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ABSTRACT

The kinetics of the reactions of solvated electrons with a number of organic
(nitrobenzene, acetone, phenol and toluene) and inorganic (silver perchlorate, copper (II)
perchlorate, lithium nitrate and lithium chromate) solutes were studied in the water mixtures
of methanol and ethanol as a function of solvent composition and temperature.

The effects of solvent viscosity (1)) and static dielectric constant (€) on the
composition dependence of the nearly diffusion controlled rate constants (k2) at 298K were
analyzed according to the Stokes-Smoluchowski and Debye models.

In the water-rich solvents, the rate constants for the reactions with nitrobenzene and
silver (I) are almost identical, and are inversely related to the solvent viscosity, kz e« "1, as
predicted from the simplified models. In the alcohol-rich solvents, the smaller dependence
of the rate constants on solvent viscosity is due to an increase in diffusion radii of the
reactants and a decrease in solvation of the transition state. The influence of the solvation
of the transition state on the viscosity normalized rate constants Nk for the reactions with
nitrobenzene and acetone was illustrated by the linear correlations of Innk2 with el

The diffusion radii of the ionic scavengers decrease as the alcohol content of the
mixtures increases. The diffusion radii of the cationic scavengers in the methanol/water
mixtures are similar to that of the ethanol/water mixtures. The size of the alkyl group on
the alcohol molecule has a steric effect on the diffusion of the anions.

The encounter efficiencies for the reactions with the inefficient electron scavengers
(phenol, toluene) were correlated with the optical absorption energy E; of the solvated
electron. In the water-rich solvents, the activation energies for the reactions with the
inefficient scavengers are similar to those of the efficient scavengers. The differences in
reactivity between the efficient and the inefficient electron scavengers are due to entropies

of activation rather than energies of activation.
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CHAPTER ONE
INTRODUCTION

I Solvated Electrons
It was the German chemist W. Weyl who discovered in 1864 that a deep blue solution

can be formed by dissolving either sodium or potassium in ammonia (1). It was not until
1922 that it was demonstrated by conductance measurements that this blue solution
contained solvated electrons (2).

Solvated electrons can convert a wide range of chemical substances (S) to their reduced

forms (S-), which may then undergo further reaction to yield other products (3).

> S- (1-1)

S- > Products (1-2)

1T Pulse Radiolysis and Solvated Electrons
The most convenient method to produce electrons in a liquid for physical measurements

is to generate them with a pulse of high energy radiation (equation [1-3]).

M ———> M* + e° (1-3]

Upon the absorption of ionizing energy, an electron is ejected from a molecule and
travels a certain distance away from its "parent ion" before losing all its excess energy in
collisions. Thus the electron is thrust into the body of the liquid. It loses its excess energy
by ionizing and exciting the medium. If the solvent is electrophilic in nature, the slowed-
down electron becomes attached to the solve 7t molecule to form a negative ion. If the
clectron does not attach to a molecule, it ultimately reaches a state of thermal equilibrium
with the medium, the solvated state.



In a polar liquid, the thermaliaed electron is localized in a coulombic potential well
created by several suitably oriented solvent dipoles (4-7). In a non-polar liquid,
localization occurs due 1o the anisotropic polarizability of the molecules (8). 1f the
molecules of the medium are isotropically polarizable, the potential well will be shallow,
and the electron can not be localized to any large extent. Such delocalized electrons are
called "quasi-free" electrons (3).

Since electronic polarization of molecules occurs in about 10-15 second, the trapped
electron initially finds itself in an electronically polarized potential well. The electric field of
the electron causes the neighboring solvent molecules to reorient along the axes of
permanent dipoles or that of the maximum polarizability. The potential well of the cavity
decpens as this reorientation occurs. The trapped electron relaxes into the solvated state in

about a picosecond in water (9).

1 Propentics of Solvated Electrons

The interactions between the electron and the neighboring solvent molecules manifest
themselves in a number of physico-chemical properties, which allow the behavior of
solvated electrons to be elucidated.

The paramagnetic nature of the solvated electron has been confirmed by the electron
spin resonance (ESR) spectrum (10).

The thermodynamic properties of solvated electrons, such as the standard potential
(11), the solvation encrgy and entropy (12) of solvated electrons in water, are still not
accurately known, and therefore must be used with reservation (11).

The mobility and the optical absorption spectrum of solvated electrons have been
useful in providing information about their behavior.



1. Mobility
Data on the mobility of solvated electrons can be obtained from the conductivity studies

of their solutions (13). The mobilities of solvated electrons in water (14) and in liquid
ammonia (8) are three to five times higher than those of sodium and chloride (15,16) ions.
In water, the mobility of solvated electrons is equal to that of hydroxide ions and smaller
than that of protons (15). In non-polar liquids, the mobilitics of solvated electrons depend
strongly on the structure of the solvent molecules (8,17-20).

2. Optical Absorption Spectrum

Solvated electrons absorb light of energies ranging from infrared to ultraviolet. The
absorption band is structureless, broad and asymmetric, with a long tail extending to the
ultraviolet region.

The energy at the absorption maximum, EAmax, and the width of the band depend on
the polarity of the solvent. Electrons in protic solvents such as ammonia (22) , water and
alcohols (23) have an absorption maximum in the visible to near infrared region. In
aliphatic hydrocarbons (24,25), the maximum is in the infrared region. This suggests that
the interaction of the electron with the permanent dipoles is stronger than that with the
electron-induced dipoles. In the polar aprotic solvents such as ethers (26) and substituted
amines (27), the absorption maxima are located in between those for protic and non-polar
solvents. For a given category of organic solvents, it has been observed that the Eamax
values of solvated electrons are affected not only by the types and number of functional
groups on the solvent molecules, but also by the degree of alkyl substitution at the a-
carbon (24). This is probably due to the combined result of steric and inductive effects.

The absorption spectra of solvated electrons are temperature dependent. Values of
Eamax decrease with increasing temperature, which indicates that thermal agitation of the
solvent molecules produces shallower potential wells (23).



A. Nature of the Absorption Band

(a) _Band-Broadening

The shape of the optical absorption spectrum of solvated electrons is similar in any
solvent: it is broad and asymmetric, skewed to the higher energy side. Different theories
have been suggested to interpret the band broadening of the solvated electron spectrum.
The theory of homogeneous broadening involves bandwidth that originates from the optical
absorption of only one type of absorbing species (28,29) and broadening is due to phonon
coupling in the exiwed state. But in a liquid where randomness persists, the probability that
all the potential wells of the solvated electro e of the same depth seems negligible.
Another theory has attributed the broadenig 1 “he :xcitations from traps of various depths
(heterogeneous band broadening), and each war-.uon gives rise to a spectrum slightly
different from another (30,31). Broadening is no doubt caused by both of these factors
and may be called nonhomogencous broadening.

(b) Transitions
Two types of transitions have been suggested to be responsible for the absorption

spectrum of solvated electrons :

(i) from the ground state discrete energy level to an excited state discrete energy level
(bound to bound transition) (32),

(ii) from the ground state discrete energy level to the higher energy continuum
(bound to continuum) (33),

(iii) Both (i) and (ii) might occur (34-36).

If the transitions are of the bound to bound type, one expects the absorption spectrum
t0 be symmetrical in energy. Thus the other transition mechanisms appear to be more
adequate to account for the asymmetry of the band. The skewing of the absorption band to
the high energy side is usually explained by bound to continuum transitions. Studies of
photoconductivity spectra of solvated electrons give additional insight to the nature of



excititation in the optical absorption process. The measurement of the photoconductivity
spectra corresponds to the bound ground level to continuum transitions. Comparison of
the optical absorption spectrum with the photoconductivity spectrum gives an estimate of
threshold energy (Eg) for photoconductivity and also the extent of bound to continuum
transitions in the absorption spectrum (37-40). The threshold energy is the minimum
energy required for the bound to continuum transition, that is, the energy difference
between the ground state energy level and the bottom of the conduction band. If the
photoconductivity and the optical absorption spectra overlapped completely, the optical
transition would be solely due to bound to continuum transitions.

Comparisons of the photoconductivity and optical absorption spectra indicate that in
all systems, the optical absorption band consists of both bound to bound and bound to
continuum transitions (31,37-43). In most solvent systems, Eqn is less than Epmax,
suggesting that a major contribution of the optical absorption spectra is due to the bound to
continuum transitions.

It has been suggested that a distribution of potential wells is possible for electrons in
solution, and the depth limits of the traps have been estimated (31). Photoconductivity
spectral data for polar/non-polar solvent mixtures (40-43) indicate that as the non-polar
component in the mixture decreases, the potential wells become deeper, and the extent of

bound to bound transitions increases.

B. Models
A number of models have been developed to analyse the optical absorption spectra of

solvated electrons. The simplest cavity model (44) of solvated electrons consists of a
spherical potential well. The electron is localized in a physical cavity, with the positive
ends of the solvent dipoles aligned around it.



In the continuum model (45), the electron is considered to be located in a cavity of a
polarized dielectric continuum. In the semi-continuum models (46,47), the electron is
assu'ned to be in a spherical cavity which is surrounded by a solvation shell of a fixed
number of solvent molecules. The solvent beyond the solvation shell is regarded as a
dielectric continuum.

The calculations done according to these models have been successful in reproducing
the EAmax value. The calculated line shape, however, is more narrow and symmetrical
than observed. Statistical mechanical models that consider the molecular properties of the
solvent are being developed (7,48,49).

The ESR studies of solvated electrons in aqueous glasses (50) has suggested that the
electron is solvated in the centre of an octahedron that made up of six water molecules,
with the -OH groups point towards the electron. In methanol, the ESR spectrum indicates

that there are four methanol molecules in the corners of a tetrahedral structure (50).

C. Optical Absorption § in Hydroxylic Salv

The optical absorption energies of solvated electrons are critically dependent on the
interaction between the electron and the solvent molecules. The absorption energies in
water, alcohols and their mixtures are higher than those in ammonia and amines (37,51).
This means that there are stronger electron-solvent interactions in the hydroxylic solvents.

Electron solvation in alcohols affected by the alkyl substitution on the a-carbon atom.
The Eamax values of ssivated electrons in alcohols are in the order of : primary >
secondary > tertiary (23,52). In the primary alcohol series, for alcohols other than ethanol,
the EAmax Vvalues are almost independent of chain length (53) and branching (23) of the
alkyl group. This indicates that configuration of the -OH group in the solvation shells of the
electrons are of the similar type, and the alkyl group beyond the a-carbon has only slight
effect on the interaction between the electron and the solvent (53,54). The value of Epomax
in ethanol is about 8% lower than those in the other primary alcohols at the same



temperature (52). This must be connected with the structure of the liquid, but the specific
reason is not known.

The lower values of EAmax in secondary and tertiary alcohols probably result from the
weaker alignment of solvent dipoles around the electron. This indicates that the combined
effects of electronic induction and steric hindrance of the alkyl substituent hinder alignment
of the O-H dipoles with the field of the electron.

The widths of the solvated electron absorption band at half height (W) in alcohols
are about twice that in water (55). The W) values in amines are also about twice that in
ammonia (56). The bound to continuum transition mode has been considered as a major
contributor in the absorption spectra of solvated electron in alcok.ols, and the extent of the
bound to bound transition may vary with the type of alcokol (39,55).

Spectral parameters of solvated electrons in alcohol/water mixtures display strong
composition dependence (23). The variation of EAmax as 8 function of mole % of water in
alcohol is shown in Fig. 1-1. The minimum of EAmax values in primary alcohol/water
mixtures is attributed to a water nucleated solvent str re at that composition region. The
similarities of trends in the water-rich region among alcohol/water mixtures indicate the
liquid structures change in the same way. The near constant values in the central region are
probably due to selective solvation of the electron in similar environments. This may
indicate the existence of clusters of alcohol-water complexes in this composition region
(23). Hence optical absorption spectroscopy of solvated electrons provides valuable

information about the microscopic solvent structure changes.

IV Structure and Properties of Hydroxylic Solvents
1. Stncture of Hydroxylic Solvents

A. Water
The earliest model of the structure of water was based on radial distribution functions

which had a pattern similar to that of a "broken down" ice structure (57). In ice, each



20 -120

2.0 1.5
r - < A, T
S
2 L
T
§ 20} 1.5
o r
- )
1.5 15
1 1 1 1 1 1 1 | 1
0 20 . 40 60 80 100
ROH MOLE % H,0 H,0

Fig. 1-1 Composition dependence of optical absorption maximum energy (Eamax)
for alcohol / water mixtures at 298 K (ref.23)

o , methanol,a, 1-propanol; o, 2-propanol; v, t-buty! alcohol . Shapes for other primary
and secondary alcohols are similar to that for A and o, respectively



water molecule is hydrogen-bonded tetrahedrally to four other molecules. The distribution
functions of water (58,59) indicate slightly more than four nearest neighbors. Numerous
models have been proposed for the structure of water, they fall into two broad categories:
(a) uniformist models (60-64); (b) mixture models (65-69).

The uniformist models assume water to consist of a single type of three-dimensional
random hydrogen bond network. There are no significant amounts of monomer water
(molecules without hydrogen bonds). There is an equilibrium between free and bonded
-OH groups. The structure can be visualized as a network of cavities with structural order
that is only short range angd approximately tetrahedral.

The mixture models assume water to consist of a mixture of two or more species.
These are water molecules with no hydrogen bonds (monomers), or with up to four
hydrogen bonds. The hydrogen bonded water molecules form an open network full of
cavities or clusters of water molecules. These exist in equilibrium with monomer water
which forms a dense medium. Cluster size and concentration change with temperature.

None of these models is able to explain all properties of water. Experimental results
are usually explained with one model or the other. Simulations of water structure are being

done in order to develop a better model for water (70, 71).

B. Alcohols

In contrast to water, the structures of alcohols are simpler because there is only one
hydroxyl group per molecule. Alcohols can form up to three hydrogen-bonds per
molecule, while water can form four hydrogen-bonds. The presence of monomers, dimers
and polymers has been suggested in various spectroscopic studies (72-74). There are
linear or ring polymers where approximately two hydrogen bonds per alcohol molecules
are formed. A higher proportion of monomer and ring-like polymers exists in alcohols
with larger alkyl groups due to steric hindrance (75). About 5-10% of the lower alcohol
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molecules participate in a third hydrogen-bond which leads to a three-dimensional linkage
of polymer chains (76, 77).

2. Structure and Propertics of Water/Alcohol Mixtures

A. Static Diclectric P .

Dielectric properties give information about the short-range order in a liquid. The
Kirkwood structure factor, g, which is calculated from the dielectric constant, dipole
moment and density, is a measure of the short-range order (78). For highly associated
liquids, gx>1, molecular dipoles are oriented in series and are greater than that measured in
the gas phase. For head-to-tail interaction between molecular dipoles (contra-associated),
gk<1, the liquid phase dipole moment is less than that in the gas-phase. Random
orientation gives gix=1.

The Kirkwood structure factors of water and primary alcohols are greater than unity
(79-81), indicating short range order. For primary alcohols, the value of gi increases with
increasing chain length, suggesting that alcohols with longer chains are better aligned. In
lower alcohols where the degree of cross-linkage between polymer chains is higher, linear
arrangement of dipoles are more difficult. This leads to lower g values. Among alcohols
with the same number of carbon atoms, tertiary alcohols have the lowest gk values, which
can be explained by the the ring-like polymeric structure (82).

When water is added to methanol or tertiary alcohols (80, 82), the structure factors
increase slightly. Water hydrogen bonds with these alcohol molecules to attain a better
linear arrangement of dipoles. Thus water has a structure building effect. The gi values
decrease when water is added to other alcohols, and reach a mnimum in the mid-
composition range (80). Water has a structure breaking eff~ .. ' alcohols.

B. Thenmodvnamic Properties

The thermodynamic functions of mixing alcohol anc .« wew g the first

propertie: employed to suggest a structure for alcohol/wate: e extent of

change depends on the alkyl group (83-85).
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In associated systems, negative enthalpy of mixing implies hydrogen bond formation
and a positive value implies hydrogen bond rupture. Dissolution of a small amount of
alcohol or other non-electrolyte in water is accompanied by loss of enthalpy
(exothermicity) and loss of entropy. This has been interpreted by (a) the non-electrolyte
molecule promotes water-water hydrogen bonding, in clusters that form small domains
(86-88) or (b) water molecules order around the non-electrolyte and form oligomers similar
to clathrates (89-90). The second effect has been referred as "hydrophobic effect” or called
"ice-berg” formation.

The alcohol molecules thus strengthen the water structure. The composition at which
the maximum strengthening occurs, depends on the alcohol. The mole fraction of alcohol
at this composition is lower when the alkyl group of the alcohol is larger (85-89).

When water is added to the lower alcohols such as methanol and ethanol some of these
alcohol molecules make hydrogen bonds with water. The enthalpy of mixing of higher

alcohols with water is positive (endothermic); water acts as a structure breaker (83, 84).

C. Viscosity

Diffusion in a liquid is inversely related to its viscosity. Viscosities of pure alcohols
are either close to or higher than that of water at the same temperature. The viscosity is
higher in alcohols with longer (and more branched) alky! groups. Such alcohols flow less
easily because of the bulkiness (and relative rigidity) of the molecules.

Viscosities are strongly composition dependent in mixtures of alcohol and water. The
composition dependence is characterized by (69, 92):

(a) a maximum in viscosity at compositions ranging from 0.65 to 0.75 mole fraction
of water;
(b) a sharp increase in viscosity when a few mole percent of alcohol is added to water;

(c) small changes in viscosity when a few mole percent of water is added to alcohol.



Addition of alcohol to water increases the viscous resistance to flow. This perhaps is
due to the clathrate-like structure formation (89,90). In the lower alcohols, water acts as a
structure maker, indicated by an increase in viscosity. The addition of water to larger
alcohols is accompanied by a decrease in viscosity, which can be explained by the
formation of water nucleated alcohol complexes (23, 84), or the breakdown of alcohol

structure by water (93).

V  Reactivity of Solvated Electrons

In addition to the optical propertics, another useful way to gain understanding of
solvated electrons is through their reactivities with different types of solute. An enormous
amount of kinetic data has been reported. Several hundred rate constants have been
determined for the reaction of electrons solvated in water (94), alcohols (95-101), alcohol
mixtures (102-105) and alcohol/water mixtures (106-118).

Water/alcohol solvent mixtures offer the possibility of changing the three-dimensional
hydrogen-bond network of water by gradually increasing the amount of the alcoholic
component. When the change in free energy associated with the change of the
microenvironment of the reactants (induced by the alcoholic cosolvent) is different from
that of the transition state, the activation and rate parameters of the reaction change. The
change in microenvironment of the reactants by gradual modification of the solvent
structure (change of water content) therefore offers a powerful tool to assess the nature of
solvent effects on solvated electron reactions.

The complex dependence of the physical properties of alcohol/water systems upon
composition (67,119-121) also makes them valuable solvents to probe the behavior of
solvated electrons. Examples of the physical properties include (i) excess enthalpy of
mixing, which is always negative in the water-rich region, but in the alcohol-rich region is
negative for methyl and ethyl alcohols, and positive for higher alcohols (67,85,119-121);

(ii) viscosity, where a maximum always occurs at 70-80 mole % water (93,120); (iii)

12
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mutual diffusion coefficients, which have a minimum at 70-80 mole % water (123-124);
(iv) dielectric relaxation, where the relaxation time of alcohols increases with addition of a
small amount of water, and the relaxation time of water increases with addition of a small
amount of alcohol (125-128); (v) acoustics, where excess absarption occurs due to bulk
viscosity (129).

The kinetic studies of solvated electrons with solutes in alcohol/water mixtures have
been reported for the methanol (106-108), ethanol (106-110), 1-propanol (112), 2-
propanol (117), 1-butanol (113), 2-butanol (116), isobutyl alcohol (116) and t-butyl
alcohol (115,116,118) systems.

The majority of kinetic investigations of solvated electrons in the alcohol /water mixed
systems involve elecuron-scavengers of high electron affinity, so that the rates of reaction
are limited mainly by the rate at which the reactants diffuse together. The rate constants for
such fast reaction are of the order of 10’m3/mol.s. The composition dependence of the
nearly diffusion controlled rate constants has been analyzed using the Stokes -
Smoluchowski (130) and Debye (131) models. The rate constants for the reactions with
ineffic.ent electron-scavengers are explained in terms of the energy of solvation of electrons
in the different solvents, rather than in terms of solvent transport properties (115,116).

In the Stokes-Smoluchowski model, the diffusion controlled rate constant (kg) for the
reaction between species x and y is related to the viscosity () of the medium, and the

diffusion radii (r) and reaction radii (R) of the reactants.

ko= A LB T( (R + R, [1-4]
1.51 Tx W

where N, is the Avogadro's constant, kp is the Boltzmann's constant and T is the

temperature.
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For a number of alcohol/waser mixture systems, the experimental second-order rate
constants (k) for the reaction between nitrobenzene and solvated electrons are inversely
proportional to the viscosity of the solvents in the composition range of Anmax < Xw <1
(where Xw is the mole fraction of water in alcohol and Xnmax is the mole fraction of water
in alcohol at the maximum viscosity), which indicate that the factors (1/rx+1/fy}Rx+Ry) in
equation[1-4] do not vary much in this region (112,115). For solvent composition of
Aw < Xnmax » the viscosity dependence of the rate constant is more complex. For example,
in the 1-propanol/water mixture system, the k2 value in the composition region of 0.1< Xw
< 0.7 decreases as the viscosity decreases, whereas in the 0 < xw < 0.1 region, there is a
sharp increase in k2 regardless of the slight increase in viscosity (112). These results have
been explained by consideration of the microscopic structures of the alcohol/waters, that
was suggested in the studies of the optical absorption spectra of solvated electrons (23).
Since the diffusion coefficients of the reacting species depend on the microscopic structures
of the liquid, the nearly diffusion controlled reaction rate constants are affected by the
microscopic structures of the medium (112-118).

The Debye modification (131) of the Smoluchowski relation (equation [1-5] ) has been
used 1o analyze the solvent effects on the reaction kinetics of solvated electrons with
charged and polar scavengers in tert-butyl alcohol/water mixtures (118). In the Debye
model a factor f, which considers the coulombic interaction potential U(R) between the
electron and a dipolar or ionic solute, is applied to account for the enhancement (or
retardation) of the diffusion rate constant due to electrostatic attraction (or repulsion) at the

encounter distance R = Ry+Ry.

kg = Na ks T( )(R + R [1-5]
1.50 T, "y

where f=(UR)/kpT)[exp (UR)/kpT)-1]"1 [1-6)
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Both the Smoluchowski and Debye relations consider the bulk (macroscopic) viscosity
of the solvent. This may be different from the microscopic viscosity experienced by the
diffusing reactants. The local viscosity around a polar solute is related to the bulk viscosity
and 10 other dynamic dielectric properties of the medium , which may also influence the
effective diffusion radii of the reactants (132). The effect of static dielectric constant on the
viscosity normalized rate constants (nk2) for a number of electron-organic solute reactions
was found to be similar to that on the Walden product ( \Ag, where A is the limiting molar
conductance) for ions in ethanol/water mixtures (113). This suggests that the diffusion
coefficients for both organic solutes and inorganic ions decline towards the pure alcohol.
However, as the water content of the medium increases, the k2/Ao ratio decreases. This
reflects the smaller diffusion coefficient of ions than of organic solutes in the alcohol-rich
solvents. The larger effective radii of diffusion and reaction in alcohol than in water may
be explained by considering the solvation structure of the solutes. In alcohol, the solutes
are solvated by the hydroxy ends of the molecules, and when the two solvated species
diffuse together, they are buffered by the alkyl groups (113).

Solutes that have low electron affinities have low reaction rate constants. The
composition dependence of such rate constants has been attributed to the variation of
solvated electron trap depth (98,112-113,115-116), which is related to the optical
absorption energy (12). Electrons in the shallower traps have a greater probability of
reaction than those of the deeper traps, so the optical absorption energy (Ey) half way up the
low energy side of the band was used to correlate k2 with the electron trap depth.

The effects of temperature on reaction kinetics can also provide valuable data for
postulating mechanisms. Changes in reaction rates due to temperature change are generally
expressed in terms of the activation energy (Ey) and the frequency factor (A) of the
Arrhenius equation [1-7] :

k = Ac Ea/RT (1-7)



Information about solvent effects on reaction rate parameters A and Eq of solvased
clectrons assists in achieving a better understanding of the nature of the reaction.

There is a correlation between the activation energy of reaction and the activation
energy of viscous flow (Ey) (115,116). Organic reactants that are less soluble in water
seem to have higher activation energies (115). This may suggest that electrons are
preferentially solvated by water and the organic solute is preferentially solvated by alcohol,
which raises the energy required for the close approach of the reactant.

Entropies of activation are more negative for less efficient scavengers. The difference
of reactivity between efficient and inefficient scavengers is due mainly to changes of

entropy rather than of energy (115).

V1 Present Work

When this work began, few data were available concerning the pulse radiolysis of
alcohol/water mixtures. Information was especially lacking about temperature effects on
the reactions of solvated electrons in water mixed with the two smallest alcohols, methanol
and ethanol. The objective of the present work is to learn more about the behavior of
solvated electrons in methanol and ethanol/water mixed solvents, by studying the kinetics
of their reactions with a number of organic and inorganic solutes.

16



CHAPTER TWO
EXPERIMENTAL

I Materials

Methanol (spectrophotometric grade, gold label, 99.9%) was obtained from Aldrich
Chemical Company. It was treated for three hours under argon (Linde, ultra-high purity
grade, 99.999%) with sodium borohydride (Fisher Scientific, reagent grade) (one gram
per liter of methanol) at 328K. It was then fractionally distilled under argon, through a 52
x 2.5 cm column packed with 0.6 cm glass beads, discarding the first 20% and last 35%.
The middle fraction was collected and kept in an argon-pressurized syphon system. The
water content measured by Karl-Fisher titration was 0.04 mol.%.

Absolute-reagent grade ethanol was obtained from the U.S. Industrial Chemical
Company. Experience had shown this to be the best available (133) having reported
maximum impurity levels of 50 ppm water, 5 ppm methanol, and less than 1 ppm benzene,
halogen compounds or carbonyl compounds. Treatment by the purification method used
with methanol resulted in no improvement in purity. The water content measured by Karl-
Fisher titration was 0.04 mol.%.

The solvated electron half-life after a 100 ns pulse of 1.9 MeV electrons (2 x 1016
eV/g) at 298K was 4 s for methanol, and 6.5 s for ethanol.

Toluene (Aldrich,gold label) was distilled over sodium under argon. Phenol (Adrich,
99+%) was sublimed three times under reduced pressure (0.7S torr) at 308K. Lithium
chromate (K and K, reagent grade) was dried ovemight using an Abderhalden drying pistol
under reduced pressure (0.1 torr) at 328K with phosphorus pentoxide power (American,
reagent grade). Nitrobenzene (Aldrich, 99+%, gold label), acetone (Aldrich, 99+%,
spectrophotometric grade, gold label), lithium nitrate (Aldrich, 99.999%, gold label), silver
perchlorate (Strem, reagent grade) and copper (II) perchlorate (Aldrich, reagent grade) were
used as received.
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Water from two sources was used. Laboratory distilled water supply (from a Bransted
continuous distillation apparatus that produce distilled water at a rate of 15 gallons/hr.) was
used as the starter in both cases. In one method this water was first distilled from a Coring
AG-1b distillation apparatus, then re-distilled from alkaline permanganate through a one-
meter glass-packed column in a stream of ultra high pure argon. In the other method
distilled water was passed through a Barnstead Nanopure II ion exchange system. The

solvated electron half-life in either case was 20 ps.

I Apparatus for Kinetic Mcasurements
1. Sample Cells

Cells of Suprasil Quartz from Terochem Laboratories were used at atmospheric
pressure for temperatures varying from 223K to 283K. The optical path length was 1 cm,
and the inside dimensions were 1 x 1 x 4.5 cm. The cell was topped by a grade seal so that
it could be attached to a Pyrex tube.
2. Argon-Bubbling System

Samples in quartz cells were argon bubbled prior to irradiation. The argon bubbling
system (Fig. 2-1) was made by attaching 1 cm?3 syringes to a Pyrex tube. Pyrex/Teflon
stopcocks (No. 7282, Canadian Laboratory Supplies Ltd.) were used to control the rate of
gas flow through the stainless steel needles (30 cm long, 0.625 mm i.d.). The rate of

bubbling was 20 cm3/minute.

3. Imadiation. D . Te LS
A. The van de Graaff Accelcrator
The source of high energy electrons was a type AK-60 2MeV van de Graaff

Accelerator (VDGA) manufactured by High Voltage Engineering Corporation. The
maximun. peak current delivered during a pulsed operation was 150 mA. Pulse durations
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of 3, 10, 30, 100 nanoseconds (ns) and 1 microsecond (jis) were available. The 30 and
100 ns pulse durations were used to obtain an appropriate pulse dose.

The entrance from the control room to the accelerator and target room was shiclded by
a concrete maze. Closing and locking the iron-gate at the control room end of the maze
sounded a waming buzzer for 15 seconds. Accelerator operations was possible only after
cessation of the buzzer. Opening of the iron-gate resulted in immediate shutdown of the
accelerator.

The method commonly used to monitor the steering and focussing of the electron beam
was to fix a piece of phosphorescent paper to the end of the accelerator beam pipe. The
paper could be viewed by a closed circuit television. Each pulse of electrons caused a
visible glow where it struck the phosphor, enabling accurate steering and focussing by
adjustment of the current in the electromagnets. When equipment blocked visual
observation, the beam could be steered by maximizing either the secondary emission
monitor's (SEM) dose or the optical absorption of solvated electrons in a water sample.

Typical beam diameter at tt. stron window was 2.5 cm, with the most intense

portion confiried to an area of about 1 cm2.

B. Sccondary Emission Moni

The relative dose for each electron pulse was indicated by a secondary emission
monitor (SEM). It consisted of three thin metal foils placed inside the accelerator beam
pipe close to the electron window (Fig. 2-2). These metal foils were cobalt based high
strength alloy sheets (0.0025 mm), and were obtained from the Hamilton Watch Company,
Precision Metal Division. The low average atomic number (approx. 27) of this material
made it superior to gold (atomic number 79) because of less beam attenuation by electron
scattering.

The 5 cm diameter foils were separated by 0.5 cm. The outer two were maintained at
a potential of 50 V. Passage of an electron pulse generated secondary electrons at the foils.
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The electrons ejected from the centre foil were collected by outer foils, the net result being a
current flow from the centre foil. Current flow occurred only during a high energy electron
pulse and was measured by a gated integrater, digitized and displayed on a digital readout.

C. Optical Detection System
(a) The Analyzing Light

A schematic diagram of the path of the analyzing light is shown in Fig.2-3.

The light source was a high pressure Xenon arc lamp (Optical Radiation Corporation,
model XLN 1000 W) contained in a lamp housing (Photochemical Research Associates,
model PRA ALH 220). A rhodium coated off axis parabaloid mirror (Melles Griot-02
POH 015) placed in the beam path absorbed the UV light with wavelength shorter then 320
mm. This prevented excess ozone formation in the room. The lamp was run at 1 kW and
pulsed to 9.75 kW for 500 us when a decay signal was desired.

A light shutter protected the sample from unnecessary exposure by opening for only 55
ms. The above mentioned mirror was used to focus the light beam at the center of the
irradiation cell. Front surface aluminized mirrors coated with silcone monoxide were used
to reflect the light beam from the irradiation room to the control room through a hole in the
1.2m thick concrete wall. Finally a concave mirror was used to focus the light into the
monochromator housing.

(b) Monochromator Grating and Filters

The monochromator was Bauch and Lomb type 33-86-25. The two gratings used
were type 33-86-02 for light from 350 nm to 800 nm and 33-86-03 for light from 700 to
1000 nm. The two Coming filters used were type CS-2-64 for wavelengths between 700
to 1000 nm, and CS-3-73 for wavelengths between 480 to 700 nm. The front and back slit
widths of the monochromator were 2.5 mm and 1.4 mm, respectively.
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(c) Digital voltmeter, Oscilloscope and Plotier
The incident light intensity at the detector was recorded as a voltage on a digital

multimeter (Fluke 8810A), displayed on an oscilloscope (Tektronix R7623) and plotted cn
a digital plotter (Zeta 1200). The signals were displayed as plots of voltage against time.
All the information related to the particular signal (total light, dose, temperature, sensitivity,
time scale, signal starting point, half-life curve and cell holder number) were also printed

on the chart.

D. Temperature Conrol Sysiem
(a) Cooling and Heating Systems

Temperatures from 223K to 298K were achieved by boiling liquid nitrogen and
regulating the temperature of the resulting nitrogen gas by using another heater. Liquid
nitrogen was boiled at a controlled rate from a 50 L, Narrow necked aluminum Dewar
vessel (Lakeshore Cryotonics Inc.). A stainless steel pipe (5 cm diameter) extended to the
bottom of the Dewar. It was fixed to a lid which fitted snugly into the neck of the Dewar.
A 600 W nichrome heating coil was attached to the inside of the steel pipe to about 7 cm
from the bottom. When being used, only 190 W was applied to this heating coil.

Cold nitrogen gas was transported to the sample box through one meter of Rubatex
foam-rubber pipe. Both ends had glass inserts to which a leather seal was connected.
Cold air that camx from this pipe flowed through another stainless steel pipe (2.5 cm diam.)
that had a Nichrome heating wire (0.024 cm diam. x 4 m Long) inserted inside it, cefore
entering the cell box. This heating coil regulated the nitrogen gas to the required
temperature.

Temperatures from 296K to 373K were obtained using air from a laboratory heat gun
(Master Appliance Corporation, model AH 0751). The nichrome wire heated the air to the
required tempcrature.



(®) Cell Holder Box
Eight cell holders were mounted on a circular (7 cm diam.) aluminium base, which

was connected to a motor. This system was fixed inside a box insulated with foam glass
(Pittsburg Comning Corporation). When the cells were not being pulse irradiated, the cell
holder made continuous clockwise and counterclockwise full cycle rotations. Just before a
pulse was given, the pre-selected cell stopped in front of the electron window. The gas
entered the cell box (40 cm high, 8cm i.d.) below the aluminum base and was stirred by the
rotating cell holder before leaving a 2.5 cm diameter hole in the lid.

The temperature of the system was monitored using a thermocouple mounted in a cell
filled with solvent. A temperature sensor used by the temperature controller (Taylor
Microscan 1300) was also fixed to one of the cell holders. The temperature of the
thermocouple cell was measured by a Fluke Digital Thermometer (model 2100A). Thermal
equilibrium in the system was established when the thermocouple cell indicated a steady
temperature for a period of 15 minutes. Once the thermal equilibrium was reached , the

temperature of the thermocouple cell varied only 0.1 K.

Il Apparatus for Conductivity Mcasurements
1. Impedance Bridge

The type 1608-A Impedance Bridge (General Radio Co.) was a self-contained
impedance-measuring system, which included six bridges for the measurement of
conductance, capacitance, resistance, and inductance, as well as the generators and
detectors necessary for DC and AC measurements. To obtain the conductance reading, the
bridge was set to the conductance mode and the variable resistor and capacitor were
adjusted until null balance was achieved. An oscillator frequency of 1 kHz was used for

the AC measurements.
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2. Conductance Cells

Pyrex conductivity cells (YSI 3403) from Yellows Springs Instrument Co., Inc. were
used for temperatures varying from 283K to 358K. The cell chamber was 5 cm deep,
overall length was 20 cm, 0.d.1.2 cm.

Graduated cylinders (25-cm3, 16 cm long, 1.4 cmi.d.) were used to contain the
electrolyte solutions. A rubber adaptor made from a size no.2 stopper was used to provide
a tight seal between the cell and the solution container. The wrapping of 2 to 4 layers of
parafilm (American Can Company) around the adaptor-container junction was essential to
secure a tight seal at elevated temperatures.

Calibration of cells were performed at 298.15K using a secondary standard solution
(YSI 3161) available from Yellow Springs Instrument Co., Inc.. This calibration solution
contained water, 0.0002% iodine as an anti-microbial, and sufficient ACS reagent grade
potassium chloride to attain a specific conductance of 1000£5uS/cm.

The electrodes of the cells were coated with platinum black. This coating was very
important to cell operation. When the coating appeared to be wearing off the electrodes, the
cells were cleaned using a solution of equal parts of isopropyl alcohol and 10 molar HCl,
then replatinized using a replatinizing solution (YSI 3140) on a platinizing instrument (YSI

3139) at a current of 50 milliamp.

3. Constant Temperature Bath

Conductivity measurements at various temperatures were done in a 10 L glass Dewar
vessel filled with distilled water (Fig. 2-4). The Dewar was equipped with a motor
controlled stirrer, a refrigeration unit (Tecumseh model AE 1343AA) and a heating coil.
The output of the heating coil was manually controlled by a variac (Ohmite, mode VT). A
knife-heater (Cenco, 53 ohm, 350W) was controlled by a temperature regulating system
(Fig. 2-5). The temperature was measured with a platinum resistance digital thermometer
(Fluke, mode 2189A) 10 0.01K. Temperature variations in the bath were recorded by a



——
LIQUID PREON ]
——
TREON GAS .
1 "SR
AR P O I D
KNS
. REFRIGERATION
# - uNIT
DIGITAL -
——4 THERMOMETER
- Sl 7 Y
/
A . - L
T Ao, |
- || neaTER TOPERATURE
- RECULAS ING
SYSTEM
CLASS -  Waer Bath -
DEWAR ~

Fig2-4 Temperature Control of the Water Bath

ey PAR MODEL HR-8 POVER
> LOCK-IN AMPLIFIER|— 3 AMPLIFIER ——>T
€
A !
V"
REAT
RESISTANCE LosS
BRIDGE
4
/ REATER
POVER

MN

TOCPERATURE BEATER
SENSOR

DEWAR

AEFERENCE

TDOERATURE

Fig. 2-5 Temperature Regulating System

27



chart recorder (Sargent, model SR), using a platinum resistance detector (Omega, model
TFD). Thermal equilibrium in the system was established when the chart recorder showed

a temperature variation of S 0.01K for 20 minutes.

IV Techniques
1. Sample Preparations

Quartz cells and other glassware were cleaned by performing the following sequence
of operations. First the vesse]l was rinsed twice with ethanol. While the surface was still
alcohol wetted (with approx. § drops of alcohol in cell), a few drops of concentrated nitric
acid were added. The resulting exothermic reaction caused the acid to boil vigorously. The
acid was then removed by rinsing many times with distilled water, followed by dilute
potassium hydroxide. Finally the vessel was rinsed many times with distilled water. The
glassware and quartz cells were dried at 390K in a clean oven reserved for that purpose.
New stainless steel syringe needles were washed first with hexane to remove oil and
grease, then rinsed twice with methanol. They were finally rinsed many times with
distilled water and oven dried. Before use they were rinsed several times with the solvent
or the solution being used.

Solvent mixtures were prepared in volumetric flasks by volume measurements. Stock
solutions were prepared in 10, 25 or 50 ml volumetric flasks. Liquid solutes were added
by microlitre syringe (10, 50 or 100ul). Solid solutes were weighed in the volumetric flask
on an analytical balance (August Sauter, model Monopan). The balance is readable to 0.1
mg with a precision of 0.1 mg, determined by repeated weighings of a constant weight.
Aliquots of the stock solutions were transferred using syringes or volumetric pipets, then
were diluted to make up a set of four to six different concentrations of sample solutions.
For the conductance measurements, because the electrolyte containers were rinsed twice

with the sample solutions before use, 25 ml of each of the electrolyte solutions were
prepared.



For the pulsed radiolysis kinetic measurements, the sample solutions were de-acrated
by bubbling with UHP argon at room temperature at a rate of approx. 20 cm3 per minute
for 30 minutes, and then sealed as illustrated in Fig. 2-6. Step 1 took place at room
temperature. The syringe needle was then withdrawn to just above the liquid as shown in
step 2. The argon flow rate was increased somewhat. The area arround the sealing
position was heated with a low flame to vaporize and flush out the volatile substances from
the tube wall. The syringe needle was then further withdrawn as illustrated in step 3, and
the seal was made as rapidly as possible.

The argon-bubbling method minimizes the dissolved gaseous impurities such as
oxygen and carbon dioxide, it also, however, can easily evaporate the more volatile solutes
(acetone and toluene) out of solution. This was a problem especially when the solute
concentrations were low. Under these circumstances, the solute was injected into the
solvent that had been argon-deacrated (30 minutes), and the solution was bubbled again
with argon for two minutes, and then sealed.

The concentration of the organic solutes in solution was determined spectrophoto-
metrically. For phenol and the more concentrated toluene solutions, after the kinetic runs,
the samples were diluted 10, 25 or 50 times with solvent, and the absorbance was
measured at the wavelength of the absorption maximum, using a 1 cm quartz cell. The
absorbance of the solute was obtained from the correction of a solvent blank. For samples
which contained low concentration of solute (nitrobenzene, acetone and toluene), the
absorbance readings were taken directly in the reaction quartz cells. The absorbance of the
solvent blank (i.e. before the solute was added to the same reaction quartz cell) was
subtracted from the solution’s absorbance to obtain the absorbance of the solute. The
concentration of the organic solutes was then calculated using th~ Lambert-Beer law. The
analytical wavelengths for the concentration measurements were chosen at the absorption
maximum of the solutes. The molar extinction coefficients and absorption maxima of the
organic solutes in the water-alcohol mixtures were also determined spectrophotometrically,
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as described, using standard solutions of known concentration. The absorption maximum
and the molar extinction coefficient varied slightly with solvent composition.

2. Kinetic Mcasurements
Solvated electrons can react with the hydroxylic solvent and the solute to yield a

number of products (equations [2-1] and [2-2]).
€s- + ROH

€s- + S

> ROs* + H [2-1]
> S - [2-2)

Since the concentration of the solvent and the solute (scavenger) are much greater that
of the solvated electrons, the kinetics of these reactions are first-order, and the observed

first-order rate constant (kobs) is given by equation (2-3] :

kobs = ki + k2 [S] (2-3]
where k; = ks [ROH] [2-4)

The decay kinetics of the solvated electrons was monitored at the wavelength of
absorption maximum of the solvated electrons. A typical decay curve of the solvated
electrons is shown in Fig. 2-7. The picture shows the first-order decay of the svlvated
electrons in the presence of 2.31 x 10-2 mol/m? of nitrobenzene in 60 mole % water-
ethanol at 295.8K. It was recorded after a 100 ns pulse of 1.9 MeV electron, at a time
sweep of 1.0 us/cm. The vertical scaie is in millivolt/cm and is proportional to the
absorbance at 690nm of the solvated electron.

The half-life of the solvated electrons, ty,which is the time required for the
concentration of solvated electrons to decrease by 50%, was measured from the picture.
When the half-lives were measured from the decay curve, the first centimeter or so of the
trace was usually ignored, because ihe beginning of the trace was sometimes not first-
order. This could be due to the delayed response and noise of the electronic detector, or a

contribution from geminate reaction, or both. In another method, the half-lives were
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Fig. 2-7 Typical Solvated Electron Kinetic Trace



measured from a half-life curve generated by the computer. The computer calculated a
large set of half-life values along the decay trace at a frequency of 51 points/centimeter, and
plotted this set of half-life trace together with the decay trace onto the plotter. When the
decay kinetic was first-order, the half-life trace was a horizontal line. The half-life was
then obtained by measuring the vertical distance between the reference point (the lower "+"
mark) and the horizontal line. Although the two methods for the half-life measurements
were equivalent, the second method was preferred, because it not only allowed a more
direct and rapid measurement of t;; but also provided a quick and easy way of indicating
the region where the kinetics were first-order.

The kops Of the system was calculated using the average half-life from at least two
pictures, according to equation [2-5] :

kobs = In2 /tp [2-5]

Plots of the kgps against at least four scavenger concentrations had a slope equal to the
second-order scavenging rate constant, k2. The error in the second-order rate constants
was +4%. In water-rich/alcohol mixtures, the error of the toluene results may be 10%.
The second-order rate constants obtained at different temperature were used to determine
the Arrhenius activation energy parameters. Activation energies (Ea) were calculated from
the slope of a plot of the log of the second-order rate constant against the reciprocal of the
absolute temperature (equation [2-6]), and entropies of activation at 298K were calculated
from equation [2-7). The errors in the calulated Ea and AS= values were £ 1kJ/mole and +
3J/mol.K.

Inky = InA - Eg/RT [2-6]
AS= = 19(LogA-98) (2-7]

where A is in units of m3/mol.s



3. Conductivity measurements

The specific conductance (X, in siemen/meter) was calculated from the conductance
measured (L, in siemen) according to equation [2-9] :

x = CxL [2-29]
where C is the cell constant in meter!

The molar conductance, A, in units of Sm2/mol, was obtained as the slope from a plot
of the <necific conductance against at least four electrolyte concentrations. The error was
£1'%. When the molar conductance was independence of the concentrations within the
concentration range studied, it is also equivalent to the limiting molar conductance. The
activation energies of the conducting process (E,), were calculated from the slope of a plot
the log of the molar conductance against the reciprocal of the absolute temperature near

298K. The error in the calulated E values was t 1kJ/mole.



CHAPTER THREE
RESULTS

1 ion kinetics of solvated ¢l ns with organic compounds

The kinetics of the reaction for solvated electrons with nitrobenzene, acetone, phenol
and toluene were studied in methanol / water and ethanol / water mixed solvents of
compositions ranging from pure alcohol to pure water.
1. Reactions of solv lectrons in methanol / water mixtures
A. Reaction of solvaied electrons with nitrobenzene

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with nitrobenzene are shown in Figs.3-1(A-L). The
concentration range of nitrobenzene was 6 - 42 mmol/m3. The second-order rate constants
at various temperatures are given in Table 3-1. The rate constants k29g (at 298K) were
ob:ained from the Arrhenius plots (Fig.3-2). The rate constant at 298K is 3.7 x 107
m¥/mol.s in water and 2.4 x 107 m3/mol.s in methanol. The literature results are 3.8 x 107
m?/mol.s (112,115) and 4.2 x 107 m3/mol.s (100) in water and 2.3 x 107 m3/mol.s
(98,100) in methanol. The 1ate constants at 292K show similar composition dependence to
those obtained by Milosovljevié and Miéi¢ (106), who conducted experiments at only one
temperature. The comparison is shown in Fig.3-3. The composition dependences of
koog, activation energy and entropy of activation for the reaction of solvated electrons with
nitrobenzene are summarized in Table 3-2. Graphic representation of these results is
presented in the Discussion (Chapter Four), together with other organic electron-

scavengers for comparison.
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Fig. 3-1 (A-L) Temperature and concentration dependence of the first order rate constants
for the reaction of solvated electrons with nitrobenzene in methanol / water mixtures.
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In the graphcode { CI A IS ), Crepresents the mole % of water in the solvent mixture, A
represents the alcohols and S the electron scavenger. The alcohol are represented by M for
methano! and E for ethanol.
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Fig 3-2  Asrhenius plots for the reaction of solvated electrons with
nirobenzene in meihanol / water mixtures
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Fig. 3-3 Composition dependence of k292 for the reaction of solvated electrons
with nitrobenzene in methanol / water mixtures
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Table 3-1 Second-order rate constants for the reaction of solvated electrons with
nitrobenzene in methanol / water mixtures at various temperatures

Xw  Temp. k2 Xw Temp. k2 Xw Temp. k2
(K) (107 m3/mol.s) (X) (107 m3/mol.s) (K) (10 m3/mol.s)
1.00 2799 2.2 090 2784 1.3 045 2530 0.53
2977 3.6 296.7 2.5 2732 0.98
3114 5.0 3128 3.6 2975 1.8
3182 5.7 3284 5.0 3128 2.5
3377 8.3 3386 5.8 3278 3.3
353.0 10.6 3433 6.5 336.7 3.8

099 279.6 2.1 080 2764 1.1 0.30 2530 0.62
296.6 3.5 2969 2.2 2732 1.1
3129 4.8 3128 3.1 2967 1.9
3388 7.8 3284 4.4 3128 2.7
353.1 10 338.7 5.1 3278 3.2
3434 5.7 3376 3.9

098 2788 1.9 070 2638 6.9 0.15 2530 0.84
2064 3.3 2837 1.3 2732 1.2
3128 4.6 296.1 1.9 296.6 2.2
3285 6.6 3128 2.8 3128 2.7
3435 8.0 3278 2.8 3128 3.4
3528 9.6 3377 4.4 3376 4.0

097 2790 1.9 0.60 262.7 0.67 000 2383 0.7
2964 3.3 2836 1.3 2480 1.0

313.0 4.7 296.1 1.9 229 10

3284 6.5 3128 2.6 2,°% 1.4
3388 7.7 3278 3.7 297.2 2.4
3435 8.3 3377 43 3127 29
3334 3.5




Table 3-2  Rate parameters for the reaction of solvated electrons with

nitrobenzene in methanol / water mixtures

Aw k298 E, LogA ASt
(107 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.7 16 13.42 12
0.99 3.5 17 13.47 13
0.98 3.3 17 13.55 14
0.97 3.3 18 13.59 15
0.90 2.5 18 13.51 14
0.80 2.2 18 13.50 13
0.70 1.9 18 11.50 13
0.60 1.9 18 13.41 12
0.45 1.8 17 13.17 7
0.30 1.9 15 12.92 2
0.15 2.1 13 12.66 -3
0.00 2.3 11 12.30 -10
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B. Reaction of solvated clectrons with acetone
The temperature 2-., - wentration dependence of the tirst-order rate constant for the

reaction of solvated - -_ns with acetone are shown in Figs.3-4(A-J). The concentration
range of acetone was 0.17-1.2 mol/m3. The second-order rate constants at various
temperatures are listed in Table 3-3. The rate parameters are obtained from the Arrhenius
plots in Fig.3-5. They are summarized in Table 3-4. The rate constant at 298K is 7.7 x
106 m3/mol.s in water and 4.9 x 106 m3/mol.s in methanol. The literature results are 6.8 x
106 m3/mol.s (100), 7.7 x 106 m3/mol.s (115) and 8.0 x 106 m3/mol.s (112) in water and

4.3 x 106 m3/mol.s (98) in methanol.

Fig. 3-4  Temperature and concentration dependence of the first-order
(A-J) rate constant for the reaction of solvated electrons with
acetone in methanol / water mixtures
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Fig. 3-5 Asthenius plots for the reaction of solvated electons with
acetone in methano! / water mixtures
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Table 3-3 Second-order rate constants for the reaction of solvated electrons with
acetone in methanol / water mixtures at various temperatures

Xw Temp. k2 Xw Temp. k> Xw Temp. k3
(K) (106 m3/mol.s) (K) (105m3/mol.s) (K) (105 m3/mol.s)
1.00 2762 43 0.70 2732 28 0.30 2626 2.5
2837 5.1 2838 3.8 2732 3.2
2973 7.0 2960 5.0 2837 4.1
3058 8.3 309.6 6.7 2964 5.2
319.7 11 3247 89 3078 6.5
3236 8.7
097 2763 4.7 0.6 2600 1.8 0.15 2576 24
2837 5.6 2704 2.5 2732 35
2970 7.3 2837 39 2838 4.1
301.3 8.0 2066 5.0 2969 5.3
315.2 11 3106 6.8 3060 6.1
3246 8.4 3199 7.5
0.90 2763 3.6 0.45 261.7 22 0.00 2577 25
2837 4.4 2732 2.8 2732 3.4
296.7 6.7 283.7 4.0 2838 39
3068 7.8 2959 5.5 2967 4.8
3199 10 3059 6.3 310.7 5.6
3236 8.8 3237 7.0
0.80 2746 29
806 3.5
2899 4.3
2967 5.3
5.9
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Table 3-4 Rate parameters for the reaction of solvated electrons with

acetone in methanol / water mixtures

Xw k208 E, LogA AS#
(105 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 7.7 15 12.45 -7
0.97 7.6 16 12.62 -3
0.90 6.4 17 12.83 1
0.80 53 17 12.76 -1
0.70 5.2 17 12.74 -1
0.60 5.2 17 12.74 -1
0.45 53 17 12.62 -3
0.30 5.2 14 12.22 -11
0.15 5.3 12 11.93 -16
0.00 49 11 11.57 -23
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C. Reaction of solvated electrons with phenol

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with phenol are shown in Figs.3-6(A-J). The concentration
range of phenol was § -30 mol/m3. The second-order rate constants at various
temperatures are listed in Table 3-5. The rate parameters are obtained from the Arrhenius
plots in Fig.3-7. In water and 97 mole% water - methanol, the Arrhenius plots show a
slight downward curvature at the high temperature region, therefore the rate parameters are
obtained from the temperature range of 276-323K. The rate parameters are summarized in
Table 3-6. The rate constant at 298K is 3.0 x 10* m3/mol.s in water and 1.1 x 10*
m3/mol.s in methanol. The literature results are 2.1 x 104 m3/mol.s (112), 2.7 x 10

m3/mol.s (115) in water and 1.0 x 10? m3/mol.s (100) in methanol.

Fig 3-6 Temperature and concentration dependence of the first-order
(A-L) rate constant for the reaction of solvated electrons with
phenol in methanol / water mixtures
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Fig. 3-7 Arrhenius plots for the reaction of solvated clectons with
phenol in methanol / water mixtures
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Table 3-5 Second-order rate constants for the reaction of solvated electrons with
phenol in methanol / water mixtures at various temperatures

Xw Temp. k2 Xw Temp. k2 Aw Temp. kj
(K) (104 m3/mol.s) (X) (104 m3/mol.s) (K) (104 m3/mol.s)

1.00 2797 1.8 080 2762 053 0.45 2552 0.21
297.3 3.1 296.4 0.95 276.1 0.42

316.3 5.1 3136 1.5 296.1 0.72

3378 1.3 3325 2.3 3136 1.1

358.3 9.2 3419 29 3326 1.7

3732 9.5 3517 3.4 3419 2.

097 2787 1.3 070 2728 0.37 0.30 2552 0.24
2967 2.2 2960 0.8 2762 0.47

3152 39 3138 1.3 296.1 0.84

3284 5.1 3278 i.8 3136 1.2

3386 6.3 337.0 2.2 3324 19

3528 7.4 3466 2.7

0.15 2552 0.27

090 2762 0.76 0.6 263.3 0.29 2762 0.56
2963 1.4 2762 0.44 2958 0.95

3137 2.3 296.1 0.76 3136 1.4

3326 3.6 3136 1.2 3326 2.2

3426 4.1 3326 1.8 3420 2.7

3518 4.8 3379 2.2

0.00 2237 0.095

2446 022

265.5 0.42

2957 098

3136 1.6

3353 2.6




Table 3-6  Rate parameters for the reaction of solvated electrons with

phenol in methanol / water mixtures

Xw k298 Ea LogA AS*
(104 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.0 18 10.58 -42
0.97 2.3 20 10.69 -40
0.90 1.4 20 10.72 -40
0.80 1.1 20 10.48 -44
0.70 0.86 20 10.38 -46
0.60 0.80 19 10.24 -49
0.45 0.77 19 10.17 -50
030 0.85 18 10.15 -50
0.15 1.0 19 10.23 -49
0.00 1.1 19 10.25 .48
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D. Reaction <f sovated electrons with toluene

The temperature and concentration dependence of *he first-order rate constant for the
reaction of solvated electrons with toluene are shown in Figs.3-8(A-I). The concentration
range of toluene was 0.2-370 mol/m3. The second-order rate constants at various
temperatures are listed in Table 3-7. The rate parameters are obtained from the Arthenius
plots in Fig.3-9. They are summarized in Table 3-8. The rate constant at 298K is 1.1 x
104 m3/mol.s in water and 2.0 x 10> m3/mol.s in methanol. The literature results are 1.3 x

104 m3/mol.s (1 15)and 1 4» 10%-:: "nol.s (112) in water and 1.6 x 103 m3/mol.s (99) in

methanol.
3-8 Temperature and concentration dependence of the first-order
1o o) rate constant for the reaction of solvated electrons with
toluene in methano! / water mixtures
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Table 3-7 Second-order rate constants for the reaction of solvated electrons with
toluenc in r thanol / water mixtures at various temperatures

AXw  Temp k2 Aw Temp. k2 Aw Temp. k>
(K) (104 m3/mol.s) (X) (104 m3/mol.s) (X) (10 m¥/mol.s)
1.00 296.1 1.0 0.70 296.1 0.46 0.30 275.1 0.12
3127 1.7 3184 0.91 2958 0.28
3226 2.1 3370 1.4 3184 0.55
3558 2.0 337.0 0.90
090 2837 0.53 0.60 2752 0.20 0.15 2542 0.036
2985 0.80 296.1 0.46 275.1 0.1
3127 1.1 3184 .79 296.1 0.25
3283 1.6 3369 1.3 3184 0.55
3385 2.0
348.1 2.3 0.45 2750 0.15 0.00 2542 0.029
297.0  0.35 2750 0.080
318.4 0.67 296.0 0.16
3369 1.2 3184 0.42

3324 0.70




Table 3-8  Rate parameters for the reaction of solvated ele. trons with

toluene in methanol / water mixtures

Xw k298 Ea LogA AS*
(104 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 1.1 18 10.14 -51
0.90 0.79 19 10.22 -49
0.70 0.52 21 10.41 -45
0.60 0.53 23 10.68 -40
0.45 0.36 24 10.72 -39
0.30 0.28 26 11.00 -34
0.15 0.27 27 11.21 -30
0.00 0.21 28 11.26 -29
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Arrhenius plots for the reaction o solvaied electrons with
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2. Reactions of solvated clectrons in ethanol / water mixed solvents
A. Reaction of solvaied electrons with nitrobenzenc

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with nitrobenzene are shown in Figs.3-10(A-J). The
concentration range of nitrobenzene was 10-62 mmol/m3. The second-order rate constants
at various temperatures are listed in Table 3-9. The rate parameters are obtained from the
Arrhenius plots in Fig.3-11. They are summarized in Table 3-10. The rate constant in
ethanol at 298K is 1.6 x 107 m3/mol.s . The literature results are 1.5 x 107 m3/mol.s
(98,100.109). 'the composition dependence of kg is similiar to those obtained by Hickel

and coworkers (109). The comparison is shown in Fig.3-12.

Fig. 3-10 Temperature and concentration dependence of the first-order
(A-)) rate constant for the reaction of solvated electrons with
nitrobenzene in ethano! / water mixtures
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Fig 3-11 Arthenius plots for the reaction of solvated elecrons with
mtobenzene in ethanol / water mmaatures
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Fig. 3-12 Composition dependence of kagg for the reaction of solvated
electrons with nitrobenzene in ethano! / water mixtures
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Table 3-9 Second-order rate constants for the reaction of solvated electrons with

nitrobenzene in ethanol / water mixtures at various temperatures

Xw  Temp. k3 Xw Temp. k2 Xw Temp. k2
(K) (107 m3/mol.s) (K) (10" m3/mol.s) (K) (10?7 m3/mol.s)
100 2799 2.2 0.70 2633 0.48 0.20 265.3 0.72
297.7 3.6 2964 1.4 2960 1.4
3114 5.0 3138 2.1 313.7 1.9
3182 5.7 3327 3.1 3328 2.7
3377 8.3 3470 39 349.1 3.3
353.0 11
095 2760 1.5 060 2666 0.64 ‘ 270.6 0.75
296.1 2.7 2960 1.° 296.1 1.4
3138 3.9 3138 24 3138 19
3328 5.9 3328 3.5 3328
3520 8.3 347.1 4.4 3470 3.0
090 266.6 0.82 045 2564 0.46 0.00 2759 1.1
296.7 2.1 295.7 1.3 2958 1.6
3138 3.4 3138 2.1 313.7 2.1
332.7 5.0 3327 3.0 3327 2.8
3520 2.1 349.1 3.9 347.0 3.1
0.80 2562 0.43 030 2653 0.70
2959 1.7 2958 1.5
3138 2.6 3138 2.2
3327 4.1 3327 3.0
352.1 5.7 349.1 3.8




Table 3-10  Rate parameters for the reaction of solvated electrons with

nitrobenzene in ethanol / water mixtures

Xw k298 Ea LogA ASt
(107 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.7 17 13.42 12
0.95 2.8 18 13.62 16
0.90 2.2 20 13.78 19
0.80 1.7 21 13.87 20
0.70 1.4 20 13.62 16
0.60 1.6 18 13.40 11
0.45 1.5 17 13.11 6
0.30 1.6 15 12.88 2
0.20 1.5 15 12.78 0
0.10 1.4 14 12.52 -5
0.00 1.6 13 12.40 -8
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B.  Reaction of solvated clectrons with acetone

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with acetone are shown in Figs.3-13(4-J). The concentration
ruige of acetone was 100-930 mmol/m3. The second-order rate con - .ants at various
temperatures are listed in Table 3-11. The rate parameters are obtained from the Arthenius
plots in Fig.3-14. They are summarized in Table 3-12. The rate constant in ethanol at

298K is 6.3 x 106 m3/mol.s. The literature value is 4.7 x 106 m3/mol.s (100).

Fig. 3-13 Temperature and concentration dependence of the first-order
(A-)) rate constant for the reaction of solvated electrons with
acetone in ethanol / water mixtures
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Fig. 3-14 Arrhenius plots for the reaction of solvated elecoons with
acetone in ethano! / water mixtures
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Table 3-11 Second-order rate constants for the reaction of solvated electrons with
acetone in ethanol / water mixtures at various temperatures

Aw Temp. k> Xw Temp. k2 Aw Temp. ')
(K) (106 m3/mol.s) (X) (105 m3/mol.s) (K) (105m3/mol.s)
1.00 2762 4.3 0.70 2572 1.2 020 2417 1.2
2837 5.1 2751 23 2623 2.2
2973 7.0 2958 4.6 296.1 5.3
305.8 8.3 3184 7.9 3145 1713
319.7 11
095 2750 3.8 0.60 2489 0.89 0.10 2416 1.5
2858 5.3 269.7 2.1 262.3 2.7
2955 6.3 2957 4.6 2962 5.6
3184 10 3184 8.5 3095 7.3
090 2697 2.5 0.45 2434 0.88 0.00 2541 27
2859 4.0 269.7 2.4 2750 4.2
2957 5.2 2959 4.7 296.1 5.9
3190 9.0 3138 7.7 3184 9.0
0.80 2749 24 0.30 2435 1.1
2958 4.7 269.7 2.6
3185 8.0 296.0 4.4
3325 12 313.7 7.2




Table 3-12  Rate parameters for the reaction of solvated electrons with

acetone in ethanol / water mixtures

Xw k298 Eq LogA AS#*
(105 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 7.7 15 12.45 -7
0.95 6.6 17 12.72 -2
0.90 5.5 19 13.00 4
0.80 4.9 21 13.36 11
0.70 4.7 22 13.47 13
0.60 5.0 21 13.43 12
0.45 5.0 19 13.08 5
0.30 5.0 17 12.74 -1
0.20 5.2 16 12.44 -8
0.10 5.8 14 12.27 -10
0.00 6.3 13 12.00 -15
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C.  Reaction of solvated electrons with pheno!

The temperature and concentration dependence of the first-order rate constant for the
reactinn of solvated electrons with phenol are shown in Figs.3-15(A-J). The concentration
range « f phenol was 5-57 mol/m3. The second-order rate constants at various emperatures
are listed in Table 3-13. In contrast to the reaction of solvated electrons with the same
scavenger in the methanol / water mixtures, the Arrhenius plots (Fig.3-16) of the water-rich
ethanol mixtures do not show any significant curvature (Fig.3-16). The rate parameters
arc summarized in Table 3-14. The rate constant in ethanol at 298K is 5.9 x 104 m3/mol.s.

The literature value is 5.0 x 10* m3/mol.s (98).

Fig. 3-15 Temperature and concentration dependence of the first-order
(A-)) rate constant for the reaction of solvated electrons with
phenol in ethanol / water mixtures
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Fig 3-16 Arsthenius plots for the reaction of solvated electrons with
phenol in ethano! / water mixtures
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Table 3-13  Second-order raxe constants for the reaction of solvated electrons with
phenol in ethanol / water mixtures at various temperatures

Aw  Temp. k3 Xw  Temp. ks Xw  Temp. k2
(K) (10* m¥/mol.s) (K) (10*m3/mol.s) (X) (10* m3/mol.s)
100 3732 95 070 3517 24 0.20 3517 40
3583 9.2 3325 1.6 3324 29
3378 7.3 3136 1.0 3136 1.9
3163 5.1 296.7 0.64 2967 14
2973 3] 2762 0.32 276.2  0.89
2797 18
095 3577 53 060 3515 2.3 0.10 3517 7.3
3327 3.9 3324 15 3325  S.1
3136 2.6 3136 0.97 3136 39
2976 1.5 2986 0.65 2976 2.6
2707  0.70 2654 0.23 276.1 1.6
2552  0.90
090 3565 4.1 045 3525 2.5
3326 2.9 3325 1.6 0.00 3325 14
313.6 1.94 3136 1.1 3136 9.0
2969 1.27 296.7 0.76 2970 5.9
270.7 0.54 265.5 0.32 276.1 3.2
255.1 15
0.80 3565 2.7 0.30 3517 3.) 2341 065
3325 1.8 3325 2.1
3136 1.1 3136 1.5
2969 0.67 2968 1.1
276.1  0.35 276.2  0.69




‘fable 3-14 Rate parameters for the reaction of solvased electrons with

phenol in ethanol / water mixtures
Aw k298 E, LogA AS#
(10 m¥/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.0 18 10.58 -42
0.95 1.6 20 10.80 -38
0.90 1.3 21 10.77 -39
0.80 0.70 22 10.67 -41
0.70 0.64 21 10.54 -43
0.60 0.65 20 10.40 -45
0.45 0.77 19 10.13 -51
0.30 1.1 17 9.96 -54
0.20 1.5 16 10.11 -51
0.10 2.7 16 10.29 -48
0.00 5.9 20 11.35 -27
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The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with toluene are shown in Figs.3-17(A-H). The
concentration range of toluene was 21-450 mol/m3. The second-order rate constants at
various temperatures are listed in Table 3-15. The rate parameters are obtained from the
Arrhenius plots in Fig.3-18. They are summarized in Table 3-16, The rate constant in
ethanol at 298K is 9.2 x 103 m3/mol.s. The literature results are 5.1 x 103 m3/mol.s (99)

and 6.4 x 103 m3/mol.s (98).

Fig. 3-17 Temperature and concentration dependence of the first-order
(A-H) rate constant for the reaction of solvated electrons with
toluene in ethanol / water mixtures
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Fig 3-18 Arrhenius plots for the reaction of solvated clectrons with
toluene in ethanol / water mixtures
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Table 3-15 Second-order rate constants for the reaction of solvated electrons with
toluene in ethanol / water mixtures at various temperatures

Xw  Temp. k> Xw  Temp. k2 Xw  Temp. ka2
(K) (103 m3/mol.s) (K) (103 m3/mol.s) (K) (103 m3/mol.s)

1.00 296.1 1.0 0.60 264.5 1.6 0.10 254.1 1.7
3123 1.7 296.1 35 275.0 3.8

3226 2.1 3184 6.6 296.4 8.2

337.0 9.7 318.4 15

0.80 296.3 4.8 0.45 254.1 1.2 0.20 2542 1.6
3184 8.4 275.0 2.5 275.0 3.3

337.0 11 295.9 49 296.0 6.2

3513 14 318.3 8.3 3184 12

0.70 296.4 4.0 0.30 254.1 1.3 0.00 2542 1.1
318.4 6.8 275.0 2.7 275.0 34

337.0 10 296.2 54 296.4 8.3

351.3 12 318.4 9.2 3184 19




Table 3-16 Rate parameters for the reaction of solvated electrons with

toluene in ethanol / water mixtures

Xw k298 Ea LogA AS*
(103 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 11.3 18 10.14 -51
0.80 4.8 18 9.85 -56
0.70 4.2 18 9.83 -56
0.60 4.0 19 9.83 -56
0.45 5.0 20 10.10 -51
0.30 5.4 20 10.31 -47
0.20 6.6 21 10.53 -43
0.10 8.4 23 10.91 -36
0.00 9.2 30 12.20 -11
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0 Reaction kinetics of solvatcd.cl b "

The kinetics of the reaction for solvated electrons with lithium nitrate, silver
perchlorate, lithium chromate and copper (I) perchlorate were investigated in the methanol
/ water and ethanol / water mixed solvents. In aqueous solution, these compounds capture
solvated electrons very efficiently so that the rate of reaction is mainly controlled by the rate
of diffusion. Since the electron capture rate constant for lithium perchlorate is very low
(~104 m3/mol.s) (134), the nearly diffusion controlled rate constants (~107 m3/mol.s)
obtained here can only be attributed to NO3-, Ag*, CrO4= and Cu2+, and not their counter

ions.

1. ions of solv i w i v
A.  Reaction of solvated electrons with nitrate jon

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with NOs- are shown in Figs.3-19(A-K). The concentration
range of NO3- was 0.02-1.45 mol/m3. The second-order rate constants at various
temperatures are listed in Table 3-17. The rate constant in water at 298K is 8.7 x 106
m3/mol.s. The literature results are 8.5 x 106 m3/mol.s (135) and 9.4 x 106 m3/mol.s
(115). The rate parameters are obtained from the Arrhenius plots in Fig.3-20. They are
summarized in Table 3-18. Graphic representation of these results is presented in
Discussion (Chapter Four), together with other inorganic electron-scavengers for

comparison.



Fig.3-19  Temperature and concentration dependence of the first-order
(A-K) rate constant for the reaction of solvated electrons with
lithium nitrate in methanol / water mixtures
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Fig. 3-20 Arrhenius plots for the reacuon of solvated electrons with
lithium nitrate in methanol / water mixtures
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Table 3-17 Second-order rate constants for the reaction of solvated electrons with
Jithiam nitrate in methanol / water mixtures at various temperatures

116

Xw Temp. k2 Aw Temp. k2 Aw Temp. k2
(K) (106 m3/mol.s) (K) (106 m3/mol.s) (K) (106 m3/mol.s)

1.00 2786 5.6 070 2876 1.4 030 2544 0.20
296.5 8.8 296.1 2.2 286.1  0.40
313.0 12 311.8 3.1 296.1  0.50
328.7 16 3269 4.0 317.6 0.67
343.5 19 3363 4.6 3270 0.77
353.1 22 3364 0.82

097 2757 4.3 0.60 2662 0.71 0.15 2713 0.13
296.5 7.3 287.6 1.3 2964  0.21
313.2 10 296.2 1.6 311.4 0.24
327.3 13 3113 2.2 3266 0.28
338.7 15 3269 29 336.6 0.33
351.3 18 3364 3.2

090 2759 3.0 045 2599 0.40 0.05 2704 0.055
296.6 5.3 281.1  0.68 296.5 0.077
306.1 6.6 296.1 096 301.7 0.080
3217 9.0 317.8 1.4 3206 0.11
332.3 10 3274 1.7 3387 0.13

336.7 1.8

080 2758 1.9 0.00 2758 0.019
2960 3.2 296.5 0.025
3123 5.0 317.8 0.031
3273 6.3 3574 0.036
336.7 7.1 336.7 0.041
3414 79




Table 3-18  Rate parameters for the reaction of solvated electrons with

lithium nitrate in methanol / water mixtures

Aw k298 Ea LogA AS#
(105 m3/mol.s)  (kJ/mol.) (J/mol .K)
1.00 8.7 16 12.66 -3
0.97 7.3 16 12.60 -4
0.90 5.3 17 12.64 -3
0.80 3.3 17 12.55 -5
0.70 2.3 16 12.31 -9
0.60 1.7 17 12.18 -12
0.45 0.98 15 11.59 -23
0.30 0.49 13 10.84 -37
0.15 0.19 11 10.16 -50
0.05 0.083 10 9.60 -61
0.00 0.026 9 9.01 -72
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B. Reaction of solvated electrons with silver jon

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with silver ion are shown in Figs.3-21(A-J). The
concentration range of Ag* was 10-120 mmol/m3. The second-order rate constants at
various temperatures are listed in Table 3-19. The rate parameters are obtained from the
Arthenius plots in Fig.3-22. They are summarized in Table 3-20. The rate constant at
298K is 3.8 x 107 m3/mol.s in water and 2.5 x 107 m3/mol.s in methanol. The literature
results are 3.6 x 107 m3/mol.s (136) and 4.2 x 107 m3/mol.s (115) in water, and 2.4 x 107

m3/mol.s (102) in methanol.

Fig. 3-21 Temperature and concentration dependence of the first-order
(A-)) rate constant for the reaction of solvated electrons with
silver perchlorate in methanol / water mixtures
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Fig. 3-22 Arsrhenius plots for the reaction of solvated electrons with
silver perchlorate in methanol / water mixtures
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Table 3-19 Second-order rate constants for the reaction of solvated electrons with
silver perchlorate in methanol / water mixtures at various temperatures

Xw Temp. k2 Aw Temp. k2 Xw Temp. k2
(K) (107 m3/mol.s) (K) (107 in3/mol.s) (K) (107 m3/mol.s)
1.00 281.1 25 0.70 2650 0.77 0.30 280.1 095
2960 3.7 2864 1.5 296.3 1.3
3224 6.7 2930 1.8 2959 2.0
3414 94 313.1 3.0 3132 28
356.1 12 3272 4.2 3274 39
367.7 15 3366 4.8 3367 4.5
097 2756 1.4 060 2704 0.10 015 2779 1.3
296.6 2.7 281.1 1.4 186.5 1.6
3120 3.7 2964 2.1 296.1 2.1
3224 5.0 3132 3.1 3133 29
3365 6.7 3273 4.3 3226 3.6
3529 9.2 3367 5.0 336.7 4.6
090 2756 1.4 045 2704 0.87 000 2736 1.6
2936 2.4 281.1 1.2 2843 19
3120 3.6 296.5 1.9 2952 2.5
3272 5.3 3150 2.8 3133 3.2
3385 6.1 3273 39 3226 3.9
3434 7.0 3367 4.4 336.7 4.8
0.80 2966 2.4
3130 34
3270 4.6
3362 5.8
3462 6.6
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Table 3-20 Rate parameters for the reaction of solvated electrons with

silver perchlorate in methanol / water mixtures

Xw k298 Eq LogA AS#
(107 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.8 18 13.70 17
0.97 2.9 18 13.60 15
0.90 2.6 18 13.64 16
0.80 2.5 18 13.60 15
0.70 2.1 19 13.60 15
0.60 2.2 18 13.54 14
0.45 1.9 18 13.50 13
0.30 2.1 17 13.35 11
0.15 2.1 16 13.17 7

0.00 25 14 12.76 -1
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C.  Reaction of solvated electrons with chromate jon

The iemperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with chromate ior. are shown in Figs.3-23(A-K). The
concentration range of CYO4™ was 20-430 mmol/m>. The second-order rate constants at
various temperatures are listed in Table 3-21. The rate parameters are obtained from the
Arrhenius plots in Fig.3-24. They are summarized in Table 3-22. The rate constant in
water at 208K is 1.7 x 105 m3/mol.s. The literature results are 1.7 x 106 m3/mol.s (1 15)

and 1.8 x 106 m3/mol.s (136).

:;g.x3-23 Temperature and concentration dependence of the firsi-order
-K) rate son * 1t for the reaction of solvated electrons with
lithiv. -+ hromate in methanol / water mixtures
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Fig. 3-24 Arrhenius plots for the reaction of solvated electrons with
lithium chromate in methano! / water mixtures

108

Mole % Water
100
97
90
80
70
60
45
30
15
5

0

k2(m'/mols)
p=S
-~

@ ke +spOXOBOD

1/T (103K))



134

Table 3-21 Second-order rate constants for the reaction of solvated electrons with
lithium chromate in methanol / water mixtures at various temperatures

Xw  Temp. k2 Xw  Temp. k2 Xw  Temp. k2
(K) (107 m3/mol.s) (K) (107 m3/mol.s) (K) (107 m3/mol.s)
1.00 281.5 1.1 0.80 2654 0.36 030 2499 0.21
295.4 1.6 278.2  0.53 270.7 0.35
3117 2.2 297.6 0.95 2973  0.70
3278 29 313.6 1.3 322.8 1.0
3334 3.3 332.4 1.9 341.9 1.3
3516 4.4 3515 2.7
0.97 2762 0.80 0.70 2499 0.19 0.15 2580 0.22
298.0 1.4 2654  0.33 277.5  0.33
3136 2.1 301.2 0.81 297.6 0.57
3228 2.5 303.7 0.96 3228 0.81
3370 3.2 3228 1.4 341.8 0.96
3514 4.1 341.8 1.9
0.90 2762 0.64 0.60 2499 0.20 0.05 250.0 0.17
286.8 0.89 270.7 0.39 270.7 0.25
297.3 1.2 2923  0.72 297.0 0.45
313.6 1.7 308.7 0.86 3229 0.68
3229 2.0 322.8 1.2 3325  0.75
341.7 1.4
0.45 2552 0.23 0.00 2552 0.13
276.1  0.35 276.1 0.18
297.6 0.65 297.0 0.32
322.8 1.0 313.6 0.36
341.6 1.3 3326 0.49




Table 3-22  Rate parameters for the reaction of solvated electrons with

lithium chromate in methanol / water mixtures

Xw k298 E, LogA AS#*
(107 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 1.7 16 13.00 4
0.97 1.5 17 13.05 5
0.90 1.2 18 13.23 8
0.80 0.91 18 13.14 7
0.70 0.76 18 12.95 3
0.60 0.73 17 12.81 0
0.45 0.62 16 12.53 -5
0.30 0.64 14 12.27 -10
0.15 0.52 13 12.00 -15
0.05 0.45 11 11.68 -21
0.00 0.29 11 11.35 -27
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D. Reaction of solvated electrons with copper (I jon

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with copper (II) ion are shown in Figs.3-25(A-J). The
concentration range of Cu2+ was 7-78 mmol/m3. It is observed that in all the kops versus
[Cu2+] plots, the best fit lines are always below the points corresponding to the solvent
sample. This has also been observed in the water / ¢-butyl alcohol (137), water /
1-propanol and water / 2-propanol (138) mixed solvent systems. It has been explained
(137) in terms of the presence of a small level of (~10 mmol/m3) of chelating or
precipitating agent in the solvent. Since the dependence of kops On copper concentration is
not affected, these is no effect on the second-order rate constants.

The second-order rate constants at various temperatures are listed in Table 3-23. The
rate parameters are obtained from the Arrhenius plots in Fig.3-26. They are summarized in
Table 3-24. The rate constant in water at 298K is 3.8 x 107 m3/mol.s. The literature

results are 3.8 x 107 m3/mol.s (115) and 4.0 x 107 m3/mol.s (97).
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Fig. 3-26 Arrhenius plots for the reaction of solvated electrons with
copper (T1) perchlorate in methanol / water mixtures
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Table 3-23  Second-order rate constants for the reaction of solvated electrons with
copper (II) perchlorate in methanol / water mixtures at various temperatures

Xw  Temp. k2 Aw  Ter,. k2 Xw  Temp. k2
(K) (107 m3/mol.s) (K) (107 m3/mol.s) (K) (107 m3/mol.s)
100 2790 2.5 080 2762 1.6 030 255.1 0.93
2960 3.7 2059 2.8 2760 1.8
3141 5.5 3229 5.7 296.1 3.2
336.7 8.6 3326 6.8 3135 4.8
351.2 11 3820 7.8 3325 7.0
370.5 14
097 2812 23 0.70 2762 1.5 0.15 255.1 1.3
2959 3.5 2960 2.7 2760 2.3
3226 6.3 3135 4.2 296.4 3.7
3423 8.6 3227 5.4 3134 5.1
352.0 10 3372 6.7 3324 8.1
361.6 12
090 2762 1.7 0.60 2603 0.89 0.00 2726 2.7
2956 2.9 2762 1.6 2843 3.6
313.7 4.5 2957 2.9 2958 4.6
3326 6.8 3164 4.6 3132 6.2
3421 7.7 337.1 1.3 3274 8.3
3520 95 336.7 10
045 2551 0.78
276.1 1.6
2967 2.8
3135 4.5
3370 7.4
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Table 3-24 Rate parameters for the reaction of solvated electrons with

copper (II) perchlorate in methanol / water mixtures

Xw k29g E, LogA AS#
(107 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.8 16 13.46 13
0.79 3.6 17 13.52 14
0.90 3.0 18 13.67 17
0.80 3.0 19 13.87 20
0.70 2.9 20 13.93 22
0.60 2.9 20 13.94 22
0.45 3.0 20 13.91 21
0.30 3.4 19 13.82 19
0.15 4.0 17 13.56 14

0.00 4.8 15 13.31 10
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2. Reactions of solvated electrons in ethanol / water mixed solvents
A. Reaction of solvated electrons with nitrate iop

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with NOj3- are shown in Figs.3-27(A-L). The concentration
range of NO3- was 0.05-2.8 mol/m3. The second-order rate constants at various
temperatures are listed in Table 3-25. The rate parameters are obtained from the Arrhenius
plots in Fig.3-28. They are summarized in Table 3-26. The rate constants in methanol /

water mixtures at 298K are compared with those in the literature (109) in Fig.3-29.

Fig 3-27 Temperature and concentration dependence of the first-order
(A-L) rate constant for the reaction of solvated electrons with
lithium nitrate in ethanol / water mixtures
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Fig. 3-29  Composition dependence of kg for the reaction of solvaied
electrons with lithium nitrate in ethanol / water mixtures
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Table 3-25 Second-order rate constants for the reaction of solvated electrons with

lithium nitrate in ethanol / water mix* ‘res at various temperatures

138

Xw  Temp. k2 Xw  Temp. k2 Xw  Temp. k2
(K) (10° m3/mol.s) (K) (106 m3/mol.s) (K) (106 m3/mol.s)
1.00 2786 5.6 0.70 2707 0.067 0.20 2552 0.010
2965 8.8 2964 0.14 276.2  0.018
3130 12 3136 0.22 297.0 0.028
3287 16 3325 0.30 313.6 0.040
3435 19 351.7 0.39 3325 0.056
3511 22 2518  0.079
095 2730 2.8 0.60 2603 0.034 0.10 2551  0.0036
2956 5.2 276.2  0.058 276.1  0.081
3136 7.8 297.0 0.090 2979 0.016
3325 11 3136 0.15 3136 0.020
3419 13 3325 0.20 351.3  0.051
3517  0.22
090 2762 2.1 045 2552 0.025 0.05 276.1 0.0052
296.1 3.8 2762  0.046 297.0 0.011
3136 5.5 296.3 0.073 313.6 0.022
3326 7.8 313.6 0.094 3325 0.038
351.8 11 3326 0.11 3517 0.074
3518 0.15
0.80 2762 1.0 030 2552 0.018 0.00 2762 0.0018
2969 2.1 2762  0.031 296.1  0.0057
3136 3.3 297.7 0.048 3136 0.015
3325 4.6 313.6 0.060 3324 0.035
3515 5.6 3325 0.080 351.5 0.075
366.2 6.2 351.7  0.092
0.00 296.7 0.0061
316.3 0.0168
3353 0.035
3514 0.067




Table 3-26 Rate parameters for the reaction of solvated electrons with

lithium nitrate in ethanol / water mixtures

Xw k298 Ea LogA AS*
(105 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 8.7 16 12.66 -3
0.95 5.3 18 12.81 0
0.90 3.8 18 12.73 -1
0.80 2.3 19 12.69 -2
0.70 1.4 18 12.33 -9
0.60 0.98 16 11.84 -18
0.45 0.70 13 11.08 -33
0.30 0.45 13 10.92 -36
0.20 0.29 16 11.22 -30
0.10 0.15 20 11.73 -20
0.05 0.13 29 13.14 6
0.00 0.068 40 14.90 40
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B. Reaction of solvated el ith silver i
The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with silver ion are shown in Figs.3-30(A-K). The
concentration range of Ag* was 20-130 mmol/m3. The second-order rate constants at
various temperatures are listed in Table 3-27. The rate parameters are obtained from the
Arrhenius plots in Fig.3-31. They are summarized in Table 3-28. The rate constant at

298K is 1.5 x 107 m3/mol.s in ethanol. The literature value is 1.2 x 107 m3/mol.s (102).

Fig. 3-30 Temperature and concentration dependence of the “rst-orc r
(A-K) rate constant for the reaction of solvated electrons with
silver perchlorate in ethanol / water mixtures
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Fig. 3-31 Arthenius plots for the reaction of solvated electrons with
silver perchlorate in ethanol / water mixtures
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Table 3-27 Second-order rate constants for the reaction of s~lvated electrons with
silver perchlorate in ethanol / water mixtures a1 various temperatures

Xw Temp. k> Xw Temp. k2 Aw Temp. k2
(X) (107 m3/mol.s) (K) (107 m3/mol.s) (X) (10" m3/mol s)
1.00 2811 25 0.70 2552 026 0.20 2552 043
2960 3.7 276.1  0.66 2761  0.86
3224 6.7 2972 1.5 2973 1.7
3414 94 3136 24 3182 3.0
356.1 12 3325 43 3370 45
7.7 15 3517 59
09s 2765 14 060 2551 024 010 2552 036
298 29 276.1  0.69 276.1  07%
3135 4.4 2974 1.6 297.2 ;4
2308 6.7 3136 24 3136 22
351.3 10 3419 4.7 3326 3.3
3419 4.3
090 7w 1.1 0.45 2552 033 0.00 2551 043
1 2.3 2762  0.79 2760 0.77
146 37 2973 1.6 2972 1.4
2706 55 3135 25 3136 2.3
3517 8.3 3419 5.0
08+ 2762 077 030 2552 0.37 0.00 2498 032
298 1 1.8 2761 0.74 2707 0.68
3135 2.9 2977 1.6 2970 1.4
3324 48 3135 24 3229 27
3514 7.2 3418 44 3419 4.0




Table 3-28  Rate parameters for the reaction of solvated electrons with

silver perchlorate in ethanol / water mixtures

Xw k298 E, LogA ASt
(107 m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 3.8 18 13.70 17
0.95 2.8 21 14.00 23
0.90 2.3 22 14.20 28
0.80 1.7 25 14.57 34
0.70 1.5 24 14.40 34
0.60 1.5 26 14.63 35
0.45 1.6 23 14.15 26
0.30 1.6 21 13.89 21
0.20 1.7 20 13.80 19
0.10 1.5 20 13.74 18
0.00 1.5 19 13.53 14

165



166

C. Reaction of solvared el ith } .

The temperature and concentration dependence of the first-order rate constant for the
reaction of solvated electrons with chromate ion are shown in Figs.3-32(A-I). The
concentration range of CrO4™ was 17-520 mmol/m3. It was found that a minimum of 10
mole% of water in ethanol was needed in order 10 prepare soluble lithium chromate
solutions for the kinetic studies. The second-order rate constants at various temperatures
are listed in Table 3-29. The rate parameters are obtained from the Arrhenius plots in
Fig.3-33. They are summarized in Table 3-30.

Fig. 3-32 Temperature and concentration dependence of the first-order
(A-D rate constant for the reacnon of solvated electrons with
lithium chromate in ethanol / wa** “xtures
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Fig. 3-33 Arrhenius plots for the reaction of solvated electrors with
lithium chromate in ethanol / water mixtures
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Table 3-29 Second-order rate constants for the reaction of solvated electrons with
lithium chromate in ethanol / water mixtures at various temperatures

Xw  Temp. k2 Xw  Temp. k2 Aw  Temp. ko
(K) (107 m3/mol.s) (K) (107 m3/mol.s) (K) (10" m3/mol.s)
100 2764 1.1 0.70 2735 0.26 0.30 255.2 0.094
2960 1.8 296.3 0.54 296.1 0.44
3140 2.6 315.1 0.88 3140 0.66
333.0 3.6 3335 1.4 333.0 1.1
3522 49 3525 20 3522 1.7
095 2762 0.65 060 2733 0.25 0.20 257.8 0.082
2966 1.1 295.7 0.48 2759 0.18
3139 1.7 3242 1.0 296.4 0.36
3330 2.6 3525 1.7 313.8 0.56
352.1 3.7 3278 0.88
090 2780 0.55 0.45 2734 0.22 0.10 275.1 0.16
296.1 0.94 2958 0.49 2964 0.37
3140 1.5 3242 0.89 3184 0.72
333.0 2.3 3525 1.7 3369 1.2
3522 3.1 3557 2.0
0.80 2733 0.32
2955 0.70
3193 1.3
3525 2.5




Table 3-30 Rate parameters fur the reaction of solvated electrons with

lithium chromate in ethanol / water mixtures

Xy ko9g E,; LogA ASt
(107" m3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 1.67 16 13.00 4
0.95 1.2 18 13.27 9
0.90 0.99 19 13.34 10
0.80 0.76 19 13.27 9
0.70 0.57 20 13.25 9
0.60 0.50 20 13.15 7
0.45 0.46 20 13.19 8
0.30 0.42 22 13.42 12
0.20 0.39 23 13.61 15
0.10 0.38 25 13.92 21
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D. Reaction of solvated clectrons with copper 0D jon
The iempenature and concentration dependence of the first-order rate constant for the

reaction of solvated electrons with copper (II) ion are shown in Figs.3-34(A-J). Negative
y -intercepts, which are similar to those observed in the methanol / water systems esrlier,
are also observed in the ethanol / water mixed solvent systems. Since they do not affect the
dependence of kgps On copper concentration, there is no effect on the second-order rate
constants. The concentration range of Cu2+ was 6-530 mmol/m3. The second-order rate
constants at various temperatures are listed in Table 3-31. The rate parameters are obtained

from the Arrhenius plc's in Fig.3-35. They are summarized in Table 3-32.

Fig 3-34 Temperature and concentration dependence of the first-order
(A-)) rate constant for the reaction of solvated electrons with
copper (1) perchlorate in ethanol / water mixtures
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Fig 3-3§ Asthenius plots for the reaction of solvated electrons with
copper (11) perchlorate in ethanol / water mixtures
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Table 3-31 Second-order rawe constants for the reaction of solvated electrons with

copper (II) perchlorate in  ethanol / water mixtures at various iemperatures

181

Aw Temp. k2 Aw Temp. k2 Aw Temp. k2
(K) (107 m3/mol.s) (K) (10" m3/mol.s) (K) (10” m3/mol.s)
1.00 2790 2.5 070 2761 1.4 Q0 2552 0.87
2960 3.7 2964 2.8 2762 1.8
3141 5.5 3136 4.8 2965 3.5
3367 8.6 3324 19 3136 4.7
3512 11 3515 12 3326 7.8
3705 14
095 2762 1.5 0.60 2552 0.52 0.10 255.1 0.89
2967 3.1 2762 1.4 276.1 1.7
3172 4.8 2967 2.8 2958 3.0
3322 7.2 3136 4.6 313.6 4.7
3560 11 3326 8.0 3325 74
3514 13 3516 10
090 2762 1.4 0.45 2552 0.61 0.00 2550 1.1
2967 2.8 2762 1.4 276.1 2.1
313.6 4.3 296.7 3.1 296.1 3.6
3323 6.5 3136 4.9 3138 5.5
351.3 10 3325 74 3324 8.5
3517 13 3515 14
080 2763 1.2 030 2762 0.77
2968 2.8 2552 1.6
3136 4.0 2964 3.4
3322 1.7 3136 49
3513 11 3325 8.2




Table 3-32  Rate parameters for the reaction of solvated electrons with

copper (1) perchlorate in ethanol / water mixtures

y & k298 Eq LogA ASt
(107 n3/mol.s)  (kJ/mol.) (J/mol.K)
1.00 38 16 13.46 13
0.95 3.0 20 13.94 22
0.90 2.8 21 14.09 25
0.80 2.8 24 14.63 25
0.70 3.0 24 14.73 37
0.60 2.9 24 14.74 37
0.45 3.0 24 14.56 33
0.30 33 22 14.34 29
0.20 33 20 14.07 24
0.10 33 20 13.93 22
0.00 3.9 19 13.90 21
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The conductivities of lithium nitrate, silver perchlorate, lithium chromate and copper
(TT) perchlorate in two series of alcohol / water mixed solvents were measured at various
temperatures. The concentrations of the electrolytes are in the same range as those used for
the kinetic studies.
1. Methanol/ watcr mixtures

The molar conductances (A) of the electrolytes were obtained from the specific
conductance (x) versus electrolytes concentration plots : LINO3, Fig.3-36(A-F); AgC'Oa,
Fig.3-37(A-K); Li2CrOq, Fig.3-38(A-F); Cu(ClO4)2, Fig.3-39(A-F). The molar
conductance values were plotted against 1/Temp. to obtain the activation energy (Ex) for
the ion migration process. The Arrhenius plots of the molar conductance are shown in
Fig.3-40 for LiNO3 , Fig.3-41 for AgClOq, Fig.3-42 for Li2CrOy4, and Fig.3-43 for
Cu(ClO4);. The results are summarized in Fig.3-44 and Table 3-33.
2. Ethanol / water mixtures

The specific conductance (x) versus electrolytes concentration plots are shown in
Fig.3-45(A-G) for LiNO1 , Fig.3-46(A-G) for AgClOy4, Fig.3-47(A-F) for Li2CrOq, and
Fig.3-48(A-G) for Cu(ClO4)2. The Arrhenius plots of ;e molar conductance are shown
in Fig.3-49 for LiNO3, Fig.3-50 for AgClO4, Fig.3-51 for Li2CrOy4, and Fig.3-52 for
Cu(ClO4);. The results are summarized in Figs.3-53,54 and Table 3-34.
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Fig. 3-44 Composition dependence of the activation energy of conductance
of some inorganic electrolytes in methanol / water mixtures
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Table 3-33 Temperature and composition dependence of molar conductances # (A )
inorganic electrolytes in methanol / water mixtures

Aw 0.00 0.15 0.45 0.70 0.90 1.00
Lithium Ni
Temp. (K)
283.2 7.65 6.43 4.44 4.14 5.05 7.69
298.2 9.30 8.00 6.25 6.25 7.69 10.8
313.2 10.6 10.0 8.23 8.82 10.8 14.3
333.2 13.7 129 11.5 12.5 15.2 19.2
343.2 14.8 17.9 21.9
353.2 254
EA, kJ/ mole 9.4 10.9 14.6 17.3 16.6 14.5
Silver Perchlorate
Temp. (K)
283.2 9.13 6.84 5.00 421 5.62 8.57
298.2 11.1 8.75 6.36 6.00 9.00 12.5
313.2 12.7 10.9 9.76 8.53 11.6 16.1
333.2 15.7 14.8 13.6 12.6 17.0 21.1
343.2 25.0
353.2 28.3
Ea. kJ / mole 9.5 12.02 16.1 17.3 17.2 13.7
Lithium O
Temp. (K)
283.2 12.0 9.33 6.66 6.27 9.09 16.0
298.2 14.8 11.2 9.05 9.16 13.0 22.8
313.2 17.9 15.0 11.3 13.3 17.8 28.6
333.2 223 19.2 16.0 19.8 25.9 33.1
343.2 30.0 36.0
Ea, kJ / mole 10.3 11.8 13.9 18.7 16.2 14.6
Copper (D Perchlorate
Temp. (K)
283.2 20.0 15.0 9.28 8.57 10.4 16.6
298.2 24.2 18.9 13.6 13.0 16.3 243
313.2 28.8 23.7 19.2 19.1 23.1 323
333.2 35.3 314 27.0 27.5 34.0 44.1
343.2 40.0 50.0
353.2 55.0
Ea. kJ/ mole 9.2 11.5 17.6 19.9 18.4 15.8

2 molar conductance in 10-3SmZ/mole
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Fig. 3-53 Composition dependence of the activation energy of conductance
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of some inorganic electrolytes in ethanol / water mixtures
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Fig. 3-54 Composition dependence of the molar conductance of some inorganic
electrolytes in methanol / water and ethanol / water mixtures
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Table 3-34 Temperature and composition dependence of molar conductances ® (A )
inorganic electrolytes in ethanol / water mixtures

Xw 000 010 030 060 080 09 095 1.00

Lithium Ni
Temp. (K)
2832 295 2.53 2.56 2.28 2.46 3.23 469 17.69
298.2 395 3.46 3.69 3.75 437 544 7.29 10.8
3132 5.1 4.47 5.26 5.50 6.63 8.33 102 14.3
3332 697 5.71 7.50 844 10.2 12.1 15.0 19.2
3432 795 6.88 880 100 124 14.5 17.1 219
353.2 20.7 254
Ea, ki/mole 13.4 14.2 16.8 200 230 219 18.0 14.5
Silver Perchlorate
Temp. (K)
2832 333 291 2.59 2.50 260 3.60 541 8.57
2982 476 4.00 3.87 3.95 444 6.15 857 125
3132 600 5.36 5.55 600 660 869 119 16.1
3332 809 750 830 933 107 11.8 16.3 21.1
3432  9.37 9.10 10.2 11.3 12.8 15.0 19.0 25.0
353.2 28.3
Ea, kJ/mole 143 15.4 18.2 21 7 22.8 21.4 18.8 13.7
Temp. (K)
283.2 4.28 4.23 2.68 2.75 5.60 833 16.0
298.2 5.63 5.91 5.92 636 9.61 136 22.8
313.2 7.14 7.73 8.82 100 14.2 19.4 28.6
333.2 963 11.0 13.5 16.0 219 28.6 33.1
343.2 10.8 13.5 159 213 24.8 340 36.0
EAa. ki/mole 12.8 15.7 20.8 23.2 23.7 21.1 14.6
Copper (1D Perchlorate
Temp. (K)
2832 626 6.66 646 4.61 510 6.45 106 16.6
29082 833 8.63 9.09 790 9.00 11.6 169 24.3
3132 108 11.2 124 12.0 14.5 19.1 240 323
3332 153 15.2 17.9 19.5 23.0 29.1 350 44.1
3432 177 18.0 209 260 280 346 400 500
353.2 55.0
EA, kJ/mole 13.6 13.6 16.1 220 263 25.7 20.1 15.8

a molar conductance in 10-3 Sm2/mole



CHAPTER FOUR
DISCUSSION

The solvent effects on the reactiviiy of solvated electrons with a number of organic
and inorganic solutes were studied as a function of temperature in methanol/water and
ethanol/water mixtures.

The second order rate constants, ko, for solvated electron reaction with nitrobenzene,
acetone, phenol and toluene in methanol/water and ethanol/water mixtures at 298 K are
shown in Fig.4-1 and Fig.4-2, respectively. Nitrobenzene is an excellent electron
scavenger. It captures electrons so efficiently ( kz > 10’Tm3/mol.s) that the rate of reaction
is nearly controlled by the rate of diffusive encounter of the reactants. As the rate constants
for acetone are about three times smaller than those of the nitrobenzene, acetone is a less
efficient electron scavenger. Phenol and toluene are inefficient electron scavengers. They

are about three orders of magnitude less reactive than nitrobenzene.

I  Reactions with ic El n Scav
1. icien i \
A. Solvent Viscosity Effects

The relationship between the solvent viscosity 1} and the rate constants (kq) of diffusion
controlled reactions of species x with y is illustrated by inserting the Stokes-Einstein
relation for diffusion coefficients D (equation [4-1] ) (139a) into the Smoluchowski
equation [4-2] (130),

Dy =kpT / 6mmrx (4-1]

ka = 4xNaA (Dx+Dy) (Rx+Ry) [4-2]

where kp is Boltzmann's constant, ry is the effective radius of x for diffusion, N4 is

Avogadro's constant, and Ry and Ry are the reaction radii. The Stokes relation holds
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relatively well if the diffusing molecule is as large or larger than those of the solvent
(139b). However if the diffusing molecule is much smaller than those of the solvent,

D = 11X, where x<1.0. For example, CO; diffusing in a series of organic liquids displays
D o 7-0:5 (139b).

The Stokes-Smoluchowski equation for the reaction between solvated electron (e) and

kg=a ke T 1, 1 3(g o g, [4-3]
1.5 Te Ty

The reaction radius and diffusion radius are nr~ necessarily the same as the molecular

scavenger (S) is

radius. The deformable solvated electrons czn stitfuse more flexibly through the fluid than
the rigid molecules. The effective radius of diffusion for the solvated electron is therefore
smaller than a molecular radius. For example, in water, using values of D¢ = 4.9x10-9
m2/s (107), DHy0=23x 109 m2/s (140) and n = 8.95 x 104 Pa.s (141) at 298K in
equation [4 1], the diffusion radii for electron and water are calculated to be 0.05 nm and
0.10 nm, respectively. Although es™ can spread over a diffuse space that covers several
~ «r molecules, it diffuses more easily than a water molecule and has a correspondingly
adler effective radius for diffusion . The values of De in alcohols can also be calculated
from the mobility pe (20,144-146) using
De=pckpT/q [4-4]
where q is the charge of the electron. Then at 296 £ 3K, using the liquid viscosities
(142,143), equation [4-1] gives the following values of re (nm): methanol, 0.28; ethanol,
0.28; i-propanol, 0.09; n-butanol, 0.04; 3-methyl-1-butanol, 0.02 (115). In water/alcohol
mixtures, one expects the diffusion radii of the reactants to vary with solvent composition.
The Stokes-Smoluchowski equation is used as a framework to correlate the reactivity and

the ease of diffusion of the solvated electrons in this study.
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If the variation of the factor (1/re+1/rg) (Re+Rg) with snlvent composition is small, the
Stokes-Smoluchowski formulation predicts that the plot of logk; against logn would be

linear with slope of negative one, that is

kj = constant / 1} [4-5]

The composition dependence of viscosity in methanol/water (147) and ethanol/water
(148) systems is shown in Fig.4-3. The values of log k> for nitrobenzene are plotted
against logn for the reactions in methanol/water mixtures at 298 K(Fig.4-4). Equation [4-
5] is obeyed in only the water rich solvents (0.70 < xw < 1.0 ). For reactions which take
place in solvents with water content of less than 70 mole %, the k2 values only increase
slightly with the decrease of solvent viscosities. In ethanol/water mixtures, the k2 an-l
behavior occurs in the 0.80 < xw < 1.95 region (Fig.4-5). These regions correspond to
Xw > Xnmax (Fig.4-3). The viscosity dependence of rate constant is lower (k2 o n-0.6)
near the pure water region ( 0.95 < xw < 1.0), similar to those reported for the 1-
propanol/water (112) and 7-buty! alcohol/water (115) solvent systems. In the region where
equation [4-5] is followed, the value of nk: at 298 K for methanol/water is 3.4 x
107m3.mPa/mol, lower than that for ethanol/water (4.0 x 103m3.mPa/mol) and ¢-
butanol/water (4.7 x 103 m3.mPa/mol) (115;. The factor (1/r + 1/rs) (Re + Rg) in
methanol/water is therefore 0.85 and 0.72 times smaller than that of the ethanol/water and t-
butanol/water mixtures, respectively. The smaller factor is due to either a smaller reaction
radius and/or the larger effective diffusion radii in the water-rich methanol solvents.

The reaction between nitrobenzene and solvated electrons is not completely diffusion
controlled (98,115). The mean physical radius of nitrobenzene is 0.28 nm (149).
Assuming re = 0.05 nm for the water rich region, one obtains the effective reaction radii
(Re + Ry) of 0.087nm for methanol/water mixtures, 0.10nm for ethanol/water mixtures and
0.12nm for t-butanol/water mixtures. These are smaller than the physical radius of the

nitrobenzene molecule, which indicates that the reaction between solvated electrons and
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nitrobenzene does not occur at every diffusive encounter. This suggests that an extensive
charge-transfer has taken place prior to the transition state. The activation complex
therefore resembles the nitrobenzene anion radical. Transition states of this sort probably
occur with all the nearly diffusion controlled reactions, the solvent effects on the
stabilization of the activation complex therefore are important. The influence of solvent
dielectric effects on the solvation of the reactants and the transition state will be discussed in
the next section.

Because of the extensive charge-transfer in the water-rich region, the possibility of a
large variation of reaction radii in this region will be small. The effective diffusion radii
therefore must be unchanged to keep the factor (1/re+1/5) (Re+R;) constant.  Since the
diffusion radii of the reactants depends on the dielectric properties of the solvent, the
invariable diffusion radius in the water-rich region can only be rationalized if the solutes
are solvated in similar environments. This perhaps can be interpreted according to the
clathrate model of the alcohol/water solvent structure (89,90,150,151).

When a small amount of alcohol is added to water, the water molecules organize
around the alcohol and form oligomers similar to those of the clathrate compounds. The
alcohol molecules thus strengthening the water structure. In the water-rich medium, it may
be that the reactants are solvated in these clathrate-like solvent structures (microphases),
and it is the diffusion of these microphases that follows the inverse viscosity relationship.
In ethanol/water mixtures, the maximum water structure strengthening effect is attained
when the bulk solvent contains about 95 mole % of water. The maximum structure
enhancement of liquid water results when the hydrophobic alkyl groups of the alcohols fill
the cavities of the water structure (152-154).

In the water-rich solvents, if the reaction radii are similar, the decreasing order of the
Nk values in the alcohol/water mixtures ( t-butyl alcohol > ethanol > methanol ) is due to
the increase of the effective diffusion radii, which means that the water structure

strengthening effects are greater with the smaller alcohols. The small methanol molecules
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are more compatible with the water molecules and therefore able to form a more rigid
solvent network.

With increasing alcohol content, the rupture of these clathrate-like solvent structures
occur, and a random mixture of alcohol/water complexes, water and alcohol aggregates
(clusters) are formed (87,150-151). The deviation of the Stokes-Smoluchowski
formulation in the Xnymax 2 Xw 2 0.0 region is partly due to the decrease in the diffusion
coefficient of the reactants in the alcohol direction.

The composition dependences of D, in the methanol/water and ethanol/water mixtures
have been measured (107,144,155). The diffusion coefficients of nitrobenzene (Ds) in
methanol/water mixtures have also been estimated (106). Fig.4-6 shows that in going from
water to alcohol, the diffusion coefficients for the solvated electrons decrease rapidly. The
sums of the diffusion coefficients (De+Dg) were used to calculate the reaction radii (R =
Rx+Ry) for the reaction between solvated electrons and nitrobenzene in methanol/water
mixtures at 298 K, using the Smoluchowski equation [4-2]. Fig.4-7 shows that the
reaction radii are large (0.85-1.25nm), and are increasing towards the alcohol direction.
Large reaction radii for solvated electron reactions with benzoquinone, carbon tetrachloride
and iodine in methanol/water anc ethanol/water mixtures have also been reported in the
literature (106), and are interpreted in terms of the electron tunneling mechanism
(106,110). If one visualizes the electron-tunneling process in these reactions as the wave
function overlap between the solvated electron and the nitrobenzene molecule from a far
distance, one would expect the probability of this occurrence to be higher when the
solvated electron is more deformable and/or with a larger size of charge distribution. As
discussed earlier, the defomability of the electron is related to its diffusion coefficient, and
the size of charge distribution can be linked to the binding energy of the electron in its
potential well and the optical absorption maximum energy (Eamax) of €s° (52,156). The

increasc of EAmax and the rapid decrease of diffusion coefficients of the solvated electrons
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on going from water to methanol therefore do not support the electron tunneling

mechanism.

B. Solvent Dielectric Effects
(2) The Debve Model

The transport properties, solute-solute and solute-solvent interactions in polar solvent
are influenced by the dielectric properties of the solvent. Debye (131) modified the
Smoluchowski relation to consider the interaction energy between the reacting species. In

the Smoluchowski-Debye model,

kd = 41(NA(Dx +Dy) (Rx +Ry) f [4‘6]

)G )
1.5n

where f=(U®R)/kpT) [exp (U(R)/kpT)-1]"} (4-8]

and U(R) is the interaction potential energy between the reactants at distance R=Rx+Ry.
The factor f reflects the probability of the reactants attaining the approach distance R at

which reaction can occur. The coulombic electron-dipole interaction energy (157) is :
U(R) = -Mq cos0 /4neoeR2 [4-9a)

where M is the dipole moment of the scavenger, q is the electronic charge, 0 is the angle of
approach of the clectron to the line of the dipole, € is the permittivity of vacuum, and € is
the relative permittivity (dielectric constant) of the solvent. For reaction betwe:=n ar
electron and nitrobenzene, the positive end of the nitrobenzene dipole is probably more
electrophilic (reactive), and maximum raic enhancement can be achieved when the electron-

dipole interaction is a head-on one (0 = (°), in which case, equation [4-9a] becoines



U(R) = -Mq/4reoeR? (4-9b)

The dipole alignment increases as the electron and dipole diffuse closer together. which
favors [4-9b]). For reaction between an electron and a charged scavenger, the coulombic

ion-ion interaction energy is (157):

U(R) = -Zq2/4nepeR {4-10]

where Z is the number of charges on the scavenger.

According to the Smoluchowski-Debye model, solvent effects are not only due to
viscosity (diffusion), but also due to diclectric constant of the medium (coulombic
interaction between reactants). If the diffusive factors for two diffusion controlled
reactions are similar, the one with a greater attractive (or less repulsive) interaction will
have a higher rate constant.

For the nearly diffusion controlled reactions, the rate constant may be written as

k2 = 4xNA(D¢ +Ds) (Re +Rs) f &5 (4-11]

where ¢ is the encounter efficiency of the reactant pair and is a function of electron
affinity of the scavenger and the solvation energy of the electron (116,118). When ¢ =1,
the reaction is completely diffusion controlled (equations [4-2] and [4-6) ). For a reaction
of electrons with a specific scavenger in two different solvents with similar electron

solvation energies, one might expect the values of R and ¢ to be similar. Then
k2'/ k2" = (De+Dy) f / (De+Dg)" [4-12]

or k2'/ 1)/ (k2" /") = (De+Ds)' / (De+Dy)" (4-13]

where the prime and double prime refer to different solvents.
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The coulombic interaction factors, f, for the reaction of solvated electrons with
nitrobenzene (M = 4.2D (158) ) were cakculated according to equations [4-7] and [4-9b],
assuming an encounter distance of 0.5 nm. The values of k2/f normalized to those in water
are plotted against viscosity in Fig.4-8. In the water-rich mixtures, the dependence of the

water normalized ko/f on N1 is observed, which means that in this region,
ko/f)/ (k2/Hw=C/M [4-14]
where C is a constant. From equation [4-7]
C=nw (1re + 1/rs) / (1/rc + 1/r9)w (4-15]

Thus regardless of the change of dielectric properties of the solvent, the diffusion radii
remain constant. This is consistent with the idea that the reactants are solvated in the
clathrate-like microphases as discussed earlier.

The use of the dielectric correction factor (f) in the Debye model however still does not
provide a complete consideration of the solvent dielectric effects in the alcohol dominated
region. The diffusion radius, for example, may also be related to the diclectric properties
of the medium. The ratio of the effective diffusion radii (ry/r) in different solvents can be
calculated from

tw/r=(m/nw)(k2/f)/ (k2 /f)w (4-16]
where 1/r is defined as
lfr=1/re + 1/rg [4-17]

The composition dependence of ry/r for the reaction of nitrobenzene is shown in Fig.4-9.
The values of ry/r decrease with increasing alcohol content, which indicates that the
diffusion radii increase towards the alcohol direction.
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(b) Effects of Diclectric Constant
The rate of the reaction of solvated electrons with nitrobenzene is only partially

diffusion controlled (98,115). The probability of reaction per encounter is somewhat
smaller in solvents where the electron solvation energy is greater, so the probability is
smaller in primary and secondary alcohols than in tertiary alcohol (100,112-118,159). The
fact that the reaction radii are much smaller than the physical radius of nitrobenzene suggest
that the activation complex resembles a nitrobenzene anion. The dielectric properties of a
polar medium therefore should also have an influence on the thermodynamic stability of
this partially charged transition state. Whether this effect can manifest itself as rate will
depend on its solvation energy relative to that of the ground state.

The composition dependence of the static dielectric constants in methanol/water and
ethanol/water mixtures at 298K (148) are shown in Fig.4-10. The viscosity normalized
rate constant, ka1, for the reaction of solvated electrons with nitrobenzene and acetone are
plotted against €1 in Fig.4-11. Linear correlations are observed in the regions where 0 <
Aw < Xnmax - The composition dependence of the solvation energy of electrons in the
water-rich solvents is small, as indicated by the small change of the optical absorption
energies (23), so the linear correlations here indicate the effect of solvation on the transition
state.

The solvation energy of an ion can be related to the dielectric constant of the medium.

The Bom equation (8,157) for electrostatic free energy of solvation (AG;©) is

AGPO = (Z2q2/ 8reori) (1/€-1) [4-19)

where 1; is the radius of the ion. The change of the dielectric constant from one solvent to

another will result in a change in the free energy of solvation (AAG;®) of the ion

(1/e2-1/€1) = AAGO (8neori/ 22qg2) [4-20)
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From the transition state theory, the rate constant is related to the free energy of activation

(AG*)

k=(kgT/h)exp (-AG*/RT) [4-21]

where h is the Planck constant. The change of the viscosity normalized rate constant from

one solvent to another will result in a change in free energy of activation (AAG#)

Ink)n; - In kanz = In (1/ n2) + AAG#/RT [4-22]

The slope of the line, b, in the 0 < Xw < Xnmax region (Fig.4-11) is a measure of the
sensitivity of change in free energy of activation to the change in free energy of solvation.

From equations [4-20] and [4-22]

Slope=b = —( ) (
8ney; AAG,

When b>0, the change of the viscosity normalized rate constant (ka1) is mainly due to the

L 4
AAG ] (4-23]

change of solvation of the reactants. When b<0, the change of kzn is mainly due to the

change of solvation of the transition state (activation complex).
Note that for reactions that take place in solvents of similar viscosity, an even more

simple linear free energy relationship AAG* o« AAG° can be obtained

T
AAGY = - ( “"r’R ) (AAG ) [4-24)
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Equation [4-25] indicates that in the case where reaction rates are only partially diffusion

controlled, the inclusion of the viscosity term is req. ..d to satisfy the free energy

@) () (G

The lower values Innk3 and the greater 1/c dependence in the methanol/water mixtures

relationship:

suggest that methanol/water mixtures can solvate the reactants better than the ethanol/water
mixtures do. This agrees with the solvent effects on the optical absorption energies of
solvated electrons. The Eamax values of the solvated electrons in alcohol/water mixtures
increase in the order of methy! > primary > secondary > tertiary (23). In alcohols, the
values of Innk3 for the reaction of solvaied electrons with nitrobenzene increase in the same
order (Fig.4-12) (114). The negative slopes of the lines in Fig.4-11 indicate that within
the same alcohol/water series, the change of free energy of activation (AAG¥*) is mainly due
to the change of solvation of the transition state.

In the Xnmax < Xw < 1 region where the reactants are solvated in the microphases, the
rate of the reaction is solely controlled by the rate of the diffusion of the microphases. The
dielectric constants therefore have only small effect in this region. The correlation
parameter 1/€ may also be related to the diffusion coefficients of ion in the alcohol/water
mixtures (114).

The molar conductance A; of ions i is related to their mobility p;

Ai =Z;Fy; [4-26]

where Z; is the number of charges q on the ion, F=N,q is the Faraday. The diffusion

coefficient Dj is related to the mobility (eqn.[4-4]) and therefore to the molar conductance
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The solvation and diffusion of ions are influenced by the extent of solvent-solute
interactions in the microenviroment. The similarity between the plots of nk2 against €-! for
the nearly diffusion controlled reactions (Fig. 4-11) and the plots of NA, against €-!
(Fig.4-13)(114) for a number of ions (including solvated electrons) in ethanol/water
mixtures indicates that solvation and diffusion of ions may be related in a parallel manner.
It is interesting to note that the values of N, for ethoxide and electron in ethanol/water
mixtures are identical, which indicates that solvated electrons diffuse like ethoxide ions in

ethanol/water mixtures (29,114,160).

2. [Inefficient Organic Elcctron Scavengers

The rate constants for phenol and toluene are three orders of magnitude lower than that
of the nitrobenzene, therefore the kinetics of these reactions are not diffusion controlled.
The viscosity of the medium however might still play some role to influence the course of
the reaction. The protonation of the radical anion, for example, may involve molecular
motions of the solvent molecules, which can be affected by the solvent viscosity. The
negative slopes in the plots of logk2 against logn for the reaction of solvated electrons with
phenol and toluene in methanol/water (Fig.4-14) and ethanol/water (Fig.4-15) mixtures
may be partly due to this effect. The different viscosity dependences of rate constants for
phenol and toluene in the alcohol/water mixtures illustrate that solute-solvent interactions
are important.

The low rate constants for inefficient scavengers are due to the low probability of
reaction of the encounter pair. When the electron affinity of the scavenger is low, a larger
solvation energy of the electron decreases the probability that the electron would transfer

from the solvent trap to the solute. The solvation energy of the electron (the electron trap
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depth) therefore is important. The electron trap depth in the solvent is related to the optical
absorption energy (12). The breadth of the optical absorption band indicates that all of the
electrons are not in traps of the same depth. The electrons that have the lowest excitation
energies have the greatest reactivity with inefficient scavengers (99,100). For kinetic
purposes, the optical absorption - nergy at half-height (E;) has been used as an indicator of
trap depth for the more reactive electron (26,52,99,161,162):

Er=Eamax - Wy (4-28]

where Eamax is the energy at maximum absorption and W, is the width of the band on the
low energy (red) side at half-height (Fig.4-16). The composition dependences of the
optical absorption energies of solvated electrons for methanol/water and ethanol/water
mixtures (52) are shown in Fig. 4-17 and Fig. 4-18, respectively.

Dividing k3 by the nearly diffusion controlled constant kn of nitrobenzene displays the
effect due to factors other than diffusion. The ratio ko/kN is an indication of the encounter
efficiency of the reaction, assuming the encounter efficiency with nitrobenzene is unity.
The logarithin of ka/kn can be related to the free energy of activation for the electron
scavenging step. The reactants in an electron scavenging reaction first approach each other

by diffusion (98) :

€ + § == [©s,8] [4-29]

And then react together within the encounter complex :

[es.S] > S [4-30]
The observed rate constant for electron capture is
koo k
K 29X30 [4-31)

T —
27k 9+ k3o
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Since the rate constant for nitrobenzene ky is nearly diffusion controlled, in this case
k3p > k.29 and kN = k9. The rate constant k3 for an inefficient scavenger is mainly
determined by factors which affect the step in equation [4-30). Equation [4-31] can be

rewritten as

1 1 k.29
— S ——— 4'32
ky ka9  kagkjo [4-321
Since kn = k29,
k k
=l [4-33)
2 30
For the inefficient scavengers k.29 >> k30, thus
k: 30
SL . 4-34
ky Koo [4-34]
According to the transition tate theory
kgT _-4G)
k = e (< RT {4-35]

therefore

k
In (ETT,) = (Aofzg- Aczo) / RT [4-36)

As k.29 >> k30, AG30¥ >> AG.29¥ and

k;
In (;; = - AG}, / RT (4-37)
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The logarithm of ka/ky of phenol and toluene is plotted against Ey for the ethanol/water
mixtures (Fig.4-19). The inverse correlations between In(ko/kN) and E; in the 0.1 < xw <
1.0 region indicate that the decrease of the encounter efficiencies is due to the increase of
electron trap depth. In the 0 < xw < 0.1 region, the encounter efficiencies of phenol and
toluene do not increase in spite of the decrease in E;. This phenomenon has also been
observed in the 1-propanol and 1-butanol/water systems and was interpreted in terms of
solvent structure effects (112,113) . In the primary alcohol/water mixtures, the addition of
10 mole % of water into alcohol nroduces hydrogen-bonded structures that make the
hydrogens of the hydroxyl groups less accessible to the electron (23). Thus the E;
decreases. Since these protons are also needed to stabilize electro  apture by phenol and

toluene, by prctonation of the anion:

> S [4-38]

€s” + §

S+ ROH ——-> HS +ROy (4-39]

The hydrogen-bonded structure makes the protons of the hydrrxyl groups less accessible
to S -. The slow down of the protonation step therefore offsets the trap-depth effects on
the encounter efficiency in this region.

In methanol/water mixtures, the E; dependence of the encounter efficiency for phenol
is different from that of the toluene (Fig.4-20). The encounter efficiency of phenol is
inversely related to E; in the water-rich region, whereas for toluene, this occurs in the
alcohol-rich region. The stabilization of the activation complex may have a counter effect to
neutralize the effect of E;. This is evidenced from the E; independence of the encounter
efficiency in the alcohol-rich region for phenol, and in the water-rich region for toluene.
When the trap-depth effects are small, as indicated by the same value of E; in 70-30 mole %
of water in methanol, the solvation effect on the activation complex can manifest its=If as a

large drop in encounter efficiency. This was observed in ihe case of toluene.
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3. Energies and Enropics of Activa

The difference of reactivity between efficient and inefficient scavengers are generally
due to changes of entropy rather than of energy. The composition dependence of the
activation energy (E,) for the reactions with the efficient scavengers are different from that
of the inefficient scavengers (Fig.4-21 and Fig.4-22). The similarity bctweer the
composition dependence of E, for the efficient scavengers and the energy of viscous flow
of liquid (Ey ) (Fig.4-23) emphasizes the importance of diffusion effects on the efficient
reactions. The diffusion efficiency of the reactai..s therefore parallels the ease of liquid
flow. The Ey, values however are greater than the E, values, which implies that the
diffusion of the reactants is easier than the viscous flow. This is reasonable because the
deformable solvated electron is more diffusive than normal molecules.

For the slower reactions, solvated electrons and the scavenger molecules diffuse
together many times before a successful reaction can take place. The rate of the reaction
therefore is not limited by the rate of diffusion. In tix: water-rich ethanolic solvents, ths E,
values for phenol and toluene are lower or similar to that of the efficient scavenge.s. This
suggests that the reaction b :en solvated electrons and inefficients scavengers might

proceed within the encounter complex [es",S] (98).

€s” + S —— €5, S] [4-29]
[€s’,S] -> S~ [4-30]
S" + ROH > HS +ROy [4-39]

The low values of E, for the inefficient reactions in the water-rich solvents can be explained
if the complex formation step is energetically favorable enough to compensate for the

energy requirement for the electron capture step (Scheme I).
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[€+S)

This mechanism not only allows the activation energy for the electron-capture step
(E4) to be much higher than that for the efficient scavengers (or the energy of diffusion of
the reactants, Eg), it also permits the apparent 2ctivation energy (E,) to be similar to that of
the efficient scavengers. When E;2 Eg, the apparent activation energy is given by

Ea=E; +E¢ [4-40]
where E¢ is the enthalpy change for  the |es",S] formation step.

In the alcohol-rich region, the E, values for the reactions with inefficient scavengers
are much higher than that with the efficient scavengers. This suggests that (i) the
protonation step (equation [4-39] ) is gradually becoming more important towards the
alcohol direction and/or (ii) the exothermicity of the complex formation step decreases in
the alcohol direction. Since toluene is only slightly soluble in water, the high exothermicity
of complex formation in the water-rich region is mainly due to the solvation of the
complex. In alcohol, the complex formation step is less exothermic (or even endothermic)
when the ground state can be better solvated. The E, for the reactions with toluene

therefore increases in the alcohol direction.
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The E, values for the reaction of solvated electrons with toluene are higher in the
methanol/water mixtures than in the ethanol/water mixtures. This suggests that the
complex formation in the ethanol/water mixtures is energetically more favorabie. The fact
that the E, values of toluene are lower than those of the other scavengers in the water-rich
ethanol solvents indicates that in the hydroxylic solvents, the non-polar solute can diffuse
more easily than the polar solutes.

The degree of exothermicity of the complex formation step depends on the interaction
between scavenger and the solvent molecules. Phenol and its complex both have a
hydroxyl group that can hydrogen bond with the solvent molecules. The varniation of
exothermicity with solvent composition for the complex formation step is therefore less
extensive than that of the toluene.

The observation that some of the Arrhenius plots for the phenol (Figs.3-7,3-16) and
toluene (115) reactions are curved downward at high temperatures is also consistent with
this mechanism. At elevated temperatures, the equilibrium for [es",S] formation is driven to
the reverse direction, the concentration of the complex is reduced, and results in a rate that
is slower than predicted by the Arrhenius law for the temperature dependence of reaction
rate constan;s.

The composition dependence of the entropy of activation (AS#) is also similar to E,
(Fig.4-24 and Fig.4-25). Because diffusion is driven by the random motion of the liquid
molecules, entropies of activation for the reactions with efficient scavengers are more
positive. Entropies of activation are negative for the inefficient scavengers which indicates
that the activation complex exerts more electrostriction on the surrounding solvent
molecules than is exerted by the reactants. In the transition state, the electron is being
absorbed by the scavenger molecule, so that the negative charge is more localized (and
therefore more concentrated) than a ground state solvated electron where the charge can be

spread over several solvent molecules.
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In the water dominated solvents, the difference of reactivity between ¢ fficient and
inefficient scavengers in the water-rich region ar due to changes of entropy rather than of
energy. The AS* values for reaction between solvated electrons and inefficient scavengers

are about 50 J/mol.K more negative than that for nitrobenzene. The E, for the reactions of
inefficient scavengers are within £ 2 kJ/mol of that for nitrobenzene. Therefore solvent
rearrangement can make important contributions to the free energy of activation (163,164)
in the slow electron-capture reactions.

The entropies of activation for the reactions with toluene are less negative towards the
alcohol direction, which suggest that the gain in electrostriction on going from the ground
state to the transition state decreases in that direction. This indicates that the encounter
cor.iplex resembles the activation complex more closely in alcohol than in water. Toluene
is different from the other scavengers in that it does not hydrogen bond with the solvent. It
also has a low electron affinity. The capture of solvated electrons by such a scavenger
depends upon the occurrence of a favorable configuration of solvent dipoles about the
reaction site. The more negative entropy of activation in the water-rich region may also

indicate a lower probability of this occurrence.

I React ith1 ic El S
The kinetics of the reaction of solvated electrons with silver perchlorate, copper(Il)
perchlorate, lithium nitrate and lithium chromate were also investigated in this study.
From the conductivity measurements, it was found that the specific conductances increased
linearly with the electrolyte concentration (Figs.3-36 to 3-39, 3-45 to 3-48), which
indicates that these inorganic salts are completely dissociated under the experimental
conditions. Since the second-order rate constants for the reactions ot solvated electrons
with perchlorate and lithium ions are less than 105 m3/mol.s (134), the observed rate
constants of ~107m3/mol.s are due to Ag*, Cu2+, NO3™ and CYO4™~.



1. Positively Charged Scavengers

The reactivities of solvated electrons with the positively charged scavengers display
smaller composition dependence than those with a negative charge (Figs.4-26 and 27).

The viscosity dependences of the rate constants for the reaction of solvated electrons
with Ag* are similar to that of the nitrobenzene (Figs.4-28 and 4-29). In the water-rich
region where Xnmax < Xw < 1, the k2 values for the nitrobenzene and Ag* reaction are very
simiiar. The inverse relationship between logn and logk2 can be interpreted in terms of the
solvation of the reactants in the microphases that were discussed earlier. In the 0 < xw <
Anmax region, the viscosity dependences of k2 for the nitrobenzene and Ag* reactions are
also similar. This suggests that the diffusion radii for nitobenzene and Ag* have similar
composition dependence. The composition dependences of the relative effective radii of
diffusion, ry/r, calculated from [4-16] using a reaction radius of 1.0 nm for the reaction
with Ag* (118) in methanol/wa_¢r and ethanol/water mixtures, are shown in Fig.4-30 and
Fig.4-31, respectively. The nitrobenzene values are also included for comparison. The
diffusion radii increase in the alcohol direction. The fact that the smaller Ag* ion (149) has
a similar or larger diffusion radius than that of the nitrobenzene indicates that Ag* can drag
a larger number of solvent molecules by electrostriction during its diffusion. The drag of a
polar solvent upon ion diffusion in :¢ i« probably related to the solvent dipole reorieatation
time or dielectric relaxation time (1). Unfortunately, T values for the alcohol/water mixtures
are not avoilable. At 298 K, the 1 values are 9ps in water, S0ps in methanol and 130ps in
ethanol (165).

The composition dependence of the relative effective diffusion radii (ry/r) for the Ag*
and Cu2+ reactions are shown in Fig.4-32 and 4-33, respectively. The similar ry/r values
in the alcohol-rich solvents may suggest that (i) upon diffusion, Ag* and Cu2* can drag
more solvent molecules in the methanol/water mixtures than in the ethanol/water mixtures
or (ii) the cations are solvated mostly by the water molecules in the solvent mixtures. In

the water-rich solvents, the diffusion radii in methanol/water mixtures are larger than those
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in the ethanol/water mixtures, which gives further support 10 the idea that water structure
strengthening effects are greater with the smaller alcohol.

2. Negatively Charged Scavengers

The rate constants for the reaction of solvated electrons with CrO4™ and NO3™ are
lower than those with a positive charge (Figs.4-26 and 4-27). The relative effective
diffusion radii were calculated by assuming a reaction radius of 1.5 nm and 2.0 nm for the
reactions with nitrate and chromate ions, respectively (118).

The higher rate constants for the reactions with CrO4™ in methanol/water mixtures are
due to the smaller diffusion radii in these solvents (Fig.4-34). The smaller ry/r values in
the ethanol/water mixtures suggests that the anions are probably associated strongly with
the alcohol molecules, so that the size of the alkyl group on the alcohol molecule has an
influence on the diffusion of ions. The fact that the optical absorption energies of solvated
clectrons in these alcohol/water mixtures are dependent on the size of the alkyl group in the
alcohol molecules (23) is also consistent with this view.

Among the electron-scavengers studied, NO3~ displayed the greatest composition
dependence. In going from water to alcohol, its reactivity decreases by two orders of
magnitude. If the kinetics for the reaction of solvated electrons with NO3” are diffusion
controlled, then it would require the effective radii (rw/r) to drop exceeding rapidly on
going from water to alcohol as shown in Fig.4-35. It is however difficult to rationalize
why the diffusion radius of NO3™ should be more sensitive to the change of solvent than
that of the other ions. Since the rate constants for the reactions with nitrate in the alcohoi-
rich region are very low (< 105m3/mol.s), the reactions of solvated electrons with nitrate

ire not diffusion controlled.
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3. Encrgics and Entropics of Activation

The activation energy of a diffusion controlled reaction is the energy of diffusion for
the reacting species. The activation energies for the reactions of solvated electrons with the
positively charged scavengers are generally higher than for the negatively charged
scavengers (Figs.4-36 and 4-37). This could mean that the energies of diffusion for Cu2+
and Agt+ are higher than for the CrO4 ™ and NOj3” ions in these alcohol/water mixtures.

The entropy of activation for a nearly diffusion controlled reaction is related to the
entropies of diffusion, and to tiie degree of solvent rearrangement on proceeding from the
initial state tc the transition state. The entropy of diffusion is always positive because the
diffusion process is driven by the random motions of the liquid molecules. The degree of
solvent rearrangement depends on the change of electrostriction at the reaction site. The
reactions of solvated electrons with Cu2* and Ag* involve partial neutralization of the
positive charge at the transition states. This causes the solvent molecules in the transition
state to be less electrostricted than that in the initial state. The entropies of activation for the
reactions with positively charged ions are therefore more positive (Figs.4-38 and 4-39).
The transition states for the reactions of solvated elecirons with NO3~ and CrO4™ involve
the development of an additional negative charge, which enhances the electrostriction of the
nearby solvent molecules. The entropies of activation for the anionic reactions are therefore
more negative. For methanol/water mixtures and the water-rich ethanol/water mixtures, the
difference of reactivity between the positively charged and negatively charged ions is due to
changes of entropy rather than of cnergy.

The energies of activation for the reactions with the negatively charged electron-
scavengers in the ethanol-rich mixtures ( 0 < Xw < 0.45) increase sharply as the alcohol
contert increases. This perhaps can be interpreted by the encounter complex mechanism as
described for the inefficient organic electron-scavengers. In the ethanol-rich mixtures, both
the electron and the nitrate ion are solvated mainly by the hydroxyl ends of the alcohol
molecules. The steric effects of the ethyl group on the ethanol molecule therefore not only
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raise the energy of diffusion for the anionic species but also destabilize the encounter
complex. This results in a large increase in the activation energy. Because of the steric
effects of the alkyl group, the degree of solvent rearrangements on going from the
encounter complex to the transition state are probably less extensive in ethanol than in
water. This is indicated by the less negative entropy of activation towards the alcohol
direction.

The composition dependences of Eq and AS* for the anionic reactions are more
drastic with the ethanol/water mixtures than with the methanol/water mixtures. The size of
the alcohol therefore has a large effect on the stabilization of the encounter and activation
complexes. In ethanol-water mixtures, the Eq and AS* change more drastically with NO3~
than with CrO4~. This perhaps indicates that the steric crowding between the adjacent
alkyl group of the alcohol in the cybotactic region of the encounter and activation
complexes is more severe with the NO3™ reactions. The volumes of the encounter and
activation complexes presumably are larger in the CrO4™ reactions due to the greater

clectrostatic repulsion between the solvated electron and the dianion.



287

I Conclusion

The reactivities of solvated electrons with solutes are dependent on the electron affinity
of solute, the solvent structure, the electron-solvent and solute-solvent interactions.

The inverse relationship between k2 and 1) in the water-rich solvents indicates that
electron and solute are solvated in water-rich microphases. For solutes with high electron
affinity, the rate of the reaction is mainly controlled by the diffusion of the microphases.

In water-rich solvents, the kon values for the nitrobenzene reactions increase in the
order of : methanol > ethanol > ¢-butyl alcohol, which indicate that the reaction radius also
increases in that order.

As the alcohol content of the solvent increases, the diffusion coefficients of the
nitrobenzene and ionic reactions decrease.

The solvent effects on the rate constants of the nearly diffu<ion controlled reaction are
not only due to the changes in the transport properties (viscosity, diffusion coefficient) but
also due to the change of dielectric constant of the medium. This is illustrated by the linear
correlation between the viscosity normalized rate constant (Inkan) with -1 for the reactions
of solvated electrons with nitrobenzene and acetone.

The inverse correlations between the encounter efficiency (ka/kN) and the optical
absorption energy (E,) indicate that the free energies of activation for the phenol and toluene
reactions in ethanol/water mixtures are governed by the solvation energy of the electron. In
methanol/water mixtures, the encounter efficiencies are also governed by the solvation of
the transition state.

For the Ag* and Cu2* reactions, the diffusion radii in the methanol/water ethanol/water
are similar, which suggest that (i) upon diffusion, Ag* and Cu2+ can drag more solvent
molecules in the methanol/water mixtures than in the ethanol/water mixtures or (ii) the
cations are solvated mostly by water.

The higher rate constants for the reactions with CrO4* in methanol/water mixtures are
due to the smaller diffusion radii in this these solvents. The larger diffusion radii in the
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ethanol/water mixtures suggests that the anions are probably associated more strongly with
the alcohol molecules. A larger alkyi group makes the diffusion of anions more difficult.
In the water-rich solvents, the differences in reactivity between efficient and inefficient

scavengers are due to entropies of activation rather than energies of activation.
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