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This article discusses and compares various methods for defining and measuring radical stability,

including the familiar radical stabilization energy (RSE), along with some lesser-known alternatives

based on corrected carbon–carbon bond energies, and more direct measures of the extent of radical

delocalisation. As part of this work, a large set of R–H, R–CH3, R–Cl and R–R BDEs

(R! = !CH2X,
!CH(CH3)X,

!C(CH3)2X and X = H, BH2, CH3, NH2, OH, F, SiH3, PH2, SH, Cl, Br,

N(CH3)2, NHCH3, NHCHO, NHCOCH3, NO2, OCF3, OCH2CH3, OCH3, OCHO, OCOCH3,

Si(CH3)3, P(CH3)2, SC(CH3)2CN, SCH2COOCH3, SCH2COOCH3, SCH2Ph, SCH3, SO2CH3, S(O)CH3,

Ph, C6H4–pCN, C6H4–pNO2, C6H4–pOCH3, C6H4–pOH, CF2CF3, CF2H, CF3, CCl2H, CCl3, CH2Cl,

CH2F, CH2OH, CH2Ph, cyclo-CH(CH2)2, CH2CHQCH2, CH2CH3, CH(CH3)2, C(CH3)3, CRCH,

CHQCH2, CHQCHCH3, CHO, CN, COCH3, CON(CH2CH3)2, CONH2, CONHCH3, COOC(CH3)3,

COOCH2CH3, COOCH3, COOH, COPh), and associated radical stability values are calculated using the

high-level ab initio molecular orbital theory method G3(MP2)-RAD. These are used to compare the

alternative radical stability schemes and illustrate principal structure–reactivity trends.

1. Introduction

Carbon-centred radicals play a vital role in healthy enzyme
function as well as ageing and disease. They are also important
intermediates in a wide variety of chemical processes, including
combustion, polymerisation and many organic transformations.
A detailed understanding of how these processes are affected
by the substitution pattern of the reagents is crucial to the
development of techniques for manipulating and controlling
their outcome. Thermodynamic measures of relative radical
stabilities can greatly simplify the analysis of structure–reactivity
trends by helping to decouple the contributions to the overall
reaction energy from the radical and non-radical species.
However, defining and measuring radical stability is not
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straightforward, and several alternative schemes have been
proposed. The aim of the present work is to examine and
compare some of the leading methods for measuring relative
radical stability with a view to identifying their scope and
limitations.

In general terms, the stability or reactivity of a species refers
to its propensity to undergo chemical reactions, as assessed
either on a thermodynamic basis or a kinetic basis. For
radicals, the thermodynamic stability is typically termed the
stabilization energy, whilst the kinetic stability is typically
termed the persistence.1 Strictly speaking, the stability of a
species can only be unambiguously defined in the context of a
specific balanced chemical reaction. However, through careful
choice of the defining reaction, it is sometimes possible to use
stabilities, as measured for one class of reactions, to help
predict the kinetic and thermodynamic behaviour of those
species in other types of chemical reactions.2

The standard radical stabilization energy (RSE)1,3 is the
most commonly used thermodynamic measure of relative
radical stability. For a carbon-centred radical R!, the RSE is
defined as the enthalpy change (DH) of the following isodesmic
reaction (1):

R! + H–CH3 - R–H + !CH3 (1)

In essence, one compares the energy of the radical R! to a
reference species !CH3, and balances the reaction using the
corresponding closed shell species. An alternative (and
completely equivalent) method for representing the standard
RSE is as the difference of the corresponding R–H and CH3–H
bond dissociation enthalpies (BDEs).

RSE = BDE[CH3–H] # BDE[R–H] (2)

Defined in this way, when the RSE for radical R! is positive,
R! is said to be more stabilized than !CH3; if the RSE is
negative, R! is said to be less stabilized.4

Strictly speaking, the standard RSE measures the
thermodynamic stability of the R! radical (relative to !CH3)
toward hydrogen atom transfer reactions only, and
includes contributions from the relative stabilities of the
radicals, and the relative stabilities of the C–H bonds in
R–H and CH3–H molecules that balance the reaction.
However, it is normally assumed that, since hydrogen is
small and makes relatively non-polar bonds to carbon, the
differences in stability of the C–H bonds in R–H and CH3–H
are minor and therefore cancel from the overall reaction
enthalpy. Thus, for carbon-centred radicals at least, the RSE
is generally regarded as a measure of the relative stabilities of
the radicals alone. In support of this assumption it is
worth noting that trends in RSEs have been successfully
analysed in terms of arguments involving only the radical
species itself,5 and the resulting insights have been used
successfully in many studies to predict the stability and
reactivity of radicals in other chemical reactions such as
radical addition to alkenes.6

Nonetheless it is worth emphasizing that the use of RSEs
to measure radical stability is based on an assumption
(i.e., that the stabilities of the C–H bonds of the closed shell
species used to balance the reaction are very similar in R–H
and CH3–H), and this assumption may occasionally break
down, particularly if polar and/or steric effects in R are
significant.7,8 As an illustration, Fig. 1 shows the relative
stabilities of the alkyl radical series Me, Et, i-Pr and t-Bu, as
calculated using the standard RSE, and alternative definitions
in which other types of closed shell species (i.e. R–X and
CH3–X, where X = CH3, OH, F) are used to balance
the reaction instead.9 As is clear from this graph, even the
qualitative ordering of the RSEs is highly sensitive to the
type of closed shell species used to balance the reaction,
implying that the contribution of the differences in stability
of the R–X and CH3–X bonds to the reaction energy is not
insignificant.
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In fact, in this example, there is a significant contribution to
the RSE from the differences in stability of the R–X and
R–CH3 bonds.8,9 This is due to the stabilization of R–X by
resonance between the covalent (R–X) and ionic forms (R+ X#),
an effect that increases with the increasing electron donating
ability of R from Me o Et o i-Pr o t-Bu. This increasing
stabilization of the bond counters the concurrent increasing
stability of the radical that results from hyperconjugative
stabilization of the unpaired electron. For electronegative
X groups such as F and OH, the effect on bond strength is
dominant, resulting in a decrease in the measured RSE from
Me to t-Bu; for the less electronegative X groups (in this case
H and CH3) the effect on radical stability dominates and the
expected increase in RSE from Me to t-Bu is observed. Whilst
the standard RSE (i.e., X = H) represents a limiting case for
which the polar contribution to bond strength is smallest, this
does not necessarily imply that effects of bond dipoles are
absent or that they may not be complicating RSE measurements
for other radicals.

The contribution of steric effects in the R–H reference
compounds to trends in radical stabilization energies has also
been the subject of considerable recent debate. For example, it
has been suggested on the basis of a group additivity scheme
that the trends in R–H BDEs for the simple Me, Et, i-Pr and
t-Bu series could be attributed to relief of 1,3 repulsive H/H,
H/CH3 and CH3/CH3 interactions in the closed-shell
compounds.10,11 This proposal was later challenged by
Wodrich and Schleyer,12 who, on the basis of a simpler group
additivity scheme, supported the traditional view that the
trends in R–H BDEs arise from hyperconjugative stabilization
of the radical species. The importance of hyperconjugation
was also supported by Ingold and DiLabio13 on the basis of an
analysis of EPR coupling constants for the radical species.
Nonetheless, relief of steric effects would be expected to play
an important role in the trends in R–X BDEs when X is bulky,
and have, for example, been implicated in the differences between
relative R–H and R–CH3 BDEs.14 Whilst the R–H BDEs
represent a limiting case, where steric effects might be expected
to be smallest, their participation cannot be wholly ruled out.

Given these problems, alternative definitions of the RSE
have been proposed. For example, Rüchardt et al.15 have
measured the radical stabilization energies (which we will label
RSEC–C) of various R! radicals from corrected R–R BDEs.

The advantage of using R–R in place of R–H is that polar effects
in the reference compound are eliminated; the disadvantage is
that corrections for steric strain in R–R are instead required.
The exact application of this method depends on the substitution
pattern of the radical involved but may be loosely generalized
as follows:

RSEC–C = 1
2(BDE[R–R] # DHz[reference]) # DHg (3)

In this equation, DHg is a correction term for geminal inter-
actions (or other interactions, as relevant) in the parent R–R
compound; these are estimated separately from rotational
barriers and/or other types of model reactions as relevant.
The term DHz[reference] measures the energy of the C–C bond
in the corresponding unsubstituted reference compound, and
includes corrections for the release of steric strain during
dissociation of R–R. This steric strain correction (Ds) is
calculated as follows:

DS = HS(R–R) # 2HS(R–H) (4)

whereHs is the strain energy, as calculated viaMM2 force field
calculations of the compounds R–R and R–H.15 The Ds value
is then used to adjust DHz[reference] for the additional steric
strain in R–R. For example, in a study of the RSEC–C values of
a series of a-amino-a-carbonylmethyl radicals, tetraalkyl
ethanes were selected as the reference compounds. For tetraalkyl
ethanes, a linear correlation between DHz for homolysis and
Ds had been obtained in an earlier study:16

DHz[alkane] = 73.8 # 0.76 Ds [kcal mol#1] (5)

Thus, to calculate RSEC–C for radical R!, the value of Ds for
R–R is substituted into eqn (5) so as to obtain DHz[alkane],
which is then substituted into eqn (3).
More recently, one of us has designed an alternative

definition of the radical stabilization energy (which we will label
RSEZ) that also is based on corrected R–R BDEs.17 However, this
method does not rely on MM2-derived strain energies or existing
relationships between these energies and kinetic data, and is
therefore more easily applied to new systems. For carbon-centred
radicals (R!), RSEZ is calculated as follows:

RSEZ = 1
2(BDE[CH3–CH3] # BDE[R–R]*) (6)

where: BDE[R–R]* is the ‘strain-free’ R–R bond dissociation
energy of the compound R–R and BDE[CH3–CH3] is the
corresponding C–C bond dissociation energy of ethane (assumed
to be strain-free). The BDE[R–R]* represents the hypothetical
BDE that would be obtained if there were no steric (or other)
special interactions between the R groups, and is estimated by
application of Pauling’s electronegativity equation18 to known
values of the BDEs for R–OH, R–CH3, CH3–CH3, CH3–OH
and HO–OH as follows.
Pauling’s electronegativity equation18 relates the BDE of a

compound A–B to the average inherent covalent bonding
energy of A and B (measured as the average of the BDEs of
A–A and B–B) and an empirically-based polar term (measured
as the square of the difference in the electronegativities (w) of A
and B, Dw2 = (w[A] # w[B])2.

D[A–B] = 1
2(BDE[A–A]* + BDE[B–B]*) + 96Dw2 [kJ mol#1]

(7)

Fig. 1 RSEs (0 K; kJ mol#1) for the series Me, Et, i-Pr and t-Bu as

calculated using various reactions of the general form: R! + X–CH3 -
R–X + !CH3, for X = H, CH3, OH and F. Data taken from ref. 9.
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In this equation, the factor 96 is a proportionality constant for
units of kJ mol#1; for kcal mol#1 the constant is 23. The A–A
and B–B BDEs in this equation are assumed to be free from
contributions from steric effects, and other specific inter-
actions (hydrogen bonding, anomeric effects, etc). The
electronegativity was defined by Pauling as ‘the attraction of
a neutral atom in a stable molecule for electrons’, and an
arbitrary scale was established for atoms, with fluorine being
assigned a value of 4.0, oxygen 3.5, carbon 2.5, etc. By taking a
reference value of w[OH] = 3.500, electronegativity values for
any functional group R can be calculated by substituting
known values for the BDEs of R–R, R–OH, and OH–OH
into eqn (7). Values of the strain-free R–R BDE
(i.e., BDE[R–R]*) and w[R] are obtained by satisfying the
following two equations simultaneously (in kJ mol#1):

D[R–OH] = 1
2(BDE[R–R]* + BDE[HO–OH])

+ 96(w[R] # w[HO])2 [kJ mol#1] (8)

D[R–CH3] =
1
2(BDE[R–R]* + BDE[CH3–CH3])

+ 96(w[R] # w[CH3])
2 [kJ mol#1] (9)

In doing this, it is assumed that steric effects (and other specific
interactions) are absent from the R–CH3, R–OH, HO–OH
and CH3–CH3 BDEs. Since OH groups can sometimes under-
go specific interactions with R (such as anomeric effects), in
the present work we will actually apply this scheme using R–Cl
and Cl–Cl BDEs in place of the R–OH and HO–OH BDEs.
Using known values of w[Cl] = 3.18 and w[CH3] = 2.52,17 and
BDE values calculated by G3(MP2)-RAD (see below) for
R–CH3, R–Cl, Cl–Cl, and CH3–CH3, eqn (9) and (10) will
be used to obtain w[R] so that D[R–CH3] and D[R–Cl] are
matched exactly. BDE[R–R]* is then obtained by inserting the
w[R] into eqn (9) and (10), hence allowing RSEZ to be
determined by eqn (6).

D[R–Cl] = 1
2(BDE[Cl–Cl] + BDE[R–R]*)

+ 96(w[R] # w[Cl])2 [kJ mol#1] (10)

Like RSEC–C, the RSEZ scheme offers significant advantages
over the traditional RSE. In particular, by basing the RSEZ on
the difference of R–R and CH3–CH3 BDEs, the contribution
to RSEZ from dipole interactions in the closed-shell compounds
is eliminated. This becomes particularly important when the
scheme is applied to non-carbon-centred radicals. Although
steric effects are likely to be much more significant in R–R
BDEs compared with R–H BDEs, these contributions are also
minimized by using the strain-free BDEs in place of the true
ones. In obtaining these strain-free BDEs, the scheme does
become dependent on Pauling’s semi-empirical electronegativity
equation and requires additional information to implement.
For example, to obtain an RSE for some new radical R!, one
would need to know the R–Cl and R–CH3 BDEs in addition
to the reference values of BDE[Cl–Cl], BDE[CH3–CH3],

w[CH3] and w[Cl]. For the standard RSE, only the R–H

BDE is needed in addition to the reference BDE[CH3–H]

value. In addition, the scheme may break down if there are

additional specific interactions (such as hydrogen bonding or

anomeric effects) affecting the stability of the R–CH3 or

R–Cl bonds. Nonetheless, this scheme has been shown to

yield chemically intuitive values of relative radical stabilities,

and strain energies.17 It also has excellent predictive

value when used to calculate bond energies for unknown

combinations of R–X from the corresponding R–R and

X–X BDEs; for example, in the original study, the energies

of 117 bonds were predicted to be within $1.5 kcal mol#1 of

experiment.17

A related radical stability scheme (which we will label RSEV)
has recently been published by de Vleeschouwer et al.19 In this
scheme the BDE of compound A–B is expressed in terms of the
stabilities of radicals A! and B! and a polar correction as
follows:

In this equation, Do[i] = o[i] # 2, where o[i] is the nucleo-
philicity index of i in eV; Dw[i] = w[i] # 3, where w[i] is the
Pauling electronegativity parameter of i, as defined above. The
nucleophilicity index is calculated from the electronic chemical
potential m and the chemical hardness Z, which are in turn
obtained from the calculated vertical ionization potential (IP)
and electron affinity (EA) as follows:20,21

o ¼ m2

2Z
¼ ðIPþ EAÞ2

8ðIP# EAÞ ð12Þ

To calculate the values of RSEV, de Vleeschouwer et al.19

performed a 49-parameter least-squares fit to the known values
of the relevant A–B BDEs, w and o values for a set of 47
radicals A! in combinations with B = CH2OH, H and F. This
yielded RSEV values for the 47 radicals and values of
a = #12.88 kJ mol#1 eV#2 and b = #216.50 kJ mol#1.
Although all originally published RSEV values were estimated
as fit parameters for an initial training set, subsequent RSEV

values for some unknown radical A! can be obtained from a
known A–B BDE value, provided the RSEV value of B! and all
the relevant w and o values are known.
Both the RSEZ and RSEV schemes base the calculation of

radical stabilization energies on bond energy data that have
been explicitly corrected for effects of bond dipoles; however, a
key difference is that the RSEZ scheme also attempts to
minimize other influences on the bond energies (such as steric
effects) by basing the actual RSEZ calculation on ‘‘strain-free’’
R–R BDEs. In contrast, the RSEV values are based on A–B
BDEs for potentially any combination of A and B, and one
might therefore expect this scheme to break down when it is
extended to situations where steric, resonance, anomeric and
other interactions between A and B are likely. Indeed, when in
the original work19 the scheme was tested by using the fitted

BDE½A# B* ¼
ðRSEV½A* þRSEV½B*Þ þ aDo½A*Do½B* if Dw½A*o0 and Dw½B*o0

ðRSEV½A* þRSEV½B*Þ þ aDo½A*Do½B* þ bDw½A*Dw½B* otherwise

(
ð11Þ
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RSEV values (and associated w and o values) for the test of
radicals A! to predict A–B BDEs for combinations with
B = CH3, NF2, OCH3, OH and SH, the MAD was quite
large (16.4 kJ mol#1), with maximum deviations exceeding
70 kJ mol#1. These discrepancies may be due in part to known
errors in DFT-derived BDE data,22,23 as used in constructing
the training and test sets for the original study, but may also
reflect the varying non-polar contribution to the strength of
the A–B bond as A and B are varied. For both of these
reasons, the dependence of this method on the choice and
quality of the initial training set may be a potential source of
error or bias in the calculated RSEV values, particularly when
the scheme is extended to very different systems using data
from different sources. For this reason, in the present work we
will examine two versions of this method, one based on the
original parameterisation and one based on re-parameterisation
to the present test set of high-level ab initio molecular orbital
theory derived BDE data.

The above radical stability schemes all measure the
stabilization energy of a radical from its contribution to
various bond energies; an alternative approach is to use
measurements of the extent of delocalization of the unpaired
electron. In essence, it is presumed that since radicals are
stabilized by substituents that delocalize the unpaired electron,
the more delocalized the unpaired electron, the more stable the
radical is likely to be. This phenomenological approach allows
one to focus solely on the radical, thereby avoiding complications
from substituent effects on the closed-shell reference
compounds used to balance the chemical reactions in the other
radical stability schemes. However, its potential disadvantage
is that it is not necessarily clear that alternative mechanisms of
delocalization (p-delocalization, hyperconjugation, spin
polarization, and anomeric interactions, and combinations
thereof) will lead to the same increase in radical stability for
the same degree of spin delocalization.24 Moreover, it is in any
case difficult to relate spin densities to actual stabilization
energies, which might then be used in quantitative predictions
of radical thermochemistry. Nonetheless, measurements of the
extent of delocalization provide an interesting complementary
measure of radical stability that can be used to explore the
physical basis of the other radical stabilization energy schemes.
Spin density distributions can be obtained by applying an
appropriate electron localization scheme to the wavefunction
generated by quantum-chemical calculations. Alternatively,
one can use ESR-derived a- and b-proton hyperfine coupling
constants, as these are proportional to spin densities for planar
carbon-centred radicals.25 Of these, the b-proton hyperfine
coupling constant is slightly less sensitive to deviations from
planarity and therefore slightly more robust, although both
measures give poor results for highly pyramidal radicals.24

In summary, several measures of relative radical stability
have been proposed, each with their respective strengths and
weaknesses. In the present work we compare some of the
leading alternative schemes with a view to identifying their
scope and limitations. To this end we present a new consistent
database of R–H, R–Cl, R–CH3 and R–R BDEs, calculated
using the high-level ab initio method G3(MP2)-RAD, and use
these BDEs to calculate the radical stabilization energies for a
wide range of primary, secondary and tertiary carbon-centred

radicals. Values of the standard RSEs (i.e. as calculated by
eqn (2)) are compared with the corresponding RSEZ values,
RSEV values and the spin densities at the nominal radical
carbon. The test set comprises the series of radicals R! such
that R! = !CH2X, !CH(CH3)X, !C(CH3)2X and X = H,
BH2, CH3, NH2, OH, F, SiH3, PH2, SH, Cl, Br, N(CH3)2,
NHCH3, NHCHO, NHCOCH3, NO2, OCF3, OCH2CH3,
OCH3, OCHO, OCOCH3, Si(CH3)3, P(CH3)2, SC(CH3)2CN,
SCH2COOCH3, SCH2COOCH3, SCH2Ph, SCH3, SO2CH3,
S(O)CH3, Ph, C6H4–pCN, C6H4–pNO2, C6H4–pOCH3,
C6H4–pOH, CF2CF3, CF2H, CF3, CCl2H, CCl3, CH2Cl,
CH2F, CH2OH, CH2Ph, cyclo-CH(CH2)2, CH2CHQCH2,
CH2CH3, CH(CH3)2, C(CH3)3, CRCH, CHQCH2,
CHQCHCH3, CHO, CN, COCH3, CON(CH2CH3)2, CONH2,
CONHCH3, COOC(CH3)3, COOCH2CH3, COOCH3,
COOH, COPh.26 The test set was chosen to include several
commonly encountered functional groups in synthesis or
biology, cover a representative sample of electronic and steric
properties, and include species for which one or other of the
respective RSE schemes might be expected to break down.

2. Computational procedures

Standard ab initiomolecular orbital theory and density functional
theory calculations were performed using Gaussian 0327 and
Molpro 2006.6.28 Calculations were performed at a high level
of theory chosen on the basis of previous assessment studies
for radical stabilization energies and associated bond dissociation
energies.29 Geometries were optimized at the B3-LYP/6-31G(d)
level of theory, and frequencies were also calculated at this
level and scaled by the recommended30 scale factors. For the
radicals R!, systematic conformational searching at a resolution
of 1201 was carried out to ensure all conformations were
global rather than merely local minimum energy structures.
For the corresponding closed shell species, starting structures
were created in which the R moiety was maintained in the
same conformation as in the radical, and then the geometry
was fully optimised to the nearest local minimum energy
structure. In this way it was hoped to minimize contributions
to the RSE from conformational changes between the open-
and closed-shell species. For the R–R compounds, the R
moieties were joined in a staggered conformation so as to
minimize the contribution to the R–R bond energy from
interactions between the X-substituents.
Improved energies were calculated at the G3(MP2)-RAD

level of theory, a high-level composite ab initio molecular
orbital theory method that approximates CCSD(T) calculations
with a large triple zeta basis as the sum of the corresponding
calculations with a double zeta basis set, and basis set corrections
carried out at the R(O)MP2 level of theory.31 Formally, the
method also contains a higher-level correction term, though
this term cancels entirely from the RSE values calculated via
the various schemes. G3(MP2)-RAD has been shown to
reproduce a large test set of gas-phase experimental data to
within chemical accuracy,31 and showed similar excellent
performance in assessment studies for radical stabilization
energies and related bond dissociation energies.29 For calculation
of the global electrophilicity index, o, the vertical ionization
potentials (IPs) and electron affinities (EAs) of all species were
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calculated at a much lower level of theory, B3-LYP/6-31G(d).
These values were required as part of the RSEV calculations
only and, since the RSEV model has been re-fitted to our
BDE data, only the trends in the o values are important in
this instance. Our chosen level of theory is very similar to
that adopted in the previous compilation of this scale,19 and
was selected on the basis of an initial benchmarking study for
the set of all CH2X

! radicals in which we established a very
high correlation (R = 1.00 and 0.99 respectively) between
both the EAs and IPs at this level and the corresponding
G3(MP2)-RAD benchmark values (details are provided
in the ESIw).

Enthalpies at 298 K were obtained from the geometries,
frequencies and improved energies, by using the standard
textbook formulae for the statistical thermodynamics of an
ideal gas under harmonic oscillator/rigid rotor approximation,
as implemented using our in-house T-Chem program, as
described previously.32,33 Spin density distributions for each
radical species were obtained using simple Mulliken population
analyses, carried out in Gaussian using small basis set DFT
calculations (in our case B3-LYP/6-31G(d)) as recommended.34

Previous work has shown that such Mulliken population
analyses can adequately reproduce the spin density distributions,
as calculated via more sophisticated methods such as Natural
Bond Orbital analyses.34

3. Results

R–H, R–Cl, R–CH3 and R–R bond dissociation enthalpies
(BDEs, 298.15 K) were calculated for R = !CH2X,
!CH(CH3)X, !C(CH3)2X and X = H, BH2, CH3, NH2, OH,
F, SiH3, PH2, SH, Cl, Br, N(CH3)2, NHCH3, NHCHO,
NHCOCH3, NO2, OCF3, OCH2CH3, OCH3, OCHO,
OCOCH3, Si(CH3)3, P(CH3)2, SC(CH3)2CN, SCH2COOCH3,
SCH2COOCH3, SCH2Ph, SCH3, SO2CH3, S(O)CH3, Ph,
C6H4–pCN, C6H4–pNO2, C6H4–pOCH3, C6H4–pOH,
CF2CF3, CF2H, CF3, CCl2H, CCl3, CH2Cl, CH2F, CH2OH,
CH2Ph, cyclo-CH(CH2)2, CH2CHQCH2, CH2CH3,
CH(CH3)2, C(CH3)3, CRCH, CHQCH2, CHQCHCH3,
CHO, CN, COCH3, CON(CH2CH3)2, CONH2, CONHCH3,
COOC(CH3)3, COOCH2CH3, COOCH3, COOH, and COPh.
BDEs are provided in Table 1; optimised geometries of all
species are provided in the ESI.w

Using the BDE data in Table 1, standard radical stabilization
energies (RSEs) were calculated from the R–H and CH3–H
BDEs via eqn (2), and are provided in Table 2. Also included
in this table are the spin densities on the nominal radical
centre, and the corresponding RSEV and RSEZ values. The
RSEZ values were calculated from the R–Cl and R–CH3 BDEs
via eqn (6) in conjunction with eqn (9) and (10). As described
in the Introduction, eqn (9) and (10) are first satisfied
simultaneously for values of the strain-free R–R BDE and
w[R]. For this purpose, known values of w[Cl] = 3.18 and
w[CH3] = 2.52 were used in conjunction with the calculated
BDE[R–Cl], BDE[R–CH3], BDE[Cl–Cl] and BDE[CH3–CH3]
values. The resulting BDE[R–R]* and w[R] values were then
substituted in eqn (6) along with the BDE[CH3–CH3] and
w[CH3] values. All of the resulting w values are provided in

Table 3, along with the corresponding ionization potentials,
electron affinities and corresponding values of the global
electrophilicity index, o.
The RSEV values were first calculated by solving eqn (11) for

RSEV[R
!] using known values of BDE[R–Y], RSEV[Y

!], w[Y!],
w[R!], o[Y!], o[R!], a and b. This process was repeated for
Y=H, CH3, Cl, so as to obtain three ‘independent’ measures of
the RSEV[R

!] for each R!, along with an average value for each
species. In performing the analysis, we made use of values of o
that were calculated using DFT calculations, as in ref. 19; values
of w were obtained by applying Pauling’s equation to the R–Cl
and R–CH3 BDE data of the present work, as described above
(see Table 3). As explained in the Introduction, the remaining
parameters, RSEV[H

!] = 235.8, RSEV[CH3
!] = 190.6,

RSEV[Cl
!] = 145.2, a = #12.88 kJ mol#1 eV#2 and

b= #216.50 kJ mol#1, have been obtained previously via fitting
to a large initial test set of BDE data.19 Since these earlier data
were calculated at a significantly lower level of theory than the
present work, and using a very different test set, we also
calculated a fifth set of RSEV estimates by re-fitting this scheme
to our present set of high-level ab initio data. Thus, values of
RSEV[R

!] were obtained by fitting eqn (11) to the complete set of
corresponding R–H, R–Cl and R–CH3 BDEs, yielding also the
values for RSEV[H

!], RSEV[CH3
!], RSEV[Cl

!], a and b. Owing
to practical limitations on the number of fit parameters we could
handle, we fitted data for the primary, secondary and tertiary
radicals separately; in each case a 69-parameter fit was performed
on a set of 192 BDEs. The re-fitted RSEV values for all radicals
were selected for inclusion in Table 2 since they were most likely
to be internally consistent with the other schemes; all five
estimates of the RSEV value for each species are provided in
Tables S4–S6 of the ESIw and will be compared with one
another below.

4. Discussion

Comparison of theory and experiment

For a subset of the BDE data in Table 1, experimental data are
available. These data, drawn largely from reference 35 are
provided in Table S1 of the ESIw, and are compared graphically
with the corresponding theoretical data in Fig. 2. From this
figure, it is seen that there is generally excellent agreement
between the G3(MP2)-RAD values and the corresponding
experimental data. Over the set of available values, the correlation
coefficient between theory and experiment is 0.97, and the
mean absolute deviation of theory from experiment (MAD) is
just 7.9 kJ mol#1. This compares very well with the scatter in
the experimental data itself; for example, the MAD of alternative
experimental values for the same system from one another is
itself 5.6 kJ mol#1 and in some cases there are deviations of as
much as 27 kJ mol#1. There are a small number of larger
outliers, reflected in a maximum absolute deviation of theory
from experiment of 39.6 kJ mol#1. However, on closer
examination, it appears that most if not all of these outliers
may be attributable to problems in the experimental data
itself. For example, of the 5 individual experimental values
with deviations from G3(MP2)-RAD that are greater than
30 kJ mol#1, two (Cl–CH2COOH and NH2CH2–CH2NH2)
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Table 1 R–H, R–Cl, R–CH3 and R–R bond dissociation energies (DH298K BDE in kJ mol#1) for R! = !CH2X (primary, P), !CH(CH3)X
(secondary, S) and !C(CH3)2X (tertiary, T) radicalsa

X

BDE[R–H] BDE[R–Cl] BDE[R–CH3] BDE[R–R]

P S T P S T P S T P S T

H 435.3 421.7 412.2 346.5 353.3 358.6 370.6 368.5 367.6 370.7 366.8 357.4
BH2 394.3 370.1 344.3 311.2 299.9 315.4 331.4 312.5 299.9 292.0 257.4 219.5
CH3 421.7 412.2 406.7 353.3 358.5 362.1 368.5 367.6 367.6 366.8 357.4 341.0
NH2 390.4 385.4 383.7 342.9 348.7 351.1 344.4 348.0 346.4 318.2 316.7 303.7
OH 403.0 397.7 394.1 348.0 354.1 356.6 362.7 361.1 361.8 349.1 352.1 343.1
F 422.5 415.6 411.7 353.5 358.2 360.7 384.6 382.8 381.0 383.5 386.0 377.6
SiH3 423.4 406.5 393.6 334.7 338.2 340.6 358.0 352.7 349.1 347.6 330.0 308.8
PH2 411.7 404.2 395.2 331.8 336.4 339.4 356.8 354.7 354.0 345.1 330.4 311.9
SH 399.0 393.7 391.0 313.2 324.7 329.1 347.9 352.7 352.2 321.8 328.7 314.5
Cl 415.0 408.5 404.6 331.3 336.7 339.6 370.7 370.1 369.0 365.6 364.3 352.5
Br 419.9 412.3 407.4 332.8 337.3 339.5 373.4 371.8 369.9 373.5 368.1 352.5
N(CH3)2 389.2 380.6 385.7 343.5 350.5 353.4 333.9 338.0 338.6 291.3 283.0 251.2
NHCH3 388.6 385.0 384.3 320.6 350.9 353.5 343.6 343.7 341.7 313.1 290.7 275.0
NHCHO 392.8 389.7 397.5 325.3 333.2 337.2 347.4 350.4 356.7 330.6 325.0 308.9
NHCOCH3 392.3 390.3 399.8 328.7 324.5 341.0 347.8 351.0 358.3 332.7 326.8 324.2
NO2 422.8 402.9 393.0 327.3 321.3 315.4 379.1 365.9 355.4 364.8 346.9 315.0
OCF3 422.6 414.6 414.2 343.7 337.8 341.7 383.8 377.7 371.0 379.4 353.7 356.1
OCH2CH3 403.7 398.7 398.7 334.9 347.9 360.6 363.8 358.3 358.5 350.7 326.4 338.3
OCH3 403.7 398.8 399.0 334.4 356.4 360.0 364.0 358.3 358.6 350.5 343.2 337.4
OCHO 418.0 411.7 418.1 338.5 336.5 350.9 377.4 375.3 375.4 371.2 352.3 340.6
OCOCH3 416.8 410.9 417.7 340.4 351.7 352.5 376.0 374.7 374.4 371.2 372.8 340.8
Si(CH3)3 423.1 406.1 393.2 343.3 347.0 349.4 358.2 353.1 349.6 351.0 324.1 294.1
P(CH3)2 410.4 397.4 396.6 337.3 343.4 348.7 348.8 353.7 349.9 332.0 297.8 266.6
SC(CH3)2CN 399.7 393.2 391.9 311.2 319.5 330.2 348.8 346.8 344.1 326.0 309.3 289.5
SCH2COOCH3 398.2 394.4 388.4 326.1 334.7 335.1 349.1 346.9 347.8 329.4 326.0 300.1
SCH2Ph 396.7 391.5 395.3 313.6 325.5 333.6 346.1 350.6 351.1 323.0 313.0 312.2
SCH3 394.2 389.6 389.6 310.5 328.3 337.3 343.2 346.7 349.2 314.5 317.1 303.4
SO2CH3 437.7 421.1 408.1 335.6 346.8 343.8 389.3 378.4 370.0 403.4 361.7 298.9
S(O)CH3 426.8 388.6 381.3 325.4 325.0 327.4 354.8 345.6 341.6 344.2 310.9 282.7
Ph 374.2 366.9 365.6 300.6 306.5 309.5 322.0 320.0 319.6 277.0 279.6 200.9
C6H4–pCN 373.1 364.3 361.6 295.2 300.2 304.1 321.0 317.3 316.2 273.9 272.9 192.2
C6H4–pNO2 374.3 362.3 362.0 295.7 297.9 304.1 322.0 315.4 316.4 275.8 268.8 194.3
C6H4–pOCH3 372.0 365.4 364.5 300.8 306.9 312.1 319.9 318.2 319.1 272.2 277.0 200.1
C6H4–pOH 372.1 365.8 365.2 300.5 306.6 311.6 320.2 319.2 319.7 273.1 277.4 200.7
CF2CF3 441.5 423.8 407.5 343.5 338.4 331.9 388.8 373.4 360.9 399.8 327.6 260.6
CF2H 438.4 424.9 417.6 346.3 349.9 354.0 384.4 380.1 378.3 397.1 373.6 348.0
CF3 443.2 427.6 417.9 346.4 347.2 349.5 390.7 382.5 378.4 402.0 368.4 338.2
CCl2H 430.7 415.9 405.1 344.2 349.7 345.4 379.4 372.1 363.6 386.8 366.4 291.6
CCl3 434.9 419.7 410.7 348.9 344.2 343.0 385.8 373.6 367.2 395.1 315.6 269.8
CH2Cl 425.0 410.0 399.8 351.3 352.2 351.6 372.3 365.8 361.1 371.6 349.4 320.7
CH2F 429.5 418.7 411.8 351.7 355.6 358.2 375.1 374.7 372.7 377.3 364.1 348.8
CH2OH 425.6 417.9 411.9 352.7 357.9 372.2 371.7 373.9 372.6 372.7 358.9 344.6
CH2Ph 424.9 415.2 407.3 358.0 361.3 360.7 373.5 372.1 366.8 379.1 366.1 317.2
CH(CH2)2 411.8 406.1 403.7 344.5 349.9 356.7 360.0 362.9 358.5 350.4 301.2 271.0
CH2CHQCH2 424.1 414.4 409.0 355.1 359.6 364.1 371.7 370.3 367.6 373.5 359.8 325.6
CH2CH3 423.1 415.8 409.4 355.1 360.2 366.0 370.3 368.9 367.7 370.2 357.0 321.1
CH(CH3)2 424.7 410.4 406.3 357.1 360.9 362.2 366.2 363.9 361.1 362.0 326.3 280.8
C(CH3)3 428.1 415.1 406.8 361.0 359.9 358.1 370.5 361.6 357.5 371.2 292.5 211.0
CCH 382.4 371.3 363.3 291.3 296.9 300.0 326.9 324.6 322.5 281.7 279.7 268.0
CHQC(CH3)2 358.0 348.8 357.4 287.4 282.8 300.3 304.0 303.9 298.2 239.8 212.0 144.4
CHQCH2 363.3 350.7 346.6 287.5 289.8 294.6 308.6 305.6 305.0 245.4 223.4 183.8
CHQCHCH3 361.4 351.8 348.0 289.4 291.7 296.8 307.3 306.7 306.0 245.3 225.8 185.7
CHO 398.7 378.9 361.5 309.0 308.0 306.5 346.7 330.8 321.6 322.6 283.3 252.4
CN 402.8 386.7 376.9 298.0 300.1 303.1 347.4 339.9 336.2 309.9 301.9 291.1
COCH3 402.8 381.3 370.9 314.8 312.3 315.8 351.1 331.6 327.4 333.2 288.3 260.9
CON(CH2CH3)2 412.6 395.1 396.0 321.2 319.9 328.2 360.1 347.3 332.5 358.0 300.8 259.3
CON(CH3)2 414.3 396.7 390.6 321.8 320.1 323.5 361.4 347.0 328.0 360.6 301.9 262.0
CONH2 411.8 393.1 384.4 335.7 330.3 333.2 359.4 346.3 340.3 352.1 318.5 296.2
CONHCH3 412.2 389.5 385.6 338.0 333.3 336.1 355.2 347.7 340.9 337.4 320.5 298.5
COOC(CH3)3 411.8 393.4 381.3 322.4 318.8 320.4 360.0 346.1 339.9 349.2 325.1 298.3
COOCH2CH3 411.9 393.2 380.5 320.3 316.0 317.6 359.9 345.4 338.7 348.2 320.0 294.0
COOCH3 412.0 393.3 380.6 319.8 314.9 316.7 360.0 345.3 338.6 347.9 318.2 292.7
COOH 412.6 393.4 379.5 318.3 313.7 313.2 360.6 344.8 337.5 348.7 319.2 286.0
COPh 404.8 385.2 376.5 315.5 306.8 311.1 353.0 335.5 318.2 340.3 282.3 247.5

a All BDEs calculated at the G3(MP2)-RAD//B3-LYP/6-31G(d) level of theory (see text for further calculation details).
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Table 2 Standard RSE (kJ mol#1), RSEZ (kJ mol#1), RSEV refit (kJ mol#1) and Mulliken spin density (r) on the nominal radical centre for
!CH2X (primary, P), !CH(CH3)X (secondary, S) and !C(CH3)2X (tertiary, T) radicalsa

X

RSE RSEZ
c RSEV refit r

P S T P S T P S T P S T

H 0.0 13.5 23.0 0.0 2.6 4.4 185.7 179.9 176.4 1.16 1.09 1.02
BH2 40.9 65.2 91.0 39.3 58.9 80.1 147.3 125.8 110.8 0.90 0.81 0.73
CH3 13.5 23.0 28.5 2.6 4.4 5.1 180.9 176.8 174.9 1.09 1.02 0.96
NH2 44.9 49.9 51.5 29.3 26.3 29.3 157.9 155.7 153.9 0.89 0.86 0.83
OH 32.3 37.6 41.1 8.5 11.3 10.9 172.6 167.8 166.8 0.93 0.89 0.85
F 12.8 19.7 23.6 #13.7 #12.2 #10.3 191.1 186.5 184.1 0.99 0.94 0.89
SiH3 11.8 28.8 41.7 12.6 18.5 23.0 173.6 164.4 157.8 1.05 0.99 0.93
PH2 23.5 31.1 40.0 13.8 16.1 17.1 168.5 164.6 161.2 0.98 0.94 0.90
SH 36.2 41.6 44.3 23.4 18.0 18.4 157.2 158.7 157.8 0.94 0.91 0.87
Cl 20.2 26.7 30.6 1.3 1.0 1.8 177.1 174.7 173.0 1.01 0.96 0.92
Br 15.3 22.9 27.9 #1.2 #0.6 0.9 180.1 177.1 174.4 1.01 0.97 0.92
N(CH3)2 46.1 54.6 49.6 43.5 40.6 41.1 154.1 148.7 150.3 0.84 0.82 0.79
NHCH3 46.6 50.2 50.9 27.0 32.8 36.8 153.1 153.4 151.6 0.86 0.84 0.81
NHCHO 42.5 45.5 37.8 23.2 20.5 14.0 156.5 157.0 163.2 0.90 0.86 0.82
NHCOCH3 43.0 44.9 35.4 23.0 19.6 12.6 157.1 156.6 165.3 0.91 0.87 0.82
NO2 12.4 32.3 42.2 #3.9 7.3 16.7 184.3 169.1 159.1 0.95 0.85 0.77
OCF3 12.7 20.6 21.0 #11.7 #5.6 #0.2 188.9 181.2 177.5 0.98 0.94 0.90
OCH2CH3 31.6 36.5 36.5 7.0 13.5 16.3 170.7 165.9 166.8 0.92 0.88 0.85
OCH3 31.5 36.5 36.3 6.8 15.3 15.9 170.8 166.8 166.9 0.92 0.88 0.85
OCHO 17.2 23.6 17.2 #5.5 #3.4 #4.8 183.2 178.7 182.1 0.98 0.93 0.90
OCOCH3 18.4 24.3 17.5 #4.6 #4.0 #3.8 182.3 179.6 181.6 0.98 0.93 0.90
Si(CH3)3 12.2 29.1 42.0 13.0 19.5 24.4 174.9 165.4 158.9 1.04 0.98 0.93
P(CH3)2 24.9 37.8 38.6 22.7 18.0 23.8 164.8 162.5 160.1 0.91 0.90 0.87
SC(CH3)2CN 35.6 42.0 43.3 22.9 23.8 27.2 157.1 154.8 153.5 0.90 0.88 0.85
SCH2COOCH3 37.0 40.8 46.9 21.5 24.6 23.5 159.1 156.7 154.9 0.92 0.89 0.86
SCH2Ph 38.5 43.7 40.0 24.9 20.0 19.8 155.3 156.9 159.0 0.90 0.88 0.86
SCH3 41.0 45.6 45.6 27.8 24.1 22.3 152.5 154.3 156.3 0.90 0.88 0.85
SO2CH3 #2.4 14.2 27.2 #13.4 #7.4 0.7 194.7 184.7 175.1 1.06 0.96 0.93
S(O)CH3 8.4 46.6 54.0 16.0 25.0 29.6 172.0 153.1 148.3 0.93 0.79 0.77
Ph 61.0 68.3 69.7 48.7 51.3 52.2 134.4 129.5 128.8 0.79 0.77 0.75
C6H4–pCN 62.1 71.0 73.6 49.6 53.6 55.3 133.0 126.6 125.0 0.75 0.73 0.71
C6H4–pNO2 61.0 73.0 73.2 48.6 55.5 55.1 134.1 124.7 125.3 0.75 0.71 0.68
C6H4–pOCH3 63.3 69.9 70.8 50.8 53.4 53.2 132.5 128.1 128.3 0.78 0.76 0.74
C6H4–pOH 63.2 69.4 70.1 50.6 52.3 52.4 132.6 128.7 128.9 0.78 0.76 0.74
CF2CF3 #6.2 11.5 27.8 #15.5 #2.1 9.8 197.3 182.0 168.6 1.07 1.00 0.94
CF2H #3.1 10.3 17.6 #12.6 #9.3 #7.7 193.9 187.2 184.0 1.09 1.02 0.95
CF3 #8.0 7.7 17.3 #17.7 #11.1 #7.6 199.4 189.2 183.7 1.08 1.01 0.94
CCl2H 4.6 19.3 30.2 #8.1 #1.5 7.2 188.7 179.8 170.5 1.01 0.94 0.87
CCl3 0.4 15.5 24.5 #14.2 #2.8 3.4 194.6 181.3 174.3 1.01 0.94 0.88
CH2Cl 10.2 25.2 35.5 #1.6 5.5 10.9 185.0 174.5 167.9 1.00 0.92 0.85
CH2F 5.8 16.5 23.4 #4.5 #3.9 #1.6 187.7 182.7 179.2 1.08 1.01 0.95
CH2OH 9.6 17.4 23.3 #0.9 #2.9 1.4 184.3 182.2 180.4 1.07 1.02 0.95
CH2Ph 10.4 20.1 27.9 #2.4 #0.4 5.8 185.4 180.6 174.4 1.08 1.02 0.95
CH(CH2)2 23.4 29.1 31.6 11.1 8.4 15.2 171.9 171.2 168.1 1.02 0.97 0.92
CH2CHQCH2 11.1 20.9 26.3 #0.8 1.4 5.6 183.7 179.1 175.7 1.09 1.03 0.96
CH2CH3 12.2 19.5 25.8 0.8 3.1 5.9 182.6 178.9 176.2 1.09 1.02 0.97
CH(CH3)2 10.6 24.8 29.0 5.8 9.4 13.4 181.3 174.3 170.9 1.09 1.03 0.97
C(CH3)3 7.1 20.1 28.4 1.4 12.0 16.9 185.3 174.5 168.7 1.09 1.03 0.97
CCH 52.8 63.9 72.0 44.5 46.1 48.2 137.4 132.6 128.8 0.81 0.78 0.74
CHQC(CH3)2 77.3 86.5 77.8 66.9 66.8 76.5 116.6 111.9 112.9 0.68 0.65 0.62
CHQCH2 72.0 84.6 88.7 62.0 65.5 66.8 121.5 114.2 112.6 0.70 0.66b 0.64b

CHQCHCH3 73.9 83.4 87.2 63.5 64.4 65.9 119.7 115.5 113.9 0.69 0.65 0.63b

CHO 36.6 56.4 73.7 25.0 39.8 49.5 155.5 139.9 128.3 0.86 0.80 0.73
CN 32.5 48.5 58.3 27.1 32.2 34.8 156.4 146.8 141.6 0.89 0.84 0.80
COCH3 32.4 53.9 64.4 20.4 39.2 44.2 160.6 141.6 135.6 0.91 0.84 0.78
CON(CH2CH3)2 22.6 40.1 39.3 11.8 23.4 40.5 169.9 155.8 148.0 0.98 0.91 0.87
CON(CH3)2 21.0 38.6 44.6 10.6 23.7 44.9 171.3 156.1 143.2 0.98 0.91 0.86
CONH2 23.4 42.2 50.8 11.2 24.7 32.1 170.8 155.6 149.1 0.98 0.91 0.86
CONHCH3 23.1 45.7 49.6 15.7 23.5 31.9 170.1 155.5 150.1 0.99 0.92 0.87
COOC(CH3)3 23.5 41.8 53.9 11.7 24.5 30.8 168.4 154.4 146.7 0.97 0.90 0.83
COOCH2CH3 23.4 42.0 54.7 12.2 25.4 31.9 168.4 153.6 145.5 0.97 0.90 0.83
COOCH3 23.2 41.9 54.6 12.2 25.6 32.1 168.6 153.5 145.4 0.97 0.89 0.83
COOH 22.7 41.9 55.7 12.0 26.1 33.1 168.9 153.1 144.1 0.97 0.89 0.83
COPh 30.4 50.0 58.8 18.6 35.2 54.2 162.7 144.5 131.7 0.90 0.82 0.76

a All RSE values are based on the G3(MP2)-RAD//B3-LYP/6-31G(d) BDE data in Table 1. Mulliken spin densities were obtained at the B3-LYP/
6-31G(d) level of theory. The RSEV values were obtained by fitting eqn (11) to the calculated R–H, R–CH3 and R–Cl BDEs, yielding also the values
for RSEV[H

!], RSEV[CH3
!], RSEV[Cl

!], a and b. Separate fits were performed for the primary, secondary and tertiary radicals. Alternative estimates
of RSEV, as obtained using the previously published19 values of RSEV[H

!], RSEV[CH3
!], RSEV[Cl

!], a and b, are provided in Tables S4–S6 of the
ESIw (see text for further calculation details). b Maximum spin density is located on the p carbon atom not the nominal radical centre. c RSEZ scheme
is applied by solving eqn (9) and (10) simultaneously, using known values of BDE[R–Cl], BDE[R–CH3], w[Cl] and w[CH3].
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Table 3 Electronegativity (w), strain-free BDE[R–R]*, global electrophilicity index (o in eV), ionisation potential (IP in eV) and electron affinity
(EA in eV) for !CH2X (primary, P), !CH(CH3)X (secondary, S) and !C(CH3)2X (tertiary, T) radicalsa

X

w BDE[R–R]* o IP EA

P S T P S T P S T P S T P S T

H 2.52 2.45 2.40 370.7 365.5 361.8 1.19 0.88 0.71 9.81 8.42 7.54 #0.10 #0.51 #0.70
BH2 2.49 2.43 2.21 291.9 252.7 210.3 2.11 1.77 1.67 10.52 9.21 8.53 1.69 1.35 1.31
CH3 2.45 2.40 2.37 365.4 361.8 360.4 0.88 0.71 0.64 8.42 7.54 6.94 #0.51 #0.70 #0.68
NH2 2.34 2.32 2.29 312.0 318.0 312.1 0.54 0.45 0.44 7.13 6.51 6.08 #1.15 #1.22 #1.08
OH 2.44 2.38 2.37 353.7 347.9 348.8 0.73 0.58 0.55 8.11 7.28 6.73 #0.87 #1.05 #0.92
F 2.57 2.52 2.49 398.0 395.1 391.3 1.05 0.83 0.74 9.44 8.35 7.61 #0.36 #0.64 #0.63
SiH3 2.51 2.44 2.40 345.5 333.6 324.6 1.41 1.15 1.03 9.21 8.21 7.55 0.63 0.32 0.22
PH2 2.53 2.47 2.44 343.0 338.3 336.4 1.06 0.88 0.80 8.04 7.37 6.87 0.13 #0.11 #0.15
SH 2.60 2.55 2.51 323.9 334.7 333.8 0.87 0.74 0.72 7.82 7.21 6.81 #0.31 #0.46 #0.36
Cl 2.64 2.59 2.56 368.1 368.5 367.0 1.12 0.95 0.87 8.99 8.17 7.59 #0.01 #0.19 #0.21
Br 2.65 2.60 2.57 372.9 371.8 368.7 1.19 1.03 0.95 8.83 8.10 7.56 0.22 0.04 0.00
N(CH3)2 2.25 2.23 2.21 283.6 289.3 288.4 0.58 0.48 0.45 6.34 5.88 5.55 #0.66 #0.81 #0.77
NHCH3 2.51 2.27 2.23 316.6 305.1 297.1 0.55 0.46 0.45 6.66 6.16 5.78 #0.89 #1.01 #0.89
NHCHO 2.50 2.46 2.48 324.2 329.6 342.5 0.94 0.80 0.74 7.49 6.90 6.49 0.02 #0.16 #0.21
NHCOCH3 2.48 2.54 2.46 324.7 331.4 345.4 0.86 0.73 0.68 7.17 6.63 6.26 #0.09 #0.27 #0.29
NO2 2.74 2.68 2.64 378.4 356.1 337.1 2.59 2.24 2.00 11.36 9.81 8.92 2.33 2.01 1.78
OCF3 2.65 2.64 2.56 394.0 381.8 371.0 1.14 0.94 0.88 9.07 8.19 7.62 0.03 #0.24 #0.19
OCH2CH3 2.56 2.41 2.31 356.7 343.7 338.0 0.74 0.60 0.55 7.54 6.88 6.43 #0.60 #0.82 #0.79
OCH3 2.56 2.34 2.32 357.1 340.0 338.8 0.75 0.61 0.56 7.68 6.99 6.52 #0.61 #0.83 #0.78
OCHO 2.64 2.63 2.52 381.6 377.4 380.1 1.17 0.99 0.93 8.59 7.79 7.46 0.26 0.03 0.00
OCOCH3 2.61 2.51 2.50 379.9 378.7 378.1 1.06 0.88 0.84 8.22 7.48 7.22 0.08 #0.15 #0.18
Si(CH3)3 2.45 2.38 2.33 344.6 331.6 321.8 1.26 1.01 0.89 8.37 7.57 6.98 0.52 0.17 0.05
P(CH3)2 2.42 2.41 2.34 325.2 334.6 322.9 1.06 0.90 0.81 7.23 6.75 6.37 0.40 0.15 0.05
SC(CH3)2CN 2.63 2.54 2.44 324.8 322.9 316.3 1.12 0.98 1.09 7.66 7.14 7.00 0.41 0.23 0.51
SCH2COOCH3 2.51 2.43 2.43 327.7 321.5 323.5 0.89 0.78 0.90 7.31 6.80 6.64 #0.07 #0.20 0.19
SCH2Ph 2.59 2.53 2.47 320.8 330.6 331.1 0.89 0.78 0.81 7.02 6.56 6.35 0.03 #0.12 0.05
SCH3 2.59 2.47 2.42 315.0 322.4 326.0 0.83 0.72 0.71 7.29 6.78 6.47 #0.23 #0.36 #0.28
SO2CH3 2.75 2.58 2.54 397.4 385.4 369.3 1.92 1.66 1.55 9.82 8.95 8.42 1.50 1.20 1.10
S(O)CH3 2.56 2.49 2.44 338.7 320.5 311.4 1.53 1.05 0.98 8.41 7.26 6.84 1.07 0.37 0.32
Ph 2.50 2.43 2.41 273.2 268.0 266.3 1.21 1.10 1.03 7.02 6.63 6.33 0.77 0.64 0.57
C6H4–pCN 2.53 2.46 2.42 271.3 263.4 260.0 1.84 1.70 1.60 7.57 7.18 6.87 1.72 1.56 1.46
C6H4–pNO2 2.54 2.47 2.43 273.4 259.7 260.4 2.13 1.98 1.88 7.81 7.40 7.03 2.07 1.92 1.82
C6H4–pOCH3 2.48 2.42 2.38 269.0 263.9 264.1 1.02 0.94 0.88 6.42 6.12 5.88 0.52 0.42 0.36
C6H4–pOH 2.48 2.43 2.39 269.5 266.1 265.8 1.04 0.95 0.90 6.56 6.23 5.98 0.53 0.42 0.38
CF2CF3 2.69 2.61 2.56 401.6 374.9 351.0 1.86 1.53 1.34 10.32 9.05 8.24 1.28 0.92 0.74
CF2H 2.63 2.57 2.52 395.9 389.1 386.1 1.52 1.22 1.08 9.87 8.70 7.91 0.70 0.34 0.22
CF3 2.68 2.61 2.56 405.9 392.8 385.9 1.75 1.42 1.23 10.46 9.20 8.36 1.02 0.64 0.46
CCl2H 2.61 2.51 2.47 386.8 373.6 356.1 1.71 1.51 1.40 9.36 8.55 7.96 1.20 1.00 0.93
CCl3 2.62 2.56 2.52 399.0 376.3 363.8 1.89 1.70 1.53 9.55 8.79 8.07 1.49 1.31 1.14
CH2Cl 2.49 2.44 2.40 373.8 359.7 348.9 1.55 1.36 1.28 9.18 8.32 7.74 0.94 0.76 0.72
CH2F 2.51 2.48 2.44 379.5 378.5 373.8 1.15 0.94 0.85 8.99 8.08 7.41 0.07 #0.19 #0.20
CH2OH 2.48 2.46 2.33 372.5 376.5 367.9 0.98 0.82 0.77 8.43 7.61 7.04 #0.22 #0.39 #0.30
CH2Ph 2.45 2.41 2.38 375.4 371.4 358.9 0.98 0.84 0.80 7.83 7.25 6.68 0.00 #0.19 #0.10
CH(CH2)2 2.45 2.43 2.34 348.4 353.8 340.2 0.82 0.66 0.57 7.32 6.73 6.28 #0.27 #0.55 #0.65
CH2CHQCH2 2.46 2.41 2.36 372.2 367.7 359.3 1.00 0.82 0.74 8.19 7.46 6.90 #0.07 #0.32 #0.34
CH2CH3 2.45 2.40 2.34 369.0 364.4 358.8 0.97 0.77 0.66 8.25 7.40 6.76 #0.17 #0.45 #0.54
CH(CH3)2 2.40 2.35 2.32 359.0 351.7 343.9 0.96 0.76 0.64 8.10 7.31 6.73 #0.13 #0.44 #0.59
C(CH3)3 2.40 2.34 2.32 367.9 346.6 336.9 0.95 0.76 0.65 7.99 7.24 6.66 #0.13 #0.41 #0.55
CCH 2.61 2.55 2.51 281.7 278.4 274.3 1.35 1.13 1.03 8.50 7.74 7.21 0.68 0.41 0.32
CHQC(CH3)2 2.46 2.49 2.31 236.8 237.0 217.5 0.94 0.80 0.77 6.93 6.46 6.20 0.20 #0.01 0.00
CHQCH2 2.50 2.45 2.41 246.5 239.6 237.0 1.14 0.97 0.94 7.95 7.30 6.93 0.37 0.15 0.20
CHQCHCH3 2.47 2.45 2.40 243.5 241.8 238.8 0.97 0.81 0.80 7.30 6.75 6.46 0.15 #0.09 #0.01
CHO 2.63 2.51 2.45 320.7 291.0 271.7 2.06 1.79 1.62 10.28 9.20 8.50 1.65 1.37 1.21
CN 2.72 2.64 2.59 316.4 306.2 300.9 1.97 1.66 1.48 10.15 9.12 8.38 1.51 1.17 0.98
COCH3 2.62 2.48 2.42 329.9 292.3 282.2 1.89 1.63 1.49 9.81 8.81 8.16 1.43 1.17 1.04
CON(CH2CH3)2 2.64 2.55 2.36 347.0 323.9 289.6 1.62 1.38 1.19 8.63 7.84 7.33 1.18 0.90 0.65
CON(CH3)2 2.64 2.54 2.36 349.4 323.2 280.7 1.63 1.40 1.22 8.81 8.01 7.46 1.17 0.90 0.68
CONH2 2.52 2.46 2.38 348.2 321.2 306.4 1.73 1.45 1.31 9.52 8.49 7.87 1.20 0.90 0.76
CONHCH3 2.46 2.44 2.37 339.3 323.6 306.8 1.62 1.35 1.22 9.05 8.14 7.61 1.09 0.78 0.65
COOC(CH3)3 2.63 2.54 2.48 347.2 321.5 309.0 1.78 1.51 1.37 9.29 8.38 7.78 1.34 1.04 0.91
COOCH2CH3 2.64 2.56 2.50 346.3 319.8 306.7 1.81 1.53 1.39 9.48 8.52 7.89 1.35 1.05 0.92
COOCH3 2.65 2.57 2.50 346.2 319.4 306.4 1.83 1.55 1.40 9.64 8.62 7.97 1.37 1.06 0.93
COOH 2.66 2.57 2.52 346.6 318.3 304.4 1.95 1.65 1.50 10.11 8.96 8.24 1.50 1.18 1.05
COPh 2.63 2.56 2.38 333.3 300.1 262.2 2.01 1.80 1.62 8.94 8.22 7.81 1.79 1.57 1.35

a The w and strain-free R–R BDE values were obtained by fitting the RSEZ model to the G3(MP2)-RAD//B3-LYP/6-31G(d) bond energies in
Table 1. The principal values are obtained solving eqn (9) and (10) simultaneously, using known values of BDE[R–Cl], BDE[R–CH3], w[Cl] and
w[CH3]. The IP, EA and hence o values are based on B3LYP/6-31G(d) calculations. See text for further details.
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had alternative experimental data available that were in
excellent agreement with theory, at least two (CH3–C(CH3)2NH2

and CN(CH3)2C–C(CH3)2CN) were misquoted (in ref. 35)
from their original references and (when corrected) were
actually much closer to the theoretical data, and another
(H–CH2SOCH3) was effectively a semi-empirical value
estimated by fitting to acidities and oxidation potentials.
A case-by-case analysis of the remaining smaller outliers
(o30 kJ mol#1) is beyond the scope of this work, but it is
clear from Fig. 2 that most theoretical values do fall within the
scatter and/or quoted error bars of the experimental data.
While it is certainly possible that some of the smaller outliers
are due to genuine errors in the G3(MP2)-RAD calculations
when handling specific problematic systems (such as molecules
with low-lying excited states), it appears that in general
G3(MP2)-RAD can calculate bond dissociation energies with
a reliability that is at least comparable with experiment.
Moreover, one would in any case expect improved perfor-
mance for radical stabilisation energies, due to systematic
error cancellation from the isodesmic reaction energies.

Comparison of schemes

To explore the physical basis of the alternative radical stability
schemes, we first examined the correlation between the radical
stabilization energy (as calculated using the various schemes)
and the spin density on the nominal radical centre. As
explained in the Introduction, one might reasonably expect
that radical stability should increase with the extent of
delocalisation of the unpaired electron, at least within a class
of related radicals. Since the spin density distribution is
measured for individual radical species, independent of any
closed shell reference compounds, it provides an attractive
means for testing whether the bond strengths of the reference
compounds in the various schemes are contributing to the
measured radical stabilization energies. Fig. 3 shows the RSEs
calculated by the various schemes as a function of spin density.
In each case, the test set of primary (!CH2X), secondary
(!CH(CH3)X) and tertiary (!C(CH3)3) radicals are labelled
separately; however, the correlation coefficient refers to the
test set as a whole. Fig. 4 shows the stabilization energies from
the RSEZ and RSEV schemes, plotted as a function of the
corresponding standard RSEs.
Fig. 3a shows that there is good correlation between the

standard RSE and the spin density for each of the three classes

Fig. 2 Comparison of the G3(MP2)-RAD BDEs from Table 1 with

available experimental data (data and sources provided in Table S1 of

the ESIw).

Fig. 4 Correlation between standard RSE and RSEZ (K, R = 0.95)

and RSEV (&, R = #0.98).

Fig. 3 Correlation between spin density on the nominal radical carbon and stabilization energy, as calculated under the various schemes: (a) the

standard RSE (R = #0.94); (b) RSEZ (R = #0.86); (c) RSEV (R = 0.90).
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of radical (R = #0.94, #0.94, #0.90 for primary, secondary
and tertiary respectively) and overall (R = #0.93). The
correlation is poorest for the tertiary radicals, possibly due
to increased steric and polar effects in this set. It should also be
noted that the largest outlier occurs for the !C(CH3)2BH2

radical, where the stabilization energy is greater than might be
expected on the basis of its extent of delocalisation. This may
be due to s donation by the BH2 group, which can stabilize the
electron deficient radical centre without delocalising the
unpaired electron—in such cases, the use of spin densities
alone would lead one to underestimate relative radical stability.
For the same reason, one might expect that the use of spin
densities might lead one to overestimate radical stability for
radicals bearing s-withdrawing groups. These are probably
less obvious as outliers in the present test set because there are
a much greater number of them built into the correlation.
Nonetheless, despite these exceptions, the generally good
correlation between these two independent measures of
relative radical stability confirms that both can provide a
reasonable semi-quantitative, if not quantitative, guide to
relative radical stability in simple carbon-centred radicals.

Examining Fig. 4, we note that both the RSEZ and RSEV

schemes are in good correlation with the standard RSEs. The
RSEZ scheme has a positive correlation coefficient of 0.95; the
RSEV scheme has a negative value of #0.98, due to an
opposite sign convention. Not surprisingly then, both schemes
also correlate well with the spin densities, having correlation
coefficients of#0.86 and 0.90 respectively. As in the case of the
standard RSEs, the correlation with spin densities becomes
progressively worse as R becomes more hindered, reflecting
the increasing difficulty of quantitatively accounting for steric
and/or polar effects in the closed-shell reference species. It
should also be noted that the overall correlations of RSEZ and
RSEV with spin density are slightly worse than for the
standard RSEs, suggesting that for simple carbon-centred
radicals the standard scheme may be superior. At the same
time, the consistent predictions of all three schemes do provide
strong encouragement that both the RSEV and RSEZ schemes
are correcting adequately for the bond energies in their closed-
shell reference compounds, implying that they may be suitable
for cases (such as non-carbon-centred radicals) where the
standard scheme is expected to breakdown.

To probe the validity of these bond energy corrections
further, we first examined the internal consistency of the RSEV

scheme. As noted in the Results section, 5 different estimates
of RSEV were actually calculated. Those in Table 2 were
obtained by re-fitting the RSEV scheme to the current set of
R–H, R–Cl and R–CH3 BDE data. However, a further 4
values were obtained by using the literature values19 of
RSEV[H

!], RSEV[CH3
!], RSEV[Cl

!], a and b in conjunction
with either the R–H, R–CH3, R–Cl BDEs or their average.
The RSEV data plotted in Fig. 3 and 4 are based on the
re-fitted parameters, as these were expected to have the greatest
internal consistency with the other data in our study. Comparing
these results with the alternative RSEV estimates (see Tables S4–S6
of the ESIw) we note that the RSEV scheme is not, as we
expected, insensitive to the choice of the bond energy used to
implement (or parameterise) it. In all cases, the 5 alternative
RSEV values have mean absolute deviations from one another

ranging from 0.8 kJ mol#1 to 18 kJ mol#1, with maximum
absolute deviations ranging from 2.2 kJmol#1 to over 32 kJ mol#1.
The RSEV values derived from R–Cl BDEs show the largest
deviations from the other data, and also show the worst
correlation with the corresponding spin densities (R E 0.85),
implying that the bond energy corrections are less reliable for
the C–Cl bonds. Interestingly, the highest correlation with spin
density, yielding results comparable to the standard RSE
scheme, occurs when the RSEV scheme uses the R–H BDEs
(i.e. those on which the standard RSE scheme is also based),
and we recommend therefore that R–H BDEs be used for the
implementation of the RSEV scheme for carbon-centred
radicals.
To examine further the physical basis of the RSEZ scheme,

the differences between the calculated R–R BDE and the
estimated strain free R–R BDE for each primary, secondary
and tertiary R-group in the test set are plotted in Fig. 5. From
this graph, we see that the differences are large and positive for
the set of tertiary radicals, smaller for the secondary radicals
and in most cases negligible for the primary radicals. This
reflects the increasing effect of steric interactions on the
R–R bond as R becomes more hindered. Pleasingly, these
corrections are largest when the non-methyl substituents are
also bulky groups such as C(CH3)3.
For the primary radicals, one would expect minimal steric

effects in R–R, and indeed there is generally good agreement
between the calculated R–R BDE and the estimated strain free
R–R BDE. The only significant ‘‘outliers’’ are X = F, NO2,
OCF3, CON(CH2CH3)2 and CON(CH3)2, each having strain-
free R–R BDEs with deviations of between 10 and 15 kJ mol#1

from the corresponding G3(MP2)-RAD values. In applying
the RSEZ scheme, we solved eqn (9) and (10) simultaneously,
implicitly assuming that the G3(MP2)-RAD calculations and
Pauling’s equation are in perfect agreement for the R–Cl and
R–CH3 BDEs. In this way, any deviations in these values due,
for example, to the uncertainty in the ab initio calculations
(approximately 5 kJ mol#1) are compensated for by incorrect
values of the Dw term and the resulting strain free R–R BDE.
The reliability of the calculated w[CH2X] increases as the
Dw2 term becomes larger. Dw2 is small in eqn (9), but
considerably larger in eqn (10). If we use eqn (10) with the
known w[Cl] = 3.18 and the G3(MP2)-RAD values of
BDE[Cl–Cl] and BDE[XCH2–CH2X], more reliable values of
w[CH2X] can be afforded. Values so obtained were thus used to
calculate BDE[CH3–CH2X] by eqn (10), with the known
w[CH3] = 2.52 and the G3(MP2)-RAD values of
BDE[CH3–CH3] and BDE[XCH2–CH2X], and the results are
in good agreement with their corresponding G3(MP2)-RAD
values. When this is done, most w[CH2X] values change
negligibly but there is marked improvement for the larger
outliers, to the extent that all BDE[CH3–CH2X] values are
now matched by Pauling’s equation to within an MAD of
2.18 kJ mol#1 with a maximum absolute deviation of just
9.3 kJ mol#1, a testament to the remarkable performance and
consistency of both Pauling’s equation and the G3(MP2)-RAD
calculations. Full details of this alternative approach for all primary
species of Table 1 are provided in Table S2 of the ESI.wBecause the
good agreement so obtained indicates that steric effects are absent
or minimal with the primary radicals, it is also worth noting that
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BDE[XCH2–CH2X
0] for any combination of the 64 entries of

Table 1 can be reliably estimated by BDE[XCH2–CH2X
0] =

1
2(BDE[XCH2–CH2X] + BDE[X0CH2–CH2X

0] + 96(w[CH2X] #
w[CH2X

0])2 [kJ mol#1].
Application of the RSEZ scheme also yields values of the

electronegativity parameters w, and these too follow chemically
intuitive trends. For example, the two lowest electronegativity
values of w[!CH2X] in Table 3 are w[!CH2N(CH3)2] = 2.25

and w[!CH2NH2] = 2.34. As might be expected, the power-
fully electron donating groups N(CH3)2 and NH2 decrease the
electron attracting tendency of carbon. The three highest
w[!CH2X] are w[!CH2SO2CH3] = 2.75, w[!CH2NO2] = 2.74
and w[!CH2CN] = 2.72, where the powerfully electron with-
drawing groups SO2CH3, NO2 and CN increase that tendency.
Thus, the RSEZ scheme does appear to yield chemically
intuitive values of the electronegativity parameter and the
strain free R–R BDE. This, together with the good overall
correlation of the RSEZ values with the spin densities,
provides confidence that the bond energy corrections in this
scheme are physically realistic, and might therefore be used
also for non-carbon-centred radicals. It is also worth emphasizing
that, in contrast to many other bond energy schemes, this
excellent performance is attained without recourse to global
numerical fittings, and depends only on the application of
Pauling’s equation to a single pair of known bond dissociation
energies.

Structure–reactivity trends

Having compiled one of the largest RSE data sets to date for
simple carbon-centred radicals, we can now comment on the
effects of substituents on the data. Fig. 6 shows the standard
RSE values for the primary !CH2X, secondary !CH(CH3)X
and tertiary !C(CH3)2X radicals, respectively. In all three
cases, the data are plotted in the same order, based on
increasing radical stability of the primary radicals, !CH2X,
as measured via the standard RSEs. Many previous works
have discussed the effects of substituents on the stability of
carbon centred radicals,5,36 and the results herein are consistent
with these earlier findings. In particular, it is seen that the most
stabilized radicals are those including strong p-accepting
a substituents such as the phenyl and allylic derivatives;
weaker stabilizers such as cyano and various types of carbonyl
groups have their stabilization effect somewhat diminished by
concurrent s withdrawal effects; groups, such as alkyl, that
stabilize by hyperconjugation only are among the weakest
stabilizers. Lone pair donor groups are also strong radical
stabilizers, with the stabilizing ability reflecting a compromise
between the stabilizing effect of lone pair donation (which
decreases both across and down the periodic table from
nitrogen) and the concurrent destabilizing effect of s with-
drawal (which increases across but decreases down the period
table from nitrogen). Thus, the amine groups are the most
stabilizing, followed by the thiyl groups, the hydroxy and
alkoxy groups, the phosphines and finally the halogens. It is
seen that the s donor substituent BH2 has a very large radical
stabilizing effect, comparable to the strongest lone pair
donors.
In general, the trends in the !CH(CH3)X and !C(CH3)2X

RSEs mirror those in the corresponding !CH2X radicals,
though there are important exceptions. In particular, the
inclusion of the additional electron-donating methyl substituents
tends to stabilize the radicals and this stabilization is enhanced
when X is an electron-accepting group such as carbonyl or
thiocarbonyl derivative, or a fluorinated species. By contrast
this stabilization effect is much less significant if X is lone pair/p
donor group, and in some cases the steric cost of including

Fig. 5 Difference between the actual BDE[R–R], as obtained from

the G3(MP2)-RAD calculations, and the strain-free BDE[R–R]*, as

obtained by applying the RSEZ model to the G3(MP2)-RAD R–CH3

and R–Cl BDE data.
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them leads to an overall destabilization of the radical.
Interestingly, for the s donor group BH2, the inclusion of
additional methyl groups in !CH(CH3)BH2, and

!C(CH3)2BH2,
has a large stabilizing effect on radical stability, presumably
because the s electron donation is not competing with the
hyperconjugative stabilization of the methyl groups.

5. Conclusion

In this work we have examined some of the leading schemes
used to measure relative radical stability, including the standard
radical stabilization energy (RSE),3 and two alternative
schemes, which we denote as RSEZ

17 and RSEV,
19 respectively,

that are based on corrected bond energies for other types of
bonds. We have also evaluated them for a test set of
192 primary, secondary and tertiary carbon-centred radicals,
presenting in the course of this work a new complete test set of
their corresponding R–H, R–Cl, R–CH3 and R–R bond
dissociation energies (BDEs), as calculated at the G3(MP2)-
RAD level of theory. In general we find that all schemes yield
the same qualitative (and to a large extent the same quantitative)
trends in the relative radical stabilities of our large test set,
despite being based on very different bond energies and
assumptions. They also show a high degree of correlation with
the Mulliken spin densities on the nominal radical centre, a
measure of the extent to which the substituents are capable of
stabilizing the radical by delocalisation of an unpaired electron.
The trends in the measured radical stabilization energies also
follow the trends expected for the stabilities of the radical
species, based on qualitative molecular orbital arguments.
On this basis, we therefore conclude that these schemes all
provide successful and consistent measures of intrinsic radical
stabilities for simple carbon centred radicals, and should
therefore be useful in predicting the stability and reactivity
of these species beyond the reaction scheme for which they
were measured. This is not to say that these schemes will

necessarily be applicable for measuring relative radical
stabilities of non-carbon centred radicals, and further work
to explore their wider applicability is now underway.
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P. Celani, T. Korona, G. Rauhut, R. D. Amos, A. Bernhardsson,
A. Berning, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn,
F. Eckert, C. Hampel, G. Hetzer, A. W. Lloyd,
S. J. McNicholas, W. Meyer, M. E. Mura, A. Nicklass,
P. Palmieri, R. Pitzer, U. Schumann, H. Stoll, A. J. Stone,
R. Tarroni and T. Thorsteinsson, MOLPRO, version 2006.6,
a package of ab initio programs, see http://www.molpro.net.

29 (a) D. J. Henry, C. J. Parkinson, P. M. Mayer and L. Radom,
J. Phys. Chem. A, 2001, 105, 6750–6756; (b) M. L. Coote, J. Phys.
Chem. A, 2004, 108, 3865–3872; (c) E. I. Izgorodina, M. L. Coote
and L. Radom, J. Phys. Chem. A, 2005, 109, 7558–7566;
(d) E. I. Izgorodina, D. R. B. Brittain, J. L. Hodgson,
E. H. Krenske, C. Y. Lin, M. Namazian and M. L. Coote,
J. Phys. Chem. A, 2007, 111, 10754–10768; (e) C. Y. Lin,
J. L. Hodgson, M. Namazian and M. L. Coote, J. Phys. Chem.
A, 2009, 113, 3690–3697.

30 A. P. Scott and L. Radom, J. Phys. Chem., 1996, 100,
16502–16513.

31 D. J. Henry, M. B. Sullivan and L. Radom, J. Chem. Phys., 2003,
118, 4849–4860.

32 This program is freely available from http://rsc.anu.edu.au/Bcylin/
scripts.html.

33 C. Y. Lin, E. I. Izgorodina and M. L. Coote, J. Phys. Chem. A,
2008, 112, 1956–1964.

34 See for example: E. Ruiz, J. Cirera and S. Alvarez, Coord. Chem.
Rev., 2005, 249, 2649–2660, and references cited therein.

35 Y.-R. Luo, Comprehensive Handbook of Chemical Bond Energies,
CRC Press, Boca Raton, FL, 2007.

36 For detailed molecular orbital based analyses of radical stabilities,
see for example: (a) F. Bernardi, N. D. Epiotis, W. Cherry,
H. B. Schlegel, M.-H. Whangbo and S. Wolfe, J. Am. Chem.
Soc., 1976, 98, 469–478; (b) D. J. Henry, C. J. Parkinson,
P. M. Mayer and L. Radom, J. Phys. Chem. A, 2001, 105,
6750–6756; (c) M. L. Coote and D. J. Henry, Macromolecules,
2005, 38, 1415–1433.

9610 | Phys. Chem. Chem. Phys., 2010, 12, 9597–9610 This journal is "c the Owner Societies 2010

D
ow

nl
oa

de
d 

by
 A

U
ST

RA
LI

A
N

 N
A

TI
O

N
A

L 
U

N
IV

ER
SI

TY
  o

n 
26

 A
ug

us
t 2

01
0

Pu
bl

ish
ed

 o
n 

16
 Ju

ne
 2

01
0 

on
 h

ttp
://

pu
bs

.rs
c.

or
g 

| d
oi

:1
0.

10
39

/C
00

38
80

F
View Online

http://dx.doi.org/10.1039/C003880F

