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. ABSTRACT

The general aims of the workK reported in’ this thesis were
to examine the relationship between charge-transfef and mass-
transport at two similar intercalating interfaces. TiSa and
TiSes. In addition, the role of the solvent/solute on the

.

interfacial process was to be discusseci in comparison with
other works. The solvent — 2-methyl-tetrahydrofuran -- was
chosen because of its low reactivity and begcause of the
observed cycling efficiencies of both the lithium .and TiSp
electrodes in electrolytes based upon this seolvent. TiSep
was also used as a host rpatérial. TiSep has a similar
1on1;':1ty to TiSpy, but has a larger van der Waals gap between
the layers and larger octahedral sites “for the guest specles
to occupy. HMuch at:tention ;Aras paid to the preparation of
components and .to the properties of the electrolyte solution.
—Preparative methods f_or both the electrolyte s\olution and for
the host materials is discussed in detail. ' )
. Results of the klectrolytic conductance measurements are
discussed in terms of both ion-pairing and triple-ion

. formation. The results for the TLi-NMR chemical shift
méasurements are discussed in terms of i;on—pairing only. .

Chronoamperometry was used to investigate the nature of
the charge-transfer/mass-transport process?é§ at the solu-

. tion/host interface for these systems, 'The mechanisms and
limitations of the interfacial reaction are discussed in
terms of a particulate electrode “model.

The op_portunity also existed to utilize a new non-linear
ljeast-squares program which more realistically accounts for

the uncertainty of measurement than i'nost programs of ihis
type.
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CONTRIBUTICNS TO ORIGINAL RESEAR 2 ’\

1. The methods of se¢lvent and electrolyte' preparation and

analysis have been thoroughly reviewed. I believe that-

-~

the methods outlined herein represent the r_nos.t rigorous
technigues reported for electrolytes based upon 2MeTHF .
2. For low dielectric constant solvents, where the solvent’

correction may be as high as the electrolytic conduc-

-
tance, the measurement of conductance at low concentra-

tions (e.g., <10~% M) is not practical .and mathematical

analysis by’\technlques that are baééd- solely upon ion-

N pairing 1s showrr to be meénlﬁgless and incorrect.

v J\V 3, The 1onic. 1nteraction term that 1s used 1n the Fuoss-
Kraus equatlon'was -found" to be ‘J.nadequate. A TNew term
should be developed which accounts for viscosity

cpanges, dilelectric constant changes and 1on-palr

P

activity in the relatively concentrated solutions that -

are used. C T

+

4, ~The diffusion coefficients and heterogeneous rate

constants for Li* intercalation into TiSp and TiSep from
L1CF 350 3/2MeTHF solutions have been determined by

- chroncamperometry. The values obtained for Dpj+ In TiS»

- K
appear to be solvent dependent.

-

5. Very little co-intercalation of 2MeTHF was observed for

e1ther system. This is in contrast to the observed

results when DMF and DME are ﬁsed as solvents. The



'lessero‘ .role of 2MeTHF 1in thg 1nterca1at1c;n process 1s
a-ttributed to a 'difference in the denicities of the
solvents used (solvents which either solvate L1t
strongly or‘ﬁave a large base-strength will tend to co-
_1nt4ercale{te). The longer cycle-life observed. for Lat

.f r)
~ intercalation cells based upon 2MeTHF was at'f.r‘lhuted to

a

the lacK of solvent involvement.at thils interface. -

-~

. A computer program was developed (with others) that

. -
performs a nen-linear least-squares fit and more

<

realistically accounts for experimental uncertainty 1in

the parameters that are obtained in the fit.

’ 3
/
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INTRODUCTION

The reaction of intercalation of Li% into layer-lattice
compéunds offers a new source of ;olld—state materials and
electrochemical devices t¢ the markKet. The reaction can be
performed chemically, or with more control; electrochem-

ically. The nature of the i1nterface of layer-lattice

compounds 1s much different from that of other types of solid

electrodes, and the properties of the electrode during the

reaction are a hybrid of the behavior of 6tner‘ electrode

types. For example, the electrode has some of the properties

of a membrane electrode in that mobilg charge carriers, both

~
positive and negative, are active on both sides of the

mterface; the electrode also behaves in a manner similar to
\ I

i

a metal deposition electrode in that as a new phase 1is

formed, the activity of the electrode and its surface area
change .

Several authors have worked on the interfacial propertiies
and 1nter§alat10n mechianlsms with mixXed results., For these
systems there Are no standard method‘s of _electrode prepara-

tion - a situation which precludes the unambiguous investiga- -

’ ’

tion of the interface. .Chronocamperometry measurements bypass

some of these difficulties to give a guantitative measure of
A
the rate of charge-transfer with respect to solid-state

diffusion. This method does not critically depend upon the

method t(;@.t 1s used to preparé the electrode {(preparation of

~ e 8

\



the electrode material itself 1s another matter) but this
"advantage" does not allow for a complete mechanistic study

which really reqguires a well defined (e .g., _slngle-crystal)

.

electrode surface.

| In these system‘s. the role of the solvent cannet be under-
estimated. Lewlis base incorporation by layered host struc—‘_’)
.tures is well Known and the intercalation of large so‘lvated
species 1S Known to occur with certain solvents.

The first chapter investigates the electrolyte solution.

A detailed explanation for the choice of each component 1is
presented. Then, a rigorous regime of purification and
preparation is outlined. The properties of the electrolyte
solution are characterized through electrolytlic conductanceﬁ

and NMR chemical shift measurements. The data are analyzed

in terms of ion-association.

The second chapter examines the host materials from both a
"syYnthetic and structural viewpoint. The procedures for

consistently producing "electrochemically active". host

*

materials are developed.

Iin the final chapter the problem of putting these two
systems together to form an electrochen_\lpal cell and the
subsequent evaluation of ihe charge-tra-;lsfer/mass-transport

processes i1n the chosen systems, 1s examlined .
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* INTRODUCTION ) .

THE EL‘ECTRO&YTE SOLUTIONR
; 3

Classical investigations of chemical reactions and.
physical properties in solution ha.we taken place pxﬁarlly in
aqueous solutions. As a result of this predominénce of
agqueous-based studies, f-.he physicochemical data available 1n
the literature for agueous electrolyte soluﬁons have been
much more precise; witness the treatises and monographs that'
have been devoted to water. Solvents other than water are
certalﬁly not new to chemistry and 1.n the last two decade§
both fundamental research and practical applications involv-
ing non-aqueous media have experjenced rapid growth . One
index of this activity 1s the large body of physicochemical
data determined in noh-aqueous solvents such as that cdmpiled
in the two-volume handbook by Janz and TomKins (1), and

discussed, for example, by Coetzee and Ritchie (2), Covington

and DicKinson (3), Kolthoff and Elving (4), Popovych and

' \

Tomkins (5), Mann and Barmnes (6), Riddick and Bunger, (7},
LagowsKl (8), Gordon {9), and Mamantov (10) in their respec-
tive monographs. |

In the context of this work, the term "non-agueous"” will
refer specif-ically to organic solvents. WwWhen "non-aqueous"

is referenced in the literature, however, the discussion may

include not only the pui‘e ligquids, but also any one of their
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mixtures with each other or, with v;rater-. In addition,
inorganic solvents and 'mol;c.en salts are also considered to be
"non-agueous" solvents.

' The first par‘t'of this chapter will be concerned with the
choice of solvent and solute that are to be used in the
associated electrochemical system. Here, the pertinent
physicochemical data are presented . Next, t.he methods of
purification of both the solvent and solute will be dis-
cussed. The third part of this chapter will deal with
electrolyte preparation and ap&}ysls (prlmarlly for water and
organic impurities).

The fourth part of this chapter will describe the e;cperl-

Yoo "
dynamic properties of the electrolyte solutien, with a stress

mental techniques that will be used ‘to 1nve.<:.'c.(1gqte the
on the conductivity results. "The properties of the solution
as determined by spectroscopic measurements and as inferred

from conductivities and thermodynamic properties will also be

discussed.
. 4
1. THE CHOICE OF ELECTROLYTE COMPONENTS
\ 1
AY . .
1.1 THE CHOICE OF SOLVENT

I+ is widely recognized that the cyciing behavior of the
lithium electrode is the Key technical problem preventing the

realization ¢of ambient temperaturg_secondary lithium batter-

- i

—



1es. The cyclirg 'efﬂciency of the electrode is visibly

¥

P2

.- affecteq and largely determined by the properties of the

electrolyte solufaion (11—5/ Y.: while liénlun.l deposition may
occur with an efficiency of nearly 1004 (11'713). the sub-
sequent process of anodicv dissolution is invariably less than
100/ efficient (ﬂ.—i'?) .

Alth8ugh the st:udy that is the focus of this workK concerns
the interfacial processes at the cathode material (as opposed
to lithium being the anode in a cell), the choice of a
solvent (or-solvents) and .soluté (or solutes), and the ’
subsequent formation of an electrolyte solution takes
1mp6rtance if thé chosen system is to represent a serious
contribution and, hopefully, practical alternative for use in
a secondary lithium batteb.y system.

| In the development of an electrolyte one must first choose
solvents which manifest low reactivity towards metallic
iithium. The system must then be refined via stringent pro-
cedures\gor purification and qualitative/quantitative
analysis. Of course, the electrolyte system so chosen must
have other desirable pro:.aerties such as (a) being sufficient-
lyl 1nert’ toward the cathode material to prev.ent cell degrada-
tion, (b) being thermally stable (w.r.t. reaction with other
cell component;) in the projected long-lifetime of practical
litﬁium cells, and (c¢) being able to maintain appreciablg

conductivity and Li* ion transport capability at low tempera-

tures (e.g., 260 to 270 K).
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The question of solvent and/or scolute reactivity with

lithium or any of the other cell components is an important

" one since the presence of sig\ns;_ficant amounts of impurities

. \ .
that result from oxidative or reductive processes, or direct

chemical reaction, could interfere with the safe operation of

an experimental cell, not to mention casting doubt upon the
}

validity of the results so obtained.

Protic solvents must ,immediately be eliminated from con-

sideration because of the reactivlty-‘of labkile protons with

[

"metallic lithium. (Even slow reaction of labile protons with’

lithium cannot be tolegted when the product is a gas such as
hydrogen.) This limits the investigation to the use#of
aprotic solvents which must be further limited' to the
investigation of dipolar-aprotic solvents since the"’plvresence

of a 'dipole morpent in th;e molecule can lead to substantial
solvation energies '-for the eléctrolyte salts and therefore to

dissolution of such salts. There is a loose correlation

between dipole moments and dielectric constants, and a higher

dielectric constant tends tm ¢ dissociation thus
.. .

increasing the electrical conductivity r the solution.

Selim and Bro (11) established some g idelines that may be
of some use in selecting a solvent. They pointed out that
many polar solvents are intrinsically reactiv towards
metallic lithium due to the presence of the molecular dipole. |
For organic solvents this dipole is often the result of an

unequal distribution of electron density about a rbon-



;.-‘_H-_ )‘

he.ter'oatom pond which facilitates electron transfer from
lithium to the bond..

Since it is pr‘obab}'y true that there is no solvent which
is thermodynamically stable:to ‘both lithium and the cathode
material ' (that is to say 1t is possible to write a reaction
for the‘sol“fent with either lithium or the cathode material
corresponding to a negative free energy change; ¢f., the
reactions between ethylene carbonate (EC) and lithium (18)
and between EC and MnOp (19)) one must rely on Kinetic
lnhibLt}on of these thermodynamiclally favored reactions as an
approéch to solvent selection. A analysis of the thermo-
dynamics for reactivity be;t.waen metallic lishium and a
variety of of‘ganic solvents demonstrated that all are
susceptible to reduction by lithium (20).

The subject of solvent reactivities with reducing agents
(e.g., Li) and oxidizing agents (cathode material, e.g.,
MoSp, TiSp) is also a subtle one: some applications can -
require the presence of protective films on the lithium which
are usually-formed by a limited reaction with the solvent
(e.g., Li/SOClp). Peled’s explanation (21) attributes

specific properties to a non-metallic surface film on ihe

~lithium which he calls the solid electroiyte interphase

(SEI). For non-aqueous systems he suggested that alkall

mgtals will always be covered by a surface layer at least 1| .D

- 2.5 nm thick. This layer is formed "instantly" upon contact

of the metal with the solution with the thicKness determined

7



y.
by the electron t—unneling range. The iayer consists of some
insoluble products from the Jr’:aaction b:tween the metal and
the solution and acts as an 1nterﬁhase between ﬁhém. Ideally
this layer will have the properties of a solid electrolyte.
Hence the name A"solid electrolyte interphase". “For mény
systems the rate-determining step was found to be ionic
migration through the SEI.

Beyond the basic considerations of thermodynamic and
Kinetic stability there are several other aspect’.s of solvent
properties tha't: should be c¢onsidered: in non-agueous systems
the resistivity contributes"a major part of the overall ohmic
loss of the cell because 0f the low conductivity of ‘these
solutions compared with agueous electrolytes. " In addition,
because of the differences in transport of the anion and
cation .1n an electric field, the concentration gradient
between the electrodes is amplified beyond purely diffusive
effects. This resulﬁt_.s\ in an increase in the d.i.-ffusion
overpotentlal. Thesé two effects are interrelated because (
conductivity, diffusion coefficients and transference numpers
depend upon concentration and 'there is a concerjtration
gradient present. An exact analysis of the electrolyte
behavior is 1mpos§1ble because of this complex relationship
and because of the lack of an adequate theory of transport
properties in concentrated electrolyté soluti,‘ons. Most

workers, in recognition of these effects, seeK electirolyte

solutions with as high.a conductivity as possible.



Other properties may be important as well, but are not as
obviocus. A low viscosity may be~-11nportant to the operation
of the cell because of a net volume decrease of the solid
materials when the reactants are changed into products. When
this happens, a void volume is created and in order for
operation to contihue the electrolyte must be able to flow
easily into regions where it is required. A low solution
viscosity facilitates this bulKk flow requirement. Also, the
ability of the solution to wet the electrode materials (and
separator) may play a role in this aspect of cell operation
but the precise effect of this property is very difficult to
define. These and other complications may cause the solution
of choice for a given system to be other than the one with'
the highest concentratidn.

4

A number of apﬁroaches have been talken to modify the lith-
ium/solution interface and 1its reactivity (22):

{a) the use of surface-active additiVes to modify
the morphology of the deposit and its reactivitiy;

(b) the use of alloy anodes (e.g., LiAl);

(c) the use of an internally generated scavenger to
remove lithium dendrites and to conserve active
mass of lithium;

(d) rigorous purification of the electrolyte; and

{e) control of the solvent structure. '

Reviews have been published on the first three items (23-27);
however, none of these has yet found application. The value

of rigorous electrolyte purification cannot be overempha-

'sized, and this, coupled with structural control of the

y



electrolyte components, allows for prudent investigation of

the interface.
Two approaches to structural control of the electrolyte

were taken (22): the group at Exxon 1nv“ea&1gated a wide range

Al ~

! N\
of solvents for stability towards attackK by alkali metals.
‘ ) ‘ ‘
EIC (Norwood, MA) proceeded in the opposite direction to that

of the Exxon group. At EIC the electrolyte salt was chosen
first before a non-reactive solvent was sought.

At E‘.xxon.' several ethers were found to be s.é)ablé and {,3-
dioxolane (Diox) was preferred because it dissolves lithium |

salts well enough to produce concentrated and highly conduc-
tive solutions. (p

EIC recognized the superior performance of L1AsFg (VS
LiClO4) in several solvents (14,28,29) all of which appeared

to be highly reactive with lithiﬁm. The mailn emphasis was

¢ then to find non-reactive solvents.

Koch, et al.” (16) suspected that cyclic ethers would have
the best chance of retarding Li/solvent reactivity since the
C-0 bond is less polar than the'C=0 hond (e.g., in methyl
acetate and propylene carbonate), or S=0 bonds (e.g., in
dimethyl su-lfoxid.e). which are found in other solvents in
which the lith‘ium electrode has been cycled. ' ~

wWith tﬁfs in mind, Koch investigated tetrahydrofuran (THF)
reactiiity with lithium (17,30). "It was observed that 1

LiASFg/THF electrolytes outperformed elegtrolytes that were

based upon LiAsFG in either propylene carbonate (PC) or



'THF‘ by metallic lithium, then one can possibly modify the

—

methyl acetate (12,14,28) in terms .of lithiun"n e€lectrode
cycling’ efficiency. In spite of this, the THF media were
Judged to be too reactive for -fur.*ther use.

with evidence obtained by isolating reaction products
(from cycling studies at a lithium electrode) and from
earller mechanistic work, Koch postulated a reduction
mechanism 1nv<;1v1ng an 1nitial transfer of an electron from ,
Ll to the lowest unfilled molecular orbital (LUMO) centered
on the oxygen atom of THF (30)). It. wés obhserved tn_at this
led to ring-opened products. Assuming that this accurately
accounts for the ra’;e-determinlng st:ep in the reduction of

‘

reaction Kinetics by raising the activation energy of this

slow step (16). Perturbing the LUMO of the solvent molecule

" upward would accomplish this. Koch felt that placing an

 electron donating group in the 2-position {adjacent to the

oxygen atom) would localize additional electron density ong
the O-atom and thus raise the -activation- energy required to
form the anion radical. Koch ;1150 showed (16,31,32) that 2-
methyltetrahydrofuran (2MeTHF) and 2,5-dimethvyltetrahydro-
furan (2,5-diMeTHF) were less reactive toward lithium than
THF 1tself. .
Independently , the reactivity of 2ZMeTHF toward lithium and
TiS, (one of the cathodes used in this study) was examined

and no significant degradation of solvent and/or depolarizer

was observed (17,33).
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Other c'yclic ethers, e.g., Diox, have been examined as
solvents for systems where transition metal chalcogenides are
used as cathode material (34,3%) and welre found to be _
reactive in {hat solvent degradation ‘ipolymerlzation) was

-
observed. However, the mechanism has been attributed to
several fé'c:tors and is not well- understcod. A methylated

i ,3—clidxolane would he expected to be an improvement over

i ,3-dloxolane, but none was found to be commercially avail-

-~
r

able. *

Electrolytes that are based upon diethyl ether (DEE) and
blends of DEE with cyclic ethers have snpwn promlise and
_exhibit a high degree of Kinetic stabili%y toward lithium
which was attributed to the formation of a protective film of
'lithium -ethoxide. ff the LUMO argument is correct, then DEE
shoulld be easler to reducé than the tetrahydrofurans (36) and
1f DEE is 1h fact reduced more rapldly 'than THF then one
would expect an increase in stability since the reductions
would yield the relatively 1nsoluble lithium ethoxide from
DEE .and the relatively soluble lithium butoxides from the
THF . The protective film of lithium ethoxide appears to bhe
electroﬁigglly‘insulating. but Li*-ion conducting (i.e., an
SEI) (36).

}By virtue of its stability w.r.t. the cell components, the
solvent chosen for use in this study is 2MeTHF. The reactiv-
ity of this so{yent with lithium peen well studied,

liKewise 1is performance (and reactivity) in systems where
‘ L
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traf;sition metal chalcogenides are used. The solvent is
readily avallable (Aldricfl) and its methods of purification
have been ‘well documented. It must be reemphasized that
althouéh-a study of the processes at the 1_1th1um electrode
are ’I‘E} a part of t.'his work, a solvent with Kinetic stability
towards metallic lithium is deemed necessary in cases where
elther metallic lithium is used as a reference electrode or
metallic lithium is generated (inadvertently or otherwise) in
an experimental cell. Hopefully, this will reduce the amoﬁnt
of degradation products that iould potentially interfere with
studies at the chalcogenide interface.

The dielectric constant of 2MeTHF is only 6.26 at 298 K;
however', solutions of several electrolytes in excess of 2
molaf have been ;arepared. No reference was found for a
measured dipole moment; howc;.ver, the ciipole moment should be
similar to, but somewhat less than, that of THF (1.75 D ¢ 298
K). The viscosity of 2MeTHF is lgw (0.457 ¢P @ 298 X) and
this should be a help to the conductivlty' of an electrglyte
solution. The boiling point of 2MeTHF is 353 K (80 °C) which
1s slightly higher than that for most of the solvents that
have been otherwise considered. Since the presence of
metallic lithium will be minimized in the experimental
design, the need for stabilizing co-solvents such as DEE does
not seem to exist.

In spite of its excellent performance, 2MeTHF still-has

some problems: in Li/TiSp cells, where the electrolyte has



‘still be guite reactive.

a .

I;een ‘El‘Ag\FG/EMeTHF. there has been a;; observed forrﬁg_t.ion of a
brown film on the lithium electrode and an impedi'mce‘:i:‘r"_iq.rease
at this electrode ;1ur1ng cycling (16, 17;37.38):/ Some of this
degradation may depend upon the anion of the solute“' ({38,
refer to section 1.2 of this work). _All of this suggeﬁts

that in spite of in S_Pi’te of much effort the s"fstem will

/

—_—

Some of the properties of 2MeTHF are summarized in Tai:le i
alohg with those of some of the other solvents that have been

of interest in the study of secondary lithium Q\s-tems. A few

)

‘comments on the virtues and problems assoclated Wme of
these solvents is in order: ’

Propylene Carbonate&b’ghe nature of the reactivity of PC

with metallic lithium is an issue which is s£111 under debate
(13,22,26). Anhydrous FC is very difficult to p¥roduce with
the; result that, in 11th1u:mystems, the r‘ésearchers may
actually be observing a ring opening ofﬁthe PC at the
metallic_ surface which :s catalyzed by Héo. PC’s high
viscosity is reflected in the low co&;ﬁctivity of most salts
in PC; t specific conductance of LiCF3SO3 shows a maximum
of 2, 1x10-30-1cm-! at a concentration of 0.5 M. In spite of
these (and other) problems, PC is still. widely used-for ’
ambient-temperature lithium battery studies.

Dimethoxyethane (DME) and 1,3-Dioxolane (Diox) - Although '

there is a reported solubility of 2.0 M for LiCF3S03 (and

other Li salts) in DME (39), there is still some question as

14
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b
to the stability of DME (as with Diox) in contact with

metallic lithium.

The Tetrahydrofurans - As i:reviously discussed, tetra-

hydrofurans methylated in the a;position man.i-.fést remarkable
chemical an.d. electrochemical _stabilllty towards lithium metal.
wnile' THF distilled off benzoi:henone Ketyl and stored with L1
at 344 X (71 °C) reacts in two days (‘16). 2MeTHF treated
sllmilarly was stable for over 10 months. .Unli}(e the alpha
met’!iylated THFs, 3-methyl-THF was as reactive toward 11tn1;.1m
as THF itself. Thus, the position of the methyl substituent
with respect to the cyclic ether’s oxygen atom seems to be
critically important (i6). The gpod cycling efficiency
exhibited by 2MeTHF electrolytes is deslrgable not only for

the lithium electrode, but also for the 'c“!athode since the
electrodes will probably be cycled many times in both
directions. The low conductivity of LiAsFg solutions in the
substituted THFs is a bit distreésing with the conductivity

of 1.5 M seolutions in 2MeTHF being only one-quarter of that

in THF itself but for solutions in 2,5-diMeTHF (alsc non-

reactive with metallic lithium) the conductivity 1s about 100

times less than in THF (16).

-

One last and very important property that must-be con-
sidered 1is the stability limits of the solvent 10 anodic and
cathodic polarization. Ethers are oxidized with relative
ease {40) and this can be a problem with very oxidizing

cathode materials such as Crz0g or anodically-charged

16
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polyacetylene. The anodic, oz;.idation limits have been deter-
mined for all of the cyclic ethers mentioned here (and a few
others) (16). In each case the anodic limit was reached at a
potential’in éxcess of 4.0 V vs Li/Li* in 1 M LiAsFg (the
experimental particulars are in reference 16). The anodic
limits have been determined independently within the body of
the present work. Cathodically, the LiAS{e solutions do not
show appreciable reduction on Cgrapnite or on TiSz + Cgraph-
1te down to 1.4 V vs Li/LJ‘."" (22). In the context of this —
worK the small trade-off in anodic stability (100 to 150 mV
for methylated ethers versus unsubstituted ones) .is a great
bargain considering the gain in cathodic stability (vérsus
that with unsubstituted ethers). The stability of the
solvent towards oxidizing anions Wlll'be addressed in the
next section.

L]

L, 2 ' THE CHOICE OF SOLUTE

The electrochemical reaction that is under study is the
intercalation of Lit-ions by TiChp (Ch = chalcogen). The
processes occurring in the double-layer for this type of
reaction are quite different from most electrode react;ons
and there must be some control and understanding of the
nature of the electrolyte solution as lithium ions are
discharged from the solution into the host structure (cath-

odic process at TiChp). Since some relationship certainly

17
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exists between the structure of the solution and the elec-
Ttrode process, the presence of ions that could interfere with
this [Li*,A",Solvent] structure should be avoided. Sodium
and potassium will enter the host lattice readily as will
substituted ammonium cations of virtually any size (41). The
presence of any of these ions in the double-layer would
interfere with the local "structure" of the solvated lithium
ions and indeed they may themselves intercalate under the
ambient conditions (a thermodynamic stability proklem}.
Therefore, the presence of cations other than lithium may
alter in an unpredictable way the ansients for the elec-
trode reaction -~ they could in fact change the reaction that
is being studied and makKe the subseéxuent anaiysis difficult
if not impossible.
The solutes to be used (including any that might be

considered for supporting electrolytes) must be restricted to *

lithium salts. This ensures that the only cations that are

available for -1nterca1at?on by the host__gtructur'e will be
. Li*, Li(syt (wher'e S is a solvent molec‘{lle) and other
positively charged aggregates made up of Li'*', A- and S. The
result is that any influence th;.m;c“{he electrolyte solution
has on the cathodic polarization will be due to the rate at
which these lithium-containing species reach the discharging
sites.

The choice of a suitakle anion (or ar‘nons) for this work

-

is not as obvious. Several properties must be evaluated for

18



a particular anion before it can be considered as suitable

for this study:

AN ' '

’ {a) solubility of'the 1ithium salt in a given solvent;

{b) dissociation tendency in a given solvent;

(¢} stability towards oxidation by the cathode material;

{d) stability towards reduction by the anode material
(Li); : ‘

(e) stabiity towards reduction by the solvent; and

(£f) ability of the anion’s salt to be easily purified
and dried. )

In general, a good solute‘ will have a low crystal lattice
energy and a large solvation energy. This favors ionization.
The simple halide and chalcogen 1on§ {which are stable

' towards reduction) are not sufficiently soluble in most non-
aqﬁeous solvents and result in soluticns wlt:h inadequate
conductivity for practical use. One is then forced to

.
consider large, complex, monovalent anions which have good
charge separation from the cation. Anions of this type are
necessarily large {(In non-agueouscsolvents the lithium ion
will be solvated and the anion uslany will not. Ion
_ transport is therefore predeminantly anionic since the
unselvated anion is smaller than thé; solvated lithium.) and
are usually composed of a central metal or no;l—metal atom in

a high oxidation state and surrounded Dby four to six groups

(nhalide, oxide, alKyl, or aryl) that are strongly bonded 1;.0

thie central at.om. Examples would include perchlorate

t (Cloy4™), hexafluorocarsenate (AsFg™) ,tetrafluorcborate

(BFy~), tetraalKylborates (BRy~) and_hexafluorophosphate »

(PFg™). Since the central atom of these lons is in a high

19
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oxidaiion state and the ions are thus 1ntr1nsica11y" reduc-
ible, one must rely (és with th_e solvents) on Kinetic rather
than thermodynamic stability. H.OTE: The lon size and lattic.e
energy argument is a generality (ClO4™ 1is small_er than 1™ yet
ClOy4~ is much more soluble than I7). There must be an
entropy gain by the polyatomic ion when it goes lnto solu-~
tion. The solubility data that are needed for lithium salts
in many of the solvents that have been discussed are not
| widely available even in some of the major compilations of
- d_ata; authors, including this one, must oftgn determine the
solubility of a given solute in a given solvent themselves.
The solubility of LiClO4 in a number of organic solvents
was determined by‘ Markowitz et al. (42). These authors
concluded that simple criteria such as the dielectiric
constant, and dipole moment of the solvent are not particu-
larly use:-.Eul in correlating solubilities, but that a more
comprehensive view of the solvents’ properties such as steric
| hinderance, electron delocalization, degree of hydrog—en
bonlding and other specific 1nteract1$ns in addition to the
former properties, must be takKen into account to exXplain
their results (2,3,42,43).
Early workKers in this field utilized the superior siolu—-
bility of LiClOy in many solvents with high base-strength (a
relative measure of this is a high donor number "DN"). Much

of this worK was carried out in PC because it was one of the

few solvents for which there was any significant compilation

20



of lithium sélt solubility data (44). Further work utilized
LiClOy in a variety of othe; ‘solvents that were more stable
to metallic lithium than PC. The cycling efficiencies of the
lithium electrode in several solutions e.g., LiClOy/Diox were
_reported to be excellent (45). Work with this electrolyte
has been curtalled, however, because of a serjes of explo-
sions during cycling experiments. It was shown that the
LiCl04/Diox solutions are shc;ck-sensitive and that the solute
was to blame (34). It was also sho;tvn that the anodic
polarization of LiClOg/Diox solutions on a platinum electrode
resulted in the polymerization of Diox at 3.25 V vs Li/Lit

T

(34). 1

c e

.

Lithiﬁm hexafluorophosphate (LiPFg) could not be used with

~—Otox because it also initiated polymerization of the solvent
and was found to be Ceactive with the lithium metal itself
(45) . '

Several lithium tetraborates (inciluding L1BF4 and LiBRy)
have been investigated (40,46-49). The reasoning behind the
study of these compounds was that a desirable set of electro-
lyte properties was intimately related to the fundamental
properties of the anion (i.e., shape, ion-pairing tendencies,

" charge-to-size-ratio, charge delocalization, cathodic
stability, etc.). With adequéte synthetic freedom to modify
anion structure one could affect these properties and a

proper balance of bulK electrolyte properties could be

achieved by design (#6). Systematic structural modifications

21



of organoborate anions have shown that lithium tris-alkyl (or
aryl) borate salts are somewhat satisfactory as electrolytes
in Li/TiSp cells where continuous cycling at discharge rates

-

of 6 mA cm~2 has been demonstrated (47). However, the
oxidation potential of the BRy~™ anion (with ‘;mall R groups
7‘7and with R = F) renders it reactive toward TiSp, and prolonged
contact with this cathode material produces BR3, RH, and RR
(40,46-49). * (BEt3z has been shown to cause a reductive |
cleavage of THF to nBuOH and of 2MeTHF to 2-pentanol (50).)
A family of anions that are not structurally based upon a
central atom and radically bound groups are the closoboranes.
Cl'osoborane anions are closed polyhedra of boro;}_ atoms with
terminal hydrogen or halogen atoms (51). A typvlcal example
would be BjgClyog2~. The salts of closoborane anions exhibit
a greater degree of Kinetic stabll.ity to .oxidation, reduc-
tion, and thermal decomposition than do organoborates or
fluoroborates (52-54). .The salts are lnsoluble in DME and
Diox alone, but are soluble in Diox solution up to about 1 M
if 4 to 6 equivalents of DHME ;r‘e present. Presumably the DME
forms a solvate with the 11th1um' cations (52). At concentra-
tions bel.ow 0,3 M the solution separates into two phases,
The performande of lithium closoborane electrolytes B1001103‘
and.'BiaCliaa“) was examined (52) in L1/TiSp cells. Even at
low discharge rates (1 mA cm~2) the ambient temperature
performance offered only 30% cathode utilization. This could

be due to ihe low solubility and conductivity at room
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temperature. Much time, effort.i and money is necessary to
produce tﬁese salts‘ and t;here is every indication that-their
_performance is most suited for study at higher than ambient
temperature (54}. .

Lithium hexafluoroars;enate (LiAsFg) 1s probably the most
widely studied of the solutes for secondary lithium systems.
This is largely due to the work of Koch, et al. (previous
‘citations) in THF and 2MeTHF. The AsFg~ anion is reduced by
lithium to AsFz. In tﬁm'rahydrofurans. AsF3 further
reacts with lithium butoxides (frorﬁ a ring-opening of the
solvent) ’t:o form a brown_film on the lithium. The .‘.Dr‘ov‘ln £ilm
appears to be composed of a {-As~0-As-)p polymer and LiF
(30). When other solvents are used, AsFg, AspO3, organic
carboxylates, alKyl fluorides and lithium fluorosilicates
have been detected (33,55). ESCA studies on a lithium
electrode after cycling in a 1.5 M LiAsFg/2HeTHF electrolyte
also showed the presence of magnesium (Mg and Si are reported
impurities in LiAsFg} (33).

The role of the film on the llthil;lm is still a matter of
debate. In any case the film must act as a SEI that is
conductjve to lithium ions or else the lithium electrode
would not workK in electrolytes containing this anion. Thé
interaction of the AsFg~ anion with TiChp has not been the
subject of a major 11}Vestigation_. Because of the reactivity
of AsFg~ with both lithium and with the solvent, another

an’ion was sought for thliS work.
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In other studies, lithium hexafluorcantimonate (l...tSbFé-,)
and lithium hexafluorotungstate (LiWFg) were examined (1 M in
2MeTHF ) as electrrolytes in lithiumn cyclipg tests and weré
rejected for poor perfor-mance (56). The SbFg~ anion has been
used to initiate polymerization of tetrahydr‘ofura;ms t57).

Lithium trifluoromethanesulfonate has also been examined
and the results of its use are a matter of debate (56-58):
‘"The anodic stability of this salt is comparablle to that of .
LiCl0,4 and LiAsFg in acetonitrile (56)/. LiCF3S03 dissolved
in a mixture of DHME, Diox and 3-rpethy1-a—oxazolidone has beeﬁ

used as an electrolyte in studies of Li/FeSp (56\ with the

solubility of the solute reported to be at least 2.0 M. 'The
solulbility of LiCngo; in 2MeTHF has been reported to be low
{<0. 4 M) (55); however, solutions in excess of 2.0 M have
been prepared in this laboratory. No previous studies of
TiCh, stability w%t'.n this solute have been reported.

The anion that will be used in the present study will be
CF3S03~. The 1ion is highly polarized due to the presence'of
the CF3 moiety and appears to he Kill'letically stable to 3
1ithium (58); however, this 1s alsc a debated point (56).

Solutions of LiAst in 2MeTHF (with or without co—solvents}

are very promising and have been extensively studied, yet the

desire to minimize the presence of degradation produgks (from
cathode, solvent or solute) via oxidative or reductive
mechanisms is largely behind the choice of LiCF3S03. For

experiments in which lithium metal is not used as an elec-
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trode 1t 1is 'possible that LiAsFG could be employed . An.
ilndepe‘ndent studj‘r, correlating the intercalation of the
lithium ion with the structure of the solute anion.. will noi
b.é a part of this work.

. ”
L

2. THE PREPARATION OF COMPONENTS

Fl
-

There are several schools of tnougﬁt concerning th“e\,‘
rreparation of mater‘lals.fcr‘use in ap experimental program
as well as the relevance of stringent procedures when appiied
{o an industrially important system. The presence of certain
impurities iz{herent to the manufacture of a material may
actual‘ly‘be beneficial to the system that one is studying in
a fundamental way. The study of processes in lithium power
sources is a case in point. Certain impurities are Known to
be detrimental to the favorable reactions in a cell (e.g.,

-
thé presence of "large" amounts of sodium or potassium in
met‘allic lithium) while the effect of oither impurities may
not have been qualified or gquantified in many 6f the indus-
trial laboratories where this work is being carried out
(e.g., the role, if any, of trace organic impurities in film
format.u{: at a lithium electrode)} (59).

In this setting, one is trying to elucidate mechanisms of
an'lindustrlally important process: the surface processes
associated with intercalation. The okservation of the

v

solvated lithium ion losing its ‘solvation sheath and moving

*
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into the host lattice is the only concern here. .To accom-
Plish this taskK, the materials sh_ould be prepared in their
purest (within practicality) farm and the presence of
impurities would be qualified :h quantified. This will
ailow the pro‘cess under study to be qontrolled by the
exXperimenter r\ai_.n'er than affected-lncidentally‘ hy the
impurities. Some of the discrepant resulis that have been
obtained in jr.he study of these systemé underscore the
importance of controlied preparative methods.

The next sections will describe the methods of prepar-at;lon

{
of the solvents and solvents that will be used in the

electrolyte .
—
2.1 THE PREPARATION OF 2-METHYLTETRAHYDROFURAN -

»

2-Methyltetranydrofuran (1) was purchased from Aldrich
Chemical Company. The solvent contained 17 butylated
hydroxytoluene (BHT, 2,3 Ri-tert-butyl-4-methyl-toluene, b.Pp.
265 °C) as an inhibitor to peroxide formation.
(())\(;Hs
L\/‘_/ '
T : (. . | )

Peroxides. An intrinsic danger in the use of ethers 1s

the presence of peroxides. When ethers are stored in the

26

~



pfesence of okygen. a free-radical oxidation of the ether can
ocﬁur. This process, referred to és autooxidation, may be
tnltlated by hv. The a-position in ethers is autooxidized
readily “to give hydrppgroxides that éfe usually very explo-
s1ve, Sigplficant amounts of such'peroxldes can build up in
ether samples that have been exéosed 10 atmospheric oxyg=n.
:'I‘hé hydroperoxides are léss volatile than the ethers and
would be concentrated by a distillation process thus increas-
ing the risk of ex;ﬂoslon. Without precaution, extended
storage of ethers that have been expose; 10 atmospheric
oXygen 1s extrémely dangerous,

BHT inhibits the‘reaction by undergéing hydrogen-atom
transfer with peroxy raélcah;in preference to hydrocarbons. . °
The resulting radicals are relatlvelf stable and do not
propagate a chain procesé but dimerize instead or react in
other ways to cause chain termination. .

The presence of peroxides in thé-solvent is indicated by
the formation of a red color when the ether 1; shaken in the
pfesence of Fe3*-ion with agueous thiccyanate. The peroxide
oxidizes the iron (II) to iron (III), which then reacts with
tnlocyanate ion to giye the red complex (60):

'

by - SCH~™

peroxide + Fe2* — Fe3* ———— [Fe(SCN)y]~(3-1) (n = 1 to 6)

red

- x
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The prirngipal peroxide that is ﬂresent, 2-hydroperocxy-2-
methyltetranydrofuran, is reduced to y-butryolactone and
methanol (61).

Peroxides can be removed from the so'lvent in this way—
before distillation, but this would unnecessarily introduce
water into the solvent, thus complicating the purification
process. Instead, prior to distillation, peroxides are
removed by Ppassing the ether through a ceolumn of activated
alumina whose volume is equal or greater than the volume of

ether that is eluted. 7The peroxides adsorbed by the alumina
-

must be reduced (e.g., by iron (II)) before the alumina can

be disposed ¢of or re-activated.

Impurities intrinsic to the manufacture of 2MeTHF. Sevenal

methods aré currently used for the industrial production of
2MeTHF and each method would give a variety of impurities
that would be present 1n§ima11 amounts. There is no way to
determine‘whicn process was used in producing 2MeTHF for
Aldrich - though some methods can be ruled out.
Hethylfuran (HqF, b.p., 65 °C) (:II) was found to be the
rhajor impurity in the “pur‘ified"" solvent (section 2.2).

Thus, a mechanism utilizing MeF is liKely for the synthesis

of 2MeTHF. Furans can be produced"from the cyclization of

-

~
1,4 diketones (62).:

¢
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Furans from the cyclization of
1,4 diketones

Hethylfuran can then be hydrogenated in the vapor phase in
the presence of a reduced nickel catalyst yielding 2MeTHF 1in
>957 yield (63). |

THF’s are also produced by the oxidation of primary and
secondary alcohols by lead(IV)acetate or the oxidation of

. ——

enols by mercury (II)acetate, both in refluxing benzene (62).
Aldehydes (from a competing 0}‘<1dation) and benzene would be
impurities here but no 1ngurities of this Kind were observed

(section 2.3).

Distillation of 2MeTHF. Three methods of distillation

‘'were used in the preparation of 2MeTHF. Early distillations
—_—

were performed in a solvent still of a design that is

commonly used for the prevaration of znhydrous THF for

organic synthesis (Figure i). Distillation with a spinning-

band column and a bubble-cap column were performed in the

latter stages of this work as this eguipment became avall-

able. The advantage of these latter methods was the improved
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removal of volatile organics from the ether. Each method
produced anhydrous 2MeTHF.

Solvent Still (Figure 1). A three-neck flask (2 L)

allowed for the allowed for the introduction of benzophenone.
sodium and potassium during r‘efiux. The column length was
approximately 20 ¢m and its diameter was 2 cm. HNo column
i
packlné was initially used .- The still was operated on total ey
reflux until the characterisilc blue of the benzophenone
'Ketyl appeared. The solvent was then allowed 4o ¢collect in
- the solveﬁ?'{rap before delivery into the collecting flaskKs.
A rotating receiver allowed for the collection of solvent
fractions without opening the system. A small overpressure
of argon was maintained throughout the system during the
distillation. The pressure was regulated at a gas cylinder
and monitored via anr;\fl—bubbler. Heat was provided by a
fiberglass heating mantle and controlled by a Vvariac.
Exposed areas of the flask were covered wijc.h fiberglass
insulation. The column was warmed with a fiberglass heating
strip. The number of theoretical plaﬁ:s was not determined
and the reflux ratio was not-controlled.

The solvent still was modified (Figure 2) so that an
additional length of co.hi.mn was between the botling flask and
the solvent trap. This increased the effective column length
to about 50 ¢cm. The column was pachd_with'Rascnlg rings (8
mm) to increase the column efficiency. The number of

theoretical plates was not determined and the reflux ratio
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was not controlled. In all other respects this still was

operated in the same manner as the unmodified solvent still.

A bubble-cap column (Figure 3} was utilized to improve the
removal of low-boiling impurities (60 to 80 °C). The column
had an inside diameter of 5 cm and 'a length of 120 cml. The
outer jacket of the column was evacuated and silvered,
eliminating the need for column heating and alibﬁing ‘the
interior of the column to operate at optimum thermal equilib-
rium. A 2 L three-neck flask served as the bolling vessel.
The still was allowed to operate under total reflux until the
blue of the benzophencne Ketyl appeared. Using an electro-
magnet in con,junctifn with a timing device, the r;iﬁx ‘ratio
was set to about 15:1. Heating of the boiling flask was by
means of a fiberglass heating mantle controlled by a Variac.
Exposed areas of the flask were covered with fiberglass
insulation. The boil-up rate was maintained during the
'distillation. The temperature was monitored both in the
boiling flask and at the still head. Under the set of

operating conditions that was used the still providead

approximately 15 theoretical plates.

A spinning-band column was use to further separate organic
impurities from the ether. The s'_ctill used was a PerKin-Elmer
Adiabatic Mesh column with a length of 90 ¢m. The band
material was stainless steel (#316). The outer Jjacket of the

column was evacuated and silvered. A 200 mL flask served as

the beoiling vessel. Heat was provided by a fiberglass
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heating mantle that covered all exposed areas of the flask.
The heating mantle was controlled via the "temperature
console", The still was operated under total reflux until

the blue of the benzophernone Ketyl was observed. The bell-up.
rate was adjustéd to about 50 mL/hr-. The band speed was set
to about 2000 rpm. The rfe'flux ratio was set to about 25:1.
The temperature was monitored in the boiling flask and at the
still head. Under these operating conditions the still
.prov.lde'd about 40 theoretical plates. The middle 1/3
fraction ¢f the ether was collected and stored after dry

argon was bubbled through it for five minutes.

PROCEDURES |

-

The importance of utilizing highly purified sélvents and
7solute's in the present work cannot be overemphasized. Her;ce
the preparation and testing pr‘oceciures used will be described
here in some detail.

Peroxide getection and removal

1. 5 mL of the stockK ether was shaKen with { mL of 2 M (aq)
Fel+ (ferrous ammonium sulfate or ferrous swkfaté-). To
this several drops of { M (aq) KSCHN was added. The

r
observation of a red color was taken as an indication of

the presence of peroxides. A pos::itive indication (red
complex) meant that the treatment of the alumina (step
4) should be performed with dilute ferrous solution.-

2. . NOTE: Step-2 is performed even if step 1 gave a negative

Y . .
(visual observation) indication of peroxides., A dry
¢ y

P
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column of activated alumina (neutral, 150 mesh) was
prepared. The bulk volume of the alumina uled was about
equal to the total volume of ether to be eluted. This

helps to inhibit thermal runaway should large amounts of .

1

peroxide be present.

After elution, the ether was further treated by‘ bubbling

Y
dry nitrogen or-argon through a frit for several

s .

‘minutes. 'Ifhe_,e{her was distilled immediately.

For each litre of ether that was passed through the
column, 20 mL of the ferrous solution was passed through
in order to reduce peroxides so that the alumina could
be safelly washed and reactivated. If a positive
peroxide indication was obtained in step 1, then the
ferrous solution was diluted 10:1 before being passed on

the column.

Distillation with the solvent stilll

i.

The_ boiling flask was charged with 1.5 L of "peroxide-
free" 2MeTHF (Aldrich) .“'\Four or five small pieces of
sodium were prepared by washing the petroleum off with
"peroxide-free” ether and they were added to the boiling
flask. A small amount (i/2 g) of benzophenone was also
added to the flask. Teflon sleeves were used in the
glass Joints of the still and boiling flask instead of

any grease so that no unnecessary contamination would

occur .



j

.

The condenser was turned on. The neatlng‘}antles for
the boiling flask and the column were .turned on. The
argon flow was.‘ started and adjusted so that about ¢
bubble appeared each second at the oil bubbler,

The temperaturé was slowly raised until the system was-
rl~ef1ux1ng. By adjusting the stopcocK so that all the
solvent returned to the boiling “Flask (L.e. none
remalned in the solvent trap), the system was r'able to
operate on total reflux.

After about two hours it was usually necessary to add
two or three more pleces of prepared sodium and ane
piece of similarly prepared potassiurﬁ to the bolling

flask . While adding these pleces of metal the flow of

argon was increased in order to Keep a positive pressure

within the still.

The introduction of extra scdium and/or potassium was
usually sufficient to produce the blue color of the
benzophenone Ketyl 1nd.lca.£1ng that the system was
anhydrous and oxygen-free. The still was allowed to
remain on total reflux for about one-half hour beyond
the onset of the b}ue color in order to maKe sure that
it persisted.

The solvent was then allowed to collect in the solvent

trap. The temperature was monitored at the still head.

A first frac‘tion of between. 300 and 400 mL was collected



0)

until the head temperature reached 78 °C. This fraction

was transferred to the receiver to be discarded. [

T. The: receiver was rotated into position to collect the
main rurf of the distillation. The main run of the
distillation (about 60C mL) was stored 1n the solvent
t.r"ap before_transfer‘ t0o the receiver.

8. The' final fraction, taken off in a similar manner, was
also discarded with care bel‘ng takKen not to distill ‘to
dryness,

9. Argon was bubbled via a frit into tﬂe main run of the

ether for several minutes. The ether was stored in a

-~

Teflon (FEP) bottle, sealed with Teflon tape and stﬁ

in a d.arl,{. place . -

The production of 600 mL of ether in this manner took about

15 hours. The residue in the boiling flask included) bitx of

sodium and potassium. The pieces of metal and indged most)of
the flask were covered with.a brown "sludge" whigh could oyly
be removed by dissolution in a chlorinated solvent

brown material was.-not analyzed. \

Distillation with the modified solvent still -

Distillation with the modified solvent still (Figure 2}
followed a procedure identical to that with the regular
solvent still. A longer time was necessary for the system to
come to thermal equilibrium due to the increased column
length and crude heating and insulation for the column. The

production of 600 mL of ether in this manner tookK about 18
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hours. The slme brown sludge material was observed in the

Ve
spent boilimg flask.

Dis’tillation with the bubble-cap column

1,

The noilllng flas‘l{ was charged with 1 L of the "peroxide-
free" 2MeTHF, 6 to 8 small pieces of sodium and about
i/2 gram of benzophenone.
The heating mantle was turned on as was the condenser.
The argon flow was initiated. The temperature'was
monitored at the still head and in tl'}e bolling flask.
The temperature was slov;rly raised until the system was
refluxing. The still was coperated on totaP‘r'eflu}& until
the blue benzophenone Ketyl appeareﬁ {(The stjll was
initially charged with a large amount of sodium s , that
the system would not have to be rgopened'to introguce
more sodiumrand/or potassium to oﬁtaln the blue color.
In no case was extra metal needeq in or.der to dry the
REa
ether and produce the Ketyl.)
One half hour after the appearance of the Ketyl the
rem\x ratio was set. Tnis' waé done by setting an
elect—rl?magnet to aliow for solvent collection or solvent
r‘eturh“:o the column. A timer was utilized for control-.
ling the electromagnet. The timer was set so that a
condensate was collected for every 7.5 seconds and all
other condensate was returned to the column for 112.5
seconds. (total = 2 minutes). ' This gave an ef:Eectivle

reflux ratio of 15:1 (112.5 : 7.5). ] )
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5. The temper‘atﬁre at the still head was always 79 °C and

/
in the boiling flask it was typically/Z 86 °C, : '

6. A first fraction of 200 mL was colletted and discarded.
7. .The Steps 7 to 9 of the solvent still dpération were
followed, except that the _r;ain ’;l(stillate typiéally had
o a ‘volume of 400 mL. ///

The production of 400 mL of: e{her in this manner took aboht
{8 hours. A brown sludge similar to the previous methods was

ohserved in the boiling flask.

Distillation with th%ning-band column

1.- The boiling flask was charged with 150 mL of "peroxide-
free" 2MeTHF, 2 small pieces of prepared sodium and
about 54 ﬁg of benzophenone. i

2. The reflux control valve was adjusted to the "total
reflux” position. The heatlné mantle was turned on at
the tempefature- console and h.ea.ting was increased until
20 to 100 drops rer minute are observeq from ‘tne drip
tip. P ‘

3. The spinning-band was engaged and the rotor speed was
adjusted to about 2000 rpm.

N When the desired boll-up rate was re-attained the still
was allowed to.equilibrate for about two hours. If.the '
ketyl was not observed by this time the still _\}a.s ‘shut

off and the entire process was repeated with more

sodium.



The refiux ratio was set. This was done by counting the_

total number of drops falling from the cond;nser drip

N
tip and‘;.(after adjusting the reflux contr',ol-valve) the
total-number of drops from tneﬂ take-off drip tip. The J
ratio of fi.-h‘e fo}'mer t0 the latter was typically eb:1.,
The obserVe& temperature at the still head was 78-80 °C
and the temperature in the boiling flask was typically
85 °C. ‘ .

Solvent fractions were collected and stored in a manner

similar to that whi®if -has been described above.

L ]
The main fraction was about 60 mL. Argon was bubbled through

for a longer period (10 minutes) since this was not done

during the distillation. The familiar brown sludge was

obpserved in the boiling flask residue. The distillation

typically took 10 hours.

This preparation is m re rigorous than the methods that

have been previously reported’ ,14-17,30,31,36,54,55,59,64).

These pr&éﬁ"aratlons have included d%tinatlons similar to

that with the regular solvent ®tIll, distillations over

calcium hydride, and distillations over sodium and benzd— -

phenone under reduced pressure. No pretreatments of the

s'olvent for percxides were previously reported.
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2.2 THE PREPARATION OF LITHIUM Tk‘ FLUOROMETHANESULFONATE
Lithium trifluoromethanesulfonaMiCF‘3503. lithium

"tpriflate”) was obtained from 3M Corporation. The compound

is listed as "Fl.t%‘orad"' Fluorocheriigal Acid Salt FC-124",

S " No indication 1is given as to the method of preparation of -
the salt though it is clearly derived from trifluoromethane-
sulfonic acid. The presence of metai impurities is 1in
guestion here and the reporied metal Aimpu'ritles are listed "1n
Table 2 7(39). The prese_xlce of these metal; must be mlnimlzec;.-

to prevent their participation in or interference with the

interfacial study'of Li* intercalation (refer to the third

chapter of this work). For exampie. significant amounts of
copper may present a problem; copper 15 Known to form
N intercalates readily with layered hosts (65}. The quantity
of metal impurities (<100 ppm) is probably insignificant but
a procedure for their removal was performed nevertheless.
TABLE 2
LITHIUHM TRIFLUQROMETHANESULFONATE (3M);
TRACE METAL CONTENT ' I
Metal pem Metal - ppm
Fe <25 : Ni 5-10
Ba <25 Cu 3-%
T Sn 10-156 ) Zn 3-5
g



"fused as.described below.

4

The following procedure was performed routinely on the
lithium triflate with samples typically of 2 to 5 g-rams
welght:
1. The salt was taKen neat from its bottle, weighed and
sh.al:{en with 100 mL of hot agqueous 0.01 M discdium EDTA
(for removal ‘of trace metals). The solution was
filtered twice and the mother ligquor was dehydrated and
dried in a vacuum oven at 150 °C for two days. |
2. The oven wa.srcooled slowly and flushed with dry argon.
The salt was then removed from the oven and recrystal-
+ lized by evaporation from purified El‘I‘eTHF in a glovebox.

The salt was then dried again in thé’ vacuum oven for two
days as before. :

™ - .

3, The recrystallization from 2MeTHF was repeated. This
time, however, the salt was removed from the hot oven
and allowed to coollin a ‘{acuum‘ desiccator prior to use.

A more rigorous regime was performed on several samples,

particularly those that were used in the conductivity study.

Steps t to 3 were performed but, before step 2, the® salt was

s

*

ia., The dried salt was fused in an atmosphere of dry argon
at 450 °C {(m.p. 423 °C)., The fused salt was cooled
under argon and pulverized in an agate mortar in a

glovebox.
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2.3 ANALYSIS FOR IMPURITIES | hi

The preparation of any material in a "pure" form will be
limited in part by the methods lused and als¢ by the proper-
ties of the material and impurities that are present at the
start ¢f the procedure'. In order to gualify and properly 4
quantify results, some measure of the identity and guantity
of impurities is necessary. This is "tr.ue for both the
solvent and solute as well as for theilr combined form: the
electrolyte (section 3) 'g An analysis was always performed on
the purified solvent or solute, but not alwa*'[s for the
unpurified material. rBecause of this, the published levels
of the metallic impurities 1n the as reéelved lithium
tr-lflate could not be verified. In addition, the effective- |
ness of the rémoval of these metals by EDTA could not be
determined. Only the final result was Known.

This section will outline the methods that were used to
anaiyze the solvent and solute., @uidelines were also
established for "acceptable” impurity levels. These gulde-
lines, wh}ch are somewhat arbitrary, are based upon purity
levels the:t were consistently attainable in the early runs.
th;n the imptirity levels rose above these guideline figures,
the preparation was rejected and the material was subjected
to reprocessing. Representative spectra, etc. are 1n<;1ucled
here. Instrumentation used in the analysis changed as the

site of the éxperlmentatidn c¢hanged .

” L]

“~
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2.3.1 THE. ANALYSIS OF 2MeTHF

The concern in. the analysis of 2MeTHF 1s‘£he.qualif1cat10n=~
and gquantification of organic impurities and the gquantifica-
tion of water. Several methods have been utilized toward
this end: 3¢ NMR, Infrared spectroscopy, U.V—spectroscopy.
Gas Clhromatography, and GC/Mass spectrometry .

Characterization - 13c NMR. Both the undistilled and

distilled sclvent were. characterized bY 13c NMR. @Quantita-
tive detection of impurities was not “possible . .The measure-
ments were made at 75.429 MHz in the pulsed Fourier transform
mode on a VARIAN XL-300 Nuclear Magnetic Resonance Spectho-

o
meter . The~ ffeld was locked (#1 Hz) on CDClz with an external
probe. All of the 13¢ chemical shift measurements are
referenced externally to TMS. All measurements were madé at
23.0+ 0.1 °C in- 5 mm tubes. The assigned chemical shifis
are § = 21.1, 26.3, 33.6, 67.6, and 75.2 ppm . Figure 4 shows

the assignment of the peaKs for a sample distilled using the

sblnnlng—band column. With respect to organic impurities the

solveént is guite pure, i.e., no peaK assignments could be
made that would correspond to any recognizable organic ..
impurities. Quantitative measurements of impurity levels
using 13C NMR were not found to be practical due tS-the low
levels of impurities that would be present and the g’canning

times that would be required for their detection.

B

L)
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Characterization - In-frr-ared Spectroscopy. Both the

uhdistilled and distilled solvent were further characterized
by 1nfr~ar'e'dr spectroscopy. The measurements were made on a
Perkin-Elmer 683 Infrared Spectrometer and recorded on
magnetic media using a PerKin-Elmei Data Station. The
solvent was analyzed neat in a silver chloride cell with a
path length 0.01{ mm between 2.5 and 15.4p (4000 - 650 em=1).
The spectrum of the empty cell was subtracted from the
spectrum of the 2MeTHF. The resulting spectrum was smoothed
using a Savitsky-Golay smoothing function. The smoothing
functior. improves the readability of the spectrum by removing
the irregularities in a sequence of points that may be due to
errors in measurement. When the spectrum cof the cell is
subtracted from the spectrum of the sample these irregular-
1t:1es will be amplified;\,smoothing the spectrum tends to
alleviate this problem (refer ito the appehdix of this work).
The infrared spectrum of the unpurified solvent can be .
seen in Figure 5. In tﬁe fundamental region, characteristic
absorption peaks were observed at 3.38, 3'.48, 6.85, T7.24, and
7/. 40p, A small band was observed at 2.85¢. This is the O-H
stretch region and the broad nature of the absorbance (the_’.‘
spectrum in Figure 5 has been compressed for publication) is
indicative of the presence of a small amo{znt of H-bonded O-H,
. probably in the form of water. This band was used in the
subseqt:;‘lt quantitative ana-lysis for water. A small absorb-

ance was also observed at 5,80 which can possibly be atiribu-

. 47



U—
15

1:
|
Jdo
|
—1: —~
1]
4
- o
o2 o
C
=
- V
T
l—.
, (L]
-- 2z
¥ LLS
i w
[ W
i >
"
; =
) =
[
|
!
<~
i
— I
1%
L'
FIGURE 5
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2.5 TO 15.4 MICRONS

48



ted to a carbonyl! bond from some remaining starting material.
The "fingerprint" region from 8 to 154 shows peaks and bands

characteristic of 2MeTHF. L

Qualitative Analysis - UV-Vis Spectroscopy. The solvent

was lqualltatively _analyzed by UV-Visible spec*.crfoscopy in an '
attempt to detect benzene or aldehydes as impurities. {(from
the manufac_ture of EMe’fHF. see pp. éa—ag) (64). The spectra,
were generated by means of a Perkin.-Elmer 552A UV.-Vis
Spectrophotometer and ‘recor‘ded-on a Perl}cin—E:lme.r 561 R'ec;orclj
er. The slit was set at 0.25 nm and the scan was reco_rded at
20 nm/minute between. 425 and 190 nm. The path length in ‘the
matched quartz cells was 10 mm. . K ¥
In covalently saturated compounds containing heteroatc;;ﬁ;
unshared p-electrons are present in addition to o-electrons.
Excitation promotes a p-electron to an antibonding g-orbit
{an n = o* transition). In unsaturated and aromatic cémpounds
the .absorption results from the displacement of(m-electrons.
Both the ether (epayx = 1000) and benzene (€payx = 46,700) will
exhibit a Mpax at 185 nm; ti‘le aldehyde chromophore should
exhibit a "strong" absor'ption at about 219 nm (66). In’
addition, benzene will absorb at 202 nm (emay = 6900) and at
255 nm {€pmayx = t70). While it was impossible to detect the
presence of akdehydes at these wavelgggths. the presence of |
benzene {an ":.L;npurity in one method of 2MeTHF manufacture)

would be indicated by thie absorbance at the higher wavelength

(with the larg—e_rabsorptlvlties for the benzene peaKs, even

49



-

the smallest gquantities should be detectab\e-). No such
absorbance was observed in either the "as received" or
purified solvent. A control solution of the purified solvent
containing a small amount of benzéne was examined for
compérati‘ve purposes., : s

‘-",' e

Qualitative Analysis/Characterization - GC-Mass Spectiro-

scopy The distilled ar{d undistilled solvent were character-
ized by’ GC-Mass spectrosco;y on a Hewlett PacKard 5985 Mass
Spectrometer fed by a Hewlett Packard 5840 Gas Chromatograph.
A 10 meter capillary column served for the separation of
volatile organic\s. The column was pacR‘e:d with Chromasorb-W
as a stationary phase. The inject temperature was 40 °C.
Helium with a head pressure of 22 psi and a flow rate of 15
mL/minute' was the carrier gas. The retention time was 1.48 ‘
minutes. The mass-spectrum of a typical sample of "purified”
eMeTHF is given 1n' Figure 6,. Gas chromatography of the
éample yielded 99.98% 2MeTHF and 0.02/% (200 ppm) of one other
component (exclusive of water, which could not be detected
with the flame ionization detec¢ter). Chromasorb-W is a
relatively non-polar statlonary Phase and thé separation 1is
largely by Dboiling, peint. . The impurity appeared first at the
“detector indicating a lower boiling point. This, coupled

with a rough mass-spectrum of the impurity (the detection

limits of this particular instrument were being pushed) were
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indicative of 2-methylfuran (b.p. 566 °C), an impurity that
] ‘

-

was not unexpected.

Qualitative/Quantitative Analysis - Gas Chromatography

-Bach preparation of 2MeTHF was analyzed for 1m‘pur‘1t1es by gas

chromatography. &The instrumert used was a Hewlett P'ackard
5890A Gas Chrgumfatograph and the data analyzed on a Hewlett
Packard 3392A Integrator. The stationary phase was Chroma-
sorb-wW I:IP (Al;tech) 80/100 mesh on a 10 meter stainless steel
substrate. The oven temperature was 200 °C. Nitrogen with a

head pressure of 22 p'si and a flow rate of 15 mL/minute was
the carrier gas b;'inging the sample tc 3 flanfﬁonization
cfetector. ‘The retention time under these conditions was 2.53
+ 0.05 minutes,

The gas chromatography (and mass spectroscopy) showed that
each of the methods of distillation was effective 1in removing
all orgénic compﬂ_c;hehts_—?xcept 2-methylfuran. The relative
effectiveness of the separations became eviden -from the GC
results: the solven£ still yielded a p1-oduct /é:t was
typically 400 to 600 ppm in 2-methylfuran; both the bubble-
cap column and. spinning-band column Yyielded a product that
was 189 to 240 .ppm in 2-methylfuran. Analysis of sampies
that were double and/or triple distilled were slightly lower

¢

in 2-methylfuran :EoN.he solvent still and virtually no —

different for the latterstills.

Quantitative Analysfﬁ: - Infrared Spectroscopy Several

methods have becln outlined for the infrared detection of ppm

-

. 52



levels of wa:ter in various liquid substances (67~-7T0). Some
of these methods utilize the near-infrared to observe _t{he

overtone band of water at 1.90p (67,68). Other methods

involve the observation of speclies in the fundamental regloh

h (2.5 to TR) (69,70). Direct observation of water. at 1.90p is

possible (1f one has an instrument capable of operating at —~—
this wavelength); however the absorptivity is very smail (e =
1.0 L mol~! cm~!) and cells with a path.length of t to 10 cm ’
are necessary for observation of water at <10C ppm. Water
also absorbs at 2.76-2.86p (antisymmetric O-H stretch). with
an absorptivity of 37 L mol~! em~!. The actual absorption
here can be lost in the "bacKground" absorbance of this:
regicn. ~

Altefﬁétively. water can be reacted with calcium carbide
to yleld acetylene which has a stronger absorption (¢ = 89 L
mol-! cm=1) at 3.05. (69,70). Here, the acetylene is removed
to the gas phase by heating and is observed directly.

Limitations in the availability of equipment dictate the
obServation of the antisymmetric stretch at 2.76-2.864 as a
method of water dgtec’tion. The exact position of the. peak 1is

dependent upon the concentration of water that is present. A

broad band is present when there is substantial hydrogen
bonding present. As the concentration of water increases a

sharper absorption (due to the pre'sence of some free, non -
. Y

H-bonded water) occurs at the lower wavelength.
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In order to estimate the sensitivity of this direct
method, the .bac}(ground absorption for the solvebni at £hls
wavelength was ?’.etermined. First, a small quantity of
"super-dry" EHq'I‘HF was prepared by r‘eflux}ng the "purified”
solveat over calcium hydride. The solvent was then distilied
over thuod—fém-benzophenone Ketyl directly 11;to an "1rifr§1red
cell, |
The 2MeTHF is presumed to be "anhydrous" u}ﬁon the_ persis-
tence of the 1ﬁ-situ ge&ﬁerated. highly moisture-sensitive,
colored radical. A qua{ntitative measure of this visual

/
indicator (71) showeg"that up to 2(5'\ ppm of water could be

—~
present with the 1r1ue of the Na-benzophenone Ketyl.

The infrared absorption spectrum of thls "anhydrous"
2MeTHF was taken {instrument previously described) in a 0.01
cm KBr cell from 2.5 to 3.3u (Fidg__:;e 7). A small absorption
(A = 0.,025) at 2.85L was observed. Expanding the ordinate by

}

to 0.251. Two/ more preparations of this Kind were made and

10%x increased the "reading" (not the signal-to-noise ratio)

+the absorbance persisted.

If itn the worst case it is assume’d. that 20 ppm of water
was present (Lthe threshoeld limit of the blue Ketyl) then the
absorbance due to tﬁ presence of 20 ‘ppm of water with a 0.01
cm cell and € = 37 L mol-! em~! would account for only
0.000075 of the 0.025 that was observed. In other words the

"background" absorbance must be at l'east 0.02% - 0.000075% '

(= 0.024925). This number is of no significance since the
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1n's'?rument is only, sensitive to t 0.001 absorbance units, A

The readabili‘ty was "increased" by expanding the ordinate by
a factor of 10, An absorbance change of 0.00!{ units would
correspond to about 270 ppm of wéxte.r (27 ppm on the ‘expanded

ordinate). BacKground absorbances of this order -of magnitude

have been commonly réportgd ({69) .
) —

For comparison, 75 pL of distilled water was added to 100
mL of the "super-drjy" solvent. This corresponds to a water
content of about 4200 ppm or 0.42 molZ. The absorption at
2.85 increased to 0.040. When the ordlnage was exﬁanded the
absorbance read 0.398£ \5; |

Samples of the solvent that were distilled by any of the
three previous methods (all over bl Ketyl) all showed

readable absorbances 0.025 (0.249 to 0.253 on the expanded

ordinate) .

e

-

The anhydrous sglvent is-desiccative and reactive. The
usable lifetime of the solvent was about i1 weeK. After this
time 1arger'absorptloi}s were observed for the O-H stretch.
The possibility of peroxide formation contributing to this Q—
H absorption c_annot be ruled out after the solution has been

‘opened and used.

i

Typical assays of 2MeTHF appear in Table 3. Samples in
excess of 500 ppm of 2MeF were rejected and the solvent
reprocessed, A criterion for rejection based upon water

content was-not established other than that the blue Ketyl

must pbe present on distillation.
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. TABLE 3
TYPICAL ASSAYS OF 2MeTHF
¥
- . . .
Preparation Method . 2MeF/ppm : Water/ppm
" None #000-8000 5000-20000
Solvent Still . 7 4#00-600 . " ¢20 )
Bubble-Cap Column 180-240 20
Spinning-Band Column 180-240 <20
Solvent Still “(subsequent dist.) 350-500 <20
Bubble-Cap Column ({subsedq. dist.) 180-240 . £20

Spinning-Band Column (subsed. ) 18Q0-240. . 820

- e o A mm i M N EE EE e T T M A R R E E TR e - - — M S EEEEIDELO IO SSSESXIZI SIS

2.3.2 THE ANALYSIS OF LITHIUM TRIFLUOROMETHANESULFONATE
After recrystallization and drying, no particuldr analysis
was performed on the salt, The metal ions that were present

before recrystallization,were presumed to be present in <25%
.

prm guantities (total metals <100 ppm). . )L/DL

“

The majo \xconce}jn for the triflate was the quantit

S

water that the salt would introduce to the solvent upon

forming the electrolyte.: This analysis was performed

subseguent to the forfnation of the electrolyte solution,

N
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3, ELECTROLYTE PREPARATION

For the system under study, attention 1is focused on the

.

mass-tranSport/cnarge—tr*ansferIprocesses 6ccur‘r1ng on botljx
sides of the electrode surface for particulaf lons. In
general, the ions of 1ntir'est in the sclution pha.se are in
relatively low concentr‘atior}s and it can be assumed that they
are not significantly involved 1n the charge ¢onduction
process'between the electrodes. This situation is usually
res;)lved by adding a large concentratig,_rl__of supporting
_electrolyte to. the solution in order tc;' provide satisfactory
elec'trolytic conductance between the electrodes (a particu-
larly severe ﬁpebLem in non-aqueous solutions). When this
supporting electrblyte is present, the effect of the solution
conductance uponrthe interfacial phenomena c<an usually be
ignored.

The electrodic reaction that is being examined - the
discharge of lithium ions into a host lattice - requires that

the processes océurrlng in the electrolyte be well understood

and relatively simple. The reduction of metal ions in

—

organ_ic solvents 1is affected strong_ly by the nature of the
supporting electrolyte, At strongly negative potentials ‘
small solvated cations e.g., K*, are attracted to the
electrode surface such that these ions c¢an compete'ef-fective-
1y in the double-layer with the relatively large solvated

Li* -ion. The distance of closest approacih of cations to the
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electrode increases with increasing size of the supporti—ng
eléectrolyte cation. As this distance becomes larger the
potential.at; the -inner Helmholtz plane becomes more negative.
This accelerates the desolvation and. electron-transfer at, the
inner Helmholtz plane resulting in greater reve?slbility for
the.'reduction of alkall metal cations (in the presence of
supporting electrolyte). However, the 1ntrod‘uc'tion of
catlions other than lithium into the electrolyt\ solution
would necessarily makKe new species available to compete with
iithium (and its complexes) in the 1nterca1£{10n reaction.
This 15 an important assﬁmption in the formulation of an
electrolyte solution for these experiments.

The addition of more than one lithium salt or the pre'sence
of co-solvents would also complicate the sitqation: If one
assumes that the Kinetics and energetics of 1on—pa1i; forma-
tion and solvent coordination of the cai'.ion are important in
the overall Kinetic reaction, then the presence of ’additional
anionic or solvent species will affect thé cverall predict-

]
abllity of the processes occurring on the solution side of
=

e
the 1nt€_r:phase. The importance of these assumptions will be
more apparent later. Let it suffice at this point to
recognize the importance for this system 6f minimizing th;e
degrees of freedom 11:1 the eiectrolyte. For these prescribed

reasons )\ only the one solute (LiCF3SO3) and one solvent

(2MeTHF ) will be used in the formulations described herein.

~



Solution Preparation - All sclution preparative procedures

were performed in an inert atmosphere of argon. Dry LiCF3S03
and dr-f 2MeTHF were introduced to a glovebox (Vacuum Atmds-
rheres Corp.) and the glovebox was purged and filled with Ar,
The j:ortions of both solute and solvent that wére used for -
each soiution were measured gravlmetrica.lly inside the
glovebox and transferred to the solution preparatipn flask
{Figure 8) which had been previously tared. .A:Ete.r' gen"cle ‘
stirring to dissolve the solute, a slow flow of Ar was
initiated through a glass frit. This flow was continued for

a }'llinimum of six hours. When the flo_w} of Ar was ceased the
assembly was reweighed f.o determine any 168s of solvent, ?‘Le
solution concentration was then calculated. A sample of ihe

prepared solution (75 mL) was removed for analysis. Typic-

ally the electrolyte solutions were prepared in i L batches.

y————
.

3.1 SOLUBILITY OF LiCF3S0Og3 IN 2MeTHF

- The limit of solubility for LiCF3SO3 in 2MeTHF was not
determined . ‘However, solutions in excess of 2 M were
routinely prepared during this project. This disputes the
claim of Desjardins et al. (55) where the triflate was found
to be of limited use in_ 2MeTHF because of low solubllltL
(0.4 M). Early in the project when propylene carbonate was
.peing utilized for preliminary measurements, the solubility

of the trifiate in PC._was found to be about 1.1 M. Other
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FIGURE 8

SOLUTION PREPARATICON FLASK
Specially constructed flask for the preparation of
electrolyte solutions. wWhen argon 1is bubbling

through the solution the top of the f£laskK 'is
replaced by a condenser.
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solubilities that have been determined in this lab or

reported elsewhere are included in Table 4.

3. TESTS FOR ORGANIC IMPURITIES

P

Analysis of the electrolyte selutjon for organic impu-

rities is a redundancy of'the analysis of the neat 2MeTHF.

w

Characterization by Gggiéﬁromatography and GC-Hass Spectro-

/ _r'ﬂ i

T . iR
B

&

SCOpY were rodiinely performed on each electrolyte solution

*

using procedures that were previously described. Assays of

solutions that were prepared as described continued to show

methylfuran concentrations of between 180 and 240 ppm (w1tﬂf

slightly higher concentrations for solutions prepared with

2MeTHF from the solvent still).

TABLE 4

SOLUBILITY OF LiCF3503 IN VARIOUS SOLVENTS AT 298 K

Solvent ' {L1CF3S03) /mol L1
water 10
THF 3.5
DME . >2
PC 1.1
PC - 1. 25
,
2MeTHF ' ) 0. 4
2MeTHF >2

]

Reference
39
B
39

preliminary work
preliminary work
T2
55

this work



3.3 AHALYS:IS FOR WATER COHTEﬁT

It was assuglgél that any aligquots of 2MeTHF that were used
for the preparat‘%on of an electrolyte solution were dry {i.e.
they contained leés than 20 ppm of water - the threshold
value for the pres‘ience/’absence of the blue Ketyl). The
introduction of watf’gr to the electrolyte solution was caused
by the solute, LlCF:;S}Og. even though the solute was processed
and assumed to be "dr;'y". .

Two methods of anaf'}:sis were performed for water content,
the choice of which depé‘nded on the concentration range for
the solute, The first mei\l‘ljmod, which is somewhat empirical,
was performed on the relati\wely low concentration solutions
that wére used for the conductivity measurexﬁents. These
solutions had a concentration range of ca. 10~% to 1072 mol
L-1 or about 200 to 2000 ppm of the lithium triflate. Even
if {in a worst case scenaric) the solute were as wet as 5% by
weight of water, the introduction of the solute to the
solvent would add 10 ppm of water to the 10-% M solution and

100 ppm of water to the 10 M scﬁution. These concentra-

tions of water are too low to be practically measured via the

o,
e

infrared methbd that was previocusly described. Instead, a
small. aliguot of the electrolyte solution (50 mL) was placed

in a 200 mL round-bottomed flask that had previously been

charged with 0.1 g of benzophenone. The mixture was refluxed

and after a short time the dark blue ¢f the benzophenone
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Ketyl was observ,eél. Thi/,s was an indication’ that the//water
content of the electrolyte solution was less than 20 ppm.

Since it was routinely possible to obtaln the blue Ketyl for
solutions prepared for_ conductance measuremen;.s. ahy solu -

—

tions that were not able to produce the blue Keityl were re-

" prepared.

Analysis for water in concentrated solut.lons was' more
quantitative. If, for a 2.0 M solution of the triflate in
2MeTHF, the solute was 1% by weight of water then the water
content in the électrolyte solution would be about 3900 ppm.
Concentrations of this magnitude allow for infrared-def.ectlon
of water with a sensiti#ity of about 27 ppm (expanded
ordinate). The anhydrous solvent was used as a blankK. A
slight broadening of the O-H stretch was observed (free and
coordinated water). Typically, each analyzed batch of
electrolyte contained between 130 and 400 * 30 ppm of water
{an indication that the solute contained between 0.03 and
0.17% water by welght). For each lot of electrolyte that was
uéed in electrochemical experiments, the water and MeF

contents were recorded.
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4, EXPERIMENTAL

~
L]

Two fechniques were utilized to investigate the electro-
lyte solution: electrolytic conductance and NMR shift
measurements. The electrollytic' conductance can be measured
with relative ease and with high precision (error < Q.2%4).
Conductance measurements can be combined with other types of
‘measurements {(e.g., transference numbers) to yield informa-
tion on the 1nd1v1duai ions in solution. The limiting values
of the molar conductance are functior: only of ion-solvent
interactions whereas their varlati.ons with concentration
.depend essentially on lon-ion interactions. Informati'on on
the structure of electrolyte solutions and on 1on1t;: equilib-
ria can be derived from these properties, NMR 15 convenient =»
and can be used to study solution properties in non-aqueous
solvents. For example, information can be obtained on the
nature and degree of ionic solvation, lonic association,
selective solvation {(in the case where more than one solute
and/or solvent is used), 'solvatlon numbers and solvent
exchange rates. A thorough review of NMR studies of ions in
pure and mixed solvents has been given by Hinton and Amis
(73) and more specifically for all{a'li metal ions by Lindman =
and Forsen (74).

Four types of information are desired from these sclution-
Phase measurements: (a) an empirical determination of the

types of ion-pairs that exist (_j..e., sol'vent-separated pairs,
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contact pairs, or multiple-ion clus'ters); (p) a measure of

the relative qﬁantlty of these ion-aggregates (or conversely

a measure of the c¢oncentration of ions that are free to
conduct electrolytically); (c) a measure of the’ solvation
number of the solvated cation (Li*}); and (d) a measure of the
relative size of the solvated cation. Kinetic measurements

of t"he rates of ion-pair formation and solvation processes
were not examined though certain éspects of these rates ¢an
be inferred from the thermodyna;nic data and \;1111 be discussed

later.
4,4 ~ CONDUCTIVITY

Measurements of the electrolytic conductance of ions in
solution can provide several types of useful information. A
basic quantity of interest is t}xe equ-ivalent condﬁé—tance of
the electirolyte atk infinite dilution, A,. This parameter,
when combj_.ned with transference numper data ‘. yields single
ion conductances, A% .and A\~ and 1on‘ic mobilities pt and p-
for cations and ions respectively. The mabilities of ions
are basic in estimating the degree of 1on1;: solvation anad
ionic size. Information on lonic-association can be ex-
tracted from the variation of electrolytic conductance (or
ion-mobilities) with concehtrationi— When combined with an

. appbopriate theoretical analysis, the concentration depen-

dence gives the fraction of ions that are free to conduct
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current. From these data. the association constant (or.
constants) for ion association of the various types of |
aggregates can be calculated.

(== 4

4.1.1 CONDUCTIVITY CELL DESIGN

Measurement of the electrolytic conductance involves a
measurement of the resistance (d.c.) or impedance (a.c.) of
the electrolyte between the electrodes., Cell design is
dictated in part by the method of measurement. For d.c,
methods a four-electrode cell is usually employed - two to
carry the current and two to measuré th:e iR drop. A two-
electrode cell is usually employed for a.c. impedance
measurements, but this does not imply that the a.c. as
simpler than the d.c. measurement to per'forn'[ experimentally.
wWhen conductivity is determined with an a.c. bridge, the
measured impedance 1s generally dependent upon frequencﬁnd
this frequency dependeﬁ\ce generally consists of several
effects in addition tbﬂtnose associated with the movement of

™\,

ions through the solgtion. These effects have been conven-
lently discussed by ﬁraunstein and Robbins (75).

Some of the frequency dependent effects can b'e minimized
by proper ceil design but others are inherent to the pro-
cesses occurring .dur'ing the measurement. To understand their

significance one must examine the equivalent circuit of the

conductance cell (Figure 9). In order to measure Rg, the
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EQUIVALENT CIRCUIT OF ELECTROLYTIC
CONDUCTANCE MEASUREMENT
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resistance of the solution, some Knowledge 'is required of the -

other electrical contributions introduced by‘the electrodes.
. . ) ’ * 1
An obvious'efféct is that.o:f the capacity. Cg) Produced Dby,
e ‘ _ S ‘

-

the e}eé:troc;es themselves behaving as a condeﬁser“with the / )
eleb’c‘rplyt? solution as a dielectric. This éffect' introduces

an admittance of mfCgq)/2 (where £ is the a.c. frequency) with
a magnitude of about 2 x 0% Q at 1000 Hz. Since Cej acts in

parallel to Rg its effect will be very small unless Rs>104 Q

-

(75). The important coﬁtrib'ution originates in the double-

layer at each electrode/solution infcer’face.' The double-layer

- L :
capacitance (Cq;) acts in series with Rg. For smooth
electrodes the adfittance (W£Cgqy/2) . of the dbuble-‘-%?.yer is of

the order of 100 at a 1 cm? electrode at 1000 Hz (75). The

4

‘effect of the double-layer can be minimized by platinizing

the electrodes (this increadés the surface area and therefore

b4
Pl

Caqy) . Faradalic ﬁrotesses can arisé'when the system under

Q0
study has a high exchange-current density. The chance of

electrolysis occurring can be minimized by using applied

L] ' : - s ;
petentials’ with an amplitude of less than 100 mV 4 Host
significant of the other effects are the parasitic capaci-~

tances (Cpara'} which, for example, occur between insulated
Fa . .
“j_leads pass_ing through the solution, between connecting leads
to the cell, or from stray currents resulting from a less

than optimum design geom’etr‘y\for the’'cell. These effects are

sometimes referred to as the ParKer Effect,

.
R ’

at
o

«h
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The resistance of a cell ¥ givem by

i

R = L/KA = K/x i1l

whe're.}( is the cell copgyant relat‘fng:to the geometry of the
cell, The cell design should be such that R does not fall

far below 1000 O (to minimize the relative errors due to

polarization and cell leads) or much above 30 KQ. When it 1is

necessary to measure very high?srs”t/agces, e.g., when
determining the sclvent correction, it is oftien necessary to)s
shunt the cell w1th a Known resistor of 10% or 105 orfm \~“{‘h.e.
i

{
value of the cell resistance can then be calculated from

o

}/Rops = L/Rce11 *+ 4/Rgnunt , , (21}

For: work with"non-aqueous solutions of high specifit
conductivity ¥, an appropriately small cell constant is’
‘achieved in a cell with electr‘odei very close togetr?(;‘ﬁ as in
the cell depicted in Figure 10. If the cell 1s poorlf
designed, the cell constant will be found to vary with the
specific 'éonductivity of t:he solution., This 1s a result of
the ParKer effect with the consequence that the opserved
resisgtance is less than the true resd)stance. The effect is
-t

virtually e11m1na+e‘u by péacing the electrlcal leads and

electrolyte reservoir well away from each other (76, 77)

\v“\‘\

Ong additional (and small) effect that was ,/also considered

-

in the design of the cell was investigated by Prue (78). The

70



., FIGURE 10

SOLUTION
PREPARATION
CHAMBER

-

CONDUCTIVITY
MEASUREMENT
CHAMBER

/1'

CONDUCTANCE CELL

i



conductivities of dilute solutions are often observed to
drift upward by as much as 1077 -1 cm~1 per: hour. The
Phenomenon appears to be caﬂsed by concentration of electro-
lyte at the polar glass sﬁrface as a result of ion-exchange
processes. This effect is prevented by Keeping the edges of ’
the electrodes in a lar'gé bulK of the solution; lines of
cﬁ‘r'rent flux w.rould be produced behind the electrodes giving
rise to a strong frequency dependernce (lax\ge' FParXKer effect).-
The cell (Figure 10) was constructed with a large volume
that was conveﬁient for carrying out serial d_ll\itlons in situ
via the addition of increments of solvent., The :::ell is
divided 1into ;=.1 preparation chamber (calibrated volume) and
electrode compartment in order tc avold some of tf1e pre-

viously mentioned stray capacitance effects. j
The electrodes were pre};ared for platinization by brief
immersion in aqua reg_ia followed b‘y concentrated nitric acid
and water. Prior t¢ platinizatign th‘e surfaces were reduced
by cathodic electrolysis in dilute sulfuric acird for 10 s
minutes '(179). Platinization was performed in a mixture of
0.3% potatssium chloroplatina{e and 0.2% lead acetate in 0,025

M HCl, at a current density of 2 mA cm~2 with polarity
reversal every 5 seconds until approximately_ B C cm~? had
been passed. The platinized electrodes were washed with

™~
water for 24 hoyrs and for 4 hours with .aMeT;HF. The elec-

trodes were then stored in 2MeTHF.



e

SEEE )
Thick platinization (> 3 C cm~2) can r‘esﬁlt in the
electrodes adsorbing signlfiqan{ quantities of electrolyte
gnd are thus unsuitable for work in measuring the sclvent
conductance. On the other hanc_i, smooth electrodes .j.ntroduce
freguency dependent effects. ' Preparing the electrodesl for
solvent conductance measurement was as described above except

that a light (0.4 C ¢m~€) platinization was applied to the

electrodes and the washing time was doubled,
4.1.2 CONDUCTIVITY MEASUREMENTS

Elecirical ‘measurements were performed by connecting the
cell to a Solartron 1186 E'l-ec.t{ochemlcal Ir;terface (potentio-
stat). jOne of the electrodes was connected to the counter
electrode input and the other electrode was connected to the
working eléctrode input. One reference electrode input was
connected to E‘ach electrode. The potentiostat was conﬁected
1o elther a Solartron Model 1172 or 1250 Freguency Response
Analyzer {FRA) for signal generation, voltage and current
measurement. A block diagram of the arrangement is presented
in Figure 11.

The FRA was programmed to present a 1°OOO Hz signal with an
amplitude of 50 mV to the potentiostat. The outpdts of the
potentiostat were conr}ec‘ted‘ to the x- and y- inputs of the

FRA. The outputs of the analyzer yields the real (x) and

imaginary (y) parts of -the complex plane impedance. The

+
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impedance of the electrochemical cell (equivalent circult of
Figure 9) is a complex number which can be represented in

Cartesian ceoordinates as

e
W’

Z(f) = ReZ + LInZ ' [3)

where ReZ and ImZ are the real and imaginary parts of the
impedance, r:espectively. In a properly designed cell the
small contributions of Cg) and Cpapra ¢an be ignored and the
+two electrades, now in a simple serilies arrangement with'Rs.
can be treatéd as one. When the double -layer capacitance is
large (a condition that is largely fulfilled when the
electrodes are heavily coated with platinum black) then the
measured impedance is virtually eqgual to the solution

resistance. In such cells the resistance of the solution is

-

- found to be virtually independent ¢of the a.c. frequency.

Temperature control - Limiting ionic conductances rise

with increasing temperature. This rise is largely parallel

to the fall in viscosity of the solvent. The limiting moilar
conductances of most salts increase by 1 to 3/ per °C,.
Therefore, precise and accurate control of the temperature is
paramount for precise conductivity measurements. In order to
achieve a precision of #0.017 in measurement, the temperature
must be controlled to within #0.005 °C. This was achieved by
placing the cell in a sand bath. Temperature adjustment and
control of the sand bath was from a second (external) water

(or oil) bath and a temperature controller (HaaKe, model Fi4).
|

|
v
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Fluid from the water/oil bath was circulated in Tygon tubing
to and through the sand bath. Because of the slow exchange
6f heat by the sand, the temperature that was qeslred tooK a
long time to attain (6 to 24 hours) but remained stable to
within measurement resolution (0.001 °C) for the lifetime of
an experiment (30 to 60 mlnu-tes).l

Cell Calibration - The conductance méasurements that were

made _:Ln this work are relative. The conversion of the
measured cell resistance, Rg, or conductance, L, to absolute
values of the conductivity, requires a proportionality
factor. This "factor is the cell constant K which is formally
given by t/A (equation 1), Becaqse the effective distance
between the electrodes, §, will include the contribution made
by the lines of current flux passing behind the electrodes,

the determination of K with e.g., a ruler is impossible. The

cell must be calibrated with a standard solution of Known

—

specific conductivity.

Standards were provided by Jones and Bradshaw (80). These
s;zandar*ds have been followed for half a century and are still
followed by some, with the adoption of the SI system of
units (tpe units of temperature and resistance héve slightly
different definitions than at the time of Jones and
Bradshaw), new calibration standards were recommended by
IUPAC in 1976 {(81,82). Conductance cells can be calibrated

withh a potassium chloride solution of kiown concentration

together with an equation representing the molar conductance
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over the appr‘oprléte cohcentragg_ri range. The equations
below are given in terms of the molar conductance, A, which
equals k/C, and are able to.reproduce the conductivities of
the reference solutions to within 0.015%.

For measurements at 298.15 K, the equation that 1is

appropriate for the concentration of KCl that was used (10‘3

mol dm-3) is the Justice equation (83), valid in the concen-

tration range between ¢ = 10-% and 0.04 mol dm~3,

A(mS mE mol-1) = 14,984 - 9.484 clf + 5,861 ¢ log ¢ +

22,89 c - 26.42 c¥ (41

The symbol S is used for siemens which 1is egual £o the
reciprocal of the absclute ohm.

For measurements at temperatures other than 2%8.15 K a
temperature correction should be applied to the cell constant

K. The precise cell geometry depends upon the thermal

—_——e;;pdnslon of platinum and glass (61). For two large elec-

trodes that are relatively close together this correction may

be approximated (84)-by .

1 |dK
—|—| = ograss - 2apt = ~-15 x 1078 k-1 [5]
K [dT ‘

r

. where a represents the thermal expansion coefficient of each

material.
Potassium chleoride (Alfa-Ventron, Ultrapure“"rj was recrys-

tallized from HCl and dried at 110 °C under vacuum for six

T7



dajrs. The salt was recrystallized once more from pyrolytic-
a_lly prepared water and dried at 500 °C for 24 hours. The
salt was weighed on a micro-balance whose welghing compart-
ment had been flooded with dry nitrogen. The sample weighed
0.1485 ¢+ 0.0001 g. A volumetric flask (previously calibratea\
to contain 10,000 L.._+_ 2.6 mL at 25 °C) was thermostated to
25.00 + 0.01 °C and filled with freshly boiled pyrolyitic
water. The solutlion produced with these compc;nents had a—
concentration of 1.9919 x 104 + 0.0019 x 10-% mol dm-3,

At this concentration, the specific conductivlty as given

by eguation 4 is
2.958035 x 10-% (+ 0.002823 x 10"%) & cm~1!

The conductance celi was rinsed several times with the KCl
solution and then filled and the assembly (including the
attached leads) was allowed to reach thermal equilibrium.
Upon attaining a temperature of 24,985 * 0.003 °C, the
resistance measurements could begin.

First, as a test of the cell design, the measurements of
the real and imaginary components of 1_mpedance were measured
at 0.1 KHz, 1.0 R,Hz. 10.0 KHz, and 100 KHz. The observation
of a fr'equen_cy dependence would be 1indicative of capacltarnce
coupling and poor celll design. The results of these measure-
" ‘ments are tabulated in Table 5. The small imaginary com-
'ponen-t of the measured impedance does not show a system'atic

frequency dependence; therefore, within the experimental
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\ TABLE 5 :
IMPEDANCE OF C TANCE CELL CONTAINING STANDARD

SOLUTION OVER FQUR DECADES OF A.C, FREQUENCY

f/KHz ReZ/Q . ImZ/Q2
0.1 909, 548 1,490
1.0 909. 550 1. 903
10. 0 910, 454 i. 960
100. 0 g09. 892 1.963

"Solution: 1.9919 x 10-4 mol dm-3
Specific Conductivity: 2.958035 x 10-° g cm~!

Temperature: 24, 985 + 0,003 °C

Voutput: 50 mV

limitations (concentration and temperature measurement) the
precision of the resistance measurements at fregquencies > 1.0
KHz is 0.05%. Since subsequent measurements were to be taken
at 1.0 KHz, the resistance value at that frequency was used
in the determination of the cell constant.

From eguation 1,

-

K = Rx = (909; 5580 + 0,45 Q) (2, 9580 x 10-% + 0.0028 x 10-°
S/cm)

= 2.69048 x 102 % 0,0039 x 10°¢ ¢m~1

This 1s a first approximation of the ¢ell constant. When

the conductivity of the solution was measured no account was
made for the conductivity of the water. The resistance of

the water is measured and, using the first approximation of
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the cell constant, a new cell constant is calculated from the':

corrected resistivity. Successive iterations were made :mtil
L2 self-consistent value was obtained for the cell constant.

With a resistance of 15120 O for the cell containing water,

the conductivity of the wéter‘ was found to be 0.936 x‘-10‘6 S

cm-1¥ with a self-consistent value for the cell constant of
K = 2.86265 x 1072 (+ 0,00415 x 10-2) cm~{,

Temperature correction - A temperature correction was

applied to the cell gonstant as given by equation 5 This
provides a value of the cell constant that is normalized to f
25.000 °C. This normalized value 1is
'K = 2.86179 x 10~2 cm—! (25.000 °C).

'
Telﬁperature corrections were applied as necessary to each
subsequent measurement.

Specific conductivity of 2MeTHF -~ Dipolar-aprotic solvents

/.Ypically have very large values of pXg (>20) compared with
water. As a resuit, a properly prepared solvent will have a

very small specific conductivity (ca. 10-7 to 1078 5 em~1).

t

Conductivity of this small magnitude in conjunction with the

*The value of kgglyent 15 not exactly the same as the
measured value, This is because the introduction of
solute will increase the icnic strength. The mobilities
of the solvent "lons" decrease and the activity coeffi-
cients and degrees of dissociation of the water are
affected.
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cell constant used will produce a measured resistance of 286

KQ to 2.8 MO. Under these conditions it is common practice

to shunt the cell with a known high resistor, Rghynt: and to

calculate Rge)} from equation a.'
shunt resistances for these measurements were provided by
a Leeds and Northrup 4754 decade box (up to 100 KQ) and by an.
IET Labs RS200 resistance box (up to 10.0 MQ). Both had
v
previously been calibrated. Measurements of the cell
resistance were made versus shunt resistances of 10 RQ. 15

KQ, and 20 kQ. The average value of Rge)) from the three

=
measurements was qsed to determine the specific conductivity.
“~

The value for x was determined for each batch .of solvent that

was used in the conduétlvity studies with a mean value of

[ - ' \

- KoMerHF = 9-01 x 1078 S/cm (+ 2.18 x 10 ~8 g/cm) at 25.000 *°C

Conductivity measurements in LiCF3S03/2MeTHF solutions -
There are essentially three ways of proceeding with measire -

ments of the molar conductance., For individual runs each

solution 1s made up separately by weight from the solvent and
solute. This is‘ time consuming and wasteful of material (a
concern here is with the time and expense of solvent prepara-

tion). For concentration runs a given gquantity of solvent is

placed in the cell and the solvent conductivity 1is measured
first. Additions are then made of a concentrated stock

solution or of the pure solute, Dilution runs were performed

in Ithis work. A specific amount of the concentrated solution
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is placed in the cell and its conductiviiy is me.:_asur-ed.

After each measurement the solution is diluted with incre-
ments of so]_.-v-éht. The. sol\ver?t addi‘tlons were made gravi-
metrically . Two dilution.runs wer:e performed {on two
different stock solutions) in order to prov1dle more data tor
analysis. Several of the less concentrated’ solu‘tlons we;;:e .
prepared individually in order to minlm'lze thq uncertainty in
their concentrations. The results of these“ﬁ’i’é/ae.nrements and,
the method of prepapailoq of each solution ar‘é given in

section 5.1 . \

y ' .

Ip makKing the dilutiong and measurements “two e_ffgcts were
to be considered and pfevented. One was ;Iiéa‘dmft of »
conductivity, with‘tlme which was’ lnvesti,gat-ed by Prue (78).
This effect is minimized by proper cell qésign, but will
st1ll tend to occur if the solution ha$'f)een 'allow'ed_ to stan;i
in the cell for a time before measurement (ém urlmévolddble
occurrernce due to the finite time that it takeslto thermostat
é solution) .- Fortunately this effect can be wholly or
partially re_versed on shaking or stirring the splution. The
second effect is the so-called Soret effect which was

a4
investigated by Stokes (85). When the cell containing -

g
solution at one temperature is immersed in a bath at another
temperature, a temperature gradient which 1is introduced to
the solution will produce a concentration gradient which may.

not dissipate for hours or déys. The reslst\ance of the cell

will achieve an almost constant value after a few hours, but
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this will not be the correct value. This effect camr intro-

duce an e.:r:ror' of about 0.1% and-is proportional to the
initial temperature. dlffer‘@nce and upoen the nature of the
solute and solvent. The S.or'et effect can be minimized by
 stirring and by thermostating the solvent (for dilutions)

before additions can be made to the cell. A perl*lod of 24 -

N ; .
hours 1is u'sually‘ allowed between dilution and measurement imn

order to be reasonably certain that the Soret effect has

become dissipated. N

[

A precision of 1 part 1n 103 or 10% was easily attained

Pl

for the conductance measurements. As with the standard KCl

-

solution, the frequency dependence was checked. A small

varimion (<0.5%) was observed and this effect was removed by
measurement at 5KHz, 10kHz, 20KHz, 50KHz, and 100KHz and

ﬁxtrapolatlon ‘to 1nfinite frequency. The measured impedance

guicKly and asymptotically approaches a constant value.
1 ",

4.2 NUCLEAR MAGNETIC RESONANCE i

- - I
Measurements of NMR chemical shifts @s a function of

concentration ¢an be used to study lon-assocliation
(73,74,86-89). Ionic-associlation éa'rr“!nordlfy any or all of
the usually measured NMR parameters - relaxation, chemical
shifts and spin-spin couplings. Although chemical shift

'

measurements are less sensitive than relaxation measurements,

they are more c&;nvenlent experimentally or compufatlonally.
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It 1s usually assumed that the measured shift is composed of

. * .
a concentration welghted:average of the shifts for the free
ion and ion pair. Appr-opriate rearrangement of- the pertinent

-

relationships will yield linear egquations (7!,86) from which

.\ S .

equilibrium constants can be derivéd.

The n_ué:lear‘ magnetic resonance of 7.1 offers a very
‘sensitive probe for su;:h studies. Cahen et al., (88) and
Maceill (89) -have uqéecl t{“xe TLi NMR technique to study lithium
ion solvation and 1on-association, respectively. The

. chemical shifts of the 7Li* ion are sensitlve to the solvent,
the salt concentration, ;nd the anion present. The method
has become_. véry popular in spite of the fact the any_lgdgé of
ion-ion 1njc.eractiohs that 1I's gained 1is some_what disappointing

due to lnadeguate theories for gquantitative predictions of

chemical shitts.
4.2.1 HNMR MEASUREMEHNTS

In order to provide information on'Li* ion-pairing in

solution, complemeqtary to_data derived from the conductance
detgrmlnations. TLi NI:I\R measurements were made at 28.6227 MHz
in the pulsed Fourier transform mode on a Varian XL-100
Nuclear Magnetic Resonance Spectrometer. The field was

locked (+ { Hz) on a pr'otoh resonance with'an external probe.

All of the TL1 shift measurements were referenced to an

external solution of 1.0 M LiCl in Dp0. The measuremﬁnts

,
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were made at 25 + 1 °C in 10 mm o:d. NMR tubes. The chemical

shifts were recorded to + 0.01 ppm unless otherwise noted.

Solution preparation - solutions for the NMR measurements
were prepared in 2MeTHF as described in section 3 of this

chapter. The concentration was varied over approximately

three decades.
5. EXPERIMENTAL RESULTS

5.1 ELECTROLYTIC CONDUCTANCE

—————

Since almost all the eq'uatlons that are used for analysls

of conductance data as a function of c¢oncentration are

L]
ultimately based upon the Debye-HticKel theory (indeed all of
the equations are based upon some form of a limiting law},

-

the approximations of this theory will lamit the valid
concentration range. For many authors, the "acceptable”

-
upper limit of concentrations has been that -"&;hlch produces ka
= 0.1, where the k is the 1nvér‘se of the well Known bebye-

HucKel ionic atmosphere radius or shielding length'and "a" is

the "distanceé of closest approach" of the 1lons in solution.
. L)

1f one assumes an arhhtrary value of 0.5 nm for a, then this '
concentration, for 2MeTHF, would.be 3.4 x 10 -4 mol/Kg (2.96
x 10-% mol/L) at 298 K. In solvents of very lovJ'dlelec'Jtrlc
cons‘tant (6.26 for al.{eTHF at 298 K) the formation of triple-

ions (and higher aggregates) must also be considered and this
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_places a f}y;:.her limitation on the concentration range.

Fuoss and Accascina (90) have proposed an upper concentration .
(below which triple-ion formation c¢an be ﬁeglected) limit for

1:1 electrolytes at 298 K in solvents of low dielectric

constant. 'This:limit, ghich considers ion-pair behavior

only, is given by
Climit = 3.2 x 1077€3 . (6]

where ¢ is the dielectric constant. Since triple-=ions are

conducting species, the full theoretical analysis of the data

Nt g

that are obtained at concentrations very much greater than
€]imit 1S rather complex. This concentration in the case of
2MeTHF 1s 7.85 x 10™° mol/L. Thnis criterion- presents a
practlcal problem since measurements of conductance at the
lower end of the concentraticn range are less precise.

Two somewhat arbl;crar'y concentration limits for conduc-
t1vity measurements have been presented (2.98 X 104 mol/L
and 7.85 x 10"° mol/L for 2MeTHF), above which the formation
of triple-ions and higher aggregates must be considered. The
fact -that these "limits" differ by more than an order of
magnitude 1s a moot .po'lnt because of experimental limitations
outlined below.

Limitations on the preparation of solutions for these*
measurements are obvious - very small quantities of desicca-

ti1ve solute must be weighed and very large quantities of

anhydrous solvent must be prepared (and weighed). A further
® B
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at concentrations less than 10-3 mdl/L. the solvent correc-

tion is very large. That i1s, the measured conductivity fop

the solution i1s on the sarfxe order of mégnltude as the
conductivity of the pure sclvent. Thus, measurements could
only be ma:_de on sclutions that were more than an order of
magnitude higher in concentration tﬁén the prescribed
;:oncentration "'limlts". The consequences of this limitation - -
will be discussed in the next section, -

A full analysis of the conductance-concentration data
requires additional information. A Knowledge of the tempera-
ture, dlelectrlc.constant and viscosity are necessary for use
in any of the th\eoretical equations. The viscosity and
dielectric constént data were interpolated from the data in
reference 1{. - - -

The results of the conductance measurements are presented

in Table 6.
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TABLE 6 -
MEASURED VALUES OF ELECTROLYTIC CCONDUCWANCE
FOR LiCF3S03/2MeTHF SOLUTIONS AT 296 K

Run . Concentration Conductivity
x10-3 mol/L x10-3 8 cm2/eq
1.s 1. 0449 ¢t 0,0013 0.3883 + 0.0211
— -1.s. 1.1317 + 0,0012 . 0.3678 * 0.0194
1 s/’ 1, 4741+ 0,0010 0.3323 t 0.0149
1 1, 5842 + 0.0065 0.3210 *+ 0.0139
1 1.9962 + 0.0052 0.2980 + 0.0110
2 2.3712 t 0.0058 _ 0.2674 t 0,0092
1 2.6192 * 0.0041 0.2590 + 0.0084
2 ~2.9484 + 0,0048 0.2467 t 0.0075
1 3, 7345 + 0.0031 0.2266 + 0.0059 ,
i.s. 3.7850 & 0.0003 0.2195 ¢ 0.0058
2 4, 7144 t O,0026 0. 2066 * 0.0047
2 5. 6773 + 0,0017 0.1939 + 0.0039
1 ' 5.9717 + 0,0024 0. 1946 . + 0. 0037
2 6.5317 * 0.001t 0.1831 t 0.0034
1 8. 4922 + 0.0018 0. 1741 * 0, 0026
2 9. 4551 + 0.00086 0.1677 ¢+ 0.0021
1 11.399 + 0,001 0.1598 * 0.0019
2 12. 028 + 0.001 0.1592 * 0,0018
1 14, 435 + 0.001 0. 1657 * 0. 0015
g 18.837 + 0.001 0.1493 + 0.0011
1 24,325 + 0.00t 0. 1476 .t 0, 0009
1 32.328 + 0.001_ 0.1469 + 0.0007
- 1 " 42.035 + 0.001 0. 1506 . * Q. 0005
1 ’ 66. 262 + 0.001 0.1618 t 0.0003

Run refers to the dilution run in the conductivity cell;
i.s. refers to individually prepared solutions.



-

5.1.2 ANALYSIS OF ELECTROLYTIC CONDUCTANGE DATA

A complete theory of électx‘olytic éonductance déta would
allow the calculation of ion mobilities at infinite dilution
and the mobilities at finite concentrations as the increase
in the _number- of i1ons introduces interionic effects. At
pfesent. no sufficiently adequate™ 'heory exists. Because of
this, the cholice of a conductance bquation for analysis o.f
data is as 1mportant as cell design, solution preparation,

etec., for obtainlﬁg meaningful results.

The early conductance equations were largely empirical and

. were directly derived from the Debye-H(cKel theory for dilute

electrolyte solutions. An equation developed Dby Onsager
N 4
(91.,92) for unassociated electrolytes is of limited use. The

well Known eguation
I

A = A - Scle (7] ~

allows the extrapolation of conductance data to £ind A, but

one is normally 1nterested in analyzing data over a finite

concentration range (where interionic effects are appreci-

able) . : '

Extensions have been made to the Debye-Huckel model which

take into account icnic size. For unassociated electrolytes,

a frequently used form of these equations 1s, for example,

that due to Fuoss, Onsager, and SKinner (93},
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A=A - Sch+ Ec log ¢ + (J - FA)c + Jack (8)

which can be put into a more general form N

A=A - Sc+ Ecinc + Jyc - Jack (9]
s -
The terms S, E, Jy., and Ja.contain contributions from the
electrophoretic effect and the relexation effect. The J4 and
Jp terms also contain a correction for viscesity changes.
IA non-agueous solutiens. where the dielectric constant 1is
usually quite low (¢<40), appreciable ionic~ association can

occur which will contribute non-conducting specles to the

solution. For a reacticn,

M* + A~ = MA (MA is non-conducting) [10]

-

the association constant can be expressed as

_— 5 _

[MA) (1-a) £o _ .
Ky = ———— = , [11)

(M*] [A7] alef ¢8

where & is the fraction of free ions or degree of dissocia-
tion of MA, fo is the activity coefficient of the 1on—pa1r-

(usually taKen_ as unity), and f; is the mean ionic activity
coefficent of the dissociated ions. When ion-association 1is

considered, equation 9 becomes

90
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A=A - Stac)® + Bac 1n (ac) + Jyoc - Jploc) ¥ - Kpact,? (121

* P -

Other equations, e.g., the .Pitt-s equation (94), make us
of -the same model for the electrolyte solution; however, the
use of different boundary condltions- to evaluate constants
leads to. di'f'ferences in the results obtained by the th'ts
equation versus those obtained by the F\’J.OSS equations. Two
other egquations are of note: the Fugﬁs—H51a equation - .(95) and
t;h‘e :Tustice equatloff (96). ‘In the Fuoss-Hsia equation, the
.previous treatment of Fuoss-and Onsager was modified by
recalculating the re}axatlon field and retaining certain
tezlms which had been neglected: For assoclated electrolytes,
Justice modified equation 8 and the activity coefficient
equation to include the Bjerrum distance, q." 1nstead of the
distance parame{er, é. The choice of the Bjerrum distance
(@ = z2e2/8Tee.KT) is a result of choosing Bjerrum’s defini-
tion* of an ion ;S%.i'ir- rather """t:.hian the definition of Fuoss.

Three parameters are obtained from analysis of con-
ductance -concentration data via these "full" conductanee~-

. equations. These are the liﬁllting équivalent conductance, A..
the so-called distance parameter, a, and the assoclation
constant for ion-pair formation, Kp. wWhere data are avall-
able that have been obt'aihed in the prescribed c’o‘g_centr'ation

*I+ is to be noted that Bjerrum’s definition of q leads

to an unrealistic ion-pair contact distance in low €
solvents, very much larger than ithat corresponding even
to contact of solvated cation with solvated anionh.
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range, all of the‘equatlons will-give essentially the sam.e
values for A,. In most cases the equations will yield values
of Kp that' are very similar; this 1s particularly true for
large values of Kp (large degree of ion-asscoclation) .l Proper
mter‘pre{ation of the distance parameter is not as obvious.
It'can only be concluded that the "distance parameter” is an
effective collision distance in sclution - a kmeasure 6f the

force field 1n solution and the average success of an 1on in

dlsplatnng solvent molecules/'fr‘om the immediate vicinity of

- -

anocther ion.

- ——— -

In solvents with very low q1e1ectr'1c constants (€<10)
higher states of aggregation are probable (triple-ions,

etc..). Under these circumstances, the models for ion-

—

association and the conductance eq\iations' that are based uron

-
pair formation (e.g., equation 12) are invalidated .

The concept of triple-ion formation was first introduced
by Fuoss and Kraus (97) ;o explain the occurrence of a
minimum in the concentration—d_ependence of the electrolytic
conductivity of electroiytes in solvents of low dielectric
constant. This interpretation of the conductance data was

most freguently used to determine the equilibrium constants

for i

MA + A- = {AMA) ~ [13a)
and

MA + Mt = (MaM) * (13Db]
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with the assumption bexng- made that

3

[AMAT) [(MAM™)
T —— = Ky [14)

[(MA] {A7] [MA) [M7*) '

The formatll_‘_gn of quadruplets and higher states of aggrega-
tion 1s probable, but they havé not been giﬁen extensive
thegretlcal consideration. The effect of triple-ion forma-
tion 1s to remove some of the non-conducting species, MA,
from solution and replace-them with triple-lons which
contribute to the conductance. The equation derived by Fuoss

art;d Kraus for 1:1 electrolytes 1s -

Ac = A./Kp”2 + A.thc/Kpua o [15])

-

when interionic effects-are takKen into account, 'equatlon

PR

15 becomes,

e
rglclc = AsKpR + (A.t/Kthllallir(A/A.))C ' [16)
wlth.A'
gc) = Ei/((152) (1-(A/AD ) (17)
and
z = S(Ac)e/ake (18]

where S is the Onsager coefficient.

i
\

93



'# y . ~ N i

A plot of Aglc)c® versus c(1-(A/A]) should be é straight
line with A./'Kp”? as the intercept and A.t/I'Cth”E the slope. In
or‘éler- to obtain values for Kp and K¢, a value for A, must be
assigned. A value for A, can be estimated by Wwalden’s rule ‘
(mA, = constant).: For At, the limiting condulct.ance of the
triple-ion, the assumption is made that A' = A/3 on the
‘reasonable grounds that_ the species that make up the triple-
-1on collectively contribute only one charge, tze, to the

3
solution. -

———— -

Evaluation of the conductance parameiers - Walden’s rule

1s used along with the data in Table 7 to compute an esti-
mated value for A, . The calculated value of A for LiCF 3803 in
2MeTHF 1s estimated as 135.09 S cm2/equiv., which subse-
quently yields a value of 45.03 S cmé/equiv. for A, Next, a
value for the-O};lsager coefficient 1is estimated. This can be

done uslng the calculated value for A, through the eguation

g ) - \ B

A=A - Slac)k where & = A/A(calc) - [(19]
The wvalidity (on .lrack ithereof) of obtaining the Onsager

coefficient’ in this manner will be discussed later. Using

equation 19, a value for S of 232 S cmik/equiv® was ob'ta.;.ned.
With this value for the Onsager coéfficient. tl‘ie denomina -

tor in equation 17 will be close to unity 'and the value for

g(c) will be will be governed largely by the value of the

activity coefficient. Thus, the form of the expression that
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‘may have a bearing on the result . Inltlally.__the expression

._.._____._...__..__......-_..-__......—__.-....__.....___...__..._.-_..._.__.....-.._._._._.__.__...._..._

» -

Al NaCF3SO3 1in DMSO = 36.82 § cmé/equiv reference 98
m,*  Na“t in DMSO = ©0.287 P S cmf/equiv 99
mh~  CF3S03~  1n DMSO = 0.449 P S cm€/equav ) 99
MLt in THF = 36.6 S cm®/equiv 100
n DMSO : = 0.0199 P 't
m 2MeTHF = 0.00457 P : 1
m . THF =

Q. 0046 P . 1

is used for the activity coefficlent becomes important as 1t

that was used was the Debye-HucKel limiting form with a

.=

correction for the finite size of the 1ons:

log £y = -Azyzalaci®/(1 + aB(ac)') ' (2o}
where _ ~ ' -
A = 1.8246. % 105/{éT:% L%/mo1te ' [20a)
and ,
B = 5.029 % 109/{€T{ 'LW;mOIW cm - .[ZOb]_\

.

Consideration was made for the use of the Davies form of
théyactivlty coefficient equatién which includes an addi-
tional term linear in c, but at these small ionic strengths

the addition of the extra term made no difference 1n the



fesult. Equation 20 does contain a distance parameter and
two very different values were usedzfor a. T'h'e Bierrum

distance (4.47 nm) was first used as a™distance’ the
denominator . ‘Then, for com‘p‘arlson, the ﬁebye—HUcKel relation
was used with a dis£ance that more closely resembles the.
"confact distance" for the lons. This value was arbitrarllly
set at 0,5 nm, a distance {that is commonly reported as a
contact distance or "best fit" distance for lithium salts 1in
non-agueous solutions.

The conducténce—concentration data have been presented 1in
the "traditional" manner - molar conductance versus square-
root of concentration 1in Figurewihza. However, with the data
that were obtaineté. it 1s difficult to visualize the limiting

- pehavior since the limiting molar conductance is almost three
\_;/' J\Y“orders of magnitude bevond the range of this graph. The data
have instead been preéented in .;:1 log {(molar conductance)
versus log(eoncentration) :Eorma£ (Figure 13) which more
clearly shows the relation approaching a limiting slope at
low concentrations. The lan_geb uncertainties at the lower
.cor;centrations reflect the larger magnitude of the solvent
corr‘ectiion at low solute concentrations.

Numerical evaluation of the conductance-concentration data

The computations (through egquatidons 16-18) were performed by
means of the p'rogram FIT. FIT executes a non-linear least-
squares calculation based upon the general séﬁstical method

of Wentworth and Deming (101,102). The program assigns a
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.statls{ical weight‘ to each data point which 1s r‘elate;:i to the
uncertainty in the ‘measur'ed value of that point. W,‘ln thls‘\;‘ay
the calculated parameters reflect }he uncelrtaintles qf the
experimental measurements 1n a more realistic way. Details
of ;che program and a listing of FIT appear-. in the apprendilXx,.
Separate calgulétions were made utilizing the data from

ditution runs { and 2. In both cases the caléulatlons

included data points that were generated from expfriments on
; = -

- - Ly

the individually prepared solutions. In addition, the data
were processed by means of equation 15 (neglecting interionic
effects) to facilitate the discussion of the interionic

effects terms .' The resulis.are pr‘esehted in Tabkle 8 and

graphically in Figures 12 and 13.

5.2 NMR RESULTS AND ANALYSIS

- ) \ .
Experimental studies of the chemical shyfis of ions l-n
aqueocus and non-agqueous solutions of 1norganic salts have
been mainly concerned with establishing the relative effects
of different ions. Other aspects of the research have been
concerned with the shape of the chemical shift versus
concehtratior/curve. In principle, significant quantitative
information can be deduced abo-ut an ion-pailr structure from
the magnitude of the chemica{i shifts or from 1its dependence

on the anion (for example, the distinction between scolvent-

separated and contact ion-pairs). a
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| TABLE 8
EQUILIBRIUM CONSTANTS FOR ION-PAIRS AND TRIPLE~IONS
AS DETERMINEDZBY THE FUOSS-KRAUS EQUATION
FOR L1CF3SO3 IN 2MeTHF
- Kp Ky
v : M-1 M-1

- Using a = g = 4. 465 nm
Run 1 1. 428 x 108 177.

8"
Run 2 ] t. 246 x 108 133.9
All Data . 1,423 x 10 . . 1771
weighted Avérage 1. 314 x 10 ' 160, 6
7
Using a = 0.5 nm 3
Run 1 ' 1,352 x 108 ™ 149, 6
Run 2 1. 255 x 108 124. 7
S A1l Data 1. 352 x 108 149, 3
Y ,
. Weighted Average 1. 314 x 108 139. 8
Using no 1nter10ni"c force term, 1.e., g(c) = 1
Run i : 1. 248 x 108 110. 8
Run 2 - 1,272 x 108 . 113. 6
All Data . 1,252 x 108 . 111, 1
Weighted Average 1. 257 x 108 111. 9
98
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The magnitude of the chemical shift change varies strongly
among the alkali ions with the range of chemical shifts
increasing on going from Li* to Cs*. For an alKali metal
ca-tion in a given solvent 1£ is seen that the chemical shifts
for all of the salts of that ion approach the same limiting
.v'alue at infinite dilutl'bn. It is reasonable to assume that

this limiting value represents the chemical shift of the free

alkalli metal ion in that particular solvent.

L

Popov (87) measured ©3Na chemical shifts as a function of
: \

concentration in a numJlaer of solvents. A correlation was
observed between the infinite dilution chemical shift and the’
solvating ability (as expressed ]_oy the Gutmann doner number,
DN) for the solvents used. Nitromethane, the least 7-1301vat1ng
of the solvents that were examined, has the large.;,t uptield
(from water) chemjical shift. Strongly solvating solvents,
such as héxametﬁ‘ylpnosphoramlde, have tne@'gest downfield
shifts., It was also observed by Pop§v that there is no
correlation between these chemical shifts and the polarity of
the solvents, expressed either as the dielectric constant or
£he dipole moment. Popov plotted the infinite dilutton £3Na
chemical shifts against the donor number for several solvents
with the data yilelding an approximate}’y linear correlatio_n.
The two parameters should be of a dl’::ferent natpre, since the
donor numbers reflect a covalent interaction between a donor

and an acceptor wnile the chemical shifts reflect electro-

static ion-dipole interaction. The correlation was attribu-

A
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ted to a partial electrostatic character for the solvent-

.SbCI5 bond (re the use of SbClg in the determination of

Gutmann donor numbers) and/or some degree of covalency in the
o

solvent-catidn interaction, (87).

The concentration depenéence of alkalli metal chemical
shifts has been attributed to the formation of contact ion-
pairs (73,74,86-89). This raises the question of the
definition of an lon-pair as recognized by NMR If ihe
measured chemical shift is a weighted average of the free-ton
and ion-pair chemlcarl shifts then, as the concentration of
the salt increases and ihe concentration of ion-pairs
1ncreaées. so too will the magnitude of the measured chemical
shift. With electrolytic conductance, an ion pair is
"formed”" when the lons aré close enougfl that they affect
their mﬁtual ability to conduct electrlcj.'ty. This may occur
even when the ions are separatec; by one or more solvent
molecules. In order for a species, e.g., an anion to affect
the environment of the alkKali metal ion’s nucleus enough to
effect the shielding of the cation nucleus and cause a shift
in its resonance fregquency, the counter species must approach
very closely.

In the case of 1ons they must essentially be in contact.
The chemical shift changes arise mainly from changes in
paran{agnetic shielding, an effect which varies as 1/r3.

Thus, NMR would be expected to detect a tighter ion-pair than-

that detected by electrolytic conductance. The observation
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of ion-pairing by HNMR presupposes an appreciable 'differ'ence
between the chremical shifts produced by lon-ion and ion-
solvent interactions. If the ion-solvent interactions are
very strong then the analysis of the_gnemical shift data 1s
much more complex. ;

The properties of the 7Lhi‘sleus are also favorable for
nuclear studies. However, the magnitude of the ‘chemlcal
shifts is smail, ranuging from 2.90 ppm upfield— (from water)
in acetonitrile, to 2.54 ppm downfield in pyridine (87,88).
In contrast to the case of 23Na NMR, no correlation was found
between Li chemical shl‘fts and the solvent donor numbers
(87). For the 23Ha nucleus the paraﬁagnetlc screening
constant is much ‘largelhthan the diamagnetic screening
constant while for lithium, the two terms are of approx-
imately the same magnitude and tend to cancel gach other. As
a result, specific propertj,esv' of solvent molecules, such as
polafizabilltles. become important for TLi chemical shifts.

It has also been noted that in solvents of low or intermedil-
ate sélvating ability , that the TLi chemical shifts are
strongly influenced by the presence of small amounts of water

(88). Since it is almost impoessible to make organic scolvents

completely anhydrous, meaningful chemical shifts for the
TLit -10n cén only be obtained if the con entration of water
is much smaller than the concentration of {he salt.

As mentioned previously, the observation of a ¢concentra-

tion dependence of 7L1 chemical shifts is an indication of



the presence of contact ion-pairs. The studies have also"._"".
indicated that the chemical shift 1sAstrongly 1nfluenced hy - ow
the anion of the lithium -salt (73,7T4,86-89) .,

Using the proton resonances of the methylene protons in
(nBu ) yN*, Buckson and Smith (86) followed 1on association 1n

the system

[ &

(nBU) 4N* + 17 = (nBu)yN¥*eI~

wlth a relatlonship between the observed shift, Agpg, and the
concentration ¢,.
Aops - Ai Kp  °

= — : 21y
‘(Ap - .AQ_DS) (Ap - Ai)

where KI':, is the ion—pair formation ceonstant as determined

by NMR, A; is the chemical shift of the free-ions (1.e., the
chemical shift of 7Li* at infinite dilution) and Ap 1s the

chemical shift of the ion-pairs.™®

"Recall that the observed chemical shift 1s a weighted

average ¢f the chemical shift for the free-ions and the
ron-pairs

AObS = (IA'l + (1-G)Ap

It should be noted that the degrees of dissociation that
are derived from the NMR measurements are about two
orders -of magnitude greater than those derived from
conductance measurements. For:example, at a concentra-
tion of 50 x 10-3 mol/L the degrees of dissociation are
a(NMR) = 0.150 and a(conductivity) & 0.001. This would
be expected _since NMR detects ions in close contact

whereas conductance methods will detect a more loosely
held pair.

—_ -
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Iln many cases 1on7assoc1atlo_n is so prevalent even at the
lowest accessible cohcentratiolns that the chemj.cal shift 1is
changing rapidly with-concentration. This makes the deter- .
mination of the chemical shift of the free ion (A;) diffli-
cult. A-s/,_with. tﬁe value for A, for conductance, the vatlug of
Ay can be estimated. It has been shown by conductance
measurements, that trijodide salts behave as strong electro-

s
lytes 1n n'on—aquéous solutions (i03}. It was.also found that
the chemical shifts of LiIz were essentially independent of
concentration in all of the salts that were examined (88) and
that the chemical shllfts in 0.02 M Lil3 are reasonably close
to the limif;ng chemical shifts, Ay, for the Li* ion in the
same solvents. NOTE: in cases where the extrapol"z::.ions of
the chemical shifts to infinite “dllution are possible, the
value obtained for LilIz agrees with the extrapolated value
(88). A value for Aj-was obtained 1n':t.his manner using a
0.02 M Lilg/2MeTHF solution and measured as described in
section 4.2.1. |

At the higher concentrations 1t 1‘3 expected that associa-
ted ions will predominaté. T}ius, it was assumed that the
value of the chemical shift of' tne ion-pairs, Ap, could be
given by the chemical shift ti}at was approached at high -
concentrations. .

The data from the 7L1 NMR chemical shift measurements are

presented in Table 9. The measured values of the chemical

shift have not been corrected for the bulk susceptibllity of

105



o
—==z=z==zsssss=zs=ssossssoooSSsS=2ISSSSISSESSSSSISSIsIssSssss
. TABLE 9
7L1 CHEMICAL SHIFTS FOR LiCF3SO3 IN 2MeTHF
AS A FUNCTION OF CONCENTRATION
Concentration ' Chemical Shift
mol/L . pPpm
0.1782 x 1073 _ -0, 54
- 0. 9242 i 0. 58
3. 94" -0. 62
10, 4 -0, 65
19. 7 -0. 67
. ' 50. 5 -0. 70
51. 5 « . -o. 72
98. 5 T o, 7s
107. 5 ~0. 76
197. 0 ~0. 82
220. 8 .~0. 85
355. 0 -0. 89
492. 5 -0. 94
618. 3 -0. 92
884, 0 -0. 97
1201. 1 ~0..97

TL1 Chemical Shift of 0.02 M Lilz in 2MeTHF

is +0, 82 ppm

All chemical shifts are referenced to 1.0 M LiCl 1n
Dp0. Temperature = 25°C
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the solvent. This shquld not affect the results pecause of
. \\-‘-—

the relative nature of the measurements. The NMR ddta are
presented graphically as Agpg versus c® (for clarity.) in
Figure 14. The data are also presented in Figure 15 as a
log [ (Apps=-A1}/ (Ap-4A;) ) versus log(c) plot. The quantity
(Aops-A3)/(Ap-As) provides a chemical shift that is repre-
sented as™@ fraction of the differénc}\getween the chemical
shift of the free-ions, A;, and of the 1c}n\—pa1rs, Ap~ This
fractioﬁal chemical shift is referred to éi‘§ the normalized
chemical shift. It‘.v is interesting to note that the abrupt
change in the slope of Figure 45 occurs at about the same
concentration as the minimum in the_ldé(!\.) vs log(c}) curve.

This minimum in the conductance was attributed to triple-ion

formation.

v The data were fitted to eazlation 21 using the program FIT.
For the éoncentration range 5.94 x 10-3 M to 107.5 x 10°3 M .
the data gave a straight line whose slope rielded a value of
399 M-! for K5 (Figure 16). Both Dbelow-and above this.
concentration range t/he slope 1ncrea£‘.es rapidly. Theé use of
the lowest two concentrations (where the limiting slope 1is

approached} yields a value of K{, = 4uu0 M-,
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Triple-ion formation - Alternatively, the NMR shift data can

be interpretcd in terms of the formation of tiiple-ions.

Such interpretations must rely on precise meas}_lrements (more
precige than have Dbeen presented here) and’ upon assumptions -
different than those made for the conductivity data‘;nalysis

- regarding the nature of the triple 1§ns that are forméd and
tl';elr‘ assoclated equilibria.

\ The equl'librla' assoclated with these aggregates are as

o Ffollows:
_ [MA)

M* + A” = MaA ; Kp = —————— [10]:[11)]
[M*]{A7)
[MAG™] ‘

MA + A7 = MAp™ Kty =267 m90mm— (13a]; [14a)
[(MA] [A7)
-~[H3A+] .

MA + M* = Mpat Kip = —m—— [13b]); [14Db}
[(MA] [MF)

For a solution with a salt-concentration ¢, the material
balance is given by:

for M: ¢

[M*] + [MA] + 2[MpA*t]) + [MAp™] [T-1]

for A: ¢ = [A™] + [MA] + 2[MAp~] + [MpA*] [T-2]

'with charge balance given by

[M*] + [MpA*] = [AT] + [MAp7) : [T-3]

The subtraction of equation \T'-2 from T-1 yields equation T-3
thus leaving five equations in the five unKnowns,. [M*], [A~"],

[MA), [MpA*), [MAp7].
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in the absence of more precise data it can be assumed that -
the two ion-triplets MéA and MA, are "equivalent" (the
assumption 1s not phenomeno.’l’bgically- correct, but it does
allow fc;r a simplified analysis congruous to the 1nter'pret'a-
tion of the conductivity data). With this-assumption, Kyy =
Ki{p = K¢ and the problem 1s reduced to three equations (10,
{3a, T-1) in the three unknowns [M*], [MA], and [MpA*].
Le£ the fraction of M existing as M* be rep;esented by
(M) |
¢

and the fraction of M in ion-triplets by

2 [MpA*] + [MAz") 3 [MpA*)
g = : =z — - -
c o

r

Thus, from equation T-1i, the fraction of M e}_:isting_ in 1oﬂ-
palrs is given by
[MA]

=t —-—a—8
c

The NMR data are represented as follows: '

A, = chemical shift of M as M* o —
Ap = chemical shift of M in, MA ion-pairs

Ayq = chemical shift of M in MpA™ triple-ions

Ayp = chemical shift"of M in MAp~™ triple-ions

A, = the observed chemical shift

—

The observed chemical shift is comprised of contributions

from the chemical shifts of each of the existing species that

.
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contain the M atom. Thus the observed chemical shift can be
represented as

2 [MpA*) (MAp "]

Ap = Qg + (1—G—B)Ap + —————A4q + —Ayp
o] o4
. [MaoA™)
= ady + (1-a-BlAp + (2A¢y + Agp)
o < .

wWith the assumption of the "eguivalency" of the triple-ions a

chemical shift due to the triple-ions (Ay) can be defined

3Ay = Ay q + Agp ' LT
Thus,

N
Ay = GAy + (1—a-B)Ap + BAy -

H

Utilizing the values of Kp and K that were derived from the
conductivity measurements it is possible to calculate o and

B. Egquation T-4 can he solved by least-squares .to fingd . -
Ap. At—Ap. and Ap. ’

The approximate results yield Ap ® -0.6 ppm and Ag ® 9 Ppm
—3 i.e,, a very large downfield shift for the t’rlple—ions".'ir-"'"--
The conductivity and NMR data are compatible if Ay = 10 Is
considered as a valid value for the chemical shift of the
triple-ions. The results of these calculations, which were

proposed by Prof. John Lorimer at the University of Western

Ontario will be presented in a subsequent paper.
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FIGURE 15

LOG (NORBALIZED CHEMICAL SHIFT) VS LOG(CONCENTRATION)
FOR LiCF3SO3 IN 2MeTHF AT 298K
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6 DISCUSSION

As one would expect in a solvent with a very low dielec-
tric constant ,- the electrostatic interactions are quite
large. The c¢onductance passes through a minimum with
concentration, an indication that triple-ions have been
formed (97). The data can be fitted well to the Fuoss-Kraus
equation which taKes into account this phenomencon. The
magnltud'e of Kp would indicate that there are very few ions
in solution, i.e. almost all of the lithium triflate exists
in solution as 1on-pailrs with a small fraction exisiing as
triple-ions. The values for Kp and K; compare favorably with
the results for ptner lithium salts in 2MeTHF (104).
Delsignore et al., (104) made the assumption that A.Vt‘w'as eqgual
to 2A,/3. That assumption results in a vallue for X4 that is
one-half of the value that is obtained with the assumption
that A.t = A/3. HNo change in the magnitude or in the meaning
of ‘the result occurs. | T

The magnitude of Ky, with respect to Ky - 106 — should make
it reasonable to fit some of the lower concentration dat-a to
an equation that is based upon ion-pairing (e.g., the Fuoss-
Hsia equation). In order to do this, an estimate of A such
as that obtained here f.rom the walden products and the value
of Kp obtained from the Fuoss-Kraus equation would be
necessary as-initial estimates 1n such an &Palysié. I+ would

seem that any estimate for the distance parameter would be
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appropriate: there is a relatively'émallqdistance in the

ve_xlu_gs of Kp’and K4 from using the Bjerrum moedel of ion-
assoclation to that of Fuoss when ion-pairs are dominant
(Kp>103)'. A fit to an equation such as the Fuoss-Hsia one
(95) was ‘not performed, however, due to the larger uncertain-
ties for- the data obtained at lower concentirations.

Thnere is some doubt as to the validity of the value of the
Onsager coefficient as determined by equation 19 and utilizeéi
in equation 18. If the Onsaéer coefficient 1s to represent
the limiting slope of the conductance-concentration behavior
{or at least the most concentration-dependént parameter in
the theoretical slope), then the value of 232 S cmt/equiv¥® is
unrealistically too small. With A, approximated as 135.09 mS
cma/equiv, the limiting slope 1is ‘more than an order of
magnitude greater than this. The result of using a higher-
value for the Onsager coefficient, e.g., 4400 S cm'Z/equivi,
would result in Z > 1 (from equation 18) which leads to
negative values for Kp and Ky. These two extremes (the low
and high values for the Onsager coefficient) result in an
undercompensation and an overcompen;:ation of the interionic
forces,

Difficulty may arise in having obtained an estimate of A,
from the wWalden product (the only method readily available).
The rule is only approximate and is best.used for ions of
larger radii. There is little doubt that a refined expres-

sion is necessary for the interionic effects in such a

-
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treatment of the electrolytic conductance. Such an exXpres-.
sien should _1nc1ude a viscosity correction for thesé more
concehntrated solutions. Although the activity of the ilon-
pairs is takefl &s unity, the effect of the lon-pairs on the
bulk and local dielectric constant should be accounted for.
It would be‘expected_that the dielectric increment for the
ion-pairs would be high (and an average of"'pairs" formed at
different distances). ﬁith these high dielectric increment
species constituting the predominant form of the lithium
triflate in solution they would be liKely to preferentially
solvate the "free" lithium ions thus creating the triple-
lons. At hlgl‘ier‘ concentrations the liKelihood of this
otcurrence increases and the conductance passes through 1ts
expected minimum.

The 10{1Iipa1r formation constant, Kf,, determineg from the
slope of the NMR measurements (Figure l'16) is about s1ix orders
of magﬁitude less thian that obtained by conductance.
Assuming that these values accurately reflect the data, then
this is a curious result considering that both results are
based gbo'n the formation of "contact" ion-pairs. If this is
the éase, then the contact pairs that are detgcted by NMR are
much "tighter" than those detected by conducténce. IBased
upen the conceptual ideas of ion-pairs in each Elpethod. this
is not unexpected. ‘

HMore low-concentration chemical shift data would perhaps

t

clarify the gquestion of the cobserved limiting slopé‘, for



Figure 16. This type of limiting behavior was not observed
for (nBu)yNI in nitrobenzene (87). Association in 2MeTHF 1s
much more prevalent than in nitrobenzene (€ = 34.8) perhaps
accounting for the limiting behavior at low concentration in
gMeTHF . Ion-pairs are already dominant at \}ery low concen-
trations and this, combined with the strong deshielding ot
the 7TLa+ by the CF3S03~, produces very pronounced chemical
shifts. It is in this region where comparatively fewer lon-
pairs éXlS‘t that the data can reveal the value\ of Kp. At
higher concent;ations the chemical shift data reflect a
saturation of these species in solution and the change in the
chemical shift with concentration becomes smal} and reaches a
limiting value (dpj. With the small range of chemical shifts
for 7Li, these solutions are best studied at low concentra-
tions.

It Bhould be mentioned that in any analysis of ithe N'MR
data that might be based upon the formation of triple-ions,
the assumption that the two types of triple-ions, (MAM)* and
(AMA)~, are essentially equivalent (an assumptilon made 1n the
analyslsﬂ of the conductance data in terms of triple-ions)
will not be valid. While the two triple-ions contribute
similar amounts of charge to the solution, the constitution

of the ions would be expected to have different effects upon

the 7Li nucleus.
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THE TITANIUM CHALCOGENIDES AND LITHIUM ION INTERCALATION

REASONS FOR THE CHOICE OF TiChp MATERIALS

TiChp layer-lattice materials provide very suitable hosts

for electrochemical intercalation of Li‘t.

Much of the e'a"'r'lgvr research and development that Was

performed on secondary lithium batteries comprised the rapid

scanning of various materials as potential hosts to be used

as cathodes in Li*-intercalation ty'pe cells, However, much

of the work was "gquick and dirty" to see if a particular

compound would yield a suitable free energy of the intercala-

tion process to merit further consideration.

A number of workers, most notably Stanley Whittingham,

~

have proposed the following requirements for intercalation-

type solid-state cathode materials (4%,105), especially with

Li* as the guest.ion:

i.

A large free energy of reaction for the formation of the

Li*t intercalate. This affords a high cell voltage
through the basic equation AG = - nFE. (See footnote on

p. 120,

"A large compositional range, L.e., X in LiyMChj,. That

is, the ability to incorporate a large quantity of guest
species withirx the host. This leads to large cell

capacities (normally given in ampere hours).
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A high diffusivity of the guest species within the host .

This allows a iarger current and hence, a larger, power
density which would be regquired for some applications..
(The power density is normally given in W/Kg.)

Minimal structural change as a function .of composition.

Large structural changes during the intercalaticn
reaction may- lead to disproportionation {(the formatlon
of mofe than one solid-solut.ion compound and perhaps the
creation of more than one phase in the solid) and

ultimately to an irreversibility of the reaction.

The host compound should have good electironic conduc-
tivity; this would minimize th;:;esistive heat genera-
tion and eliminate the need for conductive additives in
the electrode.

The host should not be soluble in the electrolyte. The

electrode should certainly not have a tenden-cy; to
disappear into solution. Having an insoluble host

minimizes self-discharge within the cell.

The rapid scanning by industry of many compounds was a

search to find a compound that would fit these requirements

to a good approximation.

A suitable host will also have a large engugh opening to

allow the incorporation of an alkali metal, €.g., lithium,

and provide a pathway for diffusion of the guest to takKe

place. Several structures have large enough openings and
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meet most of Whi'gtingham‘s criteria for a good host. One
example is the PerovsKite-iype str‘uctgre. Compounds of this
structure characteristically contain -_la.'rge cavities that are
often occupied by l_arge catlions ;uch ias calcium or barium.
This cavity 1s vacant in a number of compounds e.g., ;henium
trioxide and vanadium pentoxide. These compounds contain an
extendeci network of cavities generated by the sharing of
equivalent square faces of the individual cavities. Assuming
that the guest species can diffuse between cavities only by
passing through square faces, the potential dimensionality
for 11th11im diffusion through the structure is reduced by the
blockage of these faces. Because of this high dependence on
direction for diffusion in these compounds, they are very
susceptible to crystal defects which would lead to blocKage

of long-order diffusion thus iimiting the amount of guest
that can be incorporated into the host.

The problem of limited-long-order diffusion is circumven-
ted by using a van der Waals bonded structure as a host. The
basic structural unit is essentially layers of two-dimen-
's"i'onal. crystals with relatively weak van der Waals bonding
between the layers. The list of such layered compounds is
headed by graphite, well Known to iricorporate a wide variety
of guest species into its van der Waals gap. A large number
of compour?ds are Known to form layered structures, s¢ much so
that several symposia and a major review (106) have been

dedicated to this class of compounds.



One techndlogically 1nteresting/g'f‘oup of layered compounds
are the transition metal (M) cr}alcogenldes (M = T1, V, Cr, -
Zr, Nb, Mo, Hf, Ta, W, Re, and PFt), Th_e primary :ty;ichlo—
metry of these layered .compouncls is MChp although gther
stoichiometries are Knowh. .The unit building block of the
dichalcogenides consists of two hex'agonally close -pacKed
chélcogen layers between which reside the transition me@al
atoms. The metal atoms are found either in sites of tfr‘lgonal
prismatic symmetry or in sites of octahedral symmetry. The
extended structural unit is essentially layers of these two-
dimensional crystals with relatively weak van der Wwaals
bonding between the layers. /

The layered transition metal chalcogenides havé been of
particular interest to the battery indusiry be_cause of thellr
ability to incorporate lithium reversibly. Among the most
interesting of these is titanium disulfide, largely due to
its low mol_ecular- weight and correspondingly high theoretical
energy denéity. T1S,> has been tested extensively in lithium
battery systems with various electrolytes with the compornerits
of the electrolyte chosen mainly for improved performénce Qf
the lithium electrode.

Some general conclusions can be drawn about the stabili-
ties of the lithium intercalates from a consideration of the
thermodynamics of formation of the host compounds. Table 10

lists the Ad% values for several of the transition metal

sulfides. The data, which came from several sources, are not
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TABLE 10
‘ -

ENERGIES OF FORMATION AND REACTICN
OF SOME SULFIDES (KJ/mol)

Compound ~AG° ¢ -AG%4isp

HESp , ' 573 75 .
Zrs; 562 78

Us, ya7 o t12 *
T1S, ’ 396 120

NDSp 346 \ 32 -
TasS; _ 345 - 1

MoS; 268 152

WSo 236 ” 160

ReSp 170 176

snSp 142 183

From Ref. 41

Displacement Reaction:
-

41,1 + HSE — 2L1p3 + M

AG® = AG°qisp = (AG°g)Ly,s - (8G°#)Ms,

Intercalation Reaction: .

Lﬁl+ MS, — LiMSp

AG® = AG%int = (AG°f)[1MsS - (AG°f)MsE



as complete for tlie selenides and tellurides. The Gibbs

energy of the diSplacement reaction, 4Li + MSp —— ELlaS“ + M
is also given. The magnitude of the AG%q;gp must be less

than the Gibbs energy change for the intercalation pr:c;f:ess‘.
AG%nt (zaoo KJ/mol), Lf a stable intercalate is to be

formed. Compounds wlth a higher AG° make the formation of
the intercalate more favorable than the displacement reac-.
tion. In comi:arlson with published data, it is found that
those compounds with a AG°f higher than that of MoSp 'férm
stable intercalates with lithium. It 1s apparent that the
" stable intercalates in the transition metal sulfides come

from those transition metals on the left-side of the Perlodlc
. Table.‘ Althoug)} hafnium sulfide and zirconium sulfide form
-~ stable intercalates, they are generally not cqnsidered for

use in Vpower sources because of their low theoretical energy
density (229 wWwh/kg for LiHfSp, 353 Wh/Kg for L1ZrSp, as
compared to LiTiSp which is 481 Wh/Kg). Not surprisingly, no
intercalates of USp have been reported.

In the case of TiSp a single, ﬁomogeneous phase (solid
solution) has been found for the entire range of x valﬁes O ;
X ¢ 1in LigTiSy. A comp6sl-tlon at x = 1 corresponds to all
of the octahedral sitesiin the van der Waals gap being

*AGY 4+ must be defined for unit Li* activity 1n the
external solution. [AG% ¢+ varies with x in LixMChp
(cf .\ adsorption o/ a two-dimensional surface where

AGo, S\\_-fa/l‘iiw/l‘/h thesfractional coverage 9.
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o?cuples by a lithium atom. At the other extreme of stabil-
lt\y. for molybdenum sulfide, the intercalate LiyMoSp will be
sté‘ble up to a concentration X = 0.13. Beyond this point a

" two-phase compound résults because the displacement reaction
‘1s favored and lithium sulf_ide is formed. The intercalation
reaction 1s then no longgr reversible . B;af.ore the intercala-
tion starts, t‘l_le free energy of the reéctlon corresponds to

the change :

xL1 + MoS; —— LiygMoSp ' (22)

%

with an assoclated (AG"lntix -for the intercalation (this
would correspond to the open-circuit voltalge of thé fully

" charged cell., As ‘more intercalation takKes place, lithium is
entering a la;tlce that is already partially filled with

lithium,

dxLi + LiyMoSp ——— Lig.qxMoSp [23)
Clearly, the free energy of this process will be different.
The experimentally measured value of AG°jpt 1s decreasing
1.e., l(AG"lnt}x] > I(AG°1nt)x+dx . It can be concluded
that intercalation will taKe place so long as AG°jnt <

AG°qysp. For MoSp the inequality does not hold above x = -«

0.13. Ly
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There. are several wa‘s. that the lithium, the guest sp;ecies
studied in the present work, can be made available for
insertion intgithe host. Rudorff (167.108) formed the first
alkali metal intercalation compounds 1n 1959 by reacting MSo

with a solution of metallic lithium in ligquid ammonia at a

temperature below -33 °C. The ammonia is cﬁ-—inte’rcalated and

must be removed by vacu@h treatme}xt or by heating. The
thermodynamic activity of the alkali metal in these ammonia
solutionsg is very close to that of the pure alkali metal so
that the reductlén of the chalcogenide may proceed beyond the
intercalation stage to lower ghalcogenides or to the transi-
tion metal itselfv. The co-lntercalation of the ammonia
assists in the insertion of the lithium atoms by opening up
the layers, minimizing the polarization of the lattice bY the
metal atom, and thereby enhancing the diffusion of the
lithium. In several instances, for ex;mple, in the inter -
calation of europium, this is the only method that works
(109). This metal dissolution method 1s not reversﬁale.

A very simple method for the formation of the lithium
derivative involves the use of n-butyl-lithium. To lithiate
the compoundsﬂi—;he host structure is simply immersed in an
approximately 1.5 M solution of n—but;yl-litniﬁm in hexane.
In this reaction, no polar solvents are used so that co-

-

L

intercalation does not occur. An advantéige of this method 138
\‘\
]
/

!

that the electrochemical activity of the lithium 1s about 1V

less thancthat of the lithium metal so that the reaction is
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not as likely to cause complete reductionlof the transition
metal (110).

Electrochemical methods were introduced by whittingham in’
1974 (111| ). 'He used the dichalcogenide as the cathode in an
electrochemical cell. The empty host lattice represents the
fully charged state of the cathode. "The anode 18 frequently
the pure metal. The composi.tlon of the intercalate can be
controlled by monitoring in t?r;;-. the total charege pass‘ed.

Unlike the previous (chemical) methods, this reaction can be‘

reversed by applying a potential of reversed polarity.

Titanium disulfide: this is the best Known of the transi-
tion metal chalcogenide rzosts. The compound has peen widely
studied as a solid-state cathode for lithium batteries and o
the great interest in this matérial 1s largely due to its
pro?ertles. 'I‘hfa intercalation §f lithium takes place with a
relatively large AG%n¢+ (-200 KJ/mol) with an initial voltage
of 2.44 V. The change in free energy with cor‘nposn.ion is
I‘eﬁlatlvely small (even at‘!é': ‘0.6 the voltage is still 2.1 V;

AGélnt = =203 KJ/mol). As X = 1; however , diffusion problems

(of the Li within the host) decrease the voltage rapidly.

“The discharge curve for a Li/TiSp cell is smooth, leading to

the conclusion that there is a single solid phase for LiyTiSp
over the entire composition range 0 ¢ x ¢ 1. A sudden drop

in the curve would indicate that energy 1s being expended to

generate a new phase. This 18 not observed for TiSp for X ¢

1. This is in contrast-io the insertion of the _larger' sodium
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specles where a sharp phase transition occurs at x = Q.44
(112) (Figure 17). . . -

Other properties of TiSp which have made 1t an attractive
compound for power source studies i1nclude the small c-lattice
expansion of only about 10% in going from x = 0 to x = 1, A
full 80/ of this expansion takes place by the time X = 0.4.
From a practical standpoint a 10/ expansion of the lattice
should not cause substantial mechanical problems 1n a cell,
The diffusion rate of -the lithium within the van der Waals
gap 1is lvery high. Diffusion can involve either jumps between

- trigonal prismatic sites or between tetragonal and octahedral
_‘gsites. The differences in the sizes of the sites and the
activation energles‘ for the jumps diminishes as the chalcogen
layers are separated (with the onset of 1nte;‘calat10n) and
all ‘of the sites increase in size. The mobility of an ion 1s
also _affected by the icnicity of the lattice. 1In the highly
ionic CrsSpy the variatfc}_n in potential that 1s seen by the
1ithium ion is much greater than in the more covalent TiSp.
The result is that the mobility 1s expected to be higher in
TiSp, than in CrSp.

—r————

1) the mobility of the

~N

ion will decrease because the number of available sites for

- As the lattice becomes filled (x =

lithium to jump to 1s decreasing. Silbernagel and whitting-
ham (113), utilized 7L1-NMR spin-lattice measurements and

recorded a diffusion coefficient of 10-% cmé/s for x = 1 (L&
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FIGURE 17
FREE ENERGY VERSUS COMPOSITION

FOR SODIUM AND LITHIUM INTERCALATION INTO TiSp
(AFTER REF., 112)
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in TiSp) with a variation of only about a factor of two in
the diffusion cocefficient for the range ¢ ¢ X ¢ 1 (1i4).

As a conductor, TiS,; behaves as a seml-metal thus minimiz-
ing the need to add conductive diluents to any cathode
structure.

TiS, is stable in any of the organic solvents that hawe
been commonly used in-lrthium battery research. However , the
T1Sp is not stable to oxidation by elther oxygen or water
(115). Thus, the handling of TiS; should taKe place in a
dry, oxygen-free atmosphere.

The calattice parameter of TiSp, is a well defined function

P
of the comp\bﬁ;ition. In the absence of a phase change tné

lattice parameter (and other physical properties) varies in a
smooth, but not necessarily linear manner, with composition
as given by Vegard’'s rule (116). This can be taken advantage
of since 1t is ‘practlcally possible to measure the lattice
parameter to within 0.014%4. The stolchfﬁmetr}' of the metal
chalcogenide is of cx;'iti‘cal importance. If the "y" in MyChp
is greater than 1 .00, tl}en the extra metal atoms will reside
between the chalcogen layers - covalently bonded to tt‘l.em and
thus "pinning" the layers shut and preventing intercalation.
The variation of the c-lattice parameter of the host with
composition is discussed 11'1 section 3 of this chapter. It is
also possible to measure the value of X in LixMChp from a

measurement of the lattice parameter, but this is done more

effectively by coulometry.
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TiSy; has a variety of lhtéresting and attractive prdper—
iies that make 1£ a convenient host for a Kinetics investiga-
tion. However, in any Kinetic study, it is desirable to
compare the result't-o a reference measurement of a similar
Kind. Measurements could be made on "different"” host
compounds, TiSp, Lig,4TiSp, Lig, pTiSp, etc., but these are
variations of the same stru-ctur'e. This would be somewhat
ana{ogous to a reaction at a bare electrode, the same
electrode with 0.1 of a monolayer, 0.2 of a monolayer, etc.
while thesu are indeed significant differences in the
electrode, a more fundamental change was sought. Argument
could be made for the study at the interfaces of the other
Group 1VB sulfides, ZrSp and HfSy here the Kinetics of
intercalation could ke studied as a function of the ionicity
of the host. Anotgr;r study might have involved other
compounds whose lattice opens up by the same amount on
intercalation as titanium disulfide’s does (HfSp, TiSep,
NbSep, etc.) or with compounds with a van der Waals gap
similar to that of TiS;p.

w‘hat has been chosen for the present workK is a study of a
second chalcogenide - the Selenide - of titanium. (A study
of the telluride was desired, but a cracKked tube during the
synthesis of TiS raised‘ obJections of some to the processing
of the more toxic tellurium.) The ionicities of TiSp and
TiSep, are approximately the same; TiTep 1s somewhat more

covalent. The compounds present a different van der Waals
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gajp t0o the gp.est spec.{es and differences in thé initial size
of the o¢tahedral sites that are present. (As pointed out
pre.viously, as intercalation begins, the lattice opens up and
tne significance of these site differences is diminished.)
The authof has calculated the size of the van der Waals gap
and the siZgh of the octahedral sites for Tisa, TiSep, and
TiTep and they appear graphically in Figure 18, The error
limits given with each point reflect the uncertainty in the
lattice paraméeters as they were propagated through the
calculation. It was felt that the similarity of the lonici-
ties together with the larger gap presented by the selenide

would provide some significant Kinetic differences,.
2. PREPARATION OF TiChp COMPOUNDS

2.1 PREVIOQUSLY REPORTED TECHNIQUES

~

Crystalline and amorphous TiChp compounds have been

synthesized by a variety of methods. Although the basic

recipi‘es for the preparation are available in the literature,
many of thie details are of a p;roprietary nature. The use of
laboratory-grown TiS, is a necessity since the purchased TiSp |,
inciuding the "battery-grade" TiSp from CERAC was either non-
stoichiometric or contained impurities whose nature depends
upon the method of preparation. The previously reported '

techniques/include :
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>400° °C
Ti + 2Ch ~———— > TiChgj References 117, 118

>4Q0 °C
TiCly + 2HpCh —— > TiChp + 4HCI1 (gas phase rxn.) 119

™ -

’ 25 °C “

TiCl, + 2L13Ch ——————> TiChp+THF + 4LiCl
THF

TiChp+THF + pyridine ——— TiChpspyridine + THF 120

e S
"

~. vacuum
TiChp+pyridine —————> TiChp + pyridine

\. /

The synmthes.ts of stoichiometric TiChp powder 1s required for
the preparation of é proper intercalation electrode. As
previously mentioned, if the composition of the TiChp 1s not
stoichiometric, then the result will be a reduction of the
diffusion rate in the host lattice {(where the excess Ti, when
present, "pins' the layers shut}. Stoichiometries with an
excess of chalcogén (e.g., ‘T183)' produce a host where the
diffusion of the lithium is of a higher dimensionality (cf.
PerovsKite-type structures) (121,122). The preparation of a
powder is considered necessary since the intercalation
reaction takes place on the edges of the crystal layers and
not on the basal plane of the TiChp.

The high-temperature preparation of TiChp from TiCly and

HpCh can result in non-stoichiometry of the product unless
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very careful control is maintained of the eqpllibrium of the
reaction. Preparations from the tetrachloride usually
result in chloriﬁ; impurities in the product (thig\\fas' also -
observed'ln‘ the "battery-grade" TiSp from CERAC). The use of
HoSe was also considered an unnecessary hazard; thus the

high-temperature preparation from TiCly was not considered

- e

for TiSep.

The low-temperature preparation of the dichalcogenide from
TiCly in THF as a sclvent produces an amorphous prod\.}ct with
THF in between the chalcogen lavers, The THF is removed by
soaKing the product (TiChTHF) in excess pyridine with
pyridine replacing the THF in the TiChp structure. The
pyridine must ;e subsequently removed under vacuum. The
amorphous product must then be annealed at high—témpe;’*ature
(>»500 "‘C) by vapor transport to produce the crystalline or
'powdered product.

Crystalline, stoichiometric Tl‘Che is effectively produced
via the high-temperature synthesis from the elements
{(117,118). The high-temperature reaction (>500 °C) is
'perfor'med with powdered sulfur and either titanium wire or
sponge. Titanium powder - which is used in some fireworks -
is emphatically not recommended., The use of iodine for
transport during thé synthesis and growth 1is not recommended T
because of the difficulty in removing I, from-the product.

Instead, the use of sulfur (or selenium) {for transport is

recommended (117, 1i8) . Temperatures that have been reported

I
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for the preparation range between 550 9C and 1.."000 °C with

reported times of 24 to 240 hours.

-

2.2 PREPARATION OF TiCh, - THE PRESENT WORK 1—

.

“Titanium chalcogenides were prepared by high«teﬁlperaturé )
synthesis from the elements. In addition, amorpho;s- T1Sp w;s
prepared from LipS in THF with subsequent annealing at hlgh-_
temperature. A sample of the "battery-grade" TiS, from CERAC

was also annealed to see 1f it was possible to improve its.

stoichiometry., *

High-temperature preparation of T1S, _from the 'éiements -
Titanium dlsulfldg was first prepared from the réhlements in a
hlgh-'éémperature synthesis with sulfur transport. Tit um
wire (0.75 mm diametér., 0.999, Alfa-Ventron)} was cut ifto 1

cm pieces and placed in a 12 mm i.d. x 200 mm Vycor tube.

sulfur powder (Puratronic™, Alfa-vVentron) was adaedq

tube with a stoichiometric weight determined by the
titanium employed. In addition, an excess of sulf
added for vapor transport. The amount of excess sed

was % mg per cm3 of tube volume. A vacuum was then pulled on

N !
the tube for several minutes and the tube was sealed with a

-

hydrogen flame. After the tube had cocled, the ingredients

were distributed by shaking and rolling into the center two-

thirds of the tube. The tube was carefully placed in a tube

.-

furnace (Lindberg) with the end of the tube that was flame
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sealed placed neareSt to the opening {colgder ea) of the

furnace. The heat (controlled by a Variac) was then turned

on. The furnéjce temperature was monitored by three thermo-

couples that w/dre placed against the Vycor tube in the
-\""x., L
furnace.
}
Details of titanium disulfide synthesis from the elements

+

/// to produce a stoichiometric, electrochemically active product

Yo

are for the most part proprietary. For this reason it was
necessary to perform the synthes under various conditions
of reaction temperature, time, and batch size in order to
establish optimum conditions.’ This was one of the mogt time
consuming aspectis of the project because the reaction tim‘es
ranged from four to twenty four days. -

As a measure of the gquality of each batch, samples wwere
analyzed hy x-ray dif:éraction and/or atOI;I\J.C absow
(section 3) to determine the stoichiometry. \

The synthesis :cha't was determined to be moslt effecKNe
involved a reaction and growth time of three weeKs with a
batch size of 6 grams in a tube with a volume of 20 to 22
cm3. The temperature profile that was used (and follolwed
guite closely for subsequent preparations) 1s deplcied in
Figure 19. The reaction mixture was brought up to the
reaction tem_gsrrature (500 °C) very slowly (a four day period
was used) to maintain equilibrium in the mixture anc{ to guara

against imperfections in the Vycor tube (In the early stages

of the reaction the tube could crack under the pressure of
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the bolling sulfur. One such event occurred during the
program pfomp'ting the removal of tell"ur-lum from the
program.). The rea'c'tion temperature was maintained for 7
days and then increased to 700 °C for 3 days to complete the
reaction and to promote transport. The reaction temperature
was decreased to 600 9C for 5 days as transport and growth
'wer‘e completedl. . The tube was tnen‘ cooled over a period of
three days (about 8 °C/h) to room temperature.

The tube was remofed from the furnace and held horizon-
tally at all timeé. This is because the "hot" end of the
tube (the region which sat in the middle of the furnace)
contl-alned the T1Sp and the "cold" end contained stoichio-
metries corresponding to higher amounts of sulfur (TiSj3,
etc.). The tuberwas ¢racKked open under an inert atmosphere
and the products were carefully removed and stored under
argon.

The titanium sulfide that was so producéd was in the form

of small, gold colored, hexagonal crystallites with an

average size of about 0.5 mm in 'diameter. During the series

of preparations it was observed that without the period of
reaction at 600 °C‘_o_;‘_ if the reaction mixture was cooled. to
slowly (<5 °C/h), then the cf'ystals that were formed were |
larger flaKes (» 2 mm) and és a result they were very low in
eleﬂ'rochemically active surface area.

At the "cool" end of the tube were the tltanlurr} sulfides

of hlgher stoichiometries (Tisy. y>2}. The ma’r'.erial ';Jas
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b;‘ight violet in color and highly crystalline. Analysis by -
X-ray diffraction showed that the violet phoauct was largely
TiS 3.

High -temperature preparation of TiSep from the elements -

Titanium selenide was prepared in a similar high-temperature
synthesis. Selenium beads (1 mm diameter, 0.999, Alfa-
Ventron) were used in the same; fashion as sulfur. Due to the
nigher boiling point of selenium (685 °C vs 444 °C for
sulfur) a hlgher‘ reaction temperature, 740 °C, was used so
that vapor pressures of 'selenlum similar to that attained by.
sulfur would be reached during the reaction. Dufing the
second phase of the reaction, the températur‘? was raised only:
to 850 °C because of the danger of approacr{iﬁg the softening
point of the Vycor glass (900 °C) too closely. ‘The tempera-
ture-time profile for the preparation of TiSep 1is alﬁlo
depicted in Figure 19. The cobl-down phase of the reaction-
growth regime was accelerated (15 °C/h) 1n order to Keep the
size of the crystallites small. o -

The titanium selenide crystals were red-violet and
metallic in appearance. The selenides of higher stoichio-
metries wef‘e black 1in appearance and highly crystalline,

Preparation of TiS, in THF at room-temperature - Titanium

disulfide waspﬁ;ared from TiCly and LipS in THF. The
rrocedure is outlined in the appendix. The product had a
higher bulk density than the TiSp produced from the elements.

)
The x-ray diffraction lirfes that were obtained from this
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sample (after a period of crystal growth by transport) were
not as sﬁar‘p; in fact there were some e-xti*a lines in the
powder pattern. Th.ls would indicate t'nat the remecval of
py‘m.c.line under vacuum.was incomplete. However, extended
treatment of the product by evacua‘tlon did not result in an
lmprovemént in the quallty of the product.

Recrystallization and growth of CERAC TiSp - A sample of

"chloride-free battery-grade" TiSp was sealed 1n a Vycor tube
with a small excess of sulfur. The CERAC TiSp; was made up of
fine crystallites typically 0.1 mm in diameter. The recrys-

tallization in thg “Vycor tube at 600 °C for one week produced’
a product of mixed sto:l.chiometry as determined by x-ray anci'

spectroscopic methods.

-

(
3 VERIFICATION OF THE STOICHIOMETRY OF TiCh,

The best methc;d for determini-ng the structure of a
molecular crystal is by -x-ray diffraction. Since the range
of structures that would be p‘r'esent in the products as
prepared is limited, a detailed structure determination with
a single crystal is not necessary. The x-ray diffraction of
a "powdered" sample can be used to iident;-fy simple structures
and give the size of the molecular unit. The experimental
principles and mathematical relationships for the "powder"
method of x-ray diffraction have been described elsewhere

(e.g€., in 123-126). Several indices have been published in

]
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|
which the d-lattice spacings and relative intensities of the
lines in powder photographs of a large number of materials )
are listed (127,128).

For the powder method, a sample of the crystalline is
ground to a fine powder and packed into a Llndémann glass
capillary on the order of 0.5 mm in diameter. AnN amountlof
finely ground silicon eqgual to about one-third of the lotal
sample volume is added to the sample as an internal standard.
The sample was mounted in the center of a Debye-Scherrer
camera and £ne film was exposed using Cu-Ka radiation.

Titanium dichalcogenides are Know:h'to crys_talllze in the

Cdlp structure (hexagonal) (106,127). From the Brage

equation, the line spac‘fngs for the hexagonal system willl be

‘glven Dby the relation -

sin28/(A\2/4) = 1/dpk) = @ = (4/322)(n2 + hK + k&) + 18/c?

’ [24)

The films were measureld on a travelling microscope and the
lines were indexed according to the allowable integer values
for a hexagonal system (as dictated by egquation 2#4}). The
values of Q that are determined from the measured film are
matched ’!o the Miller indices by prescfibed methods (123,125,
126'). Data in the form of Q, h, K, and 1 for each line were

analyzed by the rigorous least-sguares method that was

previously described. This ylelds approximate values for the
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a~ and c¢-lattice parameters. With these approximations, the
high-angle data (more accurate because of the nature of the .
linear measurement of ;the film) are re-evaluated. This
yYields a sec.'()nd approximation of the lattice parameters.

For most powder specimens, the main angle-dependent error
is that due to the absorption of the x-ray beam in the
specimen, which causes a shift in the position qf the peak of
the powder line. It has been shown (125) that in these
circumstances the: error in the calculated lattice pararﬁeter
is approximately proportional to lia(cos‘,'ae/e + cos®e/sind), the
Nelson -Riley functlon. Extrapolating the high-angle values
of the lattice parameter versus the Nelson-Riley function to
90? vields the correct value :Eor_"cne lattice parameter.

Values of the lattice parameters of the titanium chalco-
genides are well Known ?(41 ,106,127). In addition, for ,
titanium sulfide, the lattice parameter is well Known as 3
function of stoichiometry for values of ¥y = '1 .0+ 0.1 1n
TiySp (41,106,127). This, along with accurate and precise
determinations of the lattice parameters, aids in the
verification of the stoichicmetry of titanium disulfide.
Stoichiometric TiSp; has lattice parameters of a = 0.3406
+ 0.0002 nm and ¢ = 0.5696 ¢+ 0.0003 nm. It has been shown
that at stoichiometries with y>1, that the c-lattice para-
meter increases noticeably. At y = 1.1, the c-lattice
parameter opens up to 0,5715 nm. From the large n&umber of

values of the c-lattice parémeter that have been reported, it
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was concluded that when the measured lattice parameter 1is
higher than ©0.5700 nm the. titanium sulfide stolchiometry was
metal-rich. For lattice parameters at. or below 0.5700 nm,
the titanium sulfide is either stoichiomeiric or metal-poor
(128-‘1 30). Information on the c-lattice parameter of TiSep

as a function of composition was not as readily avallable.

Wet analytical techniques were performed to provide

complementary results to those derived from x-ray determina-

tion of Tisa‘ stoichiometry and for a determination of
titanium sglenide stolchiometry.

A small sample (0.5 g) of the titanium chalcogenic_le was
dissolved in warm dilute HCl. Potassium chloride was added
toa 0.14 \/v concentration. The ;cotal volume of the
preparjation\;a\as\aso mL. The sample was then analyzed by ICF
on a Perkin ElmeN)BO Atomic Absorption spectrophotometer.
A wavelength of 399.9 nm -was used with a nitrous 6x1de—

acetylene flame. Under these conditions, the sensitivity of’

b --rthe‘ iﬁeasurement is 3.6 mé(i... With the sample size and

concentration that were used this allows for a determination
of ¥ in TiYChE to within + 0.005.

Several batches of titanium sulfide were analyzed by x-ray
»
dlffr'acti% only. ©Others, and all sgmples of titanium
selenide, "were analyzed by both x-ray diffraction and by' ICP.,
The results of both types of analysis for ‘t'.he titanium

chalcogenide samples are listed in Table 1t.

/
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TABLE 11
STOICHIOMETRIC ANALYSIS OF TITANIUM CHALCOGENIDE PRODUCTS

Sample™ Lattice Parameters Stoichiometry as y in TLYChg
' a/nm c/nm X-ray AA-ICP¥*¥
TiSp 1 0. 34147 0. 5687 <1. 00
{tb 0. 3407 0. 5691 i. 00
ic 0. 3389 0. 5704 >1. 00
id Q. 3391 0, 5700 1, Q0
2 Q, 3408 0, 8797 1. 00
b O, 3413 0. 5713 >1. CO
3 0, 3406 0. 5689 <1, 00
3p 0. 3401 Q. 5685 <1, 00 0,993
3c 0. 3399 Q, 56914 <1, 00
4 0, 3407 0. 5697 1. 00 0. 997
4b 0. 3409 0. 5703 >1. 00
5 - 0. 3412 0. 5687 <1, QO
5b 0. 3407 0. 5697 1. 00 1. Q00
5¢ 0. 3408 0. 5693 1. 00
6 0., 3417 0, 5702 >1. 00
6 Q. 3410 C. 5710 >1. 00 1,013
6¢c 0. 3402 Q.5716 >1. 00
7 0. 3391 0. 5700 1. 00 .
Th Q. 3399 0. 5696 1. 00 0. 994
Tc 0. 3402 0, 5697 1. 00
TiSep 1 0. 3528 0. 6004
ib 0. 3520 0. 6010 1.008
ic 0. 3529 Q. 6001
2 0. 3537 0. 5986 )
2b 0, 3531 0. 5995 0. 995
ac 0. 25314 0, 6001
3 0. 3529 0. 6004 . 1. 007
3b 0. 3523 0. 6008
4 0. 3531 Q. 6002 1. 000
4b 0, 3537 0. 6001

* sample numbers refer to preparations that were used in
further experiments. Several batches were rejected ™
outright due to either poor stoichiometry on analysis or,
before analysis, due to a poor appearance on physical

/ inspection. :

Bl

Sample number subscripts (b,¢, etc.) refer to samples taKen
progressively toward the "cold" end of the synihesis tube.

determinations.
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“¥rtomic abserption results are/féE)the average of 3
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The sample size that was taKen for the ICP was large
enough to measure the ovérall product st_oicnlometr'y - an
average of any localized stoiéhiometr‘ies. The sample; size
that was taken for the x-ray diffraction was quite small and
may only represent localized composition and not the overall
product stoichiometry.

The difficulties 1n obtalhing electrochemically active
TiCho economically and in quantity have contributed to the
decline 1n popularity of electrochemical devices based upon
the intercalation process. Several batches ¢f these materi-
als were rejected for non -stoichiometry, a frustrating end to
three weeks of adjusting and monitoring an oven.

Although great hopes were held for stoichiometric analysis
by x-ray diffraction, the results that were obtained were
quailtative at pest. The analyses by ICP were reproducible
if not always of the desired accuracy.

Samples were taKen from several areas of the tube for x-
ray .analysis with samples being taKen successively closer to
the "cold" end of the tube to see if there was a systematic
change in stoichiometry with position 1in .tr.xe oven. No ;

detectable systematic variations were observed.
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THE ELECTROCHEMICAL SYSTEM

INTRODUCTICON

In the past fey years, the intercalation of lithium by
lavyered and c¢hanneled hosts has been studies by several
investigators. The particular interest in these compounds is
for their use as cathodes in secondaryf lithium batteries.
‘The intercalation reaction, also termed topochemical, oCcurs_
without appreciably modifying the structure of the host
m'ater‘ial._ The chemls£ry of such compounds, and specifically
the intercalation reaction has been thé subject of two major
reviews (41,132) and very many papers.. AS discussed pre‘?i-—
ously ., it was recognized early that titanium disulfide could
incorporate lithium ions with a high energy and, at low
cu‘r‘ren.t densities, a high degree of reversibility.

Much of the workK that has been performed to date has been
investigations of the cathode suitability of a large number
of host materials. An enormous amount of data relating to
the synthesis, structure, properties and electrochemical
performance with lithium has been generated. Much of the
physical ‘data is viewed from the standpoint of solid-state
physics and crystal chemistry. Most of the electr‘ochemit.:al
data are somewhat empirical, with c¢ell discharge curves
versus a lithium anode constituting a majority of the

reported results. Some of the reported data, however, have
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been devoted to Kineti(c and mechanistic effects at inter-
calating interfaces (132-138). These studies have included
an analysis of the reactivity of the basa'l\ planes (van der
Waals_surface) of the layered hosts (135). Among the
techniques that have been employed are cyclic-voltammeiry
{133,138y, galvanostatlé polarization, chronoamperometry,
chronopotentiometry (133,134), AC-impedance and el;actro-
chemical potential spectroscop}'. {138—140).‘}."5’-‘;"

While the physical mechanisms of 1nterjca1ation pertaining
to the diffusivity of the guest wiﬁ}}in the host are well
understood, the elecn"'ochemlcal mechanisms near the interface
are not as well understood. In particular, the structure and
rate-limiting processes occurring at the host/solution
interface need to be addressed. Other workers have consid-
ered the nost structure in terms of a "traditional" electrode
with a reaction and electron-transfer occcurring at the
nsurface" with double-layer and mass-transport considerations
vie‘wed as taKing place on the solution side of the interface.
The structure and reactivity in the double-layer is largely
determined by the electiric field gradient that is set up at
the solid/ligquid interface and this can Dbe externally
controlled to some extent by the experimenter. Irreversibll-
1ties botih rea‘l and quasi that have heen &bsgr‘ved hhave been
attributed to either slow charge-transfer or to slow diffu-

sion of the guest 'within the host (133,134). In order to

‘distinguish between the different possibilities for the
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(mechanlsms and rate-determining step a more complete model is
needed for the double-layer for these types of electrodes. \

The "trac!.itlonal“ view of the electhode/é’lectrolyte
interface consists of moblle speclés {charged or uncharged)
'forlr.ling an electrical double-layer on the scolution slde and
an “"equivalent" image of the charges of the double-la‘{rer set
up by the electrons in the conducting or semiconducting solid
electrode (141). Here, the situation prior to the onset of
intercalation is similar (Figure 20). The c_ir'iv.iné forces for
the start of intercalation are, however, conceptually
different than for the ;rocesses at the electrode in Figure
20a., The intercalating host is at the same time a semicon-
ductor (capable of electronic conducilon with mobile elec-

- trons available to form ar:‘ “1mage“/0tf the chareges of the
solution double-layer) and a dielectric medium (capable of
"s:olvatlng" charged or otherwise polarizable specles).

When the host structure is 1mmersedlin the electrolyte a
double-layer is set up at the edge® of the host’s lattice
(Figure 20b). The presence of the dielectric lattice and the
image charges by themselves are not enough to cause the guest

- species to lose its solvation sheath (in the case where the

’

guest 1s an ion) and enter the lattice. When the potential

kB The structure of the double-layer in thils model 1s consid-
ered for the edges only and is ignored along the unreactive
basal plane (van der Waals surface (0001). These surfaces
have been investigated for a number of layered transition
metal dichalcogenides and found to be quite inert (135).
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DOUBLE-LAYER MODELS
FOR PLANAR\ AND INTERCALATING ELECTRODES
— .
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it

Double~layer maode! of Bockris, Devanathan
and Miiller for a regular metal electrode/solution

interface.

Double-layer set-up at the edge of a layered
host prior to intercalation. The only mobile

charges in the host are ekzctrons.

Coupled double-layers. After the onset of
intercalation there are both pb‘sitigg and
negative charge carriers within the host,

/*

FIGURE 20

L4
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of the host 1is cnanged e;{ternally. the activation energiles
for these pfocesses can be sufficiently diminished that the
gl-:‘est‘ may readily enter the lattice. Once intercalation has
begun, the‘guest‘ species (in the present @ase lithium ions)
reside w1tﬁ1n the elecirdde as mobile chabges and must
therefore contribute to the overall structure of the inter-
phase. At this .po.lnt. (_Flgure 20c) a sécond double-layer 1s
formed. For the electrode side of the interphase of Figures .
20a and 20b, the double-layer consists of an image charge of
electrons movj_ing about the rigid lattiice of the electr‘ode..
Conceptually, the solution-side double-layer (SDL) is
unchanged .

The solid -s¢lution or electrogle double—laﬁrer (EDL) is
limited both dimensionally and in the types of ,species that
can make up the EDL. In addition to the compiexity of having
two dlst;nct double-layers, the electrode is changing as a
{mono jiayer of the guest is formed 1n31dg the host. This 1is
somewhat analogous to monolayelr' formation of e.g., an oxide
on a metal electrode, The increased concentration of guest
species within the host will have a profound eff-e‘ct on the
structure of the electrlcal'double'-layer.

In some significant ways, it is seen that the electro-
chemical intercalation of Li*-ions into TiCh, 1s analogous to |
ion-transfer from solution into a membrane or across the
interface of two immiscible liguids except that in these

cases no electron-transfer accompanies the ion-transfer.

.

4
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Ignoring most of the published evidence, many authors have
characterized the intercalation reéction. e.g., of lithium

into titanium disulfide, as either
Li + TiSp; — LiTiS; - [as)
with half-reactions represented by

L1 —— Li*t + e~
and

Ti(IV) + e- — TLi(III)

!
oar !

' N

Lit + TiSp —lQ LiT1Sp (e~ not accounted for) ' [26]
H
with the half-reactions either not defined or ill-defined.

There is a tendency among most electrochemists to consider

i
the intercalation reaction as an electrochemically ?

. —

driven/controlled redox process with charge-transfer oé_cin“-
ring either as a 1"edu_ction of the titanium disulfide or by
lithium ions entering the lattice with an electron being
donated to the conduction band of the host.

The 1at’rter meghanism seems more likely, as electrons are
supplied to the conduction ban& of the host through the

external circuit (from the oxidation at the anode) while
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lithium ions are able to enter the lattice. The lithium jons
resiﬁe in tﬁe van der Waals gap. This model in which the
lithium atofns in the host exist substantially as ions 1is
supported by measurements of the 7L:L NHMR Knight shift (142)
and by measurements of the magnetic susceptibility of Li%
(and LiTiSea)‘- (143).

with the lithium remaining ionic and the electrons'in the

"pand structure of the TiS, it would appear that mechanisms

which consider the reduction of the host can be discounted. -

o

(As the lattice filli up with lithium and the nature of the.
host changes this may not' always be true.)

The mechanism of conducticn is npt unrelated to the
diffusivity of the gues'{ sﬁecies (lithium ions) 'within‘the
nost. Electron density within the layer structure of the
host would 1ntu1t§ve1y be localized (but not confined to) tp.he
regions where the lithium ions reside 1h the lattice. As the"
intercalation reaction proceec_l_s, the liihium ions will .
migrate towafcis the substrate (and the incoming source of
electrons). Lithium ions will also ténd to form ordered
structures within the lattiée assuming positions within the
hést that are relatively far (when possible) from other
lithium. ions (138), minimizing their fr'é_{e energy. If -for- any
reascn the dlff'lilsivity of the guest within the host were to

L]
be impeded, this would aliso affect the ionic component of

conduction through the host.
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Thié model of'coupleerQUIﬂe-layers re-opens the question
of the nature of the "electrode" processes at an inter-
calating interface. 'Depending upon the conditions of cell:
"operation. the current can be.lﬂnited by mass-transpdrt on
either side of the 1nteréace; ﬁ;r a given systgm. {host ,
guest ion, solvent) there will be a det of conditléns unde
which thé mass-transport current limitations can be transtfer-
red from the solution to qﬁe host and thét, once this
transfer has takKen place, tﬁe abilrﬁ;’to-reverserthis
situation is limited. ~

The mechanism involved in such processes can be envisioned
as se&eral steps and assoclated equilibria ocgurring in ;ne
lquid soluﬁion and se}eral steps occurringein the host
{solid -solution). In fhe following sequences, the trifluoro-

methanesulfonate anion is representgd by A™ and the solvent

v

molecules are represented by S. S
(LipA)* = (Li*A™) + La* K = 1/Ky )
N at electrode
{(LiAp) ™ = (Li*Aa~™) + A~ K = 1/Kt
. ’ > interface or
(Li*A™) = L1t + A~ K = 1/Xp
. in solution
(LiSL)* = Li* + nS
J
Li* + TiSp + e”{external) = Li™ TiSp e” (internal) at electrode
(LiSpy)* TiSp + e~ (external) = (LiSy) * TiSy e~ (internal) interface
Li*(octahedral) —— Li*(tetrahedral) —> Li*(octahedral) in
(L1Sp)*(oct) —> (LiSp)*(tet) — (L1Sp) * (oct) host
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In a "normal" reaction sequence at low polarizatiors, some

combinatlon of processes 27-30 produce posltively charged
llthlum -containing specles and makes them availabfe for
1ntepcalat10n Either the production or the diffus:.on of
these positlvely charged lithium-containing species to the
4

interface would con.s;titute the masgs-transport limiting
process on the solution side of "the interface.. The onset of
1n'tefca1ation occurs when 'electrons; from the external circuit
enter the band structure of the nést lattice aﬁd make it
sufficiently m?gatiye for the _11th1um lons to enter thé
lattice with some degree (usuaily complete) of desolvation
and reside there as lions in equilibrium witl& the equlvalen.t‘
extra elf.’(-:t-ror’ls 1n the hpst (elquation 31.) Under the-
- continuing influx of electrons fforﬁ the substrate (through
the external ¢ircuit), the lithium lons migrate through £ne
lattice via 'site-to-élte Jumps (equati'on 33). The mutual
repu131on of the 11th1um ions aids in the energetics of this
Process. Other slte to~51te jumps are possible (#1), but are
not *1mpor'\t\ant to the development of the model \/(

The dl‘f‘f‘l;mn of the lithium ions through the host via
these site-to-site jumps is seemingly quite fast with the
diffusion coefficient of Li* in TiS, being reportéd' to be ca.
1.5 x 10°9 cma/s as measured by chronoamperometry, chrono-
potentiometry and NMR spin-lattice relaxation (the range of

reported values, however, spans more than two orders of

magnitude) (114,134 ,144-146).
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] Under conditions of high polarization, .the mass-transport /s
effects become more complex. Stirring the soluzlon may serve
to increase the rate of mass-transport in the solution but
this is not possible for the solid-solution, thus making 1tA
difficult to distinguish between charge-transfer and mass-
transport Kinetically in {he electrical- dquble—layer. If the
polarization is great enough,-then it is possible that thc;re
wlould be insufficient time for the processes in equations 27,

29, and 30 to occur ahd that a reaction similar to equation

32 would taKe place.

~

L3

With these larger lithium-containing cartlons, [Lisn)+. now
in the lattice, it is probable that slower diffusion of these
larger species within the host (equatlo.n 34) will be the
rate—limltihg process for con_tinued. intercalati;m. In
principle, it shoﬁld be possible to measure the rate of
formation of Li* (as an average of equations 27 and 30) by
determining the current beyond which the formation of Li* by

v -

these processes does not have time to occur. This approach
is flawed, however, since the rate a:t whicr; species can enter
the latiice of the host depends upon the properties of the
lattice, e.g., van der Waals gap, ionicity, etc., desolvation
from solution. The results for the same Processes using '1;183
and TiSep \;Jould be different.

Cyclic-—vbltammetry of LiAsFg solutions at a T1S, electirode
éxilibits several reduction peaks (133) indicating the

presence of several steps for the process of intercalation,
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when different solvents are employed theré is an observed
shift 1in the poténtlals a£ which electrode pfoces'ses occur

(as found in the present work-.and in ref. 133). This |
suggests an important role for the solvent during the_ process

of intercalation, . .

A determination of the mechanism is further complicated by
the Ea-rticulate nature of the electrode and the lj.rregularity :
of electrochemically active surface areasl. A model for a
| particulate electrode in contact with a liquid electrolyte is
shown in Figure 21 (134). The active particles of the
e’lectrode material are-only those particles which are in
contact with the ligquid . Electron-transfer can occur quite

easily between the "dry" particles (the TiChp are reasonably

Particulated
Solid Solution
£lectrode

Liqud.— » -
Etlectrolyte -,

FIGURE 21

PARTICULATE SOLID SOLUTION ELECTRODE

\\\ (After Ref. 134)



good conductors). Conduction in the "wet" particles 1s
largely by ionic mechanisms (e.g., equation 33); however,
ionic transport across interparticle boundaries (i.e., from
one TiChp crysta'llite to another) is not liKely. Thus, the
electrode behaves as a thin layer interface where the path
for solid -state diffusion (ionic-conduction) 1s not greater
than the average particle diameter (i34).

In order to study the interface of an 1nterca1at1ﬂg
electrode (specifically, double-layer phenomena) it is
necessary to have a large single—'cr-ystal with one edge of the
crystal presenting itself 1o the electrolyte sol.ution in

order to produce a wéll—deflned surface area for intercala-

tion. Even when one is able to use a single-crystal, the

) 7

siirface area does not remain constant. As x in Li1yTiChp
becomes greater than zero the latticg expands in a r‘egu}gf{
way. In principle, it is possible to estimate the changing
surface area by monitoring the am\c:_ti\nt of charge that 1s
passed (in either direction) coulome'.;: efficiency must be
taken into acdcount). In-a practical sense, large s:.ngle—r
crystals are difficult to grow and are quite fragile. -
Single-crystals have a small surface area-to-mass ratio which
is. why most lworxers in seeking a battery electrode opt for
the high surface area powders,. Because of the difficulty of
measuriﬁg the true surface areas of these interfaces, any

"current densities" that are reported should be a function of

the number of moles of host used and the average pértlcle
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size., Without large, well—de-firned single-crystals of the
layered hosts, an investigation of the interface based upon N
the coupled double-layer model {(or any model} is not prac-
tical.

" With further Knowledge of the interfacial "llrpitatlons"
from mass-transport cn either side of the interface it should
be possible to create a mathematical model of the coupled
double-layer ut:ilizing the mass—tranqurt data from both
sides of the interface.

The contribution 1h the present work to thlis proklem will
be the investigation of the i_nterfacial limitations of
char‘ge—trénsfer and mass-transport for LiCF 350 3/2MeTHF
electrolytes in cells using particulate electrodes of TiSp
and TiSea. Without single-crystals this must/be part of a
larger effort to investigate these unique lnte(“faces.

Wwhile 1t 1s generally accepted that the rate-li\xpiting
process is the diffusion in the host structure, the multi-
stage oxidations and reductions that-have been observed 1in
voltammetry reemphasize _tne complexity of the interface.
There has been no unambiguous evaluation of the Kinetics of
cell performance, This is due in part to the largely
proprietary way in which these electrodes are made and
consequently the experimental conditions and data differ
between authors, or are not fully Known. These data depend

upon material stoichiometry,'par'ticle size, preparation
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procedﬁre (including the use of binders such as Téflon) and
upon the electrochemical method of evaluation.

‘;‘ne mathematical treatment of partiéulate electrodes by
Atlung et al. (147) serves as a éuide for the design of
experiméntal electrodes. They consider the "solvent"
properties of the host and have éalculated a "dielectric
constant" for the TiSp planes (148). Treatment is given to
‘the concentration profiles of Li* in the electrolyte and in
the solid-solution during charge and discharge of a cell.
During a galvanostatic ’ZL_o_jaul_‘d, a steady-state, linear concen-
tration-distance (-frotr{ tb,g interface) profile will r?&oidly
develop in the electrolyte. In the host material, no steady
state is possible during load. When the interfacial concen-
trations of Li* are non-zero, the result is the creation of a
transport overvoltage for the operation of the host as an
electrode. The .assumptlon is made that the process of Lit
entering the lattice (equation 31) occurs quickly and
reversibly, with a negligible overvoltage.

The time that is taken for a cell to discharge completely ]
at a éiven load is not determined by these overvoltages but !
by the limiting. conditions occurring when [Li* Jgo1n—©C or~-
when x in Li,TiChga approaches a limiting value (theoretically
1), (NOTE : Discharge .can continue beyond x = 1, but not

without some free-energy being expended to form new solid-

solution phases. Reactions occurring beyond x = 1 are not

generally reversible.)
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These two limitations will affect the interface and the.
utilization of the host 1n-d1fferent ways. If thé curreﬁt
density drawn on the host is high then [Li% ]goin quickly
approaches zero and acts to limit the current. It is also
possible that reactions such as that represented by equation
32 (the intercalation of (LiSph)™*) could occur, further
1itmiting diffusion within the host. The conditions where
[Li* Jnogt @PProaches a limiting value are deplcted in Figure
22 (after ref. 147). For a specific load during discharge,
the amount of host material corresponding to the hatched area
is not utilized (147).. The result is that the coulombic
efficiency of the cathode 1s reduced by a fraction propor-

tional to the utilized part of the host. This reduction c¢an

FIGURE 22
DISCHARGE:
Anode Electrolyte Cathode | CATION CONCENTRATION PROFILES
Limit IN THE ELECTROLYTE AND IN THE
o W SOLID SOLUTION CATHODE.
3 ‘1

Ca¥* Cc*, Cg* are the inter-
faclal concentrations.

Co 15 the initial conceniration
in the electrolyte,

CENTER

-r—- s the profile at surface
saturation.

4]

Hatched area: unutilized part
of electrode. '

(From Ref. 147)



be. considerable if the concentration gradient is steep
(moderate current densltleé) or if the electrode is thlck.

wWhat is thick? -- Atlung et al. (147) develop thelr”'@odel
based upon three types c:f "particles" for th(e electrofé:
infinite plane. sheets of thickness 2r with both sides eXxposed
to the electrolyte; infinitely long cylinders with fadlus o
and spheres of radius r. The diffusion éfc;\‘lations were solved
in terms of these "particles", They determined that for a
planar particulate electrode of TiS> in an electrolyte of 1 M
LiClCy in PC operated at the limiting current the product of
r and the separation between the electrodes, d, should be
less than 1.3 x 10-3 cm?. Their value depends on the
diffusion of Li* in the electrolyte solution and thus uﬁ'g;
the solvept. For a system where the anode and cathode are
separated by a 5 mil (0.013 cm) membrane, the cathode must be
less than 1 mm thick. Smaller particle sizes, e.g., 10 ium to
cons‘tltute this electrode will provide for a small grain
boundary distance.

with a consideration for mass-transport on both sides of
the interface, the general current-ovemﬁotentlal equation for

the Li*/TiChp interface is given (134) DY
I(t) = Io[(Co/C)exp(-aniFn/RT) - (Cs/Cb)exp((i—G)nF‘n/'RT)] [3%)

where Io is the exchange-current, C and Co are the. bulk and

interfacial concentrations of Li*, respectively, Cg 1S the
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concentration of Li* within the host at the solution inter-
:Eacé (t% is maintained constant by a constant appl{gd

potential), and Cp is the initial bulk concentration Q:E Li*
within the host {equal to zero for a fresh electrode). At
short times, when Cq4 > Cp, the current response will obey

the Cottrell equation and

I(t)t'"e = nFA(Cg-Cp) (D/m)¥® = nFACg(D/m)lk {36]
Very gquickly after the application of a potential, the
lithium concentration in the host near the interface (Cg)
reaches a maximum value, Cp, and a limiting current is

attained

Igtt)te = nFAcy(D/m)k [37]

. .
Equations 36 and 37 are combined to obtain an expression

for Cg/Cp 1n terms of the experimentally measured currents,.

(Cg/Cp) = (Cp/Cpl(Cs/Cp) = (Cu/Cplw £38]
where Cp/Cp is a constant and

W o= Cg/Cp = L(t)thsrg(t)tik [39]
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Dividing equation 35 by Iy (tJt2, substituting equations 38
and 39 into the result and suitably rearranging yields a

dimensionless current-overpotential e_quatlon

1/w =‘: asexp{ud) + Dbeexp(8) ) [40])
where

a = ,(C/Co) (Ig(t)tlR/1otlR (41)
b = (C/Cs){Cp/Cp) and ' [42)
6 = nFn/RT

With the continuing assumptlon ';.hat the current is limited
by the rate of 'dif-fuslon of Li* within the hos’t;. Co wlll be
independent of the overpotential and the quan.tltles a and b
may be regarded as constants to bhe evaluated by reduction of
the current—pote_x}j,;al data. !w1t{x a and b Known, the rate of
charge-transfer may be compared with the rate of solid-state

diffusion by

b/a = Cp/Cp = Letl/Iy(t)tle = keotk(c/cy) (1= /(p/mi'e  [43]

L]

with

I. = nFakec(1-%)cy (443
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Since Cp is aifficult to measure, eguation 42 may ‘be solved
for C/Cy and substituted ipto equation 4_4 thus obtaining an
expression for the heterogeneous- rate constant K° }n terms of
the diffusion coefficient for solid-state diffusion

Ke(t/D)R =  (Co/Cp) (1" pS/anlk [45)
N

With the assumption that Co {([L1i%*)interfacial) 1s equal to C
([Li* lpulk electrol;te)l this equation will result in an
estimation of a maximum value for K°(t/D)® (134).

The data to bé evaluated were acquired in the time domain
for which the Cottrell equation is valid (Dt <.O.25 82) where
I 1s the average grain size.

The value for D itself may be estimatec} from the time at
which the deviations from the Co,‘\c.trell behavior (linear log I
versus log t) occur and a Knowledge of the average grain size
for :the host ﬁ:aterial. It should be pointed'/ out that these
values that'ar‘e obtained for D and K° are not independent of
X in LiyTiChp. Here, they will be determined for wvalues of Xx
that are zero or very close to zero.

This worK will show ?ﬁat the rate limitations and reversi-
billty of these system;pfq.an be permanently and detrimentally
altered by the application of an intentional or accidental
peak current (in excess-of Ij). This current can cause

species such as (LiSp)* to enter the lattice and remain there

due to slow diffusion. These processes will be investigated

1614
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for 2 M L1CF 3503 in '2MeTH¥ for both TiSp and TiSep. The role .

of the solverit will also be discussed in a comparison with |

data from\other worker‘s) e ' "
\\'—/',.\_,/

i . EXPERIMENTAL

1.1 CELL DESIGH

(s

The three electrode cell is a modification of a design by

’

Dr. Viola Birss, when at the University of Ottawa, that 'Wa\‘s\
used for -very §ma11 quantities of particula{te o_:;_;_gg eleétrode‘
materials. The cell used here (Figure 23) consists of a gold
cup and wire embedded in Epo-Mix™ Epoxy (Buehler) and sealed |
in a piece of 20 mm {o.d.) glass tubing (plece #3) which is

further sealed in a piece of 20 mm (i1.d. )' tubing (plece H#2).

This cup, which 1s about b mm deep constitutes the current

- .

collector (e.g., Figure 21) for the particulate cathode
material. The current co}lector's for the counter and

r‘e-fereﬁce electrodes were prepared by sealing platinum
{instead of gold, for added stirength) in Epo-M1ix™ 1n a

similar 20 mm o.d. tube. The platinum wires were allowed to

'

extend a short,di\sb?nc’e from the surface of the epoxy so0. that

.

’

they could penetrate the reference and counter electrode

e Epo-Mix™ was examined for stability in 2MeTHF at

ambient and elevated (70 °C) temperatures . The solvent was
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analyzed by gas chromatography after ocne, two, and seven days

for decomposition products or dissolved*produlcté. At ambient

. y . | .
temperature it was found thathwt €Rexy could remain 1in

t

contact with the 2MeTHF B at least tWo days wilthout
detectable de’gre;dation. At 70 °C the epoXy showed signs 'ﬁ
.disco'ior‘ation and ‘degradation products were found in the
gseivent after just one day.

The éold "cup" is to contain a weighed sample of the host
electrode material. - This material is held 1n placé by a

separator membrane of 10 mil (0.2% mm) woven glass fiber

paper (without binder or wetting agents) (Mead Corporation).

k.

The separator was held down by a Viton O-ring which also )‘
served as a s'pacerl‘ to allow room for thelneferencé a;'ld. /
counjter elect-rodes. The whole assembly 1s held together
usiﬁg a. spring clamp. Two holes were drilled In the epoxy
counte.r/r'eference electf*ode piece so that electrolyte could

be introduced into the cell with a syringe.
1.2 REFERENCE ELECTRODE

The electrochemical reaction

Lit + e~ = La

.«

has a r;elatively high exchange-current density in non-aqueous

. . ™~
solutions (149). THE electrode potential responds in a

-4
Nernstian fashion to change® in cation concentratian (150)
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and when lithium metal (wire, foil, or rod) is used, the

electrode behaves to a good approximation as a non-polariz-

able electrode. These properties make 1t suitable for use as

. a reference electrode.

Lithium \:rir‘e (0.12% in. diam., bat;c.er‘y—gr‘ade - low sodium,
Foote Mineral 'Co.) was used as a reference (and coxfnter)
ele‘c;trod.e. A small plece was cut WitI:I a plastic blade and
impaled on the platinum wire in the cell, Lithium is used as
a cou::\xtgr_électrode to supply lithium ions to the solution as
lithium ions are discharged from the solution into the host
I’attlce. ' .

. . \-

1.3 ELECTROCHEMICAL MEASUREMENTS

4

The chronoamperor:netry measurements were performed using a
Princeton Applied Research (EG&G) model 273 Potentiostai/Gal-
vanostat which was interfaced to either an, Apple Ile or IBM

PC computer for data acquisition/experiment control. The 273

has a built-in signal generator to execute simple v?gﬁrefor‘ms

, Y.
(E = £(t) in voltammeiry with the 273 is actually a stalrcase

4

ramp instead of a smooth ramp). HMore 'complicat:ed waveforms

and holding potentials can be hchleved by using the computer

to program the signal. The pr'ogrammed sijnal in this case is
actu_ally a sgquare wave of const‘ant E held for the duration of
the experiment (2000-6000 8. The apparatus was aiso used P

L)

——s3
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for c¢yclic-voltammetry to investigate the anodic limit
. electrochemical stability of the solvent.

1.4 ANODIC LIMIT OF‘ STABILITY OF 2MeTHF

|
|

In order to verify tHe stability (and purity) of the
L1CF 350 3/2MeTHF electrolyte, a 2 M solution was injected into
the cell which had been prepared with a lithium counter apd
reference elecirode. The worklng electrode was gold (0.72
cma). A lnnear potent'lall sweep starting at the rest poten-
tial (1.9“V vs Li/L1*) and sweeping anodically at 100 mV/s
was performed. The po;tentlal at which the anodic current-
density feached 100G Ll-A/cm2 (an arbitrary value, after ref.
16) was recorded. The anodic limit determined in this manner
was 4.18 V vs Li/L1i*. This is to be compared to.
4,15 V for 1 M LiAsFg Ln 2MeTHF on a glas;y carbon electrode
(16). A very small rate of oxidation (< 2 uA/cmal was
observed at 3.42 V and a cof‘responding reductlén at 2.43 V.
The potential at which the electrolyte solution oxidizes

determines the maximum charging poten_tlal tr}at can be usgzd

for removing Li* from TiChp.



1.5 CONDUCTANCE OF 2 M LICF 3503/2MeTHF

N
The conduc£1v1ty of 2 M LiCF 35803 1in 2MeTHF wds determined

using the conductance cell that was described previously.

The conductivity at 25 °C was determined to be 1.04 X 10-3

s/cm .,
1.6 ESTIMATION OF GRAIN SIZE BY SEM

A_series {3 - 4 photos) of scanning electron microérapns
were taken of each samplé of TiChp in order to estimate the
avef‘age partlcle' size for the- i:ar'tlculate electrodes. Even
after grindlng the sample in an agate mortar, there was a
large variation in- grain size and microstructure. The
variation in grain size was over a factor of 2 to 6 for most
samples. For the TiSp ;:r;}les, the average grain size was
typically 5 to 20 um and for TiSep, 5 to 26 um. The large
rang(‘a of the grain sizes and the difficulty in determining
their averqhge size means that the value for the diffusicn
coefficient that 18 extracted from the results is a mean
value havlng'a large uncertainty.

The micrographs were taken on an ISI-40 (International
Scientific Instruments) scanning electron microscope.
Examples of photographs taken for TiSp are shown in Flgure

»

24 .
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FIGURE 24

SCANNING ELECTRON MICROGRAPHS OF TiSp
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1.7 EXPERIMENTAL REGIME

Chronoamperometry was performed on TiSp and TiSe; elec- _
trodes at several overpotentials. The solid-state diffusion
coefficient and heterogeneous rate constant were evaluated

for each system. A__fresh electrode was used each time

T
-

ber.:.ause the applicatIon of an anodic current does not assure
complete 'removal of Li* from the TiChp.

Next, a peak current, arbitrarily éhosen to be about five
times the limiting current for the electrode, was applied for
{00 ms. At this current-density (using the apparent elec-
tr'oc;e area), even if the electrode were coperating at 1007
coulombic efficiency, only 10-7 ¢ of lithium-containing 1ions
a‘re passed. The crystals at the surface of the electrode
appeared to swell. X-ray ¢rystallography of some of these
crystals near the surface show ‘that the c-lattice parameter.
of the host had increased beyond what would be expected for
the incorporation of unscolvated lithium ons, For TiSz the
¢c-lattice parameter was determined to be 1.64 + 0.17 nm and
for TiSep the value was 1.73 + 0.26 nm. The relatively large
uncertainty in these results was due to the mixed composition
of the analysis sample and the presence of some diffuse lines
in tne.powder pattern. The increased lattice parameter can
be attributed to the incorporation of (LiSp)* (the determina-
tion of the wvalue of n cannot be made without more domplete

structural information).
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The small amount of intercalated species should not affect
the theoretical treatment of the I-t data - the bulK solid
concentration of Li*, Cp, can still be approximated as heing
near Zzero.

After the application of the peak current, the electrode
was allowed to rest for ca. 20 minutes until the potential
recovered to an egquilibrium (cpen-circuit) pqtential. After
the rest potential was attained, the same series of potential
steps was applied tc the conditioned electrode. After each
potential step. a new el.ectrode must be prepared and condi-
tioned with a peak current. This increases the Unce\rtalnty

of the results so obtained.
e EXPERIMENTAL RESULTS AND ANALYSIS

The results for the chronoamperometric measurements on TiSp
and TiSep are presented graphically in F‘lgﬁr‘es 25 - 28. The
applied overpotentials versus Li/Li* are indlcated‘ on the
figures. Values f_or' the various parameters of equations 36
to 45 were extracted fr%m these graphs in the following way:

% First, the tig\e at which deviations from*t(ne Cottrell
behavior occurred (te) was determined from the graph. Using
this time and the average grain sIBLze, i, as determined by
SEM, a value is determined for tnje diffusion coefficient

through the relation
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1;>t = 0,25(°F [46)

Using this wvalue of D, the I-t data 1n\ the reglo=n where
Cottrell behavior is observed 1s used to calculate A({Cg-Cp)

at each overpotential. In the Cottrell region (linear log (1) .
versus log(t) behavior) this value for A{Cg-Cp) 1is indepen-
dent of time. A is the effective area of the TiChp electrodé
and its value depends upoen grain size and electrode prepara-
tion procedures (e.g., the use of Teflon binders) which would
affect the available surface area, The value of A(Cg-Cp) 1S

evaluated through
A(Cg-Cyp) = I(t)t'en'e/nFDlk . (47)

This value 1is first "normalized" 1o the apparent electrode
surface area and electrolyte concentration, C. This normal-
ized value, A(Cg-Cp)/AzppC, 1s then passed on to a rearranged

form of equation 40, . - .

. A(CCp) /Ay, -
1w = Iptrth = L = ae®® 4+ Dbeeb (48]
A(Cg-Cp) /AgppF
which is further rearranged to
1 : ase9P pee®
= -+ [49]
A(C5-Cp) /AgppC A{CyCp) /AappC A(CCp) /AgppP
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The data pairs (A(CS-Cb)/AaI_;pC and the overpotential as 8 =

A

nmF/RT) are fitted to equation 49 using the program FIT (see

appendix). The parameters that are obtained from this fit
are A(Cyp-Cp)/AazppC, a, b, and «. The inlitial estimates for
a, b and o were obtained from the data for LiAsFg in DME (a
solvent of similar dielectric constant to that of at-ie’I‘HF‘).
(134). The estimate for the value of A{(Cp-C2b)/AappC was
obtained from a plot of A{Cg-Cp)/AgppC versus m. At high m,
the current appreoaches a limiting value and Cp 1s attained aL_\
the host interface. This corresponds to the limiting cum“jent
and to A (Cp-Cp)7AappC - |

With these par‘ameters; having been obtained, the hetero-
geneous rate constan-t is evaluated through equations 43 and
45, The results of these calculations are presented in Table

i2.

)



log(l)/pA

Masauraments were also taken at several
potentikle batween the two Indicated,

| Thelr curves lle betwesn these two,
Thia le also truse for Flgurea 20~28
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log(t)/s :

FIGURE 25

LOG (CURRENT) VS LOG(TIME) FOR CHRONOAMPEROMETRIC
MEASUREMENT AT TiSe, (FRESH) IN LiCF3SO3/2MeTHF
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log(l)/pA -

, log(t)/s

FIGURE 26

Pl

LOG(CURRENT) VS LOG(TIHE) FOR CHRONOAMPEROMETRIC
MEASUREMENT AT TiS; (FRESH) IN LiCF3SOgz/2MeTHF
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LOG (CURRENT) VS LOG(TIME) FOR CHRONOAMPEROMETRIC
MEASUREMENT AT TiSep (STRESSED) IN LiCF3S0O3/2MeTHF

175



1]

3 o
<
=1,
TN
— =
= {
o -
o
2 -
1 1 1 1 1. 1 1
o 1 ‘ 2 3
5
. log(t)/s
1
FIGURE 28

-
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“

TABLE {2
CHARGE-TRANSFER AND MASS-TRANSPORT PARAMETERS
; % :
FOR L1CF3SO3/2MeTHF AT TiSp AND TiSep

+

T1S; - : TlSea
e *
tq(s 13 39. 6
o D/cmg s-1” ‘ ~ 7.51 x 10~9 4,08 x 109
a . 2.23 4. 84
b 218.6 1939.
’ ) 0.018, ‘ 0.0155
“kesem s ‘ 7.51 x 1077 6.93 x 1077
A(Cpy-Cp) /AappC . 2.83 1. B7
ketcle/ple 0.0312 0. 0636
- —
- stressed TiSp stressed TiSep
to/s ' 21.5 _ 50. 8
pD/ cmg o1} . 4,54 x'1079 2. 77 x 10-9
a. | _ .. 2.34 4, 31
b _ . 73.3 4311 7
a - . 0.016 0. 0131
k°/cm s~} 4,65 x 10~7 4, 46 x 1077
A{im—cb)/Aappc 2. 71 | 1. 42
ketcle/ple 0. 032 ? 0. 0604
-] ’ ) -
AN
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3 DISCUSSION / o

- L - 1

u 1

v

These studles of the discharge of the host material (as a

cathode opposed by a lithium anode) were motivated by a —

R -y
W

- desire tc;_sbtaln an understanding of the relationship between
¥ — charge-transfer and mass-tnansport at such an interface. In

i

Y Ly ) o ' :
¢  addition, The role of the solvent with respect to these

) processes 1s of lnterest. The difficulty in working with

such interfaces should not be underestimated and this limits

the types of experimenté that can yvleld guantitative informa-

Fl -

tion. Without a.. complete study with single ér‘ystals. the
double-layer models remain as conceptual guidelines for .
1nl-t.er-pr'etat1.on of results. \\_s can be seen from the results
(Figures 25:-26 and Table 12), the larger van der Waals gap
andq octaghedral site size for TiSes does not mean that lithium
ions will diffuse more ;Iuickly. In the aﬁsence of a major
“difference in the ionicities of TiS» and TiSep, the behavior
canﬁsg attributed to differences in the Fermi levels of the )
two hosts and the larger activati‘oi’r\energy for site-to-site
Jumps by Li* in TiSep, (the octahedral sites in TiSep may be
larger than those 1n. Ti8,>, but the gap between the sites is
, smaller).. Thompson (140) has shown that the free energy,‘ fgr
the formation of ordered pn‘ases“ in L1,TiCh, is greater for'}-

“Ordered phases refers to the ordering of Li* within the _

TiChp. Thompson (140) clearly demonstrated the ordering
x of Li* in TiS, at x = 1/9, i/4 and 6/7. The ordering at

X = 6/7 is an ordering of the vacant octahedral sites.

178



+

TiSe, than for TiSp. This may help to explain the slowerg
diffusion of Li* in TiSep. -.

The diffusion coefficleﬁt's that are 'repor-ted here are
larger than those reported for L1AsFg and LiClOy in DMF. The
_dono'r number for-DMF 1s 30.9 (5) apd that for THFwis 20 and >
the donicity of 2MeTHF s;hoﬁld be similar to the latter
figure. The dielectric constant o'f DMF 1is ,also much larger
i (36, 7Ty tran of 2MeTHF .

Popov et al. (151,152) has showp that ‘for al}{a:l.t metal
salts in solvents with d donicity comparable to that of DMF,
the position of the vibrational absorptlon bands are indepen-
dent of the nature and mass of the anion. | Thus, the absorp- )
tions were attributed to ilon-solvent interactions. Edgell et
al. (153) reported their observation of the vibrational
spectra of lithium, sodium and potassium salts of Co(CO )y~
and Mn-(CO)s‘ in THF. The absorptions in the case of the
latter anion were 20 to 30 cm~! nigher with the results being
explained as an.ion—ion' interaction (ion-pair :Eor‘m"ation) for
the salts in THF . Solvation of the lithium ion 1is m\or'e
lil{el}" in DMF due t:o the stronger solvating ability of the~
solvent and this probably allo.ws solvated lithium ions (which
would diffuse slmfer' in -the host) to enter the lattice. This
is evidenced by the much larger degree of swell;ng observed
for the intercalate in DMF than in 2MeTHF (this work, 134).
* While the application of a peak current did cause some larger

-

species to enter the host (as evidenced by the x-ray analy-
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~ sig), the'se‘larger' species did not slow the measured diffu-

. ™ a N
slvity by more than 30-40%. It isipossible that the slight
expansion of the lattice opened the 1ntergrénular boundaries
to .the electr%yte. thus increasing the effective surface
area ., |

It 1s also interesting to note that the product Ketc'e/DIf
reme&ins approximately constant in going from the uns;f.ressed
electrode to the electrode that was stressed by a Eg‘ak
current, This ratio compares the rate of charge-transfer to
the rate of mass—tra:nsport {solid -state diffusion).

The rate of charge-transfer is some;\rnat larger f.han for
the DMF-based system and this c¢an be atiributed to less
involvement by the 2MeTHF in the intercalation process .
However, the rate constants for intercalation in 2MeTHF -based
solutions would yield low excha;‘lée—current densities. The
values obtained for the transfer coefficient would imply that ~
the process of removing species from the host is much easier
than that f‘or inserting them. Intuitively, Jjust the opposite
would be true — intercalation takes place with relatively low
polarizations, the process of removing lithium ions from the
host is never complete and the host material is often a much
better "solvent" for lithium ions than is the organiccéjolvent
(a dielectric constant of 31 has been calculated ‘for TiSp
(148})). Because of the a1_::p;1:ent irreversibility of :che

systems and the low exchange currents, the assumption that

the actual process of intercalation (equation 31) is ra'pid
] - .
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and reversible may not be entirely correct. If the assump-

tion is correct, then tﬁeame_@iﬁiﬁ .of charge-transfer “occurs

.l

H '.;t‘:
inside the lattice and is not necessarily a consequence of

the process at the actual interface, As a part of the
co;.lpled double—layef model — 1t may be tnat‘charge—tr‘ansfer
is not complete until the lithium i1ons entering the lattice
are several atomic diameters into the host where 1its electiri-
cal field no longer "sees" the eléCtrolyte, 1.e., it has.

péssecl beyond the host’s (internally generated) compact
double-layer. A solvent with a stanger donicity (e.g., DMF)
would slow this process more than a non—J;nvolved solvent .

11:1 spite of 1its low conductivity, the non-involvement of
the 2MeTHF solvent (as well as its relatively small__r_-éac-
tivity with lithium and TiChp) seems responsible for the
longer cycle life of lithium intercalation cells based upon
this solvent. The role of the solvént donicity in the
intercalation process in intriguing when one normally
considers as sultable for electrochemical power sources’ those
solvents with the strongest sol\fat.lng ability .

The important processes in solution that present lithium

ions to the interface are

(LipA)* . = (Li*A") =+ Li% K = 1/K4 (27)
(Li*A=) = Li+* + a- ' K = 1/Kp (29]
(LiSp)* = Li*t + nS [30])
, _ .
_ g
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.The rate constants on going from left-to-right will determine
the rate at which Li* becomes 'available for }nter;:alation.
For a weakly solvéting solvent such as éMeTHF‘, lithium lons
are produced rapidly with the applicalcion of aﬁ applied
potential. However, slncé almost all of the lithium ions
exist in solutién as ion-pairs or higher aggregates, this
process becomes r-e_latiVely unimportant. The rate .limiting
‘process in solution will be the rate at wnlgh lithium ions
are produced by the processes represented by equations 27 and
29. Upon the application of the peak current to "stress" the
elect;gae, one or ;nor‘e of the left-to-right processes that
are represented above will not have time to occur and a large
_ species (e.g., (LipA)* or (LiSp)*) will likely enter the
lattice. —
Energy must be ¢xpend_ed in initially ope‘ning"trp the layers
of the host for incorporation of the gue;st species. The
energetlés, mechanism and reversibility of this process has
not been accounted rfor-in any of the models of the intercala-
tion process. Aé mentioned above, it is often assumed that
the actual process of insertion (which is accompanied ];y an
opening of the layers) 1is both raplid and reversible.
Once the lithium ion has entered the lattice the electron
density within the host’s band struciure is redistributed to
balance the charge that is introduced by the ion. Tl"le

;ncreas,ed number of electrons that are required to »alance

the charge are supplied by the external circuit. With the
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continued flux of electrons from tlYe eicternal c;lrcult. the
li1thium ions will migrate through the lattice in the dlre_c-
tion <.3f the source of these electrons.‘ The m:ovement of
lithium ions thr‘oﬁgn the host must contlnﬁously work to open
) tr;.e layers of the host as the "w'ave front" of intercalated’

species migrates toward the source of electrons (cf. r‘ef?

—

41) . : \

e
wWhen the external circuit has been broken[':md the flux of

electrons has ceased ,-<tire movement of lithium ions within the:

lattice m'a}r continue with the energy f-or‘ the site-to-site
jJumps being provaided by the m—utual’r‘e,'pulsion of the lithium
ions. In this vfay, the.: localized concentrations of ll;r.hium N
1ons in the host (near the interface) c¢an be redistributed to
ya "bulk" concentration of the species within the host. This

is analogous to the processes occurring in solution except

that the charge carriers within the host are more discretely

- separated. The role of the host as a "solvent" in these

processes, which was introduced by Atlung et al. (148), needs

1

to be investigated further,. o -
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APPENDIX

A. ', RIGOROUS LEAST-SQUARES ADJUSTHMENT

The original computer' program was'wfitten in BASIC b_y Mark
McHeil and Earl X. Ralph o-f Memorial University, St. Johns.,‘
Hiﬂd' The present program, called FIT, was adapted -.Erom ihe
original program for the IBM PC be Tom Clune and Ernest
@runwald and further modified by Larry Dominey and the

present author:at Brandeis University, Waltham, MA,

Introduction - The program FIT executes a nonlinear least -
sguares calcﬁlation based upon the general statistical method

of Wentworth and Deming (101,102). The user specifies the
! <

number of variables, parameters and constan‘g.s. the function

that is to be fitted, and the partial derivajt;_ves of this
function \lvith respect to both variables and parameters., The
latter are required in the rigorous calculation. : 4
The present calculation is longer than that involved in
the common method of least-sgquares; ho‘wever, it offers
signif;carit advantages, In the com'm'on least-squares method
one assumes f.hét the data are completely accurate and tests
whether the chosen function will reproduce them. Key °

ciuantities are the standard errors of fit and the correla.tion‘

coefficients. "Best fit" values are.obtained for the

_ parameters and if due attention is paid to assigning statis-

tical weights, the parameters are indeed quite good. On the

other hand, the errors assigned to these parameters in the
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‘common least-squares method maKe no_allowance for experi-

mental errors in the data and thus are unrealistically small.

Since the parameters have physical significance (e.g.., A, Kz}

and are often used further, the absence .of realistic error

estimates is a problem. j
wentworth’s method overcomes this proklem. When the data

are entered, a standard deviation ¢ 1s-specified for each

L

data point. The statistical welght of the point is takKen to

be 1/02.__The effect of the error on the function, F, 1s then
-

PR

computed by lﬁultiplying the statlsticarl welght of the given
data points, x(I)/cE, by [9F/0X(I) ]3. From a staEistical
point of view the parameters obt;ained. by this method are
petter than those obtained by the common method of least-
squares, and the standard deviations assigned to the parame-
ters now include the effects of the experimental errors in a

realistic way.

Starting the program. The program disc contains IBM’s

‘tadvanced BASIC" interpreter - BASICA, the program FIT, and
some files for the temporary étor‘age of data durlng Program
operation. T-l;l_e_ operations are as follows:

1. Turn on the computer_and optlona:lly supplf the date and
time when the prompts appear. When the prompt A> ’
appears type BASICA and press <CR> to load the basic
interpreter. When the prompt "OK" appears, type LOAD

“IT" and press <CR> to load the program,
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2. To run and ilnitialize, press the user-defined quy. Fg on
the left of the Keyvyboard. (F2 is equivalent to the
command RUN<CR>}. This will takKe you to the Help Screen

and allow you to select an appropriate subroutine.

Notation - The following notation 1s used.

.

variaples are denoted by X(1), X(2), . . . X(1}.
Parameters are denoted by C{1), =€C(2},. . . C{Ji).
Constants are denoted by B{i), B(2}), . . . B{K),

»

For example, a straight line might be written as
X(2) = C(1) » X(4L) + C(2)

The function to be fitted is always written in the form F =

0, Thus, for gne preceeding straight line
F = C{(1) % X({1) + C(2) - X(2)
The partial derivatives are dencted as follows

IF/3X(1) 1s dencoted by Fi(1,1)

aF/3C({J) 1s denoted by Fi(2,J)

This notation, which may be unfamiliar, is dictated in part

~ by BASIC syntax.
» : ‘
Running the program. The program is divided into convenient

subroutines which are accessed by pressing user -defined Keys.
To see a list of these subroutines go tco the Help Screen hy

pressing F9.
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C.

Subroutine F#4 will take you t¢o a screen wh:.c_h lists theﬂ
. ) o

functions wplcn have already been pregrammed. These funct
tions are stofed in separate files. If you wish to use one,
you must first "merge" it with the main ppogram. Just follow
the prompts, then press ii'a to initialize theA merged program}.

If the desired functlon 1s not listed, press F3 to enter -
it., This 1s a bit 1ntrlcate‘. s¢ follow the prompts pre-
c;sely. I+ will be helpful to prepare a list of the deslr_'ed.-
function and of its partial derivatives -using BASIC notation.
wWhen you are all -ldone you can check your typing by PpPressing

-

Fi. If you find a mistake, you need 6nly retype that —_—
particular prompt. In response to prompts that need no
co'rr‘ectlon. simply prress F10.

Subroutine F6 enablesh vyou to enter your data. Just follow
the'prompts.. After all data have been entered, the program
will dlspla—;—them in a Table. Use the "delete data sets"— and
"add data sets" prompts to maKe corrections. The program_1s
written so that you can-only make correcvtl_ons by deleting and
adding an entire data set (that is, X(J._). Y (1) pairs etc.).

Before leaving the data-entering routine, the program will
save your data on a disk. 'Yog have two options. If you need
only temporary storage, the data will be saved 1n the flle
"DATASETS", More liKely you w‘111 want more permanent
storage. You get this by naming your own file.

Having entered your data, you may proceed to the least-

squares calculation either by chceosing "menu item %", or by
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returning to the help screen and pressing F7. The calicula-

tion involves numerous$ multiplications and divisions as well

as inversion of an N by N matrix. The program may takKe

&

several minutes to run. o
The least-sguares calculation is’ bﬁr successive approxima-’
tions. To get it started yocu Mmust enter {when pi‘ompted) the

f § .
s-initial estimates for the parameters. These estimates shduld

be fairly a-'ccurate. especially when F is not a simple'
] - _

algebraic function, tosassure converg’énce.
In answer to the prompt "HowF many cycles?" - t_\g_q; are
recommended . The program will display the results of-each
' tteration, and at the end will ask you if you want .more.
After you are satisfied that converg_alce has been achieveci.
J you may print out the final results by pressing F;B.

# Lo
Format of printout. The printout lists the parameter’s and

th.eir standard deyiations. It then prints a ~Tab1e\ listing
the Set\l‘{umber, q;‘, the ‘X (I) values and—their standard
_deviations. If the fit 1is good, the values of F will be
nearly zero, and the sign of F will vary‘between + and - in a
random fashiop. |

The .Table then lists the covari;nces (discussed below) and

finally the equation for F.

Interpretation of parameters obtained with FIT:

If the standard-@eviation of a parameter is much greater than

the value of the‘parameteﬁ. then the ﬁarameter 1s statistic-

ally insignificant and may be equated to6 a ‘constant value of

] ‘ 188
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.

zero., Accordingly, any terms“multi‘plied by the parameter 1in

L)

the original function may be dropped from F and the ;Eltting.
i‘*epeated uéi'ng the simpler function. ‘ ) ’

If the magnitﬁdes of F are considerably greatér than the
experlmentgl error, or 1if the signs of F are r_10t Iﬁ a/random
Sequence, then Fis p].;obably not an accebtable fitting

‘ : s
function. _ __ . .

[
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FIT | —

The program FIT executes a non-line
tion with particular attention given to uncertainties in
the physically measured data. The program 1 'dgscrlbed at
the beginning of the appendix. This version 1 written

Microsoft BASIC (Ver 3.0) on an IBM-XT personal ¢ mputerfi

least squares calcula-

1. XEY OFF:CLS

5 OPEN "DATA" FOR QUTPUT AS #1:H=0:M=0:N=0:0=0:1=0: WRITE
#1,H, N, 0, I, M:CLOSE

10 OPEN "DATA" FOR INPUT AS #1:INPUT #t, H: CLOSE

1% ON H GOTO 425, 355, 350

20 OPTION BASE '1:CLS

21 DEFDBL A,B,C,F,L,R,, T, X, W

22 DEFINT M,N,O,F, I, G, K, J, H ’ ~

25 KEY 2, "RUN"+CHR$(13)

30 KEY 3, "GOTO 565"+CHR$(13)

35 KEY 4, "GOTO B00C"+CHR%$ (13)

40 KEY 5, "CONT"+CHR${13)

45 KEY 1, "GOTC B8O"+CHR$(13)

55 XEY 6, "GOTC 1422"+CHR$(13)

60 = XEY 7, "GOTO 955"+CHR$(13)

655 KEY 8, "GOTO 1350"+CHR$(13)

67 KEY 9, "@OTO, 10000"+CHR$(13)

TO KEY 10, "GOTO 10"+CHB$(13)

75 GOTO 10000

80 CLS: LIST 90-311

90 F=C(1)xX(1)%(1- C(3)NX(1))+C(E)!X(8)N(1 C(3)iX(2))-X(3)

91 ’)REWURN

110“ F1(i1,4) = C{1)-2xC(1)xC(3)*xX (1)

111 RETURN ' ' T

120 Fi(1,2) = C(2)-2*C(2)*C(3)xX(2)
121 = RETURN ~

130 F1(1,3).= -1

131 RETURN

210 F1(2,1) = X(1)-C(3)xX(1)"2

211 RETURN
220 Fi(2,2) = X(2)-C(3)%X(2)"2
221 RETURN
230 .F1(2,3) = -C(1)xX(1)"2-C(2)#x%(2)"2
231 . RETURN o
309 *THE ABOVE LIST SHOWS THE FUNCTION AND ITS DERIVATIVES’
310 °‘CHOOSE ANOTHER UDK. FOR ASSISTANCE, PRESS F9.’
330 M=3: N=3: 0=0
331 RETURN
350 CLS:OPEN "DATA" FOR INPUT AS
#1: INPUTH#1, H, N, O, I, M: CLOSE: I=1: GOTO 365
355 OPEN "DATA" FOR INPUT AS #1: INPUT #1 H, N, O, I, M: CLOSE
360 I=I+1:CLS . «
365 IF I<=M THEN 382
370 GOTO 420
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380
382

385

390

395
400
405
410
415
420
425%
430
495
440
445

448

450
452

455

457

460
465
470
475
480
495

500
505
510
516
520

525

END T :

IF I=1 THEN PRINT "DERIVATIVES OF THE FUNCTION F WITH
RESPECT TO THE -VARIABLES. ":PRINT

PRINT "STARTING AT LINE ";100+Ix10;"AND INCREMENTING ,
THE LINE NUMBER BY |, “'PRINT "WRITE A SUBROUTINE WHICH
DEFINES "THE PARTIAL OF *F’ WITH_ RESPECT TO

X(";I;")y, ":PRINT "CALL THIS PARTIAL F1 (i, ";I;").":PRINT
"USE ‘NO MORE THAN 10 LINES. "

PRINT "THE LAST LINE-OF THIS SUBROUTINE MUST BE

. “RETURN".

PRINT "THEN PRESS F10 TO CONTINUE. "
H=2
CLOSE:OPEN "DATA" FOR OUTPUT AS #!
WRITE #t,H, N, 0, I' M

END ' . : .

I=1:GOTO 435 ' ' “~ L
OFPEN "DATA”‘FOR INPUT AS 4t1: INPUT #1, H, N”O I, M:CLOSE
I=I+1

CLS:IF I<=N THEN 452

OPEN "DATA" FOR OUTPUT AS #1: WRITE #1,H, N, O, I, M
PRINT "Now write the END line, using line number 309,
as follows:"

PRINT "309 END <CR>, then press F9 to

.continue"” . !

END

IF I=1i THEN PRINT "DERIVATIVES OF THE FUNCTICN F WITH
RESPECT TO THE PARAMETERS. ":FPRINT

PRINT "STARTING AT LINE ";200+Ix10;"AND INCREMENTING
THE LINE NUMBER BY i, ":PRINT "WRITE A SUBROUTINE WHICH
DEFINES THE PARTIAL .OF *F’ WITH RESPECT TO
C(":;I;"y. " PRINT "CALL THIS PARTIAL Fi(2,";I;")."
PRINT "THE LAST LINE OF THIS SUBROU?INE MUST BE
*RETURN’, "+PRINT "USE NO MORE THAN 10 LINES."

PRINT "THEN FRESS Fi0 TO CONTINUE, "
H=1 )

CLOSE: OPEN "DATA" FOR OUTFUT_ AS 3!
WRITE #1,H,H,0,I, M

END ) L

CLS:PRINT "STARTING AT LINE 90 AND INCREMENTING THE
LINE NUMBER BY i, ":PRINT "ENTER A SUBROUTINE WHICH

?

wm DEFINES THE FUNCTION *F’.":PRINT "USE NO MORE THAN 10

LIHES"'PRINT "THE LAST LINE OF THIS SUBROUTINE MUST BE
*RETURN’.

. PRINT "FOR EACH LINE, AFTER TYPING THE LINE, PRES°

<CR>™"

PRINT :PRINT PRIHT'"EXAHPLE' IF YOUR FUNCTION IS
X(2)y=Cc(2)+C(1}yx(1);" )
PRINT :PRINT "90 F= C(8)+C(1)uX(1)—X(2) <CR>»"
PRINT :PRINT "91{ RETURHN <CR>"

PRINT :PRINT :PRINT "TO COMPLETE THE OPERATION, PRESS
Fi10, "

PRINT :PRINT
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530 H=3

535 OPEN "DATA" FOR OUTPUT AS #1

540 WRITE #1,H,N,0,I, M

545 END , . T :

565 CLS:ON ERROR GOTO 1435

566 PRINT "THIS IS LEAST-SQUARES PROGRAM ‘FIT’. YOU MAY 4
USE" \ :

568 PRINT "UP TO § VARIABLES AND UP TO 10
PARAMETERS. " : PRINT

569 PRINT "THERE IS NO LIMIT ON THE NUMBER OR
CONSTANTS. " : PRINT

570 INPUT “HOW MANY VARIABLES";M —_—

575 INPUT “HOW MANY PARAMETERS";N

580 INPUT “HOW MANY CONSTANTS";O

585 ON ERROR GOTO 1435

590 ERASE X

595 ON ERROR GOTO 1440

600 ERASE C

605 ON ERROR GOTO 1445

610 ERASE B -

615 DIM X(M),C(N):IF 0>0 THEN DIM B(O)

620 PRINT

625 PRINT "THE VARIABLES WILL BE CALLED:"

630 FOR I={ TO M :

635 PRINT " X(";I;")";SPC(5);

640 NEXT .

645 PRINT

650. PRINT "THE PARAMETERS WILL BE CALLED:}¥

655 FOR I=1 TO N : ~
660 PRINT " C(";I;")";SPC(5); L
665 NEXT .

667 PRINT

670 IF.0=0 THEN 698
680 FPRINT "THE CONSTANTS WILL BE CALLED:"
685 FOR I={ TO O

690 PRINT " B(";I;")":SPC(5);
695 NEXT

698 PRINT :PRINT

700 I=0

705 OPEN "DATA" FOR OUTPUT AS #1
Ti0 WRITE #1,H,N,0, I, M
720 CLOSE #1i: GOTC 495

T30 CLS
736 INPUT “HOW MANY DATA SETS";P
740 CLS

745 OHN ERROR GOTO 1450
750 ERASE W

755 ON ERRQR GOTO 145%
760 ERASE X1

765 DIM W(P, M), X1 (P, M)
780 FCOR I=1 TO P

785 FOR J=1 TO M
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790
795
800
805
810
815
820

835

850
852
a6b
as5s8
850

865
870

are
8756
880
885
890
895

900
90%
910
915
920
925
930
935
945"
950
955
956
957

958

960
965
970
975
985
990
995
1000
1005
1010
1015

PRINT "SET NUMBER "I, "X(":iJ;")=";
INPUT X1(I,J)

PRINT TAB(30): INPUT "STANDARD DEVEATION:";W(I.J)

W(I,J)=1/W(I, J)"2 >
NEXT
CLS
NEXT \

CLS: PRINT "SET" TAB(8) "X(ODD)" TAB{22) "ST.DEV."
TAB(48) "X(EVEN)" TAB(62) "ST.DEV."
FOR I={ TO P )

PRINT: PRINT

FOR J=i1 TO M~

T=80x%{ (J+1)/2-INT((J+1)/2)): IF J=1 THEN PRINT 1;
PRINT &
TAB(84T); CSNG (X1 (I, J)); TAB(22+T); (4/SQR(W(I,J))):
NEXT »
IF I/5-INT(I/5)=0 AND I<P§?HEN.GOTO 872 ELSE QOTO
875
PRINT: PRINT: PRINT "PRESS F& TO CONTINUE, ": STOP
NEXT '
PRINT: PRINT: PRINT "PRESS F5 TO CONTINUE. ": STOP
IF CHOICE=6 THEN GOTO 955 ELSE GOTO 1425
CLS
INPUT "ENTER SUBSCRIPT NUMBER OF DATA SET TO BE *
DELETED"; I . —
P=P-1 - L

IF I=P+t THEN 945
FOR J=I TO P

FOR K=if TO M

X1 (J,K)=X1(J+1, K)
W(J, K)=W(J+1,X)

NEXT .
NEXT
GOTO 835
END
CLS:PRINT "LEAST SQUARES CALCULATION. ":PRINT
PRINT "A METHOD OF SUCCESSIVE APPROXIMATIONS IS USED. "
PRINT "FIRST, ENTER A SET OF STARTING PARAMETERS.
THESE SHOULD" :
PRINT "BE AS ACCURATE AS POSSIBLE WITHOUT LEAST’
SQUARES. " : PRINT
FOR I=1 TO N

PRINT "STARTING VALUE OF C({";I;"}=";

INPUT C(I}
NEXT
GOTO 1310
CcLS
P=P+1
FOR I=1 TO M —

PRINT "SET NUMBER ";P, "X{";I;")=";

INPUT Xi (P, I) .

PRINT TAB(30): INPUT "STANDARD DEVIATION= ";W(P, 1)
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1020
1025
1030
1040
1045
1050
1085
1060
1066
1070
1075
1078
1080
1085
1090
1095
1100
1105
1110
1116
1120
1125

1130
1135
1140
1145
1180
1152
1155
1160
1165
1175

1180 |

1185
1190
1195
1200
12065
1210
1215
1220
122%
1230
1235
1240
1245

1250
12656

1260

\.. | |

WP, I)=1/W(P, I)2 .
NEXT .
aoTO 835 .
END w
INPUT "NUMBER OF CYCLES",; Z4
FOR Z6=1 TO Z4

'ON ERROR GOTO 1460
ERASE A, R
DIM A(N, N), R(N)
A=0
R=0
ZIP=0
FOR Q=1 TO P '
FOR Qi=1 TO M
X(Q1)=X1(Q, Q1) - .
NEXT ' -
GOSUB 0 _ \
FOR Q2=1 TO M
ON Q2 GOSUB 110, 120, 130, 140,150
NEXT
FOR Q@3=1 TO N
ON Q3 GOSUB
210, 220, 230, 240, 250, 260, 270, 280, 290, 300
——NEXT
L=0
FOR K=1 TO M,
L=L+F1 (t,K)"2/W(Q, K)
NEXT .
ZIP = ZIP + FxF/L
FOR I=t TO N
FOR J=i{ TO N
A[LL J)=A(I,J)+Fi (2, I)xF1(2,J) /L
NEXT
R{(I})=R(I)+F1i(2, I} «F/L
NEXT
NEXT
GOTO 1470
ON ERROR GOTO 1465 —
ERASE Ci . .
DIM C1i (N)
FOR I=1 TO N
FOR J=1 TO N
Ci(I)=Ci(I)+A2(I,J)*R(J)
NEXT ~—
S C(I)=C(I)-C1(I) S
NEXT ~
.PRINT: PRINT "THE NEW VALUES OF THE PARAMETERS
ARE: ": PRINT
FOR I=1 TO K

PRINT *
C({";I;")=";CSNG(C(I)), "STD=";SQR(A2(I, I))
NEXT
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1262
1265
1296
1296
1298
1299
1300
1303
1305
1310
1311
1315
1320
1325
1330
1335

1337

1340
1350
1355
1360

$361
1362
1363
1365
1370
1373

1375
1377
1380
1385

1400 .

1405
1410
1441
1412

1415
1418
1419

1420
14214

L B
h@“ g
PRINT " LEAST;SGUARES SUM = ";2IP
PRINT :PFRINT \ . -
NEXT :
PRINT CHR$ (7): INPUT"MORE CYCLES? (YES=1, NO=0)";CYCLES
IF CYCLES=1 THEN GOTO 1045
GosuB TO0Q0
PRINT: PRINT:PRINT "CHOOSE ANOTHER UDK"
PRINT:PRINT "FOR ASSISTANCE, PRESS F&. "

END
PRINT: IF O=0 THEN 1335 { ‘
PRINT "NOW ENTER THE CONSTANTS B(o).": PRINT

FOR I=1 TO O
PRINT "INPUT CONSTANT VALUE OF B(";I;")";
INPUT B(I) ' -
NEXT.
CLS: PRINT "THE CALCULATION WILL NOW BEGIN. IT MAY
TAKE A FEW SECONDS. ":PRINT '
PRINT "FOR STARTERS, CHOOSE 2 CYCLES OF SUCCESSIVE
APPROXIMATIONS": PRINT: PRINT
GOTO 1045 AN
CLS:LPRINT :PRINT , -
FOR J=1 TO N ‘
LPRINT "C(";J;")=";CSNG(C(J}) ;" +/-
"; CSNG{SQR (A2 (J, J)) ),
NEXT , .
FOR I={ TO O . - .
LPRINT "B(";I")=";CSNG(B(I)) . '
NEXT
LPRINT -
LPRINT "§ET";TAB(9); "F"; TAB(24); "X (ODD) " -
TAB(38); "SIGMA" {TAB(54) ; "X (EVEN) " ; TAB(68) {" SIGMA"
FOR J=1 TO P:FOR I=1 TO M
X(I)=X1(J, I)
NEXT L
GOSUB 90
LPRINT J; TAB(8);CSNG(F);:FOR I=1 TO M-1 STEP
2:LPRINTTAB (24) ; CSNG (X1 (J, I)); TAB(38); 1/SQR(W
{(J, I)): TAB(54);CSNG (X1

L]

- - (J,-I+~43); TAB(68); 1 /SQR(W(J, I+1) ) : NEXT

IF I=M THEN LPRINT TAB(24);CSNG(X1(J, I});
TAB(38); 1/SQR(W(J, 1))

HEXT
LPRINT: LPRINT "COVARIANCES BETWEEN:":LFRINT
"C’(I)","C_(_q]", "D(I,Jy"

FOR I=i1 TC H:FOR J=1 TO HN:LPRINT
“C(";I;“)"."C(";J;")“,CSNG(AE(I,J)):HEXT : NEXT

PRINT CHR$ (7); "CHCOSE ANOTHER UDK"

PRINT:PRINT "FOR ASSISTANCE, PRESS FG."

LPRINT "[ERROR OF FIT}/[EXPTL ERROR] =

" SQR(ZIP/{(P - N)) .

LLIST 90-100

* line 1420 returns system to command level

S
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1422

1424
1425

1428

. 1429

1430

1431

1433
1435
1440
1445
1450
1485
1460
1465
1470
1480
1490
1495
1500
1510

1520
1530
1540
1550
1560
1570
+580
1590
U ; 1600
1610
1620
1630
1640
\ 1650
1660
1670
1800
1810
1820
2000
2010

% _

CLS: OPEN "DATA" FOR INPUT AS #1: INPUT #it,H,N, O, I, M:
CLOSE #1 ; ’
IF M=0 THEN GOSUB 330 ,
CLS:PRINT TAB(20):"1. ENTER DATA SETS":PRINT:PRINT
TAB(20); "2. LIST DATA SETS":PRINT :PRINT TAB(20);"3.
ADD DATA SETS":PRINT :PRINT TAB(20);"4. DELETE

3

' DATASETS": PRINT

CALCULATION" :PRINT :PRINT TAB{(20); "6. LOAD DATA SETS
FROM DISK AND-LEAST SQUARES CALC. ":PRINT
PRINT TAB(20);"7. SAVE DATA SETS. ":PRINT TAB(25);"GO
TO HELP SCREEN TO CHOOSE ANOTHER UDK":PRINT :PRINT,
TAB(2P); "8. LOAD DATA SETS FROM DISK™
INPUT"ENTER THE NUMBER OF YOUR CHOICE"; CHOICE:ON
CHOICE GOTO 730, 835, 990, 890, 1431, 2000, 1433, 2000
L=1: GOTO #4000 .
L=2: GOTO 4000
IF ERR=5 THEN RESUME 595
IF ERR=5 THEN RESUME 605 J
IF ERR=5 THEN RESUME 615 : . )
IF ERR=5 THEN RESUME 755 .
IF ERR=5 THEN RESUME 765
1F ERR=5 THEN RESUME 1065
IF ERR=5 THEN RESUME 1210
FOR I=1 TO N:FOR J=1,TO K
A2(I,J)=1-ABS(SGN(I-J))
NEXT :NEXT
FOR I=1 TO N:FOR J=1 TO N:Al(I,J)=A(I,J):NEXT :NEXT
FOR I=1 TO H-1
IF Ai(4,1)<>0 AND ABS (A1 (I, 1) /AL(1, 1)} >. 000004,
THEN 1540
PRINT "VALUE OF A(":I;I:") TOO SMALL TO WORK WITH"
STOP
FOR J=I+1 TO N
TX=A1(J, I) /A1 (1, 1)
FOR K=1 TO. N
Al (J, K)=AL (J, K) TX!Ai(I K) :
A2 (J,K)=A2 (J, K)-TX*A2 (I, X)
NEXT :NEXT :NEXT
FOR I=N TO 1 STEP -1
FOR K=1 TO N
FOR J=I+1 TO N
A2 (I,K)=A2(I,K} Ai(I J)nA2(J, K) -
NEXT
A2(I,K)=A2(I, K)/Al(I I)
NEXT :HNEXT

PRINT TAB{20); "5. SAVE EQTA SETS AND LEAST SQUARES

r

GOTO 1200 g
NEXT

NEXT

CLOSE #2: RETURN

CLS

PRINT "If you preserved your data in your own file,
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20eQ

2030

2075
2076
2077
2078
2080
2090
2100
2105
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
3000
3010
4000

4001

4002

4003

4005
4010
4020
4030

4040

4050
40560
4070
4080
4090
4100
4110
4120
4130
T0O00

enterﬁthe filename using the ‘same ~format."

PRINT "If your data sets are in the default file
DATASETS, Jjust press <CR>."

INPUT "Enter the fllename";FIHﬁs IF FILE$="" THEN
FILE$="DATASETS" )
ON ERROR GOTO 3000 g
ERASE W .
ON ERROR GOTQ 3010 ‘ . '
ERASE X1

GLOSE: I=0:Lz0 \\\

OPEN FILE$ FOR INPUT AS #2 >
INPUT #2, P
DIM W(P, M), X1 (P, M}
FOR I = 1 TO P
—~FOR J = 1 TO M
INPUT #2, X1(I, J)
NEXT
NEXT
FOR I = 1 TO P -
FOR J =-1 TO M ’
INPUT #2, W(I,J)
HEXT
NEXT
CLOSE #2: GOTO 835
IF ERR=5 THEN RESUME 377
IF ERR=% THEN RESUME 2080 * .
CLS:PRINT "Unless you specify a~filename, data will be
saved in the file DATASETS, which":PRINT "will result
in their being erased the next time new data are
entered. ": PRINT
PRINT "If you wish to preserve your data more
permanently, specify a filename. ":PRINT "Use yqur
initials (3 max) and the date, e.g. WVSE 26-85. ": PRINT
"Note the use of hyphens and NO SPACES.
PRINT:PRINT "To use DATASETS, Jjust press <CR>. "
INPUT "Enter your filename";FILE$:IF FILE$="" THEN
FILE$="DATASETS" _
OPEN FILE$ FOR OUTPUT AS $#2 )
WRITE #2, P '
FOR I = 1 TO P
FOR J = 1 TO M
WRITE #2, X1(I,J)
NEXT
HEXT
FOR I = {1 TO P
FOR J =1 TO M
WRITE #2, W(I,J)
NEXT
HEXT .
CLOSE #2: CLS: ON L GCTO 955, 10000
END :
FOR I=1 TO H

-

197



T010
7020

7030
7040
7050
8000

8020
8030
8040
8050
8060
8065

8070

8071
8073

8075

8077
8080

8085

8086
8087
8068

8190

8200
10000

10010

10015
10020
10040
10050
10060
10070

'FOR J=1 TO N .
PRINT "COVARIANCE BETWEEN C{(";I;") AND C{(";Ji")
IS ";CSNG(A2(I,J))
NEXT
HEXT
RETURN
CLS: PRIHT "PRE~PROGRAMMED FUNCTIONS. To load, type
MERGE ";CHR$(34);"EJ";CHR$(34);" [J=1,2,..]). "+ PRINT
"Use QUOTES as shown, Press <CR>. ":PRINT
PRINT "Eil X(2) = C{1ywd{1)y + C(2)" .
PRINT "EZ X(2) = C(1) + C(2)nX({i) + C(3)xX{(1)=xX(1)"
PRINT "E3 In [B(1}~-X(2)] = C(1) + C(2)xX(1})}"
PRINT "“E4 In [C{3)}-X(2)] = C(1) + C(2y«X{1)"
PRINT "ES5 X(2) = C{L)»X{(1}"
PRINT "EG6 X{3) = C(1)*X (1) + C(2)»X{1)y»xX (1) +
c(3)xX(2)" R
PRINT "E7 GOZ = C{1)uX(1)+C(2) %X (2)+C(3)» X(3)+C (4
)!x(q_)u .
PRINT " X(5) = GOZ/(1+C(H}xG0Z)"
PRINT "E8 X(2) = C{1y»X(1)/({1+C{2)xX (1)) +
C(3)x¥X(1)y~2 "
PRINT "Eg@ X(2) = C{iy»X (1) /(1+C{2)nX(1}) +—
C(3)sX{1)~2 + C{4)«X{1)"
PRINT "Ei10 Cg Correction Function (3 parameters)"
PRINT "Eidi Modified Cg Correction Function (2
parameters)" .
PRINT "Ei2 Modified Cg Correction Function (1
rarameter}”
PRINT "Ei4 CALCULATION OF GAMMA AND MU"
PRINT "EI15 X(2) = C(i)nX(1)+C(2)nX(1)"2"
PRINT "Ei6 X(3) =
C{1)wX (L)% (i~ C(3)uX(1))+C(2)uX(a)x(1 C(3)xX(2))"
PRINT: PRINT "After disk activity sitops, press Fg to RUN
the merged program " .
DELETE 90-309
CLS: PRINT "F1 DISPLAY *F‘ AND THE PARTIAL
DERIVATIVES. ": PRINT
PRINT "F2 RUN PROGRAM AND INITIALIZE":PRINT :PRINT
"F3 ENTER THE FUNCTION F ARD ITS
DERIVATIVES. ":PRINT
PRINT "F4 LOAD PRE-PROGRAMMED FUNCTIONS. ":PRINT
PRINT "FS CONTINUE. ": PRINT .
PRINT "F6 DATA ENTRY, DISPLAY, AND DELETICHN. ":PRINT
FRINT "FT7T LEAST SQUARES CALCULATION, ":PRINT
PRINT "F8 PRIRT RESULTS. ":PRINT
PRINT "F9 HELP SCREEN. ":PRINT~ZNT "F7 LEAST

SQUARES CALCULATION. ":PRINT
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B. AMBIENT TEMPERATURE PREPARATION OF TiSp
The following procedures were performed for preparing TiSp
from TiCly and LipS in THF at ambient temperature followed by

crystal growth with sulfur tr'ansp'ort at high temperature.

REAGENTS ;.

titanium tetrachloride {Alfa-Ventron)

lithium sulfide (Alfa-Ventron)
tetrahydrofuran {Aldrich)

pyridine (Aldrich)

sul fur (Alfa-Ventron)

1. A solution of 10 g of TiCly in 400 mL of THF was made up

in a glove-box.

2. Whlkesﬁlrring the solution at room temperature 4.86 g
of LipS was added slowly. The solution darKened .

3. The reaction was practically complete 1n 1 h, but was
‘anowed_to proceed for several hours.

4, The resulting darK-brown solid was filtered and washed
with 50 mL of THF. The product welghed 387 more than
stoichiometric TiSp. This is more liKkely TiSo+THF.

5. The product was soaKed in excess pyridine (to replace
the THF) for one week.

6. The pyridine was removed from the product by heating at
90 °C under vacuum for two days.

T. The product was sealed in a Vycor tube with a small

amount of sulfur'and heated to a temperature of 600 °C

for four days with slow cooling to ambient temperature.

——
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C. CURVE SHJOO‘I'HIKG

Curve smoothing is the replacement of a curve, or of a
sequence of points by another‘that is in some sense more
regular, and yet whose ordinates, for any abscissa, are
changed as little as possible. The irregularities in a
sequence of points may be due to errors in measurement. If
theory requires the theoretically correct points to lie on a
given curve, one may apply some method of curve fitting,
e.g., least-squares. If not (as in the case of a specirum),
one may arbitrarily select a simple function, possibly a
polynomial, and f£it it by least-squares. If the purpose'is

merely to obtaln'g- smooth graph, this may be drawn visually.
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