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Charles W. Bauschlicher, Jr.* and Alessandra Ricca*
Mail Stop 230-3, NASA Ames Research Center, Moffett Field, California 94035

Receied: December 6, 1999; In Final Form: March 2, 2000

Heats of formation for ¢Fn, C.Fmt, CHFR,, and CHRE,t* compounds are computed at the G3MP2 level.
Calibration calculations are presented fosF§; CF, CHF, and CHE The results of these calibration
calculations, in conjunction with the results of previous high-level calculations, show that the G3MP2 approach
is accurate tat2 kcal/mol for these systems. The trends in bond energies are discussed.

1. Introduction The core-valence (CV) effect is computed at the RCCSD(T)
level, as the difference between the treatment correlating only
the valence electrons and the treatment in which the 1s electrons
are also correlated. These calculations are performed using the
CV basis set, which is derived from the C and F aug-cc-pV
sets. We use the CV(tz), CV(qz), and CV(5z) sets described

Fluorocarbon plasmas, which contain both neutrals and ions,
are used in the etching of silicon and silica. In addition to being
the etching agent, the fluorocarbons are the feedstock for the
formation of the protective polymer overlayer. Thus to fully
model the etching requires accurate thermochemical data for : b \ ; ) -
both the neutrals and the cations. The data in the commonly Préviously=“The aug-cc-pV H sets are used in conjunction with
used compilatiori® are incomplete. While there has been more  the CV sets.
recent work, as discussed by Ruscic e ahe newer results The atomic spirrorbit effects are computed using the
do not always lead to an improved, more consistent set of data_tabulation of Moore?? The scalar relativistic effects are com-
While there have been computational stutiiéfor some of puted as the differences between the results obtained using the

these systems, our goal is to generate a complete set ofonrelativistic and the Douglas Kroll (DK) approaciésore
thermochemical data of equivalent accuracy. specifically, the systems are studied at the modified coupled

In this manuscript we report the heats of formation of,CF pair functiona#> (MCPF) level of theory using the H and C
and CRF', for n =1—4, CHF, and CHF;*, for n =1-3, GF, cc-pVTZ and F aug-cc-pVTZ sets. Note that the contraction
and GF,T, for n =1-6, and GF, and GF,*, for n =1—8. We coefficients used in the molecular DK calculations are taken
use the recently developed G3MP2 approathighly accurate  from DK atomic Hartree-Fock (HF) calculations.
studie$§ support the use of the G3MP2 approach for these The B3LYP calculations are performed using Gaussiaf 98,
fluorine-containing compounds. Since some of the largest errorsthe CCSD(T) calculations are performed using Molffrand
in the earlier Gn methods occur for halogen-containing mol- the MCPF calculations are performed using Molecule-Swétlen.
ecules, additional highly accurate calculations are performed The DK integrals are computed using a modified version of

to calibrate the G3MP2 approach. the program written by Hess.
2. Methods 3. Results and Discussion
The G3MP2 calculations are performed as presented by Pople
and co-workersand by using Gaussian 8. In Table 1 we compare the core-valence contribution to the

The calibration calculations follow our previous wdrk. —atomization energy of CF, Cf- CH, and CHF. These species
Namely, the geometries are determined at the B3LYP/6G1 are sufficiently small that it is possible to use the CV(5z) basis
(2df) leveP~11 and the zero-point energies computed using the Set. The agreement among the three basis sets and the agreement
B3LYP/6-3HG* approach. The atomization energies are With and without including the basis set superposition error
computed using the restricted coupled cluster singles and (BSSE) is very good. On the basis of these calculations we
doubles approaédh3including the effect of connected triples compute the CV contribution using the CV(tz) set and do not
determined using perturbation thedft5 RCCSD(T). In the include the BSSE correction. This approximation dramatically
valence RCCSD(T) calculations, the H 1s electron and the C reduces the cost of the calculations while introducing only a
and F 2s and 2p electrons are correlated. In most Ca|cu|ati0nsysma” error in the core-valence contribution to the atomization
the H and C basis sets are the correlation consistent valenceenergy.
polarized (cc-pV) sets developed by Dunning co-workér&? In Tables 2 and 3 we summarize our results foF£ CoF,
while the F basis sets are the augmented (aug) cc-pV basisCHF, and CHE. Also given are the previously publisfe@F,
sets!8191n some cases, the aug-cc-pV sets are also used for Hand GF, results. We first note that the trends in the atomization
and C. The doublé&-(DZ), triple-Z (TZ), quadruplet (QZ), and energies using the different extrapolation methods are similar
quintuple£ (52) sets are used. To improve the accuracy of the for all of the molecules considered. These results show that the
CCSD(T) results, we extrapolate to the complete basis set (CBS)5Z basis set must be used to obtain accurate results, and once
limit. We use the two-pointr(™#), three-point §~* + n~®) and the 5Z results are included in the extrapolation, the n4n6-
variablea (n™%) schemes described by Mafrand the two- {T,Q0.8Z, o{T,Q,52, nxXQ,52Z, and n4Q,5Z approaches
pointn—3 scheme described by Helgaker et’alVe denote these  are in reasonable agreement. Since the n4n6 results give the
schemes as n4, n4n@, and n3, respectively. best agreement with experiment for £ Ehis approach is used
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TABLE 1: Core-Valence Contribution to the Atomization
Energy, in kcal/mol, as a Function of Basis Set and with and
without a Correction for the Basis Set Superposition Error
(BSSE)

CV no BSSE CV with BSSE
CV(tz) CV(gz) CV(5z) CV(tz) CV(qz) CV(52)
CF 0.352 0.342 0.330 0.329 0.321 0.321
CFt  0.722 0.710 0.699 0.688 0.684 0.687
CH 0.152 0.146 0.140 0.140 0.136 0.135
CHF  0.466 0.451 0.433 0.443 0.425 0.420

TABLE 2: Computed Atomization Energies and Heats of
Formation? for CF4, C,F4, and GF,, in kcal/mol

Ck, CoF4 CF;
CCSD(T) bz 440.203 537.247  341.992
CCSD(T) TZ 466.715 571.706  370.922
CCSD(T) Qz 474.205 581.990 379.141
CCSD(T) 5z 476.265 584915 381.438
CCSD(T) n3D,T}Z 477.879 586.215  383.103
CCSD(T) n3T,Q}Z 479.671 589.494  385.138
CCSD(T)n3Q,5Z 478.426 587.983  383.847
CCSD(T)n4D,T}Z 476.045 583.832  381.103
CCSD(T)n4T,Q}Z 478.528 587.925  383.885
CCSD(T)n4Q,5Z 477.938 587.290 383.303
CCSD(T) n4n§D,T,Q} Z 479.057 588.797 384.477
CCSD(T) n4ngT,Q,5Z 477.730 587.066  383.097
CCSD(T)e{D,T,Q}Z 480.175 590.889  385.746
CCSD(M)e{T,Q,52 477.610 586.919 382.972
MCPF TZ 455.293 556.622  360.059
MCPF TZ(DK) 454.408 555.526  359.317
scalar rel contribution —0.884 —1.096 —0.742
CCSD(T)/CcV 468.403 575.186  374.490
CCSD(T)-1s/CV 469.563 577.872  377.499
ACV 1.161 2.687 3.008
spin—orbit contribution —1.625 —1.710 —0.940
ZPE> —10.83 —13.42 —8.184
atomization energy at 0K 465.55 573.53 376.240
atomization energy at 298 K 470.28 578.96 379.093
AHaog —223.09 —160.48 1.433
AHaes G3MPZ —223.04 —161.69 0.03

aThe CR and GF,4 values are taken from previous wdrk? The
ZPE values for Cfrand GF, are taken from previous wofkwhile the
ZPE for GF, is taken from the B3LYP/6-3tG* results.c The
atomization energy is computed as CCSD(T) {4n®,5Z + ACV
-+ spin orbit+ ZPE + scalar relativisticd The AH,gg values are from
Table 5 which are given for comparison.

to determine our CCSD(T) CBS values. This is corrected for
scalar relativistic, core-valence, and sporbit effects, as well

as for the zero-point energy (ZPE). The correction from 0 to
298 K is made using the rigid rotor/harmonic oscillator

Bauschlicher and Ricca

TABLE 3: Computed Atomization Energies and Heats of
Formation for C,F, CHF, and CHF,, in kcal/mol

CF CHR CHR,
CCSD(T) Dz 224.857 195.048 301.673
CCSD(T) Tz 244.241 207.901 320.094
CCSD(T) Qz 250.042 210.990 325.301
CCSD(T) 52 251.744 211.811 326.812
CCSD(T) n3D,T}Z 252.402 213.313 327.851
CCSD(T)n3T,Q}Z 254.278  213.244 329.101
CCSD(T)n3Q,52 253.529 212.673  328.397
CCSD(T)n4D,T}Z 251.062 212.425 326.577
CCSD(T)n4T,Q}Z 253.390  212.773 328.306
CCSD(T)n4Q,5Z 253.126 212.478 328.039
CCSD(T) n4n§D,T,Q} Z 253.886 212.847 328.675
CCSD(T) n4ngT,Q,5Z 253.032 212.374 327.944
CCSD(T)o{D,T,Q}Z 255.083 212.954 329.455
CCSD(M)e{T,Q,52 252.964 212.322 327.878
MCPF TZ 239.739 203.597 314.419
MCPF TZ(DK) 239.380 203.370 313.900
scalar rel contribution —0.359 —0.227 —0.519
CCSD(T)/cV 247.266 208.476 321.817
CCSD(T)-1s/CV 248.937 208.943 322.894
ACV 1.671 0.443 1.078
spin—orbit contribution —0.555 —0.470 —0.855
ZPE(B3LYP) —4.641 —7.760 —12.062
atomization energy at 0K 249.148 204.384 315.586
atomization energy at 298 K 251.229 206.601 319.201
AHagg 110.322 35.789 —57.884
AH395 G3AMP2 108.95 3452 —58.51

aThe aug-cc-pV sets are used on all three atdhusing the aug-
cc-pV basis set on C as well as F yields 254.40 and 253.61 kcal/mol
for the CCSD(T) n8T,Q}Z and CCSD(T) néT,Q}Z approaches,
respectively ¢ The CCSD(T)/CV, CCSD(T)-1s/CV, andCV values
for the CV(gz) basis set are 250.735, 252.375, and 1.640 kcal/mol,
respectivelyd The atomization energy is computed as CCSD(T)
n4ng T,Q,5 Z + ACV + spin orbit+ ZPE+ scalar relativistic® The
AHygg values are from Table 5, which are given for comparison.

TABLE 4: Scalar Relativistic Contribution to the Heat of
Formation for CF, CF,, CF*, and CF;, kcal/mol

CF Ck CF*+ CR*
scalar rel —0.168 —0.335 —-0.115 —-0.413
AE2gs 131.05 254.87 180.46 250.09
AHagd 59.21 —45.63 270.98 220.32
AH298 G3MP2 57.41 —47.08 271.26 220.53

aThe previous valués corrected for scalar relativistic effects.

The calibration calculations support the use of the G3MP2
approach for these systems. The G3MP2 atomization energies
at 0 K and heats of formation, at both 0 and 298 K, are given
in Table 5. Also included in Table 5 are the results of Gurvich
et all In general, we report the G3MP2 results only for the

approximation. The same procedure, excluding the scalar most stable isomer; for a few systems we also report the results

relativistic contribution to the atomization energy, was previ-
ously?? used for CF, CE CF', and CK™. Therefore, in this

for more than one state or isomer in Table 5. Fert@ere are
two low-lying states, and the G3MP2 approach correctly predicts

work, we compute the scalar relativistic effects and add them 3 15% ground state. Théll, state is computed to be 4.38 kcal/
to the previous atomization energies; this is summarized in Table molghigher in energy, which is to be compared with the

4,

In Tables 2-4, the accurate atomization energies are con-
verted to heats of formation using the well-known heats of
formatior? for H, C, and F. The G3MP2 values are also given
in Tables 2-4, and the G3MP2 values agree with the high-
level calculations to better than 2 kcal/mol. The G3MP2

experimental vali@ of 1.74 kcal/mol. For gF, and GF4, we
also report results for the CGand FCCEisomers (which are
higher in energy than FCCF and@®CF,, respectively), since
these can be produced by the fragmentation gf,Gpecies.
For GF; and GF;", we consider the two possible structures,
FCCCF and CCC# For FCCCF, we also consider both the

atomization energies are slightly larger than those found in the singlet and triplet states. The most stable form is the singlet

higher level calculations. We should note that Ruscic ét al.
found that the G3 heats of formation for some carbbalogen

state of CCCE: It is interesting to note, however, that FCCCF
is more stable than CCGFE. Starting from GFs, two isomers

systems were about 1 kcal/mol more negative than experiment.of CsF; can be formed by removina F atom attached to the
Thus both the G3 and G3MP2 approaches appear to yield anterminal or the central C. We consider both forms gF£ and

atomization energy that is slightly too large.

for the neutral, we find that it is favorable to remove the F on



AH; for C, Fn, CiFm', CHFy, and CHR"

TABLE 5: G3MP2 Atomization Energies and Heats of
Formation, in kcal/mol

AH(298
AE(0) AH() AH(298) (Gurvichi)

CF 131.82  56.63 5741 58824
CF+ 179.11 269.01 271.26

CR 25413 —47.21 —47.08 —43.0+24
CR* 24767 21892 22053

CF 336.75 —111.36 —111.99 —112.8+1.2
CRs* 384.53 100.53  101.28

CFs 46552 —221.66 —223.04 —223.04+0.18
CFs* 388.20 11533 116.40

CH 81.73 139.88  140.70

CH* 94.16 387.12 389.42

CHF 205.64 3444 3452  2526.0
CHF* 231.37 268.38 269.94

CHR 316.25 —57.70 —5851 —60.7+3.6
CHR* 37245 14577 146.38

CHF; 441.91 —164.89 —166.52 —166.5+ 0.6
CHFs* 387.05 149.64  150.82

Cois? 14873 19123 19281 198424
C, 3, 14435 19561 197.18

Cot 455 131.31 468.32 47138  47902.4
CF 250.70 107.73 108.95  922912.0
CoF* 178.73 43937 44156

FCF 377.32  —0.42 0.03 —34.6+48
CCR 347.30  29.60  29.88

FCF* 376.92 259.65 261.70

CCR* 35351 283.06 284.87

CoFs 44880 —53.43 -53.57 —545+4.8
CoFs* 473.38 181.66 183.16

CoFs 574.73 —160.89 —161.69 —157.6+ 0.6
FCCR 536.82 —122.98 —123.61

CoFs* 598.98 7453  75.25

FCCR* 551.10 12241 12337

CoFs 646.36 —214.05 —215.29 —214.1+ 1.4
CoFs* 688.69 3.29 3.58

CaFs 771.20 —320.42 —322.34 —321.2+1.0
CoFe* 73450 —24.05 —23.87

Cs 31951 190.43 192.60 200483.1
Cs 272.08 49753  501.05

CiF 394.73 133.68 135.20

CaF* 44327 34481 347.66

CsF> (CCCR) 516.13  30.75  31.44

CsF2 (FCCCFIA) 49253 5435  55.19

CsF2 (FCCCF3B) 481.43  65.45  66.44

CsF2 (FCCCF) 539.34 267.21  269.66

CsF>* (CCCR) 512.35 29420 296.33

CaF3 (FC=C=CF) 597.67 —32.32 —31.94

CsFs* (FC=C=CFy) 667.79 157.23 158.74

CsF4 (F.C=C=CF,) 715.74 —131.92 —132.34

CsFs™ (F.C=C=CF) 73506 108.43  109.44

CsFs (F.C=(CF=CF,)  775.84 —173.55 —174.11

CiFs™ (F.C=(CF=CF) 851.82  10.14  10.63

CsFs (FsC(CF)=CF) 895.36 —274.60 —276.04

CiFe" (FsC(CF=CFy)  907.21 —26.78 —26.59

CsF (FsC(CF)CR) 959.85 —320.62 —322.41

CsF (F.C(CR)CF) 953.10 —313.87 —315.64

CsF5* (F.C(CR)CRs) 997.85 —98.95 —99.19

CaF7* (FsC(CF)CR) 984.27 —85.37 —85.58

CsFs (FsC(CR)CFs) 1077.23 —419.53 —422.00

CsFs™ (Fs<C(CR)CR)  1043.93 —126.56 —126.89

the central carbon, while for the cation it is more favorable to
remove the F on the terminal carbon atom.

The heats of formation of GFCFR;, CR™, C,F4, and FCCE
in Table 5 agree well with the high-level calculations of Dixon
et al* The largest difference is 2.5 kcal/mol for €Fand the
second largest difference is 1.1 kcal/mol foi¢ This is not
surprising since their high-level computational approach is very
similar to our high-level calibration calculations. Our results
agree to within 2 kcal/mol with the results of Zachariah €t al.
for CF, Ck, CRs, CR, CHF,, CHF;, CoF, GF3, CoFs, and GFe.
For CHF, GF,, and GF,, we differ by 3.0, 7.6, and 5.5 kcal/
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of £3.9, +6.5 and+4.0 kcal/mol. Since the G3MP2 has an
error bar of +2 kcal/mol, even for these systems, the two
methods agree to within their mutual uncertainties. Our high-
level calibration calculations support our values over those of
Zachariah et al.

The agreement between theory and the work of Gurvich et
all is somewhat mixed. For the species with one carbon atom,
theory and experiment are in good agreement for all systems
except Ci (N.B. that the Gurvich et al. value for CHF is only
an estimate). The high-level treatment for QF45.6 kcal/
mol) is at the lower limit of the experimental value 43.0 +
2.4 kcal/mol), suggesting that the G3MP2 value is about 2 kcal/
mol too negative. That is, the true result probably lies between
experiment and the G3MP2 value. The high-level calculations
for CHF yield a slightly larger value than the G3MP2 approach
(35.8 vs 34.5 kcal/mol). Thus we conclude that the estimate is
even less accurate than the large error bar would imply.

For the systems with two carbon atoms, the agreement
between theory and experiment is not as good as found for the
single carbon systems. Fop @e G3MP2 and Gurvich values
differ by 6 kcal/mol. Using a more recéftexperimental
atomization energy yields a,Geat of formation at 298 K of
196.3 kcal/mol, which shows that the Gurvich value is a bit
too large but that the G3MP2 value is too small by 3.5 kcal/
mol. While the error at the G3MP2 level is larger than the
desired 2 kcal/mol accuracy @ known to be a very difficult
problem. We note however, that high-level calculatf8yseld
an atomization energy of 144.6 kcal/mol, which is in good
agreement with the experimerfféatomization energy of 145.2
+ 0.5 kcal/mol. Lowering the Gurvich £ result by 2 kcal/
mol to account for the newer,;@tomization energy still leaves
the G3MP2 value about 6 kcal/mol too small.

The agreement between theory and experiment is good for
CoF3, CoFs, and GFs. The agreement for 4E,4 is reasonable,
but previous work, which is summarized in Table 2, strongly
suggests that the G3MP2 value is closer to the true value than
is experiment, despite the small error bars on the experimental
result. The experimental value forEis poorly known and
the G3MP2 value is 16 kcal/mol larger than experiment. The
calibration value is slightly larger than the G3MP2 value. The
experimental @ value is 35 kcal/mol more negative than the
G3MP2 value. The calibration calculations show that the
experimental value must be wrong fopFCand GF».

Ruscic and co-workers have determined the heats of formation
at 298 K for Ck (—111.3+ 0.5 and—111.4+ 0.9*Y), CHR;
(—165.6+ 0.5 kcal/moP), and GFs (—321.3+ 0.8 kcal/moF).
These values differ slightly from those by Gurvich and hence
are consistent with our G3MP2 values. We should note that
these authors believe that the experimental value,bf, & in
error by up to 2.5 kcal/mol, which is consistent with our results.

The experimental data forzE, is very limited. Lias et af?
give —426 + 2 kcal/mol for GFg, which is in good agreement
with the G3MP2 value of—422.0 kcal/mol. Theory and
experiment differ by 8 kcal/mol for £ On the basis of & we
would not be surprised to find that the error in the G3MP2 result
for C; exceeds the desired value 2 kcal/mol.

The ionization potentials (IPs) of some of the systems studied
have been measured very accurately. In Table 6 we compare
our computed G3MP2 IPs with those for systems where
experiment is believed to be accurate. Excluding €atiel GFg,
the computed values are 6:0.15 eV larger than experi-
ment31:32 An error of this magnitude is consistent with an
uncertainty of about 2 kcal/mol in the G3MP2 energies, but

mol, respectively. For these three systems they assign error barsuggests that the errors in the neutrals and ions go in opposite
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TABLE 6: A Comparison of the G3MP2 lonization TABLE 8: Selected Bond Energies for GFy, in kcal/mol
Potentials (in eV) with Experiment for Selected Systems reaction bond energy neutral analog
molecule G3MP2 Expt molecule G3MP2 expt CoFe” — CoFe +F 45 81 124 84
CF 9.21 9.1H0.01 GF,4 10.21 10.12+0.02 CFst — CR + CR* 13.21 97.70
Ck, 11.54 11.42£0.01 GF, 11.28 11.18 CoFst — CoRt + F 89.71 71.63
Chk 9.19 9.05+ 0.0 CsFs 10.75 10.6Gf 0.03 CoFst — CR + CR* 50.03 55.48
CHR; 13.64 13.86 GFs 12.70 13.38 CoFst — CoRst + F 125.60 125.93
+ +
a F_r03r1n Lias et al®? unless otherwise notedFrom Asher and %E:* . g:é;f';z 29)2312 ??jg
Ruscic? C,Fst — CFR, + CFF 40.14 62.85
. : . CF—CF+F 198.19 126.63
I?al?/lr_nEor. Selected Bond Energies for Ck and CHF,, in C,F,* — CF+ CF+ 65.99 113.68
CoFt — Cot +F 47.42 101.97
reaction bond energy neutral analog C,Ft — C+CF* —0.39 118.88
82‘:: g:zz: I E 13?6'%77 lég'g TABLE 9: Selected Bond Energies for GF,, in kcal/mol
CR"—CF +F 68.55 122.31 ) bond neutral
CFr—C*+F 179.11 131.82 reaction energy analog
CHR — CHR" + F 14.60 125.66 CsFs™ — CaF7*(FsC(CF)CR) + F 50.66 117.38
CHE —CHt +F 13721 12301 S S e e
CHR* — CRy* + H 251 105.16 ot — oo+ Chet 1303
CHR,* — CR* + H 124.78 62.13 CsF7(FsC(CF)CR) — CaFst (FaC(CF)=CF,) + F 77.06  64.49
CHFf —CF"+H 52.25 73.81 CsF;"(F3C(CF)CR) — CFs* + FCCR 62.92 86.28
CHt*—C*+H 94.16 81.73 CsF++(FsC(CF)CR) — CF; + FCCR* 96.43
N . + — CgFet + . .
directions or that the experimental error bars are somewhat gg,ﬁ}g,ﬁzggg%gg - gii + CF2F4 33,23 Z’Z_g;‘
optimistic. The computed values for Ckl&nd GFs are smaller C3F7H(F2C(CR)CFs) — CFs + CoF4* 62.12
than experiment. We suspect this is due to experiment not CsF7*(F2.C(CR)CR) — CR" + CoFs 103.82 52.61
obtaining the adiabatic IP. For the saturated systems such asC¥7 (F2C(CR)CFs) = CF + Cofs” 55.03

CsFe"(FsC(CFy=CF) — CsFs* (F.C=(CF)=CF,) + F  55.40 119.52

_CF4, CHI%_, and GFg, the c.atlons are Weaﬁly bound (ih_arge- CoFe (FC(CF=CRo) — CFs+ + CoFs 73.88 109.81
induced dipole complexes; thus, £Fs CR™--F, CHR" is CaFs"(FsC(CF)=CF») — CFs + CoF5" 97.08
CHFR;*+++F, and GFg*' is GFs*++-CRs. For this type of complex,  CsFs*(FsC(CF)=CF) — CF, + FCCR* 101.99 104.41
it would be difficult to obtain the adiabatic IP because of a very CsFel“(Fsc(_CF)=CFz) —CR' + FCCR 122.73
small Franck-Condon factor, and therefore, we believe that the 23E5+EEZE;EEEE);EE3 _ €3F'2:i ELFZ(?;C_CFZ) +F iég;g 5’2‘83
best estimate for the adiabatic IP of these systems is 0.1 eV Gk (F,C=C(CF=CFy) — CFa + CoFs” o231
smaller than our computed value. Finally we should note that c;F,t — CsFst +F 67.28 118.07
CoF¢" is a CR™+-CF; complex, but it is somewhat more bound CsF{ - CF2++ C2F2+ECCF2; 127.43 114.31
Fit — CRt + CoF5(CCR, 140.09
thar;} the other s&g{rf?d fzséemi,c?eciause of resonance char ot FOF" + F 12845 815
exchange, 1.e., Fs < Ch-Chs". Gt —CR*+CF 169.42 92.85
In conclusion, the calibration calculations support the view c,r,;+ — CF, + C,F* 234.93
that on average the G3MP2 approach is accurateZdkcal/ CsFst — CCR* + CF 182.46 118.54
mol. The accurate experimental results, excludingu@ GF;, CoFs" — CCR + CF* 141.37
also su his view. Highl Iculati® FGF" —~ G +F 96.06
pport this view. Highly accurate calculatiofer C,F, FOF* — OF + CCF 135.48
support the accuracy of the G3MP2 approach. Experiment pcr+— cF+ cCF 134.92
suggests that the errors in the G3MP2 treatmentafr€ larger CsF— CsF+F 121.40
than 2 kcal/mol. It is possible that the error in the G3MP2 galizﬁgtrcéz ﬁg.gg
i 32— L2 .
tregtme:lht OfG(é;I\?E(z) exceedshz tl:callémql.k;r?rl:s, exctludlng ICt O — Cot + F 17119 9501
and G, the approach should yie e most complete e+ . cp+ 4G, 11543 11418
and accurate set of data for theFg, C.Fmt, CHFRy,, and CHR," CsF+ — CF+ Gyt 180.14
systems. CsFt—CoFt +C 264.54 144.03
Selected bond energies for GEFR,", CHF, and CHR are CsFr — CoF +C* 192.57
reported in Table 7. While the first, second, and fourthFC aThe neutral form is CCCF

bonds in CR are similar, the third bond is weaker, because
carbon must change hybridization to form three bonds. The the C-C bond than a €F bond. This is consistent with the
trends for CR™ are very different. CFis much more strongly ~ appearance potentiétfor C,Fs, CsFs, and GFg, which show
bound than CF, presumably due to F donation into empty C  a breaking of the €C bonds before breaking of the-& bonds.
orbitals. The second bond is much weaker since thén& to The breaking of the €C bonds before the €F bonds is even
hybridize to form a second bond. The third bond is strong, but true for GF," and GF4*, which have C-C multiple bonding.
not as strong as the first, probably because the electrostaticFor the neutrals, the €C bonds are weaker than the-E
interaction for each bond is weaker since it is spread over threebonds, except for &. To form multiple C-C bonds, CEand
bonds. The fourth bond is weak, ag Gnly has three valence  CF must promote to the triplet and quartet states, respectively.
electrons. The results for CHEnd CHR* are similar to those  This promotion energy is much larger for £&nd CF than the
found for CK, and CK'. The only exception is for CH and  analogous promotion energies for €ahd CH, and therefore,
CHT, which have similar bond energies since hydrogen has no the C-F bonds weaken the-&C & bonds. Thus it is far more
7 lone pairs to donate to the carbon. favorable to break €C multiple bonds in the &, systems
Selected bond energies forf; and GF,™ are reported in than in the analogous,8y systems.
Table 8. One observation is that fopF" it is easier to break Selected bond energies fogk, and GF,™ are given in Table



AH; for C, Fn, CiFm', CHFy, and CHR"

9. For GFg* and GF;*, breaking a G-C bond is easier than
breaking a G-F bond. For the species with fewer F atoms, it
tends to be easier to rem®wa F atom than to break a<C
bond; this is different from g=,". For the neutrals, the species
with an even number of F atoms tend to have strongeFC
bonds that G C bonds, while those with an odd number of F
atoms are open-shell systems, which would rather $o6 atom

to become closed-shell than break a© bond.

The heat capacity, entropy, and temperature dependence of

the heat of formation are computed for 304000 K using a
rigid rotor/harmonic oscillator approximation. The scaled HF

J. Phys. Chem. A, Vol. 104, No. 19, 2004685

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.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, 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.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Revision A.6;
Gaussian, Inc., Pittsburgh, PA, 1998.

(9) Becke, A. D.J. Chem. Phys1993 98, 5648.
(10) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NL J.
Phys. Chem1994 98, 11623.

(11) Frisch, M. J.; Pople, J. A.; Binkley, J. S.,Chem. Physl984 80,

frequencies are used in these calculations. These results are fiB265 and references therein.

in two temperature ranges, 360000 and 10064000 K using
the Chemkid* fitting program and following their constrained

(12) Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359.
(13) Knowles, P. J.; Hampel, C.; Werner, H.dJ.Chem. Phys1993
99, 5219.

three-step procedure. The parameters obtained from the resulting (14) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.

fits can be found on the WeB.

4. Conclusions

We have performed highly accurate calibration calculations
for several species, which support the use of the G3MP2

Chem. Phys. Lettl989 157, 479.

(15) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98,
8718.

(16) Dunning, T. HJ. Chem. Phys1989 90, 1007.

(17) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys.
1992 96, 6796.

(18) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358.

approach. There is reasonable agreement between theory and (19) Woon, D. E.; Peterson, K. A.; Dunning, T. H. Unpublished.

experiment for most systems. The only obvious problems with

the G3MP2 approach arise fop @nd G, where the errors are

(20) Martin, J. M. L.Chem. Phys. Lettl996 259, 669.
(21) Helgaker, T.; Klopper, W.; Koch, H.; Noga,Jl.Chem. Physl997,
106, 9639.

about 4 and 6 kcal/mol, whereas the rest of the systems appear (22) Ricca, A.J. Phys. Chem. A999 103 1876.

to be accurate to abotit2 kcal/mol. The heat capacity, entropy,

(23) Moore, C. EAtomic energy leels Natl. Bur. Stand. (US); 1949,

and temperature dependence of the heat of formation are fit tocirc. 467.

14 parameters that can be found on the \#feb.
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