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Abstract

We studied solvent effects on ¢, reactions with solvated 1ons in |- and ivo-

butanol/water mixed solvents, and a series ol n-alcobol solvents.

The value of Kk for (¢] + NO;‘S) in water is ~-H times largere than that in
butanols, whereas k for (¢ + NHI.S) in water is ~104 times smaller than that in
butanols. This enormous reversal of solvent effects on ¢ reaction rates is the first
observed for ionic reactants. The ¢ reactions with HY . Ag? . and Cul* are close to the
diffusion controlled limit in the butanol/water mixed solvents. The low reactivity of
NHj}, with ¢ in water, and the less than diffusion controlled rate of (¢, + O ). i
attributed to the symmetrical hydrogen-bonded solvation structure of NH}  and the
partially symmetrical solvation structure of OH} . The ncarly diffusion controlled rates
of ¢ with NHZ, and ROH;s in butanols are attributed to the unsymmetrical hydrogen-
bonded solvation structures of these ions. The NHY and H} jons have no low-lying
orbital for an electron to occupy, so cither reaction occurs by proton transfer to the
clectron site, or the neutral species must decompose. We suggest that the proton transfer
or decomposition of the neutral species is facilitated by an unsymmetrical solvation
structure.

Reaction of c; in A(CIO4)3 aqucous solutions is mainly duce to ll: from
hydrolysis of A13+ , and partly to partially hydroxylated aluminum (HI) species.

The value of ky for ¢ reaction with nitrate ions in Cy to Cyy n-alcohols
increases with increasing viscosity and diclectric longitudinal relaxation tme of the
solvent. This relatively slow reaction is assisted by a longer encounter duration, hence a
farger it and ;. The mean time required for an cncounter pair to react, k,I , 05 Ty in
methanol, whercas k;' < 71 in l-octanol and I-decanol. At the extremes, in methanol

and decanol, the activation energy of the overall reaction is simifar to that of the {luidity



of the solvent, whereas in intermediate alcohols E5 is much larger than that of fluidity.
The reaction of ¢ with nitrate is activation entropy limited in methanol, mainly activation
energy limited in Cy to Cy n-alcohols, and mainly diffusion/dipole rotation limited in 1-

decanol.
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Chapter One

Introduction

I. Solvated Electrons

The discovery of solvated clectrons can be traced back to November 1808,
when Humphry Davy observed a blue color when he heated potassium metal in dry
ammonia gas (1). In 1864, W. Weyl observed a blue color when sodium or potassium
was dissolved in liquid ammonia (2). However, it was not until 1922 that C. A. Kraus
provided the final proof that the blue color was due to solvated electrons, by comparing
transference and conductance properties in solutions of alkali metals dissolved in liquid
ammonia (3). Solvated electrons were similarly obtained in other solvents, for
cxample, in amines (4) by dissolving sodium or potassium in them; in water (5); in
alcohols (6); in hydrocarbons (7); in ethers (8); etc., by pulse radiolysis.

Solvated clectrons have been used to convert a wide range of chemical
substinces (S) to their reduced form (S7), which may then undergo further reaction to
vield other products,
|1-1] ¢, +8S — S
11-21 S™ — products .

Pulse radiolysis (9) is one of the most convenient methods to form solvated electrons.
It uses pulses of high energy electrons as the source of radiation. When these electrons
penetrate the liquid, energy is lost by ionization and excitation of the liquid molecules.

Along the path of these high energy electrons local volumes of ionized, excited and
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dissociated molecules are formed. These local volumes are called microzones (100,
The reactive intermediates in these microzones dissipate in a few nanoscconds by
reacting together or diffusing into the bulk of the liquid .

Due to ionization many more electrons are produced along the path ot the high
energy primary clectrons. These lower energy secondary clectrons also lose their
excess energy by ionization and excitation of the moiccules in the liquid medium. “The
deenergized clectrons ultimately enter one of several types of states. depending on the
solvent propertics:

(1) In an electrophilic solvent, the slowed-down clectrons attach to solvent
molecules to form negative ions.

(i1) If the ¢lectrons are not attached to specific molecules they reach o state of
thermal cquilibrium with the solvent. resulting in solvated electrons.  As discussed in
the next section, these solvated electrons can be detected by distinctive properties such
as clectrical mobility and optical absorption spectrum.

A thermalized clectron can be localized in a coulombic (electrostaticy potential
well in a solvent whose molecules are polar or anisotropically polarizable:  the
potential well is created by several suitably oriented solvent molecules (1), On the
other hand, if a solvent molecule is isotropically polarizable (with the exception of
helium, which has a very small polarizability and repels the electron), the potential well
is very shallow and the electron is not then localized to any large extent. Such
clectrons, which are very mobile, are called "quasifree” clectrons (11).

An electron electronically polarizes the medium in about 10715 s Thus the
trapped clectron immediately finds itself in an clectronically polarized potential well
(trap) (12). The electric field of the electron causes the medium molecules to reorient
along the axis of a permanent dipole or along that of the maximum polarizability. The

trap becomes deeper. The time for this process is related to the diclectric relaxation
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time of the medium (13). In water it takes about a picosecond for the trapped electron

to relax into the solvated state (11, 12).

18 Properties of Solvated Electrons

The physical and chemical properties of solvated electrons depend on the
nature of the solvent. Geometry and polarity of the solvent molecules affect the

clectron-solvent interaction, and therefore the energy of solvation.

A. ESR Spectrum and Thermodynamic Properties

An clectron is paramagnetic, so clectron spin resonance (ESR) studies have
shown the nature of the solvated electron states (14). According to an ESR study of
solvated electrons in aqueous glasses (15) the electron is solvated at the center of an
octahedron made up of six water molecules.

The thermodynamic properties of solvated electrons have also been evaluated,
among them are the standard potential (16), and the solvation enthalpy, entropy, and
iree energy (17-22). All experimental estimations of the thermodynamics of € have
been based on the equilibrium:

[1-3] H+OH = ¢ +H0,,

and rcasonable assumptions for the thermodynamics of H'g (20-23). A recent
measurement of the activation energy (E,= 392 kJ/mol and A= 1.4+0.4 x10!!
mY/mol-s) for reaction [1-3] gave a reassessment of the thermodynamic properties of
the solvated clectron (20). It showed that the solvate.” {eciron thermochemistry is
often dominated by the entropy effect rather than the enthalpy effect. The solvated
electron has the smallest solvation enthalpy of all aqueous ions (AHs= -126+11

kJ/mol); and the only positive solvation entropy (ASOS= 118+20 J/mo!-K) (20). The
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large positive solvation entropy implies a dramatic modification of the water structure

in the vicinity of the solvated clectron.

B. Mobility af Solvated Electrons

Solvated electrons are different from quasifree clectrons. They are much less
mobile. The mobility of a delocalized electron could be ~10-2 m2/V-s in comparison 1o
~1076 m2/V-s of a localized clectron. Conductivity studics provide data on the mohility
of solvated electrons. The mobility of the solvated electron is several times higher than
that of normal ions. In water , for example, the mobility of the solvated electron is
close to that of hydroxide ions and smaller than that of protons (24, 25). In simplc
alcohols, the mobility of the solvated electrons is also close to that of alkoxyl ions (RO
s) (26-28), but why this is so remains a question. In nonpolar liquids, the mobilities
depend strongly on the structure of the solvent molccules, and are usually several

orders of magnitude greater then those of ordinary ions (29, 30).

C. Optical Absorption Spectrum

Solvated electrons absorb light at wavelengths ranging from ultraviolet to
infrared. The absorption band is broad and asymmetric with a long tail extending to
higher energies. The cnergy at the absorption maximum, EAnpux. and the width of the
band depend on the polarity of the solvent.

In protic solvents such as water, alcohols (31) and ammonia (32a), the cnergy
of maximum absorption Eamax lies in the visible to ncar-infrared regions, since the
interaction of the solvated electrons with these strongly polar molecules is large. In
nonpolar aliphatic hydrocarbons, on the other hand, absorption maxima occur further to
the infrared where solvation energy arises from interaction with induced dipole
moments. Values of Eamax for polar but aprotic solvents such as cthers (&) lic between

these extrem.s.
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In general, the values of Eamax of solvated electrons in organic solvents
depend on:

(i) the types and number of functional groups;

(ii) the number of alkyl groups attached to the functional group.

Values of Epmax are temperature and density dependent. Thermal agitation of
the solvent molecules and a lower density make the traps shallower. Therefore, values
of Eamax decrease with increasing temperature and decreasing density (31, 33).

I Absorption Band Width

The solvated electron absorption band has a similar form in a wide range of
solvents: it is always broad and asymmetric, skewed to higher energies. This can be
interpreted as the result of both homogeneous and heterogeneous broadening cffects.
Homogeneous broadening assumes that a single species is responsible for the
absorption (all traps in the liquid medium are the same ), but attributes broadening to
the coupling between solvated electron levels in the trap and molecular motions of the
surrounding dipolar molecules (34, 35). Heterogeneous broadening, on the other hand,
attributes the band width to a wide variation of solvated electron trap depths, each
trapped electron state having a different absorption spectrum. Since both factors must
play a role, we say that the band is nonhomogeneously broadened.

2. Transitions

The energy absorbed by the ground state solvated electron has been attributed
to the following transitions (36-40):

(i) Bound to bound transition: from the ground state level to an excited state
discrete level of the same trap;

(i) Bound to continuum transition: from ground state level to continuum
levels associated with the liquid as a whole.

The strong skewing of the absorption band toward higher energies has been

interpreted as cvidence for strong contributions of bound to continuum transitions,
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since it is argued that a more symmetric shape would result from bound to bound
transitions alone. Evidence for this is given by studics of photo conductivity spectra
(41), assuming that higher mobilities generated in photo conductive processes result
from excitation of the electron to a continuum level of the liquid. By estimating the
threshold or minimum energy Ey, 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 (42-47).
The study shows that both bound to bound and bound to continuum transitions
contribute to the spectrum; typically Ew, is less than Eamax (42) and therefore a major
portion of the spectrum is due to bound to cortinuum transitions. In studies of photo
conductivity in mixtures of polar/nonpolar solvents (44-47), it has been conciuded that
bound to bound transitions play an increasing rolc as the fraction of polar component
increases, due to deepening of the traps.

3. Optical Absorption Spectrum in Hydroxylic Solvents

The absorption cnergies of clectrons in water, alcohol and their mixtures are
greater than those in other polar solvents such as ammonia and amines (48) because of
the strong clectron interaction with -OH groups.

The values of Eamax of solvated electrons in alcohols are in the order: primary
> secondary > tertiary (31, 49). The values of EAmax arc almost independent of the
chain length for primary alcohol (50), because the alkyl group beyond the a-carbon
apparently has little effect on the interaction between the electron and the solvent (48,
50, 51).

A weaker orientational alignment of solvent dipoles around the clectron is
probably the reason for lower EAmax values in secondary and tertiary alcohols.

The widths of the solvated clectron absorption band at half height (W) in
alcohols are about twice that in water (52). The W2 values in amines arc also about

twice that in ammonia (53). In alcohols, the bound to continuum transition modc has
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heen considered as the major contributor in the absorption spectra of solvated electrons.

The extent of bound to bound transition depends on the type of alcohol (43, 52).

I11. Maoadels of Solvated Electrons

The progress of theoretical calculations of solvated electrons had been slow
duc to the statistical aspects of the nonrigid solvated electron structure. Semi-
continuum modcls (54, 55) were not good enough to give a realistic analysis of
experimented data. The difficulty was the lack of super computational techniques. In
recent years, however, statistical quantum mechanical molecular dynamics simulations
have shown promising progress towards the theoretical understanding of solvated
clectron (56-76). These simulations used a quantum mechanical representation of the
clectron, but a rather classical representation of the water molecule and a pseudo
potential approach for describing the clectron-water interaction.

M. J. Klein and his rescarch group mainly concentrated on the simulation of
the optical absorption spectrum and diffusion of solvated electrons in ammonia (57, 59-
61). Compared to the measured absorption spectrum of ¢; in  anmonia (77), the
calculated spectrum was in a higher energy range (60). The calculated diffusion
coctticient for ¢/ in ammonia was about 1/3 of the measured one (61). The
discrepancy was thought to be due to a nonadiatatic effect in the transport of the
clectron, and to less realistic features in the models used for both the solvent and the
clectron-solvent interaction.  Also. wave function overlap between €7 and an adjacent
trap might allow hopping in ammonia, whereas it was ignored in the model
calculations. The diffusion coefticient of ¢ in liquid ammonia is five times that of CI
s (29, 32b).

P. J. Rossky and his research group mainly concentrated on the study of

solvated electron dynamics and diffusion in pure water. Early attempts included the
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study of electron trapping sites in water, and probing the sites with a test charge to
cvaluate the capacity of the traps to host an excess clectron (63). Recently they did a
similar study with a fully quantum mechanical treatment of the excess clectronic
ground state (64). The results showed that the concentration of effective electron
trapping sites is relatively high in the liguid ( ~10 mol/m?). Rossky's group and others
also tried to calculate the equilibrium solvated clectron absorption spectrunm in water,
using path-integral Monte Carlo techniques (65, 66), and to simulate clectronically
adiabatic relaxation of the clectronic ground state in a bath of water molecules (67, O8).
The simulation results emphasize the role of molecular and structural cffects of the
solvent.

Studies of solvated electron diffusion in water by statistical quantum
molecular dynamics simulation (69, 70) concluded that nonlocal transitions involving
adiabatic quantum mechanical wave function overlap and nonadiabatic hopping were
absent. The fact that the diffusion rate of ¢ in water is twice that of CI'g was attributed
to the virtually instantancous, rather than inertial, response of the clectron solute to the
solvent configuration, resulting in rapid variation of the solvated clectron spatial
density.

New algorithms for the statistical quantum mechanical molecular dynamics
simulation continue to be developed. For example, a mixed classical-quantum system
that included nonadiabatic quantum transitions was applicd to the problem of solvation
dynamics of an initially energetic cxcess clectron in liquid water (71-73). Computed
results revealed that there were two possible routes for the solvation of an initially
energetic (2eV) quasifree excess electron. One is the case of a rapid localizational
cascade through the clectronic excited states directly to the electronic grovnd state; the
time to reach the electronic ground state is in the range of 50 to 150 fs and the solvation
occurs rapidly once the electron reaches the clectronic ground state. ‘The other is the

case of the electron going into a localized clectronic excited state; the time scale for
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appearance of this state is comparable to that in the first case (50-150 fs) and the life
time of the electronic excited state is ~1ps. The electron finally would settle into the
clectronic ground state. This suggested that, if the electron's absorption spectral
properties were characterized by an clectronic excited state spectrum and a ground state
cquilibrium spectrum which do not evolve in time, a simple two-state Kinetic model
could explain the observed spectral dynamics. This is called a two-state model. This is
in qualitative agreement with the experimentally measured transient absorption spectra
using ultrafast laser spectroscopy (78, 79).

Recently, the influence of solvent intramolecular modes, which are very
flexible, on the dynamics of the energetic excess electron solvation in liquid water was
studied (74, 75). It was found that the effect of flexibility on relaxation times was
substantial, but the effect on the branching ratio for excess electrons passing through
alternative intermediate excited states was small. The result also suggested that a two-
statc model analysis of the dynamics neglected a potentially important role for early
time delocalized clectrons (74). According to a newly proposed mechanism for the
solvation of e¢lectrons in pure water, thermalization via spontaneous de-excitations
across a manifold of delocalized electronic excited states is followed by a branching
between a two-step solvation and a direct trapping path that leads to the electronic
ground state of the solvated electron (75).

Recent experimental measurements by ultra fast transient spectroscopy of
photo excited solvated electrons in pure water detected complicated spectral transients,
indicating a break down of the simple two-state model (80). The molecular dynamics
calculation indicated that the observed complexity of the ultrafast spectral dynamics
was due to a combination of spectral changes in electronic excited state solvation and

clectronic ground state bleaching dynamics (76).
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iV.  Structure and Properties of Hydroxylic Solvents

In the present work, we use |-butanol/water, iso-butanol/water mixtures and a
series of normal alcohols as solvents to study the reactivities of solvated electrons with
solvated ions in these solvents. The reactivities of solvated clectrons depend not only
on the nature of the solvated electron itself and the co-reactant but also on the structural
features of the solvent and resulting properties such as diffusion coefficients, viscosity,

dielectric relaxation times, etc. We here give a brief introduction to these topices.

A. Structure and Properties of Liquid Water

Many X-ray and neutron scattering, and diclectric and ultrasonic
measurements have been carried out and modern spectroscopic techniques (IR, Raman,
and NMR) utilized to determine the microscopic structure of liquid water (81). Based
on experimental results statistical mechanical calculations (82, 83) and computer
simulation (84) have been carried out to build models for the structure of liquid water.

Liquid water was considered 1o have a "broken down" ice structure (85)
according to earliest model based on radial distribution functions. In ice, cach water
molecule is hydrogen bonded tetrahedrally to four other molecules. The distribution
functions of water (86, 87) indicate slightly more than four ncarest neighbors. At high
temperatures it becomes close to five indicating a more random order.

Since this early model, numerous models have been proposed for the structure
of water. These models fall into two broad categories:

(i) uniformist models (88, 89);

(ii) mixture models (90-93).

According to the uniformist models, water consists of a single type of three-

dimensjonal random hydrogen bond network. There are no significant amounts of
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monomer water. There is an cquilibrium between free and bonded hydroxyl groups.
The structure is regarded as a nctwork of cavities with structural order that is
approximately tetrahedral.

According to the mixture models, water consists of a mixture of two or more
species.  These arc water molecules with no hydrogen bonds or with up to four
hydrogen bonds. The hydrogen bonded water molecules form an open network full of
cavitics 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
liguid water has been proposed (94). In this model, the structure of water is considered
as primarily a mixture of tetramers and octamers. However, no single model can
explain all the properties of water. Experimental results are usually explainable with

onc or the other of these models

B. Structure and Properties of Alcohols

In contrast to water, the liquid structure of alcohols is simpler than that of
walter 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 (95-97).

There are chain and ring structures where approximately two hydrogen bonds
per alcohol molecule are formed.  Alcohols with larger alkyl groups tend to exist
mainly as monomers and ring-like polymers because of the steric hindrance (98).
Lower alcohols can make a third hydrogen bond which leads to a three-dimensional

linkage of polymer chains (99, 100).



C. Structure and Properties of Water/Alcohol Mixtures

An alcohol contains both a hydrophilic hydroxyl group and a hydrophobic
alky! group. It is this bifunctional nature of the alcohol molecule that gives rise to
strong composition-dependent physical propertics in alcohol/water mixtures. The
amount of hydrogen bonding between the alcohol hydroxy! group and water molecules
depends on the sizes of the hydrophobic alkyl groups and the number of hydrophobic
hydroxyl groups in the alcohols. For n-alkanols with small hydrophobic alkyl groups
(n < 3), they are completely miscible with water at any composition.  As the
hydrophobic alkyl group becomes larger the solubility decreases.  For butanol/water
mixtures, except for t-butanol, they are only miscible with water within the range of 0
to ~50 mol% water and > 97 mol% water (101); t-butanol is completely miscible with
walter.

1. Static Dielectric Properties

Information about the short range order in a liquid can be obtained from
dielectric properties. The Kirkwood structure factor, gy, which is calculated from the
dielectric constant, dipole moment and density, is a mcasure of the short-range order
(102). When the molecular dipoles are oriented in scries, which amplify their effects,
the value of g is greater than one. For head-to-tail interaction between molecular
dipoles, which tend to cancel cach other's effect, the value of gy is less than one.
Random orientation gives gy =1.

As a result of the existence of short-runge order in water and primary alcohols
the g, values arc greater than unity (53, 103). 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 which arises because of

the difficulty of alignment.
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The g, values increase slightly when water is added to methanol or tertiary
alcohols (103, 104). Water can make hydrogen bonds with those alcohol molecules
resulting in a better lincar arrangement of dipoles. Thus water has a structure-building
cffect in these cases. On the other hand, the gy values decrease when water is added to
other alcohols (103), and water acts as a structure breaker on these alcohols.

2. Thermodynamic Properties

The thermodynamic functions of mixing of alcohols and water have been
useful in the study of the structure of alcohol/water mixtures (105, 106). The extent of
change depends on the alkyl group. Hydrogen bond formation gives rise to a negative
enthalpy of mixing and a positive value of enthalpy of mixing implies hydrogen bond
rupture.

When a small amount of alcohol is dissolved into water a decrease in enthalpy
and entropy results. The interpretation is that:

(i) the alcohol molecule promotes water-water hydrogen bonding (107, 108);
or

(ii) water molecules order around the alcohol molecule and form clathrate-like
structures (109).

Therefore, the structure of water is strengthened by adding of small amount of alcohol
molecules in this case (108).

When water is added to small alcohols, some of these alcohol molecules make
hydrogen bonds with water, the enthalpy of mixing is negative (exothermic) and water
acts as a structure maker. The enthalpy of mixing of higher alcohols with water is
positive (endothermic), and water acts as a structure breaker (105, 106).

3. Dynamic Properties

The dynamic properties are important for the study of Kinetics in liquids,

because kinetics involves movement of species. Viscosity and dielectric relaxation
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time are among the most important dynamic properties for our study of reactivity of
solvated electrons with solvated ions in alcohol/water mixed solvents.,

(a) Viscosity (n): The viscosity of a liquid is related to the rate of diffusion in
a liquid. The viscosity is higher in alcohols with longer 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 butanol/water mixtures (110, 111):

(1) A maximum in viscosity occurs at a composition ncar the miscibility edge
in alcohol-rich range, except for iso-butanol/water mixtures in which the maximum is
in 0 mol% water composition;

(i1) A sharp increase in viscosity occurs when a few mole pereent of alcohol is
added to water;

(ii1) Only small changes in viscosity occur when a few mole percent of walter
is added to alcohol.

Viscosity is increased when some alcohol is added to water. This is perhaps
due to the clathrate-like structure formation (109). In 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 complexes (31, 105); or by the breakdown of alcohol structure by
water (112).

(b) Dielectric Refaxation Times (t): The dielectric relaxation time is related
to the reorientation of the molccular dipoles along the appliced field in a Lliquid. The
reorientation of solvent dipoles around the charged reactant species is necessary for the
solvated electron to react with solvated i1ons.

Water has a single diclectric relaxation process, with a diclectric relaxation
time (T) equal to 10-11 s at normal temperature and pressure.  In contrast, several

dielectric relaxation processes are observed in alcohols. They are represented by (113):
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(i) T;: the time required for the collective breaking of intermolecular hydrogen
bonds and rcorientation of molecules;

(i1) Ty: the reorientation time of a frce monomer;

(ii1) T3: the reorientation time of free -OH dipoles.

The process that relates to the liquid structure is given by 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 boends (114). 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 (115).

When a small amount of water is added to an alcohol. the dielectric relaxation
tume varies as follows (116, 117):

(1) In the smallest alcohol methanol, it is practically constant up to 10 mol%
water and then decreases at 303K: at 273K and 248K, it increases at the beginning and
a4 maximuin is present; at lower temperature, it increases with increasing mol% water;

(i1) In cthanol and 2-propanol, it decreases monotonously with increasing
mol% water.,

Water has a structure breaking effect in most alcohols.

Diclectric relaxation time decreases and viscous flow becomes easier when
cmperature increases.  This is because of the increasing thermal agitation of the
molecules.

The dielectric relaxation time in the constant charge case is called longitudinal
relaxation time Ty (H8): T), = Tj€. / €, where €., and €, are relative permitivitties at
infinite and low (static) frequency, respectively. Ty is related to the dynamic behavior

of polar solvents in clectron transfer processes (119).
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V. Reactivity of Solvated Electrons

Another useful way to gain understanding of the solvated electron is to study
their reactivities with different types of solute. An enormous amount of kinctic data
has been reported. Rates of the solvated clectron reactions have been measured in
water (120-123); alcohols (124-131); alcohol mixtures (132); and alcohol/water
mixtures (27, 28, 111, 133-146). The present work continues and extends this work to
the particular case of 1onic solutes.

In models of Kinetics of chemical reactions in solution, the solution is
generally assumed to be a continuum diclectric with a freguency dependent diclectric
constant £(m), and gencrally two kinds of approaches were used 1o determine how fast
the reaction will be:

(1) Quantum statistical or semiclassical theories were used to evaluwte the
intrinsic rate at which the reaction occurs, which is a molecular level quantity (147);

(ii) Statistical theories were used to account for the probability ol existence of
encounter pair of the two reactant species in solution, the Smoluchowski-Debyc:
Stokes-Einstein model being such an example (148-151).

The reactions of the solvated clectron are usually clectron transter reactions
(152). Possible exceptions are ¢ + ROH — H + RO_ and ¢ + ROH;  — 1 + RO in
water and alcohols, where a proton from a solvating —~OH or ~OH}  group might
transter to the site of the clectron (153, 154). Proton transfer to the "cavity” of the
clectron site might avoid the work needed to create a new site for the H o atom af the
clectron were to transfer first, fotlowed by decomposition of the transient RO or
ROH»>. The clectron and proton arc both clementary particies, but the former has a

much smoaller mass and, other things being cqual, would have a larger transfer
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probability. Protons have larger mobilities than do electrons in water and alcohols,
which means that the transport mechanisms are different.

For clectron transfer between two species A and B in liquid media, according

to Marcus' model we have the following mechanism (147, 155):

[1-4a] Ac+B, == [A, Bl
[1-4b] [A.. Byl = [As, Bgl*
[1-4¢) A : N A [Cy, DgI*
[1-4d] ICs, DgI*  —> C, + Dy

where the subscript s signifies "solvated". The first step represents the random
diffusion of two reactants, which by chance encounter each other and thereby form an
encounter pair. The second step represents thermal activation of the encounter pair to
the transition state, which involves random reorientations of solvent dipoles around the
cncounter pair in a manner that accidentally facilitates electron transfer from A to B,
for example. The third step is the rapid transfer of the electron, restricted by the
Franck-Condon principle. The last step represents relaxation of the product state,
followed by diffusive separation of the products C and D.

The obscerved second order reaction rate constant ko can be related to the
foregoing mechanism through the stecady state approximation for the concentrations of
the intermediates:

l Lo, Kab +kag) Kge +Kapkyg

[1-5] =
k> K4a Kyakgp kac kag

where Ky, = kyu/K_g, is the equilibrium constant of reaction [1-4a], and recaction [1-4c]
is assumed to be thermoncutral, with kg = k_4¢. It one further sets kyg = k 4p, one

obtains:

| I 2Ky +Kb
11-6] = +

k2 k-tu K4£lk4b k4c

In the limiting case of kg >> k_yp, one obtains:



18-

] | 2
[1-7] = +
k2 k4u K4uk4h
| ]
= +

k4a K4ukr
where kg = kg, = diffusion controlled upper limit of the reaction rate constant, and ky =
k4b/2 = rate of formation of products from encounter pairs when half of the initially
formed transition states revert back to reactants (k_ye = kge).

In water (N ~10-3 Pa-s, T ~10-12-10 1) typical value of the diffusion rate
constants is kg = 107 m3/mol-s, kg = 1012 s-!, hence Ky, = 105 m¥mol. The value of
k4pb o< exp (-AG4/RT) is related mainly to the entropy of reorganization of solvent
dipoles around the reactant encounter pair to assist, by fluctuations in the polarization
potential, electron transfer from A to Bg.

We analyze large values of ko from the viewpoint of the Smoluchowski-
Debye-Stokes-Einstcin model (151):

[1-8] ko=kq=47nNa (DA+DR) R f

where NA = Avogadro's constant, DA and Dy are diffusion coctticients, R, is the
average center-to-center distance between A and B when clectron transfer oceurs, and
is a factor that accounts for the effect of the coulombic interaction between the

reactants on their probability of diffusing to within a distance R, of cach other.

._ URyY U(R,) -
o= e (S )|

where, U(R;) is the potential energy of interaction between the reactants at distance Ry,
kg is Boltzmann's constant, and T is the absolute temperature.
The potential energy when S is an ion of charge 7§ is given by:

=22
[1-10] UR)= — — 25"
47w()£rRr

where -§ is the charge on the clectron, g is the permittivity of vacuum, and &, is the

relative permittivity of the solvent between the electron and the ion.
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The relative contributions of kg and k; to limiting the observed reaction rate
are reflected in the ratio kafkyg. If ko = kg, then Kagkr >> kg; if kg = 0.5 kg, then Kyakr
= kg, if ko << kg, then kg = Kguky.

We have introduced the probability x that reaction occurs during the lifetime
of an encounter pair (151). Then,

[1-11] k2 =k kg=4 T NA (DA+Dp) kR f

For example, when k £0.10, then Ka.kr € kg/9. To the extent that this model is
satisfactory, we cvaluate solvent effects on ka/f.  Although this model ignores the
cffects that solvent structure (molecular packing and relative orientation) exerts on
reactant diffusion rates and reaction probabilities, the equation is useful in evaluating
effects of bulk fluid properties such as viscosity and dielectric constant on the rate
constants of the solvated electron with solvated ions in solutions.

The cffect of temperature on reaction rates also provides valuable information
for postulating mechanisms. Changes in rates due to temperature change are generally
expressed in terms of the activation energy (E;) and the frequency factor (Az) of tne
Arrhenius equation (156):

[1-12] ky = Az exp (-Eo/RT)

VI. Present Work

The objective of this study is to learn more about the behavior of the solvated
clectron in I-butanol/water and iso-butanol/water mixed solvents, and in a series of
normal alkanol solvents. The effects of the different solvents on the reactions of the
solvated clectron with solvated ions were measured at different temperatures.
Electrical conductivity measurement was made to obtain information about the
diffusion coefficients of ions, since the diffusion coefficients of the reacting species

are related to their molar conductivities. The activation energies of nearly diffusion



-20 -
controlled reactions are similar to those of diffusion of the corresponding ions in
solution, so the temperature dependence of the molar conductivities was also
investigated. pH measurement was made to provide information about ion dissociation

equilibria in aluminum(IIl) perchlorate aquecous solutions.
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Chapter Two*

Ion Pairing of Ammonium Nitrate in Methanol?

I. Introduction

In a rceent report (1) of the reactivities of lithium and ammonium nitrates in
liquid methano!l with solvated electrons, and with electrons prior to solvation, it w=s
suggested that the association constant of ammonium jons with nitrate ions was much

greater than that of lithium with nitrate:

4+ - 4+ —
[2-1} Li, + NO\."S == Lig NO3.S
+ — + -

12-2] NH4‘s + NO:“s —_— NH4.5NO3,3

with K| € 0.0205 m3/mol (20.5M-!) and K3 >> 10 m3/mol (104M-!) at room
temperature. The salt concentrations used were within the range 100-1000 mol/m3 (0.1-
1.0 M) in both cases. The enormous value of Ky compared to K seemed surprising to
us, but relatively little is known about the behavior in concentrated solutions of salts in
alcohols.  An enormous value of Kz in methanol would have several interesting
implications for our embryonic understanding of solvation effects in different solvents,
s0 we checked it by electrical conductance measurements.

4 A version of this chapter has been published. R. Chen and G. R. Freeman. Journal of Physical
Chemistry. 96, 7107 (1992).



II. Experimental Section

Methanol (Aldrich, 99.9%, Spectrophotometric grade, freshly opened bottle)
and ammonium nitrate (Aldrich, 99.999%. opcned bottle kept in a vacuum desiceator
containing P2Os) were used without further purification. Solutions of 995, 123, and
38.0 mol/m3 were made by weighing nitrate into 100 mL or 25 mL volumetric Tasks and
adding appropriate amounts of methanol, with intermittent shaking ot the {lasks,
Aliquots = 2.7 mL, measured to £ 1%, of these solutions were diluted to obtiin solutions
> 10.0 mol/m?, and the last was diluted further to obtain .08 moi/m3.

The conductance cells were Yellow Springs Instrument Co. model YSI3403,
calibrated at 298.15 K using the secondary standard solution YSI3 161, Temperature
was controlled to £ 0.01 K, and conductances were measured when the specitied
temperature had been constant for 30 minutes.

The impedance bridge was General Radio Co. model 1608-A.  The

measurements were made at | kHz.

I1¥. Results and Discussion

The conductance data are listed in Table 2-1.

The conductances measured at 283.28 to 328.21 K vary with the square root of
the concentration (Figure 2-1) in the manner expected for strong clectrolytes. The
Debye-Hiickel-Onsager equation (2) for the variation of conductivity A(S-m2/mol) with

concentrations C (mol/m3) below about 100 mol/m3 is:

[2-3] A=Ay-(A+BAyCY2+DC



-3]-
where Ay is the conductivity per mole at infinite dilution, D is an empirical constant, and,

for a 1,1-clectrolyte,

) 172
241 =SL(_2_)

3nn \ eRT
and
2.5) B_().586<§F2 )2
) Y 2eRT

where & is the protonic charge, F the Faraday, 1y the shear viscosity of the solvent, & =
£0€; the clectric permittivity of the solvent, R the gas constant, and all units are SI.

Preliminary calculations showed that the data up to 100 mol/m3 in Figure 2-1 fit
cquations [2-3] to [2-5] within a few percent. The empirical best-fit values of Ay, (A +
BAg) and D arce listed in Table 2-2. Values of (A + BAg) calculated using equations [2-4]
and [2-5] arc listed for comparison; the average difference between the calculated and
empirical values is 26%.

The Arrhenius temperature coefficient of Ag is 8.5 kJ/mol, which is about RT
(2.5 kJ/mol) lower thar the Arrhenius temperature coefficient for shear viscosity
(10.7 kJ/mol) (3) in this temperature range. The behavior is thus normal.

The value of Ay at 298 K is within the experimental uncertainty of that (11.8 x
10-3) derived from data in Tables 1V, 15 and IV, 22 of ref. 4.

At concentrations between 100 and 1000 mol/m3 the solution viscosity T
increases appreciably, reaching about 1.5 ng at the highest concentration. While the
viscositics of NH4NOj3 solutions in methanol have not been reported, those of NH4Cl up
to 351 mol/m? and of KI up to 603 mol/m3 at 298K have been (5). The viscosities of
solutions of these two salts are virtually the same in the overlapping concentration range,
so we assumed that the viscosities of NH4N O3 solutions would be similar.

Extrapolation of the viscosities of the KI solutions to 1000 mol/m3, using th: Jones and
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Dole type plot (Figure 1 of ref. §), gave n/ng = 1.49. The data arc only available for
298K. We applied Walden's rule and multiplicd cach valuc of A at 298.29 K by the
value of 1y at the same concentration, and examined the concentration dependence of An
(Figure 2-2). The full curve in Figure 2-2 represents the equation of Onsager and Fuoss

(6), normalized for the changing viscosity:
[2-6] AN = Agn - aC72 + bC - ¢ClogC

where the values of a, b, and ¢ were adjusted to obtain the best over-all fit to the
experimental data. The curve in Figure 2-2 corresponds to Agn = 6.34 x 106
S'm2mol-'Pa-s, a = 4.7 x 107 S:-m3-Smol-!-5Pa-s, b = 3.9 x 10-* S-mSmol-2Pa-s, and ¢
=9.2x 102 S:m5mol-2 Pa:s.

The first two terms on the right-hand side of cquation [2-6] are cqual to the A
and (A + BA()C!/2 terms of equation [2-3] multiplicd by ng. The value of D in
equation [2-3] is greatly modified to the (5 - ¢ log C) in equation [2-6].

The suggestion (1) that K2 >> 10 m3/mol is not correct.  Even if the ion
association constant were only K = 10 m3/mol the conductance would have followed the
dashed curve in Figure 2-3. The conductance at 123 mol/m3 would have been only 6%
of the observed value.

The decrease of conductance with increasing concentration is adequately
explained by the ion-atmosphere model of Milner (7), which was simplificd cleven ycars
later when Debye and Hiickel introduced further approximations and greatly reduced the
range of concentrations to which it applied (8). The conductance cquation of Onsager
and Fuoss (6) is an extension of the Milner-Debye-Hiickel-Onsuger equation [2-3]. "The
actual equation of Onsager and Fuoss was not normalized for viscosity, and one might
argue that the changing viscosity can be accommodated in the adjustable parameters b and
¢ of the un-normalized form of equation [2-6]. However, the equation is very crude; &

more exact one would require a much greater understanding of the behavior of the liquid
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state than presently exists. Even at the present level of approximation, the value of a in
cquation [2-6] should vary with concentration because the values of A and B in equations
[2-4] and [2-5] depend on the values of 1 and &, both of which change appreciably at
high salt concentrations; at 1000 mol/m3 n = 1.5 Mg (5), and e = 0.4 £9(9), where
and &Y refer to pure methanol. Equation [2-6] should be replaced by a functional.

High concentrations of ions in water and alcohols have larger effects on bulk
properties than existing models accommodate (6, 9, 10). A new attack on the theory
should be made by computer simulation.

The rate constant data of Duplitre and Jonah has been re-interpreted elsewhere

().
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Table 2-1. Molar conductivity of ammonium nitrate in methanol
C (mol/m3) A (1073 S'mmol)®

1.08 8.71 10.8 124 14.4
10.0 7.57 9.10 10.7 12.3
38.0 6.39 7.59 8.94 10.2
61.5 5.63 6.68 7.84 8.93
123 4.90 5.83 6.84 1.76
199 4.52 5.47 6.29 7.22
398 3.71 4.51 5.22 6.00
597. 3.23 3.95 4.59 5.29
796. 2.89 3.54 4.12 4.75
99s5. 2.59 3.16 3.71 4.29

a. T(K) for columns 2 to 5 were, respectively, 283.28, 298.29, 313.53, and 328.21.
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Table 2-2. Parameter values for curves in Figure 2-1,
T (K) 283.28 298.29 313.53 328.21
n (104 Pa-s) @ 7.0 5.45 4.54 3.75
e b 35.6 32.5 29.6 27.2
Agextrap (1073 §:m2/mol) ¢ 9.3 11.6 13.3 15.5
A (104 S-m3-Smol-1-5) 3.71 4.86 5.96 7.27
B (102 m!-5mol-0-5) 2.57 2.72 2.90 3.08
104 (A + Bl\())calc 6.1 8.0 9.8 12.1
104 (A + BAyemp 4 6.0 8.7 9.1 11.2
Dc"]p ( lO-S S'll]s/lllolz) d l 8 3. l 30 38
a. Ref. 3.

b. Interpolated from a combined plot of data from (i) F. Buckley and A. A.
Maryott. Tables of Dielectric Dispersion Data for Pure Liquids and Dilute
Solutions. NBS Circular 589. Washington, D.C. 1958.p. 7; (i) Y. Y.
Akhadov. Diclectric Properties of Binary Solutions. Pergamon, Oxford. 1980.
p. 273.

¢. Extrapolated with the empirically best-fit equation.

d. Empirical best-fit values for equation [2-3].
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Chapter Three*

Solvent Effects on the Reactivity of Solvated Electrons with
Ammonium and Nitrate Ions in 1-Butanol/Water Solvents

I. Introduction

In the present work we report solvent effects on the rate of reaction of solvated
electrons with solvated ions, and on the transport (conductance) of ions in solution.
Rates of reaction between two species depend on the coming together (transport) of the
species, and on the probability that they react when they encounter cach other. Division
of the reaction rate constant by the ionic conductance in the same solvent partially
separates the solvent effect on transport from that on the probability of rcaction of the
encounter pair. We used l-butanol/water binary solvents over the entire range of
miscibility (1), and the newly discovered "switchover"” reactant, ammonium nitrate (2).

Alcohols (3) and alcohol binary solvents (4, 5) have a wide range of physical
and solvation properties (6, 7), so they are excellent media in which to study solvent

effects on reaction kinetics.

4 A version of this chapter has been published. R. Chen and G. R. Freeman. Canadian Journal of
Chemistry. 71, 1303 (1993).
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Il. Experimental Section

A. Materials

All chemicals and |-butanol were from Aldrich Chemical Co. Lithium nitrate
(99.999%), ammonium nitrate (99.999%), lithium perchlorate (reagent grade), and
ammonium perchlorate (99.8%) were used as received; after opening a fresh bottle, it
was stored in a vacuum desicator that contained P,Os powder. 1-Butanol (spectrometric
grade, 99.5%, gold label) was dried for 1 week on Davison Molecular Sieves (3A), then
treated for one day under ultra high pure argon (99.999%, Liquid Carbonic Canada Ltd.)
with sodium borohydride (2 g/L) at 330 K. The alcohol was then fractionally distilled
under argon, through an 80 x 2.3 ¢cm column packed with glass helices, discarding the
first 20% and last 40%. The middle 40% portion was collected and stored in a flask
under argon. 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 electrons (4 J/kg) at 298 K
wils about 10 ps.

Water was purified in a Barnstead Nanopure Il ion exchange system. The

solvated electron half-life after a 100 ns pulse of 2.1 MeV electrons was about 12 s,

B. Techniques

The methods of sample preparation and kinetic optical absorption spectroscopy
were the same as those in the preceding work (2).

Electrical conductivity measurements were done with an impedance bridge
(model 1608-A, General Radio Co.) at | kHz. Most of the time the conductance mode
(Gp) was used. For conductances < 0.6 uS, the bridge was set to one of the capacitance
modes (Cp) and the conductance was calculated from the capacitance data. The

conductance cells were obtained from Yellow Springs Instruments (Model YSI3403),
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and calibrated at 298.15 K using the sccondary standard solution YSII361.
Temperature was controlled to within £ 0.01 K at 273 K, and £ 0.02 K at 344 K.
Conductances were measured when the specified temperature had been constant for
30 minutes. The molar conductance (A) was obtained from the plot of specific

conductance against solute concentration.
III. Results and Discussion

A. Physical Properties

1-Butanol is not completely miscible with water (8). The rate constants were
measured over the miscible range. The following mol% water were used: 0, 10.0, 20.0,
35.0, 45.0, 99.0, and 100.0. The values of viscositics for the mixed solvents were
obtained from ref. 1. The values of relative permittivitics for the mixed solvents were
obtained from ref. 9. However, only data in the range of 0-23 mol% water were
available, so we use those for iso-butanol/water mixed solvents (10) as an approximation

for other compositions.

B. Rate Constants

Arrhenius plots of kp for LINO3, NH4NO3, and NH4C104 in mixed solvents
are given in Figures 3-1 to 3-3. The mol% of water represented by the symbols in these
Figures are shown in Table 3-1. Due to the low solubility of NH4C104 in solvents of O

and 10 mol% water, its ko was not measured at these compositions.

For the reaction of el with NHZ ‘ in NH4C104 solutions at 100 and 99 mol%
water, the equilibrium NHZ ¢ == NHj3 + H: affects the measured rate constants.
The value of k) for NHZg in water is ~10~4 times smaller than that for H:, so a small

amount of dissociation of NHZ causes a significant increase in the observed rate of
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reaction of . The concentration of H} when [NH:‘S] = 10-100 mol/m? is [H]] =
\/—IZ:TQH__Z;—:T , where K, is the dissociation constant. Values of K, in water at different
temperatures (11) are listed in Table 3-2. Vulues of K, in the 99 mol% H20 mixed

solvent are not available, so we used those for water as an approximation. The values of

ko (¢ + NH:‘S) were calculated from the slopes of plots of (kobs ~ ky [H:]) against
|NH:‘s], where ké is the rate constant for the reaction of € with H: in water (5).

In alcohol solvent we have the following equilibrium: NH;"‘S + BuOH ===
NHz + BuOH 5\ Values of K, for 1-BuOH/H20 are not available, but those for
methanol/water and ethanol/water have been reported (12a); K, in pure ethanol is about

6 times larger than that in pure water (12b). In the alcohol-rich region kops is

> 1 x 105/s at 298 K for the concentration range of [NH:'S] = (0.02-0.2) mol/m3.
Based on K, in ethanol, the estimated ké[H:J is < 104/s for the range of [NH;" J we
used. Therefore, the influence of [H:] on kops is negligible and the values of
ka(e; + NHI‘S) were directly calculated from the slopes of plots of kops against
INH .

The solvent composition dependences of kp at 298 K are shown in Figure 3-4.

In the water-rich region the reaction of ¢; with NHZS, is very slow (kp =

1.5 x 103 m3/mol-s in water, which agrees with a recently reported value (13)).
However, in the alcohoi-rich region, the reaction is fast (kz = 107 m3/mol-s).

Therefore, the observed rate constants with NH4NO3 are mainly due to NO;'S in the
water-rich region and mainly due to NH;s in the alcohol-rich region.

The rate constants at 297 K for the reaction of e with LiCOy4 are
1.0 x 102 m¥/mol-s in water, and < 1.0 x 102 m3/mol-s in 1-butanol, so these ions
did not contribute appreciably to the measured e reaction rates in the other solutions.

In models of the kinetics of chemical reactions in solution, the solvent is

generally assumed to be a uniform continuum, and two effects determine how fast the
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reaction will be (14). Foremost is the intrinsic rate at which the reaction occurs, which is
a molecular-level quantity that requires a quantum or semiclassical theory for its
evaluation. The other eftect for bimolecular reaction rates is statistical and accounts tor
the probability of existence of adjacent rcactive entitics in solution. The Smoluchowski-
Debye-Stokes-Einstein model is such an cxample (15-18). We here use it to examine the
reactions of solvated electrons with ionic solutes. Once the effects of the bulk fluid are
accounted for, the unexplained features arc attributed to effects of the nonhomogencous
structure of the solvent.

For a diffusion-controlled reaction between species i and j (18):
[3-1] ko = 4nNA(Dj + Dj) xR f
where 4r steradians indicates that all directions of approach of i and j lead to reaction,
NAa is Avogadro's constant, Dj, and D;j (m2/s) are the diffusion coefficients of i and j, Ry
is the reaction radius of the reacting pair, and K is the probability of rcaction during one
encounter. The factor f reflects the effect of coulombic interaction between the reactants

on their probability of obtaining the closeness ol approach ut which reaction occurs (17),
URJ))_, ]
e

CXP( kT

where, U(Ry) is the potential energy of interaction between the reactants at distance R,

URy |

[3-2] f = m

kg is Boltzmann's constant, and T is the absolute temperature.
The potential energy when S is an ion of charge 7§ is given by:

7E2

3-3 UR) = - ——
[3-3] (Rp) Ty

where -§ is the charge on the electron, € is the permittivity of vacuum, and &, is the
relative permittivity of the solvent between the ¢lectron and the ion.
Values of f were calculated for a range of €, using a valuc of R, appropriate to

each solute. The results for 298 K arc shown in Figure 3-5. When the reactants attract
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cach other (z = +1) the value of f is >1; for repulsion (z = -1) f is <1. The solvent
composition dependences of kp/f at 298 K are shown in Figure 3-6. For the reaction of
(c; + NO;‘S) the observed values of k2 decrease monotonically with increasing alcohol
content of the solvent (Figure 3-4). Removal of the coulombic interaction (k2/f) reduces
the apparent difference between the water-rich and alcohol-rich regions. Values of f at
other temperatures were not calculated, because values of g are not available.

The coulombic interaction does not explain the shape of the curve of ka(e; +

NH‘;L J against solvent composition (Figure 3-6). The diffusion coefficients and

effective reaction radii (kR;) also influence the reaction rates.

C. Electrical Conductivities
The diffusion coefficients in equation [3-1] are related to the molar electrical

conductivitics A(S-m2/mal) of the respective ions (19):
[3-4] D = AkpT/z? §2NA

Combining equation {3-1] with [3-4] we zet:

g’ K,
3- =
13-51 KR, anky % A, \
fT _2,2 + A,
B}

1.48x 107" %, /{T[(A,/22) +2, |

where A; and A, are the molar conductivities of the reactant ion and €., respectively.
The values of the individual ionic conductivities in the mixed solvents are not

known, so we have used approximations based on measured salt conductances. In pure
water at 298 K the ratios of the A's of e, (20): NH“;S 21): NO; . (21) are 2.59: 1.04:

1.00. The diffusion coefficients (o< A/ z?) are in the same ratios. Thus, diffusion of e

dominates the relative motion of each reaciant pair.
In water we have the following ratios: [K(e:) + A.(Nog S)] / Ag (Li: + NO; S)



- 46 -

= 2.3 [Me]) + MNHy )1/ Ao (NHy ( + ClO, ) = 1.6: [Me)) + ANH] )1/ Ao

(NHY

hs ¥+ NO3 ) = 175 and [A(e)) + ANO; )1/ Ao(NHY  + NO7 ) = L7,

4.8

Thus, equation [3-5] can be approximated as
[3-6] KRy = 1x 1016k /(T A

where A is the molar conductivity in the diluted solutions.

The solvent composition dependence of the molar conductivities A of the salts at
298 K, and the approximate values of kR at 298 K, are shown in Figures 3-7 and 3-8,
respectively. The most interesting observation is that kR, for the reaction (¢ + NHI‘S)
increases by a factor of more than 103 when the mixed solvent changes from the water-
rich region to the alcohol-rich region. The activation energy of the reactions, E2, and the
activation energy of the conductance, Ep, of the salts are plotted against solvent

composition in Figures 3-9, and 3-10, respectively. For a diffusion controlled rcaction,

Ej is essentially that for the mutual diffusion of € and S, which encounter cach other at

random,

[3-7] e, +S - (.8 ,
and react,

[3-8] (¢;,8) —  product

In slow reactions most encounter pairs diffuse apart again,

[3-9] €, 8) —» ¢ +8S ,

in which case the measured E» is mainly due to the activation energy of reaction |3-8].

D. Reaction of (e + NOy )

EA of the reactant salts is similar to the Ej that might be expected for a diffusion

controlled reaction. The values of E; for the reaction (c: + NO; W) increase with
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increasing alcohol content, reaching a maximum in pure 1-butanol which is about three
times larger than that in pure water (Figure 3-9). The values of Ep decrease with

increasing alcohol content in the alcohol-rich region, and the magnitude of change is
much smaller than that of E;. This agrees with the observation that the reaction (e +

NO; ) is a nearly diffusion controlled reaction in water and gradually deviates away

from it as the alcohol content is increased.
The reaction (¢; + NOj ) in alcohol solvents is complex. The proposed
reaction sequence is (2, 5, 18, 22):

13-10] c. + NO;‘s = (e; » NOE'S)

[3-11] (¢ . NO; ) + RCH,OH —  NOj + OH_ + RCHOH

Alcohol molecules apparently participate chemically in the reaction. The change
of k2 for the reaction (¢; + NOj ) in different pure alcohol solvents is shown in
Figurc 3-11 as functions of solvent viscosity (23) and dielectric relaxation time (24, 25).
As the length of the alky! group in the primary alcohols is increased, the solvent fluidity
decreases and k7 increases. This inversc relationship between kj and solvent fluidity
is attributed to the increasing duration of reactant encounter pairs as solvent fluidity
decreases, and a greatly enhanced probability of reaction [3-11] with increasing
cncounter duration.

For sccondary alcohol solvents, k2 is 4-7 times larger than in their primary
alcohol counterparts. This is attributed to the relatively reactive 0-C-H group on the

secondary alcohol.

E. Reaction of (e, + NH4+S)

The reaction (¢ + NHI ¢ is nearly diffusion controlled in the alcohol-rich

region and much slower in the water-rich region. The value of kR in pure 1-butanol is
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103 times larger than that in pure water at 298 K (Figure 3-8). In ammonium nitrate

solution, E> represents the reaction (e, + NH;’ J) in the alcohol-rich region and (e] +

NO; ¢) in the water-rich region. The value of E3 for the reaction (c; + NHI ) I8 larger in
pure l-butanol than in pure water (Figure 3-9).

The rate constants in water for several other cations, Ag: (40). H, TQ:. and
Cug+ (5), are all (2.5-4.2) x 107 m3/mol-s, so the respective values of kR are much
larger than that for NHI‘ ¢ in water.

The solvation of ammonium ions in aqueous solution has been extensively
studied by the method of apparent volume of individual ions (26); of entropies of dilution
(27); of viscosities (28); of water activity (29); of NMR (30); and of IR and Raman
spectra (31, 32). All these studies show that the ammonium ion in agucous solution has
properties similar in many respects to those of a water molecule (structure, volume,
molecular weight, charge distribution; see Table 3-3). Its influence on water properties
is usually negligible compared with the change caused by the other cations.

In a study of entropies of solution, Frank and Robinson stated that (27) ... the
difference [between NaCl and NH4Cl] is in the direction to be expected if the NH: exerls
an additional stabilizing influence on the water structure by virtue of its tetrahedral shape
and its ability to form hydrogen bonds". In a study of Raman spectra of aqueous
electrolyte solution, Vollmar wrote (32) "... the clectrostatic forces exerted on their
nearest neighbors by H>O and by NHZ arc probably very similar. In particular both H20
and NH‘;L form hydrogen bonds of about the same strength”. As this unique property of
solvated ammonium ions in water is responsible for many thermodynamic and
spectroscopic properties of the aqueous solutions of ammonium salts, we belicve that it
is also responsiule for the kinetic behavior of the solvated ammonium ion in water: Since
NI—I‘I‘S is symmetrically solvated in water, it has little tendency to accept an clectron.

Relatively little is known about the behavior of electrolyte solutions in alcohols.

Each alcohol molecule contains one -OH group which can bond with others to form a
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chain or ring structure in the liquid, but not a three-dimensional structure like that of

water. This would greatly influence the solvation structure of an ammonium ion in it. Tt

is, therefore, reasonable to suggest that NH;'S is unsymmetrically solvated in an alcohol,
and that this greatly facilitates electron attachment and subsequent decomposition, NHy4
— H + NHj. More thermodynamic and spectroscopic studies of electrolyte solutions
in alcohols would be of great help for our embryonic understanding of solvation effects
in different solvents. The rate parameters for the reactions in 1-butanol/water mixed

solvents are summarized in Table 3-4.

F. Effective Radii for Mutual Diffusion

The Stokes radius, Ry, for mutual diffusion of ions in an electrolyte solution is

given by (19):

! )
[3-12] Ry =
d Ry,  Rg
A
=82 x 107102 2
2" 7
Inourcase,i = ¢, j = Nﬂzsor NO;  solzil = z;1 = 1. As discussed before for

kR, we use the approximation (le_ + Aj) = 1.8 A, s0

S

[3-13] Rg =5x10°16/nA

The solvent composition dependences of Ry are shown in Figure 3-12.
Equation [3-12] shows that Ry emphasizes the more mobile ion. In the alcohol-rich
region, Ry increases as the alcohol content increases. This is attributed to the larger size
of the molecules that solvate the ions. The decrease of Ry as a small amount of alcohol is
added to water indicates that the microscopic viscosity of the liquid in the vicinity of the
ions is lower than the shear viscosity of the bulk liquid; the ions remain in the disordered

wiler.



-50-

Table 3-1. Symbols in Figures 3-1 to 3-3.

Symbol mol % H,O0 Symbol  mol % H,O
+ 0 o 45
A 10 o 99
A 20 [ 100
(m] 35

Table 3-2. The values of pK, for NH";'s === NH3 + H/} in water.

T(K) PKw PKb pKy
277.0 14.78 4.84 9.94
298.0 14.00 4.75 9.25
3135 13.54 4.73 8.81
328.5 13.13 8.41
343.2 8.08
a. Values of pKy and pKp from ref. 11, pK, = pKy — pKp.

Values of pK, at 328.5 and 343.2 K are extrapolated from a plot of
pK, against T.
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Tahle 3-3. Properties® of NH; _ and H20 (liquid) compared
Molecule Mass Partial molar volume H-X-H angle  X-H distance
(g/mol) (ml/mol) (degree) (nm)
NH} 18.05 18.0 109.5 0.103
H>O 18.02 18.0 104.5 0.101

a.  fromref. 32, p. 2241.
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Table 3-4. Rate parameters for reactions of solvated electrons with
solvated ions in 1-butanol/water mixed solvents at 298 K.

gd MNP mol% fc¢  ka ko/f E>d A¢ Eaf
(103 HO (10° (10° (10°3
Pa-s) m3/mols)  m3mols)y  (KI/mol)  s:m2Zmohy  (KMmol)
NO.{.\' &
78.5 0.89 100 0.78 9.2 12, 16. 10.8 15
75.8 1.09 99 0.77 7.7 10. 15. 10.4 17
19.8 292 45 0.34 1.2 3.5 21. 2.05 21
18.4 2.8l 3 0.31 1.1 3.5 22. 1.92 20
17.8 2.70 20 0.29 0.72 2.5 30. 1.74 20
17.5 2.66 10 0.29 0.53 1.8 32. 1.82 19
17.4 2.60 0 0.28 0.19 0.68 43. 1.28 18

+ p—
NH 4,8’ N03,.\' h

100 0.78 10. 13. 16. 14.% 8.
99 0.77 8.0 10. 17. 13.4 I8.
45 i 5.2 4.6 32. 2.35 10,
35 11. 6.9 30. 2.14 K.
20 13. 6.2 27. 1.89 I8.
10 11. 4.8 26. 1.60 18.
0 8.3 3.1 25. 1.37 20.

NH

100 1.40 1.5x103 1.1 x103 20. 14.0 16.
99 1.42  1.5x103 1.1xi03 20. 12.6 16.
45 3.0l 4.6 [.5 33. 2.50 20).
35 3.20 9.2 2.9 29. 2.47 20.

20  3.29 12. 3.6 26. 2.30 20).
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Tahle 3-4. continued
gd MNP mol% ¢ k2 ko/f Epd A€ Eaf
(103 H,0 (108 (108 (103
Pa-s) m3/mol-s)  m3/mols) (kI/mol) Sm2/mol)  (kI/mol)
Li¢, Clo; ]
100 1.0x10-4 20.
0 <1.x104 —

- 6 o T

Uz

Relative diclectric permittivity. Those for 99, 45, and 35 mol% are for iso-
butanol/water mixtures. Data from refs. 9, 10.

Viscosity. Data from ref. 1.

Debye factor.

Temperature coefficient at 298 K from Arrhenius plots of k.

Molar conductivity of the dilute solutions.

Temperature coefficient at 298 K from Arrhenius plots of A.

NOj , in LiNO3 solutions, concentrations 0.02-1.8 mol/m3.

. NH: and NO, in NH4NO3 solutions, concentrations 0.02-0.2 mol/m3. The value

of f was calculated according to z = —1(NO3} in 100 and 99 mol % H20; in the
other compositions, k2/f was calculated from the proportionate contributions of each
ion and the appropriate f.

NH4+ < in NH4ClO4 solutions, concentrations 1-140 mol/m3 for mol% H>0 of 100,

99; (,.02-0.2 for mol% H>0 of 45, 35, and 20.
LiClO4 concentrations 60-600 moi/m?3 in water, and 90-440 mol/m3 in 1-butanol.
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Figure 3-1. Arrhenius plots of ky of e’§ reaction with LiNOj in

1-butanol/water mixed solvents. Symbols representing mol% water are given in
Table 3-1. To separate the lines, some values of ky have been multiplied by the

factors indicated.
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Figure 3-2.  Arrhenius plots of ky of e, reaction with NH{NO; in

1-butanol/water mixed solvents. Symbols representing mol% water are given in
Table 3-1. To separate the lines, some values of k; have been multiplied by the

factors indicated.
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1-butanol/water mixed solvents. Symbols representing mol% water are given in
Table 3-1. To separate the lines, some values of ky have been multiplied by the

factors indicated.
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Chapter Four*

Solvent Effects on the Reactivity of Solvated Electrons
with Ions in Iso-Butanol/Water Mixed Solvents

I. Introduction

The present article continues the studics of solvated electron reactions with ions
in mixed solvents (1), in this case iso-butanol/water.

The reactions of solvated clectrons (e7) arc usually electron transfer reactions
(2). Possible exceptions are e¢; + ROH — H + ROy and ¢; + ROH3, — H + ROH in
water and alcohols, where a proton from a solvating —OH or -Gi{3  group might
transfer to the site of the electron (3). Proton transfer to the "cavity” of the clectron site
might avoid the work needed to create a new site for the H atom if the clectron were to
transfer first, followed by decomposition of the transient ROH™ or ROH>. The electron
and proton are both elementary particles, but the former has a much smaller mass and,
other things being equal, would have a larger transfer probability. Protons have larger
mobilities than do electrons in water and alcohols, which means that the transport
mechanisms are different.

For electron transfer between two species A and B in liquid media one may

write:

[4‘]&] AS + BS T [ASs Bgl

& A version of this chapter has been published. R. Chen, Y. Avotinsh, and G. R, Freeman. Canadian
Journal of Chemistry. 72, 1083 (1994).
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[4-1b] [Ag, Bsl — Cs + Dy
where the subscript s signifies "solvated”. The first step represents the random diffusion
of two reactants, which by chance encounter each other and thereby form an [encounter
r.air], and which might diffuse apart again. The second s:ep represents electron transfer
within the encounter pair, which might involve thermal activation of the solvated species
A, and By in concert (4, §).

The overall second order reaction rate constant kyp may be represented by
] 1 1

= +
k2 klu Kluklb

I |
= +
kg K .k

a’r

[4-2]

where kg = k1, = diffusion controlled upper limit of the reaction rate constant, K, =
kya/k-1a. and k; = kp = ratc of formation of products from encounter pairs. The value of
K. is typically 10-5 m3/mol.

We analyze large values of kj from the viewpoint of the Smoluchowski-Debye
model (1, 6):
|4-3] ko =kg=4ntNa (DA+DB) R, f
where No = Avogadro's constant, DA and Dp are diffusion coefficients, Ry is the
average center-to-center distance between A and B when electron transfer occurs, and f is
a factor that accounts for the effect of the coulombic interaction between the reactants on
their probability of diffusing to within a distance R, of each other.

The relative contributions of kg and k; to limiting the observed reaction rate are
reflected in the ratio ko/ky. If ko = Ky, then Ky ke >> kg; if ko = 0.5 kg, then Kj.kr = kg;
it ko << ky. then ko = Ky,k;. We have introduced the probability x that reaction occurs
during the lifetime of an encounter pair (1). Then,

[4-4] ko=xkg=4 1t Na (DA+Dp) kR f
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For example, when ¥ <0.10, then Ky ke € kg/9. we evaluate solvent effects on Ko/t
Partial information is obtamed about the diffusion cocfficients of ionic reactants by

measuring molar conductances of the reactant electrolyte solutions.

11, Experimental Section

A. Materials

Iso-butanol (Aldrich, 99+%, Spectrophotometric Grade, Gold Label) was dried

for one week on Davison Molecular Sicves (3A), then treated for one day under ultra

1 pure argon (99.999%, Liquid Carbonic Canada Ltd.) with sodium borohydride (2
g/L) at 330 K. The alcohol was then fractionally distilled under argon, through an 80 x
2.3 cm column packed with glass helices, discarding the first 20% and last 40%. The
middle 40% portion was collected and stored in a tlask under argon. The water content,
measured by Karl-Fisher titration, was 0.05 mol %. The solvated electron half-lite after
a 100 ns pulse of 340 f] (2.1 MeV) electrons (4 J/kg) at 298 K was about 10 pis.

Singly distilied water was further purified in a Barnstcad Nanopure I ion
exchange system. The half-life of solvated clectrons a.ter a 100 ns pulse of 340 1]
electrons (4J/kg) was about 12 ps.

The following chemicals were obtained from Aldrich: lithium nitrate (99.999%,
gold label), ammonium nitrate (99.999%), ammonium perchlorate (99.8%, lithium
perchlorate (reagent gradc), copper(Il) perchlorate (98%, reagent grade), and aluminum
(II1) perchlorate (98%, reagent grade). Silver perchlorate (reagent grade) was from
Strem. After opening a fresh bottle, it was stored in a vacuum desicator that contained
P205 powder.

Perchloric acid (70 wt %, in water) was obtained from Fisher Scientific.

The salts and acid were used as received.
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B. Techniques

Butanol/water mixed solvents were prepared in a one L volumetric flask, by
volume measurements at 298 K.

Solid solutes were weighed into 25 mL volumetric flasks and dissolved in the
mixed solvent to get the stock solution. Sample solutions were made by diluting aliquots
of stock solution, using syringes or volumetric pipettes. Perchloric acid samples were
prepared through several steps of dilution from the 70 wt % aqueous solution, and the
concentrations of the stock solution were checked with the calibrated pH meter.

Four to six sample solutions with different concentrations were prepared for
cach solute. The solutions were poured into 10 nmxm Spectrosil optical cells, deacrated
by bubbling with UHP argon, and scaled. All components of the solution were of low
volatility, so their concentration changed negligibly during bubbling.

Electrons were produced by pulse radiolysis. The radiation was a 100 ns pulse
of 340 f1 (2.1 MeV) clectrons, delivering a dose of ~4 Gy(J/kg). The number of pulses
per sample was 2 or 3 at cach temperature, and the number of temperatures per sample
was 4 or 5. A pure solvent sample was part of cach series, so the effect of the
~3 x 10-3 mol/m? of aldehyde produced during three pulses would not affect the value
of ka obtained tfrom the slope of the plot of kohg against added solute concentration.

The light source was a 1000 W Xe arc lamp (Optical Radiation Co., model
XLN) contained in a lamp housing (Photochemical Research Assoc., model PRA
ALH220). A Bausch and Lomb monochromator housing, type 33-86-25, was uscd with
the grating type 33-86-03 (7001000 nm), and a Corning filter tvpe 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 nm with bandwidth
9 nm. to obtain an optimal absorption signal.

The silicon detector (pin photodiode SGD 040) was sensitive over the

wavelength range 400-1100 nm. The 3 to 97% response time of the detector, amplifier
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and transient digitizer (Tektronix R7912) was 6 ns. The signal to noise ratio ol the
differential amplificr (Tcktronix 7A13) was increased by using the S MUz filter. which
gave a system response time of 96 ns.

The cell holder in the thermostated box was repeatedly rotated full eyveles
clockwise and counterclockwisc between pulse measurements, to obtain a temperature
uniformity of 0.1 K within the box.

The decay half-life of the solvated ctectron ab: orption was computed as a
function of time after cach pulse, and recorded on the absorption trace (1b). The firs
order decay constants were plotted against solute concentration, and sccond order rate
constants obtuained from the slope of the linc. At high concentrations in butanol the plots
were curved due to ionic strength effects, in which case inttial slopes were used.

Electrical conductivity measurements were made as described carlier (1a).

pH measurements were made with a Fisher Accumet digital pH/ion meter
{model 520) with a giass indicating clectrode (Fisher No. 13-639-3) and a reference
electrode (Fisher No. 13-639-52). The meter was calibrated with two stazdard butier

solutions at 298 K, SO-B-108 (pH = 7.00120.01) and SO-B-98B (pli = 4.00£0.01).

II1. Results and Discussion

A. Physical Properties

Iso-butanol is not miscible with water in the composition range 45.4--97.8 mol

% water at 298 K (7). Reaction rate constants were measured in solvents ‘tained
the following mol % watcr: 0.0, 10.0, 20.0, 35.0, 45.0, 98.0, 100.0. ses of the

viscositics of the mixed solvents were obtaiied irom ref. #, and of the celative

permittivities at 298 K from ref. 9.



B. Rate Constants

Arrhenius plots of ka for LINO3, NH3NO3. NH4ClO4. AgClOy4, HCIO4 and
Cu(ClO4)> in the mixed solvents arc given in Figures 4-1 to 4-4. The symbols that
represent the different solvent compositions are listed in Table 4-1.

The precision of ko values is 5-10% in pure water solvent and 10-15% in mixed
and pure alcohol solvents,

Due to the low solubilities of NH4ClO4 and NH4NO3 in pure iso-butanol, and
of NH4ClIOy4 in the 10 mol % water mixture, these values of k2 could not be measured.

The observed rate of clectron reaction in NH4C1O4 solutions in 100 and 98 mol
% water was affected by reaction of eg with HY obtained from the dissociation (1a)
[4-5] NH}, <= NH;+H} :
[4-6] [H*} = (K JINHE ) 03
Values of the dissociation constant K, of NHJ arc only known for pure water solvent
(la), but they are a rcasonable approximation for the 98 mol % water solvent as well,
The values of kj(eg+NHj,) were calculated from the slopes of plots of
(K ps —ko|HY]) against the concentration of undissociated NHj ;, where k is the rate
constant for (ef + HY) in the appropriate solvent. The corrections are ~50% at 277K
and ~80% at 328K; the values of ky(e; + NHJ ) arc very low in these solvents.

In the alcohol-rich solvents the values of k(e + NHI ) are so high that, unless
K, is >10x the value in pure water solvent, the corrections for ko[ HY| are negligible.
The values of ks in alcohol-rich solvents were taken dircctly from the slopes of plots of
kobs against added [NHZ (| .

The overall rate constants at 297 K for rcaction of ¢ with Lif + ClO, arc
10020 m3/mol-s in water and <40 m3/mol-s in iso-butanol. Thus the rate constants of
e; with the ions Lif and ClOZ are negligible by comparison with those with NO4

NHj,, H}, Ag! ,and Cul*.
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Figure 4-5 displays the solvent composition dependence of kj at 298 K for

NOs, . NHj,, H! , Agl, and Cu?* , and for NH}, and NO3 in combination. As
found in other mixed solvents (la), the reaction of ey with NHg, is 4 orders of
magnitude faster in the alcohol-rich solvent than in pure water solvent. The low
reactivity in water is attributed (1b) to a symmetric structure of NHj; hydrogen bonded
into the structure of water, which would tend to spread out the positive charge and

reduce the electron affinity of the ion. The reaction might actually happen by proton
transfer to the electron site (3). In alcohol, NH} is unsymmetrically solvated, which
evidently facilitates clectron attachment and the subsequent decomposition of

NH,—H + NH; (1b), or approach of the electron site and proton transfer to it.

The observed rate constants for NHsNOj3 solutions are mainly due to NO3 ¢ in

the water-rich region and to NHj . in the alcohol-rich region.

C. The Debye Factor f

The coulombic interaction between e and a reactant of charge z§ increases their
probability of approach to within the distance R; if z is positive, and decreases it if z is
negative (6; Figure 6):

- U(Rr) U(Rr) -1
[4-7] f = KT lcxp( KT )— 1]

where U(R;) is the potential energy of interaction between the reac ants at center-to-center

distance Ry, and kg is Boltzmann's constant. For the electron and ion,
14-8] UR) = — ————ZE:)——
4nepeE R,
where €, is the permittivity of vacuum, and g is the relative permittivity of the medium
between the electron and ion.
The estimated value of f depends on the choice of values of € and R;. Some

authors used the hydrated ion radius for Ry (10), which seems too small for solvated

clectron reaction with a solvated ion (4). The van der Waals diameter of a water
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molecule is 0.29 nm b (11). To use the bulk value of € for water one would need at least

three water molecules between the reactants (one polarized by cach reactant, and one
relatively frec), so £ = 78 would require Ry 2 0.9 nm. We took Ry = 1.0 nm for reaction
of =y with positive ions. The repulsion between a negative ion and an clectron makes it
somewhat more difficult for them to approach each other closely, so we took Ry = 1.5
nm for reaction of e with anions and used the bulk value of the static dicleetric constant
of the solvent. Values of f at 298 K arc shown as functions of €, and z in Figure 4-0.
Values of f at other temperatures were not calculated because the variation of g, with
temperature is not known for the mixed solvents.

The solvent composition dependences of ka/f at 298 K are shown in Figure 4-7.
When adjusted for the coulombic interactions in this way, the rate constants Ko/t are all
similar and increase with increasing water content. Exceptions are the low values for ¢,
+ NO3 in pure alcohol solvent and e; + NHj, in water, which are ineificient reactions
(1). The points for ammonium nitrate arc higher than the rest because both ions are
reactants; the overall ky was partitioned between NH} and NOj3 using the ratio of
ammonium perchlorate and lithium nitrate rate constants, then cach part was divided by

the appropriate f, and the results added to obtain an overall ko/f.

D. Comparisons of ky/f in Other Primary Alcohols

Alcohols that have longer alkyl groups have lower molecular diffusion rates,
indicated by the higher shear viscosities 1 (12), and lower molecular rotation rates,
indicated by the longer dielectric relaxation times Ty (13). The changes of ka/f with n
and T, for reactions of e; with a number of cations and anions in a scrics of primary

alcohol solvents (1,14,15) are shown in Figure 4-8.

3 °%)”3 = 463 x 1079 p!/3,



-76 -

Reactions of ¢ with the positive ions ( HY , NHi,, Ag!, Cul*) display
values of ko/f that vary approximately as 1! and t;-! (Figure 4-8). The correlation with
1! and the ne i equality of the values for the different ions indicates that the reactions in
alcohol solvents are essentially diffusion-controlled (16a). The somewhat larger rate
constants for HY are due to the proton-hopping mechanism of diffusion (16b).

For the ¢; reaction with NO3 the value of ko/f increases as n+! (Figure 4-8)
so the diffusion process [4-1a] is not rate limiting. The duration of an encounter between
a pair of reactants increases with increasing 1; the multistep reaction that results in the
permanent capture of ¢ by NO3, (1) cvidently becomes more probable as the
encounter duration increases, in spite of the fact that the rate of new encounters
decreases.  This indicates that the probability of reaction per encounter increascs
approximately as the square of the encounter duration.

There is a correlation between the viscosity and the longest dielectric relaxation
time T in alcohols (Figure 4-9). The correlation of ko/f for (e; + NOg.S) with 'CT‘ is
better than that with n*! (Figure 4-8), which we do not yet understand. The line through
the points in Figure 4-9 intersects the N axis, which indicates that the rounder shaped
alcohol molecules (methanol) can rotate more freely (small Ty) than they can bump past
cach other (). This might mean that the duration of an eg encounter with a NO3; is
determined by the molecular dipole rotation time. Dipole reorientation must accompany
charge migration in polar solvents, because of the large polarization energy of the solvent

molecules around the ion or electron.

E. Electrical Conductivities and Effective Reaction Radii (KR;)

The diffusion coefficients in cquation [4-4] are related to the molar electrical
conductivitics A (S-m2/mol) of the respective ions (16b). However, the conductivities of
solvated electrons in the mixed solvents are not known, so the ionic conductivities A of

the dilute reactant electrolyte solutions are used as an approximation. The ratios of the



=77 -
conductance of e; (17) to that of the various reactant ions (18) in water are known and

are roughly assumed to have similar values in the mixed solvents (15):
[4-9] Aeg )+ A(BH/22 = 1.8A/z .

where z is the number of charges on the reactant in B%, A is the molar conductivity of its
electrolyte solutions at low concentration, and the factor 1.8 has an average deviance off
+0.2 for the present solutes in water. By rearranging cquation [4-4] ind making
appropriate use of equation [4-91 onc can obtain (15b):
[4-10] KR; = 1x10°10zko /fT A .

The solvent composition dependences of A of the reactant electrolytes at 298 K,
and of the approximate values of xR, at 298 K, arc shown in Figures 4-10 and 4-11,
respectively. The rate parameters arc listed in Table 4-2. In most cases the
concentrations of salts are <0.2 mol/m? for ky and A measurements, so ion pairing is
negligible. The low reactivity of NH4ClOy4 in water required concentrations up to 100
mol/m3 for measurement of kp, and the same concentration range was used for A
measurement; the Debye-Hiickel-Onsager equation (16¢) describes the A data, so ion
pairing is negligible.

Most of these values of KR, are relatively insensitive to solvent composition.
The greatest exception is for NHj , , which is only 10-4 times as reactive in water as in
iso-butanol. The next largest exception is for HY , which is only 0.2 times as reactive in
pure water solvent as in the alcohol-rich solvents; this supports the previous conclusion
that reaction of e with HY in water is 0.2 times slower than diffusion controlled (19,

20), and that the reaction is diffusion controlled in alcohol.

F. Activation Energies Ep and E 4
The Arrhenius temperature coefficients Ep and Ep of reaction and conductance
near 298 K are plotted against solvent composition in Figure 4-12. The most remarkable

feature is the large increase of Ex upon addition of 2 mol % of iso-butanol to the aqueous
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solutions of AgClO4 and Cu(ClO4)2, as secen on the right-hand side of Figure 4-12D.
This effect is reproducible and corresponds to an increase in conductivity at 298 K
(Figure 4-10), which contrasts with the decrease of conductivity of the other aqueous
solutions when 2 mol % of iso-butanol was added (Figure 4-10). The decrease of A and
relatively small increase of EA of the other solutions is due to the increased 1 upon
addition of 2 mol % of alcohol to water (Table 4-2). The increase of A and large increase
of Ex of the AgClOy and Cu(ClOg4)> solutions 1s worth a separate study. The increase of
A with T is reproducible with different heating times. It is not due to oxidation of the
alcohol by ClO; . The pH measurement in these solutions would be useful to the
understanding of the mechanism and a pH meter would have to be calibrated for each
solvent and temperature.

The Arrhenius temperature coefficients of the e reactions in pure water solvent
are 242 kJ/mol greater than those of conductance of the electrolyte solutions; this
difference is essentially the mean thermal agitation energy RT = 2.5 klJ/mol, since
conductance is driven by the electric field rather than by thermal energy. The values of
I35 in purc water solvent are 3%1 kJ/mol lower than the temperature coefficient of
solvated clectron diffusion, 20 kJ/mol (17). The exception is (e7 + 17 ), where Ey =
12 kJ/mol equals the temperature coefficient of proton diffusion in water near 298 K
(17: Table 4-2, EA(H} + ClO; ¢ )+ 2.5 kl/mol}.

In the alcohol-rich mixed solvents Eo is ~6 kJ/mol greater than EA for the
transition metal ions Ag* and Cu2+ and the ac:dic ions HY and NHj , indicating a need
for a slightly greater agitation energy to react. At the miscibility edge of 45 mol % water,
(Ea — EA) for the acidic ions increases to ~12 kJ/mol, possibly indicating that e and the
acidic ions are selectively solvated by different components of the solvent, or that they
are selectively solvated in the same component but separated by a microstructure of the

other component.
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The effect of greatest magnitude is the opposite changes of Ea and B for the
LiNO3 solutions on going from putre iso-butanoi to the water solubility edge at 45 mot <
water (Figures 4-12 A and C): Ep decreases from <41 1o 25 kl/mol while 4 increases
from 19 to 25 kJ/mol. Thus, Ea - EA = 22 kJ/mol in pure iso-butanol solvent, but i
decreases upon addition of water, reaching zero at the water solubility limit ol 45 mol “e,
and remains at essentially zero in pure water solvent.  Electron capture by NO. s
clinched by subsequent reaction of the initial NO_%" . the reaction is evidently arelaiively
easy protonation by water in pure water selvent, but involves a more difficult reaction of
the alcohol in alcohoi solvent (1).

A plot of (Ez-EA) against EA for the various solvent compositions breaks the
data into alcohol-rich and water-rich regions. which have been demonstrated in greater
detail for other alcohols by plots of ko against 1 at 298 K (21, 22). The (F-Fa) plotis
therefore not shown.

Alcohol/water mixed solvents form composite structures, as indicated by their
thermodynamic properties (23). Dilute solutions of electrolytes in mixtures near the
critical 2—phase composition might have propertics characteristic of nunocmulsions. The
study of liquids and of liquid solutions for their own sake has reached the beginning of a

new cycle of great interest and value to general scicnce.

G. Fffective Radii Rg for Mutual Diffusion
We obtain further insight into equations [4-4] and {4-10] by considering Ry.
The Stokes radius Ry for mutual diffusion of ions i and j in an clectrolyte solution is

(16a):
[4-11] Ry = (5 +5—)"

[ n A
_ ~-16 ]
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In our case, i = ¢; and j = reactant ion. As discussed carlier, values of )‘e; are not
available for the mixed solvents, so we use the approximation [Ae- + (Ajlzj?)] = 1.8Alz;
. hence
[4-12] Ry =5x 10167/ nA |
where A is the molar conductance of dilute solutions of the electrolyte that contains
reactantion j.

The solvent composition dependences of Rq are shown in Figure 4-13. Equation
[4-12] emphasizes the more mobile ior.. In water the mobility of e5 (17, 24) is greater
than that of all the ions we studied except H} ; the last has a high mobility due to a
solvent-structure-dependent proton hopping mechanism (16b). This is why Ry for
HC10y4 is only 14 pm, while the rest are in the vicinity of 45 pm in pure water solvent.

The values of Ry for AgClO4 and Cu(ClO4); in pure water reduce to half upon
addition of 2 mol% of iso-butanol (Figure 4-13): the values of A, 1, and E all increase
by factors of 1.4 to 1.5 upon addition of 2 mol % of iso-butanol to water. A possible
reason for the increases in A and Ej is a reaction that produces HY , for example,
[4-13] [Ag(ROH),]} =< [(ROH)AgOR],+H} .
This uncertainty is why the dashed lines do not acknowledge the apparent decrease of Ry
in Figure 4-13 or of kR, in Figure 4-11 for Ag* or Cu2+ on going from 100 to 98 mol %
water. The copper(Il) ion hydrolyzes to a small extent even in pure water solvent (Table
41, p. 50 of ref. 25a; Table 12-2, p. 274 of ref. 25b), which was detectable with the
pH meter. However, addition of 2 mol % (10 vol. %) of iso-butanol to the water or to
the dilute salt solutions did not change their indicated pH's appreciably (£0.03 units),
possibly due to an effect of the alcohol on the electrode.

The fact that Ry for H*CIOj is also smaller in pure aicohol and the mixed
solvents, than Ry for the other electrolytes (Figure 4-13), indicates that proton hopping
also occurs in those solvents. The ratio Rg(H*ClO3)/Rg4 (other salts) = 0.3 in water and

is usually ~0.6 in iso-butanol, so proton hopping is less efficient in alcohol than in
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water. However, Ag*CIO] has an exceptionally high conductance in alcohol solvents
(Figure 4-13 and ref. 15b), which again suggests that reaction [4-13] oceurs.

The larger values of R, for electrolytes in alzohol than in water are attributed to

the larger size of the solvating molecules that attach to the ions.

H. Reactions of e¢; in Al(ClIO4)3 Solutions

The reaction rate of ¢; with Alf.+ cannot be measured directly, because
Al_':+ hydrolyses extensively (25). The identities of the species present in aluminum salt
solutions at different pH's are not well known, because the hydrolyzed ions can form
charged clusters and polymers (25-28). For example, Rubin and coworkers studied the
influence of pH on clustering and coagulation in AI(II1) solutions, and concluded that in
acidic aqueous solutions the main species in equilibrium are /\lf+ , AIOHZ* | and a
polymer [Al4(OH)513* . However, for the very dilute, natural pH solutions of

Al(ClO4)3 used in our work, only the first two steps of the cquilibria are important (25,

28):
[4-14] [(HZO)()AII;” _— I(I-IZO)_gAlOH]:“.+ + H!Y. Ky,
[4-15] I(HZO)SAIOH]? _— [(H20)4A|(OH)2]+S + H! L Kys

where K4 and K5 are the equilibrium constants.

Measured values of pH of aqueous Al(ClO4)3 solutions at 298 K arc plotted
against added Al(I11) concentration in Figure 4-14, along with data from ref. 28. The ¢,
reaction rate constant data were obtained at AI(ClO4)3 concentrations <0. 10 mol/m3, but
pH was also measured at higher concentrations to sort out the hydrolysis equilibria. We
attempted to fit the data in Figure 4-14 by selecting a value of Kys/Kjq and adjusting the
value of K4 to give calculated pH values as near as possible to the experimental values.
Curves for K 5/Kj4 =0, 1, 2, and 4 are shown in Figure 4-14, and the corresponding
values of K4 are given in the legend. The best fit was obtained with Ky5/K 4 = 2 and

K4 = 4.7 x 10-3 mol/m3, which corresponds to pK4 = 5.33 and pK;5 = 5.03. The
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value of pKja+pKis is in good agreement with that (10.5) estimated based on the
assumption that the logarithms of the stepwisc constants decrease linearly with the step
of hydrolysis (p. 115 of ref. 25b).  The dashed line for Kj5/Kj4 =0 corresponds to the
single stage hydrolysis with pK = 5.02 reported earlier (28). Figure 4-14 confirms that
multistep hydrolysis (25-28) is significant even at these low concentrations.

Measured half-lives of ¢ in these solutions gave the first-order Kohs values
displayed in Figure 4-15. These valucs were correcied for reaction of e5 with HY,
using the measured pH values and k(e + H}) = 2.4 x 107 m3/mol.s. The net reaction
ratc with aluminum species is represented by (kgps - 2.4x107[H7]); the curve is
sublincar (Figure 4-15). The net reaction rate also gives sublinear curves when plotted
against the equilibrium values of |AL}*] or [HOAIY] ; it gives a superlinear cuive when
plotted against [(HO),Al}] . 1t appears that eg does not rcact appreciably with ALY,
but that it reacts with a partially hydroxylated species with a rate constant kp > 3 x 100
m3/mol-s.

An carly report of kafeg + AlYY) =2 . 106 m3/mol-s in water at room
temperature, at pH = 6.8 (29a), is unclear, because at pH = 6.8 hydrated alumina
precipitates. We observed the e;  reaction rate in the aluminum perchlorate "solutions™ at
pll = 6.4 to be the same as that in aqueous HZPO;/HPOE_ buffer at that pH. Anbar and
Hart might have obtained pH = 6.8 with HzPO;/HPOE" buffer (29b) in which case the
observed reaction rate could have been due to the H,PO;. We obtained k 5(e5 + H,POp)
= 1.2 x 10+ m¥/mol-s at |H,PO;] = 72 mol/m? and pH = 6.42 at 298 K, whercas
Anbar (29¢) reported 0.8 x 104 m3¥/mol.s at [H,PO3] = 100 mol/m” and pH = 7.1 at
room temperature.

We could not measure [HY] in the alcoholic solvents. Uncorrected values of
k; obtained from plots of Kops against added [Al(CiO4)3], and the corresponding
Arrhenius temperature coefficients E; , are displayed against solvent composition in

Figurz 4-16. The relatively low values of k5 and high values of E, in pure water and
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98 mol % water solvents indicate that the hydrolysis reactions, possibly [4-14] and [4-
5], have activation energies of about 20 kJ/mol. The higher values of k; and lower l{;
in the iso-butanol-rich solvents indicate that either the acid dissociation constants ot the
solvated Alj:+ arc higher in these solvents, or that the solvated ons themselves are more

reactive with ey, .
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Symbols in Figures 4-1 to 4-4

Symbol mo! % HyO Symbol mol % H,O
+ 0 = 45
A 10 ° 98
A 20 e 100
0 35
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Table 4-2. Rate parameters for reactions of solvated electrons with
solvated ions in iso-butanol/water mixed solvents at 298 K.

g2 MNP mol% f¢ k- Ko/t Ead A¢ Bl
(103 H20 (10° (10° (10-3
Pa-s) wm¥mols)  m¥ymolsy  (KJ/mob  smrmehy  (KM/mol)
NOy
78.5 0.89 100 0.78 9.2 12, 16. 10.8 IS5
73.0 1.30 98 0.77 9.6 12. 17. 8.7 20.
19.8 3.25 45 0.34 1.4 4.1 24. 1.35 25.
184 3.15 35 0.31 1.1 3.5 28. 1.63 23,
17.6 3.13 20 0.29 0.70 2.4 32. 1.40 23.
17.5 3.20 10 0.29 0.69 2.4 35. 1.25 21.
17.6  3.40 0 0.29 0.29 0.86 41, 0.86 19,

+ -
NH 4 N()lx !

100 0.78 10. 13. 16. 14.8 18,
98  0.77 7.4 9.6 17. 12.3 9.
45 h 4.5 4.6 35. 1.64 22,
35 1. 7.0 32. | .88 22,
20 1. 5.4 29, 1.58 22,
10 9.3 5.0 28. 1.26 23,
0
NH j“\, i

100 1.40 1.5x10°3 1.1 x10-3 20. 4.0 16.
98  1.43 2.6xI10-3 1.8x103 21. 12.5 20).
45 3.0} 3.9 1.3 36. 2.05 25.
35 3.20 8.6 2.7 32. 1.98 24,

20 3.32 11. 3.3 29, 1.61 23.
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Tahle 4-2. continued
g NP mol% f¢ ko ko/f Epd A€ Eaf
(103 Hy0 (100 (10° (103
Pa-s) m3/nml-s) m3/mol-s)  (klJ/mol) S-m2/mol) (kJ/molj
Agy ]
78.5 0.89 100 1.40 45. 32 18. 13.4 15.
73.0 1.30 98 1.43 35. 24. 20. 21.0 22.
19.8 3.25 45 3.01 14. 4.7 29. 243 24
184 3.15 35 3.20 13. 4.1 28. 2.20 23.
176 3.13 20 3.32 12. 3.6 28. 1.62 23.
17.5 3.20 10 3.34 10. 3.0 28. 1.57 23.
17.6  3.40 0 3.32 8.0 2.4 30. 1.22 23.
HY &
100 1.40 24. 17. 12. 40.3 10.
98 1.43 24. 17. 12. 31.5 12.
45 3.01 16. 5.3 27. 2.95 18.
35 3.20 16. 5.0 26. 2.58 21.
20 3.32 15. 4.5 27. 1.91 22.
10 3.34 12. 3.6 29, 1.56 23.
0 3.32 9.5 2.9 30. 1.41 24.
Cul* |
100 1.88 38 20. 16. 24.3 16.
98 1.96 29. 15. 17. 34.3 24.
45 5.68 25. 4.4 31. 3.15 26.
35 6.11 21. 34 27. 3.04 24.
20 6.38 22. 3.4 26. 2.84 24.
10 6.42 19, 3.0 27. 2.48 24.
0 6.38 13. 2.0 36. 25.

1.88
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Table 4-2. continued

Ca o

S ®m oo a0 os

Relative dielectric permittivity, ref. 9.

Viscosity, ref. 8.

Debye factor.

Arrhenius temperature coefficient of ko at 298 K.

Molar conductivity of the salt solutions at concentrations <0.2 mol/m?.
Arrhenius temperature coefficient of A at 298 K.

NOj3  in LiNOj solutions, concentrations 0.02-0.4 100l/m?3.

NH} , and NOj in NH4NOj3 solutions, concentrations 0.02-0.2 mol/m?. The
value of f was calculated according to z = -1(NO3 ) in 100 and 98 mol % H>0;,

in the other compositions, kp/f was calculated from the proportionate
contributions of each ion and the appropriate f and summed.

NH} , in NH4ClOy4 solutions, concentrations 2-170 mol/m? for mol % HaO of
100 and 98; 0.02—-0.2 mol/m3 for mol % H>O of 45, 35, and 20.

Ag! in AgClO4 solutions, concentrations 0.01-0.08 mol/m?3.

H? in HCIO4 solutions, concentrations 0.01-0.07 mol/m?.

Cuzf+ in Cu(ClQ4)> solutions, concentrations 0.01-0.1 mol/m?.
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Figure 4-1. Arrhenius plots of ky of e; reactions with lithium nitrate in iso-

butanol/water mixed solvents. Symbols are explained in Table 4-1. To separate the lines,
the values of k3 have been multiplied by the factors indicated.
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Figure 4-2. Arrhenius plots of k2 of e; reactions with ammonium nitrate (A) and

ammonium perchlorate (B) in iso-butanol/water solvents. Symbols are explained in Table
4-1. The values of kz have been multiplied by the factors indicated. Data for NHZ in

(B) in 100 and 98 mol % of water have been corrected for reaction of H{ from NHZ

dissociation (see text).
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Figure 4-6. Dielectric permittivity dependence of the Debye factor fat 298 K. O z

=+2and O z=+1,usingR;=1.0nm; ©0 z=-1,using Ry =1.5 nm.
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Chapter Five*

Scelvent Effects on Reactivity of Solvated Electrons with
Nitrate Ion in C; to Cy( n-Alcohols

I. Introduction

The reaction of solvated electrons with nitrate ions in alcohol solvents is

complex, and in pure alcohol solvents the solvent molecule participates chemically in

the overall (eg + NO3 ) reaction (1-3). The proposed reaction mechanism is:

[5-1] e; + NO3, == NO%;,

[5-2] NO%TS + RR'CHOH — NOj, + OH{ + RR'COH

In reaction [5-2], hydrogen atom transfer occurred, and might involve correlated
electron and proton transfers (3).

In aqueous solutions, the suggested reactions were (4):

[5-3) NO3%; + H0O—= NOy,+2 OH; ,
or
(5-4] HNO3, — NOy+OH; , pH=4.5-70

Reaction [5-3] is the protolysis of NO%;. by water, followed by reaction [5-4]. The
measured rate constant for the reaction (e; + NOj3) in water is much larger than those
in pure alcohols. This is consistent with the protolysis mechanism in water, since the

ionic dissociation of water and hence concentration of HY in water is greater than

a A version of this chapter has been submitted for publication to the Journal of Physical Chemistry. R.
Chen and G. R. Freeman.
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those in alcohols.

The reactions of solvated electrons with solvated ions or molecules, I, can be

represented by the following equations (5, 6):

[5-5] e +1 /== [es,1] ,
-d
_ k,
[5-6] le;, 1] —— products

The overall second order reaction rate constant ko may be written as (6):

: i ]
5-71 k; “k; TRk,

where, kg = diffusion controlled upper limit of the rate constant of the forward reaction
[5-5). K = kg/k_q, and ki is the rate of formation of products from encounter pairs.

The relative contributions of kg and k; to limiting the observed reaction rate
are reflected in the ratio of ka/kg (7). If Kk; » kg then kz = kg, and the reaction is
diffusion-controlled, which could be analyzed according to the Smoluchowski-Debye
model (8, 9). If Kk; « kg, then ka = Kk and the reaction is reactivity controlled.

Solvated clectron reaction rates with several neutral molecules and with the
positive silver ion have been compared in C; to Cjg n-alcohols (10, 11). The value of
ko at 298 K decreases with increasing viscosity . The slope of a log-log plot of k3
against ) is approximately -1 for Ag?, pyrene, and I, 12-benzperylene; and roughly
-0.5 for phenanthrenc.

However, for reaction of ey with the negative nitrate ion in C; to C4 n-
alcohols at 298 K, a log-log plot of k against 1y (or the dielectric relaxation time Ty)
has a slope of about +1 (7, 12). Consistent with refs. 10 and 11, plots of ko for several

positive ions (Cu2*, Ag?, HY, NH} ) had slopes of about -1 (7). When the values of

k> were divided by the Debye factor f (2, 9), the extended lines of log-log plots of ko/f

at 298 K against 1} (or Ty) from the NO3 and cation data indicated that the two values

of k»/f might be equal in an alcohol that had Ty = | ns orn} = 7 mPa-s. The present
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work checks this prediction by measuring ka(e; + NO3,) in Cg, Cg and Cyg n-
alcohols. The nitrate solubility in n-C|2H25sOH was too small to permit measurcment.
We estimated values of kg for each solvent, then obtained information about
Kk, from k3 and equation [5-7] (13).
Molar conductivities A of lithium nitrate solutions were also measured to

obtain information about association of the ions in the alcohols.

IL Experimental Section

A. Materials

1-Hexanol (Alfa, 99+%) was refluxed for one day under ultra high purc argon
(99.999%, Liquid Carbonic Ltd.) with sodium borohydride (~1 g/€) at 410 K. The
alcohol was then fractionally distilled under argon, through an 80 x 2.3 cm column
packed with glass helices, discarding the first 20% and last 40%. The middle 40%
portion was collected and stored in a flask under argon. The solvated electron hali-life
after a 100 ns pulse of 340 fJ (2.1 MeV) electrons (~4 J/kg) at 298 K was about 8 pis.

1-Octanol (Aldrich, 99+%, anhydrous), and 1-decanol (Alfa, 99+%) were used
as received. After opening a fresh bottle, the alcohol was transferred to a flask under
argon for storage. The solvated electron half-life after a 100 ns pulsc of electrons (~4
J/kg) at 298 K was about 3 ps in both cases.

Lithium nitrate (Aldrich, 99.999%, gold label) was used as received.  After

opening a fresh bottle, it was stored in a vacuum desicator that contained P205 powder.

B. Teci:niques
The methods of sample preparation and kinetic optical absorption
spectroscopy were reported earlier (7).

Electrolyte conductivity measurements were made in an impedance bridge
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(model 1608-A, General Radio Co.) at | kHz (14). For conductances <0.1 uS, the
bridge was set to the capacitance mode Cs. For conductances within the range 0.1-0.6
uS, the bridge was set to the capacitance mode Cp. In both cases, the conductance was

calculated from the capacitance data. For conductances >0.6 uS, conductance mode Gp

was used.

C. Physical Properties of the Solvents

The values of 1} and their activation energies Ey, were obtained from data in
ref. 15a for 1-hexanol, refs. 15b and 16 for l-octanol, and ref. 16 for 1-decanol.

Relative permittivities & were obtained from combined plots of data in refs.
17a and 18 for I-hexanol, refs. 17b and 19a for 1-octanol, and refs. 19b and 20 for 1-
decanol.

Values of the longest dielectric relaxation time T; were obtained from ref. 19b.

Values of the dielectric longitudinal relaxation time T were calculated from data in

refs. 19 and 20.

I11. Results and Discussion

A. Concentration Dependence of kops

The measured first order rate constants kopg are plotted as functions of added
lithium nitrate concentration in 1-hexanol, 1-octanol, and 1-decanol in Figures 5-1 to 5-
3. The points are from two separate runs in most cases. The dependences are linear
within the experimental scatter in 1-hexanol and 1-octanol, but the dependence of Kobs
on added concentration in l-decanol is perceptibly sublinear at the higher
concentrations (Figure 5-3). Before proceeding with an analysis of kobs, wWe examine
ion pairing in these solutions by electrical conductance measurements.

In C; to C4 n-alcohols and iso-butanol, the electrical conductances of lithium
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nitrate solutions varied linearly with added concentration of salt in the range used tor
rate constant measurement (1, 2, 7, 12). This mcant that ion pairing was negligible
under the conditions used.

The overall rate constant for e; reaction with lithium perchlorate solutions

was negligible by comparison with that with lithium nitrate solutions (7). Theretore

the measured rate constants in Cj to C4 alcohols were due to ¢; + NO3;.
In Cg to Cjg alcohols the coulombic attraction between Li: and NOj,
increases as the permittivity € = €€ becomes smaller; the probability of ion pairing

increases with increasing carbon number. This might affect Kops.

B. Concentration Dependence of Electrical Concuctance
Let the total concentration of lithium nitrate added be C and the degree of

dissociation of ion-pairs be . Then one may write:

[5-8] Lif + NO3, <= Li} NO3,
oC oC (1-a)C

The association constant K is:

[5-9] Ka= L382

If the Debye-Hiickel-Onsager equation for conductivity applics we have (21):
[5-10] A =0o[Ag- (A +BAp)(aC)'2)

where Aq is the molar conductivity at infinite dilution and, for a 1,1-clectrolyte (22a),

2 1/2
[5-11] A:g——( 2 ) :

3nn L eRT
and
2 3/2
(5-12] B = 0.586&F 1 ,
6m 2eRT

where § is the protonic charge, F the Faraday, 1y the shear viscosity of the solvent, € =
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€€y the clectric permittivity of the solvent, R the gas constant, and all units are SL

Equations [S5-9]-[5-12], with K, and Ag in each solvent selected to best fit the
data, are adequate for 1-hexanol solutions at lithium nitrate concentrations up to ~3
mol/m3, and up to ~1 mol/m? in 1-octanol (Figure 5-4). At higher concentrations the
calculated conductivities arc too low because larger clusters of ions form; while dimers
are neutral, trimers are charged and contribute to the conductivity.

Equations [5-9]-[5-12] failed completely for the lithium nitrate solutions in 1-
decanol (Figure 5-4). In 1-decanol clusters larger than pairs dominate the conductivity
behavior at these concentrations. No adequate model for this behavior exists yet.

The model was adequate for conductivities in 1-hexanol at all temperatures
used. The parameter values for Equations [5-9] and [5-12] are listed in Table 5-1. The
ion association constant increases with increasing temperature because the value of &
decreases relatively more rapidly than T increases, so the increasing coulombic
attraction encrgy of the tons dominates their increasing thermal agitation energy.

The model was barely adequate for conductivities in I-octanol at 298 K, but
was inadequate at higher temperatures. We include the parameter values at 298 K in
Table 5-1 because plots of various functions of Ag of lithium nitrate in methanol to 1-
octanol at 298 K show that the octanol value is consistent with the others (Figure 5-5).

The value of Ay decreases with increasing size of the alcohol as expected
(Figurc 5-5), because the viscosity increases. However, multiplying A by 1 is not
enough to normalize the conductances; NAg is not constant. The solvating molecules
are larger when the carbon number N of the alcohol is larger. [If the carbons and
oxygen are considered as a random chain with N+1 links, the radius of the solvated ion
increases roughly as N+1 . Stokes' equation then suggests that nVN+1 A might be
constant; it nearly is (Figure 3-5). Finally, diffusing charges in a polar solvent carry
local polarization with them, even if all the individual solvating molecules do not

migratc with the ion. Therefore, an appropriate normalizing factor might be the
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longitudinal relaxation time Ty = Tj€ / €5 values of T A are constant except for the
lower value in methanol (Figure §-5).
The 1. Ag and nWN+1 Ag curves in Figure S-5 indicate that the Ag value in 1-

octanol at 298 K is satisfactory.

C. Rate Constants k)
The conductance data indicate that, at the concentrations of lithium nitrate

used to determine k7 in [-hexanol, e was reacting mainly with NO,  at 274 K and
with a mixture of NO7 and Li} NO3 pairs at higher temperatures. The variations of
kobs With added lithium nitrate concentration shown in Figure 5-1 indicate that the
values of ko for reaction of e; with the free ion is similar to that with the 1on pair. The
similarity could be due to the approximate cancellation of two effects. Ine + NO,
coulombic repulsion inhibits the close approach of the two reactants and slows the
reaction (Debye factor f<1). The Lii NO3, ion pair would act as a dipole; the ¢
would tend to be attracted toward the positive end, which would increase the Debye
factor to £>1, but then the unreactive Li} would be a barricr to clectron transmission
from the e7 site to the NO3 . The values of ko reported herein are therefore averages
over the various species present.

In I-octanol ky corresponds matnly to reaction of ¢ with pairs, and in I
decanol with larger clusters of ions. The apparent values of k» in I-decanol are
therefore lower than the true values, because the effective concentration of NO, in
clusters is smaller than the assumed free ion concentration in the plots.

The values of ko are listed in Table 5-2 and shown as Arrhenius plots in Figure

5-6. The apparent activation energics E; are listed in Table 5-2.

D. Dependence of kj on Solvent Fluidity and 7,

The reaction of ¢; with the fused-ring aromatic hydrocarbon pyrene (Py) s
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ncarly diffusion controlled (10). The values of ka(e; + Py) in alcohols at 298 K are
ncarly the sume as those of the normalized rate constant k°2/f for e + Agy?, where k°2
is ko from refs. 1 and 11 corrected for the ionic strength effect (23), and f is the Debye
factor (2) (Figure S-7). The value of f depends on the value of the reaction radius Ry
and of the permittivity of the solvent molecules between the electron and reactant ion at

the moment of reaction. By considering the relative orientations of the solvent

molecules between ¢ and a reactant cation or anion, it seems reasonable that there are
three intervening molecules when e~ reacts with a cation, and four when e~ reacts
with an anion (24). Thus Ry(nm) = 0.15 + rjon + nds , where 0.15 nm is taken to

represent the approximate expansion of the solvent structure in the vicinity of the

electron, ripn = 0.13 nm for Ag* and 0.19 nm for NO3 (25), n=3 or 4 is the number of
intervening solvent molecules of diameter dg = 2rycp, Where rrcp = 6.1 x 10'9V,L’3 is the
random-close-packed radius of the solvent moleculesP (26), and V,, is the molar

volume. Parameter values arc gathered in Table S-3.

Pyrene is neutral, so there is no ionic strength effect and kp = k°2 ,and f = 1.
Hence for Py and Ag? in C| to Cyg n-alcohols at 298 K we have (Figure 5-7): koz/f oc
083 o 17054

The values of ka(e; + NO3,) in C; to C4 n-alcohols (1, 2, 12) have been
corrected for the ionic strength to obtain k;_ , and k°2/f is plotted in Figure 5-7. For this
reaction at 298 K in the Cj to C4 n-alcohols: ko/f o< 12 o 7063

The occurrence of ion pairing and clustering in the lithium nifrate solutions in
1-hexanol, 1-octanol and I-decanol prevented the estimation of f values and ionic
strength.  The apparent value of ko in l-decanol, where ion clustering was most
cxtensive, is considered to be lower than it would have been in the absence of

clustering. We therefore conclude that the reaction (e; + NOj3,) would become

essentially diffusion controlled in a larger n-alcohol withny = 10 mPa's or T = 1 ns at

b Free volume =43%. see reference 26.
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298 K.

E. Evaluation of Kk, for (e; + NO3,) from Equation S-7

If kg is known, the value of Kk; can be estimated from k3 and equation §-7. In
methanol and ethanol at 298 K the values of the diffusion coefficients D can be
calculated from the mobility data for e; (27) and the conductivity data for Ag? (15¢)
using the Nernst-Einstein equation (22b), so kg can be estimated from the
Smoluchowski-Debye equation (8, 9):

[5-13] kg = 4T NA (De- + Dpgo) Re
where N4 is Avogadro's constant. The values are listed in Table 5-4.

The estimated values of kg(e; + Agy ) are about double the k3 values (Table
S-3). We therefore take 2k°2 (eg + Ag!) in each alcohol as a reference.

For e; + Ag? the value of f is >1, whereas for ¢; + NO3 fis <l. We
therefore normalize for the different f values by taking ka(e; + NO3,) = 2ks(¢; +
Ag:) [fno; Mfag! -

Values of Kk, estimated for e; + NO3 in C| to C4 n-alcohols are listed in

Table 5-5. The reaction in Cg to Cjg alcohols involves ion pairs and clusters, so we put
f =1 for lack of better information; the resulting estimates of Kk, are included in
Table 5-5.

When k3 is sufficiently small the value of Kk, is not very sensitive to the value
of kg. In the C| to C4 n-alcohols Kk, = k5 (Table 5-5). Even in Cyg alcohol, if kg =
4Kk, the estimated Kk, is only ~30% greater than k».

The value of K is the ratio of the rate of the diffusion process kg to the rate of

breaking of an encounter pair k.g. In ethanol the value would be K = 107m3mol-!s-1/

10!1s-1 = 104 m3/mol for the reaction of (e; + NO3  ); the value of k_g corresponds to

the time required for the e; and the NO3, of an encounter pair to diffuse apart by

about 20% of R,. we take this ratio for other alcohols as well. We thus estimate values



S 116 -

of ky, and the mean time required for an encounter pair to react, k7' (Table 5-5).
The rate is governed by reactions [5-1] and [5-2], which are the formation of

the intermediate NO3~ and subsequent reaction with a solvent molecule. A slow
reaction [5-2] is assisted by a longer encounter duration, hence a larger Ty, orn. The
smallest value of k;' accurs in the alcohol with the largest 71, and n, and the other way
around (Tables 5-3 and 5-5).

When k;' » T, many encounters are required to complete the reaction. This
condition is most extreme in methanol (Tables 5-3 and 5-5), and in this system the
observed activation energy Ej of the overall reaction is similar to those of viscosity and
ionic conductance (Figure 5-8). In methanol the encounter duration is so short,
compared to the time required for reaction of NOZ%- with a methanol molecule, that
reaction depends on the chance that a methanol molecule is oriented favorably for
reaction at the time the NO%‘ is formed. The reaction is said to have a large, negative
cntropy of activation.

In C3 to C4 n-alcohols Ej is sufficiently larger than Eq or Ep (Figure 5-8) that

the reaction is progressively more enthalpy driven.

In the large alcohols Cg and Cjg, where k;' < 11 (Tables 5-3 and 5-5), E3
falls toward the energy required for diffusion (fluidity, conductivity) as the reaction

approaches diffusion control (Figure 5-8).
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Table §-1. Conductivity fitting parameters for ion pairing in lithium nitrate
solutions.
T &2 nbo A€ B Y Ao Ka
(103 (o4 o
(K) Pas) S-m3-5/moll-3) (m ! '5/m0|0-5) S~|\12/muI) (m-‘/mul)
/-hexanol
298.2 13.3 4.29 0.965 0.104 5.1 0.74
313.2 11.8 2.77 1.55 0.116 7.7 24
328.5 10.2 1.84 2.44 0.133 9.5 4.1
3434 8.71 1.28 3.72 0.159 12. 1.
353.2 7.72 1.03 4.86 0.182 14, 30.
1-octanol
298.2 10.1 7.37 0.646 0.158 3, 20.

R SO~

Relative permittivity of solvent; sece Experimental Section f{or rclerences.

Viscosity of solvent; see Experimental Section for references.

calculated from equation [5-11].

calculated from equation [5-12].
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Table §-2. Rate parameters for the reaction of (e + nitrate) in Cg to C1o
n-alcohols,
T €rd nb oc kp d Ex®
(103 (106 (kJ/mol)
(K) Pa-s) m3/mol-s)
I-hexanol
273.6 16.0 9.78 0.94 0.10 34
296.9 13.3 4.46 0.73 0.34
319.0 11.1 2.36 0.45 0.83
342.2 9.1 1.32 0.25 2.0
I-octanol
274.7 12.4 17.8 0.16 30
297.5 10.1 7.54 0.23 0.40
328.5 74 2.83 1.4
347.9 6.0 1.68 2.4
/-decanol
296.3 7.6 11.8 0.53 30
314.1 6.5 6.19 1.0
328.9 5.8 3.81 1.7

Relative permittivity of solvent; see Experimental Section for references.

b.  Viscosity of solvent; sce Experimental Section for references.

c. Degree of dissociation of LiNO3 at the average concentration used to
determine ky, calculated from equation [5-9] with the value of K, interpolated
or extrapolated in Arrhenius plots of K; ( data in Table 5-1).

d. Rate constants calculated from slopes of kobs against C plots in Figures 5-1 to

5-3.
Activation energy from Arrhenius plots of k».
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Table 5-3.  Rate parameters for e~ reactions with Ag}, and NO; . inC; to
C o n-alcohols at 298 K.
Cn? & N WP mp RY g k' P R Y g k2 !
(103 (100 (104
Pa's) (ps) (nm) (nm) m3/mol-s)  (nm) m3/mol-s)
(e; + Agh) (e; + NO3,)
1 325 0.56 44 0.21 1. 1.7 28 20 063 2.1
2 243 110 18 024 1.7 1.8 16 2.2 0.57 4.3
3  20.1 196 41. 026 ] 1.8 20 12. 24 0.53 0.9
4 174 260 74. 028 1.9 2.1 9.1 25 049 10.
5 139 335 116. 029 | 20 23 7.1
6 133 429 172. 0.3] 2.1 24 6.0
7 114 568 230. 032 ] 22 26 6.7
8 101 7.37 315. 033 ] 22 27 4.6
9 9.1 9.10 415. 034 | 23 29 4.2
10 7.8 11.0 460. 035 | 24 3.2 3.8
a. Number of carbons in n-alcohols.
b. Longitudinal dielectric rclaxation time, sec Experimental Section for refs.
C. Random-close-packed radius of solvent molecules; see text.
d. Reaction radius; see text.
e. Debye factor; equation in ref. 2.
f. Rate constant corrected for ionic strength cffect.
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Table 5-4. Calculation of kg for the reaction e”g + Agg in

methanol and ethanol at 298 K.

- a b c d e
n-ROH De‘ DAg+ Rr f kd
( 10°9 m2/s) (nm) (1065 m3/mol-s)
methanol 1.5 1.2 1.5 1.7 52.
cthanol 0.77 0.49 1.7 1.8 29.

d.

Diffusion coefficient of the solvated electron calculated from mobility data

in ref. 30.

Diffusion coefficient of Ag* ion calculated from conductivity data in ref.
15¢ using Ag* ion transport number of 0.36 for AgClOy4 in ethanol (p.1013
of ref. 15).

Reaction radius; see text.

Debye factor.

Diffusion controlled reaction limit calculated from equation [5-13].
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Table §-§. The values of Kk, for e*s reaction with nitrate in C; to C,,
n-alcohols at 298 K.
n-ROH ka @ 5 Kk ~ke'd Ez¢ En ' Eat B b
(104 (104
m3/mol-s) m3/mol-s)  (ps) (kJ/mol)
methanol 2.1 0.63 2.1 4800 9. 1. 9. 15.
ethanol 4.3 0.57 43 2300 40. 13. 13, 14.
I-propanol 6.5 0.53 7.0 1400 46. 8. 16. 19,
I-butanol 10. 0.49 10. 1000 43, 19. I8. 22.
I-hexanol 3s. ~1 38. 260 34. 23. 16. 26.
I-octanol 43, ~1 49. 200 30. 26. 29,
/-decanol 53. ~1 68. 150 30. 28. 30).
a. Rate constant; for C;-Cy alcohols, values are k2", Data from: ref. 1 for Cy and

Cy; ref. 2 for C3; ref. 12 for Cy; others, present work.

Debye factor.

Calculated from equation [5-7]: sec text.

Taking K=10-4 m3/mol; mean time for an encountcr pair to react.
Activation energy from Arrhenius plot of measured ka. Refs as in a.

-0 o0 o

Activation energy of shear viscosity. Values of n: for Cy to C4 from: R. C.
Weast (Editor). Handbook of Chemistry and Physics. 70th c¢d. CRC Press,
Boca Raton, FL. 1989. pp. F41-44; for C4-Cyq), sce Experimental Section
for references.

Activation energy of molar conductivity; Refs. as in a.

LS

h. Activation energy of the longitudinal relaxation time; estimated from data in
refs. 19b and 20.
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Figure 5-4. Molar conductivities of lithium nitrate solutions at 298K in
1-hexanol (¢), l-octanol {0), and l-decanol (4). The full curves were
calculated from equations {5-10] - [5-12], with the empirical parameters in
Table 5-1.
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Chapter Six

General Discussion and Conclusions

In this chapter, we first present the experimental results not included in the
previous four chapters. We then give general discussion of all experimental results and
correlate them with each other. Finally, We summarize the conclusions reached from the

studics.

I. General Discussion of Molar Conductivities

Molar conductivities of the dilute reactant electrolyte solutions in both 1-
butanol/water and iso-butanol/water mixed solvents have been measured. Arrhenius
plots of LiNO3, NH4NO3, NH4ClOy, and HCIOy, in 1-butanol/water mixed solvents;
and for LiNO3, NH4NO3, NH4C104, HCIO4, AgClOy4, and Cu(ClOy4); in iso-
butanol/water mixed solvents are shown in Figures 6-1 to 6-10.

Molar conductivity measurement provides information about the diffusion
coefficient of the reactant ion in the solutions; the diffusion coefficient is related to the
conductivity by the Nernst-Einstein relation (1a). Diffusion coefficients of the solvated
electrons in the mixed solvents are not known, so we used molar conductivity A of the
reactant clectrolyte and the known diffusion coefficient of the solvated electrons in water
(2) to estimate the diffusion coefficients of the reactant ion and the solvated electrons in
the mixed solvents (3.4).

Molar conductivity measurement also provides information about the ion pairing
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of the reactant jon in the solutions. We used A to evaluate the extent of ion pairing of
LiNOj in Cgto Cig n-alcohols (5). In l-butanol/water and iso-butanol/water mixed
solvents, th= specific electrical conductances of the dilute reactant electrolyte solutions
varied linearly with added concentration of salt in the range used for rate constant
measurement in most case. This meant that ion pairing was negligible under the
conditions used. Exceptions are LiNO3 and NH4NO3 at < 10 mol% water mixed
solvents at high temperature (>328K). Arrhenius plots of A in these cases arc bent
downwards at high temperatures (Figures 6-1, 6-2, 6-5, and 6-6). The activation
energies in these cases were calculated from the slopes near 298K. The bending is due
to the decreasing of the value of €T as T increases; €, decreases relatively faster than T

increases. This has two effects.

First, according to Debye-Hiickel-Onsager equation (1b):
[6-1] A=Ag- (A +BAgC!/2
where, Ag is the molar conductivity at infinite dilution, C thc concentration of the salt,

and A, B are functions of T (1b).

2 1/2
[6-2] - _&F_(_z__)
3nn \ eRT
and
. 0.586F2( 1 \'?
[6-3] B = 3 &F
6T 2eRT

where & is the protonic charge, F the Faraday, 1 the shear viscosity of the solvent, € =
£0€r the permittivity of the solvent, R the gas constant, and all units are SI.

The decrease of €T makes A and B incrcase. This would give A a more
negative dependence on C. At lower temperatures, A is a good approximation of Ay,
whereas at high temperatures, A may be noticeably smaller than A even in the dilute

solutions.
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Secondly, decreasing T increases the probability of ion pairing, so there may
be a small extent of ion pairing in these solutions at high temperatures. Arrhenius plots
of rate constants for the reactions of (¢ + NO;‘S) and (e + ammonium nitrate) are linear
in the whole temperature range in < 10 mol% water mixed solvents. This indicates that
the first effect may be the main reason for the bending of A against 1/T plots.

Another remarkable feature is the higher values of A for AgClO4 in 98 mol%
water and for Cu(ClQy), in 99.5, 99, and 98 mol% water iso-butanol/water mixed
solvents, which are even larger than those in pure water, and the strong bending of
Arrhenius plots (Figures 6-9 and 6-10). Arrhenius plots of A for NH4NO3, NH,4ClOy,
and HC1O; arc also bent in 98 mol% water iso-butanol/water mixed solvents, but the
values of A are lower than those in pure water (Figures 6-6 to 6-8). We need more study
to understand the increase of A for AgClO,4 and Cu(ClOy), solutions. The decrease of A
for the other solutions is due to an increase of solvent viscosity upon addition of 2 mol%
alcohol to water.

We do not understand the curvatures of the Arrhenius plots of A in <100 but
>98 mol% water mixed solvents. They are not due to the decrease of &T and also ion
pairing is negligible, since € is larger than those in alcohol-rich region and the specific
clectrical conductances of the dilute reactant electrolyte solutions varied linearly with
added concentration of salt. It might be related to the complicated liquid structure change
in this narrow range near the critical two phase composition. Recent experimental
investigations from small-angle X-ray scattering (6, 7), neutron scattering (8, 9), and
fluorescence probing and ultrasonic absorption (10, 11) suggest that short-chain alcohols
form micelle-like aggregates in aqueous solutions at above a certain concentration range.
Fluorescence probing (11) conclude that C, to C4 monoalcohols self-associate in water
to form aggregates which share many properties with micelles of conventional
surfactants. The critical aggregation mole percent is 2.5 mol% alcohol for 1-butanol and

6.7 mol% alcohol for iso-butanol at 298K. These investigations and others (12) showed
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that alcohol/water mixtures form composite structures. We suggest that dilute solutions
of electrolytes in alcohol/water mixtures near the critical 2 phase composition might have

properties characteristic of nanoemulsions. This is worth a future separate study.

Il1. General Discussion of Solvated Electrons Reactions

A, Reactions of (e; + H}) and (c; + NHI,)

The experimental results of ko for (e; + NHJ, ) reaction in I-butanol/water
mixed solvents are in chapter three (3); those of (g + NHZ ) and (¢; + HY ) reactions
in iso-butanol/water mixed solvents are in chapter four (4). We here first present the
experimental results of k, for (e; + HY ) reaction in I-butanol/water mixed solvents and
then give a general discussion on these reactions.

Arrhenius plots of k; for HCIOy solutions in |-butanol/water mixed solvents are
given in Figure 6-11. The mol% water represented by the symbols in the figure are as in
Table 3-1, p. 50. The reaction in HCIOy solution is due to (e; + HY ), since the rate
constant for (e; + ClQj, ) reaction is very low (3). Figure 6-12 displays the solvent
composition dependence of k, at 298K for this reaction in I-butanol/water mixed
solvent, along with those of (e + NO;S), (e + NHj ), and € reaction with NI I3, and
NOj (in combination. The coulombic interaction of ¢, with different kinds of ions is
accounted for by the Debye factor f (13). Dividing of ky by f reduces the apparent
difference between (e; + H: ) and (c: + NO; k),) reactions. We obtain information about
solvent effects on e; reactivity with ions by estimating the effective reaction radius, KR,
4):

[6-4] KRr = I x10-16zky /fT A
where x is the probability that reaction occurs during the lifctime of an cncounter pair, 7
the number of charges on the reactant ion, T the absolute temperature, and A the molar

conductivity in the dilute solutions.
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Molar conductivities of HCIOy4 solutions in 1-butanol/water mixed solvents at
298K are shown in Figure 6-13. Rate parameters for (eg + H{ ) reaction in 1-
butanol/water mixed solvents are listed in Table 6-1. Solvent composition dependence of
xR, for e; reactions with H{ , along with those with NOy  and NHi in 1-
butanol/water mixed solvents, are shown in Figure 6-14. The change of kR, with
solvent composition for (e; + HY ) reaction is similar to that in iso-butanol/water mixed

solvents (4). The value of kR, for (e; + H{ ) reaction in water is lower than that for (€]

+ NO3 ), whereas the reverse is true in both 1-butanol and iso-butanol. The H} is

only ~0.2 times as reactive in pure water as in the alcohol-rich solvents. The reaction

(e; + HY ) in water is ~0.2 times slower than diffusion controlled (14, 15) and the

reaction is diffusion controlled in alcohol. The change in rate is somewhat similar to that

of reaction (e + NHJ ), although the magnitude of change is much smaller.

Both NHj, and H{ have no low-lying orbital for an electron to occupy, so

their reactions with the solvated electrons occur either by proton transfer to the electron
site or the electron transfer, followed by the decomposition of the neutral species.
Although the opinion of electron transfer mechanism dominated in the 1960s (14, 16), 1.
Jortner and coworkers found that a number of moderately slow e reactions with
Bronsted acids in water giving H atoms as product could be correlated with a logarithmic
plot of reaction rate constant against pK, for the Brgnsted acid (17, 18). A recent stucly

of Hy,. e, inter conversion also favored proton transfer mechanism for the

[
T
explanation of e, reactions (19). Both NH} and H{ are Brgnsted acids. Their rates
of reaction with the solvated electrons are related to their acidity in the solutions. The
H? ion is a stronger Brgnsted acid than NH} and the rate for (eg + H{ ) reaction in
water is much faster than that for (e; + NHZ ) reaction, but still ~0.2 times slower than
diffusion controlled. The H{ ion in water is an exceptionally poor scavenger of the
presolvated electrons (20, 21).

A lot of experimental results support the conclusion that ammonium ion is
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stabilized by hydrogen bonding of its hydrogen atoms with water molecules to fit into the
water hydrogen bonding network, and that its acidity is decreased from what it would be
in the absence of such stabilization (22-24). We suggest that the tetrahedral, symmetrical
hydrogen bonded solvation structure of ammonium ion in water reduces the probability
of proton transfer from it to the electron site, or of the electron attachment to it. The
hydronium ion (OH;s) has a partially symmetrical, tetrahedral hydrogen bonded
solvation structure in water that reduces to a less extent the probability of proton transter
from it to the electron site, or of the electron attachment to it. In monoalcohols, cach
alcohol molecule contains one -OH group that can bond with others to form a chain or
ring structure in the liquid, but not a three-dimensional structure likc that of water. This
would greatly influence the solvation structure of ammonium ion and hydrogen ion in

them. It is, therefore, reasonable to suggest that both NHji, and ROH;'_s are

unsymmetrically solvated in monoalcohols and this would greatly facilitatc the proton

+ .
transfer from NHZ ; and ROH; to the electron site, or electron attachment to them and

subsequent decomposition of the neutral species.

B. Reactions of (e; + Agy ), (e; + Cu2*), and (¢, + NO3 )

Reactions of (e; + Ag! ) and (e + Cu?*) are close to diffusion controlled
reaction limit in iso-butanol/water mixed solvents. The normalized rate constants, ko/f,
are essentially the same for both (e; + Ag? )and (e; + Cu?* ) reactions in alcohol-rich
region; that for (e; + Agy ) is larger than that for (e; + Cuf* ) in water-rich region.
(Figure 4-7, p. 94). The modified Smoluchowski-Debye model considers the cffccts of
solvent transport properties and coulombic interactions between ions on the reaction
rates and can be applied to these nearly diffusion controlled reactions (4). The change in

solvent transport properties and coulombic interactions between ions can be normalized

for different reactions by considering the effective reaction radius KR (see equation {6-

4]). The values of kR, are relatively insensitive to the change of solvent composition for
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both (e; + Ag! ) and (e; + Cuf+ ) reactions in iso-butanol/water mixed solvents (see
Figure 4-11, p. 98). The average value of KRy is 0.7 nm. For these nearly diffusion
controlled reactions, the normalized rates of reactions, ky/f, are more influenced by
changes in solvent transport properties than changes in solvation structures, in contrast
of the cases of (e5 + HY ) and (e; + NHj ) reactions.

Reaction of (€7 + NO;S) in water is close to the diffusion controlled reaction
limit, and gradually deviates from it as thc alcohol content increases in both 1-
butanol/water and iso-butanol/water mixed solvents (Figure 3-6, p. 59 and Figure 4-7,
p. 94). The normalized rate constant, ky/f, decreases faster when the water content is <
10 mol%. In these solvents the (¢ + NO;S) reaction is mainly reactivity controlled.
This relatively slow reaction increases with increasing viscosity N and dielectric
longitudunal relaxation time 7y, which means it is assisted by a longer encounter duration
(4, 5). Due to lack of T data in the mixed solvents, only the data in pure alcohol
solvents have been analyzed (4, 5). The main conclusions we reached there (9),
however, would also apply to < 10 mol% water 1-butanol/water and iso-butanol/water

mixed solvents.



II11. Conclusions

The main conclusions reached in these experimental studies are:

1. The value of ka for (e + NO;‘S) reaction in water solvent is ~40 times larger

than that in 1-butanol or iso-butanol solvent, whereas the values of ko for (¢ + NHJ )

reaction in water is ~10-4 times smaller than the value in 1- or iso-butanol-rich solvents.

This enormous reversal of solvent effects on e reaction rates is the first observed for

icnic reactants. A similar change like that of (e + NH, ), but with a less extent, also

happens in (e5 + H{ ) reaction. The low reactivity of NH7 with ¢ in water, and the

less than diffusion controlled rate of (¢ + OH;S), is attributed to the symmetrical

hydrogen-bonded solvation structure of NH} and the partially symmetrical solvation

structure of OHF . We suggest that the proton transfer or decomposition of the neutral

species of these rcactions in alcohols is facilitated by an unsymmetrical solvation

structure.

2. The reaction rate constants ko for solvated electron reacticn with nitrate ions in
C; to C g n-alcohols increase with increasing viscosity 1y and longitudinal relaxation time
11 of the solvent. This relatively slow reaction is assisted by a longer encounter duration.
The mean time required for an encounter pair to rcact, k;' , is » 11, in methanol, whereas
k7! <1 in l-octanol and 1-decanol. The reaction of eg with nitrate is activation entropy
limited in methanol, mainly activation energy limited in C3 to C4 n-alcohols, and mainly
diffusion/dipole rotation limited in 1-decanol.

3. Reactions of (e; + Ag!) and (e; + Cu?*) are close to the diffusion
controlled reaction limit in the whole range of iso-butanol/water mixed solvents. For
these nearly diffusion controlled reactions, the normalized rates of rcactions, ko/f, arc
mainly influenced by changes in solvent transport properties. The larger values of ko/f

for (e; + HY ) reaction in both 1- or iso-butanol-rich solvents arc due to the larger
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diffusion coefficient of H} by proton hopping than those of other ions in these solvents.
4. Reaction of e in Al(ClO4)3 solutions in water is due mainly to HY from
hydrolysis of Alg *, and partly to partially hydroxylated aluminum (Ii}) species. Reaction
of e; with Ali* itself appears to be negiigible in water. The reactivity of the solutions of
AI(Cl04)3 in iso-butanol-rich solvents is 3-5 times greater than that in water. This may
duc to the higher concentration of HY from the larger extent of hydrolysis of Al;’.‘+ in
these solutions.
5. The values of A for AgClO, in 98 mol% water and for Cu(ClOy), in 99.5, 99,
and 98 mol% water iso-butanol/water mixed solvents are higher than those in pure water.
This is attributed to an increase of hydrolysis of metal jons to form H{ . The curvatures
of the Arrhenius plots of A in these mixed solvents are not due to the decrease of &T and
ion pairing. They might relate to the complicated liquid structure change in this narrow
range near the critical two phase composition.
6. Electrical conductivity measurement demonstrates that ammonium nitrate
behaves as a normal, strong electrolyte in methanol. The molar conductivities are fitted
by the Onsager-Fuoss cquation, the second term of which contributes the greatest
reduction in conductivity and corresponds to the ion-atmosphere (long range coulombic

interactions) model of Milner, Debye and Hiickel.
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Table 6-1. Rate parameters for reaction of solvated electrons with
hydrogen ion in l-butanol/water mixed solvents at 298 K.

gd MNP mol% f¢ ko ko/f Eyd A¢ It
(103  H,0 (10° (100 (10-3
Pa-s) m3/mols)  m¥motsy  (kI/mol)  s-mZ/moly  (kJ/mol)
HY &
78.5 0.89 100 1.40 24. 17. 12. 40.3 10).
19.8 2.92 45 3.0l 20. 6.6 28. 3.08 21.
18.4 2.81 35 3.20 21. 6.6 27. 2.58 21.
17.8 2.70 20 3.29 18. 5.5 25. 1.83 21.
17.5 2.66 10 3.34 14. 4.2 26. 1.66 21.
17.4 2.60 0 3.35 18. 5.4 27. 1.46 21.

a. Relative dielectric permittivity. Those for 45 and 35 mol % arce for iso-butanol/water
mixtures. Data from refs. 9, 10 of chapter three.

b. Viscosity. Data from ref. 1 of chapter three.

c. Debye factor.

d. Temperature coefficient at 298 K from Arrhenius plots of k2.
¢. Molar conductivity of the dilute solutions.

f. Temperature coefficient at 298 K from Arrhenius plots of A.

g. H?! in HCIO4 solutions, concentrations 0.007-0.18 mol/m3.
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Figure 6-1.  Arrhenius plots of A of LiNOj solutions in 1-butanol/water
mixed solvents. Symbols .epresenting mol% water are given in Table 3-1.
To separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-2. Arrhenius plots of A of NH4NOj solutions in 1-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 3-1.

To separate the lines, some values of A have been multiplied by the factors
indicated.



- 144 -

100 M L4 M T M 1§ v T

p L
z
LS
=

wn 10 F -

en [ ]

E 4 L

< [ &

X2
1 N 1 P 1 " i 2 [ —
2.8 3.0 3.2 34 3.6 38
1000 /T(K)

Figure 6-3. Arrhenius plots of A of NH4ClO4 solutions in 1-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 3-1.
To separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6<%,  Arrhenius plots of A of HCIO4 solutions in 1-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 3-1.

To separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-S.  Arrhenius plots of A of LINO3 solutions in iso-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 4-1.
To separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-6. Arrhenius plots of A of NH4NO; solutions in iso-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 4-1. To

separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-7. Arrhenius plots of A of NH4ClO4 solutions in
iso-butanol/water mixed solvents. Symbols representing mol% water are

given in Table 4-1. To separate the lines, some values of A have been
multiplied by the factors indicated.
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Figure 6-8.  Arrhenius plots of A of HCIOy4 solutions in iso-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 4-1. To

separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-9.  Arrhenius plots of A of AgClO4 solutions in iso-butanol/water
mixed solvents. Symbols representing mol% water are given in Table 4-1. To
separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-10. Arrhenius plots of A of Cu(ClOy4); solutions in

iso-butanol/water mixed solvents. Some symbols representing mol% water
are given in Table 4-1, with the rest giving here: x, 99.5; V, 99 mol% water.

To separate the lines, some values of A have been multiplied by the factors
indicated.
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Figure 6-11.  Arrhenius plots of ky of e’ reactions with perchloric

acid in 1-butanol/water solvents. Symbols representing mol% water are
given in Table 3-1. To separate the lines, some values of k, have been

multiplied by the factors indicated.
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Figure 6-12.  Solvent composition dependence of k; for (e” + H*) at
298K in 1-butanol/water solvents. O, LiNOy; O, NH¢NO;; A, NH4ClO4;
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Figure 6-13. Solvent composition dependence of A of HClO,4 electrolyte
solutions in 1-butanol/water mixed solvents at 298K.
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Figure 6-14. Solvent composition dependence of xR, equation {6-4],

in 1-butanol/water mixed solvents at 298K. Symbols as in Figure 6-12.
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Appendix One

Experimental Methodology

I. Apparatus for Rate Constant 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 cell are 10 X 10 X 45 mm, and the
optical path length is 10 mm. The cell was topped by a graded seal so that it could be

attached to a Pyrex glass tube.

B. Removal of Oxygen from Samples

Samples in the cells were bubbled with ultra high pure argon and sealed before
the experiment. The bubbling system (Figure A-1) 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.
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C. Irradiation, 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 clectrons. The
maximum peak current delivered during a pulsed operation was 150 mA. Pulse widths
of 3, 10, 30, and 100 nanoseconds (ns), and | microsecond (ps) were available. Of
these only 100ns pulse width was used to obtained an appropriate pulse ot 340 §J (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 sounded 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 picce
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 phosphor. Accurate steering and focusing were done by adjusting the
current in electromagnets. 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 dose for cach clectron
pulse. It consisted of three thin metal foils placed inside the accelerator beam pipe
perpendicular to the path of high cnergy electron beam (Figure A-2). These foils were
positioned near the exit window and they were made of cobalt-based, high strength alloy

(Havar, obtained from the Hamilton Watch Company, Precision Metal Division). This
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material (average atomic number 27) was better than gold (atomic number 79) because of
Iess beam attenuation by clectron 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 foil at ground.
Passage of an electron pulse gencrated secondary electrons in the foils. The electrons
cjected 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
rcadout.

3. Optical System

(a) The light source was a high pressure Xenon arc lamp (Optical Radiation
Co., model XLN1000) contained in a lamp housing (Photochemical Research Assoc.,
model PRA ALH220). A rhodium-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-3.
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
beam 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 control room.
Finaily, the light was focused into the monochromator housing by a concave mirror.

(b) Monochromator grating and filters: A Bausch and Lomb monochromator
housing, 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
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analyzing light was 850 nm with bandwidth 9 nm, to obtain an optimal absorption
signal.

(c) Data acquisition and plotting: The light detector (pin silicon photodiode SD
040) was sensitive over the wavelength range 400-1100 nm. The 3 to 97% responsc
time of the detector, amplifier and transient digitizer (Tcktronix R7912) was 6 ns. The
signal to noise ratio of the differential amplifier (Tektronix 7A13) was increased by using,
the S MHz filter, which gave a system response time of 96 ns. The incident light
intensity at the detector, recorded as a voltage on a digital multimeter (Fluke 8810A), was
displayed on an oscilloscope (Tektronix R7623). The signals were displayed as plots of
voltage against time on a digital plotter (Zetal200). All information rclated to the
particular signal, such as total light intensity (Iy), dose, temperature, scnsitivity, time
scale, half-life trace, and cell holder number were also printed on the chari.

4. Temperature Control System

(a) Cooling and heating: Temperatures from 277K to 298K were achicved by
boiling liquid nitrogen and regulating the temperaturc of the nitrogen gas by a heater.
Liquid nitrogen was boiled at a controlled rate from a 50 L, narrow-necked aluminum
Dewar vessel (Lakeshore Cryotonics Inc.). A stainless steel nipe (5 cimn diamcter) which
was fixed to a lid, fitted snugly into the neck of the Dewar. This pipe extended 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 foam-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 anether
nichrome heating wire (0.24 mm diameter, 4 m long) inserted inside it. The temperaters

of the nitrogen gas was regulated by this heating wire.
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A laboratory heat gun (Master Appliance Corporation, Model AHO751) was
used to achieve temperatures from 296K to 372K. The nichrome wire heated the air to
the required temperature.

(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 cells were not being
irradiated. Just before irradiation the pre-selected cell stopped in the front of the electron
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 (Clevite 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 0.1 K.

I1. 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
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conductance reading the variable resistor and capacitor were adjusted until the null
balance was achieved. Most of the time the conductance mode (G, Mode) was used.
For the values of conductances less than about 0.6 microSiemen, the bridge was set to
one of the capacitance modes (Cp or Cs Modes). Then values of conductance were
calculated from the capacitance data. The oscillator frequency was | kHz tor AC

measurement.

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 S cm deep. The overall length 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 to have a tight seal between the container and
the cell, a rubber adapter made from No. 2 stopper was fixed to the cell. Two layers of
Parafilm (American Can Co.) were wrapped around the adapter-container junction to
provide a .ight seal, especially at high temperatures.

A secondary standard solution (YSI3161, specific conductance of 1000%5
mS/cm) available from Yellow Springs Instrument Co., Inc. was used to calibrate the
cells. This solution contained water, 0.002% todine (an anti-microbial), and potassium
chloride (ACS Reagent Grade).

The electrodes of the cells were coated with platinum black which was very
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 HCI before the replatinization.
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C. Constant Temperature Bath

A 10 L glass Dewar filled with water was used to measure conductances at
various temperatures (Figure A-4). Inserted in this water were a motor controlled stirrer,
a refrigeration unit (Tecumseh Mode! AE1343 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-S). The temperature was measured with a platinum resistance digital
thermometer (Fluke, Model 2189A) to £0.01 K. A chart recorder (Hewleti 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 thermai
cquilibrium in the system was deemed to be established. At this time, the variation of the

temperature in the bath was only £0.01K.
I11. Experimental Techniques

A. Sample Preparation

New glassware, including the 10 mm Spectrosil cells, was cleaned according to
the following procedure. First they were rinsed with ethanol, and then some
concentrated nitric acid was added to them. The acid was rinsed off by washing them
many times with distilled water. Then they were washed with potassium hydroxide.
Finally they were rinsed many times with distilled water and dried at ~383 K in an oven.

Butanol/water mixed solvents were prepared in a one L volumetric flask, by
volume measurements at 298 K. Solid solutex were weighed into 25 mL volumetric
flasks on an analytical balance (the precision was 1 mg) and dissolved in the mixed

solvent to get the stock solution. Sample solutions were made by diluting aliquots of
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stock solution, using micro syringes or volumetric pipettes. Perchloric acid samples
were prepared through several steps of dilution from the 70 wt % aqueous solution, and
the concentration of the stock solution was checked with the calibrated pH meter. Four
to six sample solutions with different concentrations were prepared for each solute. The
solutions were poured into quartz optical cells, deaerated by bubbling with ultrahigh
purity argon at room temperature at a rate of ~17 cm3/min. for 30 minutes, and sealed as
illustrated in Figure A-6. Step one took place at room temperature. The syringe needle
was then withdrawn to just 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. All
components of the <olution were of low volatility, so their concentration changed

negligibly during bubbling.

B. Rate Constant Measurement

l. Half-life and k,ps Measurement

The solvated electrons generated in the clectrolyte solutions made from the
alcohol/water mixed solvents can react with the solvent molecules (ROH) or the solvated
ions (8S) according to the following equations:
[A-1] e + ROH — RO+ 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 ¢ optical absorption decay curve is,
[A-3] kobs = k1 + ko [S]
where k is the first order rate constant of the reaction [A-1], k; is the second order rate

constant of reaction [A-2], and [S] is the concentration of the reactant ion.
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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-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
at 315.0K. 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-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 was sometimes not first order.
This iuitial fast decay could be due to the reaction of e~ inside the microzones (geminate
reaction). Therefore, the beginning of the trace was ignored for the calculation of half-
life in this case. From the half-life of the first-order decay kobs can be calculated,

[A-4] kops =Ln 2 /tin
‘here ty/; is the half-life of the first order decay. The kohs value was calculated using an
average of two to four half-lives from consecutive measurements for each sample.

2. ko and E» Measurement

The second order rate constant ko obtained from the slope of the plot of the first
order decay constants kops against solute concentration [S] (equation [A-3]). The
number of pulses per sample was 2 or 3 at each temperature, and the number of
temperatures per sample was 4 or 5. A pure solvent sample was part of each series, so
the effect of the ~3 X 10-3 mol/m3 of aldehyde produced during three puises would not
affect the value of k obtained from the slope of the plot of kobs against added solute
concentration. At high concentrations in butanol the plots were curved due tc ionic

strength effects, in which case initial slopes were used.



-167 -

The values of k3 obtained at different temperatures allowed the determination of
reaction parameter such as activation energy E. It was derived from the plot of Ln k»
against the reciprocal of the absolute temperature:

[A-5] Lniz=LnA-E2/RT

3. Effect of Impuritizs

(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-6] ¢, + 1 products.
where I stands for impurity. In this case, We have:
[A-7] Kobs = k1 + ki[1] + k3[S]
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. I k1]
>> 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
measuring 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-8] kops = ki + (pki + kg ) [ST
since p < 10-5 for lithium nitrate and ammonium nitrate; <0.01 for ammonium
perchlorate, silver perchlorate, and lithium perchiorate; and <0.02 for copper(ll)
perchlorate and aluminum(IIl) perchlorate, so for a solute of efficicnt clectron scavenger
we have,
[A-9] ko = pk; + kg = kg
If the impurity was an efficient electron scavenger and the solute an inefficient clectron

scavenger, the value of pk; could be similar to that of kg, hence ky = pk; + K.
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C. Electrical Conductivity Measurement

Most of the time the conductance mode (Gp) was used. The specific

conductance (A pg: S/m) was calculated from the following equation,

[A-10] Ajs =CL ,

where L is the conductance (in S: Siemen) and C is the cell constant (m-!). For
conductances in the range: 0.1 < L < 0.6 mS, the bridge was set to one of the
capacitance modes (Cp) and the conductance was calculated from the capacitance data
using the following equation,

[A-11] L=wCyD,

where o is the phase angular speed (radian/s) of the AC voltage, Cp, is the 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 (Cg ) and the conductance was calculated
from the capacitance data using the following equation,

[A-12] 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 measured. The average dry cell's
specific conductance was 1.2 pS/m, which indicated a lower limit for the electrical
conductivity measurement. The specific conductance of pure water used was controlled
to be < 0.' mS/m and those of pure iso-butanol or 1-butanol were < 3.0 puS/m at 298K.
The specific conductance of the mixed solvent varied as a function of composition (an
example was shown in Figure A-R). The molar conductance (A) was obtained from the
plot of specific conductance against solute concentration. The activation energices of the
conductivities (Ex) were obtained from the plots of the Ln A against the reciprocal of the

absolute temperature.
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D. pH Measurement

pH measurements of Al(ClO4); aqucous solutions were made with a Fisher
Accumet digital pH/1on meter (model 520). The probes are cither:

(i) a glass indicating electrode (Fisher No. 13-63¢.3) and a reference electrode
(Fisher No. 13-639-52), or

(i1} a combination microprobe (Fisher 13-620-92 standard Ag/AgCl microprobe
combination electrode).
The meter was calibrated with two standard buffer solutions at 298K, SO-B-108 (pH =

7.6020.01) and SO-B-98B (pH = 4.00£0.01).
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Appendix Two

Experimental Results

I. Results of Rate Constant Measurement

In this study, the reactions of solvated electrons with lithium nitrate, ammonium
nitrate, ammonium perchlorate, and perchloric acid were investigated in |-butanol/water
mixed solvents; and the reactions of solvated clectrons with lithium nitrate, ammonium
nitrate, ammonium perchlorate, perchloric acid, silver perchlorate, copper(ll) perchlorate,
and aluminum (ITI) perchlorate were investigated in iso-butanol/water mixed solvents.
The reaction of solvated electrons with lithium nitrate was also investigated in 1-hexanot,
l-octanol, and 1-decanol. 1-butanol and iso-butanol are not completely miscible with
water (see reference 8 in chepter three and reference 7 in chapter four). The
measurements were mostly made over the miscible range. For iso-butanol/water
mixtures, the following mol % water were used: 0, 10.0, 20.0, 35.0, 45.0, 98.0, and
100.0. The 45 mol% is located in the in.miscible region for the temperatures less than
293.2X, so the measurement at those temperatures are reported here but not analyzed
with the rest of data due to the phase separation. For I-butanol/water mixturc the
following mol % water were used: 0, 10.0, 20.0, 35.0, 45.0, 98.0, 99.0, and 100.0.
The 98 mol% is located in the immiscible region, so the measurement are reported here
but not analyzed with the rest of data due to the phase separation. The rest of mixtures
are in the miscible range. The concentration of added salts (C) is in the unit of 10-2
mol/m3 unless specified. The percent in the concentration (C) column represents mol %

of water in the mixed solvent. The first order rate constant (Kops) is in the unit of 100/s
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unless specified. The temperature in the rate constant (Kobs) column represents the

temperature at which the measurement made.

A. Results of kops Measurement

Table A-1. The values of kops of solvated electrons' reaction with lithium nitrate

in 1-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kobs Kobs
100% 277.0K 287.7K  296.7K 315.0K 328.1K  343.3K
0.00 0.057 0.074 0.092 0.13 0.18 0.21
1.90 0.16 0.21 0.26 0.38 0.53 0.59
3.81 0.26 0.34 0.46 0.63 0.77 0.96
5.71 0.37 0.49 0.62 0.86 1.03 1.33
7.61 0.49 0.64 0.80 1.14 1.39 1.82
9.52 0.56 0.81 0.96 1.35 1.73 2.1
11.4 0.68 0.88 1.12 1.66 2.05 2.49

C Kobs Kobs Kobs Kobs Kobs
99% 277.6K 298.3K 314.5K  329.1K 344.2K
0.00 0.019 0.028 0.042 0.051 0.075
3.66 0.20 0.35 0.49 0.60 0.79
7.31 0.60 0.84 1.08 1.39
9.14 0.47 0.78 1.07 1.39 1.58
11.0 0.55 0.87 1.26 1.54 2.10
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Table A-1 continued

Cc Kobs Kobs Kobs Kohs Kobs
98% 296.4K 314.8K  328.6K 343.3K 354.4K
0.00 0.021 0.036 0.047 0.070 0.084
5.05 0.41 0.62 0.82 1.03 1.22
10.1 0.80 1.12 1.54 1.98 2.31

15.1 1.26 1.98 2.39 3.15 4.62
25.2 1.98 3.15 4.08 4.95 5.78
30.3 2.39 3.47 4.62 5.78 6.93

C kobs Kobs Kobs Kobs Kobs Kobs
45% 277.0K 287.7K 296.4K 315.0K 328.7K 343.3K
0.00 0.028 0.038 0.052 0.088 0.13 0.17
15.6 0.07 0.11 0.14 0.21 0.29 0.38
31.1 0.17 0.25 0.29 0.49 0.63 0.88
46.7 0.26 0.36 0.49 0.71 0.99 1.22
62.2 0.37 0.50 0.65 1.02 1.39 1.98
77.7 0.50 0.63 0.89 1.39 1.88 2.49
933 0.59 0.90 1.13 1.73 2.51 3.19

C Kobs Kobs Kobs Kobs Kobs Kobs
35% 277.0K 287.7K 297.0K 315.0K 328.6K 343.2K
0.00 0.03 0.05 0.06 0.10 0.14 0.18
15.8 0.07 0.10 0.14 0.23 0.31 0.46
31.7 0.12 .18 0.25 0.41 .58 0.86
47.5 0.22 0.32 0.43 0.83 1.26 1.68
63.3 0.29 0.42 0.61 1.08 1.53 2.37
79.2 0.41 0.61 0.77 1.30 1.95 2.64
95.0 0.47 0.74 0.94 1.62 2.32 3.33
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Table A-1 continued

C Kobs Kobs Kobs Kobs kobs
- 20% 297.3K 314.8K 328.6K 343.2K 354.4K

0.00 0.033 0.051 0.066 0.090 0.12
26.3 0.15 0.24 0.39 0.61 0.88
53.7 0.26 0.48 0.83 1.31 1.82
78.9 0.47 0.82 [.28 2.31 3.15
105. 0.68 1.24 1.98 3.30 4.62
132. 0.88 1.61 2.67 4.08 5.33
158. 1.08 1.92 2.89 5.33 6.93

C Kobs Kobs Kabs Kobs Kobs
10% 296.7K 314.9K 328.5K 343.2K 354.4K
0.00 0.060 0.087 0.12 0.16 0.20
293 0.14 0.28 0.47 0.73 1.14
58.6 0.28 0.56 0.96 1.69 2.31
87.9 0.43 0.89 1.48 2.57 3.30
117. 0.61 1.22 1.98 3.47 4.62
147. 0.74 1.44 2.48 4.08 5.78
176. 0.91 1.92 2.89 5.33 6.93

C Kobs Kobs Kobs Kobs Kobs Kobs
0% 277.0K 287.7K 296.7K 315.0K 328.7K 343.2K
(.00 0.053 0.079 0.091 C.14 0.19 0.23
17.4 0.06 0.09 0.12 0.23 0.36 0.71
34.8 0.07 0.10 0.14 0.29 0.50 0.98
52.2 0.07 0.12 0.17 0.36 0.65 1.27
69.6 0.08 0.13 0.20 0.46 0.77 1.53
87.0 0.10 0.17 0.24 0.58 0.99 1.64
104. 0.11 0.19 0.27 0.62 1.16 1.88
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Table A-2. The values of k,p, of soivated electrons’ reaction with ammonium
nitrate in 1-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kobs
100% 296.9K 315.0K  328.7K 343.2K 354.6K
0.00 0.095 0.10 0.12 0.17 0.21
2.57 0.29 0.44 0.56 0.71 0.86
5.14 0.56 0.83 0.99 1.26 1.54
7.71 0.79 1.14 1.39 1.73 2.04
10.3 1.08 1.44 1.92 2.31 2.77
12.8 1.26 1.87 2.39 3.15 3.65
15.4 1.54 2.31 3.01 3.85 4.33

C Kobs Kobs Kobs Kobs Kobs
99% 278.7K 296.5K 314.5K 329.2K 344.2K
0.00 0.022 0.027 0.039 0.055 0.064
3.32 0.20 0.30 0.44 0.58 0.80
6.64 0.35 0.57 0.81 1.02 1.20
9.96 0.51 0.80 1.15 1.54 1.98
13.3 0.63 0.99 1.48 1.87 2.48
16.6 0.86 1.33 1.92 2.48% 3.01
19.9 0.99 1.58 2.31 2.89 3.65

C Kobs kobs Kobs kohs knhs knhs
98% 277.0K 287.7K 297.0K 315.0K 328.6K 343.2K
0.00 0.021 0.022 0.032 0.046 0.062 0.079
2.27 0.12 0.17 0.20 0.31 (.40 ().55
4.54 0.21 0.28 0.35 0.56 0.66 .88
6.81 0.31 0.44 0.53 0.78 1.02 1.33
9.08 0.41 0.56 0.70 1.03 1.30 1.70
1.3 0.48 0.65 0.84 1.25 1.59 2.17
13.6 0.61 0.79 1.03 1.62 2.00 2.34
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Table A-2 continued

C Kobs Kobs Kobs Kobs Kobs Kobs
45% 277.0K 287.7K  296.4K 315.0K  328.7K  343.3K
0.00 0.022 0.037 0.036 0.079 0.10 0.14
1.32 0.04 0.06 0.09 0.16 0.27 0.43
2.64 0.07 0.11 0.14 0.31 0.52 0.87
3.96 0.10 0.15 0.22 0.49 0.76 1.26
5.28 0.12 0.20 0.28 0.57 1.00 1.65
6.60 0.14 0.24 0.31 0.69 1.22 1.92
7.92 0.17 0.28 041 0.81 1.39 2.39

Kobs Kobs Kobs Kobs Kobs Kobs
35% 277.0K  287.7K 297.0K 315.0K 328.6K  343.2K
0.00 0.021 0.031 0.041 0.065 0.094 0.15
2.27 0.10 0.16 0.23 0.47 0.67 [.15
4.54 0.18 0.34 0.45 0.95 1.48 248
6.81 0.30 0.49 0.74 1.39 2.31 3.65
9.08 0.38 0.70 091 1.87 2.89 4.95
11.3 0.47 0.91 1.12 2.39 3.47 5.78
13.6 0.62 0.96 1.31 2.89 4.33 6.93

C Keobs Kobs Kobs Kobs Kobs Kobs
20% 277.0K 287.7K  296.4K 315.0K 328.7K  343.2K
0.00 0.03 0.03 0.06 0.07 0.11 0.17
2.69 0.15 0.24 0.31 0.59 0.88 1.39
5.38 0.32 0.46 0.65 1.31 1.82 2.89
8.07 0.50 0.75 0.96 1.87 3.01 4.95
10.8 0.60 0.96 1.39 2.48 3.47 6.30
13.4 0.86 1.39 1.65 3.15 4.95 7.88
16.1 0.94 1.51 1.92 3.65 6.30 7.30
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C Kobs Kobs Kabs kubs knhs Kahs
10% 277.1K  287.7K 301.4K 315.0K 328.6K 343.3K
2.70 0.14 0.22 0.35 0.54 0.90 1.28
5.40 0.32 0.50 0.81 1.28 1.69 2.48
8.10 0.43 0.71 1.12 1.61 2.57 3.30
10.8 0.57 0.94 1.54 2.24 2.89 4.62
13.5 0.70 112 1.73 2.89 3.47 4.95
16.2 0.82 1.28 2.31 3.15 §.33 7.18

C Kobs Kobs Kobs Kobs Kobs Kobs
0% 277.0K  287.7K 296.5K 315.0K 328.7K  343.2K
0.00 0.058 0.080 0.10 0.16 0.22 0.26
2.30 0.13 0.17 0.22 0.36 0.69 0.82
4.60 0.23 0.35 0.45 0.85 1.13 1.69
6.90 0.29 0.43 0.63 1.10 1.68 2.23
9.20 0.41 0.60 0.87 1.41 2.13 2.96
11.5 0.47 0.64 0.95 1.47 2.63 3.65
13.8 0.57 0.86 1.20 1.95 3.47 4.10

Table A-3. The values of kg of solvated electrons’ reaction with ammonium

perchlorate in water® .

C Kobs Kobs Kobs Kobs Kobs
water 276.7K 296.5K 313.9K 328.4K 343.1K
0.00 0.54 0.75 1.21 1.86 1.94
8.34 0.57 0.82 1.87 2.56 4.36
16.7 1.00 1.70 3.47 5.17 7.53
33.4 1.12 2.20 3.50 6.13 8.89
41.7 1.10 2.00 4.05 6.74 9.37

* The concentration is in the unit of mol/m3. kops is in the unit of 105/5.
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Table A-3 continued

Cc Kobs Kobs Kobs Kobs Kobs
water 276.8K 296.7K  314.0K 328 5K  343.2K
0.00 0.37 0.71 1.01 1.28 1.60
36.9 0.70 1.80 3.00 5.73 8.15
49.2 0.89 1.90 3.80 5.98 9.43
61.5 1.10 2.36 4.28 7.15 11.6
73.8 1.40 2.79 5.21 7.92 13.7
86.1 1.40 2.99 5.33 8.01 14.4
98.4 40 3.20 5.64 8.72 14.2

Cc Kobs Kobs Kobs Kobs Kobs
water 276.8K  296.5K  3139K 328.5K  343.2K
0.00 041 0.87 1.06 1.13 1.73
7.22 0.69 1.34 2.20 3.15 4.81
14.4 0.93 1.80 3.05 4.68 7.07
21.7 0.90 1.91 3.22 4.81 7.45
28.9 0.78 1.65 3.05 4.88 8.15
36.1 1.24 2.30 4.33 6.42 10.0
43.3 1.37 2.58 3.87 6.54 10.7

C Kobs Kobs Kobs Kobs Kobs
water 2709K 297.0K 314.1K 328.5K  343.2K
0.0 0.82 0.86 1.98 2.88 3.47
40.0 1.08 2.19 3.81 6.24 10.0
60.0 1.16 2.52 4.59 7.30 11.6
80.0 1.24 2.77 4.81 8.35 12.4
100. 1.54 3.47 6.03 9.76 15.1
120. 1.56 343 6.13 10.0 15.1
140. i.73 3.79 6.73 11.2 17.3
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Table A-3 continued

C kobs kobs Kobs knbs knhs
water 276.9K  296.7K 313.9K 3284K  3432K
0.00 0.49 0.89 1.00 1.34 1.35
10.0 0.75 1.48 2.23 3.77 5.55
24.0 0.63 1.60 2.79 4.68 6.93
38.0 1.08 2.34 3.85 6.36 10.3
66.2 1.25 2.69 4.56 7.22 12.6
80.1 1.44 3.35 5.29 R.45 13.3
Table A-4. The values of kg Of solvated electrons’ reaction with ammonium

perchlorate in 1-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kobs
99% 278.0K  298.5K 313.9K  328.4K 343.1K
0.00 0.016 0.025 0.034 0.046 0.066
1.37 0.028 0.049 0.084 0.14 0.24
2.73 0.038 0.072 0.12 0.20 0.31
4.10 0.033 0.075 0.12 0.21 0.35
5.46 0.055 0.11 0.17 0.28 0.45
6.83 0.040 0.091 0.16 0.28 0.44

C Kobs Kobs Kobs Kobs Kobs
99% 278.1K  298.4K 313.9K  328.4K 343.1K
6.83 0.032 0.087 0.15 0.27 0.44
13.9 0.036 0.098 0.19 0.33 0.55
20.5 0.059 0.14 0.26 0.44 0.71
27.3 0.071 0.15 0.30 0.46 0.83
34.1 0.11 0.22 0.38 0.59 1.00
41.0 0.072 0.18 0.34 0.56 0.94
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Table A-4 continued

Cc Kobs Kobs Kobs Kobs Kobs
99% 277.6K  296.3K 3145k 329.1K  344.2K
0.00 0.015 0.027 0.045 0.053 0.069
14.6 0.041 0.10 0.21 0.35 0.60
29.3 0.071 0.18 0.32 0.53 0.82
43.9 0.084 0.18 0.36 0.6!1 1.02
58.6 0.093 0.22 0.41 0.70 1.20
87.9 0.13 0.29 0.58 0.95 1.51

Cc Kobs Kobs Kobs Kobs Kobs
45% 282.5K 296.0K 314.7K 329.4K  344.4K
0.00 0.035 0.053 0.071 0.10 0.14
2.11 0.085 0.16 0.31 0.51 0.85
4.22 0.12 6.23 0.51 0.87 1.53
6.33 0.17 0.33 0.66 1.15 1.94
8.44 0.23 0.42 0.86 1.55 2.59
10.6 0.25 0.50 1.05 1.83 3.08
12.7 0.30 0.57 1.33 2.17 4.01

C Kobs Kobs Kobs Kobs Kobs
35% 279.0K  297.7K  314.7K  329.3K  344.4K
0.00 0.024 0.072 0.072 0.10 0.15
2.70 0.14 0.31 0.62 0.99 1.52
5.66 0.27 0.59 1.09 1.88 2.83
8.49 0.41 0.85 1.58 2.64 3.85
11.3 0.50 1.14 2.20 3.56 4.95
14.2 0.62 1.22 2.64 4.18 5.87
16.7 0.72 1.56 2.97 4.85 6.48

C Kobs Kobs Kobs Kobs Kobs
20% 297.3K  314.8K 328.6K 343.2K  3544K
3.08 0.26 0.44 0.78 1.21 1.66
6.16 0.51 0.80 1.44 2.31 3.61
7.70 0.57 1.00 1.82 271 3.87
9.24 0.82 1.44 2.57 4.18 5.64
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Table A-5. The values of ks Of solvated electrons’ reaction with perchloric acid in
1-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kohs Kobs Kobs
100% 276.9K 287.6K 205.1K 314.9K 328.6K 343.1K 354.3K
0.00 0.069 0.086 0.20 0.16 0.25 (.26 .32
2.79 0.27 0.34 0.42 0.56 0.69 0.81 09§
5.59 0.78 0.96 1.08 1.40 1.74 2.02 2.24
8.38 1.22 1.49 1.73 2.33 2.74 3.21 3.65
11.2 1.65 1.93 2.31 2.92 3.52 4.33 4.88
16.8 2.45 3.00 3.65 495 5.97 6.86 7.8%

C Kobs Kobs Kobs Kobs Kobs Kobs
98% 277.0K 287.7K 296.6K 314.9K 328.6K 343.2K
0.00 0.026 0.035 0.050 0.069 0.092 .12
2.79 0.32 0.40 0.47 0.63 0.76 0.91
5.59 0.60 0.78 0.93 1.19 1.52 1.75
8.38 1.30 1.71 2.04 2.58 3.05 343
14.0 2.20 2.82 3.38 4 62 5.59 6.86
16.8 2.74 3.38 3.98 5.37 06.60 7.79

C Kobs Kobs Kobs kobs Kobs Kobs Kobs
45% 276.9K 287.7K 296.0K 314.9K 328.6K 343.2K 3154.4K
0.00 0.022 0.033 0.047 0.071 0.10 .15 0.18
1.40 0.05 0.07 0.10 0.14 0.19 0.28 0.32
2.79 0.11 0.15 0.22 0.37 0.51 0.75 (.94
4.19 0.27 0.42 0.50 1.00 1.60 2.15 2.89
5.59 0.37 0.53 0.68 1.36 1.90 2.69 3.56
6.98 0.58 0.93 1.22 2.31 3.15 5.21 6.30
8.38 0.62 0.97 1.44 2.60 3.85 5.73 7.70
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Table A-5 continued

C Kobs Kobs kobs Kobs kKobs Kobs
35% 277.0K 287.7K 296.0K 314.9K 328.7K 343.2K
0.00 0.032 0.043 0.0585 0.10 0.14 0.25
1.40 0.19 0.31 0.27 0.67 1.07 1.46
2.79 0.35 0.52 0.56 1.33 2.02 3.09
4.19 0.44 0.63 0.77 1.52 2.46 3.73
5.59 0.50 0.70 1.00 2.07 3.01 4.30
6.98 0.66 1.06 1.26 2.84 3.71 5.92
8.38 0.76 1.30 1.68 3.47 5.21 7.62

C kKobs Kobs Kobs Kobs Kobs Kobs
20% 276.9K 287.6K 296.0K 314.9K 328.6K 343.2K
0.00 0.030 0.039 0.048 0.086 0.12 0.15
1.40 0.09 0.13 0.16 0.32 0.51 0.72
2.79 0.12 0.17 0.19 0.42 0.61 0.81
4.19 0.24 0.3¢ 0.32 0.80 1.21 1.90
5.59 0.32 0.43 0.6!} 1.20 1.74 2.48
6.98 0.38 0.53 0.69 1.36 1.95
8.38 0.59 0.80 1.17 2.27 3.37

C Kobs Kobs kobs Kobs Kobs™ ..

20% 277.0K 296.7K 313.9K 328.4K 343.2K
0.00 0.030 0.050 0.072 0.092 0.13
1.86 0.17 0.34 0.62 0.88 1.39
3.72 0.31 0.63 1.15 1.75 2.59
5.58 0.48 0.98 1.69 2.48 3.85
7.44 0.64 1.35 2.45 3.69 5.46
9.30 0.76 1.73 2.86 4.31 6.13
10.2 0.84 1.85 3.21 4.75 6.80
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Table A-5 continued

C Kobs Kobs Kobs Kobs Kabs Kobs
10% 277.0K 287.7K 295.8K 3149K 328.6K 343.2K
0.00 0.037 0.050 0.063 0.10 0.13 0.19
1.40 0.14 0.17 0.23 0.43 .59 0.88
2.79 0.20 0.30 0.41 0.76 1.13 1.7§
5.59 041 0.60 0.72 1.43 2.20 3.41
6.98 0.45 0.65 0.89 1.81 2.52 3.85

C kobs Kobs Kobs Kobs Kobs
10% 277.0K 296.4K 313.9K 328.4K 343.2K
0.00 0.06
1.86 0.16 0.31 0.54 0.81 1.25
3.72 0.28 0.57 1.03 1.54 2.35
5.59 0.42 0.85 1.49 2.17 3.29
7.45 0.49 1.06 1.90 2.90 4.28
9.31 0.63 1.36 2.29 3.42 5.64
11.18 0.78 1.63 2.68 3.89 6.80

C kobs kobs Kobs Kobs kKabs
0% 275.9K 296.6K 313.9K 328.4K 343.2K
3.00 0.31 0.59 [.10 1.74 2.40
5.97 0.63 1.22 2.17 3.41 4.89
8.96 0.88 1.75 2.77 4.68 6.56
11.9 1.02 2.17 4.18 7.00 8.18
14.9 1.39 2.85 4.88 7.53 11.3
17.9 1.53 3.47 5.73 9.63 12.4

C Kobs Kobs kobs Kobs Kobs Kobs
0% 277.0K 287.7K 295.9K 314.9K 328.7K 343.2K
0.00 0.054 0.089 0.092 0.13 0.17 0.23
1.86 0.16 0.26 0.36 0.74 0.94 1.64
3.72 0.32 0.50 0.65 1.41 2.15 2.92
5.59 0.46 0.69 0.91 1.65 2.67 4.30
7.45 0.61 0.92 1.30 2.24 3.47 5.64
9.31 0.75 1.16 1.39 2.80 4.25 7.07
11.2 0.82 1.21 1.71 3.59 5.82 8.66
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Table A-6. The values of kqps Of solvated electrons' reaction with lithium

perchlorate in water, |-butanol, and iso-butanol .

C (mol/m3) Kabs Kobs C (mol/m3) Kobs Kohs
water 274.1K 297.3K iso-butanol 273.6K 297.0K
59 0.041 0.066 0 0.029 0.061
118 0.044 0.078 47 0.055 0.15
236 0.044 0.086 14] 0.094 0.14
355 0.054 0.094 235 0.056 0.13
473 0.063 0.11 329 0.056 0.12
591 0.062 0.14 423 0.054 0.13
470 0.051 0.13
C (mOI/m3) kobs Kobs
1-butanol 269.7K 296.8K
0 0.044 0.093
88 0.076 0.20
176 0.068 0.18
352 0.075 0.19
440. 0.077 0.20
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Table A-7. The values of kgps Of solvated electrons' reaction with lithium nitrate
in iso-butanol solvent.

C Kobs Kobs Kobs Kobs
iso-butanol 298.5K 314.5K 329.0K 343.5K
0.00 0.14 0.19 0.25 0.37
10.3 0.17 0.27 0.49 0.83
15.5 0.18 0.32 0.58 1.08
25.8 0.20 0.38 0.67 1.20
31.0 0.21 0.39 0.75 1.26
Table A-8. The values of kohs Of solvated electrons' reaction with ammonium

nitrate in iso-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kobs
98% 275.8K  298.6K 313.7K  327.4K 342.0K
0.00 0.042 0.087 0.13 0.15 0.23
1.52 0.086 0.16 0.22 0.28 0.38
3.05 0.14 0.27 0.39 0.45 0.62
4.57 0.20 0.37 0.53 0.67 0.86
6.10 0.26 0.48 0.72 0.88 1.14
7.62 0.35 0.62 0.84 1.15 1.43
9.15 0.39 0.72 1.02 1.26 1.6]

C Kobs Kobs Kobs Kobs Kobs
45% 283.2K 296.1K 313.6K  327.2K 341.6K
0.00 0.029 0.056 0.073 0.12 0.17
2.81 0.080 0.16 0.26 0.50 0.85
5.62 0.17 0.27 0.58 1.24 1.73
8.43 0.20 0.41 0.75 1.78 2.48
11.2 0.25 0.50 0.91 1.82 3.01
14.0 0.37 0.64 1.17 2.39 4.08
16.9 0.38 0.72 1.26 2.48 4.62
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Table A-8 continued

C Kobs Kobs Kobs Kobs Kobs
35% 2759K  296.4K 313.7K 327.4K  343.8K
0.00 0.018 0.039 0.061 0.084 0.12
2.06 0.077 0.20 0.38 0.63 1.03
4.13 0.16 0.40 0.78 1.31 2.23
6.19 0.24 0.60 1.24 1.99 3.41
8.26 0.32 0.78 1.65 2.49 4.39
10.3 0.41 1.06 2.19 3.47 4.81
12.4 0.48 1.22 2.27 4.15 5.68

C Kobs Kobs Kobs Kobs Kobs
20% 275.8K  296.1K 313.7K  327.4K 342.0K
0.00 0.016 0.030 0.049 0.059 0.076
1.62 0.10 0.20 0.37 0.60 0.91
3.24 0.16 G.35 0.67 1.05 1.61
4.86 0.22 0.52 0.98 1.59 2.37
6.47 0.28 0.64 1.30 2.01 2.78
8.10 0.35 0.87 1.58 241 3.61
9.72 0.49 1.17 2.01 2.95 4.18

C Kobs Kobs Kobs Kobs Kobs
10% 275.8K  296.8K 313.7K  327.4K 342.0K
0.00 0.016 0.032 0.050 0.062 0.087
1.53 0.077 0.18 0.32 0.51 0.76
3.06 0.12 0.29 0.57 0.86 1.37
4.59 0.19 0.43 0.78 1.23 1.72
6.12 0.25 0.57 1.09 1.55 2.24
7.65 0.28 0.69 1.30 2.06 2.67
9.18 0.35 0.77 1.48 2.13 3.22
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Table A-8 continued

C Kobs Kobs Kobs Kobs Kobs
0% 276.3K 296.7K 314.0K 327.8K 342.3K
0.00 0.039 0.09 0.10 0.14 0.19
1.40 0.068 0.13 0.27 0.35 0.39
4.20 0.16 0.35 0.58 0.80 1.33
5.60 0.22 0.45 0.67 0.90 1.39
7.00 0.24 0.55 0.99 1.42 2.24
8.40 0.24 0.56 1.10 1.58 2.31
Table A-9. The values of ko of solvated electrons’ recaction with ammonium

perchlorate in iso-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kobs
98% 277.9K  296.4K 314.8K  329.3K 344 4K
0.00 0.026 0.044 0.061 0.077 0.10
8.45 0.14 0.13
16.9 0.093 0.18 0.31 0.53 0.87
44.0 0.097 0.21 0.43 0.71 1.23
84.5 0.13 0.31 0.59 0.96 1.59
127. 0.19 0.40 0.80 1.31 2.11
169. 0.21 0.46 0.92 1.45 2.20

C Kobs Kobs Kobs Kobs Kobs
98% 278.2K 298.8K 313.9K  328.4K 343.0K
0.00 0.020 0.033 0.040 0.065 0.076
11.0 0.063 0.13 0.24 0.37 0.62
22.0 0.096 0.21 0.35 0.55 0.92
44.0 0.094 0.23 0.43 0.69 1.15
66.0 0.13 0.31 0.55 0.92 1.48
87.9 0.12 0.31 0.58 0.98 1.65
110. 0.14 0.37 0.67 1.12 1.85
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Table A-9 continued

C Kobs Kobs kobs kobs Kobs
98 % 278.2K  298.9K 313.9K 328.4K 343.1K
0.00 0.016 0.031 0.052 0.060 0.075
2.64 0.033 0.060 0.12 0.19 0.31
5.28 0.029 0.070 0.13 0.22 0.38
7.91 0.043 0.10 0.19 0.31 0.52
10.6 0.053 0.13 0.22 0.39 0.58
13.2 0.073 0.15 0.26 0.43 0.67
15.8 0.067 0.15 0.27 0.43 0.69

C Kobs Kobs Kobs Kobs Kobs
45% 282.1K  299.0K 314.7K  329.3K 344.4K
0.00 0.025 0.073 0.082 0.10 0.15
2.86 0.11 0.24 0.49 0.75 1.18
5.72 0.17 0.36 0.68 1.27 2.13
11.4 0.30 0.63 1.18 2.18 3.69
14.3 0.36 0.69 1.43 2.64 4.59
17.2 0.32 0.71 1.29 2.59 4.81

C Kobs Kobs Kobs Kobs Kobs
45% 282.1K  296.6K 314.7K  329.3K 344 4K
0.00 0.030 0.050 0.073 0.095 0.14
2.40 0.11 0.21 0.41 0.71 1.08
7.19 0.23 0.42 0.91 1.56 2.80
12.0 0.31 0.65 1.27 2.59 3.54
14.4 0.35 0.66 1.61 2.89 4.62

C Kobs Kobs Kobs Kobs
35% 279.9K  297.3K  314.8K 329.3K
0.00 0.064 0.043 0.20 0.31
4.29 0.24 0.44 0.98 1.61
8.58 0.40 0.87 1.62 2.78
12.9 0.54 1.16 2.37 4.01
17.2 0.74 1.49 3.48 5.29
25.7 0.98 2.15 4.72 7.97
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C knbs kobs kubs Kobs knbs
20% 275.7K  287.4K 297.5K  314.8K  329.3K
0.00 0.018 0.027 0.037 0.054 0.073
5.01 0.24 0.38 0.60 1.04 1.71
10.0 0.50 0.79 1.16 2.48 347
15.2 0.75 1.15 1.80 3.38 4.68
20.0 0.86 1.53 2.21 4.33 6.03
25.0 1.15 1.82 2.72 4.99 7.37
30.0 1.36 2.13 3.18 5.97 9.24

Table A-10.

The values of kb of solvated electrons' reaction with silver

perchlorate in iso-butanol/water mixed solvents.

C Kobs Kobs Kobs Kobs Kobs
100% 277.9K 296.4K 313.9K 328.4K 343.6K
0.00 0.059 0.089 0.13 0.13 0.15
0.78 0.16 0.29 0.42 0.54 0.63
1.57 0.39 0.69 1.09 1.36 1.93
2.35 0.70 1.15 1.95 2.45 3.03
3.13 0.79 1.39 2.07 2.67 3.6l
3.92 1.06 1.91 2.67 3.81 5.06
4.70 1.24 2.25 3.38 4.28 5.98

C Kobs Kobs Kobs Kobs Kobs Kobs
98% 275.8K 286.4K  297.0K 313.9K 327.3K  341.8K
0.00 0.026 0.030 0.037 0.058 0.071 0.094
1.16 0.23 0.33 0.47 0.68 0.92 1.14
2.32 0.48 0.63 0.90 1.35 1.72 2.20
3.47 0.61 0.92 1.18 1.83 2.47 3.33
4.63 0.82 1.14 1.56 2.36 3.30 4.44
5.79 1.05 1.44 2.11 3.15 4.08 6.03
6.95 1.33 1.79 2.43 3.89 5.29 6.19
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Table A-10 continued

C Kobs Kobs Kabs Kobs Kobs Kobs
45% 275.8K 286.4K  297.2K 313.7K 327.5K  342.0K
0.00 0.019 0.036 0.035 0.064 0.084 0.11
1.46 0.093 0.15 0.21 0.40 0.72 0.86
2.93 0.15 0.24 0.39 0.69 1.15 1.56
4.39 0.29 0.36 0.61 1.14 2.04 241
5.86 0.36 0.51 0.82 1.47 2.85 3.05
7.32 0.47 0.61 1.00 1.78 3.56 3.92
8.78 0.53 0.78 1.21 2.27 4.15 4.62

C Kobs Kobs Kobs Kobs Kobs
35% 275.9K 2959K 313.8K 327.5K 342.0K
0.00 0.032 0.049 0.12 0.18 0.49
1.02 0.092 0.18 0.41 0.67 0.95
2.04 0.13 0.29 0.53 0.81 1.21
3.06 0.21 0.44 0.88 1.41 2.34
4.08 0.24 0.55 0.99 1.56 2.34
6.13 0.33 0.81 1.45 2.36 3.45

C Kobs Kobs Kobs Kobs Kobs
20% 275.9K 296.4K 313.8K  327.5K 342.5K
0.00 0.026 0.048 0.07 0.10 0.13
1.49 0.093 0.21 0.39 0.58 0.87
2.99 0.17 0.38 0.73 1.07 1.67
4.48 0.26 0.57 1.14 1.73 2.73
7.47 0.38 0.88 1.71 2.46 3.41

C Kobs Kobs Kobs Kobs Kobs
10% 275.9K 296.1K  3139K 327.5K 342.1K
0.00 0.032 0.060 0.082 0.11 0.16
0.93 0.067 0.13 0.25 0.40 0.60
1.86 0.10 0.23 0.41 0.63 1.02
2.79 0.13 0.29 0.58 0.91 1.33
3.72 0.18 0.38 0.71 1.15 1.72
5.58 0.26 0.56 1.07 1.70 2.57
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Table A-10 continued

C kobs kobs kubs kobs knbs knhs
0% 2759K 286.5K 296.8K 313.9K 327.5K  342.0K
0.00 0.037 0.047 0.071 0.099 0.14 0.19
2.79 0.12 0.20 0.27 0.56 0.90 1.33
4.19 0.18 0.28 0.39 0.76 1.28 1.77
5.59 0.19 0.32 0.47 0.94 1.52 2.24
6.98 0.24 0.40 0.51 1.07 1.82 2.68
8.38 0.25 0.43 0.61 1.20 1.99 3.38

Table A-11. The values of kops Of solvated electrons' reaction with lithium nitrate

in 1-hexanol, l-octanol, and 1-decanol solvents.

C Kobs Kobs Kobs Kobs Kobs
1-hexanol 273.9K 296.8K  318.7K  343.2K 353.4K
0.00 0.052 0.095 0.14 0.26 0.32
26.6 0.076 0.26 0.66 [.39 1.73
53.3 0.12 0.36 0.89 1.90 2.48
79.9 0.13 0.41 1.00 2.27 2.89
107. 0.17 0.53 l.16 2.77 3.21
133. 0.20 0.59 1.61 2.89 4.33
C Kobs Kobs Kobs Kobs
1-hexanol 273.3K  297.0K 319.3K  343.2K
0.00 0.051 0.075 0.15 0.27
19.5 0.087 0.25 0.57 1.14
39.0 0.088 0.29 0.73 1.58
58.5 0.12 0.41 0.90 2.24
78.0 0.13 0.45 0.96 2.67
97.5 0.16 0.51 1.20 2.81
117. 0.17 0.51 1.35 3.38
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Table A-11 continued

C Kobs Kobs Kobs Kobs
l-octanol  273.6K  296.4K  328.4K 347.8K
0.00 0.12 0.24 0.50 0.82
34.2 0.24 0.53 1.16 1.98
51.3 0.27 0.57 1.4] 2.31
68.4 0.30 0.68 1.73 2.89
85.5 0.30 0.70 2.04 3.22
103. 0.34 0.80 1.93 3.33
137. 0.37 0.95 2.24 4.33
Cc Kobs Kobs
l-octanol  275.7K _ 298.6K
0.0 0.15 0.25
16.2 0.22 0.45
325 0.23 0.53
48.7 0.27 0.59
65.0 0.31 0.67
81.2 0.72
97.4 0.35 0.75
C Kobs Kobs Kobs
I-decanol  296.2K  3139K  3289K
0.0 0.23 0.41 0.72
23.2 0.35 0.68 1.14
46.4 0.44 0.91 1.60
69.6 0.57 1.10 1.99
92.8 0.65 1.38 2.38
116. 0.76 1.48 2.52
116. 0.77 1.42 2.39
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Table A-11 continued

C Kobs Kobs Kobs
l-decanol 296.4K  314.3K  328.8K

0.0 0.23 0.43 0.73
15.4 0.36 0.64 1.13
38.6 0.48 0.90 1.46
77.2 0.67 1.26 2.02
154. 0.98 1.88 3.09
193. 1.00 1.87 3.19
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B. Results of ky Measurement

Table A-12. Temperature and composition dependences of k3 for the reaction of €7
with lithium nitrate in [-butanol/water mixed solvents.

mol % T ko mol % T ko
H20 (K) (108 H,0 (K) (08
m3/mol-s) m3/mol's)
100 277.0 5.5 35 277.0 0.55
287.7 7.4 287.7 0.87
296.7 9.2 297.0 1.1
315.0 13. 315.0 1.7
328.1 17 328.6 2.5
343.3 20 343.2 3.6
99 277.6 4.9 20 297.3 0.70
298.3 7.8 314.8 1.3
314.5 [1. 328.6 2.2
329.1 14. 343.2 3.6
344.2 17 354.4 4.6
98 296.4 7.7 10 296.7 0.51
314.8 12. 314.9 1.0
328.6 16. 328.5 1.7
343.3 20. 343.2 3.1
354.4 23. 354.4 4.0
45 277.0 0.66 0 277.0 0.051
287.7 0.82 287.7 0.11
296.4 1.2 296.7 0.16
315.0 1.9 315.0 0.47
328.7 2.7 328.7 0.92
343.3 3.4 343.2 1.6
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Table A-13. Temperature and composition dependences of k> for the reaction of ¢y
with ammonium nitrate in 1-butanol/water mixed solvents.

mol % T k2 mol % T k2
H20 (K) (o’ HxO (K) (o’
m3/mol-s) m3/mul~s)
100 296.9 0.95 35 277.1 0.40
315.0 1.4 287.7 0.78
328.7 1.8 296.3 1.0
343.2 2.3 315.0 2.1
354.6 2.6 328.7 3.1
343.2 5.2
99 278.7 0.49 20 277.1 0.59
296.5 0.77 287.7 0.94
3145 I.1 296.4 1.2
329.2 1.4 315.0 2.3
344.2 1.7 328.7 3.6
343.2 5.6
98 277.0 0.43 10 277.1 0.47
287.7 0.57 287.7 0.74
297.0 0.72 301.4 1.4
315.0 1.1 315.0 2.0
328.6 1.3 328.6 2.8
343.2 1.7 343.3 3.9
45 277.0 0.20 0 277.0 0.39
287.7 0.33 287.7 0.57
2964 0.46 296.5 0.83
315.0 0.97 315.0 1.4
328.6 1.8 328.7 2.1
343.3 2.9 343.2 3.0
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Table A-14. Temperature and composition dependences of k2 for the reaction of e’
with ammonium perchlorate in 1-butanol/water mixed solvents.

mol % T ko mol % T ko
H20 (K) 1o’ H0 (K) (10’
m3/mol~s) m3/mo|-s)
100 277.0 0.000082 35 279.0 0.41
296.7 0.00015 297.7 091
314.0 0.00022 314.7 1.8
328.5 0.00025 329.3 3.0
344.4 4.0
99 278.2 €.000085 20 282.0 0.74
298.5 0.C0015 296.3 1.2
313.9 0.00021 314.6 2.3
3284 0.00024 3294 34
343.1 0.00028 344 .4 6.0
45 282.5 0.22
296.0 0.41
314.7 0.96
3294 1.6
344 .4 2.7
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Table A-15. Temperature and composition dependences of k3 for the reaction of ¢
with perchloric acid in I-butanol/water mixed solvents.

mol % T ko mol % T k2
H,0 (K) (10’ H,0 (K) ao’
m3/mol-s) |113/||ml-s)
100 276.9 1.7 45 276.9 0.86
287.6 2.0 287.7 1.3
295.1 2.3 296.0 2.2
3149 3.1 3149 38
328.6 3.7 328.6 5.7
343.1 4.3 343.2 R.4
354.3 4.8
35 277.0 0.91
100 278.7 1.7 _ 287.7 1.4
295.8 2.3 296.0 1.8
313.9 3.1 3149 4.0
328.1 3.8 328.7 5.9
343.1 4.7 343.2 8.6
98 277.0 1.7 20 277.0 0.8
287.7 2.2 296.7 1.8
296.6 2.6 3139 3.1
314.9 3.5 328.4 4.6
328.6 4.3 343.2 6.6
343.2 5.1
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Table A-15 continued

mol % T ka mol % T ko
H20 (K) (10’ H,0 (K) a0’
m3/mol-s) m3/mol~s)
20 277.0 0.8 0 275.9 0.82
296.7 1.8 296.6 1.9
313.9 3.1 313.9 3.1
328.4 4.6 328.4 5.2
343.2 6.6 343.2 6.8
10 277.0 0.6 0 277.0 0.82
296.4 1.4 287.7 1.2
313.9 2.3 295.9 1.6
3284 3.3 314.9 2.8
343.2 6.0 328.7 53
343.2 7.5
10 277.0 0.67
287.7 1.0
295.8 1.2
3149 2.4
328.6 3.6
343.2 5.6
Table A-16. Temperature dependence of k3 for the reaction of €”s with lithium nitrate

in iso-butanol solvent.

T (K) 298.2 314.5 329.0 343.5
k2 (10°:a3/mol-s) 0.25 0.71 1.3 2.4
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Table A-17. Temperature and composition dependences of k; for the reaction of ¢7g
with ammonium nitrate in iso-butanol/water mixed solvents.

mol % T k2 mol % T k2
H,0 (K) (10’ H:;O0 (K) (o’
m3/mol-s) m3/mol-s)
98 275.8 0.42 20 275.8 0.43
298.6 0.74 296.1 1.1
313.7 1.0 313.7 2.0
3284 1.3 327.4 2.9
342.0 1.7 342.0 4.2
45 283.2 0.24 10 275.8 0.36
296.1 0.41 296.8 0.83
313.6 0.74 313.7 1.6
327.2 1.5 327.4 2.3
341.6 2.7 342.0 3.2
35 275.9 0.38
296.4 0.98
313.7 2.0
327.4 34
343.8 5.2
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Table A-18. Temperature and composition dependences of k2 for the reaction of e’

with ammonium perchlorate in iso-butanol/water mixed solvents.

mol % T ko mol % T ko
H20 (K) (107 H,0 (K) (107
m3/mol-s) m3/mol-s)

98 2779 0.00015 35 279.9 0.37
298.0 0.00026 296.5 0.78
3139 0.00046 314.8 1.8
328.4 0.00058 329.3 2.9
343.1 0.00079

45 282.1 0.22 20 275.7 0.44
299.0 0.40 287.4 0.75
314.7 0.83 297.5 1.1
329.3 1.7 314.8 2.1
344.4 3.0 329.3 2.9
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Table A-19. Temperature and composition dependences of k3 for the reaction of ¢

with silver perchlorate in iso-butanol/water mixed solvents.

mol % T ko mol % T K>
H20 (K) (10’ H.0 (K) (10’
m3/mol-s) mY/mol-s)

o8 275.8 1.8 20 2759 0.47
286.4 2.5 206.4 [
297.0 3.5 313.8 2.2
313.9 5.3 327.5 3.2
327.3 6.9 342.5 5.0
341.8 9.5

45 275.8 0.68 10 275.9 0.41
286.4 0.81 296.1 0.91
297.2 1.4 313.9 1.0
313.7 2.4 327.5 2.9
327.5 4.7 342.1 4.3
342.0 5.2

0 275.9 0.29

35 275.9 0.49 286.5 0.50
295.9 1.3 296.8 0.70
313.8 2.2 3139 1.4
327.5 3.6 327.5 2.3
342.0 4.8 342.0 3.5
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Table A-20. Temperature dependence of k3 for the reaction of es with lithium nitrate

in I-hexanol, 1-octanol, and 1-decanol solvents.

n-alcohol T ko n-alcohol T ko

(K) (10° (K) (10°

m3/mol-s) m3/mol-s)

{-hexanol 273.6 0.10 I-octanol 274.7 0.16

296.9 0.34 297.5 0.40

319.0 0.83 328.5 1.4

343.2 2.0 347.9 2.4
|-decanol 296.3 0.52

314.1 0.99

328.9 1.7




IT. Results of Molar Conductivity Measurement

In this study, the molar conductivities of lithium nitrate, ammonium
nitrate, ammonium perchlorate, and perchloric acid electrolyte solutions were measured
in [-butanol/water mixed solvents: and the molar conductivitics of lithium nitrate.
ammonium nitrate, ammonium perchlorate, peschloric acid, silver perchlorate, copper
(IT) perchlorate, and aluminum (III) perchlorate electrolyte solutions were measured in
iso-butanol/water mixed solvents. The molar conductivities of lithium nitrate electrolyte
solution was also measured in 1-hexanol, 1-octanol, and I-decanol. 1-butanol and iso-
butanol are not completely miscible with water (see reference 8 in chapter three and
reference 7 in chapter four). The measurements were mostly made over the miscible
range. For iso-butanol/water mixtures, the following mol % water were used: 0, 10.0,
20.0, 35.0, 45.0, 98.0, and 100.0. The 45 mol% is located in the immiscible region for
the temperatures less than 293.2K, so the measurement at those temperatures are
reported here but not analyzed with the rest of data due to the phasc separation. For |-
butanol/water mixture the following mol % water were used: 0, 10.0, 20.0, 35.0, 45.0,
98.0, 99.0, and 100.0. The 98 mol% is located in the immiscible region, so the
measurement are reported here but not analyzed with the rest of data due to the phase

separation. The rest of mixtures are in the miscible range.
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Table A-21.  Temperature and composition dependences of molar conductivities of

lithium nitrate solutions in 1-butanol/water mixed solvents.2

mol % T A (103 mol % T A (103
H,0 (K) S-m2/mol) Hz0 (K) S-m2/mol)
100 277.14 6.76 45 278.22 1.12
298.17 11.2 298.33 2.09
312.32 14.4 313.50 3.08
328.91 18.2 328.29 4.27
343.11 21.5 343.38 5.80
100 298.09 10.9 35 278.20 1.06
312.42 14.1 298.26 1.94
328.86 18.4 313.46 2.67
342.92 22.4 328.21 3.76
343.30 4.93
100 277.69 6.48 20 278.22 0.98
298.13 10.3 298.29 1.74
312.46 13.2 313.51 2.45
328.89 16.5 328.17 3.38
342.96 19.9 343.41 4.30
99 278.20 6.30 10 278.27 0.83
298.22 10.4 298.35 1.50
313.43 14.8 313.53 2.07
328.18 18.3 328.19 2.79
343.39 22.2 343.48 3.31
98 278.32 3.95 0 278.12 0.75
298.28 7.45 298.35 1.27
313.52 11.4 313.48 1.79
328.27 13.0 328.33 2.29
343.46 16.5 343.47 2.50

4 LiNQO3 concentrations: 0.025-0.25 mol/m?.
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Table A-22. Temperature and composition dependences of molar conductivitics of
ammonium nitrate solutions in ]-butanol/water mixed solvents.?

mol % T A (103 mol % T A (1073
H>0 (K) S'm2/mol) H»O (K) S-m2/mol)
100 278.24 8.70 45 278.22 1.35
298.25 14.9 298.25 2.35
313.51 21.2 313.55 3.42
328.33 26.9 328.25 4.77
343.50 37.4 34342 6.41
100 278.36 8.90 35 278.24 1.23
2908.37 15.1 298.33 2.18
313.53 21.5 313.55 3.07
328.22 27.1 328.24 4.18
343.54 33.5 34341 5.35
100 278.34 8.90 20 278.26 1.16
208.32 14.6 298.28 1.96
313.57 21.0 313.51 2.75
100 328.26 27.4 328.22 3.40
343.45 36.4 343.42 4.25
99 278.23 7.40 10 278.24 0.94
298.23 13.6 298.28 1.60
31343 18.1 313.44 2.18
328.17 21.7 328.24 2.91
343.37 26.2 343.46 3.32
98 278.29 7.60 0 278.21 0.77
208.25 12.1 298.29 1.38
313.57 15.3 313.52 2.04
328.28 19.1 328.23 2.60
343.46 24 .4 34342 2.95

3 NH4NO3 concentrations: 0.03-0.2 mol/m3.
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Table A-23.  Temperature and composition dependences of molar conductivities of
ammonium nerchlorate solutions in 1-butanol/water mixed solvents.?

mol % T A (1073 mol % T A (103

H,0 (K) S-m2/mol) Hy0 (K) S-m2/mol)

100 278.34 8.84 45 278.23 1.39
298.31 14.1 298.24 2.50
313.26 18.8 313.51 3.69
328.4] 25.6 328.27 5.15
343.45 32.0 343.44 6.70

99 279.91 8.00 35 278.26 1.40
298.29 12.7 298.34 2.39
313.29 16.4 313.58 3.60
328.29 19.9 328.34 4.90
343.44 24.2 343.51 6.35

98 278.29 6.60 20 278.24 1.27
298.24 12.4 298.29 2.22
31344 16.2 313.51 3.44
328.16 20.5 328.33 4.60
343.45 25.1 34341 5.42

1 NH4ClOy4 concentrations: 0.01-0.4 mol/m3 in 99, 45, 35, 20 mol % water mixed solvents. In pure
water the low reactivity of NH4C1Oy4 in water required concentrations up to 100 mol/m3 for measurement
of k3, and the same concentration range (0.08-104 mol/m3) was used for A measurement; the Debye-
Hiickel-Onsager equation (see chapter two) describes the A data, so ion pairing is negligible. A value
reported here in pure water is calculated from the data measured in concentration range 0.08-0.4 mol/m3.
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Table A-24.  Temperature and composition dependences of molar conductivitics of
perchloric acid solutions in 1-butanol/water mixed solvents.?

mol % T A (103 mol % T A (103
H>O (K) S:m2/mol)  H0 (K) S-m2/mol)
100 278.10 29.3 20 298.16 1.83
283.23 31.9 313.09 2.69
298.54 40.5 328.19 3.92
313.35 46.4 343.29 5.47
328.36 50.0
343.61 53.8 10 298.12 1.66
313.09 2.51
45 208.15 3.08 328.22 3.80
313.14 4.74 343.14 4.96
328.36 7.03
343.37 9.52 0 2908.22 1.46
313.21 2.37
35 298.19 2.58 328.31 3.35
313.12 3.60 343.48 4.52
328.27 5.55
343.35 7.75

a HCIO4 concentrations: 0.03-0.22 mol/m3.
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Table A-25.  Temperature and composition dependences of molar conductivities of
lithium nitrate solutions in iso-butanol/water mixed solvents.?

mol % T A (103 mol % T A (1073
H,0 (K) S-m?/mol) H>O (K) S-m2/mol)
98 273.83 4.40 20 277.27 0.685
298.12 8.70 298.17 1.38
312.45 13.8 312.40 2.13
328.88 i7.2 328.87 3.00
342.95 21.1 343.08 3.73
98 312.44 12.5 10 277.17 0.630
328.88 16.8 298.15 1.25
342.97 22.8 312.39 1.72
328.86 2.31
45 276.92 0.572 343.06 2.65
208.18 1.35
312.42 2.05 0 278.18 0.494
328.89 2.97 298.29 0.870
343.09 3.90 313.50 1.27
328.21 1.71
35 277.17 0.795 343.44 1.89
298.14 1.62
312.39 2.43
328.89 3.57
343.06 4.71

2 LiNO3z concentrations: 0.04-0.3 mol/m3.
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Table A-26.  Temperature and composition dependences of molar conductivities of
ammonium nitrate solutions in iso-butanol/water mixed solvents.?

mol % T A (1073 mol % T A (1073
H,0 (K) S-m%mol) H>0 (K) S-m2/mol)
98 278.19 6.65 35 278.24 0.940
298.35 12.2 298.26 1.79
313.51 16.8 313.55 2.92
328.22 21.8 328.17 3.72
343.42 25.8 343.38 5.10
45 278.32 0.855 20 278.21 0.81
298.33 1.63 298.33 1.63
313.52 2.37 313.54 2.37
328.18 3.44 328.22 3.18
343.38 4.86 343.44 4.15
45 328.88 3.31 10 278.19 0.62
343.30 4.75 298.34 1.26
313.51 2.44 313.60 1.87
328.31 2.32
343.41 2.94

4 NH4NO3 concentrations: 0.015-0.17 mol/m3.
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Table A-27 Temperature and composition dependences of molar conductivities of
ammonium perchlorate solutions in iso-butanol/water mixed solvents.?

mol % T A (103 mol % T A (103
H,0 (K) S‘m%/mol) HZ0 (K) S-m2/mol)
98 278.19 6.57 35 278.27 0.965
298.28 12.7 298.29 2.00
313.48 18.8 313.52 3.00
328.33 22.4 328.17 4.40
343.43 28.2 343.35 5.74
45 278.19 0.980 20 278.30 0.835
298.31 2.06 298.34 1.58
313.52 3,27 31348 2.49
328.32 4.77 328.34 3.68
343.45 6.08 343.49 4.57

2 NH4C104 concentrations: 0.025-0.17 mol/m3.
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Table A-28.  Temperature and composition dependences of molar conductivities of
perchloric acid solutions in iso-butanol/water mixed solvents.?

mol % T A (103 mol % T A (103
H>0 (X) S-mZ/mol) H70 (K) S-m2/mol)
98 278.01 22.2 20 278.28 1.04
208.18 31.6 298.19 1.87
313.40 394 313.45 3.00
328.39 48.0 328.44 4.26
343.65 52.1 343.69 5.93
45 277.99 1.64 10 278.07 0.85
208.19 2.96 298.31 1.56
313.40 4.16 313.44 2.57
328.42 5.74 328.47 3.46
343.52 7.60 343.65 4.70
35 277.96 1.37 0 278.03 0.69
298.18 2.59 298.25 1.39
313.40 3.78 313.49 2.28
328.39 5.78 328.47 3.40
343.60 7.81 343.67 4.87

2 HCIO4 concentrations: 0.015-0.22 mol/m3.
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Table A-29.  Temperature and composition dependences of molar conductivities of
silver perchlorate solutions in iso-butanol/water mixed solvents.?

mol % T A (103 mol % T A (103
H>0 (K) S-m2/mol) HO (K) S-m2/mol)
100 275.83 7.84 45 275.83 0.96
298.10 13.4 298.11 2.43
312.43 17.9 31243 3.78
328.90 23.7 328.87 5.44
342.97 27.8 34242 6.95
100 275.80 8.80 35 275.83 1.00
298.08 14.4 298.11 2.20
312.42 18.6 31243 331
328.84 24.0 35 328.87 4.30
342.9] 30.0 342.92 5.60
100 278.28 8.70 20 276.85 0.78
298.32 13.8 298.09 1.64
313.48 18.1 312.42 2.46
328.17 23.7 328.87 3.55
343.47 304 342.91 4.49
98 278.19 11.4 10 275.77 0.71
298.27 21.4 298.06 1.53
313.46 34.7 312.39 2.37
328.26 44.4 328.83 3.22
343.42 49.0 342.90 3.98
O] 298.11 21.1 0 275.79 0.56
313.19 32.0 298.07 1.24
328.24 42.4 312.39 1.79
343.22 50.7 328.83 2.58
342.89 3.34

1 ApClOy4 concentrations: 0.02-0.3 mol/m3.
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Table A-30.  Temperature and composition dependences of molar conductivitics of
copper (II) perchlorate solutions in iso-butanol/water mixed solvents.®

mol % T A (103 mol % T A (1073
H,0 (K) S‘m2/mol) H0 (K) S-m%/mol)
100 273.96 13.4 98 298.31
283.20 17.4 313.56 §
208.23 25.3
312.79 32.9 98 328.28 71.7
328.82 41.9
343.53 53.1 98 343.47 81.4
100 278.29 14.8 9gb 34343 79.8
298.42 24.6 328.19 77.4
313.54 33.7 313.52 62.8
328.24 43.3 298.35 50.1
343.49 54.1 278.29 30.4
100 278.15 14.5 98 277.99 16.9
298.23 24.1 298.47 37.7
31348 32.8 313.38 53.6
328.13 42.8 328.44 71.2
343.43 56.1 343.62 86.5
99.5 278.24 19.6 98 298.19 34.3
298.26 43.8 313.17 56.8
31342 63.0 328.22 77.4
343.39 89.8
99 278.24 21.9
298.24 48.1 98 278.37 15.5
313.40 67.9 298.39 33.9
343.36 89 .8

4 Cu(ClOy4); concentrations: 0.01-0.16 mol/m3.
b The order of temperature change is from high to low.
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Table A-30 continued

mo' % T A (103 mol % T A (1073
H,0 (K) S-m%/mol) Hy0 (K) S-m2/mol)
45 278.28 1.33 10 275.79 1.13
298.40 3.15 298.07 2.48
313.56 5.34 312.40 3.73
328.33 8.44 328.82 5.93
343.54 13.0 342.88 8.10
35 275.79 1.47 0 275.79 0.78
298.07 3.04 298.08 1.91
312.40 4.97 312.40 2.89
328.82 7.71 328.83 4.84
342.89 i0.6 342.88 6.28
20 275.79 1.27
298.07 2.74
312.40 4.40
328.85 7.03
342.89 9.23
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Table A-31. Temperature and composition dependences of the apparent molar
conductivities of aluminum (II) perchlorate solutions in iso-butanol/water mixed
solvents.2
mol % T A (103 mol % T A (1073
H,0 (K) S-m2/mol) H,0 (K) S-m¥/mol)
100b 298.71 56.8 45 275.79 2.70
312.40 R0.6 298.06 7.64
328.86 112. 312.38 13.3
342.93 134. 328.16 21.3
343.47 150. 343.43 26.5
100¢€ 278.17 26.1 35 275.78 3.45
298.38 49.1 298.06 6.74
313.51 75.2 312.40 9.07
328.36 107. 328.84 14.2
343.47 150. 342.92 19.8
100d 298.14 40.1 20 275.77 2.92
313.09 57.7 298.06 5.99
328.28 75.6 312.40 8.2
343.36 102. 328.84 13.8
98 278.28 20.1 342.89 18.0
298.36 43.0 10 275.79 2.10
313.56 68.2 298.06 5.06
328.21 110. 31241 7.49
313.47 172. 328.84 11.6
98 278.26 25.1 34291 14.8
298.50 45.0 0 275.80 1.30
313.59 67.7 298.08 3.99
328.27 91.8 312.41 6.77
343.47 134. 328.85 10.0
342.93 12.3
4 Al(C10O4)3 concentrations: 0.006-0.06 mol/m3 in 98, 45, 35, 20, 10, and 0 mol % water mixed
solvents.

b Al(C10O4)3 concentrations: ().006-0.03 mol/m3.
¢ Al(ClO4)3 concentrations: 0.013-0.067 mol/m3.
d AI(CIO4)3 concentrations: 0.078-0.31 mol/m3.
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Temperature and concentration dependences of the molar

conductivitics of lithium nitrate solutions in ]1-hexanol solvent.

C A (104 S:m2/mol)
(mol/m3) 298.15K 313.16K 328.45K 343.43K 353.21K
0.036 4.86 6.75 7.85 8.56 8.41
0.071 4.26 6.22 7.08 7.26 6.61
0.107 4.37 5.68 6.18 6.16 548
0.142 4.25 5.37 5.89 5.79 5.15
0.178 4.06 4.88 5.20 4.75 4.17
298.18K 313.17K 328.39K 343.47K
0.195 4.14 5.03 5.39 5.13
0.390 3.50 4.07 4.25 3.92
(.585 3.01 3.39 3.46 3.03
0.780 2.71 3.06 3.07 2.76
1.17 2.56 2.82 2.78 2.44
298.22K 313.17K 328.47K 343 48K
1.50 2.25 2.49 2.36 1.99
9.01 1.23 1.22 1.15 1.04
15.0 1.03 1.08 1.03 0.94
22.5 0.91 0.99 0.96 0.87
37.5 0.81 0.89 0.91 0.82
298.22K 313.26K 328.35K
2.80 1.75 1.88 1.93
7.00 1.23 1.28 1.23
14.0 1.00 1.08 1.09
21.0 0.92 1.01 1.00
35.0 0.81 0.92 0.89
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Temperature and concentration dependences of the molar

conductivities of lithium nitrate solutions in 1-octanol solvent.

C A 10 S-m2/mol)
(moV/m?) 298.22K 313.15K 328.24K 343.45K
0.0274 1.91 1.97 1.94 1.99
0.0547 1.62 1.67 1.71 1.64
0.0821 1.46 1.54 1.55 1.42
0.109 1.27 1.32 1.32 1.17
0.137 1.24 1.29 .18 1.06
298.17K 313.14K 328.38K 343.45K
0.162 1.17 1.22 1.18 1.05
0.325 0.91 0.94 0.86 0.74
0.487 0.75 0.74 0.68 0.58
0.650 0.75 0.77 0.69 0.55
0.974 0.61 0.59 0.54 0.45
298.17K 313.12K 328.39K 343.46K
0.884 0.62 0.64 0.62 0.47
1.47 0.48 0.50 0.44 0.34
2.95 0.38 0.37 0.33 0.27
4.42 0.31 0.31 0.27 0.22
7.37 0.27 0.26 0.24 0.19
298.22K 313.28K 328.77K 343.47K
2.33 0.46 0.45 0.36 0.33
4.66 0.35 0.34 0.31 0.25
6.98 0.31 0.30 0.25 0.22
9.31 0.30 0.27 0.23 0.20
11.6 0.28 0.25 0.21 0.17
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Temperature and concentration dependences of the molar
conductivities of lithium nitrate solutions in 1-decanol solvent.

C A (104 S.m2/mol)
(mol/m3) 298.24K 313.21K 328.39K 343.47K
0.0581 0.28 0.35 0.36 0.34
0.116 0.28 0.29 0.28 0.20
0.174 0.23 0.28 0.25 0.22
0.232 0.23 0.25 0.22 0.18
0.291 0.21 0.24 0.22 0.18
298.14K 313.23K 328.36K 343.41K
0.580 0.18 0.18 0.15 0.13
1.16 0.14 0.13 0.11 0.079
298.21K 313.26K 328.39K 343.50K
0.692 0.15 0.14 0.12 0.092
1.39 0.14 0.11 0.093 0.071
2.08 0.12 0.095 0.079 0.066
2.77 0.1] 0.085 0.073 0.059
3.47 0.087 0.071 0.059 0.043
298.19K 313.22K 328.39K 343.41K
0.251 N.24 0.22 0.20 0.17
0.522 0.18 0.16 0.13 0.11
0.783 0.15 0.14 0.12 0.095
1.04 0.14 0.13 0.11 0.096
1.31 0.13 0.11 0.089 0.071
298.17K 313.21K
0.252 0.21 0.21
0.505 0.16 0.16
0.757 0.14 0.13
1.01 0.13 0.12
1.26 0.12 0.11
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Table A-34 continued

C A (104 S-m2/mol)

(mol/m3) 298.18K 313.24K 328.43K 343.44K
0.473 0.19 0.20 0.17 0.158
0.946 0.15 0.14 0.12 0.093
1.42 0.12 0.12 0.10 0.095
1.89 0.12 0.11 0.10 0.08S5
2.36 0.11 0.10 0.084 0.071




