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Abstract

The most fundamental electron transfer reagent is solvated electrons, ;.
Reaction rates of e can be greatly influenced by changing the solvent. Kinetic

behavior of e; has been measured in #-butanol/water and 1-butylamine/water mixed

solvents because of the substantially different physical properties of these solvents.

The relative reactivities of NH; ; and NO3; with e; rev-rse on going from pure
t-butanol solvent, in which NHj is the more reactive, tc pure water solvent. The
reversal is attributed to changes in the structure and reactivity of the solvent around the
reaction site. The rate constants of e; with H! are the highest of those of the ions
studied, in the whole region of z-butanol/water mixtures, because HY has the highest
diffusion coefficient. The calculated effective reaction radius (kR;) of each ionic solute
decreases on going from pure -butanol to pure water. The activation energies (E») for all
reactions have the highest values in pure t-butanol. The high xR, and E; in pure
t-butanol are attributed to a high mobility and activation energy of diffusion of e; in the
alcohol.

The measured optical absorption spectra of e; and the reactivites of e; with
organic solutes in 1-butylamine/water mixed solvents show different behavior of e
from that obtained in alcohol/water mixed solvents, and it ope:.s a new research area.
The energy at maximum absorbance, Epmax, increases smoothly on going from pure
1-butylamine to pure water, indicating that the electron is less selectively solvated by
water molecules than anticipated, and the amine/water mixtures are more randomly
structured than are alcohol/water mixed solvents. However, the temperature coefficient
(- dEAmax/dT) has a minimum at 50 mol% water, which indicates that the solvent

structure in the amine-rich region may be different from that in the water-rich region.



The rate constants of the efficient reactions of e; with nitrobenzene and acetone

are high (k2 > 106 m3/mol-s) and inverscly proportional to the viscosity of the

1-butylamine/water mixed solvents. The rate constants of the inefficient reactions of e;

with toluene and phenol (k2 < 105 m3/mol's) have a maximum at 50 mol% water. The

solvent molecules protonate the transient anions of tcluene and phenol. In the water-rich

solvents, e; is preferentially solvated by water and toluene or phenol is preferentially

solvated by amine; this tends to keep the reactants apart, and decreases the value of k.
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Chapter One

Introduction

Electron transfer is a basic process in many chemical reactions. The most

fundamental electron transfer reagent is solvated electrons, €.- Study of the behavior and
properties of electrons is essential in chemistry.

A solvated electron (e;‘) is an excess electron in a liquid; the electron is in a
localized state and in thermal equilibrium with the solvent molecules. Distinctive
properties of solvated electrons in different liquids include the optical absorption spectrum
(1), mobility (2), and reactivity with other substances (3). To seek understanding of the
behavior and properties of electrons we study how these properties change when the
solvent is changed.

In the present work, solvent effects on the reactivity of solvated electrons in
strongly hydrogen-bonded mixed solvents, #-butanol/water, and less strongly hydrogen-
bonded mixed solvents, 1-butyl amine/water, have been studied. In this introduction, I
briefly summarize the properties of solvated electrons, the relevant properties of

solvents, and chemical reactions of solvated electrons in different solvents.

1. Solvation of Electrons

Blue solutions of sodium metal in liquid ammonia were made in 1864 by Weyl
(4). These solutions were used as reducing agents. The reactive agent in the solutions
was later identified by electrical conductivity to be the solvated electron (5). Later,
solvated electrons were also found in other solvents such as amines (6), hydrocarbons

(7), water (1) and alcohols (8). In most cases, € is produced by irradiating a material

(usually a liquid) with ionizing radiation such as X- or 7y-rays or high energy electrons.
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Pulse radiolysis (3), combined with sensitive electrical conductance (9), or

optical absorption (10) measurement instruments, is widely used in the study of the
properties and behavior of €. In pulse radiolysis, a short pulse (ns - us) of high energy
electrons or X rays (~0.1 to 20 MeV) is used to irradiate a solvent, then the subsequent
evolution of the electrical conductance or optical absorption of the system is observed.
When high energy radiation penetrates a liquid, molecules are ionized, thereby
producing energetic secondary electrons in local microzones (11) of ionized, excited and
dissociated molecules. The reactive intermediates in these microzones dissipate in a few
nanoseconds by reacting together or diffusing into the bulk of the liquid. The secondary
electrons also lose their excess energy by ionization and excitation of the molecules in the
medium. Once the energy of the electron is sufficiently lowered it can form a localized
state in most liquids.

The electron localization process depends on whether the electron affinity of the
liquid is positive or negative. If the molecules have positive electron affinity the electron
gets localized on a solvent molecule and forms a negative ion (12, 13). If it is negative,
localization is affected by the polarity of the molecules: (i) an electron in a polar solvent
gets trapped in a coulombic potential well created by several molecular dipoles; (ii) in a
nonpolar solvent, electron localization occurs due to nonspherical shape and anisotropic
polarization of the molecules. If the molecules are isotropically polarizable, the electron
remains delocalized and is very mobile (14).

An electron polarizes electronically the adjacent medium in about 10-15 s, When
an energetic delocalized electron becomes localized, it immediately finds itself in an
electronically polarized potential well (trap) (15). The electric field of the electron then
causes the molecular dipoles to reorient. The trap becomes deeper. The time for this
process is related to the dielectric relaxation time of the medium (16). It takes about a

picosecond for the trapped electron to relax into the solvated state in water (15, 17-19).



2. Properties of Solvated Electrons

Solvent structure (solvent molecular structure and molecular packing) and

polarity of the solvent molecules affect the physical and chemical properties of g.. The

properties of € can be studied by 1) mobility, 2) optical absorption, and 3) reactivity.

2.1. Mobility of Solvated Electrons

Pulse radiolysis-conductivity studies provide data on the mobility of e, in
hydrocarbons (20-23), water (24), and others (25-30). The mobility of e is strongly
dependent on the structure and properties of solvents (30). In water the mobility of e is
19 x 10-8 m2/V-s (24), which is close to that of hydroxide ions and smaller than that of
protons (24, 25). However, the activation energy of diffusion of €. in water is 20
kJ/mol, which is larger than the 15 kJ/mol for diffusion of hydroxide ions in water (24).
This indicates that the diffusion mechanism of €, is not quite the same as that of
hydroxide ions. In methanol and ethanol, the mobility of e” is close to that of alkoxide
ions (RO7s) (26-28). From ethanol to butanol, the mobility seems to increase (29). In
nonpolar liquids the mobilities depend strongly on the structure of the solvent molecules,

and are usually several orders of magnitude greater than those of ordinary ions (20, 30).

2.2. Optical Absorption Spectrum

Optical absorption spectra of ¢, in various solvents have been extensively

studied during the last thirty years. Solvated electrons can absorb light at wave lengths

ranging from visible to infrared and, depending on the nature of the solvent, the lifetime

of €7 can be very long , as is the case in liquid ammonia, or very short as is the case in

amines.



2.2.1. Energy and Shape of the Optical Absorption band of e;

The first optical absorption spectrum of e, in water was obtained by pulse
radiolysis in 1962 (1). It has a peak at 715 nm at 25°C with Geapax = 8.3 x 10-21
m2/16 aJ (that is, 5.0 x 104 e; *L/100 eV-mol-cm) (31, 32), where e; yield G(e/16 aJ
or €/100 eV in old unit) is the number of e, produced for cach 16 aJ or 100 eV of dose
absorbed in a solvent and €gmax (M-lcm-1) is the molar extinction coefficient at the
wavelength of maximum absorbance. The absorption band lacks fine structure, has a
long tail extending to higher energies. The energy at the absorption maximum, EAgax,
and the width of the band depend on the polarity and the structure of the solvent (33-35).

The value of EAmax  is the most characteristic feature. It represents the extent of
a solvated electron being trapped in a potential well. In general, the higher the value of
EAmax, the deeper the potential well, therefore, the stronger the interaction between the
electron and the dipoles of the solvent molecules. The Epmax value of e, in a solvent
depend on many factors such as the Kirkwood structure factor, gk value (33, 36) which
is calculated from the dielectric constant, dipole moment and density to measure the short
range interaction of solvent molecules (37), the types and number of functional groups,
and the number of alkyl groups attached to the functional group (35, 38). In polar
solvents such as water, alcohols (39), ammonia (35, 40), and amines (35, 41), the
energy of maximum absorption Epmay lies in the visible to near-infrared regions. Some

optical spectra of €7 have also been measured in aliphatic amine glasses from 4 to 77

K(42) and Epmax is in the near-infrared regions. In nonpolar hydrocarbons the
measurements of some optical spectra of e; have been carried out in glasses (43-45)
because the EAmay is very low at room temperature.

Values of EAmax are dependent on the temperature znd density of the medium.
Thermal agitation of the solvent molecvles makes the traps shallower. Therefore, values

of Eamax decrease with increasing temperature (39).
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The € absorption band has a similar form in a wide range of solvents: it is
always broad and asymmetric, skewed to higher energies. The absorption band of e, in
pure water is relatively symmetrical with some skewing towards the high energy range
(32), but in alcohols (39, 46) it becomes more and more asymmetrical on going from
methanol to butanols. The asymmetry and breadth of the absorption band, and the lack of
fine structure, are due to both homogeneous (41, 47) and heterogeneous broadening (48,
49) effects. Since both factors play a role, we say that the band is nonhomogeneously

broadened.

2.2.2. Transitions

There are many studies (50-54) on the transitions involved when photons are
absorbed by the ground state e, - It has been suggested that they are (i) bound to bound
transitions (50), (ii) bound to continuum transitions (51), (iii) bound to bound and bound
to continuum transitions (52-54), and (iv) trap to trap transitions (52, 53).

The broad, asymmetrical absorption band of e, , with skewing tail into the high
energy region, indicates that the optical absorption is not due to any single transition.
The absorption band results from a distribution of various transitions. By esiimating the
threshold energy Eqm for photo conductivity and comparing it with the characteristics of
the optical absorption spectrum as a whole, an idea of the extent of bound to continuum
transitions in the absorption spectrum can be obtained (54-58). Both bound to bound and
bound to continuum transitions contribute to the spectrum. In a glassy solid of water it
has been found that Ey, (1.38 V) is less than Epmay (1.86 V) of solvated electron(55).
In general we can say that the absorption in the energy range higher than Epmay is mainl y
due to bound to continuum transitions, and in the energy range lower than Epmay is

mainly due to bound to bound (often assumed to be similar to 1s to 2p) transition(59).
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2.2.3. Optical Absorption in Hydroxylic Solvents and Mixed solvents

Many studies of the optical spectra of e have been done in water (1, 32),
alcohols (38, 46, 60), amines (35, 61, 62), ethers (36, 63) aud other solvents (34, 63),
as well as mixed solvents (39, 47, 64, 65). The values of Epmax in water, alcohol and
their mixtures are greater than those in other polar solvents such as ammonia, amines and

ethers, because of the electron interaction with the larger dipole moment of the O-H bond

(33).
The Eamax values of € in alcohols are in the order: primary > secondary >

tertiary (39, 66). The Eamax values are almost independent of the chain length for
primary alcohols (67), because the alkyl group beyond the oi-carbon has not much effect
on the interaction between the electron and the solvent (33, 67, 68). A weaker
orientational alignment of solvent dipoles in secondary and tertiary alcohols around the
electron is probably the reason for the lower Epmay values (steric hindrance).

The widths of e, absorption band at half height (W1/2) in alcohols are about
twice that in water (63). The W1/ values in amines are also about twice that in ammonia
(35) which has a little higher value of Wy, than that in water (35). In alcohols(63),
bound to continuum transitions have been considered as the major contributor to the
absorption spectra of €; . The extent of bound to bound transition depends on the type of
alcohol (56, 63).

In a binary solvent mixture system, the absorption band shapes, the values of
EAmax and band width are strongly dependent on the solvent structure (39, 47, 65) and
usually lie between the two extreme values of pure solvents. In alcohol/water mixtures
(39) the solvent composition dependence shows that electrons are selectively solvated by
water molecules from water up to 10 mol% water. The minimum of Eamax and Wyp in
primary alcohol/water mixtures such as 1-propanol/water indicates that a special structure
is formed in the mixed solvent resulting in minimum interaction between electron and

solvent O-H groups (39). The shape of the absorption bands in some amine mixed
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solvents can be explained by a two-absorber model (47, 65, 69) based on a solvated

solvent-anion (12, 13, 70).

2.3. Models of e;

Appropriate models and calculations for € require computations with a
supercomputer. Therefore, the models of ¢, that emerged before 1980s are now
inadequate.

Historically, the earliest model assumed that a solvated electron was confined in
a spherical cavity with infinite potential walls(71). Jortner's continuum model (72) of
electrons in ammonia considers the effect of medium polarization produced by the
electrons. The solvent is viewed as a dielectric continuum around a cavity that contains
the electron (72). Calculations of Eomax can be adjusted to the observed values for
ammonia (72) by using adjustable parameters. Semi-continuum models (73) assume that
the electron is at the center of a spherical cavity surrounded by a solvation shell of a fixed
number of solvent molecules, and that the solvent beyond the solvation shell is a dielectric
continuum. Calculated values of EAmax can be adjusted to the observed values in liquid
ammonia and water (73). However, the line shape calculated from these models is more
narrow and symmetrical than observed.

In the last ten years, with the development of supercomputation and new
algorithm techniques, some progress has been made in simulation calculations of
molecular dynamics around an electron in liquid. Chandler's model (74-77) considers
an electron dissolved in a fluid of simple atomic particles, and assumes that the electrons
inside each solvent particle satisfy a closed shell structure. The free thermal electron is
repelled from the neighborhood of each atom by the exclusion principle, but there are also
attractive polarization interactions. Based on this model, the reference interaction site
method (RISM) polaron theory has been applied to the prediction of the optical

absorption spectrum (76) and diffusion behavior (77).
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M. J. Klein's group simulated the optical absorption spectrum and diffusion of

e_ in ammonia (78-83). The path integral Monte Carlo calculations were used to monitor
the energy and certain other distribution functions which characterize the local structure
around the solvated electron. Combined with the staging algorithm to sample the quantum
paths of the electron, the charge distribution of the electron in liquid ammonia was
calculated (78, 79). However, compared to the measured absorption spectrum of e in
anmonia (84), the calculated spectrum was in a higher energy range (78, 81). They also
studied the adiabatic dynamics of an electron in liquid ammonia by means of a molecular
dynamics technique for the coupled electron-solvent system (81, 82). The calculated
diffusion coefficient for ¢, in ammonia was about 1/3 of the measured one (82). The
difference between the calculations and the experiment is likely due to the contribution of
nonadiabatic effects in the transport of the electron and some of the less realistic features
in the models used for both the solvent and the electron solvent interactions.

P.J. Rossky's group's first study of electron trapping in pure water only
explored the existence of "trapping sites," probing the sites with a "test charge" to
evaluate the capacity of the traps to host an electron (85). But they could only simulate
electronically adiabatic relaxation of the ground state in a water bath. The results did not
match experimental observations (86). Later on, Rossky's group developed a new
algorithm for the quantum dynamical simulation of a mixed classical-quantum system that
rigorously includes nonadiabatic quantum transitions and applied the new method to the
problem of the solvation dynamics of an initially energetic excess electron in liquid water
(87-89). Computed results revealed that there were two possible routes for the solvation
of an initially energetic (2eV) quasifree excess electron (86). The simulation results based
on these two routes are generally consistent with experiments! optical absorption
observations in water (88). Murphrey and Rossky also combined the classic flexible

water model (90, 91) in the nonadiabatic molecular dynamics simulation of the optical
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absorption spectrum of € in pure water and the results are generally consistent with

experimental observations (92).

3. Structure and Properties of Water, Alcohol, Amines,

and Mixed Solvents

3.1. Structure and Properties of Water

The structure of liquid water has been extensively studied by X-ray, neutron,
and electron diffraction measurements and modern spectroscopic techniques (93). Based
on experimental results, statistical mechanical calculations (94) and computer simulation
(95) have been carried out to build models for the structure of liquid water.

According to the earliest model based on radial distribution functions, liquid
water was considered to have a "broken down" ice structure (96). In the solid state, each
water molecule is hydrogen bonded tetrahedrally to four other molecules. The distribution
functions of water (97, 98) indicate slightly more than four nearest neighbors. Since this
early model, numerous models have been proposed for the structure of water. These
models fall into two broad categories: (i). uniformist models (99-102); and (ii). mixture
models (103-106).

According to the uniformist models, water consists of a single type of three-
dimensional random hydrogen bond network. There is no significant amount of monomer
water. Water is treated as a simple chemical equilibrium between free and hydrogen-
bonded hydroxyl groups. The structure is visvalized as a network of cavities and the
structural order as only short range with local structure being approximately tetrahedral.

The mixture models assume that water consists of a mixture of two or more

species. These are water molecules with no hydrogen bonds or with up to four hydrogen
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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 and clusters,
which make the medium denser than ice.

Recent efforts have focused on exploring the feasibility of long-lived clusters of
water molecules to account for the observed large heat capacity of liquid water and a
simple two-structure model for liquid water has been proposed (107). In this model, the
structure of water is considered as primarily a mixture of tetramers and octamers.

However, no single model has yet explained all the properties of water.

3.2, Structure and Properties of Alcohols

The liquid structures of alcohols are simpler than those of water because there is
only one hydroxyl group per molecule. The hydroxyl groups in alcohols can hydrogen
bond with each other. Alcohols have the ability to form up to three hydrogen bonds per
molecule. Water, on the other hand, can form up to four hydrogen bonds. Various
spectroscopic studies have shown that monomers, dimers, and polymers all exist (108-
110).

Alcohols form chain or ring structures with approximately two hydrogen bonds
per molecule. Alcohols with larger alkyl groups tend to exist mainly as monomers and
ring-like polymers because of the steric hindrance (111). Lower alcohols can make a
third hydrogen bond which leads to a three- dimensional linkage of polymer chains (112,
113).

3.3. Structure and Properties of Alcohol/Water Mixtures

Since an alcohol contains both a hydrophilic hydroxyl group and a hydrophobic
alkyl group, it shows strong composition-dependent physical properties in alcohol/water
mixtures. The amount of hydrogen bonding between the alcohol hydroxyl group and

water molecules depends on the sizes of the hydrophobic alkyl groups and the number of
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hydrophilic hydroxyl groups in the alcohols. Alcohols that contain less than four carbon

atoms are completely miscible with water. As the hydrophobic alkyl group becomes
larger the solubility decreases (114). The sphere-like molecules of z-butanol are
completely miscible with water, but the other isomers 1-, 2-, and iso-butanol are
miscible only in the approximately ranges up to ~50 mol% water in butanol and up to ~2

mol% butanol in water (115).

3.3.1. Kirkwood structure factor, gj.

Information about the short range interactions in a liquid can be obtained from
the Kirkwood structure factor, gy which is calculated from the dielectric constant, dipole
moment and density (37). In water and primary alcohols the gy values are greater than
unity (33, 35, 116, 117). The value of gy increases with increasing chain length for
primary alcohols because the alcohols with longer chains are better aligned. Small
alcohols can form a third hydrogen bond cross-linking the polymer chains. This must be
the reason for its lower gy value, because of the difficulty of alignment. The g, values
increase slightly when water is added to methanol or tertiary alcohols (117, 118). Water
can make hydrogen bonds with those alcohol molecules resulting in a better linear
arrangement of dipoles. Thus water has a structure-building effect in these cases. On the

other hand, the g, values decrease when water is added to other alcohols (117), and water

acts as a structure breaker in these alcohols.

3.3.2. Thermodynamic Properties and Hydrogen Bonds

The thermodynamic functions of mixing of alcohols and water gives useful
information in the study of the structure of alcohol/water mixtures (119-121). The extent
of change depends on the alkyl group. By mixing water and alcohals, if hydrogen bonds
are formed, a negative enthalpy of mixing is obtained; a positive enthalpy of mixing

indicates the rupture of hydrogen bonds in the mixture.
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When a small amount of a small aicohol is dissolved in water a decrease in
enthalpy and entropy results. The interpretation is that: (i) the alcohol molecule promotes
water-water hydrogen bonding (122, 123); or (ii) water molecules order around the
alcohol molecule and form clathrate-like structures (124). Therefore, the structure of
water is strengthened by adding of small amount of alcohol molecules in this case (121,
123). The enthalpy of mixing of higher alcohols with water is positive (endothermic),

water acts as a structure breaker (119, 120).

3.3.3. Viscosity

The viscosity of a single liquid component is related to the rate of diffusion in
the liquid. The viscosity is higher in alcohols with longer and/or branched alkyl groups.
The bulkiness of the alkyl group makes it difficult to flow.

Viscosities are strongly composition dependent in mixtures of alcohol and water.
The following are the important qualitative features of viscosity of completely miscible
alcohol/water mixtures (106, 125-127): (i) A maximum in viscosity occurs at a
composition around 75 mol% water; (ii) a sharp increase in viscosity occurs when a few
mole percent of alcohol is added to water; (iii) only small changes in viscosity occur in
the alcohol-rich region.

The increase of viscosity when a little alcohol is added to water is perhaps due
to clathrate-like sticture formation (124).

When 1 little water is added to the small alcohols, water acts as a structure
maker, indicated by an increase in viscosity. Viscosity decreases when water is added to
larger alcohols, which can be explained by the formation of water-nucleated alcohol

compiexes (39, 120); or by the breakdown of alcohol structure by water (128).
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3.3.4. Dielectric Relaxation Times

Dielectric relaxation time is related to the reorientation of molecular dipoles
along the applied field direction in a liquid. Water has a single dielectric relaxation
process, with a dielectric relaxation time (t) equal to 10-11 s at normal temperature and
pressure. There are three relaxation times in alcohols(129): (i) Ty, the time required for
the breaking of intermolecular hydrogen bonds and reorientation of the molecule; (ii) Ty,
the reorientation tune of a free monomer; and (iii) T3, the reorientation time of free -OH
dipoles.

The process that relates to the liquid structure is associated with Ty. This is called
the primary relaxation process. The reorientation of larger alcohol molecules depends on
the steric hindrance of the alkyl group and the hydrogen bonds (130). Reorientation of
these molecules needs the cooperation of the other molecules. Small alcohol molecules
display relatively small steric effects, hence reorientation depends mostly on hydrogen
bond breaking; relaxation times in these alcohols are shorter.

When a small amount of water is added to an alcohol at room temperature, the
dielectric relaxation time varies as follows: (i) In a small alcohol such as methanol, it
increases slightly (131); (ii) in other lower alcohols it decreases (132).

Dielectric relaxation times decrease and viscous flow become easier when
temperature increases. This is because of the increasing thermal agitation of the
molecules. In a liquid under constant pressure the increase agitation energy also increases
the amount of free space between molecules, so the liquid density decreases with

increasing temperature and the amount of steric hindrance decreases.

3.4. Structure and Properties of Amine/Water Mixtures
Similar to an alcohol, an amine consists of an alkyl group and a polar group in
this case -NH). Amines are weak bases (pK, = 10.6 for 1-butyl amine in water at 298 K

(133)), and can also form hydrogen bonds within themselves and with water molecules.
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However, the hydrogen bonding is weaker than that in alcohols and water because
nitrogen is less electronegative than oxygen and the N-H bond is less polar (134, 135).
This is supported by the lower solvation enthalpy of amines in water than that of alcohols
(136), and by the smaller gy factors (33, 35, 137) than alcohols. The primary Cj - Cs
amines are completely miscible with water (138). Dielectric constants of amines (137,
139) are lower than those of the corresponding alcohols (at 298 K, for 1-butyl amine € =
4.6 - 4.8 (137, 140), whereas for 1-butyl alcohol € = 17.1(141)). The relaxation times
() of amines (137, 139) are also lower thar those of the corresponding alcohols and even
lower than that of water. For example, at 298 K ; for 1-butyl amine is about 4 ps (137)
whereas for water it is 8.3 ps and for 1-butanol 479 ps (142). At 293 K the relaxation
time of amine increases from propylamine (3.05 ps) to the maximum of heptylamine
(9.07 ps), and then it decreases with increasing number of carbon atoms in the
amine(137). This behavior is independent of temperature. This indicates that the rotation
of -NHz group is the main contribution to the relaxation time. For alcohols, the
relaxation time T3 which is considered as the reorientation time of free -OH dipoles (129)
increases continuously from 2.12 ps (n-propanol) to 2.35 ps (1-butanol) to 3.87 ps (1-
dodecyl alcohol) (129). The low relaxation times of amines indicate that because of the
weaker hydrogen bonds the hindrance to the free rotation of -NH» group is lower than
that in alcohols, and the intramolecular rotation is the predominant mechanism (137) . It
has been suggested (137, 143) that when there are more than three carbon atoms in the
aliphatic chain of primary amines a molecular spiral conformation is formed by a
hydrogen bond between the N atom and an H-atom on the fourth carbon of the amine.
This spiral conformation is called a Newman coil. However, this structure is unlikely
predominant in amines because of the weak hydrogen bonding.

Though various physicochemical properties of aqueous solutions of alcohols and
amines show similarity, there are some differences. For example, alcohols produce a

rise in the temperature of maximum density of water, while amines lower it (144, 145).
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Further, solid clathrate hydrates have been isolated from some amines (146, 147), but

not for alcohols. The study of the limiting excess volumes of alcohols and amines in
aqueous solution shows that water-structure-compatible O-H group reinforces water
structure, while NH3 group disrupts it due to its inability to participate in cooperative
hydrogen bonding with water. Therefore, the amine group acts as a structure breaker
(148).

The study of compressions and densities of C;-C4 amine/water mixed solvents
(149) found that the compressibility has a minimum in the region from 98.3 (1-butyl
amine) to 88 mol% water (methyl amine), and partial molar volumes also have a
minimum in the region from 99.1 (1-butyl amine) to 88 mol% water (methyl amine).

The viscosities of amine/water solutions follow a different pattern from that of
alcohol/water solutions. The viscosity of 1-butyl amine/water mixed solvent at 298 K
increases from water (0.89 mPa-s) to the maximum at 20 mol% water (2.4 mPa-s) and
then decreases to 0.47 mPa-s in pure 1-butyl amine (150, 151). For r-butyl alcohol/water
mixed solvent at 298 K, the viscosity increases from water (0.89 mPa-s) to the
maximum at 30 mol% water (4.98 mPa-s), which is about double of the maximum in 1-
butyl amine solution, and then decreases a little to 4.2 mPa-s at 10 mol% water and
increases back to 4.5 mPa-s in pure t-butyl alcohol (152). The: viscosity in t-butyl
alcohol is almost 10 times of that in 1-butyl amine. This indicaies that liquid 1-butyl

amine is much less hydrogen-bonded than the alcohol.

4. Reactivity of Solvated Electrons

Besides the optical absorption spectra and mobility of solvated electrons, the

study of the reactivity of € with solutes in various solvents is another way to learn the

properties of €. The reactivity of ¢, depends on the nature of the coreactant (153-157)
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and the nature of the solvent (158-160). Some reactions are fast and near diffusion-

controlled, and some are slow.
The reactions of € with various solutes in water have been extensively studied

(356, 157, 161-165). Depending on the coreactants (161-163), some are diffusion-
controlled, such as the reaction of € with nitrobenzene (164), and some are slower,
such as the reaction of e, with 82023' (164). Some reactions of ¢, with solutes such as

N20O, or NO& can change from non-diffusion-controlled to diffusion-controlled reactions
as the temperature increases (157).
The kinetics of € reactions have been also studied in nonpolar solvents (166-

173). The electron mobility and reaction rates are influenced by the solvent molecular
structure. Electron mobility is larger in liquids of sphere-like molecules than in those of
nonspherical molecules (20, 21). The probability of reaction per encounter of €, with
N20 is much smaller in liquids of spherical molecules such as xenon or methane than in
those of nonspherical molecules such as cyclohexane (167). When N2O captures an
electron, the molecular shape changes from linear to bent. The change of shape requires
time, say a ps, so the probability of electron capture increases with the duration of the
encounter up to several ps. Allen and Holroyd studied electron reactions in nonpolar
solvents by conductance measurement. They found that usually the rate constant
increases with mobility, but the reverse occurs when the encounter efficiency decreases
more than the mobility increases(168, 174).

Holroyd's group studied the pressure effect on the electron reactions with
solutes such as COz and 1,3-butadiene in toluene(175). The rates of the reactions of €
with solutes in toluene are much faster than that expected for diffusion-controlled
reactions of the ordinary ions, and the reaction rates are pressure-independent. The
results confirmed that toluene attaches an electron to form an anion, and the high

reactivity and high mobility of electrons in toluene are due to a hopping mechanism (175-
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178). When toluene is in dilute solute in n-pentane, toluene reversibly attaches an

electron, and the anion is more stable at high pressures, above 100 MPa (176).

Solvent effects are also shown in the reactions of ¢, in alcohols (153, 154, 179-
182). In Cj - Cjo normal alcohols, reactions of e, with H':, Ag: (180, 182), and
phenanthrene (181, 183) have the relation kg o nlnis viscosity of solvent). These

reactions are diffusion-controlled and follow the Smoluchowski-Debye-Stokes model

(184, 185). However, for the reaction of e with nitrate ion in Cj - Cjg normal alcohols
(160, 182) kj increases as N*! indicating the participation of solvent molecules in the
reaction (158, 160, 182).

The reaction rates of €, are also affected by branching the alky! groups of
alcohols. For example, on going from CH30H to CoH50H to 2-C3H70H to t-C4HgOH
(154), k; for inefficient scavengers increases and for efficient scavengers decreases in
that order. The former is due to the decrease of electron trap depth (Eamax). and the
latter is due to the increase of solvent viscosity (diffusion coefficients).

The reactions of ¢, have been studied in methanol or ethanol/water (27, 153,
186-188), isomeric propanol/water (189-191), and isomeric butanol/water mixed
solvents (159, 160, 192-195). The reaction is strongly dependent on the solvent structure
(both molecular structure and molecular packing). For example, in the reaction of e
with nitrate ion, the solvent molecules participate in the reaction, and the molecular
structure of solvent affects the rate constant; the more branched and the bigger the solvent
molecule, the higher is the rate constant (158, 160, 182). Solvent structure and solvation
of both the electron and solutes such as NHZ,S (159, 160) differ in different regions of
the mixed solvent, and this has a strong influence on the reaction rates. The reaction rate
of & with NHZ,S in the water-rich region is much lower than that in the alcohoi-rich

region (159, 160). This is attributed to NHT s being symmetrically solvated in water,
40

and difficult to access by € » but unsymmetrically solvated in alcohol, which

apparently facilitates the attachment of e (159).
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Two types of models have been applied to the kinetics of the reactions of e, in

hydroxylic solvents.

i) Smoluchowski-Debye model (184, 196) and its modifications (159,

191, 193, 197). This model connects the rate constant with bulk physical properties of

the solvent, the relative permittivity € and viscosity 7. If a reaction of e is diffusion-

controlled, it follows the Smoluchowski-Debye equation:
[1] k2 = 4nNA(De + Ds)(Re + Rg)f = 4TNA(De + DR,
where kj is the rate constant, Na is Avogadro's constant, De and Ds are the diffusion

coefficients for e; and reactive solute, Re and Rg are the reaction radii, R, is the average

center-to-center reactant separation when reaction occurs, and f is the Debye factor which

is given by:
X
(2] f==p
[3] X = ___Z_g___
4meqeRkpT

where x is the ratio of the coulombic energy of the reactants at R, to thermal agitation

energy kgT, and € is the relative permittivity of the medium between the reactants at
separation Ry, and Z is the charge on a charged solute or the dipole moment of a neutral

solute.

In the most cases the diffusion coefficient of €; 1is unknown, so a modified
model is used. The Stokes-Einstein relation (197) for the diffusion coefficient D of a

spherical particle of radius r at temperature T is
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4] D=2l
émnr

We insert eq. [4] into eq. [1] and introduce factor K, the probability that reaction occurs
during one encounter (159, 191, 194) for reactions slower than diffusion-controlled,
and obtain

_NakgT 1 1 _ NakpT 1
[5) k2 1.5n (re +Rs)(Re + Roxf Lsn T fxR; .

Here rg is the effective hydrodynamic radius for mutual diffusion of ¢; and solute, and
KR, is considered as an effective reaction radius (159, 191, 194) . This is the

Smoluchowski-Debye-Stokes-Einstein model(127, 190, 193). From equation 5 we can
see that if a reaction is diffusion-controlled, x = 1 and kp e 11, as in the case of the

reactions of e with nitrobenzene in alcohol/water mixtures (127, 187, 189, 192, 193),

and with some ions in a series alcohols (180-183, 195).

For the reactions of €. with jons eq. 5 can be simplified by using the measured

electrical conductivity of the electrolyte. The Einstein-Nernst equation is(198):

.2D.F2
. - zi’DiF%
[6] A'l - RT ’

where A; is the molar conductivity of ion i or electron e, z; is the number of charges of
the ion, F = NAE is the Faraday constant, and R = Nakp is the gas constant.
Combining egs.[1] and [6], we get the Smoluchowski-Debye-Nernst-Einstein model

(160, 182, 194):

4
Mk =%(&+ MzDRE
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which can be rearranged to
[8] kR = 1.48x10-16ky / f(Ae + Aif2i2)T

By measuring k2 and molar conductivity of e, and ions we can determine kR,. In most
solvents the value of A is not known and is approximated (160, 182, 195).

ii) For inefficient reactions, with k << 1, an el ctron trap-depth model is
sometimes used to interpret the reaction rates(154, 155, 192, 193). This model considers
the solvation energy of the electron. The optical absorption energy of €, is a measure of
the electron solvation energy (solvent trap depth) (199). The k7 values are correlated
with the shallower traps in the depth distribution. As a measure of smaller trap depths,
we use the energy Er on the low energy (red) side of the absorption band at half the

maximum absorbance. In some reactions of e, , the rate constant increases as E;

decreases.
Most reactions of e, follow the Arrhenius relation (157):

91  kp=AgeEaRT

where Aj is the frequency factor and E; the activation energy for the reaction.
Information about the activation energy is useful to help understand the reaction
mechanism. If the reaction is diffusion-controlled, the activation energy Ej is usually
similar to the activation energy Eqy of solvent viscosity. If the value of Ej is very
different from that of Ey,, the reaction is far from diffusion-controlled, or the activation

energy fore_ diffusion is high.
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5. Present Work

In this work we study the reactions of ¢ with some ions of widely differing

reactivity (NO:',’,S, NH:,S, and H:) in the whole region of -butanol/water mixtures, to

further understand the solvent effects. The reaction rates were measured as functions of
temperature. Electrical conductivity of the corresponding electrolytes were also measured

in r-butanol/water mixed solvents to obtain information about the ion diffusion

coefficients. This, combined with the ¢, rate constants, led us to estimate a relatively
large mobility of € in pure -butanol.

The unusual changes of rate constant of e, with NO;,S in Cy - C4 alcohols,
which increase with increasing liquid viscosity, was examined.

To obtain information about the properties of e, in solvents, that are less

hydrogen-bonded than are alcohol/water solvents, amine/water mixed solvents were

studied: the optical absorption spectrum of ¢, and the reactivity of e, with organic

solutes (nitrobenzene, acetone, phenol and toluene) in 1-butyl amine/water mixed

solvents. The behavior of €; in amine/water solvents was found to be quite different

from that in alcohol/water solvents. A new area of fruitful investigation has been opened.



22

References

10
11

12

13

14

15

16

17

E. J. Hart and J. W. Boag. J. Am. Chem. Soc. 84, 4090 (1962).

K. H. Schmidt and W. L. Buck. Science. 151, 70 (1966).

L. M. Dorfman and M. S. Matheson. In Progress in Reaction Kinetics. Vol. 3.
Edited by G. Porter. Pergamon Press, London. 1965.

W. Weyl. Ann. Phys. 121, 601 (1864).

C. A. Kraus. The Properties of Electrically Conducting System. Chemical
Catalogue Co., New York. 1922, p. 375.

G. W. A. Fowles, W. R. McGregor, and M. C. R. Symons. J. Chem. Soc.
3329 (1957).

G. R. Freeman. J. Chem. Phys. 38, 1022 (1963).

1. E. Bennet, B. Mile, and A. Thomas. J. Chem. Soc. (A). 1393 (1967).

P. G. Fuochi and G. R. Freeman. J. Chem. Phys. 56, 2333 (1972).

J. P. Keene. J. Sci. Instrum. 41, 493 (1964).

G. R. Freeman. In Kinetics of Nonhomogeneous Processes. Edited by

G. R. Freeman. John Wiley & Sons Inc., New York. 1987. chap.6.

S. Golden and J. Tutile T.R. J. Phys. Chem. 82, 944 (1978).

S. Ray. Chem. Phys. Lett. 11, 573 (1971).

P. H. Tewari and G. R. Freeman. J. Chem. Phys. 49, 4394 (1968).

G. R. Freeman. In Radiation Research. Edited by G. Silini. North Holland,
Amsterdam. 1967. p. 113.

Y. Wang, M. K. Crav/ford, M. J. McAuliffe, and K. B. Eisenthal.

Chem. Phys. Lett. 74, 160 (1980).

G. A. Kenney-Wallace and D. C. Walker. J. Chem. Phys. 55, 447 (1971).



18
19
20
21
22

23
24
25

26
27

29

30

31

32

33

34

35

36

37
38

23
P. M. Rentzepis, R. P. Jones, and J. Jortner. J. Chem. Phys. 59, 766 (1973).

W. J. Chase and J. W. Hunt. J. Chem. Phys. 79, 2835 (1975).

P. H. Tewari and G. R. Freeman. J. Chem. Phys. 51, 1276 (1969).

W. F. Schmidt and A. O. Allen. J. Chem. Phys. 52, 4788 (1970).

R. A. Holroyd, S. Ehrenson, and J. M. Press. . Phys. Chem. 89, 4244
(1985).

R. C. Munoz, R. A. Holroyd, and K. Itoh. J. Phys. Chem. 91, 6439 (1987).
K. H. Schmidt, P. Han, and D. M. Bartels. J. Phys. Chem. 96, 199 (1992).
G. C. Barker, P. Fowles, D. C. Sammon, and B. Stringer. Trans. Faraday Soc.
66, 1498 (1970).

P. Fowles. Trans. Faraday Soc. 67, 428 (1971).

O. 1. Micic and B. Cercek. J. Phys. Chem. 81, 833 (1977).

Y. Maham and G. R. Freeman. J. Phys. Chem. 92, 1506 (1988).

A. V. Vannikov, E. 1. Mal'tzev, V. I. Zolotarevsky, and A. V. Rudneyv.

Int. J. Radiat. Phys. Chem. 4, 135 (1972).

G. R. Freeman. In Kinetics of Nonhomogeneous Processes. Edited by

G. R. Freeman. John Wiley & Sons Inc., New York. 1987. chap.2.

B. D. Michael, E. J. Hart, and K. H. Schmidt. J. Phys. Chem. 75, 2798
(1971).

F. Y. Jou and G. R. Freeman. J. Phys. Chem. 83, 2383 (1979).

G. R. Freeman. J. Phys. Chem. 77, 7 (1973).

J. Jay-Gerin and C. Ferradini. In Excess Electrons in Dielectric Media. Edited
by C. Ferradini and J. Jay-Gerin. CRC Press, London. 1991. chapter 8.

F. Y. Jou and G. R. Freeman. Can. J. Chem. 60, 1809 (1982).

J.-P. Jay-Gerin and C. Ferradini. Radiat. Phys. Chem. 36, 317 (1990).

J. G. J. Kirkwood. J. Chem. Phys. 7, 911 (1939).

F. Y. Jou and G. R. Freeman. J. Phys. Chem. 83, 261 (1979).



39

41

42
43

45
46

47

48
49
50
51
52
53

54
55
56
57
58
59
60

24
A.D. Leu, K. N. Jha, and G. R. Freeman. Can. J. Chem. 60, 2342 (1982).

J. C. Thompson. Electrons in Liquid Ammonia. Clarendon press, Oxford.
1976. p. 297.

D. Huppert, P. Avouris, and P. .A. Rentzepis. J. Phys. Chem. 82, 2282
(1978).

T. Ito, K. Fueki, A. Namiki, and H. Hase. J. Phys. Chem. 77, 1803 (1973).
J. Paraszczak and J. E. Willard. J. Chem. Phys. 70, 5823 (1979).

N. V. Klassen and G. G. Teather. J. Phys. Chem. 83, 326 (1979).

N. V. Klassen and G. G. Teather. J. Phys. Chem. 89, 2048 (1985).

K. N. Jha, G. L. Bolton, and G. R. Freeman. J. Phys. Chem. 76, 3876
(1972).

T. R. J. Tuttle, S. Golden, S. Lwenje, and C. M. Stupak. J. Phys. Chem. 88,
3811 (1984).

D. C. Walker. Can. J. Chem. 55, 1987 (1977).

N. Okabe, T. Kimura, and K. Fueki. Can. J. Chem. 61, 2199 (1983).

J. Jortner and N. R. Kestner. J. Phys. Chem. 77, 1040 (1973).

A. Kajiwara, K. Funabashi, and C. Naleway. Phys. Rev. A6, 808 (1972).

G. L. Hug and L. Carmichael. J. Phys. Chem. 86, 3410 (1982).

K. Funabashi, I. Carmichael, and W. H. Hamill. J. Chem. Phys. 69, 2652
(1978).

J. K. Baird and C. H. Morales. J. Phys. Chem. 89, 774 (1985).

J. K. Baird, L. K. Lee, and E. J. Meehan Jr. J. Chem. Phys. 83, 3710 (1985).
T. Kimura, K. Hirao, N. Okabe, and K. Fueki. Can. J. Chem. 62, 64 (1984).
K. F. Baverstock and P. J. Dyne. Can. J. Chem. 48, 2182 (1970).

N. Kato, S. Takagi, and K. Fueki. J. Phys. Chem. 85, 2684 (1981).

T. Shida, S. Iwata, and T. Watanabe. J. Phys. Chem. 76, 3683 (1972).

F. Y. Jou and G. R. Freeman. J. Phys. Chem. 88, 3900 (1984).



61

62

63

65

66
67
68
69
70
71
72
73

74

75
76
77
78
79
80
81

25
W. A. Seddon, J. W. Fletcher, and F. C. Sopchyshyn. Can. J. Chem. 56, 839

(1978).

T. R. J. Tuttle, 8. Golden, S. Lwenje, and C. M. Stupak. J. Phys. Chem. 89,
2436 (1984).

F. Y. Jou and G. R. Freeman. Can. J. Chem. 57, 591 (1979).

V. V. Shornikov, G. I. Khaikin, and V. A. Zhigunov. High Energy Chem. 15,
226 (1981).

C. M. Stupak, T. R. J. Tuttle, and S. Golden. J. Phys. Chem. 88, 3804
(1984).

A. D. Leu, K. N. Jha, and G. R. Freeman. Can. J. Chem. 61, 1115 (1983).
R. R. Hentz and G. A. Kenney-Wallace. J. Phys. Chem. 78, 514 (1974).

G. E. Hall and G. A. Kenney. Chem. Phys. 32, 313 (1978).

T. R. Tuttle Jr., and S. Golden. J. Phys. Chem. 95, 5725 (1991).

S. Golden and T. R. J. Tuttle. J. Phys. Chem. 95, 4109 (1991).

R. A. Ogg. Phys. Rev. 69, 243 (1946).

J. Jortner. J. Chem. Phys. 30, 839 (1959).

D. A. Copeland, N. R. Kestner, and J. Jortner. J. Chem. Phys. 53, 1189
(1970).

D. Chandler, Y. Singh, and D. M. Richardson. J. Chem. Phys. 81, 1975
(1984).

A. L. Nichols Il and D. Chandler. J. Chem. Phys. 84, 398 (1986).

A. L. Nichols IlI and D. Chandler. J. Chem. Phys. 87, 6671 (1987).

K. Leung and D. Chandler. Phys. Rev. E, Stat. Phys. 49, 2851 (1994).

M. Sprik, R. W. Impey, and M. L. Klein. J. Chem. Phys. 83, 5802 (1985).
M. Sprik, R. W. Impey, and M. L. Klein. Phys. Rev. Lett. 56, 2326 (1986).
M. Sprik and M. L. Klein. J. Chem. Phys. 87, 5987 (1987).

M. Sprik and M. L. Klein. J. Chem. Phys. 89, 1592 (1988).



82
83
84
85

86

87
88

89

90
91
92
93

94

95

96
97
98
99
100

26
M. Sprik and M. L. Klein. J. Chem. Phys. 91, 5665 (1989).

Z. Deng, G. J. Martyna, and M. L. Klein. J. Chem. Phys. 100, 7590 (1994).
F.-Y. Jou and G. R. Freeman. J. Phys. Chem. 85, 629 (1981).

J. Schnitker, P. J. Rossky, and G. A. Kenney-Wallace. J. Chem. Phys. 85,
2986 (1986).

E. Keszei, S. Nagy, T. H. Murphrey, and P. J. Rossky. J. Chem. Phys. 99,
2004 (1993).

J. C. Tully. J. Chem. Phys. 93, 1061 (1990).

F. A. Webster, J. Schnitker, M. S. Friedrichs, and P.J. Rossky. Phys. Rev.
Lett. 66, 3172 (1991).

F. A. Webster, P. J. Rossky, and R. A. Friesner. Comput. Phys. Commun.
93, 494 (1991).

C. Romero and C. D. Jonah. J. Chem. Phys. 90, 1877 (1989).

R. B. Bamett and U. Landman. J. Chem. Phys. 90, 4413 (1989).

T. H. Murphrey and P. J. Rossky. J. Chem. Phys. 99, 515 (1993).

F. Franks (ed.). Water; A Comprehensive Treatise, Plenum, New York,
1975.

J. P. Hansen and 1. R. McDonald. Theory of Simple Liquids. Academic Press,
New York. 1976.

M. P. Allen and D. J. Tildesley. Computer Simulation of Liquids.

Clarendon Press, Oxford, UK. 1987.

J. D. Bernal and P. H. Fowler. J. Chem. Phys. 1, 515 (1933).

A. H. Narten and H. A. Levy. J. Chem. Phys. 55, 2263 (1971).

A. H. Narten. J. Chem. Phys. 56, 5681 (1972).

S. A. Rice and M. G. Sceats. J. Phys. Chem. 85, 1107 (1981).

S. A. Rice and M. G. Sceats. In Water: A Comprehensive Treatise. Vol. 7.

Edited by F. Franks. Plenum, New York. 1982.



27
101 F. H. Stillinger and A. Rahman. J. Chem. Phys. 60, 1545 (1974).

102 H. E. Stanley and J. Teixeira. J. Chem. Phys. 73, 3404 (1980).

103 H. S. Frank and Y. W. Wen. Discuss Faraday Soc. 24, 133 (1957).

104 G. J. Safford, P. S. Leung, A. W. Naumann, and P. C. Schaffer. J. Chem.
Phys. 50, 4444 (1969).

105 G. Nemethy and H. A. Scheraga. J. Chem. Phys. 36, 3382 (1962).

106 M. S. Jhon, J. Grosh, T. Ree, and H. Eyring. J. Chem. Phys. 44, 1465
(1966).

107 S. W. Benson and E. D. Siebert. J. Am. Chem. Soc. 114, 4269 (1962).

108 P. Huyskens. J. Mol. Struct. 100, 403 (1983).

109 P. Schuster, G. Zundel, and C. Sandorfy (ed.). The Hydrogen Bond. 3.ed.
North Holland Publing, Amstadem, 1976.

110 M. C. R. Symons and V. K. Thomas. J. Chem. Soc. Faraday Trans. 1. 77,
1883 (1981).

111 H. H. Eysel and J. E. Bertie. J. Mol. Struct. 142, 227 (1986).

112 B. M. Petit and P. J. Rossky. J. Chem. Phys. 78, 7296 (1983).

113 W. L. Jorgensen. J. Phys. Chem. 90, 1276 (1986).

114 J. Timmermans (ed.). Physico-chemical Constants of Binary Mixtures. 4.ed.
Wiley-Interscience, New York, 1960.

115 J. M. Sorensen and W. Arlt. Liquid-Liquid Equilibrium Data Collection,
DECHEMA Chem. Data Series. Frankiurt. 1979. p. 237.

116 J. Liszi, L. Meszaros, and I. Ruff. Acta Chimica Academiae Scientiarum
Hungaricae. 104, 273 (1980).

117 J. B. Hasted. In Aqeuous Dielectrics. Edited by Chapman and Hall, London.
1973. p. 176.

118 A. D'Aprano, I D. Donato, G. D'Arrigo, D. Bertolini, M. Cassettari,
and G. Salvetti. Molecular Physics. 55, 475 (1985).



119

120
121
122
123
124

125
126

127
128

129
130
131
132
133
134

135

136
137

28
B. Marongiu, I. Perino, R. Monaci, and R. Monaci. J. Molecular Liq. 28, 229

(1984).

A. C. Brown and D. J. G. Ives. J. Chem. Soc. II. 1608 (1962).

Y. L. Naberukhin and V. A. Rogov. Russ. Chem. Rev. 40, 207 (1971).

H. Tanaka, K. Nakanishi, and H. Touhara. J. Chem. Phys. 81, 4065 (1984).
T. M. Bender and R. Pecora. J. Phys. Chem. 90, 1700 (1986).

W. L. Jorgensen, J. Gao, and C. Ravimohan. J. Phys. Chem. 89, 3470
(1985).

A. H. Hafez and H. Sadek. Acta Chim. Acad. Sci. Hung. 89, 257 (1976).

P. C. Senanayake, N. Gee, and G. R. Freeman. Can. J. Chem. 65, 2441
(1987).

Y. Maham and G. R. Freeman. J. Phys. Chem. 21, 1561 (1987).

A. D'Aprano, D. Donato, E. Caponetti, and V. Agrigento. J. Sol. Chem. 8,
793 (1979).

S. K. Garg and C. P. Smyth. J. Phys. Chem. 69, 1294 (1965).

W. Dannhauser and A. F. Flueckinger. Phys. Chem. Liq. 2, 37 (1970).

D. Bertolini, M. Cassettari, and G. Salvetti. J. Chem. Phys. 78, 365 ( 1983).
D. Bertolini, M. Cassettari, and G. Salvetd. J. Chem. Phys. 76, 3285 (1982).
L. A. Errede. J. Org. Chem. 43, 1880 (1978).

R. J. Fessenden and J. S. Fessenden. Organic Chemistry. Willard Grant Press,
Boston. 1979. p. 705.

C. D. Gutsche and D. J. Pasto. Fundamental of Organic Chemistry.
Prentice-Hall, Englewood Cliffs. 1975. p. 132.

J. Konicek and I. Wadsoe. Acta Chem. Scandinavica. 28, 1541 (1971).

F.J. Arcega Solsona and J. M. Fornies-Marquina. J. Phys. D: Appl. Phys.
15, 1783 (1982).



138

139
140

141

142

143

144

145

146

147

148

149

150

151

152

153
154

29
H. F. Mark (ed.). Kirk-Othmer Encyclopedia of Chemical Technology., 2. ed.

Vol.2. Interscience, New York, 1963. p. 103.

S. K. Garg and P. K. Kadaba. J. Phys. Chem. 68, 737 (1964).

Y. Y. Akhadov. Dielectric Properties of Binary Solutions. Pergamon Press,
Oxford, New York, Toronto. 1980. p. 144.

A. A. Maryott and E. R. Smith, Table of Dielectric Constants of Pure Liquids,
NBS Circular 514. Washington D. C. 1951.

R. C. Weast (ed.). Handbook of Chemistry and Physics., 70th edn.

CRC Press, Boca Raton, 1979. F.41-44.

L. A. Errede and G. V. D. Tiers. J. Org. Chem. 43, 1887 (1978).

G. Wada and S. Umeda. Bull. Chem. Soc. Jpn. 35, 646 (1962).

G. Wada and S. Umeda. Bull. Chem. Soc. Jpn. 35, 1797 (1962).

T. H. Jordan and R. K. Mullan. Science. 155, 689 (1967).

F. Franks. Water, A comprehensive Treatise.2. Plenum, New York. 1973.

p. 35.

M. V. Kaulgud, V. S. Bhagde, and A. Shrivastava. J. Chem. Soc., Faraday
Trans. 1. 78, 313 (1982).

T. Moriyoshi, T. Tsubota, and K. Hamaguchi. J. Chem. Thermodynamics. 23,
155 (1991).

M.-J. Lee, S.-M. Hwang, and Y.-C. Kuo. J. Chem. & Eng. Data. 38, 577
(1993).

K. Y. iLiew, C. E. Seng, and C. G. Lee. J. Sol. Chem. 23, 1293 (1994).

T. L. Broadwater and R. L. Kay. J. Phys. Chem. 74, 3802 (1970).

H. A. Schwarz and P. S. Gill. J. Phys. Chem. 81, 22 (1977).

A. M. Afanassiev, K. Okazaki, and G. R. Freeman. J. Phys. Chem. 83, 1244
(1979).



155

156

157

158
159
160
161
162

163

164
165
166
167
168
169
170

171
172

30
A. M. Afanassiev, K. Okazaki, and G. R. Freeman. Can. J. Chem. 57, 839

(1979).

G. V. Buxton, C. L. Greenstock, W. P. Helman, and A. B. Ross. J. Phys.
Chem. Ref. Data. 17, 513 (1988).

G. V. Buxton and S. R. Mackenzie. J. Chem. Soc. Faraday Trans. 88, 2833
(1992).

T. B. Kang and G. R. Freeman. Can. J. Chem. 71, 1297 (1993).

R. Chen and G. R. Freeman. Can. J. Chem. 71, 1303 (1993).

R. Chen, Y. Avotinsh, and G. R. Freeman. Can. J. Chem. 72, (1994).

M. Anbar and E. J. Hart. J. Phys. Chem. 69, 973 (1965).

M. Anbar, M. Bambenek, and A. B. Ross. “Selected Specific Rates of
Reactions of Transients from Water in Aqueous Solution. 1. Hydrated
Electron.” NSRDS-NBS 43, Washington, D.C., 1973.

M. Anbar, Farhataziz, and A. B. Ross. “Selected Specific Rates of Reactions of
Transients from Water in Aqueous Solution. II. Hydrated Atoms.”
NSRDS-NBS 51, Washington, D.C. 1975.

A. J. Elliot. Radiat. Phys. Chem. 34, 753 (1989).

A.J. Elliot and G. V. Buxton. J. Chem. Soc. Faraday Trans. 88, 2465 (1992,
K. Horacek and G. R. Freeman. J. Chem. Phys. 53, 4486 (1970).

M. G. Robinson and G. R. Freeman. Can. J. Chem. 51, 650 (1973).

A. O. Allen and R. A. Holroyd. J. Phys. Chem. 78, 796 (1974).

K. Ito and Y. Hatano. J. Phys. Chem. 78, 853 (1974).

J. H. Baxendale, P. J. Keene, and E. J. Rasburn. J. Chem. Soc. Faraday
Trans. 1. 70, 718 (1974).

K. Funabashi and J. L. Magee. J. Chem. Phys. 62, 4428 (1975).

R. A. Holroyd, R. D. MaCreary, and G. Bakale. J. Phys. Chem. 83, 1979

(1979).



173
174
175

176
177
178
179
180
181

182
183
184
185

186
187
188
189
190
191
192
193
194
195
196

31
W. H. Hamill. J. Phys. Chem. 85, 3588 (1981).

A. O. Aller: and R. A. Holroyd. J. Phys. Chem. 79, 25 (1975).

R. A. Holroyd, E. Stradowska, and K. Itoh. J. Phys. Chem. 98, 13524
(1994).

K. Ito and R. A. Holroyd. J. Phys. Chem. 94, 8854 (1990).

K. Ito and R. A. Holroyd. J. Phys. Chem. 94, 8850 (1990).

K. Ito, M. Nishikawa, and R. A. Holroyd. J. Phys. Chem. 97, 503 (1993).
G. L. Bolton and G. R. Freeman. J. Am. Chem. Soc. 98, 6825 (1976).
M. S. Tunuli and Farhataziz. J. Phys. Chem. 90, 6587 (1986).
Farhataziz, S. Kalachandra, and M. S. Tunuli. J. Phys. Chem. 88, 3837
(1984).

R. Chen and G. R. Freeman. J. Phys. Chem. in press (1995).

Farhataziz and S. Kalachandra. Radiation Effects Letters. 68, 139 (1983).
P. Debye. Trans. Electrochem. Soc. 82, 265 (1942).

R. H. Stokes and R. Mills. Viscosity of Electrolytes and Related Properties.
Pergamon Press, Oxford. 1965. p. 151.

B. H. Milosavljevic and O. 1. Micic. J. Phys. Chem. 82, 1359 (1978).
C. C. Lai and G. R. Freeman. J. Phys. Chem. 94, 302 (1990).

C. C. Lai and G. R. Freeman. J. knys. Chem. 94, 4891 (1990).

Y. Maham and G. R. Freeman. J. Phys. Chem. 89, 4347 (1985).

Y. Maham and G. R. Freeman. Can. J. Chem. 66, 1706 (1988).

S. A. Peiris and G. R. Freeman. Can. J. Phys. 68, 940 (1990).

P. C. Senanayake and G. R. Freeman. J. Phys. Chem. 91, 2123 (1987).
P. C. Senanayake and G. R. Freeman. J. Chem. Phys. 87, 7007 (1987).
S. A. Peiris and G. R. Freeman. Can. J. Chem. 69, 884 (1991).

S. A. Peiris and G. R. Freeman. Can. J. Chem. 69, 157 (1991).

M. V. Smoluchowski. Z. Phys. Chem. 92, 129 (1917).



32
197 A. Einstein. Investigations on the Theory of Brownian Movement. Dover

Publications, New York. 1956.
198 P. W. Atkins. Physical Chemistry. 4 ed. Freeman, New York. 1990, p. 765.
199 J. Jortner and R. M. Noyes. J. Phys. Chem. 70, 770 (1966).



33

Chapter Two

Solvent Effects on the Reactivity of Solvated Electrons with
Ions in t-Butanol/Water Mixtures.

1. Introduction

The reactivity of solvated electrons ¢; depends mainly on the natures of the
coreactant and solvent (1-5). The study of rates of reaction of e; with solutes in different
solvents provides useful information about solvent effects, which helps us understand the
behavior of electrons and the nature of solvents. The reaction rates in single component
and mixed solvents are related to transport properties, as in Smoluchowski-type models
for diffusion-controlled reactions (1,3,4,6-8), and relative energy levels of the reactants,
as in the electron trap-depth model (2,7,8a). Electron reaction rates with inefficient
capturers are larger when the electron soivation energy, represented by the optical
absorption energy E; (2), is smaller.

The physical properties of r-butanol/water mixed solvents vary markedly with

composition (9,10). The present paper reports a continuation of the study of e; reaction

rates in this solvent system (11).

2. Experimental
The t-butanol was obtained from BDH (Assured grade, 98%), and later from

Fluka (>99.7%). The purification method was similar to that in ref. 11a. z-Butanol was

@ A version of this chapter has been published. Y. Zhao and G. R. Freeman. Canadian
Journal of Chemistry. 73, 392(1995).
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dried at 304 K for at least one week on Davison 3A Molecular Sieves, then bubbled with

UHP argon (99.999%, Liquid Carbonic Canada) and treated with sodium borohydride (2
g/L) under argon at 323 K for 24 hrs. Then the alcohol was fractionally distilled under
argon through an 80 x 2.3 cm column packed with glass beads (6 mm). The first 20-
25% of the distillate was discarded; distillate was collected after there was no further
reduction in optical absorption between 260 and 280 nm, which is due to carbonyl
compounds (12). The middle 50% portion was collected and stored in a flask under
argon positive pressure. The water content, measured by Karl-Fisher titration, was 0.05
mol %. The solvated electron half-life after a 100 ns pulse of 340 fJ (2.1 MeV) electrons
(4J/kg) at 300 K was over 10 ys.

Perchloric acid (70 wt % in water, reagent) was obtained from Fisher Scientific.
LiNO3 (99.999% Gold label), NH4NO3 (99.999%), LiClO4 (reagent grade) and
NH4Cl104 (99.8%) were from Aldrich.

Techniques of sample solution preparation, irradiation and optical measurements
were the same as described in ref. 13 and Appendix One of this thesis. Conductance
measurement was as in ref. 14 and Appendix One of this thesis.

t-Butanol is completely miscible with water. The following mol % of water in
t-butanol were used for rate constant measurements of all solutes: 0, 3, 10, 30, 50, 70,
90, 97, 100. Measurements of electrical conductance were done in the same solvents,

except 5 mol %.

3. Results and Discussion

Rate constants

The reactions are:
(1] e; + ROHy —» RO; + H; , kg
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2] e; + Sg — Products , ko

The observed first-order decay rate constant kops (= ky + k2 [S]) in a given
solvent was measured for the pure solvent and six concentrations of solute S. The value
of ki might include a contribution from trace impurities in the solvent: kj = k; + ki[1].
The value of the second-order rate constant k, was obtained from the slope of a plot of
kobs against solute concentration. The precision of the k; values determined by repeating
the measurements on freshly prepared solutions, is 3%. The values of ko for each
solvent were measured at temperatures from 273 K to 343 K, except in pure #-butanol

whose mp is 298.7 K.
Arrhenius plots of k3 for the four solutes (Li; + NOj,), (NHj, + NOj3),

(NH; + ClOg,) and (H; + ClOj;) are given in Figs. 1-4. Table 1 contains the

symbols for these Figures. The reaction parameters are listed in Table 2.

The value of k; for the reaction of e; + (Li; + ClOg,) is very small, being
110 m3/moles in water and 660 m3/moles in r-butanol at 298 K (Table 2. Thus the large
value of kz of (Li; + NO3,) is due to NO3,, of (Hf + ClOj,) is due to H} and of
(NH + ClOg; ) is due to NHj, (Table 2).

The solvent composition dependence of kp at 298 K is shown ir Fig. 5. Values
of the optical absorption energy E; (15), relative permittivity (16) and viscosity (10) are

shown for comparison.

The value of k of (NH7; + NOj, ) in the water-rich region is due to NO3,, and
in the alcohol-rich region is due to NH7 ;. This conclusion agrees with earlier work (14).
In the alcohol-rich solvents the rate constants for NHZ, are about 10 times higher than
those for NO3  (Fig. 5). The coulombic attraction of the opposite charges (NHZ, +¢;)

and repulsion of the like charges (e; + NO3, ) is the main cause of this difference (see f

in Table 2).
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The value of k (e; + H? ) stays 22 x 107 m3/moles at all solvent compositions.

It is higher than those of the other three reactions. In the region of 30~100 mol % water,
the variation of the k3 of H; is very different from those of the reactions with NO3; and

NH;, (Fig. 5).

Addition of 5-10 mol % of water to t-butanol decreases the rate constant of each
reaction by a factor of 0.5 to 0.3 (Fig. 5). We attribute this to a decrease in mobility of
¢, which is unusually high in pure r-butanol (17).

The variation of ky with solvent composition between 50 and 100 mol % of water
is differ~nt for each of the four solutes (Fig. 5). The variation of ka(NOj3 ) varies in the

expected way with viscosity 1| and relative permittivity €, but not with e trap depth E;
(2). In the water-rich region (160-70 mol %), values of k3 for NO3; and (NH‘{'s +
NOj3, , mainly due to NO3 ) increase as diffusion rates increase (viscosity decreases).

In the alcohol-rich region (0-50 mol % water), k2 for NOs5 increases as the viscosity

increases, indicating a change of reaction mechanism.

Reaction radius and Dzlye factor f

For a diffusion-controlled reaction of e; with a solute of charge zE the

Smoluchowski-Debye eguation (18) is:

[3] k2 =4nNA(De + Dg)R,f

where Np is Avogadro's constant, Dj is the diffusion coefficient of i, and R, is the

average center-to-center reactant separation when reaction occurs. The Debye factor f is

given by:

_ X
[4] f - (cx —- l) ’
[s] 2

X = T imegERkpT
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where x is the ratio of the coulombic energy of the reactants at R to the thermal agitation
energy kgT, and € is the relative permittivity cf the medium between the reactants at
separation Ry. The factor f reflects the effect of the coulombic interaction between the two
reactants on the probability that they will approach each other to within the distance R; at
which reaction can occur.

Values of Ry are not well defined and can be quite different for different solutes
and solvents; the estimated value also depends on the method of estimation. Sometimes
Ry estimated from the Smoluchowski-Debye equation [3] is called the effective reaction
radius (Refr) to distinguish it from the real reaction radius R;. Milosavli-vic and Micic (6)
estimated Refr for reactions of e; with several sclutes in methanol or ethanol mixed with
water, using the Smoluchowski equation and estimated values of diffusion coefficients.
For nitrobenzene in methanol/water solvents they obtained Regr = 0.8 nm in pure water
solvent, 0.9 nm in 20 mol % methanol and 1.2 nm in pure methanol. For nitrobenzene in
ethanol/water solvents they obtained Regr = 0.9 nm in water, 0.7 nm in 20% mol ethanol
and 1.3 nm in pure ethanol. However, Lai and Freeman (8a) used R; = 0.8 nm for
nitrobenzene over the whole range of water mixtures with methanol or ethanol.

Tunuli (19) applied equation [3] to the reaction of e; with Ag} in C1.1g alcohols.
He used different methods to estimate R, and obtained R, = 1.22-1.28 nm for methanol,
1.42-1.48 nm for ethanol, 1.52-1.74 nm for 1-propanol, and 1.54-2.0 nm for I-
butanol.

Schwarz and Gill (1) calculated effective reaction radii ry in the study of the

diffusion-controlled reactions of e; with NHZ,, Ag; and other solutes in ethanol. For

charged solutes, they used egs. [6] and [7] to calculate r;:

[6] r=r[l-exp(-rofro)] ,
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.
I e = " TmegdgT

where r¢ is the distance at which the coulombic interaction between the ions equals the
thermal agitation energy kpT, and rq is the center-to-center separation of the solvated
reactant ions in contact. Schwarz used ro = 1.1 nm and the static value of € of the bulk
solvent in egs. [6] and [7]. The reactants (electron and ion) are solvated, which means
each reactant is surrounded by a layer of ethanol molecules oriented by the charge-dipole
interaction. The average diameter of an ethanol molecule is about 0.4 nm, which with the
radii of the electron cavity and the solute ion gives ro = 1.1 nm. Since there are only two
solvent molecules between the two charged reactants and they can not reorient freely, the
relative permittivity € of these two molecules is less than the static value of bulk ethanol.
The static value of € probably requires at least one more solvent molecule between those
that solvate the reactant ions, or a minimum of r = 1.5 nm. The value of r. in ethanol is
2.3 nm at 298 K, for z = 1 and € = 24.3. The use of the simple ratio rc/ro in eq. [6]
requires that the same value of € be applicable for both 1o and rc. This is improbable for
fo = 1.1 nm in ethanol. If we release the "contact" restriction and replace 1o in eq. [6] by
Ry of eq. [3] then rr in eq. [6] equals R,f in eq, [3].

For neutral solutes, eq. {8] was used (1).
81 kit = 1o+ (Z)In Z, +0.57)
where Zo = 2v1/2/b(De + Dg)1/2, v and b are from the fitted reaction probability B(r)
based on electron transfer through overlapping wave functions (“tunneling", 1,20):

91 B@=vebt-ro) |
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where v = 1015 cy/s is the orbital oscillation frequency of the solvated electron, and b-1! =
10-10 m is the separation distance (r - ro) where the reaction probability is decreased by a
factor of 1/3 from the value v at contact (r - ry = 0).

For mixed solvents the values of the diffusion coefficient of ¢; are not known, so
it is difficult to estimate the reaction radius. Therefore, for the reactions of e; with
NO3; and Hy in propanols (21) and butanols (13,14,21b), fixed values of Ry were used
for f factor calculation in eqs. {4] and [5], namely, Re(e; + NO3;) = 1.5 nm, Re(e; +
H7 ) =Re(e; + NHj,) = 1.0 nm. Then x, the probability that reaction occurs during
one encounter, was inserted into [3] (21):

[10] k2 =4nNA(De + Dg)fkR;
where kR, can be considered as an effective reaction radius.

One might expect Ry to be larger when the solvating molecules are larger, hence
larger for alcohcl solvation than for water solvation. In most ¢-butanol/water mixtures,
from 30-100 mol % of water, e; is preferentiaily solvated by v-ater (15), so Re(e; +
NOj3;) = 1.5 nm and Re(e; + NHj,) = 1.0 nm gre still used. This implies that there
are, including the solvating molecules, about four water molecules between e~ and NOj3,
and about three between e~ and NH when reaction occurs. In pure #-butanol, there
could be about three and a half r-butanol molecules between e~ and NO3, and three
between e~ and NHZ to attain the bulk, static value of € between the charges. The
diameter of r-butanol is about 0.5 nm, which gives a center-to-center Re(e; + N 03;) =

2.1 nm and Re(e; + NHJ ) = 1.6 nm by the replacement of water molecules whose van

der Waals diameter is 0.29 nm (22). In the solvent regior: 3-30 mol % of water, the
relative numbers of #-butanol and water molecules between the reactants gradually change
and the values of R, gradually decrease. The values of R; are listed in Table 3, and are

assumed to be relatively insensitive to temperature. The corresponding values of f are in
Table 2; the values of f for H are the same as for NHj, .
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The value of k3 is dependent on both Ry and the factor f (eq. [10]), while f is

dependent on Ry, the charge of the reactant ion, and the € of the solvent between the

electron and ion (egs. [4] and [S]). Fig. 6 shows the solvent composition dependence of

€R and hence f for the reactions e; + NO3; and e; + NHJ, (or Hy ). AseR;increases
the coulombic interaction becomes weaker; f decreases towards unity for €] reaction with

a cation, and increases toward unity for reaction with an anion.

Normalized Rate constants kyff

Eq. [10] can be rearranged to [11]:

[1 1] k2/f = 41CNA(DC + Ds)KRr

where ko/f normalizes the rate constant for the coulombic effect. Fig. 7 shows the

changes of ky/f with solvent composition for different solutes in r-butanol/water mixtures

at 298 K. The method described in ref. 13 was used to calculate ky/f for e; + (NHz, +

NOj3;). The ko/f curves for different solutes are closer together than are the k curves in

Fig. 5.

Molar conductivity of solutes

The solvent composition dependences of molar conductivities of all four solutes at
298 K are shown in Fig. 8 and listed in Table 2. The concentration ranges used in
conductance measurements were close to those used to determine rate constants. The
measured value of A for LiNO3 in #-butanol is about 0.46 x 104 Sem2/mol, compared to
3.86 x 104 Ssm2/mol for LiClO4. This indicates that (L NO3,) ion pairs form in
t-butanol. The value of Ao = ~5 x 104 Sem2/mol for Li} + NO3, in t-butanol is
estimated from the values of the other three solutes Li} + ClOg,, NHj + ClOj, and
NHj; + NOj (Table 2, Fig. 8). The ion pairing will be discussed later in chapter 5.
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The values of Ag are proportional to the mobilities ; of the ions (23):

[12] A=vihpi+VA_

where v, is the number of cations and v_ is the number of anions in a formula of the

electrolyte, and

z2D;F?
[13] Ai=zwF= g7
where A; is the molar conductivity of ion i, z; is the number of charges of the ion, F is tize
Faraday constant, and R is the gas constant. Substitution of D; by the Stokes-Einstei:
relation (23),

kpT

where rg; is the effective hydrodynamic radius of the solvated ion, gives

ZiZF 2

Ush % = Nyemrg

For the 1:1 electrolytes (z = 1) in the present study, the effective radius rq for

mutual diffusion of the positive and negative ions is

- _F -16
[16] r4= NA6mAL =8.2x10-10mA, ,
where 13! = (r3} + r3!) (21c¢).

The values of rq decrease as the water content of the solvent increases up to 90-97
mol %, pass through a minimum and increase somewhat toward pure water solvent

(Fig. 9). The decrease of Dj on going from water to ¢-butanol is due to the increasing
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viscosity of the solvent and the larger size of the molecules that solvate the ions. The

reason for the apparent decrease of rq upon addition of a few percent of alcohol to water is
that the viscosity of the bulk solvent increases considerably, due to a more ordered
structure of the mixed solvent (24), while the ions are selectively solvated by the water

and presumably remain in lower viscosity microzones (21c). Use of the bulk viscosity in

eq. [16] makes rq appear to decrease.

Smoluchowski-Debye-Nernst-Einstein Model

Diffusion coefficients from eq. [13] can be substituted in eq. [11]:

4k T

gz (A‘ﬂ + M/Z]Z)KR,- ’

(17] koff=

which can be rearranged to

[18] «xR;=1.48 x 10-16kp/(\e + iz T

where A is the molar conductivity of e;. For the solutes studied in this work, z; = £1.
In water, the diffusion of e; dominates the relative motion of each pair except that with
H} (21b). The values of the individual ionic conductivities in the mixed solvents are
unknown, so an approximation is made in order to estimate KR; from measured molar
conductivities of the electrolytes. In water:

[Ae + A(H} )J/A(H?, ClO3,) = 1.3 (21b),
S0 KRr = 1.1 x 10-16 ko/Ao(H? ClOg )T,

[Ae + A(NO3)V/AG(Li , NO3) = 2.3 (21b),
S0 KRr = 0.6 x 10-16 ky/Ay(Li?, NO3 IT;

[Ae + AMNH;  )VAG(NH],, ClOj ) = 1.6 (14),
so KRr=0.9x 1016 ky/A(NHJ,, CIO, )fT.
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For the lack of anything better, these equations were used for all solvent compositions to
estimate kR.

The estimated values of kR are plotted in Fig. 10. The curves are again different
from those in Figs. 5 and 7. The value of kR, for each solute increases continuously
with increasing ¢-butanol content. This indicates that the reactivity of e; with all solutes
gradually increases on going from water to ¢-butanol solvent.

For all solutes in pure ¢-butanol solvent the apparent values of  are much larger

than unity, in spite of the large values of R; chosen, 2.1 nm for NO3; and 1.6 nm for
NHj and H} . The true value of k can not be greater than unity. The apparent values
of x for the reaction €5 + H{ in 10~70 mol % water are larger than 1.0 (Table 4), but
they are within the uncertainty of the approximations. By arbitrarily reducing x to 1.0 for
k2 (e; + H ) in t-butanol, the mobility of e; in this solvent is estimated to be ple;) =

4 x 10-8 m2/Ves at 298 K, and Eje = 41 kJ/mol (17); refer to Chapter 3 of this thesis.

Erxand Ey,
The solvent dependences of the Arrhenius activation energies E; of reaction and
Eo of mobility for all four solutes are plotted in Fig. 11. The values of Ej increase from

water to alcohol, whereas Ex for the salts have a maximum at 50 mol % water.

For reaction [2] to occur, the reactants e; and S*1, must diffuse together

[191 e +S1 <= [¢7, S]] kg, kg
then react
[20] [e;,Stl] —»P k20

From the steady-state approximation one obtains

_ _Kkakao
SR PES 0

If ka0 >> kg, then k2 = kg and Ej should be close to Epq. For the reactions e; + NOj,

and e; + HY in the water-rich region of 100--70 mol % of water, the reactions are not far
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from diffusion-controlled and E and Ex are similar (Table 2). For NH; in 100-70
mol % of water the rate constants are low, and the values of E3 are much higher thar
Ec.
In the alcohol-rich region from 50 to 10 mol % water, the values of E; do not
change much, while Ep, decreases somewhat. In the solvents 10 to 0% water Fo

increases greatly, while Ep for the salts decrease and th:at for HC1O4 remains constant.

The increase of E is attributed to a large temperature coefficient of diffusion of e,

which reaches 41 kJ/mol in pure z-butanol (17).
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Symbols in Figures 2-1 to 2-4.

50

mol % mol %

Water Water
[ 0 A 70
X 5 A 9%
¢ 10 + 97
(] 30 o 100
o




Table 2-2. Reaction Rate Parameters in -BuOH/Water Solvents at 298 K.

n b
a . HO fd ks ky/f Ep ¢
Ez)? (mPass) ¢ mol % (105 m3/molss) (kV/mol) Ao° Epo

NO3, (1.5 - 42 x 10-2 mol/m3 for k3)

104 445 124 0 0.283 3.2 11 53 ~& 15
433 120 5 0229 1.7 7.3 34

171 420 115 10 0.195 1.2 6.2 32 46 18
441 120 0.193  0.96 5.0 31 8.2 24

215 476 17. 1288 0.76 2.6 29 140 26
498 27 J465 1.3 2.7 26 196 25
3.23 53z : 0.69 3.3 4.8 22 380 23

223 1.60 700 97 9.76 6.2 8.2 18 80 20

219 0.89 78.4 100 0.78 9.8 13 14 113 13

NH3; (0.3 -~ 900 x 102 mol/m3 for kj)

0 3.00 13 4.3 43 4.9 17
5 347 9.2 2.7 34
10 383 9.2 2.4 29 6.0 21
30 402 14 3.4 29 89 24
50 333 6.0 1.8 30 15.2 26
70 236 0.32 0.14 30 225 25

90 1.62 0.02¢ 0.012 30 48.5 22
97 1.45 0.0042 0.0031 31 90 18
100 1.40 0.0028 0.0014 30 140 14




47

Table 2-2. Continued

nb
T HO 4k ki B f
E{z)? (mPass) € mol % (106 m3/moles)  (kJ/mol) A Eao

NHj; + NO3, (0.25 ~ 12.0 x 10" mol/m? for k3)

0 300 11 3.8 43 ~5f 19
5 347 6.5 1.9 27

10 383 6.2 1.6 28 4.6 21
30 402 11 2.7 29 83 25
50 333 7.1 2.1 30 16.6 26
70 0465 1.6 3.4 28 250 26
90  0.690 3.5 5.1 24 56 23
97 0757 6.1 8.1 17 118 18
100 0779 10 13 15 150 17

H; (0.1 - 3.0 x 102 mol/m3 for k3)

0 3.00 42 14 50 10.6 27

5 347 23 6.6 36
10 383 20 5.3 33 127 25
30 4.02 28 7.0 30 17.0 25
50 333 38 11 28 30.0 25
70 236 4 18 24 66 24
90 1.62 39 24 19 170 22
97 1.45 35 24 15 345 14

100 140 29 20 11 400 12
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Table 2-2. Continued

nb
a H0  fd ky Wt E Eno’
E{z)? (mPass) ¢ mol % (105m¥moles) (k¥/mel) Ao° Ao

Li; + Cl0;, (100 - 6000 mol/m3 for k3)

0 6.6x104 39 14
10 6.6 19
30 9.0 23
50 124 25
70 18.3 25
90 37.0 21
97 74 18

100 1L.1x104 105 15

a: Ref. 16, except t-butanol is from the authors' unpublished work.
b: Ref. 10.
c: Ref. 16.

d: Debye factor, see text.

®

: Molar conductivity, 104 Sem2mol; activation energy, ki/mol.

f. Estimated value, to be discussed in a later paper.
g: Corrected for NH;, <= NHj3¢ +, as in ref. 14.
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Table 2-3. Estimated Values of Rr(nm) in --BuOH/Water Mixtures @

Water % (mol) 0 5 10 30 50-100

Ri(e; + NO3,)nm 2.1 1.9 1.8 1.6 1.5

Re(e; + NHi,)nm 1.6 1.4 1.3 1.1 1.0

a Assumed to be relatively insensitive to temperature.

Table 2-4. Apparent x Values in t-Butanol/Water Mixtures at 298 K.

Water % (mol) 100 97 90 70 50 30 10 0

K (NO3;) 0.16 0.15 0.19 020 027 082 14 3.0

k(NH3;) 3.1x10° 1.1x104 7.9x103 0.019 037 0.88 095 1.7

K (HY) 0.20 0.27 0.53 1.07 145 142 124 33
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Fig. 2-1.  Arrhenius plots of k; for the reaction of e; with Li; + NO3 in
r-butanol/water mixed solvents. Refer to Table 1 for symbo!s.
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Fig. 2-2.  Arrhenius plots of k; for the reaction of ¢; with NH7 ¢ + NOj3; in

t-butanol/wezter. Refer to Table 1 for symbols.
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Fig. 2-3.  Arrhenius plots of kj for the reacticn of e; with NHj ¢ + ClOj in
r-butancl/water. Refer to Table 1 for symbols. The data for 160, 97 and 9

mol % of water have been currected for the contribution of the reaction of ej
with H! . Refer to Ref. 14 for the correction method.
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Fig. 2-4.  Arrhenius plots of k, for the reaction of e with H{ + ClOg in

t-butanol/water. Refer to Table | for symbols.
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Solvent composition dependence of k3 in t-butanol/water mixtures at 298 K.
The solutes are: @ , Lif + NO3,; ©, NHZ, + NO3,; A, NHj,
+ClO;, . O, H! +ClO;,. Physical parameter reference lines are:
¥ E (15); — e— relative permittivity € (16); — — — viscosity,
n (10).
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Fig. 2-6. Dependence of Debye f on €R; for Li; + NO3, (® ) and NHj, +
ClO3 ¢ (A) in r-butanol/water mixtures at 298 K. The numbers on

the curves are mol % of water.
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Fig. 2-7.  ko/f in t-butanol/water mixtures at 298 K. Symbols are as in Fig. 2-5.
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Fig. 2-8. Composition dependence of A, in t-butanol/water at 298 K. Symbols are
as in Fig. 2-5.
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Fig. 2-9. Solvent composition dependence of rq of r-butanol/water mixtures at 298 K.
Symbols are as in Fig. 2-5 — — — represents 1 (10).
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Fig. 2-10.  Solvent composition dependence of apparent values of kR, in

r-butanol/water mixtures at 298 K. Symbols are as in Fig. 2-5.
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Fig. 2-11. Solvent composition dependence of Ej and Ep in --BuOH/water mixtures.

Symbols are as in Fig. 2-5.
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Chapter Three 4

Solvated Electron Mobility in Liquid ¢-Butanol

1. Introduction

The mobilities of electrons in alcohols are difficult to measure directly, for two
reasons: (i) proton transfer reactions (acid-base autodissociation) of alcohols produce a
relatively high intrinsic conductivity, which means that relatively high concentrations of

€s must be used to obtain a sufficiently high e; conductance signal above the

background conductance; (ii) the large radiation pulse dose needed to produce the high,

uniform e; concentration in the sample requires equipment that is available at only two
or three labs in the world (1-5).

The accurate interpretation of measured rates of reactions of ¢; requires
knowledge of the values of their diffusion coefficients De (or the mobilities Ke) and
activation energies E),. Values of pe and Ey in water are well established (5). Values of
He in alcohols are less certain, and the Ey, have not been measured (1-3,6).

Values of pe in water, methanol, and ethanol are similar (o those of the
hydre:iée (5) and respective alkoxide (1) ions. In szixed methanol/water and
ethanol/water solvents this similarity appears to persist, judging from the solvent

composition dependences of rate constants of diffusion-controlicy reactions (7-Y).

@ A version of this chapter has been published. Y. Zhao and G. R. Freeman.
Canadian Journal of Chemistry. 73, 389 (1995).
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However, in iso-propanol (3) and larger alcohols (2,3) e appears to be larger than the
mobility of a normal anion or alkoxide ion. These measurements have not been

repeated, and must therefore be viewed with caution. In support of them, our study of

¢; reactivity in ¢-butanol (10) provides evidence that |ie in s-butanol is about 10 times
higher than the mobility of a normal anion in this alcohol. The relevant data are

presented below.

2. Experimental and Results

The purified alcohol contained 5 x 104 mol fraction of water (10). Upto 1 x 10-

5 mol fraction more water was added with the HClO4 to measure the rate constant ¢

molar conductance.
The experimental techniques are described in reference 10 and Appendix One.
The sum of the mobilities of e; and H, (ue + Ug+)- n 7-bu‘anol was estimatcid
from the measured rate constant k3 o. the diffusion controli- 1 -zac.on e; + HY - H,

(10). A rearranged version of the Smoluchowski-Debye-Nernst-Einstein equation was

used (11):

(1] Me+pp+=148x1016ky/fIF kR; ,

where f is the Debye coulombic intersction factor, T is the temperature, F s the

Faraday, « is the probability of rcaction per encourter and is near umty for e; + HY in

alcohols (12 and Ry is the center-to-center encounter radius of e + H? and is taken as

1.6 nm in #-butanol (10). The Debye factor is given by

= =X
[2] f"'cx_l y
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[3] x=-£2/4nepeRkpT

where & is the proton charge, € is the relative permittivity of the medium between the

pro.on and electron at Ry, ard kx is Boltzmann's constant.

An Arrhenius plot of ka(e; + HY) is shown in Figure 1, for temperatures
299.5 K to 330.0 K; E2 = £7 kJ/mol. The value of kR, was taken as constant at 1.6 nm
(luy. The values of the Debye factor { calculaicd from known vzlues of € (Table 1) are
acluded in Figr . ‘== 10 kJ/mol.

From ... . nsured molar conductances ot dilute sclutions of HClIO4 and

NH4CiO4 (Table «,, we estimated the ratio py./ Kcio; and hence jlye s B = L In
ethano at  "? K the mobility of ClOj is near the genmetric inean of those of NH} and
H* (Table 3). For lack of better information we assumed the same to apply in r-butanol
solvent, and subdivided the conductances of NHIC'0; and H*CIO; in this way. The
geometric factor is given by Ap(HCIO4) / Ag(NH4C!Dg). The values of H+ are
included in Figure 1; E,y+ =28 kJ/mol.

The derived values of pi;, arc listed in Teivie 1 and plotted in Figure 1; Eye = 41

kJ/mol.

3. Discussion

Protons diffuse by a Grotthus (H* exchange) mechanism in alcohols, which
aliows H* to migrate 4.8 times faster than NH] ard 2.2 times faster than CIO; in

t-butanol at about 300 K (Table 2). The 5 x 104 mol fraction of water in the alcohol

evidently did not quench the Grotthus mechanisie. The activation energy of the H*

exchange mechanism (28 kl/mol) is 1.6 times larger than that of normal ion transpert

(17 k¥/mol for NH}, and ClOj (10)).
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Electrons migrate even faster than protons in z-butanol, and the activation energy
is larger (41 kJ/r.ol, Table 3). The mobility ratio e; /H} is 5 at 300 K and 8 at 330 K
(Fig. 1). The high mobility and high activation energy indicate that electrons in
t-butanol migrate bv a hopping mechanism.

The value of Fye = «¢! kJ/mol is only slighiy larger than E; = 39 kJ/mol for
molecular electric dipole rotation (Table 3). We suggest that thermally agitated dipole
rotation of the solvating molecules is the process that activates the electron hopping.

By comparing (e with the rluidity -1 of the various solvents (Table 3), and the

conductance ratio e; /HCIO4, one might suggest that electren hopping also occurs in

2-propanol and in 21 the bat-nols.
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Table 3-1. Estimation of mobility of e; in ¢-butanol.a

T(K) 20%.5
€ 12.1
f 3.05
¥2(" m3/moles)b 47
“url A 2.2
|.1H+(10'8m2/V *s) 0.8
He + Bp+ 4.9
Ue(10-8m2/Ves) 4.1

308.7 3189
10.2 8.6
Gk 3.89
8z 168
2.5 2.6
1.15 1.6
7.4 13.0
6.3 11.4

a; Using eq. [1], kR, = 1.6 x 102 m, F = 96,500 C/mol.

b: HCIO4 concentrations 1-6 mmol/m3.

330.0
1.4
4.33

295
3.1

~2.3
19.8
1.5
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Table 3-2. Measured conductivities of HCIO4 and NH4ClO4 ;

estimated ionic conductivity of H; in ¢t-butanoi.

1K) Ag(HC104)3 T(K) Ao(NH4ClOg)?
(104Sem2/mol) (10-4Sem?2/mol)
300.1 11.4 300.9 5.25
308.5 15.5 308.3 6.18
318.3 19.4 318.3 7.42
{avc(K) 300.5 3084 3183
-xi';o— ~ 7\%‘6- 2.2 2.5 2.6
Ang; (1048om%me) g5 g3 20
Acio; (10498sm¥mol) 36 44 5.4
Aye (104Sem2/mol) 7.8 1L: 14.0
Ry+{10-8m?/Ves) 0.81 1.15 1.45

a: concentrations: 2-10 mmol/m3.

b: concentrations: 6-30 mmol/m3.
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Table 3-3: Comparison of mobilities of ions and solvated electrons with
parameters in alcohols and water at 298 K.

K(16-3m2/Ves) b.c
nte
(mPass)"! NH}, ClOj . HY s

Water 1.1213 7.6 7.0 36.2 195
MeOH 1.813 6.0 73 14.7 61.6b
EtOH 0.913 2.0 35 6.0 31.6b
2-PrOH 0.514 0.86 1.7 53
1-BuOH 0.413 0.50 1.0 83
i-BuOH 0.2915 0.49 0.97 73
t-BuOH | 0.2215 0.16 0.35 0.76 4

Activation E (kJ/mol)

AgHC:Ci) 4 AgRatio

(104Sem?/mol) (e5/HCiOy) T Te peS Ao{HCIO4)
Water 41716 0.44 7 19 20 128
MeOH 21416 27 11 16 9.4 h
EtOH 9316 n 14 18 134
2-PrOH 2517 . 22 27 214d
1-BuOH 14.6 5.3 19 26 21d
i-BuOH 14,112 4.8 24 28 244d
t-BuOH ¢ 10.6 4 31 39 4] 271
a Fluidity of solvent; ref. nos. are superscripts.
b Mobility of ions in water, MeOH and EtOH, ref. 16; in EtOH the conductivity

ratios of NHZ; : ClCjsand Cl07 - Hy are apr-nximately 1:2 and 1:2,

respectively. The same ratins are assumed for the other alcuhols (except

t-BuOH) 1o estimate the ionic conductivities of NH} , ClO3 ¢ and HY from
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the measured electrolyte molar conductivities; for ~BuOH, ionic conductivities
estimated from corresponding electrolvte conductivities and self-consistance
gives ratics NHg;: C103 ¢ and ClO7: HY equalto1:2.2and 1:2.2,
respectively.

Mobility of electrons; t-BuOH, present work.

Molar conductivity of HCIO4; 1-BuOH, R. Chen's unpublished data; -BuOH,
present work.

Dielectric relaxation time: ref. 18, except +-BuCH, ref. 19.

Electron mobiiity in water, ref. 5; -BuOH, present work.

Present work.

Calculated from data ia ref. 20,

All values extrapolated from measurcments a: 300 K and higher temperatures;

freczing point is 298.7 K.
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f, u(108m2/V-s), k, (107 m3/mols)
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|
5} 4
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Figure 3-1.

o, I

in pure t-butanol solvent.
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Chapter Four a

~alvent Effects on the Reactivity of &+:vated Electrens with
NO;s in Cq to C4 Alcohols

1. Introduction

Elucidation of the reactivity of 5 with NO3; in water and in alcohol solvents is a
long-standing problem (1-11). The reaction rate constant k2 of e; with many solutes in a
series of alcohols follows the Smoluchowski-Debye model, and increases with increasing
fluidity (1/n) of the solvent (11,12). By contrast, the rate constant k2(e; + NO3,)
increases approximately linearly with decreasing fluidity in a series of alcohol solvents at

298 K (11). This increase of reaction rate with decrease of diffusion rate points to

benavior of the reactznt encounter v . The value - -~ (e; + NC3 ) also increases with
decreasing trap depth of 7, as rep...nte-* by the opticzai absorpti=n energy E, (13,14).
However, there is lack of overall correiation in all Cg to C4 alcohols, including secondary
and tertiary alcohols (9,10). Therefore, we here brin-, together data to advance the

understanding of the reaction in all Cy to C4 alcchols.

@ A version of this chapter has been published. Y. Zhao and G. R. Freeman. Canadian
Journal of Cheristry. =3, 284 (1995)
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2. Data

Values of kj in the different solvents were taken from refs. 3,4,6,7,9-11 and

are listed for 298 K in Table 1.

Kinetic properties of the solvents are viscosity | (15-17) and dielectric relaxation
(electric dipole rotation) time (18-22). Values are collected in Table 1.

The tenacity with which an electron is held in a solvation site is assumed to be

related to the &; optical absorption energy (23). Electrons with lower optical absorption
energies tend to be more reactive (13,14,24), so the encrgy Er half way up the low encrey
side of the absorption band is chosen for correlations with reaction rate constants

(Table 1).

3. Discussion

Transport properties
Fig. 1A shows correlations of ks (e5 + NO3;) with solvent viscosity 1. The

rate constant< in the primary alcohols increase with 1); those in the secondary alcohols are
higher but have a similar tendency; kj is higher in the tertiary alcohol, 14 the highzst in

water. This indicates chemical participation of solvent mole-: 1les in the reaction (9). The
p P

higher the 1 value, the more difficuit it is for the reactants in an encouiter pair to diffuse

apart, giving more time for reaction tv occur. The probability of reaction during an

encounter must increast as ™ with m = 2, because the encounter frequency decreases

approximately as -1,
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Trap-depth model and modification

The Smoluchowski model is uscd to investigate the transport properties in
diffusion-controlied reactions. However, reactivity is also often dependent on the
solvation energy of the reactants, especially of e; (13,14,24). The mean free energy of
solvation of electrons in water, -162 kJ/mol at 298 K (25), is similar to the optical
absorption energy Eamax = 166 kJ mol (26). This supports the search for correlations of
k2 with optical absorption energy E;.

Fig. 1B shows correlations «f k2 (e; + NO3;) with Er at 298 K. Among the
butanols k decreases with increase of Er. The values of k; also decrease with decreasing
number of carbons, from 4 to 1. However, k3 is largest in water.

The dielectric relaxation times < of the series of alcohols (excluding t-butanol) at
different temperatures vary approximately linearly with 1 (Fig. 2). The equation of the

line in Fig. 2 is:

(1] T(ps) = 195 [n(mPass) - 0.30]

The reported values of T for r-butanol at 298 K (20-22) are much smaller than eq [1]
indicates for 1 = 4.45 mPass, and those at 323 K and 343 K were obtained by
extrapolation from lower temperatures (21,22). The smaller ratio of T/} for r-butanol
probably has to do with the sphere like structure of the molecu®zs, which can rotate and
reorient faster than the chain like butanols.

Correlations of electron =olvation times with the intermediate dielectric relaxation
time T2 (27), and of electron transfer reaction rate constants with the longitudinal

relaxation 71, (28) have been made. However, we use ihe iongest relaxation time 1) =

for our general correlation with ka(e; + MO3 ), because j data are more complete.
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The layered structures of Figs. 1A and B suggest that 2 more basic correlation

might be found. From the Smoluchowski-Debye model (6,9,10) one can get:

[2] k2 = 4nNA(De + Dg)kRf

where N is Avogadro's constant, Dj is the diffusion coerficient of i, Ry is the center-tc-
center reactant separation when reaction occurs, and x is the probability that reaction
occurs during one encounter and equals unity for diffusion-controlled reactions. The
quantity kR is called an effective reaction radius; values have been estimated from the
values of k by factoring out the Debye coulombic factcr f and approximate values of the

diffusion coefficients (conduc = :es, of the ionic reactants:

{3] KRr(m) = 1 x 100 ky/f TAo

where Ay (S*m2/mol) is the raolar conductance of the reactant electrolyte solutions. To
obt~*n accurate values of xRy we would require accurate values of conductance of
sohv 4 electrons in the alcohols, but they are not available. At this stage we are looking
for trends. A log-log plot of apparent ¥R, values against E,/t at 298 K provides a better
over-all correlation of the reactivities i: the Cy to C4 alcohols (black circles and full line in
Fig. 3) than did the plots in Figure 1. The value of kR, at 298 K decreases with
increasing trap depth of e; and with decreasing relaxation time in the series of solvents.
The value of ¥R in water is ~102 times higher than that extrapolated for an alcohol at the
same value of E¢/t (Fig. 2, which implies that the reaction is different ir. water.

A plot of xR, againsi E;/n skows a correlation similar to that in Fig. 3, as

expected becavse of the linear relationship between T and 4.
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In the C1 to C4 alcohol series at 298 K, if 1) the alcohol has 2 longer carbon
chain, 2) the chain is more branched, or 3) the branch point is closer to the hydroxyl
group, then E(/T is lower and kR, is higher. This correlation might indicate that a longer
and more branched chain alcohol has more difficulty to orient its -O-H dipole in the field

of the electron or ion to soivate them, and that slower or less exoergic solvation results in

a higher reaction rate constant with NO3. The quantity E;/t can be understood as an
effective trap-depth, since E; is approximately equal to the binding energy of the e; to its
solvent site, and 7 is related to the time during which the zlecoron remains in a higher-
than-equilibrium energy state after jumping to a new site. Similar correlaticns might be
obtained with E/t; or Ei/11, but sufficient data are not availabie.

The values of R, and Er/1 in a given alcchol usually increase with temperature

(Fig. 3), and can b¢ - “vressed by the empirical equaticn

[4] KR = Oyl fopts

The slope of the line for a given alcohol in Fig. 3 equals by, and the vaiue of kR, at Ef/t =
1 zl/ps gives C;. There are four groups of values of py: ~0.0 for water and methanol,
0.6 for secondary alcohols, ~1.3 for primary alcohols, and 1.8 for ¢-butanol. We de not
understand the step size of 0.6.

Correlations of C; with T are shown in Fig. 4. The four groups of pz probably
indicate four different types of solvation structure in alcohols: tertiary alcohols,
secondary alcohols, primary alcohols, and methanol. Water remains sxceptional.

It has been suggested that solvent molecules participate chemiczlly in the reaction
e; + NOj3; in water and alcohols (4,9). Reactivity in r-butanol is highest; it has a
relatively long dielectric relaxation time, and it has the maximum number of -CHy groups

attached to the o-carbon atom of the alcohol. On the other hand, methanol has the lowest
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reactivity, the shortest dielectric relaxation time and no -CHy groups attached to the o
carbon atom.

The correlations in Fig. 4 suggest two aspects of the solvent effect on the
reaction: 1) solvation structure (packing form), and 2) solvent reorientation time. The
reactivity in ¢-butanol is higher than in the secondary alcohols. For one thing, the
solvation structure in ¢-butanol results in a relatively high mobility of electrons in that

alcohol (29); the mobility might be higher than it is in secondary alcohols. For another
thing, as e5 approaches NO3 the C-H's of the three CH3 groups on the HOC(CH3)3

molecules that solvate the electron are accessible to the NO3 and product N 0%, so there

are more chances for reaction to occur than in secondary alcohols, and more chances ir
secondary than in primary alcohols. Methanol has no far reaching B-C-H's, so it has the
lowest reactivity in this series.

In a given group of alcohols in Fig. 4 (for example, in primary or secondary
alcohols), reactivity increases with solvent molecular reorientation time 7. This is because

after the reaction

[S] es + NO3; —>» NOj~

the O-H dipole of the in-between molecule that solvated the electron tends to rotate in the

field of the new N O%‘ ion. The longer the relaxation time (7, T2, or 1), the higher is the

chance for the NOZ~ ion to react with a C-H of the alcohol that was associated with e .

[6] NO3~ + RR'CHOH —» NOj; + OH- + RR'COH
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Therefore, from 2-propanol to 2-butanol and from ethanol to i-butanol, the reactivity
increases with the increase of T (Fig. 4). It is not clear why methanol falls into a group
with water (p; = 0).

Fig. 5 shows plots ot p; and E; - Epo against k, where Ej is the Arrhenius
activation energy of the reaction (e; + NO3 ) in a pure alcohol, and Ep, is the Arrhenius
activation energy of molar conductivity of lithium nitrate in the same alcohol. Both p;
and Ej - Epo are temperature coefficients; Pz is from apparent values of kR, (Fig. 3)
whereas Ej - Ejq contains the Debye f factor. Both contain any non-ion-like mobility of
€5 . Methanol and water are at opposite ends of the curve, which indicates that the

reaction €5 + NOj in methanol has a different mechanism from that in water. The latter

is nearly a diffusion controlled reaction and the former is entropy controlled (30).

Throughout the series the variations of Prand E; - Epo are similar. The peak at ¢-butanol
seems to be associated with a high mobility of e; in that solvent (29)(refer to chapter 3).
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Table 4-1. Reaction Rates and Parameters for e; + NO3; in Cq to C4
Alcohols at 298 K.

k2 (106 Edt
Alcohol  m3/moles) E¢ (z))?  n(mPass) ¢l (ps)y (zJ/ps)
Water? 9.47,9.810 219 0.89 78.5 8.3 26.4
MeOH? 0.026 237 0.557 32.6 46 5.2
EtOHY 0.068 210 1.10 243 125 1.68
1-PrOHC 0.09 229 1.96 20.1 372 0.616
2-PrGHc 0.65 173 2.08 18.4 370* 0.468
1-BuOH4 0.19 232 2.60 17.4 479 0.484
i-BuOHe 0.25 224 3.40 17.6 480* 0.467
2-BaOHf 0.75 179 3.05 16.7 610" 0.293
t-BuOHg 3.2 104k 4.45 12.4 420 0.247
a: Refs. 7, 10. b: Ref. 3. c: Ref. 4.
d: Ref.9. e:. Ref. 11. f. Ref. 6.

g: Ref. 10.

h: Energy at A/Amax = 0.5 on the low energy side of the optical absorption band of e ;
ref. 23.

i: Static permittivity.

J: Dielectric relaxation time 11, for water to 2-butanol from ref. 15 (*extrapolated value),
and r-butanol from ref. 21.

k: Authors' unpublished work.
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Correlation of viscosity 1 and dielectric relaxation time T of C; to C4 alcohols

and water at 298 K, 323 K and 343 K. Some of the values of T are
extrapolated from those at lower temperatures. The symbol for each solvent

is followed by the references forn; 7. Water, O, 12; 15. Methanol,
+ ,12; 15,16. Ethanol, X , 12; 15,16. 1-Propanol, A , 12;
15,16.  2-Propanol, A, 13;15,16.  1-Butanol, OO, 12 15,17.
i-Butanol, ® , 14; 15,17. 2-Butanol, © ,14;15,17.  r-Butanol,

¢ , 14, 17-19.  The line through all data (except those for water and
t-butanol) represents eqn [1].
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Chapter Five a

Unusual Behavior of the Conductivity of LiNO3 in £-Butanol:
Ion Clustering or Ion-Pair Aggregation

1. Introduction

The molar electric conductivity of an electrolyte solution decreases as the
concentration of electrolyte is increased. The decrease in dilute solutions in hydroxylic
solvents is attributed to the jonic atmosphere effect (1,2) or the forma‘ion of ion pairs
(3:4). The formation of ion pairs Li, NO;3,, where the subscript s represents
"solvated”, in different alcohols has been reported for pure propanols (5), 2-butanol (4),
1-hexanol, 1-octanol, and 1-decanol (6). However, there has been no report about the
molar conductivity of lithium nitrate in s-butanol. In connection with the study of the
reactivity of solvated electrons e with nitrate ions (7), the electric ¢.*nductances of
lithium nitrate, ammonium nitrate, lithium perchlorate and ammonium perchlorate were
measured in the whole range of #-butanol/water mixtures. Unusual behavior was found
for lithium nitrate in pure ¢-butanol. It appears to be related to the aggregation of ion pairs
found for lithium salts in aprotic solvents (8,9). The conductance data are presented in

this paper.

@ A version of this chapter has been submitted for publication to Canadian Journal of
Chemistry. Y. Zhao and G. R. Freeman.
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2. Experimental

The conductance measurement technique was the same as that reported in ref. 10,
except that for the measurements of the four salts in 10 mol % water and in pure r-
butanol, a freshly made solution was used for each temperature to minimize the formation

of impurities during heating.

3. Results and Discussion

Conductance of LINO3: "Normal" in Water, "Abnormal" in t-Butanol

The dependences of specific conductance on the concentration of LiNO3 in
water/t-butanol mixed solvents at different temperatures are plotted in Figs. 1 and 2. In
100 to 70 mol % water solvents the conductance increases linearly with the increase of
LiNOj3 concentration over the range used (Fig. 1). However, as the water content of the
solvent is further decreased, the conductance becomes concave toward the concentration
axis (Fig. 2). In 100 to 30 mol % water the conductance increases monotonically with
temperature. However, in 10 mol % water the conductance decreases at T > 320 K (Fig.
2, note factors of 0.5 for curves at 308K and 343K). In pure t-butanol, as the
temperature is increased the conductance decreases monotonically (Fig. 2).

Figs. 1 and 2 show the gradual transition of conductance behavior of LiNO3 as
the r-butanol content of the solvent is increased. When the lines are gently concave, we
used initial slopes of the curves to estimate the limiting molar conductivity Ag. For

severely bent curves the values estimated in this way are too small to be Ag.
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Comparison of Molar Conductivities of Salts in t-Butanol

‘The measured specific conductances of four salts in z-butanol are shown in Fig. 3.
We see again the change from "normal" to "abnormal" behavior. For NH4C104 and
LiClOy4, the specific conductance increases linearly with increase of concentration at
temperatures around 300 K. However, as the temperature is increased the lines become
sublinear, and the specific conductance decreases at higher temperatures. This behavior
is more marked for the NH4NO3 solution. The concentration and temperature at which
the line becomes sublinear decrease from NH4ClOy4 to LiClO4 to NH4NO; (Fig. 3). The
conductance of LiNOj in t-butanol is so low that we could noi measure it at the low
concentrations used for the other salts. At the higher concentrations used (Fig. 3), the
conductance at a given concentration decreases monotonically with increasing

temperature.
Fig. 4 shows the Arrhenius plots of Ag (for straight lines) and initial slopes (for

curves, marked *) in z-butanol. A linear Arrhenius plot is obtained for NH4ClOy4 in the
temperature range measured. However, it would likely be bent at higher temperatures.
The ionic atmosphere effect calculated from the Debye-Hiickel equation (1) is negligible at
these concentrations (3% at the highest concentration used). For LiClO4 the line bends at
328 K, and for NH4NO3 it seems to have bent at about 300 K. The Arrhenius activation
energies obtained at lower temperatures for NH4C104 and LiClOy4 (Fig. 4) are 17 kJ/mol.
The mean Arrhenius activation energy of fluidity (1/m) of r-butanol (11) below 318 K
(Fig. 4) is 38 kJ/mol. This indicates that the correlation between molar conductivities of
the two salts and the viscosity 1 of pure t-butanol is Ag o« N1, with n = 0.4, which is
unusual and does not follow Walden's rule, n = 1 (1). The conductances of many salts
(Table 1) in water (12) and pure 1- and 2-propanol solvents (13), and in 1- (10), iso-

(12), and 2-butanol (4) approximately follow Walden's rule. However, LiNOj in iso-
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(12), and 2-butanol (4) deviate significantly from Walden's rule, with n = 0.7—0.8. More

study is needed to understand the behiavior of salt conduction in these solvents.

For NH4NO3, the apparent activation energy calculated from 300 K to 308 K is
14 kJ/mol, and is nearly zero between 308 i znd 328 K (Fig. 4). This seems to indicate
that clusters of nitrate and ammonium ions form in 7-butanol solvent at higher
temperatures.

For LiNOg, the Arrhenius plot has a negative slope at T > 308 K (Fig. 4). The
value of the initial conductance slope at 299 K (Fig. 3) is 0.5 x 104 Sem?2/mol, which is
much lower than the molar conductivities of the other three salts at the same temperature
(Table 2). The estimated value of the initial slope of the conductance curve for LiNO3 in
pure t-butanol has an uncertainty of about 20%, but this is an order of magnitude too
small to be a possible interpretation of the result. We conclude that Li* and NQ; ions
have a strong tendency to form multi-ion clusters in z-butanol. _

Comparing the molar conductivities with physical parameters (14) of the four salts
(Tabie 2), the conductivities correlate inversely with the molar density and lattice energy
of the crystalline salts. The molar density and lattice energy reflect the ability of the ions
to pack together. NH4ClO4 has the lowest molar density and lattice energy, and the
highest molar conductivity (Table 2). The values for LiClO4 and NH4NO3 are in the
middle (but their relative order is reversed). LiNOj3 has the highest molar density and

lattice energy, and the lowest molar conductivity. LiNOg is the smallest molecule, with
ionic radii (15) Ry;*+ =74 pm and RNO} = 189 pm; NH4Cl10y is the largest molecule,

ith ionic radii (15) Ryt = 146 dR~n- = 200 pm.
with 1onic radii (15) NH} pm an cio; pm
The approximate inverse relationships between the molar conductivity and the

molar density and lattice energy of the salts indicate the extent of formation of ion clusters

in t-butanol. The z-butanol molecules are globular; the planar NO3 ions would fit less
well than the globular C10j ions into the liquid structure, so NO3 might be less tightly

solvated than is C10} in ¢-butanol. The solvent has a low relative permittivity (e = 12.4
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at 298 K) (16), so the coulombic attraction between oppositely charged ions is greater

than in solvents with higher permittivities. These factors might explain the reversal of the
electrolyte conductivity/crystal lattice energy orders of LiClO4 and NH4sNO3. We
attribute the low observed conductivity of LiNO3 solutions to the formation of ion
clusters, mainly larger than pairs.

In aprotic solvents such as tetrahydrofuran, diethyl ether, pyridine, and diethyl
carbonate, the salts LINCS and LiBr form ion pairs which can agglomerate (8,9). For
example, the following species have been detected by various spectroscopic methods

(8,9):

[11  Li; + NCS; === LiNCS; ,

[2]  2LiNCSs === (LINCS)zs ,

(3] 2 (LINCS)2,s === (LiNCS)45 .

The trimer (LiNCS)3 s was not detected. The tetramer has a cubane-like structure. The
species LiNCS is strongly polar, but the dimer and tetramer are nonpolar. The pairing
and agglomeration reactions are entropy driven; each step involves partial desolvation of
the species (9).

We suggest that, while #-butanol is a protic solvent, the globular alkyl group
hinders it from efficiently solvating Li* and NO; ions.

The reason for the unusual temperature dependence of salt conductance in
t-butanol is that the product of the relative permittivity and temperature €T decreases
rapidly as the temperature is increased. Ion association constants vary inversely as the
product €T (18).

The value of €T for hydroxylic solvents decreases with increasing T, but the
relative decrease is much faster for ¢-butanol than for water and other simple alcohols
(Fig. 5). Values (16) of €T normalized to that at 298 K are plotted in Fig. 5 for water,
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ethanol, 1-propanol, and t-butanol, as well as for 10% and 30% water in ¢-butanol. The

behavior of €T for the 30 mol% water solvent is close to that of 1-propanol, and the
conductance behavior of LiNOj3 in this mixed solvent is not excessively abnormal (Fig.

2).

Estimate of Ag for (NH}" s+ N0§' ¢ and (Li}' + NO_;' s in t-Butanol

The initial slope method and attempts to fit the data to the Debye-Onsager (1,2)
and ion association (3,4) models gave unreasonably low values of Aq for the two nitrate
salts. More complex models (17) have too many adjustable parameters for our purpose.

We suspect that the planar NOg ions are not well solvated by the globular
t-butanol molecules, and that this makes the nitrate salts susceptible to ion clustering, or
aggregation of ion pairs as in aprotic solvents (9). However, for the analysis of reaction
rate constants (7) we need values of Ag. An indirect method of estimation has therefore
been used.

The ratio of Ag values for NH4Cl104/LiC104 equals 1.3 in both water and
t-butanol (Table 1). In water the values of Ao for the two ammonium salts are equal, and
those of the two lithium salts are equal (Table 1), so the same is assumed to be true in

t-butanol. We thereby arrive at the Ag values listed in Table 3.
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Table 5-1. Arrhenius activation energies of viscosities and

conductances of salts in some solvents at 298 K.

Solvent Salt » sﬁ.?z,mo.) (H%OOD - 11>1a ) (ldEnHOI) EpyEn=n
Water @ NH4ClO4 140, 141¢ 16 0.89 16 1.0
NH4NO; 145¢
LiClO4 106 €
LiNO3 108, 110 15 0.9
1-PrOH 4 LiNO; 20 16 2.0 18 0.9
2-PrOH % LiNO; 20 22 2.0 22 1.0
1-BuOH ¢ NH4NO3 14 20 2.60 19 1.1
LiNO3 13 18 0.9
2-BuOH 4 Cu(ClOg), 19 23 3.05 26 0.9
LiNO3 nf 18 0.7 f
i-BuOH @  Cu(Cl0g), 19 25 3.40 24 1.0
LiNO3 9 19 0.8
-BuOH& NH4ClO4 5.0 17 45h 31k 0.55
LiClO4 4.0 17 0.55
a Ref. 12. € Ref. 1.
b Ref. 13. S Probably low.
¢ Ref. 10. 8 Present work.

d Ref. 4. h Ref. 11.
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Table 5-2. Physical properties of salts at 298 K.

Crystal Density  MolarMass  Molar Deasity Molar Density  Lattice Energy A (300 K) €

Fom? _ (gm)?  Ggmo)?  (molimd) Ratio © @Wimodd  (10-4Sem¥mol)
NH4ClO4 rhomb® 1950 0.117 16,700 0.48 580 5.0
LiClO4 ? 2428 0.106 22,900 0.66 723 4.0
NH4NO3 rhomb® 1725 0.080 21,600 0.63 676 2.4
LiNO3  trigonal 2380 0.069 34,500 1.00 848 0.5

a8 Ref. 14a.
b Orthorhombic or rthombic; NH4NO3 is monoclinic at T > 305.3 K.
¢ Based on LiNOa.

d Ref. 14b.
¢ From "initial slopes" of the plots in Fig. 4. The values for the nitrates are not Ag.
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Table 5-3. Ag @ of salts in t-butanol at different temperatures.

Ag (300K) A (308 K) Eng (kJ/mol)

NH4C104 b 5.0 6.0 17
LiClO4 b 4.0 4.6 17
NH4NOs ¢ ~5
LiNO; € ~4

a 104 Sem2/mol.
b Measured values.

¢ Estimated values, see text.
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Chapter Six «

Optical Absorption Spectra of Solvated Electrons
in 1-Butylamine/Water Mixed Solvents

1. Introdyction

An excess electron in a polar liquid can occupy a localized state as a result of its
interaction with a éertain number of neighboring molecules of the solvent. When this
interaction leads to a thermally relaxed state of the electron with respect to the medium,
the electron is called a solvated electron, €5 (1,2).

The energy levels of e, as reflected by the energy of the optical absorption
maximum Eamay , are determined as much by details of the liquid structure as by the
dielectric constant or the molecular dipole moment (3-5). The solvated electron in water
has an intense Optical absorption band in the visible region, with a peak at 715 nm,
which corresponds to Epmax = 277 zJ (6), and Gemay = 8.3 x 10-21 m2/16 aJ [5.0 x 104
e; *L/100 eVemol*cm] (7,8) at 298 K.

The values of Eomax are similar in pure n-alcohols and water (9-11). However,
there is a marked dependence of Eamay on composition of alcohol/water mixed solvents

(10). The values of Epyax in amines are much smaller than that in water (4,12). Itis

therefore interesting to discover the composition dependence of e; spectra in 1-

——

@ A version of this chapter has been submitted for publication to Canadian Journal of
Chemistry. Y. Zhao and G. R. Freeman.
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butylamine/water mixed solvents. Data are reported in this paper.

2. Experimental

Materials

1-Butylamine (Fluka, >98%) was treated for 24 hours with potassium and
sodium alloy under UHP argon (99.999%, Liquid Carbonic Canada Ltd.) at 330 K.
Fractional distillation was as reported in ref. 13. The water content, measured by Karl-
Fisher titration, was 0.09 mol %. The solvated electron half-life in pure 1-butylamine
after a 100 ns pulse of 340 fJ (2.1 MeV) electrons (4 J/kg) at 298 K was about 4 ps. The

purification of water and the half-life of solvated electrons in water were as in ref. 14.

Techniques

The optical system, irradiation facilities, the silicon detector for wavelengths
<1050 nm (14), the dosimetry (1), and the calculation of Gemax (15) were described in
the references cited. Bauch and Lomb monochromator gratings 1350 (No. 33-86-02) for
400-800 nm, 1350 (No. 33-86-03) for 700-1200 nm, and high-intensity monochromator
(no. 33-86-78) for 1100-2600 nm were used in the measurements. Corning filters were
placed in front of the monochromator to eliminate higher order light interference: CS 4-
97 for 400-500 nm, CS 3-72 for 500-650 nm, CS 2-58 for 650-1050 nm, LL-1000 for
1050-1800 nm, and RL-1500 for 1800-2600 nm. For the measurement of absorbance at
wavelengths >1050 nm, the InSb infrared detector (Model 1935-1IS) was used and is
sensitive from 1050 nm to 2600 nm. The 3 to 97% response time of the detector,
amplifier and transient digitizer (Tekronix R7912) was 35 ns. The signal to noise ratio
of the differential amplifier (Tektronix 7A13) was increased by using the 5 MHz filter,
which gave a system response time of 96 ns.

The sample preparation was similar to that reported in ref. 14. Spectrosil optical
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cells were used: 10 mm path length for pure water to 70 mol % water, and 5 mm path

for 50 mol % water to pure 1-butylamine.

Physical properties

The normal freezing point of 1-butylamine is 224 K, and the normal boiling
point is 351 K. The liquid is complétcly miscible with water.

The optical absorption spectra were measured at the following compositions in
mol % water: 0.0, 10.0, 30.0, 50.0, 70.0, 90.0, 95.0, 99.0 and 100.0. The densities and
viscosities of the mixed solvents (16), except for 95.0 and 99.0 mol % water, are listed
in Table 1. The relative permittivity of water at 298 K is 78.4 (17), and that of 1-
butylamine is 4.78 (18).

3. Results and discussion

Absorbance and shape of e; optical spectra at 298 K: solvent dependence.

The optical spectra of e in 1-butylamine/water mixed solvents at 298 K are

shown in Fig 1. The spectra have no fine structure.

As the amount of water is increased in 1-butylamine the optical absorption band
changes (Figs. 1-3, Table 1): (i) EAmay increases; (ii) Gemay increases; (iii) the band
becomes narrower (W, decreases), except at >90 mol % water where the band
broadens slightly.

The shift of EAmax With water content in 1-butylamine (Fig. 2) is much closer to
linear than is that in 1- or ¢-butyl alcohol/water mixed solvents (Fig. 2 and ref. 10). This
indicates that the amine/water solvents are less structured thém are alcohol/water
solvents. The spectra in 1-butanol/water and t-butanol/water shift greatly with the

addition of 10 mol % of water to the alcohol, which indicates that 10 1ol % of water in
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the alcohols produces a particular structure (molecular packing) that affects the electron

trap. This type of structure evidently does not occur in 1-butylamine/water mixed
solvents. Hydrogen bonds in RNH, are weaker than those in ROH, because the dipole
moment of N-H is smaller than that of O-H (19), so the former liquids are less ordered
(20).

The change of viscosity with water content in z-BuOH (ref. 21 and dashed curve
in Fig. 2) also indicates that a particular liquid structure exists at 10 mol % water,
whereas there is no evidence for such a structure near 10 mol % water in 1-butylamine
(+ curve in Fig. 2).

In view of the greater polarity of water than of 1-butylamine, one might have
expected electrons to be more selectively solvated by water than is indicated by the
gradual increases of Eaomax and Geggy with water content (Figs. 2 and 3). Many years
ago this group began the study of electron spectra and reactivities in alcohol/water
mixed solvents expecting to find subtle changes, and found large, structured changes.
We have now begun the study of electron behavior in amine/water solvents, and
expected much larger solvent-composition effects than we have observed. It seems that
water and 1-butylamine form relatively ideal solutions; this might be related to the fact
that 1-butylamine and water are completely miscible, whereas 1-butyl alcohol and water

are not.

However the effect of solvent composition on €; may not be as ideal as it
appears in the change of EAmax. The half life of e; changes markedly with the
composition of 1-butylamine/water mixtures (Table 2). As water is added into 1-
butylamine t1/; changes from 3 pis in pure butylamine to the minimum value of 0.5 s in

50 mol % butylamine, then when the 1-butylamine is decreased to 1 mol % t1/2 reaches

the maximum value of 16 ps, higher than that in pure water. This indicates that the
solvent structure in the region of 50 mol % 1-butylamine is different from those of the

two extremities.
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The value of Gemax increases at 298 K from 1.43 x 10-21 m2/16 aJ (8.6 x 103

e; °L/100 eVemolecm) in pure 1-butylamine to 8.4 x 10-21 m2/16 aJ (50.4 x 103
e5 °L/100 eVemolecm) in pure water (Table 1). The value in water agrees with that
previously reported (6,8).

The yield G(e7 ) in water at 298 K is 2.7 ent/16 aJ (6), and €max = 3.1 x 10-21
m2/e; (1860 mZ/mol). In 1-butylamine at room temperature G(e; ) = 0.27 (22), which
indicates €max = 5.3 x 1021 m%/e; (3200 m2/mol).

The observed e; are free ions. The low yield of e; in 1-butylamine compared
to that in water correlates (23,24) with the lower value of the dielectric permittivity, 4.78

(18), in the former than in the latter, 78.4 (17).

Composition dependence of E,, Ep, Wi, and asymmetry Wy/W, at 298 K.

Several parameters are used to describe the characteristics of the optical
spectrum of e7. Er and Ep are the energies on the low energy (red) and high energy
(blue) sides of the band at half the maximum absorbance. The width of the band at half
height W2 is divided at Epmayx into Wy (high energy side) and W, (low energy side).
The asymmetry of the band is represented by Wi/W;. In Fig. 3 the values of E;, Ep,
W12, and Wy/W; are plotted against composition of 1-butylamine/water mixtures at 298
K. The values of E; could only be obtained in pure butylamine and 10 mol % water near
their freezing points, around 225 K.

The value of E; (Fig. 3) increases smoothly from 1-butylamine to water, similar
to the change of Eppax (Fig. 2). However, there is a big jump in Ey from pure
tutylamine to 10 mol % water, and then Ey, increases gently as more water is added.

The optical absorption at A <1000 nm (E >200 zJ) had a long-lived tail that
extended more than 100 us (Fig. 4 and Table 2). The long-lived entity has not been
identified. The absorbance due to ¢; is taken as the portion above the long-lived tail.

The tail decreases with increase of water content and increase of temperature (Fig. 4).
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The unidentified entity is only stable at low temperature and in an adequate amine

environment.

The band asymmetry Wy/W; increases from 2.3 in pure 1-butylamine to 2.8 in 10
mol % water, then decreases as more water is added, reaching a minimum of 1.26 at 70
mol %, then increasing slightly to 1.53 in pure water (Table 1 and Fig. 3). Thus the

solvent composition has a more complex influence on the band asymmetry than on

EAmax-

Temperature effect on the optical spectra of e; .

Fig. 4 shows the optical spectra of e; in pure 1-butylamine to 50 mol % water at
different temperatures. As the temperature is decreased the values of Gepgyy and EAmax

increase.
The temperature coefficient of EAmax has a minimum in 50 mol % water (Figs. 5
and 6). The e; half-life also has a minimum at 50 mol % water (Table 2). These facts

are probably related to the solvent structure, but we have no specific suggestion to offer.
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Table 6-1:  Parameters of solvated electron spectra in 1-butylamine/water at 298 K.

water da a 21 EAmax
mol % kg/r. ) (m?’aos) g:’.l!l;?% 13-) b zl) Wiz )
0 737 0.50 1.42 115 149 ¢
10 748 0.59 1.58 143 2194
30 770 0.88 2.26 189 178
50 801 1.45 3.72 214 164
70 844 2.21 5.01 248 147
90 925 2.14 7.03 273 134
95 8.60 275 133
99 8.65 277 135
100 997 0.89 8.30 278 139
" Er (20) Ep (2J) wyW,  Cameddl
0 102¢ 215 231¢ 0.43
10 1084 303 2.814 0.36
30 137 314 2.36 0.30
50 155 319 1.77 0.27
70 183 330 1.26 0.30
90 215 349 1.31 0.41
95 219 352 1.38 0.44
99 221 356 1.41 0.46
100 223 362 1.53 0.47

a. Reference 16.

b. 1(eg *L/100 eVemolecm) = 1.66 x 10-25 (m2/16 aJ) in SL
c. at 225K, near the fp 224 K.

d. at226 K.
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Table 6-2.  Half life of solvated electron in 1-butylamine/water mixtures at 298 K.

water 0 10 30 50

(mol %)

Mnm) | tip(us) tail (us)?| tip(us)  tail (us)a ti2(1s)  tail (us)3 | t1p(us) @
700 4 >100 4 >100 1 >100 0.5
800 3 >100 3 >100 1 >100 0.4
1000 3 none 3 none 1 none 0.4
1200 3 none 3 none i none 0.5
1400 3 none 3 none 1 none

water 70 90 95 99 100

(mol %)

A(nm) tu2Ms)  toMs)  tpMs)  tp@s)  tyus)b
700 2 8 15 4
800 2 8 17 3
1000 2 8 16 4

a.  This long-lived absorption is negligible at A >1000 nm, and at any A in solvents

containing 250% water (Fig. 4).

b.  tip in pure water is >10 Hs, but decreases with increasing pulse dose.




112

-o 3 x

i) v/

‘0¢ .4

0S°0 ‘oL'm ‘060 ‘00l ‘e

-Io1eMm 95 [0 "N 86T 1 SIUSA[OS PIXIUI 13jem/duruIe]AIng-| ut suonoa|a patealos Jo exoads feondg

(12) 9

00 OSy 00y O¢ 00¢ 0SC 00T OSt 001
e e T o e B L Eaam R
" § oy vy :ﬁ::._,.ﬂ.m‘.“ :
L o o o v C( 444@04 ]
3 ® o o a v, ]
v..l ° a CQOCHCMD J
A ° - a s ®.°
[~ O - o a .
0O, @8 mo ]
[ o ogo ]
[ o I
[ ° = ll
: o lll [ ]
3 e © llm -
3 o © ® E
- Q 0®
a e 0,0 h
“ @ ]
F ® ° -
[ oo ]

SN 00 > O N F N AN -~ O

‘1-9 3ig

([891/,W 1,.01) 3D



113

] 6.0

o
o

w
o
d(g/cm3) and n(mPa.s)

0] P S TN SR SR S B T |
0 20 40 60 80 100
Water (mol%)
Fig. 6-2. Composition dependence of Eomax and other parameters for mixed

solvents at 208 K. @ , Epmay in 1-butylamine/water mixtures; O ,

EAmax in +-butanol/water mixtures (10); OJ, EAmax in 1-butanol/water
mixtures (10); X , densities of 1-butylamine/water mixtures (16);

+ , viscosities of 1-butylamine/water mixtures (16);
= = =, viscosities of t-butanol/water mixtures (21).
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300 (e e
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Fig. 6-5. Temperature dependence of EAmax in 1-butylamine/water mixtures.

The symbols are the same as those in Fig. 1, and + , 99 mol % water;

QO , 95 mol % water.
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Chapter Seven 4

Solvent Effects on the Reactivity of Solvated Electrons with
Organic Solutes in 1-Butylamine/Water Mixtures

1. Introduction

The study of solvated electron {e;") reactivity in mixed alcohol/water solvents
has been fruitful in elucidating electron behavior in nonhomogeneous fluids (1-10). The
reactivity of e, depends on the nature of the coreactant and the structure of the solvent.

Some reactions of e; with solutes such as nitrobenzene (1,4), Ag," (7) and H' (7) are

diffusion-controlled, and some are much slower, as in the case of toluene and phenol
(3,5). Solvent structure implies two aspects. One is the molecular structure, which
affects, in some cases, the chemical participation of solvent molecules in a reaction
(11,12). The other is the solvent molecular packing, such as two and three dimensional
structures in alcohol/water mixtures (8,13).

Alcohol, water and their mixtures are all strongly hydrogen-bonded liquids. It is

now of interest to study e, reactivity in mixtures containing a less strongly hydrogen-

bonded component. We have chosen I-butyl amine/water, for practical reasons (ease of

handling). The optical absorption spectra of e;~ in these mixed solvents have recently

been reported (14). There appears to be less selective solvation of electrons by water in

@ A version of this chapter has been submitted for publication to Canadian Journal of
Chemistry. Y. Zhao and G. R. Freeman.
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these mixtures than was expected.

2. Experimental

The method of purification of 1-butylamine was reported in ref. 14.
Nitrobenzene (A.C.S. reagent, >99%) and phenol (redistilled, >99%, mp 40—42°C) were
obtained from Aldrich. Acetone (HPLC grade, >99.9%) and toluene (HPLC grade,
>99.8%) were obtained from Sigma-Aldrich. Nitrobenzene, acetone and phenol were
used without further purification. Toluene was fractionally distilled from sodium under
UHP argon (99.999%, Liquid Carbonic Canada) and the middle part was collected and
stored in a flask under argon positive pressure.

For the measurement of the rate constant of phenol in pure water, phenol was
melted in the bottle by placing the bottle in warm water, then phenol was pipetted into a
volumetric flask and nanopure water was added. For the rest of the measurements of
phenol reaction rate, phenol crystals were taken out of the bottle and placed in a watch
glass, and then crystals of phenol without any color were scooped into a beaker to weigh.
Then solvent was added, and the solution was transferred to a volumetric flask for final
dilution.

Techniques of sample solution preparation, irradiation and optical measurements

were the same as described in ref. 9.

3. Results and Discussion

Rate constants

Since the reaction of e, with the solvent amine and water is negligible under our

conditions (15), we only consider the following reactions:
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[1] e + I — Products, ki

[2] e + Ss— Products, ko

where I represents residual impurities in the solvent and those produced by the radiation
pulse, and S; is an added solute. The observed first-order decay rate constant kops =
ki[I] + kz[S] was measured for the pure solvent and six concentrations of solute S. The
value of the second-order rate constant ky was obtained from the slope of a plot of kobs

against solute concentration.

1-Butylamine is completely miscible with water. The rate constants of e for

all solutes were measured in the following compositions in mol % water: 0.0, 10.0, 30.0,
50.0, 70.0, 9C.0, 95.0, 97.0 and 100.0. In addition, the rate constants of e, with phenol
in 99.0, 99.5 and 99.8 mol % water were measured. The normal freezing point of
I-butylamine is 224 K, and the normal boiling point is 351 K. The values of ks for each
solvent were measured from about 230 K to 344 K, depending on the freezing and
boiling points of each composition.

Arrhenius plots of kj for the four organic solutes nitrobenzene, acetone, phenol
and toluene are given in Figs. 1-4; Table 1 contains the symbols for these Figs. The rate
constants kp (109 m3/moles) of nitrobenzene, acetone, phenol and toluene in water at 298
Kare: 37,7.2,0.024, 0.011, which are consistent within experimental uncertainty with
values reported by Maham (16) 38, 7.7, 0.027, 0.013, and Lai (3) 38, 7.7, 0.030, 0.011.
Other results reported (15) are: 30, 5.9, 0.018, 0.012.

In water, the rate constant ky(e;~ + phenol) at 298 K was 2.4 x 104 m3/moles.

However, phenol dissociates somewhat in water:

(3] O—OH + H0 === @—o- + H;0 .
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Since the rate constant k(e;” + H370) = ki, at 298 K is 2.9 x 107 m3/moles in water at
very low ionic strengths (10), it contributes to kops in the measurement of ky(e; +
phenol). We used the methed in ref. 8 to correct kj for phenol alone. That is, [H;0]=
vK,[phenol] is calculated over the range of [phenol] = 5-30 mol/m3, where K, is the
dissociation constant and at 298 K it is 1.3 x 10-7 mol/m3 (17). Then the actual value of
ka(es + phenol) was calculated from the slope of (kops — kn+[H," ]) against [phenol],
and is 2.1 x 104 m3/moles, which is 13% less than the uncorrected value. Since the
values of K, at other temperatures in water, and in all the other solvents, are not known
we could not make this correction for the other values. For this reason the values in Fig.
3 and Table 2 are uncorrected. Modern studies of the chemical-physical properties of the

amine/water mixed solvents and of the phenol solutions would be valuable.

Composition dependence of k3 at 298 K.

Fig. 5 shows the solvent composition dependences of ka(e; + organic solute)
in 1-butylamine/water mixed solvents at 298 K. Reaction parameters are listed in Table
2. From Fig. 5 we see that the reactions are divided into two groups: (1) nitrobenzene
and acetone, which have ky > 106 m3/moles, and (ii) phenol and toluene, which have k»
< 10° m3/moles at most compositions. Both the order of magnitude and the patterns of
change of k; in the mixtures indicate that these two groups of reactions follow different
reaction mechanisms.

Nitrobenzene and acetone are efficient electron scavengers. The magnitudes of
ka(e; + nitrobenzene) and ka(es + acetone) in 1-butylamine/water mixtures are similar
to those in methanol/water and ethanol/water mixtures (3), 1-propanol/water mixtures
(4), and all isomeric butanol/water mixtures (18). However, the values of ko(es +
nitrobenzene) and (e, + acetone) in the alcohol-rich region of all alcohol/water mixtures

are nearly independent of water content, whereas the ko( e;” + nitrobenzene) and ka(eg
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+ acetone) in the amine-rich region of 1-butylamine/water mixtures decrease as the water

content is increased to 70 mol %. These rate constants in 1-butylamine/water mixtures
decrease as the viscosity increases (19,20). This implies that the reactions are close to
diffusion-controlled.

Phenol and toluene are less efficient scavengers. Although the orders of
magnitude of ka(e;~ + phenol) and ka(e;” + toluene) in 1-butylamine/water mixtures at
298 K are in the same range as in alcohol/water mixtures (3,4,17,21), the pattern of the
change in the mixed solvents is quite different from that in alcohol/water mixtures.
Instead of having a minimum at 60-70 mol % water as in alcohol/water mixtures, k(e
+ phenol) and ka(e; + toluene) have a maximum at 50 mol % water in 1-butylamine,
and a sharp minimum at ~99 mol % water (Fig. 5). The values of ka(e;, + toluene)
could not be measured in 99.0 to 99.8 mol % water due to very low rate constants and
low solubility of toluene in the solvents. The values of k; increase as the values of
viscosity and EAmax increase in the amine-rich region.

The increase of ka(es + RCgHs), R = CH3 or OH, with increasing viscosity 1)

(Fig. 5) is reminiscent of the behavior of k(e;” + NOj5) in pure alcohols on increasing

the length of the alkyl chain (12,22). In both cases a transient intermediate reacts with

the solvent (3,12,16,21,22), and the probability of this reaction increases rapidly with

increasing duration T of the {e;, Ss] encounter pair. For toluene and phenol:

[4] e +RCeHs =— [e;,RC¢H5] =— [RCgH57]

[5] [RC¢H57] + HNHC4Hg or HOH — RCgHg + NHC4Hg or "OH

In the (eg + NOg) reaction k; increased approximately linearly with 1, which means
ka < 12, whereas in the RCgHs reaction between zero and 30 mol % water in 1-

butylamine k3 increases approximately as 13, which means ko> 14, There seems to be
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an additional effect in the latter reaction, and we suggest it is that water, being a stronger

acid than is the amine (17), is a better protonating agent for the tcluene and phenol
anions in reaction [5).

At water contents >30 mol % the values of ka(e; + RCgHs) increase less
rapidly, and from 50 to 99 mol % water they decrease (Fig. 5). The decrease is attributed
to nonhomogeneous solvation of the reacting entities: in the water-rich solvents ey Is
preferentially solvated by the water, while phenol and toluene are selectively solvated by

the butyl amine. It becomes progressively more difficult for the e, and RCgH;5 to come

within the reaction radius of each other.

The increase of ka(e;~ + RCgHs) on going from 99.0 to 99.5, 99.8 and 100G mol
% water is attributed to the RCgH 5 being progressively less "coated" by amine
molecules, thereby facilitating reactions [4] and [5]. The compressibility of solutions of
butyl amine in water has a minimum at 98.3 mol % water, which implies optimal
packing of the molecules (23). This might be related to the minimum reaction rate,
which we observed at our composition closest to 98.3 % namely 99.0%. The partial
molar volume of 1-butylamine has a minimum at 99.1 mol % water (23).

The first order decay rates in the solvents without added solute showed a
solvent composition dependence similar to those of the reactions with phenol and toluene
(see kj[Is] in Table 2). It therefore appears that the impurities react inefficiently with

ey, and are probably olefinic.

Smoluchowski-Stokes-Debye model

In the study of the reactions of e, with organic solutes, the Smoluchowski-

Stokes-Debye model has been used (3,i8,24). The diffusion-controlied rate constant

kao(es + S) for reaction of e; with a polar solute S is approximately related to the

solvent viscosity 1| by the Smoluchowski-Stokes-Debye equation (3,8,10,25)
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_ NakgT (1 | _ NakpT 1,
[6] k2 = T.Sn_(f—e+r_s)(R°+RS)Kf— Tam Te fxR; ,

where N is Avogadro's constant, kg is Boltzmann's constant, T is temperature, re, rg and

Re, R; are the effective radii for diffusion and reaction, respectively, K is the probability

that reaction occurs during one encounter, r4 is the effective radius for mutual diffusion

of e, and solute, R, is the average center-to-center reactant separation when reaction

occurs, KRy is considered as an effective reaction radius, and the Debye factor f is given

by:
- X
o ME
Bl X=- I eRkT

where x is the ratio of the coulombic interaction energy of the reactants at R, to thermal
agitation energy kT, and € is the relative permittivity (26) of the medium between the

reactants at separation Ry, and p is the dipole moment of the solute reactant.

Eqn [6] suggests that for diffusion controlled reactions,

[9] nky = constant

The solvent composition dependences of nk; are shown in Fig. 6. The efficient reactants
nitrobenzene and acetone approximately follow relation [9]. However, the inefficient

reactants phenol and toluene do not, as might be expected from the preceding discussion.

Correlation of small values of ky with —dEpmq./dT

The temperature coefficient of the optical absorption energy of e in these
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solvents ~dEAmax/dT, has a minimum at 50 mol % water (14), where ka(e;~ + phenol or

toluene) has a maximum (Fig. 5). A plot of log k; against —-dE Amax/dT is roughly linear,
with the exception of the 99-100% water zone (Fig. 7). We attributed the two sides of
the hump in Fig. 5 to different effects, and we cannot interpret the approximate

correlation showa in Fig. 7. We display it as a clue to future interpretation.

Activation Energies

The solvent dependences of the activation energies of reaction, E, are
compared with those of viscosity, E), and the temperature coefficient —dEAmax/dT (Fig.
8). As might be expected, E; for the efficient reactions of e, with nitrobenzene and
acetone vary in a manner similar to Ey. The larger values of E) compared to Ey, in the
amine-rich solutions might be attributed to a larger mobility p and activation energy of
mobility E,, of electrons than of molecules in the amine. A similar situation was noted in
t-butanol solvent (10).

The variations of E; for the inefficient reactions of e with pherol and toluesr
are in the opposite direction of those for the efficient reactions, and are in the same
direction as those in —dEpmax/dT (Fig. 8). The zone 99-100% water remains an
exception. The decrease of E upon adding water to 1-butylamine is attributed to the
increased ease of reaction [5]. The increase of E, at water contents >50 mol % is
attributed to the increased segregation of the reactants by selective solvation in the
different components of the solvent, which makes it more difficult for the reactants to
encounter each other. The decrease of Ex(e; + phenol) on going from 99.8 to 100.0 mol
% water is attributed to the decrease of that segregation.

The values of both k» and E; for (e + toluene) are much smaller than those

for (e + phenol) in all the solvents that contain 1-butylamine (Figs. 5 and 8). Thus the

overall entropy of activation of the multi-step reactions is much more negative for the



128
toluene than for the phenol reaction. Phenol is hydrogen-bonded to the solvent, whereas

toluene is not. In the amine-containing solvents, the ratio of ~oncentrations of

amine/toluene was always 2 10, and of amine/phenol was > 2. We think the toluene
and phenol were always clustered by 1-butylamine. It is possible that the lack of

hydrogen-bonding of toluene to the solvent, and the presence of it for phenol, affects the

relative orientations of the e;” and toluene or phenol as they diffuse together in reaction
[4], and affects rotatability of the solvent molecules as the protonation reaction [5]
occurs.

The reason for the minimum in ~dEAmax/dT remains a challenge for future

work.



Table 7-1:

Symbols for Figures 7-1 to 7-4

mol % water
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mol % water

L

10
30
50
70
90

o 95
97
99
99.5
99.8

0 q 4 v Vv

100
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Table 7-2: Reaction Rate Parameters in 1-Butylamine/Water Mixed Solvents
at 298 K.
H>0 13(2( l?“ Ej ne En b Eamax  ki[ls]9 -dEamax/dT €
/moles)
mol% | (kfmol) (mPass) (Vmol) () (10%s-)  (2I/K)

Phenol (1 - 60 mol/m3 for k3)

0 1.0 19 0.47 9 115 17 0.43
10 2.0 17 0.59 12 143 17 0.36
30 9.6 15 0.88 15 189 70 0.30
50 15. 16 1.45 19 214 140 0.27
70 34 22 2.21 21 248 35 0.30
90 0.74 27 2.14 21 273 14 041
95 0.31 3] ~1.8 275 9 G.44
97 0.21 33 ~1.5 5
99 0.17 35 ~1.3 277 4 0.46
99.5 0.20 38 ~1.1 2
99.8 0.33 36 ~1.0 3

100.0 24 20 0.89 17 278 7 0.47

Toluene (0.7 - 150 mol/m3 for k)

H>0 ko E,
mol % (10* m*/moles) (kJ/mol)

0 0.28 10

10 0.54 8

30 2.2 7

50 34 6

70 1.3 8

S0 0.29 16

95 0.19 18

97 0.086 21

100 1.1 19
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Table 7-2: Continued

H,O ko Ej

mol % (10 m¥moles)  (kJ/mol)

Nitrobenzene (0.1 - 4.5 x 10~2 moV/m3 for kj)

0 8400 17
19 7100 20
30 5100 21
50 3000 22
70 2100 22
90 2400 21
95 2800 20
100 3700 17

Acetone (1.7 - 50 x 10~2 mol/m3 for k)

0 730 24
10 600 25
30 420 26
50 300 27
70 200 27
90 250 27
95 320 25
100 720 14

a Reference 18, except for the pure 1-butylamine from ref. 19.
b Calculated from the data in reference 18.
¢ Reference 14.

d In solvent without added solute.
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Fig. 7-1. Arrhenius plots of ka(e;~ + nitrobenzene) in 1-butylamine/water mixed

solvents. Refer to Table I for symbols.
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Fig. 7-2. Arrhenius plots of ka(e,” + acetone) in 1-butylamine/water mixed

solvents. Refer to Table 1 for symbols.
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Fig. /-3. Arrhenius plots of ky(e;” + phenol) in 1-butylamine/water mixed solvents.

Refer to Table 1 for symbols.
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Fig. 7-6. Solvent composition dependence of nks in 1-butylamine/water mixtures
at 298 K. The symbols are as in Fig. 5. x, relative permittivity € (26).
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Fig. 7-8. Solvent composition dependence of E;. Symbols are as in Fig. §,
And Ey (%) and -dE Amax/dT (+) in I-butylamine/water mixtures.



140

References

ol N

A

o

10.
11.
12.
13.
14.
15.

16.

17.

18.
. M.-J. Lee, S.-M. Hwang, and Y.-C. Kuo. J. Chem. & Eng. Data. 38, 577 (1993).

. O.I Mi¢i¢ and B.Cercek. J. Phys. Chem. 81, 833 (1977).

B.H. Milosavljevi¢ and O.I. Mi¢iC. J. Phys. Chem. 82, 1359 (1978).

C.C. Lai and G.R. Freeman. J. Phys. Chem. 94, 302 (1990).

Y. Maham and G.R. Freeman. J. Fhys. Chem. 89, 4347 (1985).

Y. Maham and G.R. Freeman. Can. J. Chem. 66, 1706 (1988).

S.A. Peiris and G.R. Freeman. Can. J. Phys. 68, 940 (1990).

S.A. Peiris and G.R. Freeman. Can. J. Chem. 69, 157 (1991).

R. Chen ¢nd G.R. Freeman. Can. J. Chem. 71, 1303 (1993).

R. Chen, Y. Avotinsh, and G.R. Freeman. Can. J. Chem. 72, 1083 (1994).

Y. Zhao and G.R. Freeman. Can. J. Chem. 73, 392 and 389 (1995).

T.B. Kang and G.R. Freeman. Can. J. Chem. 71, 1297 (1993).

Y. Zhao and G.R. Freeman. Can. J. Chem. 73, 284 (1995).

A.D. Leu, K.N. Jha, and G.R. Freeman. Can. J. Chem. 60, 2342 (1982).

Y. Zhao and G.R. Freeman. Can. J. Chem. submitted (1995).

M. Anbar, M. Bambenek, and A.B. Ross. Selected Specific Rates of Reactions of
Transients from Water in Aqueous Solution. L Hydrated Electron. NSRDS-NBS
43, U.S. Dept. of Commerce, Washington, D.C., 1973.

Y. Maham and G.R. Freeman. J. Phys. Chem. 91, 1561 (1987).

P.W. Atkins. Physical Chemistry. 4 ed. Freeman, New York. 1990, pp. 765,
951.

P.C. Senanayake. J. Chem. Phys. 87, 7007 (1987).



20
21
22
23

24
25
26

141

- K.Y. Liew, C.E. Seng, and C.G. Lee. J. Sol. Chem. 23, 1292 (1994).

. P.C. Senanayake and G.R. Freeman. J. Phys. Chem. 91, 2123 (1987).

. R. Chen and G.R. Freeman. J. Ph ys. Chem. 99, 4970 (1995).

. T. Moriyoshi, T. Tsubota, and K. Hamaguchi. J. Chem. Thermodynamics 23, 155
(1991).

. Y. Maham and G.R. Freeman. J. Phys. Chem. 92, 1506 (1988).

. P. Debye. Trans. Electrochem. Soc. 82, 265 (1942).

. Y.Y. Akhadov. Dielectric Properties of Binary Solutions. Pergamon Press,
Oxford. 1980. p. 144.



142

Chapter Eight

Conclusions and Future Work

i. Conclusions

The reactivity of solvated electrons (e; ) strongly depends on the composition
and structure of the solvent. The reactions of e; show different kinetic behavior in
r-butanol/water than in 1-butylamine/water mixed solvents. The former solvents are

more strongly hydrogen-bonded than are the latter.
The reactions of e; with NH4NO3 in r-butanol/water mixed solvents have high

rate constants. In the water-rich region the reaction is mainly due to the N O3, ion, and
in the alcohol-ricli region the reaction is mainly due to the NH 5 ion.

The rate constants of e; with H; are the highest of those of the ions studied,
in the whole region of t-butanol/water mixtures, because H; has the highest diffusion
coefficient.

The calculated effective reaction radius (kR;) of each ionic solute decreases
from pure ¢-butanol to pure water. The large effective reaction radius and high activation

energy (E2) in pure #-butanol are attributed to a high mobility and activation energy of

diffusion of e; in the alcohol.

In the measured optical absorption spectra of e; in 1-butylamine/water mixtures,
the absorbance Gemay decreases on going from pure water to pure 1-butylamine except
for 100 to about 97 mol% water where there is a small increase in the intensity. The
value of Epomax decreases smoothly from water to 1-butylamine; this indicates that
electrons are less selectively solvated by water molecules than anticipated, and the

amine/water mixtures are more randomly structured than are alcohol/water mixed
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solvents. However, the temperature coefficient (- dEAmax/dT) has a minimum at 50
mol% water, which indicates that the solvent structure in the amine-rich region may be
different from that in the water-rich region. ‘
The rate constants of the efficient reaction of e; with nitrobenzene (k2 =107 - 108
m3/mol-s) are higher than that of acetone (kj is between 106 and 107 m3/mol-s), but

both sets of kj are inversely proportional to the viscosity of the 1-butylamine/water mixed

solvents.

The rate consta Hicient reactions of e; with toluene and phenol (kp <
105 m3/mol-s) have a n: v .0 mol% water and a minimum at 99 mol% water;
there is nc corzelr ..u v ,._.osity. The solvent molecules protonate the transient

anions of toluene and phencl to secure the electron capture. In the amine-rich region,
from pure 1-butylamine to 50 mol% water, the rate constant increases with the addition
of water because water is a stronger acid than is the amine. In the water-rich solvents, e
is preferentially solvated by water and toluene or phenol is preferentially solvated by
amine; this tends to keep the reactants apart, and decreases the value of ko,

The variati  of the activation energies (Ep) for the efficient reactions in
1-butylamine/water mixed solvents is similar to the change of the activation energy (Ep)
for diffusion. The activation energies for the inefficient reactions have a rough correlation

with the temperature coefficient of the optical absorption energy (- dEAmax/dT).

II.  Suggestions for Future Work

i. Measurement of mobility of e; in butanols and amines:
An approximation of e; diffusion rates in alcohols has been used in explaining

the kinetic behavior of e;, since reliable values of e; diffusion coefficients are not
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available. In the study of the reactivity of e; in z-butanol/water mixtures (chapter 2) we

have estimated a high mobility of c; in ¢-butanol (Chapter 3). Direct measurements of

the c; mobilities are needed.

The new research on amine/water mixed solvents requires that e; mobilities be

measured in these solvents also.

ii. Optical absorption spectra of e, in other amine/water mixtures:

The measured optical absorption spectra in 1-butylamine/water mixed solvent
(Chapter 6) show that the structure of the amine/water mixtures is quite different from that
of alcohol/water mixed solvent. Different amines have different molecular structure, and

would pack together differently in the liquid state. This would affect the properties of e;.

Optical absorption spectra should be measured in other amine/water mixtures to get more
information about c; and solvent structure.

iii. Reactivity of c; with inorganic ions in 1-butylamine/water mixtures:
We have started the study of e; reaction with organic solutes in

1-butylamine/water mixtures (Chapter 7). The study of e; reactions with ionic solutes

could show quite different composition dependences. This research also requires

measurement of the dielectric permittivities of the 1-butylamine/water mixed solvents.

iv. Reactivity of e; in other amine/water mixtures:

The reasons are the same as those in item ii.
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Appendix One

Experimental Methodology

I. Apparatus for Optical Measurement

A. Sample Cells

Cells of Spectrosil Quartz from VWR Scientific, and Cells of Suprasil Quartz
from Terochem Laboratories were used at atmospheric pressure for temperatures varying
from ~275K to ~453K. The inside dimensions of the width and height of the cell are 10

X 45 mm. For the measurements of the rate constants of e; in t-butanol/water mixed

solvents, the optical path length of the cells is 10 mm. For the measurements of the
optical absorption spectra of e; in 1-butylamine/water mixed solvents, two kind of
Spectrosil optical cells were used: 1¢ mm optical path length for pure water to 70 mol %
water, and S mm path for 50 mol % water to pure 1-butylamine. The cell was topped by

a graded seal so that it can be attached to a Pyrex glass tube.
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B. Irradiations, Optical, and Control Systems

1. Van de Graaff Accelerator

A Van de Graaff accelerator (type AK-60 2 MeV) manufactured by High
Voltage Engineering Corporation was used as the source of high energy electrons. The
maximum peak current delivered during a pulsed operation was 150 mA. Pulse widths
of 3, 10, 30, and 100 nanoseconds (ns), and 1 microsecond (us) were available. Of
these only 100ns pulse width was used to obtain an appropriate pulse of 340 fJ (2.1
MeV) electron beam, delivering a dose of ~4 Gy (J/kg).

A concrete maze shielded the entrance from the control room to the irradiation
room and accelerator. Closing and locking the iron gate at the control room end of the
maze sou ided a warning buzzer for 15 seconds. It was not possible to operate the
accelerator until the cessation of the buzzer. Unlocking the iron gate resulted in
immediate shut down of the accelerator.

Steering and focusing of the electron beam was normally done by fixing a piece
of phosphorescent paper to the end of the accelerator beam pipe. The paper could be
viewed by closed circuit television. Each pulse of electrons caused a visible glow where
it struck the nhosphor. Accurate steering and focusing were done by adjusting the
cureniin £ .c.romagnets. When equipment blocked visual observation of the end of the
beam pipe, steering of the beam was done by maximizing the optical absorption of

solvated electrons in a water sample.

2. Secondary Emission Monitor (SEM)

A secondary emission monitor indicated the relative duse tor each electron
pulse. It consisted of three thin metal foils placed inside the accelerator beam pipe
perpendicular to the path of high energy electron “eam (Figure A-1-1). These foils were

positioned near the exit window and they were made of cobalt-based, high strength alloy
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(Havar, obtained from the Hamilton Watch Company, Precision Metal Division). This

material (average atomic number 27) was better than gold (atomic number 79) because of
less beam attenuation by electron scattering

The diameter of these foils was 5 cm and they were 0.5 cm apart from each
other. The outer two were charged to +50 V relative to the central fcil at ground.
Passage of an electron pulse generated secondary electrons in the foils. The electrons
ejected from the center foil were collected by the outer foils, the net result being a current
flow from the center foil. Current flow occurred only during a high energy electron

pulse and was measured by a gated integrator, digitized and displayed on a digital

readout.

3. Optical System

(a) The light source was a high pressure Xenon arc lamp (Optical Radiation
Co., model XLLN1000) contained in a lamp housing (Photochemical Research Assoc.,
model PRA ALH220). A riradium-coated, off axis parabolic mirror (Melles Griot-02
POH 015) placed in the beam path absorbed the UV light with wavelength shorter than
320 nm. Formation of excess ozone was prevented by this. The lamp was run at 1000
W.

A schematic diagram of the path of the analyzing light is shown in Figure A-1-
2. The light shutter was used to protect the sample from unnecessary exposure. It was
opened for only 55 ms. The light beam was focused to near the edge of the side of the
irradiation cell facing the electron beam by using the above mentioned mirror. The light
b=am was reflected from front surface aluminized mirrors coated with silicon monoxide,
through: a 10 cm diameter hole in the 1.2 m thick concrete wall, to the contro! room.

Finally, the light was focused into the monochromator housing by a concave ruirror.
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(b) Monochromator grating and filters:

i) The measurements of rate constant Kgps:

A Bausch and Lomb monochromator grating, type 33-86-25, was used with the
grating type 33-86-03 (700-1000 nm), and a Corning filter type CS-2-64 (700-1000
nm). The light intensity reaching the detector was controlled by adjusting the slits on the
monochromator. The wavelength of the analyzing light was 850 am with bandwidth
9 nm, to obtain an opiimal absorption sigaal.

ii) The measurer-ent of the optical absorption spcstrum measurements:

Bauch # «i Lomb monochromator gratings 1350 (No. 33-86-02) for 400-800
nm, i35 {No. 33-86-03} for 700-1200 nm, and high-intensity monochromator (no.
53-86-78) for 1100-2600 nm were used in the measurements. Corning filters were
placed in front of the monochromator to eliminate higher order light interference: CS 4-
97 for 400-500 nm, CS 3-72 for 500-650 nm, CS 2-58 for 650-1050 nm, LL-1000 for
1050-1800 nm, and RL.-1500 for 1800-2600 nm.

(c) Data acquisition and plotting: The light detector (pin silicon photodiode Sis
040) was sensitive over the wavelength range 400-1100 nm. The 3 to 97% response
time of the detector, araplifier and transient digitizer (Tektronix R7912) was 6 ns. The
signa! to noise ratio of the differential amplifier (Tektronix 7A13) was increased by using
the 5 MHz filter, which gave a system response time of 96 ns. For the measurcment of
absorbance at wavelengths >1050 nm, the IrSb infrared detector (Mode! i1935-1S) was
used and is sensitive from 1050 nm to 2600 r5.. The 3 to 97% response time of the
detector, amplifier ana transient digitizer (Tekronix R7912) was 35 ns. The signal to
noise ratio of the differer:ial amplifier (Tektronix 7A13) was increased by using the
5 MHz filter, which gave a system response time of 96 ns.

The incident light intensity at the detector, recordzd as a voitage on a digital
multimeter (Fluke 8810A), was displayed on an oscilloscope (Tektronix R7623). The

signals were displayed as piots of voltage against time on a digital plotter (Zeta1200).
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All information related to the particular signal, such as total light intensity (Ip), dose,

temperature, sensitivity, time scale, half-life trace, and cell holder number were also

printed on the chart.

4. Temperature Contro’ System

(a) Cooling and heating: ‘Iemperatures from 277K to 298K were achi - -
boiling liquid nitrogen and regulating the temperature of the nitrogen gas by a heaw. .
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) which
was fixed to a lid, fitted snugly into the neck of the Dewar. This pipe cxtended to the
bottom of the Dewar. A nichrome heating coil (600W) was attached to the inside of the
steel pipe to about 7 cm from the bottom.

A Rubatex f.-am-rubber pipe (1 meter long) was used to transport the cold
nitrogen gas to the sample box. Both ends of the pipe had glass inserts to which a
leather seal was connected. Before entering the cell box, the cold gas that came through
this pipe flowed through another stainless steel pipe (2.5 cm diameter) that had another
nichrome heating wire (0.24 mm diameter, 4 m long) inserted inside it. The temperature
of the nitrogen gas was regulated by this heating wire.

A laboratory heat gun (Master Appliance Corporation, Mode: AH)751) was
used to achieve temperatures from 296K to 372K. The nichrome wire heated the air to
the required tcmperature.

(b) Cell holder box: A box insulated with foam glass (Pittsburgh Corning
Corporation) contained eight holders which were mounted on a circular (7 cm diameter)
aluminum base. The base was connected to a motor so that the cells holder could make
clockwise and counterclockwise full cycle rotations when the celis were not being

irradiated. Just before irradiation the pre-selected cell stopped in the front of the electron
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exit window. The gas that flowed through the holes in the aluminum base was stirred by

the rotating cell holder before leaving via a hole (2.5 cm diameter ) in the lid.

A thermocouple mounted in a cell (Thermocouple cell) filled with solvent
monitored the temperature of the system. The temperature controller (Taylor Microscan
1300) utilized a temperature sensor which was fixed to one of the cell holders. A Fluke
Digital thermometer (Model 2100A) displayed the temperature of the thermocouple. The
temperature of the thermocouple cell and the difference between the temperature setting
and the cell holder were plotted on a chart recorder (Ulevite Corporation, Model Brush
Mark 220). When the chart recorder displayed a steady temperature for a period of 30
minutes the thermal equilibrium in the system was deemed to be established. At this

time, the variation of the temperature of the thermocouple cell was only 10.1 K.

II.  Apparatus for Electrical Conductivity Measurement

A. Impedance Bridge

Conductivity measurements were done with an impedance bridge (type 1608-A,
General Radio Co.). It was a self-contained system which included six bridges for the
measurements of conductance, capacitance, resistance, and inductance, as well as the
internal generator and detectors for AC and DC measurements. To obtain the
conductance reading the variable resistor and capacitor were adjusted until the null
balance was achieved. Most of the time the conductance mode (Gp Mode) was used.
For the values of conducfances less than about 0.6 microSiemen, the bridge was set to
one of the capacitance modes (Cp or Cs Modes). Then vzlues of conductance were
calculated from the capacitance data. The oscillator frequency was ! kHz for AC

measurement.
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B. Conductance Cells

Pyrex conductivity cells (YSI3403) were obtained from Yellow Springs
Instrument Co., Inc. The temperature range of the measurements was ~277K to ~353K.
The cell chamber was 5 cm deep. The overall iength was 20 cm and the outer diameter
was 1.2 cm.

Graduated cylinders, 25 cm3 (16 cm long, 1.4 cm inner diameter), were used to
contain the electrolyte solutions. In order i have a tight seal between the container and
the cell, a rubber adapter made from No. 2 stopper was fixed to the ceil. Two layers of
Parafilm (American Can Co.) were wrapped around the adapter-container junction to
provide a tight seal, especially at high temperatures.

A secondary standard solution (YSI3161, specific conductance of 10005
mS/cm) available from Yellow Springs Instrument Co., Inc. was used to calibrate the
cells. This solution contained water, 0.002% jodine (an anti-microbial), and potassium
chloride (ACS Reagent Grade).

The electrodes of the cells were coated with platinura black which was vory
important for cell operation. When the electrodes looked gray the cells were replatinized
using a replatinizing solution (YSI3140) on a platinizing instrument (YSI3139). The
current was kept at about 50 milliamp during the platinization. When a strong clearing of
the cells was required they were treated with a solution of equal parts of isopropyl

alcohol and 10 M HCl before the replatinization.

C. Constant Temrerature Bath

A 10 L glass Dewar filled with water was used to measure conductances at

various temperatures (Figure 4-1-3). Inserted in this water were a motor controlled
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stirrer, a refrigeration unit (Tecumseh Model ABi243 AA), a heating coil, and a knife-

heater (Cenco, 53 ohm, 350W). The heating coil was controlled by a variable
transformer (Ohmite, Model VT). It was mainly used for the faster change of
temperature from one setting to the another. The knife-heater was controlled by a
temperature regulating system (Figure A-1-4). The temperature was measured with a
platinum resistance digital thermometer (Fluke, Model 2189A) to 10.01 K. A chart
recorder (Hewlett Packard, Model 7100B) was used to record the temperature variation
in the bath. When the chart recorder displayed a steady temperature for a period of 30
minutes the thermal equilibrivm in the system was deemed to be established. At this

time, the variation of the temperature in the bath was only 10.01K.

III. Experimental Techniques

A. Purification Methods

i) Water

Single distilled water was further purified in a Barnstead Nanopure 1I ion
exchange device. The hali-life of the solvated electrons after a 100 ns pulse of 340 fJ
electrons (4 J/kg) at 298 K was > 10 ps.

ii) #-Butanol

The #-butanol was obtained from BDH (Assured grade, 98%), and later from

Fluka (>99.7%). The purification method was similar to that in ref, 11a. +-Butanol was
dried at 304 K for at least one week on Davison 3A Molecular Sieves, then bubbled with
UHP argon (99.999%, Liquid Carbonic Canada) and treated with sodium borohydride (2
g/L) under argon at 323 K for 24 hrs. Then the alcohol was fractionally distilled under
argon through an 80 x 2.3 cm column packed with glass beads (6 mm). The first 20-
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25% of the distillate was discarded; distillate was collected after there was no further

reduction in optical absorption between 260 and 280 nm, which is due to carbonyl
compounds (12). The middle 50% portion was collected and stored in a flask under
argon positive pressure. The water content, measured by Karl-Fisher titration, was 0.05
mol %. The solvated electron half-life after a 100 ns pulse of 340 {7 (2.1 MeV) electrons
(4)/kg) at 300 K was over 10 ys.

iti) 1-Butyl amine

1-Butylamine (Fluka, >98%) was treated for 24 hours with potassium and
sodium alloy under UHP argon (99.999%, Liquid Carbonic Canada Ltd.) at 330 K.
Fractional distillation was the same as described above in the purification of t-butanol.
The water content, measured by Karl-Fisher titrat:on, was 0.09 mol %. The solvated
electron half-life of pure 1-butylamine after a 100 n3 pulse of 340 fJ (2.1 MeV) electrons
(4 V/kg) at 298 K was about 4 is.

iv) Toluene

Toluene (HPLC grade, >99.8%) from Sigma-Aldrich was purified in the same
way as described in the purification of 1-butyl amine above.

v) Other solutes were used as received.

B. Sample Preparation

New glassware, including the Spectrosil cells, were cleaned according to the
following procedure. First they were rinsed with ethanol, and then snme concentrated
nitric acid was added and allowed to react with residual ethanol to generate heat. The
acid was discarded and the cells were washed many times with distilled water. In early
experiments they were then washed with dilute potassium hydroxide solution, but this
stzp was found to be unnecessary, and was deleted. Finally the cells were rinsed many

times with Nanopure water and dried at ~383 K in an oven.
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t-Butanol/water and 1-butyl amine/water mixed solvents were prepared in a one

L volumetric flask, by volume measurements at 298 K. Solid solutes were weighed into
proper volumetric flasks on an analytical balance (the precision was 1 mg) and liquid
solutes were measured by the volumetric pipettes. The solutes were then dissolved in the
mixed solvent to get the stock solution. Sample solutions were made by diluting
aliquots of stock solution, using volumetric pipettes. For the measurement of the rate
constant of phenol in pure water, phenol was melted in the bottle by placing the bottle in
warm water, then phenoi was pipetted into a volumetric flask and Nanopure water was
added. For the rest of the measurements of phenol reaction rate, phenol crystals were
taken out of the bottle and placed in a watch glass, and then crystals of phenol without
any color were scooped into a beaker to weigh. Then solveni was added, and the
solution was transferred to a volumetric flask for final dilution. Four to six sample

solutions with different concentrations were prepared for each solute.

C. Removai of Oxygen from Samples

The sample solutions were poured into quartz optical cells, deaerated by
bubbling with ultra high pure argon, and sealed before the measurements. The bubbling
system (Figure A-1-5) was made by connecting 1 mL syringes to long Pyrex tubes.
Pyrex/Teflon stopcocks (No. 72 Canadian Laboratory Supplies Ltd.) at the top of the
syringes controlled the gas flow. Bubbling was done through long stainless steel
needles (30 cm long, and 0.625 mm inner diameter) attached to the syringes. The rate of
bubbling was ~17 cm3/min. The bubbling for r-butanol/water mixed solvent sample
solutions was about 25 minutes, and for 1-butyl amine/water mixed solvent sample
solutions was about 15 minutes. The sealing procedure is illustrated in Figure A-1-6.

Step one took place at room temperature. The syringe rieedle was then withdrawn to just
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above the liquid as shown in step two and the argon flow rate was increased. The area

around the sealing position was heated by a low flame to flush the volatile substances
from the glass wall. The syringe needle was then further withdrawn as illustrated in step
three and the seal was made as rapidly as possible.

D, Rate Constant Measurement

1 Half-life and k,ps Measurement
The solvated electrons generated in the electrolyte solutions made from the
alcohol/water mixed solvents can react with the solvent molecules (ROH) or the solvated

ions (S) according to the following equaticns:
[A-1] € + ROH—ROs" +H

[A-2] €, + S — products.
Both reactions are first-order since the concentration of the solvent and of the reactant

ions are much larger than that of ¢.. Therefore, the observed first-order rate constant
from the e, optical absorption decay curve s,

[A-3] kobs = kl + k2 [S] ,

where k; is the first order rate constant of the reaction [A-1], k5 is the second order rate

constant of reacuon [A-2], and [S] is the concentration of the reactant ion.

Since the reaction of e with the solvent amine and water is negligible under our

conditions (15), we only consider the following reactions:
[A-4] ey +Ig —» Products, ki

[A-5] e; + 83— Products, ko
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where I; represents residual impurities in the solvent and those produced by the radiation

pulse, and S; is an added solute. The observed first-order decay rate constant
[A-6]  kobs =ki[I] +ka[S]

was measured for the pure solvent and six concentrations of solute S.

The optical absorption decay curve of the solvated electrons in each solution
was measured at a wavelength which gave the optimal source intensity and €. absorption
signal. Figure A-1-7 shows an example of the decay curve of the solvated electrons in
0.091 mol/m3 of ammonium nitrate in 1-butanol/water mixed solvent, of 35 mol% water
at315.0K. The optical absorption decay half-life of the solvated electrons was computed
as a function of time in each measurement, and recorded along with the optical
absorption trace. The half-life was then obtained by measuring the vertical distance
between the reference point ( the lower + mark in Figure A-1-7) and the half-life trace. A
time-independent half-life horizontal trace corresponds to first-order decay. The decay
curve of solvated electrons at the beginning of the decay v.as sometimes not first order.
This initial fast decay could be due to the reaction of es” inside the microzones (geminate
reaction). Therefore, the beginning of the trace was ignored for the calculation of Lalf-

life in this case. From the half-life of the first-order decay kgps can be calculated,

[A-7] kobs =Ln2/ t12

where typ is the half-life of the first order decay. The kops value was calculated using an

average of two to four half-lives from consecutive measurements for each sample.

2, k2 and E; Measuremer:;
The second order rate constant k obtained from the slope of the plot of the first

order decay constants kops against solute concentration [S] (equation [A-3] and [A-6]).
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The number of pulses per sample was 2 or 3 at each temperature, and the numver of

temperatures per sample was 4 or 3.

For most reactions, the linear plots of kobs against the solute concentrations.
have positive intercepts at pure solvent. However, in the measurements of rate
constants of the reactions of solvated electron with perchloric acid, negative intercepts
were obtained in most compositions of #-butanol/water mixed solvents. This is because a
small amount of acid, equivalent to about 0.002 mol/m3, became absorbed on the wall
of the quartz cell. This had been observed earlier (K.N. Jha, G.L. Bolton, and G.R.
Freeman. Can. J. Chem. 50, 3073 (1972)). In these cases the linear slopes were
taken, ignoring the point for pure solven.

The values of ky obtained at different temperatures allowed the deterr. snate.> of
reaction paramei r such as activation energy Ep. It was derived from the plet of Ln ko

against the reciprocal of the absolute temperature:

[A-8] Inky=LnAj-Ep/RT

3. Effect of Impurities
(a) Impurity in the Solvent: When the impurity originates in the solvent, the

amount of the impurity at each solute concentration is the same.

[A-9] ¢, + I - products.

where I stands for impurity. In this case, We have:

[A-10] kobs = k1 + Ki[T] + k,[S]
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where [I] is the concentration of the impurity. The effect of the impurity appears in the

intercept of the kops versus [S] plot and has no effect on kp which is the slope. If k;[1]
>> kp[S] then all half-lives are the same regardless of different solute concentrations.
This occurs when the solute is an inefficient electron scavenger and the impurity an
efficient electron scavenger. Absence of efficient impurities was conformed by
me-.suring the half-life of the pure solvent.

(b) Impurity in the Solute: When the impurity originates in the solute, the

amount of impurity is a fraction p of the solute concentration [S].

[A-11} kobs =kj + (pk; +kg ) [S]

since p <105 for lithium nitrate and ammonium nitrate; <0.01 for ammonium
perchlorate, silver perchlorate, and lithium perchlorate; and <0.02 for copper(Il)
perchlorate and aluminum(IH) perchlorate, so for a solute of efficient eiectron scavenger

we have,

[A-12] k2 =Pki + ks = ks .

If the impurity was an efficient electron scavenger and the solute an inefficient electron

scavenger, the value of pk; could be similar to that of kg, hence kg = pk; +k,.
E. Optical Absorption Spectrum Measurement
1. Absorbance Measurement

In the measurements of the optical absorption spectra of ey in 1-butyl

amine/water mixed solvents, the decay traces (Fig.A -1-7) were measured at different
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wavelengths ranging from 400 nm to 2300 nm. Absorbance can be calculates’ from the

following formula;

[A-13] A=log(f—f°l—t)

where A is absorbance at time t after the beginning of the electron pulse, I, is the

incident analyzing light ir. volts and I is the absorbed light in volts at time t.

[A-14] AD =32 log-2p)

where A/D is absorbance normalized to SEM dose reading, Do/D is a dose
rormalization factor where D is the SEM dose and Dy is an average dose, usually
chosen to be 1.0 nanocoulomb from the SEM. When the solvated electron lifetime was
short, there was significant decay of the electrons during the pulse. This was
particularly true in the 1-butyl amine/water mixture compositions from 30 to 50 mol%

water at higher temperatures. A correction for the decay (A/D)¢ was applied where

necessary using:

[A-15] (AD)e=(ADlobs (),

where (A/D)ops is the observed normalized absorbance calculated from equation [A-14],

and

. = Ln2+t
[A-16] x==5=

where tp, is the pulse lergth in ns and t1/2 is the half-life of the decay in ns. In our
experiments, we used 100 ns pulse and the difference before and after the correction is
iess than 4% when the half-life of the decay is longer than 1 pus. Therefore, the

correction was made only if the 1 < 1 s.
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2. Dosimetry and Ge Vi~lue Calculation

The dose received by a sample was calibrated and calculated from in situ
actinometry. The routine actinometry used the optical absorption produced in oxygen-
saturated S mM KSCN aqueous solution. The molar absorption, €, (molar exzcr .on
coefficient) used was 7500/M/cm for (SCN); at478 nm. The wavelength of maximum
absorbance and the absorbance are independent of temperature from 293 to 332. All
dosimetry was done at 298 K. It was assumed that G(OH) = 2.8, which is the number
of OH radicals scavenged by SCN- in the aqueous solution for each 100 eV of dose
absorbed. Then the dose in eV/g was calculated from the absorbance measured from the
optical decay curves by

- AN
€-G(OH)-b-d-10

[A-17] (eV/g)
where A is absorbance from equation [A-13], N is Avogadro's nurber, € is molar
absorptivity, b is optical path length, and d is the density of the solvent.

After the calibration of the dose received in a sample solution, the values of Ge
can be calculated by substitution of A obtained from the decay curves, known density of

the solvent, and fixed value of optical path length into equation [A-17].

3. Optical Absorption Spectra and Parameters

The valucs of Ge were plotted against the corresponding energies (2J) to get the
optical absorption spectrum of €.~ in a solvent at a certain temucrulare (see Fig.6-1 and
6-4). Then the parameters Geamax, Eamax. Er, Ep, Wi, W, and Wp can be
obtained from the spectrum. For each solvent composition the measurement of the

spectrum was done at least at three different temperatures *o get e temperature

coefficient -%ﬂ 3
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F. Electrical Conductivity Measurement

Most of the time the conductance mode (Gp) was used. The specific

canductance (Agps: S/m) was calculated from the following equation,

[A-18] Aghs =CL

where L is the conductance (is S: Siemen) and C is the cell co:ant (m-1). For
conductances in tie range: 0.1 < L <0.6 m3, the bridge was set to one of the
capacitance modes (Cp) and the conductance was calculated from ihe capacitance data

using the following equation,

[A-19] L=oCpD,

where @ is the phase angular speed (radian/s) of the AC voitag=, Cp 5 ne capacitance
(picofarad) and D is the dissipation factor. For conductances L < 0.1 mS, the bridge
was set to the other of the capacitance modes (Cs ) and the conductance wz  alculated

from the capacitance data using the foilowing equation,

[A-20] L=wCD/(1+D? .

To test the detection limit of the apparatus, the dry cells were connected to the
impedance bridge and the specific conductance was incasured. Te average dry cell's

specific condur .ance was 1.2 pS/m, which indicated a lower limit for the electrical
conductivity measurement. The sperific conductance of pure water used was controlled
to be < (.1 mS/m and those of pure iso-butanol or 1-butanol were < 3.0 pS/m at 298K.
The specific conductance of the mixed solvent varied as a function of composition (see
Figure 5-1 to 5-3). The molar conductance (A) was obsained fiom the plot of specific
conductance against solute concentration. The activation energies of the conductivities

(EA) were obtained from the plots of the Ln A against the reciprocal of the absolute

temperature.
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Appendix Two

Experimental Results

In this part, we report the experimental results of:
i) the reactions of solvated electrons with lithium nitrate, ammonium ¥, 2,
ammonium perchlorate and nerchloric acid in ¢-butanol/water mixtures;
ii) the reactions of solvated electrons with nitrobenzene. acetone, phenol and

toluene in 1-butylamine/water mixtures;

iii) the electrical conductivity :neasurements of lithium nitrate, ammonium nitrate,
ammonium perchlorate, perchloric acid and lithium perchlorate in r-butanol/water
mixtures;

iv) the optical absorption spectra of solvated electror.- in 1-butylamine/water

mixtures.

1. Results of The Rate Constsrnt Measurements in

t-Butanol/water mixtures

The rate constant measurements for the reactions of solvated electrons with
lithium nitrate, ammonium nitrate, ammonizm perchlorate and perchloric acid in
t-butanol/water mixtures were carried vut in the following compositions in mol% water:
0.0, 5.0, 100, 30.0, 50.0, 7.0, 90.0, 97.0, and 100.0. The units of the

concentration of salts, the first order rate constant (kobs) and the second order rate

coustant (ko) are indicated in the ta5les.
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Table A-2-1. The valv:: of kops of the rea.  ons of soivated electrons with
ammonium nitraix i+ i-put~nol/water mixed solvent.

Composition:  Water

C (Salt) kops (10957T)

(102mom®) | 2845K 299.4K 3139K 3272K 3438K
0.00 0.05 0.06 0.08 0.11 0.13
2.00 0.20 0.28 0.38 0.47 0.63
4.00 0.34 0.53 0.65 0.81 1.08
6.00 0.44 0.67 0.88 1.14 1.44
8.00 0.61 0.89 1.1 1.52 1.86
10.0 0.72 1.08 1.44 1.78 2.35
12.0 0.84 1.28 1.65 2.23 2.77

Composition: 97 mol% Water

C (Salt) kobs (10s71)
102moln’) | 2850 K 2983 F _ 3126 K 3282K 3429 K

0.00 0.03  0.05 0.04  0.07 0.08
2.00 0.12 017 n24 034 0.42
4.00 0.19 030 040 0.5 6.71
6.00 026  0.40 054 (.79 1.01
8.00 035 055 0.75 1.4 1.26
10.0 0.42  0.65 089 1.2 P
12.0 050  0.79 1.08 1.43 1.88

Composition: 90 mol% Water

C (Salt) kops (10°s°1)

(107 molim’) ] 2834K 2988 K  313.8K 3284K 3420K
0.00 002 0.03 0.04 007 0.08
2.00 0.06  0.11 018 0.24 0.32
4.00 0.09 0.8 028 036 0.50
6.00 0.13 025 038  0.53 0.70
8.00 0.32 0.51 070 0.90
10.0 0.21  0.40 0.58 085 1.07
12.0 026 0.49 0.69 _ 1.05 1.35
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Tabk 4-Z-1 continued

Comyosition: 70 mol% Water
C (Salt) kaps (1065°1)

(102molm3) | 2832 K  2984K 313K 3285K 3430 K
0.00 0.03 0.03 0.06 0.07 0.10
4.00 0.05 0.08 0.15 0.22 0.30
8.00 0.09 0.15 0.28 0.36 0.56
12.0 0.11 0.19 0.33 0.52 0.75
16.0 0.27 0.49 0.75 0.97
20.0 0.17 0.35 0.56 0.89 1.26
24.0 0.24 0.46 0.73 1.13 1.50

Composition: 50 moi% Water
C (Salt) kops (106 5°1)

(102molm%) | 288.5K 2984 K 3138 K 3280k 3429K
0.00 0.017 0.02 0.05 0.¢: 0.08
2.00 0.17 0.30 0.49 S0
4.00 0.18 0.33 0.59 1.04 ' 0g
6.00 0.27 0.44 0.82 1.35 2.15
8.00 0.35 0.58 1.01 1.82 2.77
10.0 0.48 0.78 1.39 2.34 3.69
12.0 0.56 0.95 1.60 2.83 4.3¢

Composition: 30 mol% Water
C (Salt) kops (10957T)

(102molm3) | 2896 K 2988 K 3139 K 3284K 3429K
0.00 0.04 0.06 0.12 0.18
1.00 0.12 0.18 0.33 0.51 0.74
2.00 0.18 0.28 0.52 0.81 1.12
3.00 0.23 0.35 0.69 1.08 1.61
4.00 0.52 0.94 1.48 2.17
5.00 0.44 0.66 1.10 1.93 2.67
6.00 0.54 0.77 1.36 2.35 3.38
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Composition: 10 mol% Water
C (Sal) kops (10°5°1)

(102mokm®) | 288.5K 2984 K 313.8K 3283K 3429K
0.00 0.04 0.06 0.11 0.15 0.24
1.00 0.07 0.11 0.18 0.27 0.37
2.00 0.12 0.18 0.29 0.45 0.57
3.00 0.16 0.23 0.40 0.64 0.81
4.00 0.19 0.30 0.48 0.72 0.98
5.00 0.24 0.36 0.61 0.94 1.24
6.00 0.27 0.40 0.70 1.08 1.43

Composition: S mol% Water

C (Salt) kops (10957)

(102 molm3) | 208.6 K 309.2 K 321.0K  331.1 K 3428K
0.00 0.09 0.07 0.14 .17 0.28
0.75 0.10 0.14 0.21 0.28 0.42
1.50 0.1%8 0.20 0.31 0.43 0.61
2.25 0.19 0.28 0.41 0.53 0.79
3.00 0.22 0.35 0.47 0.65 0.90
3.75 0.28 0.40 0.58 0.81 1.10
4.50 0.33 0.49 0.66 0.92 1.29

Composition:  r-Butanol

C (Salt) kobs (10951

(102 mol/im3) | 2987 K  308.5 K 3188 F 3284K 3420K
0.00 0.05 0.09 0.15 0.30 0.49
1.00 0.07 0.13 0.19 0.38 0.84
2.00 0.10 0.17 0.31 0.51 1.01
3.00 0.13 0.20 0.36 0.60 1.28
4.00 0.14 0.22 0.44 0.72 1.51
5.00 0.16 0.29 0.51 0.87 1.82
6.00 0.20 0.25 0.61 1.08 2.17
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Table A-2-2. Tempcrature and composition dependences of ks for the reaction of N
with ammonium nitrate in r-butanc¥water mixed solvents.

Water T ko Water T ko
mol% (K) (106 m3/mols) | mol% X) (10% m3/mol-s)
100 284.5 6.9 30 289.6 8.0
2994 10. 298.8 12.
3139 14, 3139 21.
327.8 17. 3284 35.
343.8 A 3429 51.
97 283.0 4.0 10 288.5 4.2
298.3 2 298.4 6.4
312.6 8.¢ 313.8 11.
328.2 12. 328.3 17.
343.9 15 342.9 22.
00 283.4 2.0 5 298.6 6.4
298.8 3.6 309.2 9.2
313.8 5.5 321.0 13.
3264 8.2 331.1 17.
342.0 11. 342.8 24,
70 283.1 0.83 0 298.7 12.
298.4 1.6 308.5 19.
313.9 2.8 318.8 32.
328.3 4.4 328.4 54,
343.0 6.1 342.0 int
5G 288.5 4.8
298.4 7.5
313.8 13,
328.3 24,
342.9 36.
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Table A-2-3. The values of kgpg of the reactions of solvated electrons with lithium
nitrate in ¢-butancl/water mixed solvent.

Composition:  Water

C (Salt) kaps (1065°1)

(102molim%) | 283.1 K 2987K 313.8K 3284K 3440K
0.00 0.18 0.23 0.31 0.41 0.49
2.00 0.27 0.36 0.44 0.61 0.74
4.00 0.33 0.47 0.59 0.81 0.98
6.00 0.49 0.67 0.86 1.13 1.4¢
8.00 C.o3 0.92 1.20 1.50 1.81
10.0 0.75 1.20 1.51 1.87 2.25
12.0 s 1.35 1.72 2.21 2.74

Composition: % . -0i% Water

C (Sal) kops (10°s°1)

A0Zmolim®)| 2832K 208.1K  3133K_ 327.8K 3433 K
0.00 0.04  0.05 0.07 .11 0.14
2.00 0.11 0.8 0.25  0.33 0.44
4.00 0.19 030 040  0.55 0.76
6.00 0.27  0.40 0.54 074 0.97
$.00 034 0.4 0.74 097 1.29
10.0 045 073 .06 131 1.73
12.0 0.50_ 0.2 114 146 2.05

Comporition: 90 mol% Water

C (Salt) kobs (106 S-l) -
(102 moVmd) | 2828 K 2907 K 2980K 3134K 3280K 3435K
0.00 0.03 0.05 0.05 0.07 0.10 0.14
2.00 0.06 0.09 0.10 0.16 0.21 0.29
4.00 0.10 0.13 0.17 0.28 0.37 0.49
6.00 0.i2 0.17 0.21 0.34 0.48 0.62
8.00 0.15 0.22 0.27 0.46 0.64 0.81
10.0 0.20 0.27 0.34 0.56 0.78 0.99
12.0 0.25 0.33 0.41 0.65 0.93 1.22
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Table A-2-3 continued

Composition: 70 mol% Water

C (Salt) Kops (109s°1)

(102molm3) | 2828 K 2907K 298.1K 3135K 3339K 3484K
0.00 0.03 0.04 0.04 0.07 0.10 0.14
4.00 0.05 0.07 0.10 0.14 0.21 0.28
8.00 0.07 0.10 0.12 0.22 0.34 0.43
12.0 0.10 0.14 0.20 0.33 0.50 0.63
16.0 0.09 0.16 0.24 0.37 0.60 0.79
20.0 0.15 0.22 0.30 0.46 0.75 0.95
24.0 0.19 0.24 0.36 0.58 0.88 1.16

Composition: 50 mol% Water

C (Salt) Kops (109571
(102moV/m3) | 282.8 K 298.3 K 3136 K 3283 K 344.1 K

0.00 0.03 0.06 0.09 0.12 0.20
7.00 0.03 0.07 0.10 0.14 0.22
14.0 0.05 0.09 0.17 0.23 0.36
21.0 0.08 0.17 0.27 0.41 0.56
28.0 0.13 0.21 0.42 0.63 0.91
35.0 0.15 0.27 0.50 0.80 1.12
42.0 0.17 0.33 0.59 0.96 1.37

Composition: 30 mol% Water

C (Salt) kgbs (1095°1)

(102moVm?) | 2852 K 2983 K 3126 K 3282 K 3438 K
0.00 0.01 0.03 0.04 0.08 0.10
7.00 0.06 0.07 0.13 0.25 0.38
14.0 0.06 0.12 0.24 0.40 0.66
21.0 0.11 0.21 0.40 0.70 1.08
28.0 0.29 0.29 0.53 0.84 1.41
35.0 0.27 0.40 0.69 1.13 1.79
42.0 0.22 0.46 0.79 1.40 2.18
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Table A-2-3 continued

Composition: 10 mol% Water

C (Salt) Kops (1065°1)

(102moUm3) | 289.6 K 2987K 3137K 3281K 3426K
0.00 0.03 0.04 0.07 0.11 0.14
7.00 0.07 0.11 0.22 0.35 0.58
14.0 0.12 0.20 0.38 0.62 0.84
21.0 0.16 0.28 0.51 0.80 1.24
28.0 0.37 0.70 1.08 1.61
35.0 0.43 0.80 1.37 2.17
42.0 0.32 0.52 0.95 1.55 2.54

Composition: 5 mol% Water

C (Salt) kops (106s°1)

(102 molm?) | 298.6 K 308.5 K 3193K 3302K 3428 K
0.0n 0.03 0.04 0.07 0.10 0.21
7.00 0.12 0.21 0.35 0.54 0.92
10.5 0.19 0.30 0.50 0.70 1.25
14.0 0.29 0.44 0.68 1.10 1.48
17.5 0.29 0.50 0.71 1.13 2.04
21.0 0.33 0.54 0.87 1.35 2.22

Composition:  z-Butanol

C (Salt) kops (10957T)

(102molm®) | 2083 K 3083K 3183K 3282K 3384K
0.00 0.06  0.12 025  0.42 0.63
1.50 0.11 020 039  0.63 1.16
3.00 0.16  0.29 0.61  0.92 1.94
4.50 022  0.39 075 132 2.15
6.00 025 049 0.87  1.63 2.80
7.50 039  0.65 123 1.98 3.56

9.00 0.36 0.69 1.34 2.37 4.36
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Table A-2-4.  Temperature and composition dependences of k2 for the reaction of e
with lithium nitrate in t-butanol/water mixed solvents. '

Water T ko Water T ko
mol% (K) (106 m3/mols) | mol% (K) (106 m3/mol-s)

100 283.5 6.2 30 285.2 0.50
298.9 9.7 298.3 1.1
314.2 13, 312.6 1.8
3289 16. 328.2 3.1
343.4 19. 343.8 5.1

97 283.2 3.7 10 289.6 0.69
298.1 6.4 298.7 1.1
3133 8.8 313.7 2.2
327.8 11. 328.1 3.6
343.3 15. 342.6 5.8

90 282.8 1.9 5 298.6 1.6
290.7 2.5 308.5 2.8
298.0 3.2 319.3 4.0
3134 5.0 330.2 6.1
328.0 7.4 342.8 9.9
343.5 11.

70 282.8 0.73 0 298.3 3.1
290.7 0.96 308.3 6.5
268.1 1.3 318.3 13.
3135 2.1 328.3 22.
333.9 3.5 338.4 41,
348.4 4.3

50 282.8 0.38
298.3 0.79
313.6 1.4
328.3 2.3
344.1 3.2
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Table A-2-5. The values of kqps of the reactions of solvated electrons with perchloric
acid in ¢-butanol/water mixed solvent.

Composition:  Water

C (Acid) kops (106s1)

(102mol/m?) | 2853 K 298.4 K 3132 K 3282K 3422K
0.00 0.02 0.03 0.04 0.06 0.09
0.50 0.08 0.10 0.12 0.16 0.20
1.00 0.17 0.24 0.32 0.37 0.48
1.50 0.31 0.37 0.48 0.57 0.69
2.00 0.38 0.49 0.63 0.77 0.89
2.50 0.56 0.68 0.81 1.04 1.18

- 3.00 0.67 0.80 1.00 1.28 1.44

Composition: 97 mol% Water
C (Acid) kops (105s°1)

(102 mol/m®) | 2840 K 299.1 K 3136 K 3281 K 3426 K
0.00 0.01 0.02 0.03 0.04 0.05
0.20 0.05 0.08 0.10 0.12 0.14
0.40 0.09 0.13 0.19 0.23 0.27
0.60 0.21 0.29 0.36 0.45 0.55
0.80 0.24 0.30 0.39 0.49 0.60
1.00 0.31 0.40 0.51 0.65 0.76
1.20 0.37 0.47 0.61 0.74 0.91

Composition: 90 mol% Water

C (Acid) Kobs (106s°1)

(102molm?) | 2887 K 298.8K 3133K 3279K 3429K
0.00 0.02 0.02 0.05 0.06 0.07
0.30 0.08 0.11 0.16 0.19
0.60 0.17 0.17 0.26 0.33 0.41
0.90 0.22 0.31 0.42 0.54 0.69
1.20 0.30 0.39 0.55 0.70 0.94
1.50 0.39 0.50 0.72 0.92 1.20
1.80 0.47 0.63 0.87 1.13 1.42
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Composition: 70 mol% Water
C (Acid; kops (10°571)

(102molm3) | 289.8 K 298.8 K  313.3K 3279K 342.6K
0.00 0.02 0.03 0.04 0.06 0.07
0.15 0.08 0.12 0.16 0.21
0.30 0.08 0.13 0.19 0.28 0.38
0.45 0.14 0.21 0.34 0.48 0.66
0.60 0.18 0.28 0.44 0.64 0.87
0.75 0.31 0.37 0.56 0.80 1.07
0.90 0.29 0.42 0.67 0.95 1.31

Composition: 50 mol% Water
C (Acid) kops (106s°1)

(102mol/m3) | 287.5K 2992 K 3139K 3284K 3430K
0.00 0.02 0.03 0.05 0.05 0.08
0.20 0.02 0.04 0.08 0.11 0.14
0.40 0.05 0.08 0.14 0.24 0.37
0.60 0.10 0.16 0.30 0.46 0.67
0.80 0.17 0.28 0.44 0.69 1.01
1.00 0.21 0.36 0.61 0.94 1.36
1.20 0.35 0.64 1.02 1.61 2.52

Composition: 30 mol% Water
C (Acid) kobs (1065°1)

(102molm3) | 289.0K 298.8K  3133K 3279K 3424K
0.00 0.01 0.03 0.04 0.06 0.09
0.10 0.04 0.06 0.13 0.17 0.30
0.20 0.10 0.19 0.29 0.43
0.30 0.07 0.12 0.23 0.35 0.49
0.40 0.08 0.15 0.29 0.46 0.67
0.60 0.12 0.21 0.36 0.56 0.90




180

Table A-2-5 continued

Composition: 10 mol% Water
C (Acid) kops (106571)

(102 molm’) | 289.9 K  308.6 K 3189 K 3290K 3428 K
0.60 0.09 0.15 0.22 0.32 0.44
0.20 0.12 0.18 0.30 0.43 0.56
0.40 0.17 0.26 0.41 0.56 0.81
0.60 0.21 0.32 0.49 0.70 0.00
0.80 0.27 (.40 0.63 0.83 1.22
1.00 0.32 0.49 0.72 0.99 1.39
1.20 0.35 0.56 0.86 1.17 1.58

Composition: 5 mol% Water

C (Acid) Kops (10651
(102mol/m3) | 2990K 3085K 3192K 3286K  3424K

0.00 0.05 0.06 0.10 0.13 0.21
0.20 0.07 0.10 0.16 0.24 0.45
0.40 0.09 0.13 0.21 0.32 0.54
0.60 0.12 0.17 0.32 0.50 0.80
0.80 0.16 0.27 0.43 0.68 1.08
1.00 0.21 0.36 0.55 0.81 1.36
1.20 0.25 0.41 0.66 0.98 1.58

Composition:  ¢-Butanol

C (Acid) kops (109571)
(102 movm?» | 2995K 3087K 3189K 3300K
0.00 0.06  0.09 0.16  0.39
0.10 0.12 0.3 030  0.46
0.20 0.13  0.20 035  0.67
0.30 0.16 027 0.46  0.83
0.40 0.19 035 0.67 1.14
0.50 024 043 0.85 1.48
0.60 031 050 1.01 1.74




181

Table A-2-6. Temperature and composition dependences of kz for the reaction of ¢
with perchloric acid in s-butanol/water mixed solvents. '

Water T ko Water T ko
1n01% (K) (107 m3/mol's) | Mmol% (K) (107 m3/mol-s)
100 285.3 24 30 289.0 1.7
208.4 2.8 298.8 2.9
313.2 3.5 313.3 5.1
328.2 4.3 3279 8.4
342.2 5.0 342.4 13.
97 284.0 2.2 10 298.9 2.2
299.1 3.7 308.6 3.4
313.6 4.7 318.9 5.2
328.1 6.3 329.0 7.5
342.6 7.7 342.8 11.
90 288.7 2.8 5 299.0 2.2
298.8 3.8 308.5 3.7
313.3 5.3 319.2 5.9
327.9 6.9 328.6 8.7
342.9 8.8 3424 14,
70 289.8 3.0 0 299.5 4.7
298.8 4.4 308.7 8.2
313.3 7.3 318.9 17.
3279 11. 330.0 30.
342.6 15.
50 287.5 2.5
299.3 4.1
313.9 6.8
328.4 11.
343.0 15.
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Table A-2-7. The values of kops Of the reactions of solvated electrons with
ammonium perchlorate in -butanol/water mixed solvent.

Composition:  Water

C (Salp kobs (10°s°1)

(102 mol/m3) | 286.4 K 298.6 K 3133 K 3279K 3426K
0.00 0.50 0.70 0.98 1.28 1.49
500 0.75 1.10 1.51 2.18 3.57
1000 0.99 1.42 2.04 3.15 5.06
1500 1.06 1.59 2.37 3.83 6.30
2000 1.22 1.88 2.89 4.47 7.45
2500 1 1.28 2.03 3.27 5.25 8.15
3000 = 1.37 2.21 3.59 5.82 8.80

Composition: 97 mol% Water
C (Salt) kops (10°s°1)

(102molm3) | 2854 K  298.6 K 313.3 K 3280K 3422 K
0.00 0.32 0.48 0.67 0.94 1.22
150 0.42 0.71 1.21 1.90 3.18
300 0.50 0.87 1.40 2.37 3.94
450 0.60 1.03 1.69 3.07 4.95
600 0.73 1.22 2.07 3.36 5.68
750 0.68 1.32 2.27 3.77 6.48
900 0.82 1.46 2.64 4.33 7.45

Composition: 90 mol% Water
C (Salt) kops (109 s71)

(102 mol/m®) | 288.2 K  298.6 K 313.1 K 3284 K 3429K
0.00 0.19 0.21 0.28 0.43 0.55
150 0.48 0.82 1.35 2.24 2.72
300 0.64 1.00 1.67 3.10 4.80
450 1.54 2.48 4.13 6.67
600 1.41 1.87 3.12 5.21 8.35
750 1.59 2.30 3.96 6.54 10.8
900 © 1.95 2.85 4.85 7.70 12.2
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Table A-2-7. continued®
Composition:  Water

C (Salt) kops (105 5°1)

(102mom?) | 286.4K 2986K 3133K 3279K 3426K
0.00 0.49 0.53 0.7¢ 0.96 0.95
500 0.51 0.66 0.64 0.55 0.38
1000 0.65 0.80 0.82 0.83 0.76
1500 0.66 0.85 0.88 0.97 1.0
2000 0.75 1.0 1.2 1.2 1.3
2500 0.75 1.1 1.3 1.6 1.3
3000 0.79 1.2 1.5 1.8 1.2

Composition: 97 mol% Water
C (Salt) kops (10°s71)

(102mol/m3) | 2854 K 2986 K  3133K 3280K 3422K
0.00 0.31 0.45 0.62 0.83 1.0
150 0.30 0.47 0.74 0.99 1.5
300 0.33 0.53 0.73 1.1 1.6
450 0.39 0.62 0.87 1.5 2.1
600 0.48 0.74 1.1 1.6 2.4
750 0.41 0.79 1.2 1.7 2.8
900 0.52 0.88 1.5 2.1 3.4

Composition: 90 mol% Water
C (Salt) kops (10°s71)

(102molm3) | 2882K 2986K 313.1K 3284K 3429K
0.00 0.17 0.18 0.23 0.31 0.33
150 0.34 0.58 0.87 1.3 1.1
300 0.44 0.66 1.0 2.0 2.5
450 1.1 1.7 2.6 3.8
600 1.1 1.4 2.2 3.4 5.0
750 1.3 1.8 2.9 4.5 7.0
900 1.6 2.2 3.7 4.5 8.1

* Corrected values for water, 97 and 90 mol% water. Refer to chapter two for the
correction method.
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Tabie A-2-7 continued

Composition: 70 mol% Water
C (Salt) kops (106s°1)

(102motm?) | 2848 K 2986K 313.1K 3280K 3427K
0.00 0.04 0.08 0.10 0.13 0.18
50.0 0.18 0.32 0.54 0.85 1.48
100 0.27 0.44 0.72 1.19 1.80
150 0.35 0.62 1.11 1.70 2.67
200 0.44 0.79 1.26 2.04 3.30
250 0.53 0.91 1.54 2.48 3.90
300 0.58 0.99 1.62 2.33 3.71

Composition: 50 mol% Water
C (Salt) kovs (100571

(102molm3) | 283.5K 2986 K  313.0K 3280K 3426K
0.00 0.09 0.14 0.21 0.32 0.41
4.00 0.23 0.48 0.77 1.28 1.89
8.00 0.40 0.72 1.36 2.17 3.10
12.0 0.54 1.01 1.73 3.02 4.30
16.0 0.68 1.33 2.31 3.65 6.42
20.0 0.81 1.57 2.88 4,28 5.87
24.0 0.92 1.73 3.24 4.82 6.67

Composition: 30 mol% Water
C (Salt kops (109s7T)

(102 mol/m?) | 287.2K 2986 K 3135K 3284K 343.1K
0.00 0.46 1.57 3.15 4.88 4.50
2.00 0.20 0.34 0.59 0.96 1.25
4.00 0.35 0.60 1.12 1.93 2.95
6.00 0.51 0.90 1.61 2.57 3.59
8.00 0.67 1.17 2.20 3.27 4.75
10.0 0.84 1.52 2.65 4.18 6.30
12.0 0.99 1.80 3.18 4.53 7.15
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Composition: 10 mol% Water
C (Salt) kgps (106s°1)

(102mom3) | 208 7K 3089K 321.0K 3308K 3427K
0.00 0.03 0.04 0.07 C.12 0.17
1.00 0.15 0.25 0.35 0.46 0.61
2.00 0.27 0.38 0.59 0.72 0.92
3.00 0.38 0.56 0.79 1.08 1.39
4.00 0.44 0.68 0.92 1.22 1.78
5.00 0.57 0.80 1.21 1.49 2.07
6.00 0.67 1.01 1.33 1.71 2.24

Composition: 5 mol% Water
C (Salt) kops (106s°1)

(102molm®) | 2989 K 308.7K 319.6K 3294K 3426K
0.00 0.05 0.05 0.10 0.14 0.20
0.30 0.14 0.18 0.26 0.39 0.54
0.60 0.19 0.30 0.40 0.54 0.83
0.90 0.27 0.39 0.54 0.75 1.07
1.20 0.34 0.49 0.69 0.95 1.29
1.50 0.41 0.59 0.85 1.17 1.58
1.80 0.49 0.71 0.99 1.33 1.84

Composition:  r-Butanol
C (Salt) kops (1065°1)

(102moim3) | 2986 K 309.0 K 321.7K 3320K 3429K
0.00 0.10 0.18 0.30 0.51 1.04
0.50 0.14 0.28 0.54 0.77 1.48
1.00 0.20 0.41 0.75 1.01 1.87
1.50 0.29 0.53 0.83 1.45 2.49
2.00 0.34 0.69 1.25 1.95 3.24
2.50 0.42 0.78 1.44 2.28 3.85
3.00 0.51 0.89 1.61 2.69 4.2()
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Table A-2-8. Temperature and composition dependences of k for the reaction of €
with ammonium perchlorate in r-butanol/water mixed solvents *.

Water T ko Water T ko
mol% (K) (106 m3/mol-s) mol% (K) (106 m3/mol's)
100 286.4 0.0011 30 287.2 7.7
298.6 0.0020 298.6 14.
3133 0.0036 313.5 26.
327.9 0.0051 3284 40.
343.1 61.
97 285.4 0.0026 10 298.7 9.6
298.6 0.0048 308.9 14.
3133 0.0080 3219 21.
328.0 0.013 330.8 29.
342.2 0.025 342.7 38.
90 288.7 0.0014 5 298.9 9.7
298.6 0.019 308.7 14.
313.1 0.036 319.6 21.
3284 0.057 3294 36.
3429 0.085 342.6 51.
70 284.8 0.15 0 298.6 11.
298.6 0.34 309.0 26.
313.1 0.57 : 321.7 45.
328.0 0.98 332.0 78.
342.7 1.4 3429 116.
50 283.5 3.1
298.6 6.3
313.0 12.
328.0 19.
342.6 27.

* Corrected values for water, 97 and 90 mol% water. Refer to chapter two for the
correction method.
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Table A-2-9. The values of kops Of the reactions of solvated electrons with lithium
perchlorate in r-butanol/water mixed solvent.

Composition:  Water

C (Salt) kobs (10%s°1)

(102 mol/m3) | 2824K 298.6 K 3133K 327.8K 3427K
0.00 0.42 0.65 0.88 0.92 1.36
10000 0.46 0.67 1.03 1.12 1.58
20000 0.54 0.79 1.17 1.52 2.27
30000 0.62 0.90 1.31 1.78 2.71
40000 0.62 1.09 1.54 2.21 3.04
50000 0.60 1.10 1.65 2.34 3.27
60000 1.16 1.73 2.17 2.90 3.89

Composition:  ¢-Butanol
C (Salt) kobs (100s°1)

(102molm3) | 299.1 K 309.1 K  3190K 327.8K
0.00 0.10 0.14 0.21 0.39
10000 0.22 0.43 0.71 1.14
20000 0.23 0.43 0.72 1.14
30000 0.24 0.44 0.75 1.19
40000 0.25 0.45 0.77 1.21
50000 0.25 0.45 0.79 1.26

Table A-2-10. Temperature and composition dependences of k3 for the reaction of €
with lithium perchlorate in #-butanol/water mixed solvents.

Water T ko Water T ko
mol% (K) (102 m3/mols) | mol% (K) (102 m3/mol-s)
100 282.4 0.58 0 299.1 7.0
298.6 1.1 309.1 11.
313.3 2.0 319.0 22.
327.8 33 327.8 33.
342.7 4.8
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2. Results of The Rate Constant Measurements in

1-Butylamine/water mixtures

The rate constant measurements for the reactions of solvated electrons with
nitrobenzene, acetone, phenol and toluene in 1-butylamine/water mixtures were carried
out in the following compositions in mol% water: 0.0, 10.0, 30.0, 50.0, 70.0, 90.0,
95.0, and 100.0. In addition, the rate constants of e;” with phenol in 97.0, 99.0, 99.5
and 99.8 mol % water were measured, and the rate constants of e;” with toluene in 97.0
mol % water was measured. The units of the concentration of salts, the first order rate

constant (kobs) and the second order rate constant (k) are indicated in the tables.

Table A-2-11. The values of kops of the reactions of solvated electrons with
nitrobenzene in 1-butylamine/water mixed solvent.

Composition:  Water

C (Solute) kobs (10°s°1)

(102 moVm3) | 2844 K 298.4 K 3139 K 3284K 343.2K
0.00 0.035 0.050 0.075 0.080 0.11
0.50 0.14 0.23 0.30 0.41 0.53
1.00 0.25 0.37 0.53 0.69 0.89
1.50 0.40 0.62 0.83 1.1 1.4
2.00 0.50 0.74 1.1 1.5 1.9
2.50 0.87 1.0 1.4 1.9 2.4
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Table A-2-11, continved
Composition: 95 mol% Water

C (Solute) kops (109571)

(102mom?) | 2738 K 286.5K 2984K 313.9K 328.5 339.5 K
0.00 0.026 0.044 0.077 0.14 0.21 0.24
0.50 0.065 0.12 0.16 0.26 038 045
1.00 0.13 0.22 0.30 0.44 0.63  0.78
1.50 0.18 0.32 0.43 0.64 0.92 1.1
2.00 0.25 0.41 0.59 0.87 1.2 1.4
2.50 0.31 0.50 0.75 1.1 1.4 1.7

Composition: 90 mol% Water

C (Solute) kops (108571

102 mom® | 2717 K 283.4K 2985K 3139K 3285K 3414K
0.00 0.020 0035 011  0.11 0.16 0.4
0.50 0.069  0.14 020 030 038  0.51
1.00 0.14 020 034 050 0.67 084
1.50 0.18  0.32 0.46  0.69 090 I
2.00 024 037 059 085 115
2.50 030  0.44 0.73 1.1 14 18
3.00 038 056 0.89 1.3 17 22

Composition: 70 mol% Water

C (Solute) kobs (105s71)

(102 moVm?) | 268.4 K 278.0 K 289.7 K 299.6 K 3133 K 3279K 339.8K
0.00 0.11 0.17 0.28 0.37 0.60 0.94 1.2
0.75 0.17 0.24 0.38 0.51 0.75 1.1 1.5
1.50 0.22 0.35 0.50 0.67 0.99 1.4 1.8
2.25 0.28 0.42 0.63 0.86 1.2 1.7 2.3
3.00 0.35 0.49 0.75 1.1 1.5 2.0 2.7
3.75 0.40 0.58 0.89 1.2 1.7 2.5 3.1
4.50 0.46 0.65 1.0 1.4 2.1 2.7 3.6
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Composition: 50 mol% Water

C (Solute) kobs (105s57))

(102molm3) | 2456 K 2600K 271.5K 2864K 298.6K 316.7K
0.00 0.17 0.41 0.69 1.1 1.8 2.3
0.75 0.28 0.56 0.87 1.6 1.7
1.50 0.24 0.53 0.87 1.5 2.3 3.0
2.25 0.30 0.62 0.96 1.6 2.6 3.4
3.00 0.34 0.65 1.0 1.8 2.8 3.7
3.75 0.37 0.77 1.2 2.0 3.0 4.0
4.50 0.42 0.85 1.3 2.1 3.2 4.4

Composition: 30 mol% Water

C (Solute) kops (108571

(102 molm3) | 233.0K 2460 & 2606 K 2732 K 286.8K 2984K
0.00 0.11 0.20 0.48 0.75 1.2 1.5
0.25 0.15 0.31 0.54 0.80 1.4 1.6
0.50 0.16 0.35 0.61 0.85 1.5 1.8
0.75 0.17 0.35 0.61 0.94 1.5 1.8
1.00 0.18 0.37 0.68 0.92 1.5 2.0
1.25 0.22 0.40 0.76 1.1 1.7 2.2
1.50 0.23 0.44 0.77 1.1 1.9 2.2

Composition: 10 mol% Water

C (Solute) kobs (100 s°1)

(102molm3) | 2282 K 243.1K 2566K 2712K 2857K 298.6K
0.00 0.021 0.037 0.047 0.054 0.077 0.11
0.10 0.037 0.053 0.075 0.080 0.12 0.16
0.20 0.042 0.063 0.085 0.12 0.16 0.19
0.30 0.040 0.072 0.10 0.15 0.20 0.24
0.40 0.048 0.087 0.12 0.18 0.27 0.31
0.50 0.066 0.10 0.14 0.21 0.33 0.38
0.60 0.066 0.12 0.17 0.26 0.37 0.45
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Table A-2-11 continued

Composition:  1-Butylamine

C (Solute) kops (1095°1)

(102moVm®) | 2298 K 2433 K 2584K 2717K 2864K 2984K 314.8K
0.00 0040 0077 0.094 0.14 015 020 027
0.25 0.055 0.12 012 021 030 040  0.53
0.50 0.069  0.12 017 023 040 063  0.63
0.75 0.10  0.18 027 037 061  0.77 1.2
1.00 0.15 024 034 045 075 1.0 1.5
1.25 0.14  0.28 041  0.61 087 1.2 1.7
1.50 0.19  0.33 048  0.69 1.1 1.5 2.1
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Table A-2-12.  Temperature and composition dependences of k for the reaction of €
with nitrobenzene in 1-butylamine/water mixed solvents

Water T ko Water T ko
mol% (K) (107 m3/mol-s) | mol% (K) (107 m3/mol-s)

100 284.4 2.6 50 245.6 0.47
298.4 3.8 260.0 0.84

3139 5.2 271.5 1.2

3284 7.0 286.4 2.2

343.2 8.9 298.6 3.1
95 273.8 1.3 30 233.0 0.53
286.5 2.0 246.0 0.80

298.4 3.0 260.6 1.6

313.9 4.3 273.2 2.4

328.9 5.6 286.8 3.8

339.5 6.5 298.4 5.0
90 271.7 1.1 10 228.2 0.68

283.4 1.5 243.1 1.4

298.5 2.5 256.6 2.0

313.9 3.7 271.2 3.5

328.5 50 285.7 5.2

341.4 6.3 298.6 6.6
70 268.4 7.6 0 229.8 0.83

278.0 1.1 243.3 1.6

289.7 1.7 258.4 2.4

299.6 2.3 271.7 3.7

313.3 3.3 286.4 6.1

327.9 4.6 298.4 8.2

339.8 5.6 314.8 12.




193

Table A-2-13.  The values of ko Of the reactions of solvated electrons with acetone in
1-butylamine/water mixed solvent. .

Composition: ~ Water

C (Solute) Kops (108s°1)
(102mom3) | 2784 K 2915K 298.6K 308.6K
.00 0.05 0.075 0.11 0.12
10.0 0.55 0.77 0.94 1.2
20.0 1.5 2.1 1.9 2.9
30.0 1.5 2.1 2.5 2.9
40.0 1.8 2.8 3.1 3.8
50.0 2.4 3.9 4.7

Composition: 95 mol% Water

C (Solute) kovs (108571

102moim?) | 2731 K 2874K 2984K 3139K 3284 K
0.00 0.062 0.1 0.18  0.29 0.39
5.00 0.099  0.19 030 044 0.64
10.0 0.15 032 046 0.5 0.99
15.0 021 042 0.64 096 1.4
20.0 028  0.54 080 1.2 1.7
25.0 037  0.67 1.0 1.6 2.1
30.0 0.41 078 1.2 1.9 2.7

Composition: 90 mol% Water

C (Solute) kobs (10651

(102molm?) | 270.7 K 284.8K 2989K 3139K 3284 K 343.0K
0.00 0.046  0.084 0.15 0.23 033 0.5
5.00 0.083  0.16 0.27 0.43 0.66  0.92
10.0 0.12 0.22 0.42 0.69 1.0 1.3
15.0 0.15 0.31 0.57 0.87 1.3 1.8
20.0 0.19 0.38 0.69 1.1 1.7 2.1
25.0 0.22 0.46 0.83 1.3 2.0 2.7
30.0 0.28 0.54 0.99 1.6 2.5 3.1
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Table A-2-13, continued
Composition: 70 mol% Water

C (Solute) | kops (10°5)

(102 movm3) [ 261.1 K 272.8 K 2867 K 298.6 K 313.0K 3284 K 343.0K
0.00 0.085 0.13 0.21 0.34 0.53 0.86 1.4
5.00 0.10 0.15 0.27 0.42 0.72 1.2 1.7
10.0 0.11 0.19 0.33 0.48 0.87 1.3 2.2
15.0 0.13 0.22 0.38 0.59 0.99 1.6 2.5
20.0 0.14 0.24 0.41 0.65 1.1 1.8 2.7
25.0 0.15 0.27 0.46 0.74 1.3 2.1 2.9
30.0 0.17 0.29 0.53 0.87 1.4 2.3 3.4

Composition: 50 mol% Water

C (Solute) Xops (10971

(102 molim3) | 243.1 K 257.2K 2717 K 2864 K 2985K 3139K
0.00 0.14 0.37 0.74 1.3 2.2 3.5
2.50 0.15 0.39 0.77 1.3 2.2 3.6
5.00 0.15 0.40 0.79 1.4 2.3 3.8
7.50 0.16 0.41 0.81 1.4 2.4 3.9
10.0 0.17 0.41 0.83 1.4 2.5 4.0
12.5 0.18 0.46 0.89 1.5 2.5 4.1
15.0 0.18 0.47 0.93 1.6 2.6 4.2

Composition: 30 mol% Water

C (Solute) kops (1065°T)

(102 molim3) | 230.1 K 240.3 K 250.7 K 2609 K 2723 K 2850K 298.5K
0.00 0.13 0.23 0.43 0.65 0.99 1.5 2.0
5.00 0.17 0.30 0.53 0.75 1.2 1.7 2.3
10.0 0.19 0.33 0.55 0.79 1.3 1.8 2.5
15.0 0.20 0.37 0.58 0.94 1.4 2.0 2.7
20.0 0.20 0.38 0.63 0.94 1.4 2.0 2.9
25.0 0.20 0.39 0.65 0.96 1.5 2.2 3.0
30.0 0.22 0.41 0.69 1.0 1.6 2.4 3.3




Table A-2-13, continued

195

Composition: 10 mol% Water

C (Solute) kops (108s°1)

(102moim®) | 2342 K 2499K  2662K 2828K 2986 K 3139K
0.00 0.099 0.14 0.20 0.27 028 043
1.67 0.11 0.15 0.23 0.30 0.31  0.51
3.33 0.12 0.17 0.25 0.35 043 0.5
5.00 0.13 0.19 0.30 0.39 0.51 0.8
6.67 0.17 0.25 0.34 0.49 0.63  0.72
8.33 0.16 0.22 0.37 0.53 074  0.77
10.0 0.17 0.26 0.40 0.59 0.81  0.99

Composition:  1-Butyl Amine

C (Solute) kops (108s°T)

(102molm3) | 2322K 247.0K  260.0K 2707 K 2828 K 298.6 K
0.00 0.055 0.077 0.12 0.16 0.18  0.21
2.60 0.060  0.090 0.15 0.20 0.27  0.37
5.20 0.073 0.12 0.21 0.27 039  0.53
7.80 0.082  0.14 0.26 0.34 0.50  0.69
10.4 0.089  0.16 0.29 0.41 0.61  0.84
13.0 0.10 0.1¢ 0.32 0.50 0.69 1.1
15.6 0.11 0.22 0.37 0.57 0.77 1.3
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Table A-2-14. Temperature and composition dependences of k7 for the reaction of €,
with acetone in 1-butylamine/water mixed solvents

Water T | 9) Water T ko
mol% (K) (106 m3/mol's) { mol% (K) (106 m3/mol-s)

100 278.4 4.5 50 243.1 0.25
201.5 6.4 257.2 0.53

298.6 7.4 271.7 1.1

308.6 9.0 286.4 1.9

298.5 3.0

313.9 5.1
95 273.1 1.2 30 230.1 0.19
2874 2.3 240.3 0.34
298.4 3.6 250.7 0.56
313,9 5.8 260.9 0.99

3284 8.0 272.3 1.6

285.0 2.7

298.5 3.9
90 270.7 0.77 10 234.2 0.41
284.8 1.6 2499 0.92

298.9 2.8 266.2 1.9

3139 4.5 282.8 3.5

328.4 7.0 208.8 6.1

343.0 8.7

70 261.1 0.40 0 232.2 0.46

272.8 0.67 247.0 1.0

286.7 1.2 260.0 1.7

298.6 1.9 270.7 2.8

313.0 3.2 282.8 4.1

328.4 5.0 298.6 6.7

343.0 6.8
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Table A-2-15.  The values of kqps Of the reactions of solvated electrons with phenol in
1-butylamine/water mixed solvent.

Composition: ~ Water

C (Solute) Kops (109s1)

(102mokm3) | 2764 K 2886K 2986K 3139K 3284K 343.2K
0.00 0.018 0.027 0.033 0.043 0.052 0.079
500 0.064 0.10 0.14 0.22 0.31 0.37
1000 0.11 0.17 0.24 0.39 0.51 0.65
1500 0.15 0.26 0.35 0.55 0.77  0.99
2000 0.22 0.35 0.48 0.77 1.1 1.3
2500 0.26 0.43 0.60 0.92 1.3 1.7
3000 0.32 0.51 0.71 1.1 1.6 1.9

Composition:  99.8 mol% Water

C (Solute) kops (109s5°1)

(102mobm®) | 2741 X 2864K 2985K 313.8K 3284K 344.1K
0.00 0.011  0.015 0023  0.032 0050  0.077
500 0.014  0.021 0034  0.056 0092  0.13
1000 0.018  0.033 0.047  0.090 0.16 0.8
1500 0.020  0.038 0.060  0.12 024 039
2000 0.027  0.050 0.080  0.16 0.31 0.52
2500 0.029  0.053 0.094  0.21 0.37 0.65
3000 0.033  0.059 0.12 0.25 0.44 0.79

Composition:  99.5 mol% Water

C (Solute) kobs (10951

102molim®) | 2742 K 2864K 2985K 3139K 3284K 343.1 K
0.00 0.0092  0.015 0.023  0.037 0.059  0.094
500 0.015  0.020 0.035  0.061 0090  0.15
1000 0.017  0.026 0.042  0.077 0.13 0.20
1500 0.020  0.032 0051  0.099 0.18 0.28
2000 0.023  0.037 0063  0.11 022 035
2500 0.026  0.041 0070  0.14 026 041
3000 0.029  0.045 0.085  0.16 030  0.49
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Table A-2-15, continued
Composition:  99.0 mol% Water

C (Solute) kobs (106s71)

(102movm* | 2742 K 286.4K _ 2984K 313.6K 3284K 3432K
0.00 0014 0019 0029 004 0076 0.1
1000 0.016  0.028 0.043 0077  0.12 0.20
2000 0.023 0040 0063  0.il 0.19 0.32
3000 0027  0.048 0076  0.14 0.25 0.39
4000 0.035  0.055 0.091  0.17 0.32 0.53
5000 0.038 0064 009 0.1 0.39 0.66
6000 0.041 __ 0.075 012 027 0.50 0.85

Composition: 97 mol% Water

C (Solute) kops (108s°1)

(102movm3) | 2745K 286.8 K 2985K 3140K 3284K 3440K
0.00 0.018 0.032 0.055 0.089 0.13 0.20
1000 0.027 0.045 0.076 0.13 0.19 0.32
2000 0.031 0.056 0.091 0.17 0.27 0.41
3000 0.035 0.066 0.11 0.20 0.34 0.53
4000 0.041 0.080 0.13 0.26 0.40 0.68
5000 0.048 0.095 0.15 0.29 0.49 0.80
6000 0.056 0.11 0.17 0.34 0.54 0.93

Composition: 95 mol% Water

C (Solute) Kops (109571

(102 mokm?) | 266.9 K 276.5K 287.5K 298.5K 313.9K 3284K 343.1K
0.00 0.019 0.031 0.051 0.073 0.14 0.19 0.27
1000 0.026 0.042 0.068 0.11 0.19 0.29 0.41
2000 0.033 0.054 0.089 0.13 0.26 0.40 0.57
3000 0.037 0.064 0.11 0.16 0.31 0.47 0.74
4000 0.043 0.G75 0.13 0.19 0.38 0.57 0.87
5000 0.049 0.087 0.15 0.23 0.41 0.68 0.99
6000 0.056 0.097 0.17 0.27 0.48 0.78 1.1
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Table A-2-15, continued

Composition: 90 mol% Water

C (Solute) Kops (108s°1)

(102molm3) | 2743 K 2867K 2985K 3138K 3283 K 3425K
0.00 0.062  0.10 0.16 0.25 0.37 0.55
1000 0.094  0.14 0.25 0.38 0.57 0.79
2000 0.12 0.20 0.31 0.51 0.77 1.0
3000 0.14 0.23 0.38 0.62 0.90 1.2
4000 0.17 0.30 0.46 0.74 1.1 1.5
5000 0.20 0.35 0.52 0.86 1.2 1.8
6000 0.23 0.39 0.57 0.95 1.4 2.0

Composition: 70 mol% Water

C (Solute) kobs (106s°1)

(102moUm3) | 2484 K 2585K 269.6K 2853 K 298.5K
0.00 0.045 0.071 0.13 0.24 0.40
1000 0.22 0.37 0.54 0.91 1.3
2000 0.32 0.51 0.72 1.2 1.7
3000 0.40 0.59 0.87 1.4 2.0
4000 0.45 0.68 0.99 1.6 2.3
5000 0.48 0.74 1.1 1.8 2.6
6000 0.54 0.82 1.2 2.1 3.0

Composition: 50 mol% Water

C (Solute) kops (108s°1)

(102moim3) | 2433 K 2572K 2716 K 2863 K 2985 K
0.00 0.072 0.16 0.29 0.55 0.88
100 0.19 0.40 0.71 1.2 1.9
200 0.23 0.43 0.78 1.3 2.1
300 0.27 0.50 0.89 1.4 2.2
400 0.30 0.57 0.95 1.6 2.4
500 0.35 0.61 1.0 1.7 2.5
600 0.38 0.68 1.2 1.8 2.7
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Table A-2-15, continued

Composition: 30 mol% Water

C (Solute) kops (10°51)

(102 mom3) | 230.1 K 240.2K 250.7K 2608 K 271.1 K 283.8 K 298.5K
0.00 0.12 0.22 0.41 0.58 0.87 1.3 1.7
100 0.i9 0.35 0.55 0.81 1.2 1.7 2.2
200 0.20 0.36 0.57 0.88 1.2 1.8 2.4
300 0.21 0.38 0.59 0.92 1.3 1.8 2.4
400 0.27 0.42 0.63 0.99 1.4 1.9 2.5
500 0.28 0.43 0.65 1.0 14 2.0 2.6
600 0.32 0.48 0.72 1.1 1.4 2.0 2.7

Composition: 10 mol% Water

C (Solute) Kobs (10°57)

(102mol/m3) } 2332 K 2449K 2715K 2856 K 298.6 K
0.00 0.033 0.046 0.077 0.12 0.12
250 0.040 0.053 0.097 0.15 0.17
500 0.044 0.063 0.12 0.19 0.21
750 0.052 0.073 0.15 0.22 0.27
1000 0.059 0.080 0.17 0.26 0.31
1250 0.066 0.094 0.20 0.28 0.32

Composition:  1-Butyl Amine

C (Solute) kops (109s71)

(102molm3) | 2492 K 2612K 2864K 2988K 3142K 3289K
0.00 0.070 0.099 0.15 0.20 0.28 0.40
250 0.085 0.12 0.19 0.24 0.31 0.46
500 0.087 0.12 0.21 0.26 0.37 0.51
1000 0.098 0.14 0.25 0.31 0.43 0.62
1250 0.11 0.14 0.26 0.33 0.47 0.67
1500 0.12 0.16 0.28 0.36 0.52 0.73
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Table A-2-16. Temperature and composition dependences of k2 for the reaction of €
with phenol in 1-butylamine/water mixed solvents

Water T |.9) Water T ko
mol% (K) (10% m3/mots) | mol% (K) (104 m3/mol's)
100 276.4 1.2 97 274.5 0.064
288.6 i.7 286.8 0.13
298.6 2.3 298.5 0.20
313.9 3.6 314.0 0.41
328.4 5.2 3284 0.68
343.2 6.3 344.0 1.2
99.8 274.1 0.080 95 266.9 0.06
286.4 0.18 276.5 0.11
298.5 0.30 287.5 0.19
313.8 0.70 298.5 0.32
328.4 1.3 3139 0.58
344.1 2.3 3284 1.0
343.1 1.5
99.5 274.2 0.096 90 274.3 0.27
286.4 0.11 286.7 0.48
298.5 0.20 298.5 0.70
313.9 0.41 313.8 1.2
328.4 0.82 328.3 1.8
343.1 1.3 342.5 2.5
99 274.2 0.046 70 248.4 0.62
286.4 0.098 258.5 0.82
298.4 0.14 269.6 1.3
313.6 0.35 285.3 2.3
328.4 0.67 298.5 3.4
343.2 1.1
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Water T ko Water T ko
mol% (K) (104 m3/mols) | mol% (K) (10* m3/mol-s)

50 243.3 3.9 10 233.2 0.24
257.2 5.4 244.9 0.37
271.6 8.5 257.7 0.62

286.3 1.1 271.5 1.0

298.5 1.5 285.6 1.4

298.6 1.9
30 240.2 2.5 0 249.2 0.25
250.7 32 261.2 0.33
260.8 4.3 286.4 0.77
271.1 5.5 298.8 0.99

283.8 7.3 314.2 1.6

298.5 8.7 328.9 2.1
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Table A-2-17.  The values of kqpg of the reactions of solvated electrons with toluene in
1-butylamine/water mixed solvent.

Composition: ~ Water

C (Solute) kops (10957T)

(102moim® | 2986 K 3083K 31901K 3293K 3390K 349.6K
0.00 0.039 0039 0049 0063 0077 0.1l
67 0044 0050 0066 0082 0094 0.12
133 0053 0058 0073 009 011 0.3
200 0058 0066 0084 0090 013 015
267 0.066 0079 0095  0.12 0.15  0.15
334 0.075 0087 012 0.4 0.17 020
400 0064 0098 012  0.15 0.14 0.5

Composition: 97 mol% Water

C (Solute) kobs (10°s°1)

(102mom?) | 2088 K 3086 K 3190K 3293K 339.6K 350.8K
0.00 0.047 0.070 0.099 0.13 0.17 0.23
2000 0.066 0.094 0.13 0.17 0.21 0.27
4000 0.085 0.12 0.16 0.20 0.26 0.32
6000 0.095 0.13 0.18 0.22 0.28 0.35
8000 0.13 0.17 0.22 0.27 0.32 0.37
10000 0.14 0.18 0.23 0.29 0.33 0.40

Composition: 95 mol% Water

C (Solute) kops (106 s°1)

(102mol/m3) | 268.0 K 283.0K 2986 K 3139K 3284K 344.2K
0.00 0.019 0.039 0.077 0.13 0.20 0.28
2500 0.037 0.066 0.12 0.19 0.26 0.37
5000 0.059 0.11 0.17 0.27 0.32 0.39
7500 0.083 0.15 0.26 0.36 0.43 0.57
10000 0.099 0.18 0.29 0.41 0.51 0.68
12500 0.13 0.21 0.32 0.50 0.63 0.78
15000 0.14 0.25 0.39 0.55 0.68 (.77
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Table A-2-17 continued

Composition: 90 mol% Water

C (Solute) kops (1095°)

(102mom3 | 2732 K 2867K 2987K 3140K 3287K 3444K
0.00 0.048 0.087 0.14 0.22 0.35 0.50
1000 0.064 0.12 0.18 0.27 0.40 0.58
2000 0.084 0.14 0.20 0.30 0.42 0.62
3000 0.10 0.16 0.23 0.35 0.48 0.64
4000 0.12 0.18 0.26 0.38 0.50 0.69
5000 0.13 0.21 0.30 0.42 0.58 0.75

Composition: 70 mol% Water

C (Solute) kops (108s°1)

(102mo/m?) | 2484 K 2604K 2723 K 2868 K 299.2 K 313.4K 3288 K
0.00 0.050  0.087 0.15 0.25 0.41 0.66 1.0
500 0.082 0.13 0.22 0.35 0.50 0.76 1.3
1000 0.11 0.17 0.27 0.41 0.54 0.83 1.3
1500 0.13 0.20 0.30 0.44 0.59 0.88 1.4
2000 0.17 0.26 0.35 0.51 0.69 0.96 1.4
2500 0.21 0.30 0.41 0.58 0.73 1.0 1.5
3000 0.24 0.35 0.45 0.63 0.83 1.1 1.5

Composition: 50 mol% Water

C (Solute) kops (106s1)

(102 molm3) | 2299 K 240.0K 2505K 2605K 2707 K 282.2K
0.00 0.070 0.12 0.22 0.39 0.56 0.90
250 0.12 0.20 0.33 0.53 0.77 1.3
500 0.17 0.26 0.39 0.61 0.86 14
750 0.21 0.32 0.43 0.65 0.91 1.4
1000 0.27 0.38 0.51 0.72 1.0 1.5
1250 0.31 0.42 0.54 0.77 1.0 1.6
1500 0.35 0.45 0.59 0.81 1.1 1.7
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Table A-2-17 continued

Composition: 30 mol% Water

C (Solute) kops (10°s)

102movm®) | 2333 K  2430K  2535K 2634K 2739K 2865
0.00 015 027 046  0.69 099 1.3
672 023 035 058  0.80 1.1 1.5
1344 029  0.42 0.62  0.88 1.2 1.5
2016 038  0.47 0.69  0.99 1.3 1.7
2688 042  0.58 0.81 1.1 1.4 1.8
3360 048  0.65 087 1.2 15 1.9

Composition: 10 mol% Water

C (Solute) kops (10°sT)

02movm® | 2448 K 2588K 2703K 2861 K 2985K 313.9K
0.00 0.039 0055 0072 0092 013  0.17
667 0.063 0074 0099  0.13 0.17 022
1333 0.086  0.10 012  0.17 020 026
2000 0.096  0.12 015  0.19 024 029
2667 0.12  0.14 0.16 022 028  0.33

Composition:  1-Butyl Amine

C (Solute) Kops (109s°1)

102movm3) | 2572 K 2701 K  283.0K 2988 K 3084 K
0.00 0.11 0.14 0.18 0.28 0.32
2000 0.19 0.22 0.29 0.34 0.40
4000 0.22 0.26 0.32 0.40 0.48
6000 0.29 0.33 0.38 0.44 0.53
10000 0.35 0.38 0.46 0.55 0.60
12000 0.38 0.40 0.49 0.58 0.70
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Table A-2-18.  Temperature and composition dependences of k for the reaction of €
with toluene in 1-butylamine/water mixed solvents

Water T |.9) Water T k2
mol% (K) (104 m3/mol-s) mol% (K) (104 m3/mol-s)
100 298.6 1.1 90 273.2 0.17
308.3 1.4 286.7 0.23
319.1 1.8 298.7 0.30
329.2 2.3 314.0 0.40
339.0 2.8 328.7 0.43
3444 0.50
97 298.8 0.09 70 248.4 0.64
308.6 0.12 260.4 0.90
319.0 0.15 272.3 1.0
329.3 0.17 286.8 1.2
339.6 0.21 299.2 1.4
3134 1.4
95 268.0 0.09 50 2299 1.8
283.0 0.14 240.0 2.2
298.6 0.20 250.5 2.4
313.9 0.28 260.5 2.5
328.4 0.36 270.7 2.8
282.2 2.9
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Water T ko Water T ko
mol% (K) (104 m3/mols) | mol% (K) (10* m3/mol-s)
30 233.3 0.94 0 257.2 0.16
243.0 1.1 270.1 0.20
253.5 1.2 283.0 0.23
263.4 1.3 296.8 0.27
2739 1.6 308.4 0.29
286.5 1.9
10 244.8 0.27
258.8 0.32
270.3 0.38
286.1 0.47
298.5 0.56
313.9 0.65
329.5 0.76
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3. Results of The Electrical Conductance Measurements in

t-Butanol/water mixtures

The electrical conductance measurements of lithium nitrate, ammonium nitrate,
ammonium perchlorate, lithium perchlorate and perchloric acid in #-butanol/water
mixtures were carried out in the following compositions in mol% water: 0.0, 10.0,
30.0, 50.0, 70.0, 90.0, 97.0, and 100.0. The units of the concentration of salts, the

specific conductance (x) and the molar conductivity (Ao) are indicated in the tables.

Table A-2-19. The values of specific conductance (x) of perchloric acid in

t-butanol/water mixed solvent.

Composition:  Water

C (Acid) Ag (104 S/m)

(10! moVm3)| 2983 K  308.3 K 3183K 3284K 3435K
0.00 0.64 0.79 0.92 1.1 1.9
0.50 20. 23. 26. 29. 34,
1.0 38. 46. 50. 58. 66.
1.5 62. 74. 81. 91. 102.
2.0 78. 94. 104. 117. 131.
2.5 102. 121. 133. 149. 169.

Composition: 97 mol% Water
C (Acid) Ao (104 S/m)

(10! moVm3) | 2834 K  298.3 K 3136 K 3283 K 3435K
0.00 0.67 0.79 1.3 2.0 2.9
0.50 12. 17. 21. 26. 31.
1.0 22. 32. 42. S1. 60.
1.5 36. 49. 72. 85. 97.
2.0 53. 75. 92. 111. 141,
2.5 63. 02. 114. 138. 161.
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Composition: 90 mol% Water
C (Acid) Ao (104 S/m)

(10-'moim3) | 2782 K 2832K 2983K 3136K 3283 K
0.00 0.30 0.36 0.64 1.2 1.7
0.50 3.5 4.4 7.8 11. 15.
1.0 8.1 10. 18. 28. 36.
1.5 12. 15. 27. 42. 50.
2.0 16. 21. 36. 55. 66.
2.5 20. 26. 46. 66. 83.

Composition: 70 mol% Water
C (Acid) Ao (104 S/m)

(10! moVm3) | 2832 K 298.3 K 313.5K 3283 K 3432 K
0.00 0.050 0.090 0.19 0.45 0.97
0.50 2.1 3.8 5.8 8.0 10.
1.0 3.5 5.9 11. 14. 19.
1.5 5.4 10. 17. 21. 27.
2.0 7.8 14. 22. 30. 37.
2.5 9.5 18. 29. 39. 49.

Composition: 50 mol% Water
C (Acid) Ao (104 S/m)

(10t movm3) | 2982 K 313.2 K 3283 K 3435K
0.00 0.030 0.044 0.088 0.10
0.25 0.75 1.2 1.8 2.2
0.5 1.5 2.3 3.4 4.7
0.75 2.2 3.6 5.5 7.3
1.00 2.9 4.7 6.8 9.4
1.25 3.6 6.0 8.7 12.




Table A-2-19 continued
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Composition: 30 mol% Water
C (Acid) Ay (104 S/m)

(10 moVm3) | 2984 K 313.3K  3285K 343.6K
0.00 0.016 0.038 0.054 0.060
1.00 1.8 2.8 4.5 6.0
2.00 3.2 53 8.1 11.
3.00 5.0 8.2 12. 16.
4.00 6.3 10. 15. 19.
5.00 7.8 13. 18. 23.

Composition: 10 mol% Water

10V mo/m3) | 2833 K 2984 K 3134 K 3283 K 3434K
0.00 0.019 0.024 0.020 0.030 0.030
2.0 1.5 2.8 3.7 4.8 5.0
4.0 2.3 4.3 54 6.5 7.4
6.0 3.4 6.2 8.2 9.4 9.6
8.0 4.1 7.4 10. 11. 12.
10.0 5.2 8.9 11. 13. 14.

Composition:  ¢-Butanol

C (Acid) Ao (104 S/m)

(10-TmoVm3) { 300.1 K 308.5K 3183 K 3284K 3435K
0.00 0.0090 0.010 0.012 0.087 0.006
0.02 0.031 0.04 0.046 0.026 0.019
0.04 0.047 0.06 0.081 0.063 0.055
0.06 0.082 0.10 0.13 0.11 0.095
0.08 0.095 0.13 0.16 0.15 0.14
0.10 0.12 0.17 0.21 0.22 0.20
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Table A-2-20. Temperature and composition dependences of molar conductivity (Ag)
of perchloric acid in t-butanol/water mixed solvents.

Water T Ao Water T Ao
mol% (K) (10-3 S‘m2/mol) mol% (K) (10-3 S‘m2/mol)

100 298.3 41. 50 208.2 3.0
308.3 48. 313.2 4.9
318.3 52. 328.3 7.1
328.3 60. 3435 9.5
343.5 67.

97 283.4 25. 30 298.4 1.6
298.3 37. 3133 2.7
313.5 46. 328.3 3.9
328.3 54, 343.6 5.1
343.5 69.

90 278.2 7.9 10 283.3 0.76*
283.2 10. 208.4 1.4%
298.3 19, 313.4 2.0*
313.6 27. 3282 3.1%
328.3 33, 3432 a.1%

70 283.2 3.8 0 300.1 1.1
298.3 6.9 308.5 1.6
313.5 11. 318.3 1.9
328.3 16. 328.4 2.4
343.2 24, 343.5 2.2

* Initial slope.
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Table A-2-21. The values of specific conductance (x) of lithium nitrate in

t-butanol/water mixed solvent.

Composition: ~ Water

C (Salt) A, (104 S/m)

(101 mokm3)| 278.1 K 2982 K 313.4K 3284K 3436K
0.00 0.57 1.0 1.6 2.5 4.7
0.50 4.1 6.6 8.8 11. 14.
1.00 7.5 12. 17. 21. 26.
1.50 1.1 18. 24. 31. 37.
2.00 14. 23. 30. 39. 48.
2.50 18. 29. 38. 48. 60.

Composition: 97 mol% Water

C (Salt) AO (104 S/m)

(101 molm3) | 2783 K 2833K 2984K 313.6K 3282K
0.00 0.59 0.93 1.4 2.1 2.7
0.50 2.3 2.8 5.8 7.1 11.
1.00 5.0 6.2 11. 13. 18.
1.50 7.0 9.2 16. 20. 26.
2.00 9.3 12. 20. 25. 34.
2.50 11. 15. 23. 31. 40.

Composition: 90 mol% Water

C (Salf) Ay (104 S/m)

(10'moVm? | 283.0K 2982K 3132K 3282K 3436K
0.00 0.57 0.71 1.5 2.1 5.0
0.50 1.2 2.5 4.0 5.8 11.
1.00 2.3 4.5 7.4 12. 18.
1.50 3.3 6.5 11. 15. 25.
2.00 4.3 8.5 14, 20. 34.
2.50 5.2 10. 16. 24, 42,
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Table A-2-21 continued
Composition: 70 mol% Water
C (Salt) Ao (104 S/m)

(101 movm3) | 283.1 K 298.1K 313.1K 3283K 3436K
0.00 0.42 0.49 0.60 0.64 0.70
1.00 1.0 2.13 3.6 5.6 7.6
2.00 2.0 4.1 7.0 11. 15.
3.00 3.0 5.8 9.9 15. 21.
4.00 4.1 8.0 13. 20. 28.
5.00 5.1 10. 17. 25. 34.

Composition: 50 mol% Water
C (Salt) Ao (104 S/m)

(10 molm3) | 2832 K 298.3 K 3134K 3284 K 343.7
0.00 0.040 0.060 0.10 0.19 0.26
2.00 1.6 3.1 5.5 8.2 12.
4.00 2.8 5.5 9.3 14. 20.
6.00 3.9 7.6 13. 20. 27.
8.00 5.2 9.9 17. 25. 36.
10.0 6.2 12. 20). 30. 42,

Composition: 30 mol% Water
C (Salt) Ao (104 S/m)

(10" molm3) | 2983 K 3084 K  3182K 3283 K 3434
0.00 0.39 0.38 0.38 0.43 0.43
2.00 1.7 2.5 3.2 4.1 5.0
4.00 3.0 4.1 5.2 6.4 7.7
6.00 4.1 5.7 7.3 8.9 11.
8.00 5.1 6.9 9.4 11. 13.
10.0 6.0 8.2 10. 12. 15.
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Table A-2-21 continued

Composition: 10 mol% Water

C (Salt) A, (104 S/m)

(10'moim3) | 2082 K 3083 K 3182K 3284K 3433 K
0.00 0.013 0.017 0.018 0.020 0.02
0.40 0.18 0.22 0.25 0.26 0.24
0.80 0.28 0.34 0.39 0.39 0.34
1.20 0.35 0.44 0.48 0.47 0.41
1.60 0.43 0.52 0.55 0.54 0.50
2.00 0.53 0.59 0.61 0.59 0.56

Composition: 10 mol% Water
C (Salt) A, (104 S/m)

(10! mo/m3) | 2984 K 3083 K 3182K 3284K
0.00 0.0086  0.0091 0.0084  0.0072
0.10 0.054 0.068 0.085 0.091
0.20 0.11 0.14 0.16 0.17
0.30 0.14 0.19 0.22 0.23
0.40 0.19 0.24 0.27 0.28
0.50 0.22 0.28 0.32 0.33

Composition:  r-Butanol
C (Salt) Ao (10 S/m)

(10! mo/m3) | 2092 K 3083K 3183K 3283K 3434K
0.00 0.012 0.0088 0.0074  0.0065 0.005
1.00 0.046 0.045 0.043 0.041 0.028
2.00 0.070 0.065 0.053 0.046 0.031
3.00 0.084 0.077 0.062 0.053 0.036
4.00 0.094 0.088 0.073 0.057 0.040
5.00 0.10 0.095 0.084 0.064 0.045
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Table A-2-21 continued
Composition:  ¢#-Butanol
C (Sa]t) AO (10'4 S/m)

(10 movm3) | 299.3 K  308.3 K 3182 K 3283 K 3434K
0.00 0.011 0.0088 0.0070  0.0052 0.0037
0.20 0.019 0.018 0.015 0.013 0.010
0.40 0.027 0.026 0.022 0.019 0.015
0.60 0.034 0.033 0.031 0.026 0.019
0.80 0.041 0.040 0.035 0.031 0.022
1.00 0.046 0.045 0.041 0.034 0.024
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Table A-2-22.  Temperature and composition dependences of molar conductivity (Ao)
of lithium nitrate in -butanol/water mixed solvents.

Water T Ao Water T Ao
mol% (K) (103 Sm¥moly |  O1% (K) (103 S‘m2/mol)

100 278.2 6.8 50 283.2 0.81%*
298.2 11. 298.3 1.5%
313.4 15. 313.4 2.5%
3284 18. 328.4 3.9%
343.6 22. 343.7 6.0*

97 278.3 4.4 30 298.3 0.74*
283.3 5.4 308.4 1.1
298.4 9.0 313.2 1.5+
313.6 12. 328.3 2.1%
328.2 16. 3434 2.8%
343.6 20.

90 283.0 2.0 10 298.2 0.47*
298.1 3.9 308.3 0.59*
313.2 6.0 318.2 0.73*
328.2 8.9 3284 0.83*
343.6 15. 343.3 0.62%

70 283.1 1.0 0 299.2 0.045*
298.1 2.0 308.3 0.049%

! 313.1 3.3 318.3 0.055*

328.3 4.9 3284 0.047*
343.6 6.8 3434 0.042%

* Initial slope.
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Table A-2-23.  The values of specific conductance (x) of ammonium nitrate in
t-butanol/water mixed solvent.

Composition:  Water

C (Salt) Ao (104 S/m)

(10'moVm®) | 2833K 2983 K 3134K 3282K 3434K
0.00 0.090 0.12 0.18 0.27 0.41
0.50 0.63 0.86 1.1 1.4 1.7
1.00 1.2 1.7 2.4 3.7 54
1.50 1.7 2.3 3.0 4.0 5.6
2.00 2.2 3.0 4.0 5.2 6.9
2.50 2.7 3.9 5.3 7.4 10.

Composition: 97 mol% Water

C (Salp) Ao (104 S/m) |
(101 molim?) | 2732 K 2782 K 283.3K 2986K 313.5K 3282K 3434K

0.00 0.54 0.58 0.69 0.99 1.6 1.7 2.2
0.50 2.7 3.3 3.9 6.4 9.2 12. 14,
1.00 5.8 7.0 8.1 13. 19. 24. 27.
1.50 8.4 10. 12. 20. 30. 32. 41,
2.00 9.9 13. 15. 24. 36. 48. 50.
2.50 14. 18. 21. 32. 45. 53. 61.

Composition: 90 mol% Water

C (Salt) Ay (104 S/m)

(101 mokm?) | 2833 K 2984K 313.5K 3282K 3434
0.00 0.45 0.48 0.63 0.94 1.0
0.50 1.5 3.0 4.7 6.4 8.6
1.00 3.5 7.8 12. 16. 21.
1.50 4.3 8.7 13. 19. 27.
2.00 6.4 12. 18. 24. 34,
2.50 7.5 15. 22. 31. 40.
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Table A-2-23 continued
Composition: 70 mol% Water
C (Salt) Ay (104 S/m)

(10'moVm?) | 283.4K 2984K 3134K 3283K 3435K
0.00 0.45 0.42 0.52 0.52 0.53
1.00 1.3 2.6 4.3 6.2 8.5
2.00 2.5 5.1 9.0 12. 17.
3.00 4.0 7.7 13. 20. 217.
4.00 5.4 10. 17. 27. 35.
5.00 6.9 14. 24. 31. 39.

Composition: 50 mol% Water
C (Salt) Ao (104 S/m)

(10 moVm3) | 2832 K 2982K 3135K 3282K 3434K
0.00 0.030 0.050 0.070 0.10 0.38
2.00 1.7 34 5.7 7.5 12.
4.00 3.1 7.3 11. 16. 20.
6.00 4.6 8.8 14. 21. 30.
8.00 59 11. 18. 28. 38.
10.0 7.1 14. 24. 33. 44.

Composition: 30 mol% Water
C (Salt) Ao (104 S/m)

(10" moUm3) | 2833 K 298.2 K 3133 K 3282 K 3434K
0.00 0.30 0.41 0.36 0.43 0.45
2.00 1.1 1.8 3.0 4.2 5.1
4.00 1.6 3.2 44 6.4 7.8
6.00 2.2 4.0 6.2 8.2 9.9
8.00 2.8 4.9 7.4 10. 12,
10.0 3.2 5.8 8.7 11. 13.
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Table A-2-23 continued

Composition: 10 mol% Water

C (Salt) Ao (104 S/m)
10!'movm}) | 2083K 3082K 3182K 3283K 3433K

0.00 0012 0014 0017  0.017 0.012
0.40 0.20 0.22 0.25 0.27 0.25
0.80 0.28 0.34 0.37 0.38 0.36
1.20 0.35 0.42 0.45 0.45 0.41
1.60 0.42 0.50 0.54 0.54 0.50
2.00 0.47 0.57 0.61 0.60 0.53

Composition:  ~Butanol

C (Salt) Ao (104 S/m)

(10! molm3) | 300.8 K 3083 K 3182K 3283K
0.00 0.0074  0.0067 0.0065  0.0051
0.02 0.013 0.015 0.012 0.011
0.04 0.018 0.019 0.018 0.014
0.06 0.023 0.025 0.021 0.017
0.08 0.027 0.029 0.024 0.016
0.10 0.033 0.036 0.029 0.021
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Table A-2-24.  Temperature and composition dependences of molar conductivity (Ao)
of ammonium nitrate in ¢-butanol/water mixed solvents.

Water T Ao Water T Ao
mol% (K) (10-3 S'm2/mol) mol% (K) (10-3 S‘m2/mol)

100 283.3 11. 50 283.2 0.86*
298.3 14. 298.2 1.8*
3134 20. 3135 2.9%
328.2 25. 328.2 4.4%
343.4 35. 343.4 6.5%

97 273.2 59 30 283.0 0.45*
278.2 7.2 298.2 8.5%
283.3 8.2 313.3 1.4%
298.6 13. 328.2 2.1*
313.5 18 343.4 2.8%
328.2 21.
2434 28.

90 283.3 33 10 298.3 0.46*
208.4 5.9 308.2 0.60*
313.5 8.7 318.2 0.77%
328.2 12. 328.3 0.92*
3434 20. 343.3 1.1%*

70 283.4 1.3 0 300.8 0.26
298.4 2.6 308.3 0.29
3134 4.3 318.2 0.28*
328.3 6.6 328.3 0.28*
3435 8.9

* Initial slope.
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Table A-2-25. The values of specific conductance (k) of ammonium perchlorate in
t-butanol/water mixed solvent.

Composition:  Water

C (Salt) AO (10‘4 S/m)

(10! movm3) | 2983 K 313.2K 3282K 3433K
0.00 0.71 1.3 2.0 3.0
0.50 31. 40. 51. 61.
1.00 56. 73. 95. 126.
1.50 87. 113 142. 173.
2.00 113. 149. 188. 234,
2.50 142. 187. 239, 304.

Composition: 97 mol% Water

C (Salt) Ao (10 S/m)
a0l mom?) | 2785 K 2983K _ 3133K 383K  3435K

0.00 0.39  0.68 092 13 1.7
0.50 2.8 5.2 7.4 9.7 12.
1.00 5.2 9.8 14, 19. 24,
1.50 7.6 14, 20, 27. 34,
2.00 10. 19. 27. 36. 45.
2.50 13, 23. 32 42. 56.

Composition: 90 mol% Water

C (Salt) Ao (104 S/m)

(10t movm®) | 2784 K  2983K 3132K 3284K 3434
0.00 0.38 0.50 0.59 0.70 0.97
1.00 2.0 5.3 8.3 12, 16.
2.00 3.9 9.9 16. 23. 31.
3.00 5.8 15, 23. 33. 44,
4.00 7.9 20. 32. 45. 60.
5.00 9.8 25. 39. 54. 73.
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Table A-2-25 continued

Composition: 70 mol% Water
C (Salt Ao (104 Sim)

(10 movm3) | 2882 K 2983 K 313.2K 3283K 3434K
0.00 0.32 0.42 0.49 0.52 0.61
1.00 1.6 2.5 4.3 6.3 7.9
2.00 3.0 4.7 7.8 12. 17.
3.00 4.7 7.2 12. 18. 25.
4.00 6.2 9.6 16. 23. 32.
5.00 7.6 12. 19. 29. 40.

Composition: 50 mol% Water
C (Salt) Ao (104 S/m)

(10 movm3) | 2084 K 3083K 3183K 3283K 3434K
0.00 0.29 0.32 0.35 0.36 0.37
2.00 3.6 5.2 9.4 9.4 13.
4.00 6.7 9.6 17. 17. 24.
6.00 9.9 14. 25. 25. 35.
8.00 13. 18. 32. 32. 45.
10.0 16. 23. 39. 39. 54.

Composition: 30 mol% Water
C (Salt) Ay (104 S/m)

(10! moVm3) | 2083 K 3083K 3182K 3282K 3433 K
0.00 0.35 0.36 0.36 0.36 0.36
1.00 1.3 1.8 2.4 3.1 4.1
2.00 2.2 3.1 4.1 5.3 6.9
3.00 3.2 4.4 5.8 7.3 9.4
4.00 4.0 5.6 7.3 9.1 12.
5.00 4.7 6.5 8.6 10. 13.
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Table A-2-25 continued

Composition: 10 mol% Water
C (Salt) A, (104 S/m)

(101 moim?) | 298.4 K 308.3 K 3183 K 3283 K 3434K
0.00 0.01 0.01 0.01 0.01 0.01
1.00 0.37 0.41 0.40 0.36 0.30
2.00 0.55 0.59 0.56 0.51 0.43
3.00 0.73 0.77 0.73 0.65 0.54
4.00 0.87 0.91 0.86 0.78 0.64
5.00 0.97 1.0 0.97 0.87 0.72

Composition:  -Butanol
C (Salt) Ag (104 S/m)

(10! moVm3) | 3009 K 308.3K  3182K 3283K
0.00 0.0088  0.0092 0.0078 0.0068
0.06 0.038 0.048 0.049 0.053
0.12 0.072 0.082 0.099 0.11
0.18 0.10 0.12 0.14 0.14
0.24 0.13 0.16 0.17 0.16
0.30 0.17 0.20 0.20 0.17
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Table A-2-26. Temperature and composition dependences of molar conductivity (Ao)
of ammonium perchlorate in t-butanol/water mixed solvents.

Water T Ao Water T Ao
mol% (K) (103 Smmony | P°1% (K) (103 S-m2/mol)
100 298.3 14. 50 298.4 1.5
313.2 19. 308.4 2.2
328.2 23. 318.3 2.9
343.3 30. 328.3 3.8
343.4 5.4
97 278.5 5.0 30 298.3 0.92
298.3 9.2 308.3 1.3
313.3 13. 318.3 1.6
328.3 17. 328.3 2.0
343.5 22.
90 278.4 2.0 10 2984 0.61*
298.3 5.0 308.3 0.81*
313.2 7.8 318.3 1.1%*
3284 11. 328.3 1.3*
343.5 15. 343.4 1.6*
70 288.2 1.5 0 300.9 0.53
298.2 2.3 308.3 0.62
313.2 3.8 318.2 0.74%
328.2 5.7 328.3 0.91*
343.4 8.0

* Initial slope.
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Table A-2-27. The values of specific conductance (x) of lithium perchlorate in
t-butanol/water mixed solvent.

Composition:  Water

C (Salt) Ao (104 S/m)

(10! moim?) | 2083 K 3083K 3183K 3284 K 3434
0.00 073  0.79 1.4 1.7 2.5
0.50 6.2 7.7 9.2 1. 14.
1.00 11. 13. 16. 19. 25.
1.50 17. 21. 24. 29. 3s.
2.00 21. 26. 31. 37. 46.
2.50 26. 32. 38. 44. 54.

Composition: 97 mol% Water

C (Sa.lt) Ao (10'4 S/m)

(10-! mov/m3) | 298.3 K 30863 K 3182K 3282 K 3433K
0.00 0.66 0.84 0.98 1.2 1.6
0.50 3.8 4.9 6.1 7.3 9.3
1.00 7.1 9.3 12. 14. 19.
1.50 12. 16. 24, 23. 30.
2.00 14. 19. 23. 28. 35.
2.50 20. 25. 30. 36. 48.

Composition: 90 mol% Water

C (Salt) Ao (104 S/m)

(10! molm3) | 2982 K  3083K 3184K 3282K 3433K
0.00 0.46 0.52 0.55 0.68 0.89
1.00 3.5 5.0 6.7 8.6 12.
2.00 7.7 11. 15. 18. 24.
3.00 11. 15. 20. 24, 33.
4.00 14. 20. 28. 35. 45.
5.00 17. 24, 34, 41, 57.
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Table A-2-27 continued

Composition: 70 mol% Water
C (Salt) A, (104 S/m)

(10'mokm3) | 2982 K 3084K 3182K 3283K 3434K
0.00 0.30 0.46 0.49 0.57 0.61
1.00 1.9 2.9 3.9 5.1 7.2
2.00 3.7 5.4 7.3 9.6 14.
3.00 5.6 8.2 11. 15. 21.
4.00 7.2 11. 14, 18. 27.
5.00 9.0 13. 18. 24. 33.

Composition: 50 mol% Water
C (Salt) Ao (104 S/m)

(10! motm3) | 2083 K 308.3 K 3183 K 3283 K 3434K
0.00 0.33 0.37 0.42 0.46 0.50
2.00 2.6 3.8 53 7.0 9.9
4.00 5.0 7.4 10. 13. 19.
6.00 7.3 11. 15. 19. 27.
8.00 9.6 14. 19. 25. 35.
10.0 12. 17. 24. 31. 43,

Composition: 30 mol% Water
C (Salt) Ag (104 S/m)

(10! mol/m3) | 2983 K 308.3 K 3182K 3282 K 3434 K
0.00 0.33 0.38 0.44 0.46 0.48
1.00 1.2 1.6 2.2 2.9 3.9
2.00 2.0 2.9 3.9 5.0 6.7
3.00 2.9 4.1 5.5 7.0 9.3
4.00 3.7 5.2 6.9 8.8 12.
5.00 4.3 6.2 8.2 10. 14.
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Table A-2-27 continued

Composition: 10 mol% Water
C (Salt) Ao (10 §/m)

(101 mom?) | 298.3 K 308.3 K 3182 K 3283 K 3434K
0.00 0.013 0.011 0.012 0.012 0.014
1.00 0.096 0.14 0.18 0.20 0.25
2.00 0.17 0.24 0.32 0.37 0.42
3.00 0.24 0.33 0.42 0.50 0.52
4.00 0.30 0.43 0.56 0.63 0.67
5.00 0.35 0.48 0.60 0.70 0.73

Composition:  -Butanol
C (Salt) Ao (104 S/m)

(10 moim3) | 298.3 K 308.3 K 3182 K 3282 K 3434K
0.00 0.011 0.013 0.015 0.014 0.014
0.025 0.020 0.024 0.028 0.033 0.029
0.050 0.030 0.037 0.042 0.043 0.038
0.075 0.040 0.049 0.056 0.055 0.049
0.010 0.050 0.060 0.066 0.061 0.054
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Table A-2-28. Temperature and composition dependences of molar conductivity (Ao)
of lithium perchlorate in s-butanol/water mixed solvents.

Water T Ao Water T Ao
mol% (K) (103 Sm2mory | PO (K) (103 S'm2/mol)
100 298.3 9.9 50 298.3 1.2
308.3 12. 308.3 1.7
318.3 15. 318.3 2.3
328.2 17. 328.3 3.0
343.2 21. 3434 4.3
97 298.2 7.3 30 298.3 0.85
308.3 24 308.3 1.2
318.2 12. 318.2 1.7
328.2 14. 328.3 2.1
343.3 19. 3434 2.7
90 298.2 3.5 10 298.3 0.75
308.3 4.9 308.3 0.99
318.4 6.6 318.3 1.2
328.2 8.3 328.3 1.4
343.3 11, 343.4 1.8*%
70 298.3 1.8 0 298.3 0.39
308.4 2.6 308.3 0.47
318.2 3.5 318.2 0.55
328.3 4.7 328.3 0.75%
343.3 6.6 343.4 0.63*

* Initial slope.
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4. Results of the Optical Absorption Spectra of Solvated

Electrons in 1-Butylamine/Water Mixtures.

Table A-2-29  Parameters of Solvated Electron Spectra in 1-Butylamine/Water Mixed

Solvents at Different Temperatures.

Composition: ~ Water

T(K) 281.8 K 208.5 K 317.1K 3383 K

Geamax (102/16aT) | 7.3 8.3 6.9 7.1
EAmax (2J) 286 278 270 259
Ep (2J) 367 362 348 340
E; (2J) 230 222 211 200
W () 81 84 78 81
W; () 56 56 59 59
Wip () 137 140 137 140
W/ W; 1.41 1.50 1.32 1.37

- dEAmax/dT (ZV/K) 0.47




230

Table A-2-29 continued.

Composition: 99 mol% Water

T(K) 269.1 K 298.7 K 327.7K 357.7K
| Geamax (10-21/16 aJ) 8.9 8.7 8.6 8.0

EAmax (2J) 292 276 263 250
Ep (2J) 367 355 340 331
E. () 236 221 207 188
Wy () 75 79 77 81
Wr (2J) 56 55 56 62
Win () 131 134 133 143
Wp/Wr 1.34 1.44 1.38 1.31

- dEAmg/dT (ZV/K) 0.46

Composition: 95 mol% Water

T(K) 264.1 K 298.5K 3284 K

Geamax (10-21/16 aJ) 10. 8.6 8.3
Eamax (2J) 292 275 262
Ey () 373 352 343
E; (2J) 239 220 204
Wy () 81 77 81
Wr (2) 53 55 58
Wiz @) 134 132 139
Wy/W; 1.53 1.40 1.40

- dEA, /AT (2V/K) 0.44
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Table A-2-29 continued.

Composition: 90 mol% Watcr

T(K) 2575 K 298.6 K 3432 K
Geamax (10-21/16 aJ) 7.8 7.0 6.8
EAmax (2J) 292 273 254
Ep (23) 375 349 332
E: (z)) 240 215 195
Wp (20) 83 76 78
Wr (2]) 52 58 59
Win (2) 135 134 137
WyWr 1.60 1.31 1.32
- dEAmay/dT (zJ/K) 0.41

Composition: 70 mol% Water

T(K) 2405 K 270.3 K 298.6 K 330.4 K

Geamax (1021/16 aJ) 5.5 5.1 5.0 5.0
Eamax (2J) 265 258 248 236
Ep (2)) 315 330 338 350
E; (2J) 203 191 183 174
Wy () 85 80 82 79
W; (2)) 62 67 65 62
Wi () 147 147 147 141
Wy/W; 1.37 1.19 1.27 1.27

- dEAmax/dT (zV/K) 0.30
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Table A-2-29 continued.

Composition: 50 mol% Water

T(K) 230.0 K 262.8 K 208.8 K
Geamax (102V16a)) | 6.7 4.8 3.7
EAmax (2J) 233 223 214
Ep () 332 327 319
Er () 164 156 155
Wy (2J) 99 104 105
W; @) 69 67 59
Wi (2)) 168 171 164
Wy/W; 1.43 1.55 1.80
- dEAmay/dT (2J/K) 0.27
Composition: 30 mol% Water
T(K) 2285 K 262.0 K 298.6 K
Geamax (102V16a0) | 4.2 3.2 2.2
EAmax () 208 197 189
Ep (2J) 325 320 314
E; () 140 137 135
Wy (@) 117 123 125
W, @) 68 60 53
W12 (2J) 185 183 178
Wy/W; 1.72 2.05 2.36
- dEpma/dT (2V/K) 0.30




Table A-2-29 continued.

Composition: 10 mol% Water

233

T(K) 2267 K 2482 K 2707 K 2984 K

GeAmax (10-21/16 aJ) 2.1 2.0 1.8 1.6
EAmax (2J) 165 159 150 143
Ep () 327 319 310 303
Er (2)) 108 106 103
Wy (2) 162 160 160 160
Wr (2)) 57 53 47
Wi (2]) 219 213 207
Wy/W; 2.84 3.02 3.40

- dEAmax/dT (zJ/K) 0.36
Composition: 0 mol% Water
T(K) 2253K 2363K 247.7K 271.0K 298.7K

Geamax (102Y/16 aJ) | 2.1 2.0 1.9 1.6 1.4
EaAmax (2)) 147 142 135 127 115
Ep (2)) 251 242 233 231 215
E; (20) 102
Wp (2) 104 160 98 104 100
We (2) 45
Wip (d) 149
Wy/W; 2.31

- dEAmax/dT (zJ/K) 0.43




