_UNCIASS T
“bi_r__QS:Cuuﬂv CLASYIFICATION OF TS PAGE (W n.a.'.:-u [} ‘
/H - y RIEAD INSTRUCTIONS
! FIT.‘.‘ iy REPORT DOCUMENTAT‘GN PAGE BEFORE COMPLETING FORM
T : PORYT BUMBER 2 GOVY ACCESSION NQ| 3 RECIPIENT'S JATALNG NUMBER
8

\
s,

1-60/ ¥ : 77) ,A_‘/o-si 37
4/‘%‘, TITLE (ena Sudtitte) TvPE_B_; REPORY & PERIOD COVERED

Lithium: Cryptand 2.1.1 Electrides: A Study, TAESIS/D1ISSERTATION
of Some Magnetlc and 0pt1ca] Propertwes. ;

uTNOR(-) .
John Steven anders
10. PROGRAM ELEMENT PROJECT, TASK

s PES PERFORMING PHGANIZATION NAME ANDO ADDRESS .
AREA & WORK UNIT NUMBERS

AFIT STUDENT AT: Michigan State University

r;;:_C?NTHBmEaEE NAME AND ADDRESS /7\7 -]98] atg
7o A
WPAFB OH 45433 L//¢ TN OF PAGES
208

15. SECURITY CLASS. (of thie report)

/02)/2':_{7/" UNCLASS__*_ ______ ]
‘< [Fise. &ec’%éssmcuqon OOWNGRADING

6. OISTRIBUTION STATEMENT (of thia Repori)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED LECTEI

Ay

~
\jG\

€ PERFORMING 03G. REPORT NUMBER

o~ SN N

ADA101627/~

14 MONITORING AGENCY NAME & ADODRESS(il difieront from Controlling Ollice)

oo

Y -
—— e e e

Wz

JuL 2 1 1981

7. OISTRIBUTION STATEMENT (af the abatraci entered in Block 20, 11 different lrom Report)

18. SUPPLEMENTARY NOTES

FREDRIC C. vmcu

APPROVED FOR PUBLIC RELEASE: 1AW AFR 190-17 Direct~r of Public
Air Force Inslitute of Tec no ogy (ATC)

2'-‘7:’ My \Q'ﬂ Weight-Patterson AFB, OH 45433

Bl 2 - SN T, i - e | >

N
19 KLY WORQDS (Continue on reverss side Il necessacy and Identlly by block number)

20 ABSTRACT (Continus on reverss side i necessary end identily by block number)

A,‘
. )
“’,’3}@5&*“‘*'9 .

e

g ATTACHED
&

. E DD , %%, 1473 €oimion oF 1 oV 6818 casoLETE UNCLASS
/ ) SECURITY CLASMIFICATION OF THIS PAGE (When Dare Ay ea)
-

NnLT.
7 517 16 006

e



e PR M,

o I LY ekl AN

VRN s k. T

il GO B

3!!»‘*\;?.1
; “‘*".“’wumvﬁ-«w-,.ﬂ -

R

ABSTRACT ~ Accescion For

DTIC TAB
Unannounced

LITHIUM : CRYPTAND 2.1.1 ELECTRIDES: . ]
sistification

NTIS CRA&I '—'*:jj
D :

A STUDY OF SOME MAGNETIC .

AND OPTICAL PROPERTIES _Distribution/

Dizt ! Spectial
By | |

|

._”.«'-.-,-qils»f:il ity Codes
‘Avail and/or

John Steven Landers

!

¥ Dark blue microcrystalline powders produced from lithium
metal and the caticn complexing agent crvntand 2.1.1 (€211)
were prevared from ammonia and from methvlamine solutions.
The mole ratio of 1lithium to cryptand, R, was varied from
0.60 to 2.0 but there was no evidence for Li~., The optical
and magnetic properties indicate that L1+C211-e' is an
electride, a member of the class of materials in which the
anions are electrons. Samples were studied by optical trans-
mission svectroscopy, EPR spectroscopy, magnetic suscepti-
bility, and microwave and D.C. conductivities. In many
cases several methods were used to characterlze samples
prepared from the same solution; correlation among the
various propertles 1is high. [},

Solvent-free films ¢onsigting only of lithium metal
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flecks deposited by ammonia or methylamine evaporation did
not show any optical absorption. However, when the flecks
are allowed to absordb solvent, the spectra show a plasma
edge typical of concentrated metal-ammonia solutions.
Solvent-free films frcm solutions containing both lithium
and C211 have properties which depend upon the lithium to
cryntand mole ratio, R. Films from solutions with R < 1.15
have an absorption spectrum with low absorbance below 4000
cm'l, peaks at 5000 cm'l and 7000 em™1 and a high energy
shoulder at 12,000 cm'l indicatine electron localizatlion
in several different non-equivalent environments. Anneal-
ing the £1lms increases the infrared absorbance below 5000

cm'l. On the other hand, svectra from filins with R = 2

show a conduction electron plasma edge and high absorbance

below 5000 em Y. Two Litc211-e” systems with R = 0.94 also

showed metallic character, one throughout the range =-35°

syl n s ikl naies 1 Litominlietsaliddun it

to -70°C and the other above =-U45°C. This apparent metal-
nonmetal transition at -U5°C was confirmed by EPR spectros-

copv and microwave ccnductivity. Why these twc syvstems 3

showed metalllc character while three other systems at the
same mole ratio did not 1is uncertain.

EPR spectra of Litcoil.e” systems generally show the
following: g-values at or near the free electron value,

2.00232; narrow spectra with AH___ ~0,15 - 0.6 Gauss; A/B

p-pP
ratios less than 1.25; and no free 1lithium metal. Samples

that showed multiple absorptions in the optical spectra
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also showed multivle EPR peaks below about 30K. The number
of unpaired spinsiin the samples was determined by compari-
son with a ruby spin standard. '"Metallic" samples have

si nificantly less than 1% of their spins unpaired whereas
3L, to 100% of the spins are unpaired in nonmetallic samples
at 235K. At least two reversible temperature-dependent
spirn-pairing processes were observed in several samples

with pairineg energies of approximately 30 cal/mole and

100 cal/mole. The pairing is virtually complete by 3K.

These results were verified bv static magnetic sus-
ceptibilities which showed maxima in their temperature
dependence. Maximum susceptiblilities varied from 5. x 10'3
esu/mole at 20K to 0.7 x 103 esu/mole at 70K, depending
upon the lithium content. 1In all cases the susceontibilities
dropped sharply at liaquid helium temperatures. At high
temperatures the susceptibility curves fit the Curie-Weilss
law rather well and indicate the presence of about one
unpaired electron per lithiuﬁ. This confirms that essen-
tiallyv all of the electrons in the samples participate in
the spin-pairing process.

The optical spectra of solvent-free films of K'c222-e”
also showed metallic character while films of Na+C222-e-,
Rb+0222'e- and Cs+C322-e' generally showed localized (non-
metallic) electron absorptions. Even with R < 1, the Rb/C222
system showed an anlon absorption peak. The mixed alkalide
systems r1*c211-Na" and Cs+0322'Na' shocwed strong Na~

absorptions at about 13,800 em™ 1.
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INTRODUCTION

The study of solutlons and compounds prepared with
alkali metal cations and cyclic polyethers is less than
twelve years 0ld, but it 1s based upon the nearly 120-
vear-o0ld study of alkalil metals in ammonia. From the
original work of Weyl on the ammonia solutions of potassium
and sodium (1) in the 1860s, the research has burgeoned,
reaching the point in the past several decades that a
number of internatlional conferences have been held on the
general subject. One serles of five conferences whose
proceedings have been published bears the title "Colloque
Weyl" 4in honor of the original researcher. These and other
conferences, review articles and important works in this
field are 1iisted in Reference 2.

A branch of this research was propagated in the early
1970s by Dye and coworkers who demonstrated the tremendous
solubllity enhancement that cyclic polyethers provide for
alkall metals in amine and ether sclvents (3-5). This work
led to further growth: the isolation of solvent-free com-
pounds of alkali metals and cyclic polyethers, including
the single crystal x-ray structure of one such compound (6).
The research presented herein 1s an offshoot of this rapidly

growing and interesting branch concerning the effects of
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cyclic polyethers on alkali metals.

A review of concentrated metal-ammonia solutions as
well as metal-ammonia and metal-methylamine compounds pro-
vides some background for the current work. Because the
subject compound, lithium : cryptand 2.1.1 electride, has
electrons 1n 1ts structure which are lndependent of the
lithium catlon core, the compound 1is somewhat simililar to
low temperature glasses containing trapped electrons.
These glasses will te discussed, followed by a description
of F-centers which consist of electrons trapped in anionic
vacancies in c¢rystalline salts., Lithium cryptand 2.1.1
electride may be thought of as an F-center material in
which all anions are replaced by electrons. In some cases
the electron density becomes sufficient to cause the com=-
pound to undergo a transition to metallic character, but
it 1s not clear which factor(s) control the metal-nonmetal
transition otserved in thils study. Several theorles de-

scribing such a transition will be very briefly mentioned.

IJ.A. Metal-Ammonia Solu’ions

Metal-ammonia (M-NH3) solutions can be divided, some-~
what arbitrarily, into three classifications according to
the concentration of the dissolved metzl. Generally solu-
tions of one mole percent metal (MPM) or less are electro-
lytic in nature, those between 1 and 8 MPM show variable

character which places them in the metal-nonmetal (MNM)
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transition region, and those above 8 MPM are metallic. The
concentration region of the DND transition may vary depend-
ing uron the property being observed, but the crossover 1is
generally complete by 8 MPM. Optical spectra of concen-
trated M-NH3 solutions have generally been obtalned by
reflectance techniques. Figure 1 shows the reflectance
spectra of Na-NH3 solutions in the intermediate and con-
centrated regions (7). As the concentration of metal
rises above 5.6 MPM, the reflectance spectra show a very
sharp drcey it the rlasma frequency which is a collective
resonance of the conduction electrons. Concentrated Li-NH

3

solutions show a similar response (8). The electrical con-
ductivity -~ Ei-NH3 solutions in this regicn increases ap-
proximately as the cube of the metal concentration (9).

At 20 MPM 1t reaches nearly 1.5 x 10Y (omm-cm)™1, but not
until this very concentrated region does 30/3T become nega-
tive as expected for a true metal.

Electron paramagnetic resonance (EPR) spectroscopy of
M-NH3 sclutions shows an onset of metallic character at
relatively low concentrations. In 1963 Vos noted a distinct
change in the A/B ratio to that characteristic of metallic
systems (10). Two years later Catterall determined that the
A/B change occurs at 0°C in a 0.86 MPM solution of Cs in
NH3 and at higher temperatures in solutions of even lower
concentration (11). (A and B are the respective amplitudes

of the low and high field lobes of first derivative EPR
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spectra which will be discussed 1n greater detall in Sec-
tion I.B.) Lelieur showed that the linewidth, AHp_p
(where "p-p" indic-.tes the width in Gauss between the first
derivative peaks) for Na-NH3 increases from 30 mG in dilute
solutions to about 5 G at 10 MPM (12). This rapid increase
in AHp_p may be due to the increase in electrical conduc-
tivity associated with the more concentrated solutions (13).
Static susceptibilities are diamagnetic but become less so
as the M-NH3 solutions become metallic, although they never
lose their weak temperature dependence (14-16). The effect
of the concentrated metal is never sufficient to overcome

ammonla's dlamagnetism.

I.B. Metal-Amine Compounds

Of the alkall metal-ammonia systems which Marshall
studied, only the saturated Li-NH3 system showed a dramatic
decrease in the solution vapor pressure as the lithium
mole fraction was increased (17). This strongly implies
the existence of a compound Li(NH3)u since the mole frac-

tion of lithium in the saturated NH, solution is 0.20. 1In

3
fact a metallic compound with stoichiometry Li(NH3)u is
formed when a 20 MPM solution is frozen at ~89K. Compounds
M(N¥3)6 have also been identified where M is Ca, Sr, Ba,
Eu aad Yb (12). The Li1(NH;), compound is face centered
cubic between 82 and 88K, with a transition to a hexagonal

structure below 82K. Magnetic susceptibility measurements

- - - =y = AT T e e Y e gy

[T

PUAT RO

el Cdila s



show that the hexagonal phase obeys the Curie-Weiss law to
15K. The optical spectra are similar to those of the 1liquid
(12). Evidence suggests that, unlike the hexagonal phase,

the cubic phase exhibits nearly-free-electron (NFE) behavior

wdhl v et s ik st o

(18). By freezing a Li-NH3 solution more dilute than 0.2
MPM, the cubic phase can he stabllized well below 1its
normal 82-88K range. Studies over the expanded temperature
range confirm the metallic character of the cubic phase
(18).

In their studies of cubic Li(NH3)u by EPR, Glaunsinger
and Sienko used 2 theoretical lineshape equation derived
by Dyson and extended by VWebb to analyze the data for their
metallic samples. In 1955 Dyson solved the theoretical
equations accounting for the diffusion of conduction elec-
trons into and out of the region penetrated by the EPR
radio-frequency (rf) field (19). For a metallic sample
which 1s thick compared to this rf skin depth, §, the EPR
lineshape assumes a characteristic asymmetric shape now
commonly known as Dysonian in which 2.7 < A/B < 20. The
theoretical shape, which also depends upon the electronic
diffusion (TD) and relaxation (T,) times, was confirmed
experimentally by Feher and Kip, also in 1955 (20). Two
years later Webb extended Dyson's derivation for use with
spherical particles in the region of the normal skin ef-
fect (21). Several conclusions can be drawn from this

extension: metallic particles whose radii, a, are large




compared to § will still have a nearly symmetric EPR signal
(A/B v 1) if Ty >> Ty where T; = T, in a metal; and of more
practical importance in the current study, even though the
sample may be metalllc, if the sample particle sizes are
small compared to the skin depth (a/é < 1), the EPR signal
will be very nearly symmetric. The Dyson theory was ex-
tended to the region of the anomalous skin effect by Kittel
(20). In this case the mean free path of the conduction
electrons is long compared to the skin depth, §. Assuming
Tp<<T
Glaunsinger and Sienko's Li(NH3)u cubic phase data were

then A/B = § invariably.

in excellent agreement with Dyson's equation as extended by
Webd and at 120K the liquid droplets of Li(NH3)u dispersed

in solid NH, ylelded symmetric Lorentzian lineshapes. In

3
hoth cases they were able to draw conclusions about T1
relaxation times and mechanisms. Li-methylamine (MA)
systems have also been studied in Sienko's laboratory and
to date the existence of Li(ML)u.has only been inferred
(22). 1In that work the lineshapes had an asymmetry 1l <
A/B < 2.7, so the authors used a direct interpolation
between Lorentzian and Dysonian ‘ineshape functions to
extract relaxation times (232,24).

Before leaving the metal-amine subject, an interesting
result from Ca(ND3)6 studies 1= worthy of mention. The
crystal structure of Ca(ND3)6 determined by powder neutron

diffraction shows highly distorted ND3 molecules arranged
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in an exact octahedron arocund the Ca (25). One N-D bond
1s 0.94% while the other two are 1.48. The ND; molecule
1s flatter than normal with D-N-D angles of 122° and 115°
compared to the 110° angles of solid ND3. Finally the
pseudotrigonal axis of each ND3 is not coincident with the
Ca-N bond btut makes a 13° angle with it. This result has
subsequently been found true for M(ND3)6 where M 1s also
Sr, Ba and Yb (26). Glaunsinger believes the novel ND3
structure may somehow be stabilized by the presence of
itinerant electrons (27). These structures are very in-
teresting, but as Thompson has harshly remarked about
Li(NH3)u (which could apply equally well to all the metal-

amine compounds), ". . . the considerable avallable data

is rendered nearly useless by the absence of single crystals"

(28).

I.C. Electrons in Low Temperature Glasses

For several decades, "excess" electrons injected into
condensed phases have been studied in an attempt to under-
stand electron localization and solvation processes. One

branch of this work has involved glassy disordered media,

generally at liquid ritrogen temperatures, but more recently

in the liquid helium range on the pico and nanosecond time
scales.
Electrons rapidly occupy nonequdlidrium or presolvated

positions in the disordered matrix within nanoseconds after
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injection. A minimum trap depth seems to be 0.4 - 0.5 eV

(3100 - 2500 nm) (29). Then depending on the temperature,

the electrons attain solvated equilibrium positions on a

microsecond scale (30). The mechanism is molecular re-

orientation of the solvent; the electrons apparently do not

hop site-to-site in search of deeper equilibrium traps (31).

e e ik T

In the optical spectra the presolvated electron absorption
in the near infrared shifts into the visible as the electron '
forces molecular reorientation around itself. In the case ‘
of C2HSOD’ the electron finally attains four tetrahedrally
arranged solvent molecules at equilibrium (32). Willard has j
conducted a series of bleaching experiments in which the
optical density in the near infrared is reduced at the

bleaching wavelength and longer but the remainder of the
spectrum 1is unaffected. However, at 1064 nm and shorter
wavelengths, the entire spectrum 1s bleached uniformly

because all e, apparently have high energy tails. There

is no subpopulation with sufficient nonoverlapping spectra
to allow deep hole burning (33). In some cases mclecular

reorientation does not occur until the glass is annealed, -
typically at 77K. After the irreversible shift, the narrow -
singlet EPR signal with a g-value near that of the free i

electron does not change, indicating a symmetrical equi-

l1ibrium environment for the electron. As the matrix be-

comes more polar, AHp_p increases because of hyperfine

interaction of the electron with atoms along the trap
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walls (3U4).

Several solvated equilibrium structures in glasses
have been reported. In 1975 Willard presumed that, because
the optical spectrum of electrons trapped in 2-methyltetra-
hydrofuran (MTHF) had three distinct peaks, the structure
probably contained three different discrete orlientations of
MTHF, each with a different trap depth (34). 1In 1980 Kevan
reported the structure as an electron surrounded by three
MTHF molecules whose planes are perpendicular to the electron.
The MTHF molecules are oriented statistically with either
side of the ring toward the center, causing multiple environ-
ments for the electron, with the closest proton at 3.&3
from the electron. Kevan also reports that electrons in an
aqueous glass create an octahedral structure with one 0O-H
bond of each molecule pointed at the electron 2.13 distant.
In methanol glass the solvation shell is 4 £ 2 molecules
with an electron-to-hydroxyl proton distance of 2.28 =
0.15X. Again the O-H bond points at the electron (29).

In mixed matrix glasses, there 1s one optical peak
which shifts position according to the mole fraction of the
solvents 4if the solvents are composed of similar types of
molecules. If the molecules are sufficiently different
there will be two distinct optical peaks. Initially e
18 in a trap of the more abundant solvent, but it anneals
to the more polar trap by stepwise changes in the solvation

shell. Again this apparently oczurs through solvent re-

orientation, not electron tunneling, although the mechanism

LBl o e o e adiin D wdE A a8 s s i s s

K]

o ath &

Y Y 3 QPR RERT VL) [ O

LN P U

LS TR L T SR TR en I S TP TONT




11

is not clear (29).

There are simllarities in the characteristics of elec-
trons trapped in glasses and those trapped in carbohydrate
single crystals. The electron g-values are nearly those of
the free electron and both systems react similarly to bleach-
ing. On the other hand electrons trapped in carbohydrate
or polyhydroxy single crystals show strong anisotropilc hyper-
fine interactions with the hydroxyl protons 1.6 - 1.758%
distant. Also electron traps may not be as deep 1n these
single crystals as in glasses (35). In monoclinic crystals
such as rhamnose or sucrose, the electron is only in a
single trapping site although many of the structures appear
to offer more than one such site, according to Box (36).

There have been at least five majJor theoretical models
proposed to describe solvated electrons in disordered
systems. They have been reviewed by Feng and Kevan (37)
and two of them will be brierly mentioned. In the continuum
model first put on a sound theoretical basls by Jortner,

a spherically symmetrical cavity is formed within a polar-
izable, continuous dielectric medium. In 1970 Copeland,
Kestner and Jortner (CKJ) and Fueki, Feng and Kevan (FFK)
proposed slightly different variations of the semicontinuum
model which include both short and long range interacticns.
The electron is still located in the center of a spherical
cavity, but it is surrounrded by N solvent molecules ar-

ranged symmetrically. These molecules provlide the short-range
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attractive interactions with the electron necessary to ac-
count for the absblute value of the electronic energy levels
(37). Outside the solvation shell 1is the dielectric con-
tinuum. These mclels as well as the others not discussed
here are good to excellent in predicting optical absorption
maxima as a function of matrix polarity, temperature and
pressure. However the predicted optical peaks are too
narrow and symmetrical compared to experimental peaks (37).
Shida et a. empirlcally fit the absorption spectra of
trapped electrons in over forty low-temperature matrices
and then successfully applled the equation to the spectra
of solvated electrons in liquids (38,39). The physical
basls for at least one of thelr parameters is not clear,
however. On the other hand a recent theoretical formalism
has been developed by Banerjee and Simons based upon funda-
mental principles (40). They begin with a Hamiltonlan
which includes both electronic and vibrational motion of the
system e; plus solvent. The final absorption band shape
is a function of three contributlons: the largest 1is
from a localized (bound-bound) transition and the other
two arise from effects of electron hopping and fluctuations.
Contributions from these nonlocalized transitions formally
account for the asymmetry cf the optical band (37). This
model has been successfully applied to excess electrons in
ethanol and in anthracene glass, indicating that perhaps

it will have general application to condensed media (40).
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However, Rice in a recent artlicle concluded that EPR, photo-
bleaching, photocbnductivity, scavenger reactions-and op-
tical absorption relaxation evidence all argue strongly

that electron migration from trap-to-trap does not occur
(41). He did not specifically address Banerjee and Simon's
formalism, nor has anyone else to date except Feng and

Kevan (37).

I.D. F=Centers

An anion vacancy in an ionic lattice occupied by an
electron 1s an F-center or color center. The most com-
monly studied centers are in the alkali halide single
crystals, most of which have the face-centered-cubic (fecc)
structure. In this NaCl-type structure the electronic wave
function is shared by the six nearest-neighbor catlons which
are the walls of the vacancy and also to a slight degree by
the twelve second-nearest neighbors (42). The room tem-
perature optical absorption maximum varies from 250 nm
for the LiF crystal which has the shortest interionic
distance, to 785 nm for CsI which possesses the largest
distance (43). The absorption peak 18 asymmetric with a
high energy tail, but the asymmetry 1s quite minor compared
to that of solvated electrons in polar and non-polar sol-
vents. There 1s a slight positlive shift of wavelength with
temperature and a negative shift with pressure, reflecting

the changes in lattlce spacing.
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Mollwo 1'irst recognized that the absorption wavelength
was directly proportional to the square of the lattice
spacing for fcc structures. Later Ivey refined the expres-
sion with a least squares computer fit of the data, yleld-
ing the Mollwo~Ivey relation: Amax = 703-d1‘8u where d 1s
the lattice parameter of the crystal. In the more than
thirty years since thils empirical formulation, others have
attempted theoretical treatments. However to reproduce
experimental energles, they 1nvariably add an empirical
parameter. The F-center is the simplest defect in ionic
solids, yet the theoretical approach may have to include
drnamic lattice effects and more detailed treatments of
lattic= distortion and ionlc polarization before theoreti-
cally predicted energles closely approximate the experimen-
tal values (44).

The EPR linewidths are broad, typically 45 - 200 G
depending upon the temperature and the system studied (45).
The widths are functions of the significant hyperfine inter-
action of the trapped electron with the nuclear moments of
the adjacent alkall ions., However, hyperfine splitting
is evident only in crystals with short interlionic distances.
The g-values are generally 1.99 2 .02 with a much smaller
deviation for a particular alkali halide. F-centers gen-

16

o)
erally have a density of only 10 - 101’/cm3 s0 the centers

only decrease the diamagnetism of the ionic lattice slightly
in static susceptibility studles.
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Schindewolf injJected electrons into molten salts by
electrolysis (46)., These fluid "F-centers" are charac=-
terized by broad featureless absorption spectra with widths
at half height of approximately 1250 nm (al eV). Peak
positions undergo the expected shifts as temperature and
ionic slzes are varied and the broad spectra are very
similar to those of solvated electrons in polar fluids.

The peak widths, three to four times greater than those in
the solid, are due to the distribution of cavity sizes in

the fluid (4€).

I.E. The Metal-Nonmetal Transitlon

There 1s no doubt that a MNM transition occurs in many
systems, for example in M-NH3 solutions between the dilute
and concentrated reglons and 1n some metal-amine compounds.
However there is disagreement about the mechanism(s)
responsible for the electron delocalization/localization
controliling the metallic character. Several theories will
be very briefly described in simplified form.

Mott and Hubbard approached the problem from different
perspectives, yet their conclusions were compatible, result-
ing in the Mott-Hubbard model for the MNM transition.
Mott's approach (47) considers the long-range Coulombic
attraction of electron-hole pairs. VWhen screening reaches

a certain magnitude, the electron is no longer bound by

the attraction and it becomes itinerant. Using a screening
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constant that must be smaller than the inverse Bohr radius

for localized states to exist, Mott calculated hisz cri-

wd awodlas

terion for metallic conduction:

Akl o

n1/3aH > 0.25

TS 3P

where n 1s the electron density and a, is the Bohr radius.

bl

Empirically Edwards and Sienko (48) showed that this rela-

tionship 1s applicable to a large number of systems when g'
#

using an effective Bohr radius ay and a critical density

n,:

1/3 % _
r, ay 0.26

A system with an effective Bohr radius of 2.6% would be at
the MNM transition when its electron density reaches
10°1/em3.

Hubbard (49) viewed the problem based upon electron
repulsion at a particular site. The bandwidth of energles
from the overlap of atomic wavefunctions 1s given by
W = 221 where z 1s the number of nearest neignhbors and I i
is the overlap integral of wavefunctions for adjacent
electron centers. If U 18 the single site Coulombic repul-
sion energy, then when W/U > 1.15, the electrons will be
itinerant. Mott concluded through another auproach that

W/U A 1 was indeed appropriate for the prediction of the MNM
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transition, hence the theory has advanced as the Mott-
Hubbard model.

Anderson's approach 1s one based on disorder (50).
Suppose that the lattice is composed of potential energy
wells of variable depth where Vo is the spread in energy.
If W 1s the bandwidth as described in the Hubbard model,
then the Anderson MNM transition occurs at vo/w = § for
z = 6. More recently others have placed the ratio at
2 - 4 (47). Essentlally, an electron without phonon
assistance 1s unable to find another site with the same
energy within a given distance and it therefore remains
localized. Possibly the MNM transition can 2730 ocecur
through a spatlal disorder as well as or 1in addition to a
potentizal energy disorder (47). Some have used a combina-
tion of Mott-Hubbard and Anderson models to explain the MNM

transition in Li-CH3NH2 solutions (24).

I.F. Alkali Metal - Cryptand Systems

One class of macrocyclic polyether complexing agents,
the macrobicyclic diamines, was synthesized by Lehn in
1969 (51). Because they are three-stranded, the molecules
create their own cavity, hence the name cryptands. They
are deplicted in Figure 2. The numbers refer to the
quantity of ether oxygens in each strand and the trival

names are based upon these numbers. For example, the

polyether in Figure 2 with two oxygens in each strand would
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I. m=0; n=1  (C211)
II. m=}; n=0 (c221)
Il1l. m »n =] (€C222)
IV. ms]l; ns=s 2 (€C322)

Tetraza C222 or C2N22 %

Figure 2. Cryotand molecular structures.
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be cryptand 2.2.2 or more simply C222. IUPAC names are
listed in Section II.A.1.
The large number of nitrogen and oxygen atoms lining

the cryptand cavity provides a prime environment for com-

Plexing a cation. The number of ether linkages in each
strand dictates the cavity size which in turn dictates the
size of cation which can be readily complexed 1in the cavity.
Flgure 3 shows thils selectivity as well as the high com-
plexation constants when a cation is of optimum size for a
particular cryptand cavity. The lack of selectivity among
large cations by €322 (and other large cryptands) seems

to result from the flexibility of the larger molecules

(52).

By proper choice of alkali metal, cryptand and sol-
vent, a solution of controlled stoichlometry can be prepared
which may contain either alkall metal anions or simply
electrons as the counterions for the encrypted cations.

Dye has discussed the considerations and strategles for
these preparations in numerous articles (53-57). When a
cryptand contains a cation, the complex will be referred

to as a "cryptate". When a cryptate in a sclution or

s014d has an alkall metal counterion, the complex, m*c.NT,
is called an "alkalide" where N may be the same as M

or different (54). An example 1s the alkalide Cs'C322.Na”,
cesium C322 sodide. When a cryptate has a counterion which

i8 an electron, the complex, M+C-e', 1s called an
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Figure 3. Selectivity and stabillity of various cryntand
complexes with alkali metal cations in 95%

methanol.

Adars. - o aa e o L




"R YOI Y ey b, e -

21

"electride" (58). The electride of importance in this
study is Li*C211-e™, 1ithium C211 electride.

Crystals of Na+C222-Na' were first reported in 1974
(6). An x-ray structural determination of these thin,
gold-colored plates showed cubic closest-packing (59).
Essentially the crystal contains closeste-packed cryptate

complexes with anions in the octahedral holes. The Na~ -

Na~ intraplane distance is 8.88 while the interplane
Na~ - Na~ distance is 11.0%, leading to a probable an-
isotropy of properties dependent upon the anion-anion
distance (54). No crystal structures of electrides have
been determined although paramagnetic blue powders of
probable stoichiometry M*C.e~ have been prepared (58,60,61).
If a single crystal of Natc222+e~ could be isolated, it 1is
possible that its structure would also be hexagonal but
w - h electrons occupying the octahedral holes. The effect
that an unsymmetrical cryptand such as €211, C221 or C322
might have on hexagonal packing 1s uncertain. However, the
structure of Li*Cle.I' is tetragonal, space group Pulzlg,
with four molecular species in a unit cell of dimensions
a =b=28.72% and ¢ = 24.36R (62). The 1odide ion with a
radius of 2.168 would be too large to occupy the octahedral
hole if the L1+C211 cryptates were to pack hexagonally like
hard spheres, but an electron could fit, of course,

The deep blue paramagnetic solid L1¥c211.e” 18 the

primary subject of this dissertation. It 1is probably
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more ordered than a molecular glass and it certainly has a
greater density of trapped electrons. On the other hand
the electride, a fully substituted F-center, 1s more dis-
ordered than an alkali halide F-center single crystal, but
once agaln its trapped electron density 1s much higher.
Because of the size of the cryptate, the electron density
of the electrides 1s about an order of magnitude lower than
that of simple metals. In thls respect the electride 1s
similar to Li(NH3)u or M(NH3)g compounds, which are low
elertron density (expanded) metals, and to the Li(CH3NH2)u
system which undergoes a MNM transition. The majority of
this thesis is devoted to the characterization of Li‘'C21l.e”
which 1s nearly metallic and which upon occasion has shown

a MNM transition. The remainder of the dissertation

focuses on the optical spectra of alkalides and other

electrides.
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CHAPTER 1II

EXPERIMENTAL

II.A. Reagents

ITI.A.1. Complexing Agents

Generally the complexing agents listed below were
stored in a freezer (-20°C) prior to purification. After-
wards they were stored in the dark under mechanical pump

vacuum at room temperature.

2,1,1-Cryptand - (C211 or IUPAC: 4,7,13,18-tetrzoxa-

1,10-d1azabiryclo=-[8.5.5]eicosane). C211 (manufactured by
E. Merck, purchased from PCR, Inc.) was purified by dynamic
high vacuum distillation with the apparatus shown in Figure
4, The light-sensitive impure cryptand was placed in the
apparatus below the cup. In semidarkness the cryptand was
heated with an oil bath to 65 - €8°C while the cold finger
was maintained at -50 #* 10°C with chilled nitrogen gas.
After completion of the distillation and upon warming to

30 - 35°C, the C21ll1l liquified and dripped into the cup
attached to the cold finger. Upon cooling to room tem-
perature, the C211 crystallized. The arms attaching the

cup to the cold finger were broken and the cup was removed

23
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to storsage.

2,2,1-Cryptand - (C221 or IUPAC 4,7,13,16,21-penta-

oxa-1,10-diazabicyclo[8.8.5]tricosane). €221 (manufactured
by E. Merck, purchased from PCR, Inc.) was only purifiled
in situ in the solution preparation vessel (Figure 5).

The mass of the small tublng used as a C221 weighing con-
tainer lincreased by 2.0% of the original C221 mass after
the in situ distlllation, presumably due to C221 residue.

2,2,2-Cryptand -~ (C222 or IUPAC 4,7,13,16,21,24-hexa-

oxa-1,10-diazabicyclo[8.8.8lhexacosane). The purification

of C222 (manufactured by E. Merck, purchased from PCR, Inc.)

was nearly identical tec that for C211. However, the sym-
metrical cryptand remains a white solid at room tempera-
ture, so 1t was scraped from the cold finger into a vacuum

storage vessel.

3,2,2-Cryptand - (€322 or IUPAC 4,7,10,16,19,24,27-

heptaoxa-1,13-diazabicyclol11.8.0])nonacosane). €322 (pre-
pared by Dr. Patrick B. Smith and Michael R. Yemen follow-
ing Lehn's method (51)) was purified in the same manner as
the other liquid cryptands, except that it was distilled

at 145 - 150°C. After distillation C322 appeared to slowly
decompose, as indicated by its slowly increasing yellow-
brown hue, despite being stored in an evacuated storage

device inside a desiccator which was kept in the dark.
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2N,2,2-Cryptand - C2N22 or IUPAC 4,7,13,l6-tetraora-

1,10,21,24-tetrazabicyclo[8.8.8]hexacosane. C2N22 or
tetraza C222 (gift from Professor J. M. Lehn, Institut de
Chemie, Strasbourg, France) was purified by a method similar
to that of Lehn (63). However the sublimation conditions

he reported (50°C and .01 mmHg) were modified to increase
the rate of purification. The solid was melted (m.p. =

€9°C) and held at 75 - 78°C and 8 x 10'6

torr as vapor
condensed on the cold finger. The white powder was stored
in an inert atmosphere over Drierite (W. A. Hammond Drierite

Co.).

1,4-Diazablicyclo[2.2.2]octane (DABCO) - This white

compound (Aldrich Chemical, 97%) 1s not a complexing agent
like those described above because of its oxygen-free
rings. However 1t 1s similar in size and shape to the
cryptands and it was purifiled in a similar manner. The
DABCO was twice recrystallized from U5°C acetone. After
sublimation, the compound was stored in the dark in a

nitrogen atmosphere.

II.A.2. Metals

Lithium - Several methods were employed to produce
reasonably pure 0.5 - 1.0 mg (A1 X 1071 millimole) pieces
of 1ithium. Most methods were judged unsatisfactory because

the l1lithium mass could not be determined with sufficient

b % "
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accuracy.

The initial attempt used small pieces c¢f lithium cut
from a long ribbon (Alfa Ventron, metal purity 99.9%) in
an argon-filled dry box described elsewhere (64). Each
pilece of lithium was loaded into a preweighed 5 mm O.D.
tube sealed at one end. A preweighed cap, to which poly-
olefin heat-shrinkable tubing (Alpha Wire Corporation) had

been previously attached, was sealed onto the sample tube,
providing a gas-tight seal. After removal from the box,
the end of the tubing containing the lithium was placed in
liquid nitrogen while the tubing was flame sealed. The
heat-shrinkable tubing was removed with a razor blade and
the three pleces of glass were reweighed on a Mettler model

B6 balance with 3 = § x 10°°

g precision. The difference
between pre- and post-welghts after bouyancy corrections and
a correction for sealed argen should have ylelded the
lithium sample masses. However, the amount of sealed argon

was difficult to determine. Since the argon mass was ap-

proximately the same as the lithium mass, the poorly de-

termined argon mass may have spolled the potentlal accuracy
of this sample preparation method.

The next attempt was very similar, except that the sample
tubes were evacuated before being flame sealed. Although a
correction for argon was no longer necessary, the 1ithium

sample masses were cnce again quite poor.

The third attempt was to mass produce lithium disks
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by punching them out of a sheet with an appropriately sized
sheet metal punch; However, in the argon atmosphere, the
freshly cut lithium tended to stick to the metal punch.
Upon removal from the end of the punch, the lithium tore
into irreproducibly shaped disks.

A modified borer was bullt of stainless steel with a
"Delrin" core ("Delrin" 1is the trademark of E. I. DuPont
de Nemours & Co. for its acetal resin, purchased from
Cadillac Plastic & Chemical Co.) to push the disks off the
steel cutting edge. After determination of the lithium
ribbon thickness with a micrometer of 3 x 1072 mm pre-
cision, disks were punched which appeared to be very similar
in shape. Some samples were vacuum sealed while others
were sealed under argon. From the measured I.D. of the
steel bore and the measured thickness of the lithium ribbon,

4 moles. One lithium

all samples should have been 2.18 x 10~
sample sealed under argon was randomly selected and sub-
Jected to decomposition in a hydrogen evolution apparatus
(74): 2L1 + 2H,0 + H,(4) + 2L1OH. By the ideal gas law,

-4 moles of

the evolved hydrogen was released by 1.91 x 10
lithium, an amount 14.1% lower than that predicted by the
lithium measurement. The lithium ribbon was probably of
nonuniform thickness and/or the sample could have been
8lightly decomposed before hydrogen evolution.

As an interim measure, rectangular lithium samples

were cut with scissors in an inert atmosphere glove bag.

-4
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Sample dimensions were measured with a micrometer and cali-
brated microscope scale before the glass tubing was sealed
under vacuum,

The most satisfactory lithium sample preparation method
used a helium atmosphere Dri-Lab (Vacuum Atmospheres Com-
pany) at Cornell University. A clean knife was used to cut
small chunks of lithium (Lithium Corporation »f America,
99.99%) which were then weighed on a model G2 Cahn Electrc-
balance inside the Dri-Lab. Each sample was then trans-
ferred into evacuable glass tubing and a flame seal was

accomplished at approximately 5 x 1072

torr, At Michigan
State University a sample was sacrificed in the hydrogen
evelution apparatus. By weight the scample was nominally
2.67 x 10~Y moles while hydrogen evolution indicated

2.72 x 10'“ moles or 1.85% higher. The sample contained
three chunks of lithium, two of which had been weighed
together. Since the masses of most sampleé were determined
in one weighing, it seems likely that the error in the
sample masses would be no worse than the cumulative error

of two weighings. If so, 2% may represent an upper 1limit

on lithium mass inaccuracy with this preparation method.

Sodium, potassium and rubidium - These metals (Alfa

Ventron, total purity 99.95%, 99.95% and 99.93%, respec-
tively) were supplied in five gram ampoules under argon.
Distribution to smaller tubing was by DaGue's method (64).

Storage in the tubing was under vacuum. After measuring
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the I.D, of the smaller tubing, it was possible to obtain
accurate quantitles of metal by seal-offs of appropriate

lengths of the tubing.

Cesium - The metal (donated by Dow Chemical) was
distributed in the same manner as sodium, potassium and
rubidium. A more detalled description of cesium purifica-
tion, as well as preparation and analysls techniques dis-

cussed Iin some of the following sections, 1s availlable

(53).

ZI.A.3. Solvents

Ammonia (NH3) and_dimethylemine - Ammoi.la (Matheson,

anhydrous, 69.29%) and dimethylamine (Matheson, anhydrous,
99.0%) were individually placed over sodium-potassium
alloy (NaK3) twice with numerous freeze-pump-thaw cycles
while in each bottle. When the solution remained blue and
when evolved gas was no longer evident during freeze-
pumping, each solvent was presumed dry and transferred to

a2 thick-walled vacuum storage bottlec.

Methylamine (MA), Ethvlamine (EA), l,2-dimethoxyethane

(DME), isopropylamine {iPA) and t-butylamine - Methyl-

amine (Matheson, anhydrous, 98.0%), ethylamine (Matheson,

98.5%), DME (Matheson, 98%), isopropylamine (Eastman Kodak)

and t-butylamine (Eastman Kodak) were individually stirred

over calcium hydride for several days with accompanying
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freeze-pump-thaw degassing. Each was transferred over
NaK3 twice with additional freeze-pump-thaw cycles, and

finally distilled into a vacuum storage bottle.

Tetrahydrofuran (THF) - Tetrahydrofuran (Burdick and

Jackson) was stirred over barium oxide before transfer into
a storage bottle containing benzophenone and an excess of
NaK3, with the purple color of the benzophenone ketyl
indicating dryness.

Benzepe - Benzene (Fisher, spectrograde) was agitated
over calcium hydride for several hours before storage over

benzophenone and excess NaK3,

IT.B. Glassware Cleaning

It 1s extremely important that glass which contacts
alkall metal solutions be thoroughly clean to inhibit
solution decomposltion. To this end, the following ritual
was falthfully observed. First, the apparatus was rinsed
with a hydrogen fluoride cleaning solution composed of 5%
HF (28M), 2% detergent, 33% HN03 (16M) and 60% distilled
water by volume. To minimize etching of the optical cell
windows by the cleaning solution, the apparatus was qQquickly
rinsed with distilled water, followed by five more dis-
tilled water rinses. Next the glassware was partially
filled with agqua regia, a three-to-one mixture of HCl and
HN03, and allowed to stand overnight. Alternatively, the

© e o e e e e e e e .
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agua regia was heated to promote the liberatlion of Cl,
and allowed to stand for several hours. At the end of
elither cleaning period, the aqua regia was poured out and
the vessel was rinsed six times with distilled water,
followed by a minimum of six rinses with conductivity
water (distilled water which had been deionized and re-
distilled through a high reflux ratio column to less than
1 ppm impurity). Finally the apparatus was dried 1in a
125°C oven.

The only glass not cleaned by this ritual was the
lithium sample tubing at Cornell Universlty. For those

tubes, the HF/detergent step was omitted; otherwise the

procedure was ldentical.

IT.C. Solution and Sample Preparation

11.C.1. Li*cl11.e”™ Preparation

Because the bulk solution and sample preparation of
L1+C2lloe' is more complex than that for most metal-
eryptand systems (53,58,60,61), 1t is described in detaill
here. A description of modifications to incorporate other
alkali metals and non-liquid cryptands fcllows.

The basic apparatus for L1+C211'e- preparation was
made of fused silica (Figure 5). To preclude the pos-

8ibility of sodium exchange into alkall metal-amine solu-

tions in contact with sodium borosilicate glass, only
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portions of the 7essel which would not normally contact

the solution were of sodium borosilicate (65). It should

be noted however, that to date, this exchange has not been

T T PYRR o QPN PRI IO [P ) e

reported in NH3 solutions.
The initial step of a Li+C211-e' solution preparation

was to thoroughly clean the appropriate fused silica ap-
paratus with the ritual detailed in the previocus section.
An appropriate-size lithium metal sample was selected and
its thin wall tubing was lightly scored to facilitate
breaking the tublng later. A plece of heat-shrinkable
tubing (Flo-Tite tubing, Pcpe Scientific, Inc.) was sealed
with a cool flame onto the open end of a short length of
glass tubing. The scored lithium sample was placed into
this device which was then sealed onto the metal sidearm
(Figure 5).

The liquid cryptand, C211, was drawn from its vacuum
storage vessel with a disposable pipette and placed into a
short cup fashioned from 3 mm O.D. thin-wall NMR tubing.
With the cup held upright on a balance pan, it was possible
to introduce the desired stoichiometric amount of C211
into the cup to within tenths of milligrams. The vertical
portlon of the liquid cryptand sidearm (Figure 5) was then
scored and removed, t’ cup of C211 was placed inside and
the vertical portion was butt sealed back onto the sidearm.

At this point the apparatus was evacuated on a greaseless

vacuum system (64) with a 1iquid nitrogen trap on the
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tee to protect the vacuum manifold from contamination.
While most 1liquid cryptands appear to have a low vapor pres-
sure, the dynamic pumping time was limited to about three
hours as a precaution. The apparatus usually stood under
static vacuum overnight, followed by a rapid return to

N2 ox 10'5 torr. With the valve closed and the apparatus
removed from the vacuum tee, the lithium sample tube was
broken as depicted in Figure 5. With careful shaking, the
lithium was moved down the sidearm to the frit while the
shattered glass was separated and trapped near the heat
shrink tubing. The sample sidearm was then flame sealed

6 - 8 em from the frit while under dynamic pumping. As-
bestos tape wrapped near the frit protected the lithium
gsample from possibly reacting with hot fused silica during
the sealoff.

The C211 was then distilled in situ at 8 x 2070 torr
in semidarkness. A paraffin oil bath was ralsed on the
1iquid cryptand sidearm and heated to approximately 50°C
to rid the cryptand of volatile impurities. At this
temperature the main stem from the optical cell to above
the liquid cryptand sjdearm branch was chilled to -78°C.
The o1l bath was then raised to a final temperature of
74 = 76°C where the distillation progressed slowly. Most
of the purified C211 collected at the main stem which was
at -78°C, however a significant amount remained in the un-

heated sloping sidearm. Therefore, at the conclusion of
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the distillation a heat gun was gently used to clear the
sidearm of C211, followed ty a dynamic vacuum flame seal=-
off of the sidearm at the constriction.

Ammonia was distilled into the main stem of the appara-
tus from the solvent bottle connected to the opposite side
of the tee. Because the tee and apparatus were pumped to
high vacuum before the tee valve was closed, the solvent
transfer was accomplished in the tee only, thus proteciing
the vacuum manifold. The NH3 bottle was chilled to
< - 50°C before its valve stem was opened to reduce am-
monia's high vapor pressure.

Once sufficient NH3 had been distilled into the appara-
tus to make a solution 2 - 3 x 1072 M 1n €211, the valve
was closed and the apparatus was removed to an isopropanol
bath maintained at -40° to =-45°C with dry ice. No attempt
was made to determine the solubility of C211 in NH3.
Rather the solvent was poured over the lithium and the
resulting blue solution was used to dissolve the C211.
Dissolution required only a few minutes at =-45°C. Encrypt-
ing L1 inside C211 is quite another story, however. NMR
work has determined that forming the Li-C211 cryptate in
water is fairly slow: k. = 0.98 x 103 sec™! for L1* 4+
c211 » Li*c211 (66). Empirically it was determined that
encryptation was substantially complete if the Li/C211/NH3
solution was held at =40 2 3°C for a minimum of two hours

with occasional agitation (see Section III.A.3. for further
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details of encryptation kinetics).
Once the L1+C2ll°e' solution had been prepared, the

soluticn was poured gently into the sample sidearm. De-
pending upon the particular experiment, there may have

been a combination of up to three different sample tubes on
the sidearm from among the foliowing: EPR, microwave con-
ductivity, magnetic susceptibility tubing for use at Cornell
University and/or a susceptibiiity tube for use at Michlgan
State University, 1in addition to a powder sample reservoir.
Care was required to rotate the apparatus during pouring to
f11l the desired tube with the proper amount of solutilon.
Many small pours were generally required so the tubes would
not be overfilled and so the apparatus could be constantly
returned to the cold isopropanol bath. The sample tubing
I.D. had been measured with a calibrated microscope before
construction of the apparatus. Combined with a measure-
ment of the initial solution height in the tubing, it was
then possible to estimate the amount of L1*c211+e™ 1n the
sample.

Ammonia was removed slowly to avoid bumping by holding
the bulk solution in the main stem at -78°C and the sample
tubes and sample reservoir at =-70°C initially. As the
evaporation progressed, it was necessary to return the
apparatus to a cold isopropanol bath and recondense NH3

in the upper portions of the sample tubes to wash the
1L1¥C211-e” residue into the bottom of the tubes. After
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several cycles the material was in the bottom several milli-
meters of the tubes, at which time the bulk solution was
transferred to the reservolr sidearm, the main stem and
sidearm were washed clean, and the bulk solution was frozen
with liquid nitrogen. All samples were then dynamically
pumped for 30 - 45 minutes before the first sample was
sealed. Samples were then stored at 77K. After all sample
tubes and the adjacent reservolr were sealed off, the side-
arm was removed at the constriction near the main stem,
leaving an apparatus consisting cnly of the main stem with
its optical cell and the reservoir sidearm. This was the

configuration used for optical spectroscopy.

Other reagcnts - Many preparations used reagents other

than Li/C211/NH3. All solvents were handled essentially

as described above for NH3. However, a minor modification

was made for metals other than Li: no frit was necessary.

Instead, an appropriate length of metal in 2 or 3 mm O.D.
tubing was flame sealed following the method of DaGue (64).

The metal ampoule was scored and placed in a cup which was t

connected to the apparatus with heat shrink tubing. After
the apparatus was evacuated, the scored tubing was broken,
the two pleces of metal ampoule were gently moved down the
sidearm, and the heat shrink tubing end of the sidearm was
sealed away. The only metal requiring a modification

of this procedure was Cs. It was necessary to chill the

cesium ampoule before cracking it to prevent the cesium
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from melting due to finger heat and sticking to the shrink
tubing. The metal was then distlilled under dynamic pump-
ing into the main stem and the sidearm was sealed off at
the constriction near the main stem.

Other liquid cryptands were handled similarly to C211.
€221, however, was not prepurified, but merely distilied
in situ. By weighing the cryptand cup before use and again
after use and aqua regia cleaning, the residue was found
to be 2.0% of the original C221 mass. To compensate for
cryptand impurity, subsequent preparations used a slight
excess of liquid cryptand (1 - 4%, depending upon its shade

of light yellow or amount of probable decomposition) over

the stoichicmetry desired.
€322 was more difficult to distill. An oil bath at 1

155 - 160°C was necessary to complete the distillation.

preves

A noticable deepening of the light yellow color of the
cryptand in the distillation cup may have indicated that
thermal decomposition was occurring at this temperature.
After the distillation, the heat gun was unsuccessfully 5
used to move C322 out of the unheated portion of the
sidearm. So a cool flame was used to distill the C322

into the main stem. A very light yellow color was noted

in the cryptand in the main stem, probably a result of

the flame distillation. Therefore, in subsequent prepara-

tions with (322 the cryptand was not distilled, but rather

the metal-solvent soclution was poured into the c¢ryptand
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sidearm, dissolving the C322. The sidearm was thoroughly
rinsed with solvent and then sealed away. Optical spectra
of solutions prepared this way did not indicate increased
decomposition and crystals were even grown after one such
solution was used for optical spectra (Section II.C.2.f.).
Solid cryptands such as C222 were introduced carefully
through the top of the apparatus before the valve stem was
screwed into place. Therefore, no distillation sidearm
was necessary for preparations using cryptands which are

sclid at room temperature.

JI.C.2. Sample Preparation and Instrumental Description

After the metal and cryptand were dissolved in the
solvent, and sufficient time had elapsed for metal cation
complexation to occur, appropriate amounts of solution were
poured intc various sample tubes for magnetic susceptibility,
EPR, or microwave conductivity. The solvent was evaporated
and these tubes were sealed off. Then the bulk solution
was used for optical spectra, followed by elther a crystal
growth attempt or an evaporation *o prepare a packed powder
conductivity sample. A main thrust of this study was to
characterize L1+C2ll°e' by multiple means on the game solu-
tion to minimize varlances between different sample prepa-
rations. However, that caused some problems due to
instrumental sensitivity: it was often difficult to pro-

duce a magnetic susceptibllity sample sufficiently large
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whille simultaneously producing an EPR sample sufficiently
small from the same solution.

Once the solvent was distilled into the apparatus, the
cryptate concentratlion was fixed, and with the apparatus
in Figure 5, the sample tubes were fllled at the same time
with the solutlon of fixed concentration. It would have
been difficult to use an apparatus with multiple sample
arms in order to pour solutions of different concentrations
into different tubes. So a decision was made to continue
with the same design at the possible expense of optimum

EPR and/or susceptibility data on a glven preparation.

IT.C.2.a. Magnetic Susceptibility

Two different types of susceptibility samples were
prepared: one for use in a Faraday balance at Cornell
University and the other for use in a superconducting quan-
tum interference device (SQUID) at Michigan State Univer-

sity. In the Faraday method, the force, f on a powidered

x’

sample 1s

aH,
£ = moxg Hy o (1)

where m is the sample mass, Xg is the magnetic suscep-

tibility per gram of sample and H, is the magnetic field

strength in the z directlion between pole faces. .or a

sample of unknown susceptibllity, Xg is normally determined

—
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by comparison with a standard and by assuming that both

the sample and standard hang in an identical location in
which the field gradient 1s essentially constant. To make
this assumption valid, it was necessary to construct the
sample capsule from the same material as those at Cornell
Uriversity 1n addition to making the capsule length as
similar as possible. Therefore, susceptibility sample
buckets were made of 4 mm O.D. Spectrosil fused silica
(Thermal American Fused Quartz). When the bucket was built,
4 mm 0.D. tubing was blown to give a round end and then
constricted slightly 0.75 cm to 1.25 c¢m above that end.
After the sample was dried in the bottom 0.4 - 0.5 em of
this tube, the end was immersed in liquld nitrogen and
carefully sealed with a tiny hot flame approximately 1.0

cm above the end of the tube. A small fused silica hook
was then attached to the top of the bucket prior to storage
at T77K. Care was taken to avoid grasping the bucket or 1its
hook with me+allic forceps while the fused silica was hot
in order to n i1imize ferromagnetic impurities.

At Cornell University the cold bucket was wiped fairly
clean, then carefully hung on the "V" shaped end of a
delicate fused silica fiber cut to such a length that the
bucket would hang at exactly the correct helght in the
megnetic fleld. Once the bucket was lowered into the pre-
cooled Faraday balance Dewar, i1t was protected from de-

composition due to warming. It was difficult to make this
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transfer wilthout collecting some frost on the chilled bucket,

80 while the balance system was vacuum pumping, the sample

i r—g; R skt obinil.
-

chamber temperature was raised to approximately 200K to
more gquickly rid the bucket cof frost which would interfere

with force measurements. Once the bucket was clean, force

I AT T e

was measured from 2.5 - 230K in magnetic field strengths

PSRN )

of 10 kG to zero in 2 kG increments. The magnetic filelds

were produced by an electromagnet (Eastern Scientific

Instruments) and forces were measured with a Cahn RG Electro-

balance (Cahn Instruments Division, Ventron Corporation).

In this instrument, the field gradient in the sample region
aH

was studied; H, 15§ varied less than 2% (67). Temperature

was controlled to 0.1K with an Oxford Digital Temperature

H
i
i
h
i
!
1

Controller Model DTC2 (Oxford Instruments, Inc.) fitted
for use with a gold + 0.07% Fe/chromel P thermocouple. The
temperature was monitored in the range 2.5 - 100K by a
germanium resistance thermometer (Cryocal, Inc.) and in the
range 100 - 230K by a copper/constantan thermocouple.
Before the sample susceptibility could be calculated !
by comparison with a HgCO(SCN)u standard, it was necessary
to subtract the dlamagnetlc force on the empty bucket from
that of the bucket loaded with sample. Previously this

bucket force had been obtalned after the sample force
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measurements by cracking the bucket, cleaning and recon-

structing it, rehanging it on the vpalance and obtaining the

force measurements. The problems with this method were
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significant, the greatest of which was probably the intro-
duction of ferromagnetic impurities with forceps on the
hot fused silica during bucket reconstruction. Professor
J. L. Dye suggested a far superior method of subtracting
the empty bucket force: decomposing the temperature-sensi-
tive paramagnetic sample in situ with heat. After an hour
at room temperature, the decomposed sample was dlamagnetic
and the "empty" bucket force measurements were made without
the previous problems.

At Michigan State University, magnetic susceptibility
was measured in a SQUID apparatus designed by Professors
J. Cowen and W. Pratt. They followed a basic SQUID design
but increased the length of each counter-wound coil to 2.5 cm
to minimize the effect of varlable geometry between samples.
After a field of up to 10 Gauss had been trapped inside a
superconducting niobium shield, sample introduction caused
a change of magnetic flux in the pickup colls which was
detected by a highly sensitive SQUID detector and displayed
as a digital vecltage (68). Theoretically the SQUID should
detect changes as small as one quantum of flux. The
instrument was designed for operation between 4.2 and 1.5K;
however, samples were only measured at 4K in this study.

Samples were prepared by the usual method in 4 mm O.D.
fused silica Spectrosil tubes which were about 10 cm long.
This length insured that the tubes would extend between

both coils simultaneously and thus compensate for the
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@lamagnetic tubir, . Samples of 1 - 2 mz were confined to
the bottom 0.8 c¢m or less of the tubes. Sample sizes
several times larger wou 1 have been preferable but were
unattainable wi<'. the current apparatus design. Suscep-
tibilities were determined by comparison with a ferric

ammonium alum standard.

IT.C.2.b. EPR

EPR spectra were recorded on an X-band spectrometer
(Varian model E4 with E-U534 sample cavity) using either a
liquid nitrogen or liguld helium cryostat. The nitrogen
system provided temperatures above 100K with a variable
temperature controller (Varian); temperatures were con-
firmed with a copper-constantan thermocouple with digital
»eadout (Doric model DS-350). Temperatures from 3.3 to
160K were provided by a continuous flow liquid helium
syste . (Oxford Instrument Co., Ltd. model ESR 9) with a
dig:tal temperature readout bas=d upon an Au + 0.03% Fe/
chromel thermocouple immediately below the sample.

EPR 1s a sensitive technique for detection of para-
magnetic species, perhaps capable of detecting fewer than
1011 centers (69). Most samples in this study contained
n2 X 1017 spins, and when combined with their often highly
conductive, nearly metallic character, the samples were
occasionally too 1large for proper automatic frequency

control (AFC) respon.e. Similar effects have been observed
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in M-MA sclutions (23). According to Catterall, electron
spin prec:.,sion changing over very small fields (as in a
narrow EPR signal) is sufficient to break the AFC control
and drive the microwave frequency off resonance while ap-
proaching the center of the signal. Once past the center,
the frequency apparently flips over suddenly giving very
rapid crossover and resulting in an artificially narrow
EPR spectrum (70). Buntaine countered this effect in his
Li-MA study by reducing the number of spins in the sample

to 1019 - 10°°

and then pulling the sample tube as far out
of the cavity as necessary to stabilize the microwave fre-
quency at resonance (23). In this study in which the sample
sizes were already 2-3 orders of magnitude smaller than
Buntaines, some samples were reduced further by tapping the
tubing sharply and breaking loose some of the cold powder.
The tube was then inverted and the loose powder was allowed
to decompose on warm tubling. Gome quantitvative information

was lost this way in order to attain true spectral shapes

with a stable AFC.

II.C.2.c. Optical Spectra

All optical spectra were recorded on a double beam
recording spectrophotometer (Beckman DK-2A) modified to
permit sample compartment temperatures between -65° and 0°C.
An ethanol cooling bath (Neslab model LTE-9) provided rough

temperature control for the compartment while nitrogen gas
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flowing through a coll immersed in liquid nitrogen provided

the fine adjustment. A copper-constantan thermocouple ;
near the optical cell supplied the input for temperature
readout (Doric model DS-350). Spectra were recorded from
4000 em™! (2500 nm) to 30,000 em™l (333 nm) for standard

fused silica cells or 3125 cm™~1 (3200 nm) to 28,000 em™1

P Y T T ORI P 90 I WY J R

(357 rm) for Infracsll cells (Markson Science, Inc.). The
reference beam passed through air.

Spectra were normalized to a scale of zero to 1.0 by

subtracting a basellne correction, setting the lowest

P O Y

absorbance to zero and the maximum to 1.0, and scaling the

1

absorbance at 500 e¢m™ - intervals. The taseline correction

was made by using the spectrum of the empty cell. It was

necessary to use a new baseline correction for each solution
because of an apparent baseline shilt for each cell with
successive preparations. There appeared to be increased

light scattering from each cell with use, possibly as a

result of cleaning the cell between preparations with an
HF solution (Section II.R.).

Films for optical spectra were formed in an apparatus
that consisted only of the main stem and reservoir side- -
arm, all other arms having been sealed off in the prepara-
tion. With 0.1 - 0.2 ml of solution in the optical cell, |

the bulk solution in *the reservoir sidearm was frozen in

;‘1
1iquid nitrogen. Simultaneous with the freezing, the |
!

optical cell, immersed in a cold isopropanol bath, was
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agitated rapidly about the axis through the reservoir side-
arm. Thls agitation splashed the solution onto the cell
walls where the film formed during flash evaporation of

the solvent. Repeat attempts were sometimes necessary to
form films of the proper thicknes- (absorbance).

Due to this method of film preparation, the films were
often of non-uniform appearance. As the ammonia was
evaporating from the cryptate/NH3 solution splash site, the
least soluble specles probably was deposited first and the
most soluble last. The most pronounced case of film in-
homogeneity was observed with K+0222-e'. The optical
"f11lms" appeared to consist of partially overlapoing dots
of varlable thickness. To assess the effect of such ir-
regular film thickness on absorption curve shape, a study
detalled in the Appendix was undertaken. An absorption
peak of Lorentzian shape from a cone-shaped film filling
the entire beam c¢ross section would have 1ts maximum am-
plitude decreased 1.3% and its width at half height in-
creased 2.0% compared to 2 uniform film of the same
average thickness with a nominal 1.5 absorption maximum.
The same cone shape filling only 81% of the beam cross
section would have a nominal 1.5 absorption maximum reduced
544 and its width at half height increased 68%. Generally
f1lms of non-uniform thickness and films not filling the
entire sample beam cross section have decreased and

broadened absorption peaks. Peak position should be
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unaffected while relative amplitudes in multipeak spectra
should be affected only slightly.

Many spectra were recorded of films containing some
solvent. A film was prepared in the usual way and its
solvent-free or "dry" spectrum was recorded. The tempera-
ture of the sidearm reservoir was then raised from -196°C
to between 5° and 30°C below the film temperature. De-
pending upon the solution vapor pressure and the film's
solvent affinity, the film acquired sufficient solvent to
alter its "dry" spectrum. A f4ilm so altered will be
referred to as "damp". The film could then be washed from
the optical cell walls through the combination of solvent
affinity and increased reservoir temperature. "Wet" will
refer to a film just prior to its being washed down. A
study was conducted to confirm the dryness of a solvent-
free, "dry" film (Section II.D.).

Homogenelty of a non-uniform film could sometimes be
improved by a dry-dampe=dry cycle. A non=uniform dry film
vhich acaouired a moderate amount of solvent seemed to be-
come noticeably more uniform if it were redried slowly.

On several occasions, the maximum peak absorption Jumped
significantly after such a cycle, as expected for a film
increasing in uniformity. The Appendix contalns a detalled
discussion of the spectral effects of spot size and film

non-uniformity.
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II.C.2.d. Microwave Conductivity

The conductivity of several samples was studled in the
microwave region (X-band) by comparing the relative power
absorptions of the samples with those of known conductors,
semiconductors and insulators. The method used was that
of Lok (71), except that the signal not attenuated in the
TE103 cavity was measured by a power meter (Hewlett-Packard
Model U32A) attached to a 10 db coupler.

Microwave samples were prepared in the usual way in 3 mm
or 5§ mm 0.D. fused silica tubes and were stored in liquid
nitrogen until the measurements. Initially samples and
standards vere studied in 5 mm O.D. tubes. However metallic
standards and highly conducting samples spoiled the sample
cavity Q so thoroughly that it became necessary to use the
smaller 3 mm 0.D. sample tubes. All standards were com=-
mercially avallable and no further purification was at-
tempted. Metallic standards were used whose particle sizes
were less than their respective skin depths at approximately
10 GHz. Because cryptate sample skin depths are unknown
and because the cavity fi1lling factor varied between sam-
ples and standards, this conductivity method produced non-
guantitative results. However, it certainly did distinguish

qualitatively between conductors and insulators.
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1T.C.2.e. Pressed Powder Conductivity

An apparatus designed by Michael R. Yemen was used to
determine powdered sample D.C. conductivity and band gap
(72). In this voltmeter-ammeter (V-I) method, a powdered
sample was confined between two stainless steel electrodes
inside a 2 mm I.D. heavy wall fused silica tube. Pressure
on the sample was applied by a steel spring whose spring
constant had been measured. Temperature in the sample
reglion was controlled by a varlable temperature controller
(Varian model V-4540) using chilled nitrogen gas. In
addition, boil-off from a liquld nitrogen Dewar helped maln-
tain the temperature while bathing the sample cell in an
inert atmosphere.

Powdered samples were prepared in the sample sidearm
reservoir (Figure 5) by evaporating the solvent and then
dynamically vacuum pumping on the sample for a minimum of
30 - U5 minutes before the tubing was flame sealed. The
conductivity sample chamber was filled while it was colder
than -40°C to prevent sample decomposition. The entire
operation took place inside an inert atmosphere glove bag
to prevent sample decomposition and to prevent frost growth
on the cold sample chamber. After the sample was loaded,
its ohmic response was checked. Then as the temperature
was varied, the current through the sample was measured at

a constant voltage.
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I1.C.2.f. Crystal Growth Attempts

An excellent method for definitive characterization
of L1%C211+e~ would be to isolate a single crystal of the
corpound and complete an x-ray study of its structure.
While not the primary thrust of this program, preliminary
studies were nevertheless accomplished to determine pos-
sible solvents or solvent combinations favorable to crystal
growth. In all cases such attempts were made in the
original solution preparation apparatus (Figure 5) after
the metal, cryptand and sample sidearms had been sealed
off and after the optical spectra were recorded.

The NH3 was removed from L1+0211°e' preparation V
(mole ratio L1/C211 = 0.97) and 4.1 ml of methylamine (MA)
were added. The 5§ x 103 M blue solution was stored for
two days at =78°C before the MA was removed to near dry-
ness. Then 3.2 ml of 1sopropylamine was distilled in and
the apparatus was shaken for several minutes at -57°C to
dissolve the electride powder. The solution was stored
for several hours at -78°C before being warmed slowly from
-60° to -51°C. At -51°C the solution was colorless and
was discarded.

L1*c211.e™ (VI) with R = 1.15 was first studied in a
mixed sclvent of equal parts NH3 and ethylamine (EA) at
a molarity of 7 x 10”3, After storage overnight at -78°C,
one-third of the solvent was removed, leaving a solvent

approximately two-thirds EA. After storage overnight,
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2.3 ml of t-butylamine was added, making a dark blue viscous
solution. Again the solution was stored overnight at
-78°C. Several milliliters of solvent were then remcved,
leaving a solution with 20% EA and 80% t-butylamine whic..
was stored for several days at -78°C. At the end of that
perliod the solution was very light yellow.

11*C211+e” (VII) with R = 0.60 was short-lived also.
A1 x 1072 M dark blue viscous solution resulted when di-
methylamine was added to the electride powder. After
storage at -78°C for two days, half the solvent was re-
moved. The following day, the solution was a very light

blue and was discarded.

No crystals were ever noted in any of these solutions.
The general method was to reduce solvent polarity until
crystals precipitated, but this shows little hope of suc-
cess. Instead, it seemed that as the dielectric constant of
the solvent was reduced, the solution could not support the
ionic cryptated cation and bare electron. The electren
probably increasingly localized on the cryptand, finally
destroying the cryptand. It should be noted that when NH3
was removed from the original solutions, the distillations
were from a -60°C solution into a -78°C trap. It is sig-
nificant that at these temperatures there 1s still NH3
present in the nearly dry electride powders. Potentially
the NH3 could gserve as sites for electron localization in

the presence of ncnpolar solvents, possibly helping prevent

-—— -




o o B,

R T

54

solution decomposition. Solution VII, however, decomposed

under these circumstances and solution V decomposed despite
potential stabilization from MA. The method, though, bears
further investigation.

Two other crystal growth attempts were successful in
the original apparatus, though neither compound was an
electride. After thls author completed optical spectra of
the solutions, Mr. Bradley Van Eck grew crystals having the
apparent formula Cs C322.Na™ and Dr. Long Dinh Le grew

crystals which were apparently pitc211-Na-.

II1.D. Sample Analyses

Bulk solutlons and the samples evaporated from them
presumably contalned the reactants in the same stolchiome-

trles as were initlally introduced into the preparation

vessels. Lithium samples appeared to have only tiny amounts

of surface oxidation, and perhaps 1-2% of the cryptand re-

mained as residue from the in situ distillation. The

apparently homogeneous solutions and powdered samples, then,

should have had rearly the original stoichiometry. A
suitable analysis, though, would define the stoichiometry
and in addition would reveal the amount of reducing power
st1ll present 1n the sample at the time of aralysis. Thus
the analy:c.s could confirm, for example, the presence of
electrons in an electride EPR sample as a majority specles,

not merely a minority constituent.
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In the analyses, samples were decomposed with water and

the evolved hydrogen was collected and measured. The decom-

posed material was then titrated with a standardized acid.

The titrat:on solution was evaporated to dryness and the

residue was made into an aqueous solution for metal ion

flame emlssion. Finally, the unreduced water from the
hydrogen evolution was analyzed for NH3 to determine the

solvent content of the sample. Other samples were analyzed

solely for their NH3 content.

1I.D.1. Hydrogen Evolution

(USSP V. I }

The cold sample tube was scored and sealed into a glass 1
apparatus with shrink tubing. This apparatus was then con-
nected to a vacuum system for hydrogen collection (73). !
The entire system was evacuated to NlO'S torr and the
conductance water for decomposing the sample was degassed

through four or more freeze/pump/thaw cycles until no

detectable gas remained. The sample tube, maintained at ,%
-78°C with dry ice, was then cracked and the water was j
ccndensed onto the sample. Very slowly the ice was warmed ta
s0 as to prevent pyrolysis of the sample with an accompany- | 4
ing low indication of reducing power. Eventually a con-

trolled reaction of the following type occurred:

aritc211-em + 2H,0 + H:H(+) + 2C211 + o1t + 20H"
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The evolved hydrogen was manually pumped into a 10.00 ml

burette with repeated cycles of a mercury levelling bulb,.

The height of the mercury, the atmospvheric pressure and the

temperature at the burette were meagured and the moles of
evolived hydrogen were calculated with the 1deal gas 1law.

Several samples were quite small, ylelding only a few
torr of hydrogen pressure. Because the gas pressure vas
the difference between the measured atmospheric¢ pressure
and the height of the mercury column, there was potentlally
2 one torr error in the hydrogen pressure, a 'd4rge vper-

centage error for small samples.

II.D.2. pH Titration

After the hydrogen evolution, the sample tube was rinsed
to remove the cryptand and lithium hydroxide residue. The
aqueous solution was then titrated with a standardized HC1
solution using a pH electrode (Corning, catalog number
476050) and digital meter (Oriocn Research Model T701A)
which had been calibrated with pH buffer solutions. The
cryptand residue preparation and the titration were com-
pleted in a glove bag with a nitrogen atmosphere to minimize
the effects of CO, on the titration. End points were

determined graphically.
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ITI.D.3. Flame Emission

After the titfaticn, the solutlion was evaporated to
dryness 1in a partially evacuated desiccator with Drierite
as the drving agent. An aqueous solutlon was remade using
a pipetted quantity of conductance water. The flame emis-
sicn instrument (Jarrell Ash) was adjusted for the esti-
mated parts per million (ppm) concentration of the unknown
sample. Lithium salt standards were then run, followed by
the unknown solution. Instead of rezding an instantaneous
or an estimated average from the instrument's output scale,
the emission value was read from a digital signal averager
which was conceived by Mr. Bradley Van Eck and desigzned by
Mr. Martin Rabt. The instrument analog signal was averaged
for 10, 20 or 30 seconds, converted to a digital value and
then displayed until the end of the subsequent averaging
cycle. The reading from conductance water was determined
between all standards, ylelding background emission or
noise levels. A plot of relative emission output versus
ppm gave a nearly straight 1line from which sample lithium

concentrations were determined.

I1.D.4., Ammonia Content of Samples

To determine the solvent content of varlous samples,

an ammonia analysls was performed based upon indophenol

blue formation (75). After the sample tube was cracked
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open, a measured amount of conductance water was quickly
added. Two drops‘of this solution were placed in a micro
test tube and one drop of a phenol/sodium nitroferricyanide
solution and one drop of a sodium hypochlorite solution were
R added. All reactants were reagent grade and were used

without further purification. The test tube was placed in

a 50°C water bath and the intensity of the resulting blue
was compared to those of ammonium chloride solutions of
known concentra*icn which had been treated similarly. Un-
known solutlons ylelding an intense blue were retested after
dilution of the original solution.

Felgl and Anger state that the limit of identification
for ammonia in samples of the size tested here should be

Al picogram (75). This would correspond to a solution ap-
€

proximately 1 x 107° molar in ammonia. However, over a

ten month period, the experimental limit of detection in

this study was consistently an ammonia concentration of

4

1 x 107" M. This apparent decrease of two orders of magni-

i
i

tude in the limit of detection was Judged to have no effect

on the accuracy of thils study.
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CHAPTER III

LITHIUM CRYPTAND 2.1.1 ELECTRIDES

The subject material, first reported elsewhere (60,61),
seemed to be metalllc: its optical spectrum was quite
similar to that of a concentrated MAS, although the cryptate
film was virtually free of solvent. Further investigation
of this curious response of a solvent-free solid produced
from an organic cryptand and an alkall metal led to the

studies which are the malor topic of this dissertation.

Lithium 2,1,1-cryptand electride 1s abbreviated Li+0211-e'

to indicate the materials from which it is made (Li and C211)
and its electride nature (the alkalide Li~ was not evident
in this study). The symbol Li*co1l.e” 1s generic, repre-~
senting material from Li and C211, regardless of the nominal
stoichiometry or the metalilic or insulator character of
the electrons. R, the ratio of moles of metal to molies
of cryptand, will identify the stoichiometry of a par-
ticular preparation.

The study of L1*c211.e” soon branched from optical
spectroscooy, in which the electride electrons appeared

to be in auite different environments than the electrons in

low temperature glasses or in F-centers, to microwave
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¢conductivity, EPR, magnetic susceptibility and packed
powder conductlvity. 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 results are detailed below.

III.A. Optical Spectroscopy

For the optical range scanned in this work (4000 em™1
to 30,000 em™L or 2500 - 333 nm), the atomic or molecular
phenomena generally observed are electronic transitions.
For alkalide anions (M™) this can be considered an ns = np
or bound-bound transition (54) with some contribution from
a bound-continuum transition (76). Electrides (eE) showing
locally trapped character can be thought of as undergoing
similar transitions. In both cases 1t 1s sometimes useful
to refer to the bound-continuum transition as a contribution
due to electronic promotion from the valence to the conduc-
tion band in a semiconductor. As noted in Section I.C.,
the Banerjee and Simons model for locally trapped (solvated)
electrons would attribute the high energy skewness of the
alsorption peak to transitions from the ground state of one
traj .12 site to the exclted states of neighboring sites
(40). The distinct similarity of solvated electron peaks
and the solvent-free thin film absorption peaks of e;

and M~ suggest that the asymmetry on thre hizh-energy side

for these two specles may alsc be caused by site-to-site

U

[P TV

A I et s S 2ol it it




L A

LN Sl

+
.

AR J badt N

Py, 4

w3 SRR PN A )y

61

electron hopping. For electrides with delocali ed (metal-
lic) character,thé optical spectrum i1s the result cf a
collective or plasma resonance of the conduction electrons.
Because the optical scanning range extends into the
infrared, electronic transitions are not the only phenomena
present. When the optical films are wet with ammenia,
small peaks appear in the spectra which correspond almost
precisely with those due to NH3 combination vibrations in
the liquid phase as reported by Burow and Lagowski (77):
4386 cm-l, Vi o+ Vo BATO cm-l, Vo + Vgj and 5000 cm'l,
v3 + vy Shortly after the appearance of these peaks, the
films wash off the optical cell walls.

JIT.A.1. Li with Ammonia and with Methylamlne

The optical transmission spectra of lithium metal in
NE3 and in CH3NH; (MA) in the absence of any complexing
agent are similar. When the bulk solution in the apparatus
sidearm reservoir (Figure 5) 18 frozen with liquid nitrogen,
the liquid on the optical cell walls loses its characteris-
tic blue color as the solvent evaporates. The result is a
gray "film" of heterogeneous metal spots which yields no
absorbance spectrum. Therefore, dry uncomplexed lithium
metal should make no contribution to the absorbance spectra
except, perhaps, for a higher background.

When the metal "films" contain solvent, however, there

are definite spectral features. Curve A of Figure 6 shows
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the spectrum of a damp film which contains only a small
amount of MA. In other words this is the spectrum of a
concentrated metal-methylamine solution. Since the lithium
films with NH3 were similar, spectrum A will also be re-
ferred to as a typical spectrum of a concentrated metal-
ammonia solution (MAS). Section IV.A.l. contains a more
detailed discussion of optical transmission spectra of MAS
in which it 1s concluded that curves such as spectrum A
of Figure 6 are typical of MAS and show the plasma edge
due to conduction electrons. Spectrum B of Figure 6 was
taken just before the wet film washed off the cell) walls
and is typical of MAS which have become more dilute by
addition of solvent. The electrons are becoming more lo-
calized and the absorption gradually decreases on the
infrared side of the peak. Spectra which show this de-~
creased yet significant infrared abscrption at 4000 em™~1
(2500 nm) will be referred to as having plasma character.
It 1s interesting to note the temperatures at which
these metal films are considered damp and wet. The lithium
f11lm which gave spectrum A in Figure 6 was held at -47°C
as the 1liquid nitrogen on the sidearm was replaced by a
dry ice/isopropanol bath. The absorption began appearing
within several minutes, reflecting the acquisition of
methylamine. Spectrum A was taken when the bulk solution

was at -73°C, a 26°C temperature differential. Spectrum

B was taken with another film held at =U6°C while the bulk

T Y T T T T

T WSROy

et it .,




e R 3T TN FY TR ALY N N W WSS Y . ¥ WG § T

T W Sy .

(S

M A e s e

6L

solution was at -56°C, shortly before the film washed off
the walls. Both spectra demonstrate 1lithium's high affinity
for methylamine and the possible formation of Li(CH3NH2)u.
Lithium and NH3 show similar effects, reflecting the likely
formation of Li(NH3)u. This solvent affinity is in stark
contrast to that for Na and K detailed in Section IV.A.1l.

In those two cases the bulk solution was within 3 - 5°C

of the film temperature before there was enough solvent in

the film to cause significant absorption.

ITI.A.2. Li/C21l1 Films from Ammonia

Lithium electride systems have shown several major
responses. These are described below and then discussed
later in the chapter. The system Litcoi1.e” with R = 2
from NH3 is reported elsewhere (61). The apparent metallic
character of thin optical films of that preparation stimu-
lated interest in determining the nature of lithium
electride. The next preparation, L17Cc211+e” (I) with R =
0.93, showed almost Jdentical features to the initial
preparation with R = 2. Both systems showed a plasma edge
due to delocalized electrons in dry films and in films damp
with NH3, similar to spectrum A of Figure 6. When wet
with NH3, both films gradually shifted to more localized
character with high infrared absorbance as in spectrum B
of Figure 6. However, the maximum in the R = 2 system was

at 8650 cm~ Y (1155 nm) (61) while the R = 0.93 maximum was

PP
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at 5900 cm™* (1695 nm).

Because these preparations showed metallic character
for the Litcoil.e” system with an R value of 0.93, as well
as for R = 2, a system with R . 0.95 was prepared in the
apparatus of Figure 5 so that EPR and microwave samples
from the same solution could be studied in addition to
optical spectra. The purely metaliic character of system
I was replaced by a metallic - nonmetallic (MNM) transition
in L17C211-e” (II). When a film was made while the optical
apparatus was in a dry ice/isopropanol bath colder than
-50°C, the spectra contained localized electron peaks.
Warming this f1i1lm did not cause a MNM transition, but merely
gave decreased absolute absorption and indistinct character.
In contrast, when the film was made and observed above
-48°C, the spectrum was a plasma edge, curve A of Figure 7.
Spectrum B is of the same film 27 minutes later at -53°C.
The MNM transition was completed over a 5°C range while all
other parameters apparently remained constant. Thirty
minutes later and 7°C lower, the spcctrum had evolved
further into what was later considered a "typical" Li+-
C2ll+e” spectrum. An example of this typical spectrum
when R 1s between 0.60 and 1.15 1is curve C of Figure 7
where there are two low energy ez peaks at 5000 and 7000
em~1 (2000 and 1430 nm) and a high energy shoulder at

12,000 em~ 1 (830 nm). This £1lm was further chilled to

-77°C and then warmed over a period of 50 minutes to =34°C.

XA

R SHORITY Y

il ratd 8 Sheoakiost ulln ciu

B i A L e as i I A L)




66

A (um)
20 13 10 Oz Oi6 05 04

10

SOOI VIS R B WU U S PR

1
S 10 IS 20 25

v (em™)-107?

Fizure 7. Snectra of a solvent-free Litc211.e” (II) film i
from ammonia with R = 0.95: A -4§°C; B =53°C; ;
C -61°C. Elansed time from A to C: 57 minutes.
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There was no change in the spectrum. The same film was
then dampened with NH; and dried at -48°C, regenerating the
plasma edge as in spectrum A of Figure 7.

In attempts to reproduce and further characterize the
MNM transition of system II, systems III (R = 0.98), IV
(R=0.99) and V (R = 0.97) were studied. All three give
the same general response but the definite MNM transition
of II was never reproduced. Spectra A and B of Figure 8

show the response of warm and cold dry films. Spectrum A

was taken with the film at -39°C and shows the typical e,

1 1 shoulder.

peaks at 5000 and 7000 em™~ and the 12,000 em™
Spectrum B at -70°C has the same general features though

the relative heights of the low energy peaks fluctuate as
does the absorbarce at 4000 cm™1 (2500 nm). The differences
between spectra A and B are typical: there 1s a slight de-
crease in plasma character as films are cooled.

Spectrum C of Figure 8 was taken after the bulk solu-
tion in the sidearm was thawed for a few minutes and then
refrozen. The NH3 vapor apparently caused annealing to a
more homogeneous film with increased plasma character.

The 7000 cm-1 peak and 12,000 em~! shoulder are significantly
decreased. This 1s a typlcal response to the annealing
process noted throughout the L1+C211'e' study.

Although the mole ratios of VI and VII were varied to
R = 1.15 and 0.60, respectively, their optical response 1is

virtually identical to previous systems, as shown by curve
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Firure 8. Svectra of sclvent-free Litceizee™ () fiims
“pom arronia with R = 2.07: A -39°C, unannealed:
B -70°C, unannealed; C -26°C, anneal>d.
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A of Figure 9 for sample VII. By R = 1.57 in system VIII,
however, there 1s a definite change. The spectrum of a dry,
unannealed film 1s depicted as curve B of Figure 9, showing
fairly homogeneous character and high infrared absorption.
Annealing this film caused a shift to a plasma edge at
~37°C, and a continued high infrared absorption at -70°C
similar to spectrum B of Figure 9.

To ascertain the effect of ammonla on the character
of optical spectra, a vapor pressure study was conducted.
Based upon his study of activities in MAS (17), Marshall
determined that a Li-NH3 solution was saturated at 0.2110
mole fraction of Li at -35.00°C. If P° 1is the pure NH3
vapor pressure at that temperature, P' is the sclution vapor
pressure and AP = P° -~ P', then AP/P°® = 0.9958 for the
saturated solution. Assuming the same ratio for AP/P°
at -65°C and using pure ammonia vapor pressure data (78),
it i3 possible to calculate the NH3 pressure necessary to
give a saturated Li-NH3 solution at -65°C. Assuming that
the dilute bulk solution (mole fraction < ,001) approxi-
mates pure NH3, the temperature can be determined which
would give this required vapor pressure. A slush bath
table (79) shows the solvent which can be coocled with
liqurid nitrogen to give the proper temperature to yleld
a saturated optical film if lithium electride solvent
affinity is nearly identical to that of lithium metal. By

varying AP/P°, temperatures for unsaturated and
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Figture 9. Spectra of solvent-free Li*c211.e “1lms from

ammonia: A - VII with % = 0.60; B - VIII with
R =1.57. Svectra of svstem VI with 2 = 1.15
vere virtually identical to snectrum A.
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supersaturated fllms can be calculated. 'Table 1 summarizes

these calculations and the optical results.

Table 1. Li+C211-e'/NH3 vapor pressure study®.

Condition

Bulk Temp P! b if film Optical

(°c) (torr) AP/P° were Li° Result

=12

=196 210 ~1,000 dry dry

=127 . 070 . 9994 dry dry

-116 .50 .9958 dry

-91 11.3 . 905 unsaturated transition

-78 Ly.1 .630 wet damp
4predicated upon the film being at -65°C where P° = 119.05
torr.?
b

Data from Reference 78.

One f1lm from a solution with R = 0.96 was used for all
spectra in this study and the results are shown in Figure
10. The NH3 was removed from the film and the very typical
spectrum C resulted. This spectrum was virtually unchanged
from beginning to end whenever the bulk solution was frozen.
In addition 1t was unchanged when the bulk solution was at
-127°C for 52 minutes and at -116°C for 20 minutes. As

indicated by spectrum B, however, noticeable effects of NH3

vapor appeared about eight minutes after the temperature of

T P R A TP e e e T S P T
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Fizure 10. Spectra of a sinrle L1*co11-e” (X) film from

i ammonia with 2 = 0,96, The film was held at -65°C
’ and the bulk solution temnerature was varied: !

A -78°C, damn film; B -21°C, rilm in transition:

M -116°C and lower, dry film.
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the bulk solution was ralsed to =-91°C. The spectra under-
went no further change for the next ten minutes before the 3

bulk solution was refrozen. In spectrum B, the 7000 cm"1

peak and 12,000 em !

shoulder are gone, and a fairly sharp
e~ peak at 5650 cm™ 1 (1770 nm) and a rising absorbance in ;
the infrared are present (out to 3125 em™1 (3200 rm) in -
this figure). With the bulk solution at -78°C for eight
minutes, spectrum A resulted. This is a typical film

referred to as damp in this study.

ITII.A.3. Li/C211 Films from Methylamine

Because spectra of films from MA often lack shoulders
and/or peaks found in comparable films from NH3 (61), Li*-
C211*e” films from MA were studied to determine if they
might appear more homogeneous. The NH3 was removed from
system V (R = 0.97) and replaced with MA, resulting in the
fresh film whose spectrum 1s curve A of Figure 11, There
is only one broad peak, at 5800 em™1 (1720 nm), with a high
energy shoulder at 13,500 em~1 (740 nm). Annealing sim-
plifies the spectrum even more, resulting in a broad, asym-
metric single peak at 5700 em™Y (1750 nm) ~vith enly the hint
of a high energy shoulder (spectrum B, Figure 11). Both
films were at =-36°C and for this temperature the amount of
plasma character i1s lower than in similar unannealed and
annealed films from NH3, spectra A and C of Figure 8,

respectively.

_. R —
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®imure 11. Snectra of a solvent-free Li+C211~e' £f11lm fronm
methvlamine with R = 0.97: A =36°C, unannealed:
B -36°C, annealed. The solution was made bv
renlacine the ammonia of Li*C21l-e- (V) with
methvlamine.
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Spectra of films from MA with R = 2, displayed 1in Flgure
12, show metallic character, Curve A 1s the spectrum of an
unannealed film at -76°C while curve B is the spectrum of
the same film at -28°C after annealing and conversion to &

plasma edge. For comparison, curve C depicts the spectrum
of an annealed R = 2 film from NH3. Spectra B and C both
show metallic character, but it appears that the film from
MA provides a much more homogeneous environment for the
electrons.

The first preparation of Li/C211 with R = 2 from MA
did not produce any optical spectra but there was an obser-
vation which should be noted. The cryptand, metal and sol-
vent were introduced into the apparatus in the usual manner.
Then the components were mixed and held at -40°C for 1.5
hours to allow L1+ complexation. Since this was strictly
a preparation for optical spectroscopy, the first film was
made at the end of that ninety minute period. Repeatedly
these films went virtually colorless within 5 - 15 seconds
as the bulk blue solution was frozen in the sidearm. The
resulting optical spectra were nearly featureless with only
a very low peak in the infrared. The presence of MA vapor
when the bulk solution was thawed produced a sizable plasma
edge, but immediately when the optical film was redried,
the very low e; peak was reproduced almost exactly. Ap-
parently the 1ithium complexstion had not proceeded sig-

nificantly and as the MA was removed, previously solvated
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Figure 12. -Srectra of solvent-free Li*tc211-e” films with

R = 2: A - unannealed film from methvlamine at
-76°C; B - same film at -28°C; C - annealed
f11m from ammonia, from Reference 61.
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electrons were recombining with uncomplexed lithium to give

spots of lithium metal.
The L1/C211 solution was held for an additional 4 - §

hours at or slightly above -U0°C to allow more complete

encryptation of the Li*. At the end of that period a new
optical film was made which remained a robust blue when

the bulk solution was frozen. Due to accidental breakage
of the glassware, no optical spectra were produced. How-
ever the apparent effects of the two encryptation periods
allow some kinetic comparisons. Suppose the temperature

was constant at -40°C for this equilibrium:

ke + -
Li° + C211 7 L1 C211 + e (1)
k
b

From the data reported by Cahen, et al (66) for AGZ, Ang

and ASz for equilibrium 1 in water, ac” at -40°C can be

calculated, followed by k.. Using log K = 5.3 in water (52),
kf = 4,6 x 10“2 sec‘l. The equilibrium constant in methyl-

amine may be less than in water, so if log K = 4,5, then
kf = 2.9 x 10—l sec’l. Now presume the complexation was
25% complete after the initial 90 minute periocd and 75%

complete after the additional 5 hours. Using a two com-
ponent, second order, integrated rate equation gives an

average rate constant of 1.6 x 103 gecl. Thus the ob-
served half-life (t1/2) 18 V2.8 hours, compared to an

average t1/2 of V3 minutes calculated by extrapolation of

e il kit i A A A U P Sl b kit sl 0
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the aqueous solutions. It should be noted that this was
the slowest encryptation observed. All others were pre-
sumed to be substantially complete within 3 - 4 hours at
-40°C and no experimental evidence indicated otherwise.

In the absence of specific data for NH3 or MA, these rates
and times must be considered very crude approximations.
Encryptation may proceed at a moderate rate, but 1t 1s
evident that once complexed, the lithium cation is 1likely

to remain trapped barring decomposition of the cryptand.

ITT.A.4, Summary and Discussion

Lithium electride systems with R = 2 have metallic
character. The electrons show no evidence of being local-
ized on lithium cores. That is another way of stating tu3t
L1~ apparently does not exist in solvent-free or damp wet
f1lms from NH3 or MA: there was no peak corresponding to
the reported 440 nm band attributed to Li~ in a lithium=-
ethylamine solution (80). While films with R = 2 from both
NH3 and MA are metallic, spectra of those from the latter
solvent are considerably more homogeneous in appearance with
fewer peaks and shoulders.

Systems with a nominal R = 1 have shown a varilety of
responses from metal to insulator. System I was pre-
dominately metallic, II was metallic but had an irreversible

preference for non-metallic character at low temperatures,

oo Ak B e ima . o
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; and systems subsequent to II were non-metallic but ap-
proached metallic character under annealed, high tempera-
ture conditions. Because of the 1rreproducibility of the
metallic character of system I and the distinct MNM transi-
tion of system II, only systems JII-X will be considered

= typical of lithium elec+ ide.

If the progressive change from metallic character to

a MNM transition to nonmetallic character in the first
three Litc211-e” preparations were the result of some

systematic change of reactants or laboratory procedure, it

Diak ot 2¥, it

must have been a subtle deviation, indeed. Lithium for the

three preparations was frcm three different sources and the

metal purity and accuracy of mass determinations surely

e s

varied. However in systems III - VIII where R varies from

0.60 to 1.15, the optical spectra as summarized in Table 2

b R | e e

show very similar character, thus discounting slight varia-

tions due to the amount of metal present. During the initial

ciaa R dm e

solution preparation, systems III - X were held at =-U0 £3°C
to promote lithium encryptation for from two to six hours.
The spectra give no reason to belleve that variable en-
cryptation time has any effect on the metal~insulator

character. In solid state studies it is not uncommon for

it e dlihind i b Sk bt b e

slight changes in composition, inhomogenelty, grain boundary
effects, etc., to have a significant impact on the nature
of the s0lid. Composition effects can be discounted as

readlly as they were above because of the similarity of the
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optical spectra while the relative amount of metal was
varied. Graln boundary effects or sample thickness are
dismissed as a majJor factor because of the consistency of
results from thin optical films to thicker films in EPR
samples to bulk samples for magnetic susceptibility, typi-
fied»by systems VII and VIII to be discussed later in this

chapter.

One fairly obvious rationale for the discrepancy among

the R = 1 preparations is the possible presence of solvent.

The ammonia analyses of Chapter V and the vapor pressure '
study of systems IX and X were attempts to determine the

posslble elfects of solvent. The results of Chapter V indi-

[FECPUN YRR YR ¥ WPREVIT S o

cate that a "dry" electride optical film may still contain

S

approximately one mole of NH3 for every ten moles of cryu-
tand. Chapter V results also argue that the mole ratio

c211 : NH3 increases (more NH3 is removed) for longer static

pumping times. However the optical spectra do not show

annealing effects unless the bulk soclution 1s warmed con-

siderably above liquid nitrogen temperature. Therefore it

N T L W T AR e e e

is concluded that, for optical films in this research ex-
posed to a bulk solution at =196°C, the films were es-
sentlally dry within several minutes of freezing the bulk %i

solution and that any subsequent decrease of the film's

NH3 content had a negligible effect on the film, its spectra

and its metallic or nonmetalllc character. This conclusion

is reinforced ty the vapor pressure study whereln the
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NH3 vapor pressure was raised approximately thirteen orders
of magnitude before any effect was noted in the optical
spectra, at -116°C < Temp < =91°C for the bulk solution with
the film at -65°C.

To summarize the above discussion, the reasons for the
differences in behavior of r1tcoiiee samples I and II
from those of later samples remain unknown.

Several general trends are noted among the other
lithium electride systems. As film temperatures are raised,
the infrared absorbance increases, probably reflecting an
increase in the conduction band population that 1s typical
of thermal promotion in a small band-gap semiconductor.

As the mole fraction of L1 is raised from 1.15 to 1.57 to
2, the cptical spectra appear to become more homogeneous.
Only three systems with R values of 1.57 or 2 were studied
s0 there 1s a possibility that these spectra are not
representative. However if they are, then the increase in
uncomplexed lithium cations (no evidence for Li® or Li7)
must be causing or helping create a more homogeneous en-
vironment for the electrons. Possible explanations follow.

It appears from optical spectra that somewhere between
mole ratios 1.1 and 1.57 the high energy e; peak and
shoulder begin to disappear, It 1s possible, but it has
not been demonstrated, that Li and C2l1 may form in-
clusive-exclusive complexes as in the case of Cs and

€222 (81). Then the electrons would feel at least two
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different environments (the cryptand asymmetry may create
more), one in which the electron is in the vieinity of an
inclusive Li/C211 complex and the other in which the elec-
tron may be forming some variety of loose ion pair (EPR
shows no hyrerfine splitting) with a protruding or exclusive
crynptated lithium cation. It 1Is posslble that the higher
energy peak of the two typical e’

t
to some form of ion vair, analogous to th=2 8475 cm”

absorption peaks 1s due
1

(1180 nri) peak attributed to the ion pair (Li+, e;olv)

in tetrahydrofuran (82). Then as the mole ratio 1is in-
creased, free lithium cations begin teo fl1l1 enough inter-
stices to homogenize the environment for the electrons,

progressively decreasing the effect of some quantity of

exclusive L1+.
{

A second and equally speculative possibility 1is that :

NH3 is such a vowerful solvating apent that the equilibrium !

Li° + c211 2 Litco11 + e~

does not lie far to the right as with many other solvents

vk

(52). Perhaps competing equilibria

L1° + UNH; 2 Li(NH3)y

or

ot Letaakin Maaarts oo

L1° + xNHg 2 Li¥(NHg), + el .o
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are so energetically favorable that the first eoguilibrium
above 1s shifted somewhat to the left. Then when the sol-
vent 1s removed by flash evaporation during optical film
formation, some lithium is trapoed outside the cryptand.
The increase in the mole ratio, as in the previous hypothe=-
sis, homogenizes the solid structure and the electronic
environment. It should be noted, however, that at R = 2
there are many more octahedral and tetrahedral holes than
there are tiny lithium cations to occupy them. But before
the structure 1is homogenized physically, it is homogenized
by nromotion of the electrons into the conduction band.
Some critical minimum of Li+ concentration is passed after
which the electrens are metallic, with the transport process
possibly being site-to-site hopping on Li* centers in the
minimally metallic regime.

The spectra of damp and wet films show that electride
films have a fairly high ammonia affinity, but considerably
lower than that of 1lithium metal. With the bulk solution
at -116°C there should have been enough NH; present to
saturate a -6%°C Li° film, yielding a tvpically metallic
spectrum. However, this metallic spectrum did not appear
for the electride until the bulk soiution was at ~-78°C
where the vapor pressure was a factor of ~90 higher than at

-116°C.

.
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IIT.B. EPR

Electron paramagnetic resonance (EPR) probes the change
of the local environment of an unpaired spin, as opoosed
toc methods which monitor bulk properties such as magnetic
susceptibility and conductivity which will be discussed

later. 1In the EPR experiment, degenerate spin energy levels

are split by anplication of a magnetic fleld. Transitions

between the Zeeman levels can be induced by radiation of

et

the appropriate freauency. S:ince the Zeeman splitting 1is
proportlonal to the applied magretic field, field strength :

and/or radiation frequency can be varied to induce the

-t S N

resonance according to the equation

AE = hv = gBH

mkn iy Mg e o LA o -

where h 1s Planck's constant, v 1s the freaquency of the
electromagnetic radiation, g is the Landé g factor, 8 is
the Bohr magneton and H 1s the magnetlc fleld strength.

In practice, microwave radliation of a fixed frequency is

generated and the magnetic fleld 1s swept through the reson- 1

ance value. The Landé g factor is 5

S(S +1) - L(L + 1) i
233 + 1) i

=3
: g =35+

| |
'3
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where S, L and J are spin, orbital and total angular momentum
ouantum numbers, respectively (83). For an slectron with
no orbital angular momentum, S = 1/2, J = 1/2 only and
therefore g = 2. Systems similar to this, with the free
electron g-value of 2,0023, will be considered in this
study.

Two theoretical lineshape expressions are commonly
used to describe spin systems which have symmetrical line-
shapes (45). For a homogeneous environment where the spin
system maintains thermal equilibrium during resonance and
relaxation is dominated by spin-lattice interactions, the
lineshape 1s normally Lorentzian. The Guassian shape
usually applies to systems in which the svins are in dif-
ferent environments. If spin-spin relaxation 1s the pre-
dominant relaxation mechanism, both Lorentzian and raussian
shaves can be fit by normalized expressions involving T2,
To simply extract the spin-spin relaxation time for a
Lorentzian line, AH1/2 = R/gBT, can be used where fi = h/27
and AHl/2 is the half width at half helight for the absorp-
tion curve. For a first derivative EPR 1ineshape,AHp_p
is the width between the maxima of the two lobes (veak-to-

peak linewidth) and eauals 28H,,,/Y3. Therefore

8H_o = 2n//3RBT, (2)
and 'I‘2 can be determined from the readily attainable experi-

mental value AHD_p.
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In this studyv neither purely Lorentzian nor purely
gaussian expressions fit the experimental lineshapes.
However, by using both lineshape functions and applying
them to the widest and narrowest signals studied, the true
spin-spin relaxation times for all L1+C211'e’ samples should
be bracketed.

Equation 2 and AH values from Figure 19 yield the T2

p-p
values of Table 3 in the high temperature region 100K < T

< 240K and at appreximately UK.

Table 3. L1+C211oe' spin-spin relaxation time extrema.

VITI Vi

Sample High Temp. b High Temp. UK
BH,_ (G) 0.60 2.2 0.175 0.50
Horeeee” 2 11 x 1077 3.0 x 108 3.7 x 1077 1.3 x 1077
Al T2 gk 1078 2.2 x 1078 2.8 x 1077 9.9 x 1078

The fajrly narrow linewldths correspond to long relaxation
times which are due to weak spin-spin coupling (45),
Webb's extension (21) of Dyson's theory (19) for the
EPR lineshape due to conduction electrons (discussed in
Section J1.B.) was perused for its applicability to the

L1+C211'e“ system. The first derivative asymmetry
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parameter A/B is independent of TD/T1 if a/é < 1.60, where:
A and B are the low and high field lobe amplitudes of the
first derivative curve, respectivelv; TD is the time for a
spin to diffuse across the material's skin depth, §; Tl

is the spin-lattice relaxation time which equals T2 for a
metal; and a is the spherical particle radius for the
material. Therefore, in the absence of indevendently
determined values to allow a fit with Webb's lineshane
equation, no fit was attempted. The Li*tcol1+e” systems
must be marginally- or non-metallic or else the effective
particle radii (or sample thickness) must be approximately
equal to the skin deoth for A/B to be <2.5. Others have

employed a direct interpolation between the classical

Lorentzian lineshape (A/B = 1.0) and the lower limit of

Dyson's theory (A/B A2.7) to extract spin relaxation times

(24). No such interpolation was attempted in this study.

III.B.1. Results

Only minimal EPR information was gathered for LitC211.e”(I)

with R = 0.93, which showed metallic character in its op-

tical spectra. At -152 ¢ 3°C, A/B was ~1.0, AHp_p
and the g-value = 2.00223. This g-value was determined by
placing the electride samole and a small sample of a,a'~
diphenyl-g-picryvlhydrazyl (DPPH) in the EPR cavity at the
same time and determining the spectrum. The same DPPH

sample was then calibrated by comparison with the benzene

= 0.37 G

g
i
.éi
j
]
]
i
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radical anion septet spectrum, giving EDPPH = 2.00370 at
-102°C (Section III.B.4.). PFinally the g-value of the
electride was calculated.

A search for free lithium metal was conducted. The
lithium metal g-value 1is only slightly different from that
for the free electron: Ag = -6.1 x 10™2 (84). Therefore
the electride and lithium signals should overlap. A maxi-
mum first derivative amplitude is obtained when the spec-
trometer modulation amplitude is adjusted to approximately
twice the value of the signal AHp_p (69). 1In selected scans,
the modulation amplitude was increased to aid the search

for a free lithium signal with AH of 4 - 5 Gauss at the

p-p
expense of a true electride lineshape. No free metal signal
was observed.

Litcoil.e” sample II was an interesting EPR specilmen.
Not only did it show the MNM transition upon c¢ooling that
was evident in the optical spectra, but the transition ap-
peared to be completely reversible at -45 t 1°C in either
direction. There was a severe disruption of the cavity Q
as well as significant changes in the spectra. Figure 13
shows spectra taken a few minutes apart on either side of
the transition. Particularly note the change from 0.95
to 1.77 in the A/B ratio. Figure 14 depicts the ratio A/B

for the range 4 - 2U0K obtained in three separate runs on

the same sample. Begsides the fairly sharp rise in the

region 210 - 230K, A/B also appears to drop significantly
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at about 100K. The plot of AH against temnerature in

p=-pP
Figure 15 shows definite changes in the same temperature

regions. Hystereslis 1s evident in both figures. The sig-
nificant change 1n AHp_p near 5K was not an artifact. As
the temperature was ralsed above 3J.5K a broader signal
diminished and a narrower one increased. During an 1in-
crease of 3 - LUK the low temperature signal became neg-
l1igibly small comnared to that of the high temperature
species. Thls same phenomenon was noted in many other
L1+C211-e’ systems. From -160°C up to the transition
temperature the g-value was a constant 2.00200, but from
-U5°C to -U41°C it was 2.00167.

It is of interest to determine the number of paramag-
netic centers giving rise to the observed signals. This
can be done absolutely or by comparison with a spin
standard. The area under the absorntion curve is propor-
tional to the number of spins, so tedious double integra-
tion of the first derivative curves of the sample and the
standard would give the desired information. However, the
intensity of a Lorentzian or gaussian signal 1s proportlonal

)2 where 2Y!

t b ]
to Ymax (AH max

p-D is the derivative curve peak-

to-peak amplitude (69). So in this study, the sample and
a National Bureau of Standards crystalline A1203:Cr3+
(ruby) rod were placed in the EPR cavity adjacent to one

another. The intensity of each curve at a given temperature

2

was approximated by 2Y! '(AHp_p) and the absolute number

max
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of sample srins was then calculated from the following

equation (85):

acbo
14 IS
2 NOgOU (Intensity) (J.A.)O (R.G.)gq

g (Intensity)o(M.A.) (R.G.)

N =

a B
where N 1s the number of spins, g is the g-value, U ©°o

is the integrated lintensity of the ruby signal which varies
with ruby crystal orientation in the E4 EPR cavity, M.A.
1s modulatlion amplitude and R.G. is receiver gain. The
subscript "o" refers to the ruby standard. Filgure 16 shows
the results of this spin calibration for Li*C211.e” (II).
The absolute number of spins varticivating in the EPR
signal is very low, but undergoes an order of magnitude
Increase at the transition temperature.

The EPR samples for Li*C21l.e” (III) and (IV) each
contained approximately 1.5 x 1018 spins, a factor of
three less than for sample II. Yet both of these sambles
were far too large for EU AFC stability, hence the results
will not be reported here. The effects noted by Catterall
(70) which were discussed in Section II.C.2.b. were most
pronounced for samnrle III in the range 30 - 150K where rapid
signal crossover caused many apparent linewidths to be
<0.10 G. One observation which was 1ndependent of these
effects was the same signal change at ~5K as noted for

system II. From 3.9 to 4.8 and 6.2K the gain was increased

by a factor of 500 to obtain a comparably sized signal and
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Firure 16,

Semi-log plot of the number of unnaired spins
from Li¥C21i*e~ (II) EPR snectra. Data point in
upper left corner revresents 0.6% of the soins
potentlially present in the sample while the lower
rieht data point reoresents .02% of the spins
notentiallv nresent.
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at 8.3K it was reduced back to near the 3.9K settings.
Later both samples III and IV were reduced in size and
data were collected in the 1liquld nitrogen temperature
range only. Electronic g=-values for both samples are in-
cluded in Fizure 20, and in Table U4, Because both samples
were reduced in size by an unknown amount, no calibration

of the number of spins was attempted.

Table 4. BResults of EPR for vitco11ee” (ITI) ana (IV).

Sample III, R = 0.98 Sarple IV, R = 0.99
Temp (K) 115 233 118 233
A/B Ratio 1.21 1.23 1.08 1.26
AHp-p (G) 0.37 £.31 0.28 0.24
g~-value 2.00200 2.00229 2.00230 2.00229

EPR samples for systems V (R = ).97), VI (R = 1.15),
VII (R = 0.60) and VIII (R = 1.57) were preprared with
2 X 1017 spins and were apparentlv just small enough to
avoid signal distortion. All samples except VIII had
multiple signals up to approximately 30K, as depicted in
Figure 17. The asymmetry ratios A/B are presented in

Figure 18, the linewidths in Figure 19 and the g-values 1in

Flgure 20. The percentages of unpaired spins in the samples

studied with the 1liquid nitrogen cryostat are shown on a
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EPR spectra of L1%C211:e”™ (VI) with R = 1.15.
The shift of the low field signals which 1is
apparent from the lower to the upver spectrum
continued until all signals appeared to have
the same g-value at 65K. This merging of
signals was generally complete 1n other st iples
by 30K.
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semi-log plot in Figure 21. Neither the ruby nor DPPH
standards would fit into the liquid helium cryostat along
with the sample, hence g-values and the calibrated number
of unpaired svins are not shown below 95K. However, by
direct comvarison of spectrometer settings the percentages
of unpaired soins were approximated down to 3.5K and these
values are also included in Figure 21. Only sample V had
a signal which cou™d have been from free lithium metal.
The approximately 7 Gauss wide signal avpeared between 3
and UK. Calculations from three different svectra placed
the quantity of unpaired spins in this signal at 0.3 ¢
0.1% of those potentially present.

EPR sampnles frcm the vapor pressure study Li*ceii.e”
(IX) we . evaluated in the nitrogen-cooled range only.
Because the ruby standard would not fit into the c¢cryostat
with these sample tubes, no information is avalilable for

the numbers of spins contributing to the signals. The

data for the EPR samrles which were sealed off at -116/-65°C

and at -91/-65°C are in Table 5. Each of these data values
remained fairly constant or changed smoothly over the tem—
perature range; no transitions were obvious. One item of
considerable interest was the extremely high receiver

gain settings required for Sample B. They were 25 -

50 times those for Sample A even though the sample sizes

were comparable.

J. _‘...._..AAAN__mﬁ._ -
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Figure 21. Semi-log plot of the percent of ungaired spins
vs. reclprocal temperature from Li¥C2ll-e~
EPR spectra: A - VII with R = 0.60; B - VIII
with R = 1.57; C -« V with R = 0,97,
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Table 5. Results of EPR for LitC211l.e” (IX), vapor pres-
sure study.

Sample A2 Sample Bb
Temp. (K) 118 243 118 243
A/B ratio 1.27 1.26 U | 1.11
AR (G) 0.32 0.24 0.55 0.22
g-value 2.0026 2.00264 2.0023 2.0022

appR sample sealed with sample at =-65°C and bulk solution
at -116°C.

PEPR sample at -65°C, bulk solution -91°C when sealed.

ITI.B.2. DPPH Calibration

DPPH, a,a'-diphenyl-B-picrylhydrazyl, is often used
as a standard for g-value determinations. While 1ts g-value
is normally reported as 2.0037 * .0002 (69), presumably
any given DPPH sample cculd tc calibratced to greater ac-
curacy by using a standard whose g factor is accurately
known. In this study the DPPH sample used for all 1lithium
electride g-value studies was calibrated against the benzene
radical anion. Benzene™ in a 2:1 solvent of THF:DME 1s
reported to have a g-value of 2.002854 + 000007 at
-101°C with a splitting constant of 3.781 Gauss (B6). The

seven-peaked benzene~ signal showed a split<iing of 3.80

Gauss 1n this study, and four determinations of the DPPH
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g-value after repositioning the adjacent DPPH/benzene”
sample tubes yilelded a g-value of 2.00370 (3) at =-102°C
(the value in parentheses 1is the standard deviation of the
last digit). The DPPH g-value at -73°C determined in the
same way was 2.00351 (1). Segal, Kaplan and Fraenkel
stated that their g-value for benzene  did not vary with
temnerature over the range from room temperature to -100°C,
so presumably the variation observed here is due to DPPH.
This DPPH sample was not calibrated at other temperatures,
hence all electride g-values in thils study are determined
by comparison with DPPH as though it were at -102°C with a

g-value of 2.00370.

IIT.B.3. Summary and Discussion

L1+C211-e', regardless of R value, does not aopear to
contain any free lithium metal with the possible exception
of a very minor amount in sample V. The unpaired electrons
in the signals are all at or near the free electron g-value,
2.00232, indicating that there 1s virtually no spin-orbit
counling present. The A/B ratios in some cases (Figures 14
and 18) are less than expected. There 1s no theoretical
basis for A/B < 1.0 (19,21) so systems II and VII, whose
optical spectra show electrons in several tranping sites
at 200 - 220K, may have interference from multiple electron-

site signals which skew the EPR spectra. System II shows

a dramatic jump in the A/B ratlo near 225K which is
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presumably assoclated wlth its transition to metallic
character. Metallic samples thick comnared to the micro-
wave penetration devnths normally show much higher 4/B
ratios. Only when the skin depth is comparable to the
sample thickness will the ratio be low and this 1s prob-

ably the case for L1+C2ll°e'(II) in its metallic region.

The AHD values of sample II increase with increasing

=D

temperature in the metallic regime (Figure 15) correspond-
ing to a decrease in the spln-lattice relaxation time.
This decrease 1s characteristic of delocalized electrons
(24). All systems have signals which are auite narrow,
but the wldest lines are those of systems II and VIII.

The former underwent a MNM transition and the latter has
the highest R value (1.57) of those thoroughly studied by
EPR. These two samples have the most efficient relaxation
mechanisms.

There seems to be a significant difference in the num-~

ber of unpaired spins in samples which appear metalllic and

in those which are non-metallic. L1%C21l.e~ (II), by cali-

bration with a ruby standard, was approximately 0.02% un-

paired at 110K and 0.6% unpaired at 228K after the MNM

transition. The optical spectra of ktc222.e~ show high

metallic character and the EPR results by DaGue on a sample

from the same solution indicated only 0.024% of the spins

were unpaired at 157K (64). For metalilc systems only the

fraction of electrons (T/TF), where Ty is the Fermi
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temperature, would be in the conduction band and presum-
ably unpaired. Table 6 contains a comparison of these
systems.

One other result which indicates that metallic samples
have few unpaired spins 1s the high receiver gain required
for sample B of system IX. While nothing in Table 5 sug-
gests 1t has peculiar behavior, the sample was approxi-
mately the same size as sample A, yet it required receiver
galin settings 25 - 50 times those for sample A. This may
indicate that spin pairing was occurring in the sample as
it acquired NH3 on its way to metallic character. The
optical spectrum (curve B, Figure 10) appears to be in
transition from a dry, standard spectrum to a damp, metallic
one. It 1s probable that the EPR sample is indicating the
same t¢ransitlon, hence the onset of spln palring and an
abnormally low EPR signal.

On the other hand, the fact that the non-metallic
and/or near-metallic systems V - VIII have a considerable
percentage of their spins unpaired 1s clear from Figure 21.
There 1s a systematlc alignment of spins 1n each system as
the temperature is decreased and in several samples the rate
of spin pairing changes in the region of 50K. The energy
of this antiferromagnetic spin counling can be readily

calculated from the equation

-Ea/RT

N =N e
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Table 6. Fermi temperatures of several systems.

-0

System Temp (K) Fermi Temp (K)
L1*c211.e” (11) 228 3.8 x 10"
Li*c211.e” (ID) 110 5.5 x 10°
ktca22.e” 157 6.5 x 102 (a)
ktcaz2.e” -_— 5.6 x 103 (b)
ritcer1.em (vIID) I 8.0 x 102
Litco11.e (vIID) 225 1.1 x 103

Free Metals
Li 78 5.5 x 104 (¢)
K 78 2.5 x 107 (¢)

gy S
e

3Reference 6U.

bRef‘erence 64, based uvon estimated conduction electron
density.

CReference 42.

cathic sae o it e e i i ek Tk st w Bin bty 853 s
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where N°° is the fraction of spins N unpaired at infinite

temperature, R is the gas constant and Ea is the energy of
coupling/decoupling. While system VI with R = 1.15 is not

included 1n Figure 21 because 1ts unsymmetric EPR lineshapes e
yielded very scattered data, it is still included below. ;;
The spln palring energles for systems V - VIII are listed 3

in Table 7.

Table 7. Spin pairing energies for Litca11.e” systems. 3

Spin Pairing Energzy (cal/mole)

System R Low Temo High Temp
Y 0.97 35 7h
VI 1.15 28 177 )
VII 0.60 32 117 ;
VIII 1.57 26 26

Note that the energles are in calories: the spin pairing
in these lithium electrides 1s very weak. The percentages
of unpaired spins for System VIII appear to lie along a
single straight line in Figure 21. Hence 1t only has one
pairing energy in Table 7. This 1s also the system which .
showed the most homogeneous optical spectra (Section

ITTI.A.2). It 1is perhaps qulte significant that the same

systems exhibiting inhomogeneous, multi-neaked optical
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spectra are the systems 1n Figure 21 and Table 7 which have
two different spin pairing energlies. It is concelvable that
the two major electron trap sites indicated in the optical
spectra are the same sites where spin palring 1s occurring
and that each site has 1ts own palring energy.

Sample VI with R = 1.15 showed EPR properties which did
not seem to follow any pattern set by the systems wilth other
mole ratios. Sample VI had the highest A/B ratio by far,
the highest g-value, the narrcowest spectra and the great-
est number of unpalred spins of Systems V - VIII. It is
not clear whether this EPR sample or the whole preparation
might have been anomalous or whether the pattern which this

sample fits 1s Just obscured.

III.C. Magnetic Susceptibllity

Magnetic susceptibllity is the bulk response of a
materlal when 1t 1is placed in a static magnetic fleld. All
matter has a diamagnetic, or negative, contributicn to 1its
susceptibility assoclated with the orbital motlion of its
electrons. When the material is placed in a magnetic field,
the electronic motion is altered such that the induced cur-
rent creates a magnetlic moment which opposes the applied
field (87). For materials with no unpaired electrons, this
diamagnetism may provide the major contribution to the

susceptibillity. For other systems with spin angular

i L o rae
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momentum only or spin and orbital angular momentum, there
is a positive (paramagnetic) contribution to the suscep-
tibility which may or may not be larger than the diamag-
netic contribution. If 1t 1s, the magnetic susceptibility
is positive and the bulk material i1s labeled paramagnetic.
There are a number of sources for this positive contribu-
tion tc the susceptinhility, several of which will be dis-
cusséq here.

When an isotropic substance 1s placed in a magn. ic
field ﬁ, the ratio of the magnetization ﬁ, the magnetic
moment per unit volume, to the magnetic field is defined as

the magnetlc susceptibility x, or
Xy = M/H (3)

in units of cm3. The susceptibility 1is also commonly ex-
pressed as gram susceptibility xg (cm3/g) and molar sus-
ceptibility xpy (em3/mole). For a system with independent
unpalred electrons, the molar susceptibility may be de-

scribed by the Curie Law (42):

2
Mo_ . = N(pUB) i} g (1)
m= Xy~ T T

where N 1s Avogadro's number, ¥g 1s the Bohr magneton, kB

is the Jcltzmann constant and p is the effectiv:. number of
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Bohr magnetons defined by

p = gld(g + 1)1+ (5)
where J is the total angular momentum quantum number. For
a system with a negliglble orbital angular momentum, p

becomes equal to gJ;IZS(S+1)]1/2 where S is the atomic spin

‘quantum number. Then the Curie constant C becomes

0.37C24 em3 K mole™! for a mole of free spins. If only a
fraction n of the pctentially available "free" spins is

unpaired, then

X‘ = O.3<60Mn (6)

-

and the units are as previously noted for molar suscep-
tibility.

The molar susceptibility of free spins expressed by
Equation € is modified when there 1s an internal inter-
actior in the material tending to align the spins. Welss
postulated this exchapge field and Heisenberg showed that
it is a result of the quantum mechanical exchange inter-
action (87). The exchange energv of two electrons may be
wrlitten as -2J1251-S2 where the exchange integral J12 is
a direct result of the requirement that the electrons be
indistinguishable (87). There is no direct coupling

between the spins; the interaction is electrostatic a..2

i et Y, i A 20 L

crwamab
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is related to the overlap of the charge distributions. F
a ferromagnetic system in which the magnetic moments tend
;o align parallel with one another, the exchange integral
is positive, and for an antiferromagnetic system, J < O.

In terms of Welss' description, if the fleld due to

»

interacting magnetic ion nelghbors 1s designated NwM, where

N, is a constant, then the Curie Law can be modifled:
. S
M=7 (H + N M)
Then M(T - CN,) = CH and

- (S
o= (g H

w

The susceptibility y must therefore be

X = <
T-CNw
or in more familiar form
= C
X 5 (7)

where 8 is the Weiss constant and 1s equal to CN,,. For
6 =T, >0, T, is the Curie temperature of a ferromagnet

above which the spontaneous magnetization (i.e., in the

absence of an applied field) vanishes. For 8 = TN > 0,
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TN is the Néel temperature above which the ordered anti-
parallel arrangement of dipoles disappears. Welss also
expressed the susceptibility above the Néel temperature

as

. = C
L ¥ CN

where N = 1/2(Nii + NAB) in a body-centered cubic lattice
(87). If an atom on site A has nearest neighbors on sites
B and next nearest neighbors on sites A, then NAB = NBA
1s the molecular field constant for nearest neighbors and
for next nearest nelghbors NAA = NBB = N11 since the same
types of atoms occupy the A sublattice and B sublattice
sites. The interaction between nearest neighbors is anti-
ferromagnetic, hence NAB is positive and it 1is generally

greater than Nii' So,

X = T%% (8)

where 6 = 1/2C(Nyp + Nii)' Below the Néel temperature the
theory predicts that the polycrystalline susceptibiliity

X,. can be expressed by

p

Xp = 1/3X||+ 2/3Xl

where X'| and xl refer to susceptibilities parallel and
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perpendicular to the z-axls or easy direction. At T = OK

the parallel component vanishes and

A.(zero K) .  .‘ : .
—Ex-p—(T;IT—= 2/3 (9)
rFor a metallic system with conducticn electrons, Paulil
explained the paramagnetism in terms of the Fermi-Dirac
distribution of electron energies. The net magretization
of this conduction electron system is given by Nuzﬂ/kBT,
but only those electrons within approximately kBT of the
Fermi -~nergy are likely to change spin in the presence of
an applied field (#2). Only this fraction of the elec-

trons T/Tp contributes to the susceotibiiity, hence

B (10)

which 15 the Paulil susceptibllity after Landau's diemag-
netic correction. If the elecurides may be thought of as
expanded (low clectron density) metals, then tney would
presumably follow this tempoerature-independent Faull sus-~

ceptitility for conductlion electrons.

. . S o
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III.C.1. Results

For both the magnetic susceptibility and EPR experi-
ments, degenerate spln levels are split by an applied mag-
netic field. If it were possible to calculate the number
of spins contributing to the EPR spin susceptibility, it
might then be possible to estimate the bulk magnetic
susceptlibility for samples made from the same solutions.
In this study, the number of unpaired spins in various
samples was determined from spin susceptibilities by com-
parison with a ruby standard. The molar susceptibility

was then calculated from Equation 6:

Xy = 0.37604 n

using the temperature-dependent fraction of unpaired spins
in each sample as depicted in Filgure 21. It should be
notei that the fraction of unpaired spins was taken from
the straight lines of Figure 21, not from actual data
points. The spin susceptibility results for samples VII
(sample A, R = 0.60), VIII (sample B, R = 1.57) and VI
(sample D, R = 1.15) are shown in Figures 22, 23 and 24,
respectively. 1In Figure 25 they are combined for compari-
son.

Results of the bulk static magnetic susceptibilities
are displayed in Figure 26 for samples VII (R = 0.60),
curve A; VIII (R = 1.57), curve B; and IV (R = 0.99),
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Figure 22. Molar spin susceontibility of Litc211.e™ (VII):
sample A with R = 0.60. The fraction of unpaired
spins used to determine xvy was from the straight
lines of Figure 21, not from actual data ovoints.




120

2l

IS

i2

SPIN SUSCEPTIBILITY x I10* (MOLAR)

“

3 -
] . 1 , 1 N
40 120 200
TEMP (K)
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lines of Fipgure 21, not from actual data points.
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Figure 24. Molar spin susceptibility of L1*ce11-e” (VIi):

samnle D with R = 1.15. The fraction of un-
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Figure 25. Molar snin susceptibilities for Li*C211.e”
from Figures 22, 23 and 24: A - VII with R =
0.60; B - VIII with R = 1.57; D~ VI with R =
1.15. The fraction of unpaired spins used to
determine xy was from the straight lines of
Figure 21, not from actual data points.
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Figure 26.
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Molar static susceptibilities for L1+C211°e':

A - VII with R = 0.60; B - VIII with R = 1.57;

C - IV with R = 0.99. Note: the mole ratio of
sample C 1s avnvroximately the same as for samples
labeled C in Figures 18-21, but this curve C
represents a different preparation.
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curve C, for which no spln susceptibility is available.
Sample VI did not yleld any data. It probably decomposed
while being inserted into the Faraday balance Dewar. The
molar static susceptibilities were calculated by Ms. Angellca
Stacy at Cornell Universlty based upon the number of moles

of lithium in the samples determined during post-analysis for
samples VII and VIII (Section III.E.) and by an estimate

from the solution stoichiometry and sample size for IV.

The bucket correction for sample C was initially determined
by reconstructing and rehanging the empty bucket (Section
ITI.C.2.a.). This was Judged unsatisfactory because of the
apparent presence of field-dependent paramagnetic impuri-

tie

(4]

cn the empty bucket. Ms. Stacy then scaled bucket cor-
rections based upon the combined sample/bucket mass from
those for VII and.VIII, and this method, though not exact,
appears quite satisfactory.

Figure 27 displays the reciprocal molar susceptibllities
for the systems of Figure 26. Each has a negative Welss
constant: VII (curve A): =130K; VIII (curve B): -11.8K;
and IV (curve C): =-102K. 1In addition the high temperature
regions (> “80K) are fit by the Curie-Weiss Law rather well
with approximately one unpaired electron per lithium:

VII, ~.94 unpaired electrons/Li; VIII, .70/L1; and IV,
v, 94/,
The susceptibilities of the samples observed in the

SQUID susceptometer in the MSU Physics Department were
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inconclusive. Certainly there was no strong paramagnetism
in any of the samples and some appeared diamagnetic at 4K.
Larger samples would have been necessary for any definitive
results with that system. However, after the success with
magnetic susceptibility at Cornell University, no large
sample preparations were attempted.

There have been several attempts to fit the experimental
magnetic susceptibility results for systems VII and VIII
to theoretical expressions. The generalized weighted non-
linear least-squares KINFIT program (88) was used for the
analvsis. Equations based upon Fermi-Dirac and upon Bose-
Einsteln statistics involving singlet~-triplet equilibria
have not reproduced the exverimental shapves well, even
when two different types of electron-trapplng sites (evi-
dent 1in optical spectra and spin susceptibility studies)
were employed. To date the best reproduction of the experi-
mental susceptibility shaps has been with an equation by
Wojciechowskl (89). He derived expressions for the magnetic
susceptibility of a metal-metal interaction in coordination
compounds with a 4" - d" electronic configuration. His
curves for at - dl,OP S, = 1/2 and S, = 1/2 with an ex-

change integral J < 0,lo0k similar to both Figure 23 and

curve B of Figure 26. His expression is

Ngzug

4
2kg T 3 + EXF(=J/k 1)
2kg T 3 * EXF(-J/KGT

Xm

BRI TN TS S U
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where N is the number of palrs of interacting spins and the
other symbols have thelr usual meanling. This expression
did not fit the experimental susceptibility data for system

VIII until two exchange integrals were employed, correspond-

EETY. XSSP 3 PSP RN FTY TG WO L AT v u;lm

ing to two different electron trapping sites in the sample.

bov b

The fractional populations n, and Nos based upon total
lithium content, and the exchange integrals Jl and J2

for sites 1 ard 2 were the adjustable parameters, as well
as a Curle term C to account for the paramagnetic signal

evident in the EPR spectra below approximately 6K. Table

8 lists the computer-fit values of these parameters.

Table 8. Values for the parameters in the fit of the
sample VIII static susceptibility results with !
the VWojciechowskl equation for interacting spin [
1/2 systems.

Parameter Value * Standard Devlation

ny (%) 17.2 £ 1.1

Jy (cal) 33.5 ¢ 1.2 '
ny (%) 46.3 + 1.1

Jo (cal) 107. ¢+ 3.3

c (%) 0.20 + 0.01

Populations m and N, were not constrained by making thelr

sum equal 100%, nor were ny, ny and C forced to equal 100%. 'y




The KINFIT program determined the populations necessary to
fit the experimental data.

Wojciechowski's equation did not fit the data for
sample VII where two sites were evident in the optical
spectra and 1In the spin susceptibllity. Using the same
five parameters as for system VIII, the fit was poor. Even
then, the population ny + n, was 84.8%. The search for
theoretical expressions of antiferromagnetically interact-
ing spin systems continues. The general theory of Oguchl
(90) as extended by Ohya-Nishiguchi (91) holds some promise.
Basically they include longer range interactions than that
of spin i1 and spin J with exchange integral J: the exchange
integral J' is for spin 1 with all nearest neighbors ex-
cluding jJ and also for spin J with all nearest nelghbors
excluding 1. Ohya-Nishiguchil defines a parameter «:

k = 2|1J'|/|J] in which z is the number of nearest neighbors
and k indicates the relative strength of the long-range
molecular field. Theoretical susceptibility curves 0.0 <

K < 1.5 show a broad maximum and indistinct Néel temperature
(there is no Néel temperature for ¢ < 1) similar to the
curves of Fizures 22 and 24 and the lower two curves of
Figure 26. This similarity raises the possibility that
these experimental data may eventually be fit with the Ohya-
Ni: 1iguchi expression or a similar one which incorporates
multiple nearest-neighbor interactions. Without a crystal

structure or prior knowledge of the number of types of

| 3
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sites available for the electron, it is difficult to apply

any theoretlical analysis.

111.C.2. Summary and Discussion

The spin pairing phenomena detected by EPR were also
evident 1n the static magnetic susceptibility studies.
Table 9 contains the values of maximum susceptibility for
the spin and statlc susceptibility samples and the tempera-
ture at which each maximum occurred. None of the sus-
ceptibility curves has a sharp transition point (Néel tem-
perature) at which antiferromagnetic alignment occurs, al-
though sample VIII is close to that appearance, and none
of the curves show x(0)/x(Ty) = 2/3, as expected for a poly-
crystalline antiferromagnetic powder. The static sus-~
ceptibility maxima are broad as might be expected where
spin palring 1s occurring gradually instead of at a specific
transition temperature. The static suscentibility curves,
then, are the result of the interplay of two factors: the
susceptibility of the spins present 1s enhanced as the
temperature decreases (Y « 1/T), but there are progressively
fewer free or unpaired spins to contribute to the suscep-
tibility. There 1is definitely an antiferromagnetic inter-
action, but not in the Néel sense.

The similarity of th~ general temperature dependence
of spin and static susceptibilities for sample VII and for

sample VIII 4is reassuring. To be sure, the results are not

P |




Table 9. Summary of L1+C211-e’ spin and static suscepti-
bility data.

Maximum Xy 3 Temperature {K)
Sample R (esu/mole x 10°) of Maximum

Spin Susceptibilities

VI 1.1% 3.71 13
2.44 ~85

VII 0.60 1.42 17
0.93 AT0

VIII 1.57 2.11 13

Static Susceptibilities

IV 0.99 1.63 64
VII 0.60 ~0.89 70
VIII 1.57 5.42 2l

identical, nor are they expected to be. Since EPR probes

the local environment while susceptibility studies the

bulk property, and since the EPR samples were essentially
thin films while the susceptibility samples were bulk
powders with approximately twenty times the mass of the EPR
samples, differences are expected and it 1is gratifyingz that
the results are so close. Optical spectra and spin sus-
ceptibility indicated that system VIII with R = 1.57 had

primarily one type of electron site in which spin pairing

occurred. However static magnetic susceptibility indicated
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two sites. It is Interesting that EPR spin pairing showed
an interaction energy of 26 cal/mole while Wojciechowski's
equation for antiferromagnetic interaction yielded an
energy of 33.5 cal/mole at low temperatures. On the other
hand both the optical spectra and the spin susceptibility
results for system VII with R = 0.60 showed at least two
sites for electron localizatlion. However the static mag-
netic susceptibility showed only one broad maximum at

~v70K for sample VII. EPR spin pairing indicated an inter-
action energy of 117 cal/mole while the (poor) fit with
Wojcliechowskl's equation ylelded an approximate interaction
erergy of 237 cal/mole. It is likely that more than one
site 1s involved 1n both cases.

The presence or absence of the various spin pairing
sites cannot be explicitly explained. Rather the dif-
ferences are not unexpected for samples of different sizes,
different shapes, with possibly different grain boundary
effects and prcbed with different experimental techniques.

The spin and static susceptibilities of samples IV,

VII and VIII show that the temperature of maximum sus-
ceptibility decreases with increasing lithium to cryptand
ratio and the susceptiblility at the maximum increases.

The 8rin susceptibility for VI with R = 1.15 indicates that
it might be an exception to both of these trends, though
there is no obvious reason why this is so. From ciin

susceptibllity and the Wojciechowski equation fit, the

e R T I
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higher the sample lithium content, the weaker the inter-
action energy, agaln with the exception of system VI.
System VI with R = 1.15 showed unexplained behavior as
noted in Section III1I.8. and no explanation is evident after

the spin susceptibility determination.

III.D. Conductivity

The conductivity of several lithium electride samples
was lnvestigated, some by microwave conductivity and one
by D.C. conductivity.

One of the first indications of the metallic character

of L1+0211-e' was the microwave conductivity of sample I.

At -50°C 1t possessed a conductivity between that of zinc
and insulators. Later liquid nitrogen providing the cool-
ing boiled away, causing the sample to warm. The over- 3
sight was discovered and the sample was rechilled, but not
before the microwave power absorption at -15°C increased
to that of zinc or slightly higher. The sample did not
appear to decompose and later the -50°C relative conduc- Q
tivity was repeated. i
Sample II showed the MNM transition evident in optical
and EPR studies. At =45°C the conductivity increased
significantly, showing microwave power absorption equal to

or greater than that of an equal volume of palladium powder,

as shown 1n Figure 28. This rapid change 1in conductivity 5

was repeated many times both as the sample temperature was

S d
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raised and lowered. There was a slight hysteresis in the
transition, but in general the change was very reproducible
in that sample.

It is possible to calculate the conductivity, or at
least the 1imits of conductivity, for the Li*C211.e” (II)
EPR sample from its response in the E4 spectrometer micro-
wave cavity. Penetration of a radio-frequency field into
a metal is limited by the material's skin depth, § (19).

Classically the skin depth 1s
§ = (c2/2mow)t/? (11)

where g 1s the conductivity and y is the angular frequency

of the r-f radiation. Limits can be placed on the Li*ca11.e”

conductivity by comparing it with the response of a well

characterized metal such as silver. Then Eaquation 11

becomes

If the skin depth of silver is taken at the same frequency

as that in the EPR cavity (9.2 GHz), then

6,2
0y = 01(3-) (12)

At 9.2 GHz, the skin depth of silver 1s .7u (83) and at
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295K the conductivity 1is 6.2 x 10° (ohm-cm)~! (42). 1In

the metallic region, the A/B ratio for Li+0211-e' 1s 1.5
which yields ~1.25 for the ratio a/6 in Webb's theory for
the EPR spectra of conduction electrons where a 1s the
spherical particle radius (21). The 1limits on the con-
ductivity then arise from the estimates for a. At the
lower limit, a may be Aly as observed under a microscope or
at the other extreme, the whole sample may act as one large

conducting particle. In that case a = 945y for the EPR

sample. With 945u > a > lu, then 756u > & > .8u. Therefore

2
o> (6.2 x 105)(7;573) (ohm-cm) ™%

SO

o > 0.5 (ohm-cm) ™1

and

6 < 5. X 10° (ohm-cm)~1

assuming the conductivity of silver is essentlally un-
changed at 228K. EPR samples a.,e normally thin films on
the tubing walls. This appeared to be true for sample II
also. With the assumption that the sample was spread out
uniformly on the EPR tube walls and using the measured
tube I.D. and the sample mass and height in the tube, the

sample thickness was approximately 76u. With these
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assumptions the lower limit of the conductivity becomes
8. x 101 (onm-em)~L,

L1+0211°e' sample III was definitely an insulator in
the region -68° to -U4U°C according to its microwave con-
ductivity. System X was also non-metallic as determined
from the D.C. conductivity of a nacked powder sample. The
current at various temperatures was read and converted to
resistance. Figure 29 is a plot of log R against recipro-
cal temperature. An HP-65 calculator fit of the right-
hand line ylelds log R = =5.34 + 2.47 x 10%3 (1/T), giving
a band gap of 0.99 eV. TFrom ¢ = %% or (%)% where L is
the length of the conductivity sample and A 1s the area
of the electrode, o = 5.1 x 1072 (czh::‘.-crn)"1 at -U45°C for
sample X. For 298K, o = 1.8 x 103 (ohm-cm)~! and at
infinite temperature o, = 3.6 x 10+5 (ohm-cm)’l. The band
gap for the other straight line is 1.28 eV.

The high temperature segment of Figure 29 (> -32°C)
shows an Increasing resistance with increasing temperature.
That could be because the sample underwent a MNM transition
at -33°C or because 1t began decomposing there. When the
sample was removed from the conductivitv apparatus at
-10°C, it still appeared to be blue, though that would not
rule out the presence of sufficient decomposition to raise
the resistance less than an order of magnitude.

In summary, Li*Cc211.e” samples I and II showed metallic

character by conductivity, though II was metallic only
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Figure 29. Temperature-dependent resistance of L1+C211-e’
(X) with R = 0.96. The region on the *~ft
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the sample has decomposed slightly or has under-
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after a transition at =45°C, The conductivity limits at
-45°C of EPR sample II, 8 x 10! < 6 < 5 x 10° (ohm-em)™?%,
places it between a near-metal and an excellent metallic

conductor. Sample III was an insulator by microwave con-
ductivity and sample X was a low band-gap (0.99 eV) semi-
conductor by D.C. conductivity.. As previously described,
there 1< no obvious reason why the character of these

R = 1 samples should have varied so widely. However, the
conductivity measurements correlate well with the optical
spectra. High conductivity occurs with samples whose

optical spectra indicate plasma character.

III.E. Sample Analyses

A series of tests was performed on the decomposed
magnetlc susceptibllity samples VII and VIII to precisely
determine the amount of materlal present in each. Then
the same tests plus an additional one were conducted on
(presumably) undecomposed magnetic susceptiblility samples
VII and VIII used in the MSU Physics Department. This
additional analysis shows the amount of reducing power
still present in samples handled similarly to the sus-
ceptibility samples VII and VIII.

When samples VII and VIII were removed from the Faraday
balance at Cornell University, each appeared white. But
after three weeks of room temperature storage, the materilal

seemed to be a yellow-brown viscous 1liquid with a reddish
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tint, as though 1t were primarily impure cryptand. Table

10 lists the results for these samples.

Table 10. Results of the analyses of magnetic suscepti-
billity samples VII and VIII.

conad 1 i b i e S L s 3. i) o R e

VII VIII

oot Lot

Moles Li from flame emission  5.25 x 10~  4.93 x 1079

Moles C211 from titration 9.85 x 1076 3.11 x 107°
Total sample mass (mg) 2.84 0.93
Estimated sample mass (mg) 3.4 1.1

Error in mass estimate + 209 + 18%

Mole ratio Li:C211, R 0.53 1.59
Estimated R 0.60 1.57

After the flame emission, each solution was dried and
then the samples were dissolved in D,0 and t-butanol.
Proton NMR graciously accomplished by B. Van Eck was not of
sufficlent quality for an accurate integration because of
very low cryptand concentrations. However qualitatively
both spectra showed that the C211 was substantially in-
tact. Signals that could have been from decomposed cryptand

were very minor. This indicates that thermal decomposition
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in the absence of any external oxidizing agent may occur
with very little rupture of the cryptand. Table 11 lists
the results for samples handled similarly to those of Tatle
10, but which were not intentionally decomposed before the

hydrogen evolution was performed.

Table 11. Results of the analyses of MSU magnetic sus-
ceptibility samples VII and VIII.

33 haetad " St i s 4 i

VII VIII

Moles Li from H, evolution 7.9 x 1076 4.3 x 1070
Moles Li from flame emission 5.03 x 10°%  7.29 x 1076
Moles C211 from titration 8.55 x 107° 5.05 x 107°
Total sample mass (mg) 2.50 1.51
Estimated sample mass (mg) 2.9 1.8

Error in mass estimate + 16% + 19%

Mole ratio Li:C21l1, R 0.58 1.4Y
Estimated R 0.60 1.57

Tables 10 and 11 show some interesting results. 1In
Table 11 the numoer of moles of reducing species, presumably
electrons equal in quantity to the moles of Li, varied
considerably. The measurement of the amount of H2 evolved
contalned the greatest error of all the results. The gars
was collected in a 10.00 ml volume, creating only a pres-

sure of several torr because the samples were 8o small.

e AW ot mabn o i AR i ool drn 0 G 4

[P R P VST PRI




Ll L

14]

This H2 pressure was the difference between two large num-
bers, ylelding a large percentage erior. It should be
noted that the sample sizes were an order of magnitude
smaller than those usually analyzed in this laboratory.

The results are not inconsistent with the assumption that
both samples were substantially undecomposed before the
analyses were begun. The inference is, then, that the
magnetic susceptibility samples at Cornell University were
substantially undecomposed during the measurements. There-
fore most of the electrons potentially present were par-
ticipating in the spin-pairing process in those samples.
The estimated sample masses appear to be systematically
v18% high. The reason is unknown but the effect is not
substantial. If the same error existed in the EPR sample
slzes, then the actual number of unpaired spins for the
samples described by Figure 21 would be increased 2 - 5%

at high temperatures. Finally, the estimated sample mole
ratios are close to those from the analyses. It is not
surprising that three of the four actual ratios are a

bit lower than the estimates. If decomposed, uncomplexed
C211 were present in the sample, 1t would still gain protons
during the titration and be included in the moles of C211.
But 17 the Li had been contaminated prior to the preparation
or 1f the reducing power had decreased during the sample
lifetime and if either situation had created NH3- or Hy0-

insoluble products, the Ll rlame emission result would have
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been low. Hence the R value would be low. The conclusion,

then, 1s that the Li was nearly free of contamination.

I171.F. Litcoii.e Summary and Conclusions

Some of the results for lithium electride systems from

ammonia are briefly summarlized in Table 12. One of the major

thrusts of this study was to determine the consistency of
results from samples prepared from the same solution but
analyzed by different methods. This correspondence is
quite good as typified by the internal consistency of
samples VII and VIII. Also, the conslistency between 4if-
ferent preparations with the same mole ratio seems good,
as in the optical spectra of III, IV and V. So, in fthe
future, individual preparations for EPR and magnetic
susceptibility can be made to optimize the sample size
with an assurance that the results will be falrly repre-
sentative for a given mole ratio.

The second major objective of this study was to charac-
terize L1+C211°e’ and the results are quite interesting.
The material apparently consists of large cryptated cations
of about 8] diameter and interstitial electrons when
R < 1. At higher values of R both Li¥ and e” are in the
interstices, but thev do not form lithium metal. The
system has a low electron density near that required for
a metal-nonmetal transition. The metallic region 1s ap-

proached when the mole fraction of lithium is raised to

s
g
%
4
3
-y
1

L sttt L W

JE Y P I TN



ﬂ”ﬁ N TTNTEY Cen s YT T Sy LA e W e T
g * Py———t

|
|

143

s3INS3aJ

H¥dd uodn paseq
UOT3B3T3S3AUT
Jayqany sjueIJIeM
OT3eJd 2T0W STY3

soueTeq

Aepearyg ufp pasod
-Wwoo9p fe'jlEp OU

BJ309ds 3somodaeu
taniea-3 pue
OT9®Jx d/V 3SsU3Ty
fpaaredun surds
JO g 3S8Y3TYy

ST'1
IA

*dauad
uy pafoajysap

U~ d
J0J pdJaepueis

L6°0

Ah9 Xew -osns
¢LTuo a31s dwsjy Ty

agdael oog srduweg

66°0
AT

T1sug0) 3e pasod
-woJap ¢‘BIEBp OU

23ae1 o003 atduwes

aNTT-eusetd
3JOW-J3UIBM
feajgoosds dumq

~-7370U pJIBPUR3S

g6°0
III

Jctih= 3®
UOT3TSuURJI] WNNW
*3oNpuUOd SABMOJOTN

sutds

psatedun § mot
JoSh= 13®
uoTjltTsuea] WNRK

Uomdl e
UOT3ITSUBI] [NKW

S6°0
II

pauLIEM

uaym OTTTEISN

SWN 3 W Usam3iaq
*300pUOD SABMOJOTW

nlE: = a-azq
0°Tn 9/V
000617~ 3 L{uo

oTTTE3ISW

S3uLauWC)
‘feqeq J34l0

£3111QT3d9osng
0T 39udey

ea309ds H4d

vJI30ads T[eOT3do

SnteA H 3
§ waj3sAs

*SwalsLs am.HHmo+ﬁq J0J

e3ep 3yl Jo LAgeumung

“¢T STqEL




144

SRS AT

HiAEUIESOV
c_0T x ¢ = ¥86%
de3 pueq
A3 66°0 ' 30npuod
Japmod payoed

souBQuOSqQE

UI MOT - SJay3o TT®
‘UOTATSUBIY oG9=/oT6~

adp=
ewseld 0,69-/08L~

X 3 XI :4pngs
aanssaJad Jodea

paepuess
ftates {0oG9=-/016-

0069-/0911-

- - — - - - -

SwaqsAs

T ~ Y ueyy juaaa]
-JIp AT3uBOTJTUBES

M0cn Xew YJITM
+osns sajeutwopaad
91TS Qwajl MOT

831s auo f{sdwag

MOT 3® ®Jajoads
snosuadowoy jsou

28ps vwuseyd
- *uue ‘urem
{snoausIouwoy

AR

ITIA

T v 4 Y3Tm swajsés
9qTT £T3ua3jlsisuod

A0l Xew Osns
Ltuo 3371s dwaiy Ty

eJa4209ds 1 A Y
9XTT yonu

dumq
-JaTnu pJaepueils

09°0
IIA

SAUlWWOY)
tejeq I9430

£4111QT9d90sSng
o138uley

eJ303ds ¥4Jd

BI303dg teOT3do

snieA H %
# wo3SAS

*panuf juoy

‘¢l °1q®&L



145

V1.5 and the system is metallic at R = 2. One system at

R = 1 was also metallic and another existed so near to the
metallic state that warming the samples (optical, EPR

and microwave) above -45°C caused the MNM transition. It
is still unclear what caused these two systems to be
metallic while so many others with the same mole ratio
were not. In the nonmetallic systems the large inter-
electron distances result in weak electron-electron inter-
actions which lead to spin pairing as the temperature is
lowered. In the high temperature region there 1is approxi-
mately one unpaired electron per lithium atom, indicating
that essentially all of the electrons in the sample are
participating in thils spin-pairing process. Thls is perhaps
the most encouraging aspect of this study since it proves
that the properties attributed to electrides are not just

those of a minor constituent.




CHAPTER IV
OPTICAL SPECTRA OF OTHER SYSTEMS

Many systems other than L1/C211 were studied, though
none as thoroughly as this metal/complexer combination.
Optical transmission spectroscopy of thin films was the
method for study, chosen because of its relative ease and
because of its appeirent ability to accurately depict, al-
beit qualitatively, the nature of the solution or solid
being investigated. As noted in this chapter and in the
previous one, the initial indications of transmission
spectroscopy were corroborated by any other method used.

Thin f1ilm optical transmission spectroscopy as used in
this study was not withouvt 1ts grotlems, however. The
splashing, rapid solvent evaporation methol of £ilm forma-
tion produced heterogeneous films of probably varying
thicknesses, geometries and degrees of coverage of the
optical beam path. As detailed 1in the Appendix, peak
positlons shonld be unchanged by these effects, but ampli-
tudes are decreased and peak widths are broadened, the
extent of which 1s dependent upon the film's deviation
from uniform thicknescs over the optical beam area on both

cell wzlls. Particularly in K/C222 systems, but 4in other
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systems from ammonia as well, apparently solvent-free dry
films showed changes with time, and required up to forty
minutes to reach stable time-independent values. In several
cases excessive light scattering from isopropancl on the
outside of the optical cell was noted, especially when the
sample cavity was -60°C and lower. Also, it was possible

that differential rates of precipitation changed the

stoichiometry between the initial portions of the film and
the regions from which final bulk solvent evaporation oc-
curred. To guard against such artifacts, only reproducible
spectra are reported. Throughout this chapter when the mole
ratio 1s given as R = 1, the system is slightly cryptand

rich with R ¢ 1.0.

IV.A. Spectra in the Apsence of Complexer

IV.A.1. Na and K with Ammonia

Before obtaining spectra of alkali metals iIn the pres-
ence of complexing agents, 1t seemed worthwhile to ascer-
tain the effect of alkall metals alone and then in the
presence of a non-complexing diluent. To determine if the
alkalli metals might be responsiblie for the observed absorp-
tion spectra of concentrated metal-ammonia solutions (MAS),
sodium and potassium films were prepared by evaporating the
MAS to dryness on the optical cell walls. When the bulk

solution in the apparatus sidearm was frozen, the MAS film
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in the optical cell lost its characteristic blue color in

2 - 3 seconds, resulting in an inhomogeneous "film" which
appeared to contain lusterless gray-white flecks of metal.
Spectra of each metal were virtually flat without any
absorption bands. There was a pronounced absorption,
however, when these dry metal "films" were damp with am-
monia as shown in Figure 30 for sodium (spectrum A) and
potassium (spectrum B). The bulk solution temperature was
within 10°C of the film temperature before the absorption was
noticeable and within 3 - 5°C before the absorption was sig-
nificant. This indicates that sodium and potassium have low
ammonia affinities compared to lithium and that Na(NH3)x

and K(NH3) compounds are not readily formed, if they are

at all.

The two spectra in Flgure 30 are the first transmission
spectra of concentrated MAS. The general shape is quite
similar to reflectance spectra of'sodium in ammonia in
Figure 1 by Beckman and Pitzer (7). They found an ex-
tremely sharp drop in reflectance (a plasma edge) at ap-
proximately 7700 cm_l (1300 nm) for solutions between 15.4
and 7.0 mole percent metal (MPM). In addition the general
shape 1s similar to that calculated from reflectance spectra
of 14 MPM (Li) solutions in ammonia by Thompson (92).

Figure 20 spcctra hove 2 more gentle descent which occurs
at shorter wavelengths than in elther reflectance study.

This more gradual slope could be the result of film
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Figure 30, Spectra of metal films which are damp with
ammonia (concentrated M—NH3 solutions): A - Naj;
B - K.
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inhomogeneity in this study. The continued rise into the
infrared, also noted by Reckman and Pitzer, contrasts
sharply with the localized absorption peaks attributed to
trapped electrons in later spectra. The spectra in Figure
30 for concentrated MAS were reproducible and will be
considered typical of conduction electron plasma absorp-

tion.

IV.A.2. Na/DABCO Films from Ammonia

Optical films of sodium and the non-complexing bi-

IR T 1 T TR Y e raers

cyclic diamine DABCO, N(CH2CH2)3N, were also studied. Am-

monla was evaporated from a film of approximately R = 2

IR T

(ratio of moles metal to moles complexer, or in this case

diluent) and no absorption bands were evident. Even a wet

film of this system had little character. Fresumably the

diluent dispersed the metal sufficiently to affect the i

plasma absorption, though the general shape was as de-
plcted 1in Figure 30. It 1s apparent, then, that neither
the presence of an alkall metal nor a bicyclic diamine with

an alkall metal can account for dry film absorption bands.
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IV.B. Films from Ammonla

IV.B.1. Na/C222 Systems

An ammonia solution containing sodium and C222 in the
ratio R = 1 gives the dry film spectrum A in Figure 31 at
-49°C. The predominant peak at 8500 em™1 (1175 nm) 1is a
locally trapped electron (e;) band while the other peak at
16,100 em™ Y (620 nm) is due to Na~. A dry film re-formed by
removing NH3 from a wet film ylelded broader peaks which

were slightly red shifted compared to those of spectrum A.
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Two different dry films initially showed a small, separate
eE peak at 5000 em™? (2000 nm) which decayed within fifteen

minutes. As it did so, buth e, and Na~ peaks increased in

t
amplitude by approximately 40%, reflecting a probable re-
distribution of electrons from low energy traps into deeper,
more stable traps.
That both eE and Na~ peaks exist in these spectra is

somewhat surprising for an R = 1 system and is indicative

of incomplete complexation of Na*t by C222. The solution was
prepared with a nominal 11% excess of C222 over the amount
of Na, thus increasing the probability that this equilibrium

] was shifted to the right:

Na°® + 222 2 Natcoe2 + &~
solv ]

However there were still uncomplexed sodium cations present
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Flgure 31. Spectra of Na/C222 films with R = 1 from ammonia:
A - dry; B - damp; C - wet.
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in solution which acted as eiectron scavengers during flash
solvent evaporation, yielding the Na~ absorption peak.
Possibly the sodium cations may have become uncomplexed
during the 10 - 15 second solvent evaporation process, but
this seems unlikely in light of thermodynamic evidence from
NMR on alkalil metal decomplexation rates in numerocus sol-
vents (93). For example extrapolation of aaqueous solution
data to -45°C yields a complexation half-life for Na*t

into C222 of 6 x 10'5 sec and a deccmplexation half-life

of 27 sec when using an equilibrium constant obtalned from
a solution of 5% water in methanol (52). Although the
current study is in ammonlia, complexation should still be
favered cver deccmplexation by a wide margin.

Spectral behavior during decompositlon supports the
sodium scavenger 1dea. As the solution aged, decomposition
mcst likely destroved some of the cryptand, thereby releas-
ing more Na+. The ratio of absorbances ANa_/Ae_ increased
steadily from 0.6 to 2.0 during this time, as ezpected
for a system in which metal concentration was increasing
relative to cryptand.

Damp and wet films for Na/C222 with R = 1 are depicted
as spectra B and C respectively in Figure 31. The damp
spectrum has a single localized electron peak at 7800 cm'l
(1280 nm) with a slight low energy shoulder, while the wet

1

£f11m shows an electron peak at 6200 em ~ (1615 nm) with

very high absorbance extending into the infrared. These
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films which contain ammonia will be discussed collectively
with those of Na C222 for R = 3 and 4 later in this section.
Solutions containing Na/C222 with R = 2 have been
reported elsewhere (61) and will only be described here in
comparison with solutions of different R values. To ascer-
tain the effect of amounts of Na in excess of R = 2, experi-
ments were conducted with R = 3 and R = 4. The dry film
spectra are depicted as curves A in Figures 32 and 33 for
R = 3 and 4, respectively. -Both curves have a typical peak
attributable to Na~ which is almost identical to that found
in methylamine {58) and in NH3 (61) with R = 2: a major
peak at 15,400 em™d (650 nm) with a pronounced high energy
shoulder and a small low energy shoulder and a distinct

small peak at 25,000 em™? (400 nm). A surprising feature of

the R = 3 and U spectra is the continued existence of e

peaks. Perhaps sodium cations and monomers are not as
effective at trapping electrons as first thoughcv. Even
though there are nominally twice as many sodium atoms
present outside the cryptand in the R = 3 films as there
are electrons, there still must be non-anionle traps which
are more stable for the electrons. As a result the initial
dry R = 3 films have a substantial e, peak at 8100 em~ 1
(1235 nm) and a small peak at 5500 cm™l (1820 nm). With
more sodium present in the R = U films, hcwever, the

relative intensity of e; peaks 1s decreased, as the excess

sodium perhaps traps more of the avallable eiectrons.
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Figure 32. Spectra of Na/C222 films with R = 3 from am-
monia: A - dry; B - wet.
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Figure 33.
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Spectra of Na/C222 films with R = 4 from am-
monia: A - dry (fresh); B - dry (annealed);
C - wet,.
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In the R = 4 initial dry films, the e; peaks are at 7800
cm_l (1280 nm) and 5100 cm™ 1 (1966 nm).

In both R = 3 and 4 films there are reproducible, sig-
nificant changes with time. A typical annealed R = &
spectrum 1s shown in Figure 33 as curve B. In thls case
the Na~ peak is slightly narrower but ctherwise uqchanged

and the high energy e; peak has shifted to €800 em™1

t
em™1 (2600 nm) though it i1s somewhat obscured by instru-

(1470 nm). The low energy e, peak is at approximately 3850
mental peaks at that location (not depicted). The R = 3
annealed films, while not pictured in Figure 32, show similar
movement of the e; peaks: 6900 cm“1 (1450 nm) with 2
shoulder at 4500 ecm™! (2220 nm). These peak positions for
bocth R = 3 and U films represent the extremes of observed

e; peak movement. Virtually all positions between these
extremes were observed while the Na~ peak positicn and
absolute magnitude were constant. Tne excess sodium perhaps
prov.ides an inhomogeneous environment in the dey films

such that multiple electron trapping sites exist which

are of nearly the same energy. Electron movement between
these sites 1s quite easy, though the cause of such travel
is unknown. Temperature changes of the film had no ap-
parent effect on the direction or rate of peak movement,

nor did photolysis. It should be noted, however, that

the Beckman DK-2A tungsten lamp was the photolytic light

source and that it took 30 - 60 sec to reset the DK-2A
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from the particular bieaching wavelength and scan the region
of interest.

Spectra of films of all three R values are similar when
the fllms contain ammonia. As the temperature of .the bulk
solution in the sidearm 1s raised increasing the MH, vapor
pressuré, the immediate consequence is the disappearance of
the Na~ peak followed by a significant, brc2d increase in the
infrared absorption. A fi1lm of R = 3 vhich conteins
nearly enough NH3'co wach of'? the optical cell walls (wet)
i1s shown as spectrum B ia Figure 32. Vet films for R =1
and 4 (spectra C in Figures 21 and 33) appesr to have con-
siderabie p.asma absorption. Whi3e‘pbe éosorptions do not
continue to rise into the inf7aréd'as in wet metal films
(Figure 30), they ars characterdsti: of wet alkall metal/

complexing agent films and wlil hareafter be referred to as

\ .
i

having plasma chz2vacter. These spectra are quite similar
te those of Ma in UH3 between 5.6 and 2.5 MPM by Beckman
and Pitzer in ¥igur= 1 (7). From the plasma edge of higher
MPM spectrs, the reflectance between 5000 and 10,000 em™ 2
(2000 ¢ 2000 nm) drops significantly in the lower energy
region untll a peak 15 formed, although there is still
considerable reflectance on the infrared side compared to
the higher energy side. Possibly the conduction electrons

now have a shorter mean free path due to the presence of

excess NH3 and are no longer 1in the conduction band. This

change 1is gradual, though, on the macroscovic scale as

e —
ol




159

depicted in Figure 1. It may be that the height of the
infrared absorbance of wet spectra at 4000 cm"1 in Figures
31 and 33 depicts a similar decrease in the conduction
character due to the Increased presence of NH3 in the film's

structure.

IV.B.2. Na/C221 System

Because €221 1s the optimum cryotand for complexation
of sodium, rather than C222 (Figure 3), a solution of Na/
€221 in NH3 with R = 2 was prepared to determine the effect
cryptand cavity size might have. Spectrum A (Figure 34)
indicates that the effect may be very significant. Absent
are the high and low energy shoulders on the Na~ peak as
well as the swall peak at 25,000 em™ ! (400 nm). Additionally,
there 1s absolutely no indication of any peak attributable
To e; in any of the solvent-free Na/C221 spectra. No an-
nealing effects were noted, no peaks shifted position with
film temperature changes or with time and no other peaks
were observed from 220 - 3200 nm. The lack of these
phenomena indicate that no other traps compete favorably
with sodium cations for electrons when solvent is removed
from the films. The dry film structure may be fairly homo-
genecus, implying that the Na+ encryntation by C221 is sub-
stantially complete. The Na~ peak at 14,400 em™1 (695 nm)

1

1s yulte broad and 1s red shifted by 1000 cm ~ or more from

the similar peak in N3/C222 spectra. This broadness may

PRIERTY VAU " " SENUPY PRGN W R Y S T

ohataaRd

JROPIUE Y SR~ TSR T J IREIC Y TO AR

= PN




e il

160

102013 10 07 06 05 04

PP - s Y SRR TP r Wy gy || ¥

NPT TURY ol WA PRy Ay 1

T S

M Ak R e b b WM el e e e

Figure 34. Spectra of Na/C221 films with R = 2 from am-
monia: A - dry; B - damp; C - wet.
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be due to the unsymmetrical nature of C221, resulting in a

range of similar but not identical locations for the sodiun

{ anions. ]
Spectra of Na/C221 films with R = 2 which contain am-

monia are shown as spectra B and C of Figure 34. They are }

1 typical films damp and wet with NH3, All three spectra

have an underlyinc rising absorbance which may have been

]

caused by light scattering from the sample cell but which

were more likely the result of poor spectrometer adjustment.
This rise is an artifact and should be disregarded though

it 1is evident only in spectrum A.

IV.B.3. K/C222 and K/C2N22 Systems

A previous study in NH3 showed that K/C222 with R = 1
annealed from a predominant K~ peak at 11,200 em™1 (890
nm) to strong plasma character (61). This experiment was
repeated to verilfy the plasma character: the annealed

film does indeed show nearly identical plasma character

(Figure 35, spectrum B), but the fresh dry film 1is sig-

nificantly different than that previously reported. The

major feature of the fresh dry film (spectrum A) 1is a

localized electron peak at 6500 em™1 (1540 nm) with only a

very slight shoulder at 10,500 em™! (950 nm) which 1is prob- '
ably due to K*. The difference is most certainly caused by

the mole ratios of K and C222 in the two studles. Though é

; both nominally had a ratio of R = 1, the prior study actually
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Figure 35. Spectra of solvent-free films of K/C222 with ‘i
R = 0.95 from ammonia: A - fresh; B - annealed. 1

T T A e e T T T T T AR w ad RTINS L



163

had R = 1,05 (94) while the current ratio is R = 0.95.

Thus it 1s understandable that the previous fresh dry spec-
trum would show a larger peak due to K . It is interest-
ing, however, that both systems anneal to yield spectra
which are virtually indistingulshable despite the mole
ratio difference.

The study of K/C222 in NH3 with R = 1 was repeated at
R = 0.94, The spectra of Figure 36, though presented on
an absolute absorbance scale, are virtually identical to
those of the R = 0.95 system. Figure 36 depicts the
changes occurring in a film at -U49°C over an 80 minute period
after subtraction of the quartz cell background from all
spectra. The same film, dampened with Nl—!3 vapor, changed
immediately back to a localized electron system (spectrum
D, Figure 37), followed by the appearance of typical plasma
character in spectra E and F.

A limited study of potassium electride was undertaken
to confirm by other means the possible metallic character
indicated by dry annealed thin films. A K'C222.e” micro-
wave sample at -71° and -50°C appeared to be strongly con-
ducting. Another microwave sample, from the same solution
as the films whose spectra are shown in Figure 35, was an
insulator at -80°C. Unfortunately the tube was broken
before the temperature could be raised to ~-45°C where
annealing may have occurred. Det=1ls of the response of

an EPR sample from this same solution are reported by




Figure 36.
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Unnormalized spectra of a K/C222 solvent-free
film with R = 0.94 from ammonia. Spectra were
recorded at the following times after solvent
removal: A - 2 min (fresh); B - 28 min (inter-
mediate); C - 81 min (annealed).
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Figure 37. Unnormalized spectra of the same K/C222 film
from which the spectra of Figure 36 were ob-

tained: D - damp; E - intermediate; F - wet.
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DaGue (64). The sample did not appear to be metallic but
an unusually low percentage of electron spins seemed to be
unpaired. An EPR sample from the same solution as the

film whose spectra are in Figures 36 and 37 was too large
for the E4 AFC. Since it nominally contained fewer spins
than the previous k*tc222.e" sample, this may indicate its
conducti#ity was somewhat higher. The data collected to
date on K'C222¢e” systems concerning their metallic charac-
ter are inconclusive.

Professor J. M. Lehn gave the Dye research group a
quantity of C2N22, the tetraza analcg of €222 in which both
oxygens of one strand are replaced by nitrogens, depicted
in Figure 2. Curve A of Figure 38 shows the spectrum of an

ammonia-free fresh film of K/C2N22 in which R = 0.91. At
1

t
(1515 nm). Considerable potassium must be uncomplexed to

~39°C a broad peak due to e, is centered at 6600 cm”
give the additional peak at 11,700 cm~! (855 nm) which is
due to K°. Over a 70 minute period the fresh film annealed,
ylelding spectrum B at =-35°C where the K~ presence 1is even
more pronounced. Peak positlons are nearly unchanged at
11,800 em™* (845 nm) for K~ and 6300 ecm™l (1590 nm) for er.
The change 1n relative peak magnitudes apparently occurred
independently of numerous temperature cycles between -30°
and ~60°C during the 70 minutes. Because the tetraza

C2N22 gave a mixed alkalide/electride spectrum rather than
a pure electride absorption when there was excess cryptand,

its properties in ammonia were not investigated further.
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Figure 38. Spectra of a solvent-free film of K/C2N22 with
R = 0.91 from ammonia: A - fresh: B - annealed,
70 min after spectrum A, i
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IV.B.4. Rb/C222 System

Curve A of Figure 39 1s the initial spectrum of a dry
Rb/C222 film with R = 1. The major feature is an e
peak at 6750 em™! (1485 nm) while the Rb~ absorption 1s
just a shoulder at 12,050 em™1 (830 nm). Over a period of
40 min, the spectral shape gradually changed to that shown
by curve B 1In Figure 39. With the optical cell maintained

at =-50° ¢t 2°C and the bulk solution in the sidearm at liquid

t
creased by 25% and the peak shifted to 5600 em™? (1785 nm),
1

nitrogen temperature, the magnitude of the e_ peak de-

a red shift of 1100 cm Meanwhile, the absolute ab-
sorbance of the Rb~ peak remained nearly constant. This
appears to be another C222 system in which complexation of
the alkall metal cation is not quite complete. Spectrum

C of Fipure 39 is that of a semi-wet film which shows a
significant, broad infrared absorption that appears to
result from the superposition of solvated electron bands

with a plasma absorption.

IV.B.5. (s/C322 Systems

This is the firét report of the use of 3,2,2-cryptand
as the alkall metal complexing agent in optical spectra.
The previously reported dry film spectrum of Cs/C222 with
R = 2 had four peaks of nearly the same amplitude: one

attributable to e,

t and three in the region of Cs~ (61).
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Figure 39. Spectra of Rb/l2222 films with R = 1 from am-
monia: A - dry (fresh); B - dry (annealed),
40 minutes after spectrum A; C - semi-wet.

PUNRRERTEY, SV SN S PO T i

am e v me L maeemn - cee ma s emem

b. . Al At ot bt .n“’.-rn_&-._‘ka,um_




AT G PV,

170

NMR studies have shown that €222 forms both inclusive and

exclusive complexes with Cs® 1in solution (81,95), so the

t
and Cs~. On the other hand NMR has shown that complexes

films from NH3 may have had a variety of sites for e

of cst with C322 are only inclusive (96). The C322 cavity

size 15 more compatible with the cs? 3.3X radius (Figure 3).

An experiment was conducted to determine if Cs/C322 films
from NH3 with R = 2 might be more homogeneous than cor-
responding C222 films.

The improvement appears to be only marginal. Curve A
of Figure 40 shows a very broad peak in a fresh dry film.
The major peak at 7800 em~l (1280 nm) and the shoulder at
6500 em~! (1540 nm) are probably due to eg species while
the shoulders at 9800 cm~l (1020 nm) and 13,000 em™1 (770
nm) are thought to be caused by Cs~ specles. An interest-
ing change occurred in this spectrum when it annealed: a
single eE peak became predominant and shifted to 6200 em™1
(1615 nm) while a Cs~ peak at 10,000 em~! (1000 nm) and a
shoulder at 12,500 em™1 (800 nm) maintained their positions
but beéame more pronounced (spectrum B, Figure U40). This
irreversible change only occurred after a warm film was
chilled to approximately -57°C and rewarmed slightly. Be-
cause the phenomenon was repeated in three films over a one
week period, 1t is not regarded as an artifact though the
change was sluggish in the final film when decomposition

was more likely.
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Figure 40. Svectra of Cs/C32Z solvent-free films from am- i
monia: A - R = 2 dry (fresh) film at -48°C; I
B - same film, dry (annealed) at -U48°C after ;
cycling temperature to -58°C; C - R = 1 dry I
film at -bs°cC,
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Regardless of the interesting annealing, the spectrum
is not as homogeneous as might be expected if the Cs+ com=-
plex of C322 were entirely inclusive. The ez and low
enery Cs™ annealed peak positions are nearly unchanged
from those found for the Cs/C222 system (Figure 41, spectrum
B). The two lowest energy Cs peaks in Cs/C222 spectra
may have collapsed into a single peak in Cs/C322 spectra
(spectrum A, Figure U41) located midway between their Cs/C222
positions. If so, then that represents the only move toward
homogenelty that is evident in the Cs/C322 system in NH3
with R = 2. The effect that the unsymmetrical 3,2,2-cryp-
tand may have on the homogeneity of the solid state film
structure is undetermined. Damp and wet spectra of these
films show typical plasma character.

By contrast, curve C of Figure 40 depicts the slightly
asymmetric but smooth spectrum of a dry Cs/C322 film with
R = 1. No annealing was noted and no Cs- shoulder or peak
is visible. The peak broadness indicates that the eg
environment in the solid film is probably not particularly
homogeneous, while the lack of Cs™ structure indicates that

Cs+ complexation in C322 1is falrly complete.

Iv.C. Films from Methylamine

Spectra of films from methvlamine (MA) often lack

shoulders and extra peaks found in the spectra of films

from ammonia with comparable stolchiometry (61). Bands in
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Figure 41.

Spectra of solvent-free Cs/cryptand films with

R = 2 from ammonia: A - with C322; B - with
C222, from Reference 61.
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€olids from MA are the same ones present 1n solution while
solids from NH; exhibit bands not seen in the solutions (64).
In an attempt to produce more homogeneccs films, then,

several systems were prepared with MA as the solvent.

IV.C.1. K/C2N22 System

Two attempts were made to study K/C2N22 with R =1
from methylamine solutions. However, 1in both cases the
only peak observed was at 15,500 em™l (645 pm). A simple
flame test on the decomposed second solution confirmed the
presence of a large quantity of sodium. A gquantitative

flame emission study of the "potassium" sample taken im-

mediately adjacent to the metal sample used in the second
cryptate solution showed a sodium contamination of approxi-
mately 20%. A check of potassium sample tubing of various !
sizes showed that the smaller the tubing, the gre»i<r the
sodium contamination. The conclusion 1is that there was
significant exchange of the sodium from the borosilicate

glass with the alkali metal (97). The more the metal was

N

distilled (into smaller tubing), the greater was the con-
tamination.

Despite the presence of Na~ instead of K~ or e; in
the spectra, several observations should be noted. The

spectra usually contained only one species at a time:
ez in the early films and then the contaminant, Na .

With the exception of one film, no spectra showed any
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annealing. Both of these items would indicate that solids
from MA are less complicated and more homogeneous than the
multipeak, annealing films of K/C2N22 from NH3. Films
containing MA showed only the same Na~ peak as when dry
and they continued to show it until they washed from the
optical cell walls. Thils 1s consistent with the observa-

tion that solids f« m MA exhibit the same bands as the

solutions from which they are formed.

IV.C.2. (Cs/C322/Na System

Conservative thermodynamic estimates 1indicate that many

NPT/ AT PRI Y R B IR TS

alkalides and electrides should be stable in the c¢rystalline

state (54). For the reaction

C(s) + M, (s) + My(s) + MyCH](s)
AG® for Cs’C322+Cs™ is +30 kJ/mole. From a similar calcula-
tion for Na+C222-Na', AG® = 428 kJ/mole although the latter j
compound has been crystallized and its structure determined 1
by single-crystal x-ray diffraction studles (6). So ;
sodide

cs+C322-Cs‘ might actually be stable. However,

salts tend to be the most stable alkalides. For example

AG® for LitC211-Li™ = +2 kJ/mole while AG® for Li*c211-Na~

= -19 kJ/mole. So by comparison the cesium sodide should
be more stable than the corresponding ceside, and a methyl-

amine solution of the stoichiometry Cs+0322-Na' was
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produced. Curve A of Figure 42 shows the optical spectrum

of a fresh dry film which includes a fairly broad peak for i
Na~ at 13,800 em™? (725 nm) and the hint of a shoulder at :
- approximately 19,000 em™! (525 nm). Once the film was

warmed above ~-33°C, it converted irreversibly to a more lé

homogeneous film whose typical spectrum is depicted by
curve B 1n Figure U42. This is the first indication of a

definite peak protruding from the asymmetric, high energy
side of the Na~ peak. With only minor shifts but no shape
changes, this spectrum remained constant from ~71°C to
-0.7°C, indicating that 1t should be stable to even higher

temperatures.

The most promising aspect of a cstc322.Na™ MA solution

is its bronze color by reflectance. The viscous solution
appeared ready to crystallize. After changing the solvent
to diethylether, B. Van Eck forced deep red dendritic
crystals f'rom the solution in the original optical appara-
tus. He 1ls taking steps to produce a single crystal of
sufficient quality for x-ray structural determination and

if he is successful, the origin of the high energy shoulder/

peak on the Na~ peak may become evident.

IV.C.3. L1/C211/Na System

After the success of the Cs'C322Na~ system, the thermo-
dynamically favorable L1+0211-Na’ system was attempted.

The viscous, bronze-colored solution gave the initial dry
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Spectra of solvent-free equimolar Cs/C322/Na
films from methylamine: A - fresh fillm at
-30°7; B - annealed film at -0.7°C.
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film spectrum B in Figure 43 with a Na~ peak at 13,200
em™L (760 nm) and high energy shoulders at 15,000 em™ 1

(665 nm) and 21,000 em™ Y (475 nm). Moderate temperature
changes did not make this film anneal, but a subsequent
film ylelded the spectrum depicted by Curve A in which the
Na™ peak at 13,900 em™1 (720 nm) is accompanied by one
high energy peak at 18,800 em™ 1 (530 nm). This spectrum
retained the same character, though it varied in amplitude,
from -74° to -10°C. Dr. Long Dinh Le was able to precipi-
tate crystals from this solution. He 1s attempting to

produce more of these siiver-colored rectangular crystals i

for x-ray structural determination.

IV.D. Optical Spectra Summary

Thin film optical transmission spectra are dependent

upon the nature of the complexing agent, the metal, the

ratio, R, of metal to complexer and the solvent used to

make the fi1lm, as well as the solvent content of the film

in the case of ammonia. Table 13 summarizes the peak
positions for systems other than Li/C211. Four general
classes of compounds previously reported (61) are evident
in this study: (1) alkalides MX+C-My- in which the anion
i1s an alkali metal; (2) electrides M*C.e™ 4n which the
"anion" 18 a localized, trapped electron; (3) expanded

metals M¥C.e™ in which the electron is in the conduction

band; and (U4) a combination in which localized electrons

- . - . - > - - - M - : ) .y
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Figure 43. Spectra of solvent-free equimolar Li/C211/Na
fiilms from methylamine: B - initial film;
A - subsequent film which annealed and then
remsined unchanged from =-74° to =-10°C.
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»

and alkalides exist in the same film. This combination
most commonly exists in films from ammonia. Perhaps the
solvation ability of ammonia 1s so pronounced that metal
cation complexation by the cryptands is significantly re-
duced, as postulated for L1/C211 in Chapter III. When the

solvent 1s removed by flash evaporation, the cations are

S » N IS

trapped outside the cryptands. Spectra of these films

are complex and the peaks are broadened reflecting multiple
enviromments for the eE and M~ species. These complex

spectra often have time-dependent behavior as an equilibrium

is established among the variety of available traps.

The nature of films ccntaining solvent is dependent
upon the solvent used. Films damp with methylamine do not

change appreciably; the species in solution appear to be

U AP’y

the same specles present in dry films. Films damp with
ammonia, however, show distinct changes. There 1is no

specific evidence that the centrosymmetric alkzli anion in

the dry film exists in a damp or wet film. The M~ peak

disappears rapidly as the film acquires ammonia and is

e

replaced by a series of solvated electron peaks. As a
concentrated MAS 1s formed most films assume plasma charac-
ter, followed by a decrease in plasma absorption as the
£11m becomes more dilute Just before washing from the
optical cell walls. This sequence is fairly consistent
among the systems studled, however fl1lm response to the

initial ammonia vapor (initial damp spectrum) varies.
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Some dry films showing high plasma absorption immediately
become locallzed before joining the sequence above. Others
which show localized electron character when dry immediately
assume plasma character when ammonia vapor 1is first intro-
duced. This varilety of responses in initially dampened

films is currently without explanation.
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CHAPTER V
AMMONIA ANALYSES

The presence of ammonia 1n liquid alkali metal solutions
(7,11) or in solid alkali metal compounds (18) has a sub-
stantial impact on solution or solld properties. Alkalil
metal/cryptand systems have not been as thoroughly studied,
yet there can be little doubt that ammonia, depending upon
the relative amount present, can drastically alter some of
the properties of these systems. This study is an attempt
to determine the approximate relative amounts of cryptand
and ammonia present. Properties of alkali metal/cryptand
systems with variable amounts of ammonia were discussed
briefly in Section III.A.Z2.

The indophenol blue formation test for the presence
of ammonia (Section II.D.4.) was chosen because of 1ts ease
compared to spectrophotometric (quantitative) methods. Yet
the test was still semi-quantitative because sample colors
were compared with standards of known NHu+ concentration.

In most instances after an aliquot of the criginal solution
was removed for testing, the remaining original solution was

diluted and retested. The results for each sample in

Table 14 are normally the average for two or three tests.
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Precision with these dilution steps was generally 150%.

Ammonia tests 1 - 6 were specifically to determine the
effect of static pumping time. A large apparatus was built
with seven 8 mm O0.D. tubes on the sample sidearm. Li*ca11.e”
solution was poured into the tubes and evaporated to near
dryness. The bulk solution in a reservoir was frozen with
1iquid nitrogen and the NH; was supposedly drawn from the
samples to this trap while the apparatus was under static
vacuum. Two problems were evident: first, samples adjacent
to AT 1 ~ 3 were wet with NH3 when 2-d2 was placed on the
reserveoir, thus invalidating the results; and secondly,
there was cryptate residue in the vicinity of the AT-2

sample seal-off. When this region was heated the cryptate
decomposed and ralsed the pressure certainly higher than
10"2 torr, though the actual pressure was not measured.
Thus the removal of NH3 from the remaining samples was
probably much slower than in a higher vacuum. However,
samples AT 4 -6 still show a progression of less NH3 as
static pumping time increases.

Sample shape also has an apparent effect on NH3 reten-
tion. As expected, a thin optical film was more ammonia-
free than either of two magnetic susceptibility samples in
which the Li¥c211-e” powder was in a lump, even though the
susceptibllity samples were dynamically pumped to mlo's
torr.

Predictably dynamic vacuum pumping decreases the NH3

content more effectively than static pumping. The empty
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cell (EC) tests show this clearly, as do samples II and
VIIb.

It is interesting to note the apparently similar dry-
ness of the Li¥c211+e” (III) and the kK*c222-e” samples.

The methylamine content of the potassium electride sample
was determined by proton magnetic resonance (64) and was
much more quantitative than the NH3 analysis. Both samples
were pumped statically, and although the two solvents have
different vapor pressures at a glven temperature, the result
may indicate that alkall metal electrides have roughly
similar solvent affinities.

The results in Table 14 show that sample solvent content
decreases with increased drying time and that dynamic pump-
ing is more effective at solvent removal than 1s static
pumping. Regardless of conditions, thin samples lose their
solvent more readily. Most importantly the tests indicate
that L1+0211'e’ samples are substantially free of solvent.
It is apparent that the MNM transition observed in the
L1+C211'e' (I1I) system was not solely due to the presence

of some NH3, although the precise effect has not been

determinead.
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CHAPTER VI

SUMMARY AND SUGGESTIONS FOR FUTURE STUDIES ;

VI.A. Summary

The system Li+0211'e' lies very nearly at the metal-
nonmetal transition. This transition can be accomplished
by changing the mole fractioen of lithium: clearly the
preparations with lithium to cryptand mole ratios of 0.60
and 2 lie on opposite sides of the transition. It appears
that the system gradually changes to metallic character

between R v 1.5 and 2. Accomplishing the MNM transition

with the change of mole fractlion of lithium indicates that
the LitC211-e” MNM transition may be described by the Mott-
Hubbard model. As the electron density increases, the
increased screening allows the electrons to overcome the
Coulombic potential and become itinerant. On the other
hand sample II with R = 0.95 completed the transition
rapidly as its temperature was raised or lovered through
-45°C., Also, sample I with R = 0.93 showed only metaliic
character while three others with the same approximate mole
ratio were predominantly nonmetallic. It is possible that

disorder in these microcrystalline samples plays a role in
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their approach to the MNM transition. 1If so, then perhaps
the Anderson model provides a better description for the
MNM transition in Li*C211-e” or it may be that the system
is best represented by a combination of Mott-Hubbard and
Anderson models. A great deal of additional study must

be accomplished on Litco11.e” before a conclusion may be
drawn. In samples which are nonmetallic a significant
percentage of the potentially available spins are unpaired
at 245K. As the temperature 1s lowered, pairing occurs
with very weak interaction energies until almost all spins
are palred at liquid helium temperatures.

Many systems other than L1+C211.e’ were studied by
optical transmission spectroscopy of solvent-free thin
f1lms. 1In some cases preparations with mole ratios slightly
less than one show both electride and alkalide absorption
peaks. This 1s particularly true when the films are made
from ammonia solutions and it probably indlcates that caticn
complexation by the cryptands is significantly reduced irn
ammonia. The mixed alkalides, L17C211.Na~ and Cs*c322.:a™.
showed very strong Na~ absorptions and the films were stable

to nearly 0°C.

VI.B. Suggestions for Future Studies

The study of the Li*C211.e” system should be continued

in order to further characterize i1t and to determine, if

possible, the factor(s) other than the mole ratio of

T
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l1ithium influencing the MNM transition. Sample VI with
R = 1.15 showed EPR results which did not seem to fit the

pattern of the results from samples with other mole ratios.
The slightly-metal-rich region should be investigated more

thoroughly. A study could be accomplished by NMR to deter-

mine the rate of complexatlon of the lithium cation by €211,

In either ammonia cr methylamine the complexation at -U45° :
or -50°C should be slow enough to observe a progressively 1

smaller signal for the free cation and an increasingly

larger signal for the complexed cation as equilibrium is

approached. The result would give valuable kinetics and

thermodynamic data. Finally, the study of Li*co11.e”

or S ek A e i et e $ A

would be invaluably enhanced by the production of single
crystals. This 1s not a trivial task because of the high

chemical potential of the electrons. It may be necessary

it b i e ah i

to include in the crystal structure some species upon which

the electrons can localize so they will not destroy the

cryptand. Perhaps then this difficult problem will become

FIRTCIP I PP PP TP v

more tractable.

Optical spectra of systems other than pitcoil.e” point
towards some interesting possibilitlies. Most of the elec-
trides appear to contain localized electrons. However
k*c222.e~ seems to be metallic, depending upon annealing

conditions. This mzy be another system which is near the

MNM transition and it should be explored more thoroughly,

possibly with samples frcm methylamine. The mixed alkalides,
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Li*c211+Na™ and cs*c322:Na”, are quite stable in their
bronze-colored methylamine solutions. Both systems should

be good candidates for producing single crystals.
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APPENDIX

EFFECT OF OPTICAL FILM NON-UNIFORMITY

A study was conducted to determine the affect on

spectral band shape c¢f films of variable thickness and of
films parti. *ly covering the beam cross section as it
passes through the optical cell. Professor J. L. Dye
derived the spectral effect of non-uniform film thickness
and Mr. Jim Aviderson provided much of the computational
effort.

Suppose there 1s a clircular light beam of radius r

o
with total intensity I_(}) and local intensity 1,(A):

2nrdr 1N
Then IO(A) = 1,(1)+S where S is the beam cross section and

o) 2
I, () = . 1o(A)2mrdr = 1 mr (A-1)

Let I()A) be the total 1light intensity passing through the

sample, such that

rO -
I(\) = i(r,2)2nrdr (A=-2)
o
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Bouguer-Lambert or Beer's Law states that, for a sample of

uniform thickness x and a light beam of uniform cross sec-

tion,

where a

is the molar extinction coefficient and ¢ 1s

concentration. Then

-
However, for a nor-uniform thickness, x(r),

1(A) = 1O(z)e‘°(k)x(;)

and

r
o

I()) = 2n1 (Azf re-@(A)x(r)yz
o (o]

absorptivity (cm'l) = 2.303°€(A)*c where €(A)

the molar

(A-3)

(A-U)

For simplicity, assume initially that the non-uniform film

£ills the 1light beam cross section and x(r) = a + b(r/ro)
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Using this model, Equation A-4 becomes

r
(s}
I() = 2ﬂ10(k)f re-a(k)[a+(r/r’o)b]d;
(o}

After performing the integration with a table of integrals

and usirg Equation A-1 for IO(A):

IO) _ peeva 1= e P0a 2000y (aes)

Io (M) (a(A)b)2
If the film were of uniform thickness <%> then TEE_;% =
1 J I o)
e” %2> and a<t> = 2.303logj? . Call log7§ the nominal
absorbance Anom‘ Therefore
2.303Anom = a<> (A-6)

But the film is not of uniform thickness and the "area

welghted" or average film thickness <2> is calculated hy

sFodrx (r)2nrdr
<> = o

= = j% %fot'x(r)dr (A=-7)
fo Odpr2mrdr rs

For the model chosen, x(r) = a + b(r/ro), 80
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<R = % £%r [a + b(Z)lar
r r'O

r r
<> = 2a S ® pdr + 2d 7 ° redr
r2 r3 ©
o) o}
2 3
2a To 2b To _ 2
<L> = r2(‘—2—) + r3(§—) = a + 3-b (A-B)
(o) (o]

The relationship of a to b can assume any value. If

b = - % is arbitrarily chosen, then Equation A-6 becomes
2.303A_ = 2b) = aa(Z
. nom = @(a + 3b) = Ga(g)
Then
aa = 2(2.303)A,0, (A-9)
and
ab = -$(2.303)A, (A-10)

These values can now be used in Equation A-5 to compute

fL . But first make thils specific case more general by
o

allowing the film to cover a variable portion of the optical

beam cross section., If

2

T = (area of beam covered)/(total beam area) = (fl)
o
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then

I(A) = TI(X) + (1-T)Io(x) (A-11)

spot

Thus Equation A-5 becomes

. -a(A)b
II(A)\) - moe-@(M)ral - e (A + a(A)D)y 4 (1-T) (A-12)
NEY (a(A)b)?2

Now, apply the following conditions:
r 2
(=) =T=1.00
To
A = 1.50

nom

as well as the previously selected b = -a/2. This calcula-

tion is for a film which covers the whole beam cross section.

If the film were of uniform thickness, the nominal ab-

sorbance would be 1.5. However the £fi1m is conical:

Using Equations A-9 and A-10, aa = 5.18 and ab = =2.59.

Therefore, Equation A-12 1is

e ascdice

b
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-5.18;) - 22901 - 2.59)7 _

(1/1.) = (1.00)(2)e (1 - 1.00)
0 ’‘max (2.59)2
(I/Io)max = ,0329 and (IO/I)max = 26.9
Apax = 1og(Iy/I)pax = 1-43

but Anom = 1.50, so for this very specific case, the nominal
absorbance is decreased 4.7% due to the non-uniform film 3
thickness.

The results of a series of such calculations are tabu-
lated in Tables A-1 through A-5 for various geometries and 1

displayed in Figures A-1 and A-2 for the first two geometries.

Tatle A-1. Film shape effect: Apax for b = -a/2

Anominal

.500 .750 1.000 1.250 1.500 1.750 2.000

.50 .123 .125 .125 .125 .125 .125 .125
.75 .288 .330 .348 .354 .357 .358 359
r
F; .80 .327 .390 .419 .433 .439 bl b3

.90 .ho7 .534 .615 .663 .689 .704 .712 ]
1.00 491 <731 .967 1.200 1.429 1.656 1.880
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Table A-2. Film shape effect: Amax for b = a/2

nom

e e ol il K aR2 B

.500 .750 1.000 1.250 1.500 1.750 2.000

.50 | .123 .125 .125 .1i25 .125 .125 .,125

.75 .291 .333 .349 .355 .358 .358 .359

r_ .80 .330 .393 Lu22 .43y Lulbo Luy2 L4443
.90 | .412 .sW1  .622 .669  .694 .707  .714

1.00 | .498  .745  .991 1.236 1.479 1.721 1.962

Table A-3. Film shape effect: Amax for a =0, b >0

by pad
o b
sl A

b 4fe)

Anom

.500 .750 1.000 1.250 1.50b6 1.750 2.000

.50 | .119  .,122  .123  .124  .124 124  .125
.75 | .272  .312  .331  .341  .346 .349  .352
.80 | .308 .365 .395 .411  .421 427  .431
.90 | .383 .493 .565 .610 .640 .660 .673
1.00 | .462 .662 .842 1.001 1.142 1.269 1.381

0'1'"s
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Table A-4. Film shape effect: A for b = -a

A
nom

= 'rkv"',;!:vw'v'wvv'r" r

.500 .750 1.000 1.250 1.500 1.750 2.000

e et JE A

.50 .106 .112 .115 <117 .118 .119 .120
.75 .228 .263 .283 .296 .305 .312 . 317
.80 . 257 .302 .330 349 .362 .372 .380
.90 .317 394 U447 .485 .513 .536 .554
1.00 .380 .506 .606 .689 <759 .819 872

odld

Table A~5. Film shape effect: A for b = 0; uniform
max
thickness.

nom

.500 .750 1.000 1.250 1.500 1.750 2.000

.50 | .123 .12% .125 .125 .125 .12% .125
.75 .292 .334 «350 .356 .358 .359 .359
o .80 | .332 .395 .423  .435  .ubo  .u442  .443

.90 | .414  .594 625 .671 .696 .709 .715

1.00 .500 750 1.000 1.250 1.500 1.750 2.000
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100

b="a/2

T

80

T 0 rr

LI

AMax lo = Optical Beam
lkﬂ":l‘ jS() Radius -
40 -
.20 -
o 1 1 1 1
60 80 100
r/ry

Figure A-1. Effect on the peak amplitude of an optical
film which is of non-uniform thickness (shape
as indicated) and which f1lls various amounts
of the optical beam.
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It i1s informative to observe the effect of a film of
non-uniform thickness on a complete lineshape, not just
upon the maximum peak amplitude as in the previous tables
and figures. An absorption curve of Lorentzlian shape can

be described by:

T2/n

(A-13)

glu-w ) =
© 1+ <w-wo>2T§

where w, 1s the angular frequency of the radiation at
resonance and T2 is the spin-spin relaxation time. For

the purposes here, the lineshape function can be simpli-

fied considerably:

_ c
Y =Y 2] 5 (A-14)
+ (w'wo)

where Yma equals Anom when ¢ = d = 1. For each incre-

X
mental step of (w-w,) in Equation A-14, Equation A-12 is

employed to determine Amax for the desired Ano and chosen

m
film geometry. The results are displayed graphically in
Figures A-3 and A-4 for nominal absorbances of 1.50 and
2.00, respectively.

The results show that the highest nominal absorbances
are affected the most by both irregular film thickness and
incomplete coverage of the beam cross section. Films not

filling the entire optical beam cross section cause a

significant peak broadening with a reduction in amplitude.

i
§
|

[

et i b
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Anom = 1.50
(dashed line)

Fo = Optical
Beom Radius

Figure A-3.

L
-4 -2 o 2 4
w-w,

Effect on a Lorentzian absorption peak with 2a
nominal 1.50 absorbance when the optical film

is of non-uniform thickness (shape as indicated)
and when 1t fills various amounts of the optical
beam.
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Anom= 200
(dashed line)

ABSORBANCE
3
]

A 1 1 ] 1 1 L1 1 1 n
-4 -2 (o] 2 4
w-wy

Figure A-L4, Effect on a Lorentzian absorption peak with a
nominal 2.00 absorbance when the optical film
i{s of non-uniform thickness (shave as 1in-
dicated) and when it fills various amounts

of the optical beam.
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However, most films in this study covered much of the
optical cell walls, and with the beam passing through two
walls, the probability of only 81% cr 64% coverage as
depicted in Figures A~3 and A-U seems remote. It 1s very
difficult to Judge the uniformity of film thicknesses, so

no one geometry 1in this study should be considered more
likely than any other. t should be noted, however, that as
films become very thin (the center of the disk for Table

A-3 or the edges for Table A-U4), the deviations from nominal

absorbance become quite large.
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