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Abstract The answer to the title question is definitely “‘yes” —
at least for fairly small molecules. Computational procedures,
namely the Weizmann (Wn) and Gaussian-3 (G3) family of
methods, the complete basis set extrapolation scheme (CBS-
x), the “high accuracy extrapolated ab initio thermochemis-
try” (HEAT) as well as the “correlation consistent composite
approach” (ccCA), aimed at energies with chemical accuracy
or even better (sub kI mol~!) are described and several appli-
cations illustrating the level of accuracy that can be achieved
are presented.

Keywords Thermodynamics; Ab initio calculations; Comput-
er chemistry; Enthalpy of formation.

Introduction

Thermochemical quantities such as enthalpy of for-
mation or entropy are among the most important
chemical data. Reliable values for stable molecules
are relatively well established and have been collect-
ed in several compilations [1-4]. The situation is
less favourable for reactive intermediates such as
free radicals. Also, experimental determination of
entropy to high accuracy is demanding, especially
at temperatures other than the boiling point. Here,
accurate computational chemistry methods to allow
a reliable prediction of thermochemical data of such
species would be highly desirable. Actually, in re-
cent compilations of thermochemical properties of
selected radicals, results from quantum chemical
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calculations have been included or used to resolve
discrepancies between various experimental data
[5, 6]. To be useful, chemical accuracy for energies,
<4-8kJmol~!, must be achievable by computation-
al methods. Progress in the development of such
methods also depends on the accuracy of the avail-
able experimental data. With the introduction of the
so-called “Active Thermochemical Tables” (ATcT)
benchmarking of quantum chemistry methods has
been greatly facilitated [7].

Several reviews of computational methods specif-
ically designed to achieve energies and/or thermo-
chemical quantities with chemical accuracy or even
better, have been published [8]. Consequently, first
only a short outline of the various available proce-
dures and methods will be given. The main emphasis
is on the calculation of standard enthalpies of forma-
tion, i.e., AsH° (298.15). Secondly, some recent ap-
plications to illustrate the achievable accuracy as
well as pitfalls and directions of further develop-
ments will be described.

Description of methods and procedures

The microscopic—macroscopic connection

Quantum chemistry deals with single molecules,
thermodynamics with molar quantities. The interpre-
tation of macroscopic thermochemical data on the
molecular level, i.e., the microscopic—macroscopic
connection, is provided by statistical thermodynam-
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ics. The necessary equations for computing thermo-
chemical data can be found in textbooks on statistical
thermodynamics or white papers of software vendors
[9] and need not be repeated here. In the following we
only briefly mention the underlying assumptions and
possible drawbacks resulting therefrom.

Zero point vibrational energies (ZPVE) as well as
thermal corrections to energy usually are calculated
by the harmonic oscillator-rigid rotor approximation.
Since the least harmonic behavior is expected for
low-frequency vibrations which make only small
contributions to ZPVE, generally the harmonic os-
cillator approximation is considered to be a good
approximation, provided a sufficiently reliable com-
putational procedure is used and some scaling to
account for anharmonic effects is done. Different
scaling factors for different methods/basis sets [10]
or even frequency ranges [11] are in use. However,
accumulating evidence suggests that going beyond
the harmonic approximation for the ZPVE contribu-
tion might be necessary not only in very accurate
calculations of enthalpies of formation in the sub-
kJmol~! range (see the applications to ethane and
n-alkanes below). Likely, the grid density used in the
now popular DFT methods might have a larger im-
pact on the accuracy of the ZPVE contribution than
the harmonic oscillator approximation. The thermal
contribution of the vibrational partition function to
both internal energy as well as entropy can signifi-
cantly depend on the harmonic vs. anharmonic treat-
ment [12]. Here especially the terms arising from
low-frequency modes are problematic with increas-
ing errors at higher temperatures. Frequently, these
low-frequency modes are associated with hindered
internal rotations; for these automatic detection and
correction procedures, based on the Pitzer—Gwinn
tables [13], have been developed [12, 14]. Besides
hindered internal rotations, other low-frequency
(large amplitude) motions include ring inversion,
pseudorotation, or umbrella-type inversion, e.g., in
ammonia. Thermochemical data beyond the harmon-
ic approximation for molecular systems exhibiting
this type of large amplitude motions have been cal-
culated by Katzer and Sax [12]. As expected, the
importance of anharmonic contributions to internal
energy U, entropy S, and heat capacity C, increases
with temperature. Furthermore, for a series of sili-
con hydrides these authors have found that in some
cases these effects will cancel whereas in others
reinforce each other. For instance, the temperature
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dependence of the enthalpy of isomerization, 1-
pentasilene < cyclopentasilane, is entirely due to
anharmonic effects. Inclusion of anharmonic con-
tributions leads to a change from AgrH (298)=
—182.1kIJmol™! to AgrH (3000)=—169.0kJ mol~".
Considering only harmonic vibrational frequencies
leads to AgH (298)=—180.0kImol~' and AgrH
(3000) = —182.6 kJmol~'. In contrast to this exam-
ple, the anharmonic correction owing to hindered
internal rotation of the two NO, moieties in N,Os
is nearly negligible, AAH°=0.05 (100K), 0.21
(298 K), and —0.07kJ mol~! (500K) [15].

Standard enthalpies of formation

Experimental standard enthalpies of formation refer
to the reaction energy for formation of a molecule
from its constituents atoms in the respective elemen-
tal standard state, e.g., for methane AH® (CH,) is
obtained from the equation

2H,(gas) + C(graphite) — CH4(gas)

Almost all direct computations of enthalpies of for-
mation rely on the calculation of atomization ener-
gies. To reconcile the two different energy zeros,
infinitely separated particles at rest and elements in
their most stable, pure form under standard condi-
tions for the computational and experimental energy
zero, respectively, the experimental standard enthal-
pies of formation of the constituent atoms from the
respective elemental standard states have to be added
to the calculated enthalpy of atomization (Eq. 1):

AH®(T)(M) = E(M) + ZPVE(M) + [H(T)
— H(0)|(M) — > {E(Xi) + [H(T)
— H(0)](Xi) + AEso(Xi)}
+ ) AH(T) (X)) (1)

Thus, the so-called direct calculation of enthalpies of
formation requires quantum chemical computations
of the molecule M and the constituent atoms X;.
Usually the spin orbit correction to atoms, AEgo,
and if necessary also for molecular species, e.g., the
OH’ radical, as well as the enthalpies of formation
of the constituent atoms from their elemental stan-
dard states, AH(T)(X]), are taken from experiment
[3b, 16]. For molecules containing only first-row
elements AFEgo is quite small; however, for larger
molecules and especially those containing second-
or higher row elements, this correction can become
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quite substantial. For instance, in polychlorinated
benzodioxines AEgo amounts to >20kJmol~! [17].
The calulation of zero point vibrational energy and
thermal corrections, ZPVE(M), [H(T) — H(0)] (M),
and [H(T) — H(0)](X) has been outlined in the pre-
vious section. Thus, we are left with the calculation
of atomization energies, E(M) — X E(X).

Standard methods for ab initio thermochemistry

In order to overcome the problems associated with
electron correlation, all procedures devised to yield
accurate thermochemical data use a composite ener-
gy approach (multilevel methods). The basic idea is
the (approximate) additivity not only of basis set
effects but also of the electron correlation energy.
In the following, ‘‘standardized’ variants of such
multilevel approaches, viz. the Gaussian-3 (G3) fam-
ily [8a, 8b, 18], the “complete basis set model chem-
istries” (CBS-x) [8c, 19], the Weizmann family Wn,
n=1-4, of methods [8d, 8e, 20], the “high accuracy
extrapolated ab initio thermochemistry” (HEAT)
[21], and the ‘“‘correlation consistent composite ap-
proach” (ccCA) [22], will be described.

We commence by a short outline of the G3 pro-
cedures. First, it should be stressed that G3 is limited
to systems containing only first- and second-row ele-
ments. Geometries are optimized with MP2(full)/6-
31G(d), followed by a series of MP4 single point
calculations to estimate basis set effects (diffuse
and polarization functions); additional basis set and
core-valence correlation effects are approximated by
MP2(full)/G3large (G3large is a basis set specifical-
ly designed for the G3 procedure); correlation effects
beyond fourth order are estimated by QCISD(T)/6-
31G(d) single point calculations and residual defi-
ciencies in the correlation treatment are accounted
for by an empirical correction (higher-level correc-
tion, HLC) of the form —Ang — B(n, — ng), where
n, and ng are the numbers of o and (3 valence elec-
trons with n,>ng. The constants A and B are fitted
to experimental data. Their actual values are different
for molecular and atomic species and also depend on
the respective G3 variant. This use of empirical cor-
rection factors allows for a reduction in remaining
deficiencies of the G3 procedure. However, it also
critically depends on the reliability of the available
experimental data. In this context it is worthwhile
to note that the enthalpy of formation of the carbon
atom is still under intense development and any error
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in this value might lead to a systematic degradation
of calculated standard enthalpies of formation for
molecules containing an increasing number of car-
bon atoms [23]. A further possible drawback is the
use of different values of A and B for atomic and
molecular species which makes the application of
G3 procedures to potential energy surface calcula-
tions for e.g., atom abstraction reactions, problematic.
Finally, ZPVE and thermal corrections are obtained
from scaled HF/6-31G(d) calculations. As discussed
below, this might be quite inaccurate. To improve
on this possible error source, an extended version
of G3, designated as G3X, has been proposed, where
B3LYP/6-31G(2df,p) calculations are used to obtain
both geometries as well as scaled ZPVEs [8b]. These
new geometries showed substantially better agree-
ment with experiment. Furthermore, the scale factor
was determined by fitting to published zero point
energies [10] rather than experimental frequencies.
Other subsequent modifications of the G3 procedure
were aimed at increasing their range of applicability
without too much loss of reliability. Probably the
most versatile G3 variant is G3MP2B3. Here, both
geometries as well as ZPVESs’ and thermal corrections
are obtained from scaled B3LYP/6-31G(d) calcula-
tions. No MP4 single point computations are done;
instead only MP2/G3MP2large and QCISD(T)/6-
31G(d) calculations are used to estimate correla-
tion contributions and an analogous empirical HLC
scheme is applied. The electronic energy component
from G3MP2 and G3MP2B3, thus, is: E(G3MP2)=
E[QCISD(T)/6-31G(d)] + { E(MP2/G3MP2large) —
E[MP2/6-31G(d)]} + HLC

Standard enthalpies of formations of a series of
nearly 300 organic molecules containing up to 10 car-
bon atoms calculated by G3MP2B3 were nearly as ac-
curate as those obtained by the original G3 procedure
(mean absolute deviations between experimental and
calculated AH° (298) values are 3.0kJmol~!' and
3.5kImol~! for G3 and G3MP2B3). However, much
larger systems could be treated with G3MP2B3 [24].

The “‘complete basis set model chemistries”
(CBS-x) of Petersson and co-workers [8c, 19] also ap-
ply an empirical correction scheme as well as a pair
correlation extrapolation. Like G3, the CBS methods
are restricted to first- and second-row elements. The
most sophisticated variant, CBS-QCI/APNO, allows
for an average accuracy of <2.1kJmol~! but is appli-
cable only to first-row elements and limited to small
molecules. For the same set of organic molecules
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mentioned above, CBS-Q [19a] was found to give
unsatisfactory results, especially for aromatic com-
pounds and, thus, no data were reported [24]. In con-
trast, with CBS-QB3 [19b] which uses both B3LYP/
6-311G(2d,d,p) geometries and frequencies instead
of MP2/6-31G' geometries and UHF/6-31G' fre-
quencies as well as CCSD(T) instead of QCISD(T),
nearly chemical accuracy could be achieved for these
test molecules, MAD = 8.1 kI mol~! [24]. Among the
members of CBS family, thus, in cases were CBS/
QCI-APNO is not applicable, CBS-QB3 should be
chosen. However, this procedure is more limited in
the size of molecules that can be treated than with
G3MP2B3.

No empirical correction scheme is applied in the
Wn family; more precisely, only the W1 variant con-
tains one single molecule- and experiment-inde-
pendent parameter in the [-extrapolation scheme,
A+B/ I°, with 8 =3.22 determined by optimization
of the total atomization energies against calculations
for the training molecules done without using such
an empirical parameter [20]. Thus, this parameter
does not explicitly depend on experimental data.
However, even with this simplification W1 theory
is limited to rather small molecules. Nevertheless,
it has found widespread use because of its ‘‘black-
box” implementation in some popular software
packages. Because of this popularity, a brief outline
of this procedure is given below. Throughout, (mod-
ified) correlation consistent basis sets [25], VnZ and
AVnZ with n=2-6, are used. Geometries are opti-
mized by B3LYP/VTZ+1 (the notation +1 indi-
cates the presence of high-exponent d-type ‘‘inner
polarization functions on second-row elements); ze-
ro point energies are obtained from scaled harmonic
B3LYP/VTZ + 1 frequencies. It had been found that
this approach can quite safely replace the very cost-
ly CCSD(T)/VQZ+ 1 geometries and CCSD(T)/
VTZ +1 anharmonic frequencies used in the W2
protocol. Using this geometry, a series of coupled
cluster single point calculations, CCSD(T)/AVDZ +
2d, CCSD(T)/AVTZ + 2d1f, and CCSD/AVQZ +
2d1fis done. The SCF component of the total atom-
ization energy, TAE (not the individual SCF en-
ergies of the molecule and the constituent atoms),
is obtained by extrapolating the SCF/AVDZ + 2d,
SCF/AVTZ + 2d1f and SCF/AVQZ+ 2d1f com-
ponents of TAE by A+B/Cl (I=2, 3, and 4). The
CCSD valence correlation component is extrapolat-
ed by A+ B/I” (3=3.22) from the CCSD/AVTZ +
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2d1f and CCSD/AVQZ + 2d1f valence correlation
energies (/=3 and 4). Similarly, A+ B/ I’ (3=
3.22) is used for estimating the (T) valence com-
ponent from CCSD(T)/AVDZ + 2d and CCSD(T)/
AVTZ + 2d1f values for the (T) contribution (/=2
and 3). In contrast to the SCF component, here ex-
trapolation might be either for the individual ener-
gies or the total atomization energy. Core correlation
energies are calculated by CCSD(T)/MT small (the
Martin—Taylor basis sets are designed specifically to
treat core correlation effects [26]; despite the nota-
tion “small” the MT small basis set is still larger
than the G3large basis). Inclusion of inner-shell cor-
relation contributions was found to be absolutely
essential; it 1s not recommended to use a lower-level
procedure for their treatment than CCSD(T). Inclu-
sion of scalar relativistic effects, calculated by the
averaged coupled-pair functional (ACPF/MT small)
turned out to be essential to obtain good results
for second-row compounds, especially highly polar
ones. If necessary, spin-orbit coupling effects are
also calculated by ACPF/MT small (or have to be
added manually, if the software package used does
not allow this type of calculation). Overall, even W1,
i.e., the simplest member of the Wn family, uses quite
high level methods and rather large basis sets. Conse-
quently, it is restricted to fairly small molecules.
Mean absolute deviations for total atomization ener-
gies of the training set were 1.38kJmol~', compared
with 3.60 and 3.79kJmol~! for G3 and CBS-QB3,
respectively. W1 errors for second-row compounds
are larger (1.86kJmol~") than for molecules con-
taining only first-row elements (1.07 kJ mol~!) [20a].
The importance of the core correlation and scalar
relativistic contributions even in a simple molecule
consisting only of light elements, e.g., CHy can be
seen from their fairly large amount of ~4.5kJ mol~!.
Subsequent modifications aimed at increasing the
accuracy rather than broadening the applicability
of Wn theory. The main weaknesses of W1 and W2
are a) the use of CCSD(T), which makes these pro-
cedures prone to failure in systems with significant
non-dynamical electron correlation; and b) the sim-
plified scalar relativistic treatment which apparently
works quite well for first- and second-row ele-
ments but is expected to be insufficient for heavier
elements. A molecule well outside the range of
CCSD(T) is ozone because of its intrinsic multirefer-
ence character: W2 total atomization energies were
in error by 12.6kJ mol~!. To make Wn theory more
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robust also for such systems, better estimates for the
contribution of connected quadruple excitations, in-
clusion of connected quintuples, and improved basis
set extrapolation schemes were introduced. In ad-
dition, a more accurate scalar relativistic treatment
(Douglas-Kroll) and the diagonal Born—Oppenheimer
correction (DBOC) are used. Post-CCSD(T) contri-
butions to the core-valence correlation energy were
found to be only significant in systems with severe
non-dynamical electron correlation [20c]. For highly
accurate total atomization energies, accurate geo-
metries, e.g., CCSD(T)/cc-pVQZ, and ZPVE con-
tributions beyond the harmonic approximation are
essential (see the discussion for ethane in the next
section). Finally, for validation revised experimental
data obtained from the Active Thermochemical
Tables [7] were used.

In contrast to other schemes for the calculation of
thermochemical quantities, the “high accuracy ex-
trapolated ab initio thermochemistry (HEAT) pro-
cedure [21] does not rely on atomization reactions.
Rather, isodesmic, or nearly isodesmic schemes with
an at least approximate conservation of bond types,
are used. No empirical scaling factors or adjustments
are used and all terms except the spin-orbit coupling
contribution are size extensive, guaranteeing no deg-
radation of the calculated results with increasing
size of the molecules treated. The method has been
designed with the aim to do the best what can
be done (at the time of publication), even at the
expense of being restricted to all but the smallest
first-row systems (<5 atoms). Geometries as well as
harmonic vibrational frequencies are obtained by
CCSD(T)(full) /cc-pVQZ optimizations; an anhar-
monic correction is applied to the ZPVE contri-
bution. Benchmark studies had shown that using
the cc-pVQZ basis instead of the cc-pCVQZ negli-
gibly affected geometries of molecules containing
only first- or second-row elements. The SCF and
CCSD(T) correlation energies are extrapolated sepa-
rately using a three- and two-point extrapolation,
respectively, with the aug-cc-pCVnZ basis sets
[n=3, 4, and 5 for SCF; n=4 and 5 for CCSD(T)].
It should be pointed out that in contrast to other
approaches, in HEAT the CCSD(T) correlation treat-
ment includes the core electrons; none are omit-
ted from the individual CCSD(T) calculations.
The contribution arising from a complete treatment
of triple excitations is estimated by extrapolat-
ing CCSDT(fc)/cc-pVnZ, n=3 and 4, energies,
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AEccsor = E*cespr(fe) — E34CCSD(T)(fC)- Since the
contribution of quadruple excitations converges quite
rapidly with basis set size [27], higher-level correla-
tion effects are obtained in the HEAT protocol as the
difference of CCSDTQ and CCSDT correlation en-
ergies with the cc-pVDZ basis set (frozen core ap-
proximation). In the HEAT test molecules, AEccspro
contributes 1-2kJ mol~! to the enthalpies of forma-
tion with opposite sign to the AEccspt term [21a].
The diagonal Born—Oppenheimer correction is ob-
tained at the Hartree-Fock level. HF /aug-cc-pVTZ
deemed to be sufficiently accurate (for problems
associated with this approach, see below). The spin-
orbit contribution is obtained by a spin-orbit config-
uration interaction calculation with the cc-pVDZ
basis set and relativistic effective core potentials
which include spin-orbit effects. Only first-order
spin-orbit interactions are taken into account; thus,
the only molecules with AEgq # 0 are radicals with
degenerate ground states, e.g., the "OH radical. Scalar
relativistic effects (Darwin and mass-velocity terms
[28]) are treated at the CCSD(T)/aug-cc-pCVTZ
level. Since the application of the HEAT method is
restricted at present to first-row systems, this approx-
imation should be accurate enough. The MAD for the
enthalpies of formation at 0K of a series of sim-
ple molecules based on ATcT experimental data is
0.34kJ mol~!. Some further improvements (treatment
of electron correlation up to quintuple excitations)
have recently been described [21b].

The correlation consistent composite approach
(ccCA) has been designed along similar lines as
Gaussian-3. The main differences to this latter
scheme are the use of the correlation consistent basis
sets [25], which allow for a more straightforward
extrapolation to the basis set limit than Pople-style
basis sets, and the exclusion of any semi-empirical
or optimized parameters [22]. Depending on the
reference energy, MP4/cc-pVDZ, MP4/cc-pVTZ,
MP4 /aug-cc-pVTZ, or MP2/CBS aug-cc-pVnZ
(n=2, 3, and 4 using two different extrapolations
schemes), several variants have been implemented.
All of them use B3LYP/6-31G(d) geometries and
scaled harmonic frequencies for the ZPVE contribu-
tion. In the ccCA CBS variant, the reference energy
is obtained by extrapolating MP2/aug-cc-pVnZ en-
ergies to the basis set limit with two different extra-
polation formulae, denoted as CBS-1 and CBS-2.
Higher correlation effects are estimated with the aid
of QCISD(T)/cc-pVTZ, and core correlation contri-
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butions are obtained from MP2(full)/aug-cc-pCVTZ
single point calculations. Mean absolute devia-
tions for computed enthalpies of formation, A¢H®
(298), for the G2-1 test set are 6.07 (CBS-1) and
5.56kImol~!' (CBS-2). This latter value can be re-
duced to 3.39kJmol~! when atomic spin-orbit and
scalar relativistic corrections are added. A further as-
sessment of the performance of this theoretical ther-
mochemistry scheme is provided by the enthalpies
of formation for the series of n-alkanes, C,H,, , 5,
n=1-8 (see next section). In contrast to the previ-
ous procedures which are restricted to first- and sec-
ond-row systems (or even only first-row molecules),
recently the ccCA scheme has been extended to
simple transition metal compounds [22b]. Depend-
ing on the extrapolation formula used, for a test set
of ten such species, e.g., TiO,, TiF,, VO,, FeCl;, and
Zn(CH,CHs),, efc., a mean absolute deviation of
36.0-40.2 kI mol~! was obtained. A composite DK-
CCSD(T) approach comparable to that used by
Dixon, Feller, and Peterson [29], resulted in a MAD
of 34.3kJmol~!. The largest deviations, up to
>130kJ mol~!, were found for TiF, and TiF5. Omit-
ting these two species reduces the MAD to 15.5-
19.2kJmol~! [13.0 for CCSD(T)].

Besides the procedures described above, other
composite methods have been described in the liter-
ature, notably the focal point extrapolation scheme
of Allen and co-workers [30]. Finally, one of the first
successful approximate ab initio procedures for first-
principles thermochemistry, the bond-additivity cor-
rection (BAC) methodology, e.g., BAC-MPx (x=2,
4), should be mentioned [31]. An empirical variant
of multilevel approaches is the multicoefficient meth-
od of Truhlar et al. [32], where the energy compo-
nents of, e.g., the G3 procedure, are weighted by
optimized coefficients (MCG3). The omission of
the empirical HLC used in G3 makes MCG3 size-
extensive, allowing the calculation of potential ener-
gy surfaces.

Examples and applications

The following examples are intended to illustrate (i)
the level of accuracy of enthalpies of formation that
can be reached with ab initio quantum chemical
methods; (ii) steps that might be necessary beyond
“standard” implementations; (iii) directions for pos-
sible further improvements; and (iv) problems or
successes with larger molecules.
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Total atomization energy of ethane

The accuracy that can be achieved with the most
sophisticated of the methods described above can
be illustrated by a calculation of the atomization en-
ergy of ethane by the W4 procedure [33]. The calcu-
lated W4 total atomization energy at 0K, TAE,=
2788.89kJmol~! to be compared with an experi-
mental value of 2787.30 & 0.25kI mol~! [1, 7]. This
1.6kJ mol~! discrepancy was deemed to need expla-
nation. Internal rotation in ethane could be ruled out
as a major contributor. However, the (in)accuracy of
the zero point vibrational energy was found to be
significant. Using CCSD(T)/cc-pVQZ harmonic fre-
quencies with anharmonic corrections (quartic force
field) from B3LYP/pc-2 (pc-2 is a basis set compa-
rable to cc-pVTZ but optimized for DFT methods)
calculations and employing very large grids, the dif-
ference between experiment and calculation could
be reduced to 0.84kJmol~!. Especially for mole-
cules containing many hydrogen atoms, post-SCF
contributions to the diagonal Born—Oppenheimer
correction had already been found to be significant.
Therefore, CISD/cc-pVDZ calculations were per-
formed for these DBOC corrections, leading to
perfect agreement with experiment, TAE, (calc)=
2787.34kJmol~!. The main conclusion emerging
from this study is that for small molecules for which
this type of high-level electronic structure calcu-
lations are possible, nuclear motion related issues,
like anharmonic ZPVE corrections and/or diagonal
Born—Oppenheimer corrections, may become in-
creasingly important for highly accurate thermo-
chemical data.

The "NO; radical

Experimental enthalpies of formation of the nitrate
radical 'NO3z are AH° (298)=71.134+20.9 [3b],
73.244.2 [34a], and 73.72 £ 1.38kImol~! [34b].
G3MP2B3 as well as CCSD(T) calculations with
basis set extrapolation (aug-cc-pVIZ, [=2-5) led
to a significant deviation from these experimental
values, AgH° (298) =83.30 (G3MP2B3) and 83.34
[CCSD(T)] kJmol~! [15]. In view of the close
agreement obtained by these two procedures as well
as previous experience with G3MP2B3 for a set of
32 free radicals with a mean absolute deviation
between experimental and calculated standard en-
thalpies of formation <4 kJ mol~! [35], a purely adi-
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abatic description of the nitrate radical was supposed
to be inadequate. This assertion is further corrobo-
rated by the fact that — although calculations resulted
in a D3, molecular geometry of "NO3 — a tenacious
symmetry-breaking of the HF wave function had
been observed which could not be overcome by in-
clusion of just dynamic electron correlation [36].
A MR-ACPF/cc-pVTZ (multireference averaged
coupled-pair functional) treatment of the diabatic
coupling indicated a strong interaction (pseudo-
Jahn-Teller-effect) between the *A), ground state
and the second excited state, E’. Although this ex-
cited state lies significantly higher (calculated ver-
tical excitation energy 7Y = 15755c¢m™!) than the
first excited state E” (T, = 5834 cm™!), diabatic
coupling with this latter turned out to be negligible.
The ?A’, —? E/ interaction leads to an energy lower-
ing of the ?A), ground state by AE = —7.19kJ mol !,
resulting in A¢H°® (298) =76.15kJ mol .

Enthalpies of formation of n-alkanes

The enthalpies of formation of a series of n-alkanes
C,H,, >, n=1-16 have been used to assess the
reliability of G3 procedures [37]. An increase in
the deviation between experimental and calculated
enthalpies of formation with increasing chain length
has been observed, ca. 0.2kJmol~! for G3 and
0.4kJmol~! for G3MP2B3 per bond. MADs for
the series n=1-8 are quite small and well be-
low the desired chemical accuracy, 2.05 (G3) and
0.75kJ mol~! (G3MP2B3). Similarly, CCSD(T) cal-
culations with basis set extrapolation and inclusion
of core correlation and scalar relativistic effects
[38] gave a MAD =0.96kJ mol~! for n-alkanes with
n=1-8 excluding n-heptane. The largest correction
to the total atomization energy was found to be the
ZPVE contribution (120—-620kJ mol~") followed by
the core-valence correction (4-35kJmol~"). This
clearly demonstrates that for achieving chemical ac-
curacy, the ZPVE correction must be better than
+4 kI mol~!. Similar to the G3 procedures, the cor-
relation consistent composite approach also showed
an increased deviation with increasing chain length,
e.g., from —7.5 (methane) to —33.1kJ mol~! (n-hex-
ane, ccCA-aTZ variant), and from —4.2 (methane) to
—16.7kJmol~! (octane, ccCA-CBS-1). In contrast,
ccCA-CBS-2 enthalpies of formation of n-alkanes
are too small, leading to positive deviations, 40.4
(methane) to +9.2kJmol~! (octane); inclusion of
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AFEso and relativistic corrections significantly im-
proves the ccCA-CBS-2 results, MAD = 0.9 kI mol !
in excellent agreement with the CBS-CCSD(T) re-
sults [38].

The hydrotrioxy radical "OzH

Computational thermochemistry is especially impor-
tant for short-lived reactive intermediates, e.g., free
radicals, where accurate experimental data are dif-
ficult if not impossible to obtain. Consequently, a
number of calculations on a series of small [5, 35]
or medium-sized radicals [39], including reactive
species involved in peroxynitrite chemistry [40],
combustion, soot formation, and atmospheric pro-
cesses [29d, 30, 41, 42], have been published. As
an example for the interplay between theory [42]
and experiment [43] to derive accurate enthalpies
of formation for highly unstable species, results for
the hydrotrioxy radical "“O3H will be described in
some detail. This radical has long been postulated
as a possible intermediate in the reaction of hydro-
gen atoms with ozone,

O; +H — [O;H]" — 0, + "OH
or oxygen atoms with hydroperoxy radicals,
O(’P) + HO, — [[O3H]" — O, + "OH

playing, thus, an important role in atmospheric ozone
chemistry as well as in hydrocarbon combustion and
biological oxidations. Calculated [35b, 42] values
for AtH° (298) (‘O3H), 26.4 (CBS-QCI/APNO),
31.1 (G3MP2B3), 35.1 (G3), and 32.9kJ mol~! (W1),
substantially deviate from the experimental value of
Speranza, AdH° (298) ((O3H)=—4.2 +21kJmol ™!
[43a]. However, Ventura et al. argued in view of the
convergence of the calculated AH° (298) (‘OsH),
both with respect to the computational procedure
used as well as whether atomization or isodesmic/
isogyric reactions were used, that it is the ex-
perimental value which needs reconsideration.
They recommend a value of AgH® (298) (‘OsH) =
26.4kJmol~! [42c]. Since the hydrotrioxy radical
might exhibit significant non-dynamical electron
correlation, a multireference averaged coupled-pair
functional treatment (MR-ACPF-CBS) including
not only basis set but also a CAS extrapolation
has been performed yielding AH° (298) (‘OsH) =
21.2kJmol~! [42d]. Recently, infrared action spec-
troscopy has provided an upper limit for the HO-



316

0, binding energy, D < 25.6kJ mol~!, resulting in a
lower limit for the enthalpy of formation for the
"O;H radical of AH° (298) ((OsH) >7.1kJmol™!
[43c] — much closer to the theoretical results.

Chlorinated dibenzo-p-dioxins

The examples and applications discussed so far
had been restricted to rather small molecules, allow-
ing treatment with high-level procedures. Larger
systems require the use of less sophisticated proce-
dures, hopefully without loss of too much accuracy.
In this respect, the G3MP2B3 variant of the G3
family seems to be quite promising, and the fol-
lowing example describes its use for the treatment
of polychlorinated dibenzo-p-dioxins. These com-
pounds are produced from a variety of sources and
in order to better understand their formation and/or
removal, several theoretical studies concerning their
electronic, physicochemical, and thermodynamic
properties have appeared [17, 44]. A detailed ele-
mentary kinetic model, consisting of >70 individ-
ual reaction steps, for the gas phase formation of
isomeric tetrachlorinated dibenzo-p-dioxins from

Ol
cl cl g ol

+
OH

cl Cl

1P 1R

72 ( -Cl:

; OHCI i

- HCI ‘-2

w@m@
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2,4,6-trichlorophenol, has been published [45].
Both radical-molecule as well as radical-radical
pathways have been considered. The key steps for
these two pathways are shown in Scheme 1. The
G3MP2B3 enthalpies of reaction are also indicated
there.

From previous experience these data are expected
to be sufficiently reliable to be useful in kinetic
simulations. Calculated G3MP2B3 enthalpies of
formation for 1,3,6,8-tetrachlorodibenzo-p-dioxine
(3) (AH° (298)=—174.1kJmol™") and 1,3,7,9-
tetrachlorodibenzo-p-dioxine (6) (AH° (298) =
—174.1kJmol~'") show good agreement with the
corresponding experimental estimates (group addi-
tivity method), A¢H° (298) = —173.0kJ mol~! for 3
and 6 [46]. Both isomers, 3 and 6, can be formed
by radical-molecule and radical-radical reactions. All
steps but radical combinations are endothermic; how-
ever, subsequent reactions of the expelled radicals,
H" and/or CI', should provide sufficient ““driving
force” for the reactions to proceed. The estimated
activation energy for the formation of 2P via the
radical-molecule path, 1P+ 1R — 2P (Scheme 1),

~100kJ mol~', is on the high end side, where-

o* o’
Cl cl Cl Cl
+
Cl Cl
1R 1R
-147J
@& Wi) .
O Cl
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]30

cl cal Cl Cl
cl 0 cl 0 )= _cl 0
-Cl \Q c-cl —>43
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Scheme 1 (Reprinted from Combustion and Flame 145, Fabian WMF, Janoschek R, Thermochemical properties of stable
intermediates and derived radicals for the gas-phase formation of 1,3,6,8-G3MP2B3 study, 289-289, Copyright 2007 with
permission from Elsevier (http://www.sciencedirect.com/science/journal /00102180))
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as that for the reverse reaction 7— 1R+ 1R, E, ~
150 kI mol~ !, is considerably smaller than the value
used in the kinetic modelling [45]. Repeating the
kinetic modelling with these updated values would
be worthwhile.

Conclusions and outlook

Significant progress has been achieved in ab initio
thermochemistry and the question mark in the title
safely can be omitted now — at least for small mole-
cules. For these enthalpies of formation can be ob-
tained in the sub-kJ mol~! range. In favourable cases
revision of inaccurate experimental data or resolving
discrepancies between them, has become possible.
However, to push the accuracy that far is not only
computationally quite demanding but requires also
the availability of several software packages, and
of course, considerable skill and experience. Besides
these rather sophisticated procedures also sever-
al largely black-box implementations exist which
in favourable cases also allow the calculation of
enthalpies of formation with chemical accuracy
(<4-8kJmol™"). In future developments increased
attention should be paid to nuclear motion related
corrections, e.g., more reliable vibrational frequen-
cies and ZPVE corrections beyond the rigid rotor —
harmonic oscillator approximation. Replacing HF/
6-31G(d) or B3LYP/6-31G(d) ZPVE corrections
used in several of the standardized approaches by
more accurate contributions might also be useful,
e.g., the improvement brought about in the G3X var-
iant. For larger molecules where even the G3 method
barely can be used, the G3MP2B3 offers an attrac-
tive alternative.

Finally, in this review we have concentrated ex-
clusively on enthalpies, no mention has been made of
procedures for the calculation of entropy. Generally,
entropy is obtained from the rigid rotor-harmonic
oscillator approximation used to derive the thermal
contribution to enthalpy. Shortcomings of these ap-
proximations, especially the problem of low-frequen-
cy vibrations, are even more severe for entropy than
for enthalpy. Anharmonic corrections appear to be
essential, especially for molecules with internal ro-
tations, inversions, and the like, or at higher tem-
peratures. Recently, a consistent method for the
calculation of entropy and heat capacity of organic
molecules without adjustable parameters has been
proposed [11].
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