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Abstract.

We present restricted geometry (collinear and perpendicular approaches of proton) ab initio three

dimensional potential energy surfaces for H"+ CN system. The calculations were performed at the inter-
nally contracted multi-reference configuration interaction level of theory using Dunning’s correlation consistent
polarized valence triple zeta basis set. Adiabatic and quasidiabatic surfaces have been computed for the ground
and the first excited electronic states. Nonadiabatic effects arising from radial coupling have been analyzed in
terms of nonadiabatic coupling matrix elements and coupling potentials.
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1. Introduction

Proton collisions with diatomic target molecules have
been studied both theoretically and experimentally over
the years. These collisions play an important role in
astrophysics and also in molecular physics in under-
standing the energy transfer mechanism. The choice of
proton as projectile is very obvious because it is one
of the simplest of ions and collision with it can serve
as an archetype for collision studies with bigger ions.
Since proton is devoid of any electronic structure, it
penetrates the molecular electronic cloud of diatomic
molecules upon collision and disrupts it, thereby caus-
ing mixing of several electronic states. This leads to
nonadiabatic effects arising from the breakdown of the
Born-Oppenheimer (BO) approximation.

Cyano radical (CN) is an important constituent in the
atmospheres of the Sun, comets, interstellar space and
it is also found in hot flames." CN collisional excitation
by protons and electrons has been studied to rational-
ize the cosmic microwave background (CMB) radiation
temperature.>~°

The bound HCN™ exhibits the following energy orde-
ring of the low-lying electronic states in the collinear
geometry: X°I1, 12X+, 222, 1?11 and 3*T*. In the
off-collinear geometries, the 2L+ states correlate with
2A’. The X?I1 state, which becomes spatially degener-
ate with the 17X state at the collinear geometry, splits

*For correspondence

Ton-diatom collisions; Ab initio potential energy surface; quasidiabitaziation; Nonadiabatic

into 2A’ and >A” states upon bending as a consequence
of symmetry reduction from the C,(collinear) point
group to the C, (off-collinear) point group. In the vicin-
ity of the collinear geometry with small off-collinear
distortions the potential energy surfaces (PESs) of the
non-degenerate states lie very close to each other ener-
getically. Thus, the bound HCN™ constitutes a Renner-
Teller system exhibiting strong vibronic interactions
between the ground X°I1 state and the first excited
12X+ state. The origin of Renner-Teller effect has been
explained in different terms in the literature. For a his-
torical account and review, see reference.’ It arises as
a result of, (i) (electrostatic) interaction between the
two components of the electronic states with a non-zero
angular momentum and, (ii) the electronic-rotational
coriolis coupling between the different electronic states.
In fact, the Renner-Teller effect arises due to breakdown
of the Born-Oppenheimer approximation. Several theo-
retical developments have been reported on this effect
for linear triatomic and tetraatomic molecules. For
details, see references®? and references therein. The exis-
tence of Renner-Teller coupling complicates the assign-
ments of vibrational progressions. The spectroscopy
of HCN* poses additional challenge because it can
isomerize to HNC™. Early photoelectron spectroscopy
experiments (see reference 6 and references therein)
pointed out the difficulties and the challenges in the
interpretation of the obtained spectra. High resolution
threshold photoelectron spectroscopy'® recorded eleven
rotationally resolved bands and provided information
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on rotational constants, vibronic symmetries and spin-
orbit splitting. Latest photoelectron experiments'! have
reported photoelectron spectra of HCN and DCN with
further better resolution (less than 4.5 meV or 36 cm™}).
Some infrared experimental information is also avail-
able for HCN* and DCN™ on a neon matrix.

Early theoretical studies by Koppel et al.'**'* used
a model Hamiltonian to treat the vibronic coupling
between the X2IT and 12X states, which could rationa-
lize the main features observed in the earlier avail-
able experimental photoelectron spectra.'> Subsequent
theoretical calculations have been focused on the res-
olution of the experimentally observed photoelectron
spectra. Hansoul et al.'® and Hirst'” computed the PES
for B 2X*(22%") to ascertain the presence of a local
maximum which could explain the appearance of vibra-
tional structure beyond the dissociation limit for this
state. Even though the latter obtained the local maxi-
mum in the surface, its barrier height was very small
to account for the vibrational structure observed. Peter-
son et al.'® calculated the potential energy surface (pure
stretching) of the ground state, X*IT of HCN* using
single reference configuration interaction (CI) and Dun-
ning’s cc-pVTZ basis set. They also reported spectro-
scopic constants obtained by the perturbation theory
and bending potential calculated at the equilibrium
geometry in the harmonic approximation. Botschwina
et al.” investigated the crossing seam between *IT and
2y states of HCN' using coupled-cluster method.
Tarroni et al.?® further extended the theoretical studies
and computed ab initio adiabatic as well as quasidia-
batic potential energy surfaces for the 2IT (1 2A’, 1
2A”)y and 2% (2 2A’) using internally contracted multi-
reference configuration interaction (icMRCI) to study
Renner-Teller and vibronic interactions as a function of
internuclear bond distances (rcy and r¢y) and angles
meaningful for the prediction of experimental spectra.
They also studied barrier to isomerization and also com-
puted spin—orbit matrix elements. In view of the avail-
ability of high quality photoelectron spectra data'®!! for
the excited 2> X+ state, and experimental observation of
vibrational structure at 22.5 eV, Hirst*' reported mul-
tireference configuration interaction (MRCI) calcula-
tions using cc- pVQZ basis set obtaining PESs for X°I1,
122+, 2211, 222+, 3237, *I1 and *T* states. He dis-
cussed the photoelectron spectrum of the B 2XT(22X )
in light of the newly computed surfaces and also its
pre-dissociation by non-adiabatic transitions.

The present study is focused on constructing global
PESs meaningful for the dynamics studies of the H*
scattering with CN and thereby obtaining information
on various excitations and energy transfer processes.
The incoming channel, that is H" and CN (X*X7)
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Figure 1. Jacobi coordinates: R is the distance of H* from
center of mass (c.m.) of CN, r is the internuclear distance of
CNand y =cos '(R.r).

with CN in its ground electronic state, correlates to the
first excited state (12X ") of the bound HCN™. Interest-
ingly, the first charge transfer channel, H(*S) + CN*
(X'$*), which lies just above, and is very close to the
entrance channel energetically, correlates with second
excited (22X %) state of HCN*. Therefore, as the first
step towards the construction of PESs, we report in
the present study the nonadiabaticity arising out of
the radial motions of the nuclei, that is, the coupling
between the translational motion of H* and vibrational
modes of CN. Since there is no radial coupling between
the 2X and 2I1 states, one needs to consider the nona-
diabatic interactions between the 2% states and *A’
states for collinear and off-collinear geometries, respec-
tively. Since the 32X (32A’) lies higher in energy, we
focus our attention on the 1,2>%% and 1,2?A’ states. In
the present study, we report results for collinear and
perpendicular approaches of proton in the scattering
(Jacobi) coordinates (see figure 1). The paper is orga-
nized as follows: The essential details of the ab initio
calculations are given in section 2. The characteristics
of adiabatic as well as quasidiabatic PESs and their
couplings are presented and discussed in section 3,
followed by a summary in section 4.

2. Theoretical
2.1 Ab initio calculations

Adiabatic ab initio potential energy surface computa-
tions were performed in the Jacobi coordinates (figure 1),
where r is the interatomic distance of CN, R is the
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distance of H* from the center of mass of CN and y =
cos~!(R.r) is the angle between R and r. H* approa-
ching C end is considered as 0° and N end as 180°.
Calculations were carried out in the C,, symmetry for
collinear geometries and in the C; symmetry for the
perpendicular geometry. The ground and the first exci-
ted state surfaces were computed for the X" and the
2I1 symmetries for the collinear approaches of H*for A’
and A" states for the perpendicular approach. Computa-
tions were done at internally contracted multi-reference
configuration interaction’?~* with Dunning’s® cc-
pVTZ basis set using MOLPRO 2010.1% suite of pro-
grams. At the SCF level, the basis set produced 74
molecular orbitals (MOs) from contracted Gaussian
atomic orbitals and they are listed as [33a,, 17b;, 17b,,
7a,] and [50a’, 24a"] in the C,,, and the C point groups,
respectively. The [1a;, 2a;] MOs in the C,, and [1a,
2a’] MOs in the C, were treated as core orbitals. The
ground state electronic configuration for the C,,is [Sa;,
1by, 1b,] with the fifth a; orbital singly occupied to
give the 2X* state and the b; orbital singly occupied
2I1 state accounting for 13 electrons. For the C, the
electronic configuration is [6a’, 1a”] with the sixth a’
orbital singly occupied. In the complete active space
self-consistent field (CASSCF)?7-?® calculations, [3-7a;,
1-2b,, 1-2b,] for C,, and [3-9a’, 1-2a”] for the C, are
the active orbitals respectively. The wave function typ-
ically consisted of 2308 configuration state functions
(CSFs) with 4076 Slater determinants. The configura-
tion interaction (CI) calculations were performed with a
reference space of 931 configurations; N, N-1 and N-2
internal configurations were 3139, 2907 and 2304. The
total number of contracted configurations was 292058
with 2308 internal, 204296 singly external and 85454
doubly external configurations. The threshold value of
the CSFs selection was kept at 3.2 x 107> a.u. As a
first study, the PES was obtained on the following grid
points: y = 0°, 90° and 180°; r = 1.4-3.2 (0.1); R =
0.8-1.8 (0.2), 1.9-4.0 (0.1), 4.2-7.0 (0.2), 7.5-10.0 (0.5),
11.0-15.0 (1.0). r and R are in atomic units and the num-
bers in the parentheses indicate the step size in the inter-
val. Although a priori there is no preference for y in the
scattering dynamics, the chosen y values give a general
overview of the topology of the PESs. An example sin-
gle point energy (in hartrees) for R = 3.0 a,, r = 2.23
a, and y = 0° of 1 23+ at different levels of theory is
listed here: E(SCF) = —92.4126, E(CASSCF) = —92.
5789, E(MRCI) = —92.7436 and E(MRCI with David-
son correction) = —92.7510. Since it is well known
that Davidson correction is not very reliable at points
like avoided crossings, to be consistent throughout we
report only energies without Davidson correction in this

paper.
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3. Results and Discussion
3.1 Ab initio adiabatic PESs

We first optimized the equilibrium geometry parame-
ters of the two isomers HCN* and HNC" and com-
pared them with previously published results in table 1
and table 2. The present results are in good agree-
ment with earlier theoretical results. However, there is
a discrepancy regarding r(C-N) in table 1. Interestingly,
the present value and the reported values in reference
18 agree well which have been obtained using the cc-
pVTZ basis set. It is important to point out that calcula-
tions in references 17 and 18 were carried out using the
cc-pVQZ basis set since they required the best possi-
ble accuracies in predicting the vibrational progressions
of the bound HCN™ in view of the refined experimen-
tal data.'®!! We carried out calculations with cc-pVTZ
basis set to obtain the ab initio PESs. We believe that
they yield sufficient accuracy for scattering calculations
since the obtained values of stationary points of the
PESs are in close agreement with those obtained earlier
with cc-pVQZ basis set. For HCN™ (y = 0°), the 1°T1
state becomes the ground electronic state (GS), that is,
lowest in energy, while for HNC* (y = 180°) the 12X
state becomes the GS. The 12X+ is stabler than the 12T
state, and the computed energy difference is found to
be 0.979 eV which is in close agreement with that of
Tarroni et al. (0.996 eV)."”

Table 1. Optimized geometric parameters of HCNT
(A2X%) bond stretching coordinates, bond angles and their
comparison with literature data.

0(H-C-N)
r(C-H) (a.u) r(C-N) (a.u) (degrees)
Present study 2.063 2.309 180
2.060? 2.2982* 180°
2.070P 2.171° 180P
2.060¢ 2.173¢ 180°¢

aReference!d. PReference?’. ‘Reference?!.

Table 2. Optimized geometric parameters of HNCT
(X?%%) bond stretching coordinates, bond angles and their
comparison with literature data.

0(H-N-C)

r(N-H) (a.u) r(C-N) (a.u) (degrees)
Present study 1.924 2.162 180
1.921* 2.1512 180?
1.934° 2.162° 180°

aReference!®. PReference?’.
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Figure 2. Adiabatic potential energy curves for y = 0° and 90° as a function of R. r fixed

atr,y =2.23 a,. His in the 23 state.

We now present in figure 2 the potential energy cur-
ves (PECs) as a function of R for r fixed at r,, = 2.23
a, for y = 0° and y = 90° for several low lying elec-
tronic states. The various asymptotic correlations are
also shown. As discussed earlier, the doubly degenerate
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Figure 3. Adiabatic PECs as a function of » for y = 0° and 90° for R fixed at 4.0 a,,.
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correlates with the first CT channel, H*S)+CN* (X 1),
while the 1°I1 state correlates with the second CT,
H(*S)+CNT(IT). All these asymptotic channels lie
close to each other energetically. The endoergicity of
the first CT relative to the incoming channel is compu-
ted to be 0.278 eV. Similar correlations follow for y =
90°. It can be seen that the 1™ and 1°T1 curves cross
at R = 5.4 a,. In the perpendicular approach each *I1
state gives a set of 2A’ and A" states. One can see that
the 22A’, 3%A’ and 4?A’ states exhibit strong nonadia-
batic interactions among themselves in terms of avoided
crossings.

As an illustration now we present the PECs as a func-
tion of r for a fixed value of R = 4.0 q, for y = 0°
and y = 90° in figure 3. The ¥ and IT PECs cross
each other for y = 0°. For y = 90°, the various *A’
PECs exhibit avoided crossings. The 1?°A” and 22A”
appear well-separated energetically and are expected to
have less nonadiabatic interactions. In order to have a
global view of the nonadiabatic interactions (avoided
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crossings) the PESs for the lowest two 22" (y = 0° and
y = 180°) and the A’ states are shown in figure 4 (left
panel) as a function of R and r.

3.2 Ab initio quasidiabatic PESs

3.2a Nonadiabatic coupling matrix elements: Interms
of adiabatic electronic wave functions the coupling
between the different electronic states are expressed
in terms of the nonadiabatic coupling matrix element

(NACME).
<1/f;’ w;}

Where n = 1 (first-order NACME) or 2 (second-order
NACME), and [¥) and Wj‘?) represent the adiabatic
electronic wavefunctions of the involved electronic
states (i and j). Q stands for the nuclear coordinates
(73), 7, y). As mentioned earlier, we are interested in
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Figure 4. Adiabatic (left panel) and quasidiabatic (right panel) potential energy surfaces as a function of

R and r for y = 0°, 90° and 180°.
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the radial couplings and therefore, here Q stands for

(72), 7) for a fixed value of y. The terms with n =2
are generally smaller in magnitude and therefore they
are mostly ignored in dynamical calculations.

The first-order NACMEs have been computed
between the 1,222+ and the 1,22A’ states by numerical
differentiation using the finite difference method.”

<w

Where A Q is a small increment. We have used MOL-
PRO to compute the NACME values using the MRCI
wave functions with AQ = 0.0002 a,. A three dimen-
sional view of NACME as a function of R and r is
shown in figure 8. As one can see that in the avoided
interaction regions the NACME values exhibit a sharp
variation over a small increment of R and r.

(e (0 +A0)
x |¥2 (0 + AQ))

a‘ AN
5§wﬁ_ﬂA@
)

r(a.)

r(a,)

r(a,)
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In principle, one could carry out dynamical calcula-
tions using the adiabatic set of PESs and the NACMEs.
However, the latter grow very large in magnitude near
the avoided crossings or even become ill-defined at the
conical intersections, thus creating instabilities in the
numerical integration of dynamical equations. To cir-
cumvent the problem, one generally carries out dynam-
ics study in the “(quasi) diabatic” representation of the
electronic wave functions wherein they are assumed to
be (nearly) independent of the nuclear coordinates. The
adiabatic and diabatic wave functions are related with a
unitary transformation matrix and the nonadiabatic cou-
plings arise in the kinetic energy part and the poten-
tial energy part, respectively. It is important to note
here that a set of adiabatic wave functions are always
unique and a unique correspondence exists between a
set of adiabatic and diabatic wave functions but for a
one-dimensional case only, that is, for a diatom hav-
ing internuclear distance as a variable for Q. For a

r(a)

r(as)

r(a.)

Figure 5. Adiabatic (left panel) and quasidiabatic (right panel) potential energy con-
tours as a function of R and rfor y = 0°, 90° and 180°. Solid lines (-): ground state;

broken lines (- -): first excited state.
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multi-dimensional case, the transformation between an
adiabatic to a diabatic representation is not unique, and
therefore different sets of ‘quasidiabatic’ representa-
tions are possible for an adiabatic set, which is always a
unique set. This is a serious bottleneck since the dynam-
ics would depend critically on the topologies of quasidi-
abatic PESs. How to construct a good and reliable set of
quasidiabatic PESs have been debated in the literature
and many suggestions have been made.30~46

It is worth pointing out here that one can obtain
the unitary transformation matrix with the prior knowl-
edge of NACME values.’?33-47 Recently, Adhikari and
co-workers* studied conical intersections and obtained
quasidiabatic PESs for the three lowest electronic states
of H, and carried out time-dependent wave packet
dynamics* for D™+ H, system at low collision energy
(T=100 K) using the lowest PES of the system.

In the present study, we have adopted the ab initio
procedure suggested by Werner and coworkers.*® In this
procedure, the v,’s and ¥,’s are assumed to be identi-
cal at some Q,.; far away from the nonadiabatic inter-
action region. As one advances slowly towards it, the
Y¥,’s (and their energies) vary slowly as they are depen-
dent (parametrically) on the nuclear coordinates. The
Yy’s are obtained with the condition that they (and their
energies) are nearly independent of Q. This condition
is achieved by maximizing the overlap for all pairs of
active orbitals at Q,,, with those at Q (in the neigh-
borhood of Q,.r). One obtains the coupling potential
matrix from the transformation matrix between v,’s and
Vq’s. This procedure was applied*® to explain the exper-
imental observation of the photo-dissociation of H,S by
undertaking quantum dynamics on coupled (2x2) elec-
tronic PESs. A new set of quasidiabatic potential matrix
(2x2) involving the GS and the first excited state Ht+
H, system was also obtained in our group>’~>? using
this procedure and quantum dynamics yielded results
in excellent quantitative agreement with those obtained
from state-selected experiments. Couplings involving
the lowest five ESs (5x5) have also been computed by
Balint-Kurti et al., (see General Discussion)* using the
same procedure.

In the present study, we used Q,.; at R = 16 a, for
both collinear and off-collinear approaches. The obtai-
ned quasidiabatic PESs are shown (right panel) along
with the adiabatic PESs in figure 4. For better clarity,
the same plot is presented as a contour plot in figure 5
to mark the regions of interactions. The adiabatic PESs
show avoided crossings. For y = 0° and 180°, we see
that quasidiabatic PESs show crossings in different
regions which, however is not observed for y = 90°.
This can be seen better in terms of PECs for adiabatic
and quasidiabatic states in figure 6. The quasidiabatic
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PECs do show crossings in different regions of R for
y = 0° and 180°. For y = 90° the quasidiabatic
PECs mostly run parallel to the corresponding adiabatic
PECs. They however do show crossing (around R = 6.5
a,) far away from the interaction well. If we analyze
the strength of the computed coupling potential (V),)
between these two states, we observe that the magni-
tudes of Vi, for y = 90° is relatively smaller as com-
pared to those obtained for y = 0° and y = 180°. To
illustrate it, we have plotted V), as a function of R and r
for y = 90° and 180° in figure 7. It is worth noting here
that if the coupling potential strengths are relatively
smaller then the respective quasidiabatic PECs/PESs
may not show crossing in those regions. This behavior
has been observed earlier in analysis of model potential
coupling® and for the H"+ CO system.>® For an illus-
tration, it would be worthwhile to examine the NACME
values for y = 90° which have been plotted as function
of R and r in figure 8. NACME shows sharp variations
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Figure 6. Adiabatic and diabatic PECs for y = 0°, 90°
and 180°. (V{, V§: 1?21, 22+ (for y = 0° and 180°) and
12A’, 22A’ (for y = 90°). The corresponding quasidiabatic
PECs are designated as Vfdp Vzdz, respectively, which are the
diagonal elements of the 2x2 coupling potential matrix).
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around r = r,; = 2.23 a, and shows its strength even
for r less than r., and up to R = 8 a,. One can see
in figure 2 (y = 90°, right panel) that the 1°A’ and
22A’ states come very close energetically around R =
6 a, and beyond which the PECs for both states run
almost parallel exhibiting a Demkov-type of coupling.
Note that 12A’” and 12A” will have no radial coupling.
For smaller R, although the two PECs appear to be well
separated energetically (see figure 2, right panel), they
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interact with each other via the Landau-Zener coupling.
The Demkov coupling and the Landau-Zener coupling
derive their names with the earliest modeling of nonadi-
abatic interactions involving the two electronic states in
two regions. For a general review see reference 53 and
references therein. This explains the strength of NACME
values for wide range of R as shown in figure 8 around
I = rq. It is also important to note that there is a marked
hump in the PEC for the second ES for y = 90°

4 = 90°

r(as)

Figure 8. Nonadiabatic coupling matrix elements (NACMEs) involving 12A” and 2?A’ as a function of R

and r for y = 90°.
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(middle inset, figure 6) which is indicative of nonadia-
batic interaction of the third ES (32A’). See also figure 2,
right panel. The somewhat irregular behavior of the
coupling potential (V),) in figure 7 (y = 90°) also
reflects this fact. In fact the nonadiabatic interactions
get richer with further involvement of the fourth ES
(4*A, figure 2, right panel) for y = 90°. Neverthe-
less, as noted above, the nonadiabatic couplings for
the collinear geometry appears to be two to four times
higher than that obtained for y = 90° (figure 7). This
implies that near-collinear geometry collisions would
exhibit higher order of nonadiabaticity at low energies.
It would be desirable to compute the global ab initio
PESs and couplings for other angles which is being
undertaken.

4. Conclusions

We have computed adiabatic potential energy surfaces
for the ground (12X (1?A”)) and the first excited states
(2T +(2%A)) of the H + CN system. More than 3200
ab initio points have been computed for angles y = 0°,
90° and 180° at MRCl/cc-pVTZ level of theory. The
adiabatic curves have avoided crossings which upon
diabatization became direct curve crossings. The com-
puted nonadiabatic coupling matrix elements computed
show significant interactions between the ground and
first excited state. An analysis of the potential coupling
indicates that nonadiabaticty between the two states is
dominated by near-collinear geometry collisions at low
energy. However, the participation of other low-lying
ESs would also become possible for moderate collision
energies.
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