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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 form@tidhK) calculated for a test suite of 31 atoms

and molecules via direct calculation of the corresponding elemental formation reactions are within
1 kJmol ! 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 preseriather exactly or approximatelythe number and types of
chemical bonds. ©€2004 American Institute of Physic§DOI: 10.1063/1.1811608

I. INTRODUCTION methods based on calorimetry, kinetics, spectroscopy, and
various ion cycles have been used for decades to determine
At a time when the majority of practitioners have essenthese important quantitiés. As a result of this intense area
tially abandoned the field in favor of density-functional of research, relatively tight bounds<10 kJ mol'Y) have
theory, traditional quantum chemistfyomprising what have been established for enthalpies of formation for many mol-
come to be known—somewhat pejoratively in someecules that are stable enough to be studied easily in the
circles—as “wave function method$’has evolved so that laboratory® However, in two fields that are strongly depen-
methods are now available that are capable of determiningent on accurate thermochemical information—combustion
molecular properties at a very high level of accuracy. Insteadnd atmospheric chemistry—many, and perhaps a majority,
of providing rough estimates of quantities such as vibrationabf the most important compounds are transient species. Ac-
frequencies and structural parameters, routinely applicableordingly, error bars on the enthalpies of formation for these
modern techniques are capable -0 cm * accuracy for radicals and other reactive molecules tend to be significantly
fundamentalibrational frequenciés’ and ~0.002—0.003 A larger than those for simple closed-shell species. As an ex-
accuracy in equilibrium bond distancévith the seemingly ample, the enthalpy of formation for the hydroperoxy radical
constant improvements made in computer hardware techno{HO,) has only recently been determined to better than 1
ogy, both the level of accuracy and the scope of systemkJmol ..’
suitable for treatment at a given level of accuracy will con-  The extent to which modern high-levab initio (“wave
tinue to grow. function”) calculations can be competitive with experiment
One area where extremely high accuracy is generallyn the precise determination of thermodynamic parameters
useful and has significant impact is in the determination ofdepends to a large extent on the size of the molecular species
thermochemical parameters. Enthalpies of formation, heah question. For the smallest moleculés dozen or fewer
capacities, and standard entropies of molecular species ealectrong, there is little question that theory can provide
tirely determine their thermodynamic fate. Experimentalvery accurate total electronic energies, irrespective of how
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“difficult” the molecule is. For molecules that can be easily reaction as possible. Another approach, rarely used in prac-
studied experimentally, theory can offer competitive preci-tice, would be to calculate the enthalpies of formatitin
sion for thermochemical parameters; for transient species noéctly, meaning that the molecular energyMfand those of
amenable to experimental characterization, theory is arguts constituent elements in their most stable form are used.
ably better. A case in point are very recent studies of CH andror example, ifM were water, the reaction considered would
CH,,%® where accuracies estimated to k.5 kimol!  be
were achieved for the enthalpies of formation, as well as
others of nearly comparable accurdcy2° )

Of course, it is not the total energies of molecules that Hz+ 30,—H;0. ©)
are relevant for thermochemistry, but rather appropriately de-

fined energy differences. Hence, it is not necessary for %he enthalpy of formation for water is given, by definition,

. . l
rn(ettr:o?j to obFaln_ a gl\éen tlevelhqf aciﬁra((s,ay 1 IkJ TOTf) as the difference of ground state energies in the reactants and
In total energies in order to achieve the same IeVel of acCUs,y otg jn Eq.(3), and its calculation therefore does not

racy for energy d|ffere.n.ces.. Instead, one can benefit fro ake any use of experimental quantities. This method does
error cancellation; deficiencies of the total energy calculahave some serious limitations, however. For example, any
tions for the various species have many common source%.rganic molecule would require aimpossible calculation

Total molecular energies, of course, are those relative to thg, graphite: sulfur would necessitate calculations on a mol-

separated atoms of the molecule in question, all completglgcule with 128 electrons (% chlorine would requireab

lonized with the electrons at rest and the nugle| n the'ri itio calculations of the liquid and the enthalpy of vaporiza-
ground states. For example, the total electronic energy

e ot N on, etc. Moreover, while chemical bonds can indeed be
carbon monoxide i€£(C™") +E(O™) + E(14e ) ~E(CO). found on both sides of Eq3), it is clearly not an isodesmic

However, it is a much simpler task to calculate the bondreaction, or even nearly so. While it might be easier to cal-

H 3 3 _ 1
energy of CO, viz. E[C(°P)]+E[O(P)]-E[CO(X)] culate this energy difference accurately than that of the at-

since the core electrons—which make the largest Conmbu()mization reaction bO—2H+ O, the benefits of doing S0

tion to the total energy due t_o strong nuclea_r attractiony o marginal. The atomic enthalpies of formation for H and
forces—of C and O are only slightly perturbed in the mo-

. > - O are also known so precisely:0.01 kJ mol'%) that there is
lecular environment. The more “similar” th& andB species P el )

really no advantage in eliminating the use of this experimen-
involved in the energy differencé(A) —E(B), the less de- y v ge in elimina’ing u IS expen

ding is th lculati ded t hi i tal information. Hence, due to simplicity, the well-defined
manding 1S the caiculation needed 1o achieve a Speciliefay o of the process, and the generally straightforward prob-
level of accuracy. This was realized long ago; so-calle

“isod o tion&—th ) hich th b d ems posed by atoms to theoretical treatment, the atomization
|so_es.m|c“ reacﬂlon —Nose in whic € number an energy approach has been the method of choice for quantum
qualitative “types” of bonds inA and B are the same—are

. . . chemical practitioners in estimating enthalpies of formation
known to be those in which calculated energy dlfference%r molecules with various model chemistries
tend toward the highest accuray. )

(perhaps ajl “theoretical model chemistrie$®=2° (those in
which all species are treated at a consistent and well-defin
level of approximationuse atomization energies as the basi
for thermochemistry. In this approach, total molecular ener
gies are calculated at some level of theory. Atomization en
ergies, defined for the molecu=A_B,---Z, as

d collaboratofs), we propose a method that cannot be
e(‘aﬁgnerally applied to all “small”(loosely defined here as
hose having five or fewer non-hydrogen atgmwlecules.
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 moleculegour or fewer total
AE(M)=aE(A)+bE(B)+---+2zE(Z)—E(M) (1)  atoms, and to assess the level of accuracy achieved. It is our
belief that this is not an academic exercise with only a nar-
are then calculated using total atomic energies obtained abw practical benefit. First, there are still molecules of this
the same level of theory. The enthalpy of formationf¥bat  size where accurate<1 kJmol'?) enthalpies of formation
0 K is then given by Hess'’s law as are not availabfe[for example, NH, NH and, until recently,
AH =aA H(A)+ bAH(B)+- -+ zAH'(Z) — AE(M), OH (Ref. 13 and HGQ (Ref. 7]. Seconq, thg accuracy that
@) theory can gchleve for small systems is of mtrmsm interest,
because it is useful to know how large a role is played by
where the atomic enthalpies of formation are set to literatursome usually neglected effedtsoupling of core and valence
values. With the notable exceptions of carbon and flud¥ine, correlation, relativistic corrections, the diagonal Born—
enthalpies of formation are known quite precisely for atomsOppenheimer correction, anharmonic contributions to zero-
in the first two rows of the periodic table, so the inherentpoint vibrational energies, spin—orbit coupling, gio. over-
error in this approach is often localized almost entirely in theall accuracy. Third, and most important, since the methods
atomization energies. However, it is very difficult to calcu- used in our work are “size extensivé?’ (meaning that the
late atomization energies. By definition, all bonds in the mol-quality of the energy calculation is not degraded by the size
eculeM are destroyed in the reaction that is used as the basisf the molecule described within a given one-particle basis
for the calculated quantity; it is as far from an isodesmicse, the accuracy achieved for the benchmark systems stud-
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TABLE |. Contributions to the HEAT total energies for the 31 species studied in this work. All values are in atomic units. Conversion factor us@ds2625.4
kJ mol''=1E,.

Species Efr AEcesom AEccspr AEccspr AEgeL AEzpe AEpgoc AEso Total
N, —108.993257 —0.549274 0.000507 -0.001457 —0.058658 0.005379  0.003 982 0.000 000—109.592 778
H, —1.133661 —0.040911 0.000 000 0.000 000 —0.000010 0.009 892 0.000 460 0.000000 —1.164 230
F> —198.774570 —0.756 425 0.000100 -0.001536 —0.174461 0.002095 0.005175 0.000 000 —199.699 622
0, —149.691925 —0.635217 0.000112 -0.001854 —0.104607 0.003641 0.004 711 —0.000012 —150.425151
C —37.693774 —0.151041 -0.000466 —0.000030 —0.015090 0.000000 0.001660 —0.000144  —37.858885
F —-99.416800 -0.318033 —0.000199 —0.000116 —0.087268 0.000000 0.002591 —0.000574  —99.820 399
H —0.500 022 0.000 000 0.000 000 0.000 000 —0.000 007 0.000 000 0.000 272 0.000000 —0.499 757
N —54.404657 —0.184700 —0.000344 —0.000042 —0.029435 0.000000 0.002 007 0.000 000 —54.617171
(0] —74.819232 —0.248562 —0.000338 —0.000078 —0.052 459 0.000 000 0.002 366 —0.000 312 —75.118 615
Cco —112.790997 —0.535543 0.000097 -0.000951 —0.067285 0.004945 0.004 000 0.000 000 —113.385 734
C,H, —76.855684 —0.480411 0.000223 -0.000911 -0.029760 0.026253  0.003674 0.000 000 —77.336616
CCH —76.183645 —0.428923 —0.001147 —0.000928 —0.029761 0.013 842 0.003 503 0.000 000 —76.627 059
CH, —38.941051 —0.207841 —0.000458 —0.000082 —0.014865 0.017167 0.002161 0.000 000 —39.144 969
CH —38.284553 —0.194296 —0.000628 —0.000076 —0.015029 0.006 463 0.002 063 —0.000 067 —38.486 123
CH, —39.581308 —0.254300 —0.000408 —0.000120 —0.014835 0.029573  0.002 404 0.000 000 —39.818 994
CcO, —187.725719 —0.876 563 0.000567 —0.001753 —0.119 227 0.011 580 0.006 314 0.000 000—188.704 801
H,0, —150.852930 —0.711472 0.000227 -0.001280 —0.104313 0.026192  0.005078 0.000 000—151.638 498
H,O —76.067761 —0.371594 0.000033 —0.000453 —0.052040 0.021228 0.002 710 0.000 000 —76.467 877
HCO —113.304 223 —0.553349 —0.000125 -—0.000943 —0.067 113 0.012 960 0.004 336 0.000 000 —113.908 457
HF —100.071316 —0.389 256 0.000056 —0.000392 —0.086955 0.009391  0.002 735 0.000 000—100.535 737
HO, —150.253106 —0.661501 —0.000447 —0.001116 —0.104 469 0.014 110 0.004 996 0.000 000—151.001 533
NO —129.309786 —0.589993 —0.000094 —0.001291 -—0.081577 0.004364 0.004351 —0.000275 —129.974301
OH —75.428343 —0.310311 —0.000289 —0.000259 —0.052 261 0.008 461 0.002 619 —0.000 297 —75.780 680
HNO —129.850244 —0.634 499 0.000253 —-0.001469 —0.081448 0.013680 0.004 732 0.000 000 —130.548 995
CN —92.242929 —-0.477290 —0.002005 —0.001378 —0.044284 0.004858 0.003629 0.000 000 —92.759 399
HCN —92.915916 —0.517 656 0.000413 -—0.001230 —0.044175 0.015 898 0.003 819 0.000 000 —93.458 847
CF —137.239487 —0.551585 —0.000435 —0.000525 —0.102084 0.003002 0.004239 —0.000178 —137.887 053
NH, —55.592445 —0.287829 —0.000368 —0.000224 —0.029 194 0.018 882 0.002 564 0.000 000 —55.888614
NH, —56.225187 —0.339348 —0.000104 —0.000316 —0.029045 0.034069  0.002 609 0.000 000 —56.557 322
NH —54.986522 —0.235129 —0.000454 —0.000127 —0.029 323 0.007 412 0.002 353 —0.000 001 —55.241 791
OF —174.211642 —0.674172 —0.000938 —0.000994 —0.139570 0.002426  0.004 951 —0.000414 —175.020 353

ied here will be the same as that for larger molecules thaapproximate conservation of bond types. Such an approach
will be amenable to the treatment in the future. was recently used by us to determine the enthalpy of forma-
Finally, the systems studied here become the initiation of HO, to an accuracy 0&0.5 kJ mol %, nearly an order
members of a database of compounds that can be used fof magnitude better than the definition of “chemical accu-
any number of thermochemical studies. Specifically, we beracy” (1 kcal mol'? or 4.184 kJmol%), and by Schuurman
lieve that thebestway to calculate a molecular enthalpy of et al. in a study of HNCO isomer¥.
formation is to use approaches other than atomization en- The next few sections define the theoretical model chem-
thalpy and direct elemental reaction strategies summarizeidtry that we have named HEAT. This is an acronym for
above. In an ideal world, an isodesmic reaction can be de*high accuracy extrapolatedab initio thermochemistry,”
signed in which all participants other than the target mol-which emphasizes two things—apart from energy extrapola-
ecule M have enthalpies of formation that are known pre-tion schemes, the approach involves no empirical scaling
cisely from experiment. Then, if total electronic energiesfactors or adjustments, and that the principal area of applica-
from the high-level theoretical model chemistry defined intion that we envision for HEAT will be in the area of ther-
this paper are available for all species, the reaction energmochemistry. After defining the method, and discussing the
can presumably be obtained with negligible theoretical errorvarious theoretical approaches used to determine the total
Adjustment of the reaction energy to the enthalpy of forma-energies that are the “bottom line” of HEAT for any atom or
tion of M (by appropriate addition and subtraction of experi-molecule, the approach will be applied to a test suite of at-
mental enthalpies of formation for the other spegisbould oms and molecules. While quantities such as atomization
then giveA;H’ for M with extraordinary precision. However, energies and enthalpies of formation calculated from them
it is recognized that this will not usually be possible, either(using the approaches discussed abaswell as from el-
because of inability to design a truly isodesmic reactionemental reactiongsexcepting carbonwill be presented and
(radicals can be difficult in this regardr the lack of precise discussed, we emphasize that it is the total energies obtained
thermochemical knowledge about some of the species in alpy the HEAT protocol that are the most important numbers
appropriate reaction. Then, alternative strategies can be folocumented in this work. Hopefully, the total energies for 31
lowed, using reactions that are not isodesrtbat clearly atoms and molecules found later in this pafkble )—and
superior to atomization schemgddut involve at least an straightforwardly calculabléat least in principlg for other
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species—will form the initial members of a database that casimple, nonrelativistic Born—Oppenheimer approximation:
be used by experimentalists and theorists alike to calculatAEpgoc is the diagonal Born—Oppenheimer correction,
enthalpies of formation using suitableaction-basedap- AEgg is the spin—orbit correction, anlEgg, is the scalar

proaches. relativistic contribution to the energy.
We now describe how the individual terms in E4) are
IIl. DEFINITION OF HEAT MODEL CHEMISTRY calculated.

In order to determine standard enthalpies of formation af*: Molecular geometries

0 K,?%itis always necessary to know the ground state energy  The geometrié¥ of species are taken from optimizations
of the target species. Within the Born—Oppenheimer apcarried out at the CCSD) level of theory with the
proximation, the ground state energy may be partitioned int@orrelation-consistent cc-pVQZ basis s&té recent bench-
electronic and vibrational contributions. The former is givenmark study has demonstrated that this level of theory gives
by the lowest eigenvalue of the electronic Hamiltonialec-  equilibrium geometries that are accurate<t6.003 A (bond
tronic energy at the equilibrium geometry; the latter by the |engthg and <0.5° (angle$ of experimentally inferred val-
lowest eigenvalue of the nuclear Hamiltonian containing aues, where the latter are available. This level of accuracy is
potential described by electronic energies as a function ofomparable to the best that can be achieved solely through
position. In some cases, the lowest rotational state is prohikanalysis of experimental data, since experimental measure-
ited by nuclear spin statistics, but we ignore this here. ments of geometrical parameters never correspond to equi-
The electronic part, as usually calculated, involves use ofibrium distances and angles, but rather some type of aver-
the nonrelativistic electronic Hamiltonian. The three simplestaged quantitieéz_ Moreover, we correlatall electrons in the
improvements upon this are to include “scalar” relativistic geometry optimizations, not just the valence electrons. While
effect$® using perturbation theorgwhich is believed to be this is clearly not as good as using a properly defitet
entirely adequate for atoms in the first two rows of the peri-much largey core correlation basis (cc-p&Z),*? it is con-
odic tablé9), splitting of the energy—and lowering of the siderably cheaper and the aforementioned benchmarktudy
ground state energy—Dby spin—orbit interactions, and to comdemonstrated that the approach used here gives geometries
pute the so-called diagonal Born—Oppenheimer correcthat differ only negligibly for molecules containing first- and
tion.3'~3*The latter is given by the expectation value of thesecond-row atoms from those obtained in full-blown
nuclear kinetic energy operator over the electronic waveCCSO(T)/cc-pCVQZ optimizations. These geometries are
function (that which diagonalizes the electronic Hamil- then used in all subsequent calculations of quantities contrib-
tonian, and is a first-order correction to the simple Born—uting to the HEAT energy, and the vibrational problem re-
Oppenheimer approximation that does not spoil the concepjuired for AEpg is solved with CCSIT)/cc-pVQZ at this
of a potential energy surface. geometry, as well. For closed-shell molecules, the restricted
In practice, all of the contributions above need to beHartree—FocKRHF) orbitals are used in all calculations. For
calculated approximately. First, finite basis sets must b&pen-shell molecules, there are two obvious choices: unre-
used. Even if the treatment of correlation was complte  stricted or restricted open-shell Hartree—FogkHF and
configuration interaction, or Fl the resulting energies ROHF, respectively It was our intent to define the HEAT
would be compromised by limitations of the one-particle ba-strategy in terms of UHF-based calculations. There are at
sis set. It is nonetheless impossible to do FCI calculations foleast two cogent reasons for this choice. At very high levels
all but the smallest molecules—even then in necessarilpf theory such as CCSDT, differences between UHF- and
small basis sets—so approximate measures for treating COROHF-based total energies are usually very small, so that the
relation are called for. In HEAT, as in all other model chem-choice of reference function should have no impact on the
istries that we know of, size-extensive many-body methodgnergy calculations. Second, ROHF methods are more prone

are used in the treatment of electron correlation. to symmetry-breaking and related effettsind its use very
The total energy defined by the HEAT protocol may beoften gives rise to nonsensical vibrational frequencies. How-
expressed by a formula that contains eight terms 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-
+AEgg T AEzpet AEpgoct AEgo. (4)  verely degrade the quality of the calculated vibrational zero-

In Eq. (4), E%- and AEZ are the HF-SCRHartree— point energy. This problem has been analyzed, and our
Fh T —HE _—ccsam) : . findings can be found in a separate publicaffdrlence, for
Fock self-consistent fie)dand correlation energies, the latter . .
. . the moment, the HEAT method will use UHF orbitals as the
given by the coupled-cluster singles and doubles méthod

with a perturbative treatment of triple excitatiotifyoth ex- default for.HF-SCF and CC.S(D) calculat|o_ns on open-shell
) o L molecules; systems for which ROHF orbitals turn out to be
trapolated to the basis set limit. The next term is intended to ; . .
LT . .- more appropriate will be so designated.
account for deficiencies in the treatment of triple excitations
in CCSO(T), the fourth term to account, approximately, for
differences between the CCSORef. 38 and FCI correla-
tion energies, where the latter is approximated by the Together, theE}: and AEccspy) terms give the esti-
CCSDTQ method? AE ¢ is the zero-point vibrational en- mated exact nonrelativistic electronic energy within the

ergy. The remaining terms remedy shortcomings of thesimple Born—Oppenheimer approximation, using the well-

Enear=Efrt AECcsom T AEccsprt AEcespro

B. CCSD(T) total energy
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known CCSDT) method to account for electron correlation correctiori’ is based on perturbation theoYy.For cases
effects. Following a relatively common convention, HF-SCFwhere triples corrections are large, or alternativddyt not
and CCSDT) correlation energies have been obtained in aentirely independentlywhen there are severe problems as-
hierarchical series of basis sets, and then extrapokdpd-  sociated with the reference function, there is cause to inves-
rately to obtain estimates of the corresponding basis set limtigate the extent to which CC3D) differs from the com-
its. For closed-shell molecules, the restricted Hartree—Focklete treatment of triple excitations defined by the CCSDT
method has been used. Open-shell molecules were treatagproximatior’® However, it is not possible to perform full
using the UHF approach. CCSDT calculations using the large basis sets met with in
For the HF-SCF energy, calculations were carried outhe extrapolated CCSD) energies defined above. Due to
using the augmented correlation consistent basis setsoth the relatively small differences expected and the fact
aug-cc-pC\KZ [X=T(3), Q(4) and 3 (Ref. 46 which are that it appears that correlation effects beyond CCSzan
designed to treat core correlation effects properly. Thesbe estimated with smaller basis sets, we have chosen to es-
three energies were then extrapolated with the formula advdimate this contribution with the cc-pVTZ and cc-pVQZ ba-
cated by Fellef! sis sets and to correlate only the valence electrons. Implicitly
X w assumed here is that effects due to diffuse functions and core
Eie=Enet aexp(—bX), ® correlation are already given sufficiently well by the extrapo-
whereE>H<F is the HF-SCF energy obtained with the aug-cc-lated HF-SCF and CCSD) energies. Our formula for the
pCVXZ basis set. The parametess b, and the extrapolated CCSDT-CCSDT) energy difference AEccspy) iS
HF-SCF energ¥, -, are determined uniquely from the three

energies. AEccsor= Ecesor(fe) — Esom)(fo), (7)
For the correlation energy, a formqla4;notivated by thewhere TQ denotes that the corresponding contribution has
atomic partial wave expansion is us€dsiz. been obtained by the correlation energy extrapolation for-
a mula[Eq. (6)] using the frozen-core CCSDT and CCSp
AE)écs =AE® +— (6) energies obtained with the cc-pVTZ and cc-pVQZ basis sets.
oT) ccso) 3’ - .
X For radicals, both the CCSDT and CCQID calculations

whereAEXcsqm is the CCSDT) correlation energynotthe  Were performed using UHF reference functions.

total CCSOT) energy, which includes the HF-SCF contribu- __ Despité its computational complexity and cost, even
tion] obtained with the aug-cc-pCVXZ basis set. Here, theré&cCSDT does not give correlation energies that are suffi-
are two parameters and the estimated complete basis setCi€ntly ~ accurate ~ for  the ~ most  demanding

limit CCSD(T) correlation energyAEfcqnn. These are applications’?>47:525However, coupled-cluster calculations

uniquely determined by two correlation energies; the aug-cc2eYond CCSDT have only been generally possifiie small

PCVQZ and aug-cc-pCV5Z energies are used in the HEmmolecules, of courgewith the development of general
protocol. coupled-cluster code$%° Recently, Ruden and collabora-
tors studied the impact of connected quadruples on atomiza-

At this point, it is important to note a distinct difference e . X ! X
between the HEAT approach and other model chemistries 42" €nérgies in double- and triplequality basis sets for six
molecule€® The authors found that the contribution of qua-

well as most isolated efforts to obtain very accurate thermo-* o
chemical parameters. Wip notattempt to separate valence druple excitations, as measured by the CCSDTQ CCSDT

correlation effects from those arising from correlation of the€nergy difference, converges rapidly with basis set size. In

core electrons. All of the calculations carried out in deter-abSOIlJte terms, changes are largely negligible when going

mining the extrapolated CCSD) energy use basis sets that °€yond a polarized valence doulfiéasis. In a more recent

are designed to treat core correlation as well as valence cortudY flc(qugsémg Orr‘l "’(‘j Ia'rgﬁr samplle of molecules, Boese and
relation, and no electrons are dropped from the correlatioffO-WOrKErS™reached simiiar conciusions.

treatment in the individual CCSD) calculations. While it is Based on these findings, the effects of higher-level cor-
true that one can obtain similar extrapolated valence-onij€lation effectsithose beyond CCSDTare estimated in the

estimates of the correlation energy and then add a correctign=~A1 Protocol by subtracting the CCSDT and CCSDTQ
for core correlation effects calculated with significantly Corrélation energies obtained with the cc-pVDZ basis set in

smaller basis sets, we have chosen not to make the assunf€ frozen-core approximation:
tion of separation. Again, the point of this work is to do the AEccsprom EgcépS\I/DDT%(fC) — ESRO%(f). (8)
best calculations possible in a common current computa-
tional environment with as few approximations as possibleDue to program limitations that existed while the data were
However, we do recognize that this approach of combining?eing compiled for this research, thécsprgcorrection is
core and valence correlation effects runs counter to the conpased on ROHF reference functions for the radical species.
mon practice of many of our colleagues, but point out thatThere is an implicit assumption here—that the CCSDT total
our strategy is undeniably more rigorotfs. energies for radicals are independent of the reference
function—but this seems to be justifiél.
This approximation, which is intended to account for the
difference between CCSDT and an exact treatment of corre-
Despite the never-ending success story that is théation, is clearly important and is further discussed in the
CCSOT) method, it must not be forgotten that tH&) appendix.

C. Higher level correlation effects
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D. Zero-point vibrational energy

o
AEZPEZZ 7|+2

Zero-point vibrational energies for all speci¢apart i =]
from atoms, where it vanishewere determined from anhar-
monic force fields calculated at tHell electron CCSIXT) E. Diagonal Born—Oppenheimer correction

level of theory with the cc-pVQZ basis sets, using RHF or- It tal iated that the electroni
bitals for closed-shell systems and UHF orbitals for most of IS not always appreciated that the electronic energy, as

the open-shell moleculd?. Using standard spectroscopic obtained from traditional electronic structure calculations, is

rovibrational perturbation theofy, the vibrational energy r|_1|ot ?I?u'\./alem to tt?]e e>|<petctat.|on| valu% of tlhe molecular
levels are given by the expression amiltonian over the electroni¢clamped-nucleys 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

where », are the harmonic frequencies. Explicit equationsWith @ specific value of the energyor a given electronic
for the anharmonicity constants; are given, for example, in statg although this surface becomes mass dependent. For

Xij
i (11

1
Ui+_

5|\ vit

Uj E

1
+i2>j X

Ui+§

E(v)=Go+X,

Ref. 63. Hence, the ground state energy is given by atoms, this correction—known as the diagonal Born—
Oppenheimer correctiolDBOC)—accounts for the finite
; Xij mass of the nucleus. This diagonal Born—Oppenheimer
Ezpe= Go+2 7+i2>j 7 (100 correctiort'~3+71-"3s calculated by the expectation value
AEpgoc=(Ve(r;R)[Ty|Pe(r;R)), (12

within this model. The second term is the familiar harmonic ~ o

approximation, while addition of the third an@specially ~ WhereT, is the nuclear kinetic energy operator afid(r;R)
first terms are rarely included in quantum chemical investi-'S the normahz_e_d electronic wave function obtained at the set
gations. Work over the past six years in our laboratories haSf nuclear positions parametrized By _

led to the development of analytic second derivative methods ~ Despite its deceptively simple form, it is not straightfor-
for the CCSDT) method®® and parallel developments ward to calculate the DBQC; efforts in this Q|rectlon have
have provided the avenue toward accurate and efficierflOStly been(for an exception, see Ref. yimited to the
evaluation of quartic force fields via numerical differentia- HF-SCF_or multiconfigurational SCEMCSCH level of
tion of analytic second derivatives. In fact, it is now possibleth€ory. The landmark paper of Handy, Yamaguchi, and
to calculate the cubic and quartic force fields, many physicaPchaefer” was the first which reported DBOC energies for a
quantities that depend upon them, and the second and thifymber of polyatomic systems. Recent stutfiéSindicate

terms of Eq.(10) by simply “pushing a button.®® The first that the use of correlated electronic wave functions has only
term is an oft-forgotten constaritloes not depend on the & modest effect on the DBOC correction. Thus we believe

vibrational stat ternf”®® which contributes to the vibra- that DBOC corrections calculated with HF-SCF wave func-
tional energy. Recent efforts in our laborafShas well as tions are suﬁiciently accurate for the purposes of this study.
otherd®™ have led to the development of explicit formulas Therefore, it has_been chosen for the HEAT protocol. The
for G, in terms of quantities calculable from the quartic 219-CC-PVTZ basis set has been used to calcll&ggoc at
force field. However, our efforts in this direction have only theé HF-SCHRHF and ROHF for closed and open-shell sys-
provided equations that apply to asymmetric tops, althougﬁem?’ respectlve)ylevel. Thls particular choice for the basis
we are working on the required modifications to treat sym-S€t is motivated by a previous stJay_vhere the DBOC cor-
metric tops, spherical tops, and polyatomic linear moleculeg€ction was found to converge relatively rapidly to the one-
Because of our inability to calcula@, for all molecules, we ~Particle basis limit, provided that diffuséow-exponent
have chosen to neglect this contribution in the zero-poinfunctions are included in the basis set.

energies. However, we take some solace from the recent

work of Schuurmaret al,*® where this term was included in
an exhaustive study of the enthalpies of formation for HNCO
and its isomergwhich, notably, used a reaction scheme of  Calculations performed within the framework of a non-
the sort that we advocate rather than being based strictly orelativistic Hamiltonian give a weighted average over the
atomization energig@sThey found thatG, was typically less  energies of various states involving different coupling of spin
than 10 cm® in magnitude, similar to what we have found in and orbital angular momentum. Consideraffuof this short-

pilot application€® and below that which is inherent in the coming of nonrelativistic theory is necessary for some of the
calculation of the other twgand numerically more signifi- species considered in this work. The relative energies of vari-
cand contributions to Eq(10). Hence, neglect of this con- ous states split by the spin—orbit interaction can be calcu-
stant term is not expected to cause significant errors, alated from a Hamiltonian that includes the spin—orbit opera-
though it should be checked in selected ca®ésH,O, in  tor. The calculated energy lowering of the lowest spin—orbit
the following sectiom and eventually included when general state (which is of course the ground state of intejesith
formulas are available. However, for now, the HEAT zero-respect to the averaged state obtained in a nonrelativistic
point vibrational energy contribution will be defined as calculation can be used to adjust the ground state energy.

F. Spin—orbit correction
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Since the magnitude of this effect is relatively small for first- H. Computational details
and second-row atoms, these calculations need not be per-

formed at_levels of theory rivaling those used in the ENerYavel relative to the weighted average energy were performed
extrapolations. , with coLumBus,”® while most of the calculations & Epgoc

. The calculations 0AEso (defined here as the €Ner9Y were carried out with thesiz.2electronic structure program
difference between the ground state and the statlstlcallguitego CCSDTQ calculations were done with a string-based
weighted average of all spin—orbit states—which is nOtmany-body cod&” All HF-SCF, CCSD, CCSDT), and
equivalent to the spin—orbit coupling constartiive been  ~~gpt energy calculations as well as e’valuationA’Equ,_

perfor(rjned Vlz'th a dSptm.I_%r%'t Confltguranon 'Stira%(?l) and some\ Epgoc calculations come from a local version of
procedure. -or a detailed description, See Rel. /5. 1N SUMZ.p ;81 Apnharmonic force fields used faXE,pg were cal-

mary, the core electrons are described by relativistic eﬁeCtiV%ulated withacesz using the algorithm described in Ref. 82
core potential¢RECP including spin—orbit terms that allow All calculations, some of which involved more than 500 ba-

a straightforward calculatlop of the spin—orbit |nteract|on_|n—SiS functions, were performed on personal computers running
tegrals. The Cl wave functions are constructed by consider,

ing all single and double excitations out of a valence com-ﬁhe LINUX operating system.
plete active space reference function. To reduce the

computational effort, the double-group symmetry that oftenlll. RESULTS
facilitates relativistic quantum calculations can be used. The
cc-pVDZ basis set developed by PitZetogether with the

corresponding RECP&ef. 779 were used in the calcula-

Calculations of the stabilization of the lowest spin—orbit

Total HEAT energies, as well as the individual contribu-
tions defined in the preceding section, are listed for 31 atoms
tions and molecules in Table I. Species in the test suite contain

It should be noted that we consider only first-order spin-Only hydrogen, carbon, oxygen, nitrogen, or fluorine atomg;
L . o there are 12 closed-shell systems and 19 are doublets, trip
orbit interactions in this work. Hence, the only molecules for

which the AEq, contribution is nonzero are radicals in de- lets, and quartets. The complete documentation of the indi-

: . vidual energy contributions should be of use to others inter-
generate ground states. Second-order spin—orbit effects 9y

which involve coupling of the ground state with excited ested in expanding the HEAT database, as they can be used

states of different spin through the spin—orbit operator, aré0 provide a check on calculations. However, the most im-

. s ortant numbers in Table |l—and indeed in the entire
not included and are expected to be of negligible import fo . . . )
. manuscript—are those in the rightmost column: the HEAT
thermochemistry.

One could of course use measured spin—orbit splittin total energies for each species. In the following sections, we
P PUINGY) strate use of the HEAT energies in calculating atomiza-

to calculate the correction. It is clearly the contribution ap- . . . .
S ) : .~ .7 tion energies and standard enthalpies of formation at 0 K.
pearing in Eq.(4) for which experimental determination is

clearly superior to computational estimation. However, sinceA. Atomization energies

onle_zttmlght wa?t to _|In\l/jst|gate spfeueti where thtetsplnl—orblt Atomization energies calculated from HEAT energies are
SPItting 1S not avaliable, we preter the computationa ap'given in Table Il for the 27 molecular species in the test

proach. I.t IS a_lso in keeping W'th.the spirit of th_e_ HEAT suite, along with the individual contributions. Among other
method, in V.Vh'Ch appeals_ to experiment and empiricism ar‘ﬁwings, the first two columns of the table show the well-
kept to a minimum. A quick check reveals that experimen- . - anomalous behavior of fluorine AFand also OF,

tally measured and calculated valuesidEs for the mol- i are both unbound at the UHF level and owe their

ecules in this work differ by less than 10 chin all cases. stability as molecules to electron correlation. There are also
several other species {(HNO, HO,,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 N, H,O,, and CN. It is not particularly
surprising that the magnitude of higher-level correlation
The effect of so-called scalar relativistic contributihs contributions—defined here as those beyond CO3BH-
to the HEAT total energyAEgg,) are included by contract- correlates strongly with the overall correlation contributions
ing the one-particle density matrix obtained at the CCBD identified above. The largest values ®Ecsprqare found
aug-cc-pCVTZ level with(one-electrop Darwin and mass- for N,, F,, O,, CO,, H,0,, NO, HNO, CN, and HCN, all
velocity terms. As discussed by Davidson, Ishikawa andout HCN mentioned above in the context of having large
Malli,”® this is a reasonable approximation for relativistic overall correlation contributions to the atomization energy.
effects when first-row elements are considered. Recentlysor each of these species, the effect of correlation beyond
Boese et al?® compared the sum of Darwin and mass- CCSDT—a tract of the quantum chemical landscape that is
velocity contributions obtained at high levels of theory to therarely trod upon in practice—is to increase atomization en-
second-order Douglas—Kroll contributions. While the com-ergies by more than 3 kJ mdl Given that the standard defi-
parison there is complicated a bit by the lack of a commomition of chemical accuracy is 4.184 kJ mb] one realizes
basis set or method, the results suggest that negligible errdiat this time-honored goal of quantum chemistry is still not
is incurred with the simpler first-order treatmdot first- and  easily obtained, at least in the context of atomization ener-
second-row atoms gies.

G. Scalar relativistic effects
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TABLE II. Contributions to atomization enthalpies for the molecules in the test set. All values are in & mol

Species  Eje AElcsnm  AEcesor AEccspro AErer  AEzpe  AEpgoc  AEgp  Total
N, 482.94 472.26 —-3.14 3.61 —0.56 -14.12 0.08 0.00 941.07
H, 350.81 107.41 0.00 0.00 -0.01 -25.97 0.22 0.00 432.46
F> —154.98 316.00 —-1.31 3.42 —0.20 —5.50 0.02 -3.01 154.44
O, 140.36 362.56 —2.07 4.46 -0.82 -956 0.06 —1.61  493.39
CcO 729.86 356.91 —2.37 2.21 —-0.69 -—12.98 0.07 —1.20 1071.82
C,H, 1228.97 468.20 -3.03 2.23 —-1.14 -68.93 050 -0.76 1626.06
CCH 777.34 333.02 0.56 228 -—-1.12 -36.34 0.23 —-0.76 1075.23
CH, 649.11 149.13 —0.02 0.14 —0.63 —45.07 0.11 -0.38 752.39
CH 238.28 113.57 0.43 0.12 -0.18 -16.97 -0.34 -0.20 334.70
CH, 1017.30 271.11 —0.15 0.24 —-0.72 -77.64 0.19 -0.38 1209.93
CO, 1033.08 599.66 —4.49 4.11 —2.05 —30.40 0.20 —2.02 1598.10
H,0, 562.96 562.77 —2.37 2.95 —-1.63 —68.77 0.52 —-1.64 1054.81
H,0O 652.40 323.02 -0.97 0.99 —1.14 -—-55.73 0.53 -0.82 918.26
HCO 764.53 403.66 -1.78 2.19 -1.16 -34.03 -0.10 -1.20 113211
HF 405.62 187.00 —0.67 0.72 —0.84 —24.66 0.34 -—-151 566.01
HO, 300.93 431.57 —0.60 2.52 —-1.20 -—37.05 0.02 -1.64 694.56
NO 225.52 411.50 —1.54 3.07 —0.83 —11.46 0.06 -0.10 626.22
OH 286.41 162.12 -0.13 0.48 -054 -2221 0.05 -0.04 426.14
HNO 331.69 528.35 —2.45 3.54 -1.19 -3592 -0.23 -0.82 82297
CN 379.38 371.64 3.14 343 —-0.63 -—12.75 0.10 -0.38 743.92
HCN 833.50 477.62 -3.21 3.04 —-0.94 -—-41.74 0.32 —-0.38 1268.20
CF 338.46 216.63 —0.60 1.00 -0.72 —7.88 0.03 -—-1.42 545.50
NH, 492.92 270.76 0.06 0.48 —-0.67 —49.57 -0.03 0.00 713.95
NH; 841.38 406.03 —0.63 0.72 —1.08 —89.45 0.56 0.00 1157.53
NH 214.88 132.40 0.29 0.22 -0.31 -19.46 -0.19 0.00 327.83
OF —64.04 282.44 1.05 210 -0.41 -6.37 0.02 -1.24 213.56

The overall difference between the exact correlation controns and the number of bonding electrdidH, NH,, and
tributions (as estimated by HEATand those associated with NH, form an interesting sequence here, as does OH and
AECcspT also includes\Eqcspr, Which is intended to rem-  H,0—it seems to indeed be well-approximated by “bond
edy deficiencies in the CCSD) treatment of triple excita- contributions” that can be inferred from the tapland will
tion effects. And here, one can only say that CCBXomes  become more important as one moves down the periodic
through again. While thé\Eccsprg contributions are uni-  table. The same is true for spin—orbit effects. The DBOC, on
formly positive, those associated WifEcsprare generally  the other hand, is most important for light atoms as can
negative, indicating that a HEAT thermochemistry based ortlearly be seen by noting its essentially negligible magnitude
CCSOT) energies instead of estimated exact correlation enfor molecules that do not contain hydrogen atoms.
ergies would outperform one based on CCSDT eneftfies.  Zero-point vibrational energy contributions to the atomi-
When these two contributions are combirjéitereby provid-  zation energies are obviously negative in all cases. Enthalp-
ing an estimate of the difference between CCBDand jes of formation calculated from atomization energies and
FCI], excellent cancellation is found in many cases. Excepexperimental atomic enthalpies of formation will be dis-
tions, where the net effect exceeds 1 kJpare(kJmol'*  cussed subsequently.
in descending orde&rCN (6.57), OF (3.15, CCH (2.84), O,
(2.39, F, (2.12, HO, (1.92, NO (1.53, and HNO(1.09,
most being radicals where the perturbative nature of(ihe
correction to the energy is most susp&cthe particularly Most theoretical model chemistries present atomization
large value seen for CN also reflects differences in Ca3D energies as the primary thermochemical data remind the
energies calculated with UHF and ROHF reference funcreader that the total HEAT energies in Table | Hreprimary
tions; it is quite likely that this value would be smaller if the data of this paper but one could also base the calculations
ROHF-based CCS@O) method>%®was used in determining on different elemental reference compounds. One choice
the AEccgpr contribution. would be the elements in their standard state, in which case

Continuing to the right in Table I, we see that scalarthe reaction energies determined would be equivalent to stan-
relativistic effects systematically reduce the atomization endard enthalpies of formation. However, standard states as
ergies by as much as 2 kJ md) corrections to the simple defined for many elements are not amenable to computation
Born—Oppenheimer approximation generally—but not(carbon, chlorine, boron, to name a feand this approach
always—increase the atomization energy by no more thahas not been followed in the literature of model chemistries.
0.5 kJmol L. Stabilization of the lowest spin—orbit level can Nevertheless, we will have a go at it here.
amount to as much as 2 kJ mdl Here, it is important to Table Ill lists reaction energies calculated from HEAT
consider the scope of the molecules in the test suite. Scalaata for the formation of the test suite species from molecu-
relativistic effects will increase with the total number of elec- lar reference compounds. For H, N, O, and F, the standard

B. Formation from the elements
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TABLE lll. Contributions to reaction enthalpies for the formation of the test compounds from the elemental
reactions, as defined in the text. All values are in kJthol

Species  Ej AEccspt) AEccsor AEccsprq AErer  AEzpe  AEpsoc  AEso Total

C 729.86 356.91 —2.37 2.21 -0.69 —12.98 0.07 —-1.20 1071.82
F —77.49 158.00 —0.65 1.71 -0.10 -—-2.75 0.01 -151 77.22
H 175.41 53.71 0.00 0.00 -0.01 -12.99 0.11 0.00 216.23
N 241.47 236.13 —1.57 1.80 -0.28 —7.06 0.04 0.00 470.54
O 70.18 181.28 —1.03 2.23 -0.41 —4.78 0.03 -0.80 246.69
CyH, 581.57 353.03 -1.70 2.19 —0.26 16.99 -0.14 -164 950.04
CCH 857.79 43451 —5.30 2.15 -0.27 -261 0.01 -1.64 1284.64
CH, 431.57 31519 -2.34 2.08 —0.08 6.12 0.18 -0.82 751.89
CH 666.99 297.05 —2.79 2.09 -0.52 —9.00 0.52 -1.00 953.35
CH, 238.79 246.92 -2.21 1.98 0.02 25.70 0.21 —0.82 510.58
CO, —162.86 119.81 0.05 2.56 0.54 7.86-0.08 —-0.79 —32.90
H,0, —71.79 —92.80 0.30 151 0.80 33.24 —0.24 0.03 —128.96
H,O —231.40 —34.33 —0.06 1.24 0.72 2498 —-0.28 0.02 —239.11
HCO 210.92 188.24 —1.62 2.25 0.06 3.28 0.31 -0.80 402.63
HF —307.71 24.71 0.02 0.99 0.74 8.92 —0.22 0.00 —272.55
HO, 1483 —15.30 —1.47 1.94 0.38 14.50 0.14 0.03 15.05
NO 86.13 5.91 —1.06 0.96 0.15 -0.38 0.01 -0.71 91.01
OH —40.83 72.87 -0.91 1.75 0.12 4.45 0.09 -0.76 36.78
HNO 155.37 —-57.23 —0.15 0.49 0.50 11.09 0.41 0.02 110.49
CN 591.96 221.40 —7.07 0.59 -034 —7.29 0.01 -0.82 798.44
HCN 313.24 169.13 -0.72 0.98 —0.04 8.71 -0.09 -0.82 490.38
CF 313.91 298.28 —2.42 2.93 -0.07 -—7.85 0.05 -1.29 603.54
NH, 99.36 72.78 —1.63 1.32 0.38 16.54 0.30 0.00 189.05
NH3 —73.69 —8.78 —0.94 1.08 0.79 43.43 —0.19 0.00 —38.30
NH 202.00 157.43 —-1.86 1.58 0.03 -0.59 0.35 0.00 358.94
OF 56.73 56.84 —2.74 1.84 -0.09 -—1.16 0.02 -1.07 110.36

definition of the corresponding diatomic molecule is used, so  The remaining contributions are also similar in magni-
that the tabulated reaction energies for molecules containinde in the two cases, except fAE ¢ since now there are
only these elements are equivalent to the standard enthalpigibrational modes in all species in the chemical equation.
of formation. For carbon, where the elemental standard state
is graphite, we use carbon monoxide in a way most easilyt

communicated by example. For acetylene, the reaction used
is In Table IV, enthalpies of formation at 0 KA¢H,) cal-

culated from HEAT energies are given for all members of the
2C0+Hy—CoH,+ 20, (13 test suite. The calculations were done by two different pro-
while cedures. In the firstl), HEAT atomization energies were
corrected to standard enthalpies of formation according to
Oz +Hp—HOOH (14 Eq. (1),8” using experimental gnthalpies of formation for t%e
is used for the stoichiometrically similar hydrogen peroxide.atoms. Procedure Il is based on the elemental reactions sum-
In the former case, the calculated reaction energy is nomarized in the preceding section. For all molecules not con-
equivalent to the enthalpy of formation, differing from it by taining carbon, values af;H® obtained by procedure Il are
twice the difference of the enthalpies of formation of CO equal to the reaction energies given in Table Ill. This under-
and O. scores one relative advantage of the elemental reaction ap-
All in all, the relative magnitudes of the Hartree—Fock proach, specifically that it is based on reference compounds
and correlation contributions to the reaction energies is notvhose enthalpy of formation is precisely zero by definition.
entirely dissimilar to that found for atomization energies. This is advantageous only in extremely accurate calculations
Correlation corrections dominate in magnitude in a fewsuch as those presented here, since it avoids errors associated
cases, and others exhibit comparable contributions. with atomic enthalpies of formation for species such as C
Higher-level correlation contributions are also compa-and F Since one cannot do a HEAT calculation on a chunk
rable in magnitude using the atomization and elemental reef graphite, however, an alternative approach was used. The
action calculations. While th& Eccsprq contributions are  reference for carbon used in approach Il was carbon monox-
decidedly smaller for the lattefno contributions above 3 ide, as described in the preceding section. CO was chosen
kJ mol ! while 8 of the 26 atomization energy contributions since its experimentally determined enthalpy of formation
exceed this value the mean absolute post-CCQD corre- [—113.81+0.17 from Ruscic’s Active Thermochemical
lation contributiongthe sum ofAEccsprandAEccsprg are  Tables(ATcT) Refs. 89—-91is not tied to that of the carbon
about the same: 0.82 kJ mdlfor the atomization energies aton?? and should therefore be a relatively stable reference.
and 0.90 kJ mol* for the elemental reactions. Given the CO value as well as that for Q{H"=246.84

Enthalpies of formation
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TABLE IV. Standard enthalpies of formatidin kJ mol ™), calculated from The astonishing accuracy of HEAT energies in predict-
HEAT atomization energies and experimental atomic enthalpies of formaing the enthalpies of formation for the well-characterized
tion (I) and the elemental reaction approath. Experimental values are . w . .

from the ATcT (Ref. 89 (superscript awhere available. Remaining values compounds in Table IV S_UQQGSIS that they are “better” esti-
come from the NIST-JANAF compendium. Fixed values are in parenthesismates than those found in the NIST-JANAF database for all

of the remaining compound&xcept perhaps ammonjan

Species AR A Expt. the sense that the error bar associated with the HEAT values

N, 0.11 0.00 0.08:0.00 (which we assign as 1 kJ mdi for all but difficult casesis

H, —-0.39 0.00 0.08:0.00 roughly an order of magnitude smaller. An interesting case

F —0.02 0.00 0.08:0.00 that warrants further study is the HNO molecule, where the

82 (713'3;3) 713'23 71%07%8'2% NIST-JANAF uncertainty is rather smal0.42 kJmol?),

F 7723 1799 17 9%0.28 while the HEAT value is about 8 kJ mal higher. N

H (216.03 216.23 216.020.00* The compounds that appear to be the most difficult cases

N (470.59 470.54 470.580.08! for HEAT are GH, and H,0O,. Calculated enthalpies of for-

0 (246.89 246.69 246.840.00 mation (0 K) for both are well outsidérelatively speaking

co (-11319  -11381 -113.8:0.17 the range of values from ATcT, which merits some discus-

Cal 229.59 228.74 = 228.200.64 sion. For GH,, the error a t It f lect of

CCH 564.39 563.34  563.39.65 - 2 ppears to result irom a negiect o

CH, 391.47 391.24 390.650. 54 connected pentuple excitatiofsee appendix while the dis-

CH 593.12 592.70 593.1€0.36" crepancy for HO, is unclear. It is perhaps significant that

CHs 149.96 149.93 149.940.1F H,O, stands alone amongst the test suite molecules in hav-

CG; —39263  —39355 -—393.110.0F ing a low-frequency torsional mode. The way in which

H20; 12005 ~128.96  ~129.62°0.08 AE,pg is calculated in the HEAT protocol is ideally suited

H,0 -239.35  —239.11 —238.92-0.04 ZPE 1S 'eally suit

HCO 42.55 41.98 42.090.38 for semirigid molecules where both the harmonic approxima-

HF —272.76 ~ —272.55 —272.73-0.24 tion and second-order vibrational perturbation th&dmre

HO, 15.16 15.05 14.960.64 expected to work well. It may well break down for torsional

NO 91.22 91.01 90.580.09 modes such as that in,B,, at least at the level of tenths of

OH 36.74 36.78 37.090.05° 1 . . .

HNO 110.50 110.49 102.560 .49 a_kJ mol ~. A de_talled analysis of _1202_ is underway, and

CN 438.47 437.79 436.8010.0¢F will be reported in a separate publicatioh.

HCN 130.21 129.73 135.538.40°

CF 243.50 242.89 251.668.00°

NH, 188.71 189.05 193.256.30° IV. DISCUSSION

NH, -38.84 -38.30  —38.91+0.40

NH 358.80 358.94 376.5116.70" As continually stated throughout this paper, the total

OF 110.50 11036 108.0010.00 HEAT energies given in Table | represent the princigzaid

Mean absolute errbr 0.37 0.24 indeed, the only nonredundamesults of this research. It is

Mean signed errér -0.28 -0.06 hoped that the 31 examples studied here are just the begin-

RMS errof 0.56 0.35 ning of a fairly significant database of systems for which

Maximum errof 1.39 0.86 HEAT results are available. To this end, we have already
%From active thermochemical tables. begun calculations on a few additional systems, and invite
PFrom NIST-JANAF compilation. other members of the quantum chemical community to join
‘Based only on active thermochemical tables data. the effort. Although the results presented in the preceding

section for the enthalpies of formation are already extremely

accuratgmore so, in fact, than we had anticipated when this
+0.002), elemental reaction energies—as defined earlier—project bega)jy even greater accuracy can be obtained if the
need to be adjusted by 360.65 kJ moper carbon atom to theoretical results are used to calculate enthalpy changes for
give enthalpies of formation. reactions in which the bonding environments of atoms on the

The results are startling. For compounds that have wellleft and right side of the chemical equation are similar. There

established and self-consistent enthalpies of formation, as essentially a continuum between atomization energies
determined by Ruscic’s ATcT approath’*the HEAT values  (which are undoubtedly the most difficult quantities to cal-
determined by method Il are within 1 kJmdlin all cases! culate accuratelyand isodesmic reactions in which the local
Indeed, for only one example—B, (—128.96 versus environment of every atom is preserved on both sides of the
—129.82+0.08 kJ mol )—does the calculated HEAT value equation. In isodesmic and nearly isodesmic reactions, one
fall more than 0.5 kJ mol* outside the range estimated by expects correlation effects to be less severe. Hence, the
the ATcT approach. Using method I, bothHf, and HO,  AEccspr and AEccsprg contributions to the HEAT energy
fall more than 0.5 kJ mof* outside the ATcT estimate. For should be considerably smaller in magnitude. This is advan-
set |, 7 of the 16 HEAT values are within the ATcT error bars,tageous, because unlikgx and AE¢csyr), these higher-
while 8 set Il values fall within the estimated bounds. Theorder correlation contributions are not extrapolated as
statistical analysis shown at the bottom of Table IV givesthroughly nor are they free of the assumption of negligible
further support that enthalpies of formation determined bycore correlation effects.
the atomization energy approa¢h are not quite as good, Some evidence that this is the case can be found in Table
although the performance difference is decidedly small.  V, where HEAT thermochemistry values are given for sev-
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TABLE V. Individual contributions from HEAT energies to reaction enthalpies at 0 K. All values in kJ‘'mol

Reaction Eie AECcsom AEccsor AEccsoro AEgeL AEzpe AEpgoc AEso Total
H+H,0,—HO,+H,0 —103.95 —29.70 —0.92 —0.08 0.17 1.80 0.02 0.78 —131.88
CH+ C,H,— CCH+ CH, 40.80 99.62 —-3.15 —0.06 0.43 —4.48 -0.19 0.18 133.14
CH,+ C,H,—CCH+CHs3 83.44 13.20 —3.47 -0.14 0.08 —0.01 0.19 0.00 93.29
HCO+C—CH+CO —203.62 —66.82 0.16 -0.14 -0.29 —4.07 0.18 0.20 —274.40
N+NH; — NH,+ NH 133.58 2.86 —0.98 0.02 —0.10 —20.41 0.79 0.00 115.75
2NH — N+ NH, —63.16 —5.96 0.51 —0.03 0.04 10.65 —0.36 0.01 —58.29
HCN+C—CH+CN 215.84 —7.59 —6.77 —-0.51 -0.13 —12.02 0.56 0.20 189.59
CH—C+H 238.28 113.57 0.43 0.12 —0.18 —16.97 —-0.34 —0.20 334.70
CH,—CH+H 410.83 35.56 —0.45 0.02 —0.45 —28.10 0.46 —0.18 417.69
CH;—CH,+H 368.19 121.98 -0.13 0.10 —0.10 —32.57 0.08 0.00 457.54
NH—N+H 214.88 132.40 0.29 0.22 —-0.31 —19.46 —0.19 0.00 327.83
NH,—NH+H 278.04 138.36 —0.23 0.25 —0.36 —-30.11 0.16 0.00 386.12
NH;—NH,+H 348.46 135.26 —-0.69 0.24 —-0.41 —39.87 0.60 0.00 443.58
OH—O+H 286.41 162.12 —0.13 0.48 —0.54 —22.21 0.05 —0.04 426.14
H,0—OH+H 365.98 160.90 -0.85 0.51 —0.60 —33.52 0.48 -0.78 492.12
HF—F+H 405.62 187.00 —0.67 0.72 —0.84 —24.66 0.34 —1.51 566.01

eral chemical reactions. The first group of reactions ardess systematic, but this is less of a problem since it is com-
isodesmic or nearly so; the typgsartners and bond ordesf  paratively cheap to calculate.

chemical bonds are preserved in the reactions, although free An example of how we feel the HEAT energies are best
atoms appear in the last four reactions and the seventh reagsed is provided by the NH and NHnolecules. Uncertain-
tion involves a dramatic difference in the location of an un-ties in NIST-JANAF values foA (H° for these molecules are
paired electron. Nonetheless, thdccgprq corrections are  rather large(16.7 and 6.3 kJ mof, respectively. While the
less than 1 kJmol in all cases, in contrast to the atomiza- yalues in Table IV are likely to be within 1 kJ mdj, there is
tion and elemental reactions documented in Tables Il and llignother approach which is potentially superior. The calcu-
whereAEccsprg>1 kJ mol* is the norm. Hence, enthalpies |ated HEAT reaction energies for NH:NH,+H, NH,
calcu_late_d from_HEAT energies that exclude lzhECC_SDTQ —NH+H and NH—=N+H in Table V are surely more pre-
contribution which is—at least for the larger species—thegjse than enthalpies of formation calculated from the rela-
most expensive calculation met with in the HEAT protocol, iyely difficult atomization energies or elemental formation
should be considerably more accurate than atomization Qfnergies in Table IIl. These can be combined with the rather
elemental formation reactions based on the same approx'mﬁ'recisely knownAH° value of H and NH (216.03 and
tions. We note in passing that some of th&gpt Contri- —38.91+0.4 kJmol'Y) to yield values of 188.64 kJmot
butions are large for these reactions, specifically those inénd 358.73 kJ moft for A;H* of NH, and NH, respectively.
volving the isoelectronic CCH and CN radicals for which It should be noted that both of these nur’r;bers are also in
UHF-CCSOT) performs poorly due to spin-contamination good agreement with those in Table IV.

effects¥ ) . .
Several follow-up studies are in order. First of all, we

Also interesting is the second set of reactions in Table V . . .
S . : recognize the computationally demanding nature of the
all of which involve breaking of aiX-H bond, whereX is a . o
HEAT procedure. The calculations oAEccsnr and

first-row element. In all of these, there is just one difference . . L
in the bonding of products and reactaitisere is an extra AEccspro: in particular, are the most arduous. Simplifica-
X-H bond in the formex, and these should benefit from can- tion of these steps would certainly result in a theoretical
cellation of errors. And indeed, higher-order correlation ef—,m()deI chemistry that would be more widely applicable. But
fects are quite small, with bothEccgprand AEccsproal-

just how accurate would it be? F&Eccgyr, there are
ways below 1 kJmol’. Even beyond this, there is a striking some alternatives that come to mind. First of all, the extrapo-

regularity in the AEccspro contributions to these reaction lated energy could be based on aug-cc-pCVTZ and aug-cc-
energies. The magnitude of this contribution is always posiPCVQZ calculations, which would avoid the aug-cc-pCV52Z
tive, and increases systematically with the electronegativitf@lculations that involve, for example, 543 basis functions
of X. Alternatively, it increases with decreasingH dis-  for & molecule as small as GOAnother course of action
tance. Moreover, it is remarkably constant for the sequence&ould be to invoke separation of core and valence correla-
XH—X+H, XH,—XH+H, etc. This can be used advanta- tion. One could even dispense with diffuse functiéhand
geously in HEAT studies in which this expensive contribu-calculate extrapolated CC$D energies with the cc-pvVQZ
tion is excluded. For example, if one was interested in deterand cc-pV5Z (or cc-pVTZ and cc-pVQZ basis sets in
mining the enthalpy of formation of an alkoxy radical from dropped core calculations. Effects of core correlation could
the corresponding alcohol, it would seem pragmatic to skighen be estimated from relatively small basis séts-

the CCSDTQ calculation and simply assume that the differpCVDZ or cc-pCVTZ in all electron calculations. These
ence iNAEccsprgenergies of the alcohol and alkoxy radical values, when combined, would represent an approximation
is 0.5 kJmol®. The behavior ofAEccspt is considerably  to AEécqu)- Ultimately, basis set extrapolations are em-
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pirical in nature. Explicitly correlated coupled-cluster meth-tion under OTKA Grant No. T04718®.G.S. and M.K, and

ods such as the linear R12 methtdsould be used to evalu- OTKA Grant No. T047185%A.G.C). During the latter stages
ate AECéCSEXT) more accurately and reliably than by the of this research, P.G.S. was supported by the Fulbright Foun-
extrapolation-based schemes used here M&¥cspro, €sti-  dation during a sabbatical at the University of Texas at Aus-
mation of quadruple effects by a noniterative approximatiortin. The research presented in this paper is part of a current
would be desirable. Although there is no shortage of sucland future work by a Task Group of the International Union
noniterative approaches that have been suggested in tlwé Pure and Applied Chemistry Grant N@000-013-2-100
literature?’ little has been done in the way of testing them to determine structures, vibrational frequencies, and thermo-
for nontrivial systems. Recent work by some ofiisas led  dynamic functions of free radicals of importance in atmo-
to the derivation and implementation of a noniterative cor-spheric chemistry. We also thank Branko Rus@egonne
rection to CCSDT that corresponds—in the sense of pertuNational Laboratory for his enthusiastic support of our re-
bation theory—to théT) correction to CCSD. It is also dis- search as well as guidance in the subtle world of high-
tinct from any other approach that has been advocated faxccuracy thermochemistry.

correcting the CCSDT energy. One of the potential applica-

tion areas for this “CCSD1Q)” method will be in the area APPENDIX: COMMENTS ON CALCULATIONS

of thermochemistry. Alternatively, it is also sensible to dis-USING CCSDTQ AND BEYOND

pense completely with the quadruples correctiothermo-

: ) . We begin with a few comments on the cost of these
chemical parameters are calculated from (nearly) isodesmi

. ol if o5 b han 1 kJ i %alculations. The largest CCSDTQ calculation, which was
reactlons_ especially If accuracies better than ) '€ carried out for the HCO radical using the cc-pVTZ basis set,
not required. Other areas worthy of study are: correIatlor]nvolv(_:‘S the simultaneous solution of roughly 6220 non-

effects_ _in 172 the diagonal Born—Oppenheimer ;oo equations. The most demanding CCSDT@Rich in-
approximatioi”® (where we have also recently focused cludes complete treatment of single, double, triple, qua-

some theoretical effdf), the importance of anharmonicity druple, and pentuple excitationsalculation was carried out

in the zero-poiljt vibrational correction,_ a”f’ the importancey,, H,O,, where the dimension of the nonlinear system was
Zfl the fthus far |gnorﬁjdbconstaﬁio cofntcrzlcbutloln tIOA_EZPEt; (ilightly greater than 1:810°. These calculations required
sgnglr;ter?st wouf e.t c lzeho h cat():ul_atlon.:,] aj,? everal weeks of computer time, and are clearly beyond the
on reterence unct|_ons. . thoug we be leve t a_t_ I'scope of anything that could remotely be characterized as a
ferences in the final energies will be negligible, the partition- o in o application. Despite this, none of the CCSDTQ cal-

ing of AEccsp), AEccspr: and AEccspro Will undoubt- oo n with the cc-pVDZ basis s@hose specified in the

edly change in interesting ways, which might render More = A protoco) required more than three days amux-
systematic behavior in the individual contributions. gased personal computers

Studies along the lines suggested above will be carrie To test the suitability of the approximation used for
out. The results, however, are predictable. Use of simplified, additional CCSDTQ calculations were per-
HEAT strategies will likely result in a level of accuracy that forngncesc’jDTf%r a subset of moleculeéhe smaller ones, of

is comparable to that obtained in other sophisticated theore&-Ourse using cc-pVTZ and cc-pVQZ basis sets, and at the
'C?! ?ﬁdel (E)hem|str|eks OTUCh ‘;S Gg’ CI?(S(-jQ, Vg% and WgcCSDTQP level with the cc-pVDZ basis. The effects of
which have been worked out, benchmarked, an ocumentqﬂese on values oA(H" calculated according to method Il

in excellent detail in the literature. We are not interested in(elemental reactionsre documented in Table VI. From this
proliferating the population of roughly equivalent methods,it can be seen that the cc-pVDZ basis &&e only member

o) the_ community will not be subjected to foIIow—up.paper.sOf the cc-p\KZ hierarchy that can really be used for
repprtlng HEAT2, HI.EAT3_, etc., methods. However, mvesu_—AECCSDTQ for all of the molecules gives results that are
gation of the approximations suggested above should be Irh’uite suitable for the present purposes. In fact, from an in-
teresting, especially with regard to the utility of the nonitera’spection of Table VII, it appears that the cc-pVbZ basis set
tive approximation for quadruple excitation effects and for;¢ superior to the cc-pVTZ basis set, since it gives
any light that_it might shed on the magnitude and SyStE"maﬁC&CSDTQ - CCSDT differences that are closer to those based
of the error introduced by assuming that core and valencg Ccc-pVTZ/cc-pVQZ extrapolations for systems small
correlation effects can be separated. enough to permit CCSDTQ/cc-pVQZ calculations. These
calculations also indicatésee Table V) that the cc-pVDZ
ACKNOWLEDGMENTS contr'il.)ution to the elemen'gal reaction ent.halpies are not very
sensitive to further extension of the basis. The fact that the
This work grew from a discussion involving three of the magnitude of the cc-pVDZ CCSDTQ - CCSDT energies ap-
authors(A.G.C., P.G.S., and J.F)Sin Budapest during a pears to be slightly too small with respect to cc-pVTZ, cc-
meeting of the IUPAC task force on free radical thermo-pVQZ, and extrapolated results was in fact the basis for an
chemistry. We therefore thank IUPAC for providing the empirical scaling of quadruple excitation effects by Boese
stimulus for this excursion into computational thermochem-et al. in their W3 modeP® However, we have not chosen to
istry. Financial support for this work comes from the U.S.scale our calculated quadruple corrections.
National Science Foundation and the Robert A. Welch Foun-  Of perhaps greater interest is the effect of connected
dation (J.V., B.A.F., and J.F.3.the Fonds der Chemischen pentuple excitations. While CCSDTQP calculations are
Industrie(M.K. and J.G), the Hungarian Research Founda- clearly at least a few decades from becoming routinely ap-
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TABLE VI. Contribution of quadruple and pentuple excitations to enthalp- 436.8+10 kJ mol'L. Of some interest here, however, is Rus-

ies of formation in different basis sets. All values are in kJhol cic’s recommendatici of AH° (CN)= 438.5
CCSDTQ.CCSDT +4.0kJmol*, based on relatively recent experimetfts.

CCSDTQP-CCSDTQ Hence, it appears that pentuple excitation effects are respon-

Species  cc-pVDZ - ce-pVTZ cc-pvDz sible for the relatively poor performance of HEAT for acety-
C,H, —2.27 —2.52 —0.54 lene, which is one of the two prominent outliers seen in
c —0.01 0.08 -0.11 Table IV (the other being K0,).1%! Fortunately, there is
gg"' ’%‘% 7266823 706534 ample evidence that effects of hextuple and higher excita-
. - : : ; 60,102
CH, o018 002 012 tions can be safely ignored. Some recent work “has
CH 014 —0.05 ~0.11 indicated that contributions to molecular properties from
CH; -0.25 -0.12 -0.12 connected excitations decrease by an order of magnitude
CN —1.64 —2.03 —0.40 upon each increase in the excitation level. This, together with
(F:OZ (ﬁi L6 0.08 the results documented in this appendix, suggests that ne-
H,0, 151 ' 028 glect of higher than pentuple excitations results in errors of
H,0 124 152 0.21 <0.05 kdmol?! (which, after all, is less than 5 cm), at
HCN -1.25 —1.40 -0.29 least for states that are relative free of strong nondynamic
HCO 0.02 0.04 —0.02 correlation effects. Examples such as ozone would be an
:Eo g-ig 127 é’f; interesting test, but unfortunately are too large to be calcu-
HO, 1.94 027 lated beyond CCSDTQ even with the cc-pVDZ basis set.
N 1.80 1.94 0.24 1see, for example, the special issues of Spectrochim. B&t&599—-898
NH, 1.32 1.54 0.21 (2002
EE3 122 13? 8;2 2For a representative and chemically relevant example, see E. R. Jochnow-
' ' ’ itz, M. R. Nimlos, M. E. Varner, G. B. Ellison, and J. F. Stanton, J. Am.
NO 0.96 0.95 0.12 Chem. Soc(to be published
o 2.23 2.22 0.24 3K. L. Bak, J. Gauss, P. Jgrgensen, J. Olsen, T. Helgaker, and J. F. Stanton,
OF 1.84 1.96 0.18 J. Chem. Physl14, 6548(2001).
OH 175 1.92 0.23 “4For a review, see S. J. Blanksby and G. B. Ellison, Acc. Chem. B&s.
255(2003.
5B. Ruscic, J. E. Boggs, A. Burcat al, J. Phys. Chem. Ref. Dat@n
press.

p|icab|e’ their importance in accurate thermochemistry is ap- SWell-known tabulations of molecular enthalpies of formation include:

ki : _ ; + e o M.W. Chase, Jr., ilNIST-JANAF Thermochemical Tabldsh ed. Journal
parently nonvanishing. With the cc-pVDZ basis set, it is in of Physical Chemical Reference Data, Monograph Vo(1998, p. 1;

teres_ting_ to note that the magn_itUde of th? largest 3. p. Cox, D. D. Wagman, and V. A. Medved@QDATA Key Values for
contributions of pentuples to enthalpies of formation calcu- ThermodynamicgHemisphere Publishing Corp., New York, 1980. V.

|ated by procedure |{the elemental reactlon approacﬁre GUrViCh, . V. Veyts, and C. B. Alcock]'hermodynamic Properties of

roughly 0.5 kJmol'. These large contributions found for @'&"dl%ag;“bgamewh ed.(Hemisphere Publishing Company, New

acetylene, CCH, and CN can be applied for “superHEATed” 7. a. Flowers, P. G. Szalay, J. F. Stanton, M.llsg, J. Gauss, and A. G.
reaction enthalpies of these species. Adding these contribu- Cs®za, J. Phys. Chem. A08 3195(2004, and references therein.
tion to those found in Table IV, one findAfH° (C2H2) 8A. G. Csaza, P. G. Szalay, and M. L. Leininger, Mol. Phys00, 3879

_ 1 (2002.
=228.20kJmol - versus the ATcT value of 228.2(D.64 9A. G. Csaza, M. L. Leininger, and V. Szalay, J. Chem. Phg48 10631

kImol'* (1); A{H°(CCH)=562.78kJmol* versus the (2003
ATCT value of 563.320.65 kJmol'; and A¢H°(CN) 0M. S. Schuurman, S. R. Muir, W. D. Allen, and H. F. Schaefer, J. Chem.
— 1 - Phys.120, 11586(2004.
437.39kJmot* versus the NIST-JANAF value of s, Parthiban and J. M. L. Martin, J. Chem. Phys4, 6014(2001).
12Before the development of the Active Thermochemical Tables, atomic
enthalpies of formation for O and N were also not known precisely.

TABLE VII. Difference of CCSDTQ and CCSDT total energies  However, uncertainties in these values have been dramatically reduced in
(Eccsor-Eccsprg in different basis sets and with basis set extrapolation  the ATCT approach, B. Rusci@rivate communication

(1Ep). 3B, Ruscic, A. F. Wagner, L. B. Hardirgf al, J. Phys. Chem. A06, 2727
(2002.
DT TQ 1A, L. L. East and W. D. Allen, J. Chem. Phy89, 4638(1993.
cc-pvDZ  cc-pVTZ  cc-pVQZ extrapolation extrapolation 15D, A. Dixon, D. Feller, and G. Sandrone, J. Phys. Chenl08, 4744
(1999.
c —30 —43 —44 —49 —45 16C. W. Bauschlicher, J. M. L. Martin, and P. R. Taylor, J. Phys. Chem. A
F —115 —60 —-90 —-37 —-112 103 7715(1999.
N —42 —43 —57 —43 —67 173, M. L. Martin and G. de Oliveira, J. Chem. Phyid1, 1843(1999.
o —78 —51 =75 —40 —-92 18T, Helgaker, W. Klopper, A. Halkier, K. L. Bak, P. Jargensen, and J.
CH —76 -93 —105 —99 —114 Olsen, Quantum Mechanical Prediction of Thermochemical Data
NH —127 —-107 —129 —98 —145 (American Chemical Society, Washington DC, 1998
OH —259 —167 —206 —128 —234 19K. L. Bak, P. Jgrgensen, J. Olsen, T. Helgaker, and W. Klopper, J. Chem.
HF —392 —-209 —258 —-132 —294 Phys.112 9229(2000.
CH, —-82 —-80 —96 —-80 —108 20Quantum Mechanical Prediction of Thermochemical Dagalited J.
NH, —224 —196 —230 —185 —254 Cioslowski (Kluwer, Dordrecht, 20011
Error® 29 42 18 58 2lW. J. Hehre, L. Radom, P. V. R. Schleyer, and J. A. PoMelecular
Orbital Theory(Wiley, New York, 1986, p. 298.
aMean absolute error with respect to TQ extrapolated values. 22The reader is reminded that isodesmic reactions are those which would be
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thermoneutral in the limit that additivity of “bond energies” gave a pre-
cise picture of chemical thermodynamics.

2’Notable in this regard are the(&ussiah n (n=1, 2, and 3 family of
methods developed by Pople and co-worké&tsRaghavachari and L. A.
Curtiss in Ref. 2y the W(eizmann n (n=1, 2, and 3 methods of Martin
and co-workerdRef. 17 (W1); Ref. 11 (W2); Ref. 25(W3)]; and the
CBS methods of Peterss¢@®. A. Petersson, in Ref. 20A related ap-
proach is the focal-point strategy advocated by Allen and collaborators
(Ref. 24; see Ref. 10 for a recent example.

24A. G. Csaza, W. D. Allen, and H. F. Schaefer lll, J. Chem. Ph¢99§
108 (975)).

25A. D. Boese, M. Oren, O. Atasolyu, J. M. L. Martin, M. Kay, and J.
Gauss, J. Chem. Phy%20, 4129(2004.

26R. J. Bartlett, Annu. Rev. Phys. CheB2, 359 (1981).

27An exception is our calculation of spin—orbit coupling, which uses a
non-size-extensive approach.

2Throughout the text, the term “enthalpy of formation” refers to the dif-
ference in ground-state energies, i.e., the enthalpy of formation at 0 K.

2R. D. Cowan and M. Griffin, J. Opt. Soc. An6§, 1010(1976; R. L.
Martin, J. Phys. ChenB7, 750(1983.

30As is customary in the quantum chemistry world, the second row of the
periodic table is taken to be that containing Li, Be, B, C, N, O, F, and Ne.

31H. Sellers and P. Pulay, Chem. Phys. L&03 463(1984.

32N, C. Handy, Y. Yamaguchi, and H. F. Schaefer, J. Chem. F8#st481
(1986.

33N. C. Handy and A. M. Lee, Chem. Phys. L2562, 425 (1996.

34W. Kutzelnigg, Mol. Phys90, 909 (1997).

351t should be noted that inclusion of these effects shifts the position of the
equilibrium internuclear distance. Nonetheless, we ignore this complica-
tion, and base all of our calculations on equilibrium geometries deter-
mined with CCSIT)/cc-pVQZ. The issue of equilibrium geometry is not
of numerical significance. In the vicinity of the true minimum, the energy

Tajti et al.

result according to Eq6), if X is defined such that it corresponds to a
basis set in which sets of orbitals associated with all angular momenta up
to and includingl (=0 for s, 1, for p, etc) are saturated. Use of this
formula for molecules stands upon a rather flimsy theoretical foundation
in the first place, due to the lack of spherical symmetry. It is however an
even more extrem@lbeit widely useflapproximation to treat a basis set
such as aug-cc-pCVTZ as though it is saturated ittunctions for
first-row atoms, since it has but tWidunctions. Nevertheless, extrapola-
tion schemes based on the formula work well in practice and seem to be
as good as any others that have been advocated for this purpose.

49T, Helgaker, W. Klopper, H. Koch, and J. Noga, J. Chem. Ph§§, 9639
(1997.

%070 test the significance of the combined treatment of core and valence
correlation, the total energy of C, O, CO, and {ihs been calculated at
the frozen core CCSQ) level extrapolated from aug-cc-pVQZ and aug-
cc-pV5Z results. The core correlation effects have been calculated by
comparing the extrapolatg@5) frozen-core and all electron energies at
the CCSDT) level, the latter using aug-cc-pCVXZ basis sets. In all
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