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Reliable estimates of high-pressure-limit reaction rates as a function of temperature are essential for the
development of reaction sets that can be used to model complex chemical processes. As these reaction rates
depend primarily on the thermodynamic properties of the reactants and the corresponding transition state,
this work attempts to predict these properties within the framework of group additivity. Using ab initio
calculations at the CBS-Q level, with additional HF/6-31( f@btential energy surfaces (PES) to define the
hindrance potential for internal rotations, we calculate heats of formaNgir{®), entropies &%), and heat
capacity valuesQy(T)) of species involved in prototypical H abstraction reactions. From these, we derive
new group additivity values (GAV) for transition-state-specific moieties. The new GAV allow rapid calculation

of reaction rates for entire reaction families with good accuracy. This work presents a detailed description of
the methodology and has its focus on H abstraction from alkanes by H agdSDHsequent papers will

apply this methodology to derive GAV for other reaction families of interest in combustion processes.

Introduction storage space restrictions. Reactions of practical interest fre-
quently involve large reactants, and kinetic information for these
can only be estimated from model systems. Estimation rules
based on linear free energy relationship and other correlations
have been known for a long tin&:29 Although useful for
fcertain specific applications, these rate rules have severe
drawbacks and limitations such as thermodynamic inconsistency,
missing information about Arrhenius factors (A factor) or lack
of universality. Ranzi et &' showed that rate estimation rules
for abstraction reactions can be found based on a critical
evaluation of literature data. Unfortunately, kinetic information
for other reaction classes is too sparse to allow a similar
approach.

An adequate description of complex chemical reaction
systems found in industrial or environmental applications
requires large compilations of reactions. The number of reactions
in such mechanisms can easily reach up to 10 000, involving
about 1000 different species. Development and maintenance o
such big reaction sets is tedious, time-consuming, and prone to
errors. Thus, kineticists consider more and more the use of
computer-based tools which allow automated generation of
reaction mechanisnis13 Besides knowledge about all possible
reaction types, such software needs to “know” the rates of
individual reactions under the reaction conditions of the model.
Experimental reaction rates are used if possible, but it is very . I . L
difficult to derive reliable kinetic parameters over the entire As high-pressure-limit rate constants depict the kinetic

range of reaction conditions even when good experimental datatbheehr;al\lilr(())rrnozhseﬁiirgSng]n:ihcerrr]:)aleert(i]:! 'gfr 'tl;]r: "‘s(,)n:cii: a;n i?l?/lcgll\iléi(:tie
are available. The common procedure of extrapolating rate y prop P :

) ! :
parameters to the conditions of interest can lead to severe errorsBenSOﬁ showed that thermodynamic properties of stable

Alternative approaches are therefore needed. Species as \{vell as of radicql§ can be predicted on the basis of
High-pressure-limit rate constants can be calculated to a highthe assumption of group add_|t|V|ty. The appropriate group values
level of accuracy using statistical mechanics and molecular (GAV) are derived from sermiexper |ment_al (_:zlata. Bozzel!| ébal.
parameters computed from an appropriate level of quantum successfully demonstrated that first-principle calculations can
chemistry. Statistical transition state theory is now well estab- also bg used to.deduce GAV's for some classes of molecules,
lished exr;erimentall)“/‘} and its connection to exact quantum ]tor WS.IChl expelnmental merz?sur_emlerljts a:e n%t ?&SSIbLeb%AVI
scattering calculations is well understotdAlthough a few orradicals are 'ess comprenensively developed atthoug ea

have been found where the RRKM eraodicit moti nand Benson provide GAV for several alkyl and other free radical
cases have been fou ere tne ergodicity assumplion ., se 24 1y 1992, Coheff revised the group additivity differ-
breaks down, TST rates are believed to be reliable for the vast

ha . . . ~~"ence method of O’Neal and Benson. The HBI method intro-
majority of reactions of polyatomic molecules. Such reaction duced by Bozzelli and co-workéfsis essentially in line with

Cohen’s approach and provides improved prediction for ther-
%odynamic properties of radicals. Bader and Ba&flescently
provided the qguantum mechanical basis for the classic concept
of a functional group explaining why the group additivity
approach works so well for both static and field-induced

- molecular properties.
* Corresponding author.

t Present address: Chemical Engineering Department, Colorado School 1N @ series of papers, Cotférapplied the thermochemical
of Mines, 329 Alderson Hall, Golden, CO 80401. kinetics formulation of conventional transition state theory to

dependence of reactions in programs such as Chéfnolis
Multiwell.1” However, sophisticated ab initio calculations are
limited to relatively small molecules due to CPU time and
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metathesis reactions of H and OH with a series of alkanes toreactions of interest, we include the remaining ones to help us
extrapolate rate coefficients to temperature regimes outside theanalyze the reactions in terms of the group additivity concept.
range of experiments. The magnitude of activation energy is The remaining part of this paper is organized in the following
determined generally in this model by adjusting the TST way: First, we provide details of the calculations, including a
calculation to agree with the experimerkdR98) values, while description of the treatment of hindered rotors. Next, we
the entropy of activation is derived from the estimated structural compare calculated thermodynamic properties of stable mol-
and molecular properties of the activated complex. A central ecules as well as of radicals with literature values and predictions

assumption of his simplified model is that all primary and,

from group additivity. Having shown the reliability of the

similarly, all secondary and all tertiary H atoms could be treated calculations for reactants, we turn to the transition states. We

as equivalent. In other wordi, is the sum of site-specific
rate coefficientsZinyiki, where one sums either over primary,

calculate the thermodynamic properties of the reaction center,
which could be called a “supergroup”, as it contains several

secondary, or tertiary hydrogen atoms. In a subsequent #per, polyvalent atoms. Rate constants based on these supergroups
Cohen examined the reliability of such an additive formulation are shown to compare well with “exact” transition state
for the abstraction rate coefficient in light of the dependency calculations of individual reactions. This supports the idea of
of barrier height on next-nearest neighbors and of the depen-basing rate predictions on transferable group values. We discuss
dency of activation entropy on mass. He concluded that next possible ways to further subdivide the supergroups into groups
nearest-neighbor effects are so small as to be indiscerniblein line with Benson’s definition. Subsequently, we calculate
except where exceptionally good experimental data are available reaction rates from GAV and compare them with literature data.

In this work, we try to extend the concept of group additivity This gives an idea of the achievable accuracy of this approach
to predict the thermochemical properties of transition states usingwith the chosen methodology. We conclude with a discussion
guantum chemical calculations. The procedure is based on theof the general value of this rate prediction method and outline
idea that the reactive moiety remains nearly the same for all future projects based on this concept.
the reactions in a given class. Hence, the reactive moiety is
expected to have a constant and transferable contribution towardViethodology
the thermochemical properties of the transition state. Tréfong
used a similar assumption in his recent paper as a starting poin
for his reaction class transition state theory. However, his
approach toward reaction rate prediction is different from ours
in that he attempts to predict the thermal rate constant of any
other reaction in the class from that of the principal reaction
using two energetic properties, namely, the differential barrier
height and the reaction energy.

The main objectives of this work are to (1) establish a WhereAS andAH* are, respectively, the entropy and enthalpy
methodology for the calculation of thermodynamic properties differences between the transition state geometry and the
of transition states based on ab initio calculations, (2) extract 'eactantsyn is the molar volume at standard pressure (RJ[/P
GAV for “transition-state-specific” (reactive) moieties from andL is the reaction path degeneracy. Finally, we include the
these data, and (3) compare the computed reaction rates basefnneling correction factori(T), to account for quantum
on group add|t|v|ty with literature data. In this paper, we present mechanical tunneling contributions to reaction rates at low
a set of GAV suitable for intermolecular hydrogen abstraction temperaturesAH(T) and ST) for the reactants can easily be
rate predictions from hydrocarbons by H, gHand alkyl calculated with the group additivity valué£, $%, andCy-
radicals. We further demonstrate that the rates predicted by(T) given by Benson and co-workes¥ To develop similar
group additivity are typically accurate within about a factor of GAV for transition structures, we calculat¢, S, and G, for

The high-pressure rate constant of a reactiortAB —
tproducts can be calculated based on transition state theory using
the well-known formula

k(T) = L*K(T)vmk%T expAH(RT) expASTR) (1)

2 for all the reactions in a family.

prototypical transition states from ab initio calculations via

The following reactions are considered for the present study: relations from statistical thermodynamics assuming ideal gas

R—H + H* — R* + H,
R—H + CHz* —R* + CH,
H* + H,—H, + H*

C,Hs* + C,Hg— C,Hg + CoHg*
C,Hg* + CyHg — C,Hg + i-CoH,*
CHs* +i-C4Hyo— C,Hg + t-C,H*
i-CyH,* + CyHg — CyHg + i-CoH*
i-CyH,* + i-CjH;o— CyHg + t-C,Hg*
t-C,Hg* + i-CH;o— t-C,H, o+ t-C,Hg*

with R = CHs, CoHs, CaH7 (1-, 2-),n-CaHo (1-, 2-),i-CaHo (1-,
2-), n-CsHia (1-, 2-, 3-),i-C5H11 (1-, 2-, 3-, 4-), anch-CsHll.

behavior.

Calculation of Thermochemical Properties. The total
partition function Q, Of @any given molecule can be calculated
within the framework of the rigid-rotor-harmonic-oscillator
approximation

Qtot = QtransQrothierlec (2)

Quans= V(27Mkg T/N)*? (3)

Q= %(&2|m@T/h2)3’2 with I, = LL1,  (4)
Qup = [J@—e™N™ (5)

V is taken as the unit volume (1 & Textern is the external
symmetry number of the molecule, aid is the molecular
weight of the species. Molecular parameters needed for partition

The numbers within parentheses indicate the position of the function calculations are the three moments of inettidy, 1)
radical center. While the first two reaction sets describe the and the vibrational frequencies of the molecul@secis taken
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as the spin degeneracy of the species (without spin contamina- In the present work, partition functions for hindered rotations
tion) for all species investigated in this work. are calculated in a way very similar to that of Pitzer and Gwinn,
Torsional motions against low hindrances are treated as low- butV(¢) was computed numerically instead of assuming a pure
frequency vibrations in the harmonic oscillator model, thereby cosine potential. The reduced moments of inertia are calculated
introducing errors in the calculated entropy, heat capacity, andon the basis of Pitzer formulds3? which were recently
heat of formation values. These motions are better treated asreviewed by East et & Specifically, we use then= 2, n =
hindered internal rotations or, in the case of very small rotational 3 approximation in terms of East et al. It means that the moments
barriers, as free rotations. The classical partition function of a of the rotating groups are calculated with respect to an axis going

one-dimensional free internal rotor is given by through the center of mass of both rotating groups and the center
of mass of the entire molecule. The reduced moment of inertia
1 (8”3|irkBT)1/2 for rotation around this axis is approximateéds 1I = 1/, +
= — ——————— (6) 1/Ig, with 1. andIr being the equilibrium geometry moments
Or h of the rotating groups. Instead of assuming or calculating

rotational barriers, we determine the hindrance potential energy
and it requires the knowledge of the reduced moment of inertia surface at the HF/6-31G(dlevel of calculation as a function
of the free rotor. of torsional angle and in stages of°10r 20°. The potential
Hindered internal rotations are more difficult to deal with, energy surface thus obtained is then fitted to a Fourier series
as their energy levels depend on the magnitude and shape of

the hindrance potential. The Schroedinger equation describing zam cosfng) + b, sin(mg)  withm=< 17
the restricted internal rotation can be written as ™
R R Subsequently, the rotational Schroedinger equation is solved
7 %hir T Vhir = B¢y @) numerically for the energy levels using the obtained Fourier
8771y, dP coefficients in conjunction with cosine and sine basis functions.

The partition function is evaluated by direct counting. This
in which I in the kinetic energy term denotes the reduced iterative procedure is continued with increased number of basis
moment of inertia for the rotation under consideratidrs the functions untilQni, converges. The thermodynamic parameters
rotational hindrance potential. Besid€sly; also depends on  H, S andC; are calculated from the ensemble energy averages,
¢ and is different for different conformers. Equation 7 is based [E[3 and [E*[]
on the assumption that one can separate internal rotations from The molecular parameters needed to calculate the thermo-
each other and from the external rotation. It also assumes thatdynamic data are obtained from CB3%Qalculations done with
the rotating group is rigid, i.e., that the potential energy terms the Gaussian 98 program packdgeiF/6-31G(d) frequencies
coupling ¢ with other internal coordinates are negligible. are scaled by 0.91844Moments of inertia are calculated from
However, one typically computes substantially differ&ff geometries optimized at the MP2/6-31G(dvel. This geometry
values if one holds the rotating group rigid versus if one allows is also used as starting point for the calculation of rotational
all the degrees of freedom besideto relax. The former (rigid) potentials which are done at HF/6-31G(tkvel. To calculate
method gives internal rotational barriers significantly higher than these potentials, we fix only the angle between both rotating
what one infers from experiment; herein we have chosen to groups and allow the remaining geometrical parameters to relax
allow the geometry to relax at eagh The fact that the rotating ~ to @ minimum. East et &f investigated the dependency of the
group is not rigid means thaf; is an effective moment of inertia  hindrance potential on the size of the basis set and the level of
and not the moment of inertia one would infer from the treatment. Although they recommend the use of large basis sets,
equilibrium geometry. In a series of papéts3® Pitzer et al. we restrict ourselves to the HF/6-31G(tkvel, owing to the
showed that coupling of internal rotation with other internal large number of molecules and internal rotations involved in
rotors and with external rotation can be accounted for by this study.
choosing an appropriate reduced moment of inertia. We show Calculation of Heats of Formation of Stable Molecules
in a separate pap@rthat it is not a bad approximation to use and Radicals. The ab initio entropy and heat capacity values
these reduced moments of inerti&;?, as done in the present are direct results from the calculations, while the heat of
work. Finally, the separation of the internal rotor from other formation data need to be obtained from the calculated absolute
vibrational modes in eq 7 assumes that the vibrational frequen-energy values. Instead of using the IUPAC definition of heat
cies are independent gf However, this is not really the case. of formation, we calculate the heat of formation of molecules
As we show separateff,most of thisp dependence averages at 298.15 K on the basis of the calculated heat of atomization

out while computing the hindered rotor partition functiQ. at 0 K (shown for methane)
However, if one compute® using different conformers (e.g., o
trans, gauche) as the reference configuration, one finds that the CH,— C,+ 4H AHatomization

computedQ’s are somewhat different. In the present work, we

Boltzmann-average th@'s computed using different conformers  using the commonly adopted procedure in the literatéire.

for stable molecules and radicals in cases where precise AHatmizationjg calculated using ab initio results which are further

experimental data are available for comparison. corrected for spirrorbit interactions in C by—0.0875 kcal/
The most common way to compu@i, is to use the Pitzer mol*4. To convert the atomization energies to heats of forma-

Gwinn tables for rigid internal rotors moving in a cosine tions, we use the experimental heats of formation gaad H

potential. In literature, besides PitzeBwinn tables, attempts  atoms at 0 K, 169.98 and 51.63 kcal/mol, respectively, and their

have been made by researchers to provide an analytical formcorresponding enthalpy correctiohg% — H°, 0.25 and 1.01

for Qnin using various interpolation functioffs®® and by kcal/mol, respectively, from the JANAF tablés.

approximating the PitzerGwinn tables through polynomial Petersson et & have shown that the accuracy of the CBS-Q

fits.37 energies is increased when applying bond additivity corrections
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(BAC) for C—H and G-C bonds. To account for these known isodesmic reactions), we expect that the difference will be more
deficiencies, we correct our heat of formation data by adding accurate. To further improve the accuracy or to check for
their recommended corrections ©0.11 kcal/mol and-0.30 consistency, we can repeat the same calculation for the reverse
kcal/mol, respectively, for every €H and C-C bond. The reaction and obtain for the same supergroup a second value,
corrections described above serve only to compare our enthalpythis time based on different ab initio and GA values
results with experimentally based data, and they do not have
an impact on the calculation of transition state properties AgHieyerse= Ei"*""+ AH? ?%ts) —
described later (Tables—6). 0298 _ 0—298 .

We also calculated thermodynamic properties using group AH (CH,) = AH (CaHr)
additivity with “Therm” software® but we updated the GAV

for the {C/C/H3 , {CIC2/HZ . {C/C3/H, and{C/C4 groups ¢

i vl e, 1 11 S e 1 I YGSHER BT = GALS) AT ) ~ GA(CH) =

radicals. H{C/C/H3} + H{C/C2/H2 + H{C/C/H2/-H/C/H3} —
Derivation of Supergroup Values for Transition States. H{C,H} HBl _ H{CH,}

From the computed thermodynamic properties of the transition

states, we can easily derive the contribution from the reactive leading to

moiety (supergroups) in terms of group additivity. We will use N o

the reaction of propane with methyl radicals as an example to H{ C/C/H2/-H/C/H3} = AgH . ¢ s{ab initio) —

llustrate this: H{CICIH3 — H{C/C2/HZ + H{n-CsH}"™® + H{CH,}
CH;CH,CH; + CHy = [CH3;—CH,—H—CHy] = The superscript HBI indicates that the hydrogen bond
CH,CH,CH," + CH, increment method is used to determine the thermodynamic

properties of the radical 417, and H CH4} denotes the GAV

The theoretically calculated heat of reactiaigti) at 298 K for CHa. Analogous formulas allow one to determine the
for the formation of the transition state in the forward reaction intrinsic entropy G) and the temperature-depende®y’

is given by group additivity values for transition state supergroups. How-
ever, in the case of the intrinsic entropy, corrections for the
ARH?orwar 4= AH(ts) — AH(CHg) — AH(CH;y) symmetry §) of the reactants and transition state have to be
taken into account so that for the forward reaction of our

= gPoward 4 AHO 2% ts) — example the following symmetry-correction term

0—298, o 0—298,
AHTHCH,) = AHTHCHY) g (CICIH2-HICIHE) = ArSh e + S(CICIHG +

AH®2%8 denotes the thermal contribution to the enthalpy at S(CH3} — Rln(GCHS*OCSHB/OtS)
298.15 K.EP™ s the energy difference between the reac- _
tants, CH + CsHg, and the transition state at 0 K. The same 1S obtained. _ _
ARH:orward value can also be obtained via group additivity Calculation of thg Tunneling Correction Factor, k(T). Th_e
rate calculated using the supergroup values does not include

* _ _ _ . _ the tunneling contributions at low temperatures. To account for
ArHioars = GA(tS) = GA(CGHg) = GACCHy) guantum mechanical tunneling effects, we calculate, the trans-
H{C/C/H3} + H{C/C2/HZ + H{C/C/H2/~H/C/H3} — mission coefficient(T) using the simple Wigner perturbation

2H{C/C/H3 — H{C/C2/HZ — H{CH3} = theory formuld”
H{C/C/H2/-HIC/H3} — H{C/C/H3 — H{CH3} )
_ 1 Vi
The notation$d{ C/C/H3 andH{C/C2/H2 represent Benson'’s KM =1+ ﬂ(l"mf)

heat of formation group values ferCH; and—CH,— moieties,

and H CH3} represents the group equivalent heat of formation Whereinv; is the magnitude of the imaginary frequency in¢m

for CHs radicals. Finally, HC/C/H2/~H/C/H3} symbolizes the corresponding to the one-dimensional reaction coordinate at the
enthalpy associated with the reaction center,,€H—CHg, transition state and is the temperature in Kelvin.

which is not defined so far, and~H” symbolizes the migrating ) )

H atom. Note thaf C/C/H2/~H/C/H3} is not a group per se in  Results and Discussion

the sense of Benson’s definition because it contains three The main problem with the attempt to characterize thermo-
polyvalent atoms. Therefore, we will refer to it as a supergroup. gynamic properties of transition states via ab initio calculations
Taking both expressions faArHj,,. together, we obtain s that one has no direct means to prove the accuracy of the

AH?%8 for this supergroup results. Thus, one is left with indirect justifications such as
N o comparison of results for stable species or verification of
H{C/CIH2/~HICIH3} = AgH{onqq (@b initio) + theoretically computed reaction rates based on transition state

H{CIC/H3 + H{CH3} properties with experimental data. Consequently, we first draw
our attention toward the stable species and radicals before
As in the case of the bond dissociation energies, we only needdealing with transition state structures.
the difference between calculated transition state and reactant Thermodynamics of Stable SpeciesOur results for the
heat of formations (or energies) for the calculation of the heat thermodynamic properties of-ind G—Cs alkanes are given
of formation value of the supergroup. With the assumption that in Table 1 together with GA-based predictions and data from
some uncertainties in the ab initio values are systematic (as inliterature. From the many available thermochemical databases
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TABLE 1: Comparison of Calculated Thermodynamic Properties of H, and C;—Cs Alkanes with Group Additivity Predictions
(GA2229 and Experimental Data (NIST = NIST Webook*®* or NIST Standard Reference Database 2%z

species method/source  A¢H2% <98 C300 C%0 C,500 C,500 C,800 000 C,1500 cf

ab initio —-1.11 31.06 6.96 6.96 6.96 6.96 7.01 7.12 7.63 7.91
H2 GA 0.00 31.20 6.90 - 7.00 - 7.10 7.20 7.70

NIST 0.00 31.23 6.90 6.98 6.99 7.01 7.08 7.22 7.72

ab initio —17.89 44.44 8.46 9.54 10.90 12.30 14.89 17.04 20.62 25.83
CH4 GA —17.90 44.50 850 — 11.10 - 15.00 17.20 20.70

NIST —17.90 4451 8.54 9.68 11.08 12.48 15.04 17.16 20.66

ab initio —19.98 54.71 12.53 15.50 18.43 21.11 25.61 29.13 34.78 42.72
C2H6 GA —20.00 54.86 12.46 15.84 18.88 21.58 26.08 29.66 35.22

NIST —20.04 54.88 12.60 15.65 18.63 21.32 25.80 29.29 34.87

ab initio —24.84 64.55 17.61 22.29 26.67 30.61 36.76 41.54 49.09 59.61
C3H8 GA —25.00 64.26 17.96 22.81 27.12 30.92 37.16 41.90 49.47

NIST —25.02 64.53 17.67 22.47 26.91 30.76 36.99 41.73 49.21

ab initio —29.96 73.41 23.84 29.68 35.19 40.05 47.95 53.97 63.43 76.50
n-C4H10 GA —30.00 73.66 23.46 29.78 36.36 40.26 48.24 54.24 63.72

NIST —30.38 74.09 23.65 29.82 35.53 40.46 48.37 54.34 63.67

ab initio —35.62 81.71 30.21 37.19 43.80 49.65 59.17 66.43 77.78 93.39
n-C5H12 GA —35.00 83.06 28.96 36.76 43.60 49.60 59.32 66.58 77.97

NIST —35.09 83.13 28.83 36.46 43.64 49.90 59.90 67.30 79.00

ab initio —32.02 70.43 23.24 29.64 35.47 40.46 48.38 54.33 63.62 76.50
i-C4H10 GA —32.40 69.87 23.27 29.78 36.51 40.48 48.50 54.44 64.10

NIST —32.07 70.41 23.22 29.74 35.67 40.72 48.67 54.60 63.82

ab initio —36.70 82.14 28.67 36.34 43.38 49.47 59.19 66.48 77.82 93.39
i-C5H12 GA —36.60 81.45 28.77 36.75 43.75 49.82 59.58 66.78 78.35

NIST —36.74 82.10 28.56 36.54 43.80 50.20 60.50 68.40 81.00

ab initio —40.87 73.72 29.23 37.27 44.49 50.60 60.16 67.24 78.22 93.39
g-C5H12 GA —39.90 72.53 29.33 37.75 45.05 51.28 61.01 67.87 78.54

NIST* —40.14 73.21 29.05 37.28 44.69 51.30 62.40 71.20 86.00

3 AiH?%8 is given in kcal/mol, and&® andC," data are in cal mol K~ The calculated properties are given for the most stable conformer. See
text for discussion of conformer contributions to bulk properties. G{@5H12 C, values given in the NIST webbook differ significantly from
those in Stull, D. R.; Westrum, E. F., Jr.; Sinke, G.T®e Chemical Thermodynamics of Organic Compoukditey: New York, 1969.C,30 =
29.21;C,%00 = 37.55,C,%0 = 45.00; C,8%° = 51.21; C,8% = 60.78;C,'°%° = 67.80; C,*5° = N/A.

we herein restrict ourselves to the Web-based NIST datéfifase mental values. As seen in the casergH?8 and $° values,
wherever possible and use data from the NIST “Structure andan improved agreement i@, values is obtained for larger
Properties” databa$® otherwise. alkanes after Boltzmann-averaging the conformational contribu-
A glance at theAH?°8 results in Table 1 reveals that our tions. It is appropriate to mention that the NIST tabula@d
calculated data are in excellent agreement with the referencevalues for isopentane and-pentane seem wrong at high
data. The nonzero heat of formation fos ksults from the use  temperatures. Given the uncertainties in the reference data it
of atomization energies for its calculation in combination with appears that our calculated data are very reliable. Défleports
the fact that CBS-Q calculations over-predict the-tH bond larger discrepancies at higher temperatures (1000K) between
strength. The good agreement for the hydrocarbons is expectechis calculatedC, data and literature. The main reason for this
because we used Petersson’s BAC. The more accurate treatmeris that DeTar considers all internal motions as vibrational modes,
of low frequency vibrations as hindered rotations instead of which will over-predict the heat capacity at high temperatures.
harmonic oscillations has only a minor impact on the enthalpy Our hindered rotor treatment prevents this.
at low temperatures. Consequently, our results are essentially In summary, we are able to reproduce thermodynamic data

equal to those presented by Petersson et al. [43]. of primary, secondary and tertiary alkanes very well. This gives
We observe nearly as good agreement with entropy values,us confidence that the chosen methodology is adequate for stable
with excellent agreement for1CH,, CoHg, CsHg, andt-C4H10, molecules. To approach our goal the characterization of

The deviations for these species are generally less than 0.2 calthermodynamic properties of transition statesve now take a
(mol K) when compared with the NIST data. Entropy values closer look at the results for the radicals.

for n-C4H10, N-CsH1» deviate significantly more from experi- Thermodynamics of Radicals.In Table 2 we compare our
mental values (0.6 and 1.4 cal/(mol K), respectively) and GA ab initio results for radicals with GA and literature data. Again,
predictions. The explanation lies in contributions from different we restrict ourselves to experimental values published by
conformers to the bulk entropy. Our chosen approximation for NIST.*82P As mentioned above, the raw data were corrected
the hindered rotations does not take proper coupling betweenfor small systematic errors in-€H and G-C bonds*® With
internal rotation and external rotation into account. With either respect to heat of formation energies, Table 2 shows that CBS-Q
an improved coupling 34, or through approximating the bulk  calculations over-predict these relative to experimental data
entropy to the Boltzmann averaged contributions from the (NIST) by not more than~2 kcal/mol (except for tertiary
conformers, we obtain entropy values of 74.18 and 73.99 cal/ radicals), which is well within the limits of experimental
(mol K), respectively, fon-butane. These values are in excellent uncertainties. In general, agreement between ab initio results
agreement with the literature value. Recent ab initio based and GA data is even better than between calculated and NIST

entropy calculations of Chen et®lGang et aP® and DeTaP?! values with the only exception being the 2-methyl-prop-1-yl
yield S8 values in the range of 74-0r4.1 cal/(mol K) showing radical.
that our results are very reasonable. In the case of the CHradical, we observed problems in

The predictedC, values in Table 1 are generally in excellent calculating the low-frequency umbrella mode vibration. The
agreement, within a few tenth of a cal/(mol K), with experi- calculated value of 289 cm is more than a factor of 2 lower
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TABLE 2: Comparison of Calculated and Literature Data on Thermodynamic Properties of H and C,—Cs Alkyl Radicals?

radical methofbource  AfH2%8 98 C200 C,00 C,500 C,000 C,800 C,L000 C,1500 foxi

ab initio 52.10 27.39 4.97 4.97 4.97 4.97 4.97 4.97 4.97 4.97
H GA 52.10 27.40 5.00 5.00 5.00 5.00 5.00 5.00 5.00

NIST 52.10 27.42 4.97 4.97 4.97 4.97 4.97 4.97 4.97

ab initio 3541 46.40 9.30 10.06 10.81 11.53 12.88 14.09 16.30 19.87
CH3 GA 35.10 46.40 8.80 — 10.60 - 13.20 14.50 16.80

NIST 34.82 46.41 9.26 10.05 10.81 11.54 12.89 14.09 16.28

ab initio 29.58 59.37 12.40 14.83 17.19 19.31 22.88 25.68 30.23
C2H5 HBI 29.00 59.65 11.81 14.63 17.13 19.34 23.06 25.93 30.60 36.76

NIST 28.44 - 11.62 14.39 17.45 19.65 23.28 25.88 30.33

ab initio 25.05 69.35 17.40 21.53 25.32 28.60 33.92 38.00 44.49 53.65
n-C3H7 HBI 24.00 69.05 17.19 21.45 25.21 28.52 34.00 38.15 44.79

NIST 23.90 68.50 17.11 21.34 25.69 28.99 34.35 38.22 44.60

ab initio 19.85 78.35 23.12 28.65 33.72 38.10 45.13 50.46 58.85 70.54
n-C4H9 HBI 19.00 78.45 22.69 28.42 33.45 37.86 45.08 50.48 59.04

NIST 18.00 - 22.60 28.30 33.90 38.30 45.40 50.60 58.80

ab initio 14.53 87.09 29.23 35.96 42.20 47.61 56.31 62.88 73.17 87.43
n-C5H11 HBI 14.00 87.85 28.19 35.39 41.69 47.20 56.16 62.81 73.29

NIST 13.00 — 28.10 35.20 42.20 47.70 56.50 62.90 73.00

ab initio 18.67 76.43 23.05 28.83 33.99 38.38 45.35 50.61 58.90 70.54
i-C4H9 (I) HBI 16.60 75.77 22.73 28.52 33.59 38.02 45.23 50.60 59.41

NIST 17.00 75.20 22.30 28.20 34.00 38.50 45.60 50.70 59.10

ab initio 13.32 85.72 28.43 35.56 41.99 47.50 56.27 62.86 73.16 87.43
i-C5H11 (T,1) HBI 12.00 85.17 28.23 35.49 41.83 47.36 56.31 62.93 73.66

NIST - - - - - - - - -

ab initio 12.76 85.54 28.79 35.94 42.40 47.91 56.61 63.12 73.30 87.43
i-C5H11 (T,4) HBI 12.00 84.87 28.00 35.39 41.84 47.42 56.42 63.03 73.66

NIST - - - - - - - - -
g—C5H11 ab initio 10.36 80.19 28.96 36.42 43.00 48.53 57.15 63.55 73.52 87.43

HBI 9.10 79.12 28.74 36.43 43.00 48.63 57.51 63.81 73.63

NIST 8.00 - 28.40 36.20 43.60 49.30 58.10 64.20 73.60
i-C3H7 ab initio 22.24 68.75 16.42 20.21 23.98 27.39 33.04 37.37 44.20 53.65

HBI 21.35 68.77 16.66 20.45 24.10 27.48 33.18 37.53 44.46

NIST 22.00 66.70 16.80 20.90 25.10 28.40 33.80 37.90 44.60

ab initio 17.44 79.30 22.07 27.29 32.35 36.84 44.16 49.74 58.48 70.54
n-C4H9 (2) HBI 16.35 78.79 21.92 27.01 31.87 36.86 43.89 49.58 58.56

NIST 16.00 - 22.30 27.80 33.30 37.70 44.80 50.20 58.90

ab initio 11.61 87.79 27.79 34.44 40.79 46.37 55.40 62.23 72.86 87.43
n-C5H11 (2,2) HBI 11.35 89.56 27.42 33.98 40.11 45.70 54.97 61.91 72.81

NIST 12.00 - 27.80 34.80 41.60 47.10 55.90 62.60 73.10

ab initio 12.33 86.83 27.92 34.57 40.87 46.41 55.37 62.16 72.79 87.43
n-C5H11 (2,3) HBI 11.35 87.96 27.25 33.61 39.68 45.27 54.61 61.63 72.66

NIST — - - - - - - - -

HBI 10.59 86.23 28.22 34.94 41.25 46.75 55.64 62.36 72.88 87.43
i-C5H11 (2,3) HBI 8.95 86.58 27.23 33.98 40.26 45.92 55.23 62.13 73.18

NIST - — - - - - - - -

ab initio 13.74 74.84 21.70 26.60 31.55 36.06 43.55 49.29 58.26 70.54
tert-Butyl HBI 12.00 73.73 22.49 27.30 31.96 36.33 43.75 49.42 58.68

NIST 11.00 72.10 22.60 28.40 33.60 38.10 45.30 50.70 59.30

ab initio 9.51 86.28 27.13 33.35 39.57 45.18 54.42 61.45 72.42 87.43
i-C5H11 (3,2) HBI 7.00 85.31 27.99 34.27 40.20 45.67 54.83 61.75 72.93

NIST 6.70 - 28.10 35.40 41.90 47.50 56.40 63.00 73.50

a Calculations were performed for the most stable conformed?% is given in kcal/mol, and®*® and C," data are in cal mot K=%. “HBI”
indicates group additivity based predictions using the hydrogen bond increment rifetvitidrespect to “NIST”, see the caption of Table 1. The
numbers in parentheses of the first column signify the nature and position of the radical center.

than the experimental value of 606 th?253 This error leads  (BDE) at 0 and 298 K. Table 3a compares our results with GA
to wrong entropy and low-temperatur€, values and it predicted BDE’s. In addition, the fourth column in Table 3
introduces a small error on the thermal correction of the shows the differences between calculated BDE's at 0 and 298
enthalpy. As CHis a reactant in one entire set of H abstraction K which is a measure of the change of thermal energy in
reactions we are interested in, we decided to calculate thedissociation reaction. The differences in BDE’s between group
thermodynamic properties of methyl radicals by using the additivity prediction and ab initio calculation are in general small
experimental frequency in order to avoid systematic errors. A and positive because the heats of formations of the alkanes were
closer look at the optimized geometries of other alkyl radicals found to be closer to the GA data than those of the radicals.
reveals that their radical center are nonplanar unlike in the We further see that the deviation for the bond dissociation of
methyl case. Furthermore, in these radicals the lowest frequencyH, is in the same range as for alkanes. This will be important
vibration corresponds to out-of-plane methylene bend. The to understand the results for transition states based on forward
calculated harmonic frequency for this mode in radicals is in and reverse reactions.
reasonable agreement with experiment. Therefore, we conclude A closer look at column 6 reveals that the deviations can be
that the problem observed in the case of the;@Equency is grouped into several categories. For example, formation of
unique. primary alkyl radicals frorn-alkanes is predicted by ab initio
The relative errors between radicals and their parent alkanescalculations to require about 6-1.15 kcal/mol more energy
can best be seen by calculating the bond dissociation energiegshan estimated from group additivity theory. (Taking contribu-
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TABLE 3: CBS-Q Calculated Bond Dissociation Energies and Entropies for ¢to Cs Alkanes and Their Comparison with GA
Estimates
@

BDE ab initio BDE ab initio ABDE (thermal) BDE GA ABDE @ 298 K
reaction @ O K [kcal/mol] @ 298 K [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]
H2—H+H 104.43 106.32 0.89 104.2 1.12
Primary H
CH4—= CH3+H 103.71 105.40 1.69 105.10 0.30
C2H6— C2H5+ H 99.93 101.66 1.73 101.10 0.56
C3H8—n-C3H7+ H 100.30 101.99 1.70 101.10 0.89
n-C4H10— n-C4H9+ H 100.29 101.91 1.63 101.10 0.81
n-C5H12— n-C5H11 (2)+ H 100.60 102.25 1.65 101.10 1.15
i-C4H10=i-C4H9 (1)+ H 101.03 102.79 1.76 101.10 1.69
i-C5H112= i-C5H11 (1)}+H 100.62 102.13 1.61 100.70 1.43
i-C5H12—i{-C5H11 (4)+ H 99.88 101.56 1.68 100.70 0.86
g-C5H12= g-C5H11+ H 101.65 103.32 1.67 101.10 2.22
Secondary H
C3H8=i-C3H7+ H 97.36 99.19 1.83 98.45 0.74
n-C4H10— n-C4H9 (2)+ H 97.77 99.51 1.74 98.45 1.06
n-C5H12— n-C5H11 (2} H 97.66 99.33 1.68 98.45 0.88
n-C5H12— n-C5H11 (3)+ H 98.50 100.06 1.56 98.45 161
i-C5H12=i-C5H11 (3)+ H 97.68 99.40 1.72 97.65 1.75
Tertiary H
i-C4H10—= tert-Butyl + H 95.91 97.87 1.96 96.50 1.37
i—C5H12=i-C5H11 (2)+ H 96.29 98.31 2.02 95.70 2.61
(b)
AS98 ab initio ASBGA AASS radical classification
reaction [cal molt K™Y [cal molt K™Y [cal molt K] HBI?" Coherf®
H2—=H +H 23.72 23.60 0.12 N/A N/A
Primary H
CH4= CH3+H 29.35 29.30 0.04 N/A N/A
C2H6= C2H5+ H 32.06 32.19 —0.14 CCJ I
C3H8=n-C3H7+H 32.18 32.19 —0.01 RCCJ I
n-C4H10= n-C4H9+ H 32.33 32.19 0.14 RCCJ I
n-C5H12= n-C5H11+ H 32.77 32.19 0.58 RCCJ I
i-C4H10—i-C4H9 (1)+ H 33.39 33.30 0.09 isobutyl I
i-C5H12—i-C5H11 (1)+ H 30.96 31.12 —0.15 isobutyl |
i-C5H12—i-C5H11 (4)+ H 30.78 30.82 —0.03 RCCJ I
g-C5H12= g-C5H11+ H 33.85 33.99 -0.14 neopentyl I
Secondary H
C3H8=i-C3H7+H 31.58 31.91 —0.33 CCJC Ib
n-C4H10= n-C4H9 (2)+ H 33.28 33.91 —0.63 RCCJC Ib
n-C5H12= n-C5H11 (2)+ H 33.48 33.91 —0.43 RCCJC Ib
n-C5H12= n-C5H11 (3)+ H 3251 32.30 0.21 RCCJCC lic
i-C5H12—i-C5H11 (3)+ H 31.48 32.63 —1.05 ?* ?
Tertiary H
i-C4H10— tert-butyl + H 31.80 31.26 0.53 tertalkyl Ila
i-C5H12=i-C5H11 (2)+H 31.53 31.26 0.27 tertalkyl Ilic
tions of different conformers im-CsHi2 andn-CsHj; (1) into Taking all observation together, an interpretation of the results

account this range reduces to 0-7B0 kcal/mol.) Formation in Table 3a is possible. The BDE’s calculated via group
of 3-methyl-but-1-yl {-CsH11(4)) falls into the same class, but  additivity are based on hydrogen bond increments (HBI) which
not formation of 2-methyl-prop-1-yi{CsHg (1)) and 2-methyl- are constant (101.1, 98.45, and 96.5 kcal/mol) for primary,
but-1-yl (-CsH11(1)). From column 4, we learn that the change secondary, and tertiary alkyl radicals, respectively. Only gauche
of thermal energy upon bond dissociation is nearly constant for interactions are taken into account (0.8 kcal/mol in alk&hes
all primary and secondary alkyls (average value 146907 but 0.4 kcal/mol for a—CH2* radical site in gauche position
kcal/mol) and only slightly larger for tertiary alkyl radicals2 to a CH group). Thus, the group additivity basédH?2°8 for
kcal/mol). Therefore, the explanation for the systematic varia- radicals does not reflect the more detailed classifications chosen
tions must lie in theéE, energies (0 K energies) of the reactants to describe the entropies and heat capacities accurately. Our ab
and products. Bozzelli et &. and Cohe# realized that a initio results, however, reflect such small changes and suggest
classification of radicals simply into primary, secondary, and that a finer differentiation of the heat of formations is required
tertiary classes is not sufficient. Consequently, both authors as well. The large experimental error 4fH2%8 of radicals in
suggest finer classifications, which are shown in the last two connection with equally large uncertainties of CBS-Q calcula-
column of Table 3b. It can be observed easily that the primary tions for radicals prohibits at this stage a recommendation for
radicals with BDE’s around 0.8 kcal/mol belong to the CCJ or more accurate HBI's.

RCCJ class, while those with higher BDE's are assigned to other Before we turn to the entropy results, we would like to
classes. Also, all three secondary radicals ptype (Cohen) mention that, lacking a more appropriate HBI class, we
have very similar deviations in the BDE comparison, and the calculated the GAV for 3-methyl-but-2-yil;CsH11(3) with the
different classifications of both tertiary radicals accordingly to HBI values for “RCCJC” radicals. Further, we note that there
Cohen is in agreement with their deviating BDE differences. is a large difference in thABDE?°%X values fortert-butyl and
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TABLE 4: Group Additivity Values for Transition State Supergroups, {C/Ci/H;-i/—H/H} (i = 1—3), Belonging to Hydrogen
Abstraction Reactions from Alkanes by H Atoms

reaction type reaction AH?% o8 Cl%0 G0 G0 G0 ClBoe G0 IS0 piaginary
primary R—H C2H6+H 50.81 35.21 9.37 11.78 13.81 1548 1798 19.70 2225 2227
C3H8+H 50.94 34.94 9.49 1190 1391 1556 18.02 19.72 2225 2223
n-C4H10+ H 50.71 34.78 9.36 11.83 13.88 1555 18.02 19.72 2225 2225
i-C4H10+H 50.77 35.27 9.37 11.73 13.70 1532 1779 1953 2214 2209
n-C5H12+ H 50.70 34.71 9.47 1192 1395 1560 18.05 19.74 2225 2225

i-C5H12+ H (1) 50.51 34.73 9.60 12.14 1415 15.76  18.13 19.78 2227 2210
i-C5H12+ H (4) 50.43 34.38 9.65 12.10 14.13 15,77  18.19 19.85 2231 2233

g-C5H12+H 50.88 34.82 9.48 11.97 13.97 15.59 17.99 19.66 22.20 2204
{CICIH2/~H/H) average 50.72 34.85 9.47 11.92 13.94 15.58 18.02 19.71 22.24 2219
forward rxn mean dev. 0.17 0.29 0.11 0.14 0.15 0.15 0.12 0.09 0.05 10.27

C2H5+ H2 51.48 35.49 8.80 11.25 13.34 15.08 17.76 19.63 22.34

C3H7+ H2 51.27 35.08 8.87 11.32 13.39 15.11 17.77 19.62 22.33

n-C4H9 (1)+ H2 51.12 34.78 9.24 11.62 13.49 15.15 17.75 19.58 22.31
i-C4H9 (1)+ H2 50.31 35.31 8.96 11.30 13.29 14.98 17.62 19.51 22.33
n-C5H11 (1)+ H2 50.78 34.26 9.62 11.81 13.68 15.28 17.83 19.62 22.34
i-C5H11 (1)+ H2 50.31 35.01 9.24 11.68 13.66 15.31 17.85 19.65 22.39
i-C5H11 (4)+ H2 50.80 34.55 8.70 11.16 13.25 14.98 17.68 19.55 22.30

g-C5H11+ H2 49.88 35.09 9.11 11.52 13.45 15.05 17.56 19.39 22.14
{CI/CIH2/-H/H} average 50.74 34.95 9.07 11.45 13.44 15.12 17.73 19.57 22.31
reverse rxn mean dev. 0.55 0.40 0.30 0.22 0.16 0.12 0.10 0.08 0.07
secondary RH C3H8+H 53.21 14.71 8.94 10.78 12.37 13.72 15.71 17.01 18.75 2206

n-C4H10+ H 53.01 14.71 8.68 10.69 12.37 13.74 15.74 17.02 18.74 2194

n-C5H12+ H (2) 52.57 14.41 8.91 10.99 12.64 13.98 15.89 17.12 18.79 2194
n-C5H12+ H (3) 52.79 14.63 8.42 10.54 12.31 13.73 15.74 17.01 18.72 2183

i-C5H12+ H 53.12 14.48 8.86 10.76 1240 13.74 15.70 16.97 18.70 2190
{CIC2/HI-H/H} average 52.94 14.59 8.76 10.75 12.42 13.78 15.75 17.03 18.74 2193
forward rxn mean dev. 0.26 0.14 0.22 0.16 0.13 0.11 0.08 0.06 0.03 8.26
i-C3H7+ H2 53.70 15.17 8.76 10.52 12.08 13.44 1552 16.91 18.79

n-C4H9 (2)+ H2 53.17 15.47 8.85 10.32 11.76 13.60  15.25 16.69 18.69
n-C5H11 (2)+ H2 52.92 14.98 9.73 10.99 12.20 1340 15.38 16.75 18.71
n-C5H11 (3)+ H2 52.41 14.55 8.93 10.03 11.36 12.69 14.91 16.43 18.56
i-C5H11 (3)+ H2 52.60 15.66 7.71 9.41 11.08 12.60  14.97 16.55 18.63

{CIC2/HI~H/H} average 52.96 15.17 8.79 10.25 11.69 13.15 15.21 16.67 18.68
reverse rxn mean dev. 0.51 0.43 0.72 0.58 0.48 0.46 0.26 0.19 0.09
tertiary R—H i-C4H10+H 53.70 —6.60 8.32 9.89 11.14 12.13 13.56 14.38 15.47 2175
i-C5H12+H 53.51 —6.77 7.87 9.71 11.15 12.21 13.66 14.45 15.48 2164
{CIC3H/H} average 53.60 —6.69 8.09 9.80 11.15 12.17 13.61 14.41 15.48 2169
forward rxn mean dev. 0.13 0.12 0.32 0.13 0.00 0.06 0.07 0.05 0.01 7.85
t-butyl + H2 53.56 —7.00 9.03 10.45 11.54 12.45 13.76 14.52 15.64
i-C5H11 (2)+ H2 52.13 —6.91 8.57 10.23 11.43 12.42 13.79 14.56 15.69
{CIC3H/H} average 52.84 —6.95 8.80 10.34 11.48 12.44 13.77 14.54 15.66
reverse rxn mean dev. 1.01 0.07 0.32 0.16 0.07 0.02 0.03 0.03 0.04

a Estimated uncertainty ilhH is 1.5 kcal/mol and irf?%, and Cy(T) values is 1 cal moft K~1. See text for the definition of supergroups.

2-methyl-but-2-yl. The thermochemistry tart-butyl radical is inclusion of other conformers will further improve the agreement
a topic of intensive debaféand it is not clear whether ab initio ~ with GA. The calculated entropies of the radicaipentyl and
results or experimental data are in error. For 2-methyl-but-2- tert-butyl deviate from the GA values by more than 1 cal mol
yl, the steric interaction of the additional methyl group on the K~ In the case of}-pentyl, the deviation of-1.6 cal mot?
radical center seems to have a noticeable impact on its energyK 1 is similar to that found fog-pentane{1.2 cal moft K1),
so the use of the same HBI class as tient-butyl could be an It could be due to the anharmonicity effects caused by crowding
oversimplification. around the central C atom, thereby making the harmonic
Only a few entropy values are established experimentally for oscillator assumption less appropriate. To a certain extent, this
radicals (Table 2), and these values are all taken from the earlyexplanation could also hold feert-butyl; however, the entropy
“structure and properties” compilatid®? The remarkably large  of tert-butyl is much closer to the GA value. Thert-butyl
deviations between the NIST data and GA predictions for C radical is special in the sense that its planar conformation
and G species indicate a significant uncertainty in these possesses very high symmetry (similar to §5Hvhich could
entropies. Our entropy results compare in all cases better withlead to coupling effects and less accurate frequencies.
the GA predictions, although deviations are still large in some  Deviations between our results and GA increase for secondary
cases. This is encouraging because our goal to derive GAV forand tertiary C-H dissociation (see Table 3 (part b). TA&®
transition state structures depends primarily on a good agreementalue fori-CsHi, — i-CsH11(3) + H especially is very large,
with group additivity for stable molecules and radicals. —1.05 cal mof! K~1, This underlines our suspicion that treating
Some radicals investigated in this study have more than one3-methyl-but-2-yl as an RCCJC-type radical (for the HBI
low-energy conformer. As in the case of stable molecules, we calculation) might be a poor assumption.
would have to consider contributions of all these conformers  In summary, we can say that the deviations between ab initio
for a fair comparison with the bulk entropies. As mentioned data and GA predictions are a little larger for radicals than for
earlier, it is not the primary goal of this work to reproduce stable molecules. Experimental data for radicals have larger
thermodynamic data of bulk material, so we conclude that errors; therefore, stable molecules and the HBI methose a
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TABLE 5: Group Additivity Values for Transition State Supergroups, {C/Ci/H;-i/—H/CH3} (i = 1—3), Belonging to Hydrogen
Abstraction Reactions from Alkanes by CH; Radicalst

P98

reaction type reaction AfHZ% Cp300 Cp400 Cp500 CpGOO Cp800 CplOOO Cp1500 Uimaginaw

primary R-H C2H6+ CH3 37.79 48.93 1437 17.83 20.83 2340 2751 30.60 3552 2544
C3H8+ CH3 37.62 47.13 1435 17.83 20.84 2341 2752 30.60 3552 2544
n-C4H10+ CH3 37.34 47.44 1419 17.72 20.77 23.38 2751 30.60 3552 2545
i-C4H10+ CH3 37.53 46.99 1450 18.00 20.99 2352 2757 30.62 3551 2547
n-C5H12+ CH3 37.20 46.96 14.60 18.18 21.21 23.75 27.78 30.78 35.60 2545
i-C5H12+ CH3 (1) 37.25 46.58 14.66 18.12 21.05 2354 2756 30.60 3550 2548
i-C5H12+ CH3 (4) 36.46 47.00 1459 1798 2093 2346 27.53 30.60 3550 2546
g-C5H12+ CH3 37.20 46.30 1441 18.01 21.04 23.60 27.65 30.69 3555 2555

(CIC/H2/~HIC/H3) average 37.30 4691 1446 1796 2096 2351 27.58 30.64 3553 2547

forward mean dev 0.40 0.37 0.16 0.16 0.14 0.13 0.09 0.07 0.03 3.49
C2H5+ CH4 37.82 49.13 13.97 1744 2049 23.12 27.37 30.55 35.50
C3H7+ CH4 37.32 4719 1390 17.38 2045 23.09 27.34 30.52 35.50
n-C4H9(1)+ CH4 37.12 4735 1424 1754 2051 23.10 27.32 30.48 35.47
i-C4H9(1)+ CH4 36.43 46.96 1426 17.70 20.71 23.30 27.47 30.62 35.60
n-C5H11(1)+ CH4 36.64 46.43 1492 1820 21.07 2356 27.63 30.69 35.59
i-C5H11(1)+ CH4 36.42 46.78 1448 17.79 20.69 23.22 27.35 3049 3551
i-C5H11(4)+ CH4 36.20 47.09 1382 17.17 20.18 22.79 27.09 30.33 35.39
¢g-C5H11+ CH4 35.57 46.49 1420 1769 2065 23.19 27.30 30.44 35.39

{CIC/H2/-HI/C/H3)  averag®& 36.85 46.90 1422 1761 20.60 23.17 27.36 30.52 35.49

reverse mean dév 0.59 0.35 0.36 0.31 0.26 0.22 0.15 0.11 0.08

secondary RH C3H8+ CH3 40.40 27.32 14.02 1696 19.52 21.75 25.33 27.97 32.05 2529
n-C4H10+ CH3 39.95 2714 1376 16.88 19.53 21.80 25.38 28.00 32.05 2528
n-C5H12+ CH3 (2) 39.31 27.06 1399 17.23 19.86 22.07 2555 28.11 32.10 2530
n-C5H12+ CH3 (3) 39.47 27.61 12.86 16.24 19.14 2156 2528 27.95 32.02 2530
i-C5H12+ CH3 39.73 26.02 1423 17.26 19.84 22.03 2548 28.04 32.04 2537

{CIC2/HI~HIC/H3) average 39.77 27.28 13.77 1691 19.58 21.84 2540 28.01 32.05 2531

forward mean dev. 0.43 0.24 0.54 0.41 0.29 0.21 0.11 0.07 0.03 3.41
i-C3H7+ CH4 40.26 27.70 1401 16.83 19.36 21.60 2521 27.89 31.99
n-C4H9(2)+ CH4 39.49 27.82 1410 16.64 19.06 21.78 2496 27.69 31.89
n-C5H11(2)+ CH4 39.02 2755 1498 1735 1956 21.62 25.12 27.77 31.92
n-C5H11(3)+ CH4 38.46 27.45 1355 1587 18.32 20.64 2452 27.39 31.76
i-C5H11 (3)+ CH4 38.58 27.13 13.25 16.04 18.66 21.01 24.82 27.64 31.87

{CIC2/HI~HIC/H3) average 39.16 2753 1398 16.55 18.99 21.33 24.93 27.67 31.89

reverse mean dev. 0.74 0.26 0.66 0.60 0.50 0.48 0.27 0.19 0.08

tertiary R—H t-C4H10+ CH3 41.21 5.14 13.12 1583 18.14 20.11 2321 25.37 28.86 2508
i-C5H12+ CH3 40.72 446 1293 1597 1844 2047 2351 2558 28.94 2509

{CIC3/-HIC/H3} average 40.97 480 13.02 1590 1829 20.29 2336 2548 28.90 2508

forward mean dev. 0.34 0.48 0.13 0.09 0.21 0.25 0.21 0.15 0.05 0.35
t-Butyl + CH4 40.44 465 14.00 16.54 18.68 20.53 23.44 2552 28.85
i-C5H11(2)+ CH4 38.71 425 1381 16.62 18.88 20.77 23.67 25.70 28.97

{CIC3/~HIC/H3) average 39.57 445 1390 1658 18.78 20.65 2355 25.61 28.91

reverse mean dev. 1.23 0.29 0.13 0.06 0.14 0.17 0.16 0.13 0.08

2 Estimated uncertainty itAH is 1.5 kcal/mol and inS%8, and C,(T) values is 1 cal mol K™% See text for the definition of supergroups.
b Without C2H6+ CH3 reaction in S¢Without C2H5+ CH4 in S average and g-pentyl CH4 in H average.

quite coarse differentiation of radicals, which cannot take the varies, respectively, from 1.409 to 1.428, 1.389 to 1.403, and
impact of all possible structural interactions on the thermody- 1.369 to 1.381 A. In the case of abstraction by methyl, the
namic properties into account. The theoretical calculations also corresponding bond lengths are in the range of 1-311833,
have higher error bars than those for stable molecules becausd.300-1.303, and 1.2821.292 A. The forming H-H bond

the treatment of open-shell species imposes a higher challengdengths are of magnitude 0.889, 0.905, and 0.919 A, respectively,
on the theory. We conclude that the theoretical calculations arein the case of primary, secondary, and tertiary abstractions. The
accurate to within 2 kcal foAH, 2 cal moit K~ for entropy, forming CH—H bond length in primary, secondary, and tertiary
and about 1 cal mof K~ for C,.. Although there is still room abstractions is found to be, respectively, 1.353, 1.376, and 1.389
for improvement, we conclude that the agreement is good A. The C—-H—X bond angle (X= H, CHs) remains nearly
enough to derive reliable transition state properties. linear.

Transition State Geometry and Reaction Coordinate The expectation value of th& operator,[$[], which is a
Frequency. The preceding results for stable molecules and measure of the extent of spin contamination in the optimized
radicals showed the reliability of the chosen methodology in wave function, was found to be less than 0.78 in all transition
predictingH, S, andC, properties. We used the same type of states. The magnitude of the imaginary frequency depends on
calculation to characterize the transition states of the reactionsthe type of reaction, and it ranges from 2164i to 2233i"tm
mentioned in the Introduction. Instead of presenting the detailed for the abstraction by H and from 2501i to 2555i thior the
results of all 41 transition states (The list of geometrical and abstraction by Ckl The imaginary frequencies observed for H
molecular properties of the transition states are available asabstraction by other alkyl radicals are even higher (255%672i
Supporting Information), we will only discuss general findings cm™1), and for the H + H reaction, we obtained = 2393i
and use the results for the transition states directly to derive cm~1. For the H abstraction reactions from alkanes, we observe
thermodynamic properties of the reaction center. a small effect of the substitution pattern on the magnitude of

All transitions states studied in this work have well-defined, the imaginary frequency.
tight geometries. The length of the abstracting primary, second- Transferability of Group Values. One necessary require-
ary, or tertiary C-H bond in reactions of alkanes with H atoms ment for group additivity to be successful in describing
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Figure 1. Comparison of individual TST rates with the rate predicted using group additivity for H abstraction from primary alkanes by hydrogen
atoms. The small deviations show the accuracy of the group additivity approximation.

TABLE 6: Group Additivity Values for Transition State Supergroups of Symmetric {C/Ci/Hz-i/—H/CICi/H3-;)
(i = 0—3) and Mixed Symmetric Intermolecular Hydrogen Migration Reactions®

reaction type reaction AH?8 98 G0 G0 G0 GBS0 CB00 G000 CIS00 padinary

{H/—H/H} H2+H 60.35 39.13 7.62 8.49 9.26 991 1088 1151 1231 2393
{CIH3/-HI/C/H3} CH4+ CH3 32.54 68.74 16.36 19.64 22.68 25.36 29.76 33.17 38.67 2545
{CI/C/H2-HIC/C/HZ  C2H6+ C2H5 43.49 2726 12.17 1572 18,69 21.18 2513 27.98 32.36 2558
{CIC2/HI-HICI/C2/H  C3H8+ i-C3H7 48.24 —1452 12.09 14.44 16.39 18.12 20.84 2272 2538 2566
{CIC3-HICIC3 i-C4H10+ tert-butyl  48.12 —61.47 1197 13.88 1513 16.10 17.42 18.07 19.21 2572
{CIH3/—H/H} CH4+H 45.98 5425 1130 1356 15.66 17.45 20.24 2229 2541

H2 + CH3 46.61 5433 11.13 1343 1552 1733 20.17 2227 2552 2234

average 46.30 5429 1122 1350 1559 17.39 20.21 2228 25.47
{CIC2/H/-HICIC/H2 C3H8+ C2H5 45.47 723 11.80 1484 1737 1953 2294 2534 28.88 2554

C2H6+ i-C3H7 45.29 742 1219 15110 1755 19.66 2297 2532 28.84

average 45.38 733 12.00 1497 17.46 19.59 2295 2533 28.86
{CIC3FHI/CICIH2) i-C4H10+ C2H5 4586 —17.45 11.00 13.81 16.07 1795 20.85 2277 25.70 2565

C2H6+ tert-butyl 45.05 —18.13 1228 1491 1694 18.65 2122 2296 2571

average 4546 —17.79 1164 1436 16.51 1830 21.04 2286 25.71
{CIC3I-HICIC2/H i-C4H10+ i-C3H7 47.68 —39.15 11.07 13.21 1494 16.44 18.72 20.13 2220 2572

C3H8+ t-butyl 47.05 —40.01 1195 14.04 1564 17.01 19.06 2035 22.26

average 4736 —39.58 1151 13.62 1529 16.73 18.89 20.24 22.23

a2 These supergroups are of use in estimating the hydrogen abstraction rates from alkanes by alkyl radicals.

thermodynamic properties of transition states is the constancyreaction is small. The good agreement underlines in part our
of the AH?%8 98 andC," supergroup values for a homologous assumption that some of the errors will cancel out because we
series of reactions. To verify this, we have calculated the GAV use only differences. However, a closer look at the BDE's in
for the supergroups of the transition states for all reaction types Table 3 suggests the great agreement seen between forward and
studied in this work. The results are given in Tables4The reverse reactions to be fortuitous. The averaged difference found
GAV for stable reactants were taken from ref 30, and those for for the BDE'’s of primary R-H between ab initio and GA is
all alkyl radicals were obtained with the HBI method of Bozzelli very similar to the difference in dissociation energy for, ko
et al?® Table 4 contains the results for H abstraction reactions both errors largely cancel each other out. Our discussion of Table
from alkanes by H atoms. Table 5 lists the results for abstraction 3 also explains why the standard deviation for the reverse
by CHs, and Table 6 contains the supergroup GAV of the reaction is much higher than that for the forward reaction.
remaining intermolecular H migration reactions given in the  Fluctuations of the supergroup GAVs for secondary and
Introduction. Results are presented for both forward and reversetertiary H abstraction by H atoms are also very small. Again,
reactions, whenever available. the reverse reaction shows for known reasons higher fluctuations
Table 4 clearly shows how well supergroup GAV’s are than the forward reactions. The reacti;iCsH11(3) + H»
defined for our first test set. It is divided into three main sections especially worsens the agreement for@gdata. As we pointed
containing the results for primary, secondary, and tertiary H out earlier, we used RCCJCC HBI values to calculate the group
atoms abstractions. Each section separately contains the resultadditivity properties for this radical. The large deviations seen
for forward and reverse reactions to allow comparison of both in Table 4 emphasize that this assignment leads to inaccurate
data sets. The averagétl S andC, supergroup GAV'’s for results. We studied only two representative tertiary H abstraction
primary R-H sites (in forward and reverse direction) agree reactions. With exception of th&H?°8 GAV for the reverse
excellently, and the standard deviation especially for the forward reactions, both data sets alone agree very well. However, the
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Figure 2. Comparison of individual TST rate calculations with the rate predicted using group additivity. H abstraction from primary alkanes by
methyl radicals. Legend: (a):8s, (b) GsHs, (C) N-C4H1o, (d) i-CaH10, (€) N-CsH1a, (f) i-CsHi2 (1), (g) i-CsHiz (4), and (h)gq—CsHaz.

averaged values for forward and reverse reactions differ fori-CsHix(1) corresponds to AAG* of ~0.3 kcal/mol, which
noticeably. Future improvements in experiment and theory are is well within the expected accuracy. Differences in the TST
necessary to close this gap. rates for secondary and tertiary-l sites are also found to be

In our evaluation of the thermochemical supergroup proper- within a factor of 2. It should be noted that the mismatch
ties, we did not explicitly consider contributions of additional observed here between TST and GA rates (uncorrected for
low-energy conformers because we assumed that the transitiortunneling) reflects primarily the effect of averaging the ther-
states will have similar contributions so that they cancel out. mochemical properties of “supergroup” on an individual reaction
However, we verified that we used the lowest-energy conforma- rate. This relative performance will not change with the inclusion
tion of the reactants and its corresponding transition state of one-dimensional tunneling correction, since the latter depends
structure. The same holds for the reverse reaction starting fromprimar“y upon the shape (barrier height and the barrier width)
the product side. In the case of branched alkanes, we correctecf the reaction potential. As can be seen from Tables 4 and 5,
GA-based heats of formation by 0.8 kcal/mol per additional the magnitude of the imaginary frequency remains nearly the
gauche interactio and those of branched alkyl radicals by same (within+=15 cnT?) so that contributions from tunneling
0.4 kcal/mol (th|5 value was deduced from hindrance potential will not vary Significant]y within a given type of reaction.
calculations).

Comparison of “Supergroup” Predicted Rate with TST
Rates—A Test for Rate Prediction. One important question
to ask at this point is how accurate the reaction rates based o
supergroups will be as compared to individual TST calculations.
Figure 1 addresses this question for the H abstraction from
primary alkanes by H atoms. In this figure, we present the
relative difference of rates for individual reactionk’sT,
compared to the GA-based rate predictikit,. The rate without
tunneling,k™sT, is calculated with transition state theory via

We now turn to the results for H abstraction by £Hrom
Table 5, we learn that the agreement between the individual
supergroup GAV'’s is still good but not as good as that seen for
he abstraction reactions by H atoms. Within the error bars, we
see that the results for forward and reverse reactions overlap.
There seem to be many reasons why the agreement is a little
worse. First, we noted that the error in the calculated H
dissociation energy is fortunately of the same amount of
discrepancies as those in the-R dissociation. This is different
for CH3; because ab initio and GA BDE’s for methane agree
TSTTy — * _ within 0.3 kcal/mol. This worsens the agreement between
k7T = Nakg TQT(QuQg) exp(Ed/(keT)) forward and reverse reactions. A second reason seems to be
whereN, is Avogadro’s numbel, is the ZPE-corrected barrier ~ the stronger impact that an attacking £tddical can have on
height, and theQ's are the molecular partition functions. All  the TS. In Table 5, we have seen that the heat of formation of
information needed is available from the calculation of the the reaction of-CsHi2(4) + CHs does not match well into the
thermodynamic properties of the stable molecules, radicals, ands€t. In the reaction case @FCsHi2 + CHs leading to the
transition states. In principléJST could also be calculated via  N-CsH11(3) radical, we found that the entropy and low-
eq 1, but it is more convenient to use partition functions if temperatureC, data differ from the remaining reactions. The
available. All rates shown in Figure 1 are based on or¢dC TS could have a significantly different distribution of conformers
site and are therefore directly comparable. The plots considerthan n-pentane so that our assumption that the conformer
only forward reactions. A deviation ef100% in the difference contributions will cancel in the GAV calculations could be poor
plot (KTST — kCA/KGA) means that the TST rate is a factor of 2 in this case. In the case 0£is + CHjs, we find a larger entropy
larger than the GA rate. Similarly, @50% deviation implies value than expected. A closer look on the hindrance barrier for
thatk™T is a factor of 2 slower thak®A. Thus, Figure 1 shows  CHsrotation reveals an explanation. The forming4£tH bond
that all TST rates are within a factor of 2 of the GA predicted in the abstraction process reduces the hindrance barrier for the
rate. Most of the differences at low temperatures are due to CHs rotation from about 3.0 kcal/mol in ethane to 2.35 kcal/
small fluctuations i\H*; e.g., the relative deviation of +30% mol in the transition state. This is a special feature of ethane



H Abstraction from Alkanes by H and GH J. Phys. Chem. A, Vol. 105, No. 28, 2003921

since the barriers remain roughly unchanged in, e.g., propane— SG’ should both be equal tpC/C/H2/~H} — {C/C2/H/~
and t-butane. Because the reaction of £with ethane is a  H}. Similarly, the three differences $& SGY, S@' — SG,
special case, we disregard it while averaging the entropy valueand SA' — SG' should all have the valug—H/C/H} + {H/—
of the{C/C/H2/-H/C/H3} group in both, forward and reverse H} — {—H/C2} — {C/H3/—H}. Table 7 shows that such a
directions. splitting scheme could indeed work and that the group values
Despite some deviations the overall consistency of the are relatively constant. Th€, results especially support this
supergroup GAV is good and proves our concept. Thus, we conclusion. On the other hand, deviations in the differences for
proceed and compare the GA-based (generalized) reaction raté1?°¢ and $% are large enough to fear that further averaging to
with individual transition state theory-based rates (Figure 2). fit the SG data into this splitting scheme would undermine the
For most of the reactions of primary— sites we find as for accuracy.
the reactions with H atoms agreement within better than a factor  The main argument against this idea is that the central groups
of 2. Only the earlier discussed special cases deviate more.{—H/C/H} and{—H/C2} are kept constant throughout and are
Because of the lowered barrier in the reaction of 2-methylbutane treated as independent of the nature of the C atom(s). The
with methyl radical to form 2-methylbut-1-yl radical, this properties of the EH—H and G-H—C reaction centers will
reaction is at low temperatures nearly three times as fast as allcertainly depend on the nature of the C atoms bound to the
other primary H abstractions by GHWith increasing temper-  migrating hydrogen. For example, if both C atoms irld—C
atures, the rate approaches the GA rate. ThElsC- CHs are of the same nature as that in “symmetric” reactions between
reaction behaves in the opposite manner. Caused by themethane and methyl then both-El distances will be equal.
increased reaction entropy, the abstraction rate becomes fasterhis is not the case for different C sites. Near the transition
at higher temperatures. Both sets of GAV’s derived from the state, the geometrical parameters of the reaction center are very
forward reaction of H abstraction from secondary and tertiary sensitive to the relative bond strength of the forming and
C—H agree very well (not shown), so TST- and GA-based rates preaking bonds. This suggests differentiating the carbons based
are very close. on the substituents attached to it (e.g", CP, C5, and C). Such
Splitting Supergroups into “Benson” Groups. Having seen an extended interaction has already been considered in the
that GA-based rates can be useful for rate predictions, we nowcharacterization of alkyl radicaf4-26 For example, Lay et &
turn back to the supergroups. The supergroups characterized irdistinguish between four different primary alkyl radicals because
the preceding paragraphs are very large and are not really inthe substitution pattern on the adjacent carbon atom has an
the spirit of group additivity. One reason is that they contain impact on the *CH— moiety.
several polyvalent atoms and violate Benson’s definition of & Thys, we have strong arguments to differentiate with respect
group. More of practical importance is the fact that permutations 1 the neighboring C sites as well. Doing so, we obtain four
of individual atoms in such large supergroup will evidently lead  types off —H/Ci//H} groups and 10 types §H/C/C} groups,
to a large number of different supergroups, which makes yith j andj denoting methyl, primary, secondary, or tertiary
characterization of them more elaborate and the whole meth-carhon sites. Together with t€/C/H2/~H}, { C/IC2/H/~H},
odology less useful. Therefore, we need to divide the SUper-{c/C3/~H}, and{H/—H} groups, we end up with 18 groups
groups into smaller fraction or groups in the sense of Benson. ang only six supergroups so far. To resolve this problem, we
An obvious choice in our case is to take the polyvalent atoms gytended the reaction set by including five symmetric H
as center of the new groups. For our six supergroups (SG) migration reactions, viz., H Ha, CHs + CHa, CoHs + CoHe,

discussed so far, splitting could be done as follows: i-CgH7 + CgHs, andt-Cy4He+i-C4H10 as well as the correspond-
ing “mixed” reactions (H+ CHy, CHs + CsHg (primary/
SG = {CICIH2/~H/H} = {C/C/H2/~H} + {—H/C/H} + secondary pair), and8s + i-C4H1o (primary/tertiary pair) and
{H/—H} i-CsH7 + i-C4Hg (secondary/tertiary pair). The results for the

nine new supergroups are given in Table 6. This leads to a total
SG'= {CIC2/H/~H/H} = {C/C2/H/-H} + {—H/C/H} + of 15 supergroups and 20 groups, since two new gro{ips (
{H/—H} H/H2} and{C/C/H3/~H}) have to be introduced. With the idea
in mind that the centrg] —H/X/Y} group should be a measure
s@' = {CIC3-H/H} ={C/C3/-H} +{—H/C/H} + of the asymmetry in the forming and breaking bonds of a
{H/—H} transition state, we define all fije—H/X2} groups to be zero.
Determination of the group values of the remaining 15 groups
s@Vv = {CIC/H2/~H/C/H3} = {C/C/H2/-H} + then becomes straightforward, and the results are presented in

{—H/C2} 4+ {C/H3/H}  Tables.
Before proceeding further with the group values, it is
SG’ = {CIC2/H-HIC/H3} = {C/C2/HI-H} + appropriate to have a closer look at Table 6. The nine
{—H/C2} + {C/H3/—H} supergroups presented therein are essentially derived from a
single reaction of each category. In the case-6H(H) and
SG" ={CIC3/~HICIH3} ={CIC3/~H} + (C/H3/—H), the reason is obvious as one is left with a unique
{—HIC2} + {C/H3/—H} choice. However, this is not true for the remaining supergroups.
For example, the supergroup (C/C/H24/C/C/H2) could have
SA-SA'" describe the transition states for H abstraction by Peen derived from any other reaction in the homologous series
H, and the remaining three SG’s correspond to 3Cas of primary hydrogen abstraction by a primary alkyl radical as
abstracting species. Two out of three subgroups are constant ifvell. On the basis of the constancy of the six supergroup values
a set of SG’s, and the third group is a common group in the shown in Tables 4 and 5, we restrict ourselves to the first
respective abstraction reaction by H and<CH quick test to ~ member for the sake of computational efficiency.
see if such a splitting scheme could work is to compare the Most of the thermodynamic properties obtained for the new
differences of SG pairs with each other.'S6SG' and S& “transition state-specific” groups seem reasonable. The contribu-
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TABLE 7: Analyzing Supergroups: Indication of Constant Supergroup Differences between H and CH Abstractions

SG*_SG** AfHZQS SZQS CPBOO Cp400 CPSOO CpGOO CPSOO CplOOO CplSOO
{CICIH2/~H} — {CIC2/H/-H}
SG-saG! —2.22 20.02 0.49 1.19 1.63 1.88 2.39 2.79 3.57
SG-SG’ -2.38 19.49 0.47 1.06 1.49 1.75 2.30 2.73 3.54
difference 0.16 0.54 0.03 0.13 0.14 0.13 0.09 0.06 0.03
{CICIH2/~H} — {CIC3/-H}
SG-sa! —2.49 41.72. 0.82 1.61 2.38 3.04 4.18 5.16 6.71
SGv-SG/ -3.18 42.28 0.88 1.55 2.24 2.87 4.01 5.03 6.61
difference 069 —056  —0.06 0.07 0.14 0.18 0.17 0.13 0.10
{CIC2/H/-H} — {CIC3/-H}
s@'-sa" -0.27 21.70 0.33 0.43 0.74 1.16 1.79 2.37 3.14
SG/—sGY -0.80 22.79 0.41 0.49 0.75 1.12 1.71 2.30 3.06
difference 053 -110 -0.08 -0.06 —0.01 0.05 0.08 0.07 0.07

{—HICIH} + {H/—H}
—{HIC2} — {CIH3/~H}

SG-Sa@Y 13.64 —12.01 —5.07 —6.10 —7.08 —7.99 —9.59 —10.94 —13.23
Slessied 13.49 —12.54 —5.10 —6.23 —7.23 -8.12 —9.68 —11.00 —13.26
S@'"'-sg” 12.95 —11.44 —5.02 —6.17 —7.22 —8.17 —9.76 —11.07 —13.34
average 13.36 —12.00 —5.06 —6.17 —7.18 —8.09 —9.68 —11.00 —13.28
st dev 0.36 0.55 0.04 0.06 0.08 0.09 0.08 0.06 0.05

TABLE 8: “Transition-State Specific” Group Additivity Values (GAV) for Hydrogen Abstraction Reactions

group name AgH298 P08 C,300 C00 C,500 C, 500 C,800 Cyto00 Cyts00
{—HIX3}, with X =H, C", C°, C5, C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
{—H/H} 30.17 19.56 3.81 4.25 4.63 4.96 5.44 5.75 6.16
{—H/C™/H} —0.15 036  —0.77 —0.57 —0.38 —0.25 —0.11 —0.06 —0.02
{—H/CPIH} —1.18 171 -0.62 —0.42 —0.29 —0.20 —0.13 —0.10 —0.06
{—HICH} —-1.34 258 —1.08 —0.96 —0.77 —0.55 —0.38 —0.27 —0.14
{—H/CYH} —0.87 430 —1.30 —1.05 —0.82 —0.66 —0.43 —0.31 —0.21
{—H/Cm/Cr} —0.92 —1.09 0.08 0.10 0.09 0.07 0.02 0.00 0.00
{—H/Cm/Cs} —0.62 —0.08 —0.46 —0.13 0.04 0.10 0.10 0.07 0.03
{—H/cm/Ccy 0.64 0.68 —0.73 —0.49 —0.34 —0.25 —0.15 —0.12 —0.06
{—HICriC} —0.48 096 —0.13 —0.11 —0.08 —0.06 —0.03 —0.02 —0.01
{—H/CrICY —0.34 —0.68 —0.43 —0.44 —0.40 —0.34 0.24 —0.16 —0.07
{—H/CsICY —0.82 —1.59 —0.52 —0.54 —0.47 —0.38 —0.24 —0.15 —0.06
{C/H3/—H) 16.27 34.37 8.18 9.82 11.34 12.68 14.88 16.59 19.33
{CICIH2/-H} 21.74 13.63 6.08 7.86 9.34 10.59 12.56 13.99 16.18
{CI/C2/HFH} 24.12 —7.26 6.05 7.22 8.19 9.06 10.42 11.36 12.69
{CIC3/-H} 24.06 —30.73 5.99 6.94 7.56 8.05 8.71 9.04 9.80

tions of the central groupg,—H/X/Y}, in the reaction center in the NIST database, we have chosen to compare our
to AH?% $298 and C," are small. This is in agreement with  predictions with a generalized rate extracted from several
our picture that these groups present a measure of the asymmetrindividual reactions of the database. We fitted individual

from those of symmetric transition states. Most of the thermo- reactions with Arrhenius or modified Arrhenius expressions and

dynamic information is consequently absorbed in {ig¥C/ subsequently averaged them by determining a new (modified)
Hs-i/—H} and {—H/H} groups.C," contributions of these  Arrhenius expression as a representative of them. In a similar
groups change in a monotonic way. ChangesSimand C, manner, we used Ranzi et al.’s kinetic data. Rate comparison

contributions follow in general a trend when going from methyl is restricted to temperatures between 300 and 1500 K, the range
to tertiary carbon; however, this is not true foH. The heat of for which group additivityC,, data are available. Figure 3 shows
formation contribution continues to decrease frofM G C-. the results for the primary and secondary R + H reaction.
However, it increases for a tertiary C site’\@ both the CH/ The rates are given per hydrogen. In most cases, our GA-based
Ci/H) and{ C/C/Hz-i/—H} groups. This observation should not reaction rates are a little higher than the references, especially
be over emphasized because of the uncertainties in ab initiofor H abstraction from secondary- sites. In both cases, the

and experimental heats of formation telbutane andert-butyl differences are largest with respect to the rates of Ranzi,
systems. followed by those of Curran. The agreement with NIST data is
Reaction Rate Estimation Based on Group Additivity— excellent for primary H abstraction. For the reaction of

Comparison with Experimental Rates.We now use the newly  secondary €H with hydrogen atoms, our prediction is at high
developed GAV to estimate reaction rates. Rates for small temperatures higher than those of our fit from the NIST database
alkanes are compared with kinetic data from the NIST data- by about a factor of 2, and this factor increases at low
base?® with predictions based on the work of Ranzi et?al., temperatures. In view of the very few experimental data
and with rate constants used in the modeling of heptane available for secondary-€H abstractions, this deviation should
oxidation by Curran et & Contributions due to tunneling are  be considered reasonable.

approximated with the Wigner formalisth.The imaginary A comparison of predicted rates for H abstraction bys;CH
frequencies are listed in Tables-3, and we use the averaged radicals is shown in Figure 4. Again, only reactions with primary
imaginary frequencies of a series. The heat capacity data areand secondary alkanes are plotted. To calculate rates on the
fitted to a fourth-order polynomial to simplify their use. Instead per C—H site basis, we had to incorporate the correct reaction
of comparing predicted rates to individual reaction rates given path degeneracy factor. Using the symmetry factor of 6 for
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Figure 3. Comparison of group additivity predicted rates with literature. H abstraction from primary (solid symbols) and secondary (open symbols)
alkanes by hydrogen atoms. References: NIST 98 data are based on ref 55, Curran 98 on ref 56, and Ranzi 94 on ref 21. The group additivity
predictions are within a factor of 2 of the experimentally derived NIST values.
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Figure 4. Comparison of with group additivity predicted rates with literature. H abstraction from primary (solid symbols) and secondary (open
symbols) alkanes by methyl radicals. References: NIST 98 data are based on ref 55, Curran 98 on ref 56, and Ranzi 94 on ref 21. Note that the
discrepancies between the predictions and the experimentally derived values are relatively small in the middle temperature range whererke experim
data are most firmly established.

methyl, 18 for an alkane, and, e.g., 9 for abstractions from would be expected to reduce the uncertainties in our predictions.
n-alkanes, we find that the ratio(CHs)o(alkane)é(ts) = 12, However, the uncertainties in the TST calculation (ignoring
although only six H atoms are involved. As the total rate is tunneling) due to uncertainties in the barrier height and
correct, we have to divide it by 6 to get the rate per hydrogen activation entropy are likely to be at least as large as the errors
instead of dividing through the reciprocal of the symmetry ratio. introduced by our simple tunneling treatment. A rough estimate
The comparison shows good agreement at high temperaturef the uncertainty in the supergroup values can be obtained by
in the case of primary H abstraction and better agreement atadding the error due to the group-additivity approximation (e.g.,
lower temperatures for secondary H abstraction. the range of the deviations between the group-additivity and
It should be noted that Wigner’s tunneling correction is a individual-molecule calculations afH, $*%, andC,(T)) to the
simplified approach and is known to underestimate the tunneling uncertainty in the thermochemical values of the reactants.
contributions. This might explain the discrepancy at low CBS-Q is reported to give heats of formation accurate to about
temperatures for methyl abstracting a primary H in Figure 4. 1 kcal/mol#3® and our comparisons between calculated and
However, the low-temperature discrepancies in Figure 3 have experimental entropies and heat capacities suggest they have
the opposite sign: the calculations using Wigner tunneling uncertainties of about 0.5 cal madlK 1. Hence, we expect the
estimates are higher than the literature rate estimates. AnsupergroupAH values to be good to about 1.5 kcal/mol and
improved treatment involving the intrinsic reaction coordinate the $°8andC, values to be accurate to about 1 cal mdk 1.
potential energy surface such as multidimensional zero- The experimental rate data are consistent with the group
curvaturé€” and centrifugal dominant small-curvature metf8ds  additivity rate estimates within these uncertainty bounds; in fact,
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the agreement is slightly better than our uncertainty estimate  (2) Haux, L.; Cunin, P.-Y.; Griffiths, M.; Come, G.-M. Chim. Phyg.

; 1988 85, 739.
would suggest, perhaps due to a favorable cancellation of errors. (3) Chevalier, C.. Warnatz, J.. Melenk, fer. Bunsen-Ges. Phys.

Summary Chem 199Q 94, 1362.
. . . . (4) Dente, M.; Pierucci, S.; Ranzi, E.; Bussant, Ghem. Eng. Sci
We introduced the idea of characterizing thermodynamic 1992 47, 2629.
properties of transition states in terms of Bensons group  (5) Chevalier, C.; Pitz, W. J.; Warnatz, J.; Westbrook, C. K.; Melenk,

[ _ H. Proc. Combust. Instl992 24, 93.
additivity method. The CBS-Q level of theory was used for (6) Blurock, E. S.J. Chem. Inf. Comput. ScL995 35, 607.

energy calculations, and additional partial HF/6-310 ¢pbti- (7) Nehse, M.; Warnatz, J.; Chevalier, &mp. (Int.) Combust., [Proc.]
mizations were performed to obtain hindrance potentials for 1996 26, 773.
internal rotations. Coupling between internal and external  (8) Ranzi, E.; Faravelli, T.; Gaffuri, P.; Sogaro, 8ombust. Flame
rotation was taken into account as described by Pitzer.et al 199(59)10Fféﬁ13'E_; Sogaro, A.: Gaffuri, P.: Pennati, G.: Westbrook, C. K.:
Comparison of our results akH2%8, % and C,(T) data for Pitz, W. Combust. Flamd.994 99, 201.
alkanes and alkyl radicals show good agreement with experi-  (10) Susnow, R. G.; Dean, A. M.; Green, W. H.; Peczak) PPhys.
mental data and GA predictions. Chem. A1997 101, 3731. o

Applying the same methodology to the transition states for 19&31)20?&01""3@6’“’ L. J; Start, S. M.; Klein, M. TComput. Chem. Eng.
H abstraction from alkanes by H and gltd to constant (12) Broadbelt, L. J.; Stark, S. M.; Klein, M. Tod. Eng. Chem. Res.
thermodynamic values for the reaction specific moiety in the 1995 34, 2566. _
transition state. The GAV of these so-called supergroups arelgéf)ggB%%dbe“' L. J; Stark, S. M.; Klein, M. Tnd. Eng. Chem. Res.
further subdmdedl |n.to smaller Benso.nl-llke groups, which (14) Green, W. H. Jr.: Moore, C. B.: Polik, W. Annu. Re. Phys.
allows a full description of these transition states via group chem.1992 43, 591.
additivity. Reaction rates calculated with the new GAV agree  (15) Miller, W. H. J. Phys. Chem. A998 102,793.

reasonably well with published kinetic information. 21‘(112)53%hang, A.Y.; Bozzelli, J. W.; Dean, A. NZ. Phys. Chem200Q

Using the concept of group additivity to predict reaction rates (17) Barker, J. R.Multiwell Software version 1.01; University of
has several advantages over other known methods: (1) InMichigan: Ann Arbor, MI, 1999.
general, GA can be used for all types of reactions and is not (18) Blowers, P.; Masel, R. IAIChE J.1999 45, 1794.
restricted to special cases. (2) The temperature behavior of rate (%(9)) goo.c"’ L. g -3|K1§'”' M-lTA'”d- 'f”g- fct?]emér’?e$9t93 3% é“gf‘- |
constants is thermodynamically consistent and is not bound tOAIfz(ass?,, Zegls%vd V.Vilgy:elr:g/?YorslzelCQESJQ?Ch:pter f,ngliéyar?d re?erlgr?cses
Arrhenius forms. (3) Implementation in automated mechanism therein.
generating algorithms should be easy, since such packages have (21) Ranzi, E.; Dente, M.; Faravelli, T.; Pennati, Gombust. Sci.
alrgady codes to e.s.timate thermOdynamiq data fgr Stabl? SpeCiege?Zhg)OISfr?sAlor??Sl.' WThermochemical Kinetics2nd ed.; Wiley-Inter-
using GA. (4) Addition of non-nearest-neighbor interactions to science: New York, 1976.
the GAV allows differentiation of reactivity due to substitution (23) Yamada, T.; Lay, T. H.; Bozzelli, J. W. Phys. Chem. A998
effects. (5) The derivation of GAV for transition states from 102, 7286. . _
forward and reverse reactions allows a consistency check of 0'r$|2e‘2| OH_NE_zf"I’geHr',S%‘r’] B;n\i,c?nfh%rméhgmc;@r%f }é'rneeetlgaﬁcﬁcla’léfé
the thermodynamic data of the reactants and products. Radicals Koshi, J. H., Ed.; Wiley: New York, 1973; pp 27379.

The observed good performance of our calculations on the  (25) Cohen, NJ. Phys. Chem1993 96, 9052.
well understood intermolecular H abstraction from alkanes by Chgg)l'égé' 9T9- TZSE’ZZZQ”" J. W.; Dean, A. M.; Ritter, E. R. Phys.
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