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Abstract

Polymer electrolytes represent a relatively new class of ionic conductors with
potential applications in rechargeable batteries and other electrochemical devices. The most
investgated systems consist of poly(ethylene oxide), PEO, with dissolved salts. Ionic
transport in these systems is highly coupled to the relaxaton processes of the polymer
backbone and has been determined to occur predominantly in the amorphous phase for a
number of polymer-salt systems. The microscopic mechanism of ionic transport in these
systems 1s not well understood, but certainly involves the breaking and reforming of cadon-
ether oxygen bonds and changes in the local conformation. The characterizadon of 1on-ion
and 10on-polymer interactions furthers our molecular level understanding of 1onic
conducuvity in these systems.

The characterization of crystalline phases of polymer-salt complexes and model
systems provides partcular insight mnto local structure 1n these systems. Crystalline phases of
systems with the general formula CH;(OCH,CH,),OCH;:MX, where n=1-4 and
MXN=LiCF;SO; or NaCF;SO;, have been isolated and charactenized. The comparson of
these structures provides insight into changes in coordination and conformadon with chain
length. In a2 number of the crystalline structures, the local coordinaton environment of the
cadon and the torsional angle sequences of the bonds in the ethylene oxide units are
remarkably similar to those present in the high molecular weight crystalline compounds. The
comparison of spectra of the glyme -salt crystalline compounds to glyme-salt solutions
shows that both similar and different local structures are present in solution compared to the

crystalline phase.



A symmetry-based vibrational analysis is used to interpret bands in crystalline
polymer-salt compounds. Vibrational spectroscopic data of crystalline polymer:salt
complexes reveal the presence of dynamic coupling of the triflate anion modes which is
characterisdc of a highly ordered crystalline matrix. The comparison of x-ray, vibratdonal
spectroscopic, and DSC data of the crystalline and amorphous phases reveals structural
similarites and differences between the phases. Analysis of Raman and x-ray data of PEO-
LiCF,SO, films suggests that the amorphous phase contains local structures which resemble
the structure present in crystalline P(EO),:LiCF,SO;. It is proposed that within the
“amorphous” phase of the polymer-salt systems there exast salt-rich regions whose local
structures resemble the crystalline compound. These local structures have implications for
lonic transport, since ions at the domain boundarnies of salt-rich regions or clusters may make

a significant contributon to the ionic conducuviry.
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Chapter 1. Introduction

The improvement of energy storage and conversion technologies 1s of significant
interest for our modern society. A\ variety of factors including economics, increased
convenience, and environmental concerns are driving the development of new materals.
Two of the major applicatons for energy storage and conversion technologies are electric
vehicles and portable electronic devices. The development of electric and fuel cell powered
cars 1s mouvated by the need for low and zero emission vehicles. Electric vehicles based on
current technologies do not meet targeted cost or performance goals. Improved power
sources are needed for portable electronic devices including cell phones and laptop
computers as these devices find increased use in our evervdarv lives.

A key component of electrochemical devices is the solid electrolyte, which conducts
electricity by the motion of ions. A new class of ionic conductors, polymer electrolytes, was
discovered by Wrght and co-workers (7), and subsequently 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 that has a high ionic conducurvity, a
high cation transference number, interfacial and electrochemical stability, and desirable
mechanical properues at ambient conditions. Despire considerable research the microscopic
mechanism of lonic conductvity in polvmer electrolvtes remains not well understood. For a
number of polymer-salt systems, the ionic conductvity has been found to occur
predominately in the amorphous phase of polymer electrolytes and be strongly coupled to
the segmental modon of the polymer host (3-6). A few polymer-salt systems have shown
higher ionic conducuvites for the crystalline phase compared to the amorphous phase (7).

The structure of the ionically conducdng phase and the relationship between microscopic



structure and ionic transport have not been well determined. Furthering our understanding
of ion-ion and ion-polymer interactions in the ionically conducting phase underlies our
understanding of the microscopic mechanism of ionic transport in polymer electrolytes and
is necessary for the ratnonal synthesis of new systems.

The objective of my research was to investigate structure in poly(ethylene oxide)-sale
svstems with particular emphasis on the microscopic structure of the ionically-conducting
phase. One strategy was to investigate the structure of crystalline phases. Local structures
present in the amorphous phase may resemble the local structures present in the crystalline
phases. A second strategy was to examine low molecular weight model systems. These
model systems allow the invesdgatdon of the dependence of chain length on local structure
and provide insight into structure in the amorphous phase of polymer electrolytes. An
additional goal of my research efforts was to further the correlatons between spectra and

structure in these svstems.
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Chapter 2. Polymer Electrolytes

2.1 General concepts

Polymer electrolytes are formed when a salt is dissolved in a solid coordinaung
polymer. Solid polymer electrolytes (SPE) differ from polyvelectrolytes, where one of the ions
is covalently bound to the polymer, and gel-electrolytes, where small organic molecules are
contained within the polymer matmx. Within the field of solid state eleccrochemuisery,
polymer electrolytes are a relatvely new class of ionic conductors, and their ionic transport
mechanism is different than that of other solid electrolytes such as inorganic crystals and
glasses. Polymer electrolytes were first investigated by Fenton, Parker and Wright who
discovered thar crystalline complexes formed from alkali metal salts and polv{ethvlene oxide)
have significant ionic conducavites (7). Subsequently, Armand et al. recognized the potenual
applicatons of these new materals in electrochemical devices (2). Over the past twenty
vears, polymer electrolytes have been intensively studied and are the subject of numerous
books, book sections and review artcles (§-/5).

One of the most studied applicatons for polvymer electrolyvtes is rechargeable
batteries. A schemauc diagram of a rechargeable battery is presented in Figure 2.1. Within a
battery, the electrolyte serves to physically separate the electrodes and transport catons (e.g.
lithium or other 10ns) between the electrodes during charge and discharge cvcles. A number
of properties of SPE make them of interest for battery applicatons. The flexibility of SPE
allows them to maintain contact with the electrodes as they change in volume during charge
and discharge cycles. The flexibility of SPE also allows them to be engineered to any shape
and be easily fabricated and processed. Because of their ngidity, SPE can be formed as very

thin films, which increases the overall energy density of the battery. Polymer electrolytes
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Figure 2.1. Schematic of a rechargeable ""rocking chair’ lithinm battery during discharge cycle.

offer advantages in safety compared to liquid electrolyvtes, which are volatle and prone to
leakage. Also, liquid electrolytes can cointercalate into the electrodes and react with the
electrode material. Rechargeable batteries that use solid polymer electrolytes can be made to

be lighter, thinner, and safer.

2.2 Thermodynamics of dissolution

The dissoluton of a salt in a solvent, either liquid or solid, 1s descrbed
thermodynamically by the change in the Gibbs free energy AG at constant temperarture and
pressure. AG is a funcdon of the change in enthalpy (AH), the change in the entropy (AS)
and the temperature,

AG = AH - TAS. (2.1)

The dissoluton 1s a spontaneous process if AG of the system is negative, with the sign and

magnitude of AG determined by the individual terms. The system in the initial state is
composed of a polymer solvent and ions within a crystalline matrix, and in the final state the

ions are fully dissolved by the polymer solvent. The disordering of the ions from the

4



crystalline lattice to the polymer solution is a positive contribution to the entropy of
dissolution. The strong specific interactions of the ions with the polymer affect the energies
of specific polymer conformations, and this effect is a negatve contribution to the entropy
of dissolution. The chain suffening caused by the interactions of the ions with the polymer
reduces the segmental moton of the polymer and is observed experimentally by an increase
in the glass transition temperature T, with increasing salt content (76). Due to the competing
terms, the entropy change of the system can be posiave or negaave. The effect of AS on AG
is a function of temperature, and at higher temperatures, the “TAS term will dominate the
equadon. With increasing temperature salt precipitation is observed in a number of systems,
which indicates that the overall entropy of dissolunon 1s negatve in those systems (77).

The enthalpy change of dissolution is the enthalpy after dissoluton minus the
enthalpy before dissoluton. The factors which affect the overall enthalpy of dissoluton are
(a) the lattce energy of the salt, (b) the strength of association of the groups on the polymer
chains, (c) the formaton of coordinate bonds of the polymer and the caton, and (d)
electrostatic interacuons between the dissolved ions. In pracdce, it is apparent that the major
factors which determine whether a salt will dissolve in a polymer are the lattce energy of the
salt and the solvation of the catdons by the polvmer chains (78). The primary interacton of
the polymer is with the cation, and the anion is only weakly solvated by the polymer.

The thermodynamic descripton provides a basis for understanding which salts
dissolve in which polymers. We consider the salts first. The choice of caton for the
polvmer-salt electrolyte largely depends on the electrode martenals, since the funcdon of the
electrolyte is to transport the 1ons between the electrodes. Lithium and sodium are the most
investigated cations for intercalation electrodes because of their high charge to mass ratos,

however other metals including K~, Ca*", Mg*™ have also been investigated (79-26). Here we
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consider predominately Li” and Na” salts. Anions have been chosen which minimize
interactions between the anion and the cation within the polymer-salt solution since strong
interactions can impede ionic transport. Studies of ion pairing in liquid electrolytes have
shown that ion pairing is minimized by choosing a solvent that has a high electron donaang
ability and an anion that is large and easily polanizable (27). The interacuons of the ions in
the soluton are a legacy of the interactons of the ions in the latuce (76). Salts with low
lattice energies are desirable, and an upper limir of 720 J/mol has been suggested (28). Some
anions which have been invesugated are I', ClO,", SCN7, CF;SO;7, (CF.SO,).N",
(CF;SO,);CT, AsF,~, PF,7, and SbF,".

In order for a polymer to dissolve a salt, there must be electron-donaudng groups on
the polymer chain capable of coordinating the caton of the salt. The polymer acts as a
nucleophilic ligand (Lewis base) and the caton acts as an electrophile (Lewis acid).
The most investgated groups are polymers containing oxvgen, however polymers containing
nirrogen and sulfur have also been invesugated. The strength of the interactuon between the
polymer groups and the caton can be described by the donor number/acceptor number (29.
30) or the hard/soft acid base theory (37. 72). The most invesugated polymer hosts are
polvethers, since the ether oxygens are excellent coordinaung groups for a variety of cauons.
The protorvpical polymer host is polyethylene oxide (-CH.-CH.-O-), abbreviated PEO. The
comparison of salts dissolved in ethers with different numbers of ethoxy units, namely
{CH,-03,, {CH,-CH.-O3, and {CH.-CH,-CH.-Oy,, provides an interesting comparison since
the repeat units have the same coordinaung units. Polyvethers with {CH.-O3, or
{CH.-CH,-CH,-03, repeat units are weaker solvents than PEO (2, 73). PEO has an
intermolecular spacing that is approprate to maximize solvadon of the cadon. The chain can

wrap around the caton making coordinadon sites available without significant strain of the



polymer. The situation is similar to that present in macrocycles such as crown ethers. If the
uncoordinated polymer chain is in a conformaton which is already suitable for the cauon,
then the entropy loss due to coordination is minimized (78). The ethyvlene oxide unit is an
important monomeric unit for polymer electrolyte systems as evidenced by the investigaton
of a varety of polymer architectures which incorporate the ethylene oxide moierty including
comb polymers (34), copolymer systems (35, 36), and systems using ethylene oxide units in

side chains (37).

2.3 Phase equilibria

Polymer electrolytes based on PEO with dissolved salts are in general multaphase
systems. Knowledge of the phases present, their relauve amounts, their structures, their
interfaces and the dynamic equilibrium berween phases is crucial to understanding the
propertes of polymer electrolytes. Phase diagrams have been determined using a varery of
techniques including DSC, XRD, DTA, NMR, optical microscopy and conducuavity. The
phase diagrams of numerous PEO-salt systems have been reported (3§-42). The phase
diagrams for the binary systems PEO-LICF;SO, and PEO-NaCF,SO; are presented in
Figure 2.2. A eutectic or quasieutectic point is characteristic of the phase behavior of these
svstems. For a given system, the phases and their relatve percentages generally depend on a
number of factors including temperature, salt concentraton, molecular weight of the
polvmer (43), thermal history (44), ume (43), and preparauon method (46). For polymeric
hosts with high molecular weights, the attainment of thermodynamic equilibrium below the
eutectic temperature is limited by the slow kinetcs of crystallization due to the chain

entanglements. Consequently the systems generally form a metastable solids, and for this
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reason it has been suggested that these are psuedo phase diagrams. Various techniques have

been used to determine the morphology of polymer electrolytes (28).

Below the melung temperature of PEO, three phases are generally present in PEO-

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

amorphous phase. A visual representaton of these phases is presented in Figure 2.3. The

structures of each of these phases will be discussed in Chapter 5. Crystalline PEO has a

meltng point of 65°C, and the amorphous phase of pure PEO has glass transition

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

PEO crystals have been studied by a number of techniques (47, 48). Studies of the

crystallizadon of pure PEO reveal the importance of molecular weight on the relatve

crystallinity and the morphology of the crystals (#9, 50). The second type of crystalline

phases are crystalline complexes of PEO with salts, forming crystalline polymer-salt
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compounds. PEO forms crystalline complexes with a varery of different catons and anions,
and a thorough presentation of complexes of PEO with various meral salts is presented
elsewhere (57). The polymer salt complexes form with a variety of different suochiometries,
generally with ether oxygen to caton ratios of 6:1 to 1:1. The structures of PEO-salt
complexes are discussed in section 5.1. The amorphous phase 1s of primary interest since
the ionic conducuvity for a number of svstems has been found to occur predomuinantly in
the amorphous phase, regardless of the coexistence of cryvstalline phases (3, 4). The
temperature-dependent conductvides of PEO:NH,SCN shown in Figure 2.4 allow the ionic
conducton of the crystalline and amorphous phases for this system to be compared (3§).
PEQO-salt svstems generally show a hysteresis effect as conducavity is measured as a functuon
of temperature due to the slow kinetics of crystallizaton. The ionic conducuarity of the
system during the heating cycle, where the sample is semicrystalline, is much different than

the ionic conductvity during the cooling cycle, where the sample is fully amorphous due to

9
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Figure 2.4. Hysterests effect on the conductivity of P(EO):INH_.SCN shown by data for the
heating cycle(@Q), where the sample was initially a semicrystalline sample, and the

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

quenching. The data clearly shows the higher conduction of the amorphous phase compared
to a semicryvstalline phase of 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 fracdon of the amorphous phase and obrtaining completely
amorphous polymer electrolytes. The higher ionic conducunvity of the amorphous phase
compared to the crystalline phase does not apply to all polymer systems. A recent study

demonstrated that in some systems, the crystalline phase has a higher ionic conductviry than

the amorphous phase (7).

2.4 Structure

The propertes of polymer electrolytes are a result of their microscopic structure and

dvnamics. Determining the microscopic structure and relationship of structure to ionic

10



transport provides the basis for improving materal propertes. A van'etj-' of experimental
techniques have been applied to study the structure of polymer electrolytes: vibratonal
spectroscopy, x-ray diffraction (XRD), neutron scattering, nuclear magnetic resonance
(NMR), x-ray absorption spectroscopy, differential scanning calorimetry, microscopy, x-ray
photoelectron spectroscopy, and EXAFS (8, 9, 52-59). Two particularly important aspects of
local structure are the interactions of ions with other ions and the interacton of ions with
the polymer.

Ionic assoclaton, i.e. direct ion-ion interactons, is 2 widespread phenomena in
polymer electrolvtes and has been observed by varous techniques, including vibratonal
spectroscopy (60, 61). molecular dynamics simulations (62-67), and transference number
measurements (68-70). [onic associaton is a function of the effecave coulombic forces
between 1ons, which is affected by the choice of cation, anion and the value of the dielectric
constant of the medium, which is a polymer solvent in this case. For poly(ethvlene oxide) the
dielectric constant is between 5 and 8, and this low value of the dielectric constant generally
results in significant ionic asscciation. The result of ionic associaton is the presence of
different ionic species that can be classified generally as “free” ions, contact ion pairs and
aggregates. “Free” ions are cadons or anions in which the first solvaton shell is composed
endrely of solvent molecules. “Free” 1ons are equivalent to solvent separated ion patrs, and
the two cannot be distinguished spectroscopically. Following the notaton suggested by
Bruce and Gray for a for a salt MX composed of M cations and X' anions, these can be
written as [MX]," where the subscript s denotes a solvent separated ion pair (78). lonic
association can result in the formaton of contact ion pairs, written as [MX]", which denotes
direct caton-anion interactuon. lonic association can also result in the formauon of 1onic

aggregate species which can rtake the form of [M,X]", [MX,]  and other larger aggregates. It is
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important to remember that these charged species do not exist as distunct, isolated spectes
since local charge balance must be maintained, and therefore in the immediate vicinity of a
charged entity, like a “free” ion or a charged aggregate, is a counter ion. The nature of these
species is highly dependent on the polymer-salt system and is also a functon of molecular
weight, salt concentradon and temperature (77). The contnbuton of free ions, 1on pairs and
aggregates to the ionic conductivity has been the source of much debate and research and
will be further considered in secton 5.3. Vibratonal spectroscopy has been parucularly
useful to probe ionic association in polymer electrolytes (60. 72. 73). The vibradonal
frequencies for modes of a number of anion, partucularly CF,SO; and ClIO; anions, are
sensitive to the coordinaton to one or more cauons, and the frequencies have been used to
infer coordinadon environments of the anion (67, 74-76). The modes of the triflate anion
have been studied in a vanerty of solvents (77, 78).

The interacdon of the cadon with the host polymer is an important aspect of
structure 1n polymer electrolytes. In polymer-salt systems, the caton 1s coordinared by
electron-donatng groups on the polymer. The overall caton coordinaton number depends
a number of factors including the choice of caton burt ranges from four to ten (72. §0), with
trpical coordination numbers of 4-5 for lithium 1n polyethers (§7). Ionic transport has been
shown to be inumately related to the relaxaton processes of the polymer, paracularly the
segmental motion or B—relaxaton (82). These polymer relaxatdon processes necessarly
involve changes in the conformaton of the polymer and breaking and reforming of caton-
polvmer bonds as the caton is transported through the polymer matrix. Vibranonal
spectroscopy has been used to study the conformaton in pure PEO (83-93), and changes in
polymer conformaton due to cation complexaton (79, 94-96). NMR studics of polymer

electrolytes reveal that the interacton of the salt with the polymer strongly reduces the chain
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mobility (97), and the additon of sait was found to increase the energy barrniers to segmental
motion (98). NMR studies of PEO-LiCF 3'SO3 have shown that the nature of ion-polymer
interaction in the amorphous phase is similar to the interacton in the crystalline polymer:sale
phase (59). Insights into jon-polymer interactions have been provided by studies of
crystalline polymer-salt complexes (described in Chapter 5) and by model svstems of givmes

with dissolved salts (described in Chaprter 4).

2.5 Ionic transport
2.5.1 Transport propertes

From the perspective of applications, one of the most important properties of
polvymer electrolytes is their ability to transport ions. The ionic transport is described by the
ionic conductivity o, transference numbers T, transport numbers, ¢/, and diffusion
coefficients D. For a binary polymer-salt solution, three transport propertes are needed to
describe the system (99). A varery of techniques are used to measure transport properdes in
polymer electrolytes (700, 107).

The focus of much of the experimental and theoreucal is focused on the ionic
conductvity o(T). lonic conducuvides for a number of PEO-MX systems have been
reported (702), and typical conductvites for PEO-salt systems are 107 = 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, lonic conductvity is a functon of the molecular weight of the
polvymer. The critcal chain entanglement limit of PEO which was determined by viscoelastc
measurements occurs at 2 molecular weight of 3200 (77). Below this limit, the molecular

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

is described by the Rouse-Zimm model (703, 7104). Above this limit, the motion of the
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entangled polymer chains 1s described by the reptation model of de Gennes (705). Above the
critical chain entanglement limit, the molecular weight of the polymer has been shown to
have no significant effect on the cation mobility (77). NMR studies have shown that the
additon of salt does not affect the crtical entanglement limit of the polymer (56, 95).

The 1onic conductvity results from the contribution of all mobile charge carners.

For a dilute system, the ionic conducuvity ¢ can be described by the Kohlrausch summaton

o(T,P)= Z gLl 2.1

where 7, g, and g, refer to the concentration of charge carriers, the charge, and the mobility
of the /th species respectuvely. The carrier number # includes all charged species including
single cations, single anions and larger ionic clusters and is a complicated funcuon of
conceniration, temperature and pressure. In an infinitely dilute system, the conducuvity can
be described by the Nernst-Einstein relationship

o = nF(D.+D)/RT (2.2
where #. F, D_,D, R. and T refer to the concentraton of charge carriers, Faraday’s constant,
the diffusion coefficient of the cation, the diffusion coefficient of the anion, the gas
constant, and the temperature respecuvely. Both of these equatons provide important
insights into ionic conducton bur fail to quandradvely describe the experimental
conductvity in concentrated electrolvtes (706). Pulse-field gradient NMR studies of
poly(propylene oxide)-LiCF;SO; complexes revealed that that ion-ion interactions strongly
reduce the ionic mobility (707). The comparison of experimental conductivites to theoretical
conductvites calculated from the Nernst-Einstein relation show that significant
discrepancies exist (708-170). An assumption of the Nernst -Einstein relaton is the complete

dissociaton of the ions, which is invalid at high salt concentrauons where significant ion
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pairing and clustering occurs. Interionic interactions complicate the interpretaton of #, D
and 4 since an ion or charged species cannot be regarded independent of other tons. At
tvpical salt concentrations, polymer electrolytes are not ideal solutions. Methods have been
developed for determining transport properties of polymer electrolytes which are based on
concentrated solution theory and do not require assumptons concerning the ideality of the
solutdon (68. 70. 117). Concepts of concentrated solution theory like fricion coefficients for
ion-ion and ion-solvent interactons have been recendy invesugated (772, 773).

The measurement and interpretation of transport and transference numbers in
polvymer electrolytes has been a source of debate within the field (777). Various techniques
have been used to measure the transference numbers (77, 7174-711/6), and often the results for
a single system disagree (777-779). The basis of these discrepancies are related to the various
assumptions concerning the ideality of the solution and experimental difficuldes. The
transference number is the net number of Faradays of current carried by a consutuent ion
(either the cation or the anion) upon the passage of one Faraday of charge through the cell
(120). The transport number refers to the charge flow associated with a single charged
species, whereas the transference number is the resultant charge flow due to all species of an
element. The transference and transport numbers are the same for a fully dissociated species
at infinite salr dilution. For the case of a binary salt MX (with cation and anion of univalent
charge) which dissolves in polymer forming species M~, X', [MX]", M.X]™ and [MX],
transport numbers exist for each species and the transference number refers the transport of
one ion (M™ or X) by all charged species. For the above example the wransference and

transport numbers are related as follows (78).



T..=t +2 . —t, (2.3)
T,.=t,.+2t, —t (2.4
T, +7 =1 2.5)

In polymer electrolytes, determining individual transport numbers is difficult due to the
presence of multple species, and therefore transference numbers are predominantly
measured. Recent results using electrophoredc NMR have obrained caton and anion
transference numbers which sum to unity which establishes this method as viable for
determining transference numbers in concentrated solutions (720). Negatve transference
numbers have been reported by a number of groups and have been the subject of some
discussion and disagreement (68-70). A negauve catonic uansference number indicates that
the dominant species carrying cations are anionic complexes (720). Transference numbers
have also been found to be a functon of salt concentraton which is attributed to a decrease
in anion mobility with increasing salt concentraton (727). The ideal lithium transference
number is unity, and transference numbers other than unity lead to salt concentraton
gradients within an operational battery (69, 777). The importance of measuring transference
numbers rather than only the ionic conducavity for opumizing electrolyte performance for
batteries has been emphasized in recent literature (722).

Diffusion coefficients describe the flow of matter in a concentradon gradient.
Diffusion coefficients are calculated from a number of techniques including pulse field
gradient NMR and DC polanzaton experiments (77, 707, 108, 114, 116, 123). Diffusion
coefficients have been shown to a functon of temperature and salt concentration (707, 708,
724). It is generally found that in binary polymer electrolytes, the diffusion coefficient of the

anion is larger than the diffusion coefficient of the caton, 1.e. D >D_ (708, 124, 125). This
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observation 1s consistent with the weak solvation of the anions by the polymer and the low
value of the cauon transference numbers. At low salt concentrations, the caton diffusion
coefficient follows VTF-like behavior (described in the following section) (707). However, at
high salt concentration, the temperature dependence of the cadon diffusion coefficient is not
VTF-like, and this suggests that a different cation transport mechanism (other that VTF-like)
1s present at high salt concentrations (708). Therefore this imphes that in addidon to the
coupling of the ionic transport to polymer relaxadon processes which 1s implied by VTF-like

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

2.5.2 Models of ionic transport

Empirical models: Ionic transport in polymer electrolytes has been described by a
number of empirical and theoretcal models. The temperature dependence of the ionic
conductivity, often presented in an Arrhenius-type plot of log o(T) vs. T, has been
described by the empirical equatons of Vogel-Tammann-Fulcher (VTF) and Willlams-
Landers-Ferry (WLF). Thorough weatments of these models applied to polymer electrolytes
are presented elsewhere (78, 772). Histonically, the V'TF equaton was developed to describe
the viscosity propertes of supercooled liquids (726-72§). An equaton which describes the
lonic conducuvity as a function of temperature can be derived from the VTF equation and

expressed as (78)

o(T) = op exp[-B/R(T-T )] (2.6)
where G, 1s a prexponenual factor, B is a2 constant with dimensions of energy, and T, is the
reference temperature. The equation can be expressed in different forms with some of the

forms having 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
q g
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volume disappears, and this quantity is related to the thermodynamic glass transidon
temperature T, the temperature at which endotherms are observed (772). The two
temperatures are related empirically by the equadon T,= T, -50 K (706). In an Arrhenius-
tvpe plot of log o(T) vs. T, a bent line is characteristic of V'TF behavior, and for many
systems the temperature dependence of the ionic conductvity can be well described by the
VTF equaton (2. 729). For some systems, the VTF equation does not adequately describe
the temperature dependence of the ionic conductrvity, and Arrhenius behavior is also
observed as well as combinatons of Arrhenius and VTF behavior (772).

The Williams-Landel-Ferry (WLF) equaton is based on empirical observatdons of
polvmer relaxaton tmes and is found to apply to many disordered systems including glasses
and pure polvmers (730). The equation expresses a characterisuc property in terms of a shift
factor that is the rato of a property at temperature T to the property at a reference
temperature T,. The temperature dependence of the ionic conducuvity can be written in the
WLF form (78)

0o I _ =C(T-T))

“o(T) (C,+T-T.) S

where 6(T) is the ionic conductrity at temperature T, and C, and C. arc constants that can
be obtained experimentally. Empirically the constants C,; and C, have been found to be 8.9
and 102 K respectvely, independent of the measured property. The WLF form of the 1onic
conductivity is based on the empirical VTF equaton, and eq. 2.6 and 2.7 can be shown to be
equivalent expressions. Although T, is an arbitrary temperacure, the value often taken to be
50 K above the equilibrium glass transition temperature, and the WLF form can be wntten

using T, in place of T, (78, 772).
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The VTF and WLF equations are useful to describe the temperature dependence of a
number of transport properties including conducuavity, diffusivity and viscosity. Both
equatons are related to the propertes of the polymer and are centered around reference
temperartures that are related to the glass transidon temperature T, The agreement of the
experimental ionic conductrity to these empirical equatons establishes that the relatonship
of the ionic conductvity to the temperature relative to the glass transinon temperature.
From this reladonship, it follows that ionic transport is intimately coupled to the local
relaxation processes of the polymer. The applicauon of simple models to describe o(T) 1s
limited by a number of factors including (a) the inhomogeneiry of the ionically conductng
phase (b) complications due to ion pairing, and (c) varying carrier number and many-pardcle
effects. Transport of the ions is related to the modon of the polvmer burt is not governed
exclusively by it, .i.e. VTF behavior for the ions does not directly follow from \"TF behavior
for the polymer (772).

Theoretcal models: The predominant theoretical models used to describe ionic
transport in polymer electrolytes are the free volume model, the configurauonal entropy
model and dynamic bond percolation model. The free-volume model is widelyv used to
describe viscositr and diffusion in polymeric systems and has also been used to describe
ionic moton in fused salts and fluids (737). The availability of free volume is a functon of
the temperature above the equilibrium glass transitgon temperature T, and at the equilibrium
glass transiton temperature free volume vanishes. The dependence of temperature and
molecular weight on free volume in PEO was investigated by positron lifetime experiments
(132). The basic assumption of the free volume model is that diffusion occurs as a result of
the redistuibution of free volume. Pockets of free volume are produced, and polymer

segments, ionic specles or 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 1s large enough

for the molecule to diffuse into. This minimum size is defined as 1%, the cniucal free volume
for transport. A number of expressions can be written which relate the ionic conductrvity to
the free volume. The ionic conductvity can be expressed as a functon of free volume using

a WLF shift factor (78),

o) |_ | *
mL(T.e)]’ (VP ]' =P

where V¥ and V_* are the cniucal free volumes for ions and polymer segment mouaon

respectvely, and a is the WLF shift factor. The ratdo V*/V_* is found to be very close to
unity which suggests thar these values depend of the same process. The free volume model
is conceptually the simplest way to understand transport behasior in polymer electrolytes
(112).

The configurational entropy model (733, 734} 1s similar to free volume models in that
it only concerns properties of the polymer. In this model, the mass transport occurs by a
cooperative rearrangement of the chain. The average probability of rearrangement is related
to the minimum configuradonal entropy required for rearrangement. The configuradonal
entropy model has been applied to polymer electrolytes (729, 735), and the ionic

conducdvity can be expressed as

o(T)=A4 exp( X, ] (2.9)
- T-T, -

“to
where A is a preexponental factor, K_=AuS. T, /ks, S. is the minimum configurational
entropy required for rearrangement, Ay is the free energy barrier per mole which opposes
the rearrangement, and kg is Boltzmann’s constant. Transport properties described using the

configuratonal entropy model are in agreement with VIF and WLF equatons (7/2).
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The configurational entropy model has some advantages compared to the free
volume model, but both modéls suffer from not taking into account microscopic
mechanisms. A drawback of the free volume and configurational entropy models is that theyv
are static pictures based on thermodynamic arguments, and therefore they do address
dvnamics or kinedc factors. The modons of the polymer are described by various relaxaton
processes with characteristic ume scales or frequencies. The frequency dependent propertes
of polymer electrolytes have been studied by a varerty of techniques including mechanical
relaxaton, dielectric relaxaton and loss, ac conducurvity, Brllouin scattering, NMR
relaxadon, and quasielastic neutron scattering (§-70). Some major deficiencies common to
these models is that they do not address interactions berween the ions and do not predict the
effect of variables such as ion size, ion paring, polarizability, solvaton strength, ion
concentradon, polvmer structure and chain length on the 1onic conducuvity (78§).

The most comprehensive model describing ionic transporr in polymer electrolytes 1s
the dvnamic bond percolaton (DBP) model, and a detailed descripdon of this model 1s
presented elsewhere (5, 6. 172, 136). The DBP model has a number of advanrages over free
volume and configurational entropy models in that it considers frequency dependent
propertes and can account for interionic interacuons (/06). The dynamic bond percolaton
model starts from the static percolation models which define a set of sites in which mobile
species reside. The moton of the mobile species, or carriers, is described by the 'master
equation’,

dp (1)
dt

= Z (-W,P. +W,P). (2.10)
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where P; 1s the probability of finding an ion at site 1. W; is the probability per unit ime that a
carrier will jump from site j to site 1, i.e. the hopping rate, and is defined as zero except

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

o {O. probability =1 ‘f} (2.11)

v w, probability = f
where w is the hopping rate berween neighboring sites, f denotes the fracton of bonds that
are open or available, and 7-fis the fraction of bonds closed or unavailable. The DPB model
has three characteristic parameters: w, f, and 1. These parameters determine the probability
of parucle hopping and can be related to the parameters present in the system such as ion
size, free volume, temperature and pressure. The hopping rate w is related to the dme scale
for changing the coordinadon shell, which involves breaking and reforming bonds, and has
been related to the ion velocity divided by the lattice constant (736). The parameter fhas
been related to the availability of critcal free volume (736). The parameter ¢ is a
distribution of relaxation umes that correspond to orientadonal and configurational changes
of the polymer host, and hopping probabilities renew their values based on 7_,. The DBP
model is successful in describing dynamical properties of polymer electrolytes and

Incorporating ionic Interactions within ionic transport.

2.5.3 Microscopic descriptions

What is lacking in the theoretcal models including DBP is that they do not provide a
microscopic description of ionic transport. A number of microscopic descriptions of 1onic
conductvity have been proposed, but none has stood the test of time and experiment. The
first of these descriptions was put forth by Armand, who suggested that alkali metal ions
were the dominant charge carriers, and 10nic conduction occurs mainly in the crystalline
phase inside the PEO helices (2).Subsequent experiments demonstrated that ionic transport
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is not limited to caton moton along helical channels (737). This finding suggested that ion
transport may also occur between chains. A number of studies, namely vibrational
spectroscopic studies (709, transference number measurements (68-70, 120), diffusion
coefficients measurements (708), and molecular dynamics simulatons (62-67), suggest that at
moderate and high salt concentrations interionic interactions contribute in some manner to
lonic transport. A number of groups have suggested that ionic transport may occur through
correlated motons of cations and anions (77, 738). The role of clusters or salt-rich regions in
lonic transport has been considered (708). The contribution of ion pairs in the ionic
conducuvity is the subject of some debate within the field. Uncharged ion pairs are
considered to contribute to the diffusion coefficient but not contribute to the ionic
conducuvity. However, ion pairs may be involved in some correlated transport mechanism
where the caton hops between ionic clusters (77). It is clear that the microscopic mechanism

of ionic transport in polymer electrolytes is quite complex.

2.6 Recent developments

A variery of new systems and approaches are being developed to improve the
propertes both the transport and mechanical propertdes of polrmer electrolvte systems.
Since for many systems the ionic conducuvity has been shown to occur predominantly in the
amorphous phase, research efforts have been focused on producing entirely amorphous
polymer electrolytes (37). A vanety of new polymer architectures have been developed (34,
139). Due to the strong correlaton of segmental moton and ionic transport, efforts have
been aimed at creating new polymer systems with lower glass transidon temperatures (33).
Another strategy has been to investigate polymer systems in which ionic transport is

decoupled from the polymer host dynamics (740-742). Single ion conductors, which allow
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only catonic migration, are being developed (743-146). Polymer systems which incorporate
anion binding sites within the polymer can decrease 10n association and increase the catonic
transference number (747). Increased conductivities were obtained for stretched polymer
electrolyte films which suggests that there may be enhanced ionic transport along certain
omentauons (748, 1+9).

The area of composite polymer electrolytes has attracted considerable attention. New
tvpes of inorganic-organic polymer electrolyte systems are being investigated (7350-752). It
has been determined that ceramic addiaves such as S10,, AL, O;, TiO, increase the 1onic
conducuvity, increase the fracton of the amorphous phase, improve the mechanical
properties, and improve the interfacial properties in a number of polymer electrolyte systems
(153-162). The additon of the inorganic parucles also changes the lithium transference
number (759-161. 163). Understanding and improving the properties of polvmer electrolvtes

conunues to be of significant scienufic interest.



Chapter 3. Experimental Methods

3.1 Sample preparation

Chemicals: Poly(ethylene oxide), with M_.=1-10° and 4-10° and abbreviated as PEO,
was obtained from Aldrich and dried at 50 °C for 24 to 48 h prior to use. Ethylene glycol
dimerthyl ether (99.9%, monoglyme), di(ethvlene glycol) dimethyl ether (99.5%, diglvme),
tri(ethvlene glycol) dimethyl ether (99%, tnglyme), and tetra(ethylene glycol) dimethyl ether
(99%, tetraglyme) were obtained from Aldrich and used as recetved. Lithium
tifluoromethanesulfonate LiCF,SO; (99.995%), also called lithium triflate and abbreviated
here as LiTf, was obtained from Aldrich and heated under vacuum ar 120°C for 48 h prior to
use. Sodium trifluoromethanesulfonate NaCF SO, (97 %), also called sodium triflate and
abbreviated here as NaTf, was obtained from Fluka and heated under vacuum at 120°C for

48 h prior to use. All reagents were stored and manipulated in a dry nitrogen glovebox

(Vacuum Atmospheres Company, < 1ppm H.O).

Polymer-salt crystals: For preparaton of the polymer-salt compounds, both soluton
and solid-state synthesis methods were used. The best results were obtained using PEO with
M,=1-10 rather than with M, = 4-10° and mixing solid powders of the polymer and the salt.
For the crystalline P(EO);:LiTf compound, stoichiometric amounts of the dry powders were
thoroughly ground 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 of 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 idendcal procedure was used to
prepare the crystalline P(EO):NaTf compound except for the heating temperatures. After
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heating the glass ampoule containing the PEO and NaTf 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.

Polymer-salt films: Polymer-salt films were prepared according to the standard
solvent casung technique (46). Stoichiometric amounts of the polymer and salt were
measured and combined with acetonitrile to give solutdons of ~2-10% weight (polymer +
salt). The solutons were stirred for 24 h, and then films were cast onto either Teflon or 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 of 50°C was chosen for most samples to
avoid heating the film above the melting point of PEO. The same sample preparation,
heating temperature and ume were used for the various specimens to enable direct
comparison of the data.

Glyme-salt solutons. The salt was combined with the solvent in stoichiometric
amounts to yield solutons of the desired ether oxygen to metal cation ratio (O:M). The
solutons were stirred in the glovebox for at least 48 h prior to measurement.

Glyme-salt crystals: Glyme-salt crystals were prepared from concentrated glyme-salt
solutons. The exact salt concentration used for each system was different. For the lithium
systems, the concentratdons of the solutons, described by the ether oxygen: sodium caton
ratos, were 2.5:1, 3:1 and 4:1 for the monoglyme-LiTf, diglyme-LiTf and triglyme-NaTf
respecuvely. For the sodtum systems, the concentratons of the solutons, described by the
ether oxygen: sodium caton rados, were 5:1, 5:1, 6:1 and 5:1 for the monoglyme-NaTT,
digivme-NaTf, triglyme-NaTf and tetraglyme-NaTf solutions respectively. Salt
concentrations were chosen to allow the maximum amount of salt to dissolve in the solvent.

The solutons were stirred for at least ~48 h and left inside the glovebox at room
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temperature. Some systems, namely diglyme-NaTf and triglyme-LiTf, were stored at both —
20°C and 4°C to promote crystal growth. The other solutions were left. at room temperature.
In all systems, an intermediate gel-like phase appeared within a week to many months, which
then became crystalline after a number of months. Single crystals specimens were isolated

from the concentrated solution.

3.2 Raman spectroscopy

Raman spectra were recorded on an I.S.A. Jobin-Yvon T64000 in the tiple
subtracdve mode with a 16 s acquisition tme and 10-16 accumulatons using both 180° and
90° scattering geometries. The 514 nm line of an Argon laser operating at 100-300 mW’
(measured at the laser head) was used for excitatdon. For the backscattering geometry, the
laser was focused through an 80x microscope lens. Possible thermal heatng of the samples
from the focused Raman laser was examined by comparing spectra taken through the
microscope to spectra taken in the 90° scattering geometry, and no differences betwcen the
spectra were observed. High temperarures measurements were obrained using an Omega
CN9000A temperature controller and a Harrick temperature cell that was adapred for the
Raman experimental configuradon. Low temperature measurements were taken using a
MMR Technologies K-20 Temperature Controller. Bands in the Raman spectra were curve-
fir using a non-linear least-squares method with a commercial program, Grams 386 ®
(Galacuc Industries) using a straight base line and one Gaussian-Lorentzian product

functon for each band.

9
~I|



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 of 1.0 cm™. IR data of solid samples were obtained
using both the KBr pellet and Nujol mull methods. Spectra of polymer films were taken as
free standing films or using ZnSe windows 1n an evacuated sample chamber. IR spectra of
liquid samples were obtamned using ZnSe plates and a dry-air purge. The temperature was
controlled (est. £2 K) using an Omega CN9000A temperature controller and a Harrick
temperarure cell. Bands in the IR 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-Lorenrtzian product functon for each band.

3.4 X-ray diffraction

N-ray powder patterns were recorded at ambient conditons from 5 <28 <70 in 20
steps of 0.05° on a Rigaku D/4MAX automated diffractometer using Cu K, radiation. For
single crystal samples, x-ray diffraction patterns were collected at 173(2) K on a Siemans P4
diffractometer using Mo K radiation (A=0.71873 A). The data were corrected for Lorentz
and polarizaton effects; an absorption correcton was not applied since it was judged to be
insignificant. The structure was solved by the direct method using the SHELXTL system,
and refined by a full matrix least squares on F* using all reflections. Further details of the
structural refinement methods used for each crystal structure are presented in the respective

publicatons.



3.5 Differential scanning calorimetry
Differendal scanning calorimetry (DSC) measurements were taken on a Metter DSC
820 calorimeter at a rate of 10 °C/min under an 87 mL/min nitrogen purge. The samples

were sealed in aluminum crucibles in the glovebox.



Chapter 4. Glyme-salt systems

Studies of glyme-salt systems are contained in papers I, IV, 17 and 1.
4.1 Glymes as models

Svstems of PEO with dissolved inorganic salts are of significant interest since PEO
shows a pardcular propensity to solvate and transport ions. In additon to systems based on
pure PEQO, various polymer architectures containing ethylene oxide (EO) units contnue to
be investgated (34, 35, 142, 164, 165). Compounds with the general formula
CH;(OCH.CH.,),OCH; with n usually <6, known as glymes (glvme=glrcol dimethyl ether),
are useful for modeling PEO and polymer systems with EO units. Glyme-salts systems are
useful models for the amorphous phase of polymer electrolytes with the understanding that
the mechanism of 1onic transport 1s different in low molecular weight oligomers systems
compared to high molecular weight PEO systems. This is because the oligomers can diffuse
with the ions below the critical entanglement limit. Glymes are also used as solvents in iquid
and gel electrolytes and as plasticizers in polymer electrolytes (/23. 7166-171). The study of
glyme-salt systems using glvmes with different numbers of ethylene oxide units allows an
investgaton of how local structure changes with chain length. The relavonship berween
chain length and local structure is an important issue in polymer electrolytes and applies to a
number of different systems. For example a number of polvymer architectures including
copolymers and comb-branched polymers have (EO), units with varying o (34-37. 139, 142,
165. 172). Invesugadon of phosphazenes with ethylene oxide chains of different lengths
shows that the number of ethylene oxide units in the chain affects the ionic conductvity

(772) and local strucrure (773).
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Glvmes have been used to model pure poly(ethvlene oxide) (84, 89, 97-93, 174-184).
Ab initio and quantum chemical calculations of glyme-salt systems have yvielded insights into
binding energies, coordination geometries, conformational energy minima and energetc
barriers for ionic transport (779, 185-199). Vibranonal spectroscopic studies of glyme-salt
systems have provided insight into conformanon changes of the PEO backbone induced by
caton coordination (94, 200, 207). Caton complexaton induces changes the torsional
angles of the bonds in the polymer backbone.

Molecular dynamics (MD) simulations of glymes are useful models of strucrure and
dvnamics of PEO (202-207), and MD simulations of glyme-salt systems are partcularly
useful models of structure and dvnamics in polymer electrolytes (62-63. 67. 208-213). ND
simulations have been useful to idenufy the presence of 1onic clusters (62-66) and salt-rich
domains (67), and provided insight into the contribution of various ionic species to the onic
conducuvity (64). In additon, MD simulations have provided parucular insight into cation
complexaton and chain conformaton (63, 272). MD simulatons have been used to model
diffusion (208. 210, 271, 213) and bond lifeumes (2/3) in polymer electrolytes.

To date, research in glyme-salt systems has focused mainly on gas and soludon
phases, and crystalline glvme-salt phases have not been widely studied. A few crystalline
glyme-salt compounds have been previously reported including (monoglyme).:LiBF, (274),
tetraglyme:(CdCl,), (275), and tetraglyme:HgCl. (2/6). The investgadon of crystalline phases
has the advantage that x-ray diffraction methods can be used to determine structure in these
systems. The comparison of spectra crystalline and soluton phases allows the determination

of structures present in solution.



Table 4.1. Crystalline phases in glyme-salt systems where C = crystalline phase identdfied
and x-ray structure determined; C,C= wwo phases identfied and determined; I = crystalline

phase idendfied; and LI=two phases identfied.

LiCF,SO, NaCF.SO,
CH,(OCH,CH.),OCH, CcC C
CH,(OCH,CH.),OCH, C C
CH,(OCH,CH.),OCH, C LT
CH,(OCH.CH.),OCH, I C

4.2 Glyme-salt crystalline phases
4.2.1 N-ray structures

A significant result of this investgaton is the determinadon of glyme-salt crystalline
phases and their corresponding x-ray structures. Table 4.1 shows crystalline phases which
have been identfied for systems with the general formula CH,(OCH,CH,) OCH :MX,
where n=1-4 and MX=LIiCF;SO; or NaCF,;SO;. X-rav structures for tetraglvme:LiTf and
iglyme:NaTf were not determined due to the difficulty of growing adequate single crystal
specimens below room temperature (for triglyme:NaTf) or the long kinetics of crystallization
(for tetraglyme:LiTf). For a number of systems, multple crystalline phases were present in
the temperature range studied. Muldple crystalline phases may exist for a single glvme:salt
concentraton, as is the case for monoglyme:(LiTf),, and for different glyme:salt
concentratons (there is preliminary evidence for this in triglyme-LiTf.). The isolaton of a
number of crystalline phases for this series suggests that crystalline phases are a general
behavior of these systems and therefore crystalline phases may also be present for systems of

salts and glymes with n25.



Table 4.2. Glyme-salt crystalline phases whose structures were determined and their

corresponding crystal systems and space groups.

Compound Crystal system  Space group  Paper
Monoglyme:([LiTf), o« ~ Tmclinic P1 v
Monoglyme:(LiTf), B Tnclinic P1 Vv
Monoglyme:NaTf Monoclinic P2,/c VI
Diglyrme:LiTf Monoclhinic P2,/c v
Diglyme:NaTf Orthorthombic  P2.2,2, VI
Troglvme:(LiTT), Trichnic P1 Ref 217
Tetraglyme:NaTf Monoclinic P2,/c VI

N-ray diffraction methods vielded structures for 2 number of these crystalline phases.
Crystal systems and space groups for structures that were determined are presented in Table
+.2. Thermal transition temperatures have also been measured and reported in the respecuve
publicatons. Visual representations of monoglyme:LiTf ¢, diglyme:LiTf and triglrme:LiT§
are presented in Figure 4.1. Visual representations of the monoglyme:NaTf , diglyme:NaTf
and tetraglyme:NaTf are presented in Figure 4.2. Single crystal specimens were obtained for
these systems. which presents the opportunity to study ionic conducuvity and other

propertes along different crystal orientations.
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Monoglyme:(LiTf),

Diglyme:LiTf

C3A

C4A

ot08

Figure 4.1. Structures for crystalline phases of monoglyme:(LiTY),, diglyme:LiTf and trighme:(1LiTf)..



Monoglyme:NaTf

Diglyme:NaTf

F

Figure +.2. Structures for crystalline phases of monoglyme:NaTf, diglyme:NaTf and tetraglyme:NaTf.
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4.2.2 Comparison of crystal structures

It is of interest to compare three aspects of local structure within the glyme-salt
systems: cation coordinaton, anion coordinaton, and backbone conformadon. The
comparison of glyme-salt systems consistng of glymes with different numbers of ethvlene
oxide units and the same salt allows the effect of chain length on local structure to be
investgated. A comparison of the cadon environments, anion environments and
conformauon in the glyme-LiTf systems, CH;(OCH,CH,),OCH;:LiTf with n=1, 2 and 3,
and P(EO);:LiTf is presented in Table 4.3. A comparison of the cation environments, anion
environments and conformaton in the glyme-NaTf systems, CH;(OCH.CH,) OCH:NaTf
with n=1, 2 and 4, and P(EO):NaTf is presented in Table 4.4. In all of the structures, the
cadon is coordinated by both ether oxygens and triflate oxvgens, and the relauve numbers of
ether oxygens and triflate oxygens coordinated to the caton 1s different in each strucrure.
The overall coordinanon number and the relatve contribution of ether and triflate oxygens
results from a number of factors, in parucular conformatonal energies and crystal packing
effects.

A number of trends are of interest in the glvme-salt and PEO-salt systems. For the
lithium systems, the coordinatdon of Liis four or five in all the structures. In these structures
Liis coordinated to both ether and triflate oxygens, and the relatve contribudon of ether
oxvgens and triflate oxygens to the overall coordinaton number varies. The triflate anion is
coordinated to either two or three catons in all the strucrures, which indicates similar anion
environments. The conformaton is described by the sequence of C-O-C-C, O-C-C-O and
C-O-C-C rorsional angles using the abbreviaton t for a trans angle (180 £ 60°), g fora

gauche angle (60 £ 60°), and g for a gauche minus angle (270 £ 60°). The torsional angle

sequences in the glymes can be viewed as a series of tiads, which each consist of three
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Table 4.3. Comparison of cation environment, anion environment, and conformaton for

the crystalline phases monoglyme:(LiTf), a, diglyme:LiTf , triglyme:(LiTf). and

P(EO);:LiTf. The parameters for P(EO);:LiTf were obtained from the reported crystal

structure (234).

Cation Anion Conformation
environment environmen!
Total L1~ Ether Tnflate No. of Torsional
coordinaton | oxygens oxvgens cadons sequence
Monoglyme:(LiTf), 4 1 3 3 tee
Diglyme:LiTf 5 3 2 2 tgregt
Toglvme: (LiTt), 4 0 4 3 tgregtggt
5 3 2
PEO);:LiTf 5 3 2 2 tgrrgregt

torsional angles. The conformations of the glyme-LiTf structures show similar torsional
angle sequences of either tgt or tgt with the exception of the monoglyme:(LiTf), which
shows a ttr conformation. The ttr conformer has a lower energy than the tgt conformer in
the gas phase (777, 185, 218), and the ttt conformaton is stabilized in monoglyme:(LiTf), by
the lithium 1ons and their coordination to the triflate anions. Itis partcularly interesting that
a similar local structure is observed in diglvme:LiTf, tiglvme:LiTf and P(EO):LiT¥. In this
local structure Li” is five-fold coordinated by three ether oxygens and two triflate oxvgens
from different triflate ions. The specific torsional angle sequence is tgttgt, and this
conformaton allows three ether oxygens to coordinate to Li~. The presence of this torsional
angle sequence in the three structures suggests that is structure is particularly stable in these
systems.

As presented 1n Table 4.4, the coordinaton number of Na™ in the structures is five,

six or seven, and there is a significant variation in the relatve contribution of the ether
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Table 4.4. Comparison of cation environment, anion environment, and conformadon for
crystalline phases of monoglyme:NaTf, diglyme:NaTf, tetraglyme:NaTf and P(EO):NaTf.

The parameters for P(EO):NaTf were obtained from the reported crystal strucrure (229).

Cation Anion Conformation
environment environment
Total Na~ Ether Tnflate No. of Torsional
coordinaton | oxvgens oxvgens catons sequence
Monoglyme:NaTf 5 2 3 3 gt
Diglyme:NaTf 6 4 2 2 tgtegt
Tetraglyme: NaTf 7 5 2 2 tgrgugttg g
P(EO):NaTt 6 2 4 4 tggtg g

oxvgens and triflate oxygens. For diglyme:NaTf and tetraglyme:NaTf, the ether oxygens
contribute more than the tiflate oxygens to the overall coordinadon number. For
monoglyme:NaTf and P(EO):NaTf, the wiflate oxygens contribute more than the ether
oxygens to the overall coordination number. Structural differences are related to the energy
minima for these molecules packing within a crystalline phase. The terminal groups in the
glymes, which are neglected 1n P(EO):NaTf, play a role in the observed structure. In
addidon, sodium can adopt a number of different coordination states. The triflate anion is
coordinated to two, three or four sodium ions in the structures, which shows the different
orpes of anion environments that can occur in these systems. Similar triad sequences of
either tgt or tgt are observed in all the structures, however very different overall
conformatons are observed. Significant differences in the cation environment, anion

environment and conformaton are observed between the glyme-NaTf structures,
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particularly between tetraglyme:NaTf, and P(EO):NaTf. A further discussion of the glyme-
NaTf structures is presented in paper VI.

The comparison of crystalline glyme-salt structures to crystalline PEO-salt structures
is useful to determine the effect of the terminal methoxy groups on the local structure.
Crysualline phases have been determined for glyme-salt systems for glymes with 1<n=<4. The
glyme-salt structures are different than the PEO-salt structures. Crystalline phases of
PEO:salt systems have been made using PEC of molecular weights as low as M_= 1000, and
similar x-rayv patterns and d-spacings were observed between the structures using PEO with
M, = 1000 and with M_ = 100,000 (279). This suggests that the crystalline structure of high
molecular weight PEO with salts can be obrained using PEO with molecular weights as low
as M, = 1000 (n~22). Therefore region of glymes with n=5 to n=22 with salts may exhibit
different cryvstalline structures. At some critical chain length between n=5 and n=22, the
structure of the cryvstalline glyme-salt phase (as determined by x-rav) will be isomorphous
with the crystalline polymer-salt phase using PEO with n 2 22. Below this criacal chain
length, the structures for crystalline glyme-salt phases will be different than the structure of
the cryvstalline polymer-salt compound obtained with PEO (n 2 22).

Spectroscopic studies of the glvme-salt structures are useful to further spectra-

structure correlations in these systems, particularly the anion and glvme modes. The
monoglyme(LiTf), o structure demonstrates the existence of a [Li;Tf]*” species and its
corresponding frequency (presented in paper V). The spectral comparison of the v (SO;) and
3,(CF;) modes in the glyme-NaTf crystals shows that the frequencies of these modes are

highly sensiave to the local potential environment of the triflate anion (presented in paper

V).



4.3 Glyme-salt solutions

It is of interest to examine glyme-salt solutions since their structure is not a result of
crystal packing effects and therefore may be a good structural model of the amorphous
phase of polymer electrolytes. Since the crystal structures of a number of different glyme-salt
systems was determined as presented above, it if of interest to compare the local structure in
the crystal to the local structure in solution. Vibratonal spectroscopy is ideal for the
experimental comparison of the crystalline and solution phases since the vibratonal modes
are sensiuve to local structure. To present representative behaviors, two glyme-salt systems
are presented: monoglyme-LiTf and diglyme-LiTf. Other systems including diglyme-NaTf

(paper D), tetraglyme-LiTf (63), and tetraglyme-NaTf (220) have also been investigated.

4.3.1 Monoglvme-LiTf

The spectra of crystalline monoglyme:(LiTf), B is compared to spectra of
monoglvyme-LiTf solutions in Figure 4.3. The 800-1000 cm™ region contains modes that are
composed of CH. rwisung, CH, wagging and C-O stretching motons, and these modes have
been shown to be sensituve to conformaton and coordination to cations (79, 92, 94, 176,
183, 184, 200). The intensity of the 864 cm™ band in the monoglyme-LiTf solution increases
with increasing salt concentration and has been assigned to a monoglyme molecule in a tgt
conformadon interactung with Li~ (227). The frequency of this mode is also affected by
coordinadon of Li” by one or more triflate anions (227). In contrast, the 920 and 933 cm™
bands in crystalline monoglyme:(LiTf), result from monoglyme in a ttt conformadon. This
spectral comparison shows that the conformation of monoglyme interacting with Li” in
solution is very different than in the crystaliine phase. The comparson of the triflate modes

in the two phases also shows differences. The §,(CF;) mode of the triflate anion is sensitive
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Figure 4.3. Infrared spectra in the 800-1000 cnr” region (A) and 740-780 cni”’ region (B)
of crystalline monoglyme:(LiTf), and solutions of mongglyme-LiTf with concentrations

described by the ether oxygen to metal cation ratio (O:M).

to the local potenual energy environment, and in particular to the number of cations which
are coordinated to the tflate anton (60, 67). Spectra of the solutions in the 8 (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
[Li;Tf]*” aggregates. These assignments are based on studies of triflate with different cations
in numerous solvent systems (67, 77, 78, 222). The predominant triflate anion species in
solution 1s the contact ion pair species, and the 766 cm’ band has a Very minor intensity.
The spectra of the crystalline monoglyme:(LiTf), has a single band at 769 cm™ which
corresponds a triflate anion that is coordinated to three lithium ions. The spectral
comparison of the 8 (CF;) mode in the crystal and in solution shows that the predominant

triflate anion environment is very different in solution than in the crystalline phase.
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4.3.2 Diglyme-LiTf
Raman spectra of crystalline diglyme:LiTf, diglvme-LiTf soludons and pure diglvme

are presented in Figure 4.4. The mode at 871 cm™ observed in the spectra of crystalline
diglyme:LiTf is assigned to CH, twisung/CH, wagging motons of a diglrme molecule in a
tgtrgt conformation which is coordinated to lithium. The 871 cm™ band is also observed in
the 10:1 soluton of diglyme-LiTf which indicates that the conformauon of diglyme
interacung with lithium, tgtege, is also observed in soludon. The 8 (CF;) region of crystalline
diglyme:LiTf and a 10:1 diglyme-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 8 (CF;)
region that is due to a triflate anion coordinated to two lithium ions. In contrast, the
spectrumn of the 10:1 diglyme-LiTf soluton shows the presence of different triflate anion
species. Bands in 8 (CF;) region can be curve-fit using bands at 752 cm™, 757 cm™ and 762
cm’ which correspond to “free” triflate anions, contacrt ion pairs and [Li,Tf]™ aggregate
species, respectvely. The predominant triflate anion species in soluton is the conrtact ion
pair. In the diglyme-LiTf system, the structure present in the crystalline phase 1s also present
1n solution, and in addinon other structures as well. The existence of the dimer structure in
solution 1s not surprising since this structure may be a particularly stable geometry. The
monoglyme-LiTf and diglyme-LiTf data demonstrate that the local structure in solution can
be similar to the local structure present in the crvstal, or it can be quute 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 of the
dimer in crystalline diglyme:LiTf. A dynamic equilibrium exists berween these species in

solution, and the relative amounts of these species depend on salt concentration as reported
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Figure 4.4. Raman spectra in the 750-900 cnr’ region of crystalline diglyme:L T,

a 10:1 solution of diglyme-LiTf and pure diglyme.

previously (223). These structures represent possible coordination environments of Li~ and
tiflate and correspond with the spectral data. In the proposed "free" ion structure, Li” is six-
coordinate and is coordinated by ether oxygens from two diglyme molecules. The tgttgt
diglyme conformaton interacting with Li~ was determined to be a local energy minima
structure from ab initio studies (786). In the contact ion pair species, Li~ is four-coordinate
consisting of three ether oxygens from a diglyme in a tgtrgt conformation and a single
oxygen from a triflate anion. In the dimer structure, lithium is five-coordinate consisting of
three ether oxygens and two triflate oxygens from different triflate anions. These Li~

coordination numbers are consistent with those of similar ether systems (87). Cadon

43



Free lons lon pair

Frgure 4.5. Proposed local structure in diglyme-LzTf solution consisting of a contact ion pair

and a single diglyme molecule in a tgt-t gt conformation.

environments, anion environments and conformations present in glvme-salt solutons and
crystalline 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 systems 1s

resenited in secuon 5.2 and has been presented in the literature (paper VI).
P P



Chapter 5. Polymer-salt systems

Studies of polymer-salt systems are contatned in papers L. II, III and Il
5.1 Crystalline phases in polymer-salt systems

The study of crystalline phases, both PEO and PEO:salt compounds, provides
substandal insight into the microscopic structure of polymer electrolytes. Pure PEO 1s a
semicrystalline polymer having two known crystalline forms, a helix with seven monomerc
units turn two tmes per fiber period shown in Figure 5.1 (83, 224), and a second crystalline
structure, a planar zigzag, that has been idendfied upon stretching (225). Vibranonal
spectroscopic studies of pure PEO establish modes and frequencies for the cryvstalline phase
and provide a basis for undersranding the structure of the amorphous phase (§3-87. §9-91.
93.224-226).

The study of crystalline polymer-salt compounds 1s mouvated by a number of
factors. In a number of PEO-salt systems where crystalline and amorphous phases coexist,
the ionic conductvity occurs pamarily in the amorphous phase (3. 4). Recendy, Bruce and
coworkers reported a crystalline phases which has 2 higher 1onic conducurity than the
corresponding amorphous phase (7). The specific reason for the higher ionic conducaviry of
the crystalline phase has not been precisely determined but underscores the importance of
examining crystalline polymer-salt phases. Mounvadon for studving crystalline polymer-sale
compounds also lies in their ability to provide insight inro local structure in polymer
electrolytes. The structures of the crystalline polymer-salt phases have been used to infer
structures present in the amorphous phases of polymer electrolytes (227-229). A vibrauonal
spectroscopic study of crystalline P(EO),:LiCF;SO; above its meltng point suggested thart

the structure of the amorphous phase is similar structure to structure of the crystalline phase
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Figure 5.1. Structure of crystalline poly(ethylene oxide) (83).

(230). The comparison of crvstalline phases to amorphous phases provides insight into the
structure of the amorphous phase (237).

Crystalline polymer-salt complexes have been useful to examine local structure in
polymer electrolytes (227). Using x-ray and neutron diffracton techniques, structures for a
number of polymer-salt complexes have been solved including P(EO);:Nal (232).
P(EQO),:NaSCN (233). P(EO);:LiCF SO, (234). P(EO);:LiN(SO,CF;), (235), PEO:NaCF;SO,
(236), P(EO)LiAsF, (237), P(EO)sLiPF, (7), and P(EO)LiSbF, (7). The x-ray structures of
P(EO),:LiCF.SO; and P(EO):NaCF;SO; are presented in Figure 5.2. Crystalline polymer-salt
complexes have revealed coordination geometries, polymer conformations and interactions
of the ions with the polymer. In a number of crystalline polymer-salt compounds, PEO is in
a helical conformaton within the crystal, and the cadon is located within the helix. However
within a number of structures, the geometry of the PEO is a zigzag, rather than a helix. The
cation may be coordinated by the polymer and the anion, or entrely by the polymer. The
interaction of the anion with the polvmer can be characterized by weak van der Waals
interacuons. Polymer-salt complexes also provide insight into the nature of ionic
crosslinking. The predominant ionic crosslinks within these structures are infra-chain
crosslinks with the cation and anion interactions within a single chain, as seen in the

structure of P(EO);:LiCF,SO; in Figure 5.2. A notable exception is the crystalline
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Figure 5.2. X-ray structures of P(EO),;LiCF SO, lkft. (234) and

P(EO):NaCF,SO,, right (236). The bydrogen atoms are not shown.

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

chains, resultung in anion-assisted znter-chain crosslinking as presented in Figure 5.2.

5.2 Symmetry-based vibrational analysis

A thorough vibrational analysis of polymer-salt crvstals has not been previously
reported. The vibrauonal modes in a crystal are a functon of the unit cell and the
symmetries thereof. The full factor group, which neglects specific bonding interactons,
describes the vibratonal modes within the unit cell of a crystal and predicts more modes
than observed in PEO-salt crystalline compounds (238). The factor group correlation field

method, which includes specific bonding interactons of disunct polyatomic species such as
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the triflate anion, provides a description of correlated molecular vibratons in terms of the
irreducible representatons of the factor group (239). Other symmetry-based analyses are also
possible, and in pardcular a helical group analysis provides useful insight into the nature of
these modes in polymer-salt compounds (240).

The factor group correlation field method has been used to analyze the wiflate anion,
CF,;SO; or Tf, bands in P(EO);:LiTf and P(EO):NaTf (paper II) and the
hexafluoroarsentae anion, AsF, bands in P(EO):LiAsF, (paper III). The analyvsis of the
triflate bands in P(EO);:LiTf and P(EO):NaTf is presented here, and the analysis of the
AsF, bands in P(EO),:LiAsF, is presented in the respectve publicaton. For this analysis all
atoms in the unit cell other than the atoms of the triflate antons are neglected. The isolated
triflate anion is taken as having C; symmetry (staggered configuration). For an isolated
triflate anion with C;, point group symmetry, the anion gives 3N-6=18 fundamental
vibratdonal modes which belong to the irreducible representadons,

[ (CFSO;) =54, + A, + GE. (ER))
The frequencies and symmetries of these modes in triflate anions and wiflate anions
coordinated to catons in a variety of solvents have been previously analvzed by experimental
and compurtatdonal methods (67, 222, 247-243). A number of modes have been used to
examine the associaton of triflate with cadons, particularly the symmetric SO; stretching
mode v (SO;) of A, symmeuy, the srmmeuric CF; deformaton mode 6 (CF;) of A,
symmetry, and the andsymmetric SO; stretching mode v, (SO;) of E symmetry. Thus the

analysis is focused on modes of A, and E symmeury.
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Table 5.1. Factor group correlation of intramolecular triflate vibrations in a C,” crystal

Mode Point Group Site Group Factor Group
{Cucl (Ci (Ca
A,
\:(.SC).’:)“ 6:(CF;), 8:(503) '\1 T
Ao T B,
s
0,{CF}. 8,(50;) E
B

Within a crystal the vibratons of the triflate anions are not isolated from each other
but are correlated through intermolecular forces. The unit cells of both P(EO),:LiTf and
P(EO):NaTf belong to the C,,’ space group and contain four triflate anions per unit cell.
The factor group method provides a description of the correlated molecular vibrations as
they transform according to the irreducible representatons of the factor group. The center
of mass of the triflate anion occupies a specific Wyckoff site of C; symmetry, and the site
group is a subgroup of the unit cell space group C,.’. The general procedure presented
elsewhere [Fateley, 1972 #16] correlates the irreducible representations of the point group to
those of the site group which are in turn correlated to the factor group. A visual
representation of the factor group correlation applied to A; and E modes in a C,,” crystal is
presented in Table 5.1. The result of the analysis is that four isolated T anion modes of A,
symmetry give four factor group modes whose symmetries are described in Eq. 5.2.
Similarly, the correlation of 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. Raman and IR spectra in the 5,(CF,) region of P(EO):LiTf and P(EO):NaTf

[(A)= A+ B,+ A, +B, (5.2)
[(E) = 27+ 2B, + 27, + 2B, (5.3)

Under the symmetry of the C,,’ space group, the A, and B, modes are Raman actve and the
A, and B, modes are IR acuve. Of course the frequencies and intensites of the bands cannot
be predicted by symmetry methods. This analysis applies to both the crystalline P(EO),:LiTf

and P(EO):NaTf compounds.
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The symmetry-based vibrational analysis 1s useful to explain the muldple bands
present in the vibratonal spectra. Raman and infrared spectra in the  (CF;) region of
P(EO);:LiTf and P(EO):NaTf are presented in Figure 5.3. The svmmetry analysis predicts
two Raman acave and two IR active modes. The experimental spectra show a single band in
both the Raman and IR spectra which may be composed of two bands which are close in
frequency. In each compound, the frequencies of the predominant 8 (CF;) Raman and IR
bands are noncoincident and exhibit a ~5 cm™ difference. The frequency difference indicates
a modest amount of dynamical coupling between the vibratonal modes in the crystal which
results from the highly ordered structure in the crystalline material. A similar frequency
difference 1s not observed in crystalline diglyme:LiTf where the wiflate anion is in a similar
local environment but exists in the unit cell within an isolated dimeric structure. In both
P(EO).:LiTf and P(EO):NaTf, the triflate anions exist within a linear chain, rather than an
isolated dimer. This suggests that the coupling of these modes is dependent on the reladve

orientation of the anions within the unit cell.

5.3 Structure in the amorphous phase

Since the ionic conductvity occurs primarily in the amorphous phase for a number
of polymer-salt systems, determining the structure of the amorphous phase has been of
promary importance. The structure of the amorphous phase has not been well characterized
due in part ro its heterogeneiry. Vibranonal spectroscopy has been parucularly useful to
identify the presence and reladve concentrations of different ionic species (60, 61, 244) and
changes in the polymer conformaton due to cation complexadon (32. 79, 94, 96, 129, 200, 245).
NMR studies have identified different relaxaton times corresponding to nuclei in the

crystalline and amorphous phase (3, 4) and have determined that the addidon of salt
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Figure 5.4. Differential scanning thermaograms of PEO, P(EO),,:L:Tf, P(EO), :LJTf

and P(EQ):LiTf in the range 25°C to 220°C.

increases the segmental relaxadon tme (56, 80, 97, 98. 246, 247). The BC chemical shift in the
amorphous phase of PEQ-LiTf was similar to the PC chemical shift in the crystalline
P(EO);:LiTf which indicates that the local structure in the amorphous phase is similar to the
local structure in the crystalline phase (59). DSC measurements have shown that increase in
the glass transiton temperature with the addition of salt (76, 53.) Previous results have
suggested that the structure of the amorphous phase 1s similar to the structure of the
crystalline polymer-salt phase (59, 230. 231). Therefore, a direct comparison of the structures
of the amorphous and crystalline polymer-salt phases 1s of interest.

DSC, x-ray diffraction and vibratonal spectroscopy were used to examine the
amorphous and crystalline phases of PEO-LiTf. At room temperature, films of PEO-LiTf

consist of muldple phases, and the relatve amounts of these phases depends on



|

! [lil P(EO),:LiCF,S0O,

i , l h {. i
-..»JI W VJ-J 'L “kwmﬁ,

-! J M\. P(EO),oLICF,S0,

Intensity (arbitray units)

MJU”WM"' v WM.;“
i 4 P(EO),LICF,80,
et Y Mot reorrs

i{ S———

5 10 15 20 25 30 35 40 45
20 (degrees)
Figure 5.5. Powder x-ray diffraction patterns of PEO, P(EQ),. LT},

P(EO),;LiTf and P(EO):LiTf

temperature, salt concentration, the molecular weight of the polymer (43), thermal history
(44), dme (43). and preparauon method (46). Films for DSC, x-ray and Raman measurements
were prepared in an idendcal manner in order to facilitate a direct comparison of the results.
Data for films with 10:1 and 20:1 concentrations were compared with data for both
crystalline PEO and P(EO),:LiTf. DSC data is presented in Figure 5.4. The 10:1 and 20:1
films exhibit very small endotherms which indicate the presence of small domains of
P(EO);:LiTf, in agreement with the published phase diagram.

X-ray data of the 10:1 and 20:1 films, presented in Figure 5.5, show the presence of

crystalline PEO domains, which is consistent with the DSC data. However, the data shows
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Figure 5.6. Raman spectra in the 740-900 cm” region of PEO. P(EQ),,-LiT},
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thar the 20:1 film contains domains of P(EO);:LiTf whose sizes are sufficienty small so that
disunct peaks are not observed by x-ray diffracton. In addivon. the 10:1 sample show
different 20 values than present in P(EO);:LiTf, which indicates a structure with a different
ordering than that present in P(EO);:LiTf. A number of the diffracdon peaks have similar
values to those of P(EO);:LiTf, so this suggests some similar ordering is present.
Vibratonal spectra are presented in Figure 5.6. The analysis of the 8 (CF;) region
shows the existence of “free” ions, ion pairs and aggregate species with frequencies of 752
cm”, 757 cm’' and 762 cm’ respecuvely. Of particular interest is the frequency of the
aggregate species in the PEOQ-LIT¥ films, 762 cm’, which is different than the frequency of
the aggregate species in the crystalline P(EO),:LiTf compound, 767 cm™. The frequency
difference suggests that the tiflate anion‘in the PEO-LiTf films exists within a local

structure which is less ordered than the local structure of the triflate anion in the crystalline
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Figure 5.7. Proposed local structure in PEO-LITS systems.

P(EO);:LiTf. The PEO modes in the 800-900 cm™ region contain mixtures of CH, rocking,
CH, nwistung and CO stretching motons (86, 87, 92). The frequencies of these modes are
highly sensitve to both the conformation and the interaction of the ether oxygens with the
Li” catdon (92, 94, 200, 221). The analysis of the 800-1000 cm™ region shows that in the
PEO-LITf films, the region of the polvmer which interact with Li~ have a similar, but not
idenucal, local strucrure to that present in P(EO):LiTf.

Based on the combinaton of the DSC, x-ray and vibradonal spectroscopic data, local
structures which 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 crystaline P(EO),:LiTf compound, namely five
coordinate Li ions, tgttg 't torsional angle sequences and aggregate triflate species. The
proposed local structure also contains terminal units of two different types. The terminal

unit consisting of a 4-coordinate Li~ (Tvpe A) is suggested by the vibratonal study of the
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diglyme-LiTf system (presented in 4.3). For PEO-salt systems, experimental evidence for the
presence of salt-rich regions and local structures thereof has not been previously reported.
The presence of local salt-rich regions with terminal units is consistent with molecular
dynamics simulatons which identfied the presence of ionic clusters and salt-rich demains
(62-66). The existence of microdomains within the amorphous phase of polymer electrolytes
was observed in poly(propylene oxide)-sodium salt electrolytes where two glass transition
temperatures were observed corresponding salt-rich and salt-poor microdomains within the

“amorphous” phase (248).

5.4 Implications for ionic transport

The mechanism of ionic transport in polymer electrolytes is complex and remains
not well understood. Determining the relationship of local structure to ionic transport is
crucial to improving the transport propertdes of polymer electrolytes. An understanding of
local structure, specifically catdon-polymer and caton-anion interactions is needed. The
relanonship berween ionic transport and local polymer relaxation processes has been
established (5. §2. 772). The role of ion-ion interactons in ionic transport in polymer
electrolvtes has not been well described. The imporrance of caton-anion interactions is
apparent from transference number measurements (720), diffusion coefficients (107, 125),
and the failure of the Nernst-Einstein reladonship to describe the experimental ionic
conducurvity (708-7170, 17+4). It is recognized that in these systems, both cadons and anions
are mobile and the ionic mobility of the anion is generally greater than the cadon (708, 770,
125). For the applicaton of polymer-salt systems as electrolytes in rechargeable batteries,
transport of the cadon is needed. Mobility of the anion leads to concentration gradients in

the operational cell, i.e. cell polarizadon (707). A number of results suggest that ionic



transport of the cation 1s affected by the anion. Transport of the caton may occur via
transport of cation-anion aggregate species as suggested by the negatve cation transference
numbers observed in some systems (6§-70). Ionic transport may also occur via hopping
between ionic clusters and/or correlated motions of cations and anions (77. 7108, 738). The
lonic transport mechanism may also vary from system to system, especially in regards to the
role of the anion. It is possible that ionic transport of the cation may be higher in systems
where the anion is entirely mobile or semi-mobile. Monte Carlo simulatons of
polvelectrolvtes demonstrated that increased local anion motion increases the cation
conducuvity (746).

The proposed local structure presented above suggests particular environments for
cadons and anions in the amorphous phas in which the contnbuton to the ionic
conducuvity is significanty enhanced. In parucular, the terminal units of the local complex
contain lithium 1ons in potenual energy environments which are less deep than the than five-
fold coordinated lithium in crystalline domains of P(EO);:LiCF;SO;. In additon, the
potenaal energy environment of the lithium ions is dvnamically disordered through polymer
segmental mouon. Therefore it is proposed that lithium ions in part of a terminal unit of a
localized complex or an isolated [L1,CF;SO;]” contribute to the ionic conducarvity in the
amorphous phase. It is also possible that contact ion pair species contribute to the ionic
conducuviry. Clearly, an 1solated contact ion species 1s neutral and as such does not directy
contribute to the 1onic conducuvity. However, a contact ion pair species may contribute to
the 1onic conducuvity through a dissociauve process that is part of the dvnamical nature of

the equilibrium between the various ionic species.
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Chapter 6. Concluding Remarks

An understanding of local structure and its relationship to ionic transport is needed
to improve the properties of polymer electrolytes. For this investgaton, some of the major
results are the following:

(2) Discovery of a series of glvme-salt crystalline phases and elucidatdon of their
structures which allows the determination of the effect of chain length on local
structure,

(b) Spectroscopic comparison of glyme-salt crystalline and solution phases showing
thart in soludon both similar and different local strucrures are observed,

(c) Applicaton of factor group correladon method to the vibrational analysis of
polvmer-salt crystals,

(d) Demonstraton of anion mode coupling in crystalline phases of polymer
electrolytes,

(e) Proposed local structures in the amorphous phase of PEO-LiTf and the

contributon of such structures to the ionic conductvity.

The glyme-salt systems further our understanding of coordinaton environments in
PEO-salt systems. The current study suggests a number of new directons for future
research efforts. Since the formadon of crystalline phases seems a general property of the
system, a similar chain length study with a different, less coordinating anions would reveal
different cation coordination environments. Determining the critical chain length where
glyme-salt crystal structures are isomorphous with PEO-salt crystals is of interest, as well as

investigating the regime below the critical chain length. The study of the glyme-salt systems
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can provide insight into the optumal number of EO units for coordination. It should also be
possible to determine the number of EO units for optimal transport. The optimal number of
EO units may depend on the anion and the polymer system. This information could be
applied to 2 number of copolymer and comb-branch polymer systems.

The microscopic mechanism of ionic transport in polymer electrolytes is stll not well
undersrood, and the reladonship between ionic transport and local structure has not been
well established. In particular, an understanding of the role of the anion in the transport of
the cadon is needed. If the caton is transported via anionic clusters or some correlated
cagon-anion mechanism, it should be possible to design new systems which optimize the
1onic transport of the cation. Such systems mayv be a matrix which includes anions with

appropriate intermolecular spacings and mobilides.
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Abstract

Cation—anion interactions and cation—polymer interactions in the system (PEO) NaCF,SO, (1 <n <80) have been
studied using Raman and FTIR spectroscopy. In the dilute salt region (80 = = 50) 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,S0;), 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 Science BV. All rights

reserved.

Kevwords: Polymer electrolyte; Poly(ethylene oxide); Sodium wiflate; lonic association: Raman spectroscopy

1. Introduction

Although most of 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), NaCF,SO,, or sodium perchlorate,
NaClO,, have proven to be particularly fruitful
systems for vibrational spectroscopic studies of ionic
association, since the frequencies of several in-
tramolecular modes of 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 {1]. Therefore the nature and concentration
of the various ionic species is important to under-
stand the overall mechanism of conductivity. The
recent clucidation of the crystal structure of 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 (PEQ)_NaTf system. One of
the earliest studies of cation—anion interactions in a
polyether containing dissolved sodium triflate was a
study of sodium triflate in 4000 molecular weight
poly(propylene glycol) reported by Schantz et al. {3].
The authors interpreted the three spectral features
seen in the SO; symmetric stretching region as due
to dissociated or ‘free’ ions, ion pairing, and multiple

0167-2738/99/% ~ see front matter © 1999 Elsevier Science BV. All rights reserved.

PIl: S0167-2738(98)00534-7

68



92 C.P. Rhodes, R. Frech | Solid Siate lonics 121 (1999) 91—99

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 of ionic association in
the same system [4]). Two previous vibrational
studies of 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 of
molecular weight 400 {S], and Brodin et al. using
PEO of molecular weight 400 and 1000 [6]).

A number of other techniques have been used to
characterize the (PEO),NaTf system. Vosshage et al.
reported work using X-ray photoelectron spectros-
copy, differential scanning calorimetry (DSC),
thermogravimetric analysis, and X-ray diffraction
[7]- Conductivity studies are reported by three
groups [1,8—10]. ’Na NMR measurements have also
been conducted [10]). The goal of 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 of PEO/oligomer-salt concentrations, de-
scribed in this paper by the ether oxygen:metal
cation ratio O:M.

2. Experimental
2.1. Sample preparation

Poly(cthylene oxide) (PEO) with an average mo-
lecular weight of 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,0) from EM Science was kept dry
with molecular sieves. All reagents were stored in an
argon glovebox.

Stoichiometric amounts of PEO and NaTf were
dissolved in acetonitrile and stirred ovemnight, 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 ~12 h.

Diglyme complexes were prepared by dissolving
appropriate amounts of NaTf directly in diglyme and
stirred ovemight. All preparation, casting and evapo-
ration of (PEO) NaTf films and preparation of
diglyme solutions were performed in an argon
glovebox.

Raman spectra were recorded on an 1.S.A. Jobin-
Yvon T64000 spectrometer in the triple subtractive
mode with a scan time of 16 s and 10 accumulations.
Data were recorded using a backscattering geometry
with the laser focused. through the 80 X objective
lens of an Olympus microscope. The 514.5 nm line
of an argon ion laser operating at 300 mW power
was used for excitation. Due to the possibility of
thermal excitation of the sample from the Raman
laser focused through the microscope, no direct
comparison of Raman and IR band intensities was
attempted.

Infrared spectra were recorded with a Bruker
IFS66V FT-IR spectrometer over a range of 4000
cm ™' to 400 cm ™' at a resolution of 1 cm ™. For the
PEO-NaTf complexes, IR spectra of the free-stand-
ing films were taken in an evacuated sample
chamber. IR spectra of diglyme—NaTf 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 of PEO-NaTf films taken of
different samples at the same nominal concentration,
some differences in relative intensities of tiflate
bands were observed for the 50:1 to 20:1 con-
centration range. This may be due to slow crys-
allization kinetics present in this concentration
range.

All spectra were taken of thin films or liquid
complexes except for the 1:1 PEO-NaTf Raman
spectrum presented in Fig. 1. This compound was a
solid that precipitated out of solution before casting
and was subsequently filtered and heated under
vacuum. DSC data of this compound was collected
with a Mettler DSC 820 calorimeter over a range of
— 100°C 10 350°C. Analysis revealed the presence of
an.endotherm at ~320°C which was attributed to the
presence of crystalline (PEO)NaTf which has a
reported melting point of 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 and iR spectra of the v,(SO;) region
of PEO-NaCF,S0O,

The concentration-dependent Raman spectra in the
¥,(SO;) region are presented in Fig. 1. The Raman
spectrum of pure PEO exhibits bands at 1073 cm™*
and 1062 cm™' and very weak features near 1040
cm”™' which are subsequently observed as weak
shoulders on the triftate bands. The feature at 1060
cm™' at the 40:1 composition is attributed to the
combination of the PEO band and a band from a
triflate aggregate species whose band intensity in-
creases with increasing salt concentration. The broad

Scattering Intensity (arb, units)

1080 1060 1040 1020

Wavenumbers (cm-!)

Fig. 1. Raman spectra of (PEO) )NaCF,SO, in the #(SO,)
spectral region.
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band centered at 1034 cm™' is shown by curve
fitting (Fig. 3) to consist of 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 assignments
are in agreement with observations by Kakihana et
al. in a study of poly(propylene oxide)-NaTf [11]
and in studies of low A, PEO-NaTf by Kakihana et
al. and Brodin et al. [5,6]. In the concentration range
from pure PEO to 50:1, the presence of 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 cm ™" which are attributed to
ionic species designated as aggregate | and aggregate
I1, respectively. The 1058 cm ™' band is also reported
by Kakihana et al. and Brodin et al. [5,6]. From the
20:1 system to the 1:1 system, the relative intensity
of aggregate II increases strongly, the intensity of
aggregate [ increases slightly, and the intensities of
‘free’ ions and ion pairs decrease. Aggregate II is
clearly the dominant species at high salt concen-
tration. -

Fig. 2 presents the infrared spectra of PEQ_NaTf
in the 5(SO,) region. The 1061 cm™' PEO band
decreases in relative intensity with increasing salt
concentration. The »,(SO,) mode is strongly Raman
active and only weakly IR active as expected, since
this is a symmetric stretching mode. In the 80:1
system, ‘free’ ions at ~ 1032 cm™' and ion pairs at
~1037 cm™" are observed. At 40:!, a broad feature
centered at 1052 cm™' and an additional weak
feature at ~1025 cm™ occur. The curve-fitted
spectrum (shown in Fig. 4) shows the broad band
centered at 1052 cm ™' to be composed of bands at
~1050 cm™' and ~1056 cm™'. The intensities of
the 1025 cm™", 1050 cm™', and 1056 cm™' bands
increase with increasing salt concentration.

The lower frequency band occurring at ~ 102§
cm™' in the IR spectrum is not observed with any
appreciable intensity in the Raman spectrum. The
phenomenon of a #,(SO,) frequency lower than the
‘free’ ion frequency has also been reported in
polyethers containing dissolved triflate salts of 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 of the 1050 cm ™'
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Absorbance (arb, intensity)

1060 1040 1020

Wavenumbers (cm™!)

Fig. 2. IR specra of (PEO),NaCF,SO, in the »(SO,) specrral
region.

and 1056 cm™' band intensities, the data in this
study do not allow a firm conclusion that the
aggregate band(s) and the low frequency band origi-
nate in the same species. The existence of two
1,(SO,) bands originating in the same trifiate species
is expected if the species is comprised of at least two
triflate ions. For example, coordination of 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
¥,(SO,) modes at different frequencies.

The Raman and IR spectra of the PEO-NaTf
system in the »,(SO,) 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
frequencies attributed to ‘free’ ions, ion pairs, and
aggregate L. It is likely that the 1:1 system in this
study consists primarily of the crystalline 1:1 com-
pound, along with some amorphous PEO containing
dissolved NaTf. At lower salt concentration where
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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 of sodium ions interact with several triflate
anions in addition to the cther oxygens of several
adjacent PEO molecules to produce a local structure
which mimics the structure of the compound.

Insight into the nature of the aggregate II species
is facilitated by examination of the reported crystal
structure for crystalline (PEO)NaTf compound [2].
Each SO, end of the triflate is coordinated to four
sodium ions. Two oxygens, O(1) and O(2), coordi-
nate a single sodium ion, and the third oxygen, O(3)
coordinates two sodium ions. The O(l) oxygen
coordinates a sodium that is linked to a separate
chain, resulting in extensive anion crosslinking of the
chains. Thus, the triflate species in the crystalline
compound is very highly associated, leading to an
unusuaily high Raman frequency of 1058 cm™'.
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 of the high frequency aggre-
gate [l species appears to depend on the PEO chain
length. In the low M, PEO complexes reported by
Kakihana et al. and Brodin et al., the band due to
aggregate Il is lower in relative intensity than the
bands of ‘free’ ions and ion pairs over the reported
concentration range [5,6). In high M, PEO, the
intensity of the aggregate II band is much greater
than the intensities of ‘free’ ion and ion pair bands at
high salt concentration.

3.2. Comparison of Raman and IR spectra of 20:1
PEO-NaTf in the v,(SO;) region

Raman and IR spectra of the same 20:1 PEO-
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 of pure PEO
(Fig. 1). The curve-fitted spectrum identifies four
triflate bands due to the triflate anion whose fre-
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Table 1

Band frequencies and assignments of (PEO).,NaCF,SO, obtained
from spectral curve fitting (a) and band frequencies and assign-
ments of (diglyme),NaCF,SO, in the 5(SO,) region (b)

(@)

----- ¥,(S0,) region
% Raman freq. (cm™") IR freq. (cm™") Assignment
g - 1025 (Aggregate)
'é 1032 1032 Free anions
) 1037 1037 lon pairs
> 1050 1050 Aggregate |
E 1058 ~ 1056 Aggregate [I
[ 53
= 5,(CF,) region
Eo Raman freg. (cm ™) Assignment
] 7153 Free anions
S 756 lon pairs
e} 761 Aggregate |
769 Aggregate 1I
1 (b)
k‘»’—'—---'w-v-‘--\'v'-‘”-~"~/~°"-'-"~ Raman freq. (cm™") Assignment
L T T L] L T =
1080 1070 1060 1050 1040 1030 1032 Free anions
1037 Ion pairs
1044 Aggregate |
Wavenumbers (cm!) 1086 Aggregate 11

Fig. 3. Curve-fined Raman spectra of (PEO),,NaCF,SO, in the
v,(SQ,) spectral region.

quencies and assignments are presented in Table 1.
The curve-fitted infrared spectrum of the same
(PEO),,NaTf 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 of 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 [ 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 [ 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
of experimental error and may not be significant.

72

3.3. Raman spectra of §,(CF;) region of PEO—
Nalf

The §,(CF,) region is also sensitive to ionic
association primarily through redistribution of 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-NaTf system in this
region. The absence of polymer bands in this region
compared with the »,(SO;) region allows an un-
ambiguous assignment of bands due solely to the
triflate anion. Curve fitting establishes the frequen-
cies of the ionic species as follows: ‘free’ ions ~ 753
cm™', ion-pairs ~756 cm~', aggregate I ~761
cm™', and aggregate If ~769 cm™'. These data are
summarized in Table 1. Similar frequencies are also
observed in the same region of diglyme-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 II appears as a strong band and aggregate I
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Fig. 4. Curve-fited IR spectra of (PEO),,NaCF,SO, in the
¥,(SO,) 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 of CH, rocking region of
PEO-NaCF,SO;

The bands occurring in the region of 825 cm ™' to
870 cm ™' of pure PEO have been assigned to modes
consisting of CH, rocking motions mixed with some
CO stretching motion in which the -O-C-C-0-
torsional angles of two adjacent monomeric units are
in gauche configurations [17]. This assignment is in
agreement with the observation of 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 of glymes, CH,(OCH,CH,)OCH,

oM

Scattering Intensity (arb, units)

750 770 760 750
Wavenumbers (cm'!)

Fig. S. Raman spectra of (PEO) ,NaCF,SO, in the §(CF,)
spectral region.

with n =1 to 4, conducted in our laboratory suggest
that the CH, rocking vibrations of one OCH,CH,
unit are significantly decoupled from the CH, rock-
ing vibrations of adjacent monomeric units [19].
Studies of the PEO-LITf system show that the new
bands appearing in this region upon the addition of
the salt originate in the CH, rocking vibrations of 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 of the
backbone is caused by the cations interacting with
the oxygen atoms as the lithium ions are coordinated
by the polymer. The infrared spectra of 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
of 5:1. A comparison with the lithium system argues
that in high molecular weight PEO, there is no
significant local distortion of the PEO backbone
resulting from the coordination of the sodium ion by

73
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Absorbance (arb. intensity)

360 840 820

Wavenumbers (cm-!)
Fig. 6. IR spectra of (PEQ)_NaCF SO, in the CH, rocking region.

the polyether oxygen atoms. This is consistent with
the crystal structure of (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 of the polymer backbone by the sodium
ion by the polyether backbone at any concentration
of NaTf.

3.5. Raman spectra of v,(50;) region of diglyme—
NaCF,S0,

Diglyme is a low molecular weight oligomer of
PEO. In the comparison of high molecular weight
PEO and diglyme, end effects and chain leagth:
effects might be expected to lead to differences in
ionic association and cation—cther oxygen interac-
tions. The Raman spectra of diglyme-NaTf com-
plexes are presented in Fig. 7. The presence of four
triflate species present are easily discernible over the
concentration range. As presented in Table 1, the

Scattering Intensity (arb. units)

40:1
80:1
Diglymw\
1060 1040 l(;;o
Wavenumbers (cm'!)

Fig. 7. Raman spectra of (diglyme),NaCF,SO, in the #(SO,)
spectral region.

‘free’ ion frequency occurs at ~1032 cm ™', the ion
pair occurs at ~1037 cm ™', aggregate [ 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 bands of aggre-
gate I and aggregate Il occur at lower frequencies
than their counterparts in high M, PEO. This carries
the implication that the aggregate I and aggregate II
species in diglyme may be structurally different than
their counterparts. in high M_ PEO. Fig. 7 shows
‘free’ ions, ion-pairs and relatively small amounts of
aggregate | species present at very dilute salt con-
centrations up to the 20:1 system. At 10:1 the
intensity of the band due to aggregate I species
increases and there is a new band corresponding to
aggregate Il which is present in relatively high
intensity. The appearance of aggregate II with in-
creasing concentration is rather abrupt compared to
the relatively smaller concentration dependence of
the band intensities from the other species. The
aggregate Il species increases in relative intensity at
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a higher salt concentration of 5:1. Similar trends in
aggregate speciation with increasing salt concen-
tration are also observed in sodium triflate complexes
with high M_ PEO (Fig. 1).

3.6. IR spectra of CH, rocking region of diglyme—
CF,S0,

Short chain length analogs of PEO, namely
CH,(OCH,CH,),OCH; with n =2, 3 and 6, have
been found to be good models of PEO in analyzing
the normal vibrations of the polymer. Matsuura et al.
have conducted detailed normal coordinate analysis
on conformers of these model molecules and de-
termined that the terminal-group vibrations do not
complicate the vibrations of the monomeric units
[17]). The result of this analysis is a well-defined
correlation between conformation and vibrational
spectra of the extended poly(ethylene oxide) chain.
Vibrational spectroscopy can be used to compare
local structure of ethylene oxide units between

oM
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Fig. 8. IR spectra of (diglyme),NaCF,SO, in the CH, rocking
region.
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diglyme—NaTf complexes and the local structure of
the cthylene oxide units in high M_ PEO-NaTf
complexes. Fig. 8 shows the growth of 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 of high and low frequency bands observed in
PEO-LITf systems have been attributed to a change
of the —O-C~C-O- torsional angle [20]. By anal-
ogy to the lithium system, the presence of these
additional bands suggests that the coordination of 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 M_ PEO-NaTf complexes do not
appear to involve a significant change in the -O-C-
C-0O- torsional angle. The PEO-sodium triflate
system is therefore different than the PEO-lithium
triflate system where the conformation of the
diglyme-LiTf complex is similar to the local con-
formation of the PEO-LIiTf complex [20].

4. Conclusions

The published phase diagram describes two crys-
talline phases, PEO and the (PEO)NaTf compound,
in the concentration range (PEO) NaTf (n = 1-60)
at room temperature [21]. This study shows that 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 of these polymer—salt systems. In
the PEO—NaTTf 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 Il is attributed
to the (PEO)NaTf compound, although at 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 of the compound. Since the (PEO)NaTf
compound is highly anion crosslinked [2], the pres-
ence of aggregate II suggests extensive intermolecu-
lar crosslinking at intermediate and high salt con-
centrations.

The relative intensity of the aggregate II species is
significantly larger in high molecular weight PEO-
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NaTf systems than in low molecular weight PEO—
NaTf systems at similar O:M ratios. This suggests
that in the high M_ PEO system formation of 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 of the sodium ion by high
M, PEO does not appear to involve a significant
change in the —~O—C~C-O- torsional angle whereas
coordination of the sodium ion by diglyme does
appear to shift the torsional angle.
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A symmetry-based analysis of Raman and infrared spectra of the
compounds (poly(ethylene oxide)),LiCF,SO; and
(poly(ethylene oxide))NaCF,SO,
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Department of Chemistry and Biochemistry, University of Oklahoma, Norman, OK 73071, USA

Abstract

A symmetry-based factor group analysis is applied to the crystalline compounds (PEO),LiCF;SO; and (PEO)NaCF,SO,,
focusing on the vibrational modes originating in the intramolecular motion of the triflate anion. The dynamic coupling of the
triflate anions in the unit ceil yields a vibrational multipiet whose components exhibit different spectral activities.
Experimentally, the Raman and IR spectra of the two compounds display multiple bands in the v,(SO,) and §_(CF,) spectral
regions. In the 3 (CF;) spectral region of each compound, the frequencies of the Raman and IR bands are non-coincident
and differ by ~5 cm™'. The frequency difference indicates a modest amount of dynamical coupling between the: triflate
anions in the crystal. The spectroscopic analysis of other modes such as §,,(CF;), §,(S0O,), and 5_,(SO,) provides useful
information about ionic interactions in the crystalline compounds. © 2000 Elsevier Science BYV. All rights reserved.

Kevwords: Polymer electrolyte; Poly(ethylene) oxide: Lithium triflucromethanesulfonate; 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 electrochemical
sensors. Systems of poly(ethylene oxide) (PEO) with
dissolved lithium trifiuoromethanesulfonate
(LiCF,SO,; LiTf) and PEO with dissolved sodium
trifluoromethanesulfonate (NaCF,SO,; NaTf) have
received considerable attention. At room tempera-

*Corresponding author. Fax: +1-405-325-6111.
E-mail address: rfrech@ou.edu (R. Frech).

ture, these systems have been shown to be multi-
phase systems consisting of 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)NaTTf.

Vibrational analysis has been a powerful tool to
determine the structure of polymer electrolytes. The
intramolecular modes of the trifluoromethanesulfo-
nate (CF,SO;) or triflate (Tf") anion, in particular
the SO, symmetric stretch v,(SO;) (6] and the CF,
symmetric deformation 5,(CF,) (7.8}, have been
used to examine ionic association in polymer elec-
trolytes containing this anion.

0167-2738/00/$ — sce front matter © 2000 Elsevier Science BV. All rights reserved.
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There are a number of motivations for this study.
Firstly, vibrational spectra show the bands of all the
phases present. Earlier studies demonstrated that at
moderate salt concentrations the v,(SO,) and the
8,(CF;) modes have multiple bands in both the
PEO-LIiTf [9] and the PEO-NaTf systems [10],
although only one band in each of these spectral
regions would be predicted for the isolated triflate
anion. It was unclear if the multiple bands originated
in the crystalline compound or were due to the
presence of an amorphous phase containing dis-
solved salt. Secondly, many of the previous studies
have used exclusively ecither 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-ray
crystal structures. of 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 trifiate anion modes of the compounds
with the polymer modes to be presented in a further
publication.

2. Experimental

Poly(ethylene oxide) with viscosity average mo-
lecular weight M, ca. 1 X 10° was obtained from
Aldrich and dried under vacuum at 50°C for 48 h.
Lithium triffuoromethanesulfonate (98%) was ob-
tained from Aldrich and dried under vacuum at
100°C for 48 h. Sodium trifluoromethanesulfonate
was obtained from Aldrich (98%) and Fluka (97%)
and dried under vacuum at 100°C for 48 h. All
reagents were stored and manipulated in a dry
nitrogen glovebox (Vacuum Atmospheres) with =<1
pPpm moisture.

For preparation of the crystalline (PEO),LiTf
compound, stoichiometric amounts of the dry pow-
ders were thoroughly ground 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 of
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 annealed 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 NaTf 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 or 25-350°C for
(PEO)NaTf at a rate of 10°C/min under a 87 ml/
min nitrogen purge. The samples were sealed in
aluminum crucibles in the glovebox. X-ray diffrac-
tograms were recorded at ambient conditions from
5=20=70 in 20 steps of 0.05° on a Rigaku D/
4MAX automated diffractometer using Cu Ka radia-
tion.

Raman spectra were recorded on an [.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-nm line of an
argon laser focused through an X 80 microscope
lens was used for excitation. Possible thermal heat-
ing of the samples from the focused Raman laser has
been a concemn. 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 of initial spectra to spectra
taken with longer bleaching times and the higher
laser power showed no observable differences. In
addition, 90° Raman scattering of (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 cm™' and at a
resolution of 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.
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3. Results and discussion
3.1. Symmetry-based vibrational analysis

Recent vibrationa!l studies of polymers with dis-
solved triflate salts have considered the environments
of the triflate anions to be perturbations of the
isolated triflate anion. Mode assignments for the
observed bands of the isolated triflate anion and the
triflate associated with lithium ion(s) have been made
from ab initio calculations and isotopic substitution
[7,13=15]. 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 of
each triflate anion is necessarily the same. From our
observation of multiple bands in the v,(SO,) and
5,(CF,) 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 of both (PEO),LiTf and (PEO)NaTf
belong to the Cj, space group and contain four
triflate anions per unit cell [11,12]. The full factor
group describes the vibrational modes within the unit
cell of a crystal. In a previous publication we have
shown that the full factor group analysis, which
neglects specific bonding interactions, predicts more
modes than observed [16]. The vibrational modes of
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 of these correlated molecular
vibrations in terms of the irreducible representations
of the factor group [17]. In this case the isolated
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triflate anion is taken as having C;, 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 of the wiflate
anions are neglected. The center of mass of the
triflate anion occupies a specific Wyckof¥ site of C,
symmetry. The site ?oup is a subgroup of the unit
cell space group C;,. The general procedure pre-
sented elsewhere [17] correlates the irreducible
representations of the point group to those of the site
group. These irreducible representations in tumn are
correlated to the factor group. A visual representa-
tion is presented in Table 1. The result of the
analysis is that a mode of A4, symmetry in the
isolated Tf anion results in four factor group modes
whose symmetry species are described by Eq. (1),

A4)=A4,+B,+A +B,. ()}

Similarly, the correlation of an isolated triflate E
mode to the factor group modes is described by Eq.
),

[(E)=24,+2B,+24,+28,. )

The 4, and B, modes are Raman active and the 4,
and B, modes are IR active. Of course the fre-
quencies and intensities of the bands cannot be
predicted by symmetry methods. This analysis ap-
plies to both the crystalline (PEO),LiTf and
(PEO)NaTf compounds.

3.2. Vibrational spectra of the triflate bands

The high degree of crystallinity of the materials
was confirmed by XRD and DSC measurements. For

Table |
Factor group correlation of intramolecular triflate vibrations in a C3, crystal
Mode Point group Site group Factor group
(C,.) () (C3))
v,(80,). 8,(CF,), §,(S0,)
Ay Ag
A B,
8.,(CF,). §,,(SO,) /
E A
B,
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(PEO),LiTf, the DSC thermogram displays a single
endotherm with an onset temperature of 172°C and a
peak at 185°C corresponding to the melting of the
crystalline compound [18]. X-ray diffraction pattemns
of 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 of 310°C and a peak at 331°C
which matched the reported melting temperature
{12]. The measured X-ray diffraction peaks
(PEO)NaTf were indexed to the published powder
pattern [12].

The CF; symmetric deformation 8,(CF,) has been
well established to reflect the ionic association of the
triflate anion at the SO, end through electronic
redistribution {7,8]. The irreducible representation of
8,(CF;) mode in the isolated anion is of 4, symme-
try so the vibrational multiplet structure in the crystal
is described by Eq. (1). Fig. 1 displays the Raman
and IR spectra of the crystalline (PEO),LiTf and
(PEO)NaTf compounds in the §,(CF,) region. For
the Raman spectrum, the symmetry analysis predicts
two modes, one of 4, and one of B, symmetry. The
Raman spectrum of (PEO),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 of (PEO),LiTf displays a slightly
asymmetrical band centered at 761 cm™'. Curve-
fitting of the IR spectrum yields a minor band at 766
cm™! and a major band at 761 cm™'. These modes
are of A, and B, symmetry, however without
polarized spectra of oriented single crystals, the
symmetry labels of the bands cannot be unambigu-
ously assigned.

For (PEO)NaTf, the symmetry analysis predicts as
above that the Raman spectrum should contain an 4,
and a B‘ mode, and the IR spectrum should contain
an 4, and a B, 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 4, and B, modes that are
either coincident or separated by a very small
frequency difference. The IR spectrum of the
8,(CF,) mode of (PEO)NATf is clearly asymmetri-
cal. Curve-fitting of the IR spectrum of (PEO)NaTf
identifies a band at 771 cm™' and a band at 767
cm™', one being the 4, mode and the other the B,
mode. Table 2 summarizes the Raman and IR

Arbitrary intensity
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780 770 260 750
Wavenumbers (cm™!)

Fig. 1. Raman and [R spectra of the crystalline (PEQ),LiTf and
(PEO)NaTf compounds in the 8 (CF,) region. (A) Raman spec-
trum of (PEO),LiTf; (B) IR spectrum of (PEO),LiTf; (C) Raman
spectrum of (PEQ)NaTF; (D) IR spectrum of (PEO)NaTF.

frequencies of the 8,(CF;) modes in the two com-
pounds.

The SO, symmetric stretch v,(SO,) is particularly
sensitive to ionic association since the oxygens of the
triffate interact directly with the cations of the salt
[7]). Since the mode is also of 4, symmetry, the
v,(SO;) modes in the crystal are also given by Eq.
(1) with the same spectral activities. Fig. 2 displays
the Raman and IR spectra of the crystalline
(PEO),LiTf and (PEO)NaTf compounds in the
v,(SO,) region. For (PEO),LiTf, curve-fitting of 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 of (PEO),LiTf is
a PEO band. From this assumption, the 1050 cm™"
band contains one or both of the 4, and B, modes.
The IR spectrum of (PEO),LiTf in the v (SO;)
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Table 2
Raman and infrared frequencies of the triflate ion modes in
(PEO),LiTf and (PEO)NaTf

Mode Raman (cm ") IR (cm™")
(PEO),LiTf
v,(S0,) 1051
1044 (broad)
§.(CF,) 766 766
761
8.(50,) 645
641 (broad)
8,.(CF,) 588
583 582
576
5.,(50,) 521
(PEO)NaTf
v,(S0,) 1064 (?)
1056 (?)
1049 (broad)
1030 (?)
8,(CF,) 773 m
767
5,(80,) 655
641 (broad)
5,,(CF,) 588 584
577
526 (2)
5..(50,) S18(7)

region is sufficiently broadened as to prevent useful
spectral deconvolution. The high frequency shoulder
at ~1054 cm™' shifts in the deuterated sample
(PEO-d,),LiTf (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 4, and B, modes must be contained
within this broad feature.

For the v,(SO,) region of (PEO)NaTf, curve-
fitting of the Raman spectrum identifies bands at
1064, 1056 and a minor band at 1030 cm™'. As
mentioned above, crystalline PEO has a Raman-
active band at 1063 cm™'. The concentration-depen-
dent spectra of (PEO),NaTf with x=1-80 show the
gradual disappearance of the 1063 cm™' crystalline
PEO band with increasing salt concentration [10].
The intensity of the band at 1064 cm™' in
(PEO)NaTf argues that this feature is due to a triflate
anion v,(SO,) mode of the compound. However
without further data, the possibility of a polymer
band in this region still exits. Therefore, one or both
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Fig. 2. Raman and IR spectra of the crystalline (PEO),LiTf and
(PEO)NaTf compounds in the v,(SO,) region. (A) Raman spec-
tum of (PEQ),LiTf; (B) IR spectrum of (PEO),LiTf; (C) Raman
spectrumn of (PEO)NaTf; (D) IR spectrum of (PEO)NaTf.

of the 1064- and 1056-cm ™' bands are due to the 4,
and B, 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 from vibrations of the PEO chain
in the compound.

As in the case for (PEO),LiTf, the IR spectrum of
(PEO)NaTf in the v (SO,) region is rather compli-
cated with muitiple bands clearly observed. From our
symmetry analysis, we expect to see the triflate anion
A, and B, modes somewhere within the broad
feature centered at 1049 cm~'. Despite the lack of
resolution, the frequency difference of 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-
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rizes the Raman and IR frequencies of the v (SO,)
modes in the two compounds.

In spectroscopic studies of triflate-containing poly-
mer electrolytes, attention has been focused almost
exclusively on the §,(CF;) and v,(SO,) modes.
However, other triflate modes should show effects of
both ionic association and coupling between the
triffate anions in the crystalline compounds. Fig. 3
displays the Raman and infrared spectra for
(PEO),LiTf and (PEO)NaTf in the 700-~500-cm ™'
region. Three triflate bands are identified in this
region: the SO, symmetric deformation 8,(S0O,), the
CF, antisymmetric deformation 5, (CF,) and the
SO, antisymmetric deformation §,,(SO,).

The bands around the 640 cm ™' region have been
assigned to predominately 8,(SO,) with a contribu-
tion of 5,(CF,) motion, from here on abbreviated as
8,(S0,) [13,14]. Since the §,(SO;) mode is of A4,
symmetry, its vibrations in the crystal are given by

0

2
5
=
o
g
%
= C
s — L———\
D
) v 13 T ¢
700 650 600 550 500

Wavenumbers (cm™!)

Fig. 3. Raman and IR spectra for (PEO),LiTF and (PEO)NaTf in
the 700-500-cm ™" region. (A) Raman spectrum of (PEO),LiTf:
(B) IR spectrum of (PEO),LiTf, (C) Raman spectum of
(PEO)NaTf: (D) IR spectrum of (PEO)NaTf.
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Eq. (1). The Raman spectra of (PEO),LiTf and
(PEO)NaTf display very weak components at 645
and 655 cm™', respectively. The symmetry prop-
erties of these modes may be either 4, or B,. The IR
spectrum of (PEO),LiTf displays a very broad band
centered at 641 cm™', and the IR spectrum of
(PEO)NaTf also has a very broad band centered at a
similar frequency. Although the presence of 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 §,,(CF;) with a contribution
from §,,(SO,) motion, from here on abbreviated as
8,,(CF;) (13,14]. This mode is of £ symmetry so the
band structure is given by Eq. (2). The Raman
spectrum of (PEO),LiTf displays a single band at
583 cm™" which is either 4, or B,. The IR spectrum
of (PEO),LiTf spectrum is much better curve-fit
with three bands than two, with frequencies of 588,
582 and 576 cm™'. Multiple bands are expected
since the symmetry analysis predicts four IR-active
bands, 24, and 28,. The Raman spectrum of
(PEO)NaTf displays a single band of 4, or B,
symmetry at 588 cm™'. Curve-fitting of the IR
spectrum has band components of 4, or B, symme-
try at 584 and 577 ecm™".

The region around 520 cm™ ' contains the modes
assigned to 3,,(SO,) with a significant contribution
of 8,,(CF;), from here on abbreviated as §,,(SO,)
[13,14]. The mode is of £ symmetry 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 of the 3,,(SO;)
modes is observed in (PEO),LiTf. While there
appears to be at least two bands present in the IR
spectrum of (PEO),LiTf, the component at 528
cm™' shifts in the deuterated (PEO-d,),LiTf and
therefore results from a polymer mode. There may
be one or two modes of either 4, or B, symmetry
contained within the 521 cm™' feature in the IR of
(PEO);LiTf. The (PEO)NaTf compound shows simi-
lar patterns. No appreciable Raman activity for the
8,,(SO;) mode is observed. Data for (PEO-d,)NaTf
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 of
(PEO)NaTf may contain cither or both of the A4 and
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B, modes. Triflate anion band frequencies and
spectral activities for (PEO),LiTf and (PEO)NaTf in
the 700-500-cm ™' region are summarized in Table
2.

4. Conclusions

A symmetry-based vibrational analysis using the
factor group correlation method has been used to
describe the vibrational multiplet structure observed
in the crystalline compounds (PEO),LiTf and
(PEO)NaTf. The triflate intramolecular modes of
interest here are either of 4, or £ symmetry in the
isolated anion. The multiple occupancy of the unit
cell by four triflate anions in each compound requires
that each isolated anion mode of 4, (E) symmetry
results in four (eight) independent modes in the
crystal. The presence of an inversion center in the
space group operations of both compounds divides
the predicted vibrational multiplet of 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. 1, where there is a ~S-cm™' difference
between the infrared-active and Raman-active
modes. This frequency difference indicates a modest
amount of dynamical coupling between the triflate
anions in the crystal.

This work also emphasizes the importance of
vibrational modes other than v,(SO;) and §,(CF,) in
spectroscopic studies of triflate-containing polymer
clectrolytes. The observation of factor group multi-
plet strucwre in the §,,(CF,) spectral region of 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 of the §,(SO;) and §,,(SO,;) regions may
also yield useful information, although 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 §,(SO;) and §,,(SO,) modes.
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ABSTRACT: A vibrational study of the polymer electrolyte compound poly(ethylene oxide)s:LiAsF; is
reported. A symmetry-based factor group correlation method is applied to interpret the observed bands.
The Raman and infrared spectra of the compound are consistent with the reported crystal structure. The

v; mode, which appears at 685 cm™', identifies the anions as
region are interpreted as resulting from the dynamical coupling of the four AsFs~ anions

in the v, spectral

being "“spectroscopically free”. Multiple bands

in the unit ceil. The p(CH_) region shows multiple bands that arise from the complex conformations of

the polymer backbone.

1. Introduction

Polymer electrolytes are of considerable interest due
to their potential applications in rechargeabie batteries
and other electrochemical devices.!"3 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*-S and provides insight into
the local structure of the amorphous phase.5’ which is
primarily where ionic conductivity occurs.'®

Tonic transport in poly(ethylene oxide)=salt systems
is coupled to the segmental motion of the polymer
host.!0%:11 Although the specific nature of the ntal
motion is not known, it is generally considered that
segmental motion involves changes in the conformation
of the polymer backbone. Analysis of crystalline polymer—
salt structures®S and vibrational spectroscopic studies
of polymer—salt systems'2~!5 show 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.!6-20
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.!'224-% 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;S0; and
P(EO)3:LiCF3S0; and have interpreted multiple CF;SO;~
anion bands as resulting from coupling of the vibrational
modes in the crystal.?’

The structure of the ine compound poly-
(ethylene oxide)s:LiAsFs (abbreviated P(EO)s:LiAsFe).

* To whom correspandence should be addressed.

which was elucidated from X-ray diffraction patterns.
has been recently reported.? This structure is strikingly
different from those of other polymer-salt compounds
in that there is no coordination of the lithium ions by
the anions. Therefore, it is of interest to examine the
local environment of the hexafluoroarsenate anions by
vibrational spectroscopy. with the expectation that the
AsF¢~ mode frequencies would correspond to those of a
“spectroscopically free® anion. A study of the polymer
modes in P(EO)s:LiAsF¢ furthers our knowledge of the
relationship between vibrational frequencies and spe-
cific conformational sequences. Mid-infrared and Raman
spectra of the P(EQ)gLiAsFs compound have been
recorded. and the vibrational analysis is presented.

2. Experimental Section

PEO. M, = 4 x 10%, was obtained from Aldrich and dried
under vacuum at S50 °C for 24 h. Thin films were made by
casting a solution of PEO in acetonitrile onto Teflon sheets.
The P(EO)s:LiAsFs compound was obtained from Professor
Peter Bruce, St. Andrews University. To prepare the sample.
dried PEO and LiAsF; were ground together in an inert
atmosphere glovebox at liquid N, temperature, sealed in a
capillary tube. heated. and annealed. The sample was char-
acterized by powder X-ray diffraction. Details on the prepara-
tion method and the experimental instrumentation can be
found in ref 28.

After being shipped in a sealed vial. the P(EO)¢:LiAsFs
sample was transferred directly to a dry N: glovebox (VAC
Corp.. <1 ppm moisture). Raman and mid-infrared spectra
were recorded on the as-received sample. Infrared spectra were
recorded with a Bruker IFS66V FT-IR spectrometer over a
range of 4000-400 cm~' with a resolution of 1 cm™!. Mid-
infrared spectra were taken as KBr pellets. Raman scattering
spectra were recorded on an 1.S.A. Jobin-Yvon T6400 in the
triple subtractive mode with a scan time of 16 s and 10
accumulations using a 180° geometry. The 514 nm line of an
argon laser focused through an 80x microscope lens was used
for excitation. The laser was operated at 300 mW. and the
power at the sample was 50-100 mW. Local heating of the
sample by the focused beam was not observed in similar
systems.?’

3. Results and Discussion

A. Symmetry-Based Vibrational Analysis. The
isolated AsF¢™ anion has octahedral symmetry. and the
symmetries of the six normal vibrational modes are
described by the irreducible representations of the Oy

10.1021/ma0008387 CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/23/2001
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Table 1. Factor Group Correlation of Intramolecular
AsF¢~ Vibrations in a G;,® Crystal

Mode Poim Group Site Group Facsor Geoup
(GN] ) (%)
Vi Ay Ay
B
v Ey —————— A
/ A
ViVavs Fia F2q B,
point group according to

TAsFg) = A +E +2F +F,+F,, ()

The fundamental vibrations, mode labels, and spectral
activities of the AsFgs~ ion based on an octahedral
geometry have been reported.?® The ine com-
pound P(EO)s:LiAsF;s belongs to the F2,/a space group.®
with four AsFg~ 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 nta-
tions of the factor group.’® We have previously applied
this method to interpret the triflate anion modes in the
crystalline compounds P(EQ)i:LiCF+SO; and P(EQ):
NaCF3503.2" In the P(EO)s:LiAsFs compound the As
atoms occupy general 4e pasitions,?! and accordingly the
site symmetry of the AsFs~ anions is C;. The relations
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 1. In this paper we will
consider only modes originating in the isolated ion Ag
and F), modes. Table ! shows that these isolated ion
vibrations result in the following factor group modes:

T(A,) =A,+B,+A,+B, @
I'(F,) =3A,+ 3B, +3A, + 3B, ()]

B. Vibrational Modes of the AsFs~ Anion. The
Raman-active v1(A;g) mode has been used to determine
the presence of ionic association of the AsFs~ anion in
a number of solvents. In solutions of LiAsFg in 1.2-
dimethoxyethane 3233 meth;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 “spectroscopically free” anion is indistin-
guishable from a solvent-separated ion pair by vibra-
tional spectroscopic measurements. In crystalline CsAsFg
the v; mode is observed at 685 cm~'.?® Systems of
LiAsF¢—acetone and LiAsFs—methyl acetate displiay an
additional band at 694 cm™! which is assigned to a
contact jon pair.34-35 The intensity of the 694 cm~! band
relative to the 676 cm~! band increases with increasing
salt concentration. Further support for the contact ion

Macromolecules. Vol. 34, No. 5. 2001
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Figure 1. Raman and infrared spectra of the P(EQ)¢:LIAsFs
compound in the 600-800 cm™' region.

pair assignment is provided by the decrease of the
relative intensity of the 694 cm™! band with the addi-
tion of 18-crown-6. 4 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 at 684 cm™!
and assigned to the v;(A,g) mode. The absence of a 694
cm~! (or higher frequency) band indicates that no
contact ion pairs are present. and the anion exists as a
“free” AsFg~ 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 B; 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 v3(F1) band has also been used
to determine fonic association in AsFg~ systems. Solu-
tions of LiAsFs 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
LiAsFg solutions the intensity of the contact ion pair
band is comparable to that of the free ion band. and the
area of each band can be resolved by curve fitting. We
note that in the LiAsFs—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
intensity (702 cm~').? However. in the Raman spectrum
the contact ion pair band intensity (696 cm™) is very
weak compared to the free ion band intensity (676
em~). 3 Therefore, the bands in the IR are more
sensitive to jonic association. In this region an ad-
ditional band at ~676 cm™! is observed in the solvent
systems which has been assigned ta a (vs + v) combina-
tion band (F2 ¢ x Fa, = Ay + Ey + Fiu + F2,).3 Because
this band occurs at the same frequency as the Raman-
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Figure 2. Raman spectra of the P(EO):LiAsFs com d.
Raman spectra of the pure PEQ, infrared s;eara of the ;(EOk:

LiAsFs compound. and infrared spectra of pure PEO in the
800-1000 cm™! region.

active v; mode, it is also possible that the 676 cm~! IR
band is due to the v, mode becoming weakly IR-active
upon relaxation of the isolated anion Oy symmetry due
to solvent—anion interactions.

The infrared spectrum in the region from 640 to 760
cm™!, presented in Figure I, 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 both the v; and the v3
vibrations have infrared-active components in this area.
For the v vibrations of four coupled AsFgs~ anions in
the unit cell. the symmetry-based analysis predicts six
IR-active moades, 3A, + 3B, (eq 3). Additionally. the v;
vibrations are formally predicted to be infrared-active
with an A, and a B, mode. The major component of the
band is at 702 cm™! and is attributed to the v3 mode of
a free AsFg~ anion. The broad band shape is attributed
to factor group splitting of the v; mode, as stated above.
Further evidence for splitting is present in the v mode
{not shown), where multiple band components are
observed. Similar splitting patterns are observed in the
v3 and v4 modes in rhombohedral KAsFs.*0 Additional
contributions to the low-frequency band structure are
the (vs + 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*- -AsF¢~
ion pair than is the IR spectrum.

C. Chain Conformation and CH: Rocking Modes.
In Figure 2 the infrared and Raman spectra of the
P(EQ)s:LiAsF¢ 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 CH; rocking and C~O stretch-
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ing motions.*! The frequencies and intensities of these
modes are sensitive to the values of the backbone
torsional angles;!5-4243 thys, the frequency shifts that
occur upon complexation with a cation provide insight
into the local conformational changes accompanying the
polymer—cation interaction.

The conformation of the polymer backbone in P(EO)¢:
LiAsF is significantly different than in crystalline PEO.
The conformation of crystalline PEO is (tgt); for the
dihedral angles C~-0-C~C, 0-C~C-0,and C-C-0O-
C. where t is trans and g is gauche.# In comparison.
the conformation for the same bond sequence in the
P(EO)¢:LiAsFs compound is taﬁt—gqf-tct-tgt-gcg where
c refers to cis and g’ refers to gauche-minus.

Both the infrared and Raman spectra of P(EO)¢LIAsFs
in this region are more complex than the analogous PEO
spectra. with at least five distinct. noncoincident bands
visible in each spectrum. In the absence of either a
detailed normal 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 cylindrical structure enclasing the lithium
fons 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 described.
Ethylene oxide units with gauche O—-C~C-0 torsional
angles are reported to have bands in the range 825—
890 cm~!, while units with trans O~C—C-0 torsional
angles exhibit bands in the range 810-825 cm~!.4245
The spectra of the P(EO)s:LIAsFs compound (Figure 2)
show a dominant Raman-active band at 871 cm™* and
IR-active bands at 848 and 832 cm~!. The crystal
structure has two ethylene oxide units with gauche
0-C-C-0 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-0
torsional angles and no trans O-C-C-0O torsional
angles. Therefore, the bands in the spectral region
previously attributed to ethylene oxide units with trans
0-C-C-0 torsional angles may actually arise from
torsional angle sequences rather than a particular value
of a torsional angle present in the crystal. Conformation-
frequency correlations for the range 900—1000 cm™! are
limited because specific torsional angle sequences have
overlapping frequency ranges.4?

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 AsFg™ ion. The single band observed in the
Raman spectral region of the As—F tric stretch-
ing mode at 684 cm™! is assigned to the v(A,y) mode.
The frequency of this band shows that there is no
contact ion pairing of the AsFg~ 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)s:LiAsF¢
provides insight into the correlation between vibrational
frequencies and specific conformational sequences. The
CH: 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-0O torsional
angles. However, the clear absence of trans O-C-C-0
torsional angles in the crystal structure suggests that
these modes may instead originate in the complex
torsional angle sequences observed in this compound.

The P(EQ)s:LiAsFs compound ts an interest-
ing structure in polymer electrolytes in that the cation
is completely coordinated by the polymer ether oxygens
with no coordination by the anion. It has been reported
that for LiAsFs in cross-linked PEO (MW 2000) the
AsFg~ anions exist predominately as free ions even at
high salt concentrations.* This suggests that the local
structure in the low molecular weight, cross-linked PEO
may be similar to that in the high molecular weight
P(EO)s:LiAsFs compound.
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ABSTRACT: The ability of ethylene oxide-based materials to dissolve salts and form jonically conducting
systems has attracted widespread interest. Qur molecular level understanding of ionic conductivity in
these systems critically depends on our understanding of local structures. The crystal structure of
diethylene glycol dimethyl ether-LiCF3SO; or diglyme:LiCF1SO; consists of diglyme—salt dimers with
the lithium jon in a 5-fold coordination strikingly similar to that in crystalline poly(ethylene oxide):
LiCF3SO;. However. spectroscopic studies of diglyme—LiCF3S0; solutions indicate that lithium ion is
coordinated by only three oxygen atoms from a diglyme molecule and ane oxygen atom from a CF,S0,~
anion as part of a contact ion pair. A parallel spectroscopic study of high molecular weight PEO—LiCF;-
SO3 suggests that the ionically conducting amorphous phase also contains four-coordinate lithium ions
in a local structure similar to that in the diglyme solution. Analysis of Raman and X-ray data of PEO—
LiCF3SOa films suggests that the amorphous phase contains local structures which resemble the structure
present in crystalline P(EQ);:LiCF;SO;. The significance of local structures for the mechanism of ion

transport is discussed.

1. Introduction

Polymer electrolytes based on poly(ethylene oxide)
with dissolved salts are of considerable interest for
rechargeable lithium batteries and fundamental re-
search of ionic transport in disordered phases. The
mechanism of ionic transport in high molecular weight
PEO-salt systems is poorly understood at the molecular
level, although it is recognized that cation—anion in-
teractions,! cation—palymer interactions,? and polymer
segmental motion® play a critical role. The ionic con-
ductivity of high molecular weight poly(ethylene oxide).
PEQ. with dissolved lithium trifluoromethanesulfonate.
LiCF3S0s;, has been found to occur primarily in an
amorphous phase.*-5 Determining the local structure of
the ionically conducting phase serves to further our
understanding of the microscopic mechanism of ionic
conductivity within these systems. Vibrational spec-
troscopy has provided considerable information on the
local structures in polymer electrolytes and is a par-
ticularly useful probe of local structure in the amor-
phous phase. To gain insight into the amorphous phase.
two general strategies have been used: investigation
of the crystalline phase(s) of the system5-% and use of
low molecular weight analogues containing the ethylene
oxide monomer as models.#~!! Here both strategies are
combined to advarnce our insight into the local structures
present in the ionically conducting phase of PEO-
LiCF3SO;. In turn this insight leads to a deeper
understanding of the ionic transport mechanism in the
system.

2. Experimental Section

Diethylene glycol dimethy! ether (diglyme). PEOQ (AL = 4 x
10%), and LiCF3SO; were abtained from Aidrich. Diglyme was
used as received. LiCF3S0O; was heated under vacuum at 120
*C for 48 h. and PEQ was dried under vacuum at 5Q *C for 24

* Corresponding author.

h. The reagents were stored and manipulated in a dry nitrogen
glovebox (VAC. <! ppm of H;0). To prepare the diglyme:LiCF;-
SO, crystals. a sotution of LiCF3SO; dissolved in diglyme at
an ether oxygen:cation ratio of 5:1 was stirred for ~48 h and
left inside the glovebax at room temperature. An intermediate
gellike phase appeared which then became crystalline after a
number of months. Crystalline P(EQ),:LiCF,SO; was prepared
by a method previously published.'? The 10:1 diglyme~LiCF;-
SO; solution was prepared by dissolving the salt directly in
diglyme. To prepare the PEO—LICF,SO; films. stoichiometric
amounts of PEO and LiCF;SO; were combined with acetoni-
trile. For the pure PEO film. PEC was combined with aceto-
nitrile. The solutions were stirred for 24 h. and then {ilms were
cast onto either Telfon (for Raman and differential scanning
calorimetry (DSC) measurements) or glass slides (for X-ray
diffraction measurements). The cast films were left In the
glovebox for 24 h t» evaporate solvent and then heated at 50
*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 5:1 dig-
lyme—LICF1S0,; solution for X-ray analysis. X-ray diffraction
data were collected at 173(2) K on a Siemans P4 diffractometer
using Mo Ka radiation (A = 0.718 73 A). The data were
corrected for Lorentz and polarization effects: an absorption
correction was not applied since it was judged to be insignifi-
cant. The structure was solved by the direct methaod using the
SHELXTL system and refined by a full matrix least squares
on F* using all reflections. All non-hydrogen atoms were
refined anisatropically. and all hydrogen atoms were included
in the refinement with idealized parameters. The final R1 =
0.037 is based on 3852 “observed reflections” (J > 20(/)). and
the wR2 = 0.099 is based on all reflections (4566 unique data).
For the PEO-LiCF;SO; films. powder X-ray diffractograms
were recorded at ambient conditions fram § 520 s 70 in 20
steps of 0.05° on a Rigaku D/4MAX automated diffractometer
using Cu Ka radiation.

Raman scatte spectra were recorded on an 1L.S.A. Jobin-
Yvon T64000 in the triple subtractive mode with a scan time

10.1021/ma001749x CCC: $20.00 © 2001 American Chemical Society
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Figure 1. Pa of crystalline diglyme:LiCF3S0O,
showing type I and type II dimers. Hydrogen atoms are not
shown In the diagram.

of 16 s and 10 accumulations using a 90° scattering geometry
(for the diglyme—LiCF3SO; system) and a 180° geometry (for
the PEO—LiCF3SO; system). The 514 nm line of an argon laser
operating at 300 mW was used for excitation. Bands were
curve-fit by the Levenberg—Marquardt method using Galactic
Grams software. DSC thermograms were collected on a Mettler
DSC 820 calorimeter under nitrogen in sealed aluminum
crucibles. Data for the diglyme:LiCF3S0; crystal were collected
from 25 to —100 to 80 °C with a heating/cooling rate of 10 °C/
min. Data for the PEO-LICF;S0 films and the P(EO);:LiCF»-
SO; compound were collected from 25 to 220 °C with a heating
rate of 10 *C/min. Ab initio calculations were performed using
the B3LVP hybrid Hartree—Fock density functional method
using the 6-31G(d) basis.

3. Results and Discussion

3.1. Diglyme—LiCF;S0;. We begin by reporting the
discovery of the 1:1 compound of diglyme. CH3(OCH2-
CH2):OCHa, with LiCF3S0O;, hereafter labeled diglyme:
LiCF1SOs. 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 opportunity 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 *C and had
an onset of melting at ~27 *C. The compound crystal-
lizes with Z= 4 in the monaclinic P2//c space group with
a=9.6117(10) A. b = 16.2782(13) A, ¢ = 16.6202(15)
A, and 8 = 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 slightly different 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 crystallographically imposed center of symmetry.
with the inversion center lying at 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 oxygen atoms of a diglyme mol-
ecule. Two triflate anions then join the two diglyme

Diglyme-LiCF3SO; and PEO-LICF;SO; 2661

Figure 2. Crystal structure of diglyme:LICF3SO; showing the
geometry of one dimer. Hydrogen atoms are not shown in the

Tabile 1. Lithium- Bond Distances in
Diglyme—-LICF3SOs and P(EO)s:LiCF3SOy Crystals®
diglyme:LiCF1SOx
Li~Odistance (A} dimerl dimerll P(EO)y:LICF;SO;

Lil-01{(ether oxy) 2.166 2.105 2.38(9)
Lil=02(ether oxy) 2.044 2.075 1.72(0
L11-03/{ether oxy) 2.113 2.105 2.01(8)
Li1-08 (trif oxy) 1.965 1.959 2.21(8)
Li1=09A (erif oxy) 1.949 1.944 2.14(8)
*The data for the P(EO),:LICF;S0O; compound were obtained
from the S For the diglyme:

published crystal structure
LICF,SO;y crystal. uncertainties are 0.003-0.004 A for the bond
dmancuimspcdﬂ(p cdlstza)nm and angles are defined based on
the type | dimer (Figure 2). and the parameters foc the type II
dimer and P(EO);:LiCF3SO; are for an analogous geometry as in
the type I dimer.

Table 2. Oxygen—Lithium—Oxygen Bond Angles in
Diglyme—LICF,SO; and P(EO)s:LICFsSO; Crystals®

Siglyme:LICF,50s
O-Li-0 angle (deg)  dimer I dimer Il _ P(EO)LICF;SOs
O1-Li1-02 770 780 85()
02-Li1-03 1 16 94)
O1-L11-03 62 1419 174(5)
08-Li1-08A 1088 1091 1124
02-111-08 1036  100.0 107(0)
02-Li1-09A W76 1508 1345

* For the diglyme:LICF1SOj crystal. uncertainties are 0.2—-0.4°
for the bond angles. Further information on the parameters and
labels are provided In the Table 1 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:LICF3S0O, com-
pound s remarkably similar to the cr?tal structure of
the high molecular weight P(EO)s:LiCF3SO3 compound.
Selected lithium—oxygen bond lengths, oxygen—Ilithium—
oxygen angles, and torsional angles in the two com-
pounds are presented in Table 1, Table 2, and Table 3.
respectively. From the comparison of distances and
angles. it can be seen that the 5-fold coordination of the
lithium ion in diglyme:LiCF3SO; is remarkably similar
to that.observed in the crystal structure P(EO)3:LiCF3-
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Table 3. Torsional Angles for the Ethylene Oxide Units in
the Diglyme~-LICF»S0; and P(EO)s:LiCFsS0; Crystals®

diglyme:LICF2S0y
bond sequence dimerI dimerll PEQO)LICF3SO; label
C1-01-C2-C3 -1774 159.0 -166.9 t
01-C2-C3-02  56.2 50.1 703 M
C2-C3-02-C4 -1759 -1633 176.5 t
C3-02-C4~CS 171.6 171.5 158.8 t
02-C4-C5-03 -553 -54.3 -44.1 [’ ¢
C4-C5-03-C6 1796 -1755 -171.7 [4
Cc-0-C-C 168.5 t
0-C-C-0 64.3 M
c-C-0-C —162.4 t

* For the diglyme:LICF»SO; crystal. uncertainties are estimated
to be 0.4—0.8° for the torsional angles. Further information on
the parameters and labels is provided in the Table 1 footnote.

Crystaliine
Diglyme-LiTF 3:1

Digtyme-LiTf 10:1

Diglyme

Scattering Intensity (arbitrary units)

900 88C 6880 B840 020 800 780 780 750

Wavenumbers (cm')
Figure 3. Raman spectra of crystalline diglyme:LiCF3SO;,
diglyme—-LiCF,SOs solution with an ether oxygen:lithium ratio
of 10:1. and pure diglyme in the region 700-900 cm™'. The
expanded views are curve-fitting analysis of the 4,(CF3) region.

SO;. In both crystalline compounds, the lithium ion is
coordinated by three oxygen atoms from the ethylene
oxide chain and two atoms from different triflate
anions. In the diglyme:LiCF3SO; compound. the tor-
sional angle sequence which coordinates the lithium jon
is tgt-tg’'t. In the P(EO)3:LiCF3SO3 compound the tor-
sional angle sequence is tgt-tg't-tgt. and a claser inspec-
tion reveals that the unit coordinating the lithium
contains three oxygen atoms and consists of the same
torsional angle sequence tgt-tg't with the additional tgt
unit “linking” coordinating units.

Vibrational spectroscopy has proven to be a powerful
technique to examine cation—anion interactions!3-!4 and
changes of the ethylene oxide backbone conformation®
accompanying the interaction of the ether oxygen 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 the cations: the CF; symmetric
deformation mode, &,(CF3). and the SO; symmetric
stretching vibration, v4(SO3). The Raman spectrum of
the crystalline diglyme:LiCF3SO; compound in the &,-
(CF3) region is shown in Figure 3. The single band at
763 cm™! is due to the triflate ion &,(CF3) mode.
Similarly, a single v,(SO1d 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-

Macromolecules, Vol. 34. No. 8, 2001

Table 4. Band Frequencies. Relative Percent Area. and
Assignments of Triflate Anion Species from
Curve-Fitting Analysis of Raman Spectra of the §,(CF))
Region®

relative
systemn {em™%) percent (%) assignment

diglyme—LiTT (10:1) 762 23 aggregate
57 63 ion pairs
753 14 {ree ions

PEO-LITf (10:1) 761 73 aggregate
57 22 ion pairs
753 S free ions

PEO-L{TY (20:1) 761 29 aggregate
757 65 ion pairs
753 6 free jons

4 Relative percent area is obtained by dividing the percent area
for a specific band {rom the total area of all three bands. The error
in percent area is estimated to be +3%.

dicted by a factor group vibrational analysis'? can be
explained by assuming that the triflate intramolecular
vibrations are vibrationally coupled within each dimer
but highly decoupled between the dimers in the unit
cell. An isolated dimer with the formula [CH3:O(CH:-
CH:0)CH1LiICF3S0;,]2 belongs to the C; point group and
accordingly yields a Raman-active mode of A; symmetry
and an infrared-active mode of A, symmetry in both the
4,(CFj) region and the v,(SO3) 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 spectruoscopic distinction between the two.

The &,(CF21) and v,(SO;) modes have been well-studied
in a variety of ethylene oxide—lithium triflate systems.
Both the &,(CF3) band at 763 cm™! and the v,(SO3) mode
at 1053 em™! have been assigned to the vibration of a
triflate anion in which two of the three oxygen atoms
of the anion are coordinated by lithium ions: i.e., the
triflate anion essentially vibrates as a [Li2CF3SOs]*
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 the crystal vibrates as an
[Li2CF3S043]* entity, and the observed frequencies of -
(CF3) and v,(SO4) 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 (ether 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 at 757 cm™!, assigned to contact ion pairs.
and minor components at 753 and 761 cm™!, attributed
to “free” jons and [LizCF;SO3]* entities. respectively.'®
The curve-fitted 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 (SO3) mode
(not shown) with the calculated values'$ suggests that
the Li---SO4CF; ion pair is a monodentate structure
rather than a bidentate structure. The major component
of the %,(SO4) band is observed at 1043 cm™!. a {requency
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 at 762 cm™! coincident (within error)
with the frequency of the §,(CF1) mode in the crystal
suggests the presence of isolated dimers in the solution.
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Digiyme (tgt-tg 't conformation)

6\

yY

Figure 4. Pictoral representation of proposed local structure
occurring in 10:1 solution of diglyme—LiCF;SO, contianing a
four-coordinate lithium ion. a diglyme molecule in a tgt-tg't
conformation, and an isolated te anion. Hydrogen atoms
are not shown in the

4-coordinate
Isolated Lithium ion
Contact lon Pair

The spectral region from 800 to 900 cm™! (also shown
in Figure 3) contains modes that are a mixture of CH:
rocking and CO stretching motions.'*!® These mode
frequencies!3® and intensities® depend on the O-C—-
C-0 rorsional angle(s) and hence the backbone confor-
mation. When a salt {s 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 at least one band in this region
increases with decreasing values of the O-C-C-0
torsional angle.?? In the spectrum of the diglyme:LiCF;-
SOj; 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 CH; rocking and
CO stretching vibrations resulting from the local struc-
ture of the diglyme molecule in diglyme:LiCF3SO; 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 diglyme (see Figure 3) reflects
the smaller O—-C—C=—0 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—LiCF3S0;
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~0O tor-
sional angle sequence very similar to those in the
diglyme:LiCF3SO; crystal, aimost certainly through the
interaction of the lithium cation with all three oxygen
atoms of the diglyme 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 S5-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
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Fi 5. X-ray diffraction patterns for P(EQ)a:LiCF;SO;.
P(E0)10LICF3S0s. P(EQ)2LiCF,SOs. and pure PEO.

aggregate species as the salt concentration is in-
creased.?!

3.2. Poly(ethylene oxide)—LiCF3S0;. The phase
diagram of PEO-LICF,SO; has been previously re-
ported.”# At room temperature for salt concentrations
up to 3:1. two phases are reported to be present.
crystalline PEO and crystalline polymer—sait compound
P(EQ)3:LiCF1SO;. Subsequent studies of the system
have shown that in addition to these two phases an
amorphous phase is present. and this amorphous phase
is primarily where the ionic conductivity occurs. 43
Differences in the structures and properties of the
PEO-LiCF3S0; system have been observed and are
attributed to differences in the molecular weight of the
polymer.,3 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 crystallinity.?72 For
PEO-salt systems with different molecular weights of
PEO., different relative amounts of ionic species were
observed.Z 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(EQ)y:LICF3S0s, in
determining the state of the system.

To examine the local structure of the room-tempera-
ture amorphous phase of high molecular weight PEO-
LiCF3S0,. films with a 10:1 and 20:1 compeosition were
compared to crystalline P(EO);:LICF3SO; and crystal-
line PEO. The X-ray data are presented {n 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 PEQ 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
PEQO. Comparison of the 20:1 sample to crystalline
P(EO)3:LiCF3SO; shows that the sample contains no
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diffraction peaks that can be identified with the 3:1
crystalline compound. It is possible that this sample
contains domains of crystalline P(EQ)y:LICF3SOs 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, there are at least two peaks that
are not present in the 3:1 crystal, suggesting that there
is ordering present in the 10:1 sample that 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 P(EQ)3:LiICF3SOas. Possible structures will be
discussed further below. As in the case for the 20:1
sample, the 10:1 sample may also contain domains of
crystalline P(EO)3:LICF2SO; whose sizes are sufficiently
small so that distinct peaks are not observed.

DSC thermograms of the 10:1 and 20:1 samples are
compared to thermograms of pure PEO and P(EO)s:
LiCF3S0; in Figure 6. Both the 10:1 and 20:1 films
clearly show the presence of an endotherm peak at 66
*C corresponding to the melting of crystalline PEO. The
higher temperature of the melting endotherm in pure
PEO compared to the melting endotherm 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 at 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 P(EO);:LiCF350; compound. A comparison
of the data for the 10:1 and 20:1 films to previous DSC
studies of the system*32 shows that the specific sample
preparation used for this study, most notably heating
below the melting point of PEO, produces very smail
amounts of the P(EO)3:LICF3SQ; phase.

Raman spectra of the 10:1 and 20:1 samples are
shown in Figure 7. The 4,(CFa) region can be decon-
volved into a minor “free” ion component at 753 cm™",
a contribution from contact ion pairs at 757 cm™!. and
a dominant band at 761 cm™! originating in the [Liz-
CFaS0;]* entity. The relative percent of these species
is summarized in Table 4. The 10:1 sample has more of
the [Li2CF3SOs]* aggregate and less of the ion pair
species compared to the 20:1 sample. We again note that
the relative amounts of the three components may
depend on the sample preparation, thermal history. and
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Fi 7. Raman spectra of crystalline P(EO);:LICF,SO;.

P%CF;SO: complex with an ether oxygen:lithium ratio

of 10:1, and pure PEO in the region 700-900 cm-'. The
expanded views are curve-fitting analysis of the 4,(CF,) region.

aging. The crystalline P(EQ)3:LiCF3S0; compound has
only a single band at 766 cm™'.!2 also shown in Figure
7. The frequency of this band. 766 cm ™!, is higher than
the frequency observed for the [Li;CF1SO,]* aggregate
in the diglyme:LiCFySO, and for similar species
in solution, 763 ecm=1,!¢ and we attribute the higher
frequency to crystal packing effects present in the
P(EO)y:LiCF3SO; compound. Support for the well-
ordered potential energy environment of the triflate
anion in the P(EO)3:LICF3SO; crystal is the frequency
difference between the Raman and infrared bands which
indicates a modest amount of dynamical coupling.!? The
observed frequency of the [Li.CF3SOs]* species, 761
cm™!, in both the 10:1 and 20:1 sample argues that the
local patential 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 CH; 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 the 10:1
material is similar to, but not identical with. the
analogous structure in the crystalline compound. This
difference again reflects, in part. the disordered nature
of the system. The broad band between 800 and 820
cm™!, which appears in the Raman spectra of PEQ above
its melting point,* shows that the amorphous phase
contains a distribution of backbone conformational
sequences similar to PEO in the melt. The spectra of
the 20:1 sample in this region show bands at 861 and
845 cm™! due to PEO and show a slight shoulder on the
high-frequency side of the 860 cm™' band. The 20:1
sample has no observable bands which can be clearly
identified with the P(EQ)3:LiCF3SO; compound.

We consider the nature of the local structures present
in the 10:1 and 20:1 samples. Within the PEO-LICF;-
SO films there exists crystalline PEO, small domains
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Terminal Unit . Terminal Unit
Type A Repeat Unit Type 8

Contact
lon Pair

Triflate Species
resentation of proposed localized
complex occurring in mr;p PEO-LiCF;SOs. For ease of graphic

Figure 8. Pictorial

representation. the adjoining segments of the PEO chain are
represented in an unfa conformation. A more accurate
pictorial representation would have the PEO chain in a tgt-
tg't-tgt conformation with the CFy end of the triflate anions
on apposite sides of the chain. Hydrogen atoms are not shown
in the diagram.

of crystalline P(EQ)3:LiCF3S0,. 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 t 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 at this salt concentration. Comparison of the 10:1
and 20:1 PEO-LiCF3SO; films to the crystalline P(EO)y:
LiCF3S0O3; compound shows that clear differences are
present: the X-ray data show different diffraction peaks.
the frequency of the [Li;CF3S0s]* aggregate is different.
and the frequencies of CH; rocking and CO stretching
bands do not directly coincide with those present in the
crystal. However, the frequency of aggregate species
observed in the 6,(CF3) mode and the 10:1 X-ray data
suggest that a local structure is present which is similar
to the local structure present in the crystalline P(EO)3:
LiCF3SO; 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 fons and triflate ions form local
structures with the polymer backbone that resemble the
crystalline P(EO)3:LICF3SO; phase. This perspective is
supported by comparison of '3C chemical shifts in
amorphous PEO and crystalline P(EQO)3:LiCF3S0, which
suggest that a similar coordination of lithium to the
ether oxygens is present in the amorphous phase as is
present in P(EO)3:LiCF3S03.3! Details of the proposed
local structure are described below. Specifically. each
lithium ion is 3-fold coordinated by adjacent polymer
oxygen atoms. Further, as in the crystal, triflate ions
link adjacent lithium ions, leading to 5-fold coordinate
lithium ions and triflate ions vibrating as [LizCF;SOs]*
entities. A representation of a localized 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(EQ)s:LiCF1SO;.
The localized complex may be quite small (n= 0) or may
be an extended structure (n = large). The terminal unit
of the localized complex contains either a four-coordinate
lithium ion and a terminal [Li;CF3SO;3]* entity (type
A) or a five-coordinate lithium ion and a terminal Li—
CF1SO; contact ion pair (type B). As a sidenote, we
envision a critical. early step in the growth of the
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crystalline P(EQ)3:LiCF3S0; 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 [Li;CF3SO;5]* units, Li—CF;S0O; contact ion pairs. and
solvent-separated ion pairs (spectroscopically “free” jons)
along the chain. We propose a local structure of the
isolated contact ion pair to be to the structure
proposed for the diglyme—Li{Tf solution (Figure 4) with
the ethylene oxide repeat units replacing the terminal
methyl groups present in diglyme.

3.3. Implications for Ionic Transport in High
MW PEO-LICF3;S0;. We consider the role of these
local structures in ionic transport. The terminal unit of
a localized complex. an isolated [L{;CF3S0Q4]* species,
and an isolated contact ion pair each contains 4-fold
coordinate lithium ions. A “free” lithium ion may have
an even lower effective coordination number. These
lithium lons are coordinated by a potential energy
environment that is dynamically disordered through
polymer segmental motion and presumably less deep
than 5-fold coordinated lithium in crystalline domains
of P(EO)3:LiCF3SOs. In the spirit of the dynamic bond
percolation (DBP) model 3% [t follows that polymer

tal motion is more likely to open transient
conduction pathways for lithium ions with relative low
coordination numbers. Therefore, we argue that 4-fold
coordinate lithium ions as part of a terminal unit of a
localized complex, an isolated [Li;CF3SO;]* species. and
a contact fon 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 conductivity, 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
that underscores the dynamical nature of the equilib-
rium between the various ionic species present. We note
that the time scale of the dissociative process of contact
fon 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 systems {s supported by transference number
measurements33-3% and recent neutron scattering ex-
periments.® From spectroscopic studies it is known that
the anion exists as a “free” jon, a Li~=CF3SO3 contact
fon pair, and a [Li;CF3S04|* entity on a time scale of
at least several vibrational periods (femtoseconds). It
is also important to the important role played
by the terminal units of a localized complex in the
transport of anions. Consider a localized complex with
a terminal Li~CF3SO; contact ion pair such as a type
B structure shown in Figure 4. The potential energy
environment of the triflate anion is defined primarily
by 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 coordinative environ-
ment of oxygen atoms. As a consequence, we expect the
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transport mechanism of the triflate jon to be signifi-
cantly different than that of the cation. A similar
conclusion follows from considering an isolated contact
fon pair. In both instances the arguments pruented
here would result in a highly labile anion. This

tive supported by measurements of the cation and anion
diffusion coefficients in PEO~-LICF3S0; which show
that the anion is more mobile than the cation.37® The
actual contribution to the jonic 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—LiCF3SO;. In the diglyme:LICF3SO,
crystal. the local environment of the Li fon and the
torsional angle sequence of the bonds in the ethylene
oxide units are remarkably similar to those present in
the high molecular weight P(EO)3:LiCF3SO3; compound.
A comparison of the Raman bands in a 10:1 diglyme—
LiCF3503 solution to the Raman bands in the diglyme:
LiCF350; crystal suggests that in the solution Li may
be four-coordinate.

Raman, X-ray data. and DSC data of PEO-LiCF3-
SO; films prepared at several compesitions show that
local structures are present which are similar but not
identical with local structures present in the P(EO);x:
LiCF3S0; crystal. Further work to determine the spe-
cific ardering 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 regions whose local
structures may resemble the crystalline compound
phase. These microscopic domains may be localized
regions of a single polymer chain as described above or
even several adjacent localized regions in translational
registry. In any case the cations and anions at the
boundaries of these salt-rich reglons 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 {ons at 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 fonic transport
in polymer salt systems. Finally, we note that although
this mode! has been developed for the PEO-LiCF3S03
system. its general features can be extended to describe
ionic transport in other polymer—salt electrolytes.
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Structural investigation of crystalline and solution phases of
monoglyme:lithium triflate systems
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ABSTRACT: Two crystalline phases of monoglyme and lithium triflate have been isolated and
characterized. DSC thermograms reveal the transition temperatures of the crystalline phases. The crystal
structure was determined at room temperature and at 153 K and confirmed the phase transition. However,
the structure at both temperatures is similar with only differences in conformation and packing of the
monoglyme and triflate anion. The stoichiometry for both temperatures is monoglyme:(LiCF;SO;),. The
conformation of monoglyme in both phases is trans-trans-trans, which represents a different monoglyme
conformation interacting with Li” in a condensed phase than previously reported. The spectral comparison
of the two crystals shows the §,(CF;) and v,(SO;) modes provide complementary information about the
local environment of the triflate anion. The spectroscopic comparison of the monoglyme:(LiCF;SO0s),
crystalline phase at 295 K to solutions of monoglyme-LiCF;SO; shows that the structure present in the
crystatline phase is distinctly different from the structure in solution.
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1. Introduction

Polymer electrolytes have been widely
studied for use in electrochemical devices,
especially rechargeable lithium batteries.!-> For
battery applications, the technological challenge
is to develop a polymer electrolyte system that
has a high room temperature ionic conductivity,
a high cation transference number, desirable
mechanical properties, and interfacial and
electrochemical stability. To meet these
requirements, new systems such as composite
polymer electrolytes,5’ single ion conductors,?
and new polymer electrolyte systems® continue
to be developed. Systems based on poly(ethylene
oxide), PEO, with dissolved inorganic salts
continue to be of 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 units have been
investigated.'%-'* [onic transport in a number of
PEO-salt systems has been shown to occur
primarily in the amorphous phase'>:'6 and is
strongly coupled to the segmental motion of the
polymer backbone.!7-18

The mechanism of ionic transport in
polymer electrolytes is still not well understood,
and a fundamental understanding of ion-ion and
ion-polymer interactions is needed. The
importance of ion-ion interactions is apparent
from transference number measurements,!®
diffusion coefficients,2%-2! and the failure of the
Nemnst-Einstein relationship to describe the
experimental ionic conductivity.?>>> Negative
cation transference number measurements which
result from cations being transported by anionic
clusters have been reported.?62® In some
polymer-salt systems, at high salt concentrations
a transport mechanism which is different than the
mechanism at low salt concentrations is
suggested by measurements of the temperature-
dependent cation diffusion coefficients.?> It has
been suggested that ionic transport in these
systems may occur via cation hopping between
ionic clusters 2 and/or correlated motion of
cations and anions.2%3% Determining the local
structure of the amorphous phase provides a
basis for understanding of the mechanism of
ionic transport and contributes to the rational
synthesis of new materials.

One approach used to understand the
local structure in polymer electrolytes is to study
polymer-salt crystalline phases.3!3? The study of
crystalline polymer-salt compounds has yielded
considerable insight into the coordination
environment of the cation and anion as well as

100

the conformation of the polymer backbone.3:
The structure of polymer-salt crystalline phases
has been used to suggest local structures in the
amorphous phase of these systems.**37 [n
addition, studies of crystalline phases® and
recent results showing enhanced conductivity in
stretched polymer electrolyte films™*0 suggest
that ionic transport may be enhanced along
certain ordered pathways.

Another useful approach is to study low
molecular weight analogs of PEO, namely glycol
dimethoxy ethers (abbreviated as glymes) with
the general formula CH;(OCH,CH,),OCH;
where usually n<6. Glyme-salt systems are
useful structural models of PEO-salt systems.}!-
46 and have also been used to model dynamical
behavior and  transport properties.7-50
Monoglyme is a useful conformational model for
PEO,’'5¢ and the conformational properties of
monoglyme have been studied in all phases.3%-65
Monoglyme-salt systems have also been used to
model structure and dynamics of PEO-salt
systems.56-70

To gain insight into the local structure
of polymer electrolytes., we have combined the
strategies of studying crystalline phases and
glymes to study glyme-salt crystalline phases.
Crystalline glyme-salt complexes serve to further
our understanding of local structure in polymer
electrolytes and specifically the changes in
coordination and conformation due to different
chain lengths. We have previously reported the
crystalline phase of diglyme:lithium triflate and
used the structure to provide insight into the
ionically conducting phase of PEO-lithium
triflate  systems.3” Crystalline phases of
tetracthylene glycol dimethyl ether with
cadmium chloride” and with mercuric chloride™
have also been reported. Here we report x-ray
structures and vibrational spectra of crystalline
phases of monoglyme:lithium triflate and a
spectroscopic comparison of the crystalline
phase with monoglyme-lithium triflate solutions.

2. Experimental

Monogiyme (ethylene glycol dimethyl
ether, 99.9%) was obtained from Aldrich and
used as received. Lithium
trifluoromethanesulifonate, LiCF;S0;,
(99.995%), also called lithium triflate and
abbreviated here as LiTf, was obtained from
Aldrich and heated under vacuum at 120°C for
48 h prior to use. The reagents were stored and
manipulated in a dry nitrogen glovebox (VAC, <
Ippm H,O). The salt was combined with the
solvent in stoichiometric amounts to yield



Table 1. Data for crystalline phases of

monoglyme:(LiTf),
GI1:(LiTf) GIl:(LiTh),
“room temp” “low temp™
Empirical CeHioFsLi20sS; | CsHioFsliz08S:
formula
Temperature 295()K 1532) K
Space group P-1 P-1
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)
B 100.845(12)° 98.596(19)"
y 93.514(12)° 95.346(19)°
Volume 3594(N A° 365.1(16) A’
Density 1.858 Mg/m’ 1.828 Mg/m’
(calculated)
R1 0.123 0.100

solutions of the desired ether oxygen to metal
cation ratio (O:M). The solutions were stirred in
the glovebox for at least 48 h prior to
measurement. To prepare the monoglyme:LiTf
crystals, LiTf was dissolved in monoglyme with
a solution concentration of 7.7 M which
represents an ether oxygen to metal cation ratio
of 2.5:1. The solution was stirred for ~48 h and
left inside the glovebox at room temperature.
After a number of weeks, an intermediate gel-
like phase appeared which then produced a
crystalline phase after a number of months.
Single crystals specimens were isolated from the
concentrated solution.

For the x-ray diffraction (XRD)
measurements, a colorless crystal with the
dimensions of 1.05 mm x 0.734 mm x 0.730 mm
mounted in a glass capillary was aligned on a
Bruker SMART APEX CCD diffractometer
(Platform with full three circle goniometer).
Intensity measurements were performed using
graphite monochromated Mo-K.-radiation. Data
were collected at 295 K and 153 K. SMART was
used for preliminary determination of the cell
constants and data collection control. RLATT
was used to separate reflections from different
domains of a multiple twinned crystal. The
intensities of reflections of a sphere were
collected by a combination of 4 sets of exposures
(frames). Each set had a different ¢ angle for the
crystal and each exposure covered a range of 1°
in ®. A total of 720 frames were collected with
an exposure time per frame of 30s.
Determination of integral intensities and global
cell refinement were performed with the Bruker
SAINT (V6.02) software package using a
narrow-frame integration algorithm. Two data
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Table 2. Selected bond lengths (A). bond
angles (°) and torsional angles (°) for room
temperature and low temperature crystalline
phases of G1:(LiTf),.

G1:(LiTf): Gl (LiTfh),

“room temp” “low temp™
Bond distances
Li-Ol 1.894(16) 1.931(18)
Li-02 1.873(17) 1.932(19)
Li-O3 1.872(16) 1.94(2)
Li-O4 1.873(15) 1.917(18)
C2-04 1.355(14) 1.415(14)
04-C3 1.40(2) 1.433(12)
C3-C3 13U 1.51(2)
S1-01 1.384(6) 1.407(8)
S$1-02 1.399(7) 1.420(8)
S$1-03 1.381(6) 1.444(8)
Cl-Fl 1.266(13) 1.315(15)
Cl-F2 1.265(13) 1.304(14)
CI-F3 1.268(12) 1.312(13)
C1-SI 1.769(10) 1.816(12)
Bond angles
O1-Lil-02 109.0(8) 106.2(9)
O1-Li1-O3 106.6(8) 110.1(9)
Ol1-Lil-O4 107.8(8) 108.6(9)
02-Lil-04 113.1(8) 106.6(9)
02-Lil-O3 110.8(8) 106.6(9)
03-Lil-O4 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-Lil 135.8(11) 130.8(8)
Lil-O1-S1 141.4(6) 127.3(7)
Lil-02-S1 130.0(6) 137.8(7)
Lil-O3-S! 130.4(6) 126.7(7)
01-S1-02 115.4(4) 114.6(3)
01-S1-03 115.0(3) 114.4(4)
02-S1-03 113.7(4) 115.2(4)
Tors. angles
C2-04-C3-C3 175.2(2) 176.1(8)
04-C3-C3-04 180.0(1) 180.0(1)
O4-Lil-O2-Si -130.1{(7) -39.5(10)
01-S1-CI-Fi -178.3(83 -179.5(3)
03-S1-C1-F3 -179.0(8) -178.1(3)
S1-02-Lil-Ol -10.2(11) -154.9(5)
02-Lil-04-C2 | -172.8(10) -72.9(8)

sets from the strongest diffracting domains of a
multiple twinned crystal were obtained. GEMINI
was used to remove reflections from one of the
datasets, which were affected by overlap from
the other dataset. A semi-empirical absorption
correction was applied, based on the intensities
of symmetry-related reflections measured at
different angular settings using SADABS. The
program suite SHELXTL (V5.1) was used for
space group determination (XPREP). structure
solution (XS) and refinement (XL). The
structures were solved using direct methods and
subsequent difference Fourier synthesis. and
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Figure 1. Differential scanning calorimetry
thermogram of single crystal specimen of
crystalline G1:(LiTf), showing the presence of
two crystalline phases and their phase transition
temperatures for the cooling and heating cycles.

refined by full-matrix least squares on F~. For the
hydrogen atoms a riding model was employed
under restriction of ideal geometry at the
corresponding non-hydrogen atom attached. All
non-hydrogen atoms were refined
anisotropically. For the room temperature
structure, the C3 atom of the monoglyme ligand
was disordered and refined with 50% occupancy
of the two disordered components. Further
details of the structural refinement are presented
in the supplemental information, Table VS.
Differential scanning calorimetry (DSC)
thermograms were collected on a Mettler DSC
820 calorimeter under nitrogen purge in sealed
aluminum  crucibles. Specimens of the
monoglyme:LiTf crystals were first cooled from
298 K to 198 K and then heated from 198 K to
348 K with a heating/cooling rate of 10 K/min.
Raman scattering spectra were recorded on an
I.S.A. Jobin-Yvon T64000 in the triple
subtractive mode with a scan time of 16 s and 10
accumulations using a 180° geometry. The 514
nm line of an Argon laser focused through an
80x microscope lens was used for excitation. The
laser was operated at 300 mW, measured at the
laser head. Local heating of the sample by the
focused beam was not observed in similar
systems.”? Since the specimens were single
crystals, spectra were taken using different
orientations of the crystal relative to the
incoming beam. Only minor differences in
relative intensities were observed for the
different orientations. Raman spectra were
collected at 298 K and198 K. The crystal was
cooled from room temperature to -100 °C using a
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Figure 2. Packing diagram (projected parallel to
the b-axis for crystalline phase of G1:(LiTf), at
295 K. Hydrogen atoms are not shown in the
diagram. The structure is networked by the
triflate anion.

MMR  Technologies K-20  Temperature
Controller. Infrared spectra were recorded with a
Bruker [FS66V FT-IR spectrometer over a range
of 4000 cm™ to 400 cm™ with a resolution of 1
cm™. Mid-infrared spectra of the crystalline
material were taken as KBr pellets in an
evacuated sample chamber, and IR spectra of the
monoglyme-LiTf solutions were obtained using
ZnSe plates and a dry-air purged sample
chamber. Bands were curve-fit by the
Levenberg-Marquardt method using Galactic
Grams software (ver. 5.2).

3. Results and Discussion
3.1 Crystalline phases of monoglyme: LiCF ;SO;
A differential scanning calorimetry
thermogram of a single crystal specimen is
shown in Fig. 1. Data taken for the cooling cycle
from 298 K to 198 K shows the presence of an
endothermic peak with an onset temperature of
244 K. This endotherm is due to the enthalpy
change due to the transformation from one
crystalline phase (defined as Phase [) to another
crystalline phase (defined as Phase II). Data for
the heating cycle from 198 K to 348 K shows the
presence of an exothermic peak with an onset
temperature of 271 K. The exothermic peak is
due to the enthalpy change associated with the
transformation from the crystalline phase stable
at low temperatures (Phase II) to the crystalline
phase stable at room temperature (Phase I). The
difference between the phase transformation
temperature for the cooling cycle and the phase



Figure 3. Crystal structure of G1:(LiTf),at
295 K showing the trans-trans-trans
conformation of the monoglyme and the
four-fold coordination of lithium.

transformation temperature for the heating cycle
can be attributed to the relatively fast heating
rate and the kinetics of crystallization for the
compounds.

The crystal structure was determined at
295 K and at 153 K and confirmed the phase
change. Crystal data for the two temperatures are
presented in Table 1. For both temperatures, the
occupancy of the unit cell is one monoglyme and
two lithium triflate ions, with the monoglyme
situated at the inversion center. The
stoichiometry for both temperatures is
monoglyme:(LiCF;SQO;),, abbreviated here as
G1:(LiTf),, and the ether oxygen to cation ratio
is 1:1. The unit cell parameters for the two
temperatures shows an interesting feature of an
increase in the volume of the unit cell at the
lower temperature of 153 K, thus a decrease in
the calculated density indicating a slightly more
open structure at the lower temperature. Selected
bond lengths, bond angles, and torsional angles
for both structures are listed in Table 2. Figure 2
shows the packing diagrams indicating
polymeric chain formation which runs along the
crystallographic a-axis. Figure 3 shows the
selected portion of the polymeric chain with the
atomic labeling scheme. Both the room
temperature and low temperature structures are
similar in overall packing. Figures 2 and 3 show
the room temperature structure; this is similar to
the low temperature structure which also forms
polymeric chains along the a-axis. However,
there are small differences in the two structures
in the conformation of the monoglyme ligand
and the triflate anion as noted in Table 2 and
shown in Figure 4.
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Figure 4. Visual comparison of the structures of
the room temperature (white bonds) and low
temperature (black bonds) crystalline phases of
G 1:(LiTf), showing the different orientations of
the triflate anion in the two compounds.

In both the room temperature (RT) and
the low temperature (LT) crystalline structures.
lithium is coordinated to four oxygens, one
oxygen from monoglyme and three oxygens
from different triflate anions. In both of the
crystals, the coordination geometry of the
lithium can be described as a distorted
tetrahedron as observed by the values of the O-
Li-O angles. The conformation of monoglyme
can be described by the values of the torsional
angles for the bond sequences, C-O-C-C. O-C-C-
O, C-C-O-C, where trans (180° = 60°) is
abbreviated by t and gauche (60° = 60°) is
abbreviated by g. In the RT and LT crystalline
compounds the monoglyme molecule has a
conformation of trans-trans-trans, ttt. The O-C-
C-O angle in both crystals is 180.0(1)°, and the
C-O-C-C angles are 175.2(2)° in the RT crystal
and 176.1(8)° in the LT crystal. In both crystais,
the monoglyme molecule sits on an inversion
center within the unit cell, and each of the
oxygen atoms of monoglyme is coordinated to a
different lithium ion.

Monoglyme in a ttt conformation that
coordinates Li” ions is interesting since quantum
chemical calculations and spectroscopic studies
of monoglyme complexed with cations have
reported that the tgt conformation is favored to
interact with cations. Quantum chemical
calculations of tgt-Li" and w-Li~ complexes
shows the ttt-Li” complex is ~26 kcal/mol higher
in energy than the tgt-Li” complex.™7® The



lower energy of the tgt-Li” complex can be
attributed to coordination of both ether oxygens
to the Li" by the monoglyme in a tgt
conformation. The ttt conformation allows only
one oxygen to coordinate to the lithium ion.
Computational and experimental studies of pure
monoglyme have shown that the ttt conformer is
the most stable conformer in the gas phase,’5-52.53
and the energy difference between the ttt and tgt
conformers is around 0.2 kcal/mol. However, in
the liquid phase the preferred conformation is tgt
rather than ttt,55-°8 and in the crystalline phase of
pure monoglyme the conformation of the
molecule is tgt.%* A critical factor in stabilizing
the ttt conformer within the G1:(LiTf), RT and
LT crystals is the contribution of the triflate
anions and solid state packing effects.

3.2 Vibrational spectra of crystalline phases

Since the x-ray structures of the
G1:(LiTf) room temperature and low
temperature crystals have been determined, the
vibrational spectra provide mode frequencies of
these specific structures. In tumn, these
frequency-structure correlations can be used to
analyze systems where the structure is not
known. In particular, the analysis of the
frequencies of the anion and monoglyme modes
provides insight into local structure. Previous
experimental and computational studies have
established that modes of the triflate anion are
sensitive to the interaction of the triflate anion
with one or more cations.’s’7 [n particular, the
symmetric SO; stretching mode, v4(SO;s), and the
symmetric CF; deformation mode, §,(CF;), have
been used to probe the local potential energy
environment of the triflate anion in polymer
electrolyte systems.

In both the room temperature and low
temperature G1:(LiTf). crystal structures, there
are two triflate anions in a unit cell and their
vibrational modes are not isolated, but rather
correlated through intermolecular forces. The
factor group correlation method provides a
description of the symmetries and selection rules
of the correlated modes. We have previously
applied the factor group correlation method to
describe the symmetries of anion modes in
crystalline polymer electrolytes and glyme:salt
compounds.”3-’® The presence of multiple bands
in the v(SO;) and 8,(CF5) regions in crystalline
P(EO);:LiTf and P(EO):NaTf has been
previously observed by us and has been
interpreted as arising from dynamical coupling
of the multiple triflate anions in the unit cell.”
Using this method, modes of the isolated triflate
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Figure 5. Raman and IR spectra in the 750-
1150 cm™ region of crystalline G1:(LiTf), at
295K

anion, belonging to point group C;. are
correlated to the site group. which is the
symmetry of the center of mass of the anion and
is of trivial symmetry in this instance. These
modes are then correlated to the factor group,
which is isomorphous to the space group of the
crystal, P1 in this case. Here we consider the
8,(CF;) and v,(SO;) modes which are of A
symmetry in the isolated triflate anion. A single
mode with A,, symmetry in the isolated triflate
anion under C;, point group symmetry results in
two modes with symmetries given by

g =4, + 4,.
H

The A, mode is Raman active and the A, mode
is IR active.

Raman and IR spectra of the room
temFerature crystalline phase in the 700-1200
cm™ region are presented in Fig. 5. Bands
observed at 770 cm™ in the Raman and 769 cm™
in the IR correspond to the 8,(CF5) mode of the
triflate anion in the crystalline phase. The
experimental spectra show the presence of a
single Raman-active mode and a single IR-active
mode, as predicted by the symmetry analysis.
The x-ray structure of the room temperature
crystalline phase reveals that within the crystal
the triflate anion is coordinated to three lithium
ions with one lithium coordinated to each of the
three triflate oxygens. Spectral evidence for a
triflate  species with similar coordination
environment was observed in a solution of LiTf
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Figure 6. Comparison of the Raman spectra of
room temperature (300 K) and low temperature
(173 K) G1:(LiTf), crystals in the 8,(CF5)

regions.

in 2-methyltetrahydrofuran, where this species
had a frequency of the 767 cm™.” The structure
and frequency of §,(CF;) mode within the RT
crystal provides evidence for the existence of a
[Li;Tf]*" species and supports the earlier
frequency assignment. The higher frequency of
the triflate anion species in the RT crystal, 770
cm™, compared to its frequency in solution, 767
cm™, can be attributed to crystal packing effects.

The frequency of the v{(SO;) mode has
also been used as a probe of the local
environment of the triflate anion. In the v{(SOs)
region, spectra of the RT crystal presented in Fig
5 shows Raman-active bands at 1062, 1056, and
1044 cm™ and IR-active bands at 1095 cm™,
1081 cm™ and 1056 cm™ with a low frequency
shoulder. The Raman-active band at 1062 cm™ is
attributed to the C-O and C-C stretching of
monoglyme in a ttt conformation.’®6 The band
at 1044 cm™ is also assigned to a monoglyme
mode. Support for this assignment is provided by
calculations of vibrational modes of a ttt-Li”
complex, which shows a monoglyme band in this
frequency region.”® The 1056 cm™ band in the
Raman and 1056 cm™ band in the IR are
assigned to the v(SO;) modes of the triflate
anions in the unit cell. The presence of a single
Raman-active band and a single IR-active band
is consistent with the symmetry analysis describe
byeq. I.
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Figure 7. Comparison of the Raman spectra
of room temperature (295 K) and low
temperature (173 K) GI1:(LiTf), crystals in
the v(SO;) regions which shows different
bands and frequencies due to the different
structures of the crystals.

Monoglyme modes in the 800-1000 cm”
region, which are sensitive to the
conformational sequences, have been used to
examine the presence of various
conformers®-8056  and determine preferred
conformations that interact with cations.*!-’0 The
IR spectra of the room temperature crystal
presented in Fig. 5 shows the presence of two
bands in this region with frequencies of 933 and
920 cm’'. The bands are absent in the Raman
spectra which can be attributed to the fact that
monoglyme occupies an inversion center in the
crystal. The frequencies of these bands have
reasonable agreement to the calcuilated
frequencies for w336 and wt-Li",’® bearing in
mind that that these calculated frequencies are
for an isolated monoglyme molecule and an
isolated monoglyme-Li~ complex, respectively.
Hence, neither of the aforementioned complexes
represents the actual potential energy
environment of monoglyme in the room
temperature crystal.

The structural differences between the
room temperature and low temperature crystals
have been described above. It is of interest to
determine how the vibrational spectra differ
between the two crystalline phases. Fig. 6 shows
Raman spectra in the 8,(CF;) region of the room
temperature crystal (295 K) and the low



temperature crystal (173 K). The frequency of
the 8,(CF;) mode in the RT crystal, 770 cm™, is
almost identical to the frequency of the 5.(CF;)
mode in the LT crystal, 768 cm™. However as
presented in Fig. 7, differences in the v;(SO;)
region are observed between the two crystalline
phases. The RT crystal has bands at 1062, 1056,
and 1044 cm™, and the LT crystal has bands at
1063 and 1052 cm™. The 1063 cm™ and 1052
cm™’ bands in the LT crystal correspond to the
1062 and 1056 cm™ bands, respectively, in the
RT crystal. Comparing the RT and LT spectra,
the frequency change of 1056 to 1052 cm™ is
attributed to differences in the local potential
energy environment of the triflate anion in the
two structures. The absence of the 1044 cm™
band may result from the different potential
energy environment of the monoglyme in the LT
structure. In particular, the coordination
geometry of monoglyme to Li~ is different
between the two structures. However, the
complete absence of this band in the LT
spectrum is a little surprising given the degree of
similarity of the two crystal structures.

3.3 Comparison of crystalline phase to solution
The spectral comparison of the
crystalline phase to monoglyme-LiTf solutions
allows a determination of whether local
structures present in the crystalline phase persist
in solution. In Fig. 8, the IR spectrum of the RT
crystal is compared to IR spectra of monoglyme-
LiTf solutions in the &((CF;) region. The
crystalline phase has a single IR-active band at
769 cm™. This frequency results from the
potential energy environment of the triflate anion
within the RT crystal, where the triflate is
coordinated to three lithium ions. Spectra of the
monoglyme-LiTf solutions in the §,(CF;) region
can be curve-fit to bands at 766, 762 cm™, 757
and 753 cm’. These band frequencies
correspond to triflate anions that are coordinated
to three, two, one and no lithium ions,
respectively.” The relative intensities of the
curve-fit bands depend on the salt concentration.
The 766 cm™ band is a very minor component in
the 5:1 and 10:1 solutions and this band is nearly
absent in the 20:1 and 40:1 solutions. The 766
cm’ band identifies the presence of a triflate
species in solution with a local structure that is
similar to the local structure in the room
temperature  crystalline phase. The weak
intensity of the 766 cm™ band indicates that this
species is not the predominant local structure in
solution. The predominant band in the
monoglyme-LiTf solutions occurs at 757 cm™,
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Figure 8. IR spectra of crystalline G1:(LiTf), at
295 K and monoglyme-LiTf solutions in the
8,(CF;) region. The concentrations of the
solutions are represented by the ether oxygen to
metal cation ratio (O:M).

which corresponds to a contact ion pair species.
The band at 762 cm™, corresponding to a. local
structure of a triflate anion coordinated to two
lithium ions, is also present. and the relative
intensity of this band increases with increasing
salt concentration. The 753 cm™ “free” ion band
has a weak intensity, and its relative intensity
decreases with increasing salt concentration. The
v{(SO;) region (not shown) shows similar
behavior, however the analysis in this frequency

region is complicated by overlapping
monoglyme bands .
The spectral comparison of the

GI:(LiTf)» RT crystal and monoglyme-LiTf
solutions in the 800-1000 cm™ region is
presented in Fig. 9. This spectral region also
shows the clear difference between the structure
in solution and in the crystal. The bands at 920
and 933 cm™ in the crystalline monoglyme:LiTf
RT crystal are assigned to mixed C-O stretching
and CH, rocking modes of monoglyme in a ttt
conformation, as described previously. In the
monoglyme-LiTf solutions. bands from both
monoglyme  uncoordinated to Li° and
monoglyme coordinated to Li~ are present.
Monoglyme uncoordinated to Li  exists in a
number of conformations and therefore a number
of bands are present due to the uncoordinated
monoglyme. The bands at 938 and 923 cm™
present in the monoglyme-LiTf solutions are due
to monoglyme in tt and ttg conformations
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Figure 9. IR spectra of crystalline G1:(LiTf),
at 295 K and monoglyme-LiTf solutions in the
800-1000 cm™' region. The concentrations of
the solutions are represented by the ether
oxygen to metal cation ratio (O:M).

respectively, and the 852 cm™ band is due to
monoglyme in tgt and tgg conformations.39-56
The band which results from the interaction of
monoglyme with LiTf occurs at 869 cm™ and
increases in intensity with increasing salt
concentration. This band has been identified with
monoglyme in a tgt conformation interacting
with Li” and possibly with one or more triflate
anions.*!’® From the analysis of this spectral
region, it is clear that in solution monoglyme in a
tet conformation interacts with Li", and in the
crystal monoglyme in a ttt conformation interacts
with Li".

4. Conclusions

Two crystalline phases of G1:(LiTf),
have been identified and characterized. In both
phases, lithium is coordinated to one ether
oxygen and three triflate oxygens, while the
triflate anion is coordinated to three lithium ions.
The crystal structure supports earlier evidence
for a three-coordinate triflate anion in solution,
i.e. [L;;Tf]". In the crystals the cation is four-
fold coordinate; due to the interaction with three
triflate oxygen atoms, a lithium ion can only
interact with one of the monoglyme oxygen
atoms. Crystal packing effects then result in each
monoglyme coordinating two lithium ions.
The conformation of the monoglyme in the
crystals is  trans-trans-trans, and this
conformation is different than previously
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reported  conformations of  monoglyme
coordinated to cations. To our knowledge, this is
the only experimental structure that shows a ttt
conformation of monoglyme interacting with Li~
in a solid phase. The two structures are different
in their relative positions of the monoglyme and
triflate anions within the unit cell.

The factor group correlation method is
used to describe the dynamical coupling of the
vibrations of the triflate anions in the unit cell.
The number and symmetry of triflate bands in
the 8,(CF;) and v,(SO;) regions correspond well
to those predicted by the symmetry analysis. The
structural differences between the two structures
result in small frequency shifts in the 8,(CF;) and
vs(SO;) modes. The spectral comparison of the
GI1:(LiTf), crystal phase to monoglyme-LiTf
solutions shows that the predominant triflate
anion environment and the monoglyme
conformation present in solution are very
different than the triflate anion environment and
the monoglyme conformation present in the
crystalline phase. In solution, the conformation
of monoglyme is tgt rather than ttt, and the
predominant ionic species in solution are the
contact ion pair and [Li-Tf]” aggregate.
However, the Li~ coordination: environments and
monoglyme conformations present in these
crystalline phases and in solution may also exist
in PEO-salt systems, particularly in the
amorphous phase where a multiplicity of
conformations and ionic environments has been
measured.
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Crystalline phases of poly(ethylene oxide) oligomers and sodium triflate:
changes in coordination and conformation with chain length

Christopher P. Rhodes, Masood Khan and Roger Frech

Department of Chemistry and Biochemistry
University of Oklahoma, Norman, OK 73072

ABSTRACT: Crystalline phases of monoglyme:NaCF;SO;, diglyme:NaCF;SO; and tetraglyme:NaCF;SO;
have been characterized by DSC, x-ray diffraction and vibrational spectroscopy. The comparison of the
structures allows the investigation of the effect of the number of ethylene oxide units on local structure in
these systems. The cation environments, anion environments and givme conformations of the three
compounds are compared with each other and to the high molecular weight crystalline poly(ethylene
oxide):NaCF;SO; compound. The cation coordination number varies from 5 to 7 and consists of varying
contributions of ether and triflate oxygens. Higher coordination numbers are observed with increasing
numbers of ethylene oxide units. Similar conformational sequences are observed in the structures. The
comparison of the vibrational spectra of the compounds reveal differences in the v,(SO;) and 8.(CF5)
modes related to the different potential energy environments of the triflate anion in the compounds.
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1. Introduction

Research on polymer electrolytes
continues to be of significant interest due to
potential applications in rechargeable batteries
and other electrochemical devices.!-> Polymer
electrolytes offer the possibility of an all solid
state battery and provide improved safety over
liquid electrolytes. The mechanism of ionic
transport in polymer electrolyte systems is not
well understood. Studies have shown that in
polymer electrolytes with flexible backbones
ionic transport is highly coupled to relaxation
processes of the polymer backbone.6-7 A number
of results also suggest that in some systems the
anion plays a role in the transport of cations,
either through correlated motion of cations and
anions or via transport of cation-anion
clusters.5-8-10  Understanding the relationship
between ionic transport and local structures is
essential to improving the transport properties of
these materials.

Systems based on poly(ethylene oxide),
PEO, with dissolved alkali metal salts have
received considerable attention as polymer
electrolytes. For a number of PEO-salt systems,
multiple phases are present depending on the
temperature and salt concentration, and phase
diagrams have been previously reported.!!-14
The relative amounts of the phases depend on the
molecular weight of the polymer,!® sample
preparation method,!6 thermal history!? and
time.!® Crystalline polymer-salt compounds exist
for numerous different PEO-salt systems.!?
Studies have shown that for a number of PEO-
based electrolytes where crystalline and
amorphous phases coexist, the ionic conductivity
occurs primarily in the amorphous phase.20-22
However, a recent study reported a higher ionic
conductivity for a crystalline phase compared to
an amorphous phase of the same system.23 For
polymer-salt systems, the higher conductivity of
a crystalline phase compared to an amorphous
phase underscores the importance of examining
the structure and transport properties of
crystalline phases. Crystalline polymer-salt
compounds have provided significant insight
into the local structure of polymer electrolytes,
particularly the nature of cation-polymer and
cation-anion interactions.2%25  Polymer-salt
compounds are useful models of the amorphous
phase, and a number of studies have shown that
local structures occurring in the crystalline phase
persist in the amorphous phase.26-28

We are interested in the effect of chain
length on structure and transport properties and

Heatng

Tetragiyme-NaTf

Trigiyme-NaTf

Exotherm ~»

Heat Flow (arbitrary units)

Diglyme-NaTf

Monoglyme-NaTf

|

hg L
-100 -50 0 50 100

Temperature(°C)

© A

-50

Figure 1. Difterential scanning calorimetry
thermograms of specimens of monogivme:NaTt.
diglyme:NaTf. triglvme:NaTf. and
tetraglyme:NaTf showing the presence of’
crystaliine phases and their phase transition
temperatures for the cooling and heating
segments.

have used systems of salts dissolved in low
molecular weight oligomers to examine structure
in polymer electrolytes. For PEO, the low
molecular weight analogs are glycol dimethoxy
ethers (abbreviated as glymes) with the general
formula CH;(OCH,CH.,),OCH; where generally
n<6. Here we consider glvmes with n=1-4 which
are well below the chain entanglement limit of
M,=3200 (n=22) reported for pure PEO.?
Systems of glymes with dissolved salts serve as
useful models of structure and dynamics of PEO-
salt systems.29-36 In addition, a number of
polymer electrolytes with ethylene oxide units in
side chains or present as a copolymer have been
developed;37-39 glyme-salt systems are also
useful to model structure and dynamics in these
polymer electrolytes. Systems of salts with
polyphosphazenes bearing oligoethyleneoxy side
groups demonstrate that the number of ethylene
oxide units in the side groups has a definite
effect of the ionic conductivity’® and local
structure.$0

We have considered a series of
monoglyme, diglyme, triglyme and tetraglyme
hosts containing sodium triflate (NaTf) to study



Table 1. Data for crystalline phases of
monoglyme:NaTf, diglyme:NaTf, and
tetraglyme:NaTf

Monogiyme:NaTf Diglvme:NaTf  Tetraglyme
Formula CsHioF1\NaOS C:HiFi\N3O.S G Hz-FiN:
Temperanure ITBK IT3K IBK
Crystal system Monoclinic Orthorhombi M. fini
Space group Pic P2,2,2, P2uc
a SBTBYOGIA B.o2S (A 15.3093¢12
b 17.3362(1 ) A 10 S60(2) o Q6I8S(M
c 10.8042(12)A 14.637(4)A 12.6945(13
a 90.00° 90.00° 90.00¢
B 92.891(8) ° 90.00° 107.54%(7)
v 90 00° 90.00° 90.60°
Unit cell voiume 1100.3()A" 1353.1¢6)° 17823(3)8
Demsity (calculated)  1.583 Mg'm® 1.526 My'm® 1470 Mgt
Ta (peak, DSC) 109°C sC 9C
RI 00513 0.0764 00372

the dependence of local structure on the number
of ethylene oxide units in the oligomer. Here we
report a series of crystalline phases of glyme-
NaTf systems. We have previously reported a
crystalline phase for diglyme:lithium triflate and
used the crystalline and solution phases to
provide insight into the amorphous phase of
PEO-lithium triflate.28 We have also reported
two crystalline phases of monoglyme:lithium
triflate.4!  Crystalline complexes of 1:1
tetraglyme-HgCl,%2 and 1:2 tetraglyme-CdCl,*3
have also been reported. It is of particular
interest to compare the structures of glyme-NaTf
crystalline phases to the structure of crystalline
P(EO):NaTf.

Most of the research efforts on polymer
electrolytes have focused on lithium-based
systems, however systems based on other cations
such as sodium have also received attention.#4-50
The study of a sodium sait with PEO oligomers
furthers our efforts for developing sodium-based
electrolytes.

2. Experimental

Ethylene glycol dimethyl ether (99.9%,
monoglyme), di(ethylene glycol) dimethyl ether
(99.5%, diglyme), tri(ethylene glycol) dimethyl
ether (99%, triglyme) and tetra(ethylene glycol)
dimethyl ether (99%, tetraglyme) were obtained
from Aldrich and used as received. Sodium
trifluoromethanesulfonate (97 %), also called
sodium triflate and abbreviated here as NaTf,
was obtained from Fluka and heated under
vacuum at 120°C for 48 h prior to use. The
reagents were stored and manipulated in a dry
nitrogen glovebox (VAC, < Ilppm H,0).
Solutions of monoglyme-NaTf, diglyme-NaTf,
triglyme-NaTf and tetraglyme-NaTf were
prepared by dissolving NaTf directly in the
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Table 2. Selected bond lengths (A), bond
angles (°) and torsional angles (°) for
crystalline monoglyme:NaTf.

Paramerer Value
Bond lengths

Nal-Ol 2.370(2)
Nal-02 2.382(2)
Nal-03 2313(3)
Nal-O4 2.300(3)
Nal-05 2.261(3)
Bond angles

OI-Nal-02 69.16(9)
0O3-Nal-02 159.70(10)
O4A-Nal-02 88.10(10)
0O5A-Nal-02 91.67(10)
0O3-Nal-O1 91.10(10)
0O4A-Nal-O1 121.05(11)
0O5A-Nal-Ol1 LIS.30Q11)
04A-Nal-03 98.71(10)
O35A-Nal-03 101.44(10)

O3A-Nal-04A 119.13(11)

Torsional angles
C1-01-C2-C3 178.16(0.35)
01-C2-C3-02 51.34(0.48)

C2-C3-02-C4 175.64(0.33)

liquids and stirring the solutions for 48 h at room
temperature. The concentrations of the solutions.
described by the ether oxygen:sodium cation
ratios, were 5:1, 5:1, 6:1 and 5:1 for the
monoglyme-NaTf, diglyme-NaTf, triglyme-NaTf
and  tetraglyme-NaTf  respectively. The
monoglyme-NaTf and tetragiyme-NaTf were
stored at room temperature. and the diglyme-
NaTf and triglyme-NaTf solutions were stored at
4°C to promote crystal growth. After a number
of weeks a gel-like phase appeared in the
solutions. Crystalline phases formed from the
gel-like phase after several months. Single
crystal specimens from these solutions were
isolated from the monoglyme-NaTf, diglyme-
NaTf, and tetraglvme-NaTf gel phases.

The structures were solved by direct
method using the SHELXTL system,3! and
refined by full-matrix least-squares on F* using
all reflections. All the non-hydrogen atom were
refined anisotropically and all the hydrogen
atoms were included in the refinement with
idealized parameters. The final R-factors were
R;=0.051 (monoglyme:NaTf), 0.076
(diglyme:NaTf  structure), and 0.037
(tetraglyme:NaTf). Further details are provided
in the supplemental information, Table VS.

DSC thermograms were collected on a
Mettler DSC 820 calorimeter under nitrogen



Table 3. Selected bond lengths (A),
bond angles (°) and torsional angles (°)
for crystalline diglyme:NaTf.

Parameter Falue
Bond lengths

Nal-OlA 2.369(6)
Nal-02 2.746(6)
Nal-O2A 2.739(6)
Nal-O3 2.358(6)
Nal-O4 2.264(7)
Nal-O5A 2.240(7)
Bond angles

OlA-Nal-O2A 65.86(18)
OlA-Nal-O3 85.7Q2)
OlA-Nal-04 110.4(3)
OlA-Nal-O5A 104.2(3)
02A-Nal-03 147.5(2)
02A-Nal-04 78.1(2)
02A-Nal-O5A 883(2)
03-Nal-O4 98.9(2)
03-Nal-O5A 114.8(3)
0O4-Nal-O5A 133.0(4)
O5A-Nal-02 77.7(2)
04-Nal-02 88.0(2)
0O3-Nal-02 66.21(17)
OlA-Nai-02 148.9(2)
02A-Nal-02 147.72(12)
Torsional angles

C1-01-C2-C3 -174.5(7)
01-C2-C3-02 62.6(9)
C2-C3-02-C4 172.6(6)
C3-02-C4-C5 172.9(6)
02-C4-C5-03 67.0(7)
C4-C5-03-C6 179.1(7)

purge in sealed aluminum crucibles. Solid
specimens were isolated from the
monoglyme:NaTf, diglyme:NaTf and
tetraglyme:NaTf solutions, and a gel-like

specimen was isolated from the triglyme:NaTf
solution. Samples were first cooled from 25°C to
—100°C and then heated from -100°C to 50°C
with a heating/cooling rate of 1¢ °C/min. Raman
scattering spectra were recorded on an [.S.A.
Jobin-Yvon T64000 in the triple subtractive
mode with a scan time of 16 s and 10
accumulations using a 180° geometry. The 514
nm line of an Argon laser focused through an
80x microscope lens was used for excitation. The
laser was operated at 300 mW measured at the
laser head. Local heating of the sample by the
focused beam was not observed in similar

systems.52

3. Results and Discussion
3.1 Thermal analysis

DSC thermograms of monoglyme-
NaTf, diglyme-NaTf, triglyme-NaTf and
tetraglyme-NaTf samples are presented in Fig. 1.
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Table 4. Selected bond lengths (A).
bond angles (°) and torsional angies (°)
for crystalline tetraglyme:NaTf.

Parameter {‘alue

Bond lengths

Nail-Ol 2.502(2)
Nal-02 2.456(2)
Nal-O3 2.452(2)
Nal-O4 2.533(2)
Nal-O35 2.433Q2)
Nal-O6A 2.403(2)
Nal-O8 2.367(2)
Bond angles

08-Nal-06A 169.94(6)
08-Nal-05 84.17(3)
06A-Nal-035 87.571(
08-Nai-03 98.49(6)
0O6A-Nal-O3 83.19(3)
05-Nal-03 134.26(3)
0O8-Nal-02 91.33(5)
O6A-Nal-02 98.48(6)
0O3-Nal-02 157.65(6)
03-Nal-02 68.03(3
O8-Nal-O1 98.68(6)
06A-Nai-Ol 87.04(3)
035-Nal-Ol 90.04(3)
03-Nal-Ol 133.75(3)
02-Nal-Ol 68.96(3)
0O8-Nal-04 83.75(%)
0O6A-Nal-O4 87.81(3)
0O5-Nal-O4 67.84(5)
0O3-Nal-O4 67.13(5)
02-Nal-O4 133.53(3)
Ol-Nal-O4 157.48(5)
Torsional angles

Cl1-01-C2-C3 90.65(0.23)
01-C2-C3-02 61.70(0.24)
C2-C3-02-C4 -178.60(0.18)
C3-02-C4-C5 173.09(0.18)
02-C4-C5-03 -63.66(0.24)
C4-C5-03-C6 -176.97(0.18)
C5-03-C6-C7 -175.75(0.17)
03-C6-C7-04 65.66(0.21)
C6-C7-04-C8 -171.32(0.16)
C7-04-C8-C9 178.39(0.16)
04-C8-C9-03 -64.43(0.20)
C8-C9-035-Cl10 171.64(0.17)

The thermograms were taken in two segments:
(a) a cooling segment from 25°C to -100°C. and
(b) a heating segment from -100°C to 150°C. For
the monoglyme:NaTf sample, the cooling
segment showed no thermal events, and the
heating segment showed the presence of an
endotherm with an peak temperature of 109°C,
which corresponds to the enthalpy of melting of
the monoglyme:NaTf crystalline phase. For the
diglyme:NaTf sample, the cooling segment
shows an exotherm with a peak temperature of —-
89°C, and the heating segment has two
endotherms with peak temperatures of -84°C
and 52°C. The endotherm at 52°C is due to the



Figure 2. Packing diag m for crystalline
phase of monoglyme:NaTf. Hydrogen atoms
are not shown in the diagram.

enthalpy of melting of the diglyme:NaTf
crystalline phase. The origin of the exotherm at —
89°C and the endotherm at -84°C is uncertain.
The transition temperature does not coincide
with the crystallization temperature for pure
diglyme, —68°C.53 The transition is apparently
reversible and may be due to a structural phase
transition of  diglyme:NaTf. For the
triglyme:NaTf sample, the cooling segment
shows three exotherms with peak temperatures
of 14°C, -30°C, and -59°C, and the heating
segment shows three endotherms with peak
temperatures of —44°C, -22°C and 23°C. The
endotherm at —45°C and the exotherm at -59°C
correspond to the melting and crystallization
respectively of pure triglyme, -45°C,33 which
indicates that the sample contained uncomplexed
triglyme in addition to ‘a complex of
triglyme:NaTf. The endotherms at —22°C and
23°C and the corresponding exotherms at -30°C
and 14°C indicate the presence of two crystalline
phases of triglyme:NaTf. The triglyme:NaTf
sample was a gel at room temperature, in
contrast to the other glyme-salt samples which
were solids at room temperature. The
temperature of the exotherm at 23°C explains the
gel-like behavior observed at 25°C. We were not
able to isolate single crystals of triglyme:NaTf
adequate for a x-ray diffraction structure
solution. For the tetraglyme:NaTf sample, the
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Figure 3. Crystal structure of
monoglyme:NaTf showing tgt conformation
of monoglyme and the five-fold
coordination of sodium.

cooling segment shows an exotherm with a peak
temperature of —46°C, and the heating segment
shows the presence of two endotherms with peak
temperatures of ~30°C and 49°C. The endotherm
at —30°C and the exotherm at -46°C correspond
to the melting and crystallization respectively of
pure tetraglyme, —27°C.>4 and the presence of
these features indicates the presence of a small
amount of pure tetraglyme in the sample. The
endotherm at 49°C is auributed to enthalpy of

melting for the crystalline phase of
tetraglyme:NaTf. The meiting temperatures of
the monoglyme:NaTf, diglyme:NaTf and

tetraglyme:NaTf compounds are presented in
Table 1.

3.2 X-ray structures

Monoglyme:NaTf. Crystal data for the
monoglyme:NaTf crystal is presented in Table 1.
The empirical formula consists of one
monoglyme and one sodium triflate, which
represents an ether oxygen to cation ratio of 2:1.
Selected bond length, bond angles and torsional
angles are presented in Table 2. A packing
diagram for crystalline monoglyme:NaTf
showing the formation of chains along the a axis
is presented in Fig. 2. A representation of the
structure presented in Fig. 3 shows the cation
coordination and monoglyme conformation.
Each Na atom is bonded to five O atoms
consisting of two oxygens from a single
monoglyme and three oxygens from different
triflate anions. The coordination geometry can be
described as distorted trigonal bipyramid with
the extent of the distortion judged from bond



- d A~ 8 [l 0 Figure 5. Crystal structure of diglvme:NaTf

@ n®, t,"—I

0 20 showing the tgttgt conformation of
. . . 1l monoglyme and the six-fold coordination of
Figure 4. Packing diagram for crystalline sodium.

phase of diglyme:NaTf. Hydrogen atoms are
not shown in the diagram.

Na atoms. There is some local disorder in the
triflate ion as indicated by large thermal motion

angles such as O3-Nal-02 = 159.7(1)° (ideal of the F atoms. The conformation of diglyme in
value = 180.0°). Within the structure, each the structure is described by the torsional angle
triflate anion is coordinated to three Na ions with sequence tgttgt.

each oxygen of the triflate coordinated to a Na TZtragb’me:NaZ'f Data

atom in a monodentate fashion. The tetraglyme:NaTf is presented in Table 1. The
conformation of monoglyme can be described by empirical formula consists of one tetraglyme and
the values of the torsional angles for C-O-C-C, one NaTf which represents an ether oxygen to
0-C-C-O, C-C-O-C bond sequences where metal cation ratio of 5:1. A packing diagram of
gauche (60° = 60°) is abbreviated by g, trans the structure presented in Fig. 6 shows that the
(180° = 60°) is abbreviated by t and gauche molecules forms chains along the c-axis. Another
minus (270° + 60°) is abbreviated by g’. In the representation of the structure showing the cation

monoglyme:NaTf structure, the conformation of
the monoglyme is trans-gauche-trans (tgt).

coordination and the tetraglvme conformation is
presented in Fig. 7. In the structure. each Na

Diglyme:NaTf. Crystal data for the atom is bonded to seven O atoms consisting of

diglyme:NaTf structure is presented in Table I.
The empirical formula consists of one diglyme
and one NaTf which represents an ether oxygen

to metal cation ratio of 3:1. Selected bond distorted pentagonal bipyramid with the extent of
lengths, bond angles and torsional angles are the distortion judged from bond angles such as
presented in Table 3. A packing cell diagram of O6A-Nal-O8 = 169.9.2(2)° (ideal value
the structure is presented in Fig. 4 which shows 180.0°) and O5-Nal-O4 = 67.84(5) ° or O2-Nal-
that the molecules of diglyme:NaTf form chains Ol = 68.96(2) ° (ideal values = 72.0°). In the
along the crystallographic a-axis. Another crystal structure, each triflate anion i
representation of the structure is presented in coordinated to two Na atoms. The conformation
Fig. 5 which shows the cation coordination and of tetraglyme in the structure is described by the
the diglyme conformation. Each Na atom is 6- torsional angle sequence tgttg’ttgttg’g’. This
coordinate consisting of four ether oxygens, two conformation results in the tetraglyme molecule
oxygens from two different diglyme molecules, wrapping around the Na atom in a manner
and two triflate oxygens from different triflate similar to crown ethers.

anions. Each triflate anion is coordinated to two
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five ether oxygens from a single tetraglyme and
two oxygens from different triflate anions. The
coordination geometry can be described as



Figure 6. Packing diagram for crystalline phase
of tetraglyme:NaTf. Hydrogen atoms are not
shown in the diagram.

3.3 Comparison of the crystal structures

The cation coordination numbers in the
monoglyme:NaTf, diglyme:NaTTf, and
tetraglyme:NaTf structures are five, six and
seven respectively. The trend in this series is an
increasing cation coordination number with an
increasing number of ethylene oxide units in the
glyme. The cation is coordinated by ether
oxygens from the glymes and triflate oxygens,
and each of the structures have different relative
contributions of ether oxygens and triflate
oxygens. The number of ether oxygen atoms
available for coordination increases from
monoglyme to tetraglyme. The Na cation shows
preference in coordinating the ether oxygen
atoms over the triflate oxygen atoms. As a result,
the number of coordinated ether oxygen atoms
increases proportionately with the increasing size
of the glyme molecule. Results of the three
crystal structures along with P(EO):NaTf are
summarized in Table 5. The Na coordination
number is six in both diglyme:NaTf and
P(EO):NaTf. However, in P(EO):NaTf the Na
cation coordinates four triflate oxygen atoms
compared to two triflate oxygen atoms in the
diglyme:NaTf structure. Presumably the
difference is due to the fact that the continuous
PEO chain can not be wrapped around the Na
cation in an energetically favorable mode.
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Figure 7. Crystal structure of
tetraglyme:NaTf showing the tgttg'ttgtig's’
conformation of monoglyme and the seven-
fold coordination of sodium.

The overall conformation of a glyme
can be described by the conformations of the
sequence of ethylene oxide units. In turn the
conformation of an individual ethylene oxide
unit is given by the three dihedral angles C-O-C-
C, 0O-C-C-O, and C-C-O-C. For example.
diglyme has two ethyvlene oxide units, and the
conformation is then tgt-tgt where each ethylene
oxide unit has a tgt conformation. The four
ethylene oxide units in tetraglyme exhibit a more
complicated sequence - of ethylene oxide
conformations, i.e. tgt-tg t-tat-tg’g’.  The
conformation of monoglyme is just tgt. The
values of the O-C-C-O torsional angles in all of
the structures are gauche or gauche-minus, and
the angles vary in absolute value from
51.34(0.48)° to 67.0(7)°. We note that ethylene
oxide conformation tgt or tg't is present for all
the sequences of ethylene oxide units with the
exception of one unit in tetraglyme:NaTf where
the conformation is tg’'g’. In P(EO):NaTf the
polymer conformation is tggtg’g” for the portion
of PEO chain spanning a unit cell. It would
appear that as the chain length increases. packing
requirements impose a gauche-minus
conformation on the terminal C-O bond in the
ethylene oxide sequence of tetraglyme. The
packing requirements are more severe in the
P(EO):NaTf crystal and two C-C-O-C bonds
assume a gauche or gauche-minus conformation.



Table 5. Comparison of cation environment, anion environment, and conformation for crystalline
phases of monoglyme:NaTf , diglyme:NaTf{, tetraglyme:NaTf and poly(ethylene oxide):NaTf
(abbreviated as P(EO):NaTf). *The parameters for P(EO):NaTf were obtained from the reported crystal

structure.5!
Cation Anion . .
s . Conformation
environment environment 7
Total Na~ Ether Trflate No. of Torsional
coordination | oxygens | oxvgens cations sequence
Monogyme:NaTf 35 2 3 3 [£2:4
Diglyme:NaTt 6 4 2 2 ottt
Tetraglyme: NaTt 7 5 2 2 | tetg'ugng's’
P(EO):NaTt* 6 2 4 4 Pootge'y

3.4 Vibrational spectra

The comparison of the vibrational
spectra of these compounds provides an
opportunity to further our understanding of the
correlation between band frequencies and local
structure in these systems. The frequencies of the
84(CF;) and v¢(SO;) modes of the triflate anion
have been shown to be sensitive to their local
potential energy environments and in particular
to the number of cations that are coordinated to
the anion.53-37 The frequencies of these modes
have been used to infer local structures present in
amorphous phases of polymer

i Monoglyme:NaTf

Diglyme:NaTf

Scattering intensity (arbitrary units)

Tetraglyme:NaTf

i

1060 1040 1020

Wavenumbers (cm-!)

1080

Figure 8. Raman spectra of crystalline
monoglyme:NaTf, diglyme:NaTf and
tetraglyme:NaTf in the v,(SOs) region.
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electrolytes 55.57.58.26-28 Studying the
frequencies of these modes in crystalline phases
where the structure is known will facilitate better
analysis of local potential energy environments
in phases whose structures are not known.

Raman spectra of monoglyme:NaTf,
diglyme:NaTf, and tetraglyme:NaTf in the
v,(SO;) region are presented in Fig. 8. and band
frequencies are summarized in Table 6. All the
spectra show a single band in this region due to
the v,(SO;) vibration of the triflate anion. The
band frequencies are 1056 cm™. 1045 cm™ and
1045 cm™ for monoglvme:NaTf. digivme:NaTf
and tetragivme:NaTf  respectively. The
diglvme:NaTf sample has an additional weak
band at 1025 cm™ which is atributed to a
diglyme mode.¥9-60 The frequency of the v(SO;)
mode in monoglyme:NaTf. 1056 cm’, is the
same as the frequency of the v,(SO;) mode in
P(EO):NaTf, 1056 cm™ .52 In these two structures
the triflate is highly coordinated to sodium ions
relative to the diglyme:NaTf and
tetraglyme:NaTf crystals.In monoglyme:NaTf.
each triflate is coordinated to three Na atoms.
and in P(EO):NaTf each triflate anion is
coordinated to four Na atoms. In diglyme:NaTf
and tetraglyme:NaTf, each triflate anion is
coordinated to two Na atoms. The frequencies
follow a general trend established in the PEO-
LiTf system: higher degrees of triflate
coordination by cations leads to higher triflate
ion mode frequencies.

The Raman spectra of
monoglyme:NaTf, diglyme:NaTf, and
tetraglyme:NaTf compounds in the &,(CF;)
region are presented in Fig. 9, and band
frequencies are summarized in Table 6. The
frequencies for the bands are 767 cm™, 762 cm™
and 756 cm® for  monoglyme:NaTf,
diglyme:NaTTf, and tetraglyme:NaTf
respectively. The frequency of the §,(CF;) mode
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Figure 9. Raman spectra of crystalline
monoglyme:NaTf, diglyme:NaTf and
tetraglyme:NaTf in the 8,(CFs) region.

in monoglyme:NaTf, 767 cm™, is similar to the
frequency of 5,(CF;) mode in P(EO):NaTf, 771
cm™.52  An interesting observation is the
relatively low frequency of the §,(CF;) mode at
756 cm in the tetraglyme:NaTf compound. This
value is similar to that expected for a triflate
anion coordinated to one cation.3? In the
diglyme:NaTf and tetraglyme:NaTf compounds
the triflate anions are coordinated to two sodium
anions. Although the frequencies of the v,(SOs)
modes in both compounds are the same, 1045
cm™, the frequencies of the §(CF;) modes are
different: 762 cm™ for diglyme:NaTf and 756
cm™ for tetraglyme:NaTf. The average distance
of the triflate oxygen atoms to the sodium cation
is 2.25(6) A and 2.38(33) A for crystalline
diglyme:NaTf and tetraglyme:NaTf respectively.
This difference might account for the difference
in the 3,(CF;) frequencies, but does not explain
the observation that the v,(SO;) frequencies are
the same in the two compounds.

4. Conclusions

We have shown crystalline phases of
NaTf and PEO oligomers with different numbers
of ethylene oxide units exhibit very different
cation and anion environments. For example, the
coordination number of sodium in these glyme
systems ranges from 5 to 7, with an increasing
number of ether oxygens participating in the first
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Table 6. Frequencies of bands in th §,(CF;) and
v5(8O;) regions from Raman spectra of
monoglyme:NaTf, diglyme:NaTf,
tetraglyme:NaTf and P(EO):NaTf. *The band
frequencies of P(EO):NaTf were obtained from a
previous publication and are presented for

comparison.52

&(CFy).cm™ 1.(SO;).cm™
Monoglyme:NaTt 767 1056
Diglyme:NaTf 762 1045
Tetraglyme: NaTf 756 1033
P(EO):NaTf* 771 1056

coordination sphere as the oligomer chain length
increases. We wish to reiterate that the crystals in
these glyme-salt systems are a structural
compromise resulting from ion-ion interactions.
ion- chain heteroatom interactions, and packing
constraints from the organic chains. Although
the bond distances and valence bond angles of
the chain are somewhat inflexible although not
rigid, the low barriers to rotation permit a wide
range of dihedral angles. thus allowing the
chains to assume a variety of conformations in
order to achieve a thermodynamically stable
structue. As noted earlier, the tgt sequence(s) of
the monoglyme: (and diglyme) NaTf system are
modified in the longer chain tetraglyme:NaTf
system to include a terminal tg'g’ conformation.
The spectral data for the v(SO;) and
8,(CF;) modes provides some insight into the
factors governing the frequency values of the
triflate ion in the various structures. It has been
long recognized that these frequencies increase
with increasing numbers of cations coordinated
to the triflate oxygen atoms. This trend is also
generally observed in this study. However there
are some very interesting deviations which are
especially apparent in a comparison of frequency
data  between the  diglyme:NaTf and
tetraglyme:NaTf crystals. Because the triflate
anion interacts with two sodium cations in both
structures, the relatively low frequency of the
8s(CF;) mode in tetragiyme:NaTf suggests that
other factors are important. As noted earlier, the
distance between the cation and the triflate
oxygen atoms may also play a role. However
this can be only a partial explanation, given the
observation that the frequencies of the v(SO;)
modes in these two structures are identical
within experimental error. These data argue that



the degree of intermolecular mode coupling can
also play an important role, given that the degree
of mode coupling differs for different vibrations
of the triflate anion.

This family of glyme-salt crystals opens
a number of exciting opportunities to address
fundamental issues of ionic transport. In
particular, it would be especially intriguing to
measure the ionic conductivity along particular
crystallographic axes, correlating the presumed
differences with the precise structural data
available from the solved crystal structures.
Further, we expect that the formation of
crystalline phases is general behavior for these
systems, and therefore it is worthwhile to search
for crystalline phases in pentaglyme, hexaglyme
and higher chain lengths complexed with sodium
triflate. In addition, there may be muitiple
crystalline phases for a single glyme:salt
composition as is the case in
monoglyme:(LiTf),,'' and there may exist
different crystalline phases for different
glyme:salt compositions.

The crystalline phases of this study
suggest local structures which may be present in
glyme-salt solutions and additionally provide
insight into coordination environments present in
PEO-based polymer electrolytes.  These
structures  provide insight into  cation
coordination environments which include both
ether oxygens and triflate oxygens and may
further our understanding of the role of the anion
in the ionic transport. These types of
coordination environments may exist as part of
an ionic transport mechanism.
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