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A theoretical model chemistry designed to achieve high accuracy for enthalpies of formation of
atoms and small molecules is described. This approach is entirely independent of experimental data
and contains no empirical scaling factors, and includes a treatment of electron correlation up to the
full coupled-cluster singles, doubles, triples and quadruples approach. Energies are further
augmented by anharmonic zero-point vibrational energies, a scalar relativistic correction, first-order
spin–orbit coupling, and the diagonal Born–Oppenheimer correction. The accuracy of the approach
is assessed by several means. Enthalpies of formation~at 0 K! calculated for a test suite of 31 atoms
and molecules via direct calculation of the corresponding elemental formation reactions are within
1 kJ mol21 to experiment in all cases. Given the quite different bonding environments in the product
and reactant sides of these reactions, the results strongly indicate that even greater accuracy may be
expected in reactions that preserve~either exactly or approximately! the number and types of
chemical bonds. ©2004 American Institute of Physics.@DOI: 10.1063/1.1811608#

I. INTRODUCTION

At a time when the majority of practitioners have essen-
tially abandoned the field in favor of density-functional
theory, traditional quantum chemistry~comprising what have
come to be known—somewhat pejoratively in some
circles—as ‘‘wave function methods’’! has evolved so that
methods are now available that are capable of determining
molecular properties at a very high level of accuracy. Instead
of providing rough estimates of quantities such as vibrational
frequencies and structural parameters, routinely applicable
modern techniques are capable of'10 cm21 accuracy for
fundamentalvibrational frequencies1,2 and'0.002–0.003 Å
accuracy in equilibrium bond distances.3 With the seemingly
constant improvements made in computer hardware technol-
ogy, both the level of accuracy and the scope of systems
suitable for treatment at a given level of accuracy will con-
tinue to grow.

One area where extremely high accuracy is generally
useful and has significant impact is in the determination of
thermochemical parameters. Enthalpies of formation, heat
capacities, and standard entropies of molecular species en-
tirely determine their thermodynamic fate. Experimental

methods based on calorimetry, kinetics, spectroscopy, and
various ion cycles have been used for decades to determine
these important quantities.4,5 As a result of this intense area
of research, relatively tight bounds~,10 kJ mol21! have
been established for enthalpies of formation for many mol-
ecules that are stable enough to be studied easily in the
laboratory.6 However, in two fields that are strongly depen-
dent on accurate thermochemical information—combustion
and atmospheric chemistry—many, and perhaps a majority,
of the most important compounds are transient species. Ac-
cordingly, error bars on the enthalpies of formation for these
radicals and other reactive molecules tend to be significantly
larger than those for simple closed-shell species. As an ex-
ample, the enthalpy of formation for the hydroperoxy radical
~HO2! has only recently been determined to better than 1
kJ mol21.7

The extent to which modern high-levelab initio ~‘‘wave
function’’! calculations can be competitive with experiment
in the precise determination of thermodynamic parameters
depends to a large extent on the size of the molecular species
in question. For the smallest molecules~a dozen or fewer
electrons!, there is little question that theory can provide
very accurate total electronic energies, irrespective of how

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 23 15 DECEMBER 2004

115990021-9606/2004/121(23)/11599/15/$22.00 © 2004 American Institute of Physics

Downloaded 03 Dec 2004 to 157.181.193.139. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.1811608


‘‘difficult’’ the molecule is. For molecules that can be easily
studied experimentally, theory can offer competitive preci-
sion for thermochemical parameters; for transient species not
amenable to experimental characterization, theory is argu-
ably better. A case in point are very recent studies of CH and
CH2,8,9 where accuracies estimated to be,0.5 kJ mol21

were achieved for the enthalpies of formation, as well as
others of nearly comparable accuracy.7,10–20

Of course, it is not the total energies of molecules that
are relevant for thermochemistry, but rather appropriately de-
fined energy differences. Hence, it is not necessary for a
method to obtain a given level of accuracy~say 1 kJ mol21!
in total energies in order to achieve the same level of accu-
racy for energy differences. Instead, one can benefit from
error cancellation; deficiencies of the total energy calcula-
tions for the various species have many common sources.
Total molecular energies, of course, are those relative to the
separated atoms of the molecule in question, all completely
ionized with the electrons at rest and the nuclei in their
ground states. For example, the total electronic energy of
carbon monoxide isE(C61)1E(O81)1E(14e2)2E(CO).
However, it is a much simpler task to calculate the bond
energy of CO, viz. E@C(3P)#1E@O(3P)#2E@CO(1S)#
since the core electrons—which make the largest contribu-
tion to the total energy due to strong nuclear attraction
forces—of C and O are only slightly perturbed in the mo-
lecular environment. The more ‘‘similar’’ theA andB species
involved in the energy differenceE(A)2E(B), the less de-
manding is the calculation needed to achieve a specified
level of accuracy. This was realized long ago; so-called
‘‘isodesmic’’ reactions21—those in which the number and
qualitative ‘‘types’’ of bonds inA and B are the same—are
known to be those in which calculated energy differences
tend toward the highest accuracy.22

The preceding paragraph, while elementary and straight-
forward, is important to one of the themes of this paper. Most
~perhaps all! ‘‘theoretical model chemistries’’23–25 ~those in
which all species are treated at a consistent and well-defined
level of approximation! use atomization energies as the basis
for thermochemistry. In this approach, total molecular ener-
gies are calculated at some level of theory. Atomization en-
ergies, defined for the moleculeM[AaBb¯Zz as

AE~M !5aE~A!1bE~B!1¯1zE~Z!2E~M ! ~1!

are then calculated using total atomic energies obtained at
the same level of theory. The enthalpy of formation forM at
0 K is then given by Hess’s law as

D fH
+5aD fH

+~A!1bD fH
+~B!1¯1zD fH

+~Z!2AE~M !,
~2!

where the atomic enthalpies of formation are set to literature
values. With the notable exceptions of carbon and fluorine,12

enthalpies of formation are known quite precisely for atoms
in the first two rows of the periodic table, so the inherent
error in this approach is often localized almost entirely in the
atomization energies. However, it is very difficult to calcu-
late atomization energies. By definition, all bonds in the mol-
eculeM are destroyed in the reaction that is used as the basis
for the calculated quantity; it is as far from an isodesmic

reaction as possible. Another approach, rarely used in prac-
tice, would be to calculate the enthalpies of formationdi-
rectly, meaning that the molecular energy ofM and those of
its constituent elements in their most stable form are used.
For example, ifM were water, the reaction considered would
be

H21 1
2O2→H2O. ~3!

The enthalpy of formation for water is given, by definition,
as the difference of ground state energies in the reactants and
products in Eq.~3!, and its calculation therefore does not
make any use of experimental quantities. This method does
have some serious limitations, however. For example, any
organic molecule would require an~impossible! calculation
of graphite; sulfur would necessitate calculations on a mol-
ecule with 128 electrons (S8), chlorine would requireab
initio calculations of the liquid and the enthalpy of vaporiza-
tion, etc. Moreover, while chemical bonds can indeed be
found on both sides of Eq.~3!, it is clearly not an isodesmic
reaction, or even nearly so. While it might be easier to cal-
culate this energy difference accurately than that of the at-
omization reaction H2O→2H1O, the benefits of doing so
are marginal. The atomic enthalpies of formation for H and
O are also known so precisely~,0.01 kJ mol21! that there is
really no advantage in eliminating the use of this experimen-
tal information. Hence, due to simplicity, the well-defined
nature of the process, and the generally straightforward prob-
lems posed by atoms to theoretical treatment, the atomization
energy approach has been the method of choice for quantum
chemical practitioners in estimating enthalpies of formation
for molecules with various model chemistries.

One purpose of this work is to present a new theoretical
model chemistry. Unlike previous efforts~the only possible
exception being the recent definition of W3 theory by Martin
and collaborators25!, we propose a method that cannot be
generally applied to all ‘‘small’’~loosely defined here as
those having five or fewer non-hydrogen atoms! molecules.
Rather, it is our intent to define an approach that is essen-
tially the best that can be done—with current computer
technology—for very small molecules~four or fewer total
atoms!, and to assess the level of accuracy achieved. It is our
belief that this is not an academic exercise with only a nar-
row practical benefit. First, there are still molecules of this
size where accurate~,1 kJ mol21! enthalpies of formation
are not available6 @for example, NH, NH2 and, until recently,
OH ~Ref. 13! and HO2 ~Ref. 7!#. Second, the accuracy that
theory can achieve for small systems is of intrinsic interest,
because it is useful to know how large a role is played by
some usually neglected effects~coupling of core and valence
correlation, relativistic corrections, the diagonal Born–
Oppenheimer correction, anharmonic contributions to zero-
point vibrational energies, spin–orbit coupling, etc.! in over-
all accuracy. Third, and most important, since the methods
used in our work are ‘‘size extensive’’26,27 ~meaning that the
quality of the energy calculation is not degraded by the size
of the molecule described within a given one-particle basis
set!, the accuracy achieved for the benchmark systems stud-
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ied here will be the same as that for larger molecules that
will be amenable to the treatment in the future.

Finally, the systems studied here become the initial
members of a database of compounds that can be used for
any number of thermochemical studies. Specifically, we be-
lieve that thebestway to calculate a molecular enthalpy of
formation is to use approaches other than atomization en-
thalpy and direct elemental reaction strategies summarized
above. In an ideal world, an isodesmic reaction can be de-
signed in which all participants other than the target mol-
ecule M have enthalpies of formation that are known pre-
cisely from experiment. Then, if total electronic energies
from the high-level theoretical model chemistry defined in
this paper are available for all species, the reaction energy
can presumably be obtained with negligible theoretical error.
Adjustment of the reaction energy to the enthalpy of forma-
tion of M ~by appropriate addition and subtraction of experi-
mental enthalpies of formation for the other species!, should
then giveD fH

+ for M with extraordinary precision. However,
it is recognized that this will not usually be possible, either
because of inability to design a truly isodesmic reaction
~radicals can be difficult in this regard! or the lack of precise
thermochemical knowledge about some of the species in an
appropriate reaction. Then, alternative strategies can be fol-
lowed, using reactions that are not isodesmic~but clearly
superior to atomization schemes!! but involve at least an

approximate conservation of bond types. Such an approach
was recently used by us to determine the enthalpy of forma-
tion of HO2 to an accuracy of'0.5 kJ mol21, nearly an order
of magnitude better than the definition of ‘‘chemical accu-
racy’’ ~1 kcal mol21 or 4.184 kJ mol21!, and by Schuurman
et al. in a study of HNCO isomers.10

The next few sections define the theoretical model chem-
istry that we have named HEAT. This is an acronym for
‘‘high accuracy extrapolatedab initio thermochemistry,’’
which emphasizes two things—apart from energy extrapola-
tion schemes, the approach involves no empirical scaling
factors or adjustments, and that the principal area of applica-
tion that we envision for HEAT will be in the area of ther-
mochemistry. After defining the method, and discussing the
various theoretical approaches used to determine the total
energies that are the ‘‘bottom line’’ of HEAT for any atom or
molecule, the approach will be applied to a test suite of at-
oms and molecules. While quantities such as atomization
energies and enthalpies of formation calculated from them
~using the approaches discussed above! as well as from el-
emental reactions~excepting carbon! will be presented and
discussed, we emphasize that it is the total energies obtained
by the HEAT protocol that are the most important numbers
documented in this work. Hopefully, the total energies for 31
atoms and molecules found later in this paper~Table I!—and
straightforwardly calculable~at least in principle! for other

TABLE I. Contributions to the HEAT total energies for the 31 species studied in this work. All values are in atomic units. Conversion factor used 2625.4976
kJ mol2151 Eh.

Species EHF
` DECCSD~T)

` DECCSDT DECCSDTQ DEREL DEZPE DEDBOC DESO Total

N2 2108.993 257 20.549 274 0.000 507 20.001 457 20.058 658 0.005 379 0.003 982 0.000 0002109.592 778
H2 21.133 661 20.040 911 0.000 000 0.000 000 20.000 010 0.009 892 0.000 460 0.000 000 21.164 230
F2 2198.774 570 20.756 425 0.000 100 20.001 536 20.174 461 0.002 095 0.005 175 0.000 0002199.699 622
O2 2149.691 925 20.635 217 0.000 112 20.001 854 20.104 607 0.003 641 0.004 711 20.000 012 2150.425 151
C 237.693 774 20.151 041 20.000 466 20.000 030 20.015 090 0.000 000 0.001 660 20.000 144 237.858 885
F 299.416 800 20.318 033 20.000 199 20.000 116 20.087 268 0.000 000 0.002 591 20.000 574 299.820 399
H 20.500 022 0.000 000 0.000 000 0.000 00020.000 007 0.000 000 0.000 272 0.000 000 20.499 757
N 254.404 657 20.184 700 20.000 344 20.000 042 20.029 435 0.000 000 0.002 007 0.000 000 254.617 171
O 274.819 232 20.248 562 20.000 338 20.000 078 20.052 459 0.000 000 0.002 366 20.000 312 275.118 615
CO 2112.790 997 20.535 543 0.000 097 20.000 951 20.067 285 0.004 945 0.004 000 0.000 0002113.385 734
C2H2 276.855 684 20.480 411 0.000 223 20.000 911 20.029 760 0.026 253 0.003 674 0.000 000 277.336 616
CCH 276.183 645 20.428 923 20.001 147 20.000 928 20.029 761 0.013 842 0.003 503 0.000 000 276.627 059
CH2 238.941 051 20.207 841 20.000 458 20.000 082 20.014 865 0.017 167 0.002 161 0.000 000 239.144 969
CH 238.284 553 20.194 296 20.000 628 20.000 076 20.015 029 0.006 463 0.002 063 20.000 067 238.486 123
CH3 239.581 308 20.254 300 20.000 408 20.000 120 20.014 835 0.029 573 0.002 404 0.000 000 239.818 994
CO2 2187.725 719 20.876 563 0.000 567 20.001 753 20.119 227 0.011 580 0.006 314 0.000 0002188.704 801
H2O2 2150.852 930 20.711 472 0.000 227 20.001 280 20.104 313 0.026 192 0.005 078 0.000 0002151.638 498
H2O 276.067 761 20.371 594 0.000 033 20.000 453 20.052 040 0.021 228 0.002 710 0.000 000 276.467 877
HCO 2113.304 223 20.553 349 20.000 125 20.000 943 20.067 113 0.012 960 0.004 336 0.000 0002113.908 457
HF 2100.071 316 20.389 256 0.000 056 20.000 392 20.086 955 0.009 391 0.002 735 0.000 0002100.535 737
HO2 2150.253 106 20.661 501 20.000 447 20.001 116 20.104 469 0.014 110 0.004 996 0.000 0002151.001 533
NO 2129.309 786 20.589 993 20.000 094 20.001 291 20.081 577 0.004 364 0.004 351 20.000 275 2129.974 301
OH 275.428 343 20.310 311 20.000 289 20.000 259 20.052 261 0.008 461 0.002 619 20.000 297 275.780 680
HNO 2129.850 244 20.634 499 0.000 253 20.001 469 20.081 448 0.013 680 0.004 732 0.000 0002130.548 995
CN 292.242 929 20.477 290 20.002 005 20.001 378 20.044 284 0.004 858 0.003 629 0.000 000 292.759 399
HCN 292.915 916 20.517 656 0.000 413 20.001 230 20.044 175 0.015 898 0.003 819 0.000 000 293.458 847
CF 2137.239 487 20.551 585 20.000 435 20.000 525 20.102 084 0.003 002 0.004 239 20.000 178 2137.887 053
NH2 255.592 445 20.287 829 20.000 368 20.000 224 20.029 194 0.018 882 0.002 564 0.000 000 255.888 614
NH3 256.225 187 20.339 348 20.000 104 20.000 316 20.029 045 0.034 069 0.002 609 0.000 000 256.557 322
NH 254.986 522 20.235 129 20.000 454 20.000 127 20.029 323 0.007 412 0.002 353 20.000 001 255.241 791
OF 2174.211 642 20.674 172 20.000 938 20.000 994 20.139 570 0.002 426 0.004 951 20.000 414 2175.020 353
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species—will form the initial members of a database that can
be used by experimentalists and theorists alike to calculate
enthalpies of formation using suitablereaction-basedap-
proaches.

II. DEFINITION OF HEAT MODEL CHEMISTRY

In order to determine standard enthalpies of formation at
0 K,28 it is always necessary to know the ground state energy
of the target species. Within the Born–Oppenheimer ap-
proximation, the ground state energy may be partitioned into
electronic and vibrational contributions. The former is given
by the lowest eigenvalue of the electronic Hamiltonian~elec-
tronic energy! at the equilibrium geometry; the latter by the
lowest eigenvalue of the nuclear Hamiltonian containing a
potential described by electronic energies as a function of
position. In some cases, the lowest rotational state is prohib-
ited by nuclear spin statistics, but we ignore this here.

The electronic part, as usually calculated, involves use of
the nonrelativistic electronic Hamiltonian. The three simplest
improvements upon this are to include ‘‘scalar’’ relativistic
effects29 using perturbation theory~which is believed to be
entirely adequate for atoms in the first two rows of the peri-
odic table30!, splitting of the energy—and lowering of the
ground state energy—by spin–orbit interactions, and to com-
pute the so-called diagonal Born–Oppenheimer correc-
tion.31–34 The latter is given by the expectation value of the
nuclear kinetic energy operator over the electronic wave
function ~that which diagonalizes the electronic Hamil-
tonian!, and is a first-order correction to the simple Born–
Oppenheimer approximation that does not spoil the concept
of a potential energy surface.35

In practice, all of the contributions above need to be
calculated approximately. First, finite basis sets must be
used. Even if the treatment of correlation was complete~full
configuration interaction, or FCI!, the resulting energies
would be compromised by limitations of the one-particle ba-
sis set. It is nonetheless impossible to do FCI calculations for
all but the smallest molecules—even then in necessarily
small basis sets—so approximate measures for treating cor-
relation are called for. In HEAT, as in all other model chem-
istries that we know of, size-extensive many-body methods
are used in the treatment of electron correlation.

The total energy defined by the HEAT protocol may be
expressed by a formula that contains eight terms

EHEAT5EHF
` 1DECCSD~T)

` 1DECCSDT1DECCSDTQ

1DEREL1DEZPE1DEDBOC1DESO. ~4!

In Eq. ~4!, EHF
` and DECCSD~T)

` are the HF-SCF~Hartree–
Fock self-consistent field! and correlation energies, the latter
given by the coupled-cluster singles and doubles method36

with a perturbative treatment of triple excitations,37 both ex-
trapolated to the basis set limit. The next term is intended to
account for deficiencies in the treatment of triple excitations
in CCSD~T!, the fourth term to account, approximately, for
differences between the CCSDT~Ref. 38! and FCI correla-
tion energies, where the latter is approximated by the
CCSDTQ method.39 DEZPE is the zero-point vibrational en-
ergy. The remaining terms remedy shortcomings of the

simple, nonrelativistic Born–Oppenheimer approximation:
DEDBOC is the diagonal Born–Oppenheimer correction,
DESO is the spin–orbit correction, andDEREL is the scalar
relativistic contribution to the energy.

We now describe how the individual terms in Eq.~4! are
calculated.

A. Molecular geometries

The geometries40 of species are taken from optimizations
carried out at the CCSD~T! level of theory with the
correlation-consistent cc-pVQZ basis sets.41 A recent bench-
mark study3 has demonstrated that this level of theory gives
equilibrium geometries that are accurate to,0.003 Å ~bond
lengths! and ,0.5° ~angles! of experimentally inferred val-
ues, where the latter are available. This level of accuracy is
comparable to the best that can be achieved solely through
analysis of experimental data, since experimental measure-
ments of geometrical parameters never correspond to equi-
librium distances and angles, but rather some type of aver-
aged quantities.42 Moreover, we correlateall electrons in the
geometry optimizations, not just the valence electrons. While
this is clearly not as good as using a properly defined~and
much larger! core correlation basis (cc-pCVXZ),43 it is con-
siderably cheaper and the aforementioned benchmark study3

demonstrated that the approach used here gives geometries
that differ only negligibly for molecules containing first- and
second-row atoms from those obtained in full-blown
CCSD~T!/cc-pCVQZ optimizations. These geometries are
then used in all subsequent calculations of quantities contrib-
uting to the HEAT energy, and the vibrational problem re-
quired for DEZPE is solved with CCSD~T!/cc-pVQZ at this
geometry, as well. For closed-shell molecules, the restricted
Hartree–Fock~RHF! orbitals are used in all calculations. For
open-shell molecules, there are two obvious choices: unre-
stricted or restricted open-shell Hartree–Fock~UHF and
ROHF, respectively!. It was our intent to define the HEAT
strategy in terms of UHF-based calculations. There are at
least two cogent reasons for this choice. At very high levels
of theory such as CCSDT, differences between UHF- and
ROHF-based total energies are usually very small, so that the
choice of reference function should have no impact on the
energy calculations. Second, ROHF methods are more prone
to symmetry-breaking and related effects,44 and its use very
often gives rise to nonsensical vibrational frequencies. How-
ever, in the course of this work, a rather curious problem was
noted for the diatomic NO: UHF-based calculations give ab-
surd parameters for the anharmonic force field; these se-
verely degrade the quality of the calculated vibrational zero-
point energy. This problem has been analyzed, and our
findings can be found in a separate publication.45 Hence, for
the moment, the HEAT method will use UHF orbitals as the
default for HF-SCF and CCSD~T! calculations on open-shell
molecules; systems for which ROHF orbitals turn out to be
more appropriate will be so designated.

B. CCSD„T… total energy

Together, theEHF
` and DECCSD~T)

` terms give the esti-
mated exact nonrelativistic electronic energy within the
simple Born–Oppenheimer approximation, using the well-
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known CCSD~T! method to account for electron correlation
effects. Following a relatively common convention, HF-SCF
and CCSD~T! correlation energies have been obtained in a
hierarchical series of basis sets, and then extrapolatedsepa-
rately to obtain estimates of the corresponding basis set lim-
its. For closed-shell molecules, the restricted Hartree–Fock
method has been used. Open-shell molecules were treated
using the UHF approach.

For the HF-SCF energy, calculations were carried out
using the augmented correlation consistent basis sets
aug-cc-pCVXZ @X5T(3), Q(4) and 5# ~Ref. 46! which are
designed to treat core correlation effects properly. These
three energies were then extrapolated with the formula advo-
cated by Feller,47

EHF
X 5EHF

` 1a exp~2bX!, ~5!

whereEHF
X is the HF-SCF energy obtained with the aug-cc-

pCVXZ basis set. The parameters,a, b, and the extrapolated
HF-SCF energyEHF

` , are determined uniquely from the three
energies.

For the correlation energy, a formula motivated by the
atomic partial wave expansion is used,48 viz.49

DECCSD~T)
X 5DECCSD~T)

` 1
a

X3
, ~6!

whereDECCSD~T)
X is the CCSD~T! correlation energy@not the

total CCSD~T! energy, which includes the HF-SCF contribu-
tion# obtained with the aug-cc-pCVXZ basis set. Here, there
are two parameters,a and the estimated complete basis set
limit CCSD~T! correlation energyDECCSD~T)

` . These are
uniquely determined by two correlation energies; the aug-cc-
pCVQZ and aug-cc-pCV5Z energies are used in the HEAT
protocol.

At this point, it is important to note a distinct difference
between the HEAT approach and other model chemistries as
well as most isolated efforts to obtain very accurate thermo-
chemical parameters. Wedo notattempt to separate valence
correlation effects from those arising from correlation of the
core electrons. All of the calculations carried out in deter-
mining the extrapolated CCSD~T! energy use basis sets that
are designed to treat core correlation as well as valence cor-
relation, and no electrons are dropped from the correlation
treatment in the individual CCSD~T! calculations. While it is
true that one can obtain similar extrapolated valence-only
estimates of the correlation energy and then add a correction
for core correlation effects calculated with significantly
smaller basis sets, we have chosen not to make the assump-
tion of separation. Again, the point of this work is to do the
best calculations possible in a common current computa-
tional environment with as few approximations as possible.
However, we do recognize that this approach of combining
core and valence correlation effects runs counter to the com-
mon practice of many of our colleagues, but point out that
our strategy is undeniably more rigorous.50

C. Higher level correlation effects

Despite the never-ending success story that is the
CCSD~T! method, it must not be forgotten that the~T!

correction37 is based on perturbation theory.51 For cases
where triples corrections are large, or alternatively~but not
entirely independently! when there are severe problems as-
sociated with the reference function, there is cause to inves-
tigate the extent to which CCSD~T! differs from the com-
plete treatment of triple excitations defined by the CCSDT
approximation.38 However, it is not possible to perform full
CCSDT calculations using the large basis sets met with in
the extrapolated CCSD~T! energies defined above. Due to
both the relatively small differences expected and the fact
that it appears that correlation effects beyond CCSD~T! can
be estimated with smaller basis sets, we have chosen to es-
timate this contribution with the cc-pVTZ and cc-pVQZ ba-
sis sets and to correlate only the valence electrons. Implicitly
assumed here is that effects due to diffuse functions and core
correlation are already given sufficiently well by the extrapo-
lated HF-SCF and CCSD~T! energies. Our formula for the
CCSDT-CCSD~T! energy difference (DECCSDT) is

DECCSDT5ECCSDT
TQ ~fc)2ECCSD~T!

TQ ~fc), ~7!

where TQ denotes that the corresponding contribution has
been obtained by the correlation energy extrapolation for-
mula @Eq. ~6!# using the frozen-core CCSDT and CCSD~T!
energies obtained with the cc-pVTZ and cc-pVQZ basis sets.
For radicals, both the CCSDT and CCSD~T! calculations
were performed using UHF reference functions.

Despite its computational complexity and cost, even
CCSDT does not give correlation energies that are suffi-
ciently accurate for the most demanding
applications.7,25,47,52,53However, coupled-cluster calculations
beyond CCSDT have only been generally possible~for small
molecules, of course! with the development of general
coupled-cluster codes.54–59 Recently, Ruden and collabora-
tors studied the impact of connected quadruples on atomiza-
tion energies in double- and triple-z quality basis sets for six
molecules.60 The authors found that the contribution of qua-
druple excitations, as measured by the CCSDTQ CCSDT
energy difference, converges rapidly with basis set size. In
absolute terms, changes are largely negligible when going
beyond a polarized valence double-z basis. In a more recent
study focusing on a larger sample of molecules, Boese and
co-workers25 reached similar conclusions.

Based on these findings, the effects of higher-level cor-
relation effects~those beyond CCSDT! are estimated in the
HEAT protocol by subtracting the CCSDT and CCSDTQ
correlation energies obtained with the cc-pVDZ basis set in
the frozen-core approximation:

DECCSDTQ5ECCSDTQ
cc-pVDZ~fc)2ECCSDT

cc-pVDZ~fc). ~8!

Due to program limitations that existed while the data were
being compiled for this research, theDECCSDTQcorrection is
based on ROHF reference functions for the radical species.
There is an implicit assumption here—that the CCSDT total
energies for radicals are independent of the reference
function—but this seems to be justified.61

This approximation, which is intended to account for the
difference between CCSDT and an exact treatment of corre-
lation, is clearly important and is further discussed in the
appendix.
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D. Zero-point vibrational energy

Zero-point vibrational energies for all species~apart
from atoms, where it vanishes! were determined from anhar-
monic force fields calculated at the~all electron! CCSD~T!
level of theory with the cc-pVQZ basis sets, using RHF or-
bitals for closed-shell systems and UHF orbitals for most of
the open-shell molecules.62 Using standard spectroscopic
rovibrational perturbation theory,63 the vibrational energy
levels are given by the expression

E~v !5G01(
i

v i S v i1
1

2D1(
i> j

xi j S v i1
1

2D S v j1
1

2D ,

~9!

where v i are the harmonic frequencies. Explicit equations
for the anharmonicity constantsxi j are given, for example, in
Ref. 63. Hence, the ground state energy is given by

EZPE5G01(
i

v i

2
1(

i> j

xi j

4
~10!

within this model. The second term is the familiar harmonic
approximation, while addition of the third and~especially!
first terms are rarely included in quantum chemical investi-
gations. Work over the past six years in our laboratories has
led to the development of analytic second derivative methods
for the CCSD~T! method,64,65 and parallel developments
have provided the avenue toward accurate and efficient
evaluation of quartic force fields via numerical differentia-
tion of analytic second derivatives. In fact, it is now possible
to calculate the cubic and quartic force fields, many physical
quantities that depend upon them, and the second and third
terms of Eq.~10! by simply ‘‘pushing a button.’’66 The first
term is an oft-forgotten constant~does not depend on the
vibrational state! term67,68 which contributes to the vibra-
tional energy. Recent efforts in our laboratory69 as well as
others10,70 have led to the development of explicit formulas
for G0 in terms of quantities calculable from the quartic
force field. However, our efforts in this direction have only
provided equations that apply to asymmetric tops, although
we are working on the required modifications to treat sym-
metric tops, spherical tops, and polyatomic linear molecules.
Because of our inability to calculateG0 for all molecules, we
have chosen to neglect this contribution in the zero-point
energies. However, we take some solace from the recent
work of Schuurmanet al.,10 where this term was included in
an exhaustive study of the enthalpies of formation for HNCO
and its isomers~which, notably, used a reaction scheme of
the sort that we advocate rather than being based strictly on
atomization energies!. They found thatG0 was typically less
than 10 cm21 in magnitude, similar to what we have found in
pilot applications,69 and below that which is inherent in the
calculation of the other two~and numerically more signifi-
cant! contributions to Eq.~10!. Hence, neglect of this con-
stant term is not expected to cause significant errors, al-
though it should be checked in selected cases~cf. H2O2 in
the following section! and eventually included when general
formulas are available. However, for now, the HEAT zero-
point vibrational energy contribution will be defined as

DEZPE5(
i

v i

2
1(

i> j

xi j

4
. ~11!

E. Diagonal Born–Oppenheimer correction

It is not always appreciated that the electronic energy, as
obtained from traditional electronic structure calculations, is
not equivalent to the expectation value of the molecular
Hamiltonian over the electronic~clamped-nucleus! wave
function. The difference lies in the contribution of the
nuclear kinetic energy operator, which can be viewed as a
first-order correction to the usual electronic energy. Nonethe-
less, the simple potential energy surface picture of a mol-
ecule is not lost, as each geometry continues to be associated
with a specific value of the energy~for a given electronic
state! although this surface becomes mass dependent. For
atoms, this correction—known as the diagonal Born–
Oppenheimer correction~DBOC!—accounts for the finite
mass of the nucleus. This diagonal Born–Oppenheimer
correction31–34,71–73is calculated by the expectation value

DEDBOC5^Ce~r ;R!uT̂nuCe~r ;R!&, ~12!

whereT̂n is the nuclear kinetic energy operator andCe(r ;R)
is the normalized electronic wave function obtained at the set
of nuclear positions parametrized byR.

Despite its deceptively simple form, it is not straightfor-
ward to calculate the DBOC; efforts in this direction have
mostly been~for an exception, see Ref. 72! limited to the
HF-SCF or multiconfigurational SCF~MCSCF! level of
theory. The landmark paper of Handy, Yamaguchi, and
Schaefer32 was the first which reported DBOC energies for a
number of polyatomic systems. Recent studies71,72 indicate
that the use of correlated electronic wave functions has only
a modest effect on the DBOC correction. Thus we believe
that DBOC corrections calculated with HF-SCF wave func-
tions are sufficiently accurate for the purposes of this study.
Therefore, it has been chosen for the HEAT protocol. The
aug-cc-pVTZ basis set has been used to calculateDEDBOC at
the HF-SCF~RHF and ROHF for closed and open-shell sys-
tems, respectively! level. This particular choice for the basis
set is motivated by a previous study72 where the DBOC cor-
rection was found to converge relatively rapidly to the one-
particle basis limit, provided that diffuse~low-exponent!
functions are included in the basis set.

F. Spin–orbit correction

Calculations performed within the framework of a non-
relativistic Hamiltonian give a weighted average over the
energies of various states involving different coupling of spin
and orbital angular momentum. Consideration74 of this short-
coming of nonrelativistic theory is necessary for some of the
species considered in this work. The relative energies of vari-
ous states split by the spin–orbit interaction can be calcu-
lated from a Hamiltonian that includes the spin–orbit opera-
tor. The calculated energy lowering of the lowest spin–orbit
state~which is of course the ground state of interest! with
respect to the averaged state obtained in a nonrelativistic
calculation can be used to adjust the ground state energy.
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Since the magnitude of this effect is relatively small for first-
and second-row atoms, these calculations need not be per-
formed at levels of theory rivaling those used in the energy
extrapolations.

The calculations ofDESO ~defined here as the energy
difference between the ground state and the statistically
weighted average of all spin–orbit states—which is not
equivalent to the spin–orbit coupling constant!! have been
performed with a spin–orbit configuration interaction~CI!
procedure. For a detailed description, see Ref. 75. In sum-
mary, the core electrons are described by relativistic effective
core potentials~RECP! including spin–orbit terms that allow
a straightforward calculation of the spin–orbit interaction in-
tegrals. The CI wave functions are constructed by consider-
ing all single and double excitations out of a valence com-
plete active space reference function. To reduce the
computational effort, the double-group symmetry that often
facilitates relativistic quantum calculations can be used. The
cc-pVDZ basis set developed by Pitzer76 together with the
corresponding RECPs~Ref. 77! were used in the calcula-
tions.

It should be noted that we consider only first-order spin-
orbit interactions in this work. Hence, the only molecules for
which theDESO contribution is nonzero are radicals in de-
generate ground states. Second-order spin–orbit effects,
which involve coupling of the ground state with excited
states of different spin through the spin–orbit operator, are
not included and are expected to be of negligible import for
thermochemistry.

One could of course use measured spin–orbit splittings
to calculate the correction. It is clearly the contribution ap-
pearing in Eq.~4! for which experimental determination is
clearly superior to computational estimation. However, since
one might want to investigate species where the spin–orbit
splitting is not available, we prefer the computational ap-
proach. It is also in keeping with the spirit of the HEAT
method, in which appeals to experiment and empiricism are
kept to a minimum. A quick check reveals that experimen-
tally measured and calculated values ofDESO for the mol-
ecules in this work differ by less than 10 cm21 in all cases.

G. Scalar relativistic effects

The effect of so-called scalar relativistic contributions29

to the HEAT total energy (DEREL) are included by contract-
ing the one-particle density matrix obtained at the CCSD~T!/
aug-cc-pCVTZ level with~one-electron! Darwin and mass-
velocity terms. As discussed by Davidson, Ishikawa and
Malli,78 this is a reasonable approximation for relativistic
effects when first-row elements are considered. Recently,
Boese et al.25 compared the sum of Darwin and mass-
velocity contributions obtained at high levels of theory to the
second-order Douglas–Kroll contributions. While the com-
parison there is complicated a bit by the lack of a common
basis set or method, the results suggest that negligible error
is incurred with the simpler first-order treatmentfor first- and
second-row atoms.

H. Computational details

Calculations of the stabilization of the lowest spin–orbit
level relative to the weighted average energy were performed
with COLUMBUS,79 while most of the calculations ofDEDBOC

were carried out with thePSI3.2electronic structure program
suite.80 CCSDTQ calculations were done with a string-based
many-body code.57 All HF-SCF, CCSD, CCSD~T!, and
CCSDT energy calculations as well as evaluations ofDEREL

and someDEDBOC calculations come from a local version of
ACES2.81 Anharmonic force fields used forDEZPE were cal-
culated withACES2using the algorithm described in Ref. 82.
All calculations, some of which involved more than 500 ba-
sis functions, were performed on personal computers running
the LINUX operating system.

III. RESULTS

Total HEAT energies, as well as the individual contribu-
tions defined in the preceding section, are listed for 31 atoms
and molecules in Table I. Species in the test suite contain
only hydrogen, carbon, oxygen, nitrogen, or fluorine atoms;
there are 12 closed-shell systems and 19 are doublets, trip-
lets, and quartets. The complete documentation of the indi-
vidual energy contributions should be of use to others inter-
ested in expanding the HEAT database, as they can be used
to provide a check on calculations. However, the most im-
portant numbers in Table I—and indeed in the entire
manuscript—are those in the rightmost column: the HEAT
total energies for each species. In the following sections, we
illustrate use of the HEAT energies in calculating atomiza-
tion energies and standard enthalpies of formation at 0 K.

A. Atomization energies

Atomization energies calculated from HEAT energies are
given in Table II for the 27 molecular species in the test
suite, along with the individual contributions. Among other
things, the first two columns of the table show the well-
known anomalous behavior of fluorine (F2) and also OF,
which are both unbound at the UHF level and owe their
stability as molecules to electron correlation. There are also
several other species (O2 ,HNO, HO2,NO) for which corre-
lation effects account for more than half of the atomization
energy; Hartree–Fock and correlation contributions are es-
sentially equal for N2 , H2O2, and CN. It is not particularly
surprising that the magnitude of higher-level correlation
contributions—defined here as those beyond CCSD~T!—
correlates strongly with the overall correlation contributions
identified above. The largest values ofDECCSDTQ are found
for N2 , F2 , O2 , CO2, H2O2, NO, HNO, CN, and HCN, all
but HCN mentioned above in the context of having large
overall correlation contributions to the atomization energy.
For each of these species, the effect of correlation beyond
CCSDT—a tract of the quantum chemical landscape that is
rarely trod upon in practice—is to increase atomization en-
ergies by more than 3 kJ mol21. Given that the standard defi-
nition of chemical accuracy is 4.184 kJ mol21, one realizes
that this time-honored goal of quantum chemistry is still not
easily obtained, at least in the context of atomization ener-
gies.
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The overall difference between the exact correlation con-
tributions~as estimated by HEAT! and those associated with
DECCSD~T)

` also includesDECCSDT, which is intended to rem-
edy deficiencies in the CCSD~T! treatment of triple excita-
tion effects. And here, one can only say that CCSD~T! comes
through again. While theDECCSDTQ contributions are uni-
formly positive, those associated withDECCSDTare generally
negative, indicating that a HEAT thermochemistry based on
CCSD~T! energies instead of estimated exact correlation en-
ergies would outperform one based on CCSDT energies.83

When these two contributions are combined@thereby provid-
ing an estimate of the difference between CCSD~T! and
FCI#, excellent cancellation is found in many cases. Excep-
tions, where the net effect exceeds 1 kJ mol21, are~kJ mol21

in descending order!: CN ~6.57!, OF ~3.15!, CCH ~2.84!, O2

~2.39!, F2 ~2.12!, HO2 ~1.92!, NO ~1.53!, and HNO~1.09!,
most being radicals where the perturbative nature of the~T!
correction to the energy is most suspect.84 The particularly
large value seen for CN also reflects differences in CCSD~T!
energies calculated with UHF and ROHF reference func-
tions; it is quite likely that this value would be smaller if the
ROHF-based CCSD~T! method85,86 was used in determining
the DECCSD~T)

` contribution.
Continuing to the right in Table II, we see that scalar

relativistic effects systematically reduce the atomization en-
ergies by as much as 2 kJ mol21, corrections to the simple
Born–Oppenheimer approximation generally—but not
always—increase the atomization energy by no more than
0.5 kJ mol21. Stabilization of the lowest spin–orbit level can
amount to as much as 2 kJ mol21. Here, it is important to
consider the scope of the molecules in the test suite. Scalar
relativistic effects will increase with the total number of elec-

trons and the number of bonding electrons~NH, NH2, and
NH3 form an interesting sequence here, as does OH and
H2O—it seems to indeed be well-approximated by ‘‘bond
contributions’’ that can be inferred from the table!, and will
become more important as one moves down the periodic
table. The same is true for spin–orbit effects. The DBOC, on
the other hand, is most important for light atoms as can
clearly be seen by noting its essentially negligible magnitude
for molecules that do not contain hydrogen atoms.

Zero-point vibrational energy contributions to the atomi-
zation energies are obviously negative in all cases. Enthalp-
ies of formation calculated from atomization energies and
experimental atomic enthalpies of formation will be dis-
cussed subsequently.

B. Formation from the elements

Most theoretical model chemistries present atomization
energies as the primary thermochemical data~we remind the
reader that the total HEAT energies in Table I aretheprimary
data of this paper!, but one could also base the calculations
on different elemental reference compounds. One choice
would be the elements in their standard state, in which case
the reaction energies determined would be equivalent to stan-
dard enthalpies of formation. However, standard states as
defined for many elements are not amenable to computation
~carbon, chlorine, boron, to name a few! and this approach
has not been followed in the literature of model chemistries.
Nevertheless, we will have a go at it here.

Table III lists reaction energies calculated from HEAT
data for the formation of the test suite species from molecu-
lar reference compounds. For H, N, O, and F, the standard

TABLE II. Contributions to atomization enthalpies for the molecules in the test set. All values are in kJ mol21.

Species EHF
` DECCSD~T)

` DECCSDT DECCSDTQ DEREL DEZPE DEDBOC DESO Total

N2 482.94 472.26 23.14 3.61 20.56 214.12 0.08 0.00 941.07
H2 350.81 107.41 0.00 0.00 20.01 225.97 0.22 0.00 432.46
F2 2154.98 316.00 21.31 3.42 20.20 25.50 0.02 23.01 154.44
O2 140.36 362.56 22.07 4.46 20.82 29.56 0.06 21.61 493.39
CO 729.86 356.91 22.37 2.21 20.69 212.98 0.07 21.20 1071.82
C2H2 1228.97 468.20 23.03 2.23 21.14 268.93 0.50 20.76 1626.06
CCH 777.34 333.02 0.56 2.28 21.12 236.34 0.23 20.76 1075.23
CH2 649.11 149.13 20.02 0.14 20.63 245.07 0.11 20.38 752.39
CH 238.28 113.57 0.43 0.12 20.18 216.97 20.34 20.20 334.70
CH3 1017.30 271.11 20.15 0.24 20.72 277.64 0.19 20.38 1209.93
CO2 1033.08 599.66 24.49 4.11 22.05 230.40 0.20 22.02 1598.10
H2O2 562.96 562.77 22.37 2.95 21.63 268.77 0.52 21.64 1054.81
H2O 652.40 323.02 20.97 0.99 21.14 255.73 0.53 20.82 918.26
HCO 764.53 403.66 21.78 2.19 21.16 234.03 20.10 21.20 1132.11
HF 405.62 187.00 20.67 0.72 20.84 224.66 0.34 21.51 566.01
HO2 300.93 431.57 20.60 2.52 21.20 237.05 0.02 21.64 694.56
NO 225.52 411.50 21.54 3.07 20.83 211.46 0.06 20.10 626.22
OH 286.41 162.12 20.13 0.48 20.54 222.21 0.05 20.04 426.14
HNO 331.69 528.35 22.45 3.54 21.19 235.92 20.23 20.82 822.97
CN 379.38 371.64 3.14 3.43 20.63 212.75 0.10 20.38 743.92
HCN 833.50 477.62 23.21 3.04 20.94 241.74 0.32 20.38 1268.20
CF 338.46 216.63 20.60 1.00 20.72 27.88 0.03 21.42 545.50
NH2 492.92 270.76 0.06 0.48 20.67 249.57 20.03 0.00 713.95
NH3 841.38 406.03 20.63 0.72 21.08 289.45 0.56 0.00 1157.53
NH 214.88 132.40 0.29 0.22 20.31 219.46 20.19 0.00 327.83
OF 264.04 282.44 1.05 2.10 20.41 26.37 0.02 21.24 213.56
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definition of the corresponding diatomic molecule is used, so
that the tabulated reaction energies for molecules containing
only these elements are equivalent to the standard enthalpies
of formation. For carbon, where the elemental standard state
is graphite, we use carbon monoxide in a way most easily
communicated by example. For acetylene, the reaction used
is

2CO1H2→C2H212O, ~13!

while

O21H2→HOOH ~14!

is used for the stoichiometrically similar hydrogen peroxide.
In the former case, the calculated reaction energy is not
equivalent to the enthalpy of formation, differing from it by
twice the difference of the enthalpies of formation of CO
and O.

All in all, the relative magnitudes of the Hartree–Fock
and correlation contributions to the reaction energies is not
entirely dissimilar to that found for atomization energies.
Correlation corrections dominate in magnitude in a few
cases, and others exhibit comparable contributions.

Higher-level correlation contributions are also compa-
rable in magnitude using the atomization and elemental re-
action calculations. While theDECCSDTQ contributions are
decidedly smaller for the latter~no contributions above 3
kJ mol21 while 8 of the 26 atomization energy contributions
exceed this value!, the mean absolute post-CCSD~T! corre-
lation contributions~the sum ofDECCSDTandDECCSDTQ) are
about the same: 0.82 kJ mol21 for the atomization energies
and 0.90 kJ mol21 for the elemental reactions.

The remaining contributions are also similar in magni-
tude in the two cases, except forDEZPE since now there are
vibrational modes in all species in the chemical equation.

C. Enthalpies of formation

In Table IV, enthalpies of formation at 0 K (D fH0
+ ) cal-

culated from HEAT energies are given for all members of the
test suite. The calculations were done by two different pro-
cedures. In the first~I!, HEAT atomization energies were
corrected to standard enthalpies of formation according to
Eq. ~1!,87 using experimental enthalpies of formation for the
atoms. Procedure II is based on the elemental reactions sum-
marized in the preceding section. For all molecules not con-
taining carbon, values ofD fH

+ obtained by procedure II are
equal to the reaction energies given in Table III. This under-
scores one relative advantage of the elemental reaction ap-
proach, specifically that it is based on reference compounds
whose enthalpy of formation is precisely zero by definition.
This is advantageous only in extremely accurate calculations
such as those presented here, since it avoids errors associated
with atomic enthalpies of formation for species such as C
and F.88 Since one cannot do a HEAT calculation on a chunk
of graphite, however, an alternative approach was used. The
reference for carbon used in approach II was carbon monox-
ide, as described in the preceding section. CO was chosen
since its experimentally determined enthalpy of formation
@2113.8160.17 from Ruscic’s Active Thermochemical
Tables~ATcT! Refs. 89–91# is not tied to that of the carbon
atom92 and should therefore be a relatively stable reference.
Given the CO value as well as that for O (D fH

+5246.84

TABLE III. Contributions to reaction enthalpies for the formation of the test compounds from the elemental
reactions, as defined in the text. All values are in kJ mol21.

Species EHF
` DECCSD~T)

` DECCSDT DECCSDTQ DEREL DEZPE DEDBOC DESO Total

C 729.86 356.91 22.37 2.21 20.69 212.98 0.07 21.20 1071.82
F 277.49 158.00 20.65 1.71 20.10 22.75 0.01 21.51 77.22
H 175.41 53.71 0.00 0.00 20.01 212.99 0.11 0.00 216.23
N 241.47 236.13 21.57 1.80 20.28 27.06 0.04 0.00 470.54
O 70.18 181.28 21.03 2.23 20.41 24.78 0.03 20.80 246.69
C2H2 581.57 353.03 21.70 2.19 20.26 16.99 20.14 21.64 950.04
CCH 857.79 434.51 25.30 2.15 20.27 22.61 0.01 21.64 1284.64
CH2 431.57 315.19 22.34 2.08 20.08 6.12 0.18 20.82 751.89
CH 666.99 297.05 22.79 2.09 20.52 29.00 0.52 21.00 953.35
CH3 238.79 246.92 22.21 1.98 0.02 25.70 0.21 20.82 510.58
CO2 2162.86 119.81 0.05 2.56 0.54 7.86 20.08 20.79 232.90
H2O2 271.79 292.80 0.30 1.51 0.80 33.24 20.24 0.03 2128.96
H2O 2231.40 234.33 20.06 1.24 0.72 24.98 20.28 0.02 2239.11
HCO 210.92 188.24 21.62 2.25 0.06 3.28 0.31 20.80 402.63
HF 2307.71 24.71 0.02 0.99 0.74 8.92 20.22 0.00 2272.55
HO2 14.83 215.30 21.47 1.94 0.38 14.50 0.14 0.03 15.05
NO 86.13 5.91 21.06 0.96 0.15 20.38 0.01 20.71 91.01
OH 240.83 72.87 20.91 1.75 0.12 4.45 0.09 20.76 36.78
HNO 155.37 257.23 20.15 0.49 0.50 11.09 0.41 0.02 110.49
CN 591.96 221.40 27.07 0.59 20.34 27.29 0.01 20.82 798.44
HCN 313.24 169.13 20.72 0.98 20.04 8.71 20.09 20.82 490.38
CF 313.91 298.28 22.42 2.93 20.07 27.85 0.05 21.29 603.54
NH2 99.36 72.78 21.63 1.32 0.38 16.54 0.30 0.00 189.05
NH3 273.69 28.78 20.94 1.08 0.79 43.43 20.19 0.00 238.30
NH 202.00 157.43 21.86 1.58 0.03 20.59 0.35 0.00 358.94
OF 56.73 56.84 22.74 1.84 20.09 21.16 0.02 21.07 110.36
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60.002), elemental reaction energies—as defined earlier—
need to be adjusted by 360.65 kJ mol21 per carbon atom to
give enthalpies of formation.

The results are startling. For compounds that have well-
established and self-consistent enthalpies of formation, as
determined by Ruscic’s ATcT approach,89,91the HEAT values
determined by method II are within 1 kJ mol21 in all cases!
Indeed, for only one example—H2O2 ~2128.96 versus
2129.8260.08 kJ mol21!—does the calculated HEAT value
fall more than 0.5 kJ mol21 outside the range estimated by
the ATcT approach. Using method I, both C2H2 and H2O2

fall more than 0.5 kJ mol21 outside the ATcT estimate. For
set I, 7 of the 16 HEAT values are within the ATcT error bars,
while 8 set II values fall within the estimated bounds. The
statistical analysis shown at the bottom of Table IV gives
further support that enthalpies of formation determined by
the atomization energy approach~I! are not quite as good,
although the performance difference is decidedly small.

The astonishing accuracy of HEAT energies in predict-
ing the enthalpies of formation for the well-characterized
compounds in Table IV suggests that they are ‘‘better’’ esti-
mates than those found in the NIST-JANAF database for all
of the remaining compounds~except perhaps ammonia!, in
the sense that the error bar associated with the HEAT values
~which we assign as 1 kJ mol21 for all but difficult cases! is
roughly an order of magnitude smaller. An interesting case
that warrants further study is the HNO molecule, where the
NIST-JANAF uncertainty is rather small~0.42 kJ mol21!,
while the HEAT value is about 8 kJ mol21 higher.

The compounds that appear to be the most difficult cases
for HEAT are C2H2 and H2O2. Calculated enthalpies of for-
mation ~0 K! for both are well outside~relatively speaking!
the range of values from ATcT, which merits some discus-
sion. For C2H2 , the error appears to result from a neglect of
connected pentuple excitations~see appendix!, while the dis-
crepancy for H2O2 is unclear. It is perhaps significant that
H2O2 stands alone amongst the test suite molecules in hav-
ing a low-frequency torsional mode. The way in which
DEZPE is calculated in the HEAT protocol is ideally suited
for semirigid molecules where both the harmonic approxima-
tion and second-order vibrational perturbation theory63 are
expected to work well. It may well break down for torsional
modes such as that in H2O2, at least at the level of tenths of
a kJ mol21. A detailed analysis of H2O2 is underway, and
will be reported in a separate publication.93

IV. DISCUSSION

As continually stated throughout this paper, the total
HEAT energies given in Table I represent the principal~and
indeed, the only nonredundant! results of this research. It is
hoped that the 31 examples studied here are just the begin-
ning of a fairly significant database of systems for which
HEAT results are available. To this end, we have already
begun calculations on a few additional systems, and invite
other members of the quantum chemical community to join
the effort. Although the results presented in the preceding
section for the enthalpies of formation are already extremely
accurate~more so, in fact, than we had anticipated when this
project began!, even greater accuracy can be obtained if the
theoretical results are used to calculate enthalpy changes for
reactions in which the bonding environments of atoms on the
left and right side of the chemical equation are similar. There
is essentially a continuum between atomization energies
~which are undoubtedly the most difficult quantities to cal-
culate accurately! and isodesmic reactions in which the local
environment of every atom is preserved on both sides of the
equation. In isodesmic and nearly isodesmic reactions, one
expects correlation effects to be less severe. Hence, the
DECCSDT and DECCSDTQ contributions to the HEAT energy
should be considerably smaller in magnitude. This is advan-
tageous, because unlikeEHF

` and DECCSD~T)
` , these higher-

order correlation contributions are not extrapolated as
throughly nor are they free of the assumption of negligible
core correlation effects.

Some evidence that this is the case can be found in Table
V, where HEAT thermochemistry values are given for sev-

TABLE IV. Standard enthalpies of formation~in kJ mol21!, calculated from
HEAT atomization energies and experimental atomic enthalpies of forma-
tion ~I! and the elemental reaction approach~II !. Experimental values are
from the ATcT~Ref. 89! ~superscript a! where available. Remaining values
come from the NIST-JANAF compendium. Fixed values are in parenthesis.

Species D fH
+(I) D fH

+(II) Expt.

N2 0.11 0.00 0.0060.00
H2 20.39 0.00 0.0060.00
F2 20.02 0.00 0.0060.00
O2 0.3~0! 0.00 0.0060.00
C ~711.79! 711.17 711.7960.21a

F ~77.21! 77.22 77.2160.24a

H ~216.03! 216.23 216.0360.00a

N ~470.59! 470.54 470.5960.05a

O ~246.84! 246.69 246.8460.00a

CO ~2113.18! 2113.81 2113.8160.17a

C2H2 229.59 228.74 228.2060.64a

CCH 564.39 563.34 563.3260.65a

CH2 391.47 391.24 390.6560.54a

CH 593.12 592.70 593.1960.36a

CH3 149.96 149.93 149.9460.11a

CO2 2392.63 2393.55 2393.1160.01a

H2O2 2129.05 2128.96 2129.8260.08a

H2O 2239.35 2239.11 2238.9260.04a

HCO 42.55 41.98 42.0960.38a

HF 2272.76 2272.55 2272.7360.24a

HO2 15.16 15.05 14.9660.64a

NO 91.22 91.01 90.5360.09a

OH 36.74 36.78 37.0960.05a

HNO 110.50 110.49 102.5060.42b

CN 438.47 437.79 436.80610.00b

HCN 130.21 129.73 135.5368.40b

CF 243.50 242.89 251.6068.00b

NH2 188.71 189.05 193.2566.30b

NH3 238.84 238.30 238.9160.40b

NH 358.80 358.94 376.51616.70b

OF 110.50 110.36 108.00610.00b

Mean absolute errorc 0.37 0.24 ¯

Mean signed errorc 20.28 20.06 ¯

RMS errorc 0.56 0.35 ¯

Maximum errorc 1.39 0.86 ¯

aFrom active thermochemical tables.
bFrom NIST-JANAF compilation.
cBased only on active thermochemical tables data.
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eral chemical reactions. The first group of reactions are
isodesmic or nearly so; the types~partners and bond order! of
chemical bonds are preserved in the reactions, although free
atoms appear in the last four reactions and the seventh reac-
tion involves a dramatic difference in the location of an un-
paired electron. Nonetheless, theDECCSDTQ corrections are
less than 1 kJ mol21 in all cases, in contrast to the atomiza-
tion and elemental reactions documented in Tables II and III,
whereDECCSDTQ.1 kJ mol21 is the norm. Hence, enthalpies
calculated from HEAT energies that exclude theDECCSDTQ

contribution which is—at least for the larger species—the
most expensive calculation met with in the HEAT protocol,
should be considerably more accurate than atomization or
elemental formation reactions based on the same approxima-
tions. We note in passing that some of theDECCSDT contri-
butions are large for these reactions, specifically those in-
volving the isoelectronic CCH and CN radicals for which
UHF-CCSD~T! performs poorly due to spin-contamination
effects.94

Also interesting is the second set of reactions in Table V,
all of which involve breaking of anX-H bond, whereX is a
first-row element. In all of these, there is just one difference
in the bonding of products and reactants~there is an extra
X-H bond in the former!, and these should benefit from can-
cellation of errors. And indeed, higher-order correlation ef-
fects are quite small, with bothDECCSDT andDECCSDTQ al-
ways below 1 kJ mol21. Even beyond this, there is a striking
regularity in theDECCSDTQ contributions to these reaction
energies. The magnitude of this contribution is always posi-
tive, and increases systematically with the electronegativity
of X. Alternatively, it increases with decreasingX-H dis-
tance. Moreover, it is remarkably constant for the sequences
XH→X1H, XH2→XH1H, etc. This can be used advanta-
geously in HEAT studies in which this expensive contribu-
tion is excluded. For example, if one was interested in deter-
mining the enthalpy of formation of an alkoxy radical from
the corresponding alcohol, it would seem pragmatic to skip
the CCSDTQ calculation and simply assume that the differ-
ence inDECCSDTQenergies of the alcohol and alkoxy radical
is 0.5 kJ mol21. The behavior ofDECCSDT is considerably

less systematic, but this is less of a problem since it is com-
paratively cheap to calculate.

An example of how we feel the HEAT energies are best
used is provided by the NH and NH2 molecules. Uncertain-
ties in NIST-JANAF values forD fH

+ for these molecules are
rather large~16.7 and 6.3 kJ mol21, respectively!. While the
values in Table IV are likely to be within 1 kJ mol21, there is
another approach which is potentially superior. The calcu-
lated HEAT reaction energies for NH3→NH21H, NH2

→NH1H and NH→N1H in Table V are surely more pre-
cise than enthalpies of formation calculated from the rela-
tively difficult atomization energies or elemental formation
energies in Table III. These can be combined with the rather
precisely knownD fH

+ value of H and NH3 ~216.03 and
238.9160.4 kJ mol21! to yield values of 188.64 kJ mol21

and 358.73 kJ mol21 for D fH
+ of NH2 and NH, respectively.

It should be noted that both of these numbers are also in
good agreement with those in Table IV.

Several follow-up studies are in order. First of all, we
recognize the computationally demanding nature of the
HEAT procedure. The calculations ofDECCSD~T)

` and
DECCSDTQ, in particular, are the most arduous. Simplifica-
tion of these steps would certainly result in a theoretical
model chemistry that would be more widely applicable. But
just how accurate would it be? ForDECCSD~T)

` , there are
some alternatives that come to mind. First of all, the extrapo-
lated energy could be based on aug-cc-pCVTZ and aug-cc-
pCVQZ calculations, which would avoid the aug-cc-pCV5Z
calculations that involve, for example, 543 basis functions
for a molecule as small as CO2. Another course of action
would be to invoke separation of core and valence correla-
tion. One could even dispense with diffuse functions,95 and
calculate extrapolated CCSD~T! energies with the cc-pVQZ
and cc-pV5Z ~or cc-pVTZ and cc-pVQZ! basis sets in
dropped core calculations. Effects of core correlation could
then be estimated from relatively small basis sets~cc-
pCVDZ or cc-pCVTZ! in all electron calculations. These
values, when combined, would represent an approximation
to DECCSD~T)

` . Ultimately, basis set extrapolations are em-

TABLE V. Individual contributions from HEAT energies to reaction enthalpies at 0 K. All values in kJ mol21.

Reaction EHF
` DECCSD~T)

` DECCSDT DECCSDTQ DEREL DEZPE DEDBOC DESO Total

H1H2O2→HO21H2O 2103.95 229.70 20.92 20.08 0.17 1.80 0.02 0.78 2131.88
CH1C2H2→CCH1CH2 40.80 99.62 23.15 20.06 0.43 24.48 20.19 0.18 133.14
CH21C2H2→CCH1CH3 83.44 13.20 23.47 20.14 0.08 20.01 0.19 0.00 93.29
HCO1C→CH1CO 2203.62 266.82 0.16 20.14 20.29 24.07 0.18 0.20 2274.40
N1NH3 → NH21NH 133.58 2.86 20.98 0.02 20.10 220.41 0.79 0.00 115.75
2NH → N1NH2 263.16 25.96 0.51 20.03 0.04 10.65 20.36 0.01 258.29
HCN1C→CH1CN 215.84 27.59 26.77 20.51 20.13 212.02 0.56 0.20 189.59
CH→C1H 238.28 113.57 0.43 0.12 20.18 216.97 20.34 20.20 334.70

CH2→CH1H 410.83 35.56 20.45 0.02 20.45 228.10 0.46 20.18 417.69
CH3→CH21H 368.19 121.98 20.13 0.10 20.10 232.57 0.08 0.00 457.54
NH→N1H 214.88 132.40 0.29 0.22 20.31 219.46 20.19 0.00 327.83
NH2→NH1H 278.04 138.36 20.23 0.25 20.36 230.11 0.16 0.00 386.12
NH3→NH21H 348.46 135.26 20.69 0.24 20.41 239.87 0.60 0.00 443.58
OH→O1H 286.41 162.12 20.13 0.48 20.54 222.21 0.05 20.04 426.14
H2O→OH1H 365.98 160.90 20.85 0.51 20.60 233.52 0.48 20.78 492.12
HF→F1H 405.62 187.00 20.67 0.72 20.84 224.66 0.34 21.51 566.01
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pirical in nature. Explicitly correlated coupled-cluster meth-
ods such as the linear R12 methods96 could be used to evalu-
ate DECCSD~T)

` more accurately and reliably than by the
extrapolation-based schemes used here. ForDECCSDTQ, esti-
mation of quadruple effects by a noniterative approximation
would be desirable. Although there is no shortage of such
noniterative approaches that have been suggested in the
literature,97 little has been done in the way of testing them
for nontrivial systems. Recent work by some of us98 has led
to the derivation and implementation of a noniterative cor-
rection to CCSDT that corresponds—in the sense of pertur-
bation theory—to the~T! correction to CCSD. It is also dis-
tinct from any other approach that has been advocated for
correcting the CCSDT energy. One of the potential applica-
tion areas for this ‘‘CCSDT~Q!’’ method will be in the area
of thermochemistry. Alternatively, it is also sensible to dis-
pense completely with the quadruples correctionif thermo-
chemical parameters are calculated from (nearly) isodesmic
reactions, especially if accuracies better than 1 kJ mol21 are
not required. Other areas worthy of study are: correlation
effects in the diagonal Born–Oppenheimer
approximation71,72 ~where we have also recently focused
some theoretical effort99!, the importance of anharmonicity
in the zero-point vibrational correction, and the importance
of the thus far ignored constantG0 contribution toDEZPE.
Also of interest would be the use of CC calculations based
on ROHF reference functions. Although we believe that dif-
ferences in the final energies will be negligible, the partition-
ing of DECCSD~T)

` , DECCSDT, and DECCSDTQ will undoubt-
edly change in interesting ways, which might render more
systematic behavior in the individual contributions.

Studies along the lines suggested above will be carried
out. The results, however, are predictable. Use of simplified
HEAT strategies will likely result in a level of accuracy that
is comparable to that obtained in other sophisticated theoret-
ical model chemistries such as G3, CBS-Q, W2, and W3,
which have been worked out, benchmarked, and documented
in excellent detail in the literature. We are not interested in
proliferating the population of roughly equivalent methods,
so the community will not be subjected to follow-up papers
reporting HEAT2, HEAT3, etc., methods. However, investi-
gation of the approximations suggested above should be in-
teresting, especially with regard to the utility of the nonitera-
tive approximation for quadruple excitation effects and for
any light that it might shed on the magnitude and systematics
of the error introduced by assuming that core and valence
correlation effects can be separated.

ACKNOWLEDGMENTS

This work grew from a discussion involving three of the
authors ~A.G.C., P.G.S., and J.F.S.! in Budapest during a
meeting of the IUPAC task force on free radical thermo-
chemistry. We therefore thank IUPAC for providing the
stimulus for this excursion into computational thermochem-
istry. Financial support for this work comes from the U.S.
National Science Foundation and the Robert A. Welch Foun-
dation ~J.V., B.A.F., and J.F.S.!, the Fonds der Chemischen
Industrie~M.K. and J.G.!, the Hungarian Research Founda-

tion under OTKA Grant No. T047182~P.G.S. and M.K.!, and
OTKA Grant No. T047185~A.G.C.!. During the latter stages
of this research, P.G.S. was supported by the Fulbright Foun-
dation during a sabbatical at the University of Texas at Aus-
tin. The research presented in this paper is part of a current
and future work by a Task Group of the International Union
of Pure and Applied Chemistry Grant No.~2000-013-2-100!
to determine structures, vibrational frequencies, and thermo-
dynamic functions of free radicals of importance in atmo-
spheric chemistry. We also thank Branko Ruscic~Argonne
National Laboratory! for his enthusiastic support of our re-
search as well as guidance in the subtle world of high-
accuracy thermochemistry.

APPENDIX: COMMENTS ON CALCULATIONS
USING CCSDTQ AND BEYOND

We begin with a few comments on the cost of these
calculations. The largest CCSDTQ calculation, which was
carried out for the HCO radical using the cc-pVTZ basis set,
involves the simultaneous solution of roughly 6223106 non-
linear equations. The most demanding CCSDTQP~which in-
cludes complete treatment of single, double, triple, qua-
druple, and pentuple excitations! calculation was carried out
for H2O2, where the dimension of the nonlinear system was
slightly greater than 1.33109. These calculations required
several weeks of computer time, and are clearly beyond the
scope of anything that could remotely be characterized as a
routine application. Despite this, none of the CCSDTQ cal-
culations with the cc-pVDZ basis set~those specified in the
HEAT protocol! required more than three days onLINUX -
based personal computers.

To test the suitability of the approximation used for
DECCSDTQ, additional CCSDTQ calculations were per-
formed for a subset of molecules~the smaller ones, of
course! using cc-pVTZ and cc-pVQZ basis sets, and at the
CCSDTQP level with the cc-pVDZ basis. The effects of
these on values ofD fH

+ calculated according to method II
~elemental reactions! are documented in Table VI. From this,
it can be seen that the cc-pVDZ basis set~the only member
of the cc-pVXZ hierarchy that can really be used for
DECCSDTQ for all of the molecules! gives results that are
quite suitable for the present purposes. In fact, from an in-
spection of Table VII, it appears that the cc-pVDZ basis set
is superior to the cc-pVTZ basis set, since it gives
CCSDTQ - CCSDT differences that are closer to those based
on cc-pVTZ/cc-pVQZ extrapolations for systems small
enough to permit CCSDTQ/cc-pVQZ calculations. These
calculations also indicate~see Table VI! that the cc-pVDZ
contribution to the elemental reaction enthalpies are not very
sensitive to further extension of the basis. The fact that the
magnitude of the cc-pVDZ CCSDTQ - CCSDT energies ap-
pears to be slightly too small with respect to cc-pVTZ, cc-
pVQZ, and extrapolated results was in fact the basis for an
empirical scaling of quadruple excitation effects by Boese
et al. in their W3 model.25 However, we have not chosen to
scale our calculated quadruple corrections.

Of perhaps greater interest is the effect of connected
pentuple excitations. While CCSDTQP calculations are
clearly at least a few decades from becoming routinely ap-
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plicable, their importance in accurate thermochemistry is ap-
parently nonvanishing. With the cc-pVDZ basis set, it is in-
teresting to note that the magnitude of the largest
contributions of pentuples to enthalpies of formation calcu-
lated by procedure II~the elemental reaction approach! are
roughly 0.5 kJ mol21. These large contributions found for
acetylene, CCH, and CN can be applied for ‘‘superHEATed’’
reaction enthalpies of these species. Adding these contribu-
tion to those found in Table IV, one findsD fH

+ (C2H2)
5228.20 kJ mol21 versus the ATcT value of 228.2060.64
kJ mol21 ~!!; D fH

+ (CCH)5562.78 kJ mol21 versus the
ATcT value of 563.3260.65 kJ mol21; and D fH

+ (CN)
5437.39 kJ mol21 versus the NIST-JANAF value of

436.8610 kJ mol21. Of some interest here, however, is Rus-
cic’s recommendation92 of D fH

+ (CN)5438.5
64.0 kJ mol21, based on relatively recent experiments.100

Hence, it appears that pentuple excitation effects are respon-
sible for the relatively poor performance of HEAT for acety-
lene, which is one of the two prominent outliers seen in
Table IV ~the other being H2O2).101 Fortunately, there is
ample evidence that effects of hextuple and higher excita-
tions can be safely ignored. Some recent work57,58,60,102has
indicated that contributions to molecular properties from
connected excitations decrease by an order of magnitude
upon each increase in the excitation level. This, together with
the results documented in this appendix, suggests that ne-
glect of higher than pentuple excitations results in errors of
,0.05 kJ mol21 ~which, after all, is less than 5 cm21!, at
least for states that are relative free of strong nondynamic
correlation effects. Examples such as ozone would be an
interesting test, but unfortunately are too large to be calcu-
lated beyond CCSDTQ even with the cc-pVDZ basis set.
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TABLE VI. Contribution of quadruple and pentuple excitations to enthalp-
ies of formation in different basis sets. All values are in kJ mol21.

Species

CCSDTQ-CCSDT
CCSDTQP-CCSDTQ

cc-pVDZcc-pVDZ cc-pVTZ

C2H2 22.27 22.52 20.54
C 20.01 0.08 20.11
CCH 22.31 22.62 20.54
CF 0.70 0.83 0.04
CH2 20.15 20.02 20.12
CH 20.14 20.05 20.11
CH3 20.25 20.12 20.12
CN 21.64 22.03 20.40
CO2 0.33
F 1.71 1.66 0.08
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TABLE VII. Difference of CCSDTQ and CCSDT total energies
(ECCSDT -ECCSDTQ) in different basis sets and with basis set extrapolation
(mEh).

cc-pVDZ cc-pVTZ cc-pVQZ
DT

extrapolation
TQ

extrapolation

C 230 243 244 249 245
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Errora 29 42 18 58 ¯

aMean absolute error with respect to TQ extrapolated values.
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