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The reactivity of a solvated electron with MgII salts in THF is investigated by pulse radiolysis. With magnesium
chloride, no reaction is observed, but when magnesium perchlorate is used, the solvated electron reacts to
form a species absorbing in the near-infrared. Conductivity measurements show that neither MgCl2 nor Mg-
(ClO4)2 is dissociated in THF. Quantum chemical calculations show that the difference in behavior between
the two salts can be traced back to the electron affinities of the solutes in the gas phase. The solvated electron
forms a stable pair only with magnesium perchlorate. The structure of this pair is proposed. The rate constants
of the reactions and the extinction coefficients of the different species involved in the formation and decay
of the pair are determined with a probabilistic global analysis method of the time-resolved absorbance signals.

Introduction

Since the 1960s, the reduction of metal cations in solution
by solvated electrons has been studied by pulse radiolysis.1 In
some cases, unusual valence states are observed from their
transient optical absorption. Their reactivity and the reaction
mechanisms are established by following the kinetics of
formation and decay in solutions containing other solutes. Some
metal cations, such as alkaline and alkaline earth cations, cannot
be reduced by hydrated electrons in water. Nevertheless, the
reduction of alkaline metal cations by solvated electrons in less
polar solvents was studied during the 1970s.2 The alkaline earth
group was studied by pulse radiolysis in alcohol solutions only.
An ion pairing of solvated electrons affecting the absorption
spectra was observed in ethanol.3

In water, γ-radiolysis studies showed that the reaction
between a hydrated electron and Mg2+ does not occur because
the value of the redox potential of Mg2+/Mg+ is lower than
that of the hydrated electron.4 We recently confirmed this result
by observing the decay of solvated electrons in the presence of
different Mg2+ concentrations.5 Indeed, the observed kinetics
were not affected by the presence of Mg2+, even at concentra-
tions as high as 10-2 mol dm-3.

Magnesium is an interesting system because of the importance
of its reactivity in organic chemistry. As a precursor of the
Grignard compounds, RMgX (R: alkyl radical and X: halogen
atom), the magnesium metal powder is generally assumed to
dissolve and eventually to form divalent ions in solution during
the reaction with RX compounds. But the nature of transient
magnesium states in the oxidation process of metal powder is
still unknown. In particular, the formation mechanism of the
Grignard compounds used for over a century6 has not yet been
established unambiguously.7,8 This raises questions about the
possible role of monovalent magnesium, which is formed
through the first monoelectronic oxidation of the metal in

organic solutions by RX during the synthesis of Grignard
compounds.

In a preliminary paper, we recently reported a reaction
between a solvated electron and MgII in different weakly polar
solvents such as ethers:

We used only magnesium perchlorate, Mg(ClO4)2, as a solvated
electron scavenger. The rate constant of reaction 1 was estimated
to be around 1010 dm3 mol-1 s-1 in diethyl ether and tetrahydro-
furan. Because we did not identify the structure of the
magnesium cation in solution, MgII in reaction 1 stands for a
dissociated or an undissociated form of the salt. We showed
that the reduction of the divalent magnesium by a solvated
electron in diethyl ether and tetrahydrofuran leads to the
formation of a species absorbing in the near-infrared. We
suggested that the observed species is either the monovalent
magnesium ion MgI or a solvated electron-ion pair (MgII, es

-).5

In the present work, we study reaction 1 in more detail by
identifying the structure of MgII in solution for two different
salts and by determining the nature of the product. For that
purpose, we carried out conductivity measurements of THF
solutions containing one of the two magnesium salts Mg(ClO4)2

or MgCl2. Then, we followed the reactivity of the solvated
electron with these two salts in THF by nanosecond pulse
radiolysis. The kinetics data are analyzed by a probabilistic
global method to assess the identifiability of the kinetics
parameters (formation and decay rate constants and absorption
optical properties). The experimental results are supported by
ab initio calculations, enabling to identify the nature of the
product of reaction 1 and to determine the thermodynamics of
this reaction.

Experimental and Theoretical Methods

1. Experimental.Tetrahydrofuran (THF) of 99.5% purity was
purchased from Fluka. THF was distilled in the presence of
metallic sodium under an argon atmosphere to remove water
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and oxidizing agents. The alkaline earth perchlorates and
chlorides, purchased from Aldrich, were used as received.

A CDM 210 radiometer Copenhagen was used for the
conductivity measurements. The measurements range was from
0.01 to 5.99µS cm-1 with different frequencies defined for
specific conductivity domain. The cell constant is calibrated
before each experiment with solutions of KCl, and the value is
around 0.88 cm-1. The two electrodes are made with platinum
and do not react with THF. All of the conductance measure-
ments are performed at room temperature. The conductivity of
the pure solvent was below the detection threshold.

The pulse radiolysis setup has been described elsewhere.9

Electron pulses (3-ns duration) were delivered by a Febetron
706 accelerator (600-keV electron energy) to samples contained
in a quartz suprasil cell through a thin entrance window (0.2
mm) having an optical path length (1 cm) perpendicular to the
electron beam. The cell was deaerated via nitrogen flow before
the experiment. The solution was changed after each pulse. The
optical absorption of the transient species was recorded by means
of a classical xenon lamp, monochromator, and photomultiplier
or diode setup with a sensitive surface of 1-mm radius. The
spectrophotometer detection system had an overall rise time of
3.7 ns in the visible spectral domain and 12 ns in the infrared
domain. The reported values of the transient optical density are
averaged over at least 10 measurements.

2. Data Analysis of Transient Signals.Transient absorbance
signalsA(t, λ) are expressed as

where t is the time, λ is the spectral coordinate,εi is the
extinction coefficient of speciesi, ci is the instantaneous
concentration, andK represents the set of parameters involved
in the kinetics model.

2.1. Simulation of Reaction Kinetics.The concentrations
of transient species (ci) are obtained by numerical simulation
of the rate equations corresponding to a set of chemical
reactions. In this work, the pulse duration is short compared to
the monitored processes, and we do not explicitly take the dose
rate into account in the equations. Initial conditions are rather
specified through the “initial” concentrations (i.e., just after the
pulse) of the precursor species (solvated electron, radicals, etc.).
The resulting set of coupled nonlinear ordinary differential
equations is integrated with the LSODA routine, which adapts
automatically to stiff or nonstiff conditions.10

2.2. Parameter Identification. In pulsed radiolysis experi-
ments, the unknown parameters usually include spectral proper-
ties of transient species and reaction rates. Under our experi-
mental conditions (in the absence of the exact dose value and
radiolytic yields), we also have to consider the initial concentra-
tions of the precursor species (solvated electron, radicals, etc.)
as unknown. The identification of these parameters is known
to be problematic,11,12and it was expected that some parameters
could not be identified.13 This state can be improved to some
extent with a global analysis strategy (i.e., simultaneous analysis
of complementary experiments14), and we systematically use
this approach in the present work. For convenience, we will
distinguish global parameters involved in all of the analyzed
experiments from local parameters related to a single signal.

We address the identifiability issue with apractical identi-
fication method based on probabilistic (Bayesian) data
analysis.15-19 Such a method is also used, for instance, in
environmental modeling20 and biokinetics.21,22 It is based on

stochastic sampling by Markov chains23-25 of the posterior
probability density function (pdf),p(u|D), in the space of
parametersu, for a given data setD. This method does not focus
only on the best-fit solution but also on the set of parameters
giving an acceptable fit, considering the uncertainty of the
analyzed data. Details of the method are given in the Appendix.

3. ab Initio Calculations for Structure Determination. The
two neutral solutessmagnesium chloride, MgCl2, and magne-
sium perchlorate, Mg(ClO4)2sin solution in THF are investi-
gated with the help of SCF and DFT methods. We have
considered explicitly the first solvation shell, which implies the
treatment of up to four THF molecules. Since the systems are
rather large, we have used the following strategy in two steps:

(1) geometry optimization of the THF-dressed solute in
vacuum at the SCF level with a conventional 6-31G* basis set;
and

(2) single-point DFT/B3LYP calculations at the SCF opti-
mized geometry, including the field of the remaining solvent
with the Onsager method. This method uses a spherical cavity
that is well adapted to our systems, thanks to the first shell of
THF molecules. We have compared the Onsager and polarized
continuum medium (PCM) methods for ClO4

- and have found
that the Onsager method underestimates the solvation free
energy by less than 10%.

We use the same strategy for the corresponding anions
(MgCl2- and Mg(ClO4)2

-) with a basis set for Mg augmented
with two s, p, d, and f Gaussians having exponents of 0.02 and
0.01. These exponents have been obtained from the last exponent
of the standard basis set (0.04) and a decreasing geometric law
of factor 2. All of the calculations have been carried out with
the Gaussian 98 program package.26

Results and Discussion

1. Structure of Magnesium Salts in THF.The only reported
data on the conductivity of Mg(ClO4)2 concern very highly
concentrated saturated solutions,27 whereas the relevant con-
centration range for our experiments is from 6× 10-4 to 10-2

mol dm-3 (i.e., below the solubility threshold). Therefore, we
performed conductometric studies of solutions containing small
concentrations of magnesium pechlorate or magnesium chloride
in THF. The dependence of the conductivity on the concentra-
tion of the salts is reported in Figure 1. The specific conductivity,
σ, of the MgCl2 solutions is very low, close to the detection
threshold, and remains approximately the same at any concen-

A(t, λ) ) ∑
i)1

N

ci(t, K) εi(λ) (2)

Figure 1. Specific conductivity of MgCl2 and Mg(ClO4)2 in THF. Inset:
fitting Λ × C1/2 ) f(C) according to Fuoss-Kraus theory.
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tration from 6× 10-4 to 10-2 mol dm-3. In contrast, the specific
conductivity of magnesium perchlorate solutions increases with
the concentration of the salt from 0.5 to 3.75µS cm-1 for 6 ×
10-4 to 10-2 mol dm-3, respectively.

These results are explained by a dissociation equilibrium
similar to the one De Groof and co-workers proposed for
magnesium tetraphenylboron in THF.28 Because of the low
polarity of the solvent, the total dissociation of magnesium
perchlorate is neglected.

Experimental data could not be fitted by the Onsager law, and
because equilibrium 3 is similar to that of a monovalent system,
because we take into account only the dissociation of one
perchlorate, we can use the Fuoss-Kraus theory of the triple
ion.29 This method has also been applied to the study of the
dissociation of sodium perchlorate in THF.31 According to the
Fuoss-Kraus theory of the triple ion, the molar conductivity
Λ ) σ/C is related to the association constantK3, the limiting
conductance of the ionic coupleΛ0, the association constant of
the triple-ion equilibriumKT, and the limiting conductance of
the ionic speciesΛT

0 involved in the triple-ion equilibrium
through the following equation:

where K3 ) [Mg(ClO4)2]/[MgClO4
+][ClO4

-] and KT corre-
sponds to the triple-ion equilibrium

The notion of a triple ion in our case means that there is a
possibility of association between one free ionic species
(MgClO4

+ or ClO4
-) and the neutral species Mg(ClO4)2.

Consequently, the triple ion is either Mg(ClO4)3
- or Mg2-

(ClO4)3
+. Without information onK5 andK6, Fuoss and Kraus

make the approximation that the two equilibrium constants have
similar values, which they justify by considering an average
ion size.

The functionΛxC ) f(C) is reported in the inset of Figure
1. The best linear fit gives an intercept of 7.2× 10-5 S cm1/2

mol-1/2 and a slope of 4.9× 10-6 S cm7/2 mol-3/2. In THF, the
value of the limiting conductance of ClO4- is known to beλ0

-

) 119.5 S cm2 mol-1.30 We assume the value ofΛ0 for MgCl
O4

+, ClO4
- (Λ0 ) λ0

+ + λ0
-), to be around 200 S cm2 mol-1. For

the triple-ion equilibrium, usingΛT
0 ) 1/3Λ0) 67 S cm2 mol-1,

we obtain KT ) 193 M-1. Therefore, we can estimate the
association constant using eq 4 asK3 ≈ 7 × 107 mol-1 dm3.
This value is in agreement with those obtained for other
perchlorate salts in THF: 9.9× 107, 1.7× 106, and 4.8× 107

M-1 for NaClO4,31 Bu4NClO4,32 and LiClO4,33 respectively.
Eventually, we can conclude that even in the case of Mg(ClO4)2

solutions there is no noticeable dissociation of the salt in THF.
Even if we consider a large uncertainty for the value of
λ(MgClO4

+), the result is not significantly changed: the main
species in solution is the neutral form Mg(ClO4)2. For example,
if we divide the value ofλ(MgClO4

+) by 2 (i.e.,λ(MgClO4
+)

) 40 S cm2 mol-1), then we obtain an association constant of
K3 that is equal to 4.9× 107 dm3 mol-1.

Indeed, it has been shown previously that ionic salts in weakly
polar solvents are weakly dissociated and that their neutral form
is actually an ion pair.34 The ion pair can be in a single cavity,
or several layers of solvent can be present between the two ions
to form their own cavities. But the distance between them
remains short, and important conductivity cannot be observed.
Not only for MgCl2 but also for magnesium perchlorate, the
neutral form of the salt (i.e., Mg(ClO4)2) is largely the most
abundant species in THF solution (e.g., for a concentration of
10-3 mol dm-3 Mg(ClO4)2, less than 3.8× 10-6 mol dm-3 of
the salt is dissociated). The lack of information onK5 andK6

has no great importance since the dissociation is very weak and
the concentration of ionic species, whatever their form, is too
low to consider a possible reaction with solvated electrons.

2. Reactivity of the Solvated Electron with Magnesium
Salts in THF. Considering the expected parameters’ identifi-
ability problems, we proceed by analyzing sequentially the
elementary reactions involved in the system. The determination
of the kinetic and spectroscopic properties of the solvated
electron in THF appears to be the keystone of the whole process.
Moreover, it is used to illustrate the probabilistic global analysis
method on a rather simple problem.

2.1. Decay of the Solvated Electron in Pure THF.In the
absence of any solute, the decay of the solvated electron is very
fast, and it is attributed to the following reaction:

THF+ in reaction 7 stands for the hole or radicals formed in
the solution by the electron pulse. The nature of this species is
not clearly established, but it is well known that the hole and
radicals react with the solvated electron.35 We performed several
measurements of the decay of the solvated electron by changing
the dose per pulse. In Figure 2, we show only one of these
decays.

Considering that the absorbance of the hole is negligible at
1000 nm, the expression of the total absorbance includes four
unknown parameters: the initial concentrations [es

-]0 and
[THF+]0, the absorption coefficient of es

- (εes
-), and the rate

constantk7. The analytical expression36 of the absorbance
observed through an optical lengthl (1 cm) for reaction 7

reveals that a simple rescaling of one of the parameters can be
exactly compensated by a reciprocal scaling of the other
parameters (nonlinear couplings between parameters). Scatter
plots of a Markov chain for this system unambiguously exhibit
this coupling structure (Figure 3). For example, there is a linear
coupling betweenk7 andεes

- and a nonlinear coupling between
the latter and [es-]0. Without external (a priori) information,
the parameters are unidentifiable (i.e., the best fit of the
experimental signal by this model can be achieved at an infinite
number of points in parameter space). This is an obvious case
of structural unidentifiability.13 Note that fixing the value of
any of the parameters would make this model structurally
identifiable. With that intent, we estimated thatεes

- ) (1.0 (
0.1) × 104 mol-1 dm3 cm-1 at 1000 nm from a transient
absorption spectrum of the solvated electron in THF that has
been reported in the literature.37

MgClO4
+ + ClO4

- h Mg(ClO4)2 (3)

ΛxC )
Λ0

xK3

+
ΛT

0KT

xK3

× C (4)

Mg(ClO4)2 + ClO4
- h Mg(ClO4)3

- K5 (5)

Mg(ClO4)2 + MgClO4
+ h Mg2(ClO4)3

+ K6

KT ) K5 ≈ K6 (6)

es
- + THF+ f products (7)

A(t, λ ) 1000 nm) )

lεes
-

[es
-]0([THF +]0 - [es

-]0)

[THF +]0 exp(- ([es
-]0 - [THF +]0)k7t) - [es

-]0

(8)
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We treated a set of nine decays corresponding to different
values of the dose per pulse. The global analysis requires 20
parameters:k7, εes

- as global parameters, and nine pairs of initial
concentrations for es- and THF+ (local parameters). Prior and
posterior marginal distributions for the parameters, extracted
from a Markov chain of 106 steps, are reported in Table 1 and
Figure 4. All parameters exceptεes

-, are well identified and
present normal marginal posterior pdf’s. The marginal posterior
distribution function (pdf) ofεes

- is identical to its prior pdf (the
studied data do not provide any information on this parameter),
andεes

- remains undetermined between 9000 and 11 000 mol-1

dm3 cm-1 at 1000 nm. The estimated valuek7 ) (1.9( 0.2)×
1012 mol-1 dm3 s-1 for the rate constant is in good agreement
with the reported value 2× 1012 mol-1 dm3 s-1.35 It is also

noteworthy that reasonable values are recovered for the initial
concentrations of solvated electrons and holes, supporting the
validity of this effective model. In all cases, the initial
concentration of the hole is slightly higher than that of the
solvated electron.

2.2. Decay of Solvated Electrons in the Presence of
Magnesium Salts.Figure 2 shows the signals obtained 1000
nm after the electron pulse in pure THF and in solutions of
MgCl2 and Mg(ClO4)2 at the same concentration. The signals
for the pure solvent and in the presence of MgCl2 at 10-3 mol
dm-3 (near its maximum of solubility in THF) are very similar.
For Mg(ClO4)2, the signal is very different: the apparent decay
after 20 ns is slowed with respect to the decay in pure THF or
in the presence of MgCl2. This shows clearly that the reactivity
of the two salts is different. With Mg(ClO4)2, the product of
reaction 1 is generated during the pulse and disappears
spontaneously. On the contrary, with chloride salt, only the
absorbance of the solvated electron is observed, indicating that
the reaction between the solvated electron and MgCl2 does not
occur.

We note that Mg(ClO4)2 is very hygroscopic and that water
molecules are probably present in the studied solutions. The
solvated electron does not react with water molecules, but we
cannot exclude a reaction of the hole (THF+) with H2O
molecules. Nevertheless, because our kinetic model is based
on an effective concentration of THF+, which is treated as a
free parameter, this effect is taken into account effectively.

In section 1, we showed that Mg(ClO4)2 and MgCl2 at 10-3

mol dm-3 are solvated in their neutral forms. Therefore, the
difference in reactivity with the solvated electron cannot be
explained from the difference in the dissociation of the two salts
in THF. Moreover, the analysis of the kinetics for different
concentrations of Mg(ClO4)2 shows that the reaction of the
solvated electron with the dissociated form of the salt, MgClO4

+,
cannot be considered. Figure 5 is a scatter plot of a Markov
chain for MgII concentration andk1. The scatter plot indicates
that, for example, for a MgII concentration of about 4× 10-6

mol dm-3 the best fit of the decays is obtained withk1 greater
than 2.5× 1012 mol-1 dm3 s-1. According to the conductometric
measurements, the concentration of the ionic species of divalent
magnesium (i.e., MgClO4+) is in all cases less than 3.8× 10-6

mol dm-3. If we were to attribute the decay of the solvated
electron to a reaction with MgClO4+ through reaction 1, then
the rate constant of the reaction should be considered to be at
least 2.5× 1012 mol dm-3 s-1. Such a rate constant would be
well over the diffusion-limited rate constant in THF, which is
less than 1012 mol dm-3 s-1. The observed kinetics of the
solvated electron and the product formation could be fitted only
when the concentration of the metal cation is considered to be
higher than 10-3 mol dm-3. Therefore, reaction 1 with the
solvated electron occurs with the neutral form of the metal cation
(i.e., MgII stands for Mg(ClO4)2).

Figure 2. Absorption signals at 1000 nm in THF for pure solvent,
MgCl2, and Mg(ClO4)2. Inset: absorption spectrum of the product of
the reaction Mg(ClO4)2 + es

- (9) and of the solvated electron es
- (O).

Figure 3. Correlation between different parameters (εes
-, k7, [es

-]0, and
[THF+]0) issued from the global analysis of the solvated electron
transient absorbance at 1000 nm in pure THF: scatter plot matrix for
four parameters extracted from a Markov chain with 20 parameters.
The pairwise scatter plots are represented in an upper triangular matrix
whose rows and columns are indexed by the parameter names specified
along the diagonal. The two global parameters of the model (rate
constantk7 and absorption coefficientεes

-) are reported along with a
representative single pair of local parameters (initial concentrations
[es

-]0 and [THF+]0) corresponding to one of the nine analyzed signals.

TABLE 1: Estimations of Parameters from the Analysis of
a Set of Nine Decays Observed at 1000 nm in Pure THFa

prior posterior

k7 (1012mol-1 dm3 s-1) [5 × 10-2, 5] 1.9( 0.2
εes

- (104 mol-1 dm3 cm-1) [0.9, 1.1] [0.9, 1.1]
[es

-] (10-5 mol dm-3) [10-1, 10] 1.1( 0.1
[THF+] (10-5 mol dm-3) [10-1, 10] 1.4( 0.1

a The initial concentrations were reported only for one of the signals.
The prior pdf’s are log-uniform distributions (noted [a, b]). Except for
εes

-, the posterior pdf’s are normally distributed, and we report here
their mean value and standard deviation.
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From pulse radiolysis measurements of the absorbance at
different wavelengths in the presence of Mg(ClO4)2, we
established more precisely than previously the absorption
spectrum of the product (Figure 2 inset). By comparing to the
spectrum obtained in our previous study,5 we confirmed the
presence of a shoulder around 1150 nm. The discontinuity of
the spectrum near 1200 nm is due to the high absorption of
THF. For comparison, we report the spectrum of the solvated
electron in pure THF.37

In Figure 6, we reported the effect of the concentration of
Mg(ClO4)2 on the kinetics observed at 1000 nm. In the absence

of the solute or with a low concentration (10-4 mol dm-3), we
observe only a fast decay, achieved at 200 ns. For higher
concentrations, the shape of the signal changes dramatically.
First we observe an increase in the absorbance during 40 ns,
followed by a slow decay. Note that the signals for concentra-

Figure 4. Marginal densities of the parameters (εes
-, k7, [es

-]0, and [THF+]0) issued from the global analysis of the solvated electron transient
absorbance at 1000 nm in pure THF: marginal density plot matrix for the same four parameters as in Figure 3 but with different prior information
(see text). The pairwise marginal densities are reported in the inner triangular matrix (cf. Figure 3) as logarithmically spaced isodensity contour
plots (in arbitrary units). The one-parameter marginal prior (- -) and posterior (s) densities are displayed along the margins of the matrix and are
also indexed by the corresponding diagonal label.

Figure 5. Correlations betweenk7 and [MgII]0 issued from the global
analysis of the solvated electron transient absorbance at 1000 nm in
pure THF shown by a scatter plot extracted from a Markov chain
performed for the analysis of reactions 1, 7, 9, and 10.

Figure 6. Lower graph: absorption signals at 1000 nm for THF
solutions of different concentrations of Mg(ClO4)2. Inset: time evolution
of the concentrations of es

-, P, and P′ obtained from the fit of the signal
for a 10-3 mol dm-3 Mg(ClO4)2 concentration. Upper graph: residues
from the best fit of all of the signals.
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tions of 5× 10-3 mol dm-3 and 10-2 mol dm-3 are not parallel
and cross around 800 ns (Figure 6).

Reaction 1 is reversible:

Reactions 1, 7, and 9 constitute the simplest mechanism for
the observed kinetics. This mechanism has also been proposed
for the solvated electron pairing with alkaline cations in THF.2,35

In our preliminarily paper, we analyzed signals at times shorter
than 500 ns, and we did not take reaction 9 into account. Without
it, the signals of Figure 6 cannot be fitted satisfactorily, and
the abovementioned crossing of the two decays around 800 ns
cannot be simulated.

We also introduce reaction 10 to take care of a hypothetical
spontaneous decay pathway that will be discussed in section
3.2.4.

We will discuss below the nature of P and P′.
The kinetics model for a single signal includes 10 parameterss

extinction coefficientsεes
-, εP, andεP′; rate constantsk1, k7, k9,

k10; and initial concentrations [es
-]0, [THF+]0, and [MgII]0s

seven of which are totally unknown (εP, εP′, k1, k9, k10, [es
-]0,

and [THF+]0) and to which we assign log-uniform prior pdf’s
(Table 2). We transfer the posterior pdf’s obtained in the analysis
of pure THF (section 2.1) as prior pdf’s forεes

- and k7. A
preliminary analysis showed that the value of the extinction
coefficient of P′ must be zero. A global analysis of the set of 6
transient signals reported in Figure 6, with the model including
the whole set of 19 parameters, revealed identifiability problems,
preventing the MCMC procedure from converging in an
acceptable run length. This behavior has been traced back to
strong correlations of certain parameters withεes

- and k7. To
overcome this difficulty, we fixedεes

- and k7 to their optimal
values, obtained in section 2.1 (εes

- ) 104 mol-1 dm3 cm-1, k7

) 1.9× 1012 mol-1 dm3 s-1). Under these conditions, the model
is identifiable (see Figure 7 and Table 2). The marginal posterior
pdf of k10 is almost identical to its prior pdf, butk10 has a
vanishing probability to be greater than 105 s-1. The residues
for the best fit of the observed kinetics with this set of
parameters are given on the top panel of Figure 6. They show
that the fits are very good.

As an example, the time evolutions of the concentrations of
the solvated electron P and P′ are given in the Figure 6 inset
for [MgII] ) 5 × 10-3 mol dm-3, k1 ) 6.2 × 109 mol-1 dm3

s-1, k9 ) 3.8× 106 s-1, andk10 ) 105 s-1. The very fast decay
of the solvated electron is correlated to the formation of P and

TABLE 2: Estimations of the Parameters Resulting from the Probabilistic Analysis of the Transient Signal of Figure 6a

prior posterior

εes
- ) 9 × 103

k7 ) 1.75× 1012
εes

- ) 104

k7 ) 1.9× 1012
εes

- ) 1.1× 104

k7 ) 2.12× 1012

k1 (109 mol-1 dm3 s-1) [10-1, 103] 6.2 ( 0.3 6.2( 0.2 6.3( 0.2
k9 (106 s-1) [10-3, 102] 3.9 ( 0.1 3.8( 0.1 3.8( 0.1
k10(s-1) [102, 106] [102, 106] [102, 106] [102, 106]
εP(104 mol-1 dm3 cm-1) [10-3, 5] 3.6( 0.1 4.1( 0.1 4.3( 0.1

a See Table 1 for notation. The values ofεes
- andk7 are given in mol-1 dm3 cm-1 and mol-1 dm3 s-1, respectively.

Figure 7. Global analysis of transient absorbance at 1000 nm in THF corresponding to the signals reported in Figure 6: marginal density plot
matrix for four global parameters extracted from a Markov chain with 19 parameters.

P f es
- + MgII (9)

P f P′ (10)
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also to the reaction with THF+ (reaction 7). The product of
reaction 1 reaches a maximum 50 ns after the pulse and decays
slowly. The maximum of the P concentration is slightly above
5 × 10-6 mol dm-3 for an initial concentration of the solvated
electron of about 8.5× 10-6 mol dm-3.

We remark that even for the upper-limit value ofk10 ) 105

s-1 the concentration of P′ formed through reaction 10 is very
low and can be neglected. Although there is no experimental
evidence for the formation of P′ under our conditions, we discuss
the possible formation of P′ in section 3.2.4.

The sensitivity of the global parameters toεes
- andk7 has been

evaluated by performing two additional analyses, withεes
- at

the limits of its range andk7 chosen at its optimum, givenεes
-

(see Table 2). Rate constantsk1 andk9 are well defined and are
almost insensitive to changes inεes

-. In contrast, one can also
see from Table 2 that the recovered value ofεP is significantly

correlated to the chosen value ofεes
-. Given the uncertainty in

εes
-, we estimate thatεP ) (4.0 ( 0.4) × 104 mol-1 dm3 cm-1.

3. ab Initio Investigation of Electron Attachment on MgCl2
and Mg(ClO4)2. Electronic ab initio calculations have been
undertaken to elucidate the structure of the product of reaction
1 and to explain the difference in reactivity of the solvated
electron with Mg(ClO4)2 and MgCl2.

3.1. Structure of MgCl2 and Mg(ClO4)2 and of Their
Negative Ions in the Gas Phase.The SCF optimized structures
of gas-phase MgCl2 and Mg(ClO4)2 and their anions are
displayed in Figure 8a-d. The isodensity surface of the HOMO
(highest occupied molecular orbital) for the anions is also shown
in Figure 8c and d. It can be seen that the neutrals MgCl2 (Figure
8a) and Mg(ClO4)2 (Figure 8b) are highly symmetrical and that,
conversely, the two anions display a bending of the ClMgCl

Figure 8. Optimized structure in the gas phase with the SCF method of (a) MgCl2, (b) Mg(ClO4)2, (c) MgCl2-, (d) Mg(ClO4)2
-, (e) MgCl2, (f)

Mg(ClO4)2, (g) MgCl2-, and (h) Mg(ClO4)2
-.
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angle (Figure 8c and d). We have found that the structure and
the stability of MgX2

- strongly depend on the nature of the
anion X-:

• In the case of MgCl2
-, the ClMgCl bending is weak, only

12° (Figure 8c). This value reflects the weak electron affinity
of MgCl2: 0.23 eV at the SCF level. The HOMO of MgCl2

-

displays very diffuse character, with a coefficient of 0.26 on its
most diffuse s Gaussian, of exponent 0.01. Figure 8c shows
that this HOMO overlaps the whole nuclear structure, except
the repulsive anionic zone, with a slight preference for one side
of the cation.

• In the case of Mg(ClO4)2
-, the ClMgCl bending is much

larger (70°, Figure 8d), reflecting the large electron affinity of
Mg(ClO4)2: 1.14 eV at the SCF level. The HOMO of
Mg(ClO4)2

- is much less diffuse than that of MgCl2
-: it displays

a coefficient of 0.13 on its must diffuse s Gaussian, of exponent
0.02. It can be seen in Figure 8d that this HOMO is strongly
localized on one side of the molecule, even looking like an s
orbital, located beside the metal cation. The additional electron
thus behaves like a ligand, forming what we will call hereafter
the molecule/electron pair [Mg(ClO4)2, e-].

The different influences of chloride and perchlorate counte-
rions can be qualitatively understood with the help of the
Mulliken charges of the neutrals. In the case of MgCl2, the
incoming electron encounters a compact Cl-.35-Mg+.70-Cl-.35

structure, and in the case of Mg(ClO4)2, it sees a much more
extended and complex structure: (O-0.56)2-Cl+2.1-(O-0.77)2-
Mg+1.2-(O-0.77)2-Cl+2.1-(O-0.56)2. In the latter case, the posi-
tive charges are larger and more numerous, which is probably
the determinant for the binding of the additional electron.

A similar strong polarization of Mg+ by ligands has already
been noticed in the literature, as, for instance, in the study of
(Mg(H2O)n)+ clusters,38 where structures very similar to the
[Mg2+H2O, e-] and [Mg2+ (H2O)2, e-] pairs are reported. The
investigation of the free solutes in vacuum is thus already very
informative: it shows that Mg+ is very unlikely to exist as such
in an environment of ligands.

3.2. Solutes and Their Anions in THF.We now consider
the two solutes surrounded by a few THF molecules, with the
remaining solvent treated like a continuum. Figure 9 displays
the energy levels of the neutrals and negative ions at the DFT/
Onsager level, including the solvation energy of the electron in
THF (see below).

3.2.1. Case of Magnesium Chloride.It is known that the
first solvation shell of magnesium chloride in THF contains four
THF molecules.39 Neutral MgCl2(THF)4 displays a typical

octaedric structure, as can be seen in Figure 8e, with the four
THFs orienting their dipoles toward the metal cation, as
expected. Adding one electron to the system generates two
structures of interest:

• A dissociated MgCl(THF)4 + Cl- structure. Separate
calculations for MgCl(THF)4 and Cl- yielded the result that
this channel lies 0.21 eV under MgCl2(THF)4 at the DFT/
Onsager level. The HOMO is diffuse and located beside the
solute, indicating that this species is the [MgCl(THF)4

+, e-]
pair.

• A very diffuse species, lying 0.65 eV above MgCl2(THF)4
at the gas-phase SCF level. This species has actually no physical
meaning because its outer electron is not bound: adding more
and more diffuse Gaussians to the basis set results in an electron
escaping to infinity and in the energy of the anion tending to
that of the neutral. The structure of this nonphysical [MgCl2-
(THF)4]- state and the shape of its diffuse orbital are shown in
Figure 8g, for comparison with perchlorate. This species is not
reported in Figure 9.

We have not succeeded in building a stable [MgCl2(THF)4,
e-] pair; we therefore conclude that this species probably does
not exist in THF.

3.2.2. Case of Magnesium Perchlorate.We have optimized
the gas-phase structures of Mg(ClO4)2 with 2, 3, and 4 THF
molecules and have found that the environment of magnesium
is always octaedric. This is due to the fact that each perchlorate
can be mono- or bidentate: in Mg(ClO4)2(THF)4, each of the
perchlorates is monodentate (Figure 8f), but dropping one THF
first and then a second one provokes a rearrangement with one
perchlorate first and then the second one becoming bidentate.
Perchlorate is thus a very adaptable ligand, tending to fill the
coordination shell of magnesium to six when other ligands are
missing. Such a coordination has already been reported for Mg-
(ClO4)2 in acetonitrile.40 The formation of the pair is very similar
in all of the studied cases: at the SCF level in the gas phase, it
is endothermic by 0.7, 1.2, and 1.2 eV when 2, 3, and 4 THF
are present, respectively. In every case, the formation of the
pair provokes a rearrangement of the solute, with all ligands
mainly gathered on one-half of the available space and the
electron on the other side. If two or three THF molecules are
present, then this rearrangement is enabled by one ClO4

- passing
from bidentate to monodentate. If four THF molecules are
present, then this rearrangement is enabled by the departure of
one THF. At the DFT/Onsager level, the rearrangement becomes
exothermic in all cases.

We now further discuss the case with four THF ligands. The
optimization of Mg(ClO4)2(THF)4- yields the following struc-
tures:

(1) A solute/electron pair, [Mg(ClO4)2(THF)4, e-], in which
one THF is moved aside (Figure 8h). The structure of this pair
is similar to that of Mg(ClO4)2

-, with a smaller ClMgCl bending
angle of 45°. Separate calculations were carried out on [Mg-
(ClO4)2(THF)3, e-] and on one THF molecule. With this method,
we show that this channel lies 1.06 eV below the neutral at the
DFT/Onsager level.

(2) A dissociated [MgClO4(THF)4+, e-] + ClO4
- structure.

The separate calculation of [MgClO4(THF)4+, e-] and ClO4
-

yielded the result that this channel lies 0.36 eV below the neutral
at the DFT/Onsager level. The departure of one perchlorate is
thus possible but less favorable than that of one THF.

(3) A nonphysical diffuse species with an unbound electron
as in the case of [MgCl2(THF)4]-.

These results suggest that electron scavenging can initiate
the departure of one ligand, THF or ClO4

-, but to be able to

Figure 9. Energy diagram for the different species involved in reactions
1, 9, and 10 calculated by the DFT/Onsager method including the
solvation energy of the solvated electron.
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reach conclusions on the thermodynamics of these pathways in
solution, we need to evaluate the solvation free energy of the
electron in THF.

3.2.3. Thermodynamics of Pair Formation.The solvation
free energy of the electron in THF is not available in the
literature. Therefore, we evaluate it from its value in water (1.7
eV)41 and from the Born model. In this model, the solvation
free energy strongly depends on the charge of the solute (q),
on the cavity radius (R), and more weakly onε, the dielectric
constant of the solvent:

Considering the values of the dielectric constant of water (78)
and THF (7.6) and the fact that the cavity radius of the solvated
electron has been evaluated to be 3.4 Å in THF and 2 Å in
water,42,43 the solvation free energies of the electron in water
and in THF should be in a ratio of roughly 1.9. This yields an
approximate value of 0.9 eV for the solvation free energy of
the electron in THF.

If we use this value and the energies obtained in sections
3.2.1 and 3.2.2 for the departure of one THF, we find the
following reaction free enthalpy:

In section 2, we have determined the values of the rate constants
for the formation and dissociation of the pair (reactions 1 and
9). The corresponding equilibrium constant (K ) k1/k9 ) 1630
( 50 mol-1 dm3) gives a free enthalpy of-0.18( 0.01 eV for
the formation of the pair, in good agreement with the ab initio
value (-0.16 eV).

In the case of the departure of one perchlorate ligand, we
obtain

We can also evaluate the free-energy variation for the equivalent
of reaction 13 for MgCl2:

The formation of the pair is thus endothermic for both solutes
if a counterion is released, and it can only be exothermic in the
case of perchlorate through the release of one THF. More
accurate calculations are in progress and will be discussed in a
forthcoming paper.44

3.2.4. Product of the Decay of the Pair.The kinetics models
(section 2) show that the decay of the [Mg(ClO4)2 (THF)3, e-]
pair is mostly due to its dissociation through reaction 9. Our ab
initio calculations reveal an alternative pathway for the decay
of the pair (reaction 10) through internal reduction:

This reaction is exothermic by 1.8 eV at the DFT/Onsager level.
Actually, MgO+ has the structure of Mg2+O-, showing that
reaction 15 is actually a reduction of one perchlorate to chlorate,
catalyzed by Mg2+. We have also found that this product can

react with THF according to

This last reaction is exothermic by 0.7 eV at the DFT/Onsager
level. The reduction of perchlorate to chlorate is very rare in
water, the only known reducing agent being RuII.45 Thus, we
propose reactions 15 and 16 as hypotheses only, and probably
other mechanisms are possible. According to the above ab initio
calculations, the species P and P′ in reactions 1, 9, and 10 could
be identified as [Mg(ClO4)2(THF)3, e-] and MgO+ClO3

-ClO4
--

(THF)3, respectively. But under our conditions, we did not
observe the new pathway (reaction 10) for the decay of the pair.
Therefore, the decomposition of the pair to P′ should be
negligible.

Conclusions

From conductimetry measurements, we showed that the
dissociation of MgCl2 and Mg(ClO4)2 is negligible in THF and
that they are solvated in their neutral forms. From pulse
radiolysis measurements, we observed a reaction of the solvated
electron with magnesium perchlorate only, leading to a product
absorbing light in the near-infrared. Ab initio calculations
showed that the product of this reaction is the pair [Mg(ClO4)2-
(THF)3, e-] and that such a pair cannot be formed with MgCl2.
The geometry of the magnesium perchlorate has been found to
change when the solvated electron is in the vicinity of the
magnesium cation. As we observed, the rate constant of ion
pairing with magnesium ions (reaction 1) is 2 orders of
magnitude below the diffusion limit. That can be explained by
the presence of a kinetic barrier for the formation of the ion
pair. In fact, the structure around MgII has to be modified
markedly when an electron comes close to magnesium. Because
THF is a low dielectric medium, the magnesium ions have a
strong interaction with the perchlorate ions, but this interaction
does not favor the reaction with the solvated electron. Theoreti-
cal calculations suggest that the pair formation is accompanied
by the departure of one THF ligand. The [Mg(ClO4)2(THF)3,
e-] pair lasts only a few hundreds of nanoseconds in THF.

Monovalent magnesium, if we identify it with the pair (es
-,

MgII), can be considered to be a reducing species in solution.
This property should be taken into account if under certain
conditions MgI is produced in a solvent such THF, for example,
during the formation of Grignard compounds (RMgX). In the
second part of this work, we will show the results of the
reactivity of the pair toward different organic molecules.

The nature of the absorption spectrum of the pair will be
discussed in a future paper. It is interesting that this absorption
spectrum presents an important blue shift and displays two
maxima, in contrast to other pairs with alkaline metals in THF.
This feature could be due to a splitting of the p state of the
solvated electron that is caused by a strong interaction with the
double positive charge of MgII. Experimental and theoretical
work is in progress to elucidate this important result.

Appendix: Bayesian Data Analysis

The probabilistic or Bayesian approach to data analysis has
been extensively detailed by other authors.15-18 Currently,
maybe because of the lack of dedicated black box programs,
this method has not yet been put to extensive use in chemical
kinetics analysis. Notwithstanding, our experience with it in this
field reveals very interesting aspects, essentially when identi-

∆Gsolv ) -(q2/2R)(1 - 1/ε) (11)

es
- + Mg(ClO4)2(THF)4 f [Mg(ClO4)2(THF)3,e

-] + THF
∆G ) -0.16 eV (12)

es
- + Mg(ClO4)2(THF)4 f [MgClO4

+ (THF)4, e-] +

ClO4
- ∆G ) +0.54 eV (13)

es
- + MgCl2 (THF)4 f (MgCl+ (THF)4, e-) + Cl-

∆G ) +0.71 eV (14)

[Mg(ClO4)2 (THF)3, e-] f MgO+ClO3
-ClO4

-(THF)3 (15)

MgO+ClO3
-ClO4

-(THF)4 +

C4H8O f MgOH+ClO3
-ClO4

-(THF)4 + C4H7O (16)

1514 J. Phys. Chem. A, Vol. 107, No. 10, 2003 Renou et al.



fiability issues are considered.46 We provide here a brief
summary of the basic concepts and details of its actual
implementation.

We consider a general framework, where we attempt to
identify a set of parametersu from the analysis of a set of data
D. Parameters and data are related through a (kinetic) model
that is considered here to be optimal (i.e., this model has been
selected beforehand).

A1. Principles. The central object of probabilistic data
analysis is the so-called posterior probability density function
(pdf) of u conditional toD, noted p(u|D). This distribution
expresses the uncertainties of the value of the parameters
resulting from the measurement uncertainties of the data set. It
contains all of the sought after information on the parameters,
and it is generally used to obtain estimates of the functions of
the parameters

where the integral runs over all parameter space. For instance,
the mean value of an individual parameter,ui, is obtained
through

Of particular interest are the so-called marginal densities for
individual parameters

where du-i means that the integration is performed on all
parameters exceptui. This function gives the posterior distribu-
tion of a parameter “averaged” over all of the possible values
of the other parameters. Similarly, marginal densities for pairs
of parameters can be calculated:

These contain essential information on the couplings between
pairs of parameters, and they are of diagnostic relevance for
identifiability studies.

A2. Bayesian Inference.To express the posterior pdf, we
need to relate it to computable quantities through Bayes’ rule

wherep(D|u) is the likelihood (probability of observing dataset
D at a given point in parameters space) andp(u) is the prior
pdf, based on the information on the parameters before the
analysis of datasetD. Bayes’ rule thus provides an inference
method for the parameters.

A2.a. Likelihood. The likelihood p(D|u) is obtained by
assigning a probability law to the measured data, taking into
account measurement uncertainties. For the present work, we
consider uncorrelated, homoscedastic, additive, normally dis-
tributed uncertainties. The variance of the noise being a priori
unknown, we assign it a log-uniform prior pdfp(σ) (cf. below)
and eliminate it by integration

whereø2 is the sum of the squares of residuals between the
model and them analyzed data.15

A2.b. Prior pdf. The prior pdfp(u) enables us to take a priori
knowledge of the parameters into account in a consistent way

(including parameter transfer during the analysis of successive
data sets). Its functional form depends on the available informa-
tion. For instance, if all we know is that parameterui belongs
to an interval,ui ∈ [a, b], then we might assign it a uniform
distribution

When the scale of a positive parameter is not known, it is better
to use a log-uniform distribution:

We consistently use this log-uniform prior throughout the
present work. Another very common case occurs when we know
the mean valueµ and standard deviationσ for a parameter. It
is then customary (and justified by the maximum entropy
principle) to assign the parameter a normal distribution ofN(µ,
σ2).

If the parameters are independent, then the total prior pdf is
the product of prior pdf’s for the individual parameters;
otherwise, correlated priors have to be used.

A3. Markov Chain Monte Carlo. For models based on more
than five or six parameters, the multidimensional integrals
involved in estimates or marginal distribution computations
cannot generally be performed by grid methods. Instead, one
has to use stochastic integration. The Markov chain Monte Carlo
(MCMC) method has proven to be quite efficient in this
context.23-25 We use the Metropolis-Hastings algorithm to
perform random walks in parameter space. Once the chain has
reached equilibrium, the samples are used to calculate the
marginal posterior distributions for the parameters and to
estimate their mean values and standard deviations (if meaning-
ful). In the case of an unidentifiable model, even a nonconverged
chain can provide insight into the problem. A visual inspection
of scatter plots for pairs of parameters reveals correlation
patterns and identifiability problems, suggesting possible solu-
tions (e.g., reparametrizing the model).

A4. Practical Implementation. The practical procedure we
apply is the following:

(1) Define a kinetic model and prior distributionp(u).
(2) Test this model by searchingû, the mode ofp(u|D) in

parameter space. We run multiple local searches from randomly
generated starting points inside the prior’s range; the localization
of multiple modes of the posterior is diagnostic for identification.

(3) Accept or reject the model according to the quality of
the fit at û. If the model is satisfying, then proceed to the next
step; otherwise, go back to step 1.

(4) A set of MCMC runs is performed for the chosen model,
ensuring convergence.

(5) One- and two-parameter marginal pdf’s are computed,
and the corresponding density plots and scatter plots are visually
inspected.

(6) Statistical summaries are finally issued for those param-
eters that are identified.
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