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The structure and stability of the helio hydrogen cyanide molecular ion, HeCNH?", is in-
vestigated by standard quantum chemical methods. Single reference calculations are carried
out using second order perturbation theory (MpP2), the coupled cluster expansion in the ccsD
approximation, and the hybrid approach using a perturbative estimate of the triple exci-
tation energy component designated ccsD(T). Multireference calculations using a complete
active space (CASSCF) and a second order perturbation theory estimate of correlation effects
(cAspT2) are reported.

Keywords: helio hydrogen cyanide, HeCNH?*, inert gas molecules, interstellar molecules,
MP2, CCSD, CCSD(T), CASSCF, CASPT2

1. Introduction

Of the various techniques available for the study of matter on a molecular scale,
computational quantum chemistry has particular strengths and weakness. In prin-
ciple, ab initio quantum chemical methods can be applied to any grouping of atoms
irrespective of whether they form a stable molecule or not. This has been found
invaluable, for example, in the study of interstellar radicals and ions particularly
in cases where the species under investigation are not stable in the terrestrial
laboratory[12]'.

Radicals, such as the cyanoethynyl and the butadiynyl radicals|7], and ions, such
as the thioformyl ion[8], have been identified in interstellar environments[9-11] on
the basis of ab initio quantum chemical calculations prior to their observation
on Earth. The principle weakness of ab initio quantum chemical methods is the
rapid increase in the complexity of the associated computations with the number of
atoms and/or number of electrons in the system under study. The most abundant
elements in the universe are those of the light atoms hydrogen, helium, carbon,
nitrogen and oxygen. Contemporary non-relativistic quantum chemical methods
can support accurate calculations on small molecular systems containing these
light atoms. Helium is the second most abundant element in the universe and this
led Wilson and Green[12] to suggest that, in spite of it being the most inert of the
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1See, for example, [2-6] for recent reviews on the subject of molecules in space.
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inert gases, helium-containing ions could have sufficient stability to be observed
in the interstellar medium. In particular, these authors suggested the HeCN™ ion
as a candidate since the cyano-group ensures that the system has a large dipole
moment to enhance detection by radio-astronomy. Although the HeCN™ ion has
not been found in space, it has nevertheless emerged from subsequent studies that
simple ions containing helium have a rich chemistry (see, for example, the recent
review by Grandinetti[13]).

The structure and stability of helium-containing polyatomic cations have been
investigated by a number of authors [12, 14-20]. In a paper published in 1999,
Olah et al[19] found the helionitronium trication, HeNO3™, to be unusually stable.
These authors drew this conclusion from second order many-body perturbation
theory calculations. However, subsequent work by Eisfeld and Franciso[20] using
multireference configuration interaction demonstrated that the wave function for
this systems may have “extreme multireference character”.

In this paper, an ab initio quantum chemical study of the structure and stability
of the ground state of the HeCNH?T ion is presented. The previous work summa-
rized above points to the need for a thorough description of electron correlation
effects including the use a multireference formalism. It is well known that when
truncated, as it must be in practical applications, multireference configuration in-
teraction suffers from non-linear scaling with particle number (i.e. lack of extensiv-
ity). Although an a posteriori correction of the type suggested by Davidson[21-25]
for the single reference case can be applied, this is only approximate. On the other
hand, multireference many-body methods (i.e. perturbation theory and cluster ex-
pansions) are plagued by the ‘intruder state problem’ which can impair or even
destroy convergence. Furthermore, it should be emphasised that, for novel species
such as the ion under investigation here, the algebraic approximation must be im-
plemented in a sequence of basis sets in order to explore the basis sets dependence
of the electron correlation calculations and to estimate the complete basis set limit.

Most contemporary applications of quantum mechanics to the molecular elec-
tronic structure problem use what is termed the ‘theoretical model chemistry’ ap-
proach championed by Pople and his coworkers[26]. A composite theoretical model
chemistry involves a series of compromises[28, 29], based on the methods and basis
sets employed and dictated by the computing resources available. Systematic com-
parison of the results supported by a given model with corresponding data derived
from experiment may give that model a predictive capability in situations where
experiment is difficult or impossible, or simply too expensive. However, when quan-
tum chemical methods are used to study novel systems such as that investigated
here the highest level of theory and basis which is feasible for a system of this size
should be employed.

HeCNH?* is a 14-electron system which is isoelectronic with the well charac-
terised HCN molecule. The carbon and nitrogen atoms each have a 152 core leaving
a total of 10 ‘valence’ electrons. Of all the elements helium has the highest ionization
potential (24.587 eV) and the lowest polarizability (0.205 A~2) [30] and forms very
few neutral molecular species. Although helium will form clusters He,,, n > 2,[31]
only a few neutral partners, such as Hg[32, 33] or endohedral Cgy complexes[34, 35]
are able to fix helium. A few compounds such as OBeHe[36] and RNBeHe[37] have
been predicted to be stable in theoretical studies. Grandinetti[13] observes that for
cationic binding partners “the capability of fixing helium dramatically increases,
and numerous singly- and multiply-charged cations containing one or more helium
atoms have been experimentally or theoretically investigated”.
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2. Methodology

Calculations were performed for the ground state of the HeCNH?** cation using
‘standard’ ab initio quantum chemical methods. Specifically, we employed (i) sin-
gle reference second order many-body perturbation theory in its Mgller-Plesset
form, MP2; (ii) the coupled cluster expansion including single and double excita-
tions from a single reference function, cCsD; (74i) CCSD with a perturbative esti-
mate of the triple excitation energy component, cCsD(T); (iv) multiconfiguration
self-consistent field theory in the complete active space self-consistent field form,
CASSCF; (v) second order perturbation theory based on a CASSCF reference func-
tion, CASPT2.

The algebraic approximation|[38, 39] was realized using the correlation consistent
basis sets developed by Dunning and his coworkers[46]. Specificially, we employed
a polarized valence basis set of ‘quadruple zeta’ quality designated cc-pVQZ. The
molecular basis set contains a total of 201 primitive Gaussian-type functions which
are contracted to give a set of 170 contracted Gaussian-type functions. The basis
sets where taken from the MOLCAS library and the GAUSSIAN and can be found on
the EMSL Basis Set Library at https://bse.pnl.gov/bse/portal.

The MP2, cCSD, ¢CSD(T), CASSCF and CASPT2 calculations were carried out us-
ing the MOLCAS 7.2 program package[41]. Geometry optimizations for the ccsp(T)
model were performed with the GAUSSIANO3 program package[43]. The MOLDEN
4.6 package[42] was used to visualize the results.

Single reference self-consistent field calculations gave the following ground state
configurations

linear: 102202302402502174
non-linear: 1a’22a’ 23a’ 24a’ 254’ 264’ 21a’" 2
C, symmetry: la’ 22a’ 23a’ 24a’ 254’ 264’ ?1a" 2

Geometry optimization was carried out for the MP2 model and the optimized
geometries thus obtained were employed in ¢CsD and ccsD(T) calculations the re-
sults of which were labelled ccsD/MP2 and CcCSD(T)/MP2, respectively. Geometry
optimization was also carried out for the ccspD(T) model.

The multireference calculations employed a complete active space of 12 orbitals
to describe the 10 valence electrons, designated CASSCF(10e/120). For the linear
goemetry, the active space was constructed from three bonding orbitals of ¢ sym-
metry and two bonding orbitals of m symmetry together with two non-bonding
orbitals of 7 symmetry and five non-bonding orbitals of o symmetry. Geometry
optimization was carried out both for the CASSCF model and for the CASPT2 model.

For both the single reference and multireference cases, the potential energy sur-
faces were explored and stationary points identified and characterized as a global
minimum, local minima and transition states.

The dissociation of the structures determined in this way into fragments of the
type ABT+ CD™ was studied by performing calculations for the supersystem AB™
...CD™ with the distance between the two fragments set to a large value (9000
A). Other coordinates were optimized using 15 active orbitals to describe the 10
valence electrons in the CASSCF model. Then a second order perturbation theory
calculations using the geometry so determined was carried out using the CASPT2
method.
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3. Results

A summary of the results of the quantum chemical calculations employing single
reference models is collected in Table 1. Total electronic energies, correlation ener-
gies and structural parameters, i.e. bond lengths, bond angles and dihedral angles,
are presented for the Mp2, ccsD and cCsD(T) models. The MP2 model was used
to explore the potential energy surface and a total of seven stationary points were
identified. In addition to a global minimum, three local minima were found as well
as three transition states. The geometries corresponding to these stationary points
are shown in Figure 1. The global minimum corresponds to the linear structure
HeCNH?2" shown in Figure 1(a) and labelled L. One of the local minima in the
potential energy surface is associated with the non-linear structure HeNCH?* in
Figure 1(b) and labelled N and the other two local minima correspond to trigonal
pyramidal configurations, labelled T'1 and 72, and shown in Figure 1(¢) and (d)
with the formulae NC(He)H?* and CN(He)H?", respectively. The three transition
states corresponding to the formulae NC(He)H?*, NC(He)H?" and NC(He)H?",
respectively, are displayed in Figure 1(e), (f) and (g). The energies for the ccsp and
ccsD(T) models presented in Table 1 were calculated at the geometries determined
by using the MP2 model and are labelled Eqcgp/yp2 and Eccsp(r)/mp2- Energies ob-
tained by optimizing the geometries for the ccsp(T) model are labelled Eqcgp(r)-
The t1 diagnostic suggested by Lee et al[44, 45] was used in the ccsp(T) calcu-
lations to determine whether a single reference wave function is adequate for each
of the geometries examined. For the ccsp(T) calculations in which the geometry
was optimized within that model, the ¢1 diagnostic took the values 0.0138 and
0.0352 for the L and N structures, repectively. For the T'1 and T2 geometries, the
t1 diagnostic was 0.0261 and 0.0267, respectively, whilst for the transition states
TS1,TS2, TS3, the values recorded were 0.0226, 0.0835 and 0.0322. It can be seen
that of the different structures studied, the L is best described by the ccsp(T).
Reasonably low values of the t1 diagnostic (< 0.03) were measured for both of the
trigonal pyramidal structures and the transition state T'S1. However, for the non-
linear geometry and the T'S2 and T'S3 transition states substantial multireference
character is indicated. For these geometries, the single reference coupled cluster
theory ccsD(T) is not as reliable as it is for the other structures.

The results of the quantum chemical calculations employing multi-reference mod-
els are summarized in Table 2.

In Table 3, the calculated total energies, in kJ mol™!, associated with the struc-
tures displayed in Figure 1 are shown relative to the most stable structure, the
linear configuration L. In this Table it can be seen that the linear structure L
HeCNH?* is the most stable with other structures having energies lying ~ 200 kJ
mol~! or more above. Of the five different models employed in the present study,
the largest differences in the calculated total energies occur for the MP2 model. For
some of the structures studied the difference between the energies supported by
the ccsD and CASPT2 models is quite large. For these structures some of cluster
amplitudes were found to be larger than ~ 0.1.

Three transition states were identified on the potential energy surface which
correspond to the migration of the H or He atom from CN to NC. These transition
states lie between the local minima and the global minimum.

Dissociation energies corresponding to the following decay schemes were calcu-

URL: http://mc.manuscriptcentral.com/tandf/tmph

Page 4 of 18



draft10°05July2009

23:34 Molecular Physics

July 5, 2009

Molecular Physics

Page 5 of 18

*s90130p Ul

oIe so[ue puog ‘WOISTUY Ul dIe SYISUS] PUOH 4

*99I}TRT Ul oIk SIISIaUS DTUOI}IS[d [RI0],,

7.8C'1 S6TT'T 9HD

T'6L 0°L6 HON 7ET'T  960C'T HO L STT ¥6€°0- L 0€¥ LLEO- ¥ 698 69€°0- C 997 8¢E'0- +meAIVZO

9'TST  C'LET  °HON C¢LIC'T  VeeT'l ND € €99 G816~ ¢ €0€ 8¥8'¥6- 6 TVL 0€8° 76~ 8 899 00876~ €SI 9Ye)s uorjsuedy,
9TEE'T  99.9°1 HN

008 ¢C'8L HON ¢909'¢  00L€'T °HN ¢ V68 G¥V'0- 6 91T 6770~ T 0€6 V170~ ¥ C1€ 86€°0- +zPH(H)ND

€¢CC O0LVI 9HND 8LIC'T 06¢CC'1T NO ¥ 91V L0816~ T 279 €08'76- C 99V 69176~ L 68T €9L°76- ¢S I 9Ye)s uorjsurdy,
8671’1 SIVT'T HD

VLT 6'€LT HON 6TT9'T  €€99°'T °HD 8 8T1¥ LGE0- 0 69€ L9€°0- 8 €L9 ¢¥€0- G 0.9 90€°0- +NIA@IVOZ

8'L9 8'89 9HDN 6GT€'T  T60€'T ON 6 LLT EV8'T6- L VPV €V8T6- ¥ 697V 8816~ C €C8 16L°16- TSI 9%e)s uonisuedy,
6VVT'1 TTI0T'T N°H

LT 6071 HON CLSE'T  €LLE'T NO L 2S9T 09€°0- 9 09T 65€°0- 8 086 770~ L €92 90€°0- +NAE@EVZO

V11T 90IT °9HND L6L0°'T  T6L0°T NH G G€9 VERT6- 9 186 €€8'1V6- 8 LI8 61876~ 0 169 18L¥6- ¢ Teprurerfd reuoSuy,
OT6T'T  8GLT'T 9HD

€9eT  T¥ET HON 0€0€'T  T196C'T ND T €0T ¢9¢°0- 8 VL 19€°0- L 0L6 97€°0- 9990 0T€°0- +z(HPH)ON

¢'60T 960T OHDN VIVI'T  TLET'T HD G 7.0 8816~ 9 LV6 LGR'T6- G QLT EV8'T6- 8 96C 908'16- 1.L Teprurerid euoSiy,
¥8G0'T 6VIO'T N°PH

8'09T 6°€91 NOH TLTC'T  068T'T ND T 6L€ 8LE°0- T 6CT 62€°0- € 119 09€°0- 0 89€ 1¥€°0- +zHONPH

V1T 6CET  DONPH CLET'T  BOET'T OH G TIE €L8T6- € T1S TL8'76- 9 €66 TS8'T6- 0 0€L €8 V6~ N Tedul[-uoN
€680'T 92¢80°'T D°H

0°08ST 0°08ST ND°H 6CET'T  90VT'T ND ¥ 8T1L G6€°0- G 06€ L6€°0- C 886 8L€°0- 9 606 7.E°0- +zHND®H

0°08T 0°08T ONH 8990'T €890°T NH G 69L 19676~ C 189 1S6'V6- 6 8LT €€6'76- ¥ 00T 6676~ 7 Teaul

?vcmoo% zang (L)asoo;  gdamy ?vcmoom m&z\?vcmuom maz\cmoom gy ERUUBIIRGIS

-(1)asddr pajreqe| serSioue

oY} pue [opow (1)AsoD 9y} 10j pozimijdo os[e oI1om SOLIjPWIO0dY) Ny 04 Surpuodseliod A1j0WOT 97} e Pajen[esd oIom G/ (1)asodr purg GAN/ASD0 -zang £310ue oy SuiAld [opow
gdIN 93 10J paziwuido SIom SOLIJOWOdY) "UOIIDUNY 9OUSISFRT A[SULS € FUISN SUOIIR[NO[ED WOLJ PAUTEI]O SIIIIDWO0IT PUE SIISIDUS UOTIR[ILIOD SIIFI9US DIUOIIII[A [B10], T Sqel

A NMIT LI O

o
N~ o O

—
—l

N
—

o™
—

<
—

Te]
-

O N~ 0o,
o

o
N

—
AN

N
N

™
N

< W0 O~ 00
NANNNAN

9]
[§\

O dNMS<
nmMmOMmMmm

Lo
o™

O N0 ;O
MMM

—
<

NI WO
ARSI S

N~
<

[<e)
<

OO dNMS O
< OWWLWLWLWw

©
Lo

~
o

o
Lo

(©2}
Te]

o
©

URL: http://mc.manuscriptcentral.com/tandf/tmph



July 5, 2009

P OO~NOUILAWNPE

NNNNRPRPRRRRRRRR
WNRPOOWONOUODWNERO

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

23:34 Molecular Physics

Table 2. Total electronic energies® and geometries® obtained from calculations using a multi-reference function. Geometries were
optimized for the CASSCF model giving the energy FEoassor- Geometries were also optimized for the FEcyspr2 model giving the energy
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Ecaspr2-
Structure Ecassor Ecaspr2 TCASSCE  TCASPT2 Ocassor  Ooaspr2
Linear L -94.772 333 1 -94.936 320 2 NH 1.0701  1.0665 CNH 180.0  180.0
HeCNH?+ CN 1.1360 1.1337 HeCN 180.0 180.0
HeC 1.0989 1.0889

Non-linear N -94.692 917 2 -94.855 380 7 HC 1.1422  1.1366 HeNC 121.0 121.1

HeNCH?+ CN 1.2209 1.2189 HCN 160.1  160.4
HeN 1.0772 1.0606

Trigonal pyramidal T'1 -94.685 050 9 -94.839 481 6 CH 1.1438  1.1422 NCHe 108.1 110.7

NC(HeH)2* CN  1.3113 1.3014 NCH  137.8 133.7
CHe 1.2219 1.1843

Trigonal pyramidal 7'2 -94.652 972 6 -94.814 495 5 HN 1.0870 1.0811 CNHe 110.0 113.9

CN(HeH)2+ CN 1.3891  1.3855 NCH 143.4 1394
HeN 1.1957 1.1714

TS1 -94.672 397 6 -94.824 445 9 NC 1.3261 1.3163 NCHe 67.9 70.0

NC(He)H2+ CHe 1.6943 1.6044 NCH 174.9 1742
CH 1.1551  1.1503

TS2 -94.672 397 6 -94.791 784 9 CN 1.2251  1.2202 CNHe 1375 1414

CN(H)He?+ NHe 1.5910 1.5247 NCH 84.8 78.7
NH 1.7186  1.6234

TS53 -94.666 157 6 -94.829 405 0 CN 1.2198  1.2202 NCHe 153.2 150.8

CN(H)He2t CH  1.3123 1.2821 NCH 75.3  80.2
CHe 1.1551 1.1392

aTotal electronic energies are in hartree.

bBond lengths are in A:'ngstrom. Bond angles are in degrees.

Table 3.
in Figure 1 relative to the most stable structure, the linear configuration L.

Calculated total energies, in kJ mol™?!, associated with the structures shown

Energy MP2  CCSD/MP2  ccsSD(T)/MP2  CCSD(T)  CASSCF  CASPT2
E(L) 0.0 0.0 0.0 0.0 0.0 0.0
E 250.4 210.5 210.2 205.9 208.5 212.5
E( 322.4 236.3 245.8 246.0 229.2 254.2
E( 387.2 297.6 308.7 307.5 313.4 319.9
E(TS1) 3604 274.9 284.7 284.8 262.4 293.7
E(TS2) 461.6 429.9 388.4 378.9 363.0 379.5
E(TS3) 337.2 268.9 271.2 278.8 278.8 280.7
Table 4. Reaction paths between the non-linear structure N and the trigonal pyramidal

structures T'1 and T'2. There are three transition states, T'S1, T'S2 and T'S3, which cor-
respond to the migration of the H or He atom from CN to NC. Energies are given in kJ

mol 1.

Path MP2  cCSD/MP2  ccsD(T)/MP2  CCSD(T)  CASSCF  CASPT2
N —TS1 110.0 64.4 74.5 78.8 53.9 81.2

N — TS2 211.2 219.4 178.2 173.0 154.5 167.0

L —TS3 337.2 268.9 271.2 278.8 278.8 280.7

TS1 —T1 -38.0 -38.6 -38.9 -38.8 -33.2 -39.5

TS2 — T2 -744 -132.3 -79.7 -71.5 -49.6 -60.0

TS3 —T1 -14.8 -32.6 -25.4 -32.8 -49.5 -26.5

lated:

For these calculations the CASSCF and CASPT2 models were employed. Three addi-
tional orbitals were included in the active space. The results of these calculations

L — HeC™(*T1) + NH(*IT
N — HeN*('¥) + CH'('®
T1 — CNT('2) + HeH' ('%
T2 — CNT(1¥) + HeHT('%

)
)
)
)
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Figure 1. Geometries of stationary points on the potential energy surface of
the HeCNH?" dication: (a) linear L: HeCNH?2%; (b) non-linear N: HeNCH?™;
(c) trigonal pyramidal T1: NCHeH?*; (d) trigonal pyramidal 72: CNHeH?";
(e) transition state T’S1: (HCN ... He)2™; (f) transition state 7.S2: HCNHe?*;
(g) transition state T'S3: HCNHe2t.
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Figure 2. Reaction path connecting the minima and transition structures shown in Figure 1. Energies are given in kJ mol~1!.
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