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The convergence of the MP2 valence correlation energy and pair energies for the correlation
consistent basis sets has been investigated. Ne, HB, Bnd N were studied. For all of these
molecules, accurate MP2 correlation and pair energies are available from the recent MP2-R12
calculations of W. KloppefJ. Chem. Physl02 6168(1995]. The magnitudes of the calculated

MP2 valence correlation and pair energies are found to increase systematically with increasing basis
set size, with the cc-pV6Z basis set yielding 97.4%—-98.3% of the MP2 valence correlation energy.
A detailed analysis of the results for Ne reveals that the error due to truncation of the radial
functions in the cc-pV6Z set is comparable to that due to neglect of higher angular momentum
functions. Procedures for extrapolating the results to the complete basis set limit have also been
investigated. ©1997 American Institute of Physids0021-96007)00721-9

I. INTRODUCTION obtain estimates of the intrinsic errors in correlated atomic
and molecular wave functions.

The treatment of electron correlation in atomic and mo-  The family of correlation consistent basis $efshas
lecular calculations requires careful consideration of the varibeen found to be quite uniqgue among the basis sets available
ous factors which influence the accuracy of the manytoday. These sets have been found to exhibit systematic con-
electron wave function. Attention must be given to bothvergence to an apparent CBS limit. As a result, the correla-
problems encountered in accuraie initio calculations. The tion consistent sets have become quite useful in estimating
first of these is the error due to the truncation of the oneCBS limits and in understanding the intrinsic errors associ-
electron basis set used to expand the atomic or moleculd@ted with specific correlated molecular wave functions.
orbitals. The second is the error due to the use of approxiln this work, we study the behavior of the MP2 valence
mations to the full configuration interaction calculation by correlation energy and pair energies upon increasing the size
employing methods such as /Mer—Plesset perturbation of the correlation-consistent basis sets fgOHN,, HF, and
theory (MP2, MP3, MP4,.), coupled cluster methods Ne.

(CCSD, CCSDT,), or single- and multireference ap- For reference, we use the recent MP2-R12 results of
proachés(SDCl I\}IR'CI). Klopper? which provide reliable “exact” limits for these

Because the accuracy of the electronic wave function id2Ur systems. In the MP2-R12 method of Kutzelnigg and
lopper; terms are included in the wave function which

dependent on both the form chosen for the electronic Wavd 4 | the interelectroni di Th
function and the quality of the one-particle basis set, it is epend finearly on the Interelectronic coor Inage hese

: : terms provide a far better description of the correlation cusp
important to understand the basis set dependence of the v

ar- . .
: {han can be provided by one-electron basis sets alone. By
ous correlation methods. Too often a more accurate corre-

; ; =17
lated electronic structure method is used with a less accura‘,rl]CIUdIng such terms, Kutzelnigg, Klopper, and Ndﬁal,

. . . . Tave shown that the exact limit can be reached for a number
one-particle basis set. This can lead to erratic results th
limit our understanding of the errors associated with the vari-

Bt correlation methods.
. Using the exact limits of the Klopper as reference points,
ous correlated methodsOnly by approaching the complete g PP P
basis set limit can théntrinsic accuracy of the theoretical

we have also examined various methods for extrapolating the
) correlation-consistent basis set results to the CBS limit.

model be determined.

Unfortunately, it is difficult to approach the complete

basis se{CBS) limit for any particular correlation method. Il. METHODOLOGY

This is due to the slow convergence to the CBS limit as the  The correlation consistent basis sets of Dunning and
basis set is systematically expanded which, in turn, is primagg-workeré=48°have been used in the present work, along
rily due to the difficulty of satisfying the interelectronic cusp with three new high-accuracy correlation-consistent sets
condition with a finite basis set. An acceptable approachcc-pV6z2° aug-cc-pV622t and cc-pCV62?) to further ex-
might be to obtain an estimate of the CBS limit by extrapo-amine issues of convergence and accuracy. These sets which
lating the results from a series of basis sets that exhibit sysare denoted as cc-p\Z, wheren=D(2), T(3), Q(4), 5, and
tematic convergence properties. However, regular convers, are constructed by systematically addsiwellsof corre-
gence is not observed with the majority of the basis sets ifating functions to the atomic Hartree—Fock orbitals. The
use today. As a result, it has proven to be very difficult tofunctions included in each shell contribute a comparable
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TABLE |. Valence pair energies and correlation energies from MP2 calculations,0nwith the cc-p\hZ basis sets.

€(2a?) e(2a;1b;) €(2a,3a;) €(2a;1b,)  €(1b?)  €(1by3a;) e(1lby1b,)  e(3a%)  e(3a;lb,)  e(1bd)  E(MP2)

cc-pvDZ —8.98 —18.23 —14.98 —14.92 —19.71 —31.78 —28.88 —17.42 —29.81 —-16.91 -—201.62
cc-pvVTZ —11.20 —24.91 —-21.72 —22.87 —23.10 —38.29 —36.24 —22.28 —38.62 —22.23 —261.46
cc-pvQz  —12.29 —27.41 —24.16 —25.82 —24.47 —40.24 —38.58 —24.09 —41.45 —24.28 —282.79
cc-pvsZ —12.75 —28.40 —25.14 —27.05 —25.03 —40.97 —39.49 —24.87 —42.60 —25.20 —291.50
cc-pVeZ —12.97 —28.83 —25.57 —27.60 —25.29 —41.26 —39.87 —25.25 —43.07 —25.66 —295.37
MP2-R12° -13.31 —29.41 —26.16 —28.33 —25.65 —41.62 —40.30 —25.81 —43.64 —26.31 —300.54

A 0.34 0.58 0.59 0.73 0.36 0.36 0.43 0.56 0.57 0.65 5.17

V. Klopper, J. Chem. Phy4.02 6168(1995.

amount to the correlation energy. Because of this aufballl. RESULTS AND DISCUSSION
scheme, these basis sets are as compact as possible fol, 8,p5 total and pair energies for H ,0, Ne, N
given level of accuracy. For the first row atoms, the valence,,q He ao

sets are
Primitive Sets Contracted Sets Tables I-IV summarize the valence MP2 pair energies
and correlation energies computed fogG{ Ne, N,, and HF
cc-pvDZ  (9s4pld) [3s2pld] using the double zeta through sextuple zeta valence basis sets
cc-pvVTZ  (1Gs5p2d1f ) [4s3p2d1f] (cc-pvnZ, n=D—6). Tables V and Tables VI list the pair
cc-pvVQZ  (126p3d2flg) [5s4p3d2 f1g] energies and valence correlation energies for calculations on
cc-pV5Z  (148p4d3f2glh) [6s5p4d3f2g1h] H,O and Ne using the augmented basis sets through the sex-

cc-pvVeZ  (1610p5d4f3g2hli)  [7s6pSd4f3g2hli]  typle zeta levelaug-cc-pV63Z, while Tables VII—IX give all

In addition to the valence (cc-p\Z) sets, Dunning and ©f the pair energies and the core—valence and valence corre-
co-workers have also developed augmented valence segfion energies for BD and Ne using the core—valence sets
(aug-cc-p\rZ) and core-valence sets (cc-p@X). The aug- through the quintuple zeta level for,8 and through the
mented sef$! include diffuse functions which are important sextuple zeta level for Ne. In all of these tables, the complete
in the description of the long-range behavior of the wavebasis se{CBS) limits obtained by Kloppef are also listed.
function (critical for describing anions, long-range dispersion ~ Consider first the MP2 valence correlation energies of
forces, etg. These sets are based on the standard correlatidriO and Ne. As can be seen in Fig. 1, the MP2 valence
consistent valence sets, but with an additional diffuse funccorrelation energies systematically increase in magnitude as
tion for each angular momentum symmetry. The core-the basis set is expanded from cc-pVDZ to cc-pV6Z. With
valence sefs’ include high exponent functions which are the cc-pV6Z sets, the MP2 valence correlation energy for
important in the description of core—core and core—valencél,O (—295.37 nky) is 5.17 nky, higher than the limiting
correlation effects. In this work, all three types of correlationvalue of —300.54 nk,,, while for Ne the MP2 valence cor-
consistent basis sets are used, though calculations using th@ation energy { 311.78 nfe,) is 8.22 nE,, higher than the
valence sets have been the primary focus. Only pure sphefimit of —320.00 nky,. If the aug-cc-pV6Z sets are used
cal harmonic components of the polarization functions arenstead, the differences are reduced slightly—to 4.5 m
used. (H,0) and 7.12 rky, (Ne); see Fig. 2. Finally, if the cc-

We report the values for the valence MP2 pair ener{pCV6Z set is used for Ne, the error in the total MP2 valence
gies and correlation energies of several molecules at specifitorrelation energy is reduced to 7.0Em From these re-
geometries: B (Ryy=2.070ay), H,O (Rpy=1.80885 sults it is clear that, as far as the MR2alencecorrelation
ag; hon=104.52°), and HFRL=1.7328a,). The energy is concerned, the augmented and core—valence sets
codes that were wused includemMoLPRG”® and  add little to the standard cc-piZ sets for these systems.
SUPERMOLECULE?* In Fig. 3, the valence correlation energy calculated using

TABLE II. Valence pair energies and correlation energies from MP2 calculations on the neon atom with the
cc-pVnZ basis sets.

€(2s2s) €(2s2p) €(2p?) €(2p,2py) E(MP2)
cc-pvDZ —7.27 —-38.11 —48.54 -91.61 —185.53
cc-pvTZ —9.56 —65.56 —66.48 —122.72 —264.32
cc-pvQZ —10.75 —76.82 —73.55 —132.46 —293.58
cc-pVvsZ -11.31 —81.80 —76.77 —136.29 —306.17
cc-pvezZ —11.57 —83.95 —78.32 —137.94 —311.78
MP2-R12 -12.02 —87.09 —80.74 —140.15 —320.00

A 0.45 3.14 2.42 2.21 8.22

aw. Klopper, J. Chem. Phy4.02 6168(1995.
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TABLE 1. Valence pair energies and total correlation energies from MP2 calculations, avithl the cc-p\hZ basis sets.

€(207)  €(2020,) €203 €(2030y) (20,30 (303 e(2oglm) e(2o,lm) €(Boglm,) (1wl E(MP2)

cc-pvDZ —8.75 -6.73 —12.89 —8.88 —19.90 —12.46 —39.07 —39.07 —53.11 —104.78 —305.64
cc-pvVTZ —12.76 —-8.98 —15.59 —13.47 —26.37 —15.59 —51.34 —50.25 —62.41 —116.28 —373.04
cc-pvVQZ —14.71 —-9.87 —16.62 —15.38 —28.55 —16.76 —56.47 —53.63 —65.30 —120.84 —398.13
cc-pvsZ —15.53 -10.21 -17.07 —16.12 —29.50 —17.27 —58.59 —54.98 —66.41 —122.85 —408.53
cc-pVeZ —15.92 —10.34 -—17.28 —16.43 —29.94 —17.51 —59.54 —55.59 —66.87 —123.81 —413.23
MP2-R12° —16.57 —1054 -17.64 —16.91 —30.66 —17.93 —60.94 —56.38 —67.55 —125.25 —420.37

A 0.65 0.20 0.36 0.48 0.72 0.42 1.40 0.79 0.68 1.44 7.14

V. Klopper, J. Chem. Phy4.02 6168(1995.

each level of basis set is represented as a percentage of thasis set provides an MP2 core plus core—valence correlation
limiting values. At the cc-pVDZ level from 58.0% to 72.7% energy for HO that is 1.52 ri&,, higher than the limiting
of the correlation energy is recovered. The largest percentagalue of —61.47 nk,,. This is 97.5% of the core and core—
is recovered for B with a steady decrease from® to HF  valence correlation energy. For Ne, the calculated core plus
to Ne. This same trend holds for all of the ccipX/ sets, core—valence correlation energies are€66.04 nk;, (cc-
although the magnitude of the spread decreases dramaticallpCV52) and —66.87 nE,, (cc-pCV62, corresponding to
The cc-pVTZ set recovers 82.6%—88.7% of the MP2-R1297.4% and 98.6%, respectively, of the limiting value
limit, cc-pVQZ recovers 91.7%—94.7%, and cc-pV5Z recov-(—66.80 nEy,) reported by Kloppet?
ers 95.7%-97.2%. The best calculations, which utilize the
cc-pV6Z basis set, obtain 97.4%-98.3% of the limit. Al-
though there is a steady increase in the percentage of tigé
correlation energy recovered with basis set, the observe ,a
very gradual improvement at the higher zeta levels illustrates  To better understand the cause of the errors in the cur-
the expected slow convergence of basis set expansions. rent calculations, we determined the contribution of each set
The MP2 valence pair energies of Blnd HO are plot-  of angular momentum functions,,d,...) in thecc-pV6Z
ted in Figs. 4 and 5, while the percentages recovered areasis set to the MP2 pair correlation energies in Ne. These
plotted in Fig. 6. For HO the pair energies computed with contributions are compared with results from accurate atomic
the cc-pV6Z set range in value from 0.34 to 0.7& pihigher  calculations by Jankowski and Malinow$kin Table X. Ex-
that the limiting pair energies calculated by KloppeThe  cept for the last two rows, the columns labeleéh the table
range in errors is from nearly 1% to slightly more than 2.5%are simply the errors ie(ij) for the given angular momen-
for the cc-pV6Z set. As can be seen in Fig. 5, the range inum set. These are a measure of the incompleteness of the
errors can be quite large for the smaller basis sets. For exadial expansions for each angular momentum included in
ample, with the cc-pVDZ set the fraction of the pair energythe cc-pV6Z set. In the penultimate row, thecolumns are a
recovered ranges from 52.7% fef2a;1b,) to 76.8% for sum of all of the previous rows, i.e., a measure of the total
e(lbf), while for the cc-pVTZ set the variation is from incompleteness in the radial expansions of the angular mo-
80.7% fore(2a;1b,) to 92.0% fore(1b,3a,;). As expected, menta included in the cc-pV6Z set. In the last row, the
the augmented and core—valence sets improve the resultelumns give the remaining errors in the pair energies as
only slightly. Note that the errors are distributed over a widedetermined by comparison to Jankowski and Malinovéski.
range of electron pairs, i.e., the error in the MP2 valencelThese differzences are a measure of the incompleteness in
correlation energy is not due to errors in just a few pairthe angular momentunexpansions included in the cc-pV6Z
energies. set.
With the core—valence sets, all-electron calculations The first point to note is that the residual errors in the
were also performed; see Tables VIII-IX. The cc-pCV5Zradial expansions are comparable to the residual errors in the

Analysis of MP2 calculations on Ne with cc-pV6Z
sis set

TABLE IV. Valence pair energies and total correlation energies from MP2 calculations on HF with the
cc-pVnZ basis sets.

€(20?) e(2030) €(307) e(201m) e(30lm) e(17?) E(MP2)
cc-pvDZ —8.45 —16.02 —21.84 —28.71 —62.54 —-64.07 —201.63
cc-pvTZ -10.71 —23.69 —26.03 —46.03 —79.97 -85.34 —271.77
cc-pvQZ -11.89 —26.56 —27.73 —52.80 —85.49 —-93.05 —297.52
cc-pV5Z —12.42 —27.76 —28.44 —-55.71 —87.63 —96.34  —308.30
cc-pvV6Z —12.66 —28.26 —28.78 —56.96 —88.51 -97.84 —313.00
MP2-R12 —13.06 —28.98 —29.30 —58.76 —89.64 —100.04 —319.78

A 0.40 0.72 0.52 1.80 1.13 2.20 6.78

aw. Klopper, J. Chem. Phy4.02 6168(1995.
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TABLE V. Valence pair energies and total correlation energies from MP2 calculations@mith the aug-cc-p¥Z basis sets.

e(2a%) €(2a;1b;) €(2a,3a;) €(2a;1b,)  €(1b?) e(1b,3a;) e(lby1lb,) e(3a3) €(3a;1b,) e(1b3) E(MP2)

aug-cc-pvDZ -9.13 —19.16 -16.17 —16.53 —20.26 —34.17 —32.15 —-1899 —-33.90 —18.89 -—219.35
aug-cc-pvVTZ —11.35 —25.37 —22.32 —23.76 —23.30 —38.98 —-37.37 —2283 —40.05 —23.02 -268.35
aug-cc-pvQz —12.37 —27.61 —24.42 —26.32 —2457 —4051 —39.06 —2437 —42.09 —24.68 -—285091
aug-cc-pV5Z —-12.79 —28.50 —25.26 —2723 —25.09 —41.07 —39.68 —25.02 —4285 —25.41 -292.90
aug-cc-pvVeZ —12.98 —28.87 —25.62 —27.68 —2531 —41.30 —39.94 —-2532 —43.19 —25.77 —295.98
MP2-R12 —13.31 —29.41 —26.16 —28.33 —25.65 —41.62 —40.30 —25.81 —43.64 —26.31 —300.54
A 0.33 0.54 0.54 0.65 0.34 0.32 0.36 0.49 0.45 0.54 4.56

V. Klopper, J. Chem. Phy4.02 6168(1995.

TABLE VI. Valence pair energies and total energies from MP2 calculations on the neon atom with the
aug-cc-p\hZ basis sets.

€(2s2s) €(2s2p) €(2p?) e(2p«2py) E(MP2)
aug-cc-pvDZ —7.61 —41.25 —54.50 —103.51 —206.87
aug-cc-pvTZ —-9.72 —68.19 —68.48 —126.14 —272.52
aug-cc-pvQz —10.81 —77.98 —74.55 —133.90 —297.24
aug-cc-pv5Z —-11.35 —82.35 —77.32 —136.96 —307.98
aug-cc-pvez —11.60 —84.29 —78.67 —138.32 —312.88
MP2-R12 —12.02 —87.09 —80.74 —140.15 —320.00
A 0.42 2.80 2.07 1.83 7.12

aW. Klopper, J. Chem. Phy4.02 6168(1995.

TABLE VII. Valence pair energies and total correlation energies from MP2 calculations,©mwtith the cc-pCWZ basis sets.

e(2a?) e(2a;1b;) e(2a,3a;) €(2a;1b,)  €(1b?)  e(1b;3a;) e(1bylb,)  e(3ad)  €(3a;1b,)  e(1b3)  E(MP2)

cc-pCvDZ —9.30 —18.76 —15.64 —15.62 —19.73 —31.92 —28.98 —17.56 —30.02 —17.00 —204.53
cc-pCVTZ —11.46 —25.37 —22.31 —23.59 —23.20 —38.53 —36.49 —2251 —38.99 —22.49 -264.94
cc-pCvQz —12.41 —27.61 —24.42 —26.15 —24.53 —40.35 —38.69 —24.22 —41.63 —24.43 —284.44
cc-pCVvsZ —12.81 —28.49 —25.26 —27.20 —25.06 —41.02 —39.56 —24.95 —42.69 —25.29 —292.33
MP2-R12 —-13.31 —29.41 —26.16 —28.33 —25.65 —41.62 —40.30 —25.81 —43.64 —26.31 —300.54

A 0.50 0.92 0.90 1.13 0.59 0.60 0.74 0.86 0.95 1.02 8.21

aW. Klopper, J. Chem. Phy4.02 6168(1995.

TABLE VIII. Core and core—valence pair energies and total core correlation en¢irgikgling core—valence
energieg from MP2 calculations on D with the cc-pCWZ basis sets.

e(laf) e(la;2a,) e(la;1b,) e(la;3a,) e(la,1b,) E(MP2)

cc-pCvDZ —29.11 -2.71 —1.28 —1.80 —1.87 —36.80
cc-pCVTZ —35.54 —4.02 —3.43 —4.48 —5.09 —52.56
cc-pCvQz —38.85 —4.49 —3.94 —-5.10 —5.80 —57.83
cc-pCvsZ —39.89 —4.65 —4.10 —-5.30 —6.02 —59.95
MP2-R12 —40.86 —4.75 —4.22 —5.46 —6.19 —61.47
A 0.97 0.10 0.12 0.16 0.17 1.52

aW. Klopper, J. Chem. Phy4.02 6168(1995.

TABLE IX. Pair energies and correlation energies from MP2 calculations on the neon atom with the
cc-pCWnZ basis sets.

€(1s?)  e(1s2s)  €(2s?)  €(1s2p) €(2s2p)  €(2p?)  €(2p2p,) E(MP2)

cc-pCvDZ -—28.38 —3.06 —7.72 —6.55 —4144 —48.88 —92.27 —228.30
cc-pCVTZ —34.65 —4.65 —10.00 -—1816 -69.36 —67.71 —12458 -—329.10
cc-pCvQz —38.03 —5.23 —10.98 -—20.75 -—78.78 —74.34 —133.40 -—361.51
cc-pCvsZ —39.18 —5.40 —11.42 —-2146 —8266 —77.23 —136.79 —374.14
cc-pCv6Zz —39.66 —5.47 —11.65 —21.74 -—84.42 —78.60 —138.22 —379.78
MP2-R1Z2 —-40.24 —-553 —12.02 -22.03 —-87.09 -80.74 —140.15 —387.80

A 0.58 0.06 0.37 0.29 2.67 2.14 1.93 8.02

aw. Klopper, J. Chem. Phy4.02 6168(1995.
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FIG. 1. Valence correlation energies from MP2 calculations ¢®,H\, FIG. 3. Percentage of valence MP2 correlation energies.,af, HN,, HF,
HF, and Ne with the cc-pNZ basis sets. and Ne obtained with the cc-p basis sets. CBS limits are from Klopper
(Ref. 12.

angular momentum expansions: 0.24 vs 0.Z5,mfor , . , .
€(2s2s), 1.63 vs 1.57 1, for e(2s2p), and 2.45 vs. and angular expansions. This is very different than in many
209 rrEh for e(2p2p). Thishmeans that allly scheme used to°ther studies of the convergence behavior of correlation
. 6 . . .
extrapolate the MP2 correlation and pair energies to the cp&nergies’ since any extrapolation scheme must simulta-

limit must account for the incompleteness in both the radiaf"€CUsly account for incompleteness in both the expansions,
not just in the angular expansion.

-200.0 1
N €304
g 0.0 >
i E \ ) 8(2632(5”)
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: =200 | €20, 2) §\ 3(2082)
| \ )
3 2 - e(30,20
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2800 b aug-cc-pvnZ -100.0 |
: i e(in 2
. -120.0
-300.0 ] L L L L -
2 3 4 5 6 2 3 4 > 6

n (cc-pvnZ) n (cc-pVnZ)

FIG. 2. Valence correlation energies from MP2 calculations ¢® ith FIG. 4. Valence MP2 pair energies for,Nrom calculations with the
the cc-p\hZ, aug-cc-p\nZ, and cc-pCWZ basis sets. cc-pVnZ basis sets.
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FIG. 5. Valence MP2 pair energies for,® from calculations with the  FIG. 6. Percentage of valence MP2 pair energies £ ldnd N, obtained
cc-pVnZ basis sets. with the cc-p\hZ basis sets. CBS limits are from Klopp@ref. 12.

The calculated pair energies are changed significantly i2% to 3% of the CBS limits. Because of the regular conver-
we use the cc-pCV6Z set, the total errors in the radial expangence pattern observed with the correlation consistent basis
sions being reduced by factors of 1.3—-1dee Table X). sets, it is of interest to determine if the valence correlation
More importantly, the tight functions included in this set and pair energies can be extrapolated to the CBS limit. In the
eliminate the irregularities observed in the p radial expanpast, it has been observé@~>°that various molecular prop-
sions in €(2s2s), the p, d, and f radial expansions in erties, including energetics and spectroscopic properties,
€(2s2p), and thep, d, f, and g radial expansions in converge nearly exponentially with respect to increases in
€(2p2p). However, the total errors in the radial expansionsthe size of the correlation—consistent basis set. The following
are still greater than 70% of the total errors in the angulafunctional form has proven useful in extrapolating to the

expansions. CBS limit.

_ —-C
IV. EXTRAPOLATION TO THE COMPLETE BASIS SET A(n)=A(x)+Be ", (1)
LIMIT

wheren represents the cardinal number of the basigeset,
As has been shown above, the large cc-pV6Z basis sets=2 for cc-pVD2) and A(«) corresponds to the estimated
provide valence correlation and pair energies that are withit€BS limit (n—) for property A. The parameterg\(«),

TABLE X. Incremental energy lowerings for addition of selected angular momentum sets to the Hartree—Fock orbitals of the neon atom; each succeeding set
includes the previous sets. The angular momentum sets were taken from the cc-pV6Z basis set.

|A€ (2525)] |A€(252p)] |A€(2p2p)|

I Present J&M A Present J&M A Present J&M A

S -3.17 —-3.18 0.01 —-2.28 —-2.29 0.01

p —-1.78 —-1.84 0.06 —42.45 —42.62 0.17 —-96.27 —-96.50 0.23

d —4.60 —4.62 0.02 —16.89 —-17.18 0.29 —-90.88 —-91.09 0.21

f —-1.28 -1.30 0.02 —17.46 —-17.64 0.18 —15.60 —15.94 0.34

g -0.47 —-0.50 0.03 —-4.91 -5.14 0.23 -7.87 —-8.29 0.42

h —-0.20 -0.23 0.03 -1.71 —-2.04 0.33 —-2.59 -3.15 0.56

i —-0.07 -0.12 0.05 —-0.53 -0.97 0.44 -0.77 —1.45 0.68
SA¢ —-11.57 —-11.81 0.24 —83.95 —85.58 1.63 —216.26 —-218.71 2.45

é —-12.02 0.21 —87.15 1.57 —220.80 2.09

. Jankowski and P. Malinowski, Phys. Rev.24, 45 (1980.
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TABLE XI. Incremental energy lowerings for addition of selected angular momentum sets to the Hartree—Fock orbitals of the neon atom; each succeeding
set includes the previous sets. The angular momentum sets were taken from the cc-pCV6Z basis set.

|A€(2s2s)] |A€(252p)] |A€(2p2p)|

| Present J&M A Present J&M A Present J&M A

s -3.18 -3.18 0.00 —-2.29 —-2.29 0.00
p —1.83 —-1.84 0.01 —42.58 —42.62 0.04 —96.44 —96.50 0.06
d —-4.61 —4.62 0.01 —-17.12 —-17.18 0.06 —90.98 —-91.09 0.11
f —-1.28 -1.30 0.02 —-17.52 —17.64 0.12 —-15.76 —15.94 0.18
o] —0.48 —-0.50 0.02 —4.95 —-5.14 0.19 —-7.97 —8.29 0.32
h -0.20 -0.23 0.03 -1.72 —-2.04 0.32 —-2.62 -3.15 0.53
i -0.07 -0.12 0.05 -0.53 -0.97 0.44 -0.77 —1.45 0.68
S A¢ —11.65 —-11.81 0.16 —84.42 —85.58 1.16 —216.83 —-218.71 1.88
é —-12.02 0.21 —-87.15 1.57 —220.80 2.09

. Jankowski and P. Malinowski, Phys. Rev.24, 45 (1980.

B, andC are determined via a least-squares procedure. No B C
formal justification as to why this functional form seems to ~ A(lma) =A(*) + 0 —+dm + (T
work has yet been provided, though the convergence behav- me max
ior observed in the development of the 4estisggested such a D
form. * (I matd)™ 2"

We have used Ed1) to extrapolate the results from our
four test systems to the CBS limit. Although the exponentialwherel ., is the maximum angular momentum represented
extrapolation certainly improves the calculated results, thén each basis set] is an angular momentum offset, and
remaining errors are substantial; see Table XII. For Tablan=3 or 4. This particular form was inspired by convergence
XII, extrapolations were done including results from three tostudies of the MP2 energy of the helium afSwhere it was
five levels of basis sets. For instance, “D-Q” in the table found that the partial wave increments asymptotically follow
represents an extrapolation including the results from the cam = 4, C=D=0) for singlet pairs andm+2=6, B=C
pVDZ, cc-pVTZ, and cc-pVQZ basis sets. As seen in Table=0) for triplet pairs withd=1/2. Additionally, the trunca-
XIl, the root-mean-squaréms) errors in the exponentially tion error behaves aén=3, C=0). Martin and Lee have

@

extrapolated CBS limits range from 3 to 7.5em also shown that the form wher€=0 and d=1/2 works
To see if we could improve on the exponential function, quite well for extrapolations of CCSD) energies?’
we also investigated the following functional form: The root-mean-square errors resulting from the least-

TABLE XIl. Root-mean-square errors in the extrapolated MP2 valence correlation energies obtained from calculations with thé setp\for Ne,
H,O, N,, and HF.

() (3.4 (3.9 (3,49
Range Expt. d=0 1/2 1 d=0 1/2 1 d=0 1/2 1 d=0 1/2 1
D-Q 7.53 12.52 4.67 3.61 1.49 4.16 5.36 0.73 2.89 5.06
D-5 5.84 9.06 2.90 3.54 1.48 3.34 4.03 0.41 2.46 3.96 1.57 1.33 0.88
D-6 4.89 7.05 2.03 3.19 1.18 2.50 2.88 0.36 1.90 2.96 0.65 0.37 0.81
T-5 3.94 2.38 0.89 3.83 1.52 2.04 2.02 0.94 1.82 231
T-6 3.56 1.75 0.83 3.13 0.83 1.07 0.91 0.49 1.04 1.29 1.08 1.84 2.61
Q-6 3.16 0.52 0.96 2.23 0.41 0.49 0.80 0.42 0.31 0.33
) 4.9 (4.9 (45,6
d=0 1/2 1 d=0 1/2 1 d=0 1/2 1 d=0 1/2 1
D-Q 22.16 16.67 10.88 5.97 2.77 0.53 7.56 4.31 1.63
D-5 16.97 12.64 8.20 4.34 1.97 0.37 5.56 3.13 1.16 0.91 0.43 0.50
D-6 13.68 10.15 6.54 3.49 1.67 0.42 4.46 2.58 1.07 1.06 0.66 0.59
T-5 7.82 5.52 3.38 1.76 0.78 0.37 2.48 1.37 0.55
T-6 6.22 4.48 2.73 1.64 0.94 0.50 2.18 1.37 0.76 1.39 1.42 1.62
Q-6 3.37 2.51 1.56 1.48 121 1.08 1.74 1.39 1.14
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TABLE XIIl. Errors in the extrapolated MP2 valence correlation energies\/. CONCLUSIONS
obtained from calculations with the cc-p¥ sets for Ne, HO, N,, and HF.

In this work we examined the convergence of the va-

B9 (49 395 49 lence MP2 pair and correlation energies foJ(Hl HF, Ne,
d=0 d=1 d=0 d=1 and N, with the correlation consistent basis sets of Dunning
H,O (— 300.54) N, (—420.37 and co-workeré #18-21These sets result in smooth, mono-
D-Q -0.38 —0.40 D-Q 0.64  0.34 tonic convergence with the cc-pV6Z basis sets yielding
D-5 —-061 -0.34 D-5 031 044  97.4%-98.3% of the complete basis $&BS) limits re-
D-6 ~0.58 -0.18 D-6 028 061 ported by Kloppef? The calculations with the cc-pV6Z set
T-5 -0.99 -0.24 T5 -0.24  0.60 . .
T-6 067 002 T6 007 osge arethe mostaccurate basis set calculations on these systems
Q-6 017  0.40 Q-6 054 123 reported to date.
Ne (— 320.00) HF (- 319.78) However, despite the desirable systematic convergence
D-Q 125 091 D-Q 0.18 —0.04 characteristics of the correlation consistent basis sets, they
D-5 035 0.6 D-5 —031 =013 4|l show the usual slow convergence associated with basis
D-6 019 053 D-6 -028  0.10 . .
T.5 112 —022 T5 112 —027 set expansions. For example, for the molecules considered
T-6 ~050 0.0 T-6 —052 030 here, the correlation consistent basis sets recover 58.0%—
Q-6 0.45 1.29 Q-6 0.41 114 72.7% of the valence correlation energy at the cc-pvDZ

level, 82.6%—-88.7% at the cc-pVTZ level, 91.7%—-94.7% at
the cc-pVQZ level, and 95.7%—-97.2% at the cc-pV5Z level.
For this same series, the number of functions in the sets

) ] ) _increase from 14(cc-pVD2) to 30 (cc-pVT2) to 55 (cc-
squares expansions using H@) are also summarized in pVQZ) to 91 (CC-pVSZ) to 140(CC-pV63.

Table XII. In addition to using Eq(2) with d=0, 1/2, and 1, Because of the systematic convergence behavior ob-
we also examined the_expansmns determined With0 [(3,  served for the correlation consistent basis sets, the energies
4) and(4, 5 extrapolation and, separatehC=0[(3, 5 and  can e approximately extrapolated to the CBS limit. Extrapo-
(4, 6) extrapolation. Use of Eq.(2) reduces the magnitude of lating the valence MP2 correlation energig$?), computed

the minimumrms error from 3.16 1, (exponential to just  yith the cc-pVDZ, cc-pVTZ, and cc-pVQZ sets to the CBS
0.42 nEy, [(3, 5 with d=0]. In fact, the(3, 9 fit with  |imit ysing

d=0 yields an rms error of less than 15nfor all of the
extrapolation sequences studi@tQ through Q-6. Only for E)(]__)=E@ (o) + B N C
the T-5 and Q-6 extrapolations does one obtain better results ma (Imat D*  (Ipaxt 1)°°

with other functional forms, e.g., &, 5 fit with d=1 re- we obtain: —300.94 nE,(H,0), —319.09 nEn(Ne),
duces the rms error from 0_.94 to 0.3FEmfor the T-5 ex- —319.82 nEn(HF), and —420.03 nEx(N,). These differ
trapolations and 43, 9 fit with d = 1/2 redl_Jces the error by just—0.40, 0.91,-0.04, and 0.34 &, from the accurate
from 0.42 t0 0.31 &, for the Q-6 extrapolations. values reported by Kloppéf.Although the general form of
The results Of.a” .Of the extrapollatlon.s fof3 5) fit with this expansion was suggested by prior studies of partial-wave
d=0 and ?‘(4'.5) fit with d=1 are listed in Table XIII. For expansions of the MP2 correlation enef§ycalculations on
the (3, 9 fit with d=0, the only absolute errors larger than the Ne atom clearly show that this form cannot be exact for
1 mEy, are for the D-Q and T-5 extrapolations for Nb25 the correlation consistent basis sets as the errors in the radial

and —1.12 nE,, respectively and the T-5 extrapolations : ;
expansions are comparable to those in the angular expan-
for HF (—1.12 nEy). For the(4, 5 fit with d=1, the only siorr)1$ P g P

absolute errors exceeding Epare for the Q-6 extrapola- Note added in proofThe authors wish to draw the read-

tions for Ne, N, and HF(1.29, 1.23, and 1.14 B, respec- ers attention to two recent papers by D. Moncrieff and S.

tively). Wil Ph B2 1 - J. Ph B29, 242
As noted in the previous section for Ne, truncation of theu%\lson L. Phys. 529, 6009 (1996; J. Phys. B29 °

. . .-(1996] that have thoroughly examined the correlation ener-
radial and angular expansions lead t.o compa_lrable correla‘up es of HO and N using distributed Gaussian basis sets.
energy errors for the largest correlation consistent set consid-
ered herdcc-pV62. Thus, none of the expansions, Ef),
represent the “true” asymptotic behavior of the MP2 energy
with increasingn (cc-pVnZ). However, use of Eq(2) does The authors wish to acknowledge the support of the
lead to a significant improvement over E(J) for extrapo- Chemical Sciences Division in the Office of Basis Energy
lating the finite basis set results to the CBS limit. Overall, theSciences of the U.S. Department of Energy. The work was
(3, 5 fit with d=0 and the(4, 5 fit with d=1 seem to carried out at Pacific Northwest National Laboratory, a mul-
provide the most accurate and consistent results, providinprogram national laboratory operated for the U.S. Depart-
estimates of the MP2 correlation energies that are accurate toent of Energy by Battelle Memorial Institute under Con-
1 mE,. Itis interesting to note that in MP2-R12 calculation tract No. DE-AC06-76RLO 1830. This research was also
on He, Klopper*? also found that the4, 5) fit with d = 1 supported by Associated Western Universities, Inc., North-
provided an accurate description of the convergence of theest Division under Grant DE-FG06-89ER-75522 with the
MP2 energies. U.S. Department of Energy. Calculations were performed
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