of about 0.75 bohr=2 at ¢, = 0°, 120° and 240° while displaying
small oscillations around a flat value in other regions. For p = 8 bohr (panel (d)),
it displays sharp maxima of about 0.45 bohr=2 at ¢, = 60°, 180° and 300° while
staying flat with no oscillations in other regions. Both these extrema (sharp minima
for p = 2 bohr and sharp maxima for p = 8 bohr) occur for all values of 6 with
the most pronounced behavior occuring at # = 90° (collinear configurations). Its
characteristics at p = 4 bohr (panel (b)) are midway between those at p = 2 bohr
and p = 8 bohr, with no sharp features. Besides, at this hyperradius it has oscillations
which show minima around ¢, = 0°, 120° and 240° and maxima around ¢, = 60°,
180° and 300°. At p = 6 bohr (panel (c)), its behavior is similar to that at p = 8 bohr.
In panels (e) through (h) we depict equatorial views of sin? 6 o(p, #, 3¢,) contours and

their mapping onto the Z,7, tangent plane of Fig. 4.1. This mapping is called the
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equatorial view because it corresponds to a non-perpendicular arc-length-preserving
projection of the constant hyperradius hemisphere on a plane tangent to it at the
point on its equator, defined by wy = v, = 7/2. This permits the viewing of all three
possible atom-diatom arrangement channel regions (for the triatomic reaction) as well
as the regions for which the three atoms are at comparable distances from each other,
for a fixed hyperradius p. Maps of this kind have been used before [18,52, 65, 66].
This view of sin? 6 o(p, 6, 3¢,) contours confirms the sharp minima behavior for p =
2 bohr and sharp maxima behavior for p = 8 bohr in different regions of the ¢,
space. They also confirm the flat regions of 0 bohr=2 for p = 6 bohr and p =
8 bohr around ¢, = 0°, 120° and 240° regions of configuration space. Analysis
of w(l)a? at these hyperradii (using their plots from Chapter 3) shows that in and
around these regions of configuration space the coupling vector is about two orders of
magnitude smaller than in the regions of space around ¢, = 60°, 180° and 300°. This
is also evident in the corresponding plots of wl(olzlad (Fig. 4.9) and wiled (Fig. 4.10)
discussed in Sec. 4.3.4, since their sum gives the total coupling vector w . In the

(1)ad

1on 1s much smaller than in other

three ¢, regions mentioned above, the dominant w
regions. This negligibly small magnitude of the coupling vector leads to its negligible
divergence as indicated by the source term o(p, 6, 3¢,) plotted in panels (c), (d), (g)

and (h) of Fig. 4.3.

Solution of the Poisson Eq. (4.41), subject to the boundary condition of Eq. (4.43)
and Egs. (4.45) through (4.52) and the source term discussed above, furnishes v(p, 0, 3¢,)
in the domain of internal nuclear configuration space defined by Eq. (4.42), which is
the entire p and # space but one-sixth of the full ¢, space due to the P3 symmetry of
Hs. This can be extended to the full 0 < ¢, < 27 space by symmetry considerations.
The diabatization angle (3(p, 8, ¢,) is then obtained over the full domain U by using
v(p,0,3¢,) together with Eq. (4.36).

Fig. 4.4 (panels (a) through (d)) depicts the diabatization angle ((p,0,¢,) as
a function of # and ¢, for four different hyperradii. Panels (a), (b), (c¢) and (d)

correspond to the fixed hyperradii of 2 bohr (tight geometries), 4 bohr, 6 bohr, and
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8 bohr (asymptotic geometries), respectively. Panels (e) through (h) display the
equatorial views of 3 contours corresponding to panels (a) through (d) through their
mapping onto the z,y, tangent plane of Fig. 4.1. Since near conical intersection
geometries and even at other geometries (3(p, 0, ¢,) is dominated by the ¢,/2 term,
we plot in Fig. 4.5 (panels (a) through (d)) v(p, €, 3¢,) as a function of 6 and ¢, for
the same hyperradii as before and the corresponding equatorial views in panels (e)
through (h), respectively. In each of the panels in Figs. 4.4 and 4.5, the hyperradius
p is kept fixed and the hyperangle ¢, is varied from 0 to 27 along the circle shown at
the bottom. In addition, the hyperangle 6 is varied from 0 to 7/2, from the center
of that circle (corresponding to = 0 or conical intersection geometries) to its edge

(corresponding to § = /2 or collinear geometries).

Panels (a) through (d) of Fig. 4.6 display cuts of the v(p, 6, 3¢,) plots shown in
panels (a) through (d), respectively of Fig. 4.5 at three values of 6 (5°, 45°, and 90°)
for the same four values of p. The corresponding DMBE angle, v°M®%(p, 0, 3¢,), is
displayed in panels (e) through (h) of Fig. 4.6 for the same 6 cuts and hyperradii.
Since YPMBE(p, 0, 3¢ ) is accurate in the vicinity of the conical intersection, a quantity

DMBE

A, is defined as the maximum difference between v and 7 over all values of ¢,

keeping the values of p and 6 fixed:

A, (p.0) = maz [y(p. 0.36:) — 7" (0,0, 36,)],, (457)

In Fig. 4.7, A, is depicted as a function of 6 for the same four values of the hyperradius

p, since it provides an indication of the p-dependent difference between +""?®

and v as
a function of . As the latter increases from 0° to 90°, the corresponding configuration
moves away from the conical intersection. Fig. 4.8 depicts v4p obtained from the 6
Dirichlet boundary conditions calculation by described in Sec. 4.2.4. Figs. 4.4 through

4.8 are further discussed in Sec. 4.3.4.
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4.3.2 Longitudinal and transverse parts of the first-derivative

coupling vector

The gradient of 3(p, 8, ¢,) furnishes Wl(iglad(qA), and Eq. (4.29) then gives Wt(ic)bad(qA).

We have calculated in Chapter 3 the components of w(1)%(q,) in the directions of the

unit vectors associated with p, 6, and ¢,. We can now calculate the corresponding

hyperspherical components of w')* and w{})*

1ad
components of w1

. The corresponding Q space cartesian

are given by

l(i)f;i sin @ cos ¢y cos@cosd, —sin oy l(iia;l
1(;)1&5 = | sinfsing, cosfsing, cos o, w}jﬂfgl (4.58)
l(;)fj cos —sinéd 0 l(i}la:;k

Yad

- by an analogous expression.

and those of wt(r1

In Fig. 4.9, we present perspective plots of the longitudinal part of first-derivative
(1)ad

lon

coupling vector (w; *") as a function of the hyperangle ¢,, at a fixed hyperradius p
(4 bohr, 6 bohr and 8 bohr) and a fixed hyperangle §. In cartesian language, this
is equivalent to varying x and y on a circle and keeping z fixed. The correspond-
ing adiabatic ground state and first-excited state electronic energies are displayed in
Figs. 3.5 through 3.7 of Chapter 3. Fig. 4.10 presents the corresponding perspective

plots of the transverse part (wﬁiﬁf‘d

) of the first-derivative coupling vector. In both
Figs. 4.9 and 4.10, the panel (a) corresponds to § = 1° (a value very close to the con-
ical intersection geometries of § = 0°), panel (b) to 8 = 30°, panel (c) to § = 60°, and
the panel (d) to # = 90° (collinear geometries). The origin of the coupling vectors lies
on a circle that corresponds to a fixed 6 on the hyperspherical coordinate hemisphere
for the indicated value of p. This circle maps the full ¢, range of 0° to 360°. The
coupling vectors shown in these two figures correspond to the hyperspherical space

being mapped by this circle. Above each of the panels two scales are given. The one

in units of bohr corresponds to the internal nuclear configuration space corresponding
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to the full 0° to 360° ¢, range spanned on the zy plane. The second one, in units
of bohr~!, corresponds to the three-dimensional space sampled by the z, y, and z

components of the coupling vector. The two spaces co-exist on the xy plane.

The Wl(olr)z and th  plots at 6 = 1° (panel (a) in Figs. 4.9 and 4.10) have been
included to show their behavior near the conical intersection. The 6 = 90° case (panel
(d) in these two figures), corresponds to collinear geometries for the triatomic system.
This case is important for lower energies due to the collinear dominance of the H +
H, reaction at those energies, as will be discussed in Sec. 4.3.4. The § = 30° and
6 = 60° cases (panels (b) and (c), respectively) have been included to gauge the
importance of the coupling vector away from the conical intersection as well as from
the collinear geometries. Fig. 4.11 displays the corresponding perpective plots of the
Wﬁfg p vector, obtained in the by calculation described in Sec. 4.2.4 using 6 Dirichlet
boundary conditions, at p = 4 bohr, 6 bohr and 8 bohr. It has been provided to

permit a comparison of the magnitude of this vector with that obtained from the

optimal calculation (shown in Fig. 4.10).

Da

We can now check whether the Wl(on and th ¢ described above satisfy Eq. (4.26)

and Eq. (4.27), which are consequences of the geometric phase theorem. This is a
(1)ad

on and

numerical self-consistency check. Writing Eq. (4.26) explicitly in terms of w
the symmetrized hyperspherical coordinates, and taking for path £ a closed loop
around the conical intersection between the 1 24’ and 2 2A’ states of Hs, we get for

the longitudinal topological phases [Eq. (4.25)] the expression

1 1on(p,0) = f W (56,84 psinf dd (4.50)

(1)ad ad

where w;,; o is the ¢ -component of W(l) vector. Similarly, the transverse topolog-
(1)ad

. as

ical phase [Eq. (4.25)], can be written in terms of wy,

D1y, 0) = ]4 W (5.0.6) psind dg), (4.60)

where Wgt)f; is the ¢)-component of wt(i}fd vector. The corresponding longitudinal
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and transverse open-path phases associated with Eq. (4.22) can be expressed in the

symmetrized hyperspherical coordinates as

23N
Dion(62: p, ) = / w9 (50,84 psin o, (4.61)
0

and

2 Dad Sy ,
Dira(dr; p,0) = Wira, A(p,@, @) psind do
0

03N
= [ 00,6 psing ds — (4.62)
0

where p = 1 is used along with Eq. (4.27), since £ encircles the one conical intersection
mentioned above. The relation between these open-path phases and the corresponding

topological phases is obviously

(PT,lon(pa 0) = (I)lon(27T; P, 9) (463)

Prira(p,0) = Pua(2m;p,0) (4.64)

In Fig. 4.12 (panels (a) through (d)), we display ®;,,(¢x; p, €) as a function of ¢,
evaluated using Eq. (4.61) for four values of p (2 bohr through 8 bohr every 2 bohr,
respectively) and four values of 6 (1°, 30°, 60°, and 90°). In Fig. 4.12 (panels (e)
through (h)) we depict ®;,.,(dx;p,0) as a function of ¢, evaluated using Eq. (4.62)
at the same values of p and 6. The values of the corresponding topological phases
D1 1on(p, 0) and Ot 4,.4(p, 0) can be read off these panels by taking the open-path phases
at ¢ = 27 (or 360°). The results shown in Figs. 4.9 through 4.12 are analyzed in
Sec. 4.3.4.

4.3.3 Diabatic potential energy surfaces

Once the diabatization angle (3(qy) is known from the solution of Poisson equation,

the diabatic energy matrix €%(qy) can be evaluated using Eq. (4.21) which in extended
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form is:

5?1(%\) 561l2(Q>\) €1
el(qn) = = U[B(ay)] U[B(an)] (4.65)

531(@\) 5%2(%\) 0 e5%(an)

where U[B(qy)] is given by Eq. (4.16). &%4(qy) and £3%(qy) are respectively the
adiabatic ground and first-excited PESs which have been fitted earlier to the ab intio
energies using the DMBE-Single-Polynomial (DSP) method [18]. From this expression

we get

efi(an) = cos? B(an) ef%(qn) + sin® (an) €5%(qn)
edy(an) = sin® B(qn) €9%(an) + cos® 3(an) £5%(an) (4.66)

ela(an) = 91 (an) = cos B(an) sinB(an) [e5%(an) —ei(an)]

Fig. 4.15 and panels (a) and (b) of Figs. 4.13 and 4.14 show the adiabatic and
diabatic PES contours in the X, Z, plane of Fig. 4.1, which corresponds to the v, = 0°
and 180° cuts. Panels (c¢) and (d) in Figs. 4.13 and 4.14 show these contours in the
Y Z, plane of Fig. 4.1 corresponding to the v, = 90° cut. Fig. 4.16 depicts the
conical intersection energies, corresponding to equilateral triangle configurations, as
a function of p for four sets of electronically adiabatic ab initio PES calculations:
DSP [18], LSTH [62-64], DMBE [47] and EQMC [66]. The DSP curve corresponds to
the Z, = 0 energies in panels (c) and (d) of Fig. 4.13. Figs. 4.17 through 4.19 show
equatorial views (described in the first paragraph of Sec. 4.3.1) of the PES contours
through their mapping onto the z,y, tangent plane of Fig. 4.1. In the next section
we will discuss the features of the adiabatic and diabatic PESs through their contours

displayed in Figs. 4.13 through 4.15 and 4.17 through 4.19.
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4.3.4 Discussion

Fig. 4.4 (panels (a) through (d)) displays the diabatization angle ((p, 0, ¢,) for four
fixed values of the hyperradius p. In all these panels, the dominance of the ¢, /2
part of 3 is clearly visible: as ¢, increases from 0 to 27, (§ varies from a value close
to 0 to a value close to m. Besides this behavior, some small variations are visible
in the ¢ -dependence of 3. Due to the dominance of the ¢,/2 term, it is hard to
distinguish the ( at p = 2 bohr (corresponding to a compact set of geometries) from
that at p = 8 bohr (corresponding to a near-asymptotic set of geometries), except
for the small variations mentioned above which become slightly more prominent as p

increases from 2 bohr to & bohr.

Panels (e) through (h) of Fig. 4.4 depict the equatorial view of the contours
corresponding to the [ panels (a) through (d). In these equatorial views, the three
atom-diatom arrangement channels lie along the ¢, = 0°, 120° and 240° lines. These
panels show that their contour lines are mainly radial, independently of the value
of p. This is a consequence of having set v = 0° at ¢, = 0° and 60° (the S; and
S, boundary surfaces), for the reasons given in Sec. 4.2.4. They also show clearly
the ¢,/2 dependence of (3 with the contour values increasing with an increase in ¢,.
Hence, although in this view the 3 contours seem to have P3 symmetry they actually
don’t, due to this ¢,/2 dependence. The feature that is clear in these contours of (3
that was not very obvious in panels (a) through (d) of Fig. 4.4 is that 3 increases
sharply with an increase in ¢, around the ¢, = 60°, 180° and 300° lines and increases
slowly in other regions. This sharp increase becomes sharper with an increase in p
as we go from panel (e) (p = 2 bohr) to panel (h) (p = 8 bohr). In each panel, the
line corresponding to ¢, = 0° and 180° is interesting because on the ¢, = 0° line
is zero and on the 180° line it is 90°. This has the following effect on the behavior
of diabatic surfaces €4,, €4, and ¢4, (using Eqs. (4.66) discussed in Sec. 4.3.3) and on
the diabatic nuclear wavefunctions y¢ and x§ (using Eqs. (4.18) and (4.16) discussed
in the introduction section): (a) the coupling PES ¢4, is zero on both these ¢, lines;

(b) on the ¢y = 0° line, £¢, = &4 and 4, = £5¢ which means that the adiabatic and
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diabatic nuclear wavefunctions coincide on this line; and (c) on the ¢, = 180° line,
ed = 8% and €%, = £9¢ which means that the adiabatic nuclear wavefunctions are
switched in the diabatic representation on this line with one of them switching the
sign also, i.e., x¢ = x2¢ and x = —x%¢. This provides good physical insight into the
behavior of the diabatic PESs and diabatic nuclear wavefunctions in terms of their
adiabatic counterparts on the ¢, = constant half-planes in configuration space just
considered. Other interesting ¢, half-planes are those corresponding to 45° and 135°

because along them ¢, and €, coincide.

It is hard to see any quantitative variation in [ as a function of the hyperangle 6.
To make this and previously mentioned distinctions clear, panels (a) through (d) of
Fig. 4.5 display the v(p, 0, 3¢,) part of the diabatization angle, which doesn’t contain
the dominant ¢, /2 term. In all these panels, the P3 symmetry is visible, as 7 repeats
itself every 27/3 radians. For p = 2 bohr, v fluctuates as a function of ¢, between -5°
and +5°. As a function of # (looking from the center of the bottom circle to its edge),
it starts from 0° at @ = 0° and increases (or decreases) to its maximum (or minimum)
value at § = 90°. For p = 4 bohr (which is dynamically an important region), the
oscillations of v with ¢, are sharper (as compared to the p = 2 bohr case), and have
a larger amplitude staying between -16° and +16°. As 6 is varied, v has the same
behavior as that for the p = 2 bohr case. For p = 6 bohr and 8 bohr ~ displays
sharper oscillations and amplitudes that stay between -20° and +20°. This indicates
that it is approaching the asymptotic limit as p increases. Their #-dependence of
is similar to that for the p = 2 bohr and 4 bohr cases. Since the diabatization matrix
U[G(qy)] elements are sines and cosines of # (see Eq. (4.16)), the dominance of the
¢x/2 term manifests itself as a change in the sign of the electronic and the nuclear
adiabatic wave functions and forces the diabatic wave functions to be single-valued, as
discussed previously after Eq. (4.36). The v term in that equation will be important
in determining the characteristics of the diabatic PESs that appear in Eq. (4.19).

Panels (e) through (h) of Fig. 4.5 depict equatorial views of 7 contours corre-

sponding to panels (a) through (d), respectively. These panels show the expected Pj
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symmetry. Again, the contour lines have a strong radial behavior for all values of p
due to the choice of boundary conditions on S; and S, just mentioned. In addition,
the sharp rise observed in the ( panels discussed earlier around ¢, = 60°, 180° and
300° lines is manifested in these v contours with the sharpness rising with an increase
with p as we go from panel (e) (p = 2 bohr) to panel (h) (p = 8 bohr). Across these
¢y lines v goes from a large positive value to a large negative value, the absolute value

of which also increases with p.

Three constant-6 cuts of v plots in Fig. 4.5, which provide additional insight
into the features of v, are shown in Fig. 4.6 (panels (a) through (d)). In each of
these panels, the # = 5° cut (shown as a solid line) depicts the behavior of 7 in
the vicinity of equilateral triangle geometries. = 90° cut (dotted line) shows it for
collinear geometries and 45° cut (dash-dotted line) shows it for a set of intermediate
geometries. For all three cuts the amplitude of the oscillations in « is smallest for p =
2 bohr and increases as p increases to 8 bohr. The increase in this amplitude is largest
in going from p = 2 bohr to 4 bohr and tapers off by 8 bohr. Another interesting
feature not very clear in the v plots of Fig. 4.5 is that +, which repeats itself every
27/3 radians with a maximum in the first half and a minimum in the second half
of any 27/3 radians period in ¢,, doesn’t display that maximum (or minimum) at
the exact middle of those halves but is skewed towards the middle of those full 27/3

DMBE

radians periods. The corresponding cuts for are shown in Fig. 4.6 (panels (e)

DMBE

through (h)) for comparison. For p = 2 bohr, v shows a maximum, where v shows

a minimum and vice versa. For all other p, it shows the qualitatively correct behavior
but with the absolute value of its maximum (or minimum) always smaller than that

DMBE

of 7. Also, for all p, the agreement between ~ and v gets worse as 6 is increased.

To make this comparison more quantitative, we show in Fig. 4.7 the quantity A, (p, )

DMBE

defined by Eq. (4.57) as a function of § for fixed values of p. As expected, v agrees
in general with the present optimal « only close to the conical intersection (6 = 0°).
In the vicinity of p = 4 bohr, this agreement is very good up to about 8 = 30°.

This analysis shows that even if the transverse part of the ab initio first-derivative
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coupling is ignored, as was done in the DMBE treatment [47], v°P* and hence °"®
agrees with the current v only in the vicinity of the conical intersection, as expected,
and should not be used to construct diabatic states and nuclear wavefunctions for

accurate two-electronic-state scattering calculations.

Fig. 4.8 displays 7p obtained from the Poisson equation solution using only
Dirichlet boundary conditions. Comparison of panels (a) through (d) of this fig-
ure with panels (a) through (d) of Fig. 4.5 shows that the maximum magnitude of
Yep 1s on average half that of the optimal ~. This can be qualitatively explained
by the fact that vgp is made to be zero at all six boundaries and hence it doesn’t
increase enough in magnitude inside the enclosed region to become smaller than the
corresponding optimal . In addition, the maxima and minima in ~gp occur in the
same ¢, regions as those of the corresponding optimal . Comparing the contours of
vep (Fig. 4.8 panels (e) through (h)) with those of the optimal v (Fig. 4.5 panels (e)
through (h)) highlights the qualitative similarity in the sharp rises around ¢, = 60°,
180° and 300°.

As mentioned in Sec. 4.3.2, Fig. 4.9 displays the longitudinal part (Wl(olzlad) of the
first-derivative coupling vector for p = 4 bohr, 6 bohr and 8 bohr. It has four sets of
panels: (a) @ = 1° (triatomic geometries near the conical intersection), (b) 6 = 30°,
(c¢) # = 60°, and (d) @ = 90° (collinear triatomic geometries). Fig. 4.10 displays the
(lzlad>

corresponding plots for the transverse part (wy, of that coupling vector.

The panels in the leftmost column of Fig. 4.9 present the Wl(olzla

 vector for p =
4 bohr, which is expected to be of high dynamical importance for the H + Hy reaction.
For the 6 = 1° case (Fig. 4.9 (a), p = 4 bohr), the longitudinal vector has a magnitude
of about 5 bohr~! and a negligible z-component, translating into a strong dominance
of its ¢y-component near the conical intersection. The adiabatic energies (E; and E,,
see Fig. 3.5 in Chapter 3) are comparable and stay around 3.6 eV in this region. At
0 = 30° (Fig. 4.9 (b), p = 4 bohr), values of E; as low as 1.5 eV occur, Es is 5 eV or

(1)ad

larger and w, " has a smaller magnitude as compared to the § = 1° case (Fig. 4.9

(a), p =4 bohr). At § = 60° (Fig. 4.9 (c), p = 4 bohr), values of E; as low as 0.25 eV
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occur, Es is 6 eV or larger, and Wl(;)fd shows a sharper variation with ¢, than before
(Fig. 4.9 (b), p = 4 bohr) around ¢, = 60°, 180°, and 300°. At § = 90° (Fig. 4.9
(d), p = 4 bohr), which corresponds to collinear geometries, E; energies as low as

0.2 eV occur and this PES varies more rapidly with ¢, than for the smaller values
(1)ad

lon 18 comparable to the previous § = 60°

of 8, and E, is again 6 eV or larger. w
case. For the p = 6 bohr (panels in the central column of Fig. 4.9) and 8 bohr (panels
in the rightmost column of Fig. 4.9) cases, which correspond to triatomic large sized
geometries, the electronic energies as well as the longitudinal vectors have general
characteristics that are analogous to the p = 4 bohr case. In both these cases, E;
energies as low as 0.2 eV occur and wl(olflad has comparable or larger magnitudes with

maxima around ¢, = 60°, 180°, and 300°.

The panels in the leftmost column of Fig. 4.10 display ng()lad, the transverse part of

the coupling vector for p = 4 bohr, where we observe very small absolute magnitudes
near the conical intersection (6 = 1°, Fig. 4.10 (a)). For this value of p, as we move

d .
()la increases to between

away from the conical intersection, the magnitude of Wg
0.05 bohr=! and 0.1 bohr~!. There is also an initial increase (up to around 6 = 60°,

Fig. 4.10 (c)) and a final decrease in the relative magnitude of its z-component.

(1)ad

irap) Of the transverse coupling vector at 6 = 90° should be

The 6-component (w
zero (due to the Neumann condition imposed at this boundary by Eq. (4.48)). This
should manifest itself in the z-component of the transverse vector being zero (due
to Eq. (4.58)). Fig. 4.10 panel (d) (for p = 4 bohr) shows that it is close to zero
(less than 0.001 bohr™!) everywhere except at ¢, = 0°, 120° and 240°, where it is of
the order of 0.030 bohr~!. This is due to the Dirichlet boundary condition imposed
on v at ¢ = 0° (due to Eq. 4.43)) and by symmetry at 120° and 240°. A look
at the adiabatic energies in these regions (see Fig. 3.5 in Chapter 3) indicates that
these energies remain higher than 10 eV in these regions, so these regions will not be
accessible for scattering at or below 5 eV. For p = 6 bohr (central column of Fig. 4.10)

and p = 8 bohr (rightmost column of Fig. 4.10), nothing unusual happens except for

the fact that away from the conical intersection the magnitudes of wﬁ}}l“d increase to
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the 0.01 bohr~! to 0.02 bohr~! range.

A comparison of the transverse coupling vectors (Fig. 4.10) with their longitu-
dinal counterparts (Fig. 4.9) leads to the following conclusions. For all hyperradii
shown, the transverse vectors have similar magnitude x, y, and z components, where
the z and y components are smaller in general than their longitudinal counterparts.
Comparing Figs. 4.9 (a) and 4.10 (a) for p = 4 bohr, both of which correspond to
0 = 1° (near-conical intersection geometries), the transverse (or nonremovable) vec-
tor is three orders of magnitude smaller than its longitudinal counterpart, a typical
situation near the conical intersection. Analogously, comparing Figs. 4.9 (d) and 4.10
(d) for this hyperradius, both of which correspond to 6 = 90° (collinear geometries),
the magnitudes of the transverse and longitudinal vectors are similar to each other
but at least an order of magnitude smaller than the magnitude of the longitudinal
vector near the conical intersection. These conclusions are valuable due to the dy-
namical importance of p = 4 bohr. Near the conical intersection (§ = 1°), ground
(E;1) and first-excited (E;) adiabatic PESs are very close to each other (see Fig. 3.5
in Chapter 3), so one expects that there will be maximum hopping of the nuclei be-
tween these PESs. In this region, the transverse (nonremovable) part is quite small
(around 0.005 bohr™! or less) and so this part is expected to have only a small effect
on the reactive scattering. Near the collinear geometry regions, 8 = 90°, the E; and
E, adiabatic PESs are separated by around 5 eV, so although the transverse vector
is not that much smaller than the longitudinal vector, the separation between the
surfaces is big enough that it should prevent any noticable hopping of nuclei from one
surface to the other. The same analysis for p = 6 bohr and 8 bohr leads to similar
conclusions. The main points of difference are as follows. As we go from the conical
intersection region, 8 = 1°, to the collinear region, § = 90°, the transverse vector re-
mains at least an order of magnitude smaller than the longitudinal vector, whenever
the two surfaces are closer than 5 eV. The transverse part becomes comparable to
the longitudinal part only in regions where the two surfaces are separated by 5 eV or

more.
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Fig. 4.11 depicts the transverse vector wt(:()lflg p obtained by the all-Dirichlet Poisson
equation calculation by described in Sec. 4.2.4. Its leftmost column (p = 4 bohr)
compared with the optimal wﬁ}}l“d (leftmost column of Fig. 4.10) shows that the
magnitudes of the former are 2 to 4 times those of the latter. The middle column of
Fig. 4.11 (p = 6 bohr), compared with the corresponding column of Fig. 4.10, shows
that wnggD is 5 to 10 times larger in magnitude than Wgc)fbd. A similar comparison
of the rightmost column (p = 8 bohr) shows its magnitude to be 10 to 50 times
larger than that of the optimal wt(i}fd vector. To make this comparison quantitative
over the full domain U we evaluated, using Eq. (4.55), the average magnitude of

both transverse parts and found them to be 0.0208 bohr~! for the optimal transverse

vector and 0.0981 bohr~! for the full-Dirichlet w!®

d transverse vector, resultin
tra,6D ) g

in a value of the ratio defined by Eq. (4.56) of & = 4.7, i.e., the Wﬁ?ﬁdD vector
is in average nearly five times larger than the optimal one. This shows that the
minimization provided by the three-Neumann boundary conditions of the optimal
calculation by is very significant. Since it is the transverse part that is retained in
the diabatic equations describing the nuclear motion, and has been minimized over
the entire important domain U of nuclear configuration space, it will be interesting
to determine by a perturbative treatment how and in what regions of that space it

will affect the scattering dynamics for the H3 system at energies of the order of 5 eV

and below.

The values of the (w'*), for the calculations by through bs were 0.0856 bohr~!,
0.0236 bohr~!, 0.0683 bohr~!, 0.0863 bohr—!, 0.0978 bohr~! and 0.0687 bohr~!, re-
spectively, resulting in corresponding values of &; of 4.1, 1.1, 3.3, 4.1, 4.7 and 3.3.
Two important conclusions are as follows:

a) The by calculation (Neumann conditions on Sy and Sg and Dirichlet conditions

~v = 0 at other S;) is almost as good as the optimal by calculation.

b) The order of importance of using Neumann boundary conditions to minimize

(wiledy ig S first, followed by Sy and Ss.

Fig. 4.12 shows the longitudinal ®;,,(¢x; p,0) and transverse ®y..(y; p, ) open-
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path phases as a function of ¢, for four values of # and four values of p evaluated using
Egs. (4.61) and (4.62). For the § = 1° case, to a very good approximation (0.2 %
or smaller difference) ®,,, is equal to ¢,/2 for all the values of p considered. This is
clearly expected because this value of 6 corresponds to a region of configuration space
very close to the conical intersection and ¢, /2 is a leading term of the diabatization
angle (3, 7 being very small in that region. For other values of 8, ®;,,, fluctuates around
this ¢,/2 value and returns to it at regular intervals of 60° in ¢,. As a result, we
can approximate ®;,, by a sum of two terms, the first one being ¢, /2 and the second
more complicated one possessing the P3 symmetry (of Hj) via a sin 3¢, dependence.
This second term is the 7 term of the diabatization angle 3 given by Eq. (4.36), since
from Eqs. (4.13) and (4.61) we have ®,,, = (. The fluctuations in ®,,, about ¢,/2
are due to this second term and have an amplitude which increases monotonically
with p between p = 2 bohr and p = 8 bohr. This seems to stem from the fact that
for a large value of p, the length of the circular loop around the conical intersection is
large, which leads to a large phase accumulation in these fluctuations. As mentioned
in Sec. 4.3.2, the corresponding topological phases (closed-loop line integrals, @+ 0,)
can be read off these panels by looking at the value of ®,,, at ¢, = 27. It can
be seen that for all values of p and 6 considered in Fig. 4.12 (panels (a) through
(d)), ®r40n = m, satisfying the condition given by Eq. (4.26) for p = 1 since we are
encircling only one conical intersection, the one between the 1 2A’ and 2 2A’ states of

H;.

The transverse open-path phase ®y.,(dx; p, ) was evaluated as a function of ¢,
by using both the middle part and the right-hand side of Eq. (4.62) for the same four
values each of p and 6, used for ®;,,. Both evaluations give identical result, which is
shown in panels (e) through (h) of Fig. 4.12. This again is consistent with the fact
that we are encircling one conical intersection. For the § = 1° case, ®,,, is nearly zero,
which, is expected due to the dominance of Wl(;)fd over Wﬁ[)lad in this region close to

the conical intersection. In general, for each 6, ®;,, is the sum of a linear term in ¢},

whose slope can be positive, negative or zero, plus an oscillatory term of period 27 /3.
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Also, the corresponding topological phases @t 4. (Piq at ¢y = 27) show a value close
to zero not only for § = 1° and all four values of p, but also for § = 90° (i.e., collinear
geometries) at p = 4 bohr. Examination of the wﬁiﬁf‘d vector (Fig. 4.10) at these
geometries shows that its magnitude is comparable to its value at other geometries
where @4, is significantly different from zero. We conclude that the vanishing of

Ot 4 is a necessary but insufficient condition for the the first-derivative coupling

vector to be purely longitudinal.

Using the diabatization angle § obtained as described in Sec. 4.3.1 and discussed
in the first two paragraphs of the present section, and the adiabatic ground and first-
excited DSP PESs obtained previously [18], we have calculated, using Eq. (4.65), the
diagonal and off-diagonal elements of the diabatic energy matrix 4. Fig. 4.13 shows
the cuts of the adiabatic ground (£9¢) and first-excited (£4?) PESs with the X,Z)
and Y Z, planes as explained in Sec. 4.3.3. Panels (a) and (b) correspond to collinear
configurations and show the three atom-diatom channels. For such configurations,
the lowest value of €4 is 0.013 eV (close to the H + Hy limit) and that of €4 is
4.62 eV (close to the H + H + H limit). In addition, since the intersection between
these two PESs occurs for equilateral triangle (6§ = 0°) geometries, the collinear
(0 = 90°) cuts of these panels do not intersect. Panels (c¢) and (d) correspond to
perpendicular configurations, which for Z, = 0 are equilateral triangles and hence
conical intersection configurations. Therefore, the dashed horizontal lines in these
panels (at Z, = 0) correspond to the conical intersection lines for which £§? = £4?. The
minimum value of this conical intersection energy for the DSP PESs [18] also used in
the present calculation is 2.85 eV and occurs for p = Y =2.6 bohr. The corresponding
point is located in panel (d) inside the 3 eV contour. The hyperspherical coordinates
don’t span negative values of Y, but these are nevertheless included for convenience.
The highest energy contour for £{¢ depicted in panel (c) is for 2.4 eV and the lowest
energy contour for €3¢ depicted in panel (d) is for 3.0 eV. The conical intersection
energies (corresponding to Z, = 0 in panels (c) and (d)) are displayed in Fig. 4.16
as a function of p for the DSP, DMBE, LSTH, and EQMC PESs. The minima of
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the latter three are 2.75 eV, 2.76 eV and 2.73 eV, respectively. The minimum DSP
conical intersection energy of 2.85 eV mentioned above is slightly higher than that for
the latter three PESs. This is due to the fact that ab initio electronic energies used
for fitting the DSP PESs were gotten from calculations performed to obtain good
representative ground and first-excited state energies. This leads to a slightly higher
DSP energy than it would be, if the basis set used was chosen to optimize the ground

state energies only [18].

Fig. 4.14 depicts the diagonal elements (¢, and €%,) of the diabatic energy matrix
on the same cuts as Fig. 4.13. For the collinear configurations (panels (a) and (b)),
lowest £¢, and £%, contours occur for 0.5 eV but in different regions of the internal
configuration space. The €%, minimum occurs in the positive Z, region for some
values of X at which £%¢ contours also show a minimum. The %, minimum however
occurs in the negative Z, region for some values of X at which ¢ contours also
show a minimum. Interestingly, the saddle point at X, = 0 in ¢ (Fig. 4.13(a))
transforms to a well roughly 2.0 eV deep for €3,. The behavior of £f; in this region is
very similar to that of €3¢ (Fig. 4.13(b)). The €4, and &%, PESs display an intersection
at collinear geometries at about 4.5 eV. No intersection is present for such geometries
between the £9¢ and 3¢ PESs. For the perpendicular configurations (panels (c) and
(d)), the relation of ¢, and &4, with £¢¢ and £3¢ is similar to that for the collinear
case. Also for these configurations, the ¢, and 4, PESs display an intersection at
around 2.85 eV, similar to the one between the adiabatic PESs. Fig. 4.15 shows the
off-diagonal element %, of the diabatic energy matrix for collinear configurations.
This element vanishes for perpendicular configurations. From Egs. (4.66) and (4.36)
it can be easily shown that in general %, is antisymmetric with respect to ¢, = 0°
and ¢, = 180°, i.e., the Y Z, plane, for which X, = 0. Fig. 4.15 corresponds to
Y = 0. As a result, this antisymmetry manifests itself in that figure with respect to
the X, = 0 axis. This translates into ¢4, being attractive for X, > 0 and repulsive for
X, < 0. Since &4, is of the same order of magnitude as ¢, and €%, and it is the largest

term that couples the two nuclear motion scattering equations in the two-electronic-
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state diabatic representation of Eq. (4.19), it should be of major importance for the

dynamics of the H + Hy reaction at energies for which the two PESs participate.

Fig. 4.17 displays the adiabatic PESs in equatorial views for four values of the
hyperradii p (2, 4, 6, and 8 bohr). These PESs have been discussed in the last
chapter and are repeated here only for comparison with the corresponding views of
the diabatic PESs. Fig. 4.18 depicts the diagonal ¢4, and ¢4, PESs in the equatorial
view for the same four values of p. The P3 symmetry of the adiabatic PESs is lost in
the diabatic representation due to the ¢,/2 term in 5 (see Eq. (4.36)) which doesn’t
have the required 3¢, dependence. For p = 2 bohr, the lowest contour displayed for
both the €%, and €%, PESs is the 3.5 eV contour. For p = 4 bohr, 6 bohr and 8 bohr
it is the 0.5 eV contour. A close look at all panels in Fig. 4.18 indicates that the top
half circle of €f; looks like £{¢ and the bottom half looks like €4, Similarly, the top
half of €%, looks like €3¢ and the bottom half looks like £¢¢. This is closely related
to the discussion involving Fig. 4.4, where for the ¢, = 0° line (lying in the top half
circle) 3 = 0° making €¢; = €% and e4, = £3¢ and for the ¢, = 180° line (lying in the
bottom half circle) 3 = 90° which makes ¢4, = €4 and e}, = £¢¢. Fig. 4.19 shows the
off-diagonal €{, term of the diabatic energy matrix in an equatorial view for the same
four values of p. As in Fig. 4.15, the contours are antisymmetric with respect to the
éx = 0°,180° (i.e., the Y Zy plane), one half of the ¢4, PES being repulsive and the
other half attractive. It displays a large flat region of 0 eV around the ¢, = 0°,180°
lines suggesting negligible coupling in these regions. It will be interesting to see how
this antisymmetric property of €4, affects the scattering dynamics in the regions for

energies of interest (less than 5 eV).

Using the diabatic version of the closure relation [Eq. (3.42)], and Eq. (4.20), the
elements of the diabatic second-derivative coupling matrix W®4(qy) of Eq. (4.19) can

be expressed as

1)ad 1)ad
q)\) =Wy 9 (q)\) = - Wg,%,tra(q)\) ' W§,%,tr(z(q)\)

(4.67)
wi (@) =wil(an) = 0
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where both (—A2%/2p) Wffd(q,\) and (—h%/2p) W;?%d((])\) can be labelled as £4(q,).
The values of this (approximate) £??(qy) calculated from this equation, using the
ng‘ia (q,) vector obtained in this chapter, are smaller than 0.08 kcal mol ™" over the
entire nuclear configuration space involved, and to a very good approximation can be

neglected.

We conclude, from the discussion in this section, that neglecting the transverse
(nonremovable) part of w(9? in the diabatic nuclear Schrédinger equation should be
a good approximation in the first step of an accurate two-state scattering calculation.
As we have already computed this nonremovable part, we can add it as a perturbation
to the scattering results in a second step. Use of the global optimal diabatic basis
reported here is underway in the implementation of a two-electronic-state scattering

calculation for Hs.
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Appendix 4.A - Optimal boundary conditions for the diabati-

zation angle Poisson equation

Consider the Helmholtz decomposition of the first-derivative coupling vector wM(q)
given by Eq. (4.29) after dropping the subscript A from qy, as the following discussion
doesn’t depend on it:

wu(q) = Vo i3(q) + Wi (q) (4.68)

where the diabatization angle 5(q) is the solution of the Poisson equation [Eq. (4.30)]

Veb(a) = o(q) (4.69)

the source term o(q) being defined by

o(q) = Vq - wh(q) (4.70)

Let fBy(q) and £1(q) be solutions of Eq. (4.69) subject to boundary conditions
specified by the functions By(qs) and B;(qs), respectively and to be given in greater
detail below. qs designates values of q on the boundary surface S that encloses the
domain V in which Eq. (4.69) is to be solved. In the symmetrized hyperspherical
coordinates q (p, 0, ¢»), that domain is given by pmin < 0 < Prazs Omin < 0 < Oas
and Oamin < Ox < Gxamaz- S is comprised of 6 parts S; (i = 1 through 6) described
in Sec. 4.2.4. Dirichlet conditions are used on the Sy, So and Sz parts of S for the
reasons described after Eqs. (4.43), (4.45) and (4.46). As a result of these equations
and Eq. (4.36) we have

50(S2> = 77'/6 61(52) = 7T/6 (471)
Bo(S3) = ¢r/2  Bui(Ss) = ¢a/2
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This leaves the three remaining boundary surfaces S through Sg on which Neumann,

Dirichlet or mixed boundary conditions may be adopted.

Let us define a residue function F(/3(q)) that measures the square of the average
)ad

a

magnitude of wt(: (q) over the domain V

E(B(q) = / w(q) — Vai(q)]  dg (4.72)

In addition, let
AB(q) = Ai(a) — Bo(a) (4.73)

We now impose the condition that 5y(q) be the solution of the Poisson equation that

L 1)ad , »
minimizes the average value of |wt(,,()la (q)| over V. This condition can be expressed as

{ B (@) + eddla) | (= 0) =0 (4.74)

This minimization condition will result in a specification of the boundary function
Bo(qgs) and of the nature of the associated boundary condition (Neumann, Dirichlet

or mixed), as described below.

In light of the Dirichlet conditions represented by Eqs. (4.71), the quantity AF(q)

is given by
AB(S1) =0
AB(Sz) =0 (4.75)
AB(S3) =0

on the two ¢, boundary surfaces S; and Sy and the minimum € boundary surface Ss.

Replacement of Eq. (4.72) into Eq. (4.74) results in

{% /v (W (q) — VBo(a) — €VqA6(q)]2 dq} (e=0)=0 (4.76)

Since q and € are independent variables, we can interchange the order of differentiation
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and integration in this expression to get
/V (W (a) = Vaho(a)] - VaAs(a)dg =0 (4.77)
With the help of the identity
u-Vou=Vg-(vu) —v(Vy-u) (4.78)
where v and u are arbitrary scalar and vector functions of q, Eq. (4.77) furnishes

/ Vo {A8(a) [w"(a) = Vafo(a)] } da- / AB(q) [Vq- W (a) = Vibo(a)] da =0
v v

(4.79)
Using the Gauss divergence theorem in the first term and Eq. (4.70) in the second

term of this equation, we get

/ AB(q) [w(q) — Vebo(q)] - ds — / AB(q) [o(a) — VZB(a)] dg =0 (4.80)

S Vv

where the integral over the boundary surface S is the sum of six individual integrals
evaluated on the six boundary surfaces S;, ¢ = 1 through 6. The quantity inside
square brackets in the second term of Eq. (4.80) is equal to zero since (y(q) is a
solution of the Poisson equation [Eq. (4.69)]. We now expand the surface integral in

the first term of that equation and write

6

1(5) = /S AB(q) [WV(q) — Vabo(a)] -ds =3 1(S) =0 (481)

1=1

where

15 = [ As(as) [w"!(as) = Vabo(as))] - ds (152

7

are the surface integrals of interest on the six parts of the closed surface S. They can
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be expressed as

] SR O

15)) = / p / T as) [wii (0.6, mm)—(psilneag(j;f‘)>%jpdpde

I(S3) = /P - /‘75*"“” [Wél)ad(Pa Omin, Ox) — (%aﬂgéq))e ] psin Opin dpddy
pmin Jamin in

1(8) = / " / P aps) lw D% e 62) — (% o g;‘”)e ]psmemm dpdy

I(S5) = / / %W B(Ss) l (Dad (o in, 0, d\) — <8ﬂ (g )> ]p;“msme dOde,

amin Pmin
I(Se) = / m /d) imn [ (9 (0w, 0, 02) — <8ﬂ a‘);q)>pm] P2, sin6 dodey

Because of the Dirichlet conditions on Sq, Sy and Sz that resulted in Eqgs. (4.75),
I(S1), I(S2) and I(S3) vanish. Eq. (4.81) requires that the sum of the remaining I(S;)
terms should vanish. Given the arbitrariness of the AJ(S;) for i= 4 through 6, in

order for that to happen, it is necessary that each of its terms vanish. This results in

1oJ5! "
<$)pm = W i, 0, 62) (4.83)
106/ "
<$)pmm B ng) d(pmaﬂm 07 ¢A) (484)
<8ﬁo(Q)) _ W§1)ad(p7 B, 62) (4.85)
00 o,

These are the Neumann boundary conditions used at the p and 6 boundaries as de-

scribed in Sec. 4.2.4 in Eqgs. (4.47) through (4.51). Together with Eqgs. (4.71) they

specify the boundary functions By(qs) and the nature of the associated boundary

conditions, as indicated after Eq. (4.74). This physically acceptable choice of bound-

ary conditions minimizes the average value of the magnitude of the coupling vector
(1)ad

Wy, (q) over the important domain V and hence the extended domain U of internal

nuclear configuration space.
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FIGURE CAPTIONS

Fig. 4.1 Mapping of a point P of a constant p hemisphere in the OX,Y Z, space onto
a point Q on a plane tangent to that hemisphere at the intersection T of the QY axis
with it, such that the length of the arc(TP) = TQ. The point P has 6, ¢ polar angles
in the OX,Y',Z space and wy, vy in the OX,Y Z, space. P is the projection of point
P on the OX,Y plane.

Fig. 4.2 Boundary surface S for solving the Poisson Eq. (4.35) in the OX ,Y ,Z space
of Fig. 4.1. The surface is not drawn to exact scale. Arc(DG) is part of a circle
of radius 1.5 bohr; Arc(AF) is part of a circle of radius 10 bohr; ZAOF = 60°; and
/BOK = ZEOK = 0.1°. The surface S is composed of 6 parts: ABCD surface S;
(o = 0°, 0.1° < 6 < 90°, 1.5 bohr < p < 10 bohr); EFGH surface Ss (¢, = 60°,
0.1° < 6 <90°, 1.5 bohr < p < 10 bohr); BCHE surface Sz (0 = 0.1°, 0° < ¢, < 60°,
1.5 bohr < p < 10 bohr); ADGF surface S; (0 = 90°, 0° < ¢, < 60°, 1.5 bohr < p <
10 bohr); CDGH surface S5 (p = 1.5 bohr, 0.1° < § < 90°, 0° < ¢, < 60°); and ABEF
surface Sg (p = 10 bohr, 0.1° < 6 < 90°, 0° < ¢, < 60°).

Fig. 4.3 The quantity sin®6 o(p,0,3¢,), in units of bohr=2, with o defined by
Eq. (4.31), for the H3 system as a function of # and ¢,, at: (a) p = 2 bohr, (b)
p = 4 bohr, (c) p = 6 bohr, and (d) p = 8 bohr. The circles on the bottom face of
each of the panels are constant 6 circles, with the solid circle corresponding to 6§ = 90°,
and radial lines are constant ¢, lines whose values are displayed on the periphery of
the solid circle. Equatorial views of sin? 6 o(p, 6, 3¢,) contours at: (e) p = 2 bohr, (f)
p = 4 bohr, (g) p = 6 bohr, and (h) p = 8 bohr. See the first paragraph of Sec. 4.3.1

for the definition of the equatorial view.

Fig. 4.4 The diabatization angle (3(p, 8, ¢,), in degrees, for the Hs system at: (a) p
= 2 bohr, (b) p = 4 bohr, (c¢) p = 6 bohr, and (d) p = 8 bohr. The bottom face of
the panels are similar to those of the corresponding panels of Fig. 4.3. The equatorial

view of 3 contours is also given at: (e) p = 2 bohr, (f) p = 4 bohr, (g) p = 6 bohr,
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and (h) p = 8 bohr.

Fig. 4.5 Same as Fig. 4.4 for the v(p, 0, 3¢,) part of the diabatization angle 3(p, 0, ¢,)
defined by Eq. (4.36).

Fig. 4.6 Cuts of v(p,0,3¢,) (shown in Fig. 4.5) at three values of §: 5° (solid line),
45° (dash-dotted line), and 90° (dotted line) for: (a) p = 2 bohr, (b) p = 4 bohr, (c)
p = 6 bohr, and (d) p = 8 bohr and the corresponding cuts of v"M*#(p, 0, 3¢,) at the
same three values of 6 for: (e) p = 2 bohr, (f) p = 4 bohr, (g) p = 6 bohr, and (h) p
= 8 bohr.

Fig. 4.7 Plots of A, defined by Eq. (4.57), as a function of # for four values of p:
2 bohr (solid line), 4 bohr (dashed line), 6 bohr (dash-dotted line), and 8 bohr (dotted

line).

Fig. 4.8 Plots of v4p, the v angle obtained from the solution of a Poisson equation
using Dirichlet boundary conditions at all six boundaries. Panels (a) through (d) show
the three-dimensional plots and panels (e) through (h) show the equatorial view of

its contours similar to Fig. 4.4.

Fig. 4.9 Longitudinal (removable) part of the ab initio first-derivative coupling vec-
tor, wl(;)fd(p, 0, ¢,) as a function of ¢, for p = 4 bohr, 6 bohr and 8 bohr and (a) ¢

= 1° (near-conical intersection geometries), (b) 8 = 30°, (c¢) # = 60°, and (d) § = 90°

(collinear geometries).

Fig. 4.10 Same as Fig. 4.9 for transverse (nonremovable) part of the ab initio first-

derivative coupling vector, wngld(p, 0, by).

Fig. 4.11 Same as Fig. 4.9 for transverse (nonremovable) part of the ab initio first-
oL

tra,

derivative coupling vector w dD(p, 0, ¢»), obtained using the same Dirichlet bound-

ary conditions as in Fig. 4.8.

Fig. 4.12 Longitudinal ®;,,(¢y; p,0) and transverse ®y..(dx; p, #) open-path phases
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as a function of ¢, for four values of #: 1° (solid line), 30° (dashed line), 60° (dotted
line), and 90° (dash-dotted line) for each of the four values of p: (a) and (e) 2 bohr,
(b) and (f) 4 bohr, (c¢) and (g) 6 bohr, and (d) and (h) 8 bohr.

Fig. 4.13 (a) Adiabatic ground state (£¢) energy contours in the X,Z, plane of
Fig. 4.1 for a collinear approach (v, = 0°0r180°) of the H atom to the Hy molecule;
(b) Corresponding contours for the first-excited state (£3¢) energies; (c) €¢ contours
in the Y'Z, plane of Fig. 4.1 for a perpendicular approach (v, = 90°) of the H atom
to the Hy molecule; (d) Corresponding contours for £2¢. All contour energies shown
are in eV and correspond to the DSP fit to ab initio energies described in Chapter 3.

The dashed lines in panels (¢) and (d) correspond to conical intersection geometries.

Fig. 4.14 Same as for Fig. 4.13 except that the displayed energy contours correspond

to the diagonal diabatic energies ¢, and £%,.

Fig. 4.15 Contours corresponding to the off-diagonal diabatic energy €%, in the X, 7,
plane of Fig. 4.1 for a collinear approach (v, = 0° or 180°) of the H atom to the Hy

molecule. All contour energies shown are in eV.

Fig. 4.16 Conical intersection energies as a function of p for DSP (crosses), DMBE
(circles), LSTH (squares), and EQMC (triangles) PESs. The DSP curve corresponds
to Z\ = 0 energies in panels (c¢) and (d) of Fig. 4.13.

Fig. 4.17 Adiabatic ground state (E;) energy contours in an equatorial view (see
text for definition) for: (a) p = 2 bohr, (b) p = 4 bohr, (¢) p = 6 bohr, and (d) p =
8 bohr; and corresponding adiabatic first-excited state (Es) energy contours for: (e)
p = 2 bohr, (f) p = 4 bohr, (g) p = 6 bohr, and (h) p = 8 bohr. All contour energies

shown are in eV.

Fig. 4.18 Same as for Fig. 4.17 except that the displayed energy contours correspond

to the diagonal diabatic energies £¢, and €%,.

Fig. 4.19 Contours corresponding to the off-diagonal diabatic energy £, in the equa-
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torial view for: (a) p = 2 bohr, (b) p = 4 bohr, (¢) p = 6 bohr, and (d) p = 8 bohr.



137

Figure 4.1:
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Figure 4.2:
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Chapter 5 A two-electronic-state
nonadiabatic quantum scattering

formalism

5.1 Introduction

In most quantum descriptions of chemical reactions, the Born-Oppenheimer (BO)
approximation [1] is invoked that restricts the motion of nuclei, during the course of
the reaction, to a single electronically adiabatic state. Intersections (conical, parabolic
or glancing) between neighboring adiabatic electronic states are very common in
nature and nonadiabatic couplings between these states cannot be ignored in general.
The past few years have witnessed a significant increase in theoretical interest aimed
at understanding the nature of these nonadiabatic couplings and studying chemical
reactions by invoking the Born-Huang (BH) expansion [2,3] and using two or more
degenerate electronic states to describe the reactions. A recent volume of Advances in
Chemical Physics [4] deals with understanding the issues surrounding the role played
by these degenerate electronic states in determining the mechanism and outcome of

many chemical processes.

The presence of these degenerate electronic states is very common in polyatomic
systems containing N atoms, where N > 3. A large majority of these states exhibit
conical topologies in the internuclear geometric space in the vicinity of their degenera-
cies. Assuming the adiabatic electronic wave functions to be real, if the polyatomic
system traverses a closed loop around a conical degeneracy in that geometric space,
then the electronic wave function changes sign [5,6]. This requires that the adiabatic

nuclear wave functions also change sign to keep the total wave function single-valued
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in the process inducing a geometric phase (GP) effect [7-9] into the system. This
change of sign of the nuclear wave function, which is a special case of Berry’s geomet-
ric phase [10], affects the nature of the solutions of the corresponding nuclear motion
Schrodinger equation [11] and hence has important implications for the dynamics of

the polyatomic system being considered.

The quantum-dynamical studies of chemical reactions on a single electronically
adiabatic state have successfully covered triatomic [12-14] reactions over the last few
decades and tetraatomic [15-17] reactions over the few years. In the last decade or so,
these studies have included indirectly the effect of the first-excited adiabatic electronic
state, that intersects conically with the ground state, by introducing the GP effect
through appropriate boundary conditions on the adiabatic nuclear wave function cor-
responding to the ground electronic state [18-24]. The reaction rates (products of
initial relative velocities by integral cross sections) for the D + Hj reaction, obtained
with the GP effect included [20], were in much better agreement with the experimen-
tal results [25-28] than those obtained with the GP effect excluded. Although the
GP effect is certainly more pronounced at resonance energies [29], its importance for

differential cross sections has been the topic of hot debate recently [23,24].

Many studies have appeared in the last few years that include two or more excited
electronic states and nonadiabatic couplings between them to study nonadiabatic be-
havior in chemical reactions. The effect of spin-orbit couplings on electronically nona-
diabatic transitions has been demonstrated for many chemical systems [30-39]. The
photodissociation of triatomic molecules like O3 and HyS has been studied on their
conically intersecting potential energy surfaces (PESs) [40,41]. The benchmark H +
Hs reaction has also been studied on its lowest two conically intersecting PESs, but
only for total angular momentum quantum number J = 0 [42]. Most of these studies
have been made possible due to the availability of realistic ab initio electronic PESs
and their nonadiabatic couplings [43]. These nonadiabatic couplings have very inter-
esting properties that have a forebearing on the behavior of molecular systems and are

currently the topic of active interest [44]. The singular nature of these couplings at the
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conical intersections of two adiabatic electronic states, introduces numerical difficul-
ties in the solution of the corresponding coupled adiabatic nuclear motion Schrédinger
equations. These difficulties can be circumvented by transforming the electronically
adiabatic representation into a quasi-diabatic one [45-57], in which the nonadiabatic

couplings still appear but are not singular.

In this chapter, we present a detailed two-electronic-state time-independent quan-
tum reactive scattering formalism in both adiabatic and diabatic languages, to study
the dynamics of a triatomic reaction. This approach, which has been briefly out-
lined elsewhere by us [58], is an extension of the one-electronic-state hyperspherical
coupled-channel approach of Kuppermann and co-workers [18], used in the past for
H + H; reaction and its isotopic variants with and without the inclusion of the GP
effect [18-22]. A comparison of the cross sections obtained by this two-electronic-
state formalism with the ones obtained using the one-electronic-state method is ex-
pected to provide for the first time an estimate of the energy range of validity of the
one-electronic-state BO approximation. The first system that we plan to apply this
formalism to is the prototypical H + H, reaction. Even though this simple reaction
is the hydrogen atom of chemical reactions, it contains conically intersecting lowest
two adiabatic electronic states that are degenerate for equilateral triangle geometries.
This makes it an ideal case for the application of the formalism being presented for
testing the validity of the BO approximation. Many ab initio PESs have appeared
for its ground electronic state over the years [59-64]. Double many-body expan-
sion (DMBE) analytical forms are available for its lowest two adiabatic electronic
sheets [61] in addition to recent DMBE plus single polynomial (DSP) fits [65] to
corresponding ab initio energies. Nonadiabatic first-derivative couplings and diabatic
representations are also available in analytical [61] and fitted-ab initio [56,65] versions
for Hz system. Availability of lowest two adiabatic PESs, nonadiabatic couplings be-
tween them and a good diabatic representation [56] will facilitate the application of
this formalism to H 4+ Hs reaction. The formalism being presented is a general one

applicable to any triatomic reaction, but some details will be derived for the this
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Hj system utilising its symmetry with respect to the permutation of three identical

nuclei.

A detailed review of the adiabatic and diabatic representations for polyatomic
systems is given elsewhere [11,58] and we will only mention the aspects needed for
the discussion of the formalism. In Sec. 5.2, we introduce symmetrized hyperspherical
coordinates for a triatomic system and the corresponding nuclear kinetic energy op-
erator. In Sec. 5.3, we present in detail a method for solving the two-electronic-state
version of the adiabatic nuclear motion Schrodinger equation with the GP effect in-
cluded; since the GP effect needs to be built into the adiabatic language but not the
diabatic one. In Sec. 5.4, we present its diabatic counterpart and discuss the various
advantages and disadvantages of the two languages. Next chapter summarizes the

work presented in the previous chapters along with the formalism discussed here.

5.2 Symmetrized hyperspherical coordinates

Consider a triatomic system with the three nuclei labelled A, Ag and A,. Let the
arrangement channel A, + A, A, be called the \ arrangement channel, where \vk is
a cyclic permutation of afvy. After the separation of the center of mass coordinates,
let R , R}, be the Jacobi vectors associated with this arrangement channel A, where

/A1 is the vector from A, to A, and R’A2 the vector from the center of mass of A, A,
to Ay. Let R,,,R,, be the corresponding Delves mass-scaled coordinates [66, 67]
defined by

M 1/2 10 1/2
Ry= (M) Ry ad R () R G

where (1, is the reduced mass of A, A,;, ., the reduced mass of the Ay,A, A, pair,

and p the system’s overall reduced mass given by

1/2
_ Moy
a (ma + mg + m,y) ’
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my being the mass of atom A, (A = «, 3,7). Let us define R, as the union of R,
and R),. So the nuclear motion kinetic energy operator in the six-dimensional R
space is given by

. 12

T(Ry) = —ﬂv%% (5.2)

So, the motion of the triatomic system in three-dimensional space gets replaced by

that of a single particle of mass i in a six-dimensional space.

It has been shown [68-73] that symmetrized hyperspherical body-fixed coordinates
derived from R are well suited for three-dimensional triatomic reactive scattering as
these coordinates treat all three arrangement channels (A, v, k) democratically. One
frame of these hyperspherical coordinates include p,wy, v\ [74,75] besides the three
Euler angles (dx, M, ¢)), that rotate this body-fixed frame with respect to space-fixed
one, and are given by

1/2
p=(R3, +R3,)" (5.3)
and
Ry, = p sin(wy/2) Ry, = p cos(wy/2) O0<wy<m (5.4)
where p is independent of the arrangement channel [66,67].

The corresponding internal configuration space cartesian coordinates are defined

by

X\ = p sinw) cosyy
Y = p sinw, sinv, (5.5)
Zy = p COSwy

where 7, is the angle between R, and Ry, (or R}, and R))) in the 0 to 7 range
and wy, v, are the polar angles of a point in this space. In an alternate internal
configuration space frame, symmetrized hyperspherical coordinates 6, ¢, are defined

as the polar angles associated with the interchanged axes OX, = 07y, OY, = 0X,,
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and OZ, = QY, for which

Xy = Zyx = p sinf coso,
Yy = X, = p sinf singy (5.6)
Z =Y = p cosf

The cartesian components of Ry, and R, in this body-fixed frame are given by

Ryx = —psin(r/4—0/2) cos(¢r/2)
R,y = 0
Ryz = p cos(m/4—0/2) sin(¢p,/2) 5.7)
Ryx = p sin(r/4—0/2) sin(¢y/2) ‘
Ryy = 0
Ry,z = p cos(n/4—0/2) cos(pyr/2)
The coordinates p, 8 and ¢, are limited to the ranges
0<p<oo 0<6<m/2 0<o)<2rm (5.8)

The hyperangles 6 and ¢, describe the shape of the molecular triangle. Besides, 8 =0
corresponds to symmetric top geometries and 6 = /2 to collinear ones. The relation

between 6, ¢, and wy, 7y is (using Egs. (5.5) and (5.6))

sinfl cos ¢, = coswy
sinf sing, = sinw, cosy, (5.9)
cosf = sinw, siny,

Let Gz y’2™ be a body-fixed frame I\, whose axes are the principal axes of
inertia of the three nuclei and whose Euler angles with respect to the space-fixed
frame Gz*/y®/ 2%/ are ay, by, cy with G being the center of mass of the three nuclei.
The senses of these axes are chosen to result in a one-to-one correspondence between

P, 0, dx, ay, by, cy coordinates and the space-fixed cartesian coordinates of R, and
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R,,. In addition, the I\ axes are labelled so as to order the corresponding principal

moments of inertia according to

n<n<li,

(5.10)

Furthermore, let T, refer collectively to the five hyperangles (0, ¢y, ax, by, cy), qx to

the three internal coordinates (p, 6, ¢,) and R, to all six hyperspherical coordinates.

The coordinates p, T are called the principal axes of inertia symmetrized hyper-

spherical coordinates. They are very suitable for describing nuclear motion in the

strong interaction regions as for any value of A they treat these regions equally and

basis sets based on them are very efficient. The nuclear kinetic energy operator in

these coordinates is given by

~ h? ~ A2(T))
Tou(Ry) = —@V%A =T,(p) + TP;

where T, »(p) is the hyperradial kinetic energy operator

and A2(Y,) is the grand canonical angular momentum operator

4j1)\2

A2 A2
A (T)\) - A0(97¢)\) + cos2 @

1+sinf 2 4

1 Iﬁ-ngv J 4 g

sin? 0 2 4
cos (s s O
2hsin29 <J+ J ) Op

where

0 1 92

A%(0, ¢y) = —4h? <;2 sin 20— +

sin 260 90 00 ' sin’0 ?ﬁ\

z

2 [ﬁ—gv I e

)

|

(5.11)

(5.12)

(5.13)

(5.14)
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and

J = J i (5.15)

JI jﬁ and J!* are the components of the total orbital angular momentum J of the
nuclei in the I\ frame. The Euler angles ay, by, ¢y appear only in the J?, jZD‘ and jf‘
angular momentum operators. We do not need their explicit expressions in terms of
the partial derivatives of those Euler angles because we use Wigner rotation functions
to expand our nuclear wave functions and the results of the effect of those operators
on these rotation functions is analytically known [76]. This expansion is considered

in the next section in detail.

The use of p, T, coordinates becomes inefficient for large values of p where the
interaction between A\, v, and x arrangement channels becomes very weak. In these
regions, the coordinates p and =), where =\ = (wx, Ya, O, M, (1), have been used
because it has been shown [70, 71| that basis sets based on these coordinates are
very efficient. In this body-fixed Jacobi frame called bf), A2(T ») the grand canonical

angular momentum operator mentioned above is given by

R R ) Z2
A%z, = L2 2 ) 5.16
() () + sin® wy, * cos? wy (5.16)
where
. 0 0
L? = —4h? —— sin®wy— 5.17
() sin? wy Owy S Ow) ( )

and jf\ and Z§ are the angular momentum operators corresponding to R, and R,
respectively. The angular momenta associated with these operators are related to the

total orbital angular momentum J of the nuclei by

A

J=j+1 (5.18)

It is convenient to express A%(Z,) in terms of 9/dv, and J instead of j and 1 using
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their properties as

AXEZ)) = L*(wy) + Mo sin 9 + L JoN
N AT in? wy | sinayy 0y %\0% sin?yy *
1 A Ay 2 A 0 N
J2 o 2be)\ t be)\ o ]‘,—L t 7 be)\
+ 70052@4/2) { .t [cotynd, cot v\ + o -
- 0 -
+ {cot ISP+ R (cot T+ —)} J_Ef’\} (5.19)
90N
where
Jo o0 o0 (5.20)

j}g’”, j;f)‘ and jff’\ are the components of J in the bf\ frame. This Eq. (5.19) is used
in place of Eq. (5.16) because the Euler angles 0y, 7y, () of the bf\ frame appear only
in j27 jff’\ and jif)‘ and the action of these operators on the previously mentioned

Wigner rotation functions are analytically known [76].

5.3 Adiabatic formalism

In a two-electronic-state approximation of the Born-Huang [2, 3] representation for
a triatomic system involving electronically adiabatic states 1 (ground state) and 2

(first-excited state), system’s total wave function is written as
VO(r, Ry) = X{(R)UT (x5 an) + X537 (Ra )15 (r; an) (5.21)

where r and R, are respectively the electronic and nuclear coordinates of the triatomic

el,ad

chad(y. q,) and 5" (r; q,) are the adiabatic electronic

arrangement channel \ [11].

wave functions satisfying the electronic Schrodinger equation

Hel(r; qu) el (r; qn) = 2 (qn) e od(r; qn) n=1,2 (5.22)

ad

“(Ry) (n = 1,2) are the corresponding adiabatic nuclear wave functions.

and y
e(R,) (n = 1,2) are the electronically adiabatic potential energy surfaces (PESs)
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corresponding to the ground (n = 1) and first-excited (n = 2) adiabatic electronic
states. If these surfaces exhibit a single conical intersection and the ¢¢-%¢ are required

to be real, then according to the geometric phase (GP) theorem [5-10],

Ulran) =~ (ray)  n=1,2 (5.23)

and

(R = =X (R n=1,2 (5.24)

when the polyatomic system traverses a closed loop in nuclear configuration space Q
around that conical intersection (a so called pseudorotation). As a result, the nuclear
wave functions y4(R,) are not single-valued functions of Ry, but behave in a way

to make the total electro-nuclear wave function single-valued.

Let us define x?¥(R,) as a two-dimensional column vector whose components are

Y44(R,) and x34(R,) such that

(5.25)

The Schrodinger equation satisfied by x%*(R,) is

_g {IVR, +2WVqy) - Vi, + WP"(q))} + {e"(an) — BT} | x“/(Ry) = 0
(5.26)

where q) represents the subset p, 0, ¢, of the six-dimensional set R, of nuclear coordi-
nates. I, Whad(q,), W®4d(q,), and €(q,) are 2x 2 matrices and Vg, is a gradient
operator in the six-dimensional nuclear configuration space mentioned earlier. I is the
identity matrix and €%¥(qy,) is the diagonal matrix whose diagonal elements are the
PESs €94 and €3¢ mentioned earlier. The matrices W% (qy) and W®)%(q,) are the

the first- and second-derivative [11,43,77-82] 2 x 2 coupling matrices whose elements
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are defined by

Wr(%,)sd(%) = (Yd(r; qy) | Vr, 0 (r; qn)),
myn=1,2 (5.27)

W®ad(q,) = (gebad(r; qy) | VR 08 (r; qn)),

and are respectively three-dimensional vectors (W,%?f{d (dqa)) [56] and scalars (Wg?zd(q,\)).
The matrix We(q,) is in general skew-hermitian and, due to the requirement that
electronic wave functions 1% (r; q,) be real, is real and skew-symmetric and can be

written as
0 ngad((h)
Whe(q,) = (5.28)
Wi (an) 0

We can now write Eq. (5.26) in explicit form as

(2)ad (2)ad
10 . 01 a) Wiz (a
¥ Vi, + W) S DN e
0 1 -1 0 Woi(an) Wi (a)
8ad 0 adR 0 0
N 1“(an) 5 XiT(Ra) ) (5.29)
0 e5(an) 01 X5%(Ry) 00

In this two-electronic-state adiabatic nuclear motion Schrodinger equation, the nu-
clear wave functions corresponding to ground (x$¢(R,)) and first-excited (x3¢(Ry))
adiabatic electronic states are coupled by two terms: one containing the first-derivative
coupling vector Wgad(q)\) and the other containing the second-derivative coupling
elements W%ad(qk) and Wgad(qx). Depending on the total energy of the system,
these nonadiabatic coupling terms can allow the nuclei to sample the first-excited
electronic state during the course of the reaction and affect its mechanism and final
outcome. It should be stressed that the effect of the geometric phase (if present) on
Egs. (5.29) must be added by either appropriate boundary conditions [11,18] or the

introduction of an appropriate vector potential [8,11,83]. It is interesting to point
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out that in one-electronic-state BO approximation, Eq. (5.29) reduces to
i Vi + W “(qy) — EY| xiRy) =0 30
~g A VR + W @) |+ {51(@) — B} xRy = (5.30)

This equation contains a second-derivative self-coupling term Wf{ad(q,\) which is
generally assumed to be small and dropped in all one-electronic-state dynamical cal-
culations. Only recently has any interest been shown in studying the effect of this
term on dynamical properties of molecules. This term appears as an additive term in
Eq. (5.30), and even though small it can alter the PESs of reactive systems by tens or
even hundreds of wavenumbers [84]. It can become especially important when trying

to predict dynamical phenomenon that can be verified experimentally.

5.3.1 Partial wave expansion

We can rewrite the adiabatic two-electronic-state nuclear motion Schrodinger equa-

tion [Eq. (5.26)] as
h2
~ {1V, +2WW¥(q,) - Vg, } + {&"q\) — BI} | x“(R)) =0 (5.31)

where we have added the second-derivative coupling matrix W®4¢ which is just an

additive term, to the adiabatic energy matrix €%(qy) using

a a h2 Ead(q)\) Ead(q)\)
) = e"(ay) = o W g = | T (5.32)
H €51 (an) 522((1A)
where

glla) = eil(ay) — EWH"(qy)
—a ad
Si(an) = ——W&? (@) (5.3
—ad (2)ad '
g5i(an) = W (an)
—ad _ ad h2w(2)ad
enlan) = & (q,\) o0 YV 22 (ax)

The two adiabatic nuclear wave functions y4¢(R,) and x2¢(R,), which are the
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components of the column vector x*(R,) (see Eq. 5.25), can be expressed as linear
combinations of auxiliary nuclear wave functions y{*’*"(R,) and y2*/M"™(R,),

respectively as

ad o M=J 1 ad,J MTIT
X7¢(Ra) X1 (Ry)
g => Z MY D s (5.34)
x5 (Rx) J—0 M— =0 T Xo (Ry)

If y3"MINR,) and x4 MR, are defined as components of the column vector

x4 MIT(R,), then we can write Eq. (5.34) as

oo M=J 1
=2 2 G ) xR (5.35)
J=0 M= =0 T

The linear combinations are referred to as partial wave expansions and the individ-
d,J MTIT d,J MTIT .

ual wave functions x{* (R,) and x5” (R,) are referred to as partial waves.

x“eTMIT §g 5 simultaneous eigenfunction of the adiabatic nuclear motion Hamiltonian

matrix H*(R,) given by
N 72
H*(R,) = 2 {1V, +2WW¥(q,) - Vg, } +&“%aq) |, (5.36)

of the square of the total nuclear orbital angular momentum J, of its space-fixed
z-component J. and of the inversion operator I of the nuclei through their center of

mass according to the expressions

ﬁadxad,JMHF _ EXad,JMHF
j2xad,JMHr _ J(J + 1)h2Xad,JMHF (5.37)
jzxad,JMHF _ thad,JMHF
jxad,JMHr _ (_ 1)1‘[ Xad,JMHF

In these equations, J and M are quantum numbers associated with the angular mo-
mentum operators J? and jz, respectively. IT = 0, 1 is a parity quantum number

that specifies the symmetry or antisymmetry of the x /M1 (R,) column vector
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with respect to the inversion of the nuclei through their center of mass. Note that
the same parity quantum number IT appears for X“d JMIT(R L) and X“d JMIT(R,) in
Eq. (5.34). Also, the same irreducible representation symbol I' in these two com-
ponents of x/MIT(R,) appears. This does not mean that these adiabatic nuclear
wave functions transform according to the irreducible representation I'. Its meaning
instead is as follows. The electronuclear Hamiltonian of the system is invariant under
the group of permutations of identical A)A, A, atoms. For Ajs it is the P3 group,
for A;B it is the Py group and for three distinct atoms ABC' it is the trivial iden-
tity group. As a result, the ¥°(r,R,) that appears in Eq. (5.21) must transform
according to an irreducible representation I' of the corresponding permutation group.

ad,J MTIT

The superscript I' signifies that the transformation properties of x are such

that when taken together with the transformation properties of 1,bd’“d(

r;dy), they
make U°(r,R,) belong to I'. The separate factors x*’"" and ¢*(r; q,) may
not individually belong to I' but their product does. In addition, it is important
to stress that this adiabatic nuclear wave function vector x*»/MII'(R,) may not be
single-valued, due to the GP effect mentioned in the introduction. We will use this
boundary condition to chose appropriate basis functions, in the absence or presence
of the conical intersection, for the expansion of the nuclear wave functions as will be

discussed next. The procedure mentioned next will be applied to Hjz system as an

example to obtain II, I' basis sets in the next section.

As mentioned in Sec. 5.2, we will use p, T) coordinates in the strong interaction
region and p, =) in the weak interaction and asymptotic regions. For the following

discussion, we will refer to the five-dimensional T set or the =, set of coordinates us-

ing the symbol &,. Let us now expand the two nuclear motion partial waves Xad » MIIE
and X“d JMIIT g ccording to the following column vector equation
ad,J MTIT",n’, ad,JII'/, ad 1T
X1 RSy — —5/2 ZD anA bl,m)\,Q;\ *p;p)® 1n1A,QA(§,\ ;)
ad,J MTIT n}, Q) o a0, (€ ad JITR\ Q) -y g ad,TIT
X2 (p.&r) Zn2A b2,n2A,Q)\ (p;p)®@ 2n2A,Q>\(£)\ )
(5.38)

where f/(\l) refers to one of the two sets of three Euler angles and 5&2) refers to one
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of the two sets of two hyperangles (6, ¢,) or (wy,vx). 2 is the absolute magnitude
of the quantum number for the projection of the total angular momentum onto the

body-fixed Gz'* axis, such that

Qy = 0,1,...,J for J4+1II even

= 1,2,...,J for J+1II odd (5.39)

Furthermore, the D]‘{/[HQX(S/(\U) are the parity-symmetrized Wigner rotation functions

defined as [18]

1/2
pJu (5(1)) _ 2J 41 / [DJ (5(1)> + (_1>J+H+QADJ ( (1)>
MQA\SA 167T2[1 4 (_1>J+H(SQA7O] MQA\SA M,—Q\\S\
(5.40)

where D]‘{mk(f/(\l)) is a Wigner rotation function of the Euler angles f/(\l) [76]. The

symmetrized Wigner functions have been orthonormalized according to
1777 1 1 JIH/MIQI
/D}{f}z; (fg ))D}\]}IQA( A ))dT = 5JHMQA * (5.41)

where d7 is the volume element for the Euler angles fgl).

In Eq. (5.38), @‘fﬁ?jm (€?): p) and @gfﬁ?ﬁm (£2): p) are the adiabatic two-dimensional
local hyperspherical surface functions (LHSFs) that depend parametrically on p and
are defined as the eigenfunctions of an adiabatic reference Hamiltonian matrix flgj (55\2); p).

This matrix can be chosen to be block diagonal, i.e.,

R ]\2 (2) 1 0 Ead 775(2) 0
hizc?(ggz);ﬁ) _ ;(f,\z) I 1(0:€7) o (5.42)
Hp 01 0 g55(p,63)
or have the off-diagonal nonadiabatic couplings built in, i.e.,

. —ad/ =~ 2\ —ad/~ (2

BQA(§(2)_5) B A%(f/(\z)) 10 n 51?(/);5,(\ )) &ls(p, g\)) (5.43)

ad \Sx »P) = ) —ad/~ @\ —ad/~ (2 ’
27\ 001 e51(p.67) &5(0.67)
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In Egs. (5.42) and (5.43), A2(¢\”) refers to

N ~ 402 h?
2 _ 2 A
Al (97 ¢>\) - Ao(97 ¢>\) + cos2

1 0 0 1 0? 402 h?
= —4h —sin 20— A A4
n (sm 26 00 sin 989 * sin? 8@25?\) T o2 6 (5.44)

in the strong interaction region of the potential or to

. . 4 -2 0 0 O2R?
A% (wy, = L? —A 5.45
o) (wn) + sin? w), [Sin Y 07 sing OV + sin? VJ (5.45)
0 0 4 —h? 0 0 02 h?
= —4h? 7 gin? A
sin? wy Owy S u)/\8(,u,\ + sin? w), [Sin Y OV sty /\8%\ + sin? v,

in the weak interaction and asymptotic regions [18, 72].

For the h%» (f)\ ; p) matrix in Eq. (5.42), q)‘fi?rm (f)\ ; p) and @;i’gjm(fg); p) are
solutions of uncoupled second-order partial differential equations, whereas for the
hgd* (§ X ,ﬁ) matrix in Eq. (5.43), they are solutions of coupled differential equations
and therefore their calculation requires a larger computational effort than to obtain
the former. Since, however, that reference Hamiltonian matrix is independent of the
total energy E of the system, the LHSFs need to be evaluated only once whereas the
resulting scattering equations given by Eq. (5.71) (derived later on) must be solved
for many values of E. As the off-diagonal couplings are built into Eq. (5.43), a smaller
number of the corresponding LHSFs will be needed for convergence of the solutions of
the scattering equations, as opposed to the ones resulting from Eq. (5.42), which don’t
have these terms built in. Given the fact that the computational effort for solving
those scattering scattering equations scales with the cube of the number of LHSFs

used, it is desirable to use LHSFs obtained from Eq. (5.43) rather than Eq. (5.42).

With either of these adiabatic reference Hamiltonians, the LHSFs satisfy the eigen-

value equation

ad,IIT 2) adJIl [~ ad,l'[l" 2). _
hor e [ T &) ) _ (a0 @0 )
ad \SA ad,TIT @) - o adl'[l" 7 adl'[l" @) - :
2,n2>\,QA( X3 P) Ezn2A QA(P) 2,n2, , QA(éBA )
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The adiabatic LHSF's are not allowed to diverge anywhere on the half-sphere of fixed
radius p. This boundary condition furnishes the quantum numbers n;, and n,, each
of which is two-dimensional since the reference Hamiltonian flfzd* has two angular
degrees of freedom. The superscripts n)y, Q) in Eq. (5.38), with n/ referring to the
union of n}  and nj, , indicate that the number of linearly independent solutions of

Egs. (5.37) is equal to the number of adiabatic LHSFs used in the expansions of

Eq. (5.38).
. . . . . . ad,IIT L= s
In the strong interaction region, the adiabatic functions (I)i,mk 0, (0,0x:p), (i =

1,2), which are eigenfunctions of the reference Hamiltonian given by Egs. (5.42)

or (5.43) and Eq. (5.44), are obtained by expanding them in a body-fixed basis

—ad,IITI’

ivmwm(e, ¢») constructed from direct products of simple analytical functions [18,72]

—ad,IIl’ Q d,III
®’i7ni/\7QA (97 QS)\) = fnZQA ,nw“ (9) gznuz,/\Q)\(qb)\) (547)
where n;, = (nig,, Nig, )- gf‘i’grm are chosen to be simple trigonometric functions of
bARg2 )\
¢y and f» are chosen as Jacobi polynomials in cos 26, such that the resulting

ni@)\ 7ni¢A

adiabatic nuclear wave functions transform under the operations of the permutation
symmetry group of identical atoms in the way described after Egs. (5.37). Eqs. (5.46)
are then transformed into an algebraic eigenvalue eigenvector equation involving the
coefficients of these expansions, which is solved numerically by linear algebra meth-
ods. Appendix 5.A describes the procedure to obtain trigonometric functions in ¢
needed to obtain adiabatic electronuclear functions with P3 permutation symmetries,
in the presence and absence of the conical intersection, which correspond to different

boundary conditions.

The reference Hamiltonian in the strong interaction region given by Egs. (5.42)
and (5.44) contains the kinetic energy operator piece /A\%(H , ®x), which has singularities
at = 0 (symmetric top geometries) and at 0 = 7/2 (collinear geometries). The full
Hamiltonian given by Eqs. (5.36), (5.11) and (5.13) contains the A2(6, ¢y, ax, by, )

part that also shows similar singularities at # = 0 and § = 7w/2. The choice of
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Jacobi polynomials for £

nep, i, entioned above for expanding the adiabatic surface
A? A

functions should in principle be a good one as it will make the adiabatic surface
functions and hence the nuclear wave functions behave properly at those singularities.
In reality, it is not a good choice for the singularity at 6 = 0, if n;5, = 0 is an allowed
value. Since we have built the second-derivative couplings, that diverge at this value
of 6 as 1/sin?@, into the reference Hamiltonian given by Eqs. (5.42) or (5.43), the
abovementioned choice of Jacobi polynomials still might turn out to be appropriate.
This remains to be tested. An alternate approach to solve this problem is to replace
the reference Hamiltonian by one that contains the full /P(Q, O, ax, by, c\) operator
and the associated hyperspherical harmonics, which have been obtained recently for

tetraatomic [85] and triatomic systems [86].

In the weak interaction region, where the coordinates (p,w,vx) of Eq. (5.5) are
used, the adiabatic LHSF's @f‘iiwm (Wr,Ya;P), (i = 1,2) are eigenfunctions of the
reference Hamiltonian given by Egs. (5.42) or (5.43) and Eq. (5.46). These weak
interaction region LHSFs are expanded in a body-fixed basis aligpm (wx,Ya) con-

structed from the direct product of special functions

—ad,III ad,
By 0 (@0 1) = Fi2 (D)9 0, (@2) (5.48)

Y\

ad,IIT
iyniw)\ 2N

where fff% (7x) are the associated Legendre functions of cos~y, and ¢ (wy) are a
set of functions of w)y determined by the numerical solution of a one-dimensional eigen-
function equation in w, using Gegenbauer polynomials [87] in cosw,. The /A\%(w,\, )
operator in Eq. (5.46) has singularities at wy = 0 and wy, = 7. The Gegenbauer
polynomials are well behaved at wy = 0 and the w) = 7 region is not accessible in
the weak interaction region. The v, = 0 and v, = 7 singularities don’t affect the
LHSFs either, as the abovementioned associated Legendre functions of cos vy, are well

behaved at these nuclear configurations.

Once the adiabatic LHSFs are known, they provide the basis of functions in terms
of which the expansion in Eq. (5.38) is defined. The adiabatic nuclear wave function

column vector of that equation is then inserted into the first equation of Eqgs. (5.37)
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H Y0, Difh, (&)

EZQ,\ DMQ,\(gA

174

ad,JTITn} Q)

anA bl,nl)\ ,Q/\
ad,JTICn} )

anA b2,n2>\ ,Q/\

Z b“vaHFnlAQ/A
R

(1) 1,n1A,Q)\
S, b

ad, JIII'n) Q)
2,n2, 825

(p; p)®
(p; p)®

ad,TIT
Liny 2

ad,TIT
2,n2, 82

(p; p) O
*(p; )

1nay Q5

ad,IIT
(I)2 n2y 80

€ p)
€ p)
RN (ST))

(5)\ 7p>
(5.49)

where H is the adiabatic Hamiltonian matrix operator of Eq. (5.36). Use of the

orthonormality of the symmetrized Wigner functions [Eq. (5.41)] and integration over

the two-dimensional adiabatic LHSFs in 6, ¢, hyperangles for the strong interaction

region yields a set of coupled hyperradial second-order ordinary differential equa-

ad,JTIITn)} Q)

tions (also called coupled-channel equations) in the coefficients b :p) and
1,n1,,2 ?
K )\7
ad,JTI'’, N .
A (p; iven b
2,n2, 2 PP) 8 y
ad T, Q[ . = ad,JUT0, Q} ,
K2 1 0 02 11,1’1,1)\ (p7 p) 0 1,TL1>\,QA (p7 p)
T2 9p? ad.IIT.Q ad,JIIT'n’, )
) RPN . A ’ ATEN . A
0 22,n2, (p7 p) 2,n2, ,82) (p7 p)
[ padTIT,Qy /. = adIT, Qs [ . —\| ad,JII0, Q4
Zn’ 11,n1, ,n] (pa p) +Cll,n1 n ( ) ) bl,n’ Qo (p7 p)
+ Ix L ATy pLs! 1y
D ad, 1T, (p: p) + oI 2 (p: p) bad’JHFn,)\Q,)\( D)
n’% | 22,n2, ,n’2A PP 22,2, ,n’2>\ ) 2,n’2>\ KON P p
ad,TIT, Q2 A\ eI QY ad 11T 0 L oypad JIIS Q) ]
N Zn’u TR (P p)bl,n’lk,ﬂ,\:l:l (03 p) + &1, AN a2 p)bl,n’l)\,ﬂ,\:lﬁ (v p)
ad 11T 0 ad,JII'n Q) ,  _ ad 11T 0 ad,JIMn, Q) , ]
Zn’% 22,15, b ,QA:I:l(p p)b2,n’2A,QA:I:1 (P p) + Eyy) 2y ,QA:I:2(p p)b2,n’2A,QA:I:2 (p; p)
ad, 1T, Qy (. —yzad, JITR{ QY - ad,IIT, Q2 L ypad JIIS Q) ]
an |:f12,n1wn’2 (; p>b2,n'2 KN (p; p) +g12,n1A,n’2 ,Q,\il(p’ p)b2,n’2 Ol (p; p)
_I_ A A A L, A A ., -
ad,I1T,Q . \pad,JON\ Q) _ ad,IIT,$2,, C_yyad JIOMN, Q) ,
- Zn’u |:f21,n2A,H&A (03 p>b1,n'1k,m (03 p) + g21,n2A,n’1)\,Q>\:l:1(p’ p)bl,n’l)\,ﬂ,\:l:l (p; p)
ad AT, (. ~ypad, JIMmy QY - adIT,Qy . —,ad, JITnA Q4
Zn'u Hll,nb\ ,n’b\( ) >b1,n’1A,QA (p’ p> + Z:n’2A H12,n1>\ ,n’2>\ (p7 p)b2,n’2>\,QA (p7 p)
_l_
ad II0,Qy ¢ oy pad JIInR @y adIIT,Qy [ . —,ad JUI0G Q)
2oy, Moty ot (P5P)b1 0 (P3P) + 200y Hoglmy il (P0)03 0 0, (05 7)
ad,IIT, Q2 ad,JIII'n) Q) ad,JIII'n, € ,  _
n Zn’Q ‘712 My n’)\( )8b2n L ( )/ap Lina, Q0 (p7 p)
a0y ad JHFnA N ad, JUTn, Q) ,
- an 21,n2,, n ( )ab ( )/ap 2,n2, 825 (p7 p)
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where for 7,7 = 1,2 and in 6, ¢, coordinates denoting <I>“d L 0, (0, ¢x; p) simply as

ad,IIT
4,4y, K207 ,
1582 5
ad T,/ . P_ ad,JIT /-
2N (p7 p) - 8M,O + pg znu,ﬂk(p) (551)
—2
Qa a a p a a
By, (95 ) = (B 0, |20, 0,02) = 5ei(p, 0, 0019000 ) (5:52)

ad,IIT,Q2 ad,IIT ad,IIT
Climep . Aps p) = QW [J(J + I8 o] (trims T 2ems) |2 n, )

_Q/\z@qd,nr | (

4,155,820

e (5.53)

1+sin 6 + 2sin29) ‘ Zn Q>\>i|

d,IIT,Q K2 N d,1IT 0 d,IIT
DZ N e QAﬂ(Pv p) = [_Q(J ) 1@2“ ((I)fnwm|;i§6|8<l>fn A+1/a¢/\>

C (JQ )NJQ)\ 1<(I)ad1_IF |Cose|aq)adl_lf‘ /8¢A>]

Nya, .M, 0 I'sin? 0 in) Q-1

(5.54)
ad,IIT,Q N, ad,IIT ad,IIT
5“ nwn’kmﬂ(p’ p) 4up [CJF(J Q’\)CJF(‘] 0+ 1) mﬁz <q)i7ni>\7ﬂ>\ 1+:in9 - 2sii29|®i,ngk,ﬂx+2>
Nja, - ad,IIT ad,HF
+<—(J7 Q)\)C—(‘]? Q)\ - 1)%<¢z,nz>\ K95\ 1+:in0 251n | 7 n QA—2>
(5.55)
h? —

ad,IIT,Q . ad,IIT ad(1) ad,IIT

fz] nl>\, }A7QAiQ(p7 p) - —ﬁ<¢i,ni)\,ﬂ>\|wl,2 (p7 97 ¢)\)|¢]7n3>\7ﬂ/\> (5 56)
ad,IIT,Q 2 N, ad,IIT ad(1) ad,IIT
gu My T ;)\ ,Q>\:|:1(p’ p) = % C+(J’ QA) ]é;zg+l <(I) | cot ¢ Wl 2(¢>>\( )‘(I) n QA+1>
N, ad,IIT ad(1) ad HF
—C(J.) R (@ m\ cot & Wi, ()85, )
(5.57)
h2
ad,IIT,Q2 L= ad,IIT ad(2 ad,IIT
iy, () = = (@0, IWES (0,0, ) @570 ) (5.58)
ad,IIT, Q2 — h2 ad,IIT ad(1) ad,IIT

‘7ij,ni>\7n3_>\ (p;p) = _F<q)i,ni>\ ,Q,\|W1 2,p (p, 0 ¢/\)|‘I> ', A) (5.59)

In Eq. (5.56), Wﬁg(l)(p, 0, ¢,) is the operator defined as

Ta ) a 0 1 a 9,
WiE" (0,0, 6) = = Wia(p, 0,0+ Wlé% (.0, 6) 5+ Wiz (0,6, 60) 5~
(5.60)

In this equation, W§“§ (; : W‘fd2(19

first-derivative coupling vector W [65] In Egs. (5.54), (5.55) and (5.57), Nq, is

nd VV1 2d> are the p, § and ¢, components of the

the normalization constant of Eq. (5.40), and (4 (J, §2)) are coupling constants given
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J(J+1) -

Qx(Qy £1)]1/2

(5.61)

We can follow the same procedure for the weak interaction region by integrating

over the two-dimensional adiabatic LHSFs in wy, v, hyperangles to obtain the corre-

: . : d,JTTn} ) d,JTTn, QY ,  _
sponding coupled-channel equations in the coefficients b°, . QI:X *(p; p) and by, o, 791:* *p;p)
to obtain

ad,JIC,Qx\/ . = ad,JIIIn, Q) ,  _
2 0\ ., L, (03 P) 0 RN )
T 2u 0p? ad.IIT.Q ad,JII'n/, Q)
) IELDN . A ’ ATEN . A
0 2,n2, (p7 p) 2,n2, ,00) (p7 p)
ad,IIT €2, adII0.Qy (o] pad TR
I Zn/lA |: 11 nlk,n (p’ ) Cll My 1 ( ) )] bl,n’l)\,QA (p7 p)
D ad L1, ( >+Cad D, (p: p) bad,JHFn;Q;( )
TLIQA 22,n2, ,n PP 22,n2, ,n ) 2,n’2>\ K5 PP
ad,TIT, 2 _\ad, JUTn, Q) ,
N Zn’l 11,n1A7n’1A7QA:|:1(p’ p>b1,n’1A,QA:I:1 (p; P)
Z ad,IIT, Q2 ( . _) ad,JHFn’AQ’A( . _)
nh, 22na, nh QxE1 Py p 20 k1 P p
ad,TIT, Q5 (. = pad, JIT0i QY ad 11T Q2 ad, JIIPD, Q4 ]
Zn’g [flz,nu,n; (p; P)b, nh (p;0) + Gy 1y mh oy (5 p)b2,n’2 a1 (03 P)
* ’ ' fity 4,710, 7
ad or,Qy ;. =yzedJIn\ Q) ad,IIT QA ad, n\ Q) _

_an [ 21 "%"u( g >b1,n’1A,Q,\ (p;P) + Gy NENOR ,Q/\:I:l(p P)bl,ngk,mil (p; P)_

adTIT,Qy [ . —\,ad, JITQS adTIT,Qy /. —\g0d, JITN4QL

anl Hll’nl)\’nll (p7 p>b17n’1 7Q/\/\ /\( p) + Zné H12,n1>\,n’2 ( )b2,n’2 7Q/\)\ /\(p7 p)

T ' ’ Trng o " ’ 4,0, 9,
ad, T, . =yz.ad,JII'n = ad,IIT, Q) _—\pad, n o
anl H21,n2 ,n/ (p7 p>b17n’ 7Q/\/\ /\( p) + Zné H22,n2 ,n/ ( )bQ,n/ 7Q/\)\ /\(p7 p)

A ALy 1y A A2y 25

ad,ITT, Q2 = ad JHl"nk ad, JIIT'n/, Y, o

N 2oy, iz, nty (05)0g,0y 0 (p30)/Op by ) (03 P)

JOIT Dy (o gpod- T, O n ad, JUTR, QY

- an 21,n2, ,n1>\ (p7 p)abl n1 KO5N ( )/ap bgm% 7Q>\A A (,0, p)

where for 7,5 = 1,2 and in wy, 7, coordinates denoting @

ad,IIT
4,55 820

ad,I1T QA
RPN ,n

(p;p) =

2

15h2

(5.62)

Q,\( Wy, Ya; p) simply as

ad, 0,0y P~ adnr
(N (p’ p) - 8,up2 p2 i,niA,QA(p) (563)
—2
(‘I’Z(i[g,rm|5?d([)>wx,%) ei(p, wm%)@ad H,F R, (5.64)
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ad,IIT,Q ad,IIT ad,IIT
Cibt (1) = o [ (T + D! QA|00M2|<1>Z,”;A,QA>

a2 | T (5.65)
A znzA,QA coszwk/2 i,n;A7QA
ad 1T N ad,IIT" Q ad,IIT°
Du My T ,A QA:l:l(p7 p) = 2,LLP |:C+('] Q)\) JQA+1 <(I)Z mA,QA|D A(wA’fyA)‘q)ln QA+1>
N — ad, a
+C (], ) 1<<1>,~i§?m|Dm <wm>|<1>zi%_l>}
with ﬁ?* (wWx, 1) = W {(QA +2) cot yx + afm}
and ﬁgb\(w>wfy>\) = COSZILLI.))\/Q {(Q)‘ o 2) cot I %}
(5.66)
h2
ad,IIT,Q Pad Il pp7ad(t ad, I’
.ﬁj nl>\7 ;/\7QA:|:2(p’ p) = —E< 7«”1)\79)\|W1 2 (p, W)\,f)/)\)‘q) n Q>\> (567)

d,11T,Q o Njay+1 d,TIT 1 d(1) d,IIT
g;l] Ny 1 ;>\7QA:|:l(p7 >_ 2NP |:C+(J Q ) NJ;;+ <®?nz>\,QA|COSZUJA/2 thlzf‘/)\( )|(I)an QA+1>

_C (JQ )NJQ)\ 1<(I)ad1_IF | 1 Wad(l ( )|(I)adHF >

Nya, 445,820 T cos? wy /2 127 \d n Q=1
(5.68)
h2
ad, I, ad,IIT ad(2 ad,IIT
iy ! A(PvP) @@L%@JW ()(ijm%)@ i, QA> (5.69)
h2
ad,IIT",Q2 L=\ ad,IIT ad(1 ad,IIT
ZjvniA,n;: (p7 p) - _E<q)i,ni)\,9>\‘wl,2(,p) (p7w)\77)\>|(1) n >\> (570)

In Eq. (5.67), W (p,w,\,fy)\) is the wy, v\ equivalent of Eq. (5.60). In Egs. (5.68)
and (5.70), W) and WA

i p 12, are the p and 7\ components of the first-derivative

coupling vector in p, wy, ¥, coordinates.

ad,JTII'n Q)

Now if we define the column vectors b,

(p;p) (i = 1,2) as the vectors
whose elements are scanned by n;,, €2y considered as a single row index. Let us also

define a matrix B/ (p: 5) whose nj, ) column vector is obtained by stacking the

ad JHFnkQ ( ad JHFnkQ (

vector b, p; p) under the vector b, p; p). These vectors, for different

B/ whose

n), ), are then placed side-by-side thereby generating a square matrix
dimensions are the total number of LHSFs (channels) used. The coupled hyperradial
equation satisfied by this matrix has the form

n*_ d?

T P v/ ad, JIT RBad.JIr ERed.-JIr 5.71
2 d + (p; p) (p;p) = (p; p) (5.71)

using either Eq. (5.50) or (5.62) and ignoring its 7% HFnQ* (p; p) term given by Eq. (5.59)

iJ,m;
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or (5.70) as it appears with a first derivative with respect to p of the expansion co-
efficients and is expected to be small. It can be introduced later in a perturbative
treatment to assess its effect. V1 (p: 5) is the interaction potential matrix ob-
tained by this derivation procedure and which encompasses €¢(p) and the matrices
with parts defined in Eq. (5.51) through Eq. (5.59) or Eq. (5.63) through Eq. (5.70):
Vit (s p) Vig ™ (o)

VeI (o p) = (5.72)
Vot (p:p) Vs ;)

Its dimensions are those of B*/1IT(p: 5).

5.3.2 Propagation scheme and asymptotic analysis

The strong and weak interaction regions of the internal configuration space is divided
into a certain number of spherical hyperradial shells. The two-dimensional adiabatic
LHSFs are determined at the center p; of each shell 7, whose boundaries are given by
piit1- These LHSFs are then used to obtain the coupling matrix V2/1(p: 5,) given
above in Eq. (5.72). The continuity of the nuclear wave function and its first derivative
with respect to p is imposed at the boundary p; ;11 with the help of the overlap matrix
O defined below. The corresponding continuity conditions on B/ and its p

derivative are

ad,JIII'm/, _ ad,JIII'm/’, _ L _
Bioy O M(piiriipien) = D Bor 0 Mpiinn: 2O PR (i i) (5.73)
)

and

ap = Z ap [OMTD N (g1, pi)

ad,JTTm, O, _ ad,JTTm, Q) ,
<8Bn)\9)\ ’ /\(p; pi""l)) aBn’AQA (P7 pi)
+
P=Psiv1

p_’p;,prl

(5.74)
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The overlap matrix O™ has elements defined as

(O™ (Birr, 7i) = (@ (P )| @D ) (5.79)

2.\ .
where gAIT (€2 5, is a column vector

adHI‘QA
s g9y — | T 67 (5.76)

ad,IITQ
®2n2)\ A(6)\ 7p'l)

whose two components are defined in Eq. (5.46). At the switchover hyperradius
(ps) that separates the strong and weak interaction regions, the overlap matrix is
calculated by first projecting the two-dimensional (6, ¢,) LHSFs in the last sector of
the strong interaction region onto the wy, ¥\ space and then computing its overlap
with the two-dimensional (6, ¢,) LHSFs in the first sector of the weak interaction

region.

The coupled hyperradial equations in Eq. (5.71) are transformed into the coupled

first-order non-linear Bessel-Ricatti logarithmic matrix differential equation

dFad,JHF 0;p “ 2,u a _
# + [ (s p)? + 25 (BT = VT (p p)] = 0 (5.77)
where
Fe M (p; p) = [(d/dp)B*1 (p; p)| B4 (p; p)] (5.78)

is the logarithmic derivative matrix and associated with B/ Eq. (5.77) is inte-
grated from the beginning of each sector to its end using a highly efficient fourth-order
logarithmic-derivative method [90-92], and matched smoothly from one shell to an-

other by using

F I (s pigt) = [0 (pisr, pi)| T F T (01 ) O™ (D, i) (5.79)

which is obtained by using Eqgs. (5.73), (5.74) and (5.78).
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Using this method, the Fe/I" matrix is propagated from a very small value of
p = po, where a WKB solution is applicable, through a value ps which separates the
strong and weak interaction regions, to an asymptotic value p = p, where the in-
teractions between different arrangement channels A have become negligible. At this

ad JMIIT i matched to the asymptotic atom-diatom

asymptotic p,, the adiabatic x
wave functions. This asymptotic analysis furnishes the reactance matrix R/™" and
from it the scattering matrix S/ [69-71]. For total energies F at which no electroni-
cally excited states of the isolated atoms or diatomic molecules are open, the elements
of the open parts of these matrices correspond to the ground electronic atom and di-
atom products only. This is done for all I' and both parities (II = 0,1) and for

a sufficiently large number of values of J (i.e., of partial waves) for the resulting

differential and integral cross sections to be converged.

5.4 Diabatic formalism

Total orbital electronuclear wavefunction of Eq. (5.21) can also be expanded in terms

of two diabatic electronic wave functions ¥5"%(r; qx) and < (r; q,) as
VO(r, Ry) = x{(R)UT(r;an) + X8R5 (r;qn) (5.80)

where the coefficients of the expansion are the diabatic nuclear motion wave functions
Y4(Ry) and x4(R,). The diabatic electronic wave functions can be obtained from the
uniquely known adiabatic ones through a unitary transformation

Yi(r;Ry) Yi(r;Ry)

= U[B(qy)] (5.81)
Pd(r;Ry) Pi(r;Ry)
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where U[8(qy)] is the transpose of the adiabatic-to-diabatic transformation matrix

cos B(qy) —sin B(qy)
UlB(an)] = (5.82)

sin B(qx)  cos B(qy)

and (3(qy) is called the diabatization or mixing angle obtained by solving a Pois-
son equation [56, 58, 88| involving the first-derivative nonadiabatic coupling vector
ngad(q,\). Diabatization is done in most cases to avoid the singular nonadiabatic
couplings of the adiabatic representation. An ideal diabatic basis would be one in
which the first-derivative coupling vanishes [89]. This can happen only if the complete
set of electronic states are included in the Born-Huang expansion of the electronuclear
wave function, which is not a practical proposition. The solution is to include only a
few excited electronic states and follow an optimal diabatization procedure [56, 58],
which minimizes the magnitude of the first-derivative couplings in the diabatic rep-

resentation over the entire internal nuclear configuration space.

The diabatic nuclear wave functions are related to their adiabatic counterparts by

X'(Ry) = U[B(an)]x"(Ry) (5.83)

where x?(R.) is the two-dimensional column vector whose two elements are Y¢(R,)
and Y4(R,) and is written as
x‘(Ry) = (5.84)

Replacement of Eq. (5.83) into Eq. (5.26) yields the diabatic nuclear motion scattering

equation

h2
2 {1Vi, +2WW(q)) - Vi, + W%qy)} + {e*(an) — ET}| x*(R») = 0.
(5.85)
The elements of the first-derivative W4(q,) and second-derivative W?4(q,) cou-
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pling diabatic matrices are analogous to their adiabatic counterparts. In particular,
W4 (q,) is equal to the transverse part Wﬁiﬁf‘d(qx) of the adiabatic coupling vector
WMad(q,) [56,88]. If the adiabatic couplings display a singularity for special nuclear
geometries, e.g., displayed at the equilateral triangle geometries for Hs, their dia-
batic counterparts (both first- and second-derivative couplings) don’t display these
singularities. This is one of the main advantages of using a diabatic representation.

In Eq. (5.85), €(qy) is a 2 x 2 diabatic energy matrix which is obtained from the

adiabatic one €%(qy) using

e’(an) = UlB(an)] €™(an) UlB(an)] (5.86)

We can now write Eq. (5.85) in explicit form similar to its adiabatic counterpart

[Eq. (5.29)]

1 d 0 Wﬁd(%) W%d(%)
L w2 2wl () S
0 1 -1 0 Wsi'(an) Wiy (an)
n 5?1(%\) 561l2(Q>\) _E 10 X?(RA) _ 00
efi(an) egy(an) 0 1 X5(R) 00

In this two-state diabatic nuclear motion Schrédinger equation, the nuclear wave
functions are coupled by the first-derivative and second-derivative couplings and the
diabatic energy matrix. Since all diabatic representations are obtained by some type
of mixing of the adiabatic states, the diabatic nuclear wave functions are expected to
be intrinsically coupled to each other. The diabatization procedure mentioned earlier
also gaurantees that the diabatic electronic wave functions are single-valued upon a
pseudorotation and the GP effect is not required to be imposed on diabatic nuclear

wave functions.
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5.4.1 Partial wave expansion

As we did in the adiabatic case, we can write the diabatic nuclear motion Schrodinger

Eq. (5.85) as
h2
—@{IV +2WW(q,) - Vg, } + {g%ay) — EI} | x(Ry) = 0 (5.88)

The modified diabatic energy matrix £%(qy) that appears in Eq. (5.88) is given by

h? o (a») g} (ax)
el(qn) = e(a) — Q_W(z)d((h) = H . (5.89)
K g5 (ax) E5(an)
where
_d B2 o (2)d .
@) = (@) - 3 W @) 75 =12 (590

The two diabatic nuclear wave functions x¢(R,) and x4(R.) can be expressed as

dJMHF(R ) dJMHF(R)\)

linear combinations of auxiliary nuclear wave functions y and xy

respectively similar to their adiabatic counterparts (the linear combinations referred

to as partial wave expansions and the individual Xd JMIT and X;l’JM“F referred to as
partial waves),
d o M=J 1 d,J MTIT
X1 (RA) JM X1 (RA)
d - Z Z CA Z Z d,JMTIT (5'91)
X5(R) J=0 M=—J n=0 T X2 (Rx)

If \$MI(R,) and x3/MIT(R,) are defined as components of the column vector

x&TMUT(R,), then we can write Eq. (5.91) as

oo M=J 1
Z Z C szd JMHF (592)
J=0 M= r

1=

o
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If we define another nuclear wave function column vector

d,J MTIT
X1 (Ra)
deJMHF(RA) - cllJMHF (5'93)
X2 (R»)
then x%/MUT is a simultaneous eigenfunction of the diabatic matrix H%(R.,) expressed
as

~ A2
HYR,) = 2 {1V, +2WW%q,) - Vg, } +&%(ay)| (5.94)

of the square of the total nuclear orbital angular momentum J, of its space-fixed
z-component J. and of the inversion operator I of the nuclei through their center of

mass according to the expressions

ﬁnuxd,JMHF _ EXd,JMHF
j2xd,JMHr _ J(J + 1)h2xd,JMHF (5 95)
jZXdJMHF — My Mmr ’
fxd,JMHF _ (_1)de,JMHF

In these equations, J, M,II,I" carry the same definitions as they did in the adiabatic
language. The irreducible representation I' again refers to the fact that x%/M" leads
to an electronuclear wave function which transforms according to that representation
of the system’s permutation group.

: : d,J MTID d,J MTIT
Let us now expand the two nuclear motion partial waves x7’ and g’

according to the following vector equation

d,J MTIT, 0} )

d,JITn Q) , .\ = d,IIl 2). _
X1 (P &)\ =23 Dl () Dony, by 0y (5 p)él,nlwm(é%p)
d,J MTIT, 0, %, =P MQy\SA d,JIT04 Q) , | < d 1T @) _
X2 (P, x) O nay Doims, n (03 0)Pon, 0, (6375 P)

(5.96)

In Eq. (5.96), @ffi RN (5/(\2); p) and @;lg N (5/(\2); p) are the diabatic two-dimensional

local hyperspherical surface functions (LHSFs) that depend parametrically on p and

are defined as the eigenfunctions of a diabatic reference Hamiltonian matrix h* /(\2); p).
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Similar to the adiabatic langiage, this matrix can be chosen to be block diagonal, i.e.,

. i = @
hQA( () 5) = A3( §\2)) L0 n 5?1(/);5,\ ) 0 (5.97)
T 20 \ 0 1 0 &h(pe?)

or have the off-diagonal nonadiabatic couplings built in, i.e.,

N —, _ 2 —, _ 2
flgk( §\2)'ﬁ> — A%( &2)) 10 4 5?1([%5& )) 5?2([)75& )) (5 98)
) _2 _ B _ _ .
2up 01 G (P;f,(\z)) €5 (P, ,(\2))

In Egs. (5.97) and (5.98), A2(§§2)) refers to angular operators in 6, ¢, coordinates
[Eq. (5.44)] in the strong interaction region or wy,y, coordinates [Eq. (5.46)] in the

weak interaction and asymptotic regions [18,72].

For the h'* (5&2); p) matrix in Eq. (5.97), @f:g&m (5&2); p) and @g:g;vm(f/(\m; p) are
solutions of uncoupled second-order partial differential equations, whereas for the
flg* (5/(\2); p) matrix in Eq. (5.98), they are solutions of coupled differential equations.
Like their adiabatic partners, their calculation requires a larger computational effort
than to obtain the former and as the off-diagonal couplings are built into Eq. (5.98),
a smaller number of the corresponding LHSFs will be needed for convergence of the
solutions of the scattering equations, as opposed to the ones resulting from Eq. (5.97),

which don’t have these terms built in. Here also it is desirable to use LHSFs obtained

from Eq. (5.98) rather than Eq. (5.97).

With either of these diabatic reference Hamiltonians, the LHSF's satisfy the eigen-

value equation

d,1Ir @), - A0y 2 d,TIT @), -
lle)‘( (2). ,) (I)l,nb\,Q)\ (é-)\ 7/)) _ 61,n1>\,Q>\ (p>(1)1,n1>\,ﬂ>\(£)\ 7/)) (5 99)
d \5A HLIL ). - LT (o) T ). - :
2,TL2>\79)\ (é-)\ 7p) 62,n2A,Q>\ (p> 2,1’],2)\79)\(5)\ 7p)

The diabatic LHSFs are not allowed to diverge anywhere on the half-sphere of fixed
radius p. This boundary condition furnishes the quantum numbers n,, and ns,, each

of which is two-dimensional since the reference Hamiltonian hg* has two angular
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degrees of freedom. The superscripts n)y, Q) in Eq. (5.96), with n/ referring to the
union of n} and ny , indicate that the number of linearly independent solutions

of Egs. (5.95) is equal to the number of diabatic LHSFs used in the expansions of
Eq. (5.96).

In the strong interaction region, the diabatic functions @Z;gf’m(ﬁ,gb,\; p), (i =
1,2), which are eigenfunctions of the reference Hamiltonian given by Egs. (5.97) or
(5.98) and Eq. (5.44), are obtained using the same body-fixed basis 52’,13_1;%(9, ®x)

used in the adiabatic representation,

—d,IIT Q d,IIr
T o) (0.02) = £2 (0) g (62) (5.100)
where n;, = (n,, Nig, )- gf’f_i o, are again chosen to be simple trigonometric func-
bR >\7

tions of ¢, and j‘"ff;A are chosen as Jacobi polynomials in cos 6, such that the resulting
diabatic nuclear wave functions transform under the operations of the permutation
symmetry group of identical atoms in the way described after Egs. (5.95). Eqgs. (5.99)
are then transformed into an algebraic eigenvalue eigenvector equation involving the
coefficients of these expansions, which is solved numerically by linear algebra meth-
ods. As was the case in the adiabatic treatment, the singularities in the A% operator of
Eq. (5.97) or Eq. (5.98) at @ = 0 and 6 = 7/2 need to be handled carefully. With the
reference Hamiltonian mentioned above, the Jacobi polynomials are unable to handle
the pole at § = 0. Besides, in the current diabatic case, the second-derivative coupling
element, that has been added to the diabatic energies [see Eq. (5.89)], is not singular
at = 0. This might require using the full A? operator and related hyperspher-
ical harmonics [85,86]. Appendix 5.A describes a method to obtain trigonometric
functions in ¢, that provide diabatic electronuclear functions with P3 permutation

symmetries, in the presence and absence of the conical intersection.

In the weak interaction region, where the coordinates (p,wy,y,) of Eq. (5.5) are
used, the diabatic LHSF's @Zﬂim(w,\,%\;ﬁ), (1 = 1,2) are eigenfunctions of the
reference Hamiltonian given by Eqgs. (5.97) or (5.98) and Eq. (5.46). These weak in-
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teraction region diabatic LHSFs are expanded in a body-fixed basis <I> QA (W, 7r),
used in the adiabatic language and constructed from the direct product of the asso-
ciated Legendre functions of cos~y, and at a set of functions of w) determined by the
numerical solution of a one-dimensional eigenfunction equation in w), using Gegen-
bauer polynomials [87] in coswy. As in the adiabatic case, the w) = 0 singularity in

/A\% operator is compensated by the well-behaved Gegenbauer polynomials.

Once the diabatic LHSFs are known, they provide the basis of functions in terms
of which the expansion in Eq. (5.96) is defined. The diabatic nuclear wave function
vector of that equation is then inserted into the first equation of Eqgs. (5.95). Use of
the orthonormality of the symmetrized Wigner functions [Eq. (5.41)] and integration
over the two-dimensional diabatic LHSF's, yields a set of coupled hyperradial second-

order ordinary differential equations (also called coupled-channel equations) in the

HI‘nAQ( 5) and oI 24

coefficients b1 i, 2, O (p; p) analogous to the adiabatic Eq. (5.50).

JHFnAQA(

Let us define the diabatic column vectors b,’ p;p) (i = 1,2) as the vectors

whose elements are scanned by n;,, €2y considered as a single row index. Let us also

define a matrix B4/ (p; 5) whose nj, ) column vector is obtained by stacking the

d,JTICn} 2} A\ d,JTICn} ) A\

vector by’ p; p) under the vector by p; p). These vectors, for different

B%/1T whose

n), ), are then placed side by side thereby generating a square matrix
dimensions are the total number of LHSFs (channels) used. The coupled hyperradial
equation satisfied by this matrix has the form

h?_ d?

T+ VAT (g 5) | BYT (g 5) = BB (0 5) (5.101)
pdp?

where V&L (p: 5) is the interaction potential matrix obtained by this derivation

procedure and which encompasses €%(p):

PiP) = dJIr, dJIr, . — :
Vo' (psp) Vi (pip)

Its dimensions are those of B&/1(p: p).
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5.4.2 Propagation scheme and asymptotic analysis

The strong and weak interaction regions of the internal configuration space is divided
into a certain number of spherical hyperradial shells. The two-dimensional diabatic
LHSFs are determined at the center p of each shell. These LHSFs are then used
to obtain the coupling matrix V4/I'(p: 5) given above in Eq. (5.102). The coupled
hyperradial equations in Eq. (5.101) are transformed into the coupled first-order non-

linear Bessel-Ricatti logarithmic matrix differential equation

AR/ (p: b B 2u _
# + [P (o ) + S5 (BT = VAT (5 p)] = 0 (5.103)
where
FI (p: 5) = [(d/dp) B (p; p)) B (p: 7))~ (5.104)

is the logarithmic derivative matrix and associated with B4/ Eq. (5.103) is inte-
grated from the beginning of each sector to its end using a highly efficient fourth-order
logarithmic-derivative method [90-92], and matched smoothly from one shell to an-

other.

Using this method, the F#/M' matrix is propagated from a very small value of
p = po, where a WKB solution is applicable, through a value p, which separates
the strong and weak interaction regions, to an asymptotic value p = p, where the
interactions between different arrangement channels A have become negligible. This
diabatic log-derivative matrix is transformed smoothly from one sector to the next
and across the switchover hyperradius p, in the same way that the adiabatic one is
transformed as discussed in Sec. 5.3.2. At this asymptotic p,, the diabatic /M1 ig
transformed to its adiabatic representation using the adiabatic-to-diabatic matrix and
matched to the asymptotic atom-diatom wave functions. This asymptotic analysis
furnishes the reactance matrix R/ and from it the scattering matrix S/ [69-71].
For total energies F at which no electronically excited states of the isolated atoms
or diatomic molecules are open, the elements of the open parts of these matrices

correspond to the ground electronic atom and diatom products only. This is done for
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all I' and both parities (II = 0, 1) and for a sufficiently large number of values of J
(i.e., of partial waves) for the resulting differential and integral cross sections to be

converged.

5.4.3 Adiabatic vs. diabatic approaches

We recall the adiabatic and diabatic nuclear motion Schrodinger Eqs. (5.26) and
(5.85):
Adiabatic:

h2
[_ﬂ {1V, +2WW¥(q,) - Vg, + WO (q)} + {e™(an) — EI}] x“(R,) =0
(5.105)
Diabatic:

[—%{IV +2Wqy) - Vi, + WP q))} + {e%(an) EI}} (Ry) =0
(5.106)

In the molecular systems that exhibit a conical intersection for some special ge-
ometries between their neighboring adiabatic electronic states, both first-derivative
(WMad(q,)) and second-derivative (W29¢(q,)) nonadiabatic coupling terms are sin-
gular at those geometries. Even in the cases where singularities are absent, the pres-
ence of the gradient term (W1 (q,) - Vg,) in Eq. (5.105) makes its numerical
solution inefficient and requires a special treatment of the pole in WM at conical
intersection geometries. These problems can be avoided by constructing a diabatic
representation, in which the coupling terms (W (M?(q,) and W?(q,)) do not contain
singularities. If the optimal diabatization procedure is followed [56], the magnitude
of W4(q,) over the entire dynamically important internal nuclear configuration
space can be minimized. This enables the dropping of the gradient containing term
(WWd(q,)- Vg, ), to a good first approximation, from the diabatic Schrédinger equa-
tion and facilitates the use of efficient propagation methods available in the absence

of such a gradient term. To test the quality of this approximation, this term can be
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reintroduced perturbatively into the scattering equations to assess its effect on the

reaction cross sections.

In the adiabatic representation of a system containing singular couplings at the
conical intersection geometries, the second-derivative couplings have a second-order
pole compared to the first-derivative couplings. In energy units this translates to
nuclear wave functions not sampling the conical intersection geometries or their very
near vicinity where the second-derivative coupling might still be large. These second-
derivative couplings decay faster than the first-derivative ones as we move away from
the conical intersection point, and the presence of the first-derivative couplings in the
gradient term mentioned above will still make the solution of the adiabatic equations
inefficient. A quantum scattering study using both representations can resolve these

issues more quantitatively.
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Appendix 5.A - Geometric phase boundary conditions for the

adiabatic and diabatic nuclear wave function basis sets

Consider a triatomic nuclear geometry described by a point P in the six-dimensional
hyperspherical coordinate space p, 6, ¢y, ax, by, cx. If this point P is taken along a
closed loop that encircles a conical intersection geometry, its coordinates change to
0,0, 0x+27, (m+ay) mod 27, m —by, (T —c)) mod 27. This is called a pseudorotation.
The Wigner rotation functions given by Eq. (5.40) undergo the following change upon

this pseudorotation:
Diro, ((m 4 ay) mod 27, — by, (7 — ¢y) mod 27) = (—1)"D{jg (ax,bx,cx) (5.107)

Since the only other piece of the nuclear wave function that undergoes a change upon
this pseudorotation is the g/ Mg (¢x) piece, we can incorporate its effect on Wigner

functions mentioned above into boundary conditions on g;; o a, (@2)-

In the absence of a conical intersection, the adiabatic or diabatic nuclear wave
functions don’t change upon a pseudorotation, as the corresponding electronic wave
functions are single-valued. This leads to the following no-geometric-phase (NGP)

boundary conditions for the adiabatic and diabatic ¢, functions:

g (o +2m) = (—=1)"gMN () (5.108)

gt (o +2m) = (=1)"gh (6a) (5.109)

where 7 = 1,2 and py\ = n¢, .

In the presence of a conical intersection, the adiabatic nuclear wave functions
change sign upon a pseudorotation [see Eq. (5.24)] leading to the following geometric-
phase (GP) boundary condition on adiabatic ¢, functions:

gy (6n +2m) = —(—1)"gf0ls (6) (5.110)

9iprs 9ipr
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The diabatic nuclear wave functions, on the other hand, are constructed such that
they don’t change upon the pseudorotation leading to the following GP boundary

condition for diabatic ¢, functions:
g (dn +2m) = (=D)TgHMT (62) (5.111)

For Hj system, which belongs to the P3 permutation group, in the absence of a
conical intersection, the ground (i = 1) adiabatic electronic wave function belongs
to the A; irreducible representation and the first-excited (¢ = 2) one belongs to the
Ag representation of the P3 group. In the presence of a conical intersection, these
adiabatic states belong to the F irreducible representation of the P3 group. Using
projection operators from group theory [93] and symmetry operations of this P3 group,
different ¢, functions can be obtained that belong to A;, Ay or F representations
and satisfy the boundary conditions given by Egs. (5.108) through (5.111). These
functions are given in Tables 5.1 and 5.1I for adiabatic basis sets and Tables 5.1 and

5.11T for diabatic basis sets for different choices of II and 2, quantum numbers.
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. . ¢ adIIl . . dIT . .
Table 5.I: Adiabatic (g ) and diabatic (g ) basis sets in ¢, for P;

1,pA LN 7,pA82

permutation group in the absence of a conical intersection®

0 r ad,0T 4,07 ad,1T d1r
A 91p,0, OF J1pr0, 91p30, O J1pr0)

Even A, cos[3prga] cos[(3px + 3/2) ¢

A, sin[3papa] sin[(3px + 3/2) ¢

E  cos[(3px£1)¢a]  cos[(3px +1/2)¢x

Odd A, sin[3pxga (3px +3/2)px
[( )

( )

] sin|
A, cos[3pada] cos[(3px + 3/2) b

]
]
]
]
]
E  sin[(3pa £1)¢a]  sin[(3px £1/2)¢))]

0 r ad, 0" 4,00 ad, 1T d,1T
A 92.p30, OF 92.p,0, 92,p30, OF Y2.p,0,

Even A4 sin[3pag,] sin[(3px + 3/2) ¢
A, cos[3prga] cos[(3px + 3/2) ¢
B sin[(3pa % 1)éa]  sinl(3py £ 1/2)65
Odd A, cos[3prga] cos[(3px + 3/2) ¢
A,y sin[3pag,] sin[(3px + 3/2) ¢
E  cos[(3par £ 1)ps] cos[(3pr £ 1/2)y

]
]
]
]
]
]

“py>0,3py—1>0and 3py —1/2>0
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Table 5.II: Adiabatic basis sets ¢°*'5. (i = 1,2) in ¢, for P3; permutation

7,pAS2x

group in the presence of a conical intersection®

Q)\ T ad,0l’ ad, 1T’

91,pr0 91,920
Even A; cos[(3px +3/2)¢,] cos(3pada)
Ay sin[(3pa + 3/2) )] sin(3pada)
E  cos[(3par £1/2)¢,] cos[(3px £ 1)¢,]
Odd A; sin[(3py + 3/2)¢,] sin(3pxoa)
Ay cos[(3pr + 3/2) ¢, cos(3pada)
E  sin[(3py £1/2)¢s] sin[(3px £ 1)¢)]

Q)\ I ad,0l’ ad, 1T’

92,p 92,p202
Even A; sin[(3pyx + 3/2)¢,] sin(3proa)
Ay cos[(3pr + 3/2)¢,] cos(3pada)
E  sin[(3py £1/2)¢s] sin[(3px + 1)¢)]
Odd  A;  cos[(3pxr + 3/2)¢,] cos(3prda)
Ay sin[(3pa + 3/2)¢,] sin(3proa)
E  cos[(3par £1/2)¢,5] cos[(3px £ 1)¢,]

"py>0,3py—1>0and 3py —1/2>0
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Table 5.111: Diabatic basis sets gd’HF in ¢, for P3 group in the presence of

1,pA L0

a conical intersection®

d,0T
95 r 91.pa0

d,1T
91,p30

Even A, cos[(3px + 1)¢x]
A, sin[(3pa + 2) ¢,
E  cos[{(3py+ 1) £ 1}¢,]

cos[(3px — 1/2)¢,]
sin[(3py + 1/2)¢]
cos[{(3pr + 1) £ 1/2}¢,]

Odd A, sin[(3px + 1)¢]
Ay cos[(3pa + 2)¢a]
E  sin[{(3px+1) £ 1}¢,]

sin[(3px — 1/2)¢,]
cos[(3px + 1/2)¢,]
sin[{(3px + 1) £ 1/2}¢3]

d,0T
0y r 92,pr0

d,1T
92,p0

Even A, sin[(3px + 1),
A, cos[(3px + 2) 9]
E  sin[{(Bpx+1) £ 1},

sin[(3px — 1/2) ¢,
cos[(3px + 1/2)¢,]
sin[{(3pa + 1) &+ 1/2}¢)]

Odd A, cos[(3px + 1)¢,]
A, sin[(3px + 2) ¢,
E  cos[{(3pr+1) £ 1},

cos[(3px — 1/2)¢,]
sin[(3py + 1/2)¢]
cos[{(3px + 1) £ 1/2} 5]

“pr>0and 3py —1/2>0
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Chapter 6 Summary and conclusions

A general Born-Huang treatment of quantum dynamics for multiple interacting elec-
tronic states is considered for a polyatomic system. In the adiabatic representation,
the m-electronic-state nuclear motion Schrodinger equation is presented along with
the structure of the first-derivative and second-derivative nonadiabatic coupling ma-
trices. In this representation, the geometric phase must be introduced separately
and the presence of nonadiabatic couplings introduces numerical inefficiencies for the
solution of that Schrédinger equation, even if those couplings are not singular at
electronically-degenerate nuclear geometries. This makes it desirable to go to a di-
abatic representation, which incorporates automatically the geometric phase effect.
In addition, appropriate boundary conditions can be chosen so as to impart desired
properties on the diabatic version of the n-electronic-state nuclear motion Schrédinger
equation. One such property is the minimization of the magnitude of the nonadia-
batic couplings. If a complete (infinite) set of adiabatic electronic wave functions is
used in a Born-Huang expansion of the system’s electronuclear wave function (which
is not possible in practice), this term vanishes automatically. In practice, a finite
number n of adiabatic states are included for the treatment of chemical reactions.
For this case, a residual coupling term survives in the diabatic representation as a
nonremovable coupling term, which however does not diverge at conical intersection
geometries. A general method is presented that minimizes this nonremouvable cou-
pling term over the entire internal nuclear configuration space, leading to an optimal
diabatization. As a very good first approximation, this term can be ignored in the
diabatic nuclear motion Schrodinger equation. Since that term is obtained as a part
of the diabatization process, its effect on the reaction cross sections can be studied
subsequently by perturbative or other methods. This treatment is then applied to

the benchmark Hj system in the presence of its lowest two adiabatic electronic states
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12A" and 2 2A".

The results of accurate calculations of the first-derivative coupling vector between
these two states of H3 are presented. These calculations are performed over the en-
tire internal nuclear configuration space of this system of possible importance for its
reactive scattering, up to total energies of about 5 eV. In addition, a fit (DSP) to its
ground and first-excited electronic energies obtained by ab initio methods is given.
The couplings are found to be non-negligible even away from the conical intersection
between these states, and can be used to obtain their longitudinal (removable) and
transverse (nonremovable) parts. We have also compared our results with the analyt-
ical ones, obtained by a double many-body expansion (DMBE) method [Varandas et
al. J. Chem. Phys. 86, 6258 (1987)], which have built into them the right physical
behavior in the vicinity of the conical intersection geometries. The DMBE ground-
state electronic energies agree well with the DSP fit to the ab initio energies, while the
first-excited ones show some significant differences. The DMBE couplings are purely
longitudinal and hence fully removable upon an adiabatic to diabatic transformation.
They compare well with the ab initio ones only in the neighborhood of the conical

intersection, as expected.

We have also investigated the line integrals (along closed paths around the conical
intersection between these electronic states) of the ab initio couplings over the entire
nuclear configuration space considered. We found large deviations of the topological
phase ®(p,0) from 7w suggesting the existence of conical intersections between the
2 24" and 3 ?A’ states and/or the presence of non-negligible derivative couplings
involving excluded electronic states. Electronic energy calculations for the 3 2A’ state
and its first-derivative couplings with the 2 2A’ state could lead to a quantitative
correlation between the topological phase between the 1 24’ and 2 2A’ states and the

locus of possible intersection geometries between the 2 24’ and 3 2A’ states.

We have reported the first global optimal diabatic basis, obtained from accurate
ab initio first-derivative couplings between the 1 24’ and 2 ?A’ adiabatic PESs of

Hj. These couplings were used in a three-dimensional Poisson equation for the dia-
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batization angle, over the entire dynamically important domain U of internal nuclear
configuration space, together with a combination of Neumann and Dirichlet bound-
ary conditions. These conditions were chosen so as to minimize the average value of
the magnitude of the transverse (nonremovable) part of the first-derivative coupling
vector over that domain. Since that is the only part of that vector that appears in
the diabatic nuclear motion Schrodinger equation, the result is an optimal diabatic
basis. The minimization was measured quantitatively by solving the Poisson equation
with only Dirichlet boundary conditions and comparing the average magnitude of the
transverse coupling vector obtained from this solution with that obtained from the
optimal solution. The transverse vector was found to be about 80 % smaller than
the original first-derivative vector, indicating that the minimization provided by the

Neumann boundary conditions used in the latter was very significant.

The diabatization angle was calculated over the full U domain. The resulting
diagonal and off-diagonal components of the diabatic potential energy matrix were
obtained and their importance for the reactive scattering process was discussed. The
longitudinal and transverse parts of the full first-derivative coupling vector were calcu-
lated and a detailed analysis of their relative magnitudes in the dynamically important
regions of nuclear configuration space was presented. In a first but good approxima-
tion to the nuclear motion diabatic scattering equations, the transverse part can be
neglected (as well as the small second-derivative diabatic coupling matrix correction
to the diabatic PESs). Since, however, it is now known, it can be introduced pertur-
batively at a later stage to assess its importance for the two-electronic-state scattering
calculations. It is expected to have only a small effect on the scattering dynamics,

but just how small remains to be determined.

A quantum scattering formalism for a triatomic reaction on two interacting elec-
tronic states is presented in both adiabatic and diabatic representations. Advantages
and disadvantages of the two approaches are discussed and compared. This formal-
ism is an extension of the time-independent coupled-channel hyperspherical method

for one adiabatic electronic state. The extended formalism involves obtaining adia-
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batic or diabatic local hyperspherical surface functions (LHSFSs) for each hyperradial
shell. The partial wave adiabatic or diabatic nuclear wave functions are expanded
in terms of these surface functions and the coefficients of the expansion propagated
to an asymptotic value of the hyperradius. Here the adiabatic nuclear wave function
is directly matched to asymptotic diatom rovibrational states, whereas the diabatic
nuclear wave function needs to be first transformed to its adiabatic counterpart and
then matched to asymptotic diatom rovibrational states. This asymptotic analysis of
the nuclear wave function gives the partial wave scattering matrices needed to obtain
the desired differential and integral cross sections. This formalism enables the calcu-
lation of these cross sections over a broader energy range that sample the first-excited
adiabatic electronic sheet in particular. It also allows for a comparison of the cross
sections obtained using this two-electronic-state formalism with those obtained using
only the adiabatic ground electronic state (with the geometric phase included), which
should provide an estimation of the energy range of validity of the one-electronic-state

Born-Oppenheimer approximation.



