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Benchmark ab Initio Energy Profiles for the Gas-Phase §2 Reactions Y~ + CH3X —
CH3Y + X~ (X,Y = F,CI,Br). Validation of Hybrid DFT Methods

I. Introduction

Due to the central importance of bimolecular nucleophilic
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The energetics of the gas-phas@ Seactions Y + CHzX~™ — CHgY + X~ (where X,Y = F,CI,Br), were

studied using (variants on) the recent W1 and W2 ab initio computational thermochemistry methods. These
calculations involve CCSD and CCSD(T) coupled cluster methods, basis sets of up to spdfgh quality,
extrapolations to the one-particle basis set limit, and contributions of inner-shell correlation, scalar relativistic
effects, and (where relevant) first-order sporbit coupling. Our computational predictions are in excellent
agreement with experimental data where these have small error bars; in a number of other instances
reexamination of the experimental data may be in order. Our computed benchmark data (including cases for
which experimental data are unavailable altogether) are used to assess the quality of a number of compound
thermochemistry schemes such as G2 theory, G3 theory, and CBS-QB3, as well as a variety of density functional
theory methods. Upon applying some modifications to the level of theory used for the reference geometry
(adding diffuse functions, replacing B3LYP by the very recently proposed mPW1K functional [Lynch, B. J.;
Fast, P. L.; Harris, M.; Truhlar, D. G. Phys. Chem. 200Q 104, 4811]), the compound methods appear to
perform well. Only the “half-and-half” functionals BH&HLYP and mPWH&HPW91, and the empirical
mPW1K functional, consistently find all required stationary points; the other functionals fail to find a transition
state in the F/Br case. BH&HLYP and mPWH&HPW91 somewhat overcorrect for the tendency of B3LYP
(and, to a somewhat lesser extent, mPW1PW291) to underestimate barrier heights. The Becke97 and Becke97-1
functionals perform similarly to B3LYP for the problem under study, while the HCTH and HCTH-120
functionals both appear to underestimate central barriers. HCTH underestimates complexation energies; this
problem is resolved in HCTH-120. mPW1K appears to exhibit the best performance of the functionals
considered, although its energetics are still inferior to the compound thermochemistry methods. mPW1K,
however, appears to be very suitable for generating reference geometries for more elaborate thermochemical
methods in kinetics applications.

reactions in the gas phase, there is still considerable uncertainty
about the exact energetics.

substitution (§2) reactions in organic chemisthfthe prototype Bohme et afl and Brauman et &were the first to investigate

S\2 reactions

the gas-phaseng reactions experimentally. Brauman and co-
workers concluded that the measurements were best explained

Y~ + CHX — CH,Y + X~ (X,Y=F,CI,Br) 1) by a double-well potential with a central barrier. Subsequent

experimental studiés'? for a series of anionic nucleophiles with

have aroused considerable interest in the past three decade£/KY! halides revealed that changes in the nucleophile, leaving

(Halomethanes have also received considerable attention in th

Qroup, and alkyl moiety lead to a wide variation of reaction

area of atmospheric chemistry in connection with global rate constants; their observed variation was attributed to the

warming and ozone layer destructidpBoth theoretical and ~ central barrier height.

experimental studies (see refs 5,6 for reviews) indicate that the The double-well §2 potential energy surface also finds
preferred gas-phase reaction pathway involves a backside attaclabundant theoretical support from ab initio calculations, which
of the halide ion, Y, at the carbon atom followed by the familiar ~ are currently one of the most useful tools for evaluating reaction
“Walden inversion” of the Chigroup. The resulting reaction  potential energy profiles. For instance, Chandrasekhar.’ét al
profile (Figure 1) exhibits two local minima, i.e., entry and exit presented a comprehensive examination of CI/Cl identi S
channel ior-molecule complexes Y---CHzX and YCHs-+-X ", reaction at the HF/6-31G* level, and Tucker and TruHiar
connected by a central transition state[CHs-+-X]~, which examined the @ reactions at the MP2/6-31G* level. Wlad-
has D3, and Cs, symmetries in the identity (%= Y) and kowski et al'® studied the F/F identity & reaction by large-
nonidentity (X= Y) cases, respectively. Although the qualitative scale coupled cluster theory involving single and double
form of this reaction pathway is widely accepted for substitution excitation operators with an a posteriori a quasiperturbative

treatment of the effects of connected triple substitutions (CCSD-
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Figure 1. Schematic representation of potential energy surface for the (a) identity and (b) nonidgBtityaStions.

nonidentity® S\2 reactions. These authors have also investigated Sy2 reaction, although it is still being underestimated. Very
the identity front-side § reactions with retention of config-

recently, Truhlar and co-workefproposed a new hybrid model
uration?® The G2@) theory is essentially G2 theory carried called the modified PerdewWang 1-parameter model for
out from MP2/6-3%G* (rather than MP2/6-31G*) geometries  kinetics (mMPW1K). In this empirical functional, the coefficient
and employing scaled HF/6-31G* (rather than HF/6-31G*) X for admixture of “exact” HartreeFock exchange
zero-point energies. For the bromine- and iodine-containing
systems, these authors employed Huyadg! relativistic ef- Vye = XVy we + (1=X)Vy mpwi T Ve pwot (2)
fective core potentials (RECPs). Botschwina and co-workers

examined the stationary points of the potential surface for the (where X = 1/4 for standard mPW1PW91) was determined
F/CI nonidentity {2 reactio’? and for the CI/Cl identity §2 (using the fairly small 6-31G* basis set) by minimizing the
reactiod® by means of large-scale CCSD(T) calculations. average deviation from a set of 40 barrier heights (20 forward,

Finally, a referee brought a very recent large-scale coupled 20 reverse) obtained from a combination of experiment and
cluster study by Schmatz et #l.on the CI/Br system to our

theory (see ref 38 for details). (Note that the Walden inversion,

attention. or for that matter cationic or anionic reactions of any kind, were

Despite the well-known successes (e.g., refs 25,26) of the not part of the parametrization set.) It was found that mPW1K
increasingly popular DFT (density functional theory) meth&fds, reduced the mean unsigned error in reaction barrier heights by
their performance for transition state structures and reaction a factor of 2.4 over mPW1PW91 and by a factor of 3 over
barrier heights leaves something to be desired. For instance B3LYP.
Durang® found that the B3LYP, B3P86, and B3PW91 func- Theoretical models such as transition state theory (%5T)
tionals all systematically underestimated barrier heights, while and Rice-RamspergerKassel-Marcus (RRKM}° theory were
only the Becke half-and-half/Lee, Yang, and Parr (BH&HL%P)  also employed to examine th@BSreactions. Results from such
functional predicted transition state barrier heights reasonably studies (see ref 41 and references therein) suggested that the
well—despite the fact that its performance for thermochemical assumption of statistical behavior in iemolecule intermediate
and other properties is generally substantially poorer than thatcomplexes is not valid. This “nonstatistical” behavior has been
of BSLYP and B3PW91. Baker et &.arrived at a similar documented for several haligtenethyl halide reactions and a
conclusion stating that the currently available density functionals thorough discussion is given by HaseClassical trajectory
are unable to provide a correct description of the transition states.simulations performed by Hase and co-workéggiestioned the

For the prototype & reactions (CI/Cl and CI/Br) considered basic assumptions of statistical theories and found that the
here, Radom and co-workét$ound that the popular B3LY#R33

trajectory calculations are very useful in interpreting the kinetics
exchange-correlation functional significantly underestimated the and dynamics of & reactions.

overall and central barrier heights compared to theig2(nd Despite the enormous amount of work in the past, there are
experimental results.

still significant gaps in the experimental data for the gas-phase
Nevertheless, the size of the systems involved in kinetic and Sy2 reactions and, even where data are available, the results

mechanistic problems of organic and organometallic interest often possess large uncertainties. Recently, two computational
often makes DFT the only practical option. As a matter of fact, thermochemistry methods known as W1 and W2 (Weizmann-1

our group has recently reported DFT studies of the mechanismand Weizmann-2) theotyhave been developed in our labora-
of competitive intramolecular €C and C-H bond activation

tory. These are free of parameters derived from experiment and
in rhodium(l) pincer complexé$and of the Heck reactiof?.

on average can claim “benchmark accuracy” (defined in ref 43
Aside from BH&HLYP, better performance for barrier heights as a mean absolute error of 1 kJ/mol, or 0.25 kcal/mol) for

has been claimed for a number of newer exchange-correlationmolecular total atomization energies (TAES) of first- and second-
functionals. For example, Adamo and Bar#fifeund that their

row compounds. The primary objective of the present study is
mPW1PW91 (modified PerdewWang 1991 1-parameter hy- to obtain high-quality energetic data for reaction 1 by means
brid exchange with PerdewwWang 1991 correlatict) at least of W1 and W2 theory. Using these benchmark data, we shall
correctly predicts a positive overall barrier for the CI/Cl identity then examine the performance of various DFT methods and ab
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initio computational thermochemistry methods such as*$G1, same steps occur as above, except that the three valence basis

G2/ G3/*6 and CBS-QBY theories. sets are aug-cc-pVTZ2d1f, aug-cc-pVQZ2d1f, and aug-cc-
pV5z+2d1f (with L = 3, 4, and 5, respectively) and that the
Il. Computational Methods extrapolation formul® used for the CCSD and (T) steps is

simply A + B/L3. The W2h variarf€ indicates, in this particular
case, the use of unaugmented caoag\basis sets on carbon.
The largest basis set CCSD step was carried out using the direct
algorithm of Lindh, Schtz, and Wernef3 All these calculations
were performed using MOLPRO 98*and a driver for the
W1/W2 calculation® written in MOLPRO’s scripting language.
Reference geometries were obtained primarily using the
B3LYP3233density functional method, which employs the kee
Yang—Par#? correlation functional in conjugation with a hybrid
exchange functional first proposed by BecRe.

A number of lower-level procedures were validated against
the W1 and W2h results. These include the following set of
DFT exchange-correlation functionals and basis sets: B3LYP/
cCc-pVTZ(HX), BH&HLYP/cc-pVTZ(+X), mPW1PW91l/cc-
PVTZ(+X), mPWI1K/6-3HG*, ~mPW1K/cc-pVDZEX),
mPW1K/cc-pVTZX), where (-X) indicates that diffuse
functions are included only for halogens. BH&HL¥Pis
essentially the B3LYP method, with the exception that the
fraction of HF exchange is 50% (H&H denotes “half and half”).
Analogous to BH&HLYP, we have also performed
mMPWH&HPW91% In addition, we carried out calculations
using the standard G1, G2, G3, and CBS-QB3 model chemis-
tries. The MP2/6-31G* and B3LYP/6-311G(2d,d,p) levels of
theory (used for the reference geometries infGehd CBS-
QB3 respectively) fail to find stationary points for several of
the ion—molecule complexes in the nonidentity cases (because
of the absence of diffuse functions). Therefore, we have defined,
by analogy with Radom and co-workéfs2° G3(+) and CBS-
QB3(+) model chemistries where MP2/6-8G* and B3LYP/
6-311+G(2d,d,p) reference geometries, respectively, are used.
The G2() results quoted in the tables are taken from Radom
and co-workerd®19 All of these calculations were carried out
using Gaussian 98 rev. A7or trivial modifications thereof.
Following the recommendations in ref 68, larger grids than the
default were used in the DFT calculations if necessary,
specifically a pruned (99,590) grid for integration and gradients,
and a pruned (50,194) grid for the solution of the coupled
perturbed Kohar-Sham equations.

Finally, following very recent suggestions in the literafiire
that some of these functionals may perform better for transition
states, some calculations using the novel B97 (Becke-1997),
B97-1 (reparametrized Becke-199F¥)HCTH (Hamprecht
Cohen-Tozer-Handy)7* and HCTH-120 (reparametrization of
HCTH including anions and weakly interacting systeffs)

All calculations were carried out on the 4-processor Compaq
ES40 of our research group, and on the 12-CPU SGI Origin
2000 of the Faculty of Chemistry.

Energetics for the gas-phase stationary points for all six
surfaces (i.e., F/F, CI/CI, Br/Br, FI/CI, F/Br, and Cl/Br) were
obtained by means of the Winethod described in refs 43,48.
The W1 method?® is a minor variation on W1 theofy that
exhibits improved accuracy for second-row systems at no
additional computational cost. For a detailed description and
theoretical and empirical arguments for each step, see ref 43.
We shall merely summarize the main points here for the sake
of clarity. The basis sets employed are mostly Dunning’s
augmented correlation consistertuple {4951 (aug-cc-p\h 2)
basis sets; for second-row atoms high-exponent d and f functions
were added (denotedt2d” or “+2d1f") as recommended in
ref 52 for accommodating inner polarization. Since the standard
aug-cc-p\nZ basis sets for bromifigalready contain quite high-
exponent d functions in order to describe the 3d orbitals, no
“inner polarization” functions were deemed to be necessary on
Br. We may distinguish the following six components in the
“bottom-of-the-well” TAE at the Wllevel:

- The SCF component of the TAE is obtained using the aug-
cc-pvVDZ+2d, aug-cc-pVTZA2d, and aug-cc-pVQZ2dif
basis sets, and extrapolated to the infinite-basis limit using the
geometric expressi6h A + B - CL, where the “cardinal
number’L = {2,3,4 for these three basis sets. (It is identical
to the maximum angular momentum present for nonhydrogen
atoms. Regular cc-p\V basis sets were used on hydrogen atoms
throughout.)

- The CCSD (coupled cluster with all singles and douti)es
valence correlation contribution to TAE is obtained using the
aug-cc-pVTZ-2d and aug-cc-pVQ#2d1f basis sets, then
extrapolated to the infinite basis limit using the expression
+ B/L3%2

- The (T) connected triple excitations comportémf TAE
was computed using the aug-cc-pVBZd and aug-cc-
pVTZ+2d basis sets, and extrapolated to the infinite basis limit
using the expressioA + B/L322

- The inner-shell correlation contribution was computed as
the difference between CCSD(T)/MTsnfalvalues with and
without constraining the inner-shell orbitals to be doubly
occupied. The very deep-lying chlorine (1s) and bromine
(1s,2s,2p) orbitals were doubly occupied throughout; the “inner-
shell corrqlation" thus represents' carbon (.15)’ chlorine (25',2p) functionals were carried out by means of a slightly modified
and bromine (3s,3p,3d) correlation. (Basis set superposition . 73

/ - . -~ version of NWCHEM 3.3.71:
error, BSSE, can be an issue for inner-shell correlation energies
in heavier element systerRour experienc® suggests that
BSSE in the W1/W?2 inner shell correlation contributions largely
cancels with basis set incompleteness.) A. Reference GeometriesReference geometries for the W1

- The scalar relativistic contribution was computed as calculations were mostly obtained at the B3LYP/cc-pWIZ
expectation values of the one-electron Darwin and mass-velocity level, where the 41" signifies the addition of a high-exponent
(DMV) operator§®>°for the ACPF/MTsmall (averaged coupled  d function on second-row elemerits(The Br basis set already
pair functionaf®) wave function, with all inner-shell electrons includes high-exponent d functions to cover the (3d) orbital.)
correlated except for chlorine (1s) and bromine (1s,2s,2p). It was previously showd that B3LYP/cc-pVTZ geometries for

+ The spin-orbit contribution to TAE, in the present case of stable molecules are generally within a few thousandths of an
all-closed-shell systems, is nothing more than the sum of the A from experiment, as well that the use of B3LYP/cc-p\AFZ
atomic fine structure corrections. rather than much costlier CCSD(T)/cc-pV@®Z reference

Where our computational hardware permitted (in practice, geometries insignificantly affects computed enerdfesiodi-
for F/F, CI/CI, and the Br/Br transition state), we also carried fications of popular computational thermochemistry methods
out even more demanding W2h calculations. In W2 theory, the that use DFT reference geometries include varfartof G2

Ill. Results and Discussion
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TABLE 1: Components of Computed Electron Affinities of TABLE 2: Components of Relative Energies (kcal mot?) of
X and Total Atomization Energies (kcal mol1) of CH3X (X lon—Molecule Complexes and Transition State Structures
= F,CI,Br) with Respect to Reactants
SCF CCSD (T) core spin—orbit scalarrel. final SCF CCSD (T) core scalarrel. final
species limit  limit limit corr. splitting effects energy species limit  limit limit corr. effects energy
w1’ w1
F 30.21 4476 4.17 0.17 —-0.39 —0.26 78.66 F~--CHsF —10.63 —2.54 —0.56 0.09 —0.02 —13.66
Cl- 58.35 24.16 2.28 0.02 —-0.84 —0.34 83.63 [F+CHz---F]~ 8.23 —6.23 —2.65 0.36 —0.08 —0.37
Br- 58.37 21.76 198 0.31 —-351 —0.90 78.02 Cl-+-CHsCI —8.08 —1.93 —0.62 0.08 0.01 —10.54
CHsF 31957 97.39 541 112 —-0.47 —0.37 422.65 [Cl+--CHz---CI]~ 7.81 —2.62 —2.37 0.35 —-0.10 3.07
CHsCl 303.73 86.14 5.27 1.19 —0.93 —0.42 394.98 Br=---CHsBr —7.55 —-1.92 —0.65 0.09 —-10.03
CHsBr 29299 8548 525 145 —3.60 —0.79 380.78 [Bre+-CHgz--Br]~ 571 —2.43 —2.36 0.26 —0.16 1.02
W2h W2h
F- 30.08 44.71 4.15 0.17 -0.39 —0.26 78.46 F~+--CHzF —11.16 —2.17 —0.45 0.07 —-0.02 —13.72
Cl- 58.33 23.82 2.26 0.02 —-0.84 —-0.34 83.25 [Fe+-CHz-+-F]~ 8.58 —6.61 —2.58 0.35 —0.08 —-0.34
Br- 58.31 2149 191 0.31 —-351 —0.90 77.62 Cl++-CHsClI —8.01 —2.39 —0.65 0.10 0.01 —10.94
CHsF 319.82 96.89 5.34 1.14 —0.47 —0.37 422.34 [Cl:--CHz--CI]~ 8.55 —3.63 —2.46 0.33 —0.11 2.67
CHsCl 303.90 86.03 5.28 1.21 —0.93 —0.42 395.07 [Bre+-CHgz*--Br]~ 6.57 —3.41 —2.38 0.21 —-0.21 0.77
CHsBr 293.14 8545 521 1.49 —-3.60 —0.79 380.91 W1’
F~-+CHCI —13.67 —1.16 —0.76 0.18 —0.02 —15.43
theory, G3//B3LYP” and CBS-QB3Y) In some cases where  [F--*CHz--Cl]~ —10.39 —0.84 —1.60 0.36 —0.07 —12.54
B3LYP fails to locate the required stationary point, we used C!~CHsF o708 —203 ~0.42 003 000 —951
. F~+--CHsBr —15.08 —1.24 —0.72 0.03 —-17.0F
mPW1K/cc-pVTZHX) reference geometries. For the W2h  [r...c,..By]- —13185 —1.02 —1.43 ~0.07 -16.37
calculations, CCSD(T)/cc-pVQFEL reference geometries were  Br-+-CHgF —6.63 —1.69 —0.24 0.05 -85
used. The geometries of all the structures involved in the presentCl ™ +-CHsBr —8.89 —2.02 -0.59 -041 -119F
[Cl+--CHz---Br]~ 2.24 —2.69 —2.28 —0.57 —3.30¢

;tSSgoizfglﬁ%?rﬁggggous levels of theory are provided in the Br--CH,CI 738 —903 —0.45 046 1032
B. Energetics. To assess the accuracy of Wand W2h #W1' — without inner-shell correlation.

results, we consider first the total atomization energies (TAES) . .

of CHsX and electron affinities (EAs) of X A summary of state structures are noticeably larger than for the-imolecule

our computed results and their components for the reactants/COMplexes (see Table 2). Although the core-correlation contri-

products of the §2 reactions is presented in Table 1. The final bution is small in absolute terms, its relative contribution to

energies presented in the last column of the Table correspondthe likewise small overall barrier heights can be substantial. For

to EAs of X (X = F,Cl,Br) and TAEs without zero-point  €xample, itis 0.36 kcal/mol for [CHs:+-F]~, while the total

vibrational energy (ZPVE) of CkX. The inner-shell correlation ~ €nergy is —0.37 kcal/mol. Likewise, the core correlation

contributions are all positive and the largest is 1.49 kcal/mol contributions for [Cf:-CHy:+-Cl]” and [Br--CHs:--Br] ™ are

for CHsBr. The core correlation contribution for TAE(GM) nearly 10% and 25% of the overall barrier (relative to reactants),

is found to increase in the order€Cl < Br, while for EA(X) respectively. At the W2h level, the core correlation contribution

itincreases in the order Gl F < Br. The importance of Darwin {0 the total energy increases slightly. Scalar relativistic effects

and massvelocity corrections increases, as expected, with exhibit similar trends as those of core correlation, but the effects

increasing atomic numbeZ) of X and its contribution becomes @€ fairly small. Only Cf---CHsBr, [Cl---CHg*+Br]”, and

substantial when = Br. Br~--+CHsCl exhibit noticeable scalar relativistic contributions,

It is perhaps more pertinent for our purposes to examine the due to the presence of the heavy halogen Br.

relative energies (with respect to reactants) of the-imolecule Among the identity reactions only {FCHz---F]~ has a
complexes and transition state structures. Table 2 preserits Witransition state below the reactants energy level. In the non-
and W2h results for identity reactions and only Wésults for identity case all the transition state structures lie below the

nonidentity reactions. W2h calculations for the nonidentity reactants.
reactions are extremely expensive as the reaction intermediates The computed final heats of formatioKl;) of CHsX in
are less symmetric. Moreover, the size of the bromine atoms kcal/mol are compared with experiment in Table 3. Both'W1
prevents us from performing a W2h calculation on the identity and W2h values are presented after accounting for ZPVEs and
Br—+:-CHs Br ion—molecule complex. Likewise, we could not thermal corrections calculated at the B3LYP/cc-pVZlevel.
obtain the core correlation contributions for the BFrCHs Br At this level the ZPVEs, after scaling by 0.985are found to
ion—molecule complex at the W1ievel of theory. It was be 24.16, 23.26, and 22.89 kcal/mol, respectively, forsEGH
previously establishé8l that the inclusion of connected triple  CHsCl, and CHBr. The corresponding thermal corrections are
excitations in CCSD(T) is absolutely necessary for reliable core —1.92,—1.89, and—3.68 kcal/mol. The computed\{;) value
correlation contributions: the®N4 CPU time dependence of for CHsCl lies within the experimental error bar: the experi-
the (T) step dominates the required CPU time for Cl and Br. mental value for ChF is a crude estimateH7 kcal/mol) and
Both the size of the halogen atoms and the reduced symmetryour computed value is certainly more reliable. Our calculated
prevented us from performing core-correlation calculations for value for CHBr is slightly outside the experimental error bar:
nonidentity &2 reactions, except for the F/Cl nonidentity case. some of the discrepancy could be due to the limitations of the
From Table 2, it can be seen that the final Wahd W2h scalar relativistic treatment. As shown by Bauschlicliehe
energy values for the identity reactions are very close to each simple DMV correction starts to exhibit minor deficiencies for
other. Considering the very close agreement betweehant third-row compounds; for first- and second-row compounds, it
W2h results, the conclusion is warranted that the results from is in excellent agreement with more rigorous treatméhts.
W1' theory can be used as reference values to compare the Also included in Table 3 are calculated electron affinities of
results from other methods when W2h results are not available. X (X = F,CI,Br) in eV together with experimental results. Using
As a general observation, the core contributions for the transition a similar approach, but with even larger spdfghi basis sets as



Gas-Phase2 Reactions Y + CHzX — CH3Y + X~ J. Phys. Chem. A, Vol. 105, No. 5, 200899

TABLE 3: Calculated and Experimental Heats of Formation (kcal mol~1) of CH3X and Electron Affinities (eV) of X (X =
F,Cl,Br)

heat of formation electron affinity

species w1 W2h experiment species w1 W2h experiment
CHsF —57.06 —56.75 —56(7§7 F 3.411 3.402 3.401 190()
CHsCl —20.14 —20.23 —20.00(50§" Cl 3.627 3.610 3.612 69(®)
CH3Br —8.50 —8.63 —8.20(19§" Br 3.383 3.366 3.363 583(4%)

well as full CI corrections, we were a§feto reproduce the and-half” functionals. B3LYP, B97(-1) and HCTH-120 all
experimental EAs of the first- and second-row atoms to within significantly underestimate the barrier, m"PW1PW091 to a lesser
+0.001 eV on average. The presently calculated W2h resultsextent.

of F and CI EAs differ by only about 0.001 eV from these For the chlorine identity gas-phaseySreactions, fairly
benchmark values (EA(Fr 3.403 eV and EA(CI¥= 3.611 eV), accurate experimental values are available and are presented in
and the W2h results for F, Cl, and Br are all within 0.003 eV Table 4. The experimental values reported by Li and co-
of experiment. Although the Walues differ about 0.01 eV workers! correspond to the standard state. Hence, thermal
for F and Cl and 0.02 eV for Br, this is comparable to the W1/ corrections and ZPVESs are subtracted from experimental values
W2 target accuracy (0.25 kcal/mol on average). The performancein order to compare with the “bottom of the well” calculated

of the W1 and W2h methods for the reactants and products is values. It is noteworthy that the W(10.54 kcal/mol) and W2h

obviously encouraging for the study of the problem at hand.

C. S\2 Reactions.The reaction mechanism with the double-
well potential energy surface for the gas-phage &actions is
shown in Figure 1. Obviously, the energy profile is symmetric
for the identity reactions (Figure la), and asymmetric for the
nonidentity reactions (Figure 1b). The complexation energy
(AHcomp, central barrier AH*en), and overall activation barrier
relative to the separated reactamsif,,) are defined in Figure
1. In the nonidentity case, the following additional quantities
are defined in Figure 1b: overall enthalpy change for the
reaction AHq,r) and the central enthalpy differena®Hcent
between product and reactant {emolecule complexes3 and
1.

D. Identity Reactions. Complexation energiesAHcomy,
overall barrier heightsAH%,,;), and central barriersAH*cen)
obtained from Wland W2h methods are compared in Table 4
with DFT, Gn, and CBS-QB3 methods together with available
experimental values.

(10.94 kcal/mol) complexation energies are in good agreement
with the experimental value (10.53 kcal/mol). CBS-QB3 results
are also in agreement with thenMand experimental values,
while those from DFT calculations are less satisfactory as they
are about 1 kcal/mol lower. Also note that the G1 and G2
methods reproduce the complexation energy well, while G3
results are 0.5 kcal/mol higher than then\&nd experimental
values.

The overall barrier height for the CI/Cl reaction is found to
be 3.07 and 2.67 kcal/mol at the Weind W2h levels of theory.
Note first that the experimental value (2.90 kcal/mol) is very
close and lies between the Wand W2h values. ThaH¥,,
value calculated at the mPW1K/6-8G*, and CBS-QB3 levels
of theory as well as the G2{() value by Radom et aFf and the
CCSD(T)/spdfg value by Botschwitfeagree well with the W2h
result. The mPW1K exchange-correlation functional with the
cc-pVDZ(HX) and cc-pVTZHX) basis sets predict somewhat
higherAH*,,; values, while the G1, G2MP2, and G3(values

It should be emphasized that the experimental data for the are about 1 kcal/mol lower. B3LYP, B97, B97-1, and HCTH-

S\2 reactions are insufficient and the available data are subject120 all predict a negative overall barrier for the CI/Cl system,
to large uncertainties. Therefore, it would be appropriate to in disagreement with all other methods considered and with
analyze the performance of various methods with respectto W experiment. BH&HLYP performs moderately well, while

methods. First of all, note that the mPW1K/6-3%* AHcomp
(13.55 kcal/mol) for the F/F case is very close to the'\afid
W2h results (13.66 and 13.72 kcal/mol, respectively). mPW1K/
cc-pVDZ(HX) and mPW1K/cc-pVTZ{X) methods, however,
predict lowerAHgompvalues. In fact, the B3LYP, B97, HCTH-
120, mPW1PW91, mPWH&HPW91, and mPW1K methods all
predict roughly 1 kcal/mol lower complexation energies, while
BH&HLYP and B97-1 agree well with Wland W2h. (The
HCTH AHcompis much lower than the others, vide infra.) G2
and CBS-QB3 values are close to thenVésults while the G3

mPWH&HPW91 predicts a larger barrier height (4.50 kcal/mol)
than Wh. The central barrier values presented in the last column
of the Table 4 reveal that the agreement betweanthéories
(13.61 kcal/mol) and experiment (13.66 kcal/mol) is excellent.
The G2MP2, G2¢), and CBS-QB3 methods also reproduce
the central barriers very well. As expected from the overall
barrier heights, the DFT results are less satisfactory, except for
MmPW1K/cc-pVDZ{X) and mPW1K/cc-pVTZ¢X) which are
in good agreement with the MWalues.

For the bromine identity {2 reaction, Wltheory predicts

method predicts higher complexation energy compared to the 10.03 kcal/mol forAH¢omp Note that the G2f) value is in close

Wn methods. Inclusion of diffuse functions for the@nd CBS-
QB3 reference geometries (i.e.,n@) and CBS-QB3t))
increases thé\Hcomp value by 0.4-0.6 kcal/mol.

A comparison of overall barrier heights is presented in the
third column of Table 4. Both W1(—0.37 kcal/mol) and W2h
(—0.34 kcal/mol) theories predict negative barrier heights in
the F/F case and the values are very close. The CBS-QB3(
result is in excellent agreement therewith; afi tBeories predict
barrier heights that are lower by 1 kcal/mol, with further
lowering seen at the G2() and G3() levels. Among the DFT
methods considered, only mPW1K/6-B&* and HCTH/cc-
pVDZ(+X) fortuitously predict overall barrier heights close to
the Whresults: basis set extension for mPW1K leads to positive
overall barrier heights, which are likewise found for the “half-

agreement with Wiltheory. The reported experimental value
(11.34+ 0.4 kcal/mol) agrees fairly well. Most DFT levels of
theory considered suggest a complexation energy about 1 kcal/
mol lower than the Wvalue, except mPW1K/6-31G** which
is higher (12.78 kcal/mol, probably an artifact of the small basis
set); B97 and B97-1 which closely bracket the Whlue;
HCTH-120 which is close to the Wlalue (see below); and
HCTH which is 2.5 kcal/mol lower than the latter. The
complexation energies forX:-CHzX are found to decrease in
the order F> Cl > Br. This trend was noted previously by
Radom and co-workef$,who attributed it to the electronega-
tivities of the halogens.

The overall barrier height for the Br/Br reaction is found to
be 1.02 and 0.77 kcal/mol at the Wend W2h levels of theory.



900 J. Phys. Chem. A, Vol. 105, No. 5, 2001

TABLE 4. Comparison of Complexation Energies AH comp
of the lon—Molecule Comflexes, Overall Barrier Heights
Relative to Reactants AH*o,), and Central Barriers
(AH*ceny Of Identity Sy2 Reactions, X 4+ CHgX — XCH3 +
X~, Calculated at Various Levels of Theory (all values in

kcal/mol)

X method AHeomp  AH*or  AH¥eent

F W1 13.66 —0.37 13.29
W2h 13.72 —0.34 13.38
B3LYP/cc-pVTZHX) 12.72 —2.58 10.15
BH&HLYP/cc-pVTZ(+X) 13.22 1.31 14.53
mPWI1PW9l/cc-pVTZEX) 1249  —0.95 11.55
MPWH&HPW91/cc-pVTZ¢-X) 12.77 2.60 15.38
B97/cc-pVDZE-X) 12.48  —2.47 10.01
B97-1/cc-pVDZE-X) 1321  -329 9.92
HCTH/cc-pVDZ(EX) 9.87 —0.60 9.27
HCTH-120/cc-pVDZ(-X) 12.39 —4.20 8.18
mPW1K/6-3HG* 13.55 —0.30 13.26
mPW1K/cc-pVDZX) 12.63 0.36 13.00
mPW1K/cc-pVTZ{H-X) 12.66 1.69 14.36
Gl 13.01 —1.37 11.64
G2 13.34 —1.15 12.19
G2MP2 13.41 —0.63 12.78
G3 14.23 —1.97 12.26
CBS-QB3 13.46 —0.85 12.61
G3(+) 14.59 —2.68 11.90
CBS-QB3#) 1415  —0.52 13.63
G2(+)? 13.81  —1.86 11.95
CCSD(T)/spdf 13.73  —0.92 12.81

Cl w1 10.54 3.07 13.61
W2h 10.94 2.67 13.61
B3LYP/cc-pVTZEX) 950  —0.48 9.02
BH&HLYP/cc-pVTZ(+X) 9.67 3.17 12.84
mPW1PW91/cc-pVTZEX) 9.59 1.23 10.82
MPWH&HPWO1/cc-pVTZ¢#X) 9.69 450 14.19
B97/cc-pVDZE-X) 10.10  -0.66 9.44
B97-1/cc-pVDZE-X) 10.74 -1.46 9.28
HCTH/cc-pvVDZ(E-X) 7.01 1.45 9.36
HCTH-120/cc-pVDZE-X) 996 -1.93 8.03
mPW1K/6-3HG* 9.75 3.20 12.95
mPW1K/cc-pVDZX) 9.65 3.63 13.28
mPW1K/cc-pVTZ{HX) 9.64 3.66 13.30
Gl 10.52 1.79 1231
G2 10.77 3.06 13.83
G2MP2 10.89 2.74 13.63
G3 11.15 1.79 12.95
CBS-QB3 10.65 247 13.12
G3(+) 11.04 1.80 12.83
CBS-QB3(t) 10.69 2.40 13.09
G2(+)2 10.71 3.01 13.72
CCSD(T)/spdf§ 2.75
experiment 10.53(48) 2.9C¢ 13.66(2.01)

Br W1'-core 10.03 1.0210.79
W2h 0.77
B3LYP/cc-pVTZ(HX) 9.06 -242 6.64
BH&HLYP/cc-pVTZ(+X) 9.04 1.25 10.29
mPW1PW91/cc-pVTZEX) 9.21 -1.03 8.8
MPWH&HPWO91/cc-pVTZ¢X) 9.19 2.22 11.40
B97/cc-pVDZE+X) 9.62 -229 7.33
B97-1/cc-pVDZ(HX) 1024  —-3.02 7.22
HCTH/cc-pVDZ{X) 756  —0.70 6.86
HCTH-120/cc-pVDZ{-X) 9.73  —4.06 5.68
mPW1K/6-3H+G* 12.78 —1.95 10.83
mMPW1K/cc-pVDZE-X) 9.34 0.68 10.02
MPW1K/cc-pVTZEX) 9.16 1.38 10.54
G1 9.68 1.11 10.78
G2 9.85 1.52 11.38
G2MP2 9.83 1.83 11.66
G2(+)2-ECP 10.17 1.48 11.65
experiment 11.34(40) 1.73 11.68

aG2(H) values are from ref 18 CCSD(T)/spdfg values are from
ref 23.¢ Ref 15.9 Exptl. values from ref 11¢ Exptl. values from ref

90. fExptl. values from ref 109 Exptl. values from ref 83" Exptl.
values from ref 84! Core contribution included.

Parthiban et al.

the DFT results for this system display appreciable basis set
sensitivity: for instance, the mPW1K/6-3G* overall barrier

has the wrong sign. It is interesting to note that the complexation
energy derived from the experimental overall (1.73 kcalfol
and central (11.68 kcal/nfd) barrier heights is 9.95 kcal/mol
while the reported experimental complexation energy (11.34
kcal/mol)}! is inconsistent with the derived value. In fact, the
derived value is in excellent agreement with the 'Walue
(10.03 kcal/mol). This clearly suggests that the experimental
data should be reexamined.

The performance of both B97 and B97-1 for the identity
reactions is quite similar to that of B3LYP. While the “pure
DFT” HCTH functional appears to yield markedly better overall
barrier heights, this comes at the expense of significantly
underestimated complexation energies (and severely overesti-
mated ior-molecule distances, see Supporting Information). It
was previously notéd that HCTH severely underestimates
interaction energies of H-bonded complexes; this was ascribed
to the absence of anions and H-bonded dimers in the original
HCTH parametrization set. A reparametrizafibagainst an
enlarged sample of high-quality ab initio energies, denoted
HCTH-120, eliminates this particular probléfnEor the identity
Su2 reactions, we find that complexation energies (and-ion
molecule distances) are dramatically improved compared to
HCTH: no corresponding improvement is, however, seen for
the central barrier heights, and the overall barrier heights
deteriorate accordingly.

Overall, the DFT methods are less satisfactory for barrier
height calculations. Although the performance of mPW1K/6-
31+G* method for F/F and CI/Cl reactions was excellent, it is
not the ultimate low cost method for barrier heights as it has
predicted a negative barrier for the Br/Br system. This behavior
illustrates the inadequacy of the 6-BG* basis set for Br: the
more extended correlation consistent basis sets with the mPW1K
exchange-correlation functional do predict the sign correctly.
In addition, Gi(+) and CBS-QB3¢) provide an acceptable
account of reaction energetics.

E. Nonidentity Reactions.A comparison of computed and
experimental complexation energies for the nonidentig2 S
reactions is provided in Table 5. For the-FCHsCl ion—
molecule complex we could find a stationary point neither at
the MP2/6-31G* level of theory used for the G2 and G3
reference geometries nor at the B3LYP/6-311G(2d,d,p) level
used for the CBS-QB3 reference geometries; at these levels of
theory, the optimization leads to Ct-CHsF even if the initial
geometries were chosen to correspondte f£H;Cl. Addition
of diffuse functions to the basis set for the reference geometry
remedies the problem. Similarly, in the F/Br case only the
Br—---CHsF complex is found as a stationary point at the MP2/
6-31G* level of theory, and the transition state and secone ion
molecule complex only appear when diffuse functions are added
to the basis set. Furthermore, and regardless of the basis set
employed, none of the DFT functionals except mPW1K,
mPWH&HPW91, and BH&HLYP find a transition state or a
F~---CH3Br complex. (The CBS-QB3 method is not defined
for Br and hence no CBS-QB3 data are presented for the F/Br
and CI/Br ion-molecule complexes.) Table 5 also presents
large-scale CCSD(T) energetics for the PA@ind CI/BE* cases
reported by Botschwina and co-workers. Available experimental
values are presented at the end of the Table with uncertainties
in parentheses.

Of the various exchange-correlation functionals considered, only ~Examination of Table 5 indicates that teHomp values

BH&HLYP, mPWH&HPW91, and mPW1K find positive
barriers (as do the theories). It should be pointed out that

strongly depend on the nucleophile ()Y decreasing in the order
F~ > CI~ > Br~. They also depend on the leaving group {X
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TABLE 5: Comparison of Complexation Energies AHcomp kcal/mol) of the lon—Molecule Complexes for the Nonidentity &2
Reactions, Calculated at Various Levels of Theory

method F++-CHCI Cl=+++CHsF F-+-CHaBr Br-++-CHsF Cl++-CHgBr Br—++-CH:Cl
W1'—core 15.43 9.51 17.01 8.51 11.91 10.32
B3LYP/cc-pVTZEHX) 15.37 8.09 7.18 10.24 8.42
BH&HLYP/cc-pVTZ(+X) 15.39 8.42 16.65 7.45 10.23 8.56
mPW1PW91/cc-pVTZEX) 15.06 8.13 7.27 10.32 8.54
MPWH&HPW91/cc-pVTZ{X) 15.03 8.32 16.28 7.42 10.30 8.65
B97/cc-pVDZ(+X) 15.43 8.49 7.69 10.66 9.13
B97—1/cc-pVDZ(HX) 16.26 9.05 8.21 11.32 9.74
HCTH/cc-pVDZE+X) 12.66 6.56 5.82 8.56 7.00
HCTH-120/cc-pVDZ{-X) 15.42 8.48 7.69 10.78 9.01
MPW1K/6-31G* 15.32 8.79 17.63 9.12 12.97 10.56
mPW1K/cc-pVDZ-X) 14.52 8.46 16.25 7.62 10.41 8.68
mPW1K/cc-pVTZ{X) 14.97 8.25 16.30 7.37 10.27 8.60
G1 9.58 8.35 11.17 9.10
G2 9.68 8.42 11.35 9.36
G2MP2 9.71 8.40 11.37 9.45
G3 10.03
CBS-QB3 9.33
G3(+) 16.34 9.97
CBS-QB3(H) 15.85 9.51
G2(+)P 15.62 9.64 16.74 8.56 11.47 9.64
CCSD(T)/large 16.07 9.75 11.31 9.71
experiment 11.41(2.04) 12.54(403 11.01 (40y

2 Core contribution included. G2(+) values are from ref 19.F/Cl: CCSD(T)/spdfg values from ref 22; CI/Br: CCSD(T)/spdfgh values from
ref 24.9 Exptl. values from ref 86 Exptl. values from ref 11.

in the order CHF < CH3Cl < CH3Br. Similar observations  B3LYP, B97(-1), mPW1PW091, & and CCSD(T)/spdfg results
were made earlier by Radom and co-workeérs. are all in close agreement with the YMalue, but mPW1K,
Comparison of the complexation energies obtained from “half-and-half” and CBS-QB3 theories predict-3 kcal/mol
various methods with Wheory indicates that all DFT results  higher exothermicity. For the F/Br reaction, the mPW1K/6-
for CI~--+CHzF are lower by 1 kcal/mol. The only available 314+G* and mPW1PW91/cc-pVTZ(X) methods yield overall
experimental vali@ for Cl~---CHsF (AH° = 11.41 kcal/mol) reaction enthalpies which are quite close to the Yésult. The
has an uncertainty of 2.01 kcal/mol. Comparison of this value experimental result£40.20 kcal/mol) is in good agreement with
with the calculated values suggest that more accurate measurethe best calculated values considering the uncertainty of 1 kcal/
ments are in order. For Ci-*CH3Br and Br---CHsCl, rather mol. The G theories predict exothermicities below, and
more accurate high-pressure mass spectrometry data are availmpw1K/cc-p\h Z(+X) above, the Wilvalue. Concerning the
able (12.54 and 11.01 kcal/mol). The Wialues (11.91 and  CI/Br nonidentity reaction, the reported experimental value
10.32 kcal/mol) are very close to the experimental results, (—6.86 kcal/mol) differs from the Wivalue by 2 kcal/mol. As
considering the experimental uncertainty of 0.4 kcal/mol. While expected, the very recent CCSD(T)/spdfgh results of Botschwina
the MPW1K/6-3%G* values for Ct++CHsBr and Br +--CH:Cl and co-worker® are in close agreement with our predictions.
are fortuitously within the experimental error bars, the other oy results suggest that the CI/Br experimental data may need
DFT methods predict lower values. Also note that €P( o be reconsidered. Note the significant basis set dependence

predicts complexation energies close to'Véhd experiment  jn the mPW1K results, which illustrates the inadequacy of the
for Cl=-+--CHzBr, while the Br---CHzCl value is small. A 6-31+G* basis set.

complete assessment of CBS-QB3 is not possible as it could
not be applied to the bromine-containing systems.

As for the identity reactions, complexation energies are
significantly underestimated (and iemolecule distances over-

As a general observation, 50:50 admixture of HF exchange
in the DFT theories increases the magnitude of the overall
reaction enthalpy, and the increase is greater in BH&HLYP than
in MPWH&HPW91. Performance of B97 and B97-1 for the

estimated by up to 0.3 A: see Supporting Information) by . R .
: : . ) overall reaction enthalpies is similar to B3LYP, while HCTH
HCTH, and this problem is mostly remedied by HCTH-120. and HCTH-120 represent underestimates in absolute value.

B97 and especially B97-1 appear to represent an improvement i
over B3LYP for the complexation energies. At the W1 level of theory, the calculated central barrier
Calculated overall reaction enthalpies, central enthalpy dif- (AH*cen) for the F/CI system is 2.89 kcal/mol.rt), CBS-
ferences between reactant and productimolecule complexes, ~ QB3(+), BH&HLYP, mPWH&HPW91, and mPWIK all re-
overall barrier heights, and central barrier heights for the produce the W1 value moderately well, while B3LYP,
nonidentity &2 reactions are presented with available experi- MPW1PW91, B97, B97-1, HCTH, and HCTH-120 all under-
mental results in Table 6. It needs to be reemphasized that allestimate the central barriers. The experimental central barrier
values are “bottom-of-the-well” (i.e., zero-point exclusive): that for the F/Cl system is nearly 4 kcal/mol higher than the
is, the experimental values are presented after subtracting thecalculated values. Judging from the performance of the various
ZPVEs (scaled by 0.985) and thermal corrections obtained usingmethods for the identity N2 reactions, it is almost certain that
the B3LYP method. the experimental F/CI central barrier is in error and unambiguous
The overall reaction enthalpies of the three nonidentity new measurements are in order. For the F/Cl and CI/Br systems,
reactions, viz F/Cl, F/Br, and Cl/Br, calculated at the"\&lrel the B3LYP, mPW1PW91, B97, B97-1, HCTH, and HCTH-120
are —32.65, —41.43, and—8.56 kcal/mol, respectively. The central barriers are all underestimated, while these exchange-
corresponding experimental values are available and are pre-correlation functionals find no barrier at all for the F/Br case.
sented in Table 6. The experimental value for the F/Cl reaction As for the identity case, mPW1K/cc-pVTZK) and BH&HLYP/
(—33.34 kcal/mol) is in close agreement with the Walue. cc-pVTZ(HX) central barriers agree well with the benchmark
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TABLE 6: Comparison of Overall Reaction Enthalpies (AH,,r), Central Enthalpy Differences between Reactant and Product
lon—Molecule Complexes AHen), Overall Barrier Heights (AH¥,,e;) and Central Barrier Heights (AH%¥e,) for Exothermic Y ~
+ CH3X — YCH3; + X~ Reactions, Calculated at Various Levels of Theory (all values in kcal/mol)

Y, X method AHoyr AHcent AH¥ o er AH¥cent

F/CI wr —32.65 —26.73 —12.54 2.89
B3LYP/cc-pVTZH+X) —32.77 —25.49 —14.69 0.67
BH&HLYP/cc-pVTZ(+X) —37.02 —30.05 —12.86 2.53
MPW1PW91/cc-pVTZEX) —33.08 —26.15 —13.43 1.63
MPWH&HPW91/cc-pVTZ{X) —36.45 —29.73 —-11.51 3.52
B97/cc-pVDZEX) —32.90 —25.95 —14.70 0.73
B97—1/cc-pVDZ(+X) —33.13 —25.92 —15.60 0.66
HCTH/cc-pVDZ(HX) —30.77 —24.67 —11.95 0.71
HCTH-120/cc-pVDZ{X) —30.58 —23.64 —15.14 0.27
mPW1K/6-3H1-G* —36.59 —30.07 —13.02 2.30
mPW1K/cc-pVDZ(+X) —34.74 —28.68 —-11.95 2.57
mPW1K/cc-pVTZ{H-X) —35.50 —28.78 —-11.97 3.01
Gl —30.62
G2 —31.59
G2MP2 —-32.25
G3 —33.00
CBS-QB3 —-35.21
G3(+) —32.86 —26.50 —14.04 2.30
CBS-QB3(+) —35.15 —28.81 —13.77 2.07
G2(+)2 —31.44 —25.46 —12.63 2.98
CCSD(T)/spdff —32.34 —26.36 —-11.84 3.89
experiment —33.34(72) 7.52(1.20%

F/Br W1 —core —41.43 —32.93 —16.37 0.64
B3LYP/cc-pVTZ(H+X) —40.78
BH&HLYP/cc-pVTZ(+X) —46.13 —36.93 —16.33 0.32
mPW1PW91/cc-pVTZ£X) —41.65
MPWH&HPW91/cc-pVTZ{X) —45.90 —37.05 —15.42 0.85
B97/cc-pVDZEX) —40.41
B97-1/cc-pVDZ(X) —40.68
HCTH/cc-pVDZ(HX) —38.18
HCTH-120/cc-pVDZ{X) —37.96
mPW1K/6-3H1-G* —42.35 —33.84 —16.92 0.71
mPW1K/cc-pVDZEX) —44.76 —36.13 —16.08 0.18
mPW1K/cc-pVTZE-X) —44.70 —35.77 —15.76 0.54
Gl —40.87
G2 —40.02
G2MP2 —40.35
G2(+)2 —39.47 —31.29 —15.90 0.84
experiment —40.20(96)

Cl/Br W1'—core —8.56 —6.97 —1.82 8.61
B3LYP/cc-pVTZ(H+X) —8.01 —6.19 —5.25 4.99
BH&HLYP/cc-pVTZ(+X) -9.11 —7.43 —-2.15 8.08
mMPW1PW91/cc-pVTZEX) —8.57 —6.79 —3.99 6.33
mMPWH&HPWO91/cc-pVTZEX) —9.45 —7.79 —-1.17 9.14
B97/cc-pVDZEX) -7.52 —5.99 —5.06 5.60
B97-1/cc-pVDZ(+X) —7.54 -5.97 —5.83 5.48
HCTH/cc-pVDZHX) -7.41 —-5.85 -3.18 5.38
HCTH-120/cc-pVDZ{X) —7.38 —5.62 —6.52 4.26
mPW1K/6-3H-G* —5.75 —-3.34 —-3.12 9.85
mPW1K/cc-pVDZ(+X) —10.02 —8.30 —6.60 3.81
mPW1K/cc-pVTZEX) —9.20 —-7.53 —-1.88 8.38
Gl —10.25 —8.18 —3.45 7.72
G2 —8.43 —6.44 —1.82 9.53
G2MP2 —-8.11 —6.18 —1.67 9.70
G2(+)2 —8.04 —6.21 —-1.71 9.76
CCSD(T)/spdfgh —8.53 —6.93 —-2.33 8.98
experiment —6.86(72) —1.83(5%

—1.69(33)
—1.52
-1.11
—0.61

aG2() values are from ref 19 Ref 22 (F/Cl) and ref 24 (Cl/Br)2 Table 2 of ref 24¢ Exptl. values from ref 919 Exptl. values from ref 84.
e Exptl. values from ref 9f Exptl. values from ref 929 Exptl. values from ref 93" Exptl. values from ref 90. Exptl. values from ref 94.

ab initio values, although the basis set sensitivity of particularly knowledge, no experimental data are available for the F/Cl and
the CI/Br results argues against using small basis sets such a&/Br systems. For the CI/Br system, the theoretical values span
6-31+G*, arange from—-1.17 to—6.60 kcal/mol. Nevertheless, it is worth
Several studies have reported experimental overall barrier noting that the Wilvalue (—1.82 kcal/mol) for the CI/Br system
heights AH%,), but only for the CI/Br system, and the is in excellent agreement with the experimental overall barrier
experimental data range from0.61 to—1.83 kcal/mol. To our height reported by Caldwell and co-work#&¢s-1.83 kcal/mol,
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after accounting for ZPVE and thermal corrections). Some the absence of accurate experimental data, our high quality
caution should be exercised as the 'Wdlue does not include  results should be useful to future experimental and theoretical
the core correlation contribution. Also note that G2 theory studies.

(—1.82 kcal/mol) reproduces the Witalue very well. Except
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