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Abstract. In this article are presented the first ever derived single-valued diabatic potentials for the reactive
H2 + F system based on a rigorous study of the conical intersection (ci) and Born-Oppenheimer non-
adiabatic coupling terms (BO NACTs). This study revealed the existence of a Jahn-Teller (1, 2) ci located
at a point on the collinear axis and a Renner-Teller (2, 3) ci along this axis. The diabatic potentials
were calculated employing the rigorous adiabatic-to-diabatic transformation (ADT) angles (also known as
mixing angles) which possess integer Berry phases along any closed contour at the region of interest in
configuration space. The ADT angles were calculated employing BO NACTs and line integrals.

1 Introduction

The reactive (exchange) F + XY; X, Y = H, D systems
have played an important role in the study of elementary
chemical reactions for about half a century [1–32]. The
number of studies devoted to this reaction exceeds the
number of studies related to any other single system in
chemical physics and most likely runs into hundreds.

In general we distinguish between two periods:

(i) The studies during the first period which lasted for
about three decades starting at the end of the six-
ties of the last century have concentrated on the de-
tails of the reactive process at room temperature.
The experimental part is characterized by the beau-
tiful experiments of the Lee group [1–3] which pro-
vided the first vibrational resolved differential cross
sections for the various isotopic systems, the novel low
pressure arrested relaxation chemiluminescense exper-
iments of the Polanyi group [4–6], that yielded the
first vib-rotational distributions of products for various
isotopic reaction and the outstanding vib-rotational-
resolved-differential-cross-section experiments carried
out by the Toennies group [7–9] In addition we
mention the important bulk experiments to obtain
the temperature-dependent rate constants [10–12].
Whereas the chemiluminescense and bulk experiments
were analyzed mainly by applying the semi-classical
trajectory method (Polanyi et al. used this method
to sort out the appropriate potential energy surface
(PES) for this system), the crossed beam experiments
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were studied mainly by applying quantum mechanical
approaches. The first successful attempt in this respect
was done by Jellinek et al. [14] who approximately
reproduced the vibrational resolved differential cross
sections for the reaction F + H2 (vi = 0, ji = 0) →
HF(vf ) + H as determined in the Lee experiments.
Later, these quantum studies were extended in dif-
ferent ways [8,9,15–32] employing, in most cases, the
(lowest) adiabatic PES as devised by Stark and Werner
(SW) [22].

(ii) The second period that has lasted now for about one
decade concentrates on these processes at low temper-
atures known also as cold (or ultra-cold) reactions. The
main theoretical studies on these reactions were car-
ried out, with great success, by the Dalgarno group
employing the above mentioned SW potential [23–28].
These studies, as recently illuminated by Herschbach
et al. [29,30], are characterized by the enhanced impor-
tant role of the (F + H2) entrance arrangement chan-
nel. Herschbach distinguishes between the Bare PES
as obtained from the electronic structure calculations
(employing the Born-Oppenheimer (BO) approxima-
tion) and the corresponding Dressed PES which is the
effective potential felt by the approaching reactants.
Such a dressed potential, for the title reaction, was
calculated about 15 years ago [15] and it was shown
that the resulting entrance barrier is much narrower
than the bare potential barrier and that this explains
the unusual enhanced tunneling. It is important to em-
phasize that Balakrishnan and Dalgarno [25] in fact,
used the dressed potential [15] to analyze their findings
concerning the cold F + HD quantum results.
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SW [22] also revealed the existence of a Jahn-Teller (JT)
conical intersection (ci) formed by the two lowest adia-
batic (symmetric) PESs. Moreover they verified that the
location of the ci-point is on the collinear axis. Since the
collinear axis coincides with the minimum energy path of
this system the dynamics on the lower adiabatic PES is
expected to be affected by this ci at any energy (even
for ultra-cold processes). However what the numerous dy-
namic treatments showed is that numerical results as ob-
tained employing the single adiabatic PES fit, surprisingly
well, the experimental results [8,9,15–21,31].

In the present article we decided to produce diabatic
potentials for the title system with the aim of employing
them in the future, to reveal to what extent the above
mentioned ci affects the dynamics. It is true that such
potentials were already calculated by Alexander et al. [32]
but these were derived in an approximate way ignoring the
necessary BO ingredients (see a more extensive discussion
in Chapter IV). In contrast, the present treatment is rig-
orous [33–35] since it is based on BO NACTs [36–38] and
integer Berry phases [39–41] and consequently results in
single-valued diabatic potentials at any region of interest.

2 Background information and the two-state
system

To study the NACTs and the positions of the correspond-
ing cis, we consider a plane which contains the three atoms
(A, B, C) where a point in configuration space (CS) is de-
scribed in terms of three (Cartesian) coordinates (r, R, θ).
In the present study r is considered to be the distance
between two atoms (the atoms that form the reagent di-
atomic molecule), R is a distance between the third atom
and the center-of-mass of the diatom and θ is the angle
between the corresponding two vectors r and R. In order
to study the NACTs we break-up the three-dimensional
configuration space and present it as a series of two-
dimensional (planar) configuration spaces. Each plane is
parameterized by a fixed value of r. This parameterization
leaves, two of the three coordinates, R and θ, free to follow
the motion of third atom A on that plane. Atom A serves
as a test particle to examine the values of the NACTs,
τ jk(s), [34] at given grid points where s is a point in con-
figuration space, namely, s = (R, θ|r) (see Fig. 1). It is
important to mention that in order to obtain the NACTs
for the complete three-dimensional CS the value of r has,
also, to be varied along a given grid.

In the forthcoming series of papers we intend to limit
our study to the three lower states of the F + H2 sys-
tem, i.e. 12A′, 22A′ and 22A′′, and therefore consider
the three (vectorial) NACTs, namely, τ 12(s), τ 13(s) and
τ 23(s) which couple these three states. As was revealed
in the present study, these three NACTs are formed by
two cis: (a) one ci that couples the two lower states 12A′
and 22A′ identified as a JT ci [33] and is located on the
collinear axis at a finite distance between the fluorine and
the nearby hydrogen (see Fig. 1b); (b) one ci that couples
the two upper states, 22A′ and 22A′′ and is identified as a

Fig. 1. (Color online) A schematic picture of the system of
coordinates: (a) positions of atoms, point of (1, 2) ci and the
center of all circular contours. (b) System of coordinates: (R,
θ|r) vs. (ϕ, q|r). In this figure atoms F, H1 and H2 stand for
atoms A, B and C, respectively, mentioned in the text.

Renner-Teller (RT) ci [41–49] located along the collinear
HHF axis.

In the present article we limit our study only to the in-
teraction between the two lower states (namely, the ones
affected by the (1, 2) ci) to avoid complications due to
higher states. In other words we consider diabatic poten-
tials as solely produced by the two lowest adiabatic states,
12A′ and 22A′. In the forthcoming publications we intend
to include in our studies also the effect of the third adia-
batic state, 22A′′ (see Ref. [49]).

In order to form the diabatic potentials V1(s) and V2(s)
and the diabatic coupling term, V12(s), all that is needed
is the ADT angle, γ(s|Γ ) (also, known as the mixing an-
gle) [33,34]. This angle is calculated via line-integrals [34]
of the form:

γ12 (s|Γ ) =

s∫

s0

τ 12 (s′|Γ ) · ds′ (1)

where τ (s)(= τij(s)) = 〈ζi(s)|∇ζj(s)〉 is (i, j) NACT,
ζi(ϕ|q) and ζj(ϕ|q) are the eigenfunctions related to the
two interacting states i and j and ∇ is the Grad operator.
The integration in equation (1) is carried out along a con-
tour Γ located at the planar configuration space (the two
points s and s0 are on Γ ) and the dot stands for a scalar
product. As is noticed the tangential component is the
only component relevant for calculating the ADT angle
along Γ , so that if Γ is a circular contour (with respect to
some given system of coordinates) equation (1) simplifies
to become:

γ12(ϕ|q) =

ϕ∫

0

τϕ12(ϕ′|q)dϕ′ (2)
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where τϕ12(ϕ|q)/q is the corresponding angular compo-
nent of the NACT with the operator defined as:

τϕ12(ϕ|q) =
〈

ζ1(ϕ|q)
∣∣∣∣ ∂

∂ϕ
ζ2(ϕ|q)

〉
. (3)

Here q and ϕ are the relevant polar coordinates with re-
gard to some point in the planar configuration space (see
Fig. 1) and the two functions ζj(ϕ|q); j = 1, 2 are, as be-
fore, the corresponding eigenfunctions related to the two
lower states (in our case the states 12A′ and 22A′).

Returning to the above mentioned atom A, its position
along the circular contour Γ , is now described in terms of
the polar coordinates (q, ϕ). The relation between the
two systems of coordinates (q, ϕ) and (R, θ) (mentioned
earlier) is described in Figure 1b.

Next we refer to the diabatic potentials V1(ϕ|q),
V2(ϕ|q) and V12(ϕ|q). Given the two adiabatic PESs
uj(ϕ|q); j = 1, 2, the corresponding diabatic potentials
are derived from the following set of equations (which is
a straightforward result due to the ADT [35]):

V1(ϕ|q) = u1(ϕ|q) cos2 γ12(ϕ|q) + u2(ϕ|q) sin2 γ12(ϕ|q)
V2(ϕ|q) = u1(ϕ|q) sin2 γ12(ϕ|q) + u2(ϕ|q) cos2 γ12(ϕ|q)

V12(ϕ|q) = (1/2) (u2(ϕ|q) − u1(ϕ|q)) sin (2γ12(ϕ|q)) (4)

where γ12 is given by equation (2).
It is quite obvious that in order to have a single-valued

diabatic potential matrix along any closed contour, its
elements, V1(ϕ|q), V2(ϕ|q), V12(ϕ|q), at the initial point
of the contour, have to be identical to their values at
the end-point of the closed contour (which is the same
point in configuration space). This condition is satisfied
if and only if α12(q), defined as γ12(ϕ = 2π|q), and in
what follows will be identified as the corresponding Berry
phase [39–41,49], fulfills for any closed contour the quan-
tization requirement, namely, α12(q) = nπ, where n is an
integer [50,51]. It is important to emphasize that in the
present application the quantization as obtained for the
two-state ADT angle is fulfilled reasonably well (see next
Section) as long as the radius q of the relevant contour
Γ (see Eq. (1)) is not too large (in our case, q < 3 au).
As for larger radii the quantization starts to deteriorate
(which implies non-integer Berry phases) and in order to
restore it we have to calculate the ADT angle, for the cor-
responding contours, in a diverse way based on two line
integral (see below).

3 Numerical results

3.1 Input data

All the results to be reported in this article are ob-
tained for configurations where the vibrational coordinate
r = RHH (the distance between the two hydrogens) is fixed
and equals 1.4 au (see Fig. 1). The location of the (1, 2)
ci-point is revealed by trial and error and is found to be on
the collinear axis at the close vicinity of R = Rci = 5.5 au

(see Fig. 1a). The way such a study is carried out is de-
scribed, e.g., in [52]. In the present article we avoid the
details regarding the (2, 3) ci which will be elaborated in
forthcoming articles [49].

As already mentioned earlier our numerical treat-
ment to derive the diabatic potentials is based on the
explicit application of ab-initio NACTs [33–38,40–72].
For this purpose we consider three different types of re-
sults: (a) two-state angular NACTs, (=τϕ12(ϕ|q)); (b)
two-state ADT angles, (=γ12(ϕ|q)); (c) adiabatic PESs
(=uj(ϕ|q) j = 1, 2). Simultaneously we calculate also the
corresponding diabatic PESs V1(ϕ|q) and V2(ϕ|q) and the
diabatic coupling term V12(ϕ|q) employing equations (4).
As emphasized throughout this article the calculations
are done along closed circular contours to be able to ex-
amine to what extent the diabatic potentials are single-
valued. The radii of these circles are q and their centers
are all located on the collinear axis at the same point:
R = Rc = 6 au (thus removed by ∼0.5 au from the po-
sition of the (1, 2) ci-point – see Fig. 1a). This common
center was chosen to guarantee that the just mentioned
circles cover the whole planar configuration space of in-
terest.

As a final step are derived the two diabatic PESs:
V1(R, θ) and V2(R, θ) and the diabatic coupling term
V12(R, θ) for a given Cartesian grid (R, θ) by perform-
ing the transformations (q, ϕ) → (R, θ) and the necessary
interpolations.

In Figure 2 are presented the (1.2) NACTs, τϕ12(ϕ|q),
for three q-values namely q = {1.0, 2.0, 4.0} au. The sym-
metric structure of these NACTs indicates that indeed
they are formed by cis located on the collinear axis show-
ing two peaks – one due to NACTs (mainly) distributed
along the (π/2, π) sector and the other along the (π, 3π/2)
sector. The structure as a whole is tilted towards the HHF
axis. An interesting feature is presented in terms of the de-
pendence of the NACTs on the radii q. It is noticed that
increasing q hardly affects the shape of the NACTs except
along an arc around ϕ = π. Thus, increasing it from 1au
to 2 au causes the minima values of the NACTs to become
more negative and increasing it further to 4 au causes to
the NACTs to become wiggled. Both phenomena indicate
that cis between higher states exist in the region of inter-
est. Similar situations were encountered in other systems
– see e.g. H + H2 [53–55].

Next are presented a series of ADT angles, γ12(ϕ|q),
as a function of ϕ for fixed values of q. In Figure 3 are
presented the ADT angles for q = 1, 2, 3 au. The expected
values of the end-of-the-closed-contour angles (i.e. Berry
phases), α12(q){= γ12(ϕ = 2π|q)}} are π and indeed these
expectations are fulfilled for q = 1, 2 au but hardly for
q = 3. In order to restore it we have to calculate the ADT
angle in two steps as is explained next.

This extended calculation is based on the fact that
the HHF system is symmetric with respect to the ϕ-axis
(see Fig. 1). Consequently we get, for any circular contour
with its center located on the ϕ-axis, that γ12(ϕ = 2π|q) =
2γ12(ϕ = π|q). However, since it is expected that for a full
circle: γ12(ϕ = 2π|q) = π we should get that for half a
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Fig. 2. (Color online) Angular NACTs. τϕ12(ϕ|q), for circular
contours at R = Rce = 6 au along the interval 0 � ϕ � 2π:
(a) results for q = 1 au; (b) results for q = 2 au; (c) results
for q = 4 au. Note that the left group of peaks are located in
the {π/2 � ϕ � π} interval and the right group of peaks are
located in the symmetric interval: {π � ϕ � 3π/2}.

circle, {0, π} : γ12(ϕ = π|q) = π/2. Having established
this result the idea is to carry out the line integral (see
Eq. (2)) twice:

(a) Integrating forward (the ordinary way), starting at
ϕ = 0 and ending at some intermediate value ϕ = ϕfin

(see Fig. 4) thus yielding γ12(ϕ|q) = γ
(f)
12 (ϕ|q) along

the interval 0 � ϕ � ϕfin. Here “f” stands for for-
ward.

(b) Integrating backward, namely, starting at ϕ = π and
ending at ϕ = ϕbin thus yielding γ

(b)
12 (ϕ|q) for the

Fig. 3. (Color online) Adiabatic-to-diabatic-transformation
(mixing) angle, γ12(ϕ|q), for circular contours at R =
Rce = 6 au along the interval 0 � ϕ � 2π as calculated em-
ploying equation (2).

Fig. 4. (Color online) Adiabatic-to-diabatic-transformation
(mixing) angle γ12(ϕ|q), circular contours at R = Rce = 6 au.
For q = 4 au. along the interval 0 � ϕ � π: the first curve,

γ
(f)
12 (ϕ|q), (——) is calculated employing equation (2) in the

forward direction; the second curve γ
(m)
12 (ϕ|q), (- - - - - -) is cal-

culated employing equation (2) in the backward direction (thus

forming γ
(b)
12 (ϕ|q), and then, farther, employing equation (5) to

form the modified curve; the third curve (.......) – the unified

curve – is formed by merging γ
(f)
12 (ϕ|q) and γ

(m)
12 (ϕ|q), and in-

terpolating along the intermediate interval [ϕfin � ϕ � ϕbin]
employing a least-square technique.

interval ϕbin � ϕ � π (see Fig. 4). Here “b” stands
for backward.

It can be shown that having γ
(b)
12 (ϕ|q) we are able to form

the modified part of the (ill-conditioned) γ12(ϕ|q), (along
the interval ϕbin � ϕ � π), by making the connection:

γ
(m)
12 (ϕ|q) = π/2 − γ

(b)
12 (ϕ|q). (5)

Here “m” stands for modified.
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Explanation: according to the procedure just de-
scribed, γ

(f)
12 (ϕ|q) is expected to be accurate for the lower

ϕ-interval, namely, in the vicinity of ϕ ∼ 0 and up to some
value ϕ = ϕfin whereas γ

(m)
12 (ϕ|q) is expected to be ac-

curate for the upper ϕ-interval in the vicinity of ϕ ∼ π
and down to some value ϕ = ϕbin (see Fig. 4). To get the
full curve γ12(ϕ|q) for the whole interval 0 � ϕ � π we
interpolate along the intermediate region ϕfin � ϕ � ϕbin

so that the two curves, γ
(f)
12 (ϕ|q) and γ

(m)
12 (ϕ|q), from left

and right respectively merge smoothly to form one single
curve. This single curve (in Fig. 4) is formed applying the
Least Square method (which is based on the given values
of γ

(f)
12 (ϕ|q) and γ

(m)
12 (ϕ|q) along the corresponding inter-

vals: 0 � ϕ � ϕfin and ϕbin � ϕ � π).
In Figure 5 are presented three two-state ADT angles,

γ12(ϕ|q) as a function of ϕ for q = 1.0, 2.0, 4.0 au. In each
panel are presented two curves: (1) as calculated using
the line integral given in equation (2); (2) as calculated
using the two line integrals. Due to symmetry we show
only results along the 0 � ϕ � π interval.

Since the procedure just described is new and to some
extent unusual we summarize it for the convenience of the
reader. The expected value (applying Eq. (2)), in each case
at the end of the ϕ-interval, namely, at ϕ = π is: γ12(ϕ =
π|q) = π/2. This expectation is usually fulfilled for small
enough radii. Moreover the two partial curves (γ(f)

12 (ϕ|q)
and γ

(m)
12 (ϕ|q), in each such case along the interval (0,

π) are, for all practical purposes, identical. As q increases
(like in case of q = 4.0 au) we encounter two separate
events: along the interval 0 � ϕ � ϕfin the unified curve
overlaps with the forward part and along the interval 0 �
ϕ � ϕbin the unified curve overlaps with the modified
part. It is important to emphasize that the backward part
of the curve is as legitimate as the forward part because
we can start the integration in equation (2) at any point
(immaterial if it is ϕ = 0 or ϕ = π).

In Figure 6 are presented the adiabatic potentials,
uj(ϕ|q); j = 1, 2 (as directly calculated by MOLPRO)
and the corresponding diabatic potentials Vj(ϕ|q); j = 1,
2 (as calculated by Eq. (4)). It is well noticed that the two
types of potentials differ only slightly from each other and
run parallel along required circular contour.

3.2 Diabatic potentials for a given (R, θ) grid

3.2.1 Potential curves

In the present article we intend to report on results for the
planar region formed by r = 1.4 au and has the following
dimensions: 3.0 � R � 9.0 au and 0 � θ � 30◦.

In Figure 7 is presented a comparison between the orig-
inal adiabatic potentials uj(R|θ); j = 1, 2 and the corre-
sponding diabatic potentials Vj(R|θ); j = 1, 2 as a func-
tion of R for three values of θ, namely θ = {10◦, 20◦, 30◦}
(see panels (a), (b), (c), respectively). In addition are
shown, in panel (d), the corresponding diabatic coupling
terms, V12(R|θ). It is well noticed that the diabatic cou-
pling terms increase relatively fast as R approaches the

Fig. 5. (Color online) Adiabatic-to-diabatic-transformation
(mixing) angle, γ12(ϕ|q), for circular contours at R =
Rce = 6 au. along the interval 0 � ϕ � π: (a) results for
q = 1 au.; (b) results for q = 2 au.; (c) results for q = 4 au. In
each panel are presented two curves: ——– results as obtained
employing equation (2); Results based on two line integrals
(see Sect. (3.1)).

center of the coordinates. This increase is closely associ-
ated with the increase of the upper adiabatic potential,
u2(R|θ) (see third equation in Eq. (4)).

It is well known that in contrast to the adiabatic PESs
one can form numerous sets of diabatic potentials all ap-
propriate for deriving the correct S-matrix elements and
cross sections. However from the numerical point of view
it is always preferred to have a set of diabatic PESs which
is as close as possible to the adiabatic PESs and that the
diabatic coupling terms are as small as possible. Without
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Fig. 6. (Color online) Adiabatic (uj(ϕ|q); j = 1, 2) and dia-
batic (Vj(ϕ|q); j = 1, 2) potential energy curves along circular
contours with fixed radii q as a function ϕ (a) q = 1 au; (b)
q = 2 au; (c) q = 4 au. The main feature to observe is that
the crossing between the two diabatic potentials takes place
along the angular interval: {π/2 � ϕ � π} which is interval
that hosts the peak of the angular NACT (see Fig. 4).

going into too many details it is noticed that the present
approach yields, from this point of view, a friendly set of
diabatic potentials.

The main reason for showing the behavior of the po-
tentials along the intermediate interval, namely, R ∼ {4–
7} au is to present the intersection region between the two
diabatic potentials. In this respect we mention again that
the ci-point is on the collinear axis at R ∼ 5.5 au. It is
well noticed that for the θ = 10◦ arrangement the inter-
section point of the two corresponding diabatic potentials,

Fig. 7. (Color online) Adiabatic (uj(R|θ)); j = 1, 2) and dia-
batic (Vj(R|θ); j = 1, 2) potential energy curves and diabatic
coupling terms V12(R|); along polar radii for three fixed polar
angles: θ = (10◦, 20◦, 30◦).
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Fig. 8. (Color online) The same as Figure 7 but for the inti-
mate interaction region (smaller R-values).

V1(R, θ = 10◦) and V2(R, θ = 10◦), is very close to the ci-
point. However as θ increases the intersection point moves
consistently away from the ci-point.

In Figure 8 are shown again the four potential curves
with the aim of presenting their behavior at the vicinity
of the barrier region. This time we present the collinear
arrangement and the slightly off-collinear arrangement,
θ = 10◦. Both curves show clearly the expected bar-
rier (the off-collinear barrier is slightly higher than the
collinear one). The collinear peak-barrier, which occurs at
R ∼ 3.5 au, is 2.397 Kcal/mol.

3.2.2 Equi-potential lines

In Figures 9 are presented the equi-potential lines for the
two lower potentials, u1(R, θ) and V1(R, θ). It is well
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Fig. 9. (Color online) The equi-potential lines of the two lower
potentials, namely, the adiabatic potential u1(R, θ) and the
diabatic potential V1(R, θ), emphasizing the differences of their
structure at the vicinity of the barrier.

seen that they differ significantly from each other: whereas
the adiabatic potential, u1(R, θ), is characterized by one
single peak (which occurs at a point on the collinear
axis) the diabatic potential, V1(R, θ), possesses two sym-
metric peaks at about (R, θ) ∼= (3.35 au, ±25◦). More-
over, V1(R, θ) shows a typical saddle structure with the
mini/max point located at the collinear axis at R ∼ 3.5 au.

We were supposed to present also the equi-potential
lines of the two upper potentials, u2(R, θ) and V2(R, θ),
but we decided not to present them because at the region
of interest they are much too high to be of any interest
for the present study.

4 Discussion and summary

The present study differs from our other similar studies
during the last decade because here, for the first time,
are derived 2 × 2 single-valued diabatic potential matri-
ces for a sizable region of configuration space. For major
parts of this region it was enough to apply the ordinary
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line integral in equation (2) in order to derive the quan-
tized ADT (mixing) angles (which posses multiple integer
Berry phases for any closed contour). In those (planar)
configuration spaces where equation (2) fails to deliver
the quantized mixing angles we had to apply a procedure
based on two line integrals – one forward and one back-
ward each started at a different initial point – and inter-
polating smoothly the two calculated curves to form the
quantized solution for the approximate mixing angles (see
Figs. 4 and 5). This procedure is expected to be useful as
long as the original (single-curve) quantization is not too
damaged.

As was mentioned earlier the F + H2 reaction is one
of the more studied reactions and it is somewhat of a sur-
prise that hardly any efforts were made to study the de-
tails of its electronic structure, namely, the BO NACTs,
not to mention the corresponding rigorous single-valued
diabatic PESs. As a result, in most dynamic studies, only
the lowest adiabatic PES was used which implies that the
relevant calculations were performed within the BO ap-
proximation. Although the BO approximation is expected
to fail for this system (due to the existence of a (1, 2) ci
well located in the low energy region) these studies were
found to yield surprisingly good results for the full range
of studied energies.

The unexpected success of the BO approximation for
this system calls for a new series of dynamic studies to
be carried out ignoring the BO approximation, namely,
applying the multiple coupled diabatic potentials. Com-
paring the two types of results may lead to interesting
implications regarding the importance of cis for this and
similar systems.

Saying all that we remind the reader that diabatic
PESs were employed a few years ago for this system [22,32]
but instead of using mixing angles based on BO ingredi-
ents they were calculated by analyzing the coefficients in
the configuration interaction expansion of the FH2 wave
function (somewhat reminiscent of an approach based on
the transition dipole moment [73,74]). However applying
this procedure it is not clear to what extent these PESs are
relevant in general and, even so, whether they are single-
valued in the required regions (as is also frequently criti-
cized in the literature [72,75,76]).

A.D. acknowledges CSIR, India for the research fellowship,
D.M and S.A. acknowledge the BRNS, India for grants (sanc-
tion No. 2009/37/42/BRNS) in computational facilities.

Appendix: The numerical treatment

Adiabatic potential energy surfaces of the two lowest adia-
batic states, 12A′ and 22A′ have been generated at MRCI
level added with Davidson correction [77] using MOLPRO
program1, following one of the several schemes explored in
reference [22]. The calculation of the non-adiabatic cou-
pling terms (along chosen circles) between these states

1 MOLPRO is a package of ab initio programs written by
Werner and Knowles with contributions from Almlöf et al.

was also carried out at the MRCI level using the same
program.

The active space has been comprised of the 3σ–6σ or-
bitals, 1π valence orbitals and one additional set of cor-
relating 2π orbitals. Care has been taken [22] to avoid
the swap of 2σ and 3σ orbitals during the optimization
of the orbitals at the CASSCF level. In the active space
used we have taken seven valence electrons distributed
on eight (8) orbitals. Before performing the MRCI cal-
culation, at the state-average CASSCF level, three low-
est electronic states, including the two studied ones, were
computed with equal weights.

In these calculations we have employed the following
basis functions: for the fluorine we applied s and p func-
tions from the cc-pV5Z set, d, f and g functions from
cc-pVQZ set augmented with diffuse s, p, d, f and g func-
tions. For the hydrogens we employed s functions from the
cc-pV5Z set and p and d functions from the cc-pVQZ set
augmented with diffuse s and p functions.
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