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Abstract: We calculate transition-state energies of atom-transfer reactions from reaction energies,
electrophilicity indices, bond lengths, and vibration frequencies of the reactive bonds. Our calculations do
not involve adjustable parameters and uncover new patterns of reactivity. The generality of our model is
demonstrated comparing the vibrationally adiabatic barriers obtained for 100 hydrogen-atom transfers with
the corresponding experimental activation energies, after correction for the heat capacities of reactants
and transition state. The rates of half of these reactions are calculated using the Transition-State Theory
with the vibrationally adiabatic path of the Intersecting-State Model and the semiclassical correction for
tunneling (ISM/scTST). The calculated rates are within an order of magnitude of the experimental ones at
room temperature. The temperature dependencies and kinetic isotope effects of selected systems are
also in good agreement with the available experimental data. Our model elucidates the roles of the reaction
energy, electrophilicity, structural parameters, and tunneling in the reactivity of these systems and can be
applied to make quantitative predictions for new systems.

1. Introduction and so forth, of another energy barrieRecent developments
. . . have combined rate-equilibrium relationships with ab initio and
The current understanding of structumeactivity relation- b cajcylations Further advances in this field must consider

srk:lps_remalns :eeplz roo;[ed “'fn c_(l)nce;pts Of_ phy"5|cal-o_rganllc the above-mentioned reactivity indices, rationalize the existing
¢ em|stry, such as that or a ffamily o reactions™. Empirical 04 etical and experimental data, and predict new reactivity
and semiquantitative relations have been employed to systeM+.ands

atize reactivity trends and identify unusual behavidFhe . . . L
y fy The objective of this work is to relate quantitatively the

predictive power of such relations is generally restricted to lectroni d molecular struct fth - d product
structurally related reactants and their use for classes other thart ccrronic and mojecular structure ot the reactants and products

those used in their development may be discourddduty will with t_he corres_ponding reactipn rates. The refation de_vr_eloped
continue to be useful to rationalize the immense compilations here is rooted in the In_tersectlng-State Model (lSM) originally
of rate constants for atom abstraction reactibbst there is an developed by Fgrmqsmho and co-work%ﬂm Fh's work, we
increasing need for physically meaningful models that can present, for the_flrst time, fast and reliable _estlmate'_s of absqlute
quantitatively link traditional reactivity indices such as the rates of very different atom transfers, using only information

reaction energy, polar effect, and structural paramétets the on the reictar;]ts and plroducts. We employ tlhe It errz abTOIl.Jtel
making of reaction energy-barriers. On the other hand, new to mean that the actual rate constants are calculated exclusively

reactivity indices have emerged from density functional theory from thermodynamic and spectro_scopm |nfo_rmat|on on_the
(DFT), such as those of chemical potential and chemical reactants and products. The_calpulatlons do not involve the fitting
hardness$. Although numerical methods fulfill the need for of any parameters to the kinetic data.

accurate calculations of reaction barriers, the result of one The remaining of this work is divided in three parts. First,
calculation may not be chemically intuitive and does not suffice We formulate the model, examine its foundations and compare
to predict chemical reactivity. Knowing one energy barrier does ISM classical energies and reaction paths with those of ab initio

not tell us much if anything about the structure, nature, energy, calculations for 20 prototypical atom-transfer reactions. These
systems were selected because high-level ab initio calculations
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are available for comparison and because they involve a large= 0.7414 A and}. = |55 = 0.9287 A3 These values indicate
diversity of bonds in the reaction coordinate. Then, we assessthat each H-H bond extends by 0.1873 A along the minimum-
the generality of our model comparing calculated and experi- energy path, and eq 4 give$=0.1824 This value ofa’ is
mental activation energies of 100 different reactions, mostly appropriate for calculating transition-state structures and clas-
measured within the 5661000 K temperature range, for which  sical-potential energiesA\{V,).

the Arrhenius equation provides an adequate description of the Qualitatively, a PES can be viewed as an interpolation
experimental data. The application of the model to such a large between the potential energies of the reagents and of the
set of reactions discloses new reactivity trends. Finally, we productst? The simplest, linear interpolation between the
calculate the rate-constants ofXHR reactions and halogen-  potential energies of the fragments BC and AB along the

atom transfers. We selected reactions where=X, OH, or reaction coordinate is
CHgs for their importance in fundamental, atmospheric and
combustion chemistry. For some prototypical systems the Vy=(1—nVgc+nV,g + nAV° (5)

comparison with experimental data is made over a large range

of temperatures and includes kinetic isotope effects (KIE). where the variation in the potential energy of the fragments,
2. Classical Transition-StatesThis new formulation of ISM Vgc andVag, can be represented by Morse curves, AMY =

is totally based in relations that lie outside the field of reaction Dgc — Dag is the classical reaction energygc andDag are

kinetics and has no adjustable parameters. Only the fundamentathe dissociation energies of the diatomic molecules BC and AB.

equations of the model are presented here. The details of thewhen Morse curves are expressed in terms of the bond orders

algorithm are presented as Supporting Information. The imple- rather than in terms of bond extensions, we obtain

mentation of the algorithm in PC or Mac computers is available

from the authors via the Internet. Vec = Dpc{1 — explBgcd (lapeq T IBCVGO)In(nBC)]}2
The correlation between reactamiz§) and fag) product
bond-orders in atom-transfer reactions Vag = Dap{1 — expBaga (lngeq IBC’ED)In(nAB)]}2 (6)
A+BC—AB+C 1) Following the expressive terminology of Evans and Polahyi,

the “inertia” of the reaction is given by the extension of the
BC bond and by the repulsion between B and A, each linearly
N=ny=1—nNgc 2 dependent on its bond order (or exponentially dependent on its
bond extension). Once the transition state is reached, these
that varies from 0 in the reactants to 1 in the products. This factors became the “driving force” of the reaction, that is, both
reaction coordinate is known to agree well with the actual the release of the repulsion between B and C and the formation
minimum-energy path for a variety of potential energy surfaces of the AB bond contribute to the stabilization of the products.
(PES)!112This agreement shows that the electronic redistribu- The transition-state bond ordet, is given by the value of
tion between single bonds is reflected in the conservation of at the maximum of the reaction path. At this point, the binding

has been used to define the reaction coordindte

the bond order along the reaction coordinate. and repulsion forces are balanced.
On the other hand, Pauling’s relation between equilibrium A and C may be atoms or groups of atoms. They can be
bond ordersrf) and bond lengthd regarded as ligands or substituents in{the.B...C}* transition
state and may increase its electronic density relative to that of
| =1, = —aln(n) 3) our reference systendH...H...H*. Such an increase in elec-

tronic density has been regarded as a formal enhanced bonding
where a is a constant and; equilibrium length of the  of the transition staté We have shown that the simplest
corresponding single bond, can be conveniently generalized tomogification of the bond order that accounts for its eventual
relate transition-state bond orders to bond lengths enhancement at the transition state but preserves its location
‘ . and respects the asymptotic limits? is
lsc = laceq™ ~@(lgc.eqT ap,eq!N(NC) 4)
nt = n@m
We replaced the scaling by in eq 3 with the scaling by AB
& (lageqt!eceq because longer bonds will stretch out more from
equilibrium to the transition-state configurations than shorter
ones, and because two bonds are implicated in the transition
state. The constant relating transition-state bond length to bond
order is different from that relating these quantities in equilib-
rium. Thus, the value ofa’ must be obtained from an
independent source.

The most convenient source for obtaining the valua'aé

the PES of the Ht+ H, system. For symmetry reasons, this
system must havel,. = ny; = 0.5. The equilibrium and  (13) varandas, A. J. C.; Brown, F. B.; Mead, C. A.; Truhlar, D. G.; Garrett, B.
transition-state bond lengths of the DMBE-PES|gggq= lag.eq C. J. Chem. Phys1987 86, 6258,

(14) The first application of ISM involved the scaling to the activation energy
of the H+-H, reaction and the factaa’ = 0.156 was obtained.

Npe = (L — )™ 7)

wherem = 1. The increase in electronic density at the transition
state depends on the valuemaf Thus,mis a measure of electron
count. An appropriate expression faon should take into
consideration the change of electronic density when substituents
are introduced in our reference reaction;HHo, for which we
assignm = 1.

(10) Johnston, H. S.; Parr, @. Am. Chem. S0d.963 85, 2544. (15) Evans, M. G.; Polanyi, MTrans. Faraday Soc1938 34, 11.
(11) Truhlar, D. GJ. Am. Chem. S0d.972 94, 7584. (16) Nalewajski, R. F.; Formosinho, S. J.; Varandas, A. J. C.; Mrozékt.J.
(12) Agmon, N.; Levine, R. DJ. Chem. Phys1979 71, 3034. Quantum Chem1994 52, 1153.
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Figure 1. (a) Intersection of the Morse curve representing HCI with that representinasth function of the HCI and HH extensions from their equilibrium

to their transition-state configurations. (b) Interaction of Morse curves according to eq 5, as a function of the same reactant and producshord @jten
Interaction of the same Morse curves according to eq 5 as a function of the distance along the reaction coordinate measured from the transiéon state. T
line identified by MRCH-Q is the energy calculated for this system using quantum-mechanical methods described in Table 2.

The capability of a ligand to donate precisely one electron is (Isc — lsceq in the reactants side andh§ — lageq in the
measured by its ionization potential. However, if we wish to products side, to show that the classical energy barrier is
measure to what extent partial electron transfer contributes toapproximately the same as for the intersection of the curves.
the lowering of the total binding energy by maximal flow of Finally, we convert the bond extensions in the distance along
electrons, it is more appropriate to use the electrophilicity index the reaction coordinate measured from the transition sate,

recently proposed by Pafr +V[(lsc — 15)? + (Ias — I3g)3, which is the usual reaction
coordinate for atom transfers. Although the energy of the
lp T Ea transition state is a imately th for both h
m= @) _ > approximately the same for both approaches,
lp— Ea only the interaction of the Morse curves can account for the

energy variation along the whole reaction path. According to
wherelp is the ionization potential ari is the electron affinity  the new formalism, the theoretical model should now be called
of the ligand. This definition ofm corresponds to the ratio  sinteracting-state”, rather than “intersecting-state”, model. The
between the negative of the chemical potential and the chemicalacronym 1SM can still be used to reflect both the origin of the
hardness. The value ah can be calculated usinig(A) and model and its present formulation.

Ea(A), 1p(C), andEa(C), Is(A), and Ea(C), or Ix(C), andEa- The new formulation of ISM provides a simple method to
(A). The best way to change the number of electrons or the (g|ate electroniclt and Ea), thermochemical@gc and Dag),
chemical potential of a molecule is the way that minimizes its g, ctural (6c.eqand lag.eq) and spectroscopicBc and Bag)
hardnesd® Thus, we chose the combination that maximizes the properties of reactants and products to reaction barieig).
value of m. This combination minimizes the transition-state T formulation does not involve the fitting of any parameters
energy. It is interesting to note that systems such as HCI to the kinetic data. The transition-state energy is estimated from
(H-abstraction) and HCt H (Cl exchange) share the same PES 5, gnaiytical expression that only uses chemical data tabulated
and the same value of. Many other reactivity models relate ¢, ihe reactants and products, Table 1.

the height of the reaction barrier to the electronic properties of
the reactants. Particularly insightful is the Valence-Bond ap- d
proach to reactivity formulated by Shdikthat expresses the
barrier height as a fraction of the difference between the
ionization potential of the donor and the electron affinity of
the acceptof? i.e., the chemical hardness.

Earlier formulations of ISM used the intersection between
the BC and AB rotated Morse curves to locate the transition
state? rather than the interaction expressed by eq 5. The two
approaches give identical activation energies for symmetrical . .
reactions and have the same limiting values for very exothermic were calculated witim = 1. The actual values ahare slightly

and very endothermic reactions. For intermediate cases they alséz:]rg_er th?n Enl'ty and Iegd to(;:z. 1th§ Wflower b?rnedrs. Th? |
lead to very similar results, as illustrated in Figure 1 for the H choice ofm = 1 was motivated both by theoretical and practica

reasons. The electronic structure of the transition state of these
reactions closely resembles that of the reference reactioh, H

Table 2 presents a set of systems that was studied in great
etail by ab initio methods and provides the grounds for testing
the accuracy of ISM classical barriers. ISM barriex$y, are
in excellent agreement with high-level ab initio barrieyg,
Figure 2. This is a remarkable achievement, considering that
our model employs analytical expressions without adjustable
parametersand that the systems were selected for their diversity.

The barriers and rates of the H-atom transfers between
hydrogen and carbon centered radicals with lsgoridization,

+ HCI — H, + CI reaction. This figure shows how the
intersection of rotated Morse curves is related to their interaction. ; )
First, we express the rotated Morse curves as a function of the 2 for which we seim = 1 but_ that accordlng to eq .8 shoul_d
reaction coordinate defined by the reactant and product bondhavem = 1.117. The cha_lnge in the electrc_>n|c_ c_iensny relative
extensions. Then, we express the interaction of the Morse curved® the reference system is very small and justifies the use of

given by eq 5 as a function of the same reaction coordinate, — 1 for this type of systems. Addltlonglly, the electrpnlc
parameters of some hydrocarbons are subject to substantial error

(17) Parr, R. G.; Szentpa L. v.; Liu, S. J. Am. Chem. S0d.999 121, 1922. and may not even be known, but the corresponding H-
(18) Ayers, P. W.; Parr, R. GI. Am. Chem. So@00Q 122, 2010. ; ; ;
(19) Shaik. S. SJ. Am. Chem. Sod981 103 3692. abstraction rates by h_ydrogen atoms can still be calculated with
(20) Pross, A.; Shaik, SAcc. Chem. Re<L983 16, 363. good accuracy, as will be shown below.
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Table 1. Bond Lengths, Bond Dissociation Energies, Vibrational
Frequencies of the Molecules, and lonization Potentials and
Electron Affinities of the Radicals Employed in the Calculation of

Table 2. Classical Potential Energy Barriers Calculated by ab
Initio Methods (V¥) and by ISM (*Vg), in kd/mol

the Energy Barriers of Atom Transfer Reactions quantum mechanics ISM
R Dt 0 I Eo reaction V* method? m  AYVy
A (kI mol~1) (cm™) (eV) (eV) H+Hx—Hx+H 41.5> CCSD(T) 1 42.3
. c
Ha 0.74144 43599 4161  13.598 0.75419 gk,'j J:LCCH‘;' fg“,f JCFHS H gi'gd EME‘Z‘ i Zgﬁ
215 26 26 2M5 . .
CHy 1.0870 438.9 2917 9.843 0.08 H + CHa— Hy -+ CHs 61.G PMP4 1 55.7
CHsCHCHs  1.107 409.1 2887 7.3r  -0321 Cl + CHs— HCl + CHy 28.99 MP2/SAC 2.161 28.4
(CHg)3sCH 1.122 404.3 2890 6.70 —0.156 NH» + Ho— NHs + H 39.9 CCSD(T 1154 44.2
CHsCOCH;  1.103 4113 2939 2 3 : M : :
CH3OCI-b 1'121 402'2 2817 690 —0.017 H+ HCI—H,;+ Cl 21.0 MRCI+Q 1.773 21.7
3 : : : . OH+H,—HO+H 23.8 CCSD(T) 1.327 25.1
CH3CHO 1.128 373.8 2822 7.00 0.423 ; 2 ; : ' '
. : : : H + SiHs— Hz + SiHs 23.2 G2//QCISD 1.418 21.5
CH0 1.116 3685 2783 8.14 0.313 CHs + HBr— CH, + Br 4.9" PMP2 2.038 11.0
CHsCeHs 1111 3757 2934 7.2488 0912 H + HBr— H, + Br 7.9 MRCISC+SEC  1.796 105
il 2 . . .
C"&—CHZ }-281 Z‘gf’-? 3022 8-22 2-667 Hz + CN— H 4+ HCN 15.° CAS(3E,301+1+2 1.793 9.2
E%NG 1'0255 52?6 gg?.l 13%70 3'%%62 H -+ PHg - Ha + Phy 150 G2IQCISD 1.292 18.8
CH=CH 1.060 556.1 3374 11.610 2.969 H + GeH;— H; + GehHs 14.8 G2//QCISD 1.508 14.0
G ibw  ms cmn  em Lo Regdioninecn 1 uggel e e
(CHa)sSH ~ 1.48% 3778 2107 7.03 0.971 H + Cly— HCI + ClI 0F PMP2 Q 1773 71
SiHy 14798 3841 2187 8.135 1.405 H+ Fp— HF 4 F 75 MRCI+Q 1679 09
(CH3)%SnH 1.70C¢ 322 1815 7.10 1.70
ﬁﬁ':‘ igigl zggg gsl»g? 18%8 é%l 2 CCSD(T)= coupled cluster method with single and double excitations
PHs 1.4200 351.0 2323 9.824 1.25 and perturbative treatment of triple excitations; PMPnn-order spin-
AsHs 1511 319.2 2116 9.85 1.27 projected Mgller-Plesset perturbation theory; MRED = multireference
H,0 0.9575 498 3657 13.017 1.8277 configuration interaction with Davidson correction; CAS(nE,m@)(n
OH 0.96966 427.6 3737.76 13.618 1.4611 electron, m orbital) complete active space with single and double excitations;
CH3OH 0.9451 436.0 3681 10.720 157 QCISD(T) = quadratic configuration interaction with single and double
H,S 1.3356 381.6 2615 10.422 2.317 excitations and perturbative treatment of triple excitations; SA€caling
H.Se 1.47 334.9 2345 9.845 2.2125 all electron correlation energy; SE€scaling external electron correlation
CHsSH 1.34C 365.3 2616 9.262 1.867 ene‘rgy.b Ref 25.¢ Ref. 26.9Ref. 27.¢ Ref. 28.7Ref. 29.9 Ref. 30." Ref.
CeHsSH 1.36 348.5 2597 8.6 2.26 31.1Ref. 32.J Ref. 31.kRef. 33.! Ref. 34.MRef. 35."Ref. 36.° Ref. 37.
HE 0.9169 569.87 3962 17.423 3.448 P Ref. 38.9Ref. 39." Ref. 40.5 Ref. 41.' Ref. 42
HCI 1.27455 431.62 2886 12.968 3.6144
HBr 1.41444 366.35 2559 11.814 3.3636 80 r T T T r T r
HI 1.60916 298.41 2230 10.451 3.059 * o
CFzH 1.098 449.5 3036 8.76 1.869 oL ]
F 1.41193 158.78 892 17.423 3.448 b
Cl, 1.988 242.58 557 12.968 3.6144
Brz 2.281 192.81 319 11.814 3.3636 = I 3
I2 2.666 151.09 213 10.451 3.0590 E hd
- ° b
aBond lengths and bond dissociation energies reported in ref 21 except E ! .
where noted; boldface letters indicate where the radical is centered after = F b
the bond to the hydrogen atom is broké&nvebbook.nist.gov¢ Observed E
frequency, ref 224 Ref 23.¢ Ref 24.f Estimated from the values of As and 5_‘, 30f h
AsHs. 9 Bond length of SeH. > [ ]
5 [ ]
The comparison between ab initio and ISM reaction energies 2 e
can be extended to the whole reaction path. Figure 3a shows 10f o/, ]
that the classical energy-profile of the H H, reaction has a 22N
striking resemblance with that of the DMBE-PEBWe recall 0 Ll L EE— SE—

thata’ = 0.182 results from the scaling of ISM to the saddle-

(21) Handbook of Chemistry and Physi&d electronic ed.; CRC Press Inc.:
Boca Raton, 2001.

(22) Nakamoto, Kinfrared Spectra of Inorganic and Coordination Compounds
J. Wiley: New York, 1963.

(23) Zavitsas, A. AJ. Am. Chem. Sod.972 94, 9.

(24) Zavitsas, A. A.; Chatgilialoglu, C1. Am. Chem. S0d.995 117, 10 645.

(25) Johnson, B. G.; Gonzales, C. A,; Gill, P. M. W.; Pople, JCAem. Phys.
Lett. 1994 221, 100.

(26) Litwinowicz, J. A.; Ewing, D. W.; Jurisevic, S.; Manka, M. J. Phys.
Chem.1995 99, 9706.

(27) Camaioni, D. M.; Autray, S. T.; Salinas, T. B.; Franz, JJAAm. Chem.
Soc.1996 118 2013.

(28) Maity, D. K.; Duncan, W. T.; Truong, T. Nl. Phys. Chem. A999 103
2152

(29) GonZéez, M.; Hernando, J.; Milla, J.; Says, R.J. Chem. Phys1999
110 7326.

(30) Yu, H.-G.; Nyman, GJ. Chem. Phys1999 111, 6693.

(31) Kraka, E.; Gauss, J.; Cremer, .Chem. Phys1993 99, 5306.

(32) Bian, W.; Werner, H.-1J. Chem. Phys200Q 112, 220.

(33) Kurosaki, Y.; Takayanagi, ™. Chem. Phys1999 111, 10 529.

(34) Yu, X,; Li, S.-M.; Li, Z.-S.; Sun, C.-CJ. Phys. Chem. £00Q 104, 9207.

(35) Yu, H.-G.; Nyman, GJ. Phys. Chem. 2001, 105 2240.

(36) Lynch, G. C.; Truhlar, D. G.; Brown, F. B.; Zhao, J.-&.Phys. Chem.
1995 99, 207.

50 60 70 80

V#(ab initio) . (kJ mol-!)

Figure 2. Correlation between the classical energy barriers calculated by
ISM (V) and those of PES/), using the data in Table 2. The correlation
coefficient is 0.976, the slope is 1.03 and the intercept1s0 kJ mot™.

The line is the ideal correlation.

point geometryof Hs. The energies calculated by ISM along
the minimum-energy path do not make use of any empirical
adjustment or scaling to kinetic data or transition-state energies.

(37) ter Horst, M. A.; Schatz, G. C.; Harding, L. B. Chem. Phys1996 105,
558

(38) Yu, X,; Li, S.-M.; Liu, J.-Y.; Xu, Z.-F.; Li, Z. S.; Sun, C.-A@. Phys. Chem.
A 1999 103 6402.

(39) Zhang, X.; Ding, Y.-H.; Li, Z.-S.; Huang, X.-R.; Sun, C.-L Phys. Chem.
A 2000 104, 8375.

(40) Stark, K.; Werner, H.-1. Chem. Phys1996 104, 6515.

(41) Vincent, M. A.; Connor, J. N. L.; Gordon, M. S.; Schatz, G.@hem.
Phys. Lett.1993 203 415.

(42) BittererovaM.; Biskupic, S.; Lischka, H.; Jakubetz, \Whys. Chem. Chem.
Phys.200Q 2, 513.
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Figure 3. (a) Classical and vibrationally adiabatic paths of ISM (solid line)  Figure 4. (a) Classical and vibrationally adiabatic paths of ISM (solid line)
and DMBE-PES for the H+ H hydrogen exchange (dotted linéj.the and LEPS-PES (dotted lingy for the H + CHa4 hydrogen transfer; the
reaction path coordinate is definedss: +v/(2)(Iun — Iiy). (b) Classical difference in ZPE at s —o between the two vibrationally adiabatic paths

path of ISM (solid line) and collinear minimum-energy path of the SW (90 kJ mot?) was added to ISM. (b) Classical and vibrationally adiabatic
PES (dotted linép for the F+ H; reaction; the reaction path coordinate is  paths of ISM (solid line), collinear LEPSPES (dashed liné)and POLCI/
defined aR = %(Ine + Iy — Fmin), Wherelpye andlyy are the bond distances ~ D-PES (dotted linéf for the Cl+ HCI hydrogen exchange.

for every point on the minimum-energy path, angh is the smallest value
of the sum of these distances. is the intrinsic barrier. The reactions in Table 2 are organized
in order of increasing exothermicity and illustrate this fact.
However, there is a very poor (linear or quadratic) correlation
betweemAVP and the energy barriers. The BEP relationship can
only be applied to series of closely related reactants. This is
not the case of our choice of reactions, which emphasizes the
need to account for reactivity parameters other than the reaction
energy.

The electrophilicity index has a dramatic effect in the classical
barrier. For example, the GH+ CH, and Cl+ CH, reactions
have similar Morse curves, except for the valuemfncreasing
m by a factor of 2 decreases the barrier by approximately the
same factor. The large value af of the Cl+ CH, system
underscores the importance of electronic effects.

The scaling by the equilibrium bond-lengths, eq 4, implies
that, other factors being equal, the classical barriers increase

The minimum-energy path of the # H, reaction calculated
by us is compared with that of the SWES in Figure 3i°
The similarity between the classical reaction paths of ISM and
those of ab initio calculations is also observed for polyatomic
systems, as illustrated by the H CH,4 system in Figure 4a,
and heavy-light—heavy systems, as illustrated by thedCHCI
exchange in Figure 4b. The detailed agreement between ISM
and ab initio calculations strengthens our confidence in the
underlying principles of the model and drives the formulation
of structure-reactivity relationships.

The more exothermic reactions have smaller barriers, as
expected from the empirical BelEvans-Polanyi (BEP) rela-
tionship?”48E, = aAH? + E, wherea is a constant ané,?

(43) Garrett, B. C.; Truhlar, D. G.; Varandas, A. J. C.; Blais, NIr€.J. Chem.

Kinet. 1986 18, 1065. with (Iec,eq+ las,eq)- This is verified for the reactions H H.
(44) Kurosaki, Y.; Takayanagi, ™. Chem. Phys1999 110, 10 830. ; i H
(45) Espinosa-Garcia. 3. Phys. Chem. 8001 105, 134, and CH + CH.. Thfey are both isothermic and their Morse
(46) Garrett, B. C.; Truhlar, D. G.; Wagner, A. F.; Dunning, T. H. JIChem. curves are very similar, except for the bond lengths. The sum

@) Phys:1983 78, 4100, Londof36 A154 414, of equilibrium bond-lengths increased by 47% and led to a 74%

(48) Evans, M. G.; Polanyi, MTrans. Faraday Socl1936 32, 1333. increase in the classical barrier.
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The relation between bond lengths and bond orders, eq 4, 2000 T T T
implies that the sum of bond extensions increases with the
reaction energy and, consequently, that the “intrinsic barrier” L
increases with the exothermicity. 1500

3. Activation Energies. The broad fundamental interest of
structure-reactivity relationships becomes apparent when the i
general principles enunciated above are applied to the rational- 1000
ization and prediction of activation energies of atom transfers I
in the gas phase and in an extraordinary large number of [
reactions and reaction conditions. The Arrhenius activation 500
energy is a phenomenological quantity defined as I

TGS

__odink © oL —
a d(l/-r) 0 1000 2000 3000 4000

E

Vogm (cm")

It is usually determined expressing the logarithm of measured Figure 5. Correlation between bending and symmetric stretching frequen-

rate constants, as a linear function of the reciprocal temper- cies of triatomic molecules. Systems included in the correlatios®, i9:0,
atures. In H-atom abstractions, the experimental activation- H:S, D;S, HSe, D:Se, CHCO, SQ, NO,, CO,, CS, R0, CLO, Clgczl;lé
i ICN, ICN, SCN", SCO, NNO, @, CIO;, and SC} from references

gzzigﬁ;;egfutiatrl})éﬁr?creoisiseegt:?gi:r?c:n2’[6;1?“;1:;’ trgeilrlgg :Q#he correlation coefficient is 0.989 and the slope is 0.43. The HCN system

h 9. - ' g P - Soes not fit the correlation, presumably because the force constants of the
the transition state may be displaced from the saddle point, andiwo bonds and the masses of the end atoms are very different.
the experimental activation-energies are not comparable with _ o )
the reaction barriers calculated in this work. Thus, for the Wherew are the vibration frequencies of the normal modes
purpose of comparison between calculated and experimentalorthogonal to the reaction coordinate. The ZPE of BC is given
activation energies, we selected 100 H-abstraction reactions fromPY its vibration frequency, which is one of the parameters used
available databas#sand review® and recalculated, when to calculate its Morse curve. The ZPE of a linear triatomic
necessary, the activation energies using rate constants mosﬂ);ransition state is calculated using its stretching and bending
in the 300-1000 temperature range. These activation energiesfrequencies. Several strategies have been followed to incorporate
and the temperature range where they are valid are presentedPE changes in reactivity models. The simplest is to take
as Supporting Information, Table S1. transition state ZPEZ*, as an averag®,or a weighted average,

The activation energy at the mid-temperatufg;d) range of that of the BC and AB ponds. Garrett et al. al.ngented.the
considered in this work is the average total energy (relative BEBO and the AgmonLevine methods by including an anti-
translational plus internal) of all molecules undergoing reaction Morse bending poter_méF. We estimate the symmetric and
minus the average total energy of all reactant molec@1&s,q antisymmetric stretching frequencies from equation of Wilson
i sufficiently high to allow the classical equipartition theorem for a linear triatomic molecul& with the neglect of the
to calculate accurately the mean translational energies and thdnteraction between be_ndlng and st_retchlng. Th|s¢ requires force-
mean rotational energies of reactants and transition state. Orconstants for the fractional bonds in {fe..B...C} transmo?
the other handT g is smaller than the vibrational temperature, State, that are calculated with the equation dfgdand Dunit2

and we neglect the contribution of the vibrational partition func-

— 2014 _ 203
tion to the internal energy. Therefoi, can be calculated add- foe = 2Dgc(Bgc) (1 — n)=ee
ing the difference in internal energy between the transition state 2 20fns
and the reactants to the vibrationally adiabatic energy barrier fap= 2Dag(Bag) ™ (12)
E(ISM) = AfV ot TaACy (10) The frequencies thus obtained are multiplied by a switching
al al mi

function that provides the correct asymptotic limits: wimer0

whereACy= —3/2Ris the difference in heat capacity between €N Vasym—~Vec and Vsyn—~0, whenn—0.5 thenvasym—0 and

the transition state and the reactants for triatomic systems, undeﬂ_/sym__'llh‘/"_"v when n—1 then Vasym—~vas and vsyni~0. We
the approximations discussed above. Polyatomic systems involved€signate byv the quantity fk, that Wilson represented hy.
more degrees of freedom; but here, we retain this approximation  1he reaction path of ISM does not offer a method to calculate
as the simplest approach to estimate activation energies. MorelNe bending angle or the frequency of the bending mode at the
elaborate methods will be discussed in the calculation of the transition state. A bird's-eye survey over many triatomic
actual rate constants. system#%5reveals that the symmetric stretching and bending
We calculateA*Vaq from the vibrationally adiabatic path, freqqencies are linearly related, Figure 5._We use this empirical
which is calculated adding the difference in ZPE to the classical 'élation (slope= 0.43) to get the bending frequency from

energy at each point along the reaction path thesymmetric stretching one and to formulate the zero-point
1 (51) Gilliom, R. D.J. Am. Chem. Sod.977, 99, 8399.
_ _ (52) Garrett, B. C.; Truhlar, D. G.; Magnuson, A. \l..Chem. Physl982 76,
Vad) = Vg (n) + Z(‘hc”i) (11) 2321
—\2 (53) Wilson, E. B., JrJ. Chem. Phys1939 7, 1047.

(54) Burgi, H.-B.; Dunitz, J. D.J. Am. Chem. S0d.987, 109, 2924.

(55) Herzberg, GMolecular Spectra and Molecular Structure. Il. Infrared
(49) NIST, http://kinetics.nist.gov. and Raman Spectra of Polyatomic Molecuéan Nostrand: New York,
(50) Tolman, R. CJ. Am. Chem. S0d.92Q 42, 2506. 1945.

J. AM. CHEM. SOC. = VOL. 125, NO. 17, 2003 5241



ARTICLES Arnaut et al.

70

conditions with the level of accuracy of experimental techniques.
Only the rates of the simplest systems in the gas phase have

6o been calculated to that level of accuracy. Here, we show how
Transition-State Theory (TST) can be used with the transition-
= 0 state structures and energies estimated with ISM, to calculate
g 40 accurately the rate constants of diverse and complex atom-
2 transfer reactions.
S % According to TST, the rate constant is given by
g
B g9 . keT  QF 4 A¢Vad)
k= «(T) h GQAQBCex RT (14)

10

wherek is a tunneling correctiony a statistical factor and the

Qi represent the partition functions of transition state and

) reactants. Equation 14 can be employed if the energy variation
Eexp)  (kJmol) along the reaction path and the harmonic vibrational frequencies

Figure 6. Correlation between the activation energies calculated by ISM of the normal modes orthogonal to that path are known. These

according to eq 10, and the experimental activation energies of H-abstractioncgn he obtained using ISM.

reactions. The correlation coefficient is 0.965, the slope is 0.97 and the The t it tat t . by ISM all for th

intercept is—0.99 kJ mot™. e transition-state geometry given by ISM allows for the

calculation of the transition-state moment of inertia. The moment

energy of the transition state as of inertia of the reactants is that of the BC diatomic (or assumed
diatomic) molecule. This information suffices to calculate the

7t = th[T/sym + 2(0. 43, Il (13) rgtlo pf the rot.aIt|onaI partmon functions. The ratio of the

2 vibrational partition functions can be estimated from the

) ) . vibration frequencies discussed above.

The equation above emphasizes the fact that we are calculating - gepresentative vibrationally adiabatic paths calculated by ISM
the bending contribution from the symmetric stretching, and 4o compared with ab initio results for prototypical systems in
that we assume a collinear transition state, i.e., there are tWOFigures 3 and 4. The reasonable agreement between the
deg_enerate bendings. . .. vibrationally adiabatic paths of ISM and those of high-level ab

Flgqre 6 compares the lSM, and expenmental activation it calculations suggests that we can employ ISM vibra-
energies for the 100 H-abstraction reactions selected from thetionally adiabatic paths together with the semiclassical ap-
available experimental data. They involve the breaking of HH, proximation of Truhlar and Garrétto calculate tunneling
CH, SiH, GeH, SnH, NH, PH, AsH, OH, SH, HF, HCI, HBr, .o rections.
and HI bonds. Nearly all the calculated activation energies are 1o H + H, exchange is the simplest of all atom-transfer

within 10 k,‘] mor™ of the experimental ones. For this set of reactions and has been studied in great detail. It gives us the
data} I,SM gives an average error of 4'0,@ naind a standard opportunity to make a detailed comparison between our results
deviation of 5.0 kJ mot'. The modified BEBO method \ith those of very accurate calculations, as well as with
published by Gillion" gives an average error of 6.6 kI mbl gy herimental measurements. Figure 7a compares 1SM/scTST
and a standard deviation of 9.0 kJ mblusing his data for o te rate-constant calculations with experimental values and
raré gas dlatoml.c clustgrs and th.e Morse curves of this work the improved canonical variational TST rate-constants with
apd those of Zgwtsﬁ.‘l’hs comparison clearly shows that ISM a5t action ground-state transmission coefficients (ICVT/LAG)
gives more reliable activation energies than the BEBO method. using the DMBE-PES? There is an excellent agreement over
Moreover, our method gives accurate reaction paths even for g he temperature range. At 200 K ISM/scTST rates tend to
systems involving dramatic change_s in _zero-point energi(_as_, suchgyceed the ICVTILAG ones, presumably because ISM gives a
as the CHHCI exchange shown in Figure 4b. The original \;pationally adiabatic path that is slightly thinner than that of
BEBO method predicts that the €H—Cl species is stable by o pumBE-PES. Our tunneling corrections are 11.3 at 300 K
5.9 kJ moft? relative to isolated reactants, and the modified and 520 at 200 K, whereas Garrett et al. calculated 6.93 and
BEBO method calculates a very flat surface near the transition gg 4 \ith the DMBE-PES, and 8.53 and 136 with the LSTH
state and a 2.2 kJ mdi barrier, that is 10 times smaller than  peg |S\/scTST and ICVT/LAG rates agree within a factor of
the actual barrier. . . L ) 2 at 200 K, because some of the difference in tunneling
The success 9f ISM in CalCUIat'r,'g the allc.tlvatlon energies of o rections is compensated by a small difference in zero-point
such a large variety of systems without fitting any parameters energies. In Figure 7b we compare the ISM/scTST rate constants
is rqoted in i_ts sound physic_al basi_s,_ demonstrated_ in the for isotope variants of this reaction, H D, and D+ Hy, with
previous section. The trends in reactivity formulated in that e experimental results. Again, there is a remarkable agreement
section are of general usefulness. For example, the reactant$,eyeen calculated and experimental rates. At 200 K, the rates
with larger electrophilicity indices have much smaller activation calculated for the B-H, system are still within a factor of 2
energies for similar reaction energies, and the breaking of the ¢, e experimental ones. Their difference can be assigned
shorter HH bonds leads to smaller activation energies than that, -\ overestimate of the tunneling corrections. At 200 K, ICVT/

of the longer CH bonds. . LAG calculations with the DMBE-PES give a tunneling
4. Rate Constants.The ultimate goal of a reactivity model

is to predict the rate constant of any reaction in any reaction (56) Garrett, B. C.; Truhlar, D. Gl. Phys. Cheml979 83, 2921.
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Figure 7. (&) Arrhenius plots of absolute ISM (solid line) and experimental
rate-constants for the H H, exchange as a function of the reciprocal
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Figure 8. Arrhenius plots of absolute ISM and experimental rate-constants

absolute temperature; Points: experimental relative rates measured byfor the F+ H; (solid line and triangles®%°> Cl + H, (dotted line and

Quickert and Le RoY converted to absolute rate-constants using the
expression of Michae#® dotted line ICVT/LAG thermal rate-constants
calculated with the DMBE-PE®. (b) Arrhenius plots of absolute ISM and
experimental rate-constants for thedHD, (solid line and circles) and D

+ H; (dotted line and squares) reactiéfs?

correction of 57 and we calculate 108. At 300 K this difference

squares§é6® H + HBr (dash-dotted line and circlesf~72 and 1+ H,
(dashed line and lozenge$)’3-75

Muoniun), have been measured at very low temperatures and
provide another critical test to the accuracy of ISM/scTST. The
experimental value at 206 K is 8:3 10° mol~ dm? s~1,82 which

practically disappears, 5.6 vs. 4.8. At 2400 K ISM/scTST rates Should be compared with the ISM/scTST value of %40°

remain within a factor of 2 of ICVT/LAG rates for the-£H,
system.
ISM/scTST can readily be applied to a large variety of

systems without additional approximations. Figure 8 illustrates

the results of its application to the systemstHHX, where X

= F, Cl, Br and I. Once again, the experimental rates are very

mol~1 dm?® s™1. At this temperature, we calculate a tunneling
correction of 1996 and the ICVT/LAG method with a LEPS
surface gives 115¢.

The experimental rate-constants of the-HXH""—H'X +
H'" halogen exchanges, where the H are marked differently to
represent isotope variants, are not as well established as the

well reproduced, including the 30 orders of magnitude covered COmMpeting H-atom abstractions. Table 3 presents some of the

by the | + H, reaction®® All these systems have similan
values, and their relative reactivity is controlled by the differ-

experimental data available for these reactions and compares it
with ISM/scTST and ICVT/LAG calculations. The thermal rate-

ences in HX bond dissociation energies. The performance of constants of the F-exchanges have only been measured at high

ISM/scTST does not result from a judicious choice of param-
eters, becauseur model does not wolve any adjustable
parametersor from a compensation of errors, becaafiehe
details of the systems are reproducegor example, the
experimental rate-constants for the MuHBTr reaction (Mu=

(57) Quickert, K. A.; Le Roy, D. JJ. Chem. Phys197Q 53, 1325.

(58) Michael, J. V.J. Chem. Phys199Q 92, 3394.

(59) (a) Jayaweera, I. S.; Pacey, P. D.Phys. Chem199Q 94, 3614. (b)
Westenberg, A. A.; de Haas, N. Chem. Physl967, 47, 1393. (c) Schulz,
W. R.; Le Roy, D. JCan. J. Chem1964 42, 2480. (d) Michael, J. V;
Fisher, J. RJ. Phys. Cheml199Q 94, 3318. (e) Mitchell, D. N.; Le Roy,
D. J.J. Chem. Phys1973 58, 3449.

(60) Michael, J. V.; Kumaran, S. S.; Su, M.-C.; Lim, K. @hem. Phys. Lett.
200Q 319 99.

temperatures, and upper limits in the 233900 K temperature
range were established. The relative rates of removal of
vibrationally excited HF by D atoms indicate that the barrier
for the exchange reaction is high?” but contradictory inter-

(61) Gonzalez, A. C.; Tempelmann, A.; Arseneau, D. J.; Fleming, D. G.; Senba,
M.; Kempton, J. R.; Pan, J. J. Chem. Phys1992 97, 6309.

(62) Persky, A.; Kornweitz, Hint. J. Chem. Kinet1997, 29, 67.

(63) Stevens, P. S.; Brune, W. H.; Anderson, J.JGPhys. Chem1989 93,
4068.

(64) Wurtzberg, E.; Houston, Rl. Chem. Phys198Q 72, 4811.

(65) Heidner, R. F., llI; Bott, J. F.; Gardner, C. E.; Melzer, JJEChem. Phys.
198Q 72, 4815.

(66) Kumaran, S. S.; Lim, K. P.; Michael, J. \J. Chem. Phys1994 101,
9487.
(67) Kita, D.; Stedman, D. Hl. Chem. Soc., Faraday Trans1282 78, 1249.
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Table 3. Rate Constants for Halogen-Atom Transfer Constants

kexp |(ISM k\CVT

TK dm® mol~ts™! ref  dm®mol™ts™*  dmimolts™t
H + DF 300 <7.6x10° 79 21x 10

2100 8.0x 10°
D + HCI 295 (2£2) x 16 80 8.1x 10° 3.8x 103

1000 (9.6:5.5) x 107 1.2x 1C°
D + HBr 295 7.8x10F 81 1.7x10* 1.55x 10®
H+F 300 9.2x 108 82 8.2x 10 2.0 x 10%

300 8.0x 10° 83
H + Cl, 298 5.8x 10° 84 6.5x 1C° 2.8 x 10t
H + Br, 295 41x 100 85 1.4x 10°

alAG tunneling correction, G3-PEES P LAG tunneling correction,
LTBZ-PES® ¢ SCSAG tunneling correction, JOT-PES 4OMT tunneling
correction, GHNS-PES

pretations have been publish&dlthough the reaction condi-
tions employed may not be comparable to those for the thermal
rate-constants, it is plausible that the F-exchange is slow. ISM/

Arnaut et al.
12 ' I | | |
10| |
H+SH , m=1572
2 | Wl el
- 8 | ;
=] -
g e
-
E H+SiH , m=1418
€ °r |
&0
= -
~.
at i
N
H+HO, m=1.241
2 I |

5

1000/T (K*)

SCcTST calculations predict that the F-atom exchange should beFigure 9. Arrhenius plot_s of absol_ute ISM and expz_arimental rate-constants
the slowest of all halogen-atom exchanges. Table 3 shows that/or the H+ Sk (dotted line and trianglesf;9*H + SiH, (dashed line and

ISM/scTST calculations are in better agreement with the
experimental data than ICVT/LAG calculations. This is a

squaresy* H + HO (dash-dotted line and lozenge%),and H+ CH, (full
line and circles¥ hydrogen transfers.

consequence of the inaccuracy of the PES presently availablese|ected it as representative of this type of reactions. Kneba and
for these exchanges. Halogen exchanges are thermoneutral, hav@/olfum measured this exchange rate at 358 K and obtained

similar values ofm and the H-X bond lengths decrease from
Br to F, contrary to their reactivity. Here, our model discloses
a new structurereactivity relationship: the molecular factor

= 2.5 x 10° mol~! dm?® s71.°0 We calculate 2.5« 10° mol~?
dm® s71. The experimental KIE is 8.6 1.1 at 312.5 K and
drops to 4.1+ 0.4 at 423 K3 whereas ISM/scTST calculations

that dominates the reactivity in the halogen exchanges alsogjye 8.6 and 5.1, respectively.
affects the shape of the Morse curves. In fact, if we characterize - The application of ISM to atom abstractions from large

these shapes by the force constiagt= 2Dux(B1x)% we have
fusr = 2503, fyc = 3120 andfyr = 5817 kJ mot® A=2 The

molecules requires the treatment of modes other than the reactive
mode as “spectator” modes. This does not hinder the ability of

increase in the force constants along this series dominates thgne model to calculate accurate rate constants and relate structure

decrease in bond lengths.
Table 3 also presents the rates offHK,—~HX + X halogen

to reactivity. For example, Figure 9 shows that ISM/scTST rates
are in good agreement with the experimental ones f&HR

atom abstractions. They are very fast because these reactiongysiems where RO, SH, CH, and SiH. A detailed analysis
are very exothermic. ISM/scTST tends to underestimate the rateys these systems reveals that abstractions from @it OH

constant for the H+- Cl, reaction at 298 K because it uses a have similar adiabatic reaction-energiesl.4 kJ mot® and
linear transition-state. Dobis and Benson showed that a bent_43 3 3 mot?) and the same happens with abstractions from

transition-state leads to a 10-fold increaseAiff* ISM/scTST
predicts that the rate of thedBr; reaction at 298 K is a factor

of 2.2 larger than that of the Ht Cl, reaction, in good agreement
with the factor of 3 experimentally observe&® The rates of

X" + HX"—X'H + X" hydrogen exchanges are difficult to
determine both experimentally and theoretically. However, the
exchange with X= Cl has been studied in detail, and we

(68) Miller, J. C.; Gordon, R. 1. Chem. Phys1981, 75, 5305.

(69) Lee, J. H.; Michael, J. V.; Payne, W. A,; Stief, L. J.; Whytock, D.JA.
Chem. Soc., Faraday Trans.1B77, 73, 1530.

(70) Mitchell, T. J.; Gonzalez, A. C.; Benson, S. W.Phys. Chem1995 99,
16960.

(71) Talukdar, R. K.; Warren, R. F.; Vaghijiani, G. L.; Ravishankara, AIrR.
J. Chem. Kinet1992 24, 973.

(72) Seakins, P. W.; Pilling, M. J. Phys. Chem1991, 95, 9878.

(73) Umemoto, H.; Nakagawa, S.; Tsunashima, S.; Sath,Ghem. Physl988
124, 259.

(74) Lorenz, K.; Wagner, H. G.; Zellner, Ber. Bunsen-Ges. Phys. Cheli79
83, 556

(75) Sullivan, J. HJ. Chem. Phys1963 39, 3001.

(76) Bartoszek, F. E.; Manos, D. M.; Polanyi, J. £.Chem. Phys1978 69,
933.

(77) Bott, J. F.; Heidner, R. F., IJ. Chem. Physl978 68, 1708.

(78) Kaye, J. A.; Kuppermann, A.; Dwyer, J.P.Phys. Chentl988 92, 6595.

(79) Bott, J. F.J. Chem. Phys1976 65, 1976.

(80) Endo, H.; Glass, G. Ehem. Phys. Lettl976 44, 180.

(81) Endo, H.; Glass, G. B. Phys. Chem1976 80, 1519.

(82) Cohen, N.; Westberg, K., R. Phys. Chem. Ref. Datt983 12, 531.

(83) Homann, K. H.; Schweinfurth, H.; Warnatz, Ber. Bunsen-Ges. Phys.
Chem.1977, 81, 724.

(84) Dobis, O.; Benson, S. W. Phys. Chem. 200Q 104, 777.
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SH, and SiH, (=74.2 kJ mot! and —77.3 kJ mof?). The
difference in reactivity between these two sets of reactants is
related to their difference in exothermicity. The subtle reactivity
difference within each set is assigned to the differences in their
electrophilicity parameters. The systems with larger values of
m have smaller barriers, all other factors being approximately
equal.

The H + CHy reaction is as a prototype of polyatomic
H-abstractions. It has been widely studied both theoretically and
experimentally and provides a good ground to assess the
performance of ISM in polyatomic systems. The replacement
of H by D in the H+ CH, reaction leads to an inverse KIE of
0.55%6:97With ISM we calculate an inverse KIE of 0.73. This
reaction has also been extensively studied in the reverse
direction. The experimental KIE of the GH H, versus CH

(85) Wada, Y.; Takayanagi, T.; Umemoto, H.; Tsunashima, S.; SafoChem.
Phys.1991, 94, 4896.

(86) Allison, T. C.; Lynch, G. C.; Truhlar, D. G.; Gordon, M. &.Phys. Chem.
1996 100, 13575.

(87) Steckler, R.; Truhlar, D. G.; Garrett, B. @it. J. Quantum Chem. Symp.
1986 20, 495.

(88) GonZ#ez, M.; Hijazo, J.; Novoa, J. J.; SagyoR.J. Chem. Phys1998
108 3168.

(89) Jaffe, S.; Clyne, M. A. AJ. Chem. Soc., Faraday Trans1981, 77, 531.

(90) Kneba, M.; Wolfrum, JJ. Phys. Chem1979 89, 69.

(91) Klein, F. S.; Persky, A.; Weston Jr., R. E.Chem. Physl964 41, 1799.



Absolute Rate Calculations for Atom Abstractions

ARTICLES

+ D, reaction is now positive and reaches 4:80.4 at 400
K.9%8 We calculate 7.9 at this temperature. The experimental KIE
of the CH; + HD versus CH + DH reaction is 2.1+ 0.5 at

Table 4. Rate Constants at Room Temperature, or Lowest
Temperature Experimentally Available, for H-Atom Transfer
Reactions?

. . 0
467 K28 We calculate 1.9. The reasonable values obtained with ; kf;’;“l,l n mol,lk'jr“;a o morlkfjxr:ﬁ -
ISM strengthen the idea that this model gives a good account T 300 0 1 o0 13<10
. . . . 2 Ix RCP
of the reaction coordinate, even in polyatomic systems.  H+OH 300 91 1241 1% 10  63x 10t
The success of ISM/scTST in the treatment of polyatomic H + Hcl 300 —47 1773 16<100 17x 10
systems is a consequence of the conservation of zero-pointH + HBr 300 —69.8 1.796 1% 1090 3.8x 109O
energy of the spectator modes along the reaction coordinate and” ™ Hz 300 1339 1679 2510¢ 15x10°
X ) : " . H + HI 297 —137.7 1.828 8k 10° 1.1x 10%
of a .cancellatlop. of factors in the ratio of partition functhns. H + CH, 300 21 1 231 51x 10
For linear transition-states, the ratio of the partition functions H + CHsCH; 300 -138 1 3.5x10°  3.0x 10
for atomt-diatomic and atortpolyatomic molecule has the  H+ CHx(CHs), 300 —27.7 1 1.9x 10"  6.3x 10°
same form H 4+ CH(CHa)s 300 —-325 1 16x 10 63x 10
H 4+ CH30H 300 -349 1 12x 16 7.6x 10P
N ) H 4+ CH;CHO 300 -629 1 7.8x 1P 3.4x 107
Q _ (% P 15 H + CH,0 298 -682 1 36x 106 2.4x 107
Q. Qs \9 (15) H 4+ NH; 500 16.0 1.154 4% 10° 7.1x 10
AXBC " H + SH, 300 -54.7 1572 56<10F 5.8x 108
orrn3 , H + SiH, 300 —52.2 1418 96¢100 1.2x 108
whereP = (g)%(q)® and ¢, qv, and g are the translational, K+ (CHy).SiH 300 -585 1321 1.1x107 1.8x 108
vibrational and rotational partition-functions. The electronic H + CHsSH 296 —71.0 1505 3.%<10® 25x 108
partition-functions are equal to the degeneracy of the ground H ™ Pt 300 -853 1292 20100 2.0x 10
d t explicitly considered in this comparison. Our H o+ Getl 00 ~67.1 1508 12107 25107
state and are not explicitly : p : H + Sek 298 —101.2 1580 25 1C° 7.1x 1P
formulation gives pre-exponential factors of the order of H+ AsH; 294 —116.9 1.296 58 10® 1.3x 10%
magnitude of 1& mol-! dm3 s for atom+ diatomic and EI++CCHH4 ggg —13(15% %-(1’2513 i-g 18;0 g-gx 18;0
: : . 4 . . . .3 X
atom+ polyatom!c molecule systemg, in good agreement with OH + Hy 300 —620 1327 2610 42 10P
the pre-exponential factors collected in Table S1. Atom transfers oy + cH, 300 -59.2 1.456 4.6¢10° 3.9x 10P
resulting from the attack of diatomic radicals to polyatomic OH+ CHs;CHs 300 -—75.1 1581 80«10/ 1.5x 10
molecules have partition-function ratios of the tyj/d)*P, OH+CHy(CHz) 300 —89.0 1660 1.0<10° 56x1C°
d those invalving polyatomic radicals and molecules are of O T CH(CHIs 300 =938 1750 12107 9.5x10F
an g poly OH+CHOCH; 300 -958 1721 6.4 10° 1.8x 10°
the type €v/c)°P. Typical values are ¥ q, < 10 and 10< g; OH + CH3OH 300 -96.2 1637 2.1x10® 53x1C
< 100, and ¢./q;) may be anywhere from 1 to 0.01. However, 8: + S?SEHS ggg —igi.g 1.673(7)471 g-(; ig g-g x ig
. . . . . + CHjs —124. . . 5 x
some o_f the_ vibrations in pc_>|yatom|c transition-states are very ou cno 300 —1205 1576 35 1  55x 1
loose vibrations and sometimes are even regarded as hinderedty, + cH, 350 0o 1 1.2 055
rotations. Thus,d,/q;) should be rather close to the upper limit.  CHz + CHsCHs 300 -159 1 0.91 4.3
Assuming that the value of the rotational partition function is 3 2:3 i g:fE:CHHi)Z ggg _gg-g i ;‘-2 EI?&X 1821
. . . 3 3)3 - " . .
times thqt of the wbrgtlona_l one, we e_xpect that the pre- CHs+ CH:COCHs 370 —27.6 1 27 1P 27x 1
exponential factor of diatomig- polyatomic systems should  CcH;+ CH,OCH; 373 -36.7 1 1.4x 168 5.4x 1%
be slightly larger than 0and that of polyatomie- polyatomic CHs + CH3OH 300 —37.1 1 3.0x 10t 1.6x 10
systems should be close t0x510° mol~t dm™3 s~1. The data CHs + CHaNH, 383 —485 1 55¢ 10 11x10°
; : . : S . CHg+ CH3CeHs 373 —63.2 1 11x 100 1.1x 103
in Table Sl is consistent with this simple scallng of the pre- cp,+ cH,CcHO 300 —-65.1 1 35 12 3.0x 10°
exponential factors. Thus, the pre-exponential factors of CH;+ CHO 300 -704 1 1.7x 18 3.7x 10
atomtpolyatomic, diatomig-polyatomic and polyatomie 2:31 Hﬁo ggg fg'é %-;"?g 2-35;( 10°° 1&; ig“
polyatomic systems can be estimated dividing the value obtained CHz 4 NHECHs 383 —205 1144 2% 107 2.0x 10°
for triatomic transition states by the factors 1, 9, and 27, CH;+ H,S 332 -56.8 1.616 1.1x 10’ 5.0x 10°
respectively_ CHs + (CHg)3SiH 345 —-60.6 1.321 1.% 10° 3.4x 10°

A critical comparison between experimental and calculated
rates can be made at room temperature, because at suc

aThe experimental data was taken from the NIST Chemical Kinetics
atabasé? the references to the experimental work can be found in the

B

temperatures the agreement with the experimental data requireSupporting Information, Table S2.

accurate reaction barriers and tunneling corrections. In Table 4
we compare ISM/scTST and experimental rates of atom
molecule, OH+ molecule and CKE-+ molecule reactions. The
hydroxyl or methyl radical reactions are representative of the
rates of diatomict polyatomic and polyatomig- polyatomic

(92) Yoshimura, M.; Koshi, M.; Matsui, H.; Kamiya, K.; Umeyama, Ehem.
Phys. Lett.1992 189 199.

(93) Schofield, K.J. Phys. Chem. Ref. Dated73 2, 25.

(94) Goumri, A.; Yuan, W.-J.; Ding, L.; Shi, Y.; Marshall, Ehem. Phys1993
177, 233.

(95) Tsang, W.; Hampson, R. B. Phys. Chem. Ref. Date986 15, 1087.

(96) (a) Marquaire, P.-M.; Dastidar, A. G.; Manthorne, K. C.; Pacey, RCdh.
J. Chem1994 72, 600. (b) Rabinowitz, M. J.; Sutherland, J. W.; Patterson,
P. M.; Klemm, R. B.J. Phys. Chem1991, 95, 674. (c) Kurylo, M. J.;
Timmons, R. B.J. Chem. Phys1969 50, 5076.

(97) Kurylo, M. J.; Hollinden, R. B. TJ. Chem. Phys197Q 52, 1773.

(98) Shapiro, J. S.; Weston, R. E. Phys. Chem1972 76, 1669.

systems. Figure 10 shows that ISM/scTST rates are in very good
agreement with the experimental data. The rates 6f HCR;
reactions are slightly underestimated. The calculations could be
improved taking into consideration the actual difference between
the value ofm for these reactions and that for the H H
reference system, given by eq 8. We resist to make this
adjustment of the parameten (that would increase the
correlation coefficient to 0.980), because we wish to preserve
the simplicity of the model and report only absolute rate
calculations. In view of the agreement between calculated and
experimental rates, we conclude that ISM provides order of
magnitude estimates for the H-abstraction rates of polyatomic
systems.
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(iii) The reaction barrier decreases with the increase of the
electrophilicity index of the reactants.

(iv) Higher force constants lead to higher barriers and
asymmetric force-constants change the location of the transition
state.

ISM/scTST rates are calculated exclusively from the follow-
ing parameters of reactants and products: the mass of the atoms,
the bond lengths, vibration frequencies, and bond dissociation
energies of the reactive bonds, the ionization potential and
electronic affinity of the radicals. The temperature dependence
of H-atom transfers and their KIE are well reproduced by ISM/
SCTST calculations.

The simplicity of the method favors the understanding of how
log (k,, mol ' dm™ s each property of the reactants or products influences the rate of

exp

Figure 10. Comparison between experimental rate-constants and absolute &N atom-transfer reaction. ISM links the solution of one system
rate-constants calculated with ISM for hydrogen abstractions directly to those of related systems. It can easily be employed to predict

involving carbon, hydrogen and one heteroatom. Data from Table 4. The 1o reactivity of atoms or radicals in atom-transfer reactions
correlation coefficient is 0.976 and the slope is 0.96. ’

log (k dm”® mot™” s‘l)
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conditions for which they fail. Furthermore, ISM uncovers new ¢, . arbitrary system. Table S1 with experimental and
patterns of reactivity, not explicit in other reactivity models,
namely:

(i) The so-called “intrinsic-barrier” of a family of reactions
tends to increase witAV?|;

(i) The reaction barrier increases with the sum of the
equilibrium bond-lengths of the reactive bonds; JA029298E

Conclusions

calculated activation energies for a series of reactions. Table
S2 with rate constants at room temperature and references to
the experimental measurements. This material is available free
of charge via the Internet at http://pubs.acs.org.
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