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Successive coupled-clustBECSOT)] calculations in basis sets afpdf, spdfg andspdfgh
quality, combined with separate Schwartz-type extrapola#totsB/(I + 1/2)¢ of the self-consistent

field (SCH and correlation energies, permit the calculations of molecular total atomization energies
(TAEs) with a mean absolute error of as low as 0.12 kcal/mol. For the largest molecule treated,
C,H,, we find ZDy=532.0 kcal/mol, in perfect agreement with experiment. The'-aegpV5Z

basis set recovers on average about 99% of the valence correlation contribution to the TAE, and
essentially the entire SCF contribution. ®97 American Institute of Physics.
[S0021-96067)02420-3

I. INTRODUCTION will demonstrate the same accuracy for thsHgmolecule,
The importance of accurate thermodynamic propertiesusing what rank among the largest basis set conventional
. . . coupled-cluster calculations reported to date.

can hardly be overestimated. As discussed at length in an
upcoming booK, the available experimental data are insuffi- Il METHODS
cient in both quality and quantity for many purposes, ahd '
initio calculations constitute the obvious alternative. The largest calculations reported in the present paper

From theab initio point of view, the most fundamental were carried out using the SEWARD/SWEDEN/TITAN
thermodynamic properties are molecular total atomizatiorprograms®~*?running on the Cray C90 at San Diego Super-
energies TAEs or =D, values. While there are several an- computer Center; the other ones were run usiogPRO96"
cillary issues such as core correlation, anharmonicity of theunning on DEC Alpha computers at the University of
zero-point energy, and the like, the two aspects of dbe Antwerp (Belgium) and at the Hebrew University of Jerusa-
initio calculation that determine the quality of computedlem.
TAEs are the valence-particle space or correlation treat- The CCSDT) method was used throughout. All basis
ment and the 1-particle basis set. sets employed belong to the cc4pX (correlation consisteft

Since the advent of CCSD) method (coupled cluster polarized valence n-tuple zetda and aug-cc-pWZ
with all single and double substitutiohand a quasiperturba- (augmentef cc—pVnZ) families of Dunning and co-
tive treatment of connected triple excitatidnthe correlation  workers. Following the suggestion of Del Béhand as in
problem appears to be largely solvkdf least for systems the earlier work, no diffuse-function “augmented” basis
where nondynamical correlation is not appreciably importanfunctions were used on H; this is denoted by ‘acg
(i.e., the7; diagnosti¢ is smal. This leaves basis set con- pvVnZ. The values ofn considered ard (triple), Q (qua-
vergence as the principal issue to contend with. Recentlydruple, and 5 (quintuple; the largest basis set,
one of us reportédthe very successful use of an extra- aug-cc-pV5Z, has & 7s6p5d4f3g2h/5s4p3d2f1g] con-
polation method based on the asymptotic convergencgacted size.
behaviof® of the interelectron cuspA/(l+1/2)*+B/(l All calculations are carried out at the CC8D¥cc-
+1/2)°+---, wherel is the largest angular momentum pVQZ optimum geometrie¥ except for those on £Ei,
present in the basis set. Applying this extrapolation to thavhere an extrapolatél CCSIT)/cc-pV5Z geometry was
CCSO(T) computed TAES using correlation consistemasis  used for the cc-pV5Z calculations and optimum geomeéltfies
sets ofspdf, spdfg andspdfgh quality, mean absolute for the other calculations.
errors over a sample of 13 experimentally, very precisely
known TAEs of as low as 0.30 kcal/mol could be reached. |1|. RESULTS AND DISCUSSION

Of course the asymptoticconvergence behavior of the
self-consistent fieldSCPH and correlation energies is quite
different, and therefore the use of separate extrapolations Three possibilities were considered here: a Feller-type
might improve results. We will show in the present contri- 3-point geometric extrapolatiofi,a 3-point Schwartz-type fit
bution that this is indeed the case, and that results of benclof A + B/(l + 1/2)*, or a 2-point extrapolation & + B/(l
mark quality(mean absolute error of about 01. kcal/incdn ~ + 1/2)° (a variation on the SCF energy extrapolation sug-
be obtained for the same set of molecules. In addition, weested by Petersson and co-workdrs

A. SCF binding energy
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TABLE |I. Computed[CCSD(T)], extrapolated, and observed total atomization energies and auxiliary quantities. All units are kcal/mokexdeish is
dimensionless.

Observed Extrapolated Calculated
Valence autrc-pV5Z
3D° ZPEC  S-O° S DS Extrap. 3D/ SCF correlation  « SCF Val corr  Core cofr
HNO 196.8%6) 8.56 0.22 205.64) 205.30 205.67 8544  119.38 3.89 85.42 118.08 0.48
Cco, 381.916) 7.24 0.43 389.68) 389.75 389.75 258.08 129.89 3.91 258.08 128.23 1.78
Cco 256.1612) 3.11 0.31 2590.582) 259.56 259.56  181.59 77.01 3.69 181.56 75.93 0.96
F, 36.9410) 1.30 0.77 39.04L0) 38.29 38.29 -—-31.07 69.43 4.26 —31.08 69.14 —0.07
N, 225.063) 3.36 0 228.4B3) 228.16 228,53 119.71 107.59 3.52  119.66 105.83 0.85
N,O 263.6110) 6.77 0.22 270.6@0) 269.73  270.23 95.15 173.32 3.93 95.09 171.35 1.26
C,H, 388.9(24) 16.46 0.17 405.524) 405.04  405.04 299.93 102.67 4.37 299.84 101.62 2.44
CH, 392.5114) 27.6 0.08 420.234) 420.18 420.18 331.60 87.33 455 331.52 86.70 1.25
H,CO 357.25%16) 16.53 0.31 374.096) 37433 374.33 264.86 108.15 4.13 264.81 107.04 1.32
H,O 219.3%2) 13.25 0.23 232.82) 232.83 232.83  160.03 72.41 466  160.01 71.87 0.38
H, 103.270) 6.21 0 109.48)) 109.48 109.48 83.86 25.62 431 83.84 25.49 0.00
HCN 303.1025) 10.09 0.08 313.225 31296 313.33  204.42 106.86 3.94 204.37 105.50 1.67
HF 135.3317) 5.85 0.39 141.527) 14154 141.54 100.04 41.32 5.38 100.03 41.12 0.18
NH; 276.7310) 21.33 0 298.06L0) 297.77  298.15 203.31 93.79 4.44 203.26 92.96 0.66
Mean abs. err. w/o 2 0.23 0.12
Mean abs. err. w/o 2 0.88 0.49
C,H, 531.9129% 31.60 0.17 563.689 563.77 563.77 43511 126.30 425  434.94125.00 2.36

@Anharmonic zero-point energy.

bSpin—orbit contribution to the atomic energy.

‘Taken from the compilation in Ref. 26 unless indicated otherwise.
dUsing the additional correctioB;(bond orde) X 0.126 kcal/mol, wheré runs over all bonds with at least one N atom.
°Taken from Ref. 27 unless indicated otherwise.

'Reference 6.

9Including R:mean{0.26,0.16, maximum{0.88,0.72 kcal/mol.
"Reference 28.

'Reference 29.

lUsing cc-pV5Z basis sdtsee text

“Reference 17.

Since the SCF TAE is essentially converged with theaud-cc-pMZ level, forl = 3, 4, and 5. The average optimum
augd-cc-pV5Z basis set, all methods yield almost identicalexponent over the sample is 4.21, with individual values
results, the geometric extrapolation consistently yieldingranging from 3.52 for M over 3.91 for CQ, and 4.55 for
slightly lower results than the two others. We have arbitrarilyCH,, to 5.38 for HF. As can be seen in Table I, the extrapo-
chosen the two-poirk + B/(I + 1/2)° extrapolation results. lation beyond CCSIT)/aug-cc-pV5Z accounts for amounts
These are tabulated in Table I, where the computedanging from 0.13 kcal/mol for FHover 0.63 kcal/mol for
SCF/aug-cc-pV5Z values are also given for comparison. InCH, and 1.11 kcal/mol for HCO to 1.97 kcal/mol for
all cases, the extrapolation increment beyond this basis set i$,0.
less than 0.1 kcal/mol. The quality of these results is best illustrated by compar-
ing the sum of extrapolated SCF and valence correlation
components, plus the core correlation term, with the experi-

The difference between the experimental nonrelativistionental TAEs. This comparison is again given in Table |. The
TAE, our SCF limit value, and the core correlation contribu-results are found to be in excellent agreement with experi-
tion should give us the valence correlation component ofnent, with a mean absolute error of 0.26 kcal/mol; if the
TAE to high accuracy. What percentage thereof is recovereglathological i molecule is eliminated, this drops to 0.23
by the basis sets used here? Over the sample of all moleculisal/mol. Note that no empirical correction has been applied
considered here exceptid,, CCSO(T)/aug-cc-pVnZ on av-  so far, while a small empirical correction for triple bonds or
erage recovers 83.1% for=D, 93% forn=T, 97.7% for  cumulated7 bonds was required in the previous wbio
n=Q, and 98.9% fom=>5. This means that any extrapola- achieve this accuracy. The largest remaining error, 0.88 kcal/
tion method will have to cover approximately the last percenmol, is for N,O.
of the valence correlation part of TAEThe latter itself con- In order to illustrate typical convergence behavior for the
stitutes a component of the total ranging from 20.8% inSCF and correlation energies, we consider the basis set in-
CH, over 34.2% in HCN to 64.4% in )O, with the 179.8% crements for a representative exampleCB. At the SCF
of F,, which is unbound at the SCF level, as a pathologicalevel, enlarging the basis set from awgg-pVDZ to
outlier.) aug-cc-pVTZ increases TAE by 4.63 kcal/mol; for the next

We have fitted the expressign+ B/(l + 1/2)* hereto  step up, to augcc-pVQZ, the increment drops to 0.96 kcal/
the valence correlation components of TAE at the CCSD  mol, while further enhancing the basis set to ‘aog-pV5Z

B. Correlation energy
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adds only 0.06 kcal/mol. The extrapolation beyond  Successive CCSD)/cc-pvnZ (n=D,T,Q,5) calcula-
augd-cc-pV5Z accounts for only 0.05 kcal/mol. By contrast, tions yield 78.9%, 93.0%, 97.5%, and 99.0%, respectively,
the corresponding increments to the CG@Q¥Pvalence cor- of the valence correlation component of TAE, which is in
relation part of TAE are 6.94, 3.35, and 1.14 kcal/mol, withline with the trends noted above. Carrying out a 3-point ex-
our extrapolation accounting for a further 1.11 kcal/mol.  trapolation directly to the CCSD)/cc-pVmZ (m = T,Q,5)
Interestingly, with the exception of J8,, all remaining valence correlatioenergiesyields a CCST)/cc-pVeeZ va-
significant errors involve nitrogen compounds. Now it haslence correlation energy of0.40245 Hartredthe optimum
been known for some timesee e.g., Refs. 20—P2#hat basis «=4.112, of which the cc-pVnZ basis setsr{=D,T,Q,5)
set convergence in nitrogen compounds is especially slow. iecover 78.2, 93.2, 97.6, and 98.9%, respectively. The cc-
was previously notétthat the extrapolated value for,Nh- pVQZ figure corroborates the assertion in a very recent
creases another 0.3 kcal/mol when the basis sets are takenrasiew?” that the cc-pVQZ basis set recovers about 98% of
cc-pvnZ (n=Q,5,6)instead, and the cause was suggestethe valence correlation energy of ethylene.
theré to be the triple bond. However, the errors for such In the present case, a 2-poiktt B/(I + 1/2)° extrapola-
molecules as Nklsuggest that the problem may in fact be tion to the SCF/cc-pVQZ and SCF/cc-pV5Z TAEs leads to
the involvement of nitrogen in the bond. If we take the erroran SCF limit TAE=435.11 kcal/mol, while a 3-poinA
bars of all the nitrogen-containing molecules in the table,+ B/(l + 1/2)* extrapolation to the valence correlation com-
divide them by the sum of the respective bond orders inponent of the CCSOO)/cc-pVnZ (n=3,4,5) TAEs yields a
volved, and take the average, we find a suggested correctidyasis set limit of 126.30 kcal/mol, the optimuabeing 4.25.
term of 0.126 kcal/mol per bond order involving at least oneTogether with the core correlation contributtérof 2.36
N atom. Adding that in to the extrapolated results leads tdcal/mol, this leads to 563.77 kcal/mol or, after subtracting
the numbers in the seventh column of Table I. the best anharmonic zero point enérggf 31.60 kcal/mol
With a mean absolute error of 0.12 kcal/mol,(Rot  and the spin-orbit contribution of 0.17 kcal/mol, to a calcu-
included, these numbers can be considered of “benchmarkated =D ,=532.00 kcal/mol, in perfect agreement with the
quality” by any standard; indeed, the average of the experiexperimental value without spin—orbit contributions of
mental uncertainties over the sample is 0.11 kcal/mol. Th&31.91+0.29 kcal/mol. This is slightly better agreement than
largest remaining errof0.49 kcal/mo) is for CH,; critical  that the extrapolated result of Machado and David$ai
evaluation of the experimental datsuggests that the cause though the difference is only tenths of a kcal/mol.
for the difference there may not be entirely due to the re-
maining error in the calculation. The next two largest errors
are 0.37 kcal/mol for BD and 0.24 kcal/mol for KCO: all
remaining ones are below or equal to 0.12 kcal/mol, the cal- ]
culated value often lying within the experimental error bar. P- Conclusion
It is hard to imagine how these results could be further  We have shown here that CCSID) calculations in very
improved. The limiting factor for obtaining such accuracy |arge basis sets, together with separate extrapolation of the
for other molecules, using this approach, would appear to b§CF and correlation energies, permit the calculation of total
the presence of appreciable nondynamical correlation effectgtomization energies of a number of small polyatomic mol-
which would compromise the performance of the CCBD  ecules to within 0.12 kcal/mol, on average, of experiment.
electron correlation method. It is noteworthy in this contextThe largest molecule we were able to treat in this manner is
that NO is the only molecule in the series for which the C,H,.
7, diagnostic reaches 0.02, which is usually takems the The aug-cc-pV5Z basis set recovers essentially the en-
criterion for important nondynamical correlation. Whilg F tire SCF binding energy and about 99% of the valence cor-
has a fairly low.7;=0.013, the 3;— 307, excitation has a relation component. The importance of nondynamical corre-
cluster amplitude of about 0.20 in the converged CCSDation appears to be the prime limiting factor for the accuracy
wave function, which suggests that a more sophisticatedt the present stage.
electron correlation method that CC8D may be in order At present, CCSDT)/aug-cc-pV5Z calculations are not
for the accuracy being pursued here. a realistic option for larger systems. If a mean absolute error
of 0.23 kcal/mol is acceptable, CCED/aud-ccpVQZ com-
bined with the 3-parameter Martin correcti6®>?®and ex-
plicit calculation of the core correlation contribution appears
A CCSD(T)/aug-cc-pV5Z calculation on ethylene, at to be the most efficient alternativ®.(As an example, for
474 basis functions, is beyond our computational resourcegthylene we thus obtaiiD.=563.57 and=D, = 531.98
However, since gH, is not a polar molecule, the difference kcal/mol, in excellent agreement with experiment. The
between this basis and a CC8lYcc-pV5Z calculation will  3-parameter correction accounts for 2.82 kcal/mol of these
be negligible, as was foufifor CH, and GH,. At 402 basis values) In order to investigate whether the present accuracy
functions with all 12 valence electrons correlated, this ranksould be obtained for larger systems using less computation-
among the largest CC3D) calculations performed to date ally demanding correlation methods for the final basis set
using a conventional prografithat is, with disk storage of extrapolation steps, research is currently under way concern-
integrals. ing 1-particle basisr-particle space coupling.

C. Application to C ,H,
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