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The concept behind active thermochemical tables (ATcT) is presented. As opposed to traditional sequential
thermochemistry, ATcT provides reliable, accurate, and internally consistent thermochemistry by utilizing
the thermochemical network (TN) approach. This involves, inter alia, a statistical analysis of thermochemically
relevant determinations that define the TN, made possible by redundancies in the TN, such as competing
measurements and alternate network pathways that interrelate the various chemical species. The statistical
analysis produces a self-consistent TN, from which the optimal thermochemical values are obtained by
simultaneous solution in error-weighted space, thus allowing optimal use of all of the knowledge present in
the TN. ATcT offers a number of additional features that are not present nor possible in the traditional approach.
With ATcT, new knowledge can be painlessly propagated through all affected thermochemical values. ATcT
also allows hypothesis testing and evaluation, as well as discovery of weak links in the TN. The latter provides
pointers to new experimental or theoretical determinations that will most efficiently improve the underlying
thermochemical body of knowledge. The ATcT approach is illustrated by providing improved thermochemistry
for several key thermochemical species.

1. Introduction guantified uncertainties. In addition, the availability of uncer-
Kn_owl_edge of thermochemical stability of va_lrious chemical_ tailtr;]tilr? sc(()arl:guttk;lrr,nggrerg\t\lzil?%r;iroarlllq)é ?Eiﬁg;if#éw 2%’;&?&'&”
SPECIES 1S centrgl to almost all aspects of chemistry and esse,m'arl/s a tool for estimating the underlying fidelity levels of chemical
In many llndgstr!es. Wh"? reasqnably accurate thermochgm|cal models and simulations of complex chemical environments, such
information is highly desirable in many branches of chemistry, 5 flames or the atmosphere. Finally, the availability of a body
the avallablll_ty of accurate, reliable, and internally _conS|stent of reliable and accurate thermochemistry is often a stimulating
thermochemical values for a broad range of chemical speciesg,ironment fostering abstraction of generalities that may open

is a conditio sine qua non in a number of areas of physical e jnsights into the details of chemical bonding in molecules.
chemistry, such as chemical kinetics, construction of reaction - o . )
This is the first in a string of planned papers that will report

mechanisms, formulation of descriptive chemical models that di d th hemical val btained Vi .
have predictive abilities, etc. Also, the availability of accurate new and improved thermochemical values obtained via active
. T ' C thermochemical tables (ATcT). ATcT is a novel scientific
and reliable thermochemistry has been historically the strongest o S . ;
application, centered on a distinctively different paradigm of

spiritus movens for the development of increasingly sophist- .how to derive accurate, reliable, and internally consistent

cated electronic structure theories, where accurate thermochemi- .
thermochemical values.

cal values have served (and are still serving) either as bench- . . . . .
( 9) The purpose of this paper is to introduce ATcT, briefly outline

marks for evaluating new theoretical methods or as empirical h derlvi hod. and il - bilities b idi
correctors for adjusting calculated potential energy surfaces. Thethe underlying method, and illustrate |ts“capa,1’ liies by providing
new thermochemistry for a few simple “key” chemical species,

availability of well-defined and properly quantified uncertainties hich d h foundati t th hemi
for principal thermochemical properties, such as enthalpies of Which stand at the very foundation of thermochemistry.
Subsequent papers in this series will then gradually expose the

formation, that properly convey the inherent degree of confi- ; d th hemi f oth - hich will b
dence that may be placed in these values, is an often neglectedimprove thermochemistry of other species, which will be

(and hence generally underutilized) but equally important aspectcpnvenl_ently aggregated in groups that are related by a common
that significantly contributes to the overall reliability and discussion thread.

consistency of the body of thermochemical knowledge. Given N ] .

the constantly increasing fidelity of electronic structure calcula- 2. Traditional Sequential Thermochemistry

tions, “benchmark” thermochemical values may become MIS®  Thermochemical tables are tabulations of thermochemical
leading or even useless unless they are accompanied by Ioroloerl3f)roperties conveniently sorted by chemical species. Their quality
— . ranges from fully documented critical data evaluatisris,
"'Part of the special issue “Tomas Baer Festschrift’. through compilations containing references but not elaborating
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ation8 to tabulations that select values from other compilatfons, thermochemical information for the chemical species under
often ignoring the need to provide detailed referencing. The consideration is then frozen, and used in subsequent steps as a
central thermochemical quantity is usually the enthalpy of constant. This stepwise process usually follows “the standard
formation, and is often accompanied by the Gibbs energy of order of elements” (oxygen, hydrogen, Noble gases, halogens,
formation, heat capacity, entropy, enthalpy increment (aka chalcogens, pnicogens, the carbon group, etc). It appears that
integrated heat capacity), etc. These are most frequently giventhe “standard order” may have initially been simply intended
at the reference temperature of 298.15 K, sometimes also at 0as a convenient sorting order for the chemical spégiés
K, whereas some tables include a wider selection of tempera-(following the system adopted by the international critical
tures. Several compilations specialize in presenting the ther-tables), but it was afterward realized that, with small modifica-
mochemistry in the form of polynomials rather than taBfes. tions, there were some advantages in using it also as the actual
The listed thermochemical properties for a chemical species order for developing the thermochemical tables. The “standard
are derived from more basic determinations, which, for the Order” strategy was fully exploited by the NBS tabfeand their
purpose of the present discussion, may be categorized as,oredec_essé?' and followed by several other thermochemical
generally falling into two categories: determinations that relate tabulations.®
to some property of only one species, and that do not depend. Although the “standard order of elements” strategy may
in any direct way on properties of other species, which we will indeed help alleviate some of the inherent problems of the
term species-specific information, and determinations that relate S€quéntial process, the traditional approach produces a tabulation
to some property relative to one or more other species, which that has a number of dlﬁlcpltles. The most serious problem is
we will term species-interrelating information. Certain thermo- th® maze of hidden progenitor-progeny dependencies across the
chemical quantities (namely, those that are related to the partitiont@Pulation. Consequently, tabulations that were obtained by a
function, such as heat capacity, entropy, and enthalpy increment)tr"?‘d't'onal sequential process are nearly impossible to up(_jate
can be, at least in principle, derived directly from species- With new knowledge. At best, one can use new species-

specific information, consisting, for example, of spectroscopic INterrelating data (such as a new measurement of some bond
measurements (or electronic-structure computations) of thediSSociation energy) to update the properties of one species,
electronic states and their rovibronic levels for gas-phase specieé"’h'Ch IS tantamount to revising or modifying one of the steps
or of direct measurements of selected properties (e.g., heat" the middle of the original sequence that produced the

capacity) for condensed-phase species. However, to determinéﬁbmst'or_" Al\lthou_gh Fh's perhaps_mprovg_s thlln_gs Iodcally (for
the enthalpy of formation or the Gibbs energy of formation and thec QT'Ca _Species mg}uetstg)nl),t!t |mme |atle yt;]ntro u_ﬁes new
place it on a common scale, where the origin (zero) is by Inconsistencies across he tabuiation. Namely, thereé will gener-

convention relative to chemical elements in their standard states,fa"y be other species in the table that are pegged directly or

the pivoting information has to come from determinations indirectly to the old value of the revised species and also need
(measurements or computations) that express either the enthalpt. t_)e updated. Which those may be is far frqm obvious. Other
of formation or the Gibbs energy of formation relative to other ifficulties, such as the potential to develqp hidden cumulative
chemical species. With the exception of elements in their egg?ﬁécifm;?fseg gye!:?g: %fatcirgsgtl\geegr?eggfecr‘r(niﬁ]oedthﬁ]
reference states, the enthalpy of formation and the Gibbs energ revious ste syand thpen frozen. In addition. the traditional
of formation (as well as several others that can be derived from P . P ; Lo

them) cannot be, even in principle, determined without recourse sequential process generally produces uncertainties that are not

. . T - . _necessarily properly quantified, since they tend not to reflect
to species-interrelating determinations, such as bond dlssouatlon[ ) ; . . i
. - . ) N .. the information content that is being used in other parts of the
energies, enthalpies of chemical reactions, kinetic equilibria, X
! o .’ tabulation. It can be argued that, even under the best of
electrode potentials, solubility data, etc. (Please note the fine . o - .
i . ircumstances, the traditional sequential approach exploits only
point that two different aggregate states, such as gas-phase ang o : . .
. . artially the available information.
condensed-phase, of the same chemical entity belong, from the"
thermochemical viewpoint, to two distinct chemical species, 3. Thermochemical Network Approach
each having a different set of temperature-dependent properties.) |, reality, the species-interconnecting determinations form a
The inexorable species-interrelating data leads to intricacies, thermochemical network (TN). A clear realization that this is
which are traditionally solved via a sequential approach. The the casé? together with some pioneering work pointing out
essence of the sequential approach is to disentangle thethe need for preconditioning the TN occurred a long time
intricacies of the cross-relationships via a stepwise process.ago but was not further developed and utilized in earnest. For
During each step, a new chemical species is adopted andexample, the NBS tabl&extensively discuss TNs and their
available scientific information is scrutinized. The “best” importance but, as they explicitly state, in the end use the
species-interrelating measurement(s) are selected through aequential method for “almost all” species, except for “the
critical evaluation process and then used to obtain, at oneevaluation of properties of the compounds of Li and Th, and
temperature, either the enthalpy of formation or the Gibbs energy for some of the evaluations of compounds of U, Na, K, Rb,
of formation for that species. One clear limitation is that the and Cs”, where they use what they term “computer-assisted
approach can utilize only those species-interconnecting deter-simultaneous solution”. The JANAF tabfdsave also used small
minations that link the currently evaluated species exclusively TNs in at least two casé&®whereas Cox et dlhave used a
to species that have been already compiled during previous stepsTN to determine the CODATA recommendations for the
In practice, the selection of the “best” determinations defines thermochemistry of 16 aqueous ions. Another compilation that
which actual step will be used to arrive at a particular species, appears to have used a computerized database of species-
and which alternative steps will be ignored or taken only as a interrelating information is that of Pedley et®alVe will make
secondary check. Once the enthalpy or Gibbs energy of further comments on these early uses of TNs later in this
formation of the target species is determined, the temperaturediscussion.
dependence and the other thermochemical properties can be Figure 1 is a graphical representation of a simple TN (which
computed from the available species-specific information. The happens to be a minute subset of the TN utilized in the present
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for the edges and defines which vertices can ever become first
and second neighbors.

The graph representing the TN can be mapped onto one
adjacency matrix and four or more column vectors. The columns
and rows of the adjacency matrix correspond to primary and
secondary vertices (with each degenerate component forming
a different row). The elements of the adjacency matrix reflect
the weight and direction of the edges, i.e., the underlying
stoichiometry. All column vectors have the same number of
rows as the adjacency matrix. The elements of the first two
column vectors contain the values and the adjunct uncertainties
of the species-interrelating determinations, the third column
vector contains the temperature at which the determination is
made, and the other column vectors contain information on the
type of measurement, reference(s), annotations, etc. (typical
Figure 1. Graphical representation of a small subset of the current metadata, to use the computer-science lingo). It should be also
TN illustrating the topology for some of the key species described in noted that the removal of primary vertices that are considered
this paper. In graph-theoretical language, the TN contains 1 primary fixed (such as reference elements in their standard states),
vertex (rectangles) and 13 secondary vertices (ovals). The primary coypled to the modifications of the column vectors as necessary

vertices represent the enthalpies of formation of various chemical SN L . .
species that are to be determined by solving the TN. The secondary(See Appendix), is a legitimate procedure in handling the graph.

vertices represent the chemical reactions for there are measurements The adjacency matrix and the first two vectors correspond
of thermochemically relevant quantities. The directed edges (arrows) algebraically to a system of weighted linear equations. The
|nd|c.ate_ part|C|pat|_or_1 in chemical reactions. The we_lghts Qf the edges adjacency matrix is sparse, and the system is typically heavily
(not '”g'catﬁd e’ép"c't'y? are governed by the underlying StO'Ch'Omet&y- overdetermined (the number of secondary vertices including all
Note that the edges always connect a primary vertex to a secondary : : :
vertex; first neighbor vertices are always of a different kind and second degeneracies normally exceeds th? number of primary vertices).
neighbors are always the same kind. Most of the secondary vertices | N€ €xcess degrees of freedom arise both from the fact that the
have multiple degeneracies shown by the number-letter combinations.number of chemical reactions for which thermochemically
These degeneracies correspond to competing determinations of therrelevant measurements are known normally exceeds the number
mochemical properties of the same chemical reaction. For example, of species considered and from the fact that there will be often

the oval in the lower right corner, representing the gas-phase reactionyltiple competing measurements for the same chemical
Y, Ha + Y, Cl, — HCI, is labeled 9a, 9b, and 9c, corresponding to reaction

three separate calorimetric determinatiéfid®? of the enthalpy of : )

combustion of hydrogen in chlorine to form gaseous HCI. The figure ~ Here it should be parenthetically noted that throughout the
also illustrates the fact that, in general, there are multiple (alternate) present paper we are using the “stationary electron convention”,
pathways through the network between two arbitrarily selected primary which is adopted in most papers involving gas-phase ion
vertices. The traditional sequential approach to thermochemistry thermochemistry. Consequently, in the TN of Figure 1, the

proceeds through the network in a series of steps, each step selectin . . . . -
a particular path to the next primary vertex and ignoring all other paths. %Iect_rons balancing the chem_lc_al reactions tha.lt |r_1vol_ve_ lonic
species are not shown explicitly. (Although indiscriminate

Each primary vertex is “solved” on the first visit, and never revisited et . g . > .
again. The process utilizes only partly the wealth of information Mixing of values belonging to different conventions inevitably
contained in the network. As opposed to this, the ATcT approach is leads to grave errors, the conversion from the “stationary
based on considering simultaneously all existing pathways, hence electron convention”, aka “ion convention”, to the alternative
making the best possible use of the information content. “thermal electron convention”, which is used for example in
the JANAF table3and in Gurvich et aB,is rather trivial, and
paper). In graph-theoretical language, the TN is here depictedamounts to simply adding to each determined enthalpy of
by a labeled graph containing two types of vertices. The primary formation the quantity 2dRT, whereq is the charge in units
vertices (shown as rectangles) represent the enthalpies 0fof elementary charge® is the molar gas constant, afids the
formation of species that need to be determined, whereas thetemperature; obviously the values @K for charged species
secondary vertices (shown as ovals) represent the chemicaknd at all temperatures for neutral species are the same under
reactions for which relevant measurements are available. Inpoth conventions.)
general, secondary vertices may have multiple degeneracies The TN represented in Figure 1 corresponds to an ab ovo
(reflecting competing determinations on the same chemical T\ (aka global TN), where all primary vertices, except for
reaction): each of the number/letter combinations contained in reference elements in standard states (in the current example
the ovals in Figure 1 references one thermochemically relevant, and C} at the bottom of the graph), are treated as unknowns.
species-interrelating determination at a particular temperature. Another variant is docal TN, obtained by removing the primary
In the example depicted in Figure 1, there are 10 primary vertices for which solutions are considered to be firmly known
vertices (chemical species), and 13 secondary vertices (chemicafrom prior considerations. When localizing the TN, the aim is
reactions), with a sum degeneracy of 34 (the total number of to produce a smaller disjoint sub-graph, which can be then
determinations involved in this TN). The directed edges (arrows) treated separately. Although treatment of global TN should be
define participation in the chemical reactions, and the weights the preferred approach, the use of local networks can be useful
of the edges (not explicitly labeled in Figure 1) reflect the in some case®.21In fact, the “computer-assisted simultaneous
underlying stoichiometry. Since the edges always connect asolution” used in the aforementioned cases in the NBS tibles
primary and a secondary vertex, first-neighbor vertices are and in the JANAF table$consisted of a judicious use of small
always of a different kind, and second neighbors are always of local TNs. Obviously, during the sequential evolution of the
the same type. The overall topology of the graph is driven by compilation, the manual selection of the “best” species-
the reactions/measurements it describes, which fixes the weightsanterrelating determinations must have at times proved extremely




9982 J. Phys. Chem. A, Vol. 108, No. 45, 2004 Ruscic et al.

challenging if not outright impossible because of strong inter- practiced in the manual sequential approach, is tantamount to
dependences within some group of species, and hence the onemaking their uncertainties infinitely large. Though, unfortu-
species-at-a-time sequence was temporarily modified to entertainnately, one can find in the literature any number of questionable
a block of related chemical species, described and solved via athermochemical determinations, in practice, a fair number of
local TN. measurements will tend to be only somewhat off, i.e., have only
Even a brief visual examination of the graph in Figure 1 slightly “optimistic” uncertainties. These determinations can still
immediately reveals that there are many allowed paths throughuser”y contribute to the TN if their inherent uncertainties can
the graph between two arbitrari|y selected primary vertices. The be evaluated in some reasonable manner. Here it should be also
traditional sequential approach is tantamount to judiciously noted that the traditional procedure of selecting one “best”
selecting the “best” path (based on the objective or perceived determination and disregarding other available information
quality of the available species-interrelating determinations) and (Which may not necessarily be “bad”, but maybe just slightly
e|aborating a “passage" through the network piece by piecel less “gOOd" than the selected “best”) curtails the potential of
Noting that the sequential procedure starts always at a referencé&xpressing the inherent confidence in the final result via a
element in a standard state (which can be removed from theproperly formed uncertainty. Namely, as long as they are at
graph), each of the steps generally corresponds to selecting deast somewhat confirmatory (rather than divergent), competitive
trivial subgraph consisting of one secondary vertex and one determinations should, in general, produce an overall uncertainty
adjunct primary vertex, So|ving the associated (Sing|e) linear that is smaller than any of the individual Uncertainties, more so
equation for the primary vertex in question, f|X|ng the SOlUtiOﬂ, if the individual uncertainties are Similar, and less so if they
and then removing the primary vertex from the network are disparate. Mutatis mutandis, the same statement applies to
(together with any secondary vertices that may become disjoint alternative pathways that exist within a TN.
during the procedure). Of necessity, the sequential approach uses Clearly, the care exercised during the initial accumulation of
only a small subset of possible paths through the network, andthermochemical data (both species-interrelating and species-
many of the secondary vertices are either ignored or used onlyspecific) that will define the secondary nodes is a crucial
as a secondary confirmation. To put this in a different perspec- ingredient defining the quality of the final thermochemical
tive, the traditional approach corresponds to finding a passagequantities. Each datum needs to be examined and critically
through the TN by elaborating and solving a sequence of forced evaluated with utmost care. The suitability of the method,
highly localized TNs, each usually having a primary vertex approach, and procedure needs to be assessed, and, if necessary
cardinality of 1. The implied justification is that the sequence (and possible), the original data needs to be reinterpreted. Quite
can be judiciously elaborated in such a way that the cross- importantly, the overall uncertainty of the determination also
correlations between the forced local TNs are negligible. needs to be determined. Here the evaluator generally relies on
However, the inherently optimal set of solutions for the TN  the uncertainty reported by the original author(s) only with great
is obtained not by judiciously selecting one or another path but caution. There are two principal reasons for this. The first is
by Considering all paths' proper]y We|ghted by their associated that the evaluation of uncertainties (particularly those ariSing
uncertainties. This is true irrespective of the fact that some of from systematic errors) is notoriously difficult, in many cases
the secondary nodes in the TN (and hence the associated®elying on the experience of the authors, rather than on some
alternate pathways through the network) may indeed provide objective statistical measure that can be readily compiited,
On|y a modest cross-correlation. The under|ying mathematical resulting in determinations that are sometimes reported without
problem appears to be quite simple: a simultaneous solution €xplicitly declaring any uncertainty, and sometimes by unwit-
of a weighted overdetermined system of linear equations. This tingly declaring uncertainties that are “optimistic”. The second
can be nominally accomplished by minimizing a suitable reason is thatthe standard for reporting uncertainties is far from
statistical measure, such ag, provided that the adjunct being uniform. The accepted golden paradigm in thermochemi-
uncertainties, which are used as inverse linear weights (seecally relevant determinations, introduced by Rossini in 1¥31,
Appendix)’ are an honest representation of the under]ying is that of reporting the 95% confidence interval (eqUiV&'ent to
confidence in the species-interrelating determination present intwo — or more, depending on the number of triatsstandard
the TN and hence provide reasonable (i.e., statistically signifi- deviations), but some authors simply report what they determine
cant) weighting for the equations. The latter is a crucial condition Or believe to be one standard deviation, in many cases even
that needs to be fulfilled in order to obtain the optimal set of Without explicitly saying so. The notoriously burdensome
solutions. Clearly, if this is not the case, “optimistic” uncertain- Process of critical evaluation of the initial data, which relies to
ties will create disproportionally weighted secondary nodes (i.e., the highest degree on the experience and soundness of judgment
outliers), which will skew the solutions. Hence, the final Of the evaluator, is common to all procedures and is a necessary
simultaneous solution in We|ghted space needs to be, at the(but not a SUffiCient) condition to derive reliable final results,
minimum, preceded by some form of statistical analysis that irrespective of whether a sequential method will be applied or
will precondition the TN by detecting and correcting possible the TN will be used. It should be noted here that the goal of
“optimistic” uncertainties. It should be noted here that the this initial step is to extract the best possible value for the
notions of “bad” determinations and “optimistic” uncertainties determination from data that comes as close as possible to the
are, at least for the purpose of the present discussion, inter-originally measured (or computed) quantities and to evaluate
changeable to a surprisingly large degree. This is by way of its accuracy and reliability by taking note both of the known
saying that the influence of a “bad” determination on the final details of the determination and of the overall experience
solutions can be, for all practical purposes, entirely eliminated concerning the method, but without directly comparing the
if its adjunct uncertainty is made sufficiently large. Although currently evaluated determination to other similar (independent)
we are definitely not advocating the deliberate inclusion of determinations. The comparison of similar determination is best
measurements that are knowingly “bad” or otherwise unreliable Performed during the next step, described below.
in the TN, we would like to point out that the straightforward Once the data is assembled, the mutual consistency of various
approach of simply disregarding such measurements, normallypieces of information needs to be evaluated. At this point, the



Introduction to Active Thermochemical Tables J. Phys. Chem. A, Vol. 108, No. 45, 20020983

procedures diverge, depending on the approach taken. In theThough computed, the additional information hidden in the full
sequential approach, this is the step in which the evaluator covariance matrix is not presently used to additionally refine
juxtaposes all available data related to a target species andhis evaluation. (The use of the additional information present
decides either which is the “best” determination, or which subset in the full covariance matrix and in the matrix containing
of determinations should be used through some averagingsensitivity coefficients to perform more complex evaluation
procedure. With a TN,, a totally new set of possibilities opens procedures will be explored in future expansions of the ATcT
up. Namely, if all data in a TN were self-consistent, alternative code.) The uncertainty of the current top-ranking “offender” is
paths through the TN would produce solutions that do not differ then slightly expanded (by an externally adjustable amount, set
by more than the underlying cumulative uncertainty. In principle, currently by default to about two percent), and a new iteration
one could imagine checking all closed loops that exist in a TN. is attempted. The procedure is repeated until the TN is self-
Along any closed cycle, the sum of the relevant thermochemical consistent. The current implementation of the “worst offender”
quantity should equal to zero within the propagated uncertainty. procedure has two somewhat conservative (and perhaps not
If it does not, this indicates that at least one of the determinations entirely necessary) safeguards: only one “worst offender” (or
involved in that loop has an “optimistic” uncertainty. If there the top tier of equivalent “worst offenders”) is corrected during
is sufficient redundancy in the various loops, this allows the any iteration, and even then, the adjunct uncertainty is enlarged
isolation of the suspect determination(s). One can then try to by a relatively small amount. Namely, the existence of a highly
augment the adjunct uncertainty of the suspect determination “optimistic” uncertainty has a tendency to skew the “trial” result,
and repeat the exercise until self-consistency is achieved. Inand hence, itis inherently unfair to use such a result to evaluate
fact, we have earlier successfully preconditioned TNs during any secondary nodes other than the “worst offender”. Also,
manual or semi-manual treatments by applying exactly this kind enlarging the uncertainty in very small (repetitive) steps ensures

of strategy?®2! that no uncertainty is amplified significantly beyond the value
The procedure used by the NBS tabfdsr select blocks of that is really necessary to achieve a self-consistent TN.
local TNs, as outlined by Garvin et & has employed a Here it should be stressed that the isolation of “offenders” is

combination of a computerized “linear analysis” and manual Made possible by the presence of alternative paths and compet-
intervention to precondition the species-interrelating data. As ing measurements in the graph. (If there are no alternative paths
opposed to this, Pedley et ahave apparently pre-selected through the TN, no.r.competlng measurements, then, just as in
“definitive” measurements entirely manually. (Since Pedley et the_ case of the tradmona_l ap_p_roach, th_e o_nIy possible corrective
al. have not employed a least-squares final optimization, and action comes from the intuition and insight of the evaluator
since in most cases they either selected only one “definitive” @ssembling the initial data and setting accordingly the initial
measurement per species, or, when multiple competing mea-uUncertainty of the secondary vertex.)
surements were selected, they were very similar, their procedure Once a self-consistent TN is obtained through the described
in many aspects resembles a Computer-assisted Sequentia‘worst offender” iterative procedure, the final solutions for all
procedure.) The general strategy utilized in the JANAF tables Primary vertices are computed and coupled to species-specific
in those instances where local TNs were employed was information to develop the full complement of thermochemical
presumably intended to be similar to what was used in the NBS information.
tables. However, at least in the instance that was reanalyzed in
some depth in this laborato?} the JANAF procedure simply 4. Active Thermochemical Tables (ATcT)
§kipeel:gi the.self-consistency chepk of the qual TN “for Iack of  ATcT are a newly developed software séftéased on the
time”,** which led o severe inconsistencies in the final Ty approach described above. Although ATcT has been
enthalpies of formatiof’ designed as a self-standing application that can be run on a
We are currently in the process of developing various personal computer, it is currently also exposed through a
algorithms that analyze the topology of the TN, and, in framework of Web and Grid Servic®g6 using servers at
conjunction with that effort, we are also investigating strategies Argonne National Laboratory. The ATcT distributed architecture
that may lead to automated loop-check approaches. However s an integral part of the Collaboratory for Multi-Scale Chemical
explicit loop-checking may not be necessary. Namely, we have Science (CMCSJ? and the ATcT services are currently acces-
currently implemented in ATcT an automated “worst offender”  siple to interested pilot users via the CMCS Poftal.
analysis that appears to be a shortcut either equivalent or very ATcT consists of several parts: the software kernel, the
similar to the loop-check approach, and has produced very ynderlying thermochemical database, and the user interface that
satisfactory results in preconditioning the TN. connects to the ATcT services and exposes the full functionality
In this iterative “worst offender” approach, “trial” solutions  of the ATcT within the CMCS infrastructure. The continuous
for the primary nodes in linearly error-weighted space (i.e., a development of the kernel, the user interface and the database
space where all uncertainties have a value of unity) are computedare a long-term project currently led by Argonne National
by solving the TN and then used to calculate the “trial” values Laboratory.
for the secondary vertices. The computation of the “trial” values ~ The ATcT database is organized as a series of “Libraries”.
for the secondary nodes, of course, makes use of the properEach library consists of a collection of files containing various
stoichiometric relationships. These “trial” values are compared species-specific and species-interrelating data, together with
to the original values, and a ranked list of potential “offending” information that allows unique identification of the desired
secondary vertices is created. The “offending rank” is based on chemical species. Each library also contains archival copies of
the discrepancy between the original value and the “trial” value. all files, corresponding to snapshots of previous states of the
In the current implementation of the “worst offender” strategy, library, taken before any major changes are made. The Core
the focus is on the direct deviation between the “trial” and the (Argonne) TN is maintained in the central library (termed
original value, making use of the fact that in the linearly “MainLibrary”). The central library also stores (and exposes to
weighted workspace the original uncertainties of the secondary queries) the most current solutions to the Core TN, together
vertices are unity (which simplifies the numerical procedure). with archival copies of previous versions. The database also
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incorporates several auxiliary Libraries containing non-net- thermochemical information simply scrutinize the stored solu-
worked data on enthalpies of formation and the related species-tion. When the content of the library is updated with new
specific information, which are currently being extracted from information, such as new species-interrelating determinations
popular thermochemical compilations. These auxiliary libraries or new species-specific information that may affect the TN, a
are incorporated as a convenience to potential users, and ar@ew solution to the TN can be requested by the owner or
meant to provide an expedient way to compare the solutions caretaker of the library. When such action is initiated, ATcT
stored in the central library to historical data. Individual users creates an archival snapshot of the current state of the library
and workgroups have the opportunity to establish their own and proceeds by examining all information existing in the library
mini-libraries (termed “Notes”), in which they can store data and constructing the TN. With few exceptions, the species-
that supplements or modifies the information contained in the interrelating information that defines the secondary vertices is
central and auxiliary libraries. stored in the library in a form that is tightly related to the original
The ATcT kernel is the computational workhorse. The central type of determination and to the original temperature, and can
functions of the kernel are the construction, manipulation, and be interpreted as (or readily converted to) an enthalpy or Gibbs
solution of TNs, and data query and retrieval. The queries energy of reaction. The stored information also includes a
entertain requests for thermochemical information for a single specification as to the meaning of the adjunct uncertainty (95%
chemical species, for a chemical reaction, or for a supplied list confidence limit intervals is the default, but that can be changed
of species/reactions. The input parser decides whether the useby the user globally and/or for any individual secondary
has requested an action (such as indicating a change in som#ertices), and additional external weights, if any. The initial TN
user-settable parameters or initiating a new solution to a TN) is then manipulated by utilizing the best available species-
or a query, whether the query was for a species or for a chemicalspecific information to convert all secondary vertices to one
reaction, whether the query-term(s) were species names, for-and the same type of quantity (enthalpy of reaction is the
mulas, or some other identifiers, such as CAS numbers, whethercurrently fully implemented choice) at one and the same
a particular aggregate state was specified (gas, crystal, liquid,temperature (selectable, with 298.15 K being convenient,
aqueous at infinite dilution or at some other dilution, etc) or particularly if aqueous thermochemistry is also involved, and 0
not, etc. The user can dynamically configure the query modali- K being another standard choice). The next step is the removal
ties, such as request a tailored search sequence through librariegf all fixed primary vertices. These are normally limited to
notes and can customize a number of output parameters, suctglements in their reference states, but the user can specify
as define the schedule for which the temperature-dependentotherwise. In the latter case, the affected secondary nodes are
functions should be provided, change the displayed units, etc.also modified: depending on whether the fixed primary vertex
Queries attempt to deliver a table of standard thermochemicalwas a reactant or a product connecting to the affected secondary
information, including enthalpies of formation, Gibbs energies vertex was connected, the enthalpy of formation of the fixed
of formation, heat capacities, entropies, enthalpy increments, vertex, scaled by the appropriate stoichiometric factor, is either
and equilibrium constants, for the desired combination of added to or subtracted from the value for the secondary vertex
temperature(s), together with relevant pedigree-type information. and the associated uncertainty of the fixed enthalpy of formation
The user-configurable search sequence defines which libraryis propagated accordingly to the overall uncertainty of the
should be considered as the source of the “preferred” value for secondary node. Once all fixed primary vertices are removed,
the enthalpy of formation. Although all relevant enthalpies of the topology of the TN is analyzed to isolate disjoint sections,
formation that are found in the libraries are displayed, the which are then solved separately. During this whole procedure,
“preferred” value (which, in the case of the central library is the TN graph is handled by manipulating its adjacency matrix
based on a TN solution) is the starting point for building the and the associated column vectors that contain the original and
displayed table of information, which is calculated in real time modified values and uncertainties, augmented by relevant
from the available species-specific information. The tempera- metadata linking the primary and secondary vertices to informa-
ture-dependent information is normally generated from the tion stored in the database. In lieu of the fully expanded (sparse)
highest-level species-independent information found in the adjacency matrix, the algoritms operate on a condensed
examined libraries. For gas-phase species, the displayed infor+epresentation that takes advantage of its sparseness.
mation is based on ideal-gas thermochemistry. If data exists, At this point, the problem can be numerically treated using
the partition function-related properties are calculated by direct standard approaches appropriate to an overdetermined system
counting from stored lists of energy levels or from the available of linear equations (see Appendix). Note that ATcT checks if
spectroscopic constants. If such information is lacking, or for the system of equations is indeed a tractable overdetermined
condensed-phase and aqueous species, the information is derivegystem and, if not, notifies the user. (The system will obviously
either from stored discrete tables containing heat capacity, be intractable if it is underdetermined, but also if the TN is
entropy, and enthalpy increment data for a set of temperatures,‘floating”, i.e., lacks sufficient direct or indirect reference to
or, if all else fails, from stored polynomials. In case of tabulated elements in their reference states.) If the system is tractable,
data, when information is requested for intermediate tempera- the “worst offender” procedure, explained above, is iteratively
tures that are not stored explicitly in the database, the heatapplied until the TN becomes self-consistent. During each
capacity data is obtained by spline-interpolation of the existing iteration, the equations are linearly weighted using the associated
entries, and the other properties are derived by computing theuncertainties of the secondary nodes (some of which are being
appropriate incremental integrals of the heat capacity, starting additionally modified as the “worst offender” procedure evolves).
from the closest stored entry. Once weighted, the manipulated adjacency matrix has become
Although serving the desired thermochemical information the design matrix of the optimization problem, from which the
through queries is the utilitarian end service, the real raison standard normal equations of the least squares problem can be
d’étre of ATcT is the capability of handling and solving TNs. determined, producing by inversion the covariance matrix and
In a normal state of affairs, the library that contains a TN also the solutions. When the TN becomes self-consistent, the final
contains its current solution, and hence queries for the latestsolution can be computed by the same procedure. The uncer-
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tainties of the final solutions are extracted from the covariance
matrix, modified to reflect the desired meaning (95% confidence
limit is the default, but the user can request a different
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by Cosby and Huesfi§. This increase®o(0,) to 41260.7+
15 cntl. Note that in their earlier repaftBrix and Herzberg
indeed gave 4126% 15 cnTl. For some reason, CODATA

uncertainty quantification), and stored together with the relevant Key Values (and other tables) do not make this additional 1

metadata.

5. Core (Argonne) Thermochemical Network

The central library of the ATcT database contains the Core
Thermochemical Network. The current version (1.033) has
nearly 850 species-interrelating determinations, involving some

250 thermochemical species, and is growing on a daily basis.

In the remainder of this section, we will highlight the

cm! correction. Admittedly, this is a very small correction
compared to the associated 5 cnm! uncertainty, but it brings
the determinations of Brix and Herzberg slightly closer to the
more recent determinations. Lewis eBhteinterpreted the data
of Brix and Herzberd by attributing previously unassigned
discrete absorption features of © B 3%, (v = 22)— X 35",

as indeed originally suggested by Brix and Herzberg. The
extended set leads toy(®,,B 3%,7) = 57135+ 3 cnT'L, which

is 7.5 cn! higher than the original Brix and Herzbé&fyalue

determinations that are used to define the secondary vertices oty translates to §0,, X 35,7) = 41268.2+ 3 cnrL. More

the initial TN and are relevant to the illustrative results given

recent determinations @y(O,), corrected to refer to the lowest

in Section 6. The associated comments are intended to give Onlyexisting level of @, are as follows: from Lewis et &(41269.2

the most pertinent details of the underpinning critical evaluation
that was applied at this stage of initial accumulation of
information.

+ 0.5 cnY), Gibson et af? (41269.64 0.9 cntl), and Cosby
and Huesti® (41268.6+ 1.1 cntt). Cosby and Huestiggive
a good analysis of all of the data available on the dissociation

below are simply a starting point from which ATcT takes over.
As mentioned earlier, one of the differences between the

between the term values of Lewis efahnd Gibson et &2 of
up to 0.7 cnt?, as well as a discrepancy between spectroscopic

sequential approach and the ATCT approach is that the manualyng positive ion cycle results (involving determinations listed

critical evaluation of the data is limited to ensuring the quality
and integrity of the initial data, and does not concern itself with

solving potential inconsistencies in the TN, i.e., does not attempt

below).

5.2. Electron Affinities and lonization Energies of O and
O,. The ionization energy of O, IE(O), is taken from Eriksson

to manually compare competing measurements nor evaluateand Isberd’ (109837.02+ 0.06 cnm), with the addition of the

alternate cycles that are possible within the TN. Rather, this is
accomplished by ATcT. The processing and solving of the TN
by ATcT involves a large number of additional manipulations,

some of which detect and address potential inconsistencies in
the TN, as described earlier in this paper. Hence, the purpose

of this section is to simply fulfill the need of clearly documenting
and pedigreeing the starting state of the TN.

The reader should also note that in the ATcT Core TN the
originally reported units are generally preserved (with the

exception of outdated units, such as international Joules or mean
calories). Hence, the various values quoted in this discussion

are usually given in the original units and are occasionally
parenthetically converted to the other prevalent units for the
same quantity as a help to the reader.

5.1. Do(Oy). The TN contains the determination Bk(Oy)
by Brix and Herzber§f:3° that was used in the CODATA
evaluation} as well as more recent data3® The CODATA
value for A;H3,4O) is based on the value @fy(O,) = 41260
+ 15 cnt! given by Brix and Herzbergf and has been adopted
by JANAF 2 Gurvich et al2 and other compilations. However,
it should be noted that Brix and Herzbétgefer their value
(and explicitly state so) relative to the nonexistent lavet 0,
N =J = 0 of X 3. It should be also noted that the
thermochemically relevant value @, needs to refer to the
lowest existing level of the molecule, which can be easily
derived by taking into account both the lowest possible value
of J and the nuclear spin statistics. Brix and Herzberg also
explicitly say that the stated uncertainty is “conservative”. The
origin of the value is from theiDo(Oy, B 3, — O 3P, + O
1D,) =57127.54 5 cnT'?, based on a Birge-Spooner extrapola-
tion usingy = 0—21. Taking the currently availalsteterm value
for O 1D, of 15867.862 cm! produces the dissociation energy
of O, of 41259.64+ 5 cnr'l, which is still referred to the
nonexistent leved = 0, N = J = 0 of X 3%;. The lowest level
of O, X 3Z4~ that is not wiped out by nuclear spin statistics of
160, is N = 1, J = 0 (Fs term), with a term value of-1.09
cml, as calculated from the constants given in Huber and
Herzberd® and using Schlapp formul&fg(and also as reported

less accurate but confirmatory direct observation by Dehmer et
al3® (13.618 4+ 0.004 eV = 109837+ 11 cntl).

The values for the electron affinity of O, EA(O), are from
Neumark et af? (11784.645+ 0.006 cntl, a value repeated
in Hotop and Linebergé?), Blondel?! (11784.648+ 0.006
cm~1, which is a slight correction of the value of Neumark et
al®9), and Valli et al*? (11784.6824+ 0.020 cnt?).

The ionization energy of & IE(Oy), is from Dibeler and
Walker*3 (12.072+ 0.008 eV= 973674 65 cnT), Edqvist et
al.** (12.0714+ 0.020 eV= 97360+ 160 cnt?l), Dehmer and
Chupkd® (12.074+ 0.007 eV= 97383+ 56 cnTl), Samson
and Gardine¥® (97361.5+ 9.5 cnT?), Tonkyn et al’ (97352
+ 2 cmrl), Kong and Hepburt¥ (97351.04+ 1.3 cnT?), and
Song et af? (97345 £ 5 cm?, recalculated from their
constants). The last three determinations have been additionally
adjusted to refer to the lowest existing level of. O

The electron affinity of @, EA(O,), is from Celotta et at®
(0.43 £ 0.03 eV), Burrow! (0.45+ 0.03 eV) and Travers et
al52 (0.451+ 0.007 eV).

5.3. Additional Determinations Involving O,. The 0 K ion-
pair formation threshold, IPF@D corresponding to the hetero-
lytic bond dissociation @— O* + O, is from Dehmer and
Chupkd®(139316.6+ 9.7 cnt?; corrected from their reference
levelJ =1 — assumed here to correspond to thdd¥fm — to
the lowest existing level of £ and from Martin and Hepbup#
(139321.24 0.7 cnl, also corrected from their reference level
N = 1,J = 2 to the lowest existing level of £

The 0 K appearance energy off@Grom O,, AE(O/O,),
corresponding to the dissociative ionization procegs-00™"

+ O + e, comes from a variety of sources. Albritton etal.
(151100.24 9.2 cn1't, referred to the lowest existing level of
0,), have determined the dissociation energy of @om b
4%y~ (v=0,N= 1, &), and utilized the kinetic energy release
measured by Tadjeddine et &l.the appropriate term value of
Albritton et al.?® and the origin-corrected ionization energy of
O, to O;" b“%y~ of Yoshino and Tanak®.Cosby and Huesti$
(151094.74 2.6 cntl, referred to the lowest existing level of
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0,) have also determined the dissociation energy of foom
b4%y~ (v=10,N= 1, F;) and utilized the kinetic energy release
measured by Pernot et &.the appropriate term value from
Cosby et al® and the aforementioned ionization value of has to be increased by 8.507 ch= 0.10 kJ/mol, yielding
Yoshino and Tanak®. The origin correction of the Rydberg 101.51+ 0.25 kJ/mol, which is, because of cancellation of
series observed by Yoshino and Tanaka has been criticized andnaccuracies, only 0.02 kJ/mol lower than the original value of
revised by Cosby et af® with this correction, the two Takahashi et al.

aforementioned values for AE(QD,), based on data from Taniguchi et af! report three experiments: one PHOFEX
Albritton et al>* and Cosby and Huestisbecome higher by and two 2D fragment imaging measurements. The PHOFEX
about 16 cm* (1511164 10 cn* and 151111+ 6 e, shows an onset of 309.45 0.03 nm & 32315.44 3.1 cnm),
respectively). Finally, a yet different value for the ionization which is, as noted by the authors, somewhat higher (78 %cm
energy of Q to O;" b “¥5~ can be obtained from the or 0.93 kJ/mol) than the similar experiment of Takahashi et
determination of the ionization energy ot @ O," a “I1, by al.’® From the two 2D imaging experiments (one at 305.746
Kong and Hepburfi combined withvoo for O b 424~ — a nm and one at 309.096 nm), Taniguchi ef’aleport onsets of
“IT, from Huber and Herzber. With this third choice, the  386.59+ 0.03 kJ/mol and 386.62 0.05 kJ/mol. Combining
values for AE(O/O,) based on data from Albritton et eand these two with the PHOFEX onset (386.58).04 kJ/mol), they
Cosby and Huestt& become higher than the first set by about derive a consensus value of 386.£90.04 kJ/mol, and using

6 cm! but lower than the second set by about 107¢m  the same auxiliary data as befétésee discussion above), they
(151105.9+ 9.2 cnmt and 151100.4k 2.6 cn'L, respectively). derive Do(O,—0) = 102.48 + 0.04 kJ/mol. However, the

All of the above values have been incorporated in the TN, analysis of the 2D imaging experiments seems to be using for
together with the determination of AE(@D,) by from Blyth the determination of the onset nonexistent rotational levels of
et al®3(18.733+ 0.016 eV= 151090+ 130 cnT?, a weighted 0;a!AgJ=1and 0. Fortunately, this appears to simply cause
average with 95% confidence limits of their ionization energies, a linear shift, and the results can be corrected by simply adding
corrected for the kinetic energy release and average thermalg.507 cntl. Proceeding along the lines of the discussion given
rotational energy of the parent of approximately 0.025 eV). In above in conjunction with the determination of Takahashi et

however, the experimental onset for some reason refers to the
hypotheticall = 0 level of G, alA4 (and, as we shall see below,
there seem to be some indications to that effect), then the result

addition, we have included a value that has a rather unclearal., 0 yields from the imaging experimeniy(O,—0) = 8565.0

pedigree but is quoted by Hsu etfaland again by Song et
al %5 (18.7334 0.003 eV= 151092+ 24 cn1?).

The charge-exchange iemolecule reaction O + O, —
O + Oy has been studied by Celotta et ®lwho found that
the difference between the two electron affinities is 1.625
0.008 eV.

5.4. Determinations Relating to @Q, Os*, and Os™. The
determinations of the equilibriuft, O, — Oz are from Kailan
and Jahff (34.5 4 1.0 kcal/mol at 294 K, 144.3 4.2 kJ/
mol), Clyne et af® (33.7 & 0.2 kcal/mol at 298 K, 141.08-
0.84 kJ/mol), and a reinterpretation (apparently similar, if not
identical, to that performed by Gurvich et3lof the determi-
nation of Gunther et &2 (33.94+ 0.3 kcal/mol at 294 K, 141.8
+ 1.3 kJ/mol).

The values for the bond dissociation © O, + O, Do(O2—
0), are based on the determinations of Takahashi’8(a01.51
+ 0.25 kJ/mol) and of Taniguchi et &1.(102.46+ 0.04 kJ/
mol). Both require additional discussion.

Takahashi et al° report an onset for dissociation og@® O
1D and Q a'Aq of 310.2+ 0.2 nm & 32237.3+ 20.8 cn'Y).
They combine it withvgy of O; X 325~ < a A4 of 7882.39
cm~! from Herzberg and Herzbefy(also reported in Huber
and Herzbergp) and with the O'D term of 15867.7 cm' to
obtain Dy(O3) = 101.53+ 0.25 kJ/mol. Takahashi et al. do not
state explicitly to which level of @a A their onset refers to,

+ 2.5 cnt! = 102.464 0.03 kJ/mol andy(0,—0) = 8567.5

+ 4.2 cnt = 102.49+ 0.05 kJ/mol, and from the PHOFEX
experimentDy(O,—0) = 8555.54 3.1 cnT! = 102.354 0.04
kJ/mol, if that onset refers to £a Ay J = 2. The two 2D
imaging results clearly agree with each other. The PHOFEX
experiment can be brought into better agreement by assuming
that its onset refers to the hypothetidat 0 level of G alA,,

and increasing it by 8.507 crh = 0.10 kJ/mol, which yields
Dg(O,—0) = 102.45+ 0.04 kJ/mol. In that case, the consensus
value appears to Hey(O,—0) = 102.46+ 0.04 kJ/mol, which
again, because of cancellation of inaccuracies, is only 0.02 kJ/
mol lower than their original value.

The 0 K appearance energy of'Ofrom Oz, EA(O;1/03) =
13.125+ 0.004 eV, corresponding to dissociative ionization
03 — O, + O + e, is from Weiss et al®

The study of Weiss et al. also provides IBJG= 12.519+
0.004 eV. Other congruent but slightly less accurate values for
the ionization energy of @are from Frost et a4 Radwan and
Turner/® Dyke et al.’® and Brundle’’

The electron affinity determinations oCEA(Os), are from
Novick et al’® (16960+ 20 cnT! = 2.1028+ 0.0025 eV),
Arnold et al’® (2.1034- 0.004 eV), and Wang et &.(2.0824+
0.040 eV).

5.5.Do(H2), Do(D2), and Do(HD). The enthalpy of formation
of the H atom, as determined by Cox et’ahnd accepted by

but, since it corresponds to a threshold in a real spectrum, oneall other compilations, is based @y(H,) = 36118.34- 1 cnT?,

would assume that it refers to the lowest existing levek, 2.
The band heady, of Herzberg and Herzberg refers to the origin

nominally from Herzberd? In that paper, as well as in an earlier
papers2 Herzberg finds thabo(H,) is less than 36118.3 cth

of the relevant expressions for rotational terms, i.e., to the and larger than 36116.3 crh(see Table 1 in ref 82 and Table

hypothetical transition X523~ (v = 0,J=0) — alAq (v =0,
J=0) of O,. The actual transition involving the lowest existing
levelsin Q, X35y (v=0,N=1,J=0,F) —alAqy (v=

0, J = 2) is almost 10 cm! larger, 7892.05 cm" (from
constants given by Huber and Herzb&#gyhich reproduce
within 0.01 cn1! the lines listed by Herzberg and Herzb@&)g

3 inref 81), where the lower limit is higher than the even earlier
value of Herzberg and Monffd (36113.6 = 0.3 cnt?d).
Herzberd! also provides evidence that the actDg(H,) must

be close to the upper limit of 36118.3 ci Cox et al* have
interpreted this to mean 36118431 cntl. The TN contains
also other determinations 8fy(H-), both older and newer. The

With the aforementioned interpretation of the onset, and with older determination is from Beutfr(361164+ 6 cm1), and

the O1D, term valué* of 15867.862 cm?, this produces B
(0,—0) = 8477.4+ 20.8 cnt! = 101.414 0.25 kd/mol. If,

the newer ones are from Stwalfy(36118.64+ 0.5 cntd),
McCormack® and McCormack and Eyl&f (36118.2 & 0.2
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cmL; ref 87 lists the dissociation limit to H 1s + H 2s12
from ref 86 as 118377.2Z 0.2 cn1l, which can be combined
with the 2s), term value of 82258.942 crh from Moore®®),
Balakrishnan et & (36118.11+ 0.08 cntl), Eyler and
MalikechP? (36118.06+ 0.04 cnt1), and Stoicheff (36118.06
+ 0.04 cnt?; this author gives averages of values fog of
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5.7. Combustion Calorimetry on H,O. Unfortunately, high-
accuracy calorimetry appears to be a dying field, and there are
no new measurements relating to water.

The benchmark determination of the 298.15 K enthalpy of
combustion of H to form liquid water, corresponding to the
reaction'/, O, + H, — H,0 (1), is due to Rossini. Data needed

hydrogen and his isotopomers computed between 1983 andto extract the final value are spread over at least three

1993).

For Do(Dy), the data utilized in the TN is from Herzberg and
Monfils®3 (36744.2+ 0.5 cm%, including a small correction
following Stoicheff?), Herzber§'®2 (36748.9+ 0.4 cnr?l),
LeRoy and Barwef (36748.88+ 0.03 cnt?), Balakrishnan
and Stoicheff and Balakrishnan et &f. (36748.38+ 0.07
cm™1), Eyler and MalikecHP (36748.32+ 0.07 cnl), and
Stoicheff! (36748.349+ 0.005 cnt?l).

Similarly, the determinations of the bond dissociation energy
of HD are from Herzberg and Monffi%(36400.5+ 1.0 cn1?,
including a small correction following Stoich&%f, Herzber§' 82
(36406.2+ 0.4 cnT?), Eyler and MalikecHP (36405.88+ 0.10
cm™b), Balakrishnan et & (36405.83+ 0.10 cnTd), and
Stoicheff! (36405.775+ 0.010 cn?l).

5.6. Determinations Involving lons of H, H,, and Their
Isotopomers. The values for IE(H) are from Herzberg and
Jungerf® (124417.2+ 0.4 cn1?, based on Herzbe#), Gilligan
and Eylef® (124417.507+ 0.018 cntl), McCormack et af’
(124417.507+ 0.012 cn1l, after readjustments by Shiner et
al®®), and Jungen et &F. (124417.484+ 0.017 cnTl, after
Shiner et aP8).

The ionization energy of P IE(D,), is from Jungen et &f°
(124745.353+ 0.024 cntl, after readjustments by Shiner et
al%®) and Takezawa and TandRh(124746.64+ 0.6 cntl).

The values for IE(HD) are from Herzberg and Jurf§emd
Takezawa and Tanaka102(124568.4+ 0.6 cnt?l), Gilligan
and EylePS (124568.479+ 0.020 cntl), and Gilligan and
Eylerd after Shiner et al® (124568.4814= 0.012 cnt?).

The ionization energy of H, IE(H), is from Garcia and
Mackl% (109678.764209+ 0.01 cmrl) and Ericksoi®*
(109678.773704= 0.000006 cmt). Note that in a number of
reference books the value from Garcia and Métls quoted
as 109678.758 cm, following Moore88 According to Gurvich
et al.3 the latter is based on a tentative pre-publication value of
Mack.

The ionization energy of deuterium atom, IE(D), is from
Garcia and Mack® (109708.60792% 0.01 cnt?) and Erick-
sort%4 (109708.61654 1 0.000008 cm?).

The values for the electron affinity of H, EA(H), are from
Dehmer and ChupRk& and Hotop and Linebergé® (60814
2.5 cntl), Pekerig®:197(6083.092+ 0.01 cnt?l), Hotop and
Linebergeri®1%8following Aashamai®® (6083.064 0.02 cnt?),
and Lykke et all° (6082.994 0.15 cn1?).

The electron affinity of D, IE(D), is from Lykke et ak°
(6086.2+ 0.6 cntY).

The 0 K ion-pair formation threshold of i IPF(H),
corresponding to the heterolytic bond dissociatignHH™ +
H—, is from Pratt et al!! (two slightly different but congruent
determinations, 139714 3 cnt! and 139711 3 cnT'l), and
Shiell et alt12 (139714.8+ 1.0 cntd).

The 0 K ion-pair formation threshold of DIPF(D,), is from
Shiell et al12 (140370.24+ 1.0 cnty).

The 0 K appearance energy offHrom H,, AE(H/H,),
corresponding to dissociative ionization H- H* + H + €7,
is from Weitzel et al'® (18.0784 0.003 eV).

papers:14-116 |n the first paper an inappropriate correction for

a pressure dependence has been applied, which was corrected
in the second paper. However, there were some other subtle
unreported changes, producing a yet different value in the third
paper, which was then implicitly reconfirmed as the believed
correct value in Rossini’s revieW’ To clarify things, we have
retraced all the steps that have been taken by Rossini in treating
the raw data (and discovered several minor numerical inaccura-
cies in Rossini’s computations of the various averages, correc-
tions, etc.). This recalculation, with subsequent conversion from
“international Joules” to current (“absolute”) Joules, and cor-
rection to the current molecular weight of water (18.0162) leads
to —285.825+ 0.040 kJ/mol, which is used in the TN. Here,
the uncertainty is slightly liberal, as originally adopted by
Rossini in his final result. (The actual 95% uncertainty limit,
as recomputed by us #0.032 kJ/mol, compared to that given
by Rossini, which is£0.034 kJ/mol). Note that the value
extracted by Cox et dlfrom Rossini's work is very similar,

but not identical:—285.830+ 0.040 J/mol. A slightly less
complex but otherwise similar recalculation of the more recent
data of King and Armstrorig® leads to the alternate determi-
nation of the combustion enthalpy of hydroger285.67+ 0.32
kJ/mol).

5.8. Enthalpy of Vaporization of H,0O. Rossint¢reports a
value for the enthalpy of vaporization of water at 298.15 K that
has derived by taking unpublished data by Osborne, Stimson,
and Ginnings on real water at reduced pressure and correcting
it to the ideal state; the value used in the TN (44.61D.013
kJ/mol) has been obtained by additional corrections to current
Joules and the current molecular weight of water. Additional
determinations in the TN are from Haar et'@P as utilized in
Cox et al! (44.0044= 0.002 kJ/mol), and from Keenan et &°,
as utilized by Gurvich et &.(44.0164 0.010 kJ/mol).

5.9. lonization Energy of H,O. The determinations of the
ionization energy of water, IE()D), are from Reutt et dk!
(12.62234+ 0.004 eV= 101806+ 32 cnTl), Page et al??
(101777+ 7 cmY), Child and Yunget?® (1017724 2 cm b),
and Tonkyn et al?4 (1017664 2 cntl).

5.10.Dg(Cly). The bond dissociation energy of Q¢ taken
from LeRoy and Bernstel® (19999.18+ 0.3 cn1?l). These
authors determined 19997.250.3 cnt! for 3°Cl,, which was
here modified by standard isotope relationships (including the
Yoo term) to correspond to the average atomic weight of Cl of
35.457, as customary in thermochemistry. Note that Coxt al.
use 19999t 1 cnl, based on the same data and using a similar
correction.

5.11. lonization Energy and Electron Affinity of Cl. The
value for the ionization energy of atomic chlorine, IE(CI), is
from Radziemski and Kaufméa#® (104591.04+ 0.3 cnrl;
Moore®® selects the same value).

The electron affinity of atomic chlorine, EA(CI), is taken from
Berry and Reimani’ (3.613+ 0.003 eV= 29141+ 24 cnT?),
Trainham et at?8(29138.3+ 0.5 cn1'?), and Berzinsh et df°
(29138.59+ 0.22 cnT?).

5.12. Calorimetric Studies of HCI. The enthalpy of combus-
tion of hydrogen in chlorine, corresponding to the reacfign
H, + %, Cl, — HCI, has been determined by Ros&ii
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(—92.312+ 0.050 kJ/mol at 30C, corrected to current Joules
and current molecular weight of HCI, 36.46064), Lacher é¢al.
(—22.233+ 0.217 kcal/mol, at 248C, —93.02+ 0.91 kJ/mol),
and again by Lacher et &2 (—22.1824- 0.15 kcal/mol at 100
°C, —92.81+ 0.63 kJ/mol).

5.13. lon-Pair Formation Threshold in HCI. The 0 K ion
pair-formation threshold of HCI, IPF(HCI), corresponding to
the reaction HCH H* + CI~, has been determined by Martin
and Hepbur#?® (116289.14 0.6 cnT?, corrected here frorp-

Cl to the average atomic weight of Cl of 35.4527 by standard

isotopic relations, including thegyterm, but neglecting possible

electronic isotope shifts, i.e., non-Born-Oppenhaimer effects).
5.14.Do(HCI ™). The bond dissociation energy in the positive

ion of HCI, Do(HCI), has been determined by Michel ef'&.

(37537.0& 5 cnY) and again by Michel et df° (37537.0+

0.5 cnT?). Both determinations have been corrected 5@l

to the average atomic weight of ClI, as given above for the ion-

pair formation threshold of HCI. The mass defect resulting from

Ruscic et al.

ing the mid-rise point), rather than through extrapolation to the
baseline, which is the appropriate approach for dissociative
ionization (fragment appearance) thresholds. In fact, in the
related case of HF, the independently known ion-pair formation
threshold seems to correspond to the mid-rise of the first
autoionizing peak in the photoionization spectrum, i.e., lies even
higher than the mid-rise of the assumed underlying step (and
apparently corresponds to the turn-over point of the underlying
step). A similar position in ¥ would correspond to ap-
proximately 794.0+ 0.3 A = 15.615+ 0.006 eV, or perhaps
more conservatively 15.62 0.01 eV.

The value for AE(F/F,) reported in Berkowitz et at** was
obtained by linear extrapolation. The onset sits on top of a broad
feature identified as a higher energy re-appearance of the ion-
pair process (verified by separately measuring. Rlso, from
their spectra and from the spectra in Dibeler et4lit is evident
that the threshold has characteristic curvature toward higher
energy, signifying that a linear extrapolation is likely to produce

(1+) charge was neglected. The nominal isotope correction for a threshold that is slightly too low. The modified value used in

IE(HCI) would be an additional increase by 0.04 ¢m

5.15. Photoionization and Photoelectron Studies of HCI.
The 0 K appearance energy of the"Gragment from HCI,
corresponding to the process HEIH + CIT + e, has been
determined by Krauss et &6 (17.34+ 0.01 eV).

The ionization energy of HCI, IE(HCI), was taken from
Natalis et alt3” (12.747+ 0.002 eV= 102811+ 16 cn1?),
Tonkyn et al*®® (102802.8+ 2 cm'Y), and Drescher et af°
(102801.5+ 1 cnrl). In the latter two cases, the isotope shift

the TN has been obtained by re-interpretation of the spectra of
Berkowitz et al1#4taking the effect of curvature into account.
This reinterpretation suggests an onset-@?25.2+ 0.5 A =
19.010+ 0.016 eV at 80 K, or 19.017 eV at 0 K.

5.19. Do(HF). The bond dissociation energy of hydrogen
fluoride, Do(HF) is taken from Johns and Barrétt (472634
100 cnt?), Di Lonardo and Dougld4® (473334 60 cnt?),
and Zemke et at*%150(47311+ 5 cnY).

Note that Cox et al.have implicitly selecte®o(HF) = 47361

corresponding to the average atomic weight of HCI has been + 64 cnr?, based on routes that involve liquid and aqueous

considered.

5.16.Dg(F2). The bond dissociation energy of,(F.), has
been determined by Colburn et *4%. (12920 &+ 50 cnt?).
Unfortunately, no newer measurements of this crucial quantity
are available.

5.17. lonization Energy and Electron Affinity of F. The
ionization energy of fluorine atom, IE(F), is from Lid&h
(140524.5+ 0.4 cntl, Moore®® recommends the same value).

The electron affinity of atomic fluorine, EA(F), has been
determined by Berry and Reimarif(3.4484+ 0.005 eV) and
Blondel et al42 (27432.440+ 0.025 cntl).

5.18. Dissociative ionization and ion-pair formation thresh-
old in F,. The 0 K appearance energy of from R, AE(F"/

F.), has been extracted from Dibeler et'#.(19.03 £ 0.05
eV) and from Berkowitz et &l**145and Berkowitz and Wakt®
(19.017+ 0.016 eV).

The 0 K threshold for ion-pair formation in,Fcorresponding
to HF — H* + F~, has been extracted from Berkowitz et
al.1#4145and Berkowitz and Wakt® (15.624+ 0.01 eV).

The AE(F'/F,) threshold given by Dibeler et &2is the first
onset in the tail, rather than the thermochemically relevant
threshold. An approximate graphical extrapolation of their data
suggests 6526534 2 A = 19.00+ 0.05 eV at 298 K, which,

HF. Please also note that the current version of the TN contains
thermochemistry relating to liquid and aqueous HF, but the
determinations linking directly liquid and gaseous HF have been
cut (by setting their external weights to zero), effectively locally
decoupling the liquid/aqueous HF subgraph from the gaseous
HF subgraph, since they appear to cause major inconsistencies
affecting the value and uncertainty of the enthalpy of formation
of liquid HF (but not affecting the results for gaseous HF). These
links will be restored in future revisions of the TN, once the
source of the inconsistency is thoroughly investigated and
understood more clearly.

5.20. Dissociative lonization in HF.The appearance energy
of H* from HF, AE(H"/HF), corresponding to HF~ H* + F
+ e, has been extracted from Berkowitz etl&145(19.454
+ 0.015 eV). The originally reported onset was linearly
extrapolated from the photoionization spectrum. The value used
here has been corrected for the curvature toward higher energy
(similar to the case of & see above).

5.21. lon-Pair Formation Threshold in HF. The values for
the 0 K threshold for the ion-pair formation in HF, IPF(HF),
corresponding to HF—~ H™ + F~, are from Hepburi!
(129557.74+ 1 cnt) and from a slight reinterpretation of the
data of Yencha et df? (16.0622+ 0.0010 eV= 129550+ 8

when corrected for the internal energy of 0.027 eV becomes cm™2).

19.03+ 0.05 eV at O K.

Berkowitz et al**4 quote 19.008 eV for AE(FF,) at 0 K, a
value repeated in a subsequent paper by the same’dpaunl
by Berkowitz and Wahl#¢ They also observe IPF{F Berkow-

5.22. Combustion Calorimetry on CQ,. As opposed to the
combustion calorimetry of hydrogen (see above), there is a
substantial number of determinations of the enthalpy of combus-
tion of graphite to form C@ The determinations used in the

itz et al.1*%in the discussion following the actual paper, quote Core TN have been recalculated from the original data of various
the “linearly extrapolated” ion-pair formation threshold of 796.3 authors and converted to standard enthalpies using additional
A and point out that the difference between AE{R) — IPF- correction terms (e.g., Hawtin et ®&F), calibration improve-

(F») = 3.43 eV, approximately equal to the best then available ments and discovery of errors and inaccuracies (e.g., Prosen et
EA(F) of 3.45 eV. However, the ion-pair formation threshold al.>* or Rossini and Jesstfj), and other details that were
observed in photoionization experiments should be interpreted disclosed after the original determinations have been published.
in a manner similar to parent ionization (e.g., through determin- During these recalculations, we have found a number of cases
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where previous corrections were incomplete or inaccurate, evenindependently verified in two additional manners. One involved
in papers attempting to correct errors in the original determina- a Monte Carlo analysis, the other the computation of sensitivity
tions, not to mention occasional typographical errors in the coefficients by numerical differentiation. The Monte Carlo
original works. The recalculated values were converted to analysis allows the computation of uncertainties by random
current Joules and the current molecular weight 0§,2@.0095, sampling, and the sensitivity coefficients provide an alternate
atomic weight of C, 12.01070, or current values of the natural route to compute the covariance matrix from the initial
constants (depending on whether the amount of substance wasincertainties. Both checks reproduced the uncertainties com-
determined from the weight of GOweight of graphite, or puted by the direct algorithm given in the Appendix.

volume of CQ). The manipulation of the TN by ATcT also required conver-
The determinations of the enthalpy of combustion of graphite sjon of thermochemical information between 0 and 298.15 K
(where, because of considerable variation in the properties of (and in a few cases other temperatures). These were performed
natural graphite samples, Acheson spectroscopic graphite is theautomatically as needed by ATcT, using the partition-function
currently accepted reference state for carbon, see Cox'gt al. related information available in the ATcT libraries. For the
corresponding to C (graphite) O, — CO,, have been extracted  subset of species reported here, the temperature dependence was
from the data of Prosen and Ros$#A(—393.560+ 0.055 kJ/  calculated using direct counts for atoms and their ions, based
mol at 25°C), Dewey and Harpét’ (—393.498+ 0.062 kJ/  on energy levels from NIST Databd$and from Moore® rigid-
mol at 25°C), Jessufr® (—393.447+ 0.064 kJ/mol at 30C), rotator-harmonic-oscillator estimates based on available spec-
Lewis et al'>® (—393.462+ 0.038 kJ/mol at 25C), Fraser  troscopic datif®!" combined with scaléd? results of B3LYP/
and Prosel? (—393.468+ 0.038 kJ/mol at 25C), Hawtin et 6-31G(d) calculatiorig3 for the ions of @, and tabular data
al*s3 (—393.462+ 0.056 kJ/mol and-393.464+ 0.024 kJ/  from Cox et alt and Gurvich et at.for the other species.

mol, both at 25°C; the former is their direct new measurement, | shqyid be noted at this point that being able to make serious
the .Iatter is from considering all measurements that were improvements to key thermochemical values is rather improb-
available to them), and Prosen et #l(—94.0514+ 0.011 keall  ape or, at best, extremely difficult. This expectation applies to
mol at 25°C = —393.509+ 0.046 kJ/mol). some extent to almost all the species in Table 1 but is
5.23. Combustion Calorimetry on CH,. The values forthe — paicularly true for the species given in the CODATA compila-
enthalpy of combustion of methane, corresponding to the {jon of Cox et al' One reason for this is that the goal of the
reaction CH + 2 0, — CO, + 2 H;0 (I), were obtained from  copATA evaluation was to exercise a particularly stringent

a reanalysis of literature data. As in the case of,Call critical analysis for a select small group of species that lie at
determinations used in the TN were recalculated and/or re-yhe foundation of thermochemistry, and hence produce a

checked from the original data. The determinations included in compilation of “definitive” thermochemical values. Another
the Core TN were extracted from Roth and Béﬁéé—ﬂ?’-?’?f reason emanates from the fundamental nature of these species,
:':_1(92-?83 lkl(;allmol at 200C = —892.6 + 2.1 kd/mol), Rossi-  \yhich means that their enthalpies of formation have been used
nite2163.17and Prosen and Rossiffi (~889.849+ 0.350 kJ/ ey frequently over the last several decades and hence implicitly
mol at 30°C), and Pittam and Pilch&P (~890.699+ 0.430 tested, retested, and validated. Finally, because these species
kJ/mol at 25°C), as well as the newer determinations by Dale gre at the foundation of thermochemistry, the pedigree that
et al1®®(—890.61+ 0.21 kJ/mol at 25C) and by Alexandrov  onnects them to the elements in reference states is relatively

et al1¢7:168(~890.43+ 0.35 kJ/mol at 25C). simple, which implies that these species are not likely to suffer
5.24. Hydrogen/Methane/Graphite Equilibrium. The ther-  from errors propagated from earlier steps in the sequential
mochemistry for the reaction 2:H- C (graphite)—~ CH, was process that was used in traditional compilations.

extracted by reanalysis of the equilibrium study of SA#ith
(Gibbs energy of reaction of 37.524 0.068 kJ/mol from 3rd
Law analysis and enthalpy of reactier8B8.55+ 1.84 kJ/mol
from 2nd Law analysis, both at 1165 K).

Nevertheless, the ATcT values show improvements for most
species in Table 1. In almost all cases, the enhancement in the
uncertainty is significant and in some cases even spectacular.
In several cases, the new enthalpies of formation are outside
the uncertainty limits of previously recommended values. The
improvement in the values and uncertainties of the listed

lllustrative results for the enthalpies of formation of several enthalpies of formation is a synergistic effect resulting from
simple chemical species, a fair number of which belong to “key” the inclusion of new data, the utilization of a variety of
values (i.e., have been included in the CODATA compilation competing measurements, and the availability of alternative
of Cox et al?) are given in Table 1. The listed results are a pathways through the TN.
subset of the solutions obtained from ATcT by solving the A good example of the synergistic effect obtained from the
current version (1.033) of the Core TN, which contains ATcT approach is the new value for the enthalpy of formation
approximately 250 species and 850 determinations. For com-of Os. The older dat&~5° on the equilibriun®/, O, — Oz were
parison purposes, Table 1 also lists values from three popularutilized by Gurvich et af. and lead toAH5.(O;) = 141.8+
reference thermochemical tabfes. 2.0 kd/mol. JANAR utilized a subset of the older data (and

The relevant determinations that define the secondary verticesinterpreted it somewhat differently than Gurvich efjahnd
of the initial TN are given in section 5 above. Starting from recommended a higher valdgH3,4O;) = 142.6% + 1.7 kJ/
this initial TN, ATcT iteratively preconditioned the network mol. The new data by Takahashi et"&akand Taniguchi et alt
using the “worst offender” procedure to resolve detected have been used by the latter authors to propose the improved
inconsistencies. When the procedure converged to a self-value A{H3(O;) = 144.31+ 0.14 kJ/mol, which translates to
consistent state of the TN (approximately 400 iterations using 141.66+ 0.14 kJ/mol at 298.15 K (note that Taniguchi et al.
an extra-fine step size), ATcT computed a simultaneous solution have accidentally switched the sign of the enthalpy of forma-
of the whole TN, producing the final enthalpies of formation tion). The value of Taniguchi et al. reflects the consequences
and the associated uncertainties (all at the 95% confidence limit)of the new determinations through conventional sequential
that are sampled in Table 1. The quoted uncertainties have beerthermochemistry. The ATcT value, which utilizes both the

6. lllustrative Results and Discussion
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TABLE 1: ATcT Values and Uncertainties (Corresponding to 95% Confidence Limits) for the Enthalpies of Formation of
Several Key Chemical Species, Compared with the Existing Values from Three Popular Thermochemical Compilations

CODATAP JANAF® Gurvich et al ATcTe®
specied 298.15K 0K 298.15K 0K 298.15K 0K 298.15K 0K
O 249.18 246.79 249.173 246.790 249.18 246579 249.229 246.844
+0.10 +0.10 +0.10 +0.002
o* 1562.588 1560.733 1562.595 1560.738 1562.643 1560.786
+0.10 +0.10 +0.002
o 108.043 105.814 107.826 105.595 108.09% 105.868
+£? +0.61 +0.002
Oyt 1164.6, 1164.7 1165.6f 1165.0 1165.210 1164.579
+0.8 +0.4 +0.013
O —42.39f —42.46 —41.8¢ —42.5 —42.370 —43.014
+0.75 +0.8 +0.52
O3 142.674 145.348 141.8 1444 141.732 144.386
+1.7 +2.0 +0.039
Os* 1349.94 1352.55
+0.33
O3~ —60.85 —58.50
+0.20
H 217.998 216.035 217.999 216.035 217.998 216.035 217.99% 216.034
+0.006 +0.006 +0.006 +0.00Q,
H* 1530.048 1528.085 1530.047 1528.084 1530.04% 1528.084
+0.04 +0.006 +0.00Q,
H™ 145.229 143.266 145.278 143.265 145.227%; 143.264
+0.02 +0.006 +0.000s
Hz* 1488.474 1488.358 1488.475 1488.360 1488.479 1488.364
+0.004 +0.005 +0.00Qs
D 221.720 219.807 221.720 219.808  221.71@4 219.804
+0.004 +0.003 +0.000Q3
D* 1534.12 1532.23 1534.123; 1532.210
+0.04 +0.000Q3
D~ 148.950 147.038 148.908 146.995
+0.04 +0.006
HD 0.321 0.330 0.323 0.332 0.319s 0.328
+0.008 +0.008 +0.00Qs
HD* 1490.596 1490.499 1490.587s 1490.498
+0.021 +0.00Q0
H2O (cr,l) —285.830 —286.295 —285.830 - —285.830 —286.295 —285.823 —286.289
+0.040 +0.042 +0.033
H>0 —241.826 —238.923 —241.826 —238.921 —241.826 —238.923 —241.818 —238.916
+0.040 +0.042 +0.040 +0.033
H.O* 975.403 978.277 975.673 978.546
+0.5 +0.039
F 79.38 77.27% 79.39 77.28 79.38 77.2¢ 79.313 77.207
+0.30 +0.30 +0.30 +0.24
F* 1760.63 1758.33 1760.551 1758.253
+0.3 +0.24
F —248.88 —250.66 —248.951 —250.735 —249.173 —250.958
+0.6 +0.35 +0.24
HF —273.30 —273.2% —272.546 —272.499 —273.30 —273.2% —272.775 —272.728
+0.70 +0.8 +0.70 +0.24
Cl 121.301 119.620 121.302 119.621 121.302 119.620 121.302 119.622
+0.008 +0.008 +0.008 +0.00%
CI+ 1372.604 1370.807 1372.6023 1370.807
+0.01 +0.003
Cl- —227.757 —229.36 —227.4% —229.08 —227.34% —228.952
+0.4 +0.20 +0.002
HCI —92.31 —92.1% —92.312 —92.127 —92.31 -92.12 —92.176 —91.992
+0.10 +0.21 +0.10 +0.006
HCI* 1137.613 1137.797
+0.006
CO —393.51 —393.14 —393.522 —393.151 —393.51 —393.14 —393.473 —393.107
+0.13 +0.05 +0.13 +0.014
CH, —74.873 —66.911 —74.60 —66.63 —74.549 —66.580
+0.34 +0.30 +0.060

2 All species are in gaseous state, except fe@HKcr, 1), which refers to the condensed st&tReference 1; Cox et al. do not provide explicitly

the 0 K values (listed here in italics), but these can be trivially computed using the enthalpy increments given in that réelReda@nce 2.

d Reference 3¢ Values obtained from the Core (Argonne) Thermochemical Network contained in MainLibrary ver. 1.033 using Active Thermochemical
Tables ver. 1.25. Though JANAFR and Gurvich et at.use the thermal electron convention, the values for ions have been converted here to the
stationary electron convention, which was adopted in this paper. The 298.15 K enthalpies of formation of ions can be converted back to the thermal
electron convention by adding (for positive ions) or subtracting (for negative ions) 6.197 kJ/mol. The v@lkemaions (and at both temperatures

for neutral species) is the same in both conventions.
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newer and the older data, together with all the other information  The new enthalpy of formation of 4@ (both liquid and gas
available in the TN, if\{H5,4O3) = 141.732+ 0.039 kJ/mol. phase) is insignificantly different than the CODAYAalue.

The ATcT value forAfH"(O) shows a rather Spectacu]ar The primary reasons are that the relevant determinations link
improvement. The uncertainty has now dropped from the liquid water directly to the elements in their reference states,
CODATA! value of +0.10 kJ/mol to+0.002 kJ/mol. In that there are only two competing measurements of any
addition, the new value is slightly larger. Both effects are greatly Significance (and one of them is much more accurate than the
influenced by the inclusion of new measurementsDefO2) other) and that the critical reevaluation of these two determina-
and of the ion-pair formation threshold of ,OAlthough tions has simply confirmed the prior interpretations. Similarly,
interesting from the academic viewpoint more than from a gaseous water is removed only by one additional step, involving
practical viewpointAsH°(H) also shows a significant improve-  the enthalpy of vaporization, which also has not changed.
ment in the uncertainty, which has now dropped from 0.006 On the other handAH°(CQ,), where one would have
kJ/mol to+0.00Q kJ/mol. Similarly, the uncertainty of;H°- expected a situation not dissimilar to the one encountered in
(D) has dropped fromt0.003 kJ/mol to+0.00Q3 kd/mol. In water, displays a rather remarkable improvement in the uncer-
the latter case, there is also a minor change in the value of thetainty, The improvement appears to be due to a synergistic
entha|py of formation. The improvements in the uncertainties confluence of at least two factors. The first factor is that the
of the enthalpies of formation of O, H, and D propagate further underlying measurements have been thoroughly reevaluated in

to the enthalpies of their positive and negative ions, as well as the course of preparing the current TN, apparently creating a
to the enthalpy of formation of HD. new set of initial values that appears to be slightly more

congruent than the equivalent sets emerging from previous
critical evaluations. A second factor is that the statistical

K improvement, which is inherently expected when concordant
measurements are considered together, as opposed to selecting
only one “best” measurement, tends to became more obvious

pathways that would have comparable or better accuracy. What®S the number of such measurements increases. The improve-

is highly desired here are new and accurate measurements ofnentin the enthalpy of formation Of.C‘HB due to a confluence
one (or more) of the following quantitiesDo(F»), IPF(R), or of even more factors. Some of the improvement can be traced

AE(F*/Fy). to effects analogous to those present in the case ¢f fD@her

leveraged by the introduction of two new determinations. An
additional important factor in the improvement &AfH°(CHy)
comes from the propagation of the underlying improvement in
the enthalpy of formation of CO

The uncertainty im\¢H°(Cl) has also improved by a signifi-
cant factor. On the other hand, the improvemeniAii°(F)
is quite modest. The TN clearly indicates that the bottlenec
is created by a relatively high uncertainty in the existing
determination ofDg(F;) and the lack of alternate network

Another rather spectacular improvement is AfH°(HCI),
where the uncertainty dropped frotr0.10 kJ/mol t0+0.006
kJ/mol, and the new value is just outside the uncertainty of the
CODATA! value. Again, the improvement is strongly influenced
by newer measurements and by the underlying improvements; cqonclusion
in the enthalpies of the constituent atoms and their ions.

The enthalpy of formation of gaseous H&H°(HF), has a
long history replete with controversies arising from the fact that
different (and inconsistent) results were obtained from pathways
relating to gaseous HF directly (spectroscopic studies) and
pathways relating to gaseous HF via condensed phase and/o

aqueous HF (calorimetric studies). To state the history suc- knowledge only partially, and produces a compilation that

cinctly, the recommended value in various compilations de- contains a maze of hidden progenitqrogeny dependences.

pended on Wr}'fﬁ pggl\svz}/rxvaslfavored b)é 'ihehevaluattor. The The latter aspect frustrates any attempts to properly update a
appearance of the value seemed to have put an endC‘sraditional thermochemical table with new knowledge.

o the controversy or, at least, th_e alternate pz_;lthways appeared . aq opposed to traditional sequential thermochemistry, ATCT

tTohbe conzlstent .W'th.'n thgjaﬁgmatzdlglgc:gamt&fe:r (H_F)'I utilizes the thermochemical network approach. The TN is
e new hete:(rjmnatlons of )anl h( ) are effectively  gofined by the underlying set of thermochemically relevant

reviving the old controversy. Namely, the new measurements joterminations, and the desired thermochemical properties of

produce significant improvements to the thermochemistry of i qiyiqual species, such as enthalpies of formation, are obtained
gaseous HF, and the tightened uncertainty cannot accommodat%y considering all of the knowledge that is present in the TN.

a compromise any more. Furthermore, the situation has now Thjs process involves, inter alia, a statistical analysis of the TN.
changed in favor of the gas-phase pathways, strongly indicating The analysis helps identify determinations that have “optimistic”
that the source of discrepancy is most likely somewhere in the yncertainties and would, if left uncorrected, tend to distort the
domain of condensed phase and/or aqueous HF, and/or infing result. The evaluation of self-consistency of the TN is made
determinations linking those domains to the gas phase. It shouldpossib|e by redundancies in the TN, such as competing
be also noted that the accuracy of the current ATCT value for measurements and alternate network pathways that interrelate
AfH°(HF) is, in fact, limited by the underlying uncertainty in  the various chemical species. The desired thermochemical values
AfH°(F). The new value for the enthalpy of formation of HF  are obtained by simultaneous solution of the self-consistent TN
differs significantly from the CODATA value (albeit is still in error-weighted space, making optimal use of all the knowl-
within the range of its large uncertainty). The JANARlue edge present in the TN.

was adopted before the CODATA value was made public and  ATcT also has a number of additional novel features that
never updated and was believed to be wrong practically sinceare not present nor possible in the traditional approach. The
the appearance of the 3rd edition of JANAF tables. The irony resulting thermochemistry can be updated painlessly with new
of the situation is that the “wrong” JANAF value is, in fact, knowledge, which immediately propagates through all affected
much closer to the new value than the generally acceptedthermochemical values. ATcT also allows hypothesis testing
CODATA value. and evaluation, as well as discovery of weak links in the TN.

The concept behind active thermochemical tables, a new
paradigm of how to derive accurate, reliable, and internally
consistent thermochemistry, has been presented. The ATcT
approach addresses the principal disadvantages present in
}raditional sequential thermochemistry. The sequential approach
Is based on a stepwise procedure, which utilizes the existing
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The latter aspect provides pointers to new experimental or
theoretical determinations that will most efficiently improve the
underlying thermochemical body of knowledge.

The ATcT approach is briefly illustrated by providing

Ruscic et al.

whereY; is the transformed value of the original determination

i, such that it corresponds to an enthalpy of reaction at 298.15
K, andz is the associated uncertainty as given by the original
authors and/or modified by the evaluator to closely reflect some

improved thermochemistry for several key thermochemical uniform confidence limit that was selected as the standard across
species. Though the thermochemistry of virtually all off the the whole TN (for example, the 95% confidence limit). Here it
species presented in this introductory paper has been generallys assumed that, as part of the evaluation of the initial data
considered to be already well established in traditional thermo- selected to create the TN, afi were made to correspond
chemical tabulations (except perhaps ozone and its ions), ATcT approximately to the same confidence limit. (In ATcT, the initial
has nevertheless produced additional improvements. In almostdata are, in fact, given as the originally measured quantity in
all cases, the enhancement in the uncertainty is significant and,the originally reported units and at the original measurement
in some cases, even spectacular. Several new enthalpies ofemperature, and the meaning of the uncertainty, if different
formation are outside the uncertainty limits of previously than the default 95% confidence limit, is specified; ATcT then
recommended values. The improvement in the values andtakes care of the transformation into the common type of
uncertainties of the listed enthalpies of formation is a synergistic quantity, common temperature, and common coverage factor
effect, resulting from the inclusion of new data, the utilization for the uncertainty.)

of a variety of competing measurements, and the availability
of alternative pathways through the TN.
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where for theith determination the functiofy is

The symbols such a&Ha are a shorthand fof\;H3.4A), the
standard enthalpy of formation of species A at 298.15 K, and
correspond to the unknowns that will be optimized by solving
the systemS,; is the stoichiometric factoka; with the proper
algebraic sign®ai = —ka; if A is a reactant, an@®; = ka; if A
is a product in the chemical reaction of tiik determination).
Shj is obviously zero if species A does not participate in the
corresponding chemical reaction. The system is overdetermined
if n > m, exact ifn = m, and underdetermined (intractable) if
n < m. The system can also be intractable if the TN is “floating”,
i.e., has insufficient references to elements in their reference
states or, in case of a local TN, an inappropriate selection of
fixed primary vertices.

In matrix format, the system of equations can be expressed

Appendix

A TN consists ofn determinations, such as enthalpies of
reaction,AHy, Gibbs energies of reactiot\,G3, equilibrium
constants Keqr, €tc., involvingm thermochemically distinct
chemical species. Let sonith determination correspond to the
chemical equation

KaiA + kgiB = kiC + kD

as
for which a relevant thermochemical quantity, suchAgil$ SH=Y

(1), AG3(i), or Keqr(i), has been determined. Here A, B, C, and

D are the chemical species involved, dad ks;, etc. are their ~ Where

stoichiometric factors.

The chemical equation that is given above maps onto a Sa S S S
subgraph of the associated mathematical graph of the TN. The Sve S 2 o Swe
subgraph contains four primary vertices, A, B, C, and D, and S=|Ss S5 &3 .. S
one secondary vertexOne directed edge connects each of the
primary vertices to the secondary vertex. The edges connecting Sa S S - Sin
A and B (reactants) to the secondary vertex point towaathd
the edges connecting C and D (products) point away from AH,

The weights of the four edges afqi, ks, kci, and kp;, AHg
respectively. H = |AH,

By using the appropriate partition functions for the species
involved, all measured quantitie§ H¥(i), AGX(i), Keqr ... AH
that are selected to create the TN can be conveniently m
transformed into one and the same type of quantity at one and Y. +7
the same selected temperatiirior the whole Network. Let us Yl n Zl
assume that all initial quantities are transformed into standard 2 2
reaction enthalpies at 298.15 K Y =|Y;£ 2

AHSodi) = Y, £ Z Yo £Z,
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S hasn rows andm columns, and the column-vectdssandY
havem andn elements, respectively. Note thatelates to the
adjacency matrix of the associated mathematical graph of the
TN.

In case of a global TN, the columns 8that refer to elements
in their reference states can be simply removed, together with
the related elements &f. In case of a local TN, the columns
of Sreferring to the primary vertices that are held fixed can be
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system of equations now becomes
f(AH,,AHg,AHg,... AH;S0i,Sgi S+ Sm) = ¥ £ 1
i=1,2,..n

fi(AH,,AHg,AHg,... AH ;S0i,Sgi:Scis++- Simi) = SajAH +
SgiAHg + SqAH: + ... + 5,AH,

eliminated by modifying appropriately the vector For a fixed where
vertex k, whose “solution” is held at some valugHy, the
modification ofY means adding the quantitySiAHk to all ; _ ﬁ s, = % _ % _ % — %
and propagating appropriately the uncertainty\f to Z. Y ARG YA %5i z’ i z’ o S Z
Let us now assume that the evaluator has done a decent job
during the initial selection of data, and selected/evaluated the or, in matrix form
associated uncertainties in such a way that they fairly represent
the underlying probability of getting the valiYgeas an outcome sH=y
of a determination of the reaction enthalpy for the underlying
chemical reactionkaA + ksB — koC + koD, and that,  Where
therefore, eacfz; corresponds tdai, whereg; is the standard s
deviation of determination. The multiplicative factot; is in a1 %1 Scr - Sm
general interpreted through the appropriate Stutldistribution, Sa2 Se2 Sez e S
taking into account the desired confidence level and the size of S=[Sas S8z Sc3 - St
the sample on whichj is based. In the limit of a large sample, S e e e
if tt =1, thenz will represent~68% confidence limit, ifj = San SBn Sen -e- S
2 thenz; will represent~95% confidence limits, etc. Let us
also assume that the evaluator has selected or adjust&dithe AH,
such a way that the factotsare, at least to a first approximation, AHg
uniform for all determinations involved in the TN, i.e. H=|AH¢
LARtLAGR AL =t AH_
Let us further make the assumption that the likelihoods of
o X o y,£1
obtainingY; as the outcome of the corresponding determinations
. . . S . y, £1
are fairly described via normal distributions (either because the
particular determination is indeed subject to statistical scatter y=[¥s+1
that has properties close to a normal distribution, or because
the evaluator has manipulated the associaied such a way Yt 1

that the probability of gettingy; is fairly described by the
equivalent normal distribution implied in the valuey. Then,

the total probability Pry of getting the existing set oh
measurements that define the TN within some small interval of
valuesdY is

n
PTN 0 6Ye7 V2{[fi(AHA,AHg,AHc, .. AHy Sai,Sgi Scis - Smi) — Yil 07} 2 —

SYe v
wherey? is the usual chi-square

[ fi(AHA’AHB'AHCI"-AHm;SAi,Ssi,S:i,...,Smi) — YI

2

x=

= tzz X
&

fi(AHA'AHB'AHCI'":AHm;SAi,%i,S:i,...,Smi) — YI
Z

i

2

Maximizing Pty is equivalent to minimizing2.

To proceed with obtaining the optimized setifla, AHg,
AHg, ..., AHn that minimizesy?, it is very convenient to linearly
weigh each equation by the reciprocal of the associated
uncertaintyZ;. This transformation leads to a space where all
measurements have unit uncertainty or & LAriance. The

with s being the design matrix of the optimization problerf.
now has the form

n

22 =Y [HAHAAHg AHc, ... AH Sy,.85:,8 - Sn) — YiI°

Minimizing over the parametersHa, AHg, AHg, ..., AHy leads
to m conditions of the type

9
9AH,

n

[fi(AHA,AHg,AHc,... AH 85,851, S+ Simi) — Yi]2 =0

X

that trivially evolve into equations of the type

n

ZsAiZAHA +
4

n n

SpiSsiAHg + ) SaiSgAH+ ...+

n n

Z'SAiSmiAHm = ZSAM

corresponding to an exact systemnofinear equations witim
unknowns, i.e., producing the normal equations of the least-
squares problem
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aH=w
where
iSAiz isAisBi iSAiSCi iSAiSmi
IiSAISBI .issiz I: Sisci - I: Sgi S
a=STS=ns--n..n.2 n._
; wo D S ;So - ) Soitn
Iismm _ SiShi _ SciSmi - i%iz

AH,
AHg
H = |AH.
AH,
n
.ZSAiyi
n
SiYi
&
w = STy = n
i
£
n
SnYi
£

If detla] = 0, then the system can be solved via
H=cw,c=a’

wherec is the covariance matrix of the system. (If @gt= 0,

the system is intractable, e.g., corresponds to a “floating” TN.)
The standard deviation of the fitted enthalpies of formation

AHa, AHg, AHg, ..., AHy can be obtained from

n a 2
o’=SYo[—AH|, j=AB..m
& oy,
Since
Yy
A
and
JY; = to;dy,
then
, 1 ) ]
o =— —AH J=AB,...m
tl— 8y|

Note that sincéd = a~w = cw, i.e., since the solutionAH;,
j = A, B, ..., mare obtained from
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1 “%1

AH—Za]klw ij[l_%y. 22 JKIZ

and sincea (and hence) is independent of;

m

il
_AH'=ZC'kS<'
y, = &

or
3 y 1n S
J— . =—NC,—
j ik
dY; % oiz
then
1mm NS 1o,
Ei;g,W :i‘__' E;;;jk [ SaSi
k o, t k=
Noting that
n
= ) SS
=
and that
ca=1
then
1 m m

AR

or, the variances of the fitted parametésla, AHg, AHg,...,
AHp, are given by the diagonal elements of the covariance matrix
scaled by 1?. Conversely

42 2
G = tg;

i.e., the square roots of the diagonal elements correspond directly
to uncertainties of the solutionsH; that have the meaning of

t oj, congruent in terms of confidence limits to the initial
uncertainties;.

At this point, we would like to clarify some persistent
confusion that seems to exist with respect to the question of
linear vs quadratic weighting of the system of linear equations.
Garvin et al1” for example, remark that the common weighting
procedure in a least-squares analysis is to use weights propor-
tional to the square of the reciprocal of the uncertainty, but they
advocate (and use) linear weights, pointing out that quadratic
weights would favor too strongly a few selected measurements.
We entirely agree with the assessment that quadratic weighting
would give a disproportionate emphasis to a few selected
determinations, but we disagree that the choice is subject to an
arbitrary matter of opinion. Namely, we have shown above why
minimizing y? appears to be a natural choice. Minimizipg
implies linear weighting of the equations. Perhaps the quadratic
weighting alluded to by Garvin et &l. is the approach
commonly applied when computing a weighted average of some
quantity. It can be readily shown that, in the trivial limit of an
overdetermined system of equations involving only one un-
known, linear weighting of the initial equations leads to a
solution that corresponds to a quadratically weighted average.
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Let us suppose that some quanthas been measuredimes,
resulting in measuremen¥ + 7z, i = 1, 2, ...,n, where the
uncertaintieZ; are related to the standard deviatiensf each
measurement via some common fadtofhese can be repre-
sented via an overdetermined setroéquations

Q=Y,+Z,i=1,2,..n

Then, after linear weighting of the above equations

1/Z, Yz, £ 1
1/7, Y,JZ,+ 1
s=|UZ;|,H=Q,andy =|YsZ; £ 1
1z, Yz, +1
resulting in
n
a=s's= Y 1/z?
=
n n
w=sy=Sy/z =Y VY/z?
1= i=
and
n
\ra
Q = a7]W = =
n
1/z?

which is the traditional quadratically weighted average of a set
of determinations of some quanti®). Therefore, the more

general approach of weighting an overdetermined set of linear

equations by the reciprocal of the uncertainties is entirely
equivalent to the approach of finding the quadratically weighted
average for the case of a single unknown.

Note also that in the above case of a single unknown the
covariance matrix is simply

1= 1z

c=a

and hence the uncertaintyq of the averaged value d is
given by

Returning to the case of n determinations of m unknowns, let
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It is a widespread practice to use;? to further scale the
covariance matrix

¢ =o;’c

and to then equate the diagonal elemefite the variances;j?

of the fitted parameters. To derive uncertainties that reflect the
desired confidence limits for the fitted parameters, thgdare
then usually multiplied by the appropriatérom the Student-t
statistic. This approach is entirely justified when the initial
uncertaintieg; are unknown (hence implicitly set to 1), in which
caseos; becomes a convenient metric allowing the approximate
estimation ofg;j. If, however, the procedure of scaling the
covariance matrix by o2 is used in conjunction with a set of
known Z;, the immediate implication is that the relationship of
Z; to gi is unknown, not trusted, or ignored, i.e., tlahave a
meaning only as relative weights for the initial determinations
Y. If, however, the multiplicative factdrthat relate<; to o; is
assumed to be known, then the proper approach is to utilize
the unmodified covariance matrix (i.e., without additional
scaling withof?), and interpret its diagonal elementstéag?.

The discussion of the mathematical background that is given
above, is, inter alia, based on the assumptions that the initial
uncertaintyz; fairly represents the inherent uncertainty of the
determinatiorY;, and that the probability of obtaining the value
Y; as the outcome of a determination is fairly described by a
normal distribution. If this were indeed the case, then one could
simply proceed in one iteration from the initial TN straight to
the final set of solutiondHa, AHg, AHg, ..., AHm. The critical
evaluation occurring during the initial selection of data, if done
properly, will ensure that at least the bulk of the initial data
conforms to these assumptions. In practice, and despite all of
the care exercised during the initial accumulation of data, some
determinations present in the TN will nevertheless correspond
to an improbable value, lying far in the tail of the normal dis-
tribution. This may occur, for example, if the underlying distri-
bution is significantly different than normal or perhaps because
the associated uncertainty is “optimistic” and implies an inappro-
priately narrow distribution. Such determinations present outli-
ers, which would tend to skew the final results if one were to
proceed directly to obtaining the final solutions. The situation
can be rectified by preconditioning the TN. Preconditioning is
a procedure that utilizes the redundancy existing in the TN to
detect and correct the occurrences of outliers in the TN and
aims to produce a self-consistent TN. The approach currently
adopted in ATcT is the iterative “worst offender” procedure,
outlined in the main body of this paper in more detail.
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