Basis-set convergence of correlated calculations on water
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The basis-set convergence of the electronic correlation energy in the water molecule is investigated
at the second-order Mer—Plesset level and at the coupled-cluster singles-and-doubles level with
and without perturbative triples corrections applied. The basis-set limits of the correlation energy are
established to within ZnE, by means of(1) extrapolations from sequences of calculations using
correlation-consistent basis sets a2l from explicitly correlated calculations employing terms
linear in the interelectronic distances . For the extrapolations to the basis-set limit of the
correlation energies, fits of the form+bX 2 (where X is two for double-zeta sets, three for
triple-zeta sets, etcare found to be useful. CCSD) calculations involving as many as 492 atomic
orbitals are reported. €1997 American Institute of Physids$S0021-96067)00823-4

I. INTRODUCTION The extrapolation of energies towards the basis-set limit
With th t devel s i ter technol requires not only a systematic suite of basis sets such as the
! € recent developments in Computer technology, o ation-consistent sets, but also a simple model accord-

and computational methods, it has become possible to e)l(ﬁg to which the extrapolation can be carried out. For this

plore in detail the basis-set convergence of correlated met hurpose, Fellérhas proposed the use of a three-parameter

pds for mok_—:-cular_systems containing first-row atoms, allow_&axponential modeh+b exp(—cX), whereX is the cardinal
ing us to investigate the true convergence patterns an

convergence rates towards the basis-set limit for the standaft mber of the basis sef.e., two for cc-pVDZ and cc-

computational methods of molecular electronic ab initio® VDZ, three for cc-pvTZ and cc-pCVTZ, ejcHowever,

theory. Information on basis-set convergence rates is cruci%:thou%h Tutcrli a modgl m"?/ E]deed gltv%_a rleasct)rr:able ft t(t)
for any nonempirical computational scheme since it allows € caiculated energies, 1t does not dispiay the correc

us to make extrapolations and estimates of error bars in cal”lsymptOtIC behavior of the correlation energy and as such is

culations on large systems, where basis sets that would gi\)gappropriate for extrapolations to the basis-set limit. Indeed,

results close to the basis-set limit cannot be employed investigations of the asymptotic behavior of the second-order

In this paper, we present systematic calculations on th&orrelation energy—for the helium atom by Schwartz in

water molecule, investigating the basis-set convergence for262 using a X perturbation expansi&n and for
Hartree-Fock(HF) theory, for perturbation theory at the N-électron atoms by Kutzelnigg and Morgan in 1992 using

second-order Miter-Plesset(MP2) level, and for coupled- Maﬁller—PIesset t'heoFy.—indicate that the energy contribu-
cluster theory at two levels; the singles-and-doubles levefions from atomic orbitals of angulgr-momen}um quantum
(CCSD and the singles-and-doubles level with perturbativeUmberl should converge asymptotically alst() ~*—that
corrections for triple§CCSD(T)]. At each level of theory, IS slower than the egponenna! convergence of Feller's
we carry out systematic calculations of energies using thgodel. For the correlation energies, we have therefore car-
correlation-consistent  basis sets of Dunning andied out extrapolations based on a two-parameter Schwartz
co-workers: ™ namely, the correlation-consistent polarized model involving an inverse power of the cardinal number.
valence sets cc-pVXZ and the correlation-consistent polar- ~ The extrapolation of electron correlation energies to the
ized core-valence sets cc-pCVXRZhese sets are well suited complete basis-set limit has been investigated by Petersson
for our purposes, constituting hierarchical sequences of basf al. within the framework of the complete-basis-$€BS)

sets that allow us to approach the basis-set limits in conmodel chemistry developed by these autiofsThe CBS
trolled and systematic manner. However, even the largeghethod uses the asymptotic forms of the pair-natural orbital
correlation-consistent sets do not give results that are coreéxpansions for the pair correlation energies and pair-
verged to the basis-set limit, in particular for the correlatedcoupling terms to extrapolate from finite basis sets to the
methods. In order to establish these limits, additional calcubasis-set limit. Furthermore, the higher-level correction
lations are required. For this purpose, we have employe(HLC) of the Gaussian-2 approach accounts for remaining
explicitly correlated wave functions—that is, nonstandardbasis-set deficiencies by adding empirical correcti¢efs
wave functions that are particularly well suited for highly Ref. 11, whereas the correlation energies obtained from fi-
accurate calculations of dynamical correlation effects, connite basis sets are multiplied by an empirical parameter in the
taining terms linear in the interelectronic distancgs parametrized configuration-interactiqi®CI-X) method of
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TABLE |. Cartesian coordinateSn ao) for H;0. is the 0:159p7d5f3g/H:9s7p5d3f subset of the
0:159p7d5f3g1lh/H:9s7p5d3flg basis set(“II” in
Table Il) given in Ref. 14. The third basis is the cc-pV6Z
0 0.000 000 00 0.000 000 00 0.00000000 hasjs of Dunning and Felléin a fully uncontracted form,
1 e oot 0TI denoted nthe present work as @B (the basis for O
is available in the basis set library under the name
“pV6Z" ). The fourth basis, cc-pV6xc)+S, was obtained
by adding steep functions to this uncontracted basis. On oxy-
Siegbahret al!? A variety of extrapolation schemes, includ- gen, twod-type functions with exponents 40.38 and 17.63,
ing empirical corrections and inverse-power fits, have beemand onef-type function with exponent 14.44 were added; the

Atom X y z

studied by Martin'3 basis on hydrogen was augmented with gagype function
with exponent 9.67. Augmentation of the “standard” basis
Il. RESULTS AND DISCUSSION sets with steep functions improves the approximations inher-

ent in the CCSDI)-R12 method, based on inserting the ap-
roximate resolution of the identity in terms of the finite
asis into certain three-, four-, and five-electron integrals.

This section is organized as follows. After giving some
technical details on the calculations in Sec. Il A, we discus{
in Sec. I B the 'expllcnly correla}ted calculaﬂc_ms. Wwe _theln The results obtained with these four basis sets are dis-
proceed to consider the conventional calculations, beginnin

. - . . . b I in Table Il. For the MP2 i
with a discussion of basis sets in Sec. Il C. Extrapolations O%ayed in Table or the energies, two numbers are

the Hartree—Fock enerav using the exponential Eeller modeqlven since, at this level of theory, two different methods
) . 9y 9 P . exist, designated as MP2-R12/A and MP2-R12/B. These two
are discussed in Sec. Il D and in Sec. Il E we consider ex- ? : T
; ; . methods differ in the approximations used to compute some
trapolations of the correlated energies according to the . ;
) . of the many-electron integrals, based either on the standard
Schwartz model. In Sec. Il F we discuss calculations on the L L
. . . approximationA or on the standard approximatid@+—see
water molecule using basis sets larger than those available . L o
. ; . ef. 23 for details. It is important to note that the limiting
the standard correlation-consistent sequences and consider In

particular the convergence of the CCQI triples correc- values. n a complqte basis are the _same for both
tions to the correlation energies. approximations—that is, the complete-basis set MP2 value.

The difference between MP2-R12/A and MP2-R12/B is only
A. Computational details about ImE;,, indicating that these values are indeed already

In all calculations, the geometry of the water moleculeVe"Y close to the basis-set limit. It is our experience that for

was kept fixed at the experimental geometry adopted fronf molecule such as 3 the MP2-R12/A energy converges

Ref 14 and all 10 electrons were correlated. The CartesiaﬁomeWhat faster to the complete basis-set limit than does the

coordinates are given in Table I, which correspond to interSNErgYy obtained with appraximation B. The MP2-R12/B en-

: _ ergy usually converges from above to the limiting value,
nal coordinates of Ryp_y=1.80885 a, and Z,_o_n :
=104.52°. The explicitly correlated calculations at the Mpz_yvhereas the MPZ'RlZ./A. energy sometimes overshoo_ts and,
R12, CCSD-R12, and CCSD)-R12 leveld> 7 were per- if so, approaches the limit from below. Overall, we estimate
formed with thebiRccRr12-95 progrant® on IBM RS/6000 that the R12 values obtained with the cc-p\(6g+S basis

workstations(model 590 with 1 gigabyte of memoxyThe Seégbe'l’?zzm"l?%zz;?rsgsz'Réé/SB’ ;7221227 2E,, for
standard correlated calculations were carried out using ths “Re, an ' h 1O OT)-R12] are accu-

integral-direct techniques in Refs. 19—-21 as implemented iﬁate to within about 2nE,. Based on previous experience,
the DALTON program?? These calculations were run on a we assume that these values represent upper bounds to the

Cray C92A supercomputer equipped with 1 gigabyte Ofrespectwe basis-set limits.
memory.
C. Correlation-consistent basis sets

B. Explicitly correlated calculations The standard calculations were carried out using the

The MP2-R12, CCSD-R12, and CCED-R12 methods correlation-consistent basis sets of Dunning and co-
are similar to the standard methods MP2, CCSD, andvorkers—that is, the cc-pVXZ suite of basis sets designed to
CCSIOT) except that they employ explicitly correlated recover valence correlation energy, and the cc-pCVXZ suite
n-electron basis functions that depend linearly on the interdesigned to recover valence as well as core and core-valence
electronic coordinates;; . These linear;; terms ensure a correlation energies. These sets are particularly well suited
fast convergence of the correlation energies to the limitingor our purposes since they have been constructed to allow
value of a complete atomic-orbitéhO) basis set. We em- for a smooth convergence of the correlation energy towards
phasize that, in the limit of a complete one-electron basis, théhe basis-set limit. Thus, with each extension of the basis set,
energies obtained using the MP2-R12, CCSD-R12, andew functions are added that make similar contributions to
CCSOT)-R12 methods are identical to those obtained usinghe correlation energy. For example, the2p1d cc-pvVDZ
the standard methods MP2, CCSD, and CCBD basis for the oxygen atom contains a set of atomic Hartree—

Four different AO basis sets were used for the correlatedrock orbitals, augmented with one set of correlating func-
R12 calculations: The first badidenoted as “I” in Table 1)  tions for each occupied atomic orbital. Proceeding to the
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TABLE Il. Results for HO.

Basis N2 SCF AMP2 ACCSD ACCSOT)®

cc-pvDZ 24 —76.026 799 —0.203 960 —0.213 284 —0.003 055
cc-pvTZ 58 —76.057 168 —0.275076 —0.280 829 —0.007 770
cc-pvVQzZ 115 —76.064 835 -0.313 288 —0.317 004 —0.009 246
cc-pvsZ 201 —76.067 091 —-0.328 772 —0.330475 —0.009 852
cc-pV6ezZ 322 —76.067 401 —0.338 148 —0.338 802 —0.010074
cc-pCvDZz 28 —76.027 204 —0.241 326 —0.251 750 —0.003 288
cc-pCVTZ 71 —76.057 358 —0.317 498 —0.324 186 —0.008 235
cc-pCvQz 144 —76.064 948 —0.342 630 —0.346 496 —0.009 522
cc-pCVv5Z 255 —76.067 105 —0.352 283 —0.353 947 —0.009 997
cc-pCVeZ 412 —76.067 291 —0.356 330 —0.356 780 —-0.010 161
cc-pCV5Zuc) 272 —76.067 126 —0.352 393 —0.354 029 —0.010 000
cc-pCV524uc)+sp 304 —76.067 176 —0.352 434 —0.354 057 —0.010 001
cc-pCV5Zuc)+spd 334 —76.067 176 -0.352579 —0.354 163 —0.010 003
cc-pCV5Zuc)+spdf 362 —76.067 176 —0.352 780 —0.354 324 —0.010 005
cc-pCV5Zuc)+spdfg 371 —76.067 176 —0.353 208 —0.354 642 —0.010 020
cc-pCV5Zuc)+spdfghi 435 —76.067 179 —0.355020 —0.355822 —0.010 074
cc-pCV5Zuc)+spdfghi+D 492 —76.067 401 —0.355575 —0.356 175 —0.010 168
R12/B | 291 —76.067 345 —0.361 387 —0.359 841 —0.009 978
R12/A | —0.362 149

R12/B Il 320 —76.067 350 —0.361 453 —0.359 945 —0.010 044
R12/A 11 —0.362 005

R12/B cc-pV6Z4uc) 351 —76.067 404 —0.359 889 —0.359 329 —0.010 072
R12/A cc-pV6Z4uc) —0.361 062

R12/B cc-pV64uc)+S 374 —76.067 419 —0.360 595 —0.359 775 —0.010 116
R12/A cc-pV64uc)+S —0.361 486

Reference 9 —0.360 47

Reference 27 —0.356 36

Number of contracted Gaussian basis functions.

PTriples contribution.

“Constructed in the course of the present work.

dOne linear dependent function was removed from the basis.

4s3p2d1f cc-pVTZ basis, an additional set of correlating 4s4p3d core-correlating orbitals that is added to the cc-
functions of each angular momentum is included as well as pV5Z set in order to obtain the cc-pCV5Z set; next, the
set of higher angular-momentum functions. This process ifollowing sets of additional core-correlating orbitals were
continued for the larger basis sets, making sure that the coedded: & (with exponent 390.0 1p (500.0, 1d (300.0,
relating functions added at each level make similar contribu3f (116.0; 45.0; 17.354 2g (86.9; 21.7, and 1h (60.0.
tions to the energy. The results obtained using the polarized It is of some interest to note that, for the first-row atoms,
valence basis sets cc-pVXZ with cardinal numbers X up tahe number of contracted functions in the correlation-
six are listed in Table II. consistent basis sets can be written in the following simple
In the cc-pVXZ basis sets, only functions required for aforms:
correlated treatment of the valence electrons are included.

For a balanced treatment of correlation effects of all elec- NccfpVXZZE (X+1)| X+ E)(x+ 2), )
trons, the core-valence cc-pCVXZ basis sets have been de- 3 2
veloped. In these sets, additional stégght) correlating or- Neo_povxz=Nee_pvxz+ Nec_pvix—1z— 1, ()

bitals have been added for correlation in the core and core-
valence regions. Thus, thes3pld cc-pVDZ set is Naug-ce-pioyvxz =Nee-povxz T (X+1)?, 3)

augmented with steep functionssIip to yield the cc- \yhere we have also included the number of functions in the
pCVDZ set of composition &3pld, the 43p2d1f cC-  guq.cc-fC)VXZ basis sets, obtained by augmenting the
PVTZ set is augmented with steep functiors2pld toyield  giandard cc£)VXZ sets with diffuse functions. Thus, the
the 6s5p3d1f cc-pCVTZ set, and so on. size of the correlation-consistent basis sets increases as the

~ The cc-pCV6Z basis set is not available in the Exten-iirq power in the highest angular-momentum function.
sible Computational Chemistry Environment Basis Set

Databasé.Since a basis set of this type was highly desired . .
for our convergence study and basis-set limit extrapolation[,)' Hartree—Fock energies and extrapolations
we have attempted to construct a cc-pCV6Z-type set in the When considering how the calculated energies converge
course of the present work. For oxygen, the cc-pCV6Z sewith respect to the extension of the basis set, it is important
was obtained from the cc-pV6Z basis in two steps. First, wao distinguish between the convergence of the Hartree—Fock
added—without any modifications—the same set ofenergy and the convergence of the correlation
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For the cc-pVXZ sets, the SCF error decreases by a fac-

e tor of 3.9 with each increment in the cardinal number. A
similar exercise for the core-valence sets cc-pCVXZ gives a
76.03 | plot indistinguishable from those of the valence set and also
a similar fit, with basis-set limit of- 76.067 6E,, and a de-
crease by a factor of 3.9 with each increment in the cardinal
-76.04 number. As expected, there is nothing to be gained in the
Eecr total energy by carrying out Hartree—Fock calculations in the
cc-pCVXZ basis set, although molecular properties that de-
-76.05 1 pend critically on the electron distribution in the inner va-
lence and core regions may be significantly affected.
-76.06 -
e S E. Correlation energies and extrapolations
-76.07 - 7 . . .
Since the exponential fit was so successful for the
Hartree—Fock energies and since, for the correlation ener-
-76.08 s ) . s . L gies, a geometrical progression has been observed by Dun-
1

2 3 t 6 7 8 ning and co-workers, it would appear natural to use the same
exponential fits for the correlation energies. Indeed, it ap-
FIG. 1. Convergence of the SCF enefgyE,) for H,O as a function of the pears that reasonable exponentlal fits can be made to the
cardinal numbeX=2,3,...,6 in theseries of basis sets cc-pVXZ. The solid Calculated correlation energies for the valence and core-
line corresponds to the fit Eqc=—76.067 6+0.617 161 exp  Valence calculations. At this point, we recall that there is no
(=1.357 7X). rigorous theoretical justification for the use of the exponen-
tial function for the extrapolation of the correlation-energy
limit. On the contrary, the work of Schwarz indicates that the
correlation energy should not converge exponentially, but as
an inverse power in the highest angular-momentum function
present in the basis séinvestigating the second-order en-

energy. The Hartree—Fock model allows for an exact treat
ment within a finite one-electron badiwith 5 orbitals suffi-

cient for H,0), whereas the correlation energy cannot be . ;
H0) 9y ergy of the 1Z perturbation expansion for two-electron at-

treated exactly in any finite-dimensional basis. Conse- .

quently, it is reasonable to expect the convergence charactett > Schwartz showed that, asymptotically, the convergence

istics of these energy contributions to be different. The domi-Wlth r_espept to the angu_lar—morr_]entum quantum nuniber

nance of the Hartree—Fock energy over the correlatioﬁoma'ned in the one-particle basis goes as

energy also makes a separate treatment of these contributions 45

desirable. ART =~ 555
In order to extrapolate the Hartree—Fock and correlation

energies, we assume that simple analytical forms can bwherex=(I+3)~*. A similar formula was found empiri-

found that d|sp|ay the correct asymptotic behavior Of theca”y by Carro”et a|.24 fOI’ Configuration intel’action Ca|Cu|a—

energies, and which allow for accurate fits of the calculatedions on the helium atom,

e_nergies with only a few parqmete(since only_a few ener- AE,;=—0.074%—0.031\5+ #(\5), (6)

gies can be calculatédDunning found that, in correlated

calculations, the energy |owerings a|0ng the cc-pvVXzZ seJater analyzed in detail by Hlﬂ5 Recently, atomic states

quence decrease approximately geometrically. Indeed, thRther than the'S ground state have been studied by Kut-

observation constitutes much of the justification for thezelnigg and Morgafi,who also considered the rates of con-

correlation-consistent basis sets. Although the energy corre¥ergence oh-electron atoms in second-order/ Mo—Plesset

tions in Hartree—Fock calculations are expected to be smalldMP2) perturbation-theory calculations.

than those obtained in correlated calculations, we may stillat Schwarz’ work was based on aZlperturbation analysis

this uncorrelated level assume a geometrical progression féf the wave function of the helium atom and applies to a

these basis sets. In Fig. 1, we have therefore plotted th@tuation where the basis sets at each level are completely

cc-pVXZ energies for the water molecule together with ansaturated with respect to the radial part of the basis functions.

5
1-7 N2+ O\

, ®

exponential fit of the form We cannot apply these results directly to the cc-pVXZ and
cc-pCVXZ calculations on the water molecule since these
Esce=atb exp(—cX), (4) basis sets are constructed in a ‘“correlation-consistent”

manner—that is, convergence is obtained by adding func-
as suggested by FellBThis fit is seen to be an excellent one tions of different angular momenta simultaneously if they
with errors of the order of 0.InE, for all basis sets, indicat- give similar energy lowerings, rather than by saturating each
ing that the error in the SCF energy indeed decreases in angular-momentum space separately. Nevertheless, by anal-
geometrical fashion for the correlation-consistent basis setsogy with the helium expansion, it is reasonable to expect that
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TABLE Ill. Parameters of fits of the typE=a+bX ™3 to the cc-gC)VXZ

results, based on data points foX<6. -0.1
Method Basis a b
-0.15
MP2 cc-pvXZ —0.344 925 1.905 539
cc-pCVXZ -0.361 733 1.197 557
CCSD cc-pvVXZ —0.345 448 1.756 453
cc-pCVXZ —0.361902 1.013 900 02F
ccsoT) cCc-pVXZ —0.355 847 1.827 728 P
cc-pCVXZ —-0.372 359 1.073 822
0.25 |
. . : 03f
the correlation energy in the water molecule should in the
asymptotic limit converge at the best as an inverse power i
the highest angular momentum. 035 |
For our extrapolations of the correlation energies, we
have chosen to fit the calculated oSV XZ energies at the
triple-zeta and higher levels to an expression of the form 0.4 s L . . . -
1 2 3 4 5 6 7 8
Ecor=a+bX 3. (7) X

Tr_ns functional form was Choser_1 for its simplicity. It con- FIG. 2. Convergence of the total CCS:¥) and CCSDT) (x;M) corre-
tains only two parameters and displays the same asymptotigiion energiesin E,) for H,0 as a function of the cardinal numbar

behavior as the integrated Schwarz expansion for the helium2,3,...,6 in theseries of basis sets cc-pVX@ashed lingsand cc-pCVXZ
atom, (solid lineg. The curves represent linear least squares fits of the Eyge
=a-+bX"3, with the double-zeta data point excluded from the fit.

f (I+ 3 4dl=%L+1)"3 8
L+1/2

To arrive at the expressiof7) for the correlation-consistent t0 the maximum angular-momentum quantum number is not
series, we have identifidd+ 1 in the Schwarz expansids) observed for the first few terms in the expansion. The opti-
with the cardinal number of the CC('@)VXZ basis sets. mMum Strategy is Certainly to use the most extended basis sets

Other forms similar to expressidf) such as (with the highest cardinal numberfor the Schwartz fits.
_ C34d In Table IV, we list the parameters of the exponential fits
Ecor=a+b(X+c) , ® o the MP2, CCSD, and CCSD) correlation energies. In

were investigated for fits to the correlation energies, withouorder to compare the fits with the Schwartz fits, we excluded
significant improvements. In particular, the form identical tothe double-zeta values from the exponential fits also. For the
expression(7) but with X+ 1 rather tharX [as suggested by cc-pCVXZ basis sets, the basis-set limits from the exponen-
the form(8)] gives a slightly less satisfactory fit than expres-tial fits are about 3—#nE, higher than the limits obtained
sion (7), with basis-set limit results too low relative to the from the Schwartz fits. This is understandable, because the
R12 numbers. Note that, since the number of basis functionexponential fits decay more quickly than the Schwartz fits.
N grows with the third power oK, the inverse-power fit7) Furthermore, the basis-set limits from the exponential fits are
is related to a rate of convergence with a leading term irhigher than the corresponding R12 values by roughly
1/N. A fitin powers of 1N was carried out in earlier work to 2mE,. If we assume that the R12 values represent upper
the cc-pVXZ valence-shell second-order correlationbounds to the correlation energies, we must conclude that the
energie<® basis-set limits obtained from the exponentional fits are too
The Schwartz fits to the correlation-consistent energie§igh by at least ZnE,. For this reason, we believe that the
are listed in Table Il andfor the coupled-cluster calcula- limits obtained from the Schwartz fits are closer to the true
tiong) plotted in Fig. 2. In these fits, the double-zeta energies
have not been included since these basis sets are too small to
give any information about the asymptotic convergence. TheagLe Iv. Parameters of fits of the typE=a+b exp(—cX) to the cc-
basis-set limits that may be extracted from the Schwartz fitg(C)vXZ results based on data points fo<X<86.
to the cc-pCVXZ sets are close to the R12 results, the dif

ferences being only 1.1, 2.1, and 26, for MP2, CCSD, ~ Method Basis a b ¢

and CCSIDIT), respectively. Inclusion of the double-zeta setsmp2 cc-pVXZ —-0.344169  0.725570  0.784 376
in the fits would give results in worse agreement both with cc-pCVXZ —0.358757  0.682175  0.935222
the calculated numbers and with the basis-set limits. Furtheér©SP CC-pVXZ —0343160 0778586  0.842282
justification for leaving ouF the double-zet.a values may beccso(T) 22:‘;32&(2 :8:222 ggg g:gfg 2;2 (1):222 ;gg
obtained from CI calculations on the helium atom, which cc-pCVXZ ~0.368 338 0.876 152 1.064 860

show that the expected asymptotic convergence with respeet
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TABLE V. Exponents of Gaussian basis functions foCH

O atom
S p d f g h i
1 492600.00 2042.452 3 1075.7490 935.059 70 48.578 000 2.3190000 2.600 0000
2 164 200.00 934.293 90 379.742 20 247.567 00 9.438 600 0 0.823 0000
3 24 590.000 427.380 00 134.050 00 65.546 000 3.350 0000
4  5592.0000 225.630 00 47.320 000 17.354 000 1.189 000 0
5 1582.0000 195.500 00 16.703 000 4.016 0000 0.4220000
6 516.100 00 89.429 000 5.879 0000 1.554 0000
7 187.200 00 46.160 000 2.3070000 0.6010000
8 82.259 000 35.446 000 0.9050000 0.2324000
9 73.930 000 14.580 000 0.355 0000
10 31.220 000 5.296 000 0 0.139 3000
11 13.810 000 2.094 0000
12 6.256 000 0 0.847 1000
13 2.776 000 0 0.336 8000
14 1.138 0000 0.1285000
15 0.460 000 O 0.049 000 0
16 0.182 9000
17 0.072 7000
H atom
s p d f g h
1 1159.609 0 82.890 500 17.651 100 7.1770000 2.3580000 2.758 0000
2 402.000 00 31.423 500 7.216 0000 2.506 0000 0.8230000
3 264.300 00 11.912 500 2.9500000 0.8750000
4 60.240 000 4.516 000 0 1.206 0000 0.3055000
5 13.730 000 1.7120000 0.493 0000
6 3.905 000 0 0.649 000 0 0.201 5000
7 1.283 0000 0.246 000 0
8 0.465 500 0 0.0932000
9 0.1811000
10 0.0727900
11 0.029 2500

basis-set limits than those obtained from the exponential fitgNext, the cc-pCV5Zc)+ spd basis was obtained by adding
Finally, we note that the Schwartz fits correspond to lineatwo sets of steep functions to both oxygen and hydrogen.
least squares fits with only two parameters, while the expoAdding two sets of steep functions to oxygen and one set
nential fits represent more complicated nonlinear fits withof steepf functions to hydrogen, we then obtained the
three parameters. The fact that the simple two-parameter lin-

ear fits perform so well indicates that the underlying model

appears to be very useful. TABLE VI. Construction of Gaussian basis sets foyOH
F. Larger calculations and the convergence of the © até’m ¢ h )
S p g i

triples corrections

In order to investigate the convergence of the energyfoff;pcvauc) 2-16  4-14 3.9 37 13-4 1

basis sets larger than those present in the standardspg o 1-2
correlation-consistent sets, some additional calculations werespdf 1-2
carried out using special basis sets. First, the cc-pCV5Z basisspdfg 2
was uncontracted and trimmed to remove linear dependentspdfghi 2 1
cies within the primitive set. The resulting cc-pCMbIf) 17 15 10 8 >
basis was then used as a starting point for the construction of H atom
a sequence of even larger sets, designed to explore basis-set S P d f 9 h i
convergence more thoroughly. The exponents of these basig pcvgug 2-10 4-7 3-5 2-3 1
sets are given in Tables V and VI. +sp 1 1-3
The first basis sets generated from the cc-pCByset  +spd 1-2
were intended to explore basis-set saturation in the inner retSPdf 1
gions. Thus, we generated the cc-pC\iB@+ sp basis by iggg;ghi 2 1

adding steep andp functions to both oxygen and hydrogen, , p 11 8 6 4
with exponents obtained from a geometrical progression

J. Chem. Phys., Vol. 106, No. 23, 15 June 1997

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



Helgaker et al.: Correlated calculations on water 9645

TABLE VII. Estimated complete-basis-set energfgsE,) for H,0.

Method cc-pCV52Zuc)+spdfghi-D cc-pCVveZ R12 resuft Best estimate
SCF —76.067 4 —76.067 3 —76.067 4 —76.067 6-0.000 2
MP2 —76.4230 —76.423 6 —76.4280 —76.429+0.002
CCSD —76.423 6 —76.4241 —76.427 2 —76.429+ 0.002
CCsOT) —76.4337 —76.434 2 —76.437 3 —76.439-0.002
“Experimental” —76.440

&Constructed in the course of the present work.

bObtained with the cc-pV6@c)+S basis set.

°Error bars estimated by the authors, based on comparisons of different fits and comparisons with R12 calcu-
lations.

dSCF energy in the basis of the R12 calculation.

*MP2-R12/B result.

"Nonrelativistic total energy of JO estimated in Ref. 28.

cc-pCV5Zuc)+spdf basis. In the cc-pCV5@ic)+spdfg  izing the Fock matrix in the virtual space to obtain new
basis, one set af functions was added to oxygen only. canonical orbitals and orbital energies, and projecting the
To explore the effects of atomic functions with angular CCSD amplitudes in terms of the larger virtual basis onto the
momentum higher than that of those present in the originasmaller space. The virtual space can, for example, be reduced
core-valence cc-pCV5Z basis, we constructed thdly removing certain AOs(e.g., high angular-momentum
cc-pCV5Zuc) + spdfghibasis by introducind andi func-  functiong or natural orbitals with occupation numbers below
tions on oxygen an@ and h functions on hydrogen. The Some prescribed threshold. Some years ago, Adamowicz and
exponents for the oxygenfunctions and for the hydrogen Bartlett investigated effective reductions of the virtual space
h functions were taken from the cc-pV6Z basis. Finally, thein the step from MP2 to CCSD theofy*°Here, we propose
largest basis used in this study was obtained by augmentirig reduce the virtual space going from CCSD to CCBD
the cc-pCV52uc)+spdfghiset with sets of diffuses, p, ~ Work along these lines is in progress.
d, f, andg functions on oxygen and with diffusg p, d,
and f fu_nctions on h_ydrogen, With_expont_ants o_btaine_d by”l_ CONCLUSIONS
geometrical progression. The resulting basis set is designated
cc-pCV5Zuc)+spdfghi+D and contains 492 basis func- We have presented large-scale calculations on the water
tions. No linear-dependency problems were encounteretholecule, establishing—by means of extrapolations and ex-
with this basis. plicitly correlated calculations—the basis-set limits of the
Interesting observations can be made from the results igorrelation energy at the MP2, CCSD, and CGBDlevels
Table Il for the larger basis sets. First, we note that thgo within 2mE,. A summary of the results is provided in
CCSIT) perturbative triples correction is converged to lessTable VII. Our best estimates for the total energies are
than 0.1mE, at the cc-pCV5Z level and thus nothing is —76.068E, for the SCF energy,—76.429E, for the
gained by augmenting the basis with steep and diffuse fundIP2 energy, —76.429E,, for the CCSD energy, and
tions. On the other hand, the MP2 and CCSD results are- 76.439E,, for the CCSIIT) energy.
rather sensitive. By uncontracting the cc-pCV5Z basis, we Note added in proofUpon acceptance of this paper, we
observe changes in the correlation energies-@11mE, were made aware of a similar work carried out at the SCF
for MP2 and—0.08 mE, for CCSD. Further augmentation and MP2 levels by D. Moncrieff and S. Wilsqd. Phys. B
of the basis with steeppd f functions changes the energy by 29, 6009 (1996]. Their results are in good agreement with
—0.4mE, for MP2 and —0.3mE, for CCSD. A similar ours.
change is observed when a single seg dfinctions is added
to the oxygen atqm. The introduction of higher angwar'ACKNOWLEDGMENTS
momentum functions changes the MP2 energy by
—1.8 mE, and the CCSD energy by 1.1 mE,. The final The authors would like to thank Poulrgensen and
addition of diffuse functions also gives large changes, evedeppe Olsen for discussions. J.N. is obliged to the Slovak
in the Hartree—Fock energy, which is stable with respect tgrant agency VEGAproject No. 2-50}1 for the partial sup-
the other extensions of the basis set. port of this work. The research by W.K. was carried out in
Noting that the CCSIY) triples correction converges part at the ETH Zrich under Research Grant No. TH-19/
faster than the MP2 and CCSD energies to an error less th&-1. A generous allocation of CPU time by the ETHrigh
1mE,, for example, we are led to suggest an algorithmCompetence Center for Computational Chemistry is grate-
where the triples are calculated using a smaller basis set dfilly acknowledged. This work has further been partly sup-
virtual orbitals than the basis used for the CCSD calculationported by the Danish Natural Science Research Council
The proposed algorithm consists of orthogonalizing the newGrant No. 11-092fand the Norwegian Research Council
(smalley virtual space against the occupied space, diagonakGrant No. 111182/410
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