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Ab Initio Rate Constants for Unimolecular Reactions: Eliminations of HX from CH 3CH>X
and DX from CD3CD>X (X = ClI, Br)

M. P. McGrath* and F. S. Rowland
Department of Chemistry, Usrsity of California, Inine, California 92697

Receied: April 18, 2002; In Final Form: June 18, 2002

Usefully accurate rate constant data are calculated ab initio for the four titled unimolecular reactions. The
issue of what levels of electronic structure theory are necessary to obtain near quantitative agreement with
the observed rate constants is explored. In particular, wave function-based energy barriers, extrapolated to
the approximate complete basis set limit, are needed. DFT-based methods significantly underestimate the
barrier heights. Considering the various sources of theoretical error, the classical 1,2 HX elimination barriers
are 62.7+ 0.4 kcal/mol for chloroethane and 6G+70.6 kcal/mol for bromoethane. 1,1 HX elimination is a
barrierless process yielding products higher in energy than the CX bond dissociation products.

Introduction at least at one applicable temperature our best results again show
near quantitative agreement with the observed rate data.
Although the results mentioned above were achieved using
wave function-based methods of electronic structure theory, we
also consider the performance of commonly used variations of
density functional theory for computing the barrier heights of
reactions 1 and 2. Compared to our best, albeit more compu-
tationally intensive molecular orbital theory results, density

Advances in electronic structure theory have made possible
the calculation of simple reaction energies, involving small ideal
gas-phase molecules, to useful accuracy feh.kcal/mol on
average}. Although such thermochemical computations are
currently only practical for molecules including up to about six
non-hydrogen atoms, that includes many systems of great
interest in atmospheric chemistry. However, on a given potential . ) . .
energy surface, in contrast to the situation described above forfu_nc_non_al theo_ry variants underestimate the classical 1,2
well to well reaction energies, the calculation of well to ehrmnanon barrier helgh.ts by—31? kcal/mpl.
transition structure (dividing surface) energies is more difficult ~_Finally, we also obtain reaction profiles for the 1,1 HX
becauset1 kcal/mol uncertainty in a reaction barrier height €limination reactions
does not necessarily lead to usefully accurate rate data, especially
at lower temperatures. CH;CH,Cl — HCI + CH,CH (3)

For the well-studied 1,2 elimination of HCI from chloro-
ethane, which is a textbodk example of a prominent barrier
unimolecular reaction

CH,CH,Br — HBr + CH,CH (4)

on their respective potential energy surfaces. Taking account
CH,CH,Cl — HCI + CH,CH, (1) of our calculatedAH;(0) of the carbene C¥CH, it is easily
seen why elementary reactions 3 and 4 have not been observed.

a £1 kcal/mol uncertainty in the barrier height contributes an )
uncertainty to the rate constant rakig.dkeac of 50327 (e.g., Theoretical Methods
a factor of 2 afl = 726 K). As part of our continuing study of
elimination reactions of relevance in atmospheric chemfstry,
reaction 1 and the not as well-studied reaction 2

Stationary point structures on the singletHgX (X = ClI,
Br) potential energy surfaces were optimized at the restricted
Hartree-Fock (RHF) and quadratic configuration interaction
(QCISDY levels of electronic structure thedr§using the cc-
CH;CH,Br — HBr + CH,CH, 2 pVDZ basis sef.Force constant matrixes and related normal
mode harmonic vibrational frequencies (see below for the
were chosen as test cases to calibrate the accuracy possible fasotopes used) were calculated for each stationary point, either
calculating the rate constants of such reactions ab initio, usinganalytically (RHF) or using central differences of analytical
highly correlated levels of electronic structure theory. As will energy gradients (QCISD). Full intrinsic reaction coordinate
be shown, the dynamics of both elementary reactions are(IRC)!° calculations were made for each stationary point
particularly simple, leaving the calculation of the barrier heights corresponding to a transition structure (TS), thus connecting
of reactions 1 and 2 (including the fully deuterated isotopomers) each TS with a pair of minima (reactant and product). The IRCs
as a major factor in determining the accuracy of the rate were obtained using a nuclear stepsize of 0.1#hBohr and
constants subsequently derived. With our best results, nearatomic masses corresponding*€,'HsX or 2C,DsX, where
quantitative agreement with the accepted experimental rate dataX = 35Cl, 7°Br and D = 2H. Subsequent QCISD geometry
is obtained for CHCH,CI and CXCD-CI. Although the lack optimization and force constant matrix determinations were also
of definitive experimental rate data for the bromine systems made using the diffuse spd function augmented, aug-cc-pVDZ
over an extended temperature range complicates our analysisbasis sef:!!
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Single point energies were calculated at the QCISP&Rd
CCSD(T)? levels of theory using the cc-pVNZ (& D, T, Q)
basis setson the QCISD/cc-pVDZ optimized geometries. For

convenience, we use the shortened lowercase acronym “vnz’

to refer to the actual cc-pVNZ basis set and “avdz” to refer to
the aug-cc-pVDZ basis set. As with the QCISD optimization/

McGrath and Rowland

occur by 1,2 (reactions 1 and 2) or 1,1 elimination (reactions 3
and 4), respectively producing either ethenes or isomeric
carbenes. RHF and QCISD potential energy surface scans

"(constrained geometry optimizations) using both vdz and avdz

basis sets agree that 1,1 elimination proceeds without barrier
to give the HX+ CH3CH products, which in fact are even

force constant determinations, only the valence electrons of C higher in energy than the homolytic X CH3;CH, channel. This

(282p9), Cl (3€3p°), and Br (434p°) were explicitly included

in the post RHF electron correlation treatments. Approximate
correlation energy extrapolatiotigo the vnz basis limit (wz),
EC°" were made using five different formulas suggested in the
literaturg4—16

Ecorr(l) — Egoorr_i_ A|73 (5)
E"(l) = E<°"+ A(l + 0.5)* (6)

E(1) = E&" + AlI"3 + AI74(—0.9766+ 6.1793&%%)

)
EC() = EX"+ A(l + 0.5) ® (8)
E(1) = EX"+ A( + 0.5 *+B(I +0.5)°  (9)

wherel = 2 for vdz,| = 3 for vtz,| = 4 for vqz, ande>™", A,
andB are fitted parameters. In the two parameter egg,®exact
fits were made using°"(3) andE®"(4), whereas in the three
parameter eqs-89, exact fits were made usirk§°"(2), E€°"(3),
and Eco"(4). For reactions 1 and 2, th®E-"" were combined
with AERH to yield approximate QCISD(T)4%z and CCSD-
(T)/veoz classical barrier heightAE. It was not necessary to
use extrapolations to obtainER™", as tests showed conver-
gence to+0.01 kcal/mol is already obtained at v5z. As each
formula gave slightly different results, the average of the five
AE®" was used.

To gauge the effect of core electron correlation on A&
QCISD(T) energies in which all electrons were explicitly
correlated were calculated using the G3large basi$ $his
basis set, approximately of vtz quality, also contains tight, high
exponento. Gaussian basis functions optimized for correlating
inner shell electronsoy, = 16, ag = 15 for C; 0 = 13, 05 =
12 for Cl; andoy = 68, a; = 7 for Br. In addition, multireference
configuration interaction (MR-CISD) calculatiorfsvere used
to test the applicability of the single-reference QCISD(T) and

is shown on the relative enthalpy (0 K) scale of Figure 1, where
the AH¢(0) of CH:CH (89.2 kcal/mol), derived from its G3
atomization energy (457 kcal/mol), was used. Since the 1,2
elimination TSs (vide infra) are lower in energy thantXCHs-
CHy, the important thermal HX elimination pathways are via
reactions 1 and 2, and indeed reaction 3 could not be obs&rved.
1,2 Elimination. From the point of view of the reverse of
reaction 1, the electrophilic addition of HCI to ethene, there
have been three relatively recent mechanistic studies using
correlated levels of electronic structure the&ty?® Although
the end goal of these studies is not the same as ours (calculation
of rate constants), for valuable mechanistic insight refs 253
should be consulted. In the following sections, we make
comparisons wherever possible to analogous experimental data.
Although we believe our comparisons to previous work are apt,
they are also necessarily incomplete, and we leave for a review
comparisons to other relevant experimental and theoretical data.

Physical Properties.The theoretical HX elimination TSs for
reactions 1 and 2 are defined in Tables 1 and 2. Their symmetry
and shape are in general agreement with the study of Toto et
al. 26 who reported RHF level TSs for all of the haloethanes
and compared them to previous (semiempirical) models con-
jectured for the 1,2 elimination TSs.

Both RHF/vdz and QCISD/vdz IRCs (Figures 1S and 2S)
are qualitatively similar, showing profiles for reactions 1 and 2
commencing from the staggered gEH,X reactant conforma-
tions, through the eclipsed conformations (identified by the
shoulder on the reactant side of each IRC), over the pronounced
barriers, and then on to the GEH, + HX products. The latter
form intermolecular gH,HX complexes ofC,, point group
symmetry that have been observed using microwave spectros-
copy?728 After forming the eclipsed conformation by internal
rotation, each reaction maintains a symmetry plane along the
rest of the IRC. The four stationary points encountered along
each IRC are shown in Figure 2, including key QCISD/avdz

CCSD(T) methods on the TSs, which were found to have certain geometrical parameters from Tables 1 and 2. Comparison of

very elongated bond distances.

Energy and energy derivative computations on thelsCl
and GHsBr potential energy surfaces were made with the
Gaussian 98 and Molpro!® program suites. To assess the
accuracy of density functional theory (DFT) methods for the
HX elimination barrier heights of reactions 1 and 2, a variety
of electron density functionals built intBaussian 98vere tried.
Both normal (pure DFT) and hybrid (i.e., using some RHF
exchange) functionals were tried, 25 of the former (all combina-
tions of 5 exchange and 5 correlation functionals) and 5 of the
latter20 Included among the various functionals is the B-LYP
functional often used in Car-Parrinello type simulations, as well

the theoretical ) geometrical parameters of the staggered
reactants and intermolecular product complexes with those
determined from microwave spectroscopy¥—3° demonstrates
satisfactory agreement between the different sets of parameters,
the main differences being the somewhat longer (by-6®23
A) theoretical CX bond lengths of the reactants. As might be
expected, the diffuse spd functions in the avdz basis set lead to
improved intermolecular distances in the QCISD structures of
CoHaHX.

The magnitudes of the theoretical electric dipole moments
(ue) of CH3CH2X (Tables 1 and 2) are also in satisfactory
agreement with the experimentab) determinations! Although

as its related and often used three parameter hybrid functionaly, o staggered to eclipsed internal rotation barely changes the

B3-LYP .21 The DFT optimization/force constant determinations

(roughly 2 D) dipole moments, at the HX elimination TSs the

that were carried out are analogous to those described abovevery elongated CX bonds result in QCISD dipole moments in

for RHF/vdz, except that for B-LYP and B3-LYP, the vtz basis
set was used as well.
Results and Discussion

1,1 Elimination. As discussed in the Introduction, the
endothermic unimolecular production of HX can in principle

the 5-6 D range. That the TSs are necessarily very polar was
deduced in 1963 by Benson and Bose in their analysis of the
available rate dat It might be supposed that such very polar
TSs would show significant multireference character in their
electronic structures, yet test MR-CISD calculations using
various active space references consistently resulted in wave
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Figure 1. Relative enthalpy (0 K) scale for stationary points on thel4Cl and GHsBr potential energy surfaces (kcal/mol). EmpirféahH;(0)

are used, except for GBH and the elimination TSs (see text).

TABLE 1: C,HsCl Optimum Equilibrium and Saddle Point Structures, Dipole Moments, and Energie$

method  r(H'C) r(CzCy) r(CiCl) r(H'Cl) r(CoH) r(CiH) O(H'CoCy) O(C2CiCl) O(CiCoH) O(C2CiH) (HC:CiH') T(HCIiCoC) |ul —538— E
staggered KCH,CH,CI (Cy)P
RHF/ vdz 1.093 1,514 1807 3.713 1.090 1.087 109.2 111.4 111.0 112.1-119.6 +118.5 2.39 0.15902
QCISD/vdz 1.106 1.524 1.807 3.732 1.104 1.102 109.6 111.2 110.8 111.4119.8 +118.9 2.01 0.63048
/lavdz 1.105 1.525 1.818 3.737 1.102 1.099 109.4 110.9 110.8 112.1119.7 +118.3 2.17 0.65985
obseved® [1.092] 1520 1.789 3.70 [1.092] 1.089 109.3 111.0 110.4 111.6 £120.2 +118.7 2.05
eclipsed MCH,CH,CI TS (Cy®
RHF/ vdz 1.088 1531 1809 2.705 1.091 1.086 1114 112.6 110.8 112.3:120.1 +118.6 2.38 0.15238
QCISD/vdz 1.102 1.541 1.809 2.708 1.104 1.101 111.1 112.5 110.9 112.6:120.0 +119.1 2.01 0.62412
Javdz 1.100 1.542 1.821 2.707 1.103 1.099 111.1 112.2 110.8 112.3:120.0 +118.4 2.16 0.65412
H'Cl elim. HCH,CH,CI TS (Cy)°
RHF/ vdz 1.241 1.383 2.701 1934 1.082 1.080 75.3 93.3 119.2 121.6+100.9 +87.9 8.07 0.05495
QCISD/vdz 1.273 1.411 2564 1.780 1.096 1.095 80.8 90.0 118.3 121.4104.1 +90.3 5.21 0.52349
lavdz 1.262 1.410 2.600 1.839 1.094 1.093 78.3 91.8 118.8 121.5+102.2 +89.5 5.86 0.56143
CoHgH'CI (Cp)be
RHF/ vdz 1.323 (4.033) 1.281 1.084 121.6 +90.3 1.94 0.13268
QCISD/ vdz 1.349 (3.858) 1.292 1.097 121.5 +90.2 1.88 0.60217
lavdz 1.351 (3.727) 1.296 1.095 1215 +90.2 1.80 0.63223
obseved (3.724)

aUnits: interatomic lengthsin angstroms, interatomic anglésand dihedral anglesin degrees, electric dipole momemptin debyes, and total
electronic energiek in hartrees? H', C,, C;, and Cl are in the symmetry planeCl, H', and the &C bond midpoint are on the 2-fold symmetry
axis. 9 Distance between Cl and the<C bond midpointe Microwave structurerg) from ref 29 (parameters in brackets assumed equal); dipole

moment fio) from ref 31.f Microwave structure from ref 27.

functions dominated by the RHF configurations. For example, for triple electron excitations from the RHF references, give
selecting the 18 most important configurations from 20 electrons usefully accurate 1,2 elimination barrier heights, as long as the
in 14 orbitals complete active space references resulted in MR-basis set requirements are met.

CISD/vdz wave functions for the TSs with RHF configuration In Table 3, theoretical values of the reduced moments of
coefficients of 0.92. In such circumstances, the size-consistentinertial, and 3-fold energy barriersafor the internal rotations
single reference QCISD(T) and CCSD(T) methods should, by of the reactants are given, as well as the analogous experimen-
virtue of their perturbational correlation energy contributions tally determined value®-37 There is significant improvement
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TABLE 2: C,HsBr Optimum Equilibrium and Saddle Point Structures, Dipole Moments, and Energies
method  r(H'Cy) r(CoCy) r(CiBr) r(H'Br) r(CxH) r(CiH) O(H'CyCy) O(CCiBr) O(CiCoH) O(C:CaH) (HC,CiH') T(HCICoBr) |u] —2650— E

staggered HCH,CH,Br (Cy)®
RHF/ vdz 1.094 1515 1966 3.864 1.090 1.086 109.0 111.7 111.2 112.4119.5 +118.0 2.39 1.04093
QCISD/vdz 1.106 1.525 1.968 3.884 1.103 1.101 109.3 111.4 111.0 112.2119.7 +118.4 1.98 1.49107
Javdz 1.105 1.526 1.974 3.884 1.102 1.099 109.3 1111 110.9 112.3119.6 +117.9 2.15 1.51883
obseved® [1.092] 1.519 1.950 3.84 [1.092] 1.087 108.8 1111 110.6 112.3 £120.1 +117.8 2.03

eclipsed MCH,CH,Br TS (Cy)°
RHF/ vdz 1.088 1.532 1.968 2.828 1.091 1.085 112.0 113.1 110.5 112.4120.3 +118.2 2.38 1.03428
QCISD/vdz 1.102 1.541 1971 2.830 1.104 1.100 111.8 112.9 110.7 112.4120.2 +118.6 1.98 1.48472
lavdz 1.100 1542 1976 2.828 1.103 1.098 111.7 112.7 110.6 112.6:120.1 +118.1 2.14 1.51303

H'Br elim. HCH,CH,Br TS (Cy)°

RHF/ vdz 1.242 1381 2894 2110 1.082 1.081 74.5 94.3 1194 121.5£99.9 +87.4 8.77 0.94241

QCISD/vdz 1.250 1.416 2.836 1.943 1.097 1.097 87.4 85.4 117.6 121.5£106.4 +88.1 5.38 1.38899
lavdz 1.254 1412 2.825 1978 1.095 1.094 82.2 88.9 1185 121.4£103.4 +88.2 6.01 1.42283

CoHaH'Br (Czy b

RHF/ vdz 1.323 (4.29%) 1.415 1.084 121.6 +90.3 1.62 1.01283

QCISD/ vdz 1.348 (4.083) 1.427 1.097 1215 +90.2 1.58 1.46050
lavdz 1.351 (3.929) 1.432 1.095 121.5 +90.2 1.51 1.48690

obseved (3.916)

aUnits: interatomic lengthsin angstroms, interatomic anglésand dihedral anglesin degrees, electric dipole momemptén debyes, and total
electronic energiek in hartrees? H', C,, Cy, and Br are in the symmetry planeBr, H', and the &C bond midpoint are on the 2-fold symmetry
axis. 9 Distance between Br and the=<C bond midpointé Microwave structurerg) from ref 30 (parameters in brackets assumed equal); dipole
moment fi) from ref 31.f Microwave structure from ref 28.

staggered eclipsed TS elimination TS

Figure 2. Stationary point structures encountered along the IRCs for 1,2 HX elimination fros€i&&| and CHCH.Br. Selected QCISD/avdz
geometrical parameters (A) are labeled. The plane of the figure is a mirror plane of symmetry, so two hydrogen atoms are hidden.

in the classical QCISD barriers as the basis set is enlarged fromof CH3;CH,X or CD3CD,X between the staggered (Table 3) and
vdz to avdz, the QCISD/avdz\only slightly lower than the eclipsed forms is only about 1%, using a constant value tof
experimental ranges shown. The theoretigalvhich will be describe each internal rotation is acceptable.

used in the rate calculations, reflect the generally satisfactory Also required for the rate calculations are sets of normal mode
agreement with the experimental structural parameters shownvibrational frequencies for ££1sX and GDsX at the elimination

in Tables 1 and 2. Because the difference in the theordtical TS and reactant geometries. Sets of such harmonic vibrational



Rate Constants for Unimolecular Reactions J. Phys. Chem. A, Vol. 106, No. 35, 2002195

TABLE 3: Reduced Moments of Inertia (amu A?) and expected from the comparisons of Table 3. It was necessary to
Barriers to Internal Rotation (cm 1) for CH3CHoX, X = estimate thew:s fundamentals of CECH;Br and CXCD,Br
Cl, Br (whose calculated infrared intensities are indeed very weak),
method I V3 based on the differences between the QCISD/avdz and observed
CH5CH,CI frequencies for the analogous modes of3CH,Cl and CLy-
RHF/ vdz 3.067 1457 CD,CI. Our estimates fotwqs are 1245 cm?® for CH;CH,Br
QCISD/ vdz 3.140 1394 and 976 cm? for CDsCD,Br, which in each reported spectrum
obsen ég"dz 3.153;;%_31763(, 1260%%53071290’ are near the strong; bands centered at 1244 and 986¢m
CHsCH,Br respectively.
RHF/ vdz 3.123 1461 In the rate calculations, rigid rotor-harmonic oscillator parti-
QC'SD// V%Z g-igg ig’?f tion functions will be employed! The theoretical harmonic
obsewegv z 3.15]}3.182 1282¢1288 vibrational frequency sets are therefore directly applicable,

although theoreticade are in general too large compared to
the limited number of polyatomic molecules for which empiri-
cally derived we are available. Although using a different
frequencies d¢) corresponding to the same three theoretical uniform scaling factor (in the 0.890.99 range¥ for each of
methods as in Tables—B are listed in Tables 4 and 5, along the three theoretical methods in Tables 4 and 5 might be
with the spectroscopically determined fundamentalg 6f the expected to help alleviate this trend, we have decided on an ab
reactant$8-4° The average absolute deviation (AAD) between initio approach and have not scaled the theoretigafor two

the theoretical and observed haloethane frequencies decreaseggasons. First, it is not clear that the of TSs are necessarily
with improved theoretical methodology. For the total of 72 amenable to the same (method dependent) scaling factors
modes of CHCH,X and CD;CD,X (X = ClI, Br), the AAD suggested for minima. Second, after realizing that the lowest
decreases from 8.7% at RHF/vdz, to 3.3% at QCISD/vdz, to frequencies make the biggest contributions to the vibrational
2.4% at QCISD/avdz. In particular, the torsional medg is partition functions, it is clear from the lower frequency QCISD
the most sensitive to the theoretical method used, as might bedata in Tables 4 and 5 that scaling by a uniform factor less

aTo obtain thd, for CDsCD,X, multiply by 1.941 (X= Cl) or 1.975
(X = Br). b Ref 33.¢ Ref 34.9 Ref 35.° Ref 36." Ref 37.

TABLE 4: Observed Fundamental and Calculated Harmonic Vibrational Frequencies (cm?) of C,HsCl and C,DsCl2

__mode RHF/vdz QCISD/ivdz  QCISD/avdz
sym. no. obsewed % deviation % deviation % deviation RHF/vdz QCISD/vdz QCISD/avdz
CH;CH.CI HCl elim. TS
A 1 2985.1 9.4 5.6 4.6 3357 3203 3194
2 [2954] 10.1 5.3 4.9 3302 3166 3155
3 2943.9 8.2 4.1 3.4 1813 1600 1615
4 1467.0 9.0 2.2 1.6 1647 1471 1485
5 1458.9 9.4 2.4 1.7 1563 1432 1449
6 1383.9 10.0 25 1.8 1424 1300 1308
7 1288.5 10.2 3.1 2.2 1193 1046 1078
8 1072.7 8.8 2.8 2.3 1120 968 989
9 973.1 7.9 3.2 21 338 334 329
10 677.0 3.9 2.6 -0.2 272 303 274
11 334.4 6.2 0.6 0.0 11417 1795 1504
A" 12 3011.5 10.4 5.6 5.1 3474 3313 3305
13 2987.6 9.8 5.7 5.0 3409 3269 3258
14 1447.3 9.3 2.6 2.0 1348 1258 1249
15 1251.0 9.3 2.3 1.6 1324 1225 1221
16 [1082] 6.9 0.2 -0.3 887 826 823
17 785.1 7.3 0.6 -0.1 878 747 775
18 250.5 13.6 9.6 3.8 330 369 359
CDsCD.CI DClelim. TS
A 1 2226 8.6 4.9 3.8 2459 2343 2335
2 2172 9.1 4.2 3.8 2396 2293 2286
3 2128 7.7 3.6 2.8 1539 1412 1416
4 1165 10.1 3.8 2.8 1263 1086 1096
5 1079 8.3 16 0.8 1160 1061 1078
6 1056 8.5 1.8 11 1068 989 995
7 1022 8.9 25 1.3 938 812 839
8 893 8.4 2.6 2.1 829 716 732
9 780 7.4 21 1.0 309 319 309
10 622 4.8 2.6 0.2 256 274 251
11 297 6.4 0.7 0.0 851l 1335 1118
A" 12 2266 9.1 4.2 3.8 2593 2470 2464
13 2248 8.3 4.3 3.5 2545 2438 2430
14 1052 8.3 1.6 1.0 1072 996 994
15 976 8.6 15 0.9 962 894 887
16 800 8.3 1.9 14 631 591 589
17 577 7.1 0.3 -0.3 627 532 552
18 184.2 12.7 8.7 2.9 237 265 258
avg. abs. dev. (36) 8.6 3.2 2.1

a Spectroscopic frequencies from ref 38 (those in brackets are from an empirical force field analysis).
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TABLE 5: Observed Fundamental and Calculated Harmonic Vibrational Frequencies (cnt?) of CoHsBr and C,DsBra

_ mode RHFVdz ~ QCISDAdz  QCISD/avdz
sym. no. obsewed % deviation % deviation % deviation RHF/vdz QCISD/vdz QCISD/avdz
CH;CH_Br HBrelim. TS
A’ 1 2975 9.9 5.8 4.9 3354 3192 3185
2 2963 9.9 5.3 4.8 3305 3153 3148
3 2927 8.7 4.6 3.9 1820 1597 1601
4 1456 9.5 2.9 2.3 1639 1465 1470
5 1447 10.0 2.9 2.2 1563 1430 1417
6 1380 10.1 2.6 2.0 1427 1282 1288
7 1244 11.2 3.8 3.5 1189 1047 1055
8 1065 8.7 2.9 2.4 1142 986 1011
9 960 8.5 3.3 2.6 292 290 251
10 562 5.9 3.9 2.8 221 203 220
11 294 4.4 -1.0 -1.4 1031 1663 1477
A" 12 3020 10.5 5.6 5.1 3472 3301 3296
13 2985 10.0 5.9 5.1 3414 3252 3250
14 1445 9.5 2.8 2.3 1332 1269 1249
15 [1245] 9.2 2.0 1.6 1323 1218 1214
16 1023 9.1 1.9 1.9 893 821 819
17 780 6.0 -0.8 -1.3 881 656 717
18 249 13.3 9.2 4.0 301 312 323
CDs;CD2Br DBrelim. TS
A’ 1 2240 7.8 4.0 3.0 2458 2333 2328
2 2183 8.8 3.9 3.5 2397 2284 2280
3 2117 8.2 4.0 3.3 1547 1402 1409
4 1159 10.1 3.7 2.8 1252 1082 1086
5 1070 8.7 1.9 1.2 1160 1042 1034
6 1052 8.8 2.0 14 1069 984 990
7 986 10.4 3.8 3.1 935 779 819
8 897 7.4 1.8 1.4 847 766 751
9 748 8.8 2.4 2.0 264 270 237
10 520 5.2 2.9 1.9 207 185 198
11 261 5.0 -0.8 -1.1 762 1238 1097
A" 12 2269 9.4 4.4 4.0 2591 2461 2458
13 2224 9.6 5.5 4.6 2549 2424 2423
14 1051 8.4 1.7 1.1 1071 993 992
15 [976] 8.4 1.3 0.9 951 900 883
16 763 8.0 1.0 1.2 636 590 587
17 570 6.7 0.0 -0.5 629 465 509
18 180 13.9 9.4 4.4 215 223 231
avg. abs. dev. (36) 8.8 3.4 2.7

a Spectroscopic frequencies from ref 39, 40 (those in brackets are semiempirical estimates; see text).

than unity will not always be helpful. For example, the QCISD ABLE 6: Energy Barriers for HCl and HBr Elimination

w11 of CH3CH,Br and C3CD,Br are already lower than the (keal/mol)

observed (anharmonic) fundamentals. method \ basis set vdz viz vgz cog?
As a minor refinement in the rate calculations, the lowest CHsCH,Cl — HCI + CH,CH,

frequency of each staggered reactants of A’ symmetry, is EFJ:? DT gé};ggg

omitted from the vibrational partition function and replaced by RLF 653

an internal rotation partition functiog;. That is, the data of QCISD(TY 65.6 63.8 628 62302

Tables 3-5 are used in the; defined by Ayala and Schlegél. CCSD(TY 66.0 643 632 62.%#0.2

There is no analogous torsional mode for the HX elimination CHsCH;Br — HBr + CH,CH;,

TSs because of the very elongated CX and incipient HX bonds ~ DFT° 48.4-51.6

(Figure 2). These structural changes result in the loweést A E?'/_?Sd DFT 21'58_57'3

frequency for each of the elimination TSs being higher than QCISD(TY 62.7 618 608 60203

three other modes of'Aymmetry, and depending on the system CCSD(TY 63.3 62.4 615 60.20.3

and theoretical method, 4000 cnt?! higher thanwig of the a ) . . .

See text for details of the extrapolations to the approximate basis
re_ac_tant_. Therefore, all of the _real_ normal modes of the set limit. P Results from 25 different functionalsResults from 5
elimination TSs are treated as vibrations in the rate constant gjfferent hybrid functionals? QCISD/vdz geometries (Tables 1 and 2)
calculations. used.

Energy Barriers. Because of the expected strong dependence mean of each set of fivAE obtained are shown in Table 6,
of the calculated rate data on the values of the classical barrieralong with the barrier heights at vdz, vtz, and vgz. In each case,
heights for HX elimination AE, we sought to obtain QCISD- increasing basis set flexibility decreasag&. The RHF limit
(T) and CCSD(T) values oAE for reactions 1 and 2 corre-  barrier heights obtained for reactions 1 and 2 are 67.5 and 63.8
sponding to the complete basis set limit. As discussed, e@ 5 kcal/mol, respectively. Therefore, post RHF electron correlation
were used to extrapolate the correlation energies of the reactanteffects lower AE by 3.1-5.2 kcal/mol, depending on the
and the HX elimination TSs to their vnz limits. For each reaction and correlation method. Because the approximeze v
reaction, the arithmetic mean and standard deviation from the AE are 0.4-0.5 kcal/mol larger at CCSD(T) than at QCISD-
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TABLE 7: Dependencies of the Energy Barriers for HCI underestimates the barrier by around 10 kcal/mol, whereas the
and HBr Elimination (kcal/mol) on Geometry and Core hybrid DFT underestimation is not as severe. Again, the basis
Correlation Effects set dependence of the DFT-based results is slight, as vtz
method \ geometry QCISD/vdz QCISD/avdz computations with B-LYP and B3-LYP decrease the iz
CHsCH,Cl — HCI + CH,CH, by less than 0.2 kcal/mol. It should be noted that the highest
CCSD(T)/vtz 64.25 64.43 DFT-basedAE were obtained using the hybrid MPW1-PW91
QCISD(T)/vtz 63.83 64.01 functional?° In contrast to DFT, RHF overestimates the barrier
QCISD(T)= full — QCISD(T) CH(%IZPB — HBF + CH.CH heights and as expected shows a stronger basis set dependence.
cCsD(Mvtz 6249 ' ' 6238 Analogous RHF/vtz computations decrease the RHF/AEz
QCISD(T)/vtz 61.77 61.80 by 0.4 kcal/mol for GHsCI and by 1.2 kcal/mol for gHsBr.
QCISD(T)= full — QCISD(T) (0.33} Rate Constants The RRKM theory of unimolecular reactions
aCore correlatioPAAE values obtained with the G3large (ref 1) re_duces to transi'Fion state theory in the high-pressure fifnit.
basis set. Given that experimental rate constants for reactions 1 and 2

are available in this (pressure independent) regime, we calculated

(T), both classical barriers will be used in parallel in the rate ransition state theory rate constak(ft) for the HX eliminations
constant calculations for reactions 1 and 2. of CH3CH,X and the DX eliminations of CECD,X (X = Cl,

The approximatez values ofAE at QCISD(T) and CCSD- Br), and used the experimental rate data to gauge the accuracy

(T) given in Table 6 correspond to energy differences between of the. ab initi.o. K(T). For these reactipns, variational and
QCISD/vdz stationary point structures. To get a feeling for the canonical transition state theory are equwale_nt for our PUTPOSES,
geometry dependence of titds, we show in Table 7 how the as the maximum point in eac_h IRC (at_ reaction coordi sate
barrier heights change when the stationary point structures are?g a:)sci corré!ezsgoEds t?j the r])(omt of fgi‘x'”;‘:m free (Pa]nIeRrgy,TVr\]llt?ln
refined from QCISD/vdz to QCISD/avdz (Tables 1 and 2). Using . ev.lam onr gnasize 1ois used to obtain eac - ha
the vtz basis, for both QCISD(T) and CCSD(T), thE increase is, in the ca. 5_091_000 K temperature range relevant tg reactions
by about 0.2 kcal/mol for @4sCl but hardly change for §s- 1 and 2,G(T) is higher ats = 0 than ats = £0.1 amd*? Bohr
Br. Because these changes are minor, we assume the QCISDf/or each of the four processes. Therefore, the theoretical

vdz structures are adequate representations of the unknown exacqyn""m'CS reduce to the simple rate constant expression

(re) geometries of the HX elimination TSs and GEH,X. ksT Q
The adequacy of the frozen core approximation used in the k(T) = FTj g AFkeT (10)
barrier height computations was also tested. By explicitly Qe

correlating all electrons (at much increased computational time) where theQ = oo are total partition functior of
and using a basis set optimized for core correlation effects, one — Gtra Grot Gir Gip are total p . .
the staggered reactants and elimination TIS$s a tunneling

can see how each barrier height so calculated varies from thatcorrection factorke is Boltzmann's constant, arfdis Planck’s
calculated using the same basis set within the frozen core ’

approximation. The results of such computations at the QCISD- constant.

(T)/G3large level are also shown in Table 7, where it is seen Besides the first-order W!gner. tunne.llng .fact‘érwhlch .
that core correlation effects increadd& by 0.2 kcal/mol for makes use_of_ the_ calculated_lmaglnary vibrational frequencies
C,HsCl and by 0.3 kcal/mol for GHsBr w* of the elimination TSsd1; in Tables 4 and 5) and speed of

o . . . . light ¢
In summary, variations in the barrier height energies for
reactions 1 and 2 from: using different correlation energy 1 how',
extrapolation formulas#0.2 to4-0.3 kcal/mol), using different CignedT) =1+ 24 H (11)

stationary point geometries{®.2 kcal/mol), and removing the
frozen core approximation (0-20.3 kcal/mol) leads to likely
uncertainties for thé\E of £0.4 kcal/mol for CHCH,CI and
+0.6 kcal/mol for CHCH,Br. The effect of differential scalar
relativistic effects on the\E are not likely to be as important > v V. —E

as the three effects discussed, because the geometries of eacli’,;(T) = 1 + @f maxsin}‘(mli);7)[l + O dE

we also calculated the semiclassical (WKB) tunneling correc-
tion** for each IRCV(s)

isomeric pair (reactant and elimination TS) are closely related. Vo (12)

Also, primary basis set superposition errors in thE are

minimized because they tend to vanish in the complete basis|n eq 12,V, = maxV(Seactant, V(Sprodud)], Vinax = V(0), and
limit. The computed single point energies for the reactants and

elimination TSs are listed in Table 1S. A2 s
Returning to Table 6, the respective QCISD(T) and CCSD- R(E) = h Js vV(s) —Eds

(T) AE for CHsCH,CI, 62.3 and 62.7 kcal/mol, can be compared

to the DFT and hybrid DFAE, where for each electron density  In eq 13,s< is the negative value af whereV(s<) = E on the
functional optimization/force constant computations were carried reactant side of each IRC, ardis the positive value of s where
out using the vdz basis set. Analogous computations using theV(s-) = E on the product side of each IRC. The integration in
larger vtz basis set with the B-LYP and B3-LYP functionals eqs 12 and 13 was straightforwardly carried out by increasingly
resulted in negligible differences<Q.1 kcal/mol) of AE from subdividing each integral (5 point Gauss-Legendre quadrature
the vdz values. It can be concluded from the data of Table 6 for each subintegral) until convergence was obtained. The factor
that DFT underestimates the barrier height of reaction 1 by [1 + ¢RB®]~1in eq 12 is actually the barrier transmission
roughly 10 kcal/mol. Hybrid DFT performs better, but still (tunneling) probability at energid4 < E < Vnaxand is exactly
underestimateAE significantly. For reaction 2, the conclusions 0.5 atE = Vmay increasing to unity folE > 2Vimax — Vo.*

are similar. Compared to the respective QCISD(T) and CCSD- Instead of the semiclassical transmission probability, the exact
(T) AE for CH3CH,Br, 60.2 and 60.7 kcal/mol, DFT again  probability can easily be used, provided M) are first fit to

(13)
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Figure 3. Arrhenius plots of the best (see text) ab initio unimolecular rate constants fgEGEI (upper curve) and CEZD.CI (lower curve),
alongside the experimental rate data of Heydtmann and co-woik®rs.

; ; ; ; ) TABLE 8: Dependence of Theoretical Unimolecular Rate
a convenient functional for®. But if care is taken to fit the Constantsk(TY/(10-* s-3) on Computational Details and
IRCs esr|]oeC|aIIy \;vell gttear.trll(;a '.[opla(cr)_lt) tr'lletb?rr]mtarg the two Comparisons with Experiment

approaches were found to yield simi . Note that because - -
the V/(s) are mass dependent, having wider shaped barriers (for QCISD(T) barriet ~ CCSD(T) barriet

a given X) for GDsX than for GHsX, the I'(T) are uniformly tunneling  RHF  QCISD  RHF  QCISD
lower for the heavier DX elimination reaction. Using QCISD/ _haloethane function  data datdl datd  datd
vdz datarWKB (FWigner) for C2H5C|, C2D5C|, C,HsBr, and GDs- CHsCH,CI k(725.2 K)y= 2.27+0.0%
Br at 700 K are, respectively, 1.84 (1.57), 1.49 (1.31), 1.67 WKB 1.90 3.08 1.44 2.33
(1.49), and 1.46 (1.27). These relatively small tunneling x\gﬁger 113% 21'6;85 11:12 21%%
correction factqrs suggest (but do not prove) the appropriatenesscp,cp,ci K(725.2 K)= 0.83+0.02
of using one-dimensiondI(T). WKB 0.78 1.09 0.59 0.82
Experimental gas-phase kinetics of the thermal decomposition Wigner 0.74 0.97 0.56 0.73
(pyrolysis) of the haloethanes has an extensive literature. For none 0.66 0.75 0.50 0.57
. : : . CHaCH,Br k(696.25 K)= 2.53+0.08
example, in their 1992 study Huybrechts et*@agive nine WKB 1.48 306 103 276
references for reaction 1 alone. The literature up to 1970 has Wigner 1.40 352 0.98 245
been included in the review by Benson and O’'N€aht least none 1.18 2.36 0.82 1.64
for CH3CH,Cl and C3CD,Cl, acceptedlvalues of the unimo- CDsCD2Br k(696.25 K)= 0.97+0.17"
lecular eliminatiork(T) in the high-pressure limit are available. WKB 0.59 1.40 0.41 0.98
Heydtmann and co-workef&*® have reported first-order rate \r:\ggger %‘_271 %)'5% %‘_%% %’_8657

data for CHCH,Cl and CxCD.CI between 713 and 767 K at _ _ ) _
pressures ranging from 0.1 to 300 Torr. They find that at 100  *Using approximate QCISD(T)éz bamcer (Table 6)?Using
Torr, the reactions are already in the pressure independentPProximate CCSD(T)kuz barrier (Table 6): Using RHF/vdz mo-

. . h ments of inertia, vibrational frequencies, internal rotation barriers, and
reglmg, .a.nd their rqte constants at 725.2 K are shown in TabIeIRCs.d Using QCISD/vdz moments of inertia, vibrational frequencies,
8. Kairaitis and Stimsdff have made a careful study of the  jnternal rotation barriers, and IRCSObserved rate constant from ref
thermal decomposition of G4&€H,Br at 423.% (696.25 K) and 48.7 Observed rate constant from ref #9bserved rate constant from
their high pressure (143322 Torr) rate constant for reaction 2  ref 50." Rate constant obtained using the H/D KIE expression of ref

is also shown in Table 8. For GDD,Br, we make use of the  51.
high-pressure H/D kinetic isotope effect (KIE) expression the AAD to 9.5%, whereas using no correction gives an AAD
reported by Blades et &t.to deducek(696.25 K) for CRCD,- of 35%). Indeed, the necessity of including a tunneling correc-
Br. Note that the Blades et al. KIE expression was obtained for tion has been discussed previously for the reverse of reaction
ka/kp relative rates at 731965 K and we are assuming that 124
our extrapolation to 696.25 K does not contribute to the Because the rate constants in Table 8 are only at a single
uncertainty in the rate constant. temperature for each reaction, it is of interest to show the
Comparing the observed and ab initio rate constants showntheoretical (as defined above) Arrhenius plots alongside all the
in Table 8, it is evident that the best theoretical results are high-pressure data of Heydtmann and co-work&f8As shown
obtained using the approximate CCSD(®#&barriers, along in Figure 3, for CHCH,CIl and CXCD-CI there is near quan-
with QCISD/vdz data andiwxs. Assuming no uncertainty in titative agreement between experiment and theory at all six
the four experimental rate constants, this theoretical proceduretemperatures for each reaction. Assuming no uncertainty in the
gives an AAD from experiment of 3.5% (usiti@yignerincreases experimental rate constants, the AAD between the theoretical
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Figure 4. Arrhenius plots of the best (see text) ab initio unimolecular rate constants fe€EBr, alongside the experimental rate data of
Thoma$? (open symbols) and Park and J&h(filled symbols).

and experimental rate constants corresponding to the twelveother computational proceduremcluding approximate QCISD-

points in Figure 3 is 4.8%. (T)/veoz barriers, RHF/vdz physical properties, and Wigner
As has long been recognized experimentally, forsCH,Br tunneling correctionsstill lead to reasonable (within a factor

the interference of simultaneous radical chain reactions mustof 3) rate constants for the four reactions, but that would not

be taken into account before the unimolecular (reaction 2) rate be the case using barriers corresponding to any of the 30 electron

can be ascertainé@5052For this and other reasons (e.g., surface density functionals tested.

effects), unimolecular rate data for @EH,Br over a significant

temperature range, of precision comparable to that obtained by Acknowledgment. The research was supported by an

Heydtmann and co-workers for chloroethane, have not beenallocation of computer resources through Network and Aca-

reported. Nevertheless, in Figure 4 we show the theoretical demic Computing Services at UCI.

Arrhenius plot for CHCH,Br alongside the experimental rate ) ] ]

data of Thoma&2 whose early kinetic study is the one preferred ~ Supporting Information Available: IRCs for 1,2 HX

by Benson and O’Ne#l for bromoethane. Note that the elimination from CHCH,X and 1,2 DX elimination from CB

k(696.25 K)= 3.1 x 10~* s ! interpolated from Thomas' rate  CD2X, X = Cl, Br (supplementary Figures 1S and 2S); total

data is not too different from the presumably accurate value €lectronic energies for Gi&H.X and HX elimination TSs,

(2.53 x 1074 57150 shown in Table 8. Also shown in Figure 4 X = Cl, Br (supp!ementary Table 1S). This material is available

are the high-pressure unimolecular rate constants for reaction 2ffee of charge via the Internet at http:/pubs.acs.org.

reported in 1980 by Park and Jung at three higher temperatures.
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