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Transition state geometry in radical abstraction reactions:
comparison of interatomic distances in the intersecting parabolas
and Morse curves models with quantum-chemical calculations
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Interatomic distances in the transition state were estimated for the reactions of radical
abstraction: H* + H,, H* + HCl, H* + CH,, N'H, + NH;, HO® + H,0, HO," + HOOH,
and C*H; + SiH,. The calculation was performed by the quantum-chemical density functional
method or coupled clusters method (QCH), as well as by the methods of intersecting parabolas
(IPM) and Morse curves (IMM), using experimental data (activation energies and reaction
enthalpies). The results of the latter two methods are close to the quantum-chemical calcula-
tion and differ only by the increment a: (IPM or IMM) = a + (QCH), wherea = —4.5-10~12m

for IPM and a = +1.9-10~12 m for IMM.
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The intersecting parabolas model (IPM) makes it pos-
sible to estimate the bond elongation in the transition
state and to calculate interatomic distances in the reac-
tion site using experimental data (enthalpy and activation
energy of the reaction).!=3 The same goal can be reached
using the intersecting Morse curves model (IMM).4 In
turn, the modern quantum-chemical methods allow one
to calculate both the geometry and the energy of the
transition state for various radical reactions. The results of
such calculations can be considered rather reliable, espe-
cially for the systems with a limited number of atoms. In
our previous work,3 we compared the results of the IPM
and density functional (B3LYP) calculations for the radi-
cal abstraction reaction

CH3C.H2 + C2H6 e C2H6 + CH30‘H2

and revealed that the C—H distances in the transition
state found in both approaches were very close.

This work is devoted to the systematic study of this
problem using various radical abstraction reactions. The
following reactions were chosen for the study:

H.+H2_’ H2+H.,
H"+HCl — H,+CI",
H"+CH, — H,+C'Hj,

N'H2+ NH3 — NH3+ N.H2,

HO" + HOH — HOH + HO",
HO," + HOOH — HOOH + HO,",
C'Hg + SiH, — CHy + Si'Hg.

The obtained experimental data were examined in the
framework of two semiempirical models: IPM and IMM.
The quantum-chemical calculations were performed by
the hybrid density functional method B3LYP and, in par-
ticular cases, by the MP4 and CCSD methods using the
extended 6-311++G(d,p) basis set and GAUSSIAN 98
program.®

Calculation methods and results

Intersecting parabolas method.!—3 In this method, the tran-
sition state of the abstraction reaction of the type

B"+HA——>BH+A’

is considered as an intersection point of two parabolas in the
bond elongation Ar—bond energy U coordinates

Ui = —Dan + (bAra)*. )]

Parabola (1) describes the stretching vibration of the at-
tacked A—H bond, and the stretching vibration of the formed
B—H bond is described by another parabola

UBH = _DBH + (bfArBH)z. (2)
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Table 1. Parameters of radical abstraction reactions in the IPM and IMM models!—4
Reaction b-10~H1 o 0.5hLv; log(4/L mol~!s1) D,(A—H)
/kI2 mol~1/2 m~! /kJ mol~! /kJ mol~!
H +H,->H,+H" 4.153 1.000 26.2 10.15 462.2
H-+HCl- H, + CI 3.937 0.948 17.9 10.00 449.2
H'+ CH;—> H, + C'Hj; 3.743 0.901 17.4 11.30 457.4
C'H;+ CH, —» CH,; + C'H;, 3.743 1.000 17.4 8.90 457.4
N-'H, + NH; - NH; + N'H, 4.306 1.000 20.0 8.48 469.4
HO* + H,0 - H,0 + HO" 4.749 1.000 21.8 8.30 519.8
HO," + HOOH - HOOH + HO," 4.600 1.000 21.2 8.00 390.2
C'H; + SiH, - CH, + Si*H, 2.756 0.736 12.6 8.90 400.0

Each reaction is characterized by the following parameters:

1) enthalpy AH,, which includes the zero-point energy of
the reacting bonds (AH, = Dy — Dgy + 0.5AL(vay — VBH))»
where v,y and vpy are the frequencies of stretching vibrations
of the corresponding bonds;

2) energy barrier E,, which includes the experimentally mea-
sured activation energy E and the additive equal to the zero-
point energy of the cleaved bond (E, = E+ 0.5hLvay — 0.5RT);

3) coefficient b = 2nvapy/iap (267 is the force constant of
the attacked A—H bond);

4) coefficient o (o0 = vap/yHan /(VBHYMAH ));

5) parameter r, (overall elongation of the A—H and B—H
bonds in the transition state).

The geometry of the A...H...B transition state is character-
ized by two distances: ro_y and rg_p. The first of them is
calculated by the formula

Facn =ran + VEe /b, &)

where rny is the equilibrium distance between the A and H
atoms in the AH molecule.
The second distance is calculated using the formula

rp—n = rpn + oy E. — AH, /b, 4)

where rgy is the equilibrium distance between the B and H
atoms, and 2(b/a)? is the force constant of the B—H bond in the
BH molecule. The overall elongation of the A—H and B—H
bonds in the transition state is

re=b"\(JE, +aJE, - AH,), (5)
and the A—B distance in the transition state is the following:
’'a—p=7an trpy Tt re. (6)

The o, b, and 0.5hLv,y parameters and pre-exponential
factors A (averaged experimental A values) are presented in
Table 1. The bond lengths for the molecules involved in the
considered reactions are presented in Table 2.7

The initial experimental data (averaged over the results of
measurements of the activation energy E) and the calculated r,,
ra—n»> and rg_y values are presented in Table 3. The r, values
show that the bonds in the transition state are elongated by
0.3—0.5 A, which is 14—24% of the bond lengths in the initial
molecules.

Intersecting Morse curves model.4 This model considers the
transition state of the radical abstraction reaction as a result of
intersection of two Morse curves. One Morse curve character-
izes the potential energy of the cleaved bond (A—H), and an-
other Morse curve characterizes that of the formed (B—H) bond
as a function of the elongation of this bond. Each curve also
depends only on two parameters: the energy of bond dissocia-
tion D; and coefficient b (see above) determining the force
constant of the bond. The reaction, as in IPM, is characterized
by the activation energy E, and enthalpy AH, (see above). The
length of the cleaved A—H bond in the transition state is calcu-
lated using the formula

\/DeAH In VDeAH
) 7
ban \/DeAH - \/E_e

The length of the formed B—H bond is calculated from the
formula

FA—H = 7an T

. VD VDeBH

eBH In
bBH \/DeBH - \/Ee - Af[e

(®)

FB_H = ’BH

The overall elongation of the bonds in the transition state 7,
is calculated using the formula

— \/DeAH In \/DeAH +

ban Dean —VEe
4 VPeBu | v DegH , )
\/DeBH - \/Ee - AI{e

re

bgn

The total A...H...B bond length is calculated from for-
mula (6).

Table 2. Bond lengths in molecules involved in the
reactions under study

Molecule Bond r+1019/m
H, H—H 0.746
HCI H—Cl 1.274
CH,4 C—H 1.059
NH; N—H 1.009
H,0 O—H 0.958
H,0, O0—H 0.970
SiH, Si—H 1.570
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Table 3. Geometric parameters of the reactions (A° + HB — AH + B") calculated by the IPM and IMM methods using

experimental data

Reaction E Bond IPM IMM Refs.
-1
/Kl mol ree 1010 py e 101 Fee 1011y _yye 101
m
H' +H, 29.0+2.4 H—H 3.54 9.23 4.34 9.63 8§—12
H* + HCI 14.5%£0.5 H—Cl 3.02 14.16 3.56 14.39 13—17
H—H 9.06 9.37
H' + CH, 56.0%+5.2 C—H 4.38 12.86 5.61 13.48 11, 18—23
H—H 9.57 10.18
C'H; + CH, 58.61£4.2 C—H 4.62 13.00 5.92 13.55 11, 23, 24
N-"H, + NH; 61.3 N—H 4.19 12.18 5.42 12.80 11
HO* + H,0 18.4 O—H 2.63 10.59 3.08 11.12 25
HOO* + HOOH 23.1 O—H 2.85 11.13 3.47 11.43 3
C-H; + SiH, 29.4+0.2 Si—H 4.90 18.02 6.35 18.49 23,26—29
C—H 13.17 14.14

The results of calculation of r,, r,_y, and rg_p from the
experimental data (enthalpies and activation energies) are pre-
sented in Table 3. These data are close to the values calculated
in the framework of the IPM model.

Quantum-chemical calculations. To calculate the energy bar-
riers and the geometry of transition states of the reactions under
study, we used the hybrid B3LYP density functional method,
which has proved to be valid for these purposes.3—32 The results
of calculation using the extended 6-311++G(d,p) basis set are
presented in Table 4. However, it turned out that this approach
strongly underestimated the activation energy of the H* + HCl
and HO® + H,0 reactions. The tendency to underestimating
the activation barriers in the B3LYP approach has already been
noticed.32:33 Therefore, additional calculations were performed
for these systems with taking into account more carefully the
correlation energy on the basis of the MP4/6-311++G**
and CCSD/6-311++G** approaches (see Table 4). The test
CCSD(T)/6-311++G** calculations for the H* + HCI
system gave the results almost identical to those of the
CCSD/6-311++G** approach.

In general, taking into account the correlation effects ac-
cording to the perturbation theory or the coupled clusters method
gives close results for both the activation barrier and the geom-
etry of the initial and transition states. However, in the case of
the HO* + HOH system, the lowest transition state with the C,
symmetry turns out to be a minimum in the MP4 approach,
although its geometry differs slightly from that found by the
CCSD method. Contrary to what has been expected, the reac-
tions with the symmetric transition state

N'H, + NH; — NHg+N'H,
HO" + HOH — HOH + HO",
HOO' + HOOH — HOOH + HO,"

are characterized by the nonlinear geometry of the O—H—O
and N—H—N fragments in the transition state. Therefore, the
higher lying transition states of a higher order with the linear
A—H—A fragments were localized (see Table 4). The increase
in the energy for them is not very significant, especially for the
HOO"* + HOOH reaction.

Previously, in order to elucidate the physical sense of
the r, parameter obtained by the IPM method for the
C,H5" + H—C,H; system, the cross section of the potential
energy surface in the vicinity of the transition state was calcu-
lated for the hydrogen atom displacements along the H—C and
C—H line (angle C—H—C is equal to 180°) at the fixed posi-
tions of other atoms. In such a reaction with the linear symmet-
ric transition state, this motion of the hydrogen atom coincides
sufficiently well with the normal vibration Q with an imaginary
frequency for the transition state

0 = Axy, (10)
since the corresponding displacements of the adjacent C atoms
are small. It is clear that precisely this normal vibration coin-
cides with the reaction coordinate in the transition state vicinity
but further deviates from it on moving toward the reactants or
products.

In the general case of the nonsymmetric linear transition
state A—H—B, the normal vibration with an imaginary fre-
quency includes motions of all groups of atoms

QZOLAXA'F‘H—az—BzAXH‘*'BAXB,

and depending on the ratio of masses, the coefficients at the Ax
displacements can be comparable for H, A, and B. The internal
arrangement of the atoms in the polyatomic A and B groups
changes to result in their structural relaxation, but we believe for
simplicity that A and B move as a whole.

This pattern can be conformed to IPM if one strictly follows
the concepts that the intersecting parabolic curves describe the
energy of the A—H and H—B systems only depending on the
elongation of the corresponding bonds.* In fact, if we designate
the displacement along the approximate reaction coordinate (11)

an

* This interpretation, unlike the "straightforward" interpretation
of intersecting parabolas as potential curves describing the inter-
action of the H atom with the fixed A and B groups, can also be
applied to the case of the model representation of a change in
the energy of the system along the true and complicated reaction
coordinates.



Transition state geometry in radical reactions

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 2, February, 2003 323

Table 4. Total energy (F) including the zero-point energy ZPE and geometric characteristics of the reactants and transition states

calculated by the B3LYP/6-311++G**, MP4/6-311++G**, and CCSD/6-311++G** methods

System E+ZPE/hartree Geometric characteristics E,*/kJ mol™!
Bond r/A Angle wo/deg
B3LYP/6-311++G** method
H—H*—H, TS —1.66609 H*—H 0.9311 H—H*—H 180 14.9
H—H*—CI, TS —461.32941 H*—H 1.2764 H—H*—Cl 180 0.2 (H)
C.y Cl—H* 1.3448 18.3
H—H*—CH; —40.97852 H*—H 0.8907 H—H*-C 180 34.6 (H)
Cs, C—H* 1.4148 H—C—H* 102.9 43.4
TS C—H 1.0859
H;Si—H*—CH; —331.69752 H*—Si 1.6121 Si—H*—C 180 29.1 (CHj3)
Cs, C—H* 1.6091 H—Si—H* 109.6 84.1
TS C—H 1.0846 HC—H* 101.3
Si—H 1.4872 H—Si—C—H 60.0
HO—H*—OH —152.18964 H*—O 1.1655 H*—O—H 105.4 4.1
G, TS O—H 0.9690 O—H*-0 146.0
H*—~0—0—H 122.0
HO—H*—OH —152.18563 H*—O 1.1661 H*—O—H 101.3 18.3
C,, TS O—H 0.9685 O—H*-0 151.4
O—H*-0—H 69.4
HO—H*—OH —152.18482 H*—O 1.1623 H*—O0—H 101.3 20.3
Cy,, TS2 O—H 0.9708 O—H*—-0 180.0
HO—H*—OH —152.18642 H*—O 1.1616 H*—O—H 110.1 12.3
Cy,, TS3 O—H 0.9679 O—H*-0 162.0
HO—H*—OH —152.17081 H*—O 1.1448 56.0
D, TS4 O—H 0.9564
HOO—H*—0OO0OH —302.51104 H*—O 1.1829 H*—0—0 104.8 22.8
C,, TS 0—-0 1.3847 O0—0—H 102.9
O—H 0.9710 O—H*-0 163.9
O—H*—0-0 87.3
H*—0-0—H 124.7
HOO—H*—0OO0OH —302.51041 H*—O 1.1798 O—H*-0 180 24.4
G, TS2
H,N—H*—NH, —112.42018 H*—N 1.2496 H*~N-H 108.3 25.7
Gy, TS H—N 1.0221 N—H*—N 157.1
H—N-N—H 114.1
H,N—H*—NH, —112.41520 H*—N 1.2541 H*—~N—H 100.6 38.8
Cyp,, TS2 H—N 1.0257 H—N—H 103.8
HH, D —1.16950 H—H 0.744
HCl, C., —460.82735 H—CI 1.2869
HOH, C,, —76.43725 H—O 0.9621 H—O—H 105.0
NH;, Cs, —56.54847 H—N 1.014 H—N—H 107.9
HOOH, C, —151.57573 H—O 0.9672 H—0-0 100.5
0-0 1.4541 H—O0—-O—H 121.4
CHy, T, —40.48942 C—H 1.0909 H—C—H 109.5
SiHy, Ty —291.88308 Si—H 1.4839 H—Si—H 109.5
H —0.50226
Cl —460.16688
HO —75.75396 H—O 0.9759
HOO, C, —150.94399 H—O 0.9771 H—0—-0 105.9
0—-0 1.3284
NH,, Gy, —55.88150 H—N 1.0295 H—N—H 103.1
CH;, Dy, —39.82554 H—C 1.0805 H—C—H 120
SiH3, C3, —291.24013 H-—Si 1.4860 H—Si—H 111.1
SiH3, Dy, TS —291.23337 H—Si 1.4703 H—S—H 120 17.7

(to be continued)
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Table 4 (continued)

System E+ZPE/hartree Geometric characteristics E,*/kJ mol™!
Bond r/A Angle o/deg
MP4/6-311++G** method
H—H*—CI, TS —460.74569 H*—H 0.9798 H—H*—Cl 180 29.0 (H)
(o Cl—H* 1.4234 41.2
HO—H*—OH —151.83102 H*—O 1.1504 H*—O—H 102.9 56.8
C, O—H 0.9686 O—H*—-0 144.1
H*—~0—-0—H 121.0
HO—H*—OH —151.83165 H*—O 1.1479 H*—O—H 98.3 55.2
Cyp,, TS2 O—H 0.9705
HO—H*—OH —151.82905 H*—O 1.1502 H*—O0—H 106.4 62.0
Cy,, TS2 O—H 0.9682 O—H*—-0 161.4
HO—H*—OH —151.77255 H—O 1.1348 210.4
D, TS4 O—H 0.9559
HH, D, —1.15762 H—H 0.7420
HCl, C., —460.263844 H—Cl 1.2746
HOH, C,, —76.286570 H—-O 0.9609 H—O—H 103.3
H —0.49982
Cl —459.60377
HO, C,, —75.58697 H—-O 0.9716
CCSD/6-311++G** method
H—H*—CI, TS —460.74424 H*—H 1.0066 H—H*—Cl 180 26.2 (H)
(o Cl—H* 1.4157 44.2
H—H*—CI, TS —460.74807 H*—H 1.0043 H—H*—Cl 180 24.3 (H)
C..,(CCSD-T) Cl—H* 1.4184 38.5
HO—H*—OH —151.82351 H*—O 1.1566 H*—O—H 102.3 54.0
G, TS O—H 0.9660 O—H*—-0 145.5
H*—0-0—H 122.8
HO—H*—OH —151.82052 H*—O 1.1546 H*—O—H 98.4 61.8
Cyp,, TS2 O—H 0.9676
HO—H*—OH —151.82074 H*—O 1.1556 H*—0—H 106.0 61.3
Cy,, TS3 O—H 0.9655 O—H*-0 162.7
HO—H*—OH —151.81932 H*—O 1.1570 H*—O—H 105.4 65.3
C,, TS3 O—H 0.9655 O—H*-0 152.7
H—O-H*-0 62.0
HO—H*—OH —151.76528 H*—O 1.1312 206.3
D, TS4 O—H 0.9530
HH, D, —1.15830 H—H 0.7435
HCl, C., —460.25435 H—Cl 1.2762
HCI, C.,, —460.25751 H—Cl 1.2777
(CCSD-T)
HOH, C,, —76.25952 H—O 0.9584 H—O—H 103.6
H —0.49982
Cl —459.60276
Cl (CCSD-T) —459.60443
HO, C,, —75.58455 H—-O 0.9708

* For reactions with the nonsymmetric transition state for one of the channels, the reactant for assignment of the activation energy is
indicated in parentheses.
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as ¢, the positions of A, H, and B in the A—H—B axis are
described by the functions

A(q) = —rp_y * og,

H(g) = qy1-0’ -2, (12)

B(q) = rg_u + Bq.

To conserve the correct total energies of the reactants and
products, one has to consider that the internal geometry of the A
and B fragments is the same as that in the AH and HB mol-
ecules. Then the square relations for the potential energies of the
AH and HB subsystems follow from (12)

Uan = —Dan + B[rap + (A(q) — H(@)T%,
Uy = —Dgy + (b)*[ren + (B(g) — H(g))]™ (13)

When the current distance A—H and B—H, respectively, is
chosen instead of ¢ as an independent variable in (13), we obtain
the canonical expressions for (1) and (2) for IPM.

This result can be seen in Fig. 1 where the positions of the A,
H, and B atoms are indicated by the dotted line for the simpli-
fied reaction coordinate (¢), and the bold line shows them for
the true reaction coordinate Q (11). It is clear that a more
complicated concerted motion of the A, H, and B atoms does
not change the key points in the energy scale for the initial,
transition, and final states and the elongation of the A—H and
H—B bonds in the transition state with respect to their equilib-
rium values.

The cross sections of the potential energy surfaces in the
vicinity of the transition state calculated according to (11) for
the H—H—H, H—H—Cl, H—H—CH,;, and H;C—H—SiH;
systems are presented in Fig. 2. Naturally, these cross sections
possess maximum points in the transition state, unlike the cross
sections calculated for the H atom displacements at the fixed
positions of other atoms (for example, for the H—H—Cl system,
a minimum in the transition state takes place in this case). These
cross sections also possess two minima, and the corresponding
A—H or H—B distance for each of them coincides satisfactorily
with its equilibrium value (Table 5).

This is likely resulted from the fact that the energy increases
strongly for the A—H and H—B distances, which are shorter
than their equilibrium values. However, the depths of these
minima are small, as a rule, compared to a change in the energy
along the true coordinate of the H atom transfer reaction with
the complete structural relaxation of the A and B fragments. The

A7
'1
1
2
< TBH i
/I 1
XA A ;
— >
'
i - *H X
' N p
.1—»[/
D
' ’
1
1
1
1
I'
13

Fig. 1. Positions of the H atom and atomic groups A and B as
functions of the reaction coordinate (¢) in different models of
passing through the transition state by the system: dotted line,
only the H atom displaces; and bold lines, all atoms displace
according to the normal vibration shape with an imaginary fre-
quency in the transition state. Equilibrium distances are shown
by arrows.

main reason for the slight energy change along the calculated
cross sections is that the AH and B, A and HB systems very
tightly contact in the minimum points at the H...B and A....H
distances, which are much shorter than the sum of the corre-
sponding van der Waals radii, and this contact results in an
additional increase in the energy.

Based on these observations, it seems reasonable to present
the following simplified model for estimation of the transition
state. The model qualitatively corresponds to the intersecting
parabolas and intersecting Morse curves methods and is based
on the assumption that for the reaction

B +HA — BH+A’

before the transition state is achieved, the interaction of AH and
B* and, after passing the transition state, the interaction of A*
and BH are considered switched-off. As mentioned above, to
retain the correct total energies of the reactants and products,
the elongation of the A—H and H—B bonds should necessarily
be performed at the fixed geometry of the A and B fragments.
Thus, the effects of structural relaxation of A and B during the
reaction are ignored. However, they are not very significant
because of the softness of angular deformation vibrations due to
which this relaxation mainly occurs.

Table 5. Characteristic of positions of minima Ar,_y and Arg_p on the potential energy cross sections in the vicinity of the

transition state (distances are given in A)

A—H—B system ArA_H A—H — 'AH AI‘B_H 'B_H — 'BH AVA—H + AI‘B_H
H—H—H 0.07 0.12 — — 0.14
H—H—-CI 0.37 0.10 0.05 0.10 0.42
H—H—CH; 0.09 0.06 0.22 0.09 0.31
SiH;—H—CH; 0.05 0.07 0.49 0.03 0.54
HO—H—-OH 0.19 0.01 — — 0.38
HOO—H—-OOH 0.18 0.03 — — 0.36
H,N—H—-NH, 0.18 0.04 — — 0.36
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Fig. 2. Cross sections of the potential energy surface (£) of the H—H—H (a), H—H—CI (), CH;—H—H (c), and CH;—H—SiH; (d)
systems in the vicinity of the transition state as functions of the displacement (r) along the normal vibration with an imaginary
frequency (curve ). The energies of the reactants and products for the corresponding elongations of the reacting bond lengths are
marked by solid intersecting curves, and their parabolic approximations are shown by dotted curves.

The total energies of the system calculated in this approxi-
mation are shown in Fig. 2 as solid intersecting curves. The
parabolic approximations of these curves are shown by dotted
lines. It is seen that the points of their intersection are suffi-
ciently well localized in the vicinity of transition states. Ignoring
the structural relaxation of A and B can efficiently be corrected
if the terms describing the reactants and products are shifted
toward each other by a short distance (this to a less extent
changes the geometric characteristics of the point of their inter-
section). As an example for the H* + H, system, the parabolic
approximations of the H, terms are shifted by 0.12 A in such a
way that the positions of their minima coincide with the posi-
tions of minima of the potential energy cross sections for the

H*® + H, system (see Fig. 2, a).* Then the point of their inter-
section is located lower than the energy barrier of the reaction.
This sensitivity of the position of the intersection point to the
sum of the r,_; and ry_p distances allows the r, distance to be
used as the effective empirical parameter in the a priori estima-
tion of experimental activation energies in the framework of IPM.

* In the case of the H—H—CHj; system, the use of positions of
minima on the cross section of the potential energy surface for
the estimation of displacements of parabolic terms makes it
possible to estimate the energy barrier with a high accuracy (see
Fig. 2). However, in the case of early or late transition states,
this approach can give a much lower accuracy.
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___________ H___H’____

Fig. 3. Scheme of the turn of fragment B matched with the
motion of the H atom in such a way that the H—B and H"—B
directions coincide in the internal system of coordinates.

For nonlinear symmetric transition states in the
HO® + HOH, HOO" + HOOH, and H,N* + HNH, systems,
the reaction coordinate corresponds to the motion of the H
atom not along the formed or cleaved bond but at some angle to
these bonds. In this case, the calculation of the cross sections in
the framework of the simplified model corresponds to the rota-
tion of the A or B group concerted with the H displacement
(Fig. 3). A similar assumption should also be accepted for
IPM. The thus calculated total energies of the deformed reac-
tants and products are shown in Fig. 4 by solid intersecting
curves, and their parabolic approximations are shown by dotted
curves.

Comparison of calculation results

The interatomic distances in the reaction site of the
transition state calculated by different methods are col-
lected in Table 6.

The comparison of the interatomic distances calcu-
lated by the quantum-chemical methods (QCH) and from
the experimental data using the IPM method shows that
they are close, as a rule, and »(QCH) > r(IPM). The
statistical processing of these data using the least-squares
method gives the following correlation between the A—H
and B—H interatomic distances in the A...H...B transi-
tion state:

#(IPM) = (QCH) — (0.45+1.14)- 10~ m. (14)

The difference between r(IPM) and n(QCH) is only
Ar=4.5-10"12 m and is lower than the root-mean-square
error in the estimation of the difference between these
values equal to 11.4 - 10~!2 m. Thus, the estimation of the
parabolic model of interatomic distances in the transi-
tions state is rather similar to that of the quantum-chemi-
cal calculations. The r values in the IPM model are still
closer to (QCH)

AIMM) = HQCH) + (0.19%1.10)+ 10~ m. (15)

In this case, the mean divergence between the Ar
(1.9+ 1012 m) values is fivefold lower than the root-mean-
square error (11.4+ 10712 m).

The r,_p distance is an important characteristic of the
A...H...B transition state. In the quantum-chemical cal-
culation 7,_p = r,_y + rg_y, and in the IPM and IMM
models ra_g = rag T rgg T 7. Let us compare ry_p

E/hartree
—151.845

—151.850

—151.855

—151.860

—151.865

—151.870

E/hartree
—302.538

—302.542
—302.546
—302.550
—302.554

—302.558

-0.2 -0.1 00 01 02 rA

FE/hartree

—112.468

—112.472

—112.476

—112.480

—02 -0.1 00 01 02 rA

Fig. 4. Cross sections of the potential energy surface (F) for the
HO—H—OH (a¢), HOO—H—OOH (b), and NH,—H—NH,
(c) systems in the vicinity of the transition state as functions of
the displacement R along the normal vibration with an imagi-
nary frequency (upper curve). The energies of the reactants and
products for the corresponding elongations of the reacting bond
lengths are shown by solid intersecting curves, and their para-
bolic approximations are shown by dotted curves.
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Table 6. Interatomic distances in the transition state calculated by the quantum-chemical (QCH), IPM, and IMM methods

(distances are given in m)

Reaction Bond QCH IPM IMM
L1011

r10 re10!! Ar- 1011 re10!! Ar+ 1011
H +H, H—H¢ 9.31 9.23 0.08 9.63 ~0.32
H" + HCI H—Cl1? 14.16 14.16 0.00 14.39 ~0.23
H* + HCI H—H? 10.07 9.06 1.01 9.37 0.70
H' + CH, C—H@ 14.15 12.86 1.29 13.48 0.67
H' + CH, H—H ¢ 8.91 9.57 ~0.66 10.18 ~1.27
C'H; + CH, C—He@ 13.53 13.00 0.53 13.55 ~0.02
NH, + NH; N—H ¢ 12.50 12.18 0.32 12.80 ~0.30
HO" + H,0 O—H? 11.57 10.90 0.67 12.80 ~1.23
C'H, + SiH, Si—H ¢ 16.12 18.02 ~1.90 18.49 ~2.37
C'H, + SiH, C—Hea 16.09 13.17 2.92 14.14 1.95
HO," + H,0, 0—H¢ 11.83 1113 0.70 11.43 0.40

4 B3LYP/6-311++G** method.
bCcCSD/6-311++G** method.
¢ According to the data in Ref. 30.

obtained by the quantum-chemical and IPM calculations
(Table 7).

The statistical processing of the obtained r,_ g values
gives the following correlation between the r,_p_values
calculated using different methods:

ra_p(IPM) = ry_(QCH) — (0.70+0.55)- 10" m  (16)

In this case, we can see a systematic difference be-
tween 7,_p(QCH) and ry_g(IPM): Arpg = 710712 m
is 1.5 times larger than the root-mean-square error
(5.5-10~12 m). It is substantial that this error is much
lower, as a rule, than the difference in the r,_y_p dis-
tances for reactions of different classes. Based on this
fact, the geometry of the transition state can rather reli-

Table 7. Comparison of the r,_p distances calculated by the
quantum-chemical methods and IPM method

Reaction Dis- Fa_p-10/m  Ar-10''/m
tance PN QCH
H'+H, H—H—H 18.46+0.08 18.62¢ 0.16
H: + HCI H—H—Cl 23.22+0.01 24.22°% 1.00
H' + CHy H—H—-C 2243£0.15 23.05¢ 0.62
C-H; + CH, C—H—-C 26.00+£0.13 26.94°¢ 0.94
C,Hy + C,Hy C—H—C  26.00 27.064  1.06
N'H, + NH; N—H—-N 24.36 24.99 4 0.63
HO-+HOH O—H-O 21.80 21.23° 0.57
HO," + HOOH O—H—O  22.26+0.10 23.66¢ 1.40
C'H;+SiH, C—H-Si 31.19 32.21¢ 1.02

9 B3LYP/6-311++G(d,p) calculation, this work.
b CCSD/6-311++G(d,p) calculation, this work.
¢B3LYP/6-311+G(d,p) calculation.3?
4 B3LYP/6-311++G(d,p) calculation.’

ably be estimated from the empirical parameter r,. In the
IPM method, the source of scatter of the data (values of
the r, parameter) is the data scatter over the activation
energies measured using different methods and by differ-
ent authors (see formula (3) for estimation of ). Accord-
ing to the data presented in Table 7, the root-mean-
square error in the estimation of 7,__p by the IPM method
is only 0.94-10~12 m. Therefore, the total error (data
scatter) in the estimation of r,__g follows mainly from the
effective character of the r, value determined from the
experimental data and dependent on different aspects of
the reaction. It is most likely that the data scatter is mainly
affected by the factor of the nature of the transition state
(early or late), which changes the activation energy at the
same total bond elongation in the saddle point. In par-
ticular, this is seen from the fact that the scatter of the
ra_p values is twofold lower than the scatter of the ry_ g
and rp_y values.

The use of different quantum-chemical methods
slightly affects the transition state geometry (see Table 4)
but has a noticeable influence on the activation energy, as
it has been mentioned above. The experimental activa-
tion energies for the B + HA reaction and those calcu-
lated by the density functional or coupled clusters meth-
ods are presented in Table 8.

As can be seen from the data in Table 8, the suffi-
ciently satisfactory correspondence between the quan-
tum-chemically calculated and experimental E, values is
observed for all cases except the HO* + H,O system. The
coincidence of the calculated and experimental results is
almost complete for the HO,* + HOOH and C*H; + SiH,
reactions. For the H* + HCl and HO® + H,0 systems,
the use of the coupled clusters method qualitatively im-
proves the agreement with experiment, although gives
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Table 8. Comparison of the experimental activation energies for
some reactions and those calculated by the density functional or
coupled clusters methods

Reaction E,/kJ mol~!
Experiment Calculation

H'+H, 29.0+2.4 14.9

H' + HCI 14.5+0.5 26.2*
H- + CH, 56.0£5.2 34.6
C'H; + CH, 58.6£4.2 46.1
N-H, + NH;4 61.3 38.8
HO" + H,0 18.4 54.0*
HO," + HOOH 23.1 22.8
C'H; + SiH ** 29.4 29.1

* Calculated by the coupled clusters method.
** According to the data in Ref. 30.

overestimated activation barriers. As for the absolute er-
ror of determination of the activation energy, it remains
virtually unchanged for the first system and increases by
2.5 times for the second system despite a considerable
increase in time expenses for calculations.

Thus, the interatomic distances in the transition state,
which can be calculated using the IPM and IMM models
from experimental data (£, AH) for radical abstraction
reactions are rather close to those calculated by the den-
sity functional method. The simple correlation of the
ra_y(QCH) = a + ro,_y(IPM) type can be used for the
approximate estimation of the interatomic distances in
the transition state using experimental data (formu-
las (3)—(6)).
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