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Structures, Vibrational Frequencies, Thermodynamic Properties, and Bond Dissociation
Energies of the Bromomethanes and Bromomethyl Radicals: an Ab Initio Study
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Reported here is a theoretical study of the entire series of bromomethangsB&GHand bromomethyl
radicals (CH-Br) establishing a self-consistent set of structural and thermodynamic information. Ab initio
molecular orbital calculations were performed to compute equilibrium geometries for the molecules and radicals
initially at the (U)HF/6-31G* and (R)HF/6-31G* levels, respectively, and then refined at the MP2/6-31G*
level. Vibrational frequencies were determined for all species at the HF/6-31G* level and comparison with
infrared measurements and matrix isolation studies is favorable. Electron correlation contributions were
performed by single-point calculations using fourth-order Mgllelesset perturbation theory for derived
MP2/6-31G* geometries. Enthalpies of formation were obtained from a consideration of applicable isodesmic
reactions using the derived MP4/6-31G**//MP2/6-31G* total energies in conjunction with experimentally
established enthalpies of formation for ¢B#, CH,, and CH'. The calculations predict the following standard
enthalpies of formation in kilocalories per mole (at 298 K and 1 atm),B2§ 1.07+ 0.6; CHBg, 12.16+

0.7; CBr, 25.23+ 0.8; CHBr, 41.63+ 0.4; CHBp’, 48.11+ 0.6; and CBy', 55.36+ 0.7. These data are

then used to tabulat®H®; 1, AG° 1, andK; 1 for all species over the temperature rangel800 K. Comparison

is made to existing thermochemical data through calculation-efi@nd C-Br bond dissociation energies.

Introduction formation on these brominated species, until recently there
existed only a few theoretical studies on methyl bromide, and
these were at a rather low level of thedfy® This was
undoubtedly due to the computational difficulties in treating ab
initio as large an electronic system as bromine. Very recently,
however, Kambanis et &f.in a study primarily aimed at

Although bromine is present in the atmosphere in much
smaller abundance than chlorine, it nevertheless is extremely
important in the destruction of ozoheThere are a large number
of organic forms of bromine found in the atmosphere, including
both natural (CHBr, CH,Brp, CHBI5, CH,BICI, CHBR,CI) and measuring the absolute rate constants of the reaction gf CH

anthropogenic (CiBr and CRBICI) sources. Methyl bromide Br, CH,Br,, and CHBg with CI atoms, reported theoretical
is the most abundant atmospheric source of bromine in the gas__; . R .
phaséand has received considerable attention rec@ft§This calculations of structural parameters, vibrational frequencies,

has been the result of the estimation of its ozone depletion and bond dissociation enthalpies of several of the bromo-
potential (ODP) being as high as 0.3nd the evidence of a methanes and bromomethyl radicals using the GAMESS system

0 ; .
possible significant anthropogenic souféeln contrast to Ch of programs?? Although the trend in their calculated-G4 and

Br, CH,Br, and CHBE are both essentially completely biogenic C_Br. bc.)nd.dlssouatlon energies with increasing bromine
in origin, being produced by marine macroalamd phy- substitution is correct, the absolute values do not agree very
toplar?ktc;n%o Rgcgnt studies r)llave implicated both the d[i)br)gmo- well with the literature, differing in some cases by more than 7
772 and tribromo®® methanes as important bramine- I(C\all\lllirt.rilolt.he importance of the participation of the bromo-
containing ozone-destroying substances (ODS). The main P particip . .
process whereby GiBr and CHBr, molecules are removed methanes and bromomethyl radicals in atmospheric chemistry,
| . . . we present here the results of an ab initio study of all the
from the atmosphere is through reaction with tropospheric . : .
hydroxyl radicals. Bromoform is degraded rapidly through UV bromomethyl species using thg GAUSSIAN site of progréims.
photolysis in the troposphere. It is also probable that all three Complete structural and vibrational frequency data are computed

brominated methanes mav be destroved to some dearee b Ci’:lnd compared with published results. From a series of related
. : Y y 9 Y ~sodesmic reactions with a selected “seed” value for the standard
atoms in the marine boundary layér.

Understanding the chemistry of these brominated methanesenthalpy of formation of methyl bromide, the standard enthalpies

. . . of formation of all the molecules and radicals are evaluated. In
in the atmosphere requires a complete thermochemlcal d.atabasgddition standard thermodynamic functions of enthalpy, free
of both the molecules (CHBr,) and the corresponding radicals ' !

. . energy, entropy, and heat capacity are tabulated as a function
(CH3’mBr”‘).' On!y thg Fhermogiynamlc propert!es of @.' are of temperature for all species. Bond dissociation enthalpies are
well established; a critical review of the experimental literature

. . computed and discussed with literature values. Preliminary
may be found in Kudchadker and KudchadKkerAlong with a . :
general lack of experimentally measured thermochemical in- results from this study were published earfiér.
Method

T Presently at Materials Science and Technology Division, MST-11, MS L . . .
D429, Los Alamos National Laboratory, Los Alamos, NM 87545. Fax (505) All ab initio molecular orbital calculations were carried out
665-4292; Email paddison@Ianl.gov. with the GAUSSIAN 92 system of programs. Singlet states
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Figure 1. MP2/6-31G* optimized geometries of the bromomethanes: (a) bromomethane; (b) dibromomethane; (c) tribromomethane; and (d)
tetrabromomethane.

(CH4—nBrn molecules) were calculated by using closed-shell TABLE 1: Structural Parameters for Bromomethanes

Hartl’ee—FOCk theory (RHF%3 and d0ub|et states (QHnBrm parameté’ experimentﬁ ref 19 this workd
radicals) were calculated by using PopMesbet spin unre- CHEr C
stricted theory (UHF¥* The internal 6-31G* basis s&twas C—H 1_0953 e 1.083 1.087
used for the carbon and hydrogen atoms in both the molecules ¢c—pr 1.939 1.992 1.951
and the radicals. Since a standard 6-31G* basis set was not OHCH 111.6 111.87 111.1
available for bromine in the GAUSSIAN 92 molecular orbital UHCBr 107.2 106.95 107.4
packages, the “SV4P" polarized split-valence bromine basis set CHyBr,, Cy,
of Andzelm et al26 an alternative originally proposed and tested ~ C—H 1.097 1.080 1.085
with favorable results by McGrath and Rad8myas imple- (D:;ErH 11%)-%25 1-194‘{334 1112-9239
mented. The optimized geometries for all species were first OHCBr o 107.83 107.9
determined at the HF/6-31G* level and then refined at the MP2/  g;cpr 112.9 111.55 113.2
6-31G* level using analytical method. Total energies for alll CHBr. C
species were then computed by single-point calculation using ~_p 1088 o 1079 1.075
fourth-order Mgller-Plesset perturbation theory with the 6-31G** C—Br 1.930 1.960 1.938
basis set (bromine treated with the SV4P basis set). Vibrational OHCBr 107.9 107.90 107.4
frequencies and zero point energies were obtained at the HF/ UBrCBr 111.0 111.00 1115
6-31G* level by using analytical second derivati¥ésnd the CBry, Ty
results were then uniformly scaled by 0.8953 to adjust for ~C—Br 1.942 f 1.946
systematic overestimation of the values at the4$EF levef? OBrCBr 109.5 f 109.5
aUnits: Bond lengths are given in angstroms; bond angles are given
Results in degrees’ Values taken from ref 15.Computed at the MP2/3-
. 21++G** level without any symmetry constraintéObtained from
. Geometries: CH,—nBr, Bromomethanes The fully op- optimized geometries at the MP2/6-31G* level with constrained

timized geometries for all the bromomethanes are presented insymmetry.c Not given.f Molecule not considered in study.

Figure 1. The numerical values of the structural parameters

including carbor-hydrogen and carberbromine bond dis- MP2/6-31G* structures. We note that the MP4/6-31G**
tances along with applicable bond angles are listed in Table 1.energies are uniformly about 0.056 hartree lower than the MP2/
It should be pointed out that the optimizations of all these 6-31G* energies.

molecules were performed under assumptions of constrained CHs-Br,, Bromomethyl RadicalsFigure 2 shows the fully
symmetry; the point groups are to be found in Table 1. optimized geometries of the bromomethyl radicals at the MP2/
Comparison is made to both experimentally determined param-6-31G* level. Corresponding structural parameters are given
eterd® and those recently computed by Kambanis éf alith in Table 3. As no experimentally derived bond lengths nor bond
the 3-2H-+G** basis set. Our results compare very favorably angles are reported in the literature for the bromomethyl radicals,
with the selected experimental results, with i@ bond distances = comparison is made only to the computed parameters of
generally slightly shorter than experimental values areBE Kambanis et al® It is of interest to note that the HF/3-
bond distances a little longer. It is also clear that the 6-31G* 21++G** geometries consistently show-@4 bond distances
basis set has given a significantly better set of structural that are shorter and-€Br bond distances that are longer than
parameters than the 3-2#G** basis set. The total electronic  we obtained at the MP2/6-31G* level. This trend was also
energies obtained in the geometry optimizations are given in generally observed in the bromomethanes (see Table 1). The
Table 2 along with MP4/6-31G** energies derived from the MP2/6-31G*//MP2/6-31G* and MP4/6-31G**//MP2/6-31G*
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(a)
Figure 2. MP2/6-31G* optimized geometries of the bromomethyl radicals: (a) bromomethyl radical; (b) dibromomethyl radical; and (c)
tribromomethyl radical.

TABLE 2: Electronic Energies? and Zero-Point Vibrational
Energies (ZPE}y

TABLE 4: Vibrational Frequencies®and Moments of Inertia
of the Bromomethanes

MP2/6-31G*// MP4/6-31G**// ZPE moments this IR
species  MP2/6-31G* MP2/6-31G* (HF/6-31G*) ofinerti®  observedl ref 19 work®  intensity
CH, —40.332 55 —40.388 64 30.0 CHsBr
CH3Br —2610.008 66 —2610.064 60 25.1 0.05799 3056 (3058) 3314.5,3296.9 3040, E 4.1
CHBr, —5179.682 65 —5179.738 38 19.2 0.88391 2935 3173.1 2938;A 28.1
CHBr3 —7749.353 92 —7749.409 44 12.4 0.88391 1443 (1447) 1484.3,1483.1 1449,E 4.4
CBry —10319.02126 —10319.076 90 5.0 1306 (1300) 1359.4 1325,A 56.4
CHz* —39.668 75 —39.714 75 19.4 955 (952) 973.5,972.7 950, E 5.8
CH,Br* —2609.348 87 —2609.395 48 15.2 611 (603) 586.1 573, A 26.4
CHBry —5179.028 63 —5179.075 45 9.9 CH,BI,

CBry' —7748.70664  —7748.753 50 3.7 031810 3073(3073) 3344.0 3089,B 1.0
aTotal energies are given in hartreé4&nscaled zero-point vibra- 6.867 97 3009 (3006) 3234.1 3004, A 43
tional energies (ZPE) are given in kilocalories per mole. 7.13318 1382(1400) 1428.1 1423, A 1.7
1195 (1194) 1251.0 1219,A 124.8
TABLE 3: Structural Parameters for Bromomethyl 1095 (1097) 11495 1105,A 0.0
Radicals 812 (811) 805.1 809, B 5.5
- 653 (649) 630.5 640,B 102.5
parameté’ ref 19 this worl¢ 588 (583) 569.4 558, A 7.6
CHBr, A Cs 169 168.0 165, A 0.1
C—H 1.069 1.079 CHBr3
C—Br 1.889 1.869 6.7896 3042 (3063) 3329.1 3070, B 3.0
OHCH 125.40 122.8 6.7896 1149 (1153) 1202.0,1201.1 1170, E 56.0
OHCBr 117.31 116.5 13.3706 669 (667) 658.3, 655.8 667, E 91.3
o 541 (542) 519.2 517,A 15
o H cHBr A e 1082 222 215.6 216,A  0.02
C—Br 1883 1.870 155 151.7,151.2 149, E 0.03
OHCBr 117.36 115.8 CBry
OBrCBr 119.32 119.3 13.1222 672 (675) h 689, T, 80.0
CBry, Cs 13.1222 267 260, A 0.0
C—Br 1884 1.880 13.1222 112822 112749,é|' 0(.)00
OBrCBr 118.10 116.8 ’ ’

al e L . . aUnits: cntl. Py, Ip, I units are 1038 g cn?. ¢ Taken from ref
Units: Bond lengths are given in angstroms; bond angles are given 32.9 Calculated at the MP2/3-2-G** level without any symmetry

. o i -
in degrees> Computed at the HF/3-23+G* level without any constraints and subsequently scaled by 0e&alculated at the HF/6-
symmetry constraints.Obtained from optimized geometries at the 31G* level and subsequently scaled by 0.8998tensity is calculated

MP2/6-31G* level with constrained symmetry for the GBradical by the atomic polar method as implemented in GAUSSIAN 92, in

only. kilometers per mole? Matrix isolation IR spectroscopic measurement
) ) . from refs 33 and 34! Molecule not considered in study.
total electronic energies are tabulated in Table 2. The expecta-

tion value of< for CH,Br*, CHBr,*, and CBg was 0.767, 0.770,

and 0.773, respectively, indicating increasing spin contamination
with bromine substitution. Similar to the molecules, the radicals
show a uniform difference in energies between the two levels
of calculation: the MP4/6-31G** values are approximately
0.046 hartree lower. The consistent differences between MP.
and MP2 energies in both the molecules and radicals infers little
distinction in derived enthalpies at either levels of theory, the
truth of which was borne out in calculation. BromomethanesThe vibrational frequencies, IR intensities,

Il. Vibrational Frequencies. Harmonic vibrational fre- and moments of inertia for the four bromomethanes are given
quencies were calculated for all species at the HF/6-31G* level in Table 4. Our computed frequencies are compared with both
of theory on the basis of optimized geometries at the same levelthe experimentally measured values as selected by Shimanou-
of theory. As indicated earlier, the frequencies were subse- chi®? and those computed by Kambanis et%at the MP2/3-

quently scaled by 0.895%. The choice of 0.8953 as an
appropriate vibrational frequency scaling factor for HF/6-31G*
theoretical frequencies has been further justified by a recent
exhaustive study involving 122 molecules by Scott and Rattom.
4Zero-point vibrational energies (ZPE) were computed for all
species from the unscaled theoretically generated frequencies
and are listed in Table 2.
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TABLE 5: Vibrational Frequencies®and Moments of Inertia TABLE 6: Theoretical Reaction Energies (AE), Zero-Point
of the Bromomethyl Radicals Energy Corrections (A(ZPE)), Reaction Enthalpies
o 5 o a
T oments this R AH°y(Rx), and Heats of Formation AH®c), at 0 K
of inertid  observed ref 19 worke intensity isodesmic
CH.Br species reactionnd  AE®  A(ZPEF AH°(Rx)® AH%
0.030 57 3538.4 3140,'A 0.10 CH,Br, 1 1.37 —-0.89 0.48 6.17
0.759 24 3356.3 3004,'A 12.37 CHBr3 2 444 —2.59 1.85 18.38
0.787 53 1356 1462.3 1359, A 46.62 CBr, 3 9.78 —4.82 4.95 32.33
953 969.9 903, A 1.21 CH.Br* 4 —2.99 0.63 —2.37 44.18
693 677.0 639, A 22.08 CHBry 5 —6.88 1.16 —-5.72 52.15
368 133.8 455, A 46.75 CBry 6 —11.26 1.70 —9.57 60.51
CHBr aAll values are given in kilocalories per moleSee isodesmic
0.224 51 3459.3 3070,'A 1.53 reaction number in the text Evaluated at the MP4/6-31G**//MP2/6-
6.888 21 1164 1256.3 1157,A  98.12 31G* level. Scaled by 0.892% AH°o(RX) = AE + A(ZPE).f From
7.099 99 778 780.4 735'A 9837 computedAH°,(Rx) and known heats of formation of other species in
633 610.2 586, A 10.99 the isodesmic reactions.
392.2 472, A 14.76
186.6 172, A 0.11 2CHSBI’ — CHZBrZ + CH4 (1)
CBrz*
6.795 28 773 821.7,818.3  768,E 101.93 3CH,Br — CHBr; + 2CH, 2
6.795 28 302.3 309, A 0.06
13.5598 183.0 208, A 0.10 _
164.8, 164.3 151, E 0.12 4CH3Br CBI’4 + 3CH4 (3)
aynits: cntl. Py, Iy, g units: 1038 g cn?. ¢ Taken from ref 35. + . s 4
dCalculated at the HF/3-21+G** level without any symmetry CHgBr + CHy' — CH,Br" + CH, )
constraints and subsequently scaled by 0¢&alculated at the HF/6- . .
31G* level and subsequently scaled by 0.8938tensity is calculated CH,Br, + CH; — CHBr,” + CH, (5)
by the atomic polar method as implemented in GAUSSIAN 92, in
kil t le. . .
llometers per mole CHBr; + CH;” — CBry” + CH, (6)

21++G** level without symmetry constraints. Examination
of Table 4 reveals that the 6-31G* basis set has once again
given better results. Even upon scaling, the frequencies with
the 3-2H-+G** basis set are too large at the high end of the
spectrum and too small for the low-frequency fundamentals.
Scott and Radofd derived from a least-squares fit a frequency

scaling factor for the 3-21G basis set of 0.9085, but it is clear for th her b h q h Aft ful and
that even if this factor had been used as opposed to the widely or the other bromomethanes) and methane. eracaretulan

used factor of 0.8929, the agreement would not have been anyextensive review of the literature, we chose the standard enthalpy

- Ny ¥ . of formation @ 0 K (AH®) for methyl bromide to be-5.15
better. It is of interest to note that our calculated frequencies kcal/mol. based on an arithmetic average of the selected values
are in even better agreement with recent matrix isolation infrared ! 9

. : (in kilocalories per mole) appearing in the following four
spectroscopic measurements of Nielsen and co-wo¥®&rs - )
(values given in parentheses in column 2 of Table 4). This is standard compendia: (a) Kudchadker and Kudchathef.34;

. (b) Gurvich et al4> —5.02; (c) Wagman et at§ —4.74; and

particularly true for QHBrz._ _ . ) _ (d) Lias et al4” —5.5. The standard enthalpy of formation for

Bromomethyl RadicalsVibrational frequencies, IR intensi-  methane at 0 K was calculated from spectroscopic3dgabe
ties, and moments of inertia are listed in Table 5 along with _15 99+ 0.08 kcal/mol from the tabulated value at 298 K of
comparison to the HF/3-21+G** theoretical frequencies of  _17.895 &+ 0.08 kcal/mol in the JANAF thermochemical
Kambanis et al? and experimentally measured frequencies from tgples®® From these two selected heats of formation along with
matrix isolation infrared spectroscopic studies tabulated by calculated theoretical reaction enthalpia$iPo(Rx)], the stan-
Jacox®® The experimentally observed spectra for these radicals qard enthalpies of formationt & K for CH,Br,, CHBrs, and
are incomplete, but where comparison is possible our resultsCBr, were determined, the results of which are presented in
compare quite favorably, particularly for the strongest funda- Table 6. It should be noted that the theoretical reaction energies
mentals. A similar trend as was observed with the molecules (AE) were corrected with computed zero-point vibrational
is seen here with the 3-2HG** results: overestimation of  energy corrections that had been scaled by 0.8929.

the high-frequency fundamentals. Calculation of the standard enthalpy of formation of the
IIl. Thermodynamic Properties. Previous work has dem-  bromomethyl radicals as appearing in isodesmic reactieré 4
onstrated the reliability of calculating the heat of formation of required input of the standard enthalpy of formation of one of
both molecule¥37 and radical® 44 by coupling ab initio the bromomethanes generated in the first three reactions and
theoretically computed energy changes for homodesmic andthat of the methyl radical. We calculateXH®; o(CHs") to be
isodesmic reactions with known heats of formation of other 35.7 & 0.1 kcal/mol fromAH®;29¢(CH3") = 35.1+ 0.1 kcal/
reaction components. As was mentioned earlier, the standardmol as measured by Heneghan et%alThe resulting theoreti-
enthalpies of formation of the bromomethanes and bromomethyl cally estimated standard enthalpies of formatianOak for
radicals are not well established with the exception of methyl CH2Br*, CHBry", and CBg" are listed in Table 6.
bromide. With this in mind we selected the following six Ideal gas thermodynamic functio@s,, S°, —(G° — H)/T,
homodesmic reactions to afford calculation of the heat of andH® — H° in the temperature range-1500 K and 1 atm
formation of all other brominated species: of pressure were calculated for all molecules and radicals by

As both methane and the methyl radical appear in these
reactions, the total electronic energies and zero point energies
were determined at the same level of theory; numerical values
appear in Table 2.

The first three reactions require knowledge of the heat of
formation of methyl bromide (and thus it is the “seed” value
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TABLE 7: Ideal Gas Thermodynamic Properties for CH3Br2

C°% S} —(G° — Ho)IT H° — H°% AH®; AG®
T (K) (cal K"t mol™?) (cal K"t mol™?) (cal K"t mol™?) (kcal mol?) (kcal mol?) (kcal mol?) log K¢
0 0.0 0.0 0.0 0.0 -5.1% —-5.15 0
100 7.99 49.32 41.36 0.80 —5.84 —6.45 14.10
200 8.75 55.03 46.91 1.62 —6.58 —6.80 7.43
298.15 10.24 58.78 50.22 2.55 —8.82 —6.56 4.81
300 10.27 58.84 50.28 2.57 —8.84 —6.54 4.77
400 12.00 62.04 52.83 3.68 —13.13 —4.93 2.69
500 13.61 64.89 54.96 4.97 —13.66 —2.81 1.23
600 15.01 67.50 56.83 6.40 —14.10 —0.60 0.22
700 16.23 69.91 58.53 7.96 —14.46 1.68 —0.52
800 17.29 72.15 60.10 9.64 —14.75 4.00 —1.09
900 18.23 74.24 61.55 11.42 —14.97 6.36 —1.54
1000 19.05 76.20 62.92 13.28 —15.14 8.74 —-1.91
1100 19.77 78.05 64.21 15.22 —15.26 11.13 —2.21
1200 20.40 79.80 65.44 17.23 —15.34 13.54 —2.47
1300 20.95 81.45 66.61 19.30 —15.39 15.95 —2.68
1400 21.43 83.02 67.72 21.42 —15.41 18.36 —2.87
1500 21.85 84.52 68.79 23.59 —15.41 20.77 —3.03

aC®%, —(G° — H°%)/T, andH® — H°; were calculated from vibrational frequencies by using an HF/6-31G* basis set for C and H and a general
basis set for Br (see text).Selected mean seed value (see text).

TABLE 8: Ideal Gas Thermodynamic Properties for CH,Br 2
c S —(G° — H°o)/T H° — H°% AH AG

p
T (K) (cal K"t mol™?) (cal K"t mol?) (cal K"* mol) (kcal mol™) (kcal mol™) (kcal mol?) log K¢
0 0.0 0.0 0.0 0.0 6.%7 6.17 00
100 9.29 58.50 50.06 0.84 5.57 3.47 —7.58
200 11.04 65.43 56.16 1.85 4.73 1.67 —1.83
298.15 13.13 70.23 60.03 3.04 1.07 0.69 —0.51
300 13.17 70.31 60.09 3.06 1.05 0.69 —0.50
400 15.08 74.37 63.17 4.48 —6.72 2.15 —-1.17
500 16.63 77.91 65.77 6.07 —7.03 4.40 —1.92
600 17.87 81.05 68.06 7.80 —7.27 6.71 —2.44
700 18.86 83.88 70.12 9.63 —7.45 9.05 —2.83
800 19.70 86.46 72.00 11.56 —7.58 11.42 —3.12
900 20.40 88.82 73.74 13.57 —7.67 13.80 —3.35
1000 21.01 91.00 75.36 15.64 —7.72 16.19 —3.54
1100 21.54 93.03 76.88 17.77 —7.75 18.58 —3.69
1200 21.99 94.92 78.30 19.95 —7.74 20.98 —3.82
1300 22.39 96.70 79.65 22.17 —7.72 23.37 —3.93
1400 22.73 98.37 80.93 24.42 —7.68 25.76 —4.02
1500 23.03 99.95 82.14 26.71 —7.63 28.15 —4.10

2 See footnote to Table P.Assigned on the basis of isodesmic reaction 1 (see text).

standard methods of statistical thermodynamics based on the Our computed heats of formation for @GBt,, CHBr3, and
rigid rotor harmonic oscillator model. The results are tabulated CBr, agree most closely with those of Papina, Kolesov, and
in Tables 7#~13. We note that while similar tables have been Golovanova® They measuredH° ,05(CHBI3,g) = 13.24+ 0.8
published for the molecules (see ref 15 for example), this is the kcal/mol by bomb calorimetry and combined this value with
first time for this information to be presented in the literature the heat of formation differena&H°(CBr4,g) — AH°(CHBr3,g)
for the bromomethyl radicals. = 14.44 0.7 kcal/mol measured by King, Golden, and Bertéon
to obtain AH®(CBrs,g) = 27.7 £ 0.93 kcal/mol. Papina et
al>% then implemented these values to estimakefs ,o5(CH,-

As the primary purpose of this study has been to determine Br2g) = 1.36 + 1.2 kcal/mol by using a modified Bernstein
a Comp|ete thermochemical database for thQ_QErn bromo- S(.:hel'né.2 Itis interesting to note that relatively gOOd agreement
methanes and the corresponding £iBrm bromomethyl ~ @lso exists with the selected values listed in the enormous
radicals, a comparison to existing data is warranted. We statecompilation of Gurvich et at’? all of our values being within
at the onset that the very good agreement between the compute¢he assigned uncertainties of their values. There is substantial
structural parameters and vibrational frequencies with experi- disagreement between our theoretical heats of formation and
mental values lends credence to the computed thermodynamidhose of Bickerton, Minas Da Piedade, and PilcierThey
functions. measured\AH°:(CBr4,g) = 20.05+ 0.81 kcal/mol by rotating

As the calculated ideal thermodynamic functions are based bomb calorimetry and then applied the Allen bond-energy
on the computed enthalpy of formation of each species, we haveschemé& with the heats of formation of CHHCH3Br, and CB#
collected our computedH® »9g together for comparison with ~ along with the enthalpy difference of King et®4lto arrive at
a number of literature sourcgg550.53.5557 and presented them  AH°(CHBr3,g) = 5.7 & 1.0 kcal/mol andAH®; 295(CH2Br»,9)
in Table 14. We start by pointing out that the reported = —2.65=+ 1.2 kcal/mol. The reason for the large difference
uncertainties in the heats of formation are based on the (>7.5 kcal/mol) in the values of Papina et5&land those of
cumulative uncertainties of GBBr, CH4, and CH, which are Bickerton et ak2is not apparent. Bickerton et &@argued that
0.4, 0.08, and 0.1 kcal/mol, respectively. combustion calorimetry is not suitable for CHBrecause of

Discussion
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TABLE 9: Ideal Gas Thermodynamic Properties for CHBr 32

Paddison and Tschuikow-Roux

C% S —(G® — H°o)/T H® — H°% AH®f AG®
T (K) (cal Kt mol™) (cal K1 mol™?) (cal K1 mol™?) (kcal molt) (kcal molt) (kcal molt) log K¢
0 0.0 0.0 0.0 0.0 18.38 18.38 0
100 11.74 65.18 55.79 0.94 17.92 14.58 —31.85
200 14.73 74.29 62.94 2.27 17.12 11.53 —12.59
298.15 17.03 80.62 67.76 3.83 12.16 9.45 —6.93
300 17.07 80.73 67.84 3.87 12.13 9.44 —6.88
400 18.82 85.89 71.73 5.66 0.98 10.82 —5.91
500 20.09 90.23 75.01 7.61 0.93 13.29 —5.81
600 21.02 93.98 77.86 9.67 0.93 15.76 —5.74
700 21.72 97.28 80.41 11.81 0.95 18.23 —5.69
800 22.27 100.21 82.70 14.01 1.00 20.70 —5.65
900 22.72 102.86 84.80 16.26 1.06 23.16 —5.62
1000 23.10 105.28 86.73 18.55 1.14 25.61 —5.60
1100 23.41 107.49 88.52 20.88 1.22 28.05 —5.57
1200 23.68 109.54 90.18 23.23 1.32 30.49 —5.55
1300 23.91 111.45 91.75 25.61 1.42 32.91 —5.53
1400 24.11 113.23 93.22 28.01 1.53 35.33 —5.52
1500 24.28 114.90 94.61 30.43 1.64 37.74 —5.50
2 See footnote to Table P.Assigned on the basis of isodesmic reaction 2 (see text).
TABLE 10: Ideal Gas Thermodynamic Properties for CBr
C% S —(G° — H%)IT H° — H% AH® AG®s
T (K) (cal K"t mol™?) (cal Kt mol™1) (cal K"t mol™?) (kcal mol?) (kcal mol?) (kcal mof?) log K¢
0 0.0 0.0 0.0 0.0 32.33 32.32 )
100 15.29 65.27 54.43 1.08 32.05 28.12 —61.46
200 19.42 77.33 63.10 2.85 31.40 24.43 —26.70
298.15 21.71 85.55 69.20 4.88 25.23 21.82 —15.99
300 21.75 85.69 69.30 492 25.20 21.80 —15.88
400 23.13 92.15 74.24 7.17 10.72 23.65 —12.92
500 23.95 97.41 78.36 9.52 10.99 26.85 -11.74
600 24.46 101.82 81.91 11.95 11.26 30.00 —10.93
700 24.80 105.62 85.03 14.41 11.51 33.10 —10.33
800 25.02 108.95 87.82 16.90 11.75 36.17 —9.88
900 25.19 111.90 90.33 19.41 11.98 39.21 —9.52
1000 25.30 114.56 92.63 21.94 12.20 42.22 -9.23
1100 25.39 116.98 94.73 24.47 12.41 45.21 —8.98
1200 25.46 119.19 96.68 27.01 12.61 48.19 —8.78
1300 25.51 121.23 98.49 29.56 12.80 51.14 —8.60
1400 25.56 123.13 100.18 32.12 12.99 54.09 —8.44
1500 25.59 124.89 101.77 34.67 13.16 57.01 —-8.31
2 See footnote to Table P.Assigned on the basis of isodesmic reaction 3 (see text).
TABLE 11: Ideal Gas Thermodynamic Properties for CH,Br-2
C% S —(G® — H°o)/T H° — H°% AH% AG
T (K) (cal K"t mol™?) (cal K™ mol™) (cal K"t mol™) (kcal mol™) (kcal mol™) (kcal mol™) log K¢
0 0.0 0.0 0.0 0.0 44.18 44.18 0
100 8.09 52.05 44.08 0.80 43.87 41.77 —91.28
200 9.39 58.01 49.69 1.66 43.47 39.81 —43.50
298.15 10.88 62.04 53.12 2.66 41.63 38.27 —28.05
300 10.90 62.11 53.18 2.68 41.62 38.25 —27.86
400 12.11 65.42 55.84 3.83 37.71 37.92 —20.72
500 13.04 68.23 58.04 5.09 37.52 37.99 —16.60
600 13.78 70.67 59.95 6.44 37.34 38.10 —13.88
700 14.41 72.85 61.64 7.85 37.17 38.24 —11.94
800 14.95 74.81 63.16 9.32 37.03 38.40 —10.49
900 15.44 76.60 64.56 10.84 36.90 38.58 —-9.37
1000 15.88 78.25 65.85 12.40 36.79 38.78 —8.47
1100 16.27 79.78 67.04 14.01 36.70 38.98 —7.74
1200 16.62 81.21 68.17 15.66 36.62 39.19 —7.14
1300 16.94 82.55 69.22 17.33 36.56 39.41 —6.63
1400 17.21 83.82 70.22 19.04 36.50 39.63 —6.19
1500 17.46 85.02 71.17 20.78 36.45 39.85 —5.81

a See footnote to Table P.Assigned on the basis of isodesmic reaction 4 (see text).

decomposition of the sample during measurement. In a previous

In Table 14 we have also made a comparison of our computed

critical examination of kinetic and thermochemical data, Ts- heats of formation for the bromomethyl radicals with selected

chuikow-Roux and Paddisehrecommended the adoption of
the heats of formation of Bickerton et &.however, as a result

values of McMillen and GoldePf with those from a mono-
energetic electron impact study of Holmes and Los8irapd

of the present theoretical study we now have greater confidencewith derived values from the review of Tschuikow-Roux and

in the work of Papina et af®

Paddisort®> Our theoretically derivedhH® 295(CH,BI*) = 41.63
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TABLE 12: Ideal Gas Thermodynamic Properties for CHBr 2

J. Phys. Chem. A, Vol. 102, No. 30, 1998197

c° 5y —(G° — Ho)/T H° — H°% AH® AG%
T (K) (cal K"t mol™?) (cal K"t mol™?) (cal KT mol™?) (kcal mol?) (kcal mol?) (kcal molt) log K¢
0 0.0 0.0 0.0 0.0 52.%5 52.15 00
100 9.31 60.85 52.43 0.84 51.93 48.37 —105.70
200 11.39 67.93 58.55 1.87 50.67 45.00 —49.18
298.15 13.21 72.83 62.48 3.09 48.11 42.30 —31.01
300 13.24 72.91 62.54 3.11 48.09 42.27 —30.79
400 14.55 76.91 65.65 4.50 40.65 41.85 —22.87
500 15.45 80.26 68.25 6.01 40.61 42.16 —18.43
600 16.09 83.14 70.49 7.58 40.57 42.47 —15.47
700 16.58 85.65 72.48 9.22 40.53 42.79 —13.36
800 16.98 87.90 74.27 10.90 40.50 43.11 —11.78
900 17.31 89.92 75.90 12.61 40.48 43.44 —10.55
1000 17.60 91.75 77.39 14.36 40.46 43.77 —9.57
1100 17.84 93.44 78.78 16.13 40.44 44.10 —8.76
1200 18.05 95.00 80.07 17.93 40.43 44.44 —8.09
1300 18.24 96.46 81.27 19.74 40.42 44.77 —7.53
1400 18.40 97.81 82.41 21.57 40.41 45.11 —7.04
1500 18.54 99.09 83.48 23.42 40.41 45.44 —6.62

2 See footnote to Table P.Assigned on the basis of isodesmic reaction 5 (see text).

TABLE 13: Ideal Gas Thermodynamic Properties for CBr3*2

C% S —(G° — H%)IT H° — H% AH®% AG%
T (K) (cal K"t mol™?) (cal K"t mol™?) (cal K"t mol™?) (kcal mol?) (kcal mol?) (kcal moft) log K¢
0 0.0 0.0 0.0 0.0 60.51 60.51 00
100 12.15 65.30 55.81 0.95 60.44 55.86 —122.10
200 15.06 74.75 63.11 2.33 59.99 51.45 —56.22
298.15 16.67 81.08 68.03 3.89 55.36 47.36 —35.08
300 16.70 81.18 68.11 3.92 55.34 47.82 —34.83
400 17.72 86.14 72.02 5.65 44.46 47.55 —25.98
500 18.36 90.17 75.26 7.45 44.62 48.31 —21.11
600 18.76 93.55 78.04 9.31 44.77 49.03 —17.86
700 19.03 96.47 80.47 11.20 44.89 49.73 —15.53
800 19.21 99.02 82.63 13.11 45.00 50.41 —-13.77
900 19.34 101.29 84.58 15.04 45.10 51.08 —12.40
1000 19.44 103.33 86.35 16.98 45.18 51.74 -11.31
1100 19.51 105.19 87.98 18.93 45.25 52.39 —10.41
1200 19.56 106.89 89.49 20.88 45.31 53.04 —9.66
1300 19.61 108.46 90.89 22.84 45.37 53.69 —9.03
1400 19.64 109.91 92.20 24.80 4541 54.32 —8.48
1500 19.67 111.27 93.42 26.77 45.45 54.96 —8.01

a See footnote to Table P.Assigned on the basis of isodesmic reaction 6 (see text).

+ 0.4 kcal/mol is in good agreement with all the cited values

From our computed standard enthalpies of formation at 298

in the literature, particularly so with the value (41.5 kcal/mol) K we calculated €&H and C-Br bond dissociation energies
selected by McMillen and Goldef. This value may be traced
back to the critical analysis of Furuyama, Golden, and Betfson experimental or calculated published vafl€s:°¢:6tand those

of the much earlier kinetic data of Kistiakowsky and Van computed by Kambanis et #. Examination of Table 15 reveals
Artsdalert® and subsequent correction of Fettis and Trotman- that our calculated bond dissociation energiesH{pD are
Dickensorf? It is quite surprising to see such agreement with generally in very good agreement with available literature
experimental measurements taken more than half a century agovalues. The derived €H bond dissociation energies show the

There is considerably greater discrepancy in the reported hea
of formation for the dibromomethyl radical. The computed

AH®;295(CHBry*) = 48.11+ 0.6 kcal/mol of this study is in
closest agreement with the calculated value (45.@ kcal/
mol) of Tschuikow-Roux and Paddiséh. This is somewhat

surprising in view of their adoption of the heats of formation

for the di- and tribromomethanes of Bickerton efallt has
already been pointed dathat the value selected by McMillen
and Golden for the heat of formation of CHBIs far too high.

The large tabulation of Gurvich et &.lists a heat of

formation for only the tribromomethyl radical, and this is in

very good agreement with our computéd® ,05(CBrs*) =
55.364 0.7 kcal/mol. Holmes and Lossifrgs the only source

giving heats of formation for all three bromomethyl radicals,

and their values are all lower than our computed values.

for the bromomethanes. These are compared with available

tvvell-accepted trend of decreasing bond strength with bromine
substitution, a trend that is also observed with chlorine substitu-
tion but just the opposite of which is seen with fluorine
substitutior?>56.62.63 There is some difference in our derived
C—Br bond dissociation energies for GBt, and CHBEg from
values reported in the literature, with our values being lower
by approximately 2 and 3 kcal/mol, respectively. The derived
DH°(CH,Br—Br) = 69.8+ 2 kcal/mol by Tschuikow-Roux and
PaddisoP? is too high because, as pointed out earlier, they
adopted the estimatetiH®; ,95(CH,Br»,g) of Bickerton et aP3
Furuyama et at® have already pointed out that theHD
(CHBr,—Br) = 66 =+ 4 kcal/mol reported by Miller and Palnfér

is too high, and in fact in their analysis adopted the minimum
value of 62 kcal/mol. We have derived a value that is higher
than the minimum value and well within the suggested
uncertainty limits of Miller and Palmeét Our computed BI°-
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TABLE 14: Comparison of Computed and Experimental
Heats of Formation at 298 K2

species AH® zg(calcy AHC% p0q(lit.) © ref
CH,Br; 1.07+ 0.6 1.44+1.2 50
2.39+ 3.59 45

—2.65+1.2 53

—3.53+ 0.8 15

CHBr3 12.16+ 0.7 13.2+0.8 50
14.34+ 3.59 45

57+1.1 53

4.0+0.8 15

CBry 25.23+ 0.8 27.7£ 0.93 50
28.68+ 3.59 45

20.05+ 0.81 53

19.0+ 1.0 15

CH,Br* 41.63+ 0.4 41.5 56
404+ 1 55

40.2 57

CHBr* 48.11+ 0.6 45.04+ 2 55
44.4 57

54.3 56

CBry 55.36+ 0.7 56.17+ 5.98 45
49.0 57

72 Values are given in kilocalories per mokReported uncertainty
based on cumulative uncertainties in B, CH,, and CH. ¢ Selected
experimental or derived values from the literature.

TABLE 15: Computed C—H and C—Br Bond Dissociation
Energies in the Bromomethane%

bond this work literature refd ref 1
CH,Br—H 102.54+ 0.6 102.0+ 2 56 99.564
CHBr,—H 99.1+ 0.8 99.7+ 1.8 55 97.282
CBrs—H 95.3+1.0 96.0+ 1.6 51 94.788
CH;—Br 70.7£ 0.4 70.9+ 0.3 55, 56 74.969
CH,Br—Br 67.3+0.7 69.8+ 2 55 74.122
CHBr,—Br 62.7+ 0.9 66+ 4 61 73.020
CBr;—Br 56.9+1.1 56.2+ 1.8 51

aValues were determined at 298 K and are given in kilocalories per
mole. " Determined from computedH°® 9 as given in Table 14 and
AHC209(H) = 52.1024 0.001 andAH® 209(Br) = 26.735 kcal/mol from
ref 48. Accumulated uncertainties are from derived heats of formation
in Table 14.c Selected from available literature values, experimental
or calculated? Reference number for quoted literature valtiBeter-
mined from single point energies computed at the MP2/6-8G**
level and geometries and frequencies computed at the MP2/3-@1*
and HF/3-2%#+G** level.
(CBrs—Br) = 56.9 + 1.1 kcal/mol is in excellent agreement
with the thermal bromination and transition-state theory calcula-
tions of King, Golden, and Bens®in(56.2 + 1.8 kcal/mol).
Comparison of the bond dissociation energies calculated by
Kambanis et al? indicate that their €H values are all lower
than both our computed energies and those found in the
literature. The opposite trend is seen in their theoreticaBC
bond dissociation energies, which are all considerably higher.
It should be noted that Kambanis et'&have calculated their
C—H and C-Br bond dissociation energies without appealing
to experimentally measured heats of formation and thus their
approach is in some respects more direct. However, it is well-
known that such a direct method usually results in substantial
residual electron correlation error(s), and this is certainly seen
in their results. As indicated earlier, we used isodesmic
reactions coupled with the heats of formation of B CHj,
and CH because these values are well-known from experiments
with little uncertainity. Had this thermodynamic information

Paddison and Tschuikow-Roux

dynamic information (standard enthalpies of formation and bond
dissociation energies) that is in very good agreement with
available literature values.
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