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The enthalpies of formation for the closed-shell moleculesBstand CHCIBr, and the free radicals GBr

and CHCIBr were estimated by ab initio molecular orbital computations using hydrogenation and isodesmic
reactions as working chemical reactions. Four variants of theoretical approaches (levels) and three extended
basis sets were applied in the calculations. The methods included fourth-order-MRsleset perturbation

theory (level 1), coupled-cluster theory (level II), density functional theory (level Ill), and Gaussian-2 (G2)
theory (level 1V). The standard enthalpies of formation values obtained at levB¥sfor both the closed-

shell and open-shell species agreed withih kcal mol™ irrespective of the working chemical reactions
chosen. No basis set effects were observed. These invariances support the reliability of the computed data
and are, for the most part, due to the cancellation of the computational errors as a result of the application of
the working chemical reactions where the ab initio energies are combined with established experimental
enthalpies of formation. The four methods provided enthalpies of formation values f&rGEH,CIBr, and

CHBr in good agreement with experimental values as well; the calculations supplied the first known enthalpy
data for the CHCIBr radical. The recommended standard enthalpies of formation (at 298.15 K and 1.00 atm)
are the unweighted averages of the results obtained at levé{é with the different hydrogenation and
isodesmic reactions: GBr, —8.9+ 0.8; CHCIBr, —11.54+ 1.1; CHBr, 40.7+ 1.1; CHCIBr, 35.1+ 1.5

kcal molt. The error limits designate the estimated maximal uncertainties. These enthalpies of formation
values correspond to bond dissociation enthalpies chEBrH,C—H) = 101.74 1.4 kcal mot* and DH z9g
(BrCIHC—H) = 98.7 + 1.9 kcal mot™.

1. Introduction behavior of the reactions. Specifically, activation energies can

) . ) o be estimated by the reaction enthalpies for which reliable
The atmospheric chemistry of bromine-containing molecules enthalpies of formation are needed.

and free radicals has attracted great attention in the past decade

because of the role that bromine atoms play in the catalytic The enthalpy of formation for bromomethane has been well-

destruction of the earth’s protecting ozone layer in the strato-
spherée-? In recent years, interest has been renewed following
the recognition that the tropospheric reactions of Br atoms and
BrOy radicals are significantly more important than they were
thought, particularly in the Artic region and marine boundary
layers3—>

Bromine is emitted into the atmosphere mostly in the form
of CH3Br both from anthropogenic and from natural sources.
Although in much smaller concentration, gEiBr is also a
permanent Br constituent of the troposphetéCH;Br and CH-
CIBr release bromine atoms and other bromine-containing free

radicals into the air through a series of degradation processes

that are initiated by the reactions with OH. In the initiation steps

established experimentally. Reported values-&8e9 4 0.4 (ref
8), —9.1+ 0.3 (ref 9), and—8.2+ 0.2 (ref 10), and two recent
compilations recommend a value 68.5 (refs 11 and 12) (all
in kcal mol1). The CHBr radical has not been studied
experimentally to the same extent. The critical review of
McMillen and Golde# cites an early reaction kinetics study
as the source of data and recommeA#t’ 295(CH,Br) = 41.5
kcal mol L. Later, Holmes and LossiAgydetermined 40.2t
2.0 kcal mot? for this radical by monoenergetic electron impact
experiments. The JPL compilatifiproposes\H® 295(CH,Br)

= 40 + 2 kcal molt. These experimentally based enthalpies
of formation imply DH29¢(BrH,C—H) = 102 + 2 kcal mol™.

Despite its great importance in atmospheric chemistry, methyl

CHBr and CHCIBr radicals are formed, respectively, which bromide has until recently been the subject of relatively few
undergo further atmospheric reactions. Understanding the high-level theoretical studies. This can be understood from the
chemistry of these brominated molecules and radicals in the fact that such a large electronic system as the bromine atom is
atmosphere requires a knowledge of their thermochemical computationally demanding. There have been only two recent
properties. This is underlined by the observation that the kinetic publications on the theoreticat€H bond energy of CEBr.16:17
parameters for many of the atmospheric reactions 0fBZH Kambanis and co-workeYsdetermined rate constants for the
CH,CIBr, CHzBr, and CHCIBr are not well-known or are not reactions of Cl atoms with Cir, CH,Br,, and CHBg from
available at all. Under these conditions the respective thermo- direct kinetic experiments and performed ab initio calculations
chemical quantities can be used for assessing the kineticat the MP2 level of theory to interpret their experimental results.
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They reported a bond dissociation enthalpy value of°f3#
(BrH,C—H) = 99.6 kcal mot?!, which translates into
AH% 205(CH,Br) = 38.8 kcal mot? enthalpy of formation for

the bromomethyl radical. Very recently, Paddison and Ts-
chuikow-Roux®” have carried out a theoretical study of the
bromomethanes and the bromomethyl radicals at the MP4 level
to provide a self-consistent set of structural parameters, vibra-
tional frequencies, and thermochemical data. Their calculations
predict AH% 295(CH2Br) = 41.63 + 0.4 kcal mot?, which
implies DH29¢(BrH,C—H) = 102.5+ 0.6 kcal mot™. In an
impressive series of theoretical pagérd? Glukhovtsev et al
discussed the energetics and mechanisms ofifRe&cleophilic
reactions of halide anions with methyl halides (includingz€H
Br) with various high-level molecular orbital calculations that

Espinosa-Gafai and Dbe

2. Methods

All ab initio calculations were carried out using the GAUSS-
IAN 94 system of program®. The geometrical parameters were
fully optimized using second-order MgltePlesset perturbation
theory’2 (MP2), with all electrons being included in the
correlation treatment (FULL) and using the 6-31G(d,p) basis
set. Harmonic vibrational frequencies and zero-point vibrational
energies (ZPE) were computed at this same level of theory
(MP2=FULL/6-31G(d,p)). The optimized geometrical param-
eters were used in four distinct theoretical computations (levels
I—1V) to obtain total electronic energies.

Level I. The procedure applied here corresponds to single-
point calculations of the total electronic energy at the MP4 level
with a frozen-core (FC) approximation and single, double, triple,

included spin-orbit effects. In these articles theoretical data ;,q quadruple substitutions (MP4SDTQ) using the fairly large
can be found for the total electronic energy, charge distribution, |5¢is set the 6-3#1+G(3d,2p) basis set. We chose the sp

geometry, and €Br dissociation enthalpy of C8r. A high- diffuse functions ¢) because they are known to be of

level ab initio molecular orbital study has been published on jmportance for molecules where the electrons are relatively far

the structures and vibrational spectra of 8Hand CHBr" by from the nucleus, such as large electronic systems with lone

Li and Francisc® at the beginning of this year. pairs33 The procedure of this energy calculation is indicated
While the experimental enthalpies of formation values for by the following notation:

the CHCIBr molecule reported by different groups agree fairly
well with each other;-11.9 kcal mot? (ref 24),—9 kcal mol? (R-U)MP4SDTG=FC/6-311++G(3d,2p)//(R-U)MP2=
FULL/6-31G(d,p)

(ref 25),—10.7 kcal mot? (ref 26), to the best of our knowledge,
Level Il. At this level we carried out single-point calculations

no such data are available for the corresponding radical,
CHCIB, either from experiment or from theoretical investiga- applying the single and double coupled cluster theory with
inclusion of a perturbative estimate for triple excitatidhs,

tions.

It is generally accepted that the best way of calculating CCSD(T), and using the 6-3%H-G(3df,2p) basis set. Scuseria
theoretical enthalpy data is the use of a thermochemical reactionand Leé&® have found an average deviation between the results
(a “working chemical reaction”) where computational errors of the perturbative approximation CCSD(T) and the full CCSDT
(specifically basis set effects) tend to cancel. The more direct version of 0.42 kcal mof in 14 test calculations. If one excludes
atomization approach usually gives much less accurate resultsthe error of 1.89 kcal mot they report for the difficult case of
The choice of an isodesmic reaction, where the number of bondsCN™, the average difference becomes even smaller, justifying
and bond types are preserved on both sides of the reaction, ighe application of the simpler method. This procedure can be
the preferred option whenever it can be appfié@ihe isogyric summarized as

approach uses a working chemical reaction in which the number _ _
of electron pairs is left unchangé®.The accuracy of the CCSD(T)/6-313+G(3df,2p)//(R U)MPF%ULL/G 31G(d.p)

enthalpies of formation obtained theoretically is conditioned by
a few factors: the level of sophistication (methtdoasis set) Level lll . In this case, the electronic energies were estimated
applied to calculate the electronic energy, the reliability of the with density functional theory (DFT). Concretely, exchange and
enthalpies of formation of the reference compounds, the correlation were treated by the B3LYP protoéblwhich is
uncertainty in the thermal corrections, and very importantly, based on Becke’s three-parameter hybrid method 3B®y
the choice of the working chemical reaction used in the combining Hartree Fock exchange with a local density ap-
evaluation. Sana et &:3° have carried out extensive studies proximation exchangecorrelation functional (LYP$8-3°Here,
on the requirements of accurately estimating theoretical enthal-we used the 6-3tt+G(3d2f,3p) basis set. The shorthand
pies of formation for XYH species in connection with isogyric  notation for this computation is
a}nd X=Y hydrogenation reactions as working chemical reac- B3LYP/6-311++G(3d2f,3p)//(R-UMP2
tions. They concluded that, on average, the enthalpies of
formation were underestimated when the isogyric approach was FULL/6-31G(d,p)
used and therefore recommended bond hydrogenation. Level IV. The electronic energies at this level of computation
In the present work we report on a series of theoretical were determined by the application of the Gaussian-2 (G2)
investigations aimed at establishing gas-phase enthalpies oftheory?® In brief, it uses structures optimized at the MP2/6-
formation for CHBr, CH,Br, CH,CIBr, and CHCIBr by various ~ 31G(d) level and calculates energies at the MP4/6-311G(d,p)
high-level quantum chemical methods. Isodesmic and bond level augmented by corrections for diffuse functions, a correction
hydrogenation reactions were applied to compute reaction for hlgher polarization functions, a correction for correlation
enthalpies from which standard enthalpies of formation were €ffects beyond fourth-order perturbation theory, and an empirical
derived. Our objective has been to investigate the effect of the higher-level correction to account for remaining basis set
level of correlation treatment, the basis set, and the choice of deficiencies. The reliability of the additivity approximations in
the isodesmic and hydrogenation reactions on the theoreticalG2 theory has been verifi€d.These types of calculations are
results in order to provide reliable enthalpy data for use in referred to as “G2 theory” in the following discussions.
practical applications such as modeling atmospheric chemistry.
The computed enthalpies of formation values and the corre-
sponding C-H bond dissociation enthalpies are compared and
discussed with literature values.

3. Results and Discussion

3.1. Structure and Vibrational Frequencies. The fully
optimized structural parameters, harmonic frequencies, and zero-
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TABLE 1: Structural Parameters and Vibrational
Frequencie$

parameter CH;3Bre CH,Brd CH,BrCle CHBrCI
Geometry
Ren 1.082 1.073 1.082 1.077
Reer 1.944 1.861 1.942 1.869
OHCBr 107.90 116.63 106.84 115.66
Reei 1.759 1.700
OHCCI 109.23 116.60
Frequency
3144 3274 3132 3158
3144 3123 3037 1219
3020 1391 1480 854
1465 930 1237 664
1465 678 973 516
1328 403 739 243
954 658
954 601
602 233
ZPB
23.00 14.01 17.28 9.51

aComputed at the MP2FULL/6-31G(d,p) level® Distances are
given in angstroms, angles in degrees, frequencies irt,camd zero-
point energies (ZPE) in kcal mdl. ¢ C;, symmetry was assumed in
the calculations. Experimental geometric daRsy = 1.095 A, Reg,
=1.939 A,JHCBr = 107.2 (ref 26). Experimental frequencies: 3056,
3056, 2935, 1443, 1443, 1306, 955, 955, 611 t(ref 48).9 Experi-
mental geometric dataRcy = 1.086 A, Res, = 1.845 A, JHCBr =
118 (ref 42). Experimental frequencies: 1356, 953, 693, 368'cm
(ref 49).© Experimental geometric dateRcy = 1.115 A (estimated),
Reer = 1.928 A, Rca = 1.755 A, OHCBr = 109.3 (ref 46).
fExperimental frequencies: 1196, 866 Tnfref 49).9 Computed at
the MP2=FULL/6-31G(d,p) level and subsequently scaled by 0.95.

point energies obtained at the MPRULL/6-31G(d,p) level are
presented in Table 1.

In the geometry optimization of CiBr a constrainedCs,
symmetry was assumed, while the geometries fosBEHCH,-
CIBr, and CHCIBr were optimized with no symmetry con-
straints. Structural parameters for ¢8# and CHBr are

J. Phys. Chem. A, Vol. 103, No. 32, 19983889

structural parameters are available from the literature fos-CH
CIBr and none for CHCIBr. Our computed GEIBr bond
lengths and bond angles are supported by the scarce experi-
mental dat&® Similar to the case of the bromomethyl radical,
the calculations predicte@s structure for the CHCIBr radical
too. Its deviation from planarity is somewhat larger; the dihedral
angle is 147.3at the MP2/6-31G(d,p) level.

Harmonic vibrational frequencies were computed at the
MP2=FULL/6-31G(d,p) level of theory on the basis of opti-
mized geometries at the same level of theory. It is well-known
that MP2-calculated frequencies are about 5% too fargéative
to experimental results because of the anharmonicity of the true
molecular frequencies. Therefore, the calculated frequencies for
all species were multiplied by 0.95. These scaled frequencies
are listed and compared with the experimentally measured values
in Table 1. It is seen in Table 1 that our computed frequencies
compare reasonably well with the experimentally measured
values tabulated in ShimanoucHPs&nd Jacox¥ compilations
for CH3Br and CHBr, respectively. Most of the calculated
frequencies for CBHCIBr and CHCIBr are the first reported
values in the literature. Given in Table 1 are also the theoretical
zero-point energies (ZPE).

3.2. Derivation of the Enthalpies of Formation. The
standard enthalpies of formation for g+, CH,CIBr, CH,Br,
and CHCIBr were estimated at each of levelsl{¥ from a
consideration of applicable working chemical reactions where
only the enthalpy of formation in question was unknowhe
derivations were made according to the following steps: (i) the
total electronic energies for the reactants and the products were
calculated; (ii) these were corrected for zero-point energies to
obtain a theoretical reaction enthalpy at 0 K; (iii) this theoretical
reaction enthalpy was combined with the known enthalpies of
formation in the reaction to solve foAH®, the required
enthalpy of formation at 0 K; (iv) a heat correction was applied
to getAHf’f,zgg.

The following hydrogenation and isodesmic reactions were
used as working chemical reactions in the study:

available both from experimef§t*2and theory:6-18.20.23.430ur CH,Br + H,—~ CH, + HBr (R1)
computed bond lengths and bond angles compare favorably with

the experimental data (see Table 1) and compare satisfactorily CH,Br + H, — CH; + HBr (R2)
with the results of other ab initio studies. The structural

optimizations we performed at the MP2 level returned a CH,Br + CH,— CH,Br + CH, (R3)
nonplanar structureQs symmetry) for the CkBr radical with

a dihedral angle of 156°5This Cs symmetry is in accordance -

with the results of other theoretical studi€g/:23 while the CH,CIB + H, — CHgBr + HCl (R4)
experimental spectroscopic restAt&*5were interpreted on the

basis of a planar structur€f, symmetry). Very recently, Li CH,CIBr + H, = CH,Cl + HBr (R5)
and Francisc® investigated the issue of planarity of the &H

Br radical in a detailed theoretical study performed at the MP2, CHCIBr + H, —~ CH,Br + HCI (R6)
CCSD(T), and B3LYP levels of theory. Their calculations

predicted a very nearly planar structure for the BHradical CHCIBr + H,— CH,CI + HBr (R7)
and essentially no inversion barrier. The apparent discrepancy

between experiment and theory can be resolved by observing CHCIBr+ CH, — CH,CIBr + CH, (R8)

that the CHBr radical probably possess€s symmetry, but

the two indistinguishabl€s configurations rapidly transform The reference reactants and products in reactionsH8lare
through a small barrier at the planar configuration, which is in most cases § HBr, HCI, CH;, CHs;, and CHCI, the
observed in experimental studies as a dynamically planar thermochemical properties of which are very well established.
structure. We repeated the MP2 geometry optimizations with Their AH% »9g values have been taken from the JANAF taffles
the assumption of a planaty,) structure for CHBr and found and are summarized in Table 2 together with the other data
that the total energy was only 0.12 kcal mbhigher than the that were utilized in the calculations of the standard enthalpies
nonplanar conformation. In the present context this implies that of formation for the model species. The total electronic energies
there are practically no differences in using either the planar or obtained at levels+IV were corrected by the scaled MP2 zero-
the nonplanar conformations for the theoretical prediction of point energies (see Table 2). The heat corrections were
the enthalpy of formation of the bromomethyl radical. Only few calculated with standard methods of statistical thermodynamics.
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TABLE 2: Total Electronic Energies (Ee), Zero-Point Energies (ZPE), Thermal Corrections (TC(298K)), and Standard
Enthalpies of Formation (AH°®;9g) Utilized in the Calculations of the Enthalpies of Formation for CH3Br, CH ,Br, CH ,CIBr,
and CHCIBr2

Ee
species ZPE TC(298 Ky AH® 20 level | level Il level Il level I\vd
H, 6.27 2.07 0.00 —1.170 23 —1.170 82 —1.179 98 —1.163 05
CHjs 18.33 2.57 34.82 —39.746 10 —39.757 19 —39.857 61 —39.740 83
CH, 27.78 2.39 —17.89 —40.420 29 —40.432 91 —40.536 55 —40.407 07
HBr 3.76 2.07 —8.70 —2573.124 75 —2573.159 12 —2574.755 68 —2573.169 89
CH3Br 23.00 1.92 ? —2612.342 66 —2612.390 73 —2614.079 33 —2612.386 38
CH,Br 14.01 2.65 ? —2611.673 49 —2611.721 47 —2613.408 18 —2611.726 05
HCI 4.24 2.08 —22.06 —460.292 42 —460.336 86
CHsCI 23.43 2.46 —20.0 —499.505 70 —499.549 85
CH.CIBr 17.28 2.93 ? —3071.427 91 —3071.529 65
CH.CI 14.29 2.66 29 —498.838 69 —498.891 50
CHCIBr 9.51 2.90 ? —3070.765 14 —3070.875 88

aTotal electronic energies are given in hartrees. Zero-point energies, thermal corrections, and enthalpies of formation are given . kcal mol
b Calculated in this work at the MRZFULL/6-31G(d,p) level of theory with 0.95 scaling of the vibrational frequencidgken from ref 509 The
values given are the G2 enthalpies at 298 K; i.e., they include ZPE. ¢ Taken from ref 12.

TABLE 3: Computed Standard Enthalpies of Formation (at correlation behavior for these electronic systems. Thus, the use
298.15 K and 1.00 atm) for CHBr and CHBr? of single-reference electron correlation methods seems to be
AH® 295(CH3Br) AH 1206 CH:B1) jusqﬁed' . . .
level (RLP (R2P (R3P (i) For f_rozen-core_ vs full corre_lat|on tests, in a previous
< Yy R, 117 paperi3 which dealt with the theoretlcal_ enthalpies of formation
1d 96 39.8 40.9 for NHyx (x = 1, 2, 3), we noted the importance of the core
e -8.0 405 40.0 correlation effects. It was determined that the difference in the
(YAl -9.3 40.0 40.8 number of interacting electron pairs between the products and
2Values are given in kcal mol. ® Number of the working chemical the reaCtantS 1S the key element to the_ choice of a working
reaction.® (R-UMP4SDTG=FC/6-311+G(3d,2p)//(R-U)MP2FULL/ chemical reaction if correlated wave functions are used; the core
6-31G(d,p).¢ CCSD(T)/6311+G(3df,2p)//(RU)MP2=FULL/ correlation effects are less important when this difference is
631G(d,p).c B3LYP/631H-+G(3d2f,3p)//(R-U)MP2=FULL/6- small for the reaction. This can be understood, since there has
31G(d,p). G2 theory. always been some residual correlation étan any basis set

expansions of finite size for each pair of electrons. Thus, the

Calculation of AH% 0(CH3Br). The standard enthalpy of hydrogenation reactions are less sensitive to the core correlation
formation for CHBr is accurately known from experimerftsi2 effects than their isogyric counterparts because the net number
Therefore, we applied this molecule as a test case for assessingf the interacting electron pairs is smaller. We investigated the
the performance of the different electron correlation methods €ffect of electron correlation on the computed4BHenthalpy
and basis sets in our calculations. The observations made withof formation at the MP4 level of theory by using the R1
CH4Br are believed to be transferable also to the subsequenthydrogenation reaction and an appropriate isogyric process. The
studies of CHBr, CH,CIBr, and CHCIB. results obtained with the frozen core approach and the full

The hydrogenation of methyl bromide to methane (reaction electron correlation are compared in Table 4. The computed
(R1)) was used as a working chemical reaction to obtain enthalpies of formation values are seen to be essentially equal
AH®; 205(CH3Br). The resullts of the theoretical computations at with and without the inclusion of core correlation in the case
levels -1V are summarized in Table 3. The standard enthalpies ©f the hydrogenation reaction. This may be taken as an
of formation obtained differ only slightly, and there is no reason indication for the reliability of the level | results obtained in
to give preference over either of them. The average of the four the current study. On the other hand, the application of the
determinations i\H®; 20 CH3Br) = —8.9 + 0.6 kcal mott, isogyric reaction, where the number of the interacting electron
where the error given designates one standard deviation. ThisPairs are about 2 times larger, provides a substantially higher
theoretical enthalpy of formation agrees very well with the €nthalpy value in the FC approach.

average of experimentally reporfeé? values, i.e. AH% 206(CHs- (iii) It is known that the unrestricted MP perturbation theory

Br) = —8.7 + 0.4 kcal motL. calculations converge slowly for certain electronic systénis.
We performed three series of trial computations ongBH  In this regard, to estimate the importance of the post-MP4

to test further for the accuracy of the combinations of the energy, we employed the fourth-order invariant quantity of

theoretical methods and basis sets used in this work. Feenbergd’ %8 The resulting correction on the calculated enthalpy
(i) To examine the quality of the results obtained with single- 0f formation was found to be negligible.

reference electron correlation methods, Lee and T&ylor  Insummary, the above trials indicate that the;BHmolecule

proposed thd; diagnostics: Ty = ||t1||/Need?, Where||ty]] is is well described at the theoretical levels used in this work.

the Euclidean norm of the coupled-cluster with single and double  Calculation ofAH®; 299 CH2Br). The hydrogenation reaction
excitation amplitudes, andeiecis the number of active electrons R2 and the isodesmic reaction R3 were used as working
in the correlation procedure. It has been suggéstédithat a chemical reactions. In the latter case, 48H is one of the
largeT; value (i.e.T; > 0.02) is an indication that nondynamical reference compounds. Its standard enthalpy of formation was
electron correlation effects are important, and therefore, a taken from ref 12, i.e.AH% 295(CH3Br) = — 8.5 kcal mof™.
multireference electron correlation treatment would be more The standard enthalpies of formation determined theoretically
suitable. In the present case, we obtaifled= 0.009 for CH- for the bromomethyl radical in the current work are listed in
Br and T, = 0.018 for CHBIr, values that indicate dynamical Table 3. The average of the eight values obtained at levé\s |
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TABLE 4: Effect of Electron Correlation on the Calculated Enthalpy of Formation for CH 3Br2

approach reaction diff AH® 298(CH3BI)°
CHsBr + H2 — CHs+ BrH (hydrogenation)

FcCd (14 x 13/2y 1) (8x 7/2) (8x 7/2) 36 -8.5

FULLS (44 x 43/2) 1) (10x 9/2) (36 35/2) 271 —8.6
CHsBr + H— C+ Br+ 2H2 (isogyric)

Fcd (14 x 13/2) (4x 3/2) (7 x 6/2) 2x (1) 62 —5.6

FULLY (44 x 43/2) (6x 5/2) (35x 34/2) 2x (1) 334 —8.0

a2 MP4/6-31H1-+G(3d,2p)//MP2/6-31G(d,p) calculationsThe difference in the number of interacting electron pairs between the reactants and
the products® The standard enthalpy of formation for Bt is given in kcal mot™. 9 Frozen core approachln parentheses the number of the
interacting electron pairs is givehldentical with the level | result in Table 3.All electrons are included in the correlation treatment.

TABLE 5: Computed Standard Enthalpies of Formation (at
298.15 K and 1.00 atm) for CHCIBr and CHCIBr 2

TABLE 6: Comparison of the Computed Enthalpies of
Formation with Experiment (T = 298.15 K,P = 1.00 atm}

AH® 204 CH,CIBT) AH® 209 CHCIBT) species AH? 20d/this work? AHC 20X ref
level (R4P (R5Y (R  (R7P (R8P CHgBr -8.9+0.8 -8.9 8
le ~10.6 ~116 356 359 366 3 %
d — _ .
v 11.9 11.7 33.7 34.4 34.5 85 11,12
aValues are given in kcal mol. ® Number of the working chemical CH:Br 407+ 1.1 40+ 2 12
reaction . (R-U)MP4SDTG=FC/6-311+G(3d,2p)//(R-U)MP2FULL/ 415 13
6-31G(d,p).d G2 theory. 40.2+2 15
CHCIBr —115+1.1 —-11.9 24
-9 25
is AH® 205(CH,Br) = 40.7 & 0.7 kcal mot?! (£10). The -10.7 26
CHCIBr 351+ 1.5

maximum deviation from this average value is 1 kcal ol
Calculations ofAH®; 209 CH2CIBr) and AH®; 299 CHCIBY). In

were applied but in conjunction with five working chemical

reactions; reactions R4 and R5 were used forCBr, while

2The standard enthalpies of formation are given in kcalhdélThe
these calculations only the level | and the level IV procedures errors are estimated overall uncertainties (see tefxperimental or
critically evaluated data based on experiments; the error limits are those
reported by the authorg Estimated by experimental data.

reactions R6-R8 were used for CHCIBr. The computed

enthalpies of formation at 298 K are presented in Table 5. Oncepoint energy corrections, were assessed by choosing the
again, we propose unweighted averaging of the data, which experimental zero-point energies wherever available instead of
provides results with good precision. These are the following: the theoretical data. The error limits for the enthalpies of

AH°f,298(CH2CIBr) = —11.5+ 0.6 kcal mot?! and AHofyzgg-
(CHCIBr) = 35.1 &+ 1.0 kcal mot?, where the error limits

are 0.9 and 1.5 kcal mot for CH,CIBr and CHCIBr, respec-
tively.
3.3. Discussion of the Enthalpy ResultsWe set out by

methods and basis sets in levetdV and applied in conjunction
with the thermochemical reactions RR8 have provided

formation of the reference species were taken from their
literature sources, and a uniformit0.3 kcal mot? error
quoted are single standard deviations. The maximum deviationscontribution was accepted for the thermal corrections. Standard
error propagation methods have been used to calculate the
combined uncertainties that appear in Table 6.

In Table 6, along with our theoretical results, we also list
pointing out that the combinations of the different theoretical experimentally determined enthalpies of formation from the
literature for comparison. As was mentioned earlier, there is an
excellent agreement between the calculated and experifhéatal

enthalpies of formation values in good agreement. This is AH%,9g values for CHBr. It is seen in Table 6 that our
expressed in an absolute average deviation of 0.6 kcat'mol recommended theoretical enthalpy of formation for the bromo-
from the mean values. The only perceptible trend is observed methyl radical agrees most favorably with the experimental
in connection with the level | results; the enthalpies of formation result of Holmes and Lossi#gthat was obtained from the
obtained at this level are slightly but systematically higher on measurements of appearance energies for ionic dissociations,
an average by 0.8 kcal mdl No significance has been  butthe other reported valu@d3are also well within the quoted
attributed to this disparity; hovewer, as one reaches the 1 kcalerror limits of £1.1 kcal mot®. The enthalpy of formation
mol~? level of accuracy in thermochemical calculations, the calculated for CHCIBr is close to the lower literature valugs26
sources of error become difficult to pinpoint and the current To our knowledge, there are no previously reported enthalpies
accuracies of the experimental data allow no firm distinctions of formation for the CHCIBr radical with which to compare
to be made either. Therefore, the averages of the differentour result. In summary, it can be concluded that the recom-
determinations are proposed as final results. mendedAH®s 295 values for CHBr, CH,Br, and CHCIBr are
The good agreement between the predicted enthalpies ofin good agreement with experimental results, which may be
formation lends credence to them and justifies the averaging.taken as an indication also for the reliability of the CHCIBr
The standard enthalpies of formation for §8A, CH,CIBr, CH,- enthalpy of formation of 35.% 1.5 kcal mot! determined in
Br, and CHCIBr recommended from this study are given in this study the first time.
Table 6. Attached to them are the estimated maximal uncertain-  Very recently, Paddison and Tschuikow-RéURRave estab-
ties that were reached from a consideration of the possible lished a complete thermochemical database for all the bromo-
sources of errors. methanes and the corresponding bromomethyl radicals by ab
A substantial part of the uncertainties arises from the initio computations. Their theoretical approach was similar to
calculation of the electronic energies. As upper limits, the that applied here at level I; the electron correlation corrections
standard deviations evaluated in the previous section werewere evaluated at the MP4 level in both studies, but different
accepted to account for this uncertainty. The errors, due to zero-basis sets were chosen for bromine, as is seen in Table 7 where



6392 J. Phys. Chem. A, Vol. 103, No. 32, 1999 Espinosa-Gafai and Dbe

TABLE 7: Comparison with the Theoretical Work of levels | and Il Interestingly, level 1l (B3LYP//MP2), which is
Paddison and Tschuikow-Roux for CHBr (Ref 17) computationally less demanding, does somewhat better, the
computational deviation for CHBr being 3.2 kcal moll. It is to be recalled,

details ref 17 this study however, that these latter three computational levels all perform
geometry MP2/6-31G(d)  MP2/6-31G(d,p) very well if they are used with hydrogenation and isodesmic
total energy MP4/6-31G(d,p) MP4/6-31H+G(3d,2p} reactions.
basis setforBr ~  Sv4P standard From our theoretical enthalpies of formation, which are given
wbr;t::%nal frequenciesHF/6-31G(d) ~ MP2/6-31G(d,p) in Table 6, we calculated €H bond dissociation enthalpies
Wo(rkmg)ch emical  (R3) (R2), (R3) (DH®20). For this, AH;o0(H) = 52.10 kcal mot* was taken
reaction from ref 50. The recommended standard enthalpies of formation
AH; 205(CH,BI)" 41.6 40.7 values for CHBr, CH,Br, CH,CIBr, and CHCIBr correspond

. . ) to the standard €H bond dissociation enthalpies of Dis
2 Corresponds to level P. Single-point calculation at MP2/6-31G(d) _
optimized geometry: Single-point calculation at MP2/6-31G(d,p) (BrH;C—H) = 101.7+ 1.4 kcal mof* ant;i DH 204 BrHCIC—
optimized geometry! The polarized split-valence bromine basis set H) = 98.7 £ 1.9 kcal mot*. Comparison of these bond
of Andzelm et al. (ref 61)¢ The internal basis set in the GAUSSIAN  dissociation enthalpies with the bond strength in methane,
94 program suite (ref 31j.Scaled by 0.895¢ Scaled by 0.950" The DH®p9g(HsC—H) = 104.84= 0.2 kcal mot™ (ref 50), indicates

standard enthalpy of formation for Ci8r is given in kcal mot™. a gradual weakening of the-@4 bond with successive chlorine
TABLE 8: Level IV (G2 Theory) Calculations of the and bromine substitu_tions_. Su_c_h a substitutional effect has Ion_g
Enthalpies of Formation by Using the Atomization been known to reaction kineticists (see also the discussions in
Reaction$ refs 16 and 17), but the present study appears to be the first
AH® o one to quantify it for CHBr and CHCIBr by high-level
’ comparative ab initio computations.
species without-so® with s—o4 selected valfe Finally, we note that direct reaction kinetics investigations
CHsBr 117 _8.2 —8.9+08 have been underway in our laboratories in cooperation with other
CH,Br 38.3 41.8 407 1.1 group$? with the aim of determining more accurate experi-
CH;CIBr —13.9 —10.4 —11.5+11 mental enthalpies of formation for the bromomethyl and
CHCIBr 32.0 35.5 35.k15 chlorobromomethy! free radicals, a task that has been addressed

aValues are given in kcal mot. ® Standard enthalpies of formation ~ theoretically in the present work.
(at 298.15 K and 1.00 atmjWithout the inclusion of spirorbit

coupling. With the inclusion of spir-orbit coupling for Br.© Rec- Acknowledgment. J.E.G. thanks the DirecaioGeneral de
ommended by the results of the calculations at level¥/lapplied in Investigacim Cientfica y Tecnica del Ministerio de Educaaio
conjunction with the working chemical reactions RR8 (see text). y Cultura (Spain) (Project No. PB97-0368) and Junta de

Extremadura (Spain) (Project No. IPR98-C033) for partial
we have made a comparison for the fBidradical. Note also  support of this work. We are indebted to an unknown reviewer
that the same working chemical reaction, (reaction R3), was for the valuable comments and suggestions.
used in the work of Paddison and Tschuikow-Roux and by us.

Examination of Table 7 shows agreement between the two References and Notes

Calcwa.tECAHof'ngvfilues for the bromomethyl radical, revealing (1) Albritton, D. L.; Watson, R. TMethyl Bromide: Its Atmospheric

essentially no baS_|5 set effect. ) Science, Technology and Economientreal Protocol Assessment Supple-
We have found it of interest to repeat the enthalpy calculations ment, UNEP, Nairobi, Kenya, 1993.

by a consideration of the atomization reactions. That is, the Chai(rzs)) élcti)erlrt]tt%?é Es'sl-e';n\?(/e?\ttsg;]bgbr—]re'; 6“(;;22"0%?1- ;@ﬁjﬁg’;‘;‘é Co-

theoretical enthalpies of forma,t'or? were der'YEd by subtracting logical Organization, Global Ozone Research and Monitoring Project, Report

the sum of the calculated atomization enthalpies from the known No. 37; World Meteorological Organization: Geneva, 1995.

enthalpies of formation of the isolated atoms (taken from ref (3) Le Bras, G.; Platt, UGeophys. Res. Lett995 22, 599.

50). The results obtained in this way at level IV (G2 theory) 19784292H3‘;3rga””' M. Platt, Ul. Geophys. Red.994 99, 25399.Soc.

are presented in Table 8 along with our recommended.enthalpies (5) Bierbach, A.; Barnes, |.; Becker, K. kht. J. Chem. KinetL996

of formation, which, in turn, were shown to be in good 28 565.

agreement with experimental results. The average absolute E% ;angh, TH; '\élcione“f(-é' OG'%’PEVS- F;es- Iﬁaei%%% %% 2163%3-

o - ingh, H. B.; Kanakidou, MJ. Geophys. Re , .
dewatyon between the two sets of data is 2.9 kcal Thol (8) Fowell, P.; Lacher, J. R.; Park, J. Drans. Faraday Socl965
Inclusion of spir-orbit effects for BP5°reduces the average 61, 1324.
absolute deviation to 0.8 kcal mdl That is, the G2-theory/ (9) Adams, G. P.; Carson, A. S.; Laye, P.Teans. Faraday Sod.966

mization reaction approach provides ver imations 62 1447.
atomizatio eth on app oap provides very good estimations (10) Ferguson, K. C.; Okafo, E. N.; Whittle, E. Chem. Soc., Faraday
for the enthalpies of formation of GBr, CH,CIBr, CH,Br, Trans. 11973 69, 295.
and CHCIBr studied. This finding is in line with the conclusions (11) Pedley, J. B.; Naylor, R. D.; Kirby, S. Phermochemical Data of
of Curtiss and coauthdiswho have made a comprehensive %g?nlc Compounds2nd ed.; Chapman and Hill: London, New York,
assessment of the G2 theory gnd DFT theories for the computa- (ﬁ) DeMore, W. B.: Sander, S. P.: Golden, D. M.: Hampson, R. F.:
tions of enthalpies of formation on a set of 148 molecules kyryio, M. J.; Howard, C. J.: Ravishankara, A. R.; Kolb, C. E.: Molina,
referred to as the G2 neutral test set. No bromine-containing M. Journal of Chemical Kinetics and Photochemical Data for Use in
species have been included in the G2 test set however. Thusfts(;rr;toggggggn'\é'ogi'”1935} Publication 94-26; Jet Propulsion Labora-
the present study may be taken as a supplement to the work of ™ (13) ‘icmillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982
Curtiss et af? Our level | and level Il computations applied in 33, 493.
connection with the atomization reactions performed much less 54(12)30Price, S. J.; Trotman-Dickenson, A. Fans. Faraday Socl958
satisfactorily pr_obably because of the subst_an_tlal residual '(15) Holmes, J. L. Lossing, F. B. Am. Chem. Sod.988 110, 7343.
electron correlation errors. For example, the deviations fog-CH (16) Kambanis, K. G.; Lazarou, Y. G.; Papagiannakopoulod, Phys.

Br are as large as 14.6 and 10.4 kcal mplkespectively, at Chem. A1997, 101, 8496.



CHsBr and CHCIBr

(17) Paddison, S. J.; Tschuikow-Roux, E.Phys. Chem1998 102,
6191.

(18) Glukhovtsev, M. N.; Pross, A.; McGrath, M. P.; RadomJLChem.
Phys.1995 103 1878.

(19) Glukhovtsev, M. N.; Pross, A.; Radom,L.Am. Chem. So¢995
117, 2024.

(20) Glukhovtsev, M. N.; Bach, R. D.; Pross, A.; RadomChem. Phys.
Lett. 1996 260, 558.

(21) Glukhovtsev, M. N.; Pross, A.; Radom,l.Am. Chem. So¢996
118 6273.

(22) Glukhovtsev, M. N.; Pross, A.; Schlegel, H. B.; Bach, R. D.; Radom,
L. J. Am. Chem. S0d.996 118 11258.

(23) Li, Z.; Francisco, J. S]. Chem. Phys1999 110, 817.

(24) Gurvich, L. V.; et al.Thermodynamic Properties of Industrial
SubstancesAcademy of Science: Moscow, 1962.

(25) Bernstein, H. JJ. Phys. Chem1965 69, 1550.

(26) Kudchadker, S. A.; Kudchadker, A. B. Phys. Chem. Ref. Data
1975 4, 457.

(27) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J.JAAmM. Chem.
Soc.197Q 92, 4796.

(28) Pople, J. A.; Luke, B. T.; Frish, M.; Birkley, J. $. Phys. Chem.
1985 89, 2198

(29) Sana, M.; Leroy, Gl. Mol. Struct.: THEOCHEM 991, 226,307.

(30) Sana, M.; Nguyen, M. TChem. Phys. Lett1992 196, 390.

(31) Frich, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W,;

Johnson, N. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Ciolowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, V.; Replogle, E. S.; Gompers, R.; Martin, R. L.;

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-

Gordon, M.; Gonzkez, C.; Pople, J. AGAUSSIAN 94 Gaussian Inc.:
Pittsburgh, PA, 1995.

(32) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.

(33) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
3265.

(34) Bartlett, R. JJ. Phys. Chem1989 93, 1697.

(35) Scuseria, G. E.; Lee, J. J. Chem. Phys199Q 93, 5851.

(36) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, Nl J.
Phys. Chem1994 98, 11623.

(37) Becke, A. D.J. Chem. Phys1993 98, 5648.

(38) Slater, J. CAdv. Quantum Cheml972 6, 1.

(39) Vosko, S. H.; Wilk, L.; Nusain, MCan. J. Phys198Q 58, 1200.

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

J. Phys. Chem. A, Vol. 103, No. 32, 1998893

(41) Curtiss, L. A.; Carpenter, J. E.; Raghavachari, K.; Pople, J. A.
Chem. Phys1992 96, 9030.

(42) Davies, P. B.; Liu, Y.; Liu, ZChem. Phys. Lettl993 214, 305.

(43) Ma, Z.-X,; Liao, C.-L.; Ng, C.-Y.; Ma, N. L.; Li, W. KJ. Chem.
Phys.1993 99, 6470.

(44) Smith, D. W.; Andrews, LJ. Chem. Phys1971 55, 5295.

(45) Mishra, S. P.; Neilson, G. W.; Symons, M. C. R.Chem. Soc.,
Faraday Trans.1974 270, 1165.

(46) Numerical Data and Functional Relationships in Science and
Technology Hellwege, K. H., Hellwege, A. M., Eds.; Springer Verlag:
Berlin, 1987; Vol. 15 (supplement to Vol. 11-17).

(47) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARinitio
Molecular Orbital Theory Wiley: New York, 1986.

(48) Shimanouchi, TTables of Molecular Vibrational Frequencies
National Standard Reference Data Series, No. 39; National Bureau of
Standards, U.S. Government Printing Office: Washington, DC, 1972; Vol.
1

(49) Jacox, M. EJ. Phys. Chem. Ref. Datt984 13, 945.

(50) JANAF Thermochemical Table3rd. ed. Chase, M. W., Davies,
C. A., Downey, J. R., Frurip, D. J., McDonald, R. A., Syverud, A. N., Eds.
National Standard Reference Data Series 14; National Bureau of Stan-
dards: Washington, DC 1985.

(51) Lee, T. J.; Taylor, P. Rnt. J. Quantum Chem. Symp989 23,
199.

(52) Lee, T.J.; Rice, J. E.; Scuseria, G. E.; Schaefer, FihEor. Chim.

Acta 1989 75, 81.

(53) Espinosa-Garaj J.; Corchado, J. C.; Fémdez, J.; Mequez, A.
Chem. Phys. Lettl995 233 220.

(54) Harding, L. BAdvances in Molecular Electronic Structure Thepry
JAI Press: New York, 1990; Vol. 1, pp 483.

(55) Raghavachari, K. J. Chem. Phys1985 82, 4607.

(56) Nobes, R. H.; Pople, J. A.; Radom, L.; Handy, N. C.; Knowles, P.
L. Chem. Phys. Lettl987 138 481.

(57) Feenberg, EAnn. Phys1958 3, 292.

(58) Wilson, S.Int. J. Quantum Chen198Q 18, 905.

(59) Herzberg, GAtomic Spectra and Atomic Structui@over Publica-

tions: New York, 1944.

(60) Curtiss, L. A.; Rachavachari, K.; Redfern, P. C.; Pople, JJ.A.
Chem. Phys. 1061063.

(61) Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E. Comput.
Chem.1994 5, 46.

(62) Baces, T.; Dbg S.; Espinosa-Garcia, J.; Imrik, K.; Ratajczak, E.;
Sarzinsky, D.; Seetula, J. A. Manuscript in preparation.



