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Abstract. In order to calculate more accurately the
enthalpies of formation, AH¥298 K), for large molecules
using the CBS-4M method, a new formulation of the
empirical higher-level correction to the energy is pro-
posed: AE = a|S| 1 + b(ny + ng) + ¢A(S?) + Znid;. The
new methodology (CBS-4MB) applied to a set of 114
molecules of different size significantly decreases the
mean absolute deviation from 3.78 to 2.06 kcal/mol.
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1 Introduction

Theoretical model chemistry is extensively used for
estimating the structure, energy and thermochemical
properties of molecules. The most extensively used are
the G2 [1] and G3 [2, 3, 4, 5] methods developed by
Pople and coworkers and the complete basis set (CBS)
methods of Petersson and coworkers [6, 7, 8, 9]. In the
calculation of molecular energies for small and medium-
sized molecules chemical accuracy amounts to 1-2 kcal/
mol or better with the G2 and G3 methods, but for
molecules of larger size (more than six heavy atoms)
these methodologies demand prohibitively high compu-
tational resources. Of the CBS models, CBS-4 is by far
the fastest and most readily applicable to larger mole-
cules, at the cost of a loss in accuracy relative to the
other models. However, in molecules of increasing
complexity, the CBS-4 method leads to a systematic
increase in error parameters, and we recently proposed
[10] a modification to the method that works with
reasonable accuracy on both small medium-sized and
large molecules. The increase in the error parameters on
the calculated thermochemical properties seems to
depend on the accumulation of errors [11] (the greater
the size of the molecule, the greater the accumulation of
errors), and a corrective term for the single atom was

introduced [10] in the calculation of the empirical
correction to the CBS energy.

A new version of the CBS-4 scheme, CBS-4M, has
recently become available [12]. In this version, a new
procedure for the localization of orbitals has been in-
troduced in order to correct problems deriving from the
use of extended basis set wave functions. This modifi-
cation improves the results with respect to the CBS-4
method when applied to the molecules of the test set
[6,7,8,9, 11, 12].

Comparison between the results calculated for mol-
ecules of increasing size at the CBS-4 and CBS-4M levels
and at the level proposed by us [10] shows that im-
provements are achieved with respect to the original
CBS-4 approach. CBS-4M corrects several anomalous
results of CBS-4 but does not eliminate completely the
problem of accumulation of errors. On the other hand,
when the corrective scheme proposed by us [10] is
applied to CBS-4, the defects removed by CBS-4M
are present.

In order to improve the degree of reliability in the
calculation of thermochemical properties of large mole-
cules, the corrections proposed previously [10] were in-
troduced in the CBS-4M model. This step required a
recalibration of the empirical contribution to the CBS
energy. For this purpose, 114 molecules of different size,
with or without conjugative pathways, were tested.
Several of them are common to the test set previously
employed [6, 7, 8, 9, 11, 12] for the calibration of the
different schemes of model chemistry, and various new
compounds with known thermochemical properties were
also included.

2 Method

All the calculations were performed with the CBS-4M method
included in the Gaussian 98 (revision A.7) [13] program. The
empirical correction to CBS energy has the form

AE = a|S|2L; + b(ny + ng) + cA(S?) + Znid;, (1)

where |S|; =1*¢:#¢;/d7 is the absolute overlap integral between the
most similar ¢- and fS-spin orbitals and I = (Xcu)? is the intraor-
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bital interference factor. A(Sz>, the error in the spin-squared op-
erator, (S?) takes into account spin contamination corrections. In
the last term 7 identifies the atom type (H, C, O, S, N, Cl), n is the
total number of atoms of this type, and d; is a constant charac-
terizing atom i. The summation spans over the different atoms
composing the molecule. The empirical constants a, b, ¢, and d,
were obtained by fitting experimental and calculated enthalpies of
formation, AH{(298 K), according to the procedure previously
employed [10]. The new values for the empirical constants are
reported in Table 1. The new parameterized version of CBS-4M
will be referred to as CBS-4MB.

3 Results and discussion

Deviations of CBS-4M and CBS-4MB enthalpies of
formation from experimental values are listed in
Table 2. The parameter errors, also reported in
Table 2, highlight the good performance of the CBS-
4MB scheme. The mean absolute deviation (MAD) of
3.26 kcal/mol obtained with the CBS-4M model [12]
applied to the original test set rises to 3.78 for the set of
molecules employed here. For the same set of mole-
cules, the MAD decreases to 2.06 in the CBS-4MB
scheme. The MAD obtained previously [10] for the
reparameterized CBS-4 was 2.52 kcal/mol for a set
of 42 molecules. For the same set of molecules, the
MAD from CBS-4M is 5.12 (6.96 kcal/mol for original
version of CBS-4 [10]), while in CBS-4MB it is
1.68 kcal/mol. These results, reported in Table 3,
underline the importance of the correction introduced
with the new localization method of the CBS-4M
model as well as the importance of the empirical
correction given by Eq. (1) for the evaluation of the
CBS energy. The latter correction is particularly
important in preventing the accumulation of small
systematic errors when large molecules are examined
[10, 11].

The accumulation of errors (deviations from experi-
mental values) when the CBS-4M is employed, is
exemplified in the series of linear alkanes, where
the deviation increases from methane (1.13 kcal/mol) to
butane (5.19 kcal/mol), with a nearly constant contri-
bution from the carbon atoms of the molecules. This is
also true of 2-methylpropane, which exhibits a value of
5.28, similar to that of the linear butane. The saturated
cyclic compounds [12] behave similarly. The CBS-4MB
model overcomes this deficiency, the deviations being
reduced from 4-5 to 0.5-1.1 kcal/mol. A similar additive
trend of errors is found in halomethanes, particularly in

Table 1. Empirical constants entering in the CBS-4MB approach

Constant Value

a —-0.002332
c —-0.041827
dy —-0.001018
dc 0.000321
ds —0.000798
dn —-0.007745
do —-0.005112
do 0.000441
dp —-0.003360

chlorine derivatives: the CBS-4MB scheme eliminates
this defect, although for the tetrahalo derivatives the
deviations remain considerable. The same occurs for
alkene derivatives, although the deviation for ethylene
increases slightly with respect to the CBS-4M result. For
acetylene and butadiene the deviation exceeds the mean
value but this occurs, though to a lesser extent, in the
CBS-4M approach as well.

The introduction of the new correction in the em-
pirical energy, recommended here, markedly improves
the results for larger molecules. The importance of the
corrections introduced in the CBS-4MB scheme is also
emphasized by the parameter values derived from linear
regression analysis:

AH{ (298 K), ., = a + bAH? (298 K) .- (2)

expt

The correlation parameter R” increases from 0.99 to
1.00 for CBS-4MB, while b, dropping from 1.00 to 0.99,
is still close to 1. The new expression for the empirical
term including atomic correction parameters brings
the value of the intercept very close to zero (1.49 for
CBS-4M and —0.31 for CBS-4MB). These results would
appear to demonstrate that random, not systematic,
errors affect the values calculated with the CBS-4MB
approach.

4 Conclusions

The results reported here assess the effect of introducing
a new formulation (Eq. 1) of the empirical contribution
to CBS energy with a view to obtaining reliable results
for molecules of increasing complexity. The reoptimiza-
tion of parameters a and ¢ in Eq. (1) and the inclusion of
a new set of atomic parameters d; leads to improvement
in the AHP(298 K) values, especially for larger mole-
cules. This approach seems to reduce the effect of
accumulation of small errors [11] in the calculation of
the enthalpies of formation. The CBS-4M scheme, an
improved version of the original CBS-4, failed to resolve
the problem of error accumulation, a shortcoming
overcome by the CBS-4MB scheme proposed here.
Furthermore, this CBS-4MB scheme corrects the accu-
mulating errors in the heats of formation for large
molecules without altering calculated potential-energy
surfaces and allows calculations of barrier heights for
chemical reactions.

It has been recommended [12] that the choice of a
method of model chemistry should be based on the
comparison of the results obtained with small proto-
types; however, this can be misleading, as is evident
when calculated values for small and large molecules of
the same family are obtained with CBS-4M. Although
energies close to experimental values are obtained using
the sophisticated G3 [2, 3, 4, 5] model, it is almost
impossible to test the results for large molecules owing
to the prohibitive computational requirements. In view
of the relatively modest computational requirements of
the CBS-4MB scheme, it would seem to be virtually the
only feasible choice for studying the thermochemical
properties of large molecules (up to 20-30 heavy
atoms).
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Table 2. Experimental and calculated enthalpies of formation AHf(298 K) (kcal/mol) and parameter errors

Compounds Experimental® CBS-4 M AP CBS-4MB AP

H,S —-4.90 -5.80 0.90 -5.07 0.17
H.,S, 3.80 4.86 -1.06 6.17 -2.37
CH;SH -5.50 -7.52 2.02 -5.25 -0.25
CH;CH,SH -11.10 -14.62 3.52 -10.82 -0.28
1-C4,HoSH -26.14 -34.25 8.11 -27.42 1.28
C¢HsSH 26.70 16.11 10.59 25.50 1.20
CH3SCH; -8.90 -12.42 3.52 -8.62 -0.28
Thirane 19.60 13.23 6.37 16.88 272
CH,SSH -1.13 -1.79 0.66 1.03 -2.16
CH;SSCH; -5.80 -8.27 2.47 -3.94 -1.86
C¢HsSSCH; 24.10 13.80 10.30 25.22 -1.16
C¢H5sSSC¢Hs 58.40 35.46 22.94 53.96 4.44
1-C4HoSS1-C4Ho —47.10 -61.75 14.65 —48.29 1.19
CH,SSCl -5.10 —6.01 0.91 -2.52 -2.58
CH, -17.80 -18.93 1.13 -17.22 -0.58
CH,CH; -20.00 -22.65 2.65 -19.37 -0.63
CH;CH,CH;,4 -25.00 -29.00 4.00 -24.16 -0.84
CH;CH,CH,CH; -30.20 -35.39 5.19 -29.00 -1.20
-C4Hyo -32.10 -37.38 5.28 -31.00 -1.10
CH,(Cl -19.60 -21.11 1.51 -18.66 -0.94
CH,Cl, -22.80 -25.40 2.60 -22.30 -0.50
CHCl; -24.70 -29.10 4.40 -25.40 0.70
CCl, -22.90 -30.30 7.40 -25.75 2.85
CH;F -56.00 -56.62 0.62 -56.40 0.40
CH,F, -107.70 -107.22 -0.48 -108.51 0.81
CHF; -166.60 -165.09 -1.51 -167.88 1.28
CF, -223.00 -221.46 -1.54 -225.75 2.75
CgH ), (cyclohexane) -29.50 -37.64 8.14 -28.23 -1.27
Ce¢Hy 19.82 11.87 7.95 20.77 -0.95
C¢HsCH; 11.99 2.29 9.70 12.74 -0.75
C¢H;Cl 12.39 1.44 10.95 11.00 1.39
Furan -8.30 —-11.22 2.92 -7.23 -1.07
Pyrrole 25.90 19.71 6.19 22.77 3.13
Pyridine 33.60 26.62 6.98 31.06 2.54
Thiofene 27.50 20.20 7.30 26.57 0.93
CH,=CH, 12.50 11.57 0.93 14.68 -2.18
CH,=CHCHj; 4.80 2.29 2.51 6.96 -2.16
(Z2)-CH=CHCH,CH; -1.90 -5.23 3.33 1.00 -2.90
(E)-CH=CHCH,CHj3 -2.90 -6.59 3.69 -0.36 -2.54
CH,=CHF -33.20 -34.10 0.90 -32.49 -0.71
CH,=CHCI 5.00 2.95 2.05 6.75 -1.75
C,F, -160.60 -160.15 -0.45 -163.12 2.52
C,Cly -3.00 -13.81 10.81 -8.11 5.11
trans C4Hg 26.30 24.19 2.11 30.25 -3.95
CH=CH 54.50 57.53 -3.03 60.56 -6.06
HCN 30.80 34.70 -3.90 33.25 245
CH,CN 18.00 19.14 ~1.14 19.29 -1.29
CF;CN -118.40 -115.20 -3.20 -119.64 1.24
CH,=CHCN 43.20 46.29 -3.09 47.82 —4.62
HCCCN 84.00 94.17 -10.17 95.59 -11.59
NCCN 73.30 79.71 —6.41 76.63 -3.33
CH,(CN), 63.50 64.82 -1.32 63.39 0.11
C(CN),=C(CN), 169.00 175.12 -6.12 171.73 -2.73
H,0 -57.80 -57.62 -0.18 -59.38 1.58
H,0, -32.50 -28.86 -3.64 -32.75 0.25
CH;OH —48.20 —48.61 0.41 —48.80 0.60
(CH3);COH —74.72 -79.59 4.87 -75.14 0.42
CH;OCH; —44.00 —44.99 0.99 —43.64 -0.36
H,C=0 -26.00 -26.82 0.82 -27.19 1.19
CH;COCH; -51.90 —55.04 3.14 -52.25 0.35
Oxirane -12.60 -15.01 2.41 -13.85 1.25
HCOOH -90.50 -89.82 —0.68 -92.05 1.55
CH;COOH -103.40 —104.00 0.60 —104.64 1.24
CH;COF -105.70 -106.24 0.54 -106.50 0.80
CH,COClI —58.00 —61.47 3.47 -59.61 1.61

CH;CONH, -57.00 -58.17 1.17 -59.74 2:74
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Table 2. (Contd.)

Compounds Experimental® CBS-4 M AP CBS-4MB AP

Ketene -11.40 -11.64 0.24 -10.56 —-0.84
NH; -11.00 -10.36 —-0.64 —-13.06 2.06
CH;NH, -5.50 —-6.34 0.84 -7.50 2.00
(CH3),NH —4.40 —-6.52 2.12 —-6.13 1.73
(CH3);N -5.70 -9.99 4.29 -8.10 2.40
Aziridine 30.20 27.13 3.07 27.35 2.85
NH,NH, 22.80 23.59 —-0.79 17.96 4.84
HF —-65.10 —65.52 0.42 —-66.90 1.80
HCI -22.10 -22.65 0.55 -21.74 —-0.36
CO -26.40 -25.93 —-0.47 -26.44 —-0.04
CO, -94.10 -92.60 -1.50 -94.89 0.79
SC 66.90 65.63 1.27 67.42 —-0.52
SO 1.20 0.51 0.69 -2.08 3.28
ClO 24.20 33.91 -9.71 31.94 -7.74
CIF -13.20 -8.91 —4.29 -9.70 -3.50
HOCI -17.80 -15.36 —2.44 -16.52 -1.28
SO, —=70.90 —66.56 -4.34 -69.99 -0.91
COS -33.10 -34.19 1.09 -34.17 1.07
CS, 28.00 24.60 3.40 26.92 1.08
CF,0 —-145.60 —-144.01 -1.59 —-147.35 1.75
03 34.10 46.62 -12.52 39.77 -5.67
CIF; -38.00 -24.27 -13.73 —-28.39 -9.61
H, 0.00 -0.54 0.54 —-0.43 0.43
F, 0.00 5.14 -5.14 1.88 —-1.88
N, 0.00 4.42 -4.42 —-1.49 1.49
Cl, 0.00 2.50 -2.50 4.06 -4.06
0, 0.00 1.29 -1.29 —-4.00 4.00
S, 30.70 29.52 1.18 29.53 1.17
NH- 85.20 86.02 -0.82 81.80 3.40
NHy 45.10 45.22 -0.12 41.76 3.34
OH- 9.40 9.51 -0.11 7.00 2.40
HS 34.20 34.08 0.12 34.18 -0.02
HSS 23.60 27.18 —-3.58 27.89 -4.29
CHy 35.00 34.35 0.65 35.40 —-0.40
CH;S 29.80 28.11 1.69 29.77 -0.03
CH;SS 16.40 17.43 -1.03 19.64 -3.24
t-C4Hy 12.30 7.88 4.42 13.64 -1.34
t-C4HoS 10.10 2.60 7.50 8.83 1.27
t-C4HoSS —4.60 -10.98 6.38 -4.21 -0.39
CeHs 77.00 75.85 1.15 81.62 —4.62
CeH;sS 54.90 44.39 10.51 50.93 3.97
CeHsSS 54.70 42.12 12.58 51.43 3.27
Ce¢HsCHy 50.31 39.90 10.41 47.45 2.86
CH,;COr -2.40 -3.79 1.39 -3.27 0.87
CH;O 4.10 7.21 -3.11 6.29 -2.19
(CH3);COr -22.80 —22.44 -0.36 -18.70 —4.10
HCO 10.00 10.32 -0.32 9.22 0.78
CN 104.90 111.01 —-6.11 107.61 -2.71
Average 1.53 -0.21
Mean absolute deviation 3.78 2.06
Root mean square 5.44 2.77
Maximum 22.94 11.59
Intercept 1.49 -0.31
Slope 1.00 0.99
R 0.99 1.00

#Refs. [10, 12, 14]
®Error (experiment—theory)

Table 3. Mean absolute deviation obtained at different levels for a
set of 42 molecules showing the effect of increasing molecular size

Method Original values Reparameterized values

CBS-4 6.96 2.52
CBS-4M 5.12 1.68
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