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A program has been undertaken for the evaluation and revision of group additivity
values (GAVs) necessary for predicting, by means of Benson’s group additivity method,
thermochemical properties of organic molecules. This review reports on the portion of
that program dealing with GAVs for enthalpies of formation at 298.15 K (hereinafter
abbreviated as 298 K) for carbon—hydrogen and carbon-hydrogen-oxygen compounds.
A complete database of experimental data for gas, liquid, and crystal (solid) phase en-
thalpies of formation is presented. The GAVs, ring strain corrections, and non-nearest
neighbor interactions derived from the database are presented in tabular form, together
with a description of their evaluation and comments on reliability, uncertainties, and

missing or questionable data.
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1. Introduction
The importance of reliable and conveniently accessible
thermochemical data (enthalpies of formation, entropies, and

heat capacities) is universally accepted among both scientists
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and engineers. It is also accepted that the range of molecules
of possible interest will, for the foreseeable future, exceed by
orders of magnitude the number of compounds that can be
measured in the laboratory. Hence, simple but reliable tech-
niques are desirable for estimating thermochemical proper-
ties of species for which experimental data are not available.
A number of methods have been developed in recent years;
while there is not unanimous agreement regarding the best
method, it seems generally agreed that one of the best (if not
the best) is that of group additivities, especially as developed
by Benson and co-workers.! Not only is the method fairly
easy to apply, but it usually can estimate properties with an
uncertainty no larger than typical experimental uncertainties.
In addition to containing a description of the method, Ref. 1
tabulates the best ayailable group additivity values (GAVs)
for gas phase properties as of 1976.

Under a contract from the National Institute of Standards
and Technology (NIST), we have undertaken a program for
the evaluation and revision of GAVs necessary for predict-
ing, by means of Benson’s method, thermochemical proper-
ties of organic molecules.

2. Results and Procedure
2.1. Enthalpies of Formation

Numerous tabulations of thermochemical properties (in-
cluding enthalpies of formation, AH) of organic compounds
have been published. The starting point for most subsequent
tabulations has been ‘‘Selected Values of Physical and Ther-
modynamic Properties of Hydrocarbons and Related Com-
pounds,”” by Rossini ef al.> However, this compilation com-
bined experimental values with calculated and extrapolated
ones in a manner that did not always make clear which were
which. Stull, Westrum, and Sinke (SWS)* perpetuated this
uncertainty in their tabulations of thermochemical properties

J. Phys. Chem. Ref. Data, Vol. 25, No. 6, 1996



1412

in the now-familiar JANAF-like format. These important ref-
erences have been cited as primary sources in more recent
compilations, so that now one is often hard-pressed to deter-
mine to what extent a particular compilation is dependent on
nonexperimental values. This issue gains in importance
when one tries to develop empirical methods for predicting
thermochemical properties, as in the group additivity
method; if all the Rossini and SWS values are thrown into
the hopper, one in effect is fitting to already fitted values.
Cox and Pilcher* began a program to establish the experi-
mental database anew, and to clarify the question of what
exactly has been measured and what has not. That study
culminated in the monograph by Pedley et al., Thermochemi-
cal Data of Organic Compounds® (PNK). That compilation
is still the soundest starting point for any compilation of
experimental enthalpy of formation data.

Several workers have turned to Benson’s group additivity
method for predicting thermochemical properties. An exem-
plary model is Stein’s computer program, available through
NIST.” However, such programs and projects often build on
previous evaluations in a way that does not always ensure
mutual consistency of all of the separate parts of the evalu-
ation. For example, most group values are derived in step-
wise fashion, starting with groups of the alkanes. If the al-
kane group values are updated, almost all other group values
will be affected. There is thus a clear need to réestablish a
uniformly derived set of GAV evaluations. Hence, the moti-
vation for the present project.

Our approach was similar to that of others in that we be-
gan by deriving GAVs for the alkane groups using as a da-
tabase all the alkanes themselves.® The alkane groups, to-
gether with the derived values for all three phases, are shown
in the first section of Table 1. With these values fixed, we
then turned to all alkenes to derive GAVs necessary for those
compounds. These groups and their derived GAVs are listed
in the second section of Table 1. These were followed in
steps by alkynes and then aromatics and polycyclics to-
gether. Gas, liquid, and crystal phase GAVs were derived in
separate  but parallel exercises. After all the carbon-
hydrogen groups were evaluated, carbon—hydrogen—oxygen
groups were addressed.

The GAVs developed in this report are based solely on
experimental data, not on calculated values. While there are
many computational schemes (including group additivity)
that are relatively successful in predicting enthalpies of for-
mation, it did not seem appropriate to use them to derive
GAVs. Our enthalpy database, therefore, omits some species
included in other compilations (e.g., SWS) because of that
rigorous constraint. The reliability of the GAVs is discussed,

together with a discussion of a higher level analysis of GAVs -

and their expected relationships to each other. Gaps in the
GAV roster are discussed, with suggestions for estimating
the unknown values.

2.2. Group Additivity: A Brief Description

Ever since the efforts of Fajans and Kharasch in the
19205 there have been numerous efforts to reduce thermo-
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chemical properties of organic compounds to a set of bond
and group energies. In 1958, Benson and Buss'? discussed a
hierarchy of additivity schemes, and established a conceptual
framework that provided a physical justification for the
approach.'! In this hierarchy, atomic additivity is the first
level of approximation; the second and third are bond addi-
tivity and group additivity, respectively. Atomic additivity
(i.e., a particular molecular property can be evaluated as the
sum of contributions from the constituent atoms) is valid for
such simple properties as molecular weights, but certainly
not for thermochemical properties. Bond additivity (i.e., a
molecular property is the sum of contributions from each
bond in the molecule) thus constitutes the first nontrivial
level in the Benson and Buss hierarchical scheme, and can
often provide useful estimations. ’

A group is defined by Benson'? as “‘a polyvalent atom
(ligancy =2) in a molecule together with all of its ligands.”
A group is written as X—(A),(B);(C),(D),, where X is the
central atom attached to i A atoms, j B atoms, etc. In the
present discussion only C, H, and O atoms are considered, so
that X is necessarily a carbon or oxygen atom. Several dif-
ferent types of C atoms are distinguished and notated dis-
tinctly: sp> (C), sp? (Cp), sp (C,), aromatic sp> (C,), fused
ring aromatic (C,), and allenic carbon, =C= (C,). Cyycan

. be bonded only to C, or C;. C, is necessarily bonded to two

C, atoms. Two oxygen-containing group families in which
the central ‘‘atom’” is polyatomic are defined: carbonyl
(>C==0) and >C=C=0, both of which have two variable
ligands.

In addition, there are corrections for nonbonded interac-
tions that are required because of spatial interactions that are
not defined in terms of a series of chemical bonds: the most
common are the 1,4, or gauche, interaction of two methyl
groups, and the cis and ortho interactions. The presence or
abscnce of these corrections depends on intcractions of parts
of a molecule, whose proximity is not implicit in bonding
alone. These considerations pose problems for any algorith-
mic approach to additivity schemes, without which the codi-
fication of computer-executable procedures for calculating
thermochemical properties would be almost trivial. Other
spatial correction terms required are the 1,5 interaction of
two substituents such as CHj, ene—yne interactions, and
steric hindrance corrections for certain substituted phenan-
threnes and naphthalenes. More cumbersome is the fact that
most ring structures require unique strain corrections that
cannot be derived on the basis of groups themselves. Unfor-
tunately, this enlarges considerably the table of fundamental
values that are needed for predicting enthalpies of arbitrary
compounds.

One significant effort has been made to extend additivity
to the next higher level beyond groups, namely, that of com-
ponents. However, since the number of required parameters
increases rapidly with each hierarchical level, the method of
components suffers a series drawback relative the group ad-
ditivity in spite of its conceptual soundness. The method has
been criticized elsewhere.'!
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2.3. Procedure

Once the database was compiled (see Sec. 2.4i), GAVs
were taken from earlier publicationsl’13 and then succes-
sively modified to minimize a weighted average error (de-
fined as the experimental value minus the calculated value).
This process cannot be described in purely algorithmic terms
(as, for example, an unbiased multilinear regression analysis)
for several reasons. First, some molecules were given greater
weight than others by virtue of their smaller size (hence,
fewer different groups involved and smaller cumulative un-
certainties), greater number of reported measurements
(hence, sometimes, greater accuracy and/or precision), or ab-
sence of structural complexities that might invalidate the
simplifications inherent in the group additivity mcthod. Be-
cause of their unavoidably large experimental uncertainties,
very large molecules (say, C,¢’s and larger) are not particu-
larly useful for deriving GAVs—unless there are no other
sources for a particular GAV. Second, values derived for one
phase [gas, liquid, or crystal (generally called ‘‘solid’’ in this
report)] were taken into consideration in deriving values for
another phase. Physically, one would expect GAVS 10 in-
crease from solid to liquid to gas phase, but the statistical
nature of the analysis can lead to small deviations from this
order. Large differences in values for different phases—
particularly if the gas phase value is larger (i.e., more posi-
tive) than liquid, or liquid larger than solid—are taken as a
sign of some inconsistencies in the database. Additionally,
closely related groups are expected to have similar GAVs, as
Table 2 shows. Exceptions to this guideline are generally
cases where there is considerable uncertainty in the derived
GAVs. Finally, values were recalculated after the omission
of a small handful of compounds which, by virtue of particu-
larly large errors, seemed to be experimentally unreliable or
else beset with other difficulties.

Molecules with ring structures posed special problems.
After all the group contributions to a ringed compound were
taken into account (but nor any corrections for gauche or
other noun-nearest neighbor interactions within the ring it-
self), any remaining disagreement between experimental and
calculated enthalpy was assigned to a ring strain correction
(RSC) term. To clarify this procedure: if, for example, one
were using 3.4-dimethyl-cyclopentadiene to evaluate the
RSC for the cyclopentadiene ring, any cis or trans effects of
the methyl side groups would be taken into account, but not
any cis contributions from the ring members themselves. In
many cases, there was only a single compound with the
given ring structure, so that there is considerable uncertainty
in the assigned RSC.

In the assignment of RSCs for complex structures, one is
tempted to try to reduce a ring structure to a sum of its
various parts in order to minimize the proliferation of RSC
terms. Thus. for example, one might hope to take into ac-
count the ring correction in indene by summing the correc-
tions for benzene and cyclopentene; or of triquinacine by a
sum of three cyclopentadiene rings. In many cases, such es-
timations are good to 10-15 kJ/mol. which may not be much
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larger than experimental uncertainties. However, generally
theoretical structure calculations show that the bond angles
and lengths in"the more complex structures are different from
those of the individual ring elements, so there is good reason
not to succumb to the temptations of Occam’s razor, not-
withstanding the benefits that might result from shortening
the tables of parameters. All in all, the profusion of RSCs
must be regarded, if not as a shortcoming of group additivity,
at least as a limiting boundary to its domain of usefulness.
Fortunately, there lie well within that boundary such an
abundant number of compounds that there is little justice in
questioning the method’s utility.

2.4. The Database

The database was assembled from several sources, begin-
ning with PNK, which we have found to be an excellent
starting point because, unlike many carlicr compilations, the
authors paid scrupulous attention to which values were in-
deed the results of measurements and which, on the other
hand, were deduced by theory or estimation techniques.
(Many of these latter methods are not to be criticized—and
certainly have their uses—but in a program aimed at deriving
GAVs from the best experimental evidence available, incor-
poration of values obtained by theory or estimation runs the
risk of circularity of argument.) A number of the most com-
plex polycyclic compounds listed in PNK (generally
tricyclo- and tetracyclo- species) were omitted because their
complex ring geometry, which gave them unique RSCs,
made them unlikely to be useful in a generalized estimation
program. To the data taken from PNK were added experi-
mental data recorded in several other useful compilations by
Stein et al.,’ Lias et al,'"* Domalski and Hearing,15 and
Pedley.® References 7 and 14, limited to gas-phase data only,
were used selectively, because of the heavy reliance in both
on estimated data. SWS includes a tabulation (their Chap.
14) of data for all phases that is annotated as to reliability;
data that seemed sufficiently reliable (their category ‘‘A’’ or
**B’’) were incorporated into this database. An important
early thermochemical compilation by Kharasch,'® tabulating
experimental heat of combustion data from the 1880s
throngh 1920s, included a pioneering effort to develop
simple empirical rules for estimating enthalpies of combus-
tion. Because the reliability of the sources has not been veri-
fied (most of them are designated category ‘‘C’” by SWS),
these data (unless they appeared in PNK) have not been in-
corporated into the database. However, this compendium has
been searched to extract a few additional GAVs (highly ten-
tative at present), which are noted in Sec. 2.5 below. A few
other sources were also consulted as they became
available,!” but the present database should not be consid-
ered as a thorough review of all the published literature.

In general, it has not been possible in this project to evalu-
ate independently the reliability of individual experimental
data. Except in a few cases where errors were readily appar-
ent, the experimental data have been accepted as recorded
previously. ¥>61413 One of the best flags to possible experi-
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mental errors is a large discrepancy between experimental
and calculated values—especially if other, closely related
compounds show no such discrepancy.

The database given in this article is partitioned, for con-
venience of handling, into four Tables. The first, Table 3,
lists all C,H, compounds; Table 4 lists all C,H,O com-
pounds; Table 5 lists C,H,0, compounds, and Table 6,
though subtitled C,H, 05, includes all compounds with three
or more O atoms. The order of listing follows that of PNK:
among the C—H compounds, the C subscript is the first de-
terminant, followed by the H subscript, with listings in as-
cending numerical order. Among the C—-H-O compounds,
the O subscript is the first determinant, the C subscript is the
second, and the H subscript is the last. Following the chemi-
cal formula is the parenthetical index assigned by PNK as a
bookkeeping convenience. Compounds taken from sources
other than PNK (or its successor, Ref. 6) lack such an index.
Data for gases, liquids, and solids are tabulated in successive
sets of columns. Following the column labeled ‘‘Expt’’ is
one labeled ‘‘Ref,”” which is blank if the source was PNK.
Other sources are identified by initials or alphabetic refer-
ences that are cited at the end of each table. The next column
lists the enthalpy of formation as calculated by group addi-
tivity, using the values of Table 1. The column headed “‘A”’
gives the discrepancy between experimental and calculated
value (A=Expt—Calc). It should be noted that we are mak-
ing no prejudgments whether the difference is a result of
experimental inaccuracy, inaccurate GAVs, or breakdown of
the assumptions of the GAV method. The four tables include
a total of 992 compounds in the gas phase, 935 in the liquid
phase, and 590 in the solid phase.

2.5. Format of the Tables

The evaluated GAVs, RSCs, and non-nearest neighbor in-
teractions (NNIs) are listed in Table 1. The first column lists
the group, defined in the manner inaugurated by Benson.'
(Some practitioners have advocated revising this nomencla-
ture, but because the majority of users are familiar with the
terminology of Ref. 1, we have chosen not to revise it at this
time.) The terms for C—~H compounds are listed first, fol-
lowed by those for C—~H-O compounds. For each of the
three sets of terms, a column headed “‘#”’ lists the number of
different compounds in the database in which the pertinent
GAV, RSC, or NNI appears. (Multiple occurrences of one
GAYV in a single compound count as only one appearance.) A
**+ " sign indicates more than nine compounds. Since GAVs
that are derived from only 1. 2. or 3 compounds may be
suhject to particularly large nncertainties, footnotes to the
table identify the compounds used in the evaluation in such
cases. These may well signal instances where experimental
data ought to be reevaluated or supplemented by measure-
ments on other compounds with the group in question.

As explained in a previous report'S and noted above. one
would expect each liquid phase GAV to be on average about
4 kJ/mol (1 kecal/mol) smaller (i.e., less positive) than the
corresponding gas phase GAV, and the corresponding solid
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phase GAV smaller than the liquid GAV by less than 4 kJ/
mol. Table 1 shows that these expectations are often borne
out, but by no means invariably. We have not ventured to fill
in the lacunae in the table by applying this prediction, but in
the event that estimations are needed for phases for which
some GAVs are lacking, such a procedure would provide a
good first guess.

In one special case, a group value has-been derived indi-
rectly, rather than from experimental data relating to a mol-
ecule that contains the group. This is the case of the O—(0),
group, derived in detail for the gas phase by Nangia and
Benson,"® but revised in accordance with more recent experi-
mental data.?’

In most cases, GAVs and RSCs are listed to one signifi-
cant figurc past thc decimal point (0.1 or 0.1 kcal/mol). This
should not be taken as implying a precision or accuracy of
that magnitude; in most cases the uncertainty is considerably
greater (2—-6 kJ/mol or 0.5-1.5 kcal/mol). In a few cases,
particularly with GAVs or RSCs derived from a single ex-
perimental datum, the values are listed only to the nearest
kJ/mol or kcal/mol; this indicates an uncertainty of several
kJ/mol or kcal/mol. In general, though, the number of occur-
rences of a GAV, RSC, or NNI, rather than the number of
significant figures in tabulated entry, is a better indicator of
the accuracy of the assigned value.

Ten GAVs in Table 1 are given in brackets. These have
been derived from data listed in the compilation by
Kharasch.'? Because the reliability of these experimental
studies has not been ascertained, these values must be re-
garded as tentative at this time, and certainly subject to con-
siderable uncertainty. Because no compounds in Tables 3-6
have these groups, these GAVs have no effect on the calcu-
lations in those tables.

Table 1 includes numerical values in both kcal/mol and
kJ/mol in successive columns. Because the original data
were taken from a variety of sources, it was more convenient
to use kcal/mol as the units in which the data manipulations
were actually carried out.

Table 2 provides a comparison of the GAVs organized
according to group structure. That is, all C~( )(H); groups,
where the empty parentheses can be filled by either C, C,,
C,, or C,, are grouped together. The similarities in GAVs
for many such groupings is striking, and often reflects the
validity of the bond additivity approximation. The use of this
table is discussed further in Sec. 2.6 below. Values are given
in both kcai/moi and kj/moi.

All data in Tables 3-6 are in kJ/mol. These tables provide
data for C-H, C-H-0, C-H-0O,, and C-H-0O,-, com-
pounds, respectively. The format is the same. The first col-
umn lists compound name, often in more than one form
(IUPAC and common names) for the user’s convenience.
The second column gives the empirical formula, followed by
a parenthetical index number that is used by PNK in their
compilation. The third column gives the Chem. Abstracts
Registry Number, if one has been found. The next four col-
umns pertain to gas phase values, and list, respectively, ex-
perimental value, reference, group additivity calculated
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value, and the difference between experimental and calcu-
lated (experimental-calculated). If there is no entry in the
“‘reference’” column, the datum is:taken from PNK.: In most
cases, we accept their evaluation of the best experimental
value; in a few cases where we have accepted another value,
a footnote indicates the reason. If there is an entry in the
references column, it is identified by footnotes at the end of
the table. The same set of four entries then follows for liquid
and solid (crystal) phases.

It has frequently been the practice to refer to original pa-
pers by the kéyname used by PNK (or by one of the other
secondary compilations upon which we have drawn). Any
critical user of these tables will want to have PNK available
for reference; therefore we have not felt obliged to repeat
their complete journal citations. The extent to which this
present work relies on PNK should not be underestimated,
though in some instances it has not accepted their recom-
mended evaluations for reasons given in notes.

2.6. Questionable and Undetermined Group Values

As Table 1 shows, in a large number of cases (particularly
among the RSCs) there is but a single compound upon
whose enthalpy of formation the evaluation rests. There are
also many with only two or three sources, often with signifi-
cant discrepancies among the reported measurements. These
instances are footnoted in Table 1. These are all cases for
which additional measurements seem essential.

The available GAVs do not exhaust all the possible groups
that might occur in organic C—H-O compounds; the ar-
rangement of Table 2 is useful for identifying the 100 or so
groups for which experimental data are completely lacking
in all three phases. Table 2 also demonstrates that groups
with similar structures may have nearly equal GAVs.

For example, although, as noted above, C,, C;,C,, and C
are treated as distinct species, it is interesting to compare
GAVs for groups that differ only in the nature of the C
ligands. In Table 2 there are ten different possible groups of
the class C—(C,),(H),, where the 2 C, ligands are any com-
bination of C, C,, C,;, and C,. For three of these, no GAVs
are shown. However, for most of the others the gas phase
value is approximately —21*5 kJ/mol; we would therefore
expect the missing GAVs (o be similar. This rule is true by
convention for groups with three H atom ligands (the first
group in Table 2); it is quite reliable for groups with two H
ligands. and gets progressively poorer for groups with one or
no H ligands. This is partly because the number of com-
pounds used to derive the groups with fewer H ligands is
smaller. so in general their uncertainties are progressively
larger. In fact. the rule does not look very useful for the large
number of  missing groups of  the form
C—(C)(C)CY.(C})yg—y—,—carbon atoms with no H
atom ligands. The absence of any data for such groups im-
plies their rarity: one is not very likely to require their values
in estimating the enthalpy for an unmeasured compound.
Thus. if enthalpy estimates are required. it may be possible
to estimate an approximate GAV based on the values of
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similar groups, but this recourse is by no means problem-
free.

Can we, from Tables 1 and 2, point to important groups
whose values are as yet undetermined in some phase? In a
general sense, the answer is no: any group that is relatively
important should have already occurred somewhere in the
database; its complete absence so far suggests there are not
many important compounds that contain it. However, Table
2 does suggest several GAVs that, based on values for other
phases or for other similar groups, seem to be in error. No-
table among these are: C—(C,),(H), (solid; probably in error
by 25-30 kJ/mol); C—(C)(C,),(H) (gas and liquid, 5 kJ/mol);
C—(C),(Cy), (liquid and solid; 25-40 kJ/mol);
C—(C)(C,)(H)(O) (liquid; 80 kJ/mol); C,-(C,)(O) (solid;
25-40 kJ/mol; C—(C),(C,)-(0) (gas; 60 KkJ/mol); and
C—(C,)(H),(CO) (solid; 60-100 kl/mol). Additionally, the
various values for C—(C,)(H)(O), for all (C,) are rather dis-
cordant. )

Tablcs 1 and 2 also show numcrous instances where there
is a large difference in the GAVs for a single group in dif-
ferent phases. These include C-(C,);, C—(C)(Cp)s,
Cs~(Cp)(0), C-(C)C,)(H)(O), and C—(C),(Cp)(O). The
values reported in this study for the GAVs of these two para-
graphs should be regarded as tentative, subject to redetermi-
nation.

One group of investigators has proposed redefining some
of the groups in fused ring molecules.”! They define four
types of carbon atoms in phenanthrene: a=C,~(C,),(H),
b=C,—(Cpyp)(Cp)(H), ¢=Cyi—(C,)(Cp)y, and  d=Cy;
—(Cyf)2(Cp). In Benson’s original treatment, the first two
were considered the same [C,—(H)]. We see no need to dis-
tinguish b from a for the following reason: b groups will
always occur in the presence of ¢ groups; therefore one can
only determine b+ ¢ experimentally. Thus we are free to set
b=a by definition. However, this does raise the question
whether one should treat the nine and ten carbons in anthra-
cene (call them e for now) as different from ordinary C,
atoms, inasmuch as they are bonded to two c-type C atoms.
This is possible, and the fact that the calculated enthalpy for
anthracene differs from the experimental by 135 kJ/mol on the
assumption that e=>b=a suggests that perhaps e has a dif-
ferent value. The objection to this argument is that the
present GAVs do fit naphthacene quite well (i.e., suggesting
e does equal b and a). Hence, there is no current basis for
defining e groups differently until the discrepancy between
anthracene and naphthacene enthalpies can be resolved.

2.7. Non-Nearest Neighbor Interactions

Another area in which data are insufficient to draw defini-
tive conclusions is that of non-nearest neighbor interactions;
e.g., cis, ortho, and gauche effects, which involve atoms
separated by at least two other atoms (normal group additiv-
ity relations take into account interactions between atoms
with at most one atom between them). Table 1 lists 21 such
correction terms, but in many cases they rest on inconclusive
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or even contradictory data. For example, consider the enthal-
pies of formation for the following compounds with 1,2-
substitutions on a five-carbon ring in the solid phase (all
enthalpies are in kJ/mol):

Trans
Compound Cis (Z) (E) (EY—(2)
1,2-indanylene diacetate ~774.5 —759.8 15.3
1,2-cyclopentylene dibenzoate —667.3 —6749  —7.6
1,2-indanylene dibenzoate —555.2 —546.8 54

If these data are reliable, the two adjacent —~C(O)O— groups
in the (Z) configuration are less stable in one pair, but more
stable in two pairs, though one would in general expect less
stability. (The difference in the indanylene rings owing to the
presence of an attached aromatic ring should have slight ef-
fect on this comparison.)

Or consider the following trimethyl benzoic acids in solid
phase, all measured in the same study:

Number of adjacent groups

Enthalpy
Compound kJ/mol CH;-CH; CH;-COOH
2,3,4-TMB —487 2 1
2,3,5-TMB —489 1 1
2,3,6-TMB ~476 1 2
2,4,5-TMB —496 1 1
2,4,6-TMB —478 0 2
3,4,5-TMB —-501 2 0

Comparing 2,3,6 with 24,5, it appears that adding a
CII;—-COOII neighbor to onc ncighboring CHj pair destabi-
lizes by 20 kJ/mol; adding it to two neighboring CH; pairs
(compare 2,3,4 with 3,4,5) decreases stability by 14 kJ/mol.
And two compounds with the same apparent number of
ortho effects (2,3,5 and 2,4,5) differ by 7 kJ/mol—either a
measure of the imprecision of the data or of the presence of
some other, more subtle effects.

1t 1s conceptually appealing to try to resolve these difficul-
ties by introducing a nonadditive hindrance correction such
as buttress effect—an additional strain present when three or
more adjacent substituents are present 22 Rut the experimen-
tal data at hand do not provide consistent justification for
such an effect. For example. consider the data for the ben-
zene tri- tetra-, penta-, and hexacarboxylic acids in the solid
phase. If there are buttressing effects, one would expect the
error, when the calculations take into account only standard
groups and additive ortho corrections, to increase with in-
creasing number of carboxy groups. The data on the last
page of Table 6 do not support this prediction. Below, the
second column lists for each of these compounds the experi-
mental enthalpy minus the ordinary group contributions. The
difference should represent any ortho and buttressing correc-
tions. The third column is the remainder after subtracting a
correction of 25.5 kJ/mol (from Table 1 for each carboxy—
carboxy ortho interaction).
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Expt—GAV—
Compound Expt—GAVs Ortho
1,2,3-tricarboxylic acid 46 —4
1,24-tricarboxylic acid 28 3
1,3,5-tricarboxylic acid 18 18
1,2,3,4-tetracarboxylic acid 73 -3
1,2,3,5-tetracarboxylic acid 59 9
1,2,4,5-tetracarboxylic acid 51 1
Pentacarboxylic acid 106 6
Hexacarboxylic acid 152 1

The one molecule with significant error is the 1,3,5-
tricarboxylic acid, for which there should be no ortho or
buttressing effects. Since the GAVs are determined by a
much larger database than just these eight compounds, it is
difficult to argue that changing the GAVs will reveal the
presence of buttressing effects. (Note also that the data do
not support the existence of a consistent negative meta con-
tribution, as has been proposed in other estimation schemes.)

As a final example, consider the dimethoxy-substituted
benzene and benzoic acid in the gas phase. According to
Table 1, the ortho correction for methoxy adjacent to COOH
is the same as for two adjacent methoxy groups,

Expt—GAVs—
Compound Expt—GAVs Ortho
2,3-dimethoxybenzoic acid 31 6
2,6-dimethoxybenzoic acid 29 4
3,4-dimethoxybenzoic acid 17 5
2,4-dimethoxybenzoic acid 13 0
3,5-dimethoxybenzoic acid 4 4
1,2-dimethoxybenzene -7 -19

Again, no buttressing effect is apparent (it should show up in
the 2,3-, and 2,6-dimethoxybenzoic acids and not others).
(Note also that the dimethoxybenzene. unlike the other com-
pounds, shows no evidence for ortho destabilization by the
methoxy groups.) Similar conclusions result from data for
the tri- tetra-, penta- and hexamethyl benzenes; no unam-
biguous non-additive corrections were evident.

Other steric effects present similar problems resulting
from inadequate or inconsistent data. Consider next the ether
gauche effect (the 1-4 interaction across an O atom bridging
two alkyl groups). In Ref. 1, a value of 2.1 kJ/mol (0.5 kcal/
mol) was recommended. Reanalysis of the best currently
available data suggests trat 3.3 kJ/inol (0.8 kcal/mol) is a
better value, though, as the table below comparing the dif-
ferences between experimental and calculated enthalpies
(with a 3.3 kJ/mol gauche correction) shows, there is consid-
erable scatter in the data. The second column, labeled “‘G,”
is the number of gauche interactions.
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Compound G Expt—Calc
Methy! isopropyl ether 1 0
Methy! t-butyl ether 2 4
Isopropyl isopropyl ether 2 1
Isopropyl t-butyl ether 3 -1
Ethyl s-butyl ether 1 -7
s-butyl s-butyl ether 2 1

With the present value of 3.3 kJ/mol destablization for
each gauche- interaction, the ‘“‘ether gauche’ effect is no
different from the ordinary alkyl gauche effect. However, we
have tabulated them separately to facilitate later reevalua-
tion. (In principle, the gauche effect across a carbonyl group
could have a different value, but again, within the scatter of
the data, 3.3 kJ/mol scems to be the best choice, and we have
not distinguished this interaction from an ordinary gauche
interaction.)

Another possible non-nearest neighbor interaction that has
been suggested is hydrogen bonding between vicinal OH
groups in diols.”? Several polyols for which gas or liquid
phase data are available are shown below. The last column
headed “‘V”’ gives the number of neighboring OH groups:

Expt—Calc

Compound Gas Liquid 14
1,2-ethanediol —-2.5 -1.7 1
1,2-propanediol 1.7 10.9 1
1,3-propanediol 13.8 17.6 0
1,2-butanediol -1.7 1
1,3-butanediol 10.9 20.9 0
2,3-butanediol —-21.3 ~54 1
1,2,3-propanetriol -9.1 7.9 2
1,2,3,4-butanetetrol —-13.0 9.2 3

Taken at face value, the data suggest possibly some stabili-
zation effect in the gas, but probably less in the liquid. A
hydrogen bond of 8—16 kJ/mol is not unreasonable; but the
magnitude of the effect is clearly not constant. Because of
the overall inconsistency between calculated and experimen-
tal values, without evidence of a consistent effect, no correc-
tion term is recommended until the experimental numbers
can be corroborated.

2.8. Summary and Conclusions

This compilation takes its place in the literature alongside
several others, cited earlier, each of which offers some of its
own advantages. The distinctive features of the present work
are: (1) an extension and revision of Benson’s group additiv-
ity method, the procedure that seems to have the most wide-
spread acceptance at present, and the overall best record for
reliability of estimation techniques: (2) a strict reliance on
experimental values as basis for evaluating group additivity
parameters; (3) a simultaneous compilation and evaluation of
data for all three phases—gas, liquid, solid—thereby giving
an additional basis for comparison of reliabilities; (4) an un-
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ambiguous procedure for extending the groups to compounds
containing other than only carbon, hydrogen, and oxygen,
thus permitting the extension of the present database and
table of group additivity parameters to many more com-
pounds.

A total of 54 C-H and 111 C-H-0 groups were found in
the course of this evaluation, as well as 200 ring strain cor-
rection factors and 21 non-nearest neighbor interactions. Not
all of these have been evaluated in all three phases. Of them,
the gas phase lacks 22 GAVs, 31 RSCs, and 1 NNI. This
represents a considerable increase over Ref. 1 (Table A2), in
which are tabulated 98 GAVs and 68 RSCs in the gas phase.
A new family of groups (>C=C=0), analogous to the car-
bonyl groups (C=O0), has been defined. Also, some new
non-necarcst-neighbor corrcctions have been identificd: The
ditertiary ketone steric correction is similar to the ditertiary
ether correction. Like the latter, it occurs in a single com-
pound so far. Some specific cis, gauche, and ortho correc-
tions have also been tentatively identified.

The group additivity values and ring strain correction
terms derived in this study predict quite well the enthalpies
of formation of most of the compounds in the database. In
the gas phase, for which agreement is best, the average error
for 1028 compounds (17, for which discrepancies were very
large—greater than 42 kJ/mol—were excluded) was approxi-
mately 5.5 kJ/mol (1.32 kcal/mol). For the liquid phase, the
average error for the 941 compounds retained out of 971
total was 5.6 kJ/mol (1.34 kcal/mol). For the solid phase, the
average error for the 538 kept out of 584 total was 9.1 kJ/mol
(2.17 kcal/mol).?* The average error in the gas phase data-
base is probably no larger than the average experimental un-
certainty, and is as good as one could expect. The solid phase
database shows some room for improvement, but the defects
may well reside in the experimental uncertainties. Alterna-
tively, it is possible that intermolecular forces in condensed
phases, which often lie outside the conceptual framework of
group additivity, contribute at least in some cases to the
larger discrepancies between calculated and experimental en-
thalpies. A comparison of the average discrepancies in the
different phases suggests that if intermolecular forces do
limit the utility of group additivity in condensed phases, they
are significantly only in the solid, and not in the liquid phase.

Table 2 shows there are numerous groups as yet com-
pletely undetermined, but, as discussed in Sec. 2.6, probably
none is greatly important. However, the discrepancy in the
enthalpies of anthracene and naphthacene is of some signifi-
cance, because it holds the answer to whether the 9 and 10
carbons of the anthracene molecule (and similar aromatic
carbon atoms) need to be treated as distinct from the other C,
atoms. The discussion of Sec. 2.7 concludes that many non-
nearest neighbor interactions are subject to great experimen-
tal uncertainty that might benefit from a series of carefully
conducted measurements.

It is possible that a few ambiguities and uncertainties will
be clarified if this project continues through other groups of
compounds: carbon—-hydrogen—oxygen—nitrogen, etc.

J. Phys. Chem. Ref. Data, Vol. 25, No. 6, 1996
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3. Tables of C-H-0O Compounds

Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 1

Group (C-H) Gas GAV Liquid GAV Solid GAV Notes
kcal/mol kJ/mol # |kcal/mol kJ/mol # [kcal/mol kJ/mol #
C-(C)(H)3 -100 -418 + -116 -485 + -10.1 23+
C-(C)2(H)2 50 -209 + -6.1 255 + 70 -203 +
C-(C)3(H) 24 -100 + -2.2 82 + -40 167 +
C-(€)4 01 04 + 08 33 + -15 63 +
Cd-(H)2 63 264 + 49 205 + 6.0 251 +
Cd-~(C)(H) 86 360 + 77 322 + 6.1 255 +
Cd~(C)2 102 427 + 9.7 406 +
Cd-(Cd)(H) 68 285 + 53 22 + 52 218 +
Cd-(C)(Cd) 88 368 6 8.0 335 8 7.7 3R2 2 1
Cd-~(Cd)2 66 276 7 40 167 1 27 1.3 3 2
C~(Cd)(H)3 -100 -418 + 116 485 + -10.1 -423 + 3
C-(C)(Cd)(H)2 -48 -201 + 61 255 + 50 -209 5
C~(C)2(Cd)(H) -1.7 71+ 24 -100 + 30 126 5
C-(C)3(Cd) ! 1.7 71 4+ 23 96 + 43 180 1 4
C-(Cd)2(H)2 -43 -180 9 58 -243 5 -133 556 1 5
C-(C)(Cd)2(H) 27 113 3 1.8 75 1 6
C-(C)2(Cd)2 68 285 1 52 218 1 7
Allyl [>C=C=C<] 342 1431 5 327 1368 3 8
Ct-(H) 272 1138 + 260 1088 +
Ct-(C) 273 1142 + 255 1087 + 239 1000 +
Ct-(Ct) 253 1059 3 252 1054 1 247 1033 2 9
C~(Ct}(H)3 -0 -418 + 116 -485 + -10.1 -423 + 10
C-(C)Ct)(H)2 -47 197 + 53 222 + =71 297 1 11
C-(C)2(Ct)(H) -1.8 75 6 20 84 6
C-(C)3(Ct) 1.3 54 4 1.9 79 2 05 21 1 12
C-(C)2(Ct)2 35 146 1 13
Cd-(Ct)(H) 67 280 6 47 197 5
Cd~(C)(Ct) 95 307 2 14
Ct-(Cd) 279 1167 8 280 1172 5
Cb-(H) 33 138 + 20 82 + 15 63 +
Cb-(C) 55 230 + 48 201+ 29 121+
C~(Cb)H)3 10 418 + -116 485 + -10.1 423+ 15
C-(CHCh)H)2 46 102 « 82 250 «+ B85 272 «+
C-(C)2(Cb)(H) -1 42 + 10 42+ -1.0 42 +
C-~(C)3(Cb) 29 121+ 34 142 + 04 1.7 +
C-(Cb)2(H)2 63 -264 4 52 218 5 60 -251 4
C (C)Cb)2(H) 1.1 48 1 85 272 3 56 234 7 18
C-(C)2(Cb)2 [10} [42] 98 410 1 17
C-~(Cb)3(H) -1 42 2 98 410 2 18
C-(C)Cb)3 43 180 1 300 1255 4 19
C-(Cb)4 72 206 1 17.6 732 1 20
Cb-(Cd) 58 243 9 80 335 + 58 243 +
Cb-(Ct) 57 238 4 55 230 1 55 230 4 21
Cb-(Cb) 52 218 8 50 209 4 44 184 +
Cd-(Cb)(I1) 68 285 8 1.5 63 8 3.0 126 1
Cd-(C){Cb) 57 238 2 50 209 1 22
Cd-(Cb)2 8 335 2 7.2 301 1 96 402 9 23
Cd-(Cb)(Cd) 13 6544 2 13.2 552 4 24
Ct-(Cb) 246 1029 4 265 1109 1 235 203 4 25
C-~(Cb)(Cd)(H)2 25 -105 1 47 197 2 26
C-(C)(Ch)(Cd)(H) 2.4 88 1 27
Cbf-(Cbf)(Cb)2 ) 47 197 + 33 138 4 42 176 +
Cbi-(CLN2(CL) 4.4 184 + 29 124+
Cbf-(Cbf3 24 100 2 09 38 2 28

Bracketed values are estimates, generally subject to uncertainties of more than 8-12 kd/mol (2-3 kcal/mol).
#: These columns indicate the totai number of compounds in the databases with the indicaled gioup. “+" means >9 cuimpounds.

J. Phys. Chem. Ref. Data, Vol. 25, No. 6, 1996
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 2
|Ring strain corrections (C-H) Gas RSC Liquid RSC Solid RSC Notes
kcal/mol _kJ/mol # |kcalimol kJ/mol  # [kcal/mol kd/mol #

Cyclopropane 277 1158 7 270 1130 +

Cyclopropene 536 2243 2 29
Methylenecyclopropane 4“1 1715 1 8.2 343 1 30
Cyclobutane 268 1121 S 253 1089 7

Methylenecyclobutane 272 1138 1 260 1088 1 31
Cyclobutene 288 1247 2 206 1238 t 32
Cyclopentane 71 207 + 54 286 + 33
Cyclopentene 58 247 + 4.7 197 5 22 92 2 34
Cyclopentadiene 57 288 1 52 218 1 35
Cyclohexane 0.7 29 + 0.7 29 + 00 00 6
Cyclohexene 0.5 21 7 08 33 4

Cyclohexadiene (1,3) 4 167 5 40 167 3 36
Cyclohexadiene (1,4) 30 -126 3 34 -142 1 37
3-Methylene-cyclohexene 90 377 1 38
Cycloheptane 6.8 286 2 53 222 & 30
Cycloheptene 54 226 1 40
Cycloheptadiene (1,3} 65 272 1 49 205 1 41
Cycloheptadiene (1,4) 59 247 1 42
Cycloheptatriene 3.4 142 1 3.3 138 1 0.0 00 1 43
Cyclooctane 103 431 1 88 368 1 44
Cyclooctene (Z) 6 251 1 3.6 151 1 45
Cyclooctene (E) 135 565 1 45
Cyclooctadiene (Z-Z-1,5) 9 377 1 76 318 1 47
Cyclooctatetraene 165 690 1 18.4 770 1 48
Cyclononane 133 556 1 1.7 490 1 49
Cyclononene (Z) 78 326 1 50
Cyciononene (E) 10.6 44 1 51
Cyclononatriene (1,4,7) 50 209 1 52
Cyclodecane 131 548 1 1.7 490 3 53
Cyclodecene (Z) 48 201 1 54
Cyclodecene (E) 8.2 343 1 55
Cycloundecane 121 506 1 108 456 1 56
Cyclododecane 5 209 1 1.0 460 1 57
Cyclododecatriene (E,E,Z,1,5,9) 0.6 25 1 =241 88 1 58
Cyclododecatriene (E,E E,1,5,9) 1.7 71 1 0.0 00 1 59
Cyclotridecane 6.1 255 1 54 226 1 60
Cyclotetradecane 58 243 1 ‘86 360 1 61
Cyclotetradecadiyne (1,8) 149 623 1 10.0 718 1 62
Cyclopentadecane 3 126 1 15.0 628 1 63
Cyclohexadecane 3 126 1 156 653 1 64
Cyclohexadecaoctaene (16-Annulene) 480 2008 1 65
Cycloheptadecane -2.1 88 1 16.0 669 1 66
Cyclooctadecanonaene (18-Annulene) 24 100 1 67
Cyclotriacontane : 00 00 1 65
Bicyclo-{1.1.0}-butane 67 2803 t 620 2594 2 620 2594 1 66
Bicyclo-[2.1.0)-pentane 550 2301 1 67
Bicyclo-[3.1.0]-hexane 334 1397 2 298 1247 2 68
Bicyclo-[2.2.1]-hexene 561 2347 1 69

J. Phys. Chem. Ref. Data, Vol. 25, No. 6, 1996



1420

N. COHEN

Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 3

|Ring strain corrections (C-H) Gas RSC Liquid RSC Solid RSC Notes
kcal/mol kJ/mol  # |kcal/mol kJ/mol # [kcal/mol kJ/mol #
Bicyclo-[4.1.0]-heptane 302 1264 4 262 1096 4
Bicyclo-[3.1.1]-heptane; ene 306 1280 2 271 1134 2 70
Bicyclo-[3.2.0]-hept-2-ene 366 1531 1 71
Norbornane (Bicyclo-[2.2.1]-heptane) 16 669 8 16.0 669 + 200 837 4
Norbornene 22.8 %4 2 275 1151 2 72
Bicyclo-{5.1.0]-octane 308 1289 1 26.7 1117 1 3
Bicyclo-[4.2.0)-octane 285 1192 1 248 1038 1 74
Bicyclo-[2.2.2]-octane; -ene 10.6 44 4 8.0 35 4 163 682 1 75
(2)-Bicyclo[3.3.0]Joctane (Octahydropentalene) 10.2 27 1 6.8 285 1 76
(E)-Bicyclo[3.3.0Joctane 165 690 1 133 556 1 77
Bicyclo-[6.1.0)-nonane 308 1289 2 272 1138 2 78
Bicyclo-[3.3.1}-nonane 93 389 1 145 60.7 1 79
Bicyclo-[3.3.1}-2-nonene 84 31 1 118 494 1 80
Bicyclo-[3.2.2]-6-nonene 104 435 1 16.5 69.0 1 81
Bicyclo-[4.2.1]-3-nonene 13.1 548 1 159 665 1 82
Bicyclo-{3.3.2)-decane 194 812 1 248 1088 1 83
Bicyclo-[5.3.0]-decane 135 6565 1 93 389 1 84
Tetracyclo[5.2.1.042,6]decane 298 1247 1 285 1192 1 85
Tetracyclof5.2.1.042,6.0"3,5)-8-decene : 708 2962 1 86
Bicyclo-[3.3.3]-undecane 285 1192 1 346 1448 1 87
Bicyclo-[{4.4.1]-undecane 78 326 1 81 339 1 88
Indane 45 192 b5 38 %9 5 58 243
Indene 1.7 71 1 13 54 1 89
Methanoindene 253 1059 1 19.1 799 1 270 1130 2 90
Cyclobutylbenzene 3.1 1385 1 N
Cyclopropylbenzene 70.7 2958 2 92
1,2-Dihydronaphthalene 24 -100 1 0.4 A7 01 93
1,4-Dihydronaphthalene 111 -464 1 94
Biphenylene 526 2201 1 503 2105 1 b5
Spiropentane 644 2694 1 614 2069 1 96
Fulvene 10 418 3 7.0 203 1 86 360 1 o7
Azulene 1.6 6.7 1 36 151 2 98
Adamantane 74 30 7 1.7 490 7
Diamantane 16 669 7 3.6 151 1 19 5 7 9
Fluoranthene 6 251 1 45 188 1 100
Acenaphthene 6.5 272 1 6.7 280 1 101
Triquinacine 7 23 3 102
Perhydroquinacine 151 632 1 200 83.7 1 103
Dodecahydrotriphenylene 173 724 1 104
1,4[1' 2'|-Benzenocyclohexane 6.3 264 1 3.1 -130 1 105
|.10-Dihydroanthracene 22 92 2 35 146 2 106
9,10-Dihydrophenanthrene -105 489 1 107
Octahydroanthracene 09 38 1 1.8 75 1 10.8 452 1 108
1,2,3,4-Tetrahydronaphthalene 1.2 50 1 0.2 08 1 -2.0 -84 2 100
Non-nearest neighbor Gas Correction Liquid Correction Solid Correction Notes
interactions (C-H) kcal/mol  kJ/mol # |kcal/mol kJ/mol # ]kcal/mol kJ/mol #
Alkane gauche correction 08 33 + 0.6 23 + 0.4 1.7 7
1.5 Correction 1.6 6.7 + 21 87 + 31 130 2 110
Cis correction 1.1 46 + 09 38 + 1.0 42 +
Cis correction (1 t-Bu) 4.4 184 4 3.6 151 4
Cis correction (2 t-Bu) 103 4831 1 111
2 Cis corrections about same bond 33 138 1 2.7 13 2 27 113 1 112
Alkene gauche correction 08 33 5 10 42 7
Ene-yne cis correction 0.7 29 2 06 25 2 13
Ortho correction (also cis on C5 rings) 0.6 25 + 0.4 1.7 + 0.6 25 +
Ortho (2 t-butyls) 08 870 1 174 715 2 114
Phenanthrene 4-5 correction 105 439 6 10.0 48 7 115
Naphthalene 1-8 correction 53 222 5 6.5 272 2 50 209 5 116

J. Phys. Chem. Ref. Data, Vol. 25, No. 6, 1996




REVISED GROUP ADDITIVITY VALUES FOR ORGANIC COMPOUNDS 1421
Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 4
Group (C-H-0) Gas GAV Liquid GAV Solid GAV Notes
kcal/mol kJ/mol  # |kcal/mol kJ/mol # |kcallmol kJd/mol #
O-(H)2 578 -2418 1 -683  -2858 1 -69.7 20918 1 17
O-(C)(H) 379 -1586 + -455 -1904 + 500 -2092 +
O-(Cb)(H) -385 -161.1  + -466 -1950 + -467 1954 +
O-(Cd)(H) 493 2063 + 51 2134 5 524 2192 4
O-(Ct)(H) [379] {158.6] 118
O-(HXCO) 578 -2418 + 662 -2770 + -61.4 -2569 +
0-(C)2 238 996 + 251 -1050 + 250 1046 +
0-(C)(Cby 216 904 + 250 -1046 9 322 1347 6
O-(C)(Cd) 305 1276 + 310 1297 + 310 -1207 1 119
0-(C)CO) 434 -1803 + 445 1862 + -440 1844  +
0O-(Cb)2 -189 -791 4 204 854 1 -19.0 -785 4 120
O-(Cb)(Cd) 21 879 4 -266 -1113 1 121
0-(Cd)2 33 41381+ 330 -1381 8 330 1381 7
O-(Cb}(CO) -36.7 -1536 7 -370 -1548 5 -350 -1464 9
O-(Cd)(CO) 448 1874 2 450 -1883 3 122
0-(CO)2 -462 -1983 + 530 2218 + 510 2134 +
O-(H)(O) 163 882 4 228 0954 ¢ 230 1002 + 123
0-(C)(0) 5 209 + 62 259 + 110 460 5 124
O-(Cb)(0) (51 211 O -45  -188 1 125
0-(0XCO) 182 -761 4 208 870 8 154 644 + 126
0-(0)2 147 615 [134 [B6.1] 127
C-(H)3(O) -10 418 -116 -485 -101 -423 128
C-(H)2(0)2 -165 890 + -166 895 + 185 774 4
C-(C){(H)2(0) 81 339 + 91 381 + 50 209 +
C-(C)2(H)(O) 7.2 301+ 70 203 + 1.0 42«
C-(C)(H)(O)2 158 661 + 160 669 + 200 837 +
C-(C)3(0) 66 -276 + 56 234 + 56 234 9
C-(C)2(0)2 -162 678 3 -158 661 + 129
C(C)0O)3 285 108.7 1 247 1033 1 130
C-(H)0)3 -268 -1121 2 -253 1059 2 131
C-(0)4 386 -1615 2 367 -1536 2 132
C-(Cd)(H)2(0) 69 -289 5 80 335 3 133
C-(Cd)(H)(0)2 03 13 1 70 203 1 134
C-(C)2(Cd)(0) 13 544 2 135
C-(CYCd)(H)(O) 202 1222 3 50 209 3 136
C-(C)2(Ct)(O) 15 63 2 137
C-(Ct)(H)2(O) 86 -360 % [-6] [25] 138
C-(Ct)(H)2(CO) S5 209 1 49 205 1 1582 636 1 139
C-(CtH0O)3 - 284 1188 1 140
C-(Cb)(H)2(0) 124 519 2 30 -128 2 141
C-(CL)(H)(O)2 0.1 04 1 142
C-(Cb)2(H)(O) 10 42 1 143
C-(Cb)(H)2(CO) 54 226 4 31 130 30 126 7 144
C-(Cb)(H)(O)(CO) 79 331 1 145
C-(C)Cb)(H)(O) -44 -184 2 01 04 7 146
C-(C)2(Cb)(0O) 42 176 2 1.8 75 1 179 749 2 147
C-(Ch)2(0)2 540 2259 1 148
C-(Cb)3(0) 18.0 753 4 149
C-(CHLDRCapv) 47 197 1 12 K O 150
C-(CbY(CA)(H)(O) 48 201 1t 151
C~(Cb)2(Cd)(©O) 20 84 1 152
C-(H)2(C)(CO) -46 192 1 153
C-(C)(H)2(CO) 52 218 o+ 52 218 o+ -146 611+
C-(C)2(H)(CO) AT 71+ 14 B9+ 90 377 +
C-(C)3(CO) 1.4 59 + 35 146 9 52 218+
C-(H)2(C0O)2 66 276 5 58 243 5 80 335 4 154
C-(C)(HYCO)2 -140 586 +
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 5§

Group (C-H-0) Gas GAV Liquid GAV Solid GAV Notes
kcal/mol kJ/mol # lkcal/mol kJ/mol # |kcal/mol kJ/mol #
C-(H)3(CO) 10 M8 116 485 [ 101 423 | 186
C-(C)2(C0)2 16 67 1 103 431 1 156
C-(C)(H)}(OXCO) 45 -188 1 -6.9 -289 2 157
C-(Cd)(H)(0)(CO) 0] [40] 158
C-(C)2(0O)CO) 135 565 3 159
C-(0)2(C0O)2 3] [12] 160
C-(C)(Cb)(H)(CO) 1.0 42 4
C-(Cd)(H)2(CO) 38 -159 7 80 335 6 -150 -628 3 161
C-(Cb)2(Ct)(0) [2.5]) [10] 162
C-(H)CO)3 11 14§ 163
C-(H)X(O)(C0)2 [-9.5] [-40] 164
CO-(C)(H) -294 -1230 + 343 -1435 7
CO-(H)(O) 319 -1335 3 -36.2 -1515 3 165
CO-(H)(CO) 252 1064 2 323 -1351 1 410 1715 1 166
CO-(C)2 31.7 1326 + 362 -1515 + 354 1481 +
CO-(C)(0) -352 1473 + -38.1 -1594 + -3B5 -1485 +
CO~(C)(CO) -302 -1264 4 821 1343 2 2218 912 1 167
CO-(0)2 -289 1251 9 -300 -1255 5 330 -1381 5
CO-(0)(CO) 205 -1234 5 317 1326 3 -360 -1506 5 168
CO-(C)(Cd) 324 1356 + 320 1339 4 270- 1130 4 169
CO-(Cd)(H) 276 -1155 8 300 -1255 3 -35.1 -1469 1 170
CO-(Cd)2 30 1255 7 310 -1297 1 300 -1632 8 171
CO-(Cd)(0) 322 1347 + 327 -1368 + -390 -1632 +
CO-(Ct)(0) -395 -1653 1 352 -1473 3 341 1427 2 172
CO-(Cb)(H) 291 1218 2 350 -1464 3 -298 -1247 2 173
CO-(C)(Cb) -309 1293 7 -370 -1548 7 -395 -1663 +
CO-(Cb)2 27 1130 9 -280 -1172 3 335 -1402 9 174
CO-(Cb)(0) 344 1439 + 369 -1544 + -408 1707 +
CO-(Cb)(CO) -265 -1109 2 304 1272 2 175
CO-(Cb)(Cd) -398 -1665 2 319 1335 3 176
CO-(Cd)(CO) -283 -1184 1 -281 1176 1 280 1172 1 177
CO-(C)(CY) 30 -1255 1 [42) [-176] 178
Cd-(H)(CO) 52 218 + 20 84 + 60 251 +
Cd-(C)(O) 8.9 372 + 50 209 7 40 16.7 2 179
Cd-(H)(O) 86 360 + 70 293 + 0.0 00 6
Cd-(Cd)(0) 95 307 6 90 377 3 90 377 4 180
Cd-(C)(CO) 75 314 9 98 410 4 78 326 8
Cd-(0)(CO) 11.6 485 5 60.. 251 3 8.0 B5 5 181
Cd-(Cb)(0) 104 4435 4 1.2 50 1 182
Cd-(Cb)(CO) 8 335 1 8.0 335 1 183
Cd-(Cd){CO) 83 347 2 1.9 79 1 184
Cd-(CO)2 133 556 1 271 (113 185
Cd-(Ct)(0) 76 318 1 186
Cb-(0) 09 38 + 14 B9 + 10 42
Cb-(CO) 3.7 155 + 42 176 + 45 18.8
CCO-(H)2 114 477 1 -16.2 678 1 187
CCO-(C)(H) 15 628 1 188
CCO-(C12 12 B02 1 189
CCO-(Ch)(H) 256 -10714 1 190
CCO-(Cb)2 158 661 1 191
C-(CCOYH)3 -1 418 2 1186 485 O -101 423 0 192
Cb-(CCO) 4 167 2 193
Ct-(0) [31.9] 1335] 194
Ct-(CO) 284 1188 2 200 1213 3 256 1071 1 195
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 6

Non-nearest neighbor Gas Correction Liquid Correction Solid Correction Notes

interactions (C-H-O) _lkcal/mol kJ/mol # |kcal/mol kd/mol # |kcal/mol kJ/mol #
Ether gauche 08 33 + 0.7 29 +
Oxygen gauche 00 00 + 0.0 00 + 0.0 00 +
Ditertiary ether 105 439 1 10.1 23 1 196
Ditertiary ketone 63 264 1 5.1 213 1 197
Oxygen (-OH, -OR) ortho (except to -COOX) 05 21+ 00 00 5 1.5 63 +
-OR ortho to -OR 3 126 2 23 96 2 198
-COOX ortho to alkyl (except t-bu), aryl, or O 3 126 + 10 42 +
-COOX ortho to t-butyl 7 23 1 5.1 213 1 199
-COOX ortho to -COOX 6 251 3 6.5 272 8 6.1 255 + 200

IRing strain corrections (C-H-O) Gas RSC Liquid RSC Solid RSC Notesy
kecal/mol kJ/mol # |kcal/mol kJ/mol # [kcal/mol kJd/mol #

Oxirane 27 1130 2 24.0 1004 S 201
Cyclopropanone 461 1929 1 202
Cyclopropenone 101.7 4255 1 946 3958 1 203
Oxetane 25 1046 2 223 9383 1 204
1,2-Lioxetane 21.2 887 1 205
Cyclobutanone 279 1167 1 251 1060 2 206
Cyclobutanedione 321 1343 1 247 1083 1t 207
Cyclobutenone 274 1146 1 208
Cyclobutenedione 16.2 678 1 15.4 644 1 1.8 1o 1 200
2-Oxetanone 24 1004 1 18.1 757 1 210
Diketene 218 912 1 255 1067 1 21
Tetrahydrofuran 5.9 247 2 40 167 2 53 222 4 212
Tetrahydrofuran-2-one 85 356 1 22 92 1 213
2,5-Dihydrofuran 42 176 1 214
2,3-Dihydrofuran 78 326 1 215
1,3-Dioxolane 53 22 4 57 238 5 216
1,3-Benzodioxole 143 588 1 176 736 1 217
Furan 58 -243 9 60 251 7 -60 251 4
Cyclopentanone 6.2 259 1 1.9 79 2 218
Ascorbic acid 85 3B6 1 219
Succinic anhydride 08 33 4 1.0 42 4 7.4 310 +
3,5-Cycloheptadien-1-one 6.9 289 1 220
2 5-Furandione 33 138 2 2.4 -100 1 1.7 71 2 221
Phthalic anhydride 57 238 1 76 318 1 222
Benzofuran 64 -268 1 223
Dibenzofuran 32 163 1 . .-10 42 1 224
1,3-Dioxolane-2-one 108 452 2 04 17 2 8.0 335 1 225
1,3-Dioxol-2-one 7 293 2 29 121 2 226
1,2,4-Trioxolane . 04 1.7 1 227
Tetrahydro-2H-pyran 1.1 46 3 03 -13 3 05 21 o+ 228
1,3-Dioxane 1 42 8 1.0 42 +
1,4-Dioxane 35 146 2 20 84 1 229
1,3,5-Trioxane 3.1 130 2 23 96 1 56 234 1 230
Dihydro-benzo-1,4-dioxin 0.7 29 1 23 96 1 231
Dihydro-2H-pyran 13 54 3 1 232
Epoxynaphthalene 13.0 544 1 233
Benzopyran -148 619 1 234
Benzo-1,4-dioxin -255 -1067 2 235
Dibenzopyran 14 59 1 60 -251 1 236
Cyclohexanone 27 113 2 0.7 29 1 237
1-Tetralone 4.1 172 1 238
9,10-Anthracenedione 88 410 4 -12.6 527 4
9,10-Phenanthrenedione -244 -1021 1 -242 1013 1 239
1,2-Benzanthracene-9,10-dione 205 858 1 -404 -1680 1 240
Tetrahydropyran-2-one 10.9 456 1 45 188 1 241
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 7

Ring strain corrections (C-H-0)

Xanthone

Glutaric anhydride

1,4-Cyclohexadien-dione

1,4-Naphthalenedione

Dibenzocyclohexanone

1,3-Dioxepane

Cyclohepten-7-one

Cycloheptatrien-one

Cycloheptanone

Dodecahydro-6,19-methanobenzo...
cyclooctadecen-21-one

1,5-Benzodioxepin

1,3-Dioxocane

1,3,G-Trioxacyclouctane

Tetraoxane

Cyclooctanone

Cyclononanone

11-Oxabicyclo[4.4. 1 Jundeca-pentaene

Cyclodecanone

Pentaoxecane

Cycloundecanone

1,4,7,10-Tetraoxacyclododecane (12-Crown-4)

Cyclododecanone

1,4,7,10,13-Pentaoxacyclopentadecane

Cyclopentadecanone

Benzo-15-crown-b-ether

Cycloheptadecen-2-one

Cycloheptadecanone

Anthracene peroxide

7-Oxabicyclo-[2.2.1}-heptane

Bicyclo-[2.2.1]-heptan-2-one

Bicyclo-[2.2.1]-heptan-7-one

Bicyclo-[3.3.0]-octan-2-one

Bicyclo-[2.2.2]-octanone

3-Oxabicyelo-[3.2.2]-nonane

Pyrano-[2,3-b]pyran-2,7-dione

Pyrano-[4,3-b]pyran-2,5-dione

Pyrano-[3,2-b]pyran-2,8-dione

2,4,8,10-Tetraoxospiro-[S.5jundecane

Epoxyconduritol (anhydro-alloinositol)

Butanolactone

4-Pentanolactone

5-Pentanolactone

Adamantan-2-one

Diamantanone

Inden-2-one

Benzopentaphene-5,8-dione

1,4,4a 8a-Tetrahydro-1,4-methano...
naphthalene-5.8-dione

4b,10a-Dihydro-benzo[bjbenzof3,4]...
cyclobuta[1,2-e][1,4]dioxin

8,9,10,11-Tetrahydro-6,12-methano-7TH-...
benzo-cycloundecene-14-one

Santonin

3a,4,7,7a-Tetrahydro-4,7-methano-...

isobenzofuran-1,3-dione
5,12,6,11-Bisepidioxy-5,6,11,12-tetrahydro-
naphthacene

5,12-Dihydro-5,12-epidioxy-naphthacene

Gas RSC Liquid RSC Solid RSC Note;ﬂJ
kcal/mol kd/mol # |kcal/mol kJ/mol # |kcal/mol kJ/mol #
59 247 1 123 515 1 | 242
48 204 1 10.4 435 1 243
88 410 1 9.6 402 1 244
18.5 774 2 -71 -29.7 2 245
43 180 1 246
75 314 1 46 192 1 247
4 167 1 08 33 1 248
06 25 2 34 142 1 23 96 2 249
29 121 1 05 21 1 250
-1.9 78 1 169 707 1 251
87 364 1 11.6 485 1 252
148 619 1 128 536 1 253
8.7 364 1 5.0 209 1 254
13 544 1 6.7 280 1 255
2 84 2 08 33 1 223 933 2 256
53 222 1 33 138 1 266 1113 1 257
75 314 1 5.8 243 1 20 8.4 1 258
42 176 1 21 88 1 259
126 527 1 10.0 418 1 260
5.1 213 1 27 13 1 261
92 385 1 6.7 280 1 262
3.7 155 1 21 88 1 245 1025 1 263
89 372 1 6.4 268 1 264
3 126 1 31.1 1301 1 265
<102 427 1 266
8.7 -364 1 49 205 1 266
2.1 88 1 345 1443 1 267
227 950 1 268
142 594 1 10.0 418 1 269
15 628 2 300 1255 2 270
23 962 1 381 1504 1 271
8 3}5 2 40 167 2 271
136 569 1 272
116 4485 1 52 218 1 273
1240 5188 2 274
1050 4393 2 275
950 3975 1 276
102 427 1 94 393 1 277
14.4 602 1 278
9 377 1 24 100 1 279
85 3B6H 1 22 92 1 280
109 456 1 45 188 1 281
938 410 1 221 925 1 282
18 753 1 31.2 1305 1 | 283
71 297 4 19 79 3 250 1046 1 283
636 -266.1 1 549 2297 1 284
2186 904 1 285
125 523 1 286
386 1615 1 4668 1950 1 287
9.7 406 2
217 08 1 245 1025 1 288
227 950 1 289
38.0 1590 1 290
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 8
Ring strain corrections (C-H-O) Gas RSC Liquid RSC Solid RSC Notes
kcalfmol kJd/mot  # |kcal/mol kJ/mol # |kcalimol kJ/mol #
4b,9,10-triphenyl-indeno-{1,2,3-fg}- 582 2435 1 201
naphthacene-9-yl
Indeno|2,1-b]pyran -22 82 2 -44 184 2 292
Dihydro-1-benzopyran 1.8 75 1 0.6 402 1 293
Dihydro-2-benzopyran 96 402 1 -10 -42 1 294
Endo-ethylene cycichexanone 52 218 1 46 192 1 205
Anthradiquinone 32 1339 1 B2 1473 1 296
Epoxycyclopentane 30 1255 1 261 1082 1 297
Epoxycyclohexane 282 1180 1 238 06 1 208
Epoxycycloheptane 268 1121 1 224 937 1 209
Epoxycyciooctane 28.7 1201 1 249 1042 1 300
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 1n

Notes

s: C15H18 (1). It also occurs in 2,3,4-Trimethyl-indeno[2,1-b]pyran, but the latter is not used in evaluating the GAV.
I GAV occurs only in S-isopropylidenecyclopentadiene [C8H10 (6)], which is also only source for the Ful RSC.
g, I, s: Assigned the same values as C-(C)(H)3.
s: GAV based on C10H16 (15) (Camphene) only.
s: GAV based only on 1,3 5-cycloheptatriene, which is also only source for cycloheptatriene RSC. The GAV is as large
as It can be without the RSC becoming negative, but still seems too small compared to the other phase GAVS.
g: GAV based on (Z)-5-ethylidene-bicyclo[2.2.1}-2-heptene, triquinacine, and dihydrotriquinacine; 1: GAV found only
in the first of these. All three are questionable experimental values.
g. - GAVs based on norbornadiene (C7H8 (4)) only.
g: Allene, 1,2-butadiene, 3-methyl-1,2-butadiene, 1,2- and 2,3-pentadiene; I: 1,2-butadiene, 2,3-pentadiene, and 3-methyi-1,2-butadiene.
9: 2,7-Dimethyl-oct-1,7-dien-3,5-diyne, 2,4-hexadiyne, and C12H18 (2); GAV based only on latter; I: C18H18 (2); s: C12H18 (7) and C16H10 (
g, I, s: Assigned the same values as C-(C)(H)3.
s. GAV based only on 1,8-cyclotetradecadiyne, which is also only source for cyclotetradecadiyne RSC.
g. 2-Methyl-1-buten-3-yne, C6H10 (10), 2,7-dimethyi-oct-1,7-dien-3,5-diyne, and C12H18 (4); I: C6H10 (10) and
C12H18 (4); s: C12H18 (7).
. C7H8 (5).
g: 2-Methyl-1-buten-3-yne and 2, 7-dimethyl-oct-1,7-dien-3,5-diyne.
g, 1, s: Assigned the same values as C-(C)(H)3.
g. C26H22 (2); I: C14H14(3), C16H18 (1), and C16H18 (3).
s: Group found only in 2,2-bis(4-hydroxyphenyl)-propane; |: based on 2,2-diphenylbutane, which is cited by
SWS and is of questionable reliability.
g, 8. GAV based solely on triphenylmethane; difference between phases seeins too large. GAV alsv uuours irt
C20H14 (1), which was not used in evaluation.
g, s: Occurs in 1,1,1-triphenylethane, 1,1,1,2-tetraphenylethane, pentaphenylethane, and hexaphenylethane. Two of
these values (in solid phase) seem inconsistent with the others.
g. s: Occurs only in tetraphenyimethane,; difference between phases seems large, but it is not apparent which, if
either, is wrong.
g: C8H6 (1), 1-phenyi-1-propyne, 1-phenyl-1-butyne, C14H10(1); I: C8H6(1); s: C14H10(1), C16H10 (1), C16H14 (1, 2).
I: COH10(2) and C12H14(2), GAV is based on former only; s: C25H20(2). Benson (Thermochemical Kinetics, 1976,
p. 272, reports a value of 36.15 kd/mol for gas phase GAV.
g: C14H12 (2) and C18H14 (2); I: C14H12(2).
g: 2,3,4-Trimethyl-indeno[2,1-bjpyran and 6-phenylindenof2-1,bjpyran; s: these two and C25H20 (2), C28H22 (2).
The first two of these also are the only compounds with the indeno[2-1,b]pyran RSC, so only the sum of the GAV and RSC
can be determined. The gas phase GAV is set equal to the solid phase value.
I: C8H6 (1).
g: COH8 (1); I: COHB (1) and COH10 (4).
1. Group found only in 3-phenyl-1-butene.
g, & Group found only in pyrene and perylene, and there is 20 25 kJ/mol diccrepancy between the two.
g: C3H4 (3) and C4H6 (7). )
g: C4H6 (6); I: Dimethylmethylenecyclopropane, which is of questionable reliability.
g, . C5H8 (11).
g: C4H6 (5) and 3,4-dimethylenecyclo-1-butene; RSC based on former; s: C22H280 (2).
s: Fused five-membered rings in triquinacines have a separate RSC (Trq).
s: C10H12 (2) and C10H14 (8). There are 2 additional cyclopentene compounds (both C8H14s) in liquid phase not used in
evaluating this RSC.
g, I: C5H6 (3). .
I: C7H10 (2), C10H16 (9), and 1-ethyl-4-methyl-1,3-cyclohexadiene.
g: 1,4-Cyclohexadiene; 3-methylene-1,4-cyclohexadiene, and 3,6-bis(methylene)-1,4-cyclohexadiene. I: 1,4-Cyclohexadiene.
1. 1-Methyl-3-methylene-1-cyclohexene. The value for this compound is of questionable reliability.
g: GAV depends only on cycloheptane; ethyleycioheptane was not used for GAV evaluation.
g: C7H12(8).
g, l: C7TH10(3).
I 1,4-Cycloheptadiene.
g, I: Cycloheptatriene; s: RSC depends only on 1,3,6-triphenyl-1,3 5-cycloheptatriene, which is also oniy source for C-(Cd)2(H)2.
g, l: C8H16 (17).

g, !: C8H14(5).
I: (E)-Cyclooctene.
g.t C8H12 (Q)
g, l: C8H8 (1).
g.l: COH18 (3).

I: (Z)-Cyclononene.
I: (E)-Cyclononene.
I (Z,Z2,2)-1,4,7-Cyclononatriene.
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 2n

53 g: Cyclodecane.

54 | (Z)-Cyclodecene.

55 |: (E)-Cyclodecene.

56 g, 1: C11H22 (2).

g: C12H24(1).

g,!: C12H18 (5).

g, s: C12H18 (6).

g, C13H26 (2).

g, s: C14H28 (1). Gas phase value has been adjusted based on other cycloalkanes; see N. Cohen and S. W. Benson,

* .Chem. Rev. 93, 2419 (1993).

s: RSC depends only on 1,8-cyclotetradecadiyne, which is also only source for C-(C)(Ct)(H)2 GAV.

g,s: C15H30(2).

g, s: C16H32 (3).

s: C16H16 (10).

g,s: C17H34(1).

s: C18H18 (1).

g, C6H10 (9) and C7H12 (9).

I: Bicyclo[2.2.1]hex-2-ene.

g, . C10H16 (3 and 4).

g: 7-Phenyl-bicyclo[3.2.0]hept-2-en-6-ol

72 g: Norbornene and C10H12 (3); s: Norbornene and C10H12 (2).

73 g,1: CBH14(7).

74 g, 1. CBH14(6).

75 s: C8H12 (2).

76 g, I: (2)-Bicycio[3.3.0]octane (Octahydropentalene).

77 g,1: (E)-Bicyclo[3.3.0Joctane.

g, I COH16 (4 and 6).

g,s: COH16 (11).

g, s: Bicyclo[3.3.1]-2-nonene

g, s: Bicyclo[3.2.2)-6-nonene

g, s: Bicyclo[4.2.1]-3-nonene

g, s: C10H18 (6).

Perhydroazulene (Bicyclo[5.3.0)decane)

g: C10H12(3); s: C10H12 (2).

I: Tetracyclo[5.2.1.0"2,6.0"3,5]-8-decene.

g: Bicyclo-[3.3.3]-undecane

g, I: Bicyclo-{4.4.1]-undecane

g,l: COH8 (1).

g, It C10H16 (11); s: C10H14(8) and C10H16 (11).

g: 1,2-Cyclobutylbenzene.

g: Benzocyclopropene and 2,3-cyclopropyinaphthalene

g, I: 1,2-Dihydronaphthalene.

I: 1,4-Dihydronaphthalene.

g, s C12H8 (1).

96 g, I: Spiropentane.

97 g: Fulvene, C8H10 (6), and 6,6-diphenylfulvene; discrepancy is over 25 kJ/mol. I: C8H10 (6); s: 6,6-Diphenylfulvene.
98 g: Azulene; s: Azulene and C15H18 (1).

92 | Dlamantane; the RSC does not appear consistent with the g and s values.

100 g, s: Fluoranthene.

101 g, s: Acenaphthene. Acenaphthylene uses the same RSC here, though it might require its own RSC.

102 g: Triquinacine, dihydrotriquinacine, and tetrahydrotriquinacine. The latter two should probably have their own RSCs.

103 g, s: Perhydroquinacine.

104 s: Dodecahydrotriphenylene.

105 g, s: 9,10-Dihydro-9,10{1',2'-benzenoanthracene.

106 g, s: 9,10-Dihydroanthracene and 5,12-dihydronaphthacene.

107 I: 9,10-Dihydrophenanthrene.

108 g, |, s: Octahydroanthracene.

109 g, I: 1,2,3,4-Tetrahydronaphthalene; s: 1,2,3,4- and 5,6,7,8-tetrahydro-1-naphthol.

110 s: C14H24 (1) and C14H28 (2); NNI value based primarily on the latter, though there is some uncertainty.

111 I C10H20 (2).

112 g: C6H12(17); I: C6H12 (17) and 2,3-dimethyl-2-pentene; s: 6,6-diphenylfuivene (C18H14 (2)). The latter is a poor
modei for this cis interaction because the 1 and 4 carbons of the ring are farther from the other end of the external =C
than wouid be the case if the compound were acyclic.

113 g, I NNI value based on C5H6 (1) and C10H16 (1).

114 g: C18H30 (1); s: C18H30 (1) and C22H38 (1).

8BEL

2

d33B8BAFTRRB

B8P3

8BRITRES

se

§R 8
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 3n

Note: for a single CH3 on the 4 or 5 position, use 1/2 of correction.

I C12H12 (1) and C14H16 (1).

g.l;s: group occurs only in H20.

g: Estimated by comparison with O-(C)(H). This GAV and that for Ct-(O) together sum to -29 kJ/mol based on data for 2-propyn-1-ol as
compiled by M. S. Kharasch (J. Res. N.B.S. 2, 350 [1929)]), and of questionable reliability.

s: 1,3-Diphenyl-3-ethoxy-2-propen-1-one.

I: Diphenyl ether.

I: Phenyl vinyl ether. .

g: C4H402 (2) and C4HB02 (2); I: same two and CSHBO2 (6). GAV's are averages. Discrepancy in gas phase is 15.9

) kJ/mol; 28.9 kJ/mol in liquid.

g: ethyl, 1-methyl-1-phenylethyl, and t-butyl hydroperoxide, and H202. Because H202 may be abnormal, and in view of
large discrepancies among the data in all 3 phases, the GAV is based mainly on t-BuOOH.

s: The five compounds with this group are so discordant that they are not useful for GAV evaluation. . The value chosen
here is based solely on dioxybismethanol, the only one of the five that locks like it has a chance of being correct.

g: estimated by comparison with similar groups; s: 1,2,3,4-Tetrahydro-5-hydroperoxynaphthalene.

g: C16H1603 (1), C14H1004 (1), C14H1005 (1), C14H1605 (1). There is discrepancy of 63 kJ/mol among these 4
compounds, so there is considerable uncertainty in GAV.

9: P. S. Nangia and S. W. Benson, J. Phys. Chem. 83, 1138 (1979); updated by S. W. Benson and N. Cohen, in press.
I: estimated.

g, I, s: Assigned the same values as C-(C)(H)3.

g: C5H1202 (1), C7H1402 (), and C7H1602 (1); discrepancy is only 13 kJ/mol.

g, I: 1,1,1-trimethoxymethane.

g, I: C4H1003 (2) and C7H1603 (1); discrepancy is smail.

g, I: Tetramethoxymethane (Tetramethyl orthocarbonate); tetraethoxymethane.

I: Based on Allyl alcohol; other two compounds are from 63PAS/GAR (PNK's reference), an unrefereed and unreliable source.

g, s: 2-(Diacetoxymethyf)furan.

g: 2-Methyl-3-buten-2-ol and 2,2-dimethyi-2H-1-benzopyran. The latter has the only benzopyran RSC,
s0 GAV is based on former; RSC on latter.

s: C15H1803 (1), C6H1004 (9), C6HB06 (1). The last has the only ascorbic acid RSC, so other 2 determine GAV; discrepancy is 23
kJ/mol; the 2nd one, which has 2 of the groups, is used. I: C7H1002 (6), C6HC6H100 (2), C7TH120 (4);
the latter two are from an unreliable and unrefereed source (63PAS/GAR), so GAV is based on the first one.

s: CBH140Z (12) and C12H220Z (1); discrepancy Is 21.8 kJ/mol, use average.

g: 1-tert-Butyl-4-(2-propynyloxy)-benzene. I: Based on 2-octyn-1-ol, 2-nonyn-1-oi, and 1-phenyl-1-propyn-3-ol;
the spread is 41 kJ/mol; data compiled by Kharasch.

g, I: 3-Pentynoic acid ethyl ester; s: 3-butynoic acid.

s: Acetylenedicarboxylic acid dihydrate.

g: (Methoxymethyl)-benzene and C27H2203 (1); 2 groups in latter, so use it to determine GAV. s: C8H1002 (2) and
C27H2203 (1); no disagreement.

s: 3,5-Diphenyl-1,2,4-trioxolane. This is the only source for this GAV, as well as for the 1,2,4-trioxolane RSC.

s. 9,10-Epldioxyanthracene.

I: 1-Phenyl-2-propanone.

s. 2-Hydroxy-1,2-diphenylethanone.

g: Cyclopropyl phenylmethanol and 4b,10a-dihydro-benzo[b]benzo[3,4]-cyclobuta[1,2-e]dioxin.

g, s: COH1202 (1) and C16H2603 (1). Discrepancies are 47.7 and 18.8 kJ/mol in two phases, resp.; use averages;
I: 1-Methyl-1-phenylethylhydroperoxide.

s: Benzhydrol (diphenyl methanol).

s: C19H160 (1), C22H220 (1), C38H3002 (1), and C42H2802 (3). The discrepancy among these is large,

and the GAV is based mainly on the first one.

s: 3'5-Diisopropyl-4,4-dimethyl-3-phenyl-1,2-benzocyclobutene-3-ol.

alpha-Ethenyl-benzenemethanol.

5,12,Dihydro-5,6,11,12-tetraphenyi-5,12-epidioxy-naphthacene.

-Sorbose.

Benzoyl acetone, C15H1202 (1), C4H402 (3), and C3H404 (1); the last has large error, so GAV based on first three.

I, s: Assigned the same values as C-(C)(H)3.

, 8. 2,2,4,4 Tetramethyl-1,3-cyclobutanedione.

1-(3,4-Dihydro-6-methyl-2H-pyran-2-yl)-ethanone; s: C3H603 (2) and C6H1206 (2); use average--

discrepancy is 19.2 kd/mol.

s: Furcin: based on data compiled by M. S. Kharasch (J. Res. N.B.S. 2, 350 [1929]), and of questionable reliability.

s: Dimethyt tartrates.

s: Dihydroxymalonic acid; based on data compiled by M. S. Kharasch (J. Res. N.B.S. 2, 389 [1929}), and of questionablc rcliability.

s

|

|

s

Qe v naa@

. C5H604 (2), C6HB06 (1) and CEHEO6 (2); average of all three.

: 1,1,3-Triphenyl-2-propyn-1-ol; based on data compiled by M. S. Kharasch (J. Res. N.B.S. 2, 359 [1929)}), and of questionable reliability.

: Acetylmalonic acid dimethyl ester; based on data compiled by M. S. Kharasch (J. Res. N.B.S. 2, 350 [1929]), and of questionable reliability.
. Tartronic acid: based on data compiled by M. S. Kharasch (J. Res. N.B.S. 2, 359 [1929)]), and of questionable reliability.

g, I Methyl, propyl, and pheny! esters of formic acid. Propy! disagrees with others by 50 kd/mol, GAV based on methyl.
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 4n

166 g: C2H202 (1) and C3H402 (1); discrepancy is 8 kJ/mol; use weighted average; | 1,2-Propanedione (Pyruvaldehyde).

167 g: C3H402 (1), C4HB02 (1), C18H1002 (2), and C3H403; use weighted average. s- 2-Oxopentanedioic acid.

168 I; C4H604 (3), C6H1004 (7), and C14H1004 (2).

169 s: C17H300 (1), C8H802 (13), C11H1002 (1), and 3-phenylcyclobutenone.

170 s: 3~(2-Furyl)-2-propenal.

171 I 2,4,6-Cycloheptatrien-1-one.

172 g: 2-Pentynoic acid ethyl ester; s: CSH602 (1) and C4H204 (1); use weighted average,; discrepancy less than 4 kJ/mol.

173 g: C8H802 (3) and C7HE0 (1); small discrepancy. s: C8H802 (1) and C8HBO3 (1), discrepancy is 15.9 kJ/mol; use average.

174 . C13H100 (2), C15H140 (1), and C17H180 (1).

175 g, s: G14HBO2 (2) and C14H1002 (1). The former has a unique ring, so the latter is used to determine GAVs.

176 g: C10H602 (1) and C10H604; small discrepancy, use average.

177 g, I: 3,4-Diethoxy-3-cyclobutene-1,2-dione; s: 3,4-Dihydroxy-3-cyclobutene-1,2-dione.

178 g: But-1-yn-3-one. |: 1-Phenyl-pent-1-yn-3-one; based on data compiled by Kharasch.

179 s: COH1005 (1) and C6HBOG (1). Both compounds have unique groups, so this GAV is estimated by comparison with liquid phase GAV.

180 I: C6H60 (2), C1OH8O (3), and C3H203 (1).

181 . C5H402 (1), CGHBO3 (2), and CBH1004 (1).

182 s: 1,3-Diphenyl-3-ethoxy-2-propen-t-one.

183 g, s: Diphenylcyclopropenone. This molecuie also has the only C3d=0 RSC.

184 g. 2-Methylene-3-butenoic acid ethyl ester and 3-furancarboxylic acid; I: the former. Discrepancy in gas phase is 29 kJ/mol.

185 g: 1,4,9,10-Anthradiquinone. s: Benzylidenemalonic acid: based on data compiled by Kharasch.

186 g: But-1-en-3-yn-2-ol.

187 g, . Ketene.

188 g: Methyi ketene.

189 g: 2-Mcthyl-1-propen-1-onc.

190 g: Phenyl ethenone (Phenyl ketene).

191 g: Diphenyl ethenone.

192 g, 1, s: Assigned the same values as C-(C)(H)3.

193 g: Phenyl ethenone and diphenyl ethenone.

194 g: 2-Propyn-1-ol; see note 109.

195 g: But-1-yn-3-one and C7H1002 (4); former has only CO-(C)(Ct) group, so it determines latter GAV; C7H1002 (4)
establishes this GAV; s: 3-Pentynoic acid.

196 g, I. Di-tert-butyl ether.

197 g, I: Di-tert-butyl ketone.

198 g, s: Dimethoxy benzoic acids.

199 g, s: 2-tert-butyl benzoic acid.

200 Note: 2 C(O)O groups in cis configuration on a five-membered ring seem to require about half of this ortho correction.

201 g: Oxirane and methyloxirane.

202 g: Oxiranone.

203 g, s: Diphenyicyclopropenone. This molecule also has the only Cd-(Cb)(CO) group.

204 g: Oxetane and 3,3-Dimethyioxetane; [: 3,3-Dimethyloxetane.

205 g: 3,3,4,4-Tetramethyl-1,2-dioxetane.

206 g, I: Cyciobutanone. Phenylcyclobutanone (I) was not used to evaluate RSC.

207 g, I: 3,4-Diethoxy-3-cyclobutenedione; s: 3,4-Dihydroxy-3-cyclobutenedione.

208 s: 3-Phenylcyclobutenone

209 g, s: Cyclobutane-1,3-dione.

210 g,!: 2-Oxetanone (beta-Propiolactone).

211 g, I Diketene.

212 g.|: Tetrahydrofuran and CS5H1002 (9).

213 g, I: Tetrahydrofuran-2-one.

214 g: 2,5-Dihydrofuran.

215 g: 2,3-Dihydrofuran.

216 g: 1.3-Dioxolane, 2-Methyl-1,3-dioxolane and the 2 4-dimethyl-1 3-dioxolanes; | alt of these and 2,2-dimethyi-1 3-dioxolane

217 g, 1. Methylenedioxybenzene (1,3-Benzodioxole).

218 g: Cyclopentanone; I: cyclopentanone and 2-methylcyclopentanone.

219 s: I-Ascorbic acid.

220 g: 3,5-Cycloheptadien-1-one.

221 g: 2,5-Furandione and 3-methyl-2,5-furandione; I: 3-methyl-2 5-furandione; s: 2 5-furandione (3,4-dimethyl-2 5-furandione
is inconsistent by 42 kJ/mol).

222 g, s: Phthalic anhydride

223 g: Benzofuran.

224 g, s: Dibenzofuran.

225 g, I: C3H403 (1) and C3HBO3 (1); s: C3H403 (1).

226 s: 1,3-Dioxolane-2-one.

227 s: 3,5-Diphenyl-1,2,4-trioxolane. This is the only source for this RSC, as well as for the C-(Cb)(H)(O)2 group.

228 g,1: Tetrahydro-2H-, tetrahydro-2-methoxy-, and 2-(2-methoxy)-tetrahydro-2H-pyran.
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 5n

g, I: 1,4-Dioxane.
I: Trimethyl-1,3 5-dioxane; s: 1,3,5-trioxane; g: both (there is a discrepancy of more than 50 kJ/mol between the two;

K. Pihlaja and M.-L. Tuomi (Suomen Kemistilehti, B43, 224 (1970)) attribute this to "excess stabilization" in the methylated compound.
g, I: C8H802 (11). E

g, Dihydro-2H-pyran, 6-methoxy-dihydro-2H-pyran; I: dihydro-2H-pyran; gas value for 2-ethoxy-3,4-dihydro-6-methoxy-2H-pyran
is not consistent.

s: 1,4-Dihydro-1,4-epoxynaphthalene.

0: 2,2-Dimethyl-2H-1-benzopyran.

g: 2-Phenyi-1,4-benzodioxin and 2,3-diphenyl-1,4-benzodioxin.

-g, s: Dibenzopyran.

g: C6H100 (4); I: C6H100 (4) and C7H120 (1).

s: 1-Tetralone.

g, s: 9,10-Phenanthrenedione.

g,s. 1,2-Benzanthracene-9,10-dione.

9, I Tetrahydro-2H-pyran-2-one.

g, & Xanthone (Xanthen-9-onc).

g. s: Glutaric anhydride.

g, s: 2,5-Cyclohexadien-1,4-dione.

g, s: 1,4-Naphthalenedione and 5,8-Dihydroxy-1,4-naphthoquinone.

g: Dibenzocyclohexanone.

9, I: 1,3-Dioxepane.

g,s: C13H120 (2).

g: 2,4,6-Cycloheptatrien-1-one, 2-Hydroxy-2,4,6-cycloheptatriene-1-one (23.4 kd/moi discrepancy);
I: 2,4,6-Cycloheptatrien-1 one.

g, I: Cycloheptanone.

9, s: Dodecahydro-6,19-methanobenzo-cyclooctadecen-21-one.

g, I: 3,4-Dihydro-2H-1 5-benzodioxepin.

g, I: 1,3-Dioxocane.

g. I: 1,3,6-Trioxacyclooctane.

g,s: 1.35,7-Tetraoxane.

I: Cyclooctanone.

g, I: Cyclononanone.

g, |, s: 11-Oxabicyclof4.4.1]undeca-pentaene.

g, I: Cyclodecanone.

g, s: Pentaoxecane.

g, I: Cycloundecanone.

g. I 1,4,7,10-Tetraoxocyclododecane.

g, I, st Cyclododecanone.

g, 1,4,7,10,13-Pentaoxacyclopentadecane.

g, s: Cyclopentadecanone.

g: Benzo-15-crown-5-ether

g, s: Cycloheptadecanone.

s: 9,10-Epidioxyanthracene.

g, I 7-Oxabicyelo[2 2 1]heptane.

g, s: C7H100 (1) and C10H160 (1).

g, s: C7H100 (2).

g: Bicyclo-[2.2.2]-octanone.

g. s 3-Oxabicyelo-[3 2 2]-nonane

s. 4-Methyl-2H,7H-pyrano-[2,3-bjpyran-2,7-dione and 4,5-dimethyl-2H,7H-pyrano-[2,3-b]pyran-2,7-dione; GAV is based
on the former (large discrepancy between the two).

s 7-Methyl-2H,5H-pyrano-[4,3-b]pyran-2,5-dione and 4, 7-dimethyl-2H,5H-pyrano-[4,3-b]pyran-2,5-dione.

s° 4.6-Dimethylpyrana-[3 2-h]pyran-2 8-diane

g, s: 2,4,8,10-Tetraoxospiro-[S.5jundecane.

s: 1,2-Anhydro-3,4,5,6-alloinositol.

g, I: 4-Butanolactone.

g, I: 4-Pentalactone.

g, I: 5-Pentalactone.

g, s. Adamantan-2-one.

g, s: Diamantanone.

g, s: Benzo[rst]pentaphene-5 8-dione.

s: 1,4,4a 8a-Tetrahydro-1,4-methanonaphthalene-5,8-dione.

g: 4b,10a,Dihydro-benzo[blbenzo-[3,4]cyclobuta[1,2-e][1,4]dioxin.

g, s: 89,10,11-Tetrahydro-6,12-methano-7H-benzo-cycloundecene-14-one.

g, s: 3a,7,7,7a-Tetrahydro-4, 7-isobenzofuran-1,3-dione.

s: 5,12,6,11-Bisepidioxy-5,6,11,12-tetrahydro-5,6,11,12-tetraphenyi-naphthacene.
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Table 1. Group additivity values for enthalpy of formation (298 K), C-H-O groups, 6n

290 s: 5,12-Dihydro-5,6,11,12-tetraphenyl-5,12-epidioxy-naphthacene.

291 s: 4b,9-Dihydro-G-hydroperoxy-4b,9,10-triphenyl-indeno-[1,2,3-fg]naphthacene-9-yi.

292 g, s: 2,3,4-Trimethyl-indenof2,1-b]pyran and 6-phenylindenof2,1-b]pyran. The discrepancy between the two is large;
the latter is used for the RSC.

293 g, s: 3,4-Dihydro-2H-1-benzopyran.

294 g,s: 3,4-Dihydro-1H-2-benzopyran. The discrepancy between gas and solid phases--and with the preceding RSCs--is puzzling.

295 g, |: 2,5-Endo-ethylene cyclohexanone. .

296 g, s: 1,49,10-Anthradiquinone.

297 g, | (2)-1,2-Epoxycyclopentane.

298 g, I: (Z)-1,2-Epoxycyclohexane.

299 g, I (Z)-i ,2-Epoxycycloheptane.

300 g, I: (2)-1,2-Epoxycyclooctane.
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Table 2. Comparison of group additivity values, Enthalpy of formation (298 K), 1

C-(CHCd)2(CY)

Group Additivity Value Group Additivity Value
Group Gas Liguid Solid Group Gas Liquid Solid
keal/mol kJ/mol | keal/mol_kJ/mol | kcal/mol kJ/mol Ikcal/mol kJ/mol | kcal/mol kJ/mol _jkcal/mol kJ/mol
C-(C)(H)3 -100 -418] -116 -485] -101 -42.3]C-(C)(Cd)(Ct)2
C-(Cd)(H)3 -100 -418] -116 -485] -101 -42.3]C~(C)(Cb)3 43 18.0 300 1255
C-(Cb)}(H)3 -100 -418] -116 -485| -101 -423C-(C)(Cd)3
C-(CH(H)3 -100 -418] -116 -485} -101 -42.3]C~(C)(Ct)3
. C-(Cb)4 73 305 175 732
C-(C)2(H)2 - 50 -209 61 -255 -70  -29.3]C-(Cd)4
C~(C)(Cd)(H)2 48 -201 61 -255 50 -209]C~Ct4
C-(C)(Ct)(H)2 47 197 53 222 =74 -29.7)C-(Cb)2(Cd)2
C-(C)(Cb)(H)2 46 -192 62 -259 65  -27.2}]C-(Cb)2(Ct)2
C-(Cb)2(H)2 63 -264 52 -218 60  -25.1}C-(Cd)2(Ct)2
C-(Cdy2(H)2 -43 180 58 243] 133 558)C(Cb)3(Cd)
C-(Ct)2(H)2 C-(Cb)3(Ct)
C-(Cb)(Cd)(H)2 25 -105 -47 197 C-(Cd)3(Ct)
C-(Cb)(Ct)}(H)2 C-(Cb)(Cd)3
C-(Cd)(Ct)(H)2 C-(Cb)(CH3
C-(Cd)(Ct)3
C~(C)3(H) 24 -100 22 92 -40  -16.7]C-(Cb)(Cd)2(Ct)
C-(C)2(Cd)(H) 1.7 -71 24 -100 30  -12.6|C~(Cb)(Cd)(Ct)2
C-(C)(Cd)2(H) 27 1.3 18 75 C~(Cb)2(Cd)(Ct)
C-(Cd)3(H)
C~(C)2(Ct)(H) -1.8 -75 -20 8.4
C-(C)(Ct)2(H) Cd-(H)2 6.3 26.4 49 205 6.0 251
C-(Ct)3(H)
C-(C)2(Cb)(H) -1.0 -4.2 -1.0 -4.2 -1.0 -4.2}Cd-(C)(H) 86 36.0 7.7 322 6.1 255
C-(C)(Cb)2(H) -1.1 -46 65 -27.2 56 23.4}Cd-(Cd)(H) 6.8 285 53 222 5.2 21.8
C-(Cb)3(H) -1.0 -42 o8 41.0}Cd-(Cty(H) 6.7 28.0 4.7 19.7
C-(CYCh)(Cd)(H 2.1 88 Cd-(Cb)(H) 68 285 15 6.3 3.0 12.6
C-(Cb)2(Cd)(H)
C-(Cb)(Cd)2(H) Cd-(C)2 10.2 427 9.7 40.6 .
C-(Cb)(Cd)(Ct}(H Cd-(C)(Cd) 8.8 368 8.0 335 7.7 322
C-(Cb)2(Ct)(H) Cd-(Cd)2 .66 276 40 16.7 27 11.3
C-(Cb)(Ct)2(H) Cd-~(C)(Ct) 95 39.7
C-(Cd2)(Ct)(H) Cd-(C)(Cb) 5.7 238 50 209
C-(Cd)(Ct2)(H) Cd-(Cb)2 8.0 335 72 3041 96 402
Cd-(Cb)(Cd) 130 544 132 552
C-(C)4 01 04 08 33 -15 -63
C-(C)3(Cb) 29 12.1 34 142 0.4 1.7 Ct-(H) 272 1138 260 1088
C-(C)3(Cd) 1.7 71 23 96 43 18.0 '
C-(C)3(Ct) 13 54 19 79 05 2.1 JCt-(C) 273 1142 255 1067 239 1000
C-(C)2(Ch)2 [10) [42] o8 a1.0|ct(Ct) 253 1050 252 1054| 247 1033
C-(C)2(Cd)2 6.8 285 52 218 Ct-(Cd) 279 1167 280 1172
C-(C)2(Ct)2 35 146 Ct-(Cb) 246 1029 265 1109 235 983
C-(C)2(Cb)(Cd)
C-(C)2(Ch)(Ct) Cb-(H) 33 13.8 20 8.2 15 63
C-(C)2(Cd)(CY) ;
C-(C)(Cb)2(Cd) Cb-(C) 55 230 48 20.1 29 121
C-(C)(Cb)2(Ct) Cb-(Cd) 58 243 8.0 335 58 243
C-(C)(Cb)(Cd)2 Cb-(Ct) 57 238 55 230 55 230
C-(C)(Ch)(Ct)2 Cb-(Cb) 52 218 5.0 209 44 18.4
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Table 2. Comparison of group additivity values, Enthalpy of formation (298 K), 2
Group Additivity Value Group Additivity Value
Group Gas Liquid Solid Group Gas Liquid Solid
kcal/mol kJ/mol | kecal/mol kJ/mol | kecal/mol _kJd/mol keal/mol kJ/mol | kcal/mol kJ/mol |kecal/mol kJ/mol
C-(H)3(0) -100 -418] -116 -485]| -101 -42.3]C-(C)3(0) 66 -276 56 -234 56 -234
C-(H)2(0)2 C-(Ch)3(0) 180 753
C-(H)(0)3 -268 -1121 253 -1059 C-(Cd)3(0)
C-(0)4 -386 -1615] 367 -1536 C-(Ct)3(0)
C-(C)2(Cb)(0) 42 176 18 75] 179 749
C-(C)(H)2(0) 81 339 91 381 50  -209]C-(C)2(Cd)(O) 130 544
C-(Cb)(H)2(0) 124 519 30 -12.6)C-(C)2(CtH(O) 15 63
C-(Cd)(H)2(0) 69 -289 80 -5 C-(Cb)2(Cd)(0) 20 8.4
C~(Ct)(H)2(0) 86 360 [-6] {25] C-(Cb)2(Ct)(0) 2.5] [10}
C-(H)2(0)(CO) -4.6 -19.2]c-(Cd)2(Ct)(O)
C-(H)2(0)(CCO) C-(C)(Cb)(Cd)(O) -47 197 72 301
C-(C)Cb)(Ct)(O)
C-(C)2(H)(O) 72 3041 70 293 10 -4.2C-(Cb)(Cd)(Ct(O)
C-(CL)2(H)(O) -1.0 -4.2
C-(Cd)2(H)(O) C-(C)0)3 255 -106.7| -247 -1033
C-(Ct)2(H)(O) C-(Cb)(0)3
C-(C)(Cb)HXO) -44 184 0.1 0.4}c-(Cd)(0)3
C-(CHC)(H)(O) 292 -1222 5.0 -20.9 fc-(ct(0)o 20.4 1168
C-(CHCH(H)(O) C-(0)3(CO)
C-(Cb)(H)OXCO| 79 33.1|C-(0)3(CCO)
C~(Cb)(Cd)(H)(O 48  -2041
C-(Ch)(Ct)(H)(O) C-(C)2(H)(CO) 4.7 74 1.4 59 90 377
C-(Ca)(Ct)(H)O) C-(Cb)2(H)(CO)
C-(C)H)O)CO)|| -45 -188 69  -289]C-(Cd)2(H)(CO)
C-(Cd)(H)(O)(CO| {10} [40] JC-(Ct)2(H)(CO)
C-(H)(O)(CO)2 [-9.5] {-40]1 }C-(C)(H)(CO)2 -140 586
C-(C)(H)(O)(CCa C~(C)Cb)(H)(CO) 1.0 42
C-(C)Cd)(H)CO)
C-(C)(H)(0)2 -158 -86.1] -160 869 -200 -83.7]C-(C)CH(H)(CO)
C~(Cb)(H)(0)2 0.1 0.4} C-(CbY(Cd)(H)(CO)
C-(Cd)(H)(0)2 03 -13 70 -293]C-(Cb)CH(H)(CO)
C~(Cty(H)(O)2 - C-(Cd)(Ct)(HX(CO)
C-(H)(0)2(CO)
C-(H)(0)2(CCO) C-(C)(H)2(CO) 52 218 52 218 -146 611
C-(Cb)(H)2(CO) 54 26| 31 -130 30 126
C-(C)2(0)2 162 -678| -158 -66.1 C~(Cd)(H)2(CO) 38 -159 80 -335| -150 -628
C-(Cb)2(0)2 540 2259]C-(Ct)(H)2(CO) 50 -209 -49 205 15.2 63.6
C-(Cd)2(0)2 C-(H)2(C0)2 66 216 5.8 -243 80 -335
C-(Ct)2(0)2 C-(H)2(C0)(CCO)
C-(C0)2(0)2 3] 12]
C-(C)(Ch)(0)2 C-(C)3(CO) 1.4 59 35 146 52 218
C-CHCap0)2 C-(C)2(CO)2 16 6.7 10.3 431
C-(C)(Ct)(0)2 C-(Cb)2(C0O)2
C-(Cb)(Cd)(0)2 C~(Cd)2(CO)2
“fc-(cbyct)(0)2 C-(Cb)(Cd)(CO)2
C-(Cd)(Ct)(0)2 C-(Cb)(Ct)(CO)2
C-(C)0)2(CO) C~(C)(Cb)(CO)2
C-(Ch)(0)2(CO)
C-(Cd)(0)2(CO) C-(H)3(CO) 100 -418) -116 -485| -101 423
C-(Ct)(0)2(CO) C-(CCO)H)3 00 _-418) 116 -485] 101 _ -423]
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Table 2. Comparison of group additivity values, Enthalpy of formation (298 K), 3

Group Additivity Value Group Additivity Value
Group Gas Liquid Solid Group Gas Liquid Solid
keal/mol _ kJ/mol | keal/imol _kJ/mol [ keal/mol  kJ/mol keal/mol _ kJ/mol kcal/mol _ kJ/mol | kcal/mol  kJ/mol
Cd-(H)(O) 8.6 360 70 293 0.0 0.0]0-(H)2 578 -2418| -683 -2858| -69.7 -2018
Cd-(H)(CO) 52 218 20 8.4 60 251
Cd-(H)(CCO) O-(C)(H) 379 -1586] -455 -1904| 500 -209.2
: O-(Cb)(H) 385 -161.1 466 -1950| -46.7 -1954
Cd-(C)(0) 89 372 50 209 40 16.7 | O-(Cd)(H) 493 -2063| 510 -2134] 524 -2192
Cd-(Cb)(0) 10.4 435 1.2 5.0]0-(Ct)(H) [37.9] [158.6]
Cd~(Cd)(0) 95 39.7 90 377 9.0 37.7]0-(H)(CO) 578 -2418} -662 -2770| -61.4 -2569
Cd-~(Ct)(O) 76 318 O-(H)(CCO)
Cd-(0)(CO) 11.6 485 60 251 8.0 335
0-(C)2 -238 -996| -25.1 -1050| -250 -1046
Cd-(C)(CO) 75 314 98 4.0 78 32.6O-(C)(Cb) . -216 -904| -250 -1046| -322 -1347
Cd-(Cb)(CO) 8.0 335 80 33.5]0-(C)(Cd) 305 -1276] 310 -1297| <310 -1207
Cd-(Cd)(CO) 83 347 19 79 O-(C)(Ct)
Cd-(CtH(CO) O-(C)(CO) -431  -1803| -445 -1086.2| -440 -184.1
Cd-(C0O)2 133 55.6 27 [113]]O-(Cb)2 - -189  -791 -204 854] -190 -795
Cd~(CCO){CO) O-(Cb)(Cd) 210 879| -266 -1113
O-(Cb)(Ct)
Cb-(0) 09 38 14 590 1.0 -4210-(Cd)2 330 13841 330 -138.1 -330 -138.1
Cb-(CO) 37 155 42 176 45 18.8 JO-(Cd)(Ct)
Cb-(CCO) 40 167 0-(Ct)2
O-(Cb)(CO) 367 -1536| 370 -1548| -350 -1464
Ct-(0) [31.9] [1335] . O-(Cd)(CO) -448 -187.4| -450 -1883
Ct-(CO) 284 1188 290 121.3| 256 107.1|O-(Ct(CO)
Ct-(CCO) 0-(C0O)2 -462 -198.3 530 -2218 510 -2134
O-(C)(CCO)
CO-(C)(H) 204 -1230{ -343 -1435 0-(Cb)(CCO)
CO-(Cb)(H) 204 -1218| -350 -1464| -208 -1247]O-(Cd)(CCO)
CO-(Cd)(H) -276 -1155] -300 -1255| 351 -1469]0-(Ct}(CCO)
CO-(Ct)(H)
CO-(H)(CO) 252 -1054] -323 -1351| 410 -1715]0-(H)©) -163  -882| -228 954 -239 -1002
CO-(H)(O) 319 -1335| 362 -1515 0-(C)(0) 50 -209 62 -259| 110 -460
CO-(C)O) 352 -1473] -381 -1504| -355 -1485]0-(Cb)(0) 5] 21 -45 -188
CO-(Cb)(0) -344 -1439| 369 -1544| -408 -170.7}O-(Cd)(0)
CO-(Cd)(0) -32.2 1347 -327 -1368| -390 -163.2]0-(Ct)0)
CO-(Ct)0) -395 -1653 352 -1473 341 -142.7]0-(OXCO) -18.2 -76.1 -208 -87.0 -154 644
CO-(0)(CO) -205 -1234] 317 -1326| -360 -1506]0-(0)CCO)
CO-(0)2 299 -12G.4 00 -1255] 830 -138.1{0-(0)2 14.7 01.5] [18.4] [56.1]
CO-(C)2 317 1326 -362 -1515] -354 -148.1
CO-(Cb)2 270 -1130( -280 -1172] 335 -140.2JCCO-(H)2 114 477} -162 -67.8
CO-(Cd)2 300 -1255] -310 -1207| -390 -163.2]CCO-(C)(H) -150 -628
CO (Ct)2 CCO-(Cb)(H) 266 -107.1
CO-(C)(Cb) 309 -1203| 370 -1548] -395 -1653]|CCO-(Cd(H)
CO-(C)(Cd) -324 -1356| 320 -1338| -270 -113.0|CCO-(Ct)(H)
CO-(C)(CY) 300 -1255 [-42] [-176]
CO-(Ch)(Cd) 08 1665 219 ARRE|CCO-(C)2 120  H0?
CO-(Cb)(Ct) CCO-(Ch)2 -158  -66.1
CO-(C)(CO) 302 -1264] 321 -1343] 218  -91.2]CCO-(Cd)2
CO-(ChY(CO) 265 -1109 304 -127.2|CCO-(CH2
CO-(Cd)(CO) -283 -1184 284 -1176 -280 -117.2§CCO-(CO)2
CO-(Ct)(CO)
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