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Abstract of Dissertation

POLYFLUOROALKOXYALUMINATES AND BORATES AS NEW WEAKLY 

COORDINATING ANIONS AND AS COMPONENTS OF BATTERY

ELECTROLYTES

The synthesis and characterization o f salts o f  new weakly coordinating anions 

based on the general formulas B (0 2Lf)2_ and Al(ORf)4~ are reported. New B (0 2Lf)2_ 

anions are B(0C(2-C6H40)(C F 3)2)2-, B (0C (2-(0)-3-C 6H3F)(CF3)2)2-, B(0C(2-(0)-4- 

C6H3F)(CF3)2)2-, B (0C(2-(0)-5-C 6H3F)(CF3)2)2-  B (0 C (2 -(0 )-3 > C 6H 2F2)(CF3)2)2-, 

B(OC(2-(0)-4,5-C6H2F2)(CF3)2)2-,B (O C (2-(0)-4,6-C 6H2F2)(CF3)2)2-,B (O C (2-(0)- 

3,4 ,5-C6HF3)(CF3)2)2-,B (O C (2-(0 )-4 ,5 ,6-C6HF3)(CF3)2)2- ,B (0 C(2-(O)-3-r-Bu-5-Me- 

C6H2)(CF3)2)2-  B(OC(2-(0)-3,5-C6H2(r-Bu)2)(CF3)2)2-, B (0C(2-(0)-3- 

C6H3I)(CF3)2)2-  Except for HOC(2-C6H4(OH))(CF3)2, HOC(2-(OH)-4-C6H3F)(CF3)2, 

and HOC(2-(OH)-3,5-C6H2(r-Bu)2)(CF3)2, all o f  the diols used as ligand precursors in 

the new borate anions are new compounds. The new LiAl(ORf)4 salts prepared are 

LiAl(OCH(CF3)2)4, LiAl(OC(cyc/o-C6H n )(CF3)2)4, and LiAl(OC(C6H 5)(CF3)2)4. Four

Li* salts o f the new borates and aluminates were structurally characterized by X-ray 

crystallography: Li(0C(CH 3)2)(B(0C(2-(0)-3,4,5-C6HF3)(CF3)2)2, 

Li2(CH30(C H 2)2OCH3)(B(OC(2-C6H40)(C F3)2)2), LiAl(OCH(CF3)2)4, and 

Li Al(OC(cyc/o-C6H 1 1)(CF3)2)4.
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Conductivities o f solutions o f m any o f the new salts were determined for the 

solvents 1,2 -dimethoxyethane, tetrahydrofuran, propylene carbonate, acetonitrile, and 

various mixtures o f ethylene carbonate and dimethyl carbonate. Conductivities were also 

measured for the first time for the known salts LiAI(OC(CH3)(CF3)2)4, 

LiAl(OCH(C6H 5)(CF3)2)4, LiAl(OC(4 -C 6H4(CH3)(CF3)2)4, LiAl(OC(4-C6H4(r- 

Bu))(CF3)2)4, LiAl(OC(C6H5)(CF3)2)4, and LiAl(OC(CF3)3)4. Based on these 

measurements, it was determined that all o f  the anions are more weakly coordinating and 

more weakly ion-pairing than the commonly-used weakly coordinating anion CF3SO3- . 

For the B (0 2Lf)2-  anions, it was found that the ion-pairing strength depends not only on 

the number o f  fluorine atoms incorporated into the phenyl groups in the anions but also 

on their relative positions. Maximum conductivities in 1,2-dimethoxyethane (DME) 

solution were also determined for several lithium salts, and these exceed the minimum 

value for practical use in lithium batteries. The maximum value for any L iB (02Lf)2 salt 

studied was observed for a 0.5 M DME solution of LiB(0 C(2 -(0 )-4 ,5,6-C6HF3)(CF3)2)2 

(8.39 mS cm-1). The maximum value for the LiAl(ORf)4 salts studied was observed in a

0.5 M solution o f LiAl(OCH(CF3)2)4 (11.2 mS cm-1). Electrochemical stabilities 

(oxidative, reductive, aluminum corrosion) o f  the new lithium salts were also examined, 

and it was found that in almost every case all requirements for practical use were 

satisfied.

The solubility in hexane o f  LiAl(ORf)4 salts was determined for 

LiAl(OCH(CF3)2)4, LiAl(OC(C6H5)(CF3)4, LiAl(OC(C6H5)2(CF3))4, LiAl(OC(cyc/o- 

C 6H h )(CF3)2. LiAl(OC(CH3)(CF3)2)4, LiAl(OC(4-C6H4(CH3))(CF3)2)4, and

iv
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LiAl(OC(4-C<5H4(/-Bu))(CF3)2)4- Some trends according to ligand type and coordination 

environment were suggested.

Three other classes o f weakly coordinating anions were studied in terms o f the 

conductivities o f  their lithium salts in 1,2 -dimethoxyethane, tetrahydrofiiran, and

propylene carbonate: B(CgF5)3(ORf)_ (ORf = OCH(CF3)2, O CCCgH ^lTT^), 

OC(CF3)3); carborane anions 7,8,9,10,11,12-CBu H6Br6_, l-C H 3-CBl lF 11_

); and the anion based on the hydrogen-bonded complex o f  CF3CO2-  and CF3COOH, 

H(CF3C 0 2)2-

Benjamin G. Nolan 
Department o f Chemistry 

Colorado State University 
Fort Collins, CO 80523 

Spring 2001
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CHAPTER 1

Introduction

Weakly Coordinating Anions

Research in the field o f  weakly coordinating anions (WCAs) has received 

considerable attention in recent years, due to the important role these species can play in 

a variety o f  applications. 1 Such applications center around the use of a WCA to generate 

a “free” cation, and include the following: isolation and study o f reactive cations (e.g. 

Xe2 \ 2 HCC^CH^ ) ^ , 3 Cu(CO)4~ 4 ); polymerization catalysis;5 organic transformation 

catalysis (e.g. 1,4 conjugate addition reactions, D iels-A lder reactions);6 and lithium 

batteries (i.e. as components o f  solution or solid-polymer electrolytes).7

Due to the wide range o f conditions used in the applications listed above and 

others where a WCA is necessary, the notion o f a “universal” anion, one that would be 

well suited for every possible use, is unrealistic. M any anions are needed, each with 

different properties to meet the specific requirements o f  a variety o f applications. 

However, there is one characteristic that is necessary for all WCAs: low Lewis basicity. 

For ion pairs, this means a weak interaction between a WCA and its countercation. To 

minimize this interaction, there are several WCA design criteria that are important to 

consider. First, the overall charge should be low (ideally —1). Size is another issue. As a 

first approximation, the effect o f  size on the strength o f  a cation-anion electrostatic 

interaction is described by Coulomb’s Law (eq. I).

Z 'Z V  
force  = ------1----  (eq. 1)

I
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This expresses the force o f attraction or repulsion between two point charges, and

anions cannot be accurately portrayed as point charges, the same principle applies: as 

anion size increases, the distance between the centers o f  charge for the ions increases, 

thereby decreasing the attractive force between the ion pair.

While Coulom b’s Law is a useful starting point for understanding the basis o f 

coordinating ability, it does not address some important other issues. One o f these is the 

nature o f  the charge distribution. Large size is beneficial in this regard as well, as the 

negative charge has many atoms over which it can be distributed. In principle, as the 

num ber o f  atoms increases, the fraction o f  charge at each site on the anion decreases. 

Since a cation can only coordinate to a limited number o f  sites, the negative charge that it 

experiences, or the effective charge, also decreases. To illustrate the meaning o f this 

term, consider the comparison of LiF and LiPF6- In the sim ple case o f LiF, the fluoride 

anion coordinates to the lithium cation, and the two are close enough to each other that 

the cation experiences most, if not all, o f  the F_ negative charge. Thus, the effective 

charge o f  F~ is approximately negative one. For LiPFg, the larger size o f the anion 

prevents L P  from coordinating to every site. For the sake o f  this discussion, assume that 

the cation coordinates to one face composed o f  three fluorine atoms, as shown below.

decreases as 1/r2, where r is the distance between the two charges. Although cations and

F F

Hypothetical coordination of Li to PFg .

9
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There may be weak interactions with the remaining fluorine atoms, but it is assumed that 

these lie beyond a certain distance o f separation (arbitrarily defined for this example) 

where the strength o f these is negligible. If the charge on PF6“ can be thought o f as 

shared equally among the six fluorine atoms, the effective charge experienced by Li'*' is 

therefore only approximately -0.5. Although WCAs possess a full negative charge, a 

high degree o f  charge dispersal thus acts to decrease its effective charge, making it a 

weaker Lewis base.

A third important characteristic o f  a WCA is the nature o f  the atoms on the 

periphery. Usually, a cation is coordinated primarily by sites on the outer portion o f an 

anion. To minimize Lewis basicity, the periphery is ideally composed o f  weak donor 

atoms that do not release a significant amount o f charge density in coordinating to a 

cation. As donor strength decreases, the effective charge experienced by the cation 

becomes less. The best-suited atoms in this respect are hydrogen and fluorine. Hydrogen 

atoms have no lone pairs to coordinate to a cation, and although fluorine atoms do, these 

atoms usually form strong bonds with only one atom at a time. Other halogens (Cl, Br, I) 

are also good candidates for peripheral atoms, but they are more strongly donating than 

both hydrogen and fluorine atoms.

Another requirement for WCAs, one that is not related to coordinating ability, is 

stability. To be useful, an anion must exhibit thermal, chemical, and electrochemical 

stability, as well as stability with respect to fragmentation in the presence o f highly 

electrophilic cations. Toxicity is another consideration, and ideally the WCA would be 

inexpensive to manufacture.

The development o f  WCAs began with relatively simple species such as C104_, 

BF4~, AIC14_, PF6~, AsF6~, SbF6~, B(C6H 5)4~, and CF3SO3- . These were suitable for

3
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many applications, and many are still used today. However, the desire to pursue and 

study increasingly reactive cationic species has rendered these anions obsolete. Aside 

from the fact that none are weakly coordinating enough to yield the desired cationic 

reactivity in m any cases, there are stability issues as well. Certain salts o f  these anions 

are unstable towards water, undergoing hydrolysis. Also, many are not oxidatively 

stable, or will decompose in the presence o f a highly electrophilic cation. The need for 

more weakly coordinating and more robust anions has resulted in the development o f  

several new classes o f  WCAs, which are listed with selected examples in Table 1.

Table 1. Examples o f  the new classes o f weakly coordinating anions.__________________
class____________________ examples_________________________________________________
1. Nitrogen and carbon N (S 0 2CF3)2~ C (S 0 2CF3)3-  
perfluoroalkylsulfonyl
derivatives
2 . Central anion Sb„FJn+/-  (n = 2 , 3, 4 ), cy-c/o-(Hg(l,2-C2B 10H8R2))4Cl- (R
surrounded by two or _  pj- 4_c6H4F)
more Lewis acids
3. Central cation B(C6F5)4" B(3,5-C6H 3(CF3)2)4-, Al(OC(C6H5)(CF3)2)4-

m o ^re^ to n s^  ^  ^  Nb(OCH(CF3)2)6-, B(OCH(CF3)2)4-, A l(OC6F5)4-,
B(OTeF5)4-  Nb(OTeF5)6-  Co(C2B9H n )2-

4. Cluster anions C B n H6X6~ (X = F, Cl, Br, I), l-R -C B l ^  l (R -  H, F,

bteck Moms’ and/° r P" aIky1’ X = Fl C1’ Br’ 0  C B 11<CH3)12“ C B, i(CF3) 12-,
p w 12o 403-

The class o f  nitrogen and carbon perfluoroalkylsulfonyl derivatives was 

developed at 3M (imide)s and Covalent Associates (methide).9 Due in part to their 

molecular structure, these anions exhibit high degrees o f  thermal and chemical stability. 

This, combined with their weak coordinating ability, has made these species useful for a 

variety o f applications including lithium batteries, organic transformation catalysis, and 

the isolation o f  reactive cations. However, they are not viable as counterions in systems

4
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where the presence o f  oxygen atoms is undesirable. For example, some cationic 

transition metal catalysts have been found to be inactive in the presence o f  N(S0 2 CF3)2~, 

due to relatively strong coordination o f the sulfonyl oxygen atoms to the metal center.10

The series o f anions based on the formula SbnF jn+i~ (n =  2, 3, 4) are generated in 

the superacid mixture o f  1:1 HF:SbF5-11 The different values o f  n correspond to higher- 

order oligomers composed o f  SbF5—SbFg-  Lewis acid—conjugate base complex units. 

They have been used to isolate highly reactive cations such as Xe2^,2 cyclo-CljCL4-,12 

and a variety o f homoleptic carbonyl cations such as [H gfC O ^]2^ ,13 high-spin 

[Fe(CO)g]2T 14 HCO+,15 and NfCO^"*"-16 However, the success o f  these anions is 

tempered by their instability with respect to water, fragmentation, and/or reduction. 

Furthermore, the superacid system in which the anions are generated is toxic and 

corrosive.

The third class contains the well-known aryl borates, which have been used 

extensively in polymerization catalysis.5 These are based on the parent B f C g ^ ^ -  anion, 

which suffers from a variety o f  problems: oxidative instability, coordination of the

phenyl rings to metal centers via 7c-phenyl interactions, metalation, and phenyl group 

abstraction. Fluorination o f  the phenyl rings, either by substitution o f  hydrogen atoms 

with fluorine atoms or with trifluoromethyl groups, has resulted in borates with improved 

properties.17 They are more stable towards oxidation, and no coordination to metal 

centers through 7t-phenyl interactions has been observed. Coordination does occur 

through C—F bonds, but it is a much weaker interaction. Stability is still an issue in terms 

o f aryl abstraction: one report described the reaction o f  B fC gF j)^  with a zirconium 

complex to form a Z r-C gF5 species;18 in another, the reaction o f  AlMe3 with 

[CPh3][B(C6F5)4] to produce AlMe3_x(CgF5)x was observed.18 There has also been a

5
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report o f aryl transfer to Pt in the complex [rra«5-PtM e(OEt2)(PPh3)2][B(3,5- 

CgH3(CF3)2)4] to produce [fra/z^-Pt(3 ,5-C6H 3(CF3)2)2(PPh3)2] and other unidentified 

products. 19 The other major family o f anions in this class consists o f  fluoroalkoxy- and 

fluorophenoxyaluminates, -niobates, and -borates. These will be discussed in detail in a 

later section.

Another subset o f  the third class o f WCAs is based on pentafluorooxotellurate 

(teflate, -O T eF5) ligands.20 Although an oxygen atom is present, it is made weakly basic 

by virtue o f  the highly electron-withdrawing -TeF5 group. Furthermore, in metal 

complexes with these ligands, the oxygen atoms reside in the core o f  the anion, and the 

periphery is composed exclusively o f fluorine atoms. N ew  WCAs based on this theme 

include B(OTeF5)4- ,21 Nb(OTeF5)6- ,22 and Sb(OTeF5)6~.22’23 Their weakly

coordinating ability is evidenced by the synthesis and isolation o f  unusual cationic silver 

complexes o f carbon monoxide,2ld dichloromethane,22a and dichloroethane.24

The last class is composed o f  the cluster anions, and is dominated by 

monocarborane anions based on C B ^ H ^ " .2- This anion has been shown to be weakly 

coordinating in its own right,lb,2g and exhibits good thermal stability. However, one 

important problem is the apparent lack o f  stability o f its trityl salt, presumably due to 

hydride abstraction from the cluster.27 It is likely that salts composed o f other strong 

electrophiles would behave in a similar manner. This limits the number o f metathesis 

salts that can be made with this anion, and thus its usefulness. Efforts to improve 

C B ^ H ^ -  have consisted of substituting the hydrogen atoms with a variety of 

substituents: halogens (F,2S Cl,29 Br,30 I31), methyl groups ,32 and trifluoromethyl

groups.j3 It was found that that the polyhalogenated anions are stable in the presence o f 

strong electrophiles such as S iO '-P r^  28,34 and H(C6H6)T 35 Stability studies were

6
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performed on l-H -C B ^ F ^ - , where it was found that the cesium salt o f this anion is 

stable in the presence o f  F2/HF, 98% H2SO4, 1 M aqueous HNO3, and excess ALEt3, 

although it did react slowly with Ce4~, as w ell as w ith metallic sodium to yield 1,12- 

C B nF bF jo - .28 The lithium salt o f  l -H -C B ^ F ^ -  was found to be stable to at least 230 

°C under vacuum. These anions have very few limitations, but one is their high cost.

The various anions listed above possess many favorable properties, and have 

proven to be very useful. However, each has its limitations, and as described earlier, 

there is a need for many different WCAs w ith a range o f  properties. For these reasons, 

the development of new WCAs continues to be an active and necessary endeavor.

7
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Fluorinated Alkoxides as Ligands fo r  New W CAs

Highly fluorinated alcohols and the metal alkoxides that can be derived from them 

are o f  interest for a number o f  reasons.-56,37 In general, they are chemically stable and 

resistant to oxidation, enabling them to be used as ligands to stabilize m etal atoms in high 

oxidation states. In addition, the high electronegativity o f the fluorinated substituents 

reduces the basicity o f the oxygen atom, disfavoring the formation o f  extended alkoxy- 

bridged species. Furthermore, the steric and electronic properties can be readily 

modified, allowing for a wide variety o f  possible ligands. One area where they are 

important is in the design o f metathesis catalysts, where they are used as components o f 

complexes based on tungsten and molybdenum .-58 As part o f this research, it was found 

that varying the character o f the fluoroalkoxide ligand had a significant effect on catalyst 

activity. M etal fluoroalkoxides have also found use as precursors for chemical vapor 

deposition o f  metal fluoridesj9  and fluorine-doped metal oxides.40

The idea o f  using fluoroalkoxides as ligands to synthesize new WCAs follows 

from work done by Strauss with metal teflates.20 While M fPTeFj)^-  anions are very 

weakly coordinating, both the anions and OTeF5 groups are extremely sensitive to traces 

o f  water and produce highly toxic decomposition products (including HF). Using 

tellurium also introduces significant cost. Fluoroalkoxides are less expensive and are 

more stable than the teflate anion. The oxygen atom  is more basic than that in -OTeF5, 

but is still a weak donor. For comparison, HOTeF5 has an acidity sim ilar to HC1 (p/fa = 

-7 .0), while the fluoroalcohols HOCH(CF3)2 and HOC(CF3)3 have pATa values o f  9.3 and 

5.4, respectively .36 However, due to the larger size o f  the fluoroalkoxides, a greater 

degree o f  charge dispersal can be achieved in the anion as a whole. The size of the

8
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fluoroalkoxide may also introduce kinetic barriers to cation coordination by the oxygen 

atoms, in the form o f  steric hindrance. Also, the ease o f structural variation o f these 

ligands facilitates tuning o f  steric and electronic properties, allowing a wide variety o f 

anions to be created.

Prior to the work done by Strauss, there were only a few published examples o f 

homoleptic anions containing fluoroalkoxide ligands. These are Y(OC(CH3)(CF3)2)52_ 

,41 YOCH(CF3)2)52“,42 Zr(OCH(CF3)2)62-,43 and Cu(OCH(CF3)2)42- 44 Note that all 

o f  these are dianionic. The first salt o f  a 1— anion o f  this type, LiAl(OC(C6H5)(CF3)T)4, 

was reported by Barbarich et al. in 1996.6f In 1997, the first salt o f  anion o f  this type 

based on niobium, LiNb(OCH(CF3)2)6, was reported by Rockwell et al.45 Work has 

continued since that time on the development o f  new anions based on these prototypes, 

with the goal o f  improving them in terms o f weak coordinating ability, solubility, and 

stability. A closely related series o f anions incorporating fluorinated phenoxide ligands, 

including Al(OC6F5)4~, Nb(OC6F5)4~, and Ta(OC6F5)4_, has been developed by Marks 

and co-workers.46

One interesting aspect of the lithium fluoroalkoxyaluminates developed thus far is 

the nature o f the bonding between Li4- and the anion. For example, in the solid state 

structure of LiAl(OC(C6H 5)(CF3)2)4, there are four Li—F(C) bonds that, albeit weak, are 

significant to the overall coordination o f  LiT There are other examples o f very weak 

metal-ligand (or metal-solvent) bonding, inclduing Ag(CH2Cl2)~,22a Ag(CO)~,2Id 

Na(T!6-C6H6r 43 (porphyrin)Fe(r|2-C6H4R2r , 47 and T1(ti6-C6H3R3)+ 21a'4S

Understanding the nature o f these types o f  bonds is critical to understanding how they 

affect the structure and reactivity of a metal complex, and the growing number o f these 

complexes that have been structurally characterized has allowed the development o f

9
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various approaches to do this. One qualitative method that has been used with some 

success is based on the concept o f  secondary bonding.49 In this approach, atoms 

separated by a distance that falls within the sum o f the two van der Waals radii but is 

longer than the sum o f the two covalent radii are said to be joined by a secondary bond, 

which may affect the structure and reactivity o f the complex. This works well for 

nonmetallic elements,49 but is not well suited for metallic elements. This is because the 

concept o f a van der Waals radius is more meaningful for nonmetallic elements than for 

metallic elements, since metal atoms or ions are usually shielded by their ligands from 

nonbonded contacts.50

A more quantitative method is through bond valence analysis.-31 In this approach, 

the valence o f  an atom is assumed to be distributed among the bonds it forms. Thus, the 

sum o f the individual bond valences, s , should be equal to the valence o f  an atom or ion, 

which for a singly charged cation is one. Equation 2 gives a two parameter empirical 

relationship that has been developed by Brown and Shannon after examining thousands 

o f crystal structures, and with which an individual bond’s contribution to the valence o f 

the atom or ion can be determined:1*111

5 = (r/r0Y N (eq. 2)

The sum o f the individual bond valences should be within 0.05 valence units o f  the 

valence o f the atom. The variable r is the experimentally determined interatomic distance 

for a particular bond. The parameters r0 and A were empirically derived for a given bond 

type. The parameter rQ can be thought o f as the length o f  a bond with a unit bond 

valence, although the relationship .? = (r/r0)~^ may only be valid over the central part o f
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the range o f  r  values for a given bond type.51c Self-consistent sets o f  parameters r0 and 

N  for m any types o f bonds have been determ ined.-Ia For the two types o f  bonds to be 

discussed below, the parameters are: Li-O, r0 =  1.378, N =  4.065; and Li—F, r0 = 1.288, 

N  = 3.9.

The bond valence method possesses the key benefit o f  being able to assess the 

relative strengths of bonds: a h ighers value indicates a stronger bond. However, at what 

point does an interaction become weak enough that it is no longer considered to be a 

bond? It is proposed here that the limit be taken as an s value o f  0.03, or when a bond 

contributes only 3% to the total valence, leading to a maximum bonding distance o f 3.165 

A for Li—F bonds. Since the van der Waals radius o f  fluorine is 1.47 A,50 the lithium 

cation portion o f the s = 0.03 distance is 1.70 A, which is remarkably close to the 

published van der Waals radius o f 1.82 A for this atom .50 For L i-0  bonds, the lithium 

cation portion o f the s = 0.03 distance is 1.75 A. It will be interesting to see i f  the s =

0.03 limit correlates with van der Waals radii for other metal ions because, if  it does, the 

bond valence method could be used to determine unknown metal-ion van der Waals radii.

Salts o f  W C As as Components o f  Solution Electrolytes

The success o f  prim ary and secondary lithium batteries depends upon many 

factors, one important one being the availability o f  electrolyte salts that satisfy an array of 

requirements. The salt must be highly conducting in solution (at least 5 mS cm-1) over a 

wide temperature range. It must be thermally stable, chemically stable (e.g. in contact 

with anode and cathode materials and with solvent), electrochemically stable, o f  low 

toxicity, and inexpensive. The requirement o f  electrochemical stability includes several
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conditions: oxidation (>4.2 V Li0/~); reduction (<-0.5 V vs. Li0/~); in contact with anode 

(reducing conditions, e.g. 0 — 2.0 V vs. Li0/V) and cathode (oxidizing conditions, e.g. 2 — 

4.2 V vs. Li0/V) materials; and in contact with aluminum over the entire working potential 

range o f the battery. Aluminum is used as the current collector in lithium batteries, and 

some lithium salts have been shown to promote its corrosion.

The earliest electrolytes consisted o f lithium salts o f  relatively simple anions, and 

included the following: LiC104; LiPFg; LiAsFg; LiBF4; and LiCF3S0 3 . These satisfy 

many o f the requirements listed above, and found practical use in primary lithium cells. 

However, each has certain problems that warrant the search for new and better 

electrolytes. For example, perchlorate is a strong oxidizing agent, and poses explosion 

risks in ether solutions. The compound LiPFg is thermally unstable, decomposing at 40 

°C in the solid state and 70 °C in solution (EC/DMC 50:50 mol%) to form LiF and PF5.52 

The compound LiF is a poor electrolyte, and PF5 is a Lewis acid that can initiate the 

polymerization o f cyclic ethers, common solvents used in batteries.-33 The salt LiAsFg is 

more thermally stable, but the same degradation pathway is possible to form LiF and 

AsF5. The latter compound is highly toxic and additional decomposition pathways exist 

for LiAsFg that can result in the formation of other toxic substances. The salt LiBF4 is 

somewhat more stable with respect to decomposition to LiF and BF3, but this reaction 

still does occur. In any event, this salt also does not form highly-conducting solutions 

with any suitable solvent. The compound LiCF3S03  has several favorable properties, but 

promotes the corrosion o f  aluminum at 3.0 V vs. Li0/~.

Despite its drawbacks, LiPFg is currently the salt most commonly found in 

lithium batteries. It is highly conducting (11.5 mS cm -1 in ethylene carbonate/dimethyl 

carbonate (EC/DMC), 50:50 mol%), electrochemically stable in all respects, and
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relatively inexpensive. Nevertheless, there is still much room for improvement, and 

research in recent years has been directed towards synthesizing new and better salts. 

Notable examples include the series o f  lithium fluoroalkylsulfonyl imides and methides 

including LiN(SC>2CF3)2 8 and LiC(S0 2 CF3)3,9 respectively, and the family o f lithium 

chelatoborates based on the general formula LiBCCHL^.

The class o f lithium salts based on LiB(0 2 L)2 deserves additional discussion, as 

the compounds described in the current work are of a sim ilar variety. These were 

developed by Barthel and Gores, and the ligands they have used thus far are shown in 

Figure 1. The first lithium chelatoborates incorporated catechol and fluorinated analogs 

as ligands.54 The resulting salts exhibited many favorable properties: high conductivity, 

high thermal stability, hydrolytic stability, and reductive stability. One problem was the 

oxidative stability -  even the perfluorinated anion was oxidized at 4.1 V vs. Li0/^, below 

the 4.2 V practical minimum. Other chelating ligands containing two oxygen donors 

were explored in an effort to improve the oxidative stability, including 2 ,2 ’- 

biphenyldiolate.55 2,3-naphthalenediolate,54c salicylate,55 4-(trifluoromethyI)- 

salicylate,56 2-olate-l-benzenesulfonate,56 5-fluoro-2-olate-l-benzenesulfonate,57 and 

2,3-pyridinediolate.5S The lithium salt derived from salicylate showed an oxidative limit 

o f 4.5 V vs. Li0/~, but is reduced at 0.7 V. However, the lithium borate derived from 5- 

fluoro-2-olate-l-benzenesulfonate exhibited an oxidative stability o f  4.6 V vs. Li0/~, as 

well as the required reductive stability. Although the conductivity data have not yet been 

reported, from the available information this compound appears to be a promising 

candidate for practical use.
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1,2-Benzenediolate 3-Fluoro-l,2-
benzenediolate

F

Tetrafluoro-1,2-
benzenediolate

2,2'-Biphenyldiolate 2,3-NapthaIenediolate

Salicylate 4-(trifluoromethyl)-salicylate

2-O late-l-benzenesulfonate 5-Fluoro2-olate-l- 2,3-Pyridinediolate
benzenesulfonate

Figure 1. Ligands used by Barthel and 
Gores to make lithium borate electrolytes
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CHAPTER 2

A New Class o f Weakly Coordinating Anions Based on Polyfluorodiolato Borates

Three o f the anions discussed in the introduction, Al(OC(C6H5)(CF3)2)4- , 

Nb(OCH(CF3)2)6- > and B(OCH(CF3)2)4_, are examples o f  a new class o f WCAs based on 

polyfluoroalkoxide ligands. There are many advantages to this design: a high degree o f  

charge dispersal; a weakly basic periphery composed o f  m ostly fluorine atoms; and a 

high degree o f  compositional flexibility due the wide array o f  available fluoroalcohols. 

Their use in applications such as Lewis-acid catalysis, late-transition-metal catalysis, and 

lithium batteries have been investigated, and in each case the results have been very 

encouraging. Analogous anions incorporating fluorinated phenoxide ligands, 

Al(OC6F5)4~, Nb(OC6F5)6_, and Ta(OC6F5)6- , were also mentioned above. This chapter 

describes the development o f  a new class o f  anions that combines aspects o f  each o f these 

varieties o f  anion, a class based on new bifunctional ligands that have one alkoxide and 

one phenoxide oxygen atom. M any compounds are discussed, and each has an 

abbreviation; see Table 2 for definitions o f  these abbreviations and structures.

Experimental

Materials

Schlenk, glovebox, and high vacuum techniques were employed, with purified 

argon used when an inert atmosphere was required. A ll reagents and solvents were 

reagent grade or better. The compounds AICI3 (Aldrich, 99%), hexafluoroacetone
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Table 2. Abbreviations, formulas, names, and structures.
abbreviation formula/name structure

HFEP CP

—O

CP
CP

—O

HFPP -O C(C 6H5)(CF3)2

—o

CP

HFTP -OC(4-C6H4(CH3))(CF3)2 CP

—O

-OC(4-C6H4(7-Bu))(CF3)2HFBuPP CP

—O r-Bu

HFCP -OC(cyc/o-C6H n )(CF3)2

— O

PFTB CP

—O CP

CP

-O C(C6H5)2(CF3)DPTE

—O

CP
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Table 2 (continued).
DCTE -OC(cTc/o-C6H n )2(CF3)

c

—o —  

c
— o

TFPE -O CH (C6H5)(CF3)

—o —  

ĉ 3

1,2-HFAB -O C (2-C 6H4(OC(CF3)2)(CF3)2
1 1 

o  o
F3c - J  U cf3

HFPOP -0 C (2 -C 6H40)(C F 3)2

1 1 
o  o

HFFPOP-2 -0C (2 -(0 )-3 -C 6H3F)(CF3)2
1 1 

O 0
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Table 2 (continued).
HFFPOP-3 -0C (2 -(0 )-4 -C 6H3F)(CF3)2

1 1 
o  o

F

HFFPOP-4 -O C (2-(0)-5-C 6H 3F)(CF3)2
1 I 

o  o

F

HFDPOP-2,4 -0C (2-(0 )-3 ,5 -C 6H 2F2)(C F3) 2
1 1 

o  o

F

HFDPOP-3,4 -0C (2-(0)-4 ,5 -C 6H2F2)(CF3)2

0  0  
il L - cf3

F

HFDPOP-3,5 -O C(2-(0)-4,6-C6HzF2)(CF3)2
1 1 

O O

F F
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Table 2 (continued).
HFTPOP-2,3,4 -0C (2-(0 )-3 ,4 ,5 -C 6HF3)(CF3)2

1 1 
O 0

j f "  CF3 

F

HFTPOP-3,4,5 -0C (2-(0 )-4 ,5 ,6 -C 6HF3)(CF3)2 1 1 
O 0

I  j T  CT3

F

HFAPOP -0C (2-(0)-3-f-B u-5-M e-C 6H2)(CF3)2
1 1 

O O
f-Bu 3

j '  CFi

CH-,

HFBPOP -O C (2-(0)-3,5-C 6H2(f-Bu)2)(CF3)2
1 1 

r-Bu

HFEPOP -0 C (2 -(0 )-3 -C 6H3I)(CF3)2

1 1 
O O
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(Aldrich, 97%), 2-iodophenol (Fluorochem, 98%), phenol (Aldrich, 99+%), 2-f-butyl-4- 

methylphenol (Aldrich, 99%), 2,4-di-r-butylphenol (Aldrich, 99%), 2-fluorophenol 

(Fluorochem, 98%), 3-fluorophenol (Fluorochem, 98%), 4-fluorophenol (Fluorochem, 

99%), 2,4-difluorophenol (Alfa Aesar, 98+%), 3,4-difluorophenol (Fluorochem, 99%), 

3,5-difluorophenol (Fluorochem, 99%), 2,3,4-trifluorophenol (Fluorochem, 97%), 3,4,5- 

trifluorophenol (Fluorochem, 97%), LiOH-H20  (Aldrich, 98%), B(OH3) (Fisher, 99%), 

and M gS04 (Fisher, anhydrous) were used as received. The compound 12-crown-4 

(Aldrich, 98%) was dried over Na and vacuum distilled. The following solvents were 

purified by distillation under nitrogen or under vacuum from the indicated drying agent:

1,2-dichloroethane (Fisher, P2O5); 1,2-dimethoxyethane (DME, Acros, Na); acetonitrile- 

d3 (Cambridge, CaH2); benzene-t/g (Cambridge, Na); hexafluorobenzene (Fluorochem, 

P2O5). Ethylene carbonate (EC, Mitsubishi Chem.) and dimethyl carbonate (DMC, 

Mitsubishi Chem.) were battery grade and used as received.

HOC(2-C6H4OH)(CF3)2 (H2(HFPOP)). This synthesis is a modified version o f 

that reported by Gilbert et a l}  Phenol (6.50 g, 69.2 mmol) and AICI3 (0.0947 g, 0.692 

mmol) were dissolved in 120 mL o f dry 1,2-dichloroethane. After degassing this 

solution, hexafluoroacetone (5.74 g, 34.6 mmol), which had been measured out in a 

calibrated bulb using a high-vacuum ( 10~5 torr) line, was then added to the partially 

frozen mixture. The mixture was stirred at room temperature for 16 h, after which time 

the pressure had decreased by a factor o f 2.3. The system volume was reduced, and the 

mixture stirred for an additional 14 h. The pressure continued to decrease, and the value 

after this time indicated that most o f the hexafluoroacetone had dissolved in solution. 

The flask was closed, and the mixture stirred for an additional 18 h. The flask was then 

opened to air and 50 mL o f distilled water added, resulting in the formation o f a white
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precipitate. After 6 h o f  stirring, the organic layer was isolated, and the aqueous layer 

washed twice with 20 mL portions o f  fresh 1,2-dichloroethane. The organic fractions 

w'ere combined and dried over MgSOj. for 4 h. Following filtration, solvent was removed 

using a rotary evaporator to leave a cloudy oil. This solidified upon standing, and was 

sublimed at 60 °C under vacuum to yield H2(HFPOP) as a white crystalline solid (6.01 g, 

67%). N M R (C6D6/C6F6, 5): 7.43 (s, 1 FI), 7.20 (d, 1H, / H_H = 8.1 Hz), 6.80 (t, 1 H, 

•^H-H = 7-3 Hz), 6.55 (t, 1 H, / H_H = 7.8 Hz), 6.13 (d, 1 H, J H-H = 3-1 Hz), 5.66 (s, 1 H), 

5.39 (s, 1 H). 19F NMR (C6D6/C6F6, 5): -75.98 (s).

HOC(2-(OH)-3-C6H3F)(CF3)2 (H2(HFFPOP-2)). The compounds A1C13 

(0.616 g, 4.62 mmol) and 2-fluorophenol (10.3 g, 92.3 mmol) were first dissolved in 135 

mL 1,2-dichloroethane. After degassing this solution, hexafluoroacetone (15.3 g, 92.3 

mmol), which had been measured out in a calibrated bulb using a high-vacuum ( 10- -3 

torr) line, was then added to the partially frozen mixture. The pressure decreased very 

slowly, and the mixture was stirred at room temperature for three weeks. Not all o f  the 

hexafluoroacetone had dissolved and/or reacted, but there was no further change in 

pressure after this point. Vapors from the flask were bubbled through water, and 60 mL 

o f distilled water were added and the mixture stirred for 1 h. The organic layer was 

isolated, and the aqueous layer washed twice with 30 mL portions o f fresh 1,2- 

dichloroethane. The organic fractions w'ere combined and dried over M gS04 for 4 h. 

Filtering left a clear yellow solution. Solvent was removed using a rotary evaporator to 

leave an off-white solid. Sublimation at 60 °C under vacuum and subsequent 

recrystallization from hexane/CHCL, (4:1 v:v) yielded H2CHFFPOP-2) as a white 

crystalline solid (9.15 g, 36%). lH NM R (CgDg/CgFg, 6): 7.12 (m, 1 H), 6.4S (m, 1 H),
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6.23 (m, 1 H), 6.16 (s, 1 H), 5.53 (s, 1 H). I9F NM R (C6D6/C6F6, 6): -75 .35  (s, 6 F), -  

137.53 (m, 1 F).

HOC(2-(OH)-4-C6H3F)(CF3)2 (H2(HFFPOP-3)). The compounds A1C13 

(0.494 g, 3.71 mmol) and 3-fluorophenol (4.49 g, 40 mmol) were dissolved in 25 mL o f

1,2-dichloroethane to make a clear, red solution. After degassing this solution, 

hexafluoroacetone (6.64 g, 40 mmol), which had been measured out in a calibrated bulb 

using a high-vacuum (10~5 torr) line, was then added to the partially frozen mixture. The 

pressure decreased rapidly, and the mixture was stirred at room temperature for 18 h. 

The system volume was reduced, and the mixture was stirred for an additional 18 h. The 

flask was then opened to air, and 20 mL o f  distilled water was added and stirred for 1 h. 

The organic layer was isolated, and the aqueous layer washed twice with 20 mL portions 

o f  fresh 1,2-dichloroethane. The organic fractions were combined and dried over MgSCL 

for 18 h. Filtering left a clear red solution. Solvent was removed using a rotary 

evaporator to leave a red solid. This was recrystallized from hexane/CHCl3 (10:1 v:v) to 

yield red crystals. These were sublimed twice at 65 °C under vacuum to yield 

H 2(HFFPOP-3) as a white solid (6.95 g, 63%). lH NM R (C6D6/C 6F6, 5): 7.15 (m, I H),

6.19 (m, 1 H), 6.03 (s, 1 H), 5.97 (m, IH), 4.74 (s, 1H); l9F NMR (C6D6/C 6F6, 5): -  

75.65 (s, 6 F), -108.65 (m, I F).

HOC(2-(OH)-5-C6H3F)(CF3)2 (H2(HFFPOP-4)). The compounds A1C13 

(0.616 g, 4.62 mmol) and 4-fluorophenol (4.43 g, 39.6 mmol) were dissolved in 100 mL 

o f  dry 1,2-dichloroethane to make a clear, orange solution. After degassing this solution, 

hexafluoroacetone (15.3 g, 92.3 mmol), which had been measured out in a calibrated bulb 

using a high-vacuum (10-5 torr) line, was then added to the partially frozen mixture. The 

pressure decreased slowly, and the mixture was stirred at room temperature for two days.
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The system volume was reduced, and the mixture was stirred for an additional 18 h. The 

flask was then closed, and the mixture stirred for 18 h. The flask was then opened to air, 

and 50 mL o f  distilled water was added and stirred for 1 h. The organic layer was 

isolated, and the aqueous layer washed twice with 30 mL portions o f fresh 1,2- 

dichloroethane. The organic fractions were combined and dried over MgSCX; for 4 h. 

Filtering left a clear yellow solution. Solvent was removed using a rotary evaporator to 

leave a yellow solid. Sublimation at 55 °C under vacuum and subsequent 

recrystallization from hexane/CHC^ (5:1 v:v) yielded H2(HFFPOP-4 ) as a white cotton­

like solid (6.00 g, 54%). lU NMR (C6D6/C 6F6, 5): 7.31 (m, 1 H), 6.46 (m, 1 H), 5.93 

(m, 1 H), 5.57 (s, 1 H), 5.48 (s, I H). l9F NM R (C6D6/C 6F6, 5): -75.51 (s, 6 F), -120.74 

(m, 1 F).

HOC(2-(OH)-3,5-C6H2F2)(CF3)2 (H2(HFDPOP-2,4)). The compounds AICI3 

(0.383 g, 2.87 mmol) and 2,4-difluorophenol (7.47 g, 57.5 mmol) were dissolved in 125 

o f mL 1,2-dichloroethane to make a clear, deep amber solution. After degassing this 

solution, hexafluoroacetone (6.39 g, 38.5 mmol), which had been measured out in a 

calibrated bulb using a high-vacuum ( 10_~ torr) line, was then added to the partially 

frozen mixture. The pressure decreased rapidly, and the mixture was stirred at room 

temperature for 18 h, after which time the system volume was reduced and the mixture 

stirred for an additional 18 h. The flask was then closed, and the mixture stirred for 18 h. 

After this time, the flask was opened to air and 50 mL o f distilled water was added and 

stirred for 2 h. The organic layer was isolated, and the aqueous layer washed twice with 

30 mL portions o f  fresh 1,2-dichloroethane. The organic fractions were combined and 

dried over MgSCL for 4 h. After filtering, solvent was removed using a rotary evaporator 

to leave a yellow solid. Sublimation at 70 °C under vacuum yielded H2(HFDPOP-2,4) as
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a white crystalline solid (8.04 g, 47%). lH NMR (CsDg/CgFg, 5): 7.04 (m, I H), 6.18 

(m, 1 H), 5.75 (s, 1 H), 5.03 (s, 1H). 19F NM R (C6D6/C 6F6, 5): -75.43 (s, 6 F), -117.39 

(m, 1 F), -132.22 (m, 1 F).

HOC(2-(OH)-4,5-C6H2F2)(CF3)2 (H2(H FD P0P-3,4». The compounds 3,4- 

difluorophenol (5.00 g, 38.5 mmol) and AICI3 (0.341 g, 2.60 mmol) were dissolved in 40 

mL o f 1,2-dichloroethane to make a clear, pink solution. After degassing this solution, 

hexafluoroacetone (6.39 g, 38.5 mmol), which had been measured out in a calibrated bulb 

using a high-vacuum (10-5 torr) line, was then added to the partially frozen mixture. The 

pressure decreased slowly, and the mixture was stirred at room temperature for two days, 

after which time the system volume was reduced and the mixture stirred for an additional 

18 h. The flask was then closed, and the mixture stirred for 18 h. After this time, the 

flask was opened to air and 30 mL o f distilled water was added and stirred for 2 h. The 

organic layer was isolated, and the aqueous layer washed twice with 30 mL portions of 

fresh 1,2-dichloroethane. The organic fractions were combined and dried over MgSO.j 

for 4 h. After filtering, solvent was removed using a rotary evaporator to leave a pink 

solid. Recrystallization from hexane/CHCL (5:1 v:v) yielded H2(HFDPOP-3,4) as a 

slightly pink crystalline solid (7.07 g, 62%). lH NMR (C6D6/C<5F6, 5): 7.16 (m, 1 H), 

5.90 (s, 1 H), 5.85 (m, 1 H), 4.82 (s, 1 H). 19F NMR (C6D6/C 6F6, 5): -75.76 (s, 6 F), -  

131.33 (m, 1 F ) ,-145.05 (m, 1 F).

HOC(2-(OH)-4,6-C6H2F2)(CF3)2 (H 2(HFDPOP-3,5 )). The compounds 3,5- 

difluorophenol (5.05 g, 38.9 mmol) and A1C13 (0.260 g, 1.94 mmol) were dissolved in 40 

mL 1,2-dichloroethane to make a clear, tan suspension. After degassing this solution, 

hexafluoroacetone (6.45 g, 38.9 mmol), which had been measured out in a calibrated bulb 

using a high-vacuum (10~- torr) line, was then added to the partially frozen mixture. The
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pressure decreased rapidly, and the mixture was stirred at room temperature for 18 h. 

The flask was then closed, and the mixture stirred for an additional 18 h. After this time, 

the flask was opened to air and 30 mL o f  distilled water was added and stirred for 1 h. 

The organic layer was isolated, and the aqueous layer washed twice w'ith 30 mL portions 

o f fresh 1,2-dichloroethane. The organic fractions were combined and dried over MgSCL 

for 4 h. After filtering, solvent was removed using a rotary evaporator to leave an off- 

white solid. Recrystallization from hexane/CH C^ (4:1 v:v) yielded H2(HFDPOP-3 ,5) as 

a white crystalline solid (7.68 g, 67%). *H N M R (CgDg/CgFg, 8 ): 7.71 (s, 1H), 6.09 (m, 

I H), 5.92 (m, 1 H), 3.87 (s, IH). l9F N M R (C6D6/C 6F6, 5): -75 .76  (m, 6 F), -102.81 

(m, 1 F), -105.60 (m, 1 F).

HOC(2-(OH)-3,4,5-C6HF3)(CF3)2 (H2(HFTPOP-2,3,4». The compounds

2,3,4-trifluorophenol (4.81 g, 32.5 mmol) and A1C13 (0.217 g, 1.63 mmol) were dissolved 

in 100 mL dry 1,2 -dichloroethane to make a clear, yellow solution. After degassing this 

solution, hexafluoroacetone (5.40 g, 32.5 mmol), which had been measured out in a 

calibrated bulb using a high-vacuum ( 10~5 torr) line, was then added to the partially 

frozen mixture. The mixture was stirred for 11 h at room temperature, after which time 

the pressure had decreased by a factor o f  0.4. At this point the system volume was 

reduced, and the mixture stirred for an additional 24 h. The pressure continued to 

decrease, and after this time the flask was closed, and the mixture stirred for an additional 

18 h. The flask was then opened to air, and 100 mL o f distilled water added and stirred 

for 1 h. The organic layer was isolated, and the aqueous layer washed twice with 30 mL 

portions o f fresh 1,2 -dichloroethane. The organic fractions were combined and dried 

over MgSCL for 4 h. After filtering, solvent was removed using a rotary evaporator to 

leave an off-white solid. Sublimation at 65 °C under vacuum yielded Pl2(HFTPOP-2 ,3 ,4 )
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as a white crystalline solid (7.01 g, 69%). lH NM R (C ^D ^C q¥ 6, 5): 6.94 (t, 1 H, JH.F = 

9.52 Hz), 5.46 (s, 1 H), 4.85 (s, 1 H). 19F NM R (C6D6/C 6F 6, 5): -75.75 (m, 6 F), -  

142.40 (m, 1 F), -153.50 (m, 1 H), -154.30 (m, 1 F).

HOC(2-(OH)-4,5,6-C6HF3)(CF3)2 (H2(HFTPOP-3,4,5)). The compounds

3,4,5-trifluorophenol (3.25 g, 21.9 mmol) and A1C13 (0.211 g, 1.60 mmol) were dissolved 

in 40 mL o f  1,2-dichloroethane to make a clear, yellow solution. After degassing this 

solution, hexafluoroacetone (6.45 g, 38.9 mmol), which had been measured out in a 

calibrated bulb using a high-vacuum ( 10-5 torr) line, was then added to the partially 

frozen mixture. The pressure decreased rapidly, and the mixture was stirred for 18 h at 

room temperature. The system volume was then reduced, and the mixture stirred for an 

additional 18 h. After this time, the flask was closed and the mixture stirred for two days. 

The flask was then opened to air, and 30 mL o f  distilled w ater was added stirred for 2 h. 

The organic layer was isolated, and the aqueous layer washed twice with 30 mL portions 

o f  fresh 1,2 -dichloroethane. The organic fractions were combined and dried over MgSCL 

for 4 h. After filtering, solvent was removed from the filtrate using a rotary evaporator to 

leave an off-white solid. Recrystallization from hexane/CHCl3 (5:1 v:v) yielded 

H2(HFTPOP-3,4,5) as a white crystalline solid (4.02 g, 59%). LH NM R (C6D6/C6F6, 5): 

7.36 (s, 1 H), 5.88 (m, 1 H), 4.00 (s, 1 H). 19F NM R (C6D6/C 6F6, 5): -75.71 (m, 6 F), -  

128.64 (m, 1 F), -129.07 (m, 1 H), -169.09 (m, 1 F).

HOC(2-(OH)-3-/-Bu-5-Me-C6H2)(CF3)2 (H2(HFAPOP)). The compounds 2-t- 

butvl-4-methylphenol (4.63 g, 28.3 mmol) and A1C13 (0.152 g, 1.14 mmol) were 

dissolved in 120 mL o f dry 1,2-dichloroethane to make clear red solution. After 

degassing this solution, hexafluoroacetone (5.74 g, 34.6 mmol), which had been 

measured in a calibrated bulb using a high-vacuum ( 10-5  torr) line, was then added to the
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partially frozen mixture. The mixture was stirred for 11 h at room temperature, after 

which time the pressure had decreased by a factor o f  0.4. After stirring at room 

temperature for 12 h, the system volume was reduced, and after an additional 9 h was 

reduced again to just the flask. The m ixture was'stirred for 18 h, and then the flask was 

opened to air and 50 mL of distilled H2O added, resulting in the formation o f a white 

precipitate. After 2 h o f stirring, the organic layer was isolated, and the aqueous layer 

washed twice with 20 mL portions o f  fresh 1,2-dichlorethane. Solvent was removed 

using a rotary evaporator to leave a cloudy oil, which solidified upon standing. This was 

sublimed at 60 °C under vacuum to yield H^HFAPOP) as a white crystalline solid (5.94 

g, 64%). lH NM R (C6D6/C6F6, 5): 8.07 (s, 1 H), 7.20 (s, 1H), 7.12 (m, 1 H), 3.84 (s, 1 

H), 2.00 (s, 3 H), 1.42 (s, 9 H). 19F NM R (C6D 6/C6F6, 5): -75.60 (s).

HOC(2-(OH)-3,5-C6H2(f-Bu)2)(CF3)2 (H2(HFBPOP)). The compounds 2,4-di- 

r-butylphenol (6.45 g, 31.3 mmol) and AICI3 (0.325 g, 2.4 mmol) were dissolved in 100 

mL o f 1,2-dichloroethane. After degassing this solution, hexafluoroacetone (5.20 g, 31.3 

mmol), which had been measured out in a calibrated bulb using a high-vacuum (10—5 

torr) line, was added to the partially frozen mixture. The pressure decreased at a 

moderate rate, and the mixture was stirred at room temperature for 18 h. After this time, 

the system volume was reduced, and stirring continued for an additional 18 h. The 

volume was then reduced to just the flask, and the mixture stirred for 18 h. After this 

time, 50 mL o f distilled water was added. The organic layer was isolated, and the 

aqueous layer washed twice with 20 mL portions o f fresh 1,2-dichloroethane. Volatiles 

were removed from the combined fractions to yield an off-white solid. This was 

recrystallized from hexane, and then sublimed under vacuum at 60 °C to yield 

H2(HFBPOP) as a white solid (2.50 g, 21%), with a small amount (—3% based on l9F
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NMR signal intensity) o f  an unknown impurity. *H NMR (CgDg, 8): S .07 (s, 1 H), 7.52 

(s, 1 H), 7.49 (s, 1 H), 3.77 (s, 1 H), 1.45 (s, 9 H), 1.19 (s, 9 H). 19F N M R  (C6D6, 5): -

78.19 (s).

HOC(2-(OH)-3-C6H3I)(CF3)2 (H2(HFIPOP)). The com pounds 2-iodophenol 

(3.11 g, 14.2 mmol) and AICl3 (0.095 g, 0.71 mmol) were dissolve-d in 45 mL 1,2- 

dichloroethane. After degassing this solution, hexafluoroacetone (2 .35 g, 14.2 mmol), 

which had been measured out in a calibrated bulb using a high-vacuum  ( 10"° torr) line, 

was added to the partially frozen mixture. The mixture was stirred fo r 15 h at room 

temperature, after which time the pressure had decreased by a factor of" 0.2. The system 

volume was reduced, and stirring continued for 12 h. The volume w as then reduced to 

just the flask, and mixture was stirred for 18 h. The flask was then opened to air, and 50 

mL o f distilled water was added. The organic layer was isolated, and th e  aqueous layer 

washed twice with 20 mL portions of fresh 1,2-dichloroethane. This w as distilled at 100 

°C under vacuum to yield a clear colorless oil. Residual impurities w ere  distilled away 

from the desired product at 80 °C under vacuum to yield H2(HFEPOP) a s  a clear colorless 

oil (2.71 g, 50%). lH NM R (C6D6/C6F6, 5): 7.31 (d, = 9 Hz, 1 Hj), 7.18 (d, J H_H =

9 Hz, 1 H), 6.05 (t, J H_H = 9 Hz, 1 H). 19F NM R (C6D 6/C 6F6, 5): -7 5 .5 6  (s).

LiB(HFPOP)2. The compounds LiOH-H20  (0.813 g, 19.4 m m ol) and B(OH)3 

(1.20 g, 19.4 mmol) were dissolved in 200 mL o f  distilled water and stirred  at reflux for 2 

h. H2(HFPOP) (10.1 g, 38.7 mmol) was then added as a solution in acetonitrile (20 mL). 

This mixture was stirred at reflux for 20 h, after which time it was c lea r and colorless. 

Water and acetonitrile were removed using a rotary evaporator to leave a white solid. 

This was heated under high-vacuum conditions (10-5  torr) in two stages: 100 °C for 18 h, 

and 130 °C for 18 h. LiB(HFPOP)2 was isolated as a white powder (9.83 g, 95%). *H
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NM R (CD3CN, 8): 7.38 (m, 2 H), 7.25 (t, 1 H, / H_H =  7.8 Hz), 6.80 (t, 1 H, J H_H = 7.8 

Hz), 6.70 (d, 1 H, yH_H = 8.4 Hz); l9F NM R (CD3CN, 5): -75 .26  (s). Low-resolution 

mass spectrum  ((-)ES-M S, CH3CN solution) m/z 527.1 [(M -  Li)- ; calcd for 

C 1SH SB F 120 4 527.0].

LiB(HFFPOP-2)2- The compounds L iO H H 20  (0.220  g, 5.25 mmol) and 

B(OH)3 (0.324 g, 5.25 mmol) were dissolved in 110 mL o f  distilled water and stirred at 

reflux for 6 h. H2(FEFFPOP-2) (2.92 g, 10.5 mmol) was then added as a solution in 

acetonitrile (20 mL). This mixture was stirred at reflux for 20 h, after which time it was 

clear and colorless. Water and acetonitrile were removed using a rotary evaporator to 

leave a white solid. This was heated under high-vacuum conditions (10-5  torr) in three 

stages: 100 °C for 18 h, 120 °C for 18 h, and 140 °C for 18 h. LiB(HFFPOP-2)2 was 

isolated as a white powder (2.75 g, 92%). [H NMR (CD3CN, 5): 7.26 (m, 2 H), 7.18 (m, 

2 H), 6.83 (m, 2 H). 19F NM R (CD3CN, 5): -75.42 (s, 12 F), -136.94 (m, 2 F). Low- 

resolution mass spectrum ((-)ES-MS, CH3CN solution) m/z 563.1 [(M -  Li)- ; calcd for 

C 1SH6B F 140 4 563.0].

LiB(HFFPOP-3)2. The compounds LiOH-H20  (0.282 g, 6.71 mmol) and 

B(OH)3 (0.415 g, 6.71 mmol) were dissolved in 110 mL o f  distilled water and stirred at 

reflux for 6 h. H2(HFFPOP-3) (3.73 g, 13.4 mmol) was then added as a solution in 

acetonitrile (25 mL). This mixture was stirred at reflux for 20 h, after which time it was 

clear and colorless. Water and acetonitrile were rem oved using a rotary evaporator to 

leave a clear colorless oil. This was placed under vacuum  overnight, and then heated 

under high-vacuum conditions ( 10—5 torr) in three stages: 100 °C for 18 h, and 130 °C for 

48 h. LiB(HFFPOP-3)9 was isolated as a white pow der (3.62 g, 95%). *H NMR 

(CD3CN, 5): 7.43 (t, 2 H), 6.63 (t, 2 H), 6.51 (t, 2 H). l9F NM R (CD3CN, 5): -75.60 (s,
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12 F), —111.61 (m. 2 F). Low-resolution mass spectrum ((-)ES-MS, CH3CN solution) 

m/z 563.1 [(M -  Li)- ; calcd for C 18H6B F 140 4 563.0],

LiB(HFFPOP-4)2. The compounds LiOH-H20  (0.206 g, 4.9 mmol) and B(OH)3 

(0.303 g, 4.9 mmol) were dissolved in 100 mL o f  distilled water and stirred at reflux for 6 

h. H2(HFFPOP-4) (2.73 g, 9.8 mmol) was then added as a solution in acetonitrile (20 

mL). This mixture was stirred at reflux for 18 h, after which time it was clear and 

colorless. Water and acetonitrile were removed using a rotary evaporator to leave a clear 

colorless oil. Initial drying was accomplished by azeotropic distillation with toluene, 

followed by heating under high-vacuum conditions (10-5 torr) in two stages: at 100 °C 

for 18 h, then at 138 °C for four days. LiB(HFFPOP-4)2 was isolated as a white powder 

(2.56 g, 92%). lH NMR (CD3CN, 5): 7.18 (m, 2 H), 7.09 (m, 2 H), 6.75 (m, 2 H). 19F 

NMR (CD3CN, 5): —75.46 (s, 12 F), —126.38 (m, 2 F). Low-resolution mass spectrum 

((-)ES-MS, CH3CN solution) m/z 563.1 [(M -  Li)- ; calcd for C ^H gB F ^C f; 563.0].

LiB(HFDPOP-2,4)2. The compounds LiOH-H20  (0.156 g, 3.72 mmol) and 

B(OH)3 (0.230 g, 3.72 mmol) were dissolved in 110 mL o f distilled water and stirred at 

reflux for 6 h. H?(HFDPOP-2,4) (2.20 g, 7.43 mmol) was then added as a solution in 

acetonitrile (15 mL). This mixture was stirred at reflux for 36 h, after which time it was 

clear and colorless. Water and acetonitrile were removed using a rotary evaporator to 

leave a clear colorless oil. Initial drying was accomplished by azeotropic distillation with 

toluene. The resulting white solid was then heated under high-vacuum conditions (10-5 

torr) in three stages: 90 °C for 18 h. 132 °C for 18 h. and 152 °C for 18 h. LiB(HFDPOP-

2,4)2 was isolated as a white powder (1.96 g, 87%). *11 NMR (CD3CN, 5): 7.07 (m, 4 

H). 19F NMR (CD3CN, 5): -75.52 (s, 12 F), -124.04 (m, 2 F), -132.50 (m, 2F). Low-
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resolution mass spectrum ((-)ES-MS, CH3CN solution) m/z 599.0 [(M -  Li) ; calcd for 

C 18H4BF160 4 599.0].

LiB(HFDPOP-3,4)2. The compounds LiOH-H20  (0.356 g, 8.48 mmol) and 

B(OH)3 (0.524 g, 8.48 mmol) were dissolved in 110 mL o f distilled water and stirred at 

reflux for 6 h. H2(HFDPOP-3 ,4 ) (5.02 g, 17.0 mmol) was then added as a solution in 

acetonitrile (25 mL). This mixture was stirred at reflux for 20 h, after which time it was 

clear and colorless. Water and acetonitrile were removed using a rotary evaporator to 

leave a clear colorless oil. Initial drying was accomplished by azeotropic distillation with 

toluene. The resulting white solid was then heated under high-vacuum conditions (10-3 

torr) in two stages: 90 °C for 18 h, and 145 °C for 48 h. LiB(HFDPOP-3,4)2 was isolated 

as an off-white powder (4.40 g, 86%). NMR (CD3CN, 5): 7.33 (m, 2 H), 6.68 (m, 2 

H). 19F NMR (CD3CN, 5): -75.72 (s, 12 F), -135.39 (m, 2 F), -151.07 (m, 2 F). Low- 

resolution mass spectrum ((-)ES-MS, CH3CN solution) m/z 599.0 [(M — Li)- ; calcd for 

C 18H4B F l60 4 599.0].

LiB(HFDPOP-3,5)2- The compounds LiOH-H20  (0.287 g, 6.82 mmol) and 

B(OH)2 (0.422 g, 6.82 mmol) were dissolved in 110 mL o f distilled water and stirred at 

reflux for 6 h. H2(HFDPOP-3,5) (4.04 g, 13.6 mmol) was then added as a solution in 

acetonitrile (20 mL). This mixture was stirred at reflux for 20 h, after which time it was 

clear and colorless. Water and acetonitrile were removed using a rotary evaporator to 

leave a clear colorless oil. Initial drying was accomplished by azeotropic distillation with 

toluene. The resulting white solid was then heated under high-vacuum conditions (10-3 

torr) in two stages: 90 °C for 18 h, and at 135 °C for 48 h. LiB(HFDPOP-3,5)2 was 

isolated as a white powder (3.67 g, 89%). lH NM R (CD3CN, 5): 6.48 (m, 2 H), 6.40 (m,

2 H). 19F NMR (CD3CN. 5): -75.18 (m, 12 F), -105.27 (m, 2 F), -109.31 (m, 2 F).
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Low-resolution mass spectrum ((-)ES-M S, CH3CN solution) m/z 599.1 [(M — Li) ; calcd 

fo rC 18H4B F 160 4 599.0],

LiB(HFTPOP-2,3,4)2. The compounds LiOH-H20  (0.156 g, 3.72 nunol) and 

B(OH)-? (0.230 g, 3.72 mmol) were dissolved in 110 mL o f  distilled water and stirred at 

reflux for 5 h. H2(FIFTPOP-2,3,4) (2.45 g, 7.43 mmol) was then added as a solid, as well 

15 mL diethyl ether. This mixture was stirred at reflux for 20 h, after which time it was 

clear and colorless. Water and ether were removed using a rotary evaporator to leave a 

clear colorless oil. Initial drying was accomplished using azeotropic distillation with 

toluene. The resulting oil was then heated under high-vacuum conditions (10-5 torr) in 

two stages: first at 100 °C for IS h; then at 150 °C for an additional 48 h. LiB(HFTPOP-

2,3,4)2 was isolated as a white powder (2.07 g, 87%). lH N M R (CD3CN, 5): 7.16 (m, 2 

H). 19F N M R  (CD3CN, 5): -75.69 (s, 12 F), -149.11 (m, 2 F), -157.77 (m, 4 F), -  

173.02. Low-resolution mass spectrum ((-)ES-MS, CH3CN solution) m/z 634.8 [(M — 

Li)- ; calcd for C[gH2B F 1g04 635.0].

LiB(HFTPOP-3,4,5)2. The compounds Li0H-H2O (0.267 g, 6.36 mmol) and 

B(OH)3 (0.393 g, 6.36 mmol) were dissolved in 110 mL o f  distilled water and stirred at 

reflux for 6 h. H2(HFTPOP-3,4,5) (4.00 g, 12.7 mmol) was then added as a solution in 

acetonitrile (20 mL). This mixture was stirred at reflux for 20 h, after which time it was 

clear and colorless. Water and acetonitrile were removed using a rotary evaporator to 

leave a clear colorless oil. Initial drying was accomplished by azeotropic distillation with 

toluene. The resulting oil was then heated under high-vacuum conditions (10-3 torr) in 

two stages: 100 °C for 48 h, and 143 °C for 96 h. LiB(HFTPOP-3,4,5)2 was isolated as a 

white pow der (3.63 g, 89%). lH NM R (CD3CN, 6): 6.64 (m). 19F NMR (CD3CN, 5): 

-75.30 (m, 12 F), -131.35 (m, 2 F), -133.72 (m, 2 F), -174.13 (m, 2 F). Low-resolution
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mass spectrum ((-)ES-M S, CH3CN solution) m/z 634.9 [(M — Li) ; calcd for 

C lsH2BFl80 4 635.0].

LiB(HFAPOP)2 - The compounds LiOH-H20  (0.152 g, 3.62 mmol) and B(OH)3 

(0.224 g, 3.62 mmol) were dissolved in 115 mL o f distilled water and stirred at reflux for 

18 h. H2(HFAPOP) (2.51 g, 7.61 mmol) was then added as a solution in diethyl ether (15 

mL). This mixture was stirred at reflux for 18 h, after which time it was clear and 

colorless. W ater and ether were removed using a rotary evaporator to leave a clear 

colorless oil. This was heated under high-vacuum conditions (10-5  torr) at 105 °C for six 

days. LiB(HFAPOP)2 was isolated as a white powder (1.97 g, 82%). ^  NMR

(C6D6/C6F6, 5): 7.37 (s, 2 H), 7.13 (m, 2 H), 2.07 (s, 6 H), 1.27 (s, 18 H). 19F NMR 

(CgDg/CgFg, 5): —72.80 (m, 6 F), -76.44 (m, 6 F). Low-resolution mass spectrum ((- 

)ES-MS, CH3CN solution) m/z 667.0 [(M -  Li)- ; calcd for C2gH28B F i20 4 667.0].

LiB(HFBPOP)2- Them compounds LiOH-H20  (0.141 g, 3.35 mmol) and 

B(OH)3 (0.207 g, 3.35 mmol) were dissolved in 110 mL o f distilled w ater and stirred at 

reflux for 6 h. H?(HFBPOP) (2.49 g, 6.7 mmol) was then added as a solution in 

acetonitrile (35 mL), and the mixture stirred at reflux for 22 h. After this time, volatiles 

were removed by heating the solution in air (use o f  a rotary evaporator led to excessive 

foaming), and placing the resulting oil under vacuum for 18 h. The white solid was 

recrystallized from dichloromethane at -22  °C, and dried under high-vacuum conditions 

(10-5  torr) at 100 °C for two days to yield LiB(HFBPOP)? as a yellow solid (0.432 g, 

17%). lH NMR (CD 3CN, 5): 7.35 (s, 2 H), 7.30 (s, 2 H), 1.324 (s, 18 H), 1.320 (s, 18 

H). l9F NMR (CD 3CN, 5): -74.56 (m, 6 F), -75.44 (m, 6 F). Low-resolution mass 

spectrum ((-)ES-MS, CH3CN solution) m/z 751.4 [(M -  Li)- ; calcd for C34H4qBF120 4 

751.0].

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LiB(HFIPOP)2- The compounds LiOH-E^O (0.100 g, 2.39 mmol) and B(OH)3 

(0.148 g, 2.39 mmol) were dissolved in 115 mL o f  distilled water and stirred at reflux for 

2 h. H2(HFIPOP) (1.99 g, 5.15 mmol) was then added as a solution in diethyl ether (20 

mL). This mixture was stirred at reflux for 18 h, after which time it was clear and 

colorless. Water and acetonitrile were removed using a rotary evaporator to leave a clear 

colorless oil. Initial drying was accomplished by azeotropic distillation with toluene. 

The resulting white solid was then heated under high-vacuum conditions (10-5  torr) in 

three stages: 143 °C for 48 h, 150 °C for 48 h, and 170 °C for 18 h. During this time the 

solid turned purple. LiB(HFIPOP)2 was isolated as a purple powder ( 1.20 g, 64%). *H 

NMR (CD3CN, 5): 7.16 (m, 2 H), 7.08 (m, 2 H), 6.75 (m, 1 H). 19F NMR (CD3CN, 5): 

-74.56 (m, 6 F), -75.44 (m, 6 F). Low-resolution mass spectrum ((-)ES-MS, CH3CN 

solution) m/z 778.0 [(M -  Li)- ; calcd for CigHgBF^LCU 779.0].

Physical Measurements

Samples for NMR spectroscopy were solutions in 5-mm glass tubes, equipped 

with a teflon seal when protection from air was necessary. NM R spectra were recorded 

on a Varian 300 spectrometer operating at the indicated frequencies: 1H, 300.1 MHz; 

19F, 282.4 MHz. Chemical shifts (5 scale) are relative to SiMe4 (8 = 0 for JH NMR) and 

CFC13 (8 = 0 for 19F NMR). Negative-ion electrospray mass spectra ((-)ES-MS) were 

recorded on a Fisons VG Quattro-SQ mass spectrometer. Solution conductances were 

measured at 24±1 °C using a YSI Model 3403 conductivity cell calibrated for inverted 

use (k = 0.9988 cm-1) and a YSI Model 32 conductivity bridge. The bridge was operated
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at 1 KHz (conductances > 1 0 0  p.S) or a t line frequency (50-60 Hz, conductances <100 

jj.S). Measurements made using both m odes were the same, but a sharper null point is 

observed at 1 KHz for higher conductances, and at line frequency for lower 

conductances. All samples were anhydrous as determined by NMR spectroscopy, and 

solutions o f  these were prepared in volum etric flasks in the glovebox. The error in 

measurement was determined to be < 1% using the same batch o f  material. Variation 

from one batch to another was found to be 2% or less. Cyclic voltammetry and 

chronoamperometry were performed using an EG&G Model 263 potentiostat. 

Experiments were performed in a glass cell in a Helium-filled glovebox at 24=1 °C. 

Platinum (0.02 cm2) and stainless steel (0.48 cm2) electrodes were polished with 

alumina, rinsed and sonicated with water, and dried before each use. Counter electrodes 

were platinum mesh and lithium foil. Reference electrodes were lithium foil (Aldrich, 

99.9%). Aluminum electrodes (Strem, 99.997% , 2 cm2) were cleaned and dried before 

use. All cyclic voltammetry experiments were performed at a scan rate o f 10 mV s_ I-

Crystals o f  LiB(HFTPOP-2,3,4)2 were grown by sublimation at 180 °C under 

vacuum. Crystals o f  Li2(DME)(B(HFPOP)2)2 were grown at room temperature from a 

solution o f  LiB(HFPOP)2 in CH ^Cb/DM E (20:1 v:v). In each case, a suitable crystal 

was examined under an argon atmosphere and placed in the cold nitrogen stream o f  the 

low-temperature LT-2 unit of a Siemens SMART CCD diffractometer system. The 

diffraction data collection and subsequent structural computations were performed using

*5 ,  • “Ithe crvstallographic software supplied by  Siemens- or by Professor G.M. SheldrickP 

Lorentz and polarization corrections were applied to the data. Details o f  the 

crvstallographic experiment and subsequent computations are summarized in Tables A. 1 

(Li2(DME)(B(HFPOP)2)2) and A.2 (L i(O C(CH 3)B(HFTPOP-2,3,4)2). and can be found
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in the appendix.4,3 The structures were solved by direct methods and were refined using 

full-matrix least-squares procedures on F- for all data. Non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were placed in calculated positions.
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Results and Discussion

Synthesis o f  HOC(ROH)(CFf 2 an-d LiBfOiLp 2 Compounds

The compound H2(HFPOP) and its derivatives were chosen for study as an 

extension o f previous work with fluoroalkoxyaluminates and -borates.6,7 As mentioned 

above, these anions were found to be excellent fVCAs, and m ost were comprised of 

fluoroalkoxide ligands with the general formula -O CR (C F3)2- However, one problem 

was a lack o f hydrolytic stability; the E-O  (E = B, Al) bonds in ME(ORf)4 (M = TG, Li+) 

are readily hydrolyzed in the presence o f  water. H2CHFPOP) is derived from the same — 

OCR(CF3)2 formula, but with R being a phenoxy moiety; it was hoped that the 

combination o f  this strong donor and the chelate effect would result in hydrolytically- 

stable complexes. In related work, Barthel and Gores reported that lithium borates 

containing two catecholate or substituted catecholate ligands possessed this property.8 

They also explored the use o f other diolate donor ligands listed in the introduction, and in 

each case, the lithium borate derived from these ligands exhibited hydrolytic stability. 

This turned out to be true when HFPOP and its derivatives were used as well, but only 

when boron was used as the central atom. Complexes formed with aluminum were not 

stable in water.9 This may be due to the weaker A l-O  (122(2) kcal/mol) bond strength 

compared to that o f  an average B -0  bond (193(5) kcal/m ol).10

With the exception o f  H2(HFPOP), ^ (H F B P O P ),11 and H2CHFFPOP-3),12 all o f 

the diols described in the experimental section are new, and are listed in Table 2 along 

with their abbreviations. The synthetic method is very similar to that developed by
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Gilbert et a t }  which consists o f  mixing a phenol with hexafluoroacetone in the presence 

o f a catalyst (5 mol% based on phenol), using xylene as the solvent. In his work, three 

catalysts were studied: AICI3, BF3, and p-toluenesulfonic acid. It was found that the 

regiochemistry o f the reaction depended on the nature o f the catalyst: using BF3 yielded 

primarily /?ara-substituted phenols, while AICI3 and p-toluenesulfonic acid generally 

produced ortho-substituted products. The desired ligands for this work are the ortho 

isomers, as they form a stable six-membered chelate ring with a central atom such as 

boron. O f the two catalysts that give rise to these forms, it was found that AICI3 catalysis 

resulted in a higher yield o f  substituted phenol, and required less time to do so. As such, 

this catalyst was chosen to synthesize the new diols. The amount used was generally the 

same (5% based on phenol) as that used by Gilbert, but in some cases a slightly higher 

percentage was added to decrease the required reaction time. The only other 

modification on the original procedure was the solvent: 1,2 -dichloroethane was used

instead o f xylene. Xylene has been shown to react with hexafluoroacetone in the 

presence o f  AICl3, l j  creating the possibility for an undesired side reaction to occur when 

this is used as the solvent.

The synthesis o f  the new lithium borates was based on the procedure developed 

by Barthel et al. used to synthesize other lithium borates with chelating diolate ligands.s 

One change was the addition o f  a small amount o f  acetonitrile to the reaction mixture. 

The diols are somewhat volatile and not highly soluble in water. It was observed that in 

the early stages o f the reaction, the diol would sublime and collect in the condenser. 

Acetonitrile was added to continually wash the condenser over the course o f  the reaction; 

the diols are highly soluble in this solvent, even at low temperature, and thus did not 

become sequestered on the condenser walls. Another modification was the order of
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addition o f  the reactants. For LiB(HFPOP)2 and LiB(HFAPOP)2, all reagents can be 

added simultaneously and the reaction proceeds smoothly. However, when fluorine 

atoms are added to the ring, using the same procedure yielded a product mixture that 

contains primarily LiHfCbLf), with only a small amount o f  L iB (02Lf)2. This most likely 

stems from the increased acidity o f the fluorinated diols vs. the non-fluorinated varieties. 

A possible explanation is that the diol reacts with LiOH before the presumed LiB(OH)4 

can be formed, and the resulting LiH(C>2Lf) is unreactive towards B(OH)3. By refluxing 

LiOH and B(OH )3 before adding the diol, only LiBfCHLf)-? was observed in the product 

mixture. This result lends support to the proposed explanation, as the formation o f 

LiH(0 2 Lf) is presumably avoided by allowing LiB(OH)4 to form in the absence o f  diol. 

One major advantage o f  these salts over those made by Barthel et al. is that in most cases 

no purification was necessary other than the removal o f  water. The high thermal stability 

of the lithium borates allows facile drying, although it must be done in stages. The bulk 

of the water must be removed at a relatively low temperature (100 — 110 °C) or some 

decomposition occurs. However, after this has been done the salts can be heated to at 

least 180 °C to remove the last traces o f water with no ill effects.
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Solution Conductivity■

The compound LiB(HFPOP)2 was first evaluated as a possible battery electrolyte

by measuring its conductivity at various concentrations, c, in DME in order to gain a

better understanding o f  the nature o f  solution ion pairing. Equivalent conductivities, A, 

were determined from these values and plotted vs. c l/-  as shown in Figure 2. The shape 

o f  the curve is characteristic o f  a low-dielectric electrolyte solution in which dissociation 

o f  the salt is concentration-dependent (a similar curve has been observed for LiBF4 

solutions in DM E14). Starting at infinite dilution, where the ionic species have no 

interaction with each other, the equivalent conductivity decreases as square root o f 

concentration increases. This reflects the formation o f  neutral, nonconducting ion pairs 

as a result o f  increasing ionic interactions. As the concentration approaches 0.1 M 1/2 

(0.01 M), the rate of decrease slows, and eventually a local minimum is reached. This is 

the result o f  charge carrier formation, which Fuoss and Kraus attributed to the effects o f 

the equilibria shown below . 15

2 [CA]S [C -A -(T ] rA s-

2 [CA]S CS1A -C T A -]S

These equilibria describe the formation o f  triple ions, which can exist in two forms: 

bilateral simultaneous, where both [C~A~C~]S~ and [A~C^A“]S~ are present in equal 

concentrations; or unilateral, where only one or the other is formed. For cations and 

anions o f  approximately equal size, Fuoss and Kraus assumed bilateral triple-ion 

formation, w'ith equal formation constants (Kj-).15 This assumption was verified in part
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Figure 2. Plots o f equivalent conductivity vs. square root of 
concentration for LiB(HFPOP)2 and LiB(HFTPOP-2,3,4)2 in DME. 
See Table 2 for definitions o f abbreviations.
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by the work o f  Hojo et al. in a study o f  the formation o f  triple ions composed o f  Li and 

Cl“ in acetonitrile . 16

K r
2 [LiCl]s [L rC l-L i+]Ŝ C1S-  K r = iO3-3 (dm3 mol- 1)"2

2[L iC l]s Liŝ [C l-L r C r]s~ K T= 104-7 (dm3 mol" 1) -2

Unilateral triple-ions are usually anionic, although some cationic complexes have been 

identified. 17 A nionic triple ions are generally composed o f  large anions and small 

cations.

As the concentration increases after the local minimum in Figure 2, the equivalent 

conductivity begins to steadily increase. According to the Fuoss-Kraus model, 13 this is 

due to the progressive formation of triple ions, which increases the relative amount o f 

charge carriers in solution. Another possibility is that the increasing concentration o f 

ionic species raises the dielectric constant o f  the solution, shifting dissociation equilibria 

towards the form ation o f  free ions. 18 Thus, the relative number o f  charge carriers 

increases as the concentration is increased, thereby increasing the equivalent 

conductivity. For example, it was found that the permittivity o f  a dioxane solution o f 

LiClC>4 increases from 6.95 at 0.19 mM to 8.61 and 0.12 M .1Sb

The equivalent conductivity increases in Figure 2 until a local maximum is 

reached at a concentration o f  approximately 0.32 M 1/2 (0.1 M). This occurs when a limit 

has been reached as to the number o f  available charge carriers. By increasing the 

electrolyte concentration, the average distance between ions decreases, and therefore the 

average electrostatic interactions among ions increase. This acts to increase the extent o f  

ion association, effectively reducing the number o f  charge carriers. The extensive
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interionic interactions at high concentrations also decrease ion mobilities, which leads to 

a lower equivalent conductivity. This effect can also be thought o f  in terms o f  an 

increased solution viscosity.19

The case for triple-ion formation in LiB(HFPOP)2 solutions is substantiated by 

the existence o f  a triple-ion-like species in the structure o f  Li2(DME)(B(HFPOP)2)?, 

shown in Figure 3. Crystals were grown from a solution o f  LiB(HFPOP)? in 

CH/jC^/DME (20:1 v:v). Selected bond distances and angles are listed in Table 3. The 

structure consists o f  two B(HFPOP)2_ anions, one molecule o f  DME, and two lithium 

cations. Each boron atom is tetrahedrally coordinated by two 2- 

(hexafluoroisopropoxy)phenoxide (HFPOP) ligands. The four ligand chelate rings form 

very similar O—B -O  angles ranging from 111.2(2 ) to 112.7(2)°, close to the ideal 

tetrahedral angle o f 109.5°. The O -B —O angles including oxygen atoms bonded to Li+ 

are smaller, ranging from 100.6(2) to 102.8(2)°. The oxygen atoms from the anion that 

bridge the boron and lithium atoms form B—O bonds ranging from 1.451(3) -  1.482(3) A. 

Surprisingly, these are not considerably different from the other two B -O  distances o f 

1.450(3) and 1.459(2) A, which involve oxygen atoms not bonded to LiT Usually, 

coordination o f  a bond to a metal cation significantly (= 3cr) lengthens it relative to non­

coordinated bonds.

There are two Li~ coordination spheres in this structure. The first contains L il,

and consists o f  four L i-0  and three Li—F contacts. The 0 3 —B 1 -0 4  unit forms a four-

membered chelate ring with L il, with Li—O bond distances o f  1.962(4) and 2.060(4) A,
I I

and an 0 3 - L i l— 0 4  bond angle o f 68.6(1)°. A five-membered O l—L il-0 2 -C 3 -C 2  

chelate ring is also formed by coordination o f  DME to LU, with Li-O  bond distances o f  

1.907(4) and 1.937(4) A, and an O l - L i l - 0 2  bond angle o f 85.1(2)°. The Li—F distances
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Figure 3. Drawing o f  the structure o f Li2(DME)(B(HFPOP)2)2 (hydrogen atoms 
omitted for clarity). The unlabeled partially shaded circles are carbon atoms, and the 
unlabeled circles fully shaded left to right are fluorine atoms. Selected interatomic 
distances (A) and angles (deg): L i l -O l ,  1.937(4); L il-0 2 , 1.907(4); L il-0 3 ,
1.962(4); Li 1-04, 2.060(4); L il-F 2 , 2.920(4); L il-F 3 , 3.027(4); L il-F7, 2.650(4); 
L i2 -0 5 , 2.034(4); L i2 -0 6 , 1.972(4); L i2 -0 7 , 1.929(4); L i2-08, 1.993(4); Li2-F5, 
2.703(4); Li2-F10, 2.963(4); Li2-F14, 2.761(4); Li2-F19, 2.997(4); 0 5 -L i-0 6 , 
69.3(2); 0 7 -L i-0 8 , 71.3(2). See Table 2 for definitions of abbreviations.
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Table 3. Selected interatomic distances (A) and angles (deg) for Li2(DME)(FlFPOP)9.
L il-O l 1.937(4) Li 1-02 1.907(4)

Li 1-03 1.962(4) Li 1 -04 2.060(4)

L il—F2 2.920(4) L il-F3 3.027(4)

L il-F 7 2.650(4) L i2-05 2.034(4)

L12-06 1.972(4) L i2-07 1.929(4)

L i2-08 1.993(4) Li2-F5 2.703(4)

Li2-F10 2.963(4) Li2—F14 2.761(4)

Li2-F19 2.997(4) B l-0 3 1.470(3)

B l- 0 4 1.481(3) B l- 0 5 1.451(3)

B l-0 6 1.462(3) B 2 -0 7 1.477(3)

B 2-08 1.482(3) B 2 -0 9 1.450(3)

B2-O10 1.459(2)

0 5 -B 1 -0 6 102.8(2 ) 0 5 —B 1-03 112.5(2)

0 6 -B 1 -0 3 114.7(2) 0 5 —B 1-04 115.7(2)

0 6 —B 1-04 111.2 (2) 0 3 —B l-0 4 100.6(2)

O9-B2-O10 106.6(2) 0 9 —B 2-07 113.5(2)

O10-B2-O7 111.7(2) 0 9 —B 2-08 112.7(2)

O10-B2-O8 111.3(2) 0 7 -B 2 -0 8 101.2 (2)

0 2 -L i-O l 85.1(2) 0 2 —Li-03 141.8(2)

0 1 -L i-0 3 112.2 (2) 0 2 —L i-0 4 123.7(2)
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Table 2. (continued)
O l—L i-0 4 134.3(2) 0 3 —L i-0 4 68.7(2)

F2—Li—F3 42.0(3) F2—Li—F7 154.9(3)

F3—Li—F7 155.9(3) 0 7 —L i2 -0 6 117.4(2)

0 7 —L i2-08 71.3(2) 0 6 —L i2 -0 8 150.6(2)

0 7 —Li2-OS 153.5(2) 0 6 -U 2 -0 5 69.3(2)

0 8 —L i2-05 116.5(2) F5—Li2—F10 134.3(3)

F5—Li2-F14 144.7(3) F5—Li2—F19 60.8(3)

F10—Li2-F14 62.8(3) F10—Li2—F19 133.1(3)

F14—Li2-F19 136.9(3)

See Table 2 for definition o f  abbreviation.
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are 2.650(4), 2.920(4), and 3.027(4) A. The next closest Li—F contact is at 3.324(4) A. 

The geometry o f the Li0 4F3 coordination sphere, shown in Figure 4, is irregular. The 

second Li^ coordination sphere contains Li2, and consists o f  four L i-O  and four Li-F 

contacts. Two four-membered chelate rings are formed, one from each B(HFPOP)2~ 

anion. The L i-O  bond distances range from 1.929(4) to 2.034(4) A, and the two O—L i-0  

bond angles are 69.28(13)° (0 5 -L i2 -0 6 )  and 71.28(13)° (0 7 -L i2 -0 8 ). The Li-F 

distances are 2.703(4), 2.761(4), 2.963(4), and 2.997(4) A. The next closest L i-F  contact 

is at 4.493(4) A. The geometry o f the L i0 4F4 coordination sphere is a distorted square 

antiprism, and is shown in Figure 5. The 0 5 -F 1 4 -0 8 -F 5  and 0 6 —F 10 -O 7 -F 19 least- 

squares planes are coplanar to within 0.11 A. The dihedral angle between these two 

planes is only 0.5°. The Li2 atom is 0.944 A from the centroid o f  the former plane and 

1.099 A from the centroid o f the latter plane. The centroid---Li2---centroid angle is 

177°.

This structure provides further evidence for the existence o f [Li(B(HFPOP)2)2]_ 

triple ions in solution, and illustrates one possible form for this species. However, it is 

not assumed that this is the only variety o f  triple ion found in DME solutions; at least 

three forms can be envisioned, as shown below. The lithium countercation for the triple 

ion is assumed to be completely solvated in all cases.

[Li(DME)2]+[A -Li"A -]- [Li(DME)2]^[A- Li(DME)'hA- ]-

A B

[Li(DME)2]~[A- Li(DME)2~A- ]~

C
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Figure 4. Drawing o f  the LiC>4 F3  coordination sphere 
for Lil o f  Li2(DME)(B(HFPOP)2)2 with 50% 
probability ellipsoids. See Table 2 for definitions o f  
abbreviations.
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Figure 5. Drawings o f  L1O4F4 coordination sphere for Li2 
o fLi 2(DME)(B(HFPOP)2)2 with 50% ellipsoids, showing the 
square antiprismatic geometry. See Table 2 for definitions o f 
abbreviations.
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Structure A is sim ilar to the structure discussed above, in that the lithium cation in the 

triple ion is coordinated only by the two anions. In case B, one molecule of DME is 

added to the coordination sphere o f  L r \  In this form, Li~ has contacts to DME and to the 

anions, but the contribution o f the anions is less than in case A. The lithium cation in 

structure C is complexed by two DME molecules, and most likely has only weak direct 

contacts with each anion. The relative concentrations o f each species will depend on 

anion basicity and steric considerations.

Considering only the Li(B(HFPOP)2)2 fragment o f the Li2(DME)(B(HFPOP)2)2 

structure, it can be seen that each anion coordinates the lithium cation through its 

phenoxy oxygen atoms, presumably the strongest donor atoms in the anion. On the 

outside o f the triple ion the second lithium  cation is still coordinated by the complex 

anion, but this occurs through the two alkoxy oxygen atoms. A molecule o f DME and 

several Li---F contacts complete its coordination sphere. The question may be raised as 

to why the lithium cations are coordinated in this manner, which can be answered in part 

using bond valence analysis as shown in Table 4. The contribution by Li—O bonds is 

nearly the same for Lil (86%) and Li2 (82%). This indicates that the amount o f  

stabilization o f Li~ by Li-O bonds is similar in both cases; that is, the stabilization 

afforded Li+ by four phenoxy oxygen atoms is similar to that afforded by two DME 

oxygen atoms and two alkoxy oxygen atoms. There m ay also be steric factors 

contributing to structural arrangement o f  this compound, but in terms o f thermodynamic 

stabilization o f Li~, it appears to be in the most stable arrangement.

To further understand the nature o f  ion pairing o f  LiB(HFPOP)2 in DME, 

conductivity measurements o f 0.01 M solutions o f  this salt were made with and without 

added 12-crown-4, a Li~ complexing agent. Values are listed in Table 5. The effect o f
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Table 4. Bond valence values for Li2(DME)(B(HFPOP)2)2-

bond

Lil

distance, A bond valence (s) bond

Li2

distance, A bond valence (s)

Li 1-01 1.937(4) 0.250 L i2-01 2.034(4) 0.205

Li 1 -0 2 1.907(4) 0.267 L i2-02 1.972(4) 0.233

Li 1-03 1.962(4) 0.238 L i2-07 1.929(4) 0.255

Li 1 -0 4 2.060(4) 0.195 Li2-08 1.993(4) 0.223

L il—F2 2.920(4) 0.041 Li2-F5 2.703(4) 0.056

L il-F 3 3.027(4) 0.036 Li2-F10 2.963(4) 0.039

L il—F7 2.650(4) 0.060 Li2-F14 2.761(4) 0.051

Li2-F19 2.997(4) 0.037

total bond valence = 1.087 total bond valence = 1.030

The bond valence, s , is given by 5 = (r/rg) /V, where ro(Li-O) = 1.378, iV(Li—O) = 4.065, 
rg(Li—F) = 1.288, and A/(Li—F) = 3.9. See Table 2 for definition o f abbreviation.
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T ab le  5. 0.01 M Conductivities o f  LiCF3S03  and LiB(0 2 Lf)2 salts in DME.
compound conductivity, mS cm 1

LiB(HFPOP)2 0.136

LiB(HFFPOP-2)z 0.123

LiB(HFFPOP-3)2 0.177

LiB(HFFPOP-4)2 0.190

LiB(HFDPOP-2,4)2 0.179

LiB(HFDPOP-3,4)2 0.231

LiB(HFDPOP-3,5)2 0.212

LiB(HFTPOP-2,3,4)2 0.218

LiB(HFTPOP-3,4,5)2 0.260

LiB(HFAPOP)2 0.160

LiB(HFBPOP)2 0.160

LiB(HFIPOP)2 0.157

LiB(FLFPOP)2 + 2 eq. 12-C-4 0.133

LiCF3S 0 3 0.004

LiCF3S 0 3 + 2 eq. 12-C-4 0.010

See Table 2 for definitions o f  abbreviations. 12-C-4 = 12-cro\vn 4.
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the crown ether on conductivity can be understood in the context o f  the equilibria shown 

below (all species are solvated by DME).

LiX

K,
DME

tight ion pair

Li(D M E)fX

solvent-separated 
ion pair

K2
DME

L i(D M E^

"free" ions

12-crown-4
LiX

tight ion pair

Li( 12-crown-4)~ X

so 1 vent-separated 
ion pair

k 2'
DME

Li(12-crown-4) + X-  

"free" ions

First consider the upper set o f equilibria, without added 12-crown-4. The first 

equilibrium describes the relative concentrations o f  tight ion pairs and solvent-separated 

ion pairs, and is determined by the basicity, or coordinating strength, o f  the anion. These 

terms describe the strength o f  the direct interaction between the anion and cation. The 

more strongly coordinating the anion, the smaller will be. The second equilibrium 

describes the relative concentrations o f solvent-separated ion pairs and free ions, and is 

determined not by the coordinating strength, but by the ion-pairing strength o f  the anion. 

Conductivity is determined by the number o f  free ions available to carry a charge in 

solution, and thus the position o f the second equilibrium is more important than the first 

equilibrium in this respect.

The lower set o f equilibria describes the effect o f  adding 12-crown-4 to a DME 

electrolyte solution. This compound forms a strong tetradentate chelate complex with
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Li~, and the position o f the first equilibrium (defined by K f )  lies farther to the right than 

the equilibrium defined by K^. This increases the concentration o f solvent-separated ion 

pairs relative to the solution without added 12-crown-4. The magnitudes o f KL2 and K2' 

should not be very different, considering that L ifD M E ^  and Li(l2-crown-4)~ are 

similar species. Thus, according to Le Chatelier’s principle more free ions will be 

generated, thereby increasing conductivity. The more strongly coordinating the anion (i.e 

the greater the difference between K4 and K^), the more pronounced the effect o f  adding 

l2-crown-4 on conductivity becomes.

When two equivalents of 12-crown-4 were added to a 0.01 M solution of 

LiB(HFPOP)2 in DME, no change in conductivity was observed (Table 5). The number 

o f charge carriers was not significantly increased, which indicates that the value o f  is 

not very different from K^. The first equilibrium lies far to the right in both cases, 

providing evidence that in DME the lithium cation is predominantly in the fully solvated 

form. The presumably high indicates that the anion is only weakly associated, if  at 

all, with the lithium cation. In this way, the B(HFPOP)2~ anion has been shown to be 

weakly coordinating. For comparison, the addition o f two equivalents o f 12-crown-4 to a 

0 .01 M solution o f LiCF3S03  increased the conductivity by 150% relative to a solution 

o f  this salt without added 12-crown-4 (Table 5). Although the triflate anion is often 

described as weakly coordinating, the results just described indicate that it is far more 

coordinating than the B(HFPOP)2~ anion.

In addition to showing that the B(HFPOP)2~ anion was weakly coordinating, the 

conductivitites for LiCF3S 0 3 and LiB(HFPOP)2 in the presence o f 12-crown-4 also 

provide information regarding the relative ion-pairing strengths o f each anion. In both 

cases, the addition of 12-crown-4 drove the first equilibrium towards the formation of
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solvent-separated ion pairs, and it is assumed that the concentration o f tight ion pairs is 

negligible under these conditions. Thus, the effect o f  different coordinating abilities is 

not an issue, and the conductivities can be interpreted in terms o f ion-pairing strength. 

The higher value for LiB(HFPOP)2 (0.137 mS cm-1) vs. LiCF3S03  (0.010  mS cm-1) 

indicates that the B(HFPOP)2~ anion is much more weakly ion-pairing than the CF3SO3-  

anion.

Although the conductivity results show that B(HFPOP)2~ is weakly ion-pairing, 

results from work with lithium fluoroalkoxyaluminates20 demonstrate that there is still 

room for improvement in this respect. The conductivities o f LiAl(ORf)4 salts are 

significantly higher (as much as 2.5 times higher than LiB(HFPOP)2 in DME at 0.01 M), 

indicating that the borate ion-pairing strength is greater than for Al(ORf)4_ anions. Thus, 

efforts were made to reduce this by modifying the diolate ligands. To intelligently design 

these new ligands, it was important to understand the nature o f  ion pairing between the 

anion and cation in DME solution. The experiment with 12-crown-4 provided a key 

insight in this respect, showing that the anion is not coordinated to the cation, and that the 

latter predominantly exists in the fully solvated form o f  Li(DME)2~. This cationic 

complex forms an ion pair with the anion, and presumably interacts most strongly with it 

at the point o f  highest negative charge density. Considering the structure o f  the anion, 

this is located in the area containing the boron and oxygen atoms (BO4 core). With these 

points in mind, the Li(DME)2+B(HFPOP)2_ ion pair can be thought o f  in terms of the 

picture shown below.
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The circled area highlights the BO4 core. A high amount o f charge density in this region 

results in a strong cation-anion interaction; that is, the anion has a strong ion-pairing 

strength. A low amount o f charge density in the B 0 4 core leads to a weak cation-anion 

interaction, and a weak ion-pairing strength for the anion. The relative concentration o f 

“ free” ions in solution will be greater in the second case, and thus a higher conductivity 

should be observed. Thus, while the magnitude o f the negative charge is the same for 

each hypothetical anion (—1), their ion-pairing strengths (and thus the conductivities o f 

their lithium salts) vary depending on how this charge is distributed to affect the relative 

amount localized in the B 0 4 core.

New ligand precursors were designed and synthesized with the goal o f 

manipulating charge distribution in the corresponding borate anions to decrease charge 

density in the BO4 core. Fluorine atoms were incorporated into the HbfHFPOP) diol, 

which enhance the degree o f  charge dispersal as described in the Introduction. Several 

varieties w ere made, and the 0.01 M conductivities o f their lithium salts measured in 

DME. Values are listed in Table 5, and illustrated graphically in Figure 6 . It was 

initially believed that a higher degree o f  fluorination would lead to a higher conductivity, 

and it can be seen in Figure 6 that this hypothesis was, in general, correct. It is important
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Figure 6. Plot o f  conductivity o f LiB(0 2Lf)2 salts (0.01 M, 
DME) vs. number o f fluorine atoms on the phenyl ring o f  each 
diolate ligand. See Table 2 for definitions o f  abbreviations.
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to note that conductivity reflects both ion-pairing strength and ion mobility. It might be 

suggested that substituting fluorine atoms for hydrogen atoms changes anion size, thereby 

affecting ion mobility and thus conductivity. However, given the similar sizes o f

can be assumed that all o f  the fluorinated B(HFPOP)2-  derivatives are essentially the 

same size, and differences in conductivity can be attributed to differences in ion-pairing 

strength, not ion mobility. The higher conductivities for lithium salts o f  the fluorinated 

anions reflect decreases in ion-pairing strength. The incorporation o f fluorine atoms in 

the ligands enhances the degree o f charge dispersal in the corresponding anions, and 

therefore most likely decreases the amount o f charge density in the BO4 core relative to 

B(HFPOP)2_. However, can a decrease in charge density in the B 0 4 core be directly 

correlated with a decrease in ion-pairing strength (as measured by conductivity)? To help 

answer this question, the nature o f charge distribution in each anion was examined in 

greater detail.

To gain an insight into the differences in charge distribution among the borate 

anions, the quadrupole moment for each was examined. This is illustrated in a general 

manner by the picture below.

hydrogen and fluorine atoms (van der Waals radii o f 1.20 and 1.35 A, respectively10), it

Quadrupole Moment o f B(C>2Lf)2
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This property n o t only describes charge distribution, but also provides a measure o f  how 

much charge density  resides in the center o f  the anion (i.e. the BO4 region) by the value 

o f  5~. To calculate the quadrupole moment, each anion was modeled as its neutral 

analog, substituting carbon for boron. The geom etry o f  the structure was optimized using 

the AM I semi-em pirical method, and a single point energy calculation was then 

performed using  the ab initio Hartree-Fock (3 -21G) method. The tensor elements for the 

quadrupole m om ent were obtained from the results o f the second calculation. To 

calculate the m agnitude o f the overall quadrupole moment, the assumption was made that 

each compound was spherically symmetric. This allowed the XX, YY, and ZZ tensor 

elements to be averaged to obtain an overall R 2 “quadrupole moment.” In reality, a 

molecule with spherical symmetry does not have a quadrupole moment, but the radial 

anisotropy o f  th e  charge distribution in the anion can be approximated using this model. 

Values for each anion analog are listed in Table 6 , and illustrated graphically in a plot o f  

conductivity vs. quadrupole moment magnitude in Figure 7. The plot shows that there is 

a strong linear correlation (R2 = 0.86) between these two variables. With the assumption 

that a more negative quadrupole moment corresponds to less charge density in the center 

o f  the m olecule (i.e. the BO4 region), this plot provides support for the explanation 

proposed above.

Another way to consider the quadrupole moment is as a combination o f  two 

opposing dipole moments. For the borate anions, these correspond to the dipole moments 

o f each ligand. To examine the anion system in this manner, each ligand was modeled, 

using Mg24- as a substitute for the boron atom to yield a neutral species as illustrated 

below. The geom etry o f each structure was optimized using the AMI semi-empirical 

method, and the dipole direction and magnitude were obtained from these calculations.
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Table 6 . Quadrupole moment tensor elements and averages for C(0 2 Lf)2 
compounds.________________________________________________________

model XX tensor 
element

YY tensor 
element

ZZ tensor 
element

average, D A

C(HFPOP)2 -183.7 -194.5 -196.9 -191 .7

C(HFFPOP-2)2 -181.7 -205.1 -214.0 -200.3

C(HFFPOP-3)2 -188.9 -219.4 -219.0 -209.1

C(HFFPOP-4)2 - 221.0 -206.6 -206.1 - 211.2

C(HFDPOP-2,4)2 -225.8 -215.9 - 220.1 - 220.6

C(HFDPOP-3,4)2 -224.6 -229.5 -229.1

C(HFDPOP-3,5)2 -228.2 -214.6 -223.3 - 222.0

C(HFTPOP-2,3,4)2 -226.7 -246.4 -240.9 -238 .0

C(HFTPOP-3,4,5)2 -231.8 -256.2 -238.2 -242.1

See Table 2 for definitions o f abbreviations.
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Figure 7. Conductivity of LiBfCbLfli (0-01 M in DME) vs. 
calculated quadrupole moment magnitude. See Table 2 for 
definitions o f  abbreviations.
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For each structure, the dipole moment is oriented in the same direction (see above), but 

the magnitude varies. These values are listed in Table 7, and are displayed graphically in 

Figure 8 in a plot o f conductivity vs. dipole moment magnitude. It can be seen that a 

strong linear correlation (R2 = 0.85) between these two properties also exists. As the 

magnitude increases, the charge density in the BO4 region decreases, thereby reducing 

the ion-pairing strength o f the anion and increasing the conductivity o f its lithium salt.

The discussion above provides evidence to support the conclusion that the amount 

o f  charge density in the B 0 4 core determines ion-pairing strength, and thus conductivity. 

The next issue to address is the origin o f  differences among the borate anions in this 

respect. It was initially thought that the amount o f charge density in the center o f each 

anion might correlate directly with acidity trends o f fluorophenols, which are fragments 

o f  the overall anion. The fluorophenoxy moiety contains the phenoxy oxygen atom, one 

o f  the two types o f oxygen atoms that make up the BO4 core. Consider the three anions 

with mo no fluorinated ligands. The trend in terms o f  increasing gas-phase acidity for the 

three analogous monofluorophenols is 4-fluorophenol < 3-fluorophenol < 2- 

fluorophenol.21 The compound 2-fluorophenol is the strongest acid, so its conjugate base 

(2-fluorophenoxide) is the weakest o f  the three, and therefore has the least amount o f 

charge density localized on the phenoxy oxygen atom. As such, the B(HFFPOP-2)2_
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Table 7. Calculated dipole mom ent magnitudes 
for HFPOP ligands using the MgCC^Lf) model.

ligand dipole moment, D

HFPOP 6.289

HFFPOP-2 4.965

HFFPOP-3 6.311

HFFPOP-4 7.641

HFDPOP-2,4 6.494

HFDPOP-3.4 7.871

HFDPOP-3,5 7.621

HFTPOP-2,3,4 7.046

HFTPOP-3,4,5 9.103

See Table 2 for definitions o f abbreviations.
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Figure 8 . Plot o f  conductivity o f  LiBCCHLf^ salts (0.01 M, 
DME) vs. calculated dipole moment magnitude using the 
Mg(0 2 Lf) model. See Table 2 for definitions o f  abbreviations.
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anion should be expected to have the least amount o f  charge density in the B 0 4 region 

and thus the weakest ion-pairing strength, followed by B(HFFPOP-3)2-  and then 

B(HFFPOP-4 )2- , with the conductivities o f their lithium salts reflecting this progression. 

However, this was not observed. In fact, the exact opposite order was seen: 

LiB(HFFPOP-4)2 had the highest conductivity (0.190 mS cm -1), followed by 

LiB(HFFPOP-3)2 (0.177 mS cm-1), and LiB(HFFPOP-2)2 had the lowest value (0.123 

mS cm-1). It is remarkable that the value for LiB(HFFPOP-2)2 was lower than even the 

parent compound LiB(HFPOP)2, which has no fluorine atoms on its two phenyl rings. 

The fluorophenoxide basicity trend is determined by the relative electron-withdrawing 

power o f a fluorine atom in the ortho, nieta, or para position on the phenoxide phenyl 

ring. Apparently, this effect is not the determining factor for the amount o f charge 

density in the BO4 core, and thus ion-pairing strength, in each analogous borate anion.

While the differences in ion-pairing strengths (i.e. conductivities) cannot be 

explained according to the reasoning used for the trend in fluorophenoxide basicity, it is 

still the placement o f the fluorine atoms that is the determining factor. Local C -F  dipoles 

are created, and these affect charge distribution and the amount o f charge density in the 

BO4 core, which can again be described by the quadrupole moment o f the anion (see 

above). Depending on the orientation o f  the C -F  dipoles, the magnitudes of the 5-  and 

S4" partial charges can increase or decrease relative to their values in B(HFPOP)2- . Once 

again consider the three anions B(HFFPOP-2)2- , B(HFFPOP-3)2- , and B(HFFPOP-4)2- - 

The local C—F dipole for each compound is shown below to isolate its effect on the 

overall anion quadrupole (only one o f the two chelating diolate ligands is shown for each 

anion).
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B(HFFPOP-2)2-  B(HFFPOP-3)2-  B(HFFPOP-4)2-

Progressing from B(HFFPOP-2)2~ to B(HFFPOP-3)2” to B(HFFPOP-4)2“, the C-F 

dipole rotates counterclockwise around the ring. For B(HFFPOP-3)2_ and B(HFFPOP- 

4)2- , the value o f 8-  in the quadrupole should decrease relative to B(HFPOP)2-  as the C - 

F dipoles orient charge density away from the BO4 region. Therefore, the ion-pairing 

strength of these two anions should be less than that o f  B(HFPOP)2~. This is evidenced 

by the higher conductivities for both LiB(HFFPOP-3)2 (0.177 mS cm-1) and 

LiB(HFFPOP-4)2 (0.190 mS cm-1) relative to LiB(HFPOP)2 (0.137 mS cm-1). Note 

also that the conductivity o f LiB(HFFPOP-4)2 is higher than LiB(HFFPOP-3)2. The C—F 

dipole in the B(HFFPOP-4)2-  anion points directly to the end o f the anion, which is more 

effective in reducing charge density in the BO4 region than the C -F  dipole in the 

B(HFFPOP-3)2-  anion. The surprisingly low conductivity o f  LiB(HFFPOP-2)2 also 

supports this idea. The C -F  dipole in this case is pointed towards the BO4 core; this 

should increase the magnitude o f the quadrupole 5-  component relative to B(HFPOP)2- , 

and therefore increase the ion-pairing strength o f  the anion. According to this model, the 

conductivity o f LiB(HFFPOP-2)2 should be lower than LiB(HFPOP)2, and this is what 

was observed.
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In the course o f  characterizing the B(0 2 Lf)2-  anions, it was found that they 

possessed an overall dipole moment as well. Although it is weak, its relationship with 

conductivity was investigated. Dipole moments and magnitudes were obtained from the 

results o f  the quadrupole calculations described above (using the C(0 2 Lf)2 model). The 

dipole was oriented in the same direction for each anion analog, but the magnitudes 

differed. A plot o f  conductivity vs. dipole moment magnitude was made, as shown in 

Figure 9. Only a weak correlation is seen, in that a weaker dipole moment generally 

corresponds to a higher conductivity. Given this, and the fact that the dipole moment is 

weak, the anion dipole does not appear to be an important factor in determining 

conductivity.

The conductivity data for the new salts underscores an important issue in the 

design o f weakly ion-pairing, or weakly coordinating anions. Namely, is perfluorination 

(a) necessary, and (b) desirable?22 One needs to keep in mind the application in which 

the anion will be used to answer these questions, and consider the effect of fluorination 

on the properties o f the salt (e.g. solubility, stability). However, in terms of creating an 

extremely weakly basic anion, the answer is often “yes” to both questions, due to the high 

degree o f charge dispersal resulting from fluorination. The series o f  anions studied in 

this work represents a rare exception to this generally accepted rule. It was shown that 

the addition o f a fluorine atom in the 2 position on the phenyl ring actually increases the 

ion-pairing strength. That is, a lower fluorine content is more desirable for decreasing 

anion ion-pairing strength, i f  placed in the correct positions.

Another strategy to decrease the ion-pairing strength o f  B(HFPOP)2_ was based 

physically blocking the BO4 region. This should increase the distance between the 

charge density in this area and the Li(DME)2"i’ complex, and decrease the strength o f the
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F igure 9. Plot o f  conductivity o f LiBCC^Lf^ salts (0.01 M, 
DME) vs. calculated dipole moment magnitude o f  Q C bL f^. 
See Table 2 for definitions o f  abbreviations.
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monopole-monopole interaction. To accom plish this, the new anion B(HFAPOP)2-  was 

synthesized (see Table 2 for ligand structure). Each ligand contains a f-butyl group ortho 

to the phenoxy oxygen atom, and a m ethyl group in the para position. The methyl group 

was necessary for the successful synthesis o f  the ligand precursor (diol); without it, the 

hexafluoroacetone m oiety preferentially substitutes in the para position. The 0.01 M 

conductivity o f  the lithium salt o f this anion is 0.160 mS cm-1 , higher than that o f 

LiB(HFPOP)2 (0-137 mS cm-1). Thus, the ion-pairing strength o f  the new anion is lower 

than that o f B(HFPOP)?- , presumably due to the steric blocking effect o f  the t-butyl 

group.

LiB(HFIPOP)2 is another salt to  consider. Its conductivity is 0.157 mS cm-1, 

higher than both LiB(HFPOP)2 and the analogous LiB(HFFPOP-2)2. Iodine is not as 

electronegative as fluorine, and does not exert as large an influence over the distribution 

o f charge density in the ligand; if  this were the case, a lower conductivity relative to 

LiB(HFPOP)2 would have been the result. However, the steric effect o f  iodine on the 

ion-pairing strength o f  B(HFIPOP)7-  m ust be considered. This is not an issue in the case 

of B(HFFPOP-2)-T due to the similar sizes o f hydrogen and fluorine atoms. In contrast, 

iodine is large, and can physically block the phenoxy oxygen atom much like the r-butyl 

group o f the HFAPOP ligand. This lowers the ion-pairing strength o f  B(HFfPOP)2-  

reiative B(HFPOP)2- , and a higher conductivity is observed.

In addition to LiB(HFPOP)2, LiB(HFTPOP-2,3,4)2 was also structurally 

characterized as an acetone adduct, as show n in Figure 10. Selected bond distances and 

angles are listed in Table 8 . The structure consists o f centrosymmetric dinuclear 

molecules composed o f  lithium(l-t-) and borate(l-) ions, as well as two acetone 

molecules. Each acetone bridges the tw o lithium cations, creating a planar U 2O2 core.
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Figure 10. Drawing o f  the structure o f  Li(OC(CH3)2)B(HFTPOP-2 ,3 ,4)2 (hydrogen 
atoms omitted for clarity). The unlabeled partially shaded circles are carbon atoms, and 
the unlabeled crosshatched circles are fluorine atoms. Selected interatomic distances (A) 
and angles (deg): L i-O l, 1.964(7); L i-0 2 , 2.038(7); L i-05 , 1.950(7); L i-0 5 ', 1.946(7); 
Li—F I6 , 2.780(7); Li-F18, 3.258(7); O l-L i-0 2 ,  69.4(2). See Table 2 for definition o f 
abbreviation.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 8. Selected 
Li(OC(CH3)2)(HFTPOP-2,

interatomic
-3,4)2.

distances (A) and angles (deg) for

L i-O l 1.964(7) L i-0 2 2.038(7)

L i-0 5 1.950(7) Li—0 5 ' 1.946(7)

Li—F16 2.780(7) Li—FI 8 3.258(7)

B -O l 1.468(5) B—0 2 1.480(5)

B-OS 1.445(6) B—0 4 1.431(5)

04—B—0 3 113.9(3) 04—B—01 112.6(4)

0 3 —B—01 108.2(3) 0 4 —B -0 2 109.9(3)

0 3 - B - 0 2 110.3(4) 0 1 - B - 0 2 101.3(3)

0 5 '-L i—0 5 86.4(3) 0 5 '- L i - 0 1 122.5(4)

0 5 —Li—0 1 124.0(4) 0 5 '—L i-0 2 121.7(4)

0 5 -L i—0 2 138.1(4) O l-L i-0 2 69.4(2)

F16—Li—F18 40.5(4)

See Table 2 for definition o f abbreviation.
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Each B atom is tetrahedrally coordinated by two 2,3,4-trifluoro-6- 

(hexafluoropropoxy)phenoxide (HFTPOP-2,3,4) ligands. The two ligand chelate rings 

form O—B-O  angles o f 112.6(4)° (0 1 —B—04) and 110.3(4)°, close to the ideal tetrahedral 

angle o f 109.5°. The 0 3 —B -0 4  angle o f  113.9(3)° is very similar to the other two, while 

the 0 1 -B -O 2 angle o f  101.3(3)° is significantly smaller. The oxygen atoms from the 

anion that bridge the boron and lithium atoms form B -O  bonds o f 1.468(5) and 1.480(5) 

A, which are considerably longer than the other two B—O bonds o f 1.445(6) and 1.431(5)

A.

The Li'*' coordination sphere consists o f one Li—F and four L i-0  contacts. The 

0 1 -B -0 2  unit forms a four-membered chelate ring with Li+, with L i-0  bond distances 

o f  1.964(7) and 2.038(7) A, and with an 0 l - L i - 0 2  bond angle of 69.4(2)°. Another 

four-membered ring with Li+ is created by the 0 5 —L i'-0 5 ' unit, with L i-0  bond 

distances o f 1.946(7) and 1.950(7) A. and with an 0 5 —L i-0 5 ' bond angle o f  86.4(3)°. 

The single Li—F bond is at a distance o f  2.785(7) A, with the next closest Li- • -F contacts 

at 3.258(7) and 3.322(7) A (Li—F18). While the first distance is longer than 3.165 A, it is 

within the combined van der Waals radii for Li and F (3.29A). The definition o f s = 0.03 

(Li-F distance o f 3.165 A) for effective bonding is admittedly arbitrary, and F18 may 

very well be bonding to Li. As such, the drawings o f the overall structure o f 

LiB(OC(CH3)2)(B(HFTPOP-2 ,3 ,4 )2) and its coordination sphere (Figures 10, 11) include 

the Li—F I8 contact by connecting these two atoms with a dotted line. For all other 

structures discussed in this work. Li—F contacts beyond 3.165 A but within 3.29 A will be 

denoted in this manner as well. Bond valence analysis was also performed, and values 

are listed in Table 9. There it can be seen that with or without the L i-F  18 contact, the 

total valence is very close to one. The contribution made by Li—F bonding to the total
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Table 9. Bond valence values for Li(OC(CH3)2)B(HFTPOP-2,3,4)2.
bond distance, A bond valence ( s )

L i-O l 1.964(7) 0.237

Li—0 2 2.038(7) 0.204

L i-0 5 1.950(7) 0.244

L i-0 5 ’ 1.946(7) 0.246

L i-F  16 2.780(7) 0.050

total bond valence = 0.981

L i-F  18 3.258(7) 0.027

total bond valence = 1.008

The bond valence, s , is given by s = (r/ro) /V, where r 0(L i-O ) = 1.378, 
N(Li-O ) =  4.065, r 0(Li-F) = 1.288, and A/(Li-F) -  3.9. See Table 2
for definition o f abbreviation.
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valence is low (<8%) in either case. Overall, the geometry o f  the Li0 4 F (or L iO ,^ )  

coordination sphere is irregular, and shown in Figure 11.

There are some interesting facets o f  this structure that deserve additional 

discussion. First, consider the L i-O l and L i-0 2  bond lengths. L i-O l is significantly 

shorter than L i-0 2  (>3cr), which provides an insight into the relative donor strengths o f 

each oxygen atom. O l is the phenoxy oxygen atom, and is assum ed to be a stronger 

donor than 0 2 , the alkoxide oxygen atom. This assumption is validated by the difference 

in bond lengths with Li: O l, being a stronger donor, makes a shorter bond with Li~ than 

0 2 .

Another feature o f this structure is the inclusion o f  acetone. The manner in which 

it bonds to Li~ is consistent with the proposed model for Lewis acid catalysis. However, 

the 0 5 -0 1 9  bond length o f 1.224(5) A is not significantly longer (within 3a) than the 

average R2C = 0 distance o f  1.210 A2j (R = H or sp3 C), indicating no significant 

distortion from uncomplexed acetone. A similar result was also observed by Barbarich et 

al. in the structure o f  Li(2-cyclohexen-l-one)(Al(OC(Ph)(CF3)2)4.).24 These 

observations suggest that Li” acts as a Lewis-acid catalyst not by raising the ketone 

ground state energy, but by lowering the energy o f the transition-state species. The 

inclusion of acetone also speaks to the weakly coordinating nature o f B(HFTPOP- 

2,3,4)2~. The crystal was grown by sublimation at 180 °C under vacuum; the fact that 

acetone was not removed from the lithium salt under these conditions indicates an 

extremely Lewis acidic lithium cation.
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Figure 11. Drawing of the L i0 4F2 coordination 
sphere o f Li(OC(CH3)2)B(HFTPOP-2,3,4)2 with 50% 
probability ellipsoids. See Table 2 for definition o f 
abbreviation.
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Electrochemical Stability o f  LiB(OjLj)2

The electrochemical stability o f  the lithium borates was investigated using cyclic 

voltammetry. Oxidative and reductive stabilities were evaluated at a concentration o f 0.1 

M in EC/DMC (50:50 mol%) using a stainless steel working electrode, and lithium foil 

for the counter and reference electrodes. The oxidative stability was also measured at the 

same concentration in DME using a Pt disc working electrode, Pt mesh counter electrode, 

and lithium foil reference electrode.

Shown in Figure 12 is a voltammogram for LiB(HFPOP)2 in EC/DMC illustrating 

the current response between 0 -  3 V (open-circuit potential ER) vs. Li0/\  There are two 

oxidation events at 1.2 and 2.1 V, and two reduction events at 0.5 and 1.9 V. All o f these 

peaks are also observed in a LiPFg solution under the same conditions, and thus cannot 

be attributed to electrochemical reactions o f  the borate anion. They may be due to 

solvent impurities, or to the underpotential deposition and dissolution o f lithium as 

proposed by M alik .25 The residual current response over this potential range is 

essentially the same for all o f  the lithium borates studied; the only variation is in the 

current magnitude, which can be attributed to the different solution conductivities.

Figure 13 illustrates the reductive stability o f  LiB(HFPOP)2 in EC/DMC in a 

voltammogram showing the current response between -0 .5  -  3 V vs. Li0/~. The 

reduction and oxidation events correspond to the plating and stripping o f lithium. This 

occurs evenly, w ith a small loss in cycling efficiency as evidenced by a decreasing 

dissolution current. All other lithium borates exhibit similar behavior, and are stable with 

respect to reduction over this potential range.
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Figure 12. Voltammogram showing residual current over three scans (0 — 3 V vs. 
Li0/_i") for LiB(HFPOP)2 in DME (0.1 M, stainless steel working electrode, Li 
metal counter and reference electrodes). See Table 2 for definitions o f 
abbreviations.
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Figure 13. Voltammogram showing reductive stability for LiB(HFPOP)2 and 
plating/stripping o f  lithium over three scans (-0.5 -  3 V vs Li0/~) in DME (0.1 
M, stainless steel working electrode, Li metal counter and reference electrode). 
See Table 2 for definitions of abbreviations.
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The oxidative stability for each borate anion was also evaluated, and the 

potentials corresponding to anodic decomposition o f  each anion are listed in Table 10. 

EOJC was determined by linear extrapolation of the increasing oxidation current. Figure 14 

shows the oxidative stability o f four borate anions in EC /D M C : B(HFPOP)2~,

B(HFFPOP-4 )2_, B(HFDPOP-3,4)2- , and B(HFTPOP-2 ,3 ,4 )2_. The sw eep range is from 

Er  (3 V) to 6 V vs. Li0/~, although only the first portion o f the oxidation waves are 

shown. It can be seen that the addition of fluorine atoms to the ligand phenyl ring 

extends the oxidative limit o f  the borate anion to higher potentials, from 4.67 V 

(B(HFPOP)2~) to 5-16 V (B(HFTPOP-2,3,4)2_). This reflects a low ering o f the anion 

HOMO energy resulting from fluorination; a similar effect was seren in the work o f 

Barthel et al. with borates containing catecholate ligands with various degree o f  fluorine 

content. 10 In contrast to conductivity, the potential at which the an io n  is oxidized does 

not appear to be significantly affected by the position o f  the fluorine a_toms on the phenyl 

ring. Figure 15 illustrates the effect o f  increasing ligand fluorine con ten t on the oxidative 

stability o f  the corresponding anion in a plot o f Eox vs. ring fluorine content. With the 

exception o f  the point for B(HFPOP)2_, each point on this plot corresponds to a mean 

value for the monofluoro, difluoro, and trifluoro derivatives. The relationship is linear, 

with an average increase o f 0.15 V for each added fluorine atom.

The oxidative limits were also measured in DME using a Pt d isk  electrode. The 

same trend was observed as shown in Figure 16, but overall the potentials at which the 

anions are oxidized are lower (e.g. from 4.32 V for B(HFPOP>2_ to 4.84 V for 

B(HFTPOP-2,3,4)2_). These data are listed in Table 10. The potential shift could be due 

to the change in solvent or to the different working electrode. F igu re  17 shows a plot 

similar to that in Figure 15. and again a linear relationship is seen betw een ring fluorine
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Table 10. Potentials at w hich B(C>2Lf)2 anions are oxidized in DME and EC/DMC

compound Eox in DME, V vs. Li0/"
---- ----- ----- ---- ------------
Eox in EC/DMC,a V vs. Li0/+)

LiB(HFPOP)2 4.32 4.67

LiB(HFFPOP-2)2 4.48 4.81

LiB(HFFPOP-3)2 4.54 4.73

LiB(HFFPOP-4)2 4.40 4.78

LiB(HFDPOP-2,4)2 4.57 4.92

LiB(HFDPOP-3,4)2 4.64 4.93

LiB(HFDPOP-3,5)2 4.70 4.92

LiB(HFTPOP-2,3,4)2 4.84 5.16

LiB(HFTPOP-3,4,5)2 4.74 5.05

LiB(HFAPOP)2 4.15 —

a <:50:50 mol%. See Table 2 for definitions of abbreviations.
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Figure 14. Oxidation of B (0 2Lf)2“ in EC/DMC (50:50 mol%) 
(0.1 M, stainless steel working electrode, Li metal counter and 
reference electrodes). See Table 2 for definitions o f 
abbreviations.
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Figure 15. Plot showing the relationship between potential 
at which BCOjLf^-  is oxidized and  number o f  fluorine 
atoms on the ligand phenyl ring in EC/DM C (50:50 mol%). 
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monofluoro, difluoro, and trifluoro isomers, respectively.
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Figure 16. Oxidation o f B (0 2Lt-)2“ in DME (0.1 M, Pt disc 
working electrode, Pt mesh counter electrode, Li metal reference 
electrode). See Table 2 for definitions o f abbreviations.
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atoms on the ligand phenyl ring in DME. The points for F = 
1, 2, 3 are mean values for the monofluoro, difluoro, and 
trifluoro isomers, respectively.
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content and Eox. The average increase o f  0.16 V per added fluorine atom is virtually 

identical to that observed in EC/DMC. Overall, the data indicate that the new anions 

exceed the oxidative stability requirement o f  4.2 V vs. Li0/~, and do so in two solvents 

commonly used in lithium batteries.

As discussed earlier, two strategies, electronic and steric, were adopted to reduce 

the ion-pairing strength o f the borate anions. The electronic approach o f  fluorination had 

the benefit o f  not only decreasing the ion-pairing strength, but also o f increasing the 

oxidative stability as shown above. While the steric approach of incorporating a r-butyl 

group ortho to the phenoxy functionality was successful in decreasing the anion ion- 

pairing strength, the electronic effect was detrimental to oxidative stability. The electron- 

donating character o f  this group acts to increase the anion HOMO energy, thereby 

decreasing Eox. This is illustrated in the voltammograms in Figure 18. The 

B(HFAPOP)2_ anion is oxidized at 4.15 V, lower than B(HFPOP)2_ below the 

practical minimum. As such, this salt would not be a useful electrolyte for lithium 

batteries.

An interesting difference among the fluorinated borates is the presence or absence 

o f electrode passivation as a result o f anion oxidation. Its occurrence can be beneficial, 

in that electrolyte degradation due to oxidation is reduced after the initial passivation 

layer is formed. O f all the borates under study, only B(HFPOP)2_, B(HFFPOP-3)2~, and 

B(HFDPOP-3 ,5)2~ exhibit passivation, as shown in Figure 19. Each experiment was 

performed in DME with a Pt disc working electrode. The forward scan from 3-6 V vs. 

Li0/^ is shown for each o f three consecutive cycles; anion oxidation occurs in this range, 

and passivation is evidenced by a progressively decreasing current magnitude. The 

differences in current magnitudes among the three borates reflect different solution
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Figure 18. Oxidation o f  B(0 2 Lf)2~ in DM E (0.1 M, Pt disc 
working electrode, Pt mesh counter electrode, Li metal 
reference electrode). See Table 2 fo r definitions o f 
abbreviations.
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Figure 19. Oxidation o f BCC^Lf^-  and electrode passivation in DME 
(0.1 M, Pt disc working electrode, Pt mesh counter electrode, Li metal 
reference electrode). Each set o f  voltammograms shows the forward scans 
for each o f  three consecutive cycles. See Table 2 for definitions o f 
abbreviations.
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conductivities, different rates o f  passivation, or a combination o f  both effects. All o f the 

other borates under study did not exhibit this behavior; as an example, the cyclic 

voltammogram containing all three forward scans for the oxidation o f B(HFFPOP-4)2_ is 

shown in Figure 20. The obvious difference between the two groups of anions is the 

incorporation o f fluorine atoms in the ortho and para positions relative to the phenoxy 

functionality. Apparently, the oxidation products from anions o f this type do not 

passivate the platinum surface. This could be due to their higher solubility in DME 

relative to the oxidation products from anions in the passivating group. It is especially 

interesting that anions with fluorine atoms in the meta position(s) on the phenyl ring do 

result in passivation. As was the case for determining conductivity, the pattern o f 

fluorine substitution on the phenyl ring is also important in determining this behavior as 

well. The presence or absence o f  passivation was also investigated in EC/DMC using a 

stainless steel electrode, as shown in Figure 21. Similar results were observed, except 

that a higher degree o f passivation (compared to experiments in DME) resulted from the 

oxidation o f B(FIFPOP)2- , B(FlFFPOP-3)2_, and B(HFDPOP-3,5)2~. Also, only one scan 

was necessary to achieve a high degree o f passivation.

The tendency o f LiBfCbLf^ electrolytes to promote the corrosion o f aluminum 

was investigated by chronoamperometric and cyclic voltammetric methods. 

Chronoamperometry was done at 4.2 V vs. Li0/~, the required voltage minimum for 

practical use, for one hour. An acceptable current density is 1 pA  cm-2 ,26 but for all salts 

the final current density was at least one order o f  magnitude less than this value, 

indicating no significant amount o f A1 corrosion under these conditions. A typical 

voltammogram is shown in Figure 22 , for LiB(HFFPOP-4)2. This figure also shows the 

response o f  LiCF3S03  under the same conditions, which has been shown to promote the
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F igure 20. Oxidation o f B(HFFPOP-4 )2_ in DME (0.1 M, Pt 
disc working electrode, Pt mesh counter electrode, Li metal 
reference electrode). Forward scans o f three consecutive cycles 
are shown. See Table 2 for definitions o f  abbreviations.
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Figure 21. Oxidation o f B (0 2 Lf)2_ and electrode passivation in 
EC/DMC (50:50 mol%, 0.1 M, stainless steel working electrode, Li 
metal counter and reference electrodes). Each set o f  voltammograms 
shows the forward scans for each o f  three consecutive cycles. See 
Table 2 for definitions o f abbreviations.
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Figure 22. Plot showing the logarithm o f current density at 4.2 V vs. 
Li0/~ over one hour for 0.1 M LiB(HFFPOP-4)2 and LiCF3S03  in DME. 
A1 foil working electrode, Li foil counter and reference electrodes. See 
Table 2 for definitions o f  abbreviations.
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corrosion o f  aluminum even at 3.0 V .27 Cyclic voltammetry was done to determine the 

potential at which significant A1 corrosion occurs, if  at all. Figure 23 illustrates a typical 

set o f  voltammograms for LiB(HFFPOP-4 )2, showing the current response over three 

scans. There is one oxidation event at ~4.8 V, and this is observed at approximately the 

same potential for every salt. If  this were A1 corrosion, the current should increase with 

each cycle, but this does not occur; instead, passivation is evidenced by a reduction in 

current magnitude. The two remaining possibilities are anion oxidation and solvent 

oxidation. It seems unlikely that all o f  the anions are being oxidized at the same 

potential, given the results from the oxidative stability tests. In terms o f solvent 

oxidation, 4.8 V is below the potential at which DME is normally oxidized (5.1 V). 

However, it is possible that on an aluminum electrode, Eox for DME is different, and 

could be lower. Given this possibility and the fact that the two potentials are similar, 

DME oxidation is a likely cause of the observed oxidation.

From a practical standpoint, it is desirable to know the maximum conductivity 

(Kmax) that can be achieved with a given electrolyte. Although minimum useful values 

vary depending on the application, a commonly cited figure o f merit is 5 mS cm-1 .28 

The Kmax values for the LiBfCBLf)? salts were determined in DME and are listed in 

Table 11. Except for LiB(PEFAPOP)2, all o f these exceed the 5 mS cm-1 minimum, and 

range from 5.39 to 8.39 mS cm-1 at a concentration o f 0.5 M. In general, the trend in 

Kmax values agrees with the trend observed at 0.01 M, indicating that the conductivity at 

low concentration is a reliable predictor o f the maximum conductivity that can be 

attained. The one exception to this is the relation between LiB(HFFPOP-3)2 and 

LiB(HFFPOP-4)4. At 0.01 M, the conductivity o f  the 4 isomer is greater than that o f  the 

3 isomer. The same is true at 0.1 M, but at higher concentrations the conductivity o f the
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w orking electrode, Li foil counter and reference electrodes. See Table 2 
for definitions of abbreviations.
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Table 11. Maximum conductivities (Kmax) for LiB(0 2 Lf)2 salts
in DME.

compound Kmax, mS cm 1 a

LiB(HFPOP)2 5.88

LiB(HFFPOP-2)2 5.39

LiB(HFFPOP-4)2 6.57

LiB(HFFPOP-3)2 6.89

LiB(HFDPOP-2,4)2 6.39

LiB(HFDPOP-3,5)2 7.55

LiB(HFDPOP-3,4)2 7.87

LiB(HFTPOP-2,3,4)2 7.79

LiB(HFTPOP-3,4,5)2 8.39

LiB(HFAPOP)2 4.31

a Except for LiB(HFAP0 P)2 (0.4 M), all concentrations are 0.5 
M. See Table 2 for definitions o f  abbreviations.
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3 isomer is consistently higher. This is the only pair o f  salts that behaves in this manner, 

and the reason is unknown. The relatively low K m a x  for LiB(HFAPOP)2 reflects its large 

size. As mentioned earlier, both ion-pairing strength and ion mobility contribute to 

determining the overall conductivity. Even though the B(HFAPOP)2_ anion is more 

weakly ion-pairing that B(HFPOP)2~ as evidenced by 0.01 M conductivities, its large size 

does not allow a high K m a x  to be achieved. The mobility o f B(HFAPOP)2~ is low, and at 

high concentrations solutions o f  this salt presumably have a high viscosity, resulting in a 

low conductivity.

The determination o f Kmax values is illustrated graphically in Figures 24, 25, and 

26, for the monofluoro, difluoro, and trifluoro derivatives respectively. The same trend is 

seen in all o f  these: Kmax occurs at 0.5 M, followed by a decline in conductivity. The 

decline is most likely due to viscosity effects: as the concentration o f electrolyte

increases, the solution becomes more viscous, thereby reducing ion mobility. As the 

concentration increases a point is reached where the increase in charge carriers resulting 

from a concentration increase is overshadowed by a viscosity increase, and the 

conductivity begins to decrease. With the assumption that each borate anion is the same 

size, the observation that Kmax occurs at the same concentration in each case makes 

sense: each anion will have the same effect on limiting ion mobility in solution.

The maxima observed in DME for the LiB(C>2Lf)2 salts are very encouraging, and 

the experimental conditions also represent a practical system, in that DME can be used as 

a solvent for primary lithium batteries. However, due to its reactivity with MCMB 

carbon (commonly used for the anode), it cannot be used in secondary (rechargeable) 

lithium-ion batteries. Instead, carbonate-based solvents are used, including ethylene 

carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl
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carbonate (EMC), methyl propyl carbonate (MPC), and propylene carbonate (PC). One 

commonly used solvent is a 50:50 mol% mixture o f EC and DMC, which combines the 

high permittivity o f EC (e = 90.4) with the low viscosity o f  DMC (rj = 0.59 cP). The 

conductivity o f LiB(HFPOP)2 at 0.5 M was found to be 3.97 mS cm-1, which is much 

lower than the maximum in DME, and below the practical minimum. The reduction in 

conductivity between solvents is most likely due to decreased ion mobilities. The 

EC/DMC mixture is more viscous that DME, and is thus more restrictive o f  ion 

movement.

Although the 50:50 mol% mixture o f  EC/DMC is a commonly used solvent for 

secondary batteries, this is only due to the nature of the lithium salts currently used. 

Specifically, LiPFg is the most commonly utilized lithium salt for these cells, and it has a 

maximum conductivity o f  11.5 mS cm -1 in the EC/DMC mixture (25 °C, 1 M). The 

PFg-  anion is much smaller than B(HFPOP)2_, and thus has a higher mobility. Its ion- 

pairing strength is greater than the borate anion, but the high solvent permittivity 

minimizes this problem. With this balance in mind, it was hoped that a similar optimal 

mixture could be found that would suit LiB(HFPOP)2 and the other lithium borates. Less 

EC could be used, which would lower the viscosity, and the decrease in permittivity 

would not be a problem considering the weak ion-pairing strength o f  B(HFPOP)2~. 

Conductivities were measured at 0.5 M using various EC/DMC ratios, and the results are 

shown in Figure 27. Unfortunately, the desired effect was not observed: between 50% 

and 40% EC content, there is only an increase o f  0.18 mS cm-1, with a conductivity of 

4.15 mS cm-1 in a 60/40 moI% EC/DMC mixture. Apparently, the viscosity is still too 

high to realize a high conductivity. The effect o f  permittivity can be seen upon further 

reducing the EC content; the conductivity steadily decreases to a value o f 0.95 mS cm-1
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when the solvent is 100% DMC. It is also possible that the smaller donor numbers o f 

both EC (16.4) and DMC (15.1) relative to DME (24) is having an effect. Although the 

fluorinated derivatives were not studied, it does not appear that EC and DMC in any ratio 

is a good solvent for LiB(0 2 Lf)2 electrolytes. A low-viscosity medium is necessary for 

these salts to yield a high conductivity.

A final detail to highlight is that not only do almost all o f  the new lithium salts 

exceed the practical minimum in DME, but also that they do so at a concentration of 0.5 

M  or lower. For many salts used commercially, a concentration o f  1 M is required to 

achieve a useful conductivity. Consequently, even i f  the new salts are slightly more 

expensive than those used currently, the fact that less electrolyte would be required could 

result in a battery o f similar or even lower cost.

Conclusions

A new class o f  weakly coordinating anions based on the general formula 

B(0 2 Lf)2-  has been developed. Salts o f  these can be m ade readily and in high yield, and 

were found to be thermally and hydrolytically stable. Through conductivity studies, they 

were shown to be more weakly coordinating and more weakly ion-pairing than CF3SO3- . 

The synthesis o f  a variety o f anions that varied in terms o f  fluorine content and position 

on the ligand phenyl ring revealed the interesting effect that configuration can have on 

ion-pairing strength; in some comparisons it was found that the anion with fewer fluorine 

atoms had a weaker ion-pairing strength. Almost all o f  the lithium salts of the new 

anions were shown to satisfy the requirements for practical use in batteries, exhibiting 

high conductivities, oxidative and reductive stability, and stability in contact with
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aluminum. Due to the combination o f  weak ion-pairing strength and stability under a 

variety o f conditions, these anions should find use in many applications.
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C H A P T E R 3 

New W eakly Coordinating Anions Based on Polyfluoroalkoxyaluminates

The class o f weakly coordinating anions comprised o f 

polyfluoroalkoxyaluminates possesses several beneficial properties, as described in 

Chapter 1 o f  this dissertation. This chapter describes the continued development o f  this 

class o f  anions, with the synthesis and characterization o f  new varieties with improved 

properties. The use o f this class o f compounds as a whole as potential battery electrolytes 

is also addressed. As in Chapter 2, m any abbreviations are used for the fluoroalkoxide 

ligands; see Table 2 for definitions o f these abbreviations and structures.

Experimental

Materials

Schlenk, glovebox, and high vacuum techniques were employed, with purified 

argon used when an inert atmosphere was required. All reagents and solvents were 

reagent grade or better. The compound LiAlH4 was recrystallized from diethyl ether and 

stored in a glovebox. The compounds HOC(CF3)3 (H(PFTB); Fluorochem, 97%), 

HOC(C6H 5)(CF3)2 (H(HFPP); Central Glass Co., Ltd.), HOC(4-C6H4(CH3))(CF3)2 

(H(HFTP); Fluorochem, 95%), and HOCH(CgH5)(CF3) (H(TFPE) (mixture o f 

enantiomers); Fluorochem, 98%) were dried over activated 4A molecular sieves and 

vacuum distilled. The compounds LiAl(HFBuPP )4 and LiAl(HFPP)4 were prepared 

according to the procedures developed by Mr. Shoichi Tsujioka.1 The compound
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LiAl(HFTB)4 was prepared according to the procedure developed by Dr. Ingo {Crossing.2 

The compounds LiAl(PFTB)4 and LiAl(HFTP)4 were prepared according to the 

procedures developed by Dr. Thomas Barbarich .3 The com pound LiAl(TFPE)4 was 

prepared by Dr. Svetlana Ivanova and used as received. The following solvents were 

purified by distillation under nitrogen or under vacuum from the indicated drying agent: 

toluene (Fisher, Na); dichloromethane (Fisher, P2O5); l ,l ,2 -C 3Cl3F3 (Freon-113, 

Aldrich; P2O5); chlorotrifluoromethane (Aldrich, P2O5); acetonitrile (AON, Fisher, 

P2O5); 1,2-dimethoxyethane (DME, Acros, Na); hexafluorobenzene (P2O5); 1,2-

difluorobenzene (P2O5); acetonitrile-^  (Cambridge, CaH2); benzene-r/6 (Cambridge, 

Na). Ethylene carbonate (EC, M itsubishi Chem.) and dim ethyl carbonate (DMC, 

M itsubishi Chem.) were battery grade and were used as received. Hexane (Fisher) was 

stirred over concentrated sulfuric acid, passed through a column o f  alumina, and distilled 

under nitrogen from sodium.

HOC(cyc/o-C6H 11)(C F3)2 (H (H FC P)). HOC(C6H 5)(CF3)2 (19.1 g, 78.3 mmol) 

and rhodium on carbon (0.167 g 5% Rh/C, 0.081 mmol Rh) were combined to make a 

suspension. This mixture was stirred at room temperature under 80 psi H2 for 4 d. After 

this time, the suspension was filtered through Celite to yield H O C frryc/o-C gH ^X C F^ as 

a clear colorless liquid (18.2 g, 93%). ^  N M R (CgD6) 5 2.12 (s, 1 H), 0.86 -  1.83 (11 

H); 19F NM R (C6D6/C6F6) 5 -72.72 (s).

HOC(cyc/0-C6H i l )2(C F3) (H (D C T E ». HOC(C6H 5)2(CF3) (2.00 g, 7.93 

mmol) was dissolved in 25 mL o f ethanol, and Rh (0.2 g 5% Rh/C, 0.097 mmol Rh) was 

added to make a suspension. This mixture was stirred at room temperature under 80 psi 

H2 for 4 d. After this time, the suspension was filtered through Celite and ethanol 

removed under vacuum to yield HOC(cvc/o-C6H n )2(CF3) as a clear colorless liquid
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(1.98 g, 95%). lH NM R (C6D6/C6F6) 5 1.55 (s, 1 H), 0.99 -  1.86 (22 H); I9F NMR 

(C6D6/C 6F6)5 -6 8 .9 7  ( s ) .

H O C (2 -C 6H 4 (H O C (C F 3) 2)(C F 3 )2 (H 2(1 ,2 -H F A B ) ) .  Li2(OC(C6H4)(CF3)2)

was generated following the procedure o f Martin et al.4 n-BuLi (86.9 mmol) and 

TM EDA (1.01 g, 8.69 mmol) were dissolved in 50 mL diethyl ether and stirred for 30 

min. After degassing the solution and cooling to 0 °C, FIOC(C6F[5)(CF3)2 (9.634 g, 39.5 

mmol) was added as a solution in ether (15 mL). This m ixture was stirred at 0 °C for 30 

min, then at room temperature for 20 h. After degassing this solution, hexafluoroacetone 

(6.56 g, 39.5 mmol), which had been measured out in a calibrated bulb using a high- 

vacuum line (10-5 torr), was added at 0 °C, and the m ixture stirred for 2 d. After this 

time, an aqueous solution o f H2S 0 4 was added. The organic layer was isolated, and the 

aqueous layer washed twice with 20-mL portions o f  ether. The organic fractions were 

combined, and washed twice with brine. Volatiles were then removed to leave a yellow

oil. This was recrystallized from hexane/CHCl3 (20:1 v:v) to yield HOC(2- 

C6H4(HOC(CF3)2)(C F3)2 as a slightly yellow solid (4.65 g, 29%). NMR (C6D6) 6 

7.69 (m, 2 H), 6.72 (m, 2 H), 5.50 (s, 2 H); 19F NMR (C6D 6/C6F6) 5 -72.81 (s).

LiAI(DPTE)4. To a suspension o f  LiAlH4 (0.226 g, 5.94 mmol) in hexane (200 

mL) was added H(DPTE) (3.00 g, 11.9 mmol) as a solution in hexane (200 mL) at room 

temperature. This mixture was stirred at room temperature for 18 h, under reflux for 23 

h, and then at room temperature again for an additional 50 h. After this time, there was 

much white solid suspended in a clear, colorless solution. This was filtered, and the 

filtered solid washed with 200 mL toluene. Volatiles were removed to yield 

LiAl(DPTE)4 as a white solid (1.85 g, 60%). lH NMR (C6D6) 5 7.00 (m, 24 H), 7.27 (m,
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16 H); 19F NM R (CgDg/CFC^) 5 -72.40 (s). Low-resolution mass spectrum ((—)ES-MS, 

CH3CN solution) m/z 1031.0 [(M -L i)_; calcd for C56H40AIF12O4 1031.0].

L iA l(H F C P )4 - A suspension o f  LiAlH; (0.375 g, 9.86 mmol) was first prepared 

in hexane (40 mL). At 0 °C, H(HFCP) (4.93 g, 19.7 mmol) was added to this dropwise 

(over 10 min) as a solution in hexane (20 mL). This was stirred at 0 °C for 8.5 h, warmed 

to room temperature, and stirred for 12 h. The mixture was then stirred under reflux for 

24 h. After this time, the cloudy gray mixture was filtered to leave a clear, colorless 

solution. Volatiles were removed from the filtrate to leave a clear colorless oil, which 

partially solidified after 18 h under vacuum. This was recrystallized from CH^CL, 

yielding LiAl(HFCP)4 as clear colorless crystals (3.29 g, 65%). ^  NMR (C6Dg) 5 1.94 

(m, 4 H), 1.89 (m, 2 H), 1.24 (m, 4 H), 1.02 (m, I H); 19F NM R (C6D6/C6F6) 5 -72.32 

(s). Low-resolution mass spectrum ((-)ES-MS, CH3CN solution) m/z 1023.2 [(M -  Li)“ ; 

calcd for C36H44AIF240 4  1023.0],

Physical Measurements

Samples for NMR spectroscopy were solutions in 5 mm glass tubes. NMR 

spectra were recorded on a Varian 300 spectrometer operating at the indicated 

frequencies: ^  300.1 MHz; l9F, 282.4 MHz. Chemical shifts (5 scale) are relative to 

SiMe4 (5 =  0 for JH NMR) and CFC13 (5 = 0 for 19F NMR). Negative-ion electrospray 

ionization mass spectra (ES“) were recorded on a Fisons VG Quattro-SQ mass 

spectrometer. Solution conductances were measured at 24±1 °C using a YSI Model 3403 

conductivity cell calibrated for inverted use (k = 0.9988 cm-1) and a YSI Model 32 

conductivity bridge. The bridge was operated at 1 KHz (conductances > 100 juS) or at
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line frequency (50-60 Hz, conductances <100 jj.S). Measurements made using both 

modes were the same, but a sharper null point is observed at 1 KHz for higher 

conductances, and at line frequency for low er conductances. All samples were anhydrous 

as determined by *H NM R spectroscopy, and solutions o f  these were prepared in 

volumetric flasks in the glovebox. The error in measurement was determined to be < 1% 

using the same batch o f  material. Variation from one batch to another was found to be 

2% or less.

Crystals o f LiAl(HFCP)4 were grown from a hexane solution at 4 °C, and crystals 

o f  LiAI(HFEP)4 were grown from a benzene,diexafluorobenzene (10:1 v:v) solution at 

room temperature. In both cases, suitable crystals were examined under an argon 

atmosphere and were placed in the cold nitrogen stream o f the low-temperature LT-2 unit 

o f  a Siemens SMART CCD diffractometer system. The diffraction data collection and 

subsequent structural computations were performed using the crystallographic software 

supplied by Siemens5 or by Professor G.M. Sheldrick.6 Lorentz and polarization 

corrections were applied to the data. Details o f the crystallographic experiment and 

subsequent computations are summarized in Tables A.3, A.4 (40%, 60% LiAl(HFCP)4, 

respectively) and A.5 (LiAl(HFIP)4), and can be found in the appendix .7-8 The structures 

were solved by direct methods and were refined using full-matrix least-squares 

procedures on F~ for all data. Non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were placed in calculated positions.
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Results and Discussion

Synthesis o f  HORj-

H(HFCP) and the new fluoroalcohol H(DCTE) were synthesized by catalytic 

hydrogenation o f  HOC(CgH5)(CF3)2 and HOC(CgH5)2(CF3) over Rh/C. Alcohol/Rh 

ratios o f  966:1 and 326:1 were used to m ake H(HFCP) and H(DCTE), respectively. 

Higher ratios were found to work as well, but the reaction times were longer. Overall, 

this method was very successful in synthesizing the two alcohols: the only purification 

necessary was filtration to remove Rh/C (and removal o f ethanol in the case o f 

H(DCTE)), and isolated yields were very high (95% for H(DCTE), 93% for H(HFCP)). 

The previously reported method for synthesizing H(HFCP) consisted o f a free-radical- 

initiated reaction between cvclohexane and H FA ,9 resulting in a 69% isolated yield of the 

fluoroalcohol.

The synthesis o f  H2( 1,2-HFAB) completes the series o f bis(2-hydroxyhexafluoro- 

2-propyl)benzene derivatives. The 1,3- and 1,4- varieties have been reported, and were 

made by AICI3-catalyzed electrophilic aromatic substitution o f benzene with HFA.10 

The 1,2- isomer was not formed in this reaction, presumably due to steric hindrance. The 

first attempt to synthesize a 1,2-diol consisted o f the reaction o f H(HFBuPP) with HFA in 

the presence o f  AlCH. It was hoped that the r-butvl group would favor substitution of 

HFA in the ortho position by (a) blocking the para site, and (b) effectively blocking the 

meta site by steric hindrance. However, no reaction was observed. This could be due to 

excessive steric hindrance at both the ortho (from -C(O H )(CF3)2 group) and meta (from
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r-butyl group) sites. The successful synthesis o f  H2(L,2 -HFAB) resulted from the 

reaction o f  orr/zo-lithiated HOCXCgHjXCFj^ (H(HFPP)) with HFA in diethyl ether. 

Adding two equivalents o f  /z-BuLi to H(FCFPP) in the presence o f  TMEDA leads to an 

ort/zo-lithiated dianion (after deprotonation o f the alcohol).4 This can then react with 

HFA, overcoming the steric hindrance barrier to form Li2( l ,2 -HFAB). Protonation with 

H2SO4 followed by recrystallization yielded H2( 1,2 -HFAB) in 29% yield. This diol may 

be useful as a bidentate ligand: both oxygen atoms are weak donors, but it could form 

stable complexes with a central atom by virtue o f its chelating nature.

Synthesis o f  New LiAl(ORf)4 Salts

The first attempt to synthesize LiAl(HFCP)4 utilized the same conditions for the 

successful synthesis o f  LiAl(HFPP)4 (room temperature, hexane solvent, 2:1 

alcohol:LAH ratio, 18 h reaction time, 95% isolated yield). However, unlike the crude 

product mixture for LiAl(HFPP)4, numerous impurities were observed by NMR 

spectroscopy in the LiAI(HFCP)4 mixture. Furthermore, the reaction did not go to 

completion as evidenced by some remaining H(HFCP). In another trial, the reaction 

mixture was heated at reflux after first stirring at room temperature for 18 hours. This 

resulted in a more complete reaction, but similar non-alcohol impurities were observed, 

and in similar relative amounts to the desired lithium aluminate. This indicated that the 

impurities were most likely formed in the initial stages o f  the reaction; based on this 

assumption, the next trial consisted o f adding H(HFCP) dropwise to a suspension of LAH 

in hexane at 0 °C, followed by stirring at room temperature and then at reflux to drive the 

reaction to completion. Although the impurities were still observed in the crude mixture,
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their amounts relative to LiAI(HFCP)4 were much less_ Recrystallization from 

dichloromethane yielded LiAl(HFCP)4 65% yield with ~l°/o  impurities as indicated by 

19F N1VIR spectroscopy. One o f  these was tentatively identified by negative-ion 

electrospray mass spectrometry as LiAl(HFCP)3(HFPP), indicating that the H(HFCP) 

reagent still contained some unhydrogenated H(HFPP).

The synthesis o f  LiAl(HFEP)4 was also found to be the most successful (95% 

isolated yield) when the addition o f  H(HFEP) to LAH was d o n e  dropwise at 0 °C. In this 

case, Freon-113 was used as the solvent due to the extremely low solubility o f  H(HFEP) 

in hexane. A 5:1 H(HFEP):LAH ratio was found to be optima.!. The mixture was stirred 

for 18 hours at 0 °C, and although no heat was required  to drive the reaction to 

completion, the procedure includes an additional five days o f  stirring at room temperature 

following the initial 18 hours. After removing excess H(HFEP) and volatile materials, the 

crude reaction mixture consisted o f  only LiAI(HFIP)4 as evidenced by *H and 19F NMR 

spectroscopy.

The preparation of LiAl(HFCP)4 was most efficient w tien  only two equivalents o f 

H(HFCP) were used (also for LiAl(HFPP)4, LiAl(HFTP)4, L_iAl(DPTE)4). One might 

expect that a mixed alkoxide/hydride species such as LiAlH>(ORf)2 would be obtained 

from a reaction with this stoichiometry. This is even more expected considering that a 

Li—H bond in LiAlH4 is probably more reactive than a Li—H hond  in LiAlH3(ORf). To 

explain this, the following reaction scheme is proposed.
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LiAjH4(s) + H(ORf)(soln)
hexane, slow

LiAJH3(ORf)(Soln) ( l)

hexane, fast
L iA H 3(ORf)(so[n) + 3 H(ORf)(Soln) LiAI(ORf)4 (2)

3 H2

The first protonolysis (1) is slow, as LiAlH4 is completely insoluble in hexane and the 

reaction is heterogeneous. Once one ORf group has bonded to Al, the salt probably 

achieves enough solubility in hexane to make the next protonolysis homogeneous. As 

more ORf ligands are bonded to Al, the solubility should increase, leading to a faster rate 

o f  O Rf addition to Al despite the lower reactivity o f the remaining hydrides relative to 

LiAlH4. This allows the reaction to go to completion to form the tetrakis 

fluoroalkoxyaluminate anion, and precludes the formation o f  the “expected” 

LiAlH2(ORf)2 species.

Structural Characterization o f  LiAl(HFCP)4 and LiAl(HFIP)4

The structure o f  LiAl(HFCP)4, shown in Figure 28, consists o f  LiAI(OC(cy/co- 

C6H ii)(C F 3)2)4 molecules composed o f Iithium (l+) and alum inate(l—) ions in a 

configuration best described as a penetrated ion pair. The thermal ellipsoid for L P  is 

large and elongated as shown in Figure 29, suggesting disorder; due to this condition, the 

structure was modeled using a two-site disorder for this atom. The electron density 

surrounding each site was determined using the EDEN function o f  the SHELXTL 

software, and is illustrated in an electron density contour map in Figure 30. Although it
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Figure 28. Drawing o f the structure o f LiAl(HFCP)4 
(hydrogen atoms omitted for clarity). The unlabeled 
partially shaded circles are carbon atoms, and the unlabeled 
crosshatched circles are fluorine atoms. See Table 2 for 
definition o f abbreviation.
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Figure 29. View o f LiAl(HIFCP)4 with 50% 
probability ellipsoids showing elongated ellipsoid for 
Li \  See Table 2 for definition o f  abbreviation.
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40% position 60% position

\

Figure 30. Electron density contour map o f Li^ in LiAl(HFCP)4. The 
structure was modeled with a two-site disorder, and both sites suggested by 
the SHELXTL software are shown. “40%” and “60%” correspond to the 
relative amounts o f electron density at each site. See Table 2 for definition 
o f abbreviation.
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appears that the majority o f  the electron density is found near one site, the distribution 

was found to be approximately 60:40. For the purposes o f  evaluating the interactions of 

Li~ w ith the anion, the structure was refined in two ways: with the lithium cation fixed in 

the 60% position, and with the lithium cation fixed in the 40% position. Selected bond 

distances and angles are listed in Tables 12 (40%) and 13 (60%).

In both models, the Al atom is tetrahedrally coordinated by four 1,1,1,3,3,3- 

hexafluoro-2-cyclohexyl-2-propoxide (HFCP- ) ligands. Although the true bond 

distances vary slightly between the two forms, the Al—0 1 and A I-02 bond lengths are 

longer than A l-0 3  and A l-0 4  in both cases. Also, the O l-A l-0 2  bond angle is smaller 

than the other five O—A l-0  angles, which are close to the ideal tetrahedral angle 109.5°.

The nature o f the Li~ coordination sphere differs between the two forms. In the 

60% model, the A1(HFCP)4~ anion acts as a hexadentate chelating ligand for LiT The

0 1 —Al—0 2  unit forms a four-membered chelate ring with Li~, with bond distances of

2.022(2) and 2.189(2) A, and an O l-L i-0 2  bond angle o f  91.47(7)°. Four C -F  bonds
I 1

from four different CF3 groups form four five-membered O—L i-F -C -C  chelate rings, 

with Li—F bond distances o f  1.711(2), 2.108(2), 2.141(2), and 2.716(2) A. The next 

shortest Li---F contact is 3.292 A. Overall, the Li0 2 F4 coordination sphere is best 

described as trigonal prismatic, and is shown in Figure 31. The two planes formed by

0 2 —F7—F l l  and 0 1 -F 1 -F 4  are twisted away from the ideal, eclipsed conformation by 

3.1°.

In the 40% model, the A1(HFCP)4~ anion acts as an octadentate chelating ligand, 

and one additional Li-F intermolecular contact completes the coordination sphere o f Li~. 

The O l—A I-0 2  unit forms a four-membered chelate ring with Li~, with bond distances o f 

1.964(2) and 2.009(2) A, and an O l-L i-0 2  bond angle o f 91.50(7)°. Five C -F  bonds
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Table 12. Selected interatomic distances (A) and angles (deg) for 40% LiAl(HFCP)4.
L i-O l 1.964(2) L i-0 2 2.009(2)

L i-F l 2.034(2) Li-F3 3.016(2)

L i-F4 2.666(2 ) Li-F7 1.960(2)

L i-F 8 3.110(2) L i-F l 6 2.765(2)

L i-F22' 2.753(2) A l-01 1.769(2)

A I-0 2 1.776(2) Al—0 3 1.699(2)

A J-0 4 1.703(2) C-F(Li)a 1.313(3)- 1.375(3)

C -F b 1.322(2)- 1.348(3)

0 3 —A l-0 4 112.57(7) 0 3 —A l- 0 1 110.23(8)

04—A l- 0 1 115.01(7) 0 3 —A I-0 2 115.27(7)

04—A I-0 2 110.71(7) 0 1 -A 1 -0 2 91.50(7)

0 1 —Li—0 2 79.45(5) FI—Li—F7 109.5(1)

F l-L i—F22* 79.4(1) F l-L i—F8 135.9(1)

F l-L i—F16 115.3(1) F l-L i—F3 45.1(1)

F I—Li—F4 67.6(1) F7—Li—F22' 75.5(1)

F7—Li—F 8 42.7(1) F7-Li-F16 110.5(1)

F7—Li—F3 145.0(1) F7—Li-F4 96.0(1)

F22’—Li—F 8 62.3(1) F22'-Li—F16 64.4(1)

F22'—Li—F3 75.8(1) F22'-Li—F4 141.0(1)
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Table 12. (continued)
F8—Li—F16 68.4(1) F8—Li—F3 132.4(1)

F8—Li—F4 133.1(1) F16—Li—F3 74.0(1)

F16—Li—F4 149.0(1) F3—Li—F4 93.7(1)

a Range o f  C -F  distances for those fluorine atoms that are within van der Waals contact o f  
Li. b Range o f  C -F  distances for those fluorine atoms that are not within van der Waals 
contact o f  Li. See Table 2 for definition o f  abbreviation.
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Table 13. Selected interatomic distances (A) and angles (deg) for 60% LiAl(HFCP)4 -
L i-O l 2.189(2) L i-0 2 2 .022(2)

L i-F l 2.141(2) Li-F4 2.108(2)

Li-F7 1.711(2) Li—F 11 2.716(2)

A l-O l 1.773(2) A I-02 1.776(2)

A l-0 3 1.700(2) A l-0 4 1.702(2)

C—F(Li)a 1 .343(3)- 1.373(3) C -Fb 1.316(3) -  1.348(3)

0 3 —A l-0 4 112.62(7) 0 3 -A 1 -0 1 110.27(8)

04 —A l-O  I 114.95(8) 03 -A 1-02 115.26(7)

0 4 —A I-0 2 110.71(7) O l-A l—0 2 91.47(7)

0 2 —Li- 0 1 74.13(5) F l-L i—F4 77.67(6)

F I—Li-F7 115.30(6) F I-L i-F l 1 142.4(6)

F4—Li—F7 130.28(6) F4—L i-F l 1 72.6(6)

F7—Li—F 11 70.6(6)

a Range o f C—F distances for those fluorine atoms that are within van der Waals contact o f 
Li. b Range o f  C -F  distances for those fluorine atoms that are not within van der Waals 
contact o f  Li. See Table 2 for definition o f  abbreviation.
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Figure 31. LiCbF.; coordination sphere o f LiAl(HFCP)4 with 50% 
probability ellipsoids (Li in 60% position). The two planes formed by
0 2 —F7—F l l  and 0 1 - F I — F4 are twisted away from the ideal, eclipsed 
conformation by 3 .1°. See Table 2 for definition o f  abbreviation.
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from three different CF3 groups form five five-membered O—L i-F -C -C  chelate rings, 

with Li—F bond distances o f 1.960(2), 2.009(2), 2.034(2), 2.666(2), 3.016(2), and 

3.110(2) A. The intermolecular Li—F contact has a distance o f 2.753(2) A. The next 

shortest Li---F contact is 3.371 A. Overall, the Li0 2 F7 coordination sphere is irregular, 

and is shown in Figure 32.

Although the true solid-state L i-F  and L i - 0  distances for LiAl(HFCP)4 cannot be 

known from this structure, a semi-quantitative treatment o f the bonding can still be done 

using the 60% and 40% structures. The lithium cation most likely resides in one of these 

positions, and an analysis o f  each case will give a good approximation o f the nature of 

the cation-anion interactions. Bond valence methods were used to examine the bonding 

between Li+ and the anion, as shown in Table 14. In both forms, the total bond valence 

for Li~ is very close to one, and large contributions are made by Li—F bonds (57% of total 

valence for 40% structure, 65% for 60% structure). The geometry o f the L i ' 

coordination sphere is very different between the two, being trigonal prismatic for the 

60% case, and irregular with one intermolecular Li- • -F contact for the 40% case. Similar 

lithium aluminates (LiAl(HFPP)4, LiAl(HFTP)4, LiAl(HFBuPP)4) exhibit the same 

trigonal prismatic coordination geometry as the 60% structure, suggesting that this is the 

more likely form. I f  this turns out to be true, the Li—F7 bond distance o f  1.711(2) A is 

remarkable. Currently, the shortest known Li—F(C) contact is 1.956(3) A,11 which is 

significantly longer (> 3cr) than the Li-F7 distance. To confirm this, a structure of 

LiAl(HFCP)4 is needed in which the lithium cation is not disordered.

Another interesting feature o f this structure is a correlation between C-F(Li) and 

C -F bond distances. It has been previously observed that coordination of an 

organofluorine atom to a metal cation results in a lengthening of the participating C-F
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Figure 32. LiCbFy coordination sphere o f LiAl(HFCP)4 
with 50% probability ellipsoids (Li in 40% position). See 
Table 2 for definition o f abbreviation.
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Table 14. Bond valence values for 40% and 60% structures o f  LiAl(HFCP)4 -

bond

40% structure 

distance, A bond valence (5) bond

60% structure 

distance, A bond valence (5)

L i-O l 1.964(2) 0.237 Li-O l 2.189(2) 0.152

L i-0 2 2.009(2) 0.216 L i-02 2.009(2) 0.216

Li—FI 2.034(2) 0.168 L i-F l 2.141(2) 0.138

Li—F3 3.016(2) 0.036 Li-F4 2.108(2) 0.146

Li-F4 2.666(2) 0.059 Li-F7 1.711(2) 0.330

Li-F7 1.960(2) 0.194 L i-F l 1 2.716(2) 0.054

Li—F8 3.110(2) 0.032

Li-F16 2.765(2) 0.051

Li—F22' 2.753(2) 0.052

total bond valence = 1.045 total bond valence = 1.030

The bond valence, s, is given by s = (r/t-Q) /V, where r0(Li-O ) = 1.378, iV(Li-0) =  4.065, 
>'fl(Li—F) = 1.288, and iV(Li-F) = 3.9. See Table 2 for definition o f  abbreviation.
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bond, accompanied by a shortening o f the two remaining C—F bonds in the CF3 group.3 

Figure 33 shows plots o f  the carbon-fluorine bond distances for each C-F bond in 

LiAl(HFCP)4 f°r both the 60% and 40% LiAl(HFCP)4 structures. The dotted line 

represents the average distance o f all C -F bonds from unaffected CF3 groups, and has a 

value o f 1.336 A. Although the correlation is better for the 60% case, in both it can be 

seen that the C -F  bonds coordinated to LC are generally longer than 1.336 A, while the 

remaining two C -F  bonds in the affected trifluoromethyl groups are shorter. The obvious 

outliers in the 40% case are C3—F3, C l 1-F8, and C21-F18. The first two are within the 

bonding distance boundaries established above, but are at the extreme and contribute only 

3.6% and 3.2%, respectively, to the total valence o f L i '.  As such, the lengthening o f the 

C3-F3 and C l 1-F8 bonds resulting from coordination to Lr" would not be expected to be 

dramatic. Furthermore, each o f these fluorine atoms is part o f  a CF3 group that also 

contains a strongly bonded fluorine atom (FI, F7 respectively). The effect o f these bonds 

is to shorten the remaining two, and this should be significant considering the length of 

L i-F l (2.034(2) A) and Li-F7 (1.960(2) A). This shortening o f the C3-F3 and C11-F8 

bonds apparently outweighs the lengthening as a result o f  coordination to Li~, resulting in 

an overall bond distance that is shorter than 1.336 A. The unexpected length o f C21-F18 

is more difficult to explain; this fluorine atom is not coordinated to L i'. At this time, the 

origin o f its anomalous length is not known.

The structure o f  LiAl(HFIP)4 is shown in Figure 34. Selected bond distances and 

angles are listed in Table 15. The structure o f this compound consists o f 

centrosymmetric dinuclear molecules composed o f two L i ' and two tetrahedral 

A1(HFIP)4_ ions. Each Al(HFEP)4~ anion donates three o f its four oxygen atoms to the 

Li~ cations: one each to the two Li~ cations and a third that bridges the two LiT cations
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Figure 33. Plots o f C -F  distance vs. fluorine atom number for 
the 60% and 40% structures o f  LiAlfHFCP)4 - The error bars are 
±3cr for each individual distance. The filled circles represent the 
C-F(Li) bonds and the open circles represent all other C -F 
bonds. The dotted line in each plot corresponds to an average 
distance of all C -F  bonds from CF3 groups with no C-F(Li) 
bonds (1.336 A). See Table 2 for definition o f  abbreviation.
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Figure 34. Drawing o f the structure o f  LiAl(HFIP)4 (hydrogen atoms omitted for 
clarity). The unlabeled partially shaded circles are carbon atoms, and the 
unlabeled crosshatched circles are fluorine atoms. Selected interatomic distances 
(A) and angles (deg): L i-O l. 2.089(5); L i-0 2 , 2.166(6); L i-0 2 ‘, 2.533(6); L i- 
0 4 ', 2.016(5); L i-F l, 3.327(6); L i-F3, 2.366(6); L i-F l 1, 3.055(6); L i-F9\ 
2.414(6); Li—F I9', 3.181(6); L i-F20\ 2.798(6); O l-L i-0 2 . 75.0(2); 0 2 '-L i-0 4 '. 
70.9(2). See Table 2 for definition o f  abbreviation.
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T able 15. Selected interatomic distances (A) and angles (deg) for LiAl(HFIP)4 .
L i-O l 2.089(5) L i-0 2 2.166(6)

Li—0 2 ' 2.533(6) L i-0 4 ' 2.016(5)

L i-F l 3.327(6) Li-F3 2.366(6)

L i-F l 1 3.055(6) Li-F9' 2.414(6)

L i-F l 9' 3.181(6) Li-F20' 2.798(6)

A l-O l 1.758(2) A l-0 2 1.771(2)

Al-OS 1.690(2) A l-0 4 1.766(2)

C -F(L i)a 1 .320(4)- 1.354(4) C -F b 1.310(4)-1.337(4)

0 3 —A l-O l 111.1( 1) 0 3 —A l-0 4 112. 1( 1)

O l- A l-0 4 112.41(9) 0 3 —Al—0 2 127.1(1)

0 1 -A 1 -0 2 94.49(9) 0 4 -A 1 -0 2 98.17(9)

O l—Li—0 2 75.0(2) 0 1 —Li—0 2 ' S9.9(3)

O l- L i- 0 4 ' 160.4(3) 0 2 -L i-0 2 ' 82.0(3)

0 2 —L i-0 4 ' 97.5(2) 0 2 '—L i-0 4 1 146.8(3)

F I —Li—F3 39.9(3) F I—Li—FI 1 56.5(3)

F I —Li—F9' 113.4(3) F I -L i-F l 9' 102.5(3)

F I—Li—F20 ' 77.5(3) F3—Li—FI 1 82.5(3)

F3—Li—F9' 79.2(3) F3-Li—F19' 68.8(3)

F3—Li—F20' 64.7(3) FI 1—Li—F9' 157.2(3)
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Table 14. (continued)
F ll-L i—F19' 97.2(3) F l l —Li—F20' 56.4(3)

F9'-Li—F19' 63.4(3) F9'-L i—F20' 103.0(3)

F19'—Li—F20' 40.9(3)

a Range o f C -F  distances for those fluorines atoms that are within van der W aals contact of 
Li. b Range o f  C—F distances for those fliuorine atoms that are not within van der Waals 
contact o f Li. See Table 2 for definition o f  abbreviation.
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forming a planar Li20 2  core. Each Li+ cation is also bonded to four fluorine atoms from 

four different CF3 groups. As expected, the AIO4 core is distorted from a tetrahedral 

geometry. Since 0 3  does not bond to the Li~ ions, the A l-0 3  bond distance, 1.690(2) A, 

is considerably shorter than the other three A l-O  distances, which range from 1.758(2) to 

1.771(2) A. The 0 1 —A l-02  and 0 2 -A 1 -0 4  bond angles are 94.49(9) and 98.17(9).° The 

other four O—A l-O  angles range from 111.1(1) to 127.0(1)°. The L i0 4F4 coordination 

sphere is shown in Figure 35. The top drawing shows all Li—O and Li-F contacts, 

including Li—F19' (3.181(6) A), which has a distance greater than 3.165 A but less than 

3.29 A. Disregarding this contact, the overall coordination geom etry can be described as 

a distorted square antiprism (see bottom drawing in Figure 35). The L i-01 , L i-0 2 , L i-  

0 2 ', and Li—0 4 ' bond distances are 2.089(5), 2.166(6), 2.533(6), and 2.016(5) A, 

respectively. The L i-F  bond distances are 2.366(6), 2.414(6), 2.798(6), and 3.055(6) A. 

The next shortest Li—F distance (after F I9') is 3.327 A. The four-atom planes indicated 

by the dashed lines make a dihedral angle o f  15°.

Bond valence analysis was also performed for LiAI(HFrP)4, and values are listed 

in Table 16. Without Li-F 19', the total valence is 0.902, well below one, and bonding 

between Li and F accounts for 29% o f  the total valence in this case. Adding Li—F19', the 

total rises to 0.931, which is still low. However, if  the next closest contact (L i-F l, 3.327 

A) is added, the total is 0.956, within 0.05 units of one. W ith this in mind, can FI be 

considered to be bonded to Li? According to both the s = 0.03 definition stated above 

and the van der Waals radii, the answer would be no. However, if  the total bond valence 

is taken into consideration, the answer may be yes. There is uncertainty in this case, 

which speaks to the fact that the perfect definition of when Li—F(C) bonding occurs does 

not exist. Each is based on assumptions, and situations will arise where one definition
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Figure 35. Drawings o f  the LiC^Fg (top) and L1O4F4 
(bottom) coordination sphere o f  LiAl(HFEP)4 with 50% 
probability ellipsoids. See Table 2 for definition o f 
abbreviation.
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Table 16. Bond valence values for LiAl(HFIP)4 .
bond distance, A bond valence (5)

L i-O l 2.089(5) 0.184

L i-0 2 2.166(6) 0.159

L i-0 2 ' 2.533(6) 0.084

L i-0 4 ' 2.016(5) 0.213

Li-F  3 2.366(6) 0.093

L i-F l 1 3.055(6) 0.034

Li-F9' 2.414(6) 0.086

Li—F20' 2.798(6) 0.049

total bond valence = 0.902

L i-F l 3.327(6) 0.025

Li-F 19’ 3.181(6) 0.029

total bond valence = 0.956

The bond valence, s, is given by s = (r/rQ) 'v, where /^(Li—O) = 1.378, 
jV(Li-0) = 4.065, r 0(Li-F) = 1-288, and M Li-F) = 3.9. See Table 2
for definition o f abbreviation.
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will contradict another. They are useful for describing coordination spheres, but none are 

the ultimate authority on the nature o f L i-F  bonding. The relationship between C-F(Li) 

and other C -F  bonds in each CF3 group was also investigated, as shown in the plot in 

Figure 36. There is fairly good agreement with the prediction discussed above for 

LiAI(HFCP)4, especially in the cases o f the CF3 groups containing F4 and F9.

Hydrocarbon Solubility

In the course o f  characterizing new salts based on the LiAl(ORf)4 formula, it was 

found that many o f  them exhibit a high degree o f hydrocarbon solubility. For example, 

LiAl(HFPP)4 is soluble in hexane to a concentration o f 37 mM. This, combined with the 

strong Lewis acidity o f  the Li-"- cation, results in species that have the potential to be used 

as catalysts in hydrocarbon solvents. In fact, LiAl(HFPP)4 has been shown to be an 

active Lewis acid catalyst in toluene solution for the 1,4-conjugate addition o f silyl 

ketene acetals to a,P-unsaturated carbonyl compounds and for the direct substitution o f  

allylic acetates by silyl ketene acetals.12 This behavior is unique among lithium salts o f 

WCAs: while some exist that are hydrocarbon-soluble, before this work there were none 

known that also exhibited catalytic activity.

The origin o f  hydrocarbon solubility for certain varieties o f LiAl(ORf)4 can be 

understood by examining the solid-state structure o f LiAl(HFPP)4, which is shown in 

Figure 37 .2 Two L i-O  and four Li-F bonds create a coordination sphere whereby the 

A1(HFPP)4~ anion completely encapsulates the Li+ cation. This “penetrated ion pair” lj> 

structure results in a lithium salt with no intermolecular bridging and a high degree o f 

molecular character, affording it solubility in both aromatic and aliphatic hydrocarbons.
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Figure 36. Plot o f C -F  distance vs. fluorine atom number for 
LiAl(HFIP)4 . The error bars are ±3cr for each individual distance. 
The filled circles represent the C—F(Li) bonds and the open circles 
represent all other C -F bonds. The dotted line corresponds to an 
average distance of all C—F bonds from CF3 groups with no C - 
F(Li) bonds (1.327 A). See Table 2 for definition o f abbreviation.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 37. Drawing o f  the structure o f  LiAl(HFPP)4 
(hydrogen atoms omitted for clarity). The unlabeled 
partially shaded circles are carbon atoms, and the unlabeled 
crosshatched circles are fluorine atoms. See Table 2 for 
definition o f abbreviation.
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This observation illustrates an important principle in the design o f  hydrocarbon-soluble 

salts o f  WCAs: an effective weakly coordinating anion should coordinate strongly

enough to the cation, and provide enough donor atoms for the cation, to prevent extensive 

bridging with neighboring molecular io n  pairs, because this invariably leads to poor 

solubility in low-dielectric, low-donor-number solvents.14’15 W ith this in mind, it can be 

proposed that multiple contacts o f  carbon—fluorine bonds to a cation may be more 

desirable in terms o f  solubility than m ultiple contacts o f  even m ore weakly coordinating 

carbon—hydrogen bonds. As a slightly stronger donor, C -F  bonds will better stabilize a 

cation than C—H bonds, thereby elim inating the need for interm olecular contacts. For 

example, the Li* cation in the unfluorinated salt LiNb(OEt)6 is bonded to only four 

ethoxide oxygen atoms from two adjacent Nb(OEt)g~ anions, forming a tetrahedral L i0 4 

core. 16 Not surprisingly, LiNb(OEt)g is not soluble in aromatic hydrocarbon solvents, 

whereas the polyfluorinated compound LiNb(HFEP)6 dissolves to an appreciable extent in 

benzene and toluene. 17

After LiAl(HFPP)4 was characterized and found to possess the unique 

combination o f high solubility and catalytic activity in hydrocarbon solvents, new 

LiAl(ORf)4 salts were synthesized with the goal o f enhancing either or both o f these 

properties. In this section, the issue o f  hydrocarbon solubility is addressed. Several new 

salts were synthesized with m odified fluoroalkoxide ligands (the compounds 

LiAl(HFCP)4, LiAl(HFIP)4, and LiAl(DPTE)4 were prepared by the author), and their 

solubilities in hexane were quantified. T h e  results are shown in Table 17.
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Table 17. Hexane solubility of LiAl(ORf)4 -

compound solubility, mM

LiAl(HFCP)4 385

LiAi(HFTP)4 149

LiAl(HFPP)4 37

LiAl(HFTB)4 21

L i A1(HFB uP P )4 9

LiAl(DPTE)4 8

LiAl(HFIP)4 ~0
See Table 2 for definitions o f abbreviations.

With the exception of LiAl(DPTE)4, the only difference am ong these compounds is the 

identity o f the R  group in the fluoroalkoxide moiety -O C R (C F3)2, which apparently has 

a profound impact on hexane solubility. However, solubility is a property governed by 

many factors, and it is extremely difficult to predict the solubility o f  a compound in a 

given solvent based solely on its molecular structure. Nevertheless, due to the similarity 

among the salts listed above, some interesting comparisons can be made in terms o f  the 

different R groups. For example, consider the results for LiAl(HFPP)4 and 

LiAl(HFCP)4, f°r which a difference in solubility o f more than an order of magnitude 

was observed. Both o f  these salts are similar in terms o f  having penetrated ion pair 

structures, and also with respect to their shape and size (form ula unit volume from solid 

state structures o f 977 A3 for LiAl(HFPP)4 vs. 1047 A3 for LiAl(HFCP)4). 

Consequently, the observed difference can be attributed prim arily to the nature o f the R 

group. One possible explanation is that LiAl(HFCP)4 has m ore aliphatic character (R = 

cyclohexyl) than LiAl(HFPP)4 (R = phenyl), and is thus m ore soluble in the similarly
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aliphatic solvent hexane. Another possibility is that intermolecular forces in the solid 

state are stronger for LiAI(HFPP)4 than for LiAI(HFCP)4- The phenyl rings on each 

HFPP ligand can interact via pi-stacking, while the cyclohexyl rings on each HFCP 

ligand cannot. Therefore, LiAl(HFPP)4 should have a higher lattice energy than 

LiAl(HFCP)4, and its solubility in hexane would be expected to be lower.

Also consider the solubilities o f  the three salts LiAl(HFPP)4, LiAl(HFTP)4, and 

LiAl(HFBuPP)4, all o f which have similar penetrated ion pair structures. It was hoped 

that adding alkyl groups to the phenyl ring o f HFPP would increase the solubility o f  the 

corresponding lithium aluminate in hexane. This was based on both of the possible 

explanations for the differing solubilities o f  LiAl(HFPP)4 and LiAl(HFCP)4 discussed 

above: increasing the aliphatic character o f  the salt; or, by introducing bulky groups on 

the phenyl ring, the strength o f  pi-stacking interactions may be reduced due to steric 

considerations. It was found that the solubility o f  LiAl(HFTP)4 increased relative to 

LiAl(HFPP)4, but a decrease was observed for LiAI(HFBuPP)4. Apparently, increasing 

the aliphatic character o f the salt is not the determining factor for increasing solubility in 

hexane. The differences may be related to pi-stacking interactions, but overall the reason 

for these differences is not yet understood. It is also possible that anion size and/or shape 

may play a role.

Finally, consider the structures o f LiAl(HFPP)4 and LiAl(HFIP)4, which illustrate 

the effect o f  bridging on hexane solubility. As mentioned above, intermolecular bridging 

results in poor solubility in low-dielectric, low-donor-number solvents; with this in mind, 

consider the structures o f each lithium aluminate (Figures 37 and 34, respectively). 

LiAl(HFPP)4 has no significant intermolecular contacts (other than potential pi-stacking 

interactions), and is highly soluble in hexane because it can dissolve as a molecular unit.
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In contrast, LiAl(HFIP)4 is completely insoluble in hexane, which can be attributed to the 

extensive bridging observed in its solid-state structure. This also reflects the extent to 

which the ionic portion (AI, Li, O atoms) o f  the molecule is exposed. In a nonpolar 

hydrocarbon solvent such as hexane, a highly exposed ionic portion invariably results in a 

low solubility. It can be seen from the two structures that an increase in bridging is 

accompanied by a greater degree o f  exposure, resulting in a lower solubility for 

LiAI(HFIP)4 .

Another way to consider the relationship between bridging and solubility is in the 

context o f  the penetrated ion pair structural theme. This was proposed earlier to be an 

important factor contributing to the hydrocarbon solubility of LiAl(ORf)4 salts, and it 

follows that the extent to which each salt can be described as having this structure may 

serve as an approximate indicator of its solubility. LiAl(HFPP)4 is well-described as a 

penetrated ion pair, but this is not true for LiAl(HFIP)4 due to the numerous 

intermolecular contacts. The relative solubilities o f  these two compounds agree with this 

interpretation as well.

Solution Conductivity

Lithium salts o f the fluoroalkoxyaluminate anions were first characterized by 

measuring conductivities at various concentrations, c, in DME to gain insight into the 

nature o f ion pairing in this solvent. Equivalent conductivities, A, were determined from 

these values, and plots o f A vs. c1/2 were made. Three salts were examined in this 

manner: LiAl(HFIP)4, LiAl(HFTB)4, and LiAl(HFPP)4. The shape o f the curves for 

LiAl(HFIP)4 and LiAl(HFTB)4, shown in Figure 38, are very similar to those for
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Figure 38. Plots o f  equivalent conductivity vs. square root of 
concentration for LiAl(HFIP)4 and LiAl(HFTB)4. See Table 1 for 
definitions o f  abbreviations.
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LiB(HFP0P)2 and LiB(HFTPOP-2,3,4)2 displayed above in Figure 2. The local minima 

and maxima occur at the same concentrations, and the presence o f a local minimum at 

approximately 0.1 M 1/2 (0.01 M) indicates the formation of triple ions.

The curve for LiAl(HFPP)4, shown in Figure 39, differs from the others 

considered thus far. Unlike the other plots, a local minimum in equivalent conductivity is 

not observed at a concentration o f approximately 0.01 M. Instead, the curve levels off, 

followed by a steady decrease at higher concentrations. This suggests that triple ions do 

not form to as significant an extent as for the other two salts in DME. The leveling 

region provides evidence for their existence, but the concentration is presumably low, as 

there is no increase in equivalent conductivity between 0.1 M I/2 (0.01 M) and 0.32 M 1' 2 

(0.1 M) as was observed in the plots for LiAl(HFIP)4 and LiAl(HFTB)4- In this case, not 

enough triple ions are formed to increase A, and their concentration is not high enough to 

significantly increase the solution permittivity. The m ajor difference among 

LiAl(HFIP)4, LiAl(HFTB)4, and LiAl(HFPP)4 is the size o f  the R group on the -  

OCR(CF3)2 ligand. The R groups for HFIP and HFTB (H and CH3, respectively) are 

small, allowing for the facile formation o f  triple ions. However, for HFPP the large and 

rigid phenyl group most likely results in a sterically strained Li(Al(HFPP)4)2_ triple ion, 

resulting in a low concentration of this species. This explanation is in agreement with the 

solid-state structures for LiAl(HFIP)4 and LiAl(HFPP)4 (Figures 34 and 37, 

respectively). As discussed above, LiAl(HFEP)4 has a dimeric structure, with many 

intermolecular contacts to Li~, while the structure o f LiAl(HFPP)4 is monomeric, with no 

intermolecular contacts to Li~. The explanation for this difference was based on steric 

considerations, and the same factors are most likely at play here as well. Furthermore,
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Figure 39. Plot of equivalent conductivity vs. square 
root o f  concentration for LiAl(HFPP)4 in DME. See 
Table 2 for definitions of abbreviations.
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solid-state structure o f  [Li(Al(FlFIP)4)2]_ has been determined by Dr. Svetlana Ivanova, 

providing evidence that this type o f  species does exist.

As for LiB(HFPOP)2, LiAl(ORf)4 was compared to LiCF3S 0 3 by measuring 

conductivities at 0.01 M in the presence o f  two equivalents o f 12-crown-4. Values are 

listed in Table 18. LiAl(TFPE)4, the lithium aluminate with the lowest conductivity, was 

used for this study. As m entioned earlier, the conductivity o f LiCF3S 0 3 increased by 

150% when compared to a solution without added 12-crown-4. In contrast, the 

conductivity o f LiAl(TFPE)4 did not change, even when an excess o f the cyclic ether was 

added. According to the discussion above for LiB(HFPOP)2, this indicates that the 

A1(TFPE)4_ anion is more w eakly coordinating than CF3S 0 3~, and that the lithium cation 

exists primarily in the fully solvated Li(DME)2~ form in a DME solution o f 

LiAl(TFPE)4. Also, the higher conductivity o f LiAl(TFPE)4 under these conditions 

shows that A1(TFPE)4_ is more weakly ion-pairing than the triflate anion. Since 

LiAl(TFPE)4 has the lowest conductivity o f  all LiAl(ORf)4 salts, it is likely that the same 

conclusions can be made regarding the other lithium aluminates.

Conductivities o f  a variety o f LiAl(ORf)4 salts were measured in DME, and are 

listed in Table 18. The key component o f  the new WCAs is the ORf ligand, and its 

properties determine the character o f  the anion. One objective in designing the ligands 

was to maximize the degree o f  charge dispersal. This was accomplished primarily with 

the incorporation o f trifluoromethyl groups (e.g. -O CR(CF3)2, -O C R 2(CF3), — 

OCRR'(CF3) ligands), although it was expected that the nature o f  the R and R' groups 

would also have an effect. First consider the series o f  ligands based on the general 

formula -OCR(CF3)2. Increasing the electron-withdrawing power o f  R should enhance 

the degree o f  charge dispersal in the anion, thereby decreasing the ion-pairing strength
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Table 18. Conductivities o f  LiCF 3 S 0 3 , LiAlF(HFPP)3 , and LiAl(ORf)4.
compound solvent conc., M conductivity, 

mS cm-1
LiAl(TFPE)4 DME 0.01 0.125

LiAI(TFPE)4 + 2 eq. 12-C-4 DME 0.01 0.122

LiAl(DPTE)4 DME 0.01 0.205

LiAI(HFBuPP)4 DME 0.01 0.218

LiAl(HFTP)4 DME 0.01 0.236

LiAl(HFPP)4 DME 0.01 0.236

LiAl(HFPP)4 l,2 -C 6H4F2 0.01 0.003

LiAl(HFPP)4 toluene 0.01 _a

LiAl(HFCP)4 DME 0.1 0.283

LiAl(HFEP)4 DME 0.01 0.300

LiAl(HFTB)4 DME 0.01 0.308

LiAl(PFTB)4 DME 0.01 0.342

LiAl(HFPP)4 DME 0.1 2.05

LiAlF(HFPP)3 DME 0.1 0.500

LiCF3S 0 3 DME 0.01 0.004

LiCF3S 0 3 + 2 eq. 12-C-4 DME 0.01 0.010

LiAl(HFBuPP)4 ACN 0.01 0.786

LiAl(HFTP)4 ACN 0.01 0.847

LiAl(HFPP)4 ACN 0.01 0.883
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Table 18 (continued).
LiAl(HFCP)4 ACN 0.01 0.883

LiAl(PFTB)4 ACN 0.01 0.927

LiAl(HFEP)4 ACN 0.01 1.020

LiAl(HFTB)4 ACN 0.01 1.020

a Too low to measure. 12-C-4 = 12-crown-4. See Table 2 for definitions o f
abbreviations.

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o f  the anion and increasing the conductivity o f  its lithium salt. This prediction turned 

out to be true only in the case o f  LiAl(PFTB)4, in which the trifluoromethyl group is 

much more electron-withdrawing than the other R moieties. F o r all other salts, the 

predicted ion-pairing strength does not correlate with conductivity. For example, the 

conductivity o f LiAI(FIFTB)4 is higher than LiAl(HFPP)4, even though a phenyl group 

is more electron-withdrawing than a methyl group (which is even slightly electron- 

donating). This idea is shown graphically in Figure 40, in a plot o f  conductivity vs. 

pK% o f  the protonated fluoroalkoxide ligand. The fluoroalcohol pKz values, listed in 

Table 19, provide a relative measure o f  the ability o f each fluoroalkoxide ligand to 

disperse the negative charge o f  the corresponding anion; the low er the pKa, the higher 

the degree o f charge dispersal, and the weaker the ion-pairing strength. No obvious 

correlation was observed, and it does not appear that ion-pairing strength is primarily 

responsible for the observed differences in conductivity.

Ion pairing is not the only factor to consider when evaluating conductivity 

values. Ion mobility is also important, which is dependent on ion size. Both the cation 

and anion determine the conductivity, so it is necessary to consider the contribution of 

each. While the size o f  the Li(DME)2^ complex does not vary, the size o f  the anion is 

different for each salt, and this affects the conductivity. Figure 41 illustrates this 

relationship in a plot o f conductivity vs. LiAl(ORf)4 formula unit volume. Formula 

unit volume was used to approximate anion size and was obtained from the appropriate 

solid-state structure, or estimated (LiAl(HFTB)4 and LiAl(PFTB)4 ) from very similar 

structures (values are listed in Table 19). In contrast to Figure 40, a  strong (R2 = 0.68) 

correlation is seen: as anion size increases, conductivity decreases.
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Table 19. pKa Values and formula unit volumes for LiAl(ORf) 4  salts.
compound pXa o f H O Rfa formula unit volume o f LiAl(ORf)4, A3

LiAl(HFBuPP)4 9.318 1507b

LiAl(HFTP)4 o 00 1124b

LiAl(HFPP)4

0000oo 977.0b

LiAl(HFCP)4 10.31S 1047b

LiAl(PFTB)4 5.419 750c

LiAl(HFEP)4 9.319 545b

LiAl(HFTB)4 9.619 700c

a Aqueous pXa value. b from X-Ray structure determinations. c Estimated from structure o f
Li-(2-cyclohexenone)Al(HFTB)4. See Table 2 for definitions o f abbreviations.
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Another possible explanation for the observed trend in conductivities lies in the 

relative tendencies to form triple ions. As discussed above, triple ion formation acts to 

increase conductivity by producing more charge carriers. As the stability o f  these species 

increases, their concentration will also increase, leading to a higher conductivity. It was 

demonstrated that the formation o f  triple ions is favorable for LiAl(HFIP)4 and 

LiAl(HFTB)4, but is not as favorable for LiAl(HFPP)4- Assuming that steric bulk is the 

determining factor, it is predicted that triple ion formation would be increasingly less 

favorable as the size o f the R group increases. Based on this assumption, the 

conductivities o f  LiAl(HFPP)4 (0.236 mS cm-1), LiAl(HFTP)4 (0.236 mS cm-1), and 

LiAl(HFBuPP)4 (0.218 mS cm-1) can be explained according to their relative tendencies 

to form triple ions. The HFPP (R = phenyl) and HFTP (R =p-tolyl) ligands have similar 

sizes, but the HFBuPP (R = 4-r-butyl-phenyl) ligand is much larger. Thus, the anions 

composed o f  HFPP and HFTP ligands presumably have similar tendencies to form triple 

ions, and the anion composed o f HFBuPP ligands a much lower tendency. As such, 

LiAl(HFPP)4 and LiAl(HFTP)4 have the same conductivity, while that o f 

LiAl(HFBuPP)4 is lower. The higher conductivity o f LiAl(HFCP)4 may be due to the 

more flexible R group (cyclohexvl) on each ligand, which would lead to more stable 

triple ions. The data fit this hypothesis based on triple ion stability, as well as the size 

hypothesis proposed above. In reality, the results most likely reflect a combination o f 

both these effects.

Conductivities of LiAl(OCR(CF3)2)4 were also measured at 0.01 M in acetonitrile 

(Table 18). The high dielectric constant (s = 36) o f this solvent disfavors triple ion 

formation, thereby simplifying the solution dynamics. The high permittivity also 

minimizes the effect o f ion-pairing strength; while this was shown to have only a minor
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influence on the conductivity o f  LiAl(OCR(CF3)2)4 in DME, it was still a factor when 

LiAl(PFTB)4 was considered. A  plot o f  conductivity in ACN vs. p shown in Figure 42 

demonstrates this, in which no obvious correlation is observed between the two variables. 

In contrast, in a plot o f conductivity in ACN vs. formula unit volum e shown in Figure 43, 

a strong correlation (R2 = 0.90) is observed. Assuming that the concentration of triple 

ions is negligible in all cases, anion size is left as the only significant variable, and is the 

determining factor for conductivity o f LiAl(OCR(CF3)2)4 salts in this solvent. Although 

LC solvation is probably significantly different in ACN and DM E, these data lend 

support to the hypothesis that anion size is the determining factor for the conductivity o f 

LiAl(ORf)4 salts in DME as well.

All o f  the ligands discussed to this point are derived from the general formula — 

OCR(CF3)2. Another class under study is based on ORf ligands with only one 

trifluoromethyl group, to investigate the effect o f  decreased fluorine content. Two new 

lithium salts have been synthesized: LiAl(DPTE)4 and LiAl(TFPE)4 (the former

compound by the author, the latter by Dr. Svetlana Ivanova in the Strauss group). The 

conductivity o f  LiAl(DPTE)4 is quite high, and is comparable to the bis(trifluoromethyl) 

derivatives, while the value for LiAl(TFPE)4 is much lower. The only difference 

between the two anions is the substitution o f a phenyl group for a hydrogen atom on each 

ligand, which has a large impact on anion size. This illustrates an important 

consideration in the design o f  WCAs: as the size o f  an anion increases, it generally

becomes more weakly ion-pairing, due to the higher degree o f  charge dispersal and 

weakened electrostatic interaction. The A1(DPTE)4~ anion is larger than AI(TFPE)4~, 

and is thus presumably more weakly ion-pairing, resulting in a higher conductivity for its 

lithium salt. This argument may appear to contradict what was discussed above, but it is

15S
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important to keep in mind that conductivity is a convolution o f  ion mobility and ion- 

pairing. Although the A1(TFPE)4_ anion is weakly ion-pairing, its conductivity is low 

enough that both o f  these factors are most likely important, in contrast to the “extremely 

weak ion-pairing strength” regime o f  the other salts. Increasing anion size from 

AI(TFPE)4~ to A 1(DPTE)4~ decreases conductivity in terms o f  ion mobility, but the 

increase due to weaker ion pairing outweighs this, leading to a higher conductivity 

overall.

The importance o f effective fluoroalkoxyaluminate anions having four 

fluoroalkoxide substituents is illustrated by a comparison between the 0.1 M 

conductivities o f  LiAl(HFPP)4 and LiAlF(HFPP)3 (Table 18). The latter compound 

contains an anion with three HFPP ligands and one fluorine atom bonded to aluminum, 

and has a conductivity four times less than that o f LiAl(HFPP)4- The substitution o f only 

one HFPP ligand for a fluorine atom has a dramatic effect on conductivity, and indicates 

a much higher ion-pairing strength for A 1F(HFPP)3_.

Due to the extremely weak ion-pairing strength o f  Al(ORf)4_ and the high 

solubility o f certain LiAl(ORf)4 salts in low-polarity solvents, the use o f alternative 

electrolyte solvents was investigated. The conductivity o f  LiAl(HFPP)4 was measured at 

0.01 M in toluene and 1,2-difluorobenzene (Table 18). The conductivity in toluene was 

too low to measure with the apparatus used, indicating a strongly bound ion pair. This 

suggests that the solution structure o f this lithium aluminate in toluene is very similar to 

the solid-state structure (Figure 37). The conductivity in 1,2-difluorobenzene has a value 

o f 0.003 mS cm-1 . Apparently, LiAl(HFPP)4 is dissociated to a small extent in this 

solvent, indicating that 1,2 -difluorobenzene is a strong enough donor to compete with 

A1(HFPP)4-  in coordinating to Li~. Given the low donor strength o f 1,2-difluorobenzene,
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this provides additional evidence for the extremely weak ion-pairing strength of this 

aluminate anion. Furthermore, the fact that Li~ is somewhat dissociated in this nonpolar 

solvent provides an insight into the origin o f its catalytic activity as discussed earlier. 

Not only is LiAl(HFPP)4 soluble in low-polarity solvents, but the anion is sufficiently 

weakly ion-pairing to yield a highly active Lewis acid.

Maximum Conductivity o f  LiAl(O Rfj

As for LiB(0 2 Lf)2 salts, the conductivity behavior o f LiAl(ORf)4 was examined 

in DME at various concentrations to determine the K m a x  values. Three salts were studied 

in this manner: LiAl(HFIP)4, LiAl(HFTB)4, and LiAl(HFPP)4, and Figure 44 shows a

plot o f  conductivity vs. concentration for each o f  these. LiAl(HFIP)4 and LiAl(FIFTB)4 

greatly exceed the practical minimum of 5 mS cm -1 (discussed in the Chapter 1 of this 

dissertation), and have Kmax values o f 11.2 and 9.6 mS cm-1, respectively. In contrast, 

LiAl(HFPP)4 has a Kmax o f only 4.2 mS cm-1 , below the practical minimum. One 

explanation for these differences stems from the different sizes o f the fluoroalkoxide 

ligands that comprise each anion. As size increases, ion mobility as well as conductivity 

decreases. Another way to view this is in terms o f  viscosity. As ion size increases, 

solution viscosity also increases at a given concentration. This restricts the movement o f 

both the cation and anion, resulting in a lower conductivity. In order o f increasing size, 

the three anions are A1(HFIP)4_ > Al(HFTB)4~ > AI(HFPP)4_. The methyl group on 

HFTB does not result in a large increase in anion size from HFIP, but the phenyl group 

on HFPP does. Accordingly, the maximum conductivities follow the same order.
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Another factor that may be contributing to the large difference in K m a x  values 

between the LiAl(HFIP)4 and LiAl(HFTB)4 salts and LiAl(HFPP)4 is the tendency to 

form triple ions. As discussed above, the formation of these affects the number o f  charge 

carriers in two ways: first, by physically creating more o f  these; second, by raising the 

solution permittivity, thereby shifting the dissociation equilibrium o f LiAl(ORf)4 to form 

more ions. LiAl(HFEP)4 and LiAl(HFTB)4 were shown to behave in this manner, which 

may be partly responsible for their very high maxima relative to LiAl(HFPP)4, which 

does not.

The maxima observed in DME for LiAl(HFEP)4 LiAl(HFTB)4 are very 

encouraging, as they greatly exceed the practical minimum o f  5 mS cm-1 . To determine 

its efficacy as secondary lithium battery electrolytes, the conductivity o f LiAl(HFEP)4 

was also evaluated in EC/DMC. The conductivity maximum for this salt was found to be 

6.1 mS cm-1 (also at 0.5 M) in this solvent by Mr. Shoichi Tsujioka (a former research 

associate in the Strauss group), which is much lower than the maximum in DME, but still 

above the practical minimum. The reduction in Kmax between solvents is most likely due 

to decreased ion mobilities. The EC/DMC mixture is more viscous that DME, and is thus 

more restrictive o f  ion movement. While A1(HFIP)4~ is the smallest aluminate anion, it 

is still relatively large, and its mobility will be noticeably affected by a change in solvent 

viscosity. As was done for LiB(HFPOP)2, the conductivity o f  LiAl(HFfP)4 was also 

measured in various mixtures o f  EC/DMC in an attempt to find an optimal solvent. 

Conductivities were measured at 0.5 M, and the results are shown graphically in Figure 

45. Again, the desired effect was not observed: between 50% and 30% EC content, there 

is only an increase o f  0.8 mS cm-1 . One possible explanation for this is that the viscosity 

is still too high to yield a high conductivity, even when the solvent is 100% DMC (q =
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0.59 cP) . It was not expected that this rather small increase in viscosity (vs. 0.407 cP for 

DME) would have such a deleterious effect. Another possibility is the smaller donor 

number o f both EC (16.4) and DMC (15.1) vs. DME (24).

A final point to consider is that as was the case with LiB(0 2 Lf)2, the 

concentrations of LiAl(ORf)4 involved the conductivity analyses do not exceed 0.6 M, 

and very high values are observed at 0.5 M. As was mentioned earlier, a concentration o f 

1 M is necessary to achieve a useful conductivity for a given lithium salt. However, for 

LiAl(HFIP)4, a value o f 11.2 mS cm -1 is observed at 0.5 M, half o f the usual 

concentration. For this compound and LiAl(HFTB)4, conductivities o f 6.2 mS cm-1 are 

seen at 0.2 M, indicating that even less compound could be used in to reach the 5 mS cm-  

1 minimum. This could be very important if  any o f  these salts are developed 

commercially. Even if  the new lithium aluminates are more expensive than LiPFg (as an 

example), the fact that the amount required is much less could match, or be lower than, 

the production cost of a battery using the latter salt.

Electrochemical Stability o f  LiAl(ORf4

The lithium fluoroalkoxyaluminates were characterized for their electrochemical 

stability in the same manner as for the lithium borates. This work was performed by Mr. 

Shoichi Tsujioka. Two salts were studied in detail: LiAl(HFIP)4 and LiAl(HFPP)4-

Both were found to be oxidatively (>5.0 V vs. Li0/-) and reductively stable in several 

solutions, and neither were found to promote the corrosion o f aluminum. Additional tests 

were done to determine the stability o f  the electrolyte in contact with commonly used 

cathode (LiCoCb) and anode (MCMB carbon) materials. It was found that both salts are
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stable under these conditions as well. Due to its combination o f  favorable properties, 

LiAl(HFIP)4 is currently being developed for commercialization.

Conclusions

New varieties o f Al(ORf)4~ based on the A1(HFPP)4_ prototype have been 

developed. Those that were structurally characterized showed that C -F  bonds 

coordinated to Li are longer than those that are not, in agreement with previous results. 

The new salt LiAl(HFCP)4 was found to have the highest hexane solubility o f  all known 

LiAl(ORf)4, and is an order of magnitude greater than that o f  LiAl(HFPP)4. 

Conductivity studies showed that all LiAl(ORf)4 salts are very weakly ion-pairing when 

compared to PFg~ and CF3SO3- . In fact, the ion-pairing strengths o f the new anions are 

so weak that ion mobility, and not ion-pairing, is the prim ary factor determining 

conductivity in DME and ACN. The maximum conductivity for LiAl(HFEP)4 is very 

high in DME, and it was also found that this salt satisfies other requirements for practical 

use in battery systems.
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CHAPTER 4

Additional New Classes of Weakly Coordinating Amnions

Aside from the two major classes o f new weakly coord inating  anions discussed 

above, several others were explored as well: compounds based om  the general formula 

B(ORf)(C(5F5)3_; carborane anions; and a weakly coordinating amion consisting o f a 

hydrogen-bonded complexe. All o f  these were characterized in terms of their 

conductivities in various solvents, and are the subject o f  this chapter.

Experimental

Materials

Schlenk, glovebox, and high vacuum techniques were em ployed, with purified 

argon or nitrogen used when an inert atmosphere was required. All rreagents and solvents 

were reagent grade or better. The compounds /z-BuLi (2.5 M, Aldlrich) and CF3CO2H 

(Aldrich, 99+%) were used as received. To prove that the CF3C O 2H was sufficiently 

dry, LH NMR spectra o f it dissolved in dry acetonitrile-rfj, w ith, and without added 

(CF3CO)2 0 , were obtained. The 5 value for the acidic H atom w-'as the same in both 

cases; control experiments demonstrated that traces o f  water cause =a shift in 5(H). The 

compounds LiCF3C02  (Aldrich, 95%) and NEt.4.(CF3C 0 2 ) (Aldrich, 98%) were dried by 

heating under vacuum for 18 h at 110 °C or 35 °C, respective! ly. The compound 

B(CgF5)3 (Boulder Scientific Co.) was dried by stirring with 1 M B C I3 in 30 mL toluene 

for 18 h. Toluene and traces o f  HC1 were removed under vacuum a t  room temperature,
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and B(CgF5)3 was sublim ed from traces o f B(OH)3 under dynamic vacuum at 81 °C. *H 

NM R spectroscopy confirm ed that the product was dry, and 19F NM R spectroscopy 

confirmed that it was pure. The following solvents were obtained from the indicated 

commercial vendors, and were purified by distillation under nitrogen or under vacuum 

from the indicated drying agent: tetrahydrofiiran (THF, Fisher, Na); 1,2-

dimethoxyethane (DME, Acros, Na); propylene carbonate (PC, Aldrich, 4A molecular 

sieves); acetonitrile-n^ (Cambridge, CaH2).

[Li][CB11H 12l- The compound [NHMe3][CB11H 12]1 (0.998 g, 4.92 mmol) was 

dissolved in dry THF (25 mL) and treated with zz-BuLi (4.92 mmol) dropwise at room 

temperature. The cloudy mixture was stirred for 1 h. At this point, all volatiles (THF and 

NMe3) were rem oved under vacuum to leave a white solid, which was dried under 

vacuum at 210 °C for 6 h to yield L iC B ^ H ^  as a white powder (0.590 g, 80% yield). 

I1B {IH }N M R (C D 3CN): 5 -5 .8 4  (int. 1),-12.31 (int. 5 ),-1 5 .3 8  (int. 5).

[L il[7 ,8 ,9 ,10 ,ll,12-C B u H6B r6]. The compound [NHMe3][C B n H6Br6]2 (0.223 

g, 0.329 mmol) was dissolved in dry THF (20 mL) and treated with zz-BuLi (0.332 mmol) 

dropwise at 0 °C. A fter the addition was complete, the cloudy mixture was warmed to 

room temperature and stirred for 1 h. At this point, all volatiles (THF and NMe3) were 

removed under vacuum to leave a white solid, which was dried under vacuum at 150 °C 

for three days to yield L iC B u ^ B rg  as a white solid (0.139 g, 68%). *H NM R (CD3CN) 

5 2.90 (s, 1 H), 2.30 (q, / B.H = 174 Hz, 6 H).

[L i][l-C H 3-C B 11F 11]. The compound [NHMe3][l-C H 3-C B t jFj (0.255 g,

0.614 mmol) was dissolved in dry THF (15 mL) and treated with zz-BuLi (0.614 mmol) 

dropwise at 0 °C. After the addition was complete, the cloudy mixture was warmed to 

room temperature and stirred for 3 h. At this point, all volatiles (THF and NMe3) were
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removed under vacuum to leave an off-white solid, which was dried under vacuum at 145 

°C for 18 h to yield [Li][l-CH 3-CBl lF 11] as an off-white solid (0.144 g, 65%). ^  NMR 

(CD3C N )5 1.54 ( s ,3 H ).

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Physical Measurements

Samples for NM R spectroscopy were solutions in 5 mm glass tubes. NMR 

spectra were recorded on a Varian 300 spectrometer operating at the indicated 

frequencies: lH, 300.1 MHz; 19F, 282.4 MHz. Chemical shifts (5 scale) are relative to 

SiMe4 (5 = 0 for *H NMR) and CFCI3 (5 = 0 for l9F NMR). Solution conductances were 

measured at 24±1 °C using a YSI Model 3403 conductivity cell calibrated for inverted 

use (k = 0.9988 cm-1) and a YSI Model 32 conductivity bridge. The bridge was operated 

at 1 KHz (conductances > 100 pS) or at line frequency (50-60 Hz, conductances <100 

pS). Measurements made using both modes were the same, but a sharper null point was 

observed at 1 KHz for higher conductances, and at line frequency for lower 

conductances. All samples were anhydrous as determined by ^H NMR spectroscopy, and 

solutions o f these were prepared in volumetric flasks in the glovebox. The error in 

measurement was determined to be < 1% using the same batch o f material. Variation 

from one batch to another was found to be 2% or less.
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Results and Discussion

Carborane Anions

The conductivities o f [L ijfC B ^ H ^ ], [Li][7,8,9,10,11,12-CBiiHgBrg], and 

[L i][l-CH 3-C B 11F l l ] were determined at a concentration o f  0.01 M in various solvents. 

The results are listed in Table 20.

Table 20. 0.01 M Conductivities o f  lithium carborane anions in DME, THF, and PC.

compound solvent cond., mS cm  1

[L i][C B „H 12] THF 0.059

[Li][CBu H 12] PC 0.152

[Li][CBn H6Br6] THF 0.149

[L i][C B „H 6Br6] PC 0.134

[U][l-CH3-CBn Fn ] DME 0.170

[L iH l-O L -C B n F n ] PC 0.155

Tetrahydrofuran was used as the solvent for [LiJtCBj and [Li][CBj jHgBrg], and

DME was the solvent for [Li][l-CH 3CB 11F u ]. Although these are different solvents, 

they are very similar in terms o f both permittivity (e =  7.39, 7.20 for THF, DME 

respectively), viscosity (r| = 0.455, 0.46 cP for THF, DME respectively) and donor 

number (DN = 20, 24 for THF, DME respectively).4 Thus, the conductivities o f salts 

should be similar in both solvents, and this has been observed in past experiments.^ The 

effect o f  halogen content can be seen in comparing the three salts: as this increases,
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conductivity also increases, reflecting a decrease in ion-pairing strength as a result o f  

enhanced charge dispersal.

The conductivities o f [L ijfC B ^ H ^ J, [LiJfCB^HgBrg], and [L ijfl-M e-C B ^ F ^ ] 

were also m easured in propylene carbonate (Table 20), a solvent commonly used in 

battery system s. It has the advantage o f  high permittivity (s = 64.4), but suffers from a 

high viscosity (r| = 2.53 cP).4 As such, it is well-suited for use in conjunction w ith 

electrolytes containing small anions, where ion-pairing strength, and not ion mobility, is 

the determining factor for conductivity. [L ijfl-M e -C B ^ F ^ ] and [L ijfC B ^H ^] have 

essentially the same conductivity, while the value for [Li][CB! jHgBrg] is lower. These 

are different from the results in DME, and reflect the importance o f ion mobility. In PC, 

all three carborane anions are presumably weakly-ion paired with LC, and the degree o f  

association does not determine conductivity. The F ^  and H 12 anions are approximately 

the same size, and thus have very similar conductivities. However, the Br6 anion is 

significantly larger, has a lower mobility, and thus a lower conductivity.

Anions

A nother class o f anions that was investigated were those based on combining 

B(CgF5)3 (FAB) with a lithium fluoroalkoxide. Using FAB as an anion receptor to 

generate w eakly ion-pairing anions has been studied in the past by Lee et al,6 Also, the 

types o f  compounds to be discussed are claimed in a patent filed by 3M Co .,7 but prior to 

the work reported in this dissertation no experimental evidence existed for these species. 

Three LiORf salts were used (LiHFIP, LiDPTE, LiPFTB), and the conductivities for 0.01 

M DME solutions are listed in Table 21, as well as the value for LiHFIP.
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Table 21. 0.01 M Conductivities o f  L iB C O R fX C ^)- in DME.

compound cond., mS cm -1

LiB(HFDP)(C6F5)3 0.176

LiB(DPTE)(C6F5)3 0.129

LiB(PFTB)(C6F5)3 0.137
See Table 2 for definitions o f abbreviations.

The B(ORf)(C6F5)3-  anion was generated in situ, by mixing one equivalent o f each 

component in DME. Comparing the values for LiHFIP (too low to measure) and 

LiBCHFIPXCgFj);;, it can be seen that the FAB additive dramatically increases the 

conductivity. The negative charge on HFIP is more effectively dispersed by coordination 

to the Lewis acid, creating a more weakly ion-pairing anion. Adding FAB to LiDPTE 

yields a complex with a lower conductivity, reflecting either a larger anion size or the 

weaker electron-withdrawing framework o f the DPTE alkoxide. The conductivity of the 

PFTB complex was unexpectedly low. This alkoxide is the most electron-withdrawing o f  

all three studied, and is not much larger than HFEP. Considering these factors, the 

complex o f LiPFTB with FAB should have the highest conductivity. One possible 

explanation is that the PFTB complex with FAB is not stable, and the weakly ion-pairing 

B(PFTB)(FAB)“ anion was not formed to an appreciable extent.

The B(ORf)(C6F5)3“ anions are specific examples or a more general class o f  

WCAs: those in which a negative fragment is coordinated to a Lewis acid such that the 

overall charge is negative one (1-). This description can be applied to the major anions 

discussed in this work (Al(ORf)4- , B(0 2 Lf)2_), but in this case the two components do 

not exist independently. In contrast, for BfO RfX CgFj^- , both FAB and LiORf exist and 

are stable.
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WCAs Based on Hydrogen-Bonded Complexes

Another class o f  WCAs based on  the Lewis acid/neutral base theme consists o f  

oxoanions A-  hydrogen-bonded to their conjugate acids HA to form HA2-  anions.8 

Although the simplest example, H (O H )2- , might be expected to be rather strongly 

coordinating, anions such as H(RC0 2)2~ should be weakly coordinating because o f the 

decrease in negative charge density on the oxygen atoms relative to the parent RCO2-  

anion. Gas phase dissociation enthalpies for the strongest O—H --0  hydrogen bonds are 

ca. 30 kcal mol-1 (e.g., H(CH3C0 2)2T, 29.3 kcal mol-1 ).9 Although this is considerably 

lower than the gas-phase enthalpies o f  F-  dissociation from BF4-  (92(6) kcal mol-1 ) ,10 

PFg-  (101(8) kcal mol-1 ) ,11 and even H F2-  (39(1) kcal mol-1) ,1-  the fragmentation o f  a 

particular HA2-  anion into HA and A-  m ay be sufficiently endothermic to afford stable 

complexes in some cases.

To determine if  complexes o f  the type described above are weakly ion-pairing, 

the conductivities o f THF solutions o f  LiCF3C 0 2 were measured with various amounts 

o f  added CF3COOH. The results are shown graphically in Figure 46. The equivalent 

conductivity for 0.01 M LiCF3CC>2 is a  linear function o f the concentration of added 

CF3COOH ([[CF3COOH]totai]) between 0 and 1 M added acid. The A value at 1 M 

added acid, 1.05 S cm2 mol-1 , is 70 times larger than the A value with no added acid. 

The A vs. [CF3COOH]totai relationship is nearly linear for 0.1 M LiCF3C 0 2. As 

expected, the A values are higher for the 0.01 M electrolyte solution than for the 0.1 M 

solution.

As discussed earlier, the conductivity o f an electrolyte solution at a finite 

concentration is dependent on many factors, including the relative mobilities o f  the ions,
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Figure 46. Plot o f  equivalent conductivity vs. concentration 
o f CF3COOH for THF solutions. The A value for 0.1 M 
NEt4(CF3C 0 2) with 1.0 M added CF3COOH was 14.1(2) S 
cm-2 mol-1 .
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specific ion-solvent interactions (i.e., Lewis acid—base interactions), and a variety o f 

solvent properties such as permittivity, Lewis acidity and/or basicity, and viscosity. 13 

These factors control the relative concentrations o f  free ions, solvent-separated ions, ion 

pairs, ion triplets, and higher aggregates, and these relative concentrations in turn alter the 

permittivity and viscosity o f the solution from the permittivity and viscosity o f  the pure 

solvent. In view o f these inherent complications, the goal o f  the present study was to 

demonstrate that LiCF3C0 2 is more extensively ion paired in THF than Li(H(CF3C0 2)2)> 

and not to fully characterize and quantitate the wide variety o f ionic species that are 

present in these solutions.

As a control experiment, we measured the conductivities o f THF solutions o f 

CF3COOH, from 0 M added acid to 1 M added acid. For all concentrations o f 

CF3COOH, the observed A values were ~ 5.9 x 10-4  S cm2 mol-1, more than 10 times 

lower than even the lowest A value listed in Table 22. This demonstrates that there is no 

significant amount o f ionization o f CF3COOH in THF at the concentrations used in this 

study. As another control experiment, we determined the equivalent conductivity o f 0.01 

M L iC B ^ H ^  in THF and in THF containing 0.06 M CF3COOH (the C B ^ H ^ -  anion is 

an extremely weak base14-1-). The A values, 5.90 and 5.82 S cm2 mol-1, respectively, 

are nearly the same. The small decrease m ay be due to the greater viscosity o f 

CF3COOH (r| = 0.93 cP) relative to THF (q = 0.46 cP; note that the relative 

permittivities o f  THF and CF3COOH, 7.4 and 8.6 at 20 °C, respectively, are similar). 

Therefore, the addition of CF3COOH does not, in general, affect the conductivity o f 

lithium salts in THF; there must be a specific effect operating when CF3COOH is added 

to THF solutions o f LiCF3C0 2. This effect can be understood in terms o f  an admittedly 

simple model based on the following three equilibria (all species are solvated):
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Table 22. Conductivities o f  UCF3CO2 in THF with varying amounts o f  CF3COOH.

conc. o f  added 

CF3COOH, M

equivalent conductivity (A), S cm 2 mol 1

( x -  = c f 3c o 2-)

0.01 M U X 0.1 M LiX 0.1 M NEt4X 0.01 M L i C B n H 12

0.00 0.015(2) 0.008(2) 0.960(2) 5.90(2)

0.06 5.82(2)

0.10 0.139(2) 0.045(2) 8 .00(2)

0.20 0.232(2) 0.074(2)

0.30 0.330(2) 0.114(2)

0.40 0.430(2) 0.159(2)

0.50 0.213(2)

0.60 0.630(2)

0.80 0.820(2) 0.431(2)

1.00 1.14(2) 0.580(2) 14.1(2)

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kl
LrTT^CCH (ion pair) —*--------- — Li'r -+- CF3 CO2 "

Ki
CF3C0 2-  + CF3COOH ^ H(CF3C0 2)2‘

K3 _ _  _________ __
Li H(CF3C0 2)2 (ion pair) - * —  Li ■+■ H(CF3C0 2)2

In a relatively low permittivity solvent, CF3COOH forms a strong hydrogen bond with 

CF3CO9-  (i.e., since AT2 »  1) and K \ is relatively small. Therefore, and if  H(CF3C0 2)2“ 

is more weakly ion pairing than CF3C 0 2-  (i.e., K\ < K3), the conductivity o f  a solution o f 

LiCF3C0 2 in THF should increase as the concentration o f  CF3COOH increases. This is 

what was observed. When CF3COOH was added to a 0.1 M solution o f  NEt4(CF3C0 2), 

the A value increased much more rapidly than in the 0.1 M LiCF3C 0 2 experiment. 

However, the A value did not increase linearly with concentration of acid; it seemed to 

approach a limiting value o f 14.1 S cm 2 mol-1 at 1 M  CF3COOH. These two 

observations are consistent with a m uch larger Ki value for NEt4(CF3C0 2) than for 

LiCF3C 0 2, a sensible conclusion.

Others have studied the effect o f  added protic acids on the conductivities o f  

solutions o f electrolytes. In one study, de Almeida and Inocencio investigated the effect 

o f added formic acid on the conductivity o f  LiC104 in TH F . 16 They noted a linear 

increase in A with increasing mass percent o f  HCOOH, but they attributed this increase 

to an increase in dielectric constant o f  the medium, not to hydrogen bond formation. In 

another study, 17 Kolthoff and Chantooni investigated the effect o f added p-bromophenol
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(HOAt) on the conductivity o f  0.002 M N E^C l in acetonitrile. Interestingly, addition o f  

the phenol decreased A, an effect that can be rationalized if  AT1(NEt4Cl) is very large 

when acetonitrile (s = 37.5) is the solvent. In that case, addition o f HOAr would not 

result in a larger concentration o f ions but in the formation o f  a larger anion, C l"'H O A r- , 

with a smaller mobility. In a related study, 18 Pawlak investigated the effect o f  added 

proton donors on the conductivities o f  various lithium salts in sulfolane (s = 34). The 

addition o f  CHChCOOH to a sulfolane solution o f KCHCbCCb also caused a modest 

decrease in A. Apparently, the effect o f  added HA on the conductivity of solutions o f 

electrolytes such as LiA and KA depends on the permittivity o f  the solvent used. For 

high dielectric solvents such as acetonitrile and sulfolane, A decreases slightly because 

the mobility of the homoconjugated HA2-  is less than the mobility of A-  and the 

electrolyte is already significantly ionized. For a low dielectric solvent such as THF, the 

decreased mobility o f  HA2-  is o f  minor importance relative to the increased 

concentration of "free" ions, and A increases as more HA is added.

Conclusions

Preliminary studies were performed on three new classes o f weakly coordinating 

anions. The carborane anions have the advantages o f being very stable under a variety o f 

conditions, and they m ay be good candidates for practical use upon further study. The 

new borate anions demonstrate that FAB is a highly effective additive for increasing the 

conductivity of solutions o f weak electrolytes. The class based on hydrogen-bonded 

complexes is interesting, and presents another way in which to think about the
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construction o f  WCAs. However, due to the presence o f protons, their use in battery 

systems would be limited.
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Figure A.I. Drawing o f Li2(DiVIE)(B(HFPOP)2)2) w ith  all 
but the hydrogen atoms labeled. See Table 2 for definitions 
o f  abbreviations.
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T able A .l. Crystal data and structure refinement for Li2 (DM E)(B(HFPOP)2 ) 2 )-
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T ab le  A.2. Atomic coordinates for Li2(DME)(B(HFPOP)2)2)-

X '/ = C ( e q )

3  ( 1 ) 4 0 3 2 ( 2 ) 4 4 1 5 ( 1 ) 2 6 4 9 ( 1 ) 2 5 ( 1 )
3 ( 2 ) 1 0 8 = ( 2 ) 6 0 9 1 ( 1 ) 2 4 9 4  ( 1 ) 2 5 ( 1 )
L i ( l ) 5 2 1 9 ( 4 ) 3 5 1 0 ( 2 ) 2 4 0 4  ( 2 ) 3 8  ( 1 )
L i  ( 2 ) 2 5 2 2 ( 4 ) 5 2 4 3  ( 2 ) 2 5 9 8  ( 2 ) 4 1 ( 1 )
0 ( 1 ) 4 6 5 3 ( 2 ) 2 9 5 4  ( 1 ) 1 5 0 8  ( 1 ) 4 6 ( 1 )
0 ( 2 ) 6 5 1 3 ( 2 ) 3 0 2 0 ( 1 ) 2 5 3 9 ( 1 ) 4 8 ( 1 )
0 ( 3 ) 4 7 3 1 ( 1 ) 4 2 3 8  ( 1 ) 2 0 7 5 ( 1 ) 2 5 ( 1 )
0 ( 4 ) 4 3 7 3 ( 1 ) 3 9 2 9 ( 1 ) 3 1 5 9  ( I ) 2 7 ( 1 )
0 ( 5 ) 4 2 9 8 ( 1 ) 4 9 7 1  ( 1 ) 2 9 8 3 ( 1 ) 23  ( 1 )
0 ( 5 ) 2 5 3 8 ( 1 ) 4 4 3 5  ( 1 ) 2 3 6 0  ( 1 ) 2 7 ( 1 )
0 ( 7 ) 9 0 8 ( 1 ) 5 5 0 3 ( 1 ) 2 7 3 1 ( 1 ) 2 7 ( 1 )
0 ( 8 ) 2 3 1 7 ( 1 ) 6 0 = 0 ( 1 ) 2 2 7 5 ( 1 ) 2 7 ( 1 )

0 ( 9 ) 1 1 3  ( 1 ) 6 2 9 4  ( 1 ) 1 9 7 9  ( 1 ) 29 ( 1 )
0 ( 1 0 ) 1 1 1 4 ( 1 ) 6 4 9 0 ( 1 ) 3 1 1 4  ( 1 ) 3 0  ( 1 )
C ( l ) 2 4 = 3  ( 2 ) 2 3 8 9  ( 2 ) 1 1 7 3  ( 2 ) 90  ( 1 )
C ( 2 ) 5 4 3 3  ( 3 ) 2 4 8 6 ( 1 ) 1 7 0 5  ( 2 ) 5 1 ( 1 )
C ( 3 ) 6 5 3 7 ( 3 ) 2 5 3 5  ( 1 ) 2 1 0 8  ( 2 ) 5 7 ( 1 )
C ( 4 ) 7 5 9 3  ( 3 ) 3 0 7 4  ( 1 ) 3 2 6 4  (2 ) 5 0 ( 1 )
C ( S ) 5 3 1 5 ( 2 ) 4 7 1 5 ( 1 ) 1 5 9 5  ( 1 ) 27  ( 1 )
C ( 6 ) 4 3 1 5 ( 2 ) 4 9 3 0 ( 1 ) 1 0 2 9 ( 1 ) 33 ( 1 )
C ( 7 ) 5 3 7 0  ( 2 ) 4 4 0 2 ( 1 ) 1 4 0 3 ( 1 ) 3 6 ( 1 )
C ( 8 ) 5 8 1 2 ( 2 ) 5 2 0 6 ( 1 ) 2 2 2 1 ( 1 ) 2 7  ( 1 )
C ( 9 ) 5 2 3 4 ( 2 ) 5 2 9 0 ( 1 ) 2 3 5 5  ( 1) 2 5 ( 1 )
C ( 1 0 ) 5 6 9 8 ( 2 ) 5 7 2 6 ( 1 ) 3 3 6 2  (1 ) 3 1 ( 1 )
C ( l l ) 6 6 2 7 ( 2 ) 5 0 3 4 ( 1 ) 3 2 2 5  ( 1) 3 7  ( 1 )
C (  1 2 ) 7 1 4 2 ( 2 ) 6 0 1 8  ( 1 ) 2 5 3 3 ( 1 ) 38 ( 1 )
C ( 1 3 ) 5 7 3 4 ( 2 ) 5 5 3 1 ( 1 ) 2 0 9 1  ( 1 ) 32 ( 1 )
C ( 1 4 ) 3 4 7 4 ( 2 ) 3 5 5 5  ( 1 ) 3 5 0 7  ( 1) 28 ( 1 )
C ( 1 5 ) 4 1 3 0  ( 2 ) 3 0 9 9  ( 1 ) 3 8 0 8 ( 1 ) 37 ( 1 )
C ( 1 5 ) 3 2 2 3 ( 2 ) 4 0 1 4 ( 1 ) 4 1 3 0  ( 1) 39 ( 1 )
C ( 1 7 ) 2 2 7 7  ( 2 ) 3 5 5 5  ( 1 ) 29 3 2 ( 1 ) 29 ( 1 )
C ( 1 3 ) 1 5 0 3 ( 2 ! 3 0 3 5 ( 1 ) 2 9 2 3  ( 1 ) 40 ( 1 )
C ( 19  ) 4 4 4  ( 2 ) 3 0 2 9 ( 1 ) 2 3 7 0 ( 1 1 4 6 ( 1 )
C ( 2 0 ) 12 5 (2 ) 3 4 4 1  ( 1 ) 1 3 2 3 ( 1 ) 4 2 ( 1 )
C ( 2 1 ) 8 3 4 ( 2 ) 3 9 1 1 ( 1 ) 1 3 1 3 ( 1 ) 35 ( 1 )
C ( 2 2 ) 1 9 5 3  ( 2 ) 3 9 5 5  ( 1 ) 2 3 7 0  ( 1 ) 2 5 ( 1 )
C ( 2 3 ) 1 0 0 7 ( 2 ) 6 3 2 0 ( 1 ) 3 8 4 0 ( 1 ) 25 ( 1 )
C ( 2 4 ) 4 7 3 ( 2 ) 5 3 4 7 ( 1 ) 4 1 5 3 ( 1 ) 35 ( 1 )
C ( 2 5 } 23 2 9  ( 2 ) 5 1 9 = ( 1 ) 4 3 0 0  ( 1) 32 ( 1 )
C ( 2 6 ) 1 3 7 ( 2 ) 5 7 9 3 ( 1 ) 3 3 4 0 ( 1 ) 25 ( 1 )
C ( 2 7 ) - 5 3 9  ( 2 ) 5 5 3 2 ( 1 ) 4 3 7 7  ( 1) 3 1 ( 1 )
C ( 2 8 ) - 1 2 5 1 ( 2 ) 5 1 9 8 ( 1 ) 4 3 2 7  ( 1 ) 36 ( 1 )
C ( 2 9 ) - 1 2 4 0  ( 2 ) 4 3 1 7  ( 1 ) 3 7 4 8  ( 1 ) 38 ( 1 )
C ( 3 0 ) - 5 2 1 ( 2 ) 4 3 2 0 ( 1 ) 3 2 1 5  ( 1 ) 32 ( 1 )
C ( 3 1 ! 1 3 3  ( 2 ) 5 4 0 8 ( 1 ) 3 2 5 7  ( 1) 25  ( 1 )
C ( 3 2 ) 2 = 1 ( 2 ) 5 2 3 5 ( 1 ) 1 1 2 7 ( 1 ) 25 ( 1 )
C (2 3  ) - 7 3 ( 2 ) = 7 0 7 ( 1 ) 7 5 2 ( 1 ) 33 ( 1 )
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Table A.2 (continued).
C ( 3 4 ) - 7 3 0 ( 2 )
C ( 3 5 ) 1 5  S 3 ( 2 )
C ( 3 S ) 1 3 5 5 ( 2 )
C ( 3 7 ) 3 0 7 4 ( 2 )
C ( 3 8 ) 4 0 2 5 ( 2 )
C ( 3 9 ) 3 7 S 3 (2 )
C ( 4 0 ) 2 5 3 5 ( 2 )
? ( 1 ) S S l l ( l )
F ( 2 ) 5 9 5 3  (1)
?  ( 3 ) 7 2 5 2  (1)
?  ( 4 ) 4 7  5 7 ( 1 )
? ( 5 ) 3 3 7 4 ( 1 )
PCS) 3 8 3 2 ( 1 )
F ( 7 ) 4 2 4 3  (1)
?  (8 ) 3 5 1 4  (1 )
?  ( 9 ) 5 2 S 9  ( I )
? ( 1 0 ) 2 5 3 8 ( 1 )
P ( l l ) 2 4 5 3  ( 2)
?  ( 1 2 ) 4 2 5 7  (2)
F ( 1 3 ) 2 3 3 0  (1)
F ( 1 4 ) 2 8 5 9 ( 1 )
F ( 1 S ) 3 0 9 5 ( 1 )
P C1 S) 1 0 9 5 ( 1 )
F ( 1 7 ) 5 1 1 ( 2 )
F ( 1 8 ) - 7 1 5 ( 1 )
P ( 1 9 ) 7 0 7 ( 1 )
? (2 0 ) 4 3  ( 1)
F ( 2 1 ) - 1 2 2 2 ( 1 )
? ( 2 2 ) - 3 6 4 ( 1 )
? ( 2 3 ) - 9 3 3  (1)
? ( 2 4 ) - 1 3 3 1 ( 1 )

5 7 3 5 ( 1 ) 7 6 2  ( 1) 3 7  ( 1 )
5 4 5 0  ( 1 ) 1 0 4 9  ( 1) 2 5 ( 1 )
5 7 1 9 ( 1 ) 4 0 8  ( 1) 3 6  ( 1 )
5 3 3 8 ( 1 ) 3 6 8  ( I ) 4 4  ( 1 )
6 7 0 1 ( 1 ) 9 6 5 ( 1 ) 4 2  ( 1 )
6 4 4 9  ( 1 ) 1 6 0 5  ( 1 ) 3 4  ( 1 )
6 3 2 5 ( 1 ) 1 5 4 4  ( 1) 2 5  ( 1 )
4 7 0 9 ( 1 ) 9 4 3  Cl) 49 ( 1 )
3 9 3 1 ( 1 ) 1 0 3 4  ( 1 ) 5 2  ( 1 )
4 2 4 2  ( 1 ) 1 9  88 ( 1) 5 1 ( 1 )
5 3 2 4 ( 1 ) 5 2 3  ( 1 ) 43  ( 1 )
5 1 5 7  ( 1) 1 2 9 4  ( 1 ) 3 8  ( 1 )
4 5 1 6 ( 1 ) 5 6 3  ( 1 ) 4 8  ( 1 )
2 7 5 7  ( 1 ) 3 2 2 3  ( 1 ) 4 5  ( 1 )
2 7 9 9  ( 1 ) 4 2 4 7  ( 1 ) 5 2  ( 1 )
3 1 8 7  ( 1 ) 4 2 0 3  ( 1 ) 5 2 ( 1 )

4 5 0 5  ( 1) 3 9 4 3 ( 1 ) 4 8  ( 1 )
3 7 4 9  ( 1) 4 5 5 0  ( 1 ) 5 4  ( 1 )

4 1 3 2  ( 1) 4 6 7 3  ( 1 ) 7 0  ( 1 )
5 0 4 7 ( 1 ) 5 0 1 3  ( 1 ) 4 5 ( 1 )
5 7 5 8  ( 1 ) 3 9 9 2  ( 1 ) 4 5  ( 1 )
5 5 3 8  ( 1 ) 4 3 2 7  ( 1 ) SO ( 1 )
7 3 1 5 ( 1 ) 4 0 5 3  ( 1 ) 4 4  ( 1 )

6 8 1 1  (1 ) 4 9 1 5  ( 1 ) 5 2  ( 1 )
5 9 2 7  ( 1 ) 3 8 3 5  ( 1 ) 4 8  ( 1 )
5 3 1 5  ( 1 ) 1 1 2 1  ( 1 ) 4 1 ( 1 )
5 5 9 5  ( 1 ) 3 9  ( 1 ) 5 0 ( 1 )
5 5 4 3  ( 1 ) 7 8 5  ( 1 ) 50 ( 1 )
7 2 5 3  ( 1 ) 9 8 0  ( 1 ) 4 8  ( 1 )
5 7 3 0  ( 1 ) 1 ( 1 ) S3 ( 1 )

5 5 5 1 ( 1 ) 9 5 2  ( 1 ) 5 3 ( 1 )
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T able A .3. Bond lengths and angles for Li2(DME)(B(HFPOP)2)2)-

B ( l >  - C ( S ) 1 . 4 5 1  ( 2 )
B ( 1 )  - 0 ( 2 ) 1 . 4 7 0  ( 3 )
3  ( 1 )  - L i .  ( 2 ) 2 . 5 5 2 ( 4 )
3  ( 2 )  - 0 ( 9 ) 1 . 4 5 0  ( 3 )
3  ( 2 )  - 0 ( 7 ) 1 . 4 7 7  ( 3 )

3 ( 2 )  - L i  ( 2 ) 2 . 5 3 1 ( 4 )

L i d )  - O d ) 1 . 9 2 7  ( 4 )
L i d )  - 0 ( 4 ) 2 . 0 6 0 ( 4 )
L i d )  - C ( 3 ) 2 . 7 2 4 ( 4 )
L i ( 2 ) - 0 ( 7 ) 1 . 9 2 9 ( 4 )
L i  ( 2 )  - 0 ( 8 ) 1 . 9 9 3 ( 4 )
0 ( 1 )  - C  ( 2) 1 . 4 0 4  ( 3 )
0 ( 2 )  - C  ( 2) 1 . 4 0 0  ( 3 )
0 ( 3 )  - C ( 5 ) 1 . 4 1 2 ( 2 )
0 ( S )  - C  ( 9) 1 . 3 7 3 ( 2 )
0 ( 7 )  - C  ( 3 1 ) 1 . 2 6 9 ( 2 )
0 ( 9 )  - C  ( 3 2 ) 1 . 3 9 5 ( 2 )

C ( 2 )  - C  ( 3 ) 1 . 4 5 9 ( 4 )
C ( 5 )  - C ( S ) 1 . 5 4 2  ( 3 )
0 ( 6 )  - F  (S) 1 . 3 2 9 ( 2 )

0 ( 5 )  - F ( S ) 1 . 3 4 1 ( 2 )

C ( 7 )  - ?  ( 2) 1 . 3 3 0  ( 3 )
C ( 8 )  - C  (9 ) 1 . 3 9 4  ( 3 )

C (9 ) - C ( I O ) 1 . 3 9 2  ( 3 )
C d l )  - C  ( 1 2 ) 1 . 3 7 8  ( 3 )
C ( 1 4 )  - C ( 1 7 ) 1 . 5 2 0  ( 3 )
C ( 1 4 )  - C ( 1 S ) 1 . 5 5 0 ( 3 )
C ( 1 3 )  - F  ( 7) 1 . 3 4 0  ( 3 )

C d o )  - F  ( 1 2 ) 1 . 3 2 2  ( 3 )

C ( 1 5 ) - F ( 1 1 ) 1 . 3 2 0  ( 3 )
C ( 1 7 )  - C ( 2 2 ) 1 . 2 9 5  ( 2 )
C ( 1 9 )  - C ( 2 0 ) 1 . 3 8 0  ( 3 )
C ( 2 1 )  - 0 ( 2 2 ) 1 . 3 8 7 ( 3 )

C ( 2 3 )  - C ( 2 4 ) 1 . 5 4 4  ( 3 )
C ( 2 4 ) - ? ( 1 S ) 1 . 3 2 5 ( 2 )
C ( 2 4 )  - F ( 1 7 ) 1 . 3 4 2 ( 2 )
C ( 2 S )  - F ( 1 S ) 1 . 3 3 5 ( 2 )
C ( 2 5 )  - 0 ( 3 1 ) 1 . 2 9 9  ( 2 )
0 ( 2 7 ) - 0 ( 2 8 ) 1 . 2 7 5 ( 3 )

0 ( 2 9 )  - 0 ( 3 0 ) 1 . 2 7 9  ( 3 )
0 ( 3 2 )  - 0 ( 3 5 ) 1 . 5 2 1 ( 3 )

0 ( 3 2 )  - 0 ( 3 3 ) 1 . 5 4 9  ( 3 )
0 ( 2 2 )  - F  ( 2 0 ) 1 . 3 2 5 ( 2 )

C ( 3 4 )  - F ( 2 2 ) 1 . 3 2 3  ( 3 )
C ( 3 4 )  - F  ( 2 3 ) 1 . 3 4 7 ( 2 )
C ( 2 5 )  - 0 ( 3 6 ) 1 . 3 9 8  ( 3 )
C ( 2 7 )  - 0  ( 3 8 ) 1 . 2 7 9  ( 3 )

C ( 2 9 )  - 0  ( 4 0 ) 1 . 3 9 0 ( 2 )

0 ( 5 )  - 3 d )  -O ( 6 ) 1 0 2 . 8  ( 2 )
0 ( 5 )  - 3  (1 )  - O ( 3 ) 1 1 4 . 7  ( 2 )

0 ( 5 )  - 3 ( 1 )  - O ( 4 ) 1 1 1 . 2  ( 2 )
0 ( 5 )  - 3  d i  - L i  ( 2 ) 5 2  . 7 7  ( 1

0 ( 2 )  - 3 ( 1 )  - L i  ( 2 ) 1 2 5 . 2  ( 2 )

3 ( 1 ) - C ( 5 ) 1 . 4 6 2  ( 3

3 ( 1 )  - 0 ( 4 ) 1 . 4 8 1  ( 3
3 ( 1 )  - L i d ) 2 . 5 8 3  ( 4
3 ( 2 ) - 0 ( 1 0 ) 1 . 4 5 9  ( 2
B ( 2)  - 0 ( 8 ) 1 - 4 8 2  ( 3
L i d )  - 0 ( 2 ) 1 . 9 0 7  ( 4

L i d )  - 0 ( 3 ) 1 . 9 6 2  ( 4
L i ( l )  - F ( 7 ) 2 . 6 5 0  ( 4
L i d )  - 0 ( 2 ) 2 . 7 5 9  ( 4
L i ( 2 ) - 0 ( 6 ) 1 . 9 7 2  ( 4
L i  ( 2 )  - 0 ( 5 ) 2 . 0 3 4  ( 4

0 ( 1 )  - C d ) 1 . 4 0 7  (3
0 ( 2 )  - C  ( 4) 1 . 4 1 2  ( 3
0 ( 4 )  - 0 ( 1 4 ) 1 . 4 1 3  ( 2
0 ( 5 )  - 0 ( 2 2 ) 1 . 3 7 0  ( 2

o CO n £ o 1 . 3 7 1  ( 2
0 ( 1 0 ) - 0 ( 2 3 ) 1 . 3 9 5  ( 2

0 ( 5 )  - 0 ( 8 ) 1 . 5 2 6 ( 3
0 ( 5 )  - 0 ( 7 ) 1 . 5 4 9  (2
0 ( 5 )  - F ( 4 ) 1 . 3 3 3  ( 2
0 ( 7 )  - F ( l ) 1 . 3 2 5  ( 2
C (7)  - F  ( 2) 1 . 3 3 7  ( 3
0 ( 8 )  - 0 ( 1 3 ) 1 . 3 9 7  ( 3

0 ( 1 0 ) - 0 ( 1 1 ) 1 . 3 8 1  ( 3
0 ( 1 2 ) - 0 ( 1 3 ) 1 . 3 8 7  (3
0 ( 1 4 ) - C ( 1 5 ) 1 . 5 4 4  (3

0 ( 1 5 )  - F ( 9 ) 1 . 3 2 4  (3
0 ( 1 5 )  - F ( 8 ) 1 . 3 2 8  ( 2
0 ( 1 5 ) - F ( 1 0 ) 1 . 3 3 1 ( 3

0 ( 1 7 ) - 0 ( 1 3 ) 1 . 3 9 1  (3

0 ( 1 8 ) - 0 ( 1 9 ) 1 . 3 8 1 ( 3
C ( 2 0)  - C ( 2 1 ) 1 . 3 7 3  (3
0 ( 2 2 )  - 0 ( 2 5 ) 1 . 5 2 4  (3
0 ( 2 2 )  - 0 ( 2 5 ) 1 . 5 4 5  (3
0 ( 2 4 ) - F ( 1 8 ) 1 . 3 3 4  (3

0 ( 2 5 ) - F ( 1 3 ) 1 . 3 2 4  ( 2
0 ( 2 5 )  - F ( 1 4 ) 1 . 2 3 9  ( 2
C ( 2 S )  - 0 ( 2 7 ) 1 . 3 9 5  (3
0 ( 2 8 )  - 0 ( 2 9 ) 1 . 3 8 1 ( 3

0 ( 2 0 )  - 0  ( 3 1 ) 1 . 2 8 1  (2
0 ( 2 2 )  - 0 ( 3 4 ) 1 . 5 4 3  ( 3
0 ( 2 3 )  - F  ( 2 1 ) 1 . 3  2 4  ( 2
0 ( 2 3 )  - F  ( 1 9 ) 1 . 3 2 5  ( 2
0 ( 3 4 )  - F  ( 2 4 ) 1 . 2 2 1  (3
0 ( 3 5 )  - 0  ( 4 0 ) 1 . 3 9 1  ( 3
0 ( 3 5 )  - 0  ( 3 7 ) 1 . 3 8 0  (3

0 ( 3 8 )  - 0 ( 3 9 ) 1 . 3 8 0  ( 3

0 ( 5 ) - 3  (1) - 0 ( 3 ) 1 1 2

0 ( 5 ) - 3  (1) - O  ( 4 ) 1 1 5

0 ( 3 ) - 3  d ) - C  ( 4 ) 1 0 0

0 ( 5 ) - 3  (1) - L i ( 2 ) 50

0  (4) - 3  d ) - L i  ( 2 ) 12 4

5 ( 2 )
7  ( 2 )  
5 ( 2 )  
3 7 ( 1 2 )  
1(2)
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Table A.3 (continued).
0  ( 5 )  - 3  (1)  - 1 1  ( 1 ) 1 3 9 . 0 ( 2 ) 0 ( 6 )  - 3  ( 1)  - 2 . 1 ( 1 )

0 ( 3 )  - 3 ( 1 )  - 1 1 ( 1 ) 4 9  . 0 0  ( 1 2 ) 0 ( 4 )  - 3  ( 1 )  - 2 . 1 ( 1 )

1 1 ( 2 )  - 3 ( 1 )  - 1 1 ( 1 ) 1 5 5 . 5 ( 2 ) 0 ( 5 )  - 3 ( 2 )  - 0 ( 1 0 )

0 ( 9 )  - 3 ( 2 )  - 0 ( 7 ) 1 1 3  . 5  ( 2 ) 0 ( 1 0 )  - 3 ( 2 )  - 0 ( 7 )

0 ( 9 )  - 3 ( 2 )  - C  ( 8 ) 1 1 2 . 7 ( 2 ) 0 ( 1 0 )  - 3 ( 2 )  - 0 ( 8 )

0 ( 7 )  - 3 ( 2 )  - 0 ( 8 ) 1 0 1 . 2  ( 2 ) 0 ( 9 )  - 3  ( 2 )  - 2 , 1 ( 2 )

0 ( 1 0 )  - 3 ( 2 )  - 1 1 ( 2 ) 1 2 2 . 4  ( 2 ) 0  ( 7 )  - 3  ( 2 )  - 1 1  ( 2 )

0 ( 8 )  - 3 ( 2 )  - 1 1 ( 2 ) 5 1 . 9 1 ( 1 2 ) 0 ( 2 )  - 2 , 1 ( 1 )  - 0 ( 1 )

0 ( 2 )  - 1 1 ( 1 )  - 0 ( 3 ) 1 4 1 . 8 ( 2 ) 0 ( 1 )  - 2 , 1 ( 1 )  - 0 ( 3 )

0 ( 2 )  - 1 1 ( 1 )  - 0 ( 4 ) 1 2 3  . 7  ( 2 ) 0 ( 1 )  - 2 , 1 ( 1 )  - 0 ( 4 )

0 ( 3 )  - 1 1 ( 1 )  - 0 ( 4 ) 5 a . 5 6  ( 1 2 ) 0 ( 2 )  - 2 , 1 ( 1 )  - 3 ( 1 )

0 ( 1 )  - 1 1 ( 1 )  - 3 ( 1 ) 1 2 5 . 5 ( 2 ) 0 ( 3 )  - 1 1 ( 1 )  - 3 ( 1 )

0 ( 4 )  - 1 1 ( 1 )  - 3 ( 1 ) 3 4  . 9 6  ( 8 ) 0 ( 2 )  - 1 1 ( 1 )  - ?  ( 7 )

0 ( 1 )  - 1 1 ( 1 )  - ? ( 7 ) 8 2 . 5  ( 2 ) 0 ( 3 )  - 1 1 ( 1 )  - ?  ( 7 )

0 ( 4 )  - 1 1 ( 1 )  -S'  ( 7 ) 7 0 . 2 0 ( 1 2 ) 3 ( 1 )  - 1 1 ( 1 )  - ?  ( 7 )

0 ( 2 )  - 1 1 ( 1 ) - C ( 3 ) 2 8  . 5 4  ( 9 ) 0 ( 1 )  - 1 1 ( 1 )  - C  (3 )

0 ( 3 )  - 1 1 ( 1 )  - C  ( 3  ) 1 4 0  . 1  ( 2 ) 0 ( 4 )  - 1 1 ( 1 )  - C  (3 )

3 ( 1 ) - 1 1 ( 1 ) - C ( 3 ) 1 7 3  . 3  ( 2 ) ? ( 7 )  - 1 1 ( 1 )  - C  (3 )

0 ( 2 ) - 1 1 ( 1 ) - C ( 2 ) 5 5 . 8 8  ( 1 2 ) 0 ( 1 )  - 1 1 ( 1 )  - C  ( 2 )

0 ( 3 )  - 1 1 ( 1 )  - C ( 2 ) 1 3 6 . 1 ( 2 ) 0 ( 4 )  - 1 1 ( 1 )  - C  ( 2 )

B ( 1 )  - 1 1 ( 1 )  - C ( 2 ) 1 5 3  . 5  ( 2 ) ?  ( 7 )  - 1 1 ( 1 ) - C ( 2 )

C ( 3 ) - 1 1 ( 1 ) - C ( 2 ) 3 0  . 8 1 ( 9 ) 0 ( 7 )  - 1 1 ( 2 )  - 0 ( 5 )

0 ( 7 )  - 1 1 ( 2 )  - 0 ( 8 ) 7 1 . 2 8 ( 1 3 ) 0 ( 5 )  - 1 1 ( 2 )  - 0  ( 8 )

0 ( 7 )  - 1 1 ( 2 )  - 0 ( 5 ) 1 5 3  . 5  ( 2 ) 0 ( 6 )  - 1 1 ( 2 )  - 0 ( 5 )

0 ( 8 )  - 1 1 ( 2 )  - 0 ( 5 ) 1 1 6 . 5  ( 2 ) 0 ( 7 )  - 1 1 ( 2 )  - 3 ( 2 )

0 ( 6 )  - 1 1 ( 2 )  - 3 ( 2 ) 1 4 6 . 3  ( 2 ) 0 ( 8 )  - 1 1 ( 2 )  - 3 ( 2 )

0 ( 5 )  - 1 1 ( 2 )  - 3 ( 2 ) 1 4 4 . 4  ( 2 ) 0 ( 7 )  - 1 1  ( 2 )  - 3  ( 1 )

0 ( 6 )  - 1 1 ( 2 )  - 3 ( 1 ) 3 4 . 8 1  ( 9 ) 0 ( 8 )  - 1 1 ( 2 )  - 3 ( 1 )

0 ( 5 ) - 1 1 ( 2 ) - 3 ( 1 ) 3 4  . 5 2  ( 9 ) 3 ( 2 )  - 1 1 ( 2 )  - 3 ( 1 )

C ( 2 )  - 0 ( 1 )  - C ( l ) 1 1 5 . 5 ( 2 ) C ( 2 )  - 0 ( 1 )  - 1 1 ( 1 )

C ( l )  - 0 ( 1 )  - 1 1 ( 1 ) 1 2 8  . 5  ( 2 ) C (3 ) - 0 ( 2 )  - C  (4 )

C (3 ) - 0 ( 2 )  - 1 1 ( 1 ) 1 1 0 . 5  ( 2 ) C ( 4 )  - O ( 2 )  - 1 1 ( 1 )

C ( 5 ) - 0 ( 3 ) - 3 ( 1 ) 1 2 2 . 5  ( 2 ) C ( 5 )  - 0 ( 3 )  - 1 1 ( 1 )

B ( 1 )  - 0 ( 3 )  - 1 1 ( 1 ) 9 5 . 6 ( 2 ) C ( 1 4 )  - 0  ( 4 )  - 3  ( 1 )

C ( 1 4 ) - 0 ( 4 ) - 1 1 ( 1 ) 1 2 0  . 9  ( 2 ) 3 ( 1 )  - C  ( 4 )  - 1 1 ( 1 )

C ( 9 ) - 0 ( 5 ) - 3 ( 1 ) 1 2 1 . 8  ( 2 ) C (9 ) - 0 ( 5 )  - 1 1 ( 2 )

3 ( 1 )  - 0 ( 5 )  - 1 1 ( 2 ) 9 2 . 5  ( 2 ) C ( 2 2 !  - 0  ( 6 )  - 3  ( 1 )

C ( 2 2 )  - 0 ( 5 )  - 1 1 ( 2 ) 1 2 4 . 5  ( 2 ) 3 ( 1 )  - 0 ( 5 )  - 1 1  ( 2 )

C ( 3 1 )  - 0 ( 7 )  - 3 ( 2 ) 1 1 3 . 3 ( 2 ) C ( 3 1 )  - 0 ( 7 )  - 1 1 ( 2

3 ( 2 )  - 0 ( 7 )  - 1 1 ( 2 ) 9 5 . 0 ( 2 ) C ( 4 0  ) - 0  ( 8 )  - 3  ( 2 )

C ( 4 0 )  - 0 ( 8 )  - 1 1 ( 2 ) 1 3 2 . 0  ( 2 ) 3  ( 2 )  - C ( 8 )  - 1 1 ( 2 )

C (3 2 )  - 0 ( 9 )  - 3 ( 2 ) 1 2 3  . 1 ( 2 ) C (2 3  ) - 0 ( 1 0 )  - 3 ( 2

0 ( 1 )  - C  (2)  - C (3 ) 1 1 0 . 8 ( 2 ) 0 ( 1 )  - C ( 2 )  - 1 1 ( 1 )

C ( 3 ) - C ( 2 ) - 1 1 ( 1 ) 7 3  . 7 ( 2 ) 0 ( 2 )  - C ( 3 )  - C ( 2 )

0 ( 2 )  - C  (3 ) - 1 1 ( 1 ) 4 0 . 7 7 ( 1 2 ) C ( 2 )  - C  ( 3 )  - 1 1 ( 1 )

0 ( 3 ) - C ( S ) - C ( 3 ) 1 1 1 . 8 ( 2 ) 0 ( 3 )  - C  ( 5 )  - CCS)

c ( a ) - c ( 5 ) - c ( S ) 1 1 0 . 3 ( 2 ) 0 ( 3 )  - C  ( 5 )  - C ( 7 )

C ( 8 ) - 0 ( 5 ) - C ( 7 ) 1 1 2 . 2  ( 2 ) C ( S )  - C  ( 5 )  - C ( 7 )

? ( 6 ) - C ( 6 ) - ? ( 4 ) 1 0 8 . 2 ( 2 ) ? ( S )  - C ( e )  - ?  ( 5 )

3 ( 4 )  -C ( 5 ) - ? ( 5 ) 1 0 7  . 1  ( 2 ) ? ( S )  - C ( S )  - C  ( 5 )

3 ( 4 )  - C ( 5)  - C ( 5 ) 1 1 1 . 7 ( 2 ) ? ( 5 )  - 0 ( 5 )  - C CSi

3 ( 1 )  -C (7)  - 3 ( 2 ) 1 0 7 . 2  ( 2 ) F ( l )  - 0 ( 7 )  - ? { 3 )

3 ( 2 )  - C (7)  - 3 ( 3 ) 1 0 6 . 3 ( 2 ) ? ( 1 ! - 0 ( 7 ) - 0 ( 5 )

3 ( 2 ) - 0 ( 7 ) - 0 ( 5 ) 1 1 1 . 5 ( 2 ) ? ( 3  ! - C  ( 7 )  - 0 ( 5 )

C ( 9 ) - 0 ( 8 ) - 0 ( 1 3 ) 1 1 3 . 5  ( 2 ! 0 ( 9 )  - 0 ( 3 )  - 0 ( 5 )

C ( 1 3  ) - 0 ( 8 )  - 0 ( 5 ) 1 2 3 . 3  ( 2 ) 0 ( 5 )  - O ( 9 )  - 0 ( 1 0 )

0 ( 5 )  - 0 ( 9 )  - 0 ( 9 ) 1 2 1 . 7 ( 2 ! C ( 1 0 )  - 0  ( 9 )  - 0 ( 8 )

C ( 11 5 - 0  ( 1 0 )  -O (5 ) 1 1 9 . 4 ( 2 )
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0 ( 1 2 )  - 0 ( 1 1 )  - 0 ( 1

1 1 3  
5 2  

10  6 
111 
111 
1 3 1  

49  
8 5  

112 
13 4
1 4 9

3 4  
80

1 3 3
100

5 7
1 4 8

8 5
2 8

1 4 4
7 5

1 1 7
1 5 0  

69
3 5  
3 5

1 4 7  
1 4 1  
1 7 6  
110 
1 1 5  
13 0 
13 5 
121 
Q 2

11 9  
121 

9 4  
13 •• 
12 0 

9 2  
122 

4 1  
110 

7 c

1 0 8
1 0 3
110
1 0 7
*i 22
1 0 9  
1 0 7  
113 
1 0 9  ,

. 1 C 2)  

. 8 5 ( 1 2 )  

.6(2) 

. 7 ( 2 )

.3 ( 2)

.1  ( 2 ) 

. 4 0 ( 1 2 )  

.1(2) 

.2(2)

.3 ( 2)

.3 ( 2 )  

. 4 2 ( 8 )  

. 7 2 ( 1 4 )  

. 4 ( 2 )  

. 4 2 ( 1 4 )  

. 5 1 ( 1 2 )  

. 5 ( 2 )  

. 7 6  ( 1 3 )  

.49  ( 9 )  

.9 (2)

. 9 9 (12) 

. 4 ( 2 )  

. 5 ( 2 )  

. 2 3 ( 1 3 )  
5 5 ( 9 )  

.80  ( 9)  

. 4 ( 2 )  

.1(2)

.8 (2 
3 (2  

. 6 0  

. 6 ( 2  

. 8 (2  

. 2 ( 2
19 (
9 (2  
1 ( 2  

.3 0
5 ( 2  
5 o 
3 0  
5 0  
17 (
2 0  
5 (2
3 (2
4 (2  
7 (2
10
5 (2  
7 (2 
9 (2 
9 (2  
7 0  
7 O 
5 0  
7 0  
9 (2

4 )

.3)
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ry 
»q 

n\

n t i n u e d ) .
( 1 1 )  - C ( 12 ) - C ( 1 3 ) 1 1 9  . 5  ( 2 ) C ( 1 2 ) - C C 1 3 ) - C  (8)

( 4 )  - C ( 14)  - C ( 1 7 ) 1 1 0  -9 ( 2 ) 0 ( 4 )  - C ( 1 4 )  -C O S )

( 1 7 ) -C ( 14) - C ( 1 5 ) 1 1 2 . 7 ( 2 ) 0 ( 4 )  - C ( 1 4 )  - C ( 1 5 )

( 1 7 ) - C ( 14) - C ( 1 5 ) 1 1 0  . 9  ( 2 ) C ( 1 5 ) - C ( 1 4 ) - C O S )

( 9 )  -C ( 1 5 i ? ( 7 ) 1 0 7 . 0  ( 2 ) F (9 ) - C ( 1 5 )  - F  (8)

( 7 )  - C ( 1 S ) F ( 3 ) 1 0 7  . 0  ( 2 ) F (9 ) - c o s )  -C ( 14 )

( 7 )  - C ( 1 S ) C ( 1 4 ) 1 0 9  . 2  ( 2 ) F ( 3 )  - c o s )  -C ( 14 )

( 1 2 ) - C ( 15) - F ( 1 0 ) 1 0 7 . 2 ( 2 ) F ( 1 2 ) - C  ( 1 5 ) - F ( 1 1 )

( 1 0 ) -C ( 15) - F  ( 1 1 ) 1 0 6 . 3  ( 2 ) F ( 1 2 ) - C ( 1 5 ) - C ( 1 4 )

( 1 0 ) - C ( 15) - C  ( 1 4 ) 1 1 1 . 1 ( 2 ) F ( 1 1 ) - C O S ) - C ( 1 4 )

( 1 3 ) - C ( 17 ) - C ( 2 2 ) 1 1 3  . 3 ( 2 ) C O B ) - C  ( 1 7 ) - C ( 1 4 )

( 2 2 ) - C ( 17 ) - C ( 1 4 ) 1 1 6 . 5 ( 2 ) C ( 1 9 ) - C O S ) - C ( 1 7 )

( 2 0 ) -C ( 19) - C ( 1 8 ) 1 1 9 . 9  ( 2 ) C ( 1 9 ) - C ( 2 0 ) - C ( 2 1 )

( 2 0 ) - C ( 21 ) - C  ( 2 2 ) 1 1 9  . 3  ( 2 ) O ( S )  - C ( 2 2 )  - C ( 2 1 )

( 5 )  - C ( 22)  - C ( 1 7 ) 1 2 0 . 6 ( 2 ) C ( 2 1 ) - C ( 2 2 ) - C ( 1 7 )

( 1 0 ) - C ( 23 ) - C  ( 2 6 ) 1 1 3  . 1  ( 2 ) 0 ( 1 0 ) - C ( 2 3 ) - C ( 2 4 )

( 2 5 ) - C ( 23) - C ( 2 4 ) 1 1 2 . 6  ( 2 ) 0 ( 1 0 ) - C C 2 3 ) - C ( 2 5 )

( 2 5 ) - C ( 23 ) - C  ( 2 5 ) 1 0 9  . 5  ( 2 ) C ( 2 4 ) - C ( 2 3 ) - C  ( 2 5 )

( 1 5 ) - C  ( 24) - F  ( 1 3 ) 1 0 7 . 2  ( 2 ) F ( 1 5 ) - C  ( 2 4 ) - F ( 1 7 )

( 1 3 ) - C ( 24 ) - F ( 1 7 ) 1 0 7 . 1  ( 2 ) F ( 1 5 ) - C ( 2 4 ) - C ( 2 3 )

( 1 8 ) - C ( 24 ) - C ( 2 3 ) 1 1 0 . 5  ( 2 ) F ( 1 7 ) - C ( 2 4 ) - C ( 2 3 )

( 1 2 ) - C ( 2 5) ■ F ( 1 5 ) 1 0 6 . 3  ( 2 ) F ( 1 3 ) - C ( 2 5 ) - F ( 1 4 )

( I S ) - C ( 25 ) - F ( 1 4 ) 1 0 6  . 5  ( 2 ) F ( 1 3 ) - C ( 2 5 ) - C  ( 2 3 )

( 1 5 ) - C ( 25 ) - C  ( 2 3 ) 1 1 2  . 7  ( 2 ) F ( 1 4 ) - C  ( 2 5 ) - C  ( 2 3 )

( 3 1 ) - C ( 2 5 ) - C ( 2 7 ) 1 1 3  . 4  ( 2 ) C ( 3 1 ) - C ( 2 6 ) - C  ( 2 3 )

( 2 7 ) - C  ( 2 5) - C ( 2 2 ) 1 2 5 . 1 ( 2 ) C ( 2 3 ) - C  ( 2 7 ) - C ( 2 6 )

( 2 7 ) - C  ( 2 3) - C ( 2 9 ) 1 2 0 - 1 ( 2 ) C ( 3 0 ) - C ( 2 9 ) - C ( 2 8 )

( 2 9 ) - C  ( 3 0) - C  ( 3 1 ) 1 2 0 . 0 ( 2 ) 0 ( 7 )  - C ( 3 1 )  - C ( 3 0 )

( 7 )  - C ( 3 1 )  - C ( 2 6 ) 1 1 9  - 9  ( 2 ) C ( 3 0 ) - C  ( 3 1 ) - C  ( 26 )

( 9 )  * C (3 2)  - C O S ) 1 1 2 . 4  ( 2 ) 0 ( 9 )  - C ( 3 2 )  - C (  3 4 )

( 2 5 ) - C ( 2 2) - C ( 3 4 ) 1 1 2 . 3  ( 2 ) 0 ( 9 )  - C ( 3 2 )  - C ( 3 3 )

( 3 5 ) - C  ( 3 2) - C ( 2 3 ) 1 0 9  . 3  ( 2 ) C ( 3 4 ) - C  ( 3 2 ! - C  ( 33 )

( 2 1 ) - C ( 33 ) - F  ( 2 0 ) 1 0 7  . 4  ( 2 ! F ( 2 1 ) - C  ( 3 3 ) - F  0 9 )

( 2 0 ) - C ( 32 ) - ?  0 9 ) 1 0 6  . 4 ( 2 ) F ( 2 1 ) - C  ( 3 3 ) - C  ( 32 )

( 2 0 ) - C ( 32 ) - C  ( 3 2 ) 1 1 2 - 1 ( 2 ! F (19  ) - C  ( 3 3 ) - C  ( 3 2 )

( 2 2 ) - C  ( 34 ) - F  ( 2 4 ) 1 0 7  . 2  ( 2 ) F ( 2 2 ) - C  ( 3 4 ) - F ( 2 3 )

( 2 4 ) - C ( 24 ) - F  ( 2 2 ) 1 0 6 . 5  ( 2 ) F ( 2 2 ) - C  ( 3 4 ) - C  ( 3 2 )

( 2 4 ) - C  ( 3 4) - C ( 3 2 ) 1 1 2 . 3  ( 2 ) F ( 23  ) - C ( 3 4 ) - C  ( 3 2 )

( 4 0 ) - C ( 35 ) - C  ( 3 6 ) 1 1 3 . 3  ( 2 ) C ( 4 0 ) - C  ( 3 5 ) - C  ( 3 2 )

( 3 5 ) - C  ( 35 ) - C ( 3 2 ) 1 2 4 . 2  ( 2 ) C ( 3 7 ) - C £35) - C  (3 5)

( 3 3 ) - C  ( 3 7) - C  (3  6) 1 2 0 . 1 ( 2 ) C (3 7) - C  ( 3 8 ) - C  (3 9)

( 3 3 ) -C ( 3 9 ) ' C  ( 4 0 ) 1 1 9 . 3  ( 2 ) 0 ( 8 )  - C ( 4 0 )  - C O S )

( 8 )  - C ( 40 ) C ( 3 9 ) 1 1 3 . 0  ( 2 ) C (3 5 ) - C ( 4 0 ) - C  ( 3 9 )

( 1 5 ! - F ( 7 ) L i d ) 9 9 . 3  5 ( 1 4 )

120 
1 0 3  
1 0S  
1 0 9  
1 0 7  
112 
T * *
1 0 7  
112 
111 
1 2 4  
120 
120
1 1 9
120 
1 0 3
1 0 8
1 0 9
1 0 5  
111 
1 1 3
1 0 6  
112
110 
1 1 5  
120 
120
1 1 9
120 
1 0 3  
1 0 9
1 0 9  
1 0 7  
112
110 
1 0 6  
110

j

120 
121 
12 0

-3 (2)  
.1(2) 
. 5 ( 2 )  
. 4 ( 2 )  
.1(2) 
. 3 (2) 
.9 (2) 
. 3  (2)  
. 3 (2)  
. 3 (2)  
. 7 ( 2 )  
. 5 ( 2 )  
. 3 ( 2 )  
. 5 ( 2 )  
. 3  (2) 
.6(2) 
. 4  (2)  
. 4  (2)  
. 5 ( 2 )  
. 7 ( 2 )  
.3 (2) 
. 5 ( 2 )  
. 9  (2) 
. 9  ( 2 ) 

. 4 ( 2 )  

. 7  (2)  

.3 (2)  

. 5 (2)  

. 5  (2) 

.2 (2)  

. 5 ( 2 )  

.9 (2)  

. 5 ( 2 )  

.3 (2)  

. 2  ( 2 ) 

. 7 (2)  

. 7 (2)  

.9 ( 2)  

. 5 (2)  

.9 (2)  

.2 (2) 

.1(2) 

.3 (2)
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Table A.4. Hydrogen atom coordinates for L i2 (DJ/EE)(B(HFPOP)2 )o).

X y s O' ( a q )

S ( I A ) 2 9 9 5 ( 3 ) 3 2 4 8  ( 2 ) 1 1 4 3  (2) 13 5
3 ( 1 3 ) 3 0 1 1 ( 3 ) 2 5 0 1 ( 2 ) 1 4 1 0  (2) 13 5
H ( 1 C ) 3 5 1 1  ( 3 ) 2 7 5 5  ( 2 ) 5 5 3  (2) 1 3 5
H ( 2A) 5 4 8 5 ( 3 ) 2 3 2 7 ( 1 ) 1 2 0 4  (2) 73
E ( 2 3 ) 5 0 8 2  ( 3 ) 2 1 9 4  ( 1 ) 1 9 9 3  (2) 73
HC2A) 7 1 3 1 ( 3 ) 2 2 3 9 ( 1 ) 2 3 2 4  (2) 58
3  ( 3 3 ) 7 1 5 4  ( 3 ) 2 3 0 5  ( 1 ) 1 7 5 2  (2) 5a
E ( 4 A ) 7 5 3 7  ( 3 ) 3 3 5 2  ( 1 ) 3 6 3 3  (2) 9 0
3 ( 4 3 ) 8 3 9 4 ( 3 ) 3 2 0 0 ( 1 ) 3 0 4 2  (2) 9 0
S ( 4 C ) 7 8 9 3  ( 3 ) 2 7 0 7 ( 1 ) 3 5 1 2 ( 2 ) 9 0
H ( 1 0 A ) 5 3 4 5  ( 2 ) 5 7 7 7  ( 1 ) 3 7 9 a  (1) 3 8
H ( 1 1 A ) 59 I S  ( 2 ) 5 3 8 1 ( 1 ) 3 5 7 2 ( 1 ) 4 4
E ( 1 2  A ) 7 7 7 3 ( 2 ) 5 2 7 0 ( 1 ) 2 5 0 1 ( 1 ) 4 5
E ( ! 3 A ) 7 0 8 5  ( 2 ) 5 5 3 5 ( 1 ) 1 5 5 3  (1) 3 9
E ( I S A ) 1 7 1 5 ( 2 ) 2 8 0 2 ( 1 ) 3 3 0 0  (1) 4 7
3  ( I S A ) - 7 5  ( 2 ) 2 7 0 5  ( I ) 2 3  5 7  (1) 5 5
S ( 2 0 A ) - 5 9 9 ( 2 ) 3 4 0 1 ( 1 ) 1 4 4 5  (1) 5 1
E ( 2 1 A ) 5 5 5 ( 2 ! 4 1 9 4  ( 1 ) 1 4 4 1 ( 1 ) 4 2
E ( 2 7 A ) -  5 4 2 ( 2 ) 5 9 4 0 ( 1 ) 4 7 8 1 ( 1 ) 3 7
3 ( 2 S A ) - 1 7 5 0 ( 2 ) 5 1 2 5 ( 1 ) 4 5 9 2 ( 1 ) 43
3  ( 29  A) - 1 7 3 0 ( 2 ) 4 4 8 3  ( 1 ) 3 7 1 5 ( 1 ) 4 6
E (2 QA) - 5 1 1 ( 2 ) 4 5 5 5 ( 1 ) 2 8 1 9 ( 1 ) 3 8
E (3 oA) 1 2 0 4  ( 2 ) 5 3 1 4 ( 1 ) - 5 ( 1 ) 4 3
S ( 3 7 A ) 3 2 5 9 ( 2 ) 7 0 1 4  ( 1 ) - 7 0  (1) 53
E (3 8 A) 4 8 5 5 ( 2 ) 5 7 8 1 ( 1 ) 9 3 4  (1) 5 1
E ( 3 9  A) 4 4 1 9 ( 2 ) 5 3 5 0  ( 1) 2 0 1 9  (1! 4 0

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure A.2. Drawing o f Li(OC(CH3)2)B(HFTPOP-2,3,4)2 
with all but the hydrogen atoms labeled. See Table 2 for 
definition o f  abbreviation.

195

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A.5. Crystal data and structure refinement for Li(OC(CH3)2)B(HFTPOP-2,3,4)2-

I d e n t i f i c a t i o n  c o d a  

E a p i r i c a l  f c r a n i a  

F o r a u - a  w a i g h t  

T a a c a r a r o r a  

W a v e  1  a n g t i  

C r y s t a l  s y s t a a  

S p a c e  g r o u p  

U n i t  c a l l  d i a e n 3 i c n 3

V o l u a a , Z

D e n s i t y  ( c a l c u l a t e d )  

A b s o r p t i o n  c o e f f i c i e n t  

? (000)

C r y s t a l  3 i r e

9 r a n g a  f o r  d a t a  c o l l e c t i o n

l i m i t i n g  i n d i c e s

R e f l e c t i o n s  c o l l e c t e d

I n d e p e n d e n t  r a f l a c t i c s s

A b s o r p t i o n  c o r r e c t i o n

R e f i n e m e n t  a a t i c d

O a t a  /  r e s t r a i n t s  /  p a r a m e t e r s

2
G c c d n a a s - o f - f i t  o n  ?

P i n a l  3. i n d i c e s  [2>2<r  ( X )  ]

R  i n d i c e s  ( a l l  d a t a )

E x t i n c t i o n  c o e f f i c i e n t  

l a r g e s t  d i f f .  p e a i c  a n d  b o l e

s h 3 c c d 4 1  ( H P T P C ? )

C 2  3 ?  L i O  
2 1  8 I S  5

7 0 0 . 0 2  

1 5 7 ( 2 )  K 

0 . 7 1 0 7 3  A  

T r i  c l i n i  c  

P I

a  -  8 . 4 2 2 1 ( 7 )  A  a l p h a  -  1 0 4 . 2 0 2 ( 2 )
c

b e t a  -  9 3 . 1 2 2 ( 2 )  

g a a n a  -  1 0 8 . 5 9 9  ( 2 ) '

h  -  1 1 . 5 2 5 5 ( 1 0 )  A  

c  -  1 4 . 2 5 9 3 ( 1 2 )  A

1 2 5 9 - 4 ( 2 )  A 3 , 2

1 . 8 4 5  M g / a 3

0 . 2 1 4  a n - 1

588

0 . 2 2  x  0 . 1 3  x  0 . 0 5  n a ,  d e a r  c o l o r l e s s  p l a t e s  

1 . 4 9  t o  2 8 . 3 7 °

- I I  s  h  s  1 0 ,  - I S  =  i s  1 3 ,  - 1 5  -  1  -  19  

8 2 2 3

5 5 7 3  ( R ^ ^  -  0 . 0 5 5 3 )

SADABS

2
P u l l - o a t r i x  l a a s t - a q u a r a s  o n  ?

5 5 7 2  /  0 /  4 1 5  

0 . 8 8 7

R1  -  0 . 0 7 5 5 ,  wR2 -  0 . 1 4 5 7  

R1  -  0 . 1 5 8 2 ,  wR2  -  0 . 1 8 7 2  

0 . 0 0 9  ( 2 )

0 . 3 7 4  a n d  - 0 . 3 7 5  e A ~ 3
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Table A.6. Atomic coordinates for Li(OC(CH3)2)B(HFTPOP-2,3,4)7-

X y - O' ( e q )

B 3 0 7 5  ( S) 2 2 4 7  ( 5) 2 5 5 8  ( 3 ) 2 5 ( 1 )
L i 4 2 0 5  ( 9 ) 4 0 3 9  ( 7 ) 4 2 1 5 ( 5 ) 3 3  ( 2 )
0  ( 1 ) 4 2 S 4  ( 4 ) 2 3 2 8  ( 3) 3 4 2 3 ( 2 ) 3 0  ( 1 )
0 ( 2 ) 2 2 2 0  ( 3 ) 3 2 2 0  ( 3) 2 9 5 9  ( 2 ) 29 ( 1 )
0 ( 2 ) 4 2 4 S  ( 4 ) 2 S 2 9  ( 3) 1 3 5 2  ( 2 ) 33  ( 1 )
0 ( 4 ) 2 7 7 9  ( 4 ) 1 0 2 5  ( 3) 2 1 8 5  ( 2 ) 3 3  ( 1 )
0 ( 5 ) S 2 S 2  ( 4 ) 5 5 3 2  ( 3 ) 4 5 4 7  ( 2 ) 3 0  ( 1 )
C ( l ) 4 5 4 9  ( 5 ) 1 2 7 4 ( 4 ) 3 4 5 5  ( 3 ) 2 8  ( 1 )
C ( 2 ) 5 3 2 0  ( 5 ) 1 4 2 2  ( 4 ) 4 1 0 1  ( 3 ) 3 1 ( 1 )
C ( 3 ) S 3 9 S  ( S ) 4 1 3  ( 4) 4 1 5 5  ( 3 ) 4 1 ( 1 )
C ( 4 ) 5 5 0 5 ( S ) - 7 7 3  ( 4 ) 3 5 4 3  ( 4 ) 4 8  ( 1 )
C ( S ) 4 2 4 2 ( S ) - 9 5 7  ( 4 ) 2 8 9 7  ( 4 ) 4 1 ( 1 )
C ( S ) 3 S I S  ( 5 ) SO ( 4 ) 2 8 4 5  ( 3 ) 29 ( 1 )
C ( 7 ) 2 0 2 9 ( S) - 1 1 3  ( 4 ) 2 1 9 1  ( 3 ) 3 3 ( 1 )
c (a) 4 4 7 ( S ) - 3 3 8  ( 5) 2 5 8 4  ( 4 ) 4 4  ( 1 )
C O ) 2 0 2 7  ( 7 ) - 3 0 0  ( 5 ) 1 1 1 2 ( 4 ) 4 7  ( 1 )
C ( 1 0 ) 2 5 0 2 ( 5 ) 3 5 3 5  ( 4) 2 3 2 5  ( 3 ) 3 0  ( 1 )
C ( l l ) 2 2 0 8  ( 5 ) 3 5 0 9  ( 4 ) 1 3 5 3  ( 3 ) 2 7  ( 1 )
C ( 1 2 ) 2 5 9  0 ( S ) 4 0 5 1 ( 4 ) 5 2 3  ( 3 ) 3 5 ( 1 )
C ( 1 3 ) 2 2 0 2 ( 5 ) 4 0 0 1  ( 4 ) - 2 2 0  ( 3 ) 39 ( 1 )
C ( X 4 ) 3 5 7 5  ( S ) 2 5 0 3  ( 5 ) - 3 8 0  ( 3 ) 39 ( 1 )
C O S ) 4 2 5 2  ( S ) 3 0 So ( 4) 3 2 5  ( 3 ) 3 7 ( 1 )
C O S ) 3 4 9 0  ( 5 ) 3 1 0 0  ( 4 ) 1 1 9  5 ( 3 ) 3 0  ( 1 )
C 0 7 ) - 4 2 3 ( S ) 2 9 3 8  ( 4 ) 2 1 5 5 ( 3 ) 3 5  ( 1 )
C 0 3 ) 2 8 3 5 ( S) 5 0 8 5  ( 4 ) 2 3 9 8  ( 3 ) 3 5  ( 1 )
C 0 3  ) 7 3 8 0 ( S ) 5 0 9  S (4 ) 4 2 4 0  ( 3 ) 2 8  ( 1 )
C ( 2 0 ) 8 8 2 8 ( S) 7 2 4 0  ( 4) 4 5 3 9  ( 3 ) 4 1  ( 1 )
C ( 2 1 ) 7 3 0 2 ( S) SSSO ( 5) 3 0 5 9  ( 3 ) 3 8 ( 1 )
F ( l ) S 7 9 2  ( 3 ) 2 5 3 1 ( 2 ) 4 7 0 2  ( 2 ) 4 5  ( 1 )
F ( 2 ) 7 7 0 5  ( 3 ) 5 5 3 ( 2 ) 4 8 2 0  ( 2 ) 55 ( 1 )
F  ( 2 ) SOOS ( 4 ) - 1 7 5 3  ( 3 ) 3 5 0 4  ( 3 ) 7 1 ( 1 )
F ( 4 ) - 9 9 5  ( 3 ) - 1 0 2 3 ( 3 ) 2 0 5 0 ( 2 ) 5 1 ( 1 )
F  ( 5 ) 4 2 5 ( 3 ) - 1 9 0  ( 3 ) 3 4 8 8  ( 2 ) 5 2  ( 1 )
F ( S ) 4 4 5  ( 4 ) - 1 3  83 ( 3 ) 2 5 2 8  ( 2 ) 58 ( 1 )
F  ( 7 ) 3 4 5 4 ( 4 ) - 2 2 3  ( 3 ) 8 1 1  ( 2 ) S3 ( 1 )
f  ( a ) 1 9 0 3 ( 4 ) - 2 0 2 0 ( 3 ) 9 8 5 ( 2 ) 5a ( 1 !
F  ( 9 ) 7 4 0 ( 4 ) - a O S  (3) 5 2 7  ( 2 ) 55 ( 1 )
F O O ) 1 7 2 3 ( 4 ) 4 4 2 3  ( 3 ) - 9 2 4  ( 2 ) 57  ( 1 )
F O X ) 4 2 5 3 ( 4 ) 3 4 S a  (3) - 1 2 1 5 ( 2 ) 5 4 ( 1 )
F  0 2 ) 5 4 1 0  ( 3 ) 2 5 7 7  ( 3 ) 1 5 2 ( 2 ) 5 1 ( 1 )
F  0 2 ) - 9 9 2  C3) 2 3 0 5  ( 3 ) 2 9 9 7 ( 2 ) 5 1 ( 1 )
F  ( X 4 ) - 1 3 0 3  ( 3 ) 3 5 4 5  ( 2 ) 1 7 8 3  ( 2 ) 4 7  ( 1 )
F  ( 2 5 ) - 8 1 4  ( 3 ) 1 7 9 5 ( 2 ) 1 5 5 5 ( 2 ) 4 5  ( 1 )
F  O o ) 3 5 5 0  ( 3 ) 5 5 7 7 ( 2 ) 3 1 3 1  ( 2 ) 54 ( 1 )
F  ( 2 7 ) 1 3 0 7  ( 3 ) 5 7 5 8  ( 2 ) 2 4 1 5 ( 2 ) 43 ( 1 )
F  ( 2 3 ) 1 2 3 5  ( 4 ) 5 1 8 4 ( 2 ) 3 7 3 1  ( 2 ) 53 ( 1 )
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T able  A.7. Bond lengths and angles for Li(OC(CH3)2)B(HFTPOP-2,3,4)2-

S - C  ( 4 )
3 - 0 ( 1 )

Li-0 (5)
L i . - 0  ( 2 )
0  C L ) - C ( L )
0 ( 3 )  - C  C I S)
0 ( 5 )  - C C 1 9 )
C ( l ) - C  ( 2 )
C ( 2 )  - 7 ( 1 )
C (2  ) - 7  ( 2 )
C ( 4 )  - 7 ( 3 )
C ( 5 )  - C  Co)
C ( 7 )  - C  ( 3 )
C ( S )  - 7 ( 5 )
C O )  - F O )
C O )  -FC7)
C( 1 0 ) -C(ll) 
C ( L 0 )  - C C 1 7 )
C(11)-C(12)
C ( 1 3 )  - 7 ( 1 0 )
C ( 1 4 )  - 7 ( 1 1 )
C ( 1 5 ) - 7 ( 1 2 )
C ( 1 7 ) - 7 ( 1 5 )
C ( 1 7 )  - F ( 1 4 )
C ( 1 3 ) - 7 ( 1 6 )  
C O S )  - C O O )

0 ( 4 )  - 3 - 0  ( 3 )
0 ( 3 ) - 3 - 0 ( 1 )
0 ( 3 ) - 3 - 0 ( 2 )
0  ( 4 )  - 3 - L i .  
a  c i ) - 3 - L i  
O ( 5 )  # 1 - 1 1 - 0  ( 5 )  
0 ( 5 ) - 1 1 - 0 ( 1 )
0  ( 5 )  - 1 1 - 0 ( 2 )
0 ( 5 ) # 1 - 1 1 - 3  
0 ( 1 ) - 1 1 - 3  
0 ( 5 )  # 1 - 1 1 - 1 1 # 1  
0 ( 1 ) - L i - L i # l  
3 - 1 1 - 1 1 # !
C ( l ) - 0 ( 1 ) - 1 1  
C ( I O )  - 0 ( 2 )  - 3  
3 - 0  ( 2 )  - 1 1  
C ( 7 ) - 0 ( 4 ) - 3  
C O S  ) - 0  ( 5 )  - 1 1  
0 ( 1 )  - C O )  - C  ( 2 )
c o )  - c o )  - c c s )
7 ( 1 )  - C  ( 2 )  - C ( l )  
7 ( 2 )  - C ( 3 )  - C  ( 2 )  
C O )  - C  ( 3 )  - C  ( 4 )  
7 ( 3 )  - C ( 4 )  - C  (3  ) 
C ( 4  ) - C  ( 5 )  - C ( S )  
C ( 5  ) - C  ( 5 )  - C  ( 7 )

1 . 4 3 1 ( 5 )  
1 . 4 5 3 ( 5 )  
2 . 5 2 5  (S)  
1 . 9 5 0 ( 7 )
2 . 0 3 8  ( 7 )  
1 . 3 6 2 ( 5 )  
1 . 3 5 4  ( 5 )  
1 . 2 2 4 ( 5 )  
1 . 3 7 0 ( 6 )  
1 . 3 5 3 ( 5 )
1 . 3 4 3  ( 5 )  
1 . 3 5 0  ( 5 )
1 . 3 9  5 ( 6 )  
1 . 5 4 1 ( 7 )  
1 . 3 2 3  ( 5 )  
1 . 3 3 5 ( 5 )  
1 . 3 3 1 ( 6 )  
1 . 5 3 5 ( 6 )  
1 . 5 4 5  ( 6 )  
1 . 4 0 3 ( 6 )  
1 . 3 5 5 ( 5 )  
1 . 3 4 7 ( 5 )  
1 . 3 4 3 ( 5 )
1 - 3 0 9 ( 5 )  
1 . 3 4 3 ( 5 )  
1 . 3 3 1 ( 5 )  
1 . 4 8 8 ( 6 )

1 1 3
1 0 3
110
1 4 0

SO
a s

1 2 4  
13 3
12 9 
3 s 
43

13 3 
1 7 3  
1 4 8  
120

90  
1 2 3  
13  5 
1 1 3  
1 1 3

13 .

:o .

9 ( 3 )
2 ( 3 )
3 ( 4 )  
4 ( 4 )  
9 ( 2 )
4 ( 3 )  
0 ( 4 )  
1 ( 4 )  
0 ( 4 )
4 ( 2 )  
3 ( 2 )  
8 ( 5 )
5 ( 5 )  
5 ( 3 )  
1 ( 3 )  
3 ( 3 )  
4 ( 3 )  
0 ( 3 )
2 ( 4 )
3 ( 4 )  
3 ( 4 )  
1 ( 4 )  
1 ( 4 )  
5 ( 4 )  
7 ( 4 )

. 5 ( 4 )

3 - 0 ( 2 )
3 - 0 ( 2 )
1 1 - 0  ( 5 ) # 1
1 1 - 0 ( 1 )
! i - L i # l  
0 ( 2 )  - C O O )
0 ( 4 )  - C  ( 7 )
0 ( 5 ) - L i # l  
C O )  - C  ( 6 )
C O )  - C  ( 3 )
C (2 ) - C ( 4 )
C ( 4 )  - C C S )
CCS)  - C  (7 )
C ( 7 )  - C  (9 )
C ( 3 )  - 7 ( 4 )
C ( 9 )  - 7 ( 9 )
C ( 9 )  - 7 ( 3 )
C O O )  - C  ( 1 3 )  
C O D  - C  ( 1 6 )  
C O D  - C O D  
C ( 1 3  ) - C  ( 1 4 )
C ( 1 4 )  - C O S )  
C O S )  - C  ( 1 6 )
C ( 1 7 )  - 7  0 3 )
C ( 1 3 )  - 7 ( 1 3 )  
C O S )  - 7  0 7 )  
C O S )  - C  ( 2 1 )

0 ( 4 )  - 3 - 0 ( 1 )
0 ( 4 )  - 3 - 0 ( 2 )
0 ( 1 ) - 3 - 0 ( 2 )
0 ( 2 )  - 3 - 1 1  
0 ( 2 ) - 3 - 1 1  
0 ( 5 ) # 1 - 1 1 - 0 ( 1 )  
0 ( 5) # 1 - 11- 0 (2 )
0 ( 1 ) - 11-0 ( 2 )
0 ( 5 ) - 1 1 - 3  
0 ( 2 ) - 1 1 - 3  
0 ( 5 )  - 1 1 - 1 1 # !  
0(2) - l i - l i # i  
C O )  - 0 ( 1 )  - 3  
3 - 0 ( 1 ) - 1 1  
C O O )  - 0 ( 2 )  - 1 1  
C ( 1 5 ) - 0 ( 3 ) - 3  
C O S )  - 0 ( 5 )  - L i # l  
L i # l - 0  ( 5 )  - 1 1  
0 ( 1 )  - C O )  - CCS)  
7 ( 1 )  - C O )  - C  ( 3 )
C ( 2 )  - C  ( 2 )  - C  ( 1)  
7 ( 2 )  - C  (3 ) - C  ( 4 )  
7 ( 2 )  - C  ( 4 )  - C  ( 5 )  
CCS)  - 0 ( 4 )  - C  ( 3 )
C ( 5 )  - C  ( 5 )  - C  ( 1 )  
C O )  - C ( 5 )  - C  ( 7 )

1 . 4 4 5  ( 6 )  
1 . 4 3 0  ( 5)  
1 . 9 4 5 ( 7 )  
1 . 9  5 4  ( 7)  
2 . 8 4 0  ( 1 3 )  
1 . 4 0 3  ( 5 )  
1 . 3 9 0  ( 5 )  
1 . 9 4 6  ( 7)  
1 . 4 0 0  ( 5)  
1 . 3 6 7  (6)  
1 . 3 8 0  ( 6)  
1 . 3 6 1 ( 7 )  
1 . 5 2 4 ( 5 )  
1 . 5 4 8  ( 5)  
1 . 2 2 4  ( 5 )  
1 . 3 2 2  (5 )
1 . 3 4 4  ( 6)  
1 . 5 3 9 ( 6 )  
1 . 3 8 7  ( 5)
1 . 3 7 7  ( 5)  
1 . 3 7 5  ( 7)  
1 . 3 6 5  ( 7)
1 . 3 3 9  ( 5 )
1 . 3 4 0  ( 5 )  
1 . 3 2 9  ( 5 )  
1 . 3 3 4  ( 5 )  
1 - 4 9 2  ( 6)

112
1 0 9
101
1 0 5

C-5

13 3 
3 5 
4 3  

1 5 0

93

1 3 1
93

122
1 1 3
12
1 1 9
120 

120 
1 1 8  
1 1 3

. 6 ( 4 )  

. 9  ( 3)  

. 3  (3)  

. 7  ( 3)  

. 8  (2 ) 
- 5  (4)  
. 7  ( 4)  
. 4  ( 2 )  
.9 ( 4)  
. 9  ( 2)  
.1(2) 
.5(5) 
. 5 ( 3 )  
. 7 ( 3 )  
- 5 ( 3 )  
. 3  ( 3 )  
. 1 ( 3 )  
. 6 ( 3 )  
. 5  ( 4)  
.9 ( 4)  
. 7  (4 )  
. a ( 4 )  
.9 ( 4)  
. 5 ( 4 )  
. 5 ( 4 )  
. 9 ( 4)
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Table A.7 (continued).

O (4 )  -C (7) -C  (6 ) 112 . a  (3) 0 ( 4 )  -C  (7 )  - C ( 8 ) 1 0 3  . 7 ( 3 )
CCS) -CC7) -C  (8 ) 1 0 9 . 7  (4) 0 ( 4 )  -C  (7 )  -C  (9 ) 1 0 5  . 3  (4)
CCS) -CC7) - C O ) 1 1 1 . 1 ( 4 ) C ( 8 )  -C  (7)  - C  (9) 1 1 0 . 9  (4)
F ( 5 )  -CC8) - F C 4 ) 1 0 7 . 7  (4) F (S )  - C ( a )  - F ( S ) 1 0 S  . 7  (4)
F (4 )  - C O )  - F  Co) 1 0 S . 7  (4) F ( 5 )  -C  (8)  -C  (7) 1 0 9 . 9  (4)
F C 4 )  - c c a )  -CC 7) 1 1 2  . 2  (4) F (S )  -C  (8)  -C  (7) 1 1 2 . 3  (4)
F C 9 )  - C ( S )  - F C 7 ) 1 0 8 . 3  (5) F (9 ) -C  (9)  - F  (8) 1 0 7 . 1 ( 4 )

F ( 7 )  -CC9) - F C 3 ) 1 0 5  . 7  ( 4) F (9 ) -C  (9)  - C  (7) 1 1 2 . 0 ( 4 )
?  C7) -C  (9 ) -C  C7) 1 1 0 - 2  (4) F ( 8 )  -C  (9 )  -C  (7) 1 1 2 . 4 ( 5 )
0  C2) -C  (10)  - C ( l l ) 1 1 2 . 4 ( 3 ) 0 ( 2 )  - C O O )  -C  (18 ) 1 0 3  . 4 ( 3 )

c o d  - c c x o )  - c c i a ) 1 1 0  . 1 ( 4 ) 0 ( 2 )  - C ( I O )  -C  (17) 10 9  . 0  (4)
C C l l )  - C ( 1 0 )  -C  (1 7 ) 1 1 0  . 3  (3) C 0 8 )  - C O O )  -C (17) 1 1 0  . 8  (3)

C O S )  - C C l l )  - C C l l ) U S  . 8  (4) C O S )  - C ( l l )  - C ( 1 0 ) 1 1 3  . 0  (4)

C C l l )  - C ( l l )  -C C 1 0) 1 2 1 . 2 ( 4 ) C ( 1 2 ) - C ( 1 2 ) - C ( l l ) 1 1 9  . 1 ( 4 )

F ( 1 0 ) - C C 1 3 ) - C C l l ) 1 1 3  . 3  (4) F ( 1 0 )  - C ( 1 3 )  - C (14 ) 1 1 8 . 7 ( 4 )

C C l l )  - C C l l )  -C  (1 4 ) 1 2 1 . 4  (4) F ( U )  -C  ( 1 4 )  - C ( 1 S ) 1 2 0 . 3  (4)

F ( 1 1 )  - C (14 )  -C  (1 1 ) 1 2 0  . S ( S ) C O S )  -C  ( 1 4 )  -C (13 ) 1 1 9 . 1 ( 4 )

F ( 1 1 ) - C ( I S ) - C C 1 4 ) l i a . a  (4) F ( 1 2 )  -C  ( 1 5 )  - C O S ) 1 1 9  . 5 ( 4 )

C ( 1 4 )  - C ( I S )  - C O S ) 1 2 1 .  S (4) 0 ( 3 )  - C O S )  - C O D 1 2 3  . 8  (4)

0 ( 1 )  - C ( I S )  - C O S ) 1 1 7 . 3  (4) C O D  - C O S )  - C O S ) 1 1 8  . 9  (4)

F ( I S ) - C C 1 7 )  - F  (1 1 ) 1 0 7 .  S (4) F O S )  -C  ( 1 7 )  - F  (14 ) 1 0 7 . 5 ( 3 )

F ( 1 1 )  - C (17 )  - F  (1 4 ) 1 0 5 . 4  (4) F ( 1 S )  -C  ( 1 7 )  - C O O ) 1 1 2 . 2 ( 4 )

F  ( 1 3 )  -C (17 )  - C O O ) 1 1 1 . 2  (4) F ( 1 4 )  -C  ( 1 7 )  - C ( 1 0 ) 1 1 1 .  6 (4)

F ( 1 B )  - C ( 1 3 )  - F  ( I S ) 1 0 5 . S (4) F ( I S )  - C ( i a )  - F  (17) 1 0 S . 7  (3)

F ( I S )  -CC13)  - F  (1 7 ) 1 0 5 . 7  (4) F ( 1 3 )  -C ( 1 8 )  - C ( I O ) 1 1 1 . 7 ( 4 )

F ( I S )  - C (18 )  -C  (1 0 ) 1 0 9 . 9  (3) F ( 1 7 )  - C O S )  - C ( 1 0 ) 1 1 4 . 5 ( 4 )

O ( S )  - C ( I S )  -C  (10 ) 1 2 1 . S (4) O (S )  - C O S )  -C  (21) 1 2 0 . 3  (4)

C ( 2 0 )  - C O S )  -C  (2 1 ) 1 1 3  . 2  ( 4)
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T able A.8. Hydrogen atom coordinates for Li(OC(CH3)2)B(HFTPOP-2,3,4)2.

X 7 s t H a q )

HC 5 A) 3 5 4 2 ( g ) - 1 7 3 4  ( 4 ) 2 4 7 S C 4 ) 49
H ( 1 2 A ) 5 9 3  ( g ) 4 3 3 0  ( 4 ) 7 2 2  ( 3 ) 4 3
S  ( 2 0  A ) 3 7 1 9 ( 5 ) 7 4 1 3 ( 4 ) 5 3 9 5  ( 3 ) 6 1
H ( 2 0 3 ) 3 3 2 7 ( g ) 7 9 7 4  ( 4 ) 4 4 6 9  ( 3 ) 6 1
H  ( 2 0 C ) 9 3 9 2  ( g) 7 0 8 2  ( 4 ) 4 5 0 2  ( 3 ) 5 1
H  ( 2 1 A ) 3 2 9  0 ( g ) 4 9  0 4  ( 5 ) 2 7 3 7  ( 3 ) 5 7
H ( 2 1 3 ) 3 3 1 3  ( g ) 5 4 4 9  ( 5 ) 2 9  0 5  ( 3 ) 5 7
H ( 2 1 C ) 7 2 4 3  ( g ) 5 3 4 2 ( 5 ) 2 7 7 4  ( 3 ) 5 7
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Figure A.3. Drawing o f  LiAl(HFCP)4 with all but the 
hydrogen atoms labeled. See Table 2 for definition o f 
abbreviation.
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T able A.9. Crystal data and structure refinement for 40% LiAl(HFCP)4 -

I d e n t i f i c a t i c n .  c e d e  

E m p i r i c a l  f c r a u l a  

P c r a u l a  w e i g h t  

T a n p e r a t c r a  

W a v e l e n g t h  

C r y s t a l  s y s t e m  

S p a c e  g r o u p  

U n i t  c e l l  d i a a a s i o a a

V o l u m e , Z

D e n s i t y  ( c a l c u l a t e d )

A b s o r p t i o n  c o e f f i c i e n t  

?  ( 0 0 0 )

C r y s t a l  s i r e

0 r a n g e  f o r  d a t a  c o l l e c t i o n

l i m i t i n g  i n d i c e s

R e f l e c t i o n s  c o l l e c t e d

I n d e p e n d e n t  r e f l e c t i o n s

A b s o r p t i o n  c o r r e c t i o n

R e f i n e m e n t  m e t i e d

D a t a  /  r e s t r a i n t s  /  p a r a m e t e r s

2
G o o d n e 3 3 - o f - f a t  o n  P 

P i n a l  R  i n d i c e s  [ I > 2 a ( I )  1 

R i n d i c e s  ( a l l  d a t a )

E x t i n c t i o n  c o e f f i c i e n t  

l a r g e s t  d i f f .  p e a i c  a n d  h o l e

s h s S o n  L i  r e f i n e d  a t  40% p o s i t i o n

C H  A1 P L i O  
3 5  4 4  24 4

1 0 3  0 . 5 3  

1 S3  ( 2 )  K 

0 . 7 1 0 7 3  A 

M c n o c l i n i c

P2^/s.

9 0a  « 1 1 . 4 9 4 3 ( 3 )  A  a l p h a  

b -
c  -  19 . 1 3 3 4  ( 1 4 )  A gamma -  90

19 . 5 0 8  ( 2 )  A  b e t a  -  1 0 4 . 3 8 8  ( 7 )
o

4 1 9  0 . 2 ( 5 )  A , 4 

1 . 5 3 4  M g / a 3 

0 -19S an 

2 0 9 5

0 . 3 8  x  0 . 4 0  x  0 . 5 0  a n

1 . 5 1  t o  2 8 . 3 9 °

- 1 5  s e e  1 5 ,  - 2 5  a  k  s 2 5 ,  - 2 5  a  1  

2 7 5 3 4

1 0 1 2 7  ( R.  -  0 . 0 5 1 5 )
i n t

SADA3S

2
P u l l - m a t r i x  l e a s t - s q u a r e s  a n  P

1 0 1 2 5  /  0 /  5 9 3

1.101

R 1  -  0 . 0 4 9  0 ,  wR2 -  0 . 1 1 0 5  

R 1 -  0 . 0 8 5 7 ,  wR2 -  0 . 1 2 3 3  

0 . 0 0 1 5  ( 2)

1 . 1 7 2  a n d  - 0 . 7 8 5  e A ~ 3

-  202
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Table A.10. Atomic coordinates for 40% LiAl(HFCP)4.

X y
=

C ( a q )

A1 9 1 5 3 ( 1 ) 2 2 5 2  (1) 7 0 8 ( 1 ) 19 ( 1 )
L i 8C92 1 3 7 8 -  5 6 9 2 0 0  ( 4 )
0 ( 1 ) 7 8 4 8 ( 1 ) 1 7 3 7 ( 1 ) 3 0 4 ( 1 ) 3 2  ( 1 )
0 ( 2 ) 9 7 1 0 ( 1 ) 2 1 7 4  ( 1) - 7 4 ( 1 ) 2 5 ( 1 )
0 ( 3 ) 8 7 9 3 ( 1 ) 3 0 5 9  (1) 9 0 2 ( 1 ) 2 5  ( 1 )
0 ( 4 ) 1 0 1 0 0 ( 1 ) 1 8 5 3  ( 1) 1 4 2 3 ( 1 ) 2 8  ( 1 )
C C D 59 8 2  ( 2 ) 1 2 9 6  (1) 3 1 5 ( 1 ) 2 5 ( 1 )
C ( 2 ) 7 5 9 7 ( 2 ) 5 3 7 ( 1 ) 2 8 3 ( 1 ) 3 2  ( 1 )
C (2  ) 5 0 2 7 ( 2 ) 1 3 9 0  (1) - 4 0 5 ( 1 ) 3 5  ( 1 )
C ( 4 ) 5 4 7 2 ( 2 ) 1 2 2 2  (1) 9 8 5  ( 1 ) 2 5 ( 1 )
C ( 5 ) 5 5 5 5 ( 2 ) 7 4 5 ( 1 ) 1 0 9 5 ( 1 ) 4 0  ( 1 )
C ( S ) 5 3 5 5  ( 2 ) 8 0 8  (1) 1 3 2 5  ( 2 ) 4 8  ( 1 )
C ( 7  ) 4 7 9 0  ( 2 ) 1 4 8 7  ( 1) 1 9 1 4 ( 1 ) 4 3  ( 1 )
C ( 8 ) 5 3 3 1 ( 3 ) 2 0 5 9  (1) 1 7 8 5 ( 2 ) 5 2  ( 1 )
C (9  ) 5 3 6 5 ( 2 ) 2 0 1 1 ( 1 ) 1 0 5 3  ( 1 ) 4 5  ( 1 )
C ( 1 0 ) 1 0 6 5 4  ( 2 ) 2 1 9 1 ( 1 ) - 4 1 1 ( 1 ) 2 4  ( 1 )
C ( l l ) 1 0 0 2 8  ( 2 ) 2 1 7 5  (1) - 1 2 2 7  ( 1 ) 33 ( 1 )
C ( 1 2 ) 1 1 2 5 9  ( 2 ) 1 5 2 0  ( 1) - 2 2 4  ( 1 ) 3 4  ( 1 )
C ( 1 3 ) 1 1 4 2 7 ( 2 ) 2 8 4 0  ( 1) - 2 4 2  ( 1 ) 28  ( 1 )
C ( 1 4 ) 1 2 0 4 2  ( 2 ) 2 9 3 3  ( 1) 5 5 3 ( 1 ) 43  ( 1 )
C ( 1 S ) 1 2 6 1 3 ( 2 ) 3 5 2 8  ( 2) 5 9 8  ( 2 ) 59 ( 1 )
C d o ) 1 3 5 2 1  ( 2 ) 3 7 5 1 ( 1 ) 2 5 1 ( 2 ) 5 7  ( 1 )
C ( 1 7 ) 1 2 9 4 9  ( 3 ) 3 5 3 3  ( 1) - 5 2 1  ( 2 ) 5 8 ( 1 )
C ( 1 8 ) 1 2 2 8 1  ( 2 ) 2 9 5 0 ( 1) - 5 8 0 ( 1 ) 4 2  ( 1)
C ( 1 9  ) 8 2 1 5 ( 2 ) 3 5 7 8  ( 1) 7 4 2  ( 1 ) 2 4  ( 1 )
C ( 2 0 ) 9 1 8 4 ( 2 ) 4 2 0 4  ( 1) sa i ( i ) 3 5  ( 1 )
C ( 2 1 ) 7 3 0 8  ( 2 ) 2 5 2 4  ( 1) 4  ( 1 ) 32  ( 1 )
C ( 2 2 ) 7 5 5 0 ( 2 ) 2 8 5 0  ( 1) 1 2 3 7  ( 1 ) 2 4  ( 1 )
C ( 2 3  ) 8 4 2 1 ( 2 ) 3 9 4 8  ( 1) 2 0 8 0  ( 1 ) 3 2  ( 1 )
C ( 2 4 ) 7 7 2 2  ( 2 ) 3 9 4 1  (1) 2 5 5 2  ( 1 ) 42 ( 1 )
C ( 2 S ) 5 7 5 2 ( 2 ) 4 4 8 9  ( 1) 2 5 3 0 ( 1 ) 4 4  ( 1 )
C ( 2 a  ) 5 3 4 5 ( 2 ) 4 4 4 6 ( 1 ) 1 7 8 0  ( 1 ) 4 2  ( 1 )
C ( 2 7 ) 6 5 3 4 ( 2 ) 4 4 4 8  ( 1) 1 2 0 1  ( 1 ) 3 2  ( 1 )
C ( 2 8  ) 1 0 5 5 4 ( 2 ) 1 7 6 7  ( 1 ) 2 1 4 2  ( 1 ) 23 ( 1 )
C ( 2 9  ) 9 6 5 5 ( 2 ) 1 7 1 9  ( 1) 2 5 5 4 ( 1 ) 29 ( 1)
C (3  0 ) 1 1 4 4 5 ( 2 ) 2 2 9 7  ( 1) 2 4 1 4 ( 1 ) 29 ( 1 )
C (3 1 ) 1 1 4 5 9 ( 2 ) 1 1 1 5  ( 1) 2 2 2 1  ( 1 ) 2 5 ( 1 )
C ( 3 2 ) 1 0 9 0 4 ( 2 ) 5 1 8  ( 1 ) 1 7 5 7  ( 1 ) 3 4  ( 1 )
C ( 3 3  ) 1 1 3 2 2 ( 2 ) - 4 6  ( 1) 1 7 3 9  ( 1 ) 38 ( 1 )
C ( 2 4 ) 1 2 3 7 7  ( 2 ) - 2 8 5  ( 1) 2 5 4 2  ( 1 ) 4 6  ( 1 )
C (3 3 ) 1 2 9 0 0 ( 2 ) 2 0 0  ( 1 ) 3 0 2 4  ( 1 ) 49 ( 1 )
C (3 6 ) 1 2 0 0 6 ( 2 ) 8 7 3  ( 1 ) 2 9 9 3 ( 1 ) 3 8 ( 1 )
? < 1 ) 5 5 5 5 ( 1 ) 12 13 ( 1) - 9 5 5  ( 1 ) 5 2 ( 1 )
? ( 2 ) 5 1 2 4 ( 1 ) 9 5 3  ( 1 ) - 5 2 2  ( 1 ) 48 ( 1 )
? (2 ) 5 5 7 7 ( 1 ) 2 0 0 9  ( 1 ) - 4 7 7  ( 1 ) S3 ( 1 )
P ( 4 ) 3 2 8 5 ( 1 ) 5 1 3  ( 1 ) - 1 2  3 ( 1 ) 50 ( 1 )
? ( 5 ) 6 3 4 3 ( 1 ) 30 ( 1 ) 2 2  ( 1 ) 4 5  ( 1 )
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Table A.10 (continued).

FC6) 8 2 3 2  (1 )
F ( 7 ) 9 0 5 9 ( 1 )
F ( 8 ) 9 5 8 8 ( 1 )
F (9) 1 0 7 1 3 ( 1 )
F (10) 123  00 (1 )
F (11) 1 0 5 5 5 ( 1 )
F (12) 1 1 7 7 5 ( 1 )
F (13) 9 5 5 5 ( 1 )
F (14) 8 8 1 1 ( 1 )
F (15) 1 0 1 5 8 ( 1 )
F (15) 7 7 4 7 ( 1 )
F (17) 5 2 9 4  (1 )
F (18) 7 0 0 4 ( 1 )
F (19) 8 8 8 9 ( 1 )
F (20 ) 8 9 9 7  (1 )
F  (21) 1 0 0 5 4 ( 1 )
F (22 ) 1 1 8 7 3  (1 )
F (23 ) 1 2 4 0 3 ( 1 )
F (24) 1 0 8 5 2 ( 1 )

(1 ) 9 2 9 (X) 4 4 ( 1 )
(1) - 1 3 5 8 ( 1 ) 3 8  (1 )
(1 ) - 1 4 5 7 ( 1 ) 49  (1)
(1 ) - 1 5 4 5 ( 1 ) 5 5 ( 1 )
(1 ) - 5 0 5 ( 1 ) 5 4  (1)
(1 ) - 4 3 9  (1 ) 5 1 ( 1 )
(X) 4 8 5 ( 1 ) 5 2 ( 1 )
(1 ) 7 5 ( 1 ) 49  (1)
(X) 6 8 4 ( 1 ) 53  (X)
(X) 1 2 2 5 ( 1 ) 4 5  (1)
(X) - 4 5 4 ( 1 ) 4 4  (1)
(X) 4 7 ( 1 ) 4X (X)
(X) - 3 0 7 ( 1 ) 4 5  (X)
(X) 2 3 9 2 ( 1 ) 49 (1)
(X) 2 3 7 5 ( 1 ) 4X (X)
(X) 3 2 5 7 ( 1 ) 4 7  (X)
(X) 3 1 3 0  (1 ) 4 4  (1 )
(X) 2 1 4 2  Cl) 4 5  (1)
(X) 2 2 2 7 ( 1 ) 4 6  (1)

3 9 5
1 7 4 7
2 7 8 1
19 o 5
1 4 5 8

9 7 5
1 4 4 8
4 1 2 3
4 8 5 2
4 1 4 2
3 2 5 2
3 3 2 0
4 2 3  5
2 2 4 3
1 1 5 8
1 7 1 3
2 4 1 7
2 4 2 2
2 9 8 0
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T able  A.11. Bond lengths and angles for 40% LlAI(HFCP)4 -

A l - C  ( 3 ) 1 . 5 9 3 9 ( 1 4 ) A l - O ( 4 )

A l - C ( 1 ) 1 . 7 5 3 ( 2 ) A l - C ( 2 )

A l - L l 2 . 7 2 4 c ( 5 ) 1 1 - 7 ( 7 )

1 . 1 - 0  ( 1 ) 1 . 9 5 3 5  ( 1 4 ) L i - O ( 2 )

L i - 7  ( 1 ) 2 . 0 3 3 7  ( 1 4 ) 1 1 - C ( 2 )

L i - C O L ) 2 . 7 5 1 ( 2 ) 1 1 - C ( 1 )

C ( l )  - C ( l ) 1 . 4 0 3 ( 2 ) 0 ( 2 )  - C O O )

O ( 3 ) - C ( 1 9 ) 1 . 3 8 2  ( 2 ) 0 ( 4 )  - C  ( 2 3 )

C ( l )  - C  ( 4 ) 1 . 5 4 1 ( 3 ) C ( 1 )  - C  (2)

C ( l ) - C ( 2 ) 1 . 5 3 1 ( 3 ) C ( 2 )  - 7  ( 5 )

C ( 2 )  - 7 ( 5 ) 1 . 3 2 9  ( 3 ) C ( 2 )  - 7 ( 4 )

C ( 3 )  - 7  ( 2 ) 1 . 3 1 3  ( 3 ) C ( 3 )  - 7 ( 2 )

C ( 3 )  - 7 ( 1 ) 1 . 3 7 5 ( 3 ) C ( 4 )  - C  (9 )

C ( 4 )  - C  ( 5 ) 1 . 5 3 2  ( 3 ) C ( S )  - C ( S )

C ( S )  - C  ( 7 ) 1 . 5 1 5  ( 3 ) C ( 7 )  - C  ( 8 )

C ( 8 )  - C ( 3 ) 1 . 5 1 4  ( 3 ) C ( 1 0 )  - C ( 1 2 )

C O O )  - C  ( 1 3 ) 1 . 5 4 5 ( 3 ) C ( I O )  - C ( l l )

C ( l l )  - 7 ( 8 ) 1 . 3 2 1 ( 3 ) C ( l l )  - 7 ( 9 )

C ( l l )  - ? ( 7 ) 1 . 3 5 3  ( 3 ) C 0 2 )  - 7 ( 1 2 )

C ( 1 2 ) - 7 ( 1 0 ) 1 . 3 2 1 ( 3 ) C ( 1 2 ) - 7 ( 1 1 )

C ( 1 3  ) - C ( 1 4 ) 1 . 5 2 4  ( 3 ) C ( 1 2  ) - C ( 1 3 )

C ( 1 4 )  - C O S ) 1 . 5 2 7  ( 3 ) C O S )  - C  ( l o )

C O S )  - C  ( 1 7 ) 1 . 5 1 3  ( 4 ) C ( 1 7 )  - C ( 1 3 )

C C S )  - C  ( 2 0 ) 1 . 5 4 3  ( 3 ) C ( 1 9  ) - C ( 2 1 )

C O S )  - C  ( 2 2 ) 1 . 5 5 9  ( 3 ) C ( 2 0 )  - 7 0 5 )

C ( 2 0 )  - 7 ( 1 4 ) 1 . 3 4 0 ( 2 ) C ( 2 0 )  - 7 0 3 )

C ( 2 1 ) - 7 ( 1 7 ) 1 . 3 2 9  ( 3 ) C ( 2 1 )  - 7  0 8 )

C ( 2 1 )  - 7 0 5 ) 1 . 3 4 9 ( 2 ) C ( 2 2 )  - C  ( 2 3 )

C ( 2 2 ) - C ( 2 7 ) 1 . 5 3 2  ( 3 ) C ( 2 3  ) - C  ( 2 4 )

C ( 2 4 ) - C ( 2 5 ) 1 . 5 2 4  ( 3 ) C ( 2 5 ) - C ( 2 5 )

C ( 2 5 ) - C ( 2 7 ) 1 . 5 3  0 ( 3 ) C ( 2 8 ) - C ( 2 9 )

C ( 2 3 !  - C O O ) 1 . 5 4 5  ( 2 ) C C 2 8 )  - C  ( 3 1 )

C ( 2 9 )  - 7  ( 2 0 ) 1 . 3 2 1 ( 2 ) C ( 2 9 ) - 7 ( 2 1 )

C ( 2 9 )  - 7 0 9 ) 1 . 3 3 7 ( 2 ) C (3  0 ) - 7 ( 2 4 )

C ( 3 0 )  - 7 ( 2 3 ) 1 . 3 3 3  ( 2 ) C ( 3 0 )  - 7 ( 2 2 )

C ( 3 1 )  - C  ( 3 2 ) 1 . 5 1 5  ( 2 ) C (2 1 )  - C  (3 5)

C ( 3 2 )  - C  ( 3 3 ) 1 . 5 2 2  ( 2 ) C ( 3 3 ) - C ( 3 4 )

C ( 3 4 )  - C  ( 3 5 ) 1 . 5 0 2  ( 2 ) C ( 3 5 )  - C  ( 3 5 )

0 ( 3 ) - A l - O ( 4 ) 1 1 2 . 5 7  ( 7 ) 0 ( 3 )  - A l - O O )

G ( 4 ) - A 1 - 0 ( 1 ) 1 1 5 . 0 1 ( 7 ) 0 ( 3 )  - . 4 1 - 0 ( 2 )

0 ( 4 ) - A l - O ( 2 ) 1 1 0 . 7 1 ( 7 ) 0 ( 1 ) - A l - 0 ( 2 )

0 ( 3 ) - A l - L i 1 1 2  . 7 5  ( 5 ) 0 ( 4 )  - A l - 1 1

0 ( 1 ) - A l - L i 4 5  . 9 9  ( 5 ) 0 ( 2 )  - A l - 1 1

7 ( 7 ) - 1 1 - 0 ( 1 ) 1 5 1 . 4 2 ( 6 ) 7 ( 7 ) - 1 1 - 0 ( 2 )

0 ( 1 ) - L l - C ( 2 ) 7 9  . 4 5  ( 5 ) 7 ( 7 )  - 1 1 - 7 0 )

0 ( 1 ) - 1 1 - 7 ( 1 ) 8 4 . 1 5 ( 5 ) 0 ( 2 ) - 1 1 - 7 ( 1 )

7  ( 7 )  - l l - C O ) 13 8 . 5 3  ( 5 ) 0 ( 1 ) - 1 1 - C ( 3 )

0 ( 2 ) - L l - C ( 3 ) 1 3 5 . 2 4 ( 5 ) 7 ( 1 ) - l l - C ( 3 )

7  ( 7 )  - 1 1 - A 1 1 2 0  . 3 1  ( 4 ) 0 ( 1 )  - 1 1 - A l

0 ( 2 ) - L l - A l 4 0 . 5 5 ( 4 ) 7 ( 1 )  - 1 1 - A l

C ( 3 ) - 1 1 - A 1 9 5  . 7 4  ( 5 ) 7 ( 7 ) - l l - C ( l l )

0 ( 1 )  - l l - C ( l l ) 1 3 5  . 0 2  ( 6 ) 0 ( 2 )  - l i - C ( l l )

7 ( 1 )  - L l - C  ( 1 1 ) 12 5 . 8 7 ( 5 ) C (3 ) - 1 1 - C O D

1 . 7 0 2 3  ( 1 4 )
1 . 7 7 5 2 ( 1 4 )  
1 . 9 5 5 7 ( 1 3 )  
2 . 0 0 9 3 ( 1 3 )  
2 . 7 2 2 ( 2 )
2 . 7 3 4 ( 2 )
1 . 3 9 5 ( 2 )
1 . 3 3 1 ( 2 )
1 . 5 5 2  ( 3 )
1 . 3 2 9 ( 2 )
1 . 3 4 3  ( 2 )
1 . 3 2 2 ( 2 )
1 . 5 2 5 ( 3 )  
1 . 5 2 1 ( 3 )
1 . 5 1 3  ( 3 )
1 . 5 3 9  ( 3 )
1 . 5 5 3  ( 3 )
1 . 3 2 4 ( 2 )
1 . 3 3 4  ( 3 )
1 . 3 4 3  ( 3 )
1 . 5 4 3  ( 3 )
1 . 5 0 3 ( 4 )
1 . 5 2 2 ( 3 )
1 . 5 4 0  ( 3 )
1 . 3 3 4  ( 3 )  
1 . 3 4 1 ( 3 )
1 . 3 4 3 ( 2 )
1 . 5 3 0  ( 3 )
1 . 5 2 9  ( 3 )
1 . 5 0 9 ( 3 )
1 . 5 5 0  ( 3 )
1 . 5 5 3  ( 3  ) 
1 . 3 3 1 ( 2 )
1 . 3 2 3 ( 2 )
1 . 3 4 0 ( 2 )  
1 . 5 2 1 ( 3 )  
l.SGS (3 )
1 . 5 2 2  (3  )

1 1 0  . 2 3  ( 3 )  
1 1 5 . 2 7  ( 7 )  

9 1 . 5 0  ( 7 )  
1 3 4 - 5 7 ( 5 )  

4 7  . 4 3  ( 5 )  
79  . 9 2  ( 5 )  

1 0 9  . 5 2 ( 5 )  
1 5 3 . 0 8 (S)  

5 5 . 3 9  ( 5 )  
2 9 . 3 1 (S)  
4 0  . 3 3  ( 4 )  

1 2 4 - 5 4  ( 4 )  
2 7 . 5 8 ( 5 )  
5 5 . 3 5  ( 5 )  

1 5 5 . 1 5 ( 7 )
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Table A.11 (continued).

A l - 1 1  
0(1) - 
F ( 1 )  - 
A l - l i  
C ( 1 )  - 
A l - 0  ( 
C ( 1 0 )  
C ( 1 9 )  
0 (1) - 
C ( 4 )  - 
C ( 4 )  - 
0(1) - 
C ( 3 )  - 
F ( 5 )  - 
F ( S)  - 
F (S)  - 
F ( 3 )  - 
F ( 2 )  - 

(2) - 
(3) - 

F  ( 1 )  - 
C ( 9 )  - 
C ( 5 )  - 
C ( 7 )  - 
C ( 7 )  - 
0(2) - 
C ( 1 2 )  
C ( 1 2 )  
F  ( 8 )  - 
F  ( 9 )  - 
F  ( 9 )  - 
F ( 8 )  - 
F  ( 7 )  - 
F  ( 1 2 )  
F ( 1 0 )  
F  ( 1 0 )  
C ( 1 4 )  
C ( 1 3 )  
C ( I S )  
C ( I S )  
0(2) - 
C ( 2 0 )  
C ( 2 0 )  
F ( I S )  
F ( 1 4 )  
F ( 1 4 )  
F ( 1 7 )  
F ( 1 3 !  
F ( 1 3 )  
C ( 2 3 )  
C ( 2 7 )  
C ( 2 5 )  
C ( 2 5 )  
O ( 4 )  - 
C ( 2 9  ) 
C ( 2 9 )  
F ( 2 0 )  
F ( 2 1 )

.-CC11)
L i - C ( l )
l i ' C ( l )
. - C ( l )
C ( 1 ) - A 1  
1! - 1 1  
-0(2) - 1 1  
- 0 ( 3 )  - A l  
C ( 1 )  - C  ( 4)  
C ( l )  - C  ( 3 )  
C ( l )  - C  ( 2 )  
C ( l ) - 1 1  
C ( l ) - 1 1  
C ( 2 ) - F ( S )
C (  2 )  - F  ( 4 )
C ( 2 ) - C ( l )
C(3)-F(2) 
C ( 3 ) - F ( 1 )  
0 ( 3 )  - C ( l )  
0 ( 3 ) - 1 1  
0 ( 3 ) - 1 1  
0 ( 4 )  - C  ( 5 )  
0 ( 4 ) - C ( l )  
C ( S )  - C ( S )
C ( 8 )  - C  (9)  
0 ( 1 0 ) - 0 ( 1 2 )  
- 0 ( 1 0 ) - C ( 1 3 )  
- 0 ( 1 0 )  - C ( l l )  
0 ( 1 1 ) - F ( 9 )  
0 ( 1 1 )  - F  ( 7 )  
0 ( 1 1 ) - 0 ( 1 0 )  
C ( l l ) -11 
C t l l ) -11 
- 0 ( 1 2 )  - F ( 1 0 )  
- C ( 1 2 ) - F ( 1 1 )  
- 0 ( 1 2 ) - C ( 1 0 )  
- 0 ( 1 3 ) - C ( 1 8 )  
- 0 ( 1 3 ) - 0 ( 1 0 )  
- 0 ( 1 5 ) - 0 ( 1 4 )  
- C ( 1 7 ) - C ( 1 3 )  
0 ( 1 9 )  - 0 ( 2 0 )  
- 0 ( 1 3 ) - 0 ( 2 1 )  
- 0 ( 1 9 ) - 0 ( 2 2 )  
- 0 ( 2 0 )  - F  ( 1 4 )  
-0(20)-F(13) 
- 0 ( 2 0 )  - C  ( 1 9 )  
- 0 ( 2 1 )  - F  ( 1 8 )  
- 0 ( 2 1 ) - F ( 1 5 )  
- 0 ( 2 1 )  - 0 ( 1 9 )  
- 0 ( 2 2 )  - 0  ( 2 7 )  
- 0 ( 2 2 )  - 0 ( 1 3 )  
- 0 ( 2 4 ) - 0 ( 2 3 )  
- 0 ( 2 5 ) - 0 ( 2 7 )  
0 ( 2 3 ) - 0 ( 2 9 )  
- 0 ( 2 3 ) - 0 ( 3 0 )  
- 0 ( 2 3 )  - 0 ( 3 1 )  
- 0 ( 2 9 ) - F ( 2 1 )  
- 0 ( 2 9 ; - F ( 1 9)

3 5 . 1 3 ( 5 ) F 7 ) - 2 1 - 2 ( 1 ) 1 4 7 . 5 5 ( 5 )

2 3 . 1 7 ( S ) 0 2) - l i - C ( l ) 1 0 4  . 4 7  ( 5 )

5 5 . 3 2 ( S ) c 3 ) - l i - C ( l ) 2 2 . 7 2  ( 5 )

5 7 . 9 3 ( 4 ) c ) - 2 1 - C ( 1 ) 1 5 4 . 2 3  ( 5 )

1 5 2 . 2 5 ( 1 3 ) c 1 ) - C ( l )  - 2 i 1 1 0 . 4 7 ( 1 1 )

9 3 . 5 3 ( 6 ) c 1 0 ) - 0 ( 2 ) - A l 1 5 0 . 5 1 ( 1 3 )

1 1 7 . 4 3 ( 1 1 ) A l  - C ( 2 ) - 2 1 9 1 . 8 5 ( 5 )

1 5 4 . 1 5 ( 1 3 ) c 2 3 )  - 0 ( 4 )  - A l 1 5 5 . 3 5  ( 1 3 )

1 1 3 . 1  ( 2 ) 0 - C ( l )  - C  (3 ) 1 0 4 . 0  ( 2 )

1 1 3 .a (2 ) 0 - C ( l )  - C  (2) 1 0 6 . 5 ( 2 )

1 1 0  . 9  ( 2 ) c 3 - C ( l ) - C ( 2 ) 1 0 7 . 9  ( 2 )

4 1 . 3 5 ( 3 ) c 4 - C ( i )  - 1 1 1 5 1 . 1 1 ( 1 3 )

7 1 . 4 6 ( 1 1 ) c 2 - C ( 1 ) - 1 1 9 2 . 8 5 ( 1 2 )

1 0 7 . 0  ( 2 ) F 5 - C ( 2 )  - F  (4 ) 1 0 6 . 1 ( 2 )

1 0 5 . 3 ( 2 ) c - C ( 2 )  - C ( l ) 1 1 4 . 7 ( 2 )

1 1 1 . 3 ( 2 ) F •* - C  ( 2 )  - C ( i ) 1 1 1 . 4 ( 2 )

1 0 3  . 0  ( 2 ) F 3 - C ( 3 )  - F  ( 1 ) 1 0 5 . 2 ( 2 )

1 0 5 . 4  ( 2 ) P 2 - C (3 ) - C  ( 1 ) 1 1 2 . 8  ( 2 )

1 1 4 . 8 ( 2 ) F i_ -C (3 )  - C  (1 ) 1 0 9  . 0  ( 2 )

8 9 . 5 3 ( 1 3 ) F 2 - C ( 3 ) - 1 1 1 5 1 . 7 ( 2 )

4 6 . 3 8  (9 ) C 1 - C ( 2 )  - 1 1 7 5 . 3 2 ( 1 1 )

1 0 9 . 4  ( 2 ) c 9 - C ( 4 )  - C ( l ) 1 1 3 . 3  ( 2 )

1 1 5 . 5  ( 2 ) c 6 - C ( 5 )  - C  (4 ) 1 1 0 . 5  ( 2 )

1 1 2 . 0 ( 2 ) c 6 - C ( 7 )  - C  (8) 1 1 0 . 3  ( 2 )

1 1 1 . 5 ( 2 ) c a -C (9 ) - C  ( 4 ) 1 1 1 . 0  ( 2 )

1 0 7 . 2 ( 2 ) 0 2 - C ( 1 0 ) - C ( 1 3 ) 1 1 2  . 8  ( 2 )

1 1 4 . 2 ( 2 ) 0 2 - C ( 1 0 ) - C ( l l ) 1 0 4 . 3  ( 2 )

1 0 7 . 3 ( 2 ) c -T ) - C ( 1 0 ) - C ( l l ) 1 0 9 . 0 ( 2 )

1 0 8 . 2 ( 2 ) p a - C ( l l )  - F  ( 7) 1 0 5 . 1 ( 2 )

1 0 5 . 4 ( 2 ) p 8 - C ( l i ) - C ( 1 0 ) 1 1 1 . 3 ( 2 )

1 1 5 . 0 ( 2 ) p / - C ( l l )  - C ( 1 Q ) 1 1 1 . 2 ( 2 )

9 2 . 3 3 ( 1 2 ) p q - C ( 115 - 1 1 1 4 5 . 9  ( 2 )

4 1 . 5 5  ( 8 ) c 3. ) - 2 ( 1 1 )  - 1 1 8 0 . 1 4 ( 1 1 )

1 0 5 . 5  ( 2 ) p ) - C ( 1 2 )  - F ( 1 1 ) 1 0 5 . 4  ( 2 )

1 0 5 . 9  ( 2 ) p ) - C ( 1 2 ) - C ( 1 0 ) 1 1 1 . 3 ( 2 )

1 1 4 . 5 ( 2 ) p ) - C ( 1 2 ) - C ( 1 0 ) 1 1 1 . 3  ( 2 )

1 0 3 . 3 ( 2 ) c 3 ) - C ( 1 2 ) - C ( 1 0 ) 1 1 3 . 9 ( 2 )

1 1 5 . 9 ( 2 ) c 3, ) - 2 ( 1 4 )  - C ( I S ) 1 1 1 . 1 ( 2 )

1 1 1 . 3 ( 2 ) c ) - C ( 1 5 )  - C ( I S ) 1 1 0 . 4  ( 2 )

1 1 2 . 0  ( 2 ) c 1' ) - C ( 1 S )  - C ( 1 3) 1 1 0 . 5  ( 2 )

1 0 5 . 3  ( 2 ) 0 3 - C ( 1 5 ) - C ( 2 1 ) 1 0 8 . 3  ( 2 )

1 0 8 . 3 ( 2 ) 0 3 - C ( 1 3 ) - C ( 2 2 ) 1 0 9 . 3 ( 2 )

1 1 3 . 1 ( 2 ) c •"* ) - C ( 19  ) - C ( 2 2 ) 1 1 0 . 4 ( 2 )

1 0 5 . 9 ( 2 ) p 3. ) - C ( 2 0 ) - F ( 1 3 ) 1 0 5 . 4 ( 2 )

1 0 6 . 7 ( 2 ) p i ) - 2 ( 2 0 )  - C  ( 1 9 ) 1 1 1 . 1 ( 2 )

1 1 3 . 3 ( 2 ) F i ) - 2  ( 2 0  - C  (19 ) 1 1 2 . 1 ( 2 !

1 0 5 . 3 ( 2 ) F i ) - C ( 2 1 )  - F  ( 1 5 ) 1 0  5 . 1 ( 2 )

1 0 5 . 5 ( 2 ) F ) - C ( 2 1 ) - C ( 1 9 ) 1 1 2 . 2  ( 2 )

1 1 2 . 3 ( 2 ) p ) - 2 ( 2 1 )  - C  ( 1 9 ) 1 1 1 . 7  ( 2 )

1 0 9 . 2 ( 2 ) C 2 ) - 2 ( 2 2 ) - 2 ( 1 3 ) 1 1 2 . 0 ( 2 )

1 1 3 . 5 ( 2 ) c 2 ) - C ( 22  ) - C ( 2 2) 1 1 0 . 1 ( 2 )

1 1 1 . 5  ( 2 ) c 2 ) - 2 ( 2 5 )  - C ( 2 4 ) 1 1 1 . 5  (2 )

1 1 2 . 5  (25 c 2 ) - C . -2 7 )  - 2 ( 2 2 ) 1 0 9 . 5 ( 2 )

1 0 7 . 5 ( 2 ) c 4 - 2 ( 2 3 !  - 2  ( 3 0 ! 1 0 3 . 4  ( 2 )

1 0 8 . 3  ( 2 ) 0 4 - C ! 23  ) - C  ( 3 1 ) 1 0 9 . 5 ( 2 )

1 1 2 . 1 ( 2 )  
1 0 5 . 3 ( 2 )

c i n f ) - 2 ( 2 3 )  - 2  ( 2 1 ) 1 0 9 . 2 ( 2 )
p [ 2 ) - 2 ( 2 3 )  - F ( 1 9 ) 1 0 5 . 0  ( 2 )

1 0  6 . 5 ( 2 ) p ( 2 ) - C (23 ) - 2  ( 2 3 ) 1 1 1 . 4  ( 2)
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Table A.11 (continued).
F (22. )  - C  ( 2 9 )  - C C 2 8 ) 1 1 4 . S ( 2 ) F ( 1 3 ) - C  ( 2 9 )  - C  ( 2 8 ) 1 1 1 . 3  ( 2 )

F ( 2 4 )  - C O O )  - F ( 2 3 ) 1 0 5 . 9  ( 2 ) F  ( 2 4 )  - C O O )  - F  ( 2 2 ) 1 0 S . S  ( 2 )

F ( 2 3 )  - C O O )  - F  ( 2 2 ) 1 0 5 . 3 ( 2 ) F  ( 2 4 )  - C O O )  - C  ( 2 8 ) 1 1 2 . 4 ( 2 )

F ( 2 3 ) - C  ( 3 0 )  - C ( 2 8 ) 1 1 1 . 7 ( 2 ) F  ( 2 2 )  - C O O )  - C  ( 2 8 ) 1 1 3  . 9  ( 2 )

C ( 3 2 )  - C  ( 3 1 )  - C O S ) 1 1 0 . 1 ( 2 ) C ( 3 2 )  - C  ( 3 1 )  - C  ( 2 3 ) 1 1 4 . 1 ( 2 )

C O S )  - C  ( 3 1 )  - C  ( 2 8 ) 1 1 S . 3 ( 2 ) C ( 3 1 )  - C  ( 3 2 )  - C  ( 3 3  ) 1 1 0 . 7 ( 2 )

C ( 3 4 )  - C  ( 3 3 )  - C  ( 3 2 ) 1 1 2 . 2 ( 2 ) C ( 3 5 )  - C  ( 3 4 )  - C  ( 3 3 ) 1 1 1 . 4 12)

C ( 3 4 )  - C O S )  - C O S ) 1 1 2 . 6 ( 2 ) C (3 5 )  - C  ( 3 6 )  - C O D 1 1 1 . 5 ( 2 )

C O )  - F  ( X )  - I i i 1 0 4 . 3 1 ( 1 2 ) C ( l l )  - F  ( 7 )  - S i 1 1 0 . 8 7 ( 1 1 )
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T ab le  A.12. Hydrogen atom coordinates for 40%  LiAl(HFCP)4.

X Y = C ( a q )

S ( 4 A ) 7 1 3 7  ( 2 ) 1 3 1 0 ( 1 ) 1 4 0 5 ( 1 ) 3 1
H ( S A ) 4 9 0 2  ( 2 ) 7 5 5 ( 1 ) 7 1 1 ( 1 ) 4 8
S ( S 3 ) S O S O ( 2 ) 3 0 5 ( 1 ) i o s a ( i ) 4 8
H ( S A ) 4 8 2 3 ( 2 ) 4 3 5  ( 1 ) 1 8 7 9 ( 2 ) 5 7
E ( S 3 ) S 1 1 4 ( 2 ) 7 5 5 ( 1 ) 2 2 1 0 ( 2 ) 5 7
H ( 7 A ) 4 S 7 0 ( 2 ) 1 5 2 2 ( 1 ) 2 4 0 6 ( 1 ) 5 2
H ( 7 3 ) 3 9 9 4 ( 2 ) 1 5 1 9 ( 1 ) 1 5 6 8 ( 1 ) 5 2
H ( 3 A ) S 3 4 0  ( 3 ) 2 0 5 8 ( 1 ) 2 1 5 7 ( 2 ) 5 2
S ( 8 3 ) 5 1 S 9 ( 3 ) 2 5 0 8 ( 1 ) 1 3 1 2  ( 2 ) 5 2
H (9 A) S 4 0 1 ( 2 ) 2 3 9 0 . ( 1 ) 9 9 8 ( 1 ) 5 4
H ( 9 3 ) 5 1 1 3  ( 2 ) 2 0 4 9 ( 1 ) 5 7 3  ( 1 ) 5 4
H ( 1 3 A ) 1 0 8 S 5 ( 2 ) 3 2 3 0 ( 1 ) - 3 7 2 ( 1 ) 3 4
E ( 1 4 A ) 1 2 S S S ( 2 ) 2 5 7 9 ( 1 ) 7 0 8 ( 1 ) 5 2
H ( 1 4 3 ) 1 1 4 3 9 ( 2 ) 2 8 7 7 ( 1 ) 8 3 3 ( 1 ) 5 2
B ( 1 5 A ) 1 1 9  8 3 ( 2 ) 3 9 9 1  ( 2 ) 5 7 9 ( 2 ) 7 1
H ( 1 5 3 ) 1 3 0 2 1  ( 2 ) 3 5 7 9  ( 2 ) 1 2 1 5 ( 2 ) 7 1
H ( I S A ) 1 3 8 3 1 ( 2 ) 4 2 3 3 ( 1 ) 3 4 0 ( 2 ) 5 3
E ( 1  S3 ) 1 4 2 0 7 ( 2 ) 3 4 4 4  ( 1 ) 4 1 9  ( 2 ) 5 3
E ( 1 7 A ) 1 3 5 5 7  ( 3 ) 3 7 0 8 ( 1 ) - 8 0 5 ( 2 ) 7 0
E ( 1 7 3 ) 1 2 3 2 5  ( 3 ) 4 0 0 5 ( 1 ) - 5 9 9  ( 2 ) 7 0
E ( I S A ) 1 3 0 1 2 ( 2 ) 2 5 9 5 ( 1 ) - 5 5 0 ( 1 ) 5 0
E ( 1 9 3 ) 1 1 9 9 3 ( 2 ) 2 9 0 5 ( 1 ) - 1 2 0 0 ( 1 ) 5 0
S ( 2 2 A ) 7 0 7 5 ( 2 ) 3 4 4 5 ( 1 ) 1 3 8 2 ( 1 ) 29
5  ( 2 3 A ) 9 0 1 3 ( 2 ) 3 5 7 4  ( 1 ) 2 1 5 8 ( 1 ) 3 8
E ( 2 3 3 ) 8 8 5 8 ( 2 ) 4 3 8 5 ( 1 ) 2 0 9 8 ( 1 ) 3 8
E ( 2 4 A ) 7 3 4 5 ( 2 ) 3 4 8 8  ( 1 ) 2 5 7 0 ( 1 ) 5 2
E ( 2 4 3 ) 8 2 3 5  ( 2 ) 4 0 1 7 ( 1 ) 3 1 3 7  ( 1 ) 5 2
H ( 2 5 A ) 5 2 5 2 ( 2 ) 4 4 3 5  ( 1 ) 2 8  84 ( 1 ) S3

3 ( 2 5 3 ) 7 1 3 5  ( 2 ) 4 9 4 4 ( 1 ) 2 5 0 2 ( 1 ) S3

E ( 2 S A ) 5 3 8 5 ( 2 ) 4 8 3 7 ( 1 ) 1 5 9 9 ( 1 ) 5 1
E ( 2 5 3 ) 5 4 5 4 ( 2 ) 4 0 2 2 ( 1 ) 1 7 3 5 ( 1 ) S2.

E ( 2 7 A ) 7 0 8 2 ( 2 ) 4 3 8 8 ( 1 ) 1 2 1 2  ( 1 ) 3 9
3 ( 2 7 3 ) 5 0 9 5 ( 2 ) 4 3 9 7 ( 1 ! 7 2 0 ( 1 ) 39
S ( 3 1 A ) 1 2 1 7 3 ( 2 ) 1 2 5 0  ( 1 ) 2 0 4 3 ( 1 ) 3 0
E (2 2 A ) 1 0 5 8 8 ( 2 ) 5 7 4 ( 1 ) 1 2 5 5 ( 1 ) 4 1
E (3 2 3 ) 1 0 2 2 3 ( 2 ) 3 3 9 ( 1 ) 1 9 4 2 ( 1 ) 4 1
E ( 3 3  A) It 4 2 5 ( 2 ) - 4 3 5  ( 1 ) 1 4 9 6 ( 1 ) 4 5
E ( 3 3 3 ) 1 2 4 5 2 ( 2 ) 1 2 4 ( 1 ) 1 5 7 0 ( 1 ) 4 5
E ( 3 4 A ) 1 1 7 5 8  ( 3 ) - 5 1 5 ( 1 ) 2 7 3 5 ( 1 ) 55
E  ( 3 4 3 ) 1 3 0 1 7  ( 3 ) - 5 2 0 ( 1 ) 2 5 3 4  ( 1 ) S s

3  (3 5A) 1 3 5 1 1 ( 2 ) 4 7 7  ( 1 ) 2 8 7 9 ( 1 ) 59
E (3 S 3 ) 1 3 1 7 2 ( 2 ) 1 3 2 ( 1 ) 3 5 2 5 ( 1 ) 59
S ( 3 S A ) 1 2 4 1 5 ( 2 ) 1 2 5 5 ( 1 ) 3 2 8 8 ( 1 ) 4 5
H (3 S3 ) 1 1 3 5 4 ( 2 ) 7 2 1 ( 1 ) 3 2 1 3 ( 1 ) 4 5
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T able A .13. Crystal data and structure refinem ent for 60% LiAl(HFCP)4.

I d e n t i f i c a t i o n  c o d e  

E m p i r i c a l  £ a r a u l a  

P o r a u l a  w e i g h t  

T e m p e r a t u r e  

W a v e l e n g t h  

C r y s t a l  a y s  t a n .

S p a c e  g r o u p

U n i t  c e l l  d i m e n s i o n s

V o l u n e , Z

D e n s i t y  ( c a l c u l a t e d )  

A b s o r p t i o n  c o e f f i c i e n t  

F  ( 0 0 0 )

C r y s t a l  s i r e

9 r a n g e  f o r  d a t a  c o l l e c t i o n

D i a l t i n g  i n d i c e s

R e f l e c t i o n s  c o l l e c t e d

I n d e p e n d e n t  r e f l a c t i c n s

A b s o r p t i o n  c o r r e c t i o n

R e f i n e m e n t  c a c h e d

D a t a  /  r e s t r a i n t s  /  p a r a m e t e r s

2
G o o d n e s s - o f - f i t  o n  F 

F i n a l  R i n d i c e s  [ I > 2 c r  ( I )  ]

R  I n d i c e s  ( a l l  d a t a )

E x t i n c t i o n  c o e f f i c i e n t  

L a r g e s t  d i f f .  p e a i c  a n d  h o l e

s h s c c d S o  l i  i n  6 0 %  x y r

C E  A1F L i O  
3 6 4 4  2 4  4

1 0 3 0 . 6 3  

1 5 9  ( 2 )  K  

0 . 7 1 0 7 3  A 

M c n c c l i n i c  

P 2 L / n

a  -  1 1 . 4 9 4 3  ( 8 )  A. a l p h a  -  9 0 °  

b  -  19 . 6 0 8  ( 2 )  A  b e t a  -  1 0 4 . 3 8 8  ( 7 ) '  

c  « 1 9 . 1 9 3 4 ( 1 4 )  A  gamma « 9 0 °

4 1 9  0 . 2 ( 6 )  A3 , 4

1 . 6 3 4  M g / a ”

0 . 1 9  5  rrm

2 0 9 5

0 . 3 8  x  0 . 4 0  x  0 . 5 0  a m

1 . 5 1  t o  2 8 . 3 9 °

- 1 5  s  i  *  I S ,  - 2 6  a  :< s  2 6 ,  - 2 5  =  

2 7 6 3 4

1 0 1 2 7  (R.  -  0 . 0 S 1 5 )
i n s

SAD A 3  S

F u l l - m a c r i x  l a a s t - s q u a r a a  o n  F 3 

1 0 1 2 6  /  0 /  5 9 3  

0 . 9 2 3

R 2  -  0 . 0 4 9  0 ,  wR2  -  0 . 1 1 7 5  

R1  -  0 . 0 8 6 5 ,  wR2 -  0 . 1 3 7 1  

0 . 0 0 1 5  (3)

s  19

0 . 3  6 5  a n d  - 0  . 9 9  0 eA. 3
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Table A.14. Atomic coordinates for 60% LLAI(HFCP)4 -

X y - t J ( eq)

A l 9 1 5 0  ( 1 ) 2 2 5 4 ( 1 ) 7 0 S ( 1 ) 19 ( 1 )
r . i 8 4 4 3 1 5  5 1 - 6 6 5 1 3 3  ( 4 )
0 ( 1 ) 7 8 4 o ( 1 ) 1 7 3 5 ( 1 ) 3 0 3  ( 1 ) 3 2 ( 1 )
C ( 2 ) 3 7 1 0 ( 1 ) 2 1 7 4 ( 1 ) - 7 4 ( 1 ) 25  ( 1 )
0 ( 3 ) 8 7 3 2 ( 1 ) 3 0 5 3 ( 1 ) 9 0 2 ( 1 ) 2 5 ( 1 )
0 ( 4 ) 1 0 0 3 9 ( 1 ) 1 8 5 3 ( 1 ) 1 4 2 3 ( 1 ) 28 ( 1 )
C ( l ) S3 8 4  ( 2 ) 1 2 3 7 ( 1 ) 3 1 4  ( 1 ) 2 5 ( 1 )
C ( 2 ) 7 5 3 8 ( 2 ) 5 8 6 ( 1 ) 2 3 3  ( 1 ) 3 2 ( 1 )
C ( 2 ) 6 0 2 3 ( 2 ) 13 89 ( 1 ) - 4 0 5  (1 ) 3 5  ( 1 )
C ( 4 ) 6 4 7 3 ( 2 ) 1 3 3 1 ( 1 ) 9 8 6  ( 1 ) 2 6 ( 1 )
C ( 5 ) 5 6 5 7  ( 2 ) 7 4 6  ( 1 ) 1 0 9 5  ( 1 ) 4 1 ( 1 )
CCS) 5 3 6 2  ( 3 ) 8 0 8  ( 1 ) 1 8 2 3  ( 2 ) 48  ( 1 )
C ( 7 ) 4 7 8 8  ( 2 ) 1 4 3 7 ( 1 ) 1 9 1 4  ( 2 ) 43  ( 1 )
C ( 3 ) 5 5 7 9  ( 3 ) 2 0 5 3 ( 1 ) 1 7 8 7 ( 2 ) 5 2 ( 1 )
C (9 ) 5 8 5 3  ( 3 ) 2 0 1 2 ( 1 ) 1 0 5 2  ( 2 ) 4 5 ( 1 )
C ( 1 0 ) 1 0 6 5 5  ( 2 ) 2 1 9 1  ( 1 ) - 4 0 9 ( 1 ) 2 4 ( 1 )
C ( l l ) 1 0 0 2 3  ( 2 ) 2 1 7 6 ( 1 ) - 1 2 2 3  ( 1 ) 33 ( 1 )
C ( 1 2 ) 1 1 3 5 3 ( 2 ) 1 5 1 9 ( 1 ) - 2 2 2  ( 1 ) 33 ( 1 )
C C13) 1 1 4 3 7  ( 2 ) 2 3 4 1  ( 1 ) - 2 4 1 ( 1 ) 23 ( 1 )
C ( 1 4 ) 1 2 0 4 1 ( 2 ) 2 9 3 4  ( 2 ) 5 5 2  ( 1 ) 4 4  ( 1 )
C ( 1 5 ) 1 2 6 1 2  (3 ) 3 5 3 8  ( 2 ) 6 3 5  ( 2 ) 53 ( 1 )
C ( 1 S ) 1 3 5 2 2 ( 2 ) 3 7 5 1 ( 2 ) 2 5 3  ( 2 ) 57 ( 1 )
C ( 1 7 ) 1 2 9 4 3 ( 3 ) 3 5 5 2  ( 1 ) - 5 3 1 ( 2 ) 58 Cl )
c ( i a ) 1 2 3 8 0 ( 2 ) 2 9 4 8  ( 1 ) - 5 8 1  (2 ) 4 1 ( 1 )
C ( I S ) 8 2 1 3 ( 2 ) 3 6 7 3 ( 1 ) 7 4 3 ( 1 ) 2 4  ( 1 )
C C2 0 ) 9 1 8 4  ( 2 ) 4 2 0 5 ( 1 ) s a o ( i ) 3 5 ( 1 )
C ( 2 1 ) 7 3 0 8  ( 2 ) 3 5 2 5 ( 1 ) 3 ( 1 ) 3 2  ( 1 )
c  (22) 7 5 5 0 ( 2 ) 3 8 5 9  ( 1 ) 1 3 3 3  ( 1 ) 2 4 (1 )
C ( 2 3 ) 8 4 2 1 ( 2 ) 3 9 4 8  ( 1 ) 2 0 8 0  ( 1 ) 3 2 ( 1 )
C ( 2 4 ) 7 7 2 2 ( 2 ) 3 9 4 0  ( 1 ) 2 5 5 2  ( 1 ) 43 ( 1)
C ( 2 5 ) 6 7 5 5  (2 ) 4 4 8 9 ( 1 ) 2 5 3 1 ( 1 ) 4 5 ( 1 )
C ( 2 6 ) 5 3 4 5  ( 2 ) 4 4 4 4 ( 1 ) 1 7 7 3  ( 1 ) 4 2 ( 1 )
C ( 2 7 ) 5 5 5 1 ( 2 ) 4 4 4 3 ( 1 ) 1 2 0 0  ( 1 ) 3 2 ( 1 )
C ( 2 8 ) 1 0 5 5 5  ( 2 ) 1 7 5 5 ( 1 ) 2 1 4 2 ( 1 ) 2 4 ( 1 )
C ( 2 3 ) 9 6 5 4  ( 2 ) 1 7 2 0 ( 1 ) 2 5 5 2 ( 1 ) 29 ( 1 )
C (3 0) 1 1 4 4 6  ( 2 ) 2 3 9 9 ( 1 ) 2 4 1 4  ( 1 ) 29 ( 1 )
C ( 3 i ) 1 1 4 5 8  ( 2 ) 1 1 1 5 ( 1 ) 2 2 3 0  ( 1 ) 2 5 ( 1 )
C ( 3 2 ) 1 0 9 0 3  ( 2 ) 5 1 7 ( 1 ) 1 7 6 7  ( 1 ) 3 4  ( 1)
C ( 3 3 ) 1 1 3 2 1 ( 2 ) - 4 5 ( 1 ) 1 7 8 8  ( 1 ) 38 ( 1 )

C ( 3 4 ) 1 2 3 7 5  ( 3 ) - 2 3 5  ( 1 ) 2 5 4 4  ( 1 ) 4 7  (1 )
C ( 3 5 ) 1 2 9 0 2  ( 3 ) 3 0 0 ( 1 ) 3 0 2 4  ( 1 ) 49 ( 1 )

C ( 3 6 ) 1 2 0 0 7  ( 2 ) 8 7 7 ( 1 ) 3 0 0 1  ( 1 ) 38  ( 1)

? ( 1 ) 5 5 5 7  ( 1 ) 1 3 1 1  r l ) - 9 6 4 ( 1 ) 53 ( 1 )

?  (2) S i .2 5  ( 1.) 9 5 2 ( 1 ) - 5 2 3 ( 1 ) 4 8 ( 1)

? ( 2 ) 5 5 7 9 ( 1 ) 2 0 1 0 ( 1 ) - 4 7 7 ( 1 ) 53 ( 1 )

? ( 4 ) 8 3 8 5 ( 1 ! 5 1 8 ( 1 ) - 1 3 4  ( 1 ) 50 ( 1)

? (5 ) 6 8 4 3 ( 1 ) 80 ( 1 ) 23  ( 1 ) 4 5 ( 1 )
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Table A.14 (continued).

? ( 6 ) 8 2 3 2 ( 1 ) 3 9 5 ( 1 ) 9 2 9 ( 1 ) 4 4  ( 1 )

F  ( 7 ) 9 0 5 9  ( I ) 1 7 4 7 ( 1 ) - 1 3  69 ( 1 ) 3 9  ( 1 )

? ( 8 ) 9 5 3 8 ( 1 ) 2 7 8 2 ( 1 ) - 1 4 5 8 ( 1 ) 4 9  ( 1 )

? ( 9 ) 1 0 7 X 4 ( 1 ) 1 9 6 6 ( 1 ) - 1 6 4 6 ( 1 ) 5 7 ( 1 )

F ( 1 0 ) 1 2 3 0 0 ( 1 ) 1 4 5 3 ( 1 ) - 5 0 7 ( 1 ) 5 4 ( 1 )

? ( 1 1 ) 1 0 6 5 4 ( 1 ) 9 7 5 ( 1 ) - 4 4 0 ( 1 ) 5 1 ( 1 )

P C I  2 ) 1 1 7 7 6 ( 1 ) 1 4 4 7 ( 1 ) 4 8 5 ( 1 ) 5 2 ( 1 )

? ( 1 3 ) 9 5 3 5 ( 1 ) 4 1 2 3 ( 1 ) 7 7  ( 1 ) 4 9  ( 1 )

? ( 1 4 ) 8 8 1 1 ( 1 ) 4 8 5 2 ( 1 ) 6 8 6 ( 1 ) 5 3  ( 1 )

? ( 1 5 ) 1 0 1 5 3 ( 1 ) 4 1 4 1 ( 1 ) 1 2 2 5 ( 1 ) 4 5  ( 1 )

F ( 1 6 ) 7 7 4 6 ( 1 ) 3 2 5 2 ( 1 ) - 4 6 5  ( 1 ) 4 3  ( 1 )

P ( 1 7 ) 6 2 9 2 ( 1 ) 3 3 2 0  ( 1 ) 4 7 ( 1 ) 4 1 ( 1 )

P ( X 8  ) 7 0 0 4 ( 1 ) 4 2 3 6 ( 1 ) - 3 0 7  ( 1 ) 4 5  ( 1 )

F ( 1 9 ) 8 8 8 9 ( 1 ) 2 2 4 3 ( 1 ) 2 3 9 1 ( 1 ) 4 9  ( 1 )

P ( 2 0 ) 8 9 9 8 ( 1 ) 1 1 5 7 ( 1 ) 2 3 7 7  ( 1 ) 4 1 ( 1 )

P ( 2 X ) 1 0 0 5 4 ( 1 ) 1 7 1 4 ( 1 ) 3 2 6 7 ( 1 ) 4 7  ( 1 )

P ( 2 2 ) 1 1 8 7 3 ( 1 ) 2 4 1 6 ( 1 ) 3 1 3 1 ( 1 ) 4 5  ( 1 )

P ( 2 3 ) 1 2 4 0 4 ( 1 ) 2 4 2 2 ( 1 ) 2 1 4 1 ( 1 ) 4 5  ( 1 )

P ( 2 4 ) 1 0 8 6 2 ( 1 ) 2 9  8 0 ( 1 ) 2 2 2 S ( 1 ) 4 5 ( 1 )
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T ab le  A. 15. Bond lengths and angles for 60% LiAl(HFCP)4.

Al .  - C ( 3 ) 1 . 7 0 0  ( 2 ) A l - 0  ( 4 )

A l  - 0 ( 1 ) 1 . 7 7 3  ( 2 ) A l - C  ( 2 )

A l - L i 2 . 9 1 2 3  ( 5 ) L I - F  ( 7 )

1 1 - 0 ( 2 ) 2 . 0 2 1 5 ( 1 4 ) L i - F  ( 4 )

L i - F ( l ) 2 . 1 4 1 ( 2 ) L i - C  ( 1 )

I i i - C  ( 1 1 ) 2 . 5 3 5 ( 2 ) L i - C  ( 1 0 )

0  ( 1 )  - C ( l ) 1 . 3 9 6  ( 2 ) 0 ( 2 ) - 0 ( 1 0 )

0 ( 3 )  - C ( 19  ) 1 . 3 7 3  ( 2 ) 0 ( 4 )  - 0 ( 2 8 )

C ( l )  - C ( 4 ) 1 . 5 4 5  ( 3 ) 0 ( 1 )  - 0 ( 3 )

C ( i )  - C ( 2 ) 1 . 5 5 3  ( 3 ) 0 ( 2 )  - F  ( 5 )

C ( 2 )  - F  ( 5 ) 1 . 3 2 3  ( 3 ) C ( 2 )  - F  ( 4 )

C ( 3 )  - F  ( 3 ) 1 . 3 1 5  ( 3 ) 0 ( 3 )  - F  ( 2 )

0 ( 3 )  - F  ( 1 ) 1 . 3 7 3  ( 3 ) 0 ( 4 )  - 0 ( 5 )

C ( 4 )  - C  (9 ) 1 . 5 3 0  ( 3 ) 0 ( 5 )  - 0  ( 5 )

0 ( 6 )  - 0 ( 7 ) 1 . 5 1 5  ( 4 ) 0 ( 7 )  - 0 ( 8 )

0 ( 8 )  - 0 ( 9 ) 1 . 5 2 6  ( 4 ) 0 ( 1 0 ) - 0 ( 1 2 )

0 ( 1 0 ) - C ( 1 3 ) 1 . 5 4 6  ( 3 ) 0 ( 1 0 )  - C ( l l )

0 ( 1 1 )  - ? ( 9 ) 1 . 3 2 2  ( 3 ) c ( i i )  -?(a)
0 ( 1 1 )  - F ( 7 ) 1 . 3 6 9  ( 3 ) 0 ( 1 2 )  - F ( 1 2 )

0 ( 1 2 ) - ? ( 1 0 ) 1 . 3 3 2  ( 3 ) 0 ( 1 2 ) - F ( 1 1 )

0 ( 1 3 ) * 0 ( 1 4 ) 1 . 5 2 0  ( 3 ) 0 ( 1 3 ) - 0 ( 1 8 )

0 ( 1 4 )  - 0 ( 1 5 ) 1 . 5 2 4  ( 4 ) 0 ( 1 5 ) - 0 ( 1 6 )

0 ( 1 5 )  - C  ( 1 7 ) 1 . 5 1 2  ( 4 ) 0 ( 1 7 )  - 0 ( 1 8 )

0 ( 1 9 ) - 0 ( 2 0 ) 1 . 5 4 3  ( 3 ) 0 ( 1 9 )  - 0 ( 2 1 )

0 ( 1 9 )  - C  ( 2 2 ) 1 . 5 5 0  ( 3 ) 0 ( 2 0 )  - F  ( 1 5 )

C ( 2 0 )  - F ( 1 3 ) 1 . 3 3 9  ( 3 ) 0 ( 2 0 )  - F ( 1 4 )

0 ( 2 1 )  -  F ( 1 7 ) 1 . 3 3 2  ( 3 ) 0 ( 2 1 ) - F ( 1 8 )

0 ( 2 1 ) - ? ( 1 6 ) 1 . 3 4 8 ( 2 ) C ( 2 2 ) - 0 ( 2 3 )

0 ( 2 2 ) - 0 ( 2 7 ) 1 . 5 3 7  ( 3 ) 0 ( 2 3 ) - 0 ( 2 4 )

0 ( 2 4 ) - C ( 2 5 ) 1 . 5 2 2 ( 4 ) 0 ( 2 5 )  - 0 ( 2 5 )

C ( 2 6 ) - C ( 2 7 ) 1 . 5 2 9  ( 3 ) 0 ( 2 3 5 - 0 ( 2 9 )

C ( 2 3 ) - 0 ( 3 0 ) 1 . 5 5 3  ( 3 ) 0 ( 2 8 )  - 0 ( 3 1 )

0 ( 2 9 )  - ? ( 2 0 ) 1 . 3 3 1 ( 2 ) 0 ( 2 9 )  - F ( 2 1 )

0 ( 2 9 )  -  F ( 1 9  ) 1 . 3 3 7 ( 2 ) 0 ( 3 0 )  - F  ( 2 4 )

0 ( 3 0 )  -  F ( 2 3  ) 1 . 3 3 2 ( 2 ) 0 ( 3 0 )  - F  ( 2 2 )

0  ( 3 1 )  - 0 ( 3 2 ) 1 . 5 1 7  ( 3 ) C ( 3 1 )  - C ( 3 5 )

0 ( 3 2 5  - 0 ( 3 3 ) 1 . 5 2 0  ( 3 ) 0 ( 3 3 )  - 0 ( 3 4 )

0  ( 3 4 )  - 0 ( 3 5 ) 1 . 5 0 1 ( 4 ) 0 ( 3 5 )  - 0 ( 3 5 )

0 ui 1 > H O * 1 1 2 . 5 2  ( 7) 0 ( 3 ) - A l - 0 ( 1 )

0 ( 4 )  - A l  - 0 ( 1 ) 1 1 4 . 9 5 ( 8 ) 0  ( 3  ) - A l - 0  ( 2 )

0  ( 4 )  -  A l  -O ( 2 ) 1 1 0  . 7 1 ( 7 ) 0 ( 1 )  - A l - O ( 2 )

O ( 3 )  - A l - L i 1 2 7  . 4 4 ( 5 ) O ( 4 )  - A l - L l

0 ( 1 )  - A l - L i 4 8 . 5 7  ( 5) 0 ( 2 ) - A ! - L i

F  ( 7 )  - 1 * 1 - 0  ( 2 ) 3 5  . 3 5  (6) F ( 7 ) - L i - F ( 4 )

0 ( 2 )  - L i - F  ( 4 ) 1 1 0  . 7 6  ( 6) F ( 7 ) - L i - F ( l )

0 ( 2 !  - L i - F ( l ) 1 4 4 . 9 8  (6) F ( 4 ) - L i - F ( 1 )

F ( 7 ) - 1 1 - 0 ( 1 ) 1 5 4 . 2 1 ( 6 ) 0 ( 2 )  - L i - 0 ( 1 )

F ( 4 )  - 1 1 - 0 ( 1 ) 7 3  . 3 0  (5 ) F ( 1 )  - L i  - 0  ( 1 )

F  ( 7 )  - 1 1 - 0 ( 1 1 ) 2 7  . 5 0 ( 6 ) O ( 2 )  - L i - C  ( I D

F ( 4 ) - 1 1 - 0 ( 1 1 ) 1 2  5 . 2 9  ( 7 ) F ( 1 )  - L i  - C ( 1 1 )

0 ( 1 ) - l l - C ( l l ) 1 2 0  . 0 8  (6) F ( 7 )  - L i - O ( 1 0 )

0 ( 2 ) - 1 1 - 0 ( 1 0 ) 2 3  . 3 2 ( 5 ) F ( 4  ) - L i - C ( 1 0 )

F ( 1 )  - 1 1 - 0 ( 1 0 ) 1 5 5 . 2 7 ( 6 ) 0 ( 1 ;  - L i - C ( 1 0 )

1 . 7 0 2 ( 2 )
1 . 7 7 5 4  ( 1 4 )  
1 . 7 1 0 c ( 1 3 )  
2 . 1 0 3 ( 2 )
2 . 1 3 9 ( 2 )
2 . 7 5 3 ( 2 )
1 . 3 9 4  ( 2 )
1 . 3 8 3 ( 2 )
1 . 5 5 0 ( 3 )
1 . 3 2 7  ( 3 )
1 . 3 5 0  ( 3 )  
1 . 3 2 1 ( 3 )
1 . 5 2 9  ( 3 )
1 . 5 2 3  ( 3 )
1 . 5 1 5 ( 4 )  
1 . 5 4 1 ( 3 )
1 . 5 5 3  ( 3 )
1 . 3 2 3  ( 3 )
1 . 3 3 0  ( 3 )
1 . 3 4 3  ( 3 )
1 . 5 4 5  ( 3 )
1 . 5 1 3  ( 4 )
1 . 5 2 4  ( 4 )
1 . 5 4 4  ( 3 )
1 . 3 3 4  ( 3 )
1 . 3 4 0  ( 3 )
1 . 3 4 4  ( 3 )
1 . 5 2 9  ( 3 )
1 . 5 2 9  ( 3 )
1 . 5 1 5  ( 4 )
1 . 5 5 0  ( 3 )
1 . 5 5 4  ( 3 )
1 . 3 3 3  ( 3 )
1 . 3 2 5 ( 2 )
1 . 3 4 2 ( 2 )
1 . 5 3 0  ( 3 )
1 . 5 0 3  ( 3 )
1 . 5 2 2  ( 3 )

1 1 0 . 2 7  (8)  
1 1 5 . 2 6 ( 7 )  

9 1 . 4 7 ( 7 )  
1 1 3 . 3 8  ( 5)  

4 3 . 1 3  (5)  
1 3 0  . 2 8  (6)  
1 1 5  . 3 0  ( 6)  

7 7 . 5 7 ( 6 )  
7 4  . 1 3  (5)  
7 5 . 3 4 ( 5 )  
53 . 3 5  (6)  

1 3 3  . 3 5  (6)  
53 . 3 3  ( 6)  

1 1 5 . 4 0  ( 6)  
1 0 2 . 5 3  (5)
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Table A.15 (continued).
C ( l l ) - L i - C (10) 3 3 . 4 1 ( 6 ) p 7 ) - L i - A l
0 ( 2 )  - L i  - A l 3 5  - 9 2 ( 4 ) p 4 ) - L —- A l

F ( l )  - L i  - A l 1 1 2 . 5 4 ( 4 ) 0 1 ) - L i - A L

C ( l l ) - L i - A l 9 4 . 5 9 ( 5 ) c 1 0 ) - L i - A L

C ( l )  - 0 ( L ) - A l 1 5 2 . 3 2 ( 1 4 ) c 1)  - 0 ( 1 )  - L i

A l  -G 1) - L i 9 4 . 0 4 ( 5 ) c 10 )  - 0 ( 2 )  - A l

C ( 1 0 ) - 0  (2 )  - L i 1 0 5 . 8 2 ( 1 1 ) a : - 0 ( 2 ) - L i

C (19  ) - 0 ( 3 )  - A l 1 5 4 . 1 9 ( 1 2 ) c 23 )  -O (4 )  - A l

0 ( 1 )  - C (1)  -C (4 ) 113  . 2 ( 2 ) 0 1) - C ( l )  -C (3 )

C (4 )  - C (1 )  -C (3) 113  . 8  (2) 0 1) - C ( l )  -C (2)

C (4 )  - C{ 1 )  -C (2) 1 1 0 . 5  (2) c 3 ) - C ( l ) - C (2)

F ( 5 )  - C (2)  - F (6) 1 0 7 . 2 ( 2 ) p 5) -C (2)  -F  (4)

F  (5 )  - C (2)  -F  (4) 1 0 5 . 9  (2) F 5) -C (2)  - C ( l )

F  ( 6 )  - C ( 2 )  - C ( l ) 1 1 1 . 3  (2) F 4 ) - C ( 2 ) - C ( l )

F  (3 ) - C (3 ) - F  (2) 1 0 8 . 1 ( 2 ) p 3)  -C (3 ) -F  (1)

F  ( 2 )  - C (3 )  -F  (1) 1 0 6 . 5  (2) F 3 ) - C ( 3 ) - C ( l )

F  ( 2 )  - C (3 )  - C ( l ) 1 1 4  . 9  ( 2 ) p 1) -C (3 ) - C ( l )

C (5 )  - C ( 4 )  - C O ) 109  . 4  (2) C 5 ) - C ( 4 ) - C ( l )

CCS) - C (4) -ecu 113  . 4 ( 2 ) c 6) -C (5)  -C ( 4 )

C ( 7 )  - C ( 6 )  -C (5) 1 1 2 . 2  (2) c 8) -C (7)  -C (5)

C (7 )  - C (8 ) -C (9 ) 1 1 1 . 5  (2) c 8) -C (9 ) -C ( 4 )

0 ( 2 )  - C ( 1 0 )  -C (12 ) 1 0 7  . 2  ( 2) 0 2)  - C (10 )  -C (1 3 )

C (1 2 ) - C (1 0 )  - C (13) 1 1 4  . 3  (2) 0 2)  - C ( 1 0 )  - C ( l l )

C (1 2 ) - C ( 1 0 ) - C ( l l ) 1 0 7 . 6  (2) c 13)  - C  ( 10 )  - C  ( 1 1 )

0 ( 2 )  - C ( 1 0 ) - L i 4 4  . 3 6 ( 8 ) c 1 2 ) - C ( 1 0 ) - L i

C (13 ) -C (1 0 )  - L i 150  . 5 3  ( 1 3 ) c 1 1 ) - C (10 )  - L i

F  ( 9 )  - C (1 1 )  -F  (8) 1 0 8 . 3 ( 2 ) F 9 ) - C ( l i ) - F (7 )

F  ( 8 )  - C (1 1 )  -F  (7) 1 0 5 . 1 ( 2 ) F 9)  - C ( l l )  - C ( 1 0 )

F  ( 8 ) - C ( l l )  - C ( 1 0 ) 1 1 1 . 2  (2) F 7 )  - C (1 1 )  - C ( 1 0 )

F  (9 ) - C ( 1 1 ) - L i 1 3 2 . 7  (2) F 8 ) - C ( 1 1 ) - L i

F  ( 7 )  - C ( 1 1 ) - L i 3 5 . 2 5  (8 ) c 1 0 ) -C (11 )  - L i

F  (1 2 ) -C (1 2 )  - F (10 ) 1 0 5 . 5  (2 ) F 1 2 ) - C (1 2 )  -F  (1 1 )

F  (1 0 ) - C ( 1 2 ) - F ( l l ) 1 0 6 . 8  (2) p 12 )  -C (12 )  - C ( 1 0 )

F  (10 ) - C ( 1 2 ) - C ( 1 0 ) 1 1 4 . 5  (2) F 1 1 ) - C ( 1 2 ) - C ( 1 0 )

C (1 4 ) - C (13  ) - C (18 ) 1 0 8 . 9  (2) c 14 )  -C (1 3 )  - C ( 1 0 )

C (18 ) - C (1 3 )  - C ( 1 0 ) 1 1 5 . 5  (2) c 1 3 ) - C ( 1 4 ) - C (1 5 )

C (15 ) - C ( 1 5 ) - C (14 ) 1 1 1 . 7  (2) c 1 7 )  - C  ( 1 5 )  - C  ( 1 5 )

C (1 5 ) - C ( 1 7 ) - C (13 ) 1 1 2 . 1 ( 2 ) r 17 )  - C ( 13 )  - C ( 13 )

C ( 3)  - C (19 ) - C (20) 1 0 7  . 0  (2) 0 3) - C ( 1 9 ) -C (2 1 )

C (20 ) - C ( 1 9 ) - C (21) 1 0 8 . 0  (2) 0 3) - C ( 1 9 ) - C  ( 2 2 )

C (2C) - C ( 1 9 ) - C (22) 113  - 1 ( —) C 21 )  - C ( 1 9 ) - C  ( 2 2 )

F  (15 ) - C ( 2 0 )  - F ( 1 3 ) 1 0 5 . 3  (2) p I S )  -C (20 )  - F (1 4 )

F  (1 3 ) - C (2 0 )  - F (14 ) 1 0 5 . 9  (2) p 15 )  - C  ( 20 )  - C ( 19 )

F  (1 3 ) - C (2 0 )  - C (19 ) 1 1 2 . 1 ( 2 ) p 14 )  -C (2 0 )  - C (1 9 )

F  (17 ) - C (2 1 )  - F (18) 1 0 7 . 0 ( 2 ) F 1 7 ) - C ( 2 1 ) - F (1 5 )

F  (13 ) - C (2 1 )  - F (16) 1 0 6 . 7 ( 2 ) p 17 )  - C  ( 2 1 )  - C  ( 19  )

F  ( 1 8 ) - C ( 2 1 ) - C ( 19 ) 1 1 2  . 9  (2) F 15 )  - C ( 21 )  - C  ( 1 9 )

C (2 3 ) - C ( 2 2 )  - C (27) 109  . 2 ( 2 ) c 2 3 ) - C ( 2 2 ) - C ( 1 9 )

C (  2 7 ) - C ( 2 2 ) - C (19) 1 1 3 . 5  (2) c 22 )  - C ( 23  ) - C  ( 2 4 )

C (2 5 ) - C ( 2 4 )  - C (23) 1 1 1 . 5 ( 2 ) c 25 )  - C (2 5 )  -C ( 2 4 )

C (2 5 ) - C ( 2 5 )  -C (27) 1 1 2 . 3  (2) c 25 )  - C (2 7 )  -C (2 2 )

O ( 4 )  - C (2 3 )  -C (29 ) 1 0 7 . 4 (2) 0 4)  - C (28  ) - C ( 3 0 )

C (29 ) - C ( 2 3 )  - C  ( 3 0 ) 1 0 8 . 3 ( 2 ) 0 4)  -C (2 3 )  -C (3 1 )

C (29 ) - C ( 2 3 ) - C (31) 1 1 3 . 5 ( 2 ) c 30 )  -C ( 28  ) - C ( 3 1 1

F  (2 0 )  
F (2 1 )

- C ( 2 9 )  - F (21 )  
- C (29  ) - ? ( 1 9 )

1 0 6 . 5 ( 2 )  
10 5 . 5  ( 2 )

p
p

20 )  - C ( 2 9 ) - F ( 1 9 ) 
2 0  -CC29)  -C (2 8  )

F  ! 2 1 ) - C (29 ) -C (28) 1 14  . 4  ( 2 ) p 1 9 ) - C ( 2 9 ) - C ( 2 8 )

F (24 ) - • 3 ( 3 0  - ?  (23 ) 1 0 6 . 2 ( 2 ) p 24 )  -C ( 3 0  -F  (2 2 )

1 2 1 .  
90 . 
3 7 .  
S 3 .

1 0 3  . 
1 5 0  .

99 . 
1 5 3  .
1 0 4  . 
1 0 3 .  
1 0 7 .  
1 0 6 .
1 1 4 .  
1 1 1 .
1 0 5 .  
1 1 2 .  
1 0 8  .
1 1 5 .  
1 1 0 .  
1 1 0 .  
1 1 0 .  
1 1 3  .
1 0 4  .
1 09  . 

93 . 
6 8 .

1 0 5  . 
1 1 5  . 
1 1 1 .
1 0 7  . 

7 7 .
1 0 5  . 
1 1 1 .  
1 1 1 .  
1 1 3  . 
1 1 1 .
1 1 0  . 
1 1 0  .
1 0 8  .
10 9 .
1 1 0  .
1 0 6 .  
1 1 0  . 
1 1 3  . 
1 0 6 .  
1 1 2 .  
1 1 1 .  
1 1 2 .  
1 1 0  . 
1 1 1 .  
1 09  . 
1 0 8  . 
1 0 9  . 
1 09  . 
1 0 6 .  
I l l . 
1 1 1 .
1 0 6  .

89 ( 4 )  
23  ( 4 )  
3 8  ( 4 )  
3 0  ( 4 )  
9 3 ( 1 2 )  
49 ( 1 3 )  
9 5 ( 5 )  
4 7 ( 1 4 )  
2 ( 2 )
7 ( 2 )
9 ( 2 )
3 ( 2 )
7 ( 2 )  
1 (2 ) 
2 (2 ) 
6 ( 2 )
9 ( 2 )  
5 ( 2 )
5 (2)
3 ( 2 )  
4 ( 2 )
8 ( 2 )
3 ( 2 )
0 ( 2 ) 
4 6 ( 1 3 )  
6 2 ( 11) 
5 ( 2 )
0 (2 )
2 (2 )
8 9 ( 1 4 )  
9 7 ( 1 1 )  
5 ( 2 )
3 ( 2 )
5 (2 )
9 ( 2 )
0 ( 2 )  
2 ( 2 )
3 ( 2 )
9 ( 2 )
3 ( 2 )
4 ( 2 )
9 ( 2 )
9 ( 2 )
3 ( 2 )  
1 ( 2 )
0 ( 2 )  
7 ( 2 )
9 ( 2 )  
1(2)
3 ( 2 )
3 ( 2 )
0 ( 2 )  
5 ( 2 )
3 ( 2)
2 (2!
3 ( 2)
4 ( 2 )
6 (25
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Table A.15 (continued).

F ( 2 3 )  -C (30 )  - p  ( 22 )  
F ( 2 3 )  -C (3 0 )  -C (28)  
C ( 3 2 )  -C  (3 1 )  -C (36 )  
C ( 3 6 )  - C ( 3 1 )  -C (23)  
0 ( 3 4 }  - C (33 )  - C (32 )  
C ( 3 4 )  -C (3 5 )  - 0 ( 3 6 )  
C (3 )  - F  (1)  - L i  
C ( l l )  - F  (7 )  - L i

1 0 6 . 0 ( 2 )  
1 1 1 . 6 ( 2 )  
1 1 0 . 0 (2 ) 
1 1 6 . 1 ( 2 )  
1 1 2 . 2 ( 2 )  
1 1 2 . 7 ( 2 )  
1 1 2 . 3 9 ( 1 2 )  
1 1 7 . 2 5 ( 1 2 )

F  ( 2 4 )  - 0 ( 3 0 )  -C (2 3 )  
F  ( 2 2 )  - 0 ( 3 0 )  - C ( 2 8 )  
C ( 3 2 )  - 0 ( 3 1 )  - 0 ( 2 3 )  
0 ( 3 1 )  - 0 ( 3 2 )  - 0 ( 3 3 )  
0 ( 3 5 )  - 0 ( 3 4 )  - 0 ( 3 3 )  
C ( 3 5 )  - 0 ( 3 6 )  - 0 ( 3 1 )  
C ( 2 ) - F  (4)  - L i

1 1 2 . 5  (2)
1 1 3 . 5  (2)
1 1 4 . 2  (2)  
1 1 0 . 7 ( 2 )  
111. 2 (2)
1 1 1 . 3  (2)  
1 1 5 . 3 5 ( 1 4 )

214

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T able A. 16. Hydrogen atom coordinates for 60% LiAl(HFCP)4 -

x  y  = TT(eq)

H ( 4 A ) 7 1 3 5 ( 2 ) 1 3 1 1  ( 1 ) 1 4 0 8 ( 1 ) 3 1
S ( S A ) 4 S C 4  ( 2 ) 7 5 5 ( 1 ) 7 0 8 ( 1 ) 49
H ( S3) SO 6 2  ( 2 ) 3 0 5 ( 1 ) 1 0 6 7 ( 1 ) 4 9
E  ( SA) 4 3 0 8  ( 3 ) 4 3 5 ( 1 ) 1 8 7 5  ( 2 ) 5 7
S  ( 5 3 ) S I C S  ( 3 ) 7 5 4 ( 1 ) 2 2 0 9 ( 2 ) 5 7
H ( 7 A ) 3 9 S 2  ( 2 ) 1 5 2 0 ( 1 ) 1 5 6 a ( 2 ) 5 2
E  ( 7 3 ) 4 6 6 a  ( 2 ) 1 5 2 1 ( 1 ) 2 4 0 6 ( 2 ) 5 2
E ( 8 A ) S 3 3  3 ( 3 ) 2 0  6 6  ( 1 ) 2 1 6 7 ( 2 ) 6 2
H ( 9 3 ) 5 i s a  ( 3 ) 2 5 0 8 ( 1 ) 1 8 1 7 ( 2 ) 6 2
S  (SA) S3 S I  ( 3 ) 2 3 9 2 ( 1 ) 9 9 0  ( 2 ) 5 4
E ( 9 B ) 5 1 0 5  ( 3 ) 2 0 4 7 ( 1 ) S 6 9 ( 2 ) 5 4
E CL 3 A) 1 0 8 S 5  ( 2 ) 3 2 3 1 ( 1 ) - 3 7 1 ( 1 ) 3 4
E  ( 1 4 A ) I 2 5 S S  ( 2 ) 2 5 3 0  ( 2 ) 7 0 7 ( 1 ) 5 2
3 ( 1 4 3 ) 1 1 4 3 S ( 2 ) 2 3 7  5 ( 2 ) 8 3 8  ( 1 ) 5 2
E ( I S A ) 1 1 9 7 S ( 3 ) 3 9 9 0  ( 2 ) 5 7 5 ( 2 ) 7 1
E ( 1 5 3 ) 13  0 1 2  ( 3 ) 3 5 8 1  ( 2 ) 1 2 1 4 ( 2 ) 7 1
E ( I S A ) 1 3 8 3 1 ( 2 ) 4 2 3 3  ( 2 ) 3 3 8  ( 2 ) 68
E ( 1 S 3 ) 1 4 2 0 7  ( 2 ) 3 4 4 4 ( 2 ) 4 1 9  ( 2 ) 6 8
S ( 1 7A) 1 3 5 5 7  ( 3 ) 3 7 0 7 ( 1 ) - 8 0 5 ( 2 ) 59
H ( 1 7 3 ) 1 2 3 2 5  ( 3 ) 4 0 0 4 ( 1 ) - 7 0 0  ( 2 ) 6 9
E ( 1 8 A ) 1 3 0 1 0  ( 2 ) 2 5 9 4 ( 1 ) - 5 5 2 ( 2 ) SO
E ( 1 8 B ) 1 1 9 9 0  ( 2 ) 2 9 0 4  ( 1 ) - 1 2 0 1 ( 2 ) 5 0
S ( 2 2 A ) 7 0 7 5  ( 2 ) 3 4 4 5 ( 1 ) 1 3 8 2  ( 1 ) 29
E ( 2 3 A ) 8 9 5 7  ( 2 ) 4 3 3 5  ( 1 ) 2 0 9 3  ( 1 ) 39
E { 2 3 3 ) 9 0 1 9 ( 2 ) 3 5 7 4 ( 1 ) 2 1 5 8 ( 1 ) 3 9
E ( 2 4 A ) 7 3 4 4  ( 2 ) 3 4 8 8 ( 1 ) 2 S S 9 ( 1 ) 5 2
E ( 2  4 3 ) 8 2 9 5  ( 2 ) 4 0 1 5 ( 1 ) 3 1 3  8 ( 1 ) 5 2
E ( 2 S A ) 6 2 5 7 ( 2 ) 4 4 3 8  ( 1 ) 2 8 8 5 ( 1 ) 5 4
E ( 2 5 3 ) 7 1 4 1 ( 2 ) 4 9 4 4 ( 1 ) 2 5 0 1 ( 1 ) 5 4
S ( 2 5 A ) 5 3 7 9  ( 2 ) 4 3 3 3  ( 1 ) 1 5 5 9  ( 1 ) 50
3 ( 2 6 3 ) 5 4 6 7 ( 2 ) 4 0 1 9 ( 1 ) 1 7 3 4  ( 1 ) 50
E ( 2 7 A ) 7 0 7 9  ( 2 ) 4 8 3 9 ( 1 ) 1 2 1 3 ( 1 ) 3 8
E ( 2 7 3 ) 5 0 9 4  ( 2 ) 4 2 9 8 ( 1 ) 7 1 9 ( 1 ) 3 8
E (3 1A) 1 2 1 7  2 ( 2 ) 1 2 5 1 ( 1 ) 2 0 4 1 ( 1 ) 30
3 ( 3  2A) 1 0 5 3 4  ( 2 ) 5 7 1 ( 1 ! 1 2 5 5 ( 1 ) 4 0
E ( 3 2 3 ) 1 0 2 2 4  ( 2 ) 3 2 7 ( 1 ) 1 9 4 4  ( 1 ) 4 0
3 ( 3 3 A ) 1 1 4 2 5 ( 2 ) - 4 2 7 ( 1 ) 1 4 9 7 ( 1 ) 4 5
H ( 3 3 3 ) 1 2 4 5 1 ( 2 ) 1 2 4 ( 1 ) 1 5 7 0  ( 1 ) 4 6
E ( 3 4 A ) 1 1 7 5 1 ( 3 ) - 5 1 5 ( 1 ) 2 7 3 9  ( 1 ) 5 6
E  ( 3 4 3 ) 1 3 0 1 9  ( 3 ) - 5 2 1 ( 1 ) 2 5 3  5 ( 1 ) 5 6
E ( 3 SA) 1 3 5 0 9  ( 3 ) 4 7 9 ( 1 ) 2 9 7 5  ( 1 ) 59
E (3 5 3 ) 1 3 1 3 1  ( 3 ) 1 3 4 ( 1 ) 3 5 2 4  ( 1 ) 59
E (3 6A) 1 2 4 1 7 ( 2 ) 1 2 5 5 ( 1 ) 3 2 9 1  ( 1 ) 4 5
E (3 5 3 ) 1 1 3 5 5 ( 2 ) 7 1 9 ( 1 ) 3 2 1 5 ( 1 ) 4 5

215
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure A.4. Drawing o f  LiAl(HFIP)4 with all but the 
hydrogen atoms labeled. See Table 2 for definition of 
abbreviation.
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T able A. 17. Crystal data and structure refinem ent for LiAl(HFIP)4 .

i C a s t i z i i a i i c n  c c c a

? c m u l a  w e i g h c

T  a s s  a r a c u r a

W a v e l a n g r h

Crv-3 “ a l  s y 3 cem

S n a c a  g r c u p

C a l c  c a l l  r f l 3 a r.3 i . c 113

V a l u a e ,  Z

D e n 3 i “y  ( c a l c u l a e a d )  

A b 3 c r p c i c n  c c a r i f i c i a n c  

? (000)

C r y s c a l  3 i r a

9 r a n g e  f c r  d a c a  c c l l a c c i o n

L i d p i n g  i n d i c e s

A e i l a c r i c n s  e c l l a c c a d

I r d a c a n d a n :  r a i l a c i i s 33

A b s c r p c i c r i .  c s r r a c c i c a

J a i i i a E e a :  a e c h c d

D a c a  /  r a a c r a i a c a  /  p a r a a a c a r 3

2
G c o d c e s a - a ; - f i r  c n  ?

? i n a l  a  i r . r i i . c a 3  ( 2 > 2 a - ( Z !  I  

X  i n d i c e s  ( a l l  d a c a )

l a r g e s c  d i r f .  s a a i c  and.  h o l a

3 h 3  c c r i 4 2  ( l T c l a n / S C r a i i 3 3 )

7 0 2 . 0 7  

1 7 3 ( 2 )  K  

0 . 7 1 0 7 3  A.

a  -  1 0 . 1 1 3 4 ( 7 )  A  a l p h a  -  7 5 . 5 3 7 0 ( 1 0 )

b  -  1 0 . 5 2 1 3 ( 7 )  A  b a e a  -  3 0 . 4 7 9 0  ( 2 0 ) °

c  -  1 1 . 5 4 5 1 ( a )  A  g a r m a  -  5 5 . 0 3 2 0 ( 1 0 ) C

1 0 9  0 . 0 9  ( 1 3 )  A " ,  2  

2 . 1 3  9 M g / a 3 

0 . 3 1 9  ana” "1,

5 3 0

0 . 4 0  x  0 . 2 0  x  0 . 1 3  S B ,  c l r .  r f l a a c c d  3 h a p  a  

1 . 3 0  t c  2 9 . 3 0 °

- 1 1  *  i  U ,  - 1 4  -  k. s  1 2  , - 1 4  s i s  I S

7 2 2  0

4 9 9 7  ( 7 L . _ _  -  0 . 0 2 2 1 )

SAD A S  S

P u l l - a n  m i x  l a a s c - s q u a r a s  c n  ?

4 9 9 7  /  0 /  3 3 0  

1 . 0 1 9

K.1 -  0 . 0 5 2 0 ,  wR2 -  0 . 1 2 1 3  

R 1  -  0 . 0 3 2 2 ,  wR2 -  0 . 1 4 1 3  

0 . 0 0 2 3  ( 1 3 )

0 . 4 C 3  a n d  - 0 . 4 2 7  a A
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T ab le  A.18. Atomic coordinates for LiAI(HFIP)4 .

X y = C ( e q )

A l S3 4 C ( 1 ) 4 1 2 1  ( 1 ) 3 2 1 8  ( 1) 20 ( 1 )
L I 5 8 9 7 ( 7 ) 8 1 3 4 ( 8 ) 4 7 5 5  ( 4 ) 4 2  ( 1 )
0  ( 1 ) S3=a ( 2 ) 3 = 8 4  ( 2 ) 3 C C 7  ( 2 ) 2 5 ( 1 )
0  ( 2 ) 8 3 9 7 ( 2 ) 3 9 1 3  ( 2 ) 4 3 2 9  ( 2 ) 2 3  C l )
0 ( 3 } 7 5 8 3 ( 2 ) 3 2 3 4  ( 2 ) 2 2 3 4  ( 2 ) 29 ( 1 )
0  ( 4 ) 4 7 4 1 ( 2 ) 3 7 3 5  ( 2 ) 3 5 1 2  ( 2 ) 2 5  Cl )
C ( l ) 8 8 1 8 ( 2 ) 8 5 4 5  ( 3 ) 2 0 5 2  ( 2 ) 28  ( 1 )
C ( 2 ) 7 7 2 9 ( 4 ) 8 = 3 7  ( 4 ) 2 5 4 3  ( 3 ) 4 1 ( 1 )
C ( 3 ) 5 4 9 1 ( 4 ) 8 0 0 0  ( 4 ) 1 4 1 7 ( 3 ) 4 1 ( 1 )
C ( 4 ) 7 5 0 8 ( 2 ) 2 S S 2  ( 3 ) 5 5 7 3  ( 2 ) 22 ( 1 )
CCS ) 7 5 0 1 ( 2 ) 1 4 2 2  ( 3 ) 5 5 9 5  ( 2 ) 3 0  ( 1 )
C ( S ) 9 0 2 3  ( 2 ) 2 5  8 7  ( 3 ) 5 4 3 2  ( 3 ) 3 3 ( 1 )
C ( 7 ) 8 8 1 7 ( 2 ) 2 1 4 5  ( 3 ) 2 0 0 0  ( 2 ) 29 ( 1 )
C ( 3 ) 9 3 0 2  ( 4 ) 2 5 3 7 ( 4 ) 1 0 3 7  ( 3 ) 4 5  ( 1 )
C ( S ) 8 2 9 8 ( 4 ) 1 1 0 5 ( 4 ) 1 5 7 7  ( 3 ) 4 5  ( 1 )
C C 1 0 ) 42 29 ( 2 ) 2 2 3 3  ( 3 ) 2 5 9 4  ( 2 ) 2 7  ( 1 )
C (12. ) 3 4 9 4 ( 4 ) 2 3 7 5  ( 4 ) 3 2 8 2  ( 3 ) 4 0  ( 1 )
C ( 1 2 ) 3 4 8 0  ( 3 ) 4 4 8 3  ( 3 ) 1 7 5 5  ( 3 ) 3 5  ( 1 )
F ( l ) 8 8 8 7 ( 2 ) 5 7 1 3  ( 3 ) 2 3 9 4  ( 2 ) 84  ( 1 )
F ( 2 ) 8 2 5 7 ( 2 ) 7 7 3  0 ( 3 ) 1 8 0 5  ( 2 ) 8 4 ( 1 )
F ( 3 ) 7 1 5 8  ( 2 ) 7 5 1 7  ( 3 ) 3 5 3 3  ( 2 ) 5= ( 1 )
F  ( 4 ) 4 2 2 8 ( 3 ) 7 8 0 2  ( 2 ) 1 2 7 5  (2 ) 7 3 ( 1 )
F ( 5 ) 8 0 5 0  ( 3 ) 8 4 0 7  ( 2 ) 2 5 0  ( 2 ) 8 7 ( 1 )
F  ( 5 ) 5 0 1 1 ( 2 ) 9 0 9 5  ( 2 ) 1 9 7 3  ( 2 ) 8 1 ( 1 )
F ( 7 ) 8 1 5 4 ( 2 ) 4 7 2  ( 2 ) 5 5 = 8  ( 2 ) 5 2 ( 1 )
? ( 8 ) 8 1 2 1 ( 2 ) 3 2 5  ( 2 ) 4 7 0 2  ( 2 ) 5 2  ( 1 )
F ( 9 ) 8 1 1 2 ( 2 ) 1 5 5 5 ( 2 ) 5 7 8 4  ( 2 ) 4 1  ( 1 )
F  ( 1 0 ) 9 9 2 1 ( 2 ) 1 3 4 2  ( 2 ) 5 2 5 0  ( 2 ) 80 ( 1 )
F  ( 1 1 ) 3 9 3 0 ( 2 ) 4 1 5 2  ( 2 ) 5 4 2 5  ( 2 ) 5 1 ( 1 )
F  ( 1 2 ) 9 6 5 8 ( 2 ) 2 5 4 5  ( 2 ) 4 2 7 5  ( 2) 49 ( 1 )
F ( 1 2 ) 9 2 1 2 ( 3 ) 2 2 4 0  ( 2 ) 7 0  ( 2 ) 33 ( 1 )
F  ( 1 4 ) 10 09 5 ( 2 ) 3 5 1 2  ( 2 ) 1 4 9  1 (2 ) 30 ( 1 )
F ( 1 5 ) 1 1 0 7 3 ( 2 ) 1 5 4 1 ( 3 ) 3 5 7  ( 2 ) 87  ( 1 )
F  ( I S ) 7 5 3 7  ( 2 ) 1 7 1 0  ( 2 ) 5 5 1 ( 2 ) 7a  ( i )
F ( 1 7 ) 7 5 3 8 ( 2 ) 5 2 2  ( 2 ) 2 4 4 0  ( 2 ) 5 1  ( 1 )
F  ( 1 3 ) 9 5 8 5  ( 2 ) - 1 8  ( 2 ) 1 2 9 9  ( 2 ) 85 ( 1 )
F  ( 1 3  ) 4 2 5 7  ( 2 ) 1 2 5 7  ( 2 ) 4 C 8 7  ( 2 ) 30 ( 1 )
F  ( 2 0 ) 2 2 9 1 ( 2 ) 2 1 0 9  ( 2 ) 4 0 5 9  ( 2 ) 7 5 ( 1 )
F  ( 2 1 ) 29 35 ( 2 ) 1 3 8 5  ( 2 ) 2 5 3 1  ( 2 ) 5 1  ( 1 )
F  ( 2 2 ) 4 2 7 4  ( 2 ) 5 1 3 7  ( 2 ) 1 2 4 5  ( 2 ) 5 7  ( 1 )
F  ( 2 2  ) 2 2 2 0 ( 2 ) 5 2 7 3  ( 2 ) 2 1 9 5  ( 2 ) 5 4 ( 1 )
F  ( 2 4 ) 3 1 5 5 ( 2 ) 4 C G 1 ( 2 ) 9 1 5  ( 2 ) 52  ( 1 )
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ft. ft.

Table A.18 (continued).

C C I O  -C ( 4 )  - Z i . i t  1 1 2 0  . 0  ( 2
0 ( 1 )  - C ( l )  - C  ( 2) 1 0 3 . 0  ( 2
C ( Z )  - C ( l )  - C  (2 ) 1 1 2 . 0  (2
F ( 2 !  - 0 ( 2 )  - F  (2 ) 1 0 7 . 3  (2

F ( 2 !  -C (25 - C ( l ) 1 1 4 . 2  (2

F (25  - 0 ( 2 )  - 0 ( 1 ) 1 1 0  . 1 ( 2

F ( 5 )  - CC2 )  - F  ( 5 ) 1 0 5 . 7  (2

F ( 5 )  - C  (2 ) - C ( l ) 1 1 2 . 9  (2

F ( 5 ) - C ( 2 ) - C ( l ) 1 1 0  . 5 (2

0 ( 2 )  - C ( 4 )  - C ( S ) 1 0 9 . 9  ( 2

F ( 7 )  - C ( 5 )  - F  ( 3) 1 0 3 . 4  (2

F ( B )  - C ( S )  - F ( 9 ) 1 0 5 . 8  ( 2

? ( 3 )  - C ( 5 )  - C  (4) 1 1 2 . 3  ( 2

F ( 1 0 )  - 0 ( 5 )  - F ( l l ) 1 0 7  . 9  ( 2

F  ( 1 —) - C ( S )  - F  (2.2) 1 0 5 . 5 ( 2

F ( 1 1 )  - 0 ( 5 )  - C ( 4 ) 1 0 9 . 9  ( 2

0 ( 3 )  - C ( 7 )  - C ( a ) 1 0 9 . 5  ( 2

C ( 3 )  - C ( 7 )  - C  ( 9 ) 1 1 2 . 5 ( 2

F ( 1 2 )  - 0 ( 3 )  - F ( 1 S ) 1 0 7  . 3  (2

F ( 1 3 )  - 0 ( 3 )  - 0 ( 7 ) 1 1 2 - 1 ( 2
F ( 1 5 )  - 0 ( 3 )  - 0 ( 7 ) 1 1 1 - 3  (3

F  ( 2 3 )  - 0 ( 9 )  - F  ( 2 7 ) 1 0 5  . 4  (2

F  (2.3 ) - 0 ( 9 )  - 0 ( 7 ) 1 1 2 . 7  (2

F ( 2 7 )  - 0 ( 9 )  - 0 ( 7 ) 1 0 9 . 4  (2

0 ( 4 )  - 0 ( 1 0 )  - C ( l l ) 1 0 7  . 8  ( 2

F  (2.9 ) - 0 ( 2 . 1 )  - F  ( 2 1 ) 1 0 5 . 9  (2

F ( 2 1 )  - C C 1 1 )  - F  ( 2 0 ) i o a . 4  (3

F ( 2 1 ) - C ( l l ) - 0 ( 1 0 ) 1 1 2 . 4  (3
F  ( 2 2 )  - 0 ( 1 2 )  - F  ( 2 4 ) 1 0 3  . 3  (3
F ( 2 4 )  - 0 ( 1 2 )  - F  ( 2 2 ) 1 0 5 . 7  ( 2

F ( 2 4 ) - 0 ( 1 2 ) - 0 ( 1 0 ) 1 1 2 . 2 ( 2

0 ( 2 )  - F  (2 ) - 1 1 1 0 3 . 1 ( 2

A l - C  ( 4 )  - 1 1 5 1 1 0 3 . 3  ( 2 )
C ( 1 ) - 0 ( 1 ) - 0 ( 2 ) 1 1 1 . 5 ( 2 )
F ( 2 ) - 0 ( 2 ) - F ( 1 ) 1 0 7 . 9  ( 3 )
F ( 1 S  - 0 ( 2 )  - F (2 ) 1 0 5 . 7  ( 2)
F  ( 1 )  - 0 ( 2 )  - 0 ( 1 ! 1 1 0 . 5  (25
F ( = ; - 0 ( 2 )  - F ( 4 ) 1 0 5 . 4  ( 2 )
F ( 4 ) - 0 ( 2 ) - F ( 5 ) 1 0 3  . 0  ( 3 )
F  ( 4 )  - 0 ( 2 !  - 0 ( 1 ) 1 1 1 . 0  ( 2 )
0 ( 2 ) - 0 ( 4 ) - 0 ( 5 ) 1 1 0 . 4  ( 2)
0 ( 5 )  - 0 ( 4 )  - 0 ( 5 ) 1 1 2 . 4 ( 2 )
F ( 7 )  - 0 ( 5 )  - F (9 ) 1 0 7 . 3 ( 2 )
F ( 7 )  - 0 ( 5 )  - 0 ( 4 ) 1 1 2 . 5 ( 2 )
F (9 ) - 0 ( 5 )  - 0 ( 4 ) 1 0 9  . 3  ( 2)
F ( 1 0 )  - 0 ( 5 )  - F  ( 1 2 ) 1 0 3  . 0  ( 2 )
F  ( 1 0  ) - 0 ( 5 )  - 0 ( 4 ) 1 1 1 . 3  ( 2)
F ( 1 2 )  - 0 ( 5 )  - 0 ( 4 ) 1 1 2 . 4  ( 2)

0 ( 3 )  - 0 ( 7 )  - 0 ( 9 ) 1 0 9 . 7  ( 2)
F ( 1 2 ) - 0 ( 3 ) - F ( 1 4 ) 1 0 7 . 3  ( 2)
F ( 1 4 )  - 0  ( 3 )  - F ( 1 5 ) 1 0 5 . 3  ( 3)
F ( 1 4 )  - 0 ( 3 )  - 0 ( 7 ) 1 0 9  . 7  ( 3)
F  ( I S )  - 0 ( 9 )  - F  ( 1 3  ) 1 0 3  . 4  ( 3)
F ( 1 3 )  - 0 ( 9 )  - F  ( 1 7 ) 1 0 7  . 5  ( 2)
F ( 1 3 )  - 0 ( 9 )  - 0 ( 7 ) 1 1 2 . 0  ( 3 )
0 ( 4 ) - 0 ( 1 0 ) - 0 ( 1 2 ) 1 1 0 . 2 ( 2 )
0 ( 1 2 )  - 0 ( 1 0 )  - 0 ( 1 1 ) 1 1 3 . 3  ( 2 )
F  ( 1 9 )  - 0 ( 1 1 ) - F ( 2 0 ) 1 0 5 . 5  ( 2)
F ( 1 9 ) - 0 ( 1 1 ) - C ( 1 0 ) 1 1 0 . 3  (3)
F ( 2 0 )  - C ( 1 1 )  - C ( 1 0 ) 1 1 2 . 0 ( 3 !
F ( 2 3  ) - 0 ( 1 2 )  - F ( 2 2 ) 1 0 7 . 1 ( 3 )
F  ( 2 3  ) - 0 ( 1 2 )  - C ( I C ) 1 1 3 . 9  ( 2)

F ( 2 2 )  - 0 ( 1 2 )  - C ( 1 0 ) 1 0 3  . 2  ( 3 )

0 ( 5 )  - F  (9 ) - 1 1 * 1 1 2 2 . 2 ( 2 )

^y— —!b ;— -r •.— a-g--r— a i:lnn.q U.3 ad tc gena ra c a acuiva.aa: acca3 : 

#1 -x-1, -y -1 , --z-Z
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Table A.19. Bond lengths and angles for LLAi(HFEP)4 .

A l  - 0 ( 3 )
A l - O  ( 4 )
A l - L i  
L i - 0 ( 4 ) * 1  
L i - O  ( 2 )
L i - ? ( 9 ) * 1  
L i - A l S l  
0  ( 2 )  - C  ( 4 )
0 ( 3 )  - C ( 7 )
O ( 4 )  - L i S l  
C ( l )  - C  ( 2 )
C ( 2 )  - 7 ( 1 )
C ( 3 )  - 7 ( 5 )
C ( 3 )  - 7 ( 5 )
C ( 4 )  - C  ( 5 )
C ( 5 )  - ? ( 9 )
C (S)  - 7 ( 1 0 )
C ( 6 )  - 7 ( 1 2 )
C ( 7 )  - C  ( 9 )
C ( 3 )  - 7 ( 1 4 )
C ( 9 )  - 7 ( 1 5 )
C ( 9 )  - 7 ( 1 7 )  
C ( 1 0 ) - C ( l l )
C(11)-7(21)
C ( 1 2 )  - 7  ( 2 3 )
C ( 1 2 )  - 7 ( 2 2 )

O ( 3 )  - A l - 0  ( 1 )
O ( 1 ) - A l - 0 ( 4 )  
0 ( 1 )  - A l  - 0 ( 2 )  
0 ( 3 )  - A l - L i .
0 ( 4 ) - A l - L i  
O ( 3 ) - A l - L i S l  
O ( 4 ) - A l - L i S l  
L i - A l - L i S l  
O ( 4 )  4 1  - L i  - 0  ( 2 )  
0 ( 4 ) S l - L i - 7 ( 3 )  
0 ( 2 )  - L i  - 7 ( 3 )  
0 ( 1 ) - L i - 7 ( 9 ) # 1  
7 ( 3 )  - L i  - 7 ( 9 )  4 1  
O ( 1 ) - L i - 0 ( 2 ) 4 1  
7 ( 3 ) - L i - 0 ( 2 ) 4 1  
O ( 4 ) 4 1 - L i - A l  
O ( 2 )  - L i  - A l  
7 ( 9 ) 4 1 - L i  - A l  
O ( 4 ) 4 1 - L 1 - A 1 4 1  
0 ( 2 )  - L i  - A 1 4 1  
7  ( 9 ) 4 1 -  L i  - A 1 4 1  
A l - L i  - A 1 4 1  
C ( 1 ) - 0 ( 1 ) - L i  
C ( 4 )  - 0 ( 2 5  - A l  
A l - O  ( 2 )  - L i  
A l - 0  ( 2 )  - L i 4 1  
C ( 7 ) - 0 ( 2 ) - A l

1 . 5 9 0 ( 2 ) A l - C ( l ) 1 . 7 5 8 ( 2 )

1 . 7 5 5 ( 2 ) A l - G ( 2 ) 1 . 7 7 1 ( 2 )

2 . 8 7 7 ( = ) A l - L i S l 2 . 9 8 0 ( 5 )

2 - 0 1 5 ( 5 ) L i - O  ( 1 ) 2 . 0 8 9  ( 5 )

2 . 1 5 5 ( 5 ) L i - 7  ( 3 ) 2 . 2 5 5 ( 5 )

2 . 4 1 4 ( £ ) L i - 0 ( 2 )  * 1 2 . 5 3 3 ( 5 )

2 . 9 8 0 ( S) 0 ( 1 )  - C ( l ) 1 . 4 0 1  ( 3 )

1 . 3 9 3  ( 3 ) 0 ( 2 ) - L i S l 2 . 5 2 3  ( £ )

1 . 3 8 2  ( 3 ) 0 ( 4 )  - C ( 1 0 ) 1 . 4 0 8  ( 2 )

2 . 0 1 5 ( 5 ) C ( 1 )  - C  ( 2 ) 1 . 5 1 3  ( 4 )

1 . 5 1 9 ( 4 ) C ( 2)  - 7 ( 2 ) 1 . 3 1 0  ( 4 )

1 . 3 2 7 ( 4 ) C ( 2 )  - 7 ( 3 ) 1 . 3 5 4  ( 4 )

1 . 3 2 4 ( 4 ) C ( 3 )  - 7 ( 4 ) 1 . 3 2 2 ( 4 )

1 . 3 3 2 ( 4 ) C ( 4 )  - C  ( 5 ) 1 . 5 2 2  ( 4 )

1 . 5 2 3 ( 4 ) C ( 5 )  - 7 ( 7 ) 1 . 3 1 7  ( 2 )

1 . 3 2 2 ( 3 ) C ( 5 )  - 7 ( 9 ) 1 . 3 4 4  ( 2 )

1 . 3 3 0  ( 3 ) C ( 5 )  - 7 ( 1 1 ) 1 . 3 2 9  ( 4 )

1 . 3 3 5  ( 3 ) C ( 7)  - C ( 8 ) 1 . 5 1 5 ( 4 )

1 . 5 2 5 ( 4 ) C ( 8 )  - 7 ( 1 3 ) 1 . 3 2 0  ( 4 )

1 . 3 2 5 (S) C ( 8 )  - 7  ( 1 5 ) 1 . 3 2 8  ( 4 )

1 . 3 2 7 ( 4 ) C (9 ) - 7 ( 1 3 ) 1 . 3 2 0  ( 4 )

1 . 3 3 7 ( 4 ) C ( 1 0 )  - C ( 1 2 ) 1 . 5 1 4 ( 4 )

1 . 5 2 0 ( 4 ) C ( l l )  - 7 ( 1 9 ) 1 . 3 2 0  ( 4 )

1 . 3 2 2 ( 4 ) C ( l l ) - 7 ( 2 0 ) 1 . 3 2 6 ( 4 )

1 . 3 1 4 ( 4 ) C ( 1 2 )  - 7 ( 2 4 ) 1 . 3 3 1 ( 3 )

1 . 3 3 7 ( 4 ) ? ( 9 )  - L i S l 2 . 4 1 4 ( 5 )

1 1 1 . 0 5 ( 1 0 ) 0 ( 3 )  -  A l  - 0 ( 4 ) 1 1 2 - 1 3 ( 1 0 )

1 1 2 . 4 1 ( 9 ) 0  ( 3 )  -  A l  - O ( 2 ) 1 2 7  . 0 7  ( 1 0 )

9 4 . 4 9  ( 9 ) 0 ( 4 )  -  A l  - 0 ( 2 ) 9 8 . 1 7  ( 9)

129 . 7 7  ( 1 4 ) 0 ( 1 ) - A l - L i 4 5 . 1 9 ( 1 2 )

1 0 7 . 8 1 ( 1 3 ) C ( 2 )  - A l - L i 4 8 . 7 3 ( 1 3 )

1 4 2 . 5 2 ( 1 3 ) 0 ( 1 ) - A l - L i * l 1 0 4 . 3 2 ( 1 2 )

4 1 . 0 9  ( 1 2 ) 0 ( 2 ) - A l - L i S l 5 7 . 9 4 ( 1 3 )

7 4 . 7  ( 2 ) 0 ( 4 )  S l - L i - O ( l ) 1 5 0 . 4  (3 )

3 7 . 5 ( 2 ) 0 ( 1 ) - L i - O ( 2 ) 7 5 . 0  ( 2)

1 2 5 . 0  ( 3 ) 0 ( 1 )  - L i  - 7 ( 3 ) 7 1 . 9  (2)

1 2 2 . 5  ( 3 ) 0 ( 4 ) # 1 -  L i - 7 ( 9 ) # 1 9 0 . 3  (2)

8 4 . 9 ( 2 ) 0 ( 2 )  -  L i  - 7 ( 9 )  # 1 1 4 1 . 9  ( 3)

79 . 2  ( 2 ) 0 ( 4 ) S I - L i - O ( 2 ) # 1 7 0 . 9 ( 2 )

39 . 9  ( 2 ) 0  ( 2 )  - L i - O ( 2 ) S I 8 2 . 0  ( 2)

1 4 2 . 0  ( 3 ) 7 ( 9 ) S I - L i - 0 ( 2 ) S I 5 5 . 8  ( 2)

1 2 1 . 1 ( 2 ) 0 ( 1 )  - L i  - A l 3 7  . 2 9  ( 1 0 )

2 7 . 9 0  ( 9 ) 7  (3 ) - L i  - A l 1 0 0  . 7  ( 2)

113 . 7  ( 2 ) 0 ( 2 ) S I - L i - A l 8 1 . 3  ( 2)

3 5 . 1 5 ( 1 1 ) 0 ( 1 ) - L i - A l S l 1 2 5  . 3  ( 2)

3 5 . 2 ( 2 ) 7 ( 3 ) - L i - A l S l 1 5 1 . 3  ( 2!

3 0 . 5 ( 2 ) 0 ( 2 ) S l - L i - A l S l 3 6 . 3 3  ( 8)

1 0 5 . 2  ( 2 ) C ( l )  - 0 ( 1 )  - A l 1 2 5 . 4  ( 2)

1 2 2 . 0 ( 2 ) A l  - 0 ( 1 )  - L i 9 5 . 4  ( 2 )

C ( 4)  - 0  ( 2 !  - L i 1 2 2 . 9  ( 2)

3 3 . 4 ( 2 ! C ( 4 ) - 0 ( 2 ) - L i S l 1 0 8 . 0  ( 2 )

3 5 . 7 2  ( 1 2 ) L i - C ( 2 )  - L i S l 9 3 . 0  ( 2 )

1 4 3 . 5 ( 2 ) C ( 1 0 )  - O ( 4 )  - A l 1 2 4 . 1 ( 2 )
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Table A.19 (continued).

C ( 1 0 ) - C ( 4 ) - 1 1 * 1 1 3 0  . 0  ( 2 )

C ( 1 )  - C (  1)  - C C 2) 1 0 8 .Q ( 2 )

C ( 2 )  - C  ( 2 )  - C  ( 3 ) 1 1 2 . 0  ( 3 )

7  ( 2 )  - C C 2)  - 7 ( 3 ) 1 0 7 . 8  ( 3 )

7  ( 2 )  - C  ( 2 )  - C C D 1 1 4 . 5  ( 3 )

7 ( 3 )  - CC2 )  - C C U 1 1 0 . 1  ( 3 )

7 ( 5 )  - C  (3 )  - 7 ( 5 ) 1 0 S . 7 ( 3 )

7 ( 6 )  - C C 3)  - C C U 1 1 3 . 9  ( 3 )

7 ( 5 )  - C C 3 )  - C C U 1 1 0 . 5  ( 3 )

0 ( 2 )  - C C 4 )  - C ( o ) 1 0 9  . 9  ( 2 )

7 ( 7 )  - C  ( 5 )  - 7 ( 3 ) 1 0 8 . 4 ( 2 )

7 ( a )  - CCS)  - 7 ( 9 ) 1 0 5 . 3 ( 2 )

7 ( a ) - C C S ) - C ( 4 ) 1 1 2 . 3 ( 2 )

7 ( 1 0 )  -CCS)  - 7 ( 1 1 ) 1 0 7 . 9 ( 2 )

7 ( 1 1 )  - C ( S )  - 7 ( 1 2 ) 1 0 S . S ( 2 )

7 ( 1 1 )  - CCS)  - C  ( 4 ) 1 0 9  . 9  ( 2 )

0 ( 3 )  - C  ( 7 )  - C ( 8 ) 1 0 9 . S ( 2 )

C O )  - C  ( 7 )  - C C 9 ) 1 1 2  . 5 ( 3 )

7 ( 1 3 ) - C ( 8 ) - 7 ( 1 5 ) 1 0 7 . 3  ( 3 )

7 ( 1 3 )  - C  ( 9 )  - C  ( 7 ) 1 1 3 . 1 ( 3 )

7 ( 1 5 )  -CCS)  - C  ( 7 ) 1 1 1 . 8 ( 3 )

7 ( 1 5 )  - C  (9 ) - 7 ( 1 7 ) 1 0 S . 4  ( 3 )

? ( 1 S )  - C  (9 ) - C  ( 7 ) 1 1 2 . 7  ( 3 )

7 ( 1 7 )  - C  (9 ) - C  ( 7 ) 1 0 9 . 4  ( 3 )

0 ( 4 ) - C ( 1 0 ) - C ( 1 1 ) 1 0 7 . 8 ( 2 )

7 ( 1 9 )  - C ( l l )  - 7 ( 2 1 ) 1 0 6 . 9  ( 3 )

7 ( 2 1 )  - C ( l l )  - 7 ( 2 0 ) 1 0 8 . 4  ( 3 )

7 ( 2 1 )  - C  ( 1 1 )  - C ( 1 0 ) 1 1 2 . 4  ( 3 )

7 ( 2 3 )  - C  ( 1 2 )  - 7 ( 2 4 ) 1 0 8 . 3  ( 3 )

7 ( 2 4 )  - C ( 1 2 )  - 7 ( 2 2 ) 1 0 S . 7 ( 2 )

7 ( 2 4 )  - C  ( 1 2 )  - C C 1 0 ) 1 1 2 . 2  ( 3 )

C ( 2 )  - 7 ( 3 )  - 2 1 1 0 8 . 1 ( 2 )

A l - O  ( 4 )  - 1 1 * 1 1 0 3  . 3  ( 2 )

0 ( 1 )  - C ( U  - C  ( 3  ) l l l . S ( 2 )

7 ( 2 )  - C  ( 2 )  - 7 ( 1 ) 1 3 7 . 9  ( 3 )

7 ( 1 )  - C  ( 2 )  - 7 ( 3 ) 1 0 5 . 7 ( 3 )

7 ( 1 }  - C  ( 2 !  - C ( U 1 1 0 . 5 ( 3 )

? ( S )  - C  (3  ) - 7 ( 4 ) 1 0 6 . 4 ( 3 )

7 ( 4 )  - C  (3 ) - 7 ( 5 ) 1 0 8  - 0  ( 3 )

7 ( 4 )  - C  (3 ) - C (  1 ) 1 1 1 . 0  ( 3)

0 ( 2 )  - C  ( 4 )  - C C S ) 1 1 0 . 4 ( 2 )

C ( 5 )  - C ( 4 )  - C C S ) 1 1 2 . 4 ( 2 )

7 ( 7 )  - C  ( 5 )  - 7 ( 9 ) 1 0 7 . 3  ( 2)

7 ( 7 )  - C C S )  - C  ( 4 ) 1 1 2 . 5 ( 2 )

7  ( 9 )  - C  ( 5 )  - C  ( 4 ) 1 0 9  . 3  ( 2 )

7 ( 1 0 )  - C ( S )  - 7 ( 1 2 ) 1 0 8  . 0  ( 3)

7 ( 1 0 )  - C C S )  - C  ( 4 ) 1 1 1 . 8  ( 2 )

7 ( 1 2 )  - C C S )  - C  ( 4 ) 1 1 2 . 4 ( 2 )

0 ( 3 )  - C  ( 7 )  - C  (9 ) 1 0 9  . 7  ( 2)

7  ( 1 3  ) - C  ( 8 )  - 7 ( 1 4 ) 1 0 7 . 3  ( 3)

7 ( 1 4 )  - C  ( 8 )  - 7 ( 1 5 ) I Q S  . 8  ( 3 )

7  ( 1 4 )  - C  ( 8 )  - C  ( 7 ) 1 0 9 . 7  ( 3)

7 ( I S )  - C  ( 9 )  - ?  ( 1 3 ) 1 0 8 . 4  ( 3 )

7 ( 1 8 )  - C  (9 ) - 7 ( 1 7 ) 1 0 7 . 5  ( 3)

7 ( 1 8 )  - C  ( 9 )  - C ( 7 ) 1 1 2 . 0  ( 3 )

0 ( 4 )  - C ( 1 0 )  - C  ( 1 2 ) 1 1 0 . 2  ( 2)

C ( 1 2 )  - C ( 1 0 )  - C  ( 1 1 ) 1 1 3  . 3  ( 2)

7 ( 1 9 )  - C ( l l )  - 7 ( 2 0 ) 1 0 S  . 6  ( 3)

7 ( 1 9 )  - C ( l l )  - C C 1 0 ) 1 1 0 . 3  ( 3)

7  ( 2 0 )  - C ( 1 1 )  - C ( 1 0 ) 1 1 2 . 0  ( 3 )

7 ( 2 3 )  - C  ( 1 2 )  - 7 ( 2 2 ) 1 0 7 . 1 ( 3 )

7 ( 2 3 )  - C ( 1 2 )  - C ( 1 0 ) 1 1 3  .9 ( 2 )

7 ( 2 2 )  - C ( 1 2 )  - C ( 1 0 ) 1 0 8  . 3  ( 3 )

CCS) - 7 ( 9 )  - 2 1 * 1 1 2 2 . 2  ( 2 )

S y a m e c r y  :rar.a:3rnatic=3 u s e d  = 3  g e n e r - a c a  aquivaieat a t o m s :

#1  - x - t - 1 , - y - - l .  - s * l
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T able A.20. Hydrogen atom coordinates for LiAl(HFIP)4 .

X y O' ( a q )

a ( iA ) 7 1 3 5 ( 3 ) 5 9  3 2  ( 3 ) 1 4 9 0  ( 2 ) 3 4
H ( 4 A ) 7 1 0 6 ( 3 ) 3 1 4 9  ( 3 ) 6 4 6 a ( 2 ) 2 3
E ( 7 A ) 9 3 5 0 ( 3 ) 1 6 3 9  ( 3 ) 2 7 3 2 ( 2 ) 3 4
H ( 1 0 A ) 5 2 3 5 ( 3 ) 2 6 1 6  ( 3 ) 2 2 9  0 ( 2 ) 3 2
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