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ABSTRACT

SYNTHESIS AND PROPERTIES OF ALKALI METAL

18-CROWN-6 ALKALIDES AND ELECTRIDES

Dheeb Issa

Alkalides and electrides of alkali metals with 18-
crown-6 as a complexing agent were synthesized by various
procedures and the properties of these salts were studied
by a number of different techniques. Two crystalline
sodide salts, Cs'18C6-Na~ and K'18C-Na~, were prepared.
Analyses of these salts verified the stoichiometry,
Csl8C6Na with no solvent present and K18CéNa (with, how-
ever, about 16% of amine solvent in the one sample analyzed).
These are the first alkalide salts which utilize 18-crown-
6.

Optical spectra of Csl8Cé6Na films showed one sharp
peak at 16,500 cm~ 1 attributed to the Na~ anion. Films
of K18C6Na showed a broad peak at 13,000 cm T and a shoul-
der at 10,000 cm l. Whether the peak at 13,000 cm T is

caused by overlap of Na and K peaks or a red-shifted Na
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peak is not known at this time. Powder d.c. conductivity
measurements showed that these salts are semiconductors
with average band gaps of 0.93 eV and 1.70 eV for
kt18c6-Na~ and cst18c6-Na”, respectively.

Films and powders of electrides were prepared from
methylamine solutions of cesium and 18-crown-6 in
various proportions. The properties of the electrides
were dependent on the ratio of the metal to crown used.
Optical spectra of films with R=1] showed a localized

peak due to e, while the films with R=2 showed a

"plasma type" absorption. EPR and magnetic suscepti-
bility studies showed that the behavior of electrides
with R=1 can be explained by the presence of two trapping
sites, while for electrides with R=2 the results
indicated a metallic behavior.

Films of electrides and alkalides were also prepared
by direct reaction of the alkali metals and 18C6 deposited
from the vapor phase. Optical spectra of these films
showed the trapped electron and/or alkali metal anions
can be obtained depending on the ratio of the metal to
crown ether used.

A crystalline electride, Cs+18C6-e_ was prepared
from equimolar solutions of cesium metal, lithium metal
and 18-crown-6 in a mixed isopropylamine-diethylether
solvent. The presence of lithium greatly stabilizes

the solution but the crystals are essentially free of

lithium metal. The lithium probably acts as a scavanger
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for radicals produced by solvent and/or crown ether
decomposition. Analyses of these crystals confirmed

the stoichiometry Csl8C6. Optical spectra of annealed
films showed a peak at 7,500 cm-l attributed to

trapped electrons. Powder d.c. conductivities of a
polycrystalline sample showed a semiconductor behavior
with an average band gap of 0.60 eV in the temperature
range -54°C to +10°C. The magnetic susceptibility

of crystals of Csl8C6 measured from 1.7 K to 300 K
showed that the compound is essentially diamagnetic,
with only about 1% unpaired spins. Single crystal EPR
spectra showed the presence of two overlapping lines.
One has g = 2.0023 and a linewidth of ~0.75 G, independent
of temperature from -135°C to +51°C. The other line has
a smaller g-value (+2.0016) and shows g-anisotropy upon
rotation. It has a linewidth which broadens from

n1.25 G at -135°C to 3.5 G at +31°C. This represents

the first synthesis of a crystalline electride.
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CHAPTER I

INTRODUCTION

Solutions of the alkali and alkaline earth metals in
ammonia, some other amines and ethers have been studied
for well over a century, and an extensive literature
exists in this field (1-6). The work described here
is based on that research. In the early 1970's Dye and
coworkers used crown ethers and cryptands as complexing
agents to enhance the solubility of alkali metals in amines,
which opened the door to a new field in alkali metal solu-
tion chemistry. 1In this section the background for the
research will be presented, beginning with metal ammonia
solutions (MAS). This includes the nature of the species
present in metal solutions, the solution properties, the
metal-nonmetal transition and solid metal ammonia and methyl-
amine compounds. The role of the complexing agents in en-

hancing metal solubilities is also described.

I. A. Metal Ammonia Solutions

Alkali metals dissolve in ammonia to a considerable
extent giving blue solutions when dilute and metallic

bronze solutions when concentrated. Sodium, potassium



and rubidium form saturated solutions at about 16 mole
percent metal (MPM). Lithium is soluble up to 20 MPM and
cesium to about 65 MPM (7). The solution properties range
from electrolytic in the dilute and intermediate concen-
tration ranges (<0.5 MPM) to metallic in concentrated solu-
tions (>8 MPM) with a nonmetal to metal transition occur-
ing between 2 and 9 mole percent metal. Very dilute metal

ammonia solutions (<10_3

M), contain solvated cations and
solvated electrons. Although the structure of the latter

is open to question, the most commonly accepted structure
for the solvated electron (based upon theoretical calcula-
tions) is that of an electron trapped in a cavity from
which one or more ammonia molecules have been excluded
(8-11). This model was proposed first by Ogg and developed
semi-quantitatively by Jortner. The cavity radius is

3.2 - 3.4 g, and the electron is stabilized by orientation
of nearest neighbor dipoles and by long-range polarization.
As the concentration increases cation-electron and electron-
electron interactions become important. However, the changes
in such properties of these solutions as optical spectra,
magnetic susceptibility, conductivity, density and activity
coefficient are nearly independent of the cation. This
suggests that if any new species are formed, they retain

the essential characteristics of the solvated cation and

the solvated electron. An ionic aggregation model has

been proposed which explains these properties (12,13).



Based on this model, ion-pairing occurs between M+ and
e;olv which forms a non-conducting ion-pair. The mag-
netic interaction between the electron spin and the metal
nucleus in this ion-pair is weak as shown by the small
paramagnetic shifts of the alkali metal cations in the
nmr spectra (14,15). Static susceptibilities (16,17) and
EPR spin susceptibilities (18-20) show that in addition

. c s + - . .
to ion-pairing between M and es sSpln-pairing occurs

olv’

to give diamagnetic states which become more predominant
as the concentration increases. This has been attributed

to the ion-triple, e_'M+°e—, although higher aggregates of

stoichiometry M2 and M2 might also form. As the metal

concentration is increased (3 < MPM < 9), the properties
change from non-metallic to metallic. Many theories have
been developed to explain the nature of this transition

(1) . The simple qualitative picture for this transition

is that, although a second electron may be added to a

2
trations eventually there is not enough ammonia to provide

cavity to form spin paired species e,”, at higher concen-
such sites. Therefore, the electrons are forced to enter
the conduction band at high concentrations resulting in
the non-metal to metal transition. Concentrated metal am-
monia solutions exhibit metallic characteristics. The
absorption spectra show plasma edges, predicted by the
Drude model for conduction electrons in a metal (21).

Figure 1 shows the reflectance spectra of Na-NH3 solution
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in the intermediate and concentrated regions (22). As

the concentration of the metal increases above 5.6 MPM,

the reflectance spectra show a very sharp drop at the plasma
frequency which is a collective resonance of the conduction
electrons. In contrast, the absorption spectrum of the
solvated electron consists of a distinct peak in the in-
frared which drops to low absorbance as the wavelength is
increased. The conductivity of concentrated metal am-
monia solutions is high (comparable to that of liquid
mercury) (23). The EPR spectra also show that concentrated
metal ammonia solutions are metallic (24) as indicated by
the asymmetric first derivative absorption curve predicted

by Dyson for highly conducting materials (25).

I. B. Metal Ammonia Compounds

In contrast to the well-investigated metal ammonia
solutions, relatively few studies have been made on metal
ammonia compounds. Lithium is known to form the compound

Li (NH calcium, barium and strontium form M(NH3)6 as

3) g
do europium and ytterbium (1l). The work that has been
done to date suggests that these "expanded metals" have
many novel and interesting structures as a result of their
low conduction electron density. Recent re-examination

of the crystal structure of Li(NH3)4 by Sienko and co-

workers (26) shows the presence of three solid phases at

different temperatures. All are indexed as body-centered



cubic, but with different space groups. Solid phase I is
stable in the range 89-82 K, solid phase II in the range
82-25 K and the third phase below 25 K. Glaunsinger and
Sienko (27) studied the EPR spectra of Li(NH3)4 in phase

I. The experimental results were fitted to the theoretical
lineshape equation derived by Dyson (25). In 1955 Dyson
formulated a theory to account for the diffusion of conduc-
tion electrons into and out of the region penetrated by the
EPR microwave-frequency field. For a metallic sample which
is thick compared to the skin depth (§) and with a relaxa-
tion time long compared to the diffusion time, the first
derivative lineshape is asymmetric about its center with
the low-field amplitude A greater than the high field
amplitude B. This is now known as the Dysonian lineshape

A

and results in 2.7 < B < 20. The EPR spectra of Li(CH3NH

2) 4
system have also been studied (28-30). The spectra indicate
an asymmetrical lineshape with 1 < % < 2.7. The magnetic
susceptibility of Li(NH3)4 and Li(CH3NH2)4 have been measured
over the temperature range 4.2 - 300 K. The results for
Li(NH3)4 (31) showed that the susceptibility is small and
positive and that it is temperature independent above 89 K.
In solid phase I (between 89 and 82 K) a smaller temperature
independent paramagnetism was observed, while in solid

phase II (from 82 to about 25 K), Curie-Weiss paramagnetism
was found which changed to antiferromagnetism below 25 K.

However, the magnetic behavior of Li(CH3NH2)4 is quite dif-

ferent (25). The susceptibility was found to decrease



with decreasing temperature showing a large drop at 155 K
which is believed to be the melting point of the compound
Li(CH3NH2)4. It then became constant and diamagnetic in the
solid phase. The hexammine compounds M(ND3)6 where (M is
Ca, Ba, Sr) show interesting structural features which are
worth mentioning. Powder neutron diffraction and x-ray
diffraction studies (32-34) show that within the complexes
the six nitrogens are arranged in an exact octahedron with
a rather long M-N distance. The neutron diffraction data
indicate that the ND3 molecules are nearly planar and have
two inequivalent sets of deuterons. One N-D bond is short
(~0.9 &), while the other two are extremely long (v1.4 K).
A second feature of the M-ND3 structure is its built-in
disorder. Although each ammonia molecule is coordinated to
the metal by its nitrogen, its "pseudo-trigonal" axis is
not coincident with the M'-N bond but makes an angle of
n13° with it. Based on the properties of these compounds
such as electrical transport, magnetic susceptibility and

magnetic resonance, these compounds constitute model ex-

amples of metals with low electron densities.

I. C. Electrons in Low Temperature Glasses

In 1962 the transient optical spectrum of the solvated
electron in water was discovered by pulse radiolysis
methods (35). Since that time transient solvated elec-

trons have been observed in a variety of other polar and



nonpolar liquids (36). One offshoot of this work was

the study of trapped electrons in glassy disordered media
at liquid nitrogen temperatures, and recently in the liquid
helium range on the picosecond and nanosecond time scales.
Electrons are usually generated by ionizing radiation, and
the formation of solvated electrons can be visualized kin-
etically as occurring in two stages (37,38). The first
stage is localization which depends upon the relative ener-
gies of the conduction electron level of the medium and the
energy of the localized electron state in the medium. The
second stage, after localization occurs is solvation, in
which the electron induces rearrangements in the surround-
ing solvent-shell molecules to create a geometry charac-
terized by the forces between the electron and the solvent
molecules. Electrons trapped in organic and alkaline ice
glasses all give broad absorption spectra in the visible

or near-infrared with long tails on the high energy side

of Amax and shorter tails on the low energy side (39).
These spectra have linewidths at half-heights ranging from
v 0.5 eV for hyvdrocarbons to >1 eV for some alcohols, and
trap depths which increase with increasing polarity of the
matrix molecules. The initial spectrum of the trapped
electron at <200 nsec in C2H50D glass at 77 K has Amax
1300 nm and shifts with time to a stable position near

540 nm. If 10-20 mol % of water is added to the ethanol,

the absorption band remains structureless but its maximum



shifts slightly toward the red (40). These time-dependent
spectral changes reflect the orientation of surrounding
molecular or bond dipoles around the electron in the pro-
cess of solvation. 1In 1975 Willard and co-workers (41)
conducted a series of bleaching experiments (on the spectra

of produced in 2-methyltetrahydrofuran (MTHF) glass)

eErap’
in which the optical density in the near infrared is reduced
at the bleaching wavelength and at longer wavelengths, but
the remainder of the spectrum is unaffected. They found
that the entire spectrum bleaches nearly uniformly when
1064-nm, rather than 1338-nm light is used. This indicates
that all electrons apparently have high energy tails. Trap-
ed electrons contribute differently to the optical density
according to their Amax' Consistent with the trapping model
suggested by the optical spectra, the linewidths of the EPR
singlet.of the trapped electron in glasses at 77 K does

not change indicating a symmetrical equilibrium environ-
ment, but as the polarity of the matrix molecules increases
the linewidths increases indicating increasing hyperfine
interaction with atoms along the walls of the trap as

the traps become deeper (42). The structure of the solvated
electron in different glassy media has been reported (43).
Most of the information about the structure came from op-
tical spectra and spin-echo studies. In agueous systems,

spin-echo studies of 10 M sodium hydroxide aqueous glasses

showed that the electron has only water molecules in its



10

first solvation shell. The electrons are solvated by six
water molecules, each with one of its OH bonds arranged ap-
proximately octahedrally around what is presumably the
center of the odd electron density. The distance to the
closest proton of the solvent water molecules is 0.21 nm
while that to the more distant proton is 0.36 nm. These
two distances, with an appropriate OH bond orientation are
consistent with the known structure of the water molecule.
The structure indicated that there are relatively strong
interactions between the solvated electron and the first
solvation shell. Another system that has been studied in
great structural detail is electron solvation in MTHF (43).
A quantitative model of the organization of molecules around
trapped electrons at 77 K based on electron spin-echo
studies indicates that three MTHF molecules are oriented
around each electron with the plane of each molecule per-
pendicular to a line from the center of the ring to the
electron at a distance of 3.7 &, and that the CH3 group 1is
on the side away from the center of the electron spin
density. The molecules of MTHF are oriented statistically
causing multiple environments for the electron. In 1975
Willard (41) proposed that, because the spectrum of sol-
vated electrons in MTHF showed three different peaks, the
structures ascribed to different discrete preferred orien-
tations of MTHF molecules would give different trap depths.

The structure of the solvated electron in glassy ethanol
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was also reported, which shows that the first solvation shell
consists of four molecules with the CD3 deutrons at 0.38 nm,

the CD2 deutrons at 0.33 nm and the OD deutron at 0.22 nm
from the electron. In methanol glasses the solvation shell
is 4 + 2 molecules with an electron to hydroxyl proton
distance of 0.23 + 0.02 nm and the OH bond points towards
the electron. In mixed matrix glasses, there is a single
absorption peak due to the electron and Amax shifts ac-
cording to the composition of the matrix provided the glass
is made from a mixture of similar types of molecules. By
contrast when a glassy matrix is made from different mole-
cules, two distinct absorption peaks characteristic of the
two components are found. The electron is initially trapped
in the less polar solvent and then moves to more polar
regions as it anneals. This could also be due to solvent
orientation effects. Electrons generated in single carbo-
hydrate crystals show similar properties to those in glassy
media (44,45). The electron g-value is nearly the same as
that of the free electron. In both media the EPR absorption
can be bleached by using visible light and electrons in
single crystals show strong anisotropic hyperfine inter-
actions with the hydroxyl groups. However, the traps in
single crystals are shallower. It is of interest to note
that in single crystals only a single trapping site is
utilized even though many of the crystal structures offer

more than one site. There are several theoretical models
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to explain the structure of solvated and trapped electrons.
They have been reviewed by Feng and Kevan (46) and only

two of them will be mentioned here, since the others have
failed to explain satisfactorily the properties of solvated
electrons. Even the two models described here are con-
troversial. The continuum model was first formulated
mathematically by Jortner (47). In this model the medium
is assumed to be a polarizable continuous dielectric, and
the electron is assumed to be located physically in a
spherical symmetric cavity. At distances outside the
cavity, the electron interacts with the continuous di-
electric through a % Coulombic potential, while within and
at the cavity boundary R, the potential remains constant.
The semi-continuum (48,49) model considers the electron to
be at the center of the cavity surrounded by a fixed number
of solvent molecules which are arranged symmetrically.
These solvent molecules interact with the electron to give
short-range interactions which account for the values of
electronic energy levels. Outside of the solvation shell
is the dielectric continuum. However, there are still
several arguments about these models. In 1980 T. Ichikaw
and H. Yoshida (50) proposed a cavity model for localized
electrons in nonpolar media. In this model, the depth of
the potential well was derived from the Hartree-Fock molecu-
lar potential and the polarization potential. It was found

deep enough to account for electron localization. They
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found that the energy of quasifree electrons, the total
energy for electron localization and the cavity radius
(estimated from the simulation of the absorption spectra)
were in reasonable agreement with the experimental data
available for the 3-methylpentane glassy matrix used in the
study as a typical example. Another theoretical formalism
was developed by Banerjee and Simon (51). In their formula,
the Hamiltonian was written as the sum of electronic and
vibrational contribution of the system which includes a
trapped electron plus solvent. The absorption band shape
results from two major contributions, the localized (bound-
bound) transition which makes the largest contribution and
the nonlocalized (bound-free transitions). The latter, with
the effect of rotational-translational contributions ac-
counts for the asymmetry of the absorption band. The model
was found to explain successfully the absorption spectra

of excess electrons in ethanol and anthracene glasses, sug-
gesting that this model might be a general model for excess

electrons in condensed media.

I.D. F-Centers

F-centers are defined as anion vacancies in an ionic
lattice occupied by electrons. Their characteristic
color (from which they got the name "color centers") is
due to an interaction, or series of interactions, between

excess electrons and negative vacancies. F-centers have
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been studied most completely in alkali halide crystals.

The optical spectrum of an F-center consists of a broad
absorption band, described as a bell-shaped curve. The
wavelength at which the absorption peak occurs varies from
250 nm for LiF which has the shotest interionic distance to
785 nm for CsI with the longest interionic distance (52).
Mollow first reported a relation between Vm (the frequency
of the absorption maximum) and the inverse square of the

2 for the NaCl

interionic distance a. v = (in eV) = 20.7 a
structure. Later this equation was modified to give a
better fit. The new relation known as the Mdllow-Ivey

relation is v (in eVv) = 17.6 a~1-84

. The temperature ef-
fect was studied by Mollow and others. It was found that
the absorption (A(v)) drops off faster towards the red-end
of the peak than towards the violet, and that the shape is
more symmetric at higher temperatures. Pressure also af-
fects the peak; as the pressure increases, the position of
the peak shifts toward higher energy and the peak gets
broader. Studies of the EPR spectra of F-centers show that
the g-values vary slightly depending on the system, but
that all the g-values are close to 2.0 (53). The line-
widths are very broad because of hyperfine interactions

of the electron with its nearest neighbors. 1In 1975 Schin-
dewolf (54) studied the optical absorption spectra of ex-

cess electrons produced by electrolysis in melts of alkali

halide salts in the temperature range 600-900°C. As expected,
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the position of the peak varied with temperature. The rela-
tive half-width (half-width/peak position) of the spectra

is almost 1, and a quadratic relation similar to that given
by Mollow was obtained but with a wider spread of data and

a steeper slope than for solids. This was explained by
assuming that the cavity radius of the electrons in melts

is larger than in the corresponding solids.

I.E. The Metal-Nonmetal Transition

A metal-nonmetal transition occurs in many crystalline
and disordered systems. There are several theories which
explain the transition and which will be reviewed here in
a qualitative manner. Mott (55) first showed that a
metal-nonmetal transition can occur if the lattice spacing
is varied. When the electrostatic repulsion between elec-
trons equals the band width a transition to the conduction
state occurs. Using a screening constant, Mott calculated
the criterion on the atomic density for the metal-nonmetal
transition as

nl/3 a. = 0.25

where n is the electron density and ay is the Bohr radius
of the isolated species. This relation was found to be
empirically applicable to several systems (56) when an

"effective" Bohr radius is used together with a critical
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electron density n,

nl/3 a, = 0.26

In his approach, Hubbard (57) viewed the problem in terms
of band theory. 1In isolated atoms the bound energy levels
of the electrons are discrete. When the energy levels
overlap they smear out into bands with a bandwidth w.

If u is the electrostatic repulsion energy at a particular
site, then when g > 1.15 a transition from nonmetal to
metal occurs. Later Mott found the condition for the
transition is % ~ 1, hence the theory has been advanced

as the Mott-Hubbard model. Anderson's approach (58) was
based on the assumption that the lattice is composed of
potential energy wells with variable depths with Vo being
the spread in energy. Using w, the band width, as in the

Hubbard model, a metal-nonmetal transition occurs at

w
V;m 0.5 for 2 = 6, where Z is the number of nearest neigh-

bors. A combination of the Mott-Hubbard and Anderson's
models has been used to explain the metal-nonmetal transi-

tion in systems such as Li(CH3NH2)4 solutions (30).

I.F. Alkali Metal Anions

It has been known for some time that the alkali metals
dissolve in a number of amines and ethers, giving blue

solutions with one or two broad absorption bands. One
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of these, in the infrared region at 1200-2000 nm corresponds
to the metal-independent band of the solvated electron. The
position of the other band depends upon the metal, solvent
and temperature and the absorption peak is strongly asym-
metric on the high-energy side (59). These features are
characteristic of the so called charge-transfer to solvent
(CTTS) bands of other anions such as the halides. Figure 2

shows the spectra of Na , K, Rb , Cs~ and e

soly iR ethylene-

diamine (60). The infrared shoulders observed for solutions of
potassium, rubidium and cesium are attributed to the sol-
vated electron and the ratio of this absorbance to that of
the anion depends strongly on concentration as indicated by
the following equation.

MT M+ 2e] o
Matalon, Golden and Ottolenghi showed that the wavenumber
of maximum absorbance of the alkali metal anions varies
inversely with the estimated anion radius, in accord with
the predictions of CTTS theory (60). The observed £em—
perature dependence of the peak position is also predicted
by this theory. The oscillator strength (61), Faraday
effect (62) and formation of Na in pulse-radiolysis studies
(63)all supported the assignment of the metal-dependent
band to M . The strongest evidence for "genuine" alkali

metal anions in solution came from the 23Na NMR spectrum
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of Na~ in three solvents (64,65). The absence of a solvent
paramagnetic shift (compared with the gaseous anion) shows
that the solvent cannot interact strongly with the p
electrons of the alkali metal as it does in the case of
solvated cations. In addition, the narrowness of the lines
suggests that M~ is large and spherically symmetric. Later
observations of the NMR spectra of Rb- and Cs were also

in accord with this picture (65). Finally, in 1974 the
proof was completed when Dye and co-workers (66,67) iso-
lated and characterized a crystalline salt of the sodium
anion which was free of solvent. All of these observations
provide proof of the existence of alkali metal anions both

in solution and in ionic solids.

I.G. Nature of Alkalides and Electrides

After the synthesis of crown ethers by Pedersen (68)
in 1967 and cryptands by Lehn (69) in 1969, Dye and co-
workers used these macrocyclic compounds as cation complex-
ing agents. They found that 18-crown-6 greatly enhanced
the solubility of metals in amines and ethers, and that
the cryptands were even better complexing agents. This
work also expanded the range of solvents in which the alkali
metals could be dissolved (70-72). The equilibria in

metal solution can be described as
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2M(s) T MY+ M™ (1)
- -

M oM+ esolv (2)
> ot -

MIM +e_ o (3)

Depending on the metal and solvent used, the species o1y’

M~ and M can be detected. When a complexing agent is added

to the solution, the complexation equilibrium (4) occurs

M+ CZIMC (4)

This will shift the equilibria in 1 and 3 to the right.
Depending on the solvent used, either e of M or both can
be produced. Another characteristic of the cryptand complex-
ing agents is that M'C consists of the bare cation trapped
in the cryptand with no solvent included. Other important
properties of these complexing agents are their high
stability, high selectivity towards various cations and
ability to shield the cation from the solvent environment.
By controlling the ratio of the complexing agent to the
metal it was possible to differentiate among various models
for the solution structure of M in amines and ethers.

This was done by Dye, Ceraso and Andrews by using alkali

metal NMR (64,73). 23

Na NMR studies for solutions of
sodium bromide and C222 cryptand at several mole ratios in

+
various solvents showed separate peaks for Na+ and Na C222
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which merged into a single peak as the temperature was
increased. Therefore, because of the slow release of

Na+ from the complex it was possible to obtain separate
signals due to Na+C and Na~ for solutions which contained
C222 and sodium in a 1:2 mole ratio. The position and
linewidth of the signal from Na+C coincided with those ob-
tained for solutions of simple sodium salts in the pres-
ence of the cryptand. The signal from Na is extremely
narrow and is shifted diamagnetically from that of the
cation in the same solvent. The absolute chemical shift
of the Na resonance is practically the same as that of
gaseous Na and is independent of the solvent. These
results showed that the sodium p-electrons in Na are
well-shielded from interactions with the solvent molecules.
The narrowness of the line indicated that Na is highly
symmetric, and the solvent-independence strengthened the
overall conclusion that Na is a spherically symmetric anion
with two electrons in the 3s-orbitals. It was also pos-
sible to obtain the NMR spectra of Rb- and Cs . Solvent-
free solids have been obtained from concentrated alkali
metal amine and ether solutions which contain complexing
agents. This has been done in two ways: £first by slow
cooling of relatively concentrated solutions to form crystals
of M+C-N—, ("alkalides"), and second, by evaporating the
solvent to dryness leaving a precipitate with the composi-

tion mtc.e” ("electrides"). Early attempts to grow crystals
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from solutions of sodium and C222 resulted in the crystal-
lization of the compound Na'C222.Na~ (66,67,74). This com-
pound has been fully characterized. The crystals are
stable for long periods of time in vacuum or in an inert
atmosphere at about 0°C (at least several years). The
crystals are, however, sensitive to air, water, high tem-
peratures and light. The stability of the crystals made
it possible to determine the crystal structure. The x-ray
structure showed that the two sodium moieties are in dif-
ferent environments in the crystal. One is inside of the
cryptand and the other is outside of the cryptand. The
sodium anions form parallel planes separated by the cryptated
sodium cations. The cryptand has three-fold symmetry and
an antiprismatic oxygen atom arrangement about Na+. The

Na -N closest distance is 8.83 &, the Na-N closest distance
is 5.55 & and the Na -0 distance is 5.76 8. Although the
compound appears metallic, conductivitv measurements showed
that it is a semiconductor. After the synthesis of
NatC222.Na” a number of different kinds of crystals which
used different cryptands and metals were prepared. How-
ever, the instability and/or poor quality of these crystals
made them unsuitable for x-ray structural studies. At

the beginning of the present research none of these
crystals had been completely analyzed or characterized.

The second type of compound, called "electrides", were

studied by optical spectroscopy, electron paramagnetic
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resonance, microwave conductivity and magnetic suscep-
tibility, and the properties of these electrides will be
reviewed here (75-78). Dry films made from ammonia solu-
tions of potassium and C222 with a metal to cryptand ratio
R = 1 yielded time-dependent spectra with two peaks; one

1

at 11,000 cm — (900 nm) attributed to K, and the other at

6500 cm 1

(1800 nm) corresponding to the trapped electron.
With time, the K peak decayed to a shoulder and the absorp-
tion of e; increased. The final spectrum showed a "plasma-
type" absorption spectrum similar to that of conduction
electrons in concentrated metal ammonia solutions. The

EPR spectra of solid K-C222 with R = 1 showed that the

ratio of the low-field derivative peak to the high-field

peak A is larger than 1. This result is one characteristic

B’
of a metallic system as shown by Dyson. The spectra showed
that multiple lines appeared below 77 K and that the system
may be anisotropic. X-band microwave conductivity studies
of a cryptand-rich K'C+e~ sample indicated that the solid

is highly conducting in the microwave region. Another

type of electride which was investigated more thoroughly

is that formed with lithium and cryptand C211 (79). The
properties of LiC211l electride depend on the mole ratio of
metal to cryptand, R. Films from solutions with R < 1.15
have an absorption spectrum with low far-infrared absorbance

1

and peaks at 5000 cm ~ and 7000 em !, and a high energy

shoulder at ~12000 cm t suggesting that the electrons are



24

trapped in several different non-equivalent environments.
On the other hand, dry films with R = 2 showed a "plasma"
edge presumably due to conduction electrons. A metal non-
metal transition apparently occurs between R = 1.5 and R= 2.
The EPR spectra of Li'C21ll-e” showed that the g-values are
at or near the free electron value, 2.0023, the linewidth
AHp_p is only about 0.5- 0.6 Gauss, but below 60 K the
linewidth increases gradually to 1.5 Gauss at 3 K. The

% ratios are less than 1.25 even for samples which showed
metallic character. Except for a sample with R = 1.5, all
samples showed at least one additional EPR peak at low
temperatures. The EPR spectra showed that there is a
tendency for the spins to pair as the temperature is de-
creased. There was apparently only a single spin-pairing
process in the sample for which R = 1.57. This sample

also showed only one peak in the optical spectrum. Systems
which showed more than one peak in the optical spectra ex-
hibited two spin-pairing processes. Static magnetic sus-
ceptibility measurements (80) verified the EPR results, which
showed that the number of unpaired spins tends to decrease
as the temperature is decreased. The temperature of maxi-
mum susceptibility ranged from 70 K for the system with

R = 0.6 to 20 K for the system with R = 1.57. The sus-
ceptibility approached zero at low temperatures and the

number of unpaired spin (based upon a Curie-Law approach)

varied exponentially with % down to 3 K. Except for the
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most homogeneous sample (R = 1.57), it was difficult to
describe the behavior below the temperature of maximum
susceptibility. Above this temperature the susceptibility

was described by the spin-pairing equation

2 2
£ Navg 9 Vg

Xm = RBT[B + exp(-J/kBT)]

(5)

in which f is the fraction of electrons which participvate an
J is the Heisenberg exchange integral. At high tempera-
tures the above formula approaches the Curie-Weiss Law.

The fit to a spin-pairing equation does not necessarily
imply only pair-wise interaction of the electrons. How-
ever, the presence of several trapping sites and the lack

of information about the structure made it impossible to

interpret the data quantitatively.

I.H. Alkali Metal Crown Ether Systems

The macrocyclic polyethers first reported by Pedersen
(68), the so-called crown ethers, are known to be effective
in increasing the solubility of inorganic salts in non-
polar media (81-87). The common factor governing all these
processes is the ability of crown ethers to form stable
complexes with cations. These complexes are mostly of

1:1 stoichiometry where the cations are held in the crown
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ether ring by ion-dipole forces. The stability of crown-
ether complexes depends on several factors; these include
cavity size of the ligand, cation diameter, spatial dis-
tribution of ring binding sites and the type of solvent
used. Very stable complexes can be formed when there is

a good match between cation and crown ether with respect

to size. However, the results of Izatt et al. (88) con-
firmed that correspondence of ligand ring cavity "size"

to cation size is an important factor in determining the
stability of complexes formed with cations small enough to
enter the ligand cavity. Specifically, those cations

which exactly fit the ligand cavity are bound more strongly
than those which are too small. However, among cations which
are too large to enter the ligand cavity, size correspon-
dence is not predominant in determining cation selectivity,
which is then governed by other factors. The cavity size
of 18-crown-6 is large enough to allow entry of all alkali
metal cations except Rb' and Cs+. The selectivity of 18-
crown-6 towards K' has been demonstrated. On the other
hand, for cations whose radii are larger than the hole
size, sandwich complexes can be formed in which the cation
is located between two molecules of crown ether (68,89,90).
The formation of such complexes was detected by alkali metal
NMR techniques (91). Crown ethers were used in the early
1970's by Dye and co-workers (70) to enhance the solu-
bility of alkali metals in amine and ether solvents. It

was found that the crown ethers form stable complexes with
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alkali metal cations. These complexes were detected by
alkali metal NMR (93). Evaporation of alkali metal solutions
in methylamine which also contain 18-crown-6 produces dark
blue film or powders which apparently contain complexed
alkali metal cations and either trapped electrons, "elec-
trides", or alkali metal anions, "alkalides", depending on
the ratio of the metal to crown ether. Previous studies

on "electrides" and "alkalides" of alkali metal 18-crown-6
systems have concentrated on the optical spectra of thin
films made from solutions containing Na, K, Rb and Cs with
18-crown-6 (75,76,78). The optical spectra of films made
from sodium 18-crown-6 solutions with R = I%%%%T = 2,
showed a strong band at 16,000 cm-1 characteristic of Na ,
as well as, a small broad peak at 25000 cm-1 and a shoulder

at 19000 cm-l. Potassium films with R = 2 have a strong

1

absorption band at 12,200 cm © and a pronounced shoulder

at 9000 cm~ !, while films made with R = 1 have bands at

1 and 6500 cm™1. The peak at 12000 cm 1 is

1

12,000 cm~

1

probably that of K , while those at 9000 cm ~ and 6500 cm™

may be caused by trapped electrons. Films of Rb with 18-

1 and

crown-6 with R = 2, show absorptions at 12000 cm
9100 cm™ ' which are assigned to Rb~ and e;, respectively,
with the band of e; shifted to higher energies probably
by interaction with Rb . However, the behavior of Cs
18-crown-6 films is different. Films formed from solu-
tions showed a single band at 6400-6700 cm-l which prob-

ably originates from a trapped electron. The EPR spectra
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of Cs 18-crown-6 with R = 0.5 consisted of a single line
with g-value 2.0022 + 0.0001. The linewidth changed from
0.36 G at 214 K to 0.54 G at 106 K. Several attempts to
produce crystalline alkalides by using 18-crown-6 as the
complexing agent failed, perhaps this was due to the use
of unsuitable crystallization solvents. In addition,
characterization of the cesium 18-crown-6 electrides was
fragmentary. Therefore, a thorough investigation was re-
guired to prepare and characterize "alkalides" and "elec-
trides” which utilize 18-crown-6 as a complexing agent.
The objectives of the present work can be summarized as

follows.

1. Preparation and characterization of powder and/or
film electrides which are formed from cesium and 18C6.
Several Cs-18C6 systems were prepared by using different
solvents and different metal to crown ratios. The prop-
erties of these systems were studied by optical and EPR
spectroscopy, microwave conductivity and magnetic
susceptibility. These properties will be discussed in
Chapter III.

2. Attempts to prepare and characterize alkalides
by using 18C6 as a complexing agent resulted in the prepara-
tion of two crystalline sodide salts cs*18c6-Na” and
k'18C6-Na~. The properties of these new alkalides will
be discussed in Chapter 1IV.

3. Explore the possibility of preparing alkalides
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and electrides by direct vapor phase deposition. Pre-
liminary experiments showed this to be possible and the
films prepared were characterized by optical spectroscopy.
The experimental procedure and the optical spectra will
be presented in Chapter V.

4. Finally, the major breakthrough in this research
was the first successful preparation of a crystalline elec-
tride, Cs+18C6-e-. This experiment opens the door for the
preparation of other new crystalline electrides. The syn-
thesis and properties of this crystalline electride will

be discussed in Chapter VI.



CHAPTER II

EXPERIMENTAL

II.A. Materials

II.A.1. Complexing Agents

18-crown-6. IUPAC: 1, 4, 7, 10, 13, l6-hexaoxacyclo-
octadecane (18C6). (Purchased from PCR, Inc. or Parish)
was recrystallized from warm acetonitrile to give the crown-
acetonitrile complex (93). The crown ether obtained by
vacuum decomposition of the acetonitrile complex was then
sublimed under high vacuum at 60°C and stored for further
use. It is recommended that the purified 18C6 be stored in

the dark in vacuo or under an inert atmosphere.

II.A.2. Solvents

After purification, all solvents were stored in vacuum
storage bottles and were degassed by freeze-pump-thaw

cycles before use.

Ammonia: Ammonia (anhydrous, 99.99% Matheson) was
treated twice with Na-K alloy, ratio 1:3 then transferred

to a vacuum storage bottle.

30
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Methylamine (MA): Methylamine (98% Matheson) was stirred

over calcium hydride for about 48 hours. It was then treated
with Na-K alloy until the characteristic deep blue color
remained for at least 48 hours at room temperature. The
solvent was then vacuum transferred to a vacuum storage

bottle.

Ethylamine (EA). Ethylamine (anhydrous, Eastman Kodak)

was treated in the same way as methylamine.

Isopropylamine (IPA). (Anhydrous, Eastman Kodak) was

first dired over calcium hydride, then degassed by freeze-
pump-thaw cycles. It was then treated with excess Na-K
alloy over benzophenone until the characteristic violet
color remained for at least 72 hours at room temperature.
The solvent was then vacuum transferred immediately to a
vacuum storage bottle. The violet benzophenone ketyl

served both as a drying agent and a dryness indicator.

Diethyl Ether (DEE). Ether (Fisher) was treated in

the same way as isopropylamine.

II.A.3. Metals

Cesium. This metal (a gift from Dow Chemical Co.)
had been previously transferred into sealed glass ampoules
with breakseals. The metal was stored under vacuum in

measured small diameter glass tubes (2-8 mm O-D) with sealed
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ends. Vacuum transfer of the metal to these tubes was ac-
complished as follows. The ampoule with breakseal was
attached to the distribution apparatus shown in Figure 3.

After evacuating the apparatus (<1 x 107°

torr) and breaking
the breakseal, the metal was heated and allowed to run

into the reservoirs after which vacuum seal-offs were made
at the constrictions. The metal was heated and allowed to
run down into each of the tubes which had known internal
diameters. Due to the possible contamination of cesium
with sodium from sodium borosilicate glass, it is recom-

mended that the final distillation of cesium should be

made in a fused silica apparatus (94).

Sodium, Potassium, and Rubidium. These metals (Alfa-

Ventron) were supplied under argon in sealed glass am-
poules with breakseals. Total purities were 99.95%, 99.45%,
and 99.93% respectively according to the supplier. These

metals were treated in the same way as cesium.

Lithium: (Automergic Chemical Co. 99.99%). Lithium
was treated in an argon-filled dry box (95). A clean knife
was used to cut small pieces of lithium which were then
weighed on a model RTL Cahn Electrobalance inside the dry
box. Then each of the pieces was loaded into a 5 mm tube
sealed at one end. A cap to which polyolefin heat-shrink-
able tubing (Alpha-wire Corporation) had been previously
attached, was sealed onto the sample tube, providing a gas-

tight seal. After removal from the dry box, the end of the
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Figure 3. Apparatus for distribution of alkali metal under
vacuum.



34

tube containing the lithium was placed in liquid nitrogen

and a seal was made to remove the heat-shrinkable tubing.

II.B. Glassware Cleaning

A general method was used for all glassware cleaning.
The apparatus was first filled with an HF cleaner. This
cleaner contains 33% HNO3, 5% HF, 2% acid-stable detergent,
and 60% H20 by volume (96). After thorough rinsing, the
apparatus was filled with agua regia and allowed to stand
overnight. The apparatus was then rinsed thoroughly with

doubly distilled water and dried overnight in an oven at

nv150°C.

II.C. Sample Preparation and Instrumental Techniques

II.C.1. General Preparative Methods

(a) Electrides (CS-18C6) - The apparatus shown in
Figure 4 was used to prepare samples for the study of op-
tical and EPR spectra and magnetic susceptibilities. This
procedure permitted the same preparation to be used for all
studies in order to eliminate differences in behavior which
might arise from different preparations (for example, dif-
ferent crown-to-metal ratios). A known mass of 18Cé6
equivalent to the amount of Cs metal used was introduced
into the apparatus. The small glass tube which contained

cesium metal was scored around the middle and introduced
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Figure 4. Apparatus for preparation of powders and films
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into the apparatus sidearm. A piece of Teflon shrinkable
tubing was heated gently and sealed at the end of the side-
arm. The other end of the shrinkable tubing was then
sealed onto a short piece of glass tubing which had been
sealed at one end. Then the apparatus was connected to the
vacuum line. To avoid contamination of the manifold, the
connection was made through a tee and the tee was con-
nected to the manifold via an intervening liquid nitrogen

> torr and

trap. The apparatus was evacuated to ~1 x 10~
then removed from the vacuum tee with the valve closed. The
cesium ampoule was broken. (It was necessary to cool the
cesium prior to breaking since the melting point of cesium
is low and molten cesium reacts with the shrinkable tubing).
After breaking the ampoule, the two pieces were shaken down
into the sidearm and a glass seal-off was made behind the
pieces in order to remove the shrinkable tubing. The cesium
was distilled, and another seal was made at the constric-
tion in order to remove the pieces of glass. The solvent
bottle was then connected to the tee and the connecting
tubes were evacuated to V1 x 10-5 torr. The solvent was
distilled into the apparatus by keeping the temperature

of the apparatus lower than the temperature of the solvent
bottle. After introducing a reasonable volume of solvent,
the valves were closed and the apparatus was removed from
the vacuum line to an isopropanol bath at a temperature

of -40°C. The apparatus was allowed to stand for a period

of time with occasional shaking to dissolve the metal and
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the crown and to ensure complexation. Once the solution
had been prepared, it was poured gently into the sample
tubes for EPR and magnetic susceptibility measurements.

The solvent was evaporated slowly to avoid "bumping" by
keeping the temperature of the bulk solution in the main
stem at -78°C and that in the sample tubes at ~-60°C.

For some unstable electrides such as (CS)2(18C6), the

main stemwere kept at liquid nitrogen temperatures while
the sample tubes was kept at a temperature of -78°C. It
was necessary to wash the sample tubes several times to
bring the sample down to the bottom of the tube. After
removing essentially all of the solvent, the bulk solution
was frozen with liquid nitrogen, then the samples were
dynamically pumped for about 45 minutes to insure that

the samples were solvent-free. The sample tubes were then
sealed-off and stored in liquid nitrogen. The remaining
solution was used for studies of optical spectra. For
systems, such as CS18C6Li in which two metals were used

an additional side arm with a frit was added to the appara-

tus.

(b) Alkalides - The same general procedure used to
prepare electride solutions was also used to prepare solu-
tions of the alkalides. The apparatus shown in Figure
5 was used to prepare crystalline alkalides. After dis-
tilling the metals and making the seals, methylamine was

distilled into the apparatus. The solution was maintained
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Figure 5. Apparatus for the preparation of crystalline
alkalides.
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at temperatures of about -25°C, the methylamine was poured
back and forth between the main chamber A and chamber B in
order to dissolve the metals and the crown. After that,
the whole solution was poured into the main chamber A.

The methylamine was distilled out of the apparatus into

an evacuated empty bottle. Isopropylamine, which served

as a crystallization solvent was then distilled into the
apparatus. The solution was kept initially at ~-15°C to
dissolve all of the alkalide, and then cooled slowly to -78°C
and allowed to stand overnight during which time the crystals
precipitated from the solution. The supernatant isopropyl-
amine solution was poured into chamber B, frozen with liquid
nitrogen and a seal was made at the constriction. Then di-
ethylether was distilled into the apparatus to wash the
crystals and transfer them to part C. The diethylether
solution was poured back into the main chamber A, redis-
tilled onto the crystals several times to wash them and
finally frozen in the main chamber A with liquid nitrogen
and the final seal-off was made at the constriction. The
crystals were then distributed into the sample tubes which
were sealed-off and stored at dry-ice temperatures. 1In

the preparation of K+18C6°Na- a co-solvent of isopropyl-
amine and diethylether in a ratio of about 2:1 was used

for the crystallization rather than pure isopropylamine.
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II.C.2. Optical Spectra

Solutions were prepared in the apparatus shown in
Figure 4. However, films for optical spectra were formed
in the apparatus which consisted only of the main stem and
the reservoir side arm, all other arms having been sealed-
off. With the exception of the graded seal and the boro-
silicate glass vacuum valve, the apparatus was constructed
of fused silica in order to avoid sodium exchange contamina-
tion of the alkali metal solutions by contact with sodium
borosilicate glass (97). Films were formed in the optical
cell by leaving 0.2 ml of the solution in the cell, while
the bulk solution in the reservoir arm was frozen in liquid
nitrogen. During this process, the optical cell was kept
in a cold isopropanol bath and was shaken rapidly from
side to side about the axis through the side arm. This
rapid shaking splashed the solution onto the cell walls
where the film formed during the flash evaporation of the
solvent. It was necessary sometimes to repeat this process
to obtain films of proper thickness and uniformity.

Because of the nature of this method of film preparation,
films were often non-uniform, especially when a solvent of
high vapor pressure such as ammonia was used. It was noticed
also that slow evaporation of the solvent resulted in more
uniform films. In general, all films from methylamine

solutions were more uniform than those from ammonia
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solutions. Some of the films, classified as damp and wet
films were prepared by bringing the temperature of the
reservoir up to temperatures about 5-20°C below the optical
cell temperature. All optical spectra were recorded on a
double beam recording spectrophotometer (Beckman DK-2),
modified to permit control of the sample compartment tempera-
ture between -65°C and 0°C. An ethanol cooling bath (Neslab
Model LTE-9) provided rough temperature control for the
compartment and was augmented by nitrogen gas which flowed
through a coil immersed in liquid nitrogen. A copper-
constantan thermocouple placed near the cell provided the
signal for temperature readout (Doric Model DS-350). Spectra

1 1

were recorded from 4000 cm ~ (2500 nm) to 25,000 cm

(400 nm) for standard fused silica cells and from 3125 em™!

(3200 nm) to 25000 cm t

(400 nm) for infrasil cells. The
reference beam passed through air. The spectra were
normalized to a scale of 0.0 to 1.0 by subtracting a base-
line correction, setting the lowest absorbance to zero and
the maximum to 1.0 and then scaling the measured absorbance
at 500 cm-1 intervals. The baseline was obtained by

using the spectrum of an empty cell. It was necessary to

use a new baseline correction for each new run.

IT.C.3. EPR Spectra

EPR spectra were recorded on an x-band spectrometer

(Varian Model E-4 or Bruker Model 200) over the temperature
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range 3:6-225 K. Above 100 K, a variable temperature con-
troller (Varian) was used which utilized a stream of tem-
perature-regulated cold nitron gas. The temperature set-
ings were calibrated with a copper-constantan thermocouple
with digital readout (Doric Model DS-350). Temperatures
between 3.6 and 77 K were provided by a continuous flow
liquid helium system (Oxford Instrument Co., Ltd., Model
ESR 9). Digital temperature readout was based on an

(Au + 0.03% Fe/chromel) thermocouple just below the sample.

ITI.C.4. Magnetic Susceptibility

Samples for magnetic susceptibility were prepared in
4-6 mm o.d. "Spectrosil" fused silica (Thermal American
fused quartz). The sample was located in the bottom of
the tube. A seal was made about 1 cm above the sample
while the sample was immersed in liquid nitrogen. A small
fused silica hook was attached to the top of the sample
tube ("bucket"). Care was taken to avoid contamination
of the bucket and the hook during seal-off and handling.
For example, handling the hot quartz with metallic forceps
can lead to contamination. Magnetic susceptibility measure-
ments were made with a SQUID (Superconducting Quantum Inter-
ference Device) magnetometer purchased from S.H.E. Company.
Since most of the electrides decompose at temperatures of
-30°C and above, it was necessary to load the samples into

the SQUID while keeping them cold. This was achieved
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by using a copper block that fit into the airlock of the
SQUID. This block had a central hole of 7 mm diameter so
that the sample could pass through it. To avoid SQUID
contamination with air and moisture, a glove bag was placed
around the airlock and purged with a continuous helium flow.
Prior to loading the sample, a thread 15-20 cm long was
attached to the hook of the bucket. While the sample was
kept in liquid nitrogen, the copper block was cooled to
liquid nitrogen temperatures, then placed in the airlock
and the thread was hooked to the tape of the drive motor.
The sample was placed into the hole in the copper block,
the airlock cover was put back and the airlock was rapidly
evacuated and pressurized with helium gas three times.

Then the sample was loaded into the SQUID. It is essential
that the loading process be completed as rapidly as pos-
sible so that the copper block does not warm up with result-
ing sample decomposition. Measurements were made over the
temperature range 1.7 - 280 K. To correct for the dia-
magnetism of the bucket, it was ejected from the SQUID and
allowed to remain in the airlock at room temperature long
enough to decompose the sample. Then the bucket and de-
composed sample were loaded back into the SQUID for further
measurement. The reading given by the SQUID is the total
magnetic moment in e.m.u. The magnetic susceptibility is

calculated by using the formula
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- magnetic moment
gm (SF) x field in Gauss x mass in gm.

X

where SF 1is the total scale factor which equals the scale
of the SQUID control multiplied by the scale of sample
measurement control. The magnetic susceptibility of the
sample was calculated by subtracting the diamagnetism of
the bucket and decomposed sample from the total magnetic

susceptibility.

II.C.5. Pressed Powder Conductivity

Conductivity measurements were made in an apparatus
designed by J. L. Dye and Michael R. Yemen (98). A powder
sample was placed between two stainless steel electrodes
inside a 2 mm I.D. heavy wall fused silica tube. A steel
spring whose force constant had been measured was used to
compress the sample. A variable temperature controller
(Varian Model V-4540) was used to control the sample tem-
perature. Powdered samples under vacuum which had been
stored at dry-ice temperatures were broken in an inert
atmosphere glove bag. The sample was transferred to the
pre-cooled conductivity sample chamber. After the sample
had been loaded, the current at various voltages was measured
to determine whether Ohm's law was obeyed. Then the current

through the sample was measured at a constant voltage at
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a number of different temperatures.

II.D. Analysis

To begin the analysis of samples they were first de-
composed with doubly distilled water in a closed vacuum
system (95). The hydrogen evolved was collected and measured
and the unreduced water which had been distilled into a trap
was analyzed for amine solvent content in the crystalline
sample. An agqueous solution of the decomposed material was
made and divided into two parts, one for titration with a
standard acid, the other for metal determination by flame
emission spectrometry. Finally, the solution was evaporated

to dryness and the residue was dissolved in D.O so that

2
quantitative proton NMR could be used to determine the
amount of complexant present. Potassium hydrogen phthalate

(KHP) was used as an internal reference for the NMR integra-

tion.

I1.D.1. Hydrogen Evolution

The sample tube was scored and sealed into a glass ap-
paratus with Teflon heat-shrinkable tubing. This apparatus
was then connected to the hydrogen collection apparatus.
The entire system was evacuated to "3 x 10-5 torr and the
conductance water used to decompose the sample was de-

gassed several times through freeze-pump-thaw cycles until
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no detectable gas remained. The sample tube was then
broken and the conductance water was condensed onto the
sample very slowly and at a low temperature. The sample

was decomposed by reacting with water according to

M'CeN” + 2H,0 » M + C + H, + N' + 208",
The hydrogen evolved was pumped through two liquid nitro-
gen traps with a manually operated Toepler pump and col-
lected in a calibrated pipet. After repeated cycles of
a mercury leveling bulb, the height of mercury, the atmos-
pheric pressure and the temperature at the pipet were measured
and the number of moles of evolved hydrogen was calculated

by using the ideal gas law.

II.D.2. pH Titration

The decomposed solution was evaporated during hydrogen
collection by condensing the water in a trap at liquid nitro-
gen temperature. The water was analyzed for amine solvent
by measuring its pH. The residue vessel was removed, and
under a nitrogen atmosphere in a glove bag a known amount
of conductance water was added and a measured portion was
then titrated with standard HCl1l solution by using a pH
electrode (Corning, catalog number 476050) and digital
pH meter (Orion Research Model 701A) which had been calibrated

with pH buffer solutions. However, it was not possible to
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calculate the exact hydroxide ion concentration in the
presence of 18C6 because of the instability of the pH
meter, especially in the vicinity of the end point. This
behavior was verified by titration of a solution of cesium

hydroxide and 18C6.

I1.D.3. Flame Emission

Part of the solution was used for flame emission. The
flame emission instrument (Jarrell Ash) was adjusted for
the estimated parts per million (ppm) concentration of the
unknown sample. Standard solutions of the appropriate
metal (s) were run followed by the unknown solution. The
emission value was read from a digital averager. The
reading from conductance water was determined between all
measurements which yielded a background emission or noise
level. Calibration curves for the standards were prepared
by plotting the emission output versus concentration in
ppm. The concentration of the unknown was then calculated
from the calibration curve.

II.D.4. lH NMR

The solution was evaporated to dryness in a partially
evacuated desiccator with "Drierite" as a drying agent
followed by dynamic pumping to be sure that no water was

left. Then the residue was dissolved in 2 ml of a known
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concentration of KHP solution in DZO’ which was used as
a reference. Measurements were done on a Bruker 250 MHz
NMR instrument. The integrated areas of the KHP and the
unknown were compared and the number of moles of the un-

known sample was calculated.



CHAPTER III

CESIUM 18-CROWN-6 ELECTRIDES

The optical spectra of films of composition cst18c6-e”
have been reported previously. The results indicated non-
metallic behavior since the optical spectrum was quite
similar to that of dilute metal ammonia solutions. How-
ever, since the earlier investigations of the nature of
these electrides were only fragmentary, further investif
gation, using different techniques, was undertaken to better
understand the nature of these electrides. The abbreviation
Cs+18C6-e_ indicates the materials from which the films or
powders are made (Cs and 18C6). The svmbol Cs+18C6-e-
does not represent the nominal stoichiometry or the metallic
or insulator character of the electrons. The ratio of the
moles of metal to moles of 18C6, R, will identify the stoi-
chiometry of a particular pfeparation. The characteriza-
tion of the nature of these electrides was done by optical
spectra, EPR, microwave conductivity and magnetic sus-
ceptibility. In some cases the characteristics are similar
to those of metal-ammonia compounds, though there are many
differences. The various methods of study and their re-

sults are detailed below.

49
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IITI.A. Optical Spectroscopy

III.A.l1. Cs-18C6 Films From Ammonia

The spectra of dry films made from ammonia solution
containing Cs and 18C6 with R = 0.5 and 1 are similar.
In the spectrum shown in Figure 6 with R = 1, the main
peak at 7000 cm—l is presumably due to trapped electrons
(et

due to interaction of e; with the cation Cs+18C6 or else

to the presence of different traps for the electron be-

). A shoulder at 8500 cm—1 is also observed, probably

cause of inhomogenities in the solid.

IITI.A.2. Films From Methylamine

Due to the inhomogenity and instability of dry films
produced from ammonia solutions, it was difficult to
characterize the nature of the electrides. However, using
methylamine as a solvent produced more homogenity and en-
hanced the stability of the films. Figure 7 shows the
spectrum of a dry film from methylamine solution with R = 0.5.
The main peak at 7000 cm-l is due to the trapped electron
e;, the peak is somewhat broad and there is no absorption
in the far-infrared region. The damp film shows the same
features except that the peak is less broad. Dry films
from methylamine solution with R = 1 give a single peak

at 6500 cm-l (shown in Figure 7) due to trapped electrons.

Interaction of these films with methylamine vapor causes
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a shift in the peak position towards shorter wavelength

and produces shoulders on both sides of the peak. This
might be due to more interaction between the electron and the
cation and the presence of more than one site for the elec-
tron. These two systems show almost the same optical prop-
erties and are similar to dilute metal ammonia solutions in-
dicating the presence of localized electrons. However,
making the film richer in crown ether destabilizes the

films and produces more heterogenity. In order to per-

mit comparison with the lithium-cryptand (C211) systems
which always give absorptions in the infrared region even

up to R = 2 (79), a series of methyvlamine solutions which
contained cesium metal and 18C6 in different ratios, R =
1.25, 1.5, 1.75 and 2 were prepared. The optical spectra

of dry films formed from these solutions were studied.

Figure 8 shows the spectrum of a dry film made at a tem-

perature of -42°C with R 1.5. There are two peaks, one

at 10500 cm * probably due to Cs  and a second peak at

1

8500 cm — due to trapped electrons. However, the Cs~

t

& peak is shifted (compared with the e,

peak from Csl8C6, R = 1) towards shorter wavelength,

peak is a little more intense than the e, peak. The

position of the e

probably due to the interaction of the trapped electron
with Cs~. Another characteristic of the spectrum is the
high absorption in the far-infrared region compared with
the spectrum of a film of Cs 18C6 R = 1. The optical

spectra for this system were also recorded when the films



54

* (D056~ 3Ie Speuw wiTy ) (DoCb- e Speuw witl
-===) UOT3INTOS SUTWETAY3ISW wWOXJ (G°T = ¥) 9D8TSD 3FO ®vajzoads Teor3zdp °g 2anbTta

MT%V_. A_nCCnémm

02 Gl Ol S
T j —100




55

were made at lower temperatures. Figure 8 shows the
optical spectrum of a dry film made at a temperature of
-55°C. As the spectrum indicates, there is a major peak

1

at 11000 cm ~ (probably caused by Cs ) and an ill-defined

broad shoulder at 8000 cm—l. From these spectra we can
conclude that in the range 1 < R < 2 there are two species
e; and Cs  and that they are temperature dependent. High
temperatures favor the formation of the trapped electron
over Cs . However, once the film has been formed, tem-
perature does not affect the relative concentrations of

e; and Cs . When these films are made wet with methyl-
amine vapor they shift to give a localized peak due to the
solvated electron. However, these systems are difficult to
characterize since there is more than one species. This
was not the case with Csl8C6 when R = 2. Figure 9 shows
the spectrum of a dry film made at a temperature of =-52°C
of Csl8C6 with R = 2. The main feature of the spectrum

is the high absorbance in the infrared region and the ap-
parent metallic "plasma" character similar to that of con-
centrated metal ammonia solutions. When the film was made
at a temperature of about -45°C or higher the spectra show
some changes. Figure 9 shows the spectrum of such a dry

film with R = 2. The major characteristic of this spectrum

is the high absorption in the far-infrared region which

1 1

looks "plasma" like and two peaks at 7000 cm - and 8500 cm .

These multiple peaks are probably due to different
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environments of the electron. Making these films "damp"
with methylamine vapor tends to localize the electron peak.
In spite of these complexeties, all of the above mentioned
spectra were reproducible. It was also noticed that the
intensities of the spectra increase dramatically at a cer-
tain temperature which depends on the ratio R. As R in-
creases that temperature decreases. This is probably due
to melting or annealing of the film which then produces

more homogeneous and uniform films.

III.B. EPR

Electron paramagnetic resonance spectroscopy (EPR),
in contrast to other techniques such as magnetic sus-
ceptibility detects the local environment of the unpaired
spins. When a magnetic field is applied to a spin system,
the energy levels of an unpaired electron are separated

due to the Zeeman effect

AE = gBHO (6)
where B is the Bohr magneton, g is the Landé g-factor and
Ho is the applied field. Transitions between the Zeeman
levels can be achieved by radiation of appropriate fre-

quency according to the equation

AE = hv.
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For an electron with a spin angular momentum % and L = 0,
so that there is no spin-orbit interaction, g = 2.0023.
The g-value is used as a measure of the electron's inter-
action with its environment. The lineshape is determined
by the type of coupling between the spins and their en-
vironment. However, there are two theoretical expressions
commonly used to describe the EPR spectra which have sym-
metrical lineshapes (53). For systems where the spin-
lattice and exchange effects predominate, the lineshape is
Lorentzian. The Gaussian shape usually applies to systems
where spin-spin couplings predominate. The linewidth

of the EPR line is determined by the degree of coup-

ling of the unpaired electrons to their environment.

If such coupling is strong, i.e., the relaxation times

are short, then the electrons spend only a small time

At in the upper energy level. This time At corresponds to
an uncertainty AE in the energy given by AEAt ~ h. There-
fore, there will be a broadening of the lines observed in
the EPR spectrum. In addition, there are other sources

of line broadening which can be divided into two major
groups. The inhomogeneous broadening, in which the unpaired
electron is subjected to slightly different effective
fields. Therefore, the observed line is a superposition
of a number of individual components referred to as "spin
packets". The reasons for inhomogeneous broadening are,
inhomogeneous field, anisotropic interaction in randomly

oriented systems and unresolved hyperfine structure. The
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other kind is homogeneous broadening caused by non-uni-
formity of the instantaneous magnetic field at each di-
pole. There are several mechanisms which account for this
homogeneous broadening. These include (a) electron spin-
electron spin dipolar interaction which depends on the
concentration of the paramagnetic centers; (b) electron
spin-nuclear spin interaction, caused by the random local
field produced by magnetic nuclei in the vicinity of the
electron; and (c) electron exchange where the electrons
in different sites exchange their spin states. This ex-
change-narrowing is important in bimolecular reactions.
For dilute samples the spectra could have more than one
line and as the concentration increases, these lines
coalesce to a single line which becomes narrower at even
higher concentrations. In solids this exchange-narrowing

arises from the overlap of molecular wave functions (99).

ITII.B.1l. Results and Discussion

ITI.B.l.a. Solids From Cs-18C6 Ammonia Solution

The EPR spectra of films and/or powders obtained by
evaporating ammonia from solutions which contained Cs

and 18-crown-6 with a ratio of R = 0.5 or 1 where (R =

moles of metal
moles of crown

) were studied in the temperature range 4.2
to 230 K. 1In general both systems showed the same line-

shape and the value of % (the ratio of the low-to high-field
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peak amplitudes in the EPR spectrum) was always greater than

1. The variation of A with temperature is shown in Figure

B
10 for the solid Cs-18C6 with R = 1. This high value of
% might be due to inhomogenities of the system which give

more than one trapping site for the electron, resulting

in closely-spaced peaks. The g-value determined by cali-
bration with a standard diphenylpicrylhydrazyl (DPPH) (99)
sample is 2.001920.0001 for the system with R = 0.5 and
2.0028+0.0001 for the system with R = 1. The g-values
determined in the temperature range 230 to 140 K showed no
temperature dependence. The g-values for these systems
suggest that there is some interaction between the electron
and its environment (presumably the Cs+18C6 cation). The
possibility of the presence of other phases and excess
crown and metal atoms cannot be ruled out. The linewidth
was 0.6 Gauss at 230 K and increased to 2.2 Gauss at 4.2 K
for Csl1l8C6 with R = 0.5, and 0.5 Gauss at 230 K which in-
creased to 1.05 Gauss at 4.2 K for Csl8C6 with R = 1.

The variation of linewidth with temperature for Cs18Cé6
with R = 1 is shown in Figure 11. The general behavior

is that the linewidth increases with decreasing tempera-
ture. The discrepancies in the values of the linewidths
in the region of temperature where the values determined in
the nitrogen temperature range should overlap with those
determined in the liquid helium range might be due to the

temperature cycle and to the conditions of the instrument
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