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CCSD„T… intermolecular potential between He atom and ClF molecule:
Comparison with experiment

Rita Prosmiti,a) Carlos Cunha, Pablo Villarreal, and Gerardo Delgado-Barrio
Instituto de Matema´ticas y Fı́sica Fundamental, CSIC, Serrano 123, 28006 Madrid, Spain

~Received 5 August 2002; accepted 27 May 2003!

The potential energy surface of the He–ClF complex is calculated using for He atom an efficient
basis set of aug-cc-pV5Z augmented with a set of 3s3p2d2 f 1g set of midbond functions and
aug-cc-pVTZ, aug-cc-pVQZ for Cl and F atoms, respectively, at coupled-cluster with single and
double excitations and a noniterative perturbation treatment of triple excitations@CCSD~T!# level.
Three local minima are found for the He–ClF that correspond to linear He–Cl–F~collinear! and
He–F–Cl~antilinear! configurations and a asymmetric T-shaped structure. The well depths and the
equilibrium distances are 63.53 cm21 and 3.54 Å~collinear!, 41.09 cm21 and 3.23 Å~T-shaped! and
33.80 cm21 and 3.93 Å~antilinear!. Bound states calculations are carried out for the CCSD~T!
surface and the sensitivity of the rovibrational levels to the errors of the computed potential energy
surface at different configuration regions is discussed. The computed energy levels up to a total
angular momentumJ53 are in general accord with experimental data. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1592495#

I. INTRODUCTION

The potential energies describing the interaction of
atomic and molecular systems are of fundamental impor-
tance for understanding of the physical properties of matter.
During last yearsab initio methods have progressed suffi-
ciently so that the computed potentials are reliable in analyz-
ing available experimental data.

Structural analysis of the ground electronic state of rare
gas–dihalogen complexes turned out to be very interesting
due to disagreement between theory and experiment for rare
gas–interhalogen complexes.1 The existence of two minima
on the potential energy surface of rare gas–dihalogen com-
plexes, one linear and the other one T-shaped, has been a
matter of intense interest. The existence of linear isomers
was quite surprising,2 as it had been expected that if van der
Waals forces dominate the triangular structures are the ones
where the atom–atom attractive forces could be maximized.
A linear structure is not consistent with an additive pair po-
tential form used for intermolecular forces between rare-gas
atom and a dihalogen molecule. Further, the finding that the
rare gas–Cl bond2 was shorter than the sum of the van der
Waals radii of the two atoms, indicates an anisotropy in the
bonding interaction of such complexes. Linear species have
been determined by microwave spectroscopy for several in-
terhalogen complexes ~Ar–ClF,2 Kr–ClF,3 He–ClF,4

Ar–ICl5!, and for Ar–Cl2 ,6 Ar–I2 .7 Also, recentab initio
calculations confirm the existence of two isomers for
Rg–F2 ,8 Rg–Cl2 ,9 Rg–Br2 ,10 and Ar–I2 ,11 in accord with
available experimental data.

He–ClF was the first rare gas–dihalogen complex in
which both, linear and T-shaped structures, have been deter-
mined by microwave spectroscopy4 and confirmed byab ini-
tio MP4 level calculations.4 In the precedent study, modified

potential surfaces based on MP4 calculations have been used
to gauge the quality of theab initio data. It has been found4

that the modified potential obtained scaling the MP4 surface
by a factor 10%, gives results in far better agreement with
the experimental observations. The need for scaling demon-
strates the inadequacy of the level of the above calculation to
represent quantitatively the intermolecular potential energy
surface. Thus, in this work, we examine the van der Waals
~vdW! interaction of a He atom with ClF molecule in its
ground electronic state at CCSD~T! level of theory.

The aim of this study is to present high levelab initio
calculations and to obtain an accurate analytical potential
energy surface for He–ClF complex in its ground electronic
state. Bound state calculations are carried out and the com-
parison with available experimental data demonstrate the
quality of the potential. Additionally, the sensitivity of the
rovibrational transitions to errors of the calculated interaction
potential at different configurations is estimated. The paper is
organized as follows: In the next section, together with the
ab initio results, we present a parametrized functional form
of the potential. Bound state calculations on the above sur-
face are then reported and compared with experimental data
and previousab initio studies. Conclusions constitute the
closing section.

II. RESULTS

A. Ab initio calculations

The ab initio calculations are performed using the
GAUSSIAN 98 package.12 All computations are carried out at
the CCSD~T! level of theory. The He–ClF system is de-
scribed using Jacobi coordinates (r ,R,u). R is the intermo-
lecular distance of the He atom from the center of mass of
ClF, r is the bond length of ClF, andu is the angle between
the R and r vectors.a!Electronic mail: rita@imaff.cfmac.csic.es
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For the present calculation we used for Cl the aug-cc-
pVTZ basis set and for the atom of F the aug-cc-pVQZ basis
set from EMSL library.13 For van der Waals complexes, ef-
ficient basis sets can be constructed with the use of midbond
functions. Studies by Tao and Pan14 have shown that
these specific designed basis sets provide an efficient
way15,16 to saturate the dispersion energy, achieving an im-
provement of;5% in dispersion-bound complexes. The ex-
ponents of the bond functions are known to be quite system
independent.17 Therefore, for He atom we used augmented
correlation consistent~aug-cc-pV5Z! basis sets incorporated
in the GAUSSIAN 98 programs supplemented with an addi-
tional set (3s3p2d2 f 1g) of bond functions.18 We placed
the bond functions in the middle of the van der Waals bond
and in all calculations, 6d and 10f Cartesian functions are
used. The properties of He and35ClF monomers using the
above atomic basis sets at CCSD~T! level are listed in Table
I and compared with experimental and previous MP2 values.
CCSD~T! results are in better accord with experimental data
than the MP2 ones, except a small overestimation of the ClF
dipole moment. This agreement indicates that the level of
calculation and the atomic basis sets are sufficient to describe
properties of these monomers. Further, test runs performed
using the aug-cc-pVTZ basis sets for all atoms, as well as,
the above aug-cc-pV~T,Q,5!Z mentioned basis sets for each
atom with and without the additional set (3s3p2d2 f 1g) of
bond functions. The results of these calculations are summa-
rized in Table II for configurations near to global and local
minima. As can be seen, the use of bond functions clearly
affects the interactions energies of the complex, demonstrat-
ing their efficiency in calculations of such vdW systems.

The supermolecular approach was used for the determi-
nation of the intermolecular energies,DE,

DE5EHe–ClF2EBSSE2EHe2EClF , ~1!

whereEHe–ClF, EHe, andEClF are the energies of He–ClF,
He, and ClF, respectively. The correction, (EBSSE), for the
basis-set superposition error was calculated using the stan-
dard counterpoise method.22

We examined several intermolecular distancesR (2.8
<R<9 Å), and for each of them we performed calculations
for 18 angles ranging formu50° to 180° in increments of
5.625° or 11.25° and with fixedr 51.63 Å, the equilibrium
ClF bond length. The results for the CCSD~T! interaction
energies of He–ClF at selected geometries are listed in Table
III.

B. Analytical representation of the PESs

The functional form of the potential energy function is
given by an expansion in Legendre polynomials of the cosine
of the Jacobi angleu,

V~R,u!5(
l

Vl~R!Pl~cosu!, ~2!

where the correspondingVl(R) coefficients withl50 – 17,
are obtained by a collocation method as follows: For each
u (u i , i 51 – 18) the CCSD~T! ab initio data are fitted to the
following analytical expression based on a Morse–van der
Waals form:

TABLE I. Calculated and experimental properties for ClF and He monomers and binding energy, equilibrium
distance and frequency for the ClF molecule.

Monomer Property CCSD~T! MP2a Experiment

He Polarizability (a)/Å 3 0.2049 0.2003 0.2048b

ClF Dipole moment (m)/D 0.9030 0.8848 0.8881c

Quadrupole (Q)/D/Å 1.45 1.37 1.54c

Polarizability (a i)/Å 3 3.335 3.352
(a')/Å 3 2.335 2.362

(a i2a')/Å 3 1.0 0.99 1.32c

ClF Binding energy (De)/KJ mol21 244.3 25164d

Equilibrium bond length (Re)/Å 1.639 1.628d

Frequency (ve)/cm21 783.5 786d

aReference 4.
bReference 19.
cReference 20.
dReference 21.

TABLE II. CCSD~T! interaction energies for the He–ClF molecule obtained with different atomic basis sets at
the indicated configurations. bf stands for the 3s3p2d2 f 1g set of bond functions.

Atom/basis set u50°, R53.6 Å u5112.5°,R53.2 Å u5180°, R54.0 Å

He,F,Cl/aug-cc-pV~5,Q,T!Z 257.83 236.43 231.64
He,F,Cl/aug-cc-pV(5,Q,T)Z1bf 262.73 240.43 233.20
He,Cl,F/aug-cc-pVTZ 251.83 230.70 228.30
He,Cl,F/aug-cc-pVTZ1bf 262.59 240.01 233.29
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V~R,u i !5a0
i ~exp~22a1

i ~R2a2
i !!22 exp~2a1

i ~R2a2
i !!!

2
a3

i

R6 2
a4

i

R8 , ~3!

with parametersa0
i , a1

i , a2
i , a3

i , anda4
i , i 51 – 18. A non-

linear least squares procedure was used to fit the potential
function. The adjustable parameters as well as their maxi-
mum and averaged standard deviations for each angleu i are
listed in Table IV. A maximum standard deviation of
0.3 cm21 and an averaged standard deviation of 0.04 cm21

are found for the analytical representation as compared with
the ab initio points included in the fitting procedure. In ad-
dition, the accuracy of the two-dimensional fit ofV(R,u) is
checked by calculating some extraab initio points. In Table
V we present for the indicated geometries, selected along to
the minimum energy path, theab initio CCSD~T! values and
compare them with the correspondingV(R,u) ones, where

an averaged deviation of 0.1 cm21 is found. Also, tests using
two-dimensional cubic spline interpolations are also carried
out, however their accuracy are found to be worse particu-
larly in the regions near to the linear and antilinear wells
indicating the need for more angular points.

Figure 1 shows a two-dimensional contour plot of the
V(R,u) surface in the CartesianXY plane. The equipotential
curves are shown for He moving around the ClF molecule
fixed atr e51.63 Å. The potential has three wells at energies
of 263.53,241.09, and233.80 cm21 ~see Table VI!. The
collinear well is deeper than the near T-shaped (u5109.9°)
and antilinear ones. The barriers between them are found at
energies of217.88 cm21 @45.65 cm21 above the global~lin-
ear! minimum# with R'3.96 Å, u'62.9°, and at
226.83 cm21 @36.7 cm21 above the global~linear! mini-
mum# with R'3.81 Å, u'143.5°, for the collinear↔
T-shaped and T-shaped↔ antilinear isomerizations, respec-

TABLE III. CCSD~T! interaction energies for the He–ClF molecule obtained with the aug-cc-pV5Z1(3s3p2d2 f 1g) basis set for the He at the indicated
values ofR, u, with r fixed at 1.63 Å.

R ~Å!

DE (cm21)

u50° u511.25° u522.5° u533.75° u545° u556.25° u567.5° u590° u5101.25° u5112.5° u5123.75° u5135° u5157.5° u5180°

2.8 32.39 30.33

3.0 163.49 28.49 220.87 226.21 30.51

3.2 27.20 31.12 113.16 211.79 235.31 240.34 219.76 38.58 259.84 381.18

3.4 257.81 237.20 7.68 44.27 54.01 40.23 16.33 224.10 234.85 238.54 232.68 212.91 60.97 95.27

3.6 262.73 251.80 227.57 26.34 2.09 21.03 29.53 225.0 229.54 232.02 231.65 226.95 28.49 23.62

3.8 253.27 247.54 234.50 222.36 216.07 215.30 217.32 221.86 223.53 225.09 226.45 227.06 227.48 230.99

4.0 241.37 238.39 231.36 224.41 219.99 218.13 217.69 217.78 218.22 219.18 220.78 222.87 228.40 233.20

4.2 230.97 215.47 214.02 223.97 227.98

4.5 219.64 219.03 215.63 213.94 212.53 29.61 212.16 216.44 219.05

5.0 29.55 29.26 28.84 28.25 27.57 26.87 26.15 25.09 24.87 25.84 25.44 26.21 28.21 29.26

7.0 20.92 20.94 20.92 20.88 20.81 20.77 20.70 20.61 20.62 20.61 20.64 20.70 20.81 20.90

9.0 20.20 20.18 20.18 20.18 20.15 20.15 20.15 20.13 20.13 20.13 20.15 20.15 20.15 20.18

TABLE IV. Parameters, average, and maximum standard deviations for theV(R,u i), i 51 – 18 potential@Eq. ~2!#, for the indicated He–ClF complex.
Distances are in Å and energies in cm21. Figures in parentheses are powers of 10.

He–ClF complex

u a0 a1 a2 a3 a4 s smax

0° 219.608 2.147 65 3.085 30 206 305 24.329 91(06) 0.125 0.3
11.25° 34.4346 2.083 76 3.6423 128 482 21.169 41(06) 0.049 0.0085
22.5° 11.3776 1.975 43 4.023 88 103 036 2330 697 0.052 0.1
33.75° 11.175 1.926 48 4.069 16 110 876 2892 009 0.022 0.04

45° 5.496 07 1.872 79 4.286 53 92 903.2 2354 928 0.021 0.04
56.25° 5.626 55 1.852 69 4.2289 91 582 2543 048 0.017 0.03
67.5° 5.258 83 1.843 65 4.154 65 85 796.7 2520 821 0.0093 0.02
78.75° 2.6087 1.819 39 4.255 06 72 814.2 2116 463 0.022 0.03

90° 3.027 54 1.842 57 4.047 43 69 884.9 2146 850 0.025 0.05
101.25° 10.9572 1.930 83 3.489 85 73 787 2420 335 0.036 0.07
106.875° 5.405 68 1.958 48 3.690 27 70 448.1 2182 656 0.043 0.076
112.5° 4.401 25 1.967 09 3.789 72 65 697.8 246 380.4 0.051 0.1
123.75° 10.8504 2.021 59 3.654 77 80 813.7 2457 559 0.038 0.06

135° 10.8288 2.060 14 3.834 39 91 952.4 2620 313 0.024 0.04
146.25° 27.1613 2.057 64 3.739 57 118 936 21.718 58(06) 0.051 0.077
157.5° 8.315 73 2.160 91 4.127 45 100 556 2237 665 0.070 0.12
168.75° 7.983 97 2.207 27 4.175 14 99 375.1 79 461.9 0.020 0.037

180° 14.294 2.223 81 4.049 57 119 507 2660 135 0.041 0.11
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tively ~see Table VI!. In addition, one-dimensional represen-
tations of the potential are shown in Fig. 2. In Fig. 2~a! the
parametrized potential functions,V(R,u i) for fixed values of
u at 0°,112.5°,180° whereab initio points are calculated,
are presented. The minimum energy path as a function of the
angleu is plotted in Fig. 2~b!. The equilibrium distances and
angles for the three minima are found atRe53.54 Å for the
linear well,Re53.23 Å foru5109.9° and atRe53.93 Å for
the antilinear well.

Recent MP4 calculations have estimated4 the global
minimum of HeClF at an energy of258.08 cm21 with R
53.57 Å andu50°, a second minimum at235.17 cm21

for R53.30 Å andu5110°, and a third minimum with an
energy232.31 cm21 at R53.95 Å andu5180° ~see Table
VI !. A modified scheme has been introduced4 to adjust theab
initio calculation to the experimental observations: by a 10%
deepening the MP4 surface they corrected energy minima to
be 263.89,238.69, and235.54 cm21, respectively. Note
that the later values are very close to the ones predicted by
the CCSD~T! surface presented here, especially for the col-
linear well. A Fortran code for the potential surface is avail-
able in a EPAPS document.23

C. Bound state calculations

The two-dimensional Hamiltonian in Jacobi coordinates
has the form

Ĥ52
\2

2m1

]2

]R2 1
ĵ 2

2m2r e
2 1

l̂ 2

2m1R2 1V~r e ,R,u!, ~4!

wherem1
215mHe

211(mCl1mF)
21 andm2

215mCl
211mF

21 are
the reduced masses,mHe, mCl , and mF are the atomic
masses of4He, 35Cl, and19F isotopes,l̂ and ĵ are the angular
momenta associated with the vectorsR and r , respectively,
leading to a total angular momentaĴ5 l̂ 1 ĵ . r e is fixed at the
equilibrium Cl–F bond length, and the potential for He–ClF
complex is given by theV(R,u) expansion, Eq.~2!.

For a given total angular momentumJ and a parity of
total nuclear coordinates inversionp, the corresponding
Hamiltonian is represented as a product of radial,$ f n(R)%,
and angular,$Q j V

(JMp)%, basis functions. For theR coordinate
a discrete variable representation~DVR! basis set is used
based on the particle in a box eigenfunctions.24 The expres-
sion for the$ f n(R)% functions is given by

f n~R!5
2

AL~N11!
(
k51

N

sin
kp~R2R0!

L
sin

kpn

N11
, ~5!

whereN is the total number of DVR functions,L is the size
of the boxL5Rmax2R0, and the DVR points in theR coor-
dinate are given by

Rn5
nL

N11
1R0 for n51, . . . ,N. ~6!

FIG. 1. Contour plots of the He–ClF potential energy surfaceV(R,u) @Eq.
~3!# in the XY plane. The ClF distance is fixed at 1.63 Å. Contour intervals
~solid lines! are of 5 cm21 and for energies from260 to 10 cm21. Dashed
lines correspond to the energies of the isomerization barriers.

TABLE V. CCSD~T! interaction energies,DE @Eq. ~1!# and potential
V(R,u) @Eq. ~2!# values for the He–ClF complex at the indicated (R,u)
points. Energies in cm21, angles in degrees and distances in Å.

(u,R) DE V

~0,3.54! 263.670 263.526
~5,3.56! 260.904 260.797
~18,3.73! 240.713 240.630
~36,3.97! 223.352 223.320
~67,3.91! 217.997 217.997

~72.1,3.85! 218.524 218.484
~107,3.2! 240.493 240.406
~110,3.1! 238.101 237.941
~110,3.25! 241.152 241.054
~110,3.4! 238.408 238.347

~112.5,3.24! 240.712 240.661
~118.1,3.2! 233.953 234.429
~142,3.8! 226.973 226.861

~144.1,3.82! 226.973 226.845
~180,3.93! 233.799 233.804

TABLE VI. Binding energies (De and D0), equilibrium distances and
isomerization barriers for the He–ClF complex. Energies in cm21 and dis-
tances in Å.

CCSD~T! MP4a MP4 scaleda

Collinear He–Cl–F structure
De 63.53 58.08 63.89
D0 14.457 11.660 14.202
Re 3.54 3.57 3.57

Near T-shaped He–ClF structure
De 41.09 35.17 38.69
D0 12.836 10.162 11.944
Re 3.23 3.30 3.30
ue 109.9 110 110

Antilinear He–F–Clstructure
De 33.80 32.31 35.54
D0 7.661 5.889 7.550
Re 3.93 3.95 3.95

Isomerization barriers
E* 217.88 215.23 216.75
R* 3.96 4.02 4.02
u* /deg 62.9 62.5 62.5

E* 226.83 223.65 226.01
R* 3.81 3.84 3.84
u* /deg 143.5 141 141

aReference 4.
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In turn, the angular$Q j V
(JMp)% basis functions are eigenfunc-

tions of the parity,

Q j V
(JMp)5@2~11dV0!#21/2@F j V

(JM)1p~21!JF j 2V
(JM)# ~7!

with

F j V
(JM)5A2J11

4p
D MV

J* ~fR ,uR,0!Yj V~u,f!. ~8!

M is the projection ofJ on the space-fixedz axis, V its
projection on the body-fixedz axis, which is chosen here

along theR vector. TheD MV
J* (fR ,uR,0) are Wigner matrices

and Yj V(u,f) are spherical harmonics functions,25 with uR

andfR being the space-fixed polar angles defining the direc-
tion of the R, while u and f are the polar angles of ther
vector in the body-fixed system. All the matrix elements of
the Hamiltonian involving angular functions are given in
Ref. 26.

A basis set of 50 DVR functions over the range from
R52 to 15 Å and up to 28 values of the diatomic rotationj
are used. Depending on the values ofJ and the parityp, the
size of the Hamiltonian matrix ranges from 1350 to 5300. By
diagonalizing the Hamiltonian the eigenfunctions and the
corresponding energies are obtained for a total angular mo-
mentum up toJ53 for even (p511) and odd (p521)
parity symmetries. The rotational constant for ClF is taken
equal to 0.515 410 65 cm21 and the reduced mass for HeClF
is 3.726 234 9 amu. In this way, a convergence of
0.0003 cm21 is achieved in bound state calculations.

For J50, the three lowest states of He–ClF are found at
energies of 214.457, 212.836, and27.661 cm21 @see
Table VI and Fig. 2~a!#. In Fig. 2~b!, together with the mini-
mum energy path, we plot the angular probability density for
then50,n51, andn52 eigenfunctions. As can be seen, the
n50 state is localized in the collinear well, then51 corre-
sponds to near T-shaped configurations, while then52 state
mainly exhibits an antilinear structure. It should be noted
that all the states appear above the isomerization barriers of
the potential@see Fig. 2~b!#. However, due to centrifugal
terms, the effective potential support these levels, and only
then52 state displays some tunneling towards the T-shaped
well.

For higherJ values (J51,2,3) the results of our calcu-
lations are summarized in Table VII, in comparison with the
available theoretical and experimental data for the He–ClF
complex. The energy levels are labeled asJC

p , whereJ is the
total angular momentum,p is the parity under total nuclear
coordinates inversion (1for even,2for odd! andC is L, T,
A, B for linear, near T-shaped, antilinear and bent configu-
rations, respectively. The classification scheme used by
Klemperer and co-workers,4 based on asymmetric rotor lev-
els, is also given.

In Fig. 3 we present the probability density distributions
for the lowest L, T, A vdW vibrational levels of He–ClF
molecule for theJ andp indicated values. As can be seen for
eachJ ~see Fig. 3 and Table VII! there are groups of states
that are localized in linear, T-shaped and antilinear wells. A
very good agreement is found between the present calcula-
tions and the previous bound state calculations using MP4
potential surface,4 with the CCSD~T! results to lie between
the original MP4 ones and those predicted by the MP4 scaled
potential surface. A general good accord is also found be-
tween the CCSD~T! with the experimental measurements. In
particular, the energy of theS1←S0 transitions is underes-
timated by about 0.7 cm21 for all J values studied, while the
S0 levels forJ.0 are lying very close to the corresponding
experimental values. The estimatedP1←S1 splittings are
also close to the experimental ones, 0.817 cm21 and
0.758 cm21, respectively for J51 and 1.053 cm21 and
0.999 cm21, respectively, forJ52. The P1

2 –P1
1 splitting

for J51 of 0.096 cm21, in excellent agreement with the
observed 0.092 cm21 one. A l -doubling type term,DEP

5qlJ(J11) fitted to experimentally measuredP1
2 –P1

1 (J
51) splitting, (ql50.046 cm2151379.045 MHz) predicts
values of 0.276 cm21 for the P1

2 –P1
1 (J52) splitting and

0.552 cm21 for the P1
2 –P1

1 (J53) one. These values are
almost the ones obtained using the CCSD~T! surface
(0.281 cm21 and 0.563 cm21, respectively!.

The difference of 0.7 cm21 in the S1←S0 transitions,
on the one hand, and the good agreement found for theP1

←S1 and P1
2 –P1

1 splittings, on the other hand, lead to
attribute the deviations from the experiment to the underes-
timation of the well depth for the linear isomer compared

FIG. 2. ~a! Potential energy curves for HeClF complex,
calculated at CCSD~T! level with aug-cc-pV5Z
1(3s3p2d2 f 1g) basis set for He.Ab initio results are
indicated by open symbols, circles foru50°, squares
for u5112.5° and triangles foru5180°. Full lines are
for the parametrized potential curvesV(R,u i) for i
51,12,18@Eq. ~2!#. ~b! Minimum energy path,Vm in
cm21 as a function of u and the probability

* uCu2 sinu dR distributions forn50 ~collinear!, n51
~near T-shaped! and n52 ~antilinear! vdW levels of
He–ClF.
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FIG. 3. Probability density for the indicatedJC
p vdW

levels of He–ClF for J51 – 3 calculated using the
CCSD~T! V(R,u) PES.

TABLE VII. Calculated energy levels for He–ClF using the CCSD~T! and CCSD~T! modified potentials in
comparison with previous MP4 and experimental data. The energy levels are labeled asJC

p , whereJ is the total
angular momentum,p is the parity under total nuclear coordinates inversion~1 for even2 for odd! andC is
L, T, A, B for linear, near T-shaped, antilinear and bent configurations, respectively. The nomenclature of
Klemperer and co-workers4 is also given. Energies~in cm21) are relative ton50 state forJ50. Note that the
equilibrium distancer e for ClF is taken for comparison reasons equal to the one given in Ref. 4, i.e., 1.6318 Å.

JC
p CCSD~T!/Modified MP4/MP4 scaled~Ref. 4! Experiment~Ref. 4!

D0 14.465/15.161 11.660/14.202

0L
1 0.0 S0 0.0 0.0

0T
1 1.627/2.318 S1 1.498/2.258 2.320

0A
1 6.798/7.486 S2 5.761/6.652

0B
1 10.970/11.484 S3 9.748/11.094

1L
2 0.369/0.369 S0 0.360/0.363 0.373

1T
2 2.085/2.779 S1 1.922/2.695 2.790

1T
2 2.902/3.594 P1

2 2.931/3.670 3.548
1T

1 2.998/3.682 P1
1 3.006/3.754 3.640

1A
2 7.159/7.841 S2 6.110/7.023

1B
2 9.780/10.211

1B
1 9.530/9.975

2L
1 1.104/1.106 S0 1.078/1.087 1.116

2T
1 2.999/3.694 S1 2.776/3.566 3.724

2T
1 3.771/4.464 P1

1 3.763/4.513
2T

2 4.052/4.747 P1
2 4.028/4.785 4.723

2T
1 5.539/6.231

2T
2 5.524/6.215

2A
1 7.971/8.656 S2 6.939/7.842

3L
2 2.205/2.209 S0 2.151/2.172 2.230

3T
2 4.341/5.036 S1 4.034/4.841

3T
2 5.055/5.748 P1

2 4.982/5.758
3T

1 5.618/6.313 P1
1 5.528/6.300

3T
1 6.982/7.673

3T
2 7.001/7.692

3T
1 9.184/9.864 S2 8.249/9.120

3T,A
2 9.204/9.894
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with the near T-shaped one. For vdW complexes of He atom
with homopolar halogens has been found8,9,27that the energy
difference between the linear and T-shaped wells increases
when ther bond is lengthened. Thus, parts of the above error
can be attributed to the lack of ther dependence in the po-
tential form, as well as to the level of calculation and the
fitting produre. In order to evaluate the errors in the
calculated/fitted CSSD~T! surface several trials are made to
adjust it to the experimental rovibrational transitions. We
found that the better agreement with the experimental values
is achieved when a scaling factor of 1.024 is used only for
the linear and near linear configurations, i.e.,u i with i
51 – 6. This indicates that for these configurations a relative
error of 2.4% is obtained in comparison with the rest geom-
etries, and we can attribute a part of this to the fitting proce-
dure~see Table IV!. In Table VII we listed the values of the
rovibrational transitions obtained using the adjusted potential
in comparion with the ones obtained with the CCSD~T! sur-
face and by the experiment. As it can be seen, theS1←S0

transitions are in excellent agreement with the experiment,
with a maximum difference of 0.03 cm21 for J53, while
almost no changes found for theP1←S1 andP1

2 –P1
1 split-

tings. Transitions involving antilinear states, not yet ob-
served, would contribute to evaluate the CCSD~T! potentials
at these configurations.

III. CONCLUSIONS

The ground potential energy surface is calculated for the
He–ClF complex at the CCSD~T! level of theory. As in other
studies on rare gas–dihalogen complexes, the existence of
two relatively isolated~linear and T-shaped! minima is estab-
lished. A third isomer is also predicted for an antilinear struc-
ture lying 6.8 cm21 above the ground vdW state of the com-
plex.

Bound state calculations are carried out for the above
CCSD~T! surface and transition frequencies up toJ53 are
evaluated. By comparing our results with the experimentally
determined ones,4 the quality of the CCSD~T! potential is
tested. A general good accord is found between the CCSD~T!
results and the experimental observations. The main discrep-
ancy with the experiment is found in theS1←S0 transition
frequencies, and remains constant for allJ values studied.
This finding, in combination with the very good agreement
in the transitions of T-shaped states, indicates that the present
two-dimensional CCSD~T! calculations are slightly underes-
timating the depth of the linear well. Thus, by perturbing the
interaction potential at near linear configurations using a
scaling factor of 2.4% and comparing with the available ex-

perimental data, we are able to estimate the sensitivity of the
rovibrational transitions to errors of the potential in different
regions. We conclude, therefore, that CCSD~T! calculations
provide results for the rovibrational transitions quantitatively
comparable with the experimental ones.
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