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New bond additivity correction (BAC) methods have been developed for the G2 method, BAC-G2, as well
as for a hybrid density functional theory (DFT) MglhePlesset (MP)2 method, BA€hybrid. These BAC
methods use a new form of BAC corrections, involving atomic, molecular, and bond-wise additive terms.
These terms enable one to treat positive and negative ions as well as neutrals. The BAC-G2 method reduces
errors in the G2 method due to nearest-neighbor bonds. The parameters within the BAC-G2 method only
depend on atom types. Thus the BAC-G2 method can be used to determine the parameters needed by BAC
methods involving lower levels of theory, such as BA®G/brid and BAC-MP4. The BA€hybrid method

is expected to scale well for large molecules. The BA®gbrid method uses the differences between the

DFT and MP2 predictions as an indication of the method’s accuracy, whereas the BAC-G2 method uses its
internal methods (G1 and G2MP2) to accomplish this. A statistical analysis of the error in each of the methods
is presented on the basis of calculations performed for large sets (more than 120) of molecules.

1. Introduction larger basis sét, that is, BAC-MP4/6-31%++G**, which

. . .__reduces the magnitude of the uncertainty in the calculation. In
The thermocher_nlqal properties for many mo_Iecu_Iar SPECIES 3 second variation, geometry is calculated at the MP2 Tevel
are not known. This is particularly true for transient intermedi- rather than at the Hartredock (HF) level. These methods,

ates occurring in chemical reactions. These species can be high%owever all depend on the same functional form for the BAC
reactive and short_—lived. Al_so, the environment in which they correctio’ns and thus contain many of the same limitations
are produced can involve high temperatures and pressures thai'hherent in the original BAC-MP4 method

make experimental diagnostic techniques difficult to apply. It
has therefore been necessary to develop theoretical quantu
chemical techniques that can provide accurate thermochemical
datal! Efforts have been made since the 1950s to make
corrections to ab initio methodslt is important that these
computational procedures have predictive capability. That is, it
is not sufficient for the calculated results to be accurate on the

average, but one must also know when the results may be wrong_, \1ations (BAC-G2), which can be used to obtain highly

(i.e., what is the uncertainty in a particular calculated value). ;.. ate energies for small molecules. These results can be used
In the 1980s, we developed a bond additivity correction 4 ggtaplish reference heats of formation. The new approach
(BAC) procedure for quantLim chemical calculations called ¢4 g150 be applied to other methods incorporating high levels
BAC-Mgller—Plesset (MP)4: The BAC-MP4 method has ¢ ejectron correlation, such as quadratic CI (3®h coupled-
proven reliable in calculating the thermochemical properties of . ster [CCSD(T) theory. Finally, to obtain accurate results
molecular species, including radicals as well as stable closed-¢,, larger molecules, we developed a procedure that combines

shell species. It can also treat activation barriers along reactiony;ps ang density functional theory (DFT) results, denoted
pathways, although the error uncertainties are somewhat largerg AC—hybrid. ’

However, this procedure is currently limited to neutral species |, section 2 we describe the new BAC method and define
and cannot adequately treat positive and negative ions with theyhe torms for each of the corrections, including the atomic,
same level of accuracy. In addition, this procedure is limited to ., 1acular and bond-wise additive terms. In Section 3. we use
small molecules. When developed over 14 years ago, three- angpis method to obtain results of a standard G2 calculation and
four-heavy-atom systems could be handled routinely. Today, , the MP2 and DET levels of theory, which we then combine
even with faster computers, we are still limited to routinely doing yield the BAG-hybrid result. In the remaining sections, we
six- and seven- and occasionally 10-heavy-atom systems, du&, aqent results of calculations for a broad range of molecules

to the seventh-power dept_endence.of the pomputational .time ONand discuss the accuracy of the new method and its implications.
the number of basis functions (which typically scales with the

number of atoms). Although a subproc_edure of BAC-_MP4, 2. BAC Method for Thermochemical Properties

BAC-MP2, has been used for larger systéritgjoes not provide

the needed accuracy. We also developed two other variations In this section, we describe the new BAC method for

of the BAC-MP4 method. In one case, we used a somewhat determining thermochemical properties. To determine the ther-
mochemical properties for a given molecular species (e.g., its

* Author for correspondence. E-mail: melius@ca.sandia.gov; fax: (925) heat of formation, entropy, heat capacity, and free energy), we
294-2234. need to determine its geometry, vibrational frequencies, and

Itis clear that no one procedure can yield the desired accuracy
nd yet scale to larger molecules. We have therefore developed
a new, generic approach to correct the results of ab initio
calculations that is applicable to a variety of quantum chemistry
methods. This approach is sufficiently flexible that it can be
applied to both high and low levels of theory. In particular, we
describe the extension of the new correction method to G2
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TABLE 1: BAC-G2 Parameters (Energies in kcal mol?)

Hartree-Fock or DFT
Gezrr:Z?ry g(;tir%rization Kelec pair=0.860
atom Aatom Batom Ai
Electron-correlated H 0.485 —0.146 1.462
Single-Point Electronic Energy C 1.081 0.051 0.0
‘ N 1.498 —0.010 2.281
YV (@) —0.501 —0.010 114.3
on ditivity Corrections . = -1.942 0.215 373.1
(BAC) to Electronic Energy Bond Energies Si 0.097 0.008 207.4
P 0.277 0.042 1121.8
S 0.155 0.003 921.4
Cl —-0.776 0.087 1433.7
Br —1.703 —0.106 —0.106
Statistical Mechanics Calculations 1«

to as the bond additivity correction (BACEsac—correction TNiS

correction is composed of three parts: (a) a term due to the
‘( Enthalpies, Entropies, individual atoms making up the molecule; (b) a term due to the
'L and Free Energies molecule as a whole; and (c) a term due to identity of the
individual bonds composing the molecule:

Figure 1. Hierarchical diagram of the bond additivity correction (BAC)

method for determining thermochemical properties of molecules. First, Egac—correctioftotal) = ZEBAcfatom(Ak) + Egac-molecue T

a Hartree-Fock or DFT calculation provides the molecular geometry

and frequencies. Next, a single-point calculation is performed at a higher A

level of theory with a larger basis set to determine the ab initio electronic ZEBAC_bO”C(A’A]) (1)
energy, to which BACs are added to obtain a total electronic energy.
Finally, statistical mechanics calculations are used to determine the

whereij is summed over chemical bonds in the molecule and
enthalpy, entropy, and free energy of the molecule.

k is summed over the atoms in the molecule. This correction
(and each of its constituent terms) has units of energy.
Egac—correctioniS @dded to the calculated electronic energy to yield
a corrected value that is used to determine the atomization
energy and, ultimately, the molecular heat of formation. In the
following subsections, we describe the empirical expressions
representing each of the terms in eq 1.
2.2.1. Atomic CorrectionsWe define a correction that

depends on the identity of the atoms that make up the molecule:

electronic energy. The overall BAC procedure is shown

schematically in Figure 1. For purposes of this discussion, the
term “BAC method” is used to refer to the entire process shown
in Figure 1. In the following subsections we present details of
this procedure, with particular emphasis on the form of the

various corrections.

2.1. Electronic Structure Calculations for Geometry,
Vibrational Frequencies, and Electronic Energy.The BAC
method first involves ab initio electronic structure calculations E = SNE (A )
to determine the geometry, vibrational frequencies, and elec- BAC-atom Z BAC-ato
tronic energy. Typically, the equilibrium geometry of the
molecule is determined using a lower-level electronic structure where the sum runs over all the atoms in the molecule and the
method with a small basis set. Having determined the optimized value of Egac—aon(A) depends on the atom type aAgdis an
molecular geometry, harmonic vibrational frequencies are adjustable parameter. Values/gffor various elements are given
calculated® at the same level of theory, using the same basis in Table 1. The parameters were determined by minimizing the
set. Actually, the first and second derivatives of the potential difference between BAC-G2 predictions and established ex-
energy surface at the stationary point are calculated. Thus, theperimental values for a set of 143 molecules (see further
harmonic vibrational frequencies along with their corresponding discussion below in Section 2j.
normal modes can be determined for any isotopic form of the  Wwe note that in this new BAC method the atomic parameters
molecule. The resulting vibrational frequencies are used sub-are adjustable, that is, the calculated heat of formation for an
sequently to determine the zero-point energy of the molecule atom is not forced to agree with accepted experimental values.
and other properties derived from statistical mechanics. This The need for an atomic correction arises from errors due to intra-
provides the ability to determine the thermochemistry of atomic electron correlation, which are the result of differences
isotopically labeled molecules as well as isotopic effects of rate petween atomic electronic configurations, charge, and-spin
constants using transition-state theory. Next, a single-point orbit coupling, as well as corevalance interactions and other
electronic energy calculation is performed using a higher level relativistic effects. For many elements, these corrections are
of electronic structure theory that incorporates electron correla- small (Table 1), but can become significant with increasing
tion. numbers of atoms in a molecule. The availability of this

2.2. BAC Corrections.Ab initio electronic structure methods  correction in the new method allows us to address errors in
involving electron correlation, such as the Mghdtlesset calculations for individual atoms as well as molecules. In
perturbation methods (MP2, MP4) and coupled-cluster ap- contrast, the original BAC-MP4 method had no error associated
proaches and using typical basis sets (such as ddubled with the atoms, because we fixed atomic heats of formation at
triple-¢), do not provide the level of accuracy required for useful experimental values. As a result, the new method improves the
heats of formation & 2—3 kcal mof!, depending on the accuracy of molecular predictions by shifting some of the
application). However, we find that when using these methods systematic error into the calculation of the constituent atoms,
and basis sets, the resulting errors in the electronic energy arerather than artificially fixing their error at zero.
quite systematic. To correct for these errors, we developed a 2.2.2. Molecular CorrectionsThe second type of BAC
set of empirically derived expressions that we collectively refer correction arises from errors in the overall electronic structure
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of the molecule. The BAC correction for this molecular term is the overall error estimate, indicating greater multireference

given by contributions to the energy, will be lost.
Another error due to electron correlation is related to the
Egac-molecue™ Epac—etec pair T Esac—s2 3 spatial extent of the electrons in a molecule. In general, the

amount of error follows the trend catiorsneutrals< anions.
whereEgac-elec pardepends on the difference between the spin Although we investigated the possibility of using additional
of the molecule and the sum of the spins of the constituent parameters to correct for systematic “net charge” dependence,

atoms: we find that the electron pair change correction (eq 4 above)
addresses most of the error. No additional systematic correction
Egac—elec pair= Kelec paikSPiMnolecute ~ z Spinm  (4) was found that substantially reduces the discrepancies between

diom experimental energies for positive and negative ions and

predicted values.
whereKeiec pairis an empirically adjusted parameter for agiven ~ 2.2.3. Bond-Wise CorrectionsThe third type of BAC
BAC method and spin refers to tguantum numbeiEgac-s2 correction depends on the formation of chemical bonds. In this
depends on the amount of spin contamination (if it exists) in instance, one must distinguish between bonds and pairwise
the electronic wave function and depends on the choice of waveinteractions. A bond is taken to mean the formation of an
function used in the calculation. electron pair between the atoms. This correction addresses
Esac-elec parr@rises from the basic nature of the interactions systematic errors arising from electron pairing not covered by
between electrons and occurs in atoms as well as moleculeseq 4. The correction for each bond-8 in the molecule having
This error is systematic, resulting from the way electronic neighbors C and D (e.g.,-€A—B—D) is given by
structure codes treat electron correlation. In general, it is difficult
to detgrmine .the functional form for the sys_te_matic errors due Esac—bondAB) = Aug e Ras ZBCA + ZBDB (5)
to the interaction between electrons. In the original BAC method,
we used bond-wise additive terms to correct for electron pairing
caused by bond formation. In that case, the correction term where the first term is the correction for the bond alone, and
exponentially increased in value as two atoms approached eachhe corrections for its nearest neighbors are treated as a sum of
other to form a bond. However, there are other situations in corrections for each neighbor of the form
which the electron interaction error can arise. For example,
simply bringing an electron up to a molecule (forming a negative Bca = Bc + Ba (6)
ion), without forming a bond. Similarly, removing a proton from
a molecule removes a bond but does not remove the electron, TheBas are constants that depend only on the type of atom.
which still interacts with the remaining molecule. Finally, the The bond-distance dependence exists only in the first term for
size of the correlation error depends on the spin state of thethe bond itself. Furthermore, no longer depends on the type
molecule: the error is much larger when electrons are paired of bond, as it did in the original BAC methddNote that the
than when they are unpaired. Thus, the molecular correction bond-wise corrections do not go to zero at infinity, because of
(eq 4) describes the more general case of electron pairing. Notethe termsy Bea + 3 Bpg defined by eq 5.
that this term is very similar to the empirical correction term  This approach is different from the original BAC-MP4
found within the G2 metho8. method®4 in which the correction for each bond-B in the
Note that this term destroys the size consistency of ab initio molecule having neighbors C and D (e.g5&—B—D) was
methods. That is, the sum of the calculated energies for two Of the form
individual hydrogen atoms (two doublets) is not the same as

that obtained from a single calculation of the energy for a Esac_bond AB) = (Ang € )T \5TTfpga (7)
hydrogen molecule in which the atoms are fixed at infinity (a
singlet state; note there is also a triplet state). where the first term in parentheses is the correction for the bond

The second term in eq &gac-s2, corrects for an error that by itself, whereas the correction for nearest neighbors is treated
arises when open-shell methods based on the unrestrictedhs the product of correctionfags, for each neighboring bond.
Hartree-Fock approach (UHF) are used. This error is aresult  This new form for the correction results from two factors.
of spin contamination in the wave function (e.g., a doublet state First, most of the error in the bond energy has already been
may have quartet-state spin contamination). The resulting corrected by the spin-pairing term (eq 4). In the old BAC-MP4
correlated energy [obtained from an unrestricted (U)MP4 functional form (eq 7), the bond-wise correction increases
calculation, for instance] still contains contributions from the substantially with decreasing bond distance in large part because
contaminated spin states. We therefore allow for the inclusion multiple bonds, resulting in additional spin pairings, are being
of a spin-contamination correctidnUnfortunately, not all ab formed. For example, the-&C bond distance in triplet ethylene
initio methods make this energy available. Thus, its use dependsis close to that of ethane, because it has only one set of paired
on the particular method and it is currently applied only to MP electrons in a bond. Pairing the unpaired electrons to form a
methods such as MP2 and MP4 (see Section 3.2 below). m bond of ethylene causes the bond distance to become

A separate “spin-dependent” correction was used in the BAC- substantially shorter. In the old form of the BAC correction,
MP4 method for closed shell systed&This correction used  this leads to an exponential increase in the magnitude of the
the spin contamination predicted by an unrestricted calculation correction. Errors caused by this spin pairing are now no longer
of the singlet state to indicate the need for a multireference wave included in the bond-wise correction. Second, the new method
function. For larger basis sets, this systematic error is smaller.assumes larger basis sets are being used, including diffuse
DFT methods tend not to have an unrestricted wave function functions that have been added to treat ionic character. Thus,
instability. For these reasons, we eliminated the unrestricted the corrections themselves are smaller. Indeed, for the more ionic
wave function spin correction in the new BAC method. bonds, the correction might even be negative. Thus, the
However, the contribution of this wave function instability to multiplicative form of eq 7 (which reduces the size of the
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correction) is no longer meaningful. In general, the new bond- detailed, worked-out examples of the application of each method
wise corrections have the opposite effect of the spin-pairing to the calculation of the heat of formation of £F
correction. The correction for electron correlation error due to  3.1. BAC-G2 Method. The BAC-G2 method applies the
the pairing of electrons is reduced by bond formation, because BAC corrections to the standard G2 metifotlhe electronic
of the ability to correlate the electrons of the pair on different structure calculations to determine the geometry, vibrational
atoms. frequencies, and electronic energies (Section 2.1) are the same
We note at this point that one must first define what as those in the G2 method. Specifically, the geometry and
constitutes a bond before a correction can be applied. Thisvibrational frequencies in the BAC-G2 method are obtained
definition is, in fact, rather subjective. In our method, hydrogen from a HF calculation (restricted Hartre€ock!® RHF, for
bonds do not have an associated BAC correction because theylosed-shell molecules and UMFor open-shell molecules)
have no effect on electron pairings. On the other hand, dative using the 6-31G(d) split-valence basis set with polarization
bonds, such as in D, do have a correction, because their functions on the heavy atom3!® At this level of theory,
formation involves a rearrangement of electron pairings. Hy- vibrational frequencies are systematically too large compared
drogerr-boron bonds are particularly problematic. In diborane to experimental values. We therefore scale the HF harmonic
(B2He), for example, the two bridging hydrogens are treated as frequencies downward by 12%The electronic energies at the
having two bonds each, whereas the berboron interaction QCI, MP4, and MP2 levels of theory, as well as the collective
is not considered to be a bond. For transition-state structures,G1, G2MP2, and G2 electronic energies, are taken directly from
both the bonds being formed and the bonds being broken receivethe output of the G2 method. The basis sets are the same as
corrections. In the older BAC-MP4 method, in contrast, the those defined in the standard G2 method. The geometry used
stretching of the bond distance for the breaking and forming of in the single-point calculations is obtained by reoptimizing the
bonds in the transition state decreases the size of the correctiorHF geometry at the MP2 level, again as defined in the G2
for each bond, which compensates for having only one bond method.
defined for the reactants or products. The BAC corrections for the BAC-G2 method are those
2.3. Heats of Formation, Entropies, and Free Energies.  defined in Section 2.2. The parameters for each of the correc-
Having obtained the geometry, vibrational energies, ab initio tions are given in Table 1. The atomic corrections (eq 2) are
electronic energy, and the BAC energy corrections, we can thenstraightforward. For the molecular corrections (eq 3), the spin-
calculate the enthalpies, entropies, and free energies of acontamination correctionEgac—sz is not used; in the QCI
molecule using statistical mechanics (see Figure 1). The method, the error is negligible, whereas the energies obtained
equations used in these calculations are an extension of thefrom MP calculations are used in the form of differences
subroutines in the Gaussian codésThese subroutines use between pairs of calculations. Thus, the systematic spin-
standard expressions for an ideal gas in the canonical ensemblgontamination errors from the MP terms tend to cancel. For
to compute the entropy, heat capacity, and internal energy. the bond-wise corrections (eq 5), theexponent is (somewhat
The corrected heat of formatiort @ K (AHg) can now be  arbitrarily) taken to be 3.0 AL, whereas the pre-exponential
obtained from the calculated electronic energy. First, the coefficient Axg is taken to be the geometric mean of the
electronic energy is added to the zero-point energy. Next, the individual atom types, that is,
resulting energy is subtracted from the electronic energies of
the atoms to give an electronic heat of atomization: Ayg = _(AAAABB)UZ (11)

n

Eatomization= ZEi(atomS)_ [E.p inig(Molecule)+ E,pd (8) Equation 5 also includes contributions from the nearest-
[ neighbor B; terms (defined by eq 6). The accuracy of the
parameters comprising these terms (see Table 1) is difficult to
assess because of their small size. This is due to the fact that to
date we have only applied the BAC-G2 method to small
AH® _ AH® “E. ) molecules (less than seven heavy, i.e., nonhyd_rogen, atoms),
f0,uncorrected A f0.atoms  —atomization for which accurate experimental thermodynamic data exist.
However, these terms become quite significant for larger
Subtracting the BAC corrections from this energy finally molecules. Unfortunately, given the limited accuracy of experi-

Referencing this energy against the experimeHl, of
the atoms in the gas phase yields the uncorreatdg:

yields AHg at 0 K: mental data for larger nonhydrocarbon, unsaturated gas-phase
species it will remain difficult to establish the accuracy of the
AH;)O,BAC = AHfoO,uncorrected_ EBACﬂ:orrection (10) Batom terms.

o ) ) ) Using an ad hoc expression similar to that formulated for
Statistical mechanical calculations then provide the thermo- the earlier BAC-MP4 methofiwe can obtain an estimate of
chemical properties of the molecule at a given temperature. Thethe error (or confidence level) in the BAC-G2 method. In this
values of these properties as a function of temperature are then,ase we use the similarities between the G1 and G2-MP2

fittoa poég/nomial compatible with the Chemkin thermodynamic - methods and the G2 method itself as an indication of the error:
databasé?

_ 1 _
3. Applications of the New BAC Method Error(BAC-G2)= Sqrt[1.0 kcal mol™ + (AHgac g,

To illustrate the new BAC method, we now define two new AHBAC—GZMP2)2 + (AHgac—c2 — AHBAC—Gl)Z] (12)
procedures that we will denote BAC-G2 and BABYybrid. In
the former, we apply the BAC method to the results of a  Heats of formation, entropies, and free energies (Section 2.3)
standard G2 calculation, whereas in the latter we take advantageare obtained using the same procedure as in the original BAC-
of the combined power of MP2 and DFT to achieve an estimate MP4 method. Thus, for finite temperatures, the raw G2 energies
of the calculational error. The following subsections also present (without BAC corrections) obtained from the BAC-G2 method
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TABLE 2: Electronic Energies (in hartrees) and BAC
Parameters for BAC-MP2 and BAC-DFT Methods for CF,

(in kcal mol1)

Melius and Allendorf

Esac_bond CF) = —(0.0 x 373.1}/2g 30x 13292
3 x (0.051+ 0.215)= 0.798 kcal mol*

experiment . .
G2 MP2 DET XF()O ;() The total BAC correction (eq 1) is therefore
energies: _
C —37.78430 —37.75737 —37.85745 169.98 EBAcfcorrection_ ZEBAcfbonu(AiAj) + ZEBAcfatom(Ak) +
F —99.63281 —99.60010 —99.76165 18.47 I
gEE —437.06631 —438.?&5%2 —437(.)661?75173 Esac-molecule ™ ZEBAC_bonO(AA,—) = (—6.687)+
: . T
AHg CF, —221.6
parameters: (—2.580)+ 4 x (0.798)= —6.075 kcal mol*
K i 0.860 —5.70 —4.24 . . .
:':; e 0.0 1317 0.0 Thus, the resulting BAC-G2 heat of formation®K is (eq
Aatom 10)
1.081 0.266 2.797
E —1.942 —0.584 —0.071 AHfO,BAGfGZ = AHfO,uncorrected_ EBAcfcorrectionz —227.26—
o 0.051 0.047 0.771 (—6.07)= —221.19 kcal mol*
F 0.215 —0.415 1.482 ) _ i
Aj For comparison, the experimental heat of formation reported
C-F 0.0 —336.4 —8.896 in the JANAF Tables is-221.6 kcal mott.18

aRef 18.P Baulch, D. L.; Cox, R. A.; Hampson, R. F.; Kerr, J. A.;

Troe, J.; Watson, R. TJ. Phys. Chem. Ref. DatE984 13, 1259.

3.2. The BAC—Hybrid Method. Although the BAC-G2
method provides a highly accurate procedure for determining
heats of formation, it is impractical for larger molecular systems,

do not correspond to those from the output of a Gaussian G2that is, those with more than eight heavy atoms. The extension
calculation, because hindered rotors are included in the BAC t0 larger molecules involves more than just the scaling of the
procedure. electronic energy expression. It must also address the number
As an example of the BAC-G2 method, we evaluate the heat Of conformers that may exist as well as the time required to
of formation for CR at 0 K using the equations defined above Search for stationary points (i.e., the reaction surface for a
and the parameters given in Tables 1 and 2. The reference state§hemical species becomes combinatorially more complex as the
for the atoms are the G2 energies. Combining the calculated Number of atoms increases). In this section we describe a hybrid

G2 energy of Crwith the calculated G2 energies of the atoms
yields the heat of atomization for GFeq 8):

n

Eatomization= in(atoms)_ [Eab initio(mOIeCU|e)+ EZPd =

I
(—37.78430+ 4 x —99.63281) (—437.066309)
0.75075 hartree= 471.12 kcal mol*

Using the experimental heats of formation of C antf the
uncorrected heat of formation for G5 (eq 9):

AHfOO,uncorrected: AH?O,atoms_ Eatomization= 169.98+

atoms

4 x 18.47— 471.12= —227.26 kcal mol*

The BAC corrections consist of three terms: atomic, molec-
ular, and bond-wise. The atomic correction (eq 2) is

EBAcfatom: ZEBAcfaton{Ak) =1.081+4 x (_1-942):
—6.687 kcal mol*
The molecular correction (egs 3 and 4) is

Emolecular= BAC—elec pair= Kelec pai(spmmolecule_

> SPinyem = 0.860x [0.0 — (1.0+4 x 0.5)] = -

atom

2.580 kcal mol?,

where the spin of C is 1 and the spin of F is 1/2. For the bond
corrections, each of the four-F bonds has three nearest
neighbors. Thus eq 5 becomes

BAC method (BAC-hybrid) that uses both the BAC-MP2 and
BAC-DFT methods (described in detail below). These two
methods are computationally practical for large molecules.
However, they do not involve a series of calculations at
successively higher levels of theory from which a convergence
trend can be observed, making it difficult to determine their
accuracy. Thus, the objective of the BA@Gybrid method is to
provide an estimate of the error in the BAC-MP2 and BAC-
DFT methods, thereby increasing confidence in their accuracy
when applied to larger, uncharacterized molecules.

In the BAC—hybrid method, we first obtain the heat of
formation from a BAC-MP2 calculation. We then estimate its
error through the use of an ad hoc expression that combines
the predictions of BAC-MP2 and BAC-DFT:

Error (BAC—hybrid) = Sqrt[1.0 kcal mol* +
(AHgac-wp2 — AHBAC—DFT)Z] (13)

These two methods, which use fundamentally different
approaches to calculate the electronic energy, tend not to bias
their error in the same direction. Thus, a small value gives one
confidence that the calculated value is correct. We therefore
gain the ability to estimate the accuracy of the BAC-MP2
method without significantly increasing the cost of the calcula-
tion. Note that, in the MP2 method itself, there are no other
perturbation terms to use as error estimates, unlike the original
BAC-MP4 and BAC-G2 methods.

3.2.1 BAC-MP2 Methodn this subsection, we describe a
new BAC-MP2 method that uses the new correction procedure.
The molecular geometry used in the single-point calculation of
the electronic energy and the vibrational frequencies are
determined using B3LYP (a hybrid density functional method
mixed with HF theory).>-21 The restricted RB3LYP21 method
is used for closed-shell systems, whereas the unrestricted
UB3LYP21 method is used for open-shell systems; the 6-31G-
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(d) basis set is used in all cases. No scaling of the frequencies The molecular correction (egs 3 and 4) is

is applied. In fact, limits on the quality of the geometry

optimization due to the use of HF are not present in the BAC- E_ . .--= Egac_clec pair T Esnc—sr = Kejee pai(SPirlnmecme_
MP2 method as a result of the progress made in density . .

functional methods, which provide geometries and frequencies ;mSp'%m) * Kspin con{PUMP2— UMP2) = —5.70 %

h lei ith th i f h

that are comparable in accuracy with those obtained from the [0.0— (1.0+ 4 x 0.5)] + 1.317x (—436.93813 —

MP2 method.

The single-point calculation of the electronic energy (see 436.93813)x 627.53= 17.10 kcal morl*
Figure 1) is performed at the MP2 level of theory. An MP2
calculation with a large basis set, 6-31+G(2df,2pd), is used. For the bond corrections, each of the fourE bonds has

This corresponds to a triple-basis set with balanced polariza-  three nearest neighbors. Thus eq 5 is
tion functions (i.e., double d functions, single f functions) on
the heavy atoms and analogous polarization functions on the

_ ~3.0x 1.3294 _
hydrogen atoms. In addition, diffuse functions are added to treat Eaac-bond CF) = —336.4 € +3x(0.047

ionic effects. This electronic energy method is denoted MP2/ 0.415)= —7.34 kcal morl*
6-311++G(2df,2pd). The overall procedure, BAC-MP2/6-

The corrections for the BAC-MP2 method are again those
defined in Section 2.2. Within the molecular corrections (eq

3)’ the Spln_contam|nat|0n Correc“on, EBAC—correction: ;EBAC—bOHO(AiA]') + ZEBAC—atom(Ak) +
Eoac_s2= KepnconPUMP2— UMP2)  (14)  Egac-motecue™ D Eoac-bondAA) = (=2.07)+ (17.10)+
1]
is used for open-shell moleculeKspin cont is an adjustable 4 x (—7.34)= —14.33 kcal mol*

parameter that corrects for the spin contaminatioriKshn cont
equals one, this term is equivalent to using the PUMP2 energy  Thys, the resulting BAC-MP2 heat of formatioh@K is
instead of the MP2 energy for open-shell systems. The value
of this parameter and all others used in the method (Table 4) A4
were obtained by minimizing the error between BAC-MP2 1
predictions and heats of formation for a 122-molecule test set. = —235.09— (—14.33)= —220.76 kcal mol
(The larger list of 143 compounds used for the BAC-G2 method
includes species known to require multireference configurations, 3.2.2. BAC-DFT Methodn this subsection, we present the
for which DFT performs poorly.) For the bond-wise corrections BAC-DFT method. The electronic structure calculations for the
(eq 5), thea exponent is taken to be 3.07A as in the BAC- geometry and vibrational frequencies (Section 2.1) use the same
G2 method. Heats of formation, entropies, and free energiesB3LYP method as the BAC-MP2 method. The electronic energy
(Section 2.3) are obtained using the same procedure as in themethod is denoted B3LYP/6-31G(D). The single-point calcula-
original BAC-MP4 method, except that the geometries and tion of the electronic energy (Figure 1) is performed at the same
frequencies are obtained using the B3LYP method. No scaling |evel of theory as the geometry optimization and frequencies,
of the frequencies is needed with the B3LYP method. but with a larger basis set, 6-3t%G(2DF,2PD). This basis

As an example of the new BAC-MP2 method, we evaluate set s the same as that used for the BAC-MP2 method. The
the heat of formationta) K for CF, using the equations defined  yesuiting single-point electronic energy method is denoted
above, along with the parameters given in Table 2. The referencegg| yp/6-311++G(2DF,2PD). The BAC corrections are those

states for the atoms are the PUMP2 energies. From thegefined in Section 2.2. For the molecular corrections (eq 3), no
calculated MP2 energy of GFRas well as the calculated MP2 spin-contamination correctiofEsac_s> is used. For the unre-

energies of the atoms, the heat of atomization for Skeq 8): stricted DFT methods, the spin contamination is smaller, so its

o — o _
f0,BAC—MP2 AHfO,uncorrected EBAcfcorrection

n effect is less serious. Theexponent in eq 5 is taken to be 0.0;
Eoomisation™= ZEi(atoms)— [E., mi(molecule)t E,od = that is, the bond-dependent error does npt depend on the bqnd
- distance. The heats of formation, entropies, and free energies
(—37.75737+ 4 x —99.60010)— (436.93813+ (Section 2.3) are obtained using the same procedure as in the

BAC-MP2 method, using the geometries and frequencies

_ 1
0.01713)= 0.76323 hartree= 478.95 kcal mol obtained from the B3LYP/6-31G(D) method. No frequency

Using the experimental C and F heats of formafibthe scaling is used. We denote this overall procedure, BAC
uncorrected CFheat of formation is (eq 9): B3LYP/6-311-+G(2DF,2PD)//B3LYP/6-31G(d), as the BAC-
DFT method. The value of all parameters used in the method
AHS = AH? — E,iorivmion= (169.98+ (Table 2) were obtained by minimizing the error between BAC-
founcorrected™ afoms fOatoms - Tatomization MP2 predictions and heats of formation for a 122-molecule test

4 x 18.47)— 478.95= —235.09 kcal molt set. The larger list of 143 compounds used for the BAC-G2
method includes species known to require multireference
The BAC corrections consist of three terms, atomic, molec- configurations, for which DFT performs poorly.

ular, and bond-wise. The atomic correction (eq 2) is As an example of the BAC-DFT method, we evaluate the
heat of formation 80 K for CF,; using the equations defined
Egac—atom= ZEBAC—atom(Ak) =0.266+ 4 x (—0.584)= above, along with the parameters given in Table 2. From the

L calculated DFT energy of GFas well as the calculated DFT
—2.07 kcal mol energies of the atoms, the heat of atomization fos 8Keq 8)
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n

Eatomization= in(atoms)_ [Eab initio(mOIeCU|e)+ EZPE] =
1

(—37.85745+ 4 x —99.76165) —437.64957—
0.01713= 0.72838 hartree= 457.08 kcal mol*

Using the experimental C and F heats of formation, the
uncorrected Clheat of formation is (eq 9)

o — o _
AHfO,uncorrected_ AHfO,a’(oms Eatomization_
atoms

4 x 18.47— 457.08= —213.22 kcal mol*

169.98+

The BAC corrections again consist of atomic, molecular, and
bond-wise terms. The atomic correction (eq 2) is

EBAcfatomz ZEBAcfaton{Ak) =2.797+ 4 x (_0-071)=
2.513 kcal mol*
The molecular correction (egs 3 and 4) is

Emolecular= EBAC—eIec pair+ EBAC—SZ= Kelec pai(spiqnolecule_
z SPiNem = —4.24x [0.0— (1.0+ 4 x 0.5)] =

atom

12.720 kcal mol*

For the bond corrections, each of the fourE bonds has
three nearest neighbors. Thus eq 5 is

Esac_bond CF)= —8.896 €%0* 13294+ 3 (0.771+
1.482)= —2.14 kcal mor*
The total BAC correction (eq 1) is

EBAcfcorrection: ZEBAcfbono(AiAj) + ZEBAcfaton‘KAk) +
1)
EBAC—moIecuIe+ ZEBAC—bono(AiAj) = (2'513)+ (12-720)+
[

4 x (—2.137)= 6.685 kcal mol*

Thus, the resulting BAC-DFT heat of formation @ K is
(eq 10)

AHfQO,BAC—DFT = AH?O,uncorrected_ EBAC—correction
—213.22— (6.685)= —219.90 kcal mol*

4. Results and Discussion
The BAC-G2 heats of formation have been compared with

Melius and Allendorf

TABLE 3: Accuracy of Various BAC Procedures within G2
Method (Energies in kcal mol?)

method avg. error  RMSerror  max. error
BAC-G2 0.69 0.90 2.68
BAC-G2MP2 0.74 0.95 3.02
BAC-G1 0.75 0.98 2.88
BAC-QCI/6-311G(d) 0.82 111 3.92
BAC-MP4/6-311G(d,p) 0.95 1.32 43

143 reference compounds were used in the comparison.

TABLE 4: Comparison of AHY e for BAC-MP4 versus
Experiment (Energies in kcal mo?’l)

number of average energy
comound class compounds difference
CHy 27 1.3
C,OH, 23 14
CNyH, 10 0.9
CNyOHw 8 1.3
NxOyH, 12 1.2
fluorinated species 13 1.2
total 93 1.25

TABLE 5: Accuracy of Various BAC Procedures for MP2
and DFT (Energies in kcal mol™)

avg. RMS  max.

method error  error  error
BAC-MP2/6-311+G(2df,2pd¥} 0.78 1.13 3.69
BAC—B3LYP/6-31H-+G(2df,2pdYy 0.93 1.28 4.04
BAC—B3LYP/6-31G(d) 1.10 1.54 5.43
BAC—HF6/DFT4/6-311#+G(2df,2pd) 1.28 1.90 7.26

122 reference compounds were used in the comparid®AC-MP2
method (Sect. 3.2.1), used for energy in BABybrid ° BAC-DFT
method (Sect. 3.2.2), used for error estimate in BAG/brid

The BAC-MP2 method yields somewhat better results than
the BAC-DFT method. Table 5 presents a statistical analysis
(similar to that presented in Table 3) of BAC-DFT and BAC-
MP2 results for 122 neutral compounds. Biradical species, which
were included in the BAC-G2 analysis, were eliminated from
this analysis, because of known deficiencies in the ability of
the MP2 and DFT methods to treat such species. The average
and root mean-square errors shown in Table 5 are only slightly
larger than those shown in Table 3 for the BAC-G2 method;
however, the maximum deviations are significantly larger. These
results thus suggest that, for most species, BAC-MP2 or BAC-
DFT, which are computationally more efficient than BAC-G2,
provide sufficient accuracy for most thermochemical needs.
However, caution should be exercised in interpreting the results
because the potential for larger errors exists.

Before establishing the BAC-DFT method just described, we

experimental data for 143 neutral compounds. A statistical investigated a number of other DFT methods and basis sets to
analysis of these predictions (given in Table 3) indicates that determine whether a BAC approach was feasible. Results of
the BAC-G2MP2 and BAC-G1 methods give consistently these investigations are also shown in Table 5. The dafible-
excellent agreement with experiment. Even the worst cases, thaPasis set [i.e., 6-31G(d)], although sufficiently accurate to
is, those yielding the maximum error given in Table 3, are in Provide molecular geometries, yields results that are inferior to
relatively good agreement with experiment. Because the G2 those obtained from the triplg-basis set. The accuracy of the
method itself consists of a series of methods (i.e., G2, G2MP2, hybrid HF6/DFT4 method, with 60% HF and 40% DFT, is
G1, QCI, MP4, etc.), individual BAC corrections can be applied significantly worse than that obtained from the B3LYP,
to each of them. Table 3 displays the same statistical analysisParticularly for positive and negative ions. Neither method is
for each of these component methods; for purposes of calculat-as accurate as BAEB3LYP/6-311+G(2df,2pd), and thus

ing the error estimate, we use only the first three methods (seethey were not pursued further.

eq 12). Clearly, these provide better results than the MP4 and The results of Tables 3 and 5 show that, as expected, the
QCI methods. For comparison, in Table 4 we present some BAC-G2 method gives the best results. In fact, for the majority
results obtained from the old BAC-MP4 method, which shows of species, the G2 method itself is sufficiently accurate without
that the new correction approach yields more accurate resultsapplication of the BAC method. Furthermore, the BAC-G2
with fewer parameters. method requires far fewer parameters than the other methods.
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TABLE 6: Differences between Theory and Experiment species involving halogens and oxides are particularly prob-
(DE”‘?rg.'eS]j“ kéikmggl)ggg\ﬂw?":ezcu|eSdVI\gX1CHSJ'?TeS'\BI hod lematic. A major part of this error may be due to molecular
eviation for BAC-G2, “MFz, an - ethods size. The errors in the G2 method tend to grow as the number
molecule BAC G2 BAC MP2 BAC DFT BAC MP4 of nonhydrogen atoms in the molecule increases. Unfortunately,
carbon containing: G2 is rather limited in the number of heavy atoms it can handle,
c 15(04) -6.0 13.0 -86 so it is difficult to determine the exact dependence of the error
(C;SA 8-1 (3-59)6 *%% 115; _02-37 on molecular size. The BAC method attempts to correct for
2Cﬁ| 13 5_0:63 16 8.2 48 this size dependence with nearest-neighbor bond corrections (see
4CH 2.3(3.9) —03 8.2 0.0 eq 5), though the atomic (see eq 2) and molecular (see eq 4)
HNCO -3.9(47 -19 -3.8 37 corrections also depend on the size. As one can see from Table
g:zg i-g ((gg)) ig 2545 2146 6, the BAC-G2 results represent a significant improvement over
3! . . . —Z. .
(NH2),CO 2.8 (18) 59 50 11 the uncorrected values for the Iellrge.r molecules.
CN 2.4(3.3) 6.0 52 4.2 Although the BAC-G2 method is highly accurate on average,
CoF4 -13(78) -07 05 17 the ability to accurately predict thermochemistry for unknown
C2HsNO, 2441 -16 -02 04 species is highly desirable. Thus, it is very important to reduce
cyclopropene 13(2.7) 45 o1 18 the maximum error (the last column of Tables 3 and 5) as much
cyclopropane —0.5(0.6) 14 —-5.3 -11 € ax um erro € last colu or Tables 5 al as muc
methylenecyclopropane2.3 (—0.6) 16 -53 —-11 as possible. A small number here means not only that the BAC-
cyclobutene 3.6 (5.3) 4.9 3.5 3.2 G2 method yields accurate results, but also that it does so for
benzene 0636 -04 17 -28 all compounds, not just on the average. The 143 species used
g?g'carbon'coma'”'”g' 102.1) 65 26 8 in the accuracy evaluation include not only stable compounds,
cloo 52(64) -198 -05 123 but also represent different types of chemical bonds and resonant
oclo —0.5 (4.8) 0.1 0.8 13.6 structures. lons are not included because of uncertainty in the
FNO -52(77 -52 25 -12 accuracy of these data. The heats of formation of all 143 neutral
';No 1.5(0.7) 3.0 40 —05 species are quite well established experimentally. This strongly
o “0sCoy 9 34 00 ts that for the largest di ts between the BAC
O,NNO, 10(-26) -86 —17 -55 suggests that for the largest disagreements between the BAC-
HNNH -3.1(35) -1.0 —-11 -39 G2 method and experiment (Table 6), that is, those that differ
NOs 3.9(1.5) -82 —15 5.7 from experiment by more than 3 kcal mélthe BAC-G2 values
82 i-g E2f)1) _12-‘; g-g 8-3 are more likely to be correct than the corresponding experimental
3 —1.6 (—1. —16. . . .. . . ) X
S0, 0.7 (5.0) 16 07 -16 vglu_es. This is particularly likely if the other BAC methods give
SO —0.6 (6.8) 1.1 0.3 28 similar results.
HOSQ 16(8.1) 50 —19 -243(3.2f Table 6 also lists worst-case results for the BAC-MP2 and
aG2 raw energies in parenthesB8AC-MP4/MP2 method in BAQ-DFT methods (note that Table.6 includgs results for the
parentheses (geometry optimized using the MP2 method). multireference cases that were not included in the set of 122

ompounds used to optimize the parameters for this method).

he results show that BAC-MP2 and BAC-DFT often perform
poorly for the same types of species as the BAC-G2 method,
although the size of the deviation can be much larger. It is
encouraging, however, that the BAC-MP2 and BAC-DFT

Although this method is the most accurate of the ones presente
in this paper, it is also computationally the most expensive. In
contrast, the BAC-MP2 and BAC-DFT are computationally
relatively inexpensive and are expected to scale better for larger

molecules. . .

" L methods tend to not give the same incorrect results; for example,
. An ‘?‘dd't'ona' significant advantage of the BAC'G? method the BAC-MP2 deviation for molecular oxygen is8.4 kcal
is that its parameters depend only on the type of atomic elements

. ; mol—1, whereas the BAC-DFT deviation is 2.0 kcal mbIThis
contained in the molecule. The old BAC-MP4 method and the ! .
BAC—hybrid methods, on the other hand, use parameters thatmay be due to the different approaches used by these methods

d d irs of el it i . bonds). Thi lead t to treat electron-pair correlation. Thus, by combining BAC-MP2
epend on pairs of element types (i.e., bonds). This can lea %and BAC-DFT together within the BA€hybrid method, one

inaccurate values qf the BAC.: parameters because they may becan use the difference between the two methods as an indicator
forced to agree with experiment when the amount of data

available for compounds containing a given bond type is very of the accuracy (eq 13). It should also be noted that many of
limited. Thus, by using the BAC-G2 method, only a few the highest-deviation cases represent unique electron correlation

- - issues that will not extend to the larger molecules for which
reference compounds containing a given element are needed Qhe BAC—hybrid method would be used. When in doubt about
determine the parameters for all compounds that contain thata chemical moiety, one should find a smaller molecular

element. The BAC-G2 method can then be used to determine . .
; prototype and perform the calculation at a higher level of theory.
the BAC parameters for each bond type of interest for the One can then use the differences in the BAC methods for the

BAC—hybrid method, for which experimental data are either smaller molecule as an additional BAC correction factor, that

not available or are not trusted. Of course, care Shou".j be _tak_eni& a chemical moiety correction factor for a specific chemical
because the G2 method uses similar methodologies in its moiety

procedure, that is, the MP perturbation theory expansions, so
errors inherent in G2 could propagate.

There are certain species for which the accuracy of the G2 Egac(total) = ZEBAC—atom(Ak) + Egac-motecuie ™
method is not sufficient (typically- 2—3 kcal mol1, although
this may vary depending on the application). Table 6 lists the ZEBAcfbono(AiAj) + Egac—chemical moiety (18)
species from the 143-molecule test set for which the BAC-G2 1
method yields the poorest agreement with experiment; results
from the old BAC-MP4 method are included for comparison.  This correction has been used to correct the results of the
This table also includes molecules that were not contained in old BAC-MP2 method for large aromatic hydrocarbons using
the original test set of 143 species. As is evident from the table, the BAC-MP4 results on a small aromatic species.
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TABLE 7: Activation Energies AE; Predicted by BAC-G2, experimental values, one expects the BAC-G2 results to be the
BAC-MP2, BAC-DFT, and BAC-MP4 Methods for Various most reliable. Because most of the BAC corrections cancel in
Reactions the determination of the activation energy and because the values
reaction BAG BAChynia BACprr BACwps of the Batom term in the BAC-G2 method are small (see Table
abstraction: 1), itis not surprising that the raw G2 results are nearly identical
Ho+H<H+H; 9.2(8.9) 8.7 7.6 8.8 to the BAC-G2 results. In contrast, the BAC-DFT method tends
CHu+ OH < Cha 4 H.0 52-8 @ 62-2 _%957 202-9 to give activation energies that are too low compared with the
38 67 o8 -51 DFT method itself. This effect results from setting the parameter
H,+ O < H+ OH 12.1(11.9) 9.8 4.9 10.5 o equal to zero in the bond correction term (eq 5). A negative
70.6 69.4 66.0 70.3 o. would improve the agreement in Table 7 (as well as the overall
NHz + O < NH+OHA"  12.2(12.2) 114 2.8 12.2 agreement in Table 6) because it would result in a BAC
NHs + O <> NH, + OHBA" i’é:i (10.1) 51%% 53;2 Géé correction tha_t would go to negative infinity as the bond distance
50.4 58.9 520 58.7 goes to infinity. Thus, the use of the BAC-MP2 method for
addition: determining the BAC-hybrid energy is particularly preferred
CoHg + H = CoHs 6%-3 (1.9) 6%-979 Gé-i 6%-2 when investigating reaction energies. Compared with the BAC-
H+ CO= HOO 2aee 24 a8 2h L O energy for elminaton of HOI fromBCI
26.9 27.3 23.0 25.7 . : 285
shift: because of the presence of diffuse functions that can represent
CoHs <> CoHs (1,2 H-shift) ~ 40.6 (40.1)  39.9 38.7 42.3 the ionic nature of the transition state structure. Overall, the
69.9 69.5 669 711 BAC—hybrid method and BAC-G2 method appear to work well
HCN = HNC ;‘gﬁ‘ (44.1) 74;'39 74;'91 7“;91 for a wide variety of reaction mechanisms.
elimination:
CoHsNO, < CoHs + HONO  48.3 (48.1)  46.4 41.3 48.5 5. Summary and Conclusions
215 20.4 16.7 23.7
CaHsCl < CoHy + HCI 59.0(59.1) 618 52.2 70.5 A new, generic method for applying empirical corrections to
32.1 34.9 240 433 ab initio electronic structure calculations has been developed

Energies are given for the forward direction (energies in kcatiiol ~ that extends the capabilities of the earlier BAC-MP4 method.
The heat of formation (298 K) for the transition-state structure is given The method uses a parametrization that can treat positive and
in the second line for each reactichG2 raw energies in parentheses. negative ions as well as neutrals. It can be applied to virtually

any ab initio method, including electron correlation methods

So far, we have shown how well this new form of correction such as MP perturbation and coupled-cluster theories, hybrid
works for stable species. Because the new form involves additivemethods such as G2, and DFT. In this paper, we apply the
constants rather than terms that go to zero as bond lengthscorrections to G2, MP2, and DFT to develop new BAC methods
increase, it is necessary to establish the method’s performanceor these levels of theory. The approaches used are designed to
for transition states (i.e., reactions). In Table 7, we show the balance the computational time between optimization searching,
application of the BAC methods to the determination of frequency evaluation, and single-point energy calculations. To
activation energies for a variety of reaction types. The activation permit better treatment of ionic character, diffuse basis functions
energy represents the difference between two heats of formationare used. The BAC-G2 method provides high accuracy for small
that of the transition state structure and that of the reactants.species. The new BA€hybrid method uses the DFT procedure
Because errors can occur (or cancel) because of the accuracjor improved geometry optimization and frequency evaluation
of either the transition-state structure or the reactants, we provideand both the MP2 and DFT procedures for the single-point
both sets of information, that is, the difference is presented in calculations. The BAC-DFT and BAC-MP2 methods provide
the first row and the absolute value of the transition-state heat complementary treatments of electron correlation, providing an
of formation is presented in the second row. These data helperror estimate at these low levels of theory. The DFT and MP2
define the limitations of the methods and indicate classes of methods are well suited for massively parallel and distributed
compounds for which the present procedures may be inadequatecomputational platforms and should scale well for large
The results in Table 7 suggest that the method is working at molecules.
least as well as the original BAC-MP4 method, which we have = The new BAC parametrization should be readily extendible
found from experience yields reasonably accurate activation to other quantum chemistry procedures being developed. It is
energies. Because the BAC-G2 method involves higher levels also possible to develop other hybrid methods, for example, by
of theory than the other methods, we expect its predictions to mixing density functional geometry optimizations with coupled-
be better than the set in Table 7. It is also encouraging that thecluster methods. It should thus be possible to derive parameters
differences between BAC-G2 and G2 (numbers in parentheses)or a BAC—CCSD(T) method, in which the geometry is
are small; this is again due to cancellation of the terms in the determined by the DFT method, whereas the single-point
BAC corrections. calculation is performed using the coupled-cluster with triples

Finally, we note that the new BAC methods include bond method, CCSD(TY. Application of the new BAC method to
corrections (see eqgs 5 and 6) that are not size-consistent, thaCBS procedure®, analogous to the implementation of the BAC-
is, they do not go to zero as the bond is stretched to infinity. G2 method, or to a combined CCSD(T)/CB#ethod, should
Likewise, the molecular correction itself (see eq 3) is not size- also be feasible. Finally, we anticipate that the BAC method is
consistent (see discussion in Section 2.2.2). Despite this, Tableapplicable to new algorithms such as quadratically scaling local
7 indicates that the BAC method provides useful results for correlation methods. Errors introduced in the local correlation
transition states. The table indicates that, in general, the BAC- approximation are likely to be systematic, so the BAC correc-
G2 and BAC-hybrid methods give comparable results with the tions should be applicable. These new BAC methods can be
BAC-MP4 method. Although one cannot compare the absolute used to determine the parameters needed for BAC methods using
heats of formation of transition states directly with tables of the lower levels of theory. To date, the new methods have been
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applied primarily to small molecules. Thus, additional work is
required to determine the magnitude of nonlinear errors th
accumulate as the size of a molecule increases.
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