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The rapid estimation of basis set error and correlation energy from partial charges (REBECEP) method is
improved further in several ways in the current paper. We introduce the total energies derived from experimental
enthalpies of formation instead of G3 energies in the fitting procedure. This increases the precision because
the error of the G3 method is eliminated. We test the use of B3LYP/6-lggilibrium geometries instead

of MP2/6-31G(l) geometries. This provides a considerable speed up. We also test the application of stockholder
charges in the fitting procedure. New REBECEP parameters were obtained from HRf&@tIp) and
HF/6-31G() energies and atomic charges (natural population analysis, Mulliken, and stockholder). A total

of 117 closed shell neutral molecules from the G3/99 database composed of H, C, N, O, and F atoms were
selected for the present study. While the correlation between various charges is reasonable for H, C, and N
atoms, there is a rather poor correlation between natural population analysis and stockholder charges for O
and F atoms. The best REBECEP results were obtained using the HF/@)31a®{ral population analysis
charges. The root mean square and the average absolute deviations from the experimental enthalpies of
formation for the selected 117 molecules are 2.16 and 1.65 kcal/mol, respectively. This is a considerable
improvement as compared to our previous results (root mean square and average absolute deviations were
2.92 and 2.27 kcal/mol, respectively). The results are compared to Gaussian-3 and B3LYPGCRLfPp)
enthalpies of formation (the corresponding average absolute deviations for 51 large molecules are 0.94 and
7.09 kcal/mol, respectively). The REBECEP method performs considerably better for the 117 molecules with

a moderate 6-31@E] basis set than the B3LYP method with large 6-3G(3df,2p) basis set.

1. Introduction using 56 atomic energy parameters for H, C, N, O, and F atoms

Using very expensive methods (e.g., CCSD(T) method with in various molgcular environments to correct HF-S_CF_/6-3lG-
a very large basis set) the enthalpy of formation for a compound (d) total energies leading to average absolute deviations of 2
could be calculated reliably by a purely quantum chemical kcal/mol from experimental enthalpies of formation (the rela-
method within chemical accuracy+2 kcal/mol)! For many tivistic corrections are included implicitly in the atom|§:
large molecules, these calculations are beyond feasibility, so it Parametersj. It was shown that the number of the atomic
is of interest to adopt an empirical parametrization that can assistParameters can be reduced to®4owever, for more general
reasonably inexpensive calculations in obtaining the correct use, the definition of the group is not always straightforward
answers. (Even the quite expensive Gaussian-3 methqdires (various definitions might lead to some ambiguity, arbitrariness,
empirical “higher-level correction” parameters to reach chemical and a large number of parameters). Anyway, the definition of
accuracy). We will not review the literature in this respect here; groups definitely falls outside the HF-SCF/6-31G(d) method
however, we mention several successful methods that use HF-and requires extra empirical knowledge.
SCF/6-31G(d) total electronic energy results. A bond energy  Our goal is to predict the molecular enthalpies of formation
scheme was applied by Allingeto HF-SCF/6-31G(d) non-  of classical molecules within the chemical accuracy using the
relativistic total electronic energies on alcohols and ethers, and HF-SCF total energies and the calculated charge distribution
it fits the experimental data on 28 compounds to a root mean without any extra bonding, group, or structural parameters. The
square (rms) error of 0.52 kcal/mol, while the fit to a group of origin of the idea of the rapid estimation of the correlation
anomeric compounds is poorer. Wibémoposed a method to  energy is the observation that the correlation energy (the error
estimate the enthalpy of formation of any hydrocarbon as the of the HF-SCF method) is roughly proportional to the number
difference of its calculated HF-SCF/6-31G(d)//HF-SCF/6-31G- of glectrons K) in a system. It is known that the HF-SCF
(d) total electronic energy and the sum of the appropriate method poorly represents the Coulomb hole correlation (in
empirical energy parameters 6fCHs, —CHp, —CH, and—-C which electrons of opposite spin are kept apart). This means
groups. Later on, an extension of the isodesmic reaction SCheMep ¢ the conditional probability density of electron 1 and electron
and group equivalents was proposed for “classical” molecules 2 with opposite spin being at the same point in the space is in
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electrons with parallel spin are correlated via the antisymmetry systems},it hints how the correlation energy changes with the
principle (the exchange term in the HF-SCF method), thus the Na. As the HF-SCF energy and the partial charges depend on
spin system of the atom influences also the HF-SCF error. Thisthe applied basis set, the energy parameters must correct the
behavior is described in detail in refs-80. Beside these two  basis set error tob*Naturally, the energy parameters obtained
major effects, a slight dependence of the correlation energy onfor an infinite basis set (or numerical) HF-SCF result would
the nuclear chargeZf can be observe:l! provide the ultimate solution; however, fitting the required
Although the N dependence (or more precisely thel energy parameters (vide infra) to obtain the best results in a
dependencé) of the correlation energy provides a quick way least squares sense can be a useful and affordable alterna-
to estimate the correlation energy for atoms, the spin dependencédive.
and the nuclear frame dependence make it difficult to transfer  In our previous work?the predictive value of the REBECEP
this knowledge to molecules and obtain a priori energy method was tested in the following way: We used the energy
estimations with the required so-called chemical precisief2(1 ~ parameters obtained for 65 small molecules (e.g., methane,
kcal/mol). However, the atomic partial charges in a molecule water, ammonia, etc.) of G23.and G2-26 thermochemistry
can be used to estimate the number of electrons around the atomtest sets without any change for 51 larger molecules (e.g.,
(Na) and the quasi-linear dependence of correlation energy onnaphthalene, octane, aniline) selected from the G3-3 test set.
Na provides a way to estimate the atomic correlation energy in The G2-1 thermochemistry test set (original G2 test!%et)
the given molecular environment. Thus, the two fundamental includes the energies for only very small molecules containing
assumptions of the proposed method are (i) the correlation1—3 heavy atoms (systems such asOH GHs, and CQ),
energy is the sum of the atomic correlation energies and (ii) whereas the G2-2 test set includes medium-sized molecules
the atomic correlation energies can be estimated from the atomiccontaining 3-6 heavy atoms (systems such agi€and GHe).

charges. The two sets, G2-1 and G2-2, are together referred to as G2/97
The validity of the first assumption can be proved by the and contain_301 test ent_argi%?sThe G3-3 test set contains 75
gradient vector field analysis of the electron densjigr)) as new enthalpies of formation for molecules that are, on average,

the molecules can be cut apart to virial atoms in the real sBace. larger (containing 310 heavy atoms). The largest molecules

If we introduce thep(r) from HF-SCF and full-Cl calculations ~ in the G3-3 test set contain 10 nonhydrogen atoms (naphthalene

and calculate the virial atomic energies respectively, the and azulene). The two sets, G2/97 and G3-3, are together

difference will provide the atomic correlation energies; thus, referred to as G3/99 and contain 222 enthalpies of formation.

the existence of such energies can be proved for those moleculed’he G3/99 test set contains 47 nonhydrogen-containing mol-

for which such partitioning is feasible. Difficulties might arise  ecules, 38 hydrocarbons, 91 substituted hydrocarbons, 15

due to lack of full-Cl electron density or domains without nuclei. inorganic hydrides, and 31 open shell radicals. We have selected

However, the method is applicable for most of the known 116 closed shell neutral molecules from the G3/99 test set

organic molecules. composed of H, C, N, O, and F atoms plus urea for testing the
The next question is how to estimate correlation energy from Performance of the REBECEP methtidrhe best results were

the atomic charges in a molecular environment? At this point, btained using the natural population analysis (NFA)he rms

we should recall that atomic partial charges in a molecular deviation from the experimental enthalpies of formation for 51

environment are essentially mathematical constructions thatmMolecules selected from the G3-3 test set was 1.15, 3.96, and

serve to reflect the electron content around the selected atom?-92 kcal/mol for Gaussian-3 (G3), B3LYP/6-3&G(3df,2p),

of the molecule. These partial charges are not physically @d REBECEP (NPA) enthalpies of formation, respectively (the

measurable quantities, and the partitioning of the molecular corresponding average absolute deviations were 0.94, 7.09, and

electron density can be done either in the Hilbert space spanned2-27 kcal/mol, respectively}.(The G3 method should be clearly

by the atomic orbital basis of the molecular wave function or distinguished from the test sets, G3/99 or G3-3.) We stress that

in the real space. The general problem of any population analysisfor these calculations we used the REBECEP parameters
method consists of the partitioning of the molecular electron ©btained from the set of 65 molecutésf the G2/97 test set.

density and its assignment to the atoms that compose the!he REBECEP method performed considerably better for these

molecule. However, partial charges can be defined to reproduced1 test molecules with a moderate 6-3tiiSgasis set than the
the measurable dipole moment and electrostatic potential of theB3LYP method with a large 6-3H1G(3df,2p) basis set?
molecule. We note that atomic multipole moments are also Inthe earlier papers, we investigated RECEP results obtained
required for correct dipole moment predictions (due to non- with Mulliken and NPA partial atomic chargé°The earlier
spherical electron distribution about an atom in the molecule). RECEP-3° and REBECEP [HF/6-3d)]'® parameters were
The primary use of partial charges is to help chemists to establishoptimized to reproduce the Gaussian-3 energies. The REBECEP
empirical rules (e.g., polarity of bonds). The partial charges were method offers an extremely rapid estimation of a good quality
successfully applied to identify the electron rich (nucleophile) total energy after HF-SCF calculation in the equilibrium
and electron poor (electrophile) functional groups of molecules. molecular geometry. Energy correction parameters correct the
Thus, partial charges in the ideal case are able to represent (irHF-SCF energy and basis set errt31°
a simplified manner) the electron distribution in a molecule. To reproduce experimental quality enthalpies of formation,
The most difficult part of the work is to find the connection itis preferable to use an accurate molecular geometry. Because
between the correlation energy and Mye These energy factors  the REBECEP method offers an extremely rapid estimation of
can be obtained from the study of the exact correlation energy correlation energy and basis set error, geometry optimization
of the atoms in their various ionized states. For example, the should be as fast and precise as possible. Because in our earlier
C*, C, and C have—0.13873,—0.15636, and-0.18274 au papers the results were compared to the Gaussian-3 results, for
exact correlation energies, respectiveAthough the directuse ~ comparison reasons, we used the same geometries optimized
of these a priori parameters to estimate the correlation energywith the rather expensive MP2/full/6-316(method. To apply
of carbon atom in a closed shell molecular environment would our method, in general, we have to find a faster and reliable
not yield energy of the required precision (due to different spin geometry optimization method.



Rapid Estimation of Enthalpies of Formation

In the current paper, we introduce the following changes in
the method in order to improve the applicability (make the
calculations faster) and increase the precision. (i) We use a tota
energy derived from experimental enthalpies of formation
instead of G3 energies in our fitting procedure. This increases
the precision because the error of the G3 method is eliminated.
(i) We employ the use of B3LYP/6-31@) equilibrium
geometries instead of MP2/6-31d}@eometries. This provides
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The Er (M, REBECEP, expt, basis set, charge def) total
energy can be obtained as a sum oflan(HF-SCF/basis set)
land the REBECEP energy correction:

E; (M, REBECEP, expt, basis set, charge def)
E; (HF-SCF/basis set}
E..n(REBECEP, expt, basis set, charge def) (3)

a considerable speed up, and the equilibrium geometries arégecayseE; (HF-SCF/basis set) contains basis set error, the

usually closer to the experimental results. (iii) We use the
application of stockholdé? and NPA charges in the fitting
procedure for a larger set of 117 molecules.

We use a database of 117 closed shell moleg¢tksdected
from the G2/97>16 and G3-37 molecular geometry database
for this study. These molecules contain H, C, N, O, and F atoms.
We excluded radicals and molecules with large relativistic
effects. The radicals were not included in the study because
correlation energy of radicals is different from the correlation
energy of closed shell systeh3o obtain stockholder charges,
we use the methodology described in ref 22.

2. REBECEP Method

For a given moleculé/, the so-called REBECEP enthalpy
of formation,AH;° (M, REBECEP, expt, basis set, charge def),

REBECEP energy correction is thus basis set-dependent. In an
ideal case, th&r (M, REBECEP, expt, basis set, charge def) is
basis set-independent; however, small basis set dependence can
be observed in practice (vide infra). The basis set dependence
of the Er (M, REBECEP, expt, basis set, charge def) is
considerably smaller than the basis set dependence of its
components (vide infra). The energy correction is the sum of
the atomic corrections:

E..(REBECEP, expt, basis set, charge def)
/ZA Ecorr(Za N, €Xpt, basis set, charge def) (4)
€

whereZ, is the nuclear charge of atofandNa is the “electron
content” on atomA, noninteger, it can be calculated & (—
partial charge). Thé&cor (Za, Na, €Xpt, basis set, charge def)

where expt means that the REBECEP parameters were obtaine@0OMmic energy terms of eq 4 are interpolated:

from the fitting to the experimental results using a specific basis
set and charge definition (charge def), can be obtained from
the following equation:

AH?L (M, REBECEP, expt, basis set, charge def)
E; (M, REBECEP, expt, basis set, charge def)

M
Ezp (M, G3)+ Eyern (M, G3)+ ; [AH (A, expt)—
Er (A G3)— Eppern(A, expt)] (1)

where Er (M, REBECEP, expt, basis set, charge def) is the
REBECEP total energy calculated from the parameter set and
partial charges using a specific basis &% (M, G3) is zero-
point vibration energy of the molecuM (scaled HF/6-31GY)
ZPE)2 andEgem (M, G3) is the difference between the enthalpy
of the molecule aff = 298.15 ad 0 K (calculated from the
molecular heat capacity). The summation runs over all atoms
(A) of the system:AH{? (A, expt) values are the experimental
standard enthalpies of formation of the constituent atoms of
moleculeM, Er (A, G3) values are the G3 total energy of these
atoms, ancEnerm (A, expt) values are the differences between
the enthalpies afl = 298.15 ad 0 K (calculated from the
elemental heat capacities). The actual valueEgf(M, G3),
Etherm (M, G3), andEt (A, G3) are method-dependent; for the
present study, we use G3 values. The so-called “experimental”
total energy is obtained from the experimental enthalpy of
formation, AH® (M, expt), in the following way:

E; (M, G3, expt)= AH.’ (M, expt)— E,» (M, G3) —
M
Etherm(M, G3) — ; [AH (A, expt)— E; (A, G3)—
Etherm(Al G3)] (2)

Using suchEr (M, G3, expt) energies would provide perfect
agreement with the experimentaH{° (M, expt) value.

Ecorr(Za, N, €Xpt, basis set, charge def)
(Na — N1) E,5(Za, N2, expt, basis set, charge def)
(N2 — N E,,(Zs, N1, expt, basis set, charge def) (5)

whereN1 andN2 are integer numbers of electrons, wilh <

Na = N2 = N1 + 1. Epar (Za, N2, expt, basis set, charge def)
and Epar (Za, N1, expt, basis set, charge def) in eq 5 are the
so-called REBECEP atomic parameters that transform the partial
charge into energy correction. For hydrogen atoms, we suggest
to use a single parameteeor (1, Na, €Xpt, basis set, charge
def) = Na Epar (1, 2, expt, basis set, charge def)/2. The
REBECEP atomic parameters can be obtained from the fitting
procedure that finds the minimum of= Z=; [Er (M, G3,
expt) — Er (REBECEP, expt, basis set, charge deéffor a
selected set df molecules. The details of the fitting procedure
are described elswhetg1®Using these parameters in eqss

Er (M, REBECEP, expt, basis set, charge def) can be obtained.
IntroducingEr (M, REBECEP, expt, basis set, charge def) into
eq 1 leads to the desiretH® (M, REBECEP, expt, basis set,
charge def).

3. Results and Discussion

3.1. Correlation between Partial Chargesln this section,
we analyze the results obtained with the fitted correlation energy
parameters to the experimental total energy, the correlation
between various partial charges. Figure 1 shows the correlations
between NPA and Mulliken vs stockholder partial charges for
F, O, N, C, and H atoms calculated with the HF/6-313-
(2d,p) method. Figure 2 shows correlations between the same
type of partial charges calculated with the HF/6-3d)3ethod.
Inspection of the figures reveals that the NPA and Mulliken
charges are similar in magnitude; however, the stockholder
charges are considerably smaller (half or one-third). The
correlation between various partial charges depends on the type
of the atom and the basis set.

The correlations between various HF-SCF/6-3d)&parges
for hydrogen, carbon, and nitrogen atoms are quite reasonable
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Figure 1. Correlations between NPA and Mulliken vs stockholder partial charges for F, O, N, C, and H atoms calculated with the HiE&6-311
(2d,p) method.



Rapid Estimation of Enthalpies of Formation J. Phys. Chem. A, Vol. 106, No. 50, 20022143

F atoms
-0.25
§° ) + ¢ Mulliken
] RM)” =0.7807 °
s -0.30 — v
E _z + NPA
3
| - © —
5 035 °s = ——NPA fit
= - +
= ° < s + +
= -
= -0-40 / ;Jr ¥ — — Mulliken
= + R(NPA)’ = 0.3395 fit
= -0.45 ; ; . . ,
-018 -0.16 -0.14 -0.12 -0.10  -0.08
Stockholder charge
g O atoms
o
€ o4 | ROM)’=0.0012 ¢
S .
=
=
«
5
g -0
£ -09 2=
El + R(NPA)*=0.1108
=R | ; . . . : .
-04  -0.35 03 -025 02 -015  -0.1
Stockholder charge
0.8 N atoms .
g -6 R(NPA)’ = 0.7533 S /’é/:
5o 0.4 -
% 0.2 e — N
0.0
« s
& 0.2 — ~
< 0.4 +— S &
S 0.6 o 35 L R(M) = 0.8057
g 0.8 ﬂ °
== -U. Lk J
=10 o * %0
2 '1-2 I+ T T T T T T 1
04 -03 -02 01 0 01 02 03 04
Stockholder charge
C atoms
. 2.0
R(NPA)’ = 0.8421
Bos (NPA) {L
5 / g
1.0 i
E " ’ /O( <
= 0.5 _
=
£ 0.0
= .U
=
= -05-
= o R(M)’ = 0.8543
02  -0.1 0 01 02 03 04 05
Stockholder charge
H atoms
w 07
S
5 06 R(NPA)” = 0.7581 /
é 05 e =
=
E
g 2
= R(M)* = 0.9397
e
=
0 0.1 02 0.3
Stockholder charge

Figure 2. Correlations between NPA and Mulliken vs stockholder partial charges for F, O, N, C, and H atoms calculated with the HF/6-31G(d)
method.
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TABLE 1. R?Values of the Correlations for Mulliken basis set are clustered tightly aroured.2 and that might

\(/:sh%rt%?:skhvcfldse}rog:khhz;g:sr (C;\lhg'&%e; rggﬂlli:llaiffghggés%garges disorient the fitting procedure. It can also be observed that due
Mulliken Charges (NPA-M) for H, C.N. O, and F Atoms of to the basis set error most of the atomic correction parameters
Selected Molecules are more negative for the smaller basis set (cf. Table 2). This is

necessary because the sum of En¢HF) and E.qr values in

HF'SCF/G'glG(d) H'_:'SCF/G'BHG(Zd’p) Table 3 yields thé&r (M, G3, expt) of eq 2. Th&gor values in

atoms Muliken NPA NPA-M  Muliken NPA  NPA-M Table 3 are systematically more negative for the 6-3f)Gésis
H 0.940 0.758 0.888 0.771 0.800 0.798  setthan for the 6-31G(2d,p) basis set. This can be attributed

C 0854 0842 0975  0.626 0899 0.697  to the larger basis set error in the smaller basis set. The more
(’\)‘ 8-88? gﬁ:’l’ 8‘312 8-2‘;@ g-ggi 8-%3 negative atomic correction parameters mostly compensate the
F 0781 0340 0671 0130 0396 0497 basis set error; however, this compensation is not perfect.

a Calculated with the HFSCF method using two different basis The values of the new parameter sets in Table 2 show a
sets. Partial charges were calculated using the B3LYP/6-31G(d) consplerable stability with respect to our earlier parametef3ets.
optimized geometry. The differences are rather small for C, O, and F atoms (smaller

than 0.001 hartrees, usually they are about 0.0005 hartrees).
(cf. the R2 values about 0.750.98 in Table 1). For the more  The inclusion of the 51 larger molecules from the G3-3 database

electronegative oxygen and fluorine atoms, the NR#ock- has the Iarg_est influence on the H and N atomic parameters.
holder charge correlations are very poor, practically nonexistent The former increases by 0.0067 while the latter decreases by
(R 0.0-0.3, cf. Table 1). The Mullikerstockholder charge ~ 0-0032 hartrees (the latter is the average of the four energy
correlation is nonexistent for oxygen atom. parameters for N atoms). These small changes improve the
The correlations between various HF-SCF/6-3G(2d,p) current results_. We tested the_stability of _the parameters and
charges for hydrogen, carbon, and nitrogen atoms changethe results with respect to dlfferer_lt choices c_)f_ the set of
slightly (cf. theR2 values about 0.630.90 in Table 1). While molgcules. Our current results confirm the stability observed
the Mulliken—stockholder and NPAMulliken charge correla- ~ €arlier’
tion worsens, the NPAstockholder charge correlation improves Next, we analyze the influence of the choice of the basis set
slightly with the increase of the basis set. For oxygen and (6-31G() or 6-31H-G(2d,p)), the choice of the partial charge
fluorine atoms, the correlations improve slightly as compared method (stockholder, Mulliken, or NPA), and the size of the
to the smaller basis set; however, they remain very pBér (  molecules (small or large molecules of the G3/99 test set) on
0.1-0.5, cf. Table 1). the quality of the calculated REBECEP enthalpies of formation
3.2. New REBECEP Parameters and ResultsTable 2 in Table 4. The results calculated using Mulliken charges are
shows the fitted atomic correction parameters to be used in eqnot shown in Table 4 to save space. Those results are
5. These parameters were obtained from a fitting procedure usingconsistently worse than those calculated with the use of NPA
the energies of 117 molecules listed in Table 3. Several or stockholder charges (cf. statistics in Table 5). Our earlier
parameters are missing from Table 2, efy., (6, 4, expt, basis results show thaH® (M, REBECEP, expt, 6-31@}, NPA)
set, stockholder), because no molecule in the database requireagrees best with the experimental enthalpies of formafiéh.
these parameters. Comparison of the current REBECEP paraminspection of the statistical results in Table 5 yields the same
eter set with those obtained earie¥?shows that the parameters  result. Increasing the basis set to 313(2d,p) slightly worsens
are quite stable with respect to the size of the set of molecules.the agreement between the calculated and the experimental
The values of the parameters decrease with the increase of theesults. The results in Table 5 show that for the 6-3)®@sis
number of the electrons around the atom in most of the cases.set the performance of the REBECEP method decreases in the
This is expected because the correlation energy is roughly following order: NPA, stockholder, and Mulliken. A slightly
proportional to the number of electroh$he “normal” behavior different conclusion can be obtained for the 6-3G(2d,p) basis
of these parameters is encouraging. The only exceptions areset-the use of stockholder charges in the REBECEP procedure
the parameters of the nitrogen atom calculated for the 6-&k1 provides slightly better results than the NPA charges. We also
(2d,p) basis set (cf. parameters for stockholder charges in Tabletested briefly the use of the HF-SCF/6-31G(d) geometries
2). The stockholder charges calculated with the 6-8G12d,p) instead of B3LYP/6-31G(d) geometries. The preliminary results

TABLE 2: Fitted Atomic Correction Parameters, E.o(N1, Z4) in Hartree for eq 5 to Obtain Ecorr (REBECEP) for HF-SCF/
6-31G(d) or 6-311G(2d,p) Results and NPA, Stockholder, and Mulliken Charges

atomic basis: 6-31G(d) basis: 6-31+G(2d,p)
no. charge charge
Za N1 NPA stockholder Mulliken NPA stockholder Mulliken
1 2 —0.0382 —0.0418 —0.0359 —0.0382 —0.0404 —0.0383
6 4 —0.1137 —0.1125 —0.1541 —0.1590
6 5 —0.1658 -0.1194 -0.1657 —0.1756 —0.1546 —-0.1781
6 6 —0.2207 —0.2197 —0.2198 —0.2119 —0.2119 —0.2118
6 7 —0.2613 —0.2847 —0.2610 —-0.2372 —0.2297 —0.2416
6 8 —0.2787
7 6 —0.2698 —0.2694 —-0.2734 -0.2718 —-0.2919 —0.2949
7 7 —0.2786 —0.2861 —0.2786 —0.2631 —0.2715 —0.2632
7 8 —-0.3219 —0.3157 —0.3208 —0.2903 —0.2565 —0.2906
7 9 —0.3725 —0.2438
8 8 —0.3373 —0.3373 —0.3337 —0.3128 —0.3130 —-0.3161
8 9 —0.3759 —0.3880 —0.3742 —0.3321 —0.3206 —0.3217
9 9 —0.3650 -0.3721 —0.3653 —0.3366 —0.3403 —0.3396
9 10 —0.4231 —0.4247 —0.4228 —0.3623 —0.3374 —0.3548
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TABLE 3: Species, Number of Atoms and Electrons, the HF-SCF, and Correction Energies (Hartree) for Experimental Quality
Total Energy for 117 Selected Molecules

no. no. 6-31G(d) 6-31%G(2d,p)
no. species atoms electrons E (HF) Ecorr E (HF) Ecorr
1 methane (Ch) 5 10 —40.1949 —0.3048 —40.2101 —0.2896
2 ammonia (NH) 4 10 —56.1836 —0.3577 —56.2148 —0.3266
3 water (HO) 3 10 —76.0098 —0.3933 —76.0527 —0.3503
4 hydrogenfluoride (HF) 2 10 —100.0023 —0.4072 —100.0526 -0.3569
5 acetylene (gH,) 4 14 —76.8168 —0.4863 —76.8436 —0.4596
6 ethylene (HC=CH,) 6 16 —78.0311 —0.5249 —78.0583 —0.4977
7 ethane (HC—CHj) 8 18 —79.2283 —0.5658 —79.2538 —0.5403
8 hydrogencyanide (HCN) 3 14 —92.8735 —0.5177 —92.9018 —0.4894
9 formaldehyde (HC=0) 4 16 —113.8648 —0.5913 —113.9047 —0.5515
10 methanol (Ck—0OH) 6 18 —115.0341 —0.6443 —115.0814 —0.5971
11 hydrazine (HN—NH,) 6 18 —111.1678 —0.6627 —111.2173 —0.6133
12 hydrogenperoxide (HOOH) 4 18 —150.7613 —0.7309 —150.8250 —0.6673
13 carbon dioxide (C® 3 22 —187.6310 —0.8787 —187.6923 —0.8174
14 carbon tetrafuoride (GF 5 42 —435.6415 —1.6820 —435.7779 —1.5456
15 carbonic difluoride (COJy 4 32 —311.6116 —1.2898 —311.7115 —1.1900
16 dinitrogen monoxide (MD) 3 22 —183.6745 —0.9163 —183.7333 —0.8575
17 nitrogen trifluoride (NE) 4 34 —352.5318 —1.4123 —352.6473 —1.2969
18 ethene, tetrafluore (F,C=CF,) 6 48 —473.4123 —1.9105 —473.5679 —1.7549
19 acetonitrile, trifluore- (CFCN) 6 46 —428.4764 —1.8154 —428.6057 —1.6861
20 propyne (GHa) 7 22 —115.8630 —0.7464 —115.8996 —0.7097
21 allene (GH,) 7 22 —115.8603 —0.7463 —115.8971 —0.7095
22 cyclopropene (§.) 7 22 —115.8219 —0.7521 —115.8555 —0.7186
23 propylene (€He) 9 24 —117.0706 —0.7877 —117.1081 —0.7503
24 cyclopropane (§Hs) 9 24 —117.0581 —0.7885 —117.0912 —0.7554
25 propane (eHs) 11 26 —118.2630 —0.8291 —118.2990 —0.7932
26 trans-1,3-butadiene (§He) 10 30 —154.9182 —1.0102 —154.9667 —0.9617
27 dimethylacetylene ({Elg) 10 30 —154.9075 —1.0074 —154.9535 —0.9614
28 methylenecyclopropane {ds) 10 30 —154.8863 —1.0074 —154.9300 —0.9636
29 bicyclobutane (GHs) 10 30 —154.8706 —1.0174 —154.9116 —0.9763
30 cyclobutene (gHe) 10 30 —154.8986 —-1.0127 —154.9421 —0.9692
31 cyclobutane (§Hs) 12 32 —156.0964 —1.0502 —156.1389 —1.0077
32 isobutene(@Hs) 12 32 —156.1097 —1.0525 —156.1574 —1.0048
33 trans-butane (GHao) 14 34 —157.2976 —1.0927 —157.3442 —1.0461
34 isobutane (§H10) 14 34 —157.2982 —1.0950 —157.3447 —1.0484
35 spiropentane (4Els) 13 38 —193.9166 —1.2736 —193.9667 —1.2236
36 benzene (§He) 12 42 —230.7019 —1.4476 —230.7631 —1.3864
37 difluoromethane (kCF,) 5 26 —237.8948 —0.9991 —237.9780 —0.9160
38 trifluoromethane (HC 5 34 —336.7692 —1.3417 —336.8797 —1.2311
39 methylamine (HC—NH,) 7 18 —95.2089 —0.6144 —95.2470 —0.5762
40 acetonitrile (CH—CN) 6 22 —131.9255 —0.7775 —131.9639 —0.7391
41 nitromethane (Ck-NO,) 7 32 —243.6570 —1.2574 —243.7395 —1.1749
42 methylnitrite (CH—0O—N=0) 7 32 —243.6624 —1.2481 —243.7396 —1.1708
43 formic acid (HCOOH) 5 24 —188.7597 —0.9299 —188.8278 —0.8619
44 methyl formate (HC© O—CHa) 8 32 —227.7867 —1.1844 —227.8599 -1.1111
45 acetamide (Cg+-CO—NH,) 9 32 —207.9738 —1.1639 —208.0457 —1.0920
46 aziridine (GH4NH) 8 24 —133.0370 —0.8336 —133.0797 —0.7910
a7 cyanogen (NCCN) 4 26 —184.5863 —0.9982 —184.6340 —0.9505
48 dimethylamine ((Ch).NH) 10 26 —134.2378 —0.8736 —134.2831 —0.8283
49 trans-ethylamine (CHCH,NH,) 10 26 —134.2465 —0.8759 —134.2950 —0.8275
50 ketene (CHCO) 5 22 —151.7228 —0.8135 —151.7725 —0.7638
51 oxirane (GH40) 7 24 —152.8655 —0.8607 —152.9138 —0.8124
52 acetaldehyde (GJEHO) 7 24 —152.9144 —0.8538 —152.9648 —0.8033
53 glyoxal (HCG-COH) 6 30 —226.5891 —1.1397 —226.6620 —1.0669
54 ethanol (CHCH,OH) 9 26 —154.0743 —0.9071 —154.1320 —0.8494
55 dimethyl ether (CEDCHg) 9 26 —154.0634 —0.8988 —154.1147 —0.8475
56 vinyl fluoride (CH=CHF) 6 24 —176.8809 —-0.8723
57 acrylonitrile(CH=CHCN) 7 28 —169.7653 —1.0017 —169.8135 —0.9535
58 acetone (CECOCH) 10 32 —191.9606 —1.1167 —192.0215 —1.0558
59 acetic acid (CECOOH) 8 32 —227.8079 —1.1919 —227.8868 —1.1130
60 acetyl fluoride (CHCOF) 7 32 —251.7959 —1.2020 —251.8779 —1.1200
61 2-propanol ((Ck).CHOH) 12 34 —193.1138 —-1.1714 —193.1819 —1.1034
62 methyl ethyl ether (§4s0CH) 12 34 —193.1033 —1.1610 —193.1653 —1.0990
63 trimethylamine ((Ck)3N) 13 34 —173.2681 —1.1348 —173.3209 —1.0821
64 furan (GH.O) 9 36 —228.6230 —1.3054 —228.6893 —1.2391
65 pyrrole (GHsN) 10 36 —208.8061 —1.2801 —208.8677 —1.2185
66 pyridine (GHsN) 11 42 —246.6940 —1.4843 —246.7599 —1.4184
67 methyl allene (GHe) 10 30 —154.8984 —1.0094 —154.9453 —0.9625
68 isoprene (6Hg) 13 38 —193.9557 —1.2758 —194.0145 —1.2169
69 cyclopentane (1) 15 40 —195.1627 —1.3151 —195.2155 —1.2623
70 n-pentane (6H12) 17 42 —196.3321 —1.3566 —196.3892 —1.2994

71 neo-pentane @) 17 42 —196.3328 —1.3626 —196.3897 —1.3058



12146 J. Phys. Chem. A, Vol. 106, No. 50, 2002 Ruzsinszky et al.

TABLE 3 (Continued)

no. no. 6-31G(d) 6-31%G(2d,p)

no. species atoms  electrons E (HF) Ecorr E (HF) Ecorr

72 1,3-cyclohexadiene (Hs) 14 44 —231.8302 —1.4958 —231.8943 —1.4317
73 1,4-cyclohexadiene (Elg) 14 44 —231.8321 —1.4944 —231.8971 —1.4293
74 cyclohexane (§H12) 18 48 —234.2069 —1.5792 —234.2700 —1.5161
75 n-hexane (GH) 20 50 —235.3666 —1.6198 —235.4342 —1.5522
76 3-methyl pentane @El14) 20 50 —235.3631 —1.6250 —235.4306 —1.5574
77 toluene (GHsCHs) 15 50 —269.7387 —1.7134 —269.8101 —1.6420
78 n-heptane (¢He) 23 58 —274.4011 —1.8833 —274.4793 —1.8051
79 cyclooctatetraene ¢Hsg) 16 56 —307.5215 —1.9405 —307.6058 —1.8563
80 n-octane (GHs) 26 66 —313.4356 —2.1470 —313.5243 —2.0582
81 naphthalene (gHs) 18 68 —383.3526 —2.3748  —383.4489 —2.2785
82 acetic acid methyl ester (GEOOCH;) 11 40 —266.8340 —1.4479 —266.9181 —1.3638
83 t-butanol (CH);COH 15 42 —232.1517 —1.4380 —232.2299 —1.3598
84 aniline (GHsNHy) 14 50 —285.7291 —1.7607 —285.8124 —1.6774
85 phenol (GHsOH) 13 50 —305.5560 —1.7912 —305.6472 —1.7000
86 divinyl ether (GHsO) 11 38 —229.7589 —1.3452  —229.8327 —1.2715
87 tetrahydrofuran (§1s0) 13 40 —230.9748 —1.3833 —231.0431 —1.3150
88 cyclopentanone @is0) 14 46 —268.8645 —1.5997 —268.9417 —1.5224
89 benzoquinone ¢140,) 12 56 —379.2309 —2.0684 —379.3404 —1.9589
90 urea (NH—CO—NH,) 8 32 —223.9822 —1.2069 —224.0646 —1.1245
91 pyrimidine (GHaNy) 10 42 —262.6910 —1.5174 —262.7621 —1.4464
92 butanedinitrile (R=C—CH,—CH,—C=N) 10 42 —262.6861 —1.5159 —262.7580 —1.4440
93 pyrazine (GHiNy) 10 42 —262.6805 —1.5275 —262.7513 —1.4567
94 acetyl acetylene (GH++CO—C=CH) 9 36 —228.5861 —1.3017 —228.6555 —1.2323
95 crotonaldehyde (CH+CH=CH—-CHO) 11 38 —229.8016 —1.3362 —229.8727 —1.2650
96 acetic anhydride (CH+CO—0O—CO—CHy) 13 54 —379.5790 —1.9961 —379.6956 —1.8795
97 isobutane nitrile ((CkJ,CH—C=N) 12 38 —209.9956 —1.3074 —210.0552 —1.2478
98 methyl ethyl ketone (CHCO—CH,—CHy) 13 40 —230.9962 —1.3797 —231.0671 —1.3088
99 isobutanal ((Ck.CH—CHO) 13 40 —230.9839 —1.3834 —231.0550 —1.3123
100 1,4-dioxane (1g05) 14 48 —305.8227 —1.7153 —305.9163 —1.6217
101 tetrahydropyrrole (§EisNH) 14 40 —211.1440 —1.3578 —211.2065 —1.2952
102 nitros-butane (CH—CH,—CH(CHs)—NO,) 16 56 —360.7691 —2.0494 —-360.8821 —1.9364
103 diethyl ether (Cg-CH,—O—CH,—CHj) 15 42 —232.1432 —1.4248 —232.2158 —1.3521
104 dimethyl acetal (Ct+CH(OCH),) 16 50 —306.9912 —1.7588 —307.0873 —1.6626
105  tert-butylamine ((CH)sC—NHy) 16 42 —212.3203 —1.4092 —212.3895 —1.3401
106  N-methyl pyrrole (cyc-ClH=CH—N(CHz)CH=CH) 13 44 —247.8369 —1.5411 —247.9061 —1.4719
107 tetrahydropyrani:00) 16 48 —270.0161 —1.6473 —270.0943 —1.5691
108 diethyl ketone (Ck+-CH,—CO—CH,—CHj) 16 48 —270.0316 —1.6419 —270.1124 —1.5611
109 isopropyl acetate (GHCO—0O—CH(CHg),) 17 56 —344.9123 —1.9758 —345.0173 —1.8708
110 piperidine (cyc-6H1oNH) 17 48 —250.1859 —1.6228 —250.2582 —1.5505
111  tert-butyl methyl ether ((CH)sC—O—CH) 18 50 —271.1737 —1.6952 —271.2563 —1.6126
112 1,3-difluorobenzene (84F,) 12 58 —428.4033 —2.1423  —428.5294 —2.0162
113 1,4-difluorobenzene ¢84F,) 12 58 —428.4017 —2.1428 —428.5278 —2.0167
114 fluorobenzene (EisF) 12 50 —329.5531 —1.7955 —329.6467 —1.7018
115 di-isopropyl ether ((Ck,CH—O—CH(CH),) 21 58 —310.2167 —1.9558 —310.3098 —1.8627
116 ethane;-hexafluore- (CzFe) 8 66 —672.3791 —2.6383 —672.5913 —2.4262
117 azulene (©Hs) 18 68 —383.2806 —2.3927 —383.3792 —2.2941

show that the less accurate HF-SCF geometries provide satisfacazulene requires different parametrization. For hydrocarbons
tory results for the 117 molecules: the average absolute alone (36 molecules) without azulene, we obtained 1.20 kcal/
deviation from the experiment is 1.68 kcal/mol if HF-SCF/6- mol average absolute deviation from the experimental results
31G(d) NPA charges are used (cf. 1.65 kcal/mol for B3LYP (inclusion of azulene yields 1.37 kcal/mol average absolute
geometries in Table 5). deviation).

Analysis of the details in Table 4 reveals that for several The next biggest difference, about half the discrepancy
molecules the agreement between the REBECEP and theobserved for azulene, is for carbonic difluoride (GDF he
experimental enthalpies of formation is exceptionally poor and deviations are about4.9 kcal/mol (cf. molecule 15 in Table
independent of basis set and charge calculation method. Thed). We note that the G3 and G3SX enthalpies of formation show
REBECEP enthalpy of formation for azulene (molecule 117 in considerable-3.5 kcal/mol deviation from experiment for this
Table 4) is in error about from8 to —10 kcal/mol independent  molecule??* The experimental error is large for this molecule
of basis set or partial charge calculation method (the use of (cf. 1.4 kcal/mol error in Table 4 and in ref 25). The enthalpy
Mulliken charges, not shown in Table 4, yields slightly larger of formation of carbonic difluoride has been deleted recently
deviations). Leaving out the azulene from the fitting procedure from the G2/97 test set; however, we kept it for comparison
improves the agreement betweAi° (M, REBECEP, expt, with earlier G3 results.
6-31G(), NPA) and experimental results considerably, the rms  The results in Table 4 show that considerable errors can be
and the average absolute deviations decrease to 2.00 and 1.5@bserved fortert-butyl-containing molecules (e.gtert-butyl
kcal/mol, respectively (cf. 2.16 and 1.65 kcal/mol in Table 5, methyl ether,tert-butylamine, tert-butyl alcohol, and neo-
respectively). We analyzed the problem with azulene and pentane) and bicyclobutanes, and G=C group-containing
concluded that no REBECEP parametrization using the currentmolecules (acetonitrile, butanedinitrile, cyanogen, and dimethy-
charges can provide good results for naphthalene and azulendacetilene). The absolute values of the errors are in the range of
in the same time. Thus, the specific charge distribution of 3—6 kcal/mol and show only moderate dependence on the
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TABLE 4: Experimental Enthalpies of Formation and Deviations of REBECEP Enthalpies of Formation from Experimental
Result (kcal/mol) Calculated with the 6-311G(d) and 6-311G(2d,p) Basis Sets Using NPA and Stockholder Population Analysis

deviation (expt- REBECEP)

AH{° (exptp 6-31G(d) 6-3131+G(2d,p)
no. species value error NPA stockholder NPA stockholder
1 methane (Ch) —-17.9 0.1 0.65 191 1.88 1.76
2 ammonia (NH) —-11.0 0.1 0.00 —4.03 0.00 —-2.52
3 water (HO) —57.8 0.01 —1.47 —2.75 0.53 —0.56
4 hydrogenfluoride (HF) —65.1 0.2 —-1.69 —-4.01 1.56 -1.21
5 acetylene (eHy) 54.2 0.2 —0.68 231 3.19 2.55
6 ethylene (HC=CH,) 12.5 0.1 0.44 2.76 4.15 4.10
7 ethane (HC—CHj) —20.1 0.1 1.68 2.63 2.58 2.70
8 hydrogencyanide (HCN) 315 1.0 1.70 3.60 3.30 2.96
9 formaldehyde (HC=0) —26.0 0.1 —0.49 1.09 2.73 2.56
10 methanol (Ck-OH) —48.0 0.1 0.64 1.24 2.93 2.81
11 hydrazine (EN—NH,) 22.8 0.2 —1.26 —2.24 —0.05 -1.33
12 hydrogenperoxide (HOOH) —32.5 0.04 —-1.31 —2.46 —2.05 —3.25
13 carbon dioxide (C® —-94.1 0.01 -1.97 —3.65 1.64 -0.12
14 carbon tetrafuoride (GF —223.0 0.3 3.50 2.88 2.70 0.02
15 carbonic difluoride (COff —-149.1 1.4 —5.44 —6.24 -3.19 —4.86
16 dinitrogen monoxide (pD) 19.6 0.1 —4.13 0.84 —2.20 2.96
17 nitrogen trifluoride (NE) —-31.6 0.3 0.41 0.30 1.18 0.43
18 ethene, tetrafluore (F,C=CF,) —157.4 0.7 —2.79 —1.34 —0.07 3.52
19 acetonitrile, trifluore- (CFCN) —-118.4 0.7 0.59 0.12 —0.68 0.10
20 propyne (GHa) 44.2 0.2 2.28 3.79 4.67 3.85
21 allene (GH.,) 455 0.3 0.97 2.80 4.00 3.92
22 cyclopropene (§H4) 66.2 0.6 —3.36 —-1.56 -1.39 —-1.61
23 propylene (€He) 4.8 0.2 1.20 2.74 3.99 3.84
24 cyclopropane (§Hs) 12.7 0.1 1.52 2.46 0.95 0.58
25 propane (eHs) —25.0 0.1 1.52 2.22 2.09 2.29
26 trans-1,3-butadiene (§Hs) 26.3 0.3 -0.25 2.09 4.23 4.01
27 dimethylacetylene ({lg) 34.8 0.3 4.25 4.46 4.16
28 methylenecyclopropane {ds) 47.9 0.4 2.88 3.89 3.39 2.82
29 bicyclobutane (Hg) 51.9 0.2 —3.66 —2.86 —4.68 —5.12
30 cyclobutene (§He) 37.4 0.4 —1.45 -1.14 —0.44 —0.57
31 cyclobutane (Hs) 6.8 0.1 1.57 1.19 0.45 0.60
32 isobutene (@Hs) —-4.0 0.2 0.52 0.95 2.57 1.96
33 trans-butane (GH10) —30.0 0.2 1.17 1.68 1.54 1.84
34 isobutane (@H1o) -32.1 0.2 —-0.07 0.04 0.19 0.34
35 spiropentane (§Els) 443 0.2 1.09 1.65 —1.49 —2.04
36 benzene (§e) 19.7 0.2 3.78 3.61 4.05 3.41
37 difluoromethane (kCF,) —107.7 0.4 —-1.14 —0.35 1.28 0.83
38 trifluoromethane (HC§ —166.6 0.8 0.15 0.80 0.09 -0.21
39 methylamine (KC—NH,) -55 0.1 —0.13 —0.86 1.71 0.21
40 acetonitrile (CH-CN) 18.0 0.1 3.90 4.17 3.92 3.10
41 nitromethane (Ct+-NO,) —17.8 0.1 0.58 0.66 1.30 0.31
42 methylnitrite (CH—O—N=0) —15.9 0.2 2.40 1.89 1.25 0.83
43 formic acid (HCOOH) —90.5 0.1 —0.72 0.60 -0.22 0.29
44 methyl formate (HCOOCH) —85.0 0.2 0.04 2.55 0.59 1.73
45 acetamide (CECONH,) -57.0 0.2 0.34 0.12 -0.17 -0.81
46 aziridine (GH4NH) 30.2 0.2 —1.20 —0.28 —-0.72 —-1.20
47 cyanogen (NCCN) 73.3 0.2 —2.92 -3.07 —2.76 —1.25
48 dimethylamine ((Ck)2NH) —4.4 0.2 -1.17 0.78 0.74 1.43
49 trans-ethylamine (CHCHNH>) -11.3 0.2 1.33 -0.47 2.34 0.49
50 ketene (CHCO) —-11.4 0.4 —1.78 —1.33 0.72 0.65
51 oxirane (GH40) -12.6 0.1 0.16 0.89 0.38 0.05
52 acetaldehyde (GJEHO) —39.7 0.1 0.75 1.57 2.46 2.22
53 glyoxal (HCOCOH) —50.7 0.2 157 0.50 3.61 2.20
54 ethanol (CHCH,OH) —56.2 0.1 1.54 0.58 2.46 2.04
55 dimethyl ether (CEDCHg) —44.0 0.1 0.85 3.12 3.00 3.88
56 vinyl fluoride (*CH,=CHF) —33.2 0.4 0.27 2.09
57 acrylonitrile (CH=CHCN) 43.2 0.4 0.58 1.77 2.18 1.94
58 acetone (CECOCH) —51.9 0.2 1.55 1.65 1.93 1.41
59 acetic acid (CECOOH) -103.4 0.4 1.13 1.28 0.07 0.39
60 acetyl fluoride (CHCOF) —105.7 0.8 -0.31 —0.53 —0.02 —0.64
61 2-propanol (Ck),CHOH) —65.2 0.1 0.26 —0.77 0.69 0.22
62 methyl ethyl ether (€4s0CHs) —51.7 0.2 2.03 2.82 2.99 3.64
63 trimethylamine ((Ch)sN) -5.7 0.2 —3.28 1.20 -1.18 1.49
64 furan (GH.O) -8.3 0.2 —2.87 —0.48 -3.13 —1.60
65 pyrrole (GHsN) 25.9 0.1 —2.76 0.09 —2.48 —-1.00
66 pyridine (GHsN) 33.6 0.2 3.19 3.04 2.38 2.60
67 methyl allene (¢He) 38.8 0.1 1.26 2.52 3.58 3.56
68 isoprene (€Hs) 18.0 0.3 -1.27 —-0.01 2.47 1.92
69 cyclopentane (§10) —-18.3 0.2 0.97 —0.43 —1.08 —0.89
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TABLE 4 (Continued)

Ruzsinszky et al.

deviation (expt- REBECEP)

AH{ (exptp 6-31G(d) 6-31%G(2d,p)
no. species value error NPA stockholder NPA stockholder
70 n-pentane (6H12) —35.1 0.2 0.53 0.88 0.68 1.10
71 neo-pentane @l;,) —40.2 0.2 —2.73 —3.52 —2.93 —3.63
72 1,3-cyclohexadiene ¢Bs) 25.4 0.2 0.14 —0.65 0.70 0.29
73 1,4-cyclohexadiene (8s) 25.0 0.1 1.11 0.21 2.20 1.80
74 cyclohexane (§H12) —29.5 0.2 —0.05 —1.60 —2.34 —-1.92
75 n-hexane (GHi4) —39.9 0.2 0.29 0.47 0.21 0.74
76 3-methyl pentane (El14) —41.1 0.2 —2.53 —2.67 —2.89 —2.57
77 toluene (GHsCHs) 12.0 0.1 2.26 1.48 1.88 1.04
78 n-heptane (¢He) —44.9 0.3 —0.07 —0.06 —0.39 0.25
79 cyclooctatetraene (Hs) 70.7 0.4 —2.24 —2.67 0.28 -0.29
80 n-octane (GHig) —49.9 0.3 —0.53 —0.70 —1.08 —0.34
81 naphthalene (GHs) 35.9 0.4 2.93 1.38 1.47 0.58
82 acetic acid methyl ester (GEOOCH;) —-98.4 0.4 0.58 2.15 -0.18 0.91
83 t-butanol (CH);COH —74.7 0.2 —2.78 —3.48 —2.49 -3.12
84 aniline (GHsNH,) 20.8 0.2 0.12 —1.44 0.00 —1.67
85 phenol (GHsOH) —23.0 0.2 —0.26 —0.61 -0.71 —0.85
86 divinyl ether (GHgO) -3.3 0.2 -3.14 0.34 0.67 2.15
87 tetrahydrofuran (§4sO) —44.0 0.2 2.69 0.52 0.22 0.32
88 cyclopentanone @Eis0) —45.9 0.4 2.58 1.09 0.04 —0.20
89 benzoquinone ¢140,) —29.4 0.8 0.03 —2.02 —0.19 —0.92
90 urea (CHON,) —56.3 0.3 1.50 —0.06 0.25 —1.43
91 pyrimidine (GH.N») 46.8 0.3 2.16 2.13 1.37 1.64
92 butanedinitrile (R=C—CH,—CH,—C=N) 50.1 0.2 5.12 3.35 3.78 2.29
93 pyrazine (GHsN2) 46.9 0.3 0.45 0.19 —1.50 0.12
94 acetyl acetylene (GHCO—C=CH) 15.6 0.2 —2.34 —2.38 —-0.47 -1.92
95 crotonaldehyde (CH+CH=CH—-CHO) —24.0 0.3 1.90 2.55 4.14 3.68
96 acetic anhydride (C4H+CO—0O—CO—CHy) —136.8 0.4 —0.65 0.52 -3.03 —1.34
97 isobutane nitrile ((Ck,CH—C=N) 5.6 0.3 1.39 0.31 0.93 —0.43
98 methyl ethyl ketone (CHCO—CH,—CHjy) —-57.1 0.2 1.57 1.42 1.21 0.93
99 isobutanal ((Ck.CH—CHO) —51.6 0.2 —-1.37 —1.02 —0.65 —0.55
100 1,4-dioxane (§HgOy) —75.5 0.2 4.04 1.10 1.26 1.00
101 tetrahydropyrrole ($E1sNH) -0.8 0.2 —0.06 —1.48 —0.94 —0.75
102 nitros-butane (CH—CH,—CH(CH:)NO,) —39.1 0.4 0.24 —2.75 —-1.94 —3.86
103 diethyl ether (Cg-CH,—O—CH,—CHj) —60.3 0.2 2.15 1.46 1.89 2.32
104 dimethyl acetal (CkH+CH(OCH),) —93.1 0.2 —-1.37 1.23 —2.02 0.12
105 tert-butylamine ((CH)sC—NH,) —28.9 0.2 -3.75 —6.41 —3.43 -5.97
106 N-methyl pyrrole (cyc-ClH=CH—N(CH3)CH=CH) 24.6 0.1 —5.12 0.19 —4.47 —0.86
107 tetrahydropyran #E100) —-15.2 0.2 1.99 -0.41 —-1.14 -0.81
108 diethyl ketone (Ck+-CH,—CO—CH,—CHjy) —61.6 0.2 2.04 1.64 0.99 0.97
109 isopropyl acetate (GHCO—0O—CH(CHg),) —115.1 0.2 —0.26 —0.44 —2.85 —2.06
110 piperidine (cyc-gH1NH) -11.3 0.1 -1.13 -2.79 —2.99 —2.80
111 tert-butyl methyl ether ((Ch)sC—0O—CHy) —67.8 0.3 —4.15 —3.06 —-4.11 —3.55
112 1,3-difluorobenzene (8.F,) —73.9 0.2 —0.34 —0.11 —0.51 —0.02
113 1,4-difluorobenzene ¢8.F;) —73.3 0.2 0.34 0.53 —0.09 0.36
114 fluorobenzene (§EisF) —27.7 0.3 1.78 1.79 1.65 1.52
115 di-isopropyl ether ((Cp,CH—O—CH(CHk),) —76.3 0.4 —2.01 —2.62 —3.38 —3.06
116 ethane;-hexafluoro- (CaFe) —321.3 0.8 1.14 0.53 —1.74 —-1.23
117 azulene (@Hs) 69.1 0.8 —-8.14 —10.06 —8.32 —-9.72

aFrom the G3/99 thermochemistry database; refs 11 and 12.

TABLE 5: Statistics for the Deviation between Calculated
REBECEP and Experimental Enthalpies of Formation
(kcal/mol) Depending on the Basis Sets [6-31G(d) or
6-311+G(2d,p)] and Partial Charge Calculation Methods
[NPA, Stockholder, or Mulliken]
6-31G(d) 6-31%G(2d,p)
NPA  stock Mullikin  NPA  stock Mullikin

no. of molecules 117 117 117 115 116 117

rms deviation 2.16 2.34 2.46 2.35 2.35 2.72

avg deviation 0.03 0.18 0.15 0.38 0.30 0.31

avg absolute 1.65 1.79 1.93 1.86 1.80 2.10
deviation

(deviations:—8.1 and+5.1 kcal/mol, respectively); however,
these molecules remain at the extremes of the error range.
Leaving out the three most problematic molecules, the azulene,
the butanedinitrile, and the carbonic difluoride would yield 0.10,
1.90, and 1.50 kcal/mol average rms and average absolute
deviations, respectively. The rms and the average absolute
deviations of the Gaussian-3 and the experimental enthalpies
of formation for the selected 117 molecules are 1.14 and 0.95
kcal/mol, respectively. The average absolute deviation of the
B3LYP/6-31H-G(3df,2p) from the experimental enthalpies of
formation for the 51 larger molecules is 7.1 kcal/mol. Com-
parison of these results shows the advantage of the use of

selection of the basis set or partial charge calculation method. REBECEP method.
According to our previous study, the two most problematic

molecules were azulene and butanedinitrile (deviatieri.7
and+6.5 kcal/mol, respectively} The current REBECEP NPA

For small molecules, using HF/6-31d}tockholder charges
yields poor REBECEP results, while using NPA charges yields
reasonable REBECEP results (cf. jHH,O, HF, HCN, and

6-31G() parameter set in Table 2 provides some improvements CO, in Table 4). More than 4 kcal/mol deviations betwet-
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Figure 3. Histograms of REBECEP deviations (expt theory) for a test set of 117 molecules. Each point represents the frequency of a given
deviation in a 0.5 kcal/mol range.

(M, REBECEP, expt, 6-31@J, stockholder) and experimental observed for cyclopropene, GMNCCN, bicyclobutane, aceto-
enthalpies of formation can be observed for ammonia and nitile, benzene, trimethylamine, and divinyl-ether.
hydrogen fluoride. Considerable<& kcal/mol) deviations can The AH{® (M, REBECEP, expt, 6-3HG(2d,p), stockholder)
be observed for hydrogen cyanide and carbon dioxide molecules.shows reasonable agreement with the experimental results;
These small molecules contain highly electronegative fluorine, however, for several unsaturated hydrocarbons (@ans-1,3-
oxygen, and nitrogen atoms. butadiene, molecule 26 in Table 4), more than 4 kcal/mol
For larger molecules of the G3/99 database, the HF/6-31G- deviation occurs. This deviation is basis set-dependent and the
(d) stockholder partial charges usually provide good results. REBECEP results calculated with HF/6-31BEharges show
However, using the NPA charges causes larger deviations tobetter agreement with the experimental results.
occur more frequently for such molecules. For example, the  Figure 3a,b graphically summarize the distributions of the
REBECEP NPA results faN-methyl-pyrrole show a consider-  deviations ofAH° (M, REBECEP, expt, basis set, charge def)
able (=5 kcal/mol) deviation, nearly independent of basis set, from the experimental results (cf. Table 4) for the basis sets
while the REBECEP stockholder results provide quite good and partial charge calculation methods used in this paper. To
agreement with the experiment (cf. 0.2 kcal/mol for molecule show better the properties of the distribution, we connect the
106 in Table 4). frequency values by a curved line. It can be seen that the
The AHA(M, REBECEP, expt, 6-31@J, NPA) of N;O, distribution of errors is not a Gaussian-like distribution. Several
2-butyne, butanedinitrile, and dioxane deviate by more than 4 peaks occur in Figure 3 according to the various classes of
kcal/mol from the experimental results. The extent of the molecules discussed above. Figure 3 shows the superior quality
problem with dioxane depends on the chosen basis set. Usingof AH{ (M, REBECEP, expt, 6-31@], NPA) andAH° (M,
the larger basis set improves the agreement considerably (cfREBECEP, expt, 6-3HG(2d,p), stockholder) results. For these
molecule 100 in Table 4). A-34 kcal/mol deviation can be  methods, there is a bigger peak at the middteLkcal/mol
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range, thus smaller deviations from the experiments are morefrom the experimental results. Considerable REBECEP errors

frequent. can be observed faert-butyl-containing molecules, bicyclo-
butane, &N, and G=C group containing molecules. These
4. Conclusion molecules probably require special REBECEP parameters.

We have selected 117 molecules from the G2/97 and G3/99 However, even in the current state, the latest parameters for

test set. All of the selected molecules are closed shell neutralsthe REBECEP method show a considerably better performance

composed of H, C, N, O, and F atoms. New REBECEP atomic than the B3LYP/6-31+G(3df,2p) method, and it is much faster
energy parameters were obtained using HF/6+33(d,p) and (it requires only a HF/6-31Glj calculation). The proposed
HF/6-31G(d) total energies, B3LYP/6-31@( equilibrium method does not reach the precision of the Gaussian-3 method,
geometries, and corresponding NPA, stockholder, and Mulliken however, itis applicable to large molecules far beyond the reach

atomic charges. of that method.
The NPA and Mulliken charges are similar in magnitude
while the stockholder charges are considerably smaller (half or reading and correcting the manuscript and J. Olah for the
?dr;ecﬁgigés-rfg er ﬁ%ﬂggﬂni:rrgggg;gs \rﬁﬁ:?;;nHaﬁo?niFall ?e3qluci;tecalculation of the stockholder charges used in this study. This
’ ’ work was supported by the OTKA Grant (T 031767 Hungary).
reasonapIeF{Z values about 9'7_50'98)' For the more elec- A part of this work was realized within the framework of a
tronegative oxygen and fluorine atoms, the NPtockholder Bilateral Cooperation Agreement between the Governments of

charge correlations are nonexisteRt:(0.0-0.3). The correla- : . . .
tions between various HF-SCF/6-33G(2d,p) charges for glqu;%%ysand the Flemish community of Belgium under Project

hydrogen, carbon, and nitrogen atoms are a little different. The
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