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Abstract

Total atomization energies (TAEs) of about a dozen small polyatomic molecules have been calculated at the CCSD(T)
level using correlation consistent basis sets of up to [7s6p5d4f3g2h] quality, and including core correlation. Single bond
energies are close to convergence with such basis sets: for multiple bonds, extrapolation remains mandatory. ‘Augmented’
basis sets specifically designed for anions yield improved atomization energies for highly polar molecules. An extrapolation
of the form A + B/(I + 1/2)* + C/(I 4+ 1/2)5, with [ the maximum angular momentum in the basis set, is found to
yield TAEs accurate, on average, to 0.5 kcal/mol using at most [sdpfg] basis sets. Using [spdfgh] basis sets and a small
additivity correction for triple bonds, this can be reduced to 0.2 kcal/mol.

1. Introduction

The calculation of total atomization energies
(TAEs; 5" D, values) - and thermochemical data in
general - to chemical accuracy (commonly defined as
I kcal/mol) has been a long-standing goal of quan-
tum chemistry. Obtaining these directly has been a
losing battle due to the well-known slow convergence
behavior of the electron—electron interaction, which
asymptotically [ 1] converges as (I+1/2) —4 (see also
Refs. [2,3] for detailed treatments). For example, in
a pioneering basis set saturation study [4] on N it
was found that even a multireference configuration in-
teraction (MRCI) calculation in a [ 6s5p4d3f2glhli]
basis set, after corrections for core correlation and

1On sabbatical from: Limburgs Universitair Centrum, Depart-
ment SBG, Universitaire Campus, 3590 Diepenbeek, Belgium and
University of Antwerp (UIA), Institute for Materials Science, De-
partment of Chemistry, Universiteitsplein 1, 2610 Wilrijk, Belgium.

basis set superposition error, does not come closer
than 2.4 kcal/mol to the experimental value.

One solution for this problem has been the use of
wavefunctions that explicitly contain interelectronic
distances, such as the MP2-R12 method of Kutzelnigg
and Klopper [5] and Gaussian-type geminals, which
have mainly found application in small systems, but
which have been applied, e.g., to Ne [6] and H,0 [7]
by Szalewicz and co-workers, and recently by Persson
and Taylor [8].

Another has been to introduce various empirical
correction schemes. The most popular such scheme is
G2 (Gaussian-2) theory {9], in which a total energy is
obtained from basis sets of spdf quality, additivity ap-
proximations involving fourth-order perturbation the-
ory and approximate coupled cluster energies, and an
empirical correction formula of the form

AE = Anunpaired +(A+ B)npaired, (1)

which depends on the numbers of unpaired and paired
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electrons. Determining A and B from a large sample
of experimental atomization energies, a mean absolute
error of about 1.1 kcal/mol could be achieved.

A less popular scheme has been Martin’s 3-
parameter additivity correction [10,11]

AE orrection = Aghg + bang
+ (ng + nz + Nione pair ) Cpair- (2)

in which 74, Rz, Bione pair Tepresent the numbers of o
bonds, 7 bonds, and lone pairs, respectively, and the
coefficients ag, by, Cpair are specific for the basis set,
electron correlation treatment, and (level of theory
used for the) reference geometry. (They are deter-
mined by least-squares fitting to a fairly small sam-
ple of accurately known TAEs.) For coupled clus-
ter calculations using spdf basis sets, performance of
the scheme is somewhat better than G2 theory; for
spdfg basis sets, mean absolute errors as low as 0.46
kcal/mol can be reached. Experimentation with even
larger basis sets [ 12] appears to indicate that the point
of diminishing returns has been reached.

Both schemes have their empirical nature in com-
mon; an additional disadvantage of Eq. (2) - which
does allow us to go beyond ‘mere’ chemical accuracy
~ is that the molecule must exhibit clearly defined
directional bonding, which severely restricts applica-
tions to, e.g., boranes and transition metal complexes.

A third alternative, which is neither empirical nor
requires calculations with explicitly correlated wave-
functions, and does not require connectivity informa-
tion, is extrapolation from a systematic sequence of en-
ergies using progressively larger basis sets. The most
widely used such formula was proposed by Feller [ 13]
and extensively used by the Dunning group (e.g. Refs.
[14,15]):

E(l) = Eoo + Aexp(—Bl), (3)

where [ is the maximum angular momentum quantum
number in the basis set.

In the present paper, we investigate the conver-
gence behavior of computed TAEs for about a dozen
molecules where the experimental value is precisely
known. The basis sets will include up to h functions,
and, in the case of Ny, up to i functions. Secondly,
we assess the performance of Feller’s extrapolation
method. Thirdly, a new extrapolation method will be
proposed which is shown to perform markedly better

than Feller’s. Fourthly, it will be shown that, in combi-
nation with ‘augmented’ basis sets that include up to
h functions, a target accuracy of better than 1 kJ/mol
(0.23 kcal/mol) is within reach.

2. Methods

All calculations were carried out using the MOL-
PRO 962 ab initio package running on a DEC Alpha
TurboLaser 8200 5/300 at the Hebrew University, and,
for the most demanding calculations in terms of disk
space, on the Cray C90 at San Diego Supercomputer
Center.

The CCSD(T) electron correlation method [16], as
implemented for open-shell systems by Hampel et al.
[171, has been used throughout. The acronym stands
for coupled cluster with all single and double substitu-
tions [ 18] augmented by a quasiperturbative account
for triple excitations [ 16]. From extensive studies (see
Ref. [19] for a review) this method is know to yield
total energies close to the exact basis set correlation
energy. Specifically for the N molecule, the differ-
ence in the total atomization energy with an extensive
CASSCEF/CI calculation in the cc-pVQZ basis set was
only 0.3 kcal/mol (CCSD(T) being the lowest).

Only the valence electrons were correlated in the
various calculations except when indicated otherwise.
The effect of core correlation was taken as the dif-
ference between calculations with valence electrons
only correlated, and all electrons correlated, using
the Martin-Taylor [20] core correlation basis set.
This was previously found [21] to recover essentially
the entire core correlation effect for those molecules
where more accurate information was available.

All other basis sets are from the ‘correlation consis-
tent’ family of Dunning and co-workers [22,23]. The
following have been considered:

- the cc-pVnZ basis sets (correlation consis-
tent polarized valence n-tuple zeta), with n =
D,T,Q,5,6 (double, triple, quadruple, quintuple, hex-
tuple). These basis sets consist of [3s2p1d/2slp],
[4s3p2d1f/3s2pld], [5s4p3d2flg/4s3p2dif], [6s-

2MOLPRO 96 is an ab initic MO package by H.J. Wemer
and PJ. Knowles, with contributions from J. Alml6f, R.D. Amos,
M.J.O. Deegan, S.T. Elbert, C. Hampel, W. Meyer, K.A. Peterson,
R.M. Pitzer, A.J. Stone, PR. Taylor and R. Lindh.
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5p4d3f2g1h/5s4p3d2flg], and [7s6p5d4f3g2hli/
6s5p4d3f2glh] contractions, respectively, where the
part behind the slash indicates the basis set for hydro-
gen and that before the basis set for first-row atoms

~ the aug-cc-pVnZ basis sets, in which one ‘diffuse’
or ‘soft’ (i.e. low-exponent) function of each angular
momentum is added. The exponents were optimized
for the anions of the corresponding atoms [23]

~ the aug’-cc-pVnZ basis sets (acronym coined by
Del Bene [24]), in which the soft functions are only
added to the heavy atoms and omitted on the hydrogen
atoms

It was previously established [11] that different
families of large basis sets with similar contracted
sizes (e.g. atomic natural orbital [25]) yielded results
for the total atomization energy of the same quality as
the corresponding correlation consistent basis sets. Of
the correlation-consistent core correlation basis sets
[26], the cc-pCVQZ basis set should yield results of
comparable quality as the Martin-Taylor one [21].

For the cc-pVnZ basis sets (n = D,T,Q), energies
were calculated at the true CCSD(T) /cc-pVnZ equi-
librium geometry: for n = 5 and up, and for the aug-
cc-pVnZ and aug’-cc-pVnZ (n = D, T, Q, 5) basis
sets, CCSD(T) /cc-pVQZ reference geometries were
used. Full geometry optimization was performed in
the calculations with the Martin-Taylor basis set.

The anharmonic zero-point energies (ZPEs) were
obtained from experimental anharmonicity constants
(where full accurate sets are available) or accurate ab
initio anharmonic force field studies (see Table 1 for
detailed references).

The present calculations are all nonrelativistic.
For the present purpose, the main consequence is
that the spin-orbit components of B(?P), C(°P),
O(C®P), and F(*P) are all degenerate, which of
course is not the case in Nature. In order to permit
direct comparison, the effect of spin-orbit split-
ting in the atoms should therefore be extracted out
of the experimental TAEs. For example, for every
oxygen atom present, TAE should be increased by
[ECP) +3ECP1) +5E(PP2)1/9-E(Po) (seee.g.
Ref. [27]). The largest two effects of atomic spin-
orbit splitting in the present work are 0.8 kcal/mol
(for F3) and 0.6 kcal/mol (for CO;), clearly on the
order of magnitude of the accuracy we are trying to
achieve.

3. Results and discussion

CCSD(T) total energies with the different basis sets
are given in the top half of Table 2. After using the
core correlation contributions ( Table 1) as an additive
correction, this leaves the residual errors given in the
bottom half of Table 2. While the mean absolute error
for the CCSD(T) /cc-pV5Z+-core results does drop to
2.42 kcal/mol (maximum 4.64 kcal/mol), and still
somewhat further to 2.14 (maximum 4.04) kcal/mol
for CCSD(T) /aug’-cc-pV5Z+core, this is clearly out-
side the definition of ‘chemical accuracy’, even though
this kind of accuracy on ‘raw’ (uncorrected) results
would have been unimaginable five years ago due to
computational power limitations.

More detailed investigation does reveal that sin-
gle bonds are, on average, calculated only about 0.5
kcal/mol too weak, which suggests approach to con-
vergence. (With the cc-pVQZ basis set, this effect is
less systematic.) Multiple bonds are however still cal-
culated 2-3 kcal/mol short of experiment, suggesting
that they are somewhat further from convergence even
though, again, the effects appear to be somewhat more
systematic than with the cc-pVQZ basis set. As ex-
pected, the difference between cc-pVnZ and aug’-cc-
pVnZ errors diminishes as n increases, with the aug’
basis sets being obviously superior.

We have repeated part of the calculations with the
aug-cc-pVnZ basis sets. While there are significant
differences with aug’-cc-pVnZ for n = D, these dwin-
dle to ~ 0.1 kcal/mol or less for n = 5. This suggests
that the contribution of diffuse functions on hydrogen
in the aug-cc-pVDZ basis is largely due to basis set
superposition error.

All in all, the results suggest that some form of
empirical correction and/or extrapolation will remain
indispensible for some time.

The first possibility is the exponential extrapola-
tion, eq. (3). A minimum of three different values of
! is required to enable the use of the formula. In the
present work, we will denote with Feller(Imn) the E,
obtained from CCSD(T)/cc-pVIZ, CCSD(T)/cc-
pVmZ, and CCSD(T)/cc-pVnZ results, and with
aug’-Feller(Imn) the corresponding value obtained
with aug’ basis sets.

The extrapolated values are shown in Table 3.
As it turns out, Feller(DTQ), Feller(TQ5), aug'-
Feller(DTQ), and aug’-Feller(TQ5) results, which
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Experimental E Dy values, zero point energies, 2 Dg values and computed core correlation contributions. All units are kcal/mol. For

detailed references, see Ref.[12]

> Do ZPE > De w/o spin-orbit Core corr.
CH; 388.90(24) 16.46 405.36(24) 405.53(24) 244
CHy 392.51(14) 27.6 420.15(14) 420.23(14) 1.25
(60) 256.16(12) n 259.27(12) 259.58(12) 0.96
CO, 381.91(6) 724 389.15(6) 389.68(6) 1.78
H, 103.27(0) 6.21 109.48(0) 109.48(0) 0.00
H,0 219.35(2) 13.25 232.60(2) 232.83(2) 0.38
HF 135.33(17) 5.85 141.18(17) 141.57(17) 0.18
NH; 276.73(10) 21.33 298.06(10) 298.06(10) 0.66
N» 225.06(3) 3.36 228.42(3) 228.42(3) 0.85
H,CO 357.25(16)(12) 16.53 373.78(16) 374.09(16) 1.32
) 3 36.94(10) 1.30 38.24(10) 39.01(10) —0.07
HNO 196.85(6) 8.56 205.41(6) 205.64(6) 0.48
N,O 263.61(10) 6.77 270.38(10) 270.60(10) 1.26
Table 2
Experimental Z D, values and errors for directly computed CCSD(T) energies. All values in kcal/mol
Exp. Regular Aug’
VDZ VTZ vQz vszZ AVDZ AVTZ AVQZ AV5Z
CH, 405.53(24) 34.25 12.27 6.10 422 35.19 11.26 5.59 4.03
CHy4 402.23(14) 24.78 721 3.16 2.03 24.11 6.70 3.03 1.99
CcO 259.58(12) 18.12 7.90 3.53 225 19.16 7.58 327 2.06
CO, 389.68(6) 33.13 13.87 6.11 3.75 3247 12.46 5.30 334
H, 109.48(0) 5.87 1.10 0.36 0.14 6.02 1.10 0.36 0.14
H,O 232.83(2) 2394 7.70 2.87 1.22 14.77 5.09 1.77 0.93
HF 141.57(17) 15.12 4.52 1.51 0.52 7.79 2.49 0.69 031
NH; 298.06(10) 30.37 9.86 401 2.04 23.00 7.36 3.00 1.79
N, 228.42(3) 27.79 11.97 5.55 3.30 27.31 1043 4.62 2.83
H,CO 374.09(16) 28.78 10.29 434 247 26.52 8.85 3.66 220
F> 39.01(10) 11.82 4.18 2.29 1.44 9.52 2.56 1.33 0.94
HNO 205.64(6) 27.46 1091 4.74 2.54 23.09 8.69 3.54 2.06
N,O 270.60(10) 40.08 16.87 7.70 4.64 38.20 14.48 6.35 4.04
mean abs. error 24.73 9.13 4.02 2.35 22.09 7.62 3.27 2.05
max. abs. error 40.08 16.87 7.70 4.64 38.20 14.48 6.35 4.04

should ideally all be nearly equal, may differ quite
appreciably, particularly for polar compounds. For
CO,, for example, aug’-Feller(DTQ) and aug’-
Feller(TQS) differ by no less than 1.21 kcal/mol,
one value too low, the other being too high. The mean
absolute error for aug’-Feller(TQ35) is 0.71 kcal/mol,
and the maximum (for N,O) 1.89 kcal/mol. While
this does fall within the goal of chemical accuracy,
the fact that one cannot do any better than this with

a [7s6p5d4f3g2h/5s4p3d2flg] basis set is hardly
encouraging. Actually, Martin’s empirical correction
scheme [10,11] achieves better results with much
smaller basis sets.

The main problem with Eq. (3) is that it is purely
empirical - derived from the observed convergence
behavior [22] of the contributions of progressively
higher angular momenta to total energies, as well as
of those of extra functions of one particular angular
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Table 3
Experimental Z De values (kcal/mol) and errors (kcal/mol) in extrapolated CCSD(T) calculated values after correction for core
correlation

Exp. Feller(DTQ) Feller(TQS) Schwartz4(TQ) Schwartza(TQ5) Schwartz4(Q5) Schwartz6(TQS5)
= correction Vv v Vv
Regular cc-pVnZ basis sets
C2H; 405.53(24) 1.24 0.97 0.09 0.37 ~-0.03 0.26 —-0.04 0.32 0.02
CH,4 402.23(14) 0.74 0.35 -043  0.04 004 —-0.13 —0.13 -0.02 -0.02
cO 259.58(12) -0.16 0.77 006 035 ~0.05 024 -0.06 029 -0.01
CO, 389.68(6) —0.34 0.96 -0.15 0.18 ~022 005 -025 0.13 -0.17
H; 109.48(0) 0.23 0.06 -0.07 0.00 0.00 -0.03 —-0.03 -0.01 -0.01
H,0 232.83(2) 0.44 -0.01 —-031 —0.64 -0.64 —-049 —049 -0.56 -0.56
HF 141.57(17) 0.18 —0.15 -041 -0.52 052 -047 -0.47 -0.50 -0.50
NH;, 298.06(10) 1.02 0.37 -0.03 -0.39 -039 -023 -023 -0.31 -0.31
N, 228.42(3) 0.94 1.26 099 031 -0.09 062 032 048 0.18
H,CO 374.09(16) 0.23 0.31 ~-041 -034 -0.34 -0.37 -0.37 -0.36 -0.36
F 39.01(10) 1.86 091 127 024 024 083 0.83  0.67 0.67
HNO 205.64(6) 0.89 0.86 071 -0.11 —0.11 0.27 0.27 0.12 0.12
N,O 270.60(10) 1.15 1.87 1.14 072 032 090 0.60 081 0.51
mean abs.err. 0.72 0.68 0.47 0.32 0.23 0.38 0.28 0.35 0.26
max.abs.err. 1.86 1.87 127 072 064 090 0.83 0.81 0.67
aug’-cc-pVnZ basis sets
CyH, 405.53(24) 1.49 0.99 ~0.12 056 0.16 0.31 0.01 0.47 0.17
CHy 402.23(14) 0.92 0.32 ~034 002 0.02 -0.11 -0.11 —0.09 -0.09
CcO 259.58(12) —0.10 0.66 ~0.18 028 -0.12 012 -0.18 022 -0.08
CO, 389.68(6) —-0.32 0.89 ~0.61 0.30 -0.10 -0.03 -033 0.8 --0.12
H; 109.48(0) 024 0.06 -0.07 0.00 0.00 -0.03 -0.03 —-001 -0.01
H,0 232.83(2) -0.31 0.31 -053 005 005 -0.14 ~0.14 =001 --0.01
HF 141.57(17) —-0.42 0.12 -0.54 —0.04 -0.04 -0.18 -0.18 —-0.04 -0.04
NH; 298.06(10) 0.66 0.66 -0.18 031 0.31 0.14 0.14 022 0.22
N, 228.42(3) 0.83 1.17 0.41 0.58 0.18  0.51 0.21 0.55 0.25
H,CO 374.09(16) 0.20 033 -0.65 -0.12 -0.12 -0.31 -031 -0.20 -0.20
F; 39.01(10) 1.50 0.83 0.69 068 0.68  0.69 0.69  0.68 0.68
HNO 205.64(6) 0.34 1.01 0.09 0.55 0.55 0.38 0.38 0.48 0.48
N;O 270.60(10) 0.99 1.89 0.40 1.18 078 090 060 094 0.64
mean abs.err. 0.64 0.71 037 036 024 030 022 032 0.23
max. abs.err. 1.50 1.89 0.69 1.18 0.78 0.90 0.69 0.94 0.68

momentum, to the total energy. Beyond that, it has no
physical basis.

Schwartz [1], on the other hand, considered the
convergence of the second-order energy of helium-like
atoms, and showed analytically (see also Kutzelnigg
[2]) that the contributions to the energy for a given
angular momentum [ converge as

AE(I) = A/(I+1/2)*+ B/(I+1/2)®
+0(I7%). 4

(Kutzelnigg {2] in addition showed that for a wave-
function that includes a linear term in the interelec-
tronic distance, A and B vanish, and the leading
term becomes O(I~%). This explains the great suc-
cess of methods that explicitly include interelectronic
distances.)

Kutzelnigg and Morgan [ 3] showed that third-order
contributions have a leading term o 1/(I + 1/2)°,
while Hill [28] showed that for a general variational
calculation
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AE(D) = A/(I+1/2)* + B/(1+1/2)°
+0(7%). (5)

The error for a calculation with functions of at most
angular momentum L is then given by

EOO—E(L)=i( A _,_B

S \A+1/D* T (+1/2)8
c
+m +) (6)
= Ay (L +3/2)/6+ By (L+3/2)/24
+CYySD(L+3/2)/120+ ..., (7N

where " (x) represents the polygamma function
[29] of order n, which has an asymptotic expansion
with leading terms

¥ (x)
ai [ (n—1)! n! —n—
= (1) ‘( —— + 5 t O 2))
— 1
=(—1>"’1é"_—1}%;—,,+0(x-"'2), (8)

which explains the asymptotic (L + 1) ~3 dependence
of the total energy discussed elsewhere [3,28,30].

- However, if we define an ‘effective’ exponent a
from the equation

YU+ 1/2) = (n— DI/ (9)
that is
a=Inf(n—D!/Y"U+1/2)]/Inl (10)

some numerical experimentation reveals that « differs
quite appreciably from # for practical values (2-6) of
1. Moreover, in a compound made up of both hydrogen
and first-row atoms, a calculation in a cc-pVIZ basis
set would require a compromise between L and L+ 1.
We therefore propose an extrapolation based on the
function

E=A+B/(+1/2)". (11)

Like Eq. (3), Eq. (11) is monotonic and has a
clearly defined limit for infinite /: however, its asymp-
totic convergence behavoir is much slower than that
of exp(—BI).

For the species in Table 3, the average values of a
are 3.9 for cc-pVnZ, and 4.5 for aug’-cc-pVnZ cal-
culations. Evidently, we are still somewhat removed
from the regime where (L4 1) —3 behavior dominates
convergence.

In order to provide an alternative for the somewhat
clumsy nonlinear fitting, we introduce two approxi-
mations with integer exponents:

E=A+B/(I+1/2)*+C/(1+1/2)%, (12)
E=A+B/(I+1/2)% (13)

which coincidentally have the same form as the ex-
pression for the second-order increments. We here
introduce the notation Schwartza(Imn) for the ex-
trapolated energy obtained from CCSD(T)/cc-pVIZ,
CCSD(T)/cc-pVmZ, and CCSD(T)/cc-pVnZ ener-
gies and Eq. (11), Schwartz6(/mn) for ditto using
Eq. (12), and Schwartz4(mn) for E, obtained from
extrapolation using Eq. (13) from CCSD(T)/cc-
pVmZ and CCSD(T)/cc-pVnZ energies. aug'-
Schwartz4(mn) then stands for the extrapolation
using Eq. (13) from CCSD(T)/aug’-cc-pVmZ and
CCSD(T) /aug’-cc-pVnZ energies, and similarly for
aug’-Schwartz6(Imn) and aug’-Schwartza(Imn).

In order to use Eqs. (11)-(13) as extrapolation for-
mulas for the CCSD(T) total energy of a molecule,
we have to assume that, in the region of interpolation
or fit, (a) the molecular dynamical correlation is dom-
inated by atomic correlation effects; (b) the conver-
gence behavior is dominated by the electron-electron
cusp. It would appear that the cc-pVDZ energy is too
incomplete to be dominated by the interelectron cusp:
therefore we shall only consider results starting at cc-
pVTZ.

As it turns out, even Schwartz4(TQ) performs
better than Feller(TQ5) or aug’-Feller(TQ5), with
a mean absolute error of 0.47 kcal/mol and a maxi-
mum error of 1.27 kcal/mol. This is approximately
the accuracy obtained using the Martin correction
[11,10], with the added advantage that no informa-
tion is required on the connectivity and bond orders.
For aug’-Schwartz4(TQ), the mean absolute error
is somewhat improved to 0.37 kcal/mol: more sig-
nificantly, the largest remaining error drops to 0.69
kcal/mol. Schwartz4 (QS5) delivers a similar accuracy,
while for aug’-Schwartz4(QS5), the mean absolute
error drops to a respectable 0.30 kcal/mol, which is
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near the 1 kJ/mol target accuracy. Schwartz6(TQ5),
on the other hand, delivers a mean absolute error
of 0.35 kcal/mol, while for aug’-Schwartz6(TQ5),
this drops to 0.32 kcal/mol. Encouragingly, aug’-
Schwartz4(Q5) and aug’-Schwartz6(TQ5) yield
similar results on the individual energies, as do
Schwartz4(Q5) and Schwartz6(TQ5).

Detailed inspection of the errors for aug'-
Schwartz6(TQS5) or aug’-Schwartz4(Q5) reveals a
number of things. First, the errors for single AH bonds
using aug’-Schwartz6(TQ5) are particularly small:
per bond errors in HF, H,O, NH3, and CH4 amount
to —0.04, —0.01, 0.07, and —-0.02 kcal/mol, respec-
tively! (For aug’-Schwartz4(Q5), the correspond-
ing numbers are —0.18, —0.07, 4+0.03, and —0.03
kcal/mol.) There does remain a sizeable error of 0.68
kcal/mol for F,, which could be partly due to residual
imperfections in the electron correlation treatment.

Secondly, with the exception of F,, the largest er-
rors remain in cases with triple bonds (C,H;, N,) ora
bond approaching triple-bond character (NNO). (In-
terestingly, the error for CO appears to be quite rea-
sonable.) Errors for double bonds, as far as can be
seen, appear to be fairly small: the mean absolute er-
ror for species including at most double bonds is 0.2
kcal/mol. This suggests that the convergence behav-
ior for a triple bond may not quite be dominated yet
by the cusp condition over the (TQ5) range. While
cc-pV6Z calculations proved to be beyond the avail-
able computational facilities, MRCI/cc-pVnZ (n =
T,Q,5,6) results for N, are available from the work of
Bauschlicher and Partridge [31], and for CN and C,
from the work of Pradhan et al. [32].

The results are summarized in Table 4. Af-
ter subtracting the core correlation contribution,
the ‘valence only’ experimental ) D, amounts to
227.6 kcal/mol. Schwartza(Q56), Schwartz6(Q56),
and Schwartz4(56) reach values of 227.7, 227.5,
and 2274 kcal/mol, respectively, in excellent
agreement with experiment. Schwartz6(TQS) and
Schwartz4(Q5) are 0.3 kcal/mol lower than the cor-
responding data from the higher angular momenta;
Schwartza(TQS) represents a drop by 0.4 kcal/mol.
This would imply that at least 0.3 kcal/mol (0.4
kcal/mol for the Schwartzar values) of the remaining
error in Table 3 is due to non-‘cusp’ basis set incom-
pleteness, and similar observations can probably be
made for the other triply bonded species.

Table 4
Computed|31,32] and extrapolated CASSCF/CI total atomization
energies of N, (kcal/mol), CN and C, (eV)

N, CN CO
kcal/mol evV? ev?
cc-pVTZ 2166 7.299 5.899
cc-pVQZ 223.1 7.521 6.061
cc-pV5Z 2253 7.591 6.110
cc-pV6Z 226.3 7.618 6.129
aug-cc-pVTZ 2182 7.353 5.928
aug-cc-pVQZ 2240 7.546 6.077
aug-cc-pV5Z 225.8 7.602 6.118
core CoIT. +0.80 0.051 0.067
exp. 228.42(3) 7.738(20)" 6.297(20)¢
w/o core 227.62(3) 7.687(20) 6.23(2)
Feller
(TQS) 226.4 7.623 6.131
aug(TQ5) 226.6 7.625 6.134
(Q56) 2271 7.635 6.141
Schwartz6
(TQS) 227.2 7.647 6.148
aug(TQ5) 2273 7.645 6.148
(Q56) 2275 7.645 6.149
Schwartz4
(TQ) 226.7 7.649 6.155
aug(TQ) 227.4 7.657 6.163
(Qs) 227.1 7.648 6.150
aug(Q5) 2273 7.647 6.151
(56) 2274 7.646 6.149
Schwartza
Q%) 2273 7.647 6.147
aug(Q5) 2272 7.642 6.145
(56) 227.7 7.646 6.147

2 Units of Ref. [32] retained on purpose.
bRef. [34]. ©Ref. [35].

No such effects are seen for C, and for the CN rad-
ical, where Schwartz6(TQ5) and Schwartz6(Q56)
are in nearly total agreement, as are Schwartz4((Q5)
and Schwartz4(56), or Schwartza(TQS5) and
Schwartza(Q56). It should be noted that Feller (TQS)
and Feller(Q56) differ by 0.7 kcal/mol for N,
with the Feller(Q56) value still 0.5 kcal/mol short
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Table $
Fitted and extrapolated atomic energies from CCSD(T)/aug’-cc-pVnsZ calculations (hartree)

Fit of A+ BC~/

R? A B c
H 0.99993 —0.50000(1) 0.0102(7) 3.74(14)
B 0.99995 —24.60191(9) 0.135(7) 3.28(10)
C 1.00000 —37.78878(3) 0.349(3) 3.50(2)
N 0.99999 —54.52882(17) 0.62(2) 3.51(5)
0 0.99999 —75.00264(33) 0.96(3) 3.21(5)
F 0.99999 —99.66521(47) 1.29(3) 3.06(4)

Fit of A+ B/(1+1/2)* + C/(I+1/2)~°

R? A B C
H 0.99999 —0.50004 0.0381(9) —0.053(5)
B 0.99978 —24.60240(17) 0.78(8) —-1.7(4)
C 0.99994 —37.78988(21) 1.605(91) —-2.8(5)
N 0.99997 —54.53076(26) 2.83(11) —-4.9(7)
(0] 0.99999 —75.00611(29) 5.95(13) —13.7(7)
F 1.00000 —99.67013(27) 9.45(12) —24.2(7)

Feller(DTQ)  Feller(TQS5)  Schwartza(TQ5)  Schwartz6(DTQ)  Schwartz6(TQS)  Schwartz4(TQ)  Schwartz4(Q5)

B —24.60207 —24.60178 —24.60196 —24.60265 —24.60201 —24.60239 —24.6021
C -—-37.78873 —37.78883 —37.78934 —37.79019 —37.78941 —37.78977 —37.7895
N —54.52855 —54.52910 —54.53008 —54.53114 —54.53018 —54.53045 —54.53025
O -75.00209 ~75.00323 —75.00575 —75.00653 ~75.00546 —75.00474 —75.00527
F  —-99.66441 —99.66606 —99.67021 —99.67054 —99.66954 —99.66745 —99.66898

of experiment. Such differences are only 0.2 to 0.3
kcal/mol for CN and C,, reflecting that Eq. (3) will
do better with faster overall convergence.

Any remaining error in Ny is probably mostly due
to residual imperfections in the electron correlation
treatment: Bauschlicher and Partridge [31] found in
their core correlation basis that a multireference aver-
aged coupled pair functional ( ACPF) calculation from
a CASSCF (complete active space SCF) reference
comes out 0.3 kcal/mol lower than the CCSD(T) re-
sult.

Returning to Table 3, we can compare performance
for the regular and augmented basis sets. As expected,
the performance gap dwindles as the underlying basis
sets increase, yet the augmented basis sets are clearly
superior for highly polar molecules like NH3, H,O,
and HF.

Summarizing, we have established that using
CCSD(T)/aug’-cc-pV5Z calculations and a simple

extrapolation formula based on the known conver-
gence rate of the electron cusp, total atomization
energies accurate to, on average, 0.2 kcal/mol can
be obtained if no multiple bonds are present. If a
0.3 kcal/mol correction term is applied for the triple
bonds, similar accuracy can be obtained even for
triply bonded species. The principal source of the
remaining error, besides the limitations of the extrap-
olation method, is probably residual imperfection of
the electron correlation treatment.

If we make a small compromise with our goal
of a ‘nonempirical’ extrapolation and simply add
in 0.3 kcal/mol for each triple bond or cumu-
lenic double bond pair to the Schwartz4(Q5) and
Schwartz6(TQ5) numbers (0.4 kcal/mol in the
case of Schwartza(TQS5), we obtain the best num-
bers overall in Table 3. The mean absolute error
for Schwartz6(TQ5) drops to 0.26 kcal/mol for the
nonaugmented, and 0.23 kcal/mol for the augmented,
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basis sets. For Schwartz4(Q5), the corresponding
numbers are 0.28 and 0.22 kcal/mol, respectively;
for Schwartza(TQ5), 0.23 and 0.24 kcal/mol. For
the augmented basis sets, almost half the error is con-
tributed by two molecules: F, and N,O. When these
are omitted from consideration, the mean absolute
error drops to 0.15 kcal/mol with Schwartz6(TQ5),
0.13 kcal/mol with Schwartza(TQ5), and 0.12
kcal/mol with Schwartz4(Q5)! This error is of the
order of magnitude of the experimental error bar for
most species in Table 3.

As a final note, let us look at the convergence be-
havior of the atomic energies. (The use of the -4
dependence for estimating atomic energies at the in-
finite basis set limit has been discussed by Petersson
et al. [33].) Table 5 reveals that the quality of a 4-
point Schwartz6 (DTQS5) fit actually improves with in-
creasing Z, and that the O(/~%) term assumes an in-
creasing importance as Z increases. Furthermore, the
Schwartz4 and Schwartz6 extrapolated total energies
are quite substantially lower (5 mEy for F, 3.5 mE;
for O, 2.1 mE;, for N, 1.1 mE, for C) than the cor-
responding Feller values. Also, the Feller values for
F differ by about 2 mE}, depending on the choice of
points, while the difference between Schwartz6(TQS5)
and Schwartz4(QS5) is only 0.6 mE},. Given the above
observations on the success of the Schwartz-type ex-
trapolation for molecules, we are inclined to consider
the Schwartz-extrapolated atomic total energies to be
better estimates for the valence correlation-only total
energy than the Feller-extrapolated ones.

4. Conclusions

In this Letter, we have established that, using a se-
quence of CCSD(T)/aug’-cc-pVnZ (n =T, Q, 5) cal-
culations and a Schwartz-type extrapolation formula,
as well as separate calculations to determine the core
correlation contribution, we can determine total atom-
ization energies of small polyatomic molecules with a
mean absolute error of 0.30 kcal/mol without any em-
pirical corrections. If a small correction term of 0.3
kcal/mol is added for every triple bond present, this
is improved to 0.20-0.23 kcal/mol. If the problematic
molecules Fy and N,O are removed from the sample,
this goes down to 0.12-0.15 kcal/mol.

Use of nonaugmented basis sets results in a sig-

nificant loss of accuracy for highly polar compounds.
Schwartz4(TQ) yields results of comparable qual-
ity to the Martin correction, at comparable cost, and
without requiring connectivity information. Feller’s
exponential-type extrapolation formula is found to be
distinctly inferior in performance to the Schwartz-type
formulas.

As a general conclusion, the ‘state of the art’ for ac-
curate theoretical thermochemistry of small molecules
is no longer at the 1 kcal/mol, but at the 1 kJ/mol or
better level.
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