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Abstract We have addressed the accuracy of calculating
the enthalpy of formation of an arbitrary single reference
molecule using practical ab initio methodologies. It is
known that MP2 geometries with a triple zeta basis set are
almost as reliable as CCSD(T) geometries. It is also known
that CCSD(T) correlation energies, with basis extrapolation,
feature chemical accuracy for single-reference molecules.
We investigate what accuracy one might expect in enthal-
pies of formation from a MP2 geometry, MP2 harmonic
vibrational frequencies, a CCSD(T) correlation energy using
triple zeta basis sets. It is far from obvious, a priori, as to
which error source contributes most significantly. We ob-
serve that the accuracy in calculating enthalpies of forma-
tion of single-reference molecules with this protocol is 4
kcal mol-1; our error analysis shows this comes almost
exclusively from the correlation energy basis extrapolation,
rather than errors intrinsic to MP2.

Keywords Coupled cluster . Enthalpies of formation

Introduction

We have recently reported detailed coupled cluster (CC) stud-
ies of the nitramine explosives RDX, HMX, and CL-20 [1–3].
These are large molecules for CC level applications, though
ACES III makes it possible to obtain accurate energies and
consequently enthalpies of formation. However, it remains
impractical to search potential energy surfaces at the CCSD
(T) level, instead suggesting that geometry optimization and
harmonic vibrational frequencies be obtained by using second

order perturbation theory, MBPT2 (MP2 if a Hartree-Fock
reference). This raises the issue of what errors are introduced
into the calculation and how to keep them under control.

Use of a many-body calculation without guidance to the
limits of its accuracy is pointless; for each intended study of
some property (ionization energies, multiplet gaps, etc.), a
benchmark is necessary. Given that all methodologies have
some uncertainty, if one’s answers are within that uncertainty,
this needs to be documented. Choices in the many-body
method used should be determined by the accuracy required.
One should not choose CCSDT to get all the conformers of
met-enkephalin, as this is overkill. One should not chooseMD
simulations to estimate energy differences known to be on the
order of 1 kcal mol-1. This is in contrast to the logical fallacy
of “This is the best we can afford to do.”

We are interested in the accuracies of the enthalpies of

formation ΔHo
f

� �
for arbitrary compounds using ab initio

methodologies (here defined to mean a parameter-less meth-
odology, systematically improvable as needed). Geometries
of molecules calculated using second-order many-body per-
turbation theory [4] (MBPT(2); otherwise known as Möller-
Plesset perturbation theory if the reference chosen happens
to be Hartree-Fock) have been benchmarked to be accurate
to within +/− 0.01Å for single reference molecules [5] in a
triple zeta basis set, with a reasonably tight distribution of
errors. As such, MBPT(2) geometries are trustworthy for an
arbitrary single-reference molecule. Because the methodol-
ogy is size-extensive formally, one need not worry about the
size of the system studied [6]. It is also desirable because,
unlike most (but not all) styles of Kohn-Sham density func-
tional theory (KS-DFT [7–10]), it is not biased to work only
on some test set of molecules used in its parameterization,
succeeding markedly in some cases, and failing in others.
This is another virtue of single-reference ab initio methods:
they generally can be trusted to have the same accuracy
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independent of the system, as long as the system is genu-
inely single-reference and the basis set is comparable for the
intended purpose. Many popular functionals are ambiguous
in their quality outside of the molecules against which they
were parameterized (references to M06 family [11], B3LYP
[12], TPSS [13], B97D [14], CAM-B3LYP [15]), compared
to the first-principles functionals (LDA [16], PBEmolβ0
[17], VWN [18], PBE [19], and others). Vibrational har-
monic frequencies using MBPT(2) are generally qualitative-
ly correct for single-reference molecules, but perform rather
poorly for the absolute numbers predicted for vibrations
[20], again relative to single-reference systems. The accura-
cy of coupled cluster with perturbative triples CCSD(T) [21]
or CCSD[T] [22, 23] for geometries and frequencies is even
better [5, 20], but prohibitively expensive for systems on the
order of 20–200 atoms. The use of CCSD(T) with a triple-
zeta basis set for single-point energies, however, is quite
manageable with highly parallelized software for coupled
cluster [24].

Accuracies for enthalpies of formation have been studied
in the use of composite methods and KS-DFT [25, 26].
Accuracies of enthalpies of formation also exist for situa-
tions in which one provides the correct geometries, zero-
point energies, anharmonic contributions, etc. to MBPT(2),
CCSD, and CCSD(T) estimates of the internal energy [27].
Additionally, the studies associated with the HEAT algo-
rithm [28] describe calculating the enthalpy of formation
without any experimental input for systems with below ~20
atoms, using very sophisticated calculations. Our work in
this paper will closely follow the work of reference [27],
in general; Helgaker et al. studied ab initio enthalpies in
terms of only correlation energies for given geometries
and frequencies. We study the case of not having the
luxury of geometries and frequencies and how the errors
may compound.

Methods

Our goal is to consider the enthalpies of formation obtained
from the following protocol:

1) Optimization of geometry using MBPT(2)/ triple-zeta
basis set of choice

2) Calculation of zero-point energies and energetic mini-
mum confirmation using MBPT(2)/ triple-zeta basis set
of choice

3) Use of CCSD(T)/cc-pVTZ for the internal energy as a
single-point calculation

This protocol is of interest given the accuracy of MBPT
(2) for geometries and CCSD(T) for correlation energies.
The MBPT(2) geometries and frequencies may be improved
by using CCSD(T) in the same basis set [5]; the internal

Table 1 Error in enthal-
pies of formation CCSD
(T)/cc-pVTZ//MBPT(2)/
6-311++G(d,p); units are
kcal mol-1. Ground state
always chosen

We report to the first
decimal place in this table
for the sake of computa-
tional comparison; we do
not make the claim that
these calculations are ac-
curate to within tenths of
a kcal mol-1

Fluorine 1.3

Hydrogen fluoride 2.2

Methylene 10.3

Azanone 8.1

Nitrogen 7.8

Water 4.5

Carbon monoxide 2.4

Hydrogen peroxide 6.2

Ammonia 5.7

Hydrogen cyanide 2.3

Formaldehyde 3.7

Carbon dioxide 4.2

Ethyne 1.5

Methane 2.0

Ethene 2.0

Table 2 Error in zero-
point energies MBPT
(2)/6-311++G(d,p);
kcal mol-1

Fluorine 0.02

Hydrogen 0.13

Hydrogen fluoride 0.09

Methylene 0.36

Azanone 0.03

Nitrogen 1.47

Water 0.14

Carbon monoxide 0.06

Hydrogen peroxide 0.24

Ammonia 0.24

Hydrogen cyanide 0.06

Formaldehyde 0.11

Carbon dioxide 0.00

Ethyne 0.06

Methane 0.28

Ethene 0.11

Table 3 Error in
enthalpies of formation
using MP2 geometries,
frequencies, zero-point
energies, and CCSD(T)
correlation energy
complete-basis set
extrapolation

Fluorine 0.6

Hydrogen 0.9

Hydrogen fluoride 1.9

Methylene 2.0

Azanone 2.6

Nitrogen 0.4

Water 0.9

Carbon monoxide 0.3

Hydrogen peroxide 1.0

Ammonia 0.2

Hydrogen cyanide 0.5

Formaldehyde 0.3

Carbon dioxide 2.1

Ethyne 0.6

Methane 0.4

Ethene 0.6
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energy estimate may be improved by using a quadruple-zeta
basis set and performing an extrapolation [5]. Thus, if our
studies on new molecules require higher accuracy, we know
what we need to do. This is of particular importance in the
study of large organic explosives, in which the enthalpy of
formation is very desirable to predict computationally (and
thus safely) for newly proposed fuels and explosives [26].

Results

However, it is not clear which of the three above necessary
calculations for the enthalpy of formation is weakest, nor
what the net accuracy is for these three approximations built
upon one another. We thus calculate the enthalpies of for-
mation for a 15 molecule test set with results in Table 1. We
emphasize that since all of our methods are size-extensive,
the number of particles in question are irrelevant; specifi-
cally, in the sense that the method scales properly with
particle number. The same error will exist regardless of the
number of atoms, ignoring basis set sensitivity issues. We
thus may choose small systems without loss of generality. A
general introduction to the issues of energy reference prob-
lems in electromagnetics vs. thermodynamics is provided,
given the difference conventions [29]. All calculations fol-
low the protocol for calculation enthalpies of formation as
described in reference [1]. All optimizations are performed
using MBPT(2)/6-311++G(d,p), as well as the harmonic
vibrational frequencies; single-point energies are calculated
using CCSD(T)/cc-pVTZ. All calculations use ACES II
[30].

The average un-signed error is 4 kcal mol-1, with a standard
deviation of 3. This should be compared to previous work
which established that the error in the enthalpies of formation
of CCSD(T)/cc-pVTZ internal energies is 8 kcal mol-1 when
given the correct zero-point energies and geometries [5]. Thus
the results include some cancellation of error.

We next consider the error in the zero-point energies
calculated using MBPT(2)/6-311++G(d,p); compared to
the experimental values [31–43] in Table 2.

The mean un-signed error is generally negligible, less
than 0.2 kcal mol-1 (although the error in nitrogen is oddly
high). Previous work showed that if one performs a basis set
extrapolation for the CCSD(T) internal energy, the mean un-
signed error reduces to less than a kcal mol-1 [27]. It would
thus seem that improving accuracy is solely a matter of
improving the correlation energy estimate. This is somewhat
surprising; given the inaccuracy of harmonic vibrational
frequencies using MBPT(2), it was suspected that the zero-
point energies might also be poor.

As a consistency check, we performed a complete basis
set extrapolation on the CCSD(T) energies from the MP2
structures, and used the MP2 harmonic frequencies and ZPE

to calculate the enthalpies of formation. If our claims are
correct, then the only error should be in the geometries from
MP2 rather than CCSD(T) (which we claim is a small
source of error above). The results are given in Table 3.
We used the complete basis set extrapolation scheme of
Helgaker et al. [27] in order to be consistent. All of these
calculations were done dropping the core orbitals (logically
necessary given that we do not have core functions in the
aforementioned basis).

The average un-signed error is 1.0 kcal mol-1, in perfect
agreement with previous work [27]. We have thus demon-
strated control over all error variables for typical molecules
at equilibrium geometries. We do, however, make no claim
about non-standard cases of multi-reference systems.

Conclusions

As ever, the correlation energy remains the critical issue in
single-reference quantum chemistry. One may confidently
rely on MP2 geometries and MP2 harmonic vibrational fre-
quencies in terms of thermochemistry contributions if using a
triple-zeta basis set. The average un-signed error for our ab
initio protocol of using MP2 geometries/frequencies with
CCSD(T) correlation energies in triple-zeta basis sets is 4 kcal
mol-1, with a standard deviation of 3.
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