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The heats of formation of120 G and G hydrofluorocarbon and oxidized hydrofluorocarbon molecules, as
well as of hexafluoropropene and the hexafluoropropyl radical, were computed using the Gaussian-3 (G3)
method, along with two approximations to G3, denoted G3[MP2(full)] and G3(MP4SDQ), and the G2(MP2)
method. The performance of G3 is clearly superior to that of the other methods when the heats of formation
are computed via atomization energies, and in general, the G3 results agree with the available good-quality
experimental and theoretical data to within 2 kcal Mollhe use of isodesmic reaction schemes improves

the overall accuracy of the computed heats of formation and results in a consistent set of predictions that are
largely method-independent. Although, for the majority of molecules, the G3 data agree well with the earlier
theoretical predictions of Zachariah et al. Phys. Chem 1996 100, 8737), who used the bond-additivity-
corrected MP4 (BAC-MP4) method, there are significant discrepancies as well. The heats of formation of a
group of small molecules consisting of the fluoroacetylenes (HCCF aRg &s well as @H,) and the GH,

C.F, and formyloxyl (HCOO) radicals were also computed using the coupled-cluster method with basis sets
ranging from cc-pVDZ to aug-cc-pVQZ and cc-pCVQZ, followed by extrapolation to the CBS limit and
corrections for core-valence correlation and scalar relativistic effects. The predicted CBS heats of formation
(in kcal mol?) are AfH,(HCCF) = 24.6 + 1.0, AH6(CoF2) = 0.5 4 1.0, AH34(CH) = 135.9+ 1.0,
AHIHCoF) = 109.1+ 1.0, andAHI,(HCOO0)= —30.14 1.0, in good agreement with the G3 results. The
current work on formyloxyl provides strong support for the experimental valutefldg = 28.6+ 0.7 kcal

mol~! obtained by Langford et alJ( Chem. Soc., Faraday Trank997, 93, 3757).

Introduction have shown CFCHFCR; to be a very effective fire retardant.
. . . - . The pyrolysis kinetics of CFeHFCR; at 1206-1500 K have
With the recent international restrictions on the production p.an the subject of a recent shock-tube and kinetic modeling

and deployment of chlpro- and bromofluorocarbons (CFC’s and study by Hynes et &.The dominant initiation pathways were
BFC's), much effort is currently devoted to the search for 4entified as HF elimination and CC bond fission, viz.

suitable ozone-friendly replacements. An important use of

halons, such as trifluorobromomethane ¢{Bf, has been as CF,CHFCF, — C;F + HF (@)

fire suppressants. Unfortunately, the bromine atoms that are so

efficient in extinguishing flames, by removing hydrogen radicals, and

are also efficient catalysts of the ozone reduction process.

Indeed, the ozone-depletion potential of 88Fis an order of CF,CHFCR,— CR,CHF + CF; 2)
magnitude greater than that of most CFERuorocarbons and . . .
hydrofluorocarbons have been identified as promising candidates & most important subsequent reactions are (a) the decomposi-
as fire suppressantsand considerable effort is being devoted tion of the CECHF radical

to their study, which has resulted in the generation of extensive . _

thermochemical and kinetic databadésUnlike CFC’s and CR,CHF— CR,=CHF+F )
BFC’S,_ fluorinated hydrocarbons have zero ozone-depleting (b) the abstraction of H from the parent molecule

potential, although they are potential greenhouse gases. Fluo-

rocarbons are also widely used as lubricants, blowing and CF,CHFCF, +F — CF,CFCF, + HF
sterilizing agents, anaesthetics, propellants, refrigerants, and
agents in the preparation of semiconductors. followed by the decomposition reactions

There is considerable current interest -Beptafluoropro- )
pane (CECHFCR, FM-200) as a potential fire retardatt. CF,CFCR — CRCF: + CFy (4)
Unlike bromine, fluorine forms much stronger bonds, and CF,CF: — CF,=CF,— CF, + CF, (5)
fluorine atoms are not recycled in the flame, as one fluorine
radical will terminate just one hydrogen radical. Hence, with and the secondary reaction

seven fluorines per molecule, it is not surprising that flame tests
CF,=CF, + CF,— cyclo-C;F, (6)
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CF;,CHF + CHF, — CF,CHFCHF, @) G2(MP2) level, as well as those of a number of othera@d
C; halons of general interest, in particular those included in the
and set of molecules studied by Zachariah e€ &y the bond-
additivity-corrected MP4 (BAC-MP4) methcd: 22 We also
CF;+ CF;,— CFR,CFR; (8) present two approximate schemes derived from G3 that enabled

us to reduce the computational cost of G3 and, therefore, to

As the thermochemistry of a number of species participating in obtain heats of formation for larger molecules, viz., those with
the above reactions had been poorly characterized at the timemore than six heavy atoms, on modest workstations.
we carried out ab initio quantum chemical calculations concur-
rently with the modeling studies, generating heats of formation Theory and Computational Methods
for most of the intermediates in reactions&, as well as barrier
heights and rate constants for several reactions. The theoretica}T1
work concerned with the relevant thermochemistry constitutes
the major part of this paper.

In subsequent work, Hynes et%atudied the kinetics of high-
temperature oxidation of £ by O@P), where the initial step
is the addition of an oxygen atom across the double bond of
C3F5.

Recent advances in computational quantum chemistry have
ade the ab initio calculation of heats of formation via the
computation of atomization energies a realistic endeavor. The
Gaussian methods &2and more recently G2, developed by
Pople and co-workers, achieve this end via accurate estimates
of the atomic and molecular energies in a near-complete one-
particle basis and incorporation of an empirical (higher-level)
correction term. The former aim is achieved by correcting the
CE.CE=CE. + O — CE.CECEO @) energy obtai_ned_ ina quadrati_c configuration-_inte_raction (QCISD-

3 2 3 2 (T)) calculation in a small split valence polarization functions
basis (6-311G(d,p) or 6-31G(d)) by MP4 and MP2 estimates
of the changes in the energy with systematic enlargement of
the basis sets. Alternatively, as pioneered by Mafi#tDixon,
Feller26-27and otherg82%the same high level of theory [mostly
the coupled-cluster (CCSD(T)) method] is employed in suc-
cessively larger correlation-consistent basis computations, such
that the computed energies can be confidently extrapolated to
an effectively complete basis limit. Using computed atomization
energies &0 K in conjunction with experimental heats of
formation of the elements in their atomic states, the heats of
formation of the molecules & K and hence at 298 K are readily
obtained, as discussed in detail by Curtiss et%ddy, calculating
also the appropriate thermal contributions to the atomic and
molecular enthalpies.

Direct use of atomization energies for the computation of
heats of formation of chemical accuracy (usually understood
to be ~1 kcal mol?) requires, of course, the same level of
accuracy in the computed atomization energies. For small
molecules, this is achievable. For example, for the Gaussian
data set of 299 molecules, on average, the G2 and G3
atomization energies have been found to be within 1.48 and
T.02 kcal mot? of experiment® More recently, Martin and
Oliveira?* using a range of extrapolation schemes for CCSD-
(T) energies, demonstrated an even higher level of accuracy of
0.24 kcal mot?! in the computation of heats of formation of
some 30 small first- and second-row molecules.

The major part of the work reported in this paper was carried
out using the G3 and G2(MP2) levels of theory. Unfortunately,
given the current limitations of our computing resources, it was
not practicable to carry out G3 calculations for molecules with
more than six heavy atoms. To treat larger molecules, we
propose two approximations to G3 in the spirit of G3(MP2)
and G2(MP2% that, in our view, retain the major advantages
of G3 while offering considerable reductions in computational
cost. To develop and justify the proposed approximations, we
write the (vibrationless) equilibrium G3 energy (at the MP2/6-
31G(d) geometry)E«(G3), as

The resulting triplet biradical could (a) simply decompose to
the triplet CRCF: and CKO, (b) undergo a 1,2 F-atom shift
and decompose to form @EF, + CFO, and (c) lose fluorine

to yield CRCFCF=O0 + F. Some of these reactions were also
studied using ab initio techniques, and the thermochemical
information generated was subsequently used in the kinetic
modeling studies of Hynes et l.

The most recent work in this area has been the shock-tube
kinetic study? of the high-temperature reaction of H atoms with
hexafluoropropene (§E¢) over the temperature range of 1250
1550 K, in an effort to understand the role thaFgplays in a
flame, given that it is a pyrolysis product oHzheptafluoro-
propane. Addition of H across the double bond yieldss-CF
CHFCF, or CRCFCHF,, which can then decompose by CC
bond scissions to yield GFH- CHFCF,, CRCHF + CF,, etc.,
or after F loss, CFCHF + CF,. Again, ab initio calculations
were performed to compute, in particular, the heats of formation
of the hexafluoropropyl radicals.

The current work, including the computation of heats of
formation of C1, C2, and C3 halons (closed-shell singlets,
radicals, and carbenes), therefore, complements and extends th
thermochemical database representir8 years of experimen-
tal work by numerous scientists, as well as ab initio theoretical
work principally by Westmoreland, Zachariah, and co-
workerg-31+13 gnd by Francisco and co-workéts!” over the
last 7 years. Initially, during 1998, we undertook the computa-
tion of the heats of formation of those halons that were of
immediate importance in the kinetic modeling studies using the
approximate Gaussian-2 technique, G2(ME2n an effort to
maximize the accuracy of the computations, where possible,
we calculated the heats of formation of the species of interest
via suitable isodesmic reactions, i.e., utilizing G2(MP2) heats
of reactions in conjunction with accepted literature values for
all other species in the reactions. Although this approach is
generally more accurate than using computed atomization
energies, its accuracy is also limited by the reliability of the
available literature data.

An important advance in the computation of thermochemistry,
especially that of fluorine-containing molecules was made, E(G3) = E[QCISD(T)/6-31G(d)+ AE(+) +
however, by the introduction of Gaussian-3 (G3) thébigward AE(2df,p) + AE(G3large)+ E(SO)+ E(HLC) (10)
the end of 1998. It has been demonstrated to be significantly
more accurate than Gaussian-2 (825 well as computationally ~ where AE(+), AE(2df,p), AE(G3large),E(SO), andE(HLC)
cheaper. This has subsequently prompted us to recalculate, usingre corrections for diffuse, higher polarization, and larger basis
G3, all heats of formation that we previously obtained at the set effects (that include coreralence correlation and nonad-
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ditivity), spin—orbit, and the so-called “higher-level” corrections, exponential/Gaussian function

respectively, as defined by Curtiss etfaln G3, AE(+) and

AE(2df,p) are evaluated at the MP4(SDTQ) level, while E(X) = A+ Bexp(l—x) + Cexp[-(x— 17 (14)
AE(G3large) is obtained from MP2 energies, including MP2-
(full)/G3large. As the most expensive step in a G3 calculation
is the MP4(SDTQ)/6-31G(2df,p) computation of the energy in
AE(2df,p), which is dominated by the evaluation of the triple
excitations’ contribution, an obvious and reasonable approxima-
tion to G3 is to calculate the contributionsAd(2df,p), or even
both AE(+) andAE(2df,p), at a lower level, such as MP4(SDQ),
MP3, or even MP2. Thus, we define the G3(MP4SDQ)
approximation as

and to the asymptotic formula

EX)=A+B/(,.+ 1/2) (15)

max
whereA, B, andC are (fitted) constants arldax is the highest
angular momentum quantum number in the basis set. The
constantA thus represents the complete basis set (CBS) limit
to the valence (R)CCSD(T) energy-{> ). Using the notation

of Dixon and FelleE® the resulting extrapolated energies are

E [G3(MP4SDO)= E(OCISD(T)/6-31G(d denoted CBS(aDTQ/mix) and CBS(aTR{, indicating the
dG3( Q= EQ M (A extrapolation technique and the sequence of basis sets used. Note
AE(H)wpaspo T AE(2df,Plupaspg T AE(G3large)+ that thelmaxtype fit utilizes only the (augmented) triple and

E(SO)+ E(HLC) (11) quadrupleg basis sets. The extrapolated energies were then
. . . corrected for corevalence correlation (CV corr) using the cc-
The MP2 alternative then trivially results in the G3[MP2(full)] pCVQZ basi$-38by computing the difference between the all-
approximation electron (R)CCSD(T)/cc-pCVQZ and valence (R)CCSD(T)/cc-
_ pVQZ energies. The energies were further corrected for scalar
E{G3[MP2(full]} = E[QCISD(T)/6-31G(d)i+ relativistic effects, by computing, using first-order perturbation
E[MP2(full)/G3large]— E[MP2/6-31G(d)]+ E(SO)+ theory, the Darwin and mass-velocity contributiGh4? As in
E(HLC) (12) our previous work on the heats of formation of halocarbées,
. these relativistic corrections were computed at the complete-
The G3[MP2(full)] method is, of course, closely related to the 5¢tive-space second-order perturbation theory (CASPT2) level
G3(MP2§! method. In the latter, the MP2 correction does not ¢ theory1:42 with full-valence complete-active-space self-

@nclude core-valence correlation, and thus, the G3large basis ¢qgnsistent-field (CASSCE*reference states using the G3large
is reduced to the smaller G3MP2large set. sis

basis.

The proposed G3[MP2(full)] and G3(MP4SDQ) methods can  agter combining the molecular electronic and zero-point
be further improved by optimizing the HLC terms, as done for iprational energies and correcting the computed atomic energies
G3(MP2). As discussed in the following section, to minimize o spin—orbit coupling, the atomization energies at 03D,
the deviation between the G3 and G3(MP4SDQ) or G3[MP2- gnq hence the heats of formation at 0 K, were computed. By
(full)] heats of formation for the molecules studied in this work, adding toAng the appropriate enthalpy differenced,gs —
we propose an adjustment to the HLC terms of the atoms only, py s - for which accurate experimental values are available in

viz., to C andD, in the expression the case of the elements and which can be readily calculated

for the molecule of interest from the rotational constants and
E(HL = — — D(n, — 1 - ) . .
(HLC atoms)= —Cn; = D(n, — 1) (13) vibrational frequencies, the heats of formation at 298 K are
For G3(MP4SDQ), these are (in HEC = 5.708 andD = readily obtained, as discussed in detail by Curtiss € al.
0.922 while for Gé[MPZ(fuII)] they ar€ = 6.461 and = All Gaussian3 and related calculations were carried out using

the Gaussian 98 prograrfisThe (R)CCSD(T) and ROMP2

0.979. The equilibrium geometries and vibrational frequencies A f .
computations of the CBS studies were performed using the

in all of these approximate G3 schemes are identical to those 46-28 9 o .
defined by G3. MOLPRO; CADPAC62 and ACES?° programs, while

A group of small molecules, namely, the closed-shell HCCH, MOLCAS4*! was used to carry out the CASPT2 relativistic

HCCF, and FCCF acetylenes, and the HCC, FCC, and the correction calculations. All computations were performed on
formyloxyl (HCOO) radicals, were chosen for a more extensive DEC alpha 600/5/333 and COMPAQ XP1000/500 workstations

computational study, in which their heats of formation were ©°f the Theoretical Chemistry group at the University of Sydney.

computed by a complete basis set extrapolation technique, a
recommended by Dixon and Fel®In this work, the equi-
librium geometries were optimized at the CCSD(T)/cc-pVTZ Heats of Formation from G3 and Related Atomization
level. The zero-point vibrational energies of these molecules Eenergies.The G3 energies (including zero-point vibrational
(with the exception of HCOO) were calculated at the MP2/cc- contributions) for the €and G halons are listed in Tables 1
pVTZ level and scaled by a factor of 0.96, as in previous work and 2, respectively, along with the heats of formation at 298 K
by our group® [A very similar factor, 0.9646, was proposed that were obtained from atomization energies computed at the
by Pople et a2 for the scaling of zero-point energies obtained G3, G3[MP2(full)], G3(MP4SDQ), and G2(MP2) levels of
at the MP2(full)/6-31G(d) level.] The open-shell coupled-cluster theory. The appropriate atomic data used in the computation of
and MP2 calculations were carried out using the restricted the molecular atomization energies and heats of formation are
formalisms, viz., RCCSD(T) and ROMP2. As discussed in a given in Table S1 of the Supporting Information. As the
subsequent section, the HCOO frequencies were taken from thegeometries of the majority of these molecules, calculated at the
published work of Rauk et &f. SCF/6-31G(d) level, were published by Zachariah et #ie

The electronic energies of the molecules and their constituentMP2(full)/6-31G(d) geometries obtained in our work are not
atoms were computed at the valence (R)CCSD(T) level using included in this paper. However, as all rotational constants and
the sequence of (diffuse function) augmented correlation- vibrational frequencies are given in Tables-S4 of the
consistent basis sets aug-ccyay x = 2 (D), 3 (T), and 4 Supporting Information, any additional thermochemical data
(Q) 3536 The resulting energie(x) were then fitted to a mixed  could readily be generated by the interested reader. Tables 1

SResults and Discussion
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TABLE 1: C . Fluorohydrocarbons: G3 Energies and Computed and Literature Values of Heats of Formation (in kcal moit
unless Indicated Otherwise)

Anggs AfH(2)98 Ang% Anggs Anggs Anggs diff
molecule Eo(G3)/E, G3 G3[MP2(full)] G3(MP4SDQ) G2 G2(MP2) literature G3—lit
CHa —40.45762 —18.1 —-17.5 —18.7 —18.6 —18.1 —17.90+ 0.08 —-0.2
CHsF —139.64964 —56.9 —56.3 —57.3 —58.3 —58.6 —55.6+ 2.0¢ -13
CH.F, —238.86227 —108.4 —107.9 —108.8 —110.8 —111.6 —108.14 0.4 —-0.3
CHR; —338.08656 —167.1 —166.9 —167.6 —170.9 —171.8 —166.7+ 0.6¢ —-0.4
CFh —437.30780 —223.9 —223.7 —224.7 —228.6 —230.1 —223.04+ 0.4 -0.9
—223.1+1.1° -0.8
CHs —39.79329 34.0 34.5 33.4 35.1 35.6 3%D0.1 -11
CH.F —138.98968 7.7 7.4 —8.3 -7.9 —7.8+2.0 0.1
CHR —238.20132 —58.6 —58.6 —59.2 —60.6 —59.2+2.00 0.6
Ch —337.41737 —112.2 —-112.3 —112.9 —114.7 —115.8 -112.8 —0.6
—112.5+ 1.0 —-05
CH; (*Ay) —39.10301 101.9 102.2 101.2 101.4 101.7 108.0.7 0.2
102.6+ 1.0¢ —-0.7
CHF —138.34011 34.8 34.7 34.4 317 32.6 343.0 0.6
35.1+ 1.0¢ -0.3
Ck —237.60041 —46.6 —47.2 —47.0 —48.2 —50.7 —44.6" —2.0
-44.0 —2.6
—45.9+ 0.3 —-0.7
CH —38.45831 141.1 141.3 140.4 141.9 142.2 142.0.1° -0.9
CF —137.72111 58.0 57.6 57.4 57.0 59:40.3 —-1.4
CHO —114.43106 —26.6 —26.5 —26.3 —27.9 —26.5 —26.0+ 1.5 —-0.6
CHFO —213.66577 —92.0 —92.0 —91.7 —93.0 —90.0+ 3.6°° —2.0
—91.6+ 1.7 0.4
CRO —312.88194 —145.7 —145.7 —145.5 —148.6 —147.8 —152.7£ 0.4 7.0
—1459+ 0.8 0.2
CHO —113.79156 9.7 9.4 10.0 9.3 10.8 9.260.20 —-0.3
CFO —213.00549 —42.7 —43.0 —42.4 —43.0 —385+ 1.7 —4.9
—44.0+ 0.5 1.3
CHzOH —115.62921 —48.1 —47.3 —47.8 —49.4 —47.8 —48.1+ 0.15° 0.0
CH,FOH —214.84531 —101.9 —101.1 —101.4 —102.9
CHF,OH —314.07127 —161.6 —161.0 —161.2 —163.9
CROH —413.29243 —218.3 —217.7 —218.1 —222.1 —217.7£2.0¢ —4.8
CH:OF —214.71751 —215 —20.1 —21.1 —21.9 —17.3+ 3.0° —4.2
CH.FOF —313.92729 —-71.2 —69.9 —70.7 —73.1
CHFR,OF —413.14211  —123.9 —122.7 —123.6 —126.4
CROF —512.35912 —178.0 —176.8 —-177.8 —183.0 —173.0+ 2.0¢ 4.8
CH:0 —114.96272 4.9 5.6 4.3 7.0 440.2¢ 0.8
CH.FO —214.17891 —48.9 —48.4 —49.3 —48.3
CHRO —313.38786 —98.0 —97.6 —98.6 —99.0
CRO —412.60361 —151.2 —150.9 —151.9 —153.8 —149.2+ 2.0¢ 55
CH.OH —114.97710 —3.9 —3.4 —-3.7 —3.8 21 -29+1.0 —-1.0
CHFOH —214.18595 —53.0 —52.6 —52.7 —54.9
CROH —313.40523 —108.7 —108.3 —108.4 —110.0
CH.OF —214.05996 26.1 27.3 26.5 27.2
CHFOF —313.25679 —15.3 —14.2 —15.3 —18.0
CH;OO0H —190.72485 —30.1 —28.7 —29.0 —28.9 —33.2 3.1
—31.3+ 2.0 1.2
CFOO0OH —488.37663 —193.1 —191.8 —192.2 —194.9
CH;00 —190.09001 2.9 4.1 3.0 5.7 2.2 0.7
CR00 —487.73047 —152.9 —151.9 —153.0 —154.7 —144.0+ 3.0° —8.9
HCOOH —189.65671 —90.6 —90.2 —89.4 —-925 —85.6 —90.5+ 0.1n° -0.1
FCOOH —288.87711 —146.9 —146.6 —145.8 —145.4
HCOO A1) —188.98028 —-31.1 —30.3 —29.7 —26.8 —37.7+ 3.0¢ 5.6
—29.3+ 1.0¢ —2.8
FCOO ¢B,) —288.19901 —86.5 —86.1 —85.5 —85.5
CH,OHOH —190.82596 —93.9 —92.8 —92.6 —92.7 —93.5+ 2.0 —-0.4
CROHOH —389.27646 —212.3 —211.3 —211.1 —213.7
OCH,OH —190.15797 —39.9 —39.0 —39.5 —37.0
OCF,OH —388.59024 —146.9 —146.2 —146.7 —139.3

aG2 results from refs 12, 20, and 52Experimental value unless otherwise indicated by italics and footnoReference 53¢ Reference 54.
e CCSD(T)/CBS computations, ref 55Reference 56¢ Reference 57" Reference 58.CCSD(T)/CBS computations, ref 27, with thermal corrections
from this work.l Reference 5% CCSD(T)/CBS computations, ref 32Reference 60" Reference 61" Reference 62° Error as given in ref 3.
P Reference 634 CCSD(T)/CBS computations, ref 26, with thermal corrections from this wdReference 645 Reference 65.Reference 66.
Y Reference 67: Reference 68" Reference 69¢ Reference 70" Reference 71.

and 2 also contain current literature data, i.e., experimental However, in some instances, larger discrepancies, in excess of
values and/or the results of accurate, high-level ab initio 2 kcal mofll, are noted, e.g., for GB, CFO, CECF, CRO,
computations. In the majority of cases, the G3 heats of formation and HCOO. The first three of these molecules were recently
agree with the literature values tel kcal mol?, once the subject of an extensive theoretical study by Dixon, Feller,
allowance is made for the quoted uncertainties in the latter. and Sandroné2” who concluded that the heats of formation
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TABLE 2: C; Fluorohydrocarbons: G3 Energies and Computed and Literature Values of Heats of Formation (in kcal moit
unless Indicated Otherwise)

AfH(z)gs AfH(z)gs Anggs Anggs Anggs AfH(z)ga diff
molecule Eo(G3)/E, G3 G3[MP2(full)] G3(MP4SDQ) G2 G2MP2 literature G3—lit

CHsCH;s —79.72340 —20.4 —-19.9 —20.9 —20.6 —19.9 —20.1+ 1.0°¢ -0.3

CH:CH3F —178.92623 —65.7 —65.2 —66.1 —-71.2 —66.8 —66.1+ 1.C¢ 0.4

CH.FCHF —278.12348 —107.3 —106.9 —107.6 —109.9 —110.9 —103.7+ 2.8 —3.6

CH:CHFR, —278.14559 —121.3 —120.9 —121.6 —123.9 —123.9 —-119.7£ 1.9 -1.6

CHF,CHyF —377.33990 —161.1 —160.7 —161.3 —164.2 —165.3 —158.94+ 1.00 —2.2

CH:CF; —377.37214 —181.3 —181.0 —181.7 —184.5 —185.3 —178.2+ 0.4 —-31

CHF.CHFR, —476.55281 —212.5 —212.2 —212.7 —216.7 —216.9 —209.84+ 4.7 —2.7

CH.FCR; —476.56312 —219.0 —218.7 —219.3 —223.3 —224.7 —214.1+2.(¢ —4.9

CHF.CR; —268.2 —268.8 —273.9 —264.0+1.18

CRCRs —323.8 —324.5 —330.7 —320.9+ 1.9

CHzCH; —79.06400 28.7 29.0 28.0 29.9 30.7 28:3.0°¢ 0.4

CHy;FCH, —178.26370 —14.7 —14.4 —15.2 —14.4 —14.2+ 2.0 —-0.5

CHs;CHF —178.26902 —18.2 —18.0 —-18.7 —18.0 —16.84+2.0 1.4

CH,FCHF —277.46342 —58.1 —58.0 —58.6 —59.6 —57.04+ 3.0 -1.1

CHF,CH, —277.47984 —68.3 —68.0 —68.7 —69.5 —68.3+ 3.6 0.0

CHs:CR, —277.48538 —-71.9 —-71.9 —-725 —73.5 —72.3+2.0 0.4

CH.FCF, —376.67696 —110.0 —110.0 —110.5 —113.3 —107.5+ 3.6 —-25

CHF.CHF —376.67800 —110.6 —110.6 —-111.1 —113.6 —109.0+ 3.6 -16

CRCH: —376.70469 —127.3 —-127.1 —-127.7 —129.8 —123.6+ 1.0 —3.7

CRCHF —475.90075 —168.3 —168.3 —168.8 —172.7 —162.7+ 2.3 —5.6

CHFE.CF, —475.88795 —160.3 —160.4 —160.7 —165.0 —158.9+ 4.5 —-1.4

CRCR —216.5 —216.9 —213.0+ 1.0

CH.CH; —78.50742 12.3 11.7 12.1 12.8 13.2 12:649.07 -0.3

CH.CHF —177.71256 —34.4 —35.1 —34.5 —34.9 —35.0 —33.5+£0.6" —-0.9

CHFCHFZ —276.90631 —73.8 —74.6 —73.9 —76.0 —71.0+ 2.4 —2.8

CHFCHFE —276.90730 —74.5 —75.3 —74.7 —76.9 —70.0+ 2.4 —4.5

CH:CF, —276.92299 —84.5 —85.2 —84.6 —86.4 —80.4+£1.0" —4.1

CHFCR, —376.11080 —120.1 —120.9 —120.2 —123.7 —117.4+£2.2" —2.7

CRCR —475.30917 —162.3 —163.2 —162.6 —165.6 —167.5 —157.44+ 0.7 —4.9
—160.6+ 1.5 -1.7
—160.5+ 1.9 -18

CHsCH —78.38810 87.5 87.4 87.0 87.7

CH.FCH —177.59324 40.7 40.6 40.5 39.6

CHFCH —276.79338 —12.1

CRCH —376.01256 —58.2 —58.2 —58.5 —63.4

CHsCF —177.62985 17.9 175 17.6 16.2

CH.FCF —276.82347 —21.7 —22.1 —21.9 —25.2

CHF.CF —376.02767 —67.7 —68.1 —67.9 —73.0

CRCF —475.24834 —124.0 —124.4 —124.2 —131.0

CH.CH —77.83307 70.5 70.0 70.2 72.7 73.4 T£®.8 -11

CHFCH-Z —177.03040 28.7 28.1 28.4 29.8

CHFCH-E —177.03102 28.3 27.7 27.9 29.4

CHCF —177.03465 26.0 25.3 25.6 26.9

CHFCF-z —276.22409 —10.8 —11.6 —-11.2 —-11.7

CHFCF-E —276.22357 —10.4 —-111 —10.8 —11.2

CRCH —276.23666 —18.7 —-19.4 —-19.1 —19.2

CRCF —375.42392 —54.0 —54.8 —54.4 —56.4 —459+ 2.(¢ —-8.1

CHsC —77.75331 120.6 120.4 120.0 122.0

CH.FC —176.95053 78.8 78.6 78.4 78.6

CHEC —276.14927 36.1 35.8 35.6 34.8

CRC —375.36705 —18.4 —-18.7 —18.9 —22.0

HCCH —77.27596 54.9 53.6 556.3 55.8 56.3 54.D.24 0.7

HCCF —176.45463 24.8 23.4 25.0 24.9 30:6.3 —52

FCCF —275.62524 0.0 -16 -0.1 -11 5.0+ 5.0 —5.0

CH.C —77.20691 98.5 97.4 98.3 99.3

CHFC —176.38031 71.5 70.4 71.3 70.4

CRC —275.57646 30.4 29.2 30.2 27.5

CCH —76.56469 136.3 135.1 136.1 138.7 139.4 136.0.0 1.3

CCF —175.73867 109.3 107.8 108.9 110.5 116.6.3 -0.7

CHCO —152.50687 —-12.1 —13.2 —115 —-12.1 —10.4 —11.4+ 0.4 —-0.7

CHFCO —251.68018 —38.8 —39.9 —38.2 —38.9

CRCO —350.86874 —75.0 —76.0 —74.4 —76.5

CHCO —151.84066 40.9 39.8 41.2 43.4 A4HR.0 -1.0

CFCO —251.00583 19.3 18.1 19.6 24.1

CHsCHO —153.71480 —39.8 —39.8 —39.4 —41.0 —39.1 —39.74 0.174 -0.1

CH,FCHO —252.90987 —80.2 —80.2 —79.7 —80.1

CHF,CHO —352.12071 —130.4 —130.4 —129.8 —132.8

CRCHO —451.34093 —186.5 —186.5 —186.0 —190.3

CHsCFO —252.95069 —105.8 —105.8 —105.4 —107.7 —106.2

CH,FCFO —352.14170 —143.6 —143.7 —143.1 —144.7

CHF.CFO —451.34766 —190.7 —190.8 —190.2 —194.6
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TABLE 2: (Continued)

Anggs Anggs Anggs Anggs AfH(z)gs A H(z)gs
molecule Eo(G3)/E, G3 G3[MP2(full)] G3(MP4SDQ) G2® G2MP2 literature diff
CRCFO —550.56716 —246.3 —246.3 —245.8 —251.4
CHsCO —153.07373 —-2.5 —2.7 —-2.1 —2.8 -0.9 —24+03 —-0.1
CH.FCO —252.26707 —41.9 —42.1 —41.5 —41.7
CHF,CO —351.47501 —90.3 —90.5 —89.8 —-92.1
CRCO —450.69399 —145.6 —145.9 —145.2 —148.9

2 G2 results from refs 12, 20, and 52Experimental value unless otherwise indicated by italics and footnoReference 724 Error as given
in ref 3. ¢ Reference 73.BAC-MP4, ref 3.9 Reference 74" Reference 75.Reference 76.Reference 61X Reference 77.Reference 53" Reference
58. " Reference 782 CCSD(T)/CBS computations, ref 27, with thermal corrections from reP&3CSD(T)/CBS computations, ref 55Computed
at HF/6-31G(d) geometry, see textReference 56° Reference 79.Reference 57 Reference 80 Reference 62.

of these moleculest® K are—145.2+ 0.8,—44.14+ 0.5, and to those under study, i.e., that have the same type of bonds.
—159.84 1.5 kcal mot?, respectively, values that differ from  Given the demonstrated accuracy of G3 theory in the calculation
the accepted experimental estimates by up to 6 kcaf himit of atomization energies, we do not expect major improvements
are consistent with the G3 predictions. The theoretical value in the heats of formation by recalculating these from suitable
for tetrafluoroethylene has been recently confirmed by the high- isodesmic reaction energies. What we do expect, however, is a
level computations of Bauschlicher and Rié&ayho obtained higher level of consistency between the four methods used, viz.,
Anggs = —160.5+ 1.5 kcal moll. The remaining problem  G3, G3[MP2(full)], G3(MP4SDQ), and G2(MP2), than observed
cases, including G, will be discussed in the next section on for the data in Tables 1 and 2. Therefore, the application of
isodesmic calculations. We note also that, for a number of isodesmic schemes to the heats of formation obtained from
systems, no errors are quoted in the literature cited, so for theseatomization energies can also be regarded as a test of the
we have quoted the estimated errors of Zachariah%®®al the consistency of the calculations and their results.
whole, the G3[MP2(full)] and G3(MP4SDQ) results are in There are relatively few bond types among the molecules in
reasonable agreement with those obtained by the applicationthis study (such as€H, C—F, C—C, C=C, C-0, C=0, etc.)
of G3. The average absolute deviations of G3[MP2(full)] and but, as can be noted on inspection of the data in Tables 1 and
G3(MP4SDQ) from G3 are-0.5 and 0.4 kcal mol, respec- 2, the number of molecules with accuratel( kcal moi?)
tively, the largest deviation being 1.6 kcal mbin the case of experimental or computed heats of formation is quite small, so
FCCF. The deviations are significantly larger when the G2- that not all bond types are represented by the selected sef: CH
(MP2) and G3 results are compared, up to 6 kcal thol  CFs CHs, CHy, CF,, CR,0, CFO, CHOH, CH:O, GHs, CoHa,
However, as discussed in the next section, the consistencyand GH». Nevertheless, using these 12 molecules, itis possible
between the computed heats of formation is much improved, to construct isodesmic reactions for the majority of the molecules
once isodesmic reaction schemes are used. studied in this work, as demonstrated by the results summarized
No equilibrium structure was found at the MP2(full)/6-31G- in Table 3. For example, the heats of formation of all
(d) level for the CHECH carbene. The MP2 and the B3LYP/ hydrofluoroethanes can be obtained from the computed heats
6-31G(d) density functional optimizations converged to diflu- of the reactions
oroethylene, CFCH,. These results suggest that GI@H may
not exist as a distinct molecule. Nevertheless, to give an estimate CH.+2cF,—CH. F +%cH (16)
of the energy of this probably metastable carbene, its G3 heat 2% 47 R N

of formation was computed at the HF/6-31G(d) geometry, as . . .
at that level of theory there is a local minimum on the potential and exper_|mental enthalpies of formation ofH, C_3H4, and_
surface for CHECH. CF4. As discussed by Berry et df,such use of isodesmic

Comparison of the G3 heats of formation with the BAC- reactions is equivalent to the application a bond-additivity

MP4 values for the €and G halons studied by Zachariah et ~ COITection to the heat of formation of the molecule of interest,
al3 suggests remarkably good agreement on the average, thd€- GHe-xFx in the current example. Such a bond-additivity-
mean absolute deviation between the two sets being just 1.6C0rrected enthalpy of formation is then written as
kcal mol™L. Although the agreement is mostly excellentl( 0
kcal mol® or better), for a number of molecules, e.g., FCCF, AiHZedBAC) =
CCH, CH and CHFOF, substantial disagreementH kcal Anggg(caIc)— Ace— (6= XAy — XAce (17)
mol~1) has been noted.

Heats of Formation from G3 and Related Isodesmic where AiHgcalc) is the enthalpy of formation of s ,Fx
React!on Enthalpies.The calculation of accurate atomization  cgjculated from its atomization energy. The bond correction
energies, and hence heats of formation, is a stringent a”dparameters&cc, Ach, andAcr are obtained by comparison of

demanding test of the quantum chemical methodology, as thene calculated and experimental heats of formation of the
molecules of interest and their constituent atoms need to be eference molecules;8s, CHs, and CH, e.g.

described in an accurate and balanced manner. It has long been
recognized, however, that the computation of isodesmic reaction
energies, in which the number of bond types is conserved, is
much less demanding with respect to the resolution of electron
correlation. Therefore, reasonably accurate predictions of heats As expected, the G3, G3[MP2(full)], G3(MP4SDQ), and G2-
of formation are possible by utilizing isodesmic schemes, even (MP2) heats of formation obtained from the corresponding
at relatively low levels of theory. However, the success of such isodesmic reaction enthalpies, as listed in Table 3, are in much
an approach crucially depends on the availability of accurate closer agreement than those obtained from atomization energies.
thermochemical data for molecules that are chemically similar The differences are generally no greater than 0.3 kcalol

1
Ach = 3[AHz0CH, — calc) — Ao CH, — exp)] (18)
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TABLE 3:1 C ; and C; Fluorohydrocarbons: Computed Heats of Formation via Isodesmic (ID) Reactions of Selected Species (in
kcal mol~1t)

diff® G3[MP2(full)] G3(MP4SDQ)  G2(MP2) diff

molecule eq G3 1D ID — AE ID ID ID literatures G3(ID) — lit
CHsF 1 —56.5 0.4 —56.4 —56.3 —56.7 —55.6+2.0 —0.9
CH,F, 1 —107.8 0.6 —107.7 —107.5 —108.0 —108.1+ 0.4 0.2
CHR; 1 —166.4 0.7 —166.5 —166.1 —166.5 —166.7+ 0.6 0.4
CHyF 2 —6.5 12 —6.7 —6.3 —6.8 —7.8+£2.0 13
CHFR, 2 —57.2 1.4 —57.5 —57.0 —57.7 —59.2+2.0 2.0
Ck 2 —110.7 15 —111.0 —110.6 —111.3 -112.5+ 1.¢¢ 1.8
CHF 3 35.7 0.9 354 36.0 35.2 35H1.¢ 0.6
Ck 3 —455 0.9 —46.2 —45.1 —46.3 —45.9+ 0.3 1.2
CHF 4 35.1 0.3 35.5 35.6 35.7 35H1.¢ 0.0
CH,O 5 —27.2 —0.6 —27.3 —27.2 —28.0 —26.0 -1.2
CHFO 5 —-92.4 -0.4 —92.5 —92.3 —92.8 —90.0 —2.4
CHO 6 8.0 -1.7 7.9 8.0 7.9 10.4 2.0 -0.9
CH,FOH 7 —101.7 0.2 —101.6 —101.5 —101.5
CHFR,OH 7 —161.2 0.4 —161.2 —161.0 —160.8
CROH 7 —217.8 0.5 —217.7 —217.7 —217.2 —213.5 —4.3
CH,FO 8 —49.6 -0.7 —49.7 —49.4 —49.6
CHFR0O 8 —98.6 —0.6 —98.7 —98.5 —98.6
CRO 8 —151.6 -0.4 —151.7 —1515 —151.7
CH;CH,F 9 —65.2 0.5 —65.1 —65.1 —65.3 —62.9+ 0.4 —2.3
CH,FCH,F 9 —106.6 0.7 —106.5 —106.3 —107.7 —103.7+ 2.8 —-2.9
CH;CHFR, 9 —120.6 0.7 —120.5 —120.3 —120.7 —119.7£ 1.5 -1.0
CHF,CH3F 9 —160.2 0.9 —160.1 —159.8 —160.4 —158.9+ 1.0 —-1.4
CH:CR; 9 —180.5 0.8 —180.4 —180.2 —180.4 —178.2+ 0.4 —-2.3
CHFR.CHF, 9 —2115 1.0 —211.3 —211.0 —210.2 —209.84+ 4.2 -1.7
CH,FCRK; 9 —218.0 1.0 —217.8 —217.6 —218.0 —214.1+1.0 —-3.9
CHFRCFR; 9 —267.0 —266.9 —264.0+ 1.1 1.3
CRCR 9 —322.3 —322.3 —320.9+15 -2.1
CH;CH; 10 29.8 11 29.7 29.8 29.7 28.3 15
CHFCH; 10 —13.4 1.3 —13.5 —13.2 —13.6 —11.40£0.24 —-2.0
CH:CHF 10 —16.9 1.3 —-17.1 —16.7 —-17.3 —18.2+1.4 13
CH,FCHF 10 —56.6 15 —56.7 —56.3 —57.1 —57.0£ 3.0 0.4
CHRCH; 10 —67.0 13 —66.9 —66.8 —67.2 —68.3+ 3.6 13
CH:CFR, 10 —70.6 13 —70.8 —70.6 —71.0 —72.3+£2.0 1.8
CH,FCR, 10 —108.5 15 —108.6 —108.4 —109.1 —107.5+ 3.6 -1.0
CHRCHF 10 —109.1 15 —109.2 —109.0 —109.4 —109.0+ 3.6 —0.1
CRCH; 10 —125.8 15 —125.7 —125.6 —125.8 —123.6+1.0 —2.3
CRCHF 10 —166.7 1.6 —166.7 —166.5 —167.0 —162.7+£ 2.3 —4.0
CHFRCF, 10 —158.7 1.6 —158.8 —158.4 —159.3 —158.9+ 4.5 0.2
CRCR, 10 —214.6 —214.3 —213.0£1.0
CH,CHF 11 —34.0 0.4 —34.0 —33.8 —34.0 —33.5+ 0.6 —-0.5
CHFCHF-Z 11 —73.2 0.6 —73.2 —73.0 —73.3 —71.0£ 2.4 —2.2
CHFCHF-E 11 —73.9 0.6 —73.9 —73.8 —74.1 —70.0+2.4 —-3.9
CH.CR, 11 —83.9 0.6 —83.8 —83.7 —83.7 —80.4+1.0 —-35
CHFCR, 11 —119.3 0.8 —119.2 —119.1 —119.3 —117.44+ 2.2 -2.0
CRCFR, 11 —161.3 1.0 —161.2 —161.2 —160.6 —160.5 —0.8
CHxCH 12 71.4 0.9 71.6 71.3 71.7 71460.8 -0.2
CHFCH-Z 12 29.8 11 30.0 29.7 30.0
CHFCH-E 12 29.4 11 29.6 29.2 29.6
CH.CF 12 27.1 11 27.2 26.9 26.9
CHFCF-Z 12 —9.6 1.2 —-9.5 -9.7 -9.9
CHFCF-E 12 —9.2 1.2 -9.0 -9.3 —9.4
CFCH 12 -17.5 12 —-17.3 —17.6 —-17.4
CRCF 12 —52.6 1.4 —52.4 —52.6 —52.9 —45.9+2.0 —6.7
CHsCH 13 88.3 0.8 88.0 88.4 88.2
CHyFCH 13 41.7 1.0 415 42.1 41.9
CHF.CH 13 —10.9 1.2
CRCH 13 —56.9 13 —56.8 —56.4 —57.7
CHsCF 14 18.5 0.6 18.7 18.5 18.8
CH,FCF 14 —20.9 0.8 —20.6 —20.8 —20.9
CHFR.CF 14 —66.7 1.0 —66.3 —66.6 —66.9
CRCF 14 —122.8 12 —122.3 —122.6 —123.9

HCCF 15 24.3 —0.5 24.3 241 24.6 30£5.3 —5.7
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TABLE 3: (Continued)

diffo G3[MP2(full)]  G3(MP4SDQ)  G2(MP2) diff
molecule eq G3ID ID — AE ID ID ID literature G3(ID) — lit
FCCF 15 —04 —0.4 -05 -0.8 0.3 5.0+ 5.0 54
CCH 16 136.2 —0.1 135.6 136.2 136.3 13501.0 1.2
CCF 16 109.4 0.1 108.6 109.4 109.2 118.6.3 ~0.6
a@|sodesmic Reactions:
) (1 - ?JCH4 + 2CF, — CH,_F,
() CHy+5CF—3CH,+ CHy
(3 CH,+5CF,— CH, [+ CH,
4) %CHZ + %CF2—> CHF
(6)  CRO+;CH,— CHF, ,0+75CF,

6)  CFO+ %CH4—>CHO+2—L1CF4

@) CH,OH + ﬁca - 2—‘ch4 + CH,_F,OH

8) CHO + ﬁc F,— ﬁc H, + CH, ,F,0

) CHg + Eca — ECH4 + CH ,F,

(10)  GHy+ CHy+5CF,— (1 + ﬁ)cm +CH, F,
(11) GH,+ ﬁca — ﬁcm +CH,F,

(12)  GH,+ CHy+CF,— (1 + %‘f)CH4 +CH, F,

(13)  GHg+ CH,+CF,— (1 + ﬁ)cm + CH, F.CH

(14)  CHe+CF+ %lca — (%B)CHA +CH, F,CF

(15)  GH,+ 3CF— 3CH, + CH, JF,

(16)  GH,+ CH,+CF,— (1 + i—‘l)cm +CH, F,

b Difference between G3 heats of formation obtained via isodesmic (ID) reaction and atomization energyE@t€yimental value as in Tables
1 and 2, unless otherwise indicatddCCSD(T)/CBS computations, ref 27, with thermal corrections from this wo@CSD(T)/CBS computations,
ref 32.

Clearly, considerable error cancellation occurs when we computebelieve that, in the case of such molecules, the precision in the
the heats of isodesmic reactions. It is worth noting also that all literature values is considerably less than implied by the quoted
empirical HLC contributions to the Gaussian-2, -3, etc. energies errors.

completely cancel when one computes isogyric or isodesmic  |n Table 4, we summarize the heats of formation for the C
reaction energies. Nevertheless, the differences between the G3ystems that were of direct interest in the kinetic modeling
heats of formation when obtained from atomization energies studies of Hynes et &P The various schemes yield very
and isodesmic reaction enthalpies are moderately smal9 consistent results in that the isodesmic heats of formation are,
kcal mol~t on the average and no larger than 1.6 kcalthol  with one exception, within 0.2 kcal miol of each other and up
This is, of course, expected, given that the heats of formation to ~3 kcal mol? higher than those obtained from atomization
of the above 12 reference molecules are quite accuratelyenergies. The variations are largest for hexafluoropropene and
predicted from the G3 atomization energies. On the other hand,the hexafluoropropyl radical. Utilizing the isodesmic results,
in the case of certain heats of formation, such as those g@9CF  we estimate the heats of formation of these two species as
CH,FCFR;, and CRCHF, where initially large discrepancies$ —276.2+ 2 and—266.4+ 3 kcal moil, on the basis of the
kcal molY) between the G3 and literature values were noted spread of computed values and the expected intrinsic accuracy
(see Table 1), the application of isodesmic, viz., bond-additivity, of the G3 method. Given the good agreement between the
corrections does not significantly improve the situation. We computed (isodesmic) and experimental heats of formation for



7608 J. Phys. Chem. A, Vol. 104, No. 32, 2000 Haworth et al.

TABLE 4: C 3 Fluorohydrocarbons: G3 Energies and Computed Values of Heats of Formation from Atomization Energies
(AE) and Isodesmic Reactions (ID), as Specified (in kcal mot unless Indicated Otherwise)

AfH(2)98 Anggs AfH(z)gs
G3 G3[(MP2(full)] G3(MP4SDQ) AHO
298

molecule Eo(G3)/E, AE ID AE ID AE ID expt
CH;CHCH, —117.78219 4.7 5.0 3.8 4.8 4.6 5.0 488
CH3CHCH, —118.33332 245 25.7 24.6 255 23.8 254 2305
CRCFCR, —713.01767 —277.6 —276.2 —278.3 —275.6 —277.5 —275.7 —275.3+ 1.1¢
CRCHFCR —269.1 —266.5 —269.3 —266.3

a |sodesmic Reactions: 3 5
CH,CH; + CH,CH, + ECF“ — CF,CFCFE, + ECH“
2CH,CH, + CH, + %’ca — CF,CHFCF, + %CH4
CH,CH,; + CH,CH, — CH,CHCH, + CH,
2CH,CH; + CH; — CH,CH,CH, + 2CH,

b Reference 81¢ Reference 82¢ Reference 83.

TABLE 5: Comparison of G2 and G3 Methods: Analysis of Atomization Energies (kcal mot?) of CH4, CH3F, CH,F,, CHF;3,
and CF,

CHa CHsF CHyF> CHR; CFs
G2 G3 G3-G2 G2 G3 G3-G2 G2 G3 G3-G2 G2 G3 G3-G2 G2 G3 G3-G2
AE [QCISD(T)] 401.6 3829 —18.6 3979 3854 —125 408.2 4029 -53 425.8 4295 3.7 441.4 4545 13.1

AAE [MP4/(+)] -04 -13 -09 1.9 13 -06 1.6 -01 -17 —02 -51 -50 -2.8 —123 -95
AAE [MP4/(2df,p)] 57 265 207 109 249 140 167 238 71 232 233 01 301 2356
AAE [MP2/(large)] 4.3 27 —16 42 1.7 25 42 15 -27 42 16 —26 43 21 -22
AAE [ZPE] —26.8 —26.8 0.0 —23.8 —23.8 00 -202 —202 0.0 -158 -158 0.0 -107 —10.7 0.
AE (valence) 384.5 3840 —05 391.1 3895 -15 4105 407.9 —2.6 437.4 4335 —3.8 4624 4572 —52
AAE [CV] 00 11 1.1 00 1.2 1.2 00 14 14 00 17 17 00 19 1.9
AAE [HLC] 87 77 -10 87 80 -07 87 83 —04 87 86 —01 87 89 02
AAE [Spin—Orbitf 0.0 —0.1 —0. 00 —05 —05 00 —09 -09 00 -12 -12 00 -16 -16
AE (totalp 393.2 3928 —0.4 399.8 3983 -15 4192 4167 -25 4461 4425 —35 4711 4664 —4.7

2 AE (valence)= AE [QCISD(T)] + AAE [MP4/(+) + MP4/(2df,p)+ MP2/(large)+ ZPE].? AE (total) = AE (valence)+ AAE [CV + HLC
+ Spin—O0rbit].

'S

N

o
|

CF,

propene, n-propyl, and hexafluoropropene, we expect the
computed value for hexafluoropropyl, viz;266.4+ 3 kcal
mol~1, to be similarly reliable.

Comparison of G2 and G3 Methods: Analysis of Atomi-
zation Energies of Fluoromethanes.As the results of the
previous sections clearly indicate, the G3 method is superior to
G2 and G2(MP2) in the prediction of heats of formation of
fluorohydrocarbons from the computed atomization energies.
In an effort to gain some understanding of the reasons for this,
we carried out an analysis of the G2 and G3 energetics for the
fluoromethanes Cl CHsF, CH;F,, CHF;, and CR, in which
we compare the individual contributions to the composite G2
and G3 atomization energies.

Using the decomposition scheme of eq 10, we list in Table )
5 the G2 and G3 atomization energies (AE) obtained by the AE [G3 (total)] /kecal mol
appropriate QCISD(T) calculations, followed by the MP4 and Figure 1. Comparison of G2 and G3 atomization energies of
MP2 corrections (for basis incompleteness) and the zero-pointfluoromethanes: correlation of the QCISD(¥) MP4/(+) + ZPE
corrections. Up to this point, the differences between G2 and comPonents with the G3 total atomization energies.

G3 are due to the different “parent” bases, 6-311G(d,p) for G2 . . . .
and 6-31G(d) for G3, and the different “large” bases, 6-B61 term_s. While these are relatively cons_tant in the G3 calculations,
(3df,2p) for G2 and the G3large set for G3. Note that, thus far, aNging from 23.3 to 26.5 kcal mol, in the case of G2, they

all correlated energies, including the MP2/(large), are valence Vary from 5.7 to 30.1 kcal mot. In contrast with these
only, and thus, the sum of these contributions is denoted AE- corrections, the MP4#) corrections are more significant for
(valence). The corevalence correlation (CV) corrections to the  G3, especially in CHEand Ch. These trends point to some
G3 energies are listed separately, along with the empirical HLC basic differences between G2 and G3 in the quality of the
terms and the spinorbit coupling corrections that are implicit ~ respective QCI energies and the relative importance of the MP4/
in G3 and, finally, the resulting total atomization energies at 0 (+) and MP4/(2df,p) corrections in the two schemes. As a
K. The trends displayed by the data in Table 5 are interesting further illustration of this point, Figure 1 shows a plot of the
and informative. The largest corrections to the QCI values of QCI atomization energies, corrected by the MR4/&nd zero-

the atomization energies (apart from ZPE) are the MP4/(2df,p) point contributions, against the G3 total atomization energies.
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TABLE 6: Computed and Extrapolated CCSD(T) Energies, Core-Valence Correlation Corrections, Zero-Point Vibrational
Energies, Thermal Corrections to Enthalpies at 298 K, and Relativistic Corrections (in k unless Otherwise Indicated)

CCSD(T) CcCcsD(T) CCSD(T) ZPVE Haos

aug-cc-pvQz CBS(mix) CBS(max CV corr? kcal molt kcal mol?* EreP
CoH, —77.21098 —77.22119 —77.22182 —0.11010 16.08 18.50 —0.02956
CFCH —176.35179 —176.37717 —176.37800 —0.17499 12.21 14.93 —0.11622
CoF —275.48392 —275.52446 —275.52548 —0.23992 8.09 11.34 —0.20291
CHZ® —76.48915 —76.49876 —76.49922 —0.10949 8.61 10.94 —0.02957
CF= —175.62574 —175.65050 —175.65120 —0.17442 5.12 8.04 —0.11722
HCOO?A; —188.87336 —188.90056 —188.90120 —0.17690 10.07 12.70 —0.11897
HCOO?%B, —188.87499 —188.90196 —188.90261 —0.17673 11.75 14.27 —0.11885
HCOO?2A' —188.87209 —188.89898 —188.89963 —0.17679 12.03 14.60 —0.11888

H —0.49995 —0.50000 —0.50000 0.0 1.48 0.0
C —37.78660 —37.78940 —37.78950 —0.05317 1.48 —0.01501
O —74.99484 —75.00401 —75.00424 —0.06065 1.48 —0.05230
F —99.65266 —99.66690 —99.66710 —0.06463 1.48 —0.08699

a Core—valence correlation from cc-pCVQZ calculatiofisScalar relativistic correction from CASPT2/G3large calculations.

TABLE 7: Atomization Energies® ¥Dy at 0 K Computed at

The resulting QCISD(T)+ MP4/(+) + ZPE energies, as Various Levels of Theory (in kcal mol-2)

obtained in the G2 and G3 calculations, correlate linearly with

Atk . CCSD(T)
the benchmark G_3 (tota.l) atomization energies, but the two ceso() ccsp(m) GBS
slopes are very different: 1.03 for G3 and 0.74 for G2. Thus, aug-cc- CCSD(T) CCSD(T) CBS ~ + CV corr
even at this base level of theory, viz., QCISDEF)MP4/(+), pVQZ CBS(mix) CBS(may + CVcorr +rel
the G3 values of these energies scale Slgqlflcantly better Wlth CoH, 384.02 386.85 387.12 389.34 389.04
the number of fluorines than the corresponding G2 values. This, CFCH 380.03 383.48  383.75 386.13 385.63
of course, is also reflected in the large variation in the MP4/ CaF; 370.85 37491 37518  377.75 377.06
(2df) corrections in the case of G2, as remarked above. This C2H 25225 25474 25491 25679  256.50

SN : , CF 24525 24835 24853  250.60  250.72
bhehé"z'or points to some !nbaLange ('j" the Qcc'j Comp?’”e"; %f HCOO?A, 364.63 367.87 367.92  369.41  369.01
the atomization energies that 1s due to Iina equacies o t eHC00282 363.98 367.07 367.12 368.51 368.02

6-311G(d,p) basis. HCOO2A' 361.34  364.92 364.97 366.40  365.94
Core-valence correlation increases the G3 atomization _ . . . . -

ies by 141.9 kcal mot?, while spin-orbit coupling Using atomic energies corrected for sprbit contributions (from

energies by Lxl. ' ref 19).° Average of CBS(aDTQ/mix) and CBS(aTiQ4) results.

corrections change them by0.1 to—1.6 kcal mot, resulting ¢ Scalar relativistic corrections from CASPT2/G3large calculations.
in net changes of 0:31.0 kcal mot?. The G2 and G3 HLC

contributions to the atomization energies differ by 1.0 kcalthol ~ method of calculation, although the broken symméfystate
at most, but such that they reduce the differences due te-core consistently appeared to be an excited state. According to G3,
valence correlation and spiorbit coupling. Thus, effectively,  the ground state i3A;, but the G3 prediction oﬂng98 =
the differences between the total G2 and G3 atomization —32.1 kcal mot? could be regarded as being equally consistent
energies are almost fully reproduced by the valence calculationswith the two conflicting literature values37.7+ 3.0 and—29.3
alone. + 1.0 kcal motl. Consequently, formyloxyl represents an
In summary, the shortcomings of G2 when applied to the interesting and challenging application for a coupled-cluster CBS
above molecules are traced to inadequacies in the 6-311G(d,p)study.
basis. These problems were briefly discussed by Curtiss et al. As indicated in the section on Computational Methods, the
in their first paper on G3, although not actually quantified or CBS energies of the above molecules and their constituent atoms
analyzed, as in our work. were obtained by extrapolating the sequence of valence-
Heats of Formation by Complete Basis Set Coupled-  correlated (R)CCSD(T) energies computed using the audgzpV
Cluster Calculations. HCCH, HCCF, FCCF, CCH, CCF, and (x = D, T, and Q) bases, followed by corrections for cere
HCOO were selected for further study, whereby their heats of valence correlation, scalar relativistic effects, and zero-point
formation are calculated using the coupled-cluster RCCSD(T) vibrational contributions. The latter were computed at the (RO)-
method and large basis sets, allowing the sequences of atomidVMP2/cc-pVTZ level of theory, except in the case of HCOO,
and molecular energies to be extrapolated to the hypotheticalfor which we utilized the CASPT2 harmonic frequencies of
complete basis set (CBS) limit. These small molecules were Rauk et al3*all scaled by 0.96. Table 6 contains a representative
chosen for further study partly because the experimental heatspart of the raw data, viz., the total valence CCSD(T) energies
of formation of several of them (HCCF, FCCF, and CCF) are of the molecules obtained in the aug-cc-pVQZ basis, along with
poorly characterized, with estimated errors~e6 kcal moi?! the corresponding extrapolated values and the-ceaéence
in the literature values. The BAC-MP4 heats of formation for correlation corrections, zero-point vibrational energies, thermal
HCCF, FCCF, and CCH are also at significant variance with corrections to the enthalpies, and scalar relativistic corrections.
the G3 values. The formyloxyl (HCOO) radical is an unusual The resulting atomization energiesteK are given in Table 7.
system in that it has several low-lying electronic states. An Although the effect of the extrapolation on the total molecular
excellent summary of the theoretical literature on this interesting energies is~10—25 kcal mof! in comparison with those
molecule is provided in a relatively recent paper by Rauk et obtained at the CCSD(T)/aug-cc-pVQZ level of theory, the
al.3* who also report the results of an extensive CASPT2 and effect on the atomization energies is a modes# &cal moi.
multireference CI (MRCI) study of formyloxyl. Rauk et al. were  The mix andyax methods yield comparable results, so we chose
unable to conclude unequivocally whether the ground state isto define the CBS atomization energies as the average of the
2A; or 2B,, because the order of the two states (separated by notwo sets of extrapolated values. Ceralence correlation further
more than 2.2 kcal mol) was found to be dependent on the increases the atomization energies\#kcal mol™. The scalar
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TABLE 8: Computed Heats of Formation at 0 and 298 K computed. For most molecules studied in this work, the G3 heats
(kcal mol™) of formation are in good agreement with the available experi-
AHS AH; mental data, attesting to the capability and reliability of G3.

Indeed, there is growing evidence, in the form of accurate ab

CBS G2 G3 CBS G2 G3 expt initio values, that where the discrepancy between G3 and
CH 1%, 542 560 551 540 558 549 54202 experiment is in excess of 2 kcal mé] it may well signal
CFCH I 244 250 248 246 250 248 30353 . o
CFr 13, 02 -07 -05 05 —02 00 -55+50 inaccuracies in the Iattgr. Although for most molecules the G3
CH 2= 1351 137.8 1354 1359 138.7 1363 1350.0F predictions agree well with those of the BAC-MP4 method, there

114.0+ 6.9 are also sizable discrepancies. Given the apparent robustness

CF 2 1077 1094 1080 1091 1107 109.3 11863 of G3 and its relative ease of application, we would certainly
HCOO *A; —29.4 ~31.2 ~30.4 ~30.1 ~31.9 ~31.1 :gggi g'g recommend its use for the computation of thermochemical data.
HCOO 2B, —28.4 —29.9 —28.6 —29.3 —30.7 —29.4 ' ' The use of suitable isodesmic reaction schemes, as expected,
HCOO 2A" —26.3 —27.9 —27.0 —27.1 —28.7 —27.8 has the potential to improve the accuracy and consistency of

a Average of CBS(aDTO/mix) and CBS(aTi results and the predictions, especially when approximate forms of G3 are
including sgcalar relativi(stic cQorrect)ion%Referen(ce %?Reference 53. used, such as G3[MP2(full)] and G3(MP4SDQ), which were
dReference 57¢ Estimated from bond dissociation energies, ref 3. explored in this work along with G2(MP2). Using this approach,
Based onAHS = 28.6 & 0.7 kcal mot? from ref 70, with thermal the heat of formation of the hexafluoropropyl radical, an
corrections from this workd Reference 69. important intermediate in the high-temperature reaction of H

atoms with hexafluoropropene, was computed and subsequently
relativistic corrections to the atomization energies are generally used in the kinetic model describing the pyrolysis df-2
quite small, the largest correction being jusb.7 kcal mof? heptafluoropropan®.in addition to G3 and related applications,
(for FCCF). the heats of formation of the fluoroacetylenes (HCCF apiebC

The heats of formation at 0 and 298 K that were computed as well as GH») and the GH, CF, and formyloxyl radicals
from the atomization energies are summarized in Table 8, alongwere computed using the coupled-cluster method, with extrapo-
with the corresponding G3 and G2 values. The agreementlations to the CBS limit. The computed heats of formation are
between the CBS and G3 results is excellent for all molecules, believed to be accurate to within 1 kcal mglproviding useful
except HCOO, for which the deviation is 2 kcal mbl The and reliable data for HCCF, £;, and GF, while in the case
agreement between the G2 and CBS heats of formation isof formyloxyl, it strongly supports the experimental value of
generally less good, the maximum difference being 2.8 kcal 29.3+ 0.7 kcal mot? of Langford et all®
mol~L. In line with previous work of this quality, we expect
the CBS heats of formation to be accurate to within 1 kcal =~ Acknowledgment. N.L.H. gratefully acknowledges the
m0|*1, a|th0ugh this may prove to be a conservative estimate. award of an Australian POStgraduate Research SChOlarShip.

In the case of acetylene, where the heat of formation is known . ) ) )
accurately, the CBS prediction is in excellent agreement with . SUPPOrting Information Available: Tables StS4 contain-
experiment. For CCH, the theoretical results agree well with ing atormc data,_rotanonal constants, V|_brat|onal frequencies,
the experimental value of McMillen and Gold&hGiven the zero-point energies, and _the_rmal corrections to heats of_forma—
high level of disagreement when the former are compared with tion at 298 K. This material is available free of charge via the
the current JANAF valui8 of 114.0+ 6.9 kcal motL, we must Internet at http:/pubs.acs.org.

conclude that the JANAF value is seriously in error. For CFCH,
C,F,, and GF, the theoretical predictions, although consistent
with the available experimental estimates, are expected to be (1) Miziolek, A., Tsang, W. Edstialon Replacements: Technology
more reliable than the latter. The overall agreement betwgenwgsh?rfé‘fgsfSgslggéngf'%Tl_ser'es; American Chemical Saciety:
the CBS and G3 results further supports the reliability of G3 in (2) Nyden, M. D.; Linteris, G. T.: Burgess, D. R., Jr.; Westmoreland,
predicting heats of formation. P. R.; Tsang, W.; Zachariah, M. R. Flame Inhibition Chemistry and the

2 i Search for Additional Fire Fighting ChemicalsHaaluation of Alternatie
For formyloxyl the*A, state is found to be the ground state, In-Flight Fire Suppressants for Full-Scale Testing in Simulated Aircraft

with the 2B, and A’ states being just 1.0 and 3.1 kcal mol  Engine Nacelles and Dry BaySrosshandler, W., Gann, R., Pitts, W., Eds.;
higher in energy at 0 K. This ordering is largely the result of NIST Special Publication 861; National Institute of Standards and Technol-

-NOi i i -N0i inrPgy: Washington, D.C., 1994; pp 46B41.
:Ee 22er po:gtt()anerglde_s,taﬁ 'I[n tl?et?]bsence gf Ztel’to p_?rl]m Corr?t(.:tlorp (3) Zachariah, M. R.; Westmoreland, P. R.; Burgess, D. R., Jr.; Tsang,
€“b2 would be predicted 10 be the ground state. The resulting y . velius, C. F.J. Phys. Chem1996 100, 8737.

heat of formation of HCOCPA,) at 0 K, viz.,—29.4 kcal mot?, (4) Burgess, D. R., Jr.; Zachariah, M. R.; Tsang, W.; Westmoreland,
is in excellent agreement with the experimental value-28.6 P. R.Prog. Energy Combust. Sd996 21, 453.

1 0 (5) Sanogo, O.; Delfau, J.-L.; Akrich, R.; Vovelle, Combust. Sci.
+ 0.7 kcal mof? reported by Langford et al® who used H Technol 1997 122 33,

(Rydberg) atom photofragment translational spectroscopy to  (6) Hynes, R. G.; Mackie, J. C.; Masri, A. Rombust. Flame 99§
deduce the OH bond dissociation energy of formic acid and 113 554.

; i ; (7) Linteris, G. T.; Burgess, D. R., Jr.; Babushok, V.; Zachariah, M.;
he_nce heat of fc_)rmatl_on Of form.ytLOXyl' It IIS. worth n.OtIng that’ Tsang. W.; Westmoreland, EombustFlame 1998 113 164.
using G2(MP2) in conjunction with several isodesmic reactions, (8) Hynes, R. G.; Mackie, J. C.; Masri, A. B. Phys. Chem. A999

References and Notes

Yu et al® deduced a value 0f30.3+ 0.7 kcal mof? for A¢ 103 54. _ '

Hge Which is clearly in very good agreement with the current 103(%)96“73’”85' R. G.; Mackie, J. C.; Masri, A. B. Phys. Chem. A999

CBS prediction and with experiment. (10) Hynes, R. G.; Mackie, J. C.; Masri, A. Rroceedings of the
Combustion InstituteAugust, 2000.

Conclusion (11) Burgess, D. R. F., Jr.; Zachariah, M. R.; Tsang, W.; Westmoreland,
P. R.Thermochemical anq Kinetic Data for FluorocarbohdST Technic_al

Using the G3 and related methodologies, the heats of go(t:e 1;;:525 National Institute of Standards and Technology: Washington,
formation of~120 G and G hydrofluorocarbons and oxidized '(12) Berry, R. J.; Burgess, D. R. F., Jr.; Nyden, M. R.; Zachariah, M.

hydrofluorocarbons, including a number of €arbenes, were R.; Schwartz, M.J. Phys. Chem1995 99, 17145.



Heats of Formation of Hydrofluorocarbons

(13) Zachariah, M. R.; Tsang, W.; Westmoreland, P. R.; Burgess, D.
R. F., Jr.J. Phys. Chem1995 99, 12512.

(14) Francisco, J. SChem. Phys1992 163 27.

(15) Francisco, J. S.; Li, Z.; Bradley, A.; Knight, A. E. \@hem. Phys.
Lett. 1993 214, 77

(16) Montgomery, J. A.; Michels, H. H.; Francisco, J.Ghem. Phys.
Lett. 1994 220, 391.

(17) Francisco, J. SChem. Phys1997, 214, 97.

(18) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993
98, 1293.

(19) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
Pople, J. AJ. Chem. Physl998 109 7764.

(20) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
Chem. Phys1991, 94, 7221.

(21) Melius, C. F.; Binkley, J. SSymp. (Int.) Combus1986 21, 1953.

(22) Melius, C. F. Thermochemistry of Hydrocarbon Intermediates in
Combustion: Application of the BAC-MP4 Method. IBhemistry and
Physics of Energetic MateriglBulusu, S. N., Ed.; Kluwer Academic
Publishers: Dordrecht, Germany, 1990; Vol. 309, p 21.

(23) Ho, P.; Melius, C. FJ. Phys. Chem1995 99, 2166.

(24) Martin, J. M. L.; de Oliveira, GJ. Chem. Phys1999 111, 1843
and references therein.

(25) Martin, J. M. L.; Taylor, P. RJ. Chem. Phys1997 106, 8620.

(26) Dixon, D. A.; Feller, D.J. Phys. Chem. A998 102 8209.

(27) Dixon, D. A.; Feller, D.; Sandrone, Q. Phys. ChemA 1999
103 4744.

(28) Helgaker, T.; Klopper, W.; Koch, H.; Noga,Jl.Chem. Physl997,
106, 9639.

(29) Bauschlicher, C. W., Jr.; Ricca, A. Phys. ChemA 1998 102
8044.

(30) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.A.
Chem. Phys1997 106, 1063.

(31) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.;
Pople, J. AJ. Chem. Phys1999 110, 4703.

(32) Sendt, K.; Bacskay, G. B. Chem. Phys200Q 112 2227.

(33) Pople, J. A.; Scott, A. P.; Wong, M. W.; Radom,l&t. J. Chem
1993 33, 345.

(34) Rauk, A.; Yu, D.; Borowski, P.; Roos, Bhem. Phys1995 197,
73.

(35) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys
1992 96, 6796.

(36) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1914.

(37) Woon, D. E.; Dunning, T. H., Jd. Chem. Physl995 103 4572.

J. Phys. Chem. A, Vol. 104, No. 32, 2001611

R. D.; Deegan, M. J. O,; Elbert, S. T.; Hampel, C.; Meyer, W.; Peterson,
K.; Pitzer, R.; Stone, A. J.; Taylor, P. R.; Lindh, R.; Mura, M. E;
Thorsteinsson, T.

(49) CADPAC 6.0: The Cambridge Analytical Destives Package
Issue 6 University of Cambridge: Cambridge, U.K., 1995. CADPAC is a
suite of quantum chemistry programs developed by Amos, R. D. with
contributions from Alberts, I. L.; Andrews, J. S.; Colwell, S. M.; Handy,
N. C.; Jayatilaka, D.; Knowles, P. J.; Kobayashi, R.; Laidig, K. E.; Laming,
G.; Lee, A. M.; Maslen, P. E.; Murray, C. W.; Rice, J. E.; Simandiras, E.
D.; Stone, A. J.; Su, M.-D.; Tozer, D. J.

(50) ACES Il is a program product of the Quantum Theory Project,
University of Florida, Gainsville, FL. Its authors are Stanton, J. F.; Gauss,
J.; Watts, J. D.; Nooijen, M.; Oliphant, N.; Perera, S. A.; Szalay, P. G;
Lauderdale, W. J.; Gwaltney, S. R.; Beck, S.; Balka&g Bernholdt, D.

E.; Baeck, K.-K.; Rozyczko, P.; Sekino, H.; Hober, C.; Bartlett, R. J. Integral
packages included are VMOL (Alrffial.; Taylor, P. R.), VPROPS (Taylor,

P. R.), and ABACUS (Helgaker, T.; Jensen, H. J. Aa.; Jgrgensen, P.; Olsen,
J.; Taylor, P. R.)

(51) Andersson, K.; Blomberg, M. R.; A."Beher, M. P.; Karlstrm,

G.; Lindh, R.; Malmqyvist, P.-& Neograly, P.; Olsen, J.; Roos, B. O.; Sadlej,
A. J.; Schiz, M.; Seijo, L.; Serrano-Andee L.; Siegbahn, P. E. M.;

Widmark, P.-O.,MOLCAS version 4; Lund University: Lund, Sweden,
1997.

(52) Berry, R. J.; Ehlers, C. J.; Burgess, D. R., Jr.; Zachariah, M. R.;
Nyden, M. R.; Schwartz, MJ. Mol. Struct 1998 422 89.

(53) Stull, D. R.; Prophet, H. JANAF Thermochemical TablKstl.
Stand. Ref. Data Ser. (U.S., Natl. Bur. Stari®y1 37, 1.

(54) Kolesov, V. PRuss. Chem. Re1978 47, 599.

(55) Bauschlicher, C. W., Jr.; Ricca, £&hem. Phys. Lettl999 315
449.

(56) Berkowitz, J.; Ellison, G. B.; Gutman, 3. Phys. Chem1994
98, 2744.

(57) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982
33, 493.

(58) Gurvich, L., Veyts, I. V., Alcock, C. B., EdsThermodynamic
Properties of Indéidual Substancesiemisphere Publishing Corp.: Bristol,
PA, 1991.

(59) Lengel, R. K.; Zare, R. NJ. Am. Chem. Sod 978 100, 7495.

(60) Poutsma, J. C.; Paulino, J. A.; Squires, RJRRhys. Chem1997,

101, 5327.
(61) Rodgers, A. SACS Symp. Sel978 66, 296.
(62) Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr, J. A.; Troe,

(38) Basis sets were obtained from the Extensible Computational J-; Watson, R. TJ. Phys. Chem. Ref. Date984 13, 1259.
Chemistry Environment Basis Set Database, Version 1.0, as developed and (63) Schneider, W. F.; Wallington, T. J.Phys. Chem1994 98, 7448.

distributed by the Molecular Science Computing Facility, Environmental
and Molecular Sciences Laboratory, which is part of the Pacific Northwest
Laboratory, P.O. Box 999, Richland, WA 99352, funded by the U.S.
Department of Energy. The Pacific Northwest Laboratory is a multi-program
laboratory operated by Battelle Memorial Institue for the U.S. Department
of Energy under contract DE-ACB&6RLO 1830. Contact David Feller

or Karen Schuchardt for further information.

(39) Cowan, R. D.; Griffin, M.J. Opt. Soc. Am1976 66, 1010.

(40) Martin, R. L.J. Phys. Chem1983 87, 750.

(41) Andersson, K.; Malmgvist, P-A Roos, B. O.; Sadlej, A. J,;
Wolinski, K. J. Phys. Chem199Q 94, 5483.

(42) Andersson, K.; Malmqvist, P-ARoos, B. OJ. Chem. Physl992
96, 1218.

(43) Roos, B. O.; Taylor, P. R.; Siegbahn, P. E.Ghem. Phys198Q
48, 157.

(44) Roos, B. O. IrAb Initio Methods in Quantum Chemistily Lawley,

K. P., Ed.; J. Wiley & Sons Ltd.: Chichester, U.K., 1987; p 399.

(45) Frisch, M. J.; Trucks, G.; W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuk, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Lui, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle E. S.; Pople, J. Asaussian 98revision A.7; Gaussian, Inc.,
Pittsburgh, PA, 1998.

(46) Hampel, C.; Peterson, K.; Werner, H.€hem. Phys. Lett1992

190 1 and references therein. The program to compute the perturbative

(64) Knyazev, V. D.; Bencsura,.ASlagle, I. RJ. Phys. Chem1997,
101, 849.

(65) Chen, S. S.; Wilhoit, R. C.; Zwolinski, B. J. Phys. Chem. Ref.
Data 1977, 6, 105.

(66) Batt, L.; Walsh, RInt. J. Chem. Kinet1982 14, 933.

(67) Batt, L.; Burrows, J. P.; Robinson, G. Bhem. Phys. Lettl 981
78, 467.

(68) Knyazev, V. D.; Slagle, I. RJ. Phys. Chem1998 102, 1770.

(69) Holmes, J. L.; Lossing, F. P.; Mayer, P. M. Am. Chem. Soc
1991, 113 9723.

(70) Langford, S. R.; Batten, A. D.; Kono, M.; Ashfold, M. N. R.
Chem. Soc., Faraday Tran997, 93, 3757.

(71) Benson, S. WThermochemical Kinetigdohn Wiley: New York,
1976.

(72) Tsang, W.; Hampson, R. B. Phys. Chem. Ref. Date986 15,
1087.

(73) Luo, Y.-R.; Benson, S. Wl. Phys. ChemA 1997, 101, 3042.

(74) Chen, S. S.; Rodger, A. S.; Chao, J.; Wilhoit, R. C.; Zwolinski, B.
J.J. Phys. Chem. Ref. Date975 4, 441.

(75) Lacher, J. R.; Skinner, H. Al. Chem. SacA 1968 1034.

(76) Miyokawa, K.; Ozaki, S.; Yano, TBull. Chem. Soc. Jpril996
69, 869.

(77) Martin, J. P.; Paraskevopoulos, Gan. J. Chem1983 61, 861.

(78) Stadelmann, J. P.; Vogt, lt. J. Mass Spectrom. lon Phyk98Q
35, 83.

(79) Bryant, W. M. D.J. Polym. Sci1962 56, 277.

(80) Nuttall, R. L.; Laufer, A. H.; Kilday, M. V.J. Chem. Thermodyn
1971, 3, 167.

(81) Furuyama, S.; Golden, D. M.; Benson, S.WWChem. Thermodyn
1969 1, 363.

(82) Tsang, W. Heats of Formation of Organic Radicals by Kinetic

triples corrections has been developed by Deegan, M. J. O.; Knowles, P.Methods. InEnergetics of Free Radicagl&reenberg, A., Liebman, J. F.,

J., 1992

(47) Knowles, P. J.; Hampel, C.; Werner, H.3J.Chem. Phys1993
99, 5219.

(48) MOLPRO 96.3 is a package of ab initio programs written by
Werner, H.-J.; Knowles, P. J. with contributions from Alifld.; Amos,

Eds.; Chapman and Hall: New York, 1996.

(83) Papina, T. S.; Kolesov, V. P.; Golovanova, Yu.Rass. J. Phys.
Chem 1987 61, 1168.

(84) Yu, D.; Rauk, A.; Armstrong, DJ. Chem. Soc., Perkin Trans. 2
1994 2207.



