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Calculations at the CCSD) level of theory employing the cc-pVTZ, aug-cc-pVTZ and
aug-cc-pVQZ basis sets are reported. Both’theand the’A” states are considered, as well as the
two linear structures, H&NO and HeON. The highest level of calculation, CCED/
aug-cc-pVQZ//CCSDr)/aug-cc-pVTZ, indicates that the global minimum is a skewed T-shaped
structure, in agreement with recent CEPA calculations, but in disagreement with MP4 calculations,
which concluded that the linear HON isomer was the lowest energy geometry. Although the
highest level of theory used here indicates that’he surface is the lower in energy, the ordering

of the 2A’ and the?A” surfaces has not yet been firmly established. The interaction energy is
calculated to be~27 cm?, and estimated as being30 cm ! at the basis set limit. €998
American Institute of Physic§S0021-9608)01525-6

I. INTRODUCTION calculations of Alexanderwhere again théA’ surface was
_ . slightly more repulsive than the\” one. The results of Ref.
Recently, as part of an experlmentfill program into thes for the minimum energy geometry of H¥O are contrary
study of RgNO complexesRg=rare gaj" the known dis- {5 the MP4//MP2 study by Zolotoukhina and Kotakeho
sociation energies of the ground states of these species Wetg,juded that the global minimum on the He/NO potential
collated. These have been reported in the literature as 17 ergy surface was at a linear orientation, 881, (For the
-1 . —1 . J :
g;‘n 1 1E)H:m,—\llczkﬁb§gage?f ;e_e;ng fg 102;_] 1 ((Q; l:lg gg? nonlinear structures studied, it is not clear whetherPhieor
' ' Y . " 2A” surface was consideradlo comment was made in Ref.

1), where all but the value for H&O are derived from : : L ) .
experiment. It thus became quickly apparent that the diss@ concerning the different conclusion in Ref. 2, and in addi-

ciation energy for HeNO reported in the Abstract of Ref. 2 tion, only a contour plot of the potential energy surface was
was questionable. At this point Ref. 2 was examined in mordresented in Ref. 5, and no minimum energy geometry nor
detail, which revealed that there had been a misprint in théteraction energy was given. Both studies considered basis
Abstract of Ref. 2, and that the reported interaction energyet superposition errofBSSB, with Yang and Alexander
should have been 17.2 cth performing a point-by-point correction, and Zolotoukhina
At this juncture, it is necessary to consider the bondingand Kotake using a single-point correction at calculated sta-
of the He NO complex in more detail. NO has?&l ground tionary points. Although the latter authors went into some
state, and thus when a helium atom interacts with a NQjepth in their consideration of the magnitude and source of
molecule, the?’Il state can split into 4A’ and a’A” state,  the BSSE, the former authors did not give any indication of
depending on whether the unpaired electron is in-plane ofs size. One interesting aspect of BSSE in such weakly-
out-of-plane. Recently, a CEPA study on thé' and?A” 1), systems is its variation with geometry, and so a mini-

states by Yang and Alexanderas be_en reported; a 9”0! Of mum on a surface that has been corrected for BSSE might
energy points was calculated, and fitted to a potential in or-

. . . not be the same as that on the uncorrected surface. Further,
der to derive scattering data. Yang and Alexandemsid-

ered both surfaces. and concluded that3hé surface was the size and effect of spin-contamination in unrestricted
slightly more repuls',ive that theA” one. and that both sur- Wave functions needs to be addressed; in both of the afore-

faces had a minimum in a near perpendicular orientationmentioned studies, it was not stated whether unrestricted

implying an almost T-shaped geometry. It is interesting tovave functions were used, and if so, whether spin-
note that for AFNO, a similar geometry has been establishedcontamination was a problem. Also both of the previous
by Howard and co-workefsby radio-frequency and micro- studies used single-reference methods, and so a check on
wave spectroscopy, which is also consistent with the CEPAvhether such methods are adequate for this complex is nec-

essary.
9Electronic mail: epl@soton.ac.uk Som.e other aspects of Refs. 2 and 5, which we wanted to
PElectronic mail: tgw@soton.ac.uk explore in greater depth, were as follows:
0021-9606/98/109(1)/157/5/$15.00 157 © 1998 American Institute of Physics
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(i) What is the global energy minimum structure of in that the choice of the reference space is not a
He-NO, and what is the electronic state, if the mini- consideration—this can become problematic when consider-
mum is nonlinear? ing different electronic states, and also in the full counter-

(i)  What is the effect of basis set on the optimized geomoise(CP) correction methodology for BSSE. Geometry op-
etry, BSSE and interaction energy? Although this wagtimizations were started at linear geometries and T-shaped
addressed in Ref. 2, the basis sets used were stifbr both the?A’ and?A” states. All of these surfaces were
rather small, being based on the 6-31G basis sets extremely flat, so that even when the energy changes were
with variation of the polarization function space; this much less than 1 cnt during the geometry optimization, the
is indicated by the large BSSEs, compared to the ingeometry was still changing, indicating a very flat surface,
teraction energy. Reference 5 on the other hand emindicated by gradients<10™° atomic units; since it is the
ployed the large aug-cc-pVQZ basis sets of Dunningenergetics which were of primary interest here, once the en-
and co-worker§, with the majority of the calculations ergy had converged te<1l cm!, the optimization was
excluding theg functions, but did not comment on the stopped. No attempt to calculate second derivatives was
basis set effect nor the size of the computed BSSE. made, because the severe flatness of these surfaces would

(iii) What is the effect of BSSE on the calculated geom-make the vibrational frequencies obtained from such calcu-
etry and the interaction energy? As noted above, Reflations unreliable, especially with numerical methods, since
5 performed a point-by-point counterpoise correction.these are all based on the harmonic approximation.
Reference 2 considered the BSSE in some detail; they For He, augmentation functions for the cc-pVTZ and
noted that the BSSE they were calculating was muclkcc-pVQZ basis sets are not availableGRussIAN 94 and so
larger than the interaction energy itself, but concludeda set of even-tempered diffuse functions were designed as
that the calculated interaction energy was stable withfollows:
basis set, mainly by considering the energy changes . . .
on the helium atom, when thespace was thought to CC-pVTZ: 5(0.0522;p(0.1895;d(0.4193,
be saturated. It might be expected, however, that the cc-pVQZ:s(0.0509;p(0.1556;d(0.3397;f(0.7444.

;ncal‘jlc: ?{iﬁ; %O;Adtﬁs szsgg?;e{iimt: ’t\lhg EI;?S Tnc:)l;These were obtained using ratios of 4.0 and 3.6, extending
electr’ons and has electronega:[ive atoms. Thus th?éom the most diffuse exponent in the underlying basis set.
' ) ’ For the MRCI calculations a 6-311G* basis set was

basis set variation performed in Ref. 2 may not be T : . .
adequate. Also the differential effect of BSSE on theused’. th!s was a!ugn?ented with the following diffuse and
polarization functions:

calculated minimum energy geometry is of interest,
with two linear @I1) and two T-shaped?A’ and?A”) He:s(0.0509;p(3.0, 0.187%;d(2.76),
to be consideredln all cases, including here, the full ) ] )
counterpoise method is employgd. N:sp(0.0639:d(3.196, 0.261,1(1.093,
(iv) What is the effect of higher levels of theory? Use of 0:sp(0.0845:;d(4.522, 0.369;f(1.428.
the MP4 energy at the MP2 optimized geomefag
used in Ref. 2may not be adequate for a description
of this complex. Also the CEPA methddsed in Ref.
5) is an approximate coupled-cluster metticahd so
the use of a better technique, such as CO3vould
be informative.

All CCSD(T) calculations were performed usiguss-
94;1° the CI calculations were performed using
GAMESS-UK

lll. RESULTS AND DISCUSSION

A. MRCISD calculations: Validity of single-reference
and UHF-based methods

IIl. THEORETICAL METHODS .
A reference space for the MRCISD calculations was

In order to address the points noted above, the followinggenerated by continually extending the results from a single-
procedure was adopted. reference CISD calculation, until all significant contributing

The geometry was optimized at the CGSDlevel of  configurations were included, giving a total of 12 references;
theory employing numerical energy gradients, using the cc--7 million CSFs were generated for the optimized bent ge-
pVTZ and aug-cc-pVTZ basis sets, where both#8é and  ometries(see belowand also for a bond length of 200 A; for
the 2A” states were considered, as well as the two lineathe linear geometries, 3.5 million configurations were gener-
isomers: HeON and HeNO (both?IT). Then aug-ccpVTZ//  ated, since only half of the states may be included irDbg
cc-pVTZ and aug-cc-pVQZ//aug-cc-pVTZ single-point en- symmetry used for the calculations. In all ca§e§> 0.91,
ergy calculations were performed. with the largestc;>0.93, indicating that a single reference

Unrestricted wave functions were employed in all caseswave function is adequate for this complex. The calculated
The CCSOT) method was selected since it is one of the besbinding energies from these calculations, using the super-
single-reference methods available. To ensure that a singlerolecule approach, were very much higher than those calcu-
reference was sufficient to describe this complex, CISD andated using the CCS@) approach(vide infra) and were, in
MRCISD calculations were performed. The CGSDap- fact, of a similar magnitude to the MP4//MP2 results re-
proach is a higher-level of theory than the CEPA approachported in Ref. 2, with no BSSE correction; in particular the
and has the advantage over CASSCF and MRCI approachéte- ON linear isomer was the lowest in energy. The poor
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TABLE |. Calculated energetics of the HEO complex at the CCSQ) level of theory.

Orientation and Rel
Basis set staté —(Ei+132)[E;, Eg/cm™t  AEJem™t  Heggsdem™*  NOggsdem™'  BSSE /cm™!  AE,(CP/cm™
cc-pvTzZ
He-NO bent?A” 0.6171211 0.00 -12.31 1.84 19.38 21.22 +8.91
He-NO linear?I1 0.6171206 0.09 —12.22 2.17 7.99 10.16 —2.06
He- ON linear?IT 0.6171175 0.77 —11.55 1.65 4.46 6.10 —5.44
He-NO bent?A’ 0.6171192 0.42 —11.90 1.45 13.89 15.34 +3.45
aug-cc-pvVTZ//
cc-pvVTZ
He-NO bent?A” 0.6268441 1.62 —26.69 1.29 7.16 8.45 —18.23
He-NO linear?TI 0.6268515 0.00 —28.31 1.32 10.97 12.29 —16.02
He- ON linear?Il 0.6268346 3.73 —24.58 0.99 6.15 7.14 —17.45
He-NO bent?A’ 0.6267938 12.66 —15.65 0.88 4.78 5.66 -9.99
aug-cc-pvVTZ
He- NO bent?A” 0.6268606 4.13 —30.27 2.09 9.48 11.57 —18.70
He-NO linear?IT 0.6268644 3.34 —31.10 1.80 13.96 15.76 —15.34
He- ON linear?I1 0.6268794 0.00 —34.39 2.15 14.66 16.81 —17.58
He-NO bent?A’ 0.6268745 1.19 -33.21 1.67 8.03 9.70 —2351
aug-cc-pvQz//
aug-cc-pvTZ
He-NO bent2A” 0.6607464 4.78 —27.57 0.72 3.53 4.25 —23.33
He-NO linear?I1 0.6607413 5.90 —26.47 0.81 7.99 8.80 —17.67
He- ON linear?IT 0.6607455 4.98 —27.39 0.90 6.01 6.91 —20.48
He-NO bent?A’ 0.6607682 0.00 —32.37 0.75 4.68 5.42 —26.95

8 or geometries, see Table II.

performance of the MRCISD and MP4//MP2 results, com-  As may be seen from Table I, CP correction for BSSE
pared to those using the CEPA and CG¥EDmethods, are changes the relative energy ordering of the different struc-
attributed to the following points(i) the smaller basis set tures(compare columns 4 and 9 in Table This change in
used;(ii) the limited account of electron correlation, as com-ordering arises since the calculated BSSE is different for
pared to CCSDT); and(iii) the lack of correction for BSSE. different orientations; this is in addition to the general expec-
(We note that for the MRCISD calculations it is not easy totation that increasing the bond length decreases the BSSE.
ensure that a consistent configurational space is used for dllearly, since the energy differences between different ori-
of the calculations necessary for a full CP correction to beentations is rather small, then even quite small changes in the
made) relative BSSEs can change the overall energy ordering, when

In addition, for all of the calculations reported here, based on the CP-corrected energies. It is noted that the use of
(S?)~0.8, indicating that spin contamination of the unre-small basis sets in calculations on ™ and Ar-NO™ in
stricted wave functions was not significant; this is also ex-Ref. 12 has been attributttas being the probable cause of
emplified by the similar results obtained here using thean incorrect calculated geometry. In addition, it is our view
MRCISD approach, which employed restricted wave func-that the CP correction should not be used as a “quick fix” to
tions, compared with the MP4//MP2 results of Ref. 2, whichovercome the deficiencies of an inadequate basis set, al-
presumably used unrestricted wave functions. Consequentlthough the analysis of wave functions of CP calculations
we conclude that the use of the CCSIP method ought to involving ghost orbitals can sometimes indicate what the
give reliable results. weaknesses in a basis set €ertainly it would appear to

be at least desirable for the BSSE to be less than the CP-
corrected interaction energy in order to make reliable

B. BSSE conclusions; as may be seen from Table |, using the aug-cc-

One of the main weaknesses of the work of Zolot- pVQZ basis set, the BSSE is0.5 cm * per electron, and is

oukhina and Kotakewas the fact that the calculated BSSE Nt expect.ed to be decreased to any significant exFent With a
was much larger than the interaction energy, although somlé‘rger basg, S?t'_ The effect that BSSE hafs ﬁn ;:‘; Interaction
attempt at justifying the final results was made. As may bet'€rgy and minimum energy geometry of the-NE& com-
seen from Table I, using the cc-pVTZ basis set, the BSSE | lex is examined in more qletall in the following subsect_lon,
still greater than the CP-corrected interaction energy; eve ut a general observation is th_at _the BSSE of the two linear
using the aug-cc-pVTZ basis set, the BSSE is about the San,Eéructures appears to behave similarly, as does that of the two
size. It is only when the aug-cc-pVQZ basis set is used tha ent structures, with basis set variation.

the BSSE becomes reasonable. The conclusion from this E
clearly that basis sets of at least aug-cc-pVQZ quality are™
needed to obtain meaningful interaction energies; thus, the Employing the cc-pVTZ basis set, all four structures are
basis sets used in Ref. 2 are too small. almost isoenergetic. After CP-correction, the situation

Global minimum energy structure
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changes significantly, in particular the two bent structures’ABLE Il. Geometry of the last optimized poiltsee text for details bond
become unbound, owing to the large BSSE, whereas the lifengths in A, angles in degrees.

ear structures are still bound, but only very weakly. At the
aug-cc-pVTZ//cc-pVTZ level before CP correction, the
He-NO linear configuration becomes the lowest energy ge-

Basis set cc-pVTZ aug-cc-pvVTZ

Bent He NO (°A")

] : He-N 3.3595 3.2323
ometry; once CP correction has been made, the Baht N-O 11530 1.1532
surface becomes the lowest. / HeNO 116.8 95.2
Once geometry optimization has been performed using Linear He NO (I1)
the aug-cc-pVTZ basis set, then the-l@N linear geometry He-N 3.3987 3.2120
is the global minimum before the CP correction, while the N-O ) 1.1530 1.1532
271 . . Linear He ON (“II)
bent A becomes the lowest after CP correctpn. In this .o 3.3980 20948
case, in contrast to the cc-pVTZ results, the two linear struc- N-0 1.1530 1.1531
tures have the largest BSSEs, which leads to an alteration in Bent He NO (°A")
the global minimum structure. He-N 3.5534 33155
At the highest level of theory used here, aug-cc-pvVQZz// N-O 1.1530 1.1531
' / HeNO 117.4 74.8

aug-cc-pVTZ, théA’ surface is the lowest both before and
after CP correction, and the energy ordering remains un-
changed. As in the aug-cc-pVTZ//aug-cc-pVTZ case, the two
linear structures have the largest BSSEs, although here thgyyes of 3.75 A—17.67 cmil) and 3.61 A(—20.48 cm %)
difference in BSSEs between the linear and bent cases igre, respectively, with the geometries obtained at
significantly smaller. A question may reasonably be asked ahe ccSOT)/aug-cc-pVTZ level and the energies at
this point as to whether a full optimization at the aug-cc-the CCSDT)/aug-cc-pVQZ//ICCSIT)/aug-cc-pVTZ level
pVQZ level, or indeed employing larger basis sets, wouldhere Jacobi bond lengths are referred to in all cases
alter the calculated minimum. To test the former, the energystimationof the calculated minimum energy geometry from
at the geometries of the last few iterations in the aug-CCx contour p|ot in Ref. 5, y|e|ds Jacobi bond |engths and
pVTZ optimization were calculated using the aug-cc-pVQZangles of 3.3 A, 60°4A”) and 3.3 A, 100° A’). For the
basis set, and these indicated that the curvature of the auga” surface, this implies a He-N bond length of 3.0 A and
cc-pVQZ surface, both before and after CP correction, was' HeNO=110°, while for the?A’ surface, the corresponding
very similar to that of the aug-cc-pVTZ surface, and soyalues are 3.5 A and 70°; it may be seen that these values
would lead to a similar minimum energy geometry; within compare favorably with the values calculated with the aug-
the computing resources available to us, this is as far as it i§c-p\/-|-z basis setTable ll), especially the bond angles. It is
possible to check these results. also interesting to see that these are similar to the values for

Note that the ordering of théA" and the?A” surfaces  Ar.NO calculated by Alexandéet the CEPA/aug-cc-pVTZ
obtained here is reversed from that of Ref. 5, where theeve| of theory, where for théA’ surface, the corresponding
CEPA approximation was used, despite the fact that the basiglues were 3.8 A and 77°, while for tHf\” surface they
set used therein was very similar to that used here. Fojere 3.6 A and 98°. The very good agreement between the
Ar-NO, Alexander, again using the CEPA method, also cal- surface of Ref. 5 and the results here give added weight to
culated théA” surface to be lower than tfé\’ surface(and  the conclusions of both papers. It therefore seems clear that
both linear structurgs This conclusion is in agreement with the conclusions of Ref. 2, in which the calculated global
the microwave study of Howard and co-work&nsho were  minimum was a linear HEON geometry, are not correct.
able to determine the Renner-Teller parame¢eas —2.68 The shallowness of the potential energy surface will
cm % the sign indicated that thé\” surface was the lower. mean that the geometry of the molecule may be difficult to
In his calculations on ANO (Ref. 7, Alexander used the define, since large amplitude motions of the He atom will be
aug-cc-pVTZ basis set of Dunning. Note that for -IN&  occurring, even with just the zero-point energy present; thus,
from Table |, at the CCSOO)/aug-cc-pVTZ level of theory, ther, structures presented in Table Il are probably not mean-
the 2A’ surface is lower than th®A” one, and this result is ingful as far as an experiment is concerned. In addition, the
unchanged using the aug-cc-pVQZ basis set. It seems clebarriers to linearity are 6.5 and 9.3 ¢h for the N and O
that for energy differences of only a few cty this is at the  ends, respectively, as calculated at the aug-cc-pVQZ//aug-cc-
limit of the accuracy ofab initio calculations. Our conclu- pVTZ level, including CP corrections; thus, with zero-point
sion at present is that the evidence for th& surface’s energy, this complex will be at least very close to a free
being lower than théA’ one for Ar-NO is persuasive; how- rotor. In addition, it is probable that the angular momentum
ever, for HeNO, it is not so clear. An experimental deter- of the NO molecule is only very weakly quenched by the
mination of e for He-NO would decide the ordering of the presence of He: in ANO, the angular momentum quench-
two surfaces. ing was found to be small*® Finally, it is pleasing that the

It is also worth pointing out that in Ref. 5 the energy calculatedr o distanceg1.153 A are very close to the ex-
of a He atom approaching collinearly was calculated perimental, value of 1.15077 ARef. 16 (this distance was
giving a minimum energy at a Jacobi bond length of 3.97assumed in Ref.)5
A, (-18.54 cmil) for a He NO approach, and 3.70 A The binding energy of théA’ surface at the highest
(—23.43 cm) for a He ON approach; these compare to level of theory used here, CCS$D/aug-cc-pvVQz//
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note from the trend in values, that this will probably be 629(1998.
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to be the global minimum, are in error. The highest level of fa:°Vv A. Nanayakkara, M. Challacombe, C. IY IPe”Q' P.Y. Ayala, W.
calculation employed here indicates that the complex is Chen: M- W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L.
bound bv~30 et clearly zero-point enerav imolies that Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M.

. y e ! y X p ay p Head-Gordon, C. Gonzalez, and J. A. Pople, Gaussian Inc., Pittsburgh,
the dissociation energy,, will be smaller than this value,  pennsyivania, 1995.

making this a very weakly bound complex. It has not yet®™M. F. Guest and J. Kendricksamess User Manual, SERC Daresbury

been observed experimentallyee Ref. L Laboratory, CCP1/86/1, U.K.
113.-M. Robbe, M. Bencheikh, and J.-P. Flament, Chem. Phys. 2&@.
170 (1993.
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