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ABSTRACT
Solid state materials that exhibit high ion transport properties are of interest from both
academic as well as applied points of ¥iew. Polymer electrolytes are materials of high
technological perspective in* several|: electrochemical applications. However,
lithium-based polymer electrolytes exhibit several disadvantages that affect the
commercialization of such cell; one major drawback is the low ionic conductivity of
the electrolyte at ambient temperature. Although great efforts to enhance ionic
conductivity have been made over the last 20 years, levels of ionic conductivity are
persistently limited to a ceiling of around 10* S cm™ at room temperature, which is
insufficient for many lithium battery applications. In the face of such barriers in
science, we must direct our attention to the fundamental research of polymer
electrolytes, such as the complicated interaction mechanisms within the polymer
electrolytes. In this study, therefore, we focused on investigating the effect of
miscibility behavior and interaction mechanisms on ionic conductivity of polymer-salt
complexes by means of differential scanning calorimetry (DSC), Fourier transform
infrared (FTIR), solid-state 'Li NMR, and alternating current (ac) impedance. The

experimental work in this dissertation was divided into three sections as follows:
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(a)

(b)

(c)

The addition of poly(e-caprolactone) (PCL) into poly(ethylene oxide)
(PEO)-based electrolytes tends to suppress the crystallization of PEO due to the
strong interaction between PEO and PCL, thus resulting in the increase of ionic
conductivity for LiClO4/PEO/PCL ternary blend systems-based polymer
electrolytes.

According to the above research, we subsequently synthesized
monomethoxypoly(ethylene glycol)-block-poly(e-caprolactone) (MPEG-b-PCL)
block copolymers and studied the miscibility behavior based on polymer
electrolytes consisting of LiClO4 and MPEG-PCL. It is reasonable to us to expect
that MPEG-PCL may be more miscible than the PEO/PCL binary blend.

In the third part, we discussed the interaction mechanisms within the polymer
electrolytes composed of JLEiClOs and “poly(vinyl pyrrolidone-co-methyl
methacrylate) (PVP-co-PMMA) random.copolymers. The incorporation of MMA
moiety tends to play an inert diluent role-to reduce the self-association of PVP
molecules. The more ‘fraction of* dissolved “free” ClO4 of
LiClO4/PVP-co-PMMA blends can be detected than that of LiClO4+/PVP.
Therefore, this factor is responsible for the observed increase in ionic

conductivity of LiCl1O4/PVP-co-PMMA blend.
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CHAPTER 1

Introduction

Rechargeable Li-ion cells are key components of the portable, entertainment,
computing and telecommunication equipment required by today’s information-rich,
mobile society. Despite the impressive growth in sales of batteries worldwide, the
science underlying battery technology is often criticized for its slow advancement. A
battery is composed of several electrochemical cells that are connected in series and
in parallel to provide the required voltage and capacity, respectively. Each cell
consists of a positive and a negative electrode separated by an electrolyte solution
containing dissociated salts, which enable ion transfer between the two electrodes.
Once these electrodes are connected' externally, the chemical reactions proceed in
tandem at both electrodes, thereby liberating electrons and enabling the current to be
tapped by the user. The amount of electrical energy, expressed either per unit of
weight (W h kg) or per unit of Volume (W h I'}), that a battery is able to deliver is a
both of which are linked directly to the chemistry of the system. Among the various
existing technologies (Figure 1-1), Li-based batteries, because of their high energy
density and design flexibility, currently outperform other systems, accounting for 63
% of worldwide sales values in portable batteries. This explains why they receive
most attention at both fundamental and applied levels.

Solid electrolytes comprise a widely varied set of materials in which the ionic
conductivity o is far higher than that of typical ionic solids such as NaCl. The
conductivity of typical solid electrolytes lies in the range (10°<o <107 S cm™)
characteristic of dilute aqueous ionic solutions. Solid electrolytes include refractory
covalent solids such as S-alumina [(Na,O)x « 11ALOs] [1,2], soft ionic crystals such

as Agl [3-5], glasses such as Ag,GeSes, and among the most recently discovered and



investigated species, polymer-salt complexes.

Within the past 3 decades, the area of electroactive polymers has become one of
the most challenging and fruitful realms of polymer science. Both electronically
conductive polymers and polymeric electrolytes have been prepared and studied in a
large number of laboratories, and a good deal of both synthetic and mechanistic
knowledge about these new polymer materials bas been gained. While these species
share some of the properties of more usual conductive systems such as metals,
semiconductors, and ionic solutions, the polymeric structure provides a new set of
conditions, so that a number of new features appear in the electrical response.
Generally ionic conduction is associated with liquids, either solvents with high
dielectric constants or molten salts. However, solids that can function as electrolytes
also known as solid ionic conductors, fast ion €onductors or solid electrolytes are
exciting because of their wide ranging applications such as gas sensors [6,7],
electrochemical display devices [8;9];-hightemperature heating elements [10],
intercalation electrodes [11], powert seurces-[12], fuel cells [13], solid state high
energy density batteries [6,14] and so on.

In general, desirable battery properties are: energy content per unit volume and
weight, discharge and charge characteristics at different rates and temperature,
internal resistance, Ah and Wh efficiency, charge retention, life and mechanical
stability. If not all most of these properties depend on the electrolytes that a battery is
made up of. The choice of electrolyte for rechargeable batteries is governed by the
following characteristics: (1) the electrolyte has to have negligent electronic
conductivity (to prevent short circuiting) and favorable ionic conductivity, (2) the
electrolyte should have a uni ion conduction, otherwise a concentration polarization in
the cell may result, (3) the electrolyte must be electrochemically stable at least in the

working potential range of the battery, (4) the electrolyte apart from being thermally
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stable should be compatible with other cell components. A recent review summarizes
the progress in ceramic solid electrolytes in general and Li" conducting solid
electrolyte in particular. Table 1-1 categorizes the classes of solid electrolytes that
have been extensively investigated. The classification is subjective; a number of
intermediate situations occur and still other solid electrolytes do not fit into any of
these categories.

According to Figure 1-2, the electrolyte serves as a medium to transport the ions
involved in the charging/discharging cycle of the cell. In addition, a separator has to
isolate the anode from the cathode electronically. While ceramic or polymeric
separators have to be placed between the electrodes when liquid electrolytes are used,
both functions, ion conduction and separation, can be realized in a single thin

membrane when polymer electrolytes are used.

1-1 CONCEPT OF SOLID POLYMER ELECTROLYTES

Polymers that function as solid electrolytés (SPEs) are a subclass by themselves
and are known as polymer electrolytes [15,16]. Besides the advantage of flexibility,
polymers can also be cast into thin films and since thin films while minimizing the
resistance of the electrolyte also reduces the volume and the weight, use of polymer
electrolytes can increase the energy stored per unit weight and volume. In view of
these attractive features, there has been considerable focus in recent years on the
development of both inorganic and organic polymers as electrolytes for ion transport.
In spite of the attractive features of conventional solid electrolytes in various
applications, one of the main difficulties in their use in all solid state batteries is the
loss of contact between electrodes and electrolyte during the charge-discharge-charge
cycles of the battery. This is primary as a result of dimensional changes occurring at

the electrodes during the charging or discharging mode. With conventional liquid

3



electrolytes such dimensional changes in the electrodes do not pose a problem, but
with solid electrolytes, this leads to a loss of interfacial contact between the electrode
and the electrolyte. In order to overcome this difficulty, batteries have to be operated
at high temperatures so that the electrodes are molten. Alternatively the solid
electrolyte should be a material that is flexible and therefore can deform with the
electrodes to suit the dimensional changes that occur so that interfacial contact is
maintained throughout the operation of the battery.

After Wright’s discovery [17] of ionic conductivity in alkali metal salt
complexes of poly(ethylene oxide) (PEO) in 1973, polymer electrolytes were
proposed for batteries in 1978 because they combine the advantages of solid state
electrochemistry with the ease of processing inherent to plastic materials [18].
Polymer electrolytes are solid solutions of alkali.metal salts in polymers (not to be
mixed up with polyelectrolytesyin.which either the eation or the anion is covalently
fixed to the polymer repeat unit). Since that-time, the number of contributions to the
field of SPEs has grown enormously;. refleeting progress in the understanding of
molecular and supramolecular architecture, which is prerequisite for fast ion transport
in polymers [19].

Oligoethers seem to be a prerequisite for good solubility of alkali salts, since
most of the polymer electrolytes contain these moieties as constitutive units either in
their main or side chains. This is not surprising, since linear oligo(ethylene oxide)s
form complexes with cations, and the cyclic oligomers (crown ethers) are well known
for their excellent metal-complexing capabilities [20]. In order to facilitate, moreover,
the dissociation of inorganic salts in polymer hosts, the lattice energy of the salt
should be low and dielectric constant (&) of the host polymer should be high.
Consequently, the ionic conductivities of amorphous mixtures of Li salts with

poly(propylene oxide) (PPO) are considerable smaller compared to equivalent
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mixtures with PEO because PPO has a lower ¢ and its methyl groups hinder the
complexation of Li". The ionic conductivity o can be roughly expressed by the

following equation:

0=Zni2[ﬂi (1-1)

where n;, z;, and 4 are the effective number of mobile ions, the elementary electric
charge, and the ion mobility, respectively. Since the fraction of “free” ions that can be
effectively transported is an important parameter, a high degree of dissociation of the
salt in the polymer is a prerequisite for high conductivity. The degree of dissociation
of the salts dissolved in the polymer host depends, however, on the total concentration
of salt in the matrix. Generally, the degree of dissociation decreases with increasing
salt concentration. As a consequence, the fraction of “free” ions has a maximumat an
optimal salt concentration, which in many cases is. located around Li/O = 0.04 (the
molar ratio of lithium salt over “oxygen (of ethylene oxide units)). Furthermore,
another requirement is a high Li* transferencé number, i.e., a high ratio of the charge
transported. The influence of the ion-ion ‘and ion-polymer interactions on the ion
transport in SPEs has been an important subject of research in recent years [19,21].

While in polymer electrolytes both the cations and anions may contribute to the
ion conductivity, polyelectrolytes with the anions fixed to the polymer chain are
“single-ion” conductors in which only the cations are mobile. Several kinds of Li"
single-ion conducting polymers have been proposed, but the conductivities of such
systems turned out to be only about 1 % that of ordinary SPEs. This is mainly
attributed to the insufficient dissociation of Li" in such materials [22]. To date, no
single-ion conducting polymers that possess sufficient conductivities to be useful in
Li batteries are known.

Molecular dynamics simulations, as shown in Figure 1-3, suggest that the Li"



ions are complexed to PEO through approximately five ether oxygens of a PEO chain,
and that the mobility of the cations is decreased considerably by this complexation
[23]. Consequently, the mobility of the Li" cations is related to the motions of the
complexing segmental motion of the PEO matrix.

In conclusion, the polymer electrolyte is the key element in the SPE lithium
battery’s originality and specificity, and it constitutes a new approach to building a
better storage battery. SPE makes it possible to manufacture all-solid-state cells
without the difficulties generally associated with the use of rigid or liquid electrolytes.
On the other hand, a large surface-to-thickness ratio is easily achieved with plastic
materials. This compensates for the limited ion mobility. It has been shown that, in
principle, SPEs can yield a power capability equivalent to that of molten-salt batteries
if appropriate overall cell thickness'and surface are selected. Such characteristics open
the door to the production of large,“power rolls” from which a variety of different cell
sizes or shapes can be produced. Moreover, the polymer electrolyte plays three
important roles in the SPE battery. Firstly, it is‘a lithium carrier that can be made very
thin to improve the energy density. It is also a mechanical interelectrode separator,
which eliminates the need for an inert porous separator. Finally, it is a binder and
adhesive that ensures good mechanical and electrical contact, especially in the

composite-cathode electrode but also with lithium electrode and current collectors.

1-2 GENERAL FEATURES FOR APOLYMER ELECTROLYTE
Since the polymer and the metal salt involved are both solid materials, the
preparation of a polymer salt complex is achieved by the dissolution of the two
materials in a common solvent such as acetonitrile, methanol or tetrahydrofuran (THF)
followed by a slow removal of the solvent in vacuum. This results in either the bulk

polymer-salt complex or a thin film depending upon the method of preparation. It is
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essential to ensure that no traces of moisture are present and hence the operations are
carried out by means of glove box methods. The polymer electrolytes with which we
are principally concerned are complexes of alkali metal salts, denoted MX, with
polymer hosts. Both the precursor salt and the neat polymer are solids, so that the
complex-forming reaction [15]

mMX +(-RY -), = (MX),, ®(-RY -), (1-2)
where (—-RY-) denotes the polymer repeat unit, is a solid/solid reaction. As with most
other reactions of this type, the kinetics of (1-2) are unfavorable, even when the
complex is stable. Although other schemes for accelerating (1-2) have been employed,
including intimate grinding/mechanical mixing [24], by far the most common method
has been to dissolve or suspend both the MX salt and the host polymer in a common
solvent and then to remove the solvent, producing'the solvent-free polymer electrolyte
in either bulk or thin-film form [25]. Care: must be taken to purify the starting
materials and to exclude water. Acetonitrile-and.methanol have been the solvents most
commonly used. If the polymer-metal. salt.complex is partly crystalline, both the
morphology and the transport properties of the electrolyte material produced may
vary with choice of solvent.

Clearly, reaction (1-2) will be thermodynamically favorable (AG® negative) only
if the Gibbs energy of salvation of the salt by the polymer is large enough to
overcome the lattice energy of the salt. In general, one then expects a close
relationship between the ability to form homogeneous complexes and the ability to
monomer to dissolve the salt. Work by the Grenoble and Evanston groups has shown
that for a given polymer host a fairly sharp demarcation line may be established
between salts that can and cannot form complexes; the latter simply have too large
lattice energies (compare Table 1-2). In addition to the very important lattice energy

considerations, a number of other criteria that determine the possibility of forming
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complexes have been described. As a result, three parameters are important for the
control of salt/neutral molecule interactions: (a) electron pair donicity (DN), (b)
acceptor number (AN) and (c¢) an entropy term. The DN term measures the ability of
the solvent to donate electrons to solvate the cation, considered as a Lewis acid. Thus,
the polymer which should function as a host in the polymer electrolyte should possess
donor sites such as oxygen, sulfur or nitrogen either in the backbone or in a group
attached in the form of a side chain to the polymer. Similarly, the AN term describes
the possibility for anion (base) solvation. PEO, a polyether, which are quite strong
donors and the donicity of PEO should be close to 20, similar to 1,2-dimethoxy ethane
(DN,22; AN, 10.2) or even THF (DN, 20; AN, 8), as seen in Table 1-3 [26]. Ethers are,
however, very poor acceptors, as they lack hydrogen bonding for anion salvation.
Thus, PEO can effectively solvate:cations possessing counter anions that are bulky
delocalized anions such as I',=ClO4, BF4 .or CF380; which require little or no
salvation. Moreover, the third term”(entropy) has been related to the spatial
disposition of the solvating unit and it-has been shown that ethylene oxy (CH,CH,0)
containing polymers such as PEO have the most favorable spatial orientation of the
solvating units [27]. While small ions such as Li” which can be strongly solvated, lead
to formation of polymer salt complexes even up to LiCl (lattice energy 853 kJ mol™)
other larger cations, such as Na', K", require bulky counter anions such as I, SCN™ or
CF;SOs” in order to be solvated by PEO [28].

Besides, it has also been recognized that the polymer should possess a low
cohesive energy and a high flexibility in order to effectively solvate the ions. The
former is characterized by lack of intermolecular interactions such as hydrogen
bonding while the latter feature is indicated by a low glass transition temperature (7).
Although polymers like polyamides contain oxygen and nitrogen atoms as donor sites

in their backbone, these polymers are quite unsuitable as polymer hosts in polymer
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electrolytes because of the presence of extensive intermolecular hydrogen bonding.
Metal complexation with these polymers would cause the disruption of this
energetically favorable situation. The second factor, i.e. the high torsional flexibility
of the polymer, is indicated by a low T, and is crucial for ion transport. Thus, large
segmental motions of the polymer (either the backbone or the side chain) which is
possible above its 7, can result in fast ion movement.

As a result, we can conclude as the following [28-32]: (1) A high concentration
of polar (basic) groups on the polymer chain is needed to solvate the salt effectively.
(2) The cohesive energy of the polymer cannot be too high, and its flexibility, as
indicated by a low glass transition temperature, should be quite high, so that
reorientation of the local coordination geometry, to achieve effective salvation, may
be achieved.

In view of the above requirements, the polymers that have been studied as
polymer electrolytes are either oXygen; hitrogen; or/sulfur atoms-containing materials.
The heteroatoms are either part of the-backbene of the polymer or are present in the
side chain attachments. Some important polymers include ethers in poly(ethylene
oxide) and poly(propylene oxide) and polysiloxanes, carbonyl groups in poly(vinyl
pyrrolidone) or poly(ethylene succinate), hydroxyls in poly(vinyl alcohol) nitrogen
atoms in poly(ethylene imine) and sulfur atoms in poly(alkylene sulfides).
Consequently, Table 1-4 [33-40] summaries the ionic conductivity data for polymer
electrolytes containing linear polymers. In general, Lewis base character on the
complexing host species is required to coordinate the cation of the salt and thus

provide a favorable Gibbs energy of polymer-salt interaction [41].

1-3 CURRENT STATE OF PEO-BASED ELECTROLYTES

The first suggestion for the use of a poly(ethylene oxide) (PEO)-based
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electrolyte have come in 1978 [42]. PEO-based complexes are thus the first

solvent-free polymer electrolytes to have been reported and have received the

extensive attention, especially after their generality was established [29,33].

PEO is obtained from the ring-opening polymerization of ethylene oxide. PEO
is a linear polymer and the regularity of the unit allows a high degree of crystallinity
involving ca. 70-85 % of the polymer. Pristine PEO adopts a helical configuration
with sever monomer units and a thread of 1.93 nm per unit quadratic cell [43], as
shown in Figure 1-4. The melting point (71,) of the crystalline phase is ca. 65 °C while
the glass transition temperature (7) of the amorphous is -60 °C. The dipole-dipole
interactions are probably responsible for the higher value of 7, compared with
polyethylene (PE, 7, = -100°C), since the energy barrier for rotation of the C-O bond
(6.3 kJ) is lower than that of the C2C bond (12.6 kJ). However, the dielectric constant
is still quite low (ca. 5), and -this. strongly anfluences the behavior of PEO-based
electrolytes.

PEO-based electrolytes have presented the salient features as follows [28,29]:
(1) The salvation properties are due to the combination of the ether oxygen donicity

and an optimal spacing of these heteroatoms along the polymer chain.

(2) Only the amorphous phase takes part in conductivity. Ion pairs and multiplets
probably exist, but both anions and cations are mobile.

(3) The electrochemical characteristics of PEO meet those expected for the concept of
thin film electrochemistry, and such applications may represent a breakthrough in
reversible energy storage.

At present, PEO electrolytes have the drawback of low ionic conductivity at
room temperature, and there is a considerable research effort aimed at finding
substitutes with improved properties. As a result, Table 1-5 lists the chemical structure

of the common PEO-derivative materials for solid polymer electrolytes [44-49]. Most
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likely, new polymers will incorporate short PEO segments, as the solvating properties,
stability and simple chemistry of ethylene oxide derivatives is unchallenged. An
example is that of poly(bis(methoxyethoxyethoxy)phosphazene) [50] whose
conductivity is close to 5 x 10° S cm™ at 25 °C. In all cases, research in the field will
benefit from the understanding of PEO-salt complex behavior. In addition, owing to
the readily available of PEO, solid electrolytes can now be made very simply in any

laboratory.

1-4 GEL TYPE POLYMER ELECTROLYTES

A variety of dimensionally stable solid electrolytes consisting of a mixture of
organic plasticizer (summarized in Table 1-6), such as ethylene carbonate (EC) and
propylene carbonate (PC), along with structurally stable polymers such as
poly(acrylonitrile) (PAN), poly(vinyl sulfone) (PVS), poly(vinyl pyrrolidone) (PVP)
and poly(vinyl chloride) (PVC)-and 'several lithium salts have been tested and found
to have excellent ionic conductivities ranging between 10 and 10° S cm™ at ambient
temperatures [51-57]. In these gel-type electrolytes the primary role of the polymers
PAN, PVS, PVP or PVC is to immobilize the lithium salt solvates of the organic
plasticizer liquids. Studying the ionic conductivity based on plasticized polymer
electrolyte systems has shown that the ion motion is decoupled from the polymer
motion and therefore salvation by the polymer host loses its importance once a
plasticizer is introduced. However, it is worth to note that there may be a level of
competition for salvation between the polymer host and plasticizing solvent, giving
some degree of polymer-ion interaction in those PAN gelled electrolytes. The main
role of small molecules in a gelled electrolyte plays to be a plasticizer for the polymer
host, improving flexibility and segmental motion in the host polymer chains and to

solvate the cation, thus reducing ion-ion interactions.
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Watanabe prepared for the first time solid electrolytes comprising PC and
LiClO,4 in PAN and reported a maximum conductivity of 2 x 10* S cm™ [51].
Abraham and Alamgir prepared Li" conductive polymer electrolytes with extremely
high ambient temperature conductivities of 4 x 10~ S cm™ [52,53]. These electrolytes
are composed of Li salts, such as LiClOg, dissolved in organic solvents EC and PC
and immobilized in a polymer network of PAN or PVP. Moreover, Matsumuto, Rutt
and Nishi described gel-type polymer electrolytes possess high ionic conductivities
(10° S ecm™) and good mechanical strength [54-57]. Another typical example for
gel-type polymer electrolyte is prepared by swelling poly(acrylontrile-co-butadiene)
(NBR) / poly(styrene-co-butadiene) (SBR) / LiClO4 latex films with an organic
solvent, y-butyrolactone (BL) [54]. The authors suggest that these gel-type polymer
electrolyte systems (NBR/SBR/LiClO4/BL) possess dual ion conductive channels, one
which is the fused NBR-latex phase and the other is:-the LiClO4 phase present at the
interface of SBR/NBR latex particles. The pure . SBR phase is non polar and therefore
is not impregnated and merely provides mechanical support. Table 1-7 summarizes

the conductivity data for some of gel-type polymer electrolytes.

1-5 RESEARCH MOTIVATION

Polymer electrolytes have attracted considerable attention due mainly to the
possibility of their application in various electrochemical devices such as rechargeable
lithium batteries. According to the above-mentioned introduction to polymer
electrolytes, there remains intense interest in developing solid polymer electrolytes,
free from low molecular weight plasticizer and with a sufficiently high ionic
conductivity for application in all-solid-state rechargeable lithium batteries. For such
applications, conductivities above the present maximum of 10*S cm™ are required.

Gel-type electrolytes, in which a liquid electrolyte is entrapped in a polymer matrix,
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possess levels of ionic conductivity that are sufficient for application in lithium
batteries. These materials will lead to the first commercialization of polymer batteries.
Nevertheless, such electrolytes did not get rid of the problems, which are many of
disadvantages associated with liquid electrolytes still retained in the gel.

Great progress has been made over the last 30 years in increasing the level of
ionic conductivity exhibited by polymer electrolytes. However, despite innovative
designs of flexible polymers and the addition of inorganic materials to form polymer
composite capable of suppressing crystallinity, levels of ionic conductivity are
persistently limited to a ceiling of around 10 S cm™ at room temperature. Such a
level is insufficient for many lithium battery applications.

When such barriers are reached in science, it is time to change the way we think.
Our version is that we must direct’our attention to.the phase behavior and interaction
mechanism of polymer electrolytes. It 'is.-of wvital importance to optimize the
performance of the ionic conductivity through-understanding of the fundamentals of
ionic interaction mechanism and<phase behavior in full detail within polymer
electrolytes.

Poly(ethylene oxide) (PEO)-based polymer electrolytes are still among the most
extensively studied polymer ionic conductor owing to their structures are beneficial
for facilitating fast ion transport. Unfortunately, a high content of a crystalline phase
limits the conductivity of PEO-based electrolytes. It is an important challenge to
develop practical methods for preparing the SPEs for that have higher conductivity
and dimensional stability. In this regard, the preparation of polymer electrolytes by
blending them with other appropriate polymers is of interest. Polymer blend is a quick
and economical alternative method for obtaining materials that have optimized
properties and for the easy control of their physical properties by compositional

change. Therefore, the introduce of poly(g-caprolactone) (PCL) into PEO-based

13



polymer electrolytes tends to suppress the crystallization of PEO and results in higher
ionic conductivity. In Chapter 3, we employed differential scanning calorimetry
(DSC), Fourier transform infrared (FTIR), solid-state 'Li NMR, and alternating
current (ac) impedance to investigate the miscibility and related conductivity
behaviors of this LiClO4/PEO/PCL ternary blend system. Subsequently, we synthesize
monomethoxypoly(ethylene glycol)-block-poly(e-caprolactone) (MPEG-PCL) block
copolymers and blend them with LiClO4 salt to study the influences that the
miscibility behavior and interaction mechanisms have on the variation of ionic
conductivity, which was discussed in Chapter 4.

Finally, since poly(vinyl pyrrolidone) (PVP) and poly(methyl methacrylate)
(PMMA) both possess their own advantages to act as polymer electrolyte, we are
interested in studying the polymer electrolyte meorporating lithium perchlorate with
PVP and PMMA. However, PVR/PMMA blends tend to be immiscible, therefore,
PVP-co-PMMA random copolymer was.syathesized by free radical polymerization. It
seemed reasonable to us to expect that the gel-type polymer electrolyte based on
PVP-co-PMMA may not only sustain the mechanical properties of PMMA-based gel
polymer electrolyte but also increase the dissolubility of the lithium salt due to the
strong withdrawing group within PVP molecules. As a result, Chapter 5 investigated
the interaction behavior and related conductivity of all-solid-state polymer electrolyte

based on LiClO4+/PVP-co-PMMA blend systems.
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Table 1-1. Classes of Solid Electrolytes

ceramic framework materials soft framework materials polymers®
crystalline species glasses crystalline species glasses partly crystalline amorphous
LiAlISiOq4 LiAISiOy (glass) Agl AgCl/Agl/CsCl
f-alumina [(Na,O)x + 11A1,05] AgrGeSepi AgHgly LiSCN « PEO LiSCN-MEEP
Pbl, NaCF3S03 - PEI
Na,SO4 NaCF3S03 « PPO

“ PEO = poly(ethylene oxide), PEI = poly(ehylenimine), MEEP = poly(bis(methoxyethoxyethoxy)phosphazene), and PPO = poly(propylene

oxide).
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Table 1-2. Salts That Form Complex Polymeric Electrolytes with PEO*

Li" Na" K" Rb" Cs"

F no no no no no
1036 923 821 785 740

Ccr yes no no no no
853 786 715 689 659

Br yes yes no no no
807 747 682 660 631

I yes yes yes yes yes
757 704 644 630 604

SCN” yes yes yes yes yes
807 682 619 616 568

CF;S05 yes yes yes yes yes
725 650 605 585 550

“ The numbers reported are the lattice energies of the salts (in kJ/mol). “Yes” indicates
polymer-salt complex formation and “no” indicates the lack of complex formation.
The stair-step line indicates the division between complex formation and separate
phases.

Table 1-3. The Important Parameter for Salt Solubilities

common solvents DN AN
Acetonitrile 14.1 18.9
Propylene carbonate 15.5 18.3
Methanol 19.1 41.5
1,2-Dimethoxyethane (glyme) 22.0 10.2
Tetrahydrofuran (THF) 20.0 8.0
Water 16.4 54.8
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Table 1-4. Conductivity Data for Polymer Electrolytes Containing Linear Polymers
[33-40]

O/Li maximum reference
polymers metal salts  ratio  conductivity, S cm™
1. poly(propylene oxide) LiBr, Lil 91 ~10° [33,34]
TH3 NaB(CgHs)4 ~10°
*+CH—CH2 o+* LiCF3S0; 2.2 % 107 (312)°
NaCF;S0; ~10°

2. poly(S-propiolactone) LiClOy 20/1 3.5%x10° [35]
1 -y

[ CHy—CHy—C—0—-
3. poly(ethylene succinate) LiClO4 33/1 ~ 107 (363) [36,37]

LiBF, 12/1  3.4x10°(288.2)

| \

L 04€c1{2 5© T_o

( CH%C *
Al 1,
0
4. poly(ethylene adipate) LiCF3S03 16/1 ~10° [38]
I I

*+CH2_CHZ_C%CHH47C+*
5. poly(ethylene imine) NaCF;S0; 6/1° ~107 [39]
*+CH2—CH2—NH%*
6. poly(alkylene sulphide) AgNO;3 4/1¢ 9 x 107 (318) [40]

[y ]

“ The number in the bracket indicates the measured temperature in Kevin unit. © O/Na

ratio. © O/Ag ratio.
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Table 1-5. Chemical Structures of Common PEO-derivative Materials for Solid
Polymer Electrolytes [44-49]
compounds molecular structure reference
1 o [44]

| 3

*%Si—O%CHﬁHZO%*
| *n
CH,

2 | [45,46
-
%CH CH o%CH
3 (|3H3 [47]
|Si—0+*
o
I
cn;o%cnzcnzo#cm
4 48
(MEEP)’ JVCH CH 04)7CH (48]

o
L e,

5 [49]

*%CHZ—CH%f*
n

>

N7 N
RO\]L\ |P|/OR
/ \N/ \

RO

RO
= AECHZCHZO%CHZCHZO—CHS

“ MEEP = poly(bis(methoxyethoxyethoxy)phosphazene)
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Table 1-6. The Properties of Common Use of Organic Solvents for Gel-type Polymer

electrolytes
Characteristic THF PC EC DMC DEC
Structure formula e 0 0 o
CH, CH, I | I Il
\CHZ_CHZ o/c\ O/C\O O/C\ /C\o
\ \ ] | | |
CH—CH CH7CH, CH, CH _CH,  CH,
CH, CH, *CH,
Boiling 65~ 67 240 248 91 126
temperature, °C
Melting -109 -49 39 ~40 4.6 -43
temperature, °C
Density, g/cm’ 0.887 1.198 1.322 1.071 0.98
Solution 2.1x107 21x10° <107 <107 <107
conductivity, S/cm
Viscosity at 25 °C, 0.48 2.5 1.86 0.59 0.75
cP (at.40 °C)
Dielectric constant 7.75 64.4 89.6 3.12 2.82
at 20 °C (at 40 2C)
Molecular weight 72.1 102.0 88.1 90.1 118.1

“ THF = tetrahydrofuran, PC = propylene lcarbonate, EC = ethylene carbonate, DMC
= dimethyl carbonate, DEC = diethyl carbonate:
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Table 1-7. Conductivity Data for Gel-type Polymer Electrolytes [S1-57]

gel polymers Li salt maximum conductivity, S cm™  reference
NBR/SBR/BL* LiClO, 1.2 x 107 (298)° [54]
PAN/EC’/PC¢ LiClOy4 1.7 x 107 (293) [53]
PAN/PC LiClO, 2.0 x 10 (293) [51]
EC/PC/PAN/PEGDA? LiClO, 4.0 x 10 (263); 1.2 x 107 (293)  [55]
EC/PC/PAN LiCF3SO; 4.0 x 107 (263); 1.4 x 107 (293)  [56]
EC/PC/PVP LiCF3SO; 4.0 x 107 (263); 5.0 x 10*(293)  [57]

“ BL = y-butyrolactone, ” EC = ethylene carbonate, ¢ PC = propylene carbonate, ¢
PEGDA = poly(tetra ethylene glycol diacrylate), © The number in the bracket indicates

the measured temperature in Kevin unit.
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Figure 1-1. Comparison of the .dlfferent‘ b_at'teTy technologles in terms of volumetric
and gravimetric energy density. The share of worldW1de sales for Ni-Cd, Ni-MeH and
Li-ion portable batteries is 23, 14, 63 %, respectively. The use of Pb-acid batteries is
restricted mainly to SLI (starting, lighting, ignition) in automobiles or standby

applications, whereas Ni-Cd batteries remain the most suitable technologies for
high-power applications.
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Figure 1-2. Schematic illustration of a lithium rocking chair battery with graphite and

spinel as intercalation electrodes and its electrode reactions.
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Figure 1-3. Schematic of the segmental motion assisted diffusion of Li" in the PEO

matrix. The circles represent the ether oxygen atoms of PEO.

Figure 1-4. The helical structure of PEO molecule [43].
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CHAPTER 2

Background and Theorems

2-1 BACKGROUND
2-1-1 The Development of High-Energy-Density Batteries

The significance of the SPE battery and its potential impact on the development
of high-energy-density batteries can best be grasped from an overview of past and
present systems. Representative batteries [1] that have already reached or are close to
commercial production will be discussed briefly while milestones in the development
of the related technologies are summarized in Table 2-1.

Furthermore, the development of secondary (or rechargeable) batteries has often
been intertwined with that of primary batteries: since they frequently share common
electrolytes and technologies, e.g. alkaline or organic electrolyte cells. In some cases,
it is even difficult to distinguish between a “primary” and a “rechargeable” cell. By
contrast, SPE appear especially’swell adapted to the solution of major problems
associated with the development of high-energy-density rechargeable batteries.
Consequently, most of the discussions and the comparisons with existing technologies

will refer to rechargeable systems [2].

2-1-1-1 Aqueous Systems

Ever since Volta’s initial work in 1800, water-based electrolytes have
represented the choice medium for most primary- and secondary- battery
developments. This can be explained, in part, by the large volume of knowledge
accumulated on these electrolytes and, also, by manufacturers’ greater familitarity
with aqueous electrochemistry. Nowadays, water-based electrolytes account for most

manufactured batteries and a traditional system like the starting-lighting-ignition (SLI)
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lead/acid battery is still expected to offer the best performance/cost ratio in the
foreseeable future. Aqueous batteries fall into three broad categories according to the
type of electrolyte used, namely: water containing dissolved ionic salts, acids and
alkalis. Table 2-1 lists the principal events in the evolution of primary and secondary
batteries.

(a) Neutral Electrolytes: These electrolytes, made by dissolving ionic salts in
water, are what Volta himself used in his original cell. However, the best known
battery of this category is the Liclanché (or carbon-zinc) cell, which is still in use.

(b) Acid Electrolytes: The lead/acid battery is the most famous representative of
this category and the oldest known rechargeable battery. This system, first discovered
by Planté in 1859, is still the most widely used.

(c) Alkaline Electrolyte: Twe'major applications of alkaline electrolytes, usually
KOH solutions, have been extensively developed, the alkaline manganese dioxide
primary cell and the nickel-cadmium rechargeable battery. Recently, the markets for
cylindrical primary cells have become. increasingly dominated by alkaline MnO2
batteries, whereas the small sealed nickel-cadmium battery is at present opening new
consumer-oriented markets for rechargeable batteries, mostly in portable-equipment

applications.

2-1-1-2 Alkali Metal Systems

Today’s aqueous batteries represent a mature technology, usually optimized with
respect to performance and cost, and they generally satisfy most of the markets they
have created. Other markets could be expanded or created if better batteries in terms
of stored-energy capacity, cycle life and cost were to become available. One such
market can be envisaged for the electric propulsion battery, which offers tremendous

interest from the energy and environmental standpoints. The major drawback of
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today’s aqueous rechargeable batteries, which restricts their marketability, is their low
energy density.
The energy density (Wh kg™') of a battery is directly related to the free energy

variation (AG®) of the global chemical reaction and to the weight of all chemical

reactants ( Z wt,):
(-AG®)/3600> wt, =n.F.E/36003 wr, 2-1)

Light electropositive metals such as alkaline or alkaline-earth metal are
therefore choice elements for a high-energy-density battery. Water-based electrolytes,
however, are not sufficiently stable with such reducing metals nor with many of the
highly oxidant cathode materials and, apart from a few projects to develop metal-are
of zinc-halogen batteries, most research  on-, high-energy-density batteries with
water-based systems has been fedirected towards modest improvements to existing
technologies. Consequently, early this.century, research was initiated to develop
electrolytes compatible with alkali(or alkaline-eatth) metals.

(a) Liquid Electrolytes: Liquid organic and inorganic electrolytes that are
kinetically stable in contact with alkali metals, especially lithium, have been identified.
Key events in the evolution of lithium batteries towards successful commercialization
of small primary cells are reported in Table 2-1, along with more modest
developments of the rechargeable lithium battery. An important element behind the
recent surge of interest in the rechargeable lithium battery is the identification of
ion-inserting structures operating reversibly, and at high temperature, with lithium
ions.

(b) Molten Salts: Only molten-salt electrolytes offer true thermodynamic
stability towards alkali (or alkaline earth) metals. They also enable high power

capability to be achieved because of their excellent ionic conductivity. Unfortunately,
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however, a high operating temperature, associated with thermal-management and
corrosion problems, has restricted their potential applications to relatively large
battery installations.

(c) Solid Electrolytes: For Practical reasons, combination of the ion-conduction
and mechanical-separator functions in a solid electrolyte has always been an attractive
notion but high ionic conductivity in the solid state (crystalline or amorphous) is still
difficult to achieve. So far, only a handful of materials have been identified and even
these have led to only very limited applications such as pacemakers (Figure 2-1).
Another major hurdle in the use of rigid electrolytes in batteries is the difficulty in
establishing and maintaining electrode/electrolyte contact during successive
discharge/charge cycles. An initial solution was the sodium-sulfur-type battery, in
which the ceramic (or glass) electrolyte is “ifi. contact with liquid (or molten)
electrolytes, as well as the wusual problems associated with a high operating
temperature, have limited the development.of.this high-energy-density rechargeable
battery. The use of SPEs with alkali-ion reversible electrodes was proposed as a
means of taking advantage of the best of both worlds: a reliable “solid” electrolyte
separator and electrolyte deformability and flexibility, in order to maintain the
electrode/electrolyte contact and accommodate volume variations of the electrodes

during cell cycling.

2-1-2 Historical Developments in Li-battery Research

As seen above, the SPE lithium battery is a direct outcome of research and
reflections on solid ionic conductors. It combines the wuse of thin-film
lithium-ion-conducting polymer electrolytes with lithium-ion reversible electrodes.
The schematic in Figure 2-1 illustrates the main differences between the SPE

lithium-rechargeable battery and existing aqueous systems. The concept, proposed by
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Armand [3], involves an all-solid rechargeable generator made of two
lithium-reversible electrodes, one acting as a source of lithium ions during discharge,
the other as a corresponding sink, the two being separated by a thin-film polymer
electrolyte acting as a lithium cation carrier.

The motivation for using a battery technology based on Li metal as anode relied
initially on the fact that Li is the most electropositive (-3.04 V versus standard
hydrogen electrode) as well as the lightest (equivalent weight M = 6.94 g mol™, and
specific gravity p=0.53 g cm™) metal, thus facilitating, the design of storage systems
with high energy density. The advantage in using Li metal was first demonstrated in
the 1970s with the assembly of primary (for example, non-rechargeable) Li cells [4,5].
Owing to their high capacity and variable discharge rate, they rapidly found
applications as power sources for:watches, calculators or for implantable medical
devices. Over the same period,~numerous inorganic compounds were shown to react
with alkali metals in a reversible way. The.discovery of such materials, which were
later identified as intercalation Compounds; was crucial in the development of
high-energy rechargeable Li systems. Like most innovations, development of the
technology resulted from several contributions. By 1972, the concept of
electrochemical intercalation and its potential use were clearly defined [6,7], although
the information was not widely disseminated, being reported only in conference
proceedings. Before this time, solid-state chemists had been accumulating structural
data on the inorganic layered chalcogenides [8,9], and merging between the two
communities was immediate and fruitful.

In 1972, Exxon [10,11] embarked on a large project using TiS; as the positive
electrode, Li metal as the negative electrode and lithium perchlorate (LiClO4) in
dioxolane as the electrolyte. TiS2 was the best intercalation compound available at the

time, having a very favorable layered-type structure. As the results were published in
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readily available literature, this work convinced a wider audience. But in spite of the
impeccable operation of the positive electrode, the system was not viable. It soon
encountered the shortcomings of a Li-metal/liquid electrolyte combination-uneven
(dendritic) Li growth as the metal was replaced during each subsequent
discharge-recharge cycle (Figure 2-2 a), which led to explosion hazards. Substituting
Li metal for an alloy with Al solved the dendrite problem [12] but, as discussed later,
alloy electrodes survived only a limited number of cycles owing to extreme changes
in volume during operation. In the meantime, significant advances in intercalation
materials had occurred with the realization at Bell Labs that oxide, besides their early
interest for the heavier chalcogenides [13,14], were giving higher capacities and
voltages. Moreover, the previously held belief that only low-dimensional materials
could give sufficient ion diffusion disappearedtas a framework structure (V¢Oi3)
proved to function perfectly [15]. Later, Goodenough:[16,17], with LiyMO, (where M
is Co, Ni, or Mn), would propose the:families-of compounds that are still used almost
exclusively in today’s batteries.

To circumvent the safety issues surrounding the use of Li metal several
alternative approaches were pursued in which either the electrolyte or the negative
electrode was modified. The first approach [18] involved substituting metallic Li for a
second insertion material (Figure 2-2 b). The concept was first demonstrated in the
laboratory by Murphy et al. [19] and then by Scrosati et al. [20] and led, at the end of
the 1980s and early 1990s, to the so-called Li-ion or rocking-chair technology. The
principle of rocking-chair batteries had been used previously in Ni-MeH batteries
[21,22]. Because of the presence of Li in its ionic rather that metallic state, Li-ion
cells solve the dendrite problem and are, in principle, inherently safer than Li-metal
cells. To compensate for the increase in potential of the negative electrode,

high-potential insertion compounds are needed for the positive electrode, and
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emphasis shifted from the layered-type transition-metal disulfides to layered- or
three-dimensional-type transition-metal oxides [16]. Metal oxides are more oxidizing
than disulfides (for example, they have a higher insertion potential) owing to the more
pronounced ionic character of “M-O” bonds compared with “M-S” bonds.
Nevertheless, it took almost ten years to implement the Li-ion concept. Delays were
attribyted to the lack of suitable materials for the negative electrode (either Li alloys
or insertion compounds) and the failure of electrolytes to meet — besides safety
measures — the costs and performance requirements for a battery technology to
succeed. Finally, capitalizing on earlier findings [23,24], the discovery of the highly
reversible, low-voltage Li intercalation-deintercalation process in carbonaceous
material [25] (providing that carefully selected electrolytes are sued), led to the
creation of the C/LiCoO; rocking-chair cell commercialized by Sony Corporation [26]
in June 1991. This type of Li-ion cell, having.a potential exceeding 3.6 V (three times
that of alkaline systems) and gravimetric-energy-densities as high as 120-150 W h kg™
(two to three times those of usual Ni-Cd batteries), is found in most of today’s
high-performance portable electronic devices.

The second approach [27] involved replacing the liquid electrolyte by a dry
polymer electrolyte (Figure 2-3 a), leading to the so-called Li solid polymer
electrolyte (Li-SPE) batteries. But this technology is restricted to large systems
(electric traction of backup power) and not to portable devices, as it requires
temperatures up to 80 °C. Shortly after this, several groups tried to develop a Li
hybrid polymer electrolyte (Li-HPE) battery [28,29], hoping to benefit from the
advantages of polymer electrolyte technology with out the hazards associated with the
use of Li metal. ‘Hybrid’ meant that the electrolyte included three components: a
polymer matrix, as shown in Figure 2-3 b, swollen with liquid solvent and a salt.

Companies such as Valence and Danionics were involved in developing these
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polymer batteries, but HPE systems never materialized at the industrial scale because
Li-metal dendrites were still a safety issue.

With the aim of combining the recent commercial success enjoyed by liquid
Li-ion batteries with the manufacturing advantages presented by the polymer
technology, Bellcore researchers introduced polymeric electrolytes in a liquid Li-ion
system [30]. They developed the first reliable and practical rechargeable Li-ion HPE
battery, called plastic Li ion (PLiON), which differs considerably from the usual coin-,
cylindrical-, or prismatic-type cell configurations (Figure 2-4). Such a thin-film
battery technology, which offers shape versatility, flexibility and lightness, has been
developed commercially since 1999, and has many potential advantages in the
continuing trend towards electronic miniaturization. Finally, the ‘next generation’ of
bonded liquid-electrolyte Li-ion cells, derived frem the plastic Li-ion concept, are
beginning to enter the market-place. Confusingly called Li-ion polymer batteries,
these new cells use a gel-coated, mictoperous, poly-olefin separator bonded to the
electrodes (also gel-laden), rather ‘than.the P(VdF-HFP)-based membrane (that is, a
copolymer of vinylidene difluoride with hexafluoropropylene) used in the plastic
Li-ion cells.

Having retarded almost 30 years of scientific venture leading to the development
of the rechargeable Li-ion battery, we now describe some of the significant issues and
opportunities provided by the field by high lighting the various areas in need of

technological advances.

2-1-3 Present Status and Remaining Challenges
Whatever the considered battery technology, measures of its performance (for
example, cell potential, capacity or energy density) are related to the intrinsic property

of the materials that form the positive and negative electrodes. The cycle-life and
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lifetime are dependent on the nature of the interfaces between the electrodes and
electrolyte, whereas safety is a function of the stability of the electrode materials and
interfaces. Compared with mature batteries technologies, such as lead-acid or Ni-Cd,
rechargeable Li-based battery technologies are still in their infancy, leaving much
hope for important over the next decade. Such improvements should arise from
changes in battery chemistry and cell engineering. Advances in active chemistry are
left to the solid-state chemists’ creativity and innovation in the design and elaboration
of new intercalation electrodes. At the same time, they must bear in mind that it is
impossible to predict the demands that might be placed on tomorrow’s portable
devices, which in turn places different requirements on the active material chemistry.
For instance, with respect to the lower operating voltages of emerging electronics,
much debate has focused on whether we should develop a low-voltage active
chemistry or rely entirely on electronics and persist in searching for high-voltage
active  Li  chemistry.  Finding . the-—best-performing combination of
electrode-electrolyte-electrode can ‘be.achieved” only through the selective use of
exciting and new materials as negative and positive electrodes, and of the right
electrolyte combination, so as to minimize adverse reactions associated with the
electrode-electrolyte interface, the critical phase of any electrochemical system.

As a result, the choice of the positive electrode depends on whether we are
dealing with rechargeable Li-metal or Li-ion batteries [31] (Figure 2-5). For
rechargeable Li batteries, owing to the use of metallic Li as the negative electrode, the
positive electrode does not need to be lithiated before cell assembly. In contrast, for
Li-ion batteries, because the carbon negative electrode is empty (no Li), the positive
one must act as a source of Li, thus, requiring use of air-stable Li-based intercalation
compounds to facilitate the cell assembly. Although rechargeable Li-SPE cells mainly

use Li-free V,0s or its derivatives as the positive electrode, LiCoO, is most widely
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used in commercial Li-ion batteries, deintercalating and intercalating Li around 4 V.

2-2 THEOREMS
2-2-1 Ion-Molecule Interactions

The solubility of a salt in a particular solvent is determined by the energy and
entropy changes associated with the transfer of its constituent ions from the crystal
lattice to their equilibrium positions in solution [32]. Form the point of view of energy,
salts will dissolve only if the lattice energy is compensated by exothermic ion-solvent
interactions. The entropy of salvation is determined largely by specific short-range
ion-solvent forces, which cause a net ordering of the solvent molecules by the ions,
except in the case of highly structured solvents such as water. The terms which must
be considered in order to evaluate the thermoedynamic parameters of electrolyte
salvation include:

(a) energy of cavity formation within.the-solvent host;

(b) sort-range specific interactions.between the ions and the solvent molecules
or solvating groups within their immediate neighborhood, for example hydrogen
bonding, coordinating bond formation, etc.; and

(c) long-range electrostatic forces.

In the polymer electrolytes so far reported, the “solvent” is a macromolecular
array of Lewis bases of low polarity. These are commonly based on the oxygen atoms
of a polyether or a polyester, or on the nitrogen atoms of a polyaziridene. Only two
types of force are considered to contribute significantly to ion salvation in such
systems: (1) general electrostatic interaction of which the principal components are
ion-dipole, ion-quadrupole and dipole-dipole forces, and (2) non-electrostatic
interactions which, in addition to van der Waal’s dispersion forces, may include

energy associated with the formation of strained conformations in the polymer
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backbone caused by main chain rotations required to accommodate the coordinating
groups around the ions.

In protic media, hydrogen bonding plays an important role in specific anion
salvation in addition to being responsible for long-range solvent structural effects. In
dipolar aprotic solvents such as the low molecular weight ethers there is considerable
evidence to indicate that specific anion salvation is effectively absent. Thus even for
small anions, conductance experiments show that anion mobility is a simple inverse
function of crystal radius [33]. Differences in the general salvation energies of anions
do, however, occur as the dielectric constant of the solvent is varied. Most anions are
destabilized on passing from polar (and especially protic) solvents to less polar media,
and this destabilization is directly related to the charge density and basicity of the ion
[34]:

CH,COO™ >Cl” >Br sIm=SCN >ClO; = CF,SO; > BF, (2-2)

It may be concluded that the most suitable-anions for polymer electrolytes based on
dipolar aprotic repeat units will be large, “soft” 1ons such as BF4" or ClO4". Such ions
have low ion-dipole stabilization energies, but the ion-solvent interactions due to
mutual polarizability are relatively large.

The term which undoubtedly dominates the energetics of solvation in polymer
electrolytes is that arising from the solvation of the cation. The latter can occur by
simple electrostatic interaction between the positive charge on the ion and the
negative end of the solvent dipole, or by a partial sharing of a lone pair of electrons
leading to the formation of a coordinate bond. For low molecular weight ethers,
spectroscopic evidence shows poor correlation of solvent effects with dielectric
constant, thus implying that specific cation solvation via Lewis acid-base interactions

is important [35].
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A more general point may be made concerning the entropy of solvation in
polymer media: the loss of translational entropy will normally be much smaller than
in low molecular weight solvents (especially if the ion is solvated by neighboring
coordination sites on the same chain). Therefore, the entropy of solvation will be
positive, and of similar magnitude for most salts. Differential solubility of salts is thus
largely controlled by (a) the lattice energy of the salt, and (b) the solvation energy of

the cations.

2-2-2 Measurement of lon Transport
In the characterization of the electrical properties of a solid electrolyte the most
basic and useful information is the total conductivity and the fraction of this
conductivity that is attributable to €ach charge cartier. In the electrolyte materials with
which we are now dealing, eonductivity occurs by the migration of ions. The
measurement of ionic conductivity, or-ien transport as it is often called, is nontrivial,
because of resistance to ion flow atthe electrode-clectrolyte interface. In general, it is
much more difficult to establish a low-resistance interface for ion flow than for
electron flow [36,37]. It is adequate, thus, to note that the measurements are often
made with the electrolyte sandwiched between a pair of electrochemically inert
electrodes (Figure 2-6); a sinusoidal potential is applied and magnitude (4) and phase
shift (@) of the current (/) are measured. Thus the sinusoidal dependence of the current
with time () is given by
I = A4 sin (ot + @) (2-3)
This measurement is repeated at a series of frequencies which typically may
range as low as 10 Hz to as high as 10 MHz. From these data it is possible to extract
the conductivity and dielectric constant of the bulk electrolyte sample. Information on

the resistance to interfacial charge transport also can be determined. This analysis
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follows along lines originally proposed by Cole and Cole [36] and developed in detail
by Macdonald [37,38]. The raw data referred to above can be used to express the ac
current vector (/¥*) in terms of real (/”) and imaginary (/) parts:

F=14j0", j=+-1 (2-4)
and a similar expression applies to the ac potential:

E*=E'+jE" (2-5)
The ac impedance, Z* = E */1 *, also can be expressed as a real and imaginary part:

Z¥=7'+j7" (2-6)
In a Cole-Cole plot, Figure 2-7 [39] presents that, now commonly referred to as an
impedance spectrum, the real part of the impedance (Z’) is plotted against the
imaginary part (Z”) for data collected, at a series of frequencies. In favorable cases
various features of the impedance spéctrum, can. be interpreted in terms of the
response of the bulk polymer whereas other features arise from the
electrode-electrolyte interface. The bulk resistance of the electrolyte (Ry) is one of the
quantities that can be derived from such a plot. The value for the resistance of the
sample (Rp,) along with thickness of the sample and electrode area yields the
resistivity of the sample or its inverse, the conductivity. As shown in the following
equation (2-7):

c=L/AxR, (2-7)

where o is the conductivity, L is the thickness of the electrolyte film, 4 is the section
area of the stainless-steel electrode, and R}, is the bulk resistance. Table 2-2 presents
some typical values for the total ionic conductivity for a range of electrolytes, as well
as some more familiar electronic conductors, which are included to put the
electrolytes into perspective.

The identity of the charge carriers and the fraction of the current carried by each
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is a more subtle issue that is still not well resolved in most studies of solvent-free
polymer electrolytes. This issue was addressed by physical chemists around the turn
of the century for liquid electrolytes. They devised simple but elegant methods for the
determination of transference numbers, which are generally designated as ¢. or ¢. for
the fraction of the current carried by the cation and anion, respectively [40]. The
measurement of transference numbers, or transport numbers as they are also called, is
experimentally more difficult with the solid electrolytes than their solution
counterparts [41], but measurements of fair quality have been made and the general
picture for a variety of polymer electrolytes is that somewhat over half of the current
is carried by the anion and therefore less than half by the cation. A major issue that is
not yet well resolved is the nature of the mobile species. With monovalent ions in
dilute aqueous solution the isolated cation and afiion are the charge carriers. But the
much lower dielectric constant of'the polymert. host in the solvent-free polymer
electrolytes should be conductive to:strong-Coulombic interaction between ions. In
the salt concentration range generally.studied in polymer electrolytes, the primary
charge carriers may well be ion triplets, quintets, and so on. A recent detailed study of
ion transport in fluid solutions of short-chain poly(ethylene oxide) provides strong

evidence for the importance of ion clusters in the solid electrolytes [42].

2-2-3 Interpretation of lonic Conductivity

The temperature dependence of the conductivity of polymer electrolytes
indicates an activated process. Thus the conductivity increases with increasing
temperature, and Arrhenius behavior often provides a good representation of the data
[43], as shown in Figure 2-8. On closer inspection, changes in slope and curvature of
the log o vs 1/T plots are often observed. An abrupt change in slope can generally be

traced to a phase change in polymer-salt complex [27]. It is clear form Figure 2-9 [44]
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that higher conductivity occurs in the amorphous phase that is metastable at room
temperature. The multiphase behavior presents complications for fundamental studies
and for applications. To gain fundamental insight into the mechanisms of ionic motion
in polymer electrolytes, we consider fully homogeneous amorphous polymer-salt
complexes. These materials are in fact now of primary interest in the study of
polymeric electrolytes.

The conductivity of any material can be expressed in terms of the mobility m by

the relationship [43]:

o= Zuinizl. (2-8)

Where o, w;, n;, and z; are respectively conductivity, the mobility of the i species, the
concentration of carriers of the i species, and the charge of the i species. The polymer
electrolytes contain no significant conjugation within the polymer backbone, and the
salts on which they are based have negligible electronic conductivities. Thus one
might suspect, and indeed several experimental measurements have shown [45], that
electrons or electron holes do not contribute to the summation in eq (2-8). Both
cations and anions do, however, contribute and as discussed above, important
questions concerning the relative mobility (transference numbers) of the cationic and
anionic carriers remain. Once again, this represents a complication in the simple
interpretation of the temperature dependence of conductivity.

Experimentally, one observes fairly straigntforward behavior of the temperature
dependence of the conductivity in homogeneous electrolytes. The straight or curved
lines observed when the conductivity is plotted in Arrhenius coordinates (Figure 2-8)
can be fit, respectively, to the Arrhenius and VTF (Vogel-Tamann-Fulcher) [46]

forms:

oT = o, exp(- E, /kT) (2-9)
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oT = o, exp(— B/k(T - T,)) (2-10)
In the Arrhenius form, E4 is the usual activation energy, whereas in the VTF form, 7
is a parameter to be determined (in many cases, however, it is found that 7 is very
close to Tg, the glass transition temperature), and B is a constant, whose dimensions
are in fact energy and called the pseudo activation energy, but which is not simply
interpreted as an activation term (Ea); k is Boltzmann’s constant. The early
investigations of the groups in Grenoble [27,47-49] generally showed curved plots,
corresponding to VTF type behavior. Consequently, Cheradame and co-workers
[48-52] discussed these plots in terms of the chain segment mobility of the polymer
host material. They used the relationship, very common in discussion of polymer
dynamics, of polymer chain viscosity to glass transition temperature that is

summarized in the Williams-Landel-Ferry (WLE)telationship [53]:

10g{ﬂ} =loga, = =C(-1)

o) ¢, +(f-1) 10

Where Ty is an arbitrary reference temperature; @ is called the mechanical shift factor,

and C, and C, are “universal” constants.
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Table 2-1. Principal Events in the Development of Primary and Secondary Batteries [1]
AQUEOUS BATTERIES

1800 1866 1888 1945-1955 1960 ~ present
Water Zn-Ag »| Leclanché First production of |—————» Heavy-duty C-Zn cell L Market decline
electr olytes Invention cell C-Zn cells by electrolyte and MnO2 due to
by Volta invention optimization competition
1859 1881 1935 1970-1980 1988 ~ present
Acid Lead-acid Development Development of Development of Market dominated
. —> .
Ele ctrolyt es battery discovery of Pb-Sb Pb-Ca_i alloy small sgaled b_y SLI mf)tor_
by Planté alloy grids grids batteries vehicle application
1981-1912 1947-1950 1970-1988
Primary MnO,-Zn Scientific papers First production Development of
batteries describing MnO2 > for special applications large markets
Alkaline alkaline cells
Electrolytes 1899 1909 1944 1950 1985 ~ present
Rechargeable Ni-Cd battery Pocket plate Sintered plate Sealed Ni-Cd Market
Ni-Cd batteries invention development for development for battery development of
(Jungner, Edison) vented battery vented battery development small portable
production production sealed batteries
ALKALI-METAL BATTERIES
1945-1960 1960-1970 1967-1970 1973-1976 1978 ~ present
Research on liquid organic Development of primary Li-CuO production | | Li-CF,, Li-MnO, | Rapid
1912 electrolytes for Li battery for special Li-SoCl,, LiSO, commercialization market growth
Liquid Determination of Li alkali metal batteries applications research
Electrolytes ~|clectrode potential in ~ 1958 1973 1977 1978 ~ 1983 1987
organic liquid Initial research on —n Solid-state +—| Li-MoS; »| Brief production Rechargeable Industry production
solid cathodes for Li Li-insertion initial of LiAl-FeS, Li-SO2 of Li-MoS,
rechargeable batteries cathode invention studies batteries research Moli® cells
1968 1973-1988 1987
Molten-salts Rechargeable LiAl-FeS, research Research on
Li-S, Li-Se cells and engineering > low-temperature
Electrolytes with LiCl-KCl eutectic molten-salts cells
1950-1960 1960 1966 1970-1975 1978 1984 ~ present
Solid Research on First commercial Na-S, fAl20; Commercial development Li rechargeable Determination of
Ele ctrolytes crystalline halide batteries based battery of solid Li-I batteries SPE battery SPE cyclability and room
batteries on RbAg,l;s invention for pacemakers invention temperature operation
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Table 2-2. Typical Conductivities”

material conductivity, S cm™
P(EO);,LiClO; 5.6 x10°
P(PO)yLiCF;SO; 2.2 %107
(MEEP),LiCF;S0; 1.0 x10™
RbAguls 6.0 x10™
Ge" 5.0 x107
Cu’ 5.6 x10°

“ The experimental condition is at 312 K. ” Electronic conductivity.
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Lead-acid battery

(_) Pbo e HZSOA_HZO S | PbOZ (+)

N.B. Electrolyte participation in electrode reactions.

Overall reaction: Pb + PbO, + 2H,SO, = 2PbSO, + 2H,O

Energy density (Wh/kg): 250 (theoretical), ~25-35 (practical, ~1/8).
Secondary reaction: H,O0— H, + 10,

% Efficiency (Ah and Wh): 85 and 70-75%.

Cycling characteristic (full discharges): short cycle life (300 cycles).
Operating-temperature range: —20 to 40°C (—40°C for SLI use).

Nickel-cadmium battery

| ca® ke KOH-H,0__J NiOOH | ()

N.B. Water participation in electrode reactions.

Overall reaction: Cd + 2NiOOH + 2H,0 = 2Ni(OH), + Cd(OH),
Energy density (Wh/kg): 245 (theoretical), ~35 (practical, ~1/7).
Secondary reaction: H,O— H, + 10,

% Efficiency (Ah and Wh): 70 and 60-65%.

Cycling characteristic: good cycle life (500-1000 cycles), memory effect.
Operating-temperature range: —40 to 50°C.

SPE lithium battery

()| Li* ke Li*ion carrier ———=TiSyor VO )| (+)

N.B. SPE is simply a Li* ion carrier that can be made ultra-thin.
Overall reaction: TiS, + xLi° = Li, TiS,

Energy density (Wh/kg): 480 (theoretical), ~120 (practical, ~1/4).
No secondary reaction.

% Efficiency (Ah and Wh): ~100 and 85-95%.
Cycling characteristic: full discharge capability (600 cycles).
Operating-temperature range: —10 to 130°C.

Figure 2-1. Main differences between the SPE lithium-reversible battery and exist
aqueous systems (lead-acid and nickel-cadmium batteries).
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Figure 2-2. Schematic representation and operating principles of Li batteries. (a)

Rechargeable Li-metal battery. (b) Rechargeable Li-ion battery.
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Figure 2-3. Schematic representations of polymer electrolyte networks. (a) Pure (dry) polymer consisting of entangled chains, through which
the Li ions (red points) move assisted by the motion of polymer chains. (b) A hybrid (gel) network consisting of a semicrystalline polymer,

whose amorphous regions are swollen in a liquid electrolyte, while the crystalline regions enhance the mechanical stability. (¢c) A poly-olefin

membrane in which the liquid electrolyte is held by capillaries.
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Figure 2-4. Schematic drawing showing the shape and components of various Li-ion battery configurations. (a) cylindrical; (b) coin; (c)
prismatic; and (d) thin and flat. Note that the unique flexibility of the thin and flat plastic LiIION configuration; in contrast to the other

configurations, the PLiION technology does not contain free electrolyte.
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Figure 2-5. Voltage versus capacity for positive and negative electrode materials presently used or under serious considerations for the next

generation of rechargeable Li-based cells. The output voltage values for Li-ion cells or Li-metal cells are represented.

54



Figure 2-6. Schematic of an ac impedance experiment. B = electrode, A = polymer

electrolyte, £ = imposed potential,’and / =.measured current response.

Ry
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Figure 2-7. Complex impedance spectrum (Cole-Cole plot) of D4sD»-40 complex with
[CN]:[Li'] ratio of 16:1 at 30 and 50 °C (taken from ref. 39). R, represents the bulk
resistance of the electrolyte sample.
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Figure 2-8. Arrhenius-type plots for log & versus 7" for PEO complexes of Lil and
LiSCN. The curved behavior for PEO/LiSCN fits the VTF relation of eq. (2-10). The
double Arrhenius behavior from PEO/Lil corresponds to the conduction of the

partially crystalline and elastomeric phases.
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Figure 2-9. Temperature versus conductivity plots showing thermal hysteresis effects
of o for solid polymer electrolyte based on PEO-PEOPO-PEP triblock copolymer [44]
with LiTFSI at [Li']/[O] = 0.025. The conductivities were evaluated by impedance
spectroscopy during the temperature scan: -40 — 140 — -40 — 140 °C.
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CHAPTER 3
Investigating the Effect of Miscibility on the lonic

Conductivity of LiCIO,/PEO/PCL Ternary Blends

ABSTRACT

In this paper, we demonstrate that miscibility affects the ionic conductivity of
ternary polymer blends of lithium perchlorate (LiClO,), poly(ethylene oxide) (PEO),
and poly(&-caprolactone) (PCL). Although individually these three binary blends are
fully miscible, a closed immiscibility loop exists in the ternary blend phase diagram as
a result of the complicated interactions among LiClO4, PEO, and PCL. The addition
of PCL suppresses the crystallization of PEO.and results in higher ionic conductivity.
FTIR spectroscopy studies indicate that.an-excess PCL content causes immiscibility,
which results in PCL being excluded. from-the ternary blends. Consequently, the
maximum ionic conductivity (6.3x107"Scm™') at ambient temperature of ternary
blends having a fixed LiClO4 content (25 wt%) is at a composition of 25/60/15

(LiClO4:PEO:PCL).
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3-1 INTRODUCTION

Solid polymer electrolytes (SPEs), which are complexes of solvent-free polymers
and metal salts, are prepared by dissolving salts in high-molecular-weight polar
polymer hosts. Polymer electrolytes have been studied extensively during the past two
decades because of their potential applications, which include high-energy density
batteries and fuel cells [1-5]. Ionic transport occurs in the amorphous regions of the
polymer and very often is the result of a coupling between the ions and segmental
motions of the polymer chains. Poly(ethylene oxide) (PEO)-based polymeric
electrolytes are still among the most extensively studied polymer ionic conductors
because their structures are beneficial for supporting fast ion transport. Unfortunately,
a high content of a crystalline phase limits the conductivity of PEO-based electrolytes.
Efforts to enhance the ionic comductivity of PEO based SPEs have focused on
suppressing its crystallinity by incorporating.an inorganic filler, such as clay, to form
composite polymeric electrolytes [6];-by-copolymerizing PEO with macromonomers
[7], and by blending with other pelymers. into. PEO-based electrolytes [8]. It is an
important challenge to develop practical methods for preparing the SPEs that have
higher ionic conductivity and dimensional stability. In this regard, the preparation of
polymeric electrolytes by blending them with other appropriate polymers is of interest.
Polymer blend is a quick and economical alternative method for obtaining materials
that have optimized properties and for the easy control of their physical properties by
compositional change.

PEO/PCL (poly(&-caprolactone)) blends are miscible over their entire range of
compositions [9]. The existence of strong interaction between PEO and PCL tends to
suppress the crystallinity of PEO. Furthermore, because PCL possesses low T, (-60
°C), PEO/PCL blend systems generally maintain the polymer chain mobility and

flexibility. Nevertheless, the immiscible phenomenon occurs upon the addition of
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certain compositions of lithium perchlorate (LiClO4) into a ternary LiCl1O4+/PEO/PCL
blend system, even though any pair of its components is miscible. Amorphous PEO
complexes with LiClO4 are suitable for achieving reasonably high and stable
conductivity [1,10,11]. Because the addition of PCL into an electrolyte system based
on LiClO4/PEO tends to retard or inhibit the PEO crystallization, we expected that
this ternary blend, LiClO4/PEO/PCL, would have higher ionic conductivity than
previously reported electrolyte systems based on LiClO4/PEO binary blends.

To our knowledge, there has been no previous study of the influence of the
miscibility behavior and interaction mechanism on the variation of ionic conductivity
in polymer electrolytes. In this study, we employed differential scanning calorimetry
(DSC), Fourier transform infrared (FTIR), solid-state 'Li NMR spectroscopy and
alternating current (ac) impedance to investigate the miscibility and related
conductivity behaviors of this LiClO4/PEO/PCL ternary blend system. Furthermore,
we have presented a more convenient.imethod, to suppress the crystalline phase of
PEO and obtain a higher ionic conductivity-by adding PCL in LiClO4/PEO-based

electrolyte system.
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3-2 EXPERIMENTAL
3-2-1 Materials

The poly(ethylene oxide) (PEO) with M, = 10,000 and poly(&-caprolactone)
(PCL) with M,, = 65,000 were purchased from Aldrich Co. Lithium perchlorate
(LiClO4; Aldrich) was dried in a vacuum oven at 80 °C for 24 h and stored in a
desiccator prior to use. Acetonitrile was distilled at a suitable temperature under

nitrogen atmosphere prior to use.

3-2-2 Sample Preparations

Polymer electrolytes of LiClO4/PEO/PCL in various ternary blend compositions
were prepared by solution casting. Desired amounts of PEO, PCL, and LiClO4 salt
were dissolved in dry acetonitrile,-and stirred ‘¢ontinuously for 24 h at 60 °C. The
solution was cast onto a Teflon-dish.and maintained at 50 °C for an additional 24 h to
remove the solvent, and then the dish-was_further dried under vacuum at 80 °C for 2
days. To prevent its contact with the-air and moisture, the polymer electrolyte was

transferred to a glovebox under a nitrogen atmosphere.

3-2-3 Differential Scanning Calorimetry (DSC)

Thermal analyses were performed using a DSC instrument (DuPont TA 2010).
The sample was heated from -100 to 150 °C under dry nitrogen. The glass transition
temperature (7,) was obtained as the inflection point of the heat capacity jump

recorded at a scan rate of 20 °C /min.

3-2-4 Fourier Transform Infrared Spectroscopy (FTIR)
The conventional potassium bromide (KBr) disk method was employed to

measure the infrared spectra of the blend films. All polymer films were prepared
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under a N, atmosphere. The acetonitrile solution was cast onto a KBr disk, from
which the solvent was evaporated under vacuum at 70 °C for 48 h. All IR spectra
were obtained within the range of 4000-400 cm™' using a Nicolet AVATRR 320 FTIR

Spectrometer (Nicolet Instruments, Madison, WI) operating at a resolution of 1 cm™,

3-2-5 Solid-State NMR Spectroscopy

The solid-state 'Li magic angle spinning (MAS) NMR spectra were recorded at
300 K on a Bruker DSX-400 NMR Spectrometer equipped with a 7 mm
double-resonance probe, operating at 400.13 MHz for 'H nucleus and 155.27 MHz for
"Li nucleus. Typical experimental conditions used to obtain the solid-state NMR
spectra: /2 duration, 2 us ; recycle delay, 8 s; 'H decoupling power, 65 kHz; spinning
speed, 2 kHz. A 1 M aqueous LiCl solution was.used as an external chemical shift

reference (0 ppm).

3-2-6 Conductivity Measurements

Ionic conductivity measurements with alternation current were conducted on an
AUTOLAB designed by Eco Chemie within the frequency range from 10 MHz to
10Hz. The electrolyte film was sandwiched between stainless-steel blocking
electrodes (diameter: 1 cm). The specimen thickness varied from 0.8 to 1.2 mm; the
impedance response was gauged over the range from 20 to 120 °C. The bulk
resistance was derived from the Cole-Cole plot of the complex impedance data of the
blend where the imaginary impedance is zero [12-14]. Conductivity was calculated
from the bulk resistance according to the equation

o=L/AXR,

where ¢ is the conductivity, L is the thickness of the electrolyte film, 4 is the section

area of the stainless-steel electrode, and Ry, is the bulk resistance.
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3-3 RESULTS AND DISCUSSION
3-3-1 DSC Studies

The DSC analysis is one of the most convenient methods for determining the
miscibility in polymer blends. 7s of the pure polymers used in this study, PEO and
PCL, are both ca. -60 °C. Figure 3-1 presents the conventional second-run DSC
thermograms of various LiClO4/PEO/PCL ternary blends. Each system (Figures 3-1 (a)
~ (e)) contains a fixed fraction of lithium perchlorate, but the PEO/PCL ratios vary;
either single 7, or two T,’s are identified in all blends. A single 7, strongly suggests
that these blends are fully miscible and exist as a homogeneous amorphous phase.
Meanwhile, a ternary blend with two 7,’s implies is considered immiscible or
partially miscible in the amorphous phase. In PEO/PCL binary blends, however, a
single T, or two T,’s can not be idéntified from the DSC thermograms because 7T,s of
PEO and PCL are so close. Therefore, the' miscibility between PEO and PCL can not
be determined simply based on the appearance of one or two T’s in the DSC
thermogram. Kuo et al. have reported [9];  however, that the binary blends of
PEO/PCL at various ratios are miscible in their amorphous phase. Therefore, the
phase diagram of this ternary LiClO4/PEO/PCL blend system at room temperature
based on its DSC analyses is present in Figure 3-2. A closed-loop, phase-separated
region exists in this three-component the phase diagram. This observed phenomenon
indicates that these complicated interactions, which can be grouped into LiClO4/PEO,
LiCIO4/PCL, and PEO/PCL pairs, exist in this ternary blend system and that these
interactions compete with each other. Interestingly, even though these three individual
binary blends (LiClO4/PEO, LiClO4/PCL and PEO/PCL) are all miscible in the
amorphous phase, immiscibility exists within certain compositions of the ternary
system.

Figure 3-3 displays the effect that the LiClO4 content has on the glass transition
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temperatures of (a) LiClO4/PEO and (b) LiClO4/PCL blends. In both of these systems,
the 7T,s increase upon increasing the LiClO4 content, but they tend to decrease for
concentrations of LiClO4 above 20-25 wt%. It has been suggested that the initial
increase in 7, is due to the interaction between the polymer chains and the salt
whereas the decrease is due to the repulsion between the free anions or the dilution
effect of salt aggregation [15,16]. Within the range of 10-20 wt% of LiClOg, the T,
increment of the LiClO4/PEO system is greater than that of the LiClO4/PCL system,
implying that the interaction between LiClO4 and PEO is stronger than that between
LiClO4 and PCL.

When we look at the changes in 7, (Figure 3-3) on the molar basis, though the
two T, elevation patterns look similar, the elevation maximum in LiClO4/PEO takes
place at Li/O mole ratio of 1/9.7, whereas in LiClO4/PCL it occurs at Li/ester group =
1/2.8. It is understandable because. PEO interacts stronger with lithium ions than that
of PCL. Moreover, the distance between-ether,oxygens in PEO is shorter than that
between ester groups in PCL. It has been suggested that the lithium ion is able to
coordinate with more functional groups of the polymer chain in PEO than that in PCL.
As a result, higher content of LiClO4 salt is needed to achieve maximum 7, in

LiClO4/PCL system.

3-3-2 FT-IR Spectroscopy

Figure 3-4 shows infrared spectra recorded at room temperature, displaying the
bands representing the carbonyl stretching (a) and CH, wagging (b) of a series of
PEO/PCL binary blends. As shown in Figure 3-4 (a), two carbonyl stretching bands
appear for the pure PCL at 1734 and 1724 cm’; these bands correspond to the
absorptions of the amorphous and crystalline conformations, respectively. The relative

peak area of the crystalline conformation of PCL (1724 cm™) decreases upon
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increasing the PEO content in this binary PEO/PCL blend system. Figure 3-4 (b)
shows infrared spectra of the CH, wagging vibration, in the region 1320-1380 cm™, of
the pure PEO and various PEO/PCL binary blends. The pure PEO has two bands, at
1360 and 1343 cm’, that represent its crystalline phase [17]. The crystalline
conformation of PEO is partially destroyed when the PCL content in this binary blend
is increased. As a result, we confirm that the interaction between PEO and PCL tends
to decrease the fraction of the crystalline phases of both PEO and PCL.

Figure 3-5 presents Infrared spectra recorded at room temperature, that display
the carbonyl stretching (a) and CH, wagging (b) regions of a series of ternary
LiCIO4/PEO/PCL blends containing the LiClO4 content fixed at 10 wt%. In the
carbonyl group vibration region (Figure 3-5 (a)), the spectrum of the blend
LiCIO4/PCL = 10/90 possesses a‘shoulder band. at 1700 cm'l, which reflects the
interaction between the lithium~cation and the catbonyl group of PCL. This shoulder
peak disappears upon the addition of PEOQ,-even at'a content of as low as 18 wt%,
indicating that the interaction between:Li’ cation'and PEO is much stronger than that
between Li" and PCL. The crystalline phase of PCL nearly disappears at low PCL
concentration (compositions of LiClIO4/PEO/PCL = 10/85.5/4.5 and 10/81/9; Figure
3-5 (a)). By comparing these spectra with those in Figure 3-4 (a), the fraction of the
crystalline PCL phase in this ternary blend is relatively higher than that in the binary
blend at the same PEO/PCL ratio. The addition of LiClO4 in PEO/PCL binary blend
tends to promote PCL’s phase separation and crystallization; the lithium perchlorate
prefers to coordinate with PEO rather than with PCL. The bands of crystalline PEO
still exist in the ether group vibration region displayed in Figure 3-5 (b), which
suggests that the crystalline phase of PEO is only partially destroyed because of the
relatively lower content of LiClO4 (10 wt%) in these ternary blends.

Figure 3-6 shows infrared spectra of these LiClO4/PEO/PCL ternary blends
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containing a fixed and relatively higher lithium perchlorate content (25 wt%). We
observe the same trends with respect to the appearance of the carbonyl group
vibration as appear in Figure 3-5 (a), but Figure 3-6 (b) indicates that the crystalline
PEO phase disappears totally when the PEO content is 71.25 wt% or less. This
finding implies that at a high LiClO4 content (25 wt%) in these ternary blends, LiClO4
interacts with or complexes to essentially all of the available PEO, which, thus,
retards its crystal formation.

Infrared spectra recorded an even higher LiClO4 content (40 wt%) are shown in
Figure 3-7. At compositions of 40/12/48 and 40/0/60 (Figure 3-7 (a)), the spectra of
the bands representing the carbonyl group indicate that the crystalline PCL phase is
destroyed completely while a strong shoulder peak appears at 1700 cm™, which
corresponds to the interaction between the lithium cation and the carbonyl group of
the PCL. This content of LiClOy4 (40 wt%) 1s-high enough to interact with essentially
all of the PEO, and portion of the PCL; in,the-40/12/48 blend. Further addition of the
PEO component to 24 wt% or more;-the peak at 1700 cm™ disappears completely
while the crystalline phase of PCL appears. In other words, no free PEO or free
LiClO; salt is left and available to interact with PCL and this situation results in the
PCL’s phase separation and crystallization. Figure 3-7 (b) shows that PEO is totally
amorphous at all compositions in these ternary blends containing 40 wt% LiClOs,

indicating that excess LiClO4 tends to coordinate with all of the PEO present.

3-3-37Li MAS NMR Spectroscopy

Solid-state "Li NMR spectroscopy has been used widely to study the interaction
between the lithium ions and the polymer hosts [18-20] since the strong receptivity of
the Li" ion makes it a very attractive analytical tool. Figure 3-8 (a) shows the 'Li

NMR spectra, recorded at 300 K, of ternary LiClO4/PEO/PCL blends having a LiClO4
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concentration at fixed 10 wt%. One single peak appears for all of the blends at this
low LiClO4 concentration. The peak at high field (ca. -1.1 ppm) is assigned as the
interaction between PEO and Li cation, whereas the peak at low field (ca. -0.4 ppm) is
assigned to the coordination of Li" with PCL; the latter peak appears only at a
composition of 10/0/90, i.e., where PEO is absent. This result indicates that the
lithium cation coordinates much more preferably with PEO than with PCL. This result
also demonstrates that the ability of PCL to donate its electron to Li" is significantly
poorer than that of PEO. Figure 3-8 (b) displays the 'Li MAS NMR spectra of various
LiCIO4/PEO/PCL ternary blends containing a fixed LiClO4 content of 25 wt%. Unlike
the spectra displayed in Figure 3-8 (a), there is no longer only a single peak in each
’Li NMR spectrum; a new shoulder signal is present at compositions of 25/45/30,
25/30/45, and 25/15/60. After curve fitting, a new.peak appears at ca. -1.6 ppm (Peak
II) in addition to two peaks mentioned above (Peak:I at ca. -0.4 ppm and Peak II at
ca.-1.1 ppm). Peak III has been-assigned-as-representing the ion pairs of the lithium
salt or its aggregates [19,21]. The relative intensity of Peak III increases as the PCL
content increases. Because PEO tends to interact with PCL, as a result of the strong
miscibility between PEO and PCL, there is not enough free PEO available to dissolve
the LiCl04 and, thus, the Li" ion re-coordinates with its counter ion (ClO} ) or the salt
aggregates. Upon further addition of PCL, a decrease in the relative intensity of Peak
III accompanies an increase in the relative intensity of Peak I; these observations
result from the dissolution of LiClO4 salt in PCL. As Figure 3-8 indicates, Peak III
appears only under the two conditions: (1) at a high LiClO4 salt concentration (25
wt% or higher), and (2) in the ternary blends LiClO4/PEO/PCL having a fixed LiCIO4
concentration and various compositions of PEO/PCL = 60/40, 40/60 or 20/80.
Nevertheless, Peak III does not appear in binary blends of LiClO4/PEO and

LiClO4/PCL.
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Figure 3-9 shows the 'Li MAS NMR spectra of LiClO4/PEO/PCL ternary blends
recorded at a constant PEO/PCL ratio (40/60), but with varying LiClO4 content. Peaks
I-IIT appear simultaneously when the concentration of LiClO4 is 25 wt% or higher
because the excess of LiClO4 interacts simultaneously with both PCL and PEO. The
relative intensities of Peak I and III increase as the LiClO4 content increases. This
phenomenon suggests a relative decrease in PEO content in these ternary blends such
that eventually no PEO is left and available to interact with PCL; in this situation,
PCL can interact only with the LiClOy, resulting in the increased intensity of Peak I.
Discussing Figure 3-9 on the molar basis, the salt aggregation is formed whenever
Li/O is greater than 1/4 regardless of PCL content due to stronger interaction between
Li" and PEO than that between Li" and PCL. An excess content of LiC1O, tends to
self-aggregate, which is consistent:with the DSC studies.

Three pairs of interactions-are.present in‘these ternary LiClO4/PEO/PCL blends:
between LiClO4 and PEO, LiClO4 and PCL;-and PEO and PCL. The combination of
these mutually competitive interactions. dictates the final miscibility of these ternary
blends and also the mobility of the Li" cation within the polymer chains. From the
solid-state NMR spectra, we conclude that an excess content of LiClOy4 tends to result
in aggregation and increase the mobility of the polymer chains due to the dilution

effect.

3-3-4 lonic Conductivity

Figure 3-10 presents plots of the Arrhenius ionic conductivity as a function of
temperature for LiClO4/PEO/PCL ternary blend-based electrolyte systems containing
a constant LiClO4 salt concentration (25 wt%). From DSC data, we know that the T,s
of PEO and PCL are similar (ca. -60 °C), but the ionic conductivity of LiClO4/PCL is

ca. 1-2 orders lower than that of LiClO4/PEO. In addition to the chain mobility of the
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polymer matrix, we must also consider the ability of the Li" cation to coordinate to the
polar groups present in the polymer matrix. According to the information we obtained
from the solid-state 'Li NMR spectra, the Li” cation has a much greater preference for
coordination with PEO rather than with PCL. Therefore, the LiClO4/PEO system has
a higher ionic conductivity than that of the LiClO4/PCL system. Figure 3-10 indicates,
however, that the maximum ionic conductivity occurs for the ternary blend
LiClO4/PEO/PCL = 25/60/15. The addition of PCL into the LiClO4+/PEO or PEO into
the LiClO4/PCL binary blend increases their ionic conductivities at lower temperature
of 20 °C. The FTIR spectra clearly reveal that the crystalline phases of PEO and PCL
still exist in both the LiClO4/PEO and LiClO4/PCL binary blends, respectively. The
addition of the third component (PCL or PEO) to these binary blends tends to retard
or destroy the crystalline phase and results in higher ionic conductivity as a result of
the strong miscibility between PEQ.and PCL.-In addition, the crystalline phase can be
reduced or inhibited and higher conductivity-eccurs-upon raising the temperature, as
is expected. If we consider, for example,.a composition of 25/75/0, we observe that its
ionic conductivity increases drastically when the temperature is raised from 40 to 60
°C. Nevertheless, further addition of the third component results in a decrease in ionic
conductivity because phase separation (immiscibility) occurs, which causes LiClO4 to
aggregate in these ternary blends. As a result, the maximum ionic conductivity occurs
at the composition at which phase separation begins. The addition of PCL tends to
retard or inhibit PEO crystallization, while the excess content of PCL tends to be

excluded. In fact, a slight PCL phase separation promotes the ionic conductivity.
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3-4 CONCLUSIONS

We have investigated the miscibility behavior, interaction mechanism, and ionic
conductivity of LiClO4/PEO/PCL ternary blend-based electrolyte systems by the use
of DSC, FTIR, solid-state 'Li NMR spectroscopy, and ac impedance measurements.
Although each of the three individual binary pairs is fully miscible, a closed-loop
immiscibility region exists in the ternary blend’s phase diagram. Lithium cation more
preferably coordinates with the ether oxygen atom of PEO rather than with the
carbonyl group of PCL. When LiClOy is added to the PEO/PCL binary blend, the PCL
component tends to be excluded, which causes phase separation of these ternary
blends. The presence of a small PCL content in the PEO phase is able to retard or
inhibit crystallization because PEO and PCL are fully miscible at all compositions.
This factor is responsible for the observed increase in ionic conductivity of the
LiClO4/PEO/PCL blend. The maximum ionie conductivity (6.3x107Secm™) of the
ternary blend at room temperature loccurs-at-the L1ClO4/PEO/PCL composition of

25/60/15.

70



3-5 REFERENCES
1. Cheradame, H.; Le Nest, J. F. In Polymer Electrolyte Reviews; MacCallum, J. R.,
Vincent, C. A., Eds.; Elsevier: Amsterdam, 1987/1989; Vols. 1 and 2.
2. Scrosati, B.; In Applications of Electroactive Polymers; Scrosati, B., Ed.;
Chapman & Hall: New York; 1993.
3. Armand, M. B. Solid State Ionics 1983, 9-10, 745.
4. Murata, K.; Izuchi, S.; Yoshihisa, Y. Electrochim. Acta. 2000, 45, 1501.
5. Lee, 1. J.; Song, G S.; Lee, W. S.; Suh, D. H. J. Power Sources 1994, 89, 47.
6. Chen, H. W.; Chiu, C. Y.; Wu, H. D.; Shen, I. W.; Chang, F. C. Polymer 2002, 43,
5011.
7. Xia, D. W.; Smid, J. J. Polym. Sci., Polym. Lett. 1984, 22, 617.
8. Li, J.; Khan, I. M. Macromolecules 1993, 26, 4544.
9. Kuo, S. W.; Lin, C. L.; Chang, E.'C. Macromolecules 2002, 35, 278.
10. Berthier, C.; Forecki, W.; Minier,;M.;-Atmand, M. B.; Chabagno, J. M.; Rigaud, P.
Solid State Ionics 1983, 11, 91.
11. Wright, P. V. Br. Polym. J. 1975, 7, 39.
12. MacDonald, J. R. J. Chem. Phys. 1974, 61, 3977.
13. Watanabe, M.; Ohashi, S.; Sanui, K.; Ogata, N.; Kobayashi, T.; Ohtaki, Z.
Macromolecules 1985, 18, 1945.
14. Li, J.; Khan, I. M. Macromol. Chem. 1991, 192, 3043.
15. Chen, H.W.; Chiu, C. Y.; Chang, F. C. J. Polym. Sci., Polym. Phys. Ed. 2002, 40,
1342.
16. Kim, J. H.; Min, B. R.; Won, J.; Kang, Y. S. J. Phys. Chem. B 2003, 107, 5901.
17. Chintapalli, S.; Frech, R. Macromolecules 1996, 29, 3499.
18. Fu, R.; Ma, Z.; Zheng, J. P.; Au, G; Plichta, E. J.; Ye, C. J. Phys. Chem. B 2003,

107, 9730.

71



19. Wang, H. L.; Kao, H. M.; Wen, T. C. Macromolecules 2000, 33, 6910.
20. Dai, Y.; Wang, Y.; Greenbaum, S. G;; Bajue, S. A.; Golodnitsky, D.; Ardel, G;
Strauss, E.; Peled, E. Electrochim. Acta. 1998, 43, 1557.

21. Liang, W. J.; Kuo, P. L. Macromolecules 2004, 37, 840.

72



@ TiCIO,/PEO/PCL Blends

(b) LiCIO4/PEOIPCL Blends
20/0780 /
; |
S S
5 2
~ g
& |10/5436 H
= L |20/647T]
@ g /
T |12 T
/ 20/72/8
10818 J/ 20/76/4 /
10/85.5/4.5 /
20/80/0 /
10/90/0 /
T T T T
-0 2 ° -50 -25 0
0
Temperature ("C) Temperature (°C)
(©) LiCIO/PEO/PCL Blends @ TiCIO,/PEO/PCL Blends
pS/077 30/0/70 /
4
25/15760._
y ~  BO/14/56
- s |
| g
5 2 Bo28/aZ
B |25M5/30 Lidr i
w 2 o228
= o =
8 e /
o - : "
5 [ese0s ele.ox )
£ Bl  Bo/s6/14 /
N T
i |
25/71.25/3. ! B W
3 e {30/66/5/3)
25/75/0 b - Wl 3077070 /
T T T : ;- T T T
-60 -40 -20 0 -60 -40 -20 0
Temperature (°C) Temperature (°C)
© TiCIO,/PEO/PCL Blends)
/ 4070760
- 40/12/48
é x
a / 40/24/36
z
]
o 40/36/24
3 /
(5]
I
/ 40/48/12
/ 40/54/6
/ 40/57/3
40/60/0
T T T
-60 -40 -20

Temperature (°C)

Figure 3-1. DSC thermograms of ternary blends of LiClO4+/PEO/PCL containing a
constant composition of LiClO4. (a) 10 wt%, (b) 20 wt%, (c) 25 wt%, (d) 30 wt%, (e)
40 wt%.
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Figure 3-2. Ternary phase diagram of the LiClO4/PEO/PCL system. The open circles represent a miscible ternary blend, and the full circles
represent an immiscible ternary blend.
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Figure 3-4. Infrared spectra of binary blends of PEO/PCL, recorded at room temperature, displaying (a) the carbonyl stretching, and (b) CH,
wagging regions.

76



(a) LiClO,/PEO/PCL (b) LiCIO,/PEO/PCL

10/0/90
~ 10/18/72
=
S 10/36/54
(0]
2 10/54/36
3
= 10/72/18
79}
o)
<

0/0/100

L] I L] I L] L] I L]
1800 1750 1700 1650 1380 1350 1320
Wavenumber (cm™) Wavenumber (cm™)

Figure 3-5. Infrared spectra of ternary blend of LiClO4/PEO/PCL containing a constant composition (10 wt%) of LiClOs, recorded at room
temperature, displaying (a) the carbonyl stretching, and (b) CH, wagging regions.
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Figure 3-6. Infrared spectra of ternary blend of LiClO4/PEO/PCL containing a constant composition (25 wt%) of LiClOs, recorded at room
temperature, displaying (a) the carbonyl stretching, and (b) CH, wagging regions.
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Figure 3-7. Infrared spectra of ternary blend of LiClO4/PEO/PCL containing a constant composition (40 wt%) of LiClO, recorded at room
temperature, displaying (a) the carbonyl stretching, and (b) CH, wagging regions.
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Figure 3-8. Solid-state 'Li proton-decoupled MAS NMR spectra of ternary blends of LiClO4/PEO/PCL containing constant LiClO,
concentrations of (a) 10 and (b) 25 wt%.
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Figure 3-9. Solid-state 'Li proton-decoupled MAS NMR spectra of ternary blends
of LiC104/PEO/PCL having a fixed PEO/PCL ratio of 40/60.
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CHAPTER 4
Miscibility Behavior and Interaction Mechanism of
polymer Electrolytes Comprising LiCIO, and

MPEG-block-PCL Copolymers

ABSTRACT

We have used DSC, FTIR spectroscopy, and ac impedance techniques to
investigate in detail the miscibility behavior, interaction mechanism and ionic
conductivity of polymer electrolytes composed of lithium perchlorate (LiClO4), and
monomethoxy-poly(ethylene glycol)-block-poly (&-caprolactone) (MPEG-PCL)
diblock copolymer. The existence of the  PCL phase in the MPEG-PCL block
copolymer tends to retard the Crystallinity of MPEG and results in a higher ionic
conductivity for the LiCIO4/MPEG-PEL ‘based polymer electrolyte. DSC analyses
indicated that the phase separation®‘occurred for some compositions of the
LiCIO4/MPEG-PCL blends. In addition, FTIR spectroscopy studies revealed the
complicated interactions that occur within the LiClO4/MPEG-PCL blend system
upon varying the LiClO4 content and increasing the temperature. For the
LiCl04/MPEG-PCL blend system, the relative intensity of the ‘complexed’ carbonyl
stretching band of PCL tended to increase when either the LiClO4 concentration or
the length of the PCL block increased. For some compositions of
LiCIO4/MPEG-PCL, when the temperature increased from 120 to 180 °C, the
relative intensity of the ‘complexed’ C=0O group increased; this phenomenon is

different from that observed for the LiClO4/PCL homopolymer blend.
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4-1 INTRODUCTION

A polymer electrolyte may be defined generally as a membrane having
transport properties that are comparable with those of the common liquid ionic
solutions [1-5]. These systems are of technological interest due to their applications
as solid electrolytes in electrochemical devices, such as energy conversion units
(batteries, fuel cells), smart windows, components in solid state sensors, and solid
state transistors [6-9]. Consequently, the lithium salt-based electrolytes have been
the focus of a wide variety of fundamental and application-oriented studies.
However, Li'-based polymer electrolytes exhibit several disadvantages that affect
the commercialization of such cells; for example, one major drawback is the low
ionic conductivity of the electrolyte at ambient temperatures [10]. Thus, it is of great
importance to optimize their performance through a detailed understanding of the
fundamental ionic interactions that.occur within polymeric electrolytes.

Poly(ethylene oxide) (PEQ) exhibits-good complexation properties and high
flexibility and retains good mechanical stability at temperatures up to its melting
point, but its relatively high degree of crystallinity limits the ionic conductivity of
these PEO-based electrolytes [1-3,11]. Extensive research efforts have been devoted
toward lowering the temperature of operation of the PEO-based electrolytes into the
ambient region [12-15].

Monomethoxy-poly(ethylene glycol)-block-poly(e-caprolactone) (MPEG-PCL)
diblock copolymer is a desirable polymer electrolyte because the existence of strong
interaction between the PEO and PCL units tends to suppress the crystallization of
PEO [16]. In a previous study [17], we reported that the addition of PCL into an
electrolyte system based on LiClO4/PEO tends to retard or inhibit the crystallization
of PEO and subsequently increases the ionic conductivity. Thus, we became

interested in studying polymer electrolytes composed of LiClO4 and the MPEG-PCL
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diblock copolymer. It seemed reasonable to us to expect that MPEG-PCL may be
more miscible than the PEO/PCL binary blend when considering our previous
studies in which we compared the miscibility between block copolymers and blends
[18]. Therefore, we expected that this salt/block copolymer blend system,
LiCIO4/MPEG-PCL, would possess higher ionic conductivity than those of
previously reported electrolyte systems based on LiClO4/PEO binary blends.
Previous reports have described blend systems of PEO-containing block
copolymers doped with a range of inorganic salts [19,20]. These studies, however,
involved the use of amphiphilic block copolymers, such as poly(ethylene
oxide)-block-polyisoprene (PEO-PI), and concentrated mainly on the morphologies,
phase behavior, and thermal and mechanical properties of these block
copolymer/salt mixtures. To the best of our knowledge, there have been no studies
on the influences that the miscibility behavior and interaction mechanism have on
the variation of ionic conductivity in-pelymer.electrolytes comprising LiClO4 and
block copolymers possessing two . LiClO4-miscible blocks. In this study, we
employed differential scanning calorimetry (DSC), Fourier transform infrared (FTIR)
spectroscopy, and alternating current (ac) impedance to investigate the miscibility

and related conductivity behavior of LiC104/MPEG-PCL blend systems.
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4-2 EXPERIMENTAL
4-2-1 Materials

Monomethoxy-poly(ethylene glycol) having a molecular weight of 5,000
(MPEG-5k) was obtained from Aldrich and dried by an azeotropic distillation with
dry toluene. &-Caprolactone (&-CL, from Acros) was purified by vacuum distillation
over CaH,. The fraction collected at room temperature (5 mmHg) was used for
polymerization. Tin(Il) 2-ethylhexanoate [stannous octoate, Sn(Oct),] and
acetonitrile, both from Aldrich, were used as received. Lithium perchlorate (LiClOy;
Aldrich) was dried in a vacuum oven at 80 °C for 24 h and stored in desiccator prior

to use.

4-2-2 Synthesis of Monomethoxy=poly(ethylene glycol)-block-poly(e-caprolactone)
(MPEG-PCL) [21]

Block copolymers are- readily.-prepared” through the ring-opening
polymerization of CL and MPEG 'in the presence of stannous octoate as a catalyst
(Scheme 4-1). The reaction mixture was prepared by introducing, under a nitrogen
atmosphere, a known volume of &-caprolactone monomer into a silanised flask
containing a pre-weighted amount of MPEG. One drop of Sn(Oct), was added into
the mixture. The flask was connected to a vacuum line, evacuated, sealed off and
heated at 130 °C. After 24 h, the resulting block copolymer was dissolved in
methylene chloride, precipitated in an excess of cold hexane, and dried at 40 °C
under vacuum. Diblock copolymers having different degrees of polymerization (DP)
of PCL were obtained upon adjusting the feed ratio of CL to MPEG. The results of

these polymerizations are summarized in Table 4-1.
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4-2-3 Characterizations

The molecular weights and polydispersities of the copolymers were
determined by gel permeation chromatography (GPC) using
N,N-dimethylformamide (DMF) as an eluent at 50 °C and poly(ethylene oxide)
standards were employed for column calibration.
'"H NMR spectra of the copolymers were recorded in deuterated chloroform (CDCls)
solutions at 25 °C using a Varian UNITY INOVA-400 NMR spectrometer. The
molecular weights and MPEG/PCL ratios of the various types of copolymers that
were evaluated from these '"H NMR spectra and compared with the corresponding

values obtained by GPC.

4-2-4 Sample Preparations

Polymer electrolytes of LiClO4#/MPEG-PCL' i various blend compositions
were prepared by solution casting. The desired-amounts of MPEG-PCL and LiClO4
salt were dissolved in acetonitrile ‘and-stirred-continuously for 24 h at 60 °C. The
solution was cast onto a Teflon dish and maintained at 50 °C for an additional 24 h
to remove the solvent; then the dish was further dried under vacuum at 80 °C for 2
days. To prevent its contact with air or moisture, the polymer electrolyte film was

transferred to a glove box under a nitrogen atmosphere.

4-2-5 Differential Scanning Calorimetry (DSC)

Thermal analyses were performed using a DSC instrument (DuPont TA 2010).
The sample was heated from -110 to 150 °C under an atmosphere of dry N,. The
glass transition temperature (7,) was obtained as the inflection point of the heat

capacity jump recorded at a scan rate of 20 °C /min.
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4-2-6 Fourier Transform Infrared Spectroscopy (FTIR)

The conventional potassium bromide (KBr) disk method was employed to
measure the infrared spectra of the blend films. All polymer films were prepared
under a N, atmosphere. The acetonitrile solution was cast onto a KBr disk, from
which the solvent was evaporated under vacuum at 70 °C for 48 h. All IR spectra
were obtained within the range 4000-400 cm™ using a Nicolet AVATAR 320 FTIR

spectrometer (Nicolet Instruments, Madison, WI) operating at a resolution of 1 cm™.

4-2-7 Conductivity Measurements

Ionic conductivity measurements with alternation current were conducted on
an AUTOLAB designed by Eco Chemie within a frequency range from 10 MHz to
10 Hz. The electrolyte film was sandwiched between stainless-steel blocking
electrodes (diameter: 1 cm). The specimen thickness: varied from 0.08 to 0.12 mm;
the impedance response was gauged ovei-the range from 20 to 100 °C. The
conductivity was calculated from ‘the.bulk. resistance according to the equation
[22,23]

oc=L/AxR,

where o is the conductivity, L is the thickness of the electrolyte film, 4 is the section

area of the stainless-steel electrode, and Ry, is the bulk resistance.
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4-3 RESULTS AND DISCUSSION
4-3-1 Synthesis of MPEG-PCL

The ring-opening polymerization of &-caprolactone was initiated with MPEG
in the presence of stannous octoate as catalyst (Scheme 4-1). We performed the
polymerization in the bulk at 130 °C for 24 h and varied the concentration of
g-caprolactone to obtain copolymers having a range of PCL block lengths. Table 4-1
summarizes the data of the polymers characterized by 'H NMR spectroscopy and

GPC.

4-3-2 DSC Studies

According to the results of a previous study [24], ionic aggregation may have a
dramatic effect on the miscibility:"and thermal properties of a polymer/salt blend.
First of all, we carried out thermal.analyses to determine whether the properties of
these systems are affected by the addition.of the lithium salt. Figure 4-1 shows the
typical second-run DSC analyses  of. various LiClO4/MPEG-PCL blends. The
composition of each system (Figures 4-1 (a) ~ (d)) varies with the content of the
lithium salt; either single 7, or two T, s are identified in all blends. A single T,
strongly suggests that these blends are fully miscible and exist as a homogeneous
amorphous phase. Meanwhile, a blend having two Tes is considered to be
immiscible or partially miscible in the amorphous phase. Kuo et al. have reported
[16] that the binary blends of poly(ethylene oxide) (PEO) and PCL at various ratios
are miscible in their amorphous phase. Thus, the MPEG-PCL diblock copolymer,
regardless of the length of its PCL block, is expected to be miscible in the
amorphous phase. However, blending MPEG-PCL block copolymers with LiClO4
salt results in phase separation. Figures 4-1 (a), (b), and (c) display two Tgs at lower

LiClOy4 contents. Moreover, Figure 4-1 (d) suggests that no phase separation appears

89



at any composition of the LiCIO4/EQ;4-CLs;6 blend system. These results can be
interpreted as arising from a complicated set of interactions occurring between
LiCIO4 and both the blocks of MPEG and PCL. Our previous study indicated that
the interaction between LiClO4 and PEO is stronger than that between LiClO4 and
PCL [17]. Figures 4-1 (a), (b), (¢) and (d) show DSC thermograms of
LiCl04/MPEG-PCL blends containing varying lengths of the PCL block in the block
copolymer (i.e., different molecular weight ratios of MPEG and PCL). For the
LiCIO4/EO14-CL4; blend system, which contains a shorter-length of PCL block, the
observed phase separation (non-homogeneity) is caused by the exclusion of the PCL
block. This phase separation disappears upon increasing the molecule weight of the
PCL block. The higher PCL content is allowed to interact simultaneously with both
the MPEG block and LiClO4, which, thus, resultsin single phase in their amorphous
phase. In addition, increasing -the.concentration .of-the LiClO4 salt also tends to
increase miscibility.

Interestingly, the glass transition.temperature (Figures 4-1 (b), (c), and (d)),
increases continuously upon increasing the content of LiClO4, even when the salt
content is as high as 40 wt%. In contrast, the value of 7, of LiClO4+/PEO blend
system tends to achieve its maximum at a LiClO4 content of 20 wt% [17]; the excess
LiClOy tends to self-aggregate and causes the 7, of LiClO4/PEO to decrease owing
to the dilution effect [25,26]. As a result, the MPEG-PCL block copolymer is able to
accommodate higher LiClO4 salt content in the LiClO4/MPEG-PCL blend system
than can the PEO matrix in LiClIO4/PEO blend systems. It is understandable that
because blends of PEO and PCL are miscible in the amorphous region, the
incorporation of PCL block into the PEO domain tends to retard PEO crystallization.
As a result, the greater fraction of the amorphous PEO is able to coordinate with

LiClO; salt. Figure 4-1 (d) presents that 7, of the LiCIO4/MPEG-PCL blend system
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tends to decrease by increasing the LiClO4 content up to 50 wt%..

Figure 4-2 shows the variations of melting temperature (7,,) and melting
enthalpy (AHp) obtained form DSC analyses of LiClIO4/EQ;14-CLs16 blends with
various LiClO4 contents. It is well known that the value of AH,, correlates to the
degree of crystallization. In the LiCIO4/EQ;4-CLs;6 blend system, the addition of
LiClOy reduces the degree of crystallization. Eventually, the melting peak disappears
when the LiClO4 content salt is increased to 25 wt%. However, two melting peaks
appear at 35 °C and 93 °C when the salt content is at 50 wt%. The
lower-temperature peak is assigned as the melting peak of the diblock copolymer
EO14-CLs6, while the higher-temperature peak corresponds to that of the LiClO4
salt. Excess LiClO4 tends to aggregate and causes the crystallization of both the
EO14-CLsj¢ diblock copolymer sand the Li€ClOs salt. The results of thermal
properties of the blends obtained from DSC measures are listed in Table 4-2; similar
trend is observed for each system. When-comparing all of the MPEG-PCL blends
which contain LiClO4 content fixediat 50.wt%, Tn and AH,, of the LiClO4 salt
increase with increasing the length of PCL block; this situation arises because the
longer PCL chain is more miscible with the MPEG block, and thus, lower amount of
free MPEG is available to dissociate the lithium perchlorate ion pair [17]. As a result,

LiClOy salt tends to crystallize at a relatively lower MPEG content.

4-3-3 FT-IR Spectroscopy

Figure 4-3 presents infrared spectra recorded at room temperature, displaying
the bands representing the carbonyl stretching (a) and CH, wagging (b) of a series of
MPEG-PCL block copolymers. As observed in Figure 4-3 (a), the carbonyl
stretching for the PCL block is split into two bands: absorptions of the amorphous

and the crystalline conformations at 1734 and 1724 cm™, respectively [27,28]. The
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relative intensity of the crystalline conformation of PCL block (1724 cm™) is lowest
for EO;14-CLy;; block copolymer; the relative intensity of the crystalline
conformation of the PCL block increases when the length of the PCL block is
increased, i.e., for EO;14-CLy47 and EO;14-CLs16. Furthermore, Figure 4-3 (b) shows
IR spectra of the CH, wagging vibration, in the region 1380-1320 cm™, of the pure
MPEG-5k and various MPEG-PCL block copolymer. The pure MPEG-5k exhibits
two bands, at 1360 and 1343 cm™, that represent its crystalline phase [16]. The
crystallinity of MPEG is gradually destroyed when the length of the PCL block is
increased. Therefore, we confirm that the interaction between MPEG and PCL tends
to decrease the fraction of the crystalline phases of both MPEG and PCL.

Since the carbonyl group (C=0) is an electron donor within the PCL-based
polymer electrolyte, the Li" ion.tends to cootdinated with oxygen atom of the
carbonyl group. Infrared speetroscopy is a+powerful tool to monitor such ionic
interaction. Thus, we focus on the-change-of the carbonyl group within the
PCL-block of the MPEG-PCL diblock-copolymer and determine the strengths of the
ionic interactions between Li" and the EO and CL blocks of MPEG-PCL. Figure 4-4
presents the infrared spectra (carbonyl stretching region) recorded at room
temperature of the MPEG-PCL diblock copolymers having different EO/CL ratios
and blended with 20 wt% LiClO4. When the LiClO, salt is added, a shoulder at ca.
1704 cm™ appears in Figure 4-4, corresponding to the interaction between the C=0
group and Li". It is clearly observed in Figure 4-4 that the relative intensity of the
shoulder at ca. 1704 cm™ increases upon increasing the length of PCL block at a
fixed LiClO4 concentration. From Figure 4-3 we conclude that the crystalline
conformation of MPEG in EO;14-CLy47 tends to be destroyed, due to the strong
miscibility between MPEG and PCL. No free MPEG block is available to coordinate

with Li" ion while the length of the PCL block is increased, thus, more Li" ion is
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able to coordinate with the PCL.
4-3-3-1 Effect of LiClOy Salt Content

Figure 4-5 illustrates the carbonyl stretching region (1800 ~ 1650 cm™) of IR
spectra recorded at 120 °C for various LiClO4/MPEG-PCL blends containing a
range of LiClO4 contents. The PCL crystalline phase tends to be destroyed at 120 °C,
thus the IR spectrum shows a single peak at ca. 1734 cm™ corresponding to the
amorphous PCL. The addition of LiClOy4 salt causes the appearance of an absorption
band at 1704 cm™, assigned as the interaction between Li" and carbonyl group, i.c.,
‘complexed’ C=0O. In Figure 4-5 (a), the absorption band of the ‘complexed’
carbonyl group only appears when the composition of LiClO4/EO114-CLy4;, 1s at 50/50.
Nevertheless, upon increasing the length of PCL block, as shown in Figures 4-5 (b)
~ (d), the ‘complexed’ C=0 band.at' 1704 cm ™" ¢learly appears at a relatively lower
content of the LiClOy. In order-to further clarify the effect of LiClO, content on the
charge environment surrounding the:carbonyl-group of PCL block in MPEG-PCL
block copolymer, relative fractions<of“free’ and ‘complexed’ C=0 sites have been
quantified by decomposing the C=O stretching band into two Gaussian peaks
[29-31], and summarized in Table 4-3. At a lower concentration of PCL in the
MPEG-PCL copolymer, the absorption band of ‘complexed’ C=O appears until the
LiCIO4 content is increased to 40 ~ 50 wt%. Besides, no ‘complexed’ C=0O appears
for any composition of MPEG-PCL block copolymer system at lower LiClO4
content (10 wt%). These results suggest that MPEG is preferred to interact with Li"
cation than PCL does. The coordination between Li" ion and the carbonyl group of
PCL in LiClIO4/MPEG-PCL blend system will occur at a higher concentration of

LiClOy salt or when PCL is present at a relatively higher content relative to MPEG.
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4-3-3-2 Effect of Temperature

Figure 4-6 (a) indicates the carbonyl group vibration region of FTIR spectra
recorded at different temperatures by blending 25 wt% LiCIO4 with PCL
homopolymer. As mentioned above, the ‘complexed’ C=0O band is located at 1704
cm™', while the “free’ C=0 band is located at 1734 cm™. The relative intensity of the
‘free’ carbonyl vibration band increases at the expense of the ‘complexed’ C=0O band
with the increase of temperature, implying that the fraction of the ‘complexed’
carbonyl group decreases accordingly. The ‘complexed’ C=O band arises from the
interaction between Li" ion and carbonyl group; it is well known that the strength of
such ionic interaction tends to decrease upon raising the temperature [32]. Figure
4-6 (b) presents the absorption peaks of the ether groups (C-O-C) recorded at
different temperatures by blending 25 wt% LiClO, with PEO homopolymer. The
band centered at around 1103 em;.is attributed to the stretching of the ‘free’ ether
group, while the band at about 1080 em™is-assigned fo the coordination between Li"
with ether groups, i.e., ‘complexed’ether group [33-34]. The relative intensity of the
‘free’ ether group vibration band increases with increasing the temperature. These
changes indicate that the ionic interaction between Li" cation and the ether group on
PEO weakens as the temperature is increased [35], which is similar to the trend
observed in Figure 4-6 (a). The IR spectra with different temperatures of
LiCIO4/EO14-CL42 (30/70) recorded in both regions of carbonyl group stretching
and ether group stretching was shown in Figures 4-7 (a) and (b), respectively. Form
Figure 4-5 (a) and Table 4-3, no ‘complexed’ carbonyl band is observed for
LiCIO4/EO14-CL4; (30/70) in the IR spectra recorded at 120 °C. Figure 4-7 (a)
shows, however, that the relative intensity of the ‘complexed’ C=O band increases
gradually when the temperature is raised from 120 to 180 °C. In addition, Figure 4-7

(b) displays that the relative intensity of the ‘free’ ether stretching band at ca. 1103
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cm” increases with the increase of the temperature. It is interesting to notice that the
ion-dipole interaction between Li" ion and the carbonyl group increases but the
interaction between Li" ion and the ether group decreases upon increasing the
temperature of the LiCIO4/EQO;14-CL4y (30/70) blend system. Furthermore, the
LiCIO4/EOy14-CLj1; (30/70) blend system also exhibits the same behavior in its IR
spectra by varying the temperature from 120 to 180 °C (Figure 4-8). The relative
intensity of ‘complexed’ ether stretching band decays but that of ‘complexed’
carbonyl stretching band increases when the temperature is increased. Since Li"
cation is capable of coordinating with both the ether group of the MPEG block and
carbonyl group of the PCL block in the LiClIO4/MPEG-PCL blend system, it is
reasonable to assume that there exist two different ion-dipole interactions,
representing two interaction parameters, kr (between Li" and ether group) and kc
(between Li" and carbonyl group), as depicted in Scheme 4-2. Both of these
interaction parameters, kg and ke, areé:dépendent,on the temperature, and their values
decrease with increasing the temperature. Making a summary form Figures 4-6 ~ 4-8,
ke decreases more rapidly than k¢ at the temperature range from 120 to 180 °C [36].
The Li" cation prefers to coordinate with PEO rather than PCL, hence, at the
beginning of the addition of lithium perchlorate, LiClO, is preferable to enter the
MPEG phase at lower temperature. The ion-dipole interaction between Li" and the
ether group weakens upon increasing the temperature and the dissociated Li" cation
turns to coordinate with the carbonyl group (Figures 4-7 (a) and 4-8 (a)). As a result,
the relative intensity of the ‘complexed’ C=O stretching band increases by raising
the temperature. However, there are two factors as below controlling the variation of
the relative intensity of the ‘complexed” C=O stretching band upon increasing the
emperature: (1) the ion-dipole interaction weakens as the temperature increases and

(2) the dissociated Li" cation from MPEG turns to interact with carbonyl group,
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causing the absorption of the ‘complexed’” C=0O group to increase. Therefore, the
trend of the relative intensity of the ‘complexed’ C=O stretching band is somewhat
unexpectable. Figure 4-9 indicates the carbonyl (a) and ether (b) group stretching
regions of the IR spectra of LiCIO4#/EQO;14-CL};; (40/60) recorded at temperatures
from 120 to 180 °C. The variation of the intensity of the ‘complexed’ C=0O
stretching band has no order while the temperature increases (Figure 4-9 (a))
because of factors mentioned above. Nevertheless, the relative intensity of
‘complexed’ ether stretching band always decreases (Figure 4-9 (b)) due to the

weakening of the ion-dipole interaction at elevated temperature.

4-3-4 lonic Conductivity

Figure 4-10 presents the Arrhenius ionic conductivities ploted as a function of
temperature for LiCIO4/MPEG=-PCL blend-based. electrolyte systems containing a
constant LiClOy salt concentration (25 Wt%)-From the DSC data, we know that the
crystallinity of PEO decreases "upon. increasing the length of PCL block.
Furthermore, previous studies have stated that the LiClO4/PEO system has a higher
ionic conductivity than that of the LiClO4/PCL system, owing to the fact that the Li"
cation has a much greater preference for coordination with PEO rather than it does
with PCL. This factor is responsible for the observed increase in ionic conductivity
of the LiClIO4/MPEG-PCL blend. Although the LiClO4/EO;14-CLy47 (25/75) and
LiCIO4/EO;14-CLs12  (25/75) blends have lower crystallinity than does
LiCIO4#/EO14-CL111  (25/75), Figure 4-10 indicates that the maximum ionic
conductivity at room temperature occurs for the LiClO4/EQO;;4-CL;;; at a fixed

LiClOy4 content of 25 wt%.
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4-4 CONCLUSIONS

This paper describes the miscibility behavior, interaction mechanism, and ionic
conductivity of LiClIO4/MPEG-PCL blend-based electrolyte systems using DSC,
FTIR spectroscopy, and ac impedance measurements. The presence of PCL in the
MPEG-PCL block copolymer tends to suppress the crystallinity of MPEG as a
consequence of the miscibility between MPEG and PCL. Thus, the ionic
conductivity of LiClIO4/MPEG-PCL blend system at room temperature is higher than
that of LiCl0O4/MPEG-based polymer electrolyte. Lithium cation coordinates more
preferably with the ether oxygen atom of PEO rather than with the carbonyl group of
PCL. Although the MPEG-PCL diblock copolymers are miscible over their entire
range of compositions, the addition of LiClO4 salt in a blend with MPEG-PCL
results in a distinct phase separation, which causes the maximum ionic conductivity
of LiClIO4/MPEG-PCL blend=system occurring at LiCIO4/EQ;14-CL}11(25/75).
Besides, raising the concentration of \L1€lO4salt or/increasing the length of the PCL
block in the LiCIO4/MPEG-PCL blend.increases the relative intensity of stretching
band for the ‘complexed’ carbonyl group in IR spectra. However, the relative
intensities of the ‘complexed’ carbonyl and ‘complexed’ ether stretching groups tend
to be changed in different directions for some compositions of the

LiClO4/MPEG-PCL blend system when the temperature is increased.
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Scheme 4-1. Synthesis of Monomethoxy-poly(ethylene glycol)-block-poly(&-caprolactone) (MPEG-PCL).
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Scheme 4-2. Tonic Interactions of Li” Cation with Ether and Carbonyl Groups.
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Table 4-1. Compositions and Molecular Weights of MPEG-PCL Block Copolymers.

copolymer EO/CL EO/CL* DPwprg? DPecr® My M, MM, MPEG/PCL

MPEG-PCL infeed in product wt %
EO114-CL4> 2.85 2.71 114 42 9800 8900  1.22 51/49
EO114-CL11 1.14 1.03 114 111 17650 13400 1.29 28/72
EO114-CL247 0.49 0.46 114 247 33200 29800  1.38 15/85
EO114-CLs16 0.23 0.22 114 516 63900 57000 1.43 8/92

* Calculated by using the integration ratio of resonances due to MPEG blocks at 3.60
ppm (-O-CH,-CH>-) and to PCL blocks at 4.01 ppm [(-CO)-O-CH,-] in the 'H NMR
spectra. ® Degree of polymerization of MPEG = 5000/44 = 114. ¢ Obtained from GPC.
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Table 4-2. DSC Results of LiC104/MPEG-PCL Blends.

copolymer LiClOy4 T, Tm AH
MPEG-PCL  content (wt%) (°O) (°O) J/g)
MPEG-5k* 0 -58.5 60.2 185.6
EO;14-CL42 0 -56.9 56.8 120.6

10 -39.1 58.5 64.0

20 -58.5 -32.0 59.3 37.2

25 -61.7  -10.8 59.4 32.6

30 -49.7  -36.3 -- --

40 -36.7 -- --

50 -38.5 422 802" 112 240
EO;14-CL1 0 -59.2 54.1 104.2

10 546  -21.2 58.4 51.4

20 -54.8 -6.8 55.1 36.0

25 -40.8 48.2 5.8

30 -28.6 -- --

40 -20.4 -- --

50 -35.9 289 88.4 2.0 408
EO14-CL247 0 -57.5 59.2 91.5

10 -55.7 .+ -13.1 57.2 65.2

20 =283 53.9 37.1

25 -32.3 -- --

30 -31.5 -- --

40 -5.9 -- --

50 -38.7 42.1 89.8 205 564
EO14-CLs6 0 -57.2 59.1 89.4

10 -43.5 54.9 45.6

20 -35.2 46.4 9.7

25 -24.5 -- --

30 -23.7 -- --

40 2.3 -- --

50 -38.2 347 930 125 584

“ The macro-initiator of ring-opening of &-caprolactone in

MPEG-PCL.

? The melting point of pure LiClO, is at ca. 95 °C.
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Table 4-3. Curve-Fitting Results of Infrared Spectra of C=0O Group Stretching Region
Recorded at 120 °C for the LiCIO4/MPEG-PCL Blends with Various LiClO4 Salt
Content.

Copolymer LiClO4 Free C=0 Complexed C=0
MPEG-PCL content (Wt%)  ve(cm™)  Ar(%) ve(em™) A (%)
EOj14-CL42 0 1734.9

10 1734.3

20 1734.4

25 1733.5

30 1733.9

40 1734.1

50 1733.4 53.59 1705.3 46.41
EO14-CL11; 0 1734.7

10 1734.6

20 1734.2

25 1734.5

30 1734.4

40 17327 40.90 1704.7 59.10

50 17318 28.04 1704.7 71.96
EO114-CL247 0 1735.0

10 1734.8

20 1734.8 81.96 1702.0 18.04

25 17341 73.36 1703.5 26.64

30 1734.4 58.12 1705.1 41.88

40 1732.4 32.46 1704.4 67.54

50 1732.8 25.12 1704.7 74.88
EO114-CL516 0 1734.4

10 1734.6

20 1734.7 65.81 1704.0 34.19

25 1733.7 59.34 1704.7 40.66

30 1734.1 45.44 1703.5 54.56

40 1732.7 32.66 1705.0 67.34

50 1731.9 21.28 1704.8 78.72
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Figure 4-1. DSC thermograms of LiCl1O4/MPEG-PCL blend with various LiClOy salt
content: (a) EO;14-CL42, (b) EO114-CL111, (¢) EO114-CL247, (d) EO;14-CLsj6.
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Figure 4-2. Variations of melting temperature (7,) and melting enthalpy (AH) of
LiClO4/EQOq14-CLs6 blends with various LiClO4 content.
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(a) C=0 stretching (b) CH, wagging

Absorbance (a.u.)

T T T
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Wavenumber (cm'l)

Figure 4-3. Infrared spectra of MPEG-PCL block copolymers with various EO/CL ratios, recorded at room temperature, displaying (a) the
carbony]l stretching and (b) CH, wagging regions.
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Figure 4-4. Carbonyl group stretching region of IR spectra recorded at room temperature for MPEG-PCL block copolymers having different
EO/CL ratios after blending with 20 wt% LiClOy: (a) EOQ;14-CL111, (b) EO114-CL347, (¢) EO114-CL5 1.
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Figure 4-5. Carbonyl group stretching region of the IR spectra recorded at 120 °C for
LiClO4/MPEG-PCL blends having different LiClO4 contents: (a) EO;14-CL42, (b)
EO114-CL111, (¢) EO114-CL247, (d) EO114-CLs16.
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(a) LiCIO,/PCL (25/75) (b) LiCIO,/MPEG (25/75)
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Figure 4-6. FTIR spectra recorded at temperatures from 120 to180 °C of blends of (a) LiClO4/PCL homopolymer (25/75), displaying the
carbonyl group vibration region, and (b) LiC104/MPEG-5k homopolymer (25/75), displaying the ether group stretching region.
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(a) C=0 stretching region (b) C-O-C stretching region
1078 cm™
1103cm” |
;:\ %A ¢
8 15
(] (]
Q.
S ol O £
@ S| e o
o) 2| 9 =
— [ 00
o S
2 2.
< kS N
T I T I T . T I T I T I \.ll\.\
1800 1750 1700 1650 1150 1100 1050

Wavenumber (cm™)

Figure 4-7. FTIR spectra of LiClIO4/EOy14-CL4; (30/70) recorded at temperatures from 120 to 180 °C displaying both the (a) carbonyl group
stretching and (b) ether group stretching regions.
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Figure 4-8. FTIR spectra of LiC104/EOy14-CL1; (30/70) recorded at temperatures from 120 to 180 °C displaying both the (a) carbonyl group
stretching and (b) ether group stretching regions.
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Figure 4-9. FTIR spectra of LiClO4/EO;14-CL11; (40/60) recorded at temperatures from 120 to 180 °C displaying both the (a) carbonyl group

stretching and (b) ether group stretching regions.
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Figure 4-10. Arrhenius ionic conductivities plotted as a function of temperature for
LiCl04/MPEG-PCL blend-based electrolyte systems containing a constant LiClO4

concentration (25 wt%).
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CHAPTERS
Studying the Effect of Complicated Interaction on the Phase
Behavior and lonic Conductivity of PVP-co-PMMA-Based

Polymer Electrolytes

ABSTRACT

The phase behavior, complicated interaction and ionic conductivity of
poly(vinyl pyrrolidone-co-methyl methacrylate ) (PVP-co-PMMA) with lithium
perchlorate (LiClO4) have been investigated in detail by means of DSC, FTIR
spectroscopy, and ac impedance technique. The presence of MMA moiety in the
PVP-co-PMMA random copolymer actsias an finert diluent role to reduce the
self-association of the PVP molecules and causes the negative deviation of the glass
transition temperature (7). Forthe binary-blend of LiClO4/PVP, the addition of low
LiClO4 content tends to reduce the strong ‘dipole-dipole interaction within PVP and
leads to lower 7, of PVP; further addition of LiClO4 promotes higher 7, of PVP
increasing due to the ion-dipole interaction between LiClO4 and PVP. In the
LiClO4/PVP-co-PMMA blend systems, all these three individual systems,
PVP-co-PMMA copolymer, LiClO4/PVP blend and LiClIO4/PMMA are miscible at all
compositional ratios, immiscibility loop exists with certain compositions due to the
complicated interactions among LiClOs, PVP and PMMA. The PMMA-rich
component in the PVP-co-PMMA copolymer tends to be excluded and results in
phase separation. Finally, we found that a maximum value of ionic conductivity is
present at the composition of LiClO4/VP57 (57 mol% VP unit in PVP-co-PMMA

copolymer) at fixed 20 wt% LiClOy salt.
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5-1 INTRODUCTION

Polymer electrolytes are compounds formed by the dissolution of salts in polar
and high molar mass macromolecules which form strong interaction with cations. The
proposed use of solvent-free polymer electrolytes for high energy density batteries
and other solid-state electrochemical devices [1-5] has spurred considerable interest in
the ion-transport properties of these materials. For most potential applications, it is
desirable that the solid polymer electrolytes display a reasonable conductivity (~10™ S
cm™), dimensional stability, processability and flexibility in ambient conditions. Great
progress has been made over the last 20 years in increasing the level of ionic
conductivity exhibited by polymer electrolytes [6]. However, in recent years, despite
innovative designs of flexible polymers and the synthesis of salts containing
asymmetric anions capable of suppressing crystallinity, levels of ionic conductivity
are persistently limited to a ceiling.of around 10°" em™ at room temperature. Such a
level is insufficient for many lithium:battery-applications [7,8]. It is important now to
change our thinking concerning how: to optimize and further increase the ionic
conductivity. It is of vital importance to promote their performance upon
understanding the fundamental interaction behavior of polymer electrolytes in order to
better understand the ion transport mechanism.

The poly(vinyl pyrrolidone) (PVP) is amorphous and exhibits high 7, due to the
presence of the rigid pyrrolidone group, in which a tertiary amide group provides a
more marked Lewis-base character to the carbonyl group. This character arises from
its strong polar character, which is known to form various complexes with many
inorganic salts [9]. However, its high 7, tends to limit the mobility of the ions based
on Li-PVP polymer electrolyte and results in the poor ionic conductors.

On other hand, gel-type polymer electrolyte based on poly(methyl methacrylate)

(PMMA) [10,11] has been proposed for lithium battery mainly due to its beneficial
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effects on the stabilization of the lithium-electrode interface [12]. However, a
reasonable conductivity achieved of such plasticizer film is offset by its relatively
poorer mechanical properties at a high concentration of the plasticizer. Furthermore,
the interaction between Li" cation and PMMA is significantly weaker than that of
other polymer matrix such as poly(ethylene oxide) and PVP, therefore, the PMMA is
less helpful to dissociate the lithium salt and to further facilitate the cations
transporting. Li-PMMA polymer electrolyte in all solid state also presents low ionic
conductivity.

Since PVP and PMMA both possess their own advantages to act as polymer
electrolytes, we are interested in studying the polymer electrolyte by incorporating
lithium perchlorate with both PVP and PMMA. However, the blends of PVP and
PMMA are immiscible, therefore, we chose the PV.P-co-PMMA random copolymer as
replacement which was synthesized by  free .radical polymerization. It seems
reasonable to expect that the gel-type polymer electrolyte based on PVP-co-PMMA
may not only sustain the mechanical properties of PMMA-based gel polymer
electrolyte but also increase the dissolubility of the lithium salt due to the strong
withdrawing group within PVP [9]. To our knowledge, no previous study has been
reported on the influence of the miscibility behavior and interaction mechanism on the
ionic conductivity in polymer electrolyte comprising LiClO,4 and random copolymers.
In this work, we employed differential scanning calorimetry (DSC), Fourier transform
infrared (FTIR) spectroscopy, and alternating current (ac) impedance to investigate
the interaction behavior and related conductivities of all solid state polymer

electrolytes of the LiCl1O4/PVP-co-PMMA blend system.
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5-2 EXPERIMENTAL
5-2-1 Materials

Benzene, pyridine, azobisisobutyronitrile (AIBN), N-vinyl-2-pyrrolidone (VP),
methyl methacrylate (MMA) and lithium perchlorate (LiClO4) were purchased from
Aldrich Chemical Co. The AIBN was purified by recrystallization from ethanol.
Benzene and pyridine were fractionally distilled after addition of CaH,. Both
monomers, MMA and VP, were purified by vacuum distillation over CaH, and the
fractions collected at room temperature and 50 °C, respectively. LiClO4 was dried in a

vacuum oven at 80 °C for 24 h and stored in desiccator prior to use.

5-2-2  Syntheses  of  Poly(N-vinyl-2-pyrrolidone-co-methyl ~ methacrylate)
(PVP-co-PMMA) Random copolyniers

Solution copolymerization of . N-vinyl-2-pyrrolidone with methyl methacrylate
was carried out in benzene at 80 °Ciundei-a-nitrogen atmosphere in a glass reaction
flask equipped with a condenser (Scheme 1) AIBN (3 wt% with respect monomers)
was employed as an initiator for free radical polymerization. To determine reactivity
ratios, the sample of the copolymer was taken from the reaction flask in the early
stage of copolymerization when the degree of conversion was low (between 4 and 9
%) [13]. The mixture was stirred for about 24 h, and then purified into excess ethyl
ether with vigorous agitation to precipitate the product. The filtered polymer product

was dried until reaching a constant weight.

5-2-3 Characterizations
Molecular weights and polydispersities of these synthesized copolymers were
determined by gel permeation chromatography (GPC) using N,N-dimethylformamide

(DMF) as an eluent at 50 °C and polystyrene standards were employed for molecular
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weight calibration. The composition of the copolymer was further ascertained by
means of "H NMR spectroscopy and elementary analysis (EA).

The 'H NMR spectrum of the copolymer was recorded in deuterated chloroform
(CDCI3) solution at 25 °C using a Varian UNITY INOVA-400 NMR Spectrometer.
EA was carried out in an oxidative atmosphere at 1021 °C using a Heracus CHN-O
Rapid Elementary Analyzer. The copolymer compositions of VP and MMA
correspond to the repeating unit of CsHyNO and CsHgO,, respectively. The VP content
(mol%) was determined using the Eq. (1) and based on the content of C and N atoms

[14].

VP(mol%) = % x100 (5-1)

5-2-4 Sample Preparations

Polymer electrolytes of LiClO4/PVP-co-PMMA in various blend compositions
were prepared by solution casting~The desired’ amounts of PVP-co-PMMA and
LiClOy salt were dissolved in pyridine and stirred continuously for 24 h at 60 °C. The
solution was cast onto a Teflon dish and maintained at 50 °C for an additional 24 h to
remove the solvent; then the dish was further dried under vacuum at 80 °C for 2 days.
To prevent its contact with air or moisture, the polymer electrolyte film was

transferred to a glovebox under a nitrogen atmosphere.

5-2-5 Differential Scanning Calorimetry (DSC)

Thermal analysis was carried out using a DSC instrument (DuPont TA 2010).
The instrument was calibrated with indium standards and conducted under a nitrogen
flow rate of ca. 40 mL/min. The sample was sequentially heated from 30 to 200 °C for

the first scan, maintained at 200 °C for 10 min, cooled rapidly to 0 °C, and then
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reheated to 300 °C. The glass transition temperature (7,) was obtained as the

inflection point of the heat capacity jump recorded at a scan rate of 20 °C/min.

5-2-6 Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectrum of the polymer film was determined using the
conventional KBr disk method at 120 °C. All polymer films were prepared under a N,
atmosphere. The pyridine solution was cast onto KBr disk, from which the solvent
was evaporated under vacuum at 80 °C for 48 h. All films used in this study are
sufficiently thin to obey the Beer-Lambert law. FTIR measures were recorded in the
range of 4000-400 cm™ using a Nicolet AVATAR 320 FTIR Spectrophotometer
(Nicolet Instruments, Madison, WI) and 32 scans were collected with a spectral

. -1
resolution of 1 cm™.

5-2-7 Conductivity Measurements

The frequency-dependent impedance properties of the polymer complex was
measured by using an Autolab designed by Eco Chemie (10 MHz to 10 Hz). The
sample was pressed into disks for conductivity measurements with the thickness of
the pellets varying from 0.50 to 0.15 mm. The disks were loaded into a sealed
conductivity cell between stainless steel blocking electrodes, and the impedance

response was measured from 30 to 100 °C.
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5-3 RESULTS AND DISCUSSION
5-3-1 PVP-co-PMMA Copolymer Characterization

Copolymerization of N-vinyl-2-pyrrolidone with methyl methacrylate was
carried out at 80 °C by using AIBN as initiator (Scheme 5-1). A series of copolymers
were prepared containing various VP and MMA monomer concentrations. The VP
content (mol%) in the copolymer was determined by 'H NMR and EA, results are
summarized in Table 5-1. Since trace of water presence in PVP-co-PMMA
copolymers may overestimate the integration of PVP signals for '"H NMR and result
in slightly higher PVP content in the products than feeds, EA was performed.
Quantilies of N and C atoms are used for the calculation of VP content using Eq. (5-1).
As shown in Eq. (5-1), H atoms from the moisture, even from the polymers, are not
taken into account for the calculation of VP content by EA. Comparing results
obtained from EA and 'H NMR data, EA results are-quite reproducible regardless of
the moisture. Actually, the results of VP-content from 'H NMR are usually 5-10 %
greater than those determined by ‘EA. Thus; EA analysis turned out to be more
suitable for quantification of the VP content in PVP-co-PMMA copolymers.
Therefore, the sample codes of PVP-co-PMMA copolymers in the following
discussion will be based on the VP content obtained by EA.

Table 5-1 lists the monomer feed ratios and resultant copolymer compositions
from which reactivity ratios (7 and r,) were calculated using the methodology of
Kelen and Tiidos [15-17]. All polymerizations were performed in benzene under the
same conditions described in the Experimental Section and terminated below 10 %
monomer conversion to minimize errors due to changes in the feed ratios. The values
of r; and r, represent the ratios of homo-propagation and cross-propagation rate
constants for each monomer (i.e., »; = ky1/k;» and r, = kxo/ks1, where k is the rate

constant). The Kelen-Tiidds equation is given by Eq. (5-2)
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n= [n +r—2J5—r—2 (5-2)

where

G and &= F
a+F

n:a+F
F and G can be obtained by the quantities of x and y, where x = M,/M, is the ratio of
molar concentration of monomers 1 and 2, and y = dM,/dM, is the mole ratio of these
monomers in the copolymer, F = x*/y and G = x(y-1)/y. The value of a, chosen as o =
(FmFM)” 2 where F,, and Fy are the lowest and highest F values from the
experimental data. By plotting of 7 versus & we can obtain », and r; from the
intercept and slope. The results are shown in Figure 5-1 from which values of rpyp =
0.97 and rpmma = 0.94 are calculated. Previous literature [18] has proposed that a
copolymerization behavior is termed’ideal when the product of the two reactivity
ratios is unity (7,7, = 1). Moreover, when 7.5 ;= 1;.these two monomers show equal
reactivities toward both propagating species. The copolymer composition is the same
as the comonomer feed with a random distribution of these two monomers along the
copolymer chain. Such behavior is referred to as random or Bernoullian. In this study,
these PVP-co-PMMA copolymers synthesized by free radical polymerization are
essentially in random fashion with a slight tendency toward ideal copolymer (the
product of rpyp and rpyma 1s 0.91).

The values of 7, of above samples are shown in Table 5-1. Several empirical or
semi-empirical equations have been suggested for predicting the dependence of 7, on
the composition of copolymers. In this study, a more suitable equation for a weakly

interacting system is the Gordon-Taylor equation [19,20]:
T - wng1 +szTg2
¢ w, + kw,

(3-3)

where w; and w, are weight fractions of the components, 7, and Ty represent the

corresponding glass transition temperatures and k is the fitting constant. Figure 5-2
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displays 7, versus PVP weight fraction of the PVP-co-PMMA copolymers. A value of
k = 0.45 is obtained by a nonlinear least squares “best fit” analysis. This low value of
k implies that the interaction between VP and MMA units in this copolymer is not
strong [21]. The presence of even distributed MMA moiety actually plays an inert
diluent role to hinder the self-association interaction of PVP moiety. Moreover, at a
relatively lower PVP content (20 mol%), the diluent role plays the dominant role and
thus results in lower 7. On the contrary, the dipole-dipole interactions of PVP units
play a dominant role at a higher PVP content and result in higher 7,. Fox and
Gordon-Taylor equations are generally recognized to hold for miscible blends or
copolymers where only weak intermolecular interactions occur. It is highly
cognitively to employ them for the analysis of the composition behavior of
PVP-co-PMMA copolymer taking'into account that negative deviation from the Fox
equation as in this study has- been observed for-copolymers where one of the
components have a strong tendency to-self-associate (e.g., form dimmers or multimers)
[22,23]. As a result, the 7, behavior at higher PVP content shows relatively smaller
deviation predicted by both equations than that at lower PVP content [21,24,25].
Figure 5-3 shows the scale expanded infrared spectra recorded in the region
from 1800 to 1630 cm™ for neat PVP, neat PMMA and a series of PVP-co-PMMA
copolymers at 120 °C. The absorption peaks at ca. 1680 and ca. 1730 cm™ are
assigned to the carbonyl vibration bands of PVP and PMMA, respectively.
Interestingly, it is found that the maximum of the carbonyl vibration band of PVP
slightly shifts toward higher frequency when the MMA moiety is incorporated into the
PVP. It implies that the dipole-dipole interaction of the PVP molecules tends to be
eliminated due to the inert diluent role of the MMA moiety [26]. Therefore, this
behavior observed from IR spectra is consistent with the DSC results (Figure 5-2).

This factor is responsible for the observed decrease in 7, of the PVP-co-PMMA
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copolymers.

5-3-2 LiCIO4/PVP and LiCIO/PMMA Binary Blends

It has been reported that the properties of a polymer/salt mixture can be changed
dramatically as a result of ionic aggregation [27-29]. To begin with, we carried out
thermal analyses to determine whether properties of LiClO4/PVP and LiClO4/PMMA
blends are affected by the addition of the lithium perchlorate salt. Figure 5-4 shows
DSC thermographs of LiClO4/PMMA and LiClO4/PVP blends containing various
LiCIOy4 salt contents. Figure 5-4 (a) indicates that the maximum enhancement of the
T, 1s ca. 145 °C for PMMA containing 20 wt% LiClO4. The ionic interaction or ionic
cluster formation in the amorphous region of the ionomer usually resembles physical
cross-linking. The mobility of ;polymer chain. is restrained by such physical
cross-linking and, thus leads to-higher glass transition temperature relative to that of
the mother polymer. Generally, the valtue-of Tsincreases gradually upon the addition
of the salt because of increased ion-polymer and ion-ion interactions, and a maximum
glass transition temperature is achieved at a certain content of LiClO4 salt. Excess
LiClOy tends to self-aggregate and causes the 7, of LiClO4/PMMA blends even lower
owing to the dilution effect [30,31]. It has been clearly demonstrated that most studies
based on polymer/salt blends, such as poly(ethylene oxide) (PEO)/lithium salt [32],
poly(2-ethyl-2-oxazoline) (PEtOx)/silver salt [33], and poly(4-vinylpyridine)
(P4VP)/zinc salt [28], result in similar trend as the above-mentioned phenomenon
obtained from DSC analyses.

However, the LiClO4/PVP blend, as shown in Figure 5-4 (b), presents the novel
behavior of the variation of the glass transition temperature with increasing LiClO4
salt content. The addition of low LiClOy4 salt (5 wt%) causes the decrease in 7, of PVP.

This is an unusual phenomenon comparing with prior results based on polymer/salt
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blends. Relative to the PMMA, PVP is a water-soluble polymer in which the tertiary
amide group provides a more marked Lewis-base character toward the carbonyl group.
This character arises from its strong polar nature, with a dipole moment of ca. 4
Debye [34,35]. Therefore, it seems reasonable to expect that the PVP may possess a
higher 7, at 181 °C due to its strong intermolecular dipole-dipole interaction. Many
factors may contribute the high 7, of the PVP, however, the dipole-dipole interaction
is still an important contributor. Initially, the presence of LiClO4 moiety at a relative
smaller content actually reduces the self-association interaction of PVP molecules and
results in lower 7, [25], because the electron donor group of PVP is able to interact,
through the formation of ion-dipole interaction, with electron acceptor species (i.e.,
Li cation). As a result, there exist two interactions for competition, the
self-association of PVP through dipole-dipole. interaction and the ion-dipole
interaction between Li' cation-and the carbonyl group of PVP. The mobility of
polymer chain tends to be restrained:by-the.addition of LiClO,, and results in higher
T;,. On the other hand, the presence of LiClOg also tends to reduce the dipole-dipole
interaction of PVP molecules simultaneously and results in lower T;,. These factors are
responsible for the observed variation in the glass transition temperature of the
LiClO4/PVP complex system. As shown in Figure 5-4 (b), when the LiClO4 content is
increased from 0 to 30 wt%, the 7, increases from 181 to 191 °C. The increment of 7,
(AT,) is ca. 10 °C which is less than that of LiClO4/PEO (AT, ~ 35 °C) or
ZnClO4/P4VP (AT, ~ 140 °C) blend system in our previous studies [28,32]. Further
addition of LiClO4 content from 30 to 40 wt%, 7, of LiClO4/PVP blend system
increases dramatically and tends to achieve its maximum at 233 °C. When the LiClO4
content is increased to 50 wt%, however, the value of 7, decreases. According to the
above observation, the optimal ion-dipole interaction condition between LiClO4 and

PVP in terms of 7, enhancement is at 40/60. Excess LiClO4 content above 40 wt%
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results in salt-aggregation and thus lower 7, because of increasing interchain distance
above the optimized lithium salt content [33].

In order to further understand the 7, variation mechanism in the LiClIO4/PMMA
and LiClO4/PVP blend systems, FTIR characterization was performed. The most
frequently employed method for quantifying the relative fractions of free and bonded
carbonyl sites within a PMMA or PVP polymer chain by monitoring the carbonyl
stretching bands as a function of the blend composition. Figure 5-5 presents the
expanded IR spectra of the carbonyl stretching absorption, ranging from 1800 to 1550
cm’l, of the LiClO4/PVP blends containing various LiClO4 contents recorded at 120
°C. The stretching band of the “free” carbonyl of the uncomplexed PVP appears at
1680 cm”. The pure PVP shows that this “free” carbonyl is asymmetric and
significantly broader than the other'mon-complexed carbonyl bands [35-37]. Moreover,
Painter and co-workers [38;39]. have ' demonstrated that the real “free” or
“unperturbed” carbonyl stretching band-sited-at ca. 1708 cm™ is able to be obtained
from IR spectra of the model compeund. ethyl pyrrolidone (EPr). The carbonyl
stretching band of the PVP obviously broadens and shifts to a lower frequency at ca.
1680 cm™ due to the strong self-association of PVP molecules (i.e., the dipole-dipole
interaction between pyrrolidone groups of PVP). Hence, the “free” carbonyl in the
PVP is expected to be minor, and the carbonyl band observed in PVP actually consists
of bands from large associated species (multimers).

Returning to Figure 5-5, the carbonyl band broadens gradually as the LiClO4 content
is increased and a new band at ca. 1652 cm™ appears. This newborn band corresponds
to the coordination between the Li" cation and the oxygen atom on the carbonyl group
of PVP. A third band clearly appears at lower frequency at ca. 1630 cm™, when the
LiClO4 content is increased over 20 wt%. This band sited at lower frequency,

implying that an even stronger interaction is involved with the carbonyl group of the
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PVP. In addition, the relative intensity of this band increases with the increase of the
LiClO, content. Thus, this carbonyl absorption band at ca. 1630 cm™ can be
considered as the carbonyl group interacting simultaneously with several Li" cations
when more Li" cations are present. To further elucidate the effect of LiClO4 content of
the charge environment surrounding the carbonyl group of PVP, Figure 5-6 shows
relative fractions of “un-complexed” and “complexed” C=0 sites by decomposing the
C=0 stretching band into two or three Gaussian peaks [38,40] and results are
summarized in Table 5-2. Correspondingly, the above-mentioned carbonyl stretching
bands sited at 1680, 1650 and 1630 cm™ can be assigned to the “un-complexed”,
“complexed I” and “complexed II” C=0 bands, respectively. The relative intensity of
the “un-complexed” C=0O band decreases upon increasing the LiClO4 content.
Moreover, the initial addition of 5.wt% LiClO4 content causes the peak position of the
“un-complexed” C=0 bands shifting slightly.to higher frequency (from 1680 to 1682
cm™). The dipole-dipole interaction tof PVP-molecules tends to be reduced with the
addition of LiClO4. On the other hand, Figure 5-7 summarizes the fractional area
versus LiClO4 content of the “un-complexed” and two “complexed” C=0O bands for
comparison. Both relative fractions of “complexed I’ and “complexed II"” C=0O bands
increase with the increase of LiClO4 content up to 40 wt%. After that, the relative
fraction of the “complexed I” C=0O band begins to decrease while that of the
“complexed II” C=O band continuously increases. Apparently, the formation of the
complex I shifts gradually into the complex II when the concentration of LiClO; salt
is increased. It evidences that the complex II is favorable at higher LiClO,
concentration. Furthermore, it is clearly shown that not all the added Li" cations are
able to associate with the carbonyl groups by forming the polymer-salt complex; some
“un-complexed” C=0 groups are still present, even with excessively high LiClO4

concentration. This result indicates that the Li" cation is involved in equilibrium with
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both ClO4 (counter ion) and C=0O simultaneously in the blend. Accordingly, these
results coincide with the phenomenon observed from the DSC analyses.

In order to further clarify this complicated interaction mechanism in the blend of
LiClO4/PVP system, Figure 5-8 depicts three types of proposed association schemes.
Type A describes the dipole-dipole interaction between the carbonyl groups of neat
PVP. This interaction tends to be disturbed or reduced and the ion-dipole interaction
between Li" and carbonyl group of PVP as replacement when low content of LiClO,
is added; however, the ion-dipole interaction between Li" and the carbonyl group of
PVP tends to be the replacement, as depicted in type B. While further increasing the
LiClOy content, an excessive of LiClOj salt causes the salt-aggregation.

Figure 5-9 shows the expanded FTIR spectra ranging from 1800 to 1650 cm™ of
a series of LiClO4/PMMA blends recorded at 120.°C. The stretching band of the free
carbonyl group of the uncomplexed PMMA appears-at 1730 cm™. When the LiClO,
salt is added, a shoulder at ca> 1700 ¢ —appears, corresponding to the ion-dipole
interaction between the C=0 group and. Li". It is clearly observed in Figure 5-9 that
the relative intensity of the shoulder at ca. 1700 cm™ increases upon increasing the
LiCIO4 concentration. Table 5-2 lists the curve-fitting results of the carbonyl group
stretching for LiClO4/PVP and LiClO4/PMMA. The PVP matrix can interact with
more content of LiClO,4 than that with PMMA. Furthermore, the type of complex II
appeared in the LiClO4/PVP blend system at high LiClO4 concentration is absent in
the LiClIO4/PMMA blend system. These differences can be interpreted as the stronger
dipole moment of the functional group of PVP than that of PMMA. Comparison with
the DSC analyses, the LiClO;4 salt tends to aggregate in LiC104/PMMA blend at lower
salt concentration (ca. 30 wt%), while salt-aggregation for LiClO4/PVP blend occurs

at a higher salt content of ca. 50 wt%.
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5-3-3 Blends of LiClO4 Salt and PVP-co-PMMA Copolymers

Figure 5-10 displays the deconvolution of infrared spectra ranging from 1800 to
1525 cm™! of the LiClO4/VP79 (PVP-co-PMMA with 79 mol% VP unit) blend in the
region of carbonyl stretching recorded at 120 °C. We concentrated on the unperturbed
bands at 1680 and 1730 cm™ for PVP and PMMA, respectively. As we mentioned
before, the addition of lower content of LiClO4 (10 wt%) in PVP results in a new band
at ca. 1655 cm™', which is assigned as the “complexed I” C=0O group of PVP. When
the LiClOy is increased to 30 wt%, “complexed II” C=O group of PVP occurs at ca.
1630 cm™. Furthermore, the “complexed” C=0 group of PMMA is formed while the
LiClO4 content is further increased to 40 wt% as shown in Figure 5-9. Figure 5-10
presents that there exists a competition between carbonyl groups from PVP and
PMMA for coordinating with Li" cation. At low LiClO4 content, Li" tends to
selectively interact only with «PVP.  When .the Li€lO4 concentration is gradually
increased, the Li" interacts simultaneously-with PVP and PMMA. The Li" is more
preferable to interact with PVP than. with PMMA. All these carbonyl stretching
frequencies of LiClO4/PVP-co-PMMA blends are clearly split into several bands,
which can be fitted well to the Gaussian function. For brevity, the results of the
subsequent curve fitting are summarized in Table 5-3. Table 5-3 indicates that the
relative intensity of “un-complexed” C=0O group decreases upon the increase of
LiClO4 content for both VP and MMA units; the similar trend is also observed from
the both binary blends of LiClO4/PVP and LiClIO4/PMMA. In detail, comparison
between LiClO4/PVP (30/70) and LiClO4/VP57 (20/80), which both blends possess
the same molar ratio of [Li']J/[VP unit] regardless of the PMMA presence, the area
fraction of “un-complexed” C=0 from the VP units in LiClO4+/VP57 blend system is
less than that in LiCIO4/PVP blend. Since the presence of MMA unit in the

PVP-co-PMMA copolymer plays an inert dilute role to decrease the self-association
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of VP unit, less LiClO4 content is necessary for the LiClO4/PVP-co-PMMA blend to
attain the same coordination extent between Li" and VP unit.

The DSC analysis is one of the most convenient methods for determining the
miscibility in polymer blends. 7, measurements are used in this study to identify
phase. Figure 5-11 shows the conventional second-run DSC thermograms of various
LiClO4/PVP-co-PMMA blends; either single T, or two Tgs are identified in all blends.
The existence of a single 7, strongly suggests that these blends are fully miscible with
a homogenous phase. Meanwhile, a blend containing two 7,5 is considered to be
immiscible or phase separated. The binary blend of PVP and PMMA is known to be
immiscible [26,41,42], however, the PVP-co-PMMA random copolymers at various
component ratios are miscible (a single 7, is shown in Figure 5-11). Consequently,
the phase diagram of the LiClO4/PVP-co-PMMA blend at room temperature is present
in Figure 5-12. Interestingly, .even though . these three individual systems,
PVP-co-PMMA copolymer, Li€lO4/PVP-blend,and LiCIO4/PMMA, are all miscible
at all compositions, immiscibility =exists-with certain compositions in this
LiClO4/PVP-co-PMMA blend system. The Ay effect, the discrepancy between the
interaction parameters y of the third component with polymers 1 and 2, plays an
important role in the phase behavior of these blends. The Ay effect results from an
unequal interaction strength between different component pairs [43-45]. Zeman and
Patterson [46] have demonstrated that the Ay effect strongly promoted phase
separation in ternary systems. An immiscibility may occur in systems with specific
interaction due to an “attraction” between different covalently bonded monomers of
the copolymers. From the FTIR analyses (Table 5-3), LiClO4 has much greater
preference for coordinating with PVP than with PMMA. Therefore, the addition of the
third component, LiClO4 salt, tends to exclude the PMMA component in the mixture

of LiClO4 and PVP-co-PMMA and becomes immiscible. Moreover, the immiscibility
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region appears when the LiClO4 content is low or/and the PVP component in the
PVP-co-PMMA copolymer is relatively high. Nevertheless, when the LiClO,4
concentration is gradually increased up to 30 wt%, this blend presents fully
miscibility regardless of compositions of PVP-co-PMMA copolymers. Enough
LiClO4 content is available to interact with PVP and PMMA simultaneously, thus
causes the LiClO4/PVP-co-PMMA blends to be miscible. Figure 5-12 shows that a
closed immiscibility loop exists in the phase diagram of LiClO4/PVP-co-PMMA
blends as a result of the complicated interactions among LiClO4, PVP and PMMA.
The T, values of LiClO4/PVP-co-PMMA blends containing various LiClO,
contents are tabulated in Table 5-4. The lower value of T, observed at ca. 123 °C is
close to the pure PMMA that can be assigned as the 7, of the PMMA-rich domain.
Subsequently, the higher value of 7, above 180. °C is attributed to the 7, of the
PVP-rich domain. It implies that the PMMA-phase ts excluded form the mixture by
adding the LiClO4 salt. In  additiony——the ' 7, of PVP-rich domain in
LiClO4/PVP-co-PMMA blend is higher. than-that of the binary blend of LiClO4 and
PVP containing the same LiClO4 concentration. Since the presence of MMA moiety
tends to reduce the self-association of the PVP components, Li" cation is able to
coordinate with PVP unit more directly and results in higher value of 7;,. These results
are consistent with the FTIR analyses. It is interesting to notice that a random
copolymer, PVP-co-PMMA, with covalently bonded monomers tends to phase
separate upon doping the LiClOy salt. As a result, Figure 5-13 illustrates the schematic

drawing of phase separation in the LiClO4/PVP-co-PMMA blend.

5-3-4 Analyses of lonic Conductivity
Figure 5-14 shows the room temperature conductivity plot versus VP content in

copolymers for LiClO4/PVP-co-PMMA blends containing a fix LiClO4 content of 20
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wt%. This plot indicates that the polymer electrolyte composed of LiClO4/VP39
exhibits a maximum ionic conductivity at room temperature. The conductivity (o)

behavior can be interpreted by the following equation [7,40,47]:

J=Zn,-Z,-ﬂ,- (5-4)

where n;, z;, and g4 refer to the concentration of the charge carrier, the ionic charge on
the charge carrier, and the mobility of the charge carrier, respectively. In this study,
the ionic charge (z;) is the same for all blend systems and the resulted ionic
conductivity depends on #; and ;.

Since the amount of charge carriers (n;) is expected to be related with the
fraction of “free” ClO4 anion dissociated from LiClO4 salt. Figure 5-15 shows IR
spectra of the v (ClOy) internal vibration mode ranging from 660 to 600 cm’
recorded at 120 °C for LiClO4/RVP-co;:PMMA blénds containing a constant LiClO4
content of 20 wt%. Within this region, the absorptions at around 624 and 636 cm’
correspond to the free anion and the eontact-ion pairs, respectively [48,49]. In order to
clarify the charge environment of the’ ClO4 "anion, the relative fraction of the free
anion has been quantified by decomposing the v (ClOy’) internal vibration mode into
two Gaussian peaks. Table 5-5 lists relative fractional areas and locations of related
adsorption bands for comparison. The relative fraction of the “free” ClO4 anion
increases initially by increasing the VP molar ratio of the PVP-co-PMMA copolymer,
but decreases when the VP molar ratio is over 60 % (VP57). It is understandable that
the incorporation of the PVP moiety into PMMA tends to increase the relative fraction
of the “free” ClO4 because the dipole moment of pyrrolidone group within PVP
molecule is strong enough to dissociate the LiClOy4 salt in to Li" and ClO4. However,
Shriver et al. [9] have demonstrated that the addition of Li" forming Li-PVP complex

tends to induce the N atom within PVP to become N quasi-cation via electron
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resonance. The N quasi-cation of PVP prompts the electrostatic N atom to pull the
anion allowing for cation-anion interaction. Therefore, the ClO4 anion is able to
interact not only with the Li" cation but also with the N quasi-cation of the PVP that is
responsible for the decrease of the relative fraction of the “free” anion.

On the other hand, in the solid state electrolyte system, it is reasonable to
assume that the mobility of charge carrier (x;) is related with the mobility of the
polymer matrix (i.e., dependence on 7,). Combining these effects of n; and £ on ionic

conductivity, it is reasonable to explain that the maximum ionic conductivity occurs at

LiClO4/VP57 (20/80).
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5-4 CONCLUSIONS

We have used DSC, FTIR spectroscopy, and ac impedance techniques to
investigate in detail the miscibility behavior, interaction mechanism, and ionic
conductivity of polymer electrolyte composed of LiClO4 and PVP-co-PMMA random
copolymer. Although PVP/PMMA blends are immiscible, a single 7 is observed for
corresponding copolymers and proves these copolymers are miscible. Furthermore,
the presence of MMA units in PVP plays an inert diluent role to reduce the
self-association of PVP molecules and thus causes negative deviation of 7,. For the
binary blend of LiClO4/PVP, an unusually phenomenon was observed that the
addition of low content of LiClO4 salt tends to reduce to strong dipole-dipole
interaction of PVP and results in the decrease of Ty; then, the further increase of
LiClO4 promotes 7, of PVP increasing. It s interesting to notice that the
LiClO4/PVP-co-PMMA polymer electrolyte exists an immiscible loop in the phase
diagram even though these three individual-systems, PVP-co-PMMA copolymer,
LiCIO4/PVP blend, and LiClOs/PMMA. blend; are all miscible in all compositions.
The PMMA -rich domain tends to be excluded from the LiClO4/PVP-co-PMMA blend
and leads to phase separation. Combining these effects of »; and x4 on ionic
conductivity, eventually, the maximum conductivity was found at the composition of

LiClO4/VP57 (20/80).
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Scheme 5-1. Synthesis of PVP-co-PMMA Random Copolymer

CHj3

N-vinyl-2-pyrrolidone (VP) methyl methacrylate (MMA)

benzene, 80~90 °C

AIBN

Poly(vinyl'prrolidone-co-methyl methacrylate)
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Table 5-1. PVP-co-PMMA Copolymer Compositional and Molecular-Weight Data“

Monomer feed Polymer composition (mol%)
Copolymer (mol%) EA® NMR!
abbreviation” VP MMA VP MMA VP MMA MY MJM T/(°C)
PVP 100 0 100 0 100 0 18200 2.63 181
VP79 78.3 21.7 78.8 21.2 80.8 19.2 18700 2.40 161
VP57 57.5 42.5 57.0 43.0 62.6 37.4 23000 2.23 144
VP47 47.4 52.6 46.8 53.2 52.9 47.1 17000 2.29 139
VP39 37.5 65.5 38.5 61.5 40.7 59.3 20300 2.52 134
VP19 18.4 81.6 19.4 80.6 18.7 81.3 22100 2.00 123
PMMA 0 100 0 100 0 100 25700 1.76 121

“ Polymerization conditions: initiator = AIBN; solvent = benzene; temperature = 80
°C. " Labeling based on VP content in the PVP-co-PMMA copolymers obtained from
EA. ¢ Calculated from the elementary analyzer using Eq. (5-1). ¢ Obtained form the
'H NMR spectra. ¢ Determined by GPC using polystyrene standards and DMF as the
eluent.” Characterized by DSC thermograims!
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Table 5-2. Curve-Fitting Results of Infrared Spectra of C=0O Group Stretching Region Recorded at 120 °C for the LiC1O4/PVP and

LiCl04/PMMA Blends with Various LiClO4 Salt Content

LiClO4 content, “Un-complexed” C=0 “Complexed I’ C=0 “Complexed II” C=0
polymer wt% v, cm’! Wip, cm’ Ar. % v, cm’! Wi, cm’! Ar. % v, cm’! Wip, cm’ Ar %
PVP 0 1680 28 100.0

5 1682 34 80.9 1652 43 19.1

10 1679 27 78.0 1656 30 22.0

20 1679 31 65.0 1653 23 27.1 1630 33 7.9

30 1678 30 55.6 1653 22 30.9 1635 33 13.5

40 1681 30 39.5 1654 29 40.6 1632 39 19.9

50 1673 31 40.9 1652 23 16.1 1630 43 43.0
PMMA 0 1731 22 100.0

10 1730 22 80.6 1704 27 19.4

20 1731 21 67.8 1706 32 32.2

30 1731 21 63.2 1707 33 36.8

40 1732 22 60.1 1708 34 39.9
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Table 5-3. Curve-Fitting Results of IR Spectra of C=0O Group Stretching Region Recorded at 120 °C for the LiCl1O4/PVP-co-PMMA Blends

with Various LiCl04 Content.

Carbonyl group in VP unit

Carbonyl group in MMA unit

LiClO4 “‘un-complexed” C=0 “complexed I” C=0 “complexed II” C=0 “un-complexed” C=0 “complexed” C=0
content, v, win, Ay, v, win, A, \2 win, A, v, win,  Au, v, win, A
Copolymesrs ~ wt% em!  cm’ % em!  cm’ % cm”’  cm’ % cm’  cm % em’  cm’ %
VP79 0 1680 36  100.0 1729 22 100.0
10 1686 27 53.5 1657 30 46.5 1727 25 100.0
20 1685 24 42.1 1657 31 57.9 1725 25 100.0
30 1684 22 28.5 1658 30 614 1625 37 10.0 1724 26  100.0
40 1685 24 20.3 1656 34 59.6 1628 43 20.2 1726 24 78.5 1710 19 21.5
VP57 0 1683 28  100.0 1729 23 100.0
10 1684 25 58.8 1656 25 41.2 1728 25 100.0
20 1683 25 46.1 1656 24 44.9 1627 37 9.1 1726 24 100.0
30 1682 27 35.2 1656 30 52.0 1625 43 12.8 1726 26  100.0
40 1681 27 28.9 1655 29 52.7 1623 40 18.3 1727 23 74.8 1708 22 25.2
VP47 0 1683 24 100.0 1729 27 100.0
10 1685 24 53.6 1656 26 41.6 1623 37 4.7 1728 24 100.0
20 1682 24 45.1 1655 23 44.9 1629 33 10.0 1729 21 80.6 1705 20 19.4
30 1682 31 41.9 1653 28 45.4 1622 40 12.7 1730 21 74.6 1706 18 25.4
40 1682 23 20.9 1656 30 61.3 1625 41 17.8 1728 21 58.1 1709 27 41.9
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VP39 0 1685 24 100.0 1729 22 100.0
10 1684 24 58.8 1656 22 41.2 1729 22 100.0
20 1682 26 45.5 1655 23 46.7 1625 36 7.7 1730 20 75.0 1707 21 25.0
30 1683 31 42.1 1654 27 45.6 1625 39 12.3 1730 21 72.0 1705 23 28.0
40 1683 35 33.6 1656 32 43.9 1625 41 22.5 1730 20 61.0 1705 23 39.0
VP19 0 1687 23 100.0 1730 22 100.0
10 1685 21 40.7 1658 24 45.8 1630 45 13.5 1730 22 954 1704 17 4.6
20 1685 26 31.8 1658 26 50.9 1630 42 17.2 1731 23 72.3 1703 25 27.7
30 1686 20 9.1 1659 29 68.0 1628 34 22.9 1731 21 68.3 1702 25 31.7
40 1659 30 73.5 1629 38 26.5 1729 20 66.1 1702 27 33.9
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Table 5-4. T,s of LiClO4/PVP-co-PMMA Blends Containing Various LiClO4 Content.

LiClOg4 LiClO4
PVP-co-PMMA Content, Ty, PVP-co-PMMA Content, Ty,
Copolymers wt% °C Copolymers wt% °C

VP79 0 160 VP47 0 139
5 126, 162 5 118, 194
10 126, 190 10 121, 204
15 133, 197 15 133, 209

20 154, 205 20 150

30 189 30 179

40 181 40 156

50 167 VP39 0 134
VP57 144 119, 182
120, 182 10 123, 205

10 126, 202 15 137

15 129, 208 20 152

20 151,198 30 169

30 161 40 159

40 166 VP19 0 123

125

10 129

15 139

20 145

30 159

40 123
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Table 5-5. Curve-fitting Data of Infrared Spectra at 120 °C of v (ClOy4) Internal
Vibration Mode of LiClO4/PVP-co-PMMA with Various VP Content at a Fix LiClO4

Concentration = 20 wt%.

Free anion Contact ion pair

v, Wi, Ay, v, Wi, Ac,

Copolymers  cm’ cm. % cm’ cm. %
PMMA 626 10 76.3 637 6 23.7
VP19 625 11 80.8 636 7 19.2
VP39 624 11 84.7 636 7 15.3
VP47 624 10 84.7 636 6 15.3
VP57 624 10 84.9 636 6 15.1
VP79 626 10 79.8 637 6 20.2
PVP 627 8 71.1 636 6 28.9
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Figure 5-1. Kelen-Tudos plot for PVP-co-PMMA copolymers.
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Figure 5-2. T, versus the PVP content of PVP-co-PMMA copolymer.
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Figure 5-3. The IR spectra at 1800-1630 cm™ of pure PVP, pure PMMA and
PVP-co-PMMA copolymers with various PVP contents at 120 °C.
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Figure 5-4. DSC scans for (a) LiC1O4/PVP and (b) LiClIO4/PMMA blends having varying compositions.
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Figure 5-5. Infrared spectra of C=O0 stretching region of LiClO4/PVP blends containing various LiClOy4 content at 120 °C.
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Figure 5-6. Deconvolution of infrared spectra ranging from 1800 to 1550 cm™ of the

LiClO4/PVP blend containing various LiClO4 contents in the region of carbonyl
stretching recorded at 120 °C.
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Figure 5-7. The dependence of “free” and “complexed” C=0 band on LiClO; salt concentration.
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Figure 5-9. Infrared spectra of C=0 stretching region of LiCl04/PMMA blends containing varying LiClO4 content at 120 °C.
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Figure 5-10. Deconvolution of infrared spectra ranging from 1800 to 1525 cm™ of the

LiClO4/VP79 blend containing various LiClO4 contents in the region of carbonyl
stretching recorded at 120 °C.
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Figure 5-11. DSC thermograms of LiClO4/PVP-co-PMMA blend containing various
LiClOy salt contents: (a) VP79, (b) VP57, (¢) VP47, (d) VP39, (e) VP19.
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Figure 5-12. Ternary phase diagram of the LiClO4/PVP-co-PMMA system. The open circles represent a miscible blend, and the full circles
represent an immiscible blend.
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Figure 5-13. Proposed schematic drawing of phase separation occurring in the LiClO4/PVP-co-PMMA blend.
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Figure 5-14. Ionic conductivity versus:VP content in PVP-co-PMMA copolymers
plots for LiCl104/PVP-co-PMMA blends at, 30 °C.
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Figure 5-15. Infrared spectra of v (C10y4") internal vibration modes for LiClO4/PVP-co-PMMA with various compositions.
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CHAPTER 6

General Conclusions

We have described, in this dissertation, miscibility behavior, interaction
mechanism and ionic conductivity of LiClO+/PEO/PCL, LiClIO4/MPEG-PCL, and
LiClO4/PVP-co-PMMA blends-based electrolyte systems by using DSC, FTIR
spectroscopy, solid-state 'Li NMR, and ac impedance and made some conclusions as
follows:

(a) Although each of the three individual binary pairs, in the LiClO4/PEO/PCL
ternary blend, is fully miscible, a closed-loop immiscibility region exists in the
ternary blend’s phase diagram. Lithium cation more preferably coordinates with
ether oxygen atom of PEO rathet than with the carbonyl group of PCL. When
LiClOy salt 1s added to the PEO/PCL binary blend, the PCL component tends to be
excluded, which causes the phase separation of these ternary blend. Moreover, the
presence of a small content PCL in the PEO:phase is able to retard or inhibit
crystallization because PEO and PCL are fully miscible in the amorphous phase at
all compositions. This factor is responsible for the observed increase in ionic
conductivity of LiCl1O4/PEO/PCL blend.

(b) The presence of PCL in the MPEG-PCL block copolymer tends to suppress the
crystallinity of MPEG as a consequence of the miscibility between MPEG and
PCL. Thus, the ionic conductivity of LiCIO4/MPEG-PCL blend system at room
temperature is higher than that of LiClO4/MPEG-based polymer electrolyte.
Besides, raising the concentration of LiClOy4 salt or increasing the length of the
PCL block in the LiClO4/MPEG-PCL blend increases the relative intensity of
stretching band for the “complexed” carbonyl group in IR spectra. However, the

relative intensities of the “complexed” carbonyl and “complexed” ether stretching

160



groups tend to be changed in different directions for some compositions of the
LiCl04/MPEG-PCL blend system when the temperature is increased.

(c) A single 7T, was observed for PVP-co-PMMA random copolymers and implied
that these copolymers were miscible. In addition, the negative deviation of 7, of
PVP-co-PMMA was obtained from DSC analyses because PMMA moiety played
an inert diluent role to eliminate the self-association of PVP molecules. For the
binary blend of LiClO4/PVP, an unusually phenomenon was observed that the
addition of low content of LiClO4 salt tends to reduce the strong dipole-dipole
interaction within PVP and leads to the decrease the value of 7, of PVP; then, the
further increase of LiClO4 promotes 7, of PVP increasing. Combining the effects
of n; and £; on ionic conductivity, consequently, it is reasonable to explain that the
maximum ionic conductivity is‘appearing at LiClO4/VP57 (20/80).

In summary, we found that although'a polymer matrix, such as PEO or PVP, is
excellent for dissociating lithium salts; the-bartiers, such as crystallization or strong
self-association, may exist to limit. the transportation of the dissolved ions.
Interestingly, such barriers may overcome by incorporating other polymers like PCL
or PMMA, which even possess less ability to dissolve salts than that of PEO or PVP.
Whether the method of incorporating polymers is through blending or copolymerizing,
the resultant materials tend to increase their ionic conductivity while blending with
LiClOy salt. These phenomena can be evidenced by detecting the miscibility behavior
and interaction mechanism using DSC, FTIR, and solid-state NMR techniques.
Furthermore, they carry key messages for the ionic conduction process and
demonstrate how important it will be in the future to adopt a more fundamental view

of solid-state polymer electrolytes.
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