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As a first step toward the construction of a single-valued double many-body expansion potential energy surface
for CHNO(3A), we have carried out CASSCF and CASPT2 calculations of six diatomic curves, involving a
total of nine electronic states. Theab initio curves have been represented analytically using the extended
Hartree-Fock approximate correlation energy model. In all cases, the semiempirical curves have been found
to agree well with the available spectroscopic RKR data.

1. Introduction

To accurately describe the dynamics of chemical reactions,
it is essential to have a good global representation of the
involved potential energy surface (PES) or surfaces. In this
way, the treatment of a tetraatomic system such as CHNO
becomes a formidable task since we deal with a six-dimensional
PES. In addition, all fragments which are allowed by the spin-
spatial correlation rules must be taken into account to achieve
a realistic description of the PES in the asymptotic reactive
channels. To represent such a global PES, many analytical
approaches have been proposed in the literature.1-6 Among
them, the double many-body expansion4,7,8 (DMBE) method
offers one of the most intuitive approaches, which has been
successfully applied to triatomic4,9-12 and tetraatomic13-15

systems. Moreover, it has the great advantage of assuming the
proper functional dependence on the interatomic separation of
the long-range interactions, which has been shown to play an
important role both in reactive and nonreactive collisions.
In the DMBE method, the molecular potential energy for a

N-atom system is written as a sum of terms, each dealing with
a cluster ofn atoms (from one toN), in turn partitioned into
extended Hartree-Fock (EHF) and dynamical correlation (dc)
parts,

whereRn denotes any set of [n(n - 1)/2] coordinates referring
to n atoms, which is a subset ofRN ≡ [R1, R2, ..., RN(N-1)/1],
and the last sum in eq 1 is carried out over all such subsets.
Accordingly,V(n) must vanish if any of then atoms in the cluster
is removed from the rest of then-atom subsystem. In order to
apply the DMBE method to the CHNO(3A) PES, it is therefore
necessary to describe all the diatomic, triatomic, and tetratomic
fragments which correlate with the relevant electronic state of
the tetraatomic by the Wigner-Witmer rules. These fragments
are listed in Table 1.
The aim of the present work is to provide a reliable

description of the diatomic fragments in Table 1. This involves

a comparison of the results obtained using five different basis
sets in order to reach a reasonable description of the diatomics
at an acceptable computational cost since, for consistency, the
same level of sophistication should be kept in the calculations
referring to the triatomic and tetratomic fragments. In this work
we present also analytical fits of the calculated energies for both
the extended Hartree-Fock and the dynamical correlation; the
former has been estimated from CASSCF calculations, while
the latter has been calculated using the CASPT216method with
the CASSCF wave function as reference.
The plan of the paper is as follows. Section 2 describes

briefly the model, while the computational and technical details
are given in section 3. In section 4, we present and analyse the
results obtained. The conclusions are in section 5.

2. Method

If we restrict ourselves to the diatomic molecules in Table 1,
eq 1 becomesX Abstract published inAdVance ACS Abstracts,June 1, 1997.

V(RN) ) ∑
n)1

N

∑
Rn⊂RN

[VEHF
(n) (Rn) + Vdc

(n)(Rn)] (1)

TABLE 1: Wigner -Witmer Correlation Rules for
CHNO(3A) and Associated Fragments

HCNO(3A) f HCN(1A′) + O(3P)
f HNO(1A′) + C(3P)
f CNO(2A′) + H(2S)
f HCO(2A′) + N(4S)

f {HC(X2Π) + NO(X2Π)
HC(a4Σ-) + NO(X2Π)

f HN(X3Σ-) + CO(X1Σ)

f {HO(X2Π) + CN(X2Σ)
HO(a4Σ-) + CN(X2Σ)

f H(2S)+ C(3P)+ N(4S)+ O(3P)
HCN(1A′) f CN(X2Σ) + H(2S)

f NH(X3Σ-) + C(3P)
f HC(a4Σ-) + N(4S)

HNO(1A′) f NO(X2Π) + H(2S)

f {HO(X2Π) + N(2D)
HO(a4Σ-) + N(4S)

f NH(X3Σ-) + O(3P)
CNO(2A′) f NO(X2Π) + C(3P)

f CN(X2Σ) + H(2S)

f {CO(X1Σ) + N(2D)
CO(a3Π) + N(4S)

HCO(2A′) f HO(X2Π) + C(3P)
f HC(X2Π) + O(3P)
f CO(X1Σ) + H(2S)
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whereVEHF represents the extended Hartree-Fock energy and
Vdc is the dynamical correlation term which includes the
asymptotic long range dispersion energy; since we deal only
with the diatomic fragments, we will drop for simplicity in the
following the superscript (2). Thus, the model is commonly
referred to by the acronym EHFACE2, after the initials of
extended hartree-fock approximate correlation energy (the
digital stands for diatomics); for an extension of this model
which includes the proper united atom limit behavior and
incorporates the asymptotic exchange energy, the reader is
refered to ref 17.
As usual4 we now represent the EHF part of the potential

energy curve by the form

where r ) R - Rm is the displacement coordinate from the
equilibrium geometryRm, andD, γ, andai are parameters to be
determined from a least-squares fit to the calculatedab initio
CASSCF points. However, for the OH(4Σ-) repulsive state, it
proved sufficient to use the simpler screened-Coulomb form

with the parametersD andγ being determined in the same way
as for eq 3.
The dynamical correlation is in turn represented by

where the damping functionsøn assume the form20

In turn,An andBn are auxiliary functions given by

whereRi andâi are dimensionless parameters which have been
determined from a fit8 to theab initio perturbation results for
the H2(b

3Σu
+) interaction: R0 ) 25.9258,R1 ) 1.1868,â0 )

15.7381, andâ1 ) 0.097 29. Moreover,F ) (Rm/2 + 1.25R0)
is a scaling distance written in terms of the equilibrium geometry
Rm, andR0 ) 2(〈rM

2 〉1/2 + 〈rX
2 〉1/2) is the Le Roy18 parameter,

which has been suggested to represent the smallest internuclear
distance for which the asymptotic series of the dispersion energy
is still a good representation of the damped series in eq 5. Note
that 〈rX

2 〉(〈rM
2 〉) is the expectation value of the squared radii for

the outermost electrons in atom X(M);19 for a somewhat simpler
parametrization in eqs 6 and 7, see ref 20. Finally, following
Varandas,4 we assume that the values of theC8 and C10

dispersion coefficients can be estimated using the universal
correlation

whereκ8 ) 1, κ10 ) 1.31, anda ) 1.54 are parameters.
To obtain the dispersion coefficientsCn in eq 5, we have

adopted the following procedure. First, we subtract, for each

grid point, the CASSCF energy value from the calculated total
(CASPT2) energy, after removal of the asymptotic CASPT2
and CASSCF energies. We then fit (forR> R0) the dynamical
correlation energy so obtained from eq 5, while using eq 8 to
estimate theC8 andC10 dispersion coefficients.

3. Computational Details

To study the diatomic fragments in Table 1, we have
performed both CASSCF and CASPT2 calculations. These
calculations have encompassed a grid of 26 different internuclear
distances (from 1.4 to 30a0). The points in the grid were not
equally spaced and have been densely distributed in the
neighborhood of the minimum of each diatomic. Although our
first attempt to the dynamical correlation energy has been to
use a configuration interaction approach including all single and
double excitations from the full-valence CASSCF reference
function, such CASSCF CISD calculations have proved too
expensive for the diatomics involving the atoms C, N, and O.
For consistency reasons discussed above, particularly having
in mind that similar calculations should be carried out for the
triatomic and tetraatomic species, such methodology has been
replaced by the more economical CASPT2 one. To perform
these CASPT2 calculations, the MOLCAS-3 package21 has been
employed.
Once the energies have been calculated, they have been fitted

to eqs 3 and 5 using the least-squares method as mentioned in
section 2. This involves a linear procedure for eq 5, and a mixed
nonlinear-linear procedure for eqs 3 or 4. In the latter, the
nonlinear parameters have been determined iteratively using the
Levengerg-Marquardt22method until convergence was reached,
the linear parameters being optimized at every iteration. This
procedure consists of using a steepest descent method far from
the minimum, while a continuous switch to the inverse Hessian
method is employed as the minimum is approached.
In all CASSCF calculations, the active space has been the

valence space. For the CASPT2 calculations, all but the 1s
electrons have been correlated using the CASSCF wave function
as the reference.23

3.1. Basis Sets.Since a major aim of this work has been
the search for a reasonable accuracy/computational cost ratio,
we have studied five different basis sets of increasing level of
sophistication. Of these, we used the largest one as reference,
and then compared the results obtained from it with triple-ú,
enlarged double-ú, and double-ú basis sets. Specifically, the
basis sets employed in this work are (i) the cc-pVDZ 9s4p1d/
[3s2p1d] for C, N, and O and 4s1p/[2s1p] for H basis set of
Dunninget al.,24 (ii) the D-95 9s5p1d/[4s2p1d] for C, N, and O
and 4s2p/[2s1p] for H basis set of Dunninget al.,25 (iii) the
contracted ANO 10s6p3d/[7s6p3d] for C, N, and O and 7s3p/
[4s3p] for H basis set of Pierlootet al.,26 (iv) the cc-pVTZ
10s5p2d1f/[4s3p2d1f] for C, N, and O and 5s2p1d/[3s2p1d] for
H basis set of Dunninget al.,24 and (v) the contracted ANO
14s9p4d3f/[5s4p3d2f] for C, N, and O and 8s4p3d/[3s2p1d] for
H basis set of Widmarket al.27

4. Results and Discussion

The results obtained for the electronic states of the diatomic
molecules listed in Table 1 are summarized in Tables 2-9 for
each basis set described in section 3. Tables 2 and 5 give the
calculated values of the dissociation energy (De) and equilibrium
geometry (Rm), which are also compared with the corresponding
experimental values from reference 28.
As might be expected, Tables 2 and 5 show that the best

results are obtained with the Widmark ANO [5s4p3d2f] basis
set both for the dissociation energy and the equilibrium geometry

V(2) ) VEHF
(2) (R) + Vdc

(2)(R) (2)

VEHF ) -DR-1(1+ ∑
i)1

3

air
i) e-γr (3)

VEHF ) DR-1 exp(-γR) (4)

Vdc ) - ∑
n)6,8,10

Cnøn(R)R
-n (5)

øn ) [1 - exp(-AnR/F - BnR
2/F2)]n (6)

An ) R0n
-R1

Bn ) â0e
-â1n (7)

Cn

C6
) κnR0

a(n-6)/2 (8)
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for all diatomic fragments except for CO(1Σ). For the equilib-
rium geometry, the difference between theory (at the CASPT2
level27) and experiment is in all cases but CO(X1Σ) smaller than
0.02a0. On the other hand, it is well-known that the CASPT2
method systematically underestimates all bond energies by (5
× 10-3)-(1 × 10-2) Eh,29 which explains the observed

discrepancies between the CASPT2 values in Tables 2 and 5
and the experimental results. This may also explain the larger
discrepancies found for NO(X2Π) and CO(X1Σ), since in these
cases three electron pairs are formed in the bonding process.
Another important observation from Tables 2 and 5 is that

basis set effects are more marked in the CASPT2 calculations

TABLE 2: Values for D e and Rm Obtained for the Ground States of the Diatomic Molecules in Table 1

system basis set De
CASSCFa De

CASPT2 De
exp28 Rm

CASSCF Rm
CASPT2 Rm

(exp) 28

CH(X2Π) D-95 dz 0.108 05 0.120 30 0.133 8 2.162 2.140 2.116
cc-pVDZ 0.105 80 0.118 09 2.177 2.160
cc-pVTZ 0.108 54 0.126 72 2.152 2.116
ANO [7s6p3d] 0.108 77 0.122 70 2.147 2.120
ANO [5s4p3d2f] 0.108 94 0.128 28 2.149 2.116

OH(X2Π) D-95 dz 0.132 49 0.155 30 0.169 92 1.848 1.843 1.832
cc-pVDZ 0.128 31 0.149 83 1.854 1.846
cc-pVTZ 0.133 84 0.162 72 1.834 1.825
ANO [7s6p3d] 0.134 73 0.160 40 1.833 1.825
ANO [5s4p3d2f] 0.135 09 0.165 93 1.831 1.821

NO(X2Π) D-95 dz 0.195 58 0.205 87 0.243 0 2.223 2.234 2.175
cc-pVDZ 0.200 11 0.212 79 2.201 2.203
cc-pVTZ 0.206 89 0.227 79 2.190 2.184
ANO [7s6p3d] 0.203 75 0.215 65 2.193 2.192
ANO [5s4p3d2f] 0.207 32 0.235 20 2.188 2.174

CN(X2Σ) D-95 dz 0.256 19 0.254 86 0.289 7 2.259 2.265 2.214
cc-pVDZ 0.260 09 0.258 58 2.258 2.258
cc-pVTZ 0.266 39 0.274 87 2.233 2.227
ANO [7s6p3d] 0.264 73 0.263 97 2.231 2.226
ANO [5s4p3d2f] 0.267 00 0.284 25 2.231 2.221

NH(X3Σ-) D-95 dz 0.101 63 0.116 03 0.135 0 1.996 1.988 1.958
cc-pVDZ 0.098 45 0.112 68 2.005 1.999
cc-pVTZ 0.102 57 0.123 65 1.986 1.971
ANO [7s6p3d] 0.103 15 0.119 86 1.983 1.971
ANO [5s4p3d2f] 0.103 39 0.126 35 1.984 1.967

CO(X1Σ) D-95 dz 0.386 93 0.378 51 0.412 7 2.172 2.178 2.276
cc-pVDZ 0.392 58 0.383 75 2.158 2.161
cc-pVTZ 0.400 41 0.396 81 2.146 2.142
ANO [7s6p3d] 0.399 50 0.388 71 2.144 2.141
ANO [5s4p3d2f] 0.400 98 0.404 01 2.143 2.133

a All quantities are in atomic units: energies inEh, distances ina0.

TABLE 3: Values of the Parameters in Equation 3 for the Ground States of the Diatomic Molecules in Table 1. Units as in
Table 2

system basis set D a1 a2 a3 γ

CH(X2Π) D-95 dz 0.233 64 2.527 57 1.866 03 0.592 58 2.040 37
cc-pVDZ 0.230 31 2.519 21 1.828 61 0.565 10 2.033 37
cc-pVTZ 0.233 53 2.530 76 1.898 03 0.619 21 2.042 85
ANO [7s6p3d] 0.233 56 2.526 23 1.878 80 0.608 92 2.035 44
ANO [5s4p3d2f] 0.234 15 2.531 45 1.894 62 0.614 90 2.042 67

OH(X2Π) D-95 dz 0.244 82 3.154 54 3.034 75 1.399 00 2.587 15
cc-pVDZ 0.237 55 3.181 68 3.118 49 1.433 64 2.620 41
cc-pVTZ 0.245 48 3.225 28 3.282 27 1.614 80 2.643 98
ANO [7s6p3d] 0.246 91 3.225 83 3.288 75 1.620 35 2.642 81
ANO [5s4p3d2f] 0.247 40 3.227 90 3.288 41 1.623 95 2.643 75

NO(X2Π) D-95 dz 0.434 72 3.724 29 4.043 56 1.570 66 3.304 91
cc-pVDZ 0.440 46 3.731 27 4.058 20 1.600 38 3.292 52
cc-pVTZ 0.452 98 3.726 76 4.135 34 1.679 91 3.271 09
ANO [7s6p3d] 0.446 88 3.724 60 4.144 61 1.685 95 3.265 96
ANO [5s4p3d2f] 0.453 53 3.739 05 4.175 63 1.699 99 3.277 39

CN(X2Σ) D-95 dz 0.578 86 3.473 48 3.686 62 1.415 36 3.047 84
cc-pVDZ 0.585 76 3.481 86 3.705 50 1.429 52 3.049 85
cc-pVTZ 0.594 92 3.480 81 3.754 81 1.488 55 3.024 92
ANO [7s6p3d] 0.590 61 3.428 68 3.757 69 1.491 81 3.023 45
ANO [5s4p3d2f] 0.595 59 3.482 04 3.762 56 1.495 98 3.022 73

NH(X3Σ-) D-95 dz 0.202 81 3.125 42 3.022 68 1.240 03 2.616 64
cc-pVDZ 0.197 38 3.151 88 3.081 02 1.262 66 2.642 11
cc-pVTZ 0.203 70 3.169 31 3.193 63 1.370 63 2.659 47
ANO [7s6p3d] 0.204 53 3.171 94 3.201 94 1.379 86 2.660 91
ANO [5s4p3d2f] 0.205 11 3.174 50 3.208 47 1.380 05 2.664 24

CO(X1Σ) D-95 dz 0.840 57 2.696 56 1.937 30 0.602 31 2.208 66
cc-pVDZ 0.847 20 2.704 81 1.970 97 0.635 95 2.217 67
cc-pVTZ 0.859 28 2.807 64 2.274 23 0.813 42 2.301 87
ANO [7s6p3d] 0.856 68 2.782 37 2.210 88 0.782 18 2.276 62
ANO [5s4p3d2f] 0.859 15 2.802 58 2.262 53 0.811 10 2.295 31
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than in the CASSCF ones. This is due to the fact that the
dynamical correlation obtained from the CASPT2 calculations
is more sensitive to the size of the basis set than the nondy-
namical correlation (this is the only correlation obtained at the
CASSCF level).

Tables 3 and 6 report the results obtained from the fitting of
the ab initio CASSCF energies to eq 3 and to eq 4 for OH
(a4Σ-). It is seen that the values of the linear parametersai
and the nonlinear oneγ are very similar for all basis sets
employed, which reflects the previously mentioned fact con-
cerning the CASSCF calculations. Nevertheless we can ap-
preciate a slight difference in the parameters obtained for the
double zeta basis sets (D-95 and cc-pVDZ) and those obtained
with the larger basis sets (triple-ú cc-pVTZ and ANO [5s4p3d2f]).
Finally, we note that the values determined with the cc-pVDZ
and ANO [7s6p3d] basis sets and those obtained with the largest
basis set employed ([5s4p3d2f]) are very close in all cases except
in that of the OH(a4Σ-) repulsive state.
Concerning the dynamical correlation, Tables 4 and 7 give

the values obtained for theCn coefficients in eq 5 following
the procedure described in the section 3. First, we observe a
more marked influence of the basis set on the reported quantities.
Then, we observe from Tables 4 and 7 that the value of theCn

dispersion coefficients increase with increasing basis set size,
which may be attributed to a better reproduction of the
dynamical correlation with basis set quality; this leads to a larger
difference between the CASSCF (nearly invariant in all basis
sets) and the CASPT2 energies, and hence implies higher values
of theCn dispersion coefficients. Thus, we will assume that
the most reliableCn values are the largest ones calculated for
each diatomic. This corresponds also to the largest basis set
[5s4p3d2f] in all cases except in that of CO(X1Σ+). Again, this
is probably due to the deficiencies of the CASPT2 method in
representing this state. In Table 8, we compare our best values
(in the sense implied above) obtained for theC6 coefficient with
those available in the literature. Except for the OH dispersion
coefficientC6, all others have been calculated as the geometric
average of the dispersion coefficients of the associated homo-
nuclear interactions.30 In turn, theC6 OH coefficient has been
determined using perturbation theory by Varandas and Voro-

TABLE 4: Values of the Parameters in Equation 5 for the
Ground States of the Diatomic Molecules in Table 1. Units
as in Table 2

system basis set C6 C8× 10-2 C10× 10-3

CH(X2Π) D-95 dz 10.344 2.4003 6.2938
cc-pVDZ 10.592 2.4579 6.4448
cc-pVTZ 16.183 3.7553 9.8466
ANO [7s6p3d] 12.339 2.8632 7.5076
ANO [5s4p3d2f] 17.017 3.9487 10.354

OH(X2Π) D-95 dz 7.8001 1.4013 2.8446
cc-pVDZ 7.4241 1.3337 2.7075
cc-pVTZ 9.9273 1.7834 3.6204
ANO [7s6p3d] 9.0502 1.6259 3.3005
ANO [5s4p3d2f] 10.722 1.9261 3.9099

NO(X2Π) D-95 dz 4.3280 0.74382 1.4445
cc-pVDZ 4.8672 0.83650 1.6245
cc-pVTZ 8.9812 1.5436 2.9977
ANO [7s6p3d] 6.3136 1.0851 2.1073
ANO [5s4p3d2f] 12.051 2.0712 4.0224

CN(X2Σ) D-95 dz 7.2765 1.6263 4.1073
cc-pVDZ 7.3203 1.6361 4.1320
cc-pVTZ 9.1245 2.0393 5.1504
ANO [7s6p3d] 11.271 2.5191 6.3621
ANO [5s4p3d2f] 16.914 3.7803 9.5474

NH(X3Σ-) D-95 dz 7.1693 1.4381 3.2587
cc-pVDZ 7.3187 1.4681 3.3277
cc-pVTZ 10.818 2.1700 4.9187
ANO [7s6p3d] 8.7474 1.7547 3.9773
ANO [5s4p3d2f] 11.820 2.3710 5.3743

CO(X1Σ) D-95 dz 13.414 2.7054 6.1656
cc-pVDZ 11.505 2.3204 5.2883
cc-pVTZ 12.021 2.4244 5.5253
ANO [7s6p3d] 24.284 4.8976 11.1618
ANO [5s4p3d2f] 18.299 3.6906 8.4109

TABLE 5: Values of De and Re in the Calculations for the Excited States of the Diatomic Molecules in Table 1. Units as in
Table 2

system basis set De
CASSCF De

CASPT2 Dexp 28 Rm
CASSCF Rm

CASPT2 Rm
(exp) 28

CH(a4Σ-) D-95 dz 0.101 219 0.105 953 2.067 2.064 2.050
cc-pVDZ 0.097 527 0.102 229 2.083 2.086
cc-pVTZ 0.100 075 0.107 776 2.061 2.050
ANO [7s6p3d] 0.999 830 0.104 665 2.059 2.056
ANO [5s4p3d2f] 0.100 282 0.108 830 2.061 2.053

CO(a3Π) D-95 dz 0.159 627 0.170 407 2.322 2.331 2.279
cc-pVDZ 0.160 897 0.171 044 2.310 2.316
cc-pVTZ 0.167 789 0.184 266 2.296 2.294
ANO [7s6p3d] 0.166 873 0.177 090 2.292 2.293
ANO [5s4p3d2f] 0.168 826 0.192 098 2.290 2.280

TABLE 6: Values of the Parameters in Equations 3 and 4 for the Excited States of the Diatomic Molecules in Table 1. Units
as in Table 2

system basis set D a1 a2 a3 γ

CH(a4Σ-) D-95 dz 0.209 242 3.668 29 4.645 14 2.289 56 3.099 52
cc-pVDZ 0.203 158 3.721 93 4.758 68 2.335 59 3.153 78
cc-pVTZ 0.206 279 3.712 68 4.809 07 2.427 87 3.134 87
ANO [7s6p3d] 0.205 901 3.715 45 4.811 98 2.429 27 3.137 37
ANO [5s4p3d2f] 0.206 669 3.713 49 4.811 25 2.428 28 3.135 57

OH(a4Σ-) D-95 dz 1.979 59 nra nr nr 1.010 73
CC-ppVDZ 1.586 13 nr nr nr 0.950 40
cc-pVTZ 1.285 60 nr nr nr 0.883 68
ANO [7s6p3d] 0.991 42 nr nr nr 0.793 95
ANO [5s4p3d2f] 0.984 67 nr nr nr 0.787 53

CO(a3Π) D-95 dz 0.370 656 3.672 34 3.934 95 1.453 69 3.365 16
cc-pVDZ 0.371 674 3.680 38 3.969 67 1.486 36 3.360 94
cc-pVTZ 0.385 218 3.666 09 3.981 03 1.510 92 3.324 02
ANO [7s6p3d] 0.382 536 3.638 16 3.899 11 1.460 24 3.283 03
ANO [5s4p3d2f] 0.386 669 3.668 14 3.991 33 1.516 32 3.318 74

a nr ) not relevant. See the text.
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nin.31 For all diatomic ground states involving a H atom, the
agreement is good. It is only moderate or even poor for the
interactions in which both atoms are different from H, which is
probably due to the less accurate description of such systems
in the CASPT2 approach; note that more than one electron pair
can now be formed. Moreover, very poor agreement is found
for theΣ- excited states. This may in turn be explained due to
the fact that theΣ- configurations can only be formed by using
thepx andpy orbitals of the heavy atom (zbeing the axis of the
diatomic molecule). This reduces drastically the number of
configuration state functions obtained within the active space
and also within the allowed CSFs for the CASPT2 calculation,
leading to results for the energy that cannot be considered to
have a level of accuracy similar to that reached for the other
states.
An alternative approach to the parameters in eq 3 consists of

using the best available semiempirical values for theCn

dispersion coefficients. In this case, the dynamical correlation
in eq 5 is seta priori from those dispersion coefficients and
then subtracted from the calculated CASPT2 energies to yield
effective EHF energies; these are next used in a way similar to
that described above for the true CASSCF points to obtain the
parameters in eq 3. This inverse procedure has been used to

obtain the coefficientsai andγ of eq 3 for the largest basis set
(ANO [5s4p3d2f]). The results are shown in Table 9. The
numerical values obtained using this procedure are in very good
agreement with the previously obtained ones. As expected, the
larger differences are found when the experimentalC6 coef-
ficient and the calculated one are not in good agreement.
Finally, to calibrate the results obtained with the DMBE

method for the diatomic systems, we show in Figures 1-3 a
comparison of the results obtained with the ANO [5s4p3d2f]
basis set with the available accurate RKR spectroscopic data32-34

employing theCn dispersion coefficients obtained from our fit,

TABLE 7: Values of the Parameters in Equation 5 for the
Excited States of the Diatomic Molecules in Table 1. Units
as in Table 2

system basis set C6 C8× 10-2 C10× 10-3

CH(a4Σ-) D-95 dz 4.058 20 0.941 68 2.469 2
cc-pVDZ 4.240 67 0.984 04 2.580 3
cc-pVTZ 7.339 23 1.703 05 4.465 7
ANO [7s6p3d] 4.816 34 1.117 62 2.930 5
ANO [5s4p3d2f] 8.010 64 1.858 85 4.874 1

OH(a4Σ-) D-95 dz 2.238 52 0.402 14 0.816 32
cc-pVDZ 2.706 11 0.486 14 0.986 84
cc-pVTZ 2.580 53 0.463 58 0.941 04
ANO [7s6p3d] 2.256 52 0.405 37 0.822 89
ANO [5s4p3d2f] 2.470 97 0.443 89 0.901 09

CO(a3Π) D-95 dz 6.363 35 1.283 37 2.924 81
cc-pVDZ 6.362 63 1.283 23 2.924 48
cc-pVTZ 11.752 4 2.370 26 5.401 82
ANO [7s6p3d] 8.275 54 1.669 03 3.803 72
ANO [5s4p3d2f] 16.106 6 3.248 41 7.403 14

TABLE 8: Comparison of the Fitted C6 Values with Those
Available in the Literature. Units as in Table 2

system C6 C6
ref

CH(X2Π) 17.017 16.11
OH(X2Π) 10.722 11.4731

NO(X2Π) 12.051 18.7036

CN(X2Σ) 16.914 30.17
NH(X3Σ-) 11.820 12.17
CO(X1Σ) 18.299 24.8036

CH(a4Σ-) 8.0106 16.11
OH(a4Σ-) 2.4710 13.2631

CO(a3Π) 16.107 24.8031

TABLE 9: Values for the Parameters in Equations 3 and 4
for the States of the Diatomic Molecules in Table 1. Units
as in Table 2. TheCn Dispersion Coefficients have been
Fixed at Their Best Semiempirical Values

system D(au) a1 a2 a3 γ

CH(X2Π) 0.234 15 2.517 13 1.976 39 0.717 44 2.021 30
OH(X2Π) 0.271 00 3.151 55 3.245 70 1.759 50 2.524 17
NO(X2Π) 0.453 53 3.292 38 2.915 34 0.984 60 2.791 33
CN(X2Σ) 0.595 59 3.349 44 3.376 71 1.270 46 2.864 28
NH(X3Σ-) 0.205 11 3.014 82 2.892 43 1.258 78 2.479 05
CO(X1Σ) 0.808 92 2.332 74 1.062 22 0.262 22 1.839 13
CH(a4Σ-) 0.196 02 3.524 55 4.181 29 1.971 25 2.914 56
OH(a4Σ-) 1.369 82 nr nr nr 1.030 95
CO(a3Π) 0.386 67 3.350 54 3.103 35 1.035 73 2.884 84

Figure 1. OH(X2Π) potential. Comparison with RKR data:32 (-) EHF,
(- -) EHF+dc, ()) RKR data.

Figure 2. NO(X2Π) potential. Comparison with RKR data:33 (-) EHF,
(- -) EHF+dc, ()) RKR data.

Figure 3. CN(X2Π) potential. Comparison with RKR data:34 (-) EHF,
(- -) EHF+dc, ()) RKR data.
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and in Figures 4-6 we show the results obtained with the
alternative approach which keeps the best available semiem-
pirical values for theCn dispersion coefficients. Clearly, there
is very good agreement for all systems. The slight difference
we can appreciate (especially for NO(X2Π)) is partly due to
the difference between the dissociation energies already reported
in Table 2. Such a problem can be overcome by adding a
semiempirical correction. This correction35 (named SEC from
the initials of scaling external correlation) is based on the

assumption that theab initio dynamical correlation is underes-
timated by the same fraction over the whole range of internuclear
distances. Thus, to obtain a realistic description of the dynami-
cal correlation, one just requires to scale it in such a way that
the calculated total potential energy (obtained by adding the
scaled dynamical correlation to theab initio extended Hartree-
Fock energy) reproduces exactly the known experimental
dissociation energy.

5. Conclusions

Five different basis sets have been employed to obtain the
potential curves of six diatomics (involving nine electronic
states) relevant for building the CHNO PES according to the
DMBE strategy. Both the EHF and dynamical correlation parts
of the calculated energies have been modelled analytically using
forms from the realistic EHFACE2 model. The relevant
numerical coefficients have been tabulated for the nine studied
electronic states. Large differences have been observed between
the results obtained from the two smaller basis sets and the
biggest one both for the EHF and dynamical correlation energies.
Within the larger basis sets, it is worth noting that almost the
same result is obtained using the cc-pVTZ [4s3p2d1f] and the
ANO [5s4p3d2f] basis sets, while the computational effort
required for the first is significantly smaller. Regarding the
dispersion coefficientsCn, we have found a reasonable agree-
ment with other theoretical results available in the literature.
For OH(X2Π), the agreement found with the accurate value of
Varandaset al.31 is particularly good. In summary, the present
studies suggest that the cc-pVTZ [4s3p2s1f] basis set is probably
the most suited to perform theab initio calculations of the
triatomic and tetraatomic systems necessary for the study of
the title potential energy surface. In fact, we have shown that
it gives results very close to those obtained by using the largest
basis set employed (ANO [5s4p3d2f]) in the present work, while
keeping the computational cost at an affordable level.
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