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Abstract

New Bond Additivity Correction (BAC) methods have been developed for the G2 method, BAC-G2, as
well as for a hybrid DFT/MP2 method, BAC-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 BAC-Hybrid and BAC-MP4. The BAC-Hybrid
method should scale well for large molecules. The BAC-Hybrid method uses the differences between
the DFT and MP2 as an indicator of the method’s accuracy, while the BAC-G2 method uses its internal
methods (G1 and G2MP2) to provide an indicator of its accuracy. Indications of the average error as
well as worst cases are provided for each of the BAC methods.

*Work supported by an LDRD from within the Department of Energy.

1. Introduction

The thermochemical properties for many molecular species are not known. This is
particularly true for transient intermediates occurring in chemical reactions. These species can
be highly reactive and short lived. Also, the environment in which they are produced can involve
high temperatures and pressures that make experimental diagnostic techniques difficult to apply.
1t has therefore been necessary to develop theoretical quantum chemical techniques that can
provide accurate thermochemical data'. It 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 (i.e., what is the uncertainty ina
particular calculated value). :

In the 1980’, we developed a bond-additivity correction procedure for quantum chemical
calculations called BAC-MP4.> The BAC-MP4 method has proven reliable in calculating the
thermochemical properties of molecular species, including radicals as well as stable closed-shell
species. However, this procedure is currently limited to neutral species and cannot adequately
treat positive and negative ions with the same level of accuracy. In addition, this procedure is
limited to small molecules. When developed over fourteen years ago, three- and four-heavy-
atom systems could be handled routinely. Today, even with faster computers, we are still limited
to routinely doing six- and seven- and occasjonally ten-heavy-atom systems, due to the seventh
power in the scaling of the computational time. While a sub-procedure of BAC-MP4, BAC-
MP2, has been used for larger systems’, it does not provide the needed accuracy. Several other




vanatmns on the BAC-MP4 method have been developed. A somewhat larger basis set has been
used’, i.e., BAC-MP4/6-3114++G**, which reduced the magmtude of the uncertainty in the
calculation. In addition, the MP2-optimized geometry® was used instead of the Hartree-Fock
geometry, i.e., BAC-MP4/MP2 as opposed to BAC-MP4/HF. These methods, however, all
depend on the same functional form for the BAC corrections and thus contain many of the same
limitations inherent in the original BAC-MP4 method..

We therefore have developed new BAC procedures, based on the improved computational
chemistry-algorithms and computer capabilities that exist today. In particular, limitations in the
quality of geometry optimization based on HF-optimized geometry are no longer necessary due
to the progress made in density functional methods. These newer methods provide geometries
and frequencies that are comparable to those using the MP2 method.

However, no one procedure can yield the desired accuracy and yet scale to larger molecules.
We have therefore developed a new BAC procedure that can be applied to a variety of quantum
chemistry methods. Some of these methods, such as BAC-G2, can be applied to small molecules
to establish accurate reference heats of formatmn These methods can incorporate high levels of
electron correlation, such as quadratic CI (QCI) or coupled cluster (CCST(T))® theory, which
can accurately determine the energies of chemical bonds. Other methods, such as BAC-Hybrid,
can be used for large molecules. The extension to larger molecules involves more than just the
scaling of the electronic energy expression. It also must address the number of conformers that
may exist as well as the time required to search for stationary points (i.e., the reaction surface for
a chemical species becomes combinatorially more complex as the number of atoms increases).

In the following sections, we describe the BAC procedure in general. We then define the
new forms for the bond additivity corrections, including the atomic, molecular, and bond-wise
additive terms. In particular, we introduce the BAC-G2 and BAC-Hybrid methods. We then
present results on the accuracy of these new methods and discuss the implications of these
results.

2. The BAC Method for Thermochemical Properties

In this section, we describe the BAC method. To maximize its usefulness, the BAC
method must be able to treat unstable or radical species as well as closed-shell stable molecules.
It should also be able to treat activation barriers along reaction pathways, although the error
uncertainties may be somewhat larger. To determine the thermochemical properties for a given
molecular species (e.g., its heat of formation, entropy, heat capacity, and free energy), we need to
determine its structure, vibrational frequencies, and electronic energy. The overall BAC
procedure is shown schematically in Fig. 1.

In the following subsections we present details of the BAC procedure, with particular
emphasis on the bond additivity corrections. We present two new BAC procedures: BAC-G2
and BAC-Hybrid.

2.1. Electronic Structure Calculations for Structure, Vibrational Frequencies, and
Electronic Energy

The BAC method first involves ab initio electronic structure calculations to determine the
structure, vibrational frequencies, and electronic energy. The equilibrium geometry of the
molecule is determined using a lower-level electronic structure method with a small basis set.
For the BAC MZP4 and BAC-G2 methods, we use the Hartree-Fock (HF) method (restricted
Hartree-Fock®, RHF, for closed shell molecules and unrestricted Hartree-Fock', UHF, for open
shell molecules) The basis set used to describe the electronic wave function is "the split-valence
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Figure 1. Hierarchical diagram of the BAC method for determining thermochemical properties
of molecules. First, a Hartree-Fock or DFT calculation provides the molecular geometry and
frequencies. Next, a single-point calculation is performed at a higher-level of theory with a
larger basis set to determine the ab initio electronic energy, to which bond-additivity corrections
(BAC) are added to obtain a total electronic energy. Finally, statistical mechanics calculations
are used to determine the enthalpy, entropy, and free energy of the molecule. -

with polarization functions on the heavy atoms (denoted 6-31G(D) or 6-31g*11). For the BAC-
Hybrid method, one uses the analogous B3LYP (hybrid density functional method mixed with
the Hartree-Fock) method". The analogous restricted RB3LYP or open-shell (UB3LYP)
methods apply". In the rest of this paper, we will denote the B3LYP as DFT due to its heavy
reliance on the density functional theory contribution to the energy. The basis set used for the
BAC-Hybrid method also uses the 6-31G(D) basis.

Havin% determined the optimized molecular geometry, harmonic vibrational frequencies are
calculated!? at the same level of theory (HF or DFT), using the same basis set (6-31G(D))-
Actually, the first and second derivatives of the potential energy surface at the stationary point
are calculated. Thus, the harmonic vibrational frequencies along with their corresponding
normal modes can be determined for any isotopic form of the molecule. This provides the ability
to determine the thermochemistry of isotopically labeled molecules as well as isotopic effects of
rate constants using transition state theory (TST). For the HF level of theory, the vibrational
frequencies tend to be too large compared to experimental values. We therefore scale the HF
harmonic frequencies downward by 12 per cent, as suggested by Poplel®. For the DFT method,
no scaling is used. The resulting vibrational frequencies are used subsequently to determine the
zero-point energy of the molecule and other statistical mechanical properties.

Having determined the structure and vibrational frequencies of the molecule, the next step is
to determine the electronic energy. To obtain useful electronic energies, higher levels of




electronic-structure theory must be used which incorporate electronic correlation. For the BAC-
MP4 method, we use Mgller-Plesset perturbation theory through fourth order, MP417 (also
denoted MP4SDTQ). The basis set used is a split-valence basis set with polarization functions
on all atoms (6-31G(d,p) or 6-31G**)11. This method is denoted MP4/6-31G(d,p). For the
BAC-G2 method, we use the G2 method itself’, with its series of QCI, MP4, and MP2 methods
with varying basis sets. The geometry for these single-point calculations is re-optimized with the
MP2 method, as defined in the G2 method.”

For the BAC-Hybrid method, two separate single-point calculations are performed, one at
the DFT level and the other at the MP2 level of theory. First, a B3LYP calculation, as in the
geometry optimization, is performed but with a larger basis set, 6-311++G(2DF,2PD). This
corresponds to a triple-zeta basis set with balanced polarization functions (i.e., double D's, single
F's) on the heavy atoms and analogous polarization functions on the hydrogen atoms. In
addition, diffuse functions are added to treat ionic effects. This method is denoted B3LYP/6-
311++G(2DF,2PD). Along with the B3LYP calculation, an MP2 calculation is performed with
the same basis set. This method is denoted MP2/6-311++G(2DF,2PD).

2.2. Bond Additivity Corrections

While the ab initio electronic structure methods involving electron correlation, such as the
Mgller-Plesset perturbation methods (MP2, MP4) and coupled-cluster approaches, are very
sophisticated, the energy provided by most practical methods and basis sets do not provide the
level of accuracy required for useful heats of formation. However, we find that when using these
methods and basis sets, the resulting errors in the electronic energy are quite systematic. These
systematic errors can be separated, to a large extent, into three parts: (1) those due to the
individual atoms making up the molecule; (2) those due to the molecule as a whole; and (3) those
due to individual bonds. These three sources of errors can be corrected by using empirically
derived expressions, denoted collectively as the Bond Additivity Correction (BAC). The
corrections are added to the calculated electronic energy. The resulting energy is combined with
statistical mechanics calculations to provide thermochemical properties of the molecule. In the
following subsections, we present the empirical expressions contributing to the BAC method.

2.2.1. Atomic Corrections

The atomic corrections arise from errors due to intra-atomic electron correlation. These
errors result from the treatment of the core electrons, the change in valence electron coupling,
and the interaction between the valence and the core. The old procedure (BAC-MP4) adjusted
the calculated electronic energy so that it reproduced the experimental heat of formation of the
atom.” This is equivalent to choosing the reference state for each element to be a given electronic
state of the gas-phase atormc species, rather than some arbitrary physical state, such as graphite
for carbon or the diatomic Eg state for oxygen. The atomic reference state is useful in quantum
chemistry calculations, since the calculated energy of a molecule is referenced to the atomization
energy of the molecule. Experimentally, the reference states were chosen to be some common
physical state of the element at STP, either a solid, liquid, or gas, because the experimental heat
of formation of the gas-phase atom was not known. However, heats of atomization are closer to
the objective of determining the heats of formation of small molecules. Furthermore, the
experimental heats of formation of atomic species, at least for the lighter elements, are typically
quite well established (there are a few exceptions, such as boron). In addition, changing the
reference state of an element, requires the heats of formation of all the compounds containing
that element to be changed, as was recently the case for phosphorous compounds, illustrating the
interdependence of heats of formation.



By choosing the reference state to be that of the gas-phase atom, we can avoid the problems
associated with these arbitrary reference states and concentrate on determining the heat of
atomization of the molecule, i.e., the negative of the heat of formation of a molecule from its -
constituent atoms. However, there is still an issue over which atomic state of the atom to use.
Typically, one chooses the lowest electronic energy state of the neutral atom. For most
compounds containing carbon, for instance, the atom first promotes its electronic configuration
from an s°p’ (P) to an s'p’, which itself is a mixture of pure electronic spin states ('S, D, etc.).
Each of these introduces different electron correlation energy errors and basis-set dependencies.
Likewise, contributions from the ionic states of the atom also contribute to the molecular heats of
formation. Finally, spin-orbit coupling and relativistic effects contribute to the error in the
calculated heats of formation of the atomic states as well as of the overall molecule.

In the BAC-MP4 method, we took the atomic parameter to be the heat of formation of the
ground electronic state of the gas phase atom. In the new procedure, we have decided to let the
atomic parameters be adjustable, to account for calculation errors due to the changes in electronic
configuration, charge, and spin-orbit coupling, as well as errors do to core interactions, core-
valance interactions, and other relativistic effects. For many of the elements, these corrections
are small, but can become significant as the molecule grows in size.

We therefore define an atom-based BAC correction,

Eprcaom = O, Esacaon (A )

k

where the sum is over all the atoms in the molecule, and E_, ., (A,) depends on the atom type.

It should be noted that in a chemical equation, the number of atoms of each type occurring
on each side of the reaction are identical. Thus, these atomic corrections exactly cancel out.
That is, the calculated heat of atomization is not affected by the choice of atomic parameters.

2.2.2. Molecular Corrections

The second type of BAC correction arises from errors in the overall electronic structure of
the molecule. The BAC correction for this molecular term is given by

E

BAC-molecule — Eppcere pair T Eopesr @

where By, ..., depends on the net spin of the molecule and E, ., depends on any spin
contamination in the electronic wavefunction. The first term arises from the basic nature of the
interactions between electrons and occurs in atoms as well as molecules. These errors are
systematic, resulting from the way electronic-structure codes treat electron correlation. The
second term depends on the choice of wavefunction used in the calculation. In general, it is
difficult to determine the functional form for the systematic error due to the interaction of
electrons. The original BAC method represented this majority of this error within the bond-wise
additive term. This term exponentially increased in value as two atoms approached each other to
form a bond. However, the electron interaction error can also arise just by bringing an electron
up to a molecule (forming a negative ion), without forming a bond. Likewise, removing a proton
from a molecule removes a bond but does not remove the electron, which still interacts with the
remaining molecule. Furthermore, when two electrons interact, the systematic electron
correlation error is much larger when they are paired up (an electron bonding pair, in the case of
a chemical bond) as opposed to when they are triplet-coupled. When they are triplet coupled,
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their orbitals must be orthogonal by the Pauli exclusion principle, so their short-ranged
interaction is reduced.

The systematic correction for the interactions between electrons can be represented by the
total number of electrons that are interacting and by the number of these electrons that are
interacting as electron pairs. Since the total number of electrons in a molecule is already treated
by the atomic parameter, the molecular parameter is given by the net change in the spin of the
molecule relative to that of the individual atoms,

EBAC—clcc pair = KElcc pair (SpinMolcculc - Z Spinmom)' (3)

Atom

where K, . is an empirically adjusted parameter for a given BAC method. This term is very
similar to the empirical correction term found within the G2 method.

Note that this term destroys size consistency. That is, the sum of the energies for two
hydrogen atoms at infinity (two doublets) is not the same as the single energy representing a
hydrogen molecule pulled apart to infinity (a singlet; note there is also a triplet surface). For
chemical reactions, such as an abstraction or an elimination reaction, that maintain the same spin
state, this is not a problem. However, care should be taken in relating combinations of chemical
species to points on a potential energy surface.

Another error due to electron correlation is related to the spatial extent of the electrons in a
molecule. In general, the amount of error follows the trend cations < neutrals < anions. While
we investigated the possibility of using parameters to correct for systematic "net charge"”
dependence, the electron-pair-change correction (Eqn. 3 above) addresses the majority of the
error, and no additional systematic correction was found to substantially improve the resultant
discrepancies with experiment data for positive and negative ions.

An additional systematic error arises for open-shell molecules that use methods derived
from the unrestricted Hartree-Fock approach (UHF). This error, E,, . ,, arises from spin
contamination in the wavefunction (e.g., a doublet state may have quartet-state spin
contamination). The resulting correlated energy (from an unrestricted UMP4 calculation, for
instance) still contains contnbutlons from the contaminated spin states. We therefore have
included an energy correction’ using the energy of the projected method. Unfortunately, this
energy is not always available in computational methods. For methods such as G2, the energy
prior to the application of any corrections is obtained from a QCI calculation. Energies obtained
from Mgller-Plesset calculations are used in the form of differences between pairs of
calculations, each set using the same method but differing in the basis-sets. Thus, the systematic
errors from the Mgller-Plesset terms tend to cancel. For the unrestricted DFT methods, the spin
contamination is smaller, so its effect is less serious. Calculations using restricted open-shell
methods, which do not have spin contamination, indicate good results can be obtained without
the need for this correction.

A separate 'spin-dependent” correction was added to the BAC-MP4 method for closed shell
systems™. This correction used the spin contamination predicted by an unrestricted calculation
of the smglet state to indicate the need for a multi-reference wavefunction (i.e., one expects a
larger energy error using a single-reference configuration). However, this extra calculation is
itself time-consuming and not guaranteed to find the instability. As the basis-set size increases,
this systematic error decreases. Also, higher levels of theory, such as coupled cluster and QCI,
more effectively treat the multi-reference correlation energy. In contrast with ab initio electron-
correlation methods, methods such as DFT tend not to have an unrestricted wavefunction
instability. For these reasons, we have eliminated the unrestricted wavefunction spin correction



in the newer BAC methods, since the corrections are not always available. The spin-pairing
correction (Eqn. 3) partly compensates for it. The larger basis sets also reduce the size of the
correction. However, the spin correction served another useful role as an indicator of greater
uncertainty in the accuracy of the calculated value. The contribution to the "error bar" estimate,
indicating greater multi-reference contributions to the energy, will be lost.

2.2.3. Bond Additivity Corrections

The third type of BAC correction depends on the formation of chemical bonds. One must
distinguish between bonds and pair-wise interactions. A bond is taken to mean the formation of
an electron pair between the atoms. The correction is meant to address the type of systematic
error involved in the electron-pairing correction given in Eqn. 3. The bond correction is
dependent on the identity of the neighboring bonds, which contribute basis-set superposition
errors that become increasingly important as the basis set increases in size. Most efforts to
develop corrections for quantum chemistry procedures have not adequately addressed this
problem. This is due to the small size of the molecules being tested (typically less than seven
heavy, i.e., non-hydrogen, atoms) and to the limited accuracy of experimental data for larger non-
hydrocarbon, non-saturated gas-phase species.

In the BAC-MP4 method™, the correction for each bond A-B in the molecule having
neighbors C and D (e.g., C-A-B-D) was of the form

EBAC-bond (AB) = - { AAB e ™ i } II fCAB I fDBA’ (4)

where the first term in brackets is the correction for the bond by itself. The correction for nearest
neighbors is treated as the product of corrections for each neighbor of the form

fors = (1= 8uc Bas ) (5)
where

gAc —_ kc e -aac{Rag-1.4) . (6)

The neighboring-bond corrections have the effect of reducing the size of the bond correction due
to basis-set superposition errors.

For the new BAC methods, the correction for each bond A-B in the molecule having
neighbors C and D (e.g., C-A-B-D) is given by

Eprcoons (AB) = Ay e "™ + z Bey+ 2 B Q)

c D

where the first term is the correction for the bond alone, while the correction for its nearest
neighbors is treated as a sum of corrections for each neighbor of the form

B., = B.+B,. 8
The B,’s are constants dependent only the type of atom. The bond distance dependence in the

new form exists only in the first term for the bond itself. Furthermore, o no longer depends on
the type of bond.




This new functional form results from several factors. First, the spin-pairing correction
(Eqn. 3) is responsible for the most of the error in the bond. In the BAC-MP4 functional form
(Eqn.4), a major factor for the increase in the bond correction as the distance decreased is that
multiple bonds (spin pairings) are being formed. For instance, the triplet state of ethylene has a
bond distance closer to that of ethane. This correction is now treated by Eqgn. 3. In addition, the
new method assumes larger basis sets are being used, including diffuse functions that have been
added to treat ionic character. Thus, the corrections themselves are smaller. Indeed, for the more
ionic bonds, the correction might even be negative. Thus, the multiplicative form of Eqn. 4
(which reduces the size of the correction) is no longer meaningful. In general, bond corrections
in Eqn. 7 have the opposite effect of the spin-pairing correction (Eqn. 3). The electron-
correlation error due to the pairing of electrons (given by Eqn.3) is reduced by having a bond,
due to the ability to correlate the electrons of the pair on different atoms.

The definition of a bond is itself subjective. A hydrogen bond would not count as a BAC
correction. On the other hand, a dative bond, such as in N,0O, would count, since it involves
rearrangement of electron pairing. Hydrogen-boron bonds are particularly subjective. In
diborane, B,H,, the bridged hydrogens are considered as having two bonds each, while the boron-
boron interaction is considered not to be a bond. For transition-state structures, both the bonds
being formed and the bonds being broken are included in the BAC corrections. In the BAC-MP4
method, the stretching of the bond distance for the breaking and forming of bonds in the
transition state structure decreases the size of the correction for each, which compensates for
having only one bond defined for the reactants or products.

For the new BAC methods, the bond corrections do not go to zero at infinity, due to the
terms > B, + X B_, in Eqn. 7. In addition, for the BAC-DFT method, the exponential term does
not go to zero at infinity since o is 0. However, it should be noted that the spin pairing term
(Eqn. 3) for the atoms at infinity does not correspond to the individual atoms.

2.2.4 Total BAC Correction

The resulting total BAC energy correction is given by the three contributions to the error:
atomic (Eqn. 1), molecular (Eqn. 2), and bond-wise (Eqn. 7).

EBAC(TOtal) = 2 EBAC-bond (AlAj) + Z EBAC-alom (Ak) + EBAC—clcc pair + EBAC-SZ’ (9)
ij k

where ij is summed over chemical bonds in the molecule while k is summed over the atoms in

the molecule. The last term, E,,..,, is only used in the BAC-MP4 and BAC-MP2 methods.

We have developed BAC corrections for two new procedures, BAC-G2 and BAC-Hybrid.
These two BAC methods themselves involve several methods. For instance, the formulations in
the BAC-G2 method are also used for the BAC-G2MP2 and BAC-G1 methods. The BAC-
Hybrid entails both a new BAC-MP2 method as well as a BAC-DFT method. The methods all
use Eqn. 9, with the bond-wise corrections E,, ., ., given by Eqn. 7. The differences are found in
the specific form of the parameters in the formulae.

For the BAC-G2 method, the o exponent in Eqn. 7 is taken to be 3.0 A", while the pre-
exponential coefficient A, is taken to be the geometric mean of the individual atom types, i.e.,

An= (AL A" (10)
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For the BAC-DFT method, the o exponent in Eqn. 7 is taken to be 0.0, i.e., the bond-dependent
error does not depend on the bond distance. For the BAC-MP2 method, the o exponent in Eqn. 7
is taken to be 3.0 A™, as for the BAC-G2 method. The resulting BAC-G2 parameters for
selected elements are given in Table I.

Table I. BAC-G2 Parameters (Energies in kcal-mol™)

I<‘Elcc pair = 0’430

Atom KAtom BAwm Aii

H 0.485 -0.146 1.462
C 1.081 0.051 0.0

N 1.498 -0.010 2.281
o -0.501 -0.010 1143

F -1.942 0.215 373.1
Si 0.097 0.008 2974

P 0.277 0.042 1121.8

S 0.155 0.003 9214
Cl -0.776 0.087 1433.7
Br -1.703 -0.106 -0.106

For the new BAC-MP2 method, the open-shell molecules contain the spin contamination term
Eppes: = Kiineon PUMP2 - UMP2), (11)

which is just the energy difference between the projected and unprojected energies. This is

equivalent to saying that the PUMP2 energy is used for the MP2 energy for open-shell systems.

2.2.5 BAC Error Estimates

We had previously developed an error estimate2 (or confidence level) for the BAC-MP4
energy. The approach was based on the convergence of the molecular energy at lower levels of
perturbation theory, i.e., BAC-MP2, BAC-MP3, and BAC-MP4SDQ. In addition, both the BAC
correction due to spin contamination, Egac (Spin s2), and the UHF instability, Egac (Spin uHF-
D, have uncertainties. We defined the BAC-MP4 error estimate to be

Error (BAC-MP4) = Sqrt { 1.0 kcal-mol-! + (AHpac-Mmp4 - AHBAC-MP3)?

+ (AHBAC-MP4 - AHBAC-MP4SDQ)?

+0.25 ( Epac (Spin s2) or Egac (Spin ynr.D) )? }- . (10

11




For the BAC-G2 method, we define a similar estimate based on the similarities between the G1
and G2-MP2 methods and the G2 method itself’, i.e.,

Error BAC-G2) = Sart { 1.0 kcal-mol-! + (AHpaC.G2 - AHBAC-G2MP2)?

+ (AHpac-G2 - AHpac-G1)?}- (11)

For the BAC-Hybrid method, there are no perturbation expansion terms to use. Instead, we use
the difference between the BAC-MP2 and BAC-DFT methods as an indication of consistency,
ie.,

Error (BAC-Hybrid) =
Sqrt { 1.0 kcal-mol'! + (AHpAC-MP2 - AHpAC-DFT)?}- (12)

2.3. Heats of Formation, Entropies, and Free Energies

Having obtained the structure, vibrational energies, ab initio electronic energy, and the BAC
energy corrections, we can then calculate the enthalpies, entropies, and free energies of a
molecule using statistical mechanics (see Fig. 1). The equations used in these calculations are an
extension of the subroutines in the Gaussian codes!8. These subroutines use standard statistical
mechanical expressions for an ideal gas in the canonical ensemble to compute the entropy, heat
capacity, and internal energy.

The heat of formation at 0 K (AH° ) can be obtained from the calculated electronic energy.
First, the electronic energy is added to the zero-point energy. Unscaled frequencies are used,
both for the old BAC-MP4 procedure, which used the Hartree-Fock method for geometry
optimization and frequencies, as well as for the new BAC method, which uses the DFT method
for geometry optimization and frequencies. Next, the resulting energy is subtracted from the
electronic energies of the atoms to g1ve an electronic heat of atomization. Referencing this
energy against the experimental AHfO of the atoms in the gas phase yields the uncorrected AH 0 -
Adding the BAC corrections to this energy finally yields AHf‘(’) at 0 K. Statistical-mechanical
calculations then provide the thermochemical properties of the molecule, e.g., partition functions,
enthalpy, heat capacity, and entropy for given temperatures. The values of these thermochemical
properties as a function of temperature are then fit to an analytic polynomial for the modeling of
thermochemical processes.

Note that for finite temperatures, the G2 energies without BAC corrections do not
correspond to those from the output of a Gaussian G2 calculation, since hindered rotors are
included in the BAC procedure. Also, the heats of formation are not absolute values, but rather,
depend on the changes in the heats of formation of the atoms relative to the reference state of the
element.

3. Results

The accuracy of the various BAC methods has been determined by comparing their
predictions with the experimental heats of formation for approximately one hundred to two
hundred molecular species. For the BAC-MP4 method, the average difference is 1.3 kcal-mol-!
for 93 stable (closed shell) species (see Table II).
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Table II. Comparison of AH,',,,’s for BAC-MP4 vs. Experiment (Energies in kcal-mol ).

Compound
Class

CH,

COH,

CNH,

CNOH,

N,OH,
Fluorinated species

Total

Number of
Compounds

27
23
10

8
12
13

93

Average Energy

Difference

13
14
0.9
1.3
1.2
1.2

1.25

Table I shows the results for chlorinated methanes obtained from the MP2 method and
various DFT hybrid methods, using the 6-311++G(2df,2pd) basis set. The B3LYP,, method
refers to the B3LYP method at the smaller basis set, 6-31G*, indicating the dependence of the
error on basis-set size. CH, and CCl, were used to determine the parameters. One can see that
while the raw predictions of the MP2 method are worse than the DFT method, the BAC-MP2
method gives a slightly better result than does the BAC-DFT method.

Table III. BAC AH_,.’s using various methods and basis sets. For each molecule, the raw
values are in the first row and the total BAC corrections are in the second row (Energies in kcal-

mol™).
Molecule MP2
CH, 104
0.0
CH,C] 7.0
0.2
CH/C], 3.9
0.8
CHCL, 0.1
0.8
CCl, 4.4
0.0

B3LYP

-0.3
0.0

2.0
-1.7

59
-2.1

10.7
-1.6

164
0.0

B3LYP,,, HF6/DFT4

-0.3
0.0

2.7
-2.5

8.0
-2.9

14.6
2.0

22.1
0.0

-9.1
0.0

-11.2
-1.9

-11.6
2.0

-11.1
-1.2

-10.0
0.0
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In table IV, we present the resulting accuracy of the BAC-Hybrid and BAC-G2 methods for
selected compounds. The BAC-Hybrid method used a smaller set of the test compounds, due to
known deficiencies in treating biradical species. The accuracy of the hybrid method HF6/DFT4,
with 60% HF and 40% DFT, is worse than that obtained from the B3LYP, particularly for
positive and negative ions. Therefore, it was not pursued further.

The BAC-MP2 method gives somewhat better results than the BAC-DFT method. Thus, the
BAC-MP2 method was used to define the BAC-Hybrid method, with the BAC-DFT method
being used for determining the error estimate. )

Table IV. Accuracy of various BAC procedures (Energies in kcal-mol ™).

Method Avg. RMS Max
Error Error Error

BAC-Hybrid (122 neutral compounds)

MP2/6-311++G(2df,2pd) 0.78 1.13 3.69
B3LYP/6-311++G(2df,2pd) 0.93 1.28 4.04
B3LYP/6-31G(d) 1.10 1.54 5.43
HF6/DFT4/6-311++G(2df,2pd) 1.28 1.90 7.26
BAC-G2 methods (143 neutral compounds)
G2 0.69 0.90 2.68
G2MP2 0.74 0.95 3.02
Gl 0.75 0.98 2.88
QCI/6-311G(d) 0.82 1.11 3.92
MP4/6-311+G(d,p) 0.95 1.32 4.38

In table V we show those molecules for which the BAC-G2, BAC-MP2 and BAC-DFT
methods, respectively, yield the least agreement with experiment. For comparison, we present
the old BAC-MP4 method. These data help define the limitations of the method and indicate
classes of compounds for which the present procedure may be inadequate (see Discussion
section).

Table V. Outliers for the BAC-G2, BAC-MP2, and BAC-DFT methods. Differences between
theory and experiment (energies in kcal-mol ™).

Molecule BAC-G2° BAC-MP2 BAC-DFT BAC-MP4
Carbon-containing

C -1.5(0.4) -6.0 13.0 -8.6
CCl, 0.1 (-2.9) -0.8 1.8 2.7
CF, 0.4 (-5.6) 0.8 1.7 -0.3
‘CH -1.3 (-0.6) 1.6 8.2 4.8
‘CH 2.3(3.9) -0.3 8.2 0.0
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HNCO

CHS

CH,O

(NH,) ,CO
CN

C2F,
C,H,NO,
Cyclopropene
Cyclopropane
Methylene-
cyclopropane
Cyclobutene
Benzene

3.9 (-4.7)
4.0 (3.4)
1.8 (0.5)
2.8 (1.8)
2.4 (3.3)

1.3 (-7.8)

2.4 (-4.1)
1.3(2.7)

-0.5 (0.6)

-2.3 (-0.6)
3.6 (5.3)
0.6 (3.6)

Non-carbon-containing

clo
Clo0
0CIO
FNO
HNO
*HNO
O,NNO,
HNNH

NO,
02

03

SO,
SO,
HOSO,

*G2 raw energies in parentheses.

1.0 (2.1)
5.2 (6.4)
0.5 (4.8)
5217
1.5 (0.7)
-0.5 (-0.4)
1.0 (-2.6)
3.1 (-3.5)
3.9 (1.5)
1.6 (2.4)
1.6 (-1.1)
0.7 (5.0)
-0.6 (6.8)
1.6 (8.1)

-1.9
53
4.3
5.2
6.0

-0.7

-1.6
4.5
14

1.6
4.9
-0.4

6.5
-19.8
0.1
-5.2
3.0
5.9
-8.6
-1.0
-8.2
-8.4
-16.5
-1.6
1.1
5.0

-3.8
55
24
5.0
5.2
-0.5
-0.2
0.1
-4.0

-5.3
3.5
1.7

-2.6
-0.5
0.8
-2.5
4.0
-3.4
-1.7
-1.1
-1.5
20
7.9
0.7
0.3
-1.9

-3.7
1.6
24
1.1
4.2
1.7

-0.4
1.8

-1.0

-1.1
32
-2.8

4.8
12.3
13.6
-1.2
-05

0.0
-5.5
-39

5.7

0.0

0.4
-1.6

2.8

243 (-3.2)°

*BAC-MP4/MP2 method in parentheses (geometry optimized using the MP2 method).

4. Discussions

The results show that, as expected, the BAC-G2 method gives the best results (see table IV).
In fact, for the majority of species, the G2 method itself is sufficiently accurate without needing
the BAC method. Furthermore, the BAC-G2 method requires many fewer parameters than the
other methods. While this method is the most accurate of those presented in this paper, it is also
computationally the most expensive. The BAC-MP2 and BAC-DFT are the cheapest

computationally and will scale better for larger molecules.

A significant advantage of the BAC-G2 method is that its parameters depend only on the
type of atomic elements contained in the molecule.. The BAC-MP4 and BAC-Hybrid methods,
on the other hand, use parameters that depend on pairs of element types. [Note, this can lead to
inappropriate BAC parameterization because agreement may be forced with experiment when the
experiment itself is wrong.] Thus, by using the BAC-G2 method, only a few-reference

15




compounds containing a given element are needed to determine the parameters for all
compounds containing that element. The BAC-G2 method can then be used to determine the
BAC parameters for each bond type of interest for the BAC-MP4 and BAC-Hybrid methods, for
which experimental data are either not available or are not trusted. Of course, care should be
taken since the G2 method uses similar methodologies in its procedure, i.e., the Mgller-Plesset
perturbation theory expansions, so errors inherent in G2 could propagate.

There are certain species for which the G2 method is not sufficiently accurate (see table V).
Species involving the halogens and oxides are particularly problematic. A major part of this
error is possibly due to issues of molecular size. The errors in the G2 method tend to grow as
the number of non-hydrogen atoms in the molecule increases. Unfortunately, the G2 method is
rather limited in the number of heavy atoms it can handle, so it is difficult to determine the exact
dependence of the error on the size. The BAC method attempts to correct for this size
dependence with nearest-neighbor bond corrections (see Eqn. 7), though the atomic (see Eqn. 1)
and molecular (see Eqn. 3) BAC corrections also depend on the size. As one can see from table
V, the BAC-G2 results represent a significant improvement over the uncorrected values for the
larger molecules. Equally important, one wants predictive capability. Thus, reducing the
maximum error (the last column of table IV) as much as possible is very important. A small
number here means not only that the BAC-G2 method yields accurate results, but also that it
does so for all compounds, not just on the average. The 143 species used in the accuracy
evaluation are not just stable species, but were chosen to include different types of chemical
bonds and resonant structures. Jons were not included, due to uncertainty in the accuracy of this
these data. The heats of formation of the 143 neutral species are quite well established
experimentally. This strongly suggests that for the outliers in the BAC-G2 method (table V),
those BAC-G2 heats of formation that differ from experiment by more than 3 kcal-mol" are more
likely to be correct than the corresponding experimental value. This is particularly likely if the
other BAC methods give similar results.

For the BAC-Hybrid method, only 122 species were used for the determination of
parameters. The larger list of 143 compounds used for the BAC-G2 method includes species
known to require multireference configurations; these were excluded in the determination of the
parameters, but the results of these outliers are shown in table V. It is encouraging that the BAC-
MP2 and BAC-DFT tend to not give the same incorrect results. This may be due to the different
approaches used by these methods to treat electron-pair correlation. Thus, by combining BAC-
MP2 and BAC-DFT together within the BAC-Hybrid method, one can use the difference
between the two methods as an indicator of the accuracy (see Eqn. 12). It should also be noted
that many of these outliers represent unique electron correlation issues that will not extend to the
larger molecules for which the BAC-Hybrid method would be used. When in doubt about a
chemical moiety, one should find a smaller molecular prototype and perform the calculation at a
higher level of theory. One can then use the differences in the BAC methods for the smaller
molecule as an additional BAC correction factor, i.e., a chemical moiety correction factor for a
specific chemical moiety.

EBAC(TOta‘l) = 2 EBAC-bond (AIAJ) + 2 EBAC—alom (Ak) + EBAC—cIcc pair + EBAC-SZ
ij k

+E

L}
BAC-chemical-moicty? (9 )

This correction has been used to correct the results of the old BAC-MP2 method for large
aromatic hydrocarbons using the BAC-MP4 results on a small aromatic species.

5. Conclusions
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New BAC procedures has been developed that extends the capabilities of the BAC-MP4
method. The BAC procedures are designed to balance the computational time between
optimization searching, frequency evaluation, and single-point energy calculations. The new
BAC parameterization can treat positive and negative ions as well as neutrals. Diffuse basis
functions permit better treatment of ionic character. The BAC-G2 method provides high
accuracy for small species. The BAC-Hybrid method uses the DFT procedure for improved
geometry optimization and frequency evaluation. It uses both the MP2 and DFT procedures for
the single-point calculations. The BAC-DFT and BAC-MP2 methods provide complimentary
treatments of electron correlation, providing an error estimate at these low levels of theory. The
DFT and MP2 methods are well suited for massively parallel and distributed computational
platforms and should scale well for large molecules.

The new BAC parameterization should be readily extendible to other quantum chemistry
procedures being developed. It should be readily extendable to hybrid methods, such as mixing
density functional geometry optimizations with coupled cluster methods. It should therefore be
possible to derive parameters for a BAC-CCSD method, in which the geometry is determined by
the DFT method, while the single-point calculation is performed using the coupled-cluster with
triples method, CCSD(T)’. It should also be possible to apply this BAC method to CBS
procedures, analogous to the implementation of the BAC-G2 method, or to a2 combined
CCSD(T)/CBS® methods. In addition, the BAC method should be applicable to new algorithms
such as quadratically-scaling local-correlation methods. Errors introduced in the local-
correlation approximation are likely to be systematic, so the BAC corrections should be
applicable. These new BAC methods can be used to determine the parameters needed for BAC
methods using the lower levels of theory. Further work needs to be done looking at nonlinear
errors that accumulate as a function of size of the molecule.
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