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Correlation consistent and augmented correlation consistent basis sets have been determined 
for the second row atoms aluminum through argon. The methodology, originally 
developed for the first row atoms [T. H. Dunning, Jr., J. Chem. Phys. 90, (1989)] is first 
applied to sulfur. The exponents for the polarization functions (dfgh) are 
systematically optimized for a correlated wave function (HF+ 1+2). The (sp) correlation 
functions are taken from the appropriate HF primitive sets; it is shown that these 
functions differ little from the optimum functions. Basis sets of double zeta [4s3pld], triple 
zeta [5s4p2dlf], and quadruple zeta [6s5p3d2flg] quality are defined. Each of these 
sets is then augmented with diffuse functions to better describe electron affinities and other 
molecular properties: s and p functions were obtained by optimization for the anion 
HF energy, while an additional polarization function for each symmetry present in the 
standard set was optimized for the anion HF + I+ 2 energy. The results for sulfur are then used 
to assist in determining double zeta, triple zeta, and quadruple zeta basis sets for the 
remainder of the second row of the p block. 

I. INTRODUCTION 

The two primary and competing criteria for selecting a 
basis set are accuracy and size: Will a given set suitably 
describe the system of interest, and will the computations 
be doable and affordable? The correlation consistent polar- 
ized valence (cc-pVXZ, X= { O,r,Q}> basis sets developed 
by Dunning’ (hereafter Paper I) for the first row elements 
boron through neon and hydrogen emphasize the relation- 
ship between these two factors. For atoms, the cc-pVXZ 
sets provide the lowest possible CISD energies for the given 
basis set size. Calculations on molecules with these same 
sets suggest similar convergence patterns-for both ener- 
gies and other properties (see below). The cc-pVXZ basis 
sets were extended by Kendall, Dunning, and Harrison2 
(Paper II) by augmenting the sets for boron through neon 
and hydrogen with functions to more accurately describe 
the long range behavior of the wave functions; the addi- 
tional functions are critical for an accurate description of 
electron affinities, polarizabilities, and hydrogen bonding. 
These sets are identified as augmented correlation consis- 
tent polarized valence (aug-cc-pVXZ) basis sets. In the 
current work we have determined cc-pVXZ and aug-cc- 
pVXZ sets for aluminum through argon for double 
through quadruple zeta quality. 

The quantity of interesting and important chemistry 
that involves second row atoms is virtually inexhaustible. 
The interactions of such sulfurous species as SH,, HSO, 
and SO, in the atmosphere and aqueous solutions are crit- 
ical to our understanding of acid rain. The reactions of 
chlorine and chlorine compounds such as ClO, (Ref. 3) 
have been implicated in ozone depletion, and chlorohydro- 
carbons such as carbon tetrachloride and trichloroethylene 
constitute as much as 20% of municipal wastes. Finally, 
silicon chemistry is of pivotal importance to the semicon- 
ductor industry. Also of great fundamental interest is the 

significant difference in the behavior for sulfur vs oxygen 
and phosphorous vs nitrogen, i.e., the manner in which the 
straightforward bonding behavior of the first row blossoms 
into hypervalency in the second row. 

Correlation consistent basis sets explicitly recognize 
that basis functions which make correlation energy contri- 
butions of similar size should all be added together. This is 
in distinct contrast to the piecemeal approach traditionally 
used, but is consistent with the procedure adopted by Tay- 
lor and AmloP in constructing AN0 sets (see also Wid- 
mark et al’). In the case of the first row atoms (Paper I), 
the double zeta sets (cc-pVDZ) were formed by adding a 
set of primitive (spd) functions to the atomic Hartree- 
Fock orbitals. The exponents for the correlation functions 
were determined from correlated calculations on the at- 
oms, specifically for a Hartree-Fock plus single and double 
excitations (CISD) wave function. However, for the final 
sets the (sp) correlation functions were obtained by uncon- 
tracting the most diffuse s and p function from an appro- 
priate HF set since these functions were demonstrated to 
be close to the optimal s and p functions. The triple zeta 
(cc-pVTZ) and quadruple zeta (cc-pVQZ) sets, respec- 
tively, were obtained by adding to the atomic Hartree- 
Fock orbitals sets of (2dlf) and (3d2flg) polarization 
functions plus sets of uncontracted (2~2~) and (3~3~) 

primitives from the appropriate HF (sp) sets. 

Calculations using the first row sets have begun to ac- 
cumulate in the literature and have demonstrated their use- 
fulness relative to more established basis sets. Feller6 has 
recently performed a systematic study of the water dimer. 
Del Bene, Aue, and Shavitt’ have considered a series of 
hydrocarbons and carbocations, and Del Bene’ has exam- 
ined hydrogen bonding between HF and both HCN and 
CHsCN. Werner and Knowles’ used the polarization func- 
tions from Paper I to investigate the potential energy func- 
tion and dissociation energy of N2. Similar usages of vari- 
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ous functions have been performed by Glenewinkel-Meyer 
et al. lo for AlF+ and by Brommer et al. ‘I for CO:. Fi- 
nally, a comprehensive series of benchmark calculations 
for the first row AH, AZ, and AB diatomic molecules will 
appear shortly. l2 

Second row atoms require inherently larger basis sets 
than their first row counterparts. Not only are there eight 
more electrons to be described by the Hartree-Fock wave 
function, but the ls%@2p6 core orbitals lie at much lower 
energies than the 12 core orbitals of the first row. To ob- 
tain comparable accuracy, more gaussian primitives are 
required in the atomic orbital expansions. Fortunately, 
general contraction methodology13 significantly reduces 
the cost of using large sets of primitive GTOs by efficiently 
organizing the computation of integrals over the con- 
tracted sets. Although the task of computing and storing 
integrals and the size of the HF problem are both larger for 
molecules involving second row atoms, computing corre- 
lated wave functions is only marginally more difficult if 
only the valence electrons are correlated. For most of the 
atomic and molecular properties of interest to chemists, 
this is sufficient. 

It is well known that valence electron correlation is 
larger for second row atoms than for the first row. This is 
evident in the current work. Another preliminary observa- 
tion is that convergence of valence electron correlation is 
slightly faster for second row atoms than for first row at- 
oms. This will be examined by comparing very large sulfur 
and oxygen polarization function sets up to quintuple zeta 
quality (cc-pV5Z) . 

Section II of this paper focuses on sulfur in much the 
same way that Paper I concentrated on oxygen. The em- 
phasis will be on the details of the procedure for developing 
the cc-pVXZ and aug-cc-pVXZ sets and will include a 
comparison of the trends in the first and second rows. Sec- 
tion III presents the basis sets for aluminum through ar- 
gon. Conclusions are presented in Sec. IV. 

II. cc-pVXZ AND aug-cc-pVXZ BASIS SETS FOR 
SULFUR 

To begin, HF primitive sets ranging from (12s) to 
(22s) and from (7~) to ( 15~) were determinedi for each 
of the second row atoms, aluminum through argon. This 
allows full flexibility in the eventual choice of (sp) sets for 
describing the HF wave function and (sp) correlation ef- 
fects. A set such as (22s13p) is close to the HF limit: 
Er&22r13p) = - 397.504 84 hartree and EHF( numerical) 
= -397.504 90 hartree.15 The general contraction method 
of Raffenetti13 was used where possible to minimize the 
cost of computing integrals. 

A proper description of the sulfur 3P ground state re- 
quires that the degenerate 3?3p3p,,3ps 3?3p,3p;3pn and 
3.?3px3p,,3pz configurations be symmetry equivalent. To 
accomplish this the HF calculations were based on the 
average of these configurations, and the singles and doubles 
configuration interaction (CISD) calculation included sin- 
gle and double excitations of the six valence electrons from 
all three configurations (the core was frozen in all CISD 
calculations reported for this work). 

All calculations were performed using the programs 
suites MOLPRO~~ and MELDF.~' The bulk of the exponent 
optimizations were carried out with MELDF, but MOLPRO 

was used for some setup work and, in particular, for its 
ability to handle h functions. 

Only the appropriate spherical harmonic components 
of the polarization functions were included in the calcula- 
tions. This substantially reduces the cost of computing the 
wave functions, especially for basis sets containing g and h 
functions. It also helps to minimize possible linear depen- 
dence problems which may arise when using the Cartesian 
forms. 

A. Polarization functions for sulfur 

As in Paper I, optimum sets of polarization functions 
were determined first. An accurate HF set of (22~13~) 
primitive functions was contracted to [7s6p] and used as 
the “base” (sp) set, Various sets of polarization functions 
were determined by optimizing the even tempered vari- 
ables, a and fi, for the CISD energy, EHF+ 1+2, with the 
exponents given by 

~s=afij-‘; i= 1 to Nk; (1) 

where I designates the symmetry and Nk the length of the 
expansion. All polarization functions were added as uncon- 
tracted primitives. The various series of 3d functions (for 
Nk from 1 through 8) were added first and the optimum 
(a#)‘~ computed. The (5d) set was then added to the 
[7s6p] set to form a new “base” (spd) set; series of 4f 

functions were added to this set and the (a&‘)‘s optimized. 
Then, starting with the [7s6p5d4f] set, series of 5g func- 
tions were added and optimized. Finally, the contribution 
of the first 6h function was determined, for this calculation 
the [7s6p4d3 f 2g] setI was chosen as the base set. 

The incremental energy lowering, AE,,,,, is the energy 
gained either by adding the first function of a higher an- 
gular symmetry to its base set 

AE,,,,=AE~,I-~=EcIsD(~) --%sD(~- 11, (2) 

or by extending the even tempered set for a given symme- 
try by one function 

AEcorr=hEk,k-~==c~s~(Nk)-Ec~s~(Nk-~). (3) 

AE,,,, is a measure of the importance of each correlation 
function. The calculated incremental energy lowerings (in 
millihartrees) are given in Table I for the addition of the 
following sets of polarization functions: (Id) through 
(8d), (If) through (5f), (lg) through (3g), and (lh). 
These data are plotted in Fig. 1. 

As a preface to discussing the behavior of the sulfur 
polarization functions, we note that there are two distinct 
topics of interest. First, and of primary significance, are the 
dominant contributions to EC,,, made by the first several 
functions of each symmetry. The three or four exponent 
sets usually account for over 99% of the net correlation 
energy which can be obtained by the polarization func- 
tions. Of secondary importance is the convergence behav- 
ior of the large sets of 3d and 4f functions. They lack the 
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TABLE I. Total energies, correlation energies, and incremental correlation energies for polarization func- 
tions added to sulfur. Total energy (E ur+,+z) is given in hat-trees; correlation energy (E,,,) and incre- 
mental correlation energies for sulfur [A&,,(S)] and oxygen [A&,(O)] are given in millihartrees. The 
base set is (22s13p)/[7s6~], which yields the values on the line marked ( ); in this set the last (most diffuse) 
four s and p functions are uncontracted. The HF energy is -397.504 853 hartrees. 

Polarization 

set (GB) E HF+l+2 ~~ E CO= A&AS) AEm,,(0)d 

( ) . . . -397.536 711 -31.858 

(Id) 
(2d) 
(34 
(W 
(54 
(64 
(74 
(84 

0.479 
(0.269,3.045) 
(0.203,2.481) 
(0.201,2.503) 
(0.172,2.329) 
(0.146,2.188) 
(0.134,2.122) 

(0.117,1.998) 

-397.615 407 

- 397.628 039 
-397.629 348 

-397.629 776 
- 397.630 043 
-397.630 140 
-397.630 192 
-397.630 211 

- 110.554 
- 123.187 
- 124.495 

- 124.923 
- 125.190 

- 125.287 
- 125.339 
- 125.358 

-78.696 - 62.239 

- 12.632 - 14.717 

- 1.308 -2.641 

-0.428 -0.467 

-0.267 
-0.097 
-0.052 
-0.019 

(If)” 0.557 ,--397.651915 - 147.062 -21.872 - 15.849 

(2fY (0.335,2.593) - 397.654 671 - 149.818 -2.756 -3.443 

(3f)’ (0.246,2.077) -397.655 001 - 150.148 -0.330 -0.837 

(4f )” (0.231,2.082) -397.655 073 - 150.220 -0.072 

(5f)” (0.207,1.976) -397.655 120 - 150.267 -0.047 

(W 0.683 -397.659 754 - 154.901 -4.681 -3.658 

wb (0.411,2.136) -397.660 550 - 155.697 -0.796 - 1.059 

(Wb (0.355,1.868) -397.660 677 - 155.824 -0.127 

(1hP 0.866 - 1.252 

“The 4f function series.was added to (22s13p5d)/[7s6p5d]; the (If) AE,,, uses the (5d) number as its 
reference. 

bathe 5g function series was added to (22s13p5d4f )/[7s6p5d4f]; the (lg) AE,,, uses the (4f) number as 
its reference. 

The 6h function was added to (22sl3p4d3flg)/[7sSp4d3flg] using MOLPRO for both the reference state 
and the set containing the 6h function. 

dOxygen numbers are taken from Paper I. 
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FIG. 1. Contributions of polarization functions to the correlation energy 
of sulfur. The absolute values of the incremental correlation energy low- 
erings, 1 AE,,I (mh), are plotted against the number of functions in the 
well tempered expansions for 3d, 4f, 5g, and 6h functions. The dashed 
lines correspond to analytic fits to the first three points of the d, f, and g 
series. 

well behaved regularity observed in oxygen. The larger sets 
provide a means of estimating the accuracy of each cc- 
pVXZ set. Although strictly geometric behavior is not crit- 
ical to making that evaluation, it does facilitate obtaining 
an estimate of the complete basis set limit (i.e., EC,,, for 
Nk= to >. Some effort was devoted to finding an explana- 
tion for the apparently nonexponential decay of 
AE,,,,(iV~). However, this is not crucial to defining sets 
from double through quadruple zeta quality. 

The incremental energy lowerings for the first three 
functions in the 3d, 4f, and 5g sets exhibit nearly geomet- 
ric behavior; i.e., they are well represented by 
AE= --A/B’-‘. The dashed lines appearing in Fig. 1 rep- 
resent least-squares fits to the first three points only. The 

TABLE II. Analytic fits for the dashed lines in Fig. 1 (correlation energy 
lowerings for sulfur polarization functions), with oxygen numbers for 
comparison. The form of the analytic function is AE= --A/B’-‘. Units 
for ;4 are millihartrees; B is dimensionless. 

Function 

type A(S) B(S) 

3d 84.66 7.757 

4f 22.06 8.141 

5s 4.731 6.071 

‘Oxygen numbers are taken from Paper I. 

A(O)” B(O)’ 

67.81 5.153 
15.56 4.351 
3.658 3.454 
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FIG. 2. Another perspective on contributions of polarization functions to 
the correlation energy of sulfur. Correlation energy lowerings, 1 AE,,,, 1 
(m/r), are grouped as the first, second, and third function of each angular 
symmetry. 

parameters from the geometric fits are given in Table II, 
with oxygen results from Paper I included for comparison. 
Although the corresponding contributions for sulfur are 
inherently larger (i.e., A is consistently larger), the series 
for each symmetry converges more rapidly (i.e., B is also 
consistently larger). 

Another way to plot the data is illustrated in Fig. 2, 
where the energy lowerings are now grouped as the first, 
second, and third function set of each angular symmetry. 
Again, the trends are approximately geometric and can be 
represented by BE= - C/Dlm2, where 1 is the angular mo- 
mentum. Table III contains the values of C and D for both 
sulfur and oxygen. A comparison of the corresponding D 
parameters indicates that the relative importance of higher 
symmetry functions is essentially the same for sulfur and 
oxygen. At the same time, although the first function of 
each symmetry makes a larger contribution for sulfur than 
oxygen, the second and third functions make smaller con- 
tributions. 

These two trends-(i) faster convergence within a 
given symmetry and (ii) the same convergence rate across 
symmetries-indicate that valence correlation effects are 
actually easier to describe for second row atoms than for 

TABLE III. Analytic fits for the solid lines in Fig. 2 (correlation energy 
lowering for sulfur polarization functions demonstrating dependence on 
angular momentum), with oxygen numbers for comparison. The form of 
the analytic function is AE= -C/D’-*. Units for Care millihartrees; D 
is dimensionless. 

Function 

group C(S) D(s) C(O)” D(OY’ 

*Oxygen numbers are taken from Paper I. 

D. Woon and T. Dunning, Jr.: Correlation consistent basis sets. Ill 1361 

-m ‘;;;I -: -- 
3 
-ii 
uJ* 
d 1.0 

0.1 L 
3d 4f 37 6h 

Function Type 

FIG. 3. Correlation consistent groupings of polarization functions and 
incremental correlation energy lowerings, 1 AE,,,,I (mh), for sulfur (S) 
and oxygen (0). The groupings are VDZ (Id), VTZ (2dl f ), VQZ 
(3d2flg), and V5Z (4d3f2glh). 

first row atoms, in spite of the fact that the absolute num- 
bers are somewhat larger for the second row. The only 
exception to this trend is the first function of each angular 
symmetry. 

The grouping of polarization functions into correlation 
consistent sets-all of whose members contribute approx- 
imately equally to the correlation energy-is not as 
straightforward for sulfur as for oxygen and the other first 
row atoms. This can be seen in Fig. 3, where the functions 
are grouped into the same sets used for the first row. Spe- 
cifically, the double zeta (VDZ) set includes only the ( Id) 

set, triple zeta (VTZ) includes (2dlf), and quadruple zeta 
(VQZ) includes (3d2flg); the quintuple zeta quality set 
(V5Z) is composed of (4d3f2glh). For oxygen the calcu- 
lated AEcOrr’s for each of the functions in a correlation 
consistent set” are nearly equal with a tendency for AE,,,, 
to increase slightly with angular momentum within a given 
set. For sulfur, on the other hand, AE,,,, has a much more 
pronounced tendency to increase with increasing angular 
momentum. However, the separations between the (Id), 
(2dlf), (3d2flg), and (4d3f2glh) sets, which are quite 
distinct for oxygen, are nonetheless evident for sulfur, with 
the single exception of the ( lh) contribution in the V5Z set 
and the (3d) contribution in the VQZ set. Figure 3 also 
demonstrates visually that all of the AE,,,, contributions 
for sulfur are smaller than the corresponding lowerings in 
oxygen, except for the contribution from the new symme- 
try function which appears in the set. 

1 81.40 4.041 63.26 4.125 

2 12.06 3.984 14.06 3.728 

3 1.221 3.211 2.642 3.155 

The one errant point in Fig. 3 is AE,,,, for (4d) in the 
V5Z sulfur set. This coincides with the onset of nonexpo- 
nential behavior in the 3d series (see Fig. 1). The energy 
lowerings from the (4d) through (8d) and from (4f) 
through (5f) are consistent with a secondary regime of 
exponential behavior which decays much more slowly. 

A detailed examination of the exponents in the (3d) 
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and (4d) sets provides some insight into the change in 
behavior observed at this point. As seen below, the expo- 
nents of the functions included in the (4d) set are essen- 
tially just a superset of the exponents in the (3d) set, 

(3d) &=0.203 0.504 1.250; 

ined first. For these calculations the [3s2p3d2flg] set was 
modified by adding the four most diffuse p primitives to the 
base set, forming a [3s6p3d2flg] set. Subsequent treatment 
of the 2p series started from a [7s2p3d2flg] set formed in 
a similar manner. 

(4d) &=0.201 0.503 1.259 3.152. 

The only significant difference between the two sets is the 
presence of the large fourth exponent (c=3.152) in the 
(4d) set. This new function accounts for a correlation con- 
tribution which is not competitive until the outer valence 
region is saturated by the first three functions. Two possi- 
bilities are suggested for the role of the new function: cor- 
relation of the inner portion of the main peak of the radial 
charge distribution of the valence electrons, or correlation 
of one of the secondary peaks, namely, the one which oc- 
curs in the region dominated by the 2s and 2p orbitals. It 
should be kept in mind that the incremental correlation 
energy is small [i.e., AE,,,,(4d) < 0.5 mhartree]; the expla- 
nation could well involve another minor element of the 
orbital structure of the atom. 

For all sets of s and p correlation functions, save the 
(2s) set, we found two minima which lead to comparable 
energy lowerings, AE,,,. In the following discussion we 
will refer to the sets corresponding to these minima as 
“low” and “high” SetS Since ah&h= 3aiow, while Phi& +&,,. 

All in all, it seems reasonable to select polarization 
functions for the cc-pVXZ sets for sulfur in the manner 
previously adopted for oxygen; the contributions are nearly 
as well behaved for sulfur as for oxygen. Using the sum of 
all calculated contributions over each symmetry type as an 
estimate of the CISD limit for that type, a VDZ set recov- 
ers 84% of the valence 3d correlation energy; the VTZ set 
recovers 98.7% of the 3d limit and 87.1% of the 4f cor- 
relation; and the VQZ set recovers 99.0%, 98.1%, and 
83.6% of, respectively, the 3d, 4f, and 5g contributions to 
the correlation energy. We can gauge our overall success at 
recovering the total polarization function correlation en- 
ergy at each level of basis quality by estimating the CISD 
limit. An approximate lower bound, found by adding all of 
the calculated numbers, is - 125.5 mhartree. The VDZ, 
VTZ, and VQZ sets recover, respectively, 63%, 90%, and 
97% of that value. These numbers are slightly better than 
those determined for oxygen (58%, 86%, and 95%). 

6. (s&Functions for sulfur 

The next phase of the sulfur basis development in- 
volved the determination of (sp) correlation functions. As 
in Paper I, we expected that the most diffuse functions 
belonging to selected HF basis sets could be broken out as 
primitive functions in order to avoid the cost of including 
specifically optimized (sp) functions. Explicit determina- 
tion of the optimal (sp) functions for describing electron 
correlation in sulfur was the first step toward making the 
appropriate selection of HF primitive sets for the second 
row; this served to identify the most-likely candidates. In 
the present work we suggest a refinement over the criteria 
used in Paper I which allows a better comparison between 
errors in the HF and correlation energies with respect to 
their respective complete basis set limits. 

Figure 4(a) illustrates the dependence of AE,,, on cn, 
the exponent of the s function added to the [3s6p3d2f lg] 
basis set to describe correlation effects. The minima at 
ci,=O.163 and 0.490 are separated by a near node at 
5,,=0.262. The explanation for this behavior lies in the 
nature of the natural orbital constructed from ls(~i,> to 
correlate the 3s orbital; we shall refer to this orbital as 
4~~~. Figures 4(b)-4(d) provide several perspectives on 
the nature of this orbital and its behavior as a function of 
cis The coefficients of the Is, 2s, and 3s atomic orbitals and 
the ( 1s) correlating function for the 4sNo orbital are plot- 
ted in Fig. 4(b) . The large coefficients in 4sNo are indica- 
tive of near linear dependence in the basis set; as can be 
seen, the problem occurs close to the nodal exponent, 
ci,=O.262. Figure 4(c) shows the radial charge distribu- 
tion (i.e., 4~1 $(Y) 123) of the 3s orbital as well as the 
charge distributions of ls([i,) for the two minima (cls 
=0.163,0.490) and the node (c,,=O.262). As can be seen, 
the function ls(<,,=O.262) has substantial overlap with 
the 3s orbital, while those for the minima lie on the outside 
and inside of the peak of the 3s orbital. Finally, in Fig. 
4(d) the charge distributions for the corresponding 4sNo’s 
are shown. The 4s,o(fls=0.262) orbital has two notable 
features: it possesses more than the minimum four peaks, 
another indicator of near linear dependence, and the bulk 
of its charge has been forced out toward large values of Y. 
The NOs for the optimal exponents, <i,=O.163 and 0.490, 
actually bear a strong resemblance to each other. Both 
have pronounced peaks which bracket the principle peak in 
the 3s orbital, with the outer loop having the larger area. 
The resemblance of the 4sNo(~,,=0.163) and 4sNo(cls 
=0.490) orbitals is consistent with the fact that both yield 
similar values for AE,,, The 4sNo( {i,=O.262) orbital, on 
the other hand, is constructed from a primitive function 
which bears a strong resemblance to the 3s orbital and, 
thus, is not effective in correlating the 3s orbital. 

Table IV contains the optimal even tempered (sp) ex- 
ponents determined for sulfur. The base HF set was 
(2Osl3p3d2flg)/[3s2p3d2flg’].20 The 1s series was exam- 

The implications of the above explanation for the mul- 
tiple minima observed in sulfur are twofold. First, oxygen 
would also be expected to possess multiple minima. Sec- 
ond, minima and maxima should be observed at large val- 
ues of the exponent if the valence orbitals possess inner 
loops due to orthogonality to inner shell orbitals. Both of 
these phenomena do, in fact, occur. There are other min- 
ima on the oxygen surfaces for (1s) correlation of the elec- 
trons in the 2s orbital and ( lp) correlation of the electrons 
in the 2p orbital. The second minimum AE,,,, values, how- 
ever, are not comparable with those of the first (published) 
minimum values (the first two sulfur minima are very 
comparable). For the sulfur 3s correlation with a single 1s 

J. Chem. Phys., Vol. 96, No. 2, 15 January 1993 

Downloaded 04 Jun 2007 to 140.123.5.12. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



D. Woon and T. Dunning, Jr.: Correlation consistent basis sets. III 1363 

TABLE IV. Total energies, correlation energies, and incremental correlation energies for (sp) functions 
added to sulfur. Total energy (Em=+ ,+s ) is given in hartrees; correlation energy (EC,,) and incremental 
correlation energies for sulfur [AE,,,(S)] and oxygen [A&,,(O)] are given in millihartreis. The HF energy 
throughout was -397.504 843 hartree. 

(sp)Set (a,P) 4w+1+2 E corr A-%xAW A%,,(OY 

(4s) 

(5s) 

( lb 
(lp) 

(2P) 

(3P) 

(4P) 

(5P) 

( 1’ 
(lslp) 
m2P) 
(3S3P) 
(4S4P) 
(5S5P) 

. . . 

0.163 
0.490 

(0.139,5.506) 

(0.138,2.420) -397.658502 
(0.398,2.377) -397.658456 
(0.110,2.157) -397.658582 
(0.342,2.242) -397.658 577 
(0.101,2.112) -397.658 610 

(0.294,2.016) -397.658615 

. . . 

0.139 

0.600 
(0.115,7.452) 
(0.374,2.272) 

(0.0837,2.483) 
(0.321,2.373) 

(0.0788,2.517) 

(0.250,2.157) 
(0.0723,2.182) 
(0.224,2.085) 

. . . 

See aboved 
See aboved 

See aboved 

See aboved 

See aboved 

“Values for the 13s6~3d2flnl base set. 
bValues for the [7s2;03d2flg] base set. 
‘Values for the [3s2p3d2flg] base set. 
dSets with smaller exponents were used. 
‘Oxygen numbers are taken from Paper I. 

- 397.646 479 
-397.656 510 
-397.656771 
-397.658323 

. . . 

- 141.636 

- 151.667 
- 151.928 
- 153.480 

. . . 

- 153.659 
- 153.613 

- 153.739 

- 153.734 

- 153.767 
- 153.772 

-397.626228 -121.385 

-397.653 501 - 148.658 
-397.653872 - 149.029 

-397.657 822 - 152.979 

-397.658 108 - 153.265 

-397.658 655 - 153.812 

-397.658 865 - 154.022 

-397.658 974 - 154.131 

-397.659 103 - 154.260 

-397.659 153 - 154.3 10 
-397.659 158 - 154.315 

-397.623 227 - 118.384 

-397.652 160 - 147.317 

-397.657584 - 152.741 

-397.658562 - 153.719 

-397.658 976 -154.133 

-397.659 199 - 154.356 

. . . 

- 10.03 1 

- 10.292 
-1.813 

. . . 

-0.179 

-0.080 

-0.121 

-0.028 
-0.038 

. . . 

-27.273 

-27.644 

-4.321 

-4.236 

-0.833 
-0.757 

-0.319 

-0.238 

-0.179 
-0.055 

. . . 

-28.933 
- 5.424 

-0.978 

-0.414 

-0.223 

-26.231 

-4.311 

-0.509 

-0.341 

-57.874 

- 12.067 

-3.852 

-0.765 

- 62.294 
- 14.294 

-4.102 

- 1.069 

exponent, a third, shallow minimum falls at 6=4.5, after a from the geometric trends of the first three points in a 
second near node at c= 3.0. The second near node is due to manner parallel to that described previously for polariza- 
near linear dependence of the added function with the 2s tion functions. This deviation was observed in oxygen (Pa- 
loop of the 3s atomic orbital. per I), but only for the (4s) set. 

We have chosen to use the low exponent (sp) sets for 
molecular calculations. Although the above discussion 
demonstrates that the choice of the optimum s exponents is 
complex, the more diffuse exponent sets are expected to 
offer a better description of the interatomic regions of mol- 
ecules and thus are preferable for use in molecular calcu- 
lations. 

Table IV also includes results for combined (sp) sets 
(using the low exponent 1s and 2p sets only). As observed 
in oxygen, there is substantial coupling between the (sp) 

correlation functions. The sum of AE,,,, for the (Is) and 
(lp) sets is, for example, substantially greater than that of 
the combined ( lslp) set; the ( 1s) calculation included four 
unoptimized p correlation functions, and the ( lp) calcula- 
tion likewise includes four unoptimized s functions. The 
discrepancy is negligible for (4s) and (4~) vs (4~4~). 

Following the methodology outlined in Paper I, we 
next considered replacing the optimal (sp) functions with 
exponents belonging to the HF (sp) sets [i.e., by duplicat- 
ing functions contained in an appropriate atomic HF 
(mmp) sets]. This minimizes computational costs without 
seriously compromising the description of (sp) correlation. 
For oxygen and the other first row atoms, functions from 
smaller HF sets better approximated the optimal (lslp) 
correlation functions than did functions from larger HF 
sets. As the size of the correlation set increased from dou- 
ble to quadruple zeta, the size of the HF sets containing 
exponents which best matched the optimum (sp) correla- 
tion sets also increased. Thus, as the basis set quality was 
improved, both the HF and correlation energies converged 
toward, respectively, the HF and CISD limits. 

Figure 5 depicts the energetic trends for the low series 
of s, p, and combined (sp) sets. The larger sets deviate 

In Paper I, errors in the totaZ HF energy (with respect 
to the HF limit) were compared to errors in the valence 

CISD correlation energy (with respect to the CISD limit). 
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FIG. 4. Correlation energy resulting from addition of a single s function to sulfur: (a) AE,,,, plotted against the (IS) exponent; there are two comparable 
minima and a near-node; (b) coefficients of the IS, 2s, and 3s atomic orbitals and the added s function for the 4s natural orbital; (c) charge distributions 
for the added s function (with exponents taken from the two minima and the node) compared with the 3s atomic orbital; (d) comparison of 
corresponding data for the natural orbital charge distributions. 

It would be more consistent to compare errors on equiva- 

lent terms. In the present work, we consider only the error 
in the HF energy due to changes in the description of the 

3s and 3p orbitals, a valence-only error. Two types of cal- 
culations are made. 

( 1) As in Paper I, the error in the CISD energy is 
found by replacing the optimal exponents with exponents 
chosen from various HF (ns) or (mp) sets. The CISD 
limit is approximated by using the largest correlation set 
determined. In the s case, (20s13p3d2f lg) was contracted 
to [3s7p3d2flg], the same base set used in the initial (sp) 
optimization. The limiting value is then taken to be the 
base set plus the optimized (5s) function group. Thep case 
is handled in a similar manner. 

(2) The error in the HF energy due to the incomplete 
description of the 3s atomic orbital is computed by using 
large sets for the Is, 2s, and 2p core orbitals; the selected 
(ns) primitive set was only used to describe the 3s orbital. 

The HF limit was taken as the energy of the (2Os13p)/ 
[3s2p] contraction. The error in describing the 2p function 
is determined in analogous fashion. The actual HF sets 
chosen will eventually be used to describe all of the HF 
orbitals, but the error due to the inadequate description of 
the core orbitals confuses the comparison of the relative 
HF and CISD errors. At the same time, the core energies 
(and errors therein) generally cancel (or are assumed to 
cancel) in quantities involving energy differences. 

Table V presents the errors in the valence correlation 
energy with respect to the (5s) or (5~) limit resulting from 
using various exponents from a selection of HF (sp) sets to 
approximate the optimized ( 1s) through (3s) and ( lp) 
through (3~) function groups. The errors in the optimal 
sets are also included. Table VI lists the errors in the HF 
energy due to using the smaller sets for the 3s or 2p func- 
tions. The contents of these two tables are shown graphi- 
cally in Figs. 6 and 7 for the 3s and 2p cases, respectively. 
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I .oo 

0.10 

Number of Functions (ns) HF Primitive Set 

FIG. 5. Contributions of (sp) functions to the correlation energy of sul- 
fur. The absolute values of the incremental correlation energy lowerings, 
1 A&,,,[ (mh), are plotted against the number of functions in the even- 
tempered expansions for Is and 2p functions. The dashed lines correspond 
to analytic fits to the first three points of the series. 

VHF error in 3s 
: H (1s) correlation error 
: H(25) mnelation error 
- ti (3s) mnelatbn errof 

0.001 t.....l 
12 13 14 15 16 17 18 

FIG. 6. Errors in HF energy vs errors in the valence CISD energy for 
various HF s sets for the sulfur atom. Sets chosen for further use are 
DZ(12s), TZ(15s), and QZ(l6s). 

TABLE V. Errors in the valence correlation (HF+ 1+2) energy for sulfur due to substituting optimimized (sp) exponents with the closest exponents 
from selected HF (sp) primitive sets. The total energy (E no+ t+z) is given in hartrees; the correlation energy (E,,,,) and correlation energy error (SE,,,) 
are in millihartrees. SE,,,(opt) is the number for the base set plus the (5s) or (5~) optimized (sp) correlation set. See the text for details. The HF energy 
throughout was -397.504 843 hartree. 

s Set Source Exponents EHF+I+Z E cclrr . Work 

(5s) 
(1s) 

GM 

(3s) 

p Set 

Opt 
Opt 

(1W 

(13s) 
(14s) 
Opt 

( 14s) 

(15s) 
(16s) 
Opt 

(14s) 
(15s) 

(16s) 
(17s) 

Source 

. . . -397.658 611 -153.768 ... 
0.163 -397.656 5 10 - 151.667 2.101 

0.1570 -397.656 489 - 151.646 2.122 

0.1550 -397.656 473 -151.630 2.138 

0.1529 - 397.656 452 -151.609 2.159 

0.139 0.765 - 397.658 323 - 153.480 0.288 
0.1529 1.7540 -397.657 841 - 152.998 0.770 

0.1322 0.7767 -397.658 310 - 153.467 0.301 

0.1172 0.6270 -397.658 218 - 153.375 0.393 

0.138 0.334 0.808 -397.658 502 - 153.659 0.109 

0.1529 0.4309 1.7540 -397.658 010 - 153.167 0.601 

0.1322 0.3490 0.7767 -397.658 492 - 153.649 0.119 

0.1172 0.2873 0.6270 -397.658 442 - 153.599 0.169 

0.1137 0.2756 0.6113 - 397.658 424 - 153.581 0.187 

Exponents E HF+1+2 E corr WX,b 

(5P) Opt 

(lp) Opt 
(8~) 

(9P) 
UPI Opt 

(8~) 

(9P) 
(1OP) 

(3P) Opt 
(lop) 

(lip) 

(12P) 

(13P) 

~~=$.~(ns)-E,,(opt). 
rnn=%J~~) --E,,,(opt). 

. . . -397.659 151 - 154.308 . . . 

0.139 -397.653 500 - 148.657 5.651 

0.140 7 -397.653 492 - 148.649 5.659 

0.109 8 -397.651 134 - 146.29 1 8.017 

0.115 0.857 -397.657 822 -152.979 1.329 

0.140 7 1.6250 -397.656 441 - 151.598 2.710 

0.109 8 0.8688 -397.657 788 - 152.945 1.363 

0.098 28 0.7728 -397.657 545 - 152.702 1.606 

0.083 7 0.208 0.526 -397.658 656 - 153.813 0.495 

0.098 28 0.2746 0.7228 -397.658 075 - 153.232 1.076 

0.090 14 0.2420 0.6205 - 397.658 -549 - 153.706 0.602 

0.079 5 1 0.2006 0.4848 - 397.658.657 - 153.814 0.494 

0.071 74 0.1725 0.3991 -397.658 509 - 153.666 0.642 
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TABLE VI. Errors in the Hartree-Fock energy for sulfur resulting from 

using smaller sets for describing the 3s and 3p valence orbitals. The HF 
energy (EHF) is given in hartrees and the HF error in millihartrees. The 
error is relative to a set contracted from (20.713~); further details are 
provided in the text. 

HF set -&IF HF error 

(12s) 
(13s) 
( 14s) 
(15s) 
(16s) 
(17s) 
(18s) 
(20s) 

-397.504 578 0.265 
-397.504 558 0.285 
-397.504 557 0.286 
- 397.504 785 0.058 
-397.504 831 0.012 
-397.504 835 0.008 
-397.504 838 0.005 
-397.504 843 . . . 

(8~) - 397.500 98 1 3.862 
VP) -397.504 339 0.504 
( 1OP) -397.504 617 0.226 
(lip) -397.504 737 0.106 
(12P) -397.504 835 O-008 
(13P) - 397.504 843 . . . 

It is best to choose primitive sets for which the HF 
error is consistently less than the CISD error, at least in a 
valence-only sense, since we expect the HF energy to con- 
verge far more rapidly with basis set than the correlation 
energy. Another observation pertains to the irregular con- 
vergence observed for the HF error. This irregularity arises 
from the fact that larger basis sets necessarily lower the 
total energy but do not guarantee that the vaIence HF en-- 
ergy will be described more accurately. For example, the 
( 12s) through (14s) sets possess nearly identical errors for 
the HF energy, but this error is only a measure of the 
accuracy of the 3s orbital. The correlation error changes 
very little as well, indicating that the distribution of func- 
tions in the valence region is not changing greatly. The 
improvement in total energy for these sets is a result of 

1 I 1 

10.000 
. . 

0.010 _ 

Q-J~ HF error in 3p 
- (Ip) correlation error 
o-o(Zp) conelation error 
ti (3~) correlation wror 

FIG. 7. Errors in HF energy vs errors in the valence CISD energy for 
various HF p sets in the sulfur atom. Sets chosen for further use are 

DZ(Sp), TWP), and QZ( 11~). 

improvements in the description of the 1s and/or 2s orbit- 
als, not in the 3s orbital. 

The following HF sets were selected using the infor- 
mation in Figs. 6 and 7. For s sets the ( 12s), ( 15s), and 
( L6.s) sets are recommended for use as, respectively, con- 
tracted sets [4s], [%I, and [Ss]. Although the (1%) set 
contains exponents which are close to both the (2s) and 
(3s) correlation sets, we recommend using the (16s) HF 
set for representing the (3s) correlation set because the 
error in the HF energy should be also be reduced as the 
basis quality is improved. The ( 15s) set is clearly the best 
for representing the (2s) correlation set. 

For the p space, the recommended sets are (8p)/[3p], 
(9p)/[4p], and ( 1 lp)/[5p]. The first two of these are clear 
choices in the sense of minimizing the correlation error. 
Although the (12~) set provides a somewhat lower corre- 
lation energy, we recommend use of the (11~) set because 
of its smaller E&e. 

As in the first row, the first group of functions to be 
&dded (to form the DZ quality set) is ( lslpld). Even 
though the optimal (sp) correlation energy contribution 
from the (lslp) functions ( -28.9 mhartree) is much less’ 
than the (Id) contribution ( -78.7 mhartree), we believe 
that it is important to include (sp) correlation at all levels 
of basis quality. It is also consistent with the trend ob- 
served for the polarization functions in Fig. 3 (the decreas- 
ing importance of functions of smaller I). Finally, the total 
energy convergence is better behaved if ( lslp) correlation 
is included at the DZ level. The cc-pVDZ set for sulfur is 
therefore (12~8pld)/[4~3pld]; the cc-pVTZ set is 
(15~9p2dlf)/[5~4p2dlf]; and the cc-pVQZ set is 
( 16~1 lp3d2flg)/[6s5p3d2flg]. 

C. Diffuse functions for the augmented basis sets for 
sulfur 

Paper II introduced the methodology for extending the 
correlation consistent sets for the first row atoms to pro- 
vide a better description of the corresponding anions. An 
optimal set of diffuse functions greatly improved the elec- 
troh affinities for the first row. Diffuse functions are also 
important for accurate description of molecular properties 
such as multipole moments and polarizabilities. The aug- 
cc-pVXZ sets for the first row have also been demonstrated 
to be appropriate for describing weak intermolecular inter- 
a&&s such-as the water dimer5 and ion-molecule inter- 
actions such as H- (H,O) n and F- (H,O) n.21 

As shown by Kendall et al. ,2 the selection of augment- 
ing functions is straightforward. An extra s and p function 
is added to each cc-pVXZ set and optimized for the HF 
energy of the sulfur anion, a 2P state. An extra polarization 
function is then added for each symmetry present in the 
cc-pVXZ set and the exponent optimized for the 
HF+ 1 + 2 energy of the anion. The aug-cc-pVDZ set is 
theEfore (13s9p2d)/[5~4~2d], the aug-cc-pVTZ set is 
(16slOp3d2f)/[6s5p3d2f], and the aug-cc-pVQZ set is 
( 17sl2p4d3f2g)/[7s6p4d3f2g]. Although there is little in- 
teraction between the s and p exponents, their values were 
optimized simultaneously. This was also done when mul- 
tiple polarization functions were present. 
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TABLE VII. Contributions from augmenting functions for the sulfur anion and atom. Total energies 

(Em+ t +a) are given in hartrees; the electron affinity (EA) and change in electron affinity (AEA) are given 
in eV. AEA is the difference between the current value and the previous one. The experimental EA for sulfur 
is 2.077 120~0.000 001 eV [H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data 14, 731 (1985)]. 

Basis set Exponent 

cc-pVDZ . . . 
+w 5*=0.0507 

+&PI gpo.0399 
-I- b-0 &,=0.152 

cc-pVTZ . . . 

+ w i+o.o497 

-k(SP) &=0.0351 
-I- (v-4 ~~b=O.lOl 

+ bpdf 1 1$=0.218 

cc-pVQZ ..* 
+ (4 c&=0.0428 

+(sP) 5,=0.0317 

+ (spd) i&=0.0748 

+ bpdf 1 ~~,=0.140 

+ (spdfg) &=0.297 

E HF+*+2 

Anion Neutral 

-397.622478 -397.597014 
-397.624 496 -397.597350 
-397.652024 -397.599 176 
-397.665 851 -397.605716 

-397.695 153 -397.645 601 

-397.695 771 -397.645 659 

-397.705 864 -397.645 907 
-397.708 150 -397.646 363 
-397.711204 -397.647 896 

-397.717692 -397.657975 
-397.717903 -397.657 991 
-397.722297 -397.658035 
-397.722 936 -397.658 096 
-397.723453 -397.658 242 
-397.723630 -397.658701 

EA AEA 

0.693 ... 
0.739 I~ 0.046 

1.438 0.699 

1.636 0.198 

1.348 . . . 

1.364 0.016 

1.632 0.268 
1.681 0.049 

1.723 0.042 

1.625 “’ 
1.630 0.005 

1.749 0.119 

1.764 ~~ 0.015 

1.774 0.010 

1.779 0.020 

Table VII provides a breakdown of the improvements 
in the computed electron affinity (EA) of sulfur, 

EA=E( neutral) --E( anion) (4) 

as the augmenting functions are added one at a time (al- 
though the optimizations were not done this way). The 
incremental changes (AEA) clearly show that the largest 
improvement in the electron affinity of sulfur is due to the 
addition of the diffuse p function: VDZ (0.699 eV), VTZ 
(0.268 eV), and VQZ (0.119 eV). This is expected since 
the “extra” electron in the anion occupies a p orbital. The 
differences between the electron affinities for the aug- 

2.2 I 

_________________---________-______________ 

expt. (2.077129 eV) 

0.6 ’ 
VDZ 

I 
VTZ 

Basis Quality 

FIG. 8. The electron affinity of sulfur (eV) calculated with CISD method 
as a function of basis quality for the cc-pVXZ and aug-cc-pVXZ sets, as 
well as for the cc-pVXZ sets with only s and p augmenting functions 
added. 

mented and nonaugmented sets also decreases as the qual- 
ity of the basis set increases. The differences are VDZ 
(0.943 eV), VTZ (0.375 eV), and VQZ (0.169 eV). Figure 
8 depicts the EA of sulfur as a function of basis quality 
using the standard cc-pVXZ sets, these sets plus the diffuse 
(sp) functions only, and the full aug-cc-pVXZ sets. As 
expected, the variation in the computed EAs is substan- 
tially less for the augmented sets than for the standard sets. 

The most accurate value of the EA of sulfur obtained 
from the present HF+ 1+2 calculations (EA= 1.779 eV) 
is still in error by 0.298 eV; this error is comparable to the 
corresponding error in the oxygen atom (0.401 eV). Ac- 
curate computation of electron affinities is acknowledged 
as a difficult task requiring large multireference configura- 
tion interaction (MRCI) calculations (see Paper II and 
references therein). ‘As we will demonstrate elsewhere,22 
these-sets do provide accurate electron-affinities when used 
in MRCI calculations using extended complete active 
space &AS) cyave functions. 

~_ L 
‘J’. . . I .,- 

III. CORRELATl&i CONSlSTEbiT BASIS SETS FOR 
ALUMINUMS YHROUGH ARGON 

The procedure used to develop basis sets for sulfur was 
adapted to generate cc-pVXZ and aug-cc-pVXZ sets for 
the other five elements in the p block of the second row. 
The following three steps were carried out. 

( 1) Polarization function series up to (3d2flg) were 
optimized for each atom in the following sequence: ( Id), 

(2&, (3&,,,(3dlf), (3d2f), and (3dWg). The (3-g) sets- 
were taken to be even tempered expansions since the work 
reported previously (Paper I) found that explicit optimi- 
zation of the (3d) exponents had little effect on the com- 
puted energies. The exponents of the polarization functions 
and corresponding incremental lowerings of the 
HF+ 1+2 energy are listed in Table VIII. 
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TABLE VIII. Optimized polarization exponents, correlation energies, and correlation energy lowerings for 

second row atoms aluminum through argon. Total energies (EHF and E HF+1+2) are given in hartrees; the 
correlation energies (E,,,) and correlation energy lowerings (A&,,) are in millihartrees. The base HF (sp) 
set is (22s13p)/[17~6p]. 

Polarization 
set Exponents &F+I+Z E con W-or, 

Aluminum (EHF= -241.876 681) 
. . . . . . 

(14 0.189 

(2d) (0.109,0.333) 

(3d) (0.0804,0.199,0.494) 

Wlf 1 0.244 

W2f) (0.154,0.401) 

W2f kc) 0.357 

Silicon (EHF= -288.854 330) 
. . . . . . 

(14 0.275 

CW (0.159,0.481) 

(34 (0.120,0.302,0.760) 

Wlf) 0.336 

W2f 1 (0.212,0.541) 

(3d2f k) 0.461 

Phosphorus (EHF= -340.739 623) 
. . . . . . 

(14 0.373 

CW (0.216,0.652) 

(34 (0.165,0.413,1.036) 

(3dlf) 0.452 

W2f) (0.280,0.703) 

W2f lg) 0.597 

Sulfur (EHF= -397.504 853) 
. . . . . . 

(14 0.478 

(2d) (0.269,0.819) 

(34 (0.203,0.504,1.250) 

(3dlf 1 0.557 

W2f 1 (0.335,0.869) 

U&f Id 0.683 

Chlorine (EHF= -459.482 022) 
. . . . . . 

(Id) 0.600 

(2d) (0.344,1.046) 

WI (0.254,0.628,1.551) 

Wlf) 0.706 

W2f 1 (0.423,1.089) 

(3d2f W 0.827 

Argon (EHF= -526.817 454) 
. . . 

(14 0.738 

(24 (0.410,1.254) 

W) (0.311,0.763,1.873) 

Wlf) 0.890 

W2f) (0.543,1.325) 

(=f k) I.007 

-241.907 839 -31.159 
-241.929 314 -52.633 
-241.931 738 -55.057 
-241.931 953 -55.272 
-241.933 644 - 56.963 

-241.933 883 -57.202 
-241.934 164 - 57.483 

-288.880 997 -26.667 
-288.924 442 -70.112 
-288.929 404 -75.074 
-288.929 843 -75.513 
-288.935 203 - 80.873 

-288.935 812 -81.482 
-288.936 619 - 82.289 

-340.739 623 
- 340.802 641 
- 340.810 266 
-340.810 954 
-340.821417 
-340.822 518 
-340.824 153 

-20.878 
- 83.896 
-91.521 
-92.209 

- 102.672 
- 103.773 
- 105.408 

-397.536 711 
-397.615 407 
- 397.628 039 
- 397.629 348 
- 397.65 1 227 
-397.653 901 

-397.658 586 

-31.858 
- 110.554 

- 123.186 
- 124.495 
- 146.374 

- 149.048 
- 153.733 

-459.523 597 -41.575 
-459.617 287 - 135.265 
-459.634 986 - 152.964 
-459.636 891 - 154.869 
-459.666 927 - 184.905 

-459.670816 - 188.794 
-459.679 412 - 197.390 

- 526.869 244 
-526.976 161 
- 526.999 140 
-527.001 625 

- 527.036 722 
-527.041 516 

-527.054 816 

-51.790 
- 158.707 
- 181.686 
-184.171 
-219.268 
- 224.062 

-237.362 

-21.475 

- 2.424 
-0.215 
- 1.691 

-0.239 
-0.281 

-43.445 
-4.962 

-0.439 
-5.360 

-0.609 
-0.807 

--63.018 
-7.625 
-0.688 

- 10.463 
-1.101 
- 1.635 

-78.696 

- 12.632 
- 1.309 

-21.879 
-2.674 
-4.685 

-93.690 
- 17.699 
- 1.905 

- 30.036 
-3.889 
-8.586 

- 106.917 
- 22979 
-2.485 

-35.097 
-4.794 

- 13.3OO 

The consistency of the polarization functions for de- 
scribing correlation effects in aluminum through argon can 
be seen in Fig. 9. The incremental correlation energy low- 
erings reported in Table VIII have been normalized by 
dividing by the total polarization function correlation en- 

ergy of (3d2f lg), i.e., the values have been converted into 

the fractional contributions each new function makes to- 
ward the total. This figure is analogous to Fig. 6 in Paper 
I, but without the (sp) correlation contributions. The frac- 
tional lowerings are more spread out for the second row 
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FIG. 9. Correlation consistency of polarization functions determined for FIG. 10. Fractional contributions of cc-pVDZ, cc-pVTZ, and cc-pVQZ 
aluminum through argon. The incremental correlation energy lowerings, groupings to the total correlation energy for aluminum through argon 
] AE,,,] (mh), of each group have been normalized in each case using the (i.e., the incremental change per basis set divided by the total correlation 
total correlation energy of (22s13p3d2flg)/[7s6p3d2f Ig]. energy of the cc-pVQZ sets). 

0.01 ' 
I 1 I I I 

Al Si P S Cl Ar 

Atom 

TABLE IX. HF and correlation energies for cc-pVXZ sets for aluminum through argon. Total energies (Em and EHF+1+2) are given in hartrees; 
correlation energies (E,,,) and changes in correlation energies (AE,,,,) are in millihartrees. Functions were added in two stages: (sp) only, then (sp) 
phs polarization functions. The contribution from polarization functions is found by difference. HF sets were as follows: DZ is (12sSp)/[4~3p], TZ is 
(lWp)/[5s4p], and QZ is (16~1 lp)/[6s5~~]. 

Atom 

Al 

Si 

P 

S 

Cl 

Ar 

(sp) functions only (sp) and polarization functions 
Pol. only Pol. (sp) 

Set’ &F E HF+I+2 E corr A-%,, E HF+1+2 E corr A&orTC A%v, Ratioe 

DZ -241.870 107 -241.899 558 - 29.45 1 -29.451 -241.921 291 -51.184 -51.184 -21.733 0.74 

z -241.875 -241.876 030 367 -241.905 -241.907 380 267 -30.350 - 30.900 -0.899 -0.550 -241.931 -241.933 598 178 -56.148 -57.231 -4.964 - 1.083 -4.065 -0.533 4.52 0.97 
NUM -241.876 71 

DZ -288.846 398 -288.870 322 -23.924 -23.924 -288.914 242 - 67.844 -67.844 -43.920 1.84 

g -288.852 -288.853 036 976 -288.877 -288.880 747 368 -25.711 -26.392 - -0.681 1.787 -288.931758 -288.935 995 - -82.019 79.722 - -2.297 11.878 - - 10.09 1.616 1 2.37 5.65 

NUM -288.854 36 

DZ -340.709 014 - 340.725 840 - 16.826 - 16.826 - 340.789 472 - 80.458 - 80.458 -63.632 3.78 

a”z -340.718 -340.715 984 335 -340.735 -340.738 931 881 - - 20.546 19.947 -3.121 -0.599 - -340.817 340.823 446 210 - -105.111 101.226 -20.768 -3.885 - -3.286 17.647 5.65 5.49 
NUM -340.718 78 

DZ -397.492 316 -397.517 969 -25.653 -25.653 -397.597 014 - 104.698 - 104.698 -79.045 3.08 

g -397.501 -397.504 584 350 -397.532 -397.535 291 960 -31.610 - 30.707 -5.054 -0.903 -397.645 -397.657 945 601 - -153.595 144.017 -39.319 -9.578 - -8.675 34.265 6.78 9.61 
NUM -397.504 90 

DZ -459.466 832 -459.500 296 -33.464 - 33.464 -459.593 960 - 127.128 - 127.128 -93.664 2.80 

a”z -459.478 -459.481431 249 -459.518 -459.522 543 847 -40.294 -41.416 -6.830 -1.122 -459.678 -459.659 763 837 - -181.514 197.406 -54.386 - 15.892 -47.556 - 14.770 13.16 6.96 

NUM -459.482 07 

DZ -526.799 865 - 526.840 607 -40.742 - 40.742 - 526.947 077 - 147.212 - 147.212 - 106.470 2.61 

g -526.816 -526.813 780 134 -526.868 -526.863 420 354 - -51.640 50.220 -9.478 - 1.420 - - 527.027 527.054 744 159 -214.610 -237.379 -67.398 -22.769 -21.349 - 57.920 15.03 6.11 

NUM -526.817 51 

“NUM is the numerical Hartree-Fock limit (Ref. 15). 
bChange in correlation due to adding successive pairs of (sp) functions. 
‘Change in correlation due to adding (sp) plus polarization functions; DZ: ( Id), TZ:( 2dl f ), and QZ: (3d2 f lg) . 
dChange in correlation due to adding polarization functions only; found by subtracting (b) from (c). 
‘Ratio of polarization function contribution to (sp) function contribution [or (d)/(b)]. 
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TABLE X. Optimized augmenting exponents, anion and neutral energies, and electron affinities for second 
row atoms aluminum, silicon, phosphorus, and chlorine. Total energies (Et.tF+I+Z) are given in hartrees; 
electron affinities (EA) are in eV. Estimates for argon are included. 

Atom Basis quality & t, cd ff 6-g 

E Hf+l+2 

Anion Neutral EA” 

Al aug-cc-pvDZ 0.0203 0.0153 0.0535 . .. ... -241.934 174 -241.922 706 0.312 

aug-cc-pvTZ 0.0221 0.0146 0.0356 0.0858 ‘.. ,241.944 706 -241.931 468 0.360 

aug-cc-pvQZ 0.0183 0.0121 0.0282 0.0582 0.153 -241.947 124. -241.933 667 0.366 

Si aug-cc-pvDZ 0.0332 0.0250 0.0823 . . . *. . -288.962 128 -288.917 245 1.221 

aug-cc-pvTZ 0.0330 0.0237 0.0556 0.125 . . . -288.979 705 _ _288.932 418 1.287 

aug-cc-pvQZ 0.0275 0.0200 0.0435 0.0846 0.212 -288.983 736 -288.936 156 1.295 

P aug-cc-pvDZ 0.0417 0.0343 0.113 ... ... -340.802 139 -340.794 237 0.215 

aug-cc-pvTZ 0.0409 0.0307 0.0775 0.165 . . . -340.833 564 -340.818 231 0.417 

aug-cc-pvQZ 0.0354 0.0272 0.0594 0.109 0.250 -340.841 430 -340.823 716 0.482 

Cl aug-cc-pvDZ 0.0608 0.0466 0.196 . . f . . . -459.726 340 -459.605 326 3.293 

aug-cc-pvTZ 0.059 1 0.0419 0.135 0.312 :‘. -459.784 332 -459.663 229 3.295 

aug-cc-pvQZ 0.0519 0.0376 0.0952 0.217 0.378 -459.804 064 -459.680 014 3.376 

Arb aug-cc-pvDZ 0.0709 0.0533 0.240 ‘.. ... 

aug-cc-pvTZ 0.0685 0.0487 0.169 0.406 .‘. 

aug-cc-pvQZ 0.0610 0.0435 0.116 0.294 0.459 

aEA=EHf+I+,(neutral)-EHf+I+Z (anion). 
bArgon exponents are linearly extrapolated from exponents optimized for sulfur and chlorine. 

than for the first row, but the distinctions between groups 
can still be drawn fairly cleanly. The correlation consistent 
groupings for polarizations functions for the second row 
are the same as those determined for the first row: the 
cc-pVDZ sets includes the (Id) set only, the cc-pVTZ sets 
include (2&f), and the cc-pVQZ sets use (3d2flg). 

(2) The appropriate HF (sp) sets were calculated for 
each of the atoms aluminum through argon, and selected s 
and p functions from these sets were added to the atomic 
orbitals to describe correlation effects following the pattern 
found in sulfur. Thus for the cc-pVDZ set, the most diffuse 
s and p exponents of the ( 12s) and (8~) HF sets are added 
to the Is, 2s, 3s, and 2p atomic orbitals; for the cc-pVTZ 
set, the first and third most diffuse s and p exponents of the 
( 15s) and (9~) sets are used; and for the cc-pVQZ set, the 
three most diffuse exponents from the ( 16s) and ( 1 lp) sets 
are added. 

Table IX lists the correlation energy contributions 
from (sp) and polarization functions23 for aluminum 
through argon for each of the basis sets. In this context, 

WO,, refers to the change in correlation energy due ex- 
panding to the next largest set. In general, (sp) correlation 
is much less important for the second row than for the first 
row. This is particularly true for phosphorus through ar- 
gon, where the (sp) contributions tend to be a factor of 2 
to 15 times smaller than the (dfg) contributions. This 
factor tends to increase with overall basis quality, so that 
(sp) correlation is a minor component of the incremental 
correlation energy at the cc-pVQZ level. Aluminum is ex- 
ceptional: (sp) correlation is actually slightly larger than 
the polarization contributions for the cc-pVDZ and cc- 
pVQZ sets. 

Figure 10 depicts the fraction of the total correlation 

energy recovered by each of the basis sets for all of the p 
block atoms. With increasing atomic number, increasingly 
larger sets are necessary to account for the electron corre- 
lation energy. Functions of higher angular momentum be- 
come increasingly important as the number of 3p electrons 
increases (see also Fig. 10). For sulfur through argon, 
nearly 10% of the total correlation energy recovered by the 
cc-pVQZ basis set is a result of adding the first 5g, the 
second 4f, and the third 3d function. The cc-pVDZ set for 
aluminum recovers nearly 90% of the total correlation en- 
ergy obtained with the cc-pVQZ set, but the same quality 
set for argon recovers only 62% of the total correlation 
energy. 

(3) Augmenting functions for the remainder of the 
second row (with the exception of argon) were optimized 
in the same manner used for sulfur. The exponents of these 
functions are listed in Table X along with the correlated 
(HF+ 1+2) energies of the anions and atoms and the 
predicted EAs. Ar- is not bound, so augmenting functions 
could not be explicitly optimized. Table XI includes expo- 
nents for argon obtained by linear extrapolation from the 
values for S and C1.24 

IV. CONCLUSIONS 

In this work we have extended the correlation consis- 
tent methodology of basis set development to include the 
second row atoms, aluminum through argon.25 The trends 
observed for the first row are almost as well defined for 
second row. The availability of sets which exhibit system- 
atic convergence toward the complete basis set will be most 
useful in making definitive conclusions about the errors 
intrinsic to the various theoretical methods widely used in 
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quantum chemistry today. The following benchmark cal- 
culationsz6 will be detailed in forthcoming work: electron 
affinities with extended CAS wave functions and multiref- 
erence CI; potential energy surfaces and dissociation ener- 
gies for second row AH, A,, and AB diatomics, as well as 
first row/second row AB pairs; and a reinvestigation of the 
H,S dimer paralleling that which Feller applied recently to 
the water dimer.5 
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