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Gaussian basis sets for use in correlated molecular calculations. I. The atoms 
boron through neon and hydrogen 

Thorn H. Dunning, Jr. 
Theoretical & Computational Chemistry Group. Chemistry Division, Argonne National Laboratory, 
Argonne, Illinois 60439 

(Received 26 July 1988; accepted 28 September 1988) 

In the past, basis sets for use in correlated molecular calculations have largely been taken from 
single configuration calculations. Recently, AlmlOf, Taylor, and co-workers have found that 
basis sets of natural orbitals derived from correlated atomic calculations (ANOs) provide an 
excellent description of molecular correlation effects. We report here a careful study of 
correlation effects in the oxygen atom, establishing that compact sets of primitive Gaussian 
functions effectively and efficiently describe correlation effects if the exponents of the functions 
are optimized in atomic correlated calculations, although the primitive (sp) functions for 
describing correlation effects can be taken from atomic Hartree-Fock calculations if the 
appropriate primitive set is used. Test calculations on oxygen-containing molecules indicate 
that these primitive basis sets describe molecular correlation effects as well as the ANO sets of 
Alml6f and Taylor. Guided by the calculations on oxygen, basis sets for use in correlated 
atomic and molecular calculations were developed for all of the first row atoms from boron 
through neon and for hydrogen. As in the oxygen atom calculations, it was found that the 
incremental energy lowerings due to the addition of correlating functions fall into distinct 
groups. This leads to the concept of correlation consistent basis sets, i.e., sets which include all 
functions in a given group as well as all functions in any higher groups. Correlation consistent 
sets are given for all of the atoms considered. The most accurate sets determined in this way, 
[5s4p3d 2flg] , consistently yield 99% of the correlation energy obtained with the 
corresponding ANO sets, even though the latter contains 50% more primitive functions and 
twice as many primitive polarization functions. It is estimated that this set yields 94%-97% of 
the total (HF + 1 + 2) correlation energy for the atoms neon through boron. 

I. INTRODUCTION 

The quantitative theoretical prediction of barrier 
heights, bond energies, ionization potentials, electron affini
ties, etc., requires that electron correlation effects be includ
ed in the electronic structure calculations. For example, 
Hartree-Fock (HF) calculations on the H + H2 reaction 
predict l a barrier to reaction of 24.5 kcallmol. The most 
accurate correlated calculations to date2 yield 9.65 kcallmol 
which is estimated to be no more than 0.1 kcallmol above 
the true barrier. Similarly, single configuration calculations 
predict a dissociation energy of 102.4 kcallmol for hydrogen 
fluoride,3 whereas the value extrapolated from spectroscopic 
data4 is 141.2 kcallmol. Finally, HF calculations predict an 
ionization potential of 10.07 eY for the oxygen atom,S com
pared to the experimental ionization potential6 of 13.62 eY, 
and an electron affinity of - 0.54 e y7 which is in error by 2.0 
eY (the measured value is + 1.46 ey8

). Clearly, in any 
chemical process in which the number of electrons changes, 
correlation effects must be explicitly taken into account if 
accurate energy differences are desired.9 

One of the most important correlation effects, the so
called near-degeneracy effect, 10 can be readily taken into ac
count using multiconfiguration self-consistent-field 
(MCSCF) wave functions. I I Inclusion of these effects often 
dramatically improves the accuracy of the calculations espe
cially for multiply bonded systems. For example, for N2 a 
single configuration calculation predicts 12 a dissociation en-

ergy of 121.7 kcal/mol, only slightly more than half of the 
experimental value, 228.4 kcallmol. 13 A multiconfiguration 
wave function designed to properly describe dissociation to 
two (HF) nitrogen atoms predictsI4 a binding energy of 
167.6 kcallmol, reducing the error in the HF estimate by 
40%, while a wave function constructed from only those 
configurations which can be formed from the valence 2s- and 
2p-atomic orbitals yields 208.9 kcallmol, IS which is in error 
by less than 10%. 

The accuracy of the electronic structure calculations is 
limited not only by the form of the wave function but also by 
the basis set used to expand the wave function. The choice of 
basis functions for molecular HF calculations is straightfor
ward l6: The (sp) sets are taken from optimized atomic cal
culations while the polarization (d,/, ... ) sets are constructed 
using well established rules of thumb 16 or by explicit opti
mization. Convergence of the results with increasing basis 
set size is reasonably rapid so that modest care in the choice 
of basis functions leads to accurate (within the model) re
sults (although there are pathological cases which require 
more careful consideration). Experience indicates that the 
basis sets required to properly describe MCSCF wave func
tions designed to account for near-degeneracy effects are 
very similar to the sets required for single configuration cal
culations. 

Although valence space MCSCF calculations on the 
H + H2 reaction reduce the error in the calculated barrier 
heightI by over 7.0 kcal/mol, to 17.1 kcallmol, the predicted 
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1008 Thorn H. Dunning, Jr.: Gaussian basis sets. I 

barrier is still nearly a factor of 2 higher than that from the 
most accurate calculations available.2 The remaining error is 
due to nondynamical and dynamical correlation effects. 9 

First-orderl7 (FO) or polarization configuration interac
tion18 (Pol-CI) calculations, which include configurations 
which have at most one electron in a non valence orbital, take 
into account nondynamical effects such as space and spin 
polarization. Inclusion of nondynamical correlation effects 
can also lead to a significant improvement in the accuracy of 
the calculations. For example, Pol-CI/FO calculations yield 
a barrier of 12.1 kcallmol1 for the H + H2 reaction, a bond 
energy of 132.1 kcallmol for HF, 19 and an ionization poten
tial of 11.57 eV and electron affinity of 1.12 eV for the oxy
gen atom. 17

(b) 

The description of nondynamical correlation effects re
quires that functions witp higher angular momenta than that 
of the occupied atomic HF orbitals be included in the basis 
set even for atomic calculations. The choice of basis sets for 
use in FOIPol-CI calculations has been discussed by 
Schaefer et al. 17

(b) In practice, the basis sets used in FO/Pol
CI calculations on molecules are often taken to be the same 
as those used in single- and multiconfiguration calculations. 
Convergence appears to be adequate if reasonably large HF 
basis sets are used. 

The remaining error in the calculated energies is due to 
dynamical correlation effects, i.e., to the instantaneous cor
relation in the motions of the electrons. It is the description 
of these effects which is of interest here. The theoretical de
scription of dynamical effects has proven to be one of the 
most challenging problems in modem electronic structure 
theory. In configuration interaction theories dynamical cor
relation effects are described by configurations with two or 
more electrons in the nonvalence orbitals. As the number of 
such configurations increases rapidly with the size of the 
basis set, the goal is to minimize the number of basis func
tions required to achieve a given level of accuracy. Although 
basis sets to describe dynamical correlation effects have been 
considered by others,2O-23 the only detailed studies to date 
are those by Ahlrichs and co-workers22 and Almlof and Tay
lor.23 The latter authors took the novel approach of taking 
the basis functions to be the natural orbitals obtained from 
correlated atomic calculations. From these studies the fol
lowing conclusions were drawn: 

(i) Basis sets which include functions with high angular 
momenta, (d,/, g, ... ), are required to reduce the er
ror in the correlation energy to I kcallmol or less. 

(ii) The basis functions could be grouped into sets with 
each function in the set lowering the correlation en
ergy by an approximately equal amount22 or falling 
within a given range of occupation numbers.23 

In addition, and most important, Almlof and Taylor23 

found that basis functions optimized to describe correlation 
effects in atoms also describe molecular correlation effects 
well. 

The general conclusions drawn from the present study, 
which includes a thorough study of basis sets and correlation 
effects in the oxygen atom, are in agreement with the above. 
In addition, we show that compact sets of primitive Gaus-

sian functions can be obtained to describe correlation effects 
in all of the first row atoms from boron through neon. The 
(sp) sets can be obtained from atomic HF calculations, while 
the polarization24 (d,/, g, ... ) sets must be determined from 
correlated atomic calculations. The energies obtained with 
these primitive sets compare well with those yielded by the 
atomic natural orbital (ANO) sets of Almlof and Taylor23 

which contain many more primitive functions. 
In the following section, we report an extensive series of 

correlated calculations on the oxygen atom which was cho
sen to be the benchmark system. For this atom we deter
mined the convergence of the correlation energy both with 
respect to the angular momenta of the functions and the 
number of functions of a given angular momentum. We then 
carried out calculations on the OH and O2 molecules to de
termine the suitability of the atom-derived sets for use in 
molecular calculations. In Sec. III we report basis sets for 
use in correlated molecular calculations for all of the first 
row atoms from boron through neon. The results obtained 
for these atoms are consistent with those for the oxygen atom 
and give us confidence that these sets are also suitable for use 
in correlated molecular calculations. Finally, we report 
comparable basis sets for the hydrogen atom. 

II. CORRELATED BASIS SETS FOR THE OXYGEN ATOM 

An investigation of the basis sets to be used in correlated 
calculations which considered in detail all of the atoms of 
interest would be tedious, if not overindulgent. Therefore, 
we first carried out a thorough study of basis sets for use in 
configuration interaction (CI) calculations on the oxygen 
atom. The HF description of this atom has a singlet-coupled 
pair of electrons in the 2s orbital, another singlet-coupled 
pair in a 2p orbital and a triplet-coupled electron pair in 2p 
orbitals. It therefore has features which are representative of 
all of the first-row atoms. The results of this study were used 
to guide the calculations on the remaining first row atoms. 
The convergence patterns, energy lowerings, etc., observed 
in the latter calculations are in line with those found for 
oxygen, indicating that the general conclusions drawn from 
the oxygen calculations are applicable to all of the first row 
atoms. 

The studies reported here are based on CI calculations 
which include all symmetry-allowed single and double exci
tations from all of the degenerate components of the Har
tree-Fock configuration (HF + 1+2) of the atom, e.g., 
from the 2?2p;2p;pz' 2?2Px2p;2pz' and 2?2Px2py2p; con
figurations of the oxygen atom. The Is atomic orbital was, 
however, constrained to be doubly occupied in all configura
tions-we are focusing here only on valence correlation ef
fects. The HF wave functions were computed using effective 
Hamiltonians properly averaged to produce eigenfunctions 
of both space and spin. 25 

A. Polarization basis sets for the oxygen atom 

We first considered the convergence of the correlation 
energy for the (d,/, g, ... ) polarization sets. For these calcula
tions the (sp) set was a (16s7p) primitive set26 contracted to 
[6s4p] using the general contraction scheme of Raffenettj28: 
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The first function(s) in each symmetry were the atomic HF 
orbitals, while the remaining functions were the most diffuse 
Gaussian primitives. The polarization functions were taken 
to be simple primitive Gaussian functions with exponents 
given by even-tempered expansions, i.e., 

{;; a/3i-l i=l, ... ,Nf , (1) 

where Nf is the number of functions in the set. (a, /3) were 
optimiZed for each set. 

The polarization sets were added in symmetry (angular 
momentum) shells. 29 First, we added 3d functions to the 
[ 6s4p] set. 3d sets containing from one to four functions 
were considered. We then added 4/ functions to the 
[6s4p3d] set obtained from these calculations. 4/sets con
taining from one to three functions were considered. Finally, 
we added 5g functions to the [ 6s4p 3d 2Jl set. Sets containing 
both one and two 5g functions were considered. The Gaus
sian integral program used here, ARGOS,3° does not compute 
integrals over 6h and higher angular momentum functions. 
We were therefore not able to explicitly consider these func
tions; however, their effect could be estimated (see below). 
The results of these calculations are summarized in Table I 
and plotted in Fig. 1. 

Two important facts are clearly evident in the results 
reported in Table I and Fig. I. First, the incremental correla
tion energy lowerings resulting from the addition of polar
ization functions of a given symmetry decrease dramatically 
as successive functions are added to the set, e.g., the correla
tion energy increases by - 62.2 mh31 (mh = millihartree) 
with the addition of the first 3d function, by an additional 

TABLE I. Total energies, correlation energies, and energy lowerings from 
HF + 1 + 2 calculations on the oxygen atom using optimized even-tem
pered polarization sets. The (sp) set was the (16s7p) set contracted to 
[ 6s4p]. The exponents in each set are given by an even-tempered expansion 
with parameters (a, {J). Total energies (EHF + ! + 2 ) are in hartrees; correla
tion energies and energy lowerings (Ecorr and fl.Econ ) are in millihartrees. 
For all sets the HF energy is - 74.809068 hartrees. 

Polarization 
set 

(I d) 
(2d) 
(3d) 
(4d) 

(a,{J) 

1.185 
(0.645,3.588) 
(0.447,2.924) 
(0.334,2.521) 

1.428 
(0.859, 3.104) 
(0.611.2.652) 

EHF+ 1+2 

- 74.885 656b 

-74.947895 
- 74.962 612 
-74.965253 
-74.965720 

- 74.981102 
-74.984545 
-74.985382 

1.849 - 74.988203 
(1.114,2.870) - 74.989262 

EeoTl' t1Ecorr a 

-76.588 
138.827 - 62.239 

- 153.544 - 14.717 
156.185 - 2.641 

- 156.652 - 0.467 

172.034 - 15.849 
- 175.477 - 3.443 

176.314 - 0.837 

179.135 - 3.658 
180.194 - 1.059 

• Change in the correlation energy referenced to the preceding set with one 
fewer function ofthe given angular momentum. 

b Energy for the (16s7 p) / [ 6s4p] set. 
C The (sp) basis set was augmented with the abOve (3d) primitive set. 
dThe (sp) basis set was augmented with the above (3d) and (2/) primitive 

sets. 

lOO~--------------------------~ 

2 3 4 

Number of Functions 

FIG. 1. Absolute values of the incremental correlation energy lowerings for 
the 3d, 4f, and 5g polarization sets for the oxygen atom. The straight lines 
are geometric series fits of the calculated points. 

- 14.7 mh with the second 3d function, by another - 2.6 
mh with the third 3d function, and by only - 0.5 mh with 
the fourth 3d function. The energy lowerings for all angular 
momenta decrease approximately geometrically, i.e., 

- 67.81 fEn _ - 15.56 
5.153n-1 4f- 4.351 n 1 

A"En = - 3.658 , 
Sg 3.454n - 1 

(2) 
("'o.J 

where tlE'i is the (estimated) incremental change in the 
correlation energy, i.e., the difference in correlation energy 
between the I set with n functions and the set with (n - 1) 
functions. An estimate of the total contribution of the 3d, 4J, 
and 5g functions to the correlation energy can be obtained by 
adding to the calculated energy lowerings the remainders 
estimated from Eq. (2), e.g., 

tlE3d (total) ztlE id + tlE~d + tlEjd 

cc r-v 
+tlEjd + L tlE;d' (3) 

n=5 

This yields 

tlE3d (total) z - 80.2, tlE4f(total) z - 20.4, 
(4) 

tlEsg (total) z - 5.1 , 

(in mh). Thus, addition of a single 3d function accounts for 
78% of the estimated total energy lowering due to the addi
tion of3d functions while the second 3d function contributes 
an additional 18%. Addition of the first three 3d functions 
accounts for over 99% of the estimated total energy lowering 
due to 3d functions. Similar convergence patterns are found 
for the higher angular momentum functions, although the 
data is less complete for these sets. 

The reliability of the above estimates is not known. For 
the 3d set for which the most extensive data is available, the 
calculated energy increments appear to bow downward 
slightly relative to the geometric fit. If this trend were to 
continue, the geometric series would overestimate the con-
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1010 Thorn H. Dunning, Jr.: Gaussian basis sets. I 

tribution of the higher order terms. However, the resulting 
error is estimated to be - 0.03 to - 0.04 mh (the geometric 
series predicts that the n>5 terms will contribute only 
- 0.12 mh). The estimates of the higher order terms will be 

less reliable for the 4f and 5g sets since the data here is'limited 
and the estimated contributions of the neglected higher or
der terms are larger, - 0.25 mh (4f) and - 0.43 mh (5g). 
In any case, however, it appears that the above should be 
accurate to ± 0.1 mho 

Second, as noted earlier by Ahlrichs and co-workers,21 
the calculated energy lowerings, and therefore the correlat
ing functions, separate into distinct groups. The addition of a 
single 3d function increases the correlation energy by 
- 62.2 mh; no other single function has such a dramatic 

effect. Addition of the second 3d function, on the other hand, 
increases the correlation energy by - 14.7 mh, which is very 
nearly the same lowering resulting from the addition of the 
first 4f function, namely, - 15.8 mho Again, none of the 
remaining functions has such a large effect. Next, the third 
3d function lowers the energy by - 2.6 mh while the second 
4f function and first 5g function increase the correlation en
ergy by - 3.4 and - 3.7 mh, respectively. Finally, the 
fourth 3d function, third 4f function, second 5g function (as 
well as the first 6h function; see below) have nearly the same 
effect with the calculated (or estimated) energy lowerings 
ranging from - 0.5 to - 1.0 mho This finding suggests that 
the polarization functions should be added in sets, yielding 
(ld), (2d 1/), (3d2flg), etc., sets, to provide a consistent 
treatment of correlation effects. This approach is also advo
cated by Almlof and Taylor23 who construct such sets by 
grouping together the atomic natural orbitals with occupa
tion numbers which fell in a given range. 

In Fig. 2 we plot the calculated energy lowerings result
ing from addition of the first, second, and third functions of a 
given angular momentum I. These lowerings also decrease 
approximately geometrically with 

rE 1 = - 63.26 t;E2 = - 14.06 
1 4.125/-2' 1 3.7281- 2' 

~3= -2.642 
1 3.155 /- 2 

(5) 

From Eqs. (5) one can estimate that the addition of the first 
6h function will increase the correlation energy by - 0.90 
mh while addition of the second 6h function and first 7 i func
tion will increase the correlation energy by an additional 
- 0.27 and - 0.22 mh, respectively. As before, we can use 

Eqs. (5) to estimate the contributions of the higher angular 
momentum functions to the total correlation energy. Doing 
so yields 

AE!h + AE ii + AE ~k + ... = - 1.2 , 

AE ~h + AE ~i + AE ~k + ... = - 0.4 , 

AE ~g + AE ~h + AE ~i + ... = - 0.4 , 

(in mh). 

(6) 

We can now estimate the total contribution of the polar
ization functions to the correlation energy as well as the ac
curacy of the correlation consistent groupings of the polariza
tion functions. Combining the calculated energy differences 
given in Table I with the estimates of the higher order contri
butions given by Eqs. (2) and (5), we predict that polariza-

l00r-----------------------------~ 

-CIl 
~ 

~ 
!II 10 

..= .... --] 
f:;:l 1 

3 
{ 

4 

FIG. 2. Absolute values of the incremental correlation energy lowerings for 
the first, second, and third functions of angular momentum I for the oxygen 
atom. The straight lines are geometric fits of the calculated points. 

tion functions contribute approximately - 107.4 mh to the 
correlation energy of the oxygen atom (for the HF + 1 + 2 
calculations reported here). Assuming this, we see that the 
(ld) set accounts for -58% of the total correlation energy 
due to polarization functions, the (2d If) set -86%, and 
the (3d2flg) set -95%. The error in the correlation energy 
for the (3d 2f Ig) set is estimated to be 4.8 mho Addition of 
one more 3d, 4J, and 5g function along with a 6h function 
will reduce this error by - 3.2 to 1.6 mho Thus, for the oxy
gen atom a (4d 3f2g1h) polarization set is estimated to yield 
a total (HF + 1 + 2) correlation energy within 1 kcallmol 
of the infinite (polarization) basis set limit. 

TABLE II. Comparison of the correlation energies obtained with the pres
ent optimized (even-tempered) primitive polarization sets and the atomic 
natural orbital (ANO) sets of Almlofand Taylor (Ref. 23). The (sp) set for 
both sets of calculations was the (l6s7p) set contracted to [6s4p]. Total 
energies (EHF + I + 2) are in hartrees; correlation energy differences 
(AEc",,) are in millihartrees. For all basis sets the HF energy is 
- 74.809068 hartrees. 

Polarization ANO Present 
set EHF + 1 + 2 EHF + 1 + 2 &Ecorr 

(ld) - 74.956479 -74.947895 8.584 
(2d) - 74.964 171 -74.962612 1.559 
(3d) - 74.965450 -74.965253 0.197 
(4d) - 74.965 787 -74.965720 0.067 

(I/) a -74.982379 - 74.981102 1.277 
(2/)a -74.984788 -74.984545 0.243 
(3/)a - 74.985 335 -74.985382 -0.047 

(lg)b -74.988425 -74.988203 0.222 
(2g)b - 74.989 239 -74.989262 - 0.023 

"The (sp) basis set was augmented with the present (3d) primitive set. 
bThe (sp) basis set was augmented with the present (3d) and (2/) primi-
tive sets. 
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TABLE III. Comparison of atom optimized polarization sets with molecule optimized polarization sets for calculations on the hydroxyl radical, OH, and 
oxygen molecule, O2, The (sp) set for both series of calculations was the (l2s6p) set contracted to [4s3p]; for the hydrogen atom in OH we used the (5s1p) set 
contracted to [3s1p]; see Sec. IV. Total energies (EHF and EHF+ I + 2) are in hartrees; correlation energies and energy differences (Eeo" and t:.Eoo,,) are in 
millihartrees. 

Polarization 
set ;(d;/) EHF 

The OH radical 
(ld) atom 1.185 -75.415680 

molecule 1.206 - 75.415 660 

(2d If) atom (0.645,2.314; 1.428) - 75.418 246 
molecule (0.647,2.261; 1.383) - 75.418 250 

The O2 molecule 
(ld) atom 1.185 - 149.653616 

molecule 1.149 - 149.653906 

(2d If) atom (0.645,2.314; 1.428) - 149.662336 
molecule (0.699,2.256; 1.367) - 149.662381 

In Table II we compare the energies obtained with the 
present polarization sets with the sets of Almlof and Tay
lor.23 The latter sets are derived from the natural orbitals 
obtained from HF + 1 + 2 calculations on the atoms 

E HF + 1+ 2 Eearr 

75.589794 - 174.114 
75.589807 -174.147 - 0.033 

75.626066 - 207.820 
75.626078 - 207.828 -0.008 

150.012432 - 358.816 
150.ot2539 - 358.633 0.183 

150.081282 -418.946 
150.081 331 - 418.950 -0.004 

(ANOs) and are ordered by occupation number. The ANOs 
are expanded in sets containing six primitive functions in the 
3d set, four primitives in the 4fset, and two primitives in the 
Sg set. Not unexpectedly, the differences are larger for the 

TABLE IV. Comparison of the HF and correlation energies obtained with the present atomic optimized (even-tempered) polarization sets and the ANO sets 
of Almlof and Taylor (Ref. 23) for the oxygen molecule, O2, The (sp) set for both calculations was the (l6s7p) set contracted to [6s4p J. Total energies EHF 

and EHF + I + 2 ) are in hartrees; correlation energies (Em, ) and energy differences (t:.EHF and t:.Eco" ) are in millihartrees. 

Polarization 
set EHF t:.EHFa EHF+lt.2 Eeorr t1Ecorr a 

Present sets 
(ld) - 149.657559 - 150.032 181 - 374.622 
(2d) - 149.660 385 - 150.061 386 -401.001 
(3d) - 149.661 785 - 150.068444 -406.659 

(l/)b - 149.666 103 150.105117 - 439.014 
(2f)b - 149.666 107 150.111583 - 445.476 

(lg)C - 149.666462 150.121381 - 454.919 

ANOsets 
(6d)/[ld] - 149.660 466 - 2.907 150.047711 - 387.245 - 12.623 
(6d)/[2d] - 149.661439 - 1.054 150.064952 - 403.513 - 2.512 
(6d)/[3d] - 149.661 803 -0.018 150.068722 - 406.919 -0.260 

(4/}/[lflb - 149.666083 0.020 150.106924 - 440.841 - 1.827 
(4/)/[2flb - 149.666129 -0.022 150.112165 - 446.036 -0.560 

(2g)/[lgj" - 149.666471 -0.009 150.121901 - 455.430 - 0.511 

a The HF and correlation energy differences are relative to the atom optimized even-tempered set with the same number offunctions. 
bThe (sp) basis set was augmented with the present (3d) primitive set. 
eThe (sp) basis set was augmented with the present (3d) and (2/) primitive sets. 
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smaller primitive sets with lower angular momenta, i.e., 
( Id), (2d), and (If). The errors are clearly unimportant 
for the ( 3d), (2f) , and (lg) sets for each of which 
t1Ecorr ;::::0.2 mho For these (or larger) sets there seems to be 
little reason to use the ANO contracted sets. Even the small 
sets account for a substantial percentage of the correlation 
energy obtained with the corresponding ANO sets. Thus, 
the (ld) set yields 87.9% of the correlation energy obtained 
with the (6d)/[ Id] ANO set, while the (2d) and (1/) sets 
yield 98.0% and 92.5%, respectively, ofthe correlation en
ergy obtained with the (6d)/[2d] and (4f)/[I/l ANO 
sets. Thus, in any case the error resulting from the use of 
primitive sets is a small fraction of the error in the correla
tion energy. 

The objective of the present studies is, of course, to de
termine polarization sets for use in molecular calculations. 
To assess the appropriateness of the above atomic sets for 
molecular calculations, we carried out calculations on the 
hydroxyl radical, OH, and oxygen molecule, O2, Two series 
of calculations were carried out. In the first series we used a 
( 12s6p) set contracted to [4s3p] 26 (again using the general 
contraction scheme of Raffenettj28) augmented with the 
atomic (ld) and (2d If) sets determined above; in the sec
ond series, we optimized the exponents of the polarization 
functions in HF + 1 + 2 calculations on each molecule. The 
exponents and energies so obtained are listed in Table III. As 
can be seen, the optimum atomic and molecular exponents 
differ by only a few percent and the changes in the calculated 
correlation energies (t1Ecarr) are entirely negligible. In fact, 
for the (ld) set for O2 the correlation energy obtained with 
the molecule optimized exponents is less than for the atom 
optimized exponents. This results from a lowering of the 
molecular HF energy which more than offsets the lowering 
of the HF + 1 + 2 energy; the CI energy is, of course, lower 
for the molecule optimized set as it has to be. 

As a final check on the suitability of the present sets for 
use in molecular calculations, we carried out calculations on 
the oxygen molecule, O2, using the ANO sets of Almlof and 
Taylor23 as well as the optimum atomic even-tempered sets. 
The results of the calculations are summarized in Table IV. 
The patterns observed in these calculations are quite similar 
to those found in the atomic calculations. In most cases, the 
differences between the optimum primitive sets and the 
ANO contracted sets, normalized to the number of oxygen 
atoms, are smaller in the molecular calculations than in the 
atomic calculations, e.g., for the (ld) set the respective dif
ferences are 6.3 mh (02 ) and 8.6 mh (0). 

B. (sp) basis sets for the oxygen atom 

Next, we considered sand p basis sets for use in correlat
ed calculations on the oxygen atom. The calculations for the 
s-correlation set were based on the (16s7p) set contracted to 
[2s4p J, i.e., the base s set consisted of only the Is and 2s 
atomic orbitals. To the [2s4p J set we then added sets of 
primitive Is functions with exponents optimized for the 
HF + 1 + 2 wave function. Again, the exponents of the 
functions in each set were taken to be even-tempered expan
sions. Expansions sets consisting of one to four functions 
were considered. The calculations for the p set were based on 

TABLE V. Total energies, correlation energies, and energy lowerings from 
HF + 1 + 2 calculations on the oxygen atom using atom optimized even-
tempered (sp) sets. For the Is-correlation sets the (sp) set was the ( 16s7p) 
set contracted to [2s4p 1; for the 2p sets the (16s7 p) set was contracted to 
[6s1p]; and. for the (Is + 2p) sets the (16s7p) set was contracted to [2s1pj. 
The polarization set was the (2d if) set. Total energies (EHF + I + 2 ) are in 
hartrees; correlation energies (Eoo,,) are in millihartrees. For all sets the 
HF energy is - 74.809 068 hartrees. 

(sp) set (a,/3) EHF+ 1+2 E""rr !:.Ecorr" 

- 74.946 896b 137.828 

(Is) 0.295 -74.973127 164.059 - 26.231 
(2s) (0.253.7.461) -74.977438 168.370 -4.311 
(3s) (0.236.2.769) -74.977947 168.879 -0.509 
(4s) (0.184. 2.465) -74.978288 169.220 -0.341 

- 74.905090" 96.022 

(lp) 0.289 -74.962965 153.897 - 57.874 
(2p) (0.217.3.225) -74.975032 165.964 - 12.067 
(3p) (0.176,2.971) -74.978614 169.546 - 3.582 
(4p) (0.138,2.502) -74.979379 170.311 - 0.765 

- 74.897 438d 88.370 

(lslp) same as above -74.959732 150.664 - 62.294 
(2s2p) same as above -74.974256 165.188 - 14.524 
(3s3p) same as above -74.978358 169.290 - 4.\02 
(4s4p) same as above -74.979427 170.359 - 1.069 

"Change in the correlation energy referenced to the preceding set with one 
fewer function of the given angular momentum. 

bEnergy for the [2s4p2d If] set. 
o Energy for the [6s1p2d If] set. 
d Energy for the [2s1p2d IfJ set. 

the (16s7p) set contracted to [6s1p] , i.e., the base p set con
sisted of just the atomic 2p orbital. We then added even
tempered 2p sets to the [6s Ip] set and optimized (a,f3) for 
each such set. Again, sets consisting of one to four functions 
were considered. A (2d 1/) set was added to each of the 
above (sp) sets to describe the correlation effects due to po
larization functions. This approach has the advantage that 
the added Is and 2p functions effectively contribute only to 
the correlation energy; the atomic HF orbitals are sufficient
ly well described by the ( 16s7 p) set such that changes in the 
HF energy are negligible, < 0.00 1 mho 

The results of the (sp) correlated calculations are sum
marized in Table V and the corresponding energy lowerings 
are plotted in Fig. 3. It is evident in both Table V and Fig. 3 
that 2p correlation functions are more important than Is 
correlation functions and that the convergence of the (np) 
series is quite similar to that observed for the polarization 
sets discussed above. In fact, as can be seen in the figure, the 
incremental energy lowerings for 2p series fit a geometrical 
progression well: 

t;En = - 55.60 (7) 
2p 4.134n - 1 
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l00~---------------------------' 

2 3 4 

Number of Functions 

FIG. 3. Absolute values of the incremental correlation energy lowerings for 
the Is, 2p, and ( Is + 2p) polarization sets for the oxygen atom. The straight 
lines are geometric series fits of the calculated points. 

The last point in the Is series, on the other hand, is signifi
cantly higher than would have been predicted from a geo
metrical progression based on the first three terms. 

Although Is-correlation functions are less important 
than the 2p-correlation functions for describing valence cor
relation effects, we believe it best to symmetrically augment 
the HF (sp) set, i.e., to simultaneously add both Is- and 2p
correlation functions. This is more straightforward than a 
procedure based solely on the energy lowerings: First add a 

2p function, then add a Is function, then add another 2p 
function, then add both a Is and 2p function, etc. In addition, 
there is strong coupling between the Is and 2p sets, i.e., the 
lowering due to the addition of 2p functions strongly de
pends on the Is set used and vice versa (the coupling is much 
weaker for the polarization functions). This procedure re
sults in the use of, at most, one extra function. In Fig. 3 we 
have also plotted the energy lowerings obtained by simulta
neouslyadding Is and 2p functions (see Table V). The calcu
lated incremental changes also fit a geometrical progression 
with 

;;:En _ - 59.76 
Is+2p - 3.842n - 1 

(8) 

Combining the higher order terms in Eq. (8) with the 
calculated correlation energy for the ( 4s4p) set, we estimate 
the total (sp) contribution to the correlation energy to be 

LlEIs + 2P (total):::: - 82.4mh (9) 

(again, for HF + I + 2 calculations). Thus, the (lslp) set 
recovers 76% of the estimated (sp) contribution to the cor
relation energy, the (2s2p) set recovers 93%, and the (3s3p) 
set recovers 98%. The absolute error for the (lslp) set is 
20.1 mh; those for the (2s2p) and (3s3p) sets are 5.5 and 1.4 
mh, respectively. The (4s4p) set, which is short of the ex
trapolated (sp) limit by just 0.4 mh, accounts for 99.5% of 
the (sp) correlation energy. 

In Table VI we compare the optimized even-tempered 
Is and 2p primitive sets with the sand p ANO sets of Almlof 
and Taylor.23 The differences found here follow the same 
pattern observed earlier for the polarization sets, namely, the 
errors are largest for the smaller expansions, being 2.4 and 

TABLE VI. Comparison of the correlation energies obtained with the present primitive Is and 2p sets with the AND sets of Almlof and Taylor (Ref. 23). For 
the s-set calculations, the p set was the primitive (7 p) set contracted to [4p 1; the base s sets were either (i) the Is and 2s atomic orbitals from the (165) set 
(Present) or (ii) the first two natural orbitals from the ( 13s) set (AND). Similarly constructed sets were used for the p-set calculations. The polarization set 
for both series of calculations was the (2d 11) set. Total energies (EHF and EHF+ I + 2) are in hartrees; correlation energies (Ecorr) and energy differences 

(AEHF and AErorr) are in millihartrees. 

Correlation AND Present 
set EHF EHF+I+2 Ecorr EHF AEHF E HF + 1+ 2 Ecorr AErorr 

- 74.808 890" - 74.946 656" - 137.766 - 74.809 068b - 0.178 - 74.946 896b 137.828 -0.062 

(1s) -74.808898 -74.975388 - 166.490 -74.809068 - 0.170 -74.973127 164.059 2.431 
(2s) - 74.808 953 -74.977820 - 168.867 -74.809 068 -0.115 -74.977 438 168.370 0.497 
(3s) -74.808963 -74.978154 - 169.191 -74.809068 - 0.105 -74.977 947 168.879 0.312 
(4s) -74.808964 74.978 188 - 169.224 -74.809068 - 0.104 -74.978288 169.220 0.004 

- 74.808 991c - 74.904 592c -95.601 - 74.809 068d -0.077 - 74.905 Q90d 96.022 - 0.421 

(lp) -74.809030 74.966969 - 157.939 -74.809068 - 0.038 - 74.962965 153.897 4.042 
(2p) -74.809222 74.976854 -167.632 -74.809068 0.154 -74.975032 165.964 1.668 
(3p) -74.809279 -74.979220 -169.941 -74.809068 0.211 -74.978614 169.546 0.395 
(4p) -74.809293 74.979706 - 170.413 -74.809068 0.225 -74.979379 170.311 0.102 

• Energy for the (13s7 p2d Ij) / [2s4p2d If] set. 
bEnergy for the (l6s7p2d IJ)/[2s4p2d If] set. 
CEnergyforthe (l6s8p2dIj)/[6s1p2d If] set. 
dEnergy for the (l6s7p2d Ij)/[6s1p2d If] set. 
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4.0 mh, respectively, for the single Is and 2p sets. These sets 
do, however, account for more than 90% of the correlation 
energy obtained with the corresponding ANO sets while the 
two term primitive sets account for more than 97%. The 
errors for the (3s) and (3p) sets, 0.31--0.40 mh, are compar
able to, although slightly larger than, the errors for the (3d), 
(2/), and (lg) sets. For the four term Is and 2p sets the 
differences, of 0.0 and 0.1 mh, respectively, are clearly negli
gible. One point which should be noted is that the differences 

in the HF energies for the two series of calculations reflect 
the different primitive sets used in the two calculations: 
Almlof and Taylor used a (13s8p) set while the present cal
culations used a (16s7 p) set. 

While it is certainly possible to determine sets of corre
lating Is and 2p functions to be added to the HF orbitals for 
all of the atoms of interest, this is not necessary. In Table VII 
we list the results obtained with the optimized even-tem
pered sets along with results obtained when the augmenting 

TABLE VII. Exponents and correlation energies obtained with the atom optimized even-tempered (sp) sets and with sets optimized for the HF wave 
function. The base (sp) set was the ( 16s7 p) set contracted to [2s4p 1 for the s-set calculations and to [6s1p 1 for the p-set calculations; the polarization set is the 
(2d If) set. Total energies (EHF + I + 2 ) are in hartrees; correlation energies (Eeo,,) and energy differences (IlEeo,,) are in millihartrees. For all sets the HF 
energy is - 74.809 068 hartrees. 

Augmenting set 
Set Source sip exponents EHF +

'
+ 2 Eoorr ~EcorTa 

s·set calculations 
(Is) (8s) 0.3093 -74.973053 - 163.985 0.074 
(Is) (9s) 0.3023 -74.973109 - 164.041 0.D18 
(Is) optimum 0.295 -74.973127 -164.059 

(2s) (9s) (0.3023, 1.013) - 74.975037 - 165.969 2.401 
(2s) (lOs) (0.2384, 0.6882) -74.972 622 - 163.554 4.816 

(lOs) (0.2384, 1.752) -74.977402 - 168.334 0.036 
(2s) (l2s) (0.2067,0.5547) -74.973578 - 164.510 3.860 

( 12s) (0.2067, 1.428) -74.977 014 - 167.946 0.424 
(2s) optimum (0.253, 1.887) -74.977 438 - 168.370 

(3s) (lOs) (0.2384,0.6882, 1.752) -74.977 929 - 168.861 0.D18 
(3s) (l2s) (0.2067,0.5547, 1.428) -74.977 796 - 168.728 0.151 
(3s) (14s) (0.1829,0.4600, 1.138) -74.977206 - 168.138 0.741 
(3s) optimum (0.236,0.653, 1.808) - 74.977 947 - 168.879 

(4s) ( 12s) (0.2067,0.5547, 1.428,4.682) -74.978186 - 169.118 0.102 
(4s) (14s) (0.1829,0.4600,1.138,2.776) -74.978290 - 169.222 -0.002 
(4s) ( 16s) (0.1606,0.3772,0.8655, 1.891) -74.978225 - 169.157 0.063 
(4s) optimum (0.184,0.454,1.118,2.756) -74.978288 - 169.220 

p-set calculations 
(lp) (4p) 0.2754 -74.962810 - 153.742 0.154 
(lp) (5p) 0.2146 -74.958219 - 149.151 4.746 
(lp) optimum 0.289 -74.962965 - 153.897 

(2p) (4p) (0.2754, 1.046) -74.973238 - 164.170 1.794 
(2p) (5p) (0.2146,0.7172) -74.974997 - 165.929 0.034 
(2p) (6p) (0.1750, 0.5302) -74.974253 - 165.185 0.779 
(2p) optimum (0.217,0.700) -74.975032 - 165.964 

(3p) (5p) (0.2146,0.7172,2.283) -74.977 914 - 168.846 0.700 
(3p) (6p) (0.1750,0.5302, 1.531) -74.978658 - 169.590 -0.044 
(3p) (7p) (0.1481,0.4135,1.104) -74.978225 - 169.157 0.389 
(3p) optimum (0.176,0.523, 1,s54) -74.978614 - 169.546 

(4p) (6p) (0.1750,0.5302,1.531,4.459) -74.979055 - 169.987 0.324 
(4p) (7p) (0.1481,0.4135, 1.104,2.916) - 74.979322 - 170.254 0.057 
(4p) (8p) (0.1285,0.3368,0.8471,2.094) - 74.979389 - 170.321 - 0.010 
(4p) (9p) (0.1139,0.2817,0.6697,1.565) -74.979218 - 170.150 0.161 
(4p) optimum (0.138,0.346,0.866,2.167) -74.979379 - 170.311 

a Correlation energy differences are relative to the corresponding optimized set. 
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functions are taken from basis sets optimized for HF wave 
functions. As can be seen, in each case it is possible to select a 
HF primitive set with a distribution of exponents very nearly 
the same as those in the optimum even-tempered set. Thus, 
the most diffuse function in the (9s) set has an exponent of 
0.3023 which is nearly identical to that for the optimum (Is) 
function, 0.295. Further, the correlation energy computed 
with the (1s) function from the (9s) set is just 0.018 mh 
above that computed with the optimum (Is) function. A 

similar situation holds for the remaining s sets-the expo
nents of the outermost and third outermost functions in the 
(lOs) HF set are very similar to those in the optimum (2s) 

set, the exponents of the outermost three functions of the 
(lOs) HF set are very nearly the same as those in the opti
mum (3s) set and the exponents of the outermost four func
tions in the (14s) HF set differ little from those in the opti
mum (4s) set. In no case does the error for the best HF set 
exceed 0.1 mho 

TABLE VIII. HF and correlation energies for the O2 molecule obtained with the atom optimized even-tempered (sp) sets and with sets optimiZed for the 
atomic HF wave function. The nominal (sp) set was the (16s7 p) set contracted to [Zs4p J for the s-set calculations and to [ 6s1p J for the p-set calculations. The 
polarization set is the (2d If) set. Total energies (EHF and EHF+ 1 + 2) are in hartrees; correlation energies (Ecorr) and energy differences (tl.Eco,,) are in 
millihartrees. 

Augmenting set 
Set Source EHF tl.EHpa EHF + 1+ 2 ECOIT tl.Ecorra 

s-set calculations 
(is) (8s) - 149.659097 1.055 - 150.083708 - 424.611 0.116 
(1s) (9s) - 149.659624 0.528 - 150.084314 - 424.690 0.037 
(1s) optimumb - 149.660 152 - 150.084879 - 424.727 

(Zs) (9s) - 149.659645 3.422 - 150.087653 - 428.008 3.652 
(2s) (lOs) - 149.663517 0.449 - 150.087 923 - 424.405 7.255 

(lOs) - 149.663715 0.647 - 150.095298 - 431.583 0.077 
(2s) ( 12s) - 149.664 560 1.492 - 150.090050 - 425.490 6.170 

( lZs) - 149.664 602 1.534 - 150.095582 - 430.980 0.680 
(2s) optimumb - 149.663068 - 150.094 728 -431.660 

(3s) (9s) - 149.660 189 3.828 - 150.090758 -430.569 2.012 
(3s) ( lOs) - 149.663921 0.096 - 150.096472 -432.551 0.030 
(3s) ( 12s) - 149.664 730 0.713 - 150.097074 - 432.344 0.237 
(3s) ( 14s) - 149.665041 - 1.024 - 150.096460 - 431.419 1.162 
(3s) optimumb - 149.664017 - 150.096598 - 432.581 

(4s) ( lZs) - 149.664 737 0.337 - 150.097 788 - 433.051 0.275 
(4s) ( 14s) - 149.665083 0.009 - 150.098412 - 433.329 -0.003 
(4s) (i6s) - 149.665257 0.183 - 150.098518 - 433.261 0.065 
(4s) optimumb - 149.665074 - 150.098400 - 433.326 

p-set calculations 
(ip) (4p) - 149.662 188 - 0.632 - 150.069717 - 407.529 0.499 
(lp) (5p) - 149.664 069 2.513 - 150.062765 - 398.696 9.332 
(lp) optimumb - 149.661 556 - 150.069 584 - 408.028 

(2p) (4p) - 149.662865 1.555 - 150.088846 - 425.981 1.798 
(2p) (5p) - 149.664 442 0.022 - 150.092 131 - 427.689 0.090 
(2p) (6p) - 149.664 790 0.370 - 150.090 555 - 425.765 2.014 
(2p) optimumb - 149.664 420 - 150.092 199 - 427.779 

(3p) (5p) - 149.664 567 0.457 - 150.097 578 - 433.011 1.027 
(3p) (6p) - 149.665026 0.002 - 150.099141 - 434.115 -0.077 
(3p) (7p) - 149.665257 0.233 - 150.098518 -433.261 0.777 
(3p) optimumb - 149.665024 - 150.099062 -434.038 

(4p) (7p) - 149.665411 0.012 - 150.100 774 - 435.363 0.059 
(4p) (8p) - 149.665404 0.005 - 150.100 800 - 435.396 0.026 
(4p) optimumb - 149.665 399 - 150.100 821 - 435.422 

• Hartree-Fock and correlation energy differences are relative to the corresponding optimized set. 
b Optimum Is/2p functions for the oxygen atom. 
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For the 2p sets it is the outermost function from the ( 4p) 
set which best matches the optimum (lp) set-the expo
nents differ by less than 5% and the calculated correlation 
energies differ by only 0.15 mho Using the outermost func
tion from the (5p) set, on the other hand, increases the corre
lation energy by 4.6 mh (out of a total lowering of 57.9 mh; 
see Table V). The optimum (2p) set is best described by the 
outermost two functions from the (5p) set, while the opti
mum (3p) and (4p) sets are best described by the (6p) and 
(8p) HF sets, respectively. In fact, in the latter two cases the 
correlation energy obtained with the best HF sets are slightly 
larger than those obtained with the optimum even-tempered 
sets. The above results clearly show that (sp) sets optimized 
for the HF wave function can also provide an excellent de
scription of correlation effects. 

Table VII contains another interesting result. By and 
large, the changes observed in the optimum even-tempered 
exponents with increasing basis set size are as expected, i.e., 
as the set becomes larger, the smallest exponent decreases 
while the largest exponent increases with the additional 
functions covering the intermediate region ever more finely 
(decreasing f3). This pattern was also observed for the expo
nents of the polarization functions. The first members of the . 
s set, on the other hand, do not follow this pattern. Upon 
expanding the s set from one to two functions, the exponent 
of the tight function becomes substantially larger than ex
pected, i.e., f3 = 7.461 for the (2s) set whereas f3 = 3.225 
and 3.588 for the (2p) and (2d) sets. Then, upon adding a 
third s function, we find that the exponent of the extra func
tion lies inbetween the exponents of the (2s) set, i.e., (0.253, 
1.887) -+ (0.236, 0.653, 1.808), and that the exponent of the 
tightest function actually decreases slightly. The (3s) to 
( 4s) expansion again follows the normal pattern. The reason 
for this behavior is not obvious, although it may be connect
ed with the nodal structure of the 2s atomic orbital. 

In Table VIII we summarize the results of HF and 
HF + 1 + 2 calculations on the oxygen molecule, O2, with 
the atom optimized even-tempered (sp) sets and the (sp) 
sets derived from atomic HF calculations. The calculated 
correlation energies for the molecular calculations follow 
the same pattern as for the atomic calculations, i.e., the out
ermost function from the (9s) HF set yields nearly the same 
correlation energy as that from the optimum (Is) set, the 
outermost function from the (4p) set yields nearly the same 
correlation energy as that from the optimum (lp) set and so 
on. The calculated HF energies, on the other hand, almost 
always favor the larger HF sets, i.e., the (14s) set always 
yields a lower HF energy than the (12s) set which in turn 
always yields a lower HF energy than the (lOs) set, etc., 
independent of which correlation set is being considered. 
Only the (8p) set does not follow this trend and here the 
difference is negligible, 0.007 mho 

Although the results given above clearly show that it is 
possible to obtain (sp) sets which consistently describe both 
the HF and HF + 1 + 2 wave functions, as the results in 
Table VIII caution, in doing so we must balance the errors in 
the HF energy against the errors in the correlation energy. 
This is even more true when using the HF (sp) sets them
selves to describe both the HF and correlated wave func-
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FIG. 4. Errors in the atomic HF and HF + 1 + 2 energies for an (ns) 
primitive set contracted to [ms]. The solid circles are the errors in the HF 
energies; the open polygons are the errors in the HF.+ 1 + 2 energies. 

tions, i.e., not just as correlation functions to be added to the 
HF Is and 2s orbitals. In Figs. 4 and 5 we plot the errors in 
the atomic HF and HF + 1 + 2 energies resulting from the 
use of a given HF s set (Fig. 4) and p set (Fig. 5). For the s
set calculations an (ns) HF set was contracted to [ms] and 
augmented with the (7 p) set contracted to [4p]. For the p
set calculations an (np) HF set was contracted to [mp] and 
augmented with the (16s) set contracted to [6s]. Both sets 
of calculations included the (2d If) polarization set. The 
errors in the HF energies are relative to that obtained with a 
( 16s9p) set; the errors in the correlation energy are relative 
to that obtained with the (l6s9p2d If) / [ 6s6p2d If] set. 
Choosing the optimum s or p set then requires a balance 
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FIG. 5. Errors in the HF and HF + 1 + 2 energies for an (np) primitive set 
contracted to [mp J. The solid circles are the errors in the HF energies; the 
open polygons are the errors in the HF + 1 + 2 energies. 
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between (i) minimizing the error in the HF energy and (ii) 
minimizing the error in the correlation energy. 

As can be seen in the figures, the error in the HF energy 
decreases monotonically with increasing primitive set size. 
This is expected since the contracted basis set always con
tains the HF atomic orbitals. The errors in the correlation 
energy for a given contracted set, on the other hand, exhibit a 
minimum for a specific primitive set. This is in line with the 
results presented in Table VII. Based on the data plotted in 
Fig. 4, the recommended s sets are: The (9s) set contracted 
to [3s], the (lOs) set contracted to [4s], the (12s) set con
tracted to [5s], and the (14s) set contracted to [6s]. We 
recommend the use of the (12s) set contracted to [5s], rath
er than the (lOs) set. Although the (lOs) set yields a correla
tion energy which is 0.15 mh lower than that obtained with 
the (12s) set, the HF energy for the (12s) set is lower than 
that for the (lOs) set by 1.4 mho In this case we believe that 
use of the larger s set is a better compromise. 

The recommended p sets are: the (4p) set contracted to 
[2p], the (5p) set contracted to [3p], the (6p) set contract
ed to [4p], and the (8p) set contracted to [5p]. The only 
difficult choice was for the appropriate primitive set for the 
[2p] set-the correlation energy obtained with the (4p) set 
is 5.6 mh lower than that obtained with the (5p) set, but the 
HF energy for the (5p) set is 14.8 mh lower than that for the 
( 4p) set. The above choice minimizes the difference between 
the errors in the HF and correlation energies. 

III. CORRELATED BASIS SETS FOR THE FIRST ROW 
ATOMS: BORON THROUGH NEON 

The above calculations on the oxygen atom were used to 
guide the development of correlated basis sets for the first 
row atoms boron through neon. Again, we first considered 
polarization basis sets. We determined (1d)-(3d) sets, 
( 1/ ) - (2/) sets, and a ( Ig) set for each atom, first optimiz
ing the d exponents in the (ld)-( 3d) sets, then optimizing 
the/exponents in the (2d 1/) and (3d2/) sets and finally 
optimizing the g exponent in the (3d 2/ Ig) set. In this case 
the exponents of the (3d) set were fully optimized, i.e., they 
were not constrained to be given by an even-tempered expan
sion.32 The optimum exponents, correlation energies, and 
incremental energy lowerings are summarized in Table IX 
where, for comparative purposes, the quoted results for the 
(1/) set are based on the (3d) set rather than the (2d) set; 
the correlation energy lowerings are plotted in Fig. 6. The 
incrementallowerings have been normalized to the total cor
relation energy of the L shell, EeoIT (L shell), determined 
from calculations with the (12s6p3d2/1g)/[5s4p3d2/1g] 
set (see below) . 

The same general trends are observed in the results in 
Table IX as were observed for the oxygen atom: addition of 
the first 3d function results in the largest energy lowering by 
far, followed by smaller but comparable energy lowerings 
upon addition of the second 3d and first 4/ functions, fol
lowed by even smaller, but again comparable, energy lower
ings for the third 3d, second 4f, and first 5g functions. There 
are differences, however. For example, the higher angular 
momentum functions are relatively more important for the 

latter half of the row than for the first half of the row-this is 
undoubtedly due to the increased number of p electrons. 

The correlation energy lowerings resulting from the ad
dition of functions from selected HF (sp) sets follow the 
same trend observed in the oxygen atom calculations: The 
most diffuse functions in the (9s) and (4p) sets provide the 
best single correlating functions, the first and third most dif
fuse functions in the (lOs) set and the two most diffuse func
tions in the (5p) set provide the best two correlating func
tions, etc. The incremental energy lowerings for the best 
(nsnp) sets are also plotted in Fig. 6. The first (Is + 2p) set 
is less important than the first 3d function for the atoms B-N 
whereas the 3d function is less important for F-Ne. The 
third (Is + 2p) set, on the other hand, is far more important 
at the beginning of the row than the corresponding polariza
tion functions. 

Krishnan et al.2I determined a (2s2pld) primitive set of 
correlating functions for all of the first row atoms and for the 
hydrogen atom. For the atoms boron through neon the expo
nents of the functions were determined by minimizing the 
second order Moller-Plesset perturbation energy (UMP2). 
The 3d exponents reported by these authors are only slightly 
larger (0.06-0.10) than the exponents of the (ld) sets re
ported here. The exponents for each of the two pairs of Is and 
2p functions in the (2s2p) sets were constrained to be identi
cal. Although the calculations reported here show that 
t2(2s) > 2t2(2p), the net effect of the constraint is probably 
not large since (i) the exponents of the first Is- and 2p-corre
lating functions are similar [compare the outermost func
tions of the (lOs) and (5p) sets] and (ii) the second 2p 
correlating function is far more important than the second Is 
correlating function, e.g., for oxygen !l.E ~p ;::;;: 3!l.E is. 

We define correlation consistent basis sets to contain all 
of the correlating functions which lower the correlation en
ergy by similar amounts as well as all correlating functions 
which lower the energy by larger amounts. Thus, the 
(9s5p Id) primitive set contracted to [3s2p Id] is the sim
plest correlation consistent basis set, since the (ls1p) corre
lation set lowers the correlation energy by approximately the 
same amount as the (ld) set (see Fig. 6); all other functions 
lower the correlation energy by substantially smaller 
amounts. We refer to this set as the correlation consistent 
polarized valence double-zeta (cc-p VDZ) set. Other corre
lation consistent sets are the polarized valence triple-zeta 
(cc-p VTZ) set, the ( lOs5p2d 1/) set contracted to 
[ 4s3p2d 1/] , and the polarized valence quadruple-zeta (cc
p VQZ) set, the (12s6p3d 2/ Ig) set contracted to 
[5s4p3d 2f Ig]. The HF and correlation energies obtained 
with the correlation consistent sets are listed in Table X 
along with the energies obtained with the ANO sets of 
Alml6f and Taylor. 23 Also included in this table are accurate 
numerical HF energies33 as well as estimates of the total 
(HF + 1 + 2) correlation energies. To obtain the estimated 
correlation energies we fit the incremental energy lowerings 
from Table X to a geometric series (see Fig. 7) and then 
added the higher order contributions predicted by the series 
to the correlation energy obtained with the cc-p VQZ set. 
Although it is difficult to estimate the accuracy ofthe extra
polation, we expect the errors in the estimated total 
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TABLE IX. Exponents, correlation energies, and correlation energy lowerings obtained with the atom optimized polarization sets for the boron through 
neon atoms. The (sp) set was the (l6s7 p) set contracted to [6s4p I. Total energies (EHF and EHF + I + 2 ) are in hartrees; correlation energies (Eco,,) and 
energy differences (Il.Eco" ) are in millihartrees. 

Polarization 
set Exponents 

The boron atom (EHF = - 24.529035) 

(ld) 
(2d) 
(3d) 

(3dlf) 
(3d2f) 

(3d2flg) 

0.343 
(0.199,0.661) 

(0.145, 0.402, 1.11 0) 
0.490 

(0.311,0.882) 
0.673 

The carbon atom (EHF = - 37.688 544) 

(I d) 
(2d) 
(3d) 

(3d If) 
(3d2f) 

(3d2flg) 

0.550 
(0.318,1.097) 

(0.228,0.649, 1.848) 
0.761 

(0.485, 1.419) 
1.011 

The nitrogen atom (EHF = - 54.400 771 ) 

(ld) 
(2d) 
(3d) 

(3d If) 
(3d2f) 

(3d2flg) 

0.817 
(0.469, 1.654) 

(0.335,0.968,2.837) 
1.093 

(0.685,2.027) 
1.427 

The oxygen atom (EHF = - 74.809 068) 

(ld) 
(2d) 
(3d) 

(3d If) 
(3d2f) 

(3d2flg) 

1.185 
(0.645,2.314) 

(0.444,1.300,3.775) 
1.428 

(0.859,2.666) 
1.846 

The fluorine atom (EHF = - 99.408 778) 

(ld) 
(2d) 
(3d) 

(3d If) 
(3d2f) 

(3d2flg) 

1.640 
(0.855,3.107) 

(0.586,1.725,5.014) 
1.917 

(1.148,3.562) 
2.376 

The neon atom (EHF = - 128.546201) 

(ld) 
(2d) 
(3d) 

(3d If) 
(3d2f) 

(3d2flg) 

2.202 
( 1.096, 4.014) 

(0.747,2.213,6.471 ) 
2.544 

(1.524,4.657) 
2.983 

- 24.574 918b - 45.883 
- 24.595567 - 66.532 
- 24.598 299 - 69.264 
- 24.598 640 - 69.605 
- 24.600 353 - 71.318 
- 24.600 653 - 71.618 
- 24.600 988 - 71.953 

- 37.733 875b - 45.331 
- 37.772437 - 83.893 
- 37.778497 - 89.953 
- 37.779 308 - 90.764 
- 37.783 827 - 95.283 
- 37.784623 - 96.079 
- 37.785483 - 96.939 

- 54.447 265b -46.494 
- 54.500019 - 99.248 
- 54.509 599 - 108.828 
- 54.510 976 - 110.205 
- 54.518 987 - 118.216 
- 54.520460 - 119.689 
- 54.522023 - 121.252 

- 74.885 656b -76.588 
-74.947895 - 138.827 
-74.962612 - 153.544 
-74.965253 - 156.185 
-74.981101 - 172.033 
-74.984547 - 175.479 
-74.988205 - 179.137 

- 99.515 053b - 106.275 
- 99.585 707 - 176.929 
- 99.605 698 - 196.920 
- 99.609 658 - 200.880 
- 99.631 072 - 222.294 
- 99.636226 - 227.448 
- 99.642 303 - 233.525 

- 128.685 520b - 139.319 
- 128.762876 - 216.675 
- 128.788201 - 242.000 
- 128.793564 - 247.363 
- 128.818377 - 272.176 
- 128.824921 - 278.720 
- 128.833665 - 287.464 

a Change in the correlation energy referenced to the preceding set with one fewer function of the given angular momentum. 
b Energy for the (16s7 p) / [ 6s4p I set. 
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- 20.649 
- 2.732 
- 0.341 
- 1.713 
-0.300 
-0.335 

- 38.562 
- 6.060 
-0.811 
- 4.519 
-0.796 
-0.860 

- 52.754 
- 9.580 
- 1.377 
- 8.011 
- 1.473 
- 1.563 

- 62.239 
- 14.717 
- 2.641 

- 15.848 
- 3.446 
- 3.658 

-70.654 
-19.991 

- 3.960 
- 21.414 
- 5.154 
- 6.077 

-77.356 
- 25.325 
- 5.363 

- 24.813 
- 6.544 
- 8.744 
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FIG. 6. The normalized incremental correlation energy lowerings for the 
first row atoms boron through neon. The ( Is + 2p) sets were taken from the 
appropriate HF basis sets. The total correlation energy for the L shell was 
taken from calculations with the (l2s6p3d 2/ Ig)! [5s4p3d 2/ Ig] set. 

The smallest correlation consistent set, the cc-p VDZ 
set, yields between 61 % (Ne) and 87% (B) of the estimated 
total correlation energy; the error ranges from 9.3 (B) to 
120.4 mh (Ne). The cc-pVTZ set yields 85% (Ne) to 97% 
(B) ofthe correlation energy while the cc-pVQZ set yields 
94.2% (Ne) t099.6% (B) of the estimated correlation ener
gy. In comparison, the [5s4p3d2J1g] ANO set22 yields 
95.4% of the estimated correlation energy of neon. Thus, the 
differences in the correlation energies obtained with the cc
pVQZ sets and the ANO sets of Alml6fand Taylor23 are, in 
general, a small fraction of the remaining errors in the corre
lation energies. The geometric series predict that use of a 
(6s5p4d 3J2g1h) set will reduce the errors in the calculated 
correlation energies to: <0.1 mh (B), 0.2-0.3 mh (C), 0.7 
mh (N), 2.4 mh (0), -5 mh (F), and -7 mh (Ne); the 
estimate for oxygen is in line with the estimates given earlier. 

In general, the errors in the HF energies are only a frac
tion of the errors in the correlation energies. It should also be 

TABLE X. The HF and correlation energies obtained with the correlation consistent basis sets and the ANO sets of Almlof and Taylor (Ref. 23). The energy 
differences (t.EHF and t.Ee"" ) are relative to the accurate HF calculations of Froese Fischer (Ref. 33) and to the estimated total (HF + 1 + 2) correlation 
energies (see the text). Total energies (EHF and EHF + I + 2) are in hartrees; correlation energies (Ee",,) and energy differences (t.EHF and t.Ee",,) are in 

millihartrees. 

Boron 

cc-pVDZ: (9s4pld)![3s2p1d] 
EHF - 24.526 564 

t.EHF 2.497 

EHF+ I + 2 - 24.589 568 

- 63.004 
9.3 

cc-pVTZ: (lOs5p2d Ij)![ 4s3p2d If] 
EHF - 24.528098 

t.EHF 0.963 

EHF+ I + 2 - 24.598 193 
-70.095 

tJaE,.:orr 2.2 

cc-pVQZ: (l2s6p3d2/lg)![5s4p3d2/lg] 
EHF - 24.528 898 
t.EHF 0.163 

- 24.600 877 

- 71.979 
0.3 

ANO: (l3s8p6d 4/2g)! [ 5s4p3d 2/ Ig ] 
EHF 

t.EHF 

EHF + 1 + 2 

Accurate HFa 

Estimated Ee"" 

a Reference 32. 

- 24.529061 
-72.3 ±0.3 

Carbon Nitrogen Oxygen 

- 37.682 391 - 54.388414 -74.786188 

6.228 12.520 23.210 
- 37.759 783 - 54.477 112 -74.907257 

-77.392 - 88.698 - 121.069 
20.7 35.2 65.2 

- 37.686662 - 54.397 358 -74.803078 
1.957 3.576 6.320 

- 37.779611 - 54.511 779 -74.968451 

- 92.949 - 114.421 - 165.373 
5.2 9.5 20.9 

- 37.688 234 - 54.400 176 -74.807975 
0.385 0.758 1.423 

- 37.785 188 - 54.521402 -74.987069 
- 96.954 - 121.226 - 179.094 

1.1 2.7 7.2 

- 37.688 518 - 54.400 774 - 74.809174 

0.101 0.160 0.224 

- 37.786002 - 54.522 889 -74.989805 
- 97.485 - 122.115 - 180.631 

0.6 1.8 5.7 

- 37.688619 - 54.400934 -74.809 398 
- 98.1 ± 0.4 - 123.9 ± 0.5 - 186.3 ± 1.0 
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Fluorine Neon 

- 99.371 080 - 128.488776 

38.269 58.32 
- 99.523 619 - 128.673617 

- 152.539 - 184.842 
93.3 120.4 

- 99.399194 - 128.531 862 
10.155 15.24 

- 99.612199 - 128.791916 

- 213.005 - 260.054 
32.8 45.1 

- 99.406 980 - 128.543470 
2.369 3.630 

- 99.640 537 - 128.831057 

- 233.557 - 287.587 
12.2 17.6 

- 128.546511 

0.589 
- 128.837 748 
- 291.237 

14.0 

- 99.409 349 - 128.547 10 
- 245.8 ± 2.0 - 305.2 ± 3.0 
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FIG. 7. Absolute values of the incremental energy lowerings for the first 
row atoms boron through neon obtained with the correlation consistent ba
sis sets. The straight lines are geometric series fits of the calculated points. 
The series so obtained are: - 54.60/5.783(i-1) (B), - 74.26/4.396(i- I) 
(C), - 90.06/3.61O(i-1) (N), - 124.49/2.970(;-1) (0), 
- 156.51/2.724(i-1) (F), and - 188.13/2.591 (i-I) (Ne). 

noted that an important source of error in the HF calcula
tions is the description of the Is orbital. This is in contrast to 
the correlation energy calculations which explicitly consider 
only the valence electrons. The error in the HF description 
of the valence orbitals will thus be substantially less than the 
total errors quoted in Table X. 

IV. CORRELATED BASIS SETS FOR THE HYDROGEN 
ATOM 

To determine correlated basis sets for the hydrogen 
atom poses a special problem; atomic calculations are clearly 
not useful. Following the suggestion of Almlof and Taylor,23 

we determined correlation sets for the hydrogen atom from 
calculations on the hydrogen molecule. As before, we first 
added (lp)-(3p) polarization sets to the (7s) set of Duijne
velde7 contracted to [4s] 34 and individually optimized the 
exponents in HF + 1 + 2 calculations. To the [4s3p] set so 
obtained we then added (ld) and (2d) sets, again optimiz
ing the exponents. Finally, we added a (11) set to the 
[4s3p2d] set and optimiZed its exponent. The exponents, 
energies, and incremental HF and correlation energy lower
ings so obtained are collected in Table XI. The results listed 
in this table show the by-now standard convergence pattern: 
(i) the first 2p function lowers the correlation energy sub
stantially, by - 10.1 mh in this case; (ii) the second 2p func
tion and the first 3d function lower the energy by compara
ble amounts, - 1.3 to - 2.0 mh; (iii) finally, the third 2p 
function, second 3d function, and first 41 function lower the 
energy by - 0.25 to - 0.29 mho 

The energies reported in Table XI differ little from those 
reported by Almlof and Taylor.23 With an (8s6p4d) set con
tracted to [4s3p2d] these authors reported a total energy of 
- 1.173 756 hartrees; the comparable set here yields 
- 1.173 617 hartrees. The energy obtained here with the 

largest set considered, - 1.173 868 hartrees for the 
[ 4s3p2d If] set, also agrees well with more accurate energies 
reported by others, e.g., Liu35 reported a CI energy for H2 of 
- 1.174 142 hartrees obtained with a [5s3p3d2f] set of 

Slater functions, while Kolos and Wolniewicz36 calculated 
an "exact" energy of - 1.174475 hartrees. 

To ascertain whether the hydrogen polarization sets ob
tained above are appropriate for calculations on other mole
cules, we reoptimized the exponents of the (lp) and (2pld) 
sets for both CH and OH. The results of these calculations, 
along with those for the H 2-optimized sets, are summarized 
in Table XII. Although the changes observed in the opti
mum hydrogen exponents are significantly larger than those 
found for oxygen (compare with Table III), the resulting 
energetic changes are small, < 0.05 mho It remains to be seen 
whether the noted differences in the hydrogen exponents are 

TABLE XI. Polarization function exponents for the hydrogen atom obtained from calculations on molecular hydrogen along with the corresponding 
energies and incremental energy lowerings. The (s) set used in the calculations was the (7s) set of Duijneve1dt (Ref. 27) contracted to [4s). Total energies 
(EHF and EHF + 1+2) are in hartrees; correlation energies and energy differences (Ew , and !l.Eco,,) are in millihartrees. 

Polarization 
set Exponents 

(lp) 0.727 
(2p) (0.388, 1.407) 
(3p) (0.292,0.838,2.292) 

(ld)C 1.057 
(2d)C (0.662, 2.062) 

(lj)d 1.397 

EHF 

- 1.128 424b 

- 1.132846 
- 1.133423 
- 1.133488 

- 1.133 527 
- 1.133543 

- 1.133546 

-4.422 
- 0.577 
-0.065 

- 0.039 
~0.016 

- 0.003 

EHF + I + 2 Ecorr 

- 1.154 535b - 26.111 

- 1.169060 - 36.214 
- 1.171 612 - 38.189 
- 1.171934 - 38.446 

-1.173310 - 39.783 
- 1.173617 -40.074 

- 1.173868 - 40.322 

• Changes in the HF and correlation energy referenced to the preceding set with one fewer function of the given angular momentum. 
b Energies for the (7 s) / [ 4s) set. 
cThe (s) basis set was augmented with the above (3p) primitive set. 
dThe (s) basis set was augmented with the above (3p) and (2d) primitive sets. 
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-10.103 
- 1.975 
-0.257 

- 1.337 
- 0.291 

- 0.248 
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TABLE XII. Comparison of Hz-optimized hydrogen polarization sets with molecule optimized hydrogen polarization sets for CH and OH. The basis sets 
used for carbon and oxygen atoms were the ( 12s6p) sets contracted to [4s3p] augmented with the (2d If) polarization sets. For the hydrogen atom we used 
the (5s) set contracted to [3s]. Total energies (EHF and EHF+ I +2) are in hartrees; correlation energies and energy differences (Ererr and t!.Ecorr) are in 
millihartrees. 

Polarization 
set t(p;d) EHF E HF + 1+ 2 Ecorr t!.Ecorr" 

The CH radical 
(lp) Hz 0.727 - 38.278172 - 38.401264 - 123.092 

CH 0.935 - 38.278 336 - 38.401452 - 123.116 0.024 

(2pld) Hz (0.388, 1.407; 1.057) - 38.278 581 - 38.404384 - 125.803 
CH (0.355, 1.257; 0.916) - 38.278 577 - 38.404422 - 125.845 -0.042 

The OH radical 

(lp) H2 0.727 -75.416954 -75.623349 - 206.395 0.0 
OH 1.006 75.417179 -75.623571 - 206.392 0.003 

(2pld) H2 (0.388, 1.407; 1.057) - 75.418 671 -75.628106 - 209.435 0.0 
OH (0.344, 1.649; 1.262) 75.418714 -75.628145 - 209.431 0.004 

"Change in the correlation energy referenced to the calculation involving exponents optimized for H2• 

important for properties other than the energy. 
To determine the optimum (s) sets for use in correlated 

calculations involving hydrogen, we contracted the (ns) HF 
sets of Duijneveldt27 to [ms], augmented the resulting sets 

with the (2pld) polarization set determined above, and car
ried out HF + 1 + 2 calculations on both molecular hydro
gen and OH. The results of these calculations are summar
ized in Table XIII. From the data in this table the optimum 

TABLE XIII. Calculations on molecular hydrogen and OH using (ns) HF sets for the hydrogen atom contracted to [ms] and augmented with the (2pld) 
polarization set. Total energies (EHF and EHF + I + 2) are in hartrees; correlation energies and energy differences (Ecorr and t!.Ecorr ) are in millihartrees. 

(s) set 

Contracted Primitive EHF t!.EHF EHF+I+Z 

Molecular hydrogen 
[15] (4s) - 1.129427 - 1.168017 

(5s) -1.128905 0.522 - 1.166 731 

[3s] (4s) - 1.131 772 - 1.171066 
(5s) - 1.132953 - 1.181 - 1.172 336 
(6s) - 1.133024 - 0.071 - 1.172 498 

[4s] (5s) -1.133069 - 1.172 666 
(6s) - 1.133374 -0.305 - 1.172 985 
(7s) - 1.133472 -0.098 - 1.173041 

The OH radical 
(15] (45) -75.417475 -75.626414 

(5s) -75.417847 -0.372 -75.626685 

[3s] (4s) -75.417941 -75.627390 
(5s) - 75.418 671 - 0.730 -75.628106 
(6s) - 75.418 833 -0.162 - 75.628196 

[4s] (5s) -75.418680 -75.628413 
(6s) -75.418867 - 0.187 -75.628624 
(7s) -75.418927 -0.060 -75.628634 

"Change in the correlation energy referenced to the preceding set with one fewer primitive s function. 
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Eeen 

- 38.590 
- 37.826 

- 39.294 
- 39.383 
- 39.474 

- 39.597 
- 39.611 
- 39.569 

- 208.939 
- 208.838 

- 209.449 
- 209.435 
- 209.363 

- 209.733 
- 209.757 
-209.707 

0.764 

0.089 
0.091 

0.014 
0.042 

0.101 

0.014 
0.072 

0.024 
0.050 
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[2s] and [4s] sets are obvious: the (4s) set should be con
tracted to [2s] and the (6s) set should be contracted to [4s]. 
Although the (6s) set contracted to [3s] yields a lower cor
relation energy for H2, this is not the case for OH. In fact, for 
OH the (4s) set yields the lowest correlation energy. We 
consider the (5s) set contracted to [3s] to be a reasonable 
compromise, especially in light of the relatively large differ
ence between the HF energies obtained with the (4s) and 
(5s) sets, 0.7-1.2 mho 

V. CONCLUSIONS 

In the past basis sets for use in correlated molecular 
calculations have largely been taken from Hartree-Fock cal
culations. The recent work of Almlof, Taylor, Bauschlicher, 
Langhoff, Walch, and co-workers23

,37 indicates that basis 
sets taken from correlated atomic calculations provide an 
excellent description of molecular correlation effects. It is 
therefore important to understand the basis set requirements 
for describing correlation effects in atoms. 

From a thorough study of correlation effects in the oxy
gen atom we have established that: 

(i) Primitive Gaussian functions effectively and effi
ciently describe correlation effects if the exponents of the 
functions are optimized in atomic correlated calculations. 
The (3s), (3p), (3d), (2/), and (1g) primitive correlation 
sets reported here yield correlation energies within a few 
tenths of a millihartree of those obtained with the ANO sets 
of AlmlOf and Taylor. 23 Even the small primitive sets yield a 
substantial fraction of the correlation energy obtained with 
the corresponding ANO sets: the (1s), (2s), (1p), and (2p) 
sets yield 91.3%, 98.2%, 92.8%, and 97.1 %, respectively, of 
the correlation energy obtained with the comparable ANO 
sets, while the (1d), (2d), and (1/) sets yield 87.9%, 
98.0%, and 92.5%. 

(ii) The (sp) functions for describing correlation effects 
can be taken from atomic Hartree-Fock calculations if the 
appropriate primitive set is used to obtain a given contracted 
set. The valence functions in (9s) and (4p) sets provide the 
best single correlating function, the valence functions in the 
( lOs) and (5p) sets the best two correlating functions, etc. 
In general, the (sp) correlation sets are obtained by aug
menting the atomic orbitals with the most diffuse primitive 
functions in the set. The only exception to this rule is for the 
two function (s) correlating set; in this case the first and 
third most diffuse functions are best. 

(iii) For the oxygen atom the energy lowerings resulting 
from the successive addition of functions of a given angular 
momentum decrease approximately geometrically with ra
tios ranging from 3.5 - 1 (for 5g functions) to 5.1 - 1 (for 3d 
functions). The energy lowering resulting from the succes
sive addition offunctions with higher angular momenta also 
decrease approximately geometrically with ratios ranging 
from 3.2- 1 (for the third function ofa given symmetry) to 
4.1- 1 (for the first function ofa given symmetry). Using 
these geometric series to extrapolate to the infinite basis set 
limit, we estimate that a ( 4s4p4d 3/2g 1 h) correlation set will 
be required to converge the (HF + 1 + 2) correlation ener
gy to - 1 kcallmol. 

Use of the above primitive basis sets in molecular calcu-

lations on OH and O2 indicate that they also provide an 
excellent description of molecular correlation effects. 

The calculations on the oxygen atom served as a guide 
for calculations on the atoms in the first row from boron 
through neon. (spdlg) sets for use in correlated molecular 
calculations were determined for all these atoms. Again, it 
was found that the incremental energy lowerings due to the 
successive addition of correlating functions fall into distinct 
groups. Thus, the (1s1p) set and the (1d) function both 
decrease the correlation energy by comparable amounts, the 
incrementallowerings for the (2s2p), (2d), and (1j) sets 
are similar, etc. This leads to the concept of correlation con
sistent basis sets. For the first row atoms these sets are: 

cc-pVDZ 
cc-pVTZ 
cc-pVQZ 

(sp) set 
Primitive Contracted Polarization set 

(9s4p) 
(10s5p) 
(12s6p) 

[3s2p] 
[ 4s3p] 
[5s4p] 

(1d) 
(2d 11) 

(3d2/1g) . 

Correlation consistent sets are proposed for all of the first 
row atoms from boron through neon. The largest set, the cc
pVQZ set, yields 99.2 ± 0.4% of the correlation energy ob
tained with the ANO set of Almlof and Taylor23 with a com
parable number of basis functions even though it contains 
only j of the number of primitive functions and! the number 
of primitive polarization functions. Estimates of the higher 
order terms in the basis set expansions suggest that the corre
lation energies obtained with the cc-p VQZ sets are in error 
by as little as 0.3 ± 0.3 mh (boron) to as much as 18 ± 3 mh 
(neon). Comparable correlated basis sets were determined 
for the hydrogen atom. 
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