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Abstract. Using systematic sequences of the newly
developed correlation consistent core-valence basis sets
from cc-pCVDZ through cc-pCV6Z, the spectroscopic
constants of the homonuclear diatomic molecules con-
taining first row atoms, B-F, are calculated both with
and without inclusion of 1s correlation. Internally
contracted multireference configuration interaction
(IC-MRCI) and singles and doubles coupled cluster
(CCSD) theory with a perturbational estimate of con-
nected triple excitations, CCSD(T), have been investi-
gated. By exploiting the convergence of the correlation
consistent basis sets, complete basis set (CBS) limits have
been estimated for total energies, dissociation energies,
equilibrium geometries, and harmonic frequencies.
Based on the estimated CBS limits the effects of Ls
correlation on D, (kcal/mol), r, (A), and w, (cm™") are:
+1.1, —0.0070, +10 for B,; +1.5, —0.0040, +13 for Cy;
+0.9, —0.0020, +9 for Ny; +0.3, —0.0020, +6 for O,;
and —0.1, —0.0015, +1 for F».
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1 Introduction

One of the most common assumptions in quantum
chemistry involves the intuitive notion that molecular
structure and energetics are determined solely by the
interactions of the valence electrons. This leads to a
much reduced computational expense and fortunately
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the accuracy of the resulting calculations are generally
not compromised to a large extent, especially for
compounds containing only first and second row atoms.
However, if the goal of the calculation is the prediction
of very accurate molecular structures (within thou-
sandths of an Angstrom) or energetics (better than
1 kcal/mol), then the effects of correlating the low-lying
core electrons must be taken into account in some
manner. While this obviously increases the computa-
tional effort due to correlating more electron pairs,
serious attention must also be given to augmenting the
one-particle basis set, since these are generally developed
to only describe valence-electron correlation.

In the past, the optimal number and type of addi-
tional functions necessary to accurately describe core-
core and core-valence correlation effects has been very
difficult to determine and one often relied upon a num-
ber of calibration tests and personal intuition (cf.,
Ref. [1]). Recently, however, the correlation consistent
basis sets of Dunning and co-workers [2-6] have been
extended to systematically describe core-correlation ef-
fects [7, 8]. Just as for the standard-valence basis sets
(cc-pCVnZ), the new core-valence sets (cc-pCVnZ) ap-
pear to smoothly converge total energies and molecular
properties toward an apparent complete basis set (CBS)
limit.

In the present work, these new sets are benchmarked
on the series of homonuclear diatomic molecules con-
taining first row atoms: B,, C,, N5, O,, and F,. Using
highly correlated wave functions and sequences of cc-
pCVnZ basis sets, the effects of correlating the core
electrons on E,, D,, r,, and w, have been determined.
Since the calculation of these effects involves a balance
between describing valence correlation and core corre-
lation, it is essential to understand the basis set conver-
gence characteristics of these effects in order to obtain
reliable results. The systematic convergence studies re-
ported herein for both the valence-only and all-electron
CBS calculations satisfies this requirement.
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2 Computational details

As mentioned above, the one-particle basis sets used in
the present work corresponded to the newly developed
correlation consistent polarized core-valence sets of
Woon and Dunning [7], denoted cc-pCVnZ (x = D, T,
0, 5), and the recently developed cc-pCV6Z sets of
Wilson and Dunning [8, 9]. These sets were constructed
from the standard valence cc-pVnZ basis sets by the
addition of functions optimized explicitly for core-core
and core-valence correlation in atomic calculations. For
atoms of the first row (B—Ne), a 1slp set was added to
the cc-pVDZ basis set to form the cc-pCVDZ set.
Likewise, a 2s2pld set was added to cc-pVTZ set to form
the cc-pCVTZ set, and so on.

As has been empirically observed for the valence-
correlation consistent basis sets [10-20], the computed
total energies converge nearly exponentially toward the
apparent CBS limit. This is also found to be the case for
the cc-pCVnZ sets, and the total energies have been fit in
the present work to be standard exponential function
[10, 12-14, 17]

E, :Eoo'i_Beicna (1)

to obtain estimates of the complete basis set limits E.
Estimated CBS limits for the dissociation energies have
been obtained as differences between total energies
extrapolated using Eq. (1). The CBS limits for r, and
., however, have been estimated from the cc-pCV5Z or
cc-pCVo6Z results.

Both single- and multireference correlation methods
were chosen for the present work. Of the methods based
on a Hartree-Fock reference function, the coupled-
cluster method with single, double, and noniterative
triple excitations, CCSD(T), [21-23] has been shown to
be very accurate if nondynamical correlation effects are
not too important (cf., Ref. [24]). For open-shell species,
the spin-restricted (RCCSD) method of Knowles and
Werner [25] has been used with the triples correction of
Deegan and Knowles, RCCSD(T) [23]. Other methods
used in this work were the internally contracted multi-
reference configuration interaction (IC-MRCI) method
of Werner and Knowles [26, 27], and IC-MRCI with the
addition of the multireference analog of the Davidson
correction [28-30], IC-MRCI+ Q. Since the assessment
of the effects of core correlation involves comparing
calculations with different numbers of correlated elec-
trons, the use of size-extensive methods is expected to
produce more accurate results. This condition is satisfied
by the CCSD(T) wave functions, while IC-MRCI+Q
method is only approximately size extensive. For this
reason, the size-extensive internally contracted averaged
coupled-pair functional method, IC-ACPF [31, 32], has
also been investigated. However, only the cc-pCVQZ
basis set was used for these calculations.

In the multireference calculations, the orbitals were
taken from full valence complete active space self-con-
sistent field (CASSCF) calculations [33, 34] in which the
core orbitals were constrained to be doubly occupied. In
the cases of N,, O,, and F», care was taken to remove
mixing between the nominally 1s and 2s atomic orbitals.
As has been discussed previously in the literature [14, 35,

36], this can lead to an artificial raising of the energy in
subsequent MRCI calculations that do not correlate the
core electrons. This problem is especially serious at the
dissociated limits, but as in our previous work we have
chosen to resolve the core orbitals via a two-step
CASSCEF procedure at all bond lengths. The CASSCF
reference functions utilized for both the valence-only
and all-electron MRCI calculations were identical.

For each species, potential energy functions were
calculated by fitting seven computed energies that cov-
ered a range of —0.3aqy < Ar < 4+0.5q¢ to sixth-order
polynomials in Ar =r — r,. For the CCSD(T) calcula-
tions, the dissociation energies were obtained by refer-
ence to calculations on the separated atoms. For these
atomic cases, the symmetry equivalencing was consistent
with the molecular system, e.g., for B(*P) the calculation
involved only the p, component, consistent with disso-
ciating to the X3E; state of B,. In the IC-MRCI and IC-
ACPF calculations, the dissociated limits were obtained
in supermolecule calculations with » = 50a,. All calcu-
lations in this work were carried out with the MOLPRO
suite of ab initio electronic structure programs [37].

3 Results and discussion

The CCSD, CCSD(T), IC-MRCI and IC-MRCI+Q
results for D,, r,, and w, from both valence-only and all-
electron calculations are shown in Tables 1-5 for B,—F,,
respectively, where the results are also compared to the
available experimental data. Also shown in these tables
are the estimated CBS limits for £, and D, obtained
from fits of the total energies to the standard exponential
function.

In each case, reasonably smooth convergence of the
calculated spectroscopic constants toward the apparent
CBS limits are observed. The systematic convergence of
both the valence-only and all-electron quantities is
illustrated in Figs. 1-3, where the CCSD(T) results for
B,—F, are plotted as a function of the cc-pCVnZ basis set
used. As observed in these figures and also in Tables 1-5,
the major effect of correlating the core electrons is ac-
counted for by using the cc-pCVQZ basis set. For ex-
ample, in the case of the CCSD(T) calculations on N,
the cc-pCVQZ basis set yielded core contributions to D,
and w, that were better than 90% of the converged
values (Table 3). Even the cc-pCVTZ set accounts for
85% of the effect on D, and 75-80% of the effect on r,
and w,.

In general, B, and C, (Tables 1 and 2) exhibited the
slowest convergence with respect to the calculated core-
correlation effects. For example, the magnitude of the
CCSD(T) bond-length contraction in B, upon correlat-
ing the core electrons increases from 0.0046 A with the
cc-pCVTZ basis set to 0.0058 A with the cc-pCVQZ set.
Further extension of the basis set results in additional
contractions of 0.0005 A (cc-pCV5Z) and 0.0001 A (cc-
pCV6Z). The somewhat slower convergence for B, and
C, may be indicative of a bias of the cc-pCVnZ basis sets
toward describing core-core correlation over core-
valence correlation. This will be the subject of a later
publication.
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Table 5. Spectroscopic constants for F, from valence-only and all-electron calculations
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CCSD
CCSD(T)
ICMRCI
ICMRCI+Q

aRef. [45]. Spin-orbit effects have been removed from the experimental D, (see Ref. [14]), ® Est. CBS is the estimated complete basis set limit
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Among the correlated methods used in the present
work, IC-MRCI generally yields the largest effects due
to correlating the core electrons; see Figs. 1-3. Presum-
ably this is due to the nonsize extensive nature of the
method. An exception is the D, of O,, where the IC-
MRCI core contributions are similar to those obtained
by CCSD. Except for this case, the addition of IC-
MRCI + Q yields core-correlation effects that are smaller
than the IC-MRCI predictions. The CCSD(T) method
generally yields somewhat smaller core contributions
than IC-MRCI+ Q, and CCSD alone yields the smallest
effects of all methods.

For D, of the C, molecule, which has the strongest
multireference character among this series, the triples
correction in CCSD(T) contributes nearly 0.7 kcal/mol
of the total core contribution of 1.0 kcal/mol (cc-
pCV6Z). Comparison to IC-MRCI+Q, however, sug-
gests that this is still too small by several tenths of a
kcal/mol. As mentioned above, methods that are size
extensive should yield the most accurate estimates of the
effects of core correlation. Table 6 compares the results
obtained with the cc-pCVQZ basis set for CCSD(T), IC-
MRCI+Q, and IC-ACPF. While CCSD(T) is expected
to yield accurate results for species dominated by the
Hartree-Fock configuration, i.e., N,, O,, and F,, IC-
MRCI+Q and especially IC-ACPF are expected to be
more reliable for B, and C,. These expectations are
borne out in Table 6, where IC-MRCI+Q and IC-
ACPF result in similar core contributions for D,, r., and
w, for B, and C,. For N,, O,, and F, IC-ACPF and
CCSD(T) yield core-correlation effects of very similar
magnitude, whereas IC-MRCI+Q, which is only
approximately size extensive, results in values that are
generally somewhat larger. The close agreement of
IC-ACPF with IC-MRCI + Q for B, and C,, and of IC-
ACPF and CCSD(T) for the others, provides good
evidence that this method yields a highly reliable de-
scription of core-correlation effects for these systems.
Similar conclusions have been obtained by other work-
ers in the cases of C, and N, [18, 19, 38].

The data from Table 6 are also shown in Fig. 4, in
which the trends across the entire series can be clearly
seen. For both D, and w,, the C, molecule exhibits the
largest effects from correlating the ls electrons. For the
equilibrium bond length, the effect for B, is the largest at
nearly —0.007 A, The magnitude of this effect decreases
to about 0.004 A for C, and approximately 0.002 A for
the other members of the series. As has been noted
previously by Csaszar and Allen [39], the core contri-
bution to D, for the F, molecule is actually slightly
negative, i.e., correlation of the core electrons lowers the
energy of the atoms more than that of the molecule.
However, when the effect of core correlation is accu-
rately calculated for the whole series as shown in Fig. 4,
this result for F, should not seem too surprising given
the observed trend.

In comparing the results of Tables 1-5 with experi-
mental results the all-electron IC-MRCI + Q results yield
r. and w, values in excellent agreement. Indications from
Table 6 are that the use of IC-ACPF would even slightly
improve upon these results. Similar behavior concerning
IC-MRCI + Q for N, has been noted previously in other
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work [18, 36]. The CCSD(T) method generally yields
bond lengths that are too small and harmonic frequen-
cies that are too large when all the electrons are corre-
lated. This is also true for IC-MRCI, but to a lesser
extent in the case of w,. After extrapolating to the CBS
limit, the accuracy of the dissociation energies calculated
by IC-MRCI+Q is also very good for all of the species

n (cc-pCVnZ)

Legend

W CCSD(T)
® IC-MRCI+Q
A IC-ACPF

Fig. 2. Convergence of Ar, for B,—F,
as a function of the cc-pCVnZ basis
set. Results are plotted for the
CCSD(T), IC-MRCI+Q, and IC-
ACPF (cc-pCVQZ set only) methods

except C, and F,. In the case of C,, it has been shown
[14, 40] that IC-MRCI provides a more accurate de-
scription of the energetics of this species compared to
IC-MRCI+ Q. Applying our estimated core contribu-
tion for D, of 1.5 kcal/mol (see below) to the CBS limit
valence-only IC-MRCI result (145.6 kcal/mol) yields
147.1 kcal/mol, which is in good agreement with the
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Table 6. Comparison of core-valence correlation effects calculated by IC-ACPF with IC-MRCI +Q and CCSD(T) using the cc-pCVQZ

basis set
Species Method D, (kcal/mol) Te (A) w, (cm™h)
Valence All A Valence All A Valence All A

B, ICACPF 65.24 66.22 +0.98 1.5982 1.5919 —0.0062 1038.2 1047.4 +9.3
ICMRCI+Q 65.17 66.26 +1.10 1.5982 1.5919 —0.0063 1037.6 1047 .4 +9.8
CCSD(T) 64.17 64.86 +0.70 1.5932 1.5874 —0.0058 1048.8 1056.9 +8.1

C, ICACPF 142.78 144.09 +1.31 1.2472 1.2437 —0.0034 1846.7 1859.0 +12.3
ICMRCI+Q 142.50 144.13 +1.63 1.2473 1.2437 —0.0035 1845.7 1858.9 +13.2
CCSD(T) 143.33 144.24 +0.91 1.2455 1.2425 —0.0030 1856.7 1866.7 +10.0

N, ICACPF 223.41 224.22 +0.81 1.1010 1.0990 —0.0019 2345.5 2353.8 +8.3
ICMRCI+Q 223.35 224.40 +1.05 1.1011 1.0990 —0.0021 2344.6 2354.1 +9.5
CCSD(T) 223.38 224.11 +0.73 1.1001 1.0981 —0.0020 2356.5 2365.7 +9.2

0, ICACPF 117.24 117.50 +0.26 1.2102 1.2083 —0.0018 1575.8 1580.9 +5.1
ICMRCI+Q 117.46 117.64 +0.19 1.2101 1.2078 —0.0022 1576.5 1583.4 +6.9
CCSD(T) 117.29 117.51 +0.22 1.2074 1.2055 —0.0019 1601.4 1607.0 +5.6

F, ICACPF 36.19 36.10 —0.09 1.4151 1.4135 —0.0015 908.5 909.8 +1.3
ICMRCI+Q 36.25 35.99 —0.26 1.4145 1.4127 —0.0018 909.5 909.9 +0.4
CCSD(T) 36.95 36.88 -0.07 1.4127 1.4113 —0.0014 920.8 922.3 +1.5

experimental value 147.8 £+ 0.5 kcal/mol of Urdahl
et al. [41]. For the D, of F,, most of the deviation from
experimental results at the IC-MRCI level was shown
previously [14] to be due to a poor cancellation of the
internal contraction error in F, with that of F atom for a
valence CAS reference function. In this case, the
CCSD(T) D, is in much better agreement with the ex-
periment. Surprisingly, however, at the all-electron CBS
limit D,[CCSD(T)] is still smaller than the experimental
data by 1.0 kcal/mol.

In order to accurately predict the magnitude of the
core correlation effect on D,, r.,, and w, for all five

species of this series, we take the estimated CBS limits
from IC-MRCI + Q calculations for B, and C, (Tables 1
and 2) and from CCSD(T) calculations for the others
(Tables 3-5) and combine these with the differences be-
tween these methods and IC-ACPF from Table 6. The
effects of 1s correlation on D, (kcal/mol), r. (A), and w,
(cm™") are thus estimated to be: 4+1.1, —0.0070, 410 for
B, +1.5, —0.0040, +13 for C,; +0.9, —0.0020, +9 for
N,; +0.3, —0.0020, +6 for O,; and —0.1, —0.0015, +1
for Fs.

Recently, the C, and N, molecules have been the
subject of several studies, some of which have included
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the effects of correlating the core electrons. For the N,
molecule, recent work has included IC-MRCI calcula-
tions by Werner and Knowles [36] and the work of
Bauschlicher and Partridge [18] where several correla-
tion methods were employed and compared. In neither
case were the basis sets used systematically extendable.
However, these sets, which were based on atomic natural
orbitals (ANO) [42], were significantly flexible to yield
excellent agreement with our present cc-pCVQZ results.
This was also found to be the case for C,, where recent
studies by Pradhan et al. [19] and Partridge and Ba-
uschlicher [38] used a basis set similar to the one used by
Bauschlicher and Partridge for N,. In the present case,
the systematic convergence of the cc-pCVnZ basis sets
allows the estimation of the all-electron CBS limits,
which results in somewhat larger core contributions,
especially for D,.

The current work appears to be the first accurate
study of the core-correlation effects in B,. Previous work
[43] had proposed a maximum core contribution to D, of
0.7 kcal/mol based upon comparison to calculations on
BH. The present IC-MRCI+ Q and IC-ACPF calcula-
tions, however, predict that the actual core contribution
should be about 1.1 kcal/mol. Adding this result to our
valence-only IC-MRCI CBS limit D,, which is expected
to be the most accurate based on a previous full CI
calibration [14], yields a prediction for D, of 67.0 kcal/
mol. The uncertainty in this value is estimated to be less
than 1 kcal/mol based on the estimated residual errors in
the one- and n-particle treatments. This is in very good
agreement with earlier ab initio predictions of
67.2 + 1.4 [43] and 66.9 kcal/mol [14].

For the other members of this series, Csaszar and
Allen [39] have presented results at the CCSD(T) level of
theory using basis sets similar to those used by Ba-

Table 7. Best estimates of the core and core-valence correlation
effects on D,, r,, w, for the B,—F, series

Species D, (kcal/mol) 7, (A) w, (cm™")
B,* +1.1 —0.007 +10

o +1.5 —0.004 +13

N,° +0.9 —0.002 +9

0,° +0.3 —0.002 +6

F,° —0.1 —0.0015 +1

#Based on IC-MRCI+ Q results at the estimated CBS limit with
corrections from IC-ACPF/cc-pCVQZ. See the text

®Based on CCSD(T) results at the estimated CBS limit with cor-
rections from IC-ACPF/cc-pCVQZ. See the text

uschlicher and Partridge. Their results tend to be in good
agreement with our cc-pCVQZ values. Likewise, similar
effects of core correlation on the spectroscopic proper-
ties of several small molecules that included N, and F,
were obtained in a study by Martin [44], where the cc-
pCVTZ and ANO-based basis sets were used.

4 Conclusions

The effects of correlating the 1s-like core electrons in the
homonuclear diatomics containing first row atoms have
been studied using several methods for treating electron
correlation and systematic sequences of core-valence
correlation consistent basis sets. The regular conver-
gence characteristics of these sets allowed for estimates
of both the valence-only and all-electron CBS limits for
each property with each correlation method. This
facilitated the accurate prediction of the core con-
tributions to D,, r., and w, for each species. The
IC-MRCI+Q and, in particular, IC-ACPF methods



provided reliable results for B, and C,, while IC-ACPF
and CCSD(T) produced reliable estimates of the core
contributions for N,, O,, and F,.

The best estimates for the core- and core-valence
correlation effects on D,, r,., and w, for the B,—F, series
are given in Table 7. As can be seen, the effects decrease
dramatically, but not quite uniformly, from B, to F, for
D, and w,, the effect of including the 1s electrons in the
calculations is actually largest for C,. Clearly, however,
core- and core-valence correlation effects must be taken
into account if high accuracy is required.

Convergence of the core- and core-valence effects
with basis sets is reasonably rapid. Calculations with the
cc-pVQZ set yield more than 90% of the estimated CBS
limits. Even the cc-pCVTZ set provides reasonable es-
timates of the core- and core-valence effects for D,, r,,
and w,.
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