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A diabatic representation is convenient in the study of electronically nonadiabatic chemical
reactions because the diabatic energies and couplings are smooth functions of the nuclear
coordinates and the couplings are scalar quantities. A method called the fourfold way was
devised in our group to generate diabatic representations for spin-free electronic states. One
drawback of diabatic states computed from the spin-free Hamiltonian, called a valence diabatic
representation, for systems in which spin-orbit coupling cannot be ignored is that the couplings
between the states are not zero in asymptotic regions, leading to difficulties in the calculation
of reaction probabilities and other properties by semiclassical dynamics methods. Here we
report an extension of the fourfold way to construct diabatic representations suitable for spin-
coupled systems. In this article we formulate the method for the case of even-electron systems
that yield pairs of fragments with doublet spin multiplicity. For this type of system, we
introduce the further simplification of calculating the triplet diabatic energies in terms of the
singlet diabatic energies via Slater’s rules and assuming constant ratios of Coulomb to
exchange integrals. Furthermore, the valence diabatic couplings in the triplet manifold are
taken equal to the singlet ones. An important feature of the method is the introduction of

scaling functions, as they allow one to deal with multibond reactions without having to include



high-energy diabatic states. The global transformation matrix to the new diabatic
representation, called the spin-valence diabatic representation, is constructed as the product of
channel-specific transformation matrices, each one taken as the product of an asymptotic
transformation matrix and a scaling function that depends on ratios of the spin-orbit splitting
and the valence splittings. Thus the underlying basis functions are recoupled into suitable
diabatic basis functions in a manner that provides a multibond generalization of the switch
between Hund’s cases in diatomic spectroscopy. The spin-orbit matrix elements in this
representation are taken equal to their atomic values times a scaling function that depends on
the internuclear distances. The spin-valence diabatic potential energy matrix is suitable for
semiclassical dynamics simulations. Diagonalization of this matrix produces the spin-coupled
adiabatic energies. For the sake of illustration, diabatic potential energy matrices are
constructed along bond-fission coordinates for the HBr and the BrCH,Cl molecules.
Comparison of the spin-coupled adiabatic energies obtained from the spin-valence diabatics
with those obtained by ab initio calculations with geometry-dependent spin-orbit matrix
elements shows that the new method is sufficiently accurate for practical purposes. The method
formulated here should be most useful for systems with a large number of atoms, especially

heavy atoms, and/or a large number of spin-coupled electronic states.
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1. Introduction

In chemical systems, the interaction between the intrinsic magnetic moments of the
electrons and their orbital motion is accounted for by the spin-orbit coupling (SOC) term in the
Hamiltonian. The phenomenon of SOC manifests itself clearly in the fine-structure splitting of
species in spatially degenerate electronic states, often atoms and diatomic molecules.'”
Excellent reviews are available on the theory and computation of SOC effects relevant to
spectroscopy and chemical reactions.'™® The magnitude of spin-orbit effect increases with the
atomic number Z. For relatively light elements, it is a good approximation to introduce SOC in

the framework of Russell-Saunders coupling.>* "'

The inclusion of SOC can be important even
for elements of the second period. For instance, the ?P state of fluorine is split into the *P,» and
’Py,, sublevels, the latter having the lower energy. For many bimolecular reactions at low
collision energies, it is a good approximation (£10 %'%) to assume that the reagents interact
according to the ground-state adiabatic potential energy surface (PES). If the fluorine atom in
its “P3/, sublevel reacts with another species, then SOC increases the reaction barrier height by

about 0.4 kcal mol (i.e., one-third of the fluorine spin-orbit splitting),* "

assuming that SOC
is completely “quenched” at the transition state. A similar but larger effect occurs for reactions
of other halogen atoms.'® If reaction occurs only on the ground-state surface and nonadiabatic
interactions are neglected, then the effect of SOC on thermal rate constants may be
approximated as the ratio of transition-state to reactant electronic partition functions.'” A more

complete treatment of SOC involves the inclusion of computed spin-orbit matrix elements, or

approximations to them, as functions of the nuclear coordinates, and the construction of the



relevant PESs with SOC included. Examples include F(*P) + H, » HF + H,"*?' CI*P) + H, —
HCI + H,*** or the symmetric CI(*P) + HCI — HCI + CI(*P) reaction.”**

Besides the fine-structure splitting, the second important effect of SOC is that it causes
spin-forbidden processes to become partially allowed through interaction and mixing of states

8,27-34 . . .
2734 The most common occurrence is the interaction between

of different spin multiplicity.
singlet and triplet states, as in the bimolecular O(3P,1D) +H, — OH(2H) +H realction,3 738 and
in photodissociation of systems such as HC1,39’40 HBr,‘”'45 CH3I,46'50 ICN,5 1-54 BrCH2C1,55 8 or
BrCH,COCL.*® In organic photochemical reactions, the spin-orbit interaction between a
triplet state and states of singlet multiplicity promotes decay of the triplet state by
phosphorescence and/or intersystem crossing.”**

In order to understand the character of the molecular adiabatic states in the presence of
SOC, it is convenient to consider the classic Hund’s cases of a diatomic molecule.>>¥
Although Hund’s coupling schemes were originally presented primarily to understand the
coupling of rotational and electronic angular momenta in rotational spectra,” it has also been
recognized™ that they provide a basis for diabatic representations that can be useful for treating
molecular collisions. In the present article we develop this approach in detail for multibond
reactions in both molecular collisions and photodissociation.

Each Hund’s case corresponds to a different electronic basis set, described by a set of good
quantum numbers, that diagonalizes part of the molecular Hamiltonian. Here we will be
concerned with the two Hund’s cases that do not include nuclear rotational quantum numbers,
namely, cases (a) and (c). In Hund’s case (a), the basis functions have A, X, Q, and S as good

quantum numbers and generate a representation that diagonalizes the spin-free electronic

Hamiltonian, which may also be called the valence Hamiltonian. Following standard notation,



A and X are the projections of the spin-free electronic angular momentum and the spin angular
momentum S, respectively, on the internuclear axis, and
Q=A+LX (1)

is the projection of the total electronic angular momentum on the internuclear axis. In Hund’s
case (c), the basis functions have only Q as a good quantum number, and in this representation,
the sum of the spin-free electronic Hamiltonian and the spin-orbit Hamiltonian is diagonal. The
switch between the two cases is controlled by the ratio y of the spin-orbit coupling to the
valence splitting. In particular, Hund’s case (c) arises when spin-orbit matrix elements are large
relative to the energy splitting of case (a) electronic basis states, whereas Hund’s case (a) arises
in the opposite limit. Thus, as the internuclear distance decreases, the coupling changes from
case (c) to case (a). The change in character of the adiabatic states as a function of y is an
important feature of the adiabatic states that provides some guidance as to how to generate a
polyatomic diabatic representation with spin-orbit included, as will be seen below. The ratio ¥
will serve as a recoupling control parameter and will govern the geometry-dependent character
of the generated diabatic basis.

Some of the simplest molecules that manifest SOC are the diatomic hydrides, MH. For
these systems, Mulliken found that the spin-orbit constant of atom M varies only slightly when
the molecule is formed.®>® For diatomic molecules in which the two atoms have spin-orbit
constants of the same order of magnitude, the molecular spin-orbit constant is closer to the
mean of the two atomic constants.’® These and similar observations motivated the introduction
of methods in which the molecular spin-orbit Hamiltonian is written as a sum of effective one-
electron one-center operators with empirical atomic spin-orbit constants.>”’""® This

approximation results in qualitatively or even quantitatively correct spin-orbit matrix elements,



essentially because of the asymptotic P dependence of the one-electron term of the spin-orbit
operator on the electron-nuclei distances r and the fact that one- and two-electron multicenter

2,70,71
terms tend to cancel each other,” 0.

whereas the error committed by neglecting the one-center,
two-electron terms is accounted for by the effective operators. Good results have been reported
with this method even for systems that show a strong variation of the molecular spin-orbit
matrix elements with respect to the nuclear coordinates, such as in the inelastic scattering of
oxygen by rare gas atoms.’ ">’

When spin-orbit matrix elements have been computed as a function of nuclear coordinates,
it has often been found that they tend to be approximately constant in the entrance arrangement
of a bimolecular reaction (or the exit arrangement of a photodissociation reaction), when
expressed in a diabatic electronic basis set. This can be understood from the fact that both the
diabatic molecular orbitals (MOs) change smoothly and the configuration interaction (CI)
coefficients remain essentially constant when the open-shell system with a significant SOC
effect is interacting only weakly with the other subsystem.3 For regions of configuration space
that show significant variation of the spin-orbit matrix elements, the energies of the spin-free
electronic states are often sufficiently separated that the effects of SOC on them are negligible.
For example, when expressed in a diabatic basis set, the spin-orbit matrix elements of the
CI(*P) + H, — HCI + H reaction are almost constant in the entrance valley of the reaction.”
Although some of the matrix elements do vary significantly in the region of the ground-state
barrier, this variation can be safely neglected in this region because the ground-state spin-free
surface is well separated from the higher surface there. This is a fairly general phenomenon:

that is, the effect of SOC becomes small when an open-shell system interacts strongly with

another system not because the spin-orbit matrix elements are quenched by the interaction



(they are not) but rather because the spin-free splittings (which occur in the denominator of a
second-order perturbation theory treatment of SOC) become large. A similar explanation in
terms of diabatic states was also proposed to rationalize the variation of the spin-orbit matrix
elements with the interatomic angle in the O(3P,1D) + H, system.3 8

On the basis of these considerations, it seems reasonable to go one step further and assume
that the spin-orbit matrix elements are constant, with a numerical value equal to that in the
separated-atoms limit. The approximation of assuming the spin-orbit matrix elements are
constant in a diabatic basis was compared with the sum-of-one-center-terms spin-orbit
Hamiltonian method for the NaCd system.78 The former approximation was found to be more
accurate in this particular case. The essentially one-center, atomic character of the spin-orbit
interaction suggests that an even better starting point would be to work in a valence-bond basis
set, as pointed out by Tully.79 This so-called ‘atoms-in-molecules’ scheme has been
successfully applied to a number of systems involving rare gas and halogen atoms.>*"

In the present study we have chosen to make the approximation of constant spin-orbit
matrix elements working in a diabatic representation. Several schemes with varying degrees of
generality have been proposed to carry out the adiabatic-to-diabatic transformation, and a large
number of references are given in previous papers.”’93 Here we will employ a framework for
diabatization of spin-free electronic states recently developed in our group and called the

fourfold Way.92'94

In general, the diabatic states generated by the fourfold way are linear
combinations of more than one valence-bond structure, so one should expect a somewhat
larger variation of the spin-orbit matrix elements expressed in the diabatic basis set than for a

pure valence-bond treatment. An alternative diabatization method of the direct type (i.e., not

requiring nonadiabatic coupling vectors)’> when SOC effects are important would be to start



from ‘fully’ adiabatic electronic states, namely, eigenstates of the valence plus spin-orbit
Hamiltonian, as done by Morokuma and coworkers for the CH3;I — CHj3 + I(*P)***® and ICN
— I(*P) + CN°"? photodissociation systems. This method assumes implicitly that the only
coupling between the underlying diabatic states is SOC. However, in general diabatic wave
functions interact through both the valence Hamiltonian and the spin-orbit Hamiltonian, and
both contributions should be accounted for. This is especially true if the spin-free singlet and/or
triplet states show sharp avoided crossings or conical intersections caused by the electronic
Hamiltonian.

An example where the dynamics involves valence-state avoided crossings and where spin-
orbit coupling in the products is not negligible is the bromoacetyl chloride photodissociation

previously studied theoretically by several authors including us. %

If we simply add spin-orbit
coupling to the spin-free diabatic states that are generated previously,64 then we will need a
larger basis set, and the states will be coupled even in asymptotic regions. Although quantum
mechanical algorithms have been devised to calculate the scattering matrix in the physically
meaningful uncoupled representation while carrying out all operations in a coupled diabatic
representation (coupled even in the asymptotic region),91 such a procedure presents unsolved
conceptual problems for semiclassical methods that are applicable to larger systems. Since part
of the motivation for the present study is to develop a method that can be used to obtain a
diabatic representation including SOC for semiclassical calculations on bromoacetyl chloride,
we have formulated the new method here for the particular case of photodissociation reactions
of even-electron systems that yield pairs of fragments of doublet spin multiplicity, which can

only be in singlet and triplet electronic states, one of the fragments in each dissociation channel

being an atom with fine-structure splitting. This type of reaction usually starts in a closed-shell



ground electronic state from which the system is promoted by a photon to excited electronic
states of dominant singlet character. The photodissociation then leads to pairs of fragments in
their ground or excited doublet electronic states.

The purpose of the present study is to provide a simple yet reasonably accurate method to
simultaneously include valence nonadiabatic interactions and SOC in the theoretical treatment
of chemical reactions, especially photodissociation reactions that start in the singlet manifold.
The rest of the paper is organized as follows. Section 2 contains the formulation of the method.
In section 2.A the construction of the new diabatic representation for single-channel reactions
is illustrated by the case of HBr — H(ZS) + Br(2P) photodissociation. Section 2.A involves a
Hund’s case (a) representation at small internuclear distance and a Hund’s case (c)
representation at large internuclear distance. Section 2.B explains the generalizations of the
method that are necessary to treat multichannel reactions, and it may be considered to provide
a multibond generalization of Hund’s cases (a) and (c). The general method is applied in
section 3 to the construction of potential curves suitable for the two-channel BrCH,Cl —
Br(zP) + CH,Cl, BrCH,Cl — CH,Br + C1(2P) photodissociation. In this article, a “channel” is a
given set of products; this is sometimes called an arrangement or a branching channel in other

works. Section 4 contains the conclusions.

2. Formulation of the Method
2.A. Single-Channel Reactions: The HBr Molecule

For even-electron systems that yield pairs of fragments of doublet spin multiplicity, one
usually needs to deal only with singlet and triplet electronic states. The construction of a global

diabatic representation including spin-orbit coupling starts with the spin-free diabatic potential



matrix formed by a set of singlet and triplet diabatic energies and couplings. In this work we
propose a method whereby only the singlet diabatic energies and couplings are computed
explicitly, whereas the triplet diabatic energies and couplings are expressed in terms of them.
The method is elaborated first for the case of the HBr molecule, although the treatment is also
valid for a general diatomic hydride. For HBr, the molecular electronic states considered are
those that correlate with H(ZS) + Br(zP), i.e., with the atoms in their spin-free ground electronic
states. When SOC is included, the two dissociation asymptotes are H(2Sy2) + Br(ng/z) and
H(2Sy2) + Br(zPl/z), the first being lower in energy. The photodissociation of HBr has been the
subject of recent studies as a prototypical process for studying electronically nonadiabatic

e 41-45
dynamics in molecules.

The equations derived for the HBr molecule can also be applied
with a few modifications (see below) to more complicated bond scissions that yield a doublet
molecular fragment and a halogen atom.

We will assume from the outset that the ab initio valence adiabatic singlet wave functions

and energies of the lowest N adiabatic singlet electronic states, that is, the eigenstates of the

spin-free electronic Hamiltonian ( H Val), have been computed using an electronic structure

Val and for

package. Note that the valence adiabatic states are those that diagonalize H
shorthand we call them V-adiabatic. These N wave functions and energies are transformed
using the fourfold way to the valence diabatic (V-diabatic) states and an N X N valence diabatic
potential matrix containing the V-diabatic energies as diagonal elements and their scalar
couplings as nondiagonal elements. When all the electronic states differ by spatial and/or spin

symmetry, the V-adiabatic and V-diabatic states are the same. Electronic states that are diabatic

with respect to the total electronic Hamiltonian

HElec:HVal+HSO , (2)

10



with H5° being the spin-orbit operator, will be called spin-valence diabatic or fully diabatic

and will be denoted F-diabatic. Finally, the eigenstates of H Elec will be termed F-adiabatic
states. These representations are summarized in Table 1.

In the method proposed here, the triplet diabatic energies are computed explicitly only at a
single nuclear geometry. This single calculation allows one to express the triplet diabatic
energies as a function of the singlet diabatic energies by means of Coulomb and exchange

9397 as detailed below. When not all the diabatic couplings are zero, to complete the

integrals,
construction of the diabatic potential energy matrix the triplet diabatic couplings are assumed
equal to the singlet diabatic couplings. This should be a good approximation for open-shell
singlets and triplets that distribute themselves into pairs of states with each pair having the
same electronic orbital occupancy. In that case, the energies of the singlet and the triplet state
in a given pair differ by twice an exchange integral between the open-shell orbitals, and their

potential curves or surfaces tend to be parallel to one another. The diabatic energies and

couplings (ab initio for the singlets and approximate for the triplets) form the spin-free

v-diabatic HY® matrix.

The energies of the singlet and triplet states of a diatomic molecule can be readily
expressed in terms of Coulomb and exchange integrals via Slater’s rules (or alternatively,
Dirac vector rules).””™’ Valence-bond expressions, where the Coulomb and exchange integrals

are between atomic orbitals, have been reported for diatomic hydrides,97’98

subject to the
following assumptions:

(a) Only the valence atomic orbitals of the halogen atom and the 1s orbital of the hydrogen

atom are considered. The closed shells of the halogen atom only contribute a constant term

11



to the energy of the HX molecule and are therefore neglected. Furthermore, hybridization
of the p orbitals is also not treated explicitly.
(b) The relevant electronic configurations are only the covalent ones. Ionic configurations,
and configurations in which electrons of the X atom are excited, are neglected.
(c) All atomic orbitals are assumed orthogonal. Although this is a rather strong
approximation, it is justified by the success of semiempirical models such as the well-
known London-Eyring-Polanyi-Sato (LEPS)” and extended LEPS'® models.
(d) The Coulomb and exchange integrals are assumed to be the same for all the electronic
states.

With these assumptions, the two doublet electronic states of the H and Br atoms generate two

singlet and two triplet V-adiabatic states for the HBr molecule, and these can be written as’’®

E('S) =40y + 0o +J 1is = 2J iz (3a)
ECY) =40y +Ono —J o = 2] iz (3b)
ECTD =30y +2 046 —J o (3c)
ECTD) =30y +2Qu6 —J 1is —2J . (3d)

In these expressions, Qps and Qp, are Coulomb integrals, and Jy; and Jy; are exchange

integrals between hydrogen and halogen atomic orbitals. In particular, H denotes the 1s orbital
of the hydrogen atom, and o, 7= denote the 4p bromine orbitals. These states are also V-diabatic

because their spatial symmetry is different within each spin manifold, and states with different

spin multiplicity cannot interact through H Val Hereafter, we will refer to these electronic

states as V-diabatic.

12



Subsequently, our aim is to construct V-diabatic triplet potential curves as functions of the

computed V-diabatic singlet potential curves. There are four unknowns in eqs 3a—3d (the

Coulomb and exchange integrals), whereas only E(IZ) and E(IH) are assumed known.

Therefore, two additional equations are required. We have adopted the constant-Coulomb-ratio

102103 semiempirical model of

approximation used by Eyring and Polanyi'®! in their well-known
chemical reactions; in the present case it involves assuming a constant ratio between the
Coulomb integrals and the total interaction energy between the electrons in the two atomic

orbitals H and ¢ or H and z. The approximation was formulated for the case that each orbital is

occupied by one electron and the electrons are coupled to a bound singlet state'*
Oro (Qhs +J 1s) = A (4a)
OQnn [ Qpn +J ) = Ay (4b)
For simplicity, we will use the following equivalent equations instead of eqs 4a and 4b:
Ouo!J ns = C1> (5a)
Oun ! J pr = Cs. (5b)
The constants C; and C, can be determined from the energies of the four V-diabatic states at a

given geometry. Hence, from a single computation of the triplet energies at this geometry it is
possible to derive the whole set of approximate triplet potential curves. For the particular

choice of the ground-state equilibrium distance R, , the equations to be solved are:

E(%R,) =(4C; =2)J yr(R) +(Cy +1) T s (R,), (6a)
ECLR,) =(4C, = 2)J yr (R +(Cy =) J s (R,), (6b)
E('TL;R,) =3C, J 1, (R,) +(2C, = 1) J i (R,), (6¢)

13



E(SH;RE) =3C, =2)J g (R,)+(2C, +1) J g5 (R,), (6d)
from which the constants are obtained as

_E('Z,R,)+2E('ILR,)-TECL,R,)+6ECILR,)

“ s\EC=.R,) - ECL.R,))

; (7a)

E('S,R,)+2E(TL,R,)+3ECL,R,)-4ECTLR,)

s\ECTLR,) - ECILR,)) ' (7b)

C2:

Once the constants are known, we can express the potential energy curves of the triplet
V-diabatic states as functions of the potential curves of the V-diabatic singlet states. Using eqs

6a—d one can derive the relations

ECY)=E('Y) -2 yo. (8)

ECI) =E('TD)-2J ;. (8b)
Finally, the exchange integrals Jpys,Jpy, must be expressed as functions of
E(Y), ECID), C;, and C,. This can be done by using eqs 6a and 6¢ but for a generic
internuclear distance instead of the ground-state equilibrium distance:

3C,E('E,R)-(4C, -2)E('TLR)
3C,(1+Cp)—(2C, —1)(4C, =2)

J s (R) = (9a)

(1+CDECTLR) - (2C, -DE('L,R)
3C,(1+C))—(2C, —1)(4Cy =2)

J i (R) = (9b)

In case some of the singlet diabatic couplings are not zero, the triplet diabatic couplings
would be assumed equal to the open-shell singlet couplings of same electronic configuration,
but we will not need this until section 2.B. The diabatic energies and couplings can then be
used to set up the V-diabatic matrix. This completes the construction of the V-diabatic potential

energy curves for the HBr molecule, or for a halogen bond in a polyatomic molecule, if only

14



singlet and triplet states are considered. Similar expressions to those in eqs 3—9 can be derived
for electronic states of other spin multiplicity.”’

The construction of a consistent F-diabatic representation for a single-channel process such
as HBr — H(ZS) + Br(ZP) is, in principle, straightforward, and will be discussed next. Note that
the discussion is general in that it does not involve the assumptions of eqs 5a and 5b. It can be
used either with the treatment of eqs 3—9 or with ab initio calculations of the triplet potential
curves.

For systems of the type HBr — H(*S) + Br(°P), the usual strategy for constructing a

21,25,104-109

representation that is F-diabatic, and the one we have adopted here, is to carry out a

similarity transformation of the V-diabatic matrix by means of the matrix that diagonalizes the
representation of H SO in the v-diabatic basis in the dissociation limit. In general, a
transformation of the v-diabatic basis would make H " nondiagonal. But a key point in this
case is that the transformation only mixes eigenvectors of H" that are degenerate at R = oo,
and it leaves H"? diagonal. Furthermore it diagonalizes the matrix of the spin-orbit operator

in the V-diabatic basis, HSO’Val, at R = c. The final F-diabatic matrix is obtained by adding the

diagonal (in the new representation) SOC matrix to the similarity-transformed matrix

representing H"¥. For HBr, there are 12 v-diabatic states, one arising from the spin-free 'L

state, two from the By state, three from the 3y state, and six from the 1 state. Thus, the

matrices of H'* and H5° (and therefore H ¥'*°) in the v-diabatic basis set are of order 12.

The transformation matrix to the F-diabatic representation, here denoted C™, with n = 12,

o1
satisfies'”

.&
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HSO,Val (oo) are

where the elements of
HYOV (o) = (0| HO| ) . (11)
The elements of HSO’Val(oo) are presented in Table 2, and the elements of C™ are presented

in Table 3. The spin basis set for the singlet V-diabatic states contains a single function (for §

and M ¢ equal to zero), whereas the three spin functions for the triplet V-diabatic states (S = 1)
were chosen as the function with M ¢ equal to zero plus linear combinations of the functions

with M ¢ equal to 1 and -1, as follows:

|1+>E%(|S:1,MS =1)+|s=1,M 5 =-1)), (12a)
=)= (s =1.Mg =1)—|S =1, M =—1)). (12b)

V2

The elements of the diagonal matrix on the right-hand side of eq 10 are the eigenvalues of

gSo-val (e0), i.e., the elements of H S0 in the F-diabatic representation,

(HF () = (B|HC[B)S. (13)

where B=j,Q, and j,Q,p represents the n different combinations of the atomic and

molecular fragment j, € substates, where j, is the total electronic angular momentum. Thus,

from eq 10 one can see that C is a unitary matrix with the eigenvectors of H3OV a5 its

columns. Finally, the F-diabatic potential matrix H" (R) is constructed as

HY(R) = C™® HY¥ (R) C™ + HOF (co). (14)

16



Val

The elements of the H matrix at R = oo are

H i (20) = Eq ()8, (15)
where E (o) is the energy of the n degenerate V-diabatic states, labeled by “o”, in this

dissociation limit. Diagonalization of the real symmetric F-diabatic matrix Hf (R) at the set of

internuclear distances of interest yields the F-adiabatic potential energy curves.

The calculations presented here for HBr are only intended to illustrate the method for
single-channel reactions. For that reason, relatively low-level electronic structure methods and
basis sets have been employed. The V-adiabatic singlet and triplet states of the HBr molecule
(which are also V-diabatic, see above) and the spin-orbit matrix elements, have been calculated

using the MOLPRO program.110

The state-averaged complete-active-space self-consistent field
(SA-CASSCF) method' """ has been used with an active space containing six electrons in four
active molecular orbitals (five electrons from the three 4p orbitals of bromine and one electron
from the s orbital of hydrogen). The method is here denoted SA-CASSCF(6,4). The two
singlet states ('Y and 'TT) and the two triplet states (X and *II) derived from H(*S) + Br(°P)
have been included in the average with equal weights of 0.25 each. Basis sets of the segmented

type have been used, as required'"’ by the spin-orbit code implemented in MOLPRO. The

standard 6-311G basis set,114 and the Binning-Curtiss VTZP basis set,115 have been utilized for

hydrogen and bromine, respectively. The H SO operator is defined as the full spin-orbit part of

the Breit-Pauli operator.'"”? The adiabatic potential curves with spin-orbit included are obtained

Elec Val

by diagonalization of the matrix of H =~ of eq 2 in a basis of eigenstates of H (in the

present simple case the V-diabats and the V-adiabats are the same).'"

17



The spin-orbit splitting of the bromine atom, AEgyp, , obtained here at the SA-

CASSCEF(6,4) level (3397 cm’ or 0.42 eV), is in reasonable agreement with (288 cm’! lower
than) the experimental value (3685 cm’! or 0.46 eV).116 For comparison, note that in
benchmark basis-set-limit configuration interaction with single and double excitations (CISD)
calculations the spin-orbit splitting of Br was found to be only 100 cm” lower than the
experiment.'"’

Figure 1 presents the V-diabatic potential energy curves for HBr. In this and in subsequent
figures, the zero of energy has been defined as the spin-free asymptotic energy. The

+
25+1 A

classification of the states follows the labeling , where “+” refers to the even/odd

symmetry of the A = 0 electronic wave functions with respect to the operator of reflection on a

plane that contains the internuclear axis. The matrix of the total electronic Hamiltonian in the
basis of the 12 V-diabatic substates is nondiagonal due to H SO The eight F-adiabatic potential
energy curves obtained by diagonalization of HE are presented in Figure 2. The energy of

AEso gy

the H(ZS) + Br(2P3/2) level is — , and the energy of the H(ZS) + BI'(2P1/2) level is

2AE
Z50Br 1 the dissociation limit, the eight F-adiabatic states that correlate with jp, equal

to % are X 120+, A 1Hl(two substates), a 3 IT; (two substates), a 3H2(two substates), and
a 3HO_. The four F-adiabatic states that correlate with jp. equal to % are t321(tw0

substates), a 3HOJr ,and ¢ 320_ . The molecular terms are labeled with a mixed Hund’s case

(a)/case (c) notation according to 25HA 5 where

‘Q‘i s
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IQI=IA+X]. (16)
The 2S*'A label refers to the Hund’s case (a) basis state with the largest coefficient in the

Hund’s case (c) wave function at short internuclear distances. The states with [Q| # O are
doubly degenerate and the states with |Ql equal to zero are further classified according to the
parity (+ or -) of their wave function.

One of the assumptions of our method is that the molecular SOC matrix elements can be
taken as the atomic bromine matrix elements. To substantiate this assumption, Figure 3
presents the dependence of the five unique spin-orbit matrix elements in the V-diabatic basis as
a function of internuclear distance. The Q values of the coupled substates are also specified in
the labels (note the AQ = 0 selection rule for SOC).' As observed in the figure, the percent

change of the spin-orbit matrix elements with respect to their asymptotic value does not exceed

about 10%, except for <3H0 ‘H SO‘ 123>, which shows a large decrease at short internuclear

distances. The energy splitting between the spin-free potential curves at R equal to or less than
2.0 A is large enough (especially between the 'y*and 311 states, Figure 1) that the variation

in the spin-orbit matrix elements should not produce significant changes in the energy of the
F-adiabatic states due to SOC. Qualitatively, this argument can be understood from the second-
order perturbation theory expression of the energy of the F-adiabatic state I, derived from SOC

of the V-diabatic I substate to the other V-diabatic substates, denoted J:

2

F g SOl s 5 KAL)
E; =E;* +(I|H |1>+I§JW. (17)

In this equation, Elval is the spin-free energy of the V-diabatic substate I, and the next two

terms are the first-order and second-order contributions to SOC for that substate. Thus, for
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sufficiently large energy separation between the spin-free electronic states (that is, for a
sufficiently short H-Br internuclear distance), the effect of their mutual SOC through the
second-order term in eq 17 on the energies of the F-adiabatic states becomes negligible.
However, for degenerate states with S # 0, the first-order term is nonzero. Thus, the 31 state
generates four potential curves with different values of €, and these curves are split even at

short internuclear distances (see Figure 2). Even in this case, the percentage error on the

energies of the F-adiabatic 3I'IOJ_r L, States incurred from the assumption that the diagonal

n

H SO‘ 3Hi> matrix elements are equal to their atomic values is very small. The accuracy

of the constant SOC scheme has been tested by comparing with ab initio F-adiabatic energies.
The mean unsigned error (MUE) in the energies of the potential curves has been calculated for
each electronic state, including only internuclear distances less or equal than 5.0 A (the shortest
distance for which the splitting between the electronic states becomes negligible) and larger or

equal than the H-Br equilibrium distance (about 1.45 A). The MUEs vary between 0.6 meV for

thelZOJr state and 3.2 meV for the °II - State. These small errors can be considered

satisfactory.

The construction of an approximate F-diabatic representation in the present treatment
involves the calculation of approximate triplet V-diabatic potential curves as a function of the
computed singlet V-diabatic curves. Figure 4 shows the triplet potential curves obtained with
the method proposed here and the corresponding ab initio curves for comparison. The curves
derived from computing the constant ratios defined in eqs 5a and 5b at the equilibrium distance
of the ground state (Figure 4a) are most accurate at intermediate and short R distances. In

contrast, if the constants are determined at a longer R distance as in the results presented in
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Figure 4b, the long-range region of the potential is well reproduced but the accuracy
deteriorates at shorter distances. The difference between the approximate V-diabatic triplet
states and the ab initio (SA-CASSCF(6,4)) ones is zero when R is 1.45 A (Figure 4a) or 2.0 A
(Figure 4b). This is the expected result, as the model is exact for the distances at which the

constants in eqs Sa and 5b are determined. The MUEs of the model potential curves in Figure

4a are calculated as explained above, and they are 0.17 and 0.05 eV for 3% and °II,
respectively. The maximum errors are 0.38 eV (1.8 10\) and 0.12 eV (1.7 10&), respectively, at the
internuclear distances indicated in parentheses. For the curves in Figure 4b, the MUEs are 0.35
and 0.15 eV and the maximum errors are 1.35 eV (1.45 A) and 0.65 eV (1.45 A). We have
chosen the more accurate (on the average) triplet potential curves of Figure 4a to construct the
F-diabatic representation.

The F-diabatic matrix containing ab initio singlet diabatic energies and model triplet
diabatic energies (the diabatic couplings are all zero) has been diagonalized to generate
F-adiabatic potential energy curves for HBr, which are presented in Figure 5. Comparing

Figure 5 with the SA-CASSCF(6,4) F-adiabatic potential curves shown in Figure 2, one can
observe deviations mainly in the spin-orbit states having a large contribution from the 3yt

V-diabatic state. The MUEs of the different F-adiabatic potential curves with respect to the ab

initio curves are 0.001, 0.028, 0.046, 0.052, 0.067, 0.15, 0.15 and 0.051 eV for thelZO+, 1H1,

3H1, 3H2, 3I'IO_, 321, 320_, and 3I'IOJr electronic states, respectively. The maximum errors

are 0.003 (2.8 A), 0.081 (2.4 A), 0.11 (1.7 A), 0.12 (1.7 A), 0.12 (1.8 A), 0.37 (1.8 A), 0.38
(1.8 A), and 0.12 eV (1.7 A), respectively, for the internuclear distances indicated in

parentheses. The MUEs and maximum errors follow closely those of the model triplet curves
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(see above). We deem these results sufficiently accurate for practical purposes, especially
given the limited accuracy of ab initio electronic structure calculations for larger systems for

which the method should be most useful.

2.B. Multichannel Reactions

Several extensions of the method presented in section 2.A for single-channel reactions are
necessary for multichannel reactions. Here, by multichannel reactions we mean reactions with
more than one dissociative arrangement, each with one or more atoms or molecular fragments
having SOC. The first extension is necessary because there are several possible reasons why
the transformation matrices to F-diabatic representations suitable for each dissociation channel
are different for the different channels. Most simply, this arises when the electronic states of
the species that experience SOC are different in different channels, because then the
transformation matrices are necessarily different. Another, less obvious reason for the
transformation matrices to differ is when the correlation of the diabatic states with the
electronic states of the fragments is different in different dissociation channels, even if the
electronic states of the species with fine-structure splitting are the same in all dissociation
channels. In either case, the solution we put forward is to construct a global transformation
matrix as the product of two or more channel-specific transformation matrices (constructed as a
generalization of the method in section 2.A, with the generalization explained below), in such a
way that the global F-diabatic representation is continuous and correct fine-structure splittings
are obtained in all dissociation limits.

A second improvement to the single-channel method required for multichannel reactions

concerns the construction of a diagonal SOC matrix in the F-diabatic representation. Thus,
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unless the species with fine-structure splitting are identical in all dissociation channels (e.g., for
the CI(P) + HCl — HCI + CI(*P) reaction’**), the elements of the SOC matrix will be
different in different channels. As a consequence, the SOC matrix elements for one channel
must be transformed smoothly into those for the other channels as the system evolves along the
reaction coordinate from one dissociation limit through the strong-interaction region and to
other dissociation limits. Otherwise, the SOC matrix elements arising from the fine-structure
splitting in one dissociation limit would unphysically influence the fine-structure splittings in
the other dissociation limits.

We should emphasize that the new diabatization method presented here is designed for
multichannel singlet photodissociation reactions and is not, in general, well suited to studying
phenomena such as the heavy-atom singlet-triplet coupling effects usually observed in organic
spectroscopy and photochemistry,**'?*** because of the need of damping both the
transformation matrices and the SOC elements at short internuclear distances. However, many
aspects of the new method are more general, and, with proper calibration of the damping
functions, the new method could be used to study the effect of a single heavy atom singlet-
triplet coupling, provided the SOC matrix elements do not show a large conformational
dependence.

The underlying reason why these extensions to the single-channel method must be
introduced is that the set of adiabatic states correlating with the different fragment states is in
general not large enough to guarantee that all the electronic configurations are represented in
all dissociation channels. That means that in many cases, the diabatic electronic states change
their character gradually along the reaction coordinate, and the parentage of some or all of the

diabatic states is lost. To illustrate the general situation, we will consider the case of a molecule
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AMB with two atoms, A and B, that can be released at relatively low energies, M being an
atomic or molecular fragment. An example could be AMB = BrCH,Cl, with A = Br and B = CL.
We want to study the dissociation processes AMB — A + MB and AMB — AM + B, where the
AMB molecule can be in any of the electronic states that correlate with the electronic
configurations of the fragments in the energy range of interest. We will assume that the
simultaneous scission of the two bonds, i.e., the AMB — A + M + B process, is not feasible in
the energy range studied. We will also assume that AM and MB can be in two non-degenerate
electronic states with the same spin multiplicity, whereas A and B are in a single spin-coupled
degenerate energy level with nonzero total spin. Since the fourfold way method transforms N
adiabatic states into a diabatic potential matrix with N diabatic energies along the diagonal, all
of the diabatic states that correlate with the A + MB channel also correlate with AM + B.
Hereafter, the electronic manifolds stemming from a given dissociation channel will be
denoted CI-k, where I' and k are integers referring to the channel and to the electronic
manifold within a given channel, respectively. In the A + MB and AM + B dissociation limits,
the electronic manifolds are grouped into sets of degenerate states, due to the degeneracy of the

A and B atomic electronic states. For the AMB system, the channel definitions are as follows:

A + MB(gr): CI-1, (18a)
A + MB(exc): C1-2, (18b)
AM(gr) + B: C2-1, (18c)
AM(exc) + B: C2-2, (18d)

where “gr” and ‘exc” stand for the ground and first excited electronic states of the molecular

fragments. An example of C2-1 would be BrCH, + CI(*P), and an example of C2-2 would be
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BrCH,* + CI(*P), where an asterisk denotes an electronically excited state. Similarly CI-1
would be Br(°P) + CH,Cl and so forth.

The first issue one faces for multichannel reactions is that, in general, the transformation
matrices to F-diabatic representations suitable for each dissociation channel are different for the
different channels, as explained above. The approach that we have adopted to define a global
transformation matrix to an F-diabatic representation is as follows. In the simplest case, in the
dissociation limits both atom A and B are in the same n-fold degenerate electronic state; thus,
in that case the C1-1, C1-2, C2-1, and C2-2 manifolds are each composed of n degenerate

states. Then, one can construct an N X N transformation matrix C corresponding to the A + MB
channel, with N = 2n, from the n X n transformation matrix c™ corresponding to each of C1-1
and C1-2. Analogously, the N X N transformation matrix D corresponding to the AM + B

channel can be constructed from the n X n transformation matrix D corresponding to each

of C2-1 and C2-2. Recall that in the particular case of the single-channel, single-electronic

manifold HBr — H(ZS) + Br(ZP) dissociation the value of n was 12. The HSO’Val(oo) and

Hval(oo) matrices of eqs 11 and 15, respectively, are now N X N diagonal matrices. In the
dissociation limit, the spin-orbit operator couples separately the electronic states in the C1-1

manifold and those in the C1-2 manifold. Therefore, the HSC?’Val (e0) matrix has the structure

(19)

SO,Val (n)

(n) SO,Val
0 HC1—2
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where H%?_’Yal and H%(l)_’\zlal are n X n spin-orbit matrices analogous to H>%Y? (o) in eq 11

and 0" is an n X n block of zeroes. The transformation matrix C has an analogous structure

SO,Val
to HEOV (o)

cm o
C_((,(n) cm | (20

The form of eqs 19 and 20 assumes that the V-diabatic states are ordered such that the first n
V-diabatic states belong to the C1-1 manifold, and the V-diabatic states n + 1 to 2n are the ones
that belong to the C1-2 manifold. Once this choice is made, the form of the D matrix can be
deduced from the form of the C matrix based on the correlations of the V-diabatic states with
the states in the C2-1 and C2-2 manifolds. For example, let us assume that the V-diabatic states
1 to k in C1-1 correlate with states 1 to k in C2-1; states k + 1 to n in C1-1 correlate with states
k+1tonin C2-2;statesn+ 1ton + k + 1 in C1-2 correlate with states n + 1 ton + kK + 1 in
C2-2; and states n + k + 2 to 2n in C1-2 correlate with states n + k + 2 to 2n in C2-1. In this

case, the structure of the D matrix would be

() ()
Cl—k Ol—k
() ()
D= 00k i1)—n Clei)—n o1
=l ™ ™ ; 2D
1-k 1-k
() (n)
C(k+l)—n 0(k+l)—n

where Cf'i)k represents rows 1 to k of the C™ matrix, with an analogous meaning for the rest

of the symbols.
Once the channel-specific C and D matrices are defined, it is necessary to construct a
global F-diabatic representation, taking those matrices as the starting point. As explained in the

Introduction, the appropriate basis set in the dissociation limits, where the splitting between the
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spin-free electronic states is zero and the effect of SOC is maximal, is that of Hund’s case (c).
For short internuclear distances, when the splitting between the spin-free states is large, the
effect of SOC is minimal and the F-adiabatic states are essentially Hund’s case (a) states. In

this situation, one can define new matrices for the A + MB and AM + B channels, here denoted

CP" and D™, respectively. (The superscript “dyn” stands for “dynamical”, meaning that

these matrices generate a representation suitable for reaction dynamics.)

We impose the conditions that the new matrices C™" and D™ be equal to C and D in the
dissociation limits (where Hund’s case (c) is appropriate) and be equal to the unit matrix at

short A-M or M-B internuclear distances (where Hund’s case (a) is a more suitable

representation), respectively. Besides, the new matrices C™" and D™ must be unitary at all

internuclear distances. A convenient way to fulfill all these conditions is to construct a Cayley
parametrization of CP" and D" in which these matrices are expressed in terms of
Hermitian matrices, X™" and Y™ :

CP" =@-i X)) A+i X)), (22)

D" =@ —-i YD) A+iYP™) ™, (23)
where 1 is the unit matrix and i denotes /1 . Note that the two factors in each of eqs 22 and
23 commute, giving two equivalent definitions of the parametrization of C™" and D™". In

these equations, X" and Y™" are defined in terms of the matrices, X*° and Y, obtained at
the dissociation limits for the A + MB and the AM + B channel, respectively, by inverting the

Cayley parametrizations of C and D, i.e.,
X” =i(C+D7(C-T), (24)

Y =i (D+D ' (D-T), (25)
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times a scaling function, f;,,,, where “bond” is the bond broken in each dissociation channel
X" = f X7, (26)
YO = £, YT (27)

The scaling functions for the A + MB and AM + B channels are defined as

_ (tanh (Cy_py X a-pmr - X0,4-m)) +1

fa-m > ’ (28)
(tanh (Cpy_p Xpr—p - Xom-5))+1D
fM_B _ M-B MZB 0,M-B ’ (29)

where Cy_p, Cuy_p,> Xo.a-m and Xop-p are dimensionless parameters and ) 4_) and

Xy —p are recoupling control parameters (see introduction) defined as

AEgo 4 AEvy B
Xa-m = : 2a , (30)
(AEy.4)
AEgo p AEvy 4
An-p == 7 (31)
(AEy )

In these equations, AEgy 4 18 the fine-structure splitting of atom A, AEgq g is the fine-
structure splitting of atom B, and AEy, 4_j and AEy, ,_p are the splittings between the

most repulsive and the most attractive V-diabatic states along the A-M and M —-B
dissociation coordinates, respectively. A key assumption in the present scheme is that the
scaling functions are smooth and slowly varying so that they do not generate nonadiabatic

coupling.
Finally, the global transformation matrix TP to the global F-diabatic representation is

constructed as the matrix product of CP" and DP¥":
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TDyn — CDyn DDyn. (32)

That is, for a given set of nuclear coordinates, the global F-diabatic matrix, HF, is constructed

as
HE (R) = TP BV (R) TP 4+ HSOF(R). (33)
In this equation, HVd (R) is the N X N matrix that contains the V-diabatic energies and

couplings, and H59F(R), that will now be defined, is the global diagonal N X N spin-orbit

matrix for the AMB system in the F-diabatic representation. Note that whereas for the HBr

H5OF jg always equal to its value in the dissociation limit (see eq 14), here H5OF js

molecule
distance-dependent. As explained above, in the F-diabatic representation the diagonal elements
of the SOC matrix for atom A need to be transformed to those of the SOC matrix for atom B

along any reaction pathway that connects the A + MB channel with the AM + B channel. To

this aim, we have defined a symmetric scaling function of the form

Ba(Raps —Repps +D" +Bg(Ry_p—R,pyp +A)"
B(m,A) = = — = —, (34)
(Ra—yt —Rea—r +A)" +(Ryy_p —Ropy—p +4)

where B, and B are certain fractions that depend on the atomic electronic states of the fine-
structure splittings of atoms A and B, respectively. R,, ,, and R,, , are the equilibrium

distances of bonds A-M and M-B, respectively, in the ground state of the AMB molecule, m is

an integer power, and A is a parameter that smoothes out the transition from 4 to Bz in the

region where R, ,, and R , arecloseto R, , ,, and R,, p and prevent the factors from

becoming negative for odd m values (provided R, ,, and R,,_p are not too small).

29



Henceforth, we will define the energy of the lowest spin-free asymptotic level as the zero
of energy. Following this convention, let us assume that atoms A and B both have two fine-
structure levels that have the same values of the atomic total electronic angular momentum j, ,
1e., j; for the lower fine-structure level and jg for the higher fine-structure level.

Furthermore, from the n total substates, the lower fine-structure level contains s degenerate
substates and the higher fine-structure level contains r degenerate substates. Then, in eq 34,

r r : .
B4 and By are equal to —AEg, ,— and —AEj, , —, respectively, for the lower fine-
n n

s s . . ,
structure level and are equal to AEg, , — and AEg, , —, respectively, for the higher fine-
n n

structure level. Let us denote the function in eq 34 as B(m,A); in the first case and as
B(m,A)y for the second case. The elements of the H5F matrix are

(H3OT) o S =B, A) (35)
where 1< o, a” < s denote substates belonging to the lower fine-structure level, and

(H3F) 4o S =B, A) gy (36)
where 1< a, a” < r denote substates belonging to the higher fine-structure level. In the general
case, that is, when the fine-structure levels in each channel differ in number, in their sets of j,

values, or in both, care should be exercised to insert appropriate B4 and B values in eq 34
and to establish the correlations between the V-diabatic states in the A + MB and the AM + B
channels. One example is the O(SP,ID) + H, —» OH(ZH) + H reaction, where there are three

fine-structure levels in reactants (corresponding to j0(3P) equal to 0, 1, and 2) and two fine-

structure levels in products (for jOH(2 ) equal to % and %). In this case, it should be possible

I

30



to construct a reasonable F-diabatic representation by correlating some of the electronic states
of reactants with some of the products, because not all of the states are relevant to the non-

N N N N 37.38
adiabatic reaction dynamics.””

The transformation matrices would have a more complicated
structure than the one shown in eqs 20 and 21. Similar changes should be introduced for the

treatment of other systems of this more general type.

3. Application to the Two-Channel BrCH,Cl System
Chlorobromomethane (BrCH,Cl) is one of the species responsible for the destruction of
atmospheric ozone, and the mechanism of its photodissociation has been the subject of recent

55-58

theoretical scrutiny. Photodissociation of the BrCH,Cl molecule proceeds along the

following reaction pathways:

BrCH,Cl — Br(*Psp) + CH,CI(X A", A 2A"), (37a)
BrCH,Cl — Br(°P») + CH,CL(X 24", A 2A™), (37b)
BrCH,Cl — CH,Br( X 2A", A ?A") + CI(Pp), (37¢)
BrCH,Cl — CH,Br( X A", A 2A") + CICPyp). (37d)

Equations 37a-37d represent two channels (Br(zP) + CH,Cl and CH,Br + Cl(zP)) and eight

separate electronic dissociation limits, with the CH,Br and CH,Cl radicals in their ground or

. . . . . A | 3 .
first excited electronic state, and with the halogen atoms in their j=— or — fine-structure
2 2

levels.
The SA-CASSCF method has been employed to compute the energies of the six lowest
singlet V-adiabatic states as functions of the C-Br and C-Cl dissociation coordinates, with an

active space of twelve electrons in the following eight molecular orbitals: 6(C-Br), 6*(C-Br),
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o(C-Cl), o*(C-Cl), n(Cl), n’(Cl), n(Br) and n’(Br). The method is here denoted SA-
CASSCEF(12,8). The notations n(X) and n"(X) refer to nonbonding p-type orbitals centered on
the halogen atoms. The same active space has been used to compute the six lowest triplet
V-adiabatic states at the SA-CASCI level in a basis formed from the singlet V-adiabatic MOs.
The SOC matrix elements have been computed in the basis of these V-adiabatic singlet and

118

triplet states using the GAMESS' ° electronic structure package. The 6-31G(d,p) Gaussian basis

11
set'!’

was used for all these calculations with five spherical harmonic d functions for
nonhydrogenic atoms. The equilibrium ground-state geometry of the BrCH,Cl molecule has
been computed separately at the MP2(FC)/6-311+G(d,p) level using Gaussian03.'* The
parameters obtained are R(C-Br) = 1.934 A, R(C-Cl) =1.763 A, RH-C) = 1.086 A, <CI-C-Br
= 113.5°, <H-C-CI = 108.9°, and <H-C-CI-Br = 119.4°. Simple bond-scission potential energy

curves have been constructed by stretching the C-Br bond or the C-CI bond keeping the rest of

parameters fixed at the ground-state equilibrium geometry. The molecule always keeps Cg

symmetry, but no symmetry restrictions were applied to the MOs in the SA-CASSCF and SA-
CASCI calculations.

The twenty-four different F-adiabatic potential curves and their asymptotic correlations are
shown in Figure 6. Each of the two doublet electronic states of CH,Br or CH,CI combines with
the six spin-orbit substates of the chlorine and the bromine atom, respectively, to yield a total
of 12 substates. The lowest eight substates correspond to the halogen atoms in their *Ps, state

and the highest four to the *Py,, state. The zero of energy has been defined as the energy of the

lowest spin-free asymptotic limit, in this case, Br(°P) + CH,CI(X 2A"). Therefore, the energy

AEg( By

of the Br(2P3/2) + CHZCI()? 2A') level is — , and the energy of the Br(2P1/2) +
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2AESO,Br

CH,CI( X *A") level is . The spin-orbit splitting, AEgq g, , obtained for bromine is

3212 cm™ (0.40 eV), compared with an experimental value of 3685 cm™ (0.46 eV)."'® The
theoretical value is less accurate than the one obtained above for the HBr molecule (0.42 eV),
due to the different basis sets used, namely, a Binning-Curtiss VITZP basis set with 49
contracted Gaussian functions for bromine in the HBr molecule and a 6-31G(d,p) basis set with

28 contracted Gaussian functions for bromine in the BrCH,Cl molecule. The theoretical spin-

orbit splitting of chlorine, AEgq ¢, is 843 cm™ (0.105 eV) versus an experimental value of 881

cm” (0.11 eV).''® Although the theoretical values are not particularly accurate, a distinct
advantage of the method proposed here over direct computation of SOC matrix elements is that
experimental values could be used to construct the F-diabatic representation.

The V-diabatic potential energy matrix for the singlet states was obtained using the fourfold
way > " as implemented in HONDOPLUS, version 5.1."*' The triplet V-diabatic potential matrix
was also computed by the fourfold way for comparison with the one constructed with the
approximate expressions in eqs 3—9. The fourfold way has been explained in detail before,”*”*
and only a brief account is given here. The method is based on the construction of diabatic
MOs (DMOs) to guarantee configurational uniformity along nuclear-coordinate paths. The
construction of the DMOs proceeds by maximization of a certain functional (D3) that is a linear
combination of two one-electron density matrices and one transition density matrix; this is
called the threefold density criterion. In some cases, an additional term must be defined in
order to guarantee smoothness of the DMOs, and the method is called the fourfold way. The
new term contains an overlap-like quantity of the MOs with a set of so-called reference MOs.

The fourfold way DMOs are used to construct groups of orthonormal diabatic configuration

state functions (DCSFs), each group spanning a characteristic subspace that defines a diabatic
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state determined by configurational uniformity. Finally, the adiabatic many-electron wave
functions are expressed in terms of the DCSFs, with the CI coefficients of the expansion being
used to define the adiabatic-to-diabatic transformation matrix.

In the application of the fourfold-way diabatization method to the BrCH,Cl system, it was
found that configurational uniformity was not well fulfilled when the threefold density
criterion’” was applied separately along the C-Cl and C-Br stretching coordinates. To solve this
problem, the more general fourfold way was employed. A prerequisite to introduce the
reference DMOs of the fourfold way is to choose a standard orientation for the molecule. Here,
the molecule has been situated with the two halogen atoms and the carbon atom in the xz plane.
The Br atom is at the coordinate origin, the C-Br bond points in the positive direction of the z
axis, and the Cl atom has a positive value of x. Two orbitals per halogen atom for a total of
four reference DMOs are required to ensure a consistent set of DCSFs. The reference DMOs
are chosen in a specific molecular orientation (here denoted by primed coordinates), and for a
general molecular geometry they must be transformed to the standard orientation (unprimed).
The specific orientation for the Br atom coincides with the standard orientation, since the Br
atom is located at the coordinate origin. The specific orientation for the Cl atom is defined with
the x~ axis parallel to the C-Cl bond and with the x Z7” plane being the C1,C,Br plane. Finally,
the y~ axis is orthogonal to the x7~ plane. The four reference DMOs are the DMOs
representing the nonbonding p orbitals in the specific orientation, that is, the, Cl(p,-), Cl(p;),
Br(p,) and Br(p,-) orbitals. To have reference DMOs that are geometry-independent, the
reference DMOs are computed by the threefold way at a geometry where the molecule is in its
specific orientation and the C-Cl and C-Br bond lengths are stretched one at a time to 5.0 A.

The coefficients of the py- and p.-type atomic orbitals of chlorine and those of the p.- and p,-
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type atomic orbitals of bromine thus obtained define the reference DMOs. To compute the
potential energy curves, the reference DMOs are transformed from the specific to the standard
orientation by means of the rotation matrix that relates the two coordinate systems.

To simplify the application of the fourfold way to BrCH,Cl, only the V-adiabatic states
showing avoided crossings along the reaction coordinate have been included in the
diabatization procedure, leaving out those adiabatic states that are separated from the rest in the
strong-interaction region. For the singlet manifold, the ground 'Y state and the higher (sixth)
v-adiabatic SA-CASSCEF states have been excluded from the diabatization procedure, and the
remaining four V-adiabatic states have been included in the fourfold way. For the triplet
manifold, out of the six SA-CASCI states the highest (sixth) V-adiabatic state is not included in
the diabatization. Although they should strictly be taken into account, the couplings between
the °X state, which is the counterpart of the bonding 'y state, and the other states will be
ignored. The DCSFs obtained for the four singlet states, and for the four triplet V-diabatic
states excluding the ’Y state and the highest (sixth) state, and their distribution into diabatic
groups, are presented in Table 4. The singlet and the triplet states are composed of the same
DCSFs, the only difference being the spin coupling of the open-shell electrons. As can be seen,
the DCSFs represent mainly excitations from the nonbonding orbitals of the halogens to the
antibonding C-Br and C-Cl o* orbitals. The dominant DCSFs for the different diabatic groups

(states) in Table 4 along the C-Br and the C-Cl scission coordinates are as follows, starting

from the Br(ZP) + CHgCl(ff 2A') asymptote: s; and t, change from y; (C-Br) to %, (C-Cl) and
X3 (CH,Br(A 2A") + C1(2P) asymptote); s, and t3 change from 4 (C-Br) to %5 (C-Cl) and g

(CH,Br(A 2A”) + Cl(zP) asymptote). Starting now from the CHZBr()? 2A') + Cl(zP)
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asymptote, s3 and t; change from g (C-CI) to %7 (C-Br) and Yo (Br(zP) + CH,CI(A 2A")
asymptote); and s4; and ts change from 7%;; (C-Cl) to Y0 (C-Br) and > (Br(zP) +

CH,CIA 2A™) asymptote). The four V-diabatic singlet states obtained with the fourfold way
along with the two V-adiabatic singlet states, which are assumed V-diabatic, are shown in
Figure 7.

The triplet V-diabatic states can be constructed from the singlet V-diabatic states using the
formulas in eqs 5-9, as was done for the HBr diatomic, and can also be computed by the
fourfold way from the ab initio V-adiabatic triplet states. The difference in the application of
eqgs 5-9 to a nonlinear molecule such as BrCH,Cl, with respect to the application to a linear

molecule such as HBr, is that for BrCH,Cl, which in this study keeps Cg symmetry, the two

components of each 'IT electronic state (which can be called 'TI, and 'II,) have slightly
different energies. When the energies of the 'y and 1Ha states are used in the formulas, one
obtains energies for the *X state and for one of the components of the IT state. Likewise, using
the energies of the 'y and 1Hb states, one obtains energies for the 3y state and for the second
component of the 31 state. Since the energies of the IILl and 1Hb states differ, different
energies are also obtained for the *X state in these two instances. We have defined the energy
of the *% state produced by the method as the average of the two energies thus obtained. Figure
8 compares the triplet V-diabatic potential curves obtained from the singlets by means of eqs 5-
9 with those obtained from the ab initio triplet V-adiabatic curves using the fourfold way. The
agreement between the ab initio triplet potential curves in Figure 8a and the curves in Figure
8b is excellent for the states that correlate with the CH,Br and CH,Cl fragments in their ground

electronic state. Although the agreement is only qualitative for the triplet states that correlate
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with the molecular fragments in their excited states, we consider it is good enough for our
purposes. This comparison is a validation, within the accuracy with which Figure 8b agrees
with Figure 8a, of the simplification of obtaining the triplet diabats from the singlet ones.

The triplet diabatic couplings that are computed from the ab initio V-adiabatic triplet states
using the fourfold way are compared with the singlet couplings in Figure 9. The couplings
between states 1 and 3 and between states 2 and 4 are the only nonzero couplings involving

states 2-5 because in Cg symmetry the diabatic states are classified as sy, to (A™); s2, t3 (A”); s3,

ts (A7); and s4, ts (A”). As observed in the figure, the agreement between the singlet and triplet
diabatic couplings is excellent and justifies the approximation of taking the triplet couplings
equal to the singlet couplings for the electronic states of open-shell character.

The v-diabatic matrix for the BrCH,Cl system, constructed from the diabatic energies and

couplings just presented, must be transformed to a global F-diabatic matrix using eq 33. The
transformation matrix C™" for the Br(°*P) + CH,Cl channel used to construct T (see eq
32) derives from the asymptotic C matrix as shown in eqs 22, 24, 26, 28 and 30. The scaling
function for C was defined in eq 28 for the prototype AMB system; for the BrCH,Cl system,

the parameters were chosen after some trial and error as C¢_p, = 12 and Y c_pg, = 0.2. These

parameters ensure that the F-diabatic potential energy matrices generated by CPY as this
matrix varies from the C matrix at the Br(*P) + CH,Cl asymptotic limit to the unit matrix at
short C-Br distances have a smooth dependence on the C-Br distance. The parameters in eq 30

are defined as follows: AEgq g, = 0.3982 eV is the (constant) fine-structure splitting of the

bromine atom, AEvy, c_g, is the difference between the energies of the s, and sy V-diabatic
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potential curves (Figure 7), and AEy,, ~_¢; 1s the difference between the energies of the s3 and
so V-diabatic potential curves.

The elements of the C™ matrix, constructed from the 12 X 12 total electronic Hamiltonian
of the V-diabatic states that correlate with either one of Br(*P) + CHzCl()? 2A') or Br(’P) +

CH,CI1(A 2A") are presented in Table 3. The structure of the C matrix is (see eq 20):

cm o™
C_(O(m cm | (38)

The asymptotic transformation matrix D for the CH,Br + CI(*P) channel can be constructed
from the C matrix according to the correlations of the singlet and triplet diabatic states with the
electronic states of Br(ZP) + CH,Cl and CH,Br + CI(ZP) shown in Figures 7 and 8. In the Br(ZP)

+ CH,Cl dissociation limit, the singlet V-diabatic states are divided into two groups of
degenerate states as (Sp, Si, So, tl,ti,ti,tz,té,t;,t3,tg,tg) and (s3, sS4, Ss,
t4,t;t,t;,t5,t'5,t;,t6,t'6,t;). Notice that each V-diabatic triplet potential curve in Figure 8

corresponds to three states with Mg equal to 0,%1; e.g., the (t;, t, t3) curves give rise

to the tl,t'l,t;,tz,t'z,t"z,t3,t‘3,t; states. The structure of the D matrix is
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c}” 0,
0,,  CY,
cs” 05
067 cg,
cy" 0
0 cg"
iy 010
D= 0112 ci,
05 cy |
Clie 01416
0, cyy
ng)—l9 01 8-19
02 Ccly
cyy 0,
C(Zré)—24 023—24

where, for instance, C(Z”_)4 represents rows 2 to 4 of the C™ matrix, with an analogous
meaning for the rest of the symbols. The form of eq 39 can be understood from the V-diabatic

state correlations with CH,Br( X 2A") + CI(*P) and CH,Br(A >A") + CI(*P), which are:
e spand t;,t;,t, correlate with CH,Br( X 2A") + CICP);

® s, s and tz,té,t;,t3,té,t; correlate with CH,Br(A 2A") + CICP);

® 53, 84, and t4,t;‘,t:1,t5,t'5,t; correlate with CH,Br( X 2A') + Cl(zP);

e ssand t6,t'6,t; correlate with CH,Br(A 2A") + CICP).

The transformation matrix D™" used along with C™" to generate the global F-diabatic
representation is constructed from D as shown in eqs 23, 25 27, 29 and 31. The parameters in

eq 29 in the particular case of CH,Br + CI(°P) are C_¢; = 200 and Xo.c-c1 = 0.022. In eq 31,
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AEgp 1 = 0.1045 eV is the (constant) fine-structure splitting of the chlorine atom, and the

other parameters have the same meaning as for the C™" matrix. Note that considerable care

was taken when choosing the f-_-; function in eq 29 as well as the ) ~_; function in eq 31.
The reason is that the D matrix is not block-diagonal, as seen in eq 39. Thus, f-_- needs to be

defined in such a way that it is only significantly different from zero or one in a limited region,

close to the C-Cl equilibrium distance. In this region the V-diabatic states are close in energy,

and the mixing of the states that come from CH;Br( X 2A') + Cl(ZP) with those that come from

CH,Br(A 2A") + CICP) when D™ is intermediate between D and the unit matrix is much

more limited than at longer C-Cl distances.

The matrix multiplication of CP™" and D™" generates the global transformation

HSO,F

matrix, T™", of eq 32. The scaling function for the elements of in the representation

generated by TP is the particularization of eq 34 to the BrCH,ClI system and can be written

as

R/ n —R, - n +A)" + R/ —R, 4 +M)"
B(m’A):BBr( c—gr —Recopr + A" +Bci(Re—c; =Rec—c1 +D) , 40)

(Re_pr —Rocopr + A" +(Re_c; = Rpcc + A"

AEgq By AEgq ¢
— 00 and ——>2%

whereBg, and B are equal to — , respectively, for the states that

AEg( B, 2AEgq

correlate with Br(2P3/2) and Cl(ng/z), and B, equals and B equals for

the states that correlate with Br(°Pj,) and CI(*P;,). The symbols R,cp and R, p,

represent the respective equilibrium internuclear distances in the ground state of the BrCH,Cl
molecule. The parameters m and A were defined after eq 34. After some trial and error, the

values m = 4 and A= 0.6 A were chosen.
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The F-diabatic potential matrix contains 24 energies along the diagonal and 24 x 23/2 =
276 F-diabatic couplings. The F-diabatic potential energy curves are shown in Figure 10.
Continuous diabatic curves are obtained, and the states are distributed correctly into sets of
eight (lowest fine-structure level) and four (highest fine-structure level) degenerate states in the
dissociation limits. To test the accuracy of the F-diabatic representation, the F-adiabatic
potential curves have been computed by diagonalization of the F-diabatic matrix and are
presented in Figure 11. These potential curves should be compared with the ab initio
F-adiabatic SA-CASSCF(12,8) curves shown in Figure 6. The MUEs of the approximate
F-adiabatic energies have been computed including internuclear distances less or equal than 5.0
A. Note that this is consistent with the way the MUEs were calculated for the HBr diatomic
(see above), because here all C-Br and C-Cl internuclear distances are equal to or larger than
the respective equilibrium distances. The MUEs of the approximate F-adiabatic energies
oscillate between 0.04 eV for the ground state and 0.54 eV for one of the curves correlating
with excited-state molecular fragments. The potential curves for the states that correlate with
the ground states of fragments have MUEs in the range of 0.10-0.25 eV, comparable but
somewhat larger than those found above for HBr. In contrast, the curves that correlate with the

excited states of fragments have larger MUEs in the range of 0.10-0.54 eV. The largest errors

are for the potential curves correlating with Br(2P3/2) + CH,CI(A 2A”) because the model
triplet diabatic states that generate those curves are the least accurate, as can be seen in Figure
8 (t4 and ts). These results can be considered acceptable. In practice, the vertical excitation
energies and dissociation energies can be improved by means of high-level theoretical or
experimental data before fitting the resulting potential energy surfaces (for a range of

geometries in configuration space) to multidimensional analytical functions.
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4. Conclusions

We have devised an extension of the fourfold way diabatization scheme, developed
previously for valence interactions, to construct diabatic representations suitable for spin-
coupled systems. In this article we have formulated the method for the case of even-electron
systems that yield pairs of fragments with doublet spin multiplicity. We have computed the
valence diabatic representation of the singlet states by the fourfold way, and we have adopted
valence-bond formulas to express the triplet diabatic energies in terms of singlet diabatic
energies for polyatomic systems where bonds between doublet subsystems are broken;
however, the method is more general, and it can be extended to doublet and quartet states and
used with other methods of generating the valence diabatic states.

Generation of the triplet states from the singlets facilitates the computation of triplet
diabatic potential energy surfaces because one is not required to identify dominant
configuration lists for the triplet states. We have shown in an example that the approximation
that the triplet diabatic couplings for the open-shell triplets are equal to the open-shell singlet
ones is a very good approximation.

Two essential features of the method are (i) the introduction of a global transformation
matrix as a product of channel-specific transformation matrices that depend on ratios of the
spin-orbit constant and the valence splittings and (ii) the definition of spin-orbit coupling
matrix elements as atomic matrix elements times a scaling function that depends on the
internuclear distances. These improvements to the single-channel method allow one to study
multichannel reactions with only as many diabatic states as the adiabatic states correlating with
the electronic states of separate fragments relevant to the reaction dynamics. The new method

affords a diabatic potential matrix with spin-orbit coupling that facilitates the calculation of

42



reaction probabilities and other properties in semiclassical dynamics simulations. Diabatic
potential energy matrices including spin-orbit coupling have been constructed along bond-
fission potential energy curves relevant to the photodissociation of two sample systems, HBr
and BrCH,Cl. A comparison between the spin-coupled adiabatic energies obtained with the
new method and the ab initio adiabatic energies for these systems obtained with geometry-
dependent spin-orbit coupling matrix elements shows that the method is sufficiently accurate
for practical purposes. The method formulated here should be most useful for systems with a
large number of atoms, especially heavy atoms, and/or a large number of spin-coupled

electronic states.
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TABLE 1: Comparison of Representations

Nonzero off-diagonal elements

Representation also called Abbrev. g Vel SO g Elec Nonadiabatic coupling?
Valence adiabatic spin-free adiabatic V-a no yes — not negligible
Valence diabatic spin-free diabatic V-d yes yes — assumed negligible

Fully adiabatic spin-valence adiabatic F-a — — no not negligible

Fully diabatic spin-valence diabatic F-d — — yes assumed negligible

9 “Nonadiabatic coupling” is due to the operation of the nuclear kinetic energy or nuclear momentum operator on the electronic wave function, with
the vector coupling due to nuclear momentum dominating in the semiclassical limit. In contrast, diabatic states are assumed to be coupled by a scalar
operator associated with nondiagonal matrix elements of the electronic Hamiltonian; this is called “diabatic coupling”. See ref 122.
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TABLE 2: Elements of the Matrix of H5° in the v-Diabatic Representation?

'Y I, I, "I, o) I, I, o) I, o) I, I,
T s ss 0 00 A A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
M t3 ts 1+ A 0.0 A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
My o t 1- A i 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T, s, sq4 O 0.0 0.0 0.0 0.0 A A 0.0 0.0 0.0 0.0 0.0 0.0
T4t 1+ 00 0.0 0.0 A 0.0 A 0.0 0.0 0.0 0.0 0.0 0.0
M, t, t4 0 00 0.0 0.0 Ai i 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T, s, s3 0 00 0.0 0.0 0.0 0.0 0.0 0.0 A A 0.0 0.0 0.0
T4t 1- 00 0.0 0.0 0.0 0.0 0.0 i 0.0 A 0.0 0.0 0.0
M, 5 t5 0 00 0.0 0.0 0.0 0.0 0.0 i A 0.0 0.0 0.0 0.0
% 4 t 0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 A Ai
M, t3 ts 1- 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 A 0.0 A
My, t, t 1+ 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 A i 0.0

SO, Val SO, Val

9 For HBr, this is equal to the full H

Br(zP) + CH,CI( X 2A') and to Br(zP) + CH,CI( A 2A'), respectively; and the last symbols refer to the spin symmetry (see text). The same symbols as in these
columns should be above columns 2-13; for brevity, only the spatial symmetry of the V-diabatic states of HBr is indicated. For the nonzero elements of the

matrix. For BrCH,ClI, this matrix is a subblock of the full H
columns indicate the V-diabatic states. The first symbols refer to the spatial symmetry of the v-diabatic states of HBr; the second and third symbols refer to

matrix, A is defined as AE so /3, where AE g, is the spin-orbit fine-structure splitting of bromine or chlorine, and i denotes V-1.
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TABLE 3: Elements of the C'” Transformation Matrix?

. 3 3 | S 3 | S 3 3 | S 3 1 3 3

JBrZE JBr:; JBr:; ]Br:; JBr:; ]Br:; ]Br:; JBr:; ]Br:; JBr:; JBr:; ]Br:;
'y so ss O 8165 0.0 -5774 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3HX t3 t; 14 .4082 7071 5774 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3Hy t, t, 1- -40821i 70711 -.57741 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1HX S s4 O 0.0 0.0 0.0 .6295 -5774  -.5200 0.0 0.0 0.0 0.0 0.0 0.0
3 ty tg 1+ 0.0 0.0 0.0 7651 5774 2852 0.0 0.0 0.0 0.0 0.0 0.0
3Hy tb t2 O 0.0 0.0 0.0 13551 -57741 80521 0.0 0.0 0.0 0.0 0.0 0.0
1Hy si1 s3 O 0.0 0.0 0.0 0.0 0.0 0.0 .6295 5774 .5200 0.0 0.0 0.0
3 ty tg 1- 0.0 0.0 0.0 0.0 0.0 0.0 -76511 57741 28521 0.0 0.0 0.0
3HX t3 ts O 0.0 0.0 0.0 0.0 0.0 0.0 -13551 -57741 80521 0.0 0.0 0.0
3 tt tg O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5774 0.0 8165
3HX t3 ts 1- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5774 7071 -.4082
3Hy t, ta 1+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -57741 70711 40821

? Tn this table, n = 12. For HBr, the C(") matrix is equal to the full C matrix. For BrCH,Cl, the C" matrix is a subblock of the full C matrix (see eq 20). The
symbols in the first four columns indicate the V-diabatic states as in Table 2. The symbols above columns 2-13 indicate the value of the total electronic angular

momentum of the bromine atom, j., in the dissociation limit for each of the F-diabatic states.
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TABLE 4: Diabatic Group Lists for the Four Singlet and Four Triplet V-diabatic
States of BrCH,Cl Obtained Using the Fourfold Way“

Group 1 %1 Po (CI P (B pr(C1)’ pr(ClY pr(B)’ Py (Br)' u*! v
Y2: Po (C1 P (B Pr(ClY pr(ClY pr(Br)? py(Br) u’v!

Y3 Po (CD' P (B pr(C? pr(C1 pr(Br)® pyg (Br)' s v

Group 2 Y4: Po (CI P (B pr(C)’ P (ClY pr(B)' pr (Br)’ u*! v
Y5: Po (C1 pg (B’ pr(C® pr(C* pr(Br)' py(Br)> udvs!

Ys: P (C? P (B pr(C? pr(CD' pr(Br)® p(Br) us v

Group 3 %7 Po (CI* P (B pr(C1)’ P (Cl)' pr(Br)’ Py (Br)’ u*! v
Xs: Do (C1 Pg (B Pr(ClY pr(Cl)' pr(Br)? py (Br)? u’v!

Y9! Po (C1Y g (BD)' pr(CI pr(CH' py(Br) py (Br)> u#? v

Group 4 %10° P (C)? P (Br) pr(CD)' Py (CH? pr(Br)? pr (Br)? u' v
Yi1: Po (C? P (B pr(CD' pr(CH? pr (Br) py(Br)® s v#!
Y12: Po (1 pg (B pr(C)® pr(Cl)' pr(Br) pr(Br) u v+

a pr and p;t represent nonbonding orbitals parallel and orthogonal to the molecular plane, respectively, and

Ps a bonding orbital of the halogen atoms for short values of the C-Br and C-Cl bond distances. “u*” is a
DMO that corresponds mainly to 6*(C-Br), and “w*” is mainly o*(C-Cl).
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FIGURE CAPTIONS
FIG. 1. SA-CASSCF(6,4) v-diabatic potential energy curves for the HBr molecule derived

from HCS) + Br(P).

FIG. 2. SA-CASSCEF(6,4) F-adiabatic potential energy curves for the HBr molecule correlating

with the H(*S) + Br(*P3)) (lower) and H(*S) + Br(*P;,) (higher) fine-structure levels.

FIG. 3. Five unique SA-CASSCF(6,4) spin-orbit coupling matrix elements as a function of the

H-Br distance. Note that the curves for the <3H1 ‘HSO‘ 1H1> and <3H0 ‘HSO‘ 3H0> matrix

elements practically overlap over the whole H-Br distance range represented.

FIG. 4. Comparison of SA-CASSCF(6,4) v-diabatic triplet potential curves (solid lines) with
those derived from the model in eqs 3—9 (dashed lines) for the HBr molecule. The constants of

the model (eqs 5a and 5b) were determined at (a) R = 1.45 A and (b)R=2.0 A.

FIG. 5. F-adiabatic potential energy curves constructed from SA-CASSCF(6,4) singlet
potential curves and model triplet potential curves for the HBr molecule. The V-diabatic triplet

potential curves used are the model curves shown in Figure 4a.
FIG. 6. SA-CASSCF(12,8) F-adiabatic potential energy curves for the BrCH,Cl molecule. The

abscissa values are referenced to the respective equilibrium distances of ground-state BrCH,Cl,

i.e., AR(C-Br) = 1.934 A — R(C-Br) and AR(C-CI) = R(C-C]) — 1.763 A.

57



FIG. 7. v-diabatic singlet potential energy curves for the BrCH,Cl molecule. The V-diabatic
states sj, Sp, 3, and s4 were obtained by the fourfold way from SA-CASSCF(12,8) wave
functions and energies, whereas sy and ss are taken as the lowest and the highest v-adiabatic
states, respectively. The state numbering corresponds to the diabatic groups presented in Table
4. The C-Cl and C-Br bond distances are referenced to the respective equilibrium distances of

ground-state BrCH,Cl.

FIG. 8. v-diabatic triplet potential energy curves for the BrCH,Cl molecule obtained from
v-adiabatic SA-CASSCF(12,8) wave functions and energies (a) by the fourfold way and (b)
using the new method (b). The V-diabatic states t,, t3, ts, and ts along the C-Br bond-scission
coordinate and tj, tp, t3, ts4, and ts5 along the C-Cl bond-scission coordinate were computed by
the fourfold way, and the other states are taken as the V-adiabatic states. The state numbering
corresponds to the diabatic groups presented in Table 4. The C-Cl and C-Br bond distances are

referenced to the respective equilibrium distances of ground-state BrCH,Cl.

FIG. 9. v-diabatic couplings for the BrCH,Cl molecule obtained from V-adiabatic SA-
CASSCF(12,8) wave function and energies by the fourfold way. The singlet couplings (solid
lines) are compared with the triplet couplings (dashed lines). The state numbering corresponds
to the diabatic groups presented in Table 4. The C-Cl and C-Br bond distances are referenced

to the respective equilibrium distances of ground-state BrCH,Cl.
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FIG. 10. F-diabatic potential energy curves for the BrCH,Cl molecule constructed with the new
method. The C-Cl and C-Br bond distances are referenced to the respective equilibrium

distances of ground-state BrCH,Cl.

FIG. 11. F-adiabatic potential energy curves for the BrCH,Cl molecule obtained from
diagonalization of the F-diabatic potential matrix constructed with the new method. The C-Cl
and C-Br bond distances are referenced to the respective equilibrium distances of ground-state

Br CH2C1
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Figure 4
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