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A single-valued six-dimensional (6D) potential energy surface is determined for HeHCN by using the energy
switching (ES) method, which utilizes a global double many-body expansion (DMBE) as well as a Legendre
polynomial expansion for different energy regimes. The ES potential has a linear van der Waals well of 29.5
cm ! which is about 4 cm' lower than that reported by Drucker et al. Phys. Cheml995 99, 2646] but

agrees with one obtained by Atkins and Hutsan Chem. Physl996 105, 440]. The effect of stretch of CN

as well as CH bonds has also been investigated. With stretch, both the DMBE and ES schemes yield slightly
deeper wells and steeper repulsion walls in the high energy region. Microwave transitions calculated at 15.9
and 31.3 GHz agree well with experiment and may be assignéd-td — 0 andJ = 2 — 1, respectively.

This frequency is found to decrease with stretch. Finally, this ES potential energy surface has been compared
with that of ArHCN reported by one of usChem. Phys. Lett1998 297, 458]. Here, the question of
transferability of the parameter which scales the Hatree-Fock energy in the rare gas=X()C, and N)
interaction from ArHCN to HeHCN has also been investigated. The transferability seems to work as it nicely
brings out the position of the potential well and the rovibrational levels. The microwave transition, from the

ground statej(= 0, L = 0, J = 0) to state (1, 0, 1), found at 98.61 GHz in HeHCN can be compared with
one found at about 162.48 GHz in ArHCN, in close agreement with experiment.

1. Introduction stateJ = 1 — 0 andJ = 2 — 1 transitions were measured at

) ) ) 15893.6108 and 31 325.2443 MHz, respectively. Their ro-
_ During the last two decades, there has been increased interesjiprational energies calculated from an intermolecular Legendre-
in the study of intermolecular interactions of rare gastRg)  type potential energy surface agree to within 10% with observed
HCN van der Waals complexés’> Monomers and dimers were  \,alues of mm wave/microwave transition energies.
invggt@gated both experimentally.and theoreticafy:*2 An This work was followed by Atkins and HutsSrwho obtained
ab initio CEPA-I and MP4 potential energ)z/zsurface f_or ArHCN two potential energy surfaces (1E8 and 2E8) for the title system
was reported by Clary et élan_d Tao et _aI., re_spectwel_y. A by least-squares fitting to data from high-resolution microwave
host of worker§’ 22124 2experimentally investigated this van 5,4 ilimeter-wave spectroscopy of Drucker et @he global
der Waals complex, although arriving at no general CONSENSUS, iivim of 1E8 is at a linear configuration HeHCN with a

i i 3
or;]_tlhe_formt_of ':.5 potent|a_l enetrglyl/ stjhrfagegutowsky ettatl_., | significantly deeper well of depth 29.47 cfpwhereas 2E8 has
while investigating experimentally the microwave rotational slightly nonlinear well of 29.36 cm. Using the potential

transitions of Ne-HCN dimer, have aIsp presented a molecular- energy surfaces, they predict new spectral lines which yet require
mechanics-for-clusters (MMC) potential energy surface forRg confirmation

HCN dimers with He, Ne, Ar, and Kr as rare gas giving . . .
- : . More recently, Toczylowski et &P reported two-dimensional
stabilities of 21, 37, 85, and 108 c) respectively. Their results potential energy surface for RHCN, with Rg= He, Ne, Ar,

also show a quasilinear equilibrium geometry for both-He .
HCN and Ne-HCN dimers. and Kr, using the CCSD(T) approach and the augmented

. o . . correlation consistent polarized basis sets with an additional set
The first ab initio potential energy surface for the title van ¢ 00 g functions, with a linear well of 29.9 crhat R = 4.22

der Waals molecule, good enough to reproduce experimental 414 4 |ocal bent minimum of depth 22.07 chatR = 3.59

data on high-resolution ground-state spectroscopy, has beerg ey also predict bound-state spectral lines that are yet to
reported a few years ago by Drucker et*dlhey calculated be confirmed.

rovibrational energies and wave functions at the MP4 level using The Taylor series or polynomial expanded potential energy

ZL?;ﬂeofgzlinsﬁt;[otuflcngr']?e?%??nfgggggnzr;g;Tg‘;ﬂgn has functions may accurately reproduce the available vibratienal
with a global minimum occurring at the coﬁ)linear confi ura,tion rotational data, because they are designed to be valid in the
He---H%:N and the minimum en%r fisin monotonicgll with vicinity of the potential well to which the fitted data belongs.
large an llJIar-radiaI coupling, as ?ge HC?\I orientation gr&gle However, they may not be good enough for our understanding
arg 9 piing, . of the dynamics of van der Waals molecular complexes if one
increases from 0 tos2 Drucker et alt have also reported high- look he bond-breakina/f . f the chemicall bl
resolution spectroscopy of the bound states of HeHCN. Ground- Ooks at the bond-breaking/formation of the chemically stable
' molecule. For this, one requires a fully dimensional potential

- energy surface which describes any product channel (including
w* IO vs_/homtcorrespondence should be addressed. E-mail: varandas@the van der Waals one). The HeHCN potential energy functions
gtvsl.qui.uc.pt. . .

TOn leave from Department of Physics, LN Mithila University, ©Of Atkins and HUtSOﬁ assume the form_ of a_smg'e'Cha_nne'
Darbhanga-846004, India. atom-pseudo-diatom Legendre expansion, with the radial co-
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efficients being in turn written as a Legendre analysis. They expanded functions, we first briefly describe the DMBE
also include some empirical elements, which make them methodology, the details of which may be found elsewfferé3*
reproduce accurately the available rovibrational data. For this Accordingly, the four-body 6D potential for HeHCN may be
work, we have chosen their form 1E8, because this is somewhatwritten as a sum of a realistic DMBE potential energy surface
simpler and both are expected to lead to very similar results. for HCN and relevant two-body potentials involving He atom,
Of course, we could have equally employed the form 2E8, but with the three-body and four-body terms involving He atom
this was unavailable to us. The reader should consult the originalignored, as a first approximation

paper for further details.

A global double many-body expansion (DMBE)S potential V(R) = Vyen(Rens Reps Ru) + ZH Vies(Rue) (1)
energy surface for ArHCN was presented by one df fos B=CHN
investigating the dynamics of recombination/dissociation of
HCN, with the observation that the precise form of the attractive
well is relatively unimportant in scattering dynamics and that
it is rather the inner repulsive wall that could play a very
important role in the dynamics of the system. So, in view of
these and similar observations made by Bruehl éf alnd
Hippler et al.3° the global DMBE potential energy surface,
which employs the realistic extended Hartré@ck approximate
correlation energdf-31-32(EHFACE2U) model, should provide
a reliable representation of the potential energy both in the
repulsive wall and long-range regions.

The DMBE potential energy surface for ArHCN was found
good enough for a detailed dynamics study of the dissociation
reaction Ar+ HCN — Ar + H + CN.” The calculated thermal
rate constant was found to be in good agreement with experi-
ment. As the DMBE surface was not found as much good for
the bound states of the system, a global ES potential function
was then considered by the auth6iEhis global ES potential
energy surfacehas been used to investigate the spectra of van
der Waals modes for the ArHCN molecule. Such a surface
combines the global DMBE form with a Legendre-type expan-
sion (or a form similar to one used by Tao et?abr other
related form, if one so wishes) for the system. This then appears
to have a promise of reproducing both the kinetics and V(R = — ; 2. (RC/R" 4)

n=6,3,10

whereR is a collective variable that denotes the six internuclear
distances of the systeiycy is the three-body HCN potentiéd,

and the terms under summation sign represent the realistic
Hartree-Fock approximate correlation energy (denoted
EHFACE2U£63133 and may, under DMBE scheme be written
for He interactions as follows:

VHqB = lHqHVHF(R) + Vgd(R) (2)

whereldnes is a scaling parameter fitted to obtain a satisfactory
van der Waals potential for HeHCN aMi(R) represents the
repulsive interaction of Born-Meyer type and may be given by

Vi«(R) = Aexp(-bR — cR) (3)

which may also be written ag.x(R) = expa — bR — cR) for
pairs of atoms involving HeA (or a), b, andc are parameters
obtained from a least-squares fit to restricted open-shell
Hartree-Fock (RHF) ab initio calculations as discussed below.
The second termVy(R), of the right-hand side of eq 2 is the
dynamical correlation energy, and it has been modéled
semiempirically by the damped dispersion series expansion

rovibrational spectroscopy.
The 6D DMBE surface, or the ES one which entails it, can
also be used to investigate an important aspect of molecularwhere C,, are the dispersion energy coefficients apdare
structure, associated with bond stretching, as it may be relateddispersion damping functions definectas
to the features of the inner repulsive wall of the potential energy

surface. The importance of proper representation of the attractive 2%(R) =1 — expCAX — BxX)]" ()
part of the potential surface cannot be overemphasized for the
bound states. wherex = R/p is a reduced coordinate apa scaling parameter

While investigating Rg.HCN van der Waals systems, we  given by®:32
revisited our work on ArHCN® and found that a slightly
different repulsive function could represent its potential better p=55+12%R, (6)
(see below). Moreover, many-body expanded functions apart
from describing correct dissociative behavior have the advantageWith Ro being defined the LeRoy distari¢efor onset of the
of providing a data bariR of potentials of all fragments needed undampedR™" expansion. In turn, for two interacting atoms A
to build up a polyatomic potential and can be used as a prototypeand B, one has
potential.

In view of the above, therefore, we report, in this work, a Ry = 2(0, 0% + mg°1H?) (1)
global 6D energy-switching potential energy surface for
HeHCN, along with our results of its application to study the With [ia?Cand@s?[being the expectation values of the squared
effect of bond stretching on one hand and the microwave radii for the outermost electrons in atoms A and B, respectively;
transitions of HeHCN on the other, using a slightly different An and B, are given in terms of universal parametess o,
repulsive function than the one we reported for ArHCN and Bo, andBi asA, = aon™*% andB, = fo exp(=1n), respectively,
some empirical elements as used by Atkins and Hutson, Whereoo = 16.366060, = 0.70172f, = 17.19338, ang; =
deferring report of our results on ArHCN. The structure of this 0.09574. The values of other parameters are given in Table 1.
paper is as follows. In section 2, we review the methodology.  2-2. ES Potential Energy Surface.An accurate global
Sections 3 and 4 contain the discussion of results and theenergy-switching strategy for the potential energy surface of

concluding remarks, respectively. polyatomic systems was presented by one of3& Accord-
ingly, the ES potential energy surface for HeHCN can be written
2. Methodology as follows:

2.1. DMBE Potential Energy Surface.As the ES potential )
energy surface is constructed from the DMBE and Legendre’s Ves= fAE)Vy(R) + [1 — f(AE)]V,(R') (8)



9340 J. Phys. Chem. A, Vol. 106, No. 40, 2002

TABLE 1: Parameters of DMBE Potential Energy Surface

Ansari and Varandas

dispersion coefficients

Ahes A b c R Cs Cs Cio
HeH 0.2047 0.327 043 1.361 48 0.045654 1 5.6409 2.823 41.83 871.30
HeC 6.2907 0.622 917 1.11593 0.103 813 6.1224 7.14 116.29 2481.36
HeN 1.3951 2.283 06 1.601 63 0.047 2255 5.4688 5.90 80.80 1448.91

whereVi(R) is the DMBE potential energy surfad4R) of eq

1 andV,(R') is the functionV(R,0) used by Atkins and Hutsén
added to the global HCN DMBE potential energy surfée.
Thus, V,(R') is a 5D-dimensional potential energy surface as
implied by the prime, which causes no problem when obtaining
the final potential energy surface in eq 8, because this is
obviously a function valid over the full-dimensional configu-
ration spaceR. In turn, AE is defined by

AE=E-E, 9)

and gives the displacement from some reference energy (in the

energy space defined by,), whereasf(AE) is a switching
function that approaches 0 for large negative energy displace-
ments AE — —) and+1 for large positive ones\E — +).

Ves changes smoothly frotv;(R) to V2(R') as the energy varies
acrosskEg, which is accomplished by the switching function
f(AE). This should be system specific, but following previous
work,28:3°we may write it as follows:

H(AE) = %[1 + tanh@/AE)] (10)
With this form off, eq 8 assumes the form
Ves=F(AE)V,(R) + f (-AE)V,(R) (11)

An optimum value ofy was so determined by trial and error
for a selected reference energy, from the requirement\that
should give a good description of the rovibrational spectra of
HeHCN and not invite spurious topographical features at other
regions of configuration space. Note th&is would become
5D only when AE — —o. Of course, althougHl (AE) is
calibrated to attain very small values at specific regions, it never

becomes zero because both merged potential energy surfaces

are bounded below.

2.3. Bound States and Microwave TransitionsRovibra-
tional levels of HeHCN were obtained through solutions of the
bound-state Schdinger equation as a set of coupled differential
equationg? using a Hamiltonian of the form

1 &

dR?

2
.

T

R+ H;

e T V(R 6) 12)

whereHiq is the internal Hamiltonian of the pseudodiatomic
(i.e., HCN), andV(R,0) is the interaction potential in Jacobi
coordinates, including the centrifugal interaction. The former
is obtained by subtracting the potential of HCN frafag(R),

with the internal coordinates of HCN frozen at the specific
values chosen for the calculation. The BOUND progtewas
used to solve eq 12, using a space-fixed basis set including all
HCN rotor functions up tg = 14. The rotational constant of
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Figure 1. Comparison of plots of He-HCN (1, 0, v5) potential energy
surface by DMBE, ES, and 1E8 methods in vibrational states: (a) (O,
0,0), (b) (1,0, 2), (c) (2, 0, 3), and (d) (1, O, 5).

transitions were then obtained from the differences of corre-
sponding energy levels by using the usual Bohr rules.

3. Results and Discussion

To obtain the DMBE potential energy surface, the two-body
and three-body interaction energy terms for HCN were, fol-
lowing spin-spatial WignerWitmer rules, treated as in ref 34.
For diatomics HeH, HeC, and HeN, the potentislg were
calculated ab initio for ground statek*, 3X-, and 4=,
respectively, using the augmented correlation consistent
guadruplet (VQZ) basis seté=4%in a RHF scheme. Calcula-
tions were done using the MOLPRO pack#§&he calculated
ab initio potentials were used to fit the paramet&r®r a), b,
andc of eq 3 as described above. Table 1 gives the values of
these parameters. The asymptotic standard errors are generally
within 6% for bond distances 4 R/ag < 10.

The parametefine Was determined from consideration of
obtaining a correct behavior at dissociation limits as well as a
smooth potential well for He-HCN interaction. One way to
ensure it could be to minimize thiensdof this model potential
from reference ab initio energiésWe have chosen it in a
different way. It is considered that the componéfyes of
DMBE potential V(R) of eq 1 is mainly coming from the HF
energy, andvyr(R) and its coefficientlhes merely rescales it.
So it should have more or less the same value forHEN

as for Ar--HCN interaction, considering the otherwise similari-
ties of Rg-HCN chemistry. Assuming the transferability of such
parameters, we have taken them identical to the optimum values
found in the ArHCN case. Its value are collected in Table 1.

Such a behavior of DMBE potential, as noted above, is even
more important from the standpoint of the ES potential energy
surface. In the latter case, the paramekgrandy of egs 9 and
10 were obtained by trial and error done from the requirement
that the ES function should reproduce the lowest microwave

HCN and the reduced mass of the complex were 1.478 221 834transition. This also ensures a smooth rather than a sharp switch

cm! and 3.486 027 184n, respectively. The grid for th&
coordinate was determined Bpin = 2 A and Ryax = 10 A
with a step size of 0.05 A. The frequencies of microwave

from DMBE potential energy surface to a reference ab initio
surface as shown in Figure 1a. We have obtained a value of
1709.5 cnmt for the reference enerdsp and 0.003 cm? for y.
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Figure 3. Variation of position and depth of potential well of HeHCN
DMBE for 0 < 6 < m: (a) Rn(8) and (b)Vm(H).

(b)

parameterfys, wherex = Ar or He [cf. eq 2]. It also closely
agrees with the well 0f-29.90 cnt! at R = 4.22 A reported
by Toczylowski et all® using the CCSD (T) scheme. Both
Atkins et al.? with 2E8 parametrization and Toczylowski et
al.*® report a local minimum also. It is found at somewhat
smaller separation of about 3.6 A, with a small nonlinear
equilibrium geometry. However, we do not find it, either by
DMBE or ES methods, because this is based on 1E8. The ab
initio calculations of Drucker et @ldone at MP4 level, upon
which Atkins et al base their calculations, do not also exhibit
such a minimum. Drucker et dl.however, reported a global
minimum about 4 cm! higher atR = 4.27 A.

With heavier members of the RgHCN series, for example,
the Ar—HCN, a deeper well with a linear global minimum of
about—85.0 and—173.1 cntl, respectively, at about 4.63 A
was found by the ES and DMBE methotfs respectively.
Toczylowski et al® found it at 147.0 cm! at 4.5 A.

The functiondRy(0) andVy(0) giving the position of energy
minimum and well depth plotted againgtfor 0 < 6 < 7 are
compared in Figure 3. Each of the functions obtained from the
ES surface runs coincidently with that obtained from 1E8
surface. The functions obtained from DMBE surface have some
differences. Here, the well is deeper and obtained at smaller
separationRn(6), for reasons explained above. The function
Rn(0) has a minimum at around = 85° for ES or 1E8 and
around® = 100 for DMBE potential energy surfaces. It is
Figure 2. Perspective view/contour plot of HeHCN potential energy around this minimum that DMBE functiodn(6) has a point
surface for an He atom moving around an HCN molecule frozen at its of inflection. AlthoughRn(0) obtained by the DMBE method
linear equilibrium geometry (a) 1E8, (b) DMBE, and (c) ES. runs more or less parallel to the one obtained for the ES or the

1E8 functions,Vy(0) obtained by the DMBE method has an

3.1. Potential Well. A perspective view/contour plot of the  interesting oscillatory dependence én Such an oscillatory
1E8, DMBE, and ES potential energy surfaces véits 0 may behavior is not unexpected as observed by Atkins and Htson
be seen in Figure 2ec. The plot obtained by the 1E8 in the case of the 2E8 parametrization.
parametrizaton of Atkins and Hutsbhas also been included 3.1.1. Effect of Bond Stretchin®Vith stretch of the CN or
for comparison. All potential energy surfaces exhibit a linear CH bonds, both the polarizability and short-range repulsion may
global minimum. The DMBE potential energy surface shows be expected to increase, lending greater depth to the wells and
the deepest well€49.95 cnT?) at R = 4.09 A. The greater  pushing the repulsive wall away. In fact, the ES potential energy
depth of the well is expected because of the nonconsiderationsurface shows slightly deeper wells with increasing stretch, with
of some three-body and four-body terms in the expansion. its repulsive wall getting closer to the (unstretched) 1E8 repusive
Nevertheless, the DMBE potential energy surface shows awall, vide Figure la-c. With still greater stretch, it goes even
satisfactory asymptotic behavior, which makes it useful for the beyond 1E8, as may be seen in Figure 1d. For this investigation,
study of reaction dynamics and kinetics. The ES potential well we have used both the systematic increase of CN or CH stretch
is —29.47 cm! found atR = 4.27 A (these values coincide and the expectation values of the bond lengths for higher
with those of 1E8), in agreement with the well obtained by vibrational statesi, v», andvs), where the subscripts 1 and 3
Atkins and Hutsof. refer to the normal modes for symmetric and asymmetric

An equal well depth obtained by both the methods, ES and stretching of HCN and 2 refers to its bending normal mode
1E8, confirms our assumption of transferability of the scaling (the bending quantum numbes has been constrained to the

Viem™!

Viem™!

x/ay 6 79 13712
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TABLE 2: Effect of CN and CH Stretching on the He:-+-HCN Potential Well

rifi] RO r(H—C—N) ES DMBE
(01, v2, v3) scaled unscaled scaléd  unscaled scaled unscaled Ry I Rmn €
000 2.1920 2.2020 3.1961 3.2143 4.2080 4.2308 8.06—29.4669 7.74  —49.9460
100 2.2058 2.2159 3.2061 3.2244 4.2244 4.2474 8.06—29.4670 7.74 —49.9461
001 2.1942 2.2042 3.2519 3.2705 4.2648 4.2881 8.06—29.4682 7.74  —49.9500
200 2.2199 2.2300 3.2161 3.2345 4.2409 4.2640 8.06 —29.4673 7.75  —49.9450
102 2.2099 2.2200 3.3210 3.3400 4.3412 4.3649 8.06—29.4811 7.79  —51.1006
003 2.2090 2.2191 3.3889 3.4082 4.4084 4.4324 8.04—30.4813 7.81 —51.6613
600 2.2781 2.2885 3.2562 3.2748 4.3079 4.3313 8.06 —29.5662 7.79  —49.9224
203 2.2253 2.2355 3.3962 3.4156 4.4235 4.4476 8.03—31.0126 7.82 —51.6176
105 2.2053 2.2154 3.4967 3.5167 45148 4.5394 7.86—52.2952 7.86  —52.3249

2 All distancesr, R, andRn (giving the position of energy minimum) are in Bolay). ° € is the well depth in cm?. ¢ See the text for a definition
of scaled distances.

20 (T @) (1,0,5) coincide]. The ES well for the most stretched state (1,0,5)
ES is seen to be the deepest solely on account of the larger
Rt He - HCN(vy, 0, vy) contribution of DMBE to the ES formulation. The wells obtained

by the DMBE and ES methods for representative states have
been collected in Table 2, along with effective linear &N
distance obtained as sum of expectation values of CN and CH
bond lengths scaled by a factor so as to have these bond lengths
in the (0,0,0) state equal to their equilibrium values. For
example, the expectation valuesr¢EN) andr(OH), where O
is center of mass of CN, are 2.202p and 3.2143y in state
(0,0,0). They were multiplied by scaling factors 0.995 46 and
0.994 33 to obtain their equilibrium values 2.1920 and 3.1961
ay, respectively. The same scaling factors were used to scale
r(CN) andr(OH) bond lengths/distances of all other states. Both
7 8 9 10 11 12 the DMBE and the ES wells obtained with inward or outward
R/ay stretch may be seen to go deeper similarly. We have studied
bound states with CN and CH bonds stretched according to
(b) different vibrational modes. Table 3 presents values calculated
for some of these stretches of the two frequencies for ground-
state transitiond = 1 <— 0 andJ = 2 — 1 that were observed
at 15.9 and 31.3 GHz by Drucker et“alhey are discussed
later.

3.2. Topographical Features.Though topographically the
ES and 1E8 potential energy surfaces look similar [Figure 2,
parts ¢ and a], there is an important difference; the ES has the
correct short and long-range behavior as it entails the salient
HONL0.5) features of both the DMBE and 1E8 surfaces. As shown in
— ES Figure la, the ES scheme warrants a smooth transition from
e DMBE . . .

the high energy regions to low energy regions, where the van
der Waals potential, (here, 1E8) is valid and offers (see below)
0 7 s 9 " I 1o a good representation of bound states. For high energy regions,
R/a, the DMBE provides better promise for kinetics studiekhe
Figure 4. Comparison of potential wells of different states of HeHCN. ES potential energy surface can therefore be expected to offer
Panel (a): (i) (1, 0, 5)/ES, (ii) (1, 0, 5)/DMBE, (iii) (0, 0, 0)/ES, (iv)  both the bound-state and dynamical properties of the system.
(0,0, 0)/1E8, and (v) (0, 0, 0)/DMBE. Panel (b): (i) (0, 0, 0)/1E8, (ii) In fact, our dynamics studies are in progress.
(2,0, 3)/ES, (iii) (1, 0, 4)/ES, and (i) (1, 0, 5)/ES. 3.3. Bound States and Microwave TransitionsThe bound
state levels obtained from the ES energy surface are shown in
value zero to make the molecule remain linear). In both cases, Figure 5. The Figure also shows, for comparison, rovibrational
we obtain identical results as discussed below. levels as obtained from the 1E8 surface. Clearly, the two sets

The well is usually deeper, though to a small extent, in higher Of levels are very close together and are indistinguishable within
states corresponding to greater stretch, as may be seen in Figurthe scale of Figure 5. However, the ES levels are slightly lower
4. For a particular stretch, the repulsive DMBE wall completely compared to 1E8 levels in general. The frequencies of the
coincides with the 1E8 ab initio surface in the repulsive region, corresponding microwave transitions are given in Table 4. They
[see Figure 1c]. Thus, Figure 4a compares representative EMay be seen to be in good agreement with experiment. The
wells for different stretches in states (2,0,3), (1,0,4), and (1,0,5) 1E8 frequencies are also given in Table 4 for comparison.
of HCN against that of the 1E8 (0,0,0) state [ES and 1E8 wells  The first two transitions observed at 15.9 and 31.3 GHz by
coincide for the (0,0,0) state)], whereas Figure 4b compares Drucker et alt are well brought out by our bound-state
DMBE, ES, and 1E8 wells for the HCN vibrational state (0,0,0) calculations using the ES potential energy surface. The calcula-
on one hand and compares DMBE wells for the (0,0,0) and tions also bring out successfully the transitions observed at
(1,0,5) states on the other [the ES and DMBE wells of state 101.4, 105.8, and 4.6 GHz. However, the one observed by

He ... HCN(vy, vy, v3)
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TABLE 3: Microwave Frequencies of States of Different Stretching Modes

frequency/MHz
assignment rotational constaft viforj, L,3(0,1,1)—(0,0,0) veforj,L,3(0,2,2)—(0,1,1)
v1, V2, v3 parity Be, cn1t observe#l ES observed ES
000e 1.478 221 834 15893.6108 15 893.6108 31 325.2443 31 325.3070
001le 1.468 15 15 882.9424 31 299.3279
100e 1.467 80 15 882.5751 31298.4279
200e 1.457 08 15 870.9654 31 270.1407
102e 1.448 05 15 860.9619 31245.7727
003e 1.446 03 15 858.6883 31 240.2460
203e 1.427 11 15 837.0345 31 187.4400

aFrom ref 47. From ref 4.

TABLE 4: Comparison of ES and 1E8 Microwave
Frequencies ¢) in MHz

assignments of

1P (calculated) v¢ (calculated)

It may be noted that bound states of different rovibrational
levels corresponding to different stretching of CN and CH bonds
may form an interesting spectroscopic study of HeHCN. Such

frequency |, L,J) v2(observed) 1E8 a study can further help in understanding if different rovibra-
(0,1,1)< (0,0,0) 15893.6108 15893.6125  15893.6108 tional transitions can occur in the same vibrational state as
(0,2,2)—(0,1,1)  31325.2443 31325.3070  observed experimentally by Drucker et*&ome initial results

4D, 461.9773 461.9825 461.9145  are given in Table 3. It may be seen that the frequency of

(1.1.2)— (0,1,1)
(1,2,3)— (0,2,2)

101 432.0813
105 795.3110

101 432.1050
105 795.0313

101 421.9844
105 782.1624

transition generally decreases with greater stretch associated with
higher energy states.

(1,2,3)— (1,2,2) 4604.2000 4604.4200 4598.5816
(1,0,1)— (0,0,0) 98 603.1200 98 594.9390 _

(1,1,1)— (0,1,1) 97892.1300 97885.3896 4. Concluding Remarks
(0,3,3)—(0,2,2) 45767.1200 45 769.6546

(1,3,3)—(0,3,3)

106 633.3200

aFrom ref 4. From ref 5.¢ This work.

106 626.1382

0

-2 L

-4 F

AE/cm™!

-6 F—

-8 |

-10 &

Figure 5. Comparison of rovibrational levels of HeHCN: (a) ES and

(b) 1ES.

Drucker et alt at 101.2 GHz could not be obtained both by our

ES or the 1E8 calculations of Atkins and HutSoRowever,

The global 6D potential energy surfaces for HeHCN have
been calculated by the DMBE and ES methods. They correctly
behave at all dissociation limits. However, the ES surface
reproduces the properties of the van der Waals molecule better.
The quality of the surface has been examined by its ability to
reproduce the frequencies of rovibrational transitions. Suitability
of the surface to study varied spectroscopic features such as
the effect of bond stretching on rovibrational levels and
subsequent changes of frequencies of the corresponding micro-
wave transitions has been investigated. The initial results as
reported here are encouraging. Our study on dynamics of the
reaction Het HCN — He + H + CN is currently in progress.
The ES potential energy surface reported in this paper is, to
our knowledge, the only existing one which is capable of
reproducing both the bound states and kinetics of the HeHCN
molecule, although some important shortcoming may still be
remaining.
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in our calculations (see Table 3). The ES potential energy surface
thus seems to hold some promise to explain rovibrational levels
and associated microwave transitions.

Although the DMBE levels are lower, the values of the

corresponding frequencies agree fairly closely with those of (3') Gutowsky, H. S.; Keen, J. D.; Germann, T. C.; Emilsson,JT.
experiment, ES and 1E8. They are, however, lower by about 1 Chem. Phys1993 98, 6801.
GHz. It turns out that DMBE is closer to the 1A8 type of (4 Drucker, S.;Tao, F.-H.; Klemperer, W. Phys. Chentl993 99,

References and Notes

(1) Green, S.; Thaddeus, Rstrophys. J1974 104, 653.
(2) Clary, D. C.; Dateo, C. E.; Stoecklin, J. Chem. Phys199Q 93,

potential form proposed by Atkins and Hutsbmas the two
predict such spectroscopic properties more similarly.
Coming to the next heavier member of RCN series, the
frequency of the lowest = 1 — 0 rovibrational transition was
calculated to be 5.52 cm by the ES methdtfor Ar—HCN.

This may be compared to the corresponding frequency of

HeHCN which is about 0.53 cm or about 15893 MHz (vide

Table 4).

(5) Atkins, K. M.; Hutson, J. MJ. Chem. Phys1996 105, 440.

(6) Umera, K.; Hara, A.; Tanaka, K. Chem. Physl996 104, 9747.

(7) Rodrigues, S. P. J.; Varandas, A. J.X.Phys. Chem. A998
102 6266.

(8) Varandas, A. J. C.; Rodrigues, S. P. J.; Gomes, P. £&h&m.
Phys. Lett.1998 297, 458.

(9) Cybulski, S. M.; Couvillion, J.; Klos, J.; Chalasinski, &.Chem.
Phys.1999 110, 1416.

(10) Tanaka, K.; Bailleux, S.; Mizoguchi, A.; Harda, K.; Baba, T.;
Ogawa, |.; Shirasaka, Ml. Chem. Phys200Q 113 1524.



9344 J. Phys. Chem. A, Vol. 106, No. 40, 2002

(11) Toczylowski, R. R.; Cybulski, S. M. Chem. Phys200Q 112,
4604.

(12) Lee, H.-S.; McCoy, A. B.; Toczylowski, R. R.; Cybulski, S. W.
Chem. Phys200Q 113 5736.

(13) Cybulski, S. M.; Toczylowski, R. R.; Lee, H.-S.; McCoy, A. B.
Chem. Phys200Q 113 9549.

(14) Murdachaew, G.; Misquitta, A. J.; Bukowski, R.; Szalewicz JK.
Chem. Phys2001, 114, 764.

(15) Toczylowski, R. R.; Doloresco, F.; Cybulski, S. M.Chem. Phys.
2001 114 851.

(16) Cambell, E. J.; Buxton, L.; Legon, A. G. Chem. Physl983 78,
3483.

(17) Leopold, K. R.; Fraser, G. T.; Lin, F. J.; Nelson, D. D., Jr.;
Klemperer, W.J. Chem. Phys1984 81, 4922.

(18) Klots, T. D.; Dykstra, C. E.; Gutowsky, H. $. Chem. Physl989
90, 30.

(19) Mladenovi¢ M.; Bacic, Z.J. Chem. Phys1991, 94, 4988.

(20) Yaron, D.; Klemperer, WJ. Chem. Phys1991, 95, 1907.

(21) Cooksy, A. L.; Drucker, S.; Faeder, J.; Gottlieb, C. A.; Klemperer,
W. J. Chem. Phys1991, 95, 3017.

(22) Tao, F.; Drucker, S.; Klemperer, W. Chem. Phys1995 102
7289.

(23) Bowman, J. M.; Padmavathi, D. Mol. Phys.1996 88, 21.

(24) Bumgarner, R. E.; Blake, G. £&hem. Phys. Letl989 161, 308.

(25) Fraser, G. T.; Pine, A. S. Chem. Phys1989 91, 3319.

(26) Varandas, A. J. CAdv. Chem. Phys1988 74, 255.

(27) Varandas, A. J. CChem. Phys. Lettl992 194 333.

(28) Varandas, A. J. C. IDynamical Processes in Molecular Physics
Delgado-Barrio, G., Ed.; IOP Publishing: Bristol, 1993; p 3.

(29) Bruehl, M.; Schatz, G. Cl. Phys. Chem1988 92, 7223.

(30) Hippler, H.; Schranz, H. W.; Troe, J. Phys. Chem1986 90,
6158.

(31) Varandas, A. J. C.; Silva, J. D. Chem. Soc., Faraday Trans. 2
1986 82, 593.

Ansari and Varandas

(32) Varandas, A. J. C.; Silva, J. D.Chem. Soc., Faraday Trart992
88, 941.

(33) Murrell, J. N.; Carter, S.; Farantos, S. C.; Huxley, P.; Varandas,
A. J. C.Molecular Potential Energy Function®Viley: Chichester, U.K.,
1984.

(34) Varandas, A. J. C. IReaction and Molecular Dynamickagaria
A., Riganelli, A., Eds.; Springer: Berlin, 2000; Vol. 75 bécture Notes
in Chemistry p 33.

(35) Varandas, A. J. C.; Rodrigues, S. PJ.JChem. Phys1997, 106,
9647.

(36) Varandas, A. J. QMol. Phys.1987 60, 527.

(37) Le Roy, R. JSpec. Period. Rep. Chem. Soc. Mol. Spectrdd¢3
1, 113.

(38) Varandas, A. J. Cl. Chem. Phys1996 105, 3524.

(39) Varandas, A. J. Cl. Chem. Phys1997 107, 867.

(40) Hutson, J. MComput. Phys. Comni994 84, 1.

(41) Hutson, J. M. BOUND computer code, version 5; distributed by
Collaborative Computational Project No. 6 of the Science and Engineering
Research Council, U.K., 1993.

(42) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(43) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys.
1992 96, 6796.

(44) Woon, D. E.; Dunning, T. H., Jd. Chem. Physl994 100, 2975.

(45) Wilson, A. A.; Woon, D. E.; Peterson, K. A.; Dunning, T. H., Jr.
J. Chem. Phys1999 110, 7667.

(46) Werner, H.-J.; Knowles, P. J. MOLPRO is a package of ab initio
programs written by H.-J. Werner, P. J. Knowles, with contributions from
J. Almlef, R. D. Amos, M. J. O. Deegan, S. T. Elbert, C. Hampel, W.
Meyer, K. A. Peterson, R. Pitzer, A. J. Stone, P. R. Taylor, R. Lindh, 1998.

(47) Carter, S.; Mills, I. M.; Handy, N. CJ. Chem. Phys1993 99,
4379.



