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Reactions of H atoms with methane, ethane, and chlorinated methanes and ethanes were studied by
computational methods. An approach to estimating reaction rate constants based on the use of isodesmic
reactions for transition states was developed and implemented. Reactions of H atoms windCEC)

(clear cases of H and CI abstraction, respectively) were used as reference reactions. Rate constants of all
other reactions from the series were calculated using the isodesmic reactions approach. For the seven reactions
for which directly obtained experimental data are available, the resultant calculated temperature dependences
of the rate constants demonstrate agreement with experiment. Average deviations between calculations and
experiment are 1724%, depending on the quantum chemical method used, although channel-specific rates
show larger divergence. Rate constants of all 30 reaction members of thecldloromethane and H-
chloroethane classes are calculated as functions of temperature using the described approach. Individual channels
of H and Cl abstraction and the corresponding reverse reactions are quantitatively characterized. In a separate
part of the investigation, it is demonstrated that correlations between the energy barriers and reaction enthalpies
do not provide a good predictive tool for evaluating temperature dependences of the reaction rate constants
of the H+ chloroalkanes class.

I. Introduction of the overall rate constants, which includes all abstraction
channels, of both H and Cl atoms at all possible sites. Therefore,

. dUse .Ol; mcmerapor; Z.S a mhlethod 0(; ﬁlsdposal bOf hazS:dé)us computational tools are needed to separate the experimental rate
Industrial wastes, including chlorinated hydrocar qns( ) S)'. constant values into those of the individual elementary reactions
has stimulated the research directed at mechanistic and kinetic,

. . ; and to extrapolate these values to higher temperatures. Finally,
modeling of chlorinated hydrocarbon combustion. Fundamental P 9 b Y

knowled f mechanism i thw nd rat nstant it can be noted that it is in general unrealistic to attempt to
owledge of mechanisms, specific pathways, and rate Constants, i, vate coefficients of all the important reactions in direct
of important elementary reactions is of key importance to the

success of such modeling. Among the most important and experiments. Instead, extensive sets of reliable experimental data
sensitive reactions involve%ll in the (?urrently used rfr)lechanismsShOUIOI be used as benchmarks to identify computational tools
of CHC combustion are the reactions of H and Cl atoms with capable of predicting the desired rate constants of cognate

the main compounds that are being burfetiin CHC/O, and _reactlon_s of interest. In_the current work,_the body of kinetic

. . information on the reactions of H atoms with methane, ethane,
CHC/hydrocarbon/eflames, reactions of Cl and H atoms with and chlorinated methanes and ethanes obtained in our earlier
CHCs together with unimolecular decomposition are the major direct experimental studi¥s1” as well as in direct experimental
channels of consumption of CHCs>7"14 The results of P P

. 10, :
numerical kinetic simulations demonstrate that the rates of CHC studies o_f other groupd™is used to (_:ievelop an_d valldate_a
destruction and concentrations of active species are highly computatlonal approach to the evaluation of kinetics of reactions
sensitive to the rates of H CHC and Cl+ CHC reactions. of th'_s typg. )

In two recent article3®6we reported our direct experimental This article reports the results of a computational study of
studies of the reactions of H atoms with methane, four the kinetics of the reactions of H atoms withy @nd G
chlorinated methanes, ethane, and three chlorinated ethanehlorinated alkanes. The study has two interrelated objectives:
Although the rate constants of these nine reactions were obtained 1) t0 develop computational tools suitable for accurate descrip-
experimentally over wide temperature ranges, the temperaturet'on of_re_act|o_ns of this type and to yalldate these tools against
range of practical interest (extending to the temperatures of the existing directly obtained experimental data and (2) to use
combustion, i.e., up to 2082500 K) is much larger. Accurate these tools to separate the existing experimental rate temperature
extrapolation of rate constants to higher temperatures requiresdependences into channel-specific ones and to predict the rates
application of theory and modeling. Such modeling is compli- of H + chloroethanes reactions for which no experimental data
cated by the fact that the reactions of H atoms with partially are available.
chlorinated alkanes can proceed through the abstraction of both  In our earlier experimental study of the reactions of H atoms
chlorine and hydrogen atoms; different sites of abstraction are with methane and chlorinated methafes, correlation was
possible for chloroalkanes larger than €pecies. At present, observed between the experimental activation energies and
experimental data are limited to the temperature dependencesnthalpies of the chlorine abstraction channels of these reactions.
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This correlation motivated our use of the Marcus equation (ref 21 can be consulted for the description of methods).
The version of the BH&HLYP function&23implemented in

HgIn 2 the Gaussian 98 prograf?> was used. In addition to the

] ) enthalpy and energy values obtained with these methods,

higher level single-point energy calculations were used with

the molecular geometry optimized at two of the above

methods: spin projected PMP4(SDTQ)/6-3tG(3df,2p)//

UMP2/6-311G(2d,2p), QCISD(T)/6-3%#1G(2d,2p)//UMP2/

6-311G(2d,2p), and QCISD(T)/6-315(2d,2p)//BH&HLYP/

1 -1 A
Egx = 71,AHg + E{ 1+ (In 2) ~Infcos =

for gas-phase reactions of atom tran&férelating the reaction
barrier Er and the 0 K energy of reactioAHg via E°, the
“intrinsic barrier” for a series of reactions of similar type) to
estimate the rate constants and branching fractions of the a .
channels of abstraction of H atoms in thetHchloromethanes 6-311§(d,p). The ch0|ce_ Of these higher 'e"‘?' and th_e corre-
reactions. The resultant transition-state-theory models of theseSpcmdm_g geometry optimization mgthods s explained n
reactions demonstrated internal coherence and agreement wit ubse_ctlon 1.2, wher(_a the |§odesm|c reactions appr(_)ach IS
the experimental data. described. The.Gau55|an29_SU|te of programs was used in all
This prior successful application of the Marcus equation (eq quantum chemical calculations.
1) directed the initial attempt of the current work to investigate ~ Although some of the methods employed, especially those
the correlation betweeir andAHg and its potential predictive  used for the geometry optimization, cannot be expected to yield
use in modeling. As will be demonstrated in this article, the accurate values of reaction barriers and energetics, they still
results of quantum chemical analysis of the reaction potential ¢an be used to confirm or refute the existence of the correlation
energy surfaces (PES) indicate that such predictive use is, atin question. In that respect, use of a variety of computational
best, limited to the case of chloromethanes and, even there methods helps to understand whether the potentially observed
cannot be assured. Thus, a second approach was used to evalug@rrelation is specific to a particular method or, if observed
the transition state properties of the reactions of interest, thatindependently of the particular combination of the methods and
of the isodesmic reactions. basis set, is determined by the underlying physical principles
Isodesmic reactions, i.e., (usually) fictitious reactions that and thus is real.
conserve the types of chemical bonds and their numbers, are For the reactions of H atoms with methane and chlorinated
often used in computational thermochemistry. Enthalpies of methanes a correlation between the reaction baggeand the
these reactions are usually obtained in quantum chemicalO K energy of reactiom\Hgr was observed at all computational
calculations and it is expected that computational errors that levels used (Figure 1). For the data obtained using the UMP2/
are specific to a particular bond type will, to a large extent, 6-31G(d,p), B3LYP/6-311G(2d,2p), BH&HLYP/6-311G(d,p),
cancel on both sides of the chemical equation. Despite theand QCISD/6-31+G(d,p) optimized geometries and electronic
widespread use of the formalism of isodesmic reactions for energies obtained at the same levels, thgses AHr depend-
evaluation of reaction enthalpies, it has not seen any extensiveences (filled symbols) can be well reproduced with the Marcus
application in assessing the properties of the transition states.equation (eq I), as indicated by the fitted lines in Figure 1a. It
It is demonstrated in this article that this approach, when applied is interesting to note that inclusion of zero-point vibrational
to the reactions of the H- chloroalkane class, results in very energies (ZPE) in reactants, products, and transition states
good agreement with the experimental data. Rate constants ofworsened the conformance of the correlation to eq | for the
30 reactions of the H- chloromethane and H chloroethane H-abstraction channels (open symbols and lines in Figure 1a).
classes are calculated using the isodesmic reactions approachiVhen a larger 6-311G(2d,2p) basis set was used with the UMP2
This article is organized as follows. This section is an method for the geometry optimization and energy calculation
Introduction. The computational methods and results are and when higher level PMP4(SDTQ)/6-3t1+G(3df,2p) and
described in section Il. Section Ill is a Discussion and a QCISD(T)/6-313-G(2d,2p) energies were calculated with these
Summary of the method and the results is given in section IV. optimized geometries, the agreement between the restant
vs AHr dependences and the Marcus equation (I) worsened
II. Computational Methods and Results (Figure 1b).

In this section, first the computational efforts to assess When reactions of H atoms with ethane and chlorinated

potentia| correlations between the entha|pies of reactions andethanes are included into consideration, the results demonstrate
the reaction barriers are described. Second, the computationaf significant deterioration of the observiédvs AHg correlation
formalism of isodesmic reactions as applied to the study of the compared to the case of the # chloromethanes reactions
properties of transition states and reaction kinetics is introduced. (Figure 2). For the data obtained using the higher level methods
Third, the application of this formalism to a series of reactions (Figure 2b), the “spread” of the obtained valuestafaround
of H and Cl abstraction from chloroalkanes by an H atom and the lines drawn through the data according to eq | is, on average,
comparison of the results with the experimental data are 3.5 kJ mof* and reaches 19 kJ mdlin its maximum.
presented. Finally, this formalism is used for predictive purposes  For reactions of chlorinated hydrocarbons larger than meth-
for a series of reactions of the same class for which no anes, the deterioration of the correlation betwBgrand AHg
experimental data are available. observed for the reactions of H atoms with ethane and
II.1. Correlations between the Reaction Enthalpy and chlorinated ethanes has negative implications for the potential
Energy Barrier. Several computational methods of quantum predictive use of such correlations, in general, and of the Marcus
chemistry were applied to analyze the correlation between theequation (1), in particular. The resultant uncertainty in the
0 K enthalpies (energies) and energy barriers of a series ofreaction barriers is clearly outside the limits of the desired
reactions of H atoms with chlorinated methanes and ethaneschemical accuracy. However, although the results obtained with
(abstraction of both H and Cl atoms). The following techniques several different quantum chemical methods yield similar results,
were used for geometry optimization and vibrational frequency a slight possibility that the observed scatter of the barrier values
analysis: UMP2/6-31G(d,p), UMP2/6-311G(2d,2p), B3LYP/ is caused by an artifact of the computational approach cannot
6-311G(d,p), BH&HLYP/6-311G(d,p), and QCISD/6-31&(d,p) be ruled out completely. Another factor that makes a practical
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Figure 1. Correlation between #0 K reaction enthalpies and energy  Figure 2. Correlation between 0 K reaction enthalpies and energy
barriers for the reactions of H and Cl abstraction by an H atom from barriers (ZPE included unless specified otherwise) for the reactions of
methane and chlorinated methanes. Different series of data correspondd and Cl abstraction by an H atom from chlorinated and unchlorinated
to different computational methods. In each series, different points C; and G alkanes. Different series of data correspond to different
correspond to different members of the ., class. Filled symbols computational methods. In each series, different points correspond to
display values of electronic energy only, and open symbols show different members of the f,Cly class. Filled symbols display data
energies with ZPE included. Lines are fits with formula | (Marcus for substituted ethanes, and open symbols, data for substituted methanes.
equation). (a) UMP2/6-31G(d,p) (circles); B3LYP/6-31G(2d,2p) Lines are fits with formula | (Marcus equation). Some of the data series
(squares); QCISD/6-3H#1G(d,p) (triangles); BH&HLYP/6-311G(d,p)  are shifted upward or downward by 20 or 30 kJ mdb avoid plot
(diamonds). (b) UMP2/6-311G(2d,2p) (circles); PMP4(SDTQ)/6- congestion, as indicated on the graph. (a) UMP2/6-311G(2d,2p)
311++G(3df,2p)//lUMP2/6-311G(2d,2p)  (squares); QCISD(T)/6- (circles); B3LYP/6-311G(d,p) (squares, ZPE not included); BH&HLYP/
311+G(2d,2p)//lUMP2/6-311G(2d,2p) (diamonds). The QCISD(T)/6- 6-311G(d,p) (diamonds). (b) PMP4(SDTQ)/6-3:+G(3df,2p)/
311+G(2d,2p)//BH&HLYP/6-311G(d,pEr Vs AHr dependences are  UMP2/6-311G(2d,2p) (circles); QCISD(T)/6-3tG(2d,2p)//UMP2/
similar to those obtained at the QCISD(T)/6-31G(2d,2p)//UMP2/ 6-311G(2d,2p) (squares); QCISD(T)/6-31G(2d,2p)//BH&HLYP/6-
6-311G(2d,2p) level and thus are not displayed to avoid plot congestion. 311G(d,p) (diamonds). The scatter of the data around the fitted lines
demonstrates the deterioration of the correlation whesp@cies are

I . . included.
predictive use of a Marcus-type correlation problematic is the include

deficiency of the database of thermochemical data on chlorinatedy rate constant. It can be expected, however, that when a barrier
radicals. Although the heats of formation of chlorinated methyl height value for a reference reaction is obtained from fitting
radicals are establishéidata on chlorinated ethyl radicals are parameters of a theory-based model to reproduce the experi-
far from being complete, and almost no data exist on larger mental k(T) dependence, the potential errors due to the
chlorinated alkyl radicals. imperfections of the theory will also cancel, at least partially,
I1.2. Use of Isodesmic Reactions To Predict Properties of  \yhen the same theory is used to compute reaction rate constants
Reaction Transition States. Approach.Isodesmic reactions  ysjng the barrier heights derived from isodesmic reactions.
conserve the types of chemical bonds and their numbers. When Experimental Database and Isodesmic Reactions Used.
energy changes (0 K enthalpies) of these reactions are obtaineghe reactions of H atoms with alkanes and chlorinated alkanes,

in quantum chemical calculations, it can be expected that the reactions of H atoms with methane and tetrachloromethane
computational errors specific to a particular bond type will, to

a large extent, cancel on both sides of the chemical equation. H+ CH,— H, + CH,4 (1)
Thus, enthalpies of a series of related chemical species can be
evaluated on the basis of the known thermochemistry of one of H + CCl,— HCI + CCl, (2)

these species and the enthalpies of appropriately chosen

isodesmic reactions obtained in quantum chemical calculations.provide suitable choices of the reference reactions for the series
The same approach can be applied to the transition states (PE®f H abstraction and CI abstraction reactions, respectively.

saddle points) of a series of cognate reactions. Barriers of aReaction 1, as well as the reverse reaction of the methyl radical
series of such reactions can be evaluated on the basis of quanturwith H,, have been studied by many groups using a variety of

chemical calculations and the known barrier of one of these experimental techniques. Reviews are available in refs 17, 18,
reactions. A necessary requirement for the success of such arand 2729 and references therein. Approximate agreement has
approach is the availability of accurate knowledge of the barrier been reached between the results of different groups. However,
of the reference reaction belonging to the series in question. Ofin many of these studies, either indirect experimental methods
course, any such knowledge is always obtained through a prismwere used or reaction 1 (orl) was not completely isolated

of theory used to relate the barrier height to the physically from the influence of other reactive processes. In three recent
measurable parameters, such as the temperature dependence experimental studies, the kinetics of reactioA%'# and —117
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were studied by sensitive direct techniques (discharge flow/ TABLE 1: Parameters of the Transition State Theory
resonance fluorescené®jaser photolysis/shock tube/atomic ~Models of Reference Reactions 1 and 2

resonance absorption spectroméfryand laser photolysis/ Eo/kJ
photoionization mass spectroméflly where no other reactions reaction QC methad mol 2P Fan® Facl®
influenced the kinetics of reactions 1 ard.. The results of H+CH;—H,+CHs UMP2/6-311G(2d,2p)  50.65 0.49

refs 15, 17, 18 are in agreement. The combined temperature BH&HLYP/6-311G(d,p) 50.84 0.52
interval of these three studies covers the 64696 K range. H + CCly— HCl + CCl; UMP2/6-311G(2d,2p)  24.48 0.66
Reaction 2 was recently studied by Bryukov et%lising the BH&HLYP/6-311G(d.p) 22.76 0.44

highly sensitive discharge flow/resonance fluorescence tech- 2Quantum chemical method used for the geometry optimization and
nique. The rate constants were obtained in direct experimentsthe calculation of vibrational frequencigsAdjusted reaction energy
as a function of temperature in the 29904 K range. barrier obtained in the fitting of the experimental d&tRreexponential

The results of our recent direct experimental studi&sof correction factors for the H- and the Cl-abstraction chanriels @nd
the reactions Faci, respectively) applied to the calculated rate constants (at all

temperatures) to achieve agreement with experiment.

H+ CH,Cl — products  (586-839 K) () 311G(2d,2p) combination (including the UMP2/6-311G(2d,2p)
vibrational frequencies) was recently demonstrated by Louis et

H + CH,Cl, — products (498787 K) (4) al 384010 result in good agreement with experimental data for
a series of reactions of abstraction of a hydrogen atom from

H + CHCl, — products (455854 K) () halogenated hydrocarbons by an OH radical. In the second

approach, the QCISD(T)/6-3%H-G(3df,2p) energy estimated
H+CHs—H,+CH; (467—826 K) (6) via the formula

H + C,H.Cl — products (483826 K) 7) E[QCISD(T)/large]= E[QCISD(T)/small]+
E[PMP2/large]— E[PMP2/small] (II)

H + 1,2-CH,Cl, — products 483826 K 8 :
CGH,Cl—p ( ) ® was used instead of the PMP4 values. Here, “large” and “small”

. represent the larger (6-3+1#G(3df,2p)) and the smaller (6-

H+ CHCClL —products - (358850K)  (O) 377175 2d,2p)) basis sets, respectively. With the BH&HLYP/
&f-311G(d,p)-optimized geometries, two higher level single-point
methods of energy calculation were used. In the first one, the
QCISD(T)/6-311+G(3df,2pd) energies were estimated via
formula Il (using the same 6-3#15(2d,2p) “small” basis set).
In the second single-point method, the lower level PMP2/6-
311++G(3df,2pd) energies were used.

Calculation of the Rate ConstanfRate constant values were
galculated using the classical transition state theory formula (see,

(temperature ranges are indicated in parentheses) and those
the investigation of reaction 6 by Jones et%(discharge flow/
mass spectrometry technique, 3814 K) provide the experi-
mental k(T) dependences for reactions-3 with which the
calculated results are compared for the purpose of validation
of the computational approach. The results of an earlier study
of reaction 3 by Westenberg and deH&aare in agreement

with those of ref 15 and thus are not used as a separate set o X .
data. for example, ref 41). Quantum tunneling correction was

) . . « . . ” 17,42
In the current computational work, reactions 1 and 2 are used €OMputed using the “barrier width” methée.17 42 The shape

as reference, i.e., the properties of the corresponding transition®' the reaction potential enegy barrier was determined using
states are derived from the experimental temperature depend-the method of the reaction path following (intrinsic reaction

. . . i A4 -wei i i
ences of the rate constants of these reactions. Then, isodesmigoordinate, IR_C? In mass weighted mternal coordmatefs. The
reactions of the types resultant barrier potential energy profiles were fitted with the

unsymmetrical Eckart functiéh to determine the “width”
H---H--*R + CH, = H+--H---CH; + RH (10) parametell that was used in the calculation of the tunneling
correction. Details of the computational approach can be found
H:--Cl--:R + CCl, = H:--Cl|---CCl; + RCl ~ (11) in refs 15 and 16.

In the modeling process, first the rate constants of the two
are used to evaluate the properties of the-H---R and reference reactions 1 and 2 (H CH, and H+ CCly) were
H---Cl---R transition states. calculated using the known experimental reaction enthalpies and

Quantum Chemical Methods Used.the quantum chemical  calculated geometries, barrier widths, and vibrational frequencies
calculations, two methods are used for the optimization of the for all involved species. For each reference reaction, two
geometrical structures of the involved species. One is the UMP2/parameters were adjusted to achieve agreement with the
6-311G(2d,2p) method, which is rather demanding in terms of experimental data: a uniform correction facty applied to
required computer resources when applied to molecules containthe calculated rate constants and the reaction energy barrier,
ing many chlorine atoms. Thus, a less computationally expensiveEy. The value ofFa (Fan for H-abstraction andra ¢ for Cl-
BH&HLYP/6-311G(d,p) density functional meth&d3 (a ver- abstraction) has the meaning of the ratio of experimental-to-
sion implemented in the Gaussian 98 prog#af) was also calculated preexponential, or “entropic” factors for reaction 1.
used. The choice of the BH&HLYP functional was based on The experimental data sets used in the fitting are composed from
the reported positive results of using this method for studies of the results of refs 15, 17, and 18 for thetHCH, reaction and
the properties of transition states (see, for example, refs 31 from the results of our experimental stdéljor the H+ CCl,

36). reaction, as described above.

With the UMP2/6-311G(2d,2p)-optimized geometries, energy  Second, the energy barriers for the H abstraction and the ClI
values were calculated using two methods. One is the spin-abstraction channels of reactions@were calculated from the
projected” PMP4(SDTQ) method with the 6-33H-G(3df,2p) values ofEy of reactions 1 and 2 and éh0 K enthalpies of
basis set. This PMP4(SDTQ)/6-311+G(3df,2p)//UMP2/6- isodesmic reactions of the types 10 and 11 obtained using the
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TABLE 2: Values of 0 K Enthalpies (AH®o) of the Isodesmic Reactions of the Types (10) and (11) Used To Evaluate the
Energy Barrier Heights of the Individual Reaction Channels of Abstraction of H and Cl Atoms
transition state PMP4//UMP2 QCISD(T)/IlUMP2 QCISD(T)//BH&HLYPH PMP2//BH&HLYP®
H-Abstraction Channels\H°y(H-++H++-R+CH;=H-++H---CHz+RH)/kJ mol*
Individual Channels of Reactions-3

He+-H-+-CH,CI 10.74 10.64 10.47 11.91
H++-H---CHCl, 20.56 19.96 19.30 22.20
He+-H---CCl; 29.51 28.11 27.11 31.32
H-++H---C;Hs 13.31 13.10 13.01 13.72
He++H-+-CH,CH,CI 7.41 7.18 7.18 7.76
H:--H---CHCICH; 20.66 20.19 19.93 22.19
H:+-H+-CHCICH,CI 15.41 14.77 14.48 17.15
He-+-H---CH,CCl3 5.07 4.43 4.56 5.44
Individual Channels of Other H Chloroethanes Reactions
H-+-H---CH,CHCl, 6.93 6.49 6.47 7.25
He++H---CCLLCH3 26.17 26.90 26.30 29.92
H+++H-:-«CHCICHC} 22.29 21.58 21.25 23.42
He+++H---CCLCH,CI 29.99 28.86 28.18 31.49
H---H---CHCICCk 15.08 17.74
H-++H---CCl,CHCl, 26.35 30.63
H--H---C,Cls 23.96 28.17
Cl-Abstraction Channel\H°(H++-Cl-+-R+CCl;=H-+-Cl+--CClL+RCI)/kJ moi™*
Individual Channels of Reactions-®
H+++Cl-+-CHjs -17.71 —-17.99 —16.00 —16.78
He+-Cl-+-CH,CI —12.93 —-12.81 —-11.50 —-12.27
H-:-Cl-+-CHCl, —6.74 —6.61 -5.93 —6.35
He++-Cl+++C;Hs —-15.34 —15.54 —13.86 —14.92
H-+-Cl-+-CH,CH,CI —15.53 —-15.69 —-14.12 —15.27
He++-Cl+--CCl,CHs —3.52 —3.50 —-3.22 —3.54
Individual Channels of Other H- Chloroethanes Reactions
H-+-Cl---CHCICH; -9.94 —-9.89 -9.78 -9.01
He++-Cl++*CH,CHCl, —-10.11 —10.16 —9.89 —8.48
He+-Cl-+-CHCICH,CI —3.83 —3.59 —4.05 —-2.82
He+-Cl-+-CH,CCl; —15.05 —14.00
H-+-Cl---CCLCH,CI —3.86 —4.26
He++-Cl++*CHCICHCL, —8.79 —7.95
H---Cl---CHCICCk —8.77
H---Cl---CCLCHCl, —2.36
H-+-Cl-+-C,Cls —2.32

2The H-++H--R (or H---Cl-+-R) transition state for which isodesmic reaction 10 (or 11) is considérEide PMP4(SDTQ)/6-31%+G(3df,2p)//
UMP2/6-311G(2d,2p) method.The QCISD(T)/6-31%+G(3df,2p)(estimated)//UMP2/6-311G(2d,2p) method where the QCISD(T)/~8G(3df,2p)
energy is estimated via formula H.The QCISD(T)/6-31%+G(3df,2pd)(estimated)//BH&HLYP/6-311G(d,p) method where the QCISD(T)/6-
311++G(3df,2pd) energy is estimated via formulad9The PMP2/6-31%+G(3df,2pd)//BH&HLYP/6-311G(d,p) method.

above four quantum chemical methods (zero-point vibrational available, isodesmic reactions of the types
energy included). Third, the rate constants of the H- and the

Cl-abstraction channels were calculated using the same transition R+ CH,=RH+ CH, (12)
state theory based approach used for reactions 1 and 2 and
multiplied by the preexponential correction factbs; andFa c; R + CHyCl = RCI + CH, (13)

obtained for the H-abstraction and the Cl-abstraction processes
from modeling reactions 1 and 2. Rates of H- and Cl-abstraction were used. Reactions of types 12 and 13 were used to evaluate
channels were added to obtain the overall rate constants ofthe enthalpies of the H- and Cl-abstraction channels, respec-
reactions 3-9. tively. For species with internal rotations (torsions), the partition
The first step, the adjustment of the barrier heights and functions of these degrees of freedom were calculated using
determination of theFan and Fac preexponential correc-  the Pitzer-Gwinn approximatiort® The reduced moments of
tion factors was performed twice, using both the UMP2/6- inertia of internal rotations were calculated using the formulas
311G(2d,2p) and the BH&HLYP/6-311G(d,p) geometries and of refs 56 and 57. Torsional barrieXg were estimated from
frequencies. The second and the third steps, i.e., calculation ofthe values of the associated torsional frequenciesa the
the energy barriers and the rate constants for reactier®s 3 ~ formula (w)? = n?BV,, whereB is the rotational constant and
were performed four times, using the four quantum chemical nis the number of torsional minima. Energies, frequencies, and
methods described above. The use of the unsymmetrical Eckarigeometries of the lowest energy torsional conformations were
formula for the tunneling correction requires the knowledge of used for all species with internal rotational degrees of freedom.
the 0 K reaction enthalpy, even though the rate constants haveln calculations of the rate constants, a reaction path degeneracy
only minor sensitivity to this parameter. Experimental val- value of 2 (due to optical isomerism in the transition s&#te&9)
uegs46-55 of the heats of formation of the reactants and radical was used for the reaction channels H C;HsCl — Hy +
products were used for those reactions for which this information CHCICH; and H+ CH,CICH,Cl — H; + CHCICH.CI.
is available. For those reaction channels for which the experi-  The fitted values of the energy barrier heights for the reference
mental thermochemical data on the radical products R is not reactions 1 and 2 and the derivéd 4 and Fa ¢ factors are
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TABLE 3: Energy Barrier Heights ( Eg) of the Individual Reaction Channels of Abstraction of H and Cl Atoms Obtained via
the Formalism of Isodesmic Reactions
transition stat® PMP4//UMP2 QCISD(T)//UMP2Z2 QCISD(T)//BH&HLYPY PMP2//[BH&HLYP?
H-abstraction Channel&ykJ mol?
Individual Channels of Reactions-3

He++H-+-CH,CI 39.91 40.01 40.37 38.92
H++-H---CHCl, 30.09 30.69 31.54 28.63
He+-H---CCl; 21.14 22.54 23.72 19.52
H-++H---C;Hs 37.34 37.55 37.83 37.11
He++H-+-CH,CH,CI 43.24 43.47 43.65 43.07
He++H:-:CHCICHs; 29.99 30.46 30.90 28.64
He+++H-+:CHCICH.CI 35.24 35.88 36.36 33.68
He-+-H---CH,CCl3 45.58 46.22 46.28 45.40
Individual Channels of Other H Chloroethanes Reactions
H+++H---CH,CHCl, 43.72 44.16 44.36 43.59
He++-H---CCLLCH3 24.48 23.75 24.54 20.92
H+++H-:-:CHCICHC} 28.36 29.07 29.58 27.42
He++-H---CCLCH,CI 20.66 21.79 22.66 19.34
H+++H-:-«CHCICCk 35.76 33.10
H-++H---CCI,.CHCl, 24.48 20.21
H--+H---C,Cls 26.87 22.66
Cl-abstraction ChannelE&ykJ mol?
Individual Channels of Reactions-®
H+++Cl-+-CHjs 42.19 42.47 38.76 39.54
He+-Cl-+-CH,CI 37.41 37.29 34.26 35.03
H+-+Cl--«CHCl, 31.22 31.09 28.69 29.11
He+-Cl+++C;Hs 39.82 40.02 36.62 37.68
H-+-Cl-+-CH,CH.CI 40.01 40.17 36.88 38.03
He+-Cl+--CClL,CHs 28.00 27.98 25.98 26.30
Individual Channels of other H- Chloroethanes Reactions
He-+-Cl-+-CHCICH; 34.42 34.37 31.77 32.54
He++-Cl++*CH,CHCl, 34.60 34.65 31.24 32.65
He+-Cl-+-CHCICH,CI 28.31 28.07 25.58 26.81
He+-Cl-+«CH,CCl; 36.76 37.81
H-+-Cl---CCLCH,CI 26.62 27.02
He+-Cl++*CHCICHCL 30.71 31.55
H---Cl---CHCICCk 31.53
H---Cl---CCLCHCl, 25.12
H-+-Cl-+-C,Cls 25.08

2The H-++H--:R (or H-+-Cl--*R) transition state for the particular reaction channel considérgde PMP4(SDTQ)/6-31%+G(3df,2p)//lUMP2/
6-311G(2d,2p) method.The QCISD(T)/6-311+G(3df,2p)(estimated)//UMP2/6-311G(2d,2p) method where the QCISD(T)/6~-3G(3df,2p)
energy is estimated via formula H.The QCISD(T)/6-31%+G(3df,2pd)(estimated)//BH&HLYP/6-311G(d,p) method where the QCISD(T)/6-
311++G(3df,2pd) energy is estimated via formula9The PMP2/6-31%+G(3df,2pd)//BH&HLYP/6-311G(d,p) method.

listed in Table 1. The valued 0 K enthalpies of the isodesmic  predicted rate constants, thus demonstrating convergence of the
reactions and the resultant energy barrier heights of the technique with respect to the particular computational methods
individual channels of reactions-® are presented in Tables 2 used. The only exception to this agreement between the methods
and 3, respectively. Parameters of the modified Arrhenius is reaction 5 for which the PMP2/6-331G(3df,2pd)//
expressions resulting from the calculated temperature depend-BH&HLYP/6-311G(d,p) method shows poorer agreement with
ences of the rate constants obtained using the PMP4(SDTQ)/the experiment and rate constants differing from those of the
6-311++G(3df,2p)//UMP2/6-311G(2d,2p) and the QCISD(T)/ other three methods by up to a factor of 2. The average abso-
6-31H-+G(3df,2pd)(estimated)//BH&HLYP/6-311G(d,p) methods  lute deviations of the calculated rate constants of reactier®s 3
are given in Tables 4 and 5. Detailed information on the results from the experimental values are 19% for the two methods that
of quantum chemical and rate calculations is presented in theuse UMP2/6-311G(2d,2p) optimized geometries and vibra-
Supporting Information: optimized geometrical configurations tional frequencies with PMP4(SDTQ)/6-3t#G(3df,2p)
(Table 1S); energy values obtained using different computationaland estimated QCISD(T)/6-31H-G(3df,2pd) energies,
methods (Table 2S); vibrational frequencies, moments of inertia, 17% for the QCISD(T)/6-31t+G(3df,2pd)(estimated)//
and barrier widths associated with individual transition states BH&HLYP/6-311G(d,p) approach, and 24% for the PMP2/
(Table 3S) 0 K reaction enthalpies of individual reaction 6-311++G(3df,2pd)//BH&HLYP/6-311G(d,p) approach.
channels (Table 4S); and parameters of the rate expressions for Predictive Calculations of the Rate Constants of Othe#H
individual reverse reaction channels (Table 5S). Chloroethane Ractiong.he agreement between the experimen-
Figures 3 and 4 demonstrate the results of calculations in tal rate constants of reactions-8 and those calculated via the
comparison with the experimental data. As can be seen from method based on the use of isodesmic reactions for transition
the plots, the agreement with the experiment is very good for states demonstrates that this method is generally applicable to
all reactions and all computational methods with the exception reactions of the Ht- chloroalkane type and that, most likely,
of the PMP2/6-311+G(3df,2pd)//BH&HLYP/6-311G(d,p) high accuracy can be expected of the calculated rate constants.
results for the H+ CHCI; reaction (reaction 5). All four Therefore, the isodesmic reactions approach was used further
computational approaches resulted in similar values of the to calculate thé(T) dependences for the remaining 16 individual
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TABLE 4: Temperature Dependences k = AT" exp(—E/T)) of the Rate Constants of Individual Channels Obtained Using the
Method of Isodesmic Reactions with the PMP4(SDTQ)/6-31t+G(3df,2p)//UMP2/6-311G(2d,2p) Energies

200—-400K 400-3000 K
reactants products AP n Ec AP n E
Individual Channels of Reactions-3
H+ CH, H, + CHy? 2.22x 10758 14.007 225 2.00< 1078 2.362 4567
H + CHsCl H, + CH.CI 2.17x 1075t 13.215 —980 8.23x 10719 2.416 3198
2.58x 105t 9.78x 10°1°
HCI + CH3 5.12x 10747 11.821 445 2.06¢ 1017 1.958 4124
6.09x 104 2.45x 107
H + CH,Cl, H, + CHCI, 4,97 x 10740 9.359 —647 8.46x 10710 2.347 2137
5.42x 10740 9.22x 10°1°
HCI + CH.CI 7.34x 10743 10.514 301 6.0% 107 1.889 3545
8.00x 10743 6.62x 1017
H + CHCl; H, + CCl; 5.35x 1073 5.939 —256 1.06x 1078 2.218 1252
HCI + CHCl, 4.07x 10736 8.334 383 1.73< 10716 1.813 2865
H+ CCly HCI + CClg? 2.88x 1072 6.128 464 5.16< 10716 1.734 2163
H + C;Hs H, + C;Hs 3.00x 104 11.356 —370 9.48x 10718 2.214 3093
2.64x 1074 8.34x 10718
H + C,HsCl H, + CH,CH,CI 8.15x 10752 13.443 —378 3.20x 10718 2.27 3840
8.55x 10752 3.36x 10718
H, + CHCICH 3 2.13x 1073 9.211 —455 3.06x 10718 2.208 2284
2.23x 10°% 3.22x 10718
HCI + CHs 1.23x 104 10.695 596 5.76« 10717 1.811 3910
1.29x 10743 5.98x 1017
H + CH,CICH,CI H,+CHCICH ,CI 1.59x 104 11.003 —517 3.05x 10718 2.284 2837
2.19x 10+ 4.20x 10718
HCI + CH,CH,CI 1.06 x 104 11.153 428 1.0 10716 1.835 3922
1.46x 10+ 1.42x 10716
H + CH3CClg H, + CH,CCl; 2.55x 10730 12.933 111 2.96< 10718 2.28 4168
3.61x 1075 420x 10718
HCI + CCI,CH3 3.57x 1073 7.357 368 2.9 10716 1.747 2529
5.05x 10738 4.13x 10716
Individual Channels of Other H Chloroethanes Reactions
H + CH3CHCl, Hz + CH,CHCl, 1.27 x 10750 13.05 —162 3.91x 10718 2.252 3935
H, + CCI,CH3 7.60x 10732 6.575 —331 1.68x 10718 2.181 1453
HCI + CHCICH; 4.30x 10740 9.589 276 1.1 10716 1.806 3226
H + CH,CICHCI, H, + CHCICHCL 7.87x 10738 8.691 —451 2.42x 10718 2.257 2115
H, + CCLCH.CI 1.17x 102 5.881 —195 2.27x 10718 2.166 1321
HCI + CH,CHCl, 3.98x 10740 9.554 391 6.23< 1077 1.851 3334
HCI+CHCICH.CI 7.82x 103 7.535 360 2.01x 10716 1.765 2600

aProducts of the dominant channel (where such can be identified) are shown in bold font. For the reactions studied experimentally, dominant
channels are identified in the experimental temperature raRy&sues given in italics are for the preexponential factor adjusted to agree with the
experimentak(T) dependence (see subsection 111.3). Units aré emlecule® s ¢In the units of Kelvin.? Reference reactions.

channels of other reactions of the-Hchloroethane class for  respectively. Parameters of the modified Arrhenius expressions
which no experimental data are available. The general compu-resulting from the calculated temperature dependences of the
tational approach used is identical to that used for reactiei®s 3  rate constants are given in Tables 4 and 5. Detailed data are
Because the large numbers of Cl atoms involved impose presented in the Supporting Information.
limitations due to the required computational resources, only ) )
two methods (out of the four used for reactions® were used. ~ !l. Discussion
In the first method, applied only to the reaction channels  |II.1. Method of Isodesmic Reactions for Transition States.
involving not more than three Cl atoms, the UMP2/6- Although the formalism of isodesmic reactions is widely used
311G(2d,2p) optimized geometries and frequencies with the for evaluation of reaction enthalpies and heats of formation of
PMP4(SDTQ)/6-31%++G(3df,2p) energies were used. In the chemical species, it has not seen an extensive application in
second method, the BH&HLYP/6-311G(d,p) optimized geom- assessing the properties of the transition states. The approach
etries and frequencies were used with the QCISD(T)/6- of isodesmic reactions used in this work is equivalent to a direct
311++G(3df,2pd) single-point energies estimated via formula comparison of the absolute values of the energy barriers for a
Il. For the two reaction channels involving the largest number series of cognate reactions calculated at the same level of
of Cl atoms, due to the limitations of the computer resources, quantum chemical theory. This equivalence can be seen by
the lower level PMP2/6-31#+G(3df,2pd) single-point energies  formally adding an H atom to both sides of chemical egs 10
were used instead of the QCISD(T)/6-31-+G(3df,2pd) ones.  and 11. Then it can be seen thaeth K enthalpy (energy)
Isodesmic reactions of types 12 and 13 were used to evaluatechange in, for example, isodesmic reaction 10 is equal to the
the reaction enthalpies for the reactions for which no experi- difference between 0 K enthalpies of the H- RH = H--+
mental thermochemical data on the radical products are avail-H---R and the H+ CH, = H---H---CHjz formal reactions, or
able. the difference in the energy barriers of thetHRH — H, + R

The values 60 K enthalpies of the isodesmic reactions of and the H+ CH; — H, + CHjs reactions. In this latter form,
the types 10 and 11 and of the energy barrier heights of thethat of the comparison between energy barriers of similar
individual reaction channels are presented in Tables 2 and 3,reactions, the isodesmic reaction formalism is sometimes applied
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TABLE 5: Temperature Dependences k = AT" exp(—E/T)) of the Rate Constants of Individual Channels Obtained Using the
Method of Isodesmic Reactions with the QCISD(T)/6-311+G(3df,2pd)(estimated)//BH&HLYP/6-311G(d,p) Energies

200—-400K 400-3000 K
reactants products AP n E AP n E
Individual Channels of Reactions-3
H -+ CH, H, + CHy¢ 1.65x 1074 14.374 54 1.5% 10718 2.392 4533
H + CHsCl H, + CH.CI 1.84x 1031 13.242 —914 7.68x 10719 2.419 3243
HCIl + CHs 1.63x 10734 7.648 1763 3.6% 1017 1.872 3939
H + CH,Cl, H, + CHCI, 7.75x 1042 9.933 —783 5.23x 10719 2.395 2216
HCI + CH.CI 2.37x 103 6.692 1581 1.24 10716 1.796 3431
H -+ CHCl; H, + CClh 8.99x 1073 6.823 -428 5.0% 10°%° 2.293 1410
8.01x 10738 453x 10°1°
HCI + CHCl, 4.01x 1028 5.686 1302 3.1k 10716 1.737 2810
3.57x 10728 2.77x 10716
H -+ CCly HCI + CCl¢ 1.56x 10724 4.555 1049 7.48 10716 1.677 2164
H + CoHs Hz 4+ CoHs 4.42x 10746 11.622 -452 6.63 10718 2.257 3099
H + C,HsClI Hz + CH,CH.CI 1.29x 1074 12.732 29 3.71x 10718 2.25 3931
H, + CHCICH 4.52x 10740 9.428 -428 2.13< 1018 2.246 2358
HCI + CHs 2.52x 1070 6.261 2072 1.20< 10716 1.711 3791
H + CH,CICH.CI H,+CHCICH .ClI 2.46x 10746 11.585 -671 1.73% 1078 2.348 2886
HCI + CH,CH.CI 1.06x 10732 7.154 1741 1.8% 10716 1.754 3783
H + CH3CCls H, + CH,CCl3 1.95x 10730 12.979 221 2.55 10718 2.292 4243
HCI + CCI,CH3 3.50x 1026 5.052 1244 5.6k 10716 1.668 2551
Individual Channels of Other H Chloroethanes Reactions
H -+ CH3CHCl, H, + CH,CHCl, 4.52x 107°% 12.874 29 3.68< 10718 2.253 4017
H, + CCLCH; 1.26x 1073 7.151 —353 1.14x 10718 2.217 1624
HCIl + CHCICH; 2.86x 10740 9.590 276 7.40< 1077 1.806 3226
H + CH,CICHCI, H, + CHCICHCL 9.44x 1040 9.266 —760 8.56x 10719 2.368 2049
H, + CCLCH.CI 6.40 x 10732 6.575 -442 8.08« 10°%° 2.274 1343
HCI + CH,CHCl, 1.78x 10731 6.671 1251 1.08 10716 1.768 3148
HCIl + CHCICH.CI 6.87 x 10728 5.565 974 3.1% 10716 1.704 2488
H + CH,CICCl H, + CHCICCk 9.56 x 10746 11.279 -577 7.48 10710 2.357 2852
HCIl + CH,CCl; 5.00x 10732 6.857 1876 8.04 1077 1.800 3791
HCI + CCL,CH.CI 9.22x 10°% 5.245 1237 4.56< 10716 1.696 2600
H+CHCIL,CHCl, H, + CCLCHCl, 4.63x 1033 6.965 —500 1.73x 10719 2.484 1285
HCI + CHCICHCL 6.95x 102 5.988 1444 4.3 10716 1.738 3062
H + CHCI,CClg H, 4+ C.Cls 2.89x 10736 7.982 —478 4.62x 10719 2.302 1784
HCI + CHCICCk 5.84x 10730 6.252 1441 1.9% 10716 1.755 3147
HCIl + CCLCHCI, 6.38x 10726 4971 1168 490 10716 1.691 2430
H + C.Clg HCI + C,Cls 2.52x 10 4.880 1209 1.0% 10715 1.692 2434

a Products of the dominant channel (where such can be identified) are shown in bold font. For the reactions studied experimentally, dominant
channels are identified in the experimental temperature rafy&gues given in italics are for the preexponential factor adjusted to agree with the
experimentak(T) dependence (see subsection 111.3). Units aré omlecule’ s™%. ¢In the units of Kelvin.¢ Reference reactions.

for estimation of reaction barriers, and the term “isodesmic It is interesting to note that the approach used in the current
reaction” has been applied to such calculations in at least onework for the evaluation of the preexponential, or “entropic”
instanceé®! In one example, Truong proposed an approach for factors, can also be understood as being based on determining
the rapid estimation of thermal rate constants for large numberschanges of a thermodynamic function (entropy) in isodesmic
of similar reaction$? Rates of a given reaction in a class are reactions. If the preexponential factors are considered as being
estimated relative to those of a “principal reaction” of the same proportional to expS/R), where ASF is the entropy differ-
class using computed differences in the energy barriers. In thisence between the transition state and the reactants, then apply-
approach®? further simplifications include an assumption of the ing the preexponential correction factoFs to calculated
invariability of the tunneling imaginary frequency and the use rate constants is equivalent to determining the experimargal

of a constant value for the ratio of the vibrational partition for the reference reactionASH(reference,experimentaly
functions for the reaction in question and the principal reaction AS¥(reference,calculated) R In(Fa)) and then obtaining the
within the reaction class. Nevertheless, the author is unawareAS' values for other reactions via calculated entropies of
of any systematic study that would evaluate the performance isodesmic reactions.

of isodesmic reactions for calculating the properties of transition  [11.2. Accuracy of the Method of Isodesmic Reactions.
states. One reason for the lack of such studies is the difficulty Figures 3 and 4 demonstrate a remarkable agreement between
of assessing the transition state properties from the experimentathe calculatedk(T) dependences of reactions-8 and the
point of view. Energy barriers cannot be measured directly and experimental temperature dependences. One exception is reac-
are only obtained from computational modeling of experimental tion 5, H4+ CHCIs, for which the lowest level quantum chemical
reaction rates. As already discussed above (subsection 11.2), jusinethod out of the four used, PMP2/6-31+G(3df,2pd)//

as the uncertainties due to imperfections of quantum chemical BH&HLYP/6-311G(d,p), shows poorer agreement with the
theory are expected to largely cancel out when isodesmic experiment. The average deviations of the calculated rate
reactions are used for energy calculations, those due to theconstants of reactions-® from the experimental values are
intrinsic flaws of the rate theory can also be expected to, at 17—24% for the four methods used in this work. Reaction-
least partially, counterbalance each other when the same methodpecific average deviations range from 4% to 72%, with the
is used for the reference reaction and the reaction being studiedmaximum values obtained using the PMP2/6-8315(3df,2pd)//
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Figure 3. Results of modeling of reactions-3 (lines) with the method
based on the use of isodesmic reactions for transition states and

1 I 1
experimental data on the reference reactions 1 and 2, as described in 15 20 25

the text. Symbols display experimental values of the rate constants. 1000 K/ T
All experimental data are from ref 15 except for theHHCH, reaction, . . . . .

where the results of ref 18 (open circles) and ref 17 (open squares, Figure 4. Results of modeling of reactions-8 (lines) with the method
rates of the Chi+ H, reaction converted to tHéH+CH,) values) are based on the use of isodesmic reactions for transition states and
also displayed. Lines represent the results of the computational modeling€XPerimental data on the reference reactions 1 and 2, as described in
with different line styles corresponding to different levels of quantum ~the text. Symbols display experimental values of the rate constants.
chemical theory used: PMP4(SDTQ)/6-31-+G(3df,2p)//UMP2/6- All experimental data are from ref 16 except for thetHCoHs reaction,
311G(2d,2p) (solid lines); QCISD(T)/6-33HG(3df,2p)(estimated)// where the results of ref 19 (open circles) are also displayed. Lines
UMP2/6-311G(2d,2p) (dashed lines); QCISD(T)/6-33G (3df,2pd)- represent the results of the computational modeling with different line
(estimated)//BH&HLYP/6-311G(d,p) (dashed-and-dotted lines); PMP2/ styles corresponding to different levels of quantum chemical th_eory
6-311+-+G(3df,2pd)//BH&HLYP/6-311G(d,p) (dotted lines). For the ~ used: PMP4(SDTQ)/6-311+G(3df,2p)//UMP2/6-311G(2d,2p) (solid

reference reactions 1 and 2, solid lines represenk(edependences  lines); QCISD(T)/6-31F +G(3df,2p)(estimated)//UMP2/6-311G(2d,2p)
resulting from the models fitted to the experimental data. (dashed lines); QCISD(T)/6-3%1+G(3df,2pd)(estimated)//BH&HLYP/

6-311G(d,p) (dashed-and-dotted lines); PMP2/6-31G(3df,2pd)//

. BH&HLYP/6-311G(d,p) (dotted lines). Rate constants of the reactions
BH&HLYP/6-311G(d,p) method for reaction 5. Among the of H with C,HsCl and CHCICH,CI are multiplied by factors of 40

three higher level methods using the PMP4 and QCISD(T) and 500, respectively, to avoid plot congestion.
energies, the deviations are smaller with the maximum reaction-
specific average deviation of 36% obtained for reaction 5 using  Nevertheless, the approach based on the use of isodesmic
the PMP4(SDTQ)/6-3t+G(3df,2p)//UMP2/6-311G(2d,2p)  reactions for the transition states results in significantly better
method. agreement with experiment compared to what would result from
Although comparison with the experimental data seems to a direct use of the results of quantum chemical calculations
indicate high accuracy of the computational approach, consid- obtained at the same levels of theory. For the purpose of
eration of the rates of individual channels results in a less analysis, it is reasonable to compare such directly obtained
optimistic assessment of the expected accuracy of the tech-barriers with those resulting from the isodesmic reactions
nigue. Table 6 shows the differences between the reactionapproach at the PMP4(SDTQ)/6-3%1+G(3df,2p)//UMP2/6-
barriers obtained with different quantum chemical methods used 311G(2d,2p) level of quantum chemistry because this latter
for isodesmic reaction calculations (columns with thE&, method yields good agreement with the experimental rate
heading). The differences (all relative to the PMP4(SDTQ)/6- constant values. The differences between the valuegyof
311++G(3df,2p)//UMP2/6-311G(2d,2p) method), averaging in obtained directly at each of the levels of quantum chemistry
absolute values 1.30 kJ md| exceed 3 kJ mol in some and the results of the isodesmic reactions approach (Table 6,
instances. An uncertainty of 3 kJ mélin the energy barrier ~ columns with theAE, headings) are large compared to the
translates into a factor of 2 in the rate constant at 500 K. Thesedifferences in the values & obtained via different isodesmic
differences in the energy barrier are reflected in the differences reaction-based methods, exceeding in some instances 12 kJ
in the values of the H-to-Cl branching ratios for the different mol~1. Even if only the three higher level methods are
abstraction channels, as shown in Table 7, which lists theseconsidered (without PMP2/6-33HG(3df,2pd)//BH&HLYP/
branching ratios for reactions-®% and 79. As can be seen  6-311G(d,p)), the differences are still as large as 9 kJ ol
from the data, the differences between the values obtained withOne interesting exception worth noting is that the PMP4(SDTQ)/
different isodesmic reaction methods reach a factor of 2 in 6-311++G(3df,2p)//UMP2/6-311G(2d,2p) direct barrier calcu-
several cases and more than a factor of 3 in the worst case oflations predict the barriers for the Cl atom abstraction channels
reaction 5. Compared to these differences, the much betterremarkably well for reactions 2 and 9. (This can be meaningfully
agreement achieved for the overall reaction rates (Figures 3 andasserted because Cl abstraction is dominant for these reactions.)
4), means that, for reactions-8, dominant reaction channels It should also be noted that direct use of vibrational frequencies
are described better. Also, for some of the reactions consideredobtained in the quantum chemical calculations results in an
changes from one method to another in the barrier of one overestimation of the preexponential factors by approximately
channel are partially compensated by opposite changes in thea factor of 2 (see Table 1, values Bf). Thus, it can be
barrier of the other channel. Both of these effects are, most concluded that the computational approach based on the use of
likely, fortuitous and cannot be counted upon when these isodesmic reactions for transition states provides a significantly
methods are used for predictive purposes. better tool for evaluating the rate constants of the reactions of
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TABLE 6: Differences between the Energy Barrier Heights Eq) Obtained Using Different Computational Methods (with and
without the Use of Isodesmic Reactions) and the Values & Obtained via Isodesmic Reactions at the PMP4(SDTQ)/
6-311++G(3df,2p)//lUMP2/6-311G(2d,2p) Level

PMP4//UMP2 QCISD(T)//UMP2Z2 QCISD(T)//BH&HLYPH PMP2//BH&HLYP®
transition state AE|f AE;9 AE|f AE,9 AE|f AE,9 AE|f AE;9
H-Abstraction Channels
Individual Channels of Reactions 1 ane¢t3
H---H---CH;3 8.01 2.4 —0.99 6.4
He+-H-+-CH,CI 0.00 6.51 0.10 8.53 0.46 5.66 —0.99 11.68
H++-H---CHCl, 0.00 6.51 0.60 9.03 1.45 6.66 —1.45 11.21
He+-H---CCl3 0.00 6.51 1.39 9.82 2.58 7.78 —1.62 11.04
He++H-+-C;Hs 0.00 6.51 0.21 8.63 0.49 5.69 -0.23 12.44
He++H-+-CH,CH,CI 0.00 6.51 0.23 8.65 0.42 5.62 —0.16 12.50
He+++H--:CHCICH; 0.00 6.51 0.47 8.90 0.92 6.12 -1.34 11.32
H+++H---CHCICH.CI 0.00 6.51 0.64 9.07 1.12 6.32 -1.55 11.11
He++-H---CH,CCl3 0.00 6.51 0.64 9.06 0.70 5.90 -0.18 12.48
Individual Channels of Other H Chloroethanes Reactions
H-+-H-+-CH,CHCl, 0.00 6.51 0.43 8.86 0.64 5.84 -0.14 12.53
He++-H---CClL,CH3 0.00 6.51 -0.73 7.69 0.06 5.26 —3.56 9.10
H:--H---CHCICHC} 0.00 6.51 0.70 9.12 1.22 6.42 —0.95 11.72
He+++H---CCLCH,CI 0.00 6.51 1.14 9.56 2.00 7.20 —-1.31 11.35
Cl-Abstraction Channels
Individual Channels of Reactions-®
He++-Cl-+-CHj3 0.00 -0.19 0.28 4.49 —3.43 1.54 —2.65 3.46
H---Cl---CH,CI 0.00 —0.19 —-0.12 4.09 —3.15 1.82 —2.38 3.73
He+-Cl-+--CHCl, 0.00 -0.19 -0.13 4.08 —2.53 2.44 —-2.11 3.99
H---Cl---CCl; -0.19 4210 497 6.11
He++-Cl+++CyHs 0.00 —-0.19 0.20 4.42 —3.20 1.77 —2.14 3.97
H-+-Cl-+-CH,CH,CI 0.00 -0.19 0.16 4.37 -3.13 1.84 —1.98 4.13
He+-Cl++-CCl,CHs 0.00 -0.19 —0.02 4.19 —2.02 2.95 —1.70 4.40
Individual Channels of Other H- Chloroethanes Reactions

H++-Cl-+-CHCICH; 0.00 -0.19 —0.04 417 —2.65 2.32 —1.88 4.23
H+++Cl-+«CH,CHCl, 0.00 -0.19 0.05 4.26 —3.36 1.61 —1.95 4.16
He+-Cl-+-CHCICH,CI 0.00 -0.19 —0.24 3.97 —2.74 2.23 —1.50 4.61

aThe H-+H--*R (or H---Cl--*R) transition state for the particular reaction channel considérEde PMP4(SDTQ)/6-31+G(3df,2p)//lUMP2/
6-311G(2d,2p) method.The QCISD(T)/6-311+G(3df,2p)(estimated)//UMP2/6-311G(2d,2p) method where the QCISD(T)/6~-3G(3df,2p)
energy is estimated via formula H.The QCISD(T)/6-31%+G(3df,2pd)(estimated)/BH&HLYP/6-311G(d,p) method where the QCISD(T)/6-
3114++G(3df,2pd) energy is estimated via formuladThe PMP2/6-31++G(3df,2pd)//BH&HLYP/6-311G(d,p) methodAE; is the difference
between thé, value obtained via isodesmic reactions at two levels, the current one (see column heading) and the PMP4(SDFQR3RIE,2p)//
UMP2/6-311G(2d,2p) level. ZPE is includetAE;, is the difference between th& values obtained directly at the current (see column heading)
level of quantum chemistry (not with the isodesmic reactions approach) and the PMP4(SDTQy6G@Uf,2p)//UMP2/6-311G(2d,2p)-level
barrier resulting from the isodesmic reactions approach. ZPE is incliidkent.the reference reactions 1 and 2, the differences are given between
the Eg values obtained at the current (see column heading) level of quantum chemistry and those obtained from fitting the experimental data using
geometries and vibrational frequencies obtained at the same level of theory (UMP2/6-311G(2d,2p) and BH&HLYP/6-311G(d,p)).

TABLE 7: Calculated Branching Ratios? of H- and Cl-Abstraction Channels of Reactions 3-5 and 7—-9 at the Extremes of the
Experimental Temperature Ranges

overall reaction TIK PMP4//UMP2 QCISD(T)//UMP2 QCISD(T)//BH&HLYP? PMP2//BH&HLYP
H + CHCI 3) 586 3.58 3.71 2.20 3.41
839 2.63 2.70 1.89 2.58
H + CH.Cl, (4 491 4.18 3.55 2.04 2.49
787 1.76 1.58 1.07 1.21
H + CHCl; (5) 417 3.39 2.31 1.37 437
854 0.62 0.51 0.36 0.67
H + C,H:Cl ) 483 18.04 (1.10) 16.99 (1.10) 9.38 (0.64) 20.32 (0.95)
826 5.50 (1.33) 5.30 (1.32) 3.65 (0.97) 5.82 (1.22)
H +CH,CICH,CI (8) 483 4.47 4.03 2.40 5.76
826 2.23 2.09 1.53 2.60
H + CHaCCl 9) 358 0.0026 0.0022 0.0017 0.0024
850 0.054 0.049 0.042 0.049

a2 The values of the branching ratio in the table are the ratios of the rate constant of the H-abstraction to that of the Cl-abstraction channels. All
rate constants are calculated using the approach of isodesmic reatfitiesPMP4(SDTQ)/6-311+G(3df,2p)//UMP2/6-311G(2d,2p) method.
¢The QCISD(T)/6-31%+G(3df,2p)(estimated)//UMP2/6-311G(2d,2p) method where the QCISD(T)/6~83T(3df,2p) energy is estimated via
formula II. ¢ The QCISD(T)/6-313%+G(3df,2pd)(estimated)//BH&HLYP/6-311G(d,p) method where the QCISD(T)/6+31G(3df,2pd) energy
is estimated via formula € The PMP2/6-31%+G(3df,2pd)//BH&HLYP/6-311G(d,p) methodValues for the abstraction of the-hydrogen are
given outside parentheses and for that of fHeydrogen inside parentheses.

H atoms with chlorinated alkanes than the direct use of The use of the BH&HLYP/6-311G(d,p) method for geometry
vibrational frequencies and energy barriers obtained at the sameoptimization, as discussed above, was motivated by the desire
levels of quantum chemical theory. to identify techniques that are less computationally expensive
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compared to those using the UMP2/6-311G(2d,2p)-level opti- parameters of the minor channels exceed those of the major
mization but still provide comparable agreement with the channels; an uncertainty ef2—4 kJ mol!in the corresponding
experiment. The BH&HLYP/6-311G(d,p) optimized geometries activation barriers can be expected, as discussed above (subsec-
differ significantly from those obtained at the UMP2/6- tion IIl.2).
311G(2d,2p) level and, generally, result in “earlier” transition For the other 16 reactions of H atoms with chloroethanes
states. For example, the values of the H distance obtained  considered in this work, data from Tables 4 and 5 can be used
for the H--H---CCl; transition state are 0.9135 and 0.9616 A (with the reservations regarding the uncertainties expressed
at the UMP2 and BH&HLYP levels, respectively. In a similar  above). Also, the reaction models created in the current study
example, the HCI distance obtained for ++Cl---CHs in the were used to evaluate the rate constants of the reverse reactions.
UMP2 calculations is 1.5811 A and that resulting from the These data are presented in the Supporting Information. The
BH&HLYP calculations is 1.661 A. Despite such differences uncertainties for the rate constants of the reverse reactions are
in the optimized structures, the isodesmic reaction approachegal’gel’ because of the uncertainties in the heats of formation of
that use the QCISD(T)/6-31#1+G(3df,2pd)(estimated) energies the radical products. For many of the reaction channels, due to
with the UMP2/6-311G(2d,2p)-level and the BH&HLYP/6- the absence of experimental datag th K enthalpies were
311G(d,p)-level geometries result in similar agreement with €stimated here through the isodesmic reactions approach (see
experiment. The PMP2/6-3%4G(3df,2pd)//BH&HLYP/6- Table 4S in the Supporting Information).
311G(d,p) method was used in a further attempt to reduce
computational costs while maintaining an acceptable level of V- Summary of the Method and the Results
accuracy. The agreement with the experimental data is somewhat Reactions of H atoms with methane, ethane, and chlorinated
worse for this method compared to the three higher level methanes and ethanes were studied by computational methods.
methods used. However, this lower level PMP2//[BH&HLYP |n the first part of the study, correlations between the energy
method may still be acceptable for some practical applications, barriers and reaction enthalpies were studied. Although a
considering that, when used within the framework of the Marcus-type correlation was observed for the reactions of H
isodesmic reactions approach, it gives better results than thewith chlorinated methanes at relatively low levels of quantum
direct use of the reaction barriers obtained from much more chemical theory, use of higher levels resulted in a deterioration
complicated and computationally expensive quantum chemical of the correlation. A much poorer correlation was observed for
calculations. It is also interesting to note that the use of the the reactions of H with chlorinated ethanes. It is concluded that
even lower level PMP2/6-3H1G(2d,2p) method for single-point  such correlation does not provide a good predictive tool for
energy computation with the BH&HLYP/6-311G(d,p)-optimized evaluating temperature dependences of the reaction rate con-
structures yielded differences in the barrier values (relative to stants for the considered class of reactions, i.e., reactions of H
the PMP4(SDTQ)/6-31t+G(3df,2p)//lUMP2/6-311G(2d,2p)  atoms with chlorinated alkanes.
method) that are similar to those obtained using the PMP2 In the main part of the study, an approach to estimating
method with the larger 6-311+G(3df,2pd) basis set, with the  reaction rate constants based on the use of isodesmic reactions
average absolute difference of 1.60 kJ ma@nd the maximum for transition states is described and applied. In this approach,
difference of 3.3 kJ mot. a reference reaction is selected for which highly accurate
11.3. Recommendations for the Temperature Depend- experimental data are available and thus the temperature
ences of the Rate Constants of Individual Reaction Channels. ~ dependence of the rate constant is well established. For this
Although the calculated overall rate constants of reactior@ 3 ~ r€action, a transition state theory model is created on the basis
agree with the experimental data remarkably well (Figures 3 Of quantum chemical calculations. The model is adjusted to
and 4), it stil desirable to eliminate the observed minor Provide a match with the experimental data by varying two
disagreements so that the modet¢B) dependences can be used Parameters: the barrier heighbrer and the preexponential
for practical purposes outside the experimental temperatureCOITeCtion factorFa. Then transition state theory models of a
ranges. For reactions 1, 2, and 6, there is no ambiguity in the Series of cognate reactions are produced on the basis of same-
assignment of channels. Therefore, the models created in refd€vel quantum chemical calculations. The energy barriers for
15 and 16 and fitted to reproduce the experimenid) these m_odels are obt_alned frqm the yaIuE@ﬁzEFand the 0K
dependences can be used. For reactionS and 79, both enthalpiesAHo®iso of isodesmic reactions of the type
channels of abstraction of H and Cl atoms are possible. All
isodesmic reaction-based methods reproduce the activation
energies of these overall reactions very well, with the exception
of reaction 5 (Figures 3 and 4). Thus, better agreement with where TS
experiment can be achieved by changing the preexponential :
factors alone. For this purpose, theany and the Fag
factors for reactions 35 and 79 were adjusted (for each
reaction, bothFa 4 andFa ¢ were scaled by the same factor)
to achieve agreement between the calculated and the experi
mental rate constants. The PMP4(SDTQ)/6-831G(3df,2p)//
UMP2/6-311G(2d,2p)-level method of isodesmic reactions Eo = Eg rer— AHg"1s0 15)
was used for reactions 3, 4, and-9; the QCISD(T)/6-
311++G(3df,2pd)(estimated)//BH&HLYP/6-311G(d,p) level The rate constants of the reactions from the series are calculated
was used for reaction 5. The result&(if) dependences based using the thus created models and corrected via multiplying by
on experiment and extrapolated through modeling are presenteche preexponential correction facteg. The energy evaluation
in Tables 4 and 5 (The adjusted preexponential factors are showrpart of the approach is equivalent to using the difference between
in italics.). It should be kept in mind when these results are the reaction barriers obtained at the same level of theory for a
used for practical purposes that the uncertainties in the rateseries of similar reactions.

TS+ reactants(REFF TS(REF)+ reactantst AH,°\sq
(14)

reactants, TS(REF), and reactants(REF) are the
transition states and reactants of the particular reaction from
the series and the reference reaction, respectivele®so
values are obtained in quantum chemical calculations. The
energy barriers for the reactions from the series are then
‘calculated as
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The described approach of isodesmic reactions for transition
states was applied to 30 channels of reactions of H atoms with

methane, ethane, and chlorinated methanes and ethanes. Reag,

tions of H atoms with Cliand CC}, (clear cases of H and ClI

Knyazev

(14) Ho, W. P.; Yu, Q.-R.; Bozzelli, J. WCombust. Sci. Techndl992
85, 23.
(15) Bryukov, M. G.; Slagle, I. R.; Knyazev, V. . Phys. Chem. A
01, 105, 3107.
(16) Bryukov, M. G.; Slagle, I. R.; Knyazev, V. 0. Phys. Chem. A

abstraction, respectively) were used as reference reactions. Raté001, 105 6900.

constants of all other reactions from the series were calculated

(17) Knyazev, V. D.; Bencsura, A.; Stoliarov, S. I.; Slagle, |.JRPhys.
Chem.1996 100, 11346.

using the isodesmic reactions approach. For the seven reactions  (1g)" sytherland, I. W.; Su, M.-C.; Michael, J. ¥at. J. Chem. Kinet.

for which directly obtained experimental data are available, the
resultant calculated temperature dependences of the overal
reaction rate constants demonstrate a remarkable agreement wit
experiment. Average deviations between calculations and
experiment are 1-724%, depending on the quantum chemical
method used. However, deviations for individual reactions are
larger and the variations between the reaction barriers of
individual channels obtained with different quantum chemical
methods, in some instances, exceed 3 kJ fdlevertheless,

the accuracy of the approach of isodesmic reactions for transition
states, when applied to the reactions studied in the current work,
is significantly better than that of the more conventional method

2001, 33, 669.
| (19) Jones, D.; Morgan, P. A.; Purnell, J. 8. Chem. Soc., Faraday
ﬁrans. 11977, 73, 1311.

(20) Marcus, R. AJ. Phys. Chem1968 72, 891.

(21) Foresman, J. B.; Frisch, A. Exploring Chemistry With Electronic
Structure Methods2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996.

(22) Becke, A. D.J. Chem. Phys1993 98, 1372.

(23) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

when quantum chemically generated barriers and properties ofOrtiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

transition states are used directly to compute reaction rate
constants.

Rate constants of all 30 reaction members of thet+H
chloromethane and H- chloroethane classes were calculated
as functions of temperature using the described approach.
Individual channels of H and Cl abstraction were quantitatively

characterized. Rate constants of the corresponding reverse%

reactions were also obtained.
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