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The equilibrium geometries, harmonic vibrational frequencies, and interaction energies of-NM@®R&g

= He, Ne, Ar, Kr, and Xe) cationic complexes are calculated using a variety of all-electron basis sets and
effective core potentials augmented by polarization functions. Calculations are performed at the MP2, QCISD,
QCISD(T), CCSD, and CCSD(T) levels of theory for RgHe and Ne using the all-electron aug-cc-pVXZ

[X =D, T, Q, and 5 (for He only)] basis sets; and at the MP2 and QCISD(T) levels for Rg, Kr, and

Xe, using mainly effective core potentials, augmented with polarized valence basis sets. For Ar the results
are compared with previous all-electron calculations, to confirm that the basis sets used are adequate. The
results indicate that all the complexes are of a skewed T-shaped structure, with the Rg atom on the nitrogen
side of the molecule; the RN—O bond angle increases with mass. The interaction energies range from
195 cm! for He*NO™ to 1980 cn! for Xe*NO', in line with expectations based on the increasing polarizability

of the Rg atom.

I. Introduction up the calculations of ref 3 with a set of higher level calculations,
. ) ) ) ) up to the QCISD(T)/cc-pVTZ level. In all cases, the calculated

~ The ArNO™ cation has received considerable theoretical geometry indicated that the Ar atom was on the nitrogen side

interest repently, stimulated by the report of the hlgh-res.olunon of the complex. In addition, density functional theory (DFT)

zero-kinetic-energy (ZEKE) spectrum by 'gakahdsﬁihg first was used, but although these calculations also indicated that

calculation was p+erformed by Robbe e+t alyho considered  {he Ar atom was on the nitrogen side of the molecule, they

not only the AFNO™ cation, but also H&NO™. For both cationic appeared to over emphasize the intermolecular bonding, as

c%mplfeﬁi it '\II'Vr?S fourt:ddthat tr|1e Rg ato”"t') wa?j on the 03};9%” evinced by short bond lengths and high harmonic frequencies.
side 0 ) e method employed was based on a modifie The aim of the present work was 3-fold: (i) to recalculate

C'PS' approach, which uses a size-consistent selectllon Ofthe geometry of the H&IO™ cationic complex to see if the He
configurations and second-order Mghdrlesset perturbation lies on the O or N side of the molecule: (i) to calculate the
theory (this approach is used, because truncated ClI calculationse Lilibrium geometries of NBIO™ Kr-NO* ’and XeNO*: and
are not generally size consistent). Wright et al. in a second - g . . ' ’

study on AFNO* employed MP2 calculations using rather large (i) to calculate th? Interaction energles.of all of these
basis sets (significantly larger than those in ref 2).was found comple.xes. In addition, we hopeq to.establlsh an economlcal
that the Ar atom was on the nitrogen side of the molecule for theoretical _methodology fram which it would be possible to
all basis sets used. Both of these studies produced potentiaforOdL_Jce reliable potentlall energy gurfaces.

energy surfaces, which clearly had very different angular ~ ThiS work was also stimulated in part by the results from
dependencies. Because it was not possible to decide definitively'®Cent resonance-enhanced multiphoton ionization (REMPI)
which set of calculations was the better, Féuarel Raouft spectroscopic studies, in which an electron is excited on the
produced two vibrational assignments for the ZEKE spectrum, NO moiety from therg* ogbltal to a Rydberg osrb|tal. It has
which differed mainly in the bending levels; in addition, they Peen found for the ANO,® Kr-NO,” and XeNO® complexes
also noted that they thought that the calculated equilibrium that for the Astate (corresponding to an electron being excited

geometry of ref 2 was the more reliable. Wrigtiten followed 0 the 3s orbital) the core is NCand not RgNO™, based upon
comparisons of observed vibrational spacings and derived

- dissociation energies with those known or calculated for Ar
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inferences from the ANO™ data were made. Similar conclu- Basis C: LANL2+ 5s5p3d for Ar (3.0, 1.0, 0.3333, 0.1111,
sions have also been reached for thetates of NGCH,? and 0.037/8.0, 2.667, 0.8889, 0.2963, 0.988/1.254, 0.418, 0.1393);
NO-N.10 6-311+G(3d) for N, O.

Basis D: LANL2+ 5s5p3d2f for Ar [as for Basis C, except
Il. Computational Details 2f (0.9, 0.2571)]; aug-cc-pVTZ for N, O.

For HeNO* and NeNO™ the aug-cc-pVXZ basis sets of Kr-NO*. Basis B: LANL2DZ + sp + 2d for Kr [sp
Dunning and co-workers [X= D, T, Q, and 5 (for He only)]  (0.07414), d (1.2, 0.4)]; D95- sp+ 2d for N, O [exponents as
were used! employing the MP2, QCISD, CCSD, QCISD(T), for Ar-NO*, Basis A].
and CCSD(T) level of theory. For AXO™, the aug-cc-pVZX Basis C: LANL2 + 5s5p3d for Kr [1.3, 0.4333, 0.1444,
(X = D, T) basis sets were used at the MP2 level of theory, 0.048, 0.016/3.0, 1.0, 0.3333, 0.1111, 0.037/0.85, 0.24, 0.069];
which could be compared to the results obtained in ref 5, which 6-311+G(3d) for N, O.
used nonaugmented versions of these basis sets; in addition, Basis D: LANL2+ 5s5p3d2f for Kr [as for Basis C, with f
the results of these calculations could then be compared to(0.5, 0.12)]; aug-cc-pVTZ for N, O.
results using effective core potentials (ECPs), which have been An examination of the atomic wave function using the
suitably augmented, at both the MP2 and QCISD level, | Ap2 + [5s5p]

described below. . N N behavior in the wave function, with successive coefficients
To enable calculations on KNO™ and XeNO™ to be oscillating between positive and negative values. It was thus
performed, it was clear that a different approach would be eciged to generate a different valence basis set, which was a
needed, owing to the large number of electrons, making all- [6s6p3d2f] basis set, [8,1,1,1,1,1/8,1,1,1,1,1/1,1,1/1,1], with the
electron calculations impractical. We have used the LANL2DZ 34 5nd 2f basis functions being the same as Basis D, and the
augmented ECP previously for calculations on K&} BBra, inner s and p basis functions being [2.5, 1.25, 0.625, 0.3125,
and Bl2,14 and it was found to giVe very Satisfactory results when 0.1563. 0.07813. 0.03906 001953] and [30 1.5. 0.75. 0.375
augmented by a significant number of polarization functions; 0.1875, 0.09375, 0.04688, 0.02344], respectively, which were

however, these are tightly bound species, and in order 10 g4c contracted down to one s and one p function, with the
determine whether the same approach would be suitable herecfficients being taken from an atomic calculation on Kr, using

the LAN_L2 ECP, su_itab_ly al_ngented, was used to calculgte these functions uncontracted. (The exponents for the s and p
geometries, harmcimc vibrational frequencies, and interaction ;s functions were chosen to scan the same valence space as
energies of AMOT, to compare o the all-electron results e gtandard LANL2DZ basis set, in an even-tempered manner.)
mentioned above. It was found that the augmented ECP resultsrpeqe 1y contracted functions were augmented with five s and
were in excellent agreement with the all-electron results (vide o p uncontracted functions: (0.85, 0.2575, 0.07805, 0.02365

infra), and so calcglations usin+g the augmented ECP were 047167/0.9, 0.2727, 0.08264, 0.02504, 0.007589). This basis
performed on KiNO™ and XeNO™. The augmentation func- gt 5 designated D1, and C1 when the f functions were not
tions used are detailed below. For N and O, either the 195, used.

6-311+G(3d), or aug-cc-pVTZ basis set was used, as noted
below.

All of the theoretical methods used are size-consistent, and
the frozen-core approximation was applied in all cases. The
majority of the calculations were performed using Gaussialt 94;
analytical gradients were used where possible for the geometry
optimizations. For vibrational frequencies, analytic second
derivatives were used, except for the QCISD calculations, for
which numerical methods were employed.

In addition, single-point CCSD(T) calculations on N&®*
and NeNO*, employing the aug-cc-pVQZ and aug-cc-pV5
(He only) basis sets, were performed with MOLPRO.

He-NO™. For He, when using the cc-pVXZ (% D, T, and

basis set indicated that there was some erratic

Xe:NO™. For Xe, as with Kr, it was found that the valence
region of the LANL2+ [5s5p] basis set did not seem to be
adequate, because again the coefficients of the atomic functions
oscillated between positive and negative values as the zeta
exponent became more diffuse. A similar procedure was
performed as with Kr, which generated a basis set that was
adequate to describe the valence space.

Basis C: LANL2+ [5s5p3d] for Xe, where the contraction
is given by [8,1,1,1,1/8,1,1,1,1/1,1,1], with the contracted
7 functions coming from the HF calculation noted above, where
the exponents were {40.9, 0.6, 0.4, 0.2667, 0.1778, 0.1185,
0.07901, 0.05267], 0.5, 0.1515, 0.04591, 0.0339{[1.5, 1.0,
Q) basis sets in Gaussian 94, no diffuse functions are available0'6667’ 0.4444, 0.2963, 0.1975, 0.1317, 0.08779], 1.2, 0.3636,

to form the aug-cc-pVXZ basis sets, and so a set of diffuse 0.1102, 0.03338 d{0.55, 0.1571, 0.044906-311+G(3d) for

orbitals were added to these as follows: (1) cc-pvVDZ: s (0.07); "™ = _ ) _

p (0.30); (2) cc-pVTZ: s (0.0522), p (0.1895), d (0.4915); and  Basis C1: For Xe, this consisted of the LANL2 core potential,

(3) cc-pVQZ: s (0.0509), p (0.1556), d (0.3397), f (0.7444). with basis functions as for Basis C, except that an extra set of
After these calculations, the MOLPRO package was em- uncontracted s and p orbitals were added: s (0.004215), p

ployed for CCSD(T)/aug-cc-pVQZ and CCSD(T)/aug-cc-pv5z (0.01012), giving a [6s6p3d] valence basis set; 6-8E(3d)

calculations, for which standard diffuse functions are available. for N, O.

For the aug-cc-pVQZ calculations, it was possible to compare  Basis D1: For Xe, this consisted of the LANL2 core potential,

the customized basis set used in the Gaussian 94 calculationgvith basis functions as for Basis C1, except a pair of uncon-

and the standard basis set, and it was found that the total energyracted f functions were added (0.4, 0.1), giving a [6s6p3d2f]

differences were very small [0.8 cthat the CCSD(T) level  valence basis set; aug-cc-pVTZ for N, O.

for the He atom]. Thus, the valence basis sets used for Kr and Xe were designed
Ar-NO*. Basis A: LANL2DZ + 2d (1.25, 0.41) for Ar; specifically to give a quality at least as good as the basis sets
D95 for N, O+ 2d [N (1.654, 0.469); O (2.314, 0.645)]. used for Ar, which, as shown below, give excellent agreement

Basis B: LANL2DZ+ sp+ 2d for Ar [d as for Basis A; sp with all-electron calculations. The basis set nomenclature was
(0.067)]; D95 for N, O+ sp + 2d [d as for Basis A, sp chosen to allow comparison between the different complexes:
N(0.0639); O (0.0845)]. the same designation implies a basis set of very similar quality.
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TABLE 1: Calculated Equilibrium Geometries and The He-N bond length calculated at the MP2/6-31G*
Harmonic Vibrational Frequencies for HeNO* (a Is the level of theory is significantly longer than that at the highest
He—N—0O Bond Angle) level of theory, QCISD/aug-cc-pVTZ, and indeed the shorter
o THeN w1 2 3 value appears to be due mainly to the basis set, rather than the
method @ A af) em) (em? (em? level of theory; our conclusion is that the Hal bond length is
MP2/6-31HG* 1.086 3.448 57.2 16 62 2161 2.8 A. In Jacobi coordinates, our best calculated equilibrium

MP2/aug-cc-pvDZ ~ 1.096 2.848 80.9 28 99 2126  geometry gives a bond length of 2.8 A, and a bond angle of

MP2/aug-cc-pVTZ 1.082 2.854 74.9 27 112 2157 0\ ; ;
MP2/augcopvOZ 1079 2780 830 — B “ 83°, with the He on the N S|.de of the NOmoiety.
QCISD/aug-cc-pvDZ 1.077 2.811 86.5 37 99 2390 These conclusions regarding the geometry are not based upon

QCISD/aug-cc-pVTZ 1.063 2.790 84.0 29 107 2422 CP-corrected surfaces (where CP implies the full counterpoise
correction). To investigate this further, a point-by-point cor-

rection of the energy is required, and then the geometry may
be extracted from a fitted potential energy surface. In general,

TABLE 2: Calculated Interaction Energies and BSSE for
HeNO™ (cm™)

method BSSRuw BSSEe BSSEo" AE(CP) it is to be expected that bond lengths increase after correction
MP2/6-31H1-G* 32.6 18.7 13.9 34.4 for BSSE; however, when angular effects are also present (as
MP2/aug-cc-pVDZ 33.8 8.0 25.8 164.5 here), then the conclusions are not always so clear-cut. In fact,
MP2/aug-cc-pVTZ 28.4 44 240 1723 for || of the complexes considered here, CP-corrected surfaces
MP2/aug-cc-pVQZ 11.0 1.9 9.1 1823 b ted. and mini o q
QCISD/aug-cc-pVDZ 330 76 254 162.1 ave been generated, and minimum energy geometries an
MP2/aug-cc-pVDZ 34.8 8.8 26.0 165.5 rovibrational levels are presently being calculated.
MP3/aug-cc-pVDZ 34.1 8.1 26.0 160.4 The harmonic vibrational frequencies (Table 1) are mainly
Mng(SD'/DQ)/aug'C\f[')%VDZ gi-g ;-g gg-i igé-g calculated here to confirm that the calculated geometries are
Q aug-cc-p ’ ' ’ ' minima, and not saddle points. We note in passing that only
CCsD/aug-cc-pVDZ 36.2 7.9 28.3 160.2 . .
QCISD(T)/aug-cc-pVDZ 34.1 7.9 26.2 1685 the QCISD methoq gives a good value for theN_@bra_tlonal_
CCSD(T)/aug-cc-pVDZ 36.1 7.9 28.2 168.5 frequency {3), which is expected to be almost identical with
MP2/aug-cc-pVTZ 24.2 4.4 19.8 1755 the uncomplexed value of 2376.42 thi® also, the NO bond
mgj/glg‘c‘/}pvm iz gg? j-g ig? i;gg length is very close to the experimental value of 1.063 A at
(SDQ)/aug-cc-p : ' ' : this level of theory-these conclusions hold for all of the Rg
MP4(SDTQ)/aug-cc-pVTZ  23.6 4.1 195 183.2 i . - -
QCISD/aug-cc-pVTE 230 41 18.9 169.6 NO™ complexes. Itis clear that MP2 theory fails to describe
CCSD/aug-cc-pVTZ 23.0 4.1 18.9 169.2 NO™ adequately, but describes the intermolecular surface
QCISD(T)/aug-cc-pVTZ 23.5 4.1 19.4 179.7 reasonably well. In accord with ref 20 for AAO*, we find
CCSD(T)/aug-cc-pVTZ 23.6 4.1 195 1797 that for HeNO™ it is not the level of theory that is important,
MP2/aug-cc-pvVQZ 106 19 87 1835 so much as the basis set used, once the basis set is reasonable.
MP3/aug-cc-pVQZ 8.9 1.3 7.6 178.8 One final point is that th lculated i | lar h .
MP4(SDQ)/aug-cc-pVQZ 85 13 79 1782 one final point is that the calculated intermolecular harmonic
QCISD/aug-cc-pVQZE 8.7 1.3 7.4 176.7 vibrational frequencies are relatively consistent, but we note
CCSD/aug-cc-pvVQZ 8.7 1.3 7.4 176.7 that the intermolecular frequencies, yet to be observed, would
QCISD(T)/aug-cc-pvVQZ 9.1 1.3 7.8 187.7 be significantly anharmonic.
CCSD(T)/aug-cc-pVQZ 9.1 1.3 7.8 187.7 b) Int tion E Th its for the int fi
MP2/aug-cc-pV5Z 3.8 10 28 1881 ( ). nteraction Energy.The results for the interaction energy
QCISD/aug-cc-pV5Z 29 0.6 23 180.4 are given in Table 2 for a variety of methods. As may be seen,
CCSD/aug-cc-pV5Z 2.6 0.6 2.0 180.3 the BSSE is a large percentage of the CP-corrected interaction
QCISD(T)/aug-cc-pV5Z 2.8 0.6 2.2 192.0 energy, until the aug-cc-pVQZ basis set is used, at which point
CCSD(T)/aug-cc-pVsZ 2.7 0.6 21 1921 it drops dramatically. It is significant that even using this very
2 Calculated at the QCISD/aug-cc-pVTZ optimized geometry. large basis set, the interaction energy does not appear to have

) N converged to the complete basis set limit, although the BSSE
Basis set superposition error (BSSE) was accounted for by clearly has almost converged. Consequently it was decided to
performing full counterpoise corrections, according to the Boys perform calculations employing the aug-cc-pV5Z basis set for

and Bernardi schemé. this complex only, to see whether the interaction energy would
be closer to convergence. The results, shown in Table 2,
Ill. Results indicate that in fact the aug-cc-pVQZ and aug-cc-pV5Z results

He-NO™. (a) Geometry and Harmonic Vibrational Frequen- are quite close to each other, for the QCISD and CCSD methods
cies. The results for HENO™ are shown in Tables 1 and 2. As  (with and without triple excitations), suggesting that these basis
may be seen from Table 1, the cationic complex is calculated Sets are close to saturation.
to have a skewed T-shaped structure. For the lowest level of For the sake of simplicity, BSSE (and consequently the
theory and smallest basis set (MP2/6-313*), the He-N—-0O interaction energies) for different theoretical methods are
angle is 57; however, the larger basis sets and higher levels of compared at the same geometry, which was chosen to be the
theory yield a larger angle. The calculation using the smallest QCISD/aug-cc-pVTZ-optimized one. Note that the QCISD and
basis set puts the He on the O side of the molecule, but the CCSD methods lead to almost identical results, and that triple
calculations performed with the larger basis sets put the He onexcitations have a significant effect on the interaction energies,
the N side, consistently. These latter results are in contrast toincreasing the interaction energy byl0 cnt?, in each case.
those of ref 2, where the He atom was calculated to lie on the Overall, although QCISD is a lower level method than CCSD,
O side of the NO moiety. In summary, the present results are that difference is not very important for this complex. In
consistent with the conclusions of refs 3 and 5 and our addition, the MP2 level of theory (see Table 2), performs rather
conclusion is that the best value for the-H¢—O bond angle well for this complex, but this is almost certainly due to a
is ~85°, which puts the He atom on the N side of the NO cancellation of errors associated with the truncation of the
moiety. Mgller—Plesset series. To illustrate this more clearly, the results
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TABLE 3: Calculated Equilibrium Geometries and TABLE 4: Calculated Interaction Energies and BSSE for
Harmonic Vibrational Frequencies for NeNO™ (o Is the NeNO™ (cm™1)
Ne—N—0 Bond Angle) method BSSEw BSSEe BSSEo' AE(CP)
'No Ne—N w1 w2 w3
. L 2 5 MP2/6-31HG* 145.7 74.0 71.7 92.3
method A A o) emh em? (em? MP2/aug-cc-pVDZ 80.2 469 333  256.0
MP2/6-31HG* 1.086 3.102 73.8 27 61 2161 MP2/aug-cc-pVTZ 61.8 39.0 22.8 326.5
MP2/aug-cc-pvVDZ 1.096 2.781 95.4 38 82 2127 QCISD/aug-cc-pvDZ 83.9 51.3 32.6 243.3
MP2/aug-cc-pVTZ 1.082 2.795 88.7 40 83 2157  MP2/aug-cc-pVDZ 81.3 47.0 34.3 256.0
QCISD/aug-cc-pvDZ 1.077 2.788 96.8 41 82 2390 QCISD/aug-cc-pVDZ 86.5 52.0 34.5 238.4
QCISD/aug-cc-pVTZ 1.063 2.810 89.2 — - - CCsSD/aug-cc-pVDZ 84.8 50.5 34.3 2354

_ QCISD(T)/aug-cc-pVDZ 957 585  37.2 2547
from MP2, MP3, MP4(SDQ), and MP4(SDTQ) are included ccsp(T)/aug-cc-pvDZ 94.8 57.7 37.1 253.8

in Table 2. The summary of these results is that (i) MP3 and MP2/aug-cc-pVTZ 59.7 38.1 21.6 328.9
MP4(SDQ) give very similar results, (i) the QCISD and CCSD QCISD/aug-cc-pVTZ 61.4 40.9 20.5 309.3
results are very close to those of MP3 and MP4(SDQ), but the C€SD/aug-cc-pVTZ 61.2 408 204 304.6

QCISD(T)/aug-cc-pVTZ ~ 63.0  41.7 213 3347

inclusions of triple excitations leads to an increase of the CCSD(T)/aug-ce-pVTZ 628 417 011 3331
interaction energy~10 cnt?) similar to that ongoing from MP2/aug-cc-pVQZ 36.9 271 0.8 338.9
MP4(SDQ) to MP4(SDTQ); it is clear that triple excitations QCISD/aug-cc-pvVQZ 34.6 26.4 8.2 318.0
are an important factor in the accurate calculation of the CCSD/aug-cc-pvVQZ 35.3 26.6 8.7 313.1
interaction energy for these species, and (iii) once triples have QCISD(T)/aug-cc-pvQZ  34.7  26.5 82 3464
been included in the QCISD and CCSD calculations, the results CCSP(T)/aug-cc-pvQZ - 354 26.7 8.7 344.7

are very similar to the MP2 results, which supports the  2Calculated at the QCISD/aug-cc-pVTZ optimized geometry.
hypothesis that a cancellation of errors leads to the good ] _ )

performance of MP2 theory here. The interaction energies L’:ﬁ#gn?é ﬁgggﬁ?ggﬁF'Erggﬂ'é’;';g‘s?gom?ggf ?&]Olls the
calculated at the MP2 level are consistently orly cm lower Ar—N—0 Bond Angle)

than the CCSD(T) values, when the same basis set is used;
suggesting the MP2 calculations may lead to a fairly reliable method E}}S rag)” @) (Canflil) (Cﬁ’qil) (C{I:{T'I):il)
surface, at least close to the minimum.

e MP2/cc-pvVD2 1.094 3.03 109.3 65 109 2152

We (_:onclude that results at the CCSD(T_)/aug cc pV5Z level MP2/aug-cc-pvDZ 1.097 295 1052 81 117 2121

are reliable, and our best estimate for the interaction energy of MP2/cc-pVTZ 1083 297 1056 76 113 2160
the HeNO™ complex is 195+ 5 cn?; this should be fairly MP2/aug-cc-pVTZ 1.083 2.92 103.3 — —

close to the exact value. MP2/Basis A 1.100 2.93 108.3 76 126 2109

Ne-NO™. (a) Geometry and Harmonic Vibrational Frequen- MP2/Basis B 1.098 3.01 1050 69 101 2114
cies. The results for the geometry of the MO+ complex are MEIZS/BD";‘;'S c c i-gg‘; g-gg ig‘z-i ?% ﬁi %ﬁg‘;
given in Table 3; as for H&lO™, the conclusion is that the Ne Q asis : ) )

atom lies on the N side of the NO moiety. The-N¢—0 bond @ From ref 5.

angle is again much smaller at the MP2/6-313* level of

theory, putting the Ne on the O side of the NO moiety; however,  Ar-NO*. (a) Geometry and Harmonic Vibrational Frequen-

on increasing the basis set quality, once more the Ne moves tocies. As may be seen from Table 5, and the results quoted in
the other side of the molecule. Our best estimate of the bond the Introduction, the results obtained using augmented ECP basis
angle from these calculations 4690°, and the bond length is  sets and all-electron basis sets are in good agreement, for both
very similar to that in HeNO*, namely 2.8 A. In Jacobi  vibrational frequencies and the complex geometry. Our conclu-

coordinates, the bond length is 2.9 A, and the angle ts 88 sion from this is that ECPs, when suitably augmented, are able
for HeeNO™, good agreement with experimental values is seen to describe the valence region sufficiently well to allow accurate
for the NO™ moiety, at the QCISD level. calculation of these properties for heavier species, such as Kr

The harmonic vibrational frequencies are very similar to those NO* and XeNO™. In passing, we note that in ref 5 nonaug-
of the HeNO™* complex, but as noted before, they are only used mented cc-pVXZ basis sets were used (these are also shown in
as a confirmation that a minimum energy geometry has beenTable 5, for comparison). The effect, as might be expected, is
reached. to shorten the intermolecular bond distance slightly and to

(b) Interaction Energy. Table 4 shows the BSSE and increase the intermolecular stretch vibrational frequeiagy,
interaction energies at a significant number of levels of theory. The diffuse functions of the augmentation also lead to a slightly
Again, the BSSE is a reasonable percentage of the CP-correcteémaller bond angle. The best values for the geometric
interaction energy until the aug-cc-pVQZ basis set is used. Small parameters are 104 1° for the Ar—N—0O bond angle, and 2.9
basis sets, such as the 6-313* basis set, are totally inadequate =+ 0.1 A for the AN bond length.
for the calculation of this quantity. Our best value for the (b) Interaction Energy.The calculated interaction energies
interaction energy of N&O™ is 345+ 10 cnTl. Again, both are shown in Table 6. The MP2/aug-cc-pVTZ calculations yield
the QCISD and CCSD methods perform almost identically, with 977 cnv® for the interaction energy, vs 954 cfmat the highest
triples having an effect of increasing the interaction energy by level of calculation with the augmented ECP basis set. The
~30cnTl. Also as before, the MP2 theory performs to a similar latter value is in excellent agreement with the value of 950%cm
standard as the QCISD(T) and CCSD(T) methods, when the calculated in ref 3 at the MP2 level, using a very large basis
same basis set is employed, although the trend is not asset, and is also in good agreement with the experimental value
consistent as in the HRO™ case. The interaction energy does of Do = 951 cnt! 2! (note that the calculated values ddg
not appear to have converged with basis set, and so the valuevalues). Because CCSD(T) and QCISD(T) methods appeared
calculated here must be considered a lower bound, but theto give very similar results for HNO™ and NeNO™, (vide
calculations on HNO™ indicate that the aug-cc-pVQZ basis supra), only QCISD(T) calculations were performed for the
set is close to saturation. heavier complexes.
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TABIIE 6: Calculated Interaction Energies for Ar-NO™
(cm™)

Lee et al.

TABLE 10: Interaction Energies for Xe:NO™ (cm™1)

method BSSFow BSSEe BSSHo' AECP

method BSSRya BSSEw BSSRo™ AE™P MP2/ Basis C 272 195 77 1802
MP2/aug-cc-pVTZ o1 55 36 977  QCISD/Basis C1 262 187 76 1554
MP2/Basis A 211 152 60 647  MP2/Basis DI/QCISD/BasisC1 276 220 56 1979
MP2/Basis B 284 246 38 626  QCISD/Basis D1//QCISD/Basis C1 281 220 55 1790
QCISD/Basis C 143 103 40 773 QCISD(T)/Basis D1//QCISD/ 299 242 57 1976
MP2/Basis D//QCISD/Basis C 189 148 41 985 Basis C1
QCISD/Basis D//QCISD/Basis C 185 146 39 880
QCISD(T)/Basis D//QCISD/ 192 152 41 954

Basis C

TABLE 7: Calculated Equilibrium Geometry and Harmonic
Frequencies for Krr-NO™ (a Is the Kr —N—O Bond Angle)

atom increases, but the latter is to be expected because the
number of electrons is increasing. A more meaningful com-
parison is to look at what percentage is the BSSE of the non-
CP-corrected interaction energy, for the highest levels of theory
in each case: this yields values of 1.3% (N©™), 8.5% (Ne

r Mkr— w w w
method (&) (&) o) (@m?} 1 my  NO¥), 16.8% (AFNOY), 14.3% (KFNOY), and 13.1% (Xe
MP2/Basis B 1099 3.03 1107 78 135 5102 NO™). Alternatively, one may look at the BSSE per electron
MP2/Basis C 1.098 297 1098 92 158 2136 in the complex, which gives values of 0.2 ch{He-NO*), 1.5
QCISD/BasisC  1.066 3.03 108.6 87 146 2395 cm!(Ne'NO™), 8.3 cntt (Ar-NO™), 9.9 cnt! (Kr-NO™), and
QCISD/BasisC1 1.066 3.07 1086 81 138 2396 13.6 cnt! (Xe'NO™). These results indicate that for H&O™

TABLE 8: Interaction Energies for Kr ‘\NO™ (cm™1)
Calculated at the Geometry Optimized at the QCISD/Basis
C Level of Theory

and NeNO™, the effects of BSSE are very small, and that the
interaction energies, geometries, and vibrational frequencies
should be only mildly affected by any residual effects. For Ar
NO™, Kr-NO*, and XeNO™, for which an augmented ECP is

method BSS BSS BSSEo"  AECP . L

- Eoa B Bio used, the BSSE is rather more significant. (Note that the ECP
Mp2/Basis C 226 167 59 1190 goes not contribute at all to the ghost center calculations.)
MP2/Basis D 312 257 55 1359 It is interesting t ine the BSSE for NGs a funct
MP2/Basis D1 503 146 58 1333 is interesting to examine the or N@s a function
QCISD/Basis C 241 182 59 1070 of the basis set on the Rg atom. The most straightforward way
QCISD/Basis D 314 260 54 1219 is to look at the aug-cc-pVTZ basis set on NQuith various
QCISD/Basis D1 207 150 57 1191  basis sets on the Rg atoms. For He and Ne, the BSSE for NO
QCISD(T)/Basis D 326 270 55 1325 s ca. 20 cm?, for Ar it is 40 cnTL, and for Kr and Xe it is ca.
QCISD(T)/Basis D1 218 160 58 1300

TABLE 9: Calculated Equilibrium Geometry and Harmonic
Vibrational Frequencies for XeeNO* (a Is the Xe—N—0O
Bond Angle)

55 cnt?; thus, the aug-cc-pVTZ basis set is not saturating the
NO valence space here, and the NO moiety is making use of
the orbitals on the Rg center. In fact, this is to be expected
because, as the Rg atom becomes heavier, the valence basis

o  TIxen o 2 w3 functions become more diffuse, and so the™N@oiety is able
method A A o) cemH (@emh (cm? to make use of these more readily. When the aug-cc-pvVQZ
MP2/Basis C 1.089 3.03 113.3 98 207 2081 basis set is used, it may be seen from Tables 2 and 4 that the
QCISD/Basis C1 1.068 3.12 1125 90 185 2359 BSSE for NO has decreased t88—9 cn1'1, and is about the

Kr-NO™ and Xe-NO™. (a) Geometry and Harmonic Vibra-
tional Frequencies.The calculated geometries for 0" and
Xe*NO* are shown in Tables 7 and 9, respectively. At both

same for HENO* and NeNO™, indicating that this basis set is
quite close to saturation.

For Kr-NO™ and XeNO™, Tables 8 and 10, it may be seen
that the BSSE for NOis almost constant at 550 cnt?, and

the MP2 and QCISD level of theory, using ECP-based basis the majority of the BSSE is associated with the Rg atom,

sets, which have been augmented in a fashion similar to thatindicating that the ECP basis set is not completely adequate
which has been shown to yield very accurate values for Ar for these species. It would be of great interest to be able to
NO™, consistent results are obtained for the bond angles andvary the ECP, and determine the effect on the BSSE of the Rg

the intermolecular bond length. For #4O*, the K—N—O
bond angle is 108t 2°, and for XeNO™" it is 112 & 1°; the
bond lengths are both 34 0.2 A.

(b) Interaction Energies.As may be seen from Table 8, the
interaction energy for kNO™ varies by~250 cn1t with the

atom, but that is not so straightforward, since different ECPs
require different valence basis sets.

For Rg= He, Ne, and Ar, with an all-electron basis set, the
behavior of the BSSE in Rg can be understood in the light of
the discussion for NO. With the ECP basis set, for the heavier

level of theory and the basis set, but the two highest levels areRg atoms, the larger BSSE suggests that the ECP basis set is
relatively consistent, and agree well with the MP2 calculation not saturated. The inadequacy seems to be more serious for
with the largest basis set. The best value for the interaction the heavier Rg atoms, the valence electrons of which occupy a
energy of KkNO' is 1310+ 30 cnl. For XeNO™ (Table more diffuse orbital space. Although Basis D/D1 is larger than
10) a similar variation is found, however there are less data on Basis C/C1, the aug-cc-pVTZ basis set on Nid the former
which to base the accuracy of the results, and a best value ofhas more diffuse functions than the 6-31G(3d) basis set in
~1980 cnTlis obtained, but no error range is given. Itis clear the latter. Consequently, the BSSE on the Rg atom with Basis
that the basis set is not saturated here, and so the interactior?/D1 is larger than that with Basis C/C1.
energies calculated here must be considered lower limits. Despite the weaknesses in the ECP basis sets discussed above,
the calculations show that relatively reliable interaction energies
can be calculated using this methodology, which is exemplified
by the close agreement between the ECP results faX@t
BSSE. The actual BSSE value varies dramatically with the and the all-electron results. Our conclusions here are that
level of calculation, and increases as the size of the rare gascorrection for BSSE is certainly necessary to yield a reliable

IV. Discussion
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value of the interaction energy. The correction for BSSE should becomes rather strong, but is still far from chemical bond
not be used as a means to overcome the weaknesses of a smaitrength. As has been noted above, the MP2 method seems to
basis set, however: it may be seen from Tables 2 and 4 thatgive results comparable in accuracy to the QCISD(T) and
the interaction energy consistently rises as the basis set iSCCSD(T) methods. In addition, it has been clearly demonstrated
increasedatfter correction for BSSE. that triple excitations are an important factor here, but the CCSD

Geometries. The geometries of these complexes vary quite a@nd QCISD methods both give very similar results, whether
dramatically in the angular direction, where the best estimates triple excitations are included or not.
of the Rg-N-O bond angles along the series aré, &8, 104, Harmonic Vibrational Frequencies. As mentioned above,
109, and 118, for Rg= He to Xe, respectively. Clearly, there the sole reason behind calculating the harmonic vibrational
is an increasing tendency for the rare gas atom to align itself frequencies was to ensure that the calculated geometries
toward the nitrogen side of the molecule as the size and corresponded to minima, rather than saddle points. Review of
polarizability increases. The implication of this is that the the relevant tables reveals, however, that rather consistent values
interaction energy increases in this direction. If the dipole/ result. The only complex for which there are experimental
induced-dipole force is dominant, then a linear geometry is values is the ANO" complex, from the ZEKE photoelectron
expected; however, if quadrupole/induced-dipole interactions experiment, mentioned in the Introduction. The values obtained
dominate, then a T-shaped geometry results. It is clear thattherein were 80.3 and 99.6 ci(harmonic values), which
the latter dominates throughout the whole:R@* series, but compare very favorably with the values in Table 5. Anharmon-
that as the Rg atom becomes more polarizable, the formericity is expected to be important, however, especially for higher
becomes more important, and so starts to pull the Rg atom vibrational levels; for such an analysis, a potential energy surface
toward the linear orientation. As noted in ref 5, the N©n needs to be calculated and fitted in order to examine the effects
has a charge distribution, which has more charge on N than onof anharmonicity; this has been performed forMO™ in refs
0O, thus the fact that the rare gas atom heads toward the N end3 and 20. Currently, such surfaces for the smallerNy"
of the NO moiety is understandable, since this is where the cationic complexes are being calculated, and will be reported
chargef/induced-dipole interaction will be greatest, and the at alater date. Itis clear from the harmonic levels that, in line
electron-electron repulsion energy will be smallest. For the With the increased interaction energy, the intermolecular fre-
Rg-CO complexes, the lightest rare gas atom is found to prefer quenciesn; andw; increase as the Rg atom increases in size,
the O end of the molecule, whereas the heavier atoms tend towith the intermolecular stretch vibration,, increasing more
have a more T-shaped geomettyCO is known to be~C— dramatically than the intermolecular bending frequengy
0%+, and so it appears that the electrarlectron repulsion is
the dominant effect in determining which linear conformer the V. Conclusions
complexes prefer.

The most significant point is that the previous determindtion b
of the geometries of HAIO* and ArNO™, where the rare gas
was concluded to be on the oxygen side of the NO moiety, is
incorrect. As noted above (and see Tables 1 and 3), for both
He'NO™ and NeNO™ small basis sets led to this conclusion.
In addition, it is the larger basis sets which leads to the rare gas
atom moving to the N side of the molecule. Consequently, as
in ref 5, we conclude that the incorrect geometry calculated in
ref 2 is a consequence of the small basis set used therein. Som
support for this variation in the calculated geometry comes from
the Mulliken population analysis. Although it is well known

The RgNOT cationic complexes have been investigated using
oth all-electron basis sets and augmented ECP basis sets. The
augmented ECP basis sets were tested oN@t against all-
electron basis sets, and found to give good results, although a
larger BSSE, probably attributable to the ECP basis set, seemed
to imply that some cancellation of errors was occurring. Even
so, interaction energies and harmonic vibrational frequencies
followed the expected trend, with the overall bonding increasing
as the size, and hence polarizability, of the Rg atom increased.
%he geometries were particularly interesting: they all showed
an increase in the RgN—O bond angle as the size of Rg
increased, with the Rg atom moving toward the N end of the
tcomplex. All of the complexes had an equilibrium geometry
¥hat had the Rg atom on the N side of the complex, at the highest
levels of theory. Previous results which indicated thatN@™
and HeNO™ have the Rg atom on the O end of the molecule
) - . are thought to be suffering from the effects of an inadequate
atthe MPZ/aug-cc-pVQZ level, very S'm"?‘r values are cibtalned basis set. It appears that the basis set and not the level of theory
at the QCISD level; these results are mirrored forM@"™. is the crucial factor in the description of the geometry of the

Of course, these complexes are fairly floppy, especially the complexes; for the interaction energies, however, as exemplified
lighter ones, and so the coordinate space sampled by the rargyy HeNO™, rather demanding calculations are required in order
gas atom may be quite large, especially along the angulartg converge the energy with basis set and method, and it appears
direction. Consequently, the equilibrium geometry may be that calculations oft leastQCISD(T)/aug-cc-pVQZ are needed
significantly different from that deduced from an eXperiment, for this Comp|exq especia”y if it is the region close to the
although for the heavier complexes, the interaction energy dissociation limit which is of interest. Consequently, the
suggests some rigidity; however, the equilibrium geometries are calculation of the potential energy surfaces should be very
a useful guide to the balance of forces within the complex.  reliable for HeNO* and NeNO™, because the required level

Interaction Energies. The interaction energies increase, as of calculation is practicable, although expensive. FoilN@™,
expected, as the polarizability of the rare gas atom increasesthe potential energy surfaces of refs 3 and 20 are probably fairly
The values range from a modest 195 dnfor He-NO™ up to reliable, but for KFNO' and XeNO™ probably larger and more
a more significant 1950 cm for Xe-NO™. It seems clear that flexible valence basis sets are needed, maybe also with a better
in the case of HNO™, the bonding is still rather weak, despite ECP. If the low vibrational levels are of interest, then lower-
the presence of a positive charge on NO, this is probably a resultlevel calculations, probably of the MP2/aug-cc-pVTZ standard,
of the small polarizability of He. For X&lO", the interaction should be sufficient.

dependent, for all but the smallest basis sets used here, the
indicated similar results. The results were that forM@™,
the charge distribution for the NO moiety 9§2*O—N°%47* at
the MP2/6-31%G* level, whereas this changes%&O—N0-88"
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