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ABSTRACT

ADVANCED ELECTRON PARAMAGNETIC RESONANCE STUDIES OF
SOME SODIDES AND AN ELECTRIDE

By
Kerry Ann Reidy-Cedergren

Electrides are a class of compounds in which an alkali metal cation
is encapsulated by a complexant, usually a crown ether or a cryptand, and
the unpaired electron occupies the anionic site in a well defined structural
arrangement. The nature of the sites in which these electrons are located
is important to their physical and magnetic properties. Electron
paramagnetic resonance (EPR) is a good tool for studying these trapping
sites. However, since the electrons are so close together, rapid electron
exchange often occurs to yield a single exchange narrowed EPR signal. A
closely related compound to electrides, alkalides, differs in that an alkali
metal now acts as the anion. Trapped electrons are much more isolated
than the electrons in electrides, thus they are present in small
concentrations which avoids the problems of exchange-narrowing of the
EPRspectrum. Often there are weak, superhyperfine couplings between the
Pparamagnetic center and the nearby magnetically-coupled nuclei that are

unresolved in the cw-EPR spectrum due to inhomogeneous broadening of



the resonance lineshape, which can mask the hyperfine structure in th
EPR spectrum. Spin-echo experiments can reverse this observation.
Cavity-trapped electrons in the electride Li*(cryptand [2.1.1]e" ca
interact through rather open channels that connect the cavities to forr
essentially 1D linear chain Heisenberg antiferromagnets (LCHAs). I
each case, the EPR spectrum of powdered samples consists of a narrow, (
2 G. p.p.) slightly anisotropic absorption whose integrated intensity vs.
mirrors the static susceptibility. Very strong rf responses in an ENDO
cavity during near-saturation microwave irradiation, at magnetic fiel
offsets on either side of the EPR line, match the EPRlineshape. Th
frequency at a given position on the rf response curve is equal to th
frequency equivalent of the field offset from the corresponding position o
the EPR curve. The linear power dependence of the intensity shows that th
rf absorption is a one-photon process. This rf-microwave doubl
resonance demonstrates the presence of a high density of energy level
around the Zeeman level, consistent with the presence of 1D, spin 1/

antiferromagnetic spin-waves, with average lengths of about 50 spins.
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CHAPTER 1

A HISTORICAL PERSPECTIVE
OF ALKALIDES AND ELECTRIDES



INTRODUCTION

Ionic salts can be defined by two important characteristics: the
packing, which is composed of well defined charged species, and the size
difference of the anions and cations. The -ide ending of sodium chloride,
which packs in a face-centered cubic lattice, implies that chlorine must be
negatively charged. Chlorine has an electron affinity of -348 kJ/mol"
thereby exhibiting a strong attraction for an electron. It, as well as the
other halogens, most commonly retain the minus one oxidation state since
the extra electron will fill the outer p-orbital giving the more stable inert
gas electron configuration. Since sodium and the other alkali metals are
8ood electron donors, they most commonly possess the plus one oxidation
state. These metals will eagerly give up an electron to an acceptor atom or
mOIQCLl]e, to form a stable salt. They are so reactive in their metallic state
that thiis form does not even exist in nature. Alkali metals may be the most

electrc)positive family, but they too can form salts that contain alkali metal

aghr e o e o e

Conv

S rve; : i A

nelec g, Tion states that the larger the negative value of electron affinity, the more attraction it will have for
S
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anions. In fact, alkali metal anions in the gas phase have been known to

exist for almost fifty years (Patterson et al., 1974). Therefore, if the gegenion
wrere sufficiently resistant to reduction, one might believe that an ionic salt
of an alkali metal anion could be stable. The electron affinity of sodium is
-52.9 kJ/mol indicating that there is still somewhat of an a&rach‘on for an
extra electron. After all, adding an electron to an alkali metal fills the outer
s-orbital but in a less strongly favored configuration than the sodium
cation configuration, so it was deemed highly unlikely. In 1974 it was
found that alkali metals, under very specific conditions, could form stable
ionic salts where the alkali metal maintains both a plus one oxidation
state as well as the peculiar minus one oxidation state in a well defined
structural arrangement (Tehan et al., 1974). This class of compounds was
coined alkalides and the structures and properties of these compounds
hawve been extensively studied for over twenty years (for useful review
articles, see (Dye, 1977, Dye, 1979, Dye, 1987, Dye, 1993, Dye & Ellaboudy,

1984, Wagner & Dye, 1993) and they continue today.
Alkkali metal solutions

I 1864 it was reported that alkali metals could dissolve in liquid

MM O, to generate a beautiful blue color, (Weyl, 1864) . Sir Humphrey
D:

e g I ad made a similar observation in 1808 (Edwards & Sienko, 1982)

as
Was drafted in his laboratory notebook. However, the blue color and
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the optical spectrum were not assigned to solvated electrons until Kraus

studied the nature of dilute metals in liquid ammonia and established
that these solutions were ionic in nature (Kraus & Lucasse, 1921, Kraus &
L.ucasse, 1922). He also studied extensively the metallic behavior of these
concentrated solutions, and coined the term “solvated elec.tron” (Kraus,
1907). Kraus did much of the pioneering work in the field of alkali metal
solutions and found in 1907 that lithium was soluble in both
methylamine (MeNH,) and ethylamine (EtNH,), and that potassium was
soluble in ethylenediamine, but that the other alkali metals were relatively
insoluble in most higher primary amines (Kraus, 1907). Since that
discovery, there have been widespread studies of solvated electrons in
liquid ammonia solutions by electron magnetic resonance as well as
Optical spectroscopy and many other physical measurements and
theoretical treatments (Thompson, 1976). Such work has revealed many
aspects of the reactivity of solvated electrons in addition to the physical
characterizations. To understand solvated electron structure, it is useful to
consider that solvated electrons are formed kinetically by a two stage
process (Kevan, 1981). First, localization occurs which depends on the
relative energies of the conduction electron level of the medium as well as
the energy of the localized electron state in the medium. Once localization
is accomplished, solvation occurs. In this case, the electron induces

rearrangements in the surrounding shell of solvent molecules which




5
creates a geometry between them. As a result, the geometry of the solvated

electron depends on more than just the medium molecules.

The possible reaction in dilute liquid ammonia solutions

M. T M+ 2e (1.1)

where M is an alkali metal anion, M" is an alkali metal cation and e, is
a solvated electron, is shifted far enough to the right that M~ has never
been detected in this solvent. Additional complications arise as the
solution becomes more concentrated due to the appearance of metallic
behavior, ion-pair formation and electron spin-pairing. Thus, there is no
direct evidence that alkali metal anions exist in liquid ammonia solvent,
and in fact, their existence has recently been brought into serious doubt by

Studies of concentrated mixed Li-Na solutions (DeBacker et al., 1994).

Electrides

The electron itself is the simplest anion; therefore, if all of the alkali
metal anions were replaced by trapped electrons, the salt would no longer
be an alkalide, but an electride. Electrides are a class of compounds in
which an alkali metal cation is encapsulated by a crown ether "sandwich"
or a cryptand and stoichiometric amounts of electrons are released to be
trapped in vacancies. Thus, the electron occupies the anionic vacancy and

serves as the anion. The nomenclature does not apply to systems with
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well defined molecular orbitals that localize the charge to a single

mnolecular center. Therefore, typical organic anion radicals would not be
defined as electrides since optical and electron paramagnetic resonance
(EPR) measurements have shown that the unpaired electron occupies
specific orbitals on the molecule. If the density of the trapping sites in
electrides is low enough, strong overlap of the wavefunctions of
neighboring electrons to form a metal can be prevented and localization of
electrons to form electrides can occur. Localization of electrons has an
important impact on the characteristics of the electride. A measure of this

Thas been described. Mott (Mott, 1956) stated that at the non-metal to metal

transition,

ay (n1/3=0.25 12)

where n. is the critical electron concentration, and ay is an effective
hydrogen-like radius for the localized electron. Electrides are highly
Paramagnetic species with an average electron concentration on the order
of 1021 cm-3- The packing of the large cations leaves holes which are
similar in size to the effective radius of the trapped electrons. These
dimensions yield an effective hydrogen-like radius for the localized state
to be about 2.5 A so that the left-hand side of Equation 1.2 is nearly 0.25.
Even a slight change in electron concentration or in the effective radius of

the electron could lead to some delocalization of the electrons and
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possibly to a metallic state in the electride. In such a case, the material is

not a true electride but an "expanded metal".
Electrides originate from solvated electrons and alkalides from
solvated alkali metal anions. Solvated electrons are thought of as
electrons in solution that do not belong specifically to one s&gle molecule
or even to a collection of molecules that maintain a well defined geometry.
Because of the light mass of the electrons, they are considerably more
mobile than other anions in salts and thus are fairly free to travel
throughout the solution; this ability contributes to their unique properties.
These traits of solvated electrons have been studied by a number of
different research groups in a time period of more than eighty years. To
Pprepare stable solutions that contain solvated electrons or alkali metal
anions, solvent choice is of utmost importance. The solvent needs to be
Tesistant to reduction and to be a strong solvator of the cation but need not
solvate the electron or the alkali metal anion strongly. Alkali metals only
dissolve in a few solvents other than ammonia, such as hexamethyl
Phosphoramide (HMPA), a few primary amines, and a few polyethers.
Some more considerations regarding solvent choice during the
Preparation of alkalides and electrides will be discussed throughout this

dissertation.
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Thermodynamic Considerations

Thermodynamically, metals with a low ionization energy and
small lattice energy can dissolve in amines and other previously
mentioned solvents. The equilibria that describe the solubility of alkali

metals in the proper solvents are shown in Egs. 1.3 & 1.4,

M + € o (1.3)

]

M+ Mg, (14)

solv

where M and M’ can be the same or different alkali metals. This reaction
is shifted far to the right when an organic complexant is added to the

mixture (Eq. 1.5), where C denotes the polyether complexant.

M’ +C — M'C (1.5)

Because of the importance of the solvation energy of the cation, the
Meta] anion and the solvated electron, the presence of the complexant can
drive reactions 1.3 and 1.4 to the right. Solvated electrons are the best
reducing agents with the alkali metal anions nearly as powerful. If they
Were not so unstable and if the conditions did not have to be so stringent,
these solutions would be much more common. Empirical results have

shown that the equilibrium of reaction 1.1 in NH,, lies far to the right
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while this reaction in other solvents is not as favorable and as a result, the

solution contains both alkali metal anions and solvated electrons.
Complexing agents: Crown Ethers

By making use of the discovery of crown ethersvby Pedersen
(Pedersen, 1967a, Pedersen, 1967b, Pedersen, 1988) and of cryptands by
Lehn (Lehn et al., 1970), the Dye group showed that the solubility of the
alkali metals could be greatly increased (Dye, 1991). In fact, when
potassium metal is allowed to interact with Me,O, the colorless solution
shows that the potassium does not dissolve and produce solvated
electrons. This indicates that the equilibrium concentration is less than

10° M at saturation (Dye, 1991). However, when 15C5 is added to the
mixture, the solubility is increased by over four orders of magnitude to
0.3M at 240 K, (Dye, 1991). It follows then that an important aspect of
Syﬁthesizing alkalides or electrides is the complexing ability of the species
that encapsulates the cation. The particular complexant must be resistant
to reduction as well as to decomposition and decomplexation. Pedersen
showed that the macrocyclic polyethers could form stable complexes with
alkali metal cations and that the stability of these complexes was of
enormous importance. He showed that the stability depends on the
geometrical disposition and the number of ether oxygen atoms in the

macrocycle (Pedersen, 1970). Moreover, the size and the shape of the
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coordinating polyhedra relative to the cation size was shown to be of

importance. These results indicate that the stability of the alkali metal
crown-complexed cation does not necessarily follow the conventional
trend that the weak coordinating ability in alkali metal chemistry is due to
the relatively large size and low charge density of the alkali. metal cations
(Greenwdod & Earnshaw, 1984). Conventional logic predicts that the
strength of the coordinated complexes should decrease in the order
Li>Na>K>Rb>Cs. However, the maximum stability of alkali metals with
crown ethers is often Na" and sometimes K" or Rb* but not necessarily Li".

Pedersen found that the formation of complexes can be prevented by steric

hindrance from the polyether ring (Pedersen, 1967a, Pedersen, 1967b)

Complex formation is shown by Eq. 1.6.

M)gopvent + C CM" + solvent (1.6)

Therefore, complex formation of an alkali metal cation will be minimized
or even’prevented if the cation is too strongly solvated. Typically, the
Solvation energy of alkali metal cations varies as the reciprocal of the ionic
radjus (Pedersen, 1967a). Table 1.1 shows the atomic and cationic radii of
the alkali metals. In addition, Pedersen estimated, from two different
Mmodels, the hole diameter of some common crown ethers. These data are
Catalogued in Table 1.2. Since the complexants play an integral part in

solvating alkali metals, the list of only a few solvents available for the
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formation of metal solutions, vital for alkalide/electride synthesis, is

increased by several more.

Table 1.1
Alkali Metal Radii
"Alkali metal | Cation radius (A) | Atomic radius (A) | VAW radius (A)
Li 0.60 1.55 0.971
Na 0.95 1.90 1.287
K 1.33 2.35 1.592
Rb 1.48 2.48 1.674
Cs 1.69 2.67 1.774
Cryptands

Another group of complexants, collectively called cryptands (Lehn
et al., 1970), was also found to contain effective ligands. Coordination of
alkali metal cations to the macrobicyclic cryptands occurs by a process in
Which the ligand encapsulates the cation, sometimes with a bicapped
trigonal prismatic polyhedron. These complexes are finding increased
Use in the stabilization of uncommon oxidation states and they promote
What were formerly considered to be improbable reactions. The first
sodide was made by the reaction of Na metal with the cryptand [2.2.2],
{(C222), where the numbers indicate the number of ethyl ether oxygens in

each of the linkages to the two tertiary nitrogen atoms in the cryptand}.
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The reaction was carried out in ethylamine (EtNH,) followed by

evacuation to high vacuum, to yield the Na*(C222)Na" salt (Tehan et al.,
1974). The crystal structure revealed that the Na’ was located 5.55 A away
from the nearest nitrogen atom in the crypt and 5.16 A away from the
nearest oxygen atom. This observation indicated that Nz;' is indeed a

separate entity in the structure.

Table 1.2
Hole Diameters of Some Crown Ethers

Crown Ether Hole Diameter (A)
14-crown-4 1.2-1.5
15-crown-5 1.7-2.2
18-crown-6 2.6-3.2
21-crown-7 3.4-4.3

To summarize, the thermodynamics of the reaction is driven by the
Complexant which encapsulates the alkali metal cation. The addition of
Crown ethers or cryptands markedly increases the solubility of the alkali
Metals by shifting the equilibrium given by Eq. 1.4 to the right because of
the strong complexation of the cation according to Eq. 1.5. The result is to
greatly enhance the concentration of M’ in the saturated solution. When
there is an excess of alkali metal present, the equilibrium positions of

reactions 1.3, 1.4 and 1.5 determines the relative concentrations of M and
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e'(,o,v,. When there are stoichiometric amounts of alkali metal and
complexant, the equilibria given by Egs. 1.3 and 1.5 determine the relative

comncentrations of M and e . It should be noted, however that the reaction,

.

M+C + 2e5qy Mgy + C 1.7

camnyield a mixture of e~soly and M-goly even when the stoichiometry is that
O Ff theelectride. Reaction 1.7 is particularly important when M is Na.

The overall requirements for the complexing agents used in alkalide
A d electride synthesis are that they are strong enough complexants so
tlh ait they will bind the cation better than the strongly polar solvent used in
S mthesis. In addition, these cyclic and bicyclic complexants should be
I<imnetically resistant to reduction since their role is to encapsulate the alkali
Txretal cation so that the electron released by Eq. 1.3 will either go into
Solution or attach to an alkali metal to form the metal anion in solution.
Fi grure 1.1 represents three complexant classes that are commonly used in

allkalide and electride syntheses.
First Electride Crystal Structure: Cs*(18C6),e”

After proper work-up procedures and depending on the
Stoichiometry and the solvent, the unpaired electron will either occupy the

VOid spaces in the solid structure to yield an electride, or it may, form the



(HMHCY)

Cryptand [2.1.1] 21-Crown-7 ether
1) (21C7)

Figure 1.1: Typical complexants used
in the synthesis of alkalides and electrides.
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alkali metal anion in solution and/or in the solid. In this specific case,

when 18-crown-6 (18C6) is allowed to react with cesium metal in

stoichiometric amounts in a suitable solvent under anaerobic conditions,
£vww0 complexant molecules encapsulate the alkali metal cation to form a
samndwich complex with twelve oxygens coordinated to Cs*. This
elexctride belongs to the monoclinic crystal system (Dawes et al., 1986) and
£l ere are four molecules per unit cell. The Cs*-e” distances range from 7.71
+o 940 A. The lone pairs of electrons on the oxygen atoms in the ether unit
© £ the crown, are oriented towards the positive ion, thus providing
S tability of the complex. The Cs*-O distances range from 3.29 to 4.04 A.
T e unpaired electron density is presumably centered at the void site
£ rmed by close-packing of eight complexed Cs cations. The ball and stick
Iy odel (Figure 1.2) shows the structure of the complexed cation in this
electride, Cs‘(18C6)ze'. This particular compound, called a sandwich
€lectride since the alkali metal is completely encapsulated by two 18C6

Tolecules, is important in the EPR studies discussed at length later.
Lo calized and Delocalized Electrons

As a class, the behavior of the electrons in electrides can represent
©Xtremes, in which the trapped electrons may be localized or delocalized
s evidenced by optical and conductivity studies. The optical spectrum of

™Most electrides reveals a distinct peak in the near IR region, characteristic
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© Hydrogen ® Cabon

® Oxygen @ Cesium

Figure 1.2: Ball and stick model of Cs*(18C6),e™. This
sandwich molecule is comprised of two 18C6 molecules,
one cesium cation and one isolated electron as the anion
(not shown).
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of electron localization and similar to that of trapped and solvated

electrons (Thompson, 1976). However, solvent-free films formed by
ewvaporation of liquid ammonia from a 1:1 mixture of potassium metal
amnd cryptand [2.2.2], showed a remarkably different spectrum (Figure 1.3),
(IDaGue et al., 1979). A continually rising absorption th.roughout the
~~isible and into the near IR (a so-called "plasma edge") was observed,
~A7 hich is indicative of near-metallic behavior. This type of spectrum had
> een observed by both reflectance (Kuo, 1994) and transmission when
2 1kali mefals alone were dissolved in liquid ammonia at high enough
< oOnmcentrations to be metallic. These data suggested that either the
< lectrons in K'(C222)e- were delocalized or that very shallow traps were
P> resent. Furthermore, optical spectra were collected with thin films that
I ad different ratios of complexant to metal. By adjusting this ratio, the
O p>tical data revealed varying amounts of trapped electrons. To confirm
th ese findings, another experiment was done with K and C222 without the
use of a solvent. Thin films of alkali metals and complexant were co-
deposited on a sapphire substrate at -40° C , under high vacuum (10-8 torr)
(F endrickson, 1994). The same “plasma edge” was observed in the
OP tical spectrum. In addition, the conductivity of the electride films
indicated that defect electrons or holes might be responsible for the highly
COngducting nature of this compound. Initial microwave power absorption

Studies of powdered K*(C222)e” prepared from NH,,, suggested that
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Figure 1.3: Optical aborption spectra of solvent free electride films.
"The solid line represents Cs*(18C6)2e- and the dashed line represents

K+(C222)e.
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K *(C222)e” is metallic (DaGue et al., 1979). This high microwave

conductivity was confirmed by measuring the power absorbed by the
crystalline samples (Moeggenborg et al., 1991). Most electrides show little
ox no difference from an empty quartz tube, but K*(C222)e” behaved as
fimely divided metal powders. This highly microwave conducting effect
~A7 as also evidenced when high field EPR experiments in the far infrared
T e gion (250 GHz) were attempted*. The highly conductive nature of these
s ammples did not permit a high enough transmission to obtain a signal.
Measurements made with a superconducting quantum interference
< evice (SQUID) magnetometer, showed a decrease in the susceptibility as
th e temperature approached zero K, suggesting that there was either
th ermally induced electron pair dissociation or the population of a triplet
State (Huang ef al., 1988). If the triplet state were populated, the energy
Le-vel difference could be probed by using EPR techniques. EPR studies of
P hotoexcited or thermally excited K'(C222)e” and K'(C222)K™ were
A ttempted but the results did not indicate any changes in triplet sub-level
P Opulations, if they exist, as no changes in the EPR spectra were observed
after photoexcitation (Figure 1A4)f. In addition, there was no evidence of
the Amg=t 2 transition or half-field line, which is often present in the EPR

SPectra of triplets. After some DC powder conductivity experiments

“‘ég\gublished results from a collaboration with the Freed lab at Cornell University, Reidy-Cedergren et al.,

YUnpublished results in this lab, Reidy-Cedergren et al., 1992.
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Figure 1.4: (A.) cw-EPR spectrum of K+(C222)e" collected at

100 K, 0.04 G/pp modulation amplitude, 6.3e3 gain, 200 ms. time
constant, 200 s. sweep time, 100 kHz modulation frequency,
9.4562 GHz microwave frequency. (B.) same as (A.) after
photoexcitation with an 800 W projection lamp. The relative
intensities of the two spectra are within experimental error

of each other and no significant lineshape changes exist
indicating no excitation into a triplet sublevel
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showed activated conductivity (Moeggenborg et al., 1991), it appeared that

this electride was not, in fact, metallic but instead contained bound
electrons with a very small band gap. The possibility that the barriers to
electron movement were small, was considered.

The most recent optical and conductivity measurements made on
£ 1ms that were prepared with full stoichiometric and temperature control,
suaggested that partial decomposition of the films actually leads to an
Z 7z crease in conductivity. The conductivity either remains constant or
imcreases until about one half of the material is decomposed at which
> oint the electride rapidly becomes insulating (Hendrickson, 1994). These
T ecent and surprising results coupled with those obtained previously,
Suaggest that the conductivity is due to missing electrons or holes.
A\ ccording to this view, the pure electride is actually an insulator but even
Sxnall quantities of defect holes can cause high conductivities. This
Lemngthy chain of events illustrates the complexity that can be encountered
“A7ith both alkalides and electrides.

The chemical and physical properties of alkalides and electrides are
e pendent on the nature of the trapping sites. The magnetic behavior can
be probed by using magnetic resonance techniques. Isolated trapped

Slectrons are paramagnetic, so EPR can be used to probe the charge
Qistribution around the trapping sites. However, little information is

Bained just from EPR experiments with pure electrides. Because the
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electron sites are so close together, rapid electron exchange can occur on

the EPR time scale, resulting in an exchange narrowed line. Therefore,
usually a single featureless line is observed. This is the case for most
electrides; however, the electride Li*(C211)e- exhibits lineshape changes

with temperature that will be discussed at length in a later chapter.
Trapped Electrons

To avoid the dilemma of featureless EPR lineshapes, one turns to the
"cousin” of electrides, alkalides. Magnetic susceptibility and EPR studies
have shown that paramagnetic species almost always are present in these
polycrystalline materials. The reason for this is the presence of defect
trapped electrons in anionic vacancies in the alkalide crystals. Since
alkalides are crystallized from solutions that contain alkali metal anions
but also usually solvated electrons, electron trapping still occurs.
Depending on the metal, solvent and the synthesis method, the
concentration of defect electrons varies from sample to sample. Pure
alkalides are intrinsically diamagnetic since they contain an alkali metal
cation with an ns® electron configuration (M+) and an alkali metal anion
with an ns? electron configuration (M'). These materials, if pure would be
EPR silent, but since there are trapped defect electrons at the anionic
vacancies, an EPR resonance can nearly always be observed. In these

crystallites, the electrons are much more separated than in pure electrides
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so the problem of exchanged narrowed EPR lines is avoided. What is the

nature of these trapping sites? These defect electrons occupy holes,
(anionic sites) and such electron-occupied holes are called F-centers
(Figure 1.5). The electrons in F-centers can generally be thermally excited
to a conduction band, thus giving rise to an n-type semi-conductor.
Another type of defect electron that could be present in these systems is an
interstitial or Fraenkel defect (Figure 1.6). Initial studies indicated that
both photoelectron emission and thermionic emission from alkalides and
electrides resulted from the presence of weakly bound electrons. It was
thought that the ground state of electrides or of electrons in F-centers in
alkalides might lie very close to the vacuum level (Huang & Dye, 1990).
However, more recent studies have shown that the most likely candidates
for thermionic emission are defect electrons in shallow traps with energies
near the vacuum level, produced by photo-excitation or other processes
(Kuo, 1994).

One of the major aims of this research is to describe the nature of
these trapping sites. Because of the wide range of behavior of the magnetic
properties of electrides and alkalides, as well as their optical and
electronic properties, these compounds can provide a probe to determine
the nature of interactions of weakly bound electrons with each other and
with surrounding ions and molecules. While the use of EPR methods can

provide some insight into the nature of electron trapping sites, double



Figure 1.5: Picture of an F-center where the
electron density occupies the anionic vacancy.

Figure 1.6: An Interstitial lon (Fraenkel defect)
is a distortion ina point because there is an
atom in a position where it does not belong.
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resonance techniques such as electron spin echo envelope modulation

(ESEEM), and electron nuclear double resonance (ENDOR) can take on the
challenge of mapping the unpaired electron density at various nuclei and
the nature of the inter-electron coupling. These topics will be addressed in

depth in a subsequent chapter.
The First Alkalide

The most extensively studied alkalide to date is Na+(C222)Na-
mainly because of its remarkable stability relative to the other alkalides
and electrides. Even though most of these ionic salts are sensitive to air,
moisture, temperature, and to certain reducing agents, Na'(C222)Na’ is
stable under vacuum for several days at room temperature and
indefinitely at low temperature. However, as with all alkalides and
electrides, it is thermodynamically unstable towards decomposition.
Crystalline alkalides and electrides are subject to an irreversible
decomposition process that results from cleavage of the C-O ether bond
(Cauliez et al., 1991) as the temperature is raised. The decomposition
usually accelerates at around 0°C although this is dependent upon the
system. Na*(CZZZ)Na' crystals have a very brilliant gold-copper color
resembling a metal. Surprisingly, it is not a metal but an intrinsic semi-
conductor with an apparent band gap of 2.4 eV. EPR studies (DeBacker et

al., 1990) as well as magnetic susceptibility studies (Jaenicke & Dye, 1984)
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show that the pure Na'(C222)Na material is only weakly paramagnetic,

whether in the form of a powder, thin film or microcrystal. The effect of
light was studied by recording the EPR spectrum while the sample was
illuminated in the cavity (DeBacker et al., 1990). Illumination of the
sample was provided by a 150 W tungsten lamp which was focused
directly on the grid of the EPR cavity. Unfiltered visible light (UV
excluded) or 630 nm light, produced an increase in the EPR signal. The
results from the EPR measurements showed only the photoproduction of a
low concentration of paramagnetic species. The g-value was measured to
be 2.005 which is close to that of trapped electrons in solids of this type
and no other paramagnetic species were observed. The lifetime at room
temperature of the paramagnetic species was long, with a half-life of
about 30 seconds. The formation of EPR active material was thought to be
due to the dissociation of defect electron pairs which were present before
illumination of the Na’(C222)Na-4 Optical data have accumulated over
the years and while the system is becoming better understood, a
quantitative description is not yet complete. The optical data show a
typical absorption at 670 nm indicating Na'. In addition, the presence of a
shoulder on the high energy side of the Na peak could be attributed to
excitation of an electron from the ground 3s2 state of Na- to the broad

conduction band (Hendrickson, 1994, Hendrickson et al., 1996). Upon
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photolysis with high intensity laser pulses, two additional bands are

observed. One possible explanation for these features is that Na_ transfers
energy to two unknown bands, one at a low energy and one at a high
energy. It is believed that Na atoms or a sodium film are responsible for
the higher energy peak and trapped electrons give rise to the low energy
peak. If sodium atoms were responsible, it seems likely that the Na atoms
would recombine with the electron to form Na'. Also, if Na atoms are
present, they would have to be immobilized. EPR measurements of
irradiated samples show no evidence for Na atoms. Another possibility is
that a uniform film of Na metal could be forming but this also should
result in the formation of Na*(C222)Na’ since this is how it is produced to
begin with! Only if a conformational change occurred upon irradiation
would the recombination be slow. Finally, it is possible that an exotic new
species is being formed that consists of an electron pair trapped for every
Na® trapped. Current experiments are in progress to help understand the

behavior upon photolysis.
Important Theoretical Considerations

Over the years, because of the unconventional nature of these
compounds, there has been considerable scrutiny of the alkalides and
particularly the electrides from a theoretical point of view. The current

hypotheses stem from the experimental findings; however, theoretical
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conclusions that agree with these hypotheses have been questioned

(Golden & Tuttle, 1988) but with highly doubtful arguments.

The experimental data suggest that electrides are ionic compounds
with most of the unpaired electron density located outside of the
complexed cation. Various theoretical treatments and models have been
used to describe electrides, particularly Cs*(18C6),e” and Cs*(15C5),¢”.
Given the knowledge of the crystal structure, and therefore the location of
the atoms, the dimensions of the electron traps can be obtained by
modeling the atoms as van der Waals spheres. Experimental evidence
from nuclear magnetic resonance (NMR) studies revealed that the atomic
character on the Cs atom of the Cs*(18Cé),e’ is only 0.033% (Dawes, 1986,
Dawes et al., 1987). This indicates that the 6s electron density originally
centered on the cesium nucleus has a much smaller density at the Cs
nucleus in the electride. These conclusions were based on the magic angle
spinning (MAS) NMR spectrum, which consists of one peak,
paramagnetically shifted to +81 ppm from that of other Cs*(18C6),
compounds (Dawes et al., 1987). This effect is more readily explained by
contact with the unpaired electron rather than a tight coordination of Cs*
by the 18C6 molecule. The paramagnetic shift is derived from the Knight
or contact shift that results from strong local magnetic fields, generated

from paramagnetic electron density at the cesium nucleus, and is given

by,
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K(T) = (87/3N,)< | y(0) | 2>¥(T) (1.10)

where N, is Avagadro's number, <|y(0) 2> is the average electron
density at the nucleus, and x(T) is the molar magnetic susceptibility.
From Eq. 1.10 and the measured temperature dependence of the chemical
shift and susceptibility, the contact electron density for Cs*(18C6),e” was
calculated to be 8.75x10”' cm™. The 6s orbital has non-zero electron
density at the nucleus, and is the lowest energy occupied orbital in the

atom. The fractional atomic character, F, can thus be calculated from,

F=<Iy(0)12>/<1y(0) 12>, (1.11)

where < 1y(0) 12>, is the electron density at the nucleus for an isolated
gas atom, which is 2.645x10% e cm™ (Edwards & Sienko, 1982). Therefore,
8.75x10%" cm®/2.645x10” cm™ = 3.3x10™ or 0.033%. To put this number
into perspective, the percent atomic character of the gaseous cesium atom
is 100%, that of cesium metal is 59%, cesium dissolved in isopropylamine
is 27% and in cesium-ammonia solutions it is 3-8%, depending on
concentration (Dawes et al., 1987, Edwards & Sienko, 1982). The positive
charge on cesium seems to be very well shielded by its interactions with
the lone pairs of electrons on the crown ether oxygens. The low percent
atomic character has been attributed to the location of the electron density,

presumably in or around the anionic vacancy. In addition, a strong
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coulombic attraction to eight nearest neighbor complexed cesium cations

helps to localize the electron charge (Dawes et al., 1987). The overall
electron density in the electride was determined to be 1.1x10*' ecm™ at
216K. These results triggered theoretical interest from Golden and Tuttle
(Golden & Tuttle, 1992). They disputed Dawes’ interpretation of the
contact density at the Cs nucleus. After further examination of the ***Cs
NMR results and from their hypothesis of electron distributions, they
claimed that this number is consistent with the assumption that the
maximum electride electron density is simply in the very near proximity
of the Cs nucleus.

Allan and co-workers (Allan et al., 1990) tried to reason the stability
of the unconventional situation given by electrides by using self-consistent
tight binding Hartree-Fock calculations. They found that the complexed
Cs cation is repulsive to the excess electron while the holes in the structure
yield an attractive potential. They also found that the calculated trapped
electron wave function was vanishingly small at the Cs site, which agrees
with the very small percent atomic character determined from NMR
results. These results are directly contradictory to the conclusions of
Golden and Tuttle.

Another group of theoreticians (Renscok et al., 1993) also refuted the

arguments described by Golden and Tuttle. Initially, the question of
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charge isolation was addressed by this group. Their calculations sought

to answer the conundrum of why the electron density at the cesium cation
is so small when the electronic wave function, presumably centered in the
trap, should be able to penetrate into the complex and have a higher
density at the cation than is observed. They surmised ihat since the
oxygen atoms are in van der Waals contact with the Cs, the crowns are
permanently polarized since the oxygens are negative and the hydrogens
are positive. This charge distribution could possibly form a potential
barrier to an electron between the inside of the complexed cation near the
Cs, and the outside. The calculations led the authors to the conclusion
that most of the unpaired electron density was moved outside of the
complexed Cs cation radius. The model presented by Rencsok represents
only the isolated molecule; nevertheless it supports the conclusion derived
from the experimental evidence that the unpaired electron density in the
cavity is separated from the cation. They also provided convincing
evidence to refute the arguments of Golden and Tuttle [Rencsok, 1995
#405}. In addition, high level quantum calculations and interesting
results and pictures were reported by these authors on the unpaired
electron density distribution in the smaller (and fictitious) electride
molecule Li*(9C3),e” (Rencsok et al., 1993).

Another theoretical treatment that is independent of the others

referenced here, consisted of local density approximation (LDA)
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calculations (Singh et al., 1993). These ab initio self consistent calculation:

were carried out on Cs*(15C5),e”. The behavior of the self consisten
potential surprisingly revealed that the electron's potential energy at the
center of the cavity was a maximum and not a minimum, but the tota
energy, potential plus kinetic, was a minimum. One usuall); assumes that
the electron seeks a potential energy minimum; thus, according to this
conclusion, electrides are an exception. Interaction with the core electrons
of the cation and the complexant electrons consistent with the Pauls;
exclusion principle, along with the space available at the vacancy
combine to trap the electron in the region of the potential energy
maximum. The total energy is minimized by spreading the electron

density throughout the large cavity thereby reducing its kinetic energy.
An Overall Message...

The major take-home lesson is that isolated complexed cation
structure stabilizes the solid, preventing recombination with the trapped
electron. We believe that, to a first approximation, the electride electrons
should be treated as if they are distinct from all other electrons in the
electride, just as is usually done with F-center systems, metals and
solvated-electron systems. The motivation behind the research described
in this thesis stems from this notion and from the desire to acquire

experimental evidence to help clarify various explanations of electride
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behavior. However, because of the extreme difficulty of viewing the

trapped electrons in the electride directly by X-ray diffraction, we can only
put forth our best efforts to lend support to the idea that the unpaired
electron density does move away from the complexed cation and into the
cavity.

The compilation presented in this chapter touches on only some of
the issues inspired by alkalide and electride research. Professor Dye has
changed the way that scientists think about chemistry, given the chemical
significance of the research. Not only is there a unique situation to learn
and to characterize a new class of compounds, but there are potentially
important uses for these compounds. For example, alkalides and
electrides are exceptional reducing agents and have been used to prepare
nanoscale particles of metals and alloys (Tsai & Dye, 1993). They are also
enticing where very strong reducing agents are necessary, as occurs
occasionally in organic synthesis. What has been learned over the years
from alkalide and electride research has been used to develop new
compounds, similar in nature, for potentially important use. For example,
this lab and others have attempted to produce large organic globular
electron acceptors (LOGEAs). Echegoyen and co-workers (Echegoyen et al.,
1991) introduced the prototype of such compounds called cryptatiums.
The lowest unoccupied molecular orbital (LUMO) of these molecules are at

low energies, so that there is a potential for adding extra electrons to the
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system. The driving force of research on LOGEAs is the possibility of

producing materials that are superconducting. For the last few years,
many of us in the Dye group as well as other collaborative groups, have
tried to synthesize organic superconductors, by using the techniques
developed in alkalide and electride research, but we have s.o far obtained
only hints of superconductivity that probably results from other causes.
The Dye research group will continue to face more challenges and to learn
more chemistry.

Finally, it is worthwhile to list the current alkalides and electrides
synthesized in the Dye group, together with their crystal systems (Table

1.3).
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Table 1.3
Current Structural Data of Alkalides and Electrides

Rb*(12C4)(18C6) Monoclinic

Compound | Crystal | ref | Compound | Crystal ref
System System
Cs*(18C6)ze” Monoclinic a Rb*(18C6)Rb" Monoclinic 1
Cs*(15C5)e” Triclinic b Cs*(C222)Cs- Monoclinic i
Li*(Cle)I:Ia' Orthorhombic j K*(HMHCY)Na- | Orthorhombic P
Na*(C222)Na" Rhombohedral C Rb*(HMHCY)Na~ | Orthorhombic T
Na*(C221)Na" Monoclinic d Cs*(HMHCY)Na- | Orthorhombic P
K+(C222)Na- Orthorhombic e Rb+(18C6)Na" Orthorhombic j
MeNH)
K+(12C4);Na" Monoclinic d | K*(18C6)(12C4)Na- | Orthorhombic o
Rb*’(lSCSi:era' Monoclinic f K*(18C6)(12C4)K- | Orthorhombic o
Cs*(18C6)2Na” ’ Monoclinic t K+(18%68)(Cl 62)C4)1(- Monoclinic o
Cs*(15C5)2Na” Triclinic g Li*2(TMTCY)? Orthorhombic q
(MeNH)Na~
Cs*(15C5)2K" Monoclinic h Li*2(TMTCY) | Orthorhombic s
(DMTCY)"
MeNHgNa‘
Rb*(15C5)2Rb" Monoclinic h Li*(18C6)Na" Monoclinic q
(MeNH2)2
Cs*+(18C6),Cs™ Orthorhombic i Li+(18C6)N‘a' “Rhombohedral q
(MeNH?2)>.(18C6)3
Li*(C211)e” Orthorhombic j K*(18C6)Na- Rhombohedral d
(MeNHL)z.(ISC6)3
K+(C222)e" Monoclinic k Rb*(C222)Rb" Triclinic T
K*(C222)K" Triclinic 1 Cs*(21C7)Na- Triclinic t
Cs*(15C5) Rhombohedral m Cs*(C322)Na- Monoclinic d
(18C6)e_
Lio*(TMPAND Monoclinic d o

Na“)2(MeNH2) Na
Li*(C211)Cs Monoclinic n K2*(21C7)Nay Monoclinic t
MeNHj_g

Rb"’(1 2C4)(18C6) Orthorhombic
Rb

References correspond to the following:

a. (Dawes et al., 1986)

b. (Ward et al., 1990b).
(Tehan et al., 1974).

. (Huang & Dye, 1996a)

. (Ward et al., 1990a).

. (Dawes et al., 1989).

ﬁ. (Huang & Dye, 1996a)

(Ward et al., 1990a)
i. (Huang et al., 1987).
j. (Huang et al., 1996b)

"o aon

k. (Huanget al., 1988).

1. (Huang et al., 1989)

m. (Wagner et al., 1994)

n. (Huang et al., 1996a)

0. (Huang, 1994a)

p- (Kuchenmeister & Dgl , 1989)
q- (Huang & Dye, 1996b)

r. (Huang, 1994a)

s. (Huanget al., 1990)

t. (Huang, 1994)
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INTRODUCTION

Preparation of alkali metal solutions, alkalides and electrides would
not be as tedious if the highly reactive nature of the solvated or trapped
electron and alkali metal anions did not exist. Oxygen, water, alcohols
and other reducible substances must be kept out of the reaction vessel.
Furthermore, the reaction vessel must be immersed in a cold bath at
temperatures around -40°C during synthesis and kept cold during use
and storage of the alkalides and electrides. Presumably, the reason for this
is that the complexants and solvents are themselves reducible substances.
This ultimately leads to decomposition of the solid or solution. A solvent
such as dimethyl ether (Me2O) is a preferred solvent because of its
resistance to reduction. Since dimethyl ether does not have ionizable
protons or protons that are beta to the oxygen, this leads to resistance to
reduction, resulting in a very robust solvent. Primary and secondary
amines have ionizable protons, thus making them less desirable.
Trimethylamine (TMA) and, to some extent, diethyl ether (Et2O), even
though it has beta hydrogens, also maintain a resistance towards

reduction, and these two solvents serve as suitable co-solvents. In the case
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where the alkalide dissolves in both of these solvents, n-pentane serves as

a reasonable substitute. The combination of Me2O and TMA however,
provides the greatest resistance to reduction.

It was shown from gas phase NMR (Cauliez et al., 1991) of the
decomposed products of crown ether alkalides that the'products are
butane, ethane, ethylene and ring opened complexant minus the ethylene
linkage. The oxygen atoms in the crown ether are highly electronegative
and when ?here is a cation complexed to the oxygens, they become even
more electronegative and form a strong dipole. This makes them very
susceptible to attack by an electrophilic substance; thus, when the
conditions are not right to stabilize the alkalide, the ring opens and the
decomposition products are formed. In the case of HMHCY , all of the
oxygens are replaced with nitrogens which are fully methylated, so there
is no place for the electrophile to attack. This results in decomplexation
rather than decomposition. When this occurs, the alkali metal cation that
was complexed with the HMHCY recombines with the unpaired electron
to form a fine metallic powder. This is evidenced in the HMHCY synthesis
occasionally and must be avoided as the alkali metal also has an
unpaired electron and will be observed in the EPR. To avoid this, the
synthesis is completed in a speedy fashion, at a low enough temperature

to prevent decomplexation but with enough care to grow crystals.
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Preparation of Cst*(HMHCY)Na-

The glassware used to synthesize these compounds is very specifis
and it cannot be purchased, therefore it is glassblown in our glass shop
The cell, referred to as a K-cell, is shown in Figure 2.1. When synthesizing
an alkalide, a Pyrex K-cell is used since the threat of exchanging th
natural Na* in the borosillicate glass of Pyrex with cesium cation in the
presence of M- is minimal. Initially, the K-cell is cleaned rigorously tc
inhibit solution decomposition. The apparatus is first rinsed with e
carefully prepared HF solution (5% concentrated HF, 35% concentratec
HNO3, 60% H20 and a small amount of detergent) to remove
contaminants from the walls of the glass. However, the soapy HF solutior
itself often is difficult to rinse away completely so an aqua regia solution
composed of three parts HCl and one part HNO3 is added to the vessel
This is allowed to stand for one day. The following day, the solution i:
poured out and washed six times with distilled water, followed by si>
rinses with conductance water, distilled water that had been deionizec
and redistilled through a high reflux ratio column so that less than 1 ppnr
of impurity remained. The K-cell is then placed in an oven at arounc
275°C to dry completely. Finally the K-cell apparatus is placed on the
vacuum line overnight, with the proper 9 mm Ultra-Torr attachments a

points 1 and 2, and evacuated to check for any faults in the glass as well
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Figure 2.1: Pyrex® K-Cell used in the
synthesis of alkalides and some electrides.
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as to distill out any water that possibly remained in the K-cell. As is

evident from this description, the cleaning ritual is very important and
takes time and patience, so planning an experiment ahead of time is
always advantageous.

Once the K-cell has been cleaned and could sustain'a vacuum on
the order of 106 torr, the K-cell, the appropriate length of a Cs metal
ampoulet, a pipette and bulb, and a spatula are all placed in the Vacuum
Atmosphere Company (VAC) Glove Box outer chamber to be evacuated to
about 30 mtorr. Once the outer chamber has been evacuated, the
equipment can be accessed through the port and brought into the glove
box. The cesium ampoule is scored with a knife that is stored in the glove
box and cracked. The portion of the cracked ampoule containing the
metal is placed into tube Y so that the sealed part of the ampoule is facing
towards the inside of the apparatus (this was done to help prevent any
bumping of the cesium metal when it is distilled). If the ampoule is
cracked in the middle of the Cs metal portion, both parts were placed in
the side tube. The sodium metal and a knife to cut it is stored in the
glovebox. A small portion of the metal is cut away to reveal a shiny

unoxidized portion of the metal and some of the shiny metal is cut and

t To determine the appropriate length of cesium metal ampoule for each experiment, the
conversion (85 mg/cm)(length of Cs ampoule in cm)(mmol/132.9mgCs)= mmol Cs, when the Cs
metal is poured into 4 mm O.D. Pyrex® tubing.
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weighed. The sodium is then placed in the refrigerator momentarily t

cool the metal so that it will not stick to the walls of the sidearm durin;
delivery into the K-cell. The Ultra-Torr attachment is then placed securel
on the end of the side tube at point 1. Next the appropriate amount o
complexant is pipetted through point 2 and into bulb B, and the ultra-tor.
attachment is attached to point 2. This sodide recipe calls for a sligh
excess of both metals to make sure that only sodide is made, with nc
electride. It is important to make sure the stopcock is closed and that bott
Ultra-Torr attachments are tightly secured before removing the K-cell fron
the glove box.

Once the apparatus is taken out of the glove box, it is imperative tha
no oxygen is allowed into the K-cell. At this point, the K-cell apparatus
which contains a helium atmosphere, is directly attached to the vacuun
line and evacuated. When the pressure has reached 10-6 torr, the
apparatus is sealed with a torch at points 1 and 4. Since HMHCY is not ¢
highly volatile complexant, it is not necessary to cool bulb B with a dry
ice/isopropanol bath. When the two side-arms have been sealed-off, :
freshly distilled Cs/Na mirror is deposited into bulb A by using a ligh
flame at first to distill the cesium, then a hotter flame to distill the les:
volatile sodium. A nice gold-colored mirror always forms rather quickly
It is important not to distill the Cs too rapidly or else large balls of meta
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