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Electron affinities of the first-row atoms revisited. Systematic basis sets

and wave functions
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The calculation of accurate electron affinities (EAs) of atomic or molecular species is one of
the most challenging tasks in quantum chemistry. We describe a reliable procedure for
calculating the electron affinity of an atom and present results for hydrogen, boron, carbon,
oxygen, and fluorine (hydrogen is included for completeness). This procedure involves the use
of the recently proposed correlation-consistent basis sets augmented with functions to describe
the more diffuse character of the atomic anion coupled with a straightforward, uniform
expansion of the reference space for multireference singles and doubles configuration-
interaction (MRSD-CI) calculations. Comparison with previous results and with
corresponding full CI calculations are given. The most accurate EAs obtained from the
MRSD-CI calculations are (with experimental values in parentheses) hydrogen 0.740 eV
(0.754), boron 0.258 (0.277), carbon 1.245 (1.263), oxygen 1.384 (1.461), and fluorine 3.337
(3.401). The EAs obtained from the MR-SDCI calculations differ by less than 0.03 eV from

those predicted by the full CI calculations.

I. INTRODUCTION

The calculation of accurate atomic or molecular elec-
tron affinities (EAs),

EA = E(neutral) — E(anion) )
= [ Eyr (neutral) — Eye (anion) |
~+ [Ecore (neutral) — E,,. (anion) ]
= AEyr (EA) + AE,. (EA), (2)

has proven to be one of the most difficult tasks facing mod-
ern computational quantum chemistry.'>® The inability of
the Hartree—Fock (HF) or self-consistent-field (SCF) and
small multiconfiguration SCF (MCSCF) approaches to
predict accurate EAs is well documented.’® The correla-
tion energy of the anion with an additional, though weakly
bound, electron is substantially larger than that of the neu-
tral. As a result, high levels of electron correlation are re-
quired to obtain a balanced description of the correlation
energies of the two moieties. '™ Over the years, the full range
of variational and perturbative methodologies have been ap-
plied to this problem with limited success. This has been
attributed to inadequacies of the basis sets and/or the wave
functions used in the calculations. The basis sets and wave
functions must be chosen carefully as to not bias the calcula-
tion toward either moiety and to obtain a comparable level of
correlation energy in each calculation.

This study utilizes a series of basis sets that systematical-
ly increase in size and flexibility coupled with a methodology
that accounts for a systematic increase in the fraction of elec-
tron correlation energy recovered. Both the basis sets and
wave functions are expanded in a consistent and straightfor-
ward manner to produce accurate predictions of the electron
affinities of hydrogen, boron, carbon, oxygen, and fluorine.
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Nitrogen and neon have near-zero or negative electron affin-
ities and are not specifically included in this study,'® al-
though basis sets will be reported for both of these atoms.

The purpose of this paper is to show that atomic EAs
can be predicted in an effective and efficient manner with the
proper choice of basis sets and wave functions. In addition,
we report basis sets that can be used for molecular anion
calculations or, in fact, any calculation that is dependent on
an accurate description of the long-range nature of the wave
function (e.g., hydrogen bonded systems).?! In Sec. II, we
briefly describe the basis sets and wave functions used. In
Sec. II1, the results of our calculations are presented. A com-
parison to previous work and discussion is presented in Sec.
IV and conclusions are drawn in Sec. V.

. METHODOLOGY
A. Basis sets

The basis sets used to calculate the EAs of the first-row
atoms are derived from the recently proposed correlation-
optimized basis sets.”> These basis sets were considered as
the “root” neutral sets. To describe the more diffuse charge
distributions of the anions the neutral sets were augmented
with additional functions optimized for the atomic anions.
Briefly, a set of primitive s and p functions was added to the
(sp) sets of each of the correlation-consistent basis sets, po-
larized valence double-zeta (cc-pVDZ), triple-zeta (cc-
pVTZ), and quadruple-zeta (cc-pVQZ), of the neutral atom
and the exponents optimized for the anion SCF energy.
Then, an additional primitive polarization function was add-
ed to each of the /-polarization sets present in the neutral
basis set, and the exponents of these functions were opti-
mized for the Hartree-Fock plus single and doubles configu-
ration-interaction (HF-SDCI) energy of the anion. This

®© 1992 American Institute of Physics
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procedure leads to three basis sets of ordered size and level of
accuracy. The augmented correlation-consistent polarized
valence double-zeta, triple-zeta, and quadruple-zeta basis
sets obtained in this way have 23, 46, and 80 basis functions,
respectively; the basis sets will be refered to as aug-cc-pVDZ,
-pVTZ, and -pVQZ, respectively. (For each polarization
function only the 5 d functions, 7 f functions, and 9 g func-
tions were included.) The aug-cc-pVDZ basis has a primi-
tive set of 10 s functions, 5 p functions, and 2 d functions
generally contracted to 4s, 3p, and 24 functions. [i.e.,
(10s5p2d)/14s3p2d]]. The aug-cc-pVTZ and -pVQZ basis
sets are (11s6p3d 2f )/ 5s4p3d 2f ] and
(1357p4d 3f2g) /[ 6s5p4d 3f2g], respectively.

Since the basis sets employed here are valence basis sets,
no attempt has been made to estimate or recover contribu-
tions associated with correlation effects involving the 1s core
orbital. Both Sasakai and Yoshimine® and Feller and David-
son? found that exclusion of core and core—valence interac-
tions increased the calculated EAs by less than 0.02 eV.
Also, no estimate has been made for the contribution of rela-
tivistic effects. For all except hydrogen, the anions differ
from the neutrals by addition of an electron in a 2p orbital.
Thus, relativistic effects should contribute insignificantly to
the calculated electron affinities.' %

B. Wave functions

The wave functions used in the present calculations are
multireference singles and doubles configuration-interac-
tion wave functions (MR-SDCI) with selected orbital sets
and excitation levels included in the MCSCF reference
space. To generate a systematic series of reference spaces, the
orbitals used in each MCSCF reference space were
{2s2p2p'},  {2s25'2p2p'},  {2525'2p2p'2p"},  and
{2s2s’2p2p’3d}; the HF reference space is, of course, just
{2s2p}. For each of these orbital sets, two MCSCF wave
functions were considered. The first was the standard com-
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plete-active-space MCSCF (CAS SCF) wave function and
the other was an “n-electron reduced CAS” (n-CAS) wave
function. In the n-electron reduced CAS wave function, only
n electrons are allowed in the non-HF valence orbitals. With
n = 2, the n-electron reduced CAS reproduces the full CAS
SCF and CAS MR-SDCI results quite well (see Tables ITI-
VI) while significantly reducing the total cost of the calcula-
tion. Note that the most important triple and quadruple ex-
citations (relative to the HF) are included in the “n-electron
reduced CAS” MR-SDCI wave functions as single and dou-
ble excitations from the important single and double excita-
tions included in the 2-CAS wave function. We have chosen
a total of seven different reference wave functions for use in

this study: HF, CAS(2s2p2p’), 2-CAS(2s2p2p’),
CAS(2s25'2p2p’), 2-CAS(2s2s5'2p2p"), 2-
CAS(2s252p2p'2p"), and 2-CAS(2s2s'2p2p'3d). All

MCSCF and MR-SDCI calculations were done with the co-
LUMBUS suite of electronic structure codes.?* The HF calcu-
lations were performed with the GVB164 code of the QUEST
package.?*

The effect of higher excitations is estimated by the use of
the MCSCF analog of the Davidson correction,”® (MR-
SDCI + Q):

Erq=(1-3 Cl)(Fa — Euo), 3

where the sum is over all of the configurations included in
the reference set, E,; is the corresponding expectation value,
and E; is the MR-SDCI energy. Where possible, a full CI
calculation was also done to establish the accuracy of the
wave functions described above. The full CI calculations
were based on HF orbitals with symmetry and equivalence
restrictions and with the 1s core orbital frozen.”® When the
full CI expansion was prohibitively large, the “selection-
plus-perturbation-correction” scheme of Harrison®’ was
used. This approach affords us the ability to estimate the full

TABLE 1. Optimum exponents (£) of the augmenting functions for describing the oxygen anion. HF-SDCI
energies are in hartree, electron affinities (EA) in eV. AEA is the difference between the current and preceding

EA, i.e,, the incremental increase in the EA.

EHF-SDCI
Basis Set Sispd, f.8) E(anion) E(atom) EA AEA
aug-cc-pVDZ
cc-pVDZ — 74.868 76 —74.907 26 — 1.048
+ (sp) 0.078 96(s), 0.068 56(p) — 7494212 —74.91353 0.778 1.825
+ (spd) 0.332(d) —74.95640 —74.92149 0.950 0.172
aug-cc-pVTZ
cc-pVTZ — 7497000 —74.968 45 0.042
+ (sp) 0.073 76(s), 0.059 74(p) — 75.00243 — 74.969 82 0.887 0.845
+ (spd) 0.214(d) —75.00629 —74.97085 , 0.964 0.077
+ (spdf) 0.500( f) — 7500990 —74.97278 1.010  0.046
aug-cc-pYQZ
cc-pVQZ — 75.00698 — 74.98707 0.542
+ (sp) 0.069 59(s), 0.05348(p) —75.02392 —74.98744 0.993 0451
+ (spd) 0.154(d) —75.02514 —74.98760 1.022 0.029
+ (spdf) 0.324(f) —75.02618 — 74.98793 1.041 0.019
+ (spdf3) 0.714(g) —75.02747 —74.98853 1.060 0.019
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CI energy for relatively large basis sets. The “selection-plus-
perturbation-correction” methodology is superior to other
selection schemes®®>%°3! due to the lack of ad hoc or extra-
polation procedures. Harrison’s implementation also facili-
tates the efficient use of the distributed parallel computing
environment available to us. Without parallel software the
CPU cycles needed to compute the estimated full CI results
would not have been available to us. Our parallel computing
environment consists of two Intel iPSC/860 machines (one
with 16 nodes, the other with 64 nodes*? ) and of a distribut-
ed network of workstations (Sun 1’s, 1 4 ’s, 4/330’s, SGI
4D/35’s and a 4D/340, and a DECStation 5000).

lll. RESULTS

The exponents of the primitive Gaussian functions used
to augment the neutral correlation-consistent basis sets of
the oxygen atom for anionic calculations are listed in Table I
along with the corresponding energies of the oxygen anion
and atom. The incremental increases in the calculated EAs
resulting from addition of the diffuse functions to the neutral
basis sets are plotted in Fig. 1. As can be seen, addition of a
set of diffuse (sp) functions to the neutiral basis sets is critical
for an accurate description of the anion, increasing the EAs
by 1.825 (-pVDZ), 0.845 (-pVTZ), and 0.451 eV (-pVQZ);
in line with previous experience, the effect of the diffuse p
function is dominant. There is a nearly exponential decrease
in AEA( + sp) as the neutral basis set increases in size.

Addition of diffuse (dfg) functions to the neuiral basis
set has a far less dramatic effect on the calculated EAs, al-
though they are quantitatively important, increasing the cal-
culated EAs by 0.172 (-pVDZ), 0.123 (-pVTZ), and 0.067
eV (-pVQZ). There is also a nearly exponential decrease in
AEA( 4+ d) as the neutral basis set increases in size. Al-
though the general trend is for AEA (/) to decrease with
increasing /-quantum number, AEA(g) is the same as
AEA ( f) for the aug-cc-pVQZ basis set.

Optimum exponents for the diffuse primitive Gaussian
functions used to augment the cc-pVDZ, -pVTZ, and

10

| P
! 3 \\
% E \l
S“ 3
] - +{dh
<
01k \\
B ‘}‘Q‘ .
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0.01
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FIG. 1. Incremental increases in the calculated electron affinity (EA) of the
oxygen atom resulting from the addition of diffuse functions to the neutral
basis set.

Kendall, Dunning, Jr., and Harrison: Electron affinities of atoms revisited

TABLE II. Optimum exponents for the diffuse functions to augment the
neutral basis sets for hydrogen and the first-row atoms B-Ne. The expo-
nents quoted for the polarization functions of nitrogen (and all of the func-
tions for neon) were obtained by polynomial interpolation (extrapolation)
from the exponents of B-F.

Augmenting functions

5(s) 5 5y L(f) £@&

Hydrogen 7

cc-pVDZ 0.029 74 0.727
_cc-pVTZ 0.025 26 0.102 0.247

cc-pVQZ 0.023 63 0.084 8 0.190 0.360
Boron

cc-pVDZ 0.03105 0.02378  0.0904

cc-pVTZ 0.029 14 0.02096 0.0604 0.163

cc-pVQZ 0.027 21 0.01878 0.0466 0.113 0.273
Carbon

cc-pVDZ 0.046 90 0.04041 0.151

cc-pVTZ 0.044 02 0.03569. 0.100 0.268 L

cc-pVQZ 0.041 45 0.03218 0.0766 0.187 0.424
Nitrogen

cc-pVDZ 0.061 24* 0.056 11* 0.230

cc-pVTZ 0.057 60° 0.04910° 0.151 0.364

cc-pVQZ 0.054 64° 0.04402° 0.111 0.245 0.559
Oxygen

cc-pYVDZ 0.078 96 0.068 56 0.332

cc-pVTZ 0.073 76 0.05974 0.214 0.500

cc-pVQZ 0.069 59 0.05348 0.154 0.324 0714
Fluorine

cc-pVDZ 0.098 63 008502 0.464

cc-pVTZ 0.091 58 0.07361 0.292 0.724

cc-pvVQZ 0.085 94 0.06568 . 0.207 0.460 0.924
Neon

cc-pVDZ 0.1230 0.106 4 0.631

cc-pVTZ 0.1133 0.09175 0.386 1.084

cc-pVQZ 0.1054 0.08178 0.273 0.689 1.224

*The interpolated (sp) exponents for the cc-pVDZ set are 0.062 29(s) and
0.054 52(p).

®The interpolated (sp) exponents for the cc-pVTZ set are 0.058 40(s) and
0.047 86(p).

¢The interpolated (sp) exponents for the cc-pVQZ set are 0.055 17(s) and
0.043 03(p).

-pVQZ basis sets for the hydrogen atom and the first-row
atoms boron—neon are listed in Table II. Complete listings of
both the correlation-consistent and augmented correlation-
consistent basis sets will be published elsewhere.>* Expo-
nents for both nitrogen and neon are reported in Table II
despite the fact that bound negative ions do not exist for
these atoms. The exponents of the (sp) diffuse functions for
the nitrogen atom were obtained from HF calculations on
the 3P state of N~. Because of the use of symmetry and
equivalence restrictions in these calculations, the wave func-
tions so obtained for the nitrogen anion are not the lowest-
energy solution that would correspond to N(*S) --e. The
exponents for the augmenting polarization functions for ni-
trogen (and all of the exponents for the neon atom) were
obtained by interpolation (extrapolation) of a cubic polyno-
mial obtained from the calculated exponents of B, C, O, and
F. For nitrogen, the calculated and interpolated exponents
for the (sp) functions differ by less than 3% (see Table II).

J. Chem, Phys., Vol. 96, No. 9, 1 May 1992
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TABLE III. HF-SDCI, MR-SDCI, and full CI energies for the boron atom and anion* (in hartree); electron
affinities (EA) ineV.

Basis Reference E, (anion) E; (atom) EA
aug-cc-pvVDZ HF —24.59518 —24.59126  0.107
2-CAS(2p2p") —2459624  —24.59043  0.158
CAS(2p2p") — 24.596 24 —24.59043  0.158
2-CAS(2s2s'2p2p") —24.597 94 —24.59136  0.179
CAS(2s252p2p') —24.59795 —~24.59136  0.179
2-CAS(2s25"2p2p"2p") —24.598 15 —24.59137  0.185
2-CAS(2s25"2p2p'3d) — 24.598 34 —24.59149  0.187
Full CI —24.598 46 —24.59149  0.190
aug-cc-pVTZ HF — 24.604 03 — 24.598 55 0.149
2-CAS(2p2p") — 24.604 43 —24.59701 0.202
CAS(2p2p") — 24.604 42 — 24.597 01 0.202
2-CAS(2s25'2p2p") — 24.607 14 —24.598 83 0.226
CAS(2s25'2p2p") —24.607 15 —24.59902  0.221
2-CAS(2s252p2p'2p") —24.607 44 —24.59885 0.234
2-CAS(2s25'2p2p'3d) — 24.607 88 — 24.598 86 0.245
Full C1 — 24.608 03 — 24.598 86 0.249
aug-cc-pVQZ HF — 24.606 76 — 24.600 99 0.157
2-CAS(2p2p") — 24.607 02 —24.59938  0.208
CAS(2p2p") — 2460702 —24.599 38  0.208
2-CAS(2s25'2p2p') — 24.609 99 —24.601 20 0.239
CAS(2s25'2p2p") —24.61000 —24.60129 0.237
2-CAS(2525'2p2p'2p") —24.61032 —24.60131 0.245
2-CAS(2s25'2p2p'3d) —24.610 80 — 24.601 33 0.258
Full CI —24.61097 —24.60133  0.263
EA (measured) 0.277
EA (error) 0.014

*The electrons in the s core orbital were not correlated.

TABLE 1V. HF-SDCI, MR-SDCI, and full/estimated full CI energies for the carbon atom and anion* (in
hartree); electron affinities (EA) in eV.

Basis Reference E,; (anion) Eq (atom) EA
aug-cc-pVYDZ HF — 37.802 70 — 37.764 07 1.051
2-CAS(2p2p") — 37.805 95 — 37.764 05 1.140
CAS(2p2p") —37.80597  —37.76405  1.141
2-CAS(2s25'2p2p') — 37.80703 —37.765 09 1.141
CAS(2s25'2p2p") — 37.807 06 — 37.76509 1.142
2-CAS(2s25"2p2p'2p") —37.807 13 —37.765 09 1.144
2-CAS(2s25'2p2p'3d) — 37.807 70 — 37.765 25 1.155
Full CI - 37.807 74 — 37.765 24 1.156
aug-cc-pVTZ HF — 37.820 86 — 37.780 62 1.095
2-CAS(2p2p") —37.82475  —37.78036 1.208
CAS(2p2p") —37.82477 — 37.780 36 1.208
2-CAS(2s252p2p") — 37.826 18 —37.781 84 1.207
CAS(2525'2p2p") — 37.82622 — 37.781 84 1.208
2-CAS(2s52s2p2p"2p" ) —37.826 40 — 37.78190 1.211
2-CAS(2s525'2p2p'3d) — 37.82745 — 37.78227 1.229
Full CI — 37.827 54 — 37.78227 1.232
aug-cc-pVQZ HF — 37.826 10 — 37.785 50 1.105
2-CAS(2p2p") —37.83013 —37.78521 1.223
CAS(2p2p") —37.83015 — 37.78521 1.223
2-CAS(2s25'2p2p") — 37.831 66 — 37.786 54 1.228 7

CAS(2s25'2p2p") —37.83170 — 37.786 78 1.222 -
2-CAS(2s2s2p2p'2p") —37.83189 — 37.786 62 1.232
2-CAS(2s25"2p2p'3d) —37.83307 = —37.78732 1.245
Full CI® —37.83303 . —37.78723 1.246
EA (measured) 1.263
EA (error) 0.017

*The electrons in the 1s core orbital were not correlated.
® Full CI estimate using the *selection plus perturbation theory” methodology (Ref. 27).

J. Chem. Phys., Vol. 96, No. 9, 1 May 1992
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TABLE V. HF-SDCI, MR-SDCI, and full/estimated full CI energies for the oxygen atom and anion® (in
hartree); electron affinities (EA) in eV.

Basis Reference  E¢;(anion) E, (atom) EA
aug-cc-pVDZ HF — 74.956 33 — 74.921 63 0.944
2-CAS(2p2p") — 74967 21 —74.924 35 1.166
CAS(2p2p") . — 7496751 - 74.924 37 1.174
2-CAS(2s525'2p2p") — 74.968 78 — 74.925 37 1.181
CAS(2s252p2p") — 74.968 96 —74.925 39 1.186
2-CAS(25252p2p'2p" ) — 74969 11 — 74.925 41 1.189
2-CAS(2s25"2p2p'3d) — 7497002 — 74.926 13 1.194
Full CI —74.970 35 — 7492591  1.209
aug-cc-pVTZ HF — 75.009 95 — 7497281 1.011
2-CAS(2p2p") —75.023 42 — 74976 45 1.278
CAS(2p2p") —75.023 81 — 74,976 49 1.288
2-CAS(2s25'2p2p") —75.025 11 —74.977 68 1.290
CAS(2s252p2p") —75.02570 — 7497772 1.306
2-CAS(2s25'2p2p"2p" ) —75.026 08 — 74.977 88 1.311
2-CAS(2s25'2p2p'3d) — 75.027 81 — 74.979 25 1.321
Full CI* — 75.028 51 — 74979 13 1.344
aug-cc-pVQZ - HF — 75.027 47 — 74.988 53 1.060
2-CAS(2p2p") —75.04145 — 74.992 32 1.337
CAS(2p2p") —75.04185 — 74.992 37 1.347
2-CAS(2525'2p2p") — 75.043 31 — 74.993 59 1.353
CAS(2s25'2p2p") —75.043 93 — 74.993 63 1.369
2-CAS(2s25'2p2p'2p") — 75.044 .37 — 74.993 87 1.374
2-CAS(2s25'2p2p'3d) — 75.046 31 — 74.995 44 1.384
Full CI® — 75.046 67 —74.995 19 1.401
EA (measured) 1.461
EA (error) 0.060

*The electrons in the 1s core orbital were not correlated.
®Full CI estimate using the “selection plus perturbation theory” methodology (Ref. 27).

TABLE V1. HF-SDCI, MR-SDCI, and estimated full CI energies for the fluorine atom and anion* (in har-
tree); electron affinities (EA) ineV. |

Basis Reference E, (anion) E, (atom) EA
aug-cc-pVDZ HF —99.653 35 —99.54410 2973
2-CAS(2p2p") — 99.666 06 —99.548 52 3.199
CAS(2p2p") —99.66658  —99.54856  3.211
2-CAS(2525'2p2p") — 99.667 20 — 99.549 39 3.206
CAS(2525'2p2p") — 99.667 88 —99.54944 3223
2-CAS(2s2s2p2p'2p") — 99.667 76 —99.54945 3219
2-CAS(2s25'2p2p'3d) — 99.668 67 —99.55039  3.219
Fuli CI* —99.669 32 —99.55029  3.239
aug-cc-pVTZ HF —99.727 85 —99.618 62 2972
2-CAS(2p2p") —99.743 83 —99.62465  3.243
CAS(2p2p") —99.744 55 —99.624 73 3.260
2-CAS(2525'2p2p") —99.745 34 —99.62566  3.257
CAS(25252p2p") —99.746 30 —99.62579 3.279
2-CAS(25252p2p'2p") — 99.746 39 —99.62595  3.277
2-CAS(2525'2p2p'3d) —99.748 21 —99.627 80 3.276
Full CI® —99.749 46 —99.62788  3.308
aug-cc-pVQZ HF - 99.753 70 —99.642 79 3.018
2-CAS(2p2p") — 99.770 40 —99.649 13 3.300
CAS(2p2p') —99.771 12 —99.64921  3.317
2-CAS(2525'2p2p") —99.772 14 —99.650 35 3.314
CAS(2s25'2p2p") —99.773 12 — 99.650 48 3.337
2-CAS(252s'2p2p'2p" ) —99.773 25 —99.650 58 3.338
2-CAS(2s252p2p'3d) —99.775 32 —99.652 69 3.337
Full CI® —99.776 17 —99.652 55 3.364
EA (measured) 3.401
EA (error) 0.037

*The electrons in the 1s core orbital were not correlated.
®Full CI estimate using the “selection plus perturbation theory” methodology (Ref. 27).
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TABLE VII. Full CI energies for the hydrogen atom and anion* (in har-
tree); electron affinities (EA) are in eV.

Basis Calculation  E(anion) E(atom) EA
aug-cc-pVDZ HF+1+4+2 —0.52403 —0.49933 0.672
aug-cc-pVTZ HF+14+2 —052656 . —0.49982 0.728
aug-cc-pvVQZ HF+142 -—052714 049995 0.740

EA (measured) 0.754
EA (error) 0.014

Tables III-VI contain the atomic and anionic MR-
SDCI and full (or estimated full) CI energies and EAs for
boron—fluorine for each of the seven reference functions
(HF and six MCSCF wave functions) and the three basis
sets considered here. For completeness, Table VII includes
the corresponding data for hydrogen. Since our goal is to
systematically determine the EA for a given atom, we have
done so by systematically varying the size and flexibility of
both the basis set and the reference wave function as dis-
cussed above. The convergence of the calculated EA as a
function of these two global parameters is shown in Fig. 2 for
the oxygen atom. As the flexibility of the basis set and refer-
ence wave function increases, the predicted EA approaches
the experimental result. The convergence pattern displayed
in Fig. 2 for oxygen is qualitatively the same for the rest of
the first-row atoms considered in this work.

1V. DISCUSSION

In the following four subsections, we discuss the results
of the MR-SDCI and full CI calculations of the electron
affinities of the boron, carbon, oxygen, and fluorine atoms.
In the first subsection, we discuss the effect of a systematic
expansion of the reference space for the most accurate basis
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FIG. 2. Convergence of the electron affinity of oxygen with reference space
and basis set.

set considered here, the aug-cc-pVQZ set. In the second sub-
section, we discuss the effect of increasing flexibility in the
basis set for both the 2-CAS(2s2s'2p2p'3d) MR-SDCI and
full CI calculations. Finally, in the last two subsections, we
compare the present calculations with experimental results
and with a selection of prior calculations.

A. Systematic expansion of the orbital reference space

The errors in the EAs obtained by systematic expansion
of the orbital reference space in the MR-SDCI calculations,
relative to the full CI results, are plotted in Fig. 3 for the aug-
cc-pVQZ basis set. To begin, it should be noted that the
errors in the HF-SDCI EAs are approximately equal for bo-
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FIG. 3. Errors in the electron affinities obtained from the MR-SDCI calculations relative to those from the corresponding full CI calculations.

J. Chem. Phys., Vol. 96, No. 9, 1 May 1992



6802 Kendall, Dunning, Jr., and Harrison: Electron affinities of atoms revisited

ron and carbon (0.105 vs 0.142 eV) and for oxygen and
fluorine (0.341 vs 0.346 V). That the errors are substantial-
ly larger for oxygen and fluorine is expected since, for these
atoms, addition of the “extra’ electron gives rise to an addi-
tional doubly occupied orbital in the HF wave function.

For boron the single most important orbital to add to
the (252p) Hartree-Fock space is the 2p’ orbital. Inclusion
of the 2p’ orbital in the reference space reduces the error in
the calculated EA, measured relative to the full CI result, by
48% for the aug-cc-pVQZ basis set. For the other first-row
atoms, the 2p’ orbital is even more important, reducing the
errors in the calculated EAs by 83% (C), 81% (0O), and
82% (F). The importance of the 2p’ orbital was first noted
and discussed by Botch and Dunning.” As those authors
pointed out, atomic negative ions are best described by the
configuration 2p™2p,, , ;. The 2p orbital in the anion is simi-
lar to the 2p orbital of the neutral atom; the 2p,, , , orbital, on
the other hand, is weakly bound (¢~ — EA) and, thus, is far
more diffuse. This wave function is well described by the two
configurations: 2s%2p™ — A 252p" ~22p'%.

Addition of the 25" orbital to the reference space in bo-
ron reduces the error in the calculated EA by another 30%.
For carbon, oxygen, and fluorine, on the other hand, inclu-
sion of the 25’ orbital in the reference set reduces the error by
only 4%—5%. Although the percentage correction is large
for the boron atom, it should be noted that the absolute mag-
nitude, 0.021 eV, is quite small. In his calculations on the
neutral first-row atoms, Dunning®? found that s functions
were far more important for boron than for the other first-
row atoms. The present results indicate that s orbitals are
more important for a proper description of the boron anion
than for the other first-row anions.

Addition of a 2p” orbital to the (2525'2p2p") reference
space reduces the error by only 3% for carbon and 6%~7%
for boron, oxygen, and fluorine. Addition of a 3d orbital to
this same reference space reduces the error by a larger, but
steadily declining, amount from boron to fluorine: 18% (B),
12% (C), 9% (0O), and 7% (F). Of course, the absolute
energy lowering resulting from the addition of the 3d orbital
to the reference space increases substantially from boron
(neutral: 0.0035 eV; anion: 0.022 eV) to fluorine (neutral:
0.064 eV; anion: 0.087 eV). However, the incremental
change, AE (anion—neutral), varies only slightly (B: 0.019
eV; C: 0.017 eV; O: 0.031; F: 0.023 eV) and that, coupled
with the increasing errors in the HF-SDCI EAs along the
series, accounts for the steady decline noted above.

In summary, for all of the atoms, except boron, the im-
portance of the orbitals included in the reference space de-
creases in the series: 2p'> 3d > 2p” =2s'. For boron, the 25’

orbital is more important than the 3d orbital, although the _

absolute difference is small (0.01 eV). The 2-
CAS(2s25'2p2p'3d) MR-SDCI calculations obtain over
98% of the corresponding full CI EAs. This indicates that
the aug-cc-pVQZ basis set and 2-CAS(2s25'2p2p'3d) wave
functions do indeed yield a well-balanced description of both
the neutral and the anion.

The electron affinities obtained using the Davidson cor-
rection are compared with the uncorrected and full CI re-
sults in Table VIII for the 2-CAS(2s2s'2p2p'3d) MR-SDCI

TABLE VIIL Electron affinities (EAs) obtained from MR-SDCI calcula-
tions, with and without the Davidson correction and full CI calculations.
The MR-SDCI calculations were based on the 2-CAS(2s2s'2p2p'3d) refer-
ence space and used the aug-cc-pVQZ basis set.

MR-SDCI MR-SDCI + Q Full CI
Boron 0.258 0.276 0.263
Carbon 1.245 1.252 1.246
Oxygen 1.384 1.415 1.401
Fluorine 3.337 3.363 3.364

calculations. For all of the atoms, except fluorine, use of the
Davidson correction results in EAs that are larger than those
obtained from the full CI calculations.

Finally, the data for carbon in Table IV exhibit the ex-
pected variational behavior with two exceptions: the full CI
energies for both the neutral and anion are higher than the 2-
CAS(2s25'2p2p'3d) MR-SDCI energies. This can be attrib-
uted to the difference in the 1s core orbital used in the two
calculations.

B. Systematic expansion of the basis set

" The errors in the EAs obtained from the MR-SDCI cal-
culations with the 2525'2p2p'3d reference space for each of
the basis sets considered here are plotted in Fig. 4. As expect-
ed, the errors are larger for oxygen and fluorine than for the
boron and carbon, with the error decreasing monotonically
with expansion of the basis set. For oxygen the error drops
nearly exponentially from 0.267 (-pVDZ) to 0.140
(-pVTZ) to 0.077 eV (-pVQZ). For fluorine, on the other
hand, the error decreases nearly linearly from 0.182
(-pVDZ) t00.124 (-pVTZ) t0 0.064 eV (-pVQZ). For both
boron and carbon, the error decreases dramatically as the
basis is expanded from -pVDZ to -pVTZ, from 0.091 to
0.032 eV for boron and from 0.108 to 0.034 eV for carbon.
Further expansion, to the -pVQZ basis set, decreases the
errors only slightly to 0.019 (B) and 0.018 eV (C).

T =TT 1777

>

[

= O &

2 F -

U') ’\\‘\\\

o =~

£ o4 ¢ S

- : o B \\ T \‘\

= - NS —

B X

»

3 .

< L

w \

0.
pvDZ pvTZ pvQz

Basis Set

FIG. 4. Errors (relative to experiment) in the electron affinities from the
MR-SDCI calculations with the (2s25'2p2d '3d) reference space.
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C. Comparison with experimental results

The recommended value for the EA of boron is
0.277 4- 0.010 eV.**3¢ The EA obtained from the 2-
CAS(2s25'2p2p'3d) MR-SDCI calculations with the aug-
cc-pVQZ basis set is 0.258 eV, which is less than the mea-
sured value by just 0.019 + 0.010 eV. The full CI result for
the aug-cc-pVQZ basis is 0.263 eV, which is in error by only
0.014 4 0.010 eV. The EA estimated by adding the David-
son correction to the above MR-SDCI calculation, MR-
SDCI + Q, is 0.276 €V, which is larger than that obtained
from the full CI calculation and fortuitously equals the rec-
ommended value within experimental error.

The recommended EA of carbon is 1.2629 + 0.0003
eV.3#3%37  The most accurate MR-SDCI and MR-
SDCI + Q results are 1.245 and 1.252 eV, respectively.
Thus, the EA obtained from the MR-SDCI calculations
with the aug-cc-pVQZ basis set is in error by less than 1.5%.
The estimated full CI result for the aug-cc-pVQZ basis set is
1.246 eV, this is not a complete CI expansion but an estimate
based on Harrison’s “selection plus perturbation correc-
tion” method.*”

The recommended EA  for oxygen is
1.461 122 4+ 0.000 003 eV.**%%3% The estimated full CI re-
sult for the aug-cc-pVQZ basis set is 1.401 eV. This is 0.06
eV, or slightly over 4%, below the measured value. This is
the largest error reported in the present work. The best MR-
SDCI value (see Table 1V) is 1.384 ¢V, which is 0.08 eV
below the experimental value and 0.02 eV below that ob-
tained in the full CI calculations. The MR-SDCI 4 Q result
for the same basis and reference wave function is 1.415 eV,
just 0.05 eV below the experimental value.

Because of the large error in the calculated EA of oxy-
gen, let us consider this case further. There are three sources
of error in the calculated EAs: truncation of the reference
orbital space, the n-electron space limitation, and truncation
of the basis set. The data listed in Table V allow us to esti-
mate the magnitude of these errors. For example, by com-
paring the 2-CAS(2s2s'2p2p") and 2-CAS(2s2s'2p2p'2p"),
we see that omission of the 2p” orbital in the reference space
reduces the calculated EA by 0.021 eV. Similarly, compar-
ing the 2-CAS(2s2s'2p2p") and CAS(2s2s'2p2p') calcula-
tions, we find that limiting the number of electrons in the

unoccupied HF orbitals in the CAS wave function to two .

decreases the calculated EA by 0.016 eV. Finally, from the
nearly exponential decrease in the error with increasing basis
set size, we estimate that expansion of the basis set to an aug-
cc-pV5Z set would reduce the error by 0.035 eV. If these
three errors are assumed to be additive, which is a reasonable
assumption given the nature of the errors, they account for
nearly all of the difference between the calculated and ex-
perimental EA.

Finally, the recommended EA for fluorine is
3.401 190 4+ 0.000 004 eV.*®* The MR-SDCI calculations
with the aug-cc-pVQZ basis set yield 3.337 eV; addition of
the Davidson correction yields 3.363 eV. The calculated
EAs are 0.06 and 0.04 eV below the recommended value,
respectively. The EA obtained from the full CI calculations
with this basis set is 3.364 eV, which differs from experimen-
tal result by just 0.04 eV or slightly more than 1%.

As is evident from the previous discussion, use of the
Davidson correction often yields an EA that is more accu-
rate than that obtained from the corresponding full CI calcu-
lations. It might be argued that the MR-SDCI + Q method
overestimates the correction to the anion energy and, thus,
fortuitously predicts a more accurate EA. This is quite likely
the case, but we cannot be absolutely certain because the full
CI calculations were performed with the averaged HF orbi-
tals and not the MCSCF orbitals of the 2-
CAS(2s2s'2p2p'3d) wave functions. Therefore, both the
core energies and the core—valence interactions will be some-
what different for the two CI calculations. This could ac-
count for a significant fraction of the observed differences of
0.01-0.03 €V in the calculated EAs.!*3°

Table VII contains the full CI data and EAs for the
hydrogen atom. The aug-cc-pVQZ basis yields an EA of
0.740 eV which is 0.014 eV below the recommended value of
0.754 eV .>*3>% The results for hydrogen are included here
simply for completeness; there will be no further discussion
of these results,

D. Comparison with previous calculations

First, it should be noted that, for the basis sets used in
the current study, the HF EAs differ from the exact HF EAs
(Ref. 41) by only 0.001 eV (-pVDZ)-0.0001 eV (-pVQZ)
for boron to 0.06 eV (-pVDZ)-0.005 eV (-pVQZ) eV for
fluorine. Thus, in Eq. (2), AEys converges rapidly com-
pared to AE, ... The challenge in computing accurate EAs
lies in computation of the differences in the correlation ener-
gies of the neutral and anion.

Table IX contains a comparison of our work with a se-
lection of other computational studies of the electron affinity
of the first-row atoms. Let us first consider Raghavachari’s
work.® This author used a basis set of approximately valence
pVTZ quality, (7s6p4d 2f), and Meller—Plesset perturba-
tion theory through fourth order (MP4).*? He also used
coupled-cluster theory including all double substitutions
with various approximations for the effect of single and tri-
ple substitutions [CCD 4 (ST) ].** The MP4 EAs reported
for boron, carbon, and oxygen are quite impressive, al-
though the EA obtained for fluorine overestimates the ob-
served result by 0.09 eV. The CCD + (ST) results are less
impressive but predict the EAs to within 0.1 eV (see Table
IX). Feller and Davidson® showed that these methods typi-
cally overestimate the full CI EA by as much as 0.1 eV. The
EAs obtained from the full CI calculations with the aug-cc-
pVTZ and -pVQZ basis sets reconfirm this finding. For ex-
ample, the EA reported for carbon by Raghavachari is 1.26
eV. The present full CI calculations yield 1.23 eV (aug-cc-
pVTZ) and 1.25 eV (aug-cc-pVQZ). If the MP4 methodolo-
gy actually recovered most of the correlation energy, one
would expect the MP4 result to be no more than 1.24 eV.

. The MCSCF calculations of Botch and Dunning’ are
similar in spirit to the MR-SDCI calculations reported here.
The EAs obtained by these authors are less than those ob-
tained here by 0.06-0.14 eV for carbon, 0.10-0.28 eV for
oxygen, and 0.039-0.16 eV for fluorine. These differences
can be attributed to the balanced and consistent nature of the
basis sets used in the current work. Such differences are also
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TABLE IX. Comparison of present calculations with previous calculations of the electron affinities (EAs) of
the first-row atoms.

Basis set
- EA AEA Percent
Ref. Size Iset Method (eV) (eV) error
) Boron
Recommended 0.277
Raghavachari 6 59 spdf MP4 0.270 0.007 2.53
CCD + ST 0.220 0.057 20.58
Noro et al. 1 211 spdfgh MR-CI 0.268 0.009 325
MR-CI extrap. 0.278 — 0.001 —0.36
Present calculations
aug-cc-pVDZ 23 spd MR-SDCI 0.187 0.090 32.66
FCI 0.190 0.087 31.49
aug-cc-pVTZ 46 spdf MR-SDCI 0.245 0.032 . 1145
FCI 0.249 0.028 9.94
aug-cc-pVQZ 80 spdfg MR-SDCI 0.258 0.019 . 6.94
FCI 0.263 0.014 522
Carbon
Recommended 1.263
Raghavachari 6 59 spdf MP4 1.260 0.003 0.23
CCD + ST 1.220 0.043 3.40
Feller and Davidson 5 81 spdfg MR-SDCI 1.203 0.060 4.74
MR-SDQCI 1.235 0.028 2.21
Botch and Dunning 7 31 spd MR-SDCI 1.080 0.183 14.48
Noro et al. 1 211 spdfgh MR-CI 1.250 0.013 . 102
MR-CI extrap. 1.267 — 0.004 -0.32
Present calculations
aug-cc-pYDZ 23 spd MR-SDCI 1.155 0.108 T 8.54
FCI 1.156 0.107 8.44
aug-cc-pVTZ 46 spdf MR-SDCI 1.229 0.034 2.67
FCI 1.232 0.031 2.46
aug-cc-pVQZ 80 spdfg MR-SDCI 1.245 0.018 1.41
FCI 1.246 0.017 1.33
Oxygen
Recommended 1.461
Raghavachari 6 59 spdf MP4 1.390 0.071 4.87
CCD + ST 1.360 0.101 6.92
Feller and Davidson 5 81 spdfg MR-SDCI 1.265 0.196 13.42
MR-SDQCI 1.322 0.139 9.52
Bauschlicher et al. 4 50 spdf full CI 1.287 0.174 11.92
Feller and Davidson 2 171 spdfg MR-CI (sel) 1.341 0.120 8.22
MR-CI+Q 1.405 0.056 .84
Botch and Dunning 7 31 spd MR-SDCI 1.090 0.371 25.40
Noro et al. 1 211 spdfgh MR-CI 1.386 0.075 5.14
MR-CI extrap. 1.453 0.008 0.56
Present calculations
aug-cc-pVDZ 23 spd MR-SDCI 1.194 0.267 18.26
FCI 1.209 0.252 17.22
aug-cc-pVTZ 46 spdf MR-SDCI 1.321 0.140 9.57
FCI 1.344 0.117 8.02
aug-cc-pVQZ 80 spdfg MR-SDCI 1.384 0.077 5.25
FCI 1.401 0.060 4.12
Fluorine
Recommended 3.401
Raghavachari 6 59 spdf MP4 3.490 — 0.089 —2.61
CCD + ST 3.350 0.051 1.51
Botch and Dunning 7 38 spdf MR-SDCI 3.180 - 0221 6.50
Bauschlicher and Taylor 3 27 spd FCI 3.040 0.361 10.62
Noro ez al. 1 211 spdfgh MR-CI 3.340 0.061 1.80
MR-CI extrap. 3.363 0.038 1.12
Present calculations
aug-cc-pVDZ 23 spd MR-SDCI T 3219 0.182 .5.37
FCI 3.239 0.162 4.77
ang-cc-pVTZ 46 spdf MR-SDCI 3.276 0.125 3.67
FC1 3.308 0.093 2.73
aug-cc-pVQZ B 80 spdfg MR-SDCI 3.337 0064 . 189
FCI 3,364 0.037 1.10
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FIG. 5. Convergence of the correlation energy contribution to the calculated electron affinities (EA) of fluorine. The fractional correlation energy contribu-
tion to EA(F) obtained from a given calculation is plotted against the fractional total valence correlation energy of the neutral atom (a) and anion (b)
obtained from that same calculation (expressed as percentages). All values are relative to the correlation energies obtained with the 2-CAS(2s2s'2p2p'3d)

MR-CI wave function with the aug-cc-pVQZ basis set.

evident in comparison with the early work of Feller and Da-
vidson on carbon and oxygen,® except their EAs are more
accurate than those of Botch and Dunning. Feller and Da-
vidson later expanded their work on oxygen to a very large
basis set and a thorough correlation treatment to recover
~95% of the correlation energy.?

There has been considerable discussion in the literature
of the convergence of AE, . (EA) relative to that of
E_,. (neutral) or E_  (anion). Bauschlicher ef al.* stated
the accepted notion, namely, that “methods which obtain
90% of the total correlation energy ... should yield 909 of
the differential correlation energy contribution to the EA.”
In support of this, Feller and Davidson® found that the cal-
culated EA of oxygen does not converge any faster than the
calculated total correlation energies. In Fig. 5, we plot the
fraction of AE, . (EA) obtained in a given calculation vs the
fraction of the total valence correlation energies recovered in
that same calculation, E_ ., (neutral) and E_,,. (anion). The
plotted values are relative to the E_. values obtained from
the MR-SDCI calculation with the 2-CAS(2s25'2p2p'3d)
reference space and aug-cc-p VQZ basis set and are expressed
as percentages. Results are given for the aug-cc-pVDZ,
-pVTZ, and -pVQZ basis sets and for HF-SDCI and MR-
SDCI wave functions based on the 2-CAS(2s2p2p’), 2-
CAS(2s252p2p"), and 2-CAS(2s52s'2p2p'3d) reference
spaces.

From Fig. 5 it is evident that all calculations, except for
the HF-SDCI calculations with the aug-cc-pVTZ and
-pVQZ basis sets and the MR-SDCI calculations with the
aug-cc-pVQZ basis set, recover a larger fraction of

AE_,.. (EA) thanof E, . (neutral) or E_,,, (anion). The dif-
ference is particularly marked for calculations with the aug-
cc-pVDZ basis set where the MR-SDCI calculations recover
~75% of the correlation energy of the anion, ~71% of the
correlation energy of the neutral, and ~91% of the differen-
tial correlation energy contribution to EA. Thus, the two
smaller basis sets seem to be biased towards the anion, al-
though for the aug-cc-pVTZ set the differences between the
fractions of E,,, (neutral) and E_,, (anion) recovered in
the MR-SDCI calculations are less that 1%. For the aug-cc-
pVQZ basis set the MR-SDCI calculations recover a slightly
larger fraction of E,., (neutral) than of E_ (anion), al-
though the differences never exceed 0.1%. These results are
contrary to the notion expressed by Bauschlicher ez al.* and
the results of Feller and Davidson,? although the latter cal-
culations are most directly comparable to the MR-SDCI cal-
culations with the aug-cc-pVQZ basis for which we do in-
deed find that 98.5%-99.0% of E_,. (neutral) and
E_ .. (anion) are recovered while 98.19%-98.9% of
AE, .. (EA) is recovered.

The most recent and complete study of the EAs of the
first-row atoms is that of Noro et al.! They report the results
of very large basis-set MR-CI calculations, including a novel
extrapolation procedure. The accuracy of their predicted
EAs is impressive as is the size of their basis sets. Noro et al.
report extrapolated MR-CI EAs that are within 0.04 eV of
the observed values (see Table IX). However, the raw calcu-
lated EAs are in error by as much as 0.08 eV and are essen-
tially the same as those obtained here at a much reduced cost
(our largest basis set contains 80 functions vs the 211 func-
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tions contained in the largest set of Noro ez al.). Both studies
find that the most difficult atom for which to calculate an
accurate EA is oxygen.

V.CONCLUSIONS

In this work, we presented a series of basis sets and MR-
SDCI wave functions that, when used in calculations on neu-
tral and anionic atoms, show a monotonic convergence to-
ward the observed or recommended EAs. We reconfirm that
accurate EAs can only be obtained if a large portion of the
correlation energy is obtained. The correlation energy of the
anion usually converges more slowly than that of the corre-
sponding neutral species, although this is basis set and wave
function dependent. The compactness of the basis sets pre-
sented here makes them far more feasible for use in molecu-
lar anion studies than the basis sets previously employed to
obtain comparable accuracy.

ACKNOWLEDGMENTS

We wish to acknowledge the support of the Chemical
Sciences Division in the Office of Basic Energy Sciences of
the U.S. Department of Energy at Argonne National Labo-
ratory (under Contract No. W-31-109-ENG-38) and Paci-
fic Northwest Laboratory (under Contract No. DE-ACO06-
76RLO 1830). We thank Dr. D. F. Feller, Dr. S. S.
Xantheas, Dr. D. Woon, and Dr. R. L. Shepard for many
helpful discussions and comments regarding the manu-
script. We are also grateful to Dr. M. Yoshimine and colla-
borators for providing us with a preprint of their work. We
also wish to thank the Scientific Computing Staff of the Of-
fice of Energy Research for their generous allocation of re-
sources on the Cray 2’s at the National Energy Research
Supercomputer Center, Lawrence Livermore National Lab-
oratory. Finally, we wish to note that many of the full CI
calculations reported herein were carried out on the 64-node
Intel iPSC/860 operated by the Concurrent Supercomputer
Counsortium at the California Institute of Technology; we
wish to thank Dr. H. Lorenz-Wirzba for her assistance with
the use of the Intel machine.

*T. Noro, M. Yoshimine, M. Sekiya, and F. Sasaki, Phys. Rev. Lett. 66,
1157 (1991).

2D. Feller and E. R. Davidson, J. Chem. Phys. 90, 1024 (1989).

*C. W. Bauschlicher, Jr. and P. R. Taylor, J. Chem. Phys. 85, 2779 (1986).

*C. W. Bauschlicher, Jr., S. R. Langhoff, H. Partridge, and P. R. Taylor, J.
Chem. Phys. 85, 3407 (1986).

*D. Feller and E. R. Davidson, J. Chem, Phys. 82, 4135 (1985).

¢K. Raghavachari, J. Chem. Phys. 82, 4142 (1985).

"B. H. Botch and T. H. Dunning, Jr., J. Chem. Phys. 76, 6046 (1982).

Kendall, Dunning, Jr., and Harrison: Electron affinities of atoms revisited

§F. Sasaki and M. Yoshimine, Phys. Rev. A 9, 17 (1974).

9F. Sasaki and M. Yoshimine, Phys. Rev. A 9, 26 (1974).

I°R. T. Myers, J. Chem. Ed. 67, 307 (1990).

' C. W. Bauschlicher, Jr,, S. R. Langhoff, and P. R. Taylor, Chem. Phys.
Lett. 158, 245 (1989).

2R, L. Graham, A. Rizzo, and D. L. Yeager, J. Chem. Phys. 91, 5451
(1989).

13Y. Guo, M. C. Wrinn, and M. A. Whitehead, Phys. Rev. A 40, 6685
(1989).

1*Y. Guo and M. A. Whitehead, Phys. Rev. A 40, 28 (1989).

13Y. Guo and M. A. Whitehead, Phys. Rev. A 39, 2317 (1989).

161.. Adamowicz and R. J. Bartlett, J. Chem. Phys. 84, 6837 (1986).

'"H, F. Schaefer ITI and R. A. Kiemm, J. Chem. Phys. 51, 4643 (1969).

18C, M. Moser and R. K. Nesbet, Phys. Rev. A 4, 1336 (1971).

19M. Cornille, A. Hibbert, C. Moser, and R. K. Nesbet, Phys. Rev. A 17,
1245 (1978).

W, R. Johnson, J. Sapirstein, and S. A. Blundell, J. Phys. B 22, 2341
(1989).

218, S, Xantheas and T. H. Dunning, Jr. (unpublished); D. F. Feller (un-
published ).

22T, H. Dunning, Jr., J. Chem. Phys. 90, 1007 (1989).

BR. Shepard, I. Shavitt, R. M. Pitzer, D. C. Comeau, M. Pepper, H.
Lischka, P. G. Szalay, R. Ahirichs, F. B. Brown, and J. G. Zhao. Int. J.
Quantum Chem. S22, 149 (1988).

R. Shepard, R. A. Bair, R. A. Eades, A. F. Wagner, M. J. Davis, L. B.
Harding, and T. H. Dunning, Jr., Int. J. Quantum Chem. S17, 613
(1983).

'25E_R. Davidson and D. W. Silver, Chem. Phys. Lett. 53, 403 (1977).

26R. J. Harrison and S. Zarrabian, Chem. Phys. Lett. 158, 393 (1989).

27R. J. Harrison, J. Chem. Phys. 94, 5021 (1991).

28R, J. Buenker and S. D. Peyerimhoff, Theor. Chim. Acta 35, 33 (1974).

B, Huron, J. P. Malrieu, and P. Rancurel, J. Chem. Phys. 58, 5745
(1973).

308, Evangelisti, J. P. Daudey, and J. P. Malrieu, Chem. Phys. 75, 91
(1983).

317. J. Novoa, F. Mota, and F. Arnau, Chem. Phys. Lett. 165, 503 (1990).

32 The 64-node Intel iPSC/860 was provided by the Concurrent Supercom-
puter Consortium and is located in the CalTech Concurrent Supercom-
puter Facility.

33T, H. Dunning, Jr., K. A. Petersen, D. E. Woon, and R. A. Kendall (un-
published). Explicit details of the correlation-consistent and the aug-
mented basis sets are publically available by contacting R. A. K. or T. H.
D. via U.S. or electronic mail {d3e129 @ pnlg.pnl.gov).

3 Private communication from Professor G. Barney Ellison, Department of
Chemistry and Biochemistry, University of Colorado, Boulder, CO.

3H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data 14, 731
(1985).

36C. S. Feigerle, R. R. Corderman, and W. C. Lineberger, J. Chem. Phys.
74, 1580 (1981).

3D, Feldmann, Chem. Phys. Lett. 47, 338 (1977).

3D. M. Neumark, K. R. Lykke, T. Andersen, and W. C. Lineberger, Phys.
Rev. 32, 1890 (1985).

3¢, Blondel, P. Cacciani, C. Delsart, and R. Trainham, Phys. Rev. A 40,
3698 (1989).

40, L. Pekeris, Phys. Rev. 112, 1649 (1958); 126, 1470 (1962); K. Aasha-
mar, Nucl. Instrum. Methods 90, 263 (1970).

418, Fraga, Handbook of Atomic Data (Elsevier, Amsterdam, 1976).

“2C Moller and M. S. Plesset, Phys. Rev. 46, 618 (1934).

43J. Cizek, J. Chem. Phys. 45, 4256 (1966); J. Paldus, J. Cizek, and I. Sha-
vitt, Phys. Rev. A 5, 50 (1972).

J. Chem. Phys., Vol. 96, No. 9, 1 May 1992



