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Scientific Abstract
Accurate thermochemistry has turned out to be a 
major challenge for standard ab initio quantum 
chemistry. High levels of electron correlation com-
bined with very large basis sets are required to 
adequately treat the formation of a molecule from 
its constituent atoms. The application of current 
approaches is thus limited to very small molecules 
unless empirical corrections are permitted to ac-
count for the average effects of basis set incom-
pleteness and higher order electron correlation. 
Here we test economical compound methods 
based entirely on ab initio electronic structure the-
ory and void of empirical corrections, taking ad-
vantage of the observations that (a) higher-order 
electron correlation corrections are much less ba-
sis-set dependent than low-order (MP2) correla-
tion energies, and (b) basis set incompleteness 
errors can largely be eliminated through extrapola-
tion techniques. These compound methods should 
be accurate enough even for larger molecules so 
that they provide useful references for the para-
metrization of more approximate methods, particu-
larly in semiempirical quantum chemistry.

Motivation
The calibration of semiempirical quantum-chemi-
cal methods requires highly accurate reference 
data, including energies, geometries, and elec-
tronic properties. For parametrizations geared to-
wards biomolecular applications it appears man-
datory to provide these data for reasonably sized 
models of typical biomolecules. Atomization and 
relative (conformational, complexation, activation) 
energies are usually not available from experiment 
and need to be obtained from high-level ab initio
theory. 

Model compounds of interest to biomolecular sim-
ulation include hydrogen-bonded complexes, nu-
cleic acid base pairs, as well as conformations of 
small peptides, sugars, lipids, and transition states 
of typical chemical reactions. Most of these mole-
cules are too large to be studied at reliable levels 
of standard ab initio theory. Here we explore the ab initio theory. Here we explore the ab initio
accuracy of less expensive, yet fully ab initio com-
pound methods, taking advantage of the observa-
tion that higher-order electron correlation correc-
tions are much less basis set dependent than low-
order (MP2) correlation energies.

Related Work in the Literature
Atomization energies – also referred to as dissoci-
ation energies – are available from experiment 
only for very few small molecules since they re-
quire the precise knowledge of anharmonic zero-
point energies which are typically not known ex-
perimentally. They can be calculated by ab initio
electronic structure theory, but high levels of elec-
tron correlation and basis set saturation are usu-
ally required to achieve chemical accuracy.

A number of research groups have demonstrated 
that accurate atomization energies can be ob-
tained from compound methods, combining the re-
sults from less expensive electron correlation 
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methods extrapolated to the full basis set limit with 
higher order correlation corrections obtained with 
medium-sized basis sets. 

The success of these methods relies on the obser-
vation that the complete correlation energy is 
much more sensitive to basis set saturation than 
correlation corrections beyond the MP2 or CCSD 
levels of theory. The focal point analysis intro-
duced by Allen and coworkers1 and the W-1 
(Weizmann 1) theory of Martin2 are based on such 
combinations of various levels of theory. 

However, these methods are still limited to fairly 
small molecules with just a few heavy atoms as 
they still involve CCSD(T) calculations with sizea-
ble basis sets. On the other hand, a number of ap-
proaches introduced by the groups of Pople (G1, 
G2, G3,...),3 Petersson (CBS-Q, CBS-q, ...),4 and 
Truhlar (MCCM/3, SAC/3)5 follow similar ideas, but 
are less computationally demanding and applica-
ble to medium-sized organic molecules with 10 
and more heavy atoms. The caveat is that they re-
quire additional empirical corrections for accepta-
ble accuracy and that these corrections have been 
determined by calibration with experimental heats 
of formation for large sets of  mostly organic mole-
cules. Zero-point energies and thermal corrections 
are obtained from scaled frequencies computed 
typically at the Hartree-Fock level to convert cal-
culated atomization energies to heats of formation. 

These approaches predict heats of formation of 
many molecules – also outside the initial training 
sets – very well, but are not necessarily well 
suited to calculate atomization energies for which 
accurate reference data are very limited. It is quite 
likely – and a recent study by Feller supports this 
point of view6 – that the empirical corrections also 
absorb non-negligible deficiencies in the calcu-
lated zero-point energies, rendering predicted at-
omization energies significantly less reliable than 
calculated heats of formation.

Project
We test economical compound methods to calcu-
late atomization energies which are based on ab 
initio electronic structure theory but do not contain 
any empirical corrections. Their accuracy is as-
sessed with respect to available experimental at-
omization energies for various small molecules, 
with respect to very high-level calculations for an 
extended set of reference molecules, and with re-
spect to experimentally available heats of forma-
tion for an even larger set of reference molecules. 

The latter comparison is certainly only of approxi-
mate nature as it requires the theoretical evalua-
tion of zero-point energies and thermal corrections 
and thus introduces additional uncertainties. How-
ever, we are using a higher level of theory than 
typically applied in, e.g., the Gaussian (Gx) series 
of theories,3 to calculate equilibrium geometries 
and harmonic frequencies. This level of theory, 
MP2/cc-pVTZ, requires much smaller scaling fac-
tors (around 0.98 instead of 0.90) for frequencies 
to reproduce experimental zero-point energies of 
small molecules and thus suggests a higher level 
of accuracy for larger molecules.

A hierarchy of various levels of compound meth-
ods will be analyzed and suggested, balancing 
computational expense with desired accuracy. 
These approaches should be able to provide refer-
ence data of known accuracy for the calibration of 
semiempirical methods. Relative energies, i.e. dif-
ferences in atomization energies between various 
conformations, between a hydrogen-bonded com-
plex and its constituent molecules, or between 
transition states, reactants and products of a 
chemical reaction should be significantly more ac-
curate than the atomization energies themselves, 
as remaining deficiencies in the electron correla-
tion treatment will largely cancel. This certainly 
plausible hypothesis will be tested in detail and 
quantified by comparing various compound meth-
ods with each other and by studying convergence 
of basis-set saturation and electron correlation 
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treatment. In the end, we shall be able to choose a 
particular compound method based on the size of a 
molecule and available computational resources 
and estimate the expected level of accuracy for at-
omization, activation, and relative conformational 
energies.

Preliminary Results
It may appear too ambitious to design accurate 
compound methods that are significantly more eco-
nomical than e.g. the focal point analysis of Allen1

and yet do not require empirical corrections like 
other popular approaches as e.g. G2 theory.3 But a 
preliminary study for 14 small molecules7 with ac-
curately known atomization energies (see Figure 1) 
shows that we can achieve results of very useful 
accuracy (< 1 - 2 kcal/mol error) defining com-
pound methods of type

ΔE(X)   = E(MP2/cc-pV(TQ)Z) 
    + ΔEX(CCSD(T) - MP2) + ΔE(core)

where 

ΔEX (CCSD(T) - MP2) = E(CCSD(T)/cc-pVXZ)
- E(MP2/cc-pVXZ)

ΔE(core)  = E(MP2(full)/cc-pCVTZ) 
- E(MP2/cc-pVTZ)

X defines the type of Dunning’s correlation consist-
ent valence polarized basis sets used (D, T, Q) for 
higher order correlation corrections, and MP2/cc-
pV(TQ)Z refers to the MP2 energy at the basis set 
limit obtained from calculations with triple- and 
quadruple-zeta basis sets following the extrapola-
tion protocol suggested by Halkier et al8. Note that 
all compound methods shown are significantly more 
accurate (X=D:1.5, T:0.6, Q:0.4 kcal/mol) than HF 
(102.8 kcal/mol), MP2 (5.9), CCSD(T) (4.6) and 
even CCSD(T)(full) (3.5) using basis sets of quad-

Figure 1: Distribution of errors in calculated atomization energies for 14 molecules with accurately known experimental data. E(D), E(T), E(Q) 
refer to the level of theory as defined above. All values are in kcal/mol.
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ruple-zeta quality and that extrapolation to the ba-
sis set limit is just as essential as consideration of 
higher-order electron correlation and core-electron 
correlation. Using scaled MP2/cc-pVTZ frequen-
cies, we have also calculated heats of formation 
for a subset of 53 molecules out of the G2/979 and 
G310 reference sets which cover a large number of 
types of organic and inorganic molecules contain-
ing H, C, N, and O atoms. The average errors are 
somewhat larger (X=D:2.3, T:1.3, Q:0.8 kcal/mol) 
than before, reflecting both the larger size of the 
molecules and the additional uncertainty in the 
calculated vibrational frequencies, but again sig-
nificantly smaller than those of HF (200.6 kcal/
mol), MP2 (6.7) and CCSD(T) (9.0) at the cc-pVQZ 
basis set level.

In summary, we are quite confident to be able to 
calculate reliable atomization energies with aver-
age errors not exceeding 1 – 2 kcal/mol, using 
computationally feasible compound methods. With 
state-of-the-art personal computers we can treat 

molecules with up to about 13 heavy atoms 
(C,N,O) using the E(D) level of theory, and up to 
about 8 heavy atoms using the E(T) level of theory.

Current Activities
We are extending our preliminary set of reference 
calculations to include highly accurate CCSD(T)/
cc-pV(T,Q)Z and CCSD(T)(full)/cc-pCV(T,Q)Z cal-
culations for a larger subset of molecules taken 
from the G2/97 and G3 reference sets. This will 
enable us to gauge less expensive compound 
methods like E(D) and E(T) against a larger set of 
reliable data for atomization energies. Furthermore 
we quantify how accurately atomization energies 
and relative energies (conformational, complexa-
tion, activation, see above) are predicted by any 
of the proposed compound methods. Production 
calculations at the E(D) and E(T) levels of theory 
are planned for larger molecules of biochemical 
interest to provide accurate reference data also for 
molecules that are too large for treatments of 
benchmark quality.
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