
Ab initio study of the transition states for determining the enthalpies
of formation of alkyl and halogenated alkyl free radicals¤

Jorma A. Seetula

L aboratory of Physical Chemistry, P.O. Box 55 (A.I. V irtasen aukio 1), FIN-00014, University of
Helsinki, Helsinki, Finland. E-mail : Jorma.Seetula=csc.Ð

Received 18th February 2000, Accepted 11th July 2000
Published on the Web 16th August 2000

Enthalpies of formation of 19 free radicals at 298 K are calculated by ab initio methods. The equilibrium
reactions of radical ]HBr ¢ molecule] Br were studied by optimizing the transition states of the reactions at
the MP2(fc)/6-31G(d,p) level of theory. The ab initio calculated threshold energies of the reverse reactions were
combined with the experimentally determined activation energies of the forward reactions in a second-law
method to determine the enthalpies of the reactions. The enthalpy of formation values are (in kJ mol~1) :
149.3^ 2.8 172.5^ 3.7 121.7 ^ 4.5 180^ 5 145 ^ 8 (CHBrCl), 92.2^ 3.9(CH3), (CH2Br), (CH2Cl), (CHBr2),

195 ^ 5 163 ^ 8 124 ^ 8 70.6 ^ 3.7 120.4^ 2.7(CHCl2), (CBr3), (CBr2Cl), (CBrCl2), (CCl3), (CH3CH2),
81.1^ 2.9 99.7^ 2.9 46.0^ 3.2 90.1^ 3.2 102.5^ 2.8(CH3CHCl), (CH2ClCH2), (CH3CCl2), (CHCl2CH2),
(n- 83.6^ 2.8 (iso- 29.9^ 3.0 (2-iso- ), 80.7^ 2.8 (n- The chemical nature of theC3H7), C3H7), C3H6Cl C4H9).
transition states was studied by localizing them along the minimum energy path of the reaction.

Introduction
The heat of formation values of free radicals are useful for
determining bond enthalpies of molecules and kinetic param-
eters of the reactions where these species are involved. Espe-
cially, bond enthalpies are fundamental for chemistry :
thermochemical and kinetic information about compounds
and their reactions are much needed ; for example, to model
various chemical processes.

Typically, heat of formation values of free radicals have
been determined by kinetic methods in which both reaction
directions of the equilibrium reaction are measured in a gas
phase as a function of temperature. This kinetic information is
used with second-law and third-law methods to determine the
thermodynamic parameters for free radicals.1 However, such
studies are typically restricted to the most stable free radical
isomers and light molecular species. Of bromine-containing
species only the radical has been a subject of time-CH2Br
resolved kinetic investigations.2 Obviously, the radicalCH2Br
can be formed from methyl bromide by a hydrogen atom
abstraction reaction. Accurate thermochemical information
about this radical is important since methyl bromide is widely
used as a pesticide. Moreover, polybrominated free radical
reactions are not measured by time-resolved techniques. Some
thermodynamic parameters of these species have been
obtained by conventional techniques.3,4

The current study presents an ab initio investigation of the
threshold energies of Br atom reactions with alkanes and
halogenated alkanes. These calculated energies are combined
with the experimentally determined activation energies of the
forward reactions to determine the enthalpies of formation of
the free radicals studied. Another function of the current study
was to investigate the e†ects of halogen and alkyl substituents
on the transition state of the radical ]HBr H molecule] Br
equilibrium. Alkylation and halogenation have been experi-
mentally proved to have a strong e†ect on the kinetics of
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various free radical reactions with molecules such as HI and
HBr.1,5

Free radical reactions
The thermodynamics of the following 19 free radical equi-
librium reactions with HBr have been studied using quantum
chemical calculations :

R] HBr ¢ RH] Br (1)

Here CHBrCl,R\CH3 , CH2Br, CH2Cl, CHBr2 , CHCl2 ,
CBr3 , CBr2Cl, CBrCl2 , CCl3 , CH3CH2 , CH3CHCl,
CH2ClCH2 , CH3CCl2 , CHCl2CH2 , n-C3H7 , iso-C3H7 ,
2-iso- or The optimized saddle points wereC3H6Cl n-C4H9 .
characterized by only one negative value of the second deriv-
ative of the potential energy surface. The temperature of the
reactions for the ab initio calculations is taken to be absolute
zero.

Computational details
Ab initio calculations were carried out with the GAUSSIAN
94 package of programs.6 All calculations were carried out on
an SGI Power Challenge computer at the Centre for ScientiÐc
Computing (Espoo, Finland). All structures of species needed
for transition state calculations were fully optimized at the
MP2 level of theory using the 6-31G(d,p) basis set and frozen-
core approximation.7 These BornÈOppenheimer structures
were shown to be at their local minimums by analytical gra-
dient methods. In a zeroth-order approximation the reaction
takes place along the lowest-energy path connecting the reac-
tants and the products of the reaction (tunneling is ignored).
The transition state of the reaction8 was localized at this path
using a quadratic synchronous transit method.7 In the calcu-
lations the expectation values, S2, for free radicals were in the
range 0.7561È0.7722 and for transition states from 0.7698 to
0.7907. Normal mode analyses were carried out at the same
level of theory for all species and transition states. These fre-
quency calculations show the optimized transition states to be
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Ðrst-order saddle points with all the second derivatives of
energy being positive except for one, which has an imaginary
vibrational frequency (i.e. the force constant matrix has only
one negative eigenvalue) along the reaction coordinate. In this
case, the polyatomic potential energy surface is a minimum in
other dimensions, while along the reaction coordinate it is a
maximum.7 The imaginary frequencies were in the range of
[164 to [1250 cm~1. The internal coordinates of the tran-
sition states, which according to the calculated normal modes
experience the largest changes during the reaction, are the
CÈH and HÈBr bond lengths. The relative movement of the H
atom is the largest. The CÈHÈBr asymmetric stretch is the
reaction coordinate. Furthermore, zero-point energies of
species were multiplied by 0.9676 for the energy calculations.7
The zero-point energy corrected energies of the reactants and
the products were compared to those of the reaction tran-
sition states (Table 1). Geometries and frequencies of the tran-
sition states, molecules and free radicals involved in the
current study are given as supplementary material.¤

Activation energies of Br + RH reactions, reverse reaction

Generally the MP2/6-31G(d,p) level of theory is not adequate
for accurate transition state energy calculations, but obviously
at this level there exists a successful error cancellation in
determining the activation energies of the reactions of Br
atom with closed shell hydrocarbons. These MP2 calculations
turned out to be surprisingly accurate.

Scaled zero-point energy-corrected MP2 energies of the
transition state and the products of the forward reaction were
used for the calculations. The calculated threshold energies of
the reverse reactions turned out to deviate from [4.3 to 4.4
kJ mol~1 compared to the experimentally determined activa-
tion energies (see Table 2). However, such deviations are rela-
tively small if typical error limits of ^2.5 kJ mol~1 for the
experimentally determined activation energies are considered.
For bimolecular reactions the calculated threshold energy E0is related to the Arrhenius activation energy, according to
line-of-centers collision theory,9 by a simple equation : Ea \

At the absolute zero, equals exactly. AE0] 12RT . Ea E0canonical transition state theory would likely correct the cal-
culated values by if the temperature dependency ofE0 ^12RT
a vibrational partition function is considered to vary from T 0
to T 1@2.

Activation energies of R + HBr reactions, forward reaction

The reactions of free radicals with HBr are strongly exother-
mic processes, by a similar amount of enthalpy. Thus, the
reaction enthalpy change is less meaningful for determining
the order of radical reactivity.2 On the other hand, the
kinetics are related to reactivity. Moreover, the kinetics of the
forward reactions can be successfully explained by plotting the
rate constant of the reactions at one temperature vs. the
change in electronegativity values of the radicals.2 The change
in electronegativity is the di†erence between the sum of elec-
tronegativities of the three atoms or groups in the substituted
methyl radical and the sum of electronegativities of the three
hydrogen atoms in an unsubstituted methyl radical.2 The
values of electronegativities for atoms (PaulingÏs
electronegativities) are Cl (3.16), Br (2.96), H (2.20) and for 1.82

This method can also be used to estimate the kineticsCH3 .2
of an unknown radical reaction. The reactivity trend in the
plot is caused, principally, by the activation energies of the
reactions because of their exponential e†ect on the rate con-
stants. Thus a plot of various activation energies of the

Fig. 1 Plot of the experimentally determined activation energies of
R] HBr reactions as a function of electronegativity di†erence. Elec-
tronegativities of elements are taken from Pauling.30 The Ðtted linear
function is y \ [1.62] 5.88x.

Table 1 Structural parameters and energies of the calculated RÉ É ÉHÉ É ÉBr transition states and of the HBr molecule for comparison. Bond
lengths and rt are given in pm, angles in degrees and energies in Calculations were done at the MP2(fc)/6-31G(d,p)//MP2(fc)/6-31G(d,p) levelEh .
of theory. The values are given in percentages and Structural parameters and*rChH rt \ [rBrhH(TS) [ rBrhH(HBr)] [ [rChH(TS) [ rChH(RH)].
energies for the other species involved are given as supplementary material

R rt rChH *rChH rHhBr aChHhBr Zero-point-energy MP2 energy

CH3 [39.9 158.2 45.7 150.3 0.0 0.038 926 [2610.285 178
CH2Br [34.7 153.7 41.9 151.3 6.9 0.030 888 [5179.693 207
CH2Cl [31.4 151.5 39.7 152.3 3.9 0.031 508 [3069.303 946
CHBr2 [28.6 148.7 37.4 152.5 [5.5 0.021 411 [7749.102 028
CHBrCl [26.1 147.1 35.8 153.3 [4.6 0.022 182 [5638.711 637
CHCl2 [23.7 145.6 34.4 154.2 [3.4 0.022 948 [3528.321 741
CBr3 [21.7 143.4 32.5 154.1 0.0 0.010 959 [10 318.510 520
CBr2Cl [20.1 142.6 31.7 154.8 [1.3 0.011 854 [8208.118 587
CBrCl2 [19.0 141.9 31.1 155.3 1.4 0.012 664 [6097.726 937
CCl3 [17.5 141.1 30.3 155.9 0.0 0.013 450 [3987.335 633
CH3CH2 [42.6 160.7 47.6 149.8 [6.4 0.069 842 [2649.472 674
CH3CHCl [32.3 152.4 40.2 152.0 [7.2 0.061 405 [3108.497 098
CH2ClCH2 [40.9 159.0 46.2 149.9 [8.0 0.061 275 [3108.489 619
CH3CCl2 [23.9 145.9 34.4 154.0 [7.5 0.052 167 [3567.518 089
CHCl2CH2 [40.1 158.1 45.3 149.8 [7.3 0.051 489 [3567.503 417
CH3CH2CH2 [44.9 162.6 49.2 149.3 [7.0 0.099 677 [2688.654 415
(CH3)2CH [50.6 167.3 53.2 148.1 [8.1 0.099 773 [2688.662 112
CH3)2CCl [36.2 155.5 42.8 151.0 [9.2 0.090 838 [3147.690 794
CH3CH2CH2CH2 [44.9 162.6 49.2 149.3 [6.5 0.129 073 [2727.836 842
HBr È È È 140.6 È 0.006 300 [2570.592 802
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Table 2 Activation energies of the R] HBr ¢ RH] Br equilibrium; calculated activation energies are at absolute zero and measured activation
energies at the mean temperatures of the used temperature ranges for experimental studies

Ea(Br ] RH)/kJ mol~1 Ea(Br ] RH)a/kJ mol~1
R/RH Ea(R] HBr)a/kJ mol~1 calculated measured

CH3 [0.6
CH4 73.3 76.1^ 3.7
CH2Br 2.5
CH3Br 63.1 64.4^ 2.4
CH2Cl 4.1
CH3Cl 59.3 57.7^ 2.3
CHBr2 7.4b
CH2Br2 49.0 n.a.i
CHBrCl 8.2
CH2BrCl 48.4 n.a.
CHCl2 9.8
CH2Cl2 47.9 47.0^ 2.5
CBr3 11.9b
CHBr3 34.1 n.a.
CBr2Cl 13.0b
CHBr2Cl 35.6 n.a.
CBrCl2 14.2b
CHBrCl2 37.5 n.a.
CCl3 15.4b
CHCl3 39.8 38.9^ 2.5h
CH3CH2 [3.7
CH3CH3 50.4 53.3^ 2.1
CH3CHCl [3.0
CH3CH2Cl 40.3c 37.8^ 1.5c
CH2ClCH2 [2.2
CH3CH2Cl 59.6d 55.3^ 2.3d
CH3CCl2 5.9
CH3CHCl2 32.5c 30.9^ 1.4c
CHCl2CH2 [0.7e
CH3CHCl2 69.3d n.a.
iso-C3H7 [6.9
C3H8 31.6f 36.0^ 2.0f
n-C3H7 [5.4
C3H8 51.5g 53.3^ 2.1g
2-iso-C3H6Cl [0.4b
2-C3H7Cl 24.8f n.a.
n-C4H9 [6.4
n-C4H10 50.6g 53.3^ 2.1g

a See references for the experimentally measured values in Table 4. b Value obtained from the linear regression equation. c a-HydrogenEaabstracted. d b-Hydrogen abstracted. e Estimated by comparing measured values of the and the radicals with HBr.Ea CH3CH3 CH2ClCH2f Secondary hydrogen abstracted. g Primary hydrogen abstracted. h See ref. 31. i Not available.

radical] HBr reactions against the change in electronega-
tivity values of the radicals involved should indicate a linear
dependency, which is shown in Fig. 1. This linear relationship
is used to determine the activation energies of those R] HBr
reactions which have not been determined experimentally (see
Table 2).

Table 3 Heats of formation used in the thermochemical calculations

Species *fH298¡ /kJ mol~1 Ref.

HBr [36.44^ 0.17 10
Br 111.86^ 0.06 10
CH4 [74.87^ 0.34 10
CH3Br [38.1^ 1.3 11
CH3Cl [83.68^ 2.1 10
CH2Br2 [11.1^ 5.0 11
CH2BrCl [44.8^ 8.2 12
CH2Cl2 [95.52^ 1.3 10
CHBr3 23.8^ 4.5 11
CHBr2Cl [8.9^ 8.2 12
CHBrCl2 [48.8^ 8.2 12
CHCl3 [103.18^ 1.3 10
CH3CH3 [83.9^ 0.3 13
CH3CH2Cl [112.1^ 0.5 14
CH3CHCl2 [130.1^ 0.8 15
C3H8 [104.5^ 0.3 14
2-C3H7Cl [145.0^ 0.6 14
n-C4H10 [126.5^ 0.4 14

Thermochemical calculations

In the reactions of the R ] HBr ¢ RH] Br equilibrium no
mole change is involved. Consequently, the standard reaction
enthalpy change, is simply the di†erence between the*rH¡,
activation energies of the reactions in each direction. The
mean temperature on a 1/T scale of the studied reaction direc-
tions is always near 0 K if the other activation energy is deter-
mined at absolute zero. Thus the value obtained should*rH¡
be corrected to 298 K using a heat capacity correction accord-
ing to Kirchho†Ïs equation. For these calculations the heat
capacity values at constant pressure of Br and HBr were taken
from the literature. For the other compounds studied, the ab
initio calculated heat capacity values at constant volume were
used instead. However, for an ideal gas reaction with no mole
change these two heat capacities are similar (*Cp¡ \ *Cv¡In addition, the heat capacities of all compounds] *nR).
equal 0 at absolute zero. If a polynomial expression,
a ] bT ] cT 2, for a heat capacity is used then the mean stan-
dard heat capacity of the reaction is obtained simply by eqn.
(2).

*C1 p¡(*T ) \ 12[*Cp¡(T1) ] *Cp¡(T2)][
c
6

*T 2

^ 12*Cp¡(298) (2)

The standard enthalpy of formation values of free radicals,
were ultimately calculated using and the*fH298¡ , *rH298¡
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tabulated heat of formation values of Br, HBr and molecules
(see Table 3). Typically for reactions which involve species
containing many bromine atoms, the heat of formation value
has a low accuracy. The reason for this lies in the substantial
uncertainty of the heat of formation values of the brominated
molecules (see Table 3).

Discussion

Structures of transition states

Some parameters of the optimized transition state structures
are shown in Table 1. The transition state is the same in the
both reaction directions. The location of the transition state is
discussed in detail in a separate section. Two critical bond
lengths and one bond angle of the transition states are given.
For the reverse Br ] alkane reactions the forming HÈBr bond
length is shorter than the breaking CÈH bond length(rHhBr)However, for Br] halogenated alkane reactions, the(rChH).
forming HÈBr bond length is typically the longer of these two
bonds. The breaking CÈH bond length increases as a function
of alkylation and decreases as a function of halogenation. By
way of comparison, halogenation and alkylation have similar
e†ects, as shown in the current study, at the transition states
of the equilibrium reactions of R@ ] Cl2¢ R@Cl] Cl (R@\

CHBrCl, orCH3 , CH2Br, CH2Cl, CHCl2 , CCl3 , CH3CH2CH3CCl2).16As expected, the transition states for andCH3 , CBr3 CCl3radicals are symmetrical tops (see Table 1). For the other tran-
sition states studied, the interacting out-of-line angle of the
centers of the reactants varies between [9.2 and 6.9¡.(aChHhBr)The HÈBr bond of these transition states is bent away from
the large substituent(s) of the radical. A similar trend of the
interacting out-of-line angles of the reactants at the transition
states of the reactions exists.16R@] Cl2
Br + RH reactions

Because a bromine atom abstraction reaction on a saturated
hydrocarbon is a strongly endothermic process, the thermo-
chemistry of the reaction determines to a large extent the
kinetics of the reaction. The size of the energy barrier reÑects
the bond strength of the breaking CÈH bond of the alkane.
Both alkylation and chlorination lower the energy barrier of
the abstraction reaction. For example, by comparing the acti-
vation energies of the reverse reactions in Table 2, it can be
seen that the reaction of hasBr ] C3H8 ] iso-C3H7] HBr
an activation energy that is 19.9 kJ mol~1 smaller than that of
the reaction of This harmonizesBr] C3H8 ] n-C3H7 ] HBr.
with the CÈH bond strengths of propane : the secondary bond
is 14 kJ mol~1 weaker than the primary bond.5

R + HBr reaction

The forward reaction between a free radical and hydrogen
bromide is a strongly exothermic process, and for r-radical
reactions by a similar amount. The thermochemistry of the
reaction has a smaller e†ect on the reaction kinetics of exo-
thermic reactions than that of endothermic reactions. Other
phenomena, such as electrostatic e†ects, exercise strong
control over the kinetics of exothermic reactions. These e†ects
appear as unexpected temperature dependencies of free
radical] HBr reactions. For alkyl radical] HBr reactions,
negative temperature dependencies have been observed experi-
mentally.5,17 The activation energies of these reactions are
explained generally by a complex reaction mechanism that
involves two transition states. The Ðrst, with no threshold
energy, is a loose transition state (a bound complex), which
has a high density of states, and the second is a tight tran-
sition state (an activated complex).18 All optimized transition
states in the current study are considered to be the latter type.

In this kind of metathesis reaction the radical may initially
be attracted loosely to the Br end of HBr. Such a complex is
postulated to have a bent structure.19 The reaction proceeds
by rotating the BrÈH, thereby forming an almost collinear
tight RÉ É ÉHÉ É ÉBr transition state, which leads to the products
of the reaction. The rotation becomes energetically increas-
ingly more feasible if the distance between C and Br increases
while the H end of HBr rotates toward the carbon atom. For
instance, for the reaction bothCH2Br ] HBr ¢CH3Br] Br,
a bent transition state and a linear transition state, in which
the radical is bonded to the Br end of HBr, were located at the
MP2(fc)/6-31G(d,p) level of theory. Fig. 2 demonstrates ener-
gies of the transition states, reactants and products of this
reaction. As shown in the insert of Fig. 2, a rotation barrier
exists between the bent and the linear transition states. The
barrier still exists even if the distance between C and Br is
extended to be similar to that in the tran-CH2BrÉ É ÉHÉ É ÉBr
sition state. As shown, the threshold energy for forming the
bent transition state is high. If the is initially attractedCH2Br
to the Br end of HBr in the formation of the bent transition
state, this may cause the rotation of the BrH or the migration
of the towards the H end of BrH to occur. If this is theCH2Br
case, the reaction could be described as a microscopic branch-
ing reaction which facilitates the formation of internally di†er-
ently excited Otherwise, the linear transition stateCH3Br.20
proceeds to the formation of as products of theCH2Br2] H
reaction via macroscopic branching.

The measured negative temperature dependencies of
R] HBr ] RH] Br reactions5,17 imply that the activated
complex formed at the second transition state has increasing
possibility as a function of alkylation of the complex to
decompose back to the reactants of the reaction as the tem-
perature of the reaction increases.5 The activated complex
should be thermally excited more easily if a high density of
states is available. To study the decomposition processes of
transition states, the number of vibrational states as a function
of energy at the transition state were qualitatively calculated

Fig. 2 ProÐle of the potential energy surface of the CH2Br ] HBr
reaction at the MP2(fc)/6-31G(d,p) level of theory. The logarithm of
the approaching coordinate (X \ H or Br) is used to place therChXbarrier crests along the reaction paths. For clarity, the products are
moved to the right of their original places. The insert shows the
potential energy of the transition state after rotating H of HBr in the
plane of the Ðgure.
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using the MarcusÈRice expression and the ab initio calculated
transition state frequencies with zero-point energy correc-
tions.21 The results demonstrate that the number of states as a
function of energy is larger for the transition states of iso-

and reactions than forC3H7] HBr CH2ClCH2] HBr n-
and reactions, for example.C3H7] HBr CH3CHCl] HBr

Nature of the transition state

The size of the energy barrier is controlled by electrostatic
e†ects. Obviously the same phenomena control the location of
the transition state along the reaction coordinate. This can be
studied, for instance, by comparing the forward reactions.

All the previously studied exothermic reac-radical] Cl2tions using the ab initio method have an early transition state,
thus being reactant in nature.16,22 On the other hand, the
radical] HBr reactions can be considered to have an earlier
transition state for alkyl radical reactions and a later tran-
sition state for halogenated alkyl radical reactions. Generally,
as the radical ] HBr reactions studied are all exothermic pro-
cesses, the transition state is placed on the entrance channel of
the reaction potential energy surface. However, the transition
state (the barrier crest) does not systematically move to earlier
positions as the exothermicity of the R ] HBr reaction
increases. Instead an increasingly early energy release (i.e.
attractive energy release) of the reaction exothermicity in the
entrance channel of the forward reaction is reÑected in a
higher internal excitation in the products of the reaction.23

The H atom abstraction reactions studied can be con-
sidered to be interactions of a heavy object (R for forward
reaction and Br for reverse reaction) with a lightÈheavy mass
combination, RÉ É ÉHÉ É ÉBr, where the light object H is removed
in recoil of it. This causes the RÈH compound being formed to
be vibrationally excited.23 Elongation of the forming CÈH
bond of the forward reaction compared to its equilibrium
bond length in the stable molecule di†ers greatly for various
reactions. As shown in Table 1 as values, the change is*rChHthe largest for the reaction and the smallestiso-C3H7] HBr
for the reaction. This indicates that the productsCCl3 ] HBr
of the reaction are more vibrationally excitediso-C3H7] HBr
than those of the reaction. On the other hand theCCl3 ] HBr
products of the reverse reactions are only modestly vibra-
tionally excited, as a small change in the breaking bond length
of HBr shows in Table 1. Furthermore, the transition states
studied are typically bent, which implies that the products are
also rotationally excited.

Location of the transition state

The attractive energy release is expressed as a relative location
of the transition state at the reaction coordinate in Fig. 3. As a
matter of fact, the reaction barrier should be described in a
mass-weighted coordinate system. However, when the reac-
tions studied here are considered to be interactions of the
mass combination mentioned above, the scaling factor is
similar and the skewed angle between the coordinates has a
value between 16 and 7¡. The exit channel is bent over the
entrance channel in a similar manner for all the reactions
studied. Thus it suffices that only the exit channels of the Br
atom reactions (which are the entrance channels of the
forward reactions discussed above) are presented in Fig. 3.
This Ðgure is a three-dimensional (3D) plot where the z-
axis \ the ab initio calculated activation energies of
Br ] molecule] HBr ] a-radical reaction, the x-axis \ the
di†erence in electronegativity values2 normalized to that of

and the y-axis \ the barrier location expressed asCH4 ,
In this[rBrhH(TS) [ rBrhH(HBr)] [ [rChH(TS)[ rChH(RH)].23

equation the extensions of the forming and the breaking
bonds of the transition state are compared to the normal equi-
librium bond lengths of the free HBr and RH molecules. This

Fig. 3 The barrier location of Br] RH reaction as a function of
electronegativity di†erence values of RH (normalized to and theCH4)ab initio calculated barrier sizes in a 3D plot. The negative barrier
location values indicate the distance in pm from a point where the
barrier of a thermoneutral reaction such as Br ] HBr ¢ HBr ] Br is
placed after viewing along the entrance channel of the
Br ] RH] HBr ] R reaction.

procedure yields negative values for endothermic reactions (i.e.
reverse reactions) because the transition states of such reac-
tions are considered to be late and are placed on the exit
channels. Experimental evidence for this is provided in a
crossed-molecular-beam experiment of the reaction Br

The product IBr was concluded to be formed by a] CH3I.rebound mechanism,24 which indicates that the transition
state is on the exit channel of the endothermic reaction direc-
tion.

In a thermoneutral reaction the barrier location equals 0
pm in Fig. 3. The xÈy-plane of the 3D plot expresses the linear
behaviour of the barrier locations as a function of the change
in electronegativity values (see small solid dots on the plane).
This indicates that the location of the transition state is
strongly controlled by the electrostatic interactions of the
reactants. The lengths of the vertical solid lines demonstrate
the heights of the barriers for endothermic reactions. In com-
paring the activation energies of Br atom reaction with
propane, methane and chloroform, one notes that the barrier
location is only roughly (i.e. late or early location) controlled
by the thermochemistry of the reaction. In addition, the
barrier sizes are strongly controlled by intramolecular e†ects.
This can be seen in the case of Attractive energy(CH3)2CHCl.
release for exothermic reaction direction increases as the
barrier location value on Fig. 3 becomes more negative.
Moreover, attractive energy release is inversely related to the
free energy of activation of the reaction, which, on the other
hand, is related to kinetics of the reaction.16

The largest attractive energy release and the loosest tran-
sition state come with a-alkylation. Thus, the iso-C3H7reaction has the loosest transition state of the studied] HBr
reactions. The high reactivity parallels the large value ofrChHthe transition state. The a-alkylation makes the kinetics of
R] HBr reaction high5 and its transition state early.

Enthalpies of formation

The ab initio calculated enthalpies of formation of various free
radicals at 298 K are shown in Table 4. The error limits stated
are practically similar to the accuracies of the determined heat
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Table 4 Heat of formation values of the radicals determined from the R] HX¢ RH] X (X\ Br or Cl) equilibrium

*fH298¡ /kJ mol~1 *fH298¡ /kJ mol~1 Ref.
Radical calculated experim. experim.

CH3 149.3^ 0.4 148.0 ^ 3.7 25
145.2^ 2.5 26

CH2Br 172.5^ 1.3 173.0 ^ 2.8 25
CH2Cl 121.7^ 2.1 117.3 ^ 3.1 27
CHBr2 180.0^ 5 188.3 ^ 9 3
CHBrCl 145.0^ 8 n.a.a
CHCl2 92.2^ 1.3 89.0 ^ 3.0 27
CBr3 195.3^ 5 207.5 ^ 7 4
CBr2Cl 163.0^ 8 n.a.
CBrCl2 123.9^ 8 n.a.
CCl3 70.6^ 1.3 71.1 ^ 2.5 28
CH3CH2 120.4^ 0.3 120.7 ^ 2.1 29
CH3CHCl 81.1^ 0.5 76.5 ^ 1.6 27
CH2ClCH2 99.7^ 0.5 93.0 ^ 2.4 29
CH3CCl2 46.0^ 0.8 42.5 ^ 1.7 27
CHCl2CH2 90.1^ 0.8 n.a.
n-C3H7 102.5^ 0.4 100.8 ^ 2.1 5
iso-C3H7 83.6^ 0.4 86.0 ^ 2.2 5
2-iso-C3H6Cl 29.9 ^ 0.6 n.a.
n-C4H9 80.7^ 0.4 80.9 ^ 2.2 5

a Not available.

of formation values of analogous molecules. The ab initio cal-
culations were taken to be accurate ; however, the calculated
activation energies di†er, generally between 1 and 4 kJ mol~1,
from the experimentally determined values. As a result, addi-
tional error limits of ^2.4 kJ mol~1 for the calculated enth-
alpies of formation are taken from the mean value of
di†erences between the calculated and the experimental

values in Table 4 and were ignored).*fH298¡ (CHBr2 CBr3

Summary
The enthalpies of formation of alkyl and halogenated alkyl
radicals at 298 K were determined by ab initio calculations.
The experimentally determined R] HBr activation energies
were combined with quantum chemically calculated Br] RH
activation energies to be used in a second-law method. Fur-
thermore, the transition states of the equilibrium reactions
were localized using ab initio calculations. The chemical
nature of the transition state is described by an attractive
energy release, which is inversely related to the free energy of
activation of the reaction.
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