J. Phys. Chem. R000,104,1271-1277 1271

The Potential Energy Surface and Ro-Vibrational States of HeCH™
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The potential energy surface (PES) for the interaction of He with CK=") has been determined usinb

initio CCSD(T) calculations. The resulting PES has a T-shaped minimum energy structure and a well depth
of 477 cmt. Ro-vibrational calculations are performed to assess spectroscopic observables which should aid
the experimental detection of this as yet unobserved system. Using an adiabatic correction scheme the influence
of exciting the intermolecular (CH stretching vibration is examined. For the electronic ground state no
appreciable red shift of the monomer frequency is found in contrast to previously investigated systems of the
same type. Exploratory calculations of the interaction between @FT) and He are presented in view of

the ongoing interest in CHin astrophysical environments. TB&' component has a deep T-shaped minimum
energy structure with a well of about 900 ctmConversely, théA' PES is comparatively isotropic with a

linear geometry and a well of roughly 300 cin

I. Introduction which could be transferred to larger systems will be obtained.
ith th i f molecular b dql hnol Apart from a straightforward continuation in a series of systems,
With the coupling of molecu ar beam and laser technology (e cH+ turns out to be a system of particular interest in its
the structural and spectroscopic properties of an appreciable, right.
number of neutral Van der Waals molecules containing rare- The CH* ion plays a central role in the chemistry of the

gas atoms have been determidédn parallel to these studies . / .
interstellar medium. It was found, for example, in planetary

numerous theoretical investigations have been performed, lead- . X
. ; ? . . : -~ nebulae and in translucent molecular clouds. One of the interests
ing to a detailed understanding of the interactions involved in . n . . o .
binary system3 in CH* stems from its high abundance in diffuse interstellar

| | dies involving ioni clouds which is not easily explaindd?> As one possible
n contrast to neutral systems, studies involving lonic ,.qqrsor, CH plays an important role in the carbon chemistry
constituents are far less numerous. Recent reviews in this are

) . . n diffuse clouds. Once formed, CHs efficiently destroyed
include those of Castleman and Keeéegieske and Maie?, by reactions with Hto form CH,* by way of which the carbon
and Castleman and Bowérin recent years, efforts to record

. X J=e chemistry is initiated® Given the sizeable amount of Ctand
high-resolution spectra of protonated ionic complexes have beenHe available in molecular clouds, it might be interesting to

undertatl)<en n varlouskgrfoups. FoIIo(;ng thek p|0neer|ng 7rrs13|cro- investigate the interaction between the two constituents in some
wave absorption work of Bogey and coworkers on-#t; ", " more detail. In addition, experiments in the mid-infrared might

systems such as Hei'">° Rg—OH",1 Rg—HN,", 113 Ar— be equally possible, as already shown for various+AiB
CHsz™,*and Rg-NH4" 5 have been investigated (RgHe, Ne, speci?eé.l)llg'p ' y

or Ar). The aim of this work is to investigate the potential energy

P;A” systems (Tentloned ?b\;)ve ghov\\;vprcl)found olllfferenﬁ_ehs surface and bound states of the lowest electronic state ef He
when compared to neutral Van der Waals complexes. The oy - pypioratory calculations relating to the first excited

pqtﬁnt'?l (_anelrgly S“’f"?‘ces (PESS) are qﬂenBe?(tcrjt_emely an'S_OtrOF;'Celectronic state are presented as well. This is mainly because
with relatively large interaction energies. Binding energies of o 2317 state of CH lies about 9000 ot (which is in the

the systems investigated so far vary between 300'dide— astro : : 1 :
physically relevant zm region) above th&*X. Previous
6 cﬁ1 —
HCO™)*® and as much as 6000 ci(Ar—CHa").1* It has been work on this system was performed by Hughes and von Nagy-
found that the interaction energy between a rare gas atom anq:elsobuk44 who reported the equilibrium geometry and the

an lonic. monomer AH scales approximately Ilr!eglrly as &  harmonic frequencies calculated at the CCSD(T) level of theory.
function of the difference between the proton affinities of the

Rg atom B and the constituent’A.

The simplest systems for which accurate theoretical work can
be undertaken are triatomic ionic complexes such asHté 8 All ab initio calculations were carried out with the Gaussian
He—HF*,2® and Rg-OH*.2% Another system in this series is 94 program suité® The basis set used consisted of Dunning’s
He—CH". By pursuing a systematic characterization of the aug-cc-pVTZ basis set with the following contractions: C:
triatomic He-AH™ systems it is hoped that an understanding (11s,6p,3d,2f)— [5s,4p,3d,2f]; He: (6s,3p,2d} [4s,3p,2d];

H: (6s,3p,2d)— [4s,3p,2dE%2" The present work uses a Jacobi
* Corresponding author. coordinate system, in whicR describes the distance from the
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TABLE 1: Comparison of Optimizations and Vibrational Frequencies of CH™ and He—CH™ Performed with Different
Quantum Chemical Methods Using the aug-cc-pVTZ Basis Set

method state ren/A rhnd A 0 wilemt wolem™t wi/emt Etot (En)
CH"
MP2 >+ 1.1209 2932 —38.010630
MP2 11 1.1199 2817 —37.980973
CCSD(T) 1>+ 1.1288 2863 —38.024593
CCSD(T) SI1 1.1336 2704 —37.981386
He—CH"
MP2 A 1.1218 2.2699 8l 190 460 2956 —40.937513
CCSD(T) A 1.1292 2.2882 81 190 432 2869 —40.976243
CCSD(T} A 1.1290 2.2932 81 189 427 2868 —40.977453
MP2 A 1.1223 2.1741 0 —43 110 2953 —40.935994
CCSD(T) N 1.1302 2.1614 0 —57 114 2864 —40.974770
MP2 SA 1.1104 2.1876 101 199 682 2940 —40.908827
CCSD(T) SA 1.1211 2.1898 101 214 666 2831 —40.934874
CCSD(Tp SA 1.1210 2.1919 101 204 671 2824 —40.935997
MP2 SA 1.1236 1.9111 0 125 154 2798 —40.906089
CCSD(T) SA 1.1376 1.8701 0 125 158 2667 —40.932096

a2 The data in ref 24 were calculated using the CCSD(T) method and the slightly larger aug-cc-pCVTZ basis set. The linear transition states are
reported as well.

center of mass of CHto He. The anglé is measured between It is of some interest to consider the interaction betweerf CH
the C-H axis anR, wheref = 0 corresponds to a H&H—C in its first electronically excited statealI). Upon off-axis
geometry. approach by a structureless partner, the intermolecular interac-

In a first step, optimized geometries at the MP2 and CCSD(T) tion will be described by two rather than one PEShey are
level of theory are calculated. In these calculations all electrons designatedA’ and®A". It proved not advantageous to calculate
are correlated. As can be seen from Table 1 the structures andnteraction energies on an identical radial grid for each angle
harmonic frequencies are in reasonable agreement with previouslue to the rather large anisotropy in the case of&fesurface.
work. In addition, it is observed that the CHdtretching vibration For 37.19 < 0 < 163.80, 23 values foR between 2.2 and
does not shift appreciably upon complex formation in the 15.0a,were chosen. For the remaining angles, the grid included
harmonic approximation. The small red shift is probably due 17 points between 3.8, and 15.0a.
to the “T-shaped” structure of the complex. The position and  In order to ensure that a single-reference approach is valid,
zero point motions of the He atom will be along a coordinate the T1 diagnostic has been calculated and was found to be
essentially orthogonal to the C-H stretching coordinate and sufficiently small2® Additionally, there is no nearby triplet state
therefore will have little effect upon it. This is in contrast to which could lead to large mixing.
previously investigated systetis?® which have linear structures Solving the Schidinger equation for the motion of atomic
and therefore show much larger red shifts upon complexation. nuclei on a PES requires the specification of the interaction

The energy difference between the minimum energy struc- between the constituents for arbitrary geometri&b. initio
tures of He-CH™ 1A' and 2A" is about 9300 cm® at the calculations of interaction potentials are always carried out on
CCSD(T) level. This compares with 9490 chfor the free CH a finite grid of selected points. Thus, a next step in the
(31— 1=). (A previous ClI calculation for the energy difference construction of a PES requires either an analytical fit of a
yielded 9230 cm?.28 parameterized functional form to theb initio points or an

A. Potential Energy Surface.Theab initio calculation of a interpolation between these points. The method chosen in this
potential energy surface requires the definition of a grid upon work is the Reproducing Kernel Hilbert Space interpolation
which the energies are calculated. The grid used in this work scheme (RKHSY! It has proven to be a stable and efficient
was chosen to facilitate close-coupling calculations of the bound means to represent interaction energies, even on nonuniform
states. Evaluation of the necessary integrals is stablest if Gaussgrids.

Legendre points are used for the angular coordi@alénerefore, The resulting PESs are displayed in Figure 1. They exhibit
calculations were performed at angles corresponding to anquite different overall behavior. The ground state surface has a
8-point quadratured= 16.2C¢, 37.19, 58.29, 79.43, 100.57, primary well in a near T-shaped configuration with a well depth
121.70, 142.8%, and 163.80). In addition, the interaction  of —477 cntl. A second, very shallow minimum is present at
potential was calculated in the two linear configuratiofs< the linear CH—He conformation. The fact that the linear

0 andf = 180). geometry is only a faint local minimum is so far unique to any

For the ground state PES, the grid comprises 14 radial of the protonated AH—Rg complexes, where A is a base and
distanceR between 3.2 and 15.0ay. These choices led to a Rg is a rare gas atom. All other similar systems investigated so
good coverage of the PES which allows for an efficient and far, such as HeFH", He—OH", Ne—OH™, and He-H,", show
reliable interpolation of theb initio points @ide infra). The directional bonding along the AH-Rg axis and no T-shaped
CH™* distance in the ground and excited electronic states was minimal8-20
held fixed at the value resulting from geometry optimizations  The 3A" PES describing He interacting with CHin its
at the CCSD(T) level of theory (see Table 1). Keeping the CH electronically excited state has a much deeper well with an
bondlength fixed at an equilibrium value can have an unpredict- attraction energy of about+920 cntl. It is also in a near
able effect upon the calculation, as has been shown for He T-shaped configuration, and the minimum of the PES is closer
OHT and Ne-OH".2° The influence of the C-H bond on the to the C end of CH. The secondary minimum is deeper than
interaction potential will be investigated in more detail later for the ground state surface, which may result in more interesting
on. dynamics associated with states close to the barrier separating
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Figure 1. Plot of the potential energy surfaces for (a)-HeH" A,

(b) 2A", and (c)°A’. Contours on the repulsive wall are for 1000, 500,
200, and 100 cm. Further contours between 0 ard®50 cnT?! are
drawn with a spacing of 50 cm. Below —250 cntt the contours have
a spacing of 100 cri. For (a), the innermost contour is-a#t00 cnT?,
and for (b) it is at—900 cnt?.

the two wells. This secondary minimum allows for a geometry
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TABLE 2: Stationary Points of the 1A’, A", and A’ PESs
for He—CH*

electronic global local
state minimum minimum TS1 TS2

1A'

Re (A) 2.28 3.24 3.18 3.34

Oe 83 0 16 180

De(cm™)  —477.1 —166.3 —165.0 -62.7
3AH

Re (A) 1.65 2.94 2.85 2.86

Oe 106 0 43 180

De (cm™) —918.5 —282.8 —221.5 —144.7
3A'

Re (A) 2.95 2.85 3.05

Oe 0 180 111°

De (cm™) —287.0 —155.3 —-117.2

state surface compared to the rather flat repulsive wall of the
ground state potential.

In contrast to these two interaction potentials #e PES
has a linear minimum energy configuration with a well depth
of —287 cnt. The repulsive wall is shifted toward much larger
intermolecular separatiof&and is considerably more isotropic.
Compared to the interaction potentials for f#¢ and the3A”
state the potential minimum is less pronounced. It is of some
interest to mention that the topology of the three PESs resemble
quite closely those of the system -ABH which is not too
suprising as BH is isoelectronic with Ck¥2 The interaction
energies, however, are much larger in the present case. The three
PESs are displayed in Figure 1 and the stationary points
characterizing them are summarized in Table 2.

I1l. Bound State Calculations

The states of HeCH' can be characterized by several
guantum numbers: the CH stretching quantum numbega
bending quantum numbes, which correlates in the isotropic
limit with the CH" rotational quantum numbegy the Van der
Waals stretching quantum numhey the total angular momen-
tum quantum numbel, its projectionK onto the molecule fixed
z-axis, and the parityp. The only rigorously good quantum
numbers for this system adeandp. Initially, 1 = 0 as theab
initio calculations take no account of the variation of the
potential with the C-H distance K is nearly conserved and,
for the low lying states of HeCH™, so arev; andws. For higher
lying states,v, and vz are simply useful labels which qualita-
tively describe the wavefunction. A ro-vibrational state will
therefore be characterized by a labelgK). This notation has
been previously used to describe ro-vibrational states in systems
such as ArCO33

The BOUND computer prograthwas used to perform close-
coupling calculations of the ro-vibrational energy levels ofHe
CH*. The He-CH* reduced mass is 3.06777161, and the
rotational constants of the CHnonomer are 13.930 crh for
theX1=* state and 13.747 cm for thea[T state3® In the basis
set channels up tp= 25 have been included and the resulting
coupled equations were solved using the log-derivative propaga-
tor.38 The coupled equations are propagated fRm = 1.0 A
to Rnax = 8.0 A, extrapolating to zero step size from log-
derivative interval sizes of 0.01 A and 0.02 A using Richardson
h* extrapolation. These parameters produce eigenvalues con-
verged to better than 1®cm2.

IV. Results and Predictions
In the rigid rotor limit, He-CH*' can be considered as an

optimization using conventional optimization techniques (see asymmetric rotor. But given the small difference in ®@and
Table 1). Most prominent is the stronger repulsion in the excited C rotational constant from theb initio calculations A = 431.96
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TABLE 3: Parameters for the Correction Function

Meuwly and Wright

=0 =1
f(0) a a f(0) a &
Alcm™) —2.43x 10° —2.43x 10° 5.4857 —6.98x 10° —6.98x 10° 6.2279
Cl(cm A9 —1.70x 10¢ —1.70x 10 13.9334 —5.14x 10 —5.14x 10¢ 5.0165
v1=0 v=1
VO V2 V4 Vo Vz V4
BIAY 3.1393 0.1018 0.0847 2.8916 0.1907 0.0017
GHz, B = 35.51 GHz,C = 32.81 GHz for He-CH(*A’) and 07 = —_—
A = 464.58 GHzB = 57.13 GHz,C = 50.87 GHz for He- — _
CH*™(3A"")), it is possible that the rotational analysis may be Lo
conveniently performed in terms of a prolate near-symmetric (100) (021 —
semirigid top framework. —100-  (020) S—
The near-symmetric rotor energy level expression adopted <
is the one described by McKellat al.3 £ o (D)
E(J, K) =B[JJ + 1) — K’ — D[J(J + 1) — K}* + AE, * 200
AE =+ %(B —OJa+ 1)+ %d[J(J +8 @ (©00) (©o
-300- k=0 K=1 K=2 K=3

AEk is zero forK = 0, both parameters iNEx are allowed for
K =1, and onlyd is allowed forK = 2. In the actual fitting of
the rotational lines it was not necessary to tdl@nstants into
account except for the (101) state of HEH(3A").

It is also customary to defineffectve rotational constants,
i.e, A B, and C, which contain some centrifugal distortion
contributions. In the following, the ro-vibrational energy levels
are calculated using BOUNB which performs a full dynamical

Figure 2. Bound states for HeCH" (*A"). Only states with] = K*
are shown.

TABLE 4: Energies and Expectation Values for the Ground
State and the Lowest Excited Bending and Stretching States
of He—CH™ (*A") and ((A")

Ra, =
(v2 v3, K)  energylcm®  AE/cm™ (/R YIA  [Py(cosh)

calculation. The energy levels obtained include centrifugal CH* (*A)
distortion effects and any dynamical contributions. In comparing  (000) —243.47 2.40 —0.40
with possible experiments on H&€H™, it is therefore conve- (010) —145.88 97.5 2.68 —0.24
nient to define energy differences that may be qualitatively (1002 —66.92 167.5 3.07 —0.05
interpreted in terms of rigid-molecule rotational constants and (1017 ~353L 208.2 3.02 —0.04
Interp g : tator (101°) —35.36 208.1 2.93 -0.05
prolate near-symmetric top centrifugal distortion constants. The CH* CA
appropriate expressions have been given by Thornley and 000 _ CA) _
3 TS ~ (000) 528.52 1.88 0.38
Hutsor?® and are used to determmﬂe B, andC. (010) —373.42 155.10 1.98 —0.36
The resulting structural constants from both approaches can (100) —178.30 350.22 2.41 —0.06
then be compared with expectation valug#:?(Jover the ro- (101%) —153.49 375.03 2.33 —-0.16
vibrational wavefunction. This comparison helps to assess how (101) —153.53 374.99 2.33 —0.16

reliable the underlying model Hamiltonian is.

A. A’ State. Close-coupling calculations on the HEH™
(*A) PES reveal that the ground state is 243 tnbelow
dissociation to Het- CH* (*A"). About half of the well depth is

a behavior similar to (100). Experiments able to characterize

such states could obtain a lot of information on the topology of
the underlying PES.

The vibrational energy levels of H&CH™ (*A') are displayed

consumed by zero point energy. The average distance of thein Figure 2. As can be seen the density of states is rather low.

He atom to the center of mass of CHs 2.40 A, which is
roughly 0.1 A larger than the equilibrium separation.
Inspection of the expectation vall®R2(and wavefunction

Progressions i can be seen up t = 3.
Rotational constants for the fundamentals were derived from
levels up toJ = 5. The methods described above to determine

calculated in the helicity decoupled approximation reveal that the rotational level pattern were used and lead to constants
the first excited] = 0 state is the Van der Waals stret¢h= collected in Table 5. These structural constants can be compared
1 (010). It lies about 100 cm higher in energy than the ground  with average distances derived from the wavefunctions for the
state. Due to the rather flat PES, this state already probes acorresponding vibrational levels themselves. Table 5 shows that
much larger radial range than (000) as can be seen from thefor He—CH™ (*A’) the two forms of analysis described yield
results collected in Table 4. However, the state is still comparable results. In addition, rotational constants calculated
concentrated around a T-shaped configuratiofiPalS~ —0.25 from [1/R20compare tdB and B to within a few percent.
suggests. The next fundamental (100) appears 167 above It is also of some interest to compare the frequencies
(000) and is sensitive to a rather large part of the PES. The calculated from the second derivatives around the minimum
radial average is more than 3.0 A, and the structure is far from energy structure (see Table 1) with the bound states calculations.
T-shaped. In fact, the first bending state probes the whole The presence of strong anharmonic effects combined with a
angular range. substantial angular-radial coupling makes the calculation of

TheK = 1 excitation of (100) is another 35 crthhigher in frequencies based solely on information about the curvature
energy. This state has a node in the T-shaped configuration andaround the minimum difficult.
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TABLE 5: Rotational Constants Using Either a Prolate Near-Symmetric Rotor Hamiltonian or Effective Constants

near-symmetric rotor

effective constants

(v2, v3, K) volem 1 B/lcm ! D/104cmt (B - C)lemt Alcm? Blcm™ Clem
CHT (*A)
(000) —243.47 0.930 2.47 15.280 0.967 0.893
(010) —145.88 0.751 3.78 19.479 0.786 0.715
(200) —66.92 0.591 4.10 12.290 0.617 0.562
(001) —228.10 0.931 2.36 0.073
(011) —126.28 0.771 3.17 0.070
(101) ~54.70 0632 401 0.054
CH"™ ((A")
(000) —528.52 1.484 4.98 15.304 1.565 1.401
(010) —373.42 1.342 5.47 15.537 1.418 1.263
(200) —178.30 0.948 8.76 23.838 0.927 0.965
(001) -513.21 1.483 4.53 0.164
(011) —357.88 1.341 5.09 0.152
(101) —154.54 1.033 8.26 0.009
B. Influence of the C-H* Coordinate. One customary and f(0) = f(0°) + a,[e 2170 — 1] (4)

computationally useful approximation is to fix the monomer
bond length at the equilibrium value of the geometry optimiza-
tion for the complex. However, in the majority of protonated

was used. The paramejgwas more appropriately represented
by an expansion in Legendre polynomials of the form

hydrogen-bonded systems it became obvious that monomers in

different vibrational states interact differently with their binding
partner. In order to include such effects a computationally
efficient procedure was develop€dnd is implemented here
to investigate how much the previous results are affected if the
C-H* coordinate is considered.

The vibrational adiabatic procedure was applied in the form
outlined in ref 16. The helium atom is placed at different
intermolecular distanceRs along an angular cut specified by
.. In such a configuration the C-H bond is varied, which gives
rise to an effective one-dimensional potentiéicy). The grid
(Rs, 6c) on which the correction function is calculated was
chosen according to an energy criterion. The valuegof
included 0, 458, 60°, 9¢°, 12C°, 135, and 180. On every
angular cuRs was determined as the solution\iRs, 6¢) = Es
whereEs = 1000 cnt?, 0 cnT?, De(6) andDe(6.)/2. In addition,
one point atRs = 10ap was included for all angles.

For every position Rs, 6¢) of the helium atom the C-H
bondlength was varied between hgand 2.75a,. Vibrational
energies for the; = 0 andv; = 1 vibrations were calculated
using the LEVEL program? The adiabatic correction for a
specificRs and 6. is then defined as

VIR, 05 v) = E(R 05 v) — E(R, 6. = 180°; ) (2)

Here,E is the energy of the; = 0 or »; = 1 excitation.

Next, the correction potentialddqR;, 6, v) is fitted to a
functional form. Inspecting the radial behavior of each cut
0. = constant reveals that9qR, 0; v) is mainly repulsive.
Thus, an exponentially decaying function augmented by a long-
range attractive part is chosen:

1%

V(R) = Aexp(—fR) — [tanhR — Ry + 1]R6

©)

Although the long-range interaction of the physical potential is
known to vary asR™*, inspection of the correction potential
did not seem to justify such a strong attraction at long range.
The parametéeR, is used to define the region in which the long-
range contribution becomes important. It was fixetRat= 7.5
ao in all cases.

Subsequently, the parameteks 5, and C are fitted to an
angular-dependent expression. Poand C the expression

B(6) =V, + V,P,(cosb) + V,P,(cosh) (5)

The adiabatically corrected potentials are thus given by

VAR, 6; v) = V(R, 6) — V(R 6; v) (6)
whereV(R, 0) is the frozen monomer potential. The parameters
for » = 0 andv = 1 are given in Table 3. It is interesting to
note that the correction in the case of HeH" does not
significantly affect the well depth or the equilibrium structure.
However, the repulsive wall is somewhat modified, especially
in the He-H-C* configuration.

In order to fully assess the influence of the C-ebordinate,
ro-vibrational calculations on th&2dqR, 9; v 0) and
VadigR @, v = 1) PESs have been performed. They confirm
that only minor changes in the ro-vibrational states and the
dissociation energy upon excitation of the C-H stretching
vibration can be expected. The dissociation energy in the
vibrational ground state iBy° = —241 cm! and decreases
slightly to Dy~ = —238 cn! upon exciting the C-H stretch.
Thus, no appreciable red-shift of the monomer vibration is
expected as was observed in all previously studied™AB
complexes®20 Harmonic frequencies calculated from the
second derivatives around the minimum energy configuration
(see Table 1) show the same behavior and support the present
analysis.

The lower lying intermolecular stretching and bending
excitations do not change in going from= 0 to v = 1. They
are also virtually unchanged compared to the results from
calculations on the uncorrected PES. Thus, no in-depth analysis
of these states has been performed. Once experimental data is
available it may be advantageous to use the corrected PESs
VadigR, 9; v = 0) andVa9qR, 0; v = 1) together with the
recently developed morphing procedure in order to devise
improved interaction potentiafd:#2

C. The Two Electronically Excited StatesA’ and 2A"". A
complete treatment of the dynamics on ##¢ and3A"”" PESs
would have to include spinorbit effects in calculating ro-
vibrational energy levels. The main concern of the present work
are the characteristics of the vibrational energy-level pattern,
and as no experimental data is available the influence of such
effects is neglected in the current study.
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The far deeper well on théA” surface compared to the In contrast to the®A”" state the3A’ PES shows a linear
ground state ') interaction potential leads to an increased minimum with a much reduced well depth. The interaction
binding energy. Again, the zero point energy consumes aboutpotential is flatter, and the repulsive wall is shifted towards larger
half the well depth as emphasized by a binding energy of the intermolecular separations.

(000) state of-530 cntl. This state has an average distance  Experiments carried out in the mid-infrared region might
from the center of mass of CHof 1.9 A. The ground state  probe the CH stretching vibration of HeCH* in its electronic
probes largely a T-shaped configuration. ground state and subsequently detect vibrationally predissoci-

Some 160 cm! higher in energy lies the first excited ating CH" fragments. On the basis of the present investigation,
stretching excitation (010). Due to the more confined topology N0 appreciable red shift of the Chstretching frequency is
of the PES, this state has an average radial distance only 0.1 Aexpected. This is in contrast to observations in systems such as
larger than the ground state (000). This state is still concentratedHe—OH* 1220 Additionally, the intermolecular excitations seem
around 90 as can be seen from plots of the wavefunction and hot to change considerably in going from HEH" (v1 = 0) to
averages ovelP,[] In contrast, the stretching excitation forHe ~ He—CH™ (1 = 1). One of the bottlenecks to observe He
CH* (!AY) has an average separation about 0.3 A larger than CH™ may be that it proves difficult to produce enough Ci
the ground state. As in HECH* (*A') the first excited bending @ supersonic jet. But given the fact that HeH" seems to
state is pushed up rather far, lying 350 @nabove the ground  behave differently than any other protonated complex observed
state and probing the whole angular range of the PEX #s to date and the possible astrophysical significance of this system
1 companion is found a further 25 cthabove. it may be worthwhile taking this challenge.

Rotational constants for the lower lying states calculated from  1he A" — A transition of He-CH" lies in a preferable
expectation value§l/ReJagree far better with the effective  '€gion of the electromagnetic spectrumuh) for ground based
constants than with the near-symmetric rotor analysis. This is @Strophysical investigations. However, the transition is likely
not too surprising because the anisotropy of this interaction t0 be only weakly allowed! Nevertheless it may be worthwhile
potential is rather large. However, as one moves up the laddert©® !nvestlga_lte the dipole su_r_face in some detail in order to have
of vibrational excitations the two approaches should become '€liable estimates for transition strengths because bothaid
very similar again, as was also observed in the electronic groundH€ Might be sufficiently abundant to form HEH™ in
state. Indeed, for the (100) state (about 180 Ynbelow interstellar environments.
dissociation, the rotationd constant calculated fromil/R20
agrees with the valuB from the near-symmetric rotor analysis.

The different topology of the PES for tiH&' state leads to
some profound changes in the ro-vibrational levels. Owing to
its much reduced well depth, the lowest state is located just
135 cn1? below dissociation to He- CH* (1). Because the
PES is rather flat, intermolecular stretching and bending
vibrations are found at lower frequency than on3é potential.
The (010) state is found 53 crh above (000). Further
fundamentals (109 and (100) lie 62 and 105 cmh above the
ground state.
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