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Abstract

Polymer electrolytes represent a relatively new  class o f  ionic conductors with 

potential applications in  rechargeable batteries and o ther electrochemical devices. T he m ost 

investigated systems consist o f  poly(ethy lene oxide), PE O , with dissolved salts. Ionic 

transport in these systems is highly coupled to the relaxation processes o f  the polymer 

backbone and has been determ ined to occur predom inandy in the amorphous phase for a 

number o f  polymer-salt systems. The microscopic m echanism  o f  ionic transport in these 

systems is not well understood, but certainly involves the breaking and reforming o f  carion- 

ether oxygen bonds and changes in the local conform ation. The characterization o f  ion-ion 

and ion-polymer interactions furthers our molecular level understanding o f  ionic 

conducti\’ity in these sy'stems.

The characterization o f  cin’̂ stalline phases o f  polymer-salt complexes and model 

systems prorddes particular insight into local structure in these systems. Cri stalline phases o f  

systems with the general formula CH 3 (OCH,CH 2 )„OCH 3 :MX, where n = l-4  and 

MX^LiCF^SO] or NaCFjSOj, have been isolated and characterized. The comparison o f  

these structures provides insight into changes in coordination and conformation with chain 

length. In a number o f  the crj’̂ stalline structures, the local coordination em dronm ent o f  the 

cation and the torsional angle sequences o f  the bonds in the ethylene oxide units are 

remarkably similar to those present in the high molecular weight cri-stalline com pounds. The 

comparison o f spectra o f  the glyme -salt cri stalline com pounds to glyme-salt solutions 

shows that both similar and different local structures are present in solution compared to the 

cri'stalline phase.
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A s%mmetiy-based. xabrational analysis is used to  interpret bands in cry stalline 

pol\Tner-salt com pounds. Vibrational spectroscopic data o f  crystalline pohmierrsalt 

complexes reveal the presence o f  dynamic coupling o f  the triflate anion m odes which is 

characteristic o f  a highly ordered cty staUine matrix. The comparison o f  x-ray, \-ibrational 

spectroscopic, and D SC data o f  the crystalline and  amorphous phases reveals structural 

similarities and differences between the phases. Analysis o f  Raman and x-rav data o f  P E O - 

LiCFjSO-, films suggests that the amorphous phase contains local structures w hich resemble 

the structure present in crystalline P(EO)3 TtiCF;SO^. It is proposed that w ithin the 

“amorphous” phase o f  the polymer-salt systems there exist salt-rich regions w hose local 

structures resemble the cn^stalline compound. These local structures have implications for 

ionic transport, since ions at the domain boundaries o f  salt-rich regions or clusters mav make 

a significant contribution to the ionic conducti\tit\-.

\T U
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Chapter 1. Introduction

The improvement o f  energ}' storage and conversion technologies is o f  significant 

interest for our m odem  society. A variety o f  factors including economics, increased 

convenience, and environmental concerns are dri\fing the development o f  new materials. 

Two o f the major applications for energ}' storage and conversion technologies are electric 

vehicles and portable electronic de\nces. The development o f  electric and fuel cell powered 

cars is motivated by the need for low and zero emission vehicles. Electric vehicles based on 

current technologies do not meet targeted cost o r performance goals. Im proved power 

sources are needed for portable electronic de%*ices including cell phones and laptop 

computers as these devices find increased use in our ever\ dav lives.

A key component o f  electrochemical devices is die solid electrolyte, which conducts 

electricitt' by the motion o f ions. A new class o f  ionic conductors, polvmer electrolytes, was 

discovered by Wright and co-workers f'/j, and subsequendy these materials were proposed as 

solid electrolytes for electrochemical systems by Armand et. al. (2). The current research 

challenge in polymer electrolytes is to develop a system diat has a liigh ionic conducriidn', a 

liigh cation transference number, interfacial and electrochemical stabilin*, and desirable 

mechanical properties at ambient conditions. Despite considerable research the microscopic 

mechanism o f ionic conductivit}- in polymer electrolytes remains not well understood. For a 

number o f  polymer-salt systems, the ionic conducti^'itt' has been found to occur 

predominately in the amorphous phase o f  polymer electrolytes and be strongly coupled to 

the segmental m otion o f the polymer host (3-6). A few polymer-salt systems have shown 

higher ionic conductivities for the cr\ stalline phase compared to tire am orphous phase (7). 

The structure o f  the ionically conducting phase and the relationship betw een microscopic



structure and ionic transport have n o t been well determined. Furthering our understanding 

o f  ion-ion and ion-polym er interactions in the ionically conducting phase underlies ou r 

understanding o f  the microscopic mechanism o f  ionic transport in pohm er electrolytes and 

is necessar}' for the rational synthesis o f  new systems.

The objective o f  my research was to investigate structure in poly(ethylene oxide)-salt 

systems wdth particular emphasis on the microscopic structure o f  the ionically-conducting 

phase. O ne strategy' was to investigate the structure o f  cr\'staUine phases. Local structures 

present in the am orphous phase mav resemble the local structures present in the cr\ stalline 

phases. A second strategy was to examine low molecular weight model systems. These 

model systems allow the investigation o f  the dependence o f  chain lengtli on local structure 

and provide insight into structure in the amorphous phase o f  polymer electrohtes. An 

additional goal o f  my research efforts was to further the correlations between spectra and 

structure in these systems.



Chapter 2. Polym er Electrolytes

2.1 General concepts

Polymer electrohtes are formed when a salt is dissolved in a solid coordinating 

polymer. Solid p o h tn er electrohtes (SPE) differ firom polyelectrolytes, where one o f  the ions 

is covalendy bound to the polymer, and gel-electrolytes, where small organic molecules are 

contained within the polymer matrix. Within the field o f solid state electrochemistrv, 

polymer electrohtes are a relatively new class o f  ionic conductors, and their ionic transport 

mechanism is different than that o f other solid electrohtes such as inorganic crystals and 

glasses. Polymer electrolytes were first investigated bv Fenton, Parker and W right who 

discovered drat err stalline complexes formed from alkali metal salts and polv(ethvlene oxide) 

have significant ionic conductiviries (7). Subsequendv, Armand et al. recognized dre potential 

applications o f  these new materials in electrochemical devices (2). Over the past twent\- 

years, polymer electrolytes have been intensivelv studied and are the subject o f  numerous 

books, book sections and review articles (8-15).

One o f the m ost studied appHcations for polymer electrolytes is rechargeable 

batteries. A schematic diagram o f a rechargeable batten ' is presented in Figure 2.1. Within a 

batten', the electrolyte sen es to physically separate the electrodes and transport cations (e.g. 

htliium or other ions) benveen the electrodes during charge and discharge cycles. A number 

o f  properties o f  SPE make them of interest for batter}' applications. The flexibdin' o f  SPE 

allows them to maintain contact with the electrodes as they change in volume during charge 

and discharge cn'cles. The flexibility' o f  SPE also allows them to be engineered to any shape 

and be easily fabricated and processed. Because o f  their rigidity', SPE can be formed as ven' 

tliin films, which increases the overall energy' densin' o f  the batten'- Polymer electrolytes
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Figure 2.1. Schematic of a rechargeable "rocking chair" lithium battery during discharge ycle.

offer advantages in safet}' compared to liquid electrolytes, which are volatile and prone to 

leakage. Also, liquid electrohtes can cointercalate into the electrodes and react wdth the 

electrode material. Rechargeable batteries that use solid polymer electrolytes can be made to 

be lighter, thinner, and safer.

2.2 Therm odynam ics o f  dissolution

The dissolution o f a salt in a solvent, either liquid or solid, is described 

thermodvnamicallv by the change in the Gibbs free energy* AG at constant temperature and 

pressure. AG is a function o f the change in enthalpy (AH), the change in the entropy (AS) 

and the temperature,

AG = AH - TAS. (2.1)

The dissolution is a spontaneous process if AG o f  the system is negative, with the sign and 

magnitude o f AG determined by the indiHdual terms. The system in the initial state is 

composed o f a polymer solvent and ions within a cry stalline matrix, and in the final state the 

ions are fuUy dissolved by the pohm er solvent. The disordering o f  the ions from the



cr%'stalline lattice to the polymer solution is a positive contribution to the entropy o f 

dissolution. The strong specific interactions o f  the ions with the polymer affect the energies 

o f  specific polymer conformations, and this effect is a negative contribution to the entropy 

o f  dissolution. The chain stiffening caused by- the interactions o f  the ions witli the polymer 

reduces the segmental m otion o f  the polymer and is obser\'ed experimentally by an increase 

in the glass transition temperature T^ with increasing salt content (16). Due to the competing 

terms, the entropy change o f the system can be positive or negative. The effect o f  AS on  AG 

is a function o f  temperature, and at higher temperatures, the —TAS term will dominate the 

equation. With increasing temperature salt precipitation is obser\ ed in a number o f systems, 

which indicates that the overall entropy o f  dissolution is negative in those systems (17).

The enthalpy change o f  dissolution is the enthalpy after dissolution minus the 

enthalpy before dissolution. The factors which affect the overall enthalpy o f dissolution are 

(a) the lattice energy o f the salt, (b) the strength o f association o f  the groups on the polymer 

chains, (c) the formation o f  coordinate bonds o f the polymer and the cation, and (d) 

electrostatic interactions between the dissolved ions. In practice, it is apparent that the m ajor 

factors which determine whether a salt will dissolve in a polymer are the lattice energy o f  the 

salt and the solvation o f the cations by the polymer chains (18). Tlie primary interaction o f  

tlie polymer is with the cation, and the anion is only w^eakly solvated by the polymer.

The thermodynamic description provides a basis for understanding w'hich salts 

dissolve in which polymers. We consider the salts first. The choice o f  cation for the 

polymer-salt electrolyte largely depends on  the electrode materials, since the function o f die 

electrohte is to transport the ions between the electrodes. Lithium and sodium are the m ost 

investigated cations for intercalation electrodes because o f their high charge to mass ratios, 

however other metals including K~, Ca"*, Mg"' have also been investigated (19-26). Here we



consider predominately Li~ and Na~ salts. Anions have been chosen which minimise 

interactions between the anion and the cation within the poh*mer-salt solution since strong 

interactions can impede ionic transport. Studies o f  ion pairing in liquid electrohtes have 

shown that ion pairing  is minimized by choosing a solvent that has a high electron donating 

abiha' and an anion that is large and easily polatizable (27). The interactions o f  the ions in 

the solution are a legacy o f  the interactions o f  the ions in the lattice (18). Salts with low 

lattice energies are desirable, and  an upper limit o f 720 J /m o l has been suggested (28). Some 

anions which have been investigated are I", CIO^', SCN~, C F,SO -', (CF^SOj^N",

(CF,SO j,C - , AsF,-, PF,-. and SbF,-.

In order for a polymer to dissolve a salt, there m ust be electron-donating groups on 

the polymer chain capable o f  coordinating the cation o f  die salt. The polvmer acts as a 

nucleophilic ligand (Lewis base) and the cation acts as an electrophile (Lewis acid).

The m ost investigated groups are pohm ers containing ox\'gen, however polvmers containing 

nitrogen and sulfur have also been investigated. The strength o f  the interaction between the 

polymer groups and the cation can be described bv the donor num ber/acceptor num ber (29. 

30) or the hard/soft acid base theory- (31. 32). Tlie most investigated polvmer hosts are 

polyethers, since the ether ox}'gens are excellent coordinating groups for a variety- o f  cations. 

The prototypical polymer host is polyethylene oxide (-CH;-CH--0-)„ abbreviated PE O . The 

comparison of salts dissolved in ethers with different numbers o f  ethoxv units, namelv 

{CH 2 -0 )n, (CH^-CH^-O)-^ and -(CH2 -CH 2 -CH 2 -Q)„, pro^ndes an interesting comparison since 

the repeat units have the same coordinating units. Polvethers with (CH 2 -O),, or 

{CH 2 -CHr-CH2-0)n repeat units are weaker solvents than P E O  (2, 33). PEO  has an 

intermolecular spacing that is appropriate to maximize solvation o f  the cation. The chain can 

wrap around the cation making coordination sites available w ithout significant strain o f  the



polvmer. The situation is similar to that present in m acrocodes such as crown ethers. I f  the 

uncoordinated pohuner chain is in a conformation which is already suitable for the cation, 

then the entropv loss due to coordination is minimized (IS). The ethylene oxide unit is an 

important m onomeric unit for polymer electrohte systems as eddenced by the investigation 

o f  a variety- o f  polvmer architectures which incorporate the ethylene oxide moietv' induding 

comb pohtners (34), copolymer systems (33, 36), and sy stems using ethylene oxide units in 

side chains (37).

2.3 Phase equilibria

Polvmer electrohtes based on PEO  with dissolved salts are in general multiphase 

svstems. Knowledge o f  the phases present, their relative amounts, their structures, their 

interfaces and the dynamic equihbtium between phases is crucial to understanding die 

properties o f polvmer electrolytes. Phase diagrams have been determined using a variety- o f 

techniques including DSC, XRD, DTA, NhIR, optical microscopy and conductivity-. The 

phase diagrams o f numerous PEO-salt systems have been reported (3S-42). The phase 

diagrams for the binary- sy-stems PEO-LiCF^SO- and PEO-NaCF-SO-, are presented in 

Figure 2.2. A eutectic or quasieutectic point is characteristic o f  the phase behavior o f  these 

svstems. For a given system, the phases and their relative percentages generally depend on a 

number o f factors including temperature, salt concentration, molecular weight o f the 

polymer (43), thermal history- (44), time (43), and preparation method (46). For polymeric 

hosts with high molecular weights, the attainment o f  thermodynamic equilibrium below the 

eutectic temperature is limited by the slow kinetics o f  cry^stallization due to the chain 

entanglements. Consequendy- the systems generally- form a metastable solids, and for this
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Figure 2. 2 Phase diagram ofPFO-LJCF^Oj(left) (40) andphase diagram of 

PE O -N aC F fO , (right) (41).

reason it has been suggested that these are psuedo phase diagrams. Various techniques have 

been used to determine the morpholog}' o f  polymer electroh tes (28).

Below the melting temperature o f  P E O , three phases are generally present in PEO - 

salt systems: a pure crystalline PEO  phase, a cri'stalline polymer-salt phase, and an 

amorphous phase. A \-isual representation o f  these phases is presented in Figure 2.3. The 

structures o f  each o f these phases will be discussed in Chapter 5. Cr}'stalline P E O  has a 

melting point o f  65°C, and the amorphous phase o f  pure PEO  has glass transition 

temperature o f  approximately -60°C (8). The morphology- and growth rates o f  the spherulitic 

PEO  cry-stals have been studied by a num ber o f  techniques (47, 48). Smdies o f  die 

cry stallization o f  pure PE O  reveal the im portance o f  molecular weight on  the relative 

cry'stallinity- and the morpholog}^ o f  the crj'stals (49, 50). The second type o f  cry stalline 

phases are crystalline complexes o f  P E O  with salts, forming cry-stalline polymer-salt

8
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Fig/tre 2.3. I 'isual representation o f phases present in PEO-sa/t systems at room 

tenperature and moderate salt concentrations.

compounds. PE O  forms cn’stalline complexes with a variet}' o f  different cations and anions, 

and a thorough presentation o f  complexes o f  PEO  with various m etal salts is presented 

elsewhere (51 ). The pohm er salt complexes form with a varier}' o f  different stiochiometries, 

generaUv with ether ox} gen to cation ratios o f 6:1 to 1:1. T he structures o f  PEO-salt 

complexes are discussed in section 5.1. The amorphous phase is o f  primar}* interest since 

the iortic conductivity- for a num ber o f  systems has been found to occur predominantlv in 

the am orphous phase, regardless o f  the coexistence o f crvstaUine phases (3, 4). Tlie 

temperature-dependent conductivities o f  PEO:NHjSCN showm in Figure 2.4 allow the ionic 

conduction o f  the cry stalline and am orphous phases for this system to be compared (38). 

PEO -salt systems generally show a hysteresis effect as conductivity- is measured as a function 

o f  temperature due to the slow kinetics o f  cry stallization. The ionic conductivity o f the 

system during the heating cy cle, where the sample is semicry stalline, is m uch different than 

the ionic conductivity- during the cooling cyxle, where the sample is fully- amorphous due to
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Figure 2A. Hysteresis effect on the conductiuitj o f P (E O )yN H SC K  shown bj data for the 

heating cycle(u), where the sample was initially a semicrystalline sample, and the 

cooling cycle (o), where the sample was quenched into an amorphous phase (38).

quenching. The data clearly shows the higher conduction o f the amorphous phase compared 

to a semicr\’staUine phase o f this system. The finding that ionic conduction occurs in the 

amorphous phase has been particularly important and has directed future research efforts 

towards increasing the fraction o f the amorphous phase and obtaining completely 

amorphous polvmer electrohtes. The higher ionic conductivit}' o f the amorphous phase 

compared to the cry stalline phase does not apply to all polymer systems. A recent study 

demonstrated that in some systems, the crystalline phase has a higher ionic conducti\tty than 

the amorphous phase (7).

2 .4  Structure

The properties o f  polymer electrolytes are a result o f  their microscopic structure and 

dynamics. Determining the microscopic structure and relationship o f structure to ionic

10



transport pro\ndes the basis for improving material properties. A variety o f  experimental 

techniques have been applied to study the structure o f  poh*mer electrohtes: vibrational 

spectroscopy, x-ray diffraction (XRD), neutron scattering, nuclear magnetic resonance 

(NhlR), x-rav absorption spectroscopy, differential scanning calorimetr\', microscopy, x-ray 

photoelectron spectroscopy, and EXAFS (8, 9, 52-59). Two particularly im portant aspects o f 

local structure are the interactions o f ions with o ther ions and the interaction o f  ions with 

the polymer.

Ionic association, i.e. direct ion-ion interactions, is a widespread phenom ena in 

polvmer electroh tes and has been observed by various techniques, including \ibrational 

spectroscopy (60, 61), molecular dynamics simulations (62-67), and transference num ber 

measurements (68-70). Ionic association is a function o f  the effective coulombic forces 

between ions, which is affected by the choice o f  cation, anion and the value o f  the dielectric 

constant o f  the medium, which is a polymer solvent in this case. For poly(ediylene oxide) the 

dielectric constant is between 5 and 8, and this low value o f the dielectric constant generally 

results in significant ionic association. The result o f  ionic association is the presence o f  

different ionic species that can be classified generally as "free" ions, contact ion pairs and 

aggregates. “Free” ions are cations or anions in which the first solvation shell is composed 

entirelv o f solvent molecules. “Free” ions are equi\'alent to solvent separated ion pairs, and 

the two cannot be distinguished spectroscopically. Following the notation suggested by 

Bruce and Grav for a for a salt MX composed o f  M~ cations and X  anions, these can be 

written as [MX](' where the subscript s denotes a solvent separated ion pair (18). Ionic 

association can result in the formation o f  contact ion pairs, written as [MX]", which denotes 

direct cation-anion interaction. Ionic association can also result in the formation o f  ionic 

aggregate species w^hich can take the form o f  [îvTX]", [MXJ' and other larger aggregates. It is
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important to rem em ber that these charged species do no t exist as distinct, isolated species 

since local charge balance must be maintained, and therefore in the immediate \-icinit\- o f  a 

charged entit}', like a “free” ion or a charged aggregate, is a counter ion. The nature o f  these 

species is highlv dependent on the polymer-salt system and is also a function o f  molecular 

weight, salt concentration and temperature (71). The contribution o f  free ions, ion pairs and 

aggregates to the ionic conducti\at\' has been the source o f  much debate and research and 

will be further considered in section 5.3. Vibrational spectroscopy has been pamcularly 

useful to probe ionic association in polymer electrolytes (60. 72. 73). The \-ibrational 

frequencies for modes o f  a number o f  anion, particularly CF^SO/ and CIO^ anions, are 

sensitive to the coordination to one or more cations, and the frequencies have been used to 

infer coordination em-ironments o f  the anion (61, 74-76). The modes o f  the triflate anion 

have been studied in a variet\- o f solvents (77, 78).

The interaction o f  the cation with the host polymer is an im portant aspect o f 

structure in polvm er electrolytes. In polvmer-salt systems, the cation is coordinated by 

electron-donating groups on the polvmer. Tire overall cation coordination num ber depends 

a number o f  factors including the choice o f  cation but ranges from four to ten (79. 80), with 

t\*pical coordination numbers o f 4-5 for lithium in polyethers (81). Ionic transport has been 

shown to be intimately related to the relaxation processes o f tire polymer, particularly the 

segmental m otion or (3—relaxation (82). These polymer relaxation processes necessarily 

involve changes in the conformation o f the polymer and breaking and refom ring o f cation- 

polvmer bonds as the cation is transported through the polymer matrix. Vibrational 

spectroscopy has been used to study the conformation in pure PEO  (83-93), and changes in 

polvmer conform ation due to cation complexation (79, 94-96). NMR studies o f  polymer 

electrolytes reveal that the interaction o f  the salt rttith the polymer strongly reduces the chain
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mobilin’’ (97), and the addition o f  salt was found to increase the energy barriers to segmental 

m otion (98). ISTMR studies o f  PEO-LiCFjSOj hare  shown that the nature o f  ion-polymer 

interaction in the amorphous phase is similar to the interaction in the cry stalline polymerrsalt 

phase (J9). Insights into ion-polymer interactions hare been provided by studies o f  

cry-staUine pohm er-salt complexes (described in Chapter 5) and by model systems o f glymes 

with dissolred salts (described in Chapter 4).

2.5 Ionic transport

2.5.1 Transport properties

From  the perspectire o f  applications, one o f the most important properties o f 

polvmer electrolytes is their abihty to transport ions. The ionic transport is described by the 

ionic conducti\tit\’ a, transference numbers T, transport numbers, /, and diffusion 

coefficients D. For a binar\' polvmer-salt solution, three transport properties are needed to 

describe the system (99). A variety o f  techniques are used to measure transport properties in 

polymer electrolytes (JOO, 101).

The focus o f much o f the experimental and theoretical is focused on the ionic 

conducti^tity o (^ .  Ionic conductivities for a number o f PEO-M X systems have been 

reported (102), and tvqjical conductivities for PEO-salt sv^stems are 10'^ — 10“‘S cm ' at 100°C 

and 10 — 10" S cm ' at room temperature (o(T) will be discussed in section 2.5.2). Below the 

critical entanglement limit, ionic conductivity- is a function o f the molecular weight o f the 

polvmer. The critical chain entanglement limit o f PEO  which was determined by viscoelastic 

measurements occurs at a molecular weight o f  3200 (11). Below this limit, the molecular 

weight dependence o f cationic transport is related to the diffusion o f the polymer chains and 

is described by the Rouse-Zimm m odel (103, 104). Above this limit, the m otion o f  the
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entangled polymer chains is described by the reptation model o f  de Gennes (105). Above the 

critical chain entanglement limit, the molecular weight o f  the polymer has been shown to 

have no significant effect o n  the cation mobilit}»̂  (11). NMR studies have shown that the 

addition o f salt does no t affect the critical entanglement limit o f  the poh*mer (56, 98).

The ionic conductivity' results from the contribution o f  all mobile charge earners.

For a dilute system, the ionic conductivity <j can be described by the Kohlrausch summation 

a( T , P)  = '^n,q.fX, (2 .1)

where /?,, q,, and //, refer to the concentration o f charge carriers, the charge, and the mobility 

o f the /th species respectively. The earner number n includes all charged species including 

single cations, single anions and larger ionic clusters and is a complicated function o f  

concentration, temperature and pressure. In an infinitely dilute system, the conductivity can 

be described bv the N em st-Einstein relationship

a  = ,iF-(D ^+D )/KT  (2.2)

where //. F, D^,D, R. and T  refer to the concentration o f charge carriers, Faraday’s constant, 

the diffusion coefficient o f  the cation, the diffusion coefficient o f  the anion, the gas 

constant, and the temperature respectively. Both o f  these equations pro\'ide im portant 

insights into ionic conduction but faü to quantitatively describe the experimental 

conductivin- in concentrated electrolytes (106). Pulse-field gradient NMR smdies o f  

poly (propylene oxide)-LiCFjSO^ complexes revealed that that ion-ion interactions strongly 

reduce the ionic mobihty- (107). The comparison o f experimental conductivities to theoretical 

conductivities calculated from the Nemst-Einstein relation show that significant 

discrepancies exist (108-110). An assumption of the N em st -Einstein relation is the complete 

dissociation o f the ions, which is invalid at high salt concentrations where significant ion
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pairing and clustering occurs. Interionic interactions complicate the interpretation o f  /?, D  

and u  since an ion or charged species cannot be regarded independent o f  o ther ions. At 

n-pical salt concentrations, pohm er electrolytes are n o t ideal solutions. M ethods have been 

developed for determining transport properties o f  polymer electrolytes which are based on 

concentrated solution theort" and do not require assumptions concerning the ideaht}' o f  the 

solution (68. 70. I l l ). Concepts o f  concentrated solution theory- like (fiction coefficients for 

ion-ion and ion-solvent interactions have been recently investigated (112. 113).

The measurement and interpretation o f  transport and transference num bers in 

polvmer electrolytes has been a source o f debate within the field (111). Various techniques 

have been used to measure the transference numbers (17, 114-116), and often the results for 

a single system disagree (117-119). The basis o f  these discrepancies are related to the various 

assumptions concerning the ideality" o f the solution and experimental difficulties. The 

transference number is the net number o f  Faradays o f  current carried by a constituent ion 

(either the cation or the anion) upon the passage o f  one Faraday o f  charge through the cell 

(120). The transport num ber refers to the charge flow associated widi a single charged 

species, whereas the transference number is the resultant charge flow due to all species o f  an 

element. The transference and transport numbers are the same for a fuUy dissociated species 

at infinite sak dilution. For the case o f a binaiy salt M X (with cation and anion o f univalent 

charge) which dissolves in polymer forming species M~, X , [MX]", [M,Xj~ and [M XJ‘, 

transport numbers exist for each species and the transference number refers the transport o f 

one ion (hF or X ) by all charged species. For the above example the transference and 

transport numbers are related as follows (IS).
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Tw "’’ “ f v / a "  ~ ^A /A V

?:/- =  1 (2.3)

l a  pohoner electroU^es, determining individual transport numbers is difficult due to the 

presence o f  multiple species, and therefore transference numbers are predominandy 

measured. Recent results using electrophoretic N M R have obtained cation and anion 

transference num bers which sum to unity which establishes this m ethod as \*iable for 

determining transference numbers in concentrated solutions (120). Negative transference 

numbers have been reported by a num ber o f  groups and have been the subject o f some 

discussion and disagreement (68-70). A negative cationic transference num ber indicates that 

the dominant species canning cations are anionic complexes (120). Transference numbers 

have also been found to be a function o f  salt concentration which is attributed to a decrease 

in anion m obüiu ' with increasing salt concentration (121). The ideal lithium transference 

number is unit}', and transference numbers o ther than unim lead to salt concentration 

gradients within an operational batter}' (69, 111). The importance o f  measuring transference 

numbers rather than only the ionic conducti\tit}' for optimizing electrolyte performance for 

batteries has been emphasized in recent literature (122).

Diffusion coefficients describe the flow o f  matter in a concentration gradient. 

Diffusion coefficients are calculated from a num ber o f  techniques including pulse field 

gradient N M R and D C polarization experiments (11, 107, 108, 114, 116, 123). Diffusion 

coefficients have been shown to a function o f  temperature and salt concentration (107, 108, 

124). It is generally found that in binar}’ polymer electrolytes, the diffusion coefficient o f the 

anion is larger than the diffusion coefficient o f  the cation, i.e. D_>D_ (108, 124, 125). This
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observation is consistent with the weak solvation o f  the anions by the pohm er and the low 

value o f  the cation transference numbers. A t low salt concentrations, the cation diffusion 

coefficient follows VTF-Iike behavior (described in the following section) (/07J. However, at 

high salt concentration, the temperature dependence o f the cation diffusion coefficient is no t 

\nrF-hke, and this suggests that a different cation transport mechanism (other that \T F-like) 

is present at high salt concentrations (108). Therefore this imphes that in addition to the 

coupling o f the ionic transport to  polvmer relaxation processes which is imphed by VTF-like 

behaHor, additional factors such as interionic interactions are involved in ionic transport.

2.5.2 Models o f ionic transport

Empirical models: Ionic transport in polymer electrolytes has been described bv a 

number o f empirical and theoretical models. The temperature dependence o f the ionic 

conductiHt}', often presented in an Arrhenius-t^'pe plot o f  log a(T) vs. T \  has been 

described by the empirical equations o f \  ogel-Tammann-Fulcher (\'TF) and Williams- 

Landers-Ferr}' (\XTF). Thorough treatments o f tliese models applied to polymer electrolytes 

are presented elsewhere (18, 112). Historically, the \"TF equation was developed to describe 

the viscosit}' properties o f supercooled liquids (126-128). A n equation which describes the 

ionic conductivit}' as a function o f  temperamre can be derived from the VTF equation and 

expressed as (18)

g ÇT) = Gq exp[-B/R(T-T„)] (2.6)

where a,, is a prexponential factor, B is a constant with dimensions o f  energ}', and T„ is the 

reference temperature. The equation can be expressed in different forms with some o f the 

forms ha\-ing a T  " term in the prexponential factor. The reference temperature T„ has been 

described as an ‘equilibrium glass transition temperature’, the temperature at which the free
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volume disappears, and this quantity is related to the thermodynamic glass transition 

temperature T^, the temperature a t which endotherms are observ ed (112). The t\x'o 

temperatures are related empirically by the equation -50 K  (106). In an Arrhenius-

t}-pe plot o f  log (j(T) vs. T ',  a ben t line is characteristic o f  \ ”TF behaxior, and for many 

systems the temperature dependence o f  the ionic conductivity can be well described by the 

\n rF  equation (2. 129). For som e systems, the \ T F  equation does no t adequately describe 

the temperature dependence o f  the ionic conductivit}', and Arrhenius behar'ior is also 

observed as well as combinations o f  Arrhenius and \ T F  behavior (112).

The WLUiams-Landel-Ferr}- (WLF) equation is based on empirical observations o f  

polymer relaxation times and is found to apply to many disordered systems including glasses 

and pure polymers (130). The equation expresses a characteristic propertt' in terms o f  a sliift 

factor tliat is the ratio o f a propert}’ at temperature T  to the property at a reference 

temperature T .̂ The temperature dependence o f  the iortic conductivit}- can be written in the 

W'TF form (18)

(2.7,(C+r- r j
where o(TJ is the ionic conductivit}- at temperature T, and C, and C. arc constants that can 

be obtained experimentallv. Empiricall}- the constants C, and have been found to be 8.9 

and 102 K respectively, independent o f  the measured propert}-. The W'TF form o f  the ionic 

conductivit}- is based on the empirical \  TF equation, and eq. 2.6 and 2.7 can be shown to be 

equivalent expressions. Although T  ̂is an arbitrar}- temperature, the value often taken to be 

50 K  above the equilibrium glass transition temperature, and the W LF form can be written 

using Tj, in place o f  T  ̂(18, 112).
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The \TTF and W LF equadons are useful to describe the temperature dependence o f  a 

num ber o f transport properties including conductivity, diffusivity and viscosit}-. B oth  

equations are related to the properties o f  the poh-mer and are centered around reference 

temperatures that are related to the glass transition temperature T^. The agreem ent o f  the 

experimental ionic conductivit}- to these empirical equations establishes that the relationship 

o f  the ionic conductivit}- to the temperature relative to the glass transition temperature.

From  this relationship, it follows that ionic transport is intimatel}- coupled to the local 

relaxation processes o f  the pol}Tner. The application o f  simple models to describe o(T) is 

limited by a num ber o f  factors including (a) the inhomogeneit}- o f the ionicallv conducting 

phase (b) complications due to ion pairing, and (c) var}ting earner num ber and man}--particle 

effects. Transport o f  the ions is related to the m otion o f  the polymer but is n o t governed 

exclusively bv it, .i.e. V TF beha\uor for the ions does not directly follow from \"T F  behavior 

for tlie polymer H 12).

Theoretical models: The predominant theoretical models used to describe ionic 

transport in polymer electrol}-tes are the free volum e model, the configurational entropy 

model and dynamic bond percolation model. The ffee-volume model is widely used to 

describe viscositt- and diffusion in polymeric systems and has also been used to describe 

ionic motion in fused salts and fluids (131). The availabilit}- o f  free volume is a function o f  

the temperature above the equilibrium glass transition temperature T,„ and at the equilibrium 

glass transition temperature free volume vanishes. The dependence o f temperature and 

molecular weight on free volume in PE O  was investigated b}- positron lifetime experiments 

(132). The basic assum ption o f the free volume m odel is that diffusion occurs as a result o f  

the redistribution o f free volume. Pockets o f  free volume are produced, and polvmer 

segments, ionic species o r solvated molecules can move into the local voids. Molecules are
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considered to be confined within their cages unless a hole is created which is large enough 

for the molecule to  diffuse into. This m inim um  size is defined as the critical free volume 

for transport. A num ber o f  expressions can be written which relate the ionic conducti\-it\- to 

the free volume. T he ionic conducti\ht}' can be expressed as a function o f  free volume using 

a shift factor (18),

In’ cr{T) ■
[(T (7 ;)J

Innj., (2.8)

where V,* and are the critical free volumes for ions and polymer segment m otion

respectively, and a-j- is the WLF shift factor. The ratio is found to be ver\- close to

unit\' which suggests that these values depend o f  the same process. The free volume model 

is concepmallv die simplest way to understand transport behaidor in polymer electrolytes

The configurational entropy model (133, 134) is similar to free volume models in that 

it only concerns properties o f  the polymer. In  this model, the mass transport occurs by a 

cooperative rearrangement o f  the chain. The average probabiliti' o f  rearrangement is related 

to the minimum configurational entropy required for rearrangement. The configurational 

entropy model has been applied to polymer electrolytes (129, 135), and the ionic 

conductivity can be expressed as

= A exp
J

(2.9)

where A is a preexponential factor, K^=A[xS^ T„/kg, is the minimum configurational 

entropy required for rearrangement, Ap is the free energ}- barrier per mole which opposes 

the rearrangement, and kg is Boltzmann’s constant. Transport properties described using the 

configurational entropy model are in agreement with \TTF and W'TF equations (112).
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The configurational entropy model has some advantages compared to the free 

volume model, but both models suffer from not taking into account microscopic 

mechanisms. A drawback o f  the firee volume and configurational entropy models is that they 

are static pictures based on thermodynamic arguments, and therefore they do address 

dynamics o r kinetic factors. The motions o f  the polymer are described by various relaxation 

processes with characteristic time scales or frequencies. The ffequenct" dependent properties 

o f polvmer electrolytes have been studied by a varietv* o f  techniques including mechanical 

relaxation, dielectric relaxation and loss, ac conductivity, Brülouin scattering, NMR 

relaxation, and quasielastic neutron scattering (S-10). Some m ajor deficiencies common to 

these models is that they do not address interactions betw een the ions and do not predict the 

effect o f variables such as ion size, ion paring, polanzabüitv, solvation strength, ion 

concentration, polymer structure and chain length on the ionic conductivity (1S).

The m ost comprehensive model describing iortic transport in polymer electrolytes is 

the dynamic bond percolation (DBF) model, and a detailed description o f  tliis model is 

presented elsewhere (S, 6. 112, 136). The DBF model has a num ber o f  advantages over free 

volume and configurational entropy models in that it considers frequency dependent 

properties and can account for interioruc interactions (106). The dynamic bond percolation 

model starts from  the static percolation models which define a set o f  sites in which mobile 

species reside. The motion o f the mobile species, or carriers, is described by the 'master 

equation',

)■ (2.10)
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where P; is the probability o f  finding an ion at site i. W- is the probabilit}* per unit tim e that a 

carrier will jump firom site j to  site i. Le. the hopping rate, and is defined as zero except 

between neighboring sites. The value W- can take on two values

\0 .probabm n, =  l - A  p , , )
[w, p ro b a b ility  — f  j

where w is the hopping rate between neighboring sites,y denotes the fraction o f  bonds that 

are open or available, and 1 - f  \s the fraction o f  bonds closed or unavailable. The D PB model 

has three characteristic parameters: w ,f, and t ^ .  These parameters determine the probabilin* 

o f  particle hopping and can be related to the parameters present in the system such as ion 

size, free volume, temperature and pressure. The hopping rate is related to the time scale 

for changing the coordination shell, which involves breaking and reforming bonds, and has 

been related to the ion velocity di\nded by the lattice constant (136). The parameter y  has 

been related to the availability o f  critical free volume (136). The parameter is a

distribution o f relaxation times that correspond to orientational and configurational changes 

o f  the polvmer host, and hopping probabilities renew their values based on The DBP 

model is successful in describing dynamical properties o f  polymer electroIvtes and 

incorporating ionic interactions within ionic transport.

2.5.3 Microscopic descriptions

What is lacking in the theoretical models including DBP is tliat they do no t pro\tide a 

microscopic description o f  ionic transport. A number o f  microscopic descriptions o f  ionic 

conducti\'it)" have been proposed, but none has stood the test o f  time and experiment. The 

first o f  these descriptions was put forth by Armand, w ho suggested that alkali metal ions 

were the dominant charge carriers, and ionic conduction occurs mainly in the crt’̂ stalline 

phase inside the PE O  helices (^/Subsequent experiments demonstrated that ionic transport
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is ao t limited to cation m otion along helical channels (137). This finding suggested that ion 

transport may also occur between chains. A num ber o f  studies, namely vibrational 

spectroscopic studies (109), transference num ber measurements (68-70, 120), diffusion 

coefficients measurements (108), and molecular dynamics simulations (62-67), suggest that at 

moderate and high salt concentrations interionic interactions contribute in som e manner to 

ionic transport. A num ber o f  groups have suggested that ionic transport mav occur through 

correlated motions o f  cations and anions (11, 138). The role o f clusters o r salt-rich regions in 

ionic transport has been considered (108). The contribution o f ion pairs in the ionic 

conducri\'it\* is the subject o f  some debate within the field. Uncharged ion pairs are 

considered to contribute to the diffusion coefficient but not contribute to the ionic 

conductivit}’. However, ion pairs may be involved in some correlated transport mechanism 

where die cation hops between ionic clusters (11). It is clear that the microscopic mechanism 

of ionic transport in polymer electrolytes is quite complex.

2.6 Recent developm ents

A variet}’ o f  new systems and approaches are being developed to improve the 

properties both the transport and mechanical properties o f  polvmer electrolvte systems.

Since for many systems the ionic conductiitit}’ has been shown to occur predominantly in the 

amorphous phase, research efforts have been focused on producing entirely amorphous 

polymer electrohnes (37). A vanety^ o f new polymer architectures have been developed (34,

139). Due to the strong correlation o f segmental motion and ionic transport, efforts have 

been aimed at creating new polymer systems wnth lower glass transition temperatures (33). 

A nother strateg}’ has been to investigate polymer systems in which ionic transport is 

decoupled from the polymer host dynamics (140-142). Single ion conductors, which allow
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onlv cadonic migration, are being developed (143-146). Polymer systems which incorporate 

anion binding sites within the polymer can decrease ion association and increase the cationic 

transference num ber (147). Increased conductivities were obtained for stretched polymer 

electrolyte films which suggests that there may be enhanced ionic transport along certain 

orientations (148, 149).

The area o f  composite polymer electrolytes has attracted considerable attention. New 

tt'pes o f inorganic-orgartic polymer electrolyte systems are being investigated (150-152). It 

has been determined that ceramic additives such as SiO,, AhO-,, T iO ; increase the ionic 

conductivity, increase the fraction o f  the amorphous phase, improve the mechanical 

properties, and improve the interfacial properties in a number o f  polymer electrolyte systems 

(!53-162). The addition o f the inorganic particles also changes the lithium transference 

number (159-161. 163). Understanding and improving the properties o f  polvmer electrolytes 

continues to be o f  significant scientific interest.
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Chapter 3. Experimental M ethods

3.1 Sam ple preparation

Chemicals: PoIy(ethyIene oxide), with 10' and 410^ and abbre\'iated as PE O ,

was obtained from Aldrich and dried at 50 °C for 24 to 48 h prior to use. Ethylene glvcol 

dimethyl ether (99.9%, monoglyme), di(ethylene glycol) dimethyl edier (99.5” b, diglvme), 

tri(ethylene glycol) dimethyl ether (99%, triglyme), and tetra(ethylene glycol) dimethyl ether 

(99%, tetraglyme) were obtained firom Aldrich and used as received. Lithium 

trifluoromethanesulfonate LiCF-SOj (99.995%), also called lithium triflate and abbreinated 

here as LiTf, was obtained firom Aldrich and heated under vacuum at 120°C for 48 h prior to 

use. Sodium trifluoromethanesulfonate NaCFjSQ. (97 %), also called sodium triflate and 

abbreviated here as NaTf, was obtained firom Fluka and heated under vacuum at 120°C for 

48 h prior to use. AU. reagents were stored and manipulated in a dr\* nitrogen glovebox 

(\^acuum Atmospheres Company, <  Ippm  H^O).

Polymer-salt crystals: For preparation o f the polvmer-salt com pounds, both solution 

and solid-state syntliesis methods were used. The best results were obtained using PEO  with 

rather than witli M,. =  4T0^‘ and mixing solid powders o f  the polvmer and the salt. 

For the cri stalline P(EO)j:LiTf com pound, stoichiometric amounts o f  the dn* powders were 

thoroughly ground together in the glovebox with a mortar and pesde. The powders were 

transferred to an 8 mm glass ampoule that was sealed under vacuum. To promote intimate 

mixing o f  the reagents, the samples were heated at 100 °C for 12 to 24 hours. The samples 

were then heated to 170 °C for 4 hours and further annealed at 100 °C for 9 days. The 

annealed samples were transferred back to the glovebox. An identical procedure was used to 

prepare the cri^staUine P(EO ):N aTf com pound except for the heating temperatures. After
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heating the glass ampoule containing the PE O  and N aT f powders at 100 °C  for 12-24 hours, 

the sample was heated to 275 °C for 5 hours and then annealed at 100 °C for 5 to  6 days.

Polvmer-salt films: Polymer-salt films were prepared according to the standard 

solvent casting technique ^ 6 ), Stoichiometric amounts o f  the polymer and salt were 

measured and combined w ith acetonitrile to give solutions o f  —2-10% weight (polymer +  

salt). The solutions were stirred for 24 h, and then films were cast onto either Teflon o r glass 

slides. The cast films were left in the glovebox for 24 h to evaporate solvent and then  heated 

at 50°C for 24 h under vacuum. Samples were also heated at 75°C or 100°C depending on 

the desired heat treatment. A  heating temperature o f  50°C was chosen for m ost samples to 

avoid heating the film above the melting point o f PE O . T he same sample preparation, 

heating temperature and time were used for the various specimens to enable direct 

comparison o f  the data.

Glvme-salr solutions. The salt was combined wtith the solvent in stoichiometric 

amounts to yield solutions o f  the desired ether oxygen to m etal cation ratio (GAI). The 

solutions were stirred in the glovebox for at least 48 h prior to measurement.

Glvme-salt cr\ stals: Glyme-salt cry stals were prepared from concentrated glvme-salt 

solutions. Tire exact salt concentration used for each system was different. For the lithium 

systems, the concentrations o f  the solutions, described bv the ether oxs'gen: sodium cation 

ratios, were 2.5:1, 3:1 and 4:1 for the monoglyme-LiTf, diglyme-LiTf and triglvme-NaTf 

respectively. For the sodium  systems, the concentrations o f  the solutions, described bv the 

ether oxygen: sodium cation ratios, were 5:1, 5:1, 6:1 and 5:1 for the monoglvme-NaTf, 

diglyme-NaTf, triglyme-NaTf and tetraglyme-NaTf solutions respectively. Salt 

concentrations were chosen to allow the maximum am ount o f  salt to dissolve in the solvent. 

The solutions were stirred for at least —48 h and left inside the glovebox at room
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temperamre. Some systems, namely diglyme-NaTf and tnghTne-LiXf, were stored at both -  

20°C and 4°C to prom ote cr\'stal growth. The other solutions were left a t room  temperature. 

In all systems, an intermediate gel-like phase appeared wnthin a week to many months, which 

then became cn’stalline after a number o f  months. Single crt stals specimens were isolated 

from the concentrated solution.

3.2 Raman spectroscopy

Raman spectra were recorded on an I.S-A.. Jobin-Yvon T64000 in die triple 

subtractive mode with a 16 s acquisition time and 10-16 accumulations using both 180° and 

90° scattering geometries. The 514 nm  line o f an Argon laser operating at 100-300 mW  

(measured at the laser head) was used for excitation. For the backscattering geometric the 

laser was focused through an BOx microscope lens. Possible thermal heating o f  the samples 

from the focused Raman laser was examined bv comparing spectra taken through the 

microscope to spectra taken in the 90° scattering geometr}', and no differences between the 

spectra were obsen'ed. High temperatures measurements were obtained using an Omega 

CN9000A temperature controller and a Hartick temperature cell diat was adapted for the 

Raman experimental configuration. Low temperature measurements were taken using a 

MMR Technologies K-20 Temperature Controller. Bands in the Raman spectra were cun  e- 

fit using a non-linear least-squares method with a commercial program. Grams 386 ® 

(Galactic Industries) using a straight base line and one Gaussian-Lorentzian product 

function for each band.
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3.3 Infrared spectroscopy-

infrared spectra were recorded with a Bruker IFS66V FT-IR  spectrometer in the 

region 400-4000 cm ' and at a resolution o f  1.0 cm '. IR data o f  solid samples were obtained 

using both the KBr pellet and Nujol mull methods. Spectra o f  polymer films were taken as 

free standing films or using ZnSe windows in an evacuated sample chamber. IR spectra o f 

liquid samples were obtained using ZnSe plates and a drv-air purge. The temperature was 

controlled (est. ±2  K) using an Omega CN9000A temperature controller and a Hartick 

temperature cell. Bands in the IR were curve-fit using a non-linear least-squares m ethod with 

a commercial program. Grams 386 ® (Galactic Industries) using a straight base line and one 

Gaussian-Lorentzian product function for each band.

3.4 X -ray diffraction

X-ray powder patterns were recorded at ambient conditions from 5 <20 <70 in 20 

steps o f 0.05° on a Rigaku D /4M A X  autom ated diffractometer using Cu IQ  radiation. For 

single crt'stal samples, x-ray diffraction patterns were collected a t 173(2) K  on a Siemans P4 

diffractometer using Mo IQ  radiation (?l=0.71873 A). The data were corrected for Lorentz 

and polarization effects; an absorption correction was not applied since it was judged to be 

insignificant. The structure was solved by the direct method using the SHF.l.XTL system, 

and refined by a full matrix least squares on F~ using all reflections. Further details o f  the 

structural refinement methods used for each cry stal structure are presented in the respective 

publications.
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3.5 Differential scanning calorim etry

Differential scanning calorimetr\' (DSC) measurements were taken on a M ettler DSC 

820 calorimeter at a rate o f  10 °C /m in  under an 87 m L /m in  nitrogen purge. T he samples 

were sealed in aluminum crucibles in the glovebox.
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Chapter 4. Glyme-salt system s

Studies o f ̂ 'me-salt ^sterns are contained in papers 1 ,11^, and

4.1 Glymes as m odels

Svstems o f  P E O  wath dissolved inorganic salts are o f  significant interest since PEO  

shows a particular propensity* to solvate and transport ions. In addition to systems based on 

pure PEO , various polymer architectures containing ethylene oxide (EO) units continue to 

be investigated (34, 35, 142, 164, 165). Compounds with the general formula 

CH^(OCH 2 CH 2 )„OCH; with n usually 56, known as glymes (glyme=glycol dim ethyl ether), 

are useful for modeling PEO  and polymer systems with EO  units. Glyme-salts systems are 

useful models for the amorphous phase o f polvmer electrolytes with the understanding that 

the mechanism o f ionic transport is different in low molecular weight oligomers svstems 

compared to liigh molecular weight PE O  svstems. This is because die oligomers can diffuse 

with the ions below the critical entanglement limit. Glvmes are also used as solvents in liquid 

and gel electrolytes and as plasticizers in polvmer electrolytes (123. 166-171). The studv o f  

glyme-salt systems using glymes with different numbers o f ethylene oxide units allows an 

investigation o f how* local structure changes with chain length. The relationship between 

chain lengdi and local structure is an important issue in polvmer elcctrolvtes and apphes to a 

number o f  different systems. For example a number o f polvmer arcliitecrures including 

copolymers and comb-branched polymers have (EO)„ units widi van*ing n (34-37. 139, 142, 

165. 172). Invesdgarion o f  phosphazenes with ethvlene oxide chains o f different lengths 

shows that the num ber o f ethylene oxide units in the chain affects the ionic conducdvity* 

(172) and local structure (173).
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Glymes have been used to m odel pure poly(ethylene oxide) (8 4 , 8 9 ,  9 1 -9 3 ,  1 7 4 -1 8 4 ).  

Ab initio and quantum chemical calculations o f  glyme-salt svstems have yielded insights into 

binding energies, coordination geometries, conformational energ}- minima and energetic 

h arriers for ionic transport (1 7 9 , 1 8 5 -1 9 9 ) .  Vibrational spectroscopic studies o f  gl\-me-salt 

systems have pro\*ided insight into conform ation changes o f the PE O  backbone induced bv 

cation coordination (9 4 , 2 0 0 , 2 0 1 ). Cation complexation induces changes the torsional 

angles o f the bonds in the polymer backbone.

Molecular dynamics (MD) simulations o f  gh mes are useful models o f  structure and 

dynamics o f  PEO  (2 0 2 -2 0 7 ) ,  and M D simulations o f  gh-me-salt systems are particularly 

useful models o f  structure and dynamics in polymer electrolytes (6 2 -6 5 , 6 7 .  2 0 8 - 2 1 3 ) .  MD 

simulations have been useful to identif}- the presence o f  ionic clusters (6 2 -6 6 )  and salt-rich 

domains (6 7 ), and provided insight into the contribution o f various ionic species to the ionic 

conducti\-it}- (6 4 ). In addition, MD simulations have provided particular insight into cation 

complexation and chain conformation (6 5 , 2 1 2 ) .  MD simulations have been used to model 

diffusion (2 0 8 , 2 1 0 , 2 1 1 ,  2 1 3 )  and bond lifetimes (2 1 3 )  in polymer electrolytes.

To date, research in glyme-salt systems has focused mainly on gas and solution 

phases, and cr\ stalline glyme-salt phases have not been widely studied. A few cry stalline 

glyme-salt compounds have been previously reported including (monoglyme)2 : L i B (214 ), 

te tr a g ly m e:(C d C l2 ) 2  (2 1 5 ) ,  and tetraglyme:HgCL (2 1 6 ).  The investigation o f  cry stalline phases 

has the advantage that x-ray* diffraction methods can be used to determine structure in these 

systems. The comparison o f spectra cry stalline and solution phases allows the determination 

o f  structures present in solution.
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T  able 4.1. Crystalline phases in gl}’m e-salt systems where C =  crystalline phase identified 

and x-ray structure determined; C ,C= two phases identified and determined; I =  crystalline 

phase identified; and I,I=two phases identified.

LiCFjSOj N aCFjSO j

C H i(O C H :C H j,O C H ] C,C C

C H ,(O CH .C H j:O C H 3 C C

C H 5(0C H ,C H ^,0C H 3 C 1,1

CH;(OCH:CH:),OCH3 I C

4.2 Glym e-salt crystalline phases

4.2.1 X-rav structures

A significant result o f this investigation is the determination o f  glyme-salt cr\ stalline 

phases and their corresponding x-ray structures. Table 4.1 shows c n  stalline phases which 

have been identified for systems with the general formula CH-,(OCH 3 CHJ„OCH-,:MX, 

where n = l-4  and MX^LiCFjSOj or NaCF^SOj. X-ray structures for tetraglvm erliTf and 

trigIvme:NaTf were not determined due to the difficult}- o f  growing adequate single cn stal 

specimens below room  temperature (for trighmezNaTQ or the long kinetics o f cry stallization 

(for tetraglvmezLiXf). For a number o f  systems, multiple cn stalline phases were present in 

the temperature range studied. Multiple crystalline phases may exist for a single glymezsalt 

concentration, as is the case for m o n o g ly m e :(L iT a n d  for different glymezsalt 

concentrations (there is prehminary- evidence for this in triglyme-LiTf.). The isolation o f  a 

number o f crystalline phases for this series suggests that cry stalline phases are a general 

behavior o f  these systems and therefore crystalline phases may also be present for systems o f 

salts and glymes with n>5.
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T  able 4.2. Glvme-salt crystalline phases whose structures were determined and their 

corresponding ciy stal systems and space groups.

Com pound Crystal system Space group Paper

Monoglyme;(LiT£), a Triclinic p T

Monoglyme:(LiTf), P Triclinic p T V

MonoglvmezNaTf Monoclinic P 2 ,/c \T

DiglymezLiTf Monoclinic P 2 ,/c

DiglymezNaTf Orthorhom bic P2,2^2, V I

Triglymez(LiTf) 2 TricHnic p T R e f217

T  e tragly me zN aT f Monoclinic P 2 ,/c VT

X-ray diffraction m ethods nelded structures for a num ber o f  these cn  stalline phases. 

Cr\'stal systems and space groups for structures that were determined are presented in Table 

4.2. Thermal transition temperatures have also been measured and reported in the respective 

publications. Msual representadons o f  monoglymezLiTf a ,  diglymezLiTf and triglymezLiTf 

are presented in Figure 4.1. \hsual representations o f  the monoglymezNaTf, diglvmezNaTf 

and tetraglymezNaTf are presented in Figure 4.2. Single crt stal specimens were obtained for 

these systems, which presents the opportunity to studv ionic conductivity and other 

properties along different ciystal orientations.



M onoglyme:(üTf),

Diglyme:LiTf

0

Triglyme:(LiTf)

F3A

FIA

F2A

Figure 4.1. Structures for crystalline phases ofmonoglyme:(LiT/)2’ digjfme:UYfand triglyme:(LSTf2
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Monoglyme:NaTf

Diglym e:NaTf

C4A

Tetraglym e: NaTf

C2 C3 02

C3A

C2A

F2A

F2A

Figure 4.2. Structures fo r crystalline phases o f monogfyme:NaTf diglyme:NaTf and tetragf/ne:NaTf
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4.2.2 Com parison o f  crystal structures

It is o f  interest to compare three aspects o f  local structure w ithin the glyme-salt 

systems: cation coordination, anion coordination, and backbone conform ation. The 

comparison o f  glvme-salt systems consisting o f  glymes with different numbers o f  ethvlene 

oxide units and the same salt allows the effect o f  chain length on local structure to be 

investigated. A comparison o f  the cation environments, anion em dronm ents and 

conform ation in the glyme-LiXf systems, C H ;(O CH 2 CH 2)„OCH):TiTf with n = l ,  2 and 3, 

and P(EO );:L iTf is presented in Table 4.3. A comparison o f  the cation em-ironments, anion 

em-ironments and conformation in the glym e-NaTf systems, C H ,(O C H 2 CH 2 )„OCH,:NaTf 

with n = l ,  2 and 4, and P(EO):NaTf is presented in Table 4.4. In all o f  the structures, the 

cadon is coordinated by both ether oxy gens and triflate oxvgens, and the reladve numbers o f 

ether ox\'gens and triflate ox\'gens coordinated to the cation is different in each structure.

The overall coordination number and the relative contribution o f  ether and triflate oxvgens 

results from  a num ber o f factors, in particular conformational energies and cr\ stal packing 

effects.

A num ber o f  trends are o f interest in the glyme-salt and PEO -salt systems. For the 

lithium systems, the coordination o f  Li is four o r five in aU the structures. In these structures 

Li is coordinated to both ether and triflate oxi gens, and the relative contribution o f etirer 

oxvgens and triflate oxr gens to the overall coordination number varies. The triflate anion is 

coordinated to either two or three cations in all die structures, which indicates similar anion 

environments. The conformation is described by the sequence o f  C-O-C-C, O-C-C-O and 

C-O-C-C torsional angles using the abbreitiation t for a trans angle (180 ±  60°), g for a 

gauche angle (60 ±  60°), and g for a gauche minus angle (270 ±  60°). T he torsional angle 

sequences in the glymes can be viewed as a series o f  triads, which each consist o f  three
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T ab le  4.3. Comparisoa o f  cation environment, anion emoronment, and conformation for 

the cn'stalline phases monoglyme:(LiTf), a ,  dighTneJdXf, triglyme:(LiTQ; and 

P(EO ) 3 :LiTf. The parameters for P(EO ) 3 :LiTf were obtained from the reported civ stal

structure (234).

Cation
environment

-Anion
environment

Conformation

Total Li~ 
coordination

Ether
oxygens

Triflate
oxi'gens

No. o f  
cations

Torsional
sequence

Mo no gh-me: (LIT£), 4 I 3 3 ttt

DiglymezLiTf 5 3 2 2 tg ttg t

Triglymez (LiTQ, 4 0 4 3 tg ttg tgg t
5 3 2

P(EO)3zLiTf 5 3 2 2 tgttgttgt

torsional angles. The conformations o f  the glyme-LiTf structures show similar torsional 

angle sequences o f either tgt or tg t  with the exception o f the monoglvme:(LiTQ 2  which 

shows a ttt conformation. The ttt conform er has a lower energ}' than the tgt conformer in 

the gas phase (177, 185, 218), and the ttt conformation is stabilized in monoglyme:(LiTf)n bv 

the lithium ions and their coordination to the triflate anions. I t is particularlv interesting that 

a similar local structure is obser\'ed in diglymezLiTf, triglvmerLiTf and P(EO),:LiTf. In this 

local structure Li* is five-fold coordinated by three ether oxi'gens and two triflate oxvgens 

from different triflate ions. The specific torsional angle sequence is tgttgt, and this 

conformation allows three ether oxygens to coordinate to Li~. The presence o f this torsional 

angle sequence in the three structures suggests that is structure is particularly stable in these 

systems.

As presented in Table 4.4, the coordination number o f  Na" in the structures is five, 

six or seven, and there is a significant variation in the relative contribution o f  the ether
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T ab le  4.4. Com parisoa o f  cadon environment, anion environment, and conform adon for 

cr\'stalline phases o f  monoglymerNaTf, digIyme:NaXf, tetragIyme:NaXf and P(EO):NaTf. 

The parameters for P(EO ):N aX f were obtained from  the reported cry stal structure (229).

Cation
environment

A.nion
environment

Conformation

Total Na* 
coordinadon

Ether
oxvgens

Triflate
oxvgens

No. o f  
cations

Torsional
sequence

MonoglymerNaTf 5 2 3 3 tgt

DiglymezNaTf 6 4 2 2 tgttgt

Tetraglyme: N aTf 7 5 2 2 tg ttg ttg ttg g

P(EO):NaTf 6 2 4 4 tgg tgg

ox\'gens and triflate oxygens. For digIyme:NaTf and cetraglymerNaTf, the ether oxygens 

contribute more than the triflate ox\’’gens to the overall coordinadon number. For 

monoglyme:NaXf and P(EO):NaTf, the triflate oxygens contribute more than the ether 

oxy gens to the overall coordination number. Structural differences are related to the energ}- 

minima for these molecules packing within a cry stalline phase. The terminal groups in the 

glymes, which are neglected in P(EO):NaTf, play a role in the observed structure. In 

addition, sodium can adopt a number o f different coordinadon states. The triflate anion is 

coordinated to two, three or four sodium ions in the structures, which shows the different 

t}-pes o f anion environments that can occur in these systems. Similar triad sequences o f  

either tgt or tg t are observed in all the structures, however very- different oy^erall 

conformations are obsery ed. Significant differences in the cadon environment, anion 

environment and conform ation are obser\xd between the glyme-NaTf structures,
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particularly between tetragUTne:NaTf, and P(EO ):N aTf. A further discussion o f  the ghtne- 

N aT f structures is presented in paper \T .

The com parison o f  crt'stalline gl\*me-salt structures to cn'Stalline PEO -salt structures 

is useful to determine the effect o f the terminal methox\* groups on the local structure. 

Cn'staUine phases have been determined for gh-me-salt systems for glvmes with l< n < 4 . The 

glyme-salt structures are different than the PE O -salt structures. Crystalline phases o f 

PEOrsalt systems have been made using P E O  o f  molecular weights as low as =  1000, and 

similar x-ray patterns and d-spacings were observed between the structures using P E O  with 

1 0 0 0  and with 100,000 (219). This suggests that die crystalline structure o f  high 

molecular weight P E O  with salts can be obtained using PEO  with molecular weights as low 

as = 1 0 0 0  (n—22). Therefore region o f glymes vtdth n=5 to n=22 with salts may exhibit 

different crystalline structures. At some critical chain length between n=5 and n—22, the 

structure o f the crystalline glyme-salt phase (as determined by x-ray) will be  isomorphous 

with die cn'Stalline polymer-salt phase using P E O  wnth n ^  22. Below this cridcal chain 

length, the structures for cri'stalline glyme-salt phases will be different than the structure o f 

the civstaUine polymer-salt compound obtained wnth PEO  (n > 22).

Spectroscopic smdies o f the gh-me-salt structures are usefiil to furdier spectra- 

structure correlations in diese systems, particularly the anion and glyme m odes. The 

monoglyme(LiTf) 2  Ot structure demonstrates the existence o f a (LijTf]'* species and its 

corresponding frequency (presented in paper The spectral comparison o f  die v,(SOj) and 

5,(CF.) modes in the glyme-NaTf cry stals shows that the frequencies o f  diese modes are 

highly sensitive to the local potential em-ironment o f  the triflate anion (presented in paper 

VI).
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4.3 G lym e-salt solutions

I t is o f  interest to examine gh-me-salt solutions since their structure is no t a result o f  

cn’stal packing effects and therefore may be a good structural model o f  the amorphous 

phase o f  polymer electrolytes. Since the crystal structures o f a num ber o f  different glyme-salt 

systems was determined as presented above, it if  o f  interest to compare the local structure in 

the crystal to the local structure in solution. Vibrational spectroscopy is ideal for the 

experimental comparison o f the cry stalline and solution phases since the \-ibrational modes 

are sensitive to local structure. To present representative behaviors, two glyme-salt systems 

are presented: monoglyme-LiXf and diglyme-LiXf. Other systems including diglyme-NaXf 

(paper I), tetraglyme-LiXf (6S), and tetraglyme-NaXf (220J have also been investigated.

4.3.1 Monoglvme-LiXf

The spectra o f  crystalline monoglyme:(LiXQ 2  P is compared to spectra o f  

monoglyme-LiXf solutions in Figure 4.3. The 800-1000 cm ' region contains modes that are 

composed o f CH, twisting, CH, wagging and C-O stretching motions, and these modes have 

been shown to be sensitive to conform ation and coordination to cations (79, 92, 94, 176,

183, 184, 200). The intensity^ o f the 864 cm ' band in the monoglyme-LiXf solution increases 

with increasing salt concentration and has been assigned to a monoglyme molecule in a tgt 

conformation interacting with Li* (221). Xlie frequency- o f  this mode is also affected bŷ  

coordination o f  Li* by- one or more triflate anions (221). In contrast, the 920 and 933 cm ' 

bands in cry^staHine monoglyme:(LiX02 result from monoglyme in a ttt conformation. This 

spectral comparison shows that the conform ation o f monogly me interacting with Li* in 

solution is very- different than in the crystalline phase. The comparison o f  the triflate modes 

in the two phases also shows differences. The 5,.(CF3) mode o f the triflate anion is sensitive
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Figure 4.3. Infrared spectra in the 800-1000 cm' region (A) and 740-780 cm' region (B)

of crystalline monoglgme:(UTf2 tind solutions ofmonoglyme-UTf ivith concentrations 

described by the ether o>ygen to metal cation ratio (0:Ai).

to the local potential energ}- em-ironment, and in particular to the number o f cations which 

are coordinated to the triflate anion (60, 61). Spectra o f the solutions in the ô,(CF^) region 

show bands which can be resolved by curve-fitting to bands at 753, 758, 762 and 766 cm ', 

which correspond to "free" triflate species, contact ion pairs, [Li^Tf]' aggregates and 

pLi-Tf]'* aggregates. These assignments are based on studies o f triflate with different cations 

in numerous solvent systems (61, 77, 78, 222). The predominant triflate anion species in 

solution IS the contact ion pair species, and the 766 cm ’ band has a ver\- minor intensitj-. 

The spectra o f the crt'stalline monoglyme:(LiTQ,has a single band at 769 cm ' which 

corresponds a triflate anion that is coordinated to three lithium ions. The spectral 

comparison o f the ô^CF,) m ode in the cry stal and in solution shows that the p r e d o m in a n t  

triflate anion environment is very- different in solution than in the crystalline phase.
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4.3.2 Diglyme-LîTf

Raman spectra o f  crystalline diglym eüTf, dighnne-LiTf solutions and pure diglyme 

are presented in Figure 4.4. The m ode at 871 cm ’ obser\ ed in the spectra o f  cry stalline 

digIyme;LiTf is assigned to CH, twisting/CH, wagging m otions o f a diglyme molecule in a 

tg ttg t conform ation which is coordinated to lithium. The 871 cm ' band is also observed in 

the 10:1 solution o f  diglvme-LiTf which indicates that the conformation o f  diglvme 

interacting with lithium, tgttgt, is also observed in solution. The ô_(CF;) region o f  crystalline 

diglyme:LiTf and a 10:1 dighmie-LiTf solution is also presented in Figure 4.4. Crystalline 

diglyme:LiTf (structure shown in Figure 4.1) shows a single band at 762 cm ' in the ô,(CF^) 

region that is due to a triflate anion coordinated to two lithium ions. In contrast, the 

spectrum o f the 10:1 diglyme-LiTf solution shows the presence o f different triflate anion 

species. Bands in ô,(CF^) region can be curve-fit using bands at 752 cm ', 757 cm  ' and 762 

cm ' which correspond to “ free” triflate anions, contact ion pairs and [Li^Tf]' aggregate 

species, respectively. The predominant triflate anion species in solution is the contact ion 

pair. In the diglyme-LiTf system, the structure present in the cr\'stalline phase is also present 

in solution, and in addition other structures as well. The existence o f the dimer structure in 

solution is not surprising since this structure may be a particularly stable geometry. Tire 

mo nogly me-LiT f  and diglyme-LiTf data demonstrate that the local structure in solution can 

be similar to the local structure present in the crystal, or it can be quite different.

Based on the spectral comparison, proposed local structures for “ free” ions, contact

ion pair species and aggregate species which occur in solution are presented in Figure 4.5.

The aggregate species exists in within a dimer which has analogous structure to that o f  the

dimer in cry stalline diglyme:LiTf. A dynamic equilibrium exists between these species in

solution, and the relative amounts o f  these species depend on salt concentration as reported
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'igiin 4.4. PuJman spectra in the 750-900 a n ' region o f crystalline diglymecLSTf 

a 10:1 solution of digfme-LJTfand pure diglyme.

previously (223). These structures represent possible coordination environm ents o f  Li* and 

triflate and correspond with the spectral data. In the proposed "free" ion structure, Li* is six- 

coordinate and is coordinated by ether oxy gens from two diglvme molecules. The tg ttg t 

diglyme conform ation interacting with Li* was determined to be a local energv minima 

structure from ab initio studies (186). In the contact ion pair species, Li* is four-coordinate 

consisting o f  three ether oxy^gens from a diglyme in a tgttgt conform ation and a single 

oxygen from a triflate anion. In the dimer structure, lithium is five-coordinate consisting of 

three ether oxygens and two triflate oxy gens from different triflate anions. These Li* 

coordination numbers are consistent with those o f  similar ether svstems (81). Cation
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Free Ions Ion pair Dimer

Figim 4.5. Proposed local structure in diglyme-laTf solution consisting o f a contact ion pair 

and a single diglyme moleade in a tgt-tgt conformation.

env ironm ents, anion environments and conformations present in glyme-salt solutions and 

crt'Stalline phases suggest stable local structures which may also be present in PEO-salt 

systems. The application of these structures to high molecular weight PEO-salt svstems is 

presented  in section 5.2 and has been presented in the literature (paper VI).
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Chapter 5. Polymer-salt system s

Studies of poljmer-salt ppstems are contained in papers I. II, III and I I '.

5. 1 Crystalline phases in polym er-salt system s

The study o f  crystalline phases, both  P E O  and PEO rsalt compounds, provides 

substantial insight into the microscopic structure o f  polym er electrolytes. Pure PE O  is a 

semicr\'stalline polymer ha%*ing two known crystalline forms, a helix u id i seven m onom eric 

units turn two times per fiber period shown in Figure 5.1 (S3, 224), and a second cn’Stalline 

structure, a planar zigzag, that has been identified upon stretching (223). Vibrational 

spectroscopic studies o f  pure PE O  establish modes and frequencies for the cn'Stalline phase 

and provide a basis for understanding the structure o f  the am orphous phase (83-87. 89-91.

The studv o f cn’Stalline polymer-salt com pounds is motivated bv a num ber o f  

factors. In a number o f  PEO-salt systems where cn’Stalline and amorphous phases coexist, 

the ionic conducti\’it\’ occurs primarily in the am orphous phase (3. 4). Recendv, Bruce and 

CO workers reported a cn'Stalline phases which has a higher ionic conductivitv than the 

corresponding amorphous phase (7). The specific reason for die higher ionic conducdidt}’ o f  

die ciystaUine phase has not been precisely determined b u t underscores the importance o f  

examining cri stalline polvmer-salt phases. Morivarion for sm diing cri’stalline polvmer-salt 

compounds also Lies in their abilitj' to proi’ide insight into local structure in polymer 

electrolytes. The structures o f  the cri stalline polvmer-salt phases have been used to infer 

structures present in the amorphous phases o f  polymer electrolytes (227-229). A vibrational 

spectroscopic study o f cri stalline P(EO)^:LiCF^SO^ above its melting point suggested that 

the strucmre o f the amorphous phase is similar structure to structure o f  the cn’Stalline phase
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Figure 5. /. Structure o f crystalline poly(ethylene oxide) (83).

(230). The com pansoa o f  cr\^sralline phases to am orphous phases pro\ndes insight into the 

structure o f  the amorphous phase (231).

Cr}'stalline polymer-salt complexes hare  been useful to examine local structure in 

polymer electrolytes (227). Using x-ray and neutron diffiracrion techniques, structures for a 

num ber o f  polymer-salt complexes have been solved including P(EO);:NaI (232). 

P(EO)-,:NaSCN (233). P (EO ) 3 :LiCF;SO; (234). P (EO ) 3 :LiN(SO.CF,), (235), PEO iN aCFjSO , 

(236), P(EO)f,;LL\sFf. (237), P(EO)g:LiPFg (7), and P(EO)g:LiSbFg (7). The x-ray structures o f 

P (E 0 ),:LiCF-,S0 3  and P(E 0 ):N aCF 3 S0 3  are presented in Figure 5.2. Cr\ stalline polymer-salt 

complexes have revealed coordination geometries, polymer conformations and interactions 

o f  the ions with the polymer. In  a number o f  cn  stalline polymer-salt com pounds, P E O  is in 

a helical conformation within the crystal, and the cation is located within the hehx. However 

within a number o f  structures, the geometr}' o f  the P E O  is a zigzag, rather than  a helix. The 

cation may be coordinated bŷ  the polymer and the anion, or entirely bv the polymer. The 

interaction o f  the anion with the poly mer can be characterized by- weak van der Waals 

interactions. Polymer-salt complexes also provide insight into the nature o f  ionic 

crosshnking. The predom inant ionic crosslinks within these structures are intra-chain 

crosslinks with the cation and aition interactions within a single chain, as seen in the 

structure o f P(E 0 ) 3 :LiCF3 S0 3  in  Figure 5.2. A notable exception is the cn'Stalline
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Figure 5.2. X-ro}’ s!mcU/res o f P(EO) ,:LiCFfSO, leji. (234) and

P(EO):NaCFjSO j, right (236). The hydrogen atoms are not shown.

P(EO):NaCF,SO- compound, where anions are coordinated to carions from different 

chains, resulting in anion-assisted inter-chain crosslinking as presented in Figure 5.2.

5.2 Symmetry-based vibrational analysis

A thorough \ribrarionaI analysis o f  polymer-salt cr\'stals has not been previously 

reported. The vibrational modes in a cry stal are a function o f  the unit cell and die 

symmetries thereof. The fiiU factor group, which neglects specific bonding interactions, 

describes the vibrational modes within the unit cell o f a cn’-stal and predicts more modes 

than obsen'ed in PEO-salt cri stalline compounds (238). The factor group correlation field 

method, which includes specific bonding interactions o f distinct polvatomic species such as
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the triflate anion, provides a description o f  correlated molecular vibrations in terms o f  the 

irreducible representations o f  the factor group (239). O ther sj'mmetry-based analyses are also 

possible, and in particular a helical group analysis pro\ndes useful insight into the nature o f  

these modes in polymer-salt compounds (240).

The factor group correlation field method has been used to analyze the triflate anion, 

CF-,SO-, or T f , bands in P(EO)]:LiTf and P(EO ):N aTf (paper II) and the 

hexafluoroarsentae anion, AsF^’, bands in P(EO)(;:LL\sF^ (paper III). The analysis o f  the 

triflate bands in P(EO)3 Ü T f  and P(EO )tN aTf is presented here, and the analysis o f  the 

AsFf, bands in P(EO)f,:IiAsF„ is presented in the respecrive publication. For this analysis all 

atoms in the unit cell other than the atoms o f the triflate anions are neglected. The isolated 

triflate anion is taken as halting Cj,. symmetry' (staggered configuration). For an isolated 

triflate anion with C 3 ,. point group symmetn*, the anion gives 3Nr-6=18 fundamental 

vibrational modes which belong to the irreducible representations,

r  (CF 3 SO 3 I  =  5A, 4- A. +  6 E. (5.1)

Tlie frequencies and symmetries o f  these modes in triflate artions and triflate anions 

coordinated to cations in a variety' o f  solvents have been pre\"iously analyzed bv experimental 

and computational methods (61, 222, 241-243). A number o f  modes have been used to 

examine the association o f triflate with cations, particularly the symmetric SO-, stretching 

mode v^(S0 3 ) o f  A, symmetry^, the symmetric CF, deformation mode Ô^CFj) o f A, 

svmmetn', and the antisymmetric SO 3  stretching mode v,,,(SO,) o f E sy-mmetn'. Thus the 

analysis is focused on modes o f A, and E symmetry.

48



T ab le  5.1. Factor group correlation o f  intramolecular triflate x'ibrations in a cr\'stal

Mode Point Group

(C^)

Site G roup

(C j

Factor G roup

v .rsu ,). 6 ,(CF,), 6 ,(SO j A,
-V

A- - -

5..(CF\), 0 ^ /S O j E
A .

Within a cr\-stal the vibrations o f the triflate anions are no t isolated flom  each other 

but are correlated through intermolecular forces. The unit cells o f  both P(EO)-:LiTf and 

P(EO ):N aTf belong to the space group and contain four triflate anions per unit cell.

The factor group method provides a description o f  the correlated molecular \abradons as 

thev transform according to  the irreducible representations o f  the factor group. The center 

o f mass o f the triflate anion occupies a specific W yckoff site o f  C, symmem', and the site 

group is a subgroup o f the unit cell space group The general procedure presented 

elsewhere [Fatelev, 1972 #16] correlates the irreducible representations o f  the point group to 

those o f the site group which are in turn correlated to the factor group. A visual 

representation o f the factor group correlation applied to A . and E modes in a cn  stal is 

presented in Table 5.1. The result o f  the analysis is that four isolated T f  anion modes o f  A, 

svmmetn,- give four factor group modes whose symmetries are described in Eq. 5.2.

Similarly, the correlation o f  four isolated triflate E modes results in eight factor group modes 

whose symmetries are described in Eq. 5.3,
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Figure 5.3. Rama/i and IR spectra in the 5/C F ,) region ofP(EO )idJTfand P(EO):NaTf.

r(A ,) -  Aj. + Bg +  A„ +  

r(E ) =  Z \g +  2 Bg +  2 A„ + 2 B„

(5^)

(5.3)

Under the symmetry' o f  the space group, the Ag and Eg modes are Raman active and the 

and modes are IR  active. O f course the frequencies and intensities o f  the bands cannot 

be predicted by symmetr}^ methods. This analysis applies to both the cry stalline P(EO)^:LiTf 

and P(EO ):N aTf com pounds.
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T he symmetry-based vibrational analysis is useful to explain the m ultiple bands 

present in the vibrational spectra. Raman and infrared spectra in the ô^(CF.) region o f  

P(E O )yL iT f and P(E O ):N aT f are presented in Figure 5.3. The svmmetr\' analysis predicts 

two Raman active and two IR active m odes. T he experimental spectra show  a single band in 

both the Ram an and IR spectra which m ay be com posed o f  two bands w hich are close in  

frequenc}'. In each compound, the frequencies o f  the predominant ô^(CF^) Raman and IR  

bands are noncoincident and exhibit a ~ 5  cm  ' difference. The ffequeno* difference indicates 

a m odest am ount o f  dynamical coupling betw een the vibrational m odes in the crystal which  

results from  the highly ordered structure in  the cn'Stalline material. A  similar frequency 

difference is n o t obser^'ed in cry stalline d ig lym erliT f where the triflate anion is in a similar 

local environm ent but exists in the unit cell wnthin an isolated dimeric structure. In both 

P(EO)-:LiTf and P(EO):NaTf, the triflate artions exist within a linear chain, rather than an 

isolated dimer. This suggests that the coupling o f  these m odes is dependent on  the relative 

orientation o f  the anions within the unit cell.

5.3 Structure in the amorphous phase

Since the iortic conductivity occurs primarily in the am orphous phase for a number 

o f  polvmer-salt system s, determining the structure o f  the am orphous phase has been o f  

primary im portance. The structure o f  the am orphous phase has not been well characterized 

due in part to its heterogeneity. Vibrational spectroscopy has been particularly useful to 

identify- the presence and relative concentrations o f  different ionic species ( 6 0 .  6 1 .  2 4 4 )  and 

changes in the polym er conform ation due to cation complexation ( 5 2 .  7 9 . 9 4 .  9 6 .  1 2 9 .  2 0 0 .  2 4 5 ) .  

NMR studies ha\ e identified different relaxation times corresponding to nuclei in the 

crystalline and am orphous phase (3 .  4 )  and have determined that the addition o f  salt
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Figure 5.4. Differential scanning thermograms of PEO, P(EO j2o-EiTf, P(EO )„/EiTf 

and P (E O )ÿU T fin  the range 25°C to 220°C.

increases the segmental relaxation time 1 5 6 , 8 0 .  9 7 . 9 8 .  2 4 6 .  2 4 7 ) .  T he '^C chemical shift in the  

am orphous phase o f  P E O -L iT f was similar to the '^C chem ical sh ift in the cn'Stalline 

P(EO)-,:LiTf which indicates that d ie local structure in the am orphous phase is similar to the  

local structure in the cri stalline phase ( 5 9 ) .  DSC m easurem ents have shown that increase in  

the glass transition temperature w ith  the addition o f  salt ( 1 6 .  5 3 . )  Previous results have 

suggested that the structure o f  the am orphous phase is similar to the structure o f  the 

cri'stalline polymer-salt phase ( 5 9 .  2 3 0 .  2 3 1 ) .  Therefore, a direct com parison o f  the structures 

o f  the amorphous and cry stalline polym er-salt phases is o f  interest.

D SC , x-rav diffraction and \dbrational spectroscopy w ere used to examine the 

am orphous and crystalline phases o f  PE O -LiTf. A t room  temperature, films o f  P E O -L iT f  

consist o f  multiple phases, and the relative amounts o f  these phases depends on
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Figure 5.5. Powder x-ray diffraction patterns oJ'PEO, P(E0)2,yUTf,

P(EO )„yU Tfand P (E O )yU Tf

temperature, salt concentration, the molecular weight o f  the polymer ( 4 3 ) ,  tliermal histor}* 

( 4 4 ) .  time ( 4 5 ) .  and preparation method ( 4 6 ) .  Films for DSC, x-ray and Raman measurements 

were prepared in an  identical manner in order to facilitate a direct comparison o f  the results. 

Data for 51ms with 10:1 and 20:1 concentrations were compared witli data for bo th  

cn-staUine PE O  and P(EO);:LiTf. DSC data is presented in Figure 5.4. The 10:1 and 20:1 

Skns exhibit ver\" small endotherms which indicate the presence o f small domains o f  

P(EO)3 :LiTf, in agreem ent with the published phase diagram.

X-ray data o f  the 10:1 and 20:1 films, presented in Figure 5.5, show the presence o f 

cr\'staUine P E O  domains, which is consistent with the DSC data. However, the data shows
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S.6. Raman spectra in the 740-900 cm' region of PEO. P(EO)yrEiTf, 

P(EO)„;LfTfand P(EO )pU Tf.

chat the 20:1 him contains domains o f  P(EO);:LiTTF whose sizes are sufficientiv small so diat 

distinct peaks are not obser\-ed bv x-rav diffraction. In addition, the 10:1 sample show- 

different 26 values than present in P(EO)j:LiTf, w'hich indicates a structure with a different 

ordering tlian chat present in P(EO)vLiTf. A number o f the diffraction peaks have similar 

values to chose o f P(EO)yLiTf, so this suggests some similar ordering is present.

\hbrational spectra are presented in Figure 5.6. Tlie analysis o f  the Ô^CFJ region 

show-s the existence o f  “free” ions, ion pairs and aggregate species w-ith frequencies o f  752 

cm ', 757 cm ' and 762 cm ' respectively. O f  particular interest is the frequency o f  the 

aggregate species in the PEO-LiTf films, 762 cm ', w^hich is different than the frequency- of 

the aggregate species in the cn stalline P(EO );:LiTf compound, 767 cm '. The frequency 

difference suggests that the triflate anion in the PEO -LiTf films exists within a local 

structure w^hich is less ordered than the local structure o f  the triflate anion in the cn'Stalline
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Figure 5.7. Proposed local structure in PE O -U Tj systems.

P(EO)-,:LiTf. The PEO  modes in the 800-900 cm ' region contain mixtures o f  CH, rocking, 

CH, twisting and CO stretching m otions (S6, 87, 92). The frequencies o f  these modes are 

highly sensitive to both the conform ation and the interaction o f  the ether oxygens with the 

Li~ cation (92, 94, 200, 221). The analysis o f  the 800-1000 cm ' region shows that in the 

PEO -LiTf films, the region o f the polym er w'hich interact with Li” have a similar, but not 

identical, local structure to that present in P(EO),:LiTf.

Based on die combination o f  the DSC, x-ray and vibrational spectroscopic data, local 

structures w-hich exist in PEO -LiTf systems are proposed, and a pictorial representation is 

presented in Figure 5.7. The proposed local structure contains local structures which are 

similar to the local structure present in the cry stalline P(EO)j:LiTf com pound, namely five 

coordinate Li ions, tgttg t torsional angle sequences and aggregate triflate species. The 

proposed local structure also contains terminal units o f tw-o different ty^pes. The terminal 

unit consisting o f  a 4-coordinate Li” (Type A) is suggested by the \tibrational smdy of the
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diglyme-LiTf system (presented in 4.3). For PE O -salt systems, experimental evidence for the 

presence o f  salt-rich regions and local structures thereof has not been previously reported. 

The presence o f  local salt-rich regions with term inal units is consistent udth molecular 

dynamics simulations which identified the presence o f  ionic clusters and salt-rich dom ains 

(62-66). The existence o f  microdomains within the amorphous phase o f  polymer electrolytes 

was obser\'ed in poly(propylene oxide)-sodium salt electrohtes where two glass transition 

temperatures were obser\^ed corresponding salt-rich and salt-poor microdomains within the 

“amorphous” phase (248).

5.4 Im plications for ionic transport

Tlie mechanism o f  ionic transport in polym er electrolytes is complex and remains 

not well understood. Determ ining the relationship o f  local structure to ionic transport is 

crucial to impro\ting the transport properties o f  pohnner electrolytes. An understanding o f  

local structure, specifically cation-polymer and cation-anion interactions is needed. The 

relationship between ionic transport and local p o h m c r relaxation processes has been 

estabhshed (5. 82. 112). The role o f  ion-ion interactions in ionic transport in polymer 

electrolytes has not been well described. The im portance o f  cation-anion interactions is 

apparent from transference num ber measurements (120), diffusion coefficients (107, 125), 

and the failure o f  the N em st-Einstein relationship to describe the experimental ionic 

conductivity (108-110, 114). It is recognized that in  these systems, both cations and anions 

are mobile and the ionic mobility' o f  the anion is generally greater than the cation (108, 110, 

125). For the application o f  poh'mer-salt systems as electrolytes in rechargeable batteries, 

transport o f the cation is needed. Mobility' o f the anion leads to concentration gradients in 

the operational cell, i.e. cell polarization (101). A  num ber o f  results suggest that ionic
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transport o f  the cation is affected by the anion. Transport o f  the cation may occur \Ta 

transport o f cation-anion aggregate species as suggested by the negative cation transference 

numbers observ ed in some systems (68-70). Ionic transport mav also occur \*ia hopping 

between ionic clusters a n d /o r correlated motions o f  cations and anions (11. 108, 138). The 

ionic transport mechanism may also var}- from system to system, especially in regards to tlie 

role o f  the anion. It is possible that ionic transport o f  the cation mav be higher in  svstems 

where the anion is entirely mobile or semi-mobile. M onte Carlo simulations o f  

polyelectrolvtes demonstrated that increased local anion motion increases the cation 

conductivity (146).

The proposed local structure presented above suggests particular environments for 

cations and anions in the amorphous phas in which the contribution to the ionic 

conductivin- is significantly enhanced. In particular, the terminal units o f the local complex 

contain litliium ions in potential energ\- environments which are less deep tlian the than five­

fold coordinated lithium in cri stalline domains o f  P(EO);:LiCF;SO^. In addition, the 

potential energi' emdronm ent o f  the lithium ions is dynamically disordered through polvmer 

segmental motion. Therefore it is proposed that lithium ions in part o f a terminal unit o f  a 

localized complex or an isolated [Li^CF^SO:,]' contribute to the ionic conductiirin- in the 

amorphous phase. It is also possible that contact ion pair species contribute to the ionic 

conductivin-. Clearly, an isolated contact ion species is neutral and as such does no t directly 

contribute to the ionic conductiviti". However, a contact ion pair species mav contribute to 

the ionic conductiiriti' through a dissociative process that is part o f the dynamical nature o f 

the equilibrium benveen the various ionic species.
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Chapter 6. Concluding Remarks

An. understanding o f local structure and its relationship to ionic transport is needed 

to improve the properties o f  polymer electrolytes. For this investigation, some o f  the major 

results are the following:

(a) Discover}' o f  a series o f  gh-me-salt cn'Stalline phases and elucidation o f  their 

structures which allows the determination o f  the effect o f  chain length on local 

structure,

(b) Spectroscopic comparison o f  glyme-salt cn'Stalline and solution phases showing 

that in solution both similar and different local structures are obsen  ed,

(c) Application o f  factor group correlation method to the \-ibrational analysis o f 

polymer-salt ciy-stals,

(d) Demonstration o f  anion mode coupling in cn'Stalline phases o f  polvmer 

electrolytes,

(e) Proposed local structures in the amorphous phase o f PE O -L iT f and the

contribution o f such structures to the ionic conductivity^

The glyme-salt systems further our understanding o f coordination environments in 

PEO-salt systems. The current study suggests a number of new directions for future 

research efforts. Since the formation o f cry'stalline phases seems a general property* of the 

system, a similar chain length smdy with a different, less coordinating anions would reveal 

different cation coordination environments. Determining die critical chain length where 

glyme-salt cry'Stal structures are isomorphous with PEO-salt cry stals is o f  interest, as well as 

investigating the regime below the critical chain length. The smdy o f the glyme-salt svstems
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can provide insight into the optim al num ber o f  EO  units for coordination. It should also be 

possible to determine the num ber o f  E O  un its  for optimal transport. The optimal num ber o f  

E O  units m ar depend on the anion and the polymer system. This information could be 

applied to a number o f  copolymer and comb-branch poly m er systems.

The microscopic mechamsm o f  ionic transport in polymer electrolytes is still not well 

understood, and the relationship between ionic transport and local stmcture has no t been 

well established. In particular, an understanding o f the role o f  the anion in the transport o f  

the cation is needed. I f  the cation is transported via anionic clusters or some correlated 

cation-anion mechanism, it should be possible to design new sy'stems which optimize the 

ionic transport o f the cation. Such systems may be a matrix w hich includes anions with 

appropriate intermolecular spacings and mobihties.
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Macromoleailes 2S, 3282 (1995).
57. y. McBreen, Electrochem. Soc. Proc. 96, 162 (1996).
58. S. Wong, D . B. Zax, Electrochim. Acta 42, 3513 (1997).
59. J. Spevacek, J. Dybal, Macromol. Rapid Commun. 20, 435 (1999).
60. S. Schantz, J. Sandahl, L. Borjesson, L. M. Torell, J. R. Stevens, Solid State Ionics 25- 

30, 1047 (1988).
61. W. Huang, R. Frech, R. A. WTieeler,/. Phys. Chem. 98, 100 (1994).
62. L. Xie, G. C. Farrington, Solid State Ionics 5i-56, 1054 (1992).
63. A. Payne, et al., Electrochim. .4cta 40, 2087 (1995).
64. J. A. Payne, et a l.,/. Chem. Phys. 103, 8746 (1995).
65. J. H\-un, H. Dong, C. P. Rhodes, R. Frech, R. A. Wheeler, /. Phys. Chem. B 105, 3329

(2 0 0 1 ).
6 6 . M. Forsvth, V. A. Payne, M. A. Ramer, S. W. de Leeuw, D. F. Shriver, Solid State 

Ionics 5 i-56 , 1011 (1992).
67. O. Borodin, G. D. Smith, Macromoleailesi \ ,  8396 (1998).
6 8 . Y. Ma, et a l.,/. Electrochem. Soc. 142, 1859 (1995).

61



69. M. M. D oeff, P. Georen, J. Qiao, J. Kerr, L. C. D e Jo n g h e ,/. Electrochem. Soc. 146, 
2024 (1999).

70. A. Ferr\-, M. M. Doeff, L. C. D ejonghe, Electrochim. A.ctaA'h, 1387 (1998).
71. M. Kakihana, S. Shantz, L. M. Torell, }. Chem. ^hjs. 94, 6271 (1990).
72. B. L. Papke, M. A. Ramer, D. F. Shriver,/. Electrochem. Soc. 129, 1434 (1982).
73. M. Kakihana, S. Schantz, L. M. Torell, Solid State Ionics 40 /41 , 641 (1990).
74. D. Battisti, G . A. Nazri, B. Klassen, R. A roca,/. Pfys. Chem. 97, 5826 (1993).
75. B. Klassen, R. Aroca, M. Nazri, G . A. Nazri, /  Phys. Chem. B 102, 4795 (1998).
76. B. Klassen, R. Aroca, G. A. Nazri, / ,  Pfys. Chem. 100, 9334 (1996).
77. R. Frech, W. Huang, M. A. K. L. Dissanavake, Mat. Res. Soc. Sjmp. Proc. 369, 523

(1995).
78. R. Frech, W. H uang,/. Solution Chem. 23, 469 (1994).
79. A. Bem son, J. Lindgen, W. Huang, R. Frech, Polymer'S^, 4471 (1995).
80. A. Lauenstein, J. Tegenfeldc, / .  Phys. Chem. 101, 3311 (1997).
81. U. Olsher, R. M. Izatt, J. S. Bradshaw, N. K. Dalley, Chem. Rev. 91, 137 (1991).
82. M. .A. Ramer, D . F. Shriver, Chem. Rev. 8 8 , 109 (1988).
83. T. Yoshihara, H. Tadokoro, S. M urahashi,/. Chem. Phys. 41, 2902 (1964).
84. K. M achida, T. Miyazawa, Spectrochim. Meta 20, 1865 (1964).
85. H. Macsuura, T. Miyazawa, Spectrochim. Meta 23A, 2433 (1967).
8 6 . H. Macsuura, T. Miyazawa, Btill. Chem. Soc. Japan 41, 1798 (1968).
87. H. Macsuura, T. Miyazawa, / .  Polym. Sci., Pt. M-2 7, 1735 (1969).
8 8 . K. Liu, J . L. Parsons, Macromoleailes 2, 529 (1969).
89. H. Macsuura, T. Miyazawa, K. Machida, Spectrochim. Meta 29A, 771 (1973).
90. J. Maxfield, I. W. Shepherd, PolymerlO, 505 (1975).
91. H. Macsuura, K. Fukuhara, H. T am aoki,/. Sci. Hiroshima Univ., Ser. M  49, 89 (1985).
92. H. Macsuura, K. Fukuhara, / .  Polym. Sci. B 24, 1383 (1986).
93. X. Vang, Z. Su, D. Wu, S. Hsu, H. Scidham, Macromoleailes 'iO, 3796 (1997).
94. R. Frech, W. Huang, Macromoleailes 2%, 1246 (1995).
95. S. Yoon, K. Ichikawa, W .J. MacKnighc, S. L. Hsu, Macromoleailes 2%, 4278 (1995).
96. M. A. K. L. Dissanayake, R. Frech, Alacromoleailes2%, 5312 (1995).
97. A. Johansson, A. Wendsjo, J. Tegenfeldc, Electrochim. Meta 37, 1487 (1992).
98. I. M. W ard, N. Boden, J. Cruickshank, S. A. Leng, Electrochim. Meta 40, 2071 (1995).
99. M. M. Doeff, L. Edman, S. E. Sloop, J. Kerr, L. C. D e jo n g h e ,/. Power Sources %0, 227 

(2 0 0 0 ).
100. p. G. Bruce, in Polymer Electrolyte Reviews,]. R. MacCallum, C. Vincent, Eds. 

(Elsevier Applied Science, New York, 1987) vol. 1, chap. 8 .
101. D. W. Dees, ec al.,/. Power Sources S9, 249 (2000).
102. M. Z. A . Munshi, B. B. Owens, Pommer J. 20, 577 (1988).
103. P. E. R ouse ,/. Chem. Phys. 21, 1272 (1953).
104. B. H. Z im m ,/. Chem. Phys. 24, 269 (1956).
105. P. G. D e Gennes, Scaling Concepts in Polymer Physics (Cornell Univ. Press, Ithaca, 1979).
106. M. A. Ramer, P. Johansson, D. F. Shriver, AIRS Bulletin 25, 31 (2000).
107. S. E. Lindsey, D. H. Whitmore, W. P. Halperin, Polym. Prepr. (Mm. Chem. Soc., Div. 

Polym. Chem'.) 30, 442 (1989).
108. S. .-^rumugam, J. Shi, D. P. Tunscall, C. A. Vincent, / .  Phys.: Condens. AlatterS, 153 

(1993).
109. A. Ferr\', G. Oradd, P. Jacobson ,/. Chem. Phys. 108, 7426 (1998).
110. M. G. M cLin, C. A. Angell,/. Phys. Chem. B 100, 1181 (1996).

62



111. M. Doyle, J. N ew m an,/ .  Hlectrochem. Soc. 142 (1995).
112. M. A. Ramer, in Poiymer Electrolyle Reviews, J. R. MacCallum, C. A. Vincent, Eds. 

(Else^-ier Applied Science, N ew  York, 1987), vol. 1, chap. 7.
113. N. Balabai, D . H. Waldeck, J. Phys. Chem. B 101, 2339 (1997).
114. P. G. Bruce, Faraday Discuss. Chem. Soc. 8 8 , 43 (1989).
115. P. G. Bruce, C. A. Vincent, Solid State Ionics 607 (1990).
116. P. G. Bruce, M. T. Hardgrave, C. A. Vincent, Electrochim. Jicta Y l, 1517 (1992).
117. A. Bouridah, F. Dalard, D . Deroo, M. B. Armand, / .  Applied Electrochem. 17, 625 

(1987).
118. M. Z. A. Munshi, B. B. Owens, S. Nguyen, Polymer]. 20, 597 (1988).
119. H. P. Fritz, A. K u h n ,/. Power Sources Al, 253 (1993).
120. H. J. Walls, T. A. J. Zawodzinsld, Electrochem. Solid-State Eett. 3, 321 (2000).
121. L. Edm an, M. M. D oeff, A. Ferrv, J. Kerr, L. C. D . Jo n g h e ,/. Phys. Chem. B 104, 3476 

(2 0 0 0 ).
122. K. E. Thomas, S. E . Sloop, J. B. Kerr, J. Newsman, / .  Power Sources 89,  132 (2000).
123. M. J. Williamson, J. P. Southall, H. V. S. A. Hubbard, G. R. Da\nes, I. M. Ward, 

Former 40, 3945 (1999).
124. W. Gorecki, M. Jeannin, E. Belorizk^', C. Roux, M. Armand, / .  P/ys.: Condens. .Matter 

7, 6823 (1995).
125. S. Bhattacharja, S. W. Smoot, D . H. Whitmore, Solid State Ionics 18&19, 306 (1986).
126. H. \"ogel, Phys. Z. 22, 645 (1921).
127. G. Tammann, W. Hesse, Z. Aitorg. Allg. Chem. 156, 245 (1926).
128. G. S. Fulcher,/ .  Mzv. Chem. Soc. 8 , 339 (1925).
129. B. L. Papke, M. A. Ramer, D . F. Shriver,/. Electrochem. Soc. 129, 1694 (1982).
130. M. L. Williams, R. F. Landel, J . D. Fern*,/. A m . Chem. Soc. 77, 3701 (1955).
131. M. H. Cohen, D. T um ball,/. Chem. Phys. 31, 1164 (1959).
132. A. O. Porto, G . G. Silva, W. F. Magalhaes,/. Poly. Sci. B 37, 219 (1999).
133. E. A. DiMarzio, J. H . G ibbs,/. Chem. Phys. 28, 807 (1958).
134. G. Adams, J. H. G ib b s ,/. Chem. Phys. 43, 139 (1965).
135. D. F. Shriver, R. D upon, M. Stainer, / .  Power Sources 9,  383 (1983).
136. S. D. Druger, M. A. Ramer, A. Nitzan, Solid State Ionics 9  & 10, 1115 (1983).
137. R. Dupon, B. L. Papke, M. A. Ramer, D. H. W hitmore, D . F. Shriver. / .  A m . Chem. 

Soc. 104, 6247 (1982).
138. N. Boden, S. A. Leng, I. M. Ward, Solid State Ionics AS, 261 (1991).
139. K. Y. Cho, K. Lee, J. Park, Polymer J. 32, 537 (2000).
140. X. Wei, D. F. Shriver, Chem. Mater. 10, 2307 (1998).
141. D. R. MacFarlane, J. Huang, M. Forsyth, I\ature A912., 792 (1999).
142. C. T. Imrie, M. D. Ingram, G. S. McHatde, Mater. 11, 832 (1999).
143. J. M. G. Cowie, G. H. Spence, Solid State Ionics 123, 233 (1999).
144. K. Onishi, M. M atsumoto, K. Shigehara, / .  Power Sources 91., 120 (2001).
145. L. C. Reibel, B. Azimipour, N . Parizel, Polymeric Materials: Science and Engineering 84, 

1043 (2001).
146. J. F. Snyder, M. A. Ramer, D. F. Shiver,/ .  Electrochem. Soc. 148, A858 (2001).
147. J. McBreen, H. S. Lee, X. Q. Yang, X. Sun,/. Power Sources 89 , 163 (2000).
148. S. H. Chung, Y. Wang, S. G. Greenbaum, D. Golodnitsk\% E. Peled, Electrochem. Solid

State Eett. 2, 553 (1999).
149. D. Golodnitsk}', et a l.,/. Electroanal. Chem. 491, 203 (2000).
150. O. Dag, A. Verma, G . A. Ozin, C. T. Kresge, / .  Mater. Chem. 9, 1475 (1999).

63



151. V. D. Noto, D . Barreca, C. Furlan, L. Armelao, Polym. A.dv. Techno/. 11, 108 (2000).
152. G. J. d. A. A. SoIer-IIIia, C. Sanchez, NewJ. Chem. 24, 493 (2000).
153. F. Capuano, F. Croce, B. Scrosati,/. E/ectrochem. Sac. 138, 1918 (1991).
154. F. Croce, B. Scrosati, G. Mariotto, Chem. Maier. 4, 1134 (1992).
155. F. Croce, G. B. Appetecchi, L. Persi, B. Scrosati, Nature 456 (1998).
156. E. Morales, J. L. Acosta, Solid State Ionics 111, 109 (1998).
157. W. Wieczorek, A. Zalewska, D. Raducha, Z. Florjanczvk, J. R. Stephens, J. Phjs.

Chem. B 102, 352 (1998).
158. W. Wieczorek, P. Lipka, G. Zukowska, H. Wycislik, J. Phjs. Chem. B 102, 6968 (1998).
159. B. Kumar, L. G . Scanlon, Solid State Ionics i24, 239 (1999).
160. C. Capiglia, P. Mustarelli, E. Quartarone, C. Tomasi, A. Magistris, Solid State Ionics

118, 73 (1999).
161. H. Y. Sun, H.-J. Sohn, O . Yamamoto, Y. Takeda, N . Im aiushi,/. Electrochem. Soc. 146, 

1672 (1999).
162. B. Kumar, L. G . Scanlon, R. J. Spry,J. Power Sources 96 , 337 (2001).
163. F. Croce, et al., Electrochim. .Acta 46, 2457 (2001).
164. K. Nagaoka, H. Naruse, I. Shinohara,/. Poljm. Sci., Polym. Lett. 22, 659 (1984).
165. H. R. .\Ucock, M. E. Napierala, D. L. Olmeijer, S. A. Best, K. M. Merz, fr., 

Macromolea/les 3 2 , 732 (1999).
166. S. Cliintapalli, R. Freeh, Macromolecules 29, 3499 (1996).
167. A. G. Bishop, D . R. MacFarlane, D. M cNaughton, M. Forsvth,/. Phjs. Chem. 100, 

2237 (1996).
168. D. Golodnitsk}', G. Ardel, E. Peled, Solid State Ionics 231 (1996).
169. S. F. Johnston, I. M. Ward, J. Cruickshank, G . R. Da\"ies, Solid State Ionics 9Q, 39 

(1996).
170. Y. Saito, H. Yamamoto, H. Kageyama, O. N akam ura,/. Mater. Sci. 35, 809 (2000).
171. I. Geoffroy, P. WiUmann, K. Mesfar, B. Carré, D. Lemordant, Electrochim. Meta 45,

2019 (2 0 0 Ô).
172. H. R. AUcock, S. J. M. O 'Connor, D. L. Olmeijer, M. E. Napierala, C. G. Cameron, 

Macromoleades 2 9 , 7544 (1996).
1. 3. S. \o rk , E. C. Kellam, H. R. AUcock, R. Freeh, Electrochim. .L ta  46 , 1553 (2001).
174. Y. Ogawa, et al.. Bull. Chem. Soc. Japan 50, 650 (1977).
175. E. E. .\strup, Meta. Chem. Scand. , Ser. .A  33, 655 (1979).
176. M. .\. Murcko, R. A. DiPaola,/. .Am. Chem. Soc. 114, 10010 (1992).
17,. R. L. Jaffe, G. D . Smith, D. Y. Y oon,/. Phjs. Chem. 97, 12745 (1993).
178. F. MuUer-PIathe, W. v. Gunsteren, Macromolecules 2H, 6040 (1994).
179. S. P. Gejji, J. Tegenfeldt, J. Lindgren, Chem. Phjs. Lett. 226, 427 (1994).
ISO. Y. Yokoyama, H. Uekusa, Y. Ohashi, Chem. Lett. 6 , 443 (1996).
181. H. Yoshida, T. Tanaka, FI. Matsuura, Chem. Lett. , 637 (1996).
182. A. Sucjianto, L. A. Curds, Chem. Phjs. Lett. 264, 127 (1997).
183. H. Yoshida, H. M atsuura,/. Phjs. Chem. .A 102, 2691 (1998).
184. N. Goutev, K. O hno, H. Matsuura,/. Phjs. Chem. M  104, 9226 (2000).
185. G. D. Smith, R. L. Jaffe, D. Y. Y oon,/. Phjs. Chem. 97, 12752 (1993).
186. S. P. Gejji, P. Johansson, J. Tegenfeldt, J. Lindgren, Comput. Polym. Sci. 5, 99 (1995).
187. P. Johansson, S. P. Gejji, J. Tegenfeldt, J. Lindgren, Solid State Ionics 8 6 - 8 8 , 297

(1996).
188. D. J. Williams, K. B. HaU, / .  P/js. Chem. 100, 8224 (1996).

64



189. D. Ray, D . Feller, M. B. More, E. D . d ead e n in g , P. B. Armentrout, / .  Pbjs. Chem. 
100,16116(1996).

190. P. T. Boinske, L. Curtiss, J. W. Hallev, B. Lin, A. Sutjianto,/. Comput.-ÆdedMater. 
Des. 3, 385 (1996).

191. T.-S. Yeh, T.-M. Su,/. Phjs. Chem. A . 101, 1672 (1997).
192. G. D . Smith, R. L. Jaffe, H. Partridge,/. Phjs. Chem. A  101, 1705 (1997).
193. S. E. Hill, D . Feller, E. D. G len d en in g ,/ Phjs. Chem. A  102, 3813 (1998).
194. P. Johansson, J. Tegenfedlt, J. Lindgren,/ .  Phjs. Cfjem.A 102, 4660 (1998).
195. .\. Sucjianto, L. A. Curtiss, /  Phjs. Chem. A  102, 968 (1998).
196. V. Mujica, M. Malaver, F. R uette,/. Phjs. Chem. A  103, 89 (1999).
197. .\. G. Baboul, P. C. Redfem, A. Sutjianto, L. A. Curtiss, / .  A m . Chem. Soc. 121, 7220

(1999).
198. P. Johansson, J. Tegenfeldt, J. Lindgren, Polymer AQ, 4399 (1999).
199. P. Johansson, 42, 4367 (2001).
200. R. Frech, W. Huang, SoüdState lonicsl'l, 103 (1994).
201. W. Huang, R. Frech, P. Johansson, J. Lindgren, Electrochnm. Acta 4 0 , 2147 (1995).
202. S. Neyertz, D . Brown, J. O. Thomas, /  Chem. Phjs. 101, 10064 (1994).
203. H. Liu, F. MuUer-Plathe, W. F. van Gunsteren, /  Chem. Phjs. 102, 1722 (1995).
204. G. D. Smith, e t al., /  Chsem. P /js. 106, 3798 (1997).
205. M. M. Fuson, K. H. Hanser, M. D. Ediger, Macrvmoheades 30, 5714 (1997).
206. M. M. Fuson, M. D. Ediger, Macromoleades30 , 5704 (1997).
207. D. Bedrov, G . D. S m ith ,/ Chem. Phjs. 109, 8118 (1998).
208. C. R. A. Catlow, G. E. Mills, Electrochim. Acta 40 , 2057 (1995).
209. S. Neyertz, D . Brown, J. O. Thomas, Electrochnm. Acta 40, 2063 (1995).
210. K. Laasonen, M. L. K le in ,/ Chem. Soc., Faradaj Trans. 91, 2633 (1995).
21 1 . S. Neyertz, D . B ro w n ,/ Clsem. Phjs. 104, 3797 (1996).
212. B. K. -\nm s, M. Kim, G. D. Wignall, O. Borodin, G. D. Smith, Siacromolecules 33, 

7544 (2000).
213. O. Borodin, G. D. S m ith ,/ Phjs. Chjem. B 104, 8017 (2000).
214. Y  N. Plakhotnik, Y. V. Kovtun, V. B. Tul'chinskii, l-̂ opr. KJnm. Khim. Tekhmol. 81, 29 

(1986).
215. R. Iwamoto, H. W akano,/ .Am. Chem. Soc. 98, 3764 (1976).
216. R. Iwamoto, Bail. Chem. Soc. Japan 4 6 , 1114 (1973).
217. R. Frech, C. P. Rhodes, Poljmer Preprints (submitted).
218. H. Yoshida, I. Kaneko, H. Matsuura, Y. Ogawa, M. Tasumi, Cljem. Pljs. Lett. 196,

601 (1992).
219. Z. Gadjourova, Y. G. Andreev, D. P. TunstaU, P. G. Bruce, Katare 412, 520 (2001).
220. H. Dong, J. Hjain, C. P. Rhodes, R. Frech, R. A. Wheeler, submitted to /  Phjs. Chem.
221. S. E. Boesch, C. P. Rhodes, R. Frech, R. A. Wheeler, (in progress).
222. D. H. Johnston, D. F. Shriver, Inoi^. Chem. 32, 1045 (1993).
223. M. Petrowsk}’, C. P. Rhodes, R. Frech ,/  Soin. Chem. 30, 171 (2001).
224. Y. Takahashi, H. Tadokoro, Macromolecales 6, 672 (1973).
225. Y. Takahashi, I. Sumita, H. Tadokoro,/ .  Poljt?2. Sci. 11 (1973).
226. H. Tadokoro, Y. Chatani, T. Yoshihara, S. Tahara, S. Murahashi, Makromol Chem. 73, 

109 (1964).
227. P. G. Bruce, Electrochim. .Acta 40 , 2077 (1995).
228. R. J. Latham, R. G. Linford, Solid State Ionics 85, 193 (1996).
229. Y. G. Andreev, P. G. Bruce, Electrochnm. Acta 4 5 , 1417 (2000).

65



230. R. Frech, S. Chintapalli, P. G . Bruce, C. A. Vincent, Chem. Commun. 157 (1997).
231. R. Frech, S. Chintapalli, P. G . Bruce, C. A. Vincent, Macromolecuks 3 2 , 808 (1999).
232. Y. Chatani, S. Okamura, Po!ymer2'&, 1815 (1987).
233. Y. Chatani, Y. Fujii, T. Takayanagi, A. Honma, Polymer31, 2238 (1990).
234. P. Lightfoot, M. A. Mehta, P. G . Bruce, Science 262, 883 (1993).
235. Y. G. Andreev, P. Lightfoot, P. G . Bruce, Chem. Comm. , 2169 (1996).
236. Y. G. Andreev, G. S. MacGlashan, P. G . Bruce, Phys. Ren. B 55, 12011 (1997).
237. G . S. MacGlashan, Y. G. Andreev, P. G . Bruce, Nature 398, 792 (1999).
238. R. Frech, C. P. Rhodes, S. S. York, Mat. Res. Soc. Synrp. Proc. 548, 335 (1999).
239. W. G. Fateley, F. R. Dollish, N . T. McDevitt, F. F. Bentley, Infrared and Raman

Selection Rules fo r Moleadar and Lattice Nibrations: The Correlation Klethod (John Wiley & 
Sons, Inc., New York, 1972).

240. R. Frech, Macromoleades 3 3 , 9432 (2000).
241. S. P. Gejji, K. Hermansson, J. L indgren,/. Phys. Chem. 97, 3712 (1993).
242. S. P. Gejji, K. Hermansson, J. Tegenfeldt, J. Lindgren,/ .  Phys. Chem. 97. 11402

(1993).
243. W. Huang, R. A. WTieeler, R. Frech, SpectrochimicaMeta 50A, 985 (1994).
244. S. Schantz, L. M. Torell, J. R. Stevens,/. Chem. Phys. 94, 6862 (1991).
245. S. Chintapalli, C. Quinton, R. Frech, C. A. Vincent, Macromoleades 3^, 7472 (1997).
246. H. Menge, T. Steurich, Electrochim. Acta  39, 1971 (1994).
247. M. Mortimer, E. A. Moore, M. A. K. Williams, / .  Chem. Soc. Faradcry Trans. 91, 2871

(1995).
248. M. Begin, C. Vachon, C. Labrèche, B. Goulet, J. Prud'homme, Macromoleades 31, 96 

(1998).

66



I

6 7



ELSEVIER

Reproduced with pomission horn Solid Slate Ionics 121.91-99 (1999) 
O Copyright 1999 Elsevier Science.

SOUD
STATE
IONICS

Cation-anion and cation-polymer interactions in (PEO)^NaCFg SO^
(/I =  1—80)

Christopher P. Rhodes, Roger Frech*
Department o f  Chemistry and Biochemistry, University o f  Oklahoma, Norman, OK 73019-0370, USA 

Received 18 November 1997; accepted 4 December 1998

A bstract

Cation-anion interactions and cation-polymer interactions in the system (PEO),NaCF,SO) (I s  n £  80) have been 
snjdied using Raman and FTIR spectroscopy. In the dilute salt region (SOSn sSO) there are predominately free' ions and 
ion pairs present However at increasing salt concentration, two aggregate species are observed. The symmetric SO, 
stretching mode of one of the aggregate species appears at a frequency which is lower than that of the free' triflate anion 
(CF]S07). in contrast to behavior seen in the PEO-lithium triflate system. The cation-polymer interactions in high 
molecular weight PEO-sodium triflate do not appear to involve a local distortion of the -O -C -C -O - torsional angle, 
consistent with the crystal structure reported for the compound (PEO)NaCF]SO,. However such a distortion does appear to 
be present in the diglyme-sodium triflate system at salt concentrations n £20. @ 1999 Elsevier ScieiKe B.V. All rights 
reserved.

Keywords: Polymer electrolyte; Poly(ethylene oxide); Sodium inflate: Ionic association: Raman spectroscopy

1. Introduction

Although most o f  the interest in polymer elec­
trolytes has focused on lithium ion-conducting sys­
tems, their sodium ion-conducting analogs have also 
been the subject of much attention. Polyethers con­
taining dissolved sodium trifluoromethanesulfonate 
(triflate), NaCFjSOj, or sodium perchlorate, 
NaCIO^, have proven to be particularly fhiitfiil 
systems for vibrational spectroscopic studies of ionic 
association, since the frequencies o f several in­
tramolecular modes o f these anions are sensitive to 
cation-anion interactions. A recent study of the 
polyethylene oxide-sodium triflate system suggests

'Corresponding author.

that aggregate species may be involved in charge 
transfer [I]. Therefore the nature and concentration 
o f  the various ionic species is important to under­
stand the overall mechanism o f conductivity. The 
recent elucidation o f the crystal structure o f  a 
polyethylene oxide-sodium triflate compound with a 
1:1 stoichiometry [2], here abbreviated as 
(PEO)NaTf, provides useful guidance in examining 
ionic association in the (PEO).NaTf system. One o f 
the earliest studies of cation-anion interactions in a 
polyether containing dissolved sodium triflate was a 
study o f sodium triflate in 4000 molecular weight 
poIyiCpropylene glycol) reported by Schantz et al. [3]. 
The authors interpreted the three spectral features 
seen in the SOj symmetric stretching region as due 
to dissociated or 'free' ions, ion pairing, and multiple

0I67-Z738/99/S -  see front nutter O 1999 Elsevier Science B.V. Alt rights reserved. 
P lI: 3 0 1 6 7 -2 7 38(98)00534-7
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ion aggregates. They further noted a shift to a more 
highly associated ionic species with increasing salt 
concentration. In a later work, Schantz et al. studied 
the temperature dependence o f  ionic association in 
the same system [4]. Two previous vibrational 
studies o f  the PEO^NaTf system using low molecu­
lar weight PEO were conducted. Concentration-de­
pendent and temperature-dependent Raman spectra 
were reported by Kakihana et al. using PEO o f 
molecular weight 400 [S], and Brodin et al. using 
PEO o f molecular weight 400 and 1000 [6].

A number o f  other techniques have been used to 
characterize the (PEO ),N aTf system. Vosshage et al. 
reported work using X-ray photoelectron spectros­
copy, differential scanning calorimetry (DSC), 
theimogravimetric analysis, and X-iay diffraction 
[7]. Conductivity studies are reported by three 
groups [1,8-10]. ” Na NM R measurements have also 
been conducted [10]. The goal o f  this paper is to 
examine the cation-anion interactions and cation- 
polymer interactions using vibrational spectroscopy 
in (PEO),NaTf and (diglyme),NaTf over a wide 
range o f  PEO/oligom er-salt concentrations, de­
scribed in this paper by the ether oxygen:metal 
cation ratio 0 :M.

2. Experimental

2.1. Sample preparation

Poly(ethyIene oxide) (PEO) with an average mo­
lecular weight o f  4 X 10* was obtained from Aldrich 
and was dried in a vacuum oven at -50°C for 24 h. 
Sodium trifluoromethane sulfonate (NaTf) was ob­
tained from two sources, Aldrich and Fluka, and was 
dried under vacuum at — 100“C for 24 h. 2-Methox- 
yethyl ether (diglyme) was obtained from Aldrich 
and was used without further purification. Acetoni- 
trile ( <  0.3% H jO ) from EM Science was kept dry 
with molecular sieves. All reagents were stored in an 
argon glovebox.

Stoichiometric amounts o f PEO and NaTf were 
dissolved in acetonitrile and stirred overnight, then 
cast onto Teflon sheets and left standing at least 8 h 
to evaporate the solvent. Films were then placed in a 
vacuum oven and heated at ~50®C for - 1 2  h.

Diglyme complexes were prepared by dissolving 
appropriate amoimts o f  N aT f directly in diglyme and 
stirred ovemighL All preparation, casting and evapo­
ration o f (PEO).NaTf films and preparation of 
diglyme solutions were performed in an argon 
glovebox.

Raman spectra were recorded on an I.S.A. Jobin- 
Yvon T64000 spectrometer in the triple subtractive 
mode with a scan time o f  16 s and 10 accumulations. 
Data were recorded using a backscattering geometry 
with the laser focused through the 80 x  objective 
lens o f  an Olympus microscope. The 514.5 nm line 
o f  an argon ion laser operating at 300 mW power 
was used for excitation. Due to the possibility o f 
thermal excitation o f  the sample from the Raman 
laser focused through the microscope, no direct 
comparison o f Raman and IR band intensities was 
attempted.

Infrared spectra were recorded with a Broker 
1FS66V FT-IR spectrometer over a  range of 4000 
cm " ' to 400 cm "' at a resolution o f  1 cm " '. For the 
PEO-NaTf complexes, IR spectra o f  the free-stand­
ing films were taken in an evacuated sample 
chamber. IR spectra o f  diglym e-N aTf complexes 
were recorded using NaCl windows and a dry air- 
purged sample chamber. All Raman and IR spectra 
were recorded at ambient room temperature.

In comparing spectra o f  PEO -N aTf films taken o f  
different samples at the same nominal concentration, 
some differences in relative intensities o f  triflate 
bands were observed for the 50:1 to 20:1 con­
centration range. This may be due to slow crys­
tallization kinetics present in this concentration 
range.

All spectra were taken o f  thin films or liquid 
complexes except for the 1:1 PEO -N aTf Raman 
spectrum presented in Fig. 1. This compound was a 
solid that precipitated out o f  solution before casting 
and was subsequently filtered and heated under 
vacuum. DSC data o f  this compound was collected 
with a Mettler DSC 820 calorimeter over a range o f  
— lOO'C to 350°C. Analysis revealed the presence of 
an endotherm at ~320”C which was attributed to the 
presence o f crystalline (PEO)NaTf which has a 
reported melting point o f  330°C [2].

Curve fitting analysis was accomplished using a 
commercial program (Grams 386, Galactic Indus-
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tries). Spectra were curve-fit to a straight base line 
and one Gaussian-Lorentzian product function for 
each band using a non-linear least squares method.

3. Results and  discussion

3.1. Raman anti IR spectra o f the v fSO j) region 
o f PEO-NaCFjSOj

The concentration-dependent Raman spectra in the 
{'(SOj) region are presented in Fig. I. The Raman 
spectrum o f  pure PEO exhibits bands at 1073 c m " ' 
and 1062 c m " ' and very weak features near 1040 
cm "' which are subsequently observed as weak 
shoulders on the triflate bands. The feature at 1060 
cm "' at the 40:1 composition is attributed to the 
combination o f  the PEG band and a band from a  
triflate aggregate species whose band intensity in­
creases with increasing salt concentration. The broad

0:M

S
I
I

10:1

20:1

40:1g,

i 50:1

60:1

PEO,

1080 1060 1040 1020

Wavenumbeis (cm*̂ >

Fig. 1. Raman spectra of (PEO).NaCFjSO, in the «-(SO,) 
spectral region.

band centered at 1034 cm ” is shown by curve 
fitting (Fig. 3) to consist o f  two component bands, 
one at -1032  cm "' which is assigned to free' 
triflate ions and the other at —1037 cm "' to contact 
ion pairs. These data and corresponding assigiunents 
are in agreement with observations by Kakihana e t 
al. in a study o f  polyfpropylene oxide)-NaTf [11] 
and in studies o f  low PEO—NaTf by Kakihana et
al. and Brodin et al. [5,6]. In the concentration range 
from pure PEO to 50:1, the presence o f  mostly free' 
ions and ion-pairs is observed. At the 40:1 com­
position there is a very weak band at 1050 cm "' and 
a band centered at 1058 c m " ' which are attributed to 
ionic species designated as aggregate 1 and aggregate 
II, respccn'vely. The 1058 c m " ' band is also reported 
by K ^ihana et al. and Brodin et al. [5,6]. From the 
20:1 system to the 1:1 system, the relative intensity 
o f  aggregate II increases strongly, the intensity o f  
aggregate I increases slightly, and the intensities o f  
'free' ions and ion pairs decrease. Aggregate II is 
clearly the dominant species at high salt concen­
tration.

Fig. 2 presents the infrared spectra o f PEO.NaTf 
in the «'(SOj) region. The 1061 c m " ' PEO band 
decreases in relative intensity with increasing salt 
concentration. The i;(SO j) mode is strongly Raman 
active and only weakly IR active as expected, since 
this is a symmetric stretching mode. In the 80:1 
system, 'flee' ions at -1 0 3 2  cm " ' and ion pairs at 
—1037 cm "' are observed. At 40:1, a broad feature 
centered at 1052 cm "' and an additional weak 
feature at -1 0 2 5  cm " ' occur. The curve-fitted 
spectrum (shown in Fig. 4) shows the broad band 
centered at 1052 cm "' to be composed o f bands at 
-1 0 5 0  cm "' and -1 0 5 6  c m " '. The intensities o f  
the 1025 cm "', 1050 c m " ', and 1056 cm "' bands 
increase with increasing salt concentration.

The lower frequency band occurring at -1 0 2 5  
cm "' in the IR spectrum is not observed with any 
appreciable intensity in the Raman spectrum. The 
phenomenon o f a t;(SO ]) frequency lower than the 
free' ion frequency has also been reported in 

polyethers containing dissolved triflate salts o f lead
[12,13], tin [12], dysprosium, europium, lanthanum, 
ytterbium [14], and neodymium [14,15]. Although 
the increase of the 1024 cm " ' band intensity appears 
to be coincident with the increase o f the 1050 cm " '
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Fig. 2. IR spectra of (PEO).WaCF,SO, in the »'(SO,) spectral
region.

and 1056 cm "' band intensities, the data in this 
study do not allow a timt conclusion that the 
aggregate band(s) and the low frequency band origi­
nate in the same species. The existence o f two 
{'(SG3) bands originating in the same triflate species 
is expected if  the species is comprised o f at least two 
triflate ions. For example, coordination o f two oxy­
gen atoms, one each from two triflate anions, through 
a common sodium cation can easily result in the 
dynamical coupling necessary to produce two 
f /S O j)  modes at different frequencies.

The Raman and IR spectra o f  the PEO-NaTf 
system in the v.CSOj) region at high salt concen­
trations show a very strong band at a frequency 
indicating a highly associated species. However, 
there are also much weaker bands at triflate ion 
flequencies attributed to 'free' ions, ion pairs, and 
aggregate I. It is likely that the 1:1 system in this 
study consists primarily o f the crystalline 1:1 com­
pound, along with some amoiphous PEO containing 
dissolved NaTf. At lower salt concentration where

the aggregate II band is also seen, it is not possible 
to spectroscopically distinguish between the 1:1 
compound and a region in the polymer where a 
number o f  sodium ions interact with several triflate 
anions in addition to the ether oxygens o f several 
adjacent PEO molecules to produce a local structure 
which mimics the structure o f the compound.

Insight into the nature o f the aggregate II species 
is facilitated by examination o f the reported crystal 
structure for crystalline (PEO)NaTf compoimd [2]. 
Each SO] end o f  the triflate is coordinated to four 
sodium ions. Two oxygens, 0 (1 ) and 0 (2 ), coordi­
nate a single sodium ion, and the third oxygen. 0 (3 ) 
coordinates two sodium ions. The 0 (1 ) oxygen 
coordinates a sodium that is linked to a separate 
chain, resulting in extensive anion crosslinking o f  the 
chains. Thus, the triflate species in the crystalline 
compound is very highly associated, leading to an 
unusually high Raman frequency o f 1058 c m " '. 
Highly associated species are also observed in 
diglyme complexes with sodium triflate (shown later 
in Fig. 5) and sodium triflate dissolved in 2-MTHF 
(data not shown), where there is an intense band at 
1056 cm "' in both systems.

The relative intensity o f the high frequency aggre­
gate II species appears to depend on the PEO chain 
length. In the low A/, PEO complexes reported by 
Kakihana et al. and Brodin et al., the band due to 
aggregate II is lower in relative intensity than the 
bands o f  'free' ions and ion pairs over the reported 
concentration range [5,6]. In high M , PEO, the 
intensity o f the aggregate II band is much greater 
than the intensities o f 'free' ion and ion pair bands at 
high salt concentration.

3.2. Comparison o f  Raman and IR spectra o f  20:1 
PEO-NaTf in the v/SO j) region

Raman and IR spectra of the same 20:1 PE O - 
NaTf film were recorded. The 20:1 composition is 
presented as a representative sample, as similar ionic 
association effects are observed throughout the con­
centration range. Fig. 3 presents the curve-fitted 
Raman spectrum. The two high frequency bands at 
1073 cm " ' and 1061 cm "' are PEO bands which are 
clearly visible in the Raman spectrum o f pure PEO 
(Fig. 1). The curve-fitted spectrum identifies four 
triflate bands due to the triflate anion whose fre­
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Table I
Band frequencies and assignments o f (PEO)„NaCF,SO, obtained 
from spectral curve fitting (a) and band frequencies and assign­
ments o f  (diglyiiie),N'aCPjSOj in the • '(S O ,) region (b)

Waveaumben (cm ')

Fig. 3. Curve-fitted Raman spectra o f (PEC)„NaCF,SO, in the 
•'(SO,) spectral region.

quencies and assignments are presented in Table 1. 
The curve-fitted inftared spectrum o f  the same 
(PEO)joNaTf system is presented in Fig. 4. The 
1061 cm "' band is present in pure PEO at the same 
frequency. The remaining five bands in the curve-fit 
spectrum are triflate anion species whose band 
frequencies and assignments are summarized in 
Table 1.

In the IR spectrum o f  the 20:1 complex, both the 
‘free’ ion band and ion-pair band occur at or about 
the same frequencies as in the Raman spectrum. The 
aggregate I species is observed at the same frequency 
in both the Raman and IR spectrum, however the 
intensities relative to other species are very different. 
In the Raman spectrum, aggregate I appears as a 
relatively weak band, however in the IR spectrum 
the aggregate I species is observed with a greater 
band intensity than any other species. The frequency 
difference of the aggregate II species between the 
Raman and IR spectrum lies within the outer limits 
o f experimental error and may not be significant

(»)
•'(SO,) region 
Raman fnq.(cm ~') IR freq. (cm ') Assignment

- 1025 (Aggregate)
1032 1032 Free anions
1037 1037 Ion pain
1050 1050 Aggregate I
1058 -1056 Aggregate 11

5.(CF,) region
Raman freq.(cm* ) Assignment

753 Free anions
756 Ion pairs
761 Aggregate I
769 Aggregate II

(b)
Raman freq. (cm ' ) Assignment

1032 Free anions
1037 Ion pairs
1044 Aggregate 1
1056 Aggregate 11

3.3. Raman spectra o f  S fCFj)  region o f  P E O - 
NaTf

The £,(CF}> region is also sensitive to ionic 
association primarily through redistribution o f  elec­
tron density in the triflate anion when a cation 
interacts with the SO, end [16]. Fig. 5 presents the 
Raman spectra of the PEO -N aTf system in this 
region. The absence of polymer bands in this region 
compared with the ('(SO ,) region allows an un­
ambiguous assignment o f bands due solely to the 
triflate anion. Curve fitting establishes the frequen­
cies o f  the ionic species as follows: ‘fiee’ ions — 753 
cm " ', ion-pairs -7 5 6  cm " ', aggregate I -761  
cm " ', and aggregate II -7 6 9  c m " '. These data are 
summarized in Table I. Similar frequencies are also 
observed in the same region o f  diglym e-NaTf 
complexes (not shown). In the composition range 
from pure PEO to the 50:1 system, free" ions, 
ion-pairs, and the aggregate I species are present, 
although the latter is present as a weak band in the 
curve-fit spectrum. At the 40:1 concentration, aggre­
gate n  appears as a strong band and aggregate I
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Fig. 4. Curve-fitted IR spectra o f (PEO)j„NaCF,SO, in the 
t;(SO,) spectral region.

Wavenumbeis (cm*')

Fig. 5. Raman spectra o f (PEO),NaCF,SO, in the 5.(CF,) 
spectral region.

increases in relative intensity, clearly visible as a 
shoulder on the broad feature centered at 757 cm ” '. 
From 20:1 to 1:1. the aggregate II species increases 
in relative intensity, with 'free' ions and ion-pairs 
decreasing in intensity.

3.4. Infrared spectra o f  CH2 rocking region o f
PEO-NaCFjSOj

The bands occurring in the region o f  825 cm ” ' to 
870 cm” ' o f pure PEG have been assigned to modes 
consisting o f CH, rocking motions mixed with some 
CO stretching motion in which the -O —C - C - 0 -  
torsional angles o f  two adjacent monomeric units are 
in gauche configurations [17]. This assignment is in 
agreement with the observation o f  an 844 cm ” ' 
IR-active CH^ rocking mode in crystalline PEO 
which has all - O -C -C -O — torsional angles in 
gauche conformations [18]. Comparative spectro­
scopic studies o f  glymes, CH,(OCHjCHj)OCHj

with n =  1 to 4, conducted in our laboratory suggest 
that the CH; rocking vibrations o f  one OCHjCH; 
unit are significantly decoupled from the CH, rock­
ing vibrations o f  adjacent monomeric units [19]. 
Studies o f the PE O -L iT f system show that the new 
bands appearing in this region upon the addition o f 
the salt originate in the C H ; rocking vibrations o f a 
chain conformation in which the -O -C -C -O — 
torsional angle is decreased relative to its value in 
PEO [20]. This local structural modification o f the 
backbone is caused by the cations interacting with 
the oxygen atoms as the lithium ions are coordinated 
by the polymer. The infrared spectra o f PEO-NaTf 
in the CH; rocking region are presented in Fig. 6. 
There is a slight shift in band frequency and band 
broadening which occurs at high salt concentration, 
but no additional bands appear up to a concentration 
o f  5:1. A comparison with the lithium system argues 
that in high molecular weight PEO, there is no 
significant local distortion o f  the PEO backbone 
resulting from the coordination o f  the sodium ion by
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Fig. 6. IR spectrz o f (PEO).NaCFjSO, in the C Hj recking region.
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Fig. 7. Raman spectra o f  (diglyme).NaCF,SO, in the »>(SO,) 
spectral region.

the polyether oxygen atoms. This is consistent with 
the crystal structure o f (PEO)NaTf, which has a 
similar O -C -C -O  torsional angle (66*) to crys­
talline PEO (68.4° average) [2,18]. The spectra in 
this region further show that there is no local 
distortion o f  the polymer backbone by  the sodium 
ion by the polyether backbone at any concentration 
o f NaTf.

3.S. Raman spectra o f  v fS O j) region o f  diglyme—
NaCFjSOj

Diglyme is a low molecular weight oligomer of 
PEO. In the comparison o f high molecular weight 
PEO and diglyme, end effects and chain length 
effects might be expected to lead to differences in 
ionic association and cation-ether oxygen interac­
tions. The Raman spectra of diglyme-NaTf com­
plexes are presented in Fig. 7. The presence o f  four 
triflate species present are easily discernible over the 
concentration range. As presented in Table I, the

'flee ' ion frequency occurs at -1032  c m " ', the ion 
pair occurs at -1 0 3 7  c m " ', aggregate I at -  1044 
cm "', and aggregate II at -1056  cm "'. ‘Free’ ions 
and ion pairs occur at the same frequency as in high 
molecular weight PEO, whereas the b a n ^  o f aggre­
gate I and aggregate II occur at lower frequencies 
than their counterparts in high PEO. This carries 
the implication that the aggregate I and aggregate II 
species in diglyme may be structurally different than 
their counterparts in high A/. PEO. Fig. 7 shows 
‘free’ ions, ion-pairs and relatively small amounts o f  
aggregate I species present at very dilute salt con­
centrations up to the 20:1 system. At 10:1 the 
intensity o f the band due to aggregate I species 
increases and there is a new band corresponding to 
aggregate II which is present in relatively high 
intensity. The appearance o f  aggregate II with in­
creasing concentration is rather abrupt compared to 
the relatively smaller concentration dependence o f 
the band intensities flom the other species. The 
aggregate II species increases in relative intensity at
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a higher salt concentration o f  5:1. Similar trends in 
aggregate spéciation with increasing salt concen­
tration are also observed in sodium triflate complexes 
with high M ,  PEO (Fig. 1).

3.6. IR spectra o f  CHj rocking region o f  diglyme—
CFjSOj

Short chain length analogs o f  PEO, namely 
CH3(OCHiCHj),OCH3 with n =  2, 3 and 6, have 
been found to be good models o f  PEO in analyzing 
the normal vibrations o f  the polymer. Matsuura et al. 
have conducted detailed normal coordinate analysis 
on conformers o f  these model molecules and de­
termined that the terminal-group vibrations do not 
complicate the vibrations o f  the monomeric units 
[17]. The result o f this analysis is a well-defined 
correlation between conformation and vibrational 
spectra o f the extended poly(ethylene oxide) chain. 
Vibrational spectroscopy can be used to compare 
local structure o f ethylene oxide units between

diglyme-NaTf complexes and the local structure o f  
the ethylene oxide units in high Af. PEO -N aTf 
complexes. Fig. 8 shows the growth o f  a higher 
frequency band at 864 cm~‘ and a lower frequency 
band at 840 cm "' which are clearly visible in the 
10:1 and 20:1 systems. As stated previously, the 
growth o f  high and low frequency bands observed in 
PEO -LiTf systems have been attributed to a  change 
o f  the —O -C -C -O — torsional angle [20]. By anal­
ogy to the lithium system, the presence o f  these 
adAtional bands suggests that the coordination o f the 
sodium ion by the PEO chain involves a change in 
the -O -C -C -O — torsional angle. As presented in 
Section 3.4, high A/, PEO-NaTf complexes do not 
appear to involve a significant change in the - O - C -  
C -O — torsional angle. The PEO-sodium triflate 
system is therefore different than the PEO-lithium 
triflate system where the conformation o f the 
diglym e-LiTf complex is similar to the local con­
formation o f  the PEO-LiTf complex [20].

0:M

Î
10:19J

S

20:1

i 40:1

80:1

Diglyme,

900 880 860 840 820

Wavenumbeis (cm**)

Fig, 8. IR spectra o f (diglyme).NaCF,SO, in the CHj rocking 
region.

4. Conclusions

The published phase diagram describes two crys­
talline phases, PEO and the (PEO)NaTf compound, 
in the concentration range (PEO), NaTf (» =  1-60) 
at room temperature [21]. This study shows tfu t over 
this range there is also an amorphous PEO phase 
containing dissolved NaTf. This observation has 
consequences for battery applications, since con­
ductivity has been found to occur mostly in the 
amorphous regions o f  these polymer-salt systems. In 
the PEO-NaTf system there are at least four triflate 
species present: 'free' ions, ion-pairs, aggregate I, 
aggregate II, and (possibly) the species responsible 
for the band at 1024 cm "'. Aggregate II is attributed 
to the (PEO)NaTf compound, although a t inter­
mediate concentrations where aggregate II first ap­
pears, this species may be a localized structure which 
is similar to the extended PEO-sodium ion—triflate 
ion structure o f the compound. Since the (PEO)NaTf 
compound is highly anion crosslinked [2], the pres­
ence o f  aggregate II suggests extensive intermolecu- 
lar crosslinking at intermediate and high salt con­
centrations.

The relative intensity o f the aggregate II species is 
significantly larger in high molecular weight PEO—
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NaTf systems than in low molecular weight PE O - 
NaTf systems at similar 0 :M  ratios. This suggests 
that in the high PEO system formation o f the 
(PEO)NaTf compound (or local structures similar to 
the (PEO)NaTf compound) is energetically favored 
and probably involves a chain length effect. In 
addition, the coordination o f  the sodium ion by high 

PEO does not appear to involve a significant 
change in the -O - C - C - O — torsional angle whereas 
coordination o f  the sodium ion by diglyme does 
appear to shift the torsional angle.
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Abstract

A  sym m etry-based fac to r g roup  an a ly s is  is  app lied  to  the crystalline com pounds (P E O ),L iC F ]S O ] an d  (PE O )N aC F ,S O _ ,, 
focusing  on the v ibrational m odes o rig in a tin g  in  th e  intram olecular m otion  o f  the trifla te  an ion . T he dyn am ic  c o u p lin g  o f  th e  
trifla te  anions in the un it cell y ie ld s  a  v ib rational m ultip let w hose com ponents ex h ib it d ifferent spectral a c tiv itie s . 
Experim entally , the R am an an d  IR  sp e c tra  o f  th e  tw o  com pounds d isp lay  m ultiple b an d s  in  the v ,(S O ,)  an d  S .(C F ,)  spec tra l 
regions. In the B .C C F,) spectral reg io n  o f  each  com pound, the frequencies o f  th e  R am an an d  IR  bands a re  n o n -co in c id en t 
an d  d iffer by - S  c m " ' .  T h e  freq u en cy  d ifference indicates a  m odest am ount o f  dynam ical coupling  betw een th e  trifla te  
an ions in the crystal. T h e  spec tro sco p ic  analysis o f  o ther m odes such as 6 „ ( C F ,) ,  5 , ( 5 0 , ) .  and 5 „ ( S 0 , )  p ro v id es usefu l 
inform ation  about ion ic  in teractions in th e  crystalline com pounds. ®  2000 E lsev ie r S cience B.V. A ll righ ts reserved .

Keywords: Polymer electrolyte; Poly(ethylene) oxide; Lithium trifluoromethanesulfonate; Sodium trifluoromethanesulfonate; Raman 
spectroscopy; Infrared spectroscopy

1. Introduction

Polymer electrolytes have been the focus of 
intense research efforts due to their potential applica­
tions in rechargeable batteries and electrtKhemicai 
sensors. Systems o f poly(ethylene oxide) (PEO) with 
dissolved lithium trifluoromethanesulfonate 
(LiCFjSOj; LiTf) and PEO with dissolved sodium 
trifluoromethanesulfonate (NaCFjSO,; NaTf) have 
received considerable attention. At room tempera-

•Corresponding author. Fax: +1-405-323-6111. 
E-m ail address: rAech@ou.edu (R. Frech).

ture, these systems have been shown to be multi­
phase systems consisting o f crystalline PEO. a 
crystalline polymer-salt complex, and an amorphous 
phase [1-5]. In this study we present a symmetry- 
based vibrational analysis of the crystalline 3:1 
PEO-LiTf compound, abbreviated as (PEO),LiTf, 
and the crystalline 1:1 PEO-NaTf compound, ab­
breviated as (PEO)NaTf.

Vibrational analysis has been a powerful tool to 
determine the structure of polymer electrolytes. The 
intramolecular modes of the trifluoromethanesulfo­
nate (CF3SO7 ) or triflate (Tf") anion, in particular 
the SOj symmetric stretch v,(SOj) [6] and the CFj 
symmetric deformation 5,(CFj) [7,8], have been 
used to examine ionic association in polymer elec­
trolytes containing this anion.

0167-2738/00/s -  see fient matter C  2000 Elsevier Science B.V. All rights reserved. 
P lI : 30167-2738(00)00608-1

7 8

http://www.elscvicr.com/Iocate/ssi
mailto:rAech@ou.edu


1132 C f. Kfiodes. R. Frtdi /  Solid State lomics 136-137 (2000) 1131-1137

There are a number o f  motivations for this study. 
Firstly, vibrational spectra show the bands o f  all the 
phases presenL Earlier studies demonstrated that at 
moderate salt concentrations the v,(SOj) and the 
5,(CF]) modes have multiple bands in both the 
PEO-LiTf [9] and the PEO-NaTf systems [10], 
although only one band in each o f  these spectral 
regions would be predicted for the isolated inflate 
anion. It was unclear if  the multiple bands originated 
in the crystalline compound or were due to the 
presence o f an amorphous phase containing dis­
solved salt. Secondly, many o f the previous studies 
have used exclusively either Raman or infrared 
spectroscopy. Studies using both techniques are 
needed for a full vibrational analysis. Given the 
space group and unit cell occupancies from the X-iay 
crystal structures o f  both crystalline (PEO), LiTf [11] 
and crystalline (PEO)NaTf [12], factor group corre­
lation methods can be applied to the systems and the 
results compared to observed spectra. This study will 
focus on the triflate anion modes o f the compounds 
with the polymer modes to be presented in a further 
publication.

2. Experimental

Poly(ethylene oxide) with viscosity average mo­
lecular weight A/, ca. 1 x  lO’ was obtained from 
Aldrich and dried under vacuum at 50°C for 48 h. 
Lithium trifluoromethanesulfonate (98%) was ob­
tained from Aldrich and dried under vacuum at 
IOO°C for 48 h. Sodium trifluoromethanesulfonate 
was obtained from Aldrich (98%) and Fluka (97%) 
and dried under vacuum at IOO°C for 48 h. All 
reagents were stored and manipulated in a dry 
nitrogen glovebox (Vacuum Atmospheres) with £  1 
ppm moisture.

For preparation o f  the crystalline (PEO), LiTf 
compound, stoichiometric amounts of the dry pow­
ders were thoroughly groimd together - in the 
glovebox with a mortar and pestle. The powders 
were transferred to an 8-mm glass ampoule that was 
sealed under vacuum. To promote intimate mixing o f 
the reagents, the samples were heated at 100°C for 
12—24 h. The samples were then heated to 170"C for 
4 h and further aimealed at 100"C for 9 days. The

annealed samples were transferred back to the 
glovebox. An identical procedure was used to pre­
pare the crystalline (PEO)NaTf compound except for 
the heating temperatures. After heating the glass 
ampoule containing the PEO and N aT f powders at 
100°C for 12—24 h, the sample was heated to 275”C 
for 5 h and then annealed at 100”C for 5 -6  days.

Differential scanning calorimetry (DSC) measure­
ments were taken on a Mettler DSC 820 calorimeter 
from 25 to 250'C for (PEO), LiTf o r 25-350"C for 
(PEO)NaTf at a rate o f  10”C/min tmder a 87 m l/ 
min nitrogen purge. The samples were sealed in 
aluminum crucibles in the glovebox. X-ray diffrac- 
tograms were recorded at ambient conditions from 
5 £ 2 0  £ 7 0  in 26 steps o f 0.05° on a Rigaku D/ 
4MAX automated diffractometer using Cu K a  radia­
tion.

Raman spectra were recorded on an I S A. Jobin- 
Yvon T64000 in the triple subtractive mode with a 
16-s acquisition time and 10-16 accumulations using 
a backscattering geometry. The 514-iun line o f  an 
argon laser focused through an x  80 microscope 
lens was used for excitation. Possible thermal heat­
ing o f the samples from the focused Raman laser has 
been a concem. Due to fluorescence, the samples 
were bleached at 100 mW for at least 15 min prior to 
measurement. Longer bleaching times and a higher 
laser power (200 mW) resulted in better signal to 
noise ratios. Comparison o f initial spectra to spectra 
taken with longer bleaching times and the higher 
laser power showed no observable differences. In 
addition, 90° Raman scattering o f (PEO)NaTf in a 
sealed capillary tube was collected without sampling 
through the microscope and showed the same band 
frequencies and intensities as spectra taken in the 
backscattering geometry through the microscope.

Infrared spectra were recorded with a Bruker 
IFS66V FT-IR spectrometer in an evacuated sample 
chamber in the region 4000—200 c m " ' and at a 
resolution o f  1.0 cm "'. Samples were prepared both 
as KBr pellets and as Nujol mulls. Both methods 
yielded essentially identical results. Bands in the IR 
and Raman spectra were curve-fit using a non-linear 
least-squares method with a commercial program. 
Grams 386* (Galactic Industries) using a straight 
base line and one Gaussian-Lorentzian product 
function for each band.

7 9
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3. Results and  discussion

3.1. Symmetry-based vibrational analysis

Recent vibrational studies o f polymers with dis­
solved triflate salts have considered * e  enviroiunents 
o f the triflate anions to be perturbations o f  the 
isolated triflate anion. Mode assignments for the 
obser/ed bands o f  the isolated triflate anion and die 
triflate associated with lithium ion(s) have been made 
from ab initio calculations and isotopic substitution 
[7,13-IS]. In the crystalline (PEO ),LiTf and 
(PEO)NaTf compounds, each triflate anion occupies 
symmetrically equivalent positions in the crystal 
lattice, therefore the potential energy environment o f  
each triflate anion is necessarily the same. From our 
observation o f  multiple bands in the v,(SO ]) and 
5 ,(C Fj) modes in the PEO-NaTf system, we consid­
ered that coupling between multiple triflate anions 
may occur in the highly ordered crystalline complex.

The unit cells o f  both (PEO)jLiTf and (PEO)NaTf 
belong to the space group and contain four 
triflate anions per unit cell [11,12]. The full factor 
group describes the vibrational modes within the unit 
cell o f a crystal. In a previous publication we have 
shown that the full fhctor group analysis, which 
neglects specific bonding interactions, predicts more 
modes than observed [16]. The vibrational modes o f 
the triflate anions are not independent from each 
other but rather are correlated through intermolecular 
forces. The factor group correlation field method 
provides a description o f these correlated molecular 
vibrations in terms o f the irreducible representations 
o f the factor group [17]. In this case the isolated

triflate anion is taken as having symmetry 
(staggered configuration), i.e. its vibrations can be 
classified under the C,„ point group, and all atoms in 
the unit cell other than the atoms o f the triflate 
anions are neglected. The center o f  mass o f  the 
triflate anion occupies a  specific WyckofT site o f C, 
symmetry. The site group is a subgroup o f  the unit 
cell qiace group C „ .  The general procedure pre­
sented elsewhere [17] correlates the irreducible 
representations o f the point group to those o f the site 
group. These irreducible representations in turn are 
correlated to the factor group. A  visual representa­
tion is presented in Table I. The result o f the 
analysis is that a mode o f  A , symmetry in the 
isolated Tf~ anion results in four factor group modes 
whose symmetry species are described by Eq. (1),

= + + (1)
Similarly, the correlation o f  an isolated triflate E  
mode to the factor group modes is described by Eq. 
(2).

IX£) = 2A^+2B^+2A,-h2B,. (2)
The A^ and modes are Raman active and the A^ 
and a ,  modes are IR active. O f course the fre­
quencies and intensities o f  the bands cannot be 
predicted by symmetry methods. This analysis ap­
plies to both the crystalline (PEG)] LiTf and 
(PEO)NaTf compounds.

3.2. Vibrational spectra o f  the triflate bands

The high degree o f crystallinity o f the materials 
was confirmed by XRD and DSC measurements. For

Table I
Factor group correlation o f  intramolecular triflate vibrations in a C „  crystal

Mode Point group 
(C ,J

Site group 
(C.)

Factor group
(CL)

v.(SO ,).8,(C F,).S .(SO ,)
A. ^  A ,

-  "  ^ B,
8„(CF,). 8 „ (S 0 ,)

E
\

B .

8 0
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(PEO)3LiTf, the DSC thennogram displays a single 
endotherm with an onset temperature o f 172‘C and a 
peak at ISS’C corresponding to the melting o f  the 
crystalline compoimd [18]. X-ray diffraction patterns 
o f the (PEO)]LiTf samples matched the published 
powder pattern [11]. For (PEO)NaTf, DSC measure­
ments identified a single melting endotherm with an 
onset temperature o f 310°C and a peak at 331”C 
which matched the reported melting temperature 
[12]. The measured X-ray difhaction peaks 
(PEO)NaTf were indexed to the published powder 
pattern [12].

The CF3 symmetric deformation 8,(C F ,) has been 
well established to reflect the ionic association o f  the 
triflate anion at the SO, end through electronic 
redistribution [7,8]. The irreducible representation of
5,(C p3) mode in the isolated anion is o f  X, symme­
try so the vibrational multiplet structure in the crystal 
is described by Eq. (1). Fig. 1 displays the Raman 
and IR spectra o f the crystalline (PEO ),L iTf and 
(PEO)NaTf compounds in the 8,(CF]) region. For 
the Raman spectrum, die symmetry analysis predicts 
two modes, one of X , and one o f  S , symmetry. The 
Raman spectrum o f (PEG), LiTf identifies a band 
centered at 766 cm "', which is either two coincident 
bands, or two bands that are very close in frequency. 
The IR spectrum o f  (PEO)jLiTf displays a slightly 
asymmetrical band centered at 761 c m " '.  Curve- 
fitting o f  the IR spectrum yields a minor band at 766 
cm "' and a major band at 761 cm " '. These modes 
are of X , and symmetry, however without 
polarized spectra of oriented single crystals, the 
symmetry labels o f  the bands cannot be unambigu­
ously assigned.

For (PEO)NaTf, the symmetry analysis predicts as 
above that the Raman spectrum should contain an X, 
and a mode, and the IR spectrum should contain 
an X„ and a mode. The Raman spectrum of 
(PEO)NaTf displays a feature centered at 773 cm "'. 
It is possible that this band is a single band, but 
again the band may be the X, and modes that are 
either coincident or separated by a very small 
frequency difference. The IR spectrum o f  the
6,(CFj) mode o f (PEO)NaTf is clearly asymmetri­
cal. Curve-fitting o f the IR spectrum o f  (PEO)NaTf 
identifies a band at 771 cm "' and a band at 767 
cm "', one being the X„ mode and the other the R. 
mode. Table 2 summarizes the Raman and IR

e

I

780 770 750760
Wavenumbers (cm*')

Fig. I. Raman and IR spectia o f the crystalline (PEO),LiTf and 
(PEO)NaTf compounds in the S,(CF,) region. (A) Rarnan spec­
trum o f (PEO),LiTf; (B) IR spectrum of (PEO),LiTf; (C) Raman 
spectrum o f (PEO)NaTf; (D) IR spectrum of (PEO)NaTf.

frequencies o f the 8,(C F,) modes in the two com­
pounds.

The SO3 symmetric stretch v,(S03) is particularly 
sensitive to ionic association since the oxygens o f  the 
triflate interact directly with the cations o f  the salt 
[7). Since the mode is also o f X, symmetry, the 
v.(SOj) modes in the crystal are also given by Eq. 
(1) with the same spectral activities. Fig. 2 displays 
the Raman and IR spectra o f  the crystalline 
(PEO)]LiTf and (PEO)NaTf compounds in the 
v,(SO ,) region. For (PEOjjLiTf, curve-fitting o f  the 
Raman spectrum identifies bands at 1061 and 1051 
cm "'. Crystalline PEO has a Raman active band at 
about 1063 cm "' [10,19]. It is probable that the 1061 
cm "' band in the Raman spectrum o f (PEO),LiTf is 
a PEO band. From this assumption, the 1050 cm "' 
band contains one or both of the X , and modes. 
The IR spectrum o f (PEO), LiTf in the v,(SO ,)

8 1
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Table 2
Raman and infrared frequencies o f the triflate ion modes in 
(PEO),LiTfand (PEO)NaTf

Mode Raman (cm*') IR (cm*')

(PEO),LiTf
".(SO,) 1051

1044 (biuad)
8,(CF.) 766 766

761
5,(SO,) 645

641 (broad)
5.,(CF,) 588

583 582
576

8..(SO,) 521

(PEO)NaTf
".(SO,) 1064 (?) 

1056 (?)

1030 (?)
1049 (broad)

8,(CF,) 773 771
767

8,(S0,) 655
641 (broad)

8..(CF,) 588 584
577
526 (?)

8..(SO,) 518 (?)

region is sufficiently broadened as to prevent useful 
spectral deconvolution. The high frequency shoulder 
at -1054 cm ~‘ shifts in the deuterated sample 
(PEO-d,)jLiTf (unpublished data), and is therefore 
due to a polymer mode. Given that the broad feature 
centered at 1044 cm ~' remains in the deuterated 
sample, the and modes must be contained 
within this broad feature.

For the v,(SOj) region o f (PEO)NaTf, curve- 
fitting o f  the Raman spectrum identifies bands at 
1064, 1056 and a m inor band at 1030 cm "'. As 
mentioned above, crystalline PEO has a Raman- 
active band at 1063 cm ” '.  The concentration-depen­
dent spectra o f  (PEO)^NaTf with x =  1-80 show the 
gradual disappearance o f  the 1063 cm ' crystalline 
PEO band with increasing salt concentration [10]. 
The intensity o f  the band at 1064 cm” ' in 
(PEO)NaTf argues that this feature is due to a triflate 
anion v,(SOj) mode o f  the compound. However 
without further data, the possibility o f a polymer 
band in this region still exits. Therefore, one or both

I
b
2
-8
<

1080 1060 1040 1020 1000
Wavenumbers (cm*')

Fig. 2. lUiiun and IR spectra o f the crystalline (PEO),LiTf and 
(PEO)NaTf compounds in the v,(SO,) region. (A) Rarnan spec­
trum o f  (PEO),LiTf: (B) IR spectrum o f (PEO),LiTf; (C) Rarnan 
spectrtim o f  (PEO)NaTf; (D) IR spectrum o f  (PEO)NaTf.

o f  the 1064- and 1056-cm” ' bands are due to the 
and ffg modes. The weak 1030 cm ” ' band is an 
interesting feature that deserves further analysis. 
Previously we have suggested that triflate anion 
coupling may be responsible for this band. The mode 
may also originate ftom vibrations o f  the PEO chain 
in the compound.

As in the case for (PEG), LiTf, the IR spectrum o f  
(PEO)NaTf in the v,(SOj) region is rather compli­
cated with multiple bands clearly observed. From our 
symmetry analysis, we expect to see the triflate anion 

and g ,  modes somewhere within the broad 
feature centered at 1049 cm ” '. Despite the lack o f  
resolution, the frequency diflerence o f  the v ,(SO ,) 
modes in the Raman spectrum and the IR spectrum 
can be observed in Fig. 2. It is probable that polymer 
modes contribute to the complex band structure in 
this region. Further analysis with isotopic substitu­
tion will assist in band assignments. Table 2 summa­

8 2
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rizes the Raman and IR frequencies o f  the w,(SO]) 
modes in the two compounds.

In spectroscopic studies o f  triflate-containing poly­
mer electrolytes, attention has been focused almost 
exclusively on the 8,(C F j) and w,(SOj) modes. 
However, other triflate modes should show effects o f  
both ionic association and coupling between the 
triflate anions in the crystalline compounds. Fig. 3 
displays the Raman and inflated spectra for 
(PEO)jLiTf and (PEO)NaTf in the 700-500-cm "' 
region. Three triflate bands are identified in this 
region: the SOj symmetric deformation 5,(SO]). the 
CFj antisymmetric deformation 6„(C F j) and the 
SOj antisymmetric deformation 5,,(SO j).

The bands around the 640 cm "' region have been 
assigned to predominately 8 ,(5 0 , ) with a contribu­
tion o f  5 ,(C Fj) motion, from here on abbreviated as 
0,(SOj) [13.14]. Since the 8 ,(5 0 ,)  mode is o f  X, 
symmetry, its vibrations in the crystal are given by

Î
2
•e<

550650 600700 500
Wavenumbers (cm'*)

Fig. 3. Raim a and IR sp eetn  fo r (PEO),LiTf and (PEO)NaTf in 
the 700-S00.cm '‘ region. (A) Raman spectnim o f  (PEO),LiTf; 
(B) IR spectnim o f  (PEO),LiTf; (C) Raman spectrum o f 
(PEO)NaTf: (D) IR spectrum o f  (PEO)NaTf.

Eq. (I) . The Raman spectra o f  (PEO ),LiTf and 
(PEO)NaTf display very weak components at 645 
and 655 cm "', respectively. The symmetry prop­
erties o f  these modes may be either X , or The IR 
spectrum o f (PEO),LiTf displays a very broad band 
centered at 641 c m " ', and the IR spectrum of 
(PEO)NaTf also has a very broad band centered at a 
similar frequency. Although the presence o f  a poly­
mer band may contribute to the broad feature, only 
two triflate anion bands are expected in this region.

The modes occurring around the 570 cm " ' region 
have been assigned to 8„ (C F ,)  with a contribution 
from 8 „ (5 0 ,)  motion, from here on abbreviated as 
8„(C F j) [13.14], This mode Is o f  E  symmetry so the 
band structure is given by Eq. (2). The Raman 
spectrum o f (PEO),LiTf displays a single band at 
583 cm "' which is either X , or The IR spectrum 
o f  (PEO)jLiTf spectrum is much better curve-fit 
with three bands than two, with frequencies o f 588. 
582 and 576 cm "'. Multiple bands are expected 
since the symmetiy analysis predicts four IR-active 
bands, 2X, and 2B^. The Raman spectrum o f 
(PEO)NaTf displays a single band o f  X , or 3 ,  
symmetry at 588 c m " '. Curve-fitting o f  the IR 
spectrum has band components o f  X ,  or R, symme­
try at 584 and 577 cm "'.

The region around 520 c m " ' contains the modes 
assigned to 8„(SO ,) with a significant contribution 
o f  8„(C F ,). from here on abbreviated as 8„(SO ,)
[13.14], The mode is o f  £  symmetiy so the bands are 
described by Eq. (2). This region is complicated by 
pure PEO bands in the Raman spectrum at 534 cm "' 
and in the IR spectrum at 529 and 509 cm "' [19]. 
No appreciable Raman activity o f  the 8 „ (S 0 ,)  
modes is observed in (PEO),LiTf. While there 
appears to be at least two bands present in the IR 
spectrum o f (PEO),LiTf the component at 528 
cm "' shifts in the deuterated (PEO -d,),L iTf and 
therefore results from a polymer mode. There may 
be one or two modes o f either X , or £ ,  symmetry 
contained within the 521 c m " ' feature in the IR o f 
(PEO),LiTf. The (PEO)NaTf compound shows simi­
lar patterns. No appreciable Raman activity for the 
8 „ (5 0 j)  mode is observed. Data for (PE O ^,)N aT f 
is not presently available, but it is expected that the 
band at 526 cm "' is probably a  polymer band. 
Therefore the 518 cm "' band in the IR spectrum o f 
(PEO)NaTf may contain either or both o f the X , and

8 3
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modes. Triflate anion band frequencies and 
spectral activities for (PEO), LiTf and (PEO)NaTf in 
the 700—500-cm” ‘ region arc summarized in Table
2 .

4. Conclusions

A symmetry-based vibrational analysis using the 
factor group correlation method has been used to 
describe die vibrational multiplet structure observed 
in the crystalline compounds (PEO ),LiTf and 
(PEO)NaTf The triflate intramolecular modes o f 
interest here are either o f X, or £  symmetry in the 
isolated anion. The multiple occupancy o f  the unit 
cell by four triflate anions in each compound requires 
that each isolated anion mode o f  A , (£ ) symmetry 
results in four (eight) independent modes in the 
crystal. The presence o f an inversion center in the 
space group operations o f  both compounds divides 
the predicted vibrational multiplet o f  each spectral 
region equally into Raman active, infrared inactive 
modes and infrared active, Raman inactive modes. 
The effects of this are manifested in the general 
non-coincidence of band frequencies in the Raman 
and infrared spectra observed in each spectral region 
discussed in this paper. This non-coincidence is 
especially dramatic in the 5,(CF,) region as shown 
in Fig. I, where there is a —5-cm~‘ difference 
between the infrared-active and Raman-active 
modes. This frequency difference indicates a modest 
amount o f dynamical coupling between the triflate 
anions in the crystal.

This work also emphasizes the importance o f 
vibrational modes other than v,(SO ,) and 6,(C F,) in 
spectroscopic studies o f triflate-containing polymer 
electrolytes. The observation of Actor group multi­
plet structure in the 8„(C F ,) spectral region o f the 
two crystalline compounds suggests that this mode 
can provide useful insight into local structure and 
ionic interactions in these and related systems. In 
addition, multiple bands observed in the infrared 
spectra o f  the 5,(SO ,) and 8„(SO ,) regions may 
also yield useful information, a lth o u ^  these regions 
are complicated by the presence of PEO bands. It is 
interesting to note that the Raman spectra in these 
two regions are almost featureless, possibly due to 
very weak polarizability derivatives associated with 
the 8 ,(S 0 ,)  and 8 „ (S 0 ,)  modes.
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ABSTRACT: A vibrational study of the polymer electrolyte compound polyfethyiene oxIdelcrLiAsF* is 
reported. A symmetry-based factor group correlation method is applied to interpret the olHerved bands. 
The Raman mod infrared  spectra of the compound are  consistent with th e  reported crystal s tru c tu re . The 
vi mode, which appears a t  685 cm*', identifies the anions a s  being spectroscopically free*. M ultiple bands 
in the vj spectral region are interpreted as resulting fram the  dynandcal coupling of the four AsF*~ anions 
in the unit celL T he p(CHz) region shows multiple bands th a t arise from the complex conformations of 
the polymer backbone.

1. Introduction
Polymer electrolytes are of considerable interest due 

to their potential applications in rechargeable batteries 
and other electrochemical devices.'** Investigation of 
cation-polymer and cation-anion interactions is es­
sential to understanding the microscopic mechanism of 
ionic transport in polymer electrolytes. The study of 
crystalline phases in certain poly(ethylene oxide)—alkali 
metal salt systems yields the structures and bonding 
geometries in these systems'*-* and provides insight into 
the local structure of the amorphous phase.* ̂  which is 
primarily where ionic conductivi^ occurs.*-*

Ionic transport in poly(ethylene oxide)—salt systems 
is coupled to the segmental motion of the polymer 
host.'"-" Although the specific nature of tire segmental 
motion is not known, it is generally considered that 
segmental motion involves changes in tfie conformation 
of the polymer backbone. Analysis of crystalline polymer- 
salt structures*-* and vibrational spectroscopic studies 
of polymer—salt systems'*” '* sfiow that the conforma­
tion of the poly (ethylene oxide). PEO. backbone is 
altered upon complexation to cations. Ab initio calcula­
tions have been used to determine the relative energies 
of various conformational sequences and model the 
energetic barriers for the migration of a lithium ion.'*”** 
Molecular dynamics simulations have been used to 
examine the relative populations of various conforma­
tional sequences.*'-**

The extent and nature of ionic association is also a 
critical factor in the ionic conductivity and transport 
properties of the electroyte.** Vibrational spectroscopy 
has proven to be a powerful tool to examine the ionic 
association of the salt anion.'*-**”** In particular, we 
consider the determining the vibrational signatures of 
the crystalline polymer—salt compounds to be crucial 
to investigating the local structure in amorphous and 
muitiple-phase polymer electrolytes. We have recently 
studied the crystalline compounds P(EO):NaCF]SO] and 
PCEOa.UCFjSOs and have interpreted multiple CF3SO3* 
anion bands as resulting from coupling of the vibrational 
modes in the crystal.**

The structure of the crystalline compound poly- 
(ethylene oxidelgiLlAsF; (abbreviated P(EO)c:LiAsFt).

* To whom correspondence should be addressed.

wtiich was elucidated from X-ray diffraction patterns, 
has f>een recently reported.** This structure Is strikingly 
different from those of other polym er-salt compounds 
in tha t there is rw coordination of the  lithium ions by 
the anions. Therefore, it is of interest to examine the 
local environment of the hexaRuoroarsenate anions by 
vibrational spectroscopy, with the expectation th a t the 
AsFc” mode frequencies would correspond to those of a 
‘spectroscopically free* anion. A study of the polymer 
modes in P(EO)s:LlAsF, furthers our knowledge of the 
relationship between vibrational frequencies and spe­
cific conformational sequences. Mid-infrared and Rarnan 
spectra of the P(EO)«:LlAsFg compound have been 
recorded, and the vibrational analysis is presented.

2. Experimental Section
PEO. Mm =  4 % to*, was obtained from  Aldrich and  dried 

u nder vacuum a t  SO *C for 24 h. Thin film s were m ade by 
casting a  solution of PEO in acetonitrile onto Teflon sheets. 
The P(EO)<:LiAsFi compound was obtained from Professor 
P e ter Bruce. St. Andrews University. To prepare  the  sam ple, 
dried PEO and LlAsF, were ground together in a n  inert 
atmosphere glovebox a t liquid N; tem peratu re, sealed in a  
capillary tube, heated, and annealed. 'The sam ple w as char­
acterized by powder X-ray diffraction. D etails on the  p repara­
tion method and the experimental instrum entation  can be 
found in ref 28.

After being shipped in a  sealed vial, th e  P(EO)«:LlAsF* 
sam ple was transferred directly to a  d ry  Nz glovebox (VAC 
Corp.. £ l  ppm moisture). Raman and m id-iitfrared spectra 
were recorded on the as-received sample. Infrared spectra were 
recorded with a Bruker IFS66V FT-IR spectrom eter over a  
range of 4000—4G0 cm*' with a  resolution of 1 cm *'. Mid- 
infrared spectra were taken as KBr pellets. Ram an scattering 
spectra were recorded on an I.S.A. Jobin-Yvon T64(X) In the 
triple subtractive mode with a scan tim e of 16 s and  10 
accumulations using a  180* geometry. T he 514 run line o f an  
argon laser focused through an 80x microscope lens w as used 
for excitation. The laser was operated a t  300 mW. and  the 
power a t  the sample was 50-100 mW. Local heating o f the 
sam ple by the focused beam was not observed in  sim ilar 
systems.*’

3. Results and Discussion
A. Symmetry Based V ibratlonai Analysis. The

Isolated AsF*” anion has octahedral symmetry, and the 
symmetries of the six iHxmal vibrational modes are 
described by the irreducible representations of the O t,

10.1021/ma0008387 CCC: *20.00 e  2001 American Chemical Society 
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Table 1. F a c to r  C ro u p  C orreladon o f  In traa io iacu lar 
AsF«~ V ibrations In a  Cu* Crystal

Mode PoiaCiasp

(OD
SileCfOip

(C.) (Ca*)

A

A .

point group according to

r(A sFgl =  A „  +  E , +  2F,„ +  F j, +  F,„ (1)

The fundamental vibrations, mode labels, and spectral 
activities of the AsFs~ ion based on an octahedral 
geometry have been reported.** The crystalline com­
pound P(EO)s:LlAsFs belongs to the space group.** 
with four AsFs' anions in the unit cell. Within the 
crystal the vibrations of the AsF(~ anions are not 
isolated from each other but are correlated through 
intermolecular forces. The factor group method provides 
a description of the correlated molecular vibrations as 
they transform according to the irreducible representa­
tions of the factor group.™ We have previously applied 
this method to interpret the triflate anion modes in the 
crystalline compounds PfEOjsrLiCFsSOr and P(EO): 
NaCFjSOj.** In the P(EO)s:LiAsFe compound the As 
atoms occupy general 4e positions.*' and accordingly the 
site symmetry of the AsF«~ anions is C|. The restions 
between the irreducible representations of the isolated 
anion, its site group, and the correlated vibrations of 
the full unit cell are calculated by standard methods™ 
and are summarized in Table I. In this paper we will 
consider only modes originating in the isolated ion A,, 
and Flu modes. Table 1 shows that these isolated ion 
vibrations result in the following factor group modes:

r(A „) = A ,-h B , +  Au +  Bu (2)

F (F i J  =  3A, -h  3B, -t-3Au+ 3B„ (3)

B. Vibrational Modes o f  the AsF# Anion. The
Raman-active vi(Ai,) mode has been used to determine 
the presence of ionic association of the AsF(~ anion in 
a number of solvents. In solutions of LiAsF# in 1.2- 
dimethoxyethane.**^ m e t^ l acetate.*^ acetone.** wa­
ter.** and tetrahydrofuran.** a band occurs in the range 
of 676-682 cm~' and is assigned to a 'spectroscopically 
free" anion. A "spectroscopiMlly free" anion is indistin­
guishable from a solvent-separated ion pair by vibra­
tional spectroscopic measurements. In crystalline CsAsF# 
the Vi mode is observed a t 685 cm~'.** Systems of 
LiAsFs—acetone and LlAsF#—methyl acetate display an 
additional band a t 694 cm~' which is assigned to a 
contact ion pair.**-** The intensity of the 694 cm”' band 
relative to the 676 cm~' band increases with increasing 
salt concentration. Further support for the contact ion

700800 750 650 800

Wavenumbers (cm-*)
F ig u re  1. Ram an an d  in fra red  spectra  o f th e  P(EO)i:UAsFi 
compound in  th e  6 0 0 -8 0 0  cm * ' region.

pair assignment is provided by the decrease of the 
relative intensity of the 694 cm*' band with the addi­
tion of 18-crovm-6.** The crown ether is assumed to 
coordinate with the Li* Ion. thereby decreasing the 
AsF#* - -Li* contact ion pair formation.

The Raman spectrum of the crystalline complex 
P(EO)#;LiAsFs is presented in Figure 1. A single, 
reasonably symmetrical band is observed a t 684 cm*' 
and assigned to the v,(A:#) mode. The absence of a 694 
cm*' (or higher frequency) baixi indicates that no 
contact ion pairs are present, and the anion exists as a 
"free" AsF,* Ion in the crystal. The slightly higher 
frequency compared to the solvent systems may be a 
result of crystal packing effects. The symmetry-based 
vibrational analysis predicts Raman-active bands of A, 
and 8 ,  symmetry for this mode in the crystal (eq 2). 
The degree of factor group splitting of the two compo­
nents is negligibly small, based on the observation of 
only a single band.

The Infrared-active vjlFiJ band has also been used 
to determine ionic association in AsF#* systems. Solu­
tions of LlAsF# in 2-methyltetrahydrofuan.** 1.3-di- 
oxolane.** and methyl acetate** displayed bands which 
were assigned to free Ions and contact ion pairs at ̂ 702 
and —717 cm*', respectively. In the IR spectra of the 
LlAsF# solutions the Intensity of the contact Ion pair 
band is comparable to th a t of the free Ion band, and the 
area of each band can be resolved by curve fltting. We 
note that in the LlAsF#—methyl acetate system, where 
both the Raman and IR spectra were recorded at similar 
salt concentrations, the contact ion pair band intensity 
in the IR (717 cm*') Is comparable to the free ion band 
intensiqr (702 cm ').** However, in the Raman spectrum 
the contact ion pair band intenslQf (696 cm*') is very 
weak compared to the free ion band intensity (676 
em*').*^ Therefore, the bands in the IR are more 
sensitive to ionic association. In this region an ad­
ditional band at —676 cm*' is observed in the solvent 
systems which has been assigned to a (vs -i- v#) combina­
tion band (F%, x Fa, =  Aiu-l-Eu +  Fiu-l-F*J.**Because 
this band occurs a t the same frequency as the Raman-
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I
PEO

Raman

t

PEO

1000 950 900 850
VMvanumbars (cnr')

BOO

F ig u re  Z. Raman spectra of the P(EO)*:LiAsFs compound. 
Raman spectra of the pure PEO. Infrared spectra of the P(EO)t: 
LiAsFt compound, and infrared spectra o f pure PEO in the
800—1000 cm"' region.

active Vi mode, it is also possible tha t the 676 cm"' IR 
band is due to the vi mode becoming weakly IR-active 
upon relaxation of the isolated anion Q* symmetry due 
to solvent—anion interactions.

The infrared spectrum in the region from 640 to 760 
cm"', presented in Figure 1. shows a broad band 
centered at approximately 702 cm"' with shoulders on 
the low-frequency side. The analysis of this region is 
complicated by the fact that bodi the v, and the vs 
vibrations have infrared-active components in this area. 
For the vs vibrations of four coupled AsFs" anions in 
the unit cell, the symmetry-based analysis predicts six 
IR-active modes, 3Au +  3Bu (eq 3). Additionally, the vi 
vibrations are formally predicted to be infrar^-active 
with an A« and a Bu mode. The major component of the 
band is at 702 cm"' and is attributed to the vs mode of 
a free AsFg" anion. The broad band shape is attributed 
to factor group splitting of the vs mode, as stated above. 
Further evidence for splitting is present in the v« mode 
(not shown), where multiple tend components are 
observed. Similar splitting patterns are observed in the 
Vs and V4 modes in rhombohedral KAsFs.*" Additional 
contributions to the low-frequency band structure are 
the (v; -b vg) combination band and weakly IR-active 
components of the V| mode. Because of the broad, 
complex nature of the band, we cannot completely 
neglect the possibility that a small contribution from 
contact ion pairs exists. Such a contribution would 
presumably originate in the presence of a minor amor­
phous phase. There is no evidence in the Raman 
spectrum for such a phase, although the Raman spec­
trum is less sensitive to the presence of a Li*- -AsFg" 
ion pair than is the IR spectrum.

C. Chain Confomiation and CHz Rocking Modes. 
In Figure 2 the infrared and Raman spectra of the 
P(EO)g;LiAsFg compound are compared with the spectra 
of pure PEO for the region from 800 to 1000 cm"'. 
Modes in this spectral region have been assigned to a 
mixture of predominandy CHz rocking and C—O stretch­

ing motions.*' The frequencies and intensities of these 
modes are sensiUve to the values of the backbone 
torsional angles;'^*^*^ thus, the frequency shifts that 
occur upon complexation with a cation provide insight 
into the local coiiformational changes accompanying the 
polymer—cation interaction.

The conformation of the polymer backbone in P(EO)g: 
LiAsFg is significandy dilTerenc than in crystalline PEO. 
The conformation of crystalline PEO is (tgt)r for the 
dihedral angles C—O—C—C. O—C—C—O. and C—C—O— 
C. where t  is trans and g Is gauche.** In comparison, 
the conformation for the same bond sequetxe In the 
P(EO)g±iAsFg compound is tct-g^t-gcg'-tct-tgt-^cg where 
c refers to d s  and g' refers to gauche-minus."

Both the infrared and Raman spectra ofP(EO)gLlAsFg 
in this region are more complex than the analogous PEO 
spectra, with a t least five distinct, noncoincident bands 
visible in each spectrum. In the absence of either a 
detailed rxKmal coordinate analysis or polarized spec­
troscopic measurements of an oriented single crystal, 
it is difficult to make precise vibrational assignments. 
However, the lack of coincidence in mode frequencies 
between the Raman and the infrared spectra is clearly 
due to the presence of a center of symmetry In the unit 
cell. More specifically, the two polymer chains that 
comprise a ^lindrical structure enclosing the lithium 
ions also enclose the center of symmetry. Thus, the 
vibrations of a pair of such chains are correlated through 
the center of symmetry.

General correlations between torsional angle se­
quences and frequencies have been previously deiribed. 
Ethylene oxide units with gauche O -C -C -O  torsional 
angles are reported to have bands in the range 825— 
890 cm"', while units with trans O -C -C -O  torsional 
angles exhibit bands in the range 810—825 cm"'.*^*^ 
The spectra of the P(EO)s:LlAsF, compound (Figure 2) 
show a dominant Raman-active band a t 871 cm"' and 
IR-active bands a t 848 and 832 cm"'. The crystal 
structure has two ethylene oxide units with gauche 
O -C -C -O  torsional angles, so the presence of these 
bands is consistent with the reported structure. In the 
810—825 cm"' range, bands are present in both the 
Raman and infrared spectra of the compound. According 
to the crystal structure, there are four cis O -C -C -O  
torsional angles and no trans O -C -C -O  torsional 
angles. Therofbre. the bands in the spectral region 
previously attributed to ethylene oxide units with trans 
O -C -C -O  torsional angles may actually arise from 
torsional angle sequences rather than a particular value 
of a torsional angle present in the crystal. Confoimation- 
frequency correlations for the range 900—1000 cm"' are 
limited because specific torsional angle sequences have 
overlapping frequency ranges.**

4. Conclusions
The vibrational correlation analysis establishes the 

number and spectral activities of the Brillouin zone 
center modes originating in the intermolecular vibra­
tions of the AsFs" Ion. The single band observed in the 
Raman spectral region of the As—F symmetric stretch­
ing mode at 684 cm ' is assigned to the V|(A|,) mode. 
The frequency of this band shows that there is no 
contact ion pairing of the AsFs" with the Li* ion. a result 
that is consistent with the reported crystal structure. 
We attribute the broad band structure of the infrared 
feature centered at 702 cm"' to the factor group splitting 
of the V3 mode.
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Our study of the polymer modes in P(EO)(:LiAsFc 
provides insight into the correlation between vibrational 
frequencies and specific conformational sequences. The 
CHz rocking region has a complicated multiplet struc­
ture in both the infrared and Raman spectrum. Bands 
were observed at relatively low frequencies in this 
region: similar band frequencies in related ethylene 
oxide-based systems have been previously assigned to 
ethylene oxide units with trans O—C—C—O torsional 
angles. However, the clear absence of trans O—C—C—O 
torsional angles in the crystal structure suggests that 
these modes may instead originate in the complex 
torsional angle sequences obsen/ed in this compound.

T h e  P(EO)s:LiAsF6 compound represents an interest­
in g  s t r u c tu r e  in polymer electrolytes in tha t the cation 
i s  c o m p le te ly  coordinated by the polymer ether oxygens 
w ith  no c o o rd in a tio n  b y  the anion. It has been reported 
t h a t  fo r L iA sFg in cross-linked PEO (MW 2000) the 
A sFg~ anions exist predominately as free ions even a t 
h ig h  s a l t  concentrations.** This suggests th a t the local 
s t r u c tu r e  in  the low molecular weight, cross-linked PEO 
m a y  be  s im i la r  to that in the high molecular weight 
P(EO)s:LiAsFs compound.
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Local Structures in Crystalline and Amorphous Phases of 
Diglyme—LiCFaSOa and Poly(ethyIene oxide) —LiCFaSOs Systems: 
Implications for the Mechanism of Ionic Transport
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ABSTRACT: The ability of ethylene oxide-based materials to dissolve salts and form lonlcally conducting 
system s has attracted widespread Interest. O ur molecular level understanding of ionic conductivity In 
these systems critically depends on our understanding of local structures. The crystal structure of 
diethylene glycol dimethyl etherrLICFsSOr o r diglyme:LiCF]SO] consists of diglyme—salt dimers with 
the lithium  Ion in a  S-fold coordination strikingly sim ilar to th a t In crystalline poly(ethylene oxide)]: 
UCF]SO]. However, spectroscopic studies o f diglyme—LiCFiSOi solutions Indicate th a t lithium Ion Is 
coordinated by only three oxygen atoms from a diglyme molecule and one oxygen atom from a CF]SOi~ 
anion a s  p a rt of a  contact Ion pair. A parallel specttoscoplcstudy of high molecular weight PEO—UCFr- 
SO] suggests that the lonlcally corxiucting amorphous phase also contains four-coordliute lithium  ions 
in a  local structure similar to that In the  diglyme solution. AruUysis of Raman and X-ray d a ta  o f PEO— 
UCFjSOi films suggests that the amorphous phase contains local structures which resemble the structure 
present In crystalline P(EO)]:LiCF]SO]. T he significance of local structures for the mechanism of Ion 
transport Is discussed.

1. I n t r o d u c t i o n

P olym er e lec tro ly te s  based on po ly(ethylene oxide) 
w ith  d issolved s a l ts  a re  o f considerable I n te re s t  for 
rech a rg eab le  l ith iu m  b a tte ries an d  fu n d a m e n ta l re ­
se a rc h  of ion ic  t ra n s p o r t  in  disordered p h a se s . T h e  
m ech an ism  o f  ionic tra n s p o r t  in h igh  m o lecu la r w e ig h t 
P E O —sa lt  sy s tem s is poorly understood a t  th e  m o lecu lar 
level, a lth o u g h  i t  is  recognized th a t  ca tio n —a n io n  in ­
te ra c tio n s .' c a tio n —polym er interactions.^ a n d  po lym er 
seg m en ta l m otion^ p lay  a  critical role. T h e  ionic con­
d u c tiv ity  o f h ig h  m olecu lar w eight poly (e thy lene  oxide). 
PEO . w ith  d isso lved  lith ium  triflu o ro m eth w esu lfo n ate . 
L iCFaSO]. h a s  been  found to occur p rim arily  in  a n  
am o rp h o u s p h ase .^^  D eterm in ing  th e  local s t r u c tu r e  of 
th e  ionically  co n d u ctin g  phase serves to  f u r th e r  o u r  
u n d e rs ta n d in g  o f  th e  microscopic m ech an ism  o f  ionic 
conductiv ity  w ith in  th ese  system s. V ib ra tio n a l sp ec ­
troscopy  h as p rov ided  considerable in fo rm ation  o n  th e  
local s tru c tu re s  in  polym er electrolytes a n d  Is a  p a r ­
tic u la rly  u se fu l p robe  of local s tru c tu re  in  th e  a m o r­
p h o u s ph ase . T o  g a in  insigh t into th e  am o rp h o u s p h ase , 
tw o g en era l s t r a te g ie s  have been used: in v es tig a tio n  
o f th e  c ry s ta llin e  phase(s) o f the  system*"* a n d  u se  of 
low m olecu lar w e ig h t analogues contain ing  th e  e th y len e  
oxide m onom er a s  m odels.*"" H ere both  s tra te g ie s  a re  
com bined to a d v an ce  o u r  insight into th e  local s tru c tu re s  
p re se n t  in  th e  ionically  conducting p h ase  o f  P E O — 
LiCFsSO ]. I n  tu r n  th is  insigh t leads to  a  d e e p e r  
u n d e rs ta n d in g  o f  th e  ionic tran sp o rt m ech an ism  in  th e  
system .

2. E x p e r im e n ta l  S e c t io n
Dlelhylene glycol dimethyl ether (diglyme). PEO {M . =  4 x 

10*). and LlCF]SO] were obtained from Aldrich. Diglyme was 
used as received. LiCFjSO] was heated under vacuum a t  120 
*C for 48 h. and PEG was dried under vacuum a t SO *C for 24

* Corresponding author.

h. The reagents were stored and manipulated in a  dry nitrogen 
glovebox (VAC. < 1 ppm of HiO). To prepare the diglymedJCFr 
SO] crystals, a solution of LiCFjSOi dissolved In diglyme a t 
an ether oxygeiccation ratio of 5:1 was stirred  for —48 h and 
left Inside the glovebox a t  mom tem perature. An intermediate 
gelUke phase appeared which then  became crystalline after a 
number of months. Ciystalline P(EO)]:LiCF]SO] was prepared 
by a method previously published.'* The 10:1 diglyme-UCFi- 

solution was prepared by dissolving the sa lt directly In 
diglyme. To prepare the PEO—LiCF]SO] films, stoichiometric 
amounts of PEO and LiCFjSO] were combined with acetoni- 
trlle. For the pure PEO film. PEC was combined with aceto- 
nltrile. The solutions were stirred for 24 h. and then films were 
cast onto either Telfon (for Raman and differential scatmlng 
calorimetry (DSQ measurements) o r glass slides (for X-ray 
diffraction measurements). The cast films were left In the 
glovebox for 24 h t.i evaporate solvent and then heated a t  SO 
'C  for 24 h under vacuum. The heating temperature was 
chosen to avoid heating the film above the  melting point of 
PEO. The same sample preparation, heating temperature, and 
time were used for the Raman. X-ray. and DSC specimens to 
enable direct comparison of the data . Data on the films were 
taken within 1-2  h after removing the  films from the vacuum 
oven.

A single-crystal specimen was Isolated from the S:1 dig­
lyme—L iC F i^ )  solution for X-ray analysis. X-ray diffraction 
data were collected a t 173(2) K on a  Slemans P4 diffractometer 
using Mo Ka radiation (1 •  0.718 73 A). The data were 
corrected for Lorentz and polarization effects: an absorption 
correction was iwt applied since i t  was Judged to be insignifi­
cant. The structure was solved by the  direct method using the 
SHELXTL system and refined by a full m atrix least squares 
on f* using all reflections. All non hydrogen atoms were 
refined anisotropically. and all hydrogen atom s were included 
In the refinement with Idealized param eters. The final *1 =  
0.037 Is based on 3852 observed reflections' ( /  > Za[J)). and 
the w R l «  0.099 Is based on all reflections (4566 unique data). 
For the PEO-LiCFaSOj films, powder X-ray diffractograms 
were recorded a t ambient conditions from 5 S26 s  70 In 28 
steps of 0.05* on a Rigaku D/4MAX autom ated diffractometer 
using Cu Ka radiation.

Raman scattering spectra were recorded on an I.S.A. Jobin- 
Yvon T64000 In the triple subtractive mode with a  scan time
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F ig u re  1. Packing diagram of crystalline diglym eJJCFjSO j 
showing type I and type n  dimers. Hydrogen atom s a re  not
shown in the diagranu

of 16 s and 10 accumulations using a  90* scattering  geometry 
(for the diglyme-UCFiSO] system) and a  ISO* geometry (for 
the PEO-LiCF]SOi system). The 514 nm line of an  argon laser 
operating a t 300 mW was used for excitation. Bands were 
curve lit by the Levenberg—M arquardt m ethod using Galactic 
Grams software. DSC thermogram s were collected on a  M ettler 
DSC 820 calorimeter uixler nitrogen purge in  sealed alum inum  
crucibles. Data for the diglymeÜCFsSOi crystal were collected 
from 25 to -100  to 80 *C with a  heatingfcooling ra te  o f 10 'C l 
min. Data for the PEO—LiCFiSOi films an d  the  P (E O )sH C Fr 
SO] compound were collected from 25 to 220 *C with a  heating 
ra te  of 10 *C/min. Ab Initio calculations were performed using 
the B3LVP hybrid H artree-Fock density functiorral method 
using the 6-31C(d) basis.

3. Results and Discussion
3.1. Diglyme-LiCFjSOs. We begin by reporting the 

discovery of the 1:1 compound of diglyme. CHs(OCHr 
CHdzOCHs. with LlCFjSOs. hereafter labeled diglyme: 
LiCFsSOs- A single crystal of the 1:1 compound was 
isolated, and its structure was determined by X ray 
diffraction techniques. The compound provides an excel­
lent opportuni^ to markedly extend our Insight Into 
local structures and their corresponding vibrational 
spectroscopic signatures in ethylene oxide-based sys­
tems containing dissolved salts. DSC measurements 
showed that the phase was stable to —100 *0 and had 
an onset of melting at ~27 *C. The compound crystal­
lizes with Z = 4 i n  die monoclinic Æ |/cspace group with 
a = 9.6117(10) A. b =  16.2782(13) A. e =  16.6202(15) 
A. and P = 93.549(8)*. The asymmetric unit contains 
two independent halves of two dimers. Therefore, the 
unit cell consists of four dimers, two of which are 
identical and slighdy différent In structure from the 
other identical pair. An extended unit cell showing the 
two types of dimers is presented in Figure 1. Each dimer 
has a oystallographli^y imposed center of symmetry, 
with the inversion center lying a t  the midpoint between 
the two sulfur atoms of the triflate anions. Figure 2 
shows the details of a single dimer. Every monomeric 
unit of the dimer contains a single lithium ion coordi­
nated with the three oi^gen atoms of a  diglyme mol­
ecule. Two triflate anions then Join the two diglyme
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F ig u re z . Crystal structure ofdiglymedJCFsSQi showing the  
geometry  of one dimer. Hydrogen atoms are  no t shown in  the  
diagram.

Table I. U th lu m -O x y g en  Bond D istances In 
Diglyme-UCFaSOi a n d  P jE Q iJJC F tS O i C ry s ta ls '

dlglymeiUCFjSOi
L i-0  distance (A) dimer I dimer H PlEOliiUCFjSO»
UI-OI(ctheroxy)
Lil-OZictheraxy)
UI-03(ccher oxy)
U I - 0 8  (trlfoxy)
Ui-09A(trtfoxy)

*The data for (he P(EO)i:UCFiSO] compound were obtained 
bora (he published oystal structure parameters.'For the diglyme: 
LiCFiSO] crystal, uncertainties are 0.003-0.004 A for the bond 
distances. The specific distances and angles are defined based on 
(he type I dimer (Figure 2). and the parameters fbr (he type II 
dimer and PlEOlirUCFsSOs are for an analogous geometry as in 
the type I dimer.

Table 2. Oxygen—L Jth ium -O qrgen  B ond Angles In  
Diglym e-UCFiSOs a n d  P(EO)iXICFsSOs Crystals*

digiymeUCFrSOs
dimer I dimer U PfEOiUCFsSOi

2.166 2.105 298(9)
2.044 2.075 1.72(7)
2.113 2.105 2.01(8)
1.965 1959 2.21(8)
1.949 1944 2.14(8)

O -U -O  angle (deg)
0 1 - U I - 0 2 77.0 78.0 85(3)
0 2 - U I - 0 3 78.1 77.6 94(4)
0 I - U I - 0 3 146.2 141.9 174(5)
0 8 -U I-0 9 A 108.8 109.1 112(4)
0 2 -U 1 -0 8 103.6 100.0 107(4)
0 2 -U I-0 9 A 147.6 150.8 134(5)
• For (he digiymerLiCFiSO] crystal. uiKertainties are 0.2—0.4* 

for (he bond angles. Further information on the parameters and 
labels are provided in the Table I footnote.

molecules into a dimer through the coordination of two 
oxygen atoms of each triflate anion to the lithium ion 
associated with each diglyme molecule.

The crystal structure of the diglyme:LiCF3SOs com­
pound is remarkably similar to the crystal structure of 
the high molecular weight P(E0 )3:LiCF)SO3 compound. 
Selected lithlum-oxygen bond lengths, oxygen—lithium— 
oxygen angles, and torsional angles In the two com­
pounds are presented in Table I, Table 2. and Table 3. 
respectively. From the comparison of distances and 
angles, it can be seen that the 5-fold coordination of the 
lltlUum ion in diglyme:LiCF3S03 is remarkably similar 
to that-observed in the crystal structure P(EO)3:LiCF3-
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T able  3. Torsional Anglos fo r th e  E lhy lana  (M d a  U nits in 
th e  Diglym e-UCFsSO i an d  P(EO)i:UCF»SOi Crystals*

digiyniedJCFjSOj
bond sequence d lm erl dimerlT PCEOIiLiCFiSOj label

C 1 -O I-C 2 -C 3 -177 .4 159.0 -166 .9
0 1 - C 2 - C 3 - 0 2 56.2 50.1 70.3
C 2 -C 3 -0 2 -C 4 -175 .9 -1 6 3 .3 176.5
C 3 -0 2 -C 4 -C S 171.6 1713 156.6
0 2 -C 4 -C 5 -0 3 - 5 5 3 - 5 4 3 -44 .1
C 4 -C 5 -0 3 -C 6 179.6 - 1 7 5 3 -1 7 7 .7
C - O - C - C 166.5
O—C—C—0 64.3
c - c - o - c -162 .4

'  For Che diglyine±iCFjSQi crystal, uncertainties are esUmated 
CO be 0.4-0.8* for Che torsional angles. Further inlbrmation on 
th e  paramecers and labels is provided in Che Table I ftaotnote.

m.rm

m

Diglyme

9 o o 8 w a « a 8 4 o n o n o 7 i o 7 a o 7 s o  
Wavenumbers (cnr')

F ig u re  3. Raman spectra o f crystalline dlglymeiLiCFiSOi, 
dlglyme-UCF]SO] solution w ith a n  e th e r osygeniUthium ratio 
of 10:1. and pure diglyme In th e  region 700—900 cm "'. The 
expanded views are curve-fitting analysis of the d.(CFi) region.

SO3. In both crystalline compounds, the lithium ion is 
ccMrdinated by three oxygen atoms from the ethylene 
oxide chain and two oxygen atoms from different triflate 
anions. In the diglymeLiCFsSOs compound, the tor­
sional angie sequence which ciwrdinates the lithium ion 
is tgt-tg't. In the P(EO)3:LiCFjSOj compound the tor­
sional angie sequence is tgt-tg't-tgt. and a cltser inspec­
tion reveals that the unit ctwrdinating the lithium 
contains three oxygen atoms and consists of the same 
torsional angle sequence tgt-tg't with the additional tgt 
unit 'linking' ctxiràinating units.

Vibrational spectroscopy has proven to be a powerful 
technique to examine cation—anion interactions'^" and 
changes of the ethylene oxide backbone conformation*-" 
accompanying the interaction of the ether orgrgen atoms 
with the cations. The spectroscopic data described here 
initially focuses on those intramolecular modes of the 
triflate ion whose frequencies are especially sensitive 
to interactions with Üie cations: the CF3 symmetric 
deformation mode, dslCFa). and the SOj symmetric 
stretching vibration. v.CSOs). The Raman spectrum of 
the crystalline diglymeiiCFaSOs compound in the d, 
(CF3) region is shown in Figure 3. The single band at 
763 cm"' is due to the triflate Ion di(CFj) mode. 
Similarly, a single v,(SOj band is observed in the 
crystal at 1053 cm"' (data not shown). The observation 
of a single Raman-active triflate anion mode in these 
two spectral regions rather than the four modes pre-

M aaam olecules. Vol. 34. No. 8. 2001

T able 4. B and  Frequencies. R elative P e rc e n t  A rea, a n d  
Aaaignmemta o f  T riflate  Anion Sp ec ies from  

C urve-F itting  Analysis o f  Ram an S p e c tra  o f  th e  d.(CFi) 
Region*

system
band
(on**)

cclactvc 
percent Pfc) assignment

diglyme-UTT (10:1) 762 23 aggregate
757 63 Ion pairs
753 14 free Ions

FEO-UTf(lOrl) 761 73 aggregate
757 22 ion pairs
753 5 free Ions

PEO-LJTf(20-.l) 761 29 aggregate
757 65 Ion pairs
753 6 free Ions

* Relative percent area is obtained by dividing the percent aiea 
for a  specific band from the total area of all three bands. The error 
in percent area is estimated to be *3%.

dieted by a  factor group vibrational analysis'* can be 
explained Iqr assuming that the triflate intramolecular 
vibrations are vibrationally coupled within each dimer 
but highly decoupled between  the dlmeta in the unit 
cell. An isolated dimer with the formula [CHsOCCHr- 
CHzOlzCHjLlCFiSOilz belongs to the Ci point group and 
accordingly yields a Raman-active mode of A,syminetry 
and an Infrared-active mode of A„ symmetry in both the 
diCCFi) region and the v.fSOs) region. Although the two 
pairs of dimers in the unit cell have slightly different 
structures, the observation of Just one band in each 
region demonstrates that the structural difference 
between the two kinds of dimers is not sufficient to allow 
a spectroscopic distinction between the two.

The d,(CF]) and v.fSOs) modes have been well studied 
in a variety of ethylene oxide—lithium triflate systems. 
Both the dgfCFs) band at 763 cm"' and the v,(SOj mode 
at 1053 cm"' have been assigned to the vibration of a 
triflate anion in which two of the three ojqrgen atoms 
of the anion are coordinated by lithium ions: i.e.. the 
triflate anion essentially vibrates as a  [LizCFsSOsI* 
entity.'* As noted earlier, two oxygen atoms of a triflate 
ion are each coordinated with the lithium ion uniquely 
associated with a diglyme monomeric unit. Conse­
quently, each triflate ion in tfie crystal vibrates as an 
(LizCFsSOsl* entity, and the observed frequencies of d,- 
(CFj) and •'.(SOi) can be easily understood in terms of 
the crystal structure.

It is revealing to compare the spectrum of the crystal 
in this region with the spectrum of a  diglyme solution 
at a 10:1 ^ th e r  oxygen:cation) composition also shown 
in Figure 3. That spectrum consists of a  broad asym­
metric band which can be deconvolved into a major 
component a t 757 cm"', assigned to contact ion pairs, 
and minor components a t 753 and 761 cm "', attributed 
to free' ions and (LizCFjSOsl* entities, respectively '* 
The curve-fltted bands are shown in Figure 3. and the 
contribution of each component band to the total 
integrated intensity is presented in Table 4. A compari­
son of the experimental splitting of the v^CSOs) mode 
(not shown) with the calculated values'* suggests tha t 
the Li" SO3CF3 ion pair is a monodentate structure 
rather than a bidentate structure. The major component 
of the v,(SO]) band is observed at 1043 cm ', a  frequency 
which has also been assigned to contact ion pairs '* It 
follows that the ionic species present In the 10:1 diglyme 
solution are predominantly ion pairs. The presence of 
a minor component a t 762 cm"' coincident (within error) 
with the frequency of the dsfCFs) mode in the crystal 
suggests the presence of isolated dimers in the solution.
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Diglyme (tgt-tg't confonnation)
i

Diglyme-LiCFjSO] a n d  P E O -U C F jS O j 2663

Isolated 
Contact Ion Pair

4-coofdinate 
Lithium Ion

F igure  4. Pictoral representation of proposed local structure 
occurring in I0:i solution o f diglyme—LiCFjSO] contianing a  
four-coordinate lithium  ion. a  diglyme molecule in a  tgt-tg't 
conformation, and a n  isolated triflate anion. Hydrogen atoms 
are not shown in the  diagram.

The spectral region from 800 to 900 cm~' (also slwwn 
in Figure 3) contains modes that are a mixture of GHz 
rocking and CO stretching motions.'*-** These nwde 
frequencies'*-® and intensities* depend on the O—C— 
C-O torsional angle(s) and hence the backbone confor­
mation. When a  W t Is dissolved in an ethylene oxide- 
based system, the interaction of the cation with the 
ether oxygen atoms changes the torsional angle(s).* The 
frequency shifts accompanying these interactions pro­
vide Important insight into the change of local backbone 
structure occurring upon complexation with a cation. 
Computational and experimental studies suggest that 
the frequency of a t least one band In this region 
increases with decreasing values of the O—C—C—O 
torsional angle.® In the spectrum of the diglymezLiCFj- 
SO3 crystal, the most Intense band in this region Is at 
877 cm"', and an additional feature is present at 842 
cm"'. Since the structure of the crystal Is known, these 
bands can be attributed to a  mixture of CHz racking and 
CO stretching vibrations resulting from the local struc­
ture of the diglyme molecule in dlÿyme.-LiCF3S03 which 
consists of the torsional angle sequence tgt-tg't. The 
relatively high frequency of the 877 cm"' band compared 
with the bands in pure digiyme (see Figure 3) reflects 
the smaller O—C—C—O torsional angles present in the 
crystal: torsional angles of 77.0* and —77.0* have been 
calculated by ab initio methods for the pure diglyme In 
a tgt-tg't conformation.

The Raman spectrum of the 10:1 diglyme—LiCFjSOz 
solution is presented in Figure 3. The observation of a 
band in the 10:1 solution at 877 cm"', the same 
frequency as in the crystal. Is especially significant 
because It establishes that the diglyme molecule In 
solution is In a  conformation with a O—C—C—O tor­
sional angle sequence very similar to those in the 
diglyme:LiCF3SO] crystal, almost certainly through the 
interaction of the lithium cation with all three oxygen 
atoms of the digiyme molecule. However, the dominant 
Ionic species in the solution Is a contact Ion pair, as 
described earlier. Therefore, we conclude that the 
lithium ion is 4-fold coordinated in solution, interacting 
with three oxygen atoms from a diglyme molecule and 
one oxygen atom from a triflate anion as represented 
in Figure 4. The formation of the dimer units occurs in 
concentrated salt solutions and upon crystallization Is 
accompanied by 5-fold coordination of the lithium Ion. 
This analysis is supported by the correlation between 
the decrease in the relative amount of the Ion pair 
species and the increase in the relative amount of the

I>4
P(E0 )5 :UCFjS0 5

^ — r * I

jL\.LLcc2

P (E O )JJC F ,S O ,

9 10 19 20 29 90 99 40 45
28 (degrees)

F ig u re  9. X-ray diffraction patterns for P(EO)i:LiCFjSO]. 
P(EO)ioUCF]SOi. P(EO)aiUCF]SO]. and pure PEO.

aggregate species as the salt concentration Is in­
creased."

3.2. Poly(ethylene oxide)—LiCFjSOj. The phase 
diagram of PEO-LiCFzSOj has been previously re­
ported.^-® At room temperature for salt concentrations 
up to 3:1. two phases are reported to be present, 
crystalline PEO arid crystzdline polymer—salt compound 
P ^O )3:LiCF)SO). Subsequent studies of the ^ t e m  
have shown that In addition to these two p h a ^  an 
amorphous phase Is present, and this amorphous phase 
Is primarily where the ionic conductivity occurs.*-* 
Differences in the structures and properties of the 
PEO—LiCFjSO] system have been observed and are 
attributed to differences In the molecular weight of the 
polymer.® the sample preparation method.® the ther­
mal history.® and time.® Studies of pure PEO demon­
strate the Importance of molecular weight on the 
morphology and the degree of crystalllnlty."-® For 
PEO—salt systems with different molecular weights of 
PEO. different relative amounts of Ionic species were 
observed.® and the relative amounts of ionic species are 
dependent on temperature and time.® For samples with 
same salt concentration, various thermal histories were 
found to give different Ionic conductivities.® These 
observed differences highlight the overall Importance 
of kinetics, particularly crystallization kinetics, for both 
crystalline PEO and crystalline P(E0 )s:LiCFzS03. in 
determining the state of the system.

To examine the local structure of the room-tempera- 
ture amorphous phase of high molecular weight PEO— 
LiCFjSOz. films with a 10:1 and 20:1 composition were 
compared to crystalline PfEOlzüCFsSOz and crystal­
line PEO. The X-ray data are presented In Figure 5. We 
note that the X-ray data for this study are different than 
reported in a previous study.^ and we attribute the 
difference to the different molecular weight of PEO used 
and different heating temperature and time used. The 
comparison of the 10:1 and 20:1 samples to pure PEO 
shows that both samples contain domains of crystalline 
PEO. Comparison of the 20:1 sample to crystalline 
P(EO)3:LiCF]SO] shows that the sample contains rw
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F ig u re s .  DSC (hermogranis oT the crystalline P (E O )]dJC Fr 
SO] compound and (llms ofPiEOioLiCFjSG], P(EO)aLiCFi- 
SO], and pure PEO.

dUTraction peaks that can be Identified with the 3:1 
crystalline compound. It is possible that this sample 
contains domains of crystalline PfEOlÿLiCFsSOs whose 
sizes are sufficiently small so that distinct peaks are 
not observed. In the 10:1 sample a few diffraction peaks 
are observed which coincide with peaks of the 3:1 
compound. However, tfiere are a t least two peaks that 
are not present in the 3:1 crystal, suggesting tfiat there 
is ordering present in the 10:1 sample tfiat is different 
than the ordering present in the crystal. This ordering 
may be due to regions or domains with a structure 
similar to but not identical with structure in the 
crystalline PfEOls.'LiCFjSOs. Possible structures will be 
discussed further below. As in tfie case for the 20:1 
sample, the 10:1 sample may also contain domains of 
crystalline P(E0 )3:LiCF]S0 i whose sizes are sufficiently 
small so that distinct peaks are not observed.

DSC thermograms of the 10:1 arxi 20:1 samples are 
compared to thermograms of pure PEO and PfEO):: 
LiCF]SO] in Figure 6. Both the 10:1 and 20:1 films 
clearly show the presence of an endotlierm peak a t 66 
*C corresponding to the melting of crystalline PEO. The 
higher temperature of the melting endotherm in pure 
PEG compared to the melting endotlierm in the PEO— 
LiTf films may be explained by the large crystallite sizes 
in pure PEO and the relatively fast heating rate. The 
10:1 sample has a weak endotherm peak a t 145 *C. and 
the 20:1 sample has a very weak endotherm peak at 
120 *C. According to the phase diagram, these peaks 
indicate the presence of very small amounts of the 
crystalline PfEOli.'LiCFiSOs compound. A comparison 
of the data for the 10:1 and 20:1 films to previous DSC 
studies of the system'*-’-^ shows that the specific sample 
preparation used for this study, most notably heating 
below the melting point of PEO. produces very small 
amounts of the P(E0 )3:LiCFjS03 phase.

Raman spectra of the 10:1 and 20:1 samples are 
shown in Figure 7. The (SifCFi) region can be decon­
volved into a minor 'free' ion component at 753 cm ', 
a contribution from contact ion pairs a t 757 cm '. and 
a dominant band at 761 cm"' originating in the (Liz- 
CF3SO3I* entity. The relative percent of these species 
is summarized in Table 4 The 10:1 sample has more of 
the [LizCF3S03l* aggregate and less of the ion pair 
species compared to the %l:l sample. We again note that 
the relative amounts of the three components may 
depend on the sample preparation, thermal history, and

3:1

10:1

20:1

900 « 0  840 820 800 780 760 740
wevenum bofs (cn r')

F ig u re  T. Raman spectra o f oystaiU ne P(EO)]:LiCF]SO]. 
PEO-LiCFjSOi complex w ith an  e ther oxygen lithium ratio 
of 10:1. and pure PEO in the  region 700-900 cm*'. TIn  
exparxM views are curve-fitting analysts of the difCF]) region.

aging. The crystalline PfEOIs-'LiCFiSGs compound has 
only a single band a t 766 cm~'.'^ also shown in Figure 
7. The frequency of this band. 766 cm"', is higher than 
the frequency observed for the (LizCFsSOsI* aggregate 
in the diglyme:LiCF3SG3 crystal and for similar species 
in solution. 763 cm"'.'* and we attribute the higher 
frequency to crystal packing effects present in the 
P(EO)3:LiCF3SGi compound. Support for the well- 
ordered potential energy environment of the triflate 
anion in the P(E0 )3:LiCF3S03 crystal is the frequency 
differerxx between the Raman and infrared bands which 
indicates a modest amount of dynamical coupling.'* The 
observed frequency of the (LizCFsSOsl* species. 761 
cm"', in both the 10:1 and 20:1 sample argues that the 
local potential energy environment of the triflate anion 
is different than that present in the crystal. This 
analysis is supported by the X-ray data for the 10:1 
sample which shows different d  spacings than are 
present in the crystal.

Also shown in Figure 7 are the mixed CHz rocking 
and CO stretching modes. Bands in the 10:1 sample at 
861 and 845 cm"' (second and third dashed lines) are 
easily identified as contributions from the crystalline 
PEO fraction, whose spectrum in this region is also 
shown. Of particular interest in the 10:1 sample is the 
band at 870 cm"' and a broad feature at approximately 
830 cm"'; these features can be identified with bands 
at 875 (first dashed line) and 836 cm"' in the 3:1 
crystalline compound. Therefore, the local conforma­
tional structure of the polymer backbone in tfw 10:1 
material is similar to. but not identical with, tfie 
analogous structure in the crystalline compound. This 
difference again reflects, in part, the disordered nature 
of the system. Tfie broad hand between 800 and 820 
cm"', which appears in the Raman spectra of PEO above 
its melting point.** sfiows that the amorpfwus pfiase 
contains a distribution of backbone conformational 
sequences similar to PEO in tfie melt. Tfie spectra of 
the 20:1 sample in this region show fiands a t 861 and 
845 cm"' due to PEO and sfww a slight sfwulder on tfie 
fiigfi-frequency side of the 860 cm"' band. Tfie 20:1 
sample fias no oftservabie fiands which can be clearly 
identified with tfie P(E0 >3:LiCF3S03 compound.

We consider tfie nature of tfie local structures present 
in tfie 10:1 and 20:1 samples. Within the PEO—LiCFz- 
SO3 films tfiere exists crystalline PEO. small domains
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Tenninal Unit 
TypeA Repeat UnH

4-coordinate 
Uthium ion

Contact 
Ion Pair

Aggregate 
Triflate Species

F ig u re  S. Pictorial representation of proposed  localized 
complex occurring in 10:1 PEO—LiCFjSOi. Foreasc ofgraptiic 
representation, the adjoining segments of the  PEO chain are  
represented in an unfavored conformation. A more accurate 
pictorial representation would have the  PEO chain in a  tgt- 
tg 't-tgt conformation with the  CF, end of the  triflate anions 
on opposite sides of the chain. Hydrogen atom s a re  not shown 
in the diagram.

of crystalline P(E0 )):UCFsS03. and a disordered phase. 
We earlier noted the two additional peaks seen in the 
X-ray data of the 10:1 sample and suggested that these 
result from a small amount of ordering present in the 
(primarily) disordered phase. It is not impossible that 
these reflections originate in a second ordered phase, 
although no such phase has ever been reported, espe­
cially a t this salt concentratioru Comparison of the 10:1 
and 20:1 PEO—LiCFjSOj films to the crystalline P(EO)3: 
LiCFjSOi compound shows that clear differences are 
present: the X-ray data show different diffraction peaks, 
the frequency of the [LizCFgSO]!* aggregate Is different, 
and the frequencies of CHz racking and CO stretching 
bands do not directly coincide with those present in the 
crystai. However, the frequency of aggregate species 
observed in the d,(CFz) mode and the 10:1 X-ray data 
suggest that a iocal structure is present which is similar 
to the local structure present in the crystalline P(EO)z: 
LiCFjSOz phase. Therefore, we propose that within the 
disordered phase there exist numerous small regions 
(we will refer to such a region as a localized complex) 
where a few lithium Ions and triflate Ions form local 
structures with the polymer backbone that resemble the 
crystalline P(EO)3:LiCFjSOj phase. This perspective is 
supported by comparison of chemical shifts in 
amorphous PEO and crystalline PfEOIz I-iCFsSOi which 
suggest that a similar coordination of lithium to the 
ether oxygens is present in the amorphous phase as is 
present in P(E0 )3:LiCF]S03. '̂ Details of the proposed 
local structure are described below. Spedflc^y. each 
lithium ion is 3-fold coordinated by adjacent polymer 
oj^gen atoms. Further, as In the crystal, triflate ions 
link adjacent lithium ions, leading to 5-fold coordinate 
lithium ions and triflate ions vibrating as (LizCFzSOzI* 
entities. A representation of a loczdized complex is 
presented in Figure 8. The complex consists of n  
repetitions of a repeat unit bounded with terminal 
groups on each end. The repeat unit is essentially the 
local structure found in crystalline P(E0 )]:LICF]S03. 
The localized complex may be quite small (n=0) or may 
be an extended structure {/> w large). The terminal unit 
of the localized complex contains eltlier a four-cootdinate 
lithium ion and a terminal [LlzCFsSOzI* entity (type 
A) or a flve-coordinate lithium Ion and a terminal Li— 
CF3SO3 contact ion pair (type B). As a sidenote. we 
envision a critical, early step in the growth of the

D iglym e-U C F jS O s and P E O -L iC F iS O i 2685

crystalline P(E0 )jÜCFiS03 compound to occur through 
the extension and coalescence of these localized regions 
to form long chain lengths of the line compound. The 
formation of microcrystalline domains then results when 
several of these extended regions are brought into 
translational registry through attractive interchain 
forces, although the domain size may be so small as to 
yield only weak, extremely broad features in an  X-ray 
diffraction measurement.

We also assume the existence of isolated species such 
as [LizCFzSQi]'*'units. Li—C F 3 S O 3  contact ion pairs, and 
solvent-separated ion pairs Spectroscopically 'free* ions) 
along the chain. We propose a loczU structure of the 
isolated contact ion pair to be analogous to the structure 
proposed for the diÿyme—LlTf solution (Figure 4) with 
the ethylene oxide repeat units replacing the terminal 
methyl groups present in diglyme.

3.3. Im plications fo r Ionic T ransport in  H igh 
MW PEO—LiCFjSOs. We consider the role of these 
local structures in Ionic transport. The terminal unit of 
a  localized complex, an isolated [LizCFrSOzI* species, 
and an isolated contact ion pair each contains 4-foid 
coordinate lithium ions. A "flee" lithium ion may have 
an  even lower effective coordination number. These 
lithium ions are coordinated by a potential energy 
environment th a t is dynamically disordered through 
polymer segmental motion and presumably less deep 
than 5-fbld coordinated lithium in crystalline domains 
of P(E0 )z:LiCF3S03. In the spirit of the dynamic bond 
percolation (DBF) m odel.^ it follows that polymer 
segmental motion Is more likely to open transient 
conduction pathways for lithium ions with relative low 
coordination numbers. Therefore, we argue tha t 4-fold 
coordinate lithium ions as part of a  terminal unit of a 
localized complex, an isolated [LizCFzSOrl* species, and 
a  contact ion pair species contribute to the ionic con­
ductivity in the amorphous phase. We wish to empha­
size that it is not the contact ion pair itself that 
contributes to the conductivi^. because the diffusion of 
a  neutral, discrete contact ion species would not con­
tribute to the ionic conductivity as is well-known. 
Instead, the contribution comes from the lithium ion 
(and triflate ion) resulting from a dissociative process 
th a t underscores the dynamical nature of the equilib­
rium between the various ionic species present We note 
th a t the time scale of the dissociative process of contact 
ion pairs, whether isolated or part of a localized complex, 
is a  critical factor in their contribution to the ionic 
conductivity.

The involvement of the anion in ionic transport in 
these ^ t e m s  is supported by transference number 
mezBurements**"** and recent neutron scattering ex­
periments.* From spectroscopic studies It Is known that 
the anion exists as a  free" ion. a U-CFiSOs contact 
ion pair, and a (LlzCFzSOzl* entity on a time scale of 
a t  lezBt several vibrational periods (femtoseconds) It 
is also Important to recognize the Important role played 
by the terminal units of a localized complex in the 
trarisport of anions. Consider a loczdized complex with 
a  terminal Li—CF3SO3 contact ion pair such as a  type 
B structure shown in Figure 4. The potential energy 
environment of the triflate anion is defined primarily 
^  the interaction with the cation of the contact ion pair 
there is only a very weak interaction with the polymer 
Itself This Is a  marked contrast to the much stronger 
interaction of the cation with its coord inative environ­
ment of oxygen atoms. As a consequence, we expect the
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transport mechanism of the triflate ion to be signifi­
cantly different than that of the cation. A similar 
conclusion follows from considering an isolated contact 
ion pair. In both instances the arguments presented 
here would result in a highly labile anion. This perspec­
tive supported by measurements of the cation and anion 
diffusion coefficients in PEO—LiCFiSOs which show 
that the anion is more mobile than the cation.^-* The 
actual contribution to the ionic conductivity might be 
mediated by other factors such as the steric interaction 
of the anion with the host matrix.

4. Conclusions
We have isolated and characterized a crystalline 

phase of diglyme—LiCFjSOi. In the diglymed-iCFiSOs 
crystal, the local environment of the Li ion and the 
torsional angle sequence of the bonds in the ethylene 
oxide units are remarkably similar to those present in 
the high molecular weight PfEOlsiLiCFjSOj compound. 
A comparison of the Raman bands in a 10:1 dlgjlyme— 
HCF3SO3 solution to the Raman bands in the diglyme: 
LiCFaSO] crystal suggests tha t in the solution Li may 
be four-coordinate.

Raman. X-ray data, and DSC data of PEO—LiCFj- 
SO3 films prepared a t several compositions show that 
local structures are present which are similar but not 
identical with local structures present in the PfEOs: 
L1CF3S03 crystal. Further work to determine the spe­
cific ordering which is observed in the 10:1 sample is 
currently in progress. We propose that in the "amor­
phous" phase of the polymer—salt system there exist 
microscopic domains of salt-rich reÿons whose local 
structures may resemble the crystialllne compound 
phase. These microscopic domains may be localized 
regions of a single polymer chain as described above or 
even severai adjacent localized regions in translational 
registry. In any case the cations and anions a t the 
boundaries of these salt-rich regions are relatively 
mobile because of two factors: their potential energy 
environments are less attractive than in the interior of 
the microscopic domains, and those environments are 
dynamically disordered through the increased motion 
of the polymer chains in the interface. Therefore, we 
suggest that the ions a t the domain boundaries make a 
significant contribution to the ionic conductivity, al­
though we emphasize that this model does not neces­
sarily describe the sole mechanism of ionic transport 
in polymer salt systems. Finally, we note that although 
this model has been developed for the PEO—L1CF3S03 
system, its general features can be extended to describe 
ionic transport in other polymer—salt electrolytes.
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A B S T R A C T :  T w o  c r y s t a l l in e  p h a s e s  o f  m o n o g ly m e  a n d  l i th iu m  t r i f l a t e  h a v e  b e e n  i s o la te d  a n d  
c h a r a c t e r i z e d .  D S C  th e r m o g r a m s  r e v e a l  th e  t r a n s i t i o n  t e m p e r a tu r e s  o f  t h e  c r y s t a l l i n e  p h a s e s .  T h e  c r y s t a l  
s t r u c tu r e  w a s  d e te r m in e d  a t  r o o m  t e m p e r a t u r e  a n d  a t  153 K  a n d  c o n f i r m e d  t h e  p h a s e  t r a n s i t io n .  H o w e v e r ,  
t h e  s t r u c tu r e  a t  b o th  t e m p e r a tu r e s  is  s i m i l a r  w i t h  o n ly  d i f f e r e n c e s  in  c o n f o r m a t i o n  a n d  p a c k in g  o f  t h e  
m o n o g ly m e  a n d  t r i f l a te  a n io n .  T h e  s t o i c h i o m e t r y  f o r  b o th  t e m p e r a t u r e s  i s  m o n o g ly m e r f L iC F jS O j) ! -  T h e  
c o n f o r m a t io n  o f  m o n o g ly m e  in  b o th  p h a s e s  is  t r a n s - t r a n s - t r a n s ,  w h i c h  r e p r e s e n t s  a  d i f f e r e n t  m o n o g ly m e  
c o n f o r m a t io n  in te r a c t in g  w i th  L F  in  a  c o n d e n s e d  p h a s e  t h a n  p r e v io u s ly  r e p o r t e d .  T h e  s p e c tr a l  c o m p a r i s o n  
o f  th e  tw o  c r y s t a l s  s h o w s  th e  5 s ( C F j)  a n d  v ^ fS O g ) m o d e s  p r o v id e  c o m p l e m e n ta r y  in f o r m a t io n  a b o u t  t h e  
lo c a l  e n v i r o n m e n t  o f  th e  t r i f l a te  a n io n .  T h e  s p e c t r o s c o p ic  c o m p a r i s o n  o f  t h e  m o n o g ly m e rC L iC F s S O s ) !  
c r y s ta l l in e  p h a s e  a t  2 9 5  K  t o  s o lu t io n s  o f  m o n o g ly m e - L iC F s S O s  s h o w s  t h a t  t h e  s t r u c tu r e  p r e s e n t  in  d i e  
c r y s ta l l in e  p h a s e  is  d i s t in c t ly  d i f f e r e n t  f r o m  th e  s t r u c tu r e  in  s o lu t io n .
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1. I n t r o d u c t i o n
P o l y m e r  e le c t r o l y te s  h a v e  b e e n  w id e ly  

s tu d ie d  f o r  u s e  in  e l e c t r o c h e m ic a l  d e v ic e s ,  
e s p e c i a l l y  r e c h a r g e a b le  l i th iu m  batteries.**®  F o r  
b a t t e r y  a p p l i c a t io n s ,  t h e  t e c h n o lo g ic a l  c h a l l e n g e  
is  to  d e v e lo p  a  p o l y m e r  e le c t r o ly te  s y s te m  t h a t  
h a s  a  h ig h  r o o m  t e m p e r a t u r e  io n ic  c o n d u c t iv i ty ,  
a  h ig h  c a t io n  t r a n s f e r e n c e  n u m b e r ,  d e s i r a b le  
m e c h a n ic a l  p r o p e r t i e s ,  a n d  in te r f a c ia l  a n d  
e le c t r o c h e m ic a l  s t a b i l i ty .  T o  m e e t  th e s e  
r e q u ir e m e n ts ,  n e w  s y s te m s  s u c h  a s  c o m p o s i t e  
p o ly m e r  e le c tro ly te s ,® -^  s in g l e  i o n  c o n d u c to r s ,*  
a n d  n e w  p o l y m e r  e l e c t r o l y t e  sy s tem s®  c o n t in u e  
to  b e  d e v e lo p e d .  S y s te m s  b a s e d  o n  p o ly ( e th y le n e  
o x id e ) ,  P E O ,  w i th  d i s s o l v e d  in o r g a n ic  s a l ts  
c o n t in u e  to  b e  o f  s i g n i f i c a n t  i n te r e s t  s in c e  P E O  
s h o w s  a  p a r t i c u l a r  p r o p e n s i ty  t o  s o lv a te  a n d  
t r a n s p o r t  io n s .  In  a d d i t i o n  to  s y s te m s  b a s e d  o n  
p u re  P E O ,  v a r io u s  p o l y m e r  a r c h i te c tu r e s  
c o n ta in in g  e th y le n e  o x i d e  u n i t s  h a v e  b e e n  
in v es tig a te d .'°* * '*  I o n ic  t r a n s p o r t  in  a  n u m b e r  o f  
P E O - s a l t  s y s te m s  h a s  b e e n  s h o w n  to  o c c u r  
p r im a r i ly  in  th e  a m o r p h o u s  phase'®-*® a n d  is  
s t r o n g ly  c o u p le d  to  t h e  s e g m e n ta l  m o t io n  o f  t h e  
p o ly m e r  b a c k b o n e .* ’ -**

T h e  m e c h a n i s m  o f  io n ic  t r a n s p o r t  in  
p o ly m e r  e le c t r o ly te s  is  s t i l l  n o t  w e l l  u n d e r s to o d ,  
a n d  a  f u n d a m e n ta l  u n d e r s t a n d i n g  o f  io n - io n  a n d  
io n - p o ly m e r  i n te r a c t io n s  is  n e e d e d .  T h e  
im p o r ta n c e  o f  io n - io n  i n te r a c t io n s  is  a p p a r e n t  

f ro m  t r a n s f e r e n c e  n u m b e r  m ea su re m e n ts ,* ®  
d i f f u s io n  co effic ien ts ,-® -^*  a n d  th e  f a i lu r e  o f  t h e  
N e m s t - E in s t e in  r e la t i o n s h ip  t o  d e s c r ib e  t h e  
e x p e r im e n ta l  io n ic  c o n d u c t i v i t y .—* ^  N e g a t iv e  
c a t io n  t r a n s f e r e n c e  n u m b e r  m e a s u r e m e n t s  w h ic h  
r e s u l t  f r o m  c a t io n s  b e in g  t r a n s p o r te d  b y  a n io n ic  
c lu s te r s  h a v e  b e e n  rep o rted .-® * -*  In  s o m e  
p o ly m e r - s a l t  s y s te m s ,  a t  h ig h  s a l t  c o n c e n t r a t io n s  
a  t r a n s p o r t  m e c h a n is m  w h i c h  is  d i f f e r e n t  th a n  th e  
m e c h a n is m  a t  lo w  s a l t  c o n c e n t r a t io n s  is  
s u g g e s te d  b y  m e a s u r e m e n t s  o f  t h e  t e m p e r a tu r e -  
d e p e n d e n t  c a t i o n  d i f f u s io n  c o e ff ic ie n ts .-®  I t  h a s  
b e e n  s u g g e s te d  th a t  i o n ic  t r a n s p o r t  in  t h e s e  
s y s te m s  m a y  o c c u r  v i a  c a t i o n  h o p p in g  b e tw e e n  
io n ic  c lu s te r s  a n d / o r  c o r r e l a t e d  m o tio n  o f  
c a t io n s  a n d  anions.®®-®® D e te r m in in g  th e  lo c a l  
s t r u c tu r e  o f  th e  a m o r p h o u s  p h a s e  p r o v id e s  a  
b a s is  f o r  u n d e r s t a n d i n g  o f  t h e  m e c h a n is m  o f  
io n ic  t r a n s p o r t  a n d  c o n t r i b u t e s  t o  t h e  r a t io n a l  
s y n th e s is  o f  n e w  m a te r i a l s .

O n e  a p p r o a c h  u s e d  t o  u n d e r s t a n d  th e  
lo c a l  s t r u c tu r e  in  p o l y m e r  e le c t r o ly te s  is  to  s tu d y  
p o ly m e r - s a l t  c r y s t a l l in e  phases.®*-®® T h e  s tu d y  o f  
c r y s ta l l in e  p o ly m e r - s a l t  c o m p o u n d s  h a s  y ie ld e d  
c o n s id e r a b le  i n s ig h t  in to  t h e  c o o r d in a t io n  
e n v ir o r u n e n t  o f  t h e  c a t i o n  a n d  a n io n  a s  w e ll  a s

t h e  c o n f o r m a t io n  o f  t h e  p o l y m e r  backbone.® ®  
T h e  s t r u c tu r e  o f  p o ly m e r - s a l t  c r y s t a l l in e  p h a s e s  
h a s  b e e n  u s e d  to  s u g g e s t  l o c a l  s t r u c tu r e s  in  th e  
a m o r p h o u s  p h a s e  o f  t h e s e  systems.®"**®® In 
a d d i t i o n ,  s tu d ie s  o f  c r y s t a l l in e  phases® * a n d  
r e c e n t  r e s u l t s  s h o w in g  e n h a n c e d  c o n d u c t iv i ty  in 
s t r e tc h e d  p o ly m e r  e le c t r o ly te  films®® *® s u g g e s t  
t h a t  io n ic  t r a n s p o r t  m ay  b e  e n h a n c e d  a lo n g  
c e r t a i n  o r d e r e d  p a th w a y s .

A n o th e r  u s e f u l  a p p r o a c h  is  to  s tu d y  lo w  
m o le c u la r  w e ig h t  a n a lo g s  o f  P E O ,  n a m e ly  g ly c o l  
d i m e t h o x y  e th e r s  ( a b b r e v i a t e d  a s  g ly m e s )  w ith  
t h e  g e n e r a l  f o r m u la  C H 3( O C H 2C H 2)n O C H 3 
w h e r e  u s u a l ly  n < 6 . G l y m e - s a l t  s y s te m s  a re  
u s e f u l  s t r u c tu r a l  m o d e ls  o f  P E O - s a l t  s y s te m s .* '* 
*® a n d  h a v e  a ls o  b e e n  u s e d  t o  m o d e l  d y n a m ic a l  
b e h a v i o r  a n d  t r a n s p o r t  properties.*®*®® 
M o n o g ly m e  is  a  u s e fu l  c o n f o r m a t i o n a l  m o d e l  f o r  
PEO,® * ®* a n d  th e  c o n f o r m a t io n a l  p r o p e r t i e s  o f  
m o n o g ly m e  h a v e  b e e n  s tu d i e d  in  a l l  phases.®®*®® 
M o n o g ly m e - s a l t  s y s te m s  h a v e  a ls o  b e e n  u s e d  to  
m o d e l  s t r u c tu r e  a n d  d y n a m ic s  o f  P E O - s a l t  
systems.®®*®®

T o  g a in  in s ig h t  in to  t h e  lo c a l  s t r u c tu r e  
o f  p o ly m e r  e le c t r o ly te s ,  w e  h a v e  c o m b in e d  th e  
s t r a te g i e s  o f  s tu d y in g  c r y s t a l l in e  p h a s e s  a n d  
g ly m e s  to  s tu d y  g ly m e - s a l t  c r y s t a l l i n e  p h a s e s .  
C r y s t a l l i n e  g ly m e - s a l t  c o m p le x e s  s e r v e  to  fu r th e r  
o u r  u n d e r s ta n d in g  o f  lo c a l  s t r u c tu r e  in  p o ly m e r  
e l e c t r o ly te s  a n d  s p e c i f i c a l ly  t h e  c h a n g e s  in 
c o o r d in a t i o n  a n d  c o n f o r m a t io n  d u e  to  d i f f e r e n t  
c h a i n  le n g th s .  W e  h a v e  p r e v io u s ly  r e p o r t e d  th e  
c r y s t a l l in e  p h a s e  o f  d i g ly m e i l i th iu m  t r i f l a te  a n d  
u s e d  th e  s t r u c tu r e  to  p r o v id e  i n s ig h t  in to  th e  
i o n ic a l ly  c o n d u c t in g  p h a s e  o f  P E O - l i th iu m  
t r i f l a te  systems.®® C r y s t a l l i n e  p h a s e s  o f  
t e t r a e th y le n e  g ly c o l  d im e th y l  e t h e r  w ith  
c a d m iu m  chloride® * a n d  w ith  m e r c u r ic  chloride® ®  
h a v e  a ls o  b e e n  r e p o r te d .  H e r e  w e  r e p o r t  x - ra y  
s t r u c tu r e s  a n d  v ib r a t io n a l  s p e c t r a  o f  c r y s ta l l in e  
p h a s e s  o f  m o n o g ly m e r l i th iu m  t r i f l a te  a n d  a  
s p e c t r o s c o p i c  c o m p a r is o n  o f  th e  c r y s ta l l in e  
p h a s e  w i th  m o n o g ly m e - l i th iu m  t r i f l a t e  s o lu t io n s .

2 .  E x p e r i m e n t a l
M o n o g ly m e  ( e th y l e n e  g ly c o l  d im e th y l  

e th e r ,  9 9 .9 % )  w a s  o b ta in e d  f r o m  A ld r ic h  a n d  
u s e d  a s  r e c e iv e d .  L ith iu m
t r i f l u o r o m e th a n e s u l f o n a te ,  L iC F a S O ;,
( 9 9 .9 9 5 % ) ,  a ls o  c a l l e d  l i t h iu m  t r i f l a te  a n d  
a b b r e v i a t e d  h e r e  a s  L iT f .  w a s  o b t a in e d  f ro m  
A l d r i c h  a n d  h e a te d  u n d e r  v a c u u m  a t  I 2 0 ° C  f o r  
4 8  h  p r i o r  to  u se . T h e  r e a g e n t s  w e r e  s t o r e d  a n d  
m a n ip u la t e d  in  a  d r y  n i t r o g e n  g l o v e b o x  ( V A C , <
I p p m  H 2O ) .  T h e  s a l t  w a s  c o m b i n e d  w i th  th e  
s o l v e n t  in  s to ic h io m e tr ic  a m o u n t s  t o  y ie ld
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T a b l e  1 . D a ta  f o r  c r y s ta l l in e  p h a s e s  o f  

m o n o g ly m e :( L iT 02

Gl:(LiTf)i 
“room temp”

Gl:(LiTOr 
“low temp”

Empirical
formula

CâHioFâLirOiSz C«H loFâLizOgSi

Temperature 295(2) K 153(2) K
Space group P-l P-l
Crystal system Triclinic Triclinic
a 5.025(8) A 5.040(13) A
b 7.616(11) A 7.523(19) A
c 10.063(15)A 10.20(3) A
a 106.762(10)- 105.427(17)-
3 100.845(12)- 98.596(19)-

Y 93.514(12)- 95J46(19>-
Volume 359.4(9) A" 365.1(16) A"
Density
(calculated!

1.858 Mg/m" 1.828 Mg/m'

RI 0.123 0.100

Table 2. S e le c te d  b o n d  l e n g th s  ( Â ) .  b o n d  
a n g le s  ( ° )  a n d  t o r s i o n a l  a n g le s  ( ° )  f o r  ro o m  
t e m p e ra tu r e  a n d  l o w  t e m p e r a tu r e  c ry s ta l l in e  
p h a s e s  o f  G 1 : ( L iT f )2-

s o lu t io n s  o f  th e  d e s i r e d  e th e r  o x y g e n  t o  m e ta l  
c a t io n  r a t i o  ( 0 : M ) .  T h e  s o lu t io n s  w e r e  s t i r r e d  in  
th e  g l o v e b o x  f o r  a t  le a s t  4 8  h  p r i o r  to  
m e a s u r e m e n t .  T o  p r e p a r e  th e  m o n o g ly m e r L iT f  
c r y s ta ls ,  L i T f  w a s  d i s s o lv e d  in  m o n o g ly m e  w i th  
a  s o lu t io n  c o n c e n t r a t io n  o f  7 .7  M  w h ic h  
r e p r e s e n t s  a n  e th e r  o x y g e n  to  m e ta l  c a t io n  r a t io  
o f  2 .5 :1 .  T h e  s o lu t io n  w a s  s t i r r e d  f o r  - 4 8  h  a n d  
l e f t  in s id e  th e  g lo v e b o x  a t  ro o m  t e m p e r a tu r e .  
A f te r  a  n u m b e r  o f  w e e k s ,  a n  in te r m e d ia te  g e l ­
l ik e  p h a s e  a p p e a r e d  w h ic h  th e n  p r o d u c e d  a  
c r y s ta l l in e  p h a s e  a f t e r  a  n u m b e r  o f  m o n th s .  
S in g le  c r y s ta l s  s p e c im e n s  w e re  is o la te d  f r o m  th e  
c o n c e n t r a t e d  s o lu t io n .

F o r  th e  x - r a y  d i f f r a c t io n  ( X R D )  
m e a s u r e m e n ts ,  a  c o lo r le s s  c ry s ta l  w i th  th e  

d im e n s io n s  o f  1.0 5  m m  x 0 .7 3 4  m m  x 0 .7 3 0  m m  
m o u n te d  in  a  g la s s  c a p i l la r y  w a s  a l ig n e d  o n  a  
B r u k e r  S M A R T  A P E X  C C D  d i f f r a c to m e te r  
( P la t f o r m  w i th  fu l l  th r e e  c ir c le  g o n io m e te r ) .  
I n te n s i ty  m e a s u r e m e n ts  w e re  p e r fo r m e d  u s in g  

g r a p h i te  m o n o c h r o m a te d  M o -K g - ra d ia t io n . D a ta  
w e r e  c o l l e c t e d  a t  2 9 5  K  a n d  153 K . S M A R T  w a s  
u s e d  f o r  p r e l im in a r y  d e te r m in a tio n  o f  t h e  c e l l  
c o n s ta n t s  a n d  d a ta  c o l le c t io n  c o n tr o l .  R L A T T  
w a s  u s e d  to  s e p a r a te  r e f le c t io n s  f r o m  d i f f e r e n t  
d o m a in s  o f  a  m u l t ip le  tw in n e d  c r y s ta l .  T h e  
in te n s i t ie s  o f  r e f l e c t io n s  o f  a  s p h e r e  w e r e  
c o l l e c te d  b y  a  c o m b in a t io n  o f  4  s e ts  o f  e x p o s u r e s  
( f r a m e s ) .  E a c h  s e t  h a d  a  d i f f e r e n t  (j> a n g le  f o r  th e  
c r y s ta l  a n d  e a c h  e x p o s u r e  c o v e re d  a  r a n g e  o f  1 ° 
in  0). A  to ta l  o f  7 2 0  f r a m e s  w e re  c o l l e c te d  w i th  
a n  e x p o s u r e  t im e  p e r  f ra m e  o f  3 0 s .  
D e te r m in a t io n  o f  in te g ra l  in te n s i t ie s  a n d  g lo b a l  
c e l l  r e f in e m e n t  w e r e  p e r fo r m e d  w ith  th e  B r u k e r  
S A I N T  ( V 6 .0 2 )  s o f tw a r e  p a c k a g e  u s in g  a  
n a r r o w - f r a m e  in te g r a t io n  a lg o r i th m . T w o  d a t a

Gl:(LiTf)- 
"room temp”

Gl:(LiTO: 
“low temp”

Bond distances
Li-Ol 1.894(16) 1.931(18)
Li-02 1.874(17) 1.932(19)
Li-03 1.872(16) 1.94(2)
L1-04 1.873(15) 1.917(18)
C2-04 1.355(14) 1.415(14)
04-03 1.40(2) 1.433(12)
C3-C3 1.51(4) 1.51(2)
Sl-Ol 1.384(6) 1.407(8)
S1-02 1399(7) 1.420(8)
S1-03 1.381(6) 1.444(8)
Cl-Fl 1366(13) 1.315(15)
CI-F2 1.265(13) 1.304(14)
C1-F3 1.268(12) 1.312(13)
Cl-SI 1.769(10) 1-816(12)
Bond angles
01-Lil-O2 109.0(8) 106.2(9)
01 -Li 1-03 106.6(8) 110.1(9)
01-Lil-O4 107.8(8) 108.6(9)
02-L11-O4 113.1(8) 106.6(9)
02-Lil-03 110.8(8) 106.6(9)
03-UT-04 109.3(8) 118.0(9)
C2-04-C3 100.0(1) 108.6(3)
04-C3-C3 106(2) 106.6(10)
C2-04-Lil 116.3(9) 115.2(8)
C3-04-LiI 135.8(11) 130.8(8)
Lil-Ol-SI 141.4(6) 127.3(7)
Lil-02-SI 130.0(6) 137.8(7)
Lil-03-Sl 130.4(6) 126.7(7)
01-S1-02 115.4(4) 114.6(5)
01-SI-O3 115.0(4) 114.4(4)
02-S1-O3 113.7(4) 115.2(4)
Tors, angles
C2-04-C3-C3 175.2(2) 176.1(8)
04-C3-C3-O4 180.0(1) 180.0(1)
04-LÜ-02-S1 -130.1(7) -39.5(10)
01-Sl-C l-FI -178.3(8) -179.5(5)
03-S1-C1-F3 -179.0(8) -178.1(5)
Sl-02-Lil-01 -10.2(11) -154.9(5)
02-L il-04-02 -172.8(10) -72.9(8)

s e ts  f ro m  th e  s t r o n g e s t  d i f f r a c t i n g  d o m a in s  o f  a  
m u lt ip le  tw in n e d  c r y s t a l  w e r e  o b ta in e d .  G E M IN I  
w a s  u se d  to  r e m o v e  r e f l e c t i o n s  f ro m  o n e  o f  th e  
d a ta s e ts ,  w h ic h  w e r e  a f f e c t e d  b y  o v e r la p  f ro m  
th e  o th e r  d a ta s e t .  A  s e m i - e m p i r i c a l  a b s o r p t io n  
c o r re c t io n  w a s  a p p l i e d ,  b a s e d  o n  th e  in te n s i t ie s  
o f  s y m m e tr y - r e la te d  r e f l e c t i o n s  m e a s u re d  a t  
d i f f e re n t  a n g u la r  s e t t i n g s  u s in g  S A D A B S . T h e  
p ro g ra m  s u i te  S H E L X T L  ( V 5 .1 )  w a s  u se d  f o r  
s p a c e  g ro u p  d e te r m i n a t i o n  ( X P R E P ) ,  s t ru c tu re  
s o lu t io n  ( X S )  a n d  r e f in e m e n t  ( X L ) .  T h e  
s t ru c tu re s  w e r e  s o lv e d  u s i n g  d i r e c t  m e th o d s  a n d  
s u b s e q u e n t  d i f f e r e n c e  F o u r i e r  s y n th e s is ,  a n d
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•Cooling cycle- ■Heating c y d e -

I

§ Phase IPhase

I

298 3482482 9 8 196 248

Temperature (K)

F i g u r e  1 . D if f e r e n t ia l  s c a n n in g  c a lo r im e t r y  
th e r m o g r a m  o f  s in g le  c r y s ta l  s p e c im e n  o f  
c r y s ta l l in e  G l : ( L i T f )2 s h o w in g  th e  p r e s e n c e  o f  
tw o  c r y s ta l l in e  p h a s e s  a n d  t h e i r  p h a s e  t r a n s i t i o n  
t e m p e r a tu r e s  f o r  th e  c o o l in g  a n d  h e a t i n g  c y c le s .

r e f in e d  b y  f u l l - m a tr ix  l e a s t  s q u a r e s  o n  F ‘ .  F o r  th e  
h y d r o g e n  a to m s  a  r id in g  m o d e l  w a s  e m p lo y e d  
u n d e r  r e s t r ic t io n  o f  id e a l  g e o m e t r y  a t  th e  
c o r r e s p o n d in g  n o n - h y d r o g e n  a to m  a t t a c h e d .  A l l  
n o n - h y d r o g e n  a to m s  w e r e  r e f in e d  
a n is o t r o p ic a l ly .  F o r  th e  r o o m  te m p e r a tu r e  
s t r u c tu r e ,  t h e  C 3  a to m  o f  th e  m o n o g ly m e  l ig a n d  
w a s  d i s o r d e r e d  a n d  r e f in e d  w i th  5 0 %  o c c u p a n c y  
o f  t h e  tw o  d i s o r d e r e d  c o m p o n e n t s .  F u r th e r  
d e ta i l s  o f  t h e  s t r u c tu r a l  r e f in e m e n t  a r e  p r e s e n te d  
in  th e  s u p p le m e n ta l  in f o r m a t io n .  T a b le  V S .

D i f f e r e n t ia l  s c a n n in g  c a lo r im e t r y  ( D S C )  
th e r m o g r a m s  w e r e  c o l l e c te d  o n  a  M e t t l e r  D S C  
8 2 0  c a lo r im e te r  u n d e r  n i t r o g e n  p u r g e  in  s e a le d  
a lu m in u m  c r u c ib le s .  S p e c im e n s  o f  th e  
m o n o g ly m e r L iT f  c r y s ta l s  w e r e  f i r s t  c o o le d  f ro m  
2 9 8  K  to  1 9 8  K  a n d  th e n  h e a te d  f r o m  1 9 8  K  to  
3 4 8  K  w ith  a  h e a t in g /c o o l in g  r a te  o f  10  K /m in .  
R a m a n  s c a t t e r in g  s p e c tr a  w e r e  r e c o r d e d  o n  a n  
I .S .A .  J o b in - Y v o n  T 6 4 0 0 0  in  t h e  t r ip l e  
s u b t r a c t iv e  m o d e  w ith  a  s c a n  t im e  o f  16  s  a n d  10 
a c c u m u la t io n s  u s in g  a  1 8 0 °  g e o m e t r y .  T h e  5 1 4  
n m  l in e  o f  a n  A rg o n  la s e r  f o c u s e d  t h r o u g h  a n  
8 0 x  m ic r o s c o p e  le n s  w a s  u s e d  f o r  e x c i t a t io n .  T h e  
l a s e r  w a s  o p e r a t e d  a t  3 0 0  m W , m e a s u r e d  a t  th e  
la s e r  h e a d .  L o c a l  h e a t in g  o f  th e  s a m p le  b y  th e  
f o c u s e d  b e a m  w a s  n o t  o b s e r v e d  in  s im i l a r  
sy s te m s .^ ^  S in c e  th e  s p e c im e n s  w e r e  s in g le  
c r y s ta l s ,  s p e c t r a  w e re  t a k e n  u s in g  d i f f e r e n t  
o r ie n ta t io n s  o f  th e  c r y s ta l  r e la t i v e  t o  th e  
in c o m in g  b e a m .  O n ly  m in o r  d i f f e r e n c e s  in  
r e la t iv e  in te n s i t ie s  w e r e  o b s e r v e d  f o r  th e  
d i f f e r e n t  o r i e n ta t io n s .  R a m a n  s p e c t r a  w e r e  
c o l l e c te d  a t  2 9 8  K  a n d  1 9 8  K . T h e  c r y s t a l  w a s  
c o o le d  f r o m  r o o m  te m p e ra tu r e  to  - 1 0 0  ° C  u s in g  a

F i g u r e  2 .  P a c k in g  d i a g r a m  ( p r o je c te d  p a r a l le l  to  
th e  b - a x is  f o r  c r y s t a l l in e  p h a s e  o f  G 1 : ( L iT f )2 a t  
2 9 5  K .  H y d r o g e n  a to m s  a r e  n o t  s h o w n  in  th e  
d ia g r a m .  T h e  s t r u c tu r e  is  n e tw o r k e d  b y  th e  
t r i f l a te  a n io n .

M M R  T e c h n o lo g ie s  K -2 0  T e m p e r a tu r e  
C o n t r o l l e r .  I n f r a r e d  s p e c t r a  w e re  r e c o r d e d  w ith  a  
B r u k e r  IF S 6 6 V  F T - I R  s p e c t r o m e te r  o v e r  a  r a n g e  
o f  4 0 0 0  c m " ' t o  4 0 0  c m " ' w ith  a  r e s o lu t io n  o f  1 
c m " '.  M id - in f f a r e d  s p e c t r a  o f  th e  c r y s ta l l in e  
m a te r ia l  w e r e  t a k e n  a s  K B r  p e l l e t s  in  a n  
e v a c u a te d  s a m p le  c h a m b e r ,  a n d  IR  s p e c t r a  o f  th e  
m o n o g ly m e - L i T f  s o lu t io n s  w e r e  o b t a in e d  u s in g  
Z n S e  p l a t e s  a n d  a  d r y - a i r  p u r g e d  s a m p le  
c h a m b e r .  B a n d s  w e r e  c u r v e - f i t  b y  th e  
L e v e n b e r g - M a r q u a r d t  m e th o d  u s in g  G a la c t i c  
G r a m s  s o f t w a r e  ( v e r .  5 .2 ) .

3 .  R e s u l t s  a n d  D i s c u s s io n
3 . 1 C r y s t a l l i n e  p h a s e s  o f  m o n o g l y m e :  L i C  F sS O ^

A  d i f f e r e n t i a l  s c a n n in g  c a lo r im e t iy  
t h e r m o g r a m  o f  a  s in g l e  c ry s ta l  s p e c im e n  is 
s h o w n  in  F ig .  1. D a ta  t a k e n  f o r  th e  c o o l in g  c y c le  
f ro m  2 9 8  K  to  198  K  s h o w s  th e  p r e s e n c e  o f  a n  
e n d o th e r m ie  p e a k  w ith  a n  o n s e t  t e m p e r a tu r e  o f  
2 4 4  K . T h i s  e n d o th e r m  is  d u e  to  th e  e n th a lp y  
c h a n g e  d u e  to  th e  t r a n s f o rm a t io n  f r o m  o n e  
c r y s ta l l in e  p h a s e  ( d e f in e d  a s  P h a s e  1) to  a n o th e r  
c r y s ta l l in e  p h a s e  ( d e f in e d  a s  P h a s e  I I ) .  D a ta  f o r  
th e  h e a t in g  c y c l e  f r o m  1 9 8  K. to  3 4 8  K  s h o w s  th e  
p r e s e n c e  o f  a n  e x o th e r m ic  p e a k  w ith  a n  o n s e t  
t e m p e r a tu r e  o f  2 7 1  K . T h e  e x o th e r m ic  p e a k  is  
d u e  to  th e  e n th a l p y  c h a n g e  a s s o c ia te d  w i th  th e  
t r a n s f o r m a t io n  f r o m  th e  c r y s ta l l in e  p h a s e  s t a b le  
a t  lo w  t e m p e r a t u r e s  ( P h a s e  I I )  to  th e  c r y s ta l l in e  
p h a s e  s t a b le  a t  r o o m  te m p e r a tu r e  ( P h a s e  I ) .  T h e  
d i f f e r e n c e  b e tw e e n  th e  p h a s e  t r a n s f o r m a t io n  
t e m p e r a tu r e  f o r  th e  c o o l i n g  c y c le  a n d  th e  p h a s e
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F i g u r e  3 .  C r \ 'S ta I  s t r u c tu r e  o f  G l : ( L i T f ) 2a t  
2 9 5  K  s h o w in g  th e  t r a n s - t r a n s - t r a n s  
c o n f o rm a t io n  o f  t h e  m o n o g ly m e  a n d  th e  
f o u r - f o ld  c o o r d in a t io n  o f  l i th iu m .

t r a n s f o r m a t io n  t e m p e r a tu r e  f o r  th e  h e a t in g  c y c le  
c a n  b e  a t t r ib u te d  to  t h e  r e l a t i v e ly  f a s t  h e a t in g  
r a te  a n d  th e  k in e t i c s  o f  c r y s t a l l iz a t i o n  f o r  t h e  
c o m p o u n d s .

T h e  c r y s ta l  s t r u c tu r e  w a s  d e te r m in e d  a t  
2 9 5  K  a n d  a t  1 5 3  K  a n d  c o n f i r m e d  th e  p h a s e  
c h a n g e .  C r y s ta l  d a ta  f o r  t h e  t w o  te m p e ra tu r e s  a r e  
p r e s e n te d  in  T a b le  I .  F o r  b o t h  t e m p e ra tu r e s ,  th e  
o c c u p a n c y  o f  t h e  u n i t  c e l l  i s  o n e  m o n o g ly m e  a n d  
tw o  l i th iu m  t r i f l a te  io n s ,  w i t h  th e  m o n o g ly m e  
s i tu a te d  a t  th e  i n v e r s io n  c e n te r .  T h e  
s to ic h io m e t r y  f o r  b o t h  te m p e ra tu r e s  is 
m o n o g ly m e :( L iC F 3S 03 )2, a b b r e v i a t e d  h e r e  a s  
G l : ( L i T f ) 2, a n d  th e  e th e r  o x y g e n  to  c a t io n  r a t io  
is  1 :1 . T h e  u n i t  c e l l  p a r a m e t e r s  f o r  th e  tw o  
te m p e ra tu r e s  s h o w s  a n  i n te r e s t in g  fe a tu re  o f  a n  
in c r e a s e  in  th e  v o lu m e  o f  t h e  u n i t  c e l l  a t  th e  
lo w e r  t e m p e r a tu r e  o f  1 5 3  K ,  t h u s  a  d e c r e a s e  in  
th e  c a lc u la te d  d e n s i ty  i n d ic a t i n g  a  s l ig h t ly  m o r e  
o p e n  s t r u c tu r e  a t  t h e  l o w e r  t e m p e r a tu r e .  S e le c te d  
b o n d  le n g th s ,  b o n d  a n g le s ,  a n d  to r s io n a l  a n g le s  
f o r  b o th  s t r u c tu r e s  a r e  l i s te d  in  T a b l e  2 .  F ig u r e  2  
s h o w s  th e  p a c k in g  d i a g r a m s  in d ic a t in g  
p o ly m e r ic  c h a in  f o r m a t io n  w h ic h  r u n s  a lo n g  th e  
c r y s ta l lo g r a p h ic  a - a x i s .  F i g u r e  3  s h o w s  th e  
s e le c te d  p o r t io n  o f  t h e  p o l y m e r i c  c h a in  w ith  th e  
a to m ic  la b e l in g  s c h e m e .  B o th  th e  r o o m  
te m p e r a tu r e  a n d  lo w  t e m p e r a t u r e  s t r u c tu r e s  a r e  
s im i la r  in  o v e r a l l  p a c k in g .  F ig u r e s  2  a n d  3 s h o w  
t h e  ro o m  t e m p e r a tu r e  s t r u c tu r e ;  t h is  is  s im i l a r  to  
t h e  lo w  t e m p e r a tu r e  s t r u c tu r e  w h ic h  a ls o  f o rm s  
p o ly m e r ic  c h a in s  a lo n g  t h e  a - a x i s .  H o w e v e r ,  
t h e r e  a r e  s m a l l  d i f f e r e n c e s  in  th e  tw o  s t r u c tu r e s  
in  th e  c o n f o r m a t io n  o f  t h e  m o n o g ly m e  l ig a n d  
a n d  th e  t r i f l a te  a n io n  a s  n o t e d  in  T a b le  2  a n d  
s h o w n  in  F ig u r e  4 .

F i g u r e  4 .  V is u a l  c o m p a r is o n  o f  th e  s t r u c tu r e s  o f  
t h e  r o o m  t e m p e r a tu r e  ( w h i te  b o n d s )  a n d  lo w  
t e m p e r a t u r e  ( b l a c k  b o n d s )  c r y s t a l l in e  p h a s e s  o f  
G I : ( L iT O i  s h o w in g  th e  d i f f e r e n t  o r i e n t a t i o n s  o f  
t h e  t r i f l a te  a n io n  in  th e  tw o  c o m p o u n d s .

In  b o th  th e  r o o m  t e m p e r a tu r e  ( R T )  a n d  
th e  lo w  te m p e r a tu r e  ( L T )  c r y s ta l l in e  s t r u c tu r e s ,  
l i th iu m  is  c o o r d in a te d  to  f o u r  o x y g e n s ,  o n e  
o x y g e n  f r o m  m o n o g ly m e  a n d  th r e e  o x y g e n s  
f r o m  d i f f e r e n t  t r i f la te  a n io n s .  In  b o th  o f  th e  
c r y s t a l s ,  t h e  c o o r d in a t io n  g e o m e t r y  o f  th e  
l i th iu m  c a n  b e  d e s c r ib e d  a s  a  d i s t o r te d  
t e t r a h e d r o n  a s  o b s e r v e d  b y  th e  v a lu e s  o f  t h e  O -  
L i- O  a n g le s .  T h e  c o n f o r m a t io n  o f  m o n o g ly m e  
c a n  b e  d e s c r i b e d  b y  th e  v a lu e s  o f  t h e  t o r s io n a l  
a n g le s  f o r  th e  b o n d  s e q u e n c e s ,  C - O - C - C .  O - C - C -  
O ,  C - C - O - C ,  w h e re  t r a n s  ( 1 8 0 °  ±  6 0 ° )  is 
a b b r e v i a t e d  b y  t  a n d  g a u c h e  (6 0 °  ±  6 0 ° )  is 
a b b r e v i a t e d  b y  g .  In  th e  R T  a n d  L T  c r y s t a l l in e  
c o m p o u n d s  t h e  m o n o g ly m e  m o le c u le  h a s  a  
c o n f o r m a t io n  o f  t r a n s - t r a n s - t r a n s ,  t t t .  T h e  O - C -  
C - O  a n g le  in  b o th  c r y s ta l s  is 1 8 0 .0 (1 ) ° ,  a n d  th e  
C - O - C - C  a n g le s  a re  1 7 5 .2 (2 ) °  in  th e  R T  c r y s ta l  
a n d  1 7 6 .1 (8 ) °  in  th e  L T  c r y s ta l .  In  b o th  c r y s t a l s ,  
th e  m o n o g ly m e  m o le c u le  s i t s  o n  a n  in v e r s io n  
c e n t e r  w i th in  th e  u n it  c e l l ,  a n d  e a c h  o f  th e  
o x y g e n  a to m s  o f  m o n o g ly m e  is  c o o r d in a t e d  to  a  
d i f f è r e n t  l i th iu m  io n .

M o n o g ly m e  in  a  t t t  c o n f o r m a t io n  th a t  
c o o r d in a te s  L F  io n s  is in te r e s t in g  s in c e  q u a n tu m  
c h e m ic a l  c a l c u la t io n s  a n d  s p e c t r o s c o p i c  s tu d i e s  
o f  m o n o g ly m e  c o m p le x e d  w i th  c a t i o n s  h a v e  
r e p o r t e d  t h a t  t h e  tg t  c o n f o r m a t io n  is  f a v o r e d  to  
i n te r a c t  w i th  c a t io n s .  Q u a n tu m  c h e m ic a l  
c a l c u l a t i o n s  o f  t g t - L f  a n d  t t t - L P  c o m p l e x e s  
s h o w s  th e  t t t - L i '  c o m p le x  is  - 2 6  k c a l /m o l  h i g h e r  
in  e n e r g y  th a n  th e  t g t - L f  c o m p l e x . ’ "*-̂ ® T h e
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lo w e r  e n e r g y  o f  t h e  t g t - L P  c o m p le x  c a n  b e  
a t t r ib u te d  to  c o o r d in a t i o n  o f  b o th  e th e r  o x y g e n s  
t o  th e  L i*  b y  t h e  m o n o g ly m e  in  a  tg t  
c o n f o rm a t io n .  T h e  t t t  c o n f o r m a t io n  a l lo w s  o n ly  
o n e  o x y g e n  to  c o o r d in a t e  t o  th e  l i th iu m  io n . 
C o m p u ta t io n a l  a n d  e x p e r im e n ta l  s tu d ie s  o f  p u r e  
m o n o g ly m e  h a v e  s h o w n  t h a t  th e  t t t  c o n f o r m e r  is  
th e  m o s t  s t a b le  c o n f o r m e r  in  th e  g a s  p h a s e /^ -^ -^ ^  
a n d  th e  e n e r g y  d i f f e r e n c e  b e tw e e n  th e  t t t  a n d  tg t  
c o n f o rm e r s  is  a r o u n d  0 .2  k c a l /m o l .  H o w e v e r ,  in  
t h e  l iq u id  p h a s e  t h e  p r e f e r r e d  c o n f o rm a t io n  is  t g t  
r a th e r  th a n  ttt,®^’̂ * a n d  in  t h e  c r y s ta l l in e  p h a s e  o f  
p u r e  m o n o g ly m e  t h e  c o n f o rm a t io n  o f  th e
m o le c u le  is  t g t . ^  A  c r i t i c a l  f a c to r  in  s ta b i l i z in g  
th e  t t t  c o n f o r m e r  w i t h in  t h e  G lz f L iT f ) :  R T  a n d  
L T  c ry s ta ls  is  t h e  c o n t r ib u t io n  o f  th e  t r i f l a te  
a n io n s  a n d  s o l id  s t a t e  p a c k in g  e f fe c ts .

3 . 2  V i b r a t i o n a l  s p e c t r a  o f  c r y s t a l l i n e  p h a s e s
S in c e  th e  x - r a y  s t r u c tu r e s  o f  t h e

G l : ( L i T f )2 r o o m  t e m p e r a tu r e  a n d  lo w  
te m p e ra tu r e  c r y s ta l s  h a v e  b e e n  d e te rm in e d ,  th e  
v ib r a t io n a l  s p e c t r a  p r o v i d e  m o d e  f r e q u e n c ie s  o f  
th e s e  s p e c if ic  s t r u c tu r e s .  In  tu rn , th e s e  
f r e q u e n c y - s t r u c tu r e  c o r r e l a t i o n s  c a n  b e  u s e d  to  
a n a ly z e  s y s te m s  w h e r e  th e  s t ru c tu re  is  n o t
k n o w n .  In  p a r t i c u l a r ,  th e  a n a ly s is  o f  th e
f r e q u e n c ie s  o f  th e  a n io n  a n d  m o n o g ly m e  m o d e s  
p r o v id e s  in s ig h t  i n to  lo c a l  s t r u c tu r e .  P r e v io u s  
e x p e r im e n ta l  a n d  c o m p u ta t io n a l  s tu d ie s  h a v e  
e s ta b l i s h e d  th a t  m o d e s  o f  th e  t r i f la te  a n io n  a r e  
s e n s i t iv e  to  th e  i n te r a c t io n  o f  th e  t r i f la te  a n io n  
w i th  o n e  o r  m o r e  c a t i o n s . ’ ®-^  ̂ In  p a r t ic u la r ,  th e  

s y m m e tr ic  S O j  s t r e tc h i n g  m o d e ,  v , ( S 03 ) ,  a n d  th e  
s y m m e tr ic  C F ;  d e f o r m a t i o n  m o d e ,  S s fC F ;) , h a v e  
b e e n  u s e d  to  p r o b e  th e  lo c a l  p o te n t ia l  e n e r g y  
e n v ir o n m e n t  o f  t h e  t r i f l a te  a n io n  in  p o ly m e r  
e le c t r o ly te  s y s te m s .

In  b o th  th e  r o o m  te m p e ra tu r e  a n d  lo w  
te m p e r a tu r e  G lz f L iT f ) ?  c r y s ta l  s t ru c tu re s ,  th e r e  
a r e  tw o  t r i f l a te  a n io n s  in  a  u n i t  c e ll  a n d  th e i r  
v ib r a t io n a l  m o d e s  a r e  n o t  is o la te d ,  b u t  r a th e r  
c o r re la te d  t h r o u g h  in te r m o le c u la r  fo rc e s .  T h e  
f a c to r  g r o u p  c o r r e l a t i o n  m e th o d  p r o v id e s  a  
d e s c r ip t io n  o f  th e  s y m m e t r i e s  a n d  s e le c t io n  r u le s  
o f  th e  c o r r e la te d  m o d e s .  W e  h a v e  p r e v io u s ly  
a p p l i e d  th e  f a c to r  g r o u p  c o r r e la t io n  m e th o d  to  
d e s c r ib e  th e  s y m m e t r i e s  o f  a n io n  m o d e s  in 
c r y s ta l l in e  p o ly m e r  e le c t r o ly te s  a n d  g ly m e :s a l t  
c o m p o u n d s . ’ ^'^* T h e  p r e s e n c e  o f  m u lt ip le  b a n d s  
in  th e  v , ( S O ; )  a n d  6 s ( C F ;)  r e g io n s  in  c r y s ta l l in e  
P ( E O ) ; : L i T f  a n d  P ( E O ) : N a T f  h a s  b e e n  
p r e v io u s ly  o b s e r v e d  b y  u s  a n d  h a s  b e e n  
in te r p r e te d  a s  a r i s in g  f r o m  d y n a m ic a l  c o u p l in g  
o f  th e  m u lt ip le  t r i f l a te  a n io n s  in  th e  u n i t  ce ll.^^  
U s in g  th is  m e th o d ,  m o d e s  o f  th e  is o la te d  t r i f l a te
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F i g u r e  5 . R a m a n  a n d  IR  s p e c t r a  in  th e  7 5 0 -  
1 1 5 0  c m  ' r e g io n  o f  c r y s t a l l in e  G l : ( L i T f ) ;  a t  
2 9 5  K

a n io n ,  b e lo n g in g  to  p o in t  g r o u p  C ; , .  a re  
c o r r e la te d  to  th e  s i t e  g r o u p ,  w h ic h  is th e  
s y m m e tr y  o f  th e  c e n t e r  o f  m a s s  o f  th e  a n io n  a n d  
is  o f  t r iv ia l  s y m m e tr y  in  t h is  in s ta n c e .  T h e s e  
m o d e s  a re  th e n  c o r r e l a t e d  t o  t h e  f a c to r  g ro u p , 
w h ic h  is  i s o m o r p h o u s  to  t h e  s p a c e  g r o u p  o f  th e  

c r y s ta l ,  P  1 in  th is  c a s e .  H e r e  w e  c o n s id e r  th e  

S s fC F ;)  a n d  v ^ S O ; )  m o d e s  w h ic h  a r e  o f  A ,g 
s y m m e tr y  in th e  i s o la te d  t r i f l a t e  a n io n .  A  s in g le  
m o d e  w ith  A ,g  s y m m e t r y  in  t h e  i s o la te d  tr if la te  
a n io n  u n d e r  C ; ,  p o in t  g r o u p  s y m m e t r y  r e s u l ts  in 
tw o  m o d e s  w ith  s y m m e tr ie s  g i v e n  b y

Trt; =  +  A  ■

(I)
T h e  A g m o d e  is R a m a n  a c t i v e  a n d  th e  A„ m o d e  
is  I R  a c t iv e .

R a m a n  a n d  I R  s p e c t r a  o f  th e  ro o m  
te m p e ra tu r e  c iy s ta l l i n e  p h a s e  in  th e  7 0 0 -1 2 0 0  
c m ' r e g io n  a r e  p r e s e n te d  in  F ig .  5 .  B a n d s  
o b s e r v e d  a t  7 7 0  c m ' '  in  th e  R a m a n  a n d  7 6 9  c m  ' 

in  th e  IR  c o r re s p o n d  to  th e  S s f C F ;)  m o d e  o f  th e  
t r i f l a te  a n io n  in  t h e  c r y s t a l l i n e  p h a s e .  T h e  
e x p e r im e n ta l  s p e c t r a  s h o w  t h e  p r e s e n c e  o f  a  
s in g le  R a m a n -a c t iv e  m o d e  a n d  a  s in g le  IR -a c t iv e  
m o d e ,  a s  p r e d ic te d  b y  th e  s y m m e t r y  a n a ly s is .  
T h e  x - r a y  s t r u c tu r e  o f  t h e  r o o m  te m p e ra tu r e  
c r y s ta l l in e  p h a s e  r e v e a ls  t h a t  w i th in  th e  c ry s ta l  
th e  t r i f l a te  a n io n  is  c o o r d in a te d  to  th r e e  l ith iu m  
io n s  w ith  o n e  l i th iu m  c o o r d in a te d  to  e a c h  o f  th e  
th r e e  t r i f la te  o x y g e n s .  S p e c t r a l  e v id e n c e  f o r  a  
t r i f l a te  s p e c ie s  w i th  s i m i l a r  c o o r d in a t io n  
e n v ir o n m e n t  w a s  o b s e r v e d  in  a  s o lu t io n  o f  L iT f
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F i g u r e  6 . C o m p a r i s o n  o f  th e  R a m a n  s p e c t r a  o f  
r o o m  te m p e ra tu r e  ( 3 0 0  K )  a n d  lo w  t e m p e r a tu r e  

(1 7 3  K )  G l : ( L i T f ) ,  c r y s ta l s  in  th e  6 , (C F 3) 
r e g io n s .

in  2 - m e th y l te t r a h y d r o f u r a n ,  w h e re  th is  s p e c ie s  
h a d  a  f r e q u e n c y  o f  th e  7 6 7  cm *‘.^® T h e  s t r u c tu r e  
a n d  f r e q u e n c y  o f  S ;(C p 3) m o d e  w i th in  th e  R T  
cry  s ta l  p r o v id e s  e v id e n c e  f o r  th e  e x is te n c e  o f  a  
[ L is T f ] '"  s p e c ie s  a n d  s u p p o r t s  th e  e a r l i e r  
f r e q u e n c y  a s s ig n m e n t .  T h e  h ig h e r  f r e q u e n c y  o f  
th e  t r i f l a te  a n io n  s p e c ie s  in  th e  R T  c r y s ta l ,  7 7 0  
c m " ',  c o m p a r e d  to  its  f r e q u e n c y  in  s o lu t io n ,  7 6 7  
c m " ',  c a n  b e  a t t r ib u te d  to  c r y s ta l  p a c k in g  e f f e c ts .

T h e  f r e q u e n c y  o f  th e  V jfS O s) m o d e  h a s  
a ls o  b e e n  u s e d  a s  a  p r o b e  o f  th e  lo c a l  

e n v i r o n m e n t  o f  th e  t r i f la te  a n io n .  In  th e  v , ( S 0 3 ) 
r e g io n ,  s p e c t r a  o f  th e  R T  c r y s ta l  p r e s e n te d  in  F ig  
5 s h o w s  R a m a n -a c t iv e  b a n d s  a t  1 0 6 2 , 1 0 5 6 , a n d  
1 0 4 4  c m " ' a n d  I R -a c t iv e  b a n d s  a t  1 0 9 5  c m " ',  
1081  c m " ' a n d  1 0 5 6  c m " ' w ith  a  lo w  f r e q u e n c y  
s h o u ld e r .  T h e  R a m a n - a c t iv e  b a n d  a t  1 0 6 2  c m " ' is 
a t t r ib u te d  to  th e  C -O  a n d  C -C  s t r e tc h in g  o f  
m o n o g ly m e  in  a  t t t  c o n fo rm a tio n .^ ’ -̂ ® T h e  b a n d  
a t  1 0 4 4  c m " ' is  a ls o  a s s ig n e d  to  a  m o n o g ly m e  
m o d e .  S u p p o r t  f o r  th is  a s s ig n m e n t  is  p r o v id e d  b y  
c a lc u la t io n s  o f  v ib r a t io n a l  m o d e s  o f  a  t t t -L i*  
c o m p le x ,  w h ic h  s h o w s  a  m o n o g ly m e  b a n d  in  th is  
f r e q u e n c y  re g io n .™  T h e  1 0 5 6  c m " ' b a n d  in  th e  
R a m a n  a n d  1 0 5 6  c m " ' b a n d  in  th e  I R  a r e  
a s s ig n e d  to  th e  V X SO 3)  m o d e s  o f  th e  t r i f l a te  
a n io n s  in  th e  u n i t  c e l l .  T h e  p r e s e n c e  o f  a  s in g le  
R a m a n - a c t iv e  b a n d  a n d  a  s in g le  I R - a c t iv e  b a n d  
is  c o n s i s t e n t  w i th  th e  s y m m e tr y  a n a ly s is  d e s c r ib e  
b y  e q .  1.

1£-
295  K

173 K

11G0 1080 1060 1 040 1020 1000

W avenum bers (cnr^)

F i g u r e  7 .  C o m p a r i s o n  o f  th e  R a m a n  s p e c t r a  
o f  r o o m  t e m p e r a tu r e  ( 2 9 5  K )  a n d  lo w  
te m p e r a t u r e  ( 1 7 3  K )  G l : ( L i T 02  c r y s ta l s  in  

th e  v / S O ] )  r e g io n s  w h ic h  s h o w s  d i f f e r e n t  
b a n d s  a n d  f r e q u e n c ie s  d u e  to  th e  d i f f e r e n t  
s t r u c tu r e s  o f  t h e  c ry s ta ls .

M o n o g ly m e  m o d e s  in  th e  8 0 0 - 1 0 0 0  c m "  
' r e g io n ,  w h ic h  a re  s e n s i t iv e  to  t h e  
c o n f o r m a t io n a l  s e q u e n c e s ,  h a v e  b e e n  u s e d  to  
e x a m in e  th e  p re s e n c e  o f  v a r io u s  
c o n fo rm e rs® ’ -*®-®® a n d  d e te r m in e  p r e f e r r e d  
c o n f o r m a t io n s  t h a t  in te r a c t  w ith  ca tio n s.""-™  T h e  
IR  s p e c t r a  o f  th e  ro o m  te m p e ra tu r e  c r y s ta l  
p r e s e n te d  in  F ig .  5  s h o w s  th e  p r e s e n c e  o f  t w o  
b a n d s  in  t h i s  r e g io n  w ith  f r e q u e n c ie s  o f  9 3 3  a n d  
9 2 0  c m " '.  T h e  b a n d s  a re  a b s e n t  in  th e  R a m a n  
s p e c t r a  w h ic h  c a n  b e  a t t r ib u te d  to  th e  f a c t  t h a t  
m o n o g ly m e  o c c u p ie s  a n  in v e r s io n  c e n te r  in  t h e  
c r y s ta l .  T h e  f r e q u e n c ie s  o f  th e s e  b a n d s  h a v e  
r e a s o n a b le  a g r e e m e n t  to  th e  c a l c u l a te d  
f r e q u e n c ie s  f o r  ttt®’ -®® a n d  ttt -L P ,™  b e a r in g  in  
m in d  t h a t  t h a t  th e s e  c a lc u la te d  f r e q u e n c ie s  a r e  
f o r  a n  i s o l a t e d  m o n o g ly m e  m o le c u le  a n d  a n  
is o la te d  m o n o g ly m e - L P  c o m p le x ,  r e s p e c t iv e ly .  
H e n c e ,  n e i t h e r  o f  th e  a f o re m e n t io n e d  c o m p l e x e s  
r e p r e s e n t s  t h e  a c tu a l  p o te n t ia l  e n e r g y  
e n v i r o n m e n t  o f  m o n o g ly m e  in  th e  r o o m  
te m p e r a tu r e  c iy s ta l .

T h e  s t r u c tu r a l  d i f f e r e n c e s  b e tw e e n  t h e  
ro o m  t e m p e r a tu r e  a n d  lo w  t e m p e r a tu r e  c iy s t a l s  
h a v e  b e e n  d e s c r ib e d  a b o v e . I t is  o f  in te r e s t  to  
d e te r m in e  h o w  th e  v ib ra t io n a l  s p e c t r a  d i f f e r  
b e tw e e n  t h e  tw o  c r y s ta l l in e  p h a s e s .  F ig . 6 s h o w s  

R a m a n  s p e c t r a  in  th e  S ^ C F ; )  r e g io n  o f  th e  r o o m  
te m p e r a tu r e  c r y s ta l  (2 9 5  K )  a n d  th e  l o w
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t e m p e r a tu r e  c r y s ta l  ( 1 7 3  K ) .  T h e  f r e q u e n c y  o f  

t h e  SsC C Fj) m o d e  in  t h e  R T  c r y s t a l ,  7 7 0  c m  ' ,  is  

a lm o s t  id e n t ic a l  to  th e  f r e q u e n c y  o f  t h e  ôsC C Fj) 
m o d e  in  t h e  L T  c r y s ta l ,  7 6 8  c m  ' .  H o w e v e r  a s  

p r e s e n t e d  in  F ig .  7 , d i f f e r e n c e s  in  t h e  v , ( S 03 ) 
r e g io n  a r e  o b s e r v e d  b e tw e e n  th e  t w o  c r y s ta l l in e  
p h a s e s .  T h e  R T  c r y s ta l  h a s  b a n d s  a t  1 0 6 2 , 1 0 5 6 , 
a n d  1 0 4 4  c m  ' ,  a n d  th e  L T  c r y s t a l  h a s  b a n d s  a t  
1 0 6 3  a n d  1 0 5 2  c m  ' .  T h e  1 0 6 3  c m  ' a n d  1 0 5 2  
c m " ' b a n d s  in  th e  L T  c r y s ta l  c o r r e s p o n d  to  th e  
1 0 6 2  a n d  1 0 5 6  c m " ' b a n d s ,  r e s p e c t iv e ly ,  in  th e  
R T  c r y s ta l .  C o m p a r in g  th e  R T  a n d  L T  s p e c tr a ,  
t h e  f r e q u e n c y  c h a n g e  o f  1 0 5 6  to  1 0 5 2  cm * ' is  
a t t r i b u te d  to  d i f f e r e n c e s  in  th e  l o c a l  p o te n t ia l  
e n e r g y  e n v i r o n m e n t  o f  th e  t r i f l a te  a n io n  in  th e  
tw o  s t r u c tu r e s .  T h e  a b s e n c e  o f  t h e  1 0 4 4  c m " ' 
b a n d  m a y  r e s u l t  f r o m  th e  d i f f e r e n t  p o te n t ia l  
e n e r g y  e n v i r o n m e n t  o f  th e  m o n o g ly m e  in  th e  L T  
s t r u c tu r e .  In  p a r t i c u la r ,  t h e  c o o r d in a t io n  
g e o m e t r y  o f  m o n o g ly m e  to  Li"* i s  d i f f e r e n t  
b e tw e e n  th e  tw o  s t r u c tu r e s .  H o w e v e r ,  th e  
c o m p le te  a b s e n c e  o f  th is  b a n d  in  th e  L T  
s p e c t r u m  is a  l i t t le  s u r p r i s in g  g iv e n  t h e  d e g r e e  o f  
s im i la r i ty  o f  th e  tw o  c r y s ta l  s t r u c tu r e s .

3 . 3  C o m p a r i s o n  o f  c r y s t a l l i n e  p h a s e  t o  s o l u t i o n  
T h e  s p e c tr a l  c o m p a r i s o n  o f  th e  

c r y s ta l l in e  p h a s e  to  m o n o g ly m e - L i T f  s o lu t io n s  
a l lo w s  a  d e te r m in a t io n  o f  w h e t h e r  lo c a l 
s t r u c tu r e s  p r e s e n t  in  t h e  c r y s ta l l in e  p h a s e  p e r s is t  
in  s o lu t io n .  In  F ig .  8, t h e  I R  s p e c t r u m  o f  th e  R T  
c r y s ta l  is c o m p a r e d  to  I R  s p e c t r a  o f  m o n o g ly m e -  

L i T f  s o lu t io n s  in  th e  S ^ fC F ]) r e g io n .  T h e  
c r y s ta l l in e  p h a s e  h a s  a  s in g le  I R - a c t iv e  b a n d  a t  
7 6 9  c m " '.  T h is  f r e q u e n c y  r e s u l t s  f r o m  th e  
p o te n t i a l  e n e r g y  e n v i r o n m e n t  o f  t h e  t r i f l a te  a n io n  
w i th in  th e  R T  c r y s ta l ,  w h e r e  t h e  t r i f la te  is  
c o o r d in a te d  to  th r e e  l i th iu m  io n s .  S p e c t r a  o f  th e  
m o n o g ly m e - L iT f  s o lu t io n s  in  th e  SsC C Fs) re g io n  
c a n  b e  c u r v e - f i t  to  b a n d s  a t  7 6 6 ,  7 6 2  c m " ',  7 5 7  
a n d  7 5 3  c m " '.  T h e s e  b a n d  f r e q u e n c ie s
c o r r e s p o n d  to  t r i f la te  a n io n s  th a t  a r e  c o o r d in a te d  
to  th re e ,  tw o , o n e  a n d  n o  l i th iu m  io n s , 
r e s p e c t iv e ly . ’ ’  T h e  r e la t iv e  i n te n s i t ie s  o f  th e  
c u r v e - f i t  b a n d s  d e p e n d  o n  th e  s a l t  c o n c e n t r a t io n .  
T h e  7 6 6  c m " ' b a n d  is  a  v e r y  m in o r  c o m p o n e n t  in 
th e  5 :1  a n d  10:1 s o lu t io n s  a n d  th is  b a n d  is  n e a r ly  
a b s e n t  in  t h e  2 0 :1  a n d  4 0 :1  s o lu t io n s .  T h e  7 6 6  
c m " ' b a n d  id e n t i f ie s  th e  p r e s e n c e  o f  a  t r i f la te  
s p e c ie s  in  s o lu t io n  w ith  a  lo c a l  s t r u c tu r e  th a t  is  
s i m i l a r  to  th e  lo c a l  s t r u c tu r e  in  th e  ro o m  
t e m p e r a tu r e  c r y s ta l l in e  p h a s e .  T h e  w e a k  
in te n s i ty ' o f  th e  7 6 6  c m " ' b a n d  in d ic a te s  t h a t  th is  
s p e c ie s  is  n o t  th e  p r e d o m in a n t  lo c a l  s t r u c tu r e  in  
s o lu t io n .  T h e  p r e d o m in a n t  b a n d  in  th e  
m o n o g ly m e - L iT f  s o lu t io n s  o c c u r s  a t  7 5 7  c m " '.
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F i g u r e  8 . I R  s p e c t r a  o f  c r y s t a l l in e  G 1 : ( L i T f )2 a t  
2 9 5  K  a n d  m o n o g ly m e - L iT f  s o l u t io n s  in  th e  

S s fC F j)  r e g io n .  T h e  c o n c e n t r a t io n s  o f  t h e  
s o lu t io n s  a r e  r e p r e s e n te d  b y  th e  e t h e r  o x y g e n  to  
m e ta l  c a t io n  ra t io  ( 0 : M ) .

w h ic h  c o r re s p o n d s  to  a  c o n ta c t  io n  p a i r  s p e c ie s .  
T h e  b a n d  a t  7 6 2  c m " ',  c o r r e s p o n d i n g  to  a  lo c a l  
s t r u c tu r e  o f  a  t r i f l a te  a n io n  c o o r d in a t e d  to  tw o  
l i th iu m  io n s , is  a ls o  p r e s e n t ,  a n d  t h e  r e la t iv e  
in te n s i ty  o f  th is  b a n d  in c r e a s e s  w i t h  i n c r e a s in g  
s a l t  c o n c e n tr a t io n .  T h e  7 5 3  c m " ' " f r e e ”  io n  b a n d  
h a s  a  w e a k  in te n s i ty ,  a n d  its  r e l a t i v e  in te n s i ty  
d e c r e a s e s  w ith  i n c r e a s in g  s a l t  c o n c e n t r a t i o n .  T h e  

V sfS O s) r e g io n  ( n o t  s h o w n )  s h o w s  s im i l a r  
b e h a v io r ,  h o w e v e r  t h e  a n a ly s i s  in  t h i s  f r e q u e n c y  
r e g io n  is c o m p l ic a te d  b y  o v e r la p p in g  
m o n o g ly m e  b a n d s .

T h e  s p e c t r a l  c o m p a r i s o n  o f  th e  
G l : ( L i T O i  R T  c r y s ta l  a n d  m o n o g ly m e - L i T f  
s o lu t io n s  in th e  8 0 0 - 1 0 0 0  c m " ' r e g io n  is 
p r e s e n te d  in  F ig . 9 .  T h is  s p e c t r a l  r e g io n  a ls o  
s h o w s  th e  c le a r  d i f f e r e n c e  b e tw e e n  th e  s t r u c tu r e  
in  s o lu t io n  a n d  in  th e  c iy s ta l .  T h e  b a n d s  a t  9 2 0  
a n d  9 3 3  c m " ' in  th e  c r y s ta l l in e  m o n o g ly m e :L i T f  
R T  c r y s ta l  a re  a s s ig n e d  to  m ix e d  C - O  s t r e tc h in g  
a n d  C H t ro c k in g  m o d e s  o f  m o n o g ly m e  in a  t t t  
c o n f o rm a t io n ,  a s  d e s c r ib e d  p r e v io u s ly .  In  th e  
m o n o g ly m e - L iT f  s o lu t io n s ,  b a n d s  f r o m  b o th  
m o n o g ly m e  u n c o o r d in a te d  to  L i*  a n d  
m o n o g ly m e  c o o r d in a te d  to  L i*  a r e  p r e s e n t .  
M o n o g ly m e  u n c o o r d in a te d  to  L i*  e x i s t s  in  a  
n u m b e r  o f  c o n f o rm a t io n s  a n d  t h e r e f o r e  a  n u m b e r  
o f  b a n d s  a r e  p r e s e n t  d u e  to  t h e  u n c o o r d in a te d  
m o n o g ly m e .  T h e  b a n d s  a t  9 3 8  a n d  9 2 3  c m " ' 
p r e s e n t  in  th e  m o n o g ly m e - L iT f  s o l u t i o n s  a r e  d u e  
to  m o n o g ly m e  in  t t t  a n d  t tg  c o n f o r m a t i o n s
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F i g u r e  9 . IR  s p e c t r a  o f  c r y s t a l l in e  G I :(L iT f)o  
a t  2 9 5  K  a n d  m o n o g l y m e - L i T f  s o lu t io n s  in  th e  
8 0 0 - 1 0 0 0  c m  ' r e g io n .  T h e  c o n c e n t r a t io n s  o f  
t h e  s o lu t io n s  a r e  r e p r e s e n t e d  b y  th e  e th e r  
o x y g e n  to  m e ta l  c a t i o n  r a t i o  ( 0 : M ) .

r e s p e c t iv e ly ,  a n d  th e  8 5 2  c m " ' b a n d  is  d u e  to  
m o n o g ly m e  in  t g t  a n d  t g g  conform ations.^® -^®  
T h e  b a n d  w h ic h  r e s u l t s  f r o m  th e  in te r a c t io n  o f  
m o n o g ly m e  w i th  L i T f  o c c u r s  a t  8 6 9  c m " ' a n d  
in c r e a s e s  in  i n te n s i t y  w i th  in c r e a s in g  s a l t  
c o n c e n t r a t io n .  T h i s  b a n d  h a s  b e e n  id e n t i f ie d  w ith  
m o n o g ly m e  in  a  t g t  c o n f o r m a t io n  in te ra c t in g  
w i th  L f  a n d  p o s s ib l y  w i th  o n e  o r  m o re  t r i f la te  
an io n s .'"-^®  F r o m  t h e  a n a l y s i s  o f  th is  s p e c tr a l  
r e g io n ,  i t  is c l e a r  t h a t  in  s o l u t io n  m o n o g ly m e  in  a  
t g t  c o n f o rm a t io n  in te r a c t s  w i th  L F ,  a n d  in  th e  
c r y s ta l  m o n o g ly m e  in  a  t t t  c o n f o r m a t io n  in te ra c ts  
w i th  L f .

4 .  C o n c lu s io n s
T w o  c r y s t a l l in e  p h a s e s  o f  G l : ( L i T f ) i  

h a v e  b e e n  id e n t i f ie d  a n d  c h a r a c te r i z e d .  In  b o th  
p h a s e s ,  l i th iu m  is c o o r d in a t e d  to  o n e  e th e r  
o x y g e n  a n d  t h r e e  t r i f l a t e  o x y g e n s ,  w h i le  th e  
t r i f l a te  a n io n  is  c o o r d in a t e d  to  t h r e e  l ith iu m  io n s . 
T h e  c ry s ta l  s t r u c tu r e  s u p p o r t s  e a r l i e r  e v id e n c e  
f o r  a  t h r e e - c o o r d in a te  t r i f l a t e  a n io n  in s o lu t io n ,  
i .e . [L isT f] '"" . In  t h e  c r y s t a l s  t h e  c a t io n  is fo u r ­
f o ld  c o o r d in a te ;  d u e  t o  t h e  in te r a c t io n  w ith  th r e e  
t r i f l a te  o x y g e n  a to m s ,  a  l i th iu m  io n  c a n  o n ly  
in te r a c t  w ith  o n e  o f  t h e  m o n o g ly m e  o x y g e n  
a to m s .  C ry s ta l  p a c k i n g  e f f e c t s  th e n  r e s u l t  in  e a c h  
m o n o g ly m e  c o o r d in a t i n g  tw o  l i th iu m  io n s .
T h e  c o n f o r m a t io n  o f  t h e  m o n o g ly m e  in  th e  
c r y s ta l s  is  t r a n s - t r a n s - t r a n s ,  a n d  th is  
c o n f o r m a t io n  is  d i f f e r e n t  th a n  p re v io u s ly

r e p o r t e d  c o n f o r m a t io n s  o f  m o n o g ly m e  
c o o r d in a t e d  to  c a t io n s .  T o  o u r  k n o w le d g e ,  th is  is 
t h e  o n l y  e x p e r im e n ta l  s t r u c tu r e  t h a t  s h o w s  a  t t t  
c o n f o r m a t i o n  o f  m o n o g ly m e  in te r a c t in g  w ith  Li* 
in  a  s o l i d  p h a s e .  T h e  tw o  s t r u c tu r e s  a r e  d i f f e r e n t  
in  t h e i r  r e la t i v e  p o s i t io n s  o f  t h e  m o n o g ly m e  a n d  
t r i f l a t e  a n io n s  w ith in  t h e  u n i t  c e l l .

T h e  f a c to r  g r o u p  c o r r e l a t i o n  m e th o d  is 
u s e d  to  d e s c r ib e  th e  d y n a m ic a l  c o u p l in g  o f  th e  
v ib r a t i o n s  o f  th e  t r i f l a te  a n io n s  in  th e  u n i t  c e ll .  
T h e  n u m b e r  a n d  s y m m e t r y  o f  t r i f l a te  b a n d s  in 

t h e  S s f C F j)  a n d  v’s fS O j)  r e g io n s  c o r r e s p o n d  w e ll 
t o  t h o s e  p r e d ic te d  b y  th e  s y m m e t r y  a n a ly s i s .  T h e  
s t r u c tu r a l  d i f f e r e n c e s  b e tw e e n  t h e  tw o  s t r u c tu r e s  

r e s u l t  in  s m a l l  f r e q u e n c y  s h i f t s  in  t h e  ô^C C F]) a n d  
VsCSOs) m o d e s .  T h e  s p e c t r a l  c o m p a r i s o n  o f  th e  
G l : ( L i T f )2 c ry s ta l  p h a s e  to  m o n o g ly m e - L iT f  
s o lu t io n s  s h o w s  th a t  th e  p r e d o m i n a n t  t r i f la te  
a n io n  e n v ir o n m e n t  a n d  t h e  m o n o g ly m e  
c o n f o r m a t i o n  p r e s e n t  in  s o l u t io n  a r e  v e ry  
d i f f e r e n t  t h a n  th e  t r i f l a te  a n io n  e n v i r o n m e n t  a n d  
th e  m o n o g ly m e  c o n f o r m a t io n  p r e s e n t  in  th e  
c r y s t a l l in e  p h a s e .  In  s o lu t io n ,  t h e  c o n f o rm a t io n  
o f  m o n o g ly m e  is t g t  r a t h e r  t h a n  t t t ,  a n d  th e  
p r e d o m i n a n t  io n ic  s p e c ie s  in  s o lu t io n  a r e  th e  
c o n ta c t  io n  p a ir  a n d  [ L i iT f ] "  a g g r e g a te .  
H o w e v e r ,  th e  Li* c o o r d in a t io n  e n v i r o n m e n t s  a n d  
m o n o g ly m e  c o n f o rm a t io n s  p r e s e n t  in  th e s e  
c r y s t a l l in e  p h a s e s  a n d  in  s o l u t io n  m a y  a ls o  e x is t  
in  P E O - s a l t  s y s te m s ,  p a r t i c u l a r ly  in  th e  
a m o r p h o u s  p h a s e  w h e r e  a  m u l t ip l i c i ty  o f  
c o n f o r m a t io n s  a n d  io n ic  e n v i r o n m e n t s  h a s  b e e n  
m e a s u r e d .
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R e p r o d u c e d  w i t h  p e r m i s s i o n  

©  C o p y r i g h t  2 0 0 1  A m e r i c a n  C h e m i c a l  S o c i e t y

Crystalline phases o f poly(ethylene oxide) oligomers and sodium triflate: 
changes in coordination and conformation with chain length

C h r i s to p h e r  P . R h o d e s ,  M a s o o d  K h a n  a n d  R o g e r  F r e e h

D e p a r t m e n t  o f  C h e m i s t r y  a n d  B i o c h e m i s t r y  

U n i v e r s i t y  o f  O k l a h o m a ,  N o r m a n ,  O K  7 3 0 7 2

A B S T R A C T :  C r y s t a l l i n e  p h a s e s  o f  i n o n o g iy m e :N a C F 3S 03 , d ig ly m e rN a C F s S O s  a n d  t e t r a g ly m e :N a C F 3S03 
h a v e  b e e n  c h a r a c t e r i z e d  b y  D S C ,  x - r a y  d if& a c t io n  a n d  v i b r a t i o n a l  s p e c tr o s c o p y .  T h e  c o m p a r i s o n  o f  th e  
s t r u c tu r e s  a l l o w s  th e  i n v e s t ig a t io n  o f  th e  e f f e c t  o f  t h e  n u m b e r  o f  e th y le n e  o x id e  u n i t s  o n  lo c a l  s t r u c tu r e  in  
th e s e  s y s te m s .  T h e  c a t i o n  e n v ir o n m e n ts ,  a n io n  e n v i r o n m e n t s  a n d  g ly m e  c o n f o r m a t io n s  o f  t h e  t h r e e  
c o m p o u n d s  a r e  c o m p a r e d  w i th  e a c h  o th e r  a n d  to  t h e  h i g h  m o le c u la r  w e ig h t  c r y s t a l l in e  p o ly ( e th y le n e  
o x id e ) :N a C F 3S 03  c o m p o u n d .  T h e  c a t io n  c o o r d in a t io n  n u m b e r  v a r ie s  f ro m  5  to  7  a n d  c o n s i s t s  o f  v a r y in g  
c o n t r ib u t io n s  o f  e t h e r  a n d  t r i f l a te  o x y g e n s .  H ig h e r  c o o r d in a t i o n  n u m b e r s  a r e  o b s e r v e d  w i th  in c r e a s in g  
n u m b e r s  o f  e th y l e n e  o x i d e  u n i ts .  S im i la r  c o n f o r m a t io n a l  s e q u e n c e s  a r e  o b s e r v e d  in  t h e  s t r u c tu r e s .  T h e  

c o m p a r is o n  o f  t h e  v ib r a t i o n a l  s p e c t r a  o f  th e  c o m p o u n d s  r e v e a l  d i f f e r e n c e s  in  t h e  v , ( S 0 3 )  a n d  6 j ( C F 3> 
m o d e s  r e la te d  to  th e  d i f f e r e n t  p o te n t i a l  e n e r g y  e n v i r o n m e n t s  o f  th e  t r i f la te  a n io n  i n  t h e  c o m p o u n d s .
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1. Introduction
R e s e a r c h  o n  p o ly m e r  e l e c t r o ly te s  

c o n t in u e s  t o  b e  o f  s ig n i f ic a n t  i n t e r e s t  d u e  to  
p o te n t i a l  a p p l ic a t io n s  in  r e c h a r g e a b le  b a t t e r i e s  

a n d  o t h e r  e le c t r o c h e m ic a l  d e v ic e s .  P o ly m e r  
e le c t r o ly te s  o f f e r  th e  p o s s ib i l i ty  o f  a n  a l l  s o l id  
s t a te  b a t t e r y  a n d  p r o v id e  im p r o v e d  s a f e t y  o v e r  
l iq u id  e le c t r o ly te s .  T h e  m e c h a n i s m  o f  io n ic  
t r a n s p o r t  in  p o ly m e r  e le c t r o ly te  s y s te m s  is  n o t  
w e l l  u n d e r s to o d .  S tu d ie s  h a v e  s h o w n  th a t  in  
p o l y m e r  e le c t r o ly te s  w i th  f le x ib le  b a c k b o n e s  
io n ic  t r a n s p o r t  is  h ig h ly  c o u p le d  to  r e la x a t io n  

p r o c e s s e s  o f  th e  p o ly m e r  b a c k b o n e .® ’^ A  n u m b e r  
o f  r e s u l t s  a l s o  s u g g e s t  th a t  in  s o m e  s y s te m s  th e  
a n io n  p la y s  a  r o le  in  th e  t r a n s p o r t  o f  c a t io n s ,  
e i t h e r  th r o u g h  c o r re la te d  m o tio n  o f  c a t i o n s  a n d  
a n io n s  o r  v ia  t r a n s p o r t  o f  c a t i o n - a n io n  

c lu s te r s .^ * * ^ °  U n d e r s ta n d in g  th e  r e la t i o n s h ip  
b e tw e e n  io n ic  t r a n s p o r t  a n d  lo c a l  s t r u c tu r e s  is 
e s s e n t ia l  t o  im p ro v in g  th e  t r a n s p o r t  p r o p e r t i e s  o f  
t h e s e  m a te r ia ls .

S y s te m s  b a s e d  o n  p o ly ( e th y le n e  o x id e ) ,  
P E O ,  w i th  d is s o lv e d  a lk a l i  m e ta l  s a l t s  h a v e  
r e c e iv e d  c o n s id e r a b le  a t te n tio n  a s  p o ly m e r  
e le c t r o ly te s .  F o r  a  n u m b e r  o f  P E O - s a l t  s y s te m s ,  
m u l t ip le  p h a s e s  a re  p r e s e n t  d e p e n d in g  o n  th e  
t e m p e r a tu r e  a n d  s a l t  c o n c e n tr a t io n ,  a n d  p h a s e  

d i a g r a m s  h a v e  b e e n  p r e v io u s ly  re p o rted .* * * '"*  
T h e  r e la t iv e  a m o u n ts  o f  th e  p h a s e s  d e p e n d  o n  th e  

m o le c u la r  w e ig h t  o f  th e  p o ly m e r,* ®  s a m p le  

p r e p a r a t i o n  m e th o d ,* ^  th e rm a l  h is to r y * ^  a n d  

tim e.*®  C r y s ta l l in e  p o ly m e r - s a l t  c o m p o u n d s  e x is t  

f o r  n u m e r o u s  d i f f e re n t  P E O - s a l t  s y s te m s .* ^  
S tu d ie s  h a v e  s h o w n  th a t  f o r  a  n u m b e r  o f  P E O -  
b a s e d  e le c t r o ly te s  w h e re  c r y s t a l l in e  a n d  
a m o r p h o u s  p h a s e s  c o e x is t ,  th e  io n ic  c o n d u c t iv i t y  

o c c u r s  p r im a r i ly  in  th e  a m o r p h o u s  phase.^*^*— 
H o w e v e r ,  a  r e c e n t  s tu d y  r e p o r te d  a  h i g h e r  io n ic  
c o n d u c t iv i t y  f o r  a  c iy s ta l l in e  p h a s e  c o m p a r e d  to  

a n  a m o r p h o u s  p h a s e  o f  th e  s a m e  s y s t e m . ^  F o r  
p o ly m e r - s a l t  s y s te m s , th e  h ig h e r  c o n d u c t iv i t y  o f  
a  c r y s ta l l in e  p h a s e  c o m p a r e d  to  a n  a m o r p h o u s  
p h a s e  u n d e r s c o r e s  th e  im p o r ta n c e  o f  e x a m in in g  
th e  s t r u c tu r e  a n d  t r a n s p o r t  p r o p e r t i e s  o f  
c r y s ta l l in e  p h a s e s .  C ry s ta l l in e  p o ly m e r - s a l t  
c o m p o u n d s  h a v e  p r o v id e d  s ig n i f ic a n t  in s ig h t  
in to  th e  lo c a l  s t ru c tu re  o f  p o ly m e r  e le c t r o ly te s ,  
p a r t i c u l a r ly  th e  n a tu re  o f  c a t i o n - p o l y m e r  a n d  

c a t io n - a n io n  interactions.-"*-^®  P o ly m e r - s a l t  
c o m p o u n d s  a r e  u s e fu l  m o d e ls  o f  t h e  a m o r p h o u s  
p h a s e ,  a n d  a  n u m b e r  o f  s tu d ie s  h a v e  s h o w n  th a t  
lo c a l  s t r u c tu r e s  o c c u r r in g  in  th e  c r y s t a l l in e  p h a s e  

p e r s i s t  in  th e  a m o r p h o u s  phase.^^*^®
W e  a r e  in te re s te d  in  th e  e f f e c t  o f  c h a in  

l e n g th  o n  s t r u c tu r e  a n d  t r a n s p o r t  p r o p e r t i e s  a n d

^ C o o im g  seg m en ts  ► ► wgmmn* -
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Figure I. Differential scanning calorimetiy 
thermograms o f specimens o f  mcnogiymerN'aTt'. 
digljmerNaTf. triglymerNaTf. and 
tetragiymeiNaTf showing the presence of 
crystalline phases and their phase transition 
temperatures for the cooling and heating 
segments.

h a v e  u s e d  s y s te m s  o f  s a l ts  d i s s o lv e d  in  lo w  
m o le c u la r  w e i g h t  o l ig o m e r s  to  e x a m in e  s t r u c tu r e  
in  p o l y m e r  e le c t r o ly te s .  F o r  P E O , th e  lo w  
m o le c u la r  w e i g h t  a n a lo g s  a r e  g ly c o l  d im e th o x y  
e th e r s  ( a b b r e v i a t e d  a s  g ly m e s )  w i th  th e  g e n e r a l  
fo r m u la  C H 3( O C H 2C H 2)n O C H 3 w h e r e  g e n e r a l ly  
n < 6 . H e r e  w e  c o n s i d e r  g ly m e s  w i th  n = l - 4  w h ic h  
a re  w e l l  b e lo w  th e  c h a in  e n ta n g le m e n t  l im it  o f  

M w = 3 2 0 0  ( n = 2 2 )  r e p o r te d  f o r  p u r e  P E G .-  
S y s te m s  o f  g ly m e s  w i th  d i s s o lv e d  s a l ts  s e r v e  a s  
u se fu l  m o d e l s  o f  s t r u c tu r e  a n d  d y n a m ic s  o f  P E O -  

s a l t  sy s te m s.-^ * ® ^  In  a d d i t io n ,  a  n u m b e r  o f  
p o ly m e r  e le c t r o l y te s  w i th  e th y le n e  o x id e  u n i ts  in  
s id e  c h a in s  o r  p r e s e n t  a s  a  c o p o ly m e r  h a v e  b e e n  

developed;® ^*® ^ g ly m e - s a l t  s y s te m s  a r e  a ls o  
u s e fu l  to  m o d e l  s t r u c tu r e  a n d  d y n a m ic s  in  th e s e  
p o ly m e r  e le c t r o ly te s .  S y s te m s  o f  s a l t s  w ith  
p o l y p h o s p h a z e n e s  b e a r in g  o l ig o e th y le n e o x y  s id e  
g r o u p s  d e m o n s t r a t e  t h a t  t h e  n u m b e r  o f  e th y le n e  
o x id e  u n i ts  in  th e  s id e  g r o u p s  h a s  a  d e f in i te  

e f f e c t  o f  t h e  io n ic  conductiv ity® ®  a n d  lo c a l  

structure."***
W e  h a v e  c o n s id e r e d  a  s e r i e s  o f  

m o n o g ly m e ,  d ig ly m e ,  t r ig ly m e  a n d  te t r a g ly m e  
h o s ts  c o n ta i n in g  s o d iu m  t r i f l a te  ( N a T f )  to  s tu d y
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T a b l e  1 . D a t a  f o r  c r y s t a l l i n e  p h a s e s  o f  
m o n o g ly m e :N a T f ,  d i g l y m e r N a T f  a n d  
t e t r a g ly m e :N a T f

Table 2. S e l e c t e d  b o n d  le n g th s  ( Â ) ,  b o n d  
a n g le s  ( ° )  a n d  t o r s io n a l  a n g le s  ( ° )  f o r  
c r y s t a l l in e  m o n o g I y m e :N a T f .

M o n o g l v m c N a T f D ig ly m e r N a T f T e tra g ly m e

F o rm u la C s H io F iN a O ^ C r H , * F t N a O ^ C . i H - F i N ;
T e m p e n im re 173 K 1 7 3  K 173 K
C ry s u l s y s te m M o n o c l in ic O r th o r h o m b ic M o n o c l in ic
S pace  g ro u p P 2 ./C P 2 ,2 ,2 , P 2 |.c
a 5 .8 7 * 4 (6 )  A 8 .6 2 5 ( 2 ) a I5 J 0 9 3 ( 1 2
b l T 3 4 6 2 t I 5 ) A 10  5 6 0 (2 )  A 9 6 1 8 5 ( 7 ) /

c I 0 . S 0 4 : ( I : ) A I4 .6 3 7 ( 4 ) a 1 2 6 0 4 5 (1 3

a 9 0  0 0 * 9 0  0 0 * 9 0 .0 0 *

3 9 2 8 9 1 ( 8 ) " 9 0 .0 0 “ 1 0 7 .5 4 9 (7 )

y 9 0  00® 9 0 .0 0 " 9 0 .(% "

U n i t  c e ll v o lu m e n O O J ( 2 ) A * 1 3 3 3 . I ( 6 ) . V 1 7 8 2 3 (3 ) .^
D e n s ity  ( c a lc u la te d ) 1 .583 1 .5 2 6  M g -m ^ 1 .470  M g r'r

T «  (p e a k , D S C ) 109 5 2 * C 4 9 "C

R l 0  0 5 1 4 0 .0 7 6 4 0 .0 3 7 2

th e  d e p e n d e n c e  o f  lo c a l  s t r u c tu r e  o n  th e  n u m b e r  
o f  e th y le n e  o x id e  u n i ts  i n  t h e  o l ig o m e r .  H e re  w e  
r e p o r t  a  s e r i e s  o f  c r y s t a l l in e  p h a s e s  o f  g ly m e -  
N a T f  s y s te m s .  W e  h a v e  p r e v io u s ly  r e p o r te d  a  
c ry s ta l l in e  p h a s e  f o r  d ig ly m e i l i th iu m  t r i f la te  a n d  
u s e d  th e  c r y s ta l l in e  a n d  s o lu t io n  p h a s e s  to  
p r o v id e  in s ig h t  in to  t h e  a m o r p h o u s  p h a s e  o f  

P E O - l i th iu m  t r if la te .^ *  W e  h a v e  a ls o  r e p o r te d  
tw o  c r y s ta l l in e  p h a s e s  o f  m o n o g ly m e r l i th iu m  

trifla te .'*^  C r y s ta l l in e  c o m p le x e s  o f  1:1 

t e t r a g ly m e - H g C h '’^  a n d  1 :2  te trag ly m e-C d C h * * ^  
h a v e  a ls o  b e e n  r e p o r t e d .  I t  is  o f  p a r t ic u la r  
in te re s t  to  c o m p a r e  th e  s t r u c tu r e s  o f  g ly m e - N a T f  
c ry s ta l l in e  p h a s e s  t o  t h e  s t r u c tu r e  o f  c r y s ta l l in e  
P ( E O ) :N a T f .

M o s t  o f  t h e  r e s e a r c h  e f f o r t s  o n  p o ly m e r  
e le c t r o ly te s  h a v e  f o c u s e d  o n  l i th iu m -b a s e d  
sy s te m s , h o w e v e r  s y s te m s  b a s e d  o n  o t h e r  c a t io n s  

s u c h  a s  s o d iu m  h a v e  a ls o  r e c e iv e d  a tten tion .^^ '^*^ 
T h e  s tu d y  o f  a  s o d iu m  s a l t  w i th  P E O  o lig o m e rs  
fu r th e r s  o u r  e f f o r t s  f o r  d e v e l o p i n g  s o d iu m - b a s e d  
e le c t r o ly te s .

2 . E x p e r i m e n t a l
E th y le n e  g ly c o l  d im e th y l  e th e r  ( 9 9 .9 % , 

m o n o g ly m e ) ,  d i ( e th y l e n e  g ly c o l )  d im e th y l  e th e r  
(9 9 .5 % , d ig ly m e ) ,  t r i ( e t h y le n e  g ly c o l )  d im e th y l  
e th e r  (9 9 % , t r ig ly m e )  a n d  t e t r a ( e th y le n e  g ly c o l)  
d im e th y l  e th e r  ( 9 9 % ,  t e t r a g l y m e )  w e r e  o b ta in e d  
f ro m  A ld r ic h  a n d  u s e d  a s  r e c e iv e d .  S o d iu m  
t r i f lu o r o m e th a n e s u l f o n a te  ( 9 7  % ) ,  a l s o  c a l le d  
s o d iu m  t r i f l a te  a n d  a b b r e v i a t e d  h e r e  a s  N a T f ,  
w a s  o b ta in e d  f r o m  F lu k a  a n d  h e a te d  u n d e r  
v a c u u m  a t  1 2 0 °C  f o r  4 8  h  p r i o r  t o  u s e .  T h e  
r e a g e n ts  w e r e  s to r e d  a n d  m a n ip u la t e d  in  a  d ry  

n i tro g e n  g l o v e b o x  ( V A C ,  <  I p p m  H iO ) .  
S o lu t io n s  o f  m o n o g l y m e - N a T f  d ig ly m e - N a T f  
t r ig ly m e - N a T f  a n d  t e t r a g l y m e - N a T f  w e re  
p r e p a r e d  b y  d i s s o lv in g  N a T f  d i r e c t l y  in  th e

Parameter Value
Bond letigtlK
N al-O l 2.370(2)
N a l-0 2 2.382(2)
N a l-0 3 2.313(3)
N a t-0 4 2.300(3)
N aI-0 5 2.261(3)
Bond angles
0 l-N a l-0 2 69.16(9)
0 3 -N a l-0 2 159.70(10)
04A -N aI-G 2 88.10(10)
05.A -N al-02 91.67(10)
0 3 -N a I-0 l 91.10(10)
04.A -N al-01 121.05(11)
0 5 A -N aI-0 I 115.30(11)
0 4 A -N al-03 98.71(10)
05A -N aI-03 101.44(10)
O5A-Nal-04.A 119.13(11)
Torsional angles
CI-O I-C2-C3 178.16(0.35)
01-C 2-C 3-02 51.34(0.48)
C2-C3-02-C4 175.64(0.33)

l iq u id s  a n d  s t i r r in g  th e  s o lu t io n s  f o r  4 8  h  a t  r o o m  
t e m p e r a t u r e .  T h e  c o n c e n t r a t io n s  o f  t h e  s o l u t io n s ,  
d e s c r i b e d  b y  th e  e th e r  o x y g e n r s o d iu m  c a t i o n  
r a t i o s ,  w e r e  5 :1 ,  5 :1 ,  6 :1  a n d  5 :1  f o r  t h e  
m o n o g ly m e - N a T f ,  d ig ly m e - N a T f ,  t r i g l y m e - N a T f  
a n d  t e t r a g l y m e - N a T f  r e s p e c t iv e ly .  T h e  
m o n o g ly m e - N a T f  a n d  t e t r a g l y m e - N a T f  w e r e  
s to r e d  a t  r o o m  te m p e r a tu r e ,  a n d  th e  d ig ly m e -  
N a T f  a n d  t r i g l y m e - N a T f  s o lu t io n s  w e r e  s t o r e d  a t  
4 ° C  t o  p r o m o te  c r y s ta l  g r o w th .  A f t e r  a  n u m b e r  
o f  w e e k s  a  g e l - l i k e  p h a s e  a p p e a r e d  in  t h e  
s o l u t io n s .  C r y s t a l l i n e  p h a s e s  f o r m e d  f r o m  th e  
g e l - l i k e  p h a s e  a f t e r  s e v e r a l  m o n th s .  S i n g l e  
c r y s t a l  s p e c im e n s  f ro m  th e s e  s o l u t io n s  w e r e  
i s o l a t e d  f r o m  th e  m o n o g ly m e - N a T f  d i g ly m e -  
N a T f ,  a n d  t e t r a g l y m e - N a T f  g e l  p h a s e s .

T h e  s t r u c tu r e s  w e r e  s o lv e d  b y  d i r e c t  

m e th o d  u s in g  th e  S H E L X T L  s y s te m ,^ ' a n d  
r e f i n e d  b y  f u l l - m a t r ix  l e a s t - s q u a r e s  o n  F '  u s in g  
a l l  r e f l e c t i o n s .  A l l  th e  n o n - h y d r o g e n  a to m  w e r e  
r e f i n e d  a n i s o t r o p ic a l ly  a n d  a ll  th e  h y d r o g e n  
a to m s  w e r e  i n c lu d e d  in  th e  r e f in e m e n t  w i th  
id e a l i z e d  p a r a m e te r s .  T h e  f in a l  R - f a c to r s  w e r e  
R i = 0 . 0 5 l  ( m o n o g ly m e r N a T f ) ,  0 .0 7 6  
( d i g ly m e r N a T f  s t r u c tu r e ) ,  a n d  0 .0 3 7  
( t e t r a g ly m e r N a T f ) .  F u r th e r  d e ta i l s  a r e  p r o v i d e d  
in  t h e  s u p p le m e n ta l  in f o r m a t io n .  T a b l e  V S .

D S C  th e r m o g r a m s  w e r e  c o l l e c t e d  o n  a  
M e t t l e r  D S C  8 2 0  c a lo r im e te r  u n d e r  n i t r o g e n
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T a b l e  3. S e l e c t e d  b o n d  l e n g th s  (A), Table 4. S e le c te d  b o n d  le n g th s  (A),
b o n d  a n g le s  ( ° )  a n d  to r s io n a l  a n g le s  ( ° ) b o n d  a n g le s  ( ° )  a n d  to r s io n a l  a n g le s  ( ° )
f o r  c r y s t a l l in e  d ig I y m e :N a T f . f o r  c r y s ta l l in e  te t r a g ly m e r N a T f .

Parameter Value Parameter I 'alue
Bond lengths Bond lengths
Nal-O IA 2.369(6) N al-O l 2.502(2)
N al-02 2.746(6) N al-02 2.456(2)
N al-02A 2.739(6) N al-03 2.452(2)
N al-03 2.358(6) N al-04 2.533(2)
N al-04 2.264(7) N al-05 2.433(2)
N al-05A 2.240(7) N al-06A 2.403(2)
Bond angles N al-08 2J67(2)
01A -NaI-02A 65.86(18) Bond angles
01A -N al-03 85.7(2) 08-N al-06A 169.94(6)
01A -N al-04 110.4(3) 08-N al-05 84.17(5)
01A -N al-05A 104.2(3) 06A -N al-05 87.57(5)
02A -N al-03 147.5(2) 08-N aI-03 98.49(6)
02.4-N al-04 78.1(2) 06A -N al-03 83.19(5)
0ZA-Nal-O5A 88J(2) 05-Nal-O3 134.26(5)
03-N al-04 98.9(2) 08-N al-02 91.33(5)
03-Nal-O5A 114.8(3) 06A -N al-02 98.48(6)
04-N al-05A 133.0(4) 05-N al-02 157.65(6)
05A -N al-02 77.7(2) 03-N al-02 68.03(5)
04-Nal-O2 88.0(2) 08-N al-01 98.68(6)
03-Nal-O2 66.21(17) 06A -Nal-01 87.04(5)
01A -N al-02 148.9(2) 05-N al-O l 90.04(5)
02A -N al-02 147.72(12) 03-N al-01 133.75(5)
Torsional angles 02-N al-01 68.96(5)
C1-01-C2-C3 -174.5(7) 08-N al-04 83.75(5)
01-C2-C3-O2 62.6(9) 06A-Nal-O4 87.81(5)
C2-C3-02-C4 172.6(6) 05-N al-04 67.84(5)
C3-02-C4-C5 172.9(6) 03-N al-04 67.13(5)
02-C4-C5-03 67.0(7) 02-N al-04 133.53(5)
C4-C5-03-C6 179.1(7) 01-N al-04 157.48(5)

p u r g e  in  s e a le d  a lu m in u m  c r u c ib le s .  S o l id  
s p e c im e n s  w e r e  i s o la te d  fro m  th e  
m o n o g ly m e :N a T f ,  d ig ly m e :N a T f  a n d  
t e t r a g ly m e :N a T f  s o lu t io n s ,  a n d  a  g e l- l ik e  
s p e c im e n  w a s  i s o l a t e d  f r o m  th e  t r ig ly m e :N a T f  
s o lu t io n .  S a m p le s  w e r e  f i r s t  c o o le d  fro m  2 5 ° C  to  
- 1 0 0 ° C  a n d  th e n  h e a t e d  f r o m  -1 0 0 ° C  to  5 0 ° C  
w i th  a  h e a t in g /c o o l in g  r a te  o f  10  “C /m in . R a m a n  
s c a t t e r in g  s p e c t r a  w e r e  r e c o r d e d  o n  a n  I .S .A . 
J o b in - Y v o n  T 6 4 0 0 0  in  t h e  t r ip le  s u b t r a c t iv e  
m o d e  w ith  a  s c a n  t im e  o f  16 s a n d  10 
a c c u m u la t io n s  u s i n g  a  1 8 0 °  g e o m e try .  T h e  5 1 4  
n m  lin e  o f  a n  A r g o n  l a s e r  f o c u s e d  th r o u g h  a n  
8 0 x  m ic r o s c o p e  l e n s  w a s  u s e d  f o r  e x c i ta t io n . T h e  
la s e r  w a s  o p e r a t e d  a t  3 0 0  m W  m e a s u re d  a t  th e  
l a s e r  h e a d . L o c a l  h e a t in g  o f  t h e  s a m p le  b y  th e  
fo c u s e d  b e a m  w a s  n o t  o b s e r v e d  in  s im i la r
systems.52

3 .  R e s u l t s  a n d  D i s c u s s io n
3 . 1 T h e r m a l  a n a l y s i s

D S C  t h e r m o g r a m s  o f  m o n o g ly m e -  
N a T f ,  d ig ly m e - N a T f ,  t r ig ly m e - N a T f  a n d  
te t r a g ly m e - N a T f  s a m p le s  a r e  p r e s e n te d  in  F ig . I .

CI-01-C2-C3
01-C2-C3-O2 
C2-C3-02-C4 
C3-02-C4-C5
02-C4-C5-03 
C4-C5-03-C6 
C5-03-C6-C7
03-C6-C7-04 
C6-C7-04-C8 
C7-04-C8-C9
04-C8-C9-05 
C8-C9-O5-C10

90.65(0.23)
61.70(0.24)
-178.60(0.18)
173.09(0.18)
-63.66(0.24)
-176.97(0.18)
-175.75(0.17)
65.66(0.21)
-171.32(0.16)
178.39(0.16)
-64.43(0.20)
171.64(0.17)

T h e  th e r m o g r a m s  w e re  t a k e n  in  tw o  s e g m e n ts :
( a )  a  c o o l in g  s e g m e n t  f ro m  2 5 ° C  to  - 1 0 0 ° C .  a n d
( b )  a  h e a t in g  s e g m e n t  f ro m  - 1 0 0 ° C  to  1 5 0 ° C . F o r  
t h e  m o n o g ly m e iN a T f  s a m p le ,  th e  c o o l in g  
s e g m e n t  s h o w e d  n o  th e r m a l  e v e n t s ,  a n d  th e  
h e a t in g  s e g m e n t  s h o w e d  th e  p r e s e n c e  o f  a n  
e n d o th e r m  w i th  a n  p e a k  t e m p e r a tu r e  o f  1 0 9 ° C , 
w h ic h  c o r r e s p o n d s  to  th e  e n th a lp y  o f  m e l t in g  o f  
t h e  m o n o g ly m e r N a T f  c r y s ta l l in e  p h a s e .  F o r  th e  
d i g ly m e r N a T f  s a m p le ,  t h e  c o o l in g  s e g m e n t  
s h o w s  a n  e x o th e r m  w ith  a  p e a k  t e m p e r a t u r e  o f  -  
8 9 ° C ,  a n d  th e  h e a t in g  s e g m e n t  h a s  tw o  
e n d o th e r m s  w ith  p e a k  t e m p e r a tu r e s  o f  - 8 4 ° C  
a n d  5 2 ° C .  T h e  e n d o th e r m  a t  5 2 ° C  is  d u e  to  th e

114



F i g u r e  2 .  P a c k in g  d ia g r a m  f o r  c r y s ta l l in e  
p h a se  o f  m o n o g ly m e r N a T f .  H y d ro g e n  a to m s  
a re  n o t  s h o w n  in  th e  d ia g r a m .

e n th a lp y  o f  m e l t in g  o f  th e  d i g ly m e r N a T f  
c r y s ta l l in e  p h a s e .  T h e  o r ig in  o f  th e  e x o th e r m  a t  — 
8 9 ° C  a n d  th e  e n d o th e r m  a t  - 8 4 ° C  is  u n c e r t a in .  
T h e  t r a n s i t io n  t e m p e r a tu r e  d o e s  n o t  c o in c id e  
w ith  th e  c r y s ta l l iz a t io n  t e m p e ra tu r e  f o r  p u r e  

d ig ly m e , - 6 8 ° C .^ ^  T h e  t r a n s i t io n  is  a p p a r e n t ly  
r e v e r s ib le  a n d  m a y  b e  d u e  to  a  s t r u c tu r a l  p h a s e  
t r a n s i t io n  o f  d ig ly m e r N a T f .  F o r  th e  
t r ig ly m e r N a T f  s a m p le ,  th e  c o o l in g  s e g m e n t  
s h o w s  th r e e  e x o th e r m s  w ith  p e a k  t e m p e r a tu r e s  
o f  1 4 °C , - 3 0 ° C ,  a n d  - 5 9 ° C ,  a n d  th e  h e a t in g  
s e g m e n t  s h o w s  t h r e e  e n d o th e r m s  w ith  p e a k  
te m p e ra tu r e s  o f  —4 4 ° C ,  -2 2 ° C  a n d  2 3 ° C .  T h e  
e n d o th e r m  a t  - 4 5 ° C  a n d  th e  e x o th e r m  a t  - 5 9 ° C  
c o r re s p o n d  to  t h e  m e l t in g  a n d  c r y s t a l l iz a t i o n  

re s p e c t iv e ly  o f  p u r e  t r ig ly m e ,  -4 5 ° C ,^ ^  w h ic h  
in d ic a te s  th a t  th e  s a m p le  c o n ta in e d  u n c o m p le x e d  
t r ig ly m e  in  a d d i t i o n  to  a  c o m p le x  o f  
t r ig ly m e rN a T f .  T h e  e n d o th e r m s  a t  - 2 2 ° C  a n d  
2 3  °C  a n d  th e  c o r r e s p o n d in g  e x o th e r m s  a t  - 3 0 ° C  
a n d  1 4 °C  in d ic a te  t h e  p r e s e n c e  o f  tw o  c r y s ta l l in e  
p h a s e s  o f  t r ig ly m e r N a T f .  T h e  t r ig l y m e r N a T f  
s a m p le  w a s  a  g e l  a t  r o o m  te m p e ra tu r e ,  in  
c o n tr a s t  to  th e  o t h e r  g ly m e - s a l t  s a m p le s  w h ic h  
w e re  s o l id s  a t  r o o m  te m p e ra tu r e .  T h e  
te m p e ra tu r e  o f  t h e  e x o th e r m  a t  2 3 ° C  e x p la in s  t h e  
g e l- l ik e  b e h a v io r  o b s e r v e d  a t  2 5 ° C . W e  w e r e  n o t  
a b le  to  i s o la te  s in g l e  c r y s ta ls  o f  t r ig l y m e r N a T f  
a d e q u a te  f o r  a  x - r a y  d if f r a c t io n  s t r u c tu r e  
s o lu t io n .  F o r  th e  t e t r a g ly m e r N a T f  s a m p le ,  th e

F i g u r e  3 .  C r y s ta l  s t r u c tu r e  o f  
m o n o g ly m e r N a T f  s h o w in g  t g t  c o n f o rm a t io n  
o f  m o n o g ly m e  a n d  th e  f i v e - f o ld  
c o o r d in a tio n  o f  s o d iu m .

c o o l in g  s e g m e n t  s h o w s  a n  e x o th e r m  w ith  a  p e a k  
te m p e ra tu re  o f  - 4 6 ° C .  a n d  t h e  h e a t in g  s e g m e n t  
s h o w s  th e  p r e s e n c e  o f  tw o  e n d o th e r m s  w ith  p e a k  
te m p e ra tu re s  o f - 3 0 ° C  a n d  4 9 ° C .  T h e  e n d o th e r m  
a t  —3 0 ° C  a n d  th e  e x o th e r m  a t  - 4 6 ° C  c o r re s p o n d  
to  th e  m e l t in g  a n d  c r y s t a l l i z a t i o n  r e s p e c t iv e ly  o f  

p u r e  te t r a g ly m e ,  - 2 7 ° C ,^ '*  a n d  th e  p re s e n c e  o f  
th e s e  fe a tu re s  in d ic a te s  t h e  p r e s e n c e  o f  a  s m a ll  
a m o u n t  o f  p u r e  t e t r a g ly m e  in th e  s a m p le .  T h e  
e n d o th e rm  a t  4 9 ° C  is  a t t r i b u te d  to  e n th a lp y  o f  
m e l t in g  fo r  t h e  c r y s t a l l in e  p h a s e  o f  
te t r a g ly m e rN a T f .  T h e  m e l t in g  te m p e r a tu r e s  o f  
th e  m o n o g ly m e r N a T f  d ig ly m e r N a T f  a n d  
te t r a g K m e r N a T f  c o m p o u n d s  a r e  p r e s e n te d  in  
T a b le  1.

3 . 2  X - r a y  s t r u c t u r e s

M o n o g l y m e : N a T f .  C r y s ta l  d a ta  f o r  th e  
m o n o g ly m e r N a T f  c r y s ta l  is  p r e s e n t e d  in T a b le  1. 
T h e  e m p ir ic a l  f o r m u la  c o n s i s t s  o f  o n e  
m o n o g ly m e  a n d  o n e  s o d i u m  t r i f la te ,  w h ic h  
r e p re s e n ts  a n  e th e r  o x y g e n  t o  c a t i o n  r a t io  o f  2 r l .  
S e le c te d  b o n d  le n g th ,  b o n d  a n g le s  a n d  to r s io n a l  
a n g le s  a re  p r e s e n te d  in  T a b l e  2 .  A  p a c k in g  
d ia g ra m  f o r  c r y s t a l l in e  m o n o g ly m e r N a T f  
s h o w in g  th e  f o r m a t io n  o f  c h a i n s  a lo n g  th e  a  a x is  
is  p re s e n te d  in F ig .  2 .  A  r e p r e s e n ta t i o n  o f  th e  
s t ru c tu re  p r e s e n te d  in F ig .  3 s h o w s  th e  c a t io n  
c o o r d in a t io n  a n d  m o n o g ly m e  c o n f o rm a t io n .  
E a c h  N a  a to m  is  b o n d e d  to  f iv e  O  a to m s  
c o n s is t in g  o f  tw o  o x y g e n s  f r o m  a  s in g le  
m o n o g ly m e  a n d  th r e e  o x y g e n s  f r o m  d i f f e r e n t  
t r i f la te  a n io n s .  T h e  c o o r d in a t i o n  g e o m e t r y  c a n  b e  
d e s c r ib e d  a s  d i s to r te d  t r ig o n a l  b ip y r a m id  w ith  
th e  e x te n t  o f  th e  d i s t o r t i o n  j u d g e d  fro m  b o n d
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F i g u r e  4 .  P a c k in g  d ia g r a m  f o r  c r y s t a l l in e  
p h a s e  o f  d ig ly m e r N a T f .  H y d r o g e n  a to m s  a r e  
n o t  s h o w n  in  th e  d ia g r a m .

a n g le s  s u c h  a s  0 3 - N a l - 0 2  =  1 5 9 .7 (1 ) °  ( id e a l  
v a lu e  =  1 8 0 .0 ° ) .  W ith in  th e  s t r u c tu r e ,  e a c h  
t r i f l a te  a n io n  is c o o r d in a te d  to  t h r e e  N a  io n s  w ith  
e a c h  o x y g e n  o f  th e  t r i f l a te  c o o r d in a t e d  to  a  N a  
a to m  in  a  m o n o d e n ta te  f a s h io n .  T h e  
c o n f o r m a t io n  o f  m o n o g ly m e  c a n  b e  d e s c r ib e d  b y  
th e  v a lu e s  o f  th e  to r s io n a l  a n g le s  f o r  C - O - C - C ,  
O - C - C - O ,  C - C - O - C  b o n d  s e q u e n c e s  w h e r e  
g a u c h e  ( 6 0 °  i  6 0 ° )  is  a b b r e v i a t e d  b y  g , t r a n s  
(1 8 0 °  =  6 0 ° )  is  a b b r e v ia te d  b y  t  a n d  g a u c h e  
m in u s  ( 2 7 0 °  ±  6 0 ° )  is  a b b r e v ia t e d  b y  g ’. In  th e  
m o n o g ly m e r N a T f  s t r u c tu r e ,  th e  c o n f o r m a t io n  o f  
th e  m o n o g ly m e  is  t r a n s - g a u c h e - t r a n s  ( tg t ) .

D i g l y m e : N a T f .  C r y s ta l  d a t a  f o r  th e  
d ig l> T n e rN a T f  s t r u c tu r e  is  p r e s e n t e d  in  T a b le  1. 
T h e  e m p ir ic a l  f o r m u la  c o n s i s t s  o f  o n e  d ig ly m e  
a n d  o n e  N a T f  w h ic h  r e p r e s e n t s  a n  e th e r  o x y g e n  
to  m e ta l  c a t io n  r a t io  o f  3 r l .  S e l e c t e d  b o n d  
le n g th s ,  b o n d  a n g le s  a n d  to r s i o n a l  a n g le s  a r e  
p r e s e n te d  in  T a b le  3 . A  p a c k in g  c e l l  d ia g r a m  o f  
th e  s t r u c tu r e  is  p r e s e n te d  in  F ig .  4  w h ic h  s h o w s  
th a t  th e  m o le c u le s  o f  d i g ly m e r N a T f  f o r m  c h a in s  
a lo n g  th e  c r y s ta l lo g r a p h ic  a - a x i s .  A n o th e r  
r e p r e s e n ta t i o n  o f  th e  s t r u c tu r e  i s  p r e s e n t e d  in  
F ig .  5  w h ic h  s h o w s  th e  c a t io n  c o o r d in a t i o n  a n d  
th e  d ig ly m e  c o n f o r m a t io n .  E a c h  N a  a to m  is  6-  
c o o r d in a te  c o n s is t in g  o f  f o u r  e t h e r  o x y g e n s ,  tw o  
o x y g e n s  f ro m  tw o  d i f f e r e n t  d ig ly m e  m o le c u le s ,  
a n d  tw o  t r i f la te  o x y g e n s  f r o m  d i f f e r e n t  t r i f l a te  
a n io n s .  E a c h  t r i f la te  a n io n  is  c o o r d in a t e d  to  tw o

C4A

C3A

C2A

F2A

F i g u r e  5 .  C r y s t a l  s t r u c tu r e  o f  d i g ly m e r N a T f  
s h o w in g  th e  t g t t g t  c o n f o rm a t io n  o f  
m o n o g ly m e  a n d  th e  s ix - fo ld  c o o r d in a t io n  o f  
s o d iu m .

N a  a to m s .  T h e r e  is  s o m e  lo c a l  d i s o r d e r  in  th e  
t r i f l a te  io n  a s  in d ic a te d  b y  la r g e  t h e r m a l  m o t io n  
o f  th e  F  a to m s .  T h e  c o n f o rm a t io n  o f  d i g ly m e  in  
th e  s t r u c tu r e  i s  d e s c r ib e d  b y  th e  t o r s io n a l  a n g le  
s e q u e n c e  tg t tg t .

T e t r a g l y m e . N a T f .  D a ta  f o r
t e t r a g l y m e r N a T f  is  p r e s e n te d  in  T a b l e  1. T h e  
e m p i r ic a l  f o r m u la  c o n s is t s  o f  o n e  t e t r a g ly m e  a n d  
o n e  N a T f  w h ic h  r e p r e s e n t s  a n  e th e r  o .x y g e n  to  
m e ta l  c a t io n  r a t i o  o f  5 : 1 .  A  p a c k in g  d i a g r a m  o f  
th e  s t r u c tu r e  p r e s e n te d  in F ig .  6 s h o w s  t h a t  th e  
m o le c u le s  f o r m s  c h a in s  a lo n g  th e  c - a x i s .  A n o th e r  
r e p r e s e n ta t io n  o f  th e  s t r u c tu r e  s h o w in g  th e  c a t io n  
c o o r d in a t io n  a n d  t h e  t e t r a g ly m e  c o n f o r m a t io n  is 
p r e s e n te d  in  F ig .  7 .  In  th e  s t r u c tu r e ,  e a c h  N a  
a to m  is b o n d e d  to  s e v e n  O  a to m s  c o n s i s t i n g  o f  
f iv e  e th e r  o x y g e n s  f ro m  a  s in g le  t e t r a g ly m e  a n d  
tw o  o .x y g e n s  f r o m  d i f f e r e n t  t r i f l a te  a n io n s .  T h e  
c o o r d in a t io n  g e o m e t r y  c a n  b e  d e s c r i b e d  a s  
d i s to r te d  p e n ta g o n a l  b ip y r a m id  w ith  th e  e x t e n t  o f  
th e  d i s to r t i o n  j u d g e d  f to m  b o n d  a n g le s  s u c h  a s  
0 6 A - N a l - 0 8  =  1 6 9 .9 .2 (2 ) °  ( id e a l  v a lu e  =  
1 8 0 .0 ° )  a n d  0 5 - N a  1 - 0 4  = 6 7 .8 4 ( 5 )  °  o r  0 2 - N a l -  
0 1  =  6 8 .9 6 ( 2 )  °  ( id e a l  v a lu e s  =  7 2 .0 ° ) .  In  th e  
c r y s ta l  s t r u c tu r e ,  e a c h  t r i f l a te  a n io n  is 
c o o r d in a te d  to  tw o  N a  a to m s .  T h e  c o n f o r m a t io n  
o f  t e t r a g ly m e  in  th e  s t r u c tu r e  is  d e s c r i b e d  b y  th e  
t o r s io n a l  a n g le  s e q u e n c e  t g t t g ’t t g t t g ’g ’ . T h is  
c o n f o r m a t io n  r e s u l t s  in  th e  t e t r a g ly m e  m o le c u le  
w r a p p in g  a r o u n d  th e  N a  a to m  in  a  m a n n e r  
s im i la r  t o  c r o w n  e th e r s .
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F i g u r e  6 . P a c k in g  d i a g r a m  f o r  c r y s ta l l in e  p h a s e  
o f  t e t r a g ly m e iN a T f .  H y d r o g e n  a to m s  a r e  n o t  
s h o w n  in  t h e  d ia g r a m .

3.3 Comparison o f  the crystal structures
T h e  c a t io n  c o o r d in a t i o n  n u m b e r s  in  th e  

m o n o g ly m e r N a T f ,  d ig ly m e r N a T f ,  a n d  
t e t r a g ly m e r N a T f  s t r u c tu r e s  a r e  f iv e ,  s ix  a n d  
s e v e n  r e s p e c t iv e ly .  T h e  t r e n d  in  th is  s e r i e s  is  a n  
in c r e a s in g  c a t io n  c o o r d in a t i o n  n u m b e r  w ith  a n  
in c r e a s in g  n u m b e r  o f  e th y l e n e  o x id e  u n i t s  in  th e  
g ly m e .  T h e  c a t io n  is  c o o r d in a te d  b y  e th e r  
o x y g e n s  f r o m  th e  g ly m e s  a n d  t r i f l a te  o x y g e n s ,  
a n d  e a c h  o f  th e  s t r u c tu r e s  h a v e  d i f f e r e n t  r e la t iv e  
c o n t r ib u t io n s  o f  e th e r  o x y g e n s  a n d  tr if la te  
o x y g e n s .  T h e  n u m b e r  o f  e th e r  o x y g e n  a to m s  
a v a i l a b le  f o r  c o o r d in a t i o n  in c r e a s e s  f ro m  
m o n o g ly m e  to  t e t r a g ly m e .  T h e  N a  c a t io n  s h o w s  
p r e f e r e n c e  in  c o o r d in a t i n g  t h e  e th e r  o x y g e n  
a to m s  o v e r  th e  t r i f l a t e  o x y g e n  a to m s .  A s  a  re s u lt ,  
t h e  n u m b e r  o f  c o o r d in a te d  e th e r  o x y g e n  a to m s  
in c r e a s e s  p r o p o r t io n a t e ly  w i th  th e  i n c r e a s in g  s iz e  
o f  th e  g ly m e  m o le c u le .  R e s u l ts  o f  th e  th re e  
c r y s ta l  s t r u c tu r e s  a lo n g  w i th  P ( E O ) : N a T f  a re  
s u m m a r iz e d  in  T a b le  5 .  T h e  N a  c o o r d in a t io n  
n u m b e r  is  s ix  in  b o t h  d i g ly m e r N a T f  a n d  
P ( E O ) :N a T f .  H o w e v e r ,  in  P ( E O ) : N a T f  th e  N a  
c a t io n  c o o r d in a te s  f o u r  t r i f l a te  o x y g e n  a to m s  
c o m p a r e d  to  tw o  t r i f l a te  o x y g e n  a to m s  in  th e  
d i g ly m e r N a T f  s t r u c tu r e .  P r e s u m a b ly  th e  
d i f f e r e n c e  is  d u e  to  th e  f a c t  t h a t  t h e  c o n t in u o u s  
P E O  c h a in  c a n  n o t  b e  w r a p p e d  a r o u n d  th e  N a  
c a t io n  in  a n  e n e r g e t i c a l l y  f a v o r a b le  m o d e .

DI

C2
C5

C4
<C6

C9
C3

CSA

C2A
C5A

NcTA
C7A

CIA
CIOA C8A

C9A

F i g u r e  7 .  C ry s ta l  s t r u c tu r e  o f  
t e t r a g ly m e r N a T f  s h o w in g  th e  t g t t g 't t g t t g 'g ’ 
c o n f o r m a t io n  o f  m o n o g ly m e  a n d  t h e  s e v e n ­
f o ld  c o o r d in a t io n  o f  s o d iu m .

T h e  o v e r a l l  c o n f o r m a t i o n  o f  a  g ly m e  
c a n  b e  d e s c r ib e d  b y  th e  c o n f o r m a t i o n s  o f  th e  
s e q u e n c e  o f  e th y le n e  o x id e  u n i t s .  In  t u r n  th e  
c o n f o r m a t io n  o f  a n  i n d iv id u a l  e th y l e n e  o x id e  
u n i t  is  g iv e n  b y  th e  th r e e  d ih e d r a l  a n g le s  C - 0 - C -  
C , O - C - C - O ,  a n d  C - C - O - C .  F o r  e x a m p le ,  
d ig ly m e  h a s  tw o  e th y le n e  o x i d e  u n i t s ,  a n d  th e  
c o n f o r m a t io n  is th e n  tg t - t g t  w h e r e  e a c h  e th y le n e  
o x id e  u n i t  h a s  a  t g t  c o n f o r m a t i o n .  T h e  f o u r  
e th y l e n e  o x id e  u n i ts  in  t e t r a g ly m e  e x h ib i t  a  m o r e  
c o m p l i c a te d  s e q u e n c e  o f  e th y l e n e  o x id e  
c o n f o r m a t io n s ,  i .e .  t g t - t g ’t - t g t - t g ’g ’ . T h e  
c o n f o r m a t io n  o f  m o n o g ly m e  is  j u s t  t g t .  T h e  
v a lu e s  o f  th e  O - C - C - O  t o r s io n a l  a n g le s  in  a l l  o f  
th e  s t r u c tu r e s  a r e  g a u c h e  o r  g a u c h e - m i n u s ,  a n d  
th e  a n g le s  v a ry  in  a b s o l u t e  v a lu e  f ro m  
5 1 .3 4 ( 0 .4 8 ) °  to  6 7 .0 ( 7 ) ° .  W e  n o t e  t h a t  e th y le n e  
o x id e  c o n f o r m a t io n  tg t  o r  t g ’t  is  p r e s e n t  f o r  a ll  
th e  s e q u e n c e s  o f  e th y le n e  o x i d e  u n i t s  w i th  th e  
e x c e p t io n  o f  o n e  u n i t  in  t e t r a g l y m e r N a T f  w h e r e  
th e  c o n f o r m a t io n  is  t g ’g ’ . In  P ( E O ) : N a T f  th e  
p o ly m e r  c o n f o rm a t io n  is  t g g tg ’g ’ f o r  t h e  p o r t io n  
o f  P E O  c h a in  s p a n n in g  a  u n i t  c e l l .  I t  w o u ld  
a p p e a r  t h a t  a s  th e  c h a in  le n g th  i n c r e a s e s ,  p a c k in g  
r e q u i r e m e n t s  im p o s e  a  g a u c h e - m in u s  
c o n f o r m a t io n  o n  th e  t e r m in a l  C - O  b o n d  in  th e  
e th y le n e  o x id e  s e q u e n c e  o f  t e t r a g l y m e .  T h e  
p a c k in g  r e q u ir e m e n ts  a r e  m o r e  s e v e r e  in  th e  
P ( E O ) : N a T f  c r y s ta l  a n d  tw o  C - C - O - C  b o n d s  
a s s u m e  a  g a u c h e  o r  g a u c h e - m in u s  c o n f o r m a t i o n .
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T a b l e  5 .  C o m p a r i s o n  o f  c a t i o n  e n v ir o n m e n t ,  a n io n  e n v ir o n m e n t ,  a n d  c o n f o r m a t io n  f o r  c r y s ta l l in e  
p h a s e s  o f  m o n o g ly m e r N a T f ,  d ig ly m e rN a T f ,  t e t r a g ly m e r N a T f  a n d  p o ly ( e th y le n e  o x i d e ) r N a T f  
( a b b r e v ia te d  a s  P ( E O ) r N a T f ) .  * T h e  p a r a m e te r s  f o r  P ( E O ) r N a T f  w e r e  o b t a in e d  f r o m  t h e  r e p o r te d  c iy s ta l

s tru c tu re . '61
Cation

environment
Anion

envinmment Conformation

Total N a ' Ether Triflate No. o f Torsional
coordination o.Kvcens oxvsens cations sequence

M onoglymerNaTf 5 2 3 3 tgt

DiglymerNaTf 6 4 2 2 tgttgt

Tetraglymer N aT f 7 5 2 : tgttg'ttgttg'g'

P(EO)rNaTf* 6 2 4 4 tggtg'g'

3.4 Vibrational spectra
T h e  c o m p a r i s o n  o f  th e  v ib ra t io n a l  

s p e c tr a  o f  t h e s e  c o m p o u n d s  p r o v id e s  a n  
o p p o r tu n i ty  t o  f u r t h e r  o u r  u n d e r s ta n d in g  o f  th e  
c o r re la t io n  b e tw e e n  b a n d  f r e q u e n c ie s  a n d  lo c a l  
s t r u c tu r e  in  t h e s e  s y s te m s .  T h e  f r e q u e n c ie s  o f  th e  

ôsCCFj) a n d  v , ( S 0 3 )  m o d e s  o f  th e  t r i f la te  a n io n  
h a v e  b e e n  s h o w n  to  b e  s e n s i t iv e  t o  th e i r  lo c a l  
p o te n t ia l  e n e r g y  e n v i r o n m e n t s  a n d  in  p a r t i c u la r  
to  th e  n u m b e r  o f  c a t io n s  t h a t  a r e  c o o r d in a te d  to  

th e  a n io n .5 5 '^ ^  T h e  f r e q u e n c ie s  o f  th e s e  m o d e s  
h a v e  b e e n  u s e d  to  in f e r  lo c a l  s t r u c tu r e s  p r e s e n t  in 
a m o r p h o u s  p h a s e s  o f  p o ly m e r

£•2
CÔ Diglym erNaTf

0)
3 T etraglym erN aTf

1040 102010601080
Wavenumbers (cm-’)

F i g u r e  8 . R a m a n  s p e c t r a  o f  c r y s ta l l in e  
m o n o g ly m e r N a T f ,  d ig ly m e r N a T f  a n d  

t e t r a g ly m e r N a T f  in  th e  V sfS O s) r e g io n .

e l e c t r o l y t e s . ^ ^ - S t u d y i n g  th e  
f r e q u e n c ie s  o f  t h e s e  m o d e s  in  c r y s ta l l in e  p h a s e s  
w h e r e  t h e  s t r u c tu r e  is  k n o w n  w i l l  f a c i l i ta te  b e t t e r  
a n a ly s i s  o f  lo c a l  p o t e n t i a l  e n e r g y  e n v ir o n m e n ts  
in  p h a s e s  w h o s e  s t r u c tu r e s  a r e  n o t  k n o w n .

R a m a n  s p e c t r a  o f  m o n o g ly m e rN a T f ,  
d ig ly m e r N a T f ,  a n d  t e t r a g K m ie r N a T f  in  th e  

v 's(S0 3 ) r e g io n  a r e  p r e s e n te d  in  F ig . 8 . a n d  b a n d  
f r e q u e n c ie s  a r e  s u m m a r i z e d  in  T a b le  6 . A ll  th e  
s p e c t r a  s h o w  a  s in g le  b a n d  in  th is  r e g io n  d u e  to  
th e  Vs(S0 3 ) v ib r a t io n  o f  th e  t r i f l a te  a n io n .  T h e  
b a n d  f r e q u e n c ie s  a r e  1 0 5 6  c m ' ' .  1 0 4 5  c m ‘‘ a n d  
1 0 4 5  c m ' '  f o r  m o n o g ly m e r N a T f ,  d ig ly m e r N a T f  
a n d  t e t r a g ly m e r N a T f  r e s p e c t iv e ly .  T h e  
d i g ly m e r N a T f  s a m p le  h a s  a n  a d d it io n a l  w e a k  
b a n d  a t  1 0 2 5  c m ' '  w h ic h  is  a t t r ib u te d  to  a  

d ig ly m e  m o d e .-^ -^ °  T h e  f r e q u e n c y  o f  th e  V ;(S0 3 ) 
m o d e  in  m o n o g ly m e r N a T f .  1 0 5 6  c m  ',  is  th e  

s a m e  a s  t h e  f r e q u e n c y  o f  th e  V ;(S0 3 ) m o d e  in 

P ( E O ) r N a T f ,  1 0 5 6  c m ' ' . ^ -  In  th e s e  tw o  s t r u c tu r e s  
th e  t r i f l a te  is  h ig h ly  c o o r d in a te d  to  s o d iu m  io n s  
r e la t iv e  to  th e  d ig ly m e r N a T f  a n d  
t e t r a g ly m e r N a T f  c r y s t a l s . ln  m o n o g ly m e rN a T f .  
e a c h  t r i f l a te  is  c o o r d in a te d  to  th r e e  N a  a to m s , 
a n d  in  P ( E O ) r N a T f  e a c h  t r if la te  a n io n  is 
c o o r d in a te d  to  f o u r  N a  a to m s .  In  d ig ly m e r N a T f  
a n d  t e t r a g ly m e r N a T f ,  e a c h  t r if la te  a n io n  is 
c o o r d in a te d  to  tw o  N a  a to m s .  T h e  f r e q u e n c ie s  
fo l lo w  a  g e n e r a l  t r e n d  e s ta b l i s h e d  in th e  P E O -  
L i T f  s y s te m  r h ig h e r  d e g r e e s  o f  t r i f la te  
c o o r d in a t io n  b y  c a t io n s  le a d s  to  h ig h e r  t r i f la te  
io n  m o d e  f r e q u e n c ie s .

T h e  R a m a n  s p e c tr a  o f
m o n o g ly m e r N a T f , d ia lv m e r N a T f , a n d

t e t r a g l y m e r N a T f  c o m p o u n d s  in  th e  6s (C F 3) 
r e g io n  a r e  p r e s e n te d  in  F ig .  9 , a n d  b a n d  
f r e q u e n c ie s  a r e  s u m m a r iz e d  in  T a b le  6 . T h e  
f r e q u e n c ie s  f o r  th e  b a n d s  a r e  7 6 7  c m ' ' ,  7 6 2  c m ''  
a n d  7 5 6  c m '  f o r  m o n o g ly m e rN a T f ,  
d ig ly m e r N a T f ,  a n d  t e t r a g ly m e r N a T f

r e s p e c t iv e ly .  T h e  f r e q u e n c y  o f  th e  5s(C F 3) m o d e
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F i g u r e  9 .  R a m a n  s p e c t r a  o f  c r y s ta l l in e  
m o n o g ly m e r N a T f ,  d ig ly m e r N a T f  a n d  

t e t r a g ly m e r N a T f  in  th e  5s (C p 3)  r e g io n .

in  m o n o g ly m e r N a T f  7 6 7  c m ' , is  s i m i l a r  t o  th e  
f r e q u e n c y  o f  m o d e  in  P ( E O ) r N a T f  7 7 1

c m ' ' . ^ -  A n  in te r e s t in g  o b s e r v a t io n  is  th e  

r e la t i v e ly  l o w  f r e q u e n c y  o f  th e  5 s (C F j)  m o d e  a t  
7 5 6  c m ' '  in  t h e  t e t r a g ly m e r N a T f  c o m p o u n d .  T h is  
v a lu e  is s i m i l a r  to  t h a t  e x p e c te d  f o r  a  t r i f l a te  

a n io n  c o o r d in a te d  to  o n e  c a t io n .^ ^  In  th e  
d i g ly m e r N a T f  a n d  t e t r a g ly m e r N a T f  c o m p o u n d s  
t h e  t r i f l a te  a n io n s  a r e  c o o r d in a te d  to  tw o  s o d iu m  
a n io n s .  A l th o u g h  th e  f r e q u e n c ie s  o f  th e  V sC SO j) 
m o d e s  in  b o th  c o m p o u n d s  a r e  th e  s a m e ,  1 0 4 5  
c m ' ' ,  th e  f r e q u e n c ie s  o f  th e  S ^ C F ] )  m o d e s  a r e  
d i f f e r e n tr  7 6 2  c m ' '  f o r  d ig ly m e r N a T f  a n d  7 5 6  
c m ' '  f o r  te t r a g ly m e r N a T f .  T h e  a v e r a g e  d i s t a n c e  
o f  th e  t r i f l a te  o x y g e n  a to m s  to  th e  s o d iu m  c a t io n  
is  2 .2 5 ( 6 )  A a n d  2 .3 8 ( 3 )  A f o r  c r y s t a l l in e  
d i g ly m e r N a T f  a n d  t e t r a g ly m e r N a T f  r e s p e c t iv e ly .  
T h i s  d i f f e r e n c e  m ig h t  a c c o u n t  f o r  th e  d i f f e r e n c e  
in  th e  5s (C F 3) f r e q u e n c ie s ,  b u t  d o e s  n o t  e x p la in  

t h e  o b s e r v a t io n  th a t  th e  Vs(S0 3 )  f r e q u e n c ie s  a r e  
th e  s a m e  in  th e  tw o  c o m p o u n d s .

4 .  C o n c l u s i o n s
W e  h a v e  s h o w n  c r y s ta l l in e  p h a s e s  o f  

N a T f  a n d  P E O  o l ig o m e r s  w ith  d i f f e r e n t  n u m b e r s  
o f  e th y le n e  o x id e  u n i ts  e x h ib i t  v e r y  d i f f e r e n t  
c a t i o n  a n d  a n io n  e n v ir o n m e n ts .  F o r  e x a m p le ,  t h e  
c o o r d in a t io n  n u m b e r  o f  s o d iu m  in  t h e s e  g ly m e  
s y s te m s  r a n g e s  f ro m  5  t o  7 , w i th  a n  in c r e a s in g  
n u m b e r  o f  e th e r  o x y g e n s  p a r t i c ip a t in g  in  t h e  f i r s t

Table 6. F r e q u e n c i e s  o f  b a n d s  in  th  S ^ fC F i)  a n d  
V s(S0 3 )  r e g io n s  f r o m  R a m a n  s p e c tr a  o f  
m o n o g ly m e r N a T f ,  d i g ly m e r N a T f  
t e t r a g l y m e r N a T f  a n d  P ( E O ) r N a T f .  ‘ T h e  b a n d  
f r e q u e n c ie s  o f  P ( E O ) r N a T f  w e re  o b ta in e d  f r o m  a  
p r e v io u s  p u b l i c a t i o n  a n d  a r e  p re s e n te d  f o r  

c o m p a r i s o n .^ -

S,(CFs)cm'‘ i\(SOsJ cm '

Monogl>me:NaTf 767 1056

Digl>inc:NaTf 762 1045

TetragKtnc: N aTf 756 1045

P(EO):NaTf 771 1056

c o o r d in a t io n  s p h e r e  a s  th e  o l ig o m e r  c h a in  l e n g th  
i n c r e a s e s .  W e  w i s h  to  r e i t e r a t e  th a t  th e  c r y s t a l s  in  
t h e s e  g l y m e - s a l t  s y s te m s  a re  a  s t r u c tu r a l  
c o m p r o m is e  r e s u l t i n g  f r o m  io n - io n  in te r a c t io n s ,  
io n -  c h a in  h e te r o a t o m  in te r a c t io n s ,  a n d  p a c k in g  
c o n s t r a in t s  f r o m  t h e  o r g a n ic  c h a in s .  A l th o u g h  
th e  b o n d  d i s t a n c e s  a n d  v a le n c e  b o n d  a n g le s  o f  
th e  c h a in  a r e  s o m e w h a t  in f le x ib le  a l th o u g h  n o t  
r ig id ,  th e  lo w  b a r r i e r s  to  r o ta t io n  p e r m i t  a  w id e  
r a n g e  o f  d i h e d r a l  a n g le s ,  th u s  a l lo w in g  t h e  
c h a in s  t o  a s s u m e  a  v a r ie ty  o f  c o n f o r m a t io n s  in  
o r d e r  to  a c h i e v e  a  th e r m o d y n a m ic a l ly  s t a b l e  
s t r u c tu e .  A s  n o t e d  e a r l i e r ,  th e  t g t  s e q u e n c e ( s )  o f  
t h e  m o n o g ly m e :  ( a n d  d ig ly m e )  N a T f  s y s te m  a r e  
m o d if i e d  in  t h e  l o n g e r  c h a in  t e t r a g l y m e r N a T f  
s y s te m  to  i n c lu d e  a  t e r m in a l  t g 'g '  c o n f o r m a t io n .

T h e  s p e c t r a l  d a t a  f o r  th e  v ^ i S O ^ )  a n d  
5s (C F 3)  m o d e s  p r o v i d e s  s o m e  in s ig h t  in to  t h e  
f a c to r s  g o v e r n in g  t h e  f r e q u e n c y  v a lu e s  o f  t h e  
t r i f l a te  io n  in  t h e  v a r io u s  s t r u c tu r e s .  I t  h a s  b e e n  
lo n g  r e c o g n iz e d  t h a t  t h e s e  f r e q u e n c ie s  i n c r e a s e  
w ith  in c r e a s in g  n u m b e r s  o f  c a t io n s  c o o r d in a te d  
to  th e  t r i f l a t e  o x y g e n  a to m s .  T h is  t r e n d  is a l s o  
g e n e r a l ly  o b s e r v e d  in  th is  s tu d y .  H o w e v e r  t h e r e  
a r e  s o m e  v e rv ' in te r e s t in g  d e v ia t io n s  w h ic h  a r e  
e s p e c ia l ly  a p p a r e n t  in  a  c o m p a r is o n  o f  f r e q u e n c y  
d a ta  b e tw e e n  th e  d ig ly m e r N a T f  a n d  
t e t r a g l y m e r N a T f  c r y s t a l s .  B e c a u s e  th e  t r i f l a t e  
a n io n  in te r a c t s  w i th  tw o  s o d iu m  c a t io n s  in  b o th  
s t r u c tu r e s ,  th e  r e l a t i v e ly  lo w  f r e q u e n c y  o f  t h e  
5s (C F 3)  m o d e  in  t e t r a g l y m e r N a T f  s u g g e s t s  t h a t  
o th e r  f a c to r s  a r e  im p o r t a n t .  A s  n o te d  e a r l ie r ,  t h e  
d is ta n c e  b e tw e e n  th e  c a t i o n  a n d  th e  t r i f l a te  
o x y g e n  a to m s  m a y  a ls o  p l a y  a  r o le .  H o w e v e r  
th is  c a n  b e  o n ly  a  p a r t i a l  e x p la n a t io n ,  g iv e n  t h e  

o b s e r v a t io n  t h a t  th e  f r e q u e n c ie s  o f  th e  V ;(S0 3 ) 
m o d e s  in  t h e s e  tw o  s t r u c tu r e s  a r e  id e n t ic a l  
w i th in  e x p e r i m e n t a l  e r r o r .  T h e s e  d a ta  a r g u e  t h a t
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t h e  d e g r e e  o f  i n te r m o le c u l a r  m o d e  c o u p l in g  c a n  
a ls o  p l a y  a n  im p o r t a n t  r o l e ,  g i v e n  t h a t  t h e  d e g r e e  
o f  m o d e  c o u p l in g  d i f f e r s  f o r  d i f f e r e n t  v ib r a t io n s  
o f  t h e  t r i f l a te  a n io n .

T h is  f a m i ly  o f  g l y m e - s a l t  c r y s t a l s  o p e n s  
a  n u m b e r  o f  e x c i t in g  o p p o r t u n i t i e s  t o  a d d r e s s  
fu n d a m e n ta l  i s s u e s  o f  i o n ic  t r a n s p o r t .  In  
p a r t i c u l a r ,  i t  w o u ld  b e  e s p e c i a l l y  in t r ig u in g  to  
m e a s u r e  th e  io n ic  c o n d u c t i v i t y  a lo n g  p a r t i c u la r  
c r y s t a l l o g r a p h ic  a x e s ,  c o r r e l a t i n g  th e  p r e s u m e d  
d i f f e r e n c e s  w i th  t h e  p r e c i s e  s t r u c tu r a l  d a ta  
a v a i l a b l e  f ro m  th e  s o l v e d  c r y s t a l  s t r u c tu r e s .  
F u r th e r ,  w e  e x p e c t  t h a t  t h e  f o r m a t io n  o f  
c r y s ta l l in e  p h a s e s  is  g e n e r a l  b e h a v i o r  f o r  th e s e  
s y s te m s ,  a n d  t h e r e f o r e  i t  is  w o r t h w h i l e  to  s e a rc h  
f o r  c r y s ta l l in e  p h a s e s  in  p e n ta g ly m e ,  h e x a g ly m e  
a n d  h ig h e r  c h a in  l e n g th s  c o m p l e x e d  w i th  s o d iu m  
t r i f l a t e .  In  a d d i t i o n ,  t h e r e  m a y  b e  m u lt ip le  
c r y s ta l l in e  p h a s e s  f o r  a  s in g l e  g ly m e rs a l t  
c o m p o s i t i o n  a s  is  t h e  c a s e  in  
m o n o g ly m e :( L iT f ) 2,'*’ a n d  t h e r e  m a y  e x is t  
d i f f e r e n t  c r y s ta l l in e  p h a s e s  f o r  d i f f e r e n t  
g ly m e z s a l t  c o m p o s i t io n s .

T h e  c r y s t a l l in e  p h a s e s  o f  th is  s tu d y  
s u g g e s t  lo c a l  s t r u c tu r e s  w h ic h  m a y  b e  p r e s e n t  in  
g ly m e - s a l t  s o lu t io n s  a n d  a d d i t i o n a l l y  p r o v id e  
i n s ig h t  in to  c o o r d in a t io n  e n v i r o n m e n t s  p r e s e n t  in  
P E O - b a s e d  p o ly m e r  e le c t r o l y te s .  T h e s e  
s t r u c tu r e s  p r o v id e  i n s i g h t  in to  c a t io n  
c o o r d in a t io n  e n v i r o n m e n t s  w h i c h  in c lu d e  b o th  
e th e r  o x y g e n s  a n d  t r i f l a te  o x y g e n s  a n d  m a y  
f u r t h e r  o u r  u n d e r s t a n d in g  o f  t h e  r o le  o f  th e  a n io n  
in  t h e  io n ic  t r a n s p o r t .  T h e s e  ty p e s  o f  
c o o r d in a t io n  e n v i r o n m e n t s  m a y  e x i s t  a s  p a r t  o f  
a n  io n ic  t r a n s p o r t  m e c h a n i s m .

A c k n o w l e d g e m e n t s
T h is  w o r k  w a s  p a r t i a l l y  s u p p o r t e d  b y  f u n d s  f ro m  
th e  O k la h o m a  C e n te r  f o r  t h e  A d v a n c e m e n t  o f  
S c i e n c e  a n d  T e c h n o lo g y ,  C o n t r a c t  #  5 3 7 7 .

R e f e r e n c e s
( 1 )  A r m a n d ,  M . B . ;  C h a b a g n o ,  J .  M .;  D u c lo t ,

M . J .  P o ly e th e r s  a s  s o l id  e le c t r o l y te s .  In  F a s t  I o n  
T r a n s p o r t  in  S o l i d s ;  V a s h i s t a ,  P . ,  M u n d y ,  J .  M „  
S h e n o y ,  G . K ., E d s . ;  E ls e v i e r :  A m s te r d a m ,  1 9 7 9 ; 
p p  1 3 1 .

( 2 )  P o l y m e r  E l e c t r o l y t e  R e v i e w s ;  M a c C a l lu m ,
J .  R . ;  V in c e n t ,  C .  A . ,  E d s . ;  E l s e v i e r  A p p l ie d  
S c ie n c e :  N e w  Y o r k ,  1 9 8 7 ;  V o l .  1, p p  3 5 1 .

( 3 )  P o l y m e r  E l e c t r o l y t e  R e v i e w s ;  M a c C a l lu m ,
J .  R . ;  V in c e n t ,  C .  A . ,  E d s . ;  E l s e v i e r  A p p l ie d  
S c ie n c e :  N e w  Y o r k ,  1 9 8 9 ;  V o l .  2 ,  p p  3 3 8 .

( 4 )  G r a y ,  P . M . S o l i d  P o l y m e r  E l e c t r o l y t e s :  
F u n d a m e n t a l s  a n d  T e c h n o l o g i c a l  A p p l i c a t i o n s ;  
V C H  P u b l is h e r s ,  I n c .:  N e w  Y o r k ,  1 9 9 1 .

( 5 )  B r u c e ,  P. G.; V in c e n t ,  C. A . J .  C h e m .  S o c .  
F a r a d a y  T r a n s .  1 9 9 3 ,  8 9 ,  3 18 7 .

( 6)  R a m e r .  M. A .;  N i tz a n .  A .  F a r a d a y  D i s c u s s .  
C h e m .  S o c .  1 9 8 9 ,  8 8 .  19.

( 7 )  R a m e r ,  M. A . A s p e c ts  o f  th e  T h e o r e t i c a l  
T r e a tm e n t  o f  P o ly m e r  S o l id  E le c t r o ly te s :  
T r a n s p o r t  T h e o r )  a n d  M o d e ls .  In  P o l y m e r  
E l e c t r o l y t e  R e v i e w s ;  M a c C a l lu m .  J .  R . .  V in c e n t .
C .  A . ,  E d s . ;  E l s e v i e r  A p p l ie d  S c i e n c e :  N e w  
Y o r k ,  1 9 8 7 ;  V o l .  l ; p p  173 .

( 8) B h a t t a c h a r ja ,  S . ;  S m o o t .  S .  W .:  W h i t m o r e .
D. H . S o l i d  S t a t e  I o n i c s  1 9 8 6 , 1 8 & 1 9 ,  3 0 6 .

( 9 )  A r u m u g a m ,  S.; S h i ,  J . ;  T u n s t a l l ,  D .  P . ;  
V in c e n t ,  C .  \ . J .  P h y s . :  C o n d e n s .  M a t t e r  1 9 9 3 ,
5 ,  1 5 3 .

( 1 0 )  B o d e n ,  N . ;  L e n g ,  S .  A .;  W a r d ,  I .  M .  S o l i d  
S t a t e  I o n i c s  1 9 9 1 ,  4 5 ,  2 6 1 .

( 1 1 )  R o b i ta i l l e ,  C .  D.; F a u te u x ,  D . J .  
E l e c t r o c h e m .  S o c .  1 9 8 6 ,  1 3 3 ,  3 1 5 .

( 1 2 )  V a l lé e ,  A .;  B e s n e r .  S .:  P r u d 'h o m m e ,  J .  
E l e c t r o c h i m .  .A c ta  1 9 9 2 , 3 7 .  1 5 7 9 .

( 1 3 )  B e s n e r ,  S . ;  V a l lé e ,  A .;  B o u c h a r d .  G . :  
P r u d 'h o m m e ,  J .  M a c r o m o l e c u l e s  1 9 9 2 ,  2 5 ,  6 4 8 0 .

( 1 4 )  L a s c a u d ,  S .;  P e r r ie r ,  M .;  V a l lé e ,  A . ;  
B e s n e r ,  S . ;  P r u d 'h o m m e ,  J .  M a c r o m o l e c u l e s  
1 9 9 4 ,  2 7 ,  7 4 6 9 .

( 1 5 )  B r o d in ,  A .;  M a t ts s o n .  B .:  N i l s s o n .  K .:  
T o r e l l ,  L . M .:  H a m a r a ,  J .  S o l i d  S t a t e  I o n i c s  1 9 9 6 . 
8 5 .  1 1 1 .

( 1 6 )  W e s to n ,  J .  E .:  S te e le ,  B . C. H . S o l i d  S t a t e  
I o n i c s  1 9 8 2 ,  7 , 8 1 .

( 1 7 )  Y a n g ,  L .;  Z h a n g ,  A .;  Q iu ,  B . ;  Y in ,  J . :  L iu , 
Q .  S o l i d  S t a t e  I o n i c s  1 9 8 8 . 2 8 - 3 0 ,  1 0 2 9 .

( 1 8 )  C h in ta p a l l i ,  S .;  F re e h , R . E l e c t r o c h i m i c a  
A c t a  1 9 9 8 , - / J ,  1 3 9 5 .

( 1 9 )  A r m a n d ,  M .;  G a u th ie r ,  M . P o ly m e r i c  
S o l id  I o n  C o n d u c to r s :  th e  I m m o b i le  S o l v e n t  
C o n c e p t .  In  H i g h  C o n d u c t i v i t y '  S o l i d  I o n i c  
C o n d u c t o r s ;  T a k a h a s h i ,  T „  E d .;  W o r ld  S c i e n t i f i c  
P r e s s :  N e w  J e r s e y ,  1 9 8 9 ; p p  1 1 4 .

( 2 0 )  B e r th i e r ,  C . ;  G o r e c k i ,  W .;  M in ie r ,  M . 
S o l i d  S t a t e  I o n i c s  1 9 8 3 .  /  / ,  9 1 .

( 2 1 )  M in ie r ,  M .;  B e r th ie r ,  C.; G o r e c k i .  W .  J .  
P h y s i q u e  1 9 8 4 ,  4 5 ,  7 3 9 .

( 2 2 )  S t a in e r ,  M .;  H a rd y .  L. C.; W h itm o r e .  D. 
H .;  S h r iv e r .  D . F . J .  E l e c t r o c h e m .  S o c .  1 9 8 4 ,
1 3 1 ,  7 8 4 .

( 2 3 )  G a d j o u r o v a ,  Z .:  A n d r e e v .  Y .  G .;  T u n s t a l l .  
D . P .;  B r u c e ,  P . G .  N a t u r e  2 0 0 1 ,  4 1 2 ,  5 2 0 .

( 2 4 )  B r u c e ,  P . G .  E l e c t r o c h i m .  A c t a  1 9 9 5 ,  4 0 ,  
2 0 7 7 .

( 2 5 )  A n d r e e v ,  Y .  G .;  B ru c e ,  P .  G .  E l e c t r o c h i m .  
A c t a  2 0 0 0 ,  4 5 ,  1 4 1 7 .

( 2 6 )  F r e e h ,  R . ;  C h in ta p a l l i ,  S .;  B r u c e ,  P .  G . ;  
V in c e n t ,  C .  A .  M a c r o m o l e c u l e s  1 9 9 9 , 3 2 ,  8 0 8 .

( 2 7 )  F r e e h ,  R . ;  C h in ta p a l l i .  S .;  B r u c e ,  P .  G .;

120



V in c e n t ,  C . A . Chem. Commun. 1 9 9 7 , 1 5 7 .
( 2 8 )  R h o d e s ,  C .  P . ;  F r e c h ,  R .  Macromolecules 

2001, M  2 6 6 0 .
( 2 9 )  B o ro d in ,  O .;  S m i th ,  G . D . 

Macromolecules 1 9 9 8 ,  31, 8 3 9 6 .
(30) S u t j ia n to ,  A . ;  C u r t i s s ,  L . A .  J. Phys.

Chem. A 1 9 9 8 , 102, 9 6 8 .
( 3 1 )  J o h a n s s o n ,  P . ;  T e g e n f e d i t ,  J . ;  L in d g r e n .  J .  

J. Phys. Chem. A 1 9 9 8 ,  102, 4 6 6 0 .
(32) J o h a n s s o n .  P . ;  T e g e n f ê id t .  J . ;  L in d g r e n ,  J .  

Polymer 1 9 9 9 , 40, 4 3 9 9 .
(33) B a b o u l ,  A . G . ;  R e d f e m ,  P .  C . ;  S u t j ia n to ,  

A .;  C u r t is s ,  L . A . J. Am. Chem. Soc. 1 9 9 9 , 121, 
7220.

(34) M u jic a ,  V .;  M a la v e r ,  M .;  R u e tte ,  F .  J. 
Phys. Chem. A 1 9 9 9 ,  103, 8 9 .

( 3 5 )  B o r o d in ,  O . ;  S m i th ,  G .  D . J. Phys. Chem. 
5  2 0 0 0 , 7 0 ^ , 8 0 1 7 .

( 3 6 )  H y u n , J . ;  D o n g ,  H .;  R h o d e s ,  C .  P .; F r e c h ,  
R . ;  W h e e le r ,  R . A . J. Phys. Chem. B 2 0 0 1 ,  105, 
3 3 2 9 .

( 3 7 )  N a g a o k a ,  K .;  N a r u s e ,  H .;  S h in o h a r a ,  I .  J. 
Polym. Sci., Polym. Lett. 1 9 8 4 , 22, 6 5 9 .

( 3 8 )  A ilc o c k ,  H . R .;  O 'C o n n o r ,  S . J .  M .; 
O lm e i je r ,  D . L .; N a p ie r a la ,  M .  E .;  C a m e r o n ,  C .
G . Macromolecules 1 9 9 6 , 29, 7 5 4 4 .

(39) Im r ie ,  C . T .;  I n g r a m ,  M . D .;  M c H a t t ie ,  G .
S. Adv. Mater. 1 9 9 9 , 7 7 , 8 3 2 .

(40) Y o rk ,  S .; K e l la m ,  E . C . ;  A i lc o c k ,  H . R .;  
F re c h , R . Electrochim. Acta  2 0 0 1 ,  46, 1 5 5 3 .

( 4 1 )  R h o d e s ,  C .  P .;  K h a n ,  M .;  F re c h , R. ta b e  

published.
(42) Iw a m o to , R . Bull. Chem. Soc. Japan 1 9 7 3 ,  

4 6 ,  1114.
( 4 3 )  Iw a m o to , R .;  W a k a n o ,  H . J .  Am. Chem. 

Soc. 1 9 7 6 , 98, 3 7 6 4 .
(44) A b ra h a m , K . M . Solid State Ionics 1 9 8 2 ,

7, 199,
(45) M u n s h i ,  M . Z .  A .;  G i lm o u r ,  A .;  S m y r l ,  W .

H .;  O w e n s ,  B . B . J. Electrochem. Soc. 1 9 8 9 ,
1 3 6 ,  1847.

(46) M u n s h i,  M . Z .  A .;  S m y r l ,  W . H .;  
S c h m id tk e ,  C , Chem. Mater. 1 9 9 0 , 2, 5 3 0 .

(47) M u n s h i ,  M . Z .  A .;  S m y r l ,  W . H . Solid  
State Ionics 1 9 9 1 , 45, 1 8 3 ,

( 4 8 )  D o e f f ,  M . M .;  P e n g ,  M , Y .;  M a , Y .;  D e  
J o n g h e ,  L . C.J. Electrochem. Soc. 1 9 9 4 , 141, 
L 1 4 5 .

(49) M a , Y .; D o e fF , M .  M .;  V is c o ,  S . J . ;  D e  
J o n g h e ,  L . C.J. Electrochemical Soc. 1 9 9 3 , 140, 
2726.

(50) D o e f f ,  M . M .;  V is c o ,  S .  J . ;  M a , Y .;  P e n g ,  
M .;  D in g ,  L .; D e  J o n g h e ,  L .  C .  Electrochimica 
Acta 1 9 9 5 , 40, 2 2 0 5 .

( 5 1 )  S ie m e n s .  S H E L X T L ;  5 .0 3  é d .;  S ie m e n s  
A n a ly t ic a l  X - ra y  I n s t r u m e n ts  I n c ,:  M a d is o n ,

W is c o n s in ,  U S A , 1 9 9 4 .
( 5 2 )  R h o d e s , C .  P . ;  F r e c h ,  R .  Solid State Ionics 

2 0 0 0 ,  136-137, 1 1 3 1 .
( 5 3 )  CRC Handbook o f Chemistry- and Physics. 

81st Edition; L id e ,  D .  R .,  E d . ;  C R C  P re s s  L L C : 
N e w  Y o rk ,  2 0 0 0 .

( 5 4 )  The Merck Index. 12th Edition; B u d a v a r i ,  
S . ,  E d . ;  M e rc k  a n d  C o . ,  I n c .:  W h ite h o u s e  
S ta t io n ,  19 9 6 .

( 5 5 )  S c h a n tz .  S .;  S a n d a h l .  J.: B o r je s s o n ,  L .; 
T o r e l l ,  L . M .; S te v e n s .  J. R . Solid State Ionics 
1 9 8 8 , 28-30, 1 0 4 7 .

( 5 6 )  H u a n g , W .;  W h e e le r ,  R . A . ;  F re c h , R . 
Spectrochimica .4cta 1 9 9 4 . 50.4, 9 8 5 .

( 5 7 )  H u a n g , W .;  F r e c h ,  R . ;  W h e e le r ,  R . A .  J .  

Phys. Chem. 1 9 9 4 , 98, 1 0 0 .
( 5 8 )  F re c h , R . ;  H u a n g ,  W .;  D is s a n a y a k e ,  M . A . 

K .  L .  Mat. Res. Soc. Symp. Proc. 1 9 9 5 ,  369, 5 2 3 .
( 5 9 )  M a ts u u ra ,  H .;  F u k u h a r a ,  K .  J. Polvm. Sci. 

5  1 9 8 6 ,2 4 ,  1 3 8 3 .
( 6 0 )  Y o s h id a .  H .;  M a ts u u r a ,  H.J.  Phys. Chem. 

X 1 9 9 8 , 7 0 2 ,2 6 9 1 .
( 6 1 )  A n d re e v , Y . G .;  M a c G la s h a n ,  G . S .:  

B r u c e ,  P . G . Pln’s. Re\-. B 1 9 9 7 ,  55, 1 2 0 1 1 .

121



Appendix B: Papers not included

I. Studies o f  cation-anica and catioa-polymer association in  poly(ethylene oxide): 

Pb(CF]SO]); complexes. C. P. Rhodes, B. Klassen, R. Frech, Y. D ai and S. G. 

Greenbaum. Solid State Ionics 126, 251 (1999).

II. A Comparative Study o f  Ionic Association in Poly(ethylene oxide)-MCF^SOj 

Systems ÇM=Lithium and Sodium). R. Frech, C. P. Rhodes and S. S. York. M at. Res. 

Soc. S jm p. Proc. 548, 335 (1999).

III. Vibrational Spectroscopic Study o f  2-Methoxyethyl E ther Complexed with Lithium 

and Sodium Trifluoromethane Sulfonate. M. Petrowsky, C. P. Rhodes and R. Frech. 

J. Solution Chem. 30, 171 (2001)

rV. Molecular Dynamics Simulations and Spectroscopic Studies o f  Amorphous

Tetraglyme (CH 3 0 (CH,CH,0 )4 CH 3) and Tetraglyme:LiCF^SO^ Structures. J. Hyun,

H. Dong, C. P. Rhodes, R. Frech and R. A. Wheeler. J. Phjs.Chem . B 105, 3329 

(2001).

V. Effect o f  Temperature on Local Structure in Poly(ethylene oxide)-Zinc Bromide Salt 

Complexes. B. P. Grady, C. P. Rhodes, S. York, R. Frech, Macromolecules 34, 8523 

(2001).

VI. Role o f  the anion in the structure and vibrations o f  1,2-dimethoxyethane complexed 

with lithium triflate, S. Boesch, C. P. Rhodes, R. Frech and R. A. Wheeler, to be 

subm itted to PhjsChemComm.

VII. Molecular dynamics simulations and vibrational spectroscopic studies o f  local

structure in tetraglymersodium triflate solution. H. Dong, C. P. Rhodes, R. Frech and 

R. A. Wheeler, submitted to J. Phj/s. Chem.

122



VIII. A Symmetry-based Study o f  Vibradonal Decoupling in the Crystalline Phases o f  

CH3(0 CH2CH2)2 0 CH3LiCF3S0 3  and P(E0 )3LiCF3S0 3 - R. Frech and C. P. Rhodes, 

S olid  State Ionics, in press.

IX. A Comparison o f  Local Structures in Crystalline P(E0 )3liC F 3S0 3  and Glyme- 

LÎCF3S0 3  Systems. R. Frech, C. P. Rhodes, M. Khan, subm itted to Polym er Preprints.

123


