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An ab initio bond additivity corrected quantum chemistry procedure has been applied to the development of
a data base for thermochemistry of C/H/F/O species. This information has been used to construct a chemical
kinetic mechanism for the prediction of the behavior of fluorocarbons as flame suppressants, with clear
applications to plasma and atmospheric chemistry as well. Bond additivity corrected (BAC) Moller-Plesset
fourth-order perturbation theory (MP4) calculations have been performed to obtain a large body of
thermochemical data on about 100 closed and open shelled fluorocarbon species. For about 70 of these
species, literature values for enthalpies of formation were available for comparison to the calculated values.
The average difference between the calculated and literature values was about 9 kJ/mol. The results indicate
that the BAC-MP4 procedure can provide energies that are comparable in accuracy to most experimentally
derived values, at lower computational costs relative to other more computationally expensiveab initio
molecular orbital methods. This work provides a substantial data base of thermochemical data for fluorinated
hydrocarbons constructed in a self-consistent manner.

Introduction

Fluorocarbon chemistry has importance in a variety of areas
including atmospheric chemistry, combustion/flame suppression,
and plasma etching in the microelectronics industry. This work
has been motivated by the need to find a replacement for CF3-
Br. Halon 1301 (CF3Br) is a highly effective agent for the
suppression of flames, whose activity is generally considered
to be derived from the activity of bromine atoms for catalytically
removing hydrogen atoms in flames. However, the environ-
mental impact of CF3Br (its ozone depletion potential) has
prompted a search for alternative agents for flame suppression.
The most promising replacement candidates seem to be fluo-
rocarbons and hydrofluorocarbons, which have recently been
evaluated in a critical study conducted at NIST under the
auspices of the Air Force and other agencies.1 As an aid to the
testing and subsequent selection procedure, a theoretical model
based on the application of detailed chemical kinetics has been
developed.2-4 Because the available thermochemical and kinetic
data were not sufficient to the task, we have undertaken to
calculate thermochemical data for a large set of stable and
radical species along with a critical evaluation against experi-
ment. The relevance of the data, however, goes beyong the
application to flame suppression, since there are clear needs in
the atmospheric chemistry and plasma etching communities for
high-quality thermochemical and kinetic data. The ability to
provide quality data in a timely fashion is clearly of value to
the user community. In this study, we have generated a large
body of thermochemical data for C1 and C2 fluorinated
hydrocarbons and made a critical comparison with literature
values.

Calculation Methodology

All calculations were performed using the BAC-MP4 pro-
cedure outlined by Melius.5 This procedure involvesab initio

molecular orbital calculation using the Gaussian series of
programs,6 followed by application of a bond additivity cor-
rection (BAC) procedure to the calculated energy. The essence
of the BAC procedure is to enable one to calculate energies at
accuracies sufficient for chemical applications, without the need
to resort to large basis sets or configuration interaction terms.
This is a particularly important issue where the goal is generation
of a sufficiently complete data set necessary for detailed
chemical modeling.Ab initio methods have been used previ-
ously to calculate equilibrium geometries and energies for the
fluoroethanes by Martell and Boyd7 and the fluoroethyl radicals
by Chenet al.8-11 This work presents data for most of the
stable, radical, fluorinated, and oxidized fluorinated hydrocar-
bons with one (C1) or two (C2) carbon atoms.
Equilibrium geometries, vibrational frequencies, and zero-

point energies were calculated at the HF/6-31G(d) level. Single-
point energies were calculated at the MP4/6-31G(d,p) level, to
which the BAC procedure was applied. In the BAC method,
errors in the electronic energy of a molecule are treated as
bondwise additive and depend on bonding partner, distance, and
next nearest neighbors. The energy per bond is corrected by
calibration at a given level of theory against molecules of known
energy.
Melius5 has shown that for any molecule with bond con-

nectivity Ak-A i-A j-A l that the error in calculating the
electronic energy can be estimated through use of an empirical
correctionEBAC to each bond Ai-A j, where

and

Aij andRij are calibration constants that depend on bond type.
rij is the bond length at the Hartree-Fock level. gkij is a
correction to each second-nearest neighbor Ak, where
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EBAC(A i-A j) ) fijgkijgijl (1)

fij ) Aij exp(-Rij rij) (2)

gkij ) (1- hikhij) (3)
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and

Bk is a calibration constant that depends on the atom type. The
bond additivity correction parameters used in this work are given
in Table 1. For open shell molecules, an additional correction
is needed due to contamination from higher spin states. This

errorEspin is estimated using an approach developed by Schlegel
in which the spin energy correction is obtained from the
difference between the energy at the MP2 level using the UHF
wave function and the projected energy,12 or

For closed shell species having a UHF instability, the spin
correction is

Results

The primary focus of this work was to accurately predict
molecular energies for fluorinated hydrocarbon species and to
compare these values with those in the literature. We will also
present the calculated geometries (bond distances and angles),
vibrational frequencies, and moments of inertia. These data are
necessary for calculation of ideal gas thermodynamic functions,

TABLE 1: Bond Additivity Correction Parameters

MP4/6-31G(d,p)//HF/6-31G(d)
bond

calibration
species Aij Rij atom type Bk

C-H CH4 38.61 2.0 H 0
C-C C2H6, C2H2 1444.1 3.8 C 0.31
O-H H2O 72.45 2.0 O 0.225
C-O CH3OH, CH2O 175.6 2.14 F 0.33
H-F HF 84.21 2.0
C-F CF4 143.29 2.1
H-H H2 18.98 2.0

hjk ) Bk exp(-Rik(rik - 1.4 Å) (4)

TABLE 2: C 1 Fluorinated Hydrocarbons: Ab Initio (hartrees) and Calculated and Literature Enthalpies of Formation
(kJ/mol)a

species E(HF) E(MP4) E(ZP) H(MP4) H(BAC) H(S) ∆Hf(298) unc lit unc diff ref

CH4 -40.201 706 -40.388 611 0.047 777 -0.87 73.97 -74.8 4.2 -74.9 0.3 0.1 20
CH3F -139.039 734 -139.385 818 0.042 440-143.98 89.83 -233.8 4.2 -232.6 8.4 -1.2 21
CH2F2 -237.899 811 -238.406 677 0.035 981-351.69 99.37 -451.1 4.2 -452.2 1.8 1.1 21
CHF3 -336.773 376 -337.441 589 0.028 135-599.62 99.83 -699.5 4.2 -697.6 2.7 -1.9 21
CF4 -435.645 203 -436.473 877 0.019 176-843.26 90.88 -934.1 4.3 -933.0 0.4 -1.1 21
•CH3 -39.564 457 -39.714 718 0.030 971 205.67 59.71 0.71 146.0 5.1 145.7 0.7 0.3 20
•CH2F -138.406 067 -138.719 345 0.026 899 45.38 76.82 0.58 -31.4 4.4 -32.6 8.4 1.2 22
•CHF2 -237.265 182 -237.740 921 0.021 029-162.84 84.43 0.37 -247.3 4.3 -247.7 8.4 0.4 22
•CF3 -336.131 195 -336.767 975 0.013 564-389.06 82.84 0.29 -471.9 4.3 -467.4 8.4 -4.5 22
:CH2 -38.876 305 -39.011 696 0.017 966 496.35 66.57 7.30 429.8 15.9 424.7 4.2 5.1 23
:CHF -137.756 210 -138.064 362 0.013 589 188.94 57.24 5.04 131.7 11.6 163.2 12.6-31.5 24
:CF2 -236.660 751 -237.137 375 0.007 776-133.08 70.25 0.87 -203.3 16.3 -186.6 6.3 -16.7 25
•CH -38.226 694 -38.369 346 0.006 967 632.91 19.20 0.38 613.7 4.6 594.1 0.4 19.6 20
•CF -137.171 005 -137.447 723 0.003 214 280.68 44.35 0.59 236.3 11.5 240.5 10.0-4.2 26
CH2dO -113.869 736 -114.206 276 0.029 204 -13.93 94.60 -108.5 4.2 -108.6 6.3 0.1 27
CHFdO -212.749 634 -213.249 512 0.023 149-279.48 102.80 -382.3 4.4 -376.6 15.0 -5.7 20
CF2dO -311.615 295 -312.273 987 0.015 788-498.93 99.45 -598.4 7.0 -638.9 1.7 40.5 20
•CHdO -113.249 687 -113.561 111 0.014 386 121.2 82.3 0.76 38.9 7.1 37.2 5.0 1.7 22
•CFdO -212.112 061 -212.585 648 0.009 258 -92.8 90.0 1.08 -182.9 7.4 -171.5 15.0 -11.4 20
CH3OH -115.046 684 -115.410 896 0.055 341 -67.18 137.65 -204.8 4.2 -201.2 0.4 -3.7 28
CF2FOH [fcoh gauche] -213.909 058 -214.433 838 0.049 058-280.03 150.29 -430.3 4.9
CHF2OH [hcoh trans] -312.783 966 -313.469 513 0.041 106-530.05 154.26 -684.3 7.4
CF3OH -411.654 816 -412.500 610 0.032 018-770.66 148.78 -919.4 10.1 -893.3 12.6 -26.2 29
CH3OF -213.770 233 -214.309 219 0.046 572 41.27 133.26 -92.0 4.9 -72.4 12.6 -19.6 29
CH2FOF -312.617 523 -313.316 559 0.039 579-131.47 145.60 -277.1 5.3
CHF2OF -411.486 969 -412.348 450 0.031 818-371.34 150.08 -521.4 7.1
CF3OF -510.354 462 -511.377 197 0.022 918-605.49 144.64 -750.1 8.8 -764.8 12.6 14.7 20
CH3O• -114.425 580 -114.743 907 0.040 274 123.76 96.15 0.68 27.6 4.6 16.7 2.9 10.9 30
CH2FO• -213.285 492 -213.765 732 0.034 366 -85.20 109.20 0.72 -194.4 5.9
CHF2O• -312.147 064 -312.786 407 0.027 076-294.16 111.46 0.59 -405.6 8.8
CF3O• -411.013 245 -411.813 477 0.018 226-523.23 105.10 0.53 -628.3 9.1 -655.6 6.3 27.3 29
•CH2OH -114.418 732 -114.750 832 0.040 204 106.35 125.85 0.59-19.5 4.6 -9.0 4.0 -10.5 31
•CHFOH -213.279 205 -213.772 720 0.034 092-103.32 136.31 0.40 -239.6 5.5
•CF2OH [fcoh trans] -312.143 646 -312.797 791 0.026 418-324.60 138.49 0.33 -463.1 8.3
•CH2OF -213.227 127 -213.707 077 0.030 708 62.19 104.56 0.90 -42.4 9.8
•CHFOF -312.115 723 -312.749 756 0.023 347-203.36 105.73 0.27 -309.1 4.6
CH3OOH -189.807 548 -190.360 342 0.059 834 64.18 175.69 -124.6 4.2 -131.0 8.4 6.4 27
CF3OOH -486.402 740 -487.438 110 0.036 460-621.04 186.44 -807.5 8.2
CH3OO• -189.207 061 -189.724 301 0.046 682 175.48 140.00 0.80 25.3 8.2 28.0 12.6-2.7 32
CF3OO• -485.793 976 -486.790 710 0.022 951-470.74 149.79 0.77 -627.5 6.9 -602.5 12.6 -25.0 29
HC(O)OH [trans] -188.770 538 -189.286 346 0.037 052-231.65 155.64 -387.3 5.2 -378.6 0.4 -8.7 27
FC(O)OH [trans] -287.639 526 -288.313 629 0.029 603-458.62 156.23 -614.9 14.0
HC(O)O• -188.083 944 -118.602 008 0.018 636 -3.15 121.75 0.76 -124.9 4.8 -150.6 8.4 25.7 32
FC(O)O• -286.998 169 -287.630 585 0.015 303-222.89 114.01 0.70 -336.9 10.3
CH2(OH)2 -189.165 420 -190.459 718 0.062 306-190.25 199.53 -404.4 4.6 -391.2 8.4 -13.2 32
CF2(OH)2 -387.663 544 -388.527 222 0.044 988-697.53 205.52 -903.1 16.0
•OCH2(OH) -114.419 093 -114.751 268 0.040 230 112.34 125.81 0.71 20.6 5.9
•OCF2(OH) -387.025 391 -387.843 719 0.031 379-459.60 161.84 0.58 -621.4 14.9

a All geometries using the Hartree-Fock method with a 6-31G(d) basis set.E(HF), total energy using Hartree-Fock method with 6-31G(d,p)
basis set (hartrees);E(MP4), total energy using fourth-order Moller-Plesset theory with 6-31G(d,p) basis set (hartrees);E(ZP), zero-point correction
(hartrees);H(MP4), calculated enthalpy of formation at 0 K (kJ/mol);H(BAC), bond additivity correction (kJ/mol);H(S), spin correction (kJ/mol);
∆Hf°(298), calculated enthalpy of formation at 298.15 K (kJ/mol); lit, literature value for∆Hf°(298) (kJ/mol); unc, reported uncertainty in value
(kJ/mol); diff, difference between calculated and literature values (kJ/mol); ref, literature reference.

Espin) E(UMP3)- E(PUMP3) (5)

Espin) KS(S+ 1) whereK ) 41.8 kJ/mol (6)
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such as entropies at standard state, heat capacities, and Gibbs
energy of formation.
Enthalpies of Formation. Table 2 lists calculated total

energies (Hartrees) and both calculated and literature values for
enthalpies of formation at 298.15 K (kJ/mol) for C1 fluorinated
hydrocarbons, including partially oxidized species and unsub-
stituted hydrocarbon analogues. Table 3 lists calculated and
literature values for the C2 fluorinated hydrocarbons.
The literature values for enthalpies of formation consist of a

number of different types of data, including experimental,

calculated, and estimated values. Many are high-quality,
experimentally derived values based on heat of combustion or
heat of reaction data, where the other reactants and products
have well-established enthalpies of formation. The uncertainty
in these data is typically less than 4 kJ/mol. Some of the data,
although experimentally derived, have somewhat higher uncer-
tainties due to side reactions or due to the fact that other reactants
or products have somewhat uncertain enthalpies of formation.
Typically, these values have enthalpies of formation with
uncertainties of about 4-8 kJ/mol.

TABLE 3: C 2 Fluorinated Hydrocarbons: Ab Initio Energies (hartrees) and Calculated and Literature Enthalpies of
Formation (kJ/mol) k

species E(HF) E(MP4) E(ZP) H(MP4) H(BAC) H(S) ∆Hf(298) unc lit unc diff ref

C2H6 -79.238 235 -79.584 023 0.079 755 41.80 128.74 -86.9 4.3 -84.1 0.4 -2.8 33
CH3-CH2F -178.085 403 -178.591 492 0.073 137 -130.76 141.59 -272.4 4.2 -263.2 1.6 -9.2 17
CH2F-CH2F -276.928 894 -277.594 635 0.066 316 -292.07 153.89 -446.0 4.4 -433.9 11.8 -12.1 a
CH3-CHF2 -276.950 928 -277.618 652 0.065 525 -357.52 147.82 -505.3 4.4 -500.8 6.3 -4.5 17
CH2F-CHF2 -375.791 065 -376.618 820 0.058 551 -511.25 160.25 -671.5 4.9 -664.8 4.2 -6.7 35
CH3-CF3 -375.825 409 -376.654 694 0.056 881 -610.09 145.35 -755.4 4.8 -745.6 1.6 -9.9 17
CHF2-CHF2 -474.647 705 -475.637 939 0.050 704 -716.87 166.44 -883.3 5.6 -877.8 17.6 -5.5 b
CH2F-CF3 -474.661 774 -475.651 672 0.049 873 -755.38 157.95 -913.3 5.2 -895.8 4.2 -17.5 17
CHF2-CF3 -573.517 883 -574.670 288 0.041 861 -960.14 163.97 -1124.1 5.9 -1104.6 4.6 -19.5 17
CF3-CF3 -672.384 460 -673.699 768 0.032 955-1195.56 161.42 -1357.0 6.4 -1342.7 6.3 -14.3 17
C2H5

• -78.605 522 -78.914 810 0.063 352 236.80 116.23 0.76 120.6 5.6 118.5 4.0 2.1 33
CH2F-CH2

• -177.450 180 -177.919 434 0.056 810 71.89 128.11 0.73 -56.2 5.8 -47.7 1.0 -8.5 c
CH3-CHF• -177.454 727 -177.927 460 0.057 857 53.14 128.78 0.60 -75.6 4.9 -76.3 5.9 0.6 d
CH2F-CHF• -276.296 204 -276.929 932 0.051 227 -106.20 141.08 0.65 -247.3 5.4 -238.5 12.5 -8.8 e
CHF2-CH2

• -276.313 385 -276.943 878 0.049 267 -147.24 133.64 0.71 -280.9 6.4 -285.8 15.0 4.9 f
CH3-CF2• -276.317 749 -276.952 942 0.050 932 -167.65 132.59 0.40 -300.2 5.1 -302.5 8.4 2.3 25
CH2F-CF2• -375.154 449 -375.950 958 0.044 204 -315.00 145.14 0.47 -460.1 5.8 -449.8 15.0 -10.4 g
CHF2-CHF• -375.154 053 -375.949 524 0.043 553 -312.90 146.94 0.61 -459.8 6.2 -456.1 15.0 -3.8 h
CF3-CH2

• -375.186 554 -375.978 546 0.040 761 -395.95 130.67 0.69 -526.6 6.7 -517.1 4.2 -9.5 25
CHF2-CF2• -474.011 444 -474.969 727 0.036 297 -520.06 151.00 0.43 -671.1 6.4 -664.8 18.7 -6.3 i
CF3-CHF• -474.025 970 -474.982 941 0.034 739 -558.83 144.14 0.59 -703.0 6.5 -680.7 9.6 -22.2 13
CF3-CF2• -572.879 883 -574.000 549 0.027 442 -759.20 148.36 0.41 -907.6 6.7 -891.2 4.2 -16.4 25
C2H4 -78.038 841 -78.353 065 0.054 771 167.19 115.65 51.5 4.2 52.5 0.6-1.0 20
CH2dCHF -176.887 573 -177.364 426 0.047 658 -17.12 122.09 -139.2 6.5 -140.1 2.5 0.9 26
CHFdCHF [Z] -275.725 342 -276.364 990 0.040 441 -172.67 128.62 -301.3 10.3 -297.1 10.0 -4.2 38
CHFdCHF [E] -275.725 769 -276.365 173 0.040 042 -173.98 128.20 -302.2 10.2 -292.9 10.0 -9.3 38
CH2dCF2 -275.743 744 -276.382 446 0.039 896 -220.35 119.79 -340.1 11.0 -336.4 4.0 -3.7 26
CHFdCF2 -374.574 188 -375.376 312 0.032 238 -358.87 126.69 -485.6 14.0 -491.0 9.0 5.4 26
CF2dCF2 -473.415 680 -474.381 287 0.023 980 -528.22 125.44 -653.7 16.9 -658.6 2.9 4.9 20
C2H3

• -77.395 897 -77.662 048 0.038 711 419.63 122.55 6.55 297.1 14.8 299.6 3.3-2.5 39
CHFdCH• [Z] -176.238 495 -176.667 862 0.032 184 251.43 128.32 6.24 123.1 15.4
CHFdCH• [E] -176.238 068 -176.667 999 0.032 319 251.55 127.44 6.03 124.1 16.0
CH2dCF• -176.241 196 -176.674 622 0.032 635 234.95 125.85 5.50 109.1 14.1
CHFdCF• [Z] -275.074 615 -275.670 288 0.025 824 93.37 134.47 5.81 -41.1 16.8
CHFdCF• [E] -275.075 653 -275.669 495 0.025 232 94.05 136.57 6.38 -42.5 17.9
CF2dCH• -275.089 600 -275.684 387 0.025 013 53.72 121.38 4.92 -67.7 16.9
CF2dCF• -373.919 556 -374.678 314 0.017 846 -83.56 132.80 5.66 -216.4 19.4 -192.1 8.4 -24.2 40
C2H2 -175.625 519 -176.072 235 0.021 900 316.01 89.24 226.8 4.2 226.7 0.8 0.0 33
C2HF -175.645 203 -176.093 704 0.022 588 213.28 95.48 117.8 15.9 125.5 22.0-7.7 20
C2F2 -274.459 065 -275.070 500 0.015 287 120.42 88.62 31.8 27.3 20.9 21.0 10.9 20
•C2H -76.152 107 -76.379 669 0.013 740 681.26 130.79 12.33 550.5 26.8 564.8 4.2-14.4 22
•C2F -174.968 506 -175.366 791 0.008 401 565.41 111.55 8.74 453.9 25.6 460.2 22.0-6.3 j
CH2dCdO -151.728 760 -152.195 602 0.034 208 84.72 125.35 -40.6 7.2 -47.7 2.5 7.1 41
CHFdCdO -250.544 434 -251.176 208 0.027 736 -16.90 130.29 -147.2 9.8
CF2dCdO -349.374 939 -350.172 302 0.019 748 -162.11 128.32 -290.4 13.2
•CHdCdO -151.084 306 -151.516 846 0.019 066 308.83 121.55 3.00 187.3 15.2 175.3 8.4 12.0 39
•CFdCdO -249.903 534 -250.485 458 0.012 340 237.02 167.99 13.59 69.0 31.1
CH3-CHO -152.922 577 -153.417 847 0.059 931 -15.76 145.35 -161.1 0.8 -166.2 0.4 5.1 27
CH2F-CHO [fcco trans] -251.763 474 -252.418 655 0.053 052 -171.23 157.49 -328.7 4.7
CHF2-CHO [hcco cis] -350.619 751 -351.437 500 0.045 629 -375.40 163.55 -539.0 5.1
CF3-CHO [fcco cis] -449.486 938 -450.467 773 0.037 013 -612.84 161.46 -774.3 5.4
CH3-CO• -152.302 949 -152.771 808 0.046 545 124.89 132.34 0.70 -7.5 4.4 -10.2 1.7 2.8 33
CH2F-CO• [fcco trans] -251.141 815 -251.771 545 0.039 782 -27.34 145.27 0.71 -172.6 6.6
CHF2-CO• [hcco cis] -349.995 270 -350.788 055 0.032 308 -225.60 151.75 0.83 -377.4 8.2
CF3-CO• [fcco cis] -448.861 084 -449.817 200 0.023 686 -460.18 149.70 0.90 -609.9 9.4

a This work, from∆Hf° for CH2F22 and C-C BDE (368.6 kJ/mol) for CH2F-CH2F.34 b This work, from∆Hf° for CHF222 and C-C BDE (382.4
kJ/mol) for CHF2-CHF2.36 c This work, from∆Hf° for CH3-CH2F17 and estimated C-H BDE (433.5 kJ/mol).d This work, average of enthalpies
of formation from refs 13 and 37.eThis work, from∆Hf° for CH2F-CH2Fa and C-H BDE (413.4 kJ/mol).13 f This work, from∆Hf° for CH3-
CHF217 and estimated C-H BDE (433.0 kJ/mol).g This work, from∆Hf° for CH2F-CHF235 and estimated C-H BDE (433.0 kJ/mol).h This work,
from ∆Hf° for CH2F-CHF235 and estimated C-H BDE (426.7 kJ/mol).i This work, from∆Hf° for CHF2-CHF2b and C-H BDE (431.0 kJ/mol).13
j This work, estimated assuming BDE(FCC-F) ) BDE(HCC-F). k For definitions of other notation, see Table 2.

Thermochemical Data for Hydrofluorocarbons J. Phys. Chem., Vol. 100, No. 21, 19968739

+ +

+ +



In some cases, the literature values are based, in whole or
part, on bond additivity, group additivity, or other trends in
enthalpies of formation of related species. Typically, these
values have enthalpies of formation with uncertainties of about
8-12 kJ/mol. Many of the radicals have literature values for
their enthalpies of formation that were determined using the
enthalpies of formation of the parent species and bond dissocia-
tion energies that were either indirectly measured or were
reasonable estimates based on trends in other molecules. For
example, Martin and Paraskevopoulos13 have estimated C-H
bond strengths in fluoromethanes and fluoroethanes (and
consequently, enthalpies of formations for the fluoromethyl and
fluoroethyl radicals) through correlations between the rates of
H atom abstraction by OH radicals, C-H vibrational frequen-

cies, and known C-H bond strengths. We have supplemented
these data with our own estimates in order to provide enthalpies
of formation for the other fluoroethyl radicals in the absence of
other literature values.
Of the roughly 100 species shown in Tables 2 and 3, about

70 species have literature values for enthalpies of formation.
The differences between the BAC-MP4 and the literature values
are shown in Figure 1 (ordered by difference from low to high).
The average difference between the calculated and literature
values is 9.2 kJ/mol. The average uncertainty of the literature
values is 7.3 kJ/mol.
From Figure 1 and Tables 2 and 3, one can conclude that for

the fluorinated hydrocarbon system enthalpies of formation
calculated using the BAC-MP4 method have accuracies that are

Figure 1. BAC-MP4 enthalpies of formation: difference from literature values.

Figure 2. BAC-MP4 C-F bond dissociation energies: comparison with literature values. Dashed lines are a visual aid for bracketing the bounds
of the literature values.
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comparable to the majority of experimentally derived values.
We believe the precision of the BAC-MP4 values for any
homologous series to be significantly better than that which is
typically obtainable from experimental measurements. For
example, in Figure 2 we show the C-F bond dissociation
energies for the fluoroethanes as calculated and literature (or
estimated) values. It would appear that the calculated values
provide a more consistent set of data. On the other hand, one
could argue that the calculations using limited basis sets may
be insensitive to some types of interactions. Although we
believe this not to be the case, an analysis of the difference
between experimental and calculated data as a function of larger
basis sets and higher order theories would be useful for a more
accurate definition of the accuracy of the calculations used in
this work. In any case, these calculations are clearly comparable
in accuracy to most experimentally derived values, with the
added benefit of a self-consistent procedure for all species.
A number of species shown in Figure 1 have significant

differences (>15 kJ/mol) between the calculated and literature
values for enthalpies of formation. The potential uncertainties
in the calculations or the experimental/literature values should
be discussed. Such a comparison is instructive in order both

to quantify the limitations of the BAC-MP4 values and to
potentially point out experimental or calculated values that may
be uncertain.
Of all the species, CF2dO has the largest difference.

Although the quoted uncertainty for this molecule is small, there
is reason to believe that the experimental data may include
contributions from side reactions complicating its determination.
In addition, other recent calculations indicate that the enthalpy
of formation of CF2dO should be higher14,15 and well within
the uncertainty of our calculations. It is instructive to note that
many of the species with large differences between calculated
and literature values are oxyfluoro-species: CF2dO, CF3O, CF3-
OF, CF3OH, CF3OO, and CH3OF. The enthalpies of formation
for CF3O and CF3OF were determined from heats of reactions
involving CF2dO. Consequently, if the accepted value for the
enthalpy of formation of CF2dO was higher, the values for the
other species would also be higher (and closer to the calculated
values). Similarly, the enthalpies of formation of CF3OH and
CH3OF were estimated using group additivity based on the other
species. Consequently, their enthalpies of formation would also
need to be adjusted. The enthalpy of formation of CF3OO was
determined by assuming that the CF3-OO bond dissociation

TABLE 4: C 1 and C2 Fluorinated Hydrocarbons: Moments of Inertia (10-47 kg m2)

species IA IB IC species IA IB IC

CH4 5.24 5.24 5.24 CH3-CF3 148.76 158.76 158.79
CH3F 5.25 31.84 31.84 CHF2-CHF2 155.94 287.94 327.62
CH2F2 16.50 77.20 88.32 CH2F-CF3 152.80 292.75 296.90
CHF3 78.98 78.98 144.03 CHF2-CF3 221.90 338.10 408.22
CF4 142.55 142.55 142.55 CF3-CF3 288.03 442.91 442.91
•CH3 2.89 2.89 5.78 C2H5

• 8.00 37.13 39.93
•CH2F 3.15 26.82 29.53 CH2F-CH2

• 20.06 82.42 96.41
•CHF2 12.20 74.78 85.62 CH3-CHF• 17.80 87.43 99.26
•CF3 75.31 75.31 145.53 CH2F-CHF• 39.75 174.04 189.67
:CH2 [sing] 1.34 2.47 3.80 CHF2-CHF• 84.43 85.02 155.35
:CHF 1.72 22.40 24.12 CH3-CF2• 81.02 90.62 162.04
:CF2 9.35 64.95 74.30 CH2F-CF2• 103.85 201.05 249.68
•CH 0.00 1.90 1.90 CHF2-CHF• 103.74 195.77 241.53
•CF 0.00 19.60 19.60 CF3-CH2

• 146.37 150.57 154.14
CH2dO 2.86 20.91 23.76 CHF2-CF2• 152.33 288.44 336.57
CHFdO 8.84 68.99 77.83 CF3-CHF• 148.39 291.61 296.93
CF2dO 68.97 69.00 137.97 CF3-CF2• 217.96 339.92 414.26
•CHdO 1.07 18.30 19.37 C2H4 5.60 27.34 32.93
•CFdO 4.19 70.99 75.18 CH2dCHF 12.50 77.57 90.08
CH3O• 5.24 30.41 130.49 CHFdCHF [Z] 38.51 139.95 178.47
CH2FO• 15.36 75.54 85.58 CHFdCHF [E] 14.20 204.30 218.50
CHF2O• 76.21 78.48 141.68 CH2dCF2 74.41 78.63 153.04
CF3O• 136.13 139.58 144.70 CHFdCF2 76.88 212.39 289.27
CH3OH 6.40 33.01 34.19 CF2dCF2 148.83 252.80 401.63
CH2FOH [fcoh gauche] 18.02 78.78 89.64 C2H3

• 3.61 26.06 29.68
CHF2OH [hcoh trans] 80.43 81.32 144.72 CHFdCH• [Z] 9.65 75.95 85.60
CF3OH 143.10 144.11 145.53 CHFdCH• [E] 12.29 71.42 83.71
CH3OF 18.09 75.51 88.30 CH2dCF• 7.56 81.01 88.57
CH2FOF 20.43 187.87 202.93 CHFdCF• [Z] 32.42 146.49 178.91
CHF2OF 83.34 198.65 263.27 CHFdCF• [E] 10.31 207.95 218.26
CF3OF 145.41 261.40 265.21 CF2dCH• 70.89 76.08 146.97
•CH2OH 4.27 27.83 31.52 CF2dCF• 72.80 217.89 290.68
•CHFOH 13.77 75.64 87.24 C2H2 0.00 81.78 81.78
•CF2OH [fcoh trans] 74.69 78.29 147.91 C2HF 0.00 84.53 84.53
•CH2OF 13.45 125.19 138.01 •C2H 0.00 19.16 19.16
•CHFOF 52.48 308.48 356.54 •C2F 0.00 75.82 75.82
CF3OOH 146.17 260.61 262.43 CH2dCdO 2.92 79.95 82.87
CF3OO• 144.76 249.01 251.97 CHFdCdO 14.45 180.24 194.69
HC(O)OH [trans] 10.52 67.38 77.90 CF2dCdO 76.39 209.01 285.39
FC(O)OH [trans] 67.70 71.33 139.04 •CFdCdO 5.47 195.70 201.18
HC(O)O• 5.01 69.84 74.85 CH3-CHO 14.46 81.55 90.89
FC(O)O• 63.38 69.89 133.27 CH2F-CHO [fcco trans] 20.71 190.45 205.95
CF2(OH)2 144.48 145.04 148.32 CHF2-CHO [hcco cis] 87.24 211.96 272.48
•OCF2(OH) 138.11 139.22 147.20 CF3-CHO [fcco cis] 148.91 273.72 278.81
C2H6 10.28 41.83 41.83 CH3-CO 9.67 83.88 88.42
CH3-CH2F 22.84 88.06 100.54 CH2F-CO• [fcco gauche] 36.25 139.26 170.32
CH2F-CH2F 25.87 212.05 227.51 CHF2-CO• [hcco cis] 82.99 209.20 274.09
CH3-CHF2 86.33 92.27 159.20 CF3-CO• [fcco cis] 144.25 275.19 275.38
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energy is identical to that known for CH3-OO. However, it is
reasonable to expect that the CF3-OO bond would be somewhat
stronger given the large positive charge on the carbon atom (due
to electron withdrawal by the fluorine atoms). Indeed, our BAC-
MP4 calculations indicate that the C-O bond in CF3-OO is
about 35 kJ/mol stronger than that in CH3-OO.
There are a number of other species with significant differ-

ences between calculated and literature values that are only
indirectly tied to experimental measurements. For references
to the literature values see Tables 2 and 3. The enthalpy of
formation of the HCOO radical is an estimate based on group
additivity. The enthalpy of formation of the CF2dCF radical
is an estimate based on trends in C-F bond dissociation energies
(from appearance potential measurements) as a function of bond
lengths. The enthalpies of formation of the fluoroethyl radicals,
CF3-CHF and CH2F-CF2, were determined from estimated
C-H bond dissociation energies based on correlations between
rates of H atom abstraction by OH radicals, C-H bond
frequencies, and known C-H bond strengths. A few of the
fluoroethanes, CH2F-CF3, CHF2-CF3, and CF3-CF3, show
calculated enthalpies of formation that are significantly lower
than the experimentally derived values. Given that these are
highly fluorinated species, any uncertainty in the C-F BAC
correction (additive) will be amplified. The BAC parameters
for C-F bonds are based on calibration with CF4. Using C2F6
as the reference species would provide better agreement between
calculated and experimental enthalpies of formation for the
fluoroethanes and fluoroethyl radicals, although slightly worse

agreement for the fluoromethanes and fluoromethyl radicals.
The small species CH, CHF, and CF2 have experimental
enthalpies of formation with small uncertainties, yet differ
significantly from the calculated values. It is likely that for
these small species that either are open shelled species (CH) or
are closed shell species with UHF instabilities (CHF and CF2)
use of larger basis sets and higher order theories should yield
better calculated values.
Geometries.We also make a comparison between literature

values, where available, for bond distances, bond angles,
vibrational frequencies, and moments of inertia. In brief, it is
found that on the average the calculated bond distances are
within about 1%, the calculated bond angles are within about
1°, the calculated vibrational frequencies are within about 2.5%,
and the calculated moments of inertia are within approximately
2.5% of their respective literature values. In general, the
precision of the calculations were better than these values, as
discussed below, and comparable to that for most experimentally
derived data.
Moments of inertia for C1 and C2 fluorinated hydrocarbons

calculated using the geometries at the HF/6-31G(d) level are
given in Table 4. A comparison (not shown) between calculated
and literature values16,17 for the fluoromethanes and fluoroet-
hanes (where available) indicates that the calculated moments
of inertia are about 2.5% lower than the literature values on the
average, with a standard deviation of about 0.7%.
Calculated HF/6-31G(d) vibrational frequencies (scaled by

0.89) for C1 and C2 fluorinated hydrocarbons are given in Tables

TABLE 5: C 1 Fluorinated Hydrocarbons: Vibrational Frequencies (ν (cm-1))

species ν(1) ν(2) ν(3) ν(4) ν(5) ν(6) ν(7) ν(8) ν(9) ν(10) ν(11) ν(12) ν(13) ν(14) ν(15)

CH4 1329 1329 1329 1520 1520 2855 2948 2948 2948
CH3F 1059 1171 1171 1475 1476 1476 2887 2959 2959
CH2F2 510 1105 1123 1164 1258 1464 1529 2942 3007
CHF3 492 492 681 1127 1186 1186 1414 1414 3037
CF4 422 422 610 610 610 896 1315 1315 1315
•CH3 275 1375 1375 2933 3090 3090
•CH2F 771 1134 1144 1444 2692 3088
•CHF2 521 1041 1150 1181 1343 3005
•CF3 491 491 677 1086 1286 1286
:CH2 [sing] 1397 2794 2850
:CHF 1189 1404 2733
:CF2 651 1156 1241
•CH 2731
•CF 1260
CH2dO 1193 1235 1500 1811 2821 2885
CHFdO 659 1051 1115 1374 1877 2997
CF2dO 563 610 779 977 1306 1953
•CHdO 1117 1914 2608
•CFdO 632 1081 1915
CH3O• 728 990 1082 1414 1423 1487 2842 2901 2918
CH2FO• 527 912 1047 1108 1198 1413 1440 2885 2938
CHF2O• 443 499 645 1015 1147 1155 1355 1391 2961
CF3O• 225 411 572 583 607 883 1275 1278 1309
CH3OH 311 1040 1061 1151 1346 1462 1475 1485 2844 2885 2952 3677
CH2FOH [fcoh gauche] 351 529 1019 1069 1133 1244 1363 1446 1522 2903 2991 3657
CHF2OH [hcoh trans] 301 499 532 641 1025 1119 1192 1310 1384 1438 3040 3630
CF3OH 233 428 441 583 608 617 889 1124 1235 1324 1414 3654
CH3OF 244 437 922 1090 1154 1206 1433 1445 1484 2891 2971 2976
CH2FOF 103 329 484 1030 1117 1152 1153 1222 1442 1531 2941 3009
CHF2OF 124 298 454 552 647 1052 1129 1167 1208 1391 1412 3037
CF3OF 133 262 424 430 572 597 676 887 1083 1284 1297 1337
•CH2OH 356 760 1032 1151 1325 1453 2943 3051 3686
•CHFOH 323 526 966 1076 1175 1253 1376 3020 3647
•CF2OH [fcoh trans] 239 480 492 674 1042 1105 1284 1371 3667
•CH2OF 154 335 347 1190 1253 1461 1649 2771 2875
•CHFOF 2 14 58 660 1051 1118 1374 1874 2999
CF3OOH 139 257 289 429 437 572 604 674 879 1068 1263 1294 1319 1438 3630
CF3OO• 122 279 420 442 571 593 686 878 1124 1251 1288 1340
HC(O)OH [trans] 618 639 1065 1139 1286 1386 1817 2964 3608
FC(O)OH [trans] 545 557 607 791 965 1215 1398 1882 3642
HC(O)O• 507 821 1058 1218 1689 2010
FC(O)O• 486 585 761 961 1303 1901
CF2(OH)2 162 338 432 449 583 595 606 880 1101 1153 1158 1408 1451 3658 3658
•OCF2(OH) 242 348 428 562 573 606 877 1105 1235 1286 1388 3648
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5 and 6, respectively. These frequencies are simply listed in
increasing value; specific normal modes have not been assigned.
A comparison between calculated and literature values16-18

for the vibrational frequencies of the fluoromethanes and
fluoroethanes (where available) is given in Table 7. The normal
mode assignments are included (where available). It was
determined that on average the calculated C-F stretching
frequencies were about 3% higher, the calculated C-H stretch-
ing frequencies were about 2% lower, and all other normal
modes were about 1-3% lower than their respective literature
values. The standard deviations of the differences were about
0.5-1.0%. It is instructive to note that for a few frequencies
the differences between calculated and literature values are large;
for example, for CH2F-CF3 a calculated vibrational frequency
at 1101 cm-1 is compared to a literature value of 973 cm-1,
for a difference of 128 cm-1. One could speculate that a
vibrational band in the experimental spectrum was misassigned
to a fundamental frequency when it may have been a combina-

tion band. A clear example of this is for the C-C stretch in
CF3-CF3. The calculated value is 1453 cm-1, while both
review articles17,18 selected 1228 cm-1 for the C-C stretch, a
very large difference (225 cm-1). We reviewed a number of
the experimental sources of these data and found that Nielsen
et al.19 assigned a vibrational band at 1420 cm-1 as the C-C
stretch. This is only 33 cm-1 lower than the calculated value.
This experimental value was included in Table 7. On the basis
of the calculated vibrational frequencies reported here, it would
be useful to review the recommended frequencies and make
reassignments where necessary.
Calculated bond distances and bond angles for C1 fluorinated

hydrocarbons are presented in Table 8. Geometries for the C2

fluorinated hydrocarbons are given in Tables 9 and 10. For
each bond, the bond distance, bond angle, and dihedral angle
are given. For example for CH3-CH2F, the C-C bond dis-
tance, the C-F bond distance, the twoR C-H bond distances,
and the threeâ C-H bond distances are 1.083, 1.373, 1.083,

TABLE 6: C 2 Fluorinated Hydrocarbons: Vibrational Frequencies (ν (cm-1))

species ν(1) ν(2) ν(3) ν(4) ν(5) ν(6) ν(7) ν(8) ν(9) ν(10) ν(11) ν(12) ν(13) ν(14) ν(15) ν(16) ν(17) ν(18)

C2H6 291 794 794 947 1194 1194 1382 1410 1468 1468 1473 1473 2857 2862 2901 2901 2924 2924
CH3-CH2F 244 393 783 867 1043 1107 1169 1269 1381 1417 1453 1469 1503 2869 2896 2925 2929 2948
CH2F-CH2F 130 273 444 787 1045 1064 1067 1157 1121 1268 1338 1444 1500 1506 2915 2916 2952 2975
CH3-CHF2 231 364 449 548 846 957 1119 1146 1159 1375 1391 1431 1455 1458 2883 2948 2951 2968
CH2F-CHF2 114 235 413 466 559 896 1081 1111 1125 1153 1238 1332 1402 1457 1486 2923 2971 2986
CH3-CF3 224 350 350 522 522 577 811 977 977 1263 1263 1277 1429 1453 1453 2898 2974 2974
CHF2-CHF2 77 223 240 398 502 582 768 903 1120 1131 1157 1205 1337 1393 1417 1460 2975 2984
CH2F-CF3 105 209 341 398 516 530 646 828 980 1101 1200 1216 1304 1315 1448 1485 2935 2990
CHF2-CF3 72 201 235 351 406 505 559 569 706 859 1130 1169 1217 1256 1324 1385 1466 2995
CF3-CF3 62 205 205 337 370 370 504 504 602 602 691 793 1110 1274 1274 1280 1280 1453
C2H5

• 148 411 777 967 994 1169 1386 1436 1455 1460 2822 2883 2914 2960 3047
CH2F-CH2

• 159 383 440 831 956 1060 1100 1228 1388 1426 1486 2856 2907 2974 3071
CF3-CHF• 184 389 641 879 1023 1088 1153 1338 1405 1442 1458 2839 2903 2935 2999
CH2F-CHF• 103 306 451 684 879 1014 1083 1165 1245 1348 1417 1476 2917 2966 3023
CHF2-CH2

• 126 362 376 469 614 908 957 1142 1152 1369 1391 1427 2928 2993 3096
CH3-CF2• 186 354 443 520 837 973 1081 1249 1250 1408 1446 1450 2862 2936 2966
CH2F-CF2• 85 203 348 502 717 830 971 1048 1205 1290 1313 1418 1477 2933 2986
CHF2-CHF• 81 220 349 502 696 751 879 1094 1125 1201 1363 1384 1426 2971 3030
CF3-CH2

• 122 316 361 461 519 569 593 832 933 1182 1267 1283 1429 3000 3108
CHF2-CF2• 61 209 222 396 516 583 749 874 1108 1148 1231 1317 1377 1440 2995
CF3-CHF• 80 204 339 403 507 537 653 714 844 1161 1192 1219 1289 1424 3048
CF3-CF2• 57 197 216 350 408 500 571 582 697 830 1134 1238 1271 1286 1418
C2H4 801 978 982 1031 1208 1336 1438 1657 2965 2986 3031 3054
CH2dCHF 467 714 916 922 977 1149 1301 1393 1690 3003 3060 3086
CHFdCHF [Z] 226 492 748 804 906 1004 1111 1255 1380 1760 3071 3094
CHFdCHF [E] 309 338 538 846 932 1127 1143 1275 1275 1745 3078 3087
CH2dCF2 423 528 630 713 865 918 952 1332 1386 1749 3027 3114
CHFdCF2 223 307 469 586 605 816 922 1145 1265 1368 1824 3105
CF2dCF2 199 200 382 431 530 540 563 777 1164 1341 1355 1915
C2H3

• 740 791 856 1068 1257 1460 2928 3012 3061
CHFdCH• [Z] 481 644 756 810 1080 1247 1475 3018 3104
CHFdCH• [E] 437 629 825 853 1053 1253 1453 3062 3100
CH2dCF• 427 614 797 905 1093 1367 1537 2975 3076
CHFdCH• [Z] 204 401 719 728 946 1120 1326 1579 3098
CHFdCF• [E] 296 298 518 685 1049 1163 1260 1568 3052
CF2dCH• 416 519 528 624 819 904 1278 1586 3129
CF2dCF• 204 279 414 459 588 864 1203 1318 1664
HClCH 709 709 788 788 2006 3221 3321
HClCF 442 442 685 685 1043 2263 3293
FClCF 291 291 407 407 771 1321 2502
HClC• 496 1654 3235
FClC• 218 1003 2072
CH2dCO 439 555 646 993 1131 1399 2124 3015 3105
CHFdCO 252 480 615 681 1028 1207 1425 2108 3074
CF2dCO 207 273 378 442 673 793 1315 1450 2208
•CHdCO 66 479 550 1246 1879 3253
•CFdCO 251 279 497 765 1333 1712
CH3-CHO 135 488 764 861 1099 1129 1371 1398 1434 1443 1815 2813 2862 2911 2965
CH2F-CHO [fcco trans] 84 315 515 721 1020 1078 1106 1223 1328 1392 1461 1822 2858 2910 2959
CHF2-CHO [hcco cis] 76 316 369 416 592 978 1082 1128 1131 1312 1369 1395 1841 2875 3003
CF3-CHO [fcco cis] 73 252 309 423 515 515 688 835 982 1225 1226 1330 1383 1857 2894
CH3-CO• 87 454 826 938 1037 1356 1432 1433 1912 2871 2946 2950
CH2F-CO• [fcco trans] 138 312 496 842 895 1101 1215 1346 1451 1924 2907 2964
CHF2-CO• [hcco cis] 54 367 407 411 590 947 1134 1151 1320 1366 1941 2976
CF3-CO• [fcco cis] 58 234 389 412 524 531 667 795 1203 1240 1269 1960
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and 1.084-1.086 Å, respectively. The FCC bond angle, the
two R HCC bond angles, and the threeâ HCC bond angles are
109.5°, 111.6°, and 110.3-110.5°, respectively. The dihedral
angle is the angle between the bond and a reference plane. In
this example, the reference plane is chosen to be defined by
the two carbon atoms and the “first” hydrogen atom (C1-C2-
H1). The other two beta C-H bonds are rotated 120° (on either
side) from the reference plane. The twoR C-H bonds are
rotated 60° (on either side) from the reference plane, while the
C-F bond is rotated 180° from the reference plane. The
dihedral angles indicate that CH3-CH2F is a gauche form (the
bonds to one carbon “bisect” the bonds to the adjacent carbon).

A comparison (not shown) was made between the calculated
and literature values16,17 for the bond distances and angles for
the fluoromethanes and fluoroethanes (where available). It was
determined that the calculated bond lengths (C-C, C-H, and
C-F) were on the average about 1.1% shorter than their
literature values, with a standard deviation of about 0.6%. For
bond angles, it was determined that the calculated values were
on the average within about 1.2° of the literature values.

Conclusions

A bond additivity correction procedure has been applied to a
large body (about 100 species) ofab initio molecular orbital

TABLE 7: C 1 and C2 Fluorinated Hydrocarbons: Calculated vs Experimental Vibrational Frequencies (ν (cm-1))
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TABLE 8: Bond Distances (Å) and Angles (deg): C1 Fluorocarbons
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TABLE 9: Bond Distances (Å) and Angles (deg): C2 Fluorinated Hydrocarbons
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computations on fluorocarbon molecules. Where available, the
computations have been compared with literature values and
show overall excellent agreement, consistent with the uncertain-
ties in the literature values. This computational procedure,
although not strictly anab initiomethod, uses molecular orbital
theory and applies additive bond corrections which enables the
use of lower levels of correlation and basis set size while
maintaining high accuracy. The substantially lower computa-
tional cost relative to other methods reporting the same potential
accuracy enables this method to be applied to both larger
molecules and large sets of species. The ultimate benefit is to
the end user, who will have access to large bodies of thermo-
chemical data from a single source, with some knowledge of
the expected uncertainties in the values.
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