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Abstract The current Active Thermochemical Tables
(ATcT) results for the bond dissociation energies of the
homonuclear diatomics H,, C,, Nj, O,, and F, are reported
and discussed. The role and origin of the distributed prove-
nance of ATcT values is analyzed. Ramifications in terms of
the enthalpies of formation of H, C, N, O, and F atoms, which
are fundamental thermochemical quantities, are presented. In
addition, the current ATcT bond dissociation energies and
enthalpies of formation of HF, CH, CO, CN, NO, OH, CO,,
H,O0, and triplet and singlet CH, are also reported.
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1 Introduction

Active Thermochemical Tables (ATcT) [1, 2] are a novel
paradigm for obtaining accurate, reliable, and internally
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consistent thermochemical values for a broad range of
chemical species, accompanied by statistically sound
uncertainties that conform to the accepted standard in
thermochemistry (95 % confidence intervals). These char-
acteristics of the ATcT thermochemical values make them
very desirable for developing and benchmarking highly
accurate state-of-the-art electronic structure approaches
[3-6].

In a companion paper [7], the Feller—Peterson—Dixon
(FPD) procedure at the highest currently feasible compu-
tational level is applied to H, and 13 small first- and sec-
ond-row molecules, and the results are compared to
dissociation energies obtained from ATcT. The aim of the
current paper is to report the current ATcT values for the
bond dissociation energies of H,, C,, N, O,, and F, and
elucidate their provenances.

Gas-phase homonuclear diatomics of hydrogen, nitro-
gen, oxygen, and fluorine are the thermodynamic reference
states for the corresponding elements. Their dissociation
energies are tightly related to the enthalpies of formation of
the corresponding atoms, which are fundamental thermo-
chemical quantities that belong to the CODATA ‘key’ set
[8]. Since the CODATA evaluation, these quantities have
gained additional relevance: the availability of accurate
and reliable values for enthalpies of formation of atoms has
become a sine qua non for electronic structure methods
that use the total atomization energy route to obtain prac-
tical enthalpies of formation.

2 The approach of Active Thermochemical Tables
As opposed to traditional thermochemistry, which uses a

sequential approach to build a set of thermochemical val-
ues (A begets B, B begets C, and so on), ATcT are based
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on constructing, analyzing, correcting, and solving a ther-
mochemical network (TN) [1, 2]. The TN contains the
available experimental determinations that thermochemi-
cally interconnect the targeted chemical species (such as
bond dissociation energies, reaction enthalpies, constants
of equilibria, ionization energies, and electron affinities),
complemented by similar determinations extracted from
high-level theoretical calculations (such as energies of
various isodesmic reactions, bond dissociation energies,
and total atomization energies). Each determination in the
TN has an initially assigned uncertainty, reflecting its
perceived 95 % confidence interval. Uncertainties are an
important integral component of the TN: they determine
the weight by which each determination contributes to the
overall knowledge content of the TN and thus regulate the
uncertainties of the final results. After the TN is con-
structed and checked for stoichiometric correctness, ATcT
proceed with an iterative statistical analysis that exploits
the available thermochemical cycles in the TN and evalu-
ates all determinations for mutual consistency, producing a
ranked list of potential ‘offenders,” i.e., determinations
with too optimistic uncertainties, which would unduly
skew the final results if left uncorrected. The uncertainty of
the most likely ‘offender’ is then augmented by a small
increment, and the statistical analysis is repeated until
internal consistency is achieved across the entire TN. Once
the TN is internally consistent, ATcT obtain the final
results by solving it simultaneously for all included
chemical species.

The ATcT TN approach provides a number of signifi-
cant advantages over the traditional sequential approach,
described in more detail elsewhere [1, 2, 9, 10]. Because
the results are obtained by simultaneously satisfying all
relevant determinations present in an internally consistent
TN, the ATcT values are not only more accurate,’ but also
more robust® than those obtained from a sequential
approach. A typical sequentially obtained thermochemical
value has a critical dependency on the reliability and
integrity of the particular determination that was selected
for its derivation. In contrast, ATcT values typically have a
distributed provenance and thus do not critically depend on
the accuracy and reliability of a single determination.
In rare cases when the ATcT thermochemistry of some

' The term ‘precision’ is normally reserved to describe the spread of
values (i.e., the width of the distribution), without taking into account
the possible bias between the true value and the central value of the
distribution, also known as ‘trueness.” Occasionally, the term
‘accuracy’ is used as a synonym for ‘trueness.” In the present paper,
the term ‘accuracy’ encompasses the best estimate of both ‘trueness’
and ‘precision,” in keeping with ISO 5725 standard.

2 In the present paper, the term ‘robustness’ is used only in a
qualitative sense and implicates a resistance to change if one of the
relevant determinations is removed, or if a new determination of
similar quality is added.
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species displays a strong dependency on a single thermo-
chemical determination, the latter is marked as a ‘weak
link,” and the corresponding section of the TN is earmarked
for fortification by acquiring new experimental and/or
theoretical determinations. The distributed nature of the
provenance,’ together with the fact that all provenance
contributors are brought into mutual consistency before
computing the final solution, are very important aspects of
the ATcT approach that enable ATcT to produce results of
superior accuracy and robustness.

The current ATcT TN (ver. 1.118) spans over a thou-
sand chemical species and contains nearly 16,000 deter-
minations. Describing even a modest fraction of these
determinations is obviously well outside the scope of any
single paper. However, the degree to which each of these
determinations contributes to the enthalpy of formation of a
given species (or to some other related thermochemical
quantity, such as a particular bond dissociation energy) can
be evaluated by performing a variance/covariance decom-
position. This enables us to focus the discussion only on
those determinations that make a prominent contribution to
the provenance of the targeted thermochemical quantity.

3 ATcT results and their discussion

Since gas-phase H,, N,, O,, and F, are the thermodynamic
reference states for the corresponding elements (having by
definition an enthalpy of formation of zero at all temper-
atures), the enthalpies of formation of the corresponding
atoms are exactly equal to half the bond dissociation
enthalpy of the homonuclear diatomic molecule. The same,
of course, does not hold for C,. For carbon, the thermo-
dynamic reference state is graphite, and thus, the enthalpy
of formation of the carbon atom corresponds to the
enthalpy of vaporization of graphite to monatomic carbon,
while the enthalpy of formation of C, corresponds to the
enthalpy of vaporization of graphite to diatomic carbon.
The two are related via the dissociation energy of diatomic
carbon. While C, will be discussed here in pertinent detail,
describing the genesis of the ATcT value for carbon atom
would require a separate discussion that is outside the
scope of the present paper. Nevertheless, for the sake of
completeness, the current ATcT enthalpy of formation of C
atom is also reported here.

Each of the cases discussed below in more detail is
interesting in its own way: (1) Hj is a relatively simple case
devoid of complications that allows us to illustrate some of

3 “Provenance’ is in the present paper used as a quantitative
descriptor; the contribution of an arbitrary determination to the
provenance of an arbitrary thermochemical quantity is defined
numerically as the relative contribution of that determination to the
final value of the variance of the thermochemical quantity in question.
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the important characteristics of ATcT results; (2) C,
illustrates a case that suffers from a dearth of experimental
data; (3) N, illustrates a case that involves the resolution of
a ‘weak link’ before reliable thermochemistry can be
obtained; (4) O, illustrates a case where one needs to
include an often ‘forgotten’ correction to experimental data
in order to achieve the final accuracy; (5) F, provides a
case where the ATcT must use arbitration to resolve
inconsistencies between relevant determinations.

3.1 ATcT values for Dy(H,) and AH°(H)

The current ATCT value for Dy(H,) is 432.068p¢ £+
0.000¢, kJ/mol (see Table 1), or, equivalently, AiH°y(H) =
216.034p3 £ 0.0000; kJ/mol (217.997g¢ kJ/mol at 298.15 K;
see Table 2).* Other than gradually gaining in accuracy as
the TN was expanded over time, these ATcT values have not
changed significantly since the previously reported versions
[1, 3, 4, 9-11]. The CODATA value [8], subsequently
adopted in the popular tables of Gurvich et al. [12, 13] and in
the JANAF Tables’ [14, 15], was already quite accurate,
AtH%93(H) = 217.998 £ 0.006 kJ/mol, and thus in this
particular case, the improvement in accuracy by almost three
orders of magnitude is probably of no practical thermo-
chemical consequence.

The CODATA value for the enthalpy of formation of H
relies entirely on a single measurement: the H, dissocia-
tion energy of Herzberg [16] (see additional discussion of
the CODATA value in Ruscic et al. [1]). In contrast to
this, the provenance of the ATcT value is significantly
distributed, reflecting a typical outcome of the ATcT TN
approach. The first 90 % of the provenance of
AH°(H) and/or Dy(H,) includes no less than 9 different
determinations, and in order to pedigree 99.9 % of the
provenance, one needs to include 30 different determina-
tions. The most prominent experimental contributors to the
provenance are the determination of the ionization energy
of ortho-H, of Liu et al. [17], their reevaluation of the
ionization energy of H and of the dissociation energy
of Hy™ using the CODATA 2006 constants [18], the
evaluation of the ionization energy of H by Erickson [19]

* The significant digits in the values given in the text and in Tables 1
and 2 are un-subscripted and correspond either to a maximum of three
significant digits after the decimal point or to two significant digits in
the related uncertainty (whichever is less); when given, extra digits
are subscripted.

> As opposed to Gurvich et al. [12, 13], who adopted the values from
the final CODATA report [8], the third edition of JANAF [14] has
adopted a slightly different set of values from an interim report of the
CODATA Task Group. The fourth edition of JANAF [15] retains the
interim values adopted in the third edition. For H atom, the value
adopted by JANAF is larger by 0.001 kJ/mol, for O atom is lower by
0.010 kJ/mol, for F atom is larger by 0.010 kJ/mol.

(additionally rescaled to current values of natural con-
stants), the determination of Dy(H,) by Zhang et al. [20],
the evaluation of the same quantity by Stoicheff [21], the
determination of para—ortho separation in H, by Jennings
et al. [22], and the determination of the ionization energy
of H," by de Lange et al. [23]. With respect to theoretical
contributors, the most prominent contributors are the
determinations of Dy(H,) and of para—ortho separation in
H, by Piszczatowski et al. [24], of the Lamb shift in H by
Johnson and Soff [25], of Dy(H,") by Moss [26], of para—
ortho separation in H, by Schwartz and Le Roy [27], and
of Dy(H,) by Wolniewicz [28] and by Kolos and Rych-
lewski [29].

The list of provenance contributors attests to the fact
that ATCT utilize the knowledge content of available
determinations, irrespective of whether they are of exper-
imental or theoretical origin. One also easily notes that in
addition to being highly distributed, the provenance does
not correspond to a straightforward collection of competing
determinations of Dy(H,), but it includes such species as
ortho-H,, H2+, H™. These two observations illustrate an
important general characteristic of the ATcT approach: the
final values have distributed provenances, reflecting the
fact that they have been obtained by simultaneously satis-
fying all statistically relevant determinations through all
statistically relevant thermochemical cycles available in
the TN.

The determination of Dy(H,) by Herzberg [16], which
provided the CODATA/JANAF/Gurvich value for the
enthalpy of formation of H, is included in the TN, but ends
up contributing rather negligibly to the final result. The
primary reason for this is that it seriously lags in accuracy
when compared to the current list of prominent provenance
contributors. Not surprisingly, this is a rather typical situ-
ation for many determinations that might have been the
best available (and hence preferred) at the time of the
CODATA/JANAF/Gurvich evaluations, but have since
become overshadowed by newer and more accurate data.
Within the ATcT TN, the transition of less accurate
determinations toward obsolescence is governed automat-
ically and usually happens gradually: as more accurate
determinations are added to the TN, the less accurate
determinations—though still contributing to the overall
knowledge content of the TN—are slowly eased toward
lower provenance ranks.

3.2 ATcT values for Dy(C,) and AH°(C5)

CODATA [8] did not evaluate C,, ostensibly because the
experimental data available at the time were lacking suf-
ficient accuracy and consistency. JANAF Tables [14, 15]
grounded the thermochemistry of this species on the
spectroscopically based extrapolation of Messerle and

@ Springer
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Table 1 ATcT values for the 0-K dissociation energies, Dy, and 298.15 bond dissociation enthalpies, BDE,qg, of H,, C,, N,, O,, F,, HF, CH,

CO, CN, NO, OH, CO,, H,0, and triplet and singlet CH, (in kJ/mol)

Species Dy BDE»og Uncertainty
H, 432.0680¢ 435.99575 +0.0000,
(3 602.52, 605.03, +0.27g
N, 941.146 944.870 +0.047
0, 493.6874 498.458; +0.004,
F, 154.575 158.784 +0.10g
HF 565.966 570.082 40.008
CH 334.60, 338.715 +0.114
CO 1072.041 1,076.631 40.055
CN 745.255 749.314 +0.14,
NO 626.830 630.574 +0.060
OH 425.625 429.735 +0.026
Ccob 526.150 532.182 +0.025
H,0°¢ 492215 497.321 +0.002
CHS (triplet) 417.90, 422.64, +0.14,
CHS (singlet) 380.23; 385.11% +0.144

The listed values are from ver. 1.118a of the ATcT thermochemical network

? The conversion of AiH°(C,) from 0 K to 298.15 K uses a newly computed ATcT partition function for C,; with the prior partition function for
C, (from Gurvich et al. [12, 13]), BDE,gg value would be 605.43 kJ/mol

® The current total atomization energy of CO, is TAE((CO,) = 1,598.191 + 0.054 kJ/mol (1,608.812 kJ/mol at 298.15 K)

¢ The current total atomization energy of H,O is TAE((H,0) = 917.840 £ 0.026 kJ/mol (927.056 kJ/mol at 298.15 K)

9 The current total atomization energy of triplet CH, is TAE(*CH,) = 752.50, % 0.12; kJ/mol (761.35¢ kJ/mol at 298.15 K)
¢ The current total atomization energy of singlet CH, is TAEO('CHZ) = 714.835 & 0.135 kJ/mol (723.83¢ kJ/mol at 298.15 K)

Kraus [30], taking Dy(C,) = 589.7 + 3.8 kJ/mol.® In
contrast to this, Huber and Herzberg [31] termed the
determination of Messerle and Krauss [30] as ‘somewhat
doubtful’ and listed Dy(C,) = 599 kJ/mol (with an implied
uncertainty of about +9 kJ/mol) based on high-temperature
measurements of Brewer et al. [32] and of Kordis and
Gingerich [33]. Gurvich et al. [12, 13] examined nearly all
high-temperature measurements that were available at the
time [33-40], and ultimately anchored the thermochemistry
of C, on the same spectroscopic measurement as JANAF,
but reinterpreted it as implying Dy(C,) = 600 + 10 kJ/
mol.

The current ATcT value for Do(C,) is 602.52; 4+ 0.27g
kJ/mol (Table 1). The related 0-K ATcT enthalpy of for-
mation of C, is 820.265 £ 0.29, kJ/mol (828.72¢ kJ/mol at
298.15 K, Table 2). The Gurvich et al. [12, 13] value

6 Note that there is an inconsistency in the JANAF Tables [14, 15]:
the listed enthalpy of formation of C, was derived in the third edition
[14] by combining the assumed bond dissociation energy of
589.7 £ 3.8 kJ/mol with an older value for the enthalpy of formation
of C atom, which is lower by 1.7 kJ/mol than the listed value. Thus,
from the listed enthalpies of formation for C, and C, one nominally
obtains Dy(C;p) = 593.1 £ 3.9, or 3.4 kl/mol higher than their
original assumption. The inconsistency stays uncorrected in the
fourth edition [15].

@ Springer

AHy(Cy) = 822.4 £+ 10 kJ/mol (830.5 kJ/mol at 298.15 K)
and their Dy(C,) = 600 £ 10 kJ/mol, as well as the nearly
identical Dy(C,) value of Huber and Herzberg [31], are
clearly consistent with the ATcT value, though less accu-
rate by one-and-a-half orders of magnitude. The often
quoted and used JANAF [14, 15] value AH°((C,) =
829.3 + 3.8 kJ/mol (837.7 kJ/mol at 298.15 K) is evi-
dently inconsistent with the current ATcT value. Table 2
also lists the current ATcT enthalpy of formation of carbon
atom, AH(C) = 711.395 + 0.054 kJ/mol (716.880 kJ/mol
at 298.15 K). The latter value has changed very slightly
since the previously reported [10] interim ATcT value.
The provenance of the ATcT value for Dy(C,) is quite
distributed: 90 % of the provenance contribution is due to 23
determinations, and in order to account for 99.9 % of the
provenance, it takes no less than 715 determinations. In spite
of the fact that the presence of C, is clearly visible in nearly
every hydrocarbon flame (quoting Hoffmann [41]: ‘the
lovely blue color of hot hydrocarbon flames is due in large
part to emission from excited C, molecules on their way to
soot or CO,’), and in spite of numerous detailed spectro-
scopic studies of this molecule [42-51], there is very little in
terms of accurate experimental determinations that could
help define Dy(C,). Among the top fifty provenance con-
tributors to the ATcT value, only four are experimental
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Table 2 ATCcT enthalpies of formation, A¢H°, of H, C, N, O, F, C,,
HF, CH, CO, CN, NO, OH, CO,, H,O0, and triplet and singlet CH, at
0 K and 298.15 K (in kJ/mol)

Species 0K 298.15 K Uncertainty
H 216.0340; 217.997gg 40.0000;
C 711.395 716.880 +0.054
N 470.573 472.435 +0.023
o 246.843¢ 249.229, +0.002,
F 77.287 79.393 +0.053
C, 820.265 828.725 +0.29,
HF —272.644 —272.691 +0.053
CH 592.82, 596.16, +0.12;
Cco —113.802 —110.522 +0.026
CN 436.715 440.00, +0.145
NO 90.586 91.090 +0.062
OH 37.253 37.492 +0.026
CO, —393.108 —393.474 +0.014
H,O —238.928 —241.831 +0.026
CH, (triplet) 390.96, 391.51g +0.13,
CH, (singlet) 428.628 429.040 +0.14,

The listed values are from ver. 1.118a of the ATcT thermochemical
network

% The conversion of AgH°(C,) from 0 K to 298.15 K uses a newly
computed ATcT partition function for C,; with the prior partition
function for C, (from Gurvich et al. [12, 13]), the 298.15 K value
would be 828.330 kJ/mol

determinations: the Gibbs energy of vaporization of graphite
to produce C, as extracted by a third law treatment of the
measurements of Kordis and Gingerich [33], the energy of
dissociation of acetylene to C, and two H atoms extracted
from the measurements of Urdahl et al. [52], the high-tem-
perature equilibrium constant between C, and C atoms
determined by Wachi and Gilmatrin [38], and a reinterpre-
tation of the bond dissociation measurements by Messerle
and Kraus [30] that is very similar to that given by Gurvich
et al. [12, 13]. Each of these four experimental determina-
tions individually contributes less than 1 % to the prove-
nance. The other experimental determinations mentioned at
the beginning of the C, discussion are also included in the
TN, but they occupy even lower provenance ranks. The
primary reasons for a low contribution of experimental
determinations to the provenance are their insufficient
accuracy and poor mutual consistency. Rather than experi-
ment, the relevant provenance contributors in the current
version of ATcT derive from theory: the bond dissociation
energy and the energy for loss of two hydrogen atoms from
acetylene based on W4.4a calculations of Karton et al.
[53-55] and on the FPD method results of Feller et al. [56],
together with the analogous quantities based on slightly

lower levels of theory, such as W4.3, W4.2, and W4 [53,
55], and on an earlier version of the FPD method [57], as
well as the C—H bond dissociation energy of C,H from an
approach that utilized explicitly correlated coupled-cluster
methods [6], as well as the same bond energy from a
CCSD(T)/CBS-based approach [58].

Although the current ATcT value for Dy(C,) is domi-
nated by virtual (i.e., computational) determinations, rather
than actual (i.e., experimental) determinations, this was not
necessarily the case in earlier versions of the ATcT TN.
The section of TN relevant to C, initially contained all the
available experimental data mentioned above, but very few
high-accuracy computational results. The resulting values
for Do(C,) and AH°(C,) were rather inaccurate, partly
because of the relative paucity of data and partly because
of their limited accuracy. In addition, some of the high-
temperature determinations had a tendency to skew the
resulting bond dissociation energy to higher values,
because at that point, the TN contained a rather limited set
of thermochemical cycles involving C, and thus ATcT had
no good thermodynamic pathways to check the involved
determinations for consistency. As high-accuracy compu-
tational results have gradually appeared and were inserted
in the TN, they incrementally boosted the TN knowledge
content, allowing ATcT to perform a more rigorous eval-
uation of the relevant TN section for internal consistency.
The resulting Dy(C,) and AH°(C,) were gradually gaining
in accuracy and converging toward the current value, but at
the same time, the newer and increasingly accurate theo-
retical results began pushing the less accurate experiments
down the rank list of provenance contributors.

The thermochemistry of C, is clearly a case where the
ATcT results benefit immensely from the availability of
high-accuracy state-of-the-art electronic structure methods.
However, it is worth stressing here that although the cur-
rent ATcT thermochemistry of C, is dominated by theo-
retical determinations, the results presented here are
superior to any of the included computational determina-
tions taken alone. By virtue of the underlying TN approach,
the ATCcT results reflect a statistically weighted summary
consensus of the determinations contributing to their ped-
igree—after they were brought into mutual consistency by
statistically evaluating all available thermochemical
cycles—and are thus superior to any of their constituent
determinations taken alone.

3.3 ATcT values for Dy(N,) and AH°(N)
CODATA [8] used a bond dissociation energy of N, of

941.64 £ 0.60 kJ/mol from Biittenbender and Herzberg
[59] to derive the 298.15 K enthalpy of formation of

@ Springer
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nitrogen atom of 472.68 £ 0.40 kJ/mol, which was then
adopted by Gurvich et al. [12, 13] and JANAF’ [14, 15]. In
the very early stages of the development of the ATcT TN,
when the network was much smaller, the resulting ATcT
enthalpy of formation of N atom was strongly dominated
by the same spectroscopic determination by Biittenbender
and Herzberg [59]. Consequently, this determination was
marked as a ‘weak link’ in the TN, and steps were
undertaken to enhance the TN section surrounding N. More
exhaustive literature searches have subsequently unearthed
the determinations of Carroll and Mulliken [60] and Ron-
cin et al. [61], and the analyses of Lofthus [62] and Le Roy
et al. [63]. However, while their addition to the TN intro-
duced competing values for Dy(N,), this enhancement did
not create new thermochemical cycles that would allow
ATcT to perform more exhaustive checks for consistency
in the relevant portion of the TN. A crucial breakthrough
toward alleviating the ‘weak link’ symptom occurred in the
form of a tailored collaborative effort with the group of Ng
[64], where accurate synchrotron-based photoionization
measurements have been used to determine in three sepa-
rate ways the onset of photodissociative ionization of N,
(corresponding to the process N, — NT + N 4 e").

The current ATcT value is Do(N;) = 941.146 +
0.047 kJ/mol. In contrast to the very early versions of the
TN that suffered from the ‘weak link’ situation, the prov-
enance of Dy(N,)—and hence also the provenance of
AsH°(N)—is currently quite distributed, with a distribution
size not dissimilar to that found for Dy(C,): it takes 17
determinations to elucidate 90 % of provenance, and as
many as 1,036 determinations to account for 99.9 % of the
provenance. However, as opposed to the situation for C,,
the primary contributors to the current value of Dy(N,) are
entirely experimental. The most relevant contributors are
the three collaborative photoionization measurements
mentioned above [64], the measurements of Roncin et al.
[61], the measurement of Carroll and Mulliken [60], as
well as the original determination by Biittenbender and
Herzberg [59].

The corresponding ATcT value for AHCH(N) =
470.573 £ 0.023 kJ/mol (472.435 kJ/mol at 298.15 K,
Table 2) coincides with the previously reported [10]
interim value. The CODATA [8] value is more than an
order of magnitude less accurate and is 0.24 kJ/mol higher;
perhaps a not entirely unrelated detail is that the bond
dissociation energy explicitly quoted by CODATA should
have produced an uncertainty for the enthalpy of formation
of nitrogen atom of £0.3; kJ/mol, but in the final analysis,

7 JANAF [14] explicitly declares that it adopts the CODATA value
for the enthalpy of formation of N, but lists an uncertainty that is
smaller than CODATA’s by a factor of 4, as if the authors failed to
convert it from kcal/mol to kJ/mol. The problem is uncorrected in the
fourth edition [15].

@ Springer

the CODATA Task Group has decided for some reason to
increase it to +0.4; kJ/mol. One suspects that the undoc-
umented addition of a safety margin to the uncertainty by
CODATA is related to the fact that Dy(N,) was involved in
a very lively controversy during the first half of the
twentieth century (see Gaydon’s book [65] for a historical
overview of this subject).

While the uncertainty of the CODATA value is large
enough to accommodate the current ATcT value in the
lower section of the bound, the actual CODATA value is
outside the ATcT error bar by a substantial margin.® Both
the shift in the value and the increased accuracy of the
ATcT value are of relevance to high-accuracy theoretical
approaches that utilize the total atomization energy route to
obtain practical enthalpies of formation, particularly for
chemical species that have multiple nitrogen atoms.

3.4 ATCcT values for Dy(O,) and AH°(O)

The current ATCT value for Dg(O,) = 493.687g +
0.004, kJ/mol (Table 1), and the corresponding AH,(O) =
246.8439 + 0.002, kJ/mol (249.229, klJ/mol at 298.15 K,
Table 2); these have not changed from the previous ATcT
version [10].

The CODATA [8] value for the enthalpy of formation of
oxygen atom is based on Dy(O,) = 493.58 £ 0.18 kJ/mol
obtained by Brix and Herzberg [66], and the resulting
298.15 K enthalpy of formation for oxygen atom of
249.18 £ 0.10 kJ/mol was adopted by Gurvich et al. [12,
13] and JANAF [14, 15]. The provenance of the ATcT
value is reasonably distributed: 90 % of the provenance can
be attributed to 4 determinations, and 99.9 % of the prove-
nance to 106 determinations. The prominent contributors are
the bond dissociation energy determination of Lewis et al.
[67], the ion-pair threshold determination of Martin and
Hepburn [68], and the bond dissociation energies deter-
mined by Gibson et al. [69] and Cosby and Huestis [70].

Some of the (otherwise very accurate) spectroscopic
values for Dy(O5,) that are found in the literature are—in a
strict thermodynamic sense—incorrect and require an
additional small correction before they can be used for
high-accuracy thermochemical purposes. Namely, the
thermodynamic definition of dissociation energy is that it
corresponds to the energy difference between the lowest
existing rovibrational level of a molecule and the lowest
existing level of the dissociation asymptote. Both Herzberg
[71] and Huber and Herzberg [31] quoted this definition,

8 While a detailed comparison of quantities with vastly different
accuracies is nontrivial, particularly if the more accurate value is
within the uncertainty bounds of the less accurate value, but the
converse is not true, if one anchors the reference frame to the ATcT
value for A¢H°(N), the corresponding CODATA [8] value is too high
by more than 20 standard deviations.
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and yet the dissociation energy of Brix and Herzberg [66]
was given with respect to the nonexistent v =0,
N =J = 0level of the X SZ&T state. Prima facie, the lowest
existing level in the ground state of O, would be
1.783 cm™! lower and would correspond to N =0, J =1
(Fy), but that level is wiped out by nuclear spin statistics in
the dominant isotopic variant '°0,. The lowest actual
level in X X, of '°0, is N =1, J = 0 (F3), which is
1.086 cm™' lower than the nonexistent reference level.
CODATA [8] apparently entirely ignored this (admittedly
small) correction to the Brix and Herzberg Dy(O,) value
[66], presumably considering it superfluous in view of the
+15 cm™' overall uncertainty of that determination.
However, Gibson et al. [69] and Lewis and al. [67] follow
suit and also refer their D, to the same nonexistent level; in
their case, the correction is relevant since they both quote
sub-cm~! uncertainties. In a similar vein, Martin and
Hepburn [68] explicitly report their ion-pair formation
threshold relative to the N = 1, J = 2 level of the ground
state of O,, which is 2.1 cm~ ! above the lowest existing
level of X 3Z&T of O,—again a relevant correction in view
of their uncertainty of +0.7 cm™".

The ATcT value for A¢H°(O) is significantly more
accurate than the value selected by CODATA [8] (by more
than two orders of magnitude) and slightly higher (by
0.05 kJ/mol). As in the case of N atom, the current value
for the O atom is of relevance to high-accuracy theoretical
approaches that utilize the total atomization energy route to
obtain enthalpies of formation.

3.5 ATcT values for Dy(F,) and AiH°(F)

The current ATcT value for Do(F,) = 154.575 4+ 0.10g kJ/
mol (Table 1), or, equivalently, AH°y(F) = 77.287 +
0.053 kJ/mol (79.393 kJ/mol at 298.15 K, Table 2). The
ATcT value for the enthalpy of formation of F atom is
nearly six times more accurate, but otherwise numerically
very similar to the CODATA [8] value of AtH®9g(F) =
79.38 &+ 0.30 kJ/mol.

The CODATA value for AiH°(F) was obtained by
adopting Dy(F,) = 154.56 £ 0.60 kJ/mol from Colbourn
et al. [72]. The latter determination requires additional
discussion. Though often referred to as a spectroscopic
measurement, it is, in fact, an educated estimate based on
spectroscopic observations on F,, rather than a direct
measurement of Dy(F,). Colbourn et al. have spectro-
scopically determined the B, and G, values from v = 0 to
v = 22 of the X 12; state of F,. They concluded that the
dissociation limit must be higher than the highest observed
vibrational level. The inference that the v = 22 vibrational
level must be bound was rationalized by noting that the
ground state curve is unlikely to have a barrier on the basis
that both the Cq® and the Cgr—® terms in the long-range

potential correspond to attraction between the atoms and
thus have the same sign. Colbourn et al. further remarked
that an extrapolation of the vibrational levels beyond v = 22
to the dissociation limit would be difficult because the
intervals between the high vibrational levels vary rapidly
and follow no obvious pattern (a situation not dissimilar to
the case of Dy(OH) [73, 74], now apparently considered to
be a classic [75]). Colbourn et al. [72] estimate that the
dissociation limit of F, is 90 cm ™" higher than the v = 22
vibrational level, with an uncertainty of 450 cm_l, or
slightly more than half of the incremental interval. The exact
procedure by which Colbourn et al. arrived at this estimate is
not given in their paper, but one suspects that the expertise of
this world-renowned spectroscopic group must have played
an important role during the process.

Several years ago, Bytautas and Ruedenberg [76] care-
fully analyzed the long-range region of the ground state
potential energy function of F, (obtained by their CEEIS
method). They found that while the London dispersion
interaction, which scales as FG, is attractive, the interaction
between quadrupoles of the fluorine atoms, which scales as
¥, is repulsive because of coaxial alignment. There is also
an additional repulsive force due to loss of spin—orbit cou-
pling upon the bond formation. Consequently, their potential
energy curve has a small (~9 cm™") dissociation barrier at
about 4 A. The quandary that has arisen immediately after
the work of Bytautas and Ruedenberg was published, con-
cerns the issue of whether the 9 cm™! barrier affects the Dy
estimate of Colbourn et al. [72] or not. Clearly, the barrier is
much too small to vitiate the main stepping stone in the
estimate of Colbourn et al. [72], which is the assumption that
the highest observed vibrational level, 90 cm~! below the
presumed dissociation limit, is fully bound. Would the
knowledge of the barrier have resulted in an estimate of Dy
that was lower by 9 cm ™', or would it have perhaps resulted
in an estimated error bar larger than 50 cm™'? It is unclear
that it would cause either of the two, particularly since the
estimate of Colbourn et al. explicitly did not rely on a
straightforward extrapolation of the observed vibrational
levels, and likely relied heavily on spectroscopic experience.

An additional and more serious problem surrounding the
correct value of Dy(F,) has arisen even before the discov-
ery of the dissociation barrier by Bytautas and Ruedenberg
[76]. Yang et al. [77] have reported the ion-pair forma-
tion threshold of F, (corresponding to the process
F, —» F" + F7), which was obtained by velocity mapping
the F~ fragment. When combined with the generally
accepted values for the ionization energy and electron
affinity of F atom, it produced Dy(F;) = 154.96 £ 0.10 kJ/
mol; this value was subsequently slightly lowered in an
erratum [78] to 154.92 kJ/mol. The value of Yang et al.
appears six times more accurate than the estimate of Col-
bourn et al. but is 0.36 kJ/mol higher.

@ Springer
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From the perspective of traditional sequential thermo-
chemistry, establishing whether the Colbourn et al. esti-
mate (either uncorrected or lowered by 0.11 kJ/mol on
account of the dissociation barrier) or the higher determi-
nation of Yang et al. is correct is a crucial issue: once one
of the conflicting determinations is selected as the preferred
value, it immediately implies a particular value for
AH®(F).

However, from the perspective of the ATcT approach,
establishing beforehand which of the possibilities is correct
is not a crucial issue at all. Arbitrating between mutually
inconsistent determinations is one of the things that the
ATCcT approach is explicitly designed to do: as long as
there are sufficient alternate thermochemical cycles in the
TN, errant determination(s) will be identified during the
ATcT analysis and brought into consistency with the rest of
the TN by augmenting their uncertainties. As we shall
show in a moment, the TN contains a truly large number of
determinations that can help establish the dissociation
energy of F, both directly and through alternate thermo-
chemical cycles, and thus ATcT should have no problem
with such arbitration.

In general, the ATcT analysis typically finds that the
optimal solutions are outside the initially assigned uncer-
tainties for roughly 10 % of the determinations (or about
double the expected number if all initial uncertainties truly
corresponded to probabilistically correct 95 % confidence
intervals). Since the introduction of the ion-pair threshold
of Yang et al. [77, 78] into the TN a number of versions
ago (using their original uncertainty of +8 cm™' or
£0.09¢ kJ/mol), the ATcT analysis consistently finds this
determination to be problematic, unless the original
uncertainty is increased by approximately a factor of 3.6,
to &£ 0.344 kJ/mol. Other than it being inconsistent with the
remaining knowledge content of the TN (where the latter
consists of the cumulative knowledge of well over a
thousand related determinations, vide infra), it is unclear at
this point what exactly may be the problem with the
threshold of Yang et al. or with its original uncertainty.

As hinted to earlier, the provenance of the ATcT value for
Dy(F,) is extremely distributed—even more so than the other
species examined in this report: the top 90 % provenance is
spread out over 78 determinations, while accounting for
99.9 % of the provenance involves 1,197 determinations!
The prominent contributors to the provenance are a mix of
experiment and theory. They include the experimental ion-
pair formation threshold by Yang et al. [77, 78] (with an
uncertainty augmented during the ATcT analysis), the bond
dissociation determination of Colbourn et al. [72], together
with the theoretical bond dissociation energies of Bytautas
et al. [79], Csontos et al. [80], Harding et al. [4], Karton et al.
[5], Feller et al. [56], as well as a large number of other

@ Springer

experimental and theoretical determinations. These include
additional species such as CIF, CF,, Cl, FOF, HF, HCI, CF,
CF2, CF3, COFz, C2F4, COZ, CH4, CH, H20, H2, and
graphite, through alternative thermochemical cycles that
ATcT find to be of some relevance to establishing the final
result. At first blush, some of these additional species
involved in the provenance may appear surprising, though
they can be all rationalized. For example—to provide just a
few random examples—the enthalpy of reaction of F, with
ClI atoms to produce CIF and F atoms corresponds to the
difference in the bond dissociation energies of CIF and F,.
When combined with the equilibrium constant for the reac-
tion of F, and Cl, to produce CIF, it corresponds to the
difference in the bond dissociation energies of Cl, and F;. Or,
the calorimetric combustion of graphite in F, to produce CF,,
when combined with the vaporization enthalpy of graphite
and either with the successive bond dissociation energies of
CF, or with the total atomization energy of CF,, produces a
net cycle corresponding to two F, molecules dissociating to
constituent atoms. Taken alone—such as would be the case
in sequential thermochemistry—none of these alternate
thermochemical cycles would be able to sufficiently accu-
rately establish the bond dissociation energy of F,. However,
within the ATcT TN approach, which attempts to satisfy all
available thermochemical cycles simultaneously, the addi-
tional thermochemical cycles synergistically enhance the
overall knowledge about a satisfactory value for Dy(F,) in a
way that becomes relevant to the final result.

As mentioned at the beginning of the subsection on F,,
while the ATcT value and the CODATA value for the
enthalpy of formation of F atom differ in their accuracy,
their nominal values are numerically nearly identical—a
fortuitous coincidence in view of the fact that the ATcT
value is highly independent from the Dy(F,) value of
Colbourn et al. [72]; the latter determination contributes
only about 3 % to the provenance of the ATcT value. From
the ATcT value for Dy(F,), one can infer that the dissoci-
ation limit is located 91 & 9 cm ™' beyond the last vibra-
tional level observed by Colbourn et al. Their estimate was
90 + 50 cm™'. The two values are fortuitously in near-
perfect agreement, much better than statistically justified
by the two uncertainties.

Csontos et al. [80] have quite recently confirmed the
existence of the dissociation barrier of Bytautas and Rue-
denberg [76] by using several multi-reference methods, and
have computed Dy(F,) = 154.95 £ 0.48 kJ/mol using an
enhanced HEAT-like approach. Csontos et al. [80] noted
that the value of Yang et al. [78] of Dy(F,) = 154.92 +
0.10 kJ/mol and the value of Dy(F,) = 154.52 £ 0.12 kJ/
mol based on a previously reported [10] interim ATcT value
for AiH®°y(F) = 77.26 £ 0.06 kJ/mol are outside each oth-
er’s error bars, but the uncertainty of their computed bond
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dissociation energy, although remarkably low, was not low
enough for them to be able to make a distinction between
the two values. However, they remarked that their com-
puted value ‘almost precisely agrees’ with the value of
Yang et al. [78], and indicated support for the latter.
Csontos et al. [80] emphasized the fact that neither the
experimental ion-pair threshold nor the computed value
would suffer from the existence of the dissociation barrier
in the ground state of F,, while direct experimental mea-
surements of the dissociation energy which would. Finally,
they conclude that “the ATCcT approach uses Dy(F,)
reported by Colbourn and co-workers, which is derived
from extrapolation of the vibrational levels for the ground
state F, molecule to the dissociation limit” and that because
of the neglect of the dissociation barrier “the uncertainties
[of the ATCT values for Do(F,) and A¢H°(F)] ... should be
increased.” The quoted conclusions of Csontos et al. [80]
are incorrect; these authors assumed that the ATcT result is
derived directly from the value of Colbourn et al. [72],
while in fact, as we have shown above, the provenance of
the ATCcT values for Dy(F,) and A¢H°(F) is highly distrib-
uted and essentially (in fact, 97 %) independent of the
value of Colbourn et al. As discussed above, the numerical
near-coincidence between the estimate of Colbourn et al.
and the roughly five times more accurate ATcT value is
fortuitous. Furthermore, the possible influence of the dis-
sociation barrier on the ATcT result was checked imme-
diately after the result of Bytautas and Ruedenberg [79]
became public. With the possible exception of the estimate
of Colbourn et al. [72], none of the other ~ 1,200 deter-
minations contributing to the provenance of the thermo-
chemistry of F is affected by the dissociation barrier in the
ground state of F,. Furthermore, irrespective of whether the
estimate of Colbourn et al. requires an adjustment or not, its
contribution to the final ATcT result is quite small, and a
small change in that value would negligibly affect the
ATCT value and/or its uncertainty.

3.6 Current ATcT values for Dy(HF), Do(CH), Dy(CO),
Do(CN), Do(NO), Do(OH), Do(CO), Do(H20),
and Do(CHz)

The ATcT bond dissociation energies of HF, CH, CO,
CN, NO, OH, CO,, H,O, and triplet and singlet CH, are
given in Table 1, and the corresponding enthalpies of
formation are listed in Table 2. The essential ATcT
thermochemistry for H,O has been published recently
[11]. Strictly speaking, the ATcT results for the other
species represent interim values, since the corresponding
sections of the TN have not yet been finalized and ana-
lyzed in earnest. However, it would be quite surprising
if these interim values underwent a substantial change
during the final analysis.

3.7 Benchmarking the benchmarks

The Dg values given in Table 1 are used in the companion
paper [7] for benchmarking highly accurate computational
results obtained by the FPD procedure. These theoretical
results are benchmarks in their own right: the underlying
computations have been carried out at the highest level
currently feasible by the available hardware, and the indi-
vidual sources of error were carefully monitored and mini-
mized during each of the computational steps. It goes without
saying that in order to keep the benchmarking procedure as
objective and independent as possible, the FPD computa-
tional results from the companion paper have not been
included in the current TN. The agreement between the
ATcT results and the computed D, values is very good
indeed: in all cases, the two sets display an abundant overlap
within their uncertainties, except for C,, where the overlap is
rather marginal. The latter, however, does not come as a great
surprise: the ATcT result for C, suffers from a paucity of
good experimental data as well as from the fact that the
corresponding TN section is somewhat underdeveloped in
terms of available thermochemical cycles, and, at the same
time, the computational efforts are rendered complex by the
multi-configurational character of C,.

From the viewpoint of ATcT, benchmarking state-of-
the-art theory is a two-way street. Once the fidelity level of
the benchmarked theoretical results is understood, agree-
ment between the computed results and the ATcT values
indirectly also validates the latter. Conversely, if dis-
agreement is found for a particular chemical species, it
signals a problem either with the computation or with the
TN section related to the species in question, or perhaps
both. Furthermore, upon conclusion of the benchmarking
procedure, the ATcT TN is ready to incorporate the just
benchmarked theoretical results, as well as additional
computations that use the newly benchmarked theoretical
approach and target the introduction of new chemical
species into the TN or fortification of underdeveloped
sections of the TN.

4 Conclusions

The current ATcT results for the bond dissociation energies
of the homonuclear diatomics H,, C,, N,, O,, and F, are
reported and compared to values found in traditional
thermochemical tabulations. The provenance of the ATcT
values, obtained by examining the results of the variance
decomposition approach, is discussed. The results that are
presented here illustrate, inter alia, that the underlying TN
approach produces values that generally have a signifi-
cantly distributed provenance and thus, as opposed to
values obtained by traditional sequential thermochemistry,
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do not critically depend on the reliability of a single
measurement. In addition, the bond dissociation energy of
N, illustrates a case that involves the resolution of a ‘weak
link’ in the TN by acquiring additional experimental data.
The bond dissociation energy of O, illustrates a case where
the reported measurements are very accurate, but need
additional corrections in order to conform to the thermo-
chemical definition of a bond dissociation energy. The
thermochemistry of C, illustrates a case where ATcT rely
on state-of-the-art electronic structure methods because of
a paucity of sufficiently accurate and mutually consistent
experimental measurements, while the bond dissociation
energy of F, illustrates a case where ATcT use the
cumulative knowledge content of the TN to identify and
resolve an inconsistent piece of information. Ramifications
in terms of enthalpies of formation of atoms, which are
fundamental thermochemical quantities, are also discussed.
The current ATcT bond dissociation energies and enthal-
pies of formation of HF, CH, CO, CN, NO, OH, CO,, H,0,
and triplet and singlet CH, are also given.
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