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Ab initio electronic structure calculations and variational transition state theory are used to calculate reaction
energetics and rate constants for the gas-phase reactions oVt HCH;—,Cl,, for n = 1—4. Two reaction
pathways are considered, second-order (bimolecular) nucleophilic substitutjay) éad proton transfer.
Benchmark electronic structure calculations using CCSD(T) and basis sets as large as aug-cc-pVQZ are
performed to obtain highly accurate estimates of the enthalpies of reaction. These results are extrapolated to
the complete basis set limit for comparison with experiment and to establish the level of theory needed to
provide energies that are accurate to better than a few kJ/mol. Energies of critical geometries (reactant
complexes, saddle points, and product complexes) are computed for all systems. R teaciion, the
potential energy and its first and second derivatives along minimum energy paths are computed and used
directly in variational transition state theory (VTST) calculations of the rate constants. These calculations
indicate that fom = 1—3 the region of the potential in the asymptotic reactant channel controls the reaction
rate constants and that the loose-transition-state methods implemenrtedFirex provide the best estimates

of the reaction rate constants. The reaction witlh 4 has a dynamical bottleneck that lies near the saddle
point and is best treated using the VTST methods implementeduvrATE.

1. Introduction tions from long-range interactions from the bulk solvent as well

hlori h ¢ th as short-range interactions with solvent molecules near the
Chlorinated hydrocarbons (CHCs) are one of the most reacting molecules.

common contaminants found at hazardous waste sites. Many Highl te ab initio electronic struct thods. which
of the chlorinated hydrocarbons are either known or suspected Ighly accurate ab Initio electronic structure methods, whic
have been successful at predicting reaction energetics for gas-

carcinogens and thus pose health risks to the public and/or site i : ;
workers. Chlorinated hydrocarbons can undergo a variety of F’hase reactions, are oo computatlon.allly demanding for model-
abiotic and biotic transformatiodg.Most abiotic processes such ing bulk phase systems. Although ab initio methods can be used

as hydrolysis and nucleophilic substitution are slow, but are still to study _short-rang_e sol_vent Interactions, approximate methOdS
important on the time scale of the movement of CHCs in are required for estimating th_e effect of the ang-range Interac-
groundwater systems. As a result of the slowness of thetlons.on the reacthn energetics. The approxmate methods are
reactions, few studies of the reactions of chlorinated hydrocar- physically well motivated, but the approximations have yet to
bons have been reported in the literature, and disagreement stilP€ critically tested with benchmark calculations. A long-term
exists about the mechanisms and rates of many of the key90@! Of this research project is to use a systematic approach
reactions. As an example, two estimates of the hydrolysis half- that builds up from first principle calculations to test these

life of dichloromethane in water at 293 K differ by aimost a @PProximate methods.
factor of 500! The major objective of the research described here is to obtain

Over the last several years, computational methods haveaccurate estimates of the lifetimes of CHCs in aqueous environ-
advanced to the point that they are commonly used as a tool toments as determined by abiotic reactions and to identify any
predict rate constants for gas-phase reactions. However, thdong-lived, potentially hazardous intermediates formed from the
accurate prediction of rate constants for reactions in solution original CHCs. Estimating CHC lifetimes requires an under-
remains a challenge. Solvation can alter the reaction energeticsstanding of the reaction mechanisms and knowledge of rate
often dramatically, thereby changing the rate constants by ordersconstants for all of the major reaction pathways. The systematic
of magnitude. In addition, solvent molecules can affect the approach we propose begins with benchmark ab initio calcula-
dynamics of the reaction and alter the rate constants. Both thetions on the gas-phase reactions. The focus of this work is on
energetic and dynamic effects of the solvent can have contribu-base-catalyzed hydrolysis reactions of chlorinated methane

compounds, i.e., the reactions of OMith CHg-nCl, for n =

* To whom correspondence should be addressed. Email: bruce.garrett@1—4- In_the present paper we begin by prpvidi_ng benchmark
pnl.gov. Phone: (509) 376-1353. FAX: (509) 376-0420. calculations of the energetics of these reactions in the gas phase
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to understand the level of theory that is needed to accuratelytreatment of triple excitations [CCSD(T)], and the augmented
predict reaction energies and barrier heights. Future work will correlation consistent polarized valence basis'séis double-,
focus on the effects of solvation on the reaction energetics andtriple-, and quadruplé-levels (i.e., aug-cc-pVDZ, aug-cc-pVTZ,

rate constants. and aug-cc-pVQ2Z). All critical geometries for reactions R1 and
We consider two pathways for the reaction of hydroxide ion R2 were optimized at the MP2/aug-cc-pVDZ level. Single-point
with chlorinated methane compounds, MP2, MP3, MP4, CCSD, and CCSD(T) calculations with the

correlation consistent basis sets through quadrgpeel were
(:|-|(4_n)(:|n 4+ OH — CH(4—n)C|(n—1)OH +CI” (R1) then carried out to test the convergence of the computed energies
with respect to the level of basis set and recovery of correlation
CHy4 nCl,+ OH" —CHg ,Cl,” +H,0  (R2 energy.
(4-m=n @=m=n 2 (R2) Energies at the complete basis set (CBS) limit are ap-
proximated by extrapolation of total energies using the functional

Reaction R1 is a second-order (bimolecular) nucleophilic formt6

substitution ({2) reaction, and reaction R2 is a proton transfer
(PT) reaction. A third reaction pathway, nucleophilic substitution
to displace a hydride ion, has a reaction energy that is much
higher than reactions R1 and R2 and is not considered here.

In addition to the environmental relevance of the aqueous- .
phase reactions of chlorinated methanes, reactions R1 and RSE!S and/is the MP2, MP3, MP4, CCSD, or CCSD(T) method.

in the gas phase are also of intrinsic interest Gas_phaseEquation1representsaset of three linear equations for the three
. Y .. .

nucleophilic displacement reactions have received considerablg?@rametersi,,, AY, andB") and can be trivially solved to give

attention for nearly 30 yeafsand it has been observed that ©€Xpressions for these three parameters in terms of the three
; Y _

gas-phase @ reactions can be as much as 20 orders of values of the energf, for x = 2, 3, and 4. The extrapolated

magnitude faster than those in aqueous solutidine large  Value of the energy can then be expressed as

effect of bulk solvation on reactions spurred interest in studies 4

of the effect of small numbers of solvent molecules on the EY = S CE

kinetics (i.e., the effect of microsolvation). Microsolvated o0 x; xEx

versions of reaction R1 witim = 1 have been studied both

experimentally* and theoreticallj.The proton transfer reaction  \hereC, are constants that do not depend on the level of theory
R2 is sufficiently endoergic in the gas phase that it has not beeny gng only depend on the functional form used in the
observed in thermal experiments. However, threshold energiesextrapolation. For the functional form used in eq 1, the
have been measured for reaction R2 with= 1 and for parametersC,, Cs, and C4 have the values 0.03486711,
microsolvated versions of this reacti®hln the present work —0.71162243, and 1.67675533, respectively. CCSD(T)/aug-cc-
we compute rate constants for the gas-phase reactions folpyQz calculations, particularly for systems with multiple
comparison to the experimental values of Staneke &t al. chlorine atoms, are expensive to perform routinely, so we
The electronic aspects ofy3 reactions in both gas and  explore methods to approximate the CBS limit for CCSD(T)
solution phases have been the subject of much research and gsing lower level calculations. One approach is to write the
thorough overview has been given by Shaik e’dilectronic  ccsp(T) CBS limit in terms of the CBS limit for a lower level

structure calculations for thend gas-phase OH+ CHsCl of theory, Y, and the difference between the CBS limits of
reaction have been previously reportedand more recently  ccsp(T) and theory

the reaction energies for chlorinated methanes with aqueous
monovalent anions have been reportéth the present work, ECCSb(M — Y 4 (ECCSD(T)_ EY) 3)
we extend these previous calculations in several ways. First, ® ® ® ®

the level of theory used in the present calculations to study tpe gitference is then approximated based upon convergence
reaction complexes and saddle points, as well as overall reactionys 4 |ower level of theory. To do this we rewrite the CBS limit
energies, is higher than was possible 10 years ago. Second, W, |avel Y as

study the effects of chlorination on the energetics of reaction
complexes, saddle points, and overall reaction. Third, we study Y _ Y Y=Y Y

» ; E,=E;+vy(Es—E; (4)
the competition between the,Sand proton-transfer reactions.
Although the PT reaction is uphill in energy by about 30 kJ/
mol for CHCl, it is downhill in energy by about 60 and 135
kJ/mol for CHCl, and CHCY, respectively. In addition, the Y _eY _ ey Y
reaction of OH with chloroform is believed to proceed by the v =B BIE B ®)
PT reactiorf. Fourth, we present then8 rate constants for
reactions of OH with CHsCl and CCl, and total rate constants
(summed over @& and PT channels) for reactions of OMith
CHXCl, and CHC} and compare them with experimental
results?

E'=E +A%e*V4pe®? (1)

wherex = 2, 3, 4 for the double-, triple-, and quadrug@dasis

)

where by definition

Assuming the difference between CCSD(T) and the¥ry
converges at the same rate (with respect to basis set) as theory
Y, we can approximate eq 3 by

cCSD(T) . =Y CCSD(T) _ Y
ESCSPM~ EY + ESCSPN — B} +
2. Theoretical Methods VY(E‘gCSD(T)_ EY — ESCSD(T)+ E}) (6)

2.1. Electronic Structure Theory. The ab initio electronic ] ] ) )
structure calculations reported here used MglRlesset per- ~ USINg eq 4, this expression can be rewritten as
turbation theor}® through second order (MP2), third order
(MP3), and fourth order (MP4), coupled cluster théényith
single and double excitations (CCSD) and with perturbative (7)

CCSD(T CCSD(T)|Y CCSD(T Y /=CCSD(T CCSD(T
ES ()%EDo (1\=E3 ()+j/(E3 ()_E2 (5
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where we introduce the notation CCSD|(W)to denote thatthe  bottleneck where the thermal rate constant is a minimum. This
CBS extrapolation of CCSD(T) is assumed to converge at the is equivalent to maximizing the activation free energy with
same rate as theory and can be approximated by the simple respect to the parametarghat define the dividing surface. For
two-point extrapolation formula given in eq 7. The extrapolation the CVT calculation the location of the reaction coordinate at
approximation of eq 7 is similar in spirit to an additivity the variational dividing surface is defined &8,;. For the
approximation recently studied by Dunning and Petetgan, PSHVTST calculations, the location of the reaction coordinate

which the CCSD(T) energy obtained with a higher basis set gt the variational dividing surface is defined RS
(e.g., augmented quintuple-quality) is approximated from

CCSD(T) with a smaller basis (e.g., augmented triptpsality)
and the difference between MPn calculations with the quintu-
ple-¢ and triple£ basis sets. They found that using MP3 in this
approximation gave a good compromise of accuracy and
computational effort. The approximation in eq 7 will be tested
for stationary points on the potential energy surfaces for these
reactions in a later section.

The electronic structure calculations were carried out using
the cAussIANIS 18 MmoLPRO,1® andNwcHEMZ program packages.

The reactant partition function is treated as a product of
rotational, vibrational, and translational partition functions. The
rotational and translational partition functions are treated
classically, and the vibrational partition functions are ap-
proximated by the product of quantum mechanical harmonic
oscillator partition functions for independent normal modes. For
the case studied here there is one vibrational mode for OH
and nine vibrational modes for GH,Cl,.. The transition-state
partition functions are treated as a product of rotational and

The larger calculations (e.g., CCSD(T)/aug-cc-pVQZ) were vibraf[ional partition functio.ns, where the rotational partition
performed usingwcHem on multiple processors (typically 128) ~ functions are treated classically.
of the IBM SP in the Molecular Science Computing Facility. ~ In the generalized transition state complex there are 14
The largest calculations involved 542 basis functions. vibrational modes, 10 that correlate with the bound vibrations
2.2. Variational Transition State Theory. Reaction rate in reactants and four transitional modes that evolve from free
constants are calculated using variational transition state theoryrotations in reactants to hindered rotors along the reactant
(VTST)?22 as implemented iroLYRATE?® and using phase-  entrance channel and finally become bend vibrations in the
space-integral-based VTST (PSITST)?** as implemented in reactant complex. The vibrational partition functions are ap-
VARIFLEX,25 which is appropriate for treating loose transition proximated by the product of the partition function for the 4
states found in barrierless association reactions and unimoleculatransitional modes with the partition function for the 10
reactions. Details for such calculations are presented in thevibrational normal modes that correlate with the bound vibra-
references cited above, so we only provide a brief summary tions in reactants. The partition functions for the 10 vibrations
and focus on the information about the potential energy surfaceare treated in the same manner as in reactants, e.g., quantum
that is needed to compute the rate constants. The VTSTmechanically, as independent harmonic normal modes. For
expression for the rate constant takes the form generalized transition states with sufficiently small CO separa-
tion, the vibrational frequencies of the four transitional modes
are high enough that a quantum mechanical treatment is
appropriate. In this case we calculate the partition functions
guantum mechanically using the independent normal mode

where T is the temperatureg is a collection of parameters harmonic oscillator approximation. For reactions in which the
defining the transition-state dividing surfadg,is Boltzmann’s dynamical bottleneck is in the asymptotic reactant region and
constanth is Planck’s constan&® defines the standard state, the transitional modes are hindered or nearly free rotational
which we choose as 1 énmolecule’?, and AG®™(T o) is the motion, a more accurate approach is to approximate the partition
generalized transition-state free energy of activatioRollYRATE function classically for the transitional modes. This is the
the dividing surfaces are chosen to be planes perpendicular toapproach used in the phase-space-integral-based formulation of
the reaction coordinate amdrepresents the single parameder ~ VTST 2% in which the multidimensional phase-space averages
which is the distance along the minimum energy path (MEP). are computed analytically for the momentum integrals and
The reaction coordinate is taken to be the MEP, or path of numerically for the configurational integrals.

steepest descent in mass-weighted coordinates from the saddle The VTST calculations usingoLYRATE require calculation

K(T,0) = kihTKO exp[—AG®(T,0)/ksT] (8)

point. In the PSHVTST calculations usingvARIFLEX, the of the minimum energy pathway and values of the potential
dividing surface is defined in terms of the distance between energy and its first and second derivatives along the MEP. These
pivot points on each reactant species (e.9.4GHCl, and OH) calculations employed direct dynamics technigéiés which

and the geometries of the molecules at those pivot points. Inthe energies, gradients, and Hessians from electronic structure
our calculations the pivot points are taken as the centers of mass;gculations are used directly in the rate constant calculation
of the two species, and represents the single parameter, the yithout fitting them first to an analytical functional form. For
center of mass sgparatlﬁh For fixed vallues of.the .molecular _most of the reactions, the potential along the MEP displays a
geometries, the distance between the pivot points is the reactionyoyple well, with the intermediate barrier below the reactant
coordinate in these calculations. The generalized transition-stat%symptote_ The MEP near the saddle point is found by following
free energy of activation is given by the path of steepest descent from the saddle point on both the

reactant and product sides. The MEP in the asymptotic reactant

AG®Y(T,0) = Vyep(0) — ks T IN[QST(T,0)/K°®R(T)] (9) region is found by starting at a geometry in the reactant valley

in which the distance between the centers of mass of @htl
where Vyep(o) is the potential along the reaction coordinate, CHu-n/Cly is constrained and all other coordinates are optimized.
QCT(T,0) is the generalized transition-state partition function, The path of steepest descent is followed from this point into
and®R(T) is the reactant partition function per unit volume. In  the well. Different starting points in the asymptotic valleys
canonical variational transition state theory (CVT) the transition- (progressively further out) were used to test the convergence
state dividing surface is optimized to find the dynamical of the MEP in the asymptotic regions.
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Another useful quantity used in the VTST calculations as TABLE 1: Experimental Heats of Formation and
implemented irPoLYRATE is the ground-state adiabatic potential Approximate Zero-Point Energies for Reactants and
curve, which for the reactions studied here is defined by Products of Reactions R1 and R2

AH® (kd/mol)

14 zero-point
VaG(T,S) = V(S + Zeﬁ’z(s) (10) molecule (0K) (298 K) energy (kJ/mol)

= OH~ —137.4+ 3.8; —143.6+ 3.8 225
vyhere_ eﬁ}(s) is the ground-state generaliz_ed_transition-state CIZ —E%é?égi 8:343 _;ﬁ%g 1 0.04 56.0
vibrational energy for moden, and we have indicated that the  cp,c) —74.04+ 0.6 —81.94 0.5 99.8
sum is over the 14 vibrational modes in the generalized transition CH,Cl, —88.5+ 1.1 —-95.44 1.1 77.8
state complex. The ground-state adiabatic potential curve is the CHCl; —98.0+ 1.4 -102.74+ 1.2 52.8
zero-temperature limit of the generalized transition-state free CCh —93.7+£ 1. —95.7+ 10 25.6
energy of activation curve (to within an additive constant), and g:ig%H _ﬁgéi éézc _E%%gi (7);21 ﬁi'f’l
it can h6|p identify the location of the dynam?cal pottlen90!( CHCLOH —2594 7¢ —268+ 6f 89.5
for a reaction. In addition, the ground-state adiabatic potential ccl,oH —2804+ 7¢ —286+ & 61.8
curve is the appropriate potential for calculating tunneling CH.CI~ 55+ 16° 45+ 16° 58.9
corrections in VTST? If the adiabatic potential along the — CHCL" —51+17 —59+£17 38.8
CCls~ —135+ 28 —141+ 28 14.3

reaction path is equal to or below the maximum of its values in
the asymptotic reactant and product channels, then there is no 2 Vibrational zero-point energy estimated using harmonic frequencies
intrinsic barrier to reaction and tunneling is not important. At from MP2/aug-cc-pVDZ calculation8 Experimental value from
reactantsVyer(s) goes to zero (by definition) and the adiabatic JANAF Thermochemical Tables. ¢ Experimental value from “Ther-

potential goes to the reactant zero-point energy. The relative Modynamics of Organic Compounds in the Gas Stéhlote that error
ground-state adiabatic potential is defined by ’ bars are not reported in this reference. See text for discussion of error

bars for these valueg Experimental value from “Thermochemical Data
and Structures of Organic Compoundd”¢ Obtained fromA:;H° (298

14 10
AV.C T =V 9) + ST(g) — R 11 K) and an estimate oAH°(298 K) — A¢H°(0 K). (See text)! Values
a (19 = Vuee(9) ya mol(S) mzl mo (1) obtained from calculations of heats of reaction for isodesmic reacfions.

9 Experimental value from “Gas-Phase lon and Neutral Thermochem-
where e,Ffw is the reactant ground-state vibrational energy for istry”.3
modem, and we have indicated that the sum is over the 10
vibrational modes in reactants (the four transitional modes Information. Summaries of the relative energies are provided
become free rotations in the asymptotic reactant region and theirin the following two sections.
ground-state energy levels go to zero). In section 3.4 we present 3.1. Benchmark ab Initio Electronic Structure Calcula-
the AV.8(T,s) curves and show that they do not exhibit any tions for Reaction Energies.One calibration of the electronic
intrinsic barriers; therefore, tunneling is not important for the structure methods is provided by comparing the computed
reactions studied here and we do not include corrections for reaction energies for reactions R1 and R2 with experimental
quantum mechanical motion along the reaction coordinate in values. The calculated reaction energiés,, are the difference
the calculated rate constants reported in this paper. Note howevein classical energies (without zero-point energy contributions)
that quantum mechanical effects are included for bound between the products and reactants. For comparison with
vibrational motion when appropriate. experiment, we obtain computed heats of reactions at 0 K,

Energy profiles along the MEP can also be used in calcula- AH,,(0 K), by adding zero-point energy differences to the

tions of rate constants for barrierless femolecule association  computed reaction energies. The zero-point energies are ap-

reactions as implemented imRIFLEX. Alternatively, Vuep in proximated using harmonic frequencies obtained from MP2/
the asymptotic region can be approximated using an electrostaticaug-cc-pVDZ calculations.

model based upon a multipo!e expansion. The electrosta_tic The experimental values fadxHn(0 K) are computed using
model also provides an analytical expression for the potential experimental heats of formatiosH°(0 K), for the reactant

in the calculation of the partition functions for the transitional 5.4 product species. The experimental heats of formation and
modes. More details of the fits to the electrostatic potential and computed zero-point energies, which we use to approximate
subsequent rate constant calculations are presented below. Wg, o computed heats of reaction, are summarized in Table 1. The
note that the use of a simple electrostatic potential in rate- aats of formation for OHand CI are taken from the JANAF
constant calculations for iermolecule reactions is well docu-  Thermochemical Table€.The heats of formation at 298 K for

mented in the literatur€.28 For ion—dipole interactions, the CHsCl. CH,Cl,, CHCL, CCls, and CHOH are obtained from
Langevin modé¥ places transition states at centrifugal barriers Pedley?° Values for these five molecules are also reported by

for spherically symmetric approximations to the iedipole Frenkel et aP! for 0 and 298 K, but without error bars. At 298
potential. This simple approach can break down from asym-  he values of Frenkel et al—82.0,—95.4,—102.9,—95.8,
metries in the long-range potential and has been extended using,,q —200.9 kJ/mol respectively for the five molecules listed
variational transition state theory by Bowers, Chesnavich, and above) are within 0.2 kd/mol of those of Pedley in all cases.
Su? The phase-space-integral based VTST approach employed- the chiorinated methane molecules, values are also reported
here is a significant improvement over these previous approaches, ihe JANAF Tables for both 0 and 298 K. The JANAF values
by including a more accurate treatment of the potential and by at 298 K (-83.7+ 2.1,—95.5+ 1.3,—-103.2+ 1.3,-95.8+
accurate calculation of partition functions for the transitional 5 1 \ 3ymol for CHCI, CH,Cl,, CHCl, and CClJ, respectively)
modes. have larger deviations from the Pedley values, but the latter
are seen to be within the larger error bars of the JANAF values.
Since the values of Frenkel et al. agree well with Pedley at 298

Total energies for reactants, products, complexes, and saddleK, we use the values of Frenkel et al.(aK and assign errors
points are provided in Tables S57 of the Supporting bars equal to the Pedley error bar at 298 K.

3. Results and Discussion
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TABLE 2: Reaction Enthalpies, AH (0 K), for the Sy2 TABLE 3: Reaction Enthalpies, AHx,(0 K), for the Proton
Reactions R1 of OH + CH¢4-nCl, for n =1-4 Transfer Reactions R2 of OH + CH(4-n)Cl, for n = 1-3
AHu(0 K) (kd/mol) AHu(0 K) (kJ/mol)
aug-cc- aug-cc-  aug-cc- aug-cc- aug-cc-  aug-cc-

n method pVvDZ pVTZ pvQz CB& n method pvDZ pVvVTZ pVvQz CB&

1 MP2 —203.1 —1925 —193.1 —1939 1 MP2 38.7 40.9 40.1 39.5
MP3 —230.3 —223.6 —226.5 —228.7 MP3 13.5 14.3 12.8 11.8
CCSD —2189 —2124 2155 2179 CCSD 22.1 24.4 23.2 22.2
CCSD(T) —211.3 —203.6 —206.4 —208.6 CCSD(T) 23.4 26.3 25.1 24.3
exptP —208+ 8 exptP 27+ 21

2 MP2 —233.6 —222.7 —223.2 —223.9 2 MP2 —44.9 —38.8 —40.1 —41.1
MP3 —263.2 —256.8 —259.9 —262.1 MP3 —-72.0 —67.4 —69.9 —-71.7
CCSD —250.4 —2441 2474 —249.38 CCSD —63.3 —56.9 —59.0 —60.6
CCSD(T) —242.6 —235.2 —238.1 —240.3 CCSD(T) —62.9 —56.7 —58.8 —60.5
exptP —246+ 13 exptP —644+ 23

3 MP2 —255.7 —2441 2446 —2453 3 MP2 —-121.2 —111.7 —113.0 —114.3
MP3 —288.9 —2823 —2854 —287.7 MP3 —146.4 —1375 —140.4 1427
CCSD —273.8 —267.3 —270.8 —273.3 CCSsD —-136.9 —1265 —129.0 —131.0
CCSD(T) —265.8 —258.0 —261.0 —263.3 CCsSD(T) —139.8 —130.3 —133.1 -—-1354
exptP —255+ 12 exptP —139+ 34

4 l\'\//llllzé 7%833 7333? 75322 7%39% aComplete basis set limit for the reaction enthalpy is obtained by
CCSD —280.5 —275.6 —278.7 —280.9 using eq 1 and adding zero-point contributions from harmonic frequen-
CCSD(T) —271.7 —2655 —268.0 —269.9 cies at the MP2/aug-cc-pVDZ levél Experimental reaction enthalpy
exptb —279+ 12 obtained fromA¢H°(0 K) values in Table 1.

aComplete basis set limit for the reaction enthalpy is obtained by -180F ()] T —
using eq 1 and adding zero-point contributions from harmonic frequen- F o - I PP
cies at the MP2/aug-cc-pVDZ levél Experimental reaction enthalpy -200—— .
obtained fromA{H°(0 K) values in Table 1. 220 i_:‘_““_“g__'
g m e O _._ o. -3

Experimental values ok¢H°(T) for the chlorinated methanol 2401 | | —
molecules are not available. The values listed in Table 1 at 298 200F ®) oo A
K are obtained from electronic structure calculations of heats — = 3
of reaction for isodesmic reactiod%.Error bars include §'24° ;‘__f:f____________?j_j_f_:fj
experimental uncertainties of the compounds used in the 32606 o _ _ T RN o
isodesmic reactions and assurdgd kJ/mol error in the o | 3
calculated heat of reaction. We approximaAtel°(0 K) for these g -240 0 L S -
molecules using these values at 298 K anti°(298 K) — os0f © ¥ . -
AfH°(0 K) estimated by using calculational methods from the < S-S AR o 3
JANAF tables and harmonic vibrational frequencies from MP2/ -280 Eo ot B_._ . _. a._ 4
aug-cc-pVDZ calculations. a0 | —
The values ofA\;H°(298 K) for the chlorinated methyl anions :—(d—) —-—06— - —o-
are available from Lias et & We approximateA{H°(0 K) for 260 0 4 0 . 3
these molecules by the same method used for the chlorinated 280 5.:_ ........... | SR o .1
methanol molecules. PR 8 T3
-300F- " | -

To obtain the error bars foAH°(0 K), we added an esti-
mate of the uncertainty in the vibrational contribution to ) ) )
AH°(298 K) — AH°(0 K). The computed zero-point energies Figure 1. Convergence with respect to basis set of the reaction enthalpy

. . . ; for the Sy2 reaction Chh-Cl, + OH™ — CHu-n)Cln-1OH + CI-.
listed in Table 1 can also be compared with approximate pais 4d are forn = 1-4, respectively. Open circles, squares, and

experimental ones for some of the molecules. ForOttie diamonds denote the results of MP2, MP3, and MP4 calculations,
zero-point energy can be approximated from spectroscopic respectively. Filled circles and squares denote the results of CCSD and
constants, and for #0 and the chlorinated methane compounds, CCSD(T) calculations, respectively. The long dash-short dash lines and
it can be approximated harmonica"y from fundamental frequen_ medium dash_—short dash lines a_re the CBS extrapola_tions for MP2 and
cies taken fo the JANAF TabiéSn these cases the zero- | WE3 espeeiel The ot Ings a0 ong g Ines ar e Co
pomt energies computed from the MP2/a.ug-cc-pVDZ.caIcu.Ia- the best experimental estimates and thé two thin horizontal solid lines
tions agree with those obtained from experimental considerationsin each part denote the error bars on the experimental value.
to better than 4 kJ/mol. Since the vibrational contribution to
AfH°(298 K) — AsH°(0 K) is typically less than one-fourth of  gbtained as follows. The total energies were summed over all
the total, we use a value afl kJ/mol for the vibrational reactant (e.g., OH CHsCl, etc.) or product (e.g., €| CHsOH,
contribution to the error bar. etc.) fragments, and then extrapolated using the functional form
The computed and experimental reaction enthalpies aregiven in eq 1.
compared in Table 2 for reaction R1 and Table 3 for reaction  For the {2 reaction with CHCI, CHy,Cl,, and CHC4,
R2. Error bars on the experimental values reflect uncertainties CCSD(T) is the only method that gives a CBS extrapolation of
in the values forAH°(0 K) for both reactants and products. the reaction enthalpy lying within the experimental uncertainty
The data are also shown in Figures 1 and 2, where the for all the reactions. Compared to the best experimental estimate
convergence to the complete basis set limit is depicted. Valuesfor these three reactions, the CCSD(T) CBS results range from
of the extrapolations to the complete basis set (CBS) limit are 4 kJ/mol higher to 13 kJ/mol lower. The MP2 extrapolations

avDzZ avTz avQz
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e I T T _] n= 1 2 3 4
40~ o— - — @ — - —0- —] reactant
SR P— - complex < /{g 7 i & }"@
E.-O .—._. o ... Q. -3
0F (@ = a2 §
3 = I i I = transition H::@ 4 ! fg“"dg
% 5 Q 0O = state GL
: -60 E——._ ''''' 'g ''''' —'—"E PT
§ E BT G--3 transition f—“‘i f—-v
"g E 3 state
= -100F (®) | |
< 00T I |- PT — —
r . __O0__ __0o-_4 product f z jﬁ?
oo PR . 3 complex
40 S T DM T T
= © = Figure 3. Geometries of reactant complexySsaddle point, proton-
1805 I T — transfer saddle point, and proton-transfer product complex for the

avDZ avTZ  avaz OH™ + CHy-nCl, reactions fom = 1—4. Blank entries indicate that
. . . critical geometries were not located in these cases. Small white, small
Figure 2. Same as Figure 1, except for the proton-transfer reaction gray, black, and large gray spheres are H, O, C, and Cl atoms,
CHu-nCln + OH™— CHg -/ Cly~ + H20. Parts ac are forn = 1-3, ;
- respectively.
respectively.

are consistently too high and are outside the experimental error'€@ctant complex and PT saddle point are discussed in more
bars for three of the four \@ reactions, while the Mp3  detail below. For carbon tetrachloride<: 4) the proton transfer

extrapolations are consistently too low and are outside the channelis not available and only the reactant complex a2d S

experimental range in all cases. Compared to the best experi-Saddle point were located.

mental estimates, the MP3 values are 22 to 37 kJ/mol lower. In going fromn =1 to 2 for the OH--+CHs-nCl, reactant
The experimental error bars on the reaction enthalpies for cOmplex, the distance between the O atom and the donor H
the proton-transfer reactions are much larger because of the largé@!om on the methane molecule decreases from 1.77 to 1.51 A,
uncertainties in the heats of formation of the @HCl,~ and the CH bond for the donor proton lengthens from 1.12 to
species. The MP3, CCSD, and CCSD(T) methods give extrapo-1.19 A. This change i_n bond Iengt.h js cqnsistent W!'[h the protons
lated CBS values that are within the experimental range for all ©" CHa-nCl, becoming more acidic with increasing numbers
three PT reactions, and MP2 gives CBS values that are within ©f chlorine atoms. The CCI bond lengths of 1.83 and 1.82 A
the experimental range in all cases except the reaction with are nearly the same for= 1 and 2, respectively.
CH.Cl,. The CCSD and CCSD(T) methods give surprisingly For n = 4, the lack of protons on the carbon tetrachloride
similar reaction enthalpy estimates; thus, the effects of the molecule leads to a different orientation of Ohvith the O
connectedriple excitations in reactants and products must nearly atom making a nearly symmetric approach to a triangular face
cancel. As for the @ reactions, the CCSD(T) CBS extrapola- 0f three of the Cl atoms in C&IThe CO distance is 3.1 A, and
tion gives the best agreement with the experimental estimates,the CCl distance is 1.83 A for the Cl atom furthest from the O
giving values that are within 3.4 kJ/mol for all three proton- atom. This orientation is more similar to theZSsaddle points.
transfer reactions. The MP3 CBS extrapolations are 6 to 16 kJ/In the 2 saddle points, the CO distances are shorge24,

mol lower than the best experimental estimates. 2.18, 2.18, and 2.29 A fon = 1-4, respectively; the Ccl
Hierl et al® have reported a threshold energy of 0.36 eV or distances are longer: 2.06, 2.09, 2.14, and 2.06 A, respectively.
35 kJ/mol for the proton-transfer reaction in OH CHsCl. If Notice that in going frorm = 1 to 3, the CO distance decreases

there is no free-energy barrier along the reaction coordinate in While the CCl distance increases. For the reaction with@H
the exit channel for this reaction, then the threshold energy the OH™ species is oriented so that the H on the Gbigauche
should be the same aSHx(0 K). The threshold energy is  With respect to the methyl group. In the reactions with,CH
within the experimental error bars fatH,x,(0 K), but it is 8 and CHCY, the H on the OH is cis to the Cl atom that is not
kJ/mol higher than the best experimental estimate and 11 kJ/displaced. Fon = 4 the saddle point geometry is more similar
mol higher than the best theoretical estimate. It would be to that forn = 1.
interesting to characterize the exit channel more accurately for For the PT saddle points, the O, H, and C atoms (wkkie
this reaction to get a better theoretical estimate of the thresholdthe proton being transferred from C to O) are nearly collinear.
energy and to see if it differs appreciably from the reaction Forn= 1 and 2, the OH bond distances are 1.15 and 1.31 A,
enthalpy. respectively, and the HC bond distances are 1.51 and 1.31 A,
3.2. Reaction Complexes and Saddle Pointssigure 3 respectively. In both cases, the H on the O cis to one of
presents the structures of the bound complexes and saddle pointthe Cl atoms on the methane molecule. In the PT product
for reactions R1 and R2 computed at the MP2/aug-cc-pvVDZ complexes wittn = 1—3, the OH distances for the proton donor
level of theory. For the reactions of GBI and CHCI, (n = in water are 1.06, 1.03, and 1.01 A, respectively, and the HC
1-2), we located the reactant complexes (with the OH distances for the donor H atom from water are 1.69, 1.79, and
hydrogen bonded to one of the protons on the chlorinated 1.86 A, respectively. Thus, the OH distance decreases and the
methane), the saddle points for thg2Sreactions, the saddle HC distances increase as Cl atoms are added and stabilize the
points for the PT reactions, and the product complexes for the methyl anion.
PT reactions (with KO hydrogen bonded to the chlorinated Note that forn = 1 and 2, the orientations in the reactant
methyl anion). For the reaction with chloroform & 3) we complex and PT saddle point are nearly the same. For the
could not locate a reactant complex or a PT saddle point at thereactant complex, the OH distance in the hydrogen bond
MP2/aug-cc-pVDZ level of theory; only theyd saddle point decreases by 0.26 A in going from= 1 to 2. Another 0.2 A
and PT product complex were located. The absence of thedecrease in going from= 2 to 3 yields an OH bond length of
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TABLE 4: Energies of Bound Complexes
OH™++-CH4-n)Cl, Relative to Energies of Reactants
OH~ + CHu-nClyforn=1, 2, and 4

Borisov et al.

TABLE 6: Barrier Heights for the S 2 Reactions R1 of
OH~ + CH@-nCl, Relative to Energies of Reactants
OH~ + CH4-nCly for n =1-4

AE (kJ/mol) AE (kJ/mol)
aug-cc-  aug-cc-  aug-cc- aug-cc-  aug-cc-  aug-cc-
n method pvDZ pVvTZ pvQz CBS n method pvDZ pVvTZ pvQZz CBS
MP2 —68.6 —66.4 —66.0 —65.8 MP2 —56.1 —49.5 —47.9 —47.1
MP3 —70.7 —69.4 —69.4 —69.5 MP3 —55.6 —50.4 —49.8 —49.5
CCsD —68.2 —66.2 —65.9 —65.8 CCsD —56.6 —50.2 —49.1 —48.5
CCSD(T) —70.7 —68.6 —68.1 —67.9 CCSD(T) —64.0 —57.8 —56.5 —55.8
2 MP2 —105.5 —100.8 —100.5 —100.4 2 MP2 —61.3 —54.4 —53.1 —52.5
MP3 —108.2 —104.5 —104.7 —105.0 MP3 —56.5 —50.5 —50.2 —50.1
CCsD —103.6 —98.9 —98.7 —98.7 CCSD —57.4 —50.2 —49.3 —49.0
CCSD(T) —108.3 —103.5 —103.3 —103.2 CCSD(T) —68.4 —61.9 —61.0 —60.6
4 MP2 —34.2 —36.7 —36.8 —36.8 3 MP2 —46.5 —39.7 —38.9 —38.7
MP3 —32.5 —35.0 —35.3 —35.4 MP3 —35.1 —28.6 —28.7 —29.0
CCSD —32.3 —34.2 —34.2 —34.1 CCSD —38.0 —30.3 —29.9 —29.9
CCSsD(T) —-35.8 -38.3 -385 —-385 CCSD(T)  —535 —46.7 —465  —465
a Complete basis set limit for the relative energy is obtained by using mg% _327 _112'% _fz(?l —21.34
eql. CcCcsD 5.9 10.2 9.9 9.6
TABLE 5: Energies of Bound Complexes CHs_n)Cly~(H20) cespm - 102 -l -9 —85
Relative to Energies of Reactants OH + CH 4, Cl, for aComplete basis set limit for the relative energy is obtained by using
n=1-3 eq 1.
AE (kd/mol) TABLE 7: Barrier Heights for the Proton Transfer
aug-cc-  aug-cc-  aug-cc- Reactions R2 of OH" + CH¢-Cl, Relative to Energies of
n method pvDZ pvTZ pvQz CBS Reactants OH + CHy,Cl, for n = 1-2
MP2 —-45.8 —43.8 —43.6 —435 AE (kJ/mol)
MP3 —61.7 —61.4 —61.7 —61.8
CCSsD(T) —-55.8 -53.8 -535 —-53.3
2 MP2 —116.5 —111.4 —111.5 —111.8 MP2 —45.0 —43.1 —42.7 —42.6
MP3 —135.7 —132.1 —133.1 —133.9 MP3 —55.6 —55.1 —55.1 —55.2
CCSD —126.3 —120.8 —121.3 —121.8 CCSD —47.5 —45.3 —45.0 —44.8
CCSD(T) —1295 —1242 -1246 —1251 CCSD(T) —51.9 —49.8 —49.4 —49.1
3 MP2 —179.9 —-171.6 —-171.9 —172.3 2 MP2 —104.2 —99.4 —99.1 —99.1
MP3 —198.4 —190.9 —192.2 —193.4 MP3 —108.8 —105.0 —105.3 —105.6
CCSD —188.6 —-179.3 —180.1 —180.9 CCSD —102.4 —-97.1 —97.0 —97.0
CCsD(T) —193.8 —-1851 -—186.0 —186.9 CCsD(T) —108.0 —-103.1 -—-1029 —103.0
2 Complete basis set limit for the relative energy is obtained by using 2 Complete basis set limit for the relative energy is obtained by using
eq 1. eq 1.

1.31 A. However, this is the same distance as seen in the PTagree to within 3.3 kJ/mol for the two smallest basis sets. The
saddle point fom = 2, indicating that the geometry for the geometries of OH and CHs-/Cl, in the reactant complexes
reactant complex may be near the saddle point for the PT are very similar to their isolated configurations, so it is no
reaction (if it exists) forn = 3. Also, the location of the  surprise that the relative energies for these systems are easy to
transferring proton in the PT saddle point becomes earlier (closerconverge. Greater differences in reaction energetics from
to the reactant complex) in going from= 1 to 2, with a different levels of theory are seen for the saddle points and PT
decrease in HC bond length of 0.2 A. If another 0.2 A increase product complexes, where the bonding changes from that in
occurs with addition of another Cl atom, the HC distance would the isolated reactants.
be nearly the equilibrium CH bond length in chloroform. The The reaction energies and the relative energies of PT product
progressions of the bond lengths in the reactant complexes anccomplexes decrease monotonically with increasing ton =
in the PT saddle points in the OH+ CH3Cl and CHCI, 3. The dependence upanis surprisingly linear as shown in
reactions suggest that the OH CHCI; reaction may proceed  Figure 5. The relative energies for the reactant complexes for
monotonically downhill in energy from reactants to the PT n =1 and 2 are also shown in Figure 5. For= 1 the energy
product complex. It is interesting that theSsaddle point for of the reactant complex is slightly lower than that of the PT
the n = 3 reaction is still observed even though the reactant product complex, but fon = 2, the product complex is more
complex is not. The minimum energy path was followed from stable by about 20 kJ/mol. Assuming that the relative energy
this saddle point in the reactant direction and it was found to of the reactant complex is also lineaminthe extrapolated value
go to the proton-transfer complex. atn = 3 would be about 50 kJ/mol less stable than the product
The energies of the bound complexes and saddle points,complex. The greater stability of the PT product complex for
relative to the reactant minimum energies, are presented inn= 2 and 3 and the smaller intrinsic barrier for the PT reaction
Tables 4-7 for several levels of theory. For the reactant for n= 2 are further evidence that a reactant complex does not
complexes, the convergence to the complete basis set limit isexist for then = 3 system.
excellent for the MP2 and MP3 methods; the CBS values are  For the gas-phase OHt+ CH3ClI reaction only the reaction
within 0.3 kJ/mol of the aug-cc-pVQZ results in all cases. In rate for the §2 process has been measured, the rate constant
addition, the agreement between the MP2, MP3, CCSD, andfor the PT reaction is too slow to be observed (although cross
CCSD(T) methods is quite good; the MP3 and CCSD(T) results sections have been measured in studies of the translational
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oF T 3 3.3. Test of Two-Point Approximations. It is interesting
£ ! 3 that the dependence on basis set of the energies for reaction,
-100F E complexes, and saddle points (shown in Table3@is similar
-200F 3 for the different methods. Therefore, it is instructive to examine
a00F 3 differences between these methods, since differences may
oF 3 converge more rapidly with respect to basis set than the
E 3 individual components. That is the approach taken in eq 6 or
-100E E equivalently the two-point extrapolation formula in eq 7. The
5 -200 F = factorsyY for each methodr and each molecule, complex, or
£ _3005_ 3 saddle point are listed in the supplementary tables S1-S7. For
< oF E each species, the value of that is closest to the CCSD(T)
=4 F E value is the one fo¥ = CCSD. Therefore, it is no surprise that
i '100:‘ E the best approximation to the CBS limit for CCSD(T) absolute
-200 E energies is obtained by the CCSD|{TOCSD method. The mean
-a00F E unsigned differences between CCSO(Y)and the CCSD(T)
oF E CBS limit for the 14 molecules listed in Table 1 are 25.5, 5.3,
_1005_ E and 1.7 kJ/mol, and the largest differences are 48.2, 10.2, and
E 3 2.8 kd/mol, forY = MP2, MP3, and CCSD, respectively.
-200F E The performance of the two-point extrapolation formula,
-300F_(9) E compared to the three-point extrapolation given by eq 1, is

reactants ¥ products shown in Table 8 for the reaction energies for reactions R1 and
Figure 4. Relative energies (computed at the CCSD(T)/CBS level of R2. Given that the CCSD(T)CCSD method works best for
theory) of reactant complexes, saddle points, PT product complexes,extrapolating the total energies of the molecules, it is surprising
and products for the OH+ CHu-Cly reactions. Parts—&d are for that the CCSD(T|MP3 method gives a better approximation
Q;rt;4’s'§is(jpﬁgg‘s’e;¥-e1;2retﬁ‘;:%cr’(‘;ggt?(;gg g‘nzaggsﬂaeg I|?nt:Se ;f:‘]fg’;m to the reaction energies. The average of the unsigned differences
the proton-transfer reactions. For= 1 and 2, the reactant complexes between CC.:SD(WY a_lnd _the C.CSD(T) CBS results for the
are the same for the,8 and PT processes. Note that in part ¢ there is SEVeN reaction energies listed in Table 8 are 0.6, 0.2, and 0.6
no reactant complex indicated for the CH@action. As described in ~ kJ/mol, and the largest differences are 1.4, 0.3, and 0.9 kJ/mol,
the text, the attack of OHon hydrogen in CHGlleads to proton for Y= MP2, MP3, and CCSD, respectively. Apparently there
transfer with no barrier to the PT product complex. The Seaction is large cancellation of errors between the extrapolations of
does have a saddle point, but connects to the reactants through the P pgo|ute energies for reactants and products since the mean
product complex, which is indicated by the long-dashed line in part c. unsigned error in the CCSD(ITMP3 method is reduced from
0 | : : 5.3 kd/mol to 0.2 kJ/mol for the reaction energies.

_1005_ 8 o - We also tested the CCSD(TY methods for the relative
E 3 energies of the reactant complex, proton-transfer complex, and
200 3 Sv2 and proton-transfer saddle points. Comparison of the
= 300 :L(a)ﬁ\ﬁ\ﬂ ] CCSD(T)|Y methods to the CCSD(T) CBS results are given
§ i E I l f E in Table 8. For all nineteen test cases, the maximum unsigned
3‘1 oF E differences of CCSD(T)Y from the CCSD(T) CBS results are
< £ ] 1.4, 0.3, and 0.9 kJ/mol fo¥ = MP2, MP3, and CCSD,
100 3 respectively, and the averages of the unsigned differences are
-200 F- (b) 3 0.4, 0.3, and 0.4 kdJ/mol. The trend seen for the reaction energies
— 2 3 is found to hold for these other energies, the CCSD(T)|MP3

n method yields the best estimate of the CCSD(T) CBS results.

Figure 5. Energies (computed at the CCSD(T)/CBS level of theory) It is very encouraging that the maximum energy difference for
of critical points, relative to reactant energies, for the OGHCH/Cln CCSD(T)|MP3 relative to CCSD(T) CBS is only 0.3 kJ/mol
reactions fom = 1-3. Part a is for the & reaction, and partbis for  for these relative energies.

the PT reaction. Circles are for the reactant complexes (which are the . . . .
same for the @ and PT reactions), squares are for saddle points, and 3.4. Reaction Rate CalculationsPotential energy profiles

triangles are for the reaction energiéEx,. The diamonds in part b along the minimum energy pat¥ver(s) and relative ground-
are for the product complex for the PT reaction. Straight lines are linear State adiabatic potential curves/.5(s) for the Sy2 reactions
fits to the data. in the vicinity of the saddle point are shown as functions of
reaction coordinate in Figure 6. All MEPs of theZSreactions
energy dependence of the reaci§nThe energetics, as shown were followed at the MP2/aug-cc-pVDZ level of theory, using
in Figure 4, are consistent with this finding. Note though that the local quadratic approximation method of Page and Méfer.
the threshold for the proton transfer reaction should decreaseThe potential energy along the MERyep(S), is evaluated in
greatly with substitution of CI for H on the methane. For the following manner. CCSD(T)/CBS energies are evaluated
2, the {2 saddle point energy is62 kJ/mol and the PT reaction  at the MP2/aug-cc-pVDZ critical geometries in all systems; we
energy is—56 kJ/mol, relative to reactants. For= 3, the §2 use the standard notation CCSD(T)/CBS//MP2/aug-cc-pVDZ
saddle point energy increases slightly-td8 kJ/mol and the  to denote this level of theory. For the MEP near th@ Saddle
PT reaction energy decreasest@32 kJ/mol. Further studies  point, CCSD(T)/CBS//MP2/aug-cc-pVDZ energies were cal-
of the threshold energies for the PT angSeactions and the  culated for a couple of geometries on either side of the saddle
branching ratios into these reaction channels forL,ClEHand point for then = 1 reaction. In this case the difference in the
CHClI; are still needed to understand the competition between MP2 and CCSD(T) energies are nearly constant, so we apply a
these reactions. constant shift to the MP2/aug-cc-pVDZ energies for the MEP
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TABLE 8: Comparison of Two-Point Approximations from Eq 7 Using Y = MP2, MP3, and CCSD with
Complete-Basis-Set-Limit Extrapolation of CCSD(T) Using Eq 1 for Energetics of Reactions R1 and R2 of
OH™ + CH(4-—)Cl, for n = 148

complete basis set extrapolations of reaction energies (kJ/mol)

two-point

three-point
n CCSD(T)|MP2 CCSD(T)|IMP3 CCSD(T)|CCSD CCSD(T)

S\2 reaction energy

1 —221.7 —221.9 —222.5 —221.8

2 —254.1 —254.6 —255.2 —254.4

3 —277.0 =277.7 —278.4 —277.5

4 —284.7 —285.3 —286.1 —285.2
PT reaction energy

1 32.1 32.0 31.6 31.6

2 —54.2 —55.0 —55.3 —55.0

3 —128.9 —130.6 —130.9 —130.3
reactant complex

1 —68.4 —68.2 —68.1 —67.9

2 —103.6 —103.6 —103.6 —103.2

4 —38.7 —38.7 —38.5 —38.5
PT complex

1 —53.7 —53.3 —53.5 —53.3

2 —125.1 —125.3 —125.5 —125.1

3 —186.3 —187.3 —187.5 —186.9
S\2 saddle point

1 —56.1 —56.5 —56.3 —55.8

2 —60.7 —61.4 —-61.1 —60.6

3 —46.3 —47.2 —47.0 —46.5

4 -8.0 -8.9 —8.6 -85
PT saddle point

1 —49.6 —49.2 —49.4 —49.1

2 —103.2 —103.3 —103.3 —103.0

a All energies are relative to reactant energies.

LN LA ) IR L a pow in this manner for the asymptotic region is not used in

-60 |~ (a_ RN - calculations of rate constant calculations, as described below,
e ‘\\ . rather these calculations are used to validate i(fer 1) the
'805 N electrostatic model we use for all four cases. Ground-state
A00E, 1\ vibrational energy levels are approximated harmonically with
—_I(b)l L B frequencies evaluated at the MP2/aug-cc-pVDZ level of theory.
S0 . 3 As seen in Figure 6, botWyep(s) andAV.E(s) for n = 1-3
- 0B .- X _— are much less than their respective values at reactants (defined
g [ -= \ - to be zero for these two quantities), therefore it is unlikely that
2 90F, T the bottleneck for these reactions will be near the saddle point.
5 iy R R For then = 4 reaction, the relative ground-state adiabatic
L;':j 50 o E potential is negative but much closer to zero, so the bottleneck
70 3 at finite temperature for this reaction occurs near the saddle
= 3 point in this case. Table 9 lists the canonical variational theory
90F .

(CVT) rate constants for allN® reactions, which are calculated

energy of activation curve for the GBI case is only 0.05 A
'_0' S }) L ol from the saddle point, and at this locatiwiep(s) and AV,8(s)

' s (au) ' are within 0.3 kJ/mol of their saddle point values. For the other
Figure 6. Potential energy profiles along the minimum energy path three cases the maxima in the free energy curve are less than
Vumer(S) (solid curves) and relative ground-state adiabatic energy curves 0.01 A from the saddle point ander(s) andAV,S(s) are within
AV,:8(s) (dashed curves) as a function of reaction coordisdte the 0.02 kJ/mol of their saddle point values. The other columns
Su2 reactions OH + CH_nCl, for n = 1—4. Parts ad are forn = are explained below. Note thAV.S(s) is below the asymptotic

1-4, respectively. Potential energy along the MERss(S), is evaluated : - -
at the CCSD(T)/CBS/IMP2/aug-cc-pVDZ level of theory (see text), reactant energy in all cases, so we do not include any tunneling

and ground-state vibrational energy levels are approximated harmoni- correction factors.

cally with frequencies evaluated at the MP2/aug-cc-pVDZ level of The proton-transfer channel for the OH- CH3Cl reaction
theory. Potential energyuer(s) is relative to the reactant energy, and  js endothermic (the classical reactant energy is about 24 kJ/
AVa%(s) is given by eq 11. mol) so that the branching ratio to this channel will be negligible
around the saddle point for all the reactions. For the MEP in compared to that for thex@ reaction. For the reaction of OH

the asymptotic reactant region, CCSD(T)/CBS//MP2/aug-cc- with CH,Cl, the reaction energy for the proton-transfer channel
pvDZ energies were calculated for several points along this is comparable to the barrier for they3 reaction, so the
portion of the MEP for then = 1 reaction.Vyep(s) computed branching into the proton-transfer channel in this case may be

0 E ( I B for the dynamical bottleneck near the saddle point, and values
20 3 AGET(T,sty7) of the free energy of activation at variational
- - transition states near the saddle point. The maximum in the free
40 —
5



Reactions of OH with Chlorinated Methanes J. Phys. Chem. A, Vol. 105, No. 32, 2002733

TABLE 9: Bimolecular Rate Constants (Units of cn? TABLE 10: Parameters of the Electrostatic Potential of
molecule'! s71) and Values of the Free Energy of Activation Equation 122
(Units of kdJ/mol) at Variational Transition States for the -
Reactions of OH with CH (4_nCly (n = 1—4) at 300 Ka OH"  CHCl CHCl, CHCk  CCl
. D 0.0 0.0 1.6649 0.0 0.0
n KT AGST(Tsp)P  KPSPVIST  AGST(TRpg)® ket ZZ go)) —-1.0710  1.9513 0.0 1.0811 0.0
1 79x10+4 91 3.9x 10°° 122 1.5x 10°° Oxx (D A) —5.5922 —10.0388 —14.9240 —22.2427 —27.5869
2 9.0x10°3 85 3.6x 10°° 122 2.1x10° Oyy (D A) —5.5922 —10.0388 —15.8123 —22.2427 —27.5869
3 18x10°% 101 3.1x10° 122 2.6x10°% 0,(DA)  —4.1860 —8.9559 —17.0688 —21.1684 —27.5869
4 1.3x 10 142 5.5x 10~ 121 2.2x 10° Qux (D AZ) —0.0048 —0.3262 0.0 0.0
aCVT rate constants far = 1—4 are for the §2 reaction.The PSi wa(Dﬁ‘:) —0.1437 0.0 0.6508 0.0
VTST rate constant fon = 1 is for the &2 reaction. The PSIVTST Q2,:(D AZ) —1.2766 0.0 0.1960 0.0
rate constants fon = 2—4 are summed over all product channels. Qyy (D ,2\2) 0.1437 0.0 —0.6509 0.0
b Evaluated using eq 9 witWyvep(s) evaluated at the CCSD(T)/CBS Q2 (D AZ) —0.1721 0.0 —0.6141 0.0
level of theory and vibrational partition functions calculated from Qxyy(DAz) 0.0048  0.1253 0.0 0.0
harmonic approximation with frequencies evaluated at the MP2/aug- gm(g A ) 8'2721 _1(.)0(?20 0060141 88
cc-pVDZ level of theory. The standard state is defined as £ cm QWZED A?) _0'0 0'0 N do 0' 9717
1 c i 7 Xyz . . . .
molecule’’. ¢ Evaluated using eq 9 witWuvep(s) evaluated from the o (A9 38841 5 8447 90003 100629

electrostatic potential in eq 12 and partition functions for the transitional 3

modes are obtained classically by evaluating the phase space integralé)Lyy (ﬁg ggggé giégi Zgggg 188258
using the potential in eq 12. The standard state is defined as®1 cm o (A7) ) ’ ’ )
molecule’’. 9 Rate constants (summed over all product channels) from 3uy =0, Oy = 0y, = 6,,= 0, Qu, = 0, andoty = 0x, = o, = O for

the experiments of Staneke et®al. all species.
appreciable. For the reaction of Olith CHCI; the energetics ° = 3R,R; _s (14)
of the proton-transfer channel are favorable compared to those af R af

for the 42 reaction, although the relative branching ratios for
the two channels will be determined by dynamics occurring after 15R R R

the initial dynamical bottleneck. We are mainly interested in Tog, =~ % + 3(‘5%3% + %yﬁﬁ + %y%) (15)
benchmarking the electronic structure methods for the reaction
energetics, which are determined by the energies at the
dynamical bottlenecks so we will not pursue here dynamical
calculations to determine branching ratios in thes 2 and 3
cases. We report rate constants for tR@ 8actions fon = 1

and 4, and total rate constants (summed over both channels
forn= 2 and 3.

Dipole, quadrupole, and octapole moments were calculated at
the MP2/auc-cc-pVQZ level for the OHmolecule and MP2/
aug-cc-pVTZ level for the other species. This combination of
heory and basis set gave good estimates of dipole moments
hen compared to experimental values. The difference between
. . . calculated and experimental values for the magnitude of the
For v_arlatlonal transition states with Iarge_ cente_r-of-mass dipole moment are 0.08, 0.06, and 0.07 D forCH CH,Cl,,
separations, the potential along the MEP is dominated by 5nq cHcy, respectively. Polarizabilities were calculated at the
electrostatic interactions (e.g., charg#pole interactions). In MP2/auc-cc-pVDZ level of theory for all molecules. We note

these cases, we found that the potential energy surface couldy ot ihe dipole and higher moments of OBind the quadrupole

be adequately represented using a multipole expansion for theyng higher moments of the chlorinated methanes depend on the

_ . L . origin used in the multipole expansion. Consistent with the use
treated as rigid molecules with charge distributions characterized y¢ the centers of mass of OHand CHu_nCly as the expansion

by total charge, dipole moment, quadrupole moment, etc., andyints in the electrostatic potential, we use the center of mass
polarizabilities. The origin for each species is taken as its center 5¢ each species as the origin for the electronic structure
of mass, with the molecule oriented so thaxis coincides with - caicyations of the multipole moments. All calculations used
the axis of highest symmetry (this is the required orientation in e MP2 electron density.

VARIFLEX). Also, we defineR as the magnitude of the vectBr Table 10 presents the parameters of the electrostatic potentials
from the center of mass of O1_-|to the .cerl1ter qf mass of 5 OH- interacting with Ckly_nCly, for n = 1—4. Figure 7
CHu-nCln. Then the electrostatic potential is written through  ghaws the electrostatic potential as a function of center of mass
fourth order in 1R as** separationR, in which the minimum energy is found by
minimizing eq 12 with respect to orientations for each value of
o Ta ) 1 o Tap R. For CHCl + OH~, the MEP in the asymptotic reactant region
Ve(RALAS) = — qjﬂag + (q1®aﬂ - ﬂaﬂﬁ)? + was also followed starting at a-@ distance of 15 A to map
out the energy in this region of the potential energy surface.

potential. In the electrostatic model OHind CHs—Cly are

1 2

25 T W . - .
2 12 12\ apy 2 lalp e compare the electrostatic potential along the minimum
(€45, — 4O, T Ogpits) R T Oy R 12) energy path with MP2/aug-cc-pVDZ and CCSD(T)/CBS//MP2/

aug-cc-pVDZ energies obtained from the electronic structure
calculations for the CECl reaction in Figure 7. The electrostatic
potential is seen to fit the electronic structure energies extremely
well over the rangR = 9—16 A.

The phase-space-integral-based formulation of VTSTAPSI
VTST)* as implemented invariFLEX,?> was used with the
electrostatic potentials to calculate thermal rate constants at
300 K, which are reported d&S-VTST in Table 9. Values of
T = Ry (13) the free energy of activatiom\G®'(T,Ris) at variational

«T R transition states in the asymptotic region of the potential are

where A; is the unit vector defining the orientation of the
moments of specidégwith i = 1 and 2 for OH and CHs-n/Cly,
respectively)y is the charge on OH(i.e., —1); 4, ©,,, and

'am, are the dipole, quadrupole and octapole moments for
species; aﬁﬁ is the polarizability for species 2; and
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0 250-350 K are similar:—0.8, —0.6, and—0.4 kJ/mol for the
- T ] reactions witl = 1—3, respectively. The OH+ CCl, reaction
2= - displays different behavior in Figure 8. First, the rate constants
= [ ] for this reaction are about 3 orders of magnitude lower than
g E those for the other three reactions. Second, the slope is
2 I ] appreciably largerEa: = —1.6 kd/mol for the CGlreaction in
5O /4 4 1 the range 256350 K. Third, the rate constant goes through a
E " - E 17 minimum at about 400 K and has a positive activation energy
0, - 1 1 for higher temperatures. The calculated P8TST rate con-
Ry AT stants for then = 1—3 reactions overestimate the experimental
A values of Staneke et &by factors of 1.2-2.6. The PSI-VIST
8 10 12 14 6 rate constants for these three reactions are all within a factor of

R(A 1.3 of each other, while the experimental values differ by as
Figure 7. Electrostatic potentiaVe from eq 12 as a function of the ~ much as a factor of 1.8. The magnitude of overestimate for the
separatiorR of the centers of masses of Otdnd CHa-nCly, for n = n = 1 reaction could be due to classical recrossing, which is
1-4. The solid, dashed, longshort-dashed, and dotted curves are  ynawn to be important for these types gfSreactions$® and/

for n = 1, 2, 3, and 4, respectively. The orientations of the two - - - h .
molecules are optimized for eadh The electrostatic potential for or to inadequacies in the representation of the asymptotic

OH- + CH.Cl is compared with MP2/aug-cc-pVDZ (circles) and MP2/  Potential by an electrostatic model. Note that an error of only
aug-cc-pVDZ//ICCSD(T)/CBS (squares) energies along the asymptotic 3 kJ/mol in the free energy of activation leads to a factor 3.3
minimum energy path. The insert repeats the 1 and 2 results for error in the computed rate constant. The CVT rate constant for
the electrostatic potential because the= 2 results are obscured by  n = 4 underestimates the experimental rate constant by a factor
the symbols in the main figure. of 170, which is equivalent to an error of 13 kJ/mol in the free
energy of activation. Although this size of error in the barrier

-19.2 height cannot be totally discounted, it is larger than what we
would expect from convergence of the reaction enthalpy and

-19.6 saddle point energy for the = 4 reaction as shown in Tables
2 and 6. The differences between the CBS and aug-cc-pVQZ
~ . results for the CCSD(T) method are only 1.9 and 0.6 kJ/mol

for the enthalpy and barrier height, respectively, indicating that
convergence with respect to basis set is quite good. The CCSD-

27.2 (T) method is expected to be quite good for these closed shell
systems, and evidence for this is provided by the good agreement
TEPITE EE E I B R B of reaction enthalpies for then3 reactions. The difference
2 13000”- (Kﬁ ° between the computed and experimental enthalpies increases

. with increasingn, and this may indicate that this level of theory
Figure 8. Temperature dependence of the rate constants for the . . -
OH- + CHa_nCla reactions witt = 1—4. Part a shows rate constants ' becoming less accurate as more chlorine atoms are added to
for the Si2 reaction for CHCI (solid curve) and total rate constants  the system. An increase in the inaccuracy of the computed
(summed over thex& and PT channels) for GBI, (long-dashed curve)  enthalpies withn may be due to insufficient tighd functions
and CHC} (short-dashed curve). Part b shows rate constants for for Cl. This deficiency was pointed out in other contexts by
the Sy2 reaction for CCJ. The rate constants have units of Tm others authof§ and was recenﬂy addressed by Dunning,
molecule™* ™. Peterson and Wilsof,although the new aug-cc-pid)Z sets

) ) ) were not used in the current work. Another source of potential

also listed. The maxima in the free energy curves occur at gror in the calculated enthalpies is the lack of scalar relativistic
Reg = 12.2, 12.4, 10.4, and 10.4 A for the reactions with corrections. Higher level theoretical studies of the thermochem-
1-4, respectively. The values of the free energy of activation jstry of chlorinated hydrocarbons are an interesting subject for
in the asymptotic region are seen to be larger than those neafyture investigations, but are beyond the scope of the current
the Si2 saddle point fon = 1—3 and therefore the rate constants  study. We also note that the experimental error bars on the
obtained from the PSIVTST calculations are lower than the mu|t|p|y chlorinated methanes are h|gher than those fogcclH
CVT values. Therefore, the dynamical bottlenecks for thk2 S The larger uncertainty in the experimental reaction enthalpies
reactions are in the asymptotic reactant regions of the potentialyith increasingn is due to large error bars on the heats of
energy surfaces fon = 1-3. For the CCJ reaction the  formation for the chlorinated alcohols (which are obtained from
dynamical bottleneck is near the saddle point, even though cajculated heats of reaction for isodesmic reacf@rend for
Vivep(s) and AVa%(s) are below their asymptotic values. Since  the CHs_,Cl,~ species. Nonetheless, we expect the CCSD(T)/
the values ofvep(s) andAV2S(s) are close to zero, the effects  CBS results to give reaction energetics for these systems that
of decreasing the vibrational and rotational partition functions are accurate to within several kd/mol. The disagreement with
at the generalized transition states near the saddle pointexperiment may be parﬂy exp|ained by the presence of ad-
(compared to transition states in the asymptotic reactant region)gitional reaction channels, which were observed in the experi-
are more important for this reaction than for the others. ment? Evidence for formation of ClIO and CCh~ was seen in

Because the dynamical bottleneck is near the saddle pointthe low-pressure ICR experiments, although the mechanisms
for the OH + CCl, reaction, whereas it is in the asymptotic for production of these products are unclear.
reactant region for the other three reactions, we expect the
temperature dependence of the ©@hction to be differentthan 4 Summary and Conclusions
for the other reactions. The temperature dependence of the four
reactions is shown in Figure 8. In addition, the slopes of the = We report accurate energetics for the reaction of Q¥th
curves as measured by the activation endfgyin the range the chlorinated methanes @H,Cl, for n = 1-4, using
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Mgller—Plesset perturbation theory and coupled cluster theory Gregory Schenter for assistance with the electrostatic model.
with augmented correlation consistent polarized valence basisThis work was supported by the Division of Chemical Sciences,
sets. Using double, triple, and quadrugléevels of the basis Office of Basic Energy Sciences, of the U.S. Department of
sets allow extrapolation of the computed energies to the Energy. This research was performed in part using the Molecular
complete basis set (CBS) limit. Experimental reaction enthalpies Science Computing Facility (MSCF) in the William R. Wiley
are accurately reproduced with three-point CCSD(T)/CBS Environmental Molecular Sciences Laboratory at the Pacific
extrapolation. In addition, we obtain excellent convergence of Northwest National Laboratory and the National Energy Re-
relative energies with respect to basis set size. For example,search Supercomputer Center at Lawrence Berkeley National
differences in relative energies between the triple- and quadru-Laboratory. The MSCF is funded by the Office of Biological
ple< results are less than 0.5 kJ/mol for reaction complexes, 1 and Environmental Research in the U.S. Department of Energy.
kJ/mol for product complexes for the proton-transfer reactions, Pacific Northwest National Laboratory is operated for the U.S.
2 kd/mol for 2 saddle points, and 0.5 kJ/mol for PT saddle Department of Energy by Battelle.

points. A two-point approximation to the three-point CCSD(T)/
CBS extrapolations based upon MP3 calculations through
quadrupleg level, but with CCSD(T) calculated only through
triple-¢ level, give results that agree with the CBS limit to within
better than 1 kJ/mol for the relative energies of all critical points

Supporting Information Available: Tables of all calculated
total energies (at the Hartre€ock, MP2, MP3, MP4, CCSD,
and CCSD(T) levels of theory with aug-cc-pVDZ through
on the potential eneray surface aug-cc-pVQZ basis sets) and Cartesian geometries at the MP2/

As meethane becongl)és more .chlorinated the proton transferau‘*:]'cc_vaZ level of theory are available in supplementary

) . P data. Total energies are provided for the reactants, products,
reaction becomes more favorable energetically compared to the .
Sn2 reaction. The proton-transfer reaction is endothermic by reactant complexes, product complexes, and saddle points of

: ; the OH" + CH-n)Cln Sy2 and PT reactions fan = 1—4. In
about 24 kJ/mol for CECI, exothermic by about 62 kJ/mol for o ! . .
CHyCl,, and exothermic by about 137 kd/mol for CHCFor addition, total energies are _pro_wded for _the addition products
CHCl the relative energy of the proton-transfer produetsé OOfohi (rzlacleogrlnch iu|b_|s_t|tut|gr} r?ﬁ Ctg:lts +@él‘|2|C|” -
kJ/mol, is about equal to the energy of thg2Ssaddle point, ; i~ 1 and for the T4 reac-
—61 kd/mol, and for CHGlthese energies are132 and—47 tion. This material is available free of charge via the Internet
kJ/mol. Previous experiments on the §H reactions showed at http://pubs.acs.org.
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