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Effects of increased basis-set size as well as a correlated treatment of the diagonal
Born-Oppenheimer approximation are studied within the context of the high-accuracy extrapolated
ab initio thermochemistry �HEAT� theoretical model chemistry. It is found that the addition of these
ostensible improvements does little to increase the overall accuracy of HEAT for the determination
of molecular atomization energies. Fortuitous cancellation of high-level effects is shown to give the
overall HEAT strategy an accuracy that is, in fact, higher than most of its individual components. In
addition, the issue of core-valence electron correlation separation is explored; it is found that
approximate additive treatments of the two effects have limitations that are significant in the realm
of �1 kJ mol−1 theoretical thermochemistry. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2835612�

I. INTRODUCTION

Converging advances in theoretical methods and tech-
nology available for computation as well as precision in ther-
mochemical knowledge has recently produced several theo-
retical approaches that can reliably predict molecular
enthalpies of formation �and, by consequence, the much
more important property of bond energies� to an accuracy
that exceeds the standard of “chemical accuracy”
��1 kcal mol−1�. At this point, we need to parenthetically
add a word of caution. Namely, in experimental thermo-
chemistry, the “accuracy” or, in the vernacular, the “error
bar,” is customarily expressed as a 95% confidence limit
�rather than, for example, a standard deviation�. The same
holds for the chemical accuracy definition: the target accu-
racy of �1 kcal mol−1 should have the intrinsic meaning of a
95% confidence limit. The general use of a 95% confidence
limit �approximately equal to two standard deviations� in
thermochemistry was proposed originally by Rossini1 and
subsequently embraced by virtually all thermochemical com-
pilations, such as CODATA,2 Janaf,3 Gurvich et al.,4 etc.,
and, as a consequence, it is the expected level of coverage
when attaching an uncertainty to thermochemical quantities
such as enthalpies of formation or atomization energies.
Contrary to this, other measures of fidelity of a class of elec-
tronic structure results have proliferated in theoretical ther-
mochemistry; a favorite one being the mean absolute devia-
tion �or MAD� of a computational method, which severely
underestimates the thermochemical uncertainty of the com-
puted result. In fact, the MAD typically needs to be multi-

plied by a factor of �2.5 �or, more generally, a factor be-
tween 2 and 3� in order to achieve a 95% confidence
coverage.

Recent methods based on the focal-point extrapolation,5

the Weizmann �Wn� family of methods,6–8 and the high-
accuracy extrapolated ab initio thermochemistry �HEAT�
protocol9,10 have exhibited or exceeded thermochemical ac-
curacies of �1 kJ mol−1, i.e., about five times better than
chemical accuracy. Common to these latter and most accu-
rate methods is a treatment of electron correlation effects that
goes beyond the so-called gold standard of quantum
chemistry—the now perhaps venerable coupled-cluster
singles and doubles model with a perturbative treatment of
triple excitations11 �CCSD�T��—and these have indeed been
shown to be essential to surpass the �1 kJ mol−1 barrier. It
also seems necessary to perform basis-set extrapolations12,13

of the components of the Born-Oppenheimer nonrelativistic
electronic energy �the Hartree-Fock self-consistent field �HF-
SCF� and, especially, the electron correlation contribution� to
achieve high accuracy. None of this work would have been
possible �or, perhaps more precisely, able to be calibrated�
without the Active Thermochemical Tables �ATcT�
paradigm14 that has been developed and applied by Ruscic et
al. to establish precise and tight bounds on the thermochemi-
cal properties of a large number of small molecules. This has
allowed the quantitative accuracy of computational thermo-
chemistry to be judged with the precision that is demanded
to gauge the accuracy of such high-level calculations.

This is the third paper on HEAT, a model chemistry that
is similar, and indeed seems to be mutually convergent with
the Wn family of methods6–8 developed by Martin and co-
workers in Israel. Differences between the most elaborate
HEAT methods and the W4.n approaches8 of Martin anda�Electronic mail: jfstanton@mail.utexas.edu.
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co-workers are almost negligible in theory and so small nu-
merically as to be of no consequence for analysis of experi-
mental data; all give accuracies of better than �0.5 kJ mol−1.
The point of this paper is twofold. First, we document results
obtained with the HEAT protocol employing larger basis-set
extrapolations than those that have been used previously as
well as a size-consistent and correlated treatment of the di-
agonal Born-Oppenheimer correction �DBOC�.15 After this,
the results are discussed, with an emphasis on remaining
sources of error and a discussion of how rather small �ca.
0.1–0.3 kJ mol−1� intrinsic errors in the calculations have a
tendency toward fortuitous cancellation. We also present a
table of molecular electronic energies �both HF-SCF and cor-
relation contributions� that we believe to be accurate to ca.
1 mhartree �2.5 kJ mol−1� �Ref. 16� that can be used for
benchmarking purposes by others using methods such as
quantum Monte Carlo.

We believe that the HEAT protocol has been well docu-
mented in the previous literature,9,10 and this paper will com-
plete this process. Others in the field of computational ther-
mochemistry and chemical physics are encouraged to use
these data; the contributions to the total HEAT atomization
energies for the molecules presented here are listed in Table
I of this paper; raw absolute energies of atoms and molecules
are available upon request from any of the authors. Further-
more, others are encouraged to carry out calculations on spe-
cies of interest that are not listed in this paper.

II. METHODOLOGY

The total ground-state energy of atoms and molecules in
the HEAT paradigm9 is given by the sum

E = EHF
� + �ECCSD�T�

� + �ECCSDT + �EHLC + �Erel + �ESO

+ �EDBOC + �EZPE, �1�

where EHF
� is the estimate of the Hartree-Fock limit energy

�restricted HF for closed shells and unrestricted HF for open-
shell systems�, �ECCSD�T�

� is the estimate for the CCSD�T�
correlation energy, �ECCSDT+�EHLC collectively account for
deficiencies in the CCSD�T� treatment of electron correla-
tion, �Erel accounts for so-called scalar relativistic effects via
perturbation theory, �ESO is the difference between the true
ground-state energy of the system and the weighted average
of spin-orbit levels that are represented by the nonrelativistic
electronic Schrödinger equation �this vanishes for closed-
shell systems and all nondegenerate states�, �EDBOC is the
diagonal Born-Oppenheimer correction, and �EZPE is the vi-
brational zero-point energy. All of these contributions, and
the procedure used to calculate them, are described in detail
in Parts I and II of this series9,10 and the interested reader is
referred there for details.

The nonrelativistic electronic energy contributions EHF
� ,

�ECCSD�T�
� , and �ECCSDT involve extrapolation of energies

obtained with various basis sets. Like most others in the field
of computational thermochemistry, the HEAT protocol is
based on the hierarchy of correlation-consistent basis sets
developed by Dunning and co-workers.17–21 Moreover, but
unlike most if not all other theoretical model chemistries, the

HEAT paradigm does not treat “valence” and “core” corre-
lation separately. Rather, to avoid the approximations inher-
ent in any such separation, both are determined together with
the aug-cc-pCVXZ series of basis sets21 that were specifi-
cally designed to treat the correlation of electrons associated
with the core �1s-type� molecular orbitals. The choice of
which members of the sequence are selected for the extrapo-
lation differentiates various HEAT energies: HEAT-345 is
based on extrapolation of HF-SCF energies using the X=T,
Q, and 5 members of the sequence of basis sets and
CCSD�T� energies obtained with the X=4 and 5 basis sets.
Similarly, HEAT-456 involves EHF

� based on X=4, 5, and 6
and �ECCSD�T�

� based on X=5 and 6, HEAT-567 would come
from EHF

� based on X=5, 6, and 7 with �ECCSD�T�
� based on

X=6 and 7, etc. In this paper, the HEAT-456 results are pre-
sented for the first time. �ECCSDT is always determined in the
manner described in Ref. 9, while various methods can be
used for �EHLC. In principle, �EHLC is given by the differ-
ence between the full configuration interaction �FCI� result
and the full CCSDT �Ref. 22� correlation energy. However,
since FCI calculations are not possible for most chemically
interesting systems, these energies are determined from
methods that treat only quadruple or quadruple and quintuple
excitations. The original HEAT approach now classified as
HEAT-345Q used �EHLC=�ECCSDTQ−�ECCSDT, both ob-
tained with the cc-pVDZ basis set in the frozen-core approxi-
mation. In Ref. 10, HEAT-345�Q� and HEAT-345QP were
introduced, in which the much more economical CCSDT�Q�
approach23,24 with a perturbative treatment of quadruple ex-
citations was used instead of the costly CCSDTQ approach.
Even more expensive CC singles, doubles, triples, qua-
druples, pentuples �CCSDTQP� calculations were used for
the �EHLC in order to obtain the “benchmark” best results.

The auxiliary corrections to the energy �Erel, �ESO,
�EDBOC, and �EZPE have also been discussed in some detail
in Refs. 9 and 10. In this work, the DBOC, which can be
viewed as the first-order correction to the electronic energy
associated with the nuclear �mass-dependent� kinetic energy
operator Tn�R�,

�Eadiabatic = ���r;R��Tn�R����r;R�� , �2�

has been calculated at the coupled-cluster level, exploiting
the recent theoretical �and computational� advances detailed
in Ref. 15. This contribution is negligible in most practical
cases when 1 kcal mol−1 accuracy is desired, but becomes
important—especially for hydrides—when one approaches
the �0.5 kJ mol−1 level that both HEAT and the W4.n meth-
ods have recently achieved. It is also responsible for some
other phenomena usually associated with the Born-
Oppenheimer breakdown, such as the principal contribution
to the dipole moment of a molecule such as HD.25

All calculations have been performed using the ACES II

�Mainz-Austin-Budapest version�26 and MRCC program27

interfaced to ACESII. Some of the calculations have been
performed using the recently developed parallel version of
ACESII.28
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TABLE I. Contributions to atomization energies �in kJ mol−1� for the present set of molecules. The various terms contributing to the total atomization energies
are described in the text; the DBOC is that calculated at the CCSD level of theory. Also included are ATcT values based on the Core �Argonne� Thermo-
chemical Network, C�A�TN, Version 1.064. The listed uncertainties for the ATcT benchmark values correspond to 95% confidence limits �approximately two
standard deviations�.

Species method EHF
� �ECCSD�T�

� �ECCSDT �EHLC �Erel �ESO �EDBOC �EZPE Total ATcT

N2 HEAT-345�Q� 482.94 472.26 −3.14 4.25 −0.48 0.03 −0.00 −14.12 941.74 941.14�0.03
HEAT-345Q 482.94 472.26 −3.14 3.61 −0.48 0.03 −0.00 −14.12 941.09 941.14�0.03
HEAT-345QP 482.94 472.26 −3.14 4.08 −0.48 0.03 −0.00 −14.12 941.56 941.14�0.03
HEAT-456�Q� 483.07 471.49 −3.14 4.25 −0.48 0.03 −0.00 −14.12 941.10 941.14�0.03
HEAT-456Q 483.07 471.49 −3.14 3.61 −0.48 0.03 −0.00 −14.12 940.46 941.14�0.03
HEAT-456QP 483.07 471.49 −3.14 4.08 −0.48 0.03 −0.00 −14.12 940.93 941.14�0.03

H2 HEAT-345�Q� 350.81 107.41 −0.00 −0.00 −0.00 0.06 −0.00 −26.07 432.22 432.07�0.00
HEAT-345Q 350.81 107.41 −0.00 −0.00 −0.00 0.06 −0.00 −26.07 432.22 432.07�0.00
HEAT-345QP 350.81 107.41 −0.00 −0.00 −0.00 0.06 −0.00 −26.07 432.22 432.07�0.00
HEAT-456�Q� 350.81 107.31 −0.00 −0.00 −0.00 0.06 −0.00 −26.07 432.11 432.07�0.00
HEAT-456Q 350.81 107.31 −0.00 −0.00 −0.00 0.06 −0.00 −26.07 432.11 432.07�0.00
HEAT-456QP 350.81 107.31 −0.00 −0.00 −0.00 0.06 −0.00 −26.07 432.11 432.07�0.00

F2 HEAT-345�Q� −154.98 316.00 −1.31 3.87 −0.17 0.01 −3.01 −5.50 154.91 154.51�0.13
HEAT-345Q −154.98 316.00 −1.31 3.43 −0.17 0.01 −3.01 −5.50 154.47 154.51�0.13
HEAT-345QP −154.98 316.00 −1.31 3.59 −0.17 0.01 −3.01 −5.50 154.63 154.51�0.13
HEAT-456�Q� −155.08 315.95 −1.31 3.87 −0.17 0.01 −3.01 −5.50 154.76 154.51�0.13
HEAT-456Q −155.08 315.95 −1.31 3.43 −0.17 0.01 −3.01 −5.50 154.32 154.51�0.13
HEAT-456QP −155.08 315.95 −1.31 3.59 −0.17 0.01 −3.01 −5.50 154.48 154.51�0.13

CO HEAT-345�Q� 729.86 356.91 −2.37 2.63 −0.65 0.02 −1.20 −12.99 1072.22 1072.13�0.09
HEAT-345Q 729.86 356.91 −2.37 2.22 −0.65 0.02 −1.20 −12.99 1071.81 1072.13�0.09
HEAT-345QP 729.86 356.91 −2.37 2.35 −0.65 0.02 −1.20 −12.99 1071.94 1072.13�0.09
HEAT-456�Q� 730.13 356.53 −2.37 2.63 −0.65 0.02 −1.20 −12.99 1072.11 1072.13�0.09
HEAT-456Q 730.13 356.53 −2.37 2.22 −0.65 0.02 −1.20 −12.99 1071.70 1072.13�0.09
HEAT-456QP 730.13 356.53 −2.37 2.35 −0.65 0.02 −1.20 −12.99 1071.83 1072.13�0.09

O2 HEAT-345�Q� 140.36 362.56 −2.07 4.65 −0.79 0.01 −1.64 −9.56 493.52 493.69�0.00
HEAT-345Q 140.36 362.56 −2.07 4.13 −0.79 0.01 −1.64 −9.56 493.00 493.69�0.00
HEAT-345QP 140.36 362.56 −2.07 4.56 −0.79 0.01 −1.64 −9.56 493.43 493.69�0.00
HEAT-456�Q� 140.68 362.54 −2.07 4.65 −0.79 0.01 −1.64 −9.56 493.81 493.69�0.00
HEAT-456Q 140.68 362.54 −2.07 4.13 −0.79 0.01 −1.64 −9.56 493.29 493.69�0.00
HEAT-456QP 140.68 362.54 −2.07 4.56 −0.79 0.01 −1.64 −9.56 493.72 493.69�0.00

C2H2 HEAT-345�Q� 1228.98 468.20 −3.03 2.56 −1.16 0.33 −0.76 −69.08 1626.04 1626.16�0.24
HEAT-345Q 1228.98 468.20 −3.03 2.24 −1.16 0.33 −0.76 −69.08 1625.72 1626.16�0.24
HEAT-345QP 1228.98 468.20 −3.03 2.56 −1.16 0.33 −0.76 −69.08 1626.04 1626.16�0.24
HEAT-456�Q� 1229.01 467.41 −3.03 2.56 −1.16 0.33 −0.76 −69.08 1625.29 1626.16�0.24
HEAT-456Q 1229.01 467.41 −3.03 2.24 −1.16 0.33 −0.76 −69.08 1624.96 1626.16�0.24
HEAT-456QP 1229.01 467.41 −3.03 2.56 −1.16 0.33 −0.76 −69.08 1625.29 1626.16�0.24

CCH HEAT-345�Q� 777.35 333.01 0.56 2.46 −1.16 0.10 −0.76 −36.47 1075.10 1075.05�0.25
HEAT-345Q 777.35 333.01 0.56 2.29 −1.16 0.10 −0.76 −36.47 1074.94 1075.05�0.25
HEAT-345QP 777.35 333.01 0.56 2.60 −1.16 0.10 −0.76 −36.47 1075.25 1075.05�0.25
HEAT-456�Q� 777.35 332.29 0.56 2.46 −1.16 0.10 −0.76 −36.47 1074.38 1075.05�0.25
HEAT-456Q 777.35 332.29 0.56 2.29 −1.16 0.10 −0.76 −36.47 1074.21 1075.05�0.25
HEAT-456QP 777.35 332.29 0.56 2.60 −1.16 0.10 −0.76 −36.47 1074.53 1075.05�0.25

CF HEAT-345�Q� 338.46 216.63 −0.60 1.23 −0.71 0.01 −1.42 −7.89 545.72 545.61�0.63
HEAT-345Q 338.46 216.63 −0.60 0.99 −0.71 0.01 −1.42 −7.89 545.47 545.61�0.63
HEAT-345QP 338.46 216.63 −0.60 0.93 −0.71 0.01 −1.42 −7.89 545.41 545.61�0.63
HEAT-456�Q� 338.53 216.55 −0.60 1.23 −0.71 0.01 −1.42 −7.89 545.70 545.61�0.63
HEAT-456Q 338.53 216.55 −0.60 0.99 −0.71 0.01 −1.42 −7.89 545.46 545.61�0.63
HEAT-456QP 338.53 216.55 −0.60 0.93 −0.71 0.01 −1.42 −7.89 545.40 545.61�0.63

CH2 HEAT-345�Q� 649.11 149.13 −0.02 0.13 −0.65 0.06 −0.38 −44.95 752.43 752.70�0.26
HEAT-345Q 649.11 149.13 −0.02 0.14 −0.65 0.06 −0.38 −44.95 752.44 752.70�0.26
HEAT-345QP 649.11 149.13 −0.02 0.14 −0.65 0.06 −0.38 −44.95 752.45 752.70�0.26
HEAT-456�Q� 649.11 148.82 −0.02 0.13 −0.65 0.06 −0.38 −44.95 752.12 752.70�0.26
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TABLE I. �Continued.�

Species method EHF
� �ECCSD�T�

� �ECCSDT �EHLC �Erel �ESO �EDBOC �EZPE Total ATcT

HEAT-456Q 649.11 149.82 −0.02 0.14 −0.65 0.06 −0.38 −44.95 752.13 752.70�0.26
HEAT-456QP 649.11 148.82 −0.02 0.14 −0.65 0.06 −0.38 −44.95 752.13 752.70�0.26

CH HEAT-345�Q� 238.28 113.56 0.43 0.11 −0.18 −0.44 −0.38 −17.00 334.39 334.66�0.23
HEAT-345Q 238.28 113.56 0.43 0.12 −0.18 −0.44 −0.38 −17.00 334.40 334.66�0.23
HEAT-345QP 238.28 113.56 0.43 0.13 −0.18 −0.44 −0.38 −17.00 334.41 334.66�0.23
HEAT-456�Q� 238.30 113.44 0.43 0.11 −0.18 −0.44 −0.38 −17.00 334.29 334.66�0.23
HEAT-456Q 238.30 113.44 0.43 0.12 −0.18 −0.44 −0.38 −17.00 334.30 334.66�0.23
HEAT-456QP 238.30 113.44 0.43 0.13 −0.18 −0.44 −0.38 −17.00 334.31 334.66�0.23

CH3 HEAT-345�Q� 1017.30 271.11 −0.15 0.24 −0.74 0.06 −0.38 −77.96 1209.48 1209.63�0.13
HEAT-345Q 1017.30 271.11 −0.15 0.24 −0.74 0.06 −0.38 −77.96 1209.48 1209.63�0.13
HEAT-345QP 1017.30 271.11 −0.15 0.25 −0.74 0.06 −0.38 −77.96 1209.50 1209.63�0.13
HEAT-456�Q� 1017.30 270.69 −0.15 0.24 −0.74 0.06 −0.38 −77.96 1209.06 1209.63�0.13
HEAT-456Q 1017.30 270.69 −0.15 0.24 −0.74 0.06 −0.38 −77.96 1209.06 1209.63�0.13
HEAT-456QP 1017.30 270.69 −0.15 0.25 −0.74 0.06 −0.38 −77.96 1209.08 1209.63�0.13

CN HEAT-345�Q� 379.38 371.64 3.14 5.08 −0.61 0.06 −0.38 −12.40 745.90 745.52�0.25
HEAT-345Q 379.38 371.64 3.14 3.50 −0.61 0.06 −0.38 −12.40 744.33 745.52�0.25
HEAT-345QP 379.38 371.64 3.14 3.98 −0.61 0.06 −0.38 −12.40 744.81 745.52�0.25
HEAT-456�Q� 379.48 371.03 3.14 5.08 −0.61 0.06 −0.38 −12.40 745.40 745.52�0.25
HEAT-456Q 379.48 371.03 3.14 3.50 −0.61 0.06 −0.38 −12.40 743.82 745.52�0.25
HEAT-456QP 379.48 371.03 3.14 3.98 −0.61 0.06 −0.38 −12.40 744.30 745.52�0.25

CO2 HEAT-345�Q� 1033.08 599.65 −4.49 5.03 −2.02 0.15 −2.02 −30.47 1598.91 1598.27�0.09
HEAT-345Q 1033.08 599.65 −4.49 4.12 −2.02 0.15 −2.02 −30.47 1598.00 1598.27�0.09
HEAT-345QP 1033.08 599.65 −4.49 4.28 −2.02 0.15 −2.02 −30.47 1598.16 1598.27�0.09
HEAT-456�Q� 1033.62 598.98 −4.49 5.03 −2.02 0.15 −2.02 −30.47 1598.77 1598.27�0.09
HEAT-456Q 1033.62 598.98 −4.49 4.12 −2.02 0.15 −2.02 −30.47 1597.86 1598.27�0.09
HEAT-456QP 1033.62 598.98 −4.49 4.28 −2.02 0.15 −2.02 −30.47 1598.02 1598.27�0.09

H2O2 HEAT-345�Q� 562.97 562.77 −2.37 3.35 −1.60 0.36 −1.64 −68.80 1055.04 1055.23�0.07
HEAT-345Q 562.97 562.77 −2.37 2.95 −1.60 0.36 −1.64 −68.80 1054.64 1055.23�0.07
HEAT-345QP 562.97 562.77 −2.37 3.16 −1.60 0.36 −1.64 −68.80 1054.84 1055.23�0.07
HEAT-456�Q� 563.19 562.12 −2.37 3.35 −1.60 0.36 −1.64 −68.80 1054.62 1055.23�0.07
HEAT-456Q 563.19 562.12 −2.37 2.95 −1.60 0.36 −1.64 −68.80 1054.22 1055.23�0.07
HEAT-456QP 563.19 562.12 −2.37 3.16 −1.60 0.36 −1.64 −68.80 1054.42 1055.23�0.07

H2O HEAT-345�Q� 652.40 323.02 −0.97 1.09 −1.13 0.41 −0.82 −55.79 918.21 917.83�0.03
HEAT-345Q 652.40 323.02 −0.97 0.99 −1.13 0.41 −0.82 −55.79 918.11 917.83�0.03
HEAT-345QP 652.40 323.02 −0.97 1.02 −1.13 0.41 −0.82 −55.79 918.14 917.83�0.03
HEAT-456�Q� 652.58 322.47 −0.97 1.09 −1.13 0.41 −0.82 −55.79 917.84 917.83�0.03
HEAT-456Q 652.58 322.47 −0.97 0.99 −1.13 0.41 −0.82 −55.79 917.74 917.83�0.03
HEAT-456QP 652.58 322.47 −0.97 1.02 −1.13 0.41 −0.82 −55.79 917.77 917.83�0.03

HCN HEAT-345�Q� 833.50 477.62 −3.21 3.62 −0.92 0.20 −0.38 −41.68 1268.75 1268.26�0.17
HEAT-345Q 833.50 477.62 −3.21 3.04 −0.92 0.20 −0.38 −41.68 1268.17 1268.26�0.17
HEAT-345QP 833.50 477.62 −3.21 3.46 −0.92 0.20 −0.38 −41.68 1268.59 1268.26�0.17
HEAT-456�Q� 833.63 476.83 −3.21 3.62 −0.92 0.20 −0.38 −41.68 1268.09 1268.26�0.17
HEAT-456Q 833.63 476.83 −3.21 3.04 −0.92 0.20 −0.38 −41.68 1267.51 1268.26�0.17
HEAT-456QP 833.63 476.83 −3.21 3.46 −0.92 0.20 −0.38 −41.68 1267.92 1268.26�0.17

HCO HEAT-345�Q� 764.55 403.92 −1.78 2.69 −1.16 −0.21 −1.20 −33.76 1133.05 1132.87�0.19
HEAT-345Q 764.55 403.92 −1.78 2.16 −1.16 −0.21 −1.20 −33.76 1132.53 1132.87�0.19
HEAT-345QP 764.55 403.92 −1.78 2.32 −1.16 −0.21 −1.20 −33.76 1132.68 1132.87�0.19
HEAT-456�Q� 764.79 403.50 −1.78 2.69 −1.16 −0.21 −1.20 −33.76 1132.87 1132.87�0.19
HEAT-456Q 764.79 403.50 −1.78 2.16 −1.16 −0.21 −1.20 −33.76 1132.35 1132.87�0.19
HEAT-456QP 764.79 403.50 −1.78 2.32 −1.16 −0.21 −1.20 −33.76 1132.50 1132.87�0.19

HF HEAT-345�Q� 405.69 187.35 −0.67 0.79 −0.83 0.28 −1.51 −24.70 566.39 565.97�0.01
HEAT-345Q 405.69 187.35 −0.67 0.73 −0.83 0.28 −1.51 −24.70 566.33 565.97�0.01
HEAT-345QP 405.69 187.35 −0.67 0.73 −0.83 0.28 −1.51 −24.70 566.34 565.97�0.01
HEAT-456�Q� 405.84 187.13 −0.67 0.79 −0.83 0.28 −1.51 −24.70 566.33 565.97�0.01
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TABLE I. �Continued.�

Species method EHF
� �ECCSD�T�

� �ECCSDT �EHLC �Erel �ESO �EDBOC �EZPE Total ATcT

HEAT-456Q 405.84 187.13 −0.67 0.73 −0.83 0.28 −1.51 −24.70 566.26 565.97�0.01
HEAT-456QP 405.84 187.13 −0.67 0.73 −0.83 0.28 −1.51 −24.70 566.27 565.97�0.01

HNO HEAT-345�Q� 331.69 528.35 −2.45 4.10 −1.15 −0.40 −0.82 −36.00 823.32 823.65�0.12
HEAT-345Q 331.69 528.35 −2.45 3.54 −1.15 −0.40 −0.82 −36.00 822.76 823.65�0.12
HEAT-345QP 331.69 528.35 −2.45 3.89 −1.15 −0.40 −0.82 −36.00 823.10 823.65�0.12
HEAT-456�Q� 332.02 527.95 −2.45 4.10 −1.15 −0.40 −0.82 −36.00 823.25 823.65�0.12
HEAT-456Q 332.02 527.95 −2.45 3.54 −1.15 −0.40 −0.82 −36.00 822.69 823.65�0.12
HEAT-456QP 332.02 527.95 −2.45 3.89 −1.15 −0.40 −0.82 −36.00 823.04 823.65�0.12

HO2 HEAT-345�Q� 300.93 431.57 −0.60 2.97 −1.17 −0.04 −1.64 −36.92 695.10 694.46�0.22
HEAT-345Q 300.93 431.57 −0.60 2.50 −1.17 −0.04 −1.64 −36.92 694.64 694.46�0.22
HEAT-345QP 300.93 431.57 −0.60 2.71 −1.17 −0.04 −1.64 −36.92 694.85 694.46�0.22
HEAT-456�Q� 301.18 431.21 −0.60 2.97 −1.17 −0.04 −1.64 −36.92 694.99 694.46�0.22
HEAT-456Q 301.18 431.21 −0.60 2.50 −1.17 −0.04 −1.64 −36.92 694.53 694.46�0.22
HEAT-456QP 301.18 431.21 −0.60 2.71 −1.17 −0.04 −1.64 −36.92 694.73 694.46�0.22

NH2 HEAT-345�Q� 492.93 270.76 0.06 0.48 −0.65 −0.14 −0.00 −49.61 713.83 713.32�0.19
HEAT-345Q 492.93 270.76 0.06 0.48 −0.65 −0.14 −0.00 −49.61 713.82 713.32�0.19
HEAT-345QP 492.93 270.76 0.06 0.50 −0.65 −0.14 −0.00 −49.61 713.85 713.32�0.19
HEAT-456�Q� 493.02 270.31 0.06 0.48 −0.65 −0.14 −0.00 −49.61 713.48 713.32�0.19
HEAT-456Q 493.02 270.31 0.06 0.48 −0.65 −0.14 −0.00 −49.61 713.47 713.32�0.19
HEAT-456QP 493.02 270.31 0.06 0.50 −0.65 −0.14 −0.00 −49.61 713.49 713.32�0.19

NH3 HEAT-345�Q� 841.38 406.03 −0.63 0.79 −1.07 0.42 −0.00 −89.44 1157.48 1157.25�0.04
HEAT-345Q 841.38 406.03 −0.63 0.72 −1.07 0.42 −0.00 −89.44 1157.41 1157.25�0.04
HEAT-345QP 841.38 406.03 −0.63 0.77 −1.07 0.42 −0.00 −89.44 1157.46 1157.25�0.04
HEAT-456�Q� 841.48 405.36 −0.63 0.79 −1.07 0.42 −0.00 −89.44 1156.90 1157.25�0.04
HEAT-456Q 841.48 405.36 −0.63 0.72 −1.07 0.42 −0.00 −89.44 1156.84 1157.25�0.04
HEAT-456QP 841.48 405.36 −0.63 0.77 −1.07 0.42 −0.00 −89.44 1156.89 1157.25�0.04

NH HEAT-345�Q� 214.88 132.40 0.29 0.20 −0.30 −0.24 −0.00 −19.49 327.74 328.43�0.29
HEAT-345Q 214.88 132.40 0.29 0.22 −0.30 −0.24 −0.00 −19.49 327.75 328.43�0.29
HEAT-345QP 214.88 132.40 0.29 0.22 −0.30 −0.24 −0.00 −19.49 327.76 328.43�0.29
HEAT-456�Q� 214.94 132.20 0.29 0.20 −0.30 −0.24 −0.00 −19.49 327.59 328.43�0.29
HEAT-456Q 214.94 132.20 0.29 0.22 −0.30 −0.24 −0.00 −19.49 327.61 328.43�0.29
HEAT-456QP 214.94 132.20 0.29 0.22 −0.30 −0.24 −0.00 −19.49 327.61 328.43�0.29

NO HEAT-345�Q� 225.52 411.50 −1.54 3.59 −0.79 0.02 −0.10 −11.46 626.74 626.85�0.08
HEAT-345Q 225.52 411.50 −1.54 2.98 −0.79 0.02 −0.10 −11.46 626.13 626.85�0.08
HEAT-345QP 225.52 411.50 −1.54 3.32 −0.79 0.02 −0.10 −11.46 626.47 626.85�0.08
HEAT-456�Q� 225.80 411.23 −1.54 3.59 −0.79 0.02 −0.10 −11.46 626.76 626.85�0.08
HEAT-456Q 225.80 411.23 −1.54 2.98 −0.79 0.02 −0.10 −11.46 626.14 626.85�0.08
HEAT-456QP 225.80 411.23 −1.54 3.32 −0.79 0.02 −0.10 −11.46 626.48 626.85�0.08

OF HEAT-345�Q� −64.04 282.44 1.05 2.69 −0.38 0.00 −1.24 −6.37 214.16 213.47�0.47
HEAT-345Q −64.04 282.44 1.05 2.08 −0.38 0.00 −1.24 −6.37 213.55 213.47�0.47
HEAT-345QP −64.04 282.44 1.05 2.22 −0.38 0.00 −1.24 −6.37 213.69 213.47�0.47
HEAT-456�Q� −64.00 282.40 1.05 2.69 −0.38 0.00 −1.24 −6.37 214.16 213.47�0.47
HEAT-456Q −64.00 282.40 1.05 2.08 −0.38 0.00 −1.24 −6.37 213.55 213.47�0.47
HEAT-456QP −64.00 282.40 1.05 2.22 −0.38 0.00 −1.24 −6.37 213.69 213.47�0.47

OH HEAT-345�Q� 286.41 162.12 −0.13 0.47 −0.53 −0.01 −0.04 −22.25 426.05 425.62�0.03
HEAT-345Q 286.41 162.12 −0.13 0.47 −0.53 −0.01 −0.04 −22.25 426.05 425.62�0.03
HEAT-345QP 286.41 162.12 −0.13 0.48 −0.53 −0.01 −0.04 −22.25 426.06 425.62�0.03
HEAT-456�Q� 286.51 161.88 −0.13 0.47 −0.53 −0.01 −0.04 −22.25 425.91 425.62�0.03
HEAT-456Q 286.51 161.88 −0.13 0.47 −0.53 −0.01 −0.04 −22.25 425.91 425.62�0.03
HEAT-456QP 286.51 161.88 −0.13 0.48 −0.53 −0.01 −0.04 −22.25 425.92 425.62�0.03

114111-5 High-accuracy extrapolated ab initio thermochemistry J. Chem. Phys. 128, 114111 �2008�



III. RESULTS

A. Effects due to use of improved basis sets

Total atomization energies �TAEs� are listed for 26 mol-
ecules in Table I. Results are listed for the HEAT-345- and
HEAT-456-based methods using the CCSDT�Q�,23,24

CCSDTQ,29 and CCSDTQP �Ref. 30� treatments of the
�EHLC contribution. All of the latter were obtained with the
cc-pVDZ basis set in the frozen-core approximation. The
trends within a given basis-set extrapolation procedure have
been discussed elsewhere;9 it is sufficient to focus here on
the effects that arise when the basis sets used for the extrapo-
lation are expanded from the 345 to the 456 protocols. It is
evident that the HF-SCF contribution to the TAE stays
largely the same with a tendency toward a very small in-
crease when the larger extrapolation sequence is used. This is
due primarily to the fact that the aug-cc-pCVTZ basis set is
quite far from convergence; indeed the straightforward and
unextrapolated aug-cc-pCV5Z basis set �that is used in the
345 extrapolation sequence� is by itself better than the 345
extrapolation. For example, the 345- and 456-based values of
EHF

� for CO are 729.86 and 730.13 kJ mol−1, respectively,
while the results with the individual basis sets are 727.39,
730.20, 730.14, and 730.13 �X=T, Q, 5, and 6, respectively�.
The convergence beyond aug-cc-pCVTZ is rapid and mono-
tonic, but it is clear that the 345-based extrapolation is
spoiled by the quite out-of-line aug-cc-pCVTZ basis. Similar
behavior is observed for all other molecules where the 345-
and 456-based EHF

� contributions are significantly different.
Clearly, and somewhat amusingly, it is better to use HF-SCF
energies obtained in a quadruple- or quintuple-zeta basis set
than extrapolated HF-SCF energies that include triple-zeta or
smaller basis-set contributions! In fact, it seems that there is
little point in doing extrapolations of the HF-SCF energy at
all.

The correlation contribution to the atomization energies
exhibits a more dramatic dependence on the extrapolation
procedure, as is expected since electron correlation is more
profoundly influenced by basis sets than are electronic ener-
gies in the HF approximation. In all cases, the 56-based
CCSD�T� contributions to the atomization energy are smaller
than those based on 34 extrapolations. In other words, ex-
pansion of the basis tends to confer greater stability to atoms
than it does to molecules. From yet another point of view,
since electron correlation effects always increase bond ener-
gies, the 45-based treatment of CCSD�T� tends to overshoot
this effect. It is somewhat remarkable that the magnitude of
the differences �often ca. 0.5 kJ mol−1� is, in fact, larger than
the statistical error of the HEAT 345-based approaches. This
point will be addressed again in Sec. IV of this paper.

Let us again take CO as an example. Here the values of
�ECCSD�T�

� from the 45- and 56-based extrapolations are

356.91 and 356.53 kJ mol−1, respectively. To underscore the
fact that correlation converges much more slowly with basis
set than does the HF-SCF energy, the individual values of the

TAE from the aug-cc-pCVXZ basis sets are �in kJ mol−1� the
following:

aug-cc-pCVTZ 331.35,
aug-cc-pCVQZ 346.12,
aug-cc-pCV5Z 351.59,
aug-cc-pCV6Z 353.55.

It is clear that extrapolation is absolutely essential for
correlation energies obtained with traditional methods �the
R12 and F12 treatments31 being a possible exception� to ob-
tain anything resembling 1 kJ mol−1 accuracy. It is difficult
to assess the overall accuracy, but it is at least comforting
that differences between TAE contributions calculated from
45 and 56 extrapolations for CCSD�T� never exceed
1 kJ mol−1 for the molecules in our dataset.

As mentioned in Part I of this series, the partial-wave
expansion formula used to extrapolate the CCSD�T� energies
is valid only for two-electron atoms in the limit of a basis
saturated with functions of each angular momentum. This
theoretical foundation becomes quite precarious when one
uses the correlation-consistent series of basis sets �which are
clearly not saturated with respect to functions of the highest
angular momentum, which is represented by a single Gauss-
ian function!�, and the success of extrapolations must really
be viewed as a triumph of a justifiable, but certainly nonrig-
orous approach. Quite recently, Schwenke32 has embraced
empiricism and advocated a two-point extrapolation of the
form

E� = EN−1 + FN�EN − EN−1� , �3�

where N is an energy obtained with a cc-pVXZ �X=N� basis
set, and the constants FN depend on N. While not mentioned
in his paper, this approach is precisely equivalent to an
inverse-power formula, except that the exponent is not 3, nor
is it the same for all pairs of basis sets. Precisely, it is quite
easy to show that the formula above can be written as

E� = EN −
a

N−X , �4�

where

X =

ln	1 −
1

Fn



ln	N − 1

N

 . �5�

For example, Schwenke’s recommendation for F6 within the
aug-cc-pVXZ hierarchy is 2.265 620 6 �sic� for extrapolating
the CCSD correlation energy obtained with the aug-cc-pVXZ
basis, which is equivalent to using Eq. �4� with X=3.1937,
while the formula of Helgaker et al.13 is the same as that
obtained with Fn=2.3736. However, Schwenke makes the
additional recommendations that the CCSD and �T� correla-
tion energies should be extrapolated with different coeffi-
cients F. We have used Schwenke’s coefficients �or equiva-
lently exponents� within the HEAT scheme to see what effect
this approach has on the predicted thermochemical proper-
ties. It should be mentioned here that Schwenke was careful
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to mention that he had optimized these parameters only for
valence correlation energies within the aug-cc-pVXZ hierar-
chy, and we are glibly using the same constants to extrapo-
late energies obtained within the aug-cc-pCVXZ series.
However, the approach is empirical, and the fact is that using
exponents greater than 3 will tend to reduce the extrapolated
correlation energies. We view this as favorable, because it is
our belief that the CCSD�T� correlation energies used in
HEAT-456 methods tend to be overestimated.

In any event, for the CO molecule, the Schwenke-based
extrapolation of the aug-cc-pCVXZ CCSD and �T� energies
�done separately, per his recommendation� gives CCSD�T�
contributions of 356.23 and 356.29 kJ mol−1 to the TAE for
the 45 and 56 procedures, respectively. Similar behavior
�smaller differences between 45- and 56-based Schwenke ex-
trapolations and an overall reduction in the TAE contribu-
tion� is seen almost uniformly �for example, the �ECCSD�T�

�

TAEs of N2 with the 45- and 56-based extrapolations are
472.26 and 471.49 kJ mol−1 with the partial-wave �X=3� for-
mula and 471.49 and 471.29 kJ mol−1 with the Schwenke
parameters�. This overall pattern, and the demonstrated ac-
curacy of the Schwenke parametrization of extrapolation,
suggests that the HEAT �ECCSD�T�

� contributions to the TAE
are overestimated still at the HEAT-456 level of theory. This
appears to be a consistent deficiency in the protocol; it would
seem evident at this point to conclude that the overall
CCSD�T� contributions to atomization energies calculated
with all HEAT protocols to date are overestimated.

B. Improved treatment of the DBOC

The diagonal Born-Oppenheimer contribution is the sim-
plest way to correct for the usual use of the Born-
Oppenheimer approximation in which the nuclear motion de-
pendence of the electronic wavefunction is ignored.33

However, this first-order treatment of nuclear motion does
not spoil the separability of nuclear and electronic wavefunc-

tions and represents a mass-dependent adiabatic approxima-
tion. It is a small correction for all of the molecules studied
here; the maximum contribution to the TAEs is less than
0.5 kJ mol−1, and the correction is entirely negligible for
molecules that do not contain hydrogen atoms. However, as
mentioned in Ref. 10, the maximum error in HEAT-456 ther-
mochemistry for H2 actually comes from correlation contri-
butions to the DBOC, which have been neglected up to now.
The reason for this is that, while treatments of the DBOC
within the HF-SCF approximation have been around for
some time �see, for example, Ref. 34�, correlated calculations
of this correction within a size-consistent methodology are
much less prevalent. In fact, the theory—which proved sur-
prisingly subtle—for the coupled-cluster approximation has
been worked out and implemented only very recently. In this
work, we have used DBOC contributions calculated with the
CCSD treatment of electron correlation,15 using the aug-cc-
pCVQZ basis set. Figure 1 shows a schematic representation
of how the DBOC contribution to the TAEs is affected by
electron correlation effects. For molecules without hydrogen,
this contribution is entirely neglibile and the correlation ef-
fects are not even worthy of discussion. For hydrides, the
trend is relatively systematic; inclusion of electron correla-
tion in the DBOC leads to an overall reduction in atomiza-
tion energies �molecular destabilization� in most cases, in-
cluding all examples in which the correlation effect is greater
than 0.1 kJ mol−1. Hence, improved treatments of both the
CCSD�T� and DBOC contributions to the energy generally
lead to overall reduction in the TAE.

C. Comparison with ATcT

Total atomization energies for the molecules that have
historically constituted the statistical dataset for HEAT are
compared with recent values from ATcT �Ref. 35� in Table II.
It is clear from the error analysis that “the best” HEAT ap-

FIG. 1. �Color online� Contributions
to the atomization energy based on
correlated and HF-SCF treatments of
the diagonal Born-Oppenheimer
calculation.
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proaches do not necessarily have the best statistical proper-
ties. For example, the largest error for all methods using a
particular treatment for the �EHLC is larger when the 456-
based extrapolations are used than the simpler HEAT-345
variants. It is not just the maximum errors that are affected;
the rms errors increase as well! However, all rms errors are
less than 0.5 kJ mol−1, and a detailed analysis of them is
anything but straightforward. Let us demonstrate now that
such an analysis is largely a pointless exercise and, as a
corollary, that efforts to distinguish between the quality of
the various HEAT approaches are simply not possible in gen-
eral on the basis of such a statistical comparison. To this end,
we choose a few selected molecules for a detailed investiga-
tion of systematic deficiencies that exist even at the HEAT-
456QP level, which is—unquestionably—the most theoreti-
cally complete approach. It is self-evident that none of the
contributions in the HEAT protocol associated with the non-
relativistic and scalar relativistic energies is experimentally
determinable,36 and a certain degree of guessing will always
be involved as to the accuracy of these terms. One can only
base the level of confidence in a particular correlation energy
on the convergence of the energy contributions; that is, mol-
ecules with a low HLC probably have more accurate corre-
lation energies than those with larger �EHLC values. A simi-
lar faith must be associated with the DBOC contribution but
fortunately this is usually of a magnitude such that a 10%–
20% error in the calculation �a conservative estimate, in our
view� would amount to no more than 5 cm−1 �ca.
0.05 kJ mol−1� in the TAE. However, the remaining contribu-
tions, the spin-orbit stabilization energy, and the zero-point
vibrational energy can be determined in the laboratory, sub-
ject to certain assumptions. For a few of the simpler systems

in the test suite, the corresponding data are available. Let us
first investigate the simple diatomic hydrides which have ex-
tremely tight ATcT error bars �HF, OH, and H2O� of
�0.1 kJ mol−1. For all of these systems, the error in the
HEAT-based SO and ZPE corrections can be quantified, and
improved TAEs can be calculated using the remaining
HEAT-456QP contributions. All of these molecules are ad-
dressed now, beginning with those that have precisely known
TAEs.

1. HF

Hydrogen fluoride represents a somewhat puzzling case.
The straightforward HEAT-456QP atomization energy is
0.31 kJ mol−1 above the current ATcT value. Use of the exact
zero-point correction of 2050.8 cm−1 �Ref. 37� �which is
14.3 cm−1 below the HEAT value� acts to further increase
this discrepancy—the molecule is now predicted to be over-
bound by 0.48 kJ mol−1. As the HLC for HF is less than
1 kJ mol−1, experience suggests that basis-set effects would
have only a small effect and actually make the agreement
worse. However, the HEAT-based spin-orbit stabilization of
the fluorine atom undershoots the experimental value of
134.7 cm−1 �Ref. 38� by 8.7 cm−1, and application of the
appropriate adjustment brings the theoretical value closer;
exact ZPE and spin-orbit contributions lead to a TAE that is
0.37 kJ mol−1 above the ATcT value. The recent work of Kar-
ton et al.,39 who have admirably explored subtleties and
sources of error in the high-level correlation correction
�EHLC, offers the answer: they find that the HLC for HF is
predicted surprisingly poorly with a small basis set and in
fact decreases with basis-set size. In general, the HLC deter-

TABLE II. Errors �in kJ mol−1� in atomization energies, compared with ATcT values based on the Core �Argonne� Thermochemical Network, C�A�TN,
Version 1.064. Molecules here are those that come from the original HEAT dataset.

Species HEAT345-Q HEAT456-Q HEAT345-�Q� HEAT456-�Q� HEAT345-QP HEAT456-QP

N2 −0.05 −0.69 0.60 −0.04 0.42 −0.22
H2 0.15 0.04 0.15 0.04 0.15 0.04
F2 −0.04 −0.19 0.40 0.25 0.12 −0.03
CO −0.33 −0.44 0.09 −0.02 −0.19 −0.31
O2 −0.69 −0.39 −0.17 0.13 −0.26 0.03
C2H2 −0.44 −1.20 −0.12 −0.87 −0.12 −0.87
CCH −0.11 −0.84 0.05 −0.67 0.20 −0.52
CH2 −0.26 −0.57 −0.27 −0.58 −0.25 −0.57
CH −0.26 −0.36 −0.27 −0.37 −0.25 −0.35
CH3 −0.15 −0.57 −0.15 −0.57 −0.13 −0.55
CO2 −0.27 −0.41 0.63 0.49 −0.11 −0.25
H2O2 −0.59 −1.01 −0.19 −0.61 −0.39 −0.81
H2O 0.28 −0.10 0.38 0.01 0.31 −0.06
HCO −0.34 −0.52 0.18 0.00 −0.19 −0.37
HF 0.36 0.30 0.43 0.36 0.37 0.31
HO2 0.18 0.07 0.64 0.53 0.39 0.27
NO −0.73 −0.71 −0.11 −0.10 −0.39 −0.37
OH 0.43 0.29 0.43 0.29 0.44 0.30
rms error 0.37 0.57 0.35 0.42 0.28 0.42
Mean error −0.16 −0.41 0.15 −0.10 0.01 −0.24
Max error 0.73 1.20 0.64 0.87 0.44 0.87
95% confidence limitsa 0.74 1.14 0.70 0.84 0.56 0.84

aEstimated 95% confidence limits have been approximated by twice the rms value.
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mined in a small basis set will undershoot �the same is true
for individual contributions to the CCSD�T� contributions; it
is just the extrapolations that tend to overshoot the correct
result� the correct result, meaning that the contribution to the
TAE obtained with HEAT-based values of �EHLC will be
slightly too small. However, for HF, Karton et al.8 find that
the cc-pVDZ basis set overshoots the cc-pV5Z result for the
CCSDT�Q� contribution to the TAE by roughly 0.3 kJ mol−1.
This accounts, nearly quantitatively, for the remaining error
in the TAE for hydrogen fluoride.

2. OH radical

The HEAT-456QP atomization energy is calculated to be
425.92 kJ mol−1, which is 0.30 kJ mol−1 above the quite pre-
cise ATcT value of 425.62�0.03 kJ mol−1. One expects the
electron correlation effects to be quite well converged at this
level of theory, as the HLC contribution is a mere
0.48 kJ mol−1. Moreover, the work of Karton et al.8 indicates
that the basis-set error in the HLC is less than 0.1 kJ mol−1

�and again too large, which seems to be part of a pattern in
which HLC corrections to the TAE obtained in the cc-pVDZ
basis set are too large for molecules with very polar HX
bonds�, meaning that the error is still on the order of
0.2 kJ mol−1. Given the relative simplicity of the electronic
structure of OH and the small size of the radical, such a
“large” error �at least relative to some of the other molecules
in the test suite� is perhaps surprising. Why, one might won-
der, would OH have a larger error at the HEAT456-QP level
than do N2 and CO2, which are considerably more compli-
cated molecules for theory? However, let us now see what
discrepancy remains when the ZPE and SO contributions are
replaced by their experimental values. How much will this
change the HEAT-456QP result? In which direction?

It turns out that largest in magnitude amongst these is the
error due to the HEAT-based SO contribution, which corre-
sponds to the center of gravity between the nonrelativistic
energy �which corresponds to that associated with the eigen-
value of the Born-Oppenheimer electronic Hamiltonian� and
the true ground-state electronic energy, a quantity that we
refer to here as the spin-orbit stabilization energy �SOSE�.
The situation that is operative in OH is depicted schemati-
cally in Fig. 2. The HEAT-based SOSE for the oxygen atom
is 68.5 cm−1, while the value based on the precise positions
of the three 3P sublevels is 78.0 cm−1 �Ref. 38�, a difference
of 0.11 kJ mol−1. For OH, the spin-orbit constant A0 describ-
ing the splitting of 2�3/2 and 2�1/2 levels is 139.2 cm−1,
placing the weighted average at +69.6 cm−1 relative to the
ground state under the most simplistic assumption. While
this is quite close to the HEAT calculation of +65.2 cm−1,
OH has a fairly substantional rotational zero-point energy
due to electronic-rotational coupling, and the simple treat-
ment Eground=Enonrelativistic− 1

2A0 does a rather poor prediction
of estimating the position of the lowest allowed rotational
state. Application of the Hill–Van Vleck equation40 shows
that, in fact, the lowest existing rotational level is 38.2 cm−1

below the center of gravity, rather than the 69.6 cm−1 that is
associated with the simple formula. Thus, the exact SOSE
for OH is −38.2 cm−1 �−0.46 kJ mol−1�, which is
0.32 kJ mol−1 smaller in magnitude than the HEAT result of

−65.2 cm−1. Hence, the error in the HEAT-based SOSE for
the atomization energy of OH is 0.32+0.11=0.43 kJ mol−1

�see Fig. 2�, which decreases the theoretical TAE to
425.48 kJ mol−1, which is just 0.14 kJ mol−1 below the ATcT
value. It is particularly noteworthy that the error in the cal-
culated quantity is, in fact, about 30% larger in magnitude
than the discrepancy between HEAT456-QP and ATcT atomi-
zation energies. It is perhaps amusing that the quantity under
consideration is one that is ignored in most theoretical model
chemistries. Nonetheless, with a residual error of
0.13 kJ mol−1 after correcting the SOSE, things are getting
better for the ostensibly simple OH radical in the brave new
world of highly precise theoretical thermochemistry.

While one might �rationally� think it naive to attempt a
further analysis, let us indulge this interest and focus on the
other potentially problematic contribution that can be �within
the Born-Oppenheimer approximation� determined experi-
mentally: the ZPE contribution. For OH, the experimental
value of the ZPE is 1850.69 cm−1 �22.139 kJ mol−1�,37 which
is 0.11 kJ mol−1 below the HEAT value. Thus, the theoretical
atomization energy is increased by this amount, which re-
sults in a value of 425.61 kJ mol−1, which is in fortuitously
perfect agreement with ATcT and is the most accurate calcu-
lation of this quantity to date.41 The accuracy issue alluded to
above—why OH had a larger discrepancy than the difficult
molecules N2 and CO2—is seen to be a consequence mostly
of the complicated angular momentum coupling in the OH
radical, with a smaller contribution from an overestimation
of the ZPE by theory, rather than deficiencies in the elec-
tronic energy contribution. OH is apparently treated very
well indeed by the nonrelativistic energy calculations associ-
ated with HEAT456-QP.

3. H2O

The water molecule is another interesting case, where
the complexities associated with treating the spin-orbit inter-

FIG. 2. �Color online� Energy levels of the OH atomization process. The
thick levels represent the center-of-gravity nonrelativistic energies obtained
in the ab initio calculations. The red levels �dotted for OH� represent the
simplistic center of gravity �not taking into account the detailed coupling of
rotational, spin, and electronic angular momenta, such as that occurring in a
2� state of a diatomic molecule� of the individual spin-orbit sublevels, and
the black thin lines are the corresponding HEAT estimates. The solid red
line for OH is the position of the lowest allowed rotational term.
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action in hydroxyl are not present, water being a closed-shell
singlet molecule. That the electronic structure aspect of the
calculation is well converged is evidenced by the total non-
relativistic energy �see Table IV� of −76.4388 a.u., which is
in perfect agreement with a recent estimate of Bytautas and
Ruedenberg42 �−76.4390�0.0004 a.u.�, suggesting that the
HEAT-456QP energy is within 20 cm−1 of the exact nonrel-
ativistic result. Indeed, the HEAT456-QP atomization energy
of 917.76 kJ mol−1 is but 0.07 kJ mol−1 below the ATcT es-
timate of 917.84�0.03 kJ mol−1. However, this agreement is
somewhat fortuitous and degrades when proper account is
taken for the “wild-card” spin-orbit and ZPE contributions.
For the former, the error of 0.11 kJ mol−1 in the HEAT value
for the oxygen atom spin-orbit stabilization energy38 must be
added to the HEAT-456QP result, raising it to
917.88 kJ mol−1, this value being in better agreement with
ATcT. The situation is further improved when one includes
the ZPE error; the semiexperimental value of 55.76 kJ mol−1

�Ref. 43� is 0.03 kJ mol−1 below the ATcT value, lowering
the theoretical value to 917.85 kJ mol−1. However, again
there is something of a Pauling point even at this level; the
calculations of Karton et al.8 suggest that the �EHLC contri-
bution to the TAE H2O—like HF and OH and, it would
seem, most molecules with highly polar HX bonds—is over-
estimated with the cc-pVDZ basis set by about
0.12 kJ mol−1. This, together with basis-set effects of the
�ECCSD�T�

� and �ECCSDT corrections, clearly shows that one
must be very careful in analyzing theoretical thermochemical
results at such advanced levels of theory. Perfect, or nearly
perfect, agreement is always fortuitous and it is totally un-
clear whether improving a particular contribution is really
beneficial. We return to this issue at the conclusion of this
paper.

IV. DISCUSSION

The previous section makes clear that the overall error in
HEAT-based schemes for thermochemistry is so small that
even more sophisticated treatments of individual contribu-
tions and/or consideration of effects such as the angular mo-
mentum coupling in the hydroxyl radical change results in
subtle ways that do not necessarily improve results. Indeed,
it seems clear that easily the most practical and useful gen-
eral HEAT method is probably HEAT-345�Q�, which is also
the least expensive approach. At this point, it is appropriate
to go through each contribution to the HEAT energy and
discuss some general trends. First, EHF

� is apparently quite
well converged; differences between TAE contributions cal-
culated from aug-cc-pCV5Z, aug-cc-pCV6Z, and HEAT-456
HF-SCF energies are so small as to suggest that EHF

� from
HEAT-456 is probably in error by less than 0.05 kJ mol−1 in
all cases. The same is not true for the HEAT-345 EHF

� results,
simply because of the poor performance of the triple-zeta
basis discussed earlier in this manuscript.

�ECCSD�T�
� is of course one of the largest sources of error

and the principal term of importance for the correlation en-
ergy. Here, the error is apparently systematic. While
CCSD�T� energies calculated in all of the basis sets used
here lead to TAE contributions that are too small �correlation

effects always give a positive contribution to the TAE�, the
partial-wave extrapolations tend to overshoot the results. The
finite basis-set calculations converge �slowly� from below;
the extrapolations appear to converge from above. Interest-
ingly, the extrapolations based on the Schwenke formulas
appear to converge from below, and—based on a few ex-
amples studied here—more rapidly than do the partial-wave
extrapolations. However, the latter lead to overestimated
TAEs, on the order of a few tenths of a kJ mol−1. The
�ECCSDT and �EHLC contributions have been analyzed in
detail by Karton et al.,39 and it seems that the strategy for
�ECCSDT that is used in the HEAT approach �equivalent to
the second column in Table II of Ref. 8�—which is also
based on extrapolation—also gives a slightly too positive
contribution to the TAE as well. However, the magnitude of
the difference is smaller than that of �ECCSD�T�

� and typically
on the order of 0.1 kJ mol−1.

The overestimation of the correlation contribution to the
TAE through the CCSDT level is, in HEAT-based thermo-
chemistry, offset to a large degree by a compensating error in
the �EHLC term. Boese et al. were the first to demonstrate the
basis-set effects in CCSDTQ and related methods vis-a-vis
the TAE. Boese et al. have advocated various formulas, rang-
ing from a simple scaling of �frozen-core� CCSDTQ energies
obtained in a cc-pVDZ basis set by a factor of 1.2532 �Ref.
7� to considerably more complicated approaches �the so-
called “W4.3 combo” and “W4 combo”�. However, here one
is faced with two fundamental options. First, one can do
calculations with larger and larger basis sets, and thereby
approach the exact �ECCSD�T�

� and �ECCSDT contributions,
albeit with considerable computational demands, and then
attempt to also account quantitatively for the �EHLC using
large basis sets and/or the empiricism of the “combos.”
There is no doubt that this is the only way to establish de-
finitive results and to make predictions of fundamental ther-
mochemical parameters when extraordinarily high precision
is required. However, it is very costly, and it seems that such
an approach will always encounter severe restrictions with
regard to its scope of application. The other approach, which
is clearly more practical, is to use the empirical cancellation
between the overshooting of the �ECCSD�T�

� and �ECCSDT

contributions and the undershooting of the �EHLC contribu-
tion. Each has its merits, and it is always satisfying to under-
stand why a method performs “better than it ought to,” as
does HEAT345-�Q�.

Most of the remaining contributions all have rather
smaller error bars. First, the �Erel contribution is based on
first-order perturbation theory, and contains both one- and
two-electron Darwin and mass-velocity contributions. It is
believed that this is quite satisfactory for first-row molecules.
We have done calculations with two different basis sets �aug-
cc-pCVTZ, which is used in all HEAT calculations and a
larger aug-cc-pCVQZ basis�, and it is found that the larger
basis set tends to affect TAE contributions by at most
0.07 kJ mol−1 �for, not surprisingly, F2�. The spin-orbit con-
tribution �ESO is a somewhat larger source of error, as the
calculations for the atoms C, O, and F have errors �with
respect to the exact spectroscopic stabilizations� of −0.02,
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0.11, and 0.10, with the HEAT-based stabilization energies
larger in magnitude for O and F. Hence, this error—which
can easily be quantified—leads to an error of the associated
TAE contribution for closed-shell molecules by a magnitude
that is easily calculated from stoichiometric considerations.
The DBOC contribution changes little when one goes from
the HF-SCF-based treatment of this correction that was used
in the first two papers in this series; it is expected to be
accurate to well within 0.1 kJ mol−1.

Finally, the zero-point vibrational correction can be de-
termined essentially exactly from spectroscopic data on di-
atomics and is also occasionally well known for molecules
such as water. Results reported earlier in this paper, together
with the empirical knowledge that quantum chemical calcu-
lations of vibrational energy levels tend to approach the cor-
rect answer from above, suggest that the calculated �EZPE

contribution to the atomization energies is too large in mag-
nitude; a more accurate treatment of this contribution would
tend to increase atomization energies by, again, roughly
0.1 kJ mol−1 for most of the molecules studied here.

A summary of the effectively systematic errors encoun-
tered in the HEAT scheme is shown in Table III, where the
tendency toward error cancellation is evident, as is the cause
of the seemingly anomalous behavior of HF. It should be
emphasized that the error bars for HEAT—roughly
0.5 kJ mol−1 rms �or �1 kJ mol−1 in terms of 95% confi-
dence limits�—apply only to molecules containing a very
few first-row atoms. Calculating atomization energies is very
difficult, and the magnitude of the error ultimately will be-
come proportional to the size of the system. For example, it
is entirely unrealistic to expect a HEAT-based calculation of
the total atomization energy of benzene �which we are cur-
rently undertaking� to have this sort of accuracy. It is a nec-
essary consequence of size extensivity that the characteristic
relative error in atomization energies will remain constant,
but the absolute error is clearly going to grow linearly with
the size of the system. Hence, it would be rather more real-
istic to assume that the TAE of benzene computed with
HEAT would have an error larger by a factor of 10 or so.
This is a point that we feel is made explicit only rarely—if at
all—in the high-accuracy theoretical thermochemistry litera-

ture and an important qualification—“1 kJ mol−1 accuracy”
applies only within the small molecule �two or three heavy
atoms, at most� approximation.44 Hence, the achievement of
chemical accuracy is really a relative goal; if one is inter-
ested in TAEs, then chemical accuracy for a molecule with,
say, a dozen or so atoms is probably still not an achievable
goal. However, it would be better to calculate the enthalpy of
formation of benzene via some sort of isodesmic or nearly
isodesmic scheme, because that process would tend to lead
toward error cancellation. In this regard, we remind the
reader that HEAT was never intended to be a method that
was entirely for the purpose of calculating TAEs, but rather
for estimating the total energies of molecules. Thermochem-
istry is best calculated via reaction-based schemes �as beau-
tifully epitomized by the work of Allen and co-workers using
the focal-point treatment5,45�; TAEs are simply a useful quan-
tity to calculate in benchmarking the performance of a
method.

To this end, we give a table of Hartree-Fock limit ener-
gies and HEAT-456QP correlation energies that we propose
to be the most accurate such results yet presented in the
literature. The values in Table IV were calculated using the
unrestricted Hartree-Fock method for open-shell molecules,
which vitiates comparison with some previous works in this
area, but the total energies compare favorably with the best
available results, as discussed for water.

Another issue that is sometimes asked during the ques-
tion session after a presentation about high-accuracy theoret-
ical thermochemistry is that of geometry, and we would like
to address that here. Clearly, the CCSD�T�/cc-pVQZ geom-
etries used in the HEAT protocol are not the true equilibrium
geometries. Rather, there is an intrinsic error of approxi-
mately 0.005 Å which must be considered. Obviously, any
error in geometry will result in an atomization energy that is
a bit too small; it is always further from the bottom of the
well to the asymptote than from some point above the mini-
mum. However, the fact that the energy is stationary in this
vicinity means that the resulting error will be small. But
should it be considered when one is striving for accuracies
on the sub-kJ mol−1 level? A typical force constant is
0.5 hartree bohr−2, which is equivalent to about
4000 kJ mol−1 Å−2. Hence, an error of 0.005 Å in a bond
distance translates to 0.05 kJ mol−1. Therefore it is unlikely
that such effects will be important for diatomic molecules,
but certainly need to be considered for larger systems.

Finally, we address the issue that differentiates HEAT
from the focal-point and Wn family of methods. Specifically,
it is of interest to know just how important it is to include
core correlation explicitly in HEAT, rather than to save the
computational expense that accompanies the significantly
larger basis sets that are needed to correlate the core elec-
trons. Is it worth it?

Valence correlation effects are usually obtained by ex-
trapolating energies obtained with very large basis sets, while
core correlation effects are assumed to be less important. It
is, however, important to define what precisely is meant by
“less important” here. The general viewpoint is that core
electron correlation is largely an atomic phenomenon; the
perturbation of the atomic environment in the formation of

TABLE III. Guide to typical sizes and signs of errors in the contributions to
HEAT-based atomization energies for molecules with two to four first-row
atoms.

Contribution
to TAE

Sign of typical error
in HEAT-based theory

Greater than
0.2 kJ mol−1?

EHF
� Essentially exact No

�ECCSD�T�
� � Can bea

�ECCSDT � No
�EHLC 	 Can be

� Can be
�Erel Varies No
�ESO � for hydrocarbons No

	 otherwise No
�EDBOC Unknown No
�EZPE 	 Can be

aEspecially for tetra-atomics.
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chemical bonds is obviously less profound than that involv-
ing the valence electrons. This is an idea that goes to the very
crux of bonding and descriptive chemistry, and we adhere to
this belief. The purpose of this section, however, is to ex-
plore just how much error is introduced when core and va-
lence electron correlation is separated, and how can we best
do this separation.

Let us take a fairly straightforward yet pedagogical ap-
proach. It is obviously and manifestly true that the total cor-
relation energy associated with any correlated level of theory
can be expressed as

Eexact = Ev
� + �Eall

exact − Ev
�� , �6�

where Ev
� and Eexact

� are the valence-only and total correlation
energies, both evaluated with a complete basis set. The term
in brackets represents what is usually known as the core
correlation contribution. Let us now assume that all terms on
the right-hand side of the equation are to be approximated by
means of basis-set extrapolation techniques, viz.,

Eexact � Ev
A + �Eall

B − Ev
C� , �7�

where A, B, and C designate �potentially different� extrapo-
lation schemes. Clearly, if scheme B is sufficiently accurate,
one can dispense with the entire separation and make the
assumption

Eexact � Eall
B , �8�

which is precisely the strategy employed in HEAT. However,
if the calculations required by the scheme B are too demand-
ing, one can then invoke the core-valence separation strategy
motivated by the considerations above. Then, we have to
make the approximation

Eexact � Ev + Ecv, �9�

with

Ev � Ev
A, �10�

and

Ecv � Eall
B − Ev

C. �11�

In the usual scheme, the extrapolation strategy A employs
very large basis sets and the chemically more important va-
lence correlation effects are adequately appoximated by Ev

A.
The core-valence contribution is assumed to be less impor-
tant for the property in question, and both B and C involve
less demanding calculations. Clearly if B and C provide the
exact results, then the total correlation energy error is simply
that of the valence contribution. Similarly, if the errors in the
valence correlation approximation Ev

C and the total correla-
tion approximation Ev

B are the same, then their difference
gives—exactly—the correct core-valence contribution to the
correlation energy.

To this point, we have made a completely general dis-
cussion that makes no assumptions about the way that the
extrapolations are performed, nor which basis sets are used.
At this point let us assume the correlation-consistent basis
sets popularized by Dunning and co-workers are used and
that a two-point extrapolation formula such as the partial-
wave �inverse cube� approach advocated by Helgaker et al.
or the method of Schwenke is employed. The extrapolation
schemes A, B, and C then differ only in the choice of the
basis sets used, and we shall designate them as TQ, Q5, and
56, these being extrapolations made on the basis of energies
obtained with the corresponding VXZ �VQZ and V5Z are
designated by Q5, etc.� realizations of one of the hierarchies
of basis sets known as cc-pVXZ, aug-cc-pVXZ, or
aug-cc-pCVXZ.

The valence correlation energy should be obtained with
the largest possible basis sets, such as Ev

56 obtained in, say,
the aug-cc-pVXZ hierarchy. It should be pointed out here
that the aug-cc-pCVXZ hierarchy could also be used, as—in
principle—the valence correlation energies in the limit of
completeness in either hierarchy are the same, but the other
choice is clearly preferred on practical grounds. The major
question is then how best to calculate the core-valence con-
tribution. Here, there are really a few choices, even within
the framework that has been imposed on this discussion. It is
common to do identical extrapolations of both contributions,

TABLE IV. Estimated Hartree-Fock limit �HFL� energies, correlation ener-
gies, and total nonrelativistic electronic energies for molecules in the test
suite. For open-shell systems, the partitioning of Hartree-Fock and correla-
tion energies is that associated with the unrestricted Hartree-Fock method,
and the energies refer to the spin-orbit averaged energy for atomic 2P and 3P
states and diatomic 2� states. All values are in a.u.

Species HFL Ecorr Enr

N2 −108.9931 −0.5494 −109.5425
H2 −1.1336 −0.0409 −1.1745
F2 −198.7735 −0.7570 −199.5306
O2 −149.6915 −0.6360 −150.3275
C −37.6937 −0.1513 −37.8450
F −99.4163 −0.3179 −99.7342
H −0.5000 0.0000 −0.5000
N −54.4045 −0.1847 −54.5893
O −74.8190 −0.2485 −75.0674
CO −112.7908 −0.5355 −113.3264
C2H2 −76.8556 −0.4804 −77.3360
CCH −76.1835 −0.4303 −76.6139
CH2 −38.9410 −0.2080 −39.1490
CH −38.2845 −0.1947 −38.4792
CH3 −39.5812 −0.2544 −39.8356
CO2 −187.7254 −0.8763 −188.6017
H2O2 −150.8525 −0.7113 −151.5638
H2O −76.0675 −0.3713 −76.4388
HCO −113.3040 −0.5536 −113.8577
HF −100.0709 −0.3892 −100.4601
HO2 −150.2527 −0.6620 −150.9147
NO −129.3095 −0.5905 −129.9000
OH −75.4281 −0.3103 −75.7384
HNO −129.8500 −0.6348 −130.4848
CN −92.2428 −0.4800 −92.7229
HCN −92.9158 −0.5177 −93.4335
CF −137.2390 −0.5518 −137.7908
NH2 −55.5923 −0.2879 −55.8802
NH3 −56.2250 −0.3392 −56.5642
NH −54.9864 −0.2353 −55.2217
OF −174.2109 −0.6752 −174.8861
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i.e., A=B, with the same hierarchy of basis sets. For ex-
ample, the Wn family of methods developed by Martin and
co-workers assumes

Ecv � Eall
TQ − Ev

TQ �12�

using the aug-cc-pCVXZ hierarchy. However, there is a prac-
tical issue that should be considered here. Particularly for the
smaller elements of this series such as aug-cc-pCVDZ and
aug-cc-pCVTZ the inclusion of tight basis functions, osten-
sibly and commonly thought of as only assisting in the cor-
relation of the core electrons, also tends to assist the valence
electron correlation. As a result, the way that the valence
correlation scales with the basis set is expected �and is� to be
fairly different than if a purely valence basis-set hierarchy
like aug-cc-pVXZ series is used. Indeed �see Fig. 3�, Ev

TQ

obtained with the aug-cc-pCVXZ basis sets is systematically
inferior to the same quantity obtained with the aug-cc-pVXZ
series. Both overshoot the exact value �here approximated
with Ev

56�, with the aug-cc-pVXZ extrapolations generally
closer. Hence, if one is interested in a low-level estimate of
the valence correlation energy, the latter hierarchy should be
used in extrapolations. But recall that it is not the accuracy of
the individual contributions in Eq. �11� that are important,
but rather the overall accuracy of the difference. There is no
question about the hierarchy of basis sets that should be used
for the Eall

TQ term—the aug-cc-pCVXZ series is the only
choice. Now, as can be seen again in Fig. 3, the TQ extrapo-
lations of the total correlation energy again overshoot the
exact results �again here approximated by Eall

56� by a magni-
tude of roughly twice that seen in the valence-only extrapo-
lations. Hence, when the two terms are subtracted from one
another, the difference remains negative and is generally
smaller in magnitude when the less accurate �for the valence
energy� Ev

TQ based on the aug-cc-pCVXZ series is used. Total
errors in correlation energies are seen to be best when this
approach �that of Martin� is used for the core-valence con-

tribution, which transfers over to atomization energies �see
Fig. 4�.

Nonetheless we see that the residual errors from the TQ
extrapolation of the core-valence energies using the scheme
of Martin lead to errors that are generally small but reach
0.5 kJ mol−1 in a few cases. While this is certainly acceptable
for the overwhelming number of applications �recall that the
definition of chemical accuracy is 1 kcal mol−1—almost an
order of magnitude greater—and this is usually an acceptable
level of accuracy�, it does underscore the idea that those
working in this area must begin to entertain the idea of aban-
doning separate treatments of core and valence correlation
when the highest levels of accuracy are sought.

V. SUMMARY

The results of this work serve to make a general state-
ment about very high-accuracy theoretical thermochemistry.
To wit, the accuracies that can now be obtained—via im-
provements in quantum chemistry made in the past decade
�general coupled-cluster approaches, basis-set extrapolation
techniques, and the development of large basis sets necessary
to adequately use the extrapolations�—are at the point where
it is extremely difficult to judge the quality of comparably
accurate strategies, but also sometimes verifiably detrimental
to “do a better job.” As a result, a critical analysis of the
calculated numbers beyond the relatively qualitative discus-
sion epitomized by the content of Table III is not straightfor-
ward in general, but must take the form of the brief discus-
sions of OH, HF, and H2O earlier in this paper. For other
systems, where the uncertainty in the ATcT data is much
greater, it is really not possible to make any sort of detailed
analysis at all.

What is clear, and has been implicitly pointed out by
Karton et al.,8 is that the time-honored idea of “Pauling
points” is valuable here, even at what might seem to be an
absurdly high level of theory. The rather simple �in a relative

FIG. 3. �Color online� Errors in
kJ mol−1 in components of the correla-
tion energy obtained with different TQ
extrapolation schemes. The red lines
are the errors in the valence energy
obtained by extrapolating the
aug-cc-pVXZ sequence; the blue lines
come from extrapolating the valence
energy in the aug-cc-pCVXZ se-
quence, and the black lines are the er-
rors in the total correlation energy ob-
tained from the aug-cc-pCVXZ
extrapolation. The points of reference
are the 56-extrapolated aug-cc-pVXZ
and aug-cc-pCVXZ valence and total
energies.
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sense� HEAT345-�Q� method is, in fact, statistically the most
accurate of the various approaches, despite being the cheap-
est. While the argument can be made that there are cases in
which HEAT345-�Q� might be prone to larger errors �diffi-
cult molecules where the perturbation theory used to justify
the CCSDT�Q� method23 is asked to do “too much”�, the
conclusion that this simplest HEAT method is the most prag-
matic and offers the best compromise between accuracy and
cost cannot be realistically refuted. To improve systemati-
cally upon HEAT345-�Q�, the results of this work and that of
Ref. 39 suggest that �a� some treatment of pentuple excita-
tions should be used, �b� the quadruple excitation effects will
have to be extrapolated which necessitates large basis-set
CCSDTQ and/or CCSDT�Q� calculations, and �c� better ex-
trapolation of CCSD�T� is required, with the implication that
the Schwenke approach should be used, perhaps together
with septuple-zeta calculations. The careful reader might
think at this point: “well, condition �c� is not an obstacle,
especially if the sextuple-zeta �or even pentuple-zeta� calcu-
lations are sufficient,” but the lesson learned in this work and
Refs. 8 and 39 is that all of these improvements must be
made to effect an overall improvement in the quality of the
results. The field of high-accuracy thermochemistry has
clearly reached an impasse, but quite a satisfactory one since
the level of accuracy achievable now is sufficient for almost
all needs.
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