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The correlation-consistent polarized valence basis sets~cc-pVXZ! for the atoms boron through neon
have been extended to treat core and core-valence correlation effects. Basis functions were added to
the existing cc-pVXZ sets to form correlation-consistent polarized core-valence sets~cc-pCVXZ! in
the usual pattern: Double zeta added (1s1p), triple zeta added (2s2p1d), quadruple zeta added
(3s3p2d1 f ), and quintuple zeta added (4s4p3d2 f1g). The exponents of the core functions were
determined by minimizing thedifferencebetween all-electron and valence-only correlation energies
obtained from HF1112 calculations on the ground states of the atoms. With the cc-pCVXZ sets,
core, core-valence, and valence correlation energies all converge exponentially toward apparent
complete basis set~CBS! limits, as do the corresponding all-electron singles and doubles CI
energies. Several test applications of the new sets are presented: The first two ionization potentials
of boron, the3P–5S separation in carbon, and theX̃ 3B1– ã

1A1 state separation in CH2. As
expected, correlation effects involving the core electrons of the first row atoms, B–Ne, are small but
must be included if high accuracy is required. ©1995 American Institute of Physics.
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I. INTRODUCTION

It is a well-established axiom of chemistry that the pro
erties of atoms and molecules are largely determined by
valence electrons. This is the organizing principle that und
lies the periodic table. Accordingly, most theoretical stud
focus on the description of the valence electrons. In calc
tions that do consider correlation effects associated with
core electrons, the basis sets most often used have bee
veloped to describe the Hartree–Fock wave function
thus may not provide an adequate description of core
core-valence correlation effects. A recent article by Tayl1

concludes with a set of maxims regarding the pursuit of
curateab initio results. On the subject of core-valence c
relation, he writes: ‘‘For the very highest accuracy, the eff
of at least core-valence correlation should be explored. T
mustbe accompanied by some serious effort to extend
basis so that core-correlating functions are included. Us
valence-optimized basis sets and including core correlatio
not only a waste of computer time, but a potential source
problems... This point is not well appreciated: the prevail
view appears to be that no harm can come of correlating
core when the basis set is inadequate. This is not so.’’

Although there have been sporadic efforts to quantify
magnitude of core and core-valence correlation effects
the role of basis sets in describing these interactions, th
has been no systematic treatment of the construction of b
sets designed specifically for this purpose. The goal of
present work is to establish a definitive strategy for co
structing basis sets for all-electron calculations on the fi
row atoms and to examine the basis set dependence of
and core-valence contributions to the structure and energ

a!Current address: Molecular Research Institute, 845 Page Mill Rd.,
Alto, CA 94304; email: woon@hecla.molres.org

b!e-mail: th_dunning@pnl.gov
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of small molecules. With these sets it will be possible
distinguish errors due to the methodology~coupled cluster,
perturbation theory, configuration interaction! from those due
to the use of incomplete basis sets.

Dunning and co-workers2 have developed families of ba-
sis sets optimized for correlated calculations on the valen
electrons of atoms and molecules. The original collection
sets for H and B through Ne@Ref. 2~a!# has been expanded to
include Al through Ar@Ref. 2~c!# and He.2~d! Sets for Li, Be,
Na, and Mg will soon be available,3 and work on sets for
third-row main group atoms is currently underway. Correl
tion consistent basis sets are readily extended to treat n
classes of problems. Given a suite of valence basis sets~cc-
pVXZ, X52,3,...! with well-behaved convergence behav
ior, it is straightforward to add additional functions in orde
to describe, for example, electron affinities,2~b!

polarizabilities,2~d! or other selected atomic and molecula
properties2~d! ~augmented basis sets or aug-cc-pVXZ, d-au
cc-pVXZ, etc.!. The present work introduces correlation
consistent polarizedcore-valence~cc-pCVXZ! basis sets for
B through Ne. The basis set requirements for accurately
scribing core and core-valence correlation effects are de
mined, and the extended sets are used to study a numbe
standard test cases.

As noted by Bauschlicheret al.,4 core and core-valence
correlation effects generally become important only whe
one is concerned with relatively small errors in energetics
spectroscopic constants~with some exceptions, such as spe
cies containing alkali or alkaline earth metals!.5 In perform-
ing benchmark calculations on diatomic species with the v
lence correlation consistent sets,6 bond energies were
consistently underestimated by a few kilocalories per mo
and bond lengths were too long by several thousandths of
angstrom. This was the intrinsic error present even at
estimated complete basis set~CBS! limit for valence-only
calculations employing the multireference configuration i

lo
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4573D. E. Woon and T. H. Dunning, Jr.: Core-valence basis sets
teraction ~MRCI! method. With the valence-only behavio
firmly established, core-valence basis sets can now be u
to definitively determine the incremental impact of core a
core-valence correlation on bond lengths, dissociation en
gies, and other molecular properties.

Two preliminary atomic test cases are studied here:
first two ionization potentials of the boron atom and th
separation between the3P and 5S states of atomic carbon
Bauschlicheret al.4 and Sasaki and Yoshimine7 noted the
difficulty in distinguishing errors due to core correlation e
fects from those due to a given correlation treatment. As
shall demonstrate, the ability to examine the basis set dep
dence of a given property in a systematic manner essenti
resolves this conundrum. For atoms, we are able to use la
one-electron basis sets and still perform extensive correla
calculations, e.g., singles and doubles CI based on a re
ence wave function formed from an extended active sp
~MRCI! or coupled cluster calculations with perturbativ
treatment of triple excitations@CCSD~T!#.

One molecular case has also been examined, theX̃ 3B1

andã 1A1 states of CH2. Of particular interest is the chang
in the equilibrium state separation,Te , when one properly
accounts for core and core-valence correlation effects. T
effect of these contributions on equilibrium structure is al
of interest. Here we have compared the new restric
coupled-cluster method of Knowles, Hampel, and Wern
@RCCSD~T!#8 with the contracted multireference~full va-
lence complete active space! configuration interaction
method. A study of the impact of core and core-valence c
relation effects on the energies and spectroscopic const
of the first row homonuclear diatomics B2 through F2 will
appear separately.9

II. METHODOLOGY

The MOLPRO program suite has been employed exc
sively in this work.10 To determine the optimum exponent
for the core/core-valence functions atomic configuration
teraction~singles and doubles CI, CISD! calculations were
performed using an SCF wave function state-averaged o
the three degenerate HF configurations~with the exception
of N, where there is no degeneracy!. The degeneracy is no
strictly enforceable on the CISD wave functions; howev
the effect of symmetry breaking is expected to be sm
Internally contracted11 multireference CI~CMRCI! calcula-
tions starting from various multiconfigurational sel
consistent field~MCSCF! reference functions12 were carried
out for the atomic test cases; the multireference form of
so-called Davidson correction~denoted as CMRCI1Q!13

was employed for CH2. All of the test cases also include
coupled cluster calculations@CCSD~T!#,14 using the new
spin-restricted RCCSD~T!8 method for open-shell states
Spherical contractions of the (d fgh) functions were used.
The atomic Hartree–Fock (1s,2s,2p) orbitals are generally
contracted;15 all other functions are single Gaussian prim
tives.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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III. CORE AND CORE-VALENCE CORRELATION IN
OXYGEN

As in the study of valence correlation in the first row
atoms,2~a! the prescription for developing basis sets for d
scribing core and core-valence correlation will be present
using oxygen as an example. The other atoms behave s
larly. Since the general principles of the methodology ha
been described in detail previously,2 only notable particulars
will be discussed here.

When both core and valence electrons are correlat
there are excitations from the core orbitals~CC or KK terms!
and from the valence orbitals~VV or LL terms!, as well as
intershell excitations~CV or KL terms!. A family of basis
functions could, in principle, be optimized16 for each set of
interactions. In terms of the radial density of the optim
correlating functions, the optimum CC and VV function
would be expected to bracket the appropriate radial peaks
the core and valence orbitals, respectively. The optimal fun
tions for the CV contributions, on the other hand, are e
pected to be concentrated in the region between the max
in the core and valence orbitals. When small CC and VV s
are used, the CV region is rather poorly described. Howev
as the CC and VV sets become larger, the two sets of fu
tions begin to merge and the coverage of the CV regi
becomes more and more complete. This argument sugg
that it may not be necessary to include functions optimiz
for CV correlation terms in the limit of a complete basis se
As we shall see below, this is also true, within limits, eve
for finite basis sets.

To determine the best scheme for optimizing a set
functions for describing both core and core-valence effec
we explored three different approaches:

~1! minimization of the core (1s2) correlation ~CC!
energy,

~2! minimization of the core plus core-valence correla
tion ~CC1CV! energies, and

~3! minimization of thedifferencebetween all-electron
and valence-only correlation energies.

Strategy~1! allows us to determine the sensitivity of CV
effects on the basis set, while~2! and ~3! explicitly include
such terms in the optimization process. Because of progr
restrictions only double excitations could be included in~1!
and ~2!. Although double excitations are expected to dom
nate the correlation contribution, in nonspherical atom
states, such as O(3P), the effect of single excitations can be
non-negligible. The effect of single excitations is included
~3!.

An issue of particular importance here is the ability o
the small, finite basis sets to describe both core and co
valence correlation contributions. Although smaller in ma
nitude than the core correlation energy, core-valence corre
tion effects are expected to account for most of th
discrepancy in dissociation energies, spectroscopic consta
etc. between valence and all electron calculations. Thus,
would prefer a basis set sequence where the smaller s
cc-pCVDZ or cc-pCVTZ, recover a substantial fraction o
the complete basis limiting value for core-valence correlati
rather than one which strictly emphasizes recovery of co
correlation energy. In this regard, one might anticipate th
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4574 D. E. Woon and T. H. Dunning, Jr.: Core-valence basis sets
method~1!, which does not directly address CV correlatio
might be much less satisfactory in this respect, while t
other two schemes would tend to yield exponents that be
describe both core and core-valence contributions.

A. Treatment of core-only correlation effects: Method
(1)

In scheme~1! the exponents of the core correlation fun
tions were determined by minimizing the energy of the H
1112 wave function constructed from double excitation
out of the 1s2 configuration only. In this approach we ig
nored the coupling between the basis functions for the
and VV terms, i.e., the optimizations were performed in t
absence of valence correlation functions. The procedure
therefore analogous to optimizing functions for He: sta
with a largesp set contracted to describe only the HF wav
function, then optimize correlation polarization functions
one step ands correlation functions subsequently.

To determine an optimum set of polarization function
(pd fg), the (14s8p) primitive set from the cc-pV5Z set for
oxygen was initially contracted to a base set of (9s1p). The
eight most diffuses primitives were left uncontracted. Serie
of basis function groups were then added: (1p) through (4p)
to the base set, (1d) through (3d) to the base set augmente
with the (4p) set, and so on, and the even-tempered para
eters ~a,b! for the groups optimized ~zn5abn21,
n51,2,...!. The incremental changes in correlation ener
uDEcorru are plotted in Fig. 1. The convergence behavior

FIG. 1. Contributions of polarization functions ands functions~inset! to the
correlation energy of the 1s2 pair in oxygen. The absolute values of th
incremental correlation energy lowerings,uDEcorru (mEh), are plotted against
the number of functions in the expansions forspd fg functions~solid lines!.
The correlation consistent groupings of polarization functions, namely,
(1p), TZ (2p1d), QZ (3p2d1 f ), and 5Z (4p3d2 f1g), are evident. These
groupings are combined with the appropriate (ns) sets and the respective
cc-pVXZ sets to form the core-valence sets~cc-pCVXZ!.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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monotonic, just as in the case of valence-only correlatio
The figure also depicts the correlation consistent groupin
(1p), (2p1d), (3p2d1 f ), and (4p3d2 f1g), which are ex-
actly the same as those adopted for H and He. The sep
tions between the groups are quite distinct and the variat
within each group is small.

A base set of (14s8p)/[2s1p] plus the (3p2d1 f ) po-
larization set from above was selected for the optimization
the s correlation functions. Exponents for sets of function
ranging from (1s) through (4s) were optimized. The incre-
mental correlation energy changes are shown in the inse
Fig. 1. There is a much larger change between the (1s) and
(2s) sets than between the larger (ns) sets, which decrease
monotonically fromn52 throughn54.

As in H and He, the (1s) set is paired with (1p) to form
the group of functions that would be added to the cc-pVD
set to form the cc-pCVDZ set, when method~1! is adopted.
The other groupings follow sequentially: (2s2p1d) would
be added to the cc-pVTZ set to form the cc-pCVTZ set, a
so on. The exponents of the correlating functions obtained
this way are plotted in Fig. 2. As is evident in this figure, th
gap between the core and valence exponents, which is q
substantial in the cc-pCVDZ set, narrows as the set beco
larger. In the limitX→`, the cc-pCVXZ sets obtained by
method ~1! will clearly cover all of the important spatial
regions. However, one problem with this scheme becom
evident with the larger groups: There is no way to preve
contention between the new core exponents and existing
lence functions. In particular, note that the (4s) valence and
core exponent sets are beginning to edge very closely
gether.

The correlation consistent core-valence sets of dou
through quintuple zeta quality determined in this mann
were used to calculate CC, CV, and VV correlation energi
~CID only! for oxygen. The results of these calculations a
tabulated in Table I~B! and depicted in Fig. 3@Table I~A!

Z

FIG. 2. Exponents of the optimal correlation functions for describing t
1s2 pair in oxygen,@method~1!#, as well as the exponents of the correlatio
functions from the valence-only cc-pVXZ sets.
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4575D. E. Woon and T. H. Dunning, Jr.: Core-valence basis sets
gives the corresponding energies determined with the
lence basis sets#. Both the core and core-valence correlatio
energies converge exponentially as, of course, does the
energy. Figure 3 also dramatically illustrates the relati
magnitudes of the three contributions. At the CISD lev
there is over 200 millihartrees (mEh) of correlation energy
in the O atom. Only 9.5% of this is due to CV correlatio
effects, while 19.7% is due to the CC terms; the remaini
70.8% is due to VV effects. Although the cc-pCVDZ se
obtained via method~1! recovers 73% of the CC correlation
energy at the estimated complete basis set~CBS! limit, it
only recovers 34% of the CV limit and 61% of the VV limit
The cc-pCVTZ set does far better, accounting for 91% a
71% of the CC and CV CBS limits, respectively, and 87%
the VV CBS limit.

B. Treatment of core and core-valence correlation
effects: Method (2)

In scheme~2! we optimized the exponents of the corre
lating functions to maximize the CC plus CV~doubles only!
correlation energies~or KK1KL energies!. Although we ne-
glected the coupling between the core and valence basis
when only core correlation effects were treated, the full v
lence sets had to be included in the calculations when co
valence effects are explicitly considered. As a check on
interaction between the core and valence sets, we optim
a series of (spd fg) functions for both the cc-pVTZ and cc
pVQZ sets. The coupling between the optimized core fun
tions and the valence base set is very pronounced. For
ample, thea values from our even-tempered expansions
the (1s), (2s), and (3s) series are 5.926, 5.156, and 4.75
for the cc-pVTZ set and 7.532, 7.879, and 6.643 for t
cc-pVQZ set. Changes of 25% to 50% are common acr

TABLE I. CC, CV, and VV correlation energiesuEcorru (mEh) of oxygen as
a function of basis quality for valence sets~A! and core-valence sets deter
mined via~B! method~1!, ~C! method~2!, and~D! method~3!. See text for
more details regarding the optimization schemes.

Basis set

Ecorr

CC CV VV

~A! cc-pVDZ 0.21 1.11 87.71
cc-pVTZ 4.62 5.87 125.50
cc-pVQZ 17.21 11.59 138.78
cc-pV5Z 20.94 14.47 143.74

est. CBS limit 146.54
~B! cc-pCVDZ 30.00 6.76 90.11

cc-pCVTZ 37.32 13.97 127.93
cc-pCVQZ 39.59 17.73 140.12
cc-pCV5Z 40.39 18.88 144.40

est. CBS limit 40.86 19.77 146.96
~C! cc-pCVDZ 28.08 6.64 90.18

cc-pCVTZ 36.97 14.50 127.84
cc-pCVQZ 39.37 18.29 140.19
cc-pCV5Z 40.21 19.10 144.52

est. CBS limit 40.69 20.02 147.13
~D! cc-pCVDZ 29.94 6.88 90.21

cc-pCVTZ 36.23 16.08 128.70
cc-pCVQZ 39.39 18.39 140.25
cc-pCV5Z 40.34 19.09 144.41

est. CBS limit 41.09 19.56 146.78
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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the whole body of functions. Although the energies are rath
insensitive to changes in the exponents, it is clear that th
core functions must be optimized in the presence of the v
lence set with which they will be grouped.

The CC, CV, and VV correlation energies for scheme
~2!, obtained by adding the appropriate core sets to the co
responding valence sets, are given in Table I~C!. For these
estimates the exponents for the core sets are those obtai
from the calculations with the cc-pVQZ set. In general, ther
is a shift of energy from CC into CV with little change in
VV. The CV contribution at the triple-zeta level has im-
proved by slightly more than 0.5mEh . Interestingly, there is
no improvement in the CV correlation energy at the cc
pCVDZ level. Since nearly 2mEh are lost from the CC pair
for this set, scheme~2! is less satisfactory than method~1!
for the smallest set. Overall, the cc-pCVTZ set is only mod
estly better than that obtained with method~1!.

C. Full treatment of core and core-valence correlation
effects: Method (3)

The final method incorporates lessons learned from th
first two approaches. In scheme~3! we optimized the expo-

FIG. 3. Convergence of the correlation energy of core-core~CC!, core-
valence~CV!, and valence-valence~VV ! pairs of electrons for oxygen using
the exponents determined by method~1!. Open symbols represent values
determined with the cc-pVXZ sets, and solid symbols correspond to c
pCVXZ sets. Only double excitations are included in the CI calculation
~HF12!.
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4576 D. E. Woon and T. H. Dunning, Jr.: Core-valence basis sets
nents of the correlating functions by maximizing the co
plus core-valence correlation energy obtained from

Ecorr~core1core-valence)5ESDCI~8e; all electron!

2ESDCI~6e; valence electron!

~1!

subject to the following conditions:
~1! The function groupings were added in the same m

ner as in method~1!.
~2! The core functions were optimized in the presence

the appropriate valence sets.
~3! Both single and double excitations were included

the optimizations.
The first condition ensures that a large measure of c

relation consistency will be maintained for the core corre
tion energy. The second allows for interaction between
core and valence functions, and the third allows first-or
correlation effects to influence the exponents of the c
functions. Although the latter effect is expected to be sm
for the first row atoms, it may well be significant for atom
further down in the periodic chart, especially the transiti
metals which possess open-shellnd orbitals that are in the
same region of space as the closed-shell ‘‘core’’ns andnp
orbitals.

It is perhaps worthwhile to note that it is difficult, and
times impossible, to determine core correlating functions
optimizing ESDCI(8e). As noted above, approximately 70%
of the correlation energy of the oxygen atom is valence s
correlation. There is, therefore, a strong tendency for n
functions to drift into the valence region rather than stay
the core region, especially for the smaller valence basis s
By optimizing the difference of the all-electron and valenc
electron energies, rather thanESDCI(8e), the core functions
remain where they are intended.

After optimizing the exponents for the core correlati
functions in the cc-pCVXZ sets using this approach, the C
CV, and VV correlation energies were calculated@Table
I~D!#. The calculated correlation energies converge expon
tially, a trait whose exploitation has proven to be very use
for the valence sets. Scheme~3! produced the best cc
pCVTZ set; this set now recovers 82% of the estimated
limit and 88% of the CC and VV limits. Once again, how
ever, the results obtained with cc-pCVDZ are largely ins
sitive to which method is used; this set is simply not flexib
enough to simultaneously describe both CC and CV corr
tion effects.

The optimized core exponents are shown, along with
existing valence functions, in Fig. 4. With the exception
the s functions, there is a distinct shift toward the valen
region. Thes functions become somewhat tighter, reduci
the contention evident in Fig. 2.

In determining the valence-only sets it was possible
uncontract functions from the HF primitive sets to descr
(sp) correlation effects. Table II details the errors introduc
when various substitutions are made for the optimized c
sp exponents of oxygen. Closer matches occur between
timized and existing exponents fors than forp functions. As
a rule, tighterp functions than those already present in t
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject
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HF sets are necessary for describing core-valence corre
tion. Although a case could be made for uncontracting exis
ing HF primitives, because correlation effects involving th
core electrons are so small, we have chosen to empha
accuracy over computational efficiency and have include
the optimals andp functions in the cc-pCVXZ sets.

Uncontracting some or all of the tighter functions in a
HF set has been a common means of modifying a valen
basis set for describing core and core-valence correlation
fects. Although this might serve as an acceptable compr
mise, it should be done with caution. A case in point: unco
tracting the next tightestp function of the cc-pVDZ set~z
51.046! is a poor substitute for the optimized exponent~z
526.056!—there is a loss of 16.2mEh in the CC1CV
correlation energy. In fact, the largestp-exponent in the cc-
pVDZ set ~z517.706! is still substantially less than the op-
timum exponent and results in an error of nearly 2mEh .

Section IV describes the sets for B through Ne and in
cludes discussion of the convergence behavior and recov
of correlation energy at the CISD level and with other meth
ods.

IV. cc-pCVXZ BASIS SETS FOR BORON THROUGH
NEON

Functions appropriate for describing the contributions o
the core electrons to the correlation energy were determin
for the first row atoms B through Ne using the approac
outlined in Sec. III C. The composition and size of the cc
pCVXZ sets are given in Table III; Table IV lists the opti-
mum exponents for the groups of core correlation function
that are added to the cc-pVXZ sets to form the cc-pCVX
sets.

Table V is a compendium of CISD energies for the si
atoms computed with the four basis sets. The valence-on
and all-electron correlation energies are given. Estimates

FIG. 4. Exponents of the optimal correlation functions for describing C
and CV correlation effects in oxygen as determined by method~3! as well as
exponents from the valence-only cc-pVXZ sets.
o. 11, 15 September 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Errors (dE) introduced in the core plus core-valence contribution~DECV! to the correlation energy of oxygen due to replacing the optim
exponents~opt! with (sp) primitives from the HF sets. Total valence electron CISD energies@EHF1112(V)# and all electron CISD energies@EHF1112~all!# are
in Eh ; energy differences are inmEh .

Set Type Primitive Exponents EHF1112(V) EHF1112~all! DECV dE

cc-pCVDZ s opt 8.215 274.909 649 274.946 185 236.537 0.000
2a 1.013 274.909 657 274.946 322 236.665 20.129
3 5.025 274.910 183 274.944 249 234.067 2.470
4 13.27 274.908 851 274.939 303 230.452 6.084

p opt 26.056 274.909 649 274.946 185 236.537 0.000
2a 1.046 274.918 123 274.938 416 220.293 16.243
3 3.854 274.916 235 274.932 691 216.456 20.080
4 17.706 274.910 712 274.945 268 234.557 1.980

cc-pCVTZ s opt 7.845 21.032 274.970 756 275.022 201 251.445 0.000
4,5 6.207 16.76 274.970 792 275.022 176 251.384 0.061
4,6 6.207 47.55 274.970 596 275.020 021 249.425 2.020
5,6 16.76 47.55 274.970 508 275.020 042 249.534 1.911

p opt 15.159 57.437 274.970 756 275.022 201 251.445 0.000
4,5 7.749 34.46 274.971 912 275.022 050 250.137 1.308

cc-pCVQZ s opt 12.974 34.9 93.881 274.987 312 275.043 971 256.659 0.000
4,5,6 4.682 11.10 26.97 274.987 360 275.044 008 256.648 0.011
5,6,7 11.10 26.97 69.32 274.987 361 275.044 007 256.646 0.013
6,7,8 26.97 69.32 192.3 274.987 065 275.043 582 256.517 0.142

p opt 14.475 42.73 126.14 274.987 312 275.043 971 256.659 0.000
4,5,6 4.459 14.66 63.42 274.987 254 275.043 041 255.787 0.872

cc-pCV5Z s opt 15.645 35.874 82.259 188.62 274.992 555 275.050 789 258.234 0.000
6,7,8,9 13.81 31.22 73.93 187.2 274.992 560 275.050 793 258.233 0.001

p opt 14.049 35.446 89.429 225.63 274.992 555 275.050 789 258.234 0.000
5,6,7,8 5.296 14.58 46.16 195.5 274.992 542 275.050 599 258.057 0.177

aPrimitive function concentrated in the valence region.
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the complete basis set~CBS! limits were determined using
the function

A~X!5A`1Be2~X21!1Ce2~X21!2, ~2!

whereX is the cardinal number of the basis set andA is the
property of interest. The CBS limits for the correlation en
gies uEcorru were computed in two ways: As direct extrapol
tions of the double through quintuple zeta correlation en
gies and as the difference between the CBS limits for the
~EHF! and CISD~EHF1112! energies. Both approaches yie
nearly identical results.

The penultimate entry in the table indicates the diff
ence between the valence only correlation energy determ
using the cc-pVXZ and cc-pCVXZ sets. The core correlat
functions make non-negligible contributions to valence c
relation, particularly for the O, F, and Ne. This is not une
pected since the valence orbitals penetrate into the core
gion. In Ne the improvement is over 3mEh even at the
quadruple-zeta level, although this amounts to less than

TABLE III. The composition and size of the cc-pVXZ and cc-pCVXZ bas
sets for the first row atoms, B–Ne. Only the core correlation functions ad
to the cc-pVXZ sets are noted in the cc-pCVXZ column.NV is the number
of functions in the cc-pVXZ set andNCV is the number of functions in the
cc-pCVXZ set.

Set cc-pVXZ NV cc-pCVXZ NCV

DZ (3s2p1d) 14 1(1s1p) 18
TZ (4s3p2d1 f ) 30 1(2s2p1d) 43
QZ (5s4p3d2 f1g) 55 1(3s3p2d1 f ) 84
5Z (6s5p4d3 f2g1h) 91 1(4s4p3d2 f1g) 145
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
r-
-
r-
F

-
ed
n
r-
-
re-

%

of the total estimated valence correlation energy. In comp
ing energy differences the contribution of the core correl
tion functions to the valence correlation energy may,
course, largely cancel.

Our values for the all electron correlation energies com
pare very favorably with the large basis results of Sasaki a
Yoshimine,7 which are also included in Table V. These au
thors utilized Slater-type functions throughl56 ~i func-
tions!. In each instance our cc-pCV5Z energies are sligh
better than the ones reported in Ref. 7, and the extrapolat
to the CBS limit further improves these results. The agre
ment is very good considering that~i! there will usually be
some error associated with internal contraction even in
oms,~ii ! we were not able to enforce the full atomic symme
try on the CI wave function, and~iii ! Sasaki and Yoshimine7

did not optimize the exponents of the polarization function
that they used.

Table VI compares the performance of the cc-pCVX
sets against empirical17 estimates for all electron correlation
energies. Figure 5 depicts the fraction of the correlation e
ergy recovered by the four sets using the RCCSD~T! method.
Improving the basis set quality dramatically improves th
fraction of the correlation energy recovered and, at the sa
time, substantially dampens the variation of this quantity f
the sequence of atoms considered. Where there is a 20
centage point change in~Ecorr

calc/Ecorr
emp! between B and Ne at the

cc-pCVDZ level, there are only seven, three point and o
point variations for the cc-pCVTZ, cc-pCVQZ, and cc
pCV5Z sets, respectively. In addition, the single-referen
RCCSD~T! method performs exceptionally well at describ
ing the correlation energy of these atoms: The cc-pCV5Z s

ed
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



013
425

6.571
1.414

4578 D. E. Woon and T. H. Dunning, Jr.: Core-valence basis sets
TABLE IV. Core-valence correlating functions for B through Ne; these sets are added to the cc-pVXZ sets to form the cc-pCVXZ sets as noted.

Basis set Group B C N

cc-pCVDZ (1s) 3.066 4.530 6.233
(1p) 9.940 14.557 19.977

cc-pCVTZ (2s) 2.940, 8.311 4.292, 11.876 5.952, 16.201
(2p) 6.016, 22.891 8.778, 33.190 11.871, 44.849
(1d) 13.015 14.839 14.200

cc-pCVQZ (3s) 4.864, 13.288, 36.304 7.216, 19.570, 53.073 9.862, 26.627, 71.894
(3p) 5.489, 16.302, 48.418 8.182, 24.186, 71.494 11.320, 33.349, 98.245
(2d) 6.640, 24.462 8.656, 33.213 11.828, 45.218
(1f ) 18.794 24.694 28.364

cc-pCV5Z (4s) 6.411, 14.521, 32.890, 74.496 9.185, 20.795, 47.080, 106.588 12.275, 27.827, 63.085, 143.
(4p) 5.172, 13.225, 33.816, 86.467 7.668, 19.484, 49.510, 125.804 10.760, 27.180, 68.656, 173.
(3d) 7.066, 19.721, 55.042 10.009, 28.065, 78.695 14.053, 39.081, 108.685
(2f ) 9.994, 33.090 11.693, 41.569 14.357, 52.690
(1g) 24.020 32.780 41.120

O F Ne

cc-pCVDZ (1s) 8.215 10.426 12.854
(1p) 26.056 32.830 40.184

cc-pCVTZ (2s) 7.845, 21.032 9.812, 25.943 12.083, 31.947
(2p) 15.159, 57.437 18.756, 71.348 22.827, 87.017
(1d) 15.858 19.108 23.168

cc-pCVQZ (3s) 12.974, 34.900, 93.881 16.319, 43.784, 117.472 20.180, 54.042, 144.725
(3p) 14.475, 42.730, 126.140 18.119, 53.505, 158.001 22.222, 65.622, 193.780
(2d) 14.927, 57.544 18.943, 72.798 23.613, 90.107
(1f ) 26.483 25.161 28.830

cc-pCV5Z (4s) 15.645, 35.874, 82.259, 188.620 19.876, 44.880, 101.339, 228.824 24.313, 54.680, 122.975, 27
(4p) 14.049, 35.446, 89.429, 225.630 17.306, 43.663, 110.162, 277.938 21.309, 53.720, 135.428, 34
(3d) 16.703, 47.320, 134.056 21.731, 60.955, 170.890 27.044, 75.750, 212.176
(2f ) 17.354, 65.546 22.337, 82.290 28.029, 102.586
(1g) 48.578 49.727 38.794
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recover 97.6% ~Ne! to 98.6% ~B! of Veillard and
Clementi’s17 empirical total correlation energies, while th
estimated CBS limits recover 9960.6%. We do not yet have
sufficient data to know whether this is indicative of the in
herent accuracy of the CCSD~T! method or is somewhat for-
tuitous.

V. APPLICATIONS

Three applications of the new correlation consiste
core-valence basis sets were selected. Other studies wi
reported later.9 Since our aim here is to obtain unambiguou
values for the core and core-valence contribution to vario
properties, we will principally compare valence electro
~VE! and all electron~AE! calculations each employing the
cc-pCVXZ sets. Comparing VE/cc-pVXZ with AE/cc
pCVXZ energies is also of pragmatic value, since most V
calculations are likely to use just the cc-pVXZ sets. It is al
of interest to examine how well~or poorly! the cc-pVXZ sets
perform at the task of recovering thechangesin atomic and
molecular properties resulting from inclusion of all of th
electrons. To eliminate doubling the size of the tables,
trends in the VE/cc-pVXZ and AE/cc-pVXZ behaviors wil
be shown graphically only for one representative level
theory and for the two atomic test cases.

A. Ionization potentials of boron

Core and core-valence effects are expected to be lar
for atoms on the left side of the periodic chart, so our fi
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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test case involves the first two ionization potentials~IP’s! of
boron. Calculations of IP~I! and IP~II ! require computing the
energies of three states: B(2P), B1(1S), and B21(2S). Table
VII summarizes the VE/cc-pCVXZ and AE/cc-pCVXZ re-
sults for RCCSD~T! and internally contracted multireference
CI calculations @HF, CAS(2s2p), and
CAS(2s2s82p2p83d)# on B0,11,12 and compares these re-
sults with the experimental values reported in Moore
compendium.18 Due to the small magnitude of the fine-
structure splitting of the ground state, it is not necessary
adjust the experimental value to remove the effect.

The most accurate calculations, CAS(2s2s82p2p83d)
1112,19 yield cc-pCVXZ CBS limits of the two IP’s of
8.294 and 25.155 eV, respectively, which differ from exper
ment by only20.002 and10.006 eV, respectively. A com-
parison between the VE and AE CBS limits indicates th
inclusion of core and core-valence correlation effects im
prove the IP’s by 0.041 and 0.030 eV. The HF1112 calcu-
lations show different trends. The errors in the two IP’s~AE/
cc-pCVXZ! are 20.051 and20.099 eV. The effect of
including core and core-valence correlation~AE versus VE
CBS limits! results in changes of10.049 and20.068 eV.
The errors for the intermediate-sized reference functio
CAS(2s2p), are20.050 and10.005 eV; the only signifi-
cant change is in the second IP, which indicates that t
improvement due to using the extended active space is c
fined to B(3P) and B1(1S). Finally, RCCSD~T! performs
nearly as well as the largest CAS1112 calculation, with
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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TABLE V. Valence only~V! and all electron~all! correlation energies for B through Ne. Total energies at the HF~EHF! and CISD~EHF1112! levels of theory
are inEh ; uEcorru is in mEh . Also given are the differences between the valence only correlation energies determined using the cc-pCVXZ sets a
corresponding cc-pVXZ sets [DuEcorru(V)]. Complete basis set limits for correlation energies use the extrapolated total energies. The CISD results of
and Yoshimine~Ref. 7! are given for purposes of comparison.

Species Basis EHF EHF1112 ~V! EHF1112 ~all! uEcorru ~V! DuEcorru ~V! uEcorru ~all!

B cc-pCVDZ 224.526 582 224.589 212 224.622 364 62.63 0.77 95.78
cc-pCVTZ 224.528 106 224.597 089 224.639 807 68.98 0.53 111.70
cc-pCVQZ 224.528 902 224.599 344 224.645 392 70.44 0.21 116.49
cc-pCV5Z 224.529 036 224.599 885 224.646 966 70.85 0.09 117.93

est. CBS limit 224.529 24 224.600 39 224.648 20 71.15 0.01 118.96
Ref. 7 117.1

C cc-pCVDZ 237.682 424 237.760 206 237.794 828 77.78 1.28 112.40
cc-pCVTZ 237.686 679 237.778 897 237.824 697 92.22 1.03 138.02
cc-pCVQZ 237.688 247 237.783 705 237.833 682 95.46 0.45 145.44
cc-pCV5Z 237.688 572 237.785 000 237.836 202 96.43 0.19 147.63

est. CBS limit 237.688 95 237.786 01 237.838 16 97.06 0.05 149.21
Ref. 7 146.9

N cc-pCVDZ 254.388 461 254.478 957 254.514 938 90.50 1.87 126.48
cc-pCVTZ 254.397 384 254.512 832 254.561 996 115.45 1.85 164.61
cc-pCVQZ 254.400 197 254.521 194 254.575 194 121.00 0.77 174.99
cc-pCV5Z 254.400 843 254.523 628 254.579 033 122.79 0.33 178.19

est. CBS limit 254.401 48 254.525 34 254.581 84 123.80 0.06 180.36
Ref. 7 177.4

O cc-pCVDZ 274.786 276 274.909 649 274.946 185 123.37 2.52 159.91
cc-pCVTZ 274.803 128 274.970 756 275.022 201 167.63 3.24 219.07
cc-pCVQZ 274.808 018 274.987 312 275.043 971 179.29 1.43 235.95
cc-pCV5Z 274.809 258 274.992 555 275.050 789 183.30 0.65 241.53

est. CBS limit 274.810 34 274.995 97 275.055 36 185.63 0.19 245.02
Ref. 7 240.2

F cc-pCVDZ 299.371 205 299.526 905 299.564 115 155.70 3.29 192.91
cc-pCVTZ 299.399 265 299.616 643 299.670 661 217.38 4.87 271.40
cc-pCVQZ 299.407 048 299.642 293 299.701 988 235.24 2.33 294.93
cc-pCV5Z 299.409 128 299.650 644 299.712 052 241.52 1.05 302.93

est. CBS limit 299.410 81 299.655 98 299.718 64 245.17 0.42 307.83
Ref. 7 301.4

Ne cc-pCVDZ 2128.488 926 2128.677 957 2128.715 871 189.03 4.19 226.94
cc-pCVTZ 2128.531 955 2128.798 682 2128.855 257 266.73 6.67 323.30
cc-pCVQZ 2128.543 570 2128.834 447 2128.897 172 290.88 3.29 353.60
cc-pCV5Z 2128.546 771 2128.846 439 2128.911 006 299.67 1.55 364.24

est. CBS limit 2128.549 24 2128.853 89 2128.919 82 304.65 0.70 370.58
Ref. 7 362.7
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errors in the two IPs of20.011 and10.005 eV.
Figure 6 depicts the convergence behavior of the firs

of B for the cc-pVXZ and cc-pCVXZ sets and both VE an
AE correlation at the CAS(2s2s82p2p83d)1112 level.
There is surprisingly little difference between the ability
the valence-only and all-electron sets to recover the full co
valence correlation contribution to the first IP as indicated
the near coincidence of the two upper curves, although th
is more scatter for the former. Two caveats must be no
The absolute energies are very different, and the AE
pVXZ series does not converge as smoothly as the AE
pCVXZ series.

B. The 3P– 5S separation in carbon

The separation between the3P and 5S states of carbon
has been used as a test case in previous studies of the im
tance of core and core-valence correlation.4 Basis set, corre-
lation level, and core and core-valence effects all potenti
make important contributions to the accurate prediction
excitation energies. As in the boron test case, we calcul
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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the 3P–5S separation by performing single- and multirefe
ence CI calculations with three different reference functio
as well as the RCCSD~T! method. As above, both VE and
AE calculations were run with the cc-pCVXZ sets. The re
sults are summarized in Table VIII. The experimental valu
given in the table~4.179 eV! reflects a small adjustment of
20.004 eV to remove the fine-structure splitting present
the measured value of 4.183 eV~Ref. 18! that is not included
in our nonrelativistic calculations.

The most accurate CI wave function
CAS(2s2s82p2p83d)1112, yields CBS limits of 4.185
eV ~VE/cc-pCVXZ! and 4.151 eV~AE/cc-pCVXZ!. The VE
value actually~slightly! overshoots the experimental separa
tion. The AE result falls 0.029 eV short, which is a
expected—the correlation energy of the5S state is expected
to be substantially smaller than that of the3P state. The net
effect of including core and core-valence correlation is
reduce the separation by 0.034 eV.

The other methods perform with varying success. T
AE/RCCSD~T! CBS limit is only 0.013 eV smaller than the
excitation energy from the large MRCI calculation. The C
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4580 D. E. Woon and T. H. Dunning, Jr.: Core-valence basis sets
calculations based on the HF and CAS(2s2p) references do
much more poorly, the calculated excitation energies fall
short of the above result by 0.121 and 0.067 eV, respectiv
The differences between the AE and VE limits are HF1112
~0.059 eV!, CAS(2s2p)1112 ~0.053 eV!, and RCCSD~T!
~0.026 eV!.

The basis set dependence for two of the methods is
picted in Fig. 7. The convergence rates for AE and VE c
culations are somewhat different, although the shapes o
curves are quite similar. The AE calculations converge m
quickly. For the CAS(2s2s82p2p83d)1112 wave func-
tion, unlike HF1112, the AE and VE curves cross~at the
triple zeta level!. Actually, HF1112 is the only case where
the curvesdon’t cross. For CAS(2s2p)1112, the crossing
occurs near the DZ level, while for RCCSD~T!, it happens
midway between the TZ and QZ levels. As others ha
pointed out previously, there is a great deal of interdep
dence between core and core-valence effects and the c
lation treatment. However, the basis set dependenc
straightforward and consistent across all the methods,
the variation with regard to core and core-valence correla

TABLE VI. All electron total energy (E,Eh) and correlation energy
~uEcorru,mEh! of B through Ne at the RCCSD~T! level of theory. Estimated
complete basis set~CBS! limits are also given, as well as the ‘‘empirical
values of Veillard and Clementi~Ref. 17!.

Atom Basis set E uEcorru

B cc-pCVDZ 224.625 633 99.05
cc-pCVTZ 224.644 359 116.25
cc-pCVQZ 224.650 335 121.43
cc-pCV5Z 224.652 018 122.98

est. CBS limit 224.653 34 124.10
Ref. 17 124.7

C cc-pCVDZ 237.797 941 115.52
cc-pCVTZ 237.829 874 143.19
cc-pCVQZ 237.839 445 151.20
cc-pCV5Z 237.842 124 153.55

est. CBS limit 237.844 21 155.26
Ref. 17 156.5

N cc-pCVDZ 254.517 421 128.96
cc-pCVTZ 254.567 343 169.96
cc-pCVQZ 254.581 344 181.15
cc-pCV5Z 254.585 416 184.56

est. CBS limit 254.588 39 186.89
Ref. 17 188.6

O cc-pCVDZ 274.950 241 163.97
cc-pCVTZ 275.030 665 227.54
cc-pCVQZ 275.053 828 245.81
cc-pCV5Z 275.061 122 251.86

est. CBS limit 275.065 99 255.65
Ref. 17 257.9

F cc-pCVDZ 299.569 402 198.20
cc-pCVTZ 299.681 497 282.23
cc-pCVQZ 299.714 674 307.63
cc-pCV5Z 299.725 378 316.25

est. CBS limit 299.732 36 321.55
Ref. 17 322.0

Ne cc-pCVDZ 2128.722 352 233.43
cc-pCVTZ 2128.868 156 336.20
cc-pCVQZ 2128.912 303 368.73
cc-pCV5Z 2128.926 936 380.17

est. CBS limit 2128.936 22 386.98
Ref. 17 389.6
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject
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versus correlation treatment is due to the relative positions
and crossing point of the two curves.

Finally, Fig. 8 is a plot for carbon analogous to Fig. 6 for
boron. The convergence behavior now shows more variation
than exhibited in the previous example. Although the AE/cc-
pVXZ treatment appears to recover a similar core-valence
contribution in the CBS limit, it converges more slowly than
AE/cc-pCVXZ. Also, as in boron, the absolute energies
again converge somewhat erratically.

C. X̃ 3B1– ã
1A1 separation in CH 2

The final application considered here is the singlet-triplet
separation of methylene. Calculations were performed for
both the VE/cc-pCVXZ and AE/cc-pCVXZ cases at three
levels of theory: RCCSD~T!, CMRCI, and CMRCI1Q. Thir-
teen points in the vicinity of the minimum were fit to an
analytic function to generate a local representation of the
potential energy surface and then analyzed to ascertain th
geometry and energy of the minima. The program SURFIT20

was employed to accomplish this task.
All of the computed quantities of theX̃ 3B1 and ã

1A1
states—energies, equilibrium geometries, and the equilib
rium separationTe—are given in Table IX. Estimated CBS
limits for the energies and structural parameters are very wel
behaved; the CBS limits forTe were computed from the
limits for the energies rather than by extrapolatingTe itself.
McLean et al.21 reported an experimental value of 0.402
60.004 eV forTe . In the estimated CBS limit for VE corre-
lation, the RCCSD~T!, CMRCI, and CMRCI1Q methods
predict separations of 0.392, 0.379, and 0.371 eV, respec
tively, which yield intrinsic errors of20.010,20.023, and
20.032 eV. When the core electrons of carbon are also cor

FIG. 5. Fractional recovery of correlation energy for boron through neon at
the RCCSD~T! level of theory with respect to the empirical values of Veil-
lard and Clementi17 for the cc-pCVXZ sets.

’
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TABLE VII. Calculation of the ionization potentials~IP! of boron with the RCCSD~T! method and with the MRCI method employing three reference
functions@HF, CAS(2s 2p), CAS(2s 2s8 2p 2p8 3d)# compared with experiment. Valence electron~VE! and all electron~AE! correlation energies are in
hartrees; IP’s are in eV.

B(2P) B1(1S) B21(2S) IP I IP II

Experimental18 8.296 25.149
RCCSD~T!

VE/cc-pCVDZ 224.590 346 224.294 554 223.373 993 8.049 25.050
VE/cc-pCVTZ 224.598 732 224.297 094 223.375 277 8.208 25.084
VE/cc-pCVQZ 224.601 120 224.298 532 223.375 847 8.234 25.108
VE/cc-pCV5Z 224.601 701 224.298 762 223.375 933 8.243 25.111
est. CBS limit 224.602 23 224.299 14 223.376 08 8.248 25.118

AE/cc-pCVDZ 224.625 612 224.329 851 223.409 108 8.048 25.055
AE/cc-pCVTZ 224.644 344 224.342 119 223.419 496 8.224 25.106
AE/cc-pCVQZ 224.650 318 224.346 623 223.422 777 8.264 25.139
AE/cc-pCV5Z 224.652 002 224.347 836 223.423 739 8.277 25.146
est. CBS limit 224.653 32 224.348 87 223.424 46 8.285 25.154

HF1112

VE/cc-pCVDZ 224.589 289 224.294 554 223.373 993 8.020 25.050
VE/cc-pCVTZ 224.597 081 224.297 094 223.375 277 8.163 25.084
VE/cc-pCVQZ 224.599 315 224.298 532 223.375 847 8.185 25.108
VE/cc-pCV5Z 224.599 852 224.298 762 223.375 933 8.193 25.111
est. CBS limit 224.600 35 224.299 14 223.376 08 8.196 25.118

AE/cc-pCVDZ 224.622 239 224.327 162 223.409 105 8.029 24.982
AE/cc-pCVTZ 224.639 621 224.338 686 223.419 479 8.189 25.013
AE/cc-pCVQZ 224.645 193 224.342 902 223.422 753 8.226 25.039
AE/cc-pCV5Z 224.646 764 224.344 027 223.423 712 8.238 25.043
est. CBS limit 224.648 00 224.345 00 223.424 43 8.245 25.050

CAS(2s 2p)1112

VE/cc-pCVDZ 224.590 604 224.294 847 223.373 993 8.048 25.058
VE/cc-pCVTZ 224.598 932 224.297 360 223.375 277 8.206 25.091
VE/cc-pCVQZ 224.601 272 224.298 793 223.375 847 8.231 25.115
VE/cc-pCV5Z 224.601 827 224.299 022 223.375 933 8.240 25.119
est. CBS limit 224.602 35 224.299 40 223.376 08 8.244 25.125

AE/cc-pCVDZ 224.624 942 224.329 826 223.409 105 8.031 25.054
AE/cc-pCVTZ 224.643 158 224.342 073 223.419 480 8.193 25.105
AE/cc-pCVQZ 224.648 957 224.346 565 223.422 753 8.228 25.138
AE/cc-pCV5Z 224.650 579 224.347 773 223.423 713 8.240 25.145
est. CBS limit 224.651 86 224.348 81 223.434 43 8.246 25.154

CAS(2s 2p 2s8 2p8 3d)1112

VE/cc-pCVDZ 224.590 762 224.294 846 223.373 993 8.052 25.058
VE/cc-pCVTZ 224.599 220 224.297 359 223.375 277 8.214 25.091
VE/cc-pCVQZ 224.601 600 224.298 792 223.375 847 8.240 25.115
VE/cc-pCV5Z 224.602 165 224.299 021 223.375 933 8.249 25.119
est. CBS limit 224.602 69 224.299 40 223.376 08 8.253 25.125

AE/cc-pCVDZ 224.626 030 224.329 861 223.409 109 8.059 25.055
AE/cc-pCVTZ 224.644 772 224.342 138 223.419 498 8.235 25.106
AE/cc-pCVQZ 224.650 719 224.346 643 223.422 779 8.274 25.140
AE/cc-pCV5Z 224.652 379 224.347 853 223.423 740 8.287 25.146
est. CBS limit 224.653 69 224.348 81 223.424 16 8.294 25.155
n
-

e

related, the values forTe increase to 0.411, 0.399, and 0.38
eV, with intrinsic errors of10.009,20.003, and20.013 eV.
The AE/CMRCI1Q limit lies 0.010 eV below the CMRCI
limit, suggesting that higher excitations may depressTe . The
internal contraction error is presumably offsetting this
some extent, leaving the AE/CMRCI result in excelle
agreement with experiment. The same treatment at
RCCSD~T! level overestimatesTe ; this is consistent with a
bias toward theX̃ 3B1 state, which possesses less multire
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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to
t
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erence character than theã 1A1 state. The core and core-
valence contributions toTe in the CBS limit for RCCSD~T!,
CMRCI, and CMRCI1Q are 0.019, 0.020, and 0.018 eV,
respectively.

For the structural parameters of CH2, all three methods
give very similar results for the most part. At the CMRCI
level, the effect of including core and core-valence correla
tion reduces the bond length of both the3B1 and

1A1 states
by only 0.002 Å. The bond angles change by about 0.2°. Th
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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AE results for RCCSD~T! and CMRCI1Q are very close to
those of CMRCI.

The core and core-valence contribution toTe predicted
by uncontracted MRCI was estimated by Bauschlicheret al.4

to be 0.018 eV, which is quite similar to the contribution
the CMRCI/cc-pCV5Z level~0.019 eV! and only 0.002 eV
below the predicted CBS limiting value.

FIG. 6. Convergence of the valence electron~VE! and all electron~AE!
CAS(2s2s82p2p83d)1112 calculations for the first ionization potentia
of boron with the cc-pVXZ and cc-pCVXZ sets.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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VI. CONCLUSIONS

Correlation consistent polarized core-valence~cc-
pCVXZ! basis sets have been determined for the atoms bo
ron through fluorine. The method that we adopted for deter
mining core-valence sets for B–Ne incorporates three
features:~i! functions to describe~core1core-valence! corre-
lation effects were added in a correlation consistent manne
that is exactly analogous to the groups added to H and He
~ii ! the exponents for these functions were optimized in the
presence of the appropriate valence set, and~iii ! both core
and core-valence correlation effects were taken into accoun
in the optimization. The exponents for the~core–core1core-
valence! correlation functions were determined by optimiz-
ing the difference between the all- and valence electron cor
relation energies. Atomic calculations show that the resulting
basis sets provide an efficient and effective means of treatin
core and core-valence effects.

Two atomic test cases, the first two ionization potentials
of boron and the3P–5S separation of carbon, were investi-
gated. RCCSD~T! and three internally contracted MRCI
methods @HF, CAS(2s2p), and CAS(2s2s82p2p83d)#
were used to compute these quantities. The inclusion of core
valence correlation improves all of the computed energies
but it is also evident that a very accurate treatment of the
correlation problem is important. The intrinsic errors in the
most accurate calculations of the IP’s of B are only20.002
~I! and10.006~II ! @CAS(2s2s82p2p83d)1112#. For the
3P–5S separation of C, the best calculation@also
CAS(2s2s82p2p83d)1112# possesses an intrinsic error
of 0.029 eV with respect to experiment.
TABLE VIII. Separation~DE, eV! of the3P and5S states of carbon calculated with the RCCSD~T! method and with the MRCI method based on the reference
functions: RHF, CAS(2s 2p), CAS(2s 2s8 2p 2p8 3d). Valence electron~VE! and all electron~AE! correlation energies are in hartrees (Eh). The experi-
mental value forDE ~including an adjustment for fine-structure splitting! is 4.179 eV~Ref. 18!.

Calculation C(3P) C(5S) DE C(3P) C(5S) DE

RCCSD~T! HF1112

VE/cc-pCVDZ 237.761 635 237.616 851 3.940 237.760 196 237.616 733 3.904
VE/cc-pCVTZ 237.781 623 237.631 160 4.094 237.778 828 237.630 758 4.029
VE/cc-pCVQZ 237.786 765 237.634 671 4.139 237.783 627 237.634 195 4.066
VE/cc-pCV5Z 237.788 156 237.635 437 4.156 237.784 920 237.634 944 4.081
est. CBS limit 237.789 24 237.636 20 4.164 237.785 93 237.635 69 4.088

AE/cc-pCVDZ 237.797 941 237.652 940 3.946 237.794 818 237.652 377 3.876
AE/cc-pCVTZ 237.829 874 237.679 789 4.084 237.824 633 237.678 687 3.971
AE/cc-pCVQZ 237.839 445 237.688 114 4.118 237.833 611 237.686 835 3.994
AE/cc-pCV5Z 237.842 124 237.690 259 4.132 237.836 130 237.688 933 4.005
est. CBS limit 237.844 17 237.692 10 4.138 237.837 88 237.689 80 4.029

CAS(2s 2p)1112 CAS(2s 2s8 2p 2p8 3d)1112

VE/cc-pCVDZ 237.761 468 237.616 733 3.938 237.762 247 237.616 879 3.956
VE/cc-pCVTZ 237.780 506 237.630 758 4.075 237.782 463 237.631 245 4.115
VE/cc-pCVQZ 237.785 387 237.634 195 4.114 237.787 614 237.634 761 4.159
VE/cc-pCV5Z 237.786 696 237.634 944 4.129 237.788 985 237.635 527 4.176
est. CBS limit 237.787 72 237.635 69 4.137 237.790 07 237.636 29 4.185

AE/cc-pCVDZ 237.796 459 237.652 377 3.921 237.798 328 237.652 969 3.955
AE/cc-pCVTZ 237.826 837 237.678 687 4.031 237.830 395 237.679 808 4.098
AE/cc-pCVQZ 237.835 950 237.686 835 4.058 237.839 923 237.688 108 4.131
AE/cc-pCV5Z 237.838 497 237.688 933 4.070 237.842 565 237.690 242 4.145
est. CBS limit 237.839 89 237.689 80 4.084 237.844 64 237.692 10 4.151
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 7. Convergence of the3P–5S separation in carbon for both RCCSD~T! and CAS(2s2s82p2p83d)1112 wave functions. Valence electron~VE! and
all electron~AE! calculations with the cc-pCVXZ sets are depicted.
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Test calculations were also performed for methyle
Core-valence correlation contributes 0.018 to 0.020 eV to
equilibrium separation (Te) between theX̃ 3B1 and ã 1A1
states for the three correlation methods considered
@RCCSD~T!, CMRCI, and CMRCI1Q#. The intrinsic error
~based on the estimated complete basis set limit! for the
CMRCI method with all eight electrons correlated is on
20.003 eV with respect to the experimental value of 0.4

FIG. 8. Convergence of valence electron~VE! and all electron~AE! corre-
lation results from CAS(2s2s82p2p83d)1112 calculations for the
3P–5S separation in carbon with the cc-pVXZ and cc-pCVXZ sets.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬
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60.004 eV~Ref. 21!. RCCSD~T! overshoots by 0.008 eV,
while CMRCI1Q ~Davidson-corrected! undershoots by
0.013 eV. The inclusion of core and core-valence correlati
decreases the bond lengths of both states by 0.002 Å
increases the bond angle by 0.2°.

Core and core-valence correlation effects account
small, but significant sources of error in the quantum chem
cal description of atomic and molecular systems. Differe
correlation methods may exhibit very different behavior fo
the same species, and incomplete basis sets make it diffi
to distinguish basis set effects from methodological diffe
ences. The present core-valence basis sets appear to sys
atically converge toward the complete basis set limit an
thus, enable definitive studies to be made of the effect
correlating the core electrons of the first row atoms o
atomic and molecular properties. This provides yet anoth
tool to improve the predictive capability ofab initio calcula-
tions. The new core-valence correlation consistent basis s
are available by anonymous ftp22 or the World Wide Web.23
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TABLE IX. Total energies (E,Eh), bond lengths~rCH ,Å!, bond angles~u, degrees!, and equilibrium state separations~Te ,eV! for the X̃ 3B1 andã
1A1 states

of CH2 at the RCCSD~T!, CMRCI, and CMRCI1Q levels of theory. Both valence electron~VE! and all electron~AE! results are given.

Calculation

X̃ 3B1 ã 1A1

TeE rCH u E rCH u

exp’t 1.0748 133.84 0.40260.004
RCCSD~T!

VE/cc-pCVDZ 237.042 944 1.0947 132.13 237.024 154 1.1286 100.54 0.511
VE/cc-pCVTZ 237.078 478 1.0782 133.33 237.062 456 1.1103 101.63 0.436
VE/cc-pCVQZ 237.087 406 1.0771 133.51 237.072 413 1.1086 101.90 0.408
VE/cc-pCV5Z 237.089 879 1.0767 133.56 237.075 244 1.1080 102.01 0.398
est. CBS limit 237.091 74 1.0767 133.59 237.077 33 1.1079 102.05 0.392

AE/cc-pCVDZ 237.079 808 1.0940 132.18 237.060 904 1.1277 100.57 0.514
AE/cc-pCVTZ 237.127 691 1.0770 133.46 237.111 229 1.1089 101.70 0.448
AE/cc-pCVQZ 237.141 284 1.0755 133.67 237.125 680 1.1067 102.03 0.425
AE/cc-pCV5Z 237.145 107 1.0751 133.79 237.129 825 1.1061 102.17 0.416
est. CBS limit 237.148 03 1.0750 133.82 237.132 93 1.1058 102.23 0.411

CMRCI

VE/cc-pCVDZ 237.041 579 1.0951 132.21 237.023 177 1.1290 100.58 0.501
VE/cc-pCVTZ 237.075 452 1.0784 133.32 237.059 919 1.1107 101.64 0.423
VE/cc-pCVQZ 237.083 886 1.0773 133.46 237.069 396 1.1088 101.92 0.394
VE/cc-pCV5Z 237.086 206 1.0769 133.51 237.072 067 1.1083 102.02 0.385
est. CBS limit 237.087 96 1.0769 133.53 237.074 05 1.1081 102.08 0.379

AE/cc-pCVDZ 237.077 154 1.0943 132.24 237.058 585 1.1472 99.42 0.505
AE/cc-pCVTZ 237.122 699 1.0770 133.42 237.106 682 1.1090 101.72 0.436
AE/cc-pCVQZ 237.135 558 1.0755 133.59 237.120 416 1.1067 102.06 0.412
AE/cc-pCV5Z 237.139 165 1.0750 133.70 237.124 334 1.1061 102.18 0.404
est. CBS limit 237.141 93 1.0749 133.72 237.127 28 1.1061 102.23 0.399

CMRCI1Q

VE/cc-pCVDZ 237.044 265 1.0952 132.26 237.025 945 1.1287 100.67 0.499
VE/cc-pCVTZ 237.079 446 1.0786 133.51 237.064 116 1.1105 101.77 0.417
VE/cc-pCVQZ 237.088 198 1.0775 133.59 237.073 965 1.1087 102.06 0.387
VE/cc-pCV5Z 237.090 598 1.0772 133.64 237.076 735 1.1082 102.18 0.377
est. CBS limit 237.092 42 1.0772 133.64 237.078 79 1.1080 102.23 0.371

AE/cc-pCVDZ 237.080 972 1.0944 132.30 237.062 502 1.1277 100.71 0.503
AE/cc-pCVTZ 237.128 376 1.0773 133.56 237.112 597 1.1089 101.88 0.429
AE/cc-pCVQZ 237.141 728 1.0758 133.75 237.126 884 1.1066 102.24 0.404
AE/cc-pCV5Z 237.145 454 1.0754 133.81 237.130 942 1.1060 102.33 0.395
est. CBS limit 237.148 32 1.0753 133.84 237.134 01 1.1057 102.41 0.389
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