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The enthalpies of formation of the title compounds have been determined by simultaneous least-squares solution
of a thermochemical network containing 28 experimental measurements extracted from the literature. The
new enthalpies differ considerably from the older tabulated values and now show a high degree of internal
consistency achieved through excellent agreement with newer experiments, as well as older calorimetric
determinations. The fitted values ar&H,gs°(CF;) = —111.3+ 0.5 kcal/mol (110.6+ 0.5 kcal/mol at 0

K), AHg98°(CFRH) = —165.6+ 0.5 kcal/mol (163.9+ 0.5 kcal/mol at 0 K) AHi05°(CRCl) = —169.5+

0.7 kcal/mol (168.3+ 0.7 kcal/mol at 0 K),AHt9°(CFBr) = —155.3+ 0.5 kcal/mol (152.4+ 0.5
kcal/mol at 0 K),AH¢9s°(CFsl) = —140.1+ 0.5 kcal/mol (-138.7+ 0.5 kcal/mol at 0 K) AHi08°(CoFs) =
—321.3+ 0.8 kcal/mol (-319.3+ 0.8 kcal/mol at 0 K), and\H,9s’(CFCN) = —118.4+ 0.4 kcal/mol
(—117.5+ 0.4 kcal/mol at 0 K). Theoretical calculations at the Gaussian-3 (G3) level of theory have been
performed for a subgroup of these molecules, which were problematic at the Gaussian-2 (G2) level of theory.
In comparison to G2 theory, the G3 results show a remarkable improvement in accuracy and agree with
experiment within<2 kcal/mol. An isodesmic bond-separation scheme brings the calculated values even
closer to the experiment. In addition, the G3 value for the ionization energy §f33¥8 eV, was found to

be in good agreement with the recent experimental value o %08.01; eV. Further indications that the
experimental value foAH;°(C,F,) is probably too high are also presented.

1. Introduction

The implication that the generally accepted enthalpies of
formation'2 of trifluoromethanes, CGJX (X = H, Cl, Br, and
1), are probably not entirely consistent has been resurfacing
periodically over the years. For example, Berman étpalinted
out thatAH;°(CFsCl) andAH:°(CFsBr) were determined relative
to AH{°(CFRsl) while the latter had been determined relative to
AH{°(CRH) and, hence, tended to favor the value Affl¢°-
(CRs") established relative thH;°(CFsl). Similarly, Tsand
preferredAH,98°(CFs) = —110.0+ 1.0 kcal/mol derived from
tabulated kinetic data relating to gHf over the lower value of
—111.34 1.7 kcal/mol implied by his measurement of the;€F
Br bond dissociation energy. Another example is the recent

Ruscic® which is in turn in excellent agreement with recent
kinetic determinations by Skorobogatov etf'd.(54.4, + 0.4
kcal/mol at 298 K) and in reasonable agreement with Kumaran
et all%(55.6+ 1.5 kcal/mol at 298 K). On the other haridhog
(CRs—Br) = 70.8+ 0.3 kcal/mol, which was obtained by Asher
and Ruscitin a completely analogous fashion,sl.4 kcal/

mol higher than the value of 694 1.2 kcal/mol derived using
JANAF’s! AHgoeg’(CRBr) = —155.14 0.7 kcal/mol while at
the same time it is in exceedingly good agreement with the
kinetic determinations by Tsah@nd Skorobogatov et &h12
(70.54+ 1.0 and 70.8t 0.2 kcal/mol, respectively) and has been
additionally corroborated by the most recent measurements of
Hranisavljevic et al® Hence, while it appears that these newer

analysis of kinetic measurements on several halocarbon specie§XPeriments achieve a consensus on the-& and Ck—I

in which Kumaran et al. stated that various experimental,

bond dissociation energies, they are at least partly at variance

theoretical, and tabulated values can be reconciled only if error With JANAF's values.

bars are increased beyond their original magnitudes.

Very recently, Asher and Ruscicwhile determining the
CR—1 and CR—Br bond dissociation energies and an upper
limit to the CR—Cl bond energy using the photoionization mass
spectrometric method, furnished additional and more direct
indications that the tabulated enthalpies of formation of tri-
fluorohalomethanes may be inconsistent on a levelbikcal/
mol. The valueD,gg(CF—1) = 53.9 £ 1.3 kcal/mol, implied
by the enthalpies of formation tabulated in JANARH,gs°-
(CRsl) = —140.8+ 0.8 kcal/mol andAHse8°(CR3) = —112.4
+ 1.0 kcal/mol, is in relatively good agreement with the value
D2gg(CRs—I) = 54.3 + 0.3 kcal/mol obtained by Asher and

10.1021/jp983237e CCC: $15.00

Since one can generally assume that enthalpies of formation
of radicals are less firmly established than those of stable
substances, it appears quite reasonable to try to use the measured
bond energies to redetermine the value Adt:°(CF3). One of
the consequences of the discrepancy noted above is that the
two values of AH;°(CF3) that can be obtained by combining
the newer measurements of bond dissociation energies with the
tabulated enthalpies of formation of gfand CRBr differ by
1.0 & 1.1 kcal/mol. Asher and Ruséipointed out the incon-
sistency and side-stepped the problem by proposing a weighted
average of the two possibilitieAH9s’(CFs) = —111.4+ 0.9
kcal/mol, which is~1.0 kcal/mol higher than JANAF Al-
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though this approach is not an unreasonable compromise, theenthalpies of formation involved in the thermochemical network
situation is potentially hazardous since it does not really addresswhile including the newer data.

a possible underlying discrepancy betwet;°(CFBr) and The group of halogenated compounds examined here has an
AH°(CRl). In addition, Asher and Ruscidave shown that  environmental relevance, and knowledge of reasonably accurate
the inconsistencies may also involve {LF since an analysis  thermochemical values is desirable for predicting the outcome
based on their upper limit td(CF—Cl), their new value for  of various chemical reactions, hence helping the design of
AH¢°(CF3), and the kinetic results by Kumaran efdéd them potential routes of clean disposal of stockpiles of various
to an estimate that the tabulatéd\H°(CF;Cl) is probably too  industrial halocarbons that have been phased out.

high by 0.5-1.0 kcal/mol. Reliable experimental thermochemical values are also highly
Very recently Hranisavljevic and Michdélhave examined  desirable to efficiently develop and test state of the art ab initio

the forward and reverse rate constants for the reactioniCF calculations, which now appear to approach experimental

H, — CRH + H and found that their data agrees very well accuracies. When a variance between an experimental and a

with AHy® of —1.5 =+ 0.6 kcal/mol. This impliesD9CFs— theoretical enthalpy of formation arises, it is not always
H) = 106.3 + 0.6 kcal/mol, which is virtually identical to  immediately obvious whether the calculated value or the
JANAF's! value. In other words, accepting JANARtH 295 individual experimental determination is in error or, perhaps,
(CRH) = —166.6 = 0.8 kcal/mol, which appears more whether there are inaccuracies in both. On the other hand, when
“fundamental” than the enthalpies of formation of either systematic variances between experimental values and calculated
CRsBr or CFl, tends to favor the older tabulated valtyélrpqg’ results at a particular level of theory are discovered for a class
(CR) = —112.44 1.0 kcal/mol, in contrast to the studies of compounds, one tends to implicitly assume that inaccuracies
discussed above. in the individual experimental results have been largely elimi-

Although superficially it may appear as if all the discrepancies nated by virtue of statistical averaging over the large number
can be resolved by a judicious selection of the proper value for of comparisons and, hence, tends to conclude that theory is at
AH;°(CF), further analysis shows that this is not the case. One fault. However, such a conclusion is not as unambiguous as it
can easily derive a relation suchabli°(CFX) — AH:°(CRY) may seem at first sight. Thermodynamical tables are essentially
= D(CRs—Y) — D(CR—X) + AH°(X) — AH¢°(Y), which does collections of evaluated experimental cross-links between en-
not explicitly involve AH;°(CFs). Together with well-estab-  thalpies of formation of various compounds. In particular,
lished® enthalpies of formation of the halogen atoms, the experimental enthalpies of formation within a class of related

measurements discussed above prodddegs’(CRsl) — compounds tend to be pegged to each other. In such situations,
AHgog°(CR3Br) = 15.3 &+ 0.4 kcal/mol, to be compared to if there are hidden errors in some of the key values, the
JANAF’s! 14.3 4+ 1.0 kcal/mol. Similarly,AHses’(CF—Br) inaccuracies will tend to propagate through the thermochemical
— AHgog°(CR—H) = 10.14 0.7 kcal/mol, while JANAF gives table and cause a systematic distortion of the enthalpies of
11.5+ 1.0 kcal/mol. On the other handyHges’(CR—1) — formation for a larger group of compounds. Several of the

AHpeg*(CR—H) = 25.4 4+ 0.7 kcal/mol is in much more  molecules reexamined here are to some degree in the class of
reasonable agreement with JANAF’s 25:81..1 kcal/mol. This such “key” compounds.

may suggest that the enthalpies of formation og€End CFl For small molecules containing elements-@ll, Gaussian-2
are mutually consistent and all that may be necessary is to lower(G2) theory”18has by now established a very good track record
AH¢°(CFsBr) by ~1.0—1.4 kcal/mol. of routinely delivering enthalpies of formation that are on the

However, such an approach would be blatantly simplistic average accurate within 2 kcal/m8I2° However, recently it
since the enthalpies of formation of these compounds, as theybecame apparent that a variety of ab initio approaches may have
appear in the JANAF tabléswere derived by Syverdfivia a a problem in correctly reproducing the thermochemical proper-
least-squares fit of a thermochemical network defined by 20 ties of molecules containing multiple fluorine atodsThis
links representing the experimental enthalpies of reaction observation includes the G2 theory, where a recent reassess-
available at the time. The network involvesFG, CFs, ment® using a set of 148 apparently well-established experi-
CFsCN, CRsH, CRCl, CRsBr, CFl, and CF, although the latter mental enthalpies of formation has shown that some of the
appears to be more loosely coupled to the others, and hencelargest deviations between experiment and calculations tend to
there may be some basis for adjusting it independently. Here occur for these types of molecules. To correct this problem, as
we note parenthetically that the compilation by Gurvich Wwell as other known deficiencies of the G2 theory, Curtiss et
et al.2 which lists values that are practically the same as those al:?? have set forth Gaussian-3 (G3) theory. The new features
given by JANAF for the compounds of interest, refers to a of G3 theory give a significant improvement in the heats of
somewhat similar simultaneous determination that included formation of non-hydrogen compounds and substituted hydro-
CFsH, CFsCl, CRsBr, CFl, and GFs (but not CR, CFCN, and carbons, as well as in ionization potentials and electron affinities.
C.F4), albeit without giving the level of details provided by The initial reporf? shows that the average absolute deviation
Syverud® Clearly, the tabulated enthalpies are related in a for enthalpies of formation for non-hydrogen molecules in the
nontrivial way, and a change in value of one of the trifluoro- test set decreases from 2.5 (G2) to 1.7 kcal/mol (G3), for
halomethanes affects the others. In particular, the error barhydrocarbons from 1.3 to 0.7 kcal/mol, and for substituted
quoted forAH;°(CFsBr), +0.7 kcal/mol, is slightly lower than ~ hydrocarbons from 1.5 to 0.6 kcal/mol, while for ionization
the error bars associated with §For CRl (both +0.8 kcal/ energies and electron affinities, the average absolute error
mol), making it appear that, if anything, the former is slightly reduces from 1.4 to 1.1 kcal/mol.
more “fundamental” than the latter two. Hence, any attemptto  This paper has two parts. The first part addresses the primary
adjustAH;°(CF;Br) from the outside is likely to immediately  goal of this investigation, which is the determination of adjusted
produce even larger incompatibilities, since batH:°(CFH) experimentally based enthalpies of formation forsKFX =
andAH;°(CRsl) are related to it through obscure relationships. nil, H, Cl, Br, I, CF;, and CN, that will have a significantly
The only possible approach that can alleviate the inconsistencieshigher degree of internal consistency than the older values found
discussed above is to redetermine simultaneously all thein JANAF! and Gurvich et af.Since the level of inconsistency
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in the old values appears to be of the order~df kcal/mol, of the fit. Inverse linear weighting (as opposed to inverse square)
one can anticipate that the adjusted values will differ from the has been advocat&do avoid overemphasizing measurements
tabulations by similar amounts. The second part of this paper which may have unrealistically tight error bars.

uses these adjusted values to probe the newly developed G3 According to the CODATA recommendation, the final error-
level of theory. Since the expected deviations between calculatedweighted least-squares fit is to be preceded by a least absolute
and experimental enthalpies of formation even at the G3 level sum analysis performed on an equally weighted?4dthis

of theory are larger than 1 kcal/mol, one should not expect that approach is used to assess the overall consistency of the data
theory will be particularly helpful in validating the new adjusted and as a diagnostic tool to identify measurements that may re-
values versus the old tabulated values (or vice versa). However,quire reexamination. During this step, various possible subsets
the availability of adjusted (and hence authenticated) experi- of equations are selected and solved exactly. The differences
mental values provides a very attractive opportunity to candidly between the experimental valugsind values obtained by these
test the performance of the new G3 theory. These moleculeslinear solutions are compared with the associated nominal
fall within the group of cases that appeared problematic at the uncertainties); to give an overall measure of goodness. If for
G2 level of theory but were not included in the G2197 test any link such residuals are systematically larger than the
set, since they did not necessarily appear sufficiently well- experimental uncertaint;, then one has to consider revising

established experimentally.

2. Computational Details

A. Simultaneous Adjustment of Experimental Enthalpies
of Formation. The basic procedure applied here follows the

standard guidelines for solving overdetermined thermochemical

networks?324 A thermochemical network is a collection of

the latter accordingly before the final fit.

B. Ab Initio Calculations. Ab initio calculations at the G33
level of theory have been performed using the Gaussian 94
package€® G3 theory, the latest in the series of Gaussian-
theories, uses a sequence of calculations similar to those
performed at the G2 lev€lbut achieves higher accuracy than
its predecessor on the G2/97 test’$éf Full details of the G3

theory are given elsewheféHere we highlight only the main
differences in this new approach. One major change is the use
of a larger basis set, G3Large,instead of the 6-31&

experimentally derived links interrelating the elements of a block
of thermodynamic properties, such as enthalpies of formation

of ahgroup (.)f mc;llchJlei. define th Kis best ll d G(3df,2p) basis set in the last step, which is now carried out at
The creation of links that define the network is best illustrated o \1po(fy1l) level rather than MP2(fc). At the same time, the

by an example. Let us conS|de_r an expenmental determInatlonsmaller 6-31G(d) basis set is used instead of 6-311G(d) at the

of the enthalpy of some chemical reaction ABC — AC + MP4 and QCISD(T) levels. Other changes involve the introduc-

[I)q’ AHrzagc’(l). :I A+ kAIH Wh'ﬁh ErX\Sdesd“Anﬁ' 'DAtge tion of separate higher level corrections for atoms and molecules
thermochemical network. Her&\Hrge’(AB) an 1208°(AC) and a spir-orbit correction for atoms. If different additivity

are treated as unknowns, since AB and AC belong to the grOlJpapproximations work well, the G3 sequence should produce a

of molecules whose enthalpies of formation are to be deter- . :

. . N R result that is effectively at the QCISD(T,full)/G3Large level,
m'”ed-k‘]’Vh"eAHfZ% © z”dAt')*fZ% (||D|)< are ”‘iated aShCO”.Stg”tS' compared to an effective QCISD(T)/6-3tG(3df, 2p) level for
since they are assumed to be well-known from other, INdepen-, o G5 caiculation. The use of a smaller basis set at the higher

dfthmea:s_uremer;]tA; i.Ah‘ 'ﬁ the experlr’r(;ental detlerml'r&atllon levels of calculation substantially decreases the overall amount
of AHr20¢°(i) together with the associated uncertainty. At least ¢ - qaq computational resources.

initially, the uncertaintyA; is customarily chosen simply to
correspond to the value assigned by the authors of the original . .

. . 3. Results and Discussion
measurements, although, if necessary, this can be changed by
the evaluator. FrO%Hrzggo(i) = AHfzggo(AC) + AHfzggo(D)
- AHfzggo(AB) - AHfzggo(C), one obtainsAHf298°(AC) -
AHpeg’(AB) = (Ai + Aj) + AHres°(C) — AHre’(D) or, after
substituting the known values f@XHiz95°(C) and AHs8°(D),
AHf293°(AC) - AHfzggo(AB) = a =+ (Si. The error baréi
combines the original experimental uncertaity of the
measurement and the uncertainties associatedAwitigs®(C)
andAHzpeg’(D) via standard error propagation methods. Hence,
a thermochemical network ofi links definingn enthalpies of
formation reduces to a set oflinear algebraic equatiorjgcx;
=g 0, ] =1,2,.n,i =1,2,.m. The coefficients; reflect
the stoichiometry of the chemical reactignwhile x; are the
enthalpies of formation to be solved for. In general, the network
is overdetermined i > n. As a rule, the coefficient matrix of
the network is very sparse, since in every rowhere are
typically only one or two (and very rarely threey = 0
coefficients.

A. Simultaneous Determination of the Enthalpies of
Formation. 1. Outline of the Thermochemical Netwoilhe 20
original links used by Syverdfl are listed in Table 1. These
reflect a substantial body of various calorimetric, equilibrium,
and kinetic measuremer&:*® The individual links were
already very thoroughly analyzed and discussed by Syvérud.
In several instances, Syverud’'s analysis led to values and/or
associated uncertainties that are slightly different than those
proposed by the original authors. In particular, the equilibrium
data involved in links 6-12 have been reduced by second- and
third-law analysis and the adopted valdewas taken as the
mean of the third-law values derived from the individual
equilibrium constants while the uncertainty was estimated
as the larger of the precision index of the individual values or
the uncertainty of the produdiAS+°.16 In several other cases
Syverud’s analysis led to the adoption of a slightly increased
uncertainty. During the initial setup of the thermochemical

The optimal solution for the system is then achieved by a network, we completely accept tieH,,qs° values (and associ-
least-squares fit using linearly weighted residugl&;, where ated uncertainties) as selected and adopted by Syverud, including
r = a — iCiX. The weighting of residuals ensures that the all of his amendments and departures from original values. The
uncertainties of the experimental determinations are taken intoonly exception is a very slight change in links 19 and 20, which
account by the fit. Under these conditions, the standard correspond to the equilibrium measurements gRg{CFHCN
deviations (and/or various confidence limits) normally obtained and the calorimetric measurement onsCR. At the time of
from the least-squares analysis reflect both the experimentalref 16, AH208°(19) andAH298°(20) were at a level of private
uncertainties of the individual links and the overall uncertainty communication by Perettie and Walker to Syverud. Since then,
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TABLE 1: Twenty Original Reactions Used in the Simultaneous Adjustment of JANAF Enthalpies of Formation for CRX, X
=nil, H, Cl, Br, |, CF 3, CN, as Well as GF2

ib reactior§ AH298°¢ (kcal/mol) a; & 6;¢ (kcal/mol) ref
1 C,F4(g) — CF4(g) + C(graphite) —65.4+0.5 —157.6+ 0.5 26
2 CoF4(g) + 2H,(g) — 2C(graphitet 4HF(50H0) —150.9+ 1.2 —156.2 + 1.2 26
3 CoF4(g) + 4Na(c)— 2C(graphiteq+ 4NaF(c) —392.9+ 1.3 —157.%+ 1.4 27
4 1.5C,F¢(g) + NF3(g) — 3CFR(g) + 0.5Nx(g) —155.8+ 1.5 —481.8 + 1.6, 28
5 CF3H(g) + 0.505(g) + H20(l) — COx(g) + 3HF(50H0) —90.4+1.0 —165.6 + 1.0 29
6 C,Fs(g) + Bry(g) — 2CF3Br(g) 3.3+0.7 —10.6 + 0.7, 30
7 CF3H(g) + Bra(g) — CF3Br(g) + HBr(g) —4540.3 —11.5 + 0.3 [+1.7)] 31,32
8 CF3H(g) + 12(g) — CF3l(g) + HI(g) 17, + 0.5 —25.7+ 0.5 33
9 CF3Br(g) + 15(g) — CFal (g) + IBr(g) 9.6+04 —14.7 + 0.4 [+0.6)] 34
10 CF;5Cl(g) + I2(g) — CFsl(g) + ICI(g) 17.2+0.4 —28.0, + 0.4 [+£1.8] 34
11 CF3Br(g) + Cly(g) — CFsCl(g) + BrCl(g) —-10.7% 4+ 0.4 14.3 + 0.4[+0.6)] 35
12 CF;5Cl(g) + Bra(g) — CF3Br(g) + BrCl(g) 10.5+04 —14.4 + 0.4[+0.6) 35
13 CF3H(g) + Cl(g) — CF3(g) + HCI(g) 2.9%+0.7 —53.%+0.7% 36—38
14 CF3H(g) + Br(g) — CFs(g) + HBr(g) 18.6+0.5 —54.3 + 0.5 37,39
15 CF3H(g) + 1(9) — CF3(g) + Hi(g) 35.5+ 3.0 —54.6+ 3.0 33
16 CF3l(g) + I(g) — CF3(g) +12(g) 17.1+ 2.0 —27.% £ 2.0y 33,40, 41
17 CF3H(g) + CHs(g) — CF3(g) + CHa(g) 0.6+ 2.0 —53.4+2.0 36
18 C,Fs(g) — 2CF3(g) 97.6+ 6.0 —96.6 + 6.0 30, 42, 43
19 C,Fs(g) + CoN2(g) — 2CFsCN(Q) 10.5 4+ 0.14f —84.4+0.2 44
20 CFsCN(g) + sNFs(g) — 2CFy(g) + %/3Nx(g) —275.5+ 0.2 -118.4+ 0.5 44

2 These links were evaluated by Syvefd® Running index of the link¢ The species with enthalpies of formation that are treated as unknowns
in the thermochemical network are boltExcept where noted, this column reports the values adopted by Syverud, ®THé&.error bar in
brackets has been increased after the initial analysis and used in the fihklrfiks 19 and 20 were at the time of the original fit (ref 16) at the
level of a private communication by Perettie and Walker to Syverud; the numbers in the third and forth column are slightly different than those
used in ref 16 and correspond to those appearing in the completed report (ref 44) that was subsequently published.

TABLE 2: Additional Reactions Included in the Current Simultaneous Adjustment of Enthalpies of Formation for CF3X, X =
nil, H, Cl, Br, I, CF 3, and CN

i@ reactior AHr9¢® (kcal/mol) a =+ ;¢ (kcal/mol) ref

21 CF3l(g) + Br(g) — CF3(g) + 1Br(g) 9.8+1.1 —26. 7%+ 1.1[+ 1.9) 45

22 CF3Br(g) + Br(g) — CFs(g) + Bra(g) 24.94 0.6 —44.2,+ 0.6 46, 47,38
23 CF3Br(g) — CF3(g) + Br(g) 70.5+ 1.0 —43.7+ 1.0y 4

24 CF3Br(g) — CFs(g) + Br(g) 70.8+ 0.2 —44.05+ 0.2 11, 12

25 CF3l(g) — CFs(g) + 1(g) 54.4,+ 0.4 —28.9 + 0.4 7,8,9
26 CF3Br(g) — CF3(g) + Br(g) 70.8+ 0.3 —44.0+ 0.3 6,13

27 CF3l(g) — CF3(g) + I(9) 54.3+ 0.3 —-28.%+0.3% 6

28 CF3H(g) + H(g) — CF3(g) + Hz(g) 2.0+ 0.6 —54.1,+ 0.6 14

aRunning index of the link? The species with enthalpies of formation that are treated as unknowns in the thermochemical network are bold.
¢The error bar in brackets has been increased after the initial analysis and used in the final fit.

the completed report has been publistiedth slightly different original authors, since we found no convinciaggriori, reasons
values and somewhat improved error bars. either to change any of the values or to modify the original

Measurements reported in recent literature offer a number of error bars.
possible additional links. Here we have selected eight determi-  Auxiliary enthalpies of formation, which are needed to
nations that appeared to be reliable and independent. These areonvertAHq¢’(i) to & =+ d; are listed in Table 3. A fair number
listed in Table 2. Link 21 is based on kinetic measurements of of these belong to the set of key values given by CODAYA,
thermal bromination of Cff by Okafo and Whittle!> who while most others are very well-known and have been evaluated
combined their determination of the forward activation energy both by Gurvich et at.and JANAF! Although in general the
of 10.8 + 0.5 kcal/mol with an assumed reverse activation differences between the latter two tabulations are minute, here
barrier of 14+ 1 kcal/mol. Link 22 reflects the measure- we adopt the values given by the Russian compilatiaich
ments by Ferguson and Whittfeon the reaction of HBr with in many cases reports somewhat higher accuracy than JANAF,
CFsBr; they combine their forward activation barrier with a partly because it often includes slightly more recent data. For
small reverse barrier obtained by Tucker and Whittland AH;°(CHg), we use the most recent refinement by Litorja and
also previously by Amphlett and WhittR8. The measure- Ruscic?® Several of the enthalpies of formation in Table 3
ments underpinning links 2328 were already partly discussed necessitate further discussion. One rather crucial quantity is the
in the Introduction. Link 23 is due to the determination of the enthalpy of formation of tetrafluoromethangt:°(CF,), since
CFR:—Br bond energy by TsantlLinks 24 and 25 reflect a series it enters in calorimetric measurements 1, 4, and 20. The value
of kinetic measurements by Skorobotagov and colaboratts2 for AH°(CF) reported by JANAF is in itself a result of a
yielding values forD,gg(CFs—Br) and Dgg(CFs—1). Links 26 (different) least-squares fit of a thermochemical network of 23
and 27 are based on photoionization determinations of the-CF  links connecting seven related enthalpies of formation, from
Br and Ck—I bond dissociation energies by Asher and Ru&cic, which those of CE HF(50H:,0), NaF(cr), and NKg) are of
while link 28 reflects the recent determination of forward and interest here. However, except for the infamous enthalpy of
reverse rates for the reaction of atomic hydrogen withHCF  formation of HF(g), which is off by 0.18 kcal/mol, the fitted
by Hranisavljevic and Michaéft The initial selections of & values have very strong support in individual measurements.
A; for links 21—-28 basically conform to those proposed by the In fact, the final values reported in JANAF for NaF(cr) and
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TABLE 3: Auxiliary Enthalpies of Formation

species AHi298” (kcal/mol) ref
Br(g) 26.738+ 0.029 15
Bra(g) 7.388+ 0.026 15
BrClI(g) 3.535+ 0.038 2
C(graphite) 0 std
CoNa(g) 73.88+ 0.19 2
CF«(9) —223.04+ 0.18 2,49, 50
CHs(g) 35.03+ 0.09 48
CHa(g) —17.834 0.07 2
Cl(g) 28.992+ 0.002 15
Clx(g) 0 std
COx(0) —94.051+ 0.031 15
H(9) 52.1028+ 0.0014 15
H2(9) 0 std
H,0(l) —68.315+ 0.010 15
HBr(g) —8.674+ 0.038 15
HCI(g) —22.063+ 0.024 15
HF(g) —65.32+ 0.17 15
HF(50 H,0) —76.78+0.10 1, 16, 49, 50
HI(g) 6.334+ 0.024 15
1(9) 25.516+ 0.010 15
12(9) 14.919+ 0.019 15
IBr 9.75+ 0.03 2
ICI 4,157+ 0.010 2
N2 0 std

Na(cr 0 std
Na(F(c)r) —137.52+0.15 1.16 [cF | |[LcrH | [cren CoFs |
NFs(g) —31.48+ 0.24 2 @

02(9) 0 std

. . . . . Figure 1. Schematic representation of the topology of the thermody-
NF3(g), although identical to those obtained during the simul- namic network considered in the present paper. The square boxes denote
taneous determination, appear to have been derived fromthe enthalpies of formation which are to be determined. The numbers
independent considerations. Gurvich et2alyho have not in circles or ovals connecting two boxes refer to links obtained from
performed such a simultaneous determination but instead per_kinetic, equilibrium, and photoionization measurements interrelating
formed a series of individual evaluations, list very similar values W0 compounds, while those at the bottom of Figure 1 refer to

f t of th ds. Wh ible. th calorimetric links determining only one unknown enthalpy of formation.
Or most of these compounds. enever possible, tN0S€ Wertryg girection of the arrows has the following arithmetic meaning:

adopted in Table 3. For example, the enthalpy of formation of [AB]—[CD] means that the link represents the equatidy.s:’(AB)
CF4 reported by JANAF is almost identical to that reported by — AHeg°(CD) = & + i, wherei corresponds to the number in the
Gurvich et aP who simply considered all relevant measurements circle or oval. The links are listed in Tables 1 and 2.
?n\g‘?frl:rg;m%t'rgfez:%:fogrt]ﬁd'_'tzsg&e%i%cvlflrea;l%a;%rc')mtemc II. Initial Analysis of the Thermochemical NetworRs
here. The selec¥ed value is:qalso very clos:e 10 that obtaineF()j in aoutlined in section 2, the initial analysis mainly consists of the
N . . . application of linear (or absolute sum) methods to an equall
similar calorimetric study by Domalski and Armstro?tBoth PP ( ) quaty

) . weighted set of links. The primary purpose of this step is to
studies can be used to more directly corroborate the enthalpy : . .
of formation of HE&H,0) as given in JANAEL and is relevant check the network for overall consistency and to help identify

) . . links that may be problematic or that may have unrealisticall
to links 2 and 4. One should also note that the values listed in Y P Y y

Table 3 h t00d | I h d during the last th tight error bars, since they may influence the final solution in
able ave stood largely unchanged during the 1ast tre€ ., \,qesjred mannétit should be noted that the JANAF values
decades and are, hence, quite similar (mostly identical within

less than 0.1 kcal/mol) to those used by Syvefud. ggjprrwggcgﬁ tv\:i;lg gﬁigiltdogjuscyvg?gggs' since the absolute sum
The overall topology of the thermochemical network con- A prief inspection of the topology immediately discloses that
sidered here is conveniently depicted in Figure 1, showing both C,F, and its three associated calorimetric links;3Lare not
original and added links. The square boxes denote the enthalpiegonnected to the remainder of the network. Hence, it is not quite
of formation which are to be determined. The numbers in circles clear why this compound was included in the origifal
or ovals connecting two boxes refer to links interrelating two  simultaneous determination since one can (and should) treat it
compounds, while those at the bottom of Figure 1 refer to as a separate problem. Indeed, a separate least-squares fit of
calorimetric links determining only one unknown enthalpy of links 1, 2, and 3 produceAHiee’(CoFs) = —157.404+ 0.72
formation. The direction of the arrows has the following kcal/mol, which is exactly the JANAFvalue. The only
arithmetic meaning: [AB}[CD] means that the link represents  difference is the subtly different meaning of the error bar, since
the equatiomMHros’(AB) — AHreg’(CD) = & £ &, wherei here we chose to report 95% confidence limits of the fit rather
corresponds to the number in the circle or oval and follows the than twice the standard error reported by Syvéfutihe fact
numbering scheme outlined in Tables 1 and 2. The network in that the determination of the enthalpy of formation ofFgis
Figure 1 has a quasi-pyramidal shape, where the enthalpiesnot coupled to the rest of the network allows us to omit it from
toward the bottom are, very roughly speaking, more “funda- further analysis. However, we shall discuss the valuAldf°-
mental” (or independent) than those higher up in the scheme.(C,F,) later on. Here it should be parenthetically added that as
In particular, four compounds at the base;F§ CRH, an additional check we have performed a least-squares fit of
CRCN, and GFs, have associated calorimetric measurements links 4—20 as well as £20. It does not come as a surprise that
and are anchoring the whole network on an absolute scale. the fitted values are identical in both cases, with an average
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absolute deviation from Syverudésolutions of 0.07 kcal/mol. 1.22 kcal/mol, while the path from GF through CRCI,
The small differences are traceable to slight changes we haveCFsBr, and back to C§ has a cumulative deviation of 1.10
introduced in the last two links and the auxiliary values (Table kcal/mol. This would tend to make link 9, which is in common,
3) as well as round-off errors (since Syverud’s solutions were somewhat suspect. However, the more circuitous path which
reported to the nearest 0.1 kcal/mol). completely avoids this link, starting at g;proceeding through
Links 4—28, which are not related to,E,, create an inter-  CRl, CRCl, CRBr, and back to Cfhas an even larger average
twined overdetermined network. The connections with multiple cumulative deviation of 2.31 kcal/mol. Further analysis along
definitions (such as those relating §Fand CF) can be easily similar lines shows that except for noting the overall inconsis-
checked for consistency by comparing the reported error barstency in the links along the GF CFzCl, CRBr triangle, it is
of the individual links to their deviation from the simple and not easy to uniquely single out any of them, and it appears that
weighted averages of the whole set. Links are considered all four may have rather optimistic error bars. On the other hand,
consistent if the deviation from the average(s) is smaller than the path starting at GH, through Ck, CFl, and back to CgH
or comparable to the quoted error bar. has an average cumulative deviation of only 0.20 kcal/mol. This
The test shows that the links (and their error bars) connecting tends to indicate that the multiple link betweensCénd Ck
CFH to CF; and CEBr to CF; appear essentially mutually is on average consistent with link 8, which relatesli€o CF;l.
consistent. The situation is slightly more complicated with ~ The preliminary analysis of the data can be completed by
respect to the links connecting glfo CFs. When comparedto  performing an initial least-squares fit of all links while retaining
the weighted average, links 16, 25, and 27 pass the consistencyhe original error bars. When comparing these preliminary
test while link 21 deviates by-1.6 times its error bar. Since  solutions to JANAF values, one immediately notices that the
the set is not entirely consistent, the simple average is skewedenthalpy of formation of Cfhas become higher by 1.0 kcal/
in such a way that only link 16, which has the highest error mol, CKH higher by 0.5 kcal/mol, and GFhigher by 0.4 kcal/
bar, passes the linear test. While there is no easy way to changenol, with very small changes in other values (under 0.1 kcal/
the unweighted average, other than by eliminating one or more mol). All error bars (95% confidence limits) are rather high at
links, the weighted average test can be easily satisfied by simplythis stage, ranging frort= 0.8 to &+ 1.2 kcal/mol. The main
increasing the error bar of link 21 t51.9 kcal/mol. Alternative purpose of this step is to perform yet another check of the
approaches, which leave 21 pristine but change the error barsconsistency of individual links by comparing them to the
of the other three links by up to a factor of 5, even simulta- solutions. This tends to corroborate the linear analysis outlined
neously, do not lead to a successful resolution of the inconsis-above, since links 10 and 7 appear to deviate from the overall
tency. solution by almost twice their error bars while link 21 deviates
The initial inspection of various possible paths using the by an amount that is slightly larger than twice its original error
absolute sum approach shows several interesting featuresbar. The next largest deviation is found for link 24, which
Overall, the paths in the lower section of the network seem to deviates by~1.3 times its error bar, but this may not be
be more self-consistent than those in the upper portion. It is particularly significant since the initial solution is certainly
particularly pleasing and reassuring to see several almostskewed by the presence of at least three inconsistent links. The
completely closed (i.e., entirely consistent) paths interconnecting deviations of all other links are within 1.1 times their stated
the enthalpies of formation that define the base of the pyramid. error bar or less.
For example, links 4, 19, and 20 appear to be quite consistent, ||I. Simultaneous Least-Squares Solution of the Netwitk.
since this path is completely closed within 0.05 kcal/mol. preliminary analysis provides strong grounds for modifying the
Similarly, the path starting at the bottom of Figure 1 and error bars associated with links 7, 10, and 21. Manipulation of
following through CiH, CFs, CRsBr, CoFs, and CRCN back error bars is always somewhat arbitrary and requires judgment.
to the bottom, which involves at least six links, is on the average However, the preliminary analysis rather clearly suggests that
closed within a cumulative deviation of only 0.45 kcal/mol the error bar of link 21 should be increased from the original
(equivalent to an average deviation of 0.18 kcal/mol per link). +1.1 kcal/mol to at leas#1.9 kcal/mol. For links 7 and 10,
DeSpite the quite |arge nominal error bar associated with link one should consider the magnitude of discrepancies along
18, the slightly shorter path starting at the bottom througtCF  various paths that include those links. Since link 7 appears to
and following through Ck CoFe, and CECN back to the bottom e involved in inconsistencies of the order-el.6 kcal/mol,
has a surprisingly small average cumulative deviation of 0.26 \ye set its error bar te-1.7 kcal/mol. Similarly, link 10 (although
kcal/mol. These paths substantially boost the confidence in theogether with other links) is involved in possible discrepancies
underlying calorimetric measurements, 4, 5, and 20. Hence, it of the order of 1.1-2.3 kcal/mol. Hence, we set its error bar to
appears that the pyramid rests on a relatively sound foundation. 1 g kcal/mol. In addition, we double the error bars of links 9,
In contrast to this, the path starting at the bottom of Figure 11, and 12 ta+0.8 kcal/mol. The intervention on these three
1 and following through CfH, CRBr, and GFs through links, which together with link 10 define the @El—CFsl—
CRCN back to the base shows a somewhat larger cumulative CF;Br triangle, attempts to reflect the fact that the linear analy-
deviation of 1.60 kcal/mol. This tends to make link 7, which is  sis does not necessarily single out link 10 as a culprit for
the only new link tested by this path, somewhat suspect. inconsistencies. A test fit shows that by itself the additional
Similarly, the quite short path involving link 7 that proceeds simultaneous amplification of error bars on links 9, 11, and 12
from CRH through CR, CRBr, and back to CgH has, again,  has an almost insignificant impact on the final values (changes
an average deviation of 1.60 kcal/mol. Hence, one finds that range between 0.005 and 0.093 kcal/mol, with an average
link 7 should probably have an error bar larger than the stated absolute change of 0.039 kcal/mol) but it produces error bars
+0.3 kcal/mol. which significantly better reflect the inherent uncertainty in
With a few exceptions, one tends to generally find larger AH{°(CRCI). The final values produced by the fit are presented
cumulative discrepancies along various closed paths in the uppeiin Table 4. The listed error bars correspond to the 95%
portion of the network. For example, the path fromg@ough confidence level as obtained from the least-squares procedure
CFsl, CF3Br, and back to Cgkhas a cumulative deviation of  and reflect the uncertainty of the fit as well as the uncertainties
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TABLE 4: Currently Recommended Values for Gas-Phase kcal/mol (compared to JANAF) in the new enthalpy of for-
Enthalpies of Formation (all values in kcal/mol) mation of CRH to —165.64 0.5 kcal/mol brings it significantly
species AHpog° AHg°2 closer to the original measurement by Neugebauer and Mar-

CRy(9) 1112+ 0.4 2110.6 + 0.4 grave?® so that now all three anchor compounds {8FCFs-
CR:H(g) —165.5 + 0.5 —163.9 + 0.5 CN, and GFg) are in excellent agreement with their calorimetric
CR:Cl(g) —169.5+ 0.7, —168.3+ 0.7, determinations. Table 5 also lists several bond dissociation
CFsBr(g) —155.3+ 0.4 —1524 4+ 0.4 energies that can be derived from the simultaneous solutions.
gFEIEg; :%gg'%ig? :ﬁg'%ig'? Quite pleasingly, they are in extremely good agreement with
CEGC?\KQ) 1184+ 0:32 1175+ 0:32 newer experimental evidence. For example, the-&f bond

o ) ) ] energy of 106.4t 0.7 kcal/mol is in excellent agreement with
@ The implied enthalpies of formatiori & K are listed here only for the measurement of Hranisavljevic and Mich4elf 106.3+

convenience. The thermochemical values needed for the corrections : s 30
from 298 aml 0 K have been adopted from the compilation by Gurvich 0.6 kcal/mol as well as with several older measure ’

et al.2 except the correction for GEN, which has been taken from ' he CR—Br bond dissociation energy of 708 0.7 kcal/mol

the JANAF tableg. is exactly the same as the value obtained by Skorobogatov et
. _ al.1+12 Asher and Ruscié,and Hranisavljevic et & and in
$Qtl)3||ésE V?;thcgmfggif;%gééfrfmveﬂggg Sgﬁgsb]}gmﬁ eJANAF excellent agreement with the values of 78:3..0 kcal/mol by
Enthalpies of Formation and Resulting Bond Dissociation Tsand and 71'0:’:_ 0.6 _kc_al/mol by Ferguson and Wh'm.é'
Energies (all values in kcal/mol) The Ck—I bond dissociation energy of 548 0.7 kcal/mol is
- identical to the determination by Asher and Ru$and in
enthalpy of formation or JANAF —

excellent agreement with the value of 54-4).4 by Skoroboga-

bond dissociation energy current result JANAF  current ) :

XTI m Toar1 1 tov et al’=® The implied CE—CI bond energy of 87.3- 0.9
fzgso(c':s) ~1113+05 ~112.441.0 -~ —1. kcal/mol is in agreement, within the error bar, with the result

AHpp0°(CFsH) -165.6+05 —166.6+0.8 —1.0 _

AHus* (CRCI) —1695+ 07 —1692+ 0.8 0.3 of Kumaran et af.who obtained 88.4- 1.5 kcal/mol (87.5+

AHi98°(CF3Br) —155.3+ 0.5 —155.1+0.7 0.2 1.5 kcal/mol at 0 K) from Troe/Lennarelones and RRKM/

AHi08°(CF3l) —140.1+£ 05 -140.8+£08 —0.7 Gorin fits of their kinetic data and who early on suggested that

AHrg’ (CoFe) —321.3+0.8 —321.2+1.2 0.1 the CR—CI bond energy implied by JANAF is too low. The

AHrzog°(CFCN) —118.4+04 —1184+0.7 0.0 present value for this bond energy is also significantly closer

D2og(CFs—H) 106.4+0.7  106.3+13 —0.1 . > )

Daod CFo—F) 1307409 1296+10 —11 to the upper limit of <88.8+ 0.3 kcal/mol, originally estimated

D2eg(CFs—Cl) 87.3+0.9 858+ 13 —15 to be perhaps-1.8 kcal/mol higher than the true value but not

D2og(CFs—Br) 70.8+ 0.7 69.4+12 —1.3 as much as 3.0 kcal/mol, as would have been suggested by the

D2ofCR—) 54.3+0.7 53.9+13 04 original JANAF values.

Do CFs—CFy) 98.74+ 1.2 96.4+23 2.3

_ Finally, one should also note that the enthalpy of formation
* Reference 12 Using AH;°(CF;) above AH;*(CF) from Table 3, of CFs, —111.3+ 0.5 kcal/mol, is in extremely good agreement
and AHy°(F) from ref 15. with the value of—111.44 0.9 kcal/mol proposed by Asher
of the various links. As an alternative to 95% confidence limits, and Rusué‘),_albelt with a _S|gn|f|cantly smalle_r error bar. The
agreement is partly fortuitous because, as it will be recalled,

the table could have listed two standard deviations. The dif- : .

A the value of Asher and Ruséigvas based on averaging over
ference between the two is minute, and the selected approacqhe original discrepancy between the tabulafedalues of
leads to error bars that are slightly Iz_irger (by 0.03 kcal/mol on AH(CFsBr) andAH:*(CRsl). However, the agreement is very
the average) than the alternate choice. important since the value aiH;°(CF;) was recently used to

At this point, it may be instructive to reexamine the network . - L N
defined by the first 20 links. One immediately notices that this doe|_r||)ve other thermochemical quantities, such aHrs’(CRs-

reduced network lacks the links interconnecting®fand CFk, . i )
which are crucial in demonstrating that link 7 and possibly also _ B- Comparison of G3 and G2 ab Initio Calculations to
9 may be not as accurate as one would expect. That may haVéExpenmental Valugs. l. Enthalp|es of FormationTable 6
been the primary origin of the internal inconsistencies in the Juxtaposes enthalpies of formation for £fEFCI, and GFs,
JANAF values. calculated at the G3 level of theory with the currently recom-
IV. Analysis of the Adjusted Enthalpies of Formatidine mendeql experimentallvalues. To allow for a more thorough
values presented in Table 4 are substantially different from thoseCoMmparison, the table includes G3 results forl@FCF, CFs-
given in JANAFL A detailed comparison is given in Table 5. CN. and GF, published elsewher€. It also lists a G3 result
Major changes involve significant increases in the enthalpies for CRsBr, which is only tentative, since this procedure is not
of formation of CK, CRH, and CKl of 1.1, 1.0, and 0.7 kcal/ ~ Yet fully defined for elements beyond second row. In addition,
mol and simultaneous decreases in those ofGTENd CRBr Table 6 lists available enthalpies of formation at the G2 level,
by 0.3 and 0.2 kcal/mol while the corrections for LN and accumulated from a variety of sourc€g?>2
C,F¢ are quite small. In addition to these changes, there is an In all cases where comparison is possible, the G3 result
overall moderate decrease in the associated error bars. Theppears to be appreciably closer to the experimental value than
largest error bar=0.8 kcal/mol) appears on.Es, but that is G2. Examining the table in more detail, one notes that all G2
simply a consequence of the fact that this molecule has two enthalpies of formation in this group are systematically lower
CF; moieties, which effectively doubles the uncertainty. Dis- (more negative) than the experimental values, with deviations
regarding GFg, the largest uncertaintyH0.7 kcal/mol) is ranging between 3.4 and 8.2 kcal/mol. All G3 enthalpies of
associated with CfEl, the smallest £0.4 kcal/mol) with formation are higher than their G2 counterparts, with upward
CRsCN, while all others are in the neighborhood #0.5 shifts ranging from 1.2 to 4.6 kcal/mol (with a mean of 3.1
kcal/mol. kcal/mol). Although closer to experiment than the G2 results,
The new enthalpies of formation appear to be quite consistentall G3 results in this group still appear to be systematically lower
with available experimental data. For example, the shift of 1.0 than the experimental values. Disregarding the very large
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TABLE 6: Comparison of G2 and G3 ab Initio Calculations with Current and Other Related Experimental Enthalpies of
Formation and Resulting Bond Energies (all values in kcal/mol)

species current results 62 G2 — current G3 G3 — current

AHuos(CFs) ~1113+05 “114.7 —34 “1122 ~09
\ B ~170.9 -53 ~167.% ~15

AHros(CFRH) 165.64 0.5 (~166.5Y (~0.9¥ (~166.4 (~0.8
AHpos®(CFa) —223.0+0.29 —228.6 —55 —223.9 —09
\ B ~174.9 -56 ~170.7 ~12

AHlroos" (CFCI) 169.5+ 0.7 (~170.4Y (~0.9¥ (—170.4; (-0.9
. B ~150.2 ~39 [-158.0 [—2.7]

AHrzo5(CF:BY) 155.3+ 0.5 (~156.1Y (~0.8Y [(—156.3)p [(—1.0)p"

, - ~324.1 -28

AHp295°(C2Fe) 321.3+0.8 (~322.9y (~ 1.6y
. - ~123.2 —48 ~120.2 ~18

AHrz08°(CFCN) 118.4+ 0.4 (~119.5y (—1.1y (~119.5y (—1.1f
\ B ~165.6 -82 ~162.3 ~49

AHipoos® (CoF) 157.4+ 0.7 (~161.0f (-3.6) (~161.6} (—4.2

108.3 1.9 107.0 06

D2og(CFs—H) 106.4+ 0.7 (103.9¥ (~2.5¥ (106.3) (~0.1¢

D26 CFa—F) 130.7+ 0.5 132.8 21 130.7 0.0

~ 89.2 1.9 87.5 0.2

D2od CF—Cl) 87.3£0.9 (84.7) (~2.6 (87.2) (~0.1y

B 712 0.4 [72.9] [L.7]

D26 CFs—Br) 70.8+ 0.7 e e [(53'3”"‘“ © %)]dh

D CFs—CFs) 98.7+ 1.2 o8y o2

- 115.8 3.2 114.7 21

D20 CF—CN) 112.6+1.3 (112.1) (~0.5¢ (114.0§ (1.4

2 Present results, unless stated otherwisReference 52¢ From Curtiss et al., ref 19\ After additional isodesmic correctioAFrom Curtiss et
al., ref 20." JANAF value (ref 1), since no new experimental value is proposed h&rmem Table 3, refs 49 and 50Tentative result, since the
G3 procedure is not yet fully formulated for elements beyond second dging AHes°(CN) = 105.5+ 1.1 kcal/mol from Berkowitz, J.;
Ellison, G. B.; Gutman, DJ. Phys. Chem1994 98, 2744.

discrepancy for @, of 4.9 kcal/mol (to which we shall return The isodesmic approach generally increases the accuracy of
later), the G3 results deviate from the experiment between 0.9the calculated values through cancellation of systematic errors
and 2.8 kcal/mol. Perhaps not surprisingly, the two largest that occurs in the reactions. The improved values are given in
discrepancies occur for GBr and GF (2.7 and 2.8 kcal/mol). Table 6 in parentheses, beneath the regular values. It is
All other enthalpies of formation appear to be lower by a immediately noticeable that all corrected values are closer to
surprisingly uniform amount, between 0.9 and 1.8 kcal/mol the experiment than their uncorrected counterparts. While the
(averaging at-1.3 kcal/mol). isodesmic correction imparts a dramatic improvement on the
For all cases amenable to such corrections, improved G2 andG2 values (averaging-4 kcal/mol), the improvement of the
G3 enthalpies of formation have been produced by applying G3 values is much more moderate (in most cases only a fraction
the isodesmic bond separation scheme of Raghavachaf®étal. of kcal/mol). In fact, regardless of whether one starts with the
In this scheme, a unique bond separation reaction is set up,G2 or the G3 value, the isodesmic correction appears to yield
which has all formal bonds between non-hydrogen atoms of a very similar value.
the subject molecule separated into the simplest parent molecules With corrections using the isodesmic bond separation scheme,
containing these same linkages. The bond separation reactiorthe overall agreement of G3 theory with experiment appears to
energy is then evaluated at a certain level of theory and be quite good. For &, the discrepancy is 1.6 kcal/mol.
combined with the experimental enthalpies of formation for the Disregarding this molecule as well asFz, which persists in
reference molecules in the reaction to derive an enthalpy of displaying a substantial variance, one can summarize by saying
formation for the molecule in question. The guiding criterion that all other theoretical values are quite uniformly lower by
for the choice of parent or reference molecules in the set of 0.8—1.1 kcal/mol, mildly suggestive of a systematic shift.
Raghavachari et & was the availability of experimental Il. Bond Dissociation Energiesihe lower section of Table
enthalpies of formation within at0.1 kcal/mol accuracy. 6 compares various bond energies implied by the enthalpies of
Unfortunately, the enthalpy of formation of GH which would formation presented in the upper section. Here the agreement
be needed to extend the scheme to fluorides, has a verybetween theory and experiment appears to be even better. In
significant experimental uncertainty. Therefore, we have used fact, at the G3 level, and including the isodesmic correction,
the enthalpy of formation of Cf-which has an experimental the agreement for all bond dissociation energies appears quite
uncertainty*%59 of +0.18 kcal/mol (see also Table 3). For impressive, since, with the exception of £FCN, the experi-
example, with this choice the bond separation reaction for mental values are reproduced within 0.2 kcal/mol or less. This,
hexafluoroethane becomes ;&g + 3CH; — 3CR; + 2CHe. of course, is a direct result of a fortuitous cancellation of the
The other two new reference molecules used in the bond deviation of —0.9 kcal/mol of the calculated enthalpy of
separation reactions in this study are {CHand CHBr, since formation of Ck with very similar deviations in the GK
their enthalpies of formatiom\Hzgs°(CHsCl) = —19.57+ 0.14 parents. While such a high level of agreement between

kcal/mol andAHi,gs°(CH3Br) = —8.70 4+ 0.12 kcal/mol, are calculated and experimental bond dissociation energies is rather
rather well-known-2 Hence, the bond separation reaction for unexpected and one should not hope that it can be reproducibly
trifluorochloromethane is 4GEI| + 3CH; — 3CF, + 4CHsCI. obtained in a general case, it is undeniable that the results at

The values for all other reference molecules used here werethe G3 level of calculation show a significant improvement
from Raghavachari et af. compared to the G2 level of theory. Furthermore, it is quite



Enthalpies of Formation of GK J. Phys. Chem. A, Vol. 102, No. 52, 19980897

clear that the calculated enthalpies of formation can be evenupper limit of <8.9 eV to values as low as 8.6 eV. As criticized
further improved by applying the empirical corrections according by Asher and Ruscig,such values are generally a result of
to the isodesmic bond separation scheme. incorrect interpretations of the fragmentation threshold shapes.

Here it should be parenthetically mentioned that if one insists At the G2 level of theory, the calculated adiabatic ionization
on comparing the G3 results to the original JANAFRlues, energy of Ckis®29.00 eV. While this is much closer to 945
the apparent agreement improves fos@rd CRH but worsens eV than to any of the “low” values and, hence, it tends to provide
for CRCl and CRBr and becomes significantly worse for most  direct support to this determination, the possibility of a
of the bond dissociation energies. As tempting as it may be to significant error bar that may arise from problems with multiple
ignore all cases of worsened agreement and attach importancéluorinated compounds prevented the G2 result from ruling out
to the better agreement between G3 and JANAF's values for the upper end of the “low” values with a satisfactory degree of
CR: and CRH, the latter has to be regarded as purely accidental certainty. However, it now appears that the G3 theory has largely
and with no statistical significance, especially in view of the removed the problems associated with non-hydrogen com-
fact that the average deviation of G3 valtfds comparable to ~ pounds?? At the least, the thermochemical properties of the
or larger than the individual differences between the adjusted fluorinated species considered in this paper are reproduced with
and JANAF’s enthalpies. In fact, if anything, the displayed very good accuracy. In addition, the overall accuracy with which
overall behavior in which all calculated values are uniformly this level of theory reproduces the ionization energies has also
lower by very similar amounts (which may be marginally significantly improved? The gap between the value of Asher
statistically significant) from the adjusted experimental values and Rusci€and even the highest of the “low” values, 0.15 eV,
becomes largely lost when JANAF values are considered. is 3 times larger than the average absolute deviation of G3 theory

Although the differences between currently recommended for ionization potentia® of 0.05 eV. It is thus very inte_resting
values and JANAF are too small to be clearly distinguishable 0 S€€ how the G3 approach compares to the experiments.
by the calculations, the generally better agreement of theory Indeed, at the G3 level of theory, we calculate E{CF
and experiment can help in other areas of immediate concern.9.08 eV. This is in excellent agreement with (and hence fully
One is the experimental value 8fH;°(C,F,) and another the  corroborates) the experimental value of @.65 0.04 eV.
adiabatic ionization energy of GAE(CF). Furthermore, even when pessimistic error bars are contemplated,

1. The Adiabatic lonization Energy of GFFirst, we would Ehe G3 calculated value makes the entire range of proposed
like to focus on the experimental adiabatic ionization energy ~'OW" values highly unlikely.
of CFs. Its value has been recently accurately determined by V. The Relationship between the Enthalpies of Formation
Asher and Ruscfovho considered two fragmentation processes 0f CFs, CFs, and CF.The only truly outstanding variance
that are very close in energy:,& — CFst + CF and GF; — between theory and experiment in Table 6 is displayed by the
CFs + CF*. They remeasured the related fragment appearance€nthalpy of formation of €. The quite significant discrepancy
energies as E/CFst/CoFs) = 13.721+ 0.005 eV and EA persists at the G3 level, even after the isodesmic correction is
(CF/C,F,) = 13.777+ 0.005 eV as well as their difference, applied, and begins to question the experimental value.
EAN(CRT/CoFs) — EAo(CFT/CoF4) = 0.0554 0.003 eV. One Asher and Ruscfchave already provided some ground for
should take notice of the fact that the difference can be fully doubting the accuracy of the experimental enthalpy of for-
corroborated by simple superposition of suitably scaled spectra,mation of GF4. Namely, the appearance threshold of'Gfom
thus avoiding any possible influences arising from the inter- C;F4, already discussed above in conjunction with ECF
pretation of the threshold shapes and their individual fitting together witf® EI(CF) determines the enthalpy of reaction for
with model functions. The results of Asher and Ru%eie in CoF4 — CR; + CF as 107.6+ 0.3 kcal/mol at 0 K, which
very good agreement with the slightly coarser measurementscorresponds to 108.6 0.3 kcal/mol at 298 K. Pointing out
by Walter et aP> who give 13.70+ 0.02 and 13.76- 0.01 eV that this inference is valid only if one takes the JANARIue
for the two appearance energies and 0.06 eV for the difference.for AH®% o(CoFs) = —156.6+ 0.7 kcal/mol for granted, Asher
Since the two fragmentation processes differ only by the final and Rusci€use theirAH® o(CFs) = —110.7+ 0.9 kcal/mol to
location of the positive charge, the difference between the two infer AH% o(CF)= 61.74 1.1 kcal/mol orAHz,es°(CF) = 62.5
appearance energies simply corresponds to the difference int 1.1 kcal/mol.
the adiabatic ionization potentials of €&nd CF, EI(CE) — Unfortunately, the enthalpy of formation of CF is not
EI(CF). With the well-known ionization energy of CF deter- experimentally known with sufficient precision to pass definitive
mined by Dyke et at® as 9.11+ 0.01 eV, Asher and Ruséic  judgment on this matter. Asher and Ru$aonclude that their
obtain EI(CR) = 9.05 £ 0.01; eV. A very similar result of  derived value is perhaps not entirely incongruent with the
9.05+ 0.02 eV was derived by Berkowftzusing the fragment  tabulated values of 6% 2 (JANAFY) or 58.3+ 2.5 kcal/mol
appearance energies given by Walter é®&ne should also (Gurvich et aP). In retrospect, the derived value for CF may
note that this path to IP(GFdoes not involve any additional  be too high, perhaps by as much as-12% kcal/mol, indicating
thermochemical values, such adH:°(C;F4), AH:°(CFs), or that the tabulated value for the enthalpy of formation efC
AH°(CF) nor does it depend on direct measurement of the is too high by a comparable amount. At the G3 level, we
adiabatic threshold for direct ionization, which suffers from very calculate AH95°(CF) = 58.0 kcal/mol, very similar to the
unfavorable FranckCondon factor®5° and is, hence, prone  selection of Gurvich et & Although it is not quite clear what
to produce only an upper limit. In fact, at least technically, this level of accuracy to expect from the calculated enthalpy of
approach produces a lower limit to the ionization energy of CF  formation of CF, additional support may come from the fact
While the value for EI(CF) that is obtained in this manner is  that at the G3 level the error for the isoelectronic NO is only
in reasonably good agreement with several previous mea-0.2 kcal/mol?? Based entirely on G3 values, the 298 K enthalpy
surement®-63 which imply an ionization energy of 9.1 of reaction for GF, — CF; + CF is predicted to be 108.1 or
eV, it is in sharp contrast with a number of previétr§” (and 107.4 kcal/mol when the isodesmic correction fosFCis
even subsequeti studies that either explicitly propose or imply  incorporated. Both values are in very good agreement with the
substantially lower values. These range from suggestions of anexperimental determinatidh.
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If one assumes that at 298 K the enthalpy of formation of Center. This work was supported by the Divisions of Chemical
CF is close to~58 kcal/mol at 298 K, as indicated by Gurvich  Sciences (experimental evaluations) and Material Sciences
et al2 and also suggested by G3 theory, then the neutral possible(quantum-chemical computations), Office of Basic Energy
conclusion is that the experimental value far:°(C,F,) is too Sciences, U.S. Department of Energy, under Contract No. W-31-
high by as much as 2.5 kcal/mol. If this is indeed the case, 109-ENG-38.
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