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ABSTRACT

First principles based beyond Born–Oppenheimer theory has been implemented on the F + H2 system for constructing multistate global
diabatic Potential Energy Surfaces (PESs) through the incorporation of Nonadiabatic Coupling Terms (NACTs) explicitly. The spin–orbit
(SO) coupling effect on the collision process of the F + H2 reaction has been included as a perturbation to the non-relativistic electronic
Hamiltonian. Adiabatic PESs and NACTs for the lowest three electronic states (12 A′ , 22 A′ , and 12 A′′ ) are determined in hyperspherical coordinates as functions of hyperangles for a grid of fixed values of the hyperradius. Jahn–Teller (JT) type conical intersections
between the two A′ states translate along C2v and linear geometries in F + H2 . In addition, A′ and A′′ states undergo Renner–Teller
(RT) interaction at collinear configurations of this system. Both JT and RT couplings are validated by integrating NACTs along properly chosen contours. Subsequently, we have solved adiabatic-to-diabatic transformation (ADT) equations to evaluate the ADT angles for
constructing the diabatic potential matrix of F + H2 , including the SO coupling terms. The newly calculated diabatic PESs are found to
be smooth, single-valued, continuous, and symmetric and can be invoked for performing accurate scattering calculations on the F + H2
system.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0021885., s

I. INTRODUCTION
It has been five decades since the reaction F + H2 and its isotopomers continued to serve as one of the most fascinating research
topics in the field of chemical physics. Its deceptively simple yet
very complex nature has attracted many experimental and theoretical studies that have given rise to a wealth of research on reaction dynamics. The reaction F + H2 → HF + H is highly exoergic
(∼32 kcal mol−1 ), producing vibrationally excited HF that can act as
the energy source for powerful chemical lasers. The end of the 1960s
and early 1970s marked the beginning of a number of outstanding
experimental studies that helped in understanding the title reaction.
Pimentel et al. carried out chemical laser studies during that period
on isotopomers of F + H2 to determine the product vibrational
energy distribution and rate constant ratios.1,2 Vib-rotational distributions of products for its isotopic reactions were obtained from

J. Chem. Phys. 153, 174301 (2020); doi: 10.1063/5.0021885
Published under license by AIP Publishing

chemiluminescense experiments carried out by the Polanyi group
during the 1970s.3–5 Subsequently, molecular beam experiments by
the Lee group6–8 provided vibrationally state resolved differential
cross sections (DCS) for F + H2 , F + D2 , and F + HD isotopic variants
showing an inverted vibrational state distribution of the nascent HF
and DF products. High resolution molecular beam experiments carried out by the Toennies group9–11 provided vib-rotational-resolved
DCS, which confirmed the previous findings. With the advancement
of experimental sophistication, higher resolution cross beam studies were performed during the past decade to investigate energy and
angular dependence of FH and FD products12–14 and the reaction
resonances associated with the title reaction.15,16
F + H2 traces a long history of ab initio investigations with
initial attempts taken to develop potential energy surfaces (PESs)
that can at least qualitatively reproduce the correct picture of the
existing experimental results. In 1972, the first ab initio PES was
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calculated by Bender, O’Neil, Pearson, and Schaefer (BOPS),17,18
and then Muckerman (M5)19 and Takayanagi and Sato (TS)20
constructed the London–Eyring–Polanyi–Sato (LEPS) type of surfaces. Around 1990, a series of semiempirical PESs (known as
T5, T5A, SEC5, and SEC6) was developed by Truhlar and coworkers, which included successive refinements in the ab initio
treatment of the transition state.21–23 Those surfaces could
reproduce the observed forward scattering in molecular beam
experiments but failed to generate product vibrational state
distributions.23,24
In 1996, Stark and Werner (SW) developed a global PES based
on high level ab initio calculations in which the multireference configuration interaction (MRCI) method with Davidson correction
(MRCI + Q) was employed.25 The SW potential reproduced the forward scattering peaks in the DCS26,27 and predicted the branching
ratios and rate constants of the F + HD reaction.28 Very soon it was
realized that spin–orbit (SO) interaction of the F atom needed to
be considered in order to describe the asymptotic channels more
accurately. In a series of works, Hartke and Werner constructed
a number of PESs by considering successive corrections in terms
of the SO coupling effect of the F atom, which is known as the
HSW (Hartke–Stark–Werner) surface,29 and inclusion of multiple
electronic states in ASW (Alexander–Stark–Werner)30 and LWA
(Li–Werner–Alexander) PESs.31 ASW consists of a set of diabatic
surfaces expanded in terms of the 6 × 6 SO electronic basis set.30
LWA fitted two versions of PESs for F + H2 according to scaling factors for electronic correlation energy, which are LWA-5 and
LWA-78 PESs with factors 1.05 and 1.078, respectively.31 Other
notable works on the ground adiabatic surface include Xu, Xie, and
Zhang (XXZ) PES calculated using large-scale MRCI along with
the SO coupling effect of the F atom;32 Chen, Sun, and Zhang
(CSZ) PES based on the UCCSDT(2)Q (spin unrestricted coupled cluster method with singles, doubles, triples, and perturbative quadruples) level;33 and double many-body expansion (DMBE)
PES constructed by Li et al.34 For a complete overview and more
detailed literature on F + H2 PESs, see Refs. 17–34 and references
therein.
It is noteworthy to mention that F + H2 has also been subjected to nonadiabatic studies over the past two decades. Werner
et al. performed excited state calculations in Refs. 30 and 31 based on
which two-state scattering calculations were performed.35,36 These
studies inferred that excited state PESs are indeed necessary for the
completeness on the description of the title reaction. In a series of
papers, Das et al. carried out a thorough investigation to understand the role of Jahn–Teller (JT) and Renner–Teller (RT) conical
intersections (CIs) in this system.37–42 It was shown that a JT CI
is formed by the 2 Σ+ state, assigned as 12 A′ and one of the two
components of the 2 Π state assigned as 22 A′ , whereas RT seam
is formed along the collinear HHF axis by the corresponding two
degenerate components of the 2 Π state, which are the 22 A′ and 12 A′′
states.39
The motivation of this work lies in the fact that, until now,
there has been no study that uses first principles based beyond Born–
Oppenheimer (BBO) theory on F + H2 to carry out a thorough
survey of the global nonadiabatic features and generating multistate diabatic PESs including the effect of SO coupling. Ab initio
calculated adiabatic PESs (12 A′ , 22 A′ , and 12 A′′ ) and Nonadiabatic
Coupling Terms (NACTs) employed in the BBO treatment pave
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the way for an accurate description of nuclear coupling with multiple electronic states for the construction of diabatic surfaces. While
doing so, we used hyperspherical coordinates43 in our study, which
have the advantage of representing all the reaction channels evenhandedly. Since the full description of F + H2 PESs requires the
inclusion of SO coupling terms, we have calculated and included the
same into the diabatic picture of this system. In order to do so, we
have studied the two quantities, i.e., NACTs and SO terms, separately and merged the effect of those two in the final diabatization
stage.
This article is organized as follows: in Sec. II, we present a
brief overview on the aspects of BBO theory followed by the working equations of the formalism in Sec. III. Section IV discusses the
computational details along with the outcome of ab initio calculations of the non-relativistic electronic Hamiltonian, namely, the
adiabatic PESs and NACTs. Section V reveals the features of adiabatic to diabatic transformation and the functional form of the calculated diabatic potential energy matrix elements without including
the SO effect. In Sec. VI, we have presented the working equations
for calculating the full diabatic potential matrix including the SO
coupling elements and discussed the features of the diabatic coupling
matrix due to the SO terms. Finally, we summarize and conclude in
Sec. VII.

II. BACKGROUND INFORMATION
In this section, we briefly present the fundamental ideas central to BBO theory. Born–Oppenheimer (BO) treatment44,45 introduces two physically realizable quantities, namely, adiabatic PESs
and NACTs starting from the molecular Hamiltonian. The former ones are the solutions of the electronic Schrödinger equation
(SE) under BO treatment on which the nuclei move, while the
latter describe electronic transitions by inducing couplings in the
motions of nuclei among different electronic states. One remains
solely in the BO regime if NACTs are neglected forcefully, whereas
in order to describe excited state processes, inclusion of NACTs
is indeed necessary in the molecular SE. It has been shown that
the presence of NACTs even affects the ground state dynamics
significantly, and without their inclusion, calculations of correct
transition probabilities or accurate spectral information cannot be
obtained.46–53 NACTs are generally sharp functions with singularities in the nuclear configuration space whenever electronic degeneracies of JT or RT-type occur. It is therefore recommended to
carry out dynamical calculations in the diabatic representation of
the nuclear SE where NACTs are made to zero at the cost of
generating smooth functions of the non-diagonal potential energy
matrix.
Although various diabatization methods54–59 have been developed, the approach by Baer involving the line integral over NACTs
to carry out adiabatic-to-diabatic transformation (ADT)60 has been
one of the most accurate ones. It has been shown that such transformation of adiabatic SE to the diabatic framework for a given
sub-Hilbert space (SHS) is guaranteed only when the vector fields
created by the NACTs satisfy the curl conditions.61,62 Closed contour integration of NACTs at and around a degenerate point or
seam results in π or 2π depending upon whether it is a JTtype CI or RT interaction.61–64 One of the present authors led a
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practical way to generalize the BBO treatment for any three or more
coupled electronic states.65–67 A thorough analysis of the curl equations in terms of ADT angles were carried out, where the explicit
form of NACTs, ADT equations, curl-divergence equations, and
diabatic PESs in terms of those angles were formulated.51–53 In recent
years, our group has been able to successfully perform the BBO
procedure followed by nonadiabatic quantum dynamics on realistic molecular systems of spectroscopic interest65–70 with the aim to
calculate their experimental photoelectron spectra as well as scattering processes71,72 to study their corresponding reactive cross sections and rate constants. For a recent review on this subject, see
Ref. 73.

If one carries out an orthogonal transformation, ψ ad = Aψ dia
(ψ is the diabatic nuclear wave-function), it will be possible
to transform the adiabatic nuclear SE [Eq. (4)] into the diabatic
framework,
dia

(−

Ĥ(re , RN ) ≙ T̂nuc (RN ) + Ĥel (re ; RN ),
(0)

(1)

where electronic and nuclear coordinates are collectively denoted by
vectors re and RN , respectively, T̂nuc describes the nuclear kinetic
(0)
energy, and Ĥel is the electronic non-relativistic Hamiltonian without the inclusion of SO coupling, which depends parametrically on
nuclear coordinates.
For N electronic states forming a SHS, the BO treatment44,45
allows us to expand the total molecular wave function in terms of
the solutions of electronic SE,
N

Ψ(re , RN ) ≙ ∑ ψiad (RN )ξi (re ; RN ),

(2)

i≙1

which is also commonly known as the Born–Oppenheimer–Huang
expansion. The {ψiad }s and {ξ i }s are the adiabatic nuclear wavefunctions and electronic eigenfunctions, respectively, and the latter
({ξ i }s) satisfy the non-relativistic electronic SE,

h̵2 2
∇R + W − E)ψ dia ≙ 0,
2

W ≙ A† UA.

(0)

(3)

where ui (RN )s define the adiabatic PESs. The symbol ⟨. . .⟩re denotes
the inner product only over the electronic coordinates.
With the form of the molecular wavefunction defined in Eq. (2),
one can employ Eqs. (1) and (3) and arrive at the kinetically coupled
adiabatic representation of nuclear SE,
−

h̵2
(∇R + τ)2 ψ ad + (U − E)ψ ad ≙ 0,
2

(4)

where E is the total energy, U is the adiabatic potential energy
matrix defined by U ij = ui δij , and τ is the nonadiabatic coupling
matrix (NACM). The explicit RN dependence of τ, ψ ad , and U
has been dropped for simplicity of presentation. The NACM is
skew-symmetric in nature, and its elements are given as
τij ≙ ⟨ξi ∣∇R ξj ⟩re .
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(6)

In order to achieve the above transformation [Eq. (5)], the
orthogonal matrix A should satisfy the following criterion:
∇R A + τA ≙ 0.

(7)

The above equation is commonly known as the ADT condition.60 The ADT matrix (A) belongs to the special orthogonal
group, SO(N), which preserves the magnitudes of adiabatic PESs but
changes the angle that couples those surfaces. The matrix A can be
considered as a product of elementary rotational matrices constituted with mixing angles between any two electronic states out of
the N possible ones. Therefore, one can have Λ such matrices with
Λ! possible ways of taking products to form the A matrix,
A ≙ Pn {A12 (Θ12 ).A13 (Θ13 ) . . . AN−1,N (ΘN−1,N )},
n ≙ 1, . . . Λ!,

(8)

, Pn is the nth permutation between two
where Λ ≙ N C2 ≙ N(N−1)
2
rotational matrices, and {Θij }s are the ADT angles dependent on
the nuclear coordinates. The matrix elements of any of the above
elementary N × N matrix, Amn (Θmn ), are defined as
[Amn (Θmn )]mm ≙ cos Θmn ≙ [Amn (Θmn )]nn ,

[A (Θmn )]mn ≙ sin Θmn ≙ −[A (Θmn )]nm ,
mn

mn

Ĥel (re ; RN )ξi (re ; RN ) ≙ ui (RN )ξi (re ; RN ),
⟨ξi ∣ξj ⟩re ≙ δij ,

(5)

where the diabatic potential energy matrix is defined as

III. THEORY
The molecular properties are embedded in the electron–nuclear
total Hamiltonian,

scitation.org/journal/jcp

and

[Amn (Θmn )]ij ≙ δij ,

{i, j} ≠ {m, n}.

m≠n

m≠n
(9)

For a three-state SHS (N = 3 and Λ = 3), one of the combinations for forming the A matrix [see Eq. (8)] could be
A ≙ A12 (Θ12 ) ⋅ A13 (Θ13 ) ⋅ A23 (Θ23 ),

(10)

where
⎛ cos Θ12
A12 (Θ12 ) ≙ ⎜− sin Θ12
⎝ 0

sin Θ12
cos Θ12
0

0⎞
0⎟
1⎠

and A13 and A23 matrices are defined in a similar way according to
Eq. (9).
Substitution of the model form of A [Eq. (10)] and the skewsymmetric form of the τ matrix in the ADT condition [Eq. (7)] will
lead to a set of following first order linear differential equations:
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∇R Θ12 ≙ −τ12 − tan Θ13 (sin Θ12 τ13 + cos Θ12 τ23 ),
∇R Θ13 ≙ − cos Θ12 τ13 + sin Θ12 τ23 ,
∇R Θ23 ≙ −

(11)

1
(sin Θ12 τ13 + cos Θ12 τ23 ).
cos Θ13

Once ab initio calculated NACM elements (τkl ) are plugged
in Eq. (11) and solved numerically, one can find the ADT angles
{Θkl } and thereby construct the diabatic potential matrix employing Eq. (6). The explicit expressions of the diabatic potential energy
matrix elements in terms of the ADT angles can be found elsewhere.71
IV. AB INITIO CALCULATIONS
In order to map the triatomic adiabatic PESs and NACTs of
F + H2 , we have employed the hyperspherical coordinate system43
denoted by ρ, θ, ϕ, which has the advantage of representing all the
reaction channels even-handedly. The overall size of the triangle is
solely determined by the hyperradius ρ, whereas the two hyperangles
θ (0○ ≤ θ ≤ 90○ ) and ϕ (0○ ≤ ϕ ≤ 360○ ) describe the shape of the triangle. Ab initio calculations are carried out in terms of interparticle
distances of the three nuclei, which are related to the hyperspherical
coordinates74 as
ρ
(12a)
R1 ≙ √ d3 ∥1 + sin θ cos(ϕ + ϵ3 )∥1/2 ,
2
ρ
R2 ≙ √ d1 (1 + sin θ cos ϕ)1/2 ,
2

(12b)

ρ
R3 ≙ √ d2 ∥1 + sin θ cos(ϕ − ϵ2 )∥1/2 ,
(12c)
2
√
√
where di ≙ mi (mj + mk )/μM, M ≙ ∑3i mi , μ ≙ (m1 m2 m3 /M),
ϵ2 ≙ 2 tan−1 (m3 /μ), and ϵ3 = 2 tan−1 (m2 /μ). For the title system,
m1 = mF = 19 amu, m2 = m3 = mH = 1.008 amu, M = 21.016 amu,
μ = 0.958 amu, d1 = 1.379, d2 = d3 = 1.001, and ϵ2 = ϵ3 = 92.89○ . R1
and R3 are the bond distances between the F atom and the two H
atoms, whereas R2 is the distance between the two H atoms.
From Eq. (12), one can observe that configurations with θ = 0○
will keep the triangle at C2v symmetry with R1 = R3 and such geometries will be solely dependent on the value of ρ with no ϕ dependence.
On the other hand, θ = 90○ corresponds to collinear geometries of
the triatom with two possible arrangements: HHF/FHH or HFH
depending on the value of ϕ. For 87.11○ < ϕ < 272.89○ , the configuration is HHF/FHH, i.e., F atom outside the H–H molecular axis,
whereas for the remaining values of ϕ, the arrangement is HFH, i.e.,
F atom inside the H–H axis. At ϕ = 0○ , 180○ , and 360○ , we again
observe the C2v symmetry with R1 = R3 for all values of θ. We have
also invoked the Jacobi coordinate system, which are defined and
presented along with the side lengths of the triangular F + H2 in
Fig. 1.
We have calculated the lowest three adiabatic PESs (12 A′ , 22 A′ ,
and 12 A′′ ) of F + H2 and the three NACT vectors between those
states by using the MOLPRO quantum chemistry package75 as functions of hyperangles, θ (0 ≤ θ ≤ 90○ ) and ϕ (0 ≤ ϕ ≤ 360○ ), for
a grid of fixed values of hyperradius ρ (2 ≤ ρ ≤ 20 bohrs). This
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FIG. 1. A schematic diagram depicting the Jacobi coordinates (r, R, and γ) and
the side lengths of the triangle formed by F + H2 . r is equivalent to R2 , R is the
distance between the midpoint of the H–H diatom to the F atom (red circle) and γ
is the angle between vectors r and R.

allows us to break up the three-dimensional configuration space
into a series of two-dimensional planes, where each plane is parameterized by a fixed value of ρ. However, in order to understand
few important properties of the PESs and NACTs of F + H2 , we
have occasionally employed Jacobi coordinates. The ab initio data
points are computed using Dunning’s correlation consistent augmented quadruple zeta (aug-cc-pVQZ or AVQZ) basis set without imposing symmetry. Calculations at multi-configuration selfconsistent field (MCSCF) level are performed initially with a relatively larger configuration active space (CAS) of (9e, 10o), i.e., 9
electrons distributed over 10 active orbitals. Such CAS involves six
σ and two π orbitals, which asymptotically correlates with 2s, 3s,
2p, 3p atomic orbitals of the F atom and 1σ g , 1σ u orbitals of H2 .
In order to generate the adiabatic PESs, we have performed internally contracted MRCI calculations with a smaller CAS of (7e, 8o)
using the reference orbitals obtained from MCSCF(7e, 8o), which
in turn used the orbitals generated from MCSCF(9e, 10o). The
smaller active space excludes the F(3s) orbital and corresponds to
the valence space plus F(3p), keeping F(2s) orbital uncorrelated. Previous studies have shown that in order to correctly estimate the
collinear barrier height of ground adiabatic PES of the title reaction, one needs to invoke extra dynamical correlation effects in
the MRCI calculations.25 Hence, all our calculations are performed
with the inclusion of Davidson correction in the MRCI results,
which is denoted by MRCI + Q. Moreover, we have determined
SO matrix elements between the six spin projections corresponding to the three electronic states using the Breit–Pauli operator, as
implemented in MOLPRO. In such a method, the SO coupling is calculated as a perturbation using unperturbed zeroth-order electronic
wavefunctions.76 The features of the SO matrix elements are presented in details in Sec. VI. Tables I and II compare our calculated
collinear and bent F + H2 barrier heights of the ground adiabatic
PES, respectively, with and without the SO coupling effect in comparison with the previously calculated ones. Table III presents comparison of the HFH exchange reaction saddle point with other studies. The fact that the barrier heights are found to be comparatively
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TABLE I. Comparison of properties for the collinear F + H2 barriers.

TABLE III. Comparison of properties for the HFH saddle point.

PES

rHH a

rHF

ΔEb

SW
ASW
LWA-5
LWA-78
DMBE
This work

1.440
1.442
1.443
1.439
1.426
1.445

Without ĤSO
2.950
2.936
2.936
2.954
3.020
2.922

1.921
1.971
1.773
1.662
2.301
2.339

1.442
1.442
1.443
1.439
1.445

With ĤSO
2.934
2.94
2.936
2.238
2.918

PES

rHF a

ΔEb

ω1

ω2

ω3

SW
ASW
LWA-5
LWA-78
DMBE
This work

2.12
2.12
2.15
2.16
2.147
2.14

41.11
41.13
41.52
42.00
40.42
42.57

2333
2351
2377
2420
2206
2125

337
401
336
242
314
454

4425i
4361i
3141i
2673i
2748i
2980i

a

ASW
XXZ
LWA-5
LWA-78
This work
a
b

b

2.332
2.247
2.151
2.051
2.695

Distances in bohr and energies in kcal mol−1 .
Relative to the F + H2 asymptote.

higher than the previously obtained results is due to the use of a
relatively smaller basis set (AVQZ). Finally, Table IV shows the
calculated exoergicities for the reaction F(2 P3/2 ) + H2 (ν = 0,j = 0)
→ HF(ν′ , j = 0) + H in comparison with the previously calculated
ones.
A. Adiabatic PESs of F + H2
Figure 2 depicts the three adiabatic potential energy curves
(PECs) of F + H2 along the entrance channel in terms of Jacobi coordinate R with r = re (H2 ) = 1.401 bohrs and γ = 0○ (collinear arrangement) in the absence and presence of the SO coupling effect in panels
a and b, respectively. These curves have been calculated employing Cs symmetry in order to identify A′ and A′′ states separately.

TABLE II. Comparison of properties for the bent F-HH barriers.

PES

rHH a

rHF

∠HHF

SW
ASW
LWA-5
LWA-78
This work

1.457
1.456
1.455
1.452
1.460

2.922
2.919
2.942
2.961
2.901

ASW
XXZ
LWA-5
LWA-78
This work

1.457
1.458
1.457
1.456
1.460

2.918
2.91
2.932
2.939
2.900

ΔEb

ω1

ω2

ω3

119
116
113
113
118

Without ĤSO
1.535
1.545
1.259
1.091
1.889

3873
3883
3933
3984
3759

131
105
172
152
304

1154i
1093i
1029i
1013i
777i

116
119
113
113
118

With ĤSO
1.930
1.907
1.642
1.493
2.254

a

3875 105 1095i
3915 174 1040i
3975 155 994i
3758 304 778i

Distances in bohr, angles in degree, and energies in kcal mol−1 .
b
Relative to the F + H2 asymptote.
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Distances in bohr and energies in kcal mol−1 .
Relative to H + HF (r = re ) asymptote.

In Fig. 2(a), the zero of ground state adiabatic PEC is defined at the
reactant asymptote F + H2 (r = re , R → ∞). Hereafter, all PES data
are scaled with respect to the reactant asymptote. In the absence
of SO coupling, the states 12 A′ , 22 A′ , and 12 A′′ (2 Σ+ and 2 Π in
linear geometries) correlate asymptotically to the reactants F(2 P)
+ H2 (X 1 Σ+g ). Incorporation of the SO effect leads to the lowering of 2 Σ+ state and the splitting of the twofold degenerate 2 Π state
into 2 Π3/2 and 2 Π1/2 components. In such a situation, the states 2 Σ+
and 2 Π3/2 correlate with F(2 P3/2 ) + H2 (X 1 Σ+g ) ground state reactants, whereas the state 2 Π1/2 correlates with F(2 P1/2 ) + H2 (X 1 Σ+g )
spin–orbit excited state reactants, as shown in Fig. 2(b). The PECs in
(0)
Fig. 2(b) have been obtained by diagonalizing Ĥel + ĤSO in the basis
2 +
2
of unperturbed Σ and Π states. Note that the SO coupling effect
significantly dies off as one moves into the interaction regions of F
+ H2 and eventually vanishes in the product channel HF + H, since
the excited states become too high to produce any reasonable relativistic coupling with the ground state. In the product channel and
thus in the absence of any SO splitting, the 2 Σ+ state corresponds to
HF(X 1 Σ+ ) + H(2 S), whereas 2 Π correlates with the HF(3 Π) + H(2 S)
excited state. In addition, since the SO coupling is not operative at
the barrier region of F + H2 but lowers the ground state PES, the
overall height of the F + H2 collinear barrier increases by approximately 130 cm−1 . The rest of this section and the following one are
dedicated to the aspects of electronic states that are the outcome of

TABLE IV. Exoergicities (kcal mol−1 ) for the F(2 P3/2 ) + H2 (ν, j = 0) → HF(ν′ , j = 0)
+ H reaction.

PES

ΔE(00)a

ΔE(03)

SWb
HSW
ASW
XXZ
LWA-5
LWA-78
This work

−31.73
−31.29
−31.34
−32.12
−31.901
−32.052
−32.77

+0.75
+1.19
+1.13
+0.38
+0.642
+0.511
+0.32

a
ΔE(00) and ΔE(03) are the exoergicities for the formation of the ν′ = 0 and 3 level of
HF, respectively. See Eqs. (10) and (11) in Ref. 31.
b
Spin–orbit correction is not included.
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FIG. 2. Panel (a): the three adiabatic PECs (for 12 A′ , 22 A′ , and 12 A′′ states) of F + H2 in the absence of the SO coupling effect along the entrance channel for collinear
geometries with r = r e (H2 ) = 1.401 bohrs and γ = 0○ . The circle depicts a linear JT-type CI between 12 A′ and 22 A′ states at R = 5.35 bohrs. Panel (b): the adiabatic PECs
(0)
after incorporation of the SO effect. Those curves have been obtained by diagonalizing Ĥel + ĤSO in the basis of the unperturbed 2 Σ+ and 2 Π states.

non-relativistic SE. The full description of F + H2 PESs including SO
matrix elements will be presented in Sec. VI.
Figure 2(a) also reveals that in the absence of SO coupling, 12 A′
and 12 A′′ are degenerate along collinear geometries from the asymptote up to R = 5.35 bohrs. At that configuration point (R = 5.35
bohrs with r = 1.401 bohrs), there occurs a CI between the two 2 A′
states, and afterward, i.e., R < 5.35 bohrs, 12 A′′ switches degeneracy
with the 22 A′ state. The 12 A′ –22 A′ CI is a part of a one-dimensional
(1D) intersection seam that lies in the collinear manifold of F + H2

nuclear configuration space. It also corresponds to the minimum
energy conical intersection (MECI) point in that seam of magnitude
0.1 kcal mol−1 above the F + H2 asymptote. Although this is not the
true minimum energy degeneracy point in the global manifold as all
the three states are degenerate at the reactant asymptote, the MECI
refers to the lowest energy CI point in the interaction regions of
F + H2 (generally R < 10 bohrs). Figure 3 displays the contour plots
of 12 A′ and 22 A′ adiabatic PESs in collinear geometries where a portion of the CI seam has been depicted that contains the MECI point.

FIG. 3. Contour plots of the adiabatic PESs (in kcal mol−1 ) of 12 A′ and 22 A′ states (calculated without ĤSO ) in the collinear manifold (γ = 0○ ) shown with respect to Jacobi
coordinates 1.3 ≤ r ≤ 1.6 bohrs and 5.2 ≤ R ≤ 5.5 bohrs. A portion of the JT-type CI seam is depicted by the green solid curve, which contains the MECI point (symbol “⊗”)
in the interaction region at r = 1.401 bohrs and R = 5.35 bohrs.
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FIG. 4. Contour plot of F + H2 ground adiabatic PES (u1 ≡ 12 A′ ; calculated without ĤSO ) in the collinear X–Y coordinates, which are related to the hyperspherical
coordinates as X = ρ cos ϕ and Y = ρ sin ϕ at θ = 90○ . The PES landscape is symmetric along Y = 0 (ϕ = 0○ or 180○ ). For X < 0 (90○ < ϕ < 270○ ), F is outside the
H2 diatom axis, whereas the remaining half of the configuration space corresponds
to F being inside the H2 diatom axis. The various entrance and exit channels
are labeled. Also, the saddle points are depicted by symbols “⊠” (for F + H2
barrier) and “⊗” (for HFH exchange barrier).

The corresponding hyperspherical coordinates of the MECI point
are given by ρ = 7.45 bohrs, θ = 90○ , and ϕ = 164.3○ .
To map the adiabatic PESs in hyperspherical coordinates
(ρ, θ, and ϕ), particularly in collinear geometries, we devise a set
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of Cartesian coordinates X and Y, which are defined as X = ρ cos ϕ
and Y = ρ sin ϕ at θ = 90○ . Figure 4 represents the contour plot
of ground adiabatic PES (u1 ≡ 12 A′ ) at all linear configurations of
F + H2 along the X–Y coordinates. The projection depicts all the
reaction channels and the collinear saddle points in F + H2 as well
as HF + H exchange reactions. The permutation between two same
atoms (H-atoms) leads to the inherent symmetry in the PES landscape along Y = 0 (ϕ = 0○ or 180○ ). The same projections for the
upper two excited PESs (u2 and u3 ) are presented in Fig. S1 of the
supplementary material.
Since the MECI lies close to ρ = 7.5 bohrs, we have chosen
this fixed ρ value to present the functional form of adiabatic PESs
in terms of hyperangles, θ and ϕ coordinates. Figure 5 depicts 1D
cuts of adiabatic PECs corresponding to the lowest three states
of F + H2 along the ϕ coordinate at various θ values for fixed
ρ (= 7.5 bohrs). The lowest two states (u1 and u2 ) exhibit CIs at
C2v configurations for ϕ = 0○ or 360○ and 180○ , whereas the upper
two states (u2 and u3 ) give rise to RT coupling at linear geometries
spanned by θ = 90○ . These observations are confirmed by calculations of NACTs. In the following, we discuss the computational
aspects of the NACTs of F + H2 and the features associated with
those quantities.
B. NACTs of F + H2
We have employed the numerical finite difference method
(DDR) as implemented in MOLPRO to calculate the NACTs among
the lowest three states of F + H2 . This approach invoked the MRCI
wavefunctions determined at every geometry for the adiabatic PES
calculations. In addition, we have also carried out the state-averaged
coupled-perturbed MCSCF (CPMCSCF) analytic gradient based
method to obtain the same. The latter calculations are performed

FIG. 5. [(a)–(f)] 1D cuts of the three
lowest adiabatic PECs of F + H2 (calculated without ĤSO ) as functions of ϕ
for different θ values with fixed ρ = 7.5
bohrs.
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1. NACTs in Jacobi coordinates: JT and RT interactions
in F + H2

FIG. 6. The two situations required illustrating JT and RT effects in F + H2 . (a) The
first situation describes an in-plane contour enclosing the MECI point. (b) The second situation describes an out-of-plane contour enclosing the collinear degenerate
seam.

using the 6-311++g∗∗ basis with the same CAS, as used in MCSCF
calculations, i.e., (9e,10o).
We label the three states “1,” “2,” and “3,” where “1” represents
the 12 A′ state. Figure 2(a) depicts that the two excited states of F
+ H2 can switch their characters between A′ and A′′ while passing
through a CI. Hence, the labels “2” and “3” can be any of the two
states 22 A′ and 12 A′′ depending on the configuration. These observations have been verified by carrying out corresponding “symmetry” calculations at different configurations and depicting the agreement of energies against the “no symmetry” results. Few of such 1D
PECs obtained from “symmetry” and “no symmetry” calculations
are given in Figs. S2–S4 of the supplementary material. The exact
matching of energies help us to ascertain the labels of three electronic
states with appropriate symmetry.
As we know that F + H2 is a system known to exhibit JT-CI
and RT coupling, integrating the NACTs along carefully chosen contours can validate both the JT and RT effects. In order to do so,
we have invoked Jacobi coordinates to explore such contours in
Sec. IV B 1. Subsequently, in Sec. IV B 2, we discuss the functional features of NACTs of F + H2 in terms of hyperspherical
coordinates.

We define two situations where we intend to demonstrate the
existence of JT-CI and RT coupling in F + H2 (shown in Fig. 6). In
both the cases, we fix the two H atoms with r = 1.401 bohrs. The
F atom is allowed to move in a circular contour defined by polar
coordinates q and η, where q = 1 bohr. The center of the circle is
situated on the collinear H2 axis having distance Rce = 5.55 bohrs
from the center of mass of the H2 diatom. In situation 1, the loop
and the diatom are in the same plane, and thus, we call this a “planar” loop [see Fig. 6(a)]. In situation 2, the loop is tilted to an angle
45○ with the H2 diatomic axis [see Fig. 6(b)], which we call a “tilted”
loop. In terms of Jacobi coordinates, only r remains fixed at 1.401
bohrs, whereas R and γ vary along the contour in both the situations. We have calculated the angular component of the NACTs
[τij,η (η)] along these contours employing two quantum chemistry
softwares, MOLPRO75 and COLUMBUS,77 to validate the final outcomes. The NACTs are calculated using the MRCI-DDR approach
by MOLPRO, whereas by the MCSCF based analytic method using
COLUMBUS.
The planar contour (in situation 1) encloses the MECI point,
which is at a distance of 5.35 bohrs from the center of the H2
diatom. It is denoted by a green dot on the collinear axis, shown in
Figs. 6(a) and 6(b). The angular NACTs [τij,η (η)] along that contour
are depicted in Fig. 7(a). In this situation, the second state is 12 A′′ ,
while the third state is 22 A′ , as verified by symmetry calculations
along the same contour. τ13,η (η) measures the nonadiabatic coupling
between the two A′ states, which is the only quantity having a considerable magnitude among the three calculated ones. The other two
NACT components [τ12,η (η) and τ23,η (η)] along the same contour
are negligibly small, which are not shown in Fig. 7(a). We carried
out a three-state ADT procedure by integrating those NACTs as
given in Eq. (11). One of the ADT angles Θ13 [shown in Fig. 7(b)]
attains π at the end of the closed contour proving the existence of a
JT-type CI inside the enclosed loop, which is the MECI point. It is
evident that the final outcomes of the magnitude of the ADT angles
(π) after closed contour integration of NACTs as obtained from the
two softwares are consistent.
The tilted contour (in situation 2) encloses the F + H2 collinear
degenerate seam. The calculated NACTs (both using MOLPRO and
COLUMBUS) along that contour are shown in Fig. 8(a). We solve

FIG. 7. Results for situation 1: (a) the
η components of the NACTs along the
contour. Only τ13,η (η) is non-zero, while
the other two are nearly zero. (b) The
ADT angles obtained by integrating the
NACTs along the loop. Θ13 reaches π at
the end of the contour showing quantization of NACTs due to the presence of
one JT-type CI (MECI) between the two
A′ states.
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FIG. 8. Results for situation 2: (a) The
η components of the NACTs along the
contour. (b) The ADT angles obtained
by integrating the NACTs along the loop.
Θ23 reaches 2π, while the other angles
are zero at the end of the contour showing the quantization of NACTs due to the
presence of RT seam, i.e., the collinear
degenerate seam between 22 A′ and
12 A′′ states.

ADT equations (11) and find that one of the ADT angles, Θ23 ,
reaches 2π. This validates the existence of RT seam between states
A′ and A′′ inside the contour, as shown in Fig. 8(b), where the
results from both the packages are consistent. In addition, the consistency of the results for both the situations 1 and 2 is re-checked by
comparing analytic and numeric NACTs calculated using MOLPRO
and their quantization in Figs. S5 and S6 of the supplementary
material.
Before concluding this part of the discussion, we consider
another approach where the RT effect prevailing in F + H2 can be
demonstrated. This case is a slight variant of the second situation, as
displayed in Fig. 6(b), where we keep the loop perpendicular with the
H2 diatomic axis instead of a tilted one. In such a case, the NACTs
will be η independent (cylindrical symmetry) due to fixed parameters r and Rce . On the other hand, we vary q from 1 bohr to 0.01
bohr gradually reducing the radius of the loop. We define the NACT
between A′ and A′′ states, which are the two components of the
Π state in linear geometry (q ∼ 0) as τΠ . Integrating the η component of τΠ along the contour will produce the corresponding ADT
angle,
ΘΠ (q) ≙ − ∫

2π

0

τΠ,η (q)dη ≙ −2πτΠ,η (q),

(13)

FIG. 9. The η component of the NACT between A′ and A′′ states that are the two
components of the Π state in linear geometry (q ∼ 0) is presented as function of
q. It corresponds to RT NACT where it gives a quantized ADT angle at q ∼ 0. The
configuration is shown in the inset of the figure.
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where τΠ,η (q) is independent of η. Figure 9 shows the τΠ,η profile
as a function of q for the perpendicular loop case as calculated by
employing both MOLPRO and COLUMBUS. From the MOLPRO
part, the CPMCSCF analytic method has been invoked to calculate
the η component of the NACT. The results from both the packages
are consistent and we observe that τΠ,η = −1 as q → 0, and thereby, it
gives a quantized ADT angle ΘΠ = 2π according to Eq. (13), validating the RT effect in F + H2 . This study is a reminiscent of the work
of Halász et al. on the NH2 molecule to show the existence of the RT
effect.78 In summary, from the studies given in this subsection, we
are able to illustrate both JT and RT effects prevailing in this complicated system through the calculations of ab initio NACTs-BBO
theory.
2. NACTs in hyperspherical coordinates
In order to understand the behavior of NACTs of F + H2
in hyperspherical coordinates, we have shown Figs. 10 and 11 in
the θ–ϕ plane for a fixed ρ = 4.5 bohrs. Figures 10 and 11 depict
results obtained from DDR-MRCI and analytic CPMCSCF methods, respectively. These results that are obtained from two different
methodologies agree in their functional forms and are very close in
magnitudes. Figure 10 (also Fig. 11) shows the elements “1–2” and
“2–3” of the θ and ϕ components of the τ matrix. Both the components of the “1–2” element are attributed with a prime notation (as
′
′
and τ12,ϕ
) to denote a modified profile of the NACT over the
in τ12,θ
actual calculated ones (τ12,θ and τ12,ϕ ). This is due to the following
reason.
At certain regions of nuclear configuration space, it is observed
from the ab intio calculated NACT profiles that τ12 interchanges
magnitude with τ13 . Such swapping happens as and when the states
“2” and “3” are energy-wise interchanged due to the “no symmetry” calculations. The symmetry labels of these two excited states
have been resolved by carrying out corresponding symmetry calculations demonstrated in Figs. S2–S4 of the supplementary material. Such sudden interchanges in magnitude render discontinuities in the NACT functional forms, and for the sake of accurate
numerical calculations, we have swapped the magnitudes of τ12
and τ13 at geometries wherever those values are found to be interchanged. This leads to modified profiles of τ12 and τ13 denoted by
τ′12 and τ′13 , respectively, where τ′12 encapsulates features of both
ab initio calculated τ12 and τ13 NACTs and the magnitude of τ′13
becomes zero. With the same argument of symmetry, the profile
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′
′
FIG. 10. Functional forms of hyperspherical θ and ϕ components of NACTs of F + H2 calculated using the DDR methodology: (a) τ12,θ
, (b) τ12,ϕ
, (c) τ23,θ , and (d) τ23,ϕ in
θ–ϕ configuration space for fixed ρ = 4.5 bohrs.

of τ23 remains intact. Figures S13, S14, S16, and S17 of the supplementary material show the non-swapped profiles of τ12 and τ13 for
ρ = 4.5 bohrs.
In the following, we discuss the functional forms of the DDRMRCI and CPMCSCF NACTs shown in Figs. 10 and 11, respectively. Various important observations can be drawn from such
profiles. The θ and ϕ components of τ′12 show up large coupling
magnitudes, as depicted in Figs. 10(a), 10(b), 11(a), and 11(b). The
singular nature of the functional forms of these NACTs is due to
CI seams reminiscent of JT interaction existing between the two A′
′
states. As evident from Figs. 10(a) and 11(a), τ12,θ
shows a substan′
and
tial nonadiabatic interaction at regions near θ = 0○ . Both τ12,θ
′
○
○
τ12,ϕ have singular features at ϕ = 180 close to θ = 90 . In addition,
there exists seam at ϕ = 0○ /360○ for θ starting from close to 10○ to all
′
along 90○ showing its signature only in the τ12,ϕ
profile displayed in
Figs. 10(b) and 11(b). All these strong couplings pertain to CI seams
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occurring at C2v geometries of F + H2 . On the other hand, τ23,θ
and τ23,ϕ depicted in Figs. 10(c), 10(d), 11(c), and 11(d) are small
and have spiky characteristics close to θ = 90○ configurations, which
are the collinear geometries in F + H2 . These spiky characters of τ23
are correlated with the RT coupling operating at the close vicinity of
linear configurations.
Let us now discuss the behavior of NACTs at few other ρ values,
namely, ρ = 4, 7.5, and 10 bohrs. The θ and ϕ components of NACTs
for ρ = 4 bohrs, shown in Figs. S7–S12 of the supplementary material,
are very close to that of ρ = 4.5 bohrs. The NACTs for ρ = 7.5 bohrs
are depicted in Figs. S19–S24 of the supplementary material. The
properties of NACTs are similar to those as in ρ = 4.5 bohrs except
for a strong coupling region at around θ = 20○ and ϕ = 180○ for
ρ = 7.5 bohrs, which is evident from both θ and ϕ components
of the NACTs. On the other hand, we depict the θ and ϕ components of NACTs for ρ = 10 bohrs in Figs. S25–S30 of the
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′
′
FIG. 11. Functional forms of hyperspherical θ and ϕ components of NACTs of F + H2 calculated using the CPMCSCF methodology: (a) τ12,θ
, (b) τ12,ϕ
, (c) τ23,θ , and (d) τ23,ϕ
in θ–ϕ configuration space for fixed ρ = 4.5 bohrs.

supplementary material. Although the strong coupling at θ = 0○ is
absent for ρ = 10 bohrs, the overall singularity features in this ρ are
consistent with other lower ρ values. From these observations, we
conclude that the C2v CI seams exist from the asymptote upto the
F + H2 interaction region. The distribution of CI seams is believed
to affect the topology of F + H2 PESs and hence would render
significant effects on the scattering process of the system.

two reasons: (a) RT interaction between A′ and A′′ is neglected by
excluding the coupling of the third state with the lower ones and
(b) diabatic potentials are not derived from first principles using
ab initio NACTs. Indeed, Das et al.37,38,42 have carried out an

V. ADIABATIC-TO-DIABATIC TRANSFORMATION
Although many groups have probed the ground state PES of the
F + H2 collision process in details, studies on its excited states are
by far little. Alexander et al.30 and Li et al.31 have derived diabatic
potentials between the two A′ states of F + H2 based on analyzing the coefficients in the configuration interaction expansion of the
FH2 wave function.25,79 Such a surface is an approximate one for
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FIG. 12. The 2D rectangular paths along which the ADT equations are solved.
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FIG. 13. 1D cut of the functional forms of the ADT angles relevant to JT-RT
interactions along the ϕ coordinate for a fixed ρ = 14 bohrs and θ = 81○ . Such
angles are calculated along the path P1, where closed contour integration gives
the magnitude of θ12 ≈ π and θ23 ≈ 2π validating JT and RT interactions,
respectively.

ARTICLE

scitation.org/journal/jcp

extensive study on F + H2 using BBO treatment, but a global diabatic
surface based on such theory is yet to be available.
The present study on F + H2 is the first of its own kind, which
implements BBO theory for the three states (12 A′ , 22 A′ , and 12 A′′ )
invoking NACTs along with the SO couplings for the construction
of diabatic potential energy surfaces considering the global manifold
of nuclear configuration space with the aim of performing accurate
quantum scattering calculations for all of its reaction channels. It
may be noted that all the three adiabatic PESs and NACTs are ab initio calculated over the entire configuration space where τ12 and τ13
represent the JT intersections and τ23 show RT coupling. In other
words, calculation of all the three coupling terms (τ12 , τ13 , and τ23 )
among the three-states is absolutely necessary in order to capture
all the nonadiabatic information within this system. Following the
discussions of Sec. IV B 2, here, in this section, we present the construction of global diabatic PESs for the non-relativistic framework,
whereas the full description of F + H2 including SO coupling terms
will be depicted in Sec. VI.

FIG. 14. [(a)–(c)] Functional forms of the ADT angles (Θij ) solved on a 2D contour integral in terms of θ and ϕ for ρ = 4.5 bohrs along path P2. These ADT angles are obtained
by integrating DDR NACTs in Eq. (11).
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To this end, we first calculated the ADT angles (Θij ) by employing the ADT condition [Eq. (11)] for three-state sub-Hilbert space
that uses the ab initio calculated NACTs. Such differential equations
are integrated over a 2D grid of geometries in hyperspherical coordinates θ and ϕ for each fixed hyperspherical radius, ρ.80 In our study,
we considered two rectangular paths of integration, P1 and P2. In
P1, the differential equations for ϕ grid are integrated with positive increment from ϕ = 0○ –360○ for each positive step integration
along the θ grid from 0○ to 90○ at ϕ = 0○ . On the other hand, for P2,
the differential equations for the θ grid are integrated with positive
increment from θ = 0○ –90○ for each positive step integration along
the ϕ grid from 0○ to 360○ at θ = 0○ . These paths are depicted in
Fig. 12.
These two different paths will give different solutions of the
ADT equation and thereby will produce different diabatic potential matrices. Nevertheless, the calculated observables are expected
to come out to be the same, which has been proven and illustrated in
details in Ref. 65. Path P1 is employed to extract the information
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of degenerate seams from the ADT angle profiles, which are
obtained from closed contour integration along ϕ grids for positive
step integration of the θ grid. We display one such result in Fig. 13
where 1D cuts of ADT angles calculated along path P1 for a fixed
ρ and θ (ρ = 14 bohrs and θ = 81○ ) are depicted. One can observe
that the ADT angles Θ12 and Θ23 relevant to JT and RT interactions
reach close to π and 2π, respectively, at the end of the closed contour
integration, validating those effects at the given configuration space.
For calculating the diabatic potential energy matrix, we invoked
path P2 to integrate the ADT equations so that the inherent symmetry of the PESs along ϕ = 180○ is preserved. While solving the ADT
equations, the NACTs, τ′12 , τ′13 , and τ23 , are employed. In Figs. 14
and 15, we depict the functional forms of Θij obtained by integrating the ADT equations along path P2 in terms of θ and ϕ for ρ = 4.5
bohrs calculated using DDR and CPMCSCF NACTs, respectively.
In the supplementary material, the features of the ADT angles for
ρ = 4, 7.5 and 10 bohrs are shown in Figs. S31–S36. Once the ADT
angles are obtained for each ρ value over the θ–ϕ planes, we have

FIG. 15. [(a)–(c)] Functional forms of the ADT angles (Θij ) solved on a 2D contour integral in terms of θ and ϕ for ρ = 4.5 bohrs along path P2. These ADT angles are obtained
by integrating analytic CPMCSCF NACTs in Eq. (11).
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constructed the non-relativistic diabatic matrix elements as functions of θ and ϕ employing Eq. (6).
In Figs. 16 and 17, we show the non-relativistic diabatic potential energy matrix elements (W ij ) as functions of θ and ϕ for
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ρ = 4.5 bohrs, which are calculated using numeric and analytic
NACTs, respectively. The W ij ’s for ρ = 4, 7.5, and 10 bohrs are displayed in Figs. S37–S42 of the supplementary material. For the entire
ρ grid, (a) the calculated diabatic surfaces and the coupling elements

FIG. 16. Functional forms of the three diabatic surfaces [in panels (a)–(c)] and the coupling terms [in panels (d)–(f)] of F + H2 in terms of θ and ϕ for ρ = 4.5 bohrs. These are
calculated using DDR NACTs without including spin–orbit correction.
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FIG. 17. Functional forms of the three diabatic surfaces [in panels (a)–(c)] and the coupling terms [in panels (d)–(f)] of F + H2 in terms of θ and ϕ for ρ = 4.5 bohrs. These are
calculated using CPMCSCF NACTs without including spin–orbit correction.

over the θ–ϕ space appear as single-valued, continuous, smooth,
and symmetric; (b) generally, the diabatic coupling elements W 12 ,
W 13 , and W 23 continuously decrease as ρ increases. In particular,
W 13 and W 23 show reasonable magnitudes only upto ρ ≤ 5 bohrs,

J. Chem. Phys. 153, 174301 (2020); doi: 10.1063/5.0021885
Published under license by AIP Publishing

and beyond that, such quantities virtually turn into zero. On the
contrary, the coupling element between states “1” and “2” (W 12 )
remains substantially high even upto ρ = 10 bohrs, then gradually
decreases over the range 10 ≤ ρ ≤ 15 bohrs, and finally vanishes after
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FIG. 18. The energy difference between
the non-relativistic diabatic potential
energy surfaces (W 22 –W 11 ) (in eV) as
a function of θ and ϕ at ρ = 4.5
bohrs, where such surfaces are calculated using DDR NACTs. The red solid
lines depict positive difference, the red
dashed lines depict negative difference,
and the green solid curves depict the
crossing of the two surfaces.

ρ > 15 bohrs. The crossing of the lowest two diabatic PESs for ρ = 4.5
bohrs is evident from Fig. 18 where the difference of the two surfaces
(W 22 –W 11 ) is shown. The green solid curve describes the crossings
between the two surfaces.

We have also chosen Jacobi coordinates to display the features
of nonadiabatic interactions occurring in F + H2 . Since the MECI
occurs at r = 1.401 bohrs and R = 5.35 bohrs at a collinear configuration, we have shown the adiabatic PECs, DDR NACTs, and

FIG. 19. Results along the γ coordinate for fixed r = 1.401 bohrs and R = 5.4 bohrs. (a) The three lowest adiabatic PECs, (b) the three γ components of NACTs, and (c) the
corresponding diabatic PECs obtained by solving ADT equations with the ab initio calculated τij ,γ .
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the corresponding diabatic PECs for a nearby geometry at r = 1.401
bohrs and R = 5.4 bohrs along the γ coordinate in Fig. 19. While
ensuring the accuracy of the calculated NACTs, the ADT angles are
computed along closed circular contours with centers chosen at different γ values (see Fig. S43 of the supplementary material, which
depicts the schematics of such contours). These angles produced
correct topological phases π or 0 depending on whether the contour encloses a CI or not, respectively. Such topological phases are
listed in Table S3 in the supplementary material. From these results,
the NACTs are validated to be topologically accurate, which, in turn,
produce the diabatic PECs along the γ coordinate (see Figs. S44–S47
and Tables S1–S4 of the supplementary material for different Jacobi
coordinate cuts with R = 5.0, 5.3, 5.7 bohrs and r = 1.401 bohrs and
quantization of NACTs along the γ coordinates).

where D, B, G, F 1 , F, and C are real valued functions of the nuclear
coordinates. It can be shown that by carrying out a special linear
transformation over the electronic basis, the above 6 × 6 matrix can
be expressed into two non-interacting 3 × 3 sub-blocks, thus reducing the dimension of the problem again to three. Such a transformation must employ both time-reversal adapted Kramer’s basis and Cs
double group properties and is given in details in the supplementary
material.
In the supplementary material, it has been shown that the following matrix transformation over the electronic basis can achieve
ad
the above said block-diagonal structure of Hso
:
∣ξλ ⟩ ≙ K∣ξ⟩,

0⎞
⎛1 0 0 −1 0
0
1
0
0
−1
0⎟
⎜
1 ⎜
0
i⎟
⎟
⎜0 0 i 0
⎟.
K≙√ ⎜
⎟
⎜
1
0
0
1
0
0
2⎜
⎟
⎜0 1 0 0
1
0⎟
⎝0 0 i 0
0 −i⎠

The contribution of SO coupling of F + H2 can be added as
a perturbation to the electronic Hamiltonian at the non-relativistic
situation. Thus, the total molecular Hamiltonian will read as
Ĥ(re , RN ) ≙ T̂nuc (RN ) + Ĥel (re ; RN ) + ĤSO (re ; RN ).
(0)

(14)

∣ξ1 ⟩ ∣ξ2 ⟩ ∣ξ3 ⟩ ∣ξ 1 ⟩ ∣ξ 2 ⟩ ∣ξ 3 ⟩

∣ξ1 ⟩ u1
∣ξ2 ⟩ 0
U ≙ ∣ξ3 ⟩ 0
∣ξ 1 ⟩ 0

0
u2
0

0
0
u3

0
0
0

0
0
0

0

0

u1

0

0
0
0 ,
0

0

0

0

0

u2

0

∣ξ 3 ⟩

0

0

0

0

0

u3

∣ξ1 ⟩ ∣ξ2 ⟩ ∣ξ3 ⟩ ∣ξ 1 ⟩ ∣ξ 2 ⟩ ∣ξ 3 ⟩

∣ξ 2 ⟩ iF1
∣ξ 3 ⟩

F

0

−C

C
0

D

−iB −iG
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0

iG
0

ad T
(K T )† Hso
K

D + iF1 B + iF
0
0
0 ⎞
⎛ 0
0
−iC + G
0
0
0 ⎟
⎜D − iF1
⎜ B − iF iC + G
0
0
0
0 ⎟
⎟
⎜
⎟.
≙⎜
⎜ 0
0
0
0
D
−
iF
1 B − iF ⎟
⎟
⎜
⎜ 0
0
0
D + iF1
0
iC + G⎟
⎝ 0
0
0
B + iF −iC + G
0 ⎠

(15)

where the states are labelled |ξ 1 ⟩ → 12 A′ , |ξ 2 ⟩ → 22 A′ , and |ξ 3 ⟩
→ 12 A′′ with Ms ≙ 21 and the corresponding barred states are with
Ms ≙ − 12 .
The general spin–orbit matrix ĤSO in the above 6 × 6 adiabatic
basis can be shown to be of the following form:

∣ξ1 ⟩ 0
D −iB 0 −iF1 F
∣ξ2 ⟩ D
0 −iG iF1
0 −C
∣ξ
⟩
iB
iG
0
−F
C
0 ,
≙ 3
∣ξ 1 ⟩ 0 −iF1 −F 0
D
iB

(18)

The SO matrix under such transformation becomes

The adiabatic potential energy matrix obtained from the solution of
the non-relativistic electronic Hamiltonian [Eq. (3)] is expressed in
the 6 × 6 matrix form in terms of three adiabatic electronic states
and their two possible spin projections as

ad
Hso

(17)

where |ξ λ ⟩ is the transformed electronic basis and K is given by

VI. FULL DIABATIC POTENTIAL INCLUDING
SO COUPLING EFFECT

∣ξ 2 ⟩

scitation.org/journal/jcp

(16)

(19)

The above matrix has both canonical form and block-diagonal
structure (see the supplementary material for details). The transformed basis functions (denoted as λ-basis) are expressed in terms
of the original adiabatic electronic basis according to the following
equations:
∣ξ1λ ⟩ ≙

1
√
(∣ξ1 ⟩ − λ∣ξ 1 ⟩),
2

(20a)

∣ξ2λ ⟩ ≙

1
√
(∣ξ2 ⟩ − λ∣ξ 2 ⟩),
2

(20b)

∣ξ3λ ⟩ ≙

√i (∣ξ3 ⟩ + λ∣ξ 3 ⟩),
2

(20c)

where λ = + 1 defines the first three functions and λ = −1 defines the
next three.
Since it is computationally expensive to compute the SO matrix
for all nuclear geometries, we take the approach of Alexander et al.
in Ref. 30 to calculate those SO matrix elements at only linear configurations. In linear geometries, the SO matrix in Eq. (16) reduces
to a special form where the parameters B, C, and D vanish and F 1
becomes F, i.e.,
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ad
Hso

∣ξ1 ⟩
∣ξ2 ⟩
≙ ∣ξ3 ⟩
∣ξ1 ⟩
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∣ξ1 ⟩ ∣ξ2 ⟩ ∣ξ3 ⟩ ∣ξ1 ⟩ ∣ξ2 ⟩ ∣ξ3 ⟩
0
0
0 −iF
0 −iG iF
0
iG 0 −F 0

0
0
0

−iF −F

0

∣ξ2 ⟩ iF
∣ξ3 ⟩

F

0

0

F
0
0 ,
0

0

iG

0

0

0

0

0

0

−iG

(21)

0

ad
ad
∣ξ3 ⟩. Hence, we have extracted
where F ≙ ⟨ξ1 ∣Hso
∣ξ 3 ⟩ andG ≙ i⟨ξ2 ∣Hso
the two functions F and G from all linear geometries and interpolated those at non-linear configurations. In doing so, we have
approximated the parameters B, C, and D to be very small and F
and G having no dependence on non-linear geometries.
Following the procedure described in Eqs. S2–S10 of the supplementary material, the potential part of the Hamiltonian will be
given by
ad T
V ≙ (K T )† UK T + (K T )† Hso
K

⎛ u1
⎜−iF
⎜−iF
⎜
≙⎜
⎜0
⎜
⎜0
⎝0

iF
u2
G
0
0
0

iF
G
u3
0
0
0

0
0
0
u1
iF
iF

0
0
0
−iF
u2
G

0⎞
0⎟
0⎟
⎟
⎟
−iF⎟
⎟
G⎟
u3 ⎠

(22)

(23)

where Ũ is the 3 × 3 upper block of V.
In the λ-basis, the kinetic energy operator will be given by
T̂nuc ≡ −

2
h̵2
h̵2
((K T )† ∇R K T + (K T )† τK T ) ≈ − (∇R + τ)2 ,
2
2

where

τ′12
0
−τ23
0
0
0

τ′13
τ23
0
0
0
0

0
0
0
0
−τ′12
−τ′13

0
0
0
τ′12
0
−τ23

0⎞
0⎟
0⎟
⎟
⎟.
τ′13⎟
⎟
τ23⎟
0⎠

(25)

Since K is a constant matrix, the commutator [∇R , K T ] is zero.
On the other hand, most of the matrix elements of the commutator
between NACM and K T ([τ, K T ]) are also zero. The non-zero matrix
elements of [τ, K T ] depend only on the magnitudes of τ′13 and τ23 ,
where these two NACTs are small as compared to τ′12 over a large
extent of the nuclear configuration space. Hence, this approximation
([τ, K T ] ∼ 0) allows us to keep the kinetic part of the Hamiltonian
unaltered in the λ-basis (see the supplementary material for more
details).
Subsequently, the upper block of the Hamiltonian in the λ-basis
defined by λ = + 1 is taken into consideration and is transformed
into the diabatic representation by employing the ADT matrix (A)
as obtained in Sec. V by solving the ADT equations (11) involving ab initio calculated NACTs. The NACM vanishes identically,
and thereby, the kinetic energy matrix becomes diagonal and the
potential energy part is given by
W̃ ≙ A† ŨA,

(26)

where A is defined in Eq. (10). W̃ is the final form of the diabatic
potential matrix, which includes the SO corrections. In other words,
W̃ can also be written as

or
Ũ 0
V ≙ ( ∗),
0 Ũ

⎛ 0′
⎜−τ12
⎜−τ′
⎜
τ ≙ ⎜ 13
⎜ 0
⎜
⎜ 0
⎝ 0
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(24)

⎛0
W̃ ≙ W + A† ⎜−iF
⎝−iF

iF
0
G

iF⎞
G⎟A,
0⎠

(27)

where W is the non-relativistic diabatic PES matrix, as derived
and discussed in Sec. V. Hence, in this work, we calculated the
NACTs and SO couplings separately and added their contribution
by invoking Eq. (27) to construct the full diabatic matrix (W̃) of
F + H2 .
It is noteworthy to mention that the diabatic PES matrix W̃
includes all the interstate couplings, namely, JT, RT, and SO effects
of F + H2 . The SO coupling elements F and G are calculated using
the same basis set with which the PESs have been calculated. We

FIG. 20. [(a) and (b)] The SO matrix elements F and G are depicted as functions
of θ–ϕ for a fixed ρ = 4.5 bohrs.
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calculated those quantities along linear geometries as functions of
Jacobi coordinates r and R. Since the non-relativistic diabatic potential W is evaluated in hyperspherical grids, we interpolated F and
G in ρ, θ, ϕ coordinates and constructed the W̃ matrix. Figure 20
depicts the SO coupling terms F and G as functions of θ and ϕ for
fixed ρ = 4.5 bohrs. Figures S48–S50 of the supplementary material
depict those functions for ρ = 4.0, 7.5, and 10 bohrs, respectively.

ARTICLE
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PESs should serve as an accurate potential for performing reactive
scattering calculations.
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SUPPLEMENTARY MATERIAL
VII. SUMMARY
We have calculated the lowest three adiabatic PESs of F + H2
(12 A′ , 22 A′ , and 12 A′′ ) and the NACTs between those states using
the MOLPRO quantum chemistry package in hyperspherical coordinates with no-symmetry option. Since the F + H2 systems exhibit
a strong SO coupling effect, we have calculated the SO matrix elements as a perturbation over the non-relativistic electronic Hamiltonian. At first, we explored the nonadiabaticity of F + H2 using its
unperturbed adiabatic Hamiltonian. It has been found that the states
interact at various regions of nuclear configuration space resulting in
CI seams. The MECI in the interaction regions of F + H2 is a part of
a collinear CI seam.
We have illustrated the JT and RT effects prevailing in F + H2
by carrying out closed contour integration with the use of Jacobi
coordinates. From such studies, we have validated the JT intersection between the two A′ states and the RT coupling between A′
and A′′ states. The 12 A′ –22 A′ CI seams occur at C2v geometries
of F + H2 , which have been studied for various ρ values. It can be
concluded that these JT intersections along with the RT coupling
remain ubiquitous spanning along the asymptotes to the interaction regions of F + H2 . Nevertheless, since the energy gap between
the ground and the excited states increases too rapidly inside the
barrier region, the nonadiabaticities diminish around that nuclear
configuration space. Thus, the prominent nonadiabatic effects exist
at the entrance channel of the reaction. At a fixed value of ρ = 4.5
bohrs, we depict the NACTs, ADT angles, and diabatic elements
of this reactive process, where the entrance channel is defined for
87.11○ < ϕ < 272.89○ and θ = 90○ geometries. NACTs have singular features owing to the JT and RT interactions at those regions
(Figs. 10 and 11).
Such interactions are further validated by the calculations of
ADT angles, which gave theoretically correct quantization upon
closed contour integration of ADT equations. Those closed contours
produced the magnitude of the ADT angle as integral multiples of
π due to the presence of JT-type CI seams and RT interaction in
the nuclear configuration space of F + H2 . The non-relativistic diabatic PES matrix has been constructed using those calculated ADT
angles. It appears that the coupling elements between the first two
states (1 and 2) remain substantially high even up to large ρ (ρ ≤ 10),
whereas the coupling elements between the lower state (1 and 2) and
the third state become virtually zero beyond the moderate ρ value
(ρ = 5 bohrs). Subsequently, we included the relativistic effect due to
the SO coupling terms of F + H2 into the diabatic picture. The diabatic potential that presents the full description of F + H2 including
the effect of SO has been constructed for global nuclear configuration space. It turned out that the elements of the full diabatic PES
matrix are continuous, single-valued, smooth, and symmetric. Such
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Published under license by AIP Publishing

See the supplementary material for additional figures on adiabatic PESs, NACTs, ADT angles, non-relativistic diabatic potential matrix and SO coupling elements, and relevant mathematical
relations. In addition, a Fortran subroutine that provides the diabatic PESs at any nuclear configuration point by interpolating the
calculated diabatic matrix elements is provided.
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