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ABSTRACT

SPECTRA, SOLUBILITIES AND CONDUCTANCES OF THE
ALKALI METALS IN ETHYLENEDIAMINE

AND

KINETICS OF THE REACTION BETWEEN SOLVATED
ELECTRONS AND WATER IN ETHYLENEDIAMINE

by Robert R. Dewald

The absorption spectra, conductances and solubilities of the
alkali metals in ethylenediamine were studied. The kinetics of the
reaction between solvated electrons and water in ethylenediamine
was also studied.

The absorption spectra for sodium-ethylenediamine solutions
showed only one maximum at 660 mp. Dilute solutions of potassium
in ethylenediamine exhibited absorption maxima at 660 mp and 1280
my, while more concentrated solutions showed maxima at 845 mu
and 1280 mp with a shoulder at 660 mp. Lithium solutions showed
absorption maxima at 660 mu and 1280 mu., Rubidium solutions
showed a strong absorption peak at 890 mp and another peak at 1280
my. When rubidium ions from the decomposition were present in
excess, a shoulder was also observed in the vicinity of 660 my.
Dilute cesium solutions showed only a 1280 mu absorption peak,
while more concentrated solutions showed a maximum at 1030 mp
which strongl.y overlapped with the 1280 mpu absorption.

The 660 mp absorption bands for lithium, sodium, and potassium

and the 1280 mp absorption for lithium, potassium, rubidium and
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cesium were found to be independent of metal in shape and position.
The comrversion of the 660 mp absorption into the infrared 1280 mp
absorption was shown to be a slow process.

The kinetics of decomposition of these solutions was studied
both spectrophotometrically and by electrical conductivity, While
specific rates of decomposition varied from one experiment to another,
the decomposition was found to be essentially first-order.

The equivalent conductance vs. the square root of the concen-
‘tration for solutions of cesium, potassium and rubidium followed the
same general form while that for sodium solutions exhibited a marked
difference in behavior. The apparent limiting values of the equivalent
conductances of cesium, potassium and rubidium solutions were
;evaluated using the Shedlovsky conductance function. The different
alkali metals yielded very different values for these apparent limiting
equivalent conductances with cesium having the largest value.

The properties of metal-amine solutions cannot be explained
by existing models. A new model postulating the presence of three
species is presented. The infrared peak (1280 mp) is assigned to
solvated electrons and ionic aggregates involving solvated electrons and
solvated metal ions. The specie responsible for the 660 mp absorption
band is postulated to contain a core consisting of a solvated diatomic
molecule-ion, Mz+. The optical electron is trapped by the potential
of the ionic core in such a manner that its optical properties are
essentially independent of the metal. Species of the third type, for
which the absorption depends upon the metal, are thought to be diatomic
molecules, M;, similar to those existing in the gaseous state.

The kinetics of the reaction between solvated electrons in
ethylenediamine and water in ethylenediamine was studied using the

stopped-flow technique. The rate constant of the elementary step:
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e-(en) + H,O —> intermediates or products
was found to be 24.7 X 1.5 liter mole-! sec:'at room temperature.
An intermediate, which absorbs in the visible region, was formed
following the elementary step, but its properties were not investi-

gated.
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I. INTRODUCTION

The nature of the radicals produced in the radiation of water
and aqueous solutions is a subject of considerable current interest.
Allen (1) has recently summarized the experimental evidence for
the existence of two transient reducing species in the radiation chem-
istry of aqueous solutions. One possible pair of reducing species
considered was the solvated electron, e-aq’ and the H atom, and the
other pair was the H atom and the Hz+ ion (1-6). Recently kinetic
salt effects (7, 8) demonstrated that the reducing radical produced in
water radiolysis has a unit negative charge and may be identified as
the solvated electron. Hart and Boag (9) have recently observed a
transient absorption band which peaks at 700 mp when deaerated water
is irradiated with a pulse of 1.8 Mev. electrons. They attributed
this absorption to the solvated electron.

The solvated electron might be pictured as an electron bound
by polarization of the dielectric medium (4, 10). The electron solvated
according to this model (termed a polaron) is delocalized and its
charge distribution is distributed over several solvent molecules.

The conversion of the solvated electron to H atoms by H,O,

esq + H:0 —> H + OH-

is a problem of primary interest to radiation chemists (11, 12) since

the applicability of the specie, , in radiation chemistry mechanisms

e;q
depends on the half-time of the above reaction. Recently several
investigators (8, 11, 12) have pointed out that the reaction must be
relatively slow in order to be consistent with many experimental

results of radiation chemistry.



The existence of solvated electrons in solutions of alkali metals
in liquid ammonia, methylamine and ethylenediamine has been recog-
nized for many years. Dr. Eigen proposed that information about
the rate at which an electron reacts with water could perhaps be
obtained by making kinetic studies of the reaction of alkali metal-amine
solutions with solutions of water in the amine.

The only technique for studying fast reactions in solution applic-
able to such an investigation is the flow method pioneered by Hartridge
and Roughton (69). The alkali metal-liquid ammonia system has the
experimental disadvantage that all operations must be carried out either
under pressure or at temperatures below -33°C. On the other hand,
ethylenediamine, which also dissolyes the alkali metals, is a liquid
from 8°C to 117°C and thus would eliminate the cooling problem,

This consideration lead us to choose the alkali metal-ethylenediamine
system for the kinetic studies. When this work commenced, the only
studies (13) reported on alkali metal ethylenediamine solutions were
the absorption spectra up to 1000 my, and electron paramagnetic
resonance measurements on solutions of sodium and potassium,

It was clear from studies in other amine systems that solutions of dif-
ferent alkali metals had different physical properties. Therefore, it
was necessary to make extensive studies of the metal-ethylenediamine
solutions in order to characterize the nature of these solutions.

The spectral studies were extended to other metals, more concentrated
solutions and wavelengths up to 1900 mu. The electrical conductivities
of the metals dissolved in ethylenediamine were also investigated in
order to make a correlation with spectral data. In the course of this
work several new experimental techniques were developed, especially
modification of standard flow methods to allow studies of these reactive

systems.



II. HISTORICAL

The dissolution of alkali metals in liquid ammonia, amines and

ethers is indeed one of the most fascinating phenomena in chemistry.
-Since the early work of Weyl (14), the unusual physical and chemical

properties of these solutions have aroused the interest of many investi-
gators and more than a thousand articles have appeared in the literature
on this and related subjects (15). When metals dissolve in these sol-
vents, a metastable blue solution is formed with no net reaction.
Concentrated solutions of these metals in ammonia are metallic in
appearance. Due to the metastable nature of these solutions, traces of
impurities such as water, carbon dioxide, oxides, hydroxides, and
metals catalyze the reaction between the solvent and the dissolved
metal. The stability is also temperature dependent.

The metastability of these solutions requires that studies be
carried out in closed sYstems. Extreme precautions must be used to
guarantee the cleanliness and purity of the materials involved.

The problem of maintaining stable solutions is more troublesome in
the amine and ether solvents. This is probably the reason for the
limited number of investigations that have been reported in this
area (16).

The pioneering studies of C. A, Kraus and co-workers (17) on
the solutions of alkali metals in liquid ammonia originated most of the
theoretical speculations concerning the structure of metal-ammonia
solutions. These studies, which commenced over fifty years ago,
included vapor pressures, densities, apparent molecular weight,
conductivities, phase studies and relative transport numbers of the
conducting species. Since Kraus' contribution and chiefly during the

past two decades, the physical properties of the ammonia solutions



have been studied by the methods of paramagnetic resonance, nuclear
magnetic resonance, conductivity, electromotive force and trans-
ference number measurements, x-ray diffraction, photo-electric
effects, the thermo-electric effect and by absorption spectroscopy.
The literature connected with these contributions is extensive and the
reader is referred to several recent review articles for a more com-
plete survey of the field (15, 16, 18-20).

As would be expected in the gradual development of a field,
various theoretical models have periodically been suggested but have
not stood the test of further experimentation or else were modified to
explain new experimental facts. A few of the physical properties oif
metal-ammonia solutions which must be explained by any theoretical
model are listed below:

1. The nature of the blue coloration in dilute solutions and the
change which occurs in the absorbing species when light is
absorbed.

2. The volume expansion that occurs when the alkali metals
dissolve in ammonia (21).

3. Concentrated solutions exhibit high electrical conductances
characteristic of metals while more dilute solutions show
electrolylic conductance (22).

4. The negative species carries approximately 85 per cent of
the current in dilute solutions and exceeds 99 per cent in
more concentrated solutions (23, 24, 25).

5. The absorption spectra of the different alkali metals are
practically identical and follow Beer's law from 350 mp to
1800 mp for all concentrations investigated up to 0.02
molar (26). .

6. Nuclear magnetic resonance experiments on sodium-ammonia

solutions have shown a chemical shift for nitrogen and sodium



nuclei (usually called a Knight shift for metals) as well as
an appreciable chemical shift for the protons (27-29).

7. The results of both static and electron paramagnetic
resonance measurements show that the molar susceptibility
is larger at low concentrations than at high concentrations
(30-32).

Of the several models that have been proposed to fit the experi-
mental data two have gained prominence and will be reviewed below.
Each of the models is capable of explaining some of the experimental
data better than the other but neither can explain all of the observed

facts,

Models

The cavity model. The early model by Kraus (33) assumed the

presence of undissociated sodium atoms, sodium ions and solvated

electrons according to the equations

Na = Na + e (1)

e + (NH3)x = (NH:,)xe- (2)

Ogg (34) extended Kraus' idea of solvated electrons and proposed that
the solvated electron could be considered as being trapped in a
spherical cavity surrounded by ammonia molecules. According to

this model the electrons in the cavities are in equilibrium with respect

to the following reaction:

2 e (am) = & ez= (am)

where e, (am) represents two electrons in one cavity with antiparallel
spins, the e,  (am) centers being energetically stable with respect to

e~ (am) centers.



Ogg estimated the ammoniation energy of the electron by con-
sidering the energy of an electron confined to a spherical box assum-
ing that the wall of the cavity represents an infinite potential barrier
and a node in the wave function. Using this simple model, Ogg
calculated values for the solvation energy and cavity radius which
were in rather poor agreement with the experimental values.

Lipscomb (35) refined Ogg's approximate calculations by intro-
ducing energy contributions arising from electrostriction effects,
electronic polarization of the molecules at the surface of the cavity
and surface tension effects.

Further refinements were presented by Stairs (36) and Kaplan
and Kittel (37). Stairs improved upon Lipscomb's calculation by using
a graphical integration procedure to allow a better calculation of the
wave function. This improved wave function enabled him to obtain a
better estimate of other contributions to the electronic energy than
the surface tension effect. Kaplan and Kittel employed a model in
which the solvated electrons exist in delocalized molecular orbitals
on all of the solvent protons surrounding the cavities which the electrons
create in the solvent.

The polaron model is an extension and refinement of the simple
cavity model. In the polaron model, the electron is considered to
polarize the surrounding ammonia molecules in such a way as to pro-
vide a trapping potential for itself. The potential is derived from the
laws of electrostatics adopted to a quantum mechanical description of
the electron density in terms of the electronic wave function. In the
polaron model, no assumption is made a priori as in the cavity model
where the localization of the electron is described by some cavity
whose boundaries act as limiting points for the electronic wave functions.

The physical picture, however, is the same in the end result.



The polaron model of metal-ammonia solutions is similar to
the corresponding model for trapped electrons in ionic crystals
first introduced by Landau (38). The polaron model was first applied
to metal-ammonia solutions by Dawydow (39) and later by Deigen
(40) and by Jortner (41). In essense, Deigen considered a model con-
sisting of three types of local centers; namely, polarons, F; centers
and F, centers. The F, centers are considered analogous to those
found in alkali halide lattices when excess alkali atoms are added to
the lattice. The F, centers are anion vacancies with two bound
electrons. The F, centers are diamagnetic while the polaron and
F, centers are paramagnetic. The interaction of polarons with the
alkali metal ions and the relative number of F; and F, centers at
any concentration is used to explain the various observed properties of
the solution, This picture results, however, in the same stoichiometry
as the cluster model so that equilibrium constants do not reveal the

nature of the species involved.

The cluster model. This model was first proposed by Coulter

(42) and later expanded by Becker, Lindquist and Alder (43). It is
also referred to as the expanded metal model or the B. L, A, model.
Blumberg and Das (44) recently refined the calculation of the wave
function for this model.

The cluster model postulates the ionization of the metal in very
dilute solution to give a solvated metal ion, M+(am) and an electron.
The solvated metal ion is assumed to have between four and six
oriented ammonia molecules depending on the metal. With increasing
concentration there is association to monomer units M(am) which can

be represented by the following equilibrium
M+(am) + e (am) = M(am) (1)

In the monomer the electron is assumed to be trapped by the potential



produced by the metal ion and the oriented solvent molecules around
the ion. At higher concentrations, two monomers dimerize to the

diamagnetic species, M;(am),

2M(am) = M;,(am) (2)

and the dimer is held together by a pair of electrons in a bonding
molecular orbital located principally between the two ions.

Recently the exact nature of the monomer and dimer species
of the cluster model has been questioned. Douthit and Dye (45) and
Evers (20) have pointed out that the constancy of the absorption spectra
in the dilute range could be explained if the monomer were simply an
ion-pair consisting of an ammoniated metal ion and an ammoniated
electron. Gold, Jolly and Pitzer (46) have recently postulated
that the M;(am) species could be pictured as a quadrupolar ionic
assembly of 2e” (am) and 2M" (am) in which there is little distortion
of either the ammoniated electrons or ammoniated metal ions.
The electrons and ions are presumed to be held in a square or
rhombic configuration. These authors also pointed out that recent
experimental results of absorption spectra (26) and molar volume (47)
are understandable if the cavity retains its size through ion pair and

quadruplet formation.

Amine solvents. The initial spectroscopic investigations of

many of the alkali metal-ammonia and methylamine solutions were
carried out by Gibson and Argo (48). Blades and Hodgins (49) reported
spectral peaks for solutions of alkali metals in ammonia, methylamine
and ethylamine. Hohlstein and Wannagat (50) contributed to the
spectra of alkali metals in pure methylamine, pure ¢thylamine and
mixtures of methylamine and ethylamine with ammonia. Fowles et al.

(13), Shatz (51), Eding (52), and Douthit (53) did further work on the



absorption spectra of alkali metals in amine solvents. Recently
Windwer and Sundheim (54) reported the absorption spectra of solu-
tions of alkali metals in ethylenediamine. The results of these
investigations are summarized in Table I. This summary points out
also the many conflicts in the results reported by different investigators.
Examination of the spectroscopic data for the solutions in amine
solvents as well as for the mixed solvents shows the presence of one
to three very intense absorption bands. One of these is in the visible
region (M 650-700 my), one in the near infrared region ( 800-1000 my),
and the other in the infrared region (Av/1200-1500), Symons (13) sug-
gested that the visible band is characteristic of paired solvated
electrons and the infrared band is characteristic of unpaired solvated
electrons. Symons was unable to account for the absorption band at
850 mp which is present in relatively concentrated solutions of
potassium in methylamine and proplenediamine. He concluded that
since this band is reproducible and occurs in two solvents, it is un-
likely to be caused by impurities in the metal, Blades and Hodgins
(49) attributed the visible and infrared bands to the variation in
physical arrangement of the solvent molecules around the periphery
of the cavities containing single electrons. They proposed that with
the amines there are amine and aliphatic traps containing single
electrons which give rise to the visible and infrared bands. They
postulated that a mixed-type of trap might explain their reported
820 myp peak for potassium in methylamine. Hohlstein and Wannagat
(50) concluded that the methylamine and ethylamine are contaminated
by the preéence of minute amounts of ammonia and that all of the
phenomena thus far observed were due solely to traces of ammonia
in the amine solvents. Eding (52) suggested that his 820 mp band
for potassium might be due to a reaction product of potassium metal

with Pyrex glass. Windwer and Sundhein (54) suggested that the peaks
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Table I. Absorption Maxima of Metals in Amine Solvents

Range Temper-
Investigated gture Absorption Refer-
Solvent Metal Mp C Max. ence
CH;NH;,3 Li 400-2000 -60 1300 49
Li 400-1600 -- 710,1500 . 50
Li 400-750 -75 690 51
Li visible -70 650 48
Li 320-1200 -70 680, IR* 52
Na 400-2000 -30 655 49
Na visible -70 650 48, 55
Na 400-1600 -- 690 50
Na 320-1200 -70 650 52
K 400-2000 -60 654,820 49
K 320-1200 -70 650, 820, IR* 52
K visible -70 650 48
Rb none reported
Cs visible -70 650 48
400-2000 -60 1000 53
Ca visible -60 650 48
................... 400-2000 ______-60 ___1300 __________ 49 ____.
CH,CH,NH; Li 400-2000 -40 1420 49
Li 400-1600 -- 600 50
K 400-1600 -60 655 49
Na 400-1600 -- 680 50
(CH,-NH,;), Li 300-1700 RT 650-670 54
Na 400-1000 RT 670 13
Na 300-1700 RT 650-670 54
K 400-1000 RT 670 . 13
K 300-1700 RT 650-670 54
Rb 300-1700 RT 700, 900 54
NH,-CHM,- Na 400-1000 RT 660 13
CH,-NH; ¢ 400-1000 RT 670 13

shoulder at 820

s
**Strong absorption in the IR region.

Shoulder at 820 mp--found in certain potassium solutions but not in
others.
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in the 800-1000 region which they observed for both rubidium and
potassium in ethylenediamine might be due to a dimer and the two
peaks might be thought of as associated with the same species. They
did not, however, describe the nature of this dimer,

Vos (56) has recently studied the electron paramagnetic resonance
absorption of metals in amine. systems. His results as well as the
results of other investigators are summarized in Table II,

Conductance data in amines are rather limited. Gibson and
Phipps (58) contributed the only early work dealing with the electrical
properties of metals in amine solvents. However, the reliability of
their data has been questioned (24) because of the probable presence of
impurities which tended to decompose their solutions. Only lithium in
methylamine has been carefully studied. Evers, Young and Panson (24)
reported a study of the conductance of lithium in methylamine at high
concentrations. In 1960 Evers and Berns (59) extended this work to
cover the dilute-solution range. Berns and Evers have successfully
reproduced their experimental data with a conductance function that
was earlier derived by Evers and Frank (60). This conductance
function uses the mass action concept of Becker et al. (43) with a
modified form of the Shedlovsky conductance function. Evers and
Frank have also used this conductance function to explain the data of
Kraus (22) for solutions of sodium in ammonia. Windwer and Sundheim
(54) have recently reported conductance measurements of potassium
in ethylenediamine, but their values can only be considered qualitative
in nature due to the experimental procedure used and the instability

of their solutions.

Metal-ether systems and oxygen-containing solvents. Wothorn

and Fernelius (61) observed that both sodium and potassium appeared
to form transitorily blue solutions with water and alcohol. Jortner and

Stein (62) reported that potassium dissolves in deoxygenated water to
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Table II. Paramagnetic Resonance Absorption of Metal-amine Solutions

Magnitude of

Solvent Metal Absorption Reference
CH3-NHZ Li strong 13
Li strong 56
Li strong 57
Na weak 56
K weak 13
K strong 56
Cs strong 56%
Rb strong 56
(CH,NH,), Li detectable 57
Li strong 56
Na nil 13
Na detectable 54
Na strong 56
K very weak 13
K strong 54
K strong 56
Rb positive 54
Rb strong 56
Cs strong 56
NH,;-CHMe-CH;- Na nil 13
NH, K nil 13

s
Rubidium and cesium in methylamine show nuclear hyperfine splitting.
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give a very unstable blue solution, Downs, Lewis, Moore and
Wilkinson (63) reported that blue solutions of potassium were
obtained in tetrahydrofuran and the cyclic tetramer of propylene
oxide, as well as the dimethyl ether of ethylene glycol. Recently
Downs, et al. (64) have listed some fifteen ethers and one amino-
ether which form moderately stable blue solutions with potassium
or sodium-potassium alloy.

Cafasso and Sundheim (65) have found that potassium, rubidium
and cesium dissolve in 1, 2-dimethoxyethane and some of its homologs
to give blue and electrically conducting solutions. They investigated
the absorption spectra, electron paramagnetic resonance and con-
ductivity in order to characterize the metal-ether system. Recently
Dainton (66) reported the absorption spectra for potassium in
dimethoxyethane and tetrahydrofuran. The spectral results for
three ether systems are given in Table III, Dainton, et al, (66)
report an infrared band at 1000 mpu in addition to a 700 mpu band for
solutions of potassium in ethers, while Cafasso and Sundheim (65)
only reported a 700 mu band for the same system. Both investigators
reported no electron spin resonance signal for potassium in dimethoxy-
ethane whereas Tuttle and Weissman (67) reported a weak spin
resonance absorption for this system.

At this point it is not possible to draw any conclusions about
the blue solutions formed in the metal-ether systems until more
quantitative and reproducible data has been accumulated in these

systems,
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Table III. Absorption Maxima of Some Metal-Ether Systems

Range Absorption

Investigated Max.
Metal (myp) (muy) Reference
Solvent-Dimethoxyethane
Na-K alloy 300-2500 715 65
Na-K alloy 600-2200 700 64
K 600-1000 900, 715 68
K 300-2000 715 65
K 400-2500 715,>1000 66
Rb 300-2500 910 65
Cs 300-2500 715 65
Solvent-Tetrahydrofuran
K 400-2500 700,>1000 66
K 600-1000 900, 700 68
Solvent-Bis[2-(2 methpxy ) ethoxy] ethyl ether
K 300-2500 690 65
Rb 300-2500 890 65
Cs 300-2500 690, 1000 65




III. THE FLOW APPARATUS

In 1923 Hartridge and Roughton (69) introduced a method for
studying reactions with half-lives of a few milliseconds. In the many
applications of this method, two reactants are forced into a special
mixing chamber and the composition of the mixture is determined
either (a) at various distances from the mixing chamber during flow;
or (b) after sudden stoppage of the fluid., The method is too well-
known to justify a detailed description here, but reference is made to
a few of the many papers and review articles on this subject (70-75).

Since contact with air rapidly decomposes metal-amine solutions,
the stopped-flow apparatus used in this research was so designed
that all operations connected with the reacting solutions could be per-
formed in a closed system after evacuation. To force the liquids
into the mixing chamber, glass syringes of 20 ml. capacity were used.
Selected syringes of the interchangeable type could be evacuated to
1 x 107* torr when heavily lubricated with Dow-Corning silicone grease,
The mounting of the syringes and the mixing chamber is shown in
Figure 1. The pushing syringes were connected to the mixing chamber
and fluid reservoirs with a two-way stopcock via standard tapers and
ball joints, The stopping syringe was connected to the mixing chamber
via standard tapers by a T-joint containing a stopcock which facilitated
discharge of reacted solution. The entire assembly was mounted on a
framework of properly cut aluminum plates which were bolted together
and to a sturdy metal table. The following were also mounted on the
table: a lever mechanism for pushing the syringes, the light source,
the monochromator and lens, and the photomultiplier. The handle
ends of the syringe plungers were fitted snugly into an aluminum block

which was connected to a mechanism which kept the plungers parallel.

15
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Figure 1. Mixing chamber and syringe assembly of the flow apparatus.
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Rapid discharge of the syringes was accomplished by pushing manually
on the lever mechanism. This forced the two solutions rapidly into
the mixing chamber and thence upward through the observation tube.
After leaving the observation tube, the mixed reactants forced the
plunger of syringe C upward until it reached its seating. This caused
the flow of the liquid to stop suddenly and tripped the microswitch
which triggered the Tektronix oscilloscope.

The mixing chamber was constructed from Plexiglass. Four
0.5 mm I.D. jets were arranged so that they delivered tangentially
into the bore of the observation tube which was 1 mm. I.D. A standard
glass taper was sealed to the end of the observation tube using an
epoxy resin,and glass-T's with standard tapers were also sealed to
the jets as shown in Figure 1,

The reactions were followed by measuring changes in light
absorption. Light from a tungsten lamp was passed through the mono-
chromator (Carl Leiss-Berlin) and was focused on the center of the
observation tube, Figure 2, After passing through the solution under
observation, the light was focused onto a photomultiplier tube
(Valvo No. 150 CVP). The response of the photomultiplier was
amplified and displayed on the screen of a Tektronix oscilloscope.

The trace on the scope was then photographed.
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IV. EXPERIMENTAL

A, General Laboratory Technique

1. Glassware cleaning. For most of the spectral determinations,

the glassware was cleaned with hot chromic acid cleaner followed by
a hydrofluoric acid cleaner. The hydrofluoric acid cleaner was pre-
pared by volume according to the following formula:

2% acid soluble detergent

33% concentrated reagent grade nitric acid
5% hydrofluoric acid

60% distilled water

During the course of the spectral determinations, it was observed
that stability of the blue solutions increased greatly if the chromic
acid cleaning was eliminated. After this observation, all glassware
was cleaned first with hydrofluoric acid cleaner and then with boiling
aqua regia. After the aqua regia treatment the glassware was rinsed
approximately ten times with distilled water and then rinsed approxi-
mately twenty times with doubly-distilled conductance water. Next,
the glassware was soaked in doubly-distilled conductance water for
approximately four hours. The water was frequently changed during
. the soaking. Finally, the glassware was dried in an oven operating
at 140°C. It should also be emphasized that ordinary tap water was
not used at any time during the cleaning process. Furthermore, only

reagent grade acids were used in preparation of the acid cleaners.
[

2. Vacuum technique. An oil diffusion pump permitted evacuation

to better than 1075 torr as read on a MacLeod gauge. All stopcocks
on the vacuum line were lubricated with Apiezon ""N'" vacuum grease.
- In this work, all standard taper joints and ball joints were sealed

with Apiezon "W' wax. Stopcocks, through which liquids were passed,

19
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were lubricated with Dow Corning high-vacuum silicone grease.
Direct contact of mercury vapor with the systems was avoided by

using traps.

B. Metal Purification

Reagent grade sodium and potassium were obtained from
E. Merck, A. G, Both metals were in rod form and stored under
petroleum hydrocarbons., The petroleum hydrocarbons were first
washed from the metal with dry toluene., The metal was then dried
by evacuation via a liquid air trap using a mechanical roughing pump.
After drying, the metal was cut from the center of a large piece
with a stainless steel knife and forceps. Next, the metal was trans-
ferred into chamber A of the metal make-up vessel, Figure 3, which
was connected to the high vacuum line. The metal make-up vessel
was then evacuated. After the pressure stabilized to less than 10°%
torr, the metal was gently heated until it melted and ran down through
the constrictions into chamber B, leaving the oxide at the constric-
tions. Chamber A was then removed from chamber B by sealing off
under vacuum, Then, the molten metal was heated at intervals until
all dissolved gases escaped. After the pressure had stabilized at
less than 10'5 torr, the metal was distilled into the sample tubes.
The sample tubes were then removed by sealing under vacuum.

Rubidium and cesium were obtained from Fluka, A. G., Buchs,
S. G., Switzerland. Both metals were of the highest purity com-
mercially available and came in sealed ampoules. The ampoules were
first cooled with dry-ice, broken, and transferred immediately to the
metal make-up vessel which was then immediately evacuated. It was
necessary to cool the samples in order to avoid excessive oxidation
of the metals during transfer. The rubidium and cesium metal make-

up then proceeded as described above for sodium and potassium.
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Figure 3. Metal make-up vessel.
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The metal samples were then subdivided following essentially
the same procedure as described above. In this case, however, the
sample tubes were glass tubes and capillaries of known diameter.

A glass tube containing the metal from the first purification steps
described above was broken and introduced into chamber A of the
metal make-up vessel. The metal was then melted, degassed, and
distilled into the tubes and capillaries. By knowing the diameter of
the tube or capillary and the length of the metal column, the amount
of metal contained could be estimated and used to make a solution of
an approximate desired concentration.

Lithium was obtained from E. Merck, A. G., stored under
mineral oil, Lithium used for solvent purification was only washed
with dry toluene and dried, since lithium cannot be heated in glass.
In preparing lithium solutions for spectra and conductivity determin-
ations, pieces of lithium were cut with a stainless steel knife and
forceps from the center of a large piece under toluene. The toluene
had previously been dried with sodium wire and lithium pieces.
Prior to cutting the metal, the dissolved gases in the toluene were
swept out with argon. The metal was transferred to the sample make-
up vessel while the vessel was being swept out with argon.

For the spectral determinations, fragile glass ampoules of
metals purified by vacuum distillation were used. These ampoules
could readily be broken under vacuum by a magnet sealed in glass.
The metal ampoules were prepared as described by Dye, Sankuer and

Smith (25).
C. Ethylenediamine Purification

Reagent grade anhydrous ethylenediamine (>99% purity) was
obtained from Buchs, A,G., Switzerland. It was first stored for

several days over KOH and then refluxed over a mixture of BaO and
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KOH in a stream of N; for two days (flask no. 1, Figure 4). After
refluxing, it was then distilled in a stream of N, onto sodium wire
and lithium pieces. The blue lithium solution formed immediately
and was stored for one day (flask no. 2, Figure 4). The ethylene-
diamine was then poured into a second distillation flask (flask no. 3,
Figure 4) and the fractionating column was evacuated via stopcock (A),
Figure 4, and a liquid air trap by a mechanical roughing pump. The
system was then filled with nitrogen and the ethylenediamine refluxed
in a stream of N, for two days. It should be noted that the system
was so designed that from this point on, no air came in contact with the
ethylenediamine. The solvent was then distilled through a one meter
insulated fractionating column packed with short lengths of 5 mm.
glass tubing. The distillation was performed in a stream of N, and the
first part of the distillate was discarded by running it into flask A,
Figure 2. The bulk of the ethylenediamine, boiling at constant
temperature, was then distilled into a two-liter flask containing Na
wire and lithium pieces, flaok no. 4. This flask had been previously
evacuated and filled with purified nitrogen. The blue lithium solution
formed readily upon solvent contact with lithium whereas the Na wire
did not readily dissolve. The blue solution was allowed to stand for
one day, during which time the hydrogen formed by reaction with
dissolved O, and H,O and by decomposition of the solvent, was
occasionally pumped off by a mechanical roughing pump via stopcock
(A) and a liquid air trap.

The next flask (flask no. 5, Figure 4) in the distillation line had
a side-arm sealed to it which facilitated potassium metal distillation,
After breaking and introducing a tube of purified potassium into this
side-arm, flasks nos. 5 and 6 were evacuated and flamed until the
pressure stabilized at less than 10~% torr. Next, the potassium metal

was distilled in vacuo to form a mirror in flask no. 5. After this
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distillation, the side-arm was sealed off and the ethylenediamine was
vacuum-distilled. During this distillation, flask no. 4 was warmed
to 40-50°C with a water bath and the receiver flask was cooled with
an ice-salt bath. The potassium dissolved immediately in the
ethylenediamine forming a deep blue coloration which lasted for
several weeks in the presence of excess potassium metal., Portions
of this blue solution as needed were then vacuum-distilled into flask
no. 6 and covered with purified N,. From flask no. 6, the purified
solvent could be drawn into a solution make-up vessel as needed.
From this point on, flask no. 6 will be referred to as the solvent-

reservoir flask.
D. Nitrogen Purification

Nitrogen used during the ethylenediamine refluxing and distil-
lation was purified by passing it over Cu and CuO at 400°C, then
through drying towers containing '""Ascarite, " MgClO, and BaO.
The nitrogen used as a covering gas received the same treatment
as described above, but was further purified by passing it through a
trap containing activated silica gel at liquid air temperatures. It

was stored on the vacuum line in two-liter Pyrex flasks.

E. Absorption Spectra Measurements

1. Apparatus. Pyrex absorption cells were purchased from

the American Instrument Company and had nominal path lengths of
0.1 and 1.0 mm. The absorption c~e11 was sealed to a solution make-
up vessel and a waste vessel was attached to the apparatus via a 19/8
ball joint, Figure 5. The entire apparatus was so constructed that
solution could be tipped into the absorption cell and then into the

waste vessel. This allowed rinsing the cell with solution. The spectra
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were measured with a Beckman DK-2 spectrophotometer at room
temperature. Reference cells were filled with pure anhydrous
ethylenediamine. A special cell holder was constructed for the DK-2

spectrophotometer.

2, Solution make-up. The solutions were made-up by essentially

two different methods of solvent addition. In the first method,. the
absorption cell apparatus, with a metal ampoule and a magnet sealed

in glass in chamber A, was connected directly to the solvent reservoir
flask., After evacuation and flaming, the ampoule was broken with the
magnet sealed in glass and the solvent was introduced through the stop-
cocks. In the second method, more often the case, the apparatus was
connected to a 500 ml. distillation flask also shown in Figure 5. Before
attachment, lithium metal was introduced into the distillation flask.
The complete assembly was then evacuated and flamed until the pressure
stabilized at less than 107% torr. Stopcock no. 1 was then closed and
ethylenediamine introduced into the distillation flask, The blue lithium
solution which formed immediately was allowed to stand for several
hours. Finally after breaking the metal ampoule, the solvent was
vacuum-distilled into the solution make-up chamber which was kept at
dry-ice temperatures. Upon melting the frozen ethylenediamine, a
blue solution readily formed with the metal. It was usually possible

to melt a small amount of the solvent away from the metal and transfer
it to the optical cell. In this way, a small amount of the metal solution
could be added to a given solution whose maximum absorbance was

less than two. The absorbance of the saturated solution was too high

to permit its measurement directly. Alternatively, a small amount of
the solution could be left in the cell and ethylenediamine distilled in to
effect a dilution. Finally, in some cases the saturated solution was
transferred into the cell and allowed to decompose until the traces were

on scale.
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Figure 5. Assembly for absorption spectrum measurements.
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3. Mixed spectra and salt addition. The spectra apparatus was

modified by attaching a secondary solution make-up vessel, chamber B,
‘Figure 5. In this secondary solution make-up chamber, metal or
lithium chloride solutions were made-up. These solutions were then
mixed in the delivery tube to the absorption cell with metal solutions

which were made-up in chamber A,

F. Conductivity Measurements

1, Apparatus. A conductance cell with small platinum ball

electrodes was constructed of soft glass. The cell was sealed via a
graded seal to a Pyrex storage vessel and via a ball joint to a waste

vessel, Figure 6. The entire apparatus was so constructed that solu-

tion could be tipped into the conductivity cell and then into the waste

vessel, This allowed rinsing the cell with solution if desired. The cell
constant was measured by a series of standard KCI1 solutions. Conductivity

was determined with a Siemens Wheatstone bridge at 100, 000 cps.

2. Solution make-up. The solution make-up flask with a side-arm

for metal distillation is shown in Figure 6. The flask was connected to
the solvent-reservoir flask, decomposition vessel and vacuum line.

The decom?osition vessel was connected to the gas analysis assembly
as shown in Figure 7. The conductivity cell apparatus was connected to
the decomposition vessel as shown in Figure 6.

A glass tube or capillary of purified metal was broken and intro-
duced into the side-arm of the solution make-up vessel. The complete
assembly was then evacuated and flamed until the pressure stabilized at
less than 1075 torr. Next, the metal was melted so that it ran through
the constriction and the side-arm was sealed off under vacuum. The
metal was then vacuum-distilled into the bottom of the 500 ml. make-up

flask. Next, stopcocks 1, 2 and 3, Figure 6, were closed and the
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ethylenediamine was introduced into the make-up flask via the stop-
cock of the solvent-reservoir flask. The blue solution, which formed
immediately, was then pumped on by the high vacuum system through
a liquid air trap and stirred constantly with a magnet sealed in glass
for about 10 minutes after all the metal had dissolved,

In preparing saturated solutions of the metals, a large excess
of metal was distilled into the make-up flask, The solution was left
in contact with the excess metal for two hours with continuous pumping
and stirring before transfer. Using this technique, consistent concen-
tration values were obtained for the saturated solutions of the metal
investigated.

For preparation of unsaturated solutions, the amount of metal
needed to prepare a solution of an approximate desired concentration
was estimated by calculating the volume and hence the weight of metal
in a given capillary. This metal was again distilled into the bottom
of the make-up flask and all of the metal was allowed to dissolve before
transfer of the blue solution. It was necessary to have all of the metal
dissolved before transfer in order to insure that a uniform solution
was transferred.

After the blue solution was degassed, previously purified nitrogen
or argon gas was introduced via stopcock no. 1. The gas pressure
forced the blue solution through the frit such that the solution filled
the delivery tube up to stopcock no. 2. The first fraction of the solu-
tion was then transferred into the waste flask (A) of the conductivity
apparatus, Figure 6, via stopcocks 2 and 3. Then, the next fraction
of the solution was transferred into the decomposition vessel, Figure 7.
Finally, the remainder of the blue solution was transferred into the
storage vessel of the conductivity cell apparatus. The time of transfer
was recorded. The total time required to make the complete solution

transfer was normally less than 15 seconds.
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3. Conductivity readings. Immediately after solution transfer,

the conductivity cell was disconnected and the electrodes of the cell
were rinsed a few times with the blue solution. When the solution
used for the conductivity measurement was tipped into the cell, the
time was recorded. Next, conductivity readings were recorded as

a function of time for about one and one-half hours. After this time,'
another sample was tipped into the cell and measurements were taken
on a second sample as a function of time, Symons, et al. (13),> and
Windwer and Sundheim (54) reported that platinum acts catalytically
on the alkali metal-ethylenediamine solutions accelerating the
decomposition., This was also observed in this work but we also
observed that during vigorous shaking the conductance of the solution
increased. This suggests that the solution in the vicinity of the
electrodes differs in nature from the solution in the bulk due to
decomposition. Before and during each conductivity reading, there-
fore, the cell was shaken vigorously in order to insure a uniform
solution between the electrons. The measurements were performed
at room temperature,

For lithium, sodium and potassium, saturated solutions were
also prepared directly in the storage vessel of the conductivity cell.
The procedure for solution make-up in this case was the same as that
described for spectral measurements., This procedure gave results
for the conductivity of the saturated solutions identical to those ob-

tained using the transfer method.

4. Lithium conductivity. Since lithium cannot be melted in glass,

a bent side-arm was attached to the solution make-up flask by a
standard taper joint so that it could be rotated into an upright position
to tip the lithium metal into the previously evacuated and flamed flask.
The lithium metal solution was stirred and pumped on for 20 minutes
before transfer. Only the conductance of the saturated solution was

studied because of the instability of the lithium solutions.
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G. Concentration Determination by Gas Analysis

The alkali metal concentration was determined by decomposing
the solutions with NH4Br and then measuring the amount of hydrogen
gas envolved. The amount of metal could be determined from the

stoichiometry of the reaction:
NH,Br + M —> ¥+ H, + NH; + MBr

The apparatus consisted of a decomposition vessel, liquid air
traps, leveling bulb with mercury and a gas burette. The assembly is
shown in Figure 7. The decomposition vessel was calibrated to 0,02
ml. Two gas burettes were also calibrated. A 25 ml. burette for
measuring large amounts of gas was calibrated to 0.01 ml. and a 1 ml.
burette to 0.001 ml.

The volume of the solution which was transferred into the cali-
brated decomposition vessel was noted. NH Br was then tipped, via
a side-arm, into the blue solution, Figure 7. The blue solution
decomposed immediately. The evolved H, gas was then pumped
through two liquid air traps using the mercury bulb and collected in the
gas burette where the volume of the gas was measured at a known
pressure, The liquid in the decomposition vessel was then frozen
slowly with pumping to insure that all of the hydrogen was removed
from the decomposed solution. This freezing and pumping process
was repeated until the gas reading became constant. Usually after the
first freezing, no more hydrogen could be pumped off by repeated
freezing, melting and pumping.

In some potassium conductivity runs, including a saturated
solution run, the blue solution was decomposed with H,O instead of
NH,Br. In this case, distilled water was introduced into the bent

side-arm shown in Figure 7. The water was degassed by evacuation
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with a mechanical roughing pump and frozen slowly during this
evacuation. Next, the water was melted and the same degassing
procedure was performed on the high vacuum line. Finally, the bent
side-arm containing the degassed water was attached to the decompo-
sition vessel via a standard taper. To decompose the blue solution,

the side-arm was first rotated into an upright position. The stopcock

was then opened allowing the water to drain into the blue solution.

H. Procedure for Kinetic Studies

1, Water ampoule make-up. Doubly-distilled conductance water

was placed into vessel A, Figure 8, The water was then degassed by
pumping on it with a mechanical roughing pump via stopcock no. 1 and
a dry-ice trap. During the evacuation, the water was slowly frozen
with a dry-ice bath. Next, the ice in vessel A was cooled to liquid

air temperature, The remainder of the train, with stopcock no, 1
closed and stopcocks 2 and 3 open, was evacuated on the high-vacuum
line and flamed until the pressure stabilized at less than 107> torr.

The water was then vacuum-distilled into vessel B which was cooled by
a dry-ice bath. Next with stopcocks 2 and 3 closed, vessel C containing
the fragile ampoules was again evacuated and flamed until the pressure
was stabilized at less the 107° torr. Finally the water was vacuum-
distilled into vessel C until the tips of the ampoule stems were covered
with water. The water was then forced by argon pressure into the
fragile glass bulbs. Next, the seal-off was made and vessel C filled to
above atmospheric pressure with argon gas which had been previously
purified and stored in 2-liter flasks on the vacuum line. Finally,
vessel C was removed from the vacuum line and the capillary stems
were sealed off from the bulbs. During the seal-off operation, vessel
C was swept with argon to protect the water in the ampoules from

contamination. The weight of the water in the ampoules was determined
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from the initial weight of the bulb with its attached capillary stem and

the final weight of the bulb and water plus the sealed-off capillary stem.

2, Water-ethylenediamine solution make-up. To prepare solu-

tions of low water concentration, a fragile water ampoule prepared
as described above was placed into the flask shown in Figure 9. The
flask, containing the ampoule and a magnet sealed in glass, was first
weighed and then connected to the solvent reservoir flask and the high
vacuum, Figure 9. The solution make-up flask was then evacuated
and flamed until the pressure stabilized at less than 1095 torr. Next,
stopcock no. 2, Figure 9, was closed and the water ampoule broken
with the magnet. Finally, the ethylenediamine was introduced into the
make-up vessel from the solvent reservoir flask. Then the water-
ethylenediamine solution was covered with purified N, via stopcock
no. 2. After disconnecting, the make-up vessel was again weighed
in order to determine the amount of ethylenediamine which had been
introduced.

For large water concentrations, the make-up vessel in Figure 9
was first weighed and then connected to the water degassing train in
place of vessel C shown in Figure 8. Finally, the water was vacuum-
distilled into the make-up vessel after treating the water as described
previously. The make-up vessel was disconnected from the degassing
train and weighed to determine the amount of water which had been
introduced. The vessel was then connected to the solvent reservoir
flask and high-vacuum line. After evacuation of the delivery tubes,
ethylenediamine was introduced, filling the vessel to the volume mark
which had been previously calibrated to give the volume within + 0,5

ml. Finally, the solution was covered with purified N,.
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—= To high vacuum

No. 2
To solvent —>
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reservoir flas No. 1 \
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ampoule -
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Low water concentration

F “% To high vacuum

To solvent ——’-:l !aél
reservoir flask and
high vacuum line via /

the 2 way stopcock on
the reservoir flask

111 <— Volume mark

High water concentration

Figure 9. Water-ethylenediamine solution make-up vessels.
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3. Metal solution make-up. A 500 ml. flask with a side-arm

for metal distillation was connected to the solvent-reservoir flask and
the decomposition vessel. A magnet sealed in glass was placed into
the solution make-up vessel and the side-arm on the decomposition
vessel contained NH;Br. The decomposition vessel was connected to
the high-vacuum line, Figure 10. The 2-way stopcock on the solvent-
reservoir flask was also connected to the high-vacuum line via a
liquid air trap. This facilitated the evacuation of the entire assembly,
Figure 10. A cesium metal capillary containing the desired amount of
metal was first cooled to dry-ice temperatures, broken and introduced
into the side-arm of the solution make-up flask. The system was then
immediately evacuated and flamed until the pressure stabilized at less
than 107° torr. Next, the cesium metal was warmed gently until it
melted and ran down through the constriction into chamber B. Chamber
A was then removed by sealing-off under vacuum. By warming the top
half of the 500 ml make-up flask, the cesium was distilled into the
bottom half of the flask, After the make-up flask had cooled to room
temperature, stopcocks no. 3, 4 and 5 were closed and the ethylene-
diamine was introduced. The blue solution was then pumped on by
the high-vacuum system via stopcocks no. 1l and 2, Figure 10. During
the pumping, the solution was stirred constantly with the magnet sealed
in glass for about 10 minutes after all of the metal had dissolved.
Nitrogen gas, which had been previously purified and stored in
2 liter flasks on the vacuum line, was introduced via stopcocks no. 1
and 2. The gas pressure forced the solution up the delivery tube to
stopcock no. 3. The first fraction of the solution was then transferred
into the waste vessel or the spectral cell apparatus which, of course,
had been previously connected, evacuated and flamed following the
usual procedure. Then sufficient solution was transferred into the

decomposition vessel to permit a volume reading to be made.
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Finally, all stopcocks were closed and the decomposition vessel was
removed and set aside for gas analysis. The metal make-up vessel
was then removed and the delivery tube washed thoroughly with doubly-

distilled water. The procedure then continued as described below.

4, Flow apparatus: reactant delivery assembly and procedure.

After the syringes on the flow apparatus had been heavily lubricated
with Dow Corning high-vacuum silicone grease,. the syringes and
mixing chamber were cleaned by rinsing with doubly-distilled water.
The dilution mixing vessel (containing a magnet sealed in glass), the
calibrated burette, waste vessel, and connecting tubes were then
assembled as shown in Figure 11, The syringes and mixing chamber
were then dried by evacuation with a mechanical roughing pump via
stopcock no. 4. The water solution make-up flasks were connected as
shown in Figure 11 (using flask no. 2 as an example). Next, the system
was connected to the high vacuum line and tested for vacuum tightness.
The syringes could be evacuated to 1 x 10™* torr, but unfortunately they
were not capable of holding this vacuum for extended periods of time.

Finally the preparation of the cesium solution commenced as
described above. After the cesium solution was prepared, the solution
make-up flask was connected immediately to the flow apparatus as
shown in Figure 11 (flask no. 7). All necessary delivery tubes were
then evacuated with the high-vacuum system., Then the vacuum of the
complete assembly was tested, During the evacuation of the delivery
tubes, time was available (15 minutes) to obtain an absorption spectrum
of the cesium solution used in the flow run. This was done for flow
run no. 3.

Finally, the flow experiment commenced. The reactant was run
into the dilution mixing vessel; stopcock no. 6 was opened and the

delivery tube was filled with reactant to stopcock no. 1, Figure 11,



41

‘Alquasse A1aAa1[ap jueldoeas :snjeredde molg 11 2andrg

Nsery
dn-oyew uornios 1eldW

zaqueyd SurxiN

19s89A Suixtwt uoTINyIQ

891198 UI
Po3292uuod aq ued S)YSe[J yons ¢

yse[y dn-ayeuI UOTIN[OS IjEp —> uoTNIIP

.Su 9339anq
voumnnwﬁmo

umndea Y3y o,



42

Next, stopcock no. 7 was opened and the delivery tube was filled with
blue solution to stopcock no. 2. Then stopcocks no. 1 and 2 were
opened to the delivery tubes and the push syringes A and B were filled
with the two reactants. Stopcocks no. 1 and 2 were then opened to

the mixing chamber and the two reactants were degassed by pumping
on them with the high-vacuum line via stopcock no. 3. Next,r stopcock
no. 3 was closed and the reactants were forced through the mixing
chamber, completely filling stop-syringe C. Immediately after the
picture of the trace was taken, stopcock no. 3 was opened. The re-
acted solution drained into the waste vessel and syringe C was forced
to its original position by atmospheric pressure. The procedure was
then repeated using another reactant. In most cases, two pictures
were obtained for each water concentration.

Dilutions were accurately made by the dilution system shown in
Figure 11, The 25 ml burette was calibrated to + 0.02 ml. Measured
amounts of a reactant and pure solvent were introduced into the dilution
mixing vessel and mixed with a magnet sealed in glass.

After the flow experiment was completed, the decomposition vessel
was connected to the high-vacuum line and gas analysis assembly as
shown in Figure 7. The system, except the part of the decomposition
vessel containing the blue solution, was evacuated until the pressure
stabilized at less than 1075 torr. The concentration of the metal solu-
tion was then determined by following the procedure described in the

section entitled '""Concentration Determination by Gas Analysis. "



V. RESULTS
A. Solubility

In early attempts to study solubility using sodium and potassium,
the metal was cut from the center of a large piece and introduced
into the make-up flask via a side-arm. After evacuation, the metal
was melted, allowing it to flow through the constrictions in the side-
arm into the solution make-up flask. Using this procedure, the
metal looked clean and lustrous since the oxide coating originally on
the metal was left behind in the constrictions. In some cases, however,
the blue solution did not form immediately when the solvent came in
contact with the metal. The results obtained using this method were
not reproducible from one determination to another,

Finally the procedure described in the experimental section
was adopted. It was noted that when metal which had been previously
double-distilled was distilled into the solution make-up flask, dark
blue solutions formed immediately when the purified ethylenediamine
came in contact with the metal mirror. Excess sodium, potassium
and rubidium had no noticeable effect on the stability of the blue solu-
tion while excess cesium metal catalyzed the decomposition reaction
to a noticeable extent.

The gas analysis method used for the determination of the metal
concentration is a direct measure of the metal present in the zero
oxidation state. This method has the advantage that metal present as
decomposition products can be distinguished from the metal present in
the zero oxidation state,

The solubilities of all of the alkali metals in ethylenediamine

are given in Table IV,

43
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Table IV. Solubilities of the Alkali Metals in Ethylenediamine at
Room Temperature

]/ —— — —— ———  ___————_ ————— _ ______—

Average
Run Solubility Solubility
Metal Number moles/liter moles/liter
Lithium 1 0.283 y
0.264 0.287 + ,015
3 0.314
Sodium 1 2.37x 1073
2 2.35 x 10-3 2.39 + .04 x 1073
3 2.45 x 1073
Potassium 1 1.02 x 102
2 1.03 x 1072 1.04 + .02 x 10~2
3 1.05 x 1072
4 1.07 x 10-2
Rubidium 1 1.29 x 1072 1.31 + .02 x 10~2
2 1,33 x 10-2
Cesium | 5.43 x 1072 5.4 x 1072

3
Average deviation.
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B. Absorption Spectra

The absorption data in many cases are plotted as wavelength
versus A/Amay. where A is the absorbance at any wavelength and
Amax, is the absorbance at the peak. Since this type of graph has
a maximum value of unity, it is useful for examining the effect of
concentration on line-shape and the reproducibility of independent
runs. The data plotted in this manner were corrected, where
necessary, for decomposition. This correction was possible because
in all cases the decomposition was a smooth function of time. The
decay of the absorbance as function of time was followed by allowing
the Beckman DK-2 Spectrophotometer to re-cycle as the solutions
decomposed in the spectral cell. Semi-log plots of the absorbance
at a given wavelength vs. time resulted in a smooth curve. This
allowed correction of the absorbances at different wavelengths to a
common time, thus giving the complete spectrum independent of time.
These corrections were normally small and did not alter the shape or
peak position significantly. The absolute zero absorbance line, taken
to be the trace of the decomposed solution, was also subtracted from
the absorbance reading. The absorbance of the decomposed solutions
was essentially zero at longer wavelengths., At shorter wavelengths,
400-550 mp, the absorbance of the decomposed solution was appreciable
due to the decomposition products. Therefore, the relative amount of
decomposition product for all of the metals could be estimated from its
absorbance, which began at about 400-550 mp and increased continually
into the ultraviolet region. The range of the spectrum examined and
the various absorption maxima are recorded in Table V, All results
are qualitative with respect to various peak heights since analyses

were not made,
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*
Table V. Location of Absorption Maxima in Ethylenediamine

Metal Absorption Maxima
(mp)
Lithium 660
1280
Sodium 660
Potassium 660
845
1280

Rubidium 660 shoulder
890
1280
Cesium 1030
1280

*
The range from 400 to 1800 mp was scanned for all metals.
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Lithium. Two absorption maxima were found for lithium in
ethylenediamine; one at 660 my and the other at 1280 mpu. The 1280
myp absorption band tails strongly into the Qisible. In some cases,
the 1280 mp band was initially much greater than the 660 my band but
in all cases the infrared band decayed more rapidly leaving a large
660 mp absorption. The rate of decomposition of both bands varied
from one determination to another. Since the 1280 my band decayed
leaving the 660 my peak, it was possible to determine the line-shape
of the 660 my absorption band. Figure 12 shows A/A .. vs. wave-
length for the 660 mp peak for three independent runs. The absorption
bands could then be separated. To make this separation, the traces
were first made independent of time by following the scheme
previously described. The contribution of the 660 mp absorption band
was then substracted from the total absorbance to give the 1280 mp
band. Figure 13 shows the absorption spectra with the two peaks and

the separated 1280 myp absorption band. A/A vs, wavelength is

max,
given in Figure 14 for 1280 mp peak for lithium in ethylenediamine.

Sodium. Three separate preparations of sodium gave spectra
showing only a single peak at 660 mp which are shown in Figure 15.
Sodium exhibits a very small infrared absorption, but this was almost
negligible in comparison with the 660 mu band. For example in one
case where the absorbance at 660 mp was larger than two, the

absorbance in the infrared was less than 0,03,

Potassium. Potassium solutions in a 0.1 mm. cell show a
broad maximum peaking at 845 mpu with shoulders in the vicinity of
650 mp and 1300 mpu. In a 1l mm. cell (less concentrated) the main
absorption was at 660 my with a shoulder at 840 mp. Typical traces
of these spectra are given in Figure 16. Repeated runs using a 0.1

mm. cell always resulted in the broad 845 mp absorption band.
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During decomposition in the spectral cell, the 845 peak in all cases
disappeared more rapidly than did the 1280 and 660 mp absorption
bands. Also, in the 0.1 mm. cell, the amount of 660 mp absorption
seemed to be a function of the concentration of decomposition product
and varied from one run to another.

Using the 1 mm. cell, for which the maximum occurred at 660
mp, the amount of 840 mp shoulder varied from one separate determin-
ation to another. In some runs, the 840 mp shoulder was rather
pronounced, while in others it was negligible. In all cases initial 840
mp shoulders, regardless of initial intensity, rapidly disappeared
while the well-defined peaks at 660 my and 1280 myu decayed more
slowly.

The peak at 1280 mp was always present regardless of the cell
path used. The intensity of the 1280 peak varied from one run to
another but in all cases the 1280 mp absorption was smaller than

either the 840 or 660 myu absorption.

Rubidium. Rubidium solutions showed a strong absorption peak
at 890 mp with considerable absorption in the infrared. Under some
conditions, a shoulder was also present in the vicinity of 650 to 700
mp. Typical traces showing these two cases are presented in
Figure 17, Freshly prepared solutions of rubidium in ethylenediamine
had no apparent shoulder in the visible. When new samples were
poured into the cell from the vicinity of the excess metal, the shoulder
tended to appear. In these cases, considerable decomposition product
had built-up so that an excess of Rb' ions was present. The relative
amount of decomposition product could be estimated from its absorb-

ance as previously mentioned.
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Cesium. Cesium solutions of fairly high concentration, run in
the 0.1 mm, cell,. showed a maximum at 1030 mp as shown in Figure
18. This absorption band decayed extremely fast (V10 minutes)
leaving an ahsorption peak at 1280 my.

When more dilute solutions were studied using a 1 mm. cell,
only an infrared peak at 1280 mp was present and no other peaks or
shoulders were evident. The absorption spectrum of the 1280 mp band
is given in Figure 19, It should be noted in reference to Figure 19,.
that the absorption band resulting after decomposition of the 1030 mp
band in the 0.1 mm. cell was identical to the 1280 mp band observed

in runs using a 1 mm. cell.

C. Mixture Spectra

The spectral data showed that rubidium had only a 660 mp
shoulder and that this shoulder became more pronounced as the Rb'
ion concentration increased due to decomposition. On the other hand
cesium had only the 1280 my peak at low concentrations and no 660
peak or shoulder at Méh concentrations. These facts suggested that an
alkali ion is involved in the 660 myu absorbing specie and that the light
alkali metals are preferred. A simple test for this idea involves
addition of either Li or Na salts to cesium or rubidium solutions to see
if the 660 mp peak forms. Generally, the addition of salts like LiCl
and Lil markedly increased the rate of decomposition. This is
attributed to traces of impurities in the salts. Another source of Nat
or Lit ions is the decomposed solution of the metall Solutions of
rubidium and cesium were mixed with solutions containing Na.+ or Lit
ions either from their halide salts or from decomposed solutions

of the metal.
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As was previously mentioned, lithium solutions have peaks at
600 and 1280 myp while rubidium solutions have the 1280 myu peak,
only a shoulder at 660 mp and another peak at 890 mpu. When rubidium
and lithium metal solutions were mixed, all three peaks were obtained,
as expected, Figure 20. When rubidium metal solution was added to
the decomposition product of lithium, the three were again obtained,
Figure 21. The spectrum for a solution containing the mixture of
lithium metal solution plus the decomposed solution of rubidium is
given in Figure 22. Again the three peaks were obtained. A solution
of lithium iodide mixed with a solution of rubidium in ethylenediamine
had again the three peaks. The spectrum obtained is recorded in
Figure 23,

A solution of rubidium metal mixed with a decomposed sodium
solution is recorded in Figure 24. In this case, the 660 mpu absorption
was the main absorbing band indicating that the sodium 660 mp
absorbing specie is favored at the expense of the others. This is
consistent with the spectra of sodium metal solutions.

Cesium metal solutions when mixed with either a lithium chloride
solution or a decomposed lithium solution gave spectra having the 660

mp peak. This is shown in Figure 25.

D. Kinetics of the Decomposition During Absorbance
Medsurements

The rate of decomposition of the metal-ethylenediamine solu-
tions was studied by following the absorbance as a function of time.
This was accomplished by allowing the Beckman DK-2 spectrophotometer
to re-cycle as the solutions decomposed in the spectral cell. It was
important that the solutions under study decompose uniformly in the
cell proper. This could be determined spectrophotometrically or

visually. In some cases it was observed that the absorbance in different
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regions of the optical cell decayed at different specific rates and that
there were streaks in the solution between the cell windows. This
behavior was considered due to traces of impurities on the cell walls
that catalyzed the decomposition reaction. When this occurred,. the
cell was rinsed with blue solution, The rinsing was an effective
method of further cleaning the cell. This procedure resulted in
uniform decomposition which was then recorded. The decomposition

reaction, according to
+ -
M + H,NCH,CH,NH, —> M + H,NCH,CH,NH + } H,

is believed to be heterogeneous and surface catalyzed, since the
decomposition rate decreased markedly upon rinsing the cell and
decomposition occurred more rapidly in the cell with its large surface-
to-volume ratio than in the waste vessel or solution make-up vessel.

The spectral decomposition of three independently prepared
sodium solutions is shown in Figure 26. For a given run, the specific
rates of decomposition at different wavelengths are the same, indicating
that only one specie is involved. The decay in two independent studies
was strictly first-order as shown in Figure 26. In another run, the
decay deviated slightly from first-order kinetics and this was attributed
to the fact that in this case there was considerable salt present from
previous decomposition.

The spectral decomposition of potassium showed that the absorp-
tion at different wavelengths did not decay at the same specific rate.
This is shown in Figure 27. Since the absorption bands strongly over-
lap one another and decay at different specific rates, it is difficult to
make any conclusions about the kinetics of the disappearance of any
single peak. Studies in the 1 mm, cell, which showed only two peaks,

fitted a first-order decay law best, Figure 27.
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Figure 26. Spectral decomposition of sodium-ethylenediamine solutions
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Figure 27, Spectral decomposition of potassium-ethylenediamine solutions

(semi-log plot of absorbance vs. time).



68

The optical absorption for rubidium solutions decayed essentially
first-order with time. Again the absorbance at three different wave-
lengths decayed at different specific rates indicating the presence of
more than one speciej, Figure 28.

The decay of the 1280 mp peak for cesium f{itted first-order
kinetics best, Figure 29. The absorption at different wavelengths
decayed at the same specific rate indicating that the 1280 mp absorption
band is due to a single specie,

Lithium solutions generally decomposed more rapidly than solu-
tions of the other alkali metals. Also when lithium solutions decomposed,A
precipitation of the decomposit-ion product usually occurred which
further aided the decomposition. The absorption at 660 mp and at 1280
mp decayed at quite different rates proving the presence of two species,
In one case, the infrared peak decomposed almost completely while the
visible 660 myu peak remained essentially constant. After the infrared
absorption was nearly gone, then the 660 mpu peak decomposed essentially
first-order, Figure 30. This phenomenon indicates that the 1280 mp
absorbing specie mvay act as a buffering agent for the 660 my specie.

In another spectral study, blue solution was tipped into the cell from
the solution make-up vessel in which a considerable amount of precipi-
tate had been present. The spectrum initially showed only the 660 mp
visible peak but as the 660 mp peak decomposed the infrared 1280 mp
peak built-up and finally both peaks decayed, Figure 31. This shows
that the 660 mp peak decomposes giving the 1280 mp peak and the
conversion of ti’le 660 my peak into the infrared peak is relatively slow

(tl ~1-3 min.).
z
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Figure 28. Spectral decomposition of rubidium-ethylenediamine
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Figure 29. Spectral decomposition of cesium-ethylenediamine solutions

(Semi-log plot of absorbance vs. time).
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Spectral decomposition of a lithium-ethylenediamine solution
(semi-log plot of absorbance vs. time).
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E. Conductance

Since the spectra were different for the different alkali metal-
ethylenediamine solutions, conductivity studies were undertaken in
order to make a correlation between conductivity and spectra. The
conductances were determined at room temperature without precise
temperature control since the main source of error was considered
to result from decomposition. Symons, et al. (13), and Windwer and
Sundheim (54) reported that platinum wire acts catalytically on the
alkali metal-ethylenediamine solutions, accelerating the decomposition.
In the present work, solutions also decomposed more rapidly with
platinum present than without. However, the method employed in this
work allowed correction for the decomposition., Usually this correction
amounted to less than 2% of the initial conductivity reading and
normally the conductivity decreased between 5 and 20% in the first
hour,

1

The values of 7\ , J& , C and C? are given in Table VI.

The equivalent conductances, /\,are expressed in Kohlrausch units.,

'em™), and

The specific conductances, J{ , are expressed in ohms~
the concentrations, C, in moles per liter. The values of /\ for
sodium, potassium, rubidium and cesium are plotted vs. C.i- in
Figure 32. A log-log plot of the specific conductance vs. concentration
for these same metals is given in Figure 33, The reproducibility of
these conductance measurements is satisfactory as shown by both
Figures 32 and 22, It is to be emphasized that each point represents
an independent solution make-up.

Figure 33 shows that the specific conductivity for the concen-

trations investigated can be expressed by the following function:

logJc = alogc+hb (1)
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Figure 32. Equivalent conductance vs. C? for sodium, potassium,
rubidium and cesium in ethylenediamine,
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Figure 33. Log-log plot of specific conductance vs. concentration for

sodium, potassium, rubidium and cesium in ethylenediamine.
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Spectral data showed that solutions decayed essentially first-order
so that
log C=-kt+d (2)

If the decomposition in the conductance cell is first-order, we have:
k
log_}( = - ; t + (d-b) (3)

In the above three equations, a, b, d are constants, J¢ is the
specific conductivity, t is time and C is concentration.

A semi-log plot of the specific conductance vs. time is shown
in Figure 34 for saturated solutions of sodium, potassium and
rubidium. This plot again shows the first-order decay of the decompo-
sition. The deviations from straight lines can probably be attributed
to the effects of the decomposition products, temperature fluctuations
and the catalytic nature of the decomposition reaction itself. Figure
35 shows two typical semi-log plots of the specific conductance vs.
time that illustrate the extrapolation method used to obtain the specific

conductance values.

Lithium conductivity. Lithium solutions were very unstable

in the conductance cell compared to the other metals. The conductivity
of saturated lithium solutions, however, was qualitatively examined.

A plot of the logarithm of the specific conductance vs. time is shown

in Figure 36. In one case, the initial points obtained when four
different samples were tipped into the cell fall on a straight line which
allowed extrapolation to zero time in order to obtain the estimated
specific conductance value. This plot also shows the difference in the
decomposition rate of samples in contact with the platinum electrodes
as compared with the decomposition rate of solution in the make-up

vessel of the conductivity apparatus. When lithium solutions decompose,



Specific conductance

78

Cs run 1, conc. = 4.89 x 10-2

Cs run 2, conc. = 5.43 x 10~2

. Na run 2, conc. = 2.45 x 10-3
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Figure 34. Semi-log plot of specific conductance vs. time for sodium,
potassium, rubidium anc cesium in ethylenediamine.
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precipitation occurs and the lithium spectral data show that the pre-
cipitate results in rapid disappearance of the infrared absorption.

The behavior of the decomposition curves in Figure 36 is understand-
able if the solutions decompose normally until precipitation occurs,

If precipitate is formed near the platinum electrodes, it could also
speed the decomposition and hence the precipitation. The infrared
specie is thus rapidly destroyed by the precipitate. Its rapid removal
causes a sudden drop in the conductivity., This indicates that the
infrared specie is the main contributor to the conductivity of this

solution,

Conductivity of decomposed solutions. The resistances of the

bleached solutions approached constant values. This conductivity is
considered to be due to the metal ions and ethylenediamide ions which
result from the decomposition reaction. The conductivity data for

the decomposed solutions are given in Table VII. The equivalent con-
ductance vs. Ci-for the decomposed solutions of sodium, potassium,
rubidium and cesium in ethylenediamine is given in Figure 37. These
data are of interest because they emphasize the low equivalent con-
ductance values of the decomposition products. It is evident from these
data that a small accumulation of decomposition products in any given
metal-ethylenediamine solution would lead to no significant error in

the conductivity attributed to the metal in the zero oxidation state.

F. Kinetics of the Reaction of Solvated Electrons
With Water

Dilute cesium-ethylenediamine solutions which are thought to
contain only solvated electrons and solvated metal ions as well as
ion-pairs, etc. were reacted with water-ethylenediamine solutions.

The over-all reaction is:
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Table VII. Conductance--Concentration Data for Decomposed Solutions
of Sodium, Potassium, Rubidium and Cesium in Ethylene-
diamine.

Concentration Specific Equivalent 1
Metal moles/liter x 103 Conductivity x 108 Conductivity C%x102
Cesium 54.3 96.0 1.76 23.4
48.9 87.4 1.78 22.1
20.8 72.5 3.31 14,5
1.68 11.4 6.80 4,11
Sodium 2.45 6.40 2.61 4.96
2.35 5.88 2.50 4.86
1.04 3.26 3.13 3.23
0.242 1.06 4,38 1.56
Potassium 10,7 31,7 2.96 10.4
10.5 27.3 2.60 10.3
10.3 30.3 2.94 10.2
2.82 12.7 4.67 5.30
2.42 12.3 5.06 4.84
2.10 10.1 4,82 4.59
0.412 3.36 8.16 2.03
0.138 2,12 15.4 1,18
Rubidium 13.3 38.7 2.91 11.6
12.9 37.4 2.90 11.4
6.92 22.8 3.29 8.34
2.78 12.7 4,57 5.28

0.497 4.89 9.85 2,24
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(e7)epn. + H,O —> ¥ H, + OH™

The progress of the reaction was followed by recording the rate of
decrease of the absorbance of the solvated electrons as a function
of time.

The pictures obtained from the flow apparatus give the intensity
of light striking the photo-tube as a function of time., Some typical
pictures are shown in Figures 38 and 39. The original intensity of
incident light, I, is directly proportional to the difference in distance
on a trace between zero transmittance and maximum transmittance.
The latter occurs when the solvated electrons are completely reacted.
The intensity, I, at a given time is directly proportional to the distance
between the zero transmittance line and the position of the trace at
that time. In this way, the ratio I;/I can be determined as a function
of time from the picture. Since log I,/1 = absorbance, which is directly
proportional to concentration, plots of apparent concentration vs.
time can readily be constructed from these pictures.

The photomultiplier used in this work had its maximum sensitivity
at 950 mp and most of the pictures were made at this wavelength.

Some traces for run no. 3 were taken at 740-780 mpu. The wavelength
of observation for the one run using a sodium-ethylenediamine solution
was 650 my.

When the log. of the absorbance is plotted against time, a straight
line is obtained. Examples of these plots are given in Figures 40-44
for some of the pictures obtained in runs 1 and 3. Note that in all
cases water was present in such large excess that its concentration
can be considered to remain constant. The results shown in Figures
40-43 allow one to write the pseudo-first-order rate expression:

Al L e

dt -
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O [H;0] = 5.42 x 10~% moles/liter
5-¢t =0.59 sec.; 6 -t; =0.67 sec.
¥ T
0.5 |— O [H,0]= 6.2 x 102 moles/liter
8 -t; = 0.45 sec; KOH added
T
The numbers correspond to the
di fferent pictures
0.0 {—
@
a
<
o)
)
-
-0.5 —
-1.0 |—

1 2 3
Time (sec.)

Figure 43. Log (Abs.) vs. time; pictures from run no. 1
(Cesium conc. = 1.5 x 10”2 moles/liter, \ = 950 muy).



91

whereK is the pseudo-first-order rate constant, and depends on
the water concentration. The value of}( for each water concentration
was found from the half-life period of the reaction since this is given

for first-order-reactions by:

t = In 2

= K

The half-life periods can readily be obtained from the graphs. This
method for the evaluation of ]‘( has the advantage that the concentration
of the solvated electrons need not be known. The pseudo-first-order

rate constant is related to the water concentration by the expression:

K= x [#0]"

or

log J€ = nlog [H0] + log k

where n is the order of the over-all rate expression in water and

is the rate constant. A plot of log K vs. log [H;O] gives a straight

line with a slope of essentially unity. The order in water is therefore
unity and the second-order rate constant is 24.7* 1,5 liters mole™! sec-’.
These results are summarized in Table VIII,

Other observations obtained in these kinetic studies can best be

presented by discussing the runs individually.

Kinetic run no. 3. Examination of the pictures given in Figure 39

shows a difference between observations made at 950 mp and at 740-780
mp. For example, pictures 2 and 5 show different results even though
the cesium and water concentrations are the same for both pictures.
Only the wavelength of observation is different. The data obtained

from picture 5 will be used as an example of the evaluation of the traces

observed at 740-780 mu. When log (Abs.) vs. time is plotted for
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picture no. 5 the initial slope of the curve obtained gives a half-life
the same as that obtained from picture no. 2 (line "A" in Figure 44).
This immediately suggests that the total absorbance in this case is
the sum of the absorbances of two separate species. Since the decay
rate of solvated electrons is known from a number of observations

at longer wavelengths to be given by line "A, " Figure 44, curve "B"
can be obtained by subtracting "A'" from the total absorbance,

Curve "B'" must then represent the build-up of an intermediate specie.
The build-up and decay of this intermediate is also shown in Figure 45
in which absorbance vs. time is plotted. The results from picture

no. 4 show the same behavior and are shown in Figure 46. Figure 47
shows the results obtained from picture no. 6 for which the water
concentration was larger. These results indicate that the build-up of
the intermediate depends on the water concentration.

From these few observations, no definite conclusions should be
drawn concerning the kinetics of the intermediate., These preliminary
results, however, indicate the build-up of the intermediate to be zero-
order and its decay to be first-order. It should also be noted that a
spectral analysis of the cesium solution used in run no. 3 showed only
the presence of the 1280 mp peak.

Kinetic run no. 1. The results obtained in run no. 1 agree with

the results of run no. 3. The only essential difference between runs

1 and 3 is the difference in the metal concentration used in the experi-
ments. It should be noted that the presence of KOH in picture no. 8
of run no. 1 appeared to have no effect on the rate of reaction.

Kinetic run no. 2. The results of this run again fitted a pseudo-

first-order rate expression as is evident from the plot of log (Abs.) vs.
time obtained from the various picture, Figure 48. In this case,
however, an analysis of the rate expression seems to give a one-half-

order dependence on water as summarized in Table IX., This result
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Log (Abs.)

98

O [H,0] = 2.44 x 10”2 moles/liter
5-t =2.1 sec.; 6=t 2.7 sec.
z 2

0O [H,0] = 5.93 x 1072 moles/liter
9-t;=1.3sec.; 11 -1t 1.2 sec.
¥

/\ [H;0] = 0.188 moles/liter
8 - té-= 0.76 sec.

The numbers correspond to the
pictures.

0.0 |—
-0.5 p—
5
6
-1.0 }— ?

2 4 6 8 10 12 14
Time (sec.)

Figure 48. Log (Abs.) vs. time; pictures from run no. 2.
(Cesium conc. = 1.7 x 1072 moles/liter, X = 960 muy).
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is not consistent with the results obtained in runs 1 and 3. It should
be noted that the solution used in run no. 2 had an inherent stability
about 4 times that of the solution used in run no. 1 and that the con-

centration of cesium was more than three times that used in run no. 3.

Miscellaneous kinetic observations. One kinetic observation

was made on the reaction of a sodium-ethylenediamine solution with
water in ethylenediamine. At 950 mp, where the absorbance of sodium
solutions is very small, no change was evident. The result of the
trace observed at 650 mp. is shown in Figure 49. It should be pointed
out that this slow reaction of solutions containing the 660 myu specie
was also observed visually in two independent preliminary observations,

Preliminary kinetic studies of the reaction of solvated electrons
with NH4+ ions were attempted. In this case, dilute cesium ethylene-
diamine solutions were reacted with NH Br in ethylenediamine. The
protons in solutions of NHy{Br in ethylenediamine are mainly trans-
ferred to ethylenediamine since a positive pressure build-up attributed
to ammonia evolution was always observed upon preparing these

solutions. The over-all reaction with electrons can be expressed as:
- + 1
e"(en) + enH —> 3 H, + en

This reaction was too fast for the concentrations used in our attempt.

From the preliminary experiments, however, we conclude that the

rate constant for this reaction is large, at least >> 10® M-! sec-!.
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VI. DISCUSSION

A. Comparison of Spectra

+

The 660 mp peak for sodium, lithium and potassium can be
compared by plotting A/Amax. vs. wavelength. Figure 50 shows
that the 660 my peaks are the same for these metals both in peak
position and shape. Although the potassium spectrum in Figure 50
appears to be different in shape, this can be attributed to the
contribution of its infrared absorption. The results of salt addition
to cesium solutions showed that the metal is associated with the
specieyresponsible for the 660 mp absorption band but, from the
shape and position of the absorption, we conclude that once a basic
metal core is present the optical transition responsible for the
absorption is independent of metal,

The comparison of the 1280 my absorptions is difficult because
of the contributions of the other peaks present in the spectra for the
different metals. The long-wavelength tails of the infrared bands
can, however, be compared by plotting A/Ap, .. in which Apay. is
the absorbance at 1280 mp and A is the absorbance at any given wave-
length. Such a comparison plot is shown in Figure 51. Within experi-
mental error, the metals cesium, potassium and rubidium give the
same absorption spectra from 1300 to 1800 mpu. The tail of the
lithium band in this region is slightly below the band for the other
metals, This seems to be a true effect since it was observed in the
spectra of three independently prepared lithium solutions.

The intermediate absorption bands (830-1050 my) observed for

cesium, rubidium and potassium solutions have a close resemblance

102
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O Seoedium
1.0 b— — Lithium

O Potassium

0.9 —

| l | o

400 500 600 700 800 900
Wavelength (mp)

Figure 50. Comparison of the 660 mp absorption bands of lithium,
sodium and potassium in ethylenediamine.
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in shape but are displaced for each of the metals. We conclude,
therefore, that the species involved in these absorption bands are
similar in nature but depend on the metal as indicated by the shift in
wavelength., That the metal atom is involved in this specie is shown
by the fact that when lithiurm metal solution was added to the decompo-
sition product of rubidium solutions (containing Rb+, but no Rb metal)

the 660,890 and 1280 myu peaks were all observed.

B. Conductance

1, Comparison of conductance curves. The general form of

the conductance curves for potassium, rubidium and cesium in
ethylenediamine is similar to that for alkali metals in methylamine
but differs somewhat from that of sodium in liquid ammonia. A good
way to compare the different systems is to plot the log of the product
of the specific conductance and viscosity vs. the log of the concen-
tration as shown in Figure 52, Figure 52 shows again the general
trend that cesium-amine systems are better conductors than the other
metal-amine systems. Figure 52 also shows the scatter in the data
of Gibson and Phipps (58) which can therefore be considered only
qualitative., The data of Berns (59) show a deviation from the usual
straight-line log-log plot at about .02 molar and continuation at higher
concentration with a straight line having the same slope as before.
This anomalous behavior might be attributed to a systematic error
introduced in the measurements of the high concentration region.,
However his results of a number of runs are consistent. One should
note that the product of specific conductance and viscosity for cesium
in ethylenediamine seems to approach that of the sodium-ammonia
system at low concentrations.

The conductance behavior of sodium in ethylenediamine (Figures

32 and 33) differs markedly from the other alkali metals in amines.
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The equivalent conductance of sodium solutions is much lower than

for the other alkali metals in ethylenediamine and is virtually inde-
pendent of concentration over the ten-fold concentration range
investigated. This indicates that the number of current carriers is
proportional to the concentration and that the mobility is essentially
independent of concentration. Such behavior would not be expected

for conventional electrolytes in this medium since extensive ion-
pairing would cause the equivalent conductance to be strongly dependent

upon concentration,

2. The limiting values of the equivalent conductances. The ex-

tension of the method of Fuoss (76) due to Shedlovsky (77) was used
to evaluate the limiting equivalent conductance, /]o» and also to
approximate the pairing constant K, for potassium, rubidium and
cesium metal-ethylenediamine systems. The values of A o obtained
for the different metal-amine systems are given in Table X,

The method of Shedlovsky is based on the solution of the semi-

empirical equation

VACEAVATERX ;\\o) NCvy 1 (1)

in which /\ is the equivalent conductance, v is the degree of dissoci-
ation, /\o is the limiting equivalent conductance, a is the Onsager
coefficient and C is the concentration in equivalents per liter. A new

variable Z is introduced which is defined as

?.=a/\o '\/_(-3-7\_ (2)

Equation (1) may now be written as

_ 5(z)
Y /\0
where S(Z) = [ -%— + N1 +(-Z72)z ]

2 3
or S(Z) = 1+z+-Z-—+—Z——-+ . o . (4)

(3)

2

2 8
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A crude estimate of /\o, called /\o', can be obtained by extrapo-
lation of the /\ vs. C%- curve. /\ o' is then used to calculated Z
for each concentration from equation (2) and S(Z) from equation (4).

The activity coefficient at each concentration is then determined
according to

1
- logy, £ = 2B(CY)? (5)

where f is the mean ionic activity coefficient and B is a constant given

Cf? S(z) /\ should give a

1
Kl/\o'

If /\o differs from /\o' the process is repeated using /\o for /‘0'

. 1
below. The final plot of A S(2) 1vs.

straight line with an intercept of N and a slope of
0

until convergence is obtained. The constants in the above equations are

8.18 x 10° /\L 82
(DT) n (DT)*
and
1.815 x 10°

B = e
(DT)

where D is the dielectric constant of the solvent and n is the viscosity of
the solvent in poises. Constants used for the Shedlovsky analysis of the
data weren = 1.54 x 102 poises and D = 12.9. The results for
potassium, rubidium and cesium are plotted in Figure 53. The inter-
cepts and slopes were determined by the method of least squares.
In order to have sufficient points in the dilute region for cesium, it
was necessary to estimate three points. These points could be reliably
estimated by extrapolation of the log of the specific conductance vs.
log of the concentration plot, Figure 53, This is felt to be valid in
view of the data obtained for potassium and rubidium.

Evers (60) has evaluated the limiting equivalent conductance and

the pairing constant for the sodium-ammonia system and Berns (59)
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A Rubidium - slope = 0.436

| O Potassium - slope = 0.334
O Cesium - slope = 0.167
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Figure 53, Shedlovsky analysis plots for cesium, potassium
and rubidium in ethylenediamine.
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for the lithium-methylamine system. These values, as well as the
values obtained in this work, are given in Table X. The value of Ao
for lithium in methylamine reported by Berns may be too high.

When the five highest concentration points are eliminated,. which fall
in the anomalous region of the plot of log K vs. log C using Berns'
data, one obtains a value of /\0 of about 180 rather than 228,

Table X shows that the Walden product, /\on,' for cesium in
ethylenediamine is larger than for the sodium-ammonia system while
the Walden products for the other metals in amines are considerably
lower than this. The Walden product should be considered a quali-
tative comparison since Walden's rule holds only if Stoke's law is
obeyed and the ions have the same size in different media.

Since the spectra of dilute cesium-ethylenediamine solutions
exhibit only an infrared absorption band and the conductance behavior
appears to be similar to that of the sodium-ammonia system, we
conclude that the conductance processes for these two systems are
essentially the same. The spectra of dilute solutions of potassium
and rubidium in ethylenediamine show absorption bands other than
the infrared absorption. If the contribution to the total conductivity
of these species' is small and essentially a cons-tant fraction over the
concentration range as observed for sodium, one concludes that the
major contributor to the conductivity of these solutions is the infrared
absorbing specie. This requires that the general form of the con-
ductance curves be the same for rubidium, potassium and cesium in
ethylenediamine. This is shown to be the case in Figures 32 and 33.
The ion-pair dissociation constants given in Table X are essentially
the same for these three metals and this further indicates the same'
conduction process. The dissociation constant for sodium in liquid
ammonia is somewhat larger than for these metals in ethylenediamine.
This, howevéf, would be expected on the basis of the higher dielectric

constant of ammonia.



Table X. Comparison of Limiting Equivalent Conductances
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‘Solvent Metal Ao /\o No K, Reference
Ethylenediamine Cesium 204 3.14 1,44 x107* this work
Potassium 139  2.14 1,54 x 10~*  this work
Rubidium 117  1.80 1.69 x 10™*  this work
Sodium 27% ---- - this work
Methylamine Lithium 228,3 2.07 5.5x107° (59)
Ammonia Sodium 1022 2.61 7.23x107% | (60)

*
Estimated from /\ V8.

cr

‘curve.
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In our proposed model, we have assigned the infrared absorption
band to solvated electrons and ion pairs between solvated electrons
and solvated metal ions plus ion aggregates of higher order. These
conductivity results indicate also that other species besides the
infrared absorbing species which are present in the metal-ethylene-
diamine system do not tend to dissociate into solvated electrons and
solvated metal ions at the dilutions studied. Otherwise the large dif-
ference in the apparent limiting equivalent conductance values could

not be accounted for.

C. Comparison with the Work of Other Investigators

Fowles, McGregor and Symons (13) reported the absorption
spectra of sodium and potassium in ethylenediamine up to 1000 my.,
They did not, however, make observations in the infrared region as
in this work. Their results for the spectra in the visible region for
dilute solutions of these metals are in general agreement with this
work., More recently Windwer and Sundheim (54) reported that no
absorption could be detected in the infrared region for solutions of
lithium, potassium and rubidium. These observations are in direct
conflict with the spectral results reported in this work,

Because of the difficulty of preparing reasonably stable solu-
tions, the differences observed by various workers is not as surprising
as it might at first appear. Small amounts of impurities can catalyze
the decomposition and affect the results obtained. We have assigned the .
infrared absorption to the solvated electron and it is well-known that
impurities such as O, and CO, (78) are good scavengers for electrons.
Traces of these scavengers can deplete the electron concentration
very rapidly (9, 78). This work has shown, moreover, that the con-

version of the 660 mp absorbing specie into the infrared absorbing
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specie is a slow process. In the case of rather unstable solutions,
one concludes that the observed properties might well be the properties
of species that decompose rather slowly compared to the infrared
absorbing specie. Windwer (79) reported a solid decomposition product
which when analyzed after exposure to air was found to be potassium
carbonate. In this work, however, no solid decomposition product
has ever been observed in potassium solutions. It should also be noted
that Windwer was unable to obtain cesium solutions that were stable
enough for simple spectral studies. Since dilute cesium solutions
exhibit only the infrared absorption band, this is additional evidence that
his experimental techniques introduced impurities that rapidiy catalyzed
the decomposition of the infrared-absorbing species.

The absorption spectra for solutions of lithium (51) and potassium
(52) in methylamine have been reported. A close analysis of these data
shows that the absorption spectra for lithium and potassium in methyl-
amine are essentially the same as reported in this work for the same
two metals in ethylenediamine. This is to be expected since the small
structural difference between these two solvents would certainly not
lead to extreme differences in the optical properties of their alkali
metal solutions. The stability of metal-methylamine solutions is
greater under normal conditions due to temperature considerations
alone. In methylamine, observations are normally made between -78°C
and -33°C while room temperature studies are reported for ethylene-
diamine. The lower temperature slows the decomposition process and
results in increased stability for metal-methylamine solutions. The
results reported in this work are in agreement with the observations
reported in methylamine., This author concludes, therefore, that
Windwer and Sundheim have reported only the optical properties of very
unstable solutions rather than the true properties of relativity stable

solutions as reported in this work.
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Windwer and Sundheim (54) report the conductivity vs. apparent
concentration for potassium in ethylenediamine. These results are
not in agreement with the reproducible potassium conductivity data
reported in this work, Windwer (79) apparently made only one experi-
ment of this type in which he observed the conductivity and optical
absorbance as a function of time during decomposition of the solution.
From this observation he draws conclusions about the behavior of the
conductivity as a function of the concentration. A close analysis of
Windwer's data (79) leads one to conclude that he used an absorption
cell with a 0.1 mm. path length. Our experience has been that it is
impossible to pour or shake the solution from between the wirndows of
a cell having a path length of only 0.1 mm. It is difficult to understand
how “;indwer's procedure afforded a method for determining an
absorption spectrum-conductivity relationship which could then be
converted to a concentration-conductivity relationship, He followed
the decay of the 660 mp absorption band in his measurements and then
assumed that Beer's Law is obeyed in order to obtain his concentration-
conductivity relationship. Since potassium-ethylenediamine solutions
contain three interconvertible species, one certainly would not expect
Beer's Law to hold for such a system. It seems reasonable that the
experimental procedure used was not sufficient to enable him to
obtain quantitative and reproducible results.

Windwer (79) has also reported that in all cases the optical
absorption decreased linearly with time, This is again in direct con-
flict with this work. He also states that the absorbance in different
regions of his optical cell decayed at different specific rates. These
observations are by no means consistent with homogeneous decompo-
sition but indicate that his absorption cells were not properly cleaned
and traces of impurities decomposed the solution at different rates in

different regions of his cell. Since Windwer had different
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decomposition rates in different regions of his cell, there must have
been diffusion of solute from one region of the cell to another and

decomposition studies would not be expected to be very reliable.

D. Nature of the Alkali-metal Ethylenediamines Solutions

1. The models for metal-ammonia'solutions., The cavity model

does not account for metal dependence of any specie and treats the
solutions of the different alkali metals as being essentially the same,
This model describes the properties of these solutions in terms of
the state of the electron. The spectra and conductivity of different
metal-ethylenediamine solutions has been shown to differ greatly
with metal and therefore this model cannot be a complete one for
metal-amine solutions.

The cluster model or Becker, Lindquist, Alder (43) model cannot
account for the slow conversion of the visible specie into the infrared
species as found in this work. This model also cannot account for
the metal dependence of the 845 mp, 890 mpy and 1030 mp peaks
observed in solutions of potassium, rubidium and cesium in ethylene-
diamine respectively and also seen for potassium and cesium in
methylamine., The cluster model postulates that the species involved
are essentially independent of the metal but depend upon concentration.
This model must also be discarded as a possible model for metal-

amine solutions.

2, A new model. We have proposed a new model for metal-amine

solutions. Only the essence of this model will be presented here.

A detailed discussion will be given in a separate publication. This
model is based on available data from the literature as well as this
work. It pictures three types of solute species which account for the

physical and chemical properties of metal-amine solutions.
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The infrared absorbing species. The infrared absorption band

is broad in shape and has essentially the same form as the infrared
band observed in metal-ammonia solutions., The conductivity of dilute
cesium solutions which show only this infrared absorption band seems

to approach that of sodium in ammonia when corrected for viscosity.
The behavior of the conductivity of lithium in ethylenediamine can
readily be explained if the infrared absorbing specie is considered

an extremely good conductor. These arguments lead one to conclude
that the species responsible for the infrared absorption in metal-

amine solutions are similar to the species that are present in metal-
ammonia solutions. We assign the infré.red absorpti'on band to solvated
electrons. Since ion pairing between solvated electrons and solvated
metal ions apparently does not appreciably affect the optical properties
of the solvated electrons in liquid ammonia (46), the species responsible
for the infrared band in a low dielectric medium such as ethylene-
diamine can be pictured as solvated electrons, ion pairs between
solvated electrons and solvated metal ions plus ion triples, quadrupoles,

etc. We term these species collectively as polarons.

The 660 mp absorbing specie. We have shown in this work that

a metal core is required to form the specie absorbing at 660 mpy.

The metal ions Li+, Na+, and K+ can form the necessary metal core
readily while Rb+ ions seem to be less favorable and Cs+ ions are not
satisfactory since cesium solutions do not exhibit the 660 mp absorption
band. It has also been shown in this work that the conversion of the

660 mp absorbing specie into the infrared absorbing species is a slow
process. This slow conversion suggests strongly that a covalent bond
is broken. The spectral data of this work have also shown that the

660 my absorbing specie is independent of metal both in position and

shape. Shatz (51) reported the absorption spectra as a function of
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concentration for lithium-methylamine solutions. The results of his
work indicate that the visible absorbing specie is dimeric,

We picture the metal core of the 660 myu specie to be a one-
electron-bonded molecule-ion, Mz+. This conclusion is in agreement
with the fact that the bond strengths of the molecule-ions Liz+ and Naz+
in the gas phase are greater than those of the molecules Li, and Na,
by approximately 35% (80,81). The break-up of this molecule-ion
can account for the slow conversion of the peak to the infrared absorp-
tion. We postulate that the optical electron is trapped by the potential

of the solvated molecule-ion in such a manner that its optical properties

are independent of the metal.

The intermediate absorbing species. The intermediate absorption

peaks at 845, 890, and 1030 mp for potassium, fubidigm and cesium
respectively correlate well with the positions of > u < 3¢
transitions for the gaseous M; molecules (82). The species absorbing
in the intermediate range are therefore postulated to be solvated metal
dimers similar to the gas phase dimers. These dimers interact with
the solvent through van der Waals-type forces so that the effect of the
solvent upon the spectrum would not be expected to be large,
Straightforward thermodynamic calculations based upon bond energies
in the dimer and the solid metal show that no detectible dimer form-

ation would be expected in solutions of lithium and sodium.

E. Kinetics of the Reaction of Solvated Electrons
with Water

The principle result obtained in this work is the first-order
dependence of both the electron and water concentration on the reaction
rate. The simplest explanation of this result would be the assumption

of a rate-limiting step 1 —> 2 in the scheme
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1 2 3

e + HHO & H + OH" - - > H,
This scheme requires that the reaction 2 —> 3 must occur fast enough
so that there is no appreciable reverse reaction 2 —> 1, The
simplest reaction by which H atoms can disappear is recombination.
The reaction might be as fast as diffusion controlled, i.e. ,- k3 = 107
to 10'° 1., mole-! sec-!. Jortner (10) has reported a second-order
rate constant of 6 x 10° 1. mole-! sec~! for the reaction 2 —> 1 in
water., It is apparent that in neutral solutions the reaction 2 —> 1

will not compete with 2 —> 3,

There must also be some hydrolysis according to:

EDA + H,O0 = EDAH+ + OH

The ion EDAH+ can react with the electron, and preliminary experi-
ments showed that the rate constant of this reaction is large, at least
>> 10% 1. mole~! sec~!. The maximum extent of this hydrolysis was
estimated from conductance measurements (83). These results showed
that

[EDA H'] [OH"]

[EbAI[H,0] — < 10

This same constant in water as a solvent is much larger. Even if
some hydrolysis takes place, the concentration of EDAH+ seems to
remain low enough to keep the rate k[e'][EDAH+] negligibly small.
If this were not the case, then the linear relationship with [H;0] up
to a water concentration of 5 moles/liter certainly would not hold.
It seems most probable that the extent of hydrolysis is too small to
compete and reaction 1 —> 2 occurs instead.

If scheme (1) is complete and correct, then it would not be
possible to observe the intermediate as was the case. Also in two
preliminary experiments in which KOH was added to the water

(OH™ > 1073 M) no effect on the rate was observed. Using Jortner's
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rate constant, one would expect some observable competition from
the reaction 2 —> 1 if the concentration of hydrogen atoms exceeded
about 107¢ M,

The first-order behavior observed over a range of water concen-
trations of 8,8 x 103 to 5 molar can only be consistent with the rate
limiting process for the disappearance of the electron involving the
direct reaction of the electron with the water. Also the value for the
second-order rate constant (25 1. mole~! sec-!) seems reasonable
since extrapolation to pure H,O gives k = 1,4 x 103 sec:! for the
decay of the electron in pure water. Recently Czapski and Schwarz (8)
reported k < 10* sec™' from experiments on the radiolysis of water.
These values are in good agreement.

Our observations are not exteﬁsive enough at the present time
to allow one to determine the nature of the intermediate which forms
when the electron reacts with water. It is clear, however, that in our
system electrons and water molecules do not simply react to give
products. In fact the rate of build-up of the intermediate suggests
that even the intermediate is not formed directly. This suggests that
the hydrogen atom might be associated with the intermediate,

The results of run no. 2 indicated the stoichiometry of the rate
expression to be proportional to [HZO]%-[e']. This result is not con-
sistent with the results obtained in run no. 1 for which the conditions
were nearly the same. The high cesium concentration and stability
of the solution used in run no. 2 suggests that Cs, dimers were prob-
ably present in this solution. Therefore the rate dependence observed
in this run may be’'due to the reaction of cesium dimers with water.
This argument is consistent with the conclusion that the different
species present in metal-ethylenediamine solutions react by different
mechanisms and rates as indicated by the decomposition rate studies.

For sodium solutions, the results obtained from kinetic and visual
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observations showed the 660 mp absorbing specie reacts much slower
with water than does the solvated electron. Our kinetic data in the
case of sodium solutions, however, are too limited to draw any valid
conclusions about the kinetics of this reaction except to suggest that

the disappearance of the 660 my specie is zero order in this specie.

F. Future Work

The slow conversion of the specie absorbing in the visible region
is an important result that should be confirmed by further experi-
mentation. Hohlstein and Wannagat (50) have shown that the vizikle
peak of sodium in methylamine can be converted to the infrared
absorption by the addition of ammonia. If one part of a solution of
sodium in methylamine which contains only the 660 mpu absorption
peak were mixed with ten parts of liquid ammonia, the 660 specie would
then be converted to polarons. The polaron should form from a free
electron in 10™!! sec. (84) so that the observable conversion will be
the slow step connected with the break-up of the 660 mp absorbing
species,

The rate of formation of the 660 absorbing specie could also be
studied by mixing sodium iodide solutions or decomposed sodium
metal solutions with dilute cesium-ethylenediamine solutions. This
rate should be within the range of flow techniques.

More information about the role played by the cation in forming
the 660 mp specie could be gained by addition of salts containing a wide
variety of cations to these metal solutions.

The absorption spectra as a function of concentration for metal-
ethylenediamine solutions would also be of interest, Such data would
allow an estimation of the equilibrium constants for the species involved
in these systems. This would allow one to make a better correlation

of spectra and conductivity data.
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The absorption spectra of cesium-methylamine and ethylamine
solutions should be measured in order to determine whether these
solutions have the same spectral properties as observed in this work
for cesium in ethylenediamine.

The conductivity of sodium in methylamine is of interest since
this information would help to clarify the anomalous conductivity
behavior reported in this work for sodium in ethylenediamine. The
conductivity of cesium in methylamine should be repeated since this
solution should exhibit conductivity in the dilute region comparable
to the metal-ammonia system.

The nature of the decomposition reaction of these solutions
should be investigated more fully. Windwer (79) has reported that analy-
sis of the gaseous decomposition products using a mass spectrometer
showed the presence of hydrogen and nitrogen in the ratio of two to one.
This observation should be repeated.

There are some interesting solubility experiments that could be
performed. Since I, dissolves in a number of nonpolar solvents, the
same forces that are responsible for its dissolution should also dissolve
the highly polarizable Rb-Rb and Cs-Cs molecules. This would give
added evidence for the existence of gas-like metal dimers in metal-
amine solutions,

There are a number of points in the kinetic studies of the re-
action between the solvated electron and water that need further
investigation. The nature and kinetics of the intermediate which was
observed in this work should be studied. The effect of excess OH~
ions on this reaction as well as the rate of reaction with EDAH+ ions
should be investigated. These same measurements should also be
made using liquid ammonia solutions in order to determine.the role

of the solvent and temperature in this reaction.
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Kinetic studies of the reaction between cesium solutions having
the 1030 absorbing specie and water would help clear up the water
dependence observed in one of the flow runs of this work, Since
rubidium solutions in ethylenediamine show a large and very stable
890 mp peak, this specie when reacted with water should give the
same kinetic behavior as the 1030 mp specie of cesium solutions if
the two species are similar in nature. The kinetics of the reaction
of sodium-ethylenediamine solutions with water would be interesting
since this would give information about the kinetics of the reaction of
the 660 mp specie with water.

The kinetics of various electron attachment reactions should
be investigated. Information about the rates of these reactions would
be of interest since these reactions are essentially elementary kinetic
steps. They should be fast, and simple to interpret, since mechanisms

of elementary steps tend to be simple.
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