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The Arrhenius parameters and rates of reaction of three hydroxyradicals, methyl radical, and the hindered
primary C-centred radical from t-butyl alcohol with dithiothreitol were measured by pulse radiolysis in water.
The bimolecular rate constants were found to be in the order: �C(CH3)2OH> �CH(CH3)OH> �CH2OH>
�CH3>

�CH2C(CH3)2OH. The reaction of three of these, �C(CH3)2OH, �CH2OH, and �CH3 , with methanethiol
were examined at the ab initio B3LYP/6311+G(d,p) level, coupled with transition state theory, both in the gas
phase and in solution. The solvent effects are evaluated by two different continuum models (SCIPCM, CPCM),
coupled with a novel approach to the calculation of the solution phase entropy. The reaction is discussed in
terms of the charge and spin polarization in the transition state, as determined by AIM analysis, and in terms of
orbital interaction theory. Rate constants, calculated by transition state theory are in good agreement with the
experimental data.

1. Introduction

The reaction of carbon-centered radicals with thiols is impor-
tant to a number of chemical as well as biological processes
(eqn. (1)).1,2 This reaction is of particular interest due to its
role in the repair reaction in biological systems in which a
H-atom is donated to a site of oxidative damage. Glutathione,
the most abundant free thiol, is generally regarded as the
repair agent.3 The cysteine residue also plays a central role in
proteins active in oxidation–reduction reactions.4,5 In particu-
lar H transfer between carbon-centered backbone-based pep-
tide radicals and cysteine S–H groups occurs in class III
ribonucleotide reductases.6

R
� þH-SR1 Ð R-Hþ �

SR1 ð1Þ

The limited aqueous phase data available suggest the rate con-
stants for this reaction are almost independent of the oxidative
power of the C-centered radicals, or the bond dissociation
enthalpy (BDE) of their parents.1 In fact, the available aqu-
eous phase data indicates that the more stable C-centred radi-
cal reacts more rapidly: (k1 :

�C(CH3)2OH> �CH(CH3)OH>
�CH2OH), although the difference between the slowest and
the fastest is less than an order of magnitude.7–10 It has been
suggested that the reactivity order could be accounted for by
a polar transition state requiring some negative charge on sul-
fur (and therefore some cationic character at C).1

In this work, the reactions of the a-hydroxy radicals with
dithiothreitol, together with �CH3 and

�CH2C(CH3)2OH, were

measured by pulse radiolytic techniques. In addition, high level
theoretical procedures were applied to the study of hydrogen
abstraction from methanethiol (R1 ¼ CH3), according to
eqn. (1) by the three radicals: methyl radical (R ¼ CH3),
hydroxymethyl radical (R ¼ CH2OH), and 2-hydroxy-2-pro-
pyl radical (R ¼ C(CH3)2OH). Gas and solution phase results
are presented and the reactivity is rationalized in terms of the
charge polarization in the transition states as evaluated by
Atoms-in-Molecules (AIM) theory,11 and by orbital inter-
action theory.12,13

2. Methods

2.1. Experimental procedures

Rate constants were determined pulse radiolytically.14 A ther-
mostatted cell allowed us to keep the temperature within �0.5
K of the desired temperature. Solutions were made up in Milli-
Q-filtered (Millipore) water and were saturated with N2O
(Messer Griesheim). All chemicals used in these experiments
were commercially available and used without further purifica-
tion. The pH of the solution was adjusted to 7.5 with phos-
phate buffer.
Hydroxyl radicals, solvated electrons andhydrogen atoms are

generated in the radiolysis of water (reaction (2)). The radiation-
chemical yields (G values) of the primary radicals are
G(�OH)�G(eaq

�) ¼ 2.9� 10�7 mol J�1, G(H�) ¼ 0.6� 10�7

mol J�1, andG(H2O2)� 0.7� 10�7 mol J�1. N2O is used to con-
vert the solvated electron into �OH (reaction (3)).

H2O ��������!ionizing

radiation
eaq

�;
�
OH;

�
H; Hþ; H2O2; H2 ð2Þ

eaq
� þN2OþH2O ! �

OHþOH� þN2 ð3Þ
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In the presence of a large excess of added alkyl radicals gen-
erating substrates over 1,4-dithiothreitol, �OH and H� react
predominantly with these substrates and only a very minor
fraction with 1,4-dithiothreitol (for rate constants see ref. 15).
In the case of methanol, they give rise to 95% hydroxymethyl
and 5% methoxyl radicals (reactions (4) and (5)).16 The latter
undergo a rapid 1,2-H shift (reaction (6)),17 i.e. the yield of this
a-hydroxyalkyl radical is 100%.

�
OHð�HÞ þ CH3OH ! H2OðH2Þ þ �

CH2OH ð4Þ
�
OHð�HÞ þ CH3OH ! H2OðH2Þ þ CH3O

� ð5Þ

CH3O
� ! �

CH2OH ð6Þ

With ethanol and 2-propanol, the yield of a-hydroxyalkyl
radicals is close to 85%.16 With tertiary butanol, 2-hydroxy-
2-methylpropyl radicals (�CH2C(CH3)2OH) and some 5% ter-
tiary butoxyl radicals ((CH3)3CO

�) are formed.16 The latter
undergo rapid fragmentation18 giving rise to acetone and
�CH3 . Methyl radicals were generated by reacting dimethyl-
sulfoxide with �OH (reaction (7)). This reaction yields �CH3

in 92% yield.19 The remainder are �CH2S(O)CH3 radicals
formed by H-abstraction.

�
OHþ ðCH3Þ2SO ! �

CH3 þ CH3SðOÞOH ð7Þ

In the presence of 1,4-dithiothreitol, these alkyl radicals
abstract an H atom (e.g. reaction (8)).

In this system, the ensuing thiyl radicals rapidly cyclise and
deprotonate (equilibria (9) and (10); apparent pKa at 5.2).20

Experiments have been carried out at pH 7.5 in the presence
of low concentrations of phosphate buffer (�1� 10�3 mol
dm�3) in order to ensure that the equilibrium is shifted to
the right.

The disulfide radical anion has a very strong absorption at
390 nm.8,20,21 Since equilibria (9) and (10) are rapidly estab-
lished,20 the rate of build up of the 390 nm absorption monitors
the kinetics of the H-abstraction reaction (e.g. reaction (8)).

2.2. Theoretical procedures

The ab initio calculations presented here were performed using
the Gaussian 98 molecular orbital package22 except for the
SCIPCM calculations which were run using the Gaussian
9423 implementation of this method. All calculations including
geometry optimizations and frequency calculations, unless
stated otherwise, were carried out using the B3LYP hybrid
HF-DFT procedure implemented in the Gaussian molecular
orbital packages with the 6-311+G(d,p) basis set. This is a tri-
ple split basis set with diffuse functions on all heavy atoms
and polarization functions on all heavy atoms and hydrogens.
The frequencies were scaled by a factor of 0.98 in the calcula-
tion of the zero point energy (ZPE) correction, and thermody-
namic functions, (H

�

298 �H
�

0) and S at 298 K.24 Basis set

superposition error (BSSE) has been found to be relatively
small for the B3LYP hybrid functional with large basis sets
similar to the one used here, �1 kJ mol�1, therefore a correc-
tion has not been applied.25 Charge and spin distributions were
calculated by the AIMPAC11 system of programs.

2.2.1. The reaction profile at 0 K. The reaction shown in
eqn. (1) is characterized at three points, corresponding to the
structures of the reactants (CH3SH+C radical), the products
(CH3S radical+parent C–H), and the transition state connect-
ing them. The energies of each of these points are subject to
different computational errors due to basis set and correlation
effects and therefore some inaccuracy will also be reflected in
the relative energies, which are identified with DH and DHz.
A measure of the error associated with the energies of the reac-
tants and products, and therefore, with DH of reaction (1),
may be gained by comparing the calculated BDE with the
experimental value, i.e., the heat of reaction (11), DAH .

AH Ð A
� þH

� ð11Þ

Thus, for CH3SH, DSH(calc) ¼ 342.4 kJ mol�1 and
DSH(exptl) ¼ 360.6 kJ mol�1.26–28 The difference, DDSH ¼
18.1 kJ mol�1, is attributed primarily to CH3S

� (see Fig. 1a).
The energy of the right hand side of eqn. (1) is adjusted by this
amount. In a parallel manner, DDCH values for �CH3 and
�CH2OH, 7.3 kJ mol�1 and 10.7 kJ mol�1, respectively, may
be derived from the parent species: CH4 (DCH(calc) ¼ 425.4
kJ mol�1, DCH(exptl) ¼ 432.6 kJ mol�1,26,27,29) and CH3OH
(DCH(calc) ¼ 384.9 kJ mol�1, DCH (exptl) ¼ 395.6 kJ
mol�1),26,27,30,31 and applied to adjust the energy of the reac-
tant side of eqn. (1) where the C-centred radicals appear.
For 2-hydroxy-2-propyl radical, the same value is applied as
for hydroxymethyl. In all cases the experimental BDE at 0 K
was derived from the available BDE at 298.15 K by applying
the calculated H

�

298 �H
�

0 correction. Evaluation of the reactant

Fig. 1 Experimental correction to the calculated bond dissociation
energies (a) and the calculated enthalpies of activation (b).
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and product energies in this manner ensures that the heat of
eqn. (1), DH, is correct at 0 K. In order to improve the accu-
racy of the enthalpy of activation of eqn. (1), DHz at 0 K,
the correction, DDTS , for the transition state, which has both
S- and C-radical character, is the weighed average (eqn. (12)),

DDTS ¼ fDDC H þ ð1� f ÞDDS H ð12Þ

where f is the fraction of spin remaining on the C-centred-radi-
cal part in the transition state. The procedure just described is
illustrated in Fig. 1. Spin distributions are discussed below.

2.3. Thermochemical procedures

2.3.1. Rate constants, k. The experimental data to which
the calculated results will be evaluated and compared are avail-
able as rate constants and Arrhenius parameters for reaction
(1) (R1SH ¼ dithiothreitol) in solution. In the thermodynamic
formulation of transition state theory (TST), the rate constant
for a reaction, kTST , is related to the free energy of activation,
DGz, by the Eyring equation (eqn. (13)):32

kTST ¼ ðkBT=hÞðc�Þ1�me�DGz=RT ð13Þ

where kB and h are Boltzmann’s and Planck’s constants,
respectively, R is the ideal gas constant, c� is the unit molar
concentration appropriate for the chosen standard state, and
m is the order of reaction. The factor, (c�)1�m, provides the
correct units for the rate constant of unimolecular and bimole-
cular reactions. In the present work, free energies are deter-
mined for two standard states, both at 298 K: in the gas
phase, the pressure is 1 atm. and c� ¼ 0.0408 mol dm�1; in
solution, c� ¼ 1.0 mol dm�1. A tunnelling correction, k, due
to Wigner,33–35 is applied.

k � 1þ 1

24

hnz
kBT

 !2

ð14Þ

where nz is the magnitude of the imaginary frequency of
motion along the reaction coordinate at the transition state.
Thus, the rate constant, k, is given by eqn. (15),

k ¼ kkTST ð15Þ

In the following sections the procedures for calculating the
gas phase free energy of activation (DG(g)

z) which will be used
in the evaluation of the rate constants are presented first, fol-
lowed by the necessary modifications to the gas phase results
in order to obtain the aqueous phase free energy of activation
(DGz

ðaqÞ).

2.3.2. Gas phase thermochemistry. The values of H
�

298 �H
�

0

required to obtain heats of reaction and activation at 298 K
and the entropies, S, needed in the evaluation of the free ener-
gies of reaction and activation were calculated by standard sta-
tistical thermodynamic methods, based on the rigid rotor-
harmonic oscillator model.36 All torsional motions were trea-
ted as vibrations with one exception. For the intermolecular
hydrogen transfer transition states the lowest real frequency
normal mode, corresponding to torsion about the line con-
necting the migrating hydrogen, was treated as a free rigid
rotation. In the treatment of enthalpies and entropies, as dis-
cussed below, where temperature is not given explicitly, it
should be assumed to be 298 K.
Enthalpy. H (¼ H

�

298) for each individual species is defined
according to eqn. (16).

H ¼ H
�

0 þ ðH �

298 �H
�

0Þ ð16Þ

where H
�

0 is the zero-point-corrected Born–Oppenheimer
energy calculated from Gaussian 98, and adjusted as described
above and shown in Fig. 1.

Entropy of mixing. Most species of interest here exist as mix-
tures of conformers and the entropy of mixing must be evalu-
ated.37 Enthalpies, Hi , and entropies, Si , were used to
calculate the free energy, Gi , for individual conformers, where

Gi ¼ Hi � TSi ð17Þ

The mole fraction, wi , for each is (eqn. (18)):

wi ¼
e�Gi=RTPn

j¼1

e�Gj=RT
ð18Þ

The entropy of mixing, Smix
ðgÞ , could then be calculated from

eqn. (19),

Smix
ðgÞ ¼ �R

Xn
i¼1

wðgÞi ln wðgÞi ð19Þ

where n is the number of conformers.
Free energy (G(g)). The total free energy for a substance (G(g))
is given by eqn. (20).

GðgÞ ¼
Xn
i¼1

GðgÞiwðgÞi � TSmix
ðgÞ ð20Þ

This formulation of the free energy results in a single combined
value for the reactants, transition states and products, each
including the contributions from the different conformations.
Free energies of reaction, DG, and free energies of activation,
DGz, are obtained by taking appropriate differences.

2.4. Solution phase

Solution models. Hydration energies38 were calculated using
two self-consistent reaction field (SCRF) models, COSMO39

(conductor-like screening model) and SCIPCM40 (self-consis-
tent isodensity polarized continuum model). Within these
models the solute is placed into a cavity surrounded by the sol-
vent, defined as a continuum of uniform dielectric constant.
The SCIPCM procedure defines the cavity as an isodensity
(0.0004) surface of the electron density. The COSMO (or
CPCM) procedure is parameterized using Hartree–Fock wave-
functions and a cavity constructed from united-atom radii.41,42

We have determined the CPCM free energies of solvation at
the HF/6-31G(d,p) level, using united atom radii to define
the cavities of the B3LYP/6-311+G(d,p)-optimized structures.
CPCM provides an analysis of the total free energy of solva-
tion, DG(solv), in terms of a temperature-independent electro-
static interaction, DH(es), and the temperature dependent
nonelectrostatic contribution DG(nes):

DGðsolvÞ ¼ DHðesÞ þ DGðnesÞ ð21Þ

The last term of eqn. (21), the ‘‘nonelectrostatic ’’ in the G98
implementation, consists of three terms. Two of these, the dis-
persion and repulsion terms, are independent of temperature,
and are here labelled DH(dis) and DH(rep), respectively. The
temperature dependence of DG(nes) arises solely in the third
term, the free energy of cavity formation, DG(cav), which, at
1 atm pressure is almost entirely due to the entropy of cavity
formation, DS(cav).43

DSðcavÞ ¼ �ð1=TÞDGðcavÞ ð22Þ

Thus one can write,

DGðsolvÞ ¼ DHðsolvÞ � TDSðsolvÞ ð23Þ

where

DHðsolvÞ ¼ DHðesÞ þ DHðdisÞ þ DHðrepÞ ð24Þ

The SCIPCM model as implemented in G94, contains only
electrostatic terms.40,42 In this model, DH(solv) is taken as
DH(es).

Phys. Chem. Chem. Phys., 2002, 4, 2965–2974 2967
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In summary, the aqueous free energy, G(aq)i , of a component
i of a mixture is given by eqn. (25),

GðaqÞi ¼ HðgÞi þ DHðsolvÞi � TSðg!aqÞi � TDSðsolvÞi ð25Þ

The entropy term, S(g!aq)i , may simply be taken as S(g)i , or, as
discussed below, modified to take into account aspects of the
solution process not incorporated in continuum models.
For a given reaction in solution, the enthalpy of activation,

DHz
(aq) , is given by

DHz
ðaqÞ ¼ DHz

ðgÞ þ DDHðsolvÞ ð26Þ

and the Arrhenius energy of activation, Ea , is given by44

Ea ¼ DHz
ðaqÞ þ 2RT ð27Þ

Three solvation models. We utilize comparison to our experi-
mental data to examine three approaches for the determination
of free energies of solution, differing by the treatment of
entropy changes upon solution, i.e., S(g!aq)i (eqn. (25)). The
approaches may be regarded as refinement of SCRF conti-
nuum solvation models, e.g., COSMO, combined with TST
for the determination of kinetic parameters for bimolecular
reactions in solution. The most direct approach, Solvation
Model 1, is to derive aqueous free energies by the simple expe-
dient of addition of SCRF-derived DG(solv) to gas phase G(g)

values, corrected to 1 mol dm�1.

GðaqÞ ¼ GðgÞ þ DGðsolvÞ ð28Þ

This approach is justified for continuum solvation models, like
COSMO (invoked by CPCM in G98), because they are para-
meterized against experimental free energies for a test suite
of molecules.42 However, it has been argued this procedure
may greatly overestimate entropic effects.45,46 This is a serious
concern when attempting to calculate free energies of activa-
tion for bimolecular reactions in solution, and is due to the fact
that, in the gas phase, the major contributors to the entropy
are the translational and rotational degrees of freedom
which may be significantly reduced in solution due to
specific solute–solvent interactions not incorporated into con-
tinuum models. In a bimolecular reaction, A+B!AB, six
translational and rotational degrees of freedom are converted
to internal vibrations which are less subject to solvent inter-
actions.
An alternative approach, Solvation Model 2, is to regard all

gas-phase translational and rotational entropy as ‘‘ lost ’’ upon
solution as the molecule (solute) is trapped in a solvent cage.
This is tantamount to considering the solute and its solvation
shell as a ‘‘ supermolecule ’’. The gas-phase translational and
rotational entropy would be replaced by an additional contri-
bution from unspecified internal vibrations of the solute–sol-
vent ‘‘ supermolecule ’’ cage. For Solvation Model 2, we adapt
the procedure of Wolfe and coworkers, who derived the
entropy, S(g!aq) , of each solute by replacing the gas phase
translational and rotational components of the entropy by
the entropy 79.8 J mol�1 K�1, due to six vibrational modes
with effective frequency, 115 cm�1.45 This effective frequency
was derived non-empirically from a cage-like structure of
water molecules surrounding the solute. We adopt this value
although it was subsequently realized that some refinement
was warranted.46 In calculating the solution free energy of acti-
vation, the total DDG(solv) from COSMO, is incorporated into
this model. This is also a departure from Wolfe and coworkers
who used the single-spherical-cavity (Born) SCRF model.
Lastly, we examine a third, empirical approach, Solvation

Model 3, in which we derive a part of the aqueous entropy,
S(g!aq)i , from experimental data as described below.
Entropy for solvation model 3: (S(aq)). Experimental gas phase
entropies47,48 and entropies of solution are available for a
number of substances, 47,49 including three of the species

involved in this paper, namely, CH4 ,
48 CH3OH,48

(CH3)2CHOH.49 However, no experimental entropy data in
aqueous solution are available for CH3SH or any of the
derived radicals, nor for the transition structures. We assume
that the translational and rotational parts of the solution
entropy of substances are the same if they are similar in shape
and size, and derive the unknown solution entropies from the
experimental values of related substances. Thus, we write the
gas phase entropy, S(g)i , of a component, i, of a mixture of
conformers in terms of its vibrational, electronic, and transla-
tional/rotational components, as

SðgÞi ¼ Svib
ðgÞ þ Selec

ðgÞ þ Strans;rot
ðgÞ ð29Þ

and a parallel equation can be written for the aqueous phase
entropy of i.

SðaqÞi ¼ Svib
ðaqÞ þ Selec

ðaqÞ þ Strans;rot
ðaqÞ ð30Þ

The aqueous phase entropy of a substance, S(aq) , with n con-
formers is then given by:

SðaqÞ ¼ Svib
ðaqÞ þ Selec

ðaqÞ þ Strans;rot
ðaqÞ þ R ln n ð31Þ

where the last term approximates the entropy of mixing of the
n conformers of similar populations.50 The electronic contribu-
tion to the entropy is 0 for a singlet state and R ln 2 for a doub-
let state, i.e., a radical. We further assume that the vibrational
and electronic parts of the entropy are the same for all confor-
mers, and the same in the gas phase and in solution. Thus, the
unknown aqueous entropy of one of our species S(aq)i(X), may
be derived from the known experimental solution entropy,
S(aq)(X

0) of a substance X0 with n conformations by eqn. (32):

SðaqÞiðXÞ ¼ SðaqÞðX0Þ � Svib
ðgÞðX0Þ � R ln nþ Svib

ðgÞðXÞ þ SelecðXÞ
ð32Þ

In summary, the vibrational entropy of X0 is calculated, and
subtracted from its experimental solution entropy together
with its entropy of mixing (if any), to be replaced by the calcu-
lated vibrational and electronic entropy of X. This procedure
can be justified in part by the fact that solution entropies are
largely independent of the mass of the solute.51 In the case
of the transition structures, the solution entropy is derived
from the most closely related stable molecule obtained by
replacing the sulfur and central H atom by a CH2CH2 unit.
Thus, the TS for the CH3

� +H–SCH3 system is modelled by
n-butane, for which the solution entropy is known. The models
used for each system are presented in Table 1.

Table 1 The models and their experimental S(aq) (J K
�1 mol�1) values

used in the derivation of the S(aq) (J K�1 mol�1) for each species of

interest

Model S(aq)(exptl)
a Species modeled S(aq)(calc)

CH4 83.7b �CH3 97.5

CH3OH 133.1b �CH2OH 138.7

CH3SH 136.7

CH3S
� 127.0

i-PrOH 154.8 �C(CH3)2OH 156.1

Butane 167.2 TS1 176.3

n-Butanol 196.2 TS2a 195.4

TS2b 197.3

3-Hexanol 234.3c TS3a 221.3

TS3b 226.3

2-Methyl-2-butanol 182.2 TS3a 225.4

TS3b 230.3

a Calculated using gas phase entropies from ref. 48, and solvation

entropies from ref. 49 unless noted otherwise. b Ref. 29. c Derived

from calculated gas phase entropy, and solvation entropy from ref. 49.

2968 Phys. Chem. Chem. Phys., 2002, 4, 2965–2974
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Thus free energies of Solvation Model 3 are derived from
eqn. (25), with S(g!aq) replaced by S(aq) . Two variations are
considered, SM3a, and SM3b, depending upon whether
DH(solv) and DS(solv) are obtained from CPCM or SCIPCM,
respectively. In the case of SCIPCM, DS(solv) ¼ 0.

3. Experimental results and discussion

Using the approach described in Section 2.1, the rate constants
of three a-hydroxyalkyl radicals (�CH2OH, �CH(CH3)OH, and
�C(CH3)2OH) and those of �CH3 and the less reactive primary
alkyl radical �CH2C(CH3)2OH have been determined by pulse
radiolysis as a function of temperature.
The kinetics of the build up of the 390 nm absorption due to

the disulfide radical anion (eqn. (8–10)) was biphasic. A small
initial yield (within the first microseconds due to the intercep-
tion of �OH and H� by 1,4-dithiothreitol) was followed by a
much slower increase due to the reactions of the alkyl radicals
with 1,4-dithiothreitol. The kinetics of this reaction was always
of first order, and based on the 1,4-dithiothreitol concentration
a bimolecular rate constant was calculated. Each data point
represents a series of experiments at different doses per pulse.
The data (not shown) were extrapolated to zero dose per pulse
in order to eliminate artefacts by contributions of the second-
order decay of the alkyl radicals. An Arrhenius plot is shown
in Fig. 2. As is evident from the lines in Fig. 2, at all tem-
peratures within the experimental range, 275 K–330 K, the
order of the rates of reaction (1) (R1SH ¼ dithiothreitol) is:
�C(CH3)2OH> �CH(CH3)OH> �CH2OH> �CH3>

�CH2C-
(CH3)2OH. A rationale is presented for this order after the
theoretical results are presented and discussed.
From the data shown in Fig. 2, activation energies (Ea) and

frequency factors (A) were calculated and are compiled in
Table 2.

3.1. Theoretical results and discussion

Table 3 contains data for each individual species discussed in
this study, including the isodesmic corrections to the enthal-

pies, the tunnelling correction, the gas phase entropies, and
total enthalpies and free energies of solution from CPCM
and SCIPCM. The relative energies and the corresponding
mole fractions (w) for each species which are used to calculate
their contribution to the total free energy, as well as in the cal-
culation of Smix, are given in Table 4. Table 5 summarizes the
enthalpy and free energy results for each of the reactions as
well as rate constants calculated at each level of treatment.
In the first set of columns in Tables 4 and 5 under the heading,
‘‘Gas phase ’’, are gas phase results at 1 atm. The last set of
columns under the heading ‘‘Solution phase ’’ contain the
results obtained by adding the CPCM and SCIPCM solution
phase corrections, DDH(es), and DDG(nes), and incorporating
S(aq) from Table 1.
The transition states located for each reaction are shown in

Fig. 3. One transition state (TS1) was located for the reaction
with methyl radical, while two transition states (TS2a, TS2b
and TS3a, TS3b) were located for each of the hydroxyalkyl
radicals. In all cases the transition states involve a near
linear attack (<C–H–Sffi 175�). In the transition states, the
C–H bond lengths are 0.578 Å longer than that calculated
for methane and an average of 0.470 Å and 0.428 Å longer
than in methanol and 2-propanol, respectively. The S–H
bond lengths in the transition states are only 0.087 Å longer
than that calculated for methanethiol for the reaction with
methane and an average of 0.134 Å and 0.156 Å
longer for the reaction with the hydroxymethyl radical
and 2-hydroxy-2-propyl radical, respectively. These
results are consistent with early transition states for these
reactions.
Fig. 4 shows plots of the charges for each of the systems at

the reactant, transition state and product points on the reac-
tion coordinate. For each system the charges are summed into
groups. Analysis of Fig. 4a for the reaction with methyl radical
indicates that there is polarization in the transition state (TS1).
The methanethio group takes on net negative charge in the
transition state while the hydrogen and methyl groups take
on positive charge. Fig. 4b shows an identical trend for the
reaction with hydroxymethyl radical, only now the polariza-
tion has increased on each of the groups. This can only be
due to the improved ability of the hydroxymethyl group to sta-
blize a positive charge over that of a methyl group. This trend
continues for H-atom abstraction by 2-hydroxy-2-propyl radi-
cal (Fig. 4c).
Spin density analysis has been carried out, based on an AIM

population analysis previously outlined by Wiberg et al.11,52

The spin density is defined as the difference in total a and b
spins, separately integrated over the respective AIM atomic
basins. The results are summarised in Fig. 5. Unlike the analy-
sis of the charges which indicated that the charge polarization
in the transition states was very different from that in the reac-
tants or the products, the spins in the transition states appear
to move quite directly to the final distribution in the products.
Furthermore the spin density analysis confirms that the transi-
tion states are quite early, as would be expected, but could not
be reflected in the charge polarization. Accordingly, in all three
cases the spin density is still largely centered on the attacking
radical.

Fig. 2 Pulse radiolysis of N2O-saturated solutions of 2-propanol (S),
ethanol (N), methanol (/), dimethylsulfoxide (X) and tertiary butanol
(L) (0.05–0.3 mol dm�3) in the presence of 1,4-dithiothreitol
(1� 10�3). Arrhenius plots of the bimolecular rate constants of the
reaction of the radicals with 1,4-dithiothreitol.

Table 2 Compilation of rate constants at 25 �C, activation energies (Ea) and frequency factors (A) of some radicals with 1,4-dithiothreitol

Radical k at 25 �C/dm3 mol�1 s�1 Activation energy (Ea)/kJ mol�1 Frequency factor (A)

�C(CH3)2OH 3.3� 108 9.7 1.7� 1010
�CH(CH3)OH 1.5� 108 8.6 0.52� 1010
�CH2OH 8.6� 107 12.1 1.3� 1010
�CH3 7.4� 107 12.3 1.1� 1010
�CH2C(CH3)2OH 4.3� 107 18.7 9.5� 1010
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Table 3 Total energies, zero point corrections, experimental corrections, tunneling factors, temperature corrections to the enthalpies, entropies in

the gas phase as well as the solution phase free energy corrections from the CPCM and SCIPCM models for each species

Species

Gas phase Solution phase

s E/hartree

ZPE/

kJ mol�1
DD/

kJ mol�1
k/
kJ mol�1

H
�

298 �H
�

0/

J K�1 mol�1 Sa /kJ mol�1

CPCM SCIPCMb

DH(solv)/

kJ mol�1
DG(cav)/
kJ mol�1

DH(solv)c /

kJ mol�1

Radicals
�CH3 6 �39.85517 77.8 7.3 — 10.5 194.6 �18.5 25.5 �1.8
�CH2OH 1 �115.10249 97.3 10.7 — 11.4 241.1 �50.9 27.4 �16.0
�C(CH3)2OH 1 �193.76814 246.2 10.7 — 17.5 309.0 �62.6 47.2 �13.1

CH3S
� 3 �438.10033 92.8 18.1 — 11.0 248.1 �40.2 36.1 �6.4

H� �0.50216 — —

Stable species

CH4 12 �40.53393 116.9 — — 10.0 186.1 �19.7 27.4 �0.6

CH3OH 1 �115.76494 134.0 — — 11.3 238.8 �51.8 28.8 �15.0

(CH3)2CHOH(R1)d 1 �194.42425 282.2 — — 17.1 299.2 �69.1 46.7 �13.5

(CH3)2CHOH(R2)e 1 �194.42460 282.2 — — 17.0 299.0 �68.6 46.5 �13.2

CH3SH 1 �438.74322 120.4 — — 12.0 253.9 �43.3 37.9 �7.6

Transition states

TS1 1 �478.59609 200.3 10.0 1.19 18.1 329.6 �54.8 56.4 �9.2

TS2a 1 �553.84302 217.6 12.9 1.57 20.1 366.8 �85.7 59.8 �24.2

TS2b 1 �553.84373 217.7 12.9 1.53 20.1 368.7 �83.7 59.7 �22.6

TS3a 1 �632.50934 364.6 13.1 1.66 27.3 425.6 �98.3 77.8 �23.1

TS3b 1 �632.51034 364.4 13.1 1.58 27.6 430.3 �95.9 78.0 �18.9

a Calculated at the ideal gas standard state (1 atm.). b SCIPCM values in italics were calculated using the 6-31+G(d) basis set. c Equal to DH(es).

The Cs rotamer of 2-propanol. e The C1 rotamer of 2-propanol.

Table 4 Relative energiesa and mole fractions in the gas phase and aqueous solution

Species

Gas phase Solution phaseb

n DH DG w

CPCMc SCIPCM

DG w DG w

(CH3)2CHOH(R1)d 1 0.9 0.9 0.26 0.6 0.28 0.64 0.28

(CH3)2CHOH(R2)e 2 0.0 0.0 0.37 0.0 0.36 0.0 0.36

TS2(a) 2 1.7 2.3 0.28 0.4 0.46 0.66 0.43

TS2(b) 2 0.0 0.0 0.72 0.0 0.54 0.0 0.57

TS3(a) 2 2.6 4.0 0.17 1.4 0.37 0.0 0.52

TS3(b) 2 0.0 0.0 0.83 0.0 0.63 0.2 0.48

a Relative to the most stable conformation in each grouping. b Solution entropies taken from Table 1. c Including the DH(solv) and DG(cav) terms

from CPCM (Table 3). d The Cs rotamer of 2-propanol. e The C1 rotamer of 2-propanol.

Table 5 The enthalpies and free energies of reaction and activation (kJ mol�1) at each level of treatment and the corresponding estimated rate

constants (dm3 mol�1 s�1) for the reaction of C-centered radicals with methanethiol in the gas phase and aqueous solution

Radical

Gas phasea Solution phaseb

DH DHz DG DGz k

CPCM (SM3a) SCIPCM (SM3b)

DHc DHz c DGd DGz d kd DH DHz DG DGz k

�CH3 �73.4 6.4 �67.2 41.9 8.5� 106 �71.5 13.4 �64.4 23.7 5.3� 108 �71.1 6.5 �64.1 23.8 5.0� 108
�CH2OH �36.0 4.4 �30.0 42.2 9.4� 106 �33.8 14.3 �27.8 32.4 2.0� 107 �33.9 5.0 �27.6 28.5 9.7� 107
�C(CH3)2OH �21.1 1.3 �15.5 41.1 1.5� 107 �23.8 10.8 �24.3 23.5 7.8� 108 �20.2 1.8 �17.9 21.8 1.5� 109

a Entropy calculated at the ideal gas standard state (1 atm). b Solution entropies at the 1 mol dm�1 standard state, taken from Table 1. c Including

the DH(solv) term from CPCM. d Including the DH(solv) and DG(cav) terms from CPCM.
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3.2. Gas phase

The gas phase enthalpy of reaction (1), DH, (Table 5) is
exothermic with �CH3>

�CH2OH> �C(CH3)2OH in agreement
with the decreasing BDE of the parents. However, the
enthalpy of activation, DHz, does not decrease with the
increasing exothermicity of the reaction. While the differences
are not large, the least stable radical, �CH3 has the highest
DHz, while the most stable, �C(CH3)2OH, has the lowest
DHz. This trend can be understood in terms of a polarization
model of the transition state as presented by Roberts and
Steel.53,54 They have suggested that there are four key
valence-bond structures (1a–d) which can be used to represent
the transition state in a hydrogen atom transfer,

where 1c might be better represented by 2a and 2b and likewise
for 1d.53 These electronic configurations maximize the coulom-
bic stabilization energy in the transition state.

To the extent that the ionic resonance structures of the type 2a
and 2b are important, the transition state will be stabilized and
DHz will be lower. In the present case, the A group corre-
sponds to CH3S and B corresponds to the CH3 , CH2OH or
C(CH3)2OH group. Analysis of the atomic charges, using
AIMPAC,11 suggests that the transition states examined here
do benefit from this type of stabilization (Fig. 4). The polariza-
tion corresponds directly to valence bond configuration of type
2b.53 In order to maximize the so called ‘‘ ionic resonance
energy’’ (the polarization energy) the bulk of this positive
charge resides on the hydrogen being transferred. This trend
is exaggerated for the reaction with hydroxymethyl radical
(Fig. 4b), resulting in increased stablization in the transition
state (TS2a, TS2b). This is due to the improved ability of the
hydroxymethyl group to stablize a positive charge over that
of a methyl group. The trend continues for H-atom abstraction
by 2-hydroxy-2-propyl radical (Fig. 4c). This increased polar-
ization in the transition states (�C(CH3)2OH> �CH2OH>
�CH3) results in the observed enthalpies of activation (Table 5).
It may be noted here that Zavitsas55,56 favours an analysis of

H-atom abstraction which emphasizes a triplet repulsion (anti-
bonding) term due to a valence contributor of type 3 which
must place parallel spins on A and B.

Commenting specifically on the reaction of C-centered radicals
with thiols, Zavitsas has pointed out the sulfur and carbon

Fig. 4 Total AIM charges: (K, L), CH3 , H2COH or (CH3)2COH;
(˙, ˘), SCH3 ; (X, S), central H atom. Open symbols represent curves
containing TS1, TS2a and TS3a and filled symbols (partially hidden)
represent curves containing TS2b and TS2b.

Fig. 3 Transition states for H-atom abstraction from methanethiol.

Phys. Chem. Chem. Phys., 2002, 4, 2965–2974 2971
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have similar electronegativies suggesting that such criteria
would offer little guidance to the direction of the charge polar-
iziation in the transition state. To the extent that resonance
structure 3 is important, it requires similar fractions of spin
on the C and S centers. However, our spin density analysis
(Fig. 5) indicates that the spin is very unequally distributed
in the TS (f ¼ 0.67� 0.75). In fact TS3 which has the spin
the most evenly distributed over the A and B groups, presum-
ably resulting in the highest triplet repulsion, actually has the
lowest DHz.
The observed differences in the enthalpy of activation can

also be understood in terms of orbital interaction theory.12,13

The important interaction is between the LUMO of metha-
nethiol and the SOMO of each C-centered radical (Fig. 6).
The SOMO energies increase in the order �CH3<
�CH2OH< �C(CH3)2OH resulting in a stronger interaction
for the higher energy SOMOs with the s* orbital of the H–S
bond. This stronger interaction results in an increased stabili-
zation of the transition state (Table 5).
The picture is a little different once the gas phase entropy is

factored in to give the free energy of reaction and activation
(DG and DGz, Table 5). Although DG and DH hold the same

trend, this is not true for DHz and DGz. The relative differences
in DGz from one reaction to the next are less than for DHz.
This is due to the loss of translational and rotational entropy
(Strans,rot) to vibrational entropy (Svib) as the reactants move
along the reaction coordinate towards the transition state.
Since this loss in entropy is greatest for the most massive reac-
tants, the methyl radical system loses the least entropy.
Several experimental gas phase rate data are available for

the reaction of methyl radical with thiols.57–59 The most recent
determination, k ¼ 5� 106 dm3 mol�1 s�1 (�CH3+HSC2H5 at
298 K),58 is in good agreement with our calculated gas phase
value of k ¼ 8.5� 106 dm3 mol�1 s�1 (Table 5), but suggests
that our activation enthalpy may be a little too low.

3.3. Solution phase

Enthalpy in solution. The electrostatic component of the
energy of solvation, DH(solv) (¼ DH(es)), derived from
SCIPCM is given for each species in the last column of Table
2. The enthalpy changes for reaction (1) (see Table 5)
(R1SH ¼ CH3SH) due to solvation, DDH(es), represent mod-
est increases in DH of reaction (in kJ mol�1): �CH3 , +2.3;
�CH2OH, +2.1; �C(CH3)2OH, +0.9. In other words, the
exothermicity of the reaction in the gas phase (Table 5, column
2) is reduced by these amounts in solution. The effect on the
enthalpy of activation, DHz, is even less (DDHz(es) in kJ
mol�1): �CH3 , +0.1; �CH2OH, +0.1; �C(CH3)2OH, +0.5.
The DDHz(es) values derived by CPCM are very similar (data
not shown), but in the CPCM case, DH(solv) includes the tem-
perature-independent components of DG(nes). The predicted
aqueous enthalpies of activation are significantly higher than
the gas phase values, DDHz(solv): �CH3 , +7.0; �CH2OH,
+9.9; �C(CH3)2OH, +9.5. The negligibly small effect by
SCIPCM, and positive effect by CPCM, on the enthalpy of
activation due to immersion in the polar solvent (water) are
somewhat surprising in view of the afore-mentioned charge
polarization in the TS.

Free energy in solution. According to Solvation Model 1 (eqn.
(28)), free energies of reaction and activation may be derived
by simply adding the appropriate DDG(solv) to gas-phase DG
values. By CPCM, DDG(solv) values for the free energy of acti-
vation are (in kJ mol�1): CH3

�, 0.0; H2C
�OH, +4.1;

(CH3)2C
�OH, +1.8. Thus a modest slowing down of the reac-

tion from the gas phase rate is predicted. The rate constants
predicted by Solvation Model 1 are compared to the experi-
mentally determined values in Table 6. All reactions are pre-
dicted to be slower than observed, by factors of 8.7, 57, and
61 for �CH3 ,

�CH2OH, and �C(CH3)2OH, respectively. The
discrepancy is worse for the larger systems, as previously
noted, and is attributed to improper accounting of the
exchange of gas-phase rotational and translational entropy
for vibrational entropy in solution.45 Solvation Model 2
represents an attempt to account for this by application of

Fig. 6 Orbital interaction analysis of the H-atom abstraction from
methanethiol by the three C-centered radicals.

Fig. 5 Total AIM spin densities: (K, L), CH3 , H2COH or
(CH3)2COH; (˙, ˘), SCH3 ; (X, S), central H atom. Open symbols
represent curves containing TS1, TS2a and TS3a and filled symbols
(partially hidden) represent curves containing TS2b and TS3b. Frac-
tion of the spin, f, on the C-centered fragment in the transition state:
CH3 , f ¼ 0.75; H2COH, f ¼ 0.7; (CH3)2COH; f ¼ 0.67.

2972 Phys. Chem. Chem. Phys., 2002, 4, 2965–2974
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vibrational entropy due to six modes with an effective fre-
quency, 115 cm�1. However, this procedure yields rates which
are too fast by 3 to 4 orders of magnitude (Table 6). Evidently
the entropy change is not large enough. While closer agree-
ment with experiment may be achieved by choosing a lower
frequency, we have not pursued this route. It is clear a rational
manner of determining entropies in solution is required.

Entropy in solution (S(aq)). A number of approaches to the
problem of calculating entropies of substances in solution have
been proposed in the past. However they either have not been
parameterized60–63 for systems similar to those of interest here
or perform poorly for systems of this size.45 In any case S(aq) is
a macroscopic property depending on both the solvent and the
solute and any attempt to parameterize information calculated
at a molecular level will be in some sense artificial.
Table 1 contains the solution entropies (S(aq)) as calculated

by our entropy model procedure described in Section 2.4.
Although the S(aq) values (Table 1) are dramatically smaller
then the S(g) values (Table 3) for each individual species, the
free energies of activation derived using S(aq) are 18.0 kJ
mol�1, 13.7 kJ mol�1 and 19.3 kJ mol�1 lower for the �CH3 ,
�CH2OH and �C(CH3)2OH systems respectively than the
values derived from S(g) . In each case a constant portion of
this free energy change, 7.9 kJ mol�1, is simply a result of
the change in the entropy due to the concentration difference
between the ideal gas standard state (1 atm) and the 1 mol
dm�1 standard state in solution.
Solvation Model 3 attempts to determine an effective entropy

in solution for each species by replacing the gas-phase transla-
tional and rotational components with the solution quantity
obtained by extrapolation from experimental entropies in solu-
tion of related species. Free energies are determined by eqn.
(25), which includes contributions from the standard conti-
nuum models, CPCM (SM3a) and SCIPCM (SM3b). The
rates predicted by both SM3a and SM3b are compared in
Table 6 to the experimental rates. Both methods yield rates
for the two hydroxy radicals which are in the right order and
within a factor of 4 or 5 of the experimental values. In the case
of SM3b, the methyl radical is slightly slower than in SM3a,
and the hydroxyalkyl radicals are faster, improving the agree-
ment of �CH2OH with experiment, but making the absolute
agreement for �C(CH3)2OH somewhat worst.

Arrhenius activation energy, Ea. The Arrhenius activation
energy, Ea , provides a sensitive additional determinant of
the validity of the procedures employed and does not depend
on the accuracy of the estimated entropy changes. Ea values
were calculated by eqns. (26) and (27), and are compared to
the experimental values in Table 6. Solvation models SM1,
SM2, and SM3a all employ CPCM values and yield almost
identical Ea values. Only those for SM3a are shown in Table
6. For each of the radicals, the calculated Ea values for
SM3a are 6 to 7 kJ mol�1 too high compared to the experimen-
tal values. While in an absolute sense, this is a small error, the
values derived by SM3b which employs SCIPCM solution
values, are closer still, being uniformly lower than experimen-

tal but deviating by less than 3 kJ mol�1 and showing the same
trend as the experimental results. The success of SM3b is
remarkable since the SCIPCM procedure contains no short
range dispersion and repulsion terms.

4. Conclusions

The Arrhenius parameters and rates of reaction of three
hydroxyradicals, methyl radical, and the hindered primary
C-centred radical from t-butyl alcohol with dithiothreitol were
measured by pulse radiolysis in water. The bimolecular rate
constants were found to be in the order: �C(CH3)2OH>
�CH(CH3)OH> �CH2OH> �CH3>

�CH2C(CH3)2OH. The
reaction of three of these, �C(CH3)2OH, �CH2OH, and �CH3 ,
with methanethiol were examined with high-level quantum
chemical calculations, coupled with transition state theory,
both in the gas phase and in solution. The steric effects which
contribute to the slow rate of reaction of �CH2C(CH3)2OH
were not examined. Analysis of the atomic charges indicates
that the observed order of reactivity and DHz, which are con-
trary to the BDE of the radical’s parents, can be understood in
terms of increasing polarization in the transition states
(�C(CH3)2OH> �CH2OH> �CH3). Polarization of the transi-
tion state appears to result in an ‘‘ ionic resonance energy’’ sta-
bilization consistent with the proposals of Roberts and Steel.53

The order is also readily understandable by orbital interaction
theory as being determined by SOMO–LUMO (s	

SH) interac-
tions. Standard continuum models of solvation, COSMO
and SCIPCM, were applied to examine the effect of solvent
on the calculated rates of reaction. It is verified that special
consideration must be given to entropy changes upon solution.
Good agreement with experiment could be achieved with both
continuum models if the aqueous entropy was derived by
extrapolation from experimental values of model systems.
SCIPCM yielded better agreement with experiment against
the criteria of both the rate constants and Arrhenius activation
energies.
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