AI P ‘ The Journal of
Chemical Physics

Morphing the He—OCS intermolecular potential

Joanna M. M. Howson and Jeremy M. Hutson

Citation: The Journal of Chemical Physics 115, 5059 (2001); doi: 10.1063/1.1394940
View online: http://dx.doi.org/10.1063/1.1394940

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/115/11?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
A new potential energy surface and microwave and infrared spectra of the He-OCS complex
J. Chem. Phys. 141, 174308 (2014); 10.1063/1.4900429

Method for the ab initio calculation of intermolecular potentials of ionic clusters: Test on Rg-CO + , Rg=He, Ne,
Ar
J. Chem. Phys. 118, 1110 (2003); 10.1063/1.1527570

Comment on “Anisotropic intermolecular interactions in van der Waals and hydrogen-bonded complexes: What
can we get from density-functional calculations?” [J. Chem. Phys. 111, 7727 (1999)]
J. Chem. Phys. 113, 1666 (2000); 10.1063/1.481955

Anisotropic intermolecular interactions in van der Waals and hydrogen-bonded complexes: What can we get from
density functional calculations?
J. Chem. Phys. 111, 7727 (1999); 10.1063/1.480161

The intermolecular potential of He—-OCS
J. Chem. Phys. 110, 1383 (1999); 10.1063/1.478013

TN
Launching in 2016}

cs research is here

AI P I Igrfgtonics



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1775931736/x01/AIP-PT/JCP_ArticleDL_081915/AIP-APL_Photonics_Launch_1640x440_general_PDF_ad.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Joanna+M.+M.+Howson&option1=author
http://scitation.aip.org/search?value1=Jeremy+M.+Hutson&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1394940
http://scitation.aip.org/content/aip/journal/jcp/115/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/141/17/10.1063/1.4900429?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/118/3/10.1063/1.1527570?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/118/3/10.1063/1.1527570?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/113/4/10.1063/1.481955?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/113/4/10.1063/1.481955?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/111/17/10.1063/1.480161?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/111/17/10.1063/1.480161?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/110/3/10.1063/1.478013?ver=pdfcov

JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 11 15 SEPTEMBER 2001

Morphing the He—OCS intermolecular potential
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A potential energy surface for He—OCS that agrees with experimental rotational spectra to within 1
MHz is presented. The potential was first calculated at a grid defined in prolate spheroidal
coordinates, which give stabler interpolations than Jacobi coordinates. Coupled cluster calculations
at the CCSMT) level were carried out with an aug-cc-pVTZ basis set. The potential was then
morphed, a procedure that scales the energy and the intermolecular distance in a
coordinate-dependent way. The parameters of the function used for morphing were determined by
a least-squares fit to the experimental data. The global minimum of the recommended potential, at
—50.2 cm 1, is 4.8 cm ! deeper than the unscaled potential of Higgins and KlemgéreEhem.
Phys.110, 1383(1999]. The morphing procedure increases the well depth by more at the sulfur end
than at the oxygen end. @001 American Institute of Physic§DOI: 10.1063/1.1394940

I. INTRODUCTION study so far was that performed by Higgins and Klemperer
(HK),®® who carried out counterpoise-corrected MP4 calcu-
There is considerable current interest in the propertieations on an irregular grid of 98 points, at 13 different
and behavior of molecules in liquid helium droplétSuch angles, with 2.5 AR<10.0 A. They used a basis set that
droplets have many novel properties, and allow the prepargncluded “bond-centered” functions, which have been found
tion of a variety of unusual species that are inaccessible iy pe effective at speeding convergence of the dispersion

other experiments. Both small molecules such ag ($Te1:h energy. Higgins and Klemperer then fitted a functional form
2) and OCS[Ref. 3 and large molecules such as tryptophan to the data at each angular cut in order to generate a regular

havg been observed in helium droplets. .The droplets a|58r|d of 175 points, on the range 2.54R=<20.0 A. By put-
provide a novel environment for studying atoriand ; oo . . ; X
. . ting a bicubic spline through the points on this grid they
moleculaf clusters and chemical reactiohs. . . . . .
obtained a potential surface with three minima. In its un-

In recent experiments, Grebeneval®>® measured the L ) _ _
emodlfled form, this potential gave rotational constants for

rotationally resolved infrared spectrum of the OCS molecul R ]
in helium droplets. The molecule was found to have a rotalt€—OCS that were significantly below the experimental val-

tional constant of 0.0732 cnt in the droplet environment, Ues. However, based on experience with other systems Hig-
compared to the value of 0.2029 chin the gas phase. 9ins and Klemperer proposed increasing the well depth by
Many other molecules have also been found to have reduceP% and reducing the intermolecular distance by 0.05 A.
rotational constants in the droplet environm%rﬂnough This gave improved agreement with the centrifugal distortion
some, like HCN, retain almost their full gas-phase vaftfes. constants and the rotational constants.
This observation has sparked a considerable amount of the- Meuwly and Hutsof? have recently developed a “mor-
oretical work*-*? phing” procedure which allows aab initio potential to be

Any proper understanding of the behavior of moleculesadjusted to fit experimental data in a systematic way. In this
in droplets requires knOWledge of the He—molecule interaCapproach’ ang|e_dependent energy and distance Sca"ngs are
tion potential. For He—OCS, Higgins and Klempefétave  introduced, and their parameters determined by least-squares
measured rotational spectra and interpreted them in terms @ing to experimental data. The procedure retains the gen-
anab initio potential. Other experimental work on He—~OCS g5 shape of thab initio potential, but allows such things as
fha; included tgf measgrement .Of d|ffu.5|or} and thermal OIIfbarrier heights and the absolute and relative depths and dis-
usion _JfaCtor ' rofcat|onal_ly inelastic . integral _ cross tances of potential minima to be adjusted. It has antecedents
section$® and total differential cross sectiorfalthough the . 23 .
| , ) : ._in the work of Bowman and co-workef$;23who also intro-
ast were not resolved into elastic and inelastic . . . .

duced coordinate-dependent scaling functions to redibe

contributions.® - ) )
There have also been a numberaif initio studies of Nitio potentials. Meuwly and Hutson carried out a system-

He—OCS. Danielson, Mcleod and K&il carried out atic study of morphing for Ne—HF, and showed that the final
Hartree—Fock calculations of the repulsive interaction at gotential obtained from morphing was remarkably insensi-
variety of geometries and added a dispersion term. Sadléive to the quality of theab initio potential used as a starting

and Edward¥ carried out geometry optimizations at the point.

MP4 (fourth-order Mgller—Plessgtevel and found two lin- In this work we apply the morphing procedure to

ear and one T-shaped potential minima. The most thoroughle—OCS.

0021-9606/2001/115(11)/5059/7/$18.00 5059 © 2001 American Institute of Physics
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TABLE |. Comparison of He—OCS interaction energies at a single point for
aug-cc-pVTZ and aug-cc-pVQZ basis sets. The energies are corrected for
basis set superposition error. Calculations were carried out using
GAUSSIAN 94, running on a single process@95 MHz R10000 of a Silicon
Graphics Origin 2000.

CPU time
Basis set Method Energy per point
aug-cc-pVTZ CCSDr) —18.15cm? 42 hrs 36 mins
aug-cc-pVTZ CCSDT,FO) —18.08 cmt 10 hrs 45 mins
aug-cc-pvQZ CCSsmn) —-21.21 cm? 2 weeks
aug-cc-pvVQZ CCSDr,FO  —21.16cm! 6 days

with the He atom at the oxygen end fé=0 and at the
sulfur end for#=180°. This is the opposite convention to
that used by Higgins and Klemperér.

N
=1 o
N

B. The unmorphed potential:  Ab initio calculations

FIG. 1. The He—OCS inertial axes and distances used to define prolate

. . We chose to carry owtb initio calculations on a product
spheroidal coordinates.

grid of 246 points, made up of 13 Gauss—Legendre quadra-
ture points iny and 19 equally spaced points§n The range
Il. THEORETICAL METHODS of interest, 2.3<£<4.8, was established from the HK poten-
tial. We used CCSIX) calculations(coupled cluster calcu-
lations including single, double, and noniterative triple exci-

The potential energy surfaces for atom—molecule systations, which have been shown to reproduce the potential
tems are usually represented in Jacobi coordinates. Howevehape faithfully for Ne—HE? As the number of points re-
we have found that, for interactions between atoms and linquired was large and the CPU time available was limited, the
ear molecules, prolate spheroidal coordinates allow more agize of basis set that we could afford was restricted. The
curate interpolation and more economical grid choices thaRasis set convergence at a single point and the corresponding
Jacobi coordinate®. We therefore adopt prolate spheroidal CPU times are shown in Table | for Dunning’s correlation-
coordinategelliptical coordinatesin the present work. consistent aug-cc-pVTZ and aug-cc-pVQZ basis $ets

In two dimensions, a set of elliptical coordinates is de-for both full correlation and frozen core methods. The aug-
fined as shown in Fig. 1, in terms of a baseline that run$c-pVTZ basis was found to provide a good compromise
between foci az, andz, on thez axis, and the distanceg ~ between CPU time and accuracy. The difference in
and r,, from the foci to a family of confocal ellipses and counterpoise-corrected interaction energy between the frozen

hyperbolas. The elliptical coordinatésand » are given by ~ core and full correlation CCSD) methods at the single
point calculated was 0.07 cm while the saving in CPU

A. Coordinate system

_TatTp and 7= fa” o (1)  time was almost a factor of 4. Hence, frozen core CCISD
Zat+ 2z Z3t+ 7y was employed for calculations on the full grid of 246 points.
and are defined with ranges The full counterpoise method of Boys_ gnd Bern&tdi
was used to correct for basis set superposition error. All the
Isés» and —1sy<1 (20 ab initio computations were carried out wiRUSSIAN 94%°

¢ is a distancelikébut dimensionlegscoordinate andy is an~ The OC and CS bond lengths were held fixed at 1.16 A and
anglelike coordinate. Prolate spheroidal coordinates are oB-56 A, respectively.

tained from elliptical coordinates simply by rotating the el- At €ach cutin the potential was expanded in Legendre
lipse about its major axis and introducing an azimuthal angld@olynomials,

¢; since an atom-linear molecule potential is cylindrically

symmetrical, we may speak interchangeably of elliptical or  V(&,7)= 2>, V,(£&)Py(7). (©)
prolate spheroidal coordinates. »

In the present work, we used a baseline that runs bethe reproducing kernel Hilbert spa¢BRKHS) interpolation
tween the oxygen and sulfur nucléNote that this is not scheme developed by Ho and Rabitwas then used to in-
quite the same baseline as recommended in Ref. 24: the cdkrpolate between the points ffor each\. The resulting
culations described here were completed before those recorpetential is plotted in Fig. 2.
mendations were finalizedThe helium—sulfur distance cor- The raw(unmorphed potential has a global minimum of
responds ta, and the helium—oxygen distancertp. Thus, depth 43.27 cm! at #=69.7°, R=3.40 A, and two linear
when »=—1.0, helium is next to sulfur and whep=1.0it  minima at each end of the OCS molecule. The minimum at
iS next to oxygen. the oxygen end is 25.21 ¢m deep withR=4.82 A. This is

The work of Higgins and Klemperer was in Jacobi co- shallower than the minimum at the sulfur end, which is 27.90
ordinates. In the present work, the Jacobi system is set upm ! deep withR=4.52 A. The two linear minima are sepa-
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FIG. 3. Energy level diagram showing the rotational transitions measured
by Higgins and KlemperefRef. 13. Energy levels are labeledk y .

correspond to the desired agreement between experiment and
theory; they are considerably larger than the actual experi-
mental uncertainties.

The quantities included in the least-squares fits were the
actual transition frequencies. However, when comparing dif-
ferent potentials it is conceptually useful to consider &e
B, andC rotational constants and an appropriate set of cen-
trifugal distortion constants calculated from the different po-
tentials. Spectroscopic constants such as these tell us about
specific features of the potential, which raw transition fre-
guencies do not, so that physical insight can be gained. Al-
though in this work we decided that there was little advan-
tage in fitting to the constants directly, they were found to be
helpful in assessing the discrepancies between observed and
calculated frequencies and understanding how they relate to
the shape of the potential.

Experimentally, spectroscopic constants are usually ob-
tained by least-squares fitting to an effective Hamiltonian;
for He—OCS, Higgins and Klemperer used the Watson
A-reduced Hamiltonian. Calculated spectroscopic constants
can in principle be obtained by the same approach, but the
FIG. 2. Contour plots of He—OCS potentiaia) Th hed potential procedure is cumbersome, because it involves calculations
obteiinéd f?gn?uéggé)ocalfulationspv(\)/itin;?J(g-cc-svlfrr]zmgggisese?; ?Qela for several different values of the tOta,ll a ngulgr momentum
isotropically morphed(two-parameter potential; (c) the anisotropically ~and an extra level of least-squares fitting. It is more conve-
morphed(four-parameterpotential. Contours are labeled in th nient to obtain quantitiegpproximatelyproportional to the
rotational and centrifugal distortion constants from combina-
tions of low-) level energies or transition frequencies. These

rated from the global minimum by transition states found atapproximate constants roll up the effects of higher-order cen-
(RIA, 0/°)=(4.33,119.1) and (4.55,29.4), with energiestrifugal distortion into the low-order constants, but still allow

—15.81 cn! and —23.84 cn?, respectively. Hence the a direct comparison between experiment and theory because

potential in the region of the oxygen atom is quite flat. Ourthe approximations are identical for the two cases.

results agree qualitatively with the HK potential, which has a HeI—OCSfls ahprolate near-syrr;]metrlg r'o:t'or To:ecwe: ftr;e
global minimum 45.39 cm! deep and two secondary :ner_tla ?Xesl ort (_asyste:nbarleds_own In ;g' - In the fol-
minima at the linear configurations. owing, level energies are labeled in terms of asymmetric top

quantum numbers]KaKC.
The combination of level energiesght-111— 11 is ap-
Il EXPERIMENTAL DATA proximately equal to A (neglecting centrifugal distortion
Using combinations of the transition frequencies, (1
Higgins and Klemperé? measured 10 rotational transi- «1;7), (191000, and (Lo—10;), measured by Higgins
tions in the vibrational ground state of the He—OCS com-and Klemperer, gives 26 321.613 MHz for this quantity
plex, which are shown schematically in Fig. 3. These transi{which will be referred to simply as /& from now on. It
tion frequencies were used for the least-squares fit wittmay be noted that, if He—OCS was a rigid molecule with the
uncertainties oft1 MHz. These uncertainties essentially He atom atf=90°, A would be the same as the OCS rota-
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tional constantbocs=6081.49 MHz. In realityA is substan-  coupled equations propagated froRy,i,=2.2 A t0 Rpax
tially larger thanbgcs, because of the effects of wide- =6.5 A. This gives convergence to better thax 104
amplitude motion and because the equilibrium geometry idMHz for the eigenvalues and considerably better for the ro-
not §=90°. tational constants.

The combination of level energiesgt 141+ 191 is ap- The BOUND program operates in Jacobi coordinates,
proximately B. A different combination of the same three whereas the potentials used in this work are specified in pro-
transition frequencies as forA2gives an experimental value late spheroidal coordinates. It is however unnecessary to al-
of 10 962.705 MHz for this quantity. ThB rotational con-  ter BOUND itself to deal with prolate spheroidal coordinates;
stant gives information principally on the intermolecular dis-instead, when the potential routine is called &QUND, it
tance, and hence dRy,. calculates the equivalent position in prolate spheroidal coor-

The level energy combination;1— 1,5+ 1, is approxi-  dinates before evaluating the potential at that point.
mately 2C. Yet another combination of the same three tran-
sition frequencies gives 7360.919 MHz fo€2 The C rota-
tlona! constant gives information on the radial and anguIaR/_ THE MORPHING PROCEDURE
amplitude of motion.

The centrifugal distortion constants can be approximated  The functional form used to morph the surface is the
using level energies and transition frequenciesJfer2. For  same as that used by Meuwly and Hut$dexcept the angle
example, the centrifugal distortion constdhj gives infor-  dependence is handled here in terms of the spheroidal coor-
mation on the radial curvature of the potential in the regiondinate » instead of the Jacobi cas The morphing transfor-

of the minimum. The combination of level energies mation is

(202 (220~ 221) =~ Lo1) = 2% (101~ Ooo), Vimorpr & 7) =0 (1) Vorg( p(7) - €,7), @)
gives a quantity approximately equal t624D; for He—  \yhere
OCS. Using transition frequencies measured by Higgins and
Klemperer gives and experimental value -e22.576 MHz p(77)=2 o P(7)
for this quantity; it will be referred to as 24D ; for simplic- AT
ity, even though it actually contains contributions from (5)
higher-order c_entrn‘ugal distortion. U(W)ZE v, PL(7).

The quantity )
(2117F 3(210— 211) — (202+ (220~ 221))) The parameters;, andp, , are determined by a least-

. squares fit to the experimental data. The scaling is applied to
—(2(111+ 110 — 1o, (4)  first to the radial coordinate and then to the energy. The

radial scaling allows the distance at which the interaction

is approximately equal te-4D ;i . It gives an indication of )
the way the angular wave function changes as the molecuf@N€rgy passes through zero to be different for the morphed
and unmorphed surfaces.

is stretched by centrifugal distortion, and hence on the de®

gree of angular-radial coupling. distortion. Using the mea- 1 he first terms in the expansions of7) andp(7) are
sured transition frequencies gives an experimental value of SCUOPIC scaling factors. They can be used to adjust the well

—5.594 MHz for this quantity, which will be referred to as depth and the corresponding radial distance. The higher or-
— 4D, for simplicity. der terms inv(%) and p(#) introduce anisotropic scaling.

Finally, the quantity The second term in(#) allows the minimum energy at the
' carbon end of OCS to be adjusted relative to the energy at

—516.850 MHZ= (25— 3(211+21)) the oxygen end.
N The morphing function allows the surface to be bent and
~3[2(211%+ 212) = (2021 (220~ 220))] stretched by small amounts to reproduce the experimental

is approximately equal te- 12D . This gives an indication data, but the general shape of tak initio potential is re-
of how the bending amplitude of motion alters as the mol-tained. The amount of morphing needed, measured by the

ecule is stretched by centrifugal distortion. size and number of morphing parameters required to obtain
agreement with experiment, depends on the quality of the
IV. BOUND STATE CALCULATIONS initial surface.

In order to compare the rotational levels for this poten-A' The morphed potentials

tial with those from experiment, the close-coupling The least-squares fits to the spectroscopic data were car-
equation¥ were constructed and solved using tBeunp  ried out using the I-NoLLS prografi:>® I-NoLLS is an
program>° The bound states reported here are for the isotointeractive nonlinear least-squares fitting program which al-
pic speciestHe—-1%0'%C%%S, as this is the species that was lows the user to apply physical insight to guide the progress
studied experimentally. The rotational constdiycs was  of afit. It is particularly useful for highly nonlinear fits with
taken to be 0.202 85 74 cm for v ocs= 0,2* with basis func-  strongly correlated parameters, for which “black box” fitting
tions up toj =30 included in the calculations. The reduced routines often wander irretrievably into unphysical regions of
mass of the complex was taken as 3.752 ¥§9and the parameter space.
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TABLE Il. The morphing parameters of the isotropically morphéato- 5
parameter potential and the anisotropically morphédur-parameter po-

tential obtained in the present work. The 95% confidence limits are given in asr NN eI
parentheses.

R,.. / Angstrom
£

Parameter Isotropic morphing Anisotropic morphing Unmorphed potential
35 N\ v ——- Morphed potential
vg 1.302 242(0.316 130) 1.163 040(0.037 658) (a) A
v 0.0 —0.087 796(0.033 104) a ) , ) , .
vy 0.0 —0.044 405(0.041 718) 0l 30 60 90 120 150 180
Po 1.005 704(0.009008) 1.019 728(0.000 647) B j ' ' ) '

8)/em™

CCSDOT) computations with a finite basis set usually =
underestimate the dispersion energy. Consequently, they un &
derestimate intermolecular well depths and overestimate in-~
termolecular distances. It is thus reasonable to expect thata -6 = m m - T rh
least isotropic scaling in the energy and the distance will be or°
required. Accordingly, we began by performing an isotropic ‘
two-parameter morphing, with parameterg and py only.  FIG. 4. Unmorphedsolid) and morpheddashed! potentials for He—OCS.
The best-fit parameters are given in Table Il and the potentigfower graph, the minimum energy pathway agaifstupper graph, the
is plotted in the central panel of Fig. 2. The resulting fit to VaUes °fR along the minimum energy pathway.
the experimental data is shown in Table Ill: the agreement

with experiment is much improved, overall, but has actually . .
. o ther an excessively deep or an excessively shallow sulfur
deteriorated for the transition out of tie « =2, state. In . o
i a'c = end.D ;x was found to be particularly sensitive to the depth
addition, the }o—1; and 2,—2,, asymmetry splittings are - ot the potential at the sulfur end and so served as a good aid
poor. This is manifested as large errors in the centrifuga,nen deciding upon the best fit.

distortion constants, particularly iB ;. We can conclude A contour plot of the anisotropically morphed potential
that the isotropic morphing provides insufficient flexibility to ;g given in the bottom panel of Fig. 2. From the morphing
model the potential anisotropy properly. parameters alone, given in Table II, it can be seen that mor-

N We next investigated anisotropic morphing..With the ad'phing has made the potential approximately 16% deeper in
dition of v, andv,, we found that we could obtain rotational ¢, region of the global minimum, 3% deeper at the oxygen

transitions that agree with experiment to within 1 MHz, aSand. and 21% deeper at the sulfur end. Globallias been
shown in Table IIl. Also listed in Table Ill are the rotational yecreased by approximately 2%.

and centrifugal distortion constants. Very good agreement is

obtained with the rotational constants, which demonstrates

that the position of the global minimum is good. The largestB- Comparison of the morphed

error occurs foD ¢ . Although fits were also performed that @nd unmorphed potentials

included the addition of, or v, only, the fits were poorer The general shape of the potential has been retained fol-

and the resulting potentials were a little unphysical with ei-lowing the morphing procedure, as can be seen by compari-
son of the unmorphed and morphed potentials in Fig. 2. This

TABLE IIl. Comparison of experimental and calculated rotational transition is a fundamental feature of the procedure. The effects can be

frequenciegin MHz) for He—OCS. seen more clearly in Fig. 4, which shows the distance of the
minimum R.,(#) and the corresponding well depth for the
Transition _ Unmorphed Isotropic  Anisotropic Unscaled ynmorphed and anisotropically morphed potentials as a func-
Ik~ Ik, Experiment CCSON) morphed morphed — HK — inh o g After morphing, the potential has become globally
Lyg—14p 1801.0 1806.3 1741.6 1801.1 1835.8 deeper, especially at the sulfur end.
ior—goo gigé-g gig-; ggg;-z gi%-; gggi-g The positions and energies of the stationary points of the
23_22; 5386 5 53888 52118 53862 54856 anisotropically morphed potential and the unmorphed poten-

2,2, 115393 115188 114886 115400 113179 tial are compared in Table IV. The greatest amount of mor-
210—111 16502.6 16076.1 163785 16503.4 162525 phing was required at the sulfur end, where the morphed
200—101 18029.3 175857 178625 18028.3 17786.3 potential is made 5.76 cnt deeper and the distance of the
2;p=1y 200883 196586 198487 200885 199024 minimum is reduced by 0.09 A compared to the unmorphed
221~ 1o 426011 415612 426839 42601.0 412843 potential. The global minimum is made 6.95 chndeeper
250—111 446737 436348 446804 44673.9 434098 " e I .

with a reduction in the equilibrium distance of 0.08 A. The

2A 26321.6 260325 26331.0 26320.1 25621.3 smallest adjustment is required at the oxygen end, with the
2B 109627 107534 10809.3 109628 10889.2 morphed potential just 0.77 cm deeper than the unmor-

2C 7360.9 71407 73261 7360.7  7217.7 phed potential and the minimum 0.09 A closer in. The tran-
24D, 226 41.2 18.1 233 309 i 1

e =6 144 28 45 13 sition state closest to the oxygen end was made 1.43"cm
125‘; 516.9 1074.5 4425 510.5 7310 deeper, so that morphing has made the potential flatter at the

oxygen end.
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TABLE IV. Comparison of the energy and position of the stationary points of different He—OCS potentials. For
the scaled HK potential, the energies are 10% larger and the positions of the stationary points are unchanged.
Energies are given in cnt and positions are given in parenthesesR&\, 6/°). TS indicates a transition state

and GM the global minimum.

Feature Unmorphed Anisotropic morphed Unscaled (Rif. 13
€(O end —25.21(4.83,0.0) —25.98(4.74,0.0) —26.33(4.83,0.0)
&(TS) —23.84(4.55,29.5) —25.28(4.54,25.1) —24.46(4.51,32.2)
€(GM) —43.27(3.40,69.8) —50.22(3.32,70.0) —45.39(3.38,71.6)
&(TS) —15.81(4.33,119.1) —19.17(4.24,118.9) ~16.29(4.36,121.3)
(S end —27.90(4.52,180.0) —33.66(4.43,180.0) —28.69(4.53,180.0)

Since sulfur is larger than carbon and oxygen, it is moreest difference being 239.6 MHz, for thg,2- 1,4 transition.
difficult to describe inab initio calculations. In addition, sul- For the anisotropically morphed potential, there are no dif-
fur has many more core electrons, and is likely to be morderences greater than 1.0 MHz.
susceptible to the frozen core approximation made in our Higgins and Klemperer showed that scaling the MP4
CCSOT) calculations. It is therefore perhaps not surprisingpotential led to improved agreement with the rotational con-
that the greatest deficiencies in the unmorphed potential argtants and theidifferently defined centrifugal distortion
at the sulfur end. constants. However, even with this scaling, the agreement is
not nearly as close as with the anisotropically morphed po-
tential.

All the states that were observed by Higgins and Klem-

The unscaled HK surface is slightly deeper that our unperer were rotational states of the ground vibrational state.
morphed potential at all angles, as shown in Table IV. TheAs they showed, this state is quite strongly angularly local-
scaling introduced by Higgins and Klemperer was a simpldzed, with most of its probability density betweeh=50°
10% increase in the well depth at all geometries, so that thand 90°. However, the first two excited states sample quite
geometries of the stationary points are unaffected. Howevetlifferent regions of spac€.lt is therefore interesting to com-
their scaled potential is significantly deeper than our anisopare the energies of the excited states, and this is done in
tropically morphed potential at the oxygen end, but shal-Table V. Our best estimate of the ground state energy, from
lower at the sulfur end. It may be noted that Higgins andthe anisotropically morphed potential, 518.6 cm *; this
Klemperer also kept the core electrons frozen in ttir may be compared with-19.1 cm ? for the scaled HK po-
initio calculations, as we did. tential, which also has one more bound state than the un-

The calculated transition frequencies reported by Hig-scaled HK potential or either of the morphed potentials. It
gins and Klemperé? for the unscaled HK potential are in- may be seen that the frequencies of transitions to the excited
cluded in Table Ill. It may be seen that our unmorphed po4intermolecular vibrations are indeed significantly different
tential agrees more closely with six of the ten rotationalfor the three potentials, so measurements of these frequen-
transitions than the HK potential. Comparisons are madeies would be a good way to distinguish between them.
with the unscaled HK potential because only effective
Hamiltonian parameters and not raw transition frequencies

C. Comparison of the HK and morphed surfaces

for the scaled HK potentlal were reported in Ref. 13. VI. CONCLUSIONS
The greatest difference between the observed and calcu-
lated transitions for the unscaled HK potential is in thg 2 The morphing procedure has been successfully applied

« 1, transition where the difference is 1316.8 MHz. Our to the potential energy surface of He—OCS. The unmorphed
unmorphed potential is slightly better, with a difference of potential has closer agreement with the majority of experi-
1039.9 MHz for the same transition. The isotropically mor-mentally observed transitions than the HK surface, so it ap-
phed potential gives a marked improvement, with the greatpears that the grid of points used for thk initio computa-
tions was appropriate. The amount of morphing required was
_ _ small compared to previously published applications of
TABLE V. Calculated bound states energies of He—OCS Jer0 (in morphind9'37 because of the high quality of the initial sur-

—1
o). face. Our recommended potential, the anisotropically mor-
Energy Isotropic Anisotropic Scaled phed potential, reproduces the measured rotational transi-
level morphed morphed HKRef. 13 tions to within 1 MHz.
1 99713 _18.625 19112 The remaining uncertainties in the He—OCS potential
2 —~12.867 —10.275 —~10.337 are principally in the balance between the depths of the sub-
3 —11.856 —9.194 —9.250 sidiary wells at the two ends of the OCS molecule. The most
4 —9.129 —6.526 —6.826 useful further experiments to resolve the uncertainties would
2 :g:ggg :iégg :i:gﬁ be measurements of transitions involving excited intermo-
7 0181 lecular vibrations, which sample more of the angular space

than the pure rotational transitions included in the present fit.
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VII. ADDITIONAL MATERIAL 203, M. Bowman and B. Gazdy, J. Chem. Ph94, 816 (1991).

. . . 2B, Gazdy and J. M. Bowman, J. Chem. Ph9s, 6309(1991).
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