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ABSTRACT 

The physical properties of polyethers have been modified by 

complexation with inorganic salts. The cation is bound to the polyether 

oxygen atoms to produce a single phase polymer-salt solution. The 

salts chosen were generally from the alkali and alkaline earth metals 

but other salt systems were investigated. 

It was observed, using the technique of differential thermal 

analysis, that the complexes gave single, well defined, glass transitions 

which occurred at temperatures higher than the uncomplexed polymer. 

High dielectric losses and constants were observed in dielectric 

measurements at audio and low radio frequencies. Conventional dielectric 

theories have been applied to these complexes and were found to be 

consistent with the formation of a complex between the polymer and 

the inorganic salt. Ionic conduction was observed above the glass 

transition temperature. 

Viscosity measurements were obtained using a cone and plate 

viscometer. The results obtained revealed similar trends to those 

observed in the glass transition results above an initial concentration 

of salt. 

The data obtained has been explained in terms of two models. When 

it is energetically favourable the inorganic salts are coordinated to 

the polyether in chelate structures involving two or three adjacent 

oxygen atoms. When steric hindrance or the formation of energetically 

unfavourable seven-membered rings are involved, a cage structure 

involving several oxygen atoms is proposed. 

The polyether complexes prepared were blended with low dielectric 



(v) 

constant material with the intention of improving their dielectric 

heating capability. Although some improvement was recorded, insufficient 

dielectric enhancement by the salt complexes in highly active dielectric 

heating systems (EVA, PVC) were recorded. However polymers that do not 

normally dielectric heat seal have been converted to heat sealable 

materials upon blending with salt complexes. 

Future commercial developments including applications as capacitors, 

solid electrolytes and electrets have been discussed. 
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1.0 INTRODUCTION. 

1.1 The study of the electrical properties of polymers is well­

established. Figure 11illustrates succinctly the position polymers 

generally have in the scale of conductivity of materials. However, 

this image is changing. For many years conductive fillers have been 

added to polymers to improve their electrical conductivity. Most 

polymers are inherently insulating in character resulting in the 

build-up of static charge on surfaces. This is potentially an explosive 

situation which has led to the incorporation of a heterogenous conduc­

tive filler l or chemical antistatic agents
2 

to alleviate the risk. 

Obviously materials to be used as conductive fillers have come from 

the highly conductive materials in general; metal powders, carbon 

blacks and graphites. The shape and size of such inclusions together 

1 

with the degree of inter-particle spacing and the nature of the substrate/ 

filler contact, and/or particle-particle contact, all influence the 

overall conductivity.3 

As fillers influence the electrical properties so they also affect 

the mechanical properties, often to the detriment of the designed 

polymer system, resulting in the need for an inherently conductive 

material that is lightweight, cheap, easy to process and flexible. For 

a system to conduct electricity either ions or electrons must move. In 

the latter case, for this situation to exist, sufficient overlap of the 

molecular orbitals must exist between neighbouring molecules which 

themselves have delocalised electronic molecular orbitals. The following 

examples indicate possible schematic solutions to meet these requirements. 

(a) Conjugated Chains 

By far the most studied of the specified solutions are the 

alternately saturated, unsaturated, backbone chains as illustrated below. 
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The 11 -orbitals can be delocalised along the whole backbone (cf 

the 1l' -orbitals in a benzene ring) to form a 'valence band' capable 

of metallic conduction. Although the activation enerrs of conductio:, 

is 10'" in such systems and thus the conducti vi ties should be high, this 

is not always achieved. To achieve the theoretical high conductivities 

stereoregular highly crystalline polymers must be made. As will be 

seen later planar molecules present their own set of mechanical problens. 

Depressing the theoretically possible high conductivities·are two factors. 

Firstly,,)Qhn-Teller stabilisation, which produces a system of alternating 

long and short bonds and thus a variation of delocalisation distance and 

activation energy. Secondly, rotation about any of the bonds reduces 

overlap and breaks the conjugation; for conjugation to exist over a long 

range the molecules Must remain planar. 4 
Shirakaw3 and Ikeda observer. 

values of resistivities u[1 to 10 (.Il..cr1)-1 with thin films of trans 

-10 -1 poly (acetylene) as opposed to values less than 10 (.n.. cm) for 

poly (phenyl 8cetylenc) in which steric hindrance prevents adoption of 

n. planar conformntion. 

To overcome th(>" problem of r.1aintaining a plannr configuration 

'ladder-type' polyners have been developed. Characteristic of these 

~ {', 
are the poly (acene qui none radical) (PAQH) polymers" which have 

the general ~,tructur{~ 
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n 

2 -!) -1 
Conductivities in the range 10 to 10 -(ft cm) have been noter. 

but as with many of these planar compounds are intractable and suffer 

fror.1 iMperfect bonding. Theoretically large sheets of fused rings 

should produce the ultimate in such systems as in the case of 'Illack 

7 Orlon', This is a pyrolised poly(acrylonitrile), 

C 
~N 

C 
~N 

de>1;red shape l'esuIting in conductivities of ~ 10 (.il.cm)-l, 

(b 1. Charge Transfer Complexes 

/1, ch.:1r.qe-transfer complex is formed when an electron is partj~dl.\' 

transferred frafT: El. rionor molf'cule of low j()~I:~~:1~, 1\l~1 potentiA1 to ;~n 

acceptor ",olecuIp of high affinity,-

o -
1\ 

/I. radical ion (i.""'. nn ion carryinr, an odd number of electrons) 

~ould reRul t if an electron were complete].Y transferred. 

l'yrene 3tlf1 iodirle, conrluctjvitie~ 
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10 (A cm) ,md 1U - ( ... ~ ern I 

rr:Slwcti ve]y I n~;lc1 to fOT'fi1 :1 c0rlplex 
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The conduction is very directional, being greatest along the direction 

of the stacks. The stacks are formed by the way the complex packs. 

Charge transfer complexes havinl3 the donating species attached to the 

polymer backbone have been reported, for example polY(Phenylene)-iodinc
D 

4 -1 0 (; -1 
(10 (.il. cm) ) and poly(vinyl-anthracene)-iodine~ (10 (-"1 c,,) ). :··1uch 

of the research directed. towards obtaining a conducti.ve material from 

a charge transfer complex has been centred on the compound 7,7,8,8 

tetra cyano quinodimethane (TCNQ)10, a very strong electron acceptor, 

capable of firstly forming a radical anion and then the dianion. 

·e 
~ 

~ -e 

TCNQ is capable oi" forr.1inr, ei th~r a ch2r.~~e transfer cOr.lplex or ~ r':1r1ical 

-ion salt. The lithium salt Li + TCNQ shows conductivity o~ 

10-1 
(Jl. cm) -I, even higher values have been observed wi th so"'e or):anic 

t " 3 ca lons , e.g. 

re NQ-= 
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N-methyl phenazinium TCNQ, conductivity ~ 106 (.ft. cm)-1. 

Under certain conditions TCNQ may form both simple and complex 

salts, the latter ~ontaining an extra equivalent of neutral TCNQ and 

showing greater conductivity. 

The success in obtaining polymeric versions of TCNQ complexes 

has been limited. The simplest approach utilising polymeric cations 

(ideally with some aromatic nature). 11 12 . Examples ' 1nclude poly(2-vinyl 

pyridine), poly(vinyl methyl imadazole) and poly(l-methyl 2-vinyl pyridine). 

To obtain the correct confOrmation in the solid state to allow the 

necessary face to face stacks for electron transfer between the associated 

TCNQ units has only found limited success. Conductivities of 102(~m)-1 
4 have, however, been reported. 

Examples of radical cation systems also exist; these have been 

based on a family of heterocyclic compounds known as violenes. An example 

is tetrathiafulvalene (TTF) 

[)=(J 

whose compound with TCNQ shows very high conductivities (107 (JL cm)-1). 

Rosseinsky et al. 13 have grown single crystals by anodic electro-

crystallisation of adducts containing tetrathiafulvalene with inorganic 

and organic anions. The crystals are unidimensionally metallic non­

stoichiometric adducts. Conductivities between 10-3 and 20 (JLcm)-l have 

been recorded. Further work by Rosseinsky et al. 14 using galvonostntic 

control (constant current) rather than electrocrystallisation has produced 

even higher conductivities, up to 500 (Jlcm)-l for a tetrathiatetracene 

ni trate adduct. 
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Similar adducts 15 have been grown by cathodic electrocrystallisation 

from tetracyanoquino-dimethane (TCNO) in the presence of metal salts. 

-5 -1 
Conductivities of copper TCNO adducts varied from 10 to 800 (~cm) 

(c) Organometallic Compounds 

When an organometallic group is introduced into polymers electronic 

conduction is enhanced. The metal d orbitals can overlap with the 

1i orbitals of the organic structure, extend the delocalisation· and act 

as bridges to adjacent molecules. Dewar and Talata16 obtained conduc­

-1 tivities up to 1 (JLcm) for the polymeric complex of Cu II with 1, 5 

diformyl - 2, 6 - dihydroxy naphthalene dioxime. 

n 

They are similar to compounds previously described in that they have 

poor mechanical properties. 

1.2 Objectives and Scope of Present Work 

It has been shown in the previous section that donor/acceptor 

complexes although rendering high conductivity, in general, showed poor 

mechanical properties. 

The donation of electrons from a non-bonding orbital, containing 

electrons on n suitable atom, e.g. oxygen, sulphur or nitrogen to n 
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vacant orbital on the metal atom (normally a hybrid of the available 

s. p and d orbitals) occurs commonly in organic chemistry. Examples are 

the interaction between anions of acetyl acetone and salicyl-aldehyde 

17 18 and metal compounds.' Such coordination compounds are often used 

19 in organic synthetic routes. 

acetyl acetone I salicylaldehyde II 

The bonds formed are essentially covalent showing some ionic 

character, the degree of which is a reflection on the difference in 

electronegativity between the metal and the ligand atoms. The ability 

of a liquid to bestow covalent character to a bond which it forms 

with a metal is frequently termed the donor strength and reflects 

the ability to increase the electron density on the metal. Very few 

references exist for such analogous complexes in which a polymer or 

20 part thereof acts as the donor. 

21 
Davydova has considered the parameters involved in complex for-

mat ion by polymers, concluding that the efficiency of complex formation 

is affected by the distribution of ligands along, and their position 

relative to the main chain. Also, that the conformation of the ligand 

will also be a limiting factor. If a conformational difference occurs 

between the metal ion and the ligand then a conformational change must 

take place if complexation is to occur. Davydova also noted that as 

in the case of low molecular weight substances chelation enhances 

complexation especially so if the energetically favourable 5 or 6 

membered ring is formed. Suitable donors may be found in 0, Sand N 

containing polymers such as poly(ethers), poly(thio ethers), poly 

(amides), poly(vinyl pyridines), ete: 



The work presented in this thesis is a study of the complexation 

of inorganic salts with poly(ethers). It is a continuation of two 

research projects undertaken at Loughborough University. 
22 

D.B. James 

studied the physical properties of metal salt complexes of low and 

high molecular weight poly(propylene oxide). Using techniques such as 

DTA and X-ray scattering he found a large positive shift in the 

values of Tg and that the complexes were amorphous single phase elas-

8 

tomers. Dielectric measurements revealed high values for dielectric loss 

and storage. He concluded that the results could be interpreted 

in the form of a chelate ring involving the coordination of two 

adjacent oxygens in the polymer backbone to the metal salt. Such 

a model could be regarded as a copolymer of complexed and uncomplexed 

monomer units. 

23 A.M. Rowe investigated the properties of salt complexes of 

poly(vinyl alcohol), poly(methyl vinyl ether) and poly(ethyl vinyl 

ether). Two models were proposed, depending on the steric hindrance 

of the side groups and the ability of the salt to accept donor 

electrons. For systems where the steric hindrance is"low and the 

acceptor power of the salt is high, a model similar to that of James l9 

was proposed. When the converse occurred a cage structure was proposed 

whereby the cation is surrounded by four ethereal oxygen atoms. 

Principally the series poly(formaldehyde), (CH2 - O)n; poly 

(ethylene oxide), (CH2 - CH 2 - O)n' poly(propylene oxide), f CH2 -

~H - O)n ; poly(tetramethylene oxide, -(CH2 - CH 2 - CH2 - CH2 - O)n; 

CH3 

together with two vinyl ethers poly(methyl vinyl ether) -(CH2 - CH 
I 

-(CH -2 
CH 
I 

---------)n 

o - CH - CH 2 3 

0-CH3 

-) 
n 
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The variation in distance between ethereal oxygens and the degree of 

steric hindrance were the underlying reasons for the choice of polymers. 

All the polymers are commercially available and readily soluble in 

polar organic solvents. 

The choice of salts was determined primarily for their solubility 

in polar organic solvents, such as ketones, ethers and alcohols and 

b · k f bl 1 'h 'd of I' d 17.18 e1ng nown to orm sta e comp exes Wlt a W1 e range 19an s. 

As will be described later the solubility in such solvents was a pre-

requisite of the method of preparation employed. Other salts w~re 

chosen in an effort to improve the conductivity of the resulting 

systems • 

Careful consideration of both cation and anion was required to 

prevent degradation of the polymer and to ensure no self-degradation 

of it would occur in experimental conditions used. All salts, polymers 

and solvents used were either anhydrous or rendered anhydrous before 

processing. This was considered necessary for several reasons most 

poignant being the necessity for the energetically unfavourable dis-

placement of water molecules hydrated to the salt by ether oxygens. 

1.3 Modification of Polymers by the Inclusion of Metal Ions 

There have been several reviews of late19 ,22,24 discussing the 

modification of polymers by metal. salts therefore extensive discussion 

will not take place here. However, where pertinent, some studies will 

be discussed. 

1.3.1 Poly(ethers) 

(a) Crown Ethers 

Crown ethers are ring structures containing between 3 and 20 

oxygen atoms. The repeat unit is that of poly(ethylene oxide), i.e. 
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-(CH
2 

- CH
2 

- 0 -). Several studies have been carried out on these 

25 26 27 28 29 30 
macrocyclic structures notably by Pederson ' ,Kopolow ' , ,Dale 

31 and Alev • An informal nomenclature has arisen concerning the naming 

of such compounds as their I.U.P.A.C. names are long and complex. 

Crown ethers act as a strong chelating agent to cations, e.g. 

potassium ion forms a complex with a crown ether l8-crown-6 which has 

a stability complex of 106 •1 in methanol compared with 102•2 for the 

equivalent potassium ion complex with the chelating ligand Me (OCH 2CH
2

)S 

OMe. Due to this powerful interaction with crown ethers inorganic 

salts can be dissolved in aromatic solvents, a phenomenon which is 

being exploited in organic synthetic routes. 

In crown ether complexes the ligand oxygens bond solely by electro-

static forces and are located at distinct points on the coordination 

sphere of the cation. It has also been shown that the size of the 

macro cyclic ring and the cationic radius govern the stability of the 

complex. The tighter the fit the more stable the complex. This can 

be illustrated by considering the three crown ethers: 

2 3 

. ..+ + 
1 blnds Wl th Ll and not K 32 h 2' d . K + + w ereas bln s wlth, and not Li 

+ 33 or Na Hg
2+ 2+· 2+ 

Similarly 3 binds with and not Cd or Zn • 



(b) Poly(ethylene oxide) 

The formation of crystalline adducts of H~( 11) C1 2 and poly 

34-37 (ethylene oxide) have been reported by several workers. As is 

shown in Figure 1.2, two adducts were formed. Type 1 with the 

11 

empirical formula (CH2CH20)4 Hg C1 2, and (CH 2CH 20) Hg C1 2 for Type H. 

In Type I, interaction between ether oxygens and the mercury atoms 

in the salt was thought to be unilateral, resulting in the distortion 

of the normally linear C1-Hg-Cl to an angle of 1760
, where in Type 11 

it was thought that each ethereal oxygen atom was comp1exed with two 

mercury atoms. 

. 38 
Iwamoto obtained further information from X-ray difraction 

studies of single crystals of oligomers of ethylene oxide coordinated 

to Hg ( H) C1 2• He suggested that the complexes were formed by 

electrostatic forces acting between the positively charged metal ion 

and the negatively charged oxygen forming a coordination between 

a mercury atom and several coplanar oxygen atoms. Iwamoto postulated 

that the metal oxygen bonds contained some covalent character. 

Wright et a1. 39 prepared complexes of po1y(ethylene oxide) and 

various alkali metal salts with a molar ratio of salt to polymer of 1:4. 

Sodium iodide, sodium thiocyanate and potassium thiocyanate formed 

the most stable complexes with po1y(ethy1ene oxide) having melting 

points of 2050
, 1600 and 1000 C respectively. These complexes were 

spheralitic as results from X-ray diffraction and IR spectroscopy 

indicated. The structure of the complex is totally different from 

the parent polymer and at concentrations in excess of 20 mole% 

result in recrystallisation of the pure salt as shown by the presence 

of characteristic peaks for the salts in X-ray spectrum of the complex. 

In further studies Wright40 ,41 measured the electrical conductivity 



Figure 1,2 
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of these complexes. He found a transition zone from high to low 

activation energy for conduction was observed (which for the sodium 

complexes was situated at approximately 550 C). The transition was 

attributed to the thermal breakdown of the complexes in the amorphous 

regions. Infra red spectra of these samples show similarities to 

those of complexed cyclic ethers, suggesting a similar coordination 

of cation to the backbone ether oxygens as shown in Figure 1.3. 

Wright et al. 42 also claims that the anion has no effect on the 

principal crystalline lamellar melt temperature. The use of such 

43 
complexes has recently been highlighted by Armand for use as solid 

12 

electrolytes. He has indicated that the conductivity of such complexes 

was dependent upon several parameters including cation size, salt 

concentration and crystallinity. 

44 Finally, of interest are the studies of Lundberg et al. con-

cerning the complexes of alkali metal halides and poly(ethylene oxide). 

The results obtained showed a depression of melting point and crystal-

linity of the polymer and no new crystalline complexes of the type 

described by Wright. The results were interpreted in terms of ion-

dipole interaction. It is pertinent to consider the method of prepa-

ration of complexes as proposed by Lundberg. In this mode of preparation 

the salt is milled directly into the polymer. This allows for less 

intimate mixing and consequentially the formation of new crystalline 

phases would not be favoured. 

(c) Poly(propylene oxide) 

Moacanin and CUddihy45 were the first to study the effect of salts 

in poly(propylene oxide). They studied the viscoelastic properties of 

lithium perchlorate. They noticed an elevation in Tg of up to 1100C 

(at 25 wt.% salt loading) above that of the parent polymer for low 



• 

Figure 1,3 
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molecular weight polymer. Large elevation of Tg was also noted for high 

molecular weight polymer, however below 16 wt.% salt loading two 

transitions were oberved. The first transition occurred at a tempe-

rature slightly greater than that of the homopolymer (-650 C) whilst the 

second, at -lOoC, was interpreted as a stabilisation by the salt of 

the polymer helices, the salt being situated in the helical core. The 

elevation of Tg was explained in terms of strong interaction forces 

between the cation and the ethereal oxygen atoms analogous to those 

observed in low molecular weight oxygen containing compounds. 

46 47 In recent studies, James and Wet ton ' have investigated the glass 

transition behaviour of poly(propylene oxide) of high and low molecular 

weight complexed with zinc chloride. o An elevation in Tg of up to 140 C 

above that of the parent polymer was recorded. A plot of Tg versus 

salt concentration gave a sigmoidal curve which levelled off at high 

salt concentrations. The results were interpreted in terms of the 

coordination of two adjacent ethereal oxygen atoms in the polymer 

backbone coordinating to the metal salt .forming a stable five-

membered chelate ring as can be seen in Figure 1.4. 

The electrical properties of inorganic salt complexes of polyethers 

have aroused interest in several workers. Delduca et al. 48 have 

reviewed the formation of complexes between poly(alkyleneoxy) and 

inorganic salts. Their investigation centred mainly around the group 

1 and 2 metal tetraphenylborates complexed with poly(ethylene glycol) 

and poly(propylene glycol). Using IR and NMR spectroscopy they found 

that for a given alkylene oxide a cation ratio of 8.5:1 was indicated 

for group 1 complexes and 12:1 for group 2 complexes. Cheradame et al. 49 

noted that the electrical conductivity of poly(propylene oxide) 

complexed to sodium tetraphenylborate followed an apparent Arrhenius Law 

o over the temperature range 50-150 C. 



Figure 1,4 
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(d) Poly(vinyl alcohol) 

Hannon and Wissbrun
50 

have studied the interactions of inorganic 

nitrates with several polymers including poly(vinyl alcohol). Using 

lR spectroscopy they noted shifts both in the inorganic nitrate and 

polymer absorption frequencies. Together with Tg measurements they 

interpreted the results in terms of the formation of a complex 

between the polymer and the salt in the solid state. However, the 

solvent was an integral part of the complex. It is also worth noting 

that the oxidising nature of the salts used may have led to polymer 

degradation and misleading results. 

H· h' 51 h d' d' 1 b d igas 1 as reporte a semi-con uctlng po ymer ase upon a 

poly(vinyl alcohol)/Cu Il salt/12 complex. The resistivity was found 

to be a variable of both salt and 12 concentration. A surface resisti-

3 -2 
vity of "'" 10 ..11. cm was reported corresponding to a salt concentration 

of 15% and 12 concentration of 4%. 

1.3.2 Poly (amides) 

D d S 52,53 • . d h k' f I ( • d ) unn an ansom investigate t e stress crac lng 0 po y ami es , 

mainly nylon 6 and nylon 66, by metal salts in aqueous and non-aqueous 

solutions. Several halides were found to be active stress-cracking 

agents, but could be sub-divided into type I or type 11 depending on the 

mechanism by which they caused stress cracking. These are illustrated 

in Figure 1.5. The first involved the coordination of the metal atom 

to the carbonyl oxygen atom of the amide group and is preferred by 

transition metal salts. The resultant stress cracking was a consequence 

of interference in the polyamide's hydrogen bonding. The second type of 

complex was due to the ability of group I and 11 metal salts when 

solvated to form proton donating species which act as direct solvents 

for the polyamide. Similar effects were observed with metal thiocyanates 

d
. . 55 

an nitrates. 
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Andrews 56 ,57 measured the dynamic mechanical properties of nylon 6 

treated with zinc and cobalt, chlorides, and cobalt thiocyanate. The 

absorbed salt was found to shift the tan G peak associated with the 

cl - relaxation to higher temperatures. Associated with this was a 

significant increase in the magnitude of the relaxation. The original 

properties were restored (except for a small residual shift due to 

irreversible morphological changes) on extraction of the zinc chloride 

or cobalt chloride. However on extraction of cobalt thiocyanate 

permanent structural changes occurred. There was no explanation 

proferred for this behaviour. 

. . 58-60 d F • I 61 h d' d h ff f Clferrl an raSCl et a. ave stu le tee ects 0 

alkali metal halides, especially lithium chloride and lithium bromide 

upon nylon 6. They found a continuous depression of the melt tempera-

ture of the polymer with increasing salt content. The degree of crys-

tallinity and the rate of crystallisation were also depressed with 

the addition of salt. As in the work by Andrews56 they found a 

restoration of the original polymer characteristics on removal of the 

salts with hot water. The results were attributed to a strong interaction 

between the amide group in the amorphous region of the polymer and the 

halides, resulting in the observed specific volume reductions which were 

not consistent with a pure addition of polymer and salt. However 

Acierno et al. 62 found that the Tg of the polymer seemed unaffected 

by the type and concentration of the alkali metal salts in the polymer. 

In subsequent work by Kim and Harget
63 

and Siegmann and Baraam64 the 

Tg of the nylons were found to be dependent on both the type and the 

concentration of salt. Kim and Harget found that the ratio of oxidation 

number (Q) to ionic radius (R) was related to the observed increase in Tg. 

Kakinoki
65 

treated poly(acrylamide)-copper 11 chelates with iodine 

pressed into films. He recorded surface resistivity of 103..n... cm- 2• 

Reich and Michaeli 66 ,67 polymerised acrylonitrite in the presence 



of various hydrated metal perchlorates to form solid solutions. A 

decrease in Tg with increasing salt concentration was noted. The 

-2 -1 
solution showed high conductivities of 10 (~cm) • The obervations 

have been attributed to plasticisation by the salt of the polymer 

68 
network. Dewsberry has proposed a mechanism for conduction to 
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account for the observed variation of activation energy with temperature. 

1.3.3 Poly(vinyl pyridine) 

That first row transition metal salts coordinate to poly(2-vinyl 

·d· )69 d 1 (4 . 1 ·d· )70-73 h b k f pyr1 1ne an po y -v1ny pyr1 1ne as een nown or some 

time.' Kopylova74 and Agnew75 discussed the general features of 

coordination including the stereochemistry of the coordinated ion, the 

stoichometry of the complexes formed, and the inter and intramolecular 

forms of complexation. 

Complexation was attributed to the nitrogen atom of the pyridine 

ring. The isomer chosen governed the type of coordination occurring 

(i.e. either intra or intermolecular). For poly(4-vinyl pyridine) 

polymers, the coordination was predominantly intermolecular, with 

the metal salt forming a cross-link between chains. However in the 

poly(2-vinyl pyridine) intramolecular coordination predominates 

since the nitrogen atoms are more favourably situated for such a process. 

The two structures are illustrated in Figure 1.6. 

1.3.4 Ionomers 

Ionomers may be defined as a copolymer containing an organic 

monomer and an ionisable copolymer. The most common is a copolymer 

of ethylene containing a small amount of methacrylic acid. Reviews by 

76 . 77 20 Otocka and E1senberg , have attempted to coalesce the differing 

opinions on the morphology of these compounds. 

Two structural models have been developed to explain the observed 

changes in tensile properties, impact resistance and melt viscosity78 

which occur when some of the acid groups are neutralised. The first 79 



Figure 1,6 
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describes a three-phase model, consisting of an amorphous hydrocarbon 

phase, a poly(ethylene) crystal phase and a phase consisting of 

microphase separated clusters of salt groups. The second model describes 

h 80-82 an even distribution of salt groups throughout the amorphous p ase 

in which the salt groups form dimers as opposed to any significant 

clustering. 

Strong evidence for the first model comes from several experimental 

. d'ff' 78,83,84 1 . 78,85,86 technl_ques, X-ray 1 ract10n , e ectron m1croscopy , 

h . 1 d d" 87-90 d h d' 91 mec an1ca an 1electr1c measurements , an t ermo ynam1c parameters 

The model is illustrated in Figure 1.7. 

Evidence for the second model is not as well documented, and it 

20 has been argued that much of the experimental data supporting the 

model can be used to support the Macknight proposal 79 

The interpretation of much of the morphological data has been 

hindered by the inherent crystallinity. . 92-94 Eisenberg and Navrat1l 

have studied ionomers of styrene-methacrylic acid. They found, using 

X-ray diffraction, that below 6% of ionic comonomer simple ion multiplets 

occurred but that above this level ion-clustering was found 

PNVC doped with a charge transfer acceptor, particularly 2,4,7 

trinitroflurenone, has been used as an electro-imager in a commercial 

h ° h O 95-98 P otocopy1ng mac 1ne • Similar systems have been employed by 

Schaffert99 in electrophotography. 

C O 100 h ° • umm1ns et al. have constructed a p otoconductor cons1st1ng 

of poly(vinyl carbazole) doped with Bi4Ti
3
0l2 • 

Shigahara et al. lOl describe a semi-dry photogalvanic cell con-

sisting of a polymer gel such as PVA or poly(ethylimine) as a carrier 

for the redox couple thionine (TII+) and ferrous ion (Fe2+): 

TII+ + Fe 2+ + 11+ 
(violet) 

h))" 

dark 

+ 3+ 
TII 2 + Fe 

(colourless) 



Figure 1,7 
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The TH+ polymer gel from poly(epichlorohydrin) TH+, and trimethyl-

amine had an output efficiency sixty times greater than the monomeric 

+ 2+ TH - Fe system. 

102 
A dry photochemical .cell was constructed from two layers of 

cation and anion exchange resins adsorbing TH+ and ascorbic acid 

respectively. 

A photomechanical model transducer l03 consisting of water swollen 

membranes of poly(2-hydroxyethyl methacrylate) crosslinked with ethylene 

glycol dimethacrylate (1.1 wt.%) in the presence of sulphonated bis-

azostilbene dye (chrysophenine G ), the ratio of chrysophenine G/2-hydro-

xyethyl methacrylate being 1/400. On irradiation the t-t-t dye is 

isomerised to its c-t-c isomer, this confirmational change causes a 

decrease of dye-polymer interactions resulting in a gel contraction of 

1.2%, i.e. a change in volume of about 3.6%. In the dark the gel 

recovers its original dimensions. 

Chiang et al.
l04 

discussed the use of p and n-type doped poly-

acetylenes as polymeric film solar cells. Using a p-type doped 

polyacetylene and a single crystalline n-Si wafer a solar cell was 

constructedl05 with a conversion efficiency of 4.3% (comparable to a 

maximum conversion efficiency of 8% so far achieved with an inorganic 

system). To further improve efficiencies of solar cells it is necessary 

to increase the light flux. A solar concentrator containing poly(meth-

. 106 
acrylic acid) dope.d with luminescent dye molecules has been described • 

KanekO et al. 107 describe the use of a system which incorporates 

2+ a ruthenium (II) bis (2,2'-bipyridyl) salt, Ru(bpY)2 complexed 

with two pyridinium rings (linked aliphatically) which are formed 

as a pendant group on polystyrene. This complex is used in conjunction 

with l,l'-dimethyl 4,4'-dipyridinium dichlori::e and ICnTA to give a 
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system that photolyses water to hydrogen and oxygen. 

Further work by Kaneko et al. 
2+ . 

using Ru(bpY)3 has been 

d "b dlOS 
escrl. e • A photodiode is produced by coating a platinum electrode 

2+ with an anionic polystyrene-sulphonate on to which Ru(bpY)3 is 

electrostatically absorbed. This electrode together with an untreated 

+ platinum counter electrode is dipped into a solution of methyl violet (mV ). 

Kaneko et a1. 109 made a similar photodiode using nafion instead of 

polystyrene-sulphonate. 

Anionic TCNQ associated with polymeric cations in the presence of 

neutral TCNQ have been deve1opedllO ,lll for use as conductive coatings 

on glass and plastics in printed circuits and as adhesives to replace 

solder in electric circuits. 

112 A Dutch patent describes the use in electrical circuitry of a 

system containing quaternised po1y(2-viny1 pyridine) doped with TCNQ. 

A battery consisting of po1y(acety1ene) electrodes dipped in 

propylene carbonate containing tetra-alkyl ammonium salt as dopant 

113 has been devel9ped: 

charge 
(CH)n + 0.06 n (C10

4
-) > 

eJ'ischarge 
+ 0.06 n ne 

+ 
(CH)n + 0.06 n (n - BU4 N ) + 0.06 ne - :;:.:;:= 

discharge 

charge 

n 

The power density (kW/kg) of the battery was estimated to be more 

than ten times that of a conventional lead dioxide battery. 

Similar power densities have been achieved from a lithium perch10rate/ 

po1y(ethy1ene oxide) system. A rechargeable lithium battery is being 



114 developed at Harwell for a battery-powered electric vehicle • The 

cell is 

with reactions 

discharge 
x Li (s) + V6 013 (s) ~~~=>~ 

'charge 
Li 

x 
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The active cathode material V6 0
13 

is known as an 'insertion host' ; 

it can accommodate lithium on a reversible basis. The battery is designed 

to operate at 100-140oC and it is claimed that practical energy densities 

-1 will be of the order of 400 Wh kg 

115 A Japanese patent describes a high fidelity coaxial cable con-

sisting of a semi-conducting sleeve of a condensation product of nylon-6 

formaldehyde and 4-vinyl pyridine complexed with boron trifluoride. The 

sleeve lies between the braiding and core-insulation to improve screening 

and eliminate electrical noise caused by flexing of the cable. 

. 116 117 Higashl et al. ' have succeeded in preparing new semi-conductors 

from Cu2
+ chelates of poly(vinyl alcohol) and poly(acrylamide) by charge 

transfer complexation with iodine. 

A novel use for polymer complexes has been found by Melsungen and 

Alsdorf of Germany. Water soluble iodine complexes with poly(l-vinyl 

pyrrolidone) are commercially available as disinfecting agents under 

the trade names of Polyvidon and PVP-Jod respectively. 

118 M. Mutter and E. Bayer have discussed the highly selective 

binding of certain polymers to inorganic salts with regard to waste 

water treatment. 

Sulphonated and carboxylated ionomers are used as thermoplastic 
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119 120 elastomers • and are finding use in solution applications and 

121 related uses • 



2.0 THEORY 

2.1 The Glass Transition 

2.1.1 Definition of the Glass Transition 

A prominent change in the macroscopic behaviour of amorphous 

polyme~s ~ccur~ at the glass transition where the rigid glassy solid 

material becomes a viscoelastic fluid. The glass transition may be 

defined122 as the narrow temperature region over which the temperature 

and pressure derivatives of thermodynamic parameters such as energy E, 

heat content H and volume V suffer a discontinuity, and below which 

configurational rearrangements of the polymer chain are extremely slow. 

Because this transition occurs over a relatively small temperature 

range any reasonable measurement which attempts to define the tempera-

ture at which the material becomes brittle will be a fair indication 

22 

of the glass transition temperature Tg. However even this definition is 

somewhat ambiguous since a Tg thus defined is found to be lower for a 

122 
slowly cooled material than for a rapidly cooled material • The 

final value for Tg is also very dependent on the heating rate of the 

experiment involved being highest for greater heating rates. 

Floryl23 has described an amorphous polymer whether or not as a 

glass below or rubber above Tg as being a random tangled network. 

Kargin124 and Yeh125 have proposed models consisting of bundles of 

ordered polymer chains in a random matrix However Flory'sdescription 

126 
has found experimental support from Neutron, light, electron and 

X-ray scattering indicating the adoption of a random configuration in 

the glassy state which is comparable to those of dilute solutions of 

polymers in theta sOlvents123 • The glass transition can however be 

explained independently of the basic element involved in the morphology 

of the polymer. 
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2.1.2 Theories of the Glass Transition 

There are several theories concerning the glass transition. However 

there are two of prominence, the kinetic Free Volume Theory127,128 and 

the Statistical Mechanical Theory of Gibbs and Di Marzi0129-l36 which 

considers a thermodynamic viewpoint. 

(a) Free Volume Theory 

The presence of a substantial degree of free volume is found in 

both liquids and polymers. In an elementary way if segments of a 

polymer chain may be regarded as rigid bodies, the free volume may be 

envisaged as holes between the segments due to packing irregularities. 

The coefficient of expansion can thus be regarded as the increase in 

free volume with temperature. As temperature decreases a corresponding 

decrease in free volume occurs down to a temperature (Tg) when the 

large scale configurational re arrangements cannot occur within experi-

mental times. This corresponds to a critical value in free volume of 

approximately 0.025. Figure 2.1 illustrates this effect. 

Dooli ttle 137,138 applied the principle of free volume to the shear 

viscosity of simple liquids and has derived the equation 

In,:: InA + B(V - Vf)/ Vf 

(2.1 ) 

Where, is the viscosity of a system of tot~l vo1l'm~ V, free volume V f' 

A and B are constants. If the fractional free volume f is defined 

as Vf/V then equation (2.1) becomes 

In,:: InA + B ( 1/ f (2.2) 

Above the glass transition temperature the fractional free volume 

increases linearly as shown in Figure 2.1. It may now be represented ·as 
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f = 19 +t.oc:.( T - Tg) (2.3) 

I'lhere f is the fractional free volume at temperature T (T> Tg), fg is 

the fractional free volume at temperature Tg andAoc: is the difference 

between the thermal coefficients of expansion above and below Tg. 

Substitution of equation (2.3) into equation (2.2) produces 

InA + B ( 19 +c.~(T _ Tg) ) -, 

, 
19 

- 1 ) 

for T > Tg 

forT =Tg 

Subtraction and simplification of equations (2.4) and (2.5) 

produces 

log = 10g.!.lT = - B ( T - Tg ) 
2'303fg fg("'-) +( T - Tg) 

(2.4) 

(2.5) 

(2.6) 

Equation (2.6) has the same form as the Williams, Landel and Ferry 

equation for amorphous polymers which, if Tg is taken as the reference 

temperature may be written as 

log BT = 
c,(T -Tg) 

C2+(T - Tg ) 
(2.7) 

Where Cl and C2 are constants. A comparison of equations (2.7) and 

(2.6) produces values of Cl and C2 as 

Cl = 
B (2.8) 

2·303fg 
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In practice B approximates to unity and the values of 

and fg can be calculated given the values of Cl and C2• 

The values of Cl and C2 were erroneously taken as 17.44 and 51.6 

respectively for all amorphous polymers. Although Cl is indeed 

approxi~atelY constant, C2 is dependent upon Ao<.. 

(b) Statistical Mechanical Theory 

The statistical mechanical theory developed by Gibbs and Di Marzio 

depends upon the assumption that the glass transition observed is a 

manifestation of a true equilibrium second order transition. A lattice 

25 

model was proposed upon which the polymer chain was fitted. The lattice 

sites could contain one chain segment only and vacant sites allowed for 

polymer configurational changes. 

Chemical bonds of the backbone restrict internal rotation thus 

under normal conditions several conformations may be adopted. As the 

molecule cools, a reduction in energy available for conformational 

"'''''''3':1 
changes occurs and thus low conformational~structures predominate. 

Consequently the number of ways in which a molecule may pack a lattice 

is reduced and the number of alternative conformations rapidly approaches 

zero. A point T2 is reached on further temperature reduction at which 

a level of lowest energy is reached. At this temperature the configu-

rational entropy becomes zero as illustrated in Figure 2.2. No further 

changes in packing arrangement from that adopted at T2 can occur 

because there is no available energy to give lower energy rearrangements 

on the lattice. 

The temperature T2 is referred to as the second order transition 

temperature. T2 may be derived from the relationship 

ll.E =const. 
k T2 

(2.9) 
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Where ~E is a function of the flex energy. 

At temperatures near to T2 the free energy barrier which restricts 

configurational change from one ground state to another is very high. 

This is a consequence of the limited number of states available and 

their wide separation within the phase which would require extensive 

alterations in spatial arrangements of molecular entanglements. A 
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slow response would thus be expected to any external forces applied. 

Dielectric and viscoelastic relaxation times have been shown to 

increase as the temperature falls toward T2 • T2 has thus been substan­

tiated in practice but is of little use as it can only be deduced from 

experiments of infinite time scale. The entities Tg and T2 are very si­

milar in character, such that postulations made about T2 equally apply 

to Tg. 

A molecular kinetic theory of Adams and Gibb135 has extended the 

original Gibbs and Di Marzio concept, to include non-equilibrium 

conditions. 

Their theory considers the temperature dependence of the relaxation 

behaviour and explains it in terms of the variation of the size of the 

cooperatively rearranging body •. The size of this region is determined 

by restraints on the configuration which can be adopted with amorphous 

packing. As a consequenc5 a rel~tionship similar to the WLF equation 

(shown in equation (2.7)) was derived. From a consideration of both 

theoretical and empirical values they found that Tg/T2 = 1.30 + 8.4% 

for many glass forming liquids. They concluded that the kinetic 

properties of glass-forming liquids within approximately 100
0 C of the 

glass temperature could be satisfactorily explained in terms of the 

thermodynamic properties of the equilibrium melt. Thus they have gone 

some way towards resolving the essentially kinetic or essentially 
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thermodynamic approach in a theory that takes elements from both. 

2.1.3 Factors Influencing the Glass Transition Temperature 

Several factors influence the position of the glass transition 

temperature and those of relevance to this thesis (namely the chemical 

structure of the polymer, the degree of cross-linking, the consequences 

of cross-linking and the addition of fillers) will be discussed. 

(a) Chemical Structure 

The glass transition temperature of a polymer is dependent upon both 

the intra and intermolecular aspects of chemical structure. 

Intramolecular forces involve purely structural parameters invoi-

ving the stiffness of the polymer backbone. They can be clearly 

illustrated by consideration of the glass transition temperature of a 

series of polymers in which a hydrogen atom of a poly(ethylene) moleCUle 

is replaced by other substituents. When a methyl group replaces a hydro­

gen atom the Tg is raised by a 1000 and even more dramatically raised by 

o 200 when the substituent is a benzene ring. The increase can be 

explained in pure statistical mechanical terms as an increase in flex 

130 energy This is the difference between the potential energy minima, 

the favoured rotational positions, of the backbone bonds with respect 

to their neighbours. In general the greater the steric hindrance, i.e. 

the bulkier the side groups the larger the increase in Tg for mono-

substituted polymer chains. 

However if the polymer is symmetrically substituted a lower Tg will 

be recorded than for a mono-substituted polymer, e.g. poly(propylene) 

has a Tg of _20oe whereas poly(isobutylene) has a Tg of _70oe. Even 

though the second substituent increases the hindrance the potential 

energy minima are reduced as a consequence of the chain symmetry. 
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Increasing the intermolecular forces between polymer chains will 

increase Tg, this can be illustrated by the effect of differing the 

polarity of the substituent side groups. Poly(propylene) has a Tg of 

_200 C; poly(vinyl chloride), which has a much more polar side group, has 

a Tg of +850 C. Bueche91 interprets these observations in terms of the 

degree of expansion. A polymer with strong intermolecular forces needs 

to be raised to a higher temperature before sufficient free volume 

is acquired for a glass transition. 

(b) Crosslinking Effects 

The effect of crosslinking by polymers upon the Tg of a polymer have 

been reviewed by Nielson140 ,l4l, as predicted both by free volume and 

statistical mechanical theories, the Tg is increased by crosslinking. 

Crosslinking effectively decreases the free volume of the system and 

therefore a higher temperature is required before the necessary free 

volume for a glass transition is attained. In statistical mechanical 

terms crosslinking effectively decreases the configurational entropy. 

Changes in the chemical structure occur as the degree of cross-

linking increases. The crosslinking agent can be described as a 

comonomer, resulting in a shift in Tg which is dependent on both the 

crosslinking effect and the copolymerisation effect (which itself may 

either depress or elevate 7g dE'p~nding on the nature of the cross-

linking agent). 

From a review of the literature Nielson141 has produced the 

empirical relationship 

Tg - Tg 
o = (2.10) 

V!here Tg and Tg are the glass transition temperatures of crosslinked 
·0 

and uncrosslinked polymers respectively and Mc is the molecular weight 



between crosslinks. However, it does not account for shifts due to 

the copolymerisation effect. 

In accordance with statistical mechanical theory Di Marzio
134 

has 

derived a relationship between the Tg shift and the degree of cross-

linking. 

Tg - Tg o 
Tg o 

= 
KX 

c -"- 2K 
'l"=""X - n (2.11) 

c c 

29 

Where Tg is the glass transition temperature of a polymer of equivalent 
o 

composition in the absence of crosslinks, X is the mole fraction of 
c 

crosslinked monomer units and n is the average number of atoms between 
c 

crosslinks in the backbone. K is a function of segmental mobility and 

the cohesive energy density of crosslinked,and uncrosslinked polymer 

having a value of 1 ~ K ~ 1.2. 

Equation (2.11) describes the Tg shift due to crosslinking only 

because Tg is inclusive of a term for the copolymerisation effect. 
o 

(c) COpolymerisation 

142 h d . d l' h' f h 1 . . Fox as er1ve a re at10ns 1p or t e g ass trans1t1on 

temperature of an amorphous random copolymer 

1 
WA WB 

= + T Tg
A 

Tg
B g 

(2.12) 

Alternatively Gordon and Taylor 143 
derived the equation 

TgA + K ( TgB - TgA) WB Tg = 
1 - (l-K) WB 

(2.13) 

Where Tg is the copolymer glass transition temperature of a polymer 

consisting of two monomers A and B, weight fractions W
A 

and W
B 

respectively and whose homopolymers have glass transition temperatures 

TgA and Tg
B 

respectively, K is a constant. 
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using both the free volume144 and statistical mechanical 132 

theories equation (2.13) can be derived In the free volume approach 

b 142 h' . tl d th t th f 1 Y Fox and ot ers 1t was 1ncorrec y assume a e ree vc ume 

contributed by the .monomer unit was identical for both homopolymer and 

copolymer. In practice the free volume is affected by near neighbour 

groups on the polymer backbone as a consequence of steric and energetic 

considerations. In practice it is found that K has a lower value than 

that predicted which would suggest incorrect assumptions in the derivations. 

An average stiffness energy for the copolymer may be derived. from 

statistical mechanical theory in the form of 

(2.14) 

Where BA and BB are the fraction of rotatable bonds of two homopolymers 

A and B. and £ A £ B are the stiffness energies of rotatable chemical 

bonds of A and B. respectively. 

An equation has been derived from (2.13) such that 

+ = o (2.15) 

Where WA and WB are weight fractions of A and B monomer units -f\ and ../l.B 

are the number of flexible bonds per monomer; MA and MB are the molecular 

weight of monomers A and B; T2A and T2B are the second order transition 

temperatures for A and B homopolymers respectively; T2 is the second 

order transition temperature for the copolymer. 

This equation has the same form as equation (2.13) with~MA 

and-f.LB/MB replacing K. These coefficients may be derived from the 

chemical structures for the homopolymers. Equation (2.15) is related 

to the second order transition temperature as opposed to the experi-

mentally determined glass transition temperature. Within certain 



limits equation (2.15) can be applied to the glass transition. 

The copolymerisation of A and B will produce A-A, A-B and B-B 

bonds. Therefore the theory cannot be exact for all the polymers as 

the stiffness energy of A-B bonds will bear no unique relationship 

to the stiffness energies of the A-A, B-B bonds. Even if EA and EB 

do not differ greatly the assumptions made in equation (2.14) need not 

be valid. Therefore equation (2.15) cannot give accurate predictions 

of Tg if the proportion of A-B bonds is large. 

Thus the significance attached to K in the Gordon-Taylor-Wood 

equation in free volume terms differs from that in statistical 

mechanical terms. Illers
145

, Kanig
146 

and Johnson
147 

have discussed 

deviations from the equation. Johnson
147 

has considered the sequence 

distribution of the polymer whose sequence length is dependent upon 

the reactivity ratios r
A 

and r
B 

of the monomers A and B if r
A 

and r
B 

are small. He argues that for a copolymer, the A-A and B-B sequences 

will retain their homopolymer Tg values since both will experience 

essentially the same interactions as in their respective homopolymers. 

'Obviously the formation of A-B sequences results in new interactions, 

therefore predictions can be made for the Tg of the copolymers if 

the A-B sequences are assigned a Tg. 

(d) Fillers 

148 
Manson has reviewed the effect of fillers on the glass transi-

tion of polymers. Normally the addition of inorganic fillers results 

in a dispersed second phase where a weak interaction, due to polymer 

adsorption on the filler surface, causes a slight increase in Tg. The 

magnitude of the Tg elevation will be determined by the type, concen-

tration and surface area of the filler as well as the type of polymer. 

The absolute magnitude of the Tg elevation defies generalisation. 

31 



32 
149 

This is well illustrated by comparing a study by Landel on a glass 

. 150 
bead filled poly(isobutylene) and a study by Kumins et al. on 

Ti02 filled poly(vinyl chloride-vinyl acetate) copolymer. Landel 

reported a Tg elevation of 70 C at 36.7 vol.% loading which he explained 

in terms of the crosslinking effect from polymer adsorption at the 

glass surface. Kumins however recorded a Tg depression which he explained 

in terms of adsorption of the acetate groups on the filler surface 

with a resulting disruption of the existing hydrogen bonded network. 

2.2 Dielectric Relaxation 

2.2.1 Molecular polarizability 

There are three components of molecular polarization:-

(a) Electronic polarization. An electric field will slightly displace 

the electrons of an atom with respect to the positive nucleus. The 

shift is quite small because the applied electric field is usually quite 

weak relative to the intra-atomic field at an electron due to the 

·nucleus. Electronic polarization can react, however, to very high 

frequencies and is responsible for the refraction of light. The 

dielectric permittivity at such frequencies is related to the refrac-

tive index via the following relationship. 

Eu 2 
n 

(b) Atomic Polarization. 

(2.16) 

An electric field can distort the 

arrangement of atomic nuclei in a molecule or lattice. The movement 

of heavy nuclei is more sluggish than electrons so that atomic polari-

zation cannot occur at such high frequencies as electronic polarization, 

and it is not observed above infra-red frequencies. In the case of 

molecular solids, it is known from vibrational spectroscopy that the 

force constants for bending or twisting of molecules, involving 
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changes in angles between bonds, are generally much lower than those 

for bond stretching, so bending modes are the major contribution to 

atomic polarization. The magnitude of atomic polarization is usually 

quite small, often only one-tenth of that of electronic polarization, 

although exceptions do occur, especially in ionic compounds, due to 

relative shifts of all the positive ions with respect to the negative 

ions. 

(c) Orientational Polarization. If the molecules already possess 

permanent dipole moments, there is a tendency for these to be aligned 

by the applied force to give a net polarization in that direction. This 

effect is further discussed later in the chapter. The rate of dipolar 

orientation which is highly dependent on molecule-molecule interaction 

can make a large contribution, but which may be slow to develop, to the 

total polarization' of a material in an applied field. Figure 2.3 

depicts the characteristic stepwise fall-in polarization of a material 

as the measurement frequency is raised. The dielectric constant follows 

a similar pattern. 

2.2.2 Dielectric Dispersion 

Dielectric relaxation is a rate dependent effect. When an 

alternating field is applied to a polar material, it produces an 

alternating electrical polarization. If ample time is allowed, then 

the observed dielectric constant is called the static dielectric 

constant E . If the polarization is measured immediately after the 
r 

field is applied, allowing no time for dipole orientation, then the, 

instantaneous (or unrelaxed) dielectric constant Eu will be low and 

due to deformational effects only. 

An alternating electric field E, amplitude E and angular frequency 
o 

w can be defined as 
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E = EO cos wt (2.17) 

Where t is time. 

This will produce nn alternating polarization in a dielectric 

material, and, if the frequency is high enough, the orientation of 

any dipoles which are present ',';.11 1ag behind by a phase angle 

in the dielectric disp1acemen'c D where 

D = D cos (wt - S ) o 

which may be written as 

where 

and 

D = D1 cos wt + D2 sin wt 

D1 = Do cosf 

D2 = Do sin$ 

Two dielectric constants can thus be defined as 

e:' = and e:{,= 

linked by the relationship 

tan [ = 
e:' 

* 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

The' current I which flows in the external circuit (see Figure 

2.4) after application of an alternating voltage given by the real 

part of 

* V 

may be calculated as 

• 
I = * e: 

= V 
o 

dV 
C 

0 dt 

iwt 
e 

= 

= 

(2.24) 

* * iw e: C V 
0 

( e:" + iE') * 
w Co V (2.25) 

This means that there is a capacitive component of the current 

I 
c 

= iw C 
o 

, . 
Ev 

o 
which leads the voltage by 90 • and a resistive component 

(2.26) 
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(2.27 

which is in phase with the voltage. Thus the equation becomes apparent: 

(" 
(' 

= 
energy dissipated per cycle 
energy stored per cycle 

(~ is known as the dielectric loss factor, tan $ the dielectric 

loss tangent or dissipation factor and (' the dielectric 'constant' 

(or permittivity) . 

The resultant effect of applying an alternating electric field 

may as above be described in terms of complex permittivity and also 

in terms of complex po1arizabi1ity or susceptibility 

* x = 
* p 

* E 
= X' - i)(.' (2.28) 

The natural response may be considered15l,152 in terms of a complex 

* electrical modulus M (w) also referred to as the complex inverse 

permittivity and is defined as 

* 
M (w) = M' + iM" 

(w) (w) 
(2.29) 

and is related to (* (w) by the expression 

• ( 1 
(2.30) = 

* 
M (w) 

Therefore 
, 

M' (w) 
( (w) 

= 
I 2 +( (" 

2 
( (w) ) (w) ) 

(2.31) 

" M" £ (w) 
= 

(w) 
«('(W) ) 

2 ., 2 
+ «( (w) ) 

(2.32) 

The loss tangent, tan $ , is expressed as 

tan ~ = M" (w) /M' (w) = (2.33) 

As shown in Figure 2.3 the dipolar polarization decreases with 

frequency, in the frequency region of decreasing polarization the 



loss tangent passes through a maximum. At high frequencies there 

is insufficient time for the dipoles to orientate to the rapidly 

alternating field because the period of oscillation is much less than 

the retardation time ~R' At low frequencies the converse is true 

and the period is large in comparison to the retardation time'!: R 

36 

of the dipoles and consequently orientational polarization is maximised. 

Therefore at both low and high frequencies power loss is low. Between 

the two extremities the orientation polarization is out of phase 

with the applied field and power losses occur. This is maximised 

when 

W max 
= 

1 

"eR 
(2.34) 

For a system having a single retardation time Debye
153 

derived 

expressions for the frequency dependence of E' and E~ in the form 

* Er - Eu 
E (w) = Eu + 

iw 'G R 1 + 

, Er Eu 
E (w) = Eu + 

1 + 2'C 2 
w R 

~ Er Eu 
E(W) = 

1 + 2!f 2 
w R 

where w is the angular frequency. 

S ' 1 l' 'd h' 1 d' t' 154 1mp e 1qU1 s may s ow s1ng e retar at10n lmes ; 

(2.35 ) 

(2.36 ) 

(2.37) 

however 

it has never been observed in polymers. This is because the orientation 

of dipoles in polymers is a complex process with a spectrum of relaxa­

tion times, and the observed £:/E-,. -f .... versus w curve is considerably 

broader and of less magnitude than that for a Debye model as shown 

in Figure ,2.5. 

For a single retardation time model the retardation time may be 
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approximately regarded as the reciprocal of the rate constant for 

dipole orientation. Therefore over a limited temperature range it is 

possible. to plot the temperature dependence of retardation time using 

an Arrhenius plot of the form 

"C R = '-Co exp (AE/RT) (2,38) 

Where AE is the activation energy of dipolar orientation. 

As a result, the dispersion regions move to shorter retardation 

times and consequently to higher. frequencies with increasing temp~rature. 

2.2.3 Distribution of Retardation Times 

A distribution of retardation times may be the result of either 

a distribution Of'( or a distribution of AE or both causing a 
o 

broadening and depression of magnitude of the experimental retardation 

curves. This has led to the development of several empirical 

distributions to fit these curves, three of which are discussed 

below. 

(a) Cole-Cole Distribution 

The most familiar empirical distribution is that of Cole and Cole 155• 

* They proposed a more generalised form of E (w) than defined by Debye, 

to account for the relaxation time distributions. They proposed the 

formula 

* 
E (w) = 

-:0' • -:0" -:0 + 
~(w) - J. <. (w) = ~u (2.39) 

Equation (2.39) may be divided into its real and imaginary parts as 

follows: 
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sinh ( 1- GC) X 
cosh (1- .... ) X + cos ~ ... "lI' )(2.40) 

= 

where X = ln 

~ (Er - E u) cos ~ot.-n' 
cosh (1 - GC ) X + sin ~ ... "t1' 

combination and simplification of (2.40) 

and (2.41) produces 

(Er - Eu ) 
2 

tan et. .". ) 2 
--2- + 

=(E r ; E u) ot. -' )2 
\ sec T 

This is in the form of a circle having centre 

( (Er; 

(Er - Eu) 
2 

sec 

(Er - Eu) 
2 

tan 

(2.41) 

(2.42) 

and radius 

When <"" ~ = 0 the curve bisects the 
(w) 

I 
E. axis at £ and <" • (w) r ~u 

It is pertinent to note that when 0( = 0 the Cole-Cole equations 

retreat back to the Debye equations. However if 0(. > 0 there is a 

broadening and depression in magnitude of the dispersion region but 

it is symmetrical around w'Co = 1, the maximum value of £'~W) 
Figure 2.6 shows a typical Cole-Cole plot The data is represented 

in the form of a plot of " E(W) at a certain frequency versus 

at the same frequency. The angle of depression 0(.2'"' permits a determi-

nation of the distribution of retardation times, whilst £ and £ may 
r u 

be determined from the intercepts at the e(w) axis. 

(b) Fuoss-Kirkwood Distribution 

Fuoss and Kirk~ood 156 rearranged the dielectric loss expression 
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for a single retardation time such that 

e:'~W) = e:';""x sech ( 1n w 'C R ) (2.43) 

and further extended this for a distribution of relaxation times by an 

inclusion of parameter)3 into equation (2.41) such that 

I, '1 

e: (w) = e: max sech ( f-> 1n w 'C AV) (2.44) 

where j3 measures the breadth of the distribution 

most probable retardation time defined by 1/wmax' 

and 'C AV is the 

where w is the max 

angular frequency of maximum loss. 

Methods for the evaluation of t3 from the experimental 

157 
data have been discussed by several workers including McCrum et al. 

158 
and Wetton and A11en . Three of these methods are discussed below. 

(i) From the equation 

!3 = 
2 e:-=­max (2.45) 

~ may be found if a sufficient frequency range is examined from 

values of '" and'" • alternatively "'-'" ~r ~u ~r ~u 
may be determined 

from Co1e-Co1e diagrams. 

(ii) From the equation 

cosh -1 (E" I E"( )) max w = B 1n w L AV (2.46) 

A plot of cosh -1 ( e:* maxi E'~w)) versus 10gw. produce a straight line 

of slope 0.2303 f3 . 
(iii) From the equation 

-1 D ( ) cosh 2 = p In w Iw 1 max (2.47) 

where w1 is the angular frequency at which e:~W) has dropped to a 

half of its magnitude together with a measure of the half-width of 

the loss peak. 

With a fair knowledge of ~ a plot of-the experimental 



versus w curve may be compared to a theoretical curve calculated from 

equation (2.44). The resultant loss curves of similar but not identi-

cal to those of Cole-Cole may be produced. 

(c) Davidson-Cole Distribution 

Both the Cole-Cole and Fuoss-Kirkwood empirical equations relate 

only to dispersion and adsorption curves that are symmetrical about 

w ~ = 1. However it is often found that dielectric loss curves have 

a high frequency broadening resulting in the Cole-Cole arcs for such 

systems being 'skewed'. 
159,160 

Davidson and Cole attempted to fit 

experimental results to the following function 

* E (w) - E u 

Er_Eu 

1 
(2.48) = 

where 'C 1 is a characteristic relaxation time. 

40 

Equation (2.49) may be split into its. real and imaginary components 

as follows 

= (cos r;l )" cos "6 r;l (2.49) 

" E (w) 
= (cos r;l)"' sin'6 r;l (2.50) 

where tan r;l = w ~l (2.51) 

At the maximum loss w'C
l 

F 1 but is given by 

wmax 'C 1 = . tan ( '11 :1 '";) (2.52) 

A typical Davidson-Cole plot is shown in Figure 2.7. The curve 

is circular at low frequencies but as the frequency increases the 

curve becomes a~ straight line of slope ¥'ff 
2 

up to the abscissa. 
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(d) Wi11iams-Watts Approach 

use of the 'skewed' arc approach has been common in the presen-

. . 1 d t 161 tat10n of exper1menta a a . However Wi11iams and watts 
162 . 

found 

it to be inadequate to explain the observed non-syrnMctricnl behaviour 

associated with the primary or cC relaxation of many polymers. 

Williams and Watts applied the superposition principle to the 

complex dielectric constant and produced 

= loO( _ d lfdt (t) ) exp - iwdt (2.53) 

where ~ (t) is the normalised decay function obtained upon removal of 

a steady electric field from a sample. 

A simple empirical decay function 

O<J3~l (2.54 ) 

where17 is some effective retardation time, was proposed which when 
o 

inserted into equation (2.53) produced 

* 
E (w) - E u 

Er - E u 

where '1. represents the Laplace 

exp -

-~ 
transform and (I = 'C 

o 

(2.55) 

163 
By choosing suitable values of ~ , Williams and Watts were 

able to represent the ol-relaxations of many amorphous polymers. The 

dielectric loss curves drawn from the Williams-Watts empirical func-

tions showed similar trends to those of Davidson-Cole as shown in 

Figure 2.7 but had marked deviations at higher frequencies. 

Where conduction processes mask the underlying dielectric relaxation 

the Williams-Watts equations have been applied with success.Using this 

method 151 
the conduction relaxation of alkali silicate glasses and 
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poly(arylene vinylenes)152 have been studied. A broadening of the 

imaginary part of the dielectric loss peak was shown for both systems 

in comparison to a single relaxation peak. It was also noted that the 

curves were asymmetric and were skewed toward the high frequency end of 

the spectrum. Application of the simple empirical decay function 

(equation (2.54» showed a good simulation of the observed data. 

(e) Grant Complex Conductivity 

The imaginary component of the complex dielectric constant may be 

resolved into the linear sum of a relaxation and conduction component 

for low conduction materials giving 

* E (w) = e:'( ) - i (E-; + <T /w E ) w r 0 0 
(2.56) 

where E is the permittivity of free space and cJ' is the d.c. conduc-o 0 

tivity. 

However in materials where conduction is significant it is not 

always found straightforward to analyse the complex dielectric constant. 

In such cases it has previously been shown that the complex dielectric 

modulus may be more convenient. Grant164 has introduced a parameter 

Y • defined as 

* * Y = iwE = (J" (2.57) 

therefore 

I • 11 
U (w) + 1 Cl (w) = 

, 
iw (E (w) - i E" ) 

(w) 
(2.58) 

and 

0- / = wE" (2.59) 

// W co' 0- = <. (2.60) 



Figure 2.8 shows the different conductivity and permittivity plots for 

four equivalent circuits. The presence of E distorts the conduc­
u 

" tivity plots but may be removed by using 1 

E (w) - Eu to find eT (w)' 

2.2.4 Effects of Temperature on the Distribution 
of Relaxation Times 

In the previous section the empirical distribution functions 

were discussed as a function of frequency at constant temperature. 

43 

Temperature itself has a marked effect on the distribution of relaxation 

times. The effect is reflected in the temperature dependence of the 

parameters ex , /3 , 'lS" , previously defined, if either or both '('0 
and ~E are temperature dependent. 

165 It has been shown that Eyring's general theory of rate processes 

could be applied to many transitons such that the temperature depend-

ence was shown in the form of an Arrhenius plot 

exp ( ~E/RT ) (2.38) 

If the distribution of relaxation times is not temperature dependent 

then it is possible to superimpose the normalised experimental 

" I I, e: (w) E ,nax versus w, 'and 
E 

u versus w plots at 
£u 

different temperatures to produce a master curve. The principle of 

Time-Temperature superimposition is described by the semi-empirical 

Williams-Landel-Ferry (WLF) 139,166 equation (2.7) which is derived from 
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167 Leaderman's general principle whilst measuring polymer creep-

temperature relationships. The shift in In a~ can be represented 

in terms of an Arrhenius equation 

In ay: = 
~(_l _ 

R T 
I 
Tg ) (2.61) 

At temperatures greater than Tg the WLF equation holds true but 

temperatures lower than Tg produces significant variations. However 

the WLF equation has been used if an effective temperature is incor-

168 porated to account for the non-equilibrium state of the glass , 

o down to temperatures of Tg - 100 C. 

McCrum and Morris169 have extended the WLF to incorporate the 

effect of temperature upon the relaxed and unrelaxed moduli (permit-

tivity) of polymers. 

2.2.5 Relationships Between Dielectric Constant and Dipole Moment 

It has previously been stated that dipolar molecules align 

44 

themselves in the direction of the applied field. The static dielectric 

constant inclusive of all contributing orientation processes, was 

related by Debye 153 to the dipole moment of the molecule such that 

£: - I r (2.62) 
= 



where £ is the static dielectric constant, J1 is the dipole moment r /-'0 

of the molecule, N is the number of molecules per unit volume, k is 

the Boltzmann cons tant, T is the absolute temperature and ~ is the 
e 

deformation polarizability due to molecular displacement and is given 

by the Clausius-Mosotti equation 

= 
4 
-11'No<. 3 e (2.63) 

where £ is the dielectric constant measured at frequencies so high 
u 

that any contribution from dipole orientation is absent. 

Equation (2.63) is however limited to gases and extremely dilute 

polar molecules dissolved in non-polar solvents. 

170 
Onsager has extended equation (2.62) to include effects due 

to the deformation polarizability caused by the surrounding medium 

of a condensed dipolar phase such that 

2 
,;\-l.o ( (2.64) 

There is however no allowance made for orientation correlation 

between dipoles. 

K· k d 171 d h .. d h 1r woo has extende t e Onsager equat10n to 1nclu e sort 

range interactions between molecules in the liquid state. However he 

omitted to include the effect of deformation polarizability on the 

molecules, consequently a term was empirically included into the 

final equation: 

(£ - 1) (2 £ + 1) 
r r 

9£ r 
) (2.65) 

45 
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where~is the 'liquid dipole moment'. It is the effective dipole 

moment of a molecule in the liquid state as opposed to}Ao' the effective 

moment of a molecule in vacuo. g is the Kirkwood Correlation Function 

and refers to the effect of short range orientation between a reference 

molecule and its nearest neighbours. For a molecule surrounded by 2 

nearest neighbours the 

g = 1 + z cos)' (2.66) 

where cosY is the average cosine of the angle between the reference 

molecule and one of its nearest neighbours,when there is no orientation 

correlation g = 1. 

Frtilich
172 

has further extended Kirkwood's studies to include 

orientation processes in terms of statistical mechanics. He analysed 

a small region surrounding the reference molecule in an infinite matrix 

of the dipole. By averaging the dipoles inside the region and regard-

ing the region as a continuum of dielectric constant E he expressed 
u 

the dielectric permittivity as 

where g is the orientation correlation function given by 

g = 1 + cos '?f •• 
1J 

(2.67) 

(2.68) 

and cos'(( .. is the average of the cosine of the angles )s' •. made 
1J 1J 

between the reference molecule and a molecule j.lf there is no 

orientation correlation between molecules g = 1, and the FrBlich 

equation reverts to the Onsager equation. 

FrBlich's theory satisfactorily explains the behaviour of small 

molecules which possess intermolecular dipole orientation correlation 

such as water or alcohols. Together with the Onsager equation the 
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behaviour of rigid dipoler molecules may be predicted. 

Unfortunately the Onsager theory is inapplicable to polymers. 

The dipole moment of a polymer chain is a vector Sum of the component 

moments. The resultant moment will vary with time due to the continued 

Brownian motion of the chain. Additionally a strong correlation in 

orient at ions between the components of the chain would need consideration. 

For Fr1l li ch 's theory to be applied to polymers the basic dipole uni t 

cannot be taken as a single polymer chain but as the chemical repeat 

unit. Since a true liquid polymer consists of an intermingled network. 

2.2.6 Dielectric Relaxation Processes 

A systematic nomenclature is used to indicate the positions of 

the various relaxation processes. 173 Deutsch et al. proposed the 

system most commonly used whereby each process is labelled 0(" J3 ,'cS 

••••••• in order of decreasing temperature at constant frequency and 

were subscripted to indicate the polymeric phase in which the transition 

was occurring. 

There are normally three transitions in an amorphous polymer 

referred to as cl a' (3 a and '0 a' 0<. a is associated with the glass 

transition involving large segmental motion due to equilibrium con-

formational changes (micro-Brownian motion). The /3 transition occurs 
a 

in the glassy state and is associated with side group or limited 

segmental motion. There have been two mechanisms proposed for the 

. 174 1 . 175 v latter, crankshaft mot1on ,or ocal mode mot10ns • ~ has been a 
176 

observed in certain substituted polymers ,the mechanism of which 

is associated with the independent motion of side groups. 

Crystalline polymers show a series of transitions labelled 

"'m' 01.. , r2 ,'¥ , attributed to the crystalline melting and crystal -c 1./ C . c 

1 
.. 3 crysta trans1t10ns • 
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43 James, Wetton and Brown have noted two further transitions at 

higher temperatures than the~ relaxation when metal salts are added a 

to polymers. To sidestep the problem of nomenclature the transitions 
I I 

were designated d. and f3. Conventional theories of dielectric 

. 157 f d b b 1 l' h 1 h d relaxat10n were oun to e una e to exp a1n t e great y en ance 

magnitude of these relaxations. "The results may be explained in 

several ways, three of which will be presented here. 

2.2.7 Maxwell-Wagner-Sillars Interfacial Polarization 

If an otherwise loss-free dielectric contains a second trapped 

phase, usually of higher conductivity, this will produce an effect 
177,179 

known as Maxwell-Wagner-Sillars Interfacial Polarization " 

Charge migration through the conducting phase to the interface results 

in an increase in the apparent dielectric constant." The dielectric 

loss is also affected at certain frequencies because ohmic conduction 

takes place as current flows in the conducting phase producing changes 

in polarization at the interface. 

The magnitude and position in the frequency plane of this effect 

is dependent upon the dielectric constants of the two phases, the 

volume ratio of each, and the size and geometry of the conducting phase. 

Knowledge of these parameters allows calculation of the relaxation 
180 

times. Van Beek has reviewed these effects and derived equations 

for several phase geometries such as spheres, spheroids, rods, cylinders 

and lamellae. Application of these equations to dispersed ellipsoidal 

particles gave very high predicted values of permittivity and loss, 

especially if the ratio of the major and "minor axes were large. The 

Maxwe11-Wagner-Si11ars relaxation is narrow and only slightly wider 
181,182 

than that predicted for a single relaxation time model 
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2.2.8 Colloidal Dispersions in Electrolyte Solutions 

183 
Schwarz et al. observed unusually high dielectric constants 

in suspensions of non-conductive colloid particles in aqueous electrolytes. 

H f h 
184 . 

e urther developed a t eory to explain this phenomenon. 

Colloidal particles will be charged by fixed or adsorbed ions 

from the electrolytic solution. These ions will attract a layer of 

counter ions, which will be strongly bound by electrostatic attraction 

to the ions adsorbed and will have to overcome a large potential 

barrier to escape. However movement along the surface is less res-

tricted therefore upon application of an external field they are moved 

tangentially and the ion atmosphere is polarized and a dipole results. 

The extent of counter-ion polarization within the double layer will 

depend upon the surface concentration and mobility of the ions and 

be opposed by the tendency of the ion to diffuse back and nullify the 

surface gradient. 

Depending on the system the polarization may lead to an increase 

in the dielectric constant which is in excess of that contributed 

by the bulk phases. 

Schwarz equated the magnitude of the relaxation as follows! 

E -E = 2. ( r u 4 
(2.69) 

where P is the volume fraction of dispersed spheres, e is the 
o 

electrical charge of the counter ion, R is the sphere radius, er is 
o 

the counter ion density in the double layer, E is the permittivity 
o 

of free space, k is the Boltzmann constant and T is the absolute 

temperature. 

The characteristic frequency of the relaxation is defined by 



f a 
1 = ukT 

'ffR2 

(2.70) 

where 17R is the characteristic-retardation time, u is the counter 

ion surface mobility. 

The surface mobility was shown to be governed by an exponential 

relationship involving an additional activation energy ~ of e1ectro-

static origin as 

u = u exp ( - 0<. /kT) 
o 

(2.71) 

where u is the free solution mobility from equations (2.70) and 
o 

(2.71) it can be shown that 

where 

'C R = 'Co exp ( .... /kT) 

R2 
= 

2 u kT 
o 

(2.72) 

(2.73) 

Thus the theory predicts Debye-type behaviour for a system of 

spheres of equal size. However, if the spheres are not uniform then 

a spectrum of relaxations will result. 
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The primary requirements for the dielectric behaviour as described 

above are: 

(a) A structure of mobile ions associated electrostatically with 

counter ions. 

(b) Isolated regions containing the mobile ions. 

(c) A continuous matrix having a sufficiently high conductivity 

and/or a dielectric constant of sufficiently low nature to 

ensure an adequate potential gradient across the ion-containing 

region to induce ion displacement. 

The theory has been successfully applied to the anomalous 

dielectric behaviour of several systems. Examples of such are poly 

(styrene) spheres dispersed in potassium chloride solutions 183, and 



of polysalts, poly(vinyl benzyl trimethyl ammonium) - poly (styrene 

sulfonate)containing water and sodium bromide184 • 
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Since the colloidal particles are suspended in an electrolyte form 

a heterogenous system, a Maxwell-Wagner-Sillar~ type relaxation might 

183,185 
be expected. Calculations for both systems did not substantiate 

this, as the relaxations observed were of several orders of magnitude 

higher than those calculated for MWS-type polarizations and occurred 

at much lower frequencies. 

2.2.9 Pohl's Theory of Hyperelectronic Polarization 

186,187 
Pohl et al. observed very high dielectric constants 

(between 50 and 900) in a system of highly conjugated macromolecules 

of the polyacene radical quinone type. They found that they were 

highly dependent upon frequency, field strength and temperature but 

only slightly dependent on pressure. 

They accounted for the results by postulating a new type of 

electronic polarization by the field applied,of groups of highly 

mobile charges in a region of very low resistance (e.g.,{ orbitals). 

A series of calculations were able to predict the observed frequency, 

field strength, temperature and pressure dependencies. 

The dependence of dielectric constant upon field strength in 

the Pohl effect in contrast to MWS and Schwarz type relaxations allows 

it to be used to decide which mechanism is operating. 

2.3 Electrical Conduction in Polymers 

2.3.1 General Features 

The electrical properties of the majority of plastic materials, 
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low conductivity, low dielectric loss and high breakdown strength, 

•. • 188 
are usually exploited 1n the1r use as 1nsulators • However, recent 

research has observed c.onductances of sufficient magnitude to class 

them in the metallic range. It has been shown previously that special 

consideration must be used when applying the conventional theories 

of dielectric dispersion for low molecular weight compounds to· high 

molecular weight substances. Similarly special care must be used when 

using conventional conduction theories to macromolecules. 

The electrical conductivity 0 of any substance is dependent 

upon the absolute temperature T, and direction, X, as shown in the 

general relationShip 

(2.74) 

where qj is the charge on a carrier j whose mobility is'i' j and 

number n .• 
J 

It has been found empirically that conductivity frequently varies 

with temperature such that 

(2.75) 

whereu 0 is a constant, Ea is the thermal activation energy and k 

is the Boltzmann constant. E may thus be calculated from the slopes a 

of a plot of log uversus 1fT, which is usually linear. 

A series of intersecting lines of differing slopes may exist 

for some systems, reflecting the different activation energies for 

individual regions (such as below. and above the Tg)4l. 

The effect of temperature upon the number of carriers is given by 

n 
o 

exp (- E /2kT) 
n 

(2.76) 

where n is a constant and E is the carrier generation io"'z.e •. :\:: ;'0(\ 
o n 

energy. 
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Conduction in ·polymers can take the form of either, electronic 

due to the formation of electron-hole p~(~sin an energy band structure, 

or thermally activated electron or ion hopping. The primary mechanisms 

for polymer conduction are listed in Table 2.1. 

TABLE 2.1 Mechanisms for Polymeric Conduction 

Electronic Processes Ionic Processes 

(1) Conduction by electrons (1) E1ectro1ytic(cationic,anionic) 

(a) Intrinsic (a) Intrinsic (self- . 

(b) Extrinsic (impurities dissociating) 

donate electrons) (b) Extrinsic (impurities 
or dopants) 

(2) Conduction by holes (2) Protonic 

(a) Intrinsic 
(b) Extrinsic (impurities 

other than electrons) 

(3) Metallic conduction, e.g. 
po1y(acetylenes) 

2.3.2 Charge Carriers 

Conduction in an ordered system can result via an energy band 

structure due to the formation of electron-hole pairs. Holes will arise 

when a vacancy in the valence band occurs due to the promotion of an 

electron to a conduction band as a result of thermal energy~89 Figure 

2.9a illustrates this phenomenon. 

When electronic conduction takes place without traps the parameter 

E (2.76) corresponds to the forbidden energy gap of the band theory 
n 

and the observed activation energy has the value En /2. When the mass 

is effectively small the mobility'/' (T) will be high. If' (T) becomes 

inversely proportional to temperature because of scattering. Therefore 

deviations from equation (2.75) occur as a consequence of the domineering 

exponential term in equation (2.76). 
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Figure 2,9 
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Figure 2,9 
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Mobility in the presence of traps is prescribed by 

Iji (T) oC exp (-E '/' /kT) (2.77) 

where E'I' is the activation energy for mobility. The conductivity 

becomes 

U 0< exp - (E /2 + E'f' )/kT 
n 

Comparison with equation (2.75) gives 

(2.78) 

(2.79) 

A similar approach may be made for electronic hopping processes 
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which result in conduction. If ionic conduction occurs then E corresponds 
n 

to the production and dissociation of ions. The mobility will be 

activated similarly and E IjI will be of the same order of magnitude to 

those for ionic diffusion and so equation (2.79) will remain valid. 

A disordered system requires a rather complex analysis. However 

190 
Mott has suggested a few qualitative generalisations which may be 

applied and are illustrated in Figure 2.9b. (i) The states of lowest 

energy will normally be localised,above which ,some critical energy E c \ 

where there are no localised states. Electrons in a localised state 

may move either by hopping to another localised state or by thermal 

excitation to energy levels above E • 
c 

(ii) Localised states may occur 

in the forbidden energy band. 

Where intermolecular charge transfer occurs band conduction will 

not usually exist because of discontinuities between molecules. When 

a constant electric field is applied it is often difficult to differen-

tiate between band-type conduction and hopping-type conduction. However, 

191 
it has been observed that for band-type conductors the conductivity 

is inversely proportional to frequency, whereas conductivity is pro-

portional to frequency for hopping-type conduction. 
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Despite the frequency dependence the nature and source of charge 

carriers in many of the most insulating of polymers remains indistinct. 

188 
Although ionic conduction has been observed in several polymers ,it 

192,193 
has been proven in relatively few • In several examples electronic 

194 conduction processes have been equally postulated such that the 

arguments for both are equally strong, e.g. poly (ethylene. terephthalate), 

PET. Amborski 195 proposed that the non-linear relationship between 

current, field strength and temperature in PET was indicative of ionic 

. 1 194 d conduct10n; whereas Fow er suggeste an electronic conduction process 

for PET supporting this idea with a calculation of the trap distribution 

192 
required to produce the results obtained Seanor subsequently 

proposed a mechanism which involved both ionic and electronic conduction 

but where the former predominated at higher temperatures. 

2.3.3 Carrier Injection 

In low conducting polymers a charge carrier may be injected from 

the electrodes. If the carriers have to pass over a potential barrier 

U to enter or leave the polymer then the current I is given by 

I ~ exp (-U/kT) (2.80) 

The polymer-electrode interface is critical as a small variation 

will alter the potential barrier U and consequently produce a large 

variation in the conductivity. As a consequence of the Schottl\ y 

effect, the effective potential barrier at the electrode will be 

reduced if a higher electric field is applied, the current is then 

given by 

IC<.exp 

, I 

where {3 ~ (e /4-r/ E E ) ~ 
o 

(2.81) 

, 
E is the relative permittivity of the polymers, Eo is the permittivity 

of face space and e is the electronic charge. 
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The currents in polymers may be space-charge limited. For a 

material with a well-defined band system without traps and with electrodes 

making ohmic contacts, the current density is proportional to the applied 

voltage V (ohmic) at low voltages (where injection is minimal), at higher 

voltages the current density J is given by Child's Law (a quadratic 

equation) 

J = (2.82) 

where £ R is the static dielectric constant of the material, t is its 

thickness and f its drift mobility. Generally the current lies within 

a triangle as shown in, Figure 2.10. 

'" c 

'" "0 

~ 

c 

'" '-
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" ... 
0> 
o 
-' 

Chlid's law Traps filled limi t(TFl) 

Log V 

Figure 2.10 Behaviour of dielectrics with space 
charge limited currents 

For a solid free of traps the restraints set by Child's Law 

(equation(2.82» are shown in the upper curve. Similarly the restraints 

set by Ohm's Law are shown in the lower curve for the neutral solid 

(normal volume conductivity). The curve on the right represents the 

situation where all the traps in the solid have been filled before the 

voltage is applied (the traps filled limit or TFL). 
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2.3.4 The Effect of Structural Features 

(a) Molecular Weight. 

A brief review of the parameters necessary for electronic conduc-

tion have been discussed earlier. For electronic conduction to occur 

it has been shown that a continuum of alternating single and double 

bonds were necessary to provide a de1oca1ised path for electrons. The re-

fore any increase in the degree of de1oca1isation will increase the 

conductivity thus higher conductivity is observed in higher molecular 

weight macromolecules. 

The effect of molecular weight is minimal for ionic conductors 

up to a lower limit of approximately 10,000 where due to the p1asticisation 

as a result of the increased number of chain ends (producing an increase 

in free volume and thus ion mobility) may increase conductivity. This 

behaviour is observed in, e.g. po1y(ethy1ene terephtha1ate). No essential 

at 1700C 195 change in conductivity was observed in the solid polymer 

upon increasing molecular weight from 13,000 to 22,000. However, in the 

molten state at 2830 C
196 

by increasing the molecular weight from 9,000 

to 18,000 it was observed that almost an order of magnitude fall occurred 

in (ionic) conductivity. 

(b) Morphology and Crystallinity. 

The mobility of the ions for conduction is dependent upon the 

free volume available therefore any process which increases the order 

of a system such as crystallisation is expected to decrease the ionic 

mobility. A reduction in ionic conduction has been. noted in poly 

( h 1 ) 195,196 . h . . d (b 11' et y1ene terephtha ate W1t 1ncreas1ng or er oth crysta 1ne 

and orientational). An increase in crystallinity from 10 to 50% 

resulted in a reduction in conductivity by a factor between 10 and 

1000. 



However, little is known about the effect of morphological 

ch . h I I 197. • d" anges W1t , e.g. po yacety ene an 1ncrease 1n'con uct1V1ty was 

observed with increasing crystallinity. This was explained in terms 

of a lengthening of the conjugated system thus an increase. in inter-

molecular transfer of electrons. In contrast poly (vinyl anthracene)-

10 iodine complexes show little dependence on crystallinity. 

(c) Cross linking. 

It has previously been stated that cross linking results in a 

reduction of free volume thus causing a reduction in ion mobility. A 

198 
decrease in conductivity has been observed at the onset of cross-

linking in thermosetting polymers and has been exploited as a means of 

determining structural parameters and the glass transition in such 

polymers. 

(d) Ionising Radiation. 

If a polymer is exposed to high energy radiation (Cl , X or "Is ) 

. . 199 
of suff1cient dosage permanent changes may be 1nduced' • 

A reduction in resistivity of nearly 4 orders of magnitude at 

200 . 
room temperature was observed when poly(ethylene) was irrad1ated 
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with X-rays of dose rate 8 R/min. The current induced was found to be 

proportional to In where I is the radiation intensity and 0.5< n< 1. 

The induced current was not instantaneous upon irradiation but rose 

gradually. 

Th I I · d 194 d' f f' I e resu ts were exp a1ne as a pro uct10n 0 ree e ectrons 

and holes through the volume of the dielectric and the consequential 

formation of conduction bands whose energy distribution was governed 

by n. 



(e) The Effect of Relative Permittivity. 

The conductivity of a polymer may be markedly affected by its 

relative permittivity. Plasticiser, fillers or moisture may increase 

conduction either by increasing the relative permittivity of the mass 

b If d " "" .188 or y se - 1ssoc1at10n • The degree of dissociation of ion-pairs 

is proportional to exp (- V / £/kT) where V is the energy required to 
o ~ 0 

separate ions, T is the absolute temperature, k is the Boltzmann 
, 

constant and £ is the relative permittivity. It can be shown that 

the volume resistivity f is given by 

log f' = B + A -, 
£ 

(2.83) 

where A + B are constants. 

A similar relationship has been derived and proven for a system 

of cellulose acetate doped with alkali metal halides 201
• In this 
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study it was postulated that water acted as charge carriers and conse-

quently the theory of weak electrolytes could be applied to solid 

polymers containing ionic salts and water. 

The creation of mobile electrons may also be affected by an 

increase in dielectric constant, and the effect of water absorption 

202 
on charge carrier generation has been evaluated and a general 

expression derived: 

= () exp 
o (2.84) 

where Ed is the work required to separate the electron and hole in 

the dry material, k is a constant, e:' and e:,' are the dielectric constants 

of the dry and wet materials respectively. At constant temperature 

equation (2.84) becomes (2.83). 

202 
Rosenberg has further predicted 

log v = Cm + D (2.85) 
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where ID is the water content and C and D are constants. Good agreement 

has been found when applying equation (2.83) to the experimental data • 

. 203 . 1 Eley and Lesl,e have shown that water may act as an e ectron 

donor such that 

(2.86) 

where F and k are constants and x is a constant dependent upon the 

distribution of water molecules. 

The· difficulty in determining conductio~ processes in polymers 

was again highlighted by 1 . 203. b' 202 Eley and Les le . uSlng Rosen erg s 

data. Equation (2.86) gave almost as good a fit when X = 1/3 as 

equation (2.85). 

2.4 Dielectric Heating Theory 

It was shown in section 2.2.2 that when a sinusoid, 'ally oscillating 

* voltage is applied to a capacitor a complex alternating field r results 

where 

* I = I + J'1 R c 

The current I which leads the voltage by 900 is given by c 

I = wCV 
c 

(2.87) 

(2.88) 

The capacitance (C in picofarads) of a parallel plate capacitor 

is given by 

. co' A 
C = 0 .o-g<61r Co • Cl 

where A and d are the area and thickness of the capacitor respectively. 

The electrical power in the dielectric loss component is given 

by 



P = VI 
R 

= 0.Q&V4w 

(2.89) 
~, • A r 2 
~ d tanb V watts 

f. E'. tanS watts/unit volume (2.90) 

Hence if the density of the dielectric is (' and its specific heat 

C , it can be shown that the rate of he.ating will be 
p 

AT 
t 

= 0.133 f . re 
p 

. E' tan~ (2.91) 

The dielectric properties of a blended material may be described 

in terms of a predominantly series model described by a three-layer 

structure. 

Th'e dielectric properties of a 3-layer sandwich are shown below 

where dl VI' d2 V2 , d3 V3 are the thicknesses and voltages across 

each layer. 

The instantaneous charge across each layer will be the same 

Q = Q = Q = Q 1 2 3 
(2.92) 

but Q = CV 

therefore Ql = VI Cl Q2= V2C2 and Q3 = V3C3 (2.93) 

hence VI: V 2 : V3 
1 1 1 = C: Cl 2 C3 

(2.94) 

which for parallel plate capacitors of the same area gives 

61 



(2.95) 

From equation (2.91) the heating rate in each layer is given by 

( ~ T) = 0.133 • 
t 1 

f £' 1 • tan$ 1 °C/sec 

The heating effects per unit volume in each layer will be related 

as follows: 

= 
tan~ 1 tan~ 2 

'AC: 'D!': 
£rrr pI £2"2 p2 

(2.96) 

Therefore the rate of energy up-take (H) by each layer per unit volume 

is related as follows 

dltanS 1 

£l'f,' Cp ! 

d2tan~ 2 

£2"f2' Cp2 

d3 tanJ 3 

£3' f3 Cp3 

(2.97) 

62 

It can be seen from equation(2.96Jthat the governing parameter for 

dielectric heating is (tan.&' / £' ) • 



3.0 EXPERIMENTAL 

3.1 Purification and Characterisation of Polymers Studied 

3.1.1 Poly(ethylene glycol) 

· ., 
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Low molecular weight poly(ethylene glycol) (supplied by Shell Ltd.) 

was heated to above its meating point and degassed at 700 C under 

vacuum until required. 

3.1.2 Poly(propylene glycol) 

Several poly(propylene glycols), trade names PPG1500, PPG2000, 

o 
PPG 6000 , PPGIO,OOO (obtained from Shell Ltd.) were degassed at 50 C 

under vacuum until required. 

3.1.3 Poly(tetramethylene glycol) 

Two low molecular weight poly(tetramethylene glycols), Polymeg's 

o 1040 and 2010 (supplied by Quaker Oats Co.) were degassed at 50 C 

under vacuum until required. 

3.1.4 Poly(tetramethylene oxide) 

Poly(tetramethylene oxide), Mn 10,000, was supplied courtesy of" 

Polymer Laboratories Ltd. o It was degassed at 70 C under vacuum and 

stored until required. 

3.1.5 Poly(methyl vinyl ether) 

Low molecular weight poly(methyl vinyl ether) (obtained from 

Polysciences Inc.) was degassed under vacuum at 500 C until required. 

3.1.6 Poly(ethyl vinyl ether) 

Poly(ethyl vinyl ether), (was supplied courtesy of B.A.S.F. Ltd.) 
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under the trade name Lutona1 A50, was dissolved in dry methanol to give 

a 5% wt./vo1. solution. During the commercial polymerisation cross-

linking processes may occur forming insoluble particles. The 5% solu-

tion was therefore filtered and the solvent evaporated off and the 

polymer subsequently stored under vacuum at 50
0

C until required. 

Two other copolymers containing po1yethylene and propylene oxides 

were also investigated. These were supplied by Lankro and were stored 

at 50
0
C under vaccum until required. 

3.2 Preparation of Polymer - Inorganic Salt Complexes 

All the complexes were prepared in essentially the same manner. 

The salt and polymer were dissolved separately in a mutual solvent and 

the two solutions thoroughly mixed together. The solvent was then 

removed to leave the complex. 

Evidently the solvent chosen must be a good solvent for both the 

polymer and the salt, and should have a relatively low boiling point 

to facilitate its subsequent removal. Acetone, methanol and ethanol 

were found to be suitable for the above requirements. The solvent 

chosen depending upon the particular complex being prepared. 

All salts used were anhydrous; to remove any possible hydration 

they were stored for some time under vacuum prior to use. 

Three specific methods for the production of complexes were 

employed and will be described in detail below. 

3.2.1 Poly(tetramethylene oxide) 

A known amount of vacuum dried poly(tetramethylene oxide) was 
o 

dissolved in A.R. ethanol (dried over 3A molecular sieve). An approxi-

mately 5% w/v solution of anhydrous salt and dry ethanol was prepared. 



An aliquot of the salt solution was added to the polymer solution and 

thoroughly mixed to give the desired molar ratio of salt to monomer 

units. The resultant polymer/salt solution was then poured into a 

crystallisation dish and placed in a vacuum dessicator. The solvent 

was slowly removed by periodically applying a partial vacuum to the 

dessicator. When the solution became viscous, the crystallisation 

dish was transferred to a vacuum oven, and tbe remaining solvent was 

removed under vacuum at 700 e. 

3.2.2 Poly(ethyl vinyl ether) 

A solution of known concentration of poly(ethyl vinyl ether) was 

prepared by dissolving the polymer inA.R. grade ethanol (dried over 
o 

3A molecular sieve). A salt solution was prepared as described in 

3.2.1. An aliquot of salt solution was added to an aliquot of the 

polymer solution to produce the required molar ratio of salt to monomer 
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units. The resultant solution was stirred to ensure good mixing, and 

poured into a circular glass mould which had a detachable tin base. 

Dry nitrogen/air was passed over the solution at ambient temperature 

until the majority of solvent was removed. The sample was then placed 

under vacuum at 700 e to remove the final traces of solvent. 

Both poly(ethyl vinyl ether) and poly(methyl vinyl ether) are 

very tacky and hence precluded the methods described in 3.2.1 or 3.2.3. 

The size of the mould was dictated by the size of the dielectric cell 

described later. 

3.2.3 Poly(propylene glycol) 

A third method was employed for the preparation of all the low 

viscosity glycols. SOg of poly(propylene glycol) was dissolved in 
o 

250 mls of dry acetone (dried over 3A molecular sieve) in a rotary-

evaporator flask. The flask was placed on a rotary-evaporator in a 
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water bath and rotated until' the polymer had dissolved. A quantity 

of anhydrous salt was dissolved in the polymer solution to give the 

desired molar ratio of salt to monomer units. A small partial vacuum 

was then periodically applied to the rotating flask and subsequently 

the solvent condensed into a collecting flask on the rotary-evaporator. 

As the viscosity of the polymer-salt solution increased, the tempera-

ture of the water bath was increased. After removing the majority 

of the solvent the flask was left to rotate under constant vacuum 

o . 
at 80 C for several hours. The resulting polymer/salt complex waS 

stored under vacuum until required. 

3.2.4 Polymer Blend Preparation 

Polymer blends of inorganic salt complexes and low dielectric 

constant polymers were prepared using a Brabender internal mixer. 

The blends were prepared at temperatures above the softening point of 

the low dielectric constant polymers. Upon blending, the observed 

torque is seen to fall as the friction between blending components 

reduces. For all blends the torque reached a minimum value at which 

point the mixer was allowed to continue blending for a further few 

minutes to ensure thorough blending. 

3.3 Differential Thermal Analysis 

(a) Apparatus 

The glass transition temperatures (Tg) of the polymer-salt com-

plexes were determined using a Du Pont 900 Differential Thermal Analyser 

equipped with the Differential Scanning Calorimetry Accessory (Catalogue 

No. 900600). A diagram of the cell is shown in Figure 3.1. A sample 

pan and a reference pan were positioned on the two raised'platforms 

on the constantan disc as shown. A constant heating rate is maintained 

within the cell by the single heating block. In the calorimetric mode 
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the temperature difference.:( A T) between the sample pan and the 

reference junction was plotted against the reference pan temperature. 

The instrument was calibrated using mercury and benzoic acid which melt 

o 0 at -39 C and 122 C respectively. 

Figure 3.2 shows a characteristic thermograph of a step response 

glass-rubber transition. For this work Tg has been defined such that: 

(3.1) 

where TH and T
J 

are as shown in the diagram. 

(b) Experimental Technique 

Samples of. the polymer-salt complex (~5-l0 mg) were accurately 

weighed into aluminium pans and sealed to prevent the absorption of 

water. An empty aluminium pan was used as a reference. From the 

known sample weights a correlation with the Tg step as measured by 

the baseline shift was determined. Liquid nitrogen was used to cool 

the calorimetry cell down to -lOOoC. The samples were then heated 

at 150 C/min to a temperature of l500 C. 

3.4 Dielectric Measurements 

(a) Apparatus 

Low frequency dielectric measurements were undertaken using a 

Wayne Kerr B22l Universal Bridge, a Wayne Kerr A321 waveform analyser 

and an Advance Instruments low frequency oscillator. Each piece of _ 

equipment was operated as described in their respective instruction 

manuals. 

The Wayne Kerr Bridge is a transformer ratio arm bridge designed 

for the measurement of high loss systems. The bridge regards the 

sample as equivalent to a capacitance C in parallel with a resistance 
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R. 
155 It can be shown for such a system that: 

£'= 

£" = 1 
RWC 

·0 

1 
RCw 

(3.2) 

(3.3) 

(3.4) 

. I * C 
where C , E, £, tan~and ware as previously defined. Values 

o 

for capacitance C and conductance G, where G = R -1 are read 

directly from the bridge. 

COl (" ~ could be calculated from equation 3.2) and £ was calculated 

from: 

£~ = 106 G 
2 'l1' fC o 

where G is in it Mho, Co in pf and f is in Hz. 

/ " (' From values of £ and £ , tan" may be calculated from: 

tan ~ = 

(3.5) 

(3.6) 

Capacitance and conductance measurements could be made to within 

+ 0.1% and + 1% respectively. 

Measurements were made in the frequency range 102 to 105 Hz 

and in the temperature range -60oC to +100oC. A solid sample in the 

form of a flat disc was positioned in a three terminal cell which 

was essentially a modified Wayne Kerr Solid Dielectric Permittivity 

Jig (Model D321) as described previously by Fielding Russel1
204

• The 

cell is shown in Figure 3.3. The three terminal cell eliminated 

fringing fields and surface conduction across the edge of the sample. 

Electrode El was shielded by a guard ring G separated by a 0.23 mm 

wall of epoxy resin. The field thus acts over an area given by: 

A = 'Tf (r + &r/2)2 (3.7 ) 
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where r is the radius of electrode E and ~r is the thickness of 
1 

the epoxy resin wall. Electrode E2 could be moved up or down using 

,the micrometer screw M. A copper/constantan thermocouple adjacent to 

the sample monitored the cell temperature. The whole assembly fitted 

into a vacuum tight brass canister. 

The capacitance of the dielectric cell with space between the 

electrodes evacuated was given by: 

A 
Co = 3.6 'I( d pf (3.8) 

where A is the effective area as previously defined and d is the 

thickness of the sample. 

High frequency dielectric measurements, i.e. greater than 20 kHz 

were taken using a Marconi Dielectric Test Set 704C. It is a develop-

ment of the original high frequency dielectric test set designed by 

203 Hartshorn and Ward • A simplified circuit is shown in Figure 3.4. 

The circuit is composed of two plug-in oscillators covering the fre-
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quency ranges 0.05 M Hz to 20 MHz and 10 MHz to 100 MHz. The amplitude 

of the oscillator output is controlled by an arrangement of coarse 

and fine resistors. The oscillator circuit was loosely coupled to a 

tuned circuit of various interchangeable coils L and two precision 

parallel plate capacitors with micrometer adjustment. 

The principle of the apparatus was to equate the capacitance of 

the dielectric with that of a measured air gap. This was achieved . 

by tuning for resonance at a particular frequency with the dielectric 

in place, removing the dielectric and re-establishing resonance with 

a measured air gap. Resonance was detected by a square law voltmeterV. 

The instrument is tuned for resonance when the galvanometer is 

showing a maximum deflection. The half-width of the resonance 
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curve was determined by adjusting the micrometer until a galvanometer 

reading of 2-! either side of the resonance peak. 
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This process was used to obtain the resonance peaks and half widths 

of both the 'dielectric in' and 'dielectric out' (air gap). The 

dielectric constant 

C 
E =~ 

C 
o 

was calculated from: 

(3.9) 

where Cs is the sample capacitance obtained from the reading of the 

large micrometer at resonance with an air gap minus the reading of the 

capacitor at resonance with the sample connected, Co is derived from 

(3.8). Micrometer readings can be converted to capacitance by: 

Capacitance pf = (3.10) 

where R is the 'head' reading expressed as hundredths of a mm, T is 

the temperature in Celsius, (C -C ) are given in the manufacturer's m c 

manual. 

Tan ~ is given by: 

tan;; = (3.11) 

where AC. and AC are the differences in half widths between the 
1 0 

dielectric in and out respectively. 

is given by: 

E" = E' tan S (3.12) 

(b) Experimental Technique 

Samples of poly(vinyl ethers) containing metal salts were 

cast directly onto tin foil as previously stated. These samples were 

loaded into the dielectric cell previously described, placed inside 

the brass container, sealed and evacuated. 



71 

The other samples were either highly viscous liquids or low 

melting point solids. These obviously would not remain in the cell 

described above so a new cell was made to contain these. Figure 3.5 

shows the cell used for the dielectric measurements of all samples 

except the poly(vinyl ethers). 

Two polished stainless steel electrodes were separated by macor 

ceramic rods. The upper electrode was attached to a micrometer screw 

which facilitated variation of the gap between the electrodes. Measure-

ment of the gap size could be read directly from the micrometer., A 

copper-constantan thermocouple placed close to the electrodes enabled 

accurate measurement of the sample temperature. 

The polymer-salt complexes are deliquescent, therefore, to ensure 

a water-free atmosphere was maintained, dry nitrogen was blown over 

the system for the duration of the experiment. 

Both of the cells described were cooled and heated in the same 

manner. To cool the cells the cell containers were placed in a methanol 

bath and solid carbon dioxide was added to bring the temperature 

o gradually down to -50 c. The temperature could be controlled to within 

~ O.SoC using this method. Above ambient temperatures were achieved 

by immersing the cells in oil baths thermostated to ~ O.loC. Readings 

were taken at approximately 5°C intervals over the entire temperature 

range studied. To ensure' that steady state conditions prevailed, the 

heating/cooling rate was slow, approximately lOoC hr.-l and the 

required temperature was kept constant for twenty minutes before a 

reading was taken. From the data it was possible to obtain values of 

I '/ r e: ,e: and tan Cl for each temperature and frequency. 
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3.5 Viscosity Measurements 

(a) Apparatus 

Viscosities of several samples were obtained using a Contraves 

Rheomat lST-FC cone and plate viscometer. A diagram of the cone 

and plate is shown in Figure 3.6. The instrument was operated as 

described in the instrument manual. 

The Rheomat consists of a stainless steel cone and plate. The 

liquid to be measured is placed between the cone and plate. The cone 

makes a very small angle to the plate. The plate is fixed and the 

cone rotates at a fixed angular velocity the resu1ting.torque is 

. 206a 206b derived as follows from a form of the NaV1er - Stokes equation 

for Newtonian liquids: 

+ 4dw 
rdr 

+ _1_ 
2 

r 
+ 

3 cosg 
2 

r 

dw 
d9 = 0 (3.13) 

where at the boundaries w = 0, for g, = (-n' /2) - ex. w =..Jl. for 9: -n'/2 

and r, 9 and 0 are the spherical polar coordinates for the stationary 

state""ruI. 01. ~s +1,. .. "'-"31 ... b",t...)Q.QA. ~ <.o"'-~ a.."d.. ~\~. 

Integrating the moment of the shear stress 

"C9iil = ., sin 9 • dw/d9 

over the surface of the disk we obtain 

M= ~d9 I . 3
9 S1n )-0(. .. 

where a = radius of the plate 

therefore 

(3.14) 

-1 

(3.15 
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M = - In tan 

-1 

(-tT' _ C!:t ») 
4 2 
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(3.16) 

which is valid for any value of at:. For small values of ex. (3.16) 

abbreviates to 

M = (3.17) 

If one considers a point P on the rotating cone at a distance r 

from the centre of the plate. The velocity at P is r..n.. the liquid 

thickness is approximately re><. therefore the rate of shear Y is 

uniform and equal to.J1. /0<. Consequently shear stress ~ is uniform 

and the torque M is given by 

M - r J: ,,~, d' d, - (3.18) 

for a linear viscoelastic liquid. 

It is therefore reasonable to assume that if 0< is small the 

rate of shear and shear stress will be uniform for a 'Newtonian 

liquid. 

The Rheomat facilitates measu~ement of shear stress and shear 

rates from 5.6 rpm to 352 rpm. However the torque produced limits 

the shear rate at high viscosities. At a given shear rate a shear 

stress is produced. The shear stress is read as a voltage output on 

a digital voltmeter. The viscosity is calculated as follows: 

v 0(. I(' (3.19) 

R 0( D (3.20) 

'(' =:7 D (3.21) 

(3.22) 

where V is the voltage output, R is the rpm, 'C and D are the shear 

Stress and strain respectively, ~ is the viscosity and K is a machine 

constant. 



A plot of V versus R produces a straight line of slope K~ • 

If a liquid of known viscosity is placed in the instrument K may be 

deduced. 

It follows that viscosity of a liquid may be found by plotting 

V versus R for that system and calculating the subsequent slope of the 

graph, knowing K,:? the viscosity may be calculated. 

(b) Experimental Technique 
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Approximately 20 g of a polymer-salt complex was placed on the 

plate. The cone was then quickly placed on the sample and dry nitrogen 

passed over the cone and plate to maintain a dry atmosphere. Any excess 

polymer-salt complex flowed over the side of the plate onto the recess 

around the plate. Obviously for solutions of relatively high vis­

cosity it was necessary to perform this.operation at elevated tempera­

tures. Values of V were taken for stepwise increases in R until the 

torque limit was reached. This procedure was repeated. 

The temperature was increased by 100e from ambient up to 1400e 

by placing the plate fins of the Rheomat in an oil bath. The fins 

ensured good thermal contact between the sample and the oil bath and 

thus the heating rate was 200C hr-l in comparison to 100e hr- l in 

the dielectric measurements. Time was allowed for the samples to 

reach thermal equilibrium as described previously. 

It was not possible to measure the viscosities of the more viscous 

samples at room temperature by this process, thus values were only 

obtainable at the upper end of the temperature scale for these 

samples. 



4.0 RESULTS 

4.1 Characterisation of Polymers Studied 

The molecular weights, glass transition temperatures, trade names 

and suppliers of the polymers studied are given in Table 4.1. 
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Table 4.1 also includes the melting points of poly(ethylene glycol) 

and poly(tetramethylene glycol). 

4.2 Poly(propylene glycol) Containing Inorganic Salts 

4.2.1 General Properties 

The complexes were prepared in accordance with methods described 

in section 3.2. Table 4.2 illustrates the general properties of 

inorganic salt complexes of poly(propylene oxide). Two types of 

compounds are clearly discernible from this Table. 

Compounds of the first type"were formed from highly deliquescent 

salts. The resulting complexes were optically transparent and as will 

be shown later the glass transitions were shifted to higher tempera­

tures in comparison to the original polymer. At ambient temperatures 

the majority of compounds prepared were above their glass transitions 

and were viscous liquids; The compounds were sensitive to water, 

which if present led to plasticisation and a subsequent reduction of 

Tg. The compounds were however pointedly less deliquescent than the 

parent salts. It was therefore obviously of prime importance that 

the compounds were maintained in an anhydrous environment from the 

period of manufacture to usage. 

The second type of compounds were formed from strongly crystalline 

alkli chlorides and fluorides. They were opaque and distinctly two­

phase. The compounds were very water sensitive and even at low salt 



TABLE 4.1 Characterisation of the Polymers Studied 

Polymer Trade Name Supplier Tg(oC) Tm(oC) M M M;- M wM 
w n n v 

POly(ethy1ene glycol) PEG 600 Shell Ltd. -62.7 23.25 - - - -
(Semi-crystalline) 

Poly(propy1ene glycol) PPG 2000 Shell Ltd. -62 - 1990 1600 1.2 -
(Amorphous) 

Poly(tetramethy1ene Po1ymeg Quaker Oats Co. -76 24 - - - -
glycol) 1040 
(semi-crystalline) 

Po1y(methy1 vinyl -24.5 - - - - 4,800 ether) -- Po1ysciences 
(Amorphous) Inc. 

-
Po1y(ethy1 vinyl Lutona1 BASF (UK) Ltd. -27.5 - - - - 37,200 
ether) A50 
(Amorphous) 

- . 

Poly(propy1ene glycol) P3 Lankro -66 - 1500 - - -
(Amorphous ) 

Po1y(propylene /Ethy- P317 Lankro -68 - 1500 - - -
1ene glycol) 
(Amorphous) 



TABLE 4.2 Visual Properties of Inorganic Salt 
Complexes of Poly(propylene oxide) 

Metal Salt 

Lithium thiocyanate 

Sodium thiocyanate 

Potassium thiocyanate 

Ammonium thiocyanate 

Calcium thiocyanate 

Barium thiocyanate 

Lithium iodide 

Ammonium iodide 

Lithium trifluoro­
methyl SUlphonate 

Zinc chloride 

Zinc bromide 

Tin (11) chloride 

Lithium chloride 

Sodium fluoride 

Colour of Complex Optical 
Clarity 

Colourless Transparent 

" It 

11 11 

11 I1 

" " 
11 " 

" " 
" " 
" " 

" " 
" " 

" " 

Colourless Opaque 

" " 
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Comments 

Single phase, viscous 
liquids at room 
temperature. Viscosity 
was found to increase 
with increasing salt 
content. Less deliquescer 
than their constituent 
chemicals. 

Hygroscopic two phase 
liquids 
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loadings blooming of the salt occurred. 

Subsequent work in this thesis will confirm that compounds of the 

first type were true, single phase complexes and those of the second 

type were two phase compounds where the inorganic salt acts as a second 

phase filler with no significant chemical interaction taking place 

between the salt and the polymer. 

4.2.2 Glass Transition Data for Inorganic Salt Complexes 
of Poly(propylene glycol) 

Single glass transitions were observed for salt complexes of 

poly(propylene glycol). The glass transitions were well defined 

although at higher salt loadings a broadening was observed. Figures 

4.1 and 4.2 illustrate the observations stated above. 

The Tg of a salt complex varies with the mole percentage of 

inorganic salt incorporated and is illustrated in Figure 4.3. It is 

clearly discernible that a non-linear relationship exists between 

salt loading and the subsequent value of Tg. A maximum elevation of 

Tg appears to occur around 20 mole % salt loading. It is also 

clearly evident that different cations and anions elevate Tg wi th 

differing degrees of magnitude. 

The size of the glass transition was empirically measured by 

calculating the step height(as shown below) per unit weight of 

material measured. 

Ll:I 

) 
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Figure 4.4 illustrates the magnitude of the glass transition, 

derived as above, of LiSCN and NaSCN complexed with poly(propylene glycol). 

Both salts show a decrease in the magnitude of the glass transition 

per unit weight of sample with increasing salt concentration. This 

need not however indicate that the transition is becoming any less 

energetic, the transitions are considerably broadened when salt is 

present in the form of a complex. If the transitions were a conse-

quence of the polymer only (with no interaction from the salt) one 

would not expect to see any variation with increasing salt content 

(providing one first reduced the data to account for only the polymer 

present in the sample). Figure 4.4 illustrates this point succinctly, 

therefore it is possible to state that an interaction is taking place 

between the polymer and the salt and that the salt is not just acting 

as a filler. This therefore reinforces the visual observations al-

ready stated in section 4.2.1 that some salts were capable of forming 

c'omplexes with poly(propylene glycol). 

4.2.3 Viscosity Data for Inorganic Salt Complexes 
of Poly(propylene glycol) 

The viscosities of three salt complexes above their glass tran-

sition regions were determined. Figure 4.5 illustrates the viscosity 

temperature profile for LiSCN poly(propylene glycol) complexes of 

various salt loadings. It is clearly evident that the viscosity at 

any given temperature increases with increasing salt content. This 

is to be expected because of the increase in Tg with increasing salt 

content. 

The viscosities illustrated all decrease non-linearly with 

increasing temperature, tending toward a limiting value. Figure 4.6 

shows the relationship between the increase in viscosity and the 

change in the glass transition. There is an initial large shift in 
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viscosity with only a small change in Tg. The relationship then becomes 

linear. 

Figure 4.7 shows the viscosity temperature profile ofNaSCN and 

LiCF
3

S0
3 

complexes of poly(propylene glycol). There is a large shift 

in viscosity as seen in Figure 4.5 on the addition of NaSCN and 

LiCF3S03 to po1y(propy1ene glycol). The LiCF
3

S0
3 

po1y(propy1ene glycol) 

complex appears to have a similar profile to that of LiSCN complexes 

described above whereas NaSCN complexes appear to shift the viscosity 

to higher values than those for LiSCN complexes. In Figures 4.2 and 

4.3 it is clearly evident that NaSCN shifts the Tg of poly(propy1ene 

glycol) to higher temperatures than does LiSCN for the same mo1e% salt 

content, this would appear to explain the higher values for viscosity. 

It is also suggested that the cation appears to have a more striking 

effect on the resulting properties so far discussed, of a polymer-salt 

complex than does the anion. 

4.2.4 Dielectric Relaxations Shown by Poly(propylene glycol)~ 
Inorganic Salt Complexes 

Po1y(propylene glycol) exhibits three molecular processes over 

the range of temperatures and frequencies studied. One can discern 

from Figure 4.8 the tail end of the 0( process followed by a liquid-

1 . . d .. 207.' I· h . f h . 1 1 lqul transltlon lnvo vlng t e motl0n 0 t e entlre mo ecu e. At 

still higher temperatures (at constant frequency) the onset of con-

ductivity due to extrinsic impurities and 'an inherent mechanism 

. 1· . f 208. b d lnvo vlng the generatlon 0 protons lS 0 serve • 

Figures 4.8 and 4.9 are indicative of the relaxations observed 

upon addition and subsequent complex formation of inorganic salt to 

poly(propylene glycol). Figure 4.8 shows the temperature plane 

dielectric relaxation data for a series of poly(propylene glycol) 

lithium thiocyanate complexes of various salt loadings at 5 kHz 



o -(!) 
o 
..J 

4·0 

3'5 

3'0 

2·5 

2·0 

TEMPERATURE DEPEf'()ENCE OF' VISCOSITY FOR 
POl y( PROPYLENE GLYCOL) -INORGANIC SALT 
COMPLEXES 

MOLE% SALT 
10 NaSCN 6. 
20 NaSCN '" 
10 LiSCN 11 
20 LiSCN () 
10 LiC F3S03 ~ 

FIGURE 4'7 

20 40 60 80 100 120 
TC"I\ADCDATI IDC" (0,..\ 

140 160 



TEMPERATURE DEPENDENCE OF lOGIO£' AND lOGloE" 
FOR POLY (PROPYLENE Gl YCOU LiSCN COMPLEXES 
AT 5kHz, ~ 

',5 

~ 
~ o 
...J 

0'5 

2'0 

',5 

"0 

0'5 

JI" 

MOLE% LiSCN 
o 0 
() 2 
o 4 
IJ 8 
t:. -, 12 
e 15 

OL--_~40~----~O'-----'4~O-----'8~O------~12~O 

TEMPERATURE (oC) FIGURE 4'8 



81 

between -60 and lOOoC. The original 0( relaxation as seen in the pure 

polymer is apparently reduced in stature. A second transition designated 
/ 

o<g is observed in low salt loaded complexes. The third transition 
I 

observed designate 0< , is seen to be much greater in magnitude than 
I 

the 0( and 0< g process. This <xl process is shifted to higher tempera-

tures at constant frequency with increasing salt loading although the 

actual value for the relaxed dielectric constant (Er) appears to 

decrease slightly with increasing salt loading. It can be seen from 

the loss data that the relaxation is distorted by conductivity effects 

on the high temperature side of the relaxation. This distortion 

appears to lessen with increasing salt content. 

Figure 4.9 shows the dielectric relxation data for two sodium 

thiocyanate poly(propylene glycol) complexes and a lithium trifluoro­

methyl sulphonate poly(propylene glycol) complex at 5 kHz. The same 

three processes as seen in Figure 4.8 are discernible in Figure 4.9, 

-' I I • 
that of an '"" g, '" and 01'<.. relaxat10ns. The .,(./relaxation is cons i-

derably greater in magnitude than theo( ~ relaxation and as in Figure 

4.8 appears at a higher temperature with increasing salt loading. 

The values for Er decrease with increasing salt content but is greater 

for a 20 mole% sodium thiocyanate poly(propylene glycol) complex than 

a 20 mole% lithium trifluoromethyl sulphonate complex. 

Figure 4.10 summarises the temperature plane dielectric relaxation 

data of poly(propylene glycol)-lithium thiocyanate complexes measured at 

10 M1lz in the temperature o range -40 to 120 C. The pure poly(propylene 

glycol) appears to show no change in dielectric constant and only a 

small decrease in the dielectric loss value over the temperature 

range covered. An enhancement upon the dielectric values of the 

original polymer are observed upon complex formation of poly(propylene 

glycol) with lithium thiocyanate at 10 MHz as was observed at 5 kHz. 

Obviously the relaxations observed at 10 MHz are shifted to higher 
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temperatures in comparison to those measured at 5 kHz. 

The ot' process is clearly discernible in the dielectric constant for 

1 
salt loadings up to 20 mole%, the c( process being shifted to higher 

temperatures with increasing salt loading. The temperature range 

was not large enough to clearly see this process at 30 mole%. The 

f 
ot~ process was however not visible in the dielectric loss data. 

Included upon Figure 4.10 is the dielectric data for a 10 mole% 

poly(propylene glycol)-lithium trifluoromethyl sulphonate complex. 

Again theo(;process .is not visible and the values for dielectric 

constant and loss are less than those observed for a 10 mole% lithium 

thiocyanate complex. 

Figure 4.11 shows the dielectric data for a series of complexes 

with P3 and P3l7 at 10 MHz. It can clearly be seen that different 

salts affect the dielectric properties markedly. The potassium 

thiocyanate complex with P3 shows the highest values for dielectric 

constant and loss at any given temperature and Ba(SCN)2 - P3 and 

ZnCl 2 - P3l7 showing the lowest. 
I 

The ~ process appears at higher 

temperatures for the Ba(SCN)Z - P3 and ZnCl 2 - P3l7 complex with 

respect to KSCN - P3. This is to be expected as the corresponding 

values for Tg for these complexes show the same trend. For all but 

the KSCN - P3 complex the dielectric loss shows an inflection for the 

<><3 process whilst the KSCN - P3 complex shows a clear loss peak. It 

I 
is also worth noting that Ba(SCN)2 - P3 appears to show a ex loss 

o .1 f f peak around 130 C even though the ~j and 0( processes are merged 

together in the dielectric constant data. 

Both the NaSCN and KSCN complexes of P3l7 show a reduction in 

dielectric strength and occur at a lower temperature than their 

equivalent complexes with P3. 
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Figure 4.12 shows the logF versus lIT plots of E for a series 

max 

of lithium thiocyanate po1y(propy1ene glycol) complexes and two 

sodium thiocyanate and a lithium trifluoromethyl sulphonate poly 

(propylene glycol) complexes. It is evident that the location of 

the 01. I relaxation and the mole% of lithium thiocyanate complex is 

not a straightforward relationship. 

Figures 4.13 and 4.14 show the frequency dependencies of E' 
'1 and E for a 15 mo1e% lithium thiocyanate poly(propylene glycol) 

complex. Although the range is somewhat limited a well defined set 

of curves is evident. 

4.3 Poly(tetramethy1ene glycol) Containing Inorganic Salts 

4.3.1 General Properties 

Poly(tetramethy1ene glycol) complexes with inorganic salts were 

prepared as stated previously and their general properties are 
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summarised in Table 4.3. It was clearly discernible that two different 

types of compound were formed as was shown for po1y(propy1ene glycol). 

The first type behaved as complexes and the second type appeared as 

a polymer containing uncomplexed inorganic filler. 

The complexes were all white solids at room temperature with the 

exception of the calcium thiocyanate complexes studied which were clear 

viscous liquids. The glass transition temperatures of the complexes 

were all higher than the parent polymer but it was found that a maximum 

transition temperature occurred;upon further addition of salt auto-

plasticisation appeared to occur. The melting points of the. complexes 

were depressed in comparison to the parent polymer and as stated 

previously was not observed at all in the calcium thiocyanate complexes. 

The complexes were deliquescent and therefore extreme care was taken 
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TABLE 4.3 Visual Properties of Inorganic Salt Complexes 
of Poly(tetramethylene glycol) 

I 

Metal Salt Colour of Complex Optical Comments 
Clarity 

Lithium thiocyanate Colourless Transparent Single phase, white 

Sodium thiocyanate " " solids below their 
respective Tm's,viscQllS 

Potassium thiocyanate " " liquids above their 

Calcium thiocyanate " " respective Tmts. The 
viscosity was found to 

Barium thiocyanate " " increase upon increasing 

Ammonium thiocyanate " " 
salt content. Less 
deliquescent than their· 

Tin (II) chloride " " constituent chemicals. 

Lithium iodide " " 
Ammonium bromide " " 

Sodium chloride White Opaque Two phase and 
hygroscopic 



to ensure anhydrous conditions during measurement and storage. 

4.3.2 Thermal Properties of Poly(tetramethylene glycol) 
. Containing Inorganic Salts 

Figure 4.15 illustrates the glass transition behaviour of poly 

(tetramethylene glycol) complexed to various inorganic salts. The 

glass transition temperature of poly(tetramethylene glycol) is broader 

than that observed for poly(propylene glycol) because of its inherent 

crystallinity the resulting complexes show a further broadening. The 
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exception being 10 mole% Ca(SCN) 2 which appears to sharpen with .respect 

to poly(tetramethylene glycol). This is a consequence of the suppresion 

in crystallinity but a further increase in salt content produces a 

broadening in Tg and reduction in the value of its Tg. 

Upon addition of salt the Tg of the parent polymer was elevated 

up to a point whereupon further addition results in a reduction in the 

value for Tg towards its original value. 

Table 4.4 shows the melting points for complexes of both poly 

(tetramethylene glycol) and poly(tetramethylene oxide), Mn 10,000. 

It is clearly evident that the melting behaviour is complex, resulting~ 

in some salts raising and some salts lowering the value of Tm.. The 

complete suppression of Tm as observed for the calcium thiocyanate 

poly(tetramethylene glycol) system is not observed in the higher 

molecular weight polymer. On the contrary the higher molecular 

weight calcium thiocyanate complex produces one of the highest shifts 

in the value of Tm. It would appear that some salts cause a disruption 

in the crystallinity and are presumably not incorporated in the 

crystalline structure. Whilst others appear to be incorporated into 

or around the crystalline structure and thus elevate the value ofTm 

yet still reduce the overall crystallinity. 
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TABLE 4.4 Melting points (Tm's) of Inorganic Salt Complexes 
of Po1y(tetramethy1ene glycol) and Po1y(tetramethy1 oxide) 

Polymer Salt Mo1e% Tm(oC) 
. 

. 

PTMG - - 24.9 

PTMG LiSCN 5 22.7 

PTMG LiSCN 20 22.6 

PTMG .NH4SCN 10 30.2 

PTMG KSCN 10 16.5 

PTMG NH4Br 10 9.9 

PTMG Ba(SCN) 2 10 17.5 

PTMG Ca(SCN) 2 10 -
PTMG Ca (SCN ) 2 20 -
PTMG SnC1 2 10 21.4 

PTMG NaSCN 10 21.0 

PTMO -- - 26.2 

PTMO LiSCN 15 41.0 

PTMO NaSCN 15 23.8 

PTMO Ca(SCN) 2 15 37.8 
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A transition near to the melting peak but lower in intensity 

and temperature was discernible in the parent polymer. This apparently 

smaller melting peak was also observed in the salt complexes often 

appearing much sharper than the original low temperature polymer 

melting peak. The main melting peak was often found to be split into 

two peaks, on subsequent melting and recrystallising the two peaks 

merged into one. 

4.3.3 Dielectric Relaxations Exhibited b Inorganic 
Complexes of Poly tetramethylene glycol) 

Poly(tetramethylene glycol) exhibits three relaxation processes 

over the frequency and temperature range studied. One can discern 

the latter part of the~ g-process associated with the glass transi­

tion at low temperatures, the melting process ~c' and a small 

transition,eX. . intermediate between the two. This process has been 
1 

observed, amongst others, in dynamic mechanical measurements by 

Wetton and Allen158 • Upon addition of lithium thiocyanate the~ 
g 

and 0( . processes appear to merge and the 0< process is much more 
1 c 

strongly defined. 

Figure 4.16 summarises the temperature plane data for a poly 

(tetramethylene glycol) lithium cyanate complex at 5 kHz for various 

o salt loadings in the temperature range -60 to +90 C. Close scrutiny 

of Figure 4.16 revealed, in accordance with the thermal measurements, 

the dielectric loss peak position of the melting process shown by 

DTA decreases with increasing salt content which will be a direct 

consequence of the suppression of crystallinity upon complexation. 

The values for Er' the relaxed storage component, above melting 

appear to be independent of salt loading being only slightly greater 

for 20 mole% LiSCN than for 10 or 15 mole%. The 20 mole% sample 

appeared to show an extra relaxation above melting between 0 and 200 C. 
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Figures 4.17 and 4.18 show the frequency dependence of dielectric 

storage and loss for 15 mole% respectively. Although the range is 

limited a well defined set of curves is indicated. 

4.4 Poly(ethylene glycol) Containing Inorganic Salts 

4.4.1 General Properties 

Poly(ethylene glycol) complexes with lithium thiocyanate were 

prepared as stated previously and their general properties are 

summarised in Table 4.5. 

Poly(ethylene glycol) is a semi-crystalline white solid at room 

temperature. Upon addition of lithium thiocyanate the degree of 

crystallinity is suppressed up to a critical point after which any 

further addition of salt prevents the polymer from crystallising. 

The lithium thiocyanate was complexed to the polymer, the re-

suIting adduct was deliquescent. Extreme care was therefore taken 

to ensure anhydrous conditions during storage and measurement. 

4.4.2 Thermal Properties of Poly(ethylene glycol)­
Lithium Thiocyanate Complexes 

It was stated above that addition of lithium thiocyanate to 

poly(ethylene glycol) results in the suppression and eventual loss' 

in crystallinity. 

Single glass transitions were observed in lithium thiocyanate 

complexes of poly(ethylene glycol). The glass transitions were well 

defined and appeared to sharpen with increasing salt loading in 

accordance with the reduction and eventual loss in crystallinity. 

The above observations are illustrated in Figure 4.19. 

Figure 4.20 illustrates the glass transition and melting point 
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TABLE 4.5 Visual Properties of Poly(ethylene glycol) 
Complexes with Lithium Thiocyanate 

Salt Loading Nature of complex Optical Clarity 
above Tm 

0,5 and 10 mole% Semi-crystalline Transparent 

15 and 20 mole% Amorphous Transparent 
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Comments 

Single phase, semi-
crystalline below, 
viscous liquids above, 
a critical salt loading 
Less deliquescent than 
their constituent 
chemicals. 
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relationship between lithium thiocyanate and poly(ethylene glycol). 

The melting point increases to 5 mole% and then decreases to 10 mole% 

disappearing for 15 mole% and higher. The glass transition is seen 

to increase for 5 mole% decrease for 10 mole% and then increase to 

15 mole% tending toward a limiting value of 20 mole%. 

Upon addition of lithium thiocyanate to poly(ethylene glycol) 

at low concentrations, the lithium thiocyanate will be complexed 

with the hydroxyl groups at the end of the chain and in the amorphous 

regions of the polymer. Thus making the polymer chains stiffer-and 

a subsequent increase in the value of Tm. Further addition of salt 

will cause a suppression in crystallinity, and a subsequent reduction 

in the value of Tm, thereby increasing the amorphous content of the 

sample. The reduction in the value of Tg of 10 mole% with respect 

to 5 mole% will therefore be as a result of a decrease in crystallinity 

and thus chain stiffness, and an increase in amorphous content and 

therefore an apparent dilution of the real salt content in the 

amorphous region. Further additions of salt completely suppress 

crystallinity and increase the value of Tg as the salt concentration 

in the now totally amorphous regions rises, as was seen in poly(ethy-

lene glycol). 

4.4.3 Viscosity Data for a Poly(ethylene glycol)­
Lithium Thiocyanate Complex 

Figure 4.21 shows the viscosity temperature profile for poly 

(ethylene glycol) and a 20 mole% poly(ethylene glycol) complex. The 

effects of crystallinity in the pure polymer are observed at the 

low temperature end of the viscosity profile. As the,polymer melts 

the viscosity changes dramatically. This makes superposition difficult 

because as was shown earlier, the crystallinity is totally suppressed 

in the 20 mole% lithium thiocyanate complex. Despite the crystallinity 
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effects Qne can clearly discern a large positive temperature shift 

upon complexation. 

4.4.4 Dielectric Relaxations Exhibited by Poly(ethylene glycol)­
Lithium thiocyanate Complexes 
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Poly(ethylene glycol) shows three relaxations over the temperature 

and frequency range studied. The high temperature side of the 0<. 
g 

process is clearly discernible and the Ol c process associated with 

crystal melting around 200 C and a process ol . intermediate between 
1 

the two. The loss peak does not significantly fall above nn du~ to 

the onset of conductivity. The dielectric data upon addition of lithium 

thiocyanate is somewhat more complex as shown in Figure 4.22. A single 

skew .ed loss peak due to the merging of the above processes is ob-

served for 5 mole% salt loading. For 10 mole % salt loading two 

peaks are clearly discernible, a sharp peak of reduced area for the 

I I I 01.. c process and a merged oG g and 0<. i peak. At 15 mole% the eX. I 
c 

process has disappeared completely and a single loss peak is observed. 

At 20 mole% this peak has reduced in height and shifted to higher 

temperatures in accordance with the shift in Tg. 

The dielectric constant data tends toward a limiting value over 

the temperature range studied independent of salt content. For the 

5 and 10 mole% a single step dielectric process is observed. However 

for 15 and 20 mole% (amorphous samples) two steps appear to occur. 

A lower temperature step associated with the 0<.1 process and a step 
g 

occurring some degrees higher which may be similar to the ~/seen in 

poly(propylene glycol), see Figure 4.8 2 mole% LiCNS/PPG. 

The step process appears to be shifted to lower temperatures 

with the disappearance of the 0( process, but increases between 
c 

15 and. 20 mole% as the Tg increases although the actual temperature 
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shift in the dielectric constant is greater than the Tg shift 

between 15 and 20 mole%. 

The appearance of a peak in the dielectric constant with in-

creasing temperature at constant frequency by some of the samples 

is not uncommon in oligomers of this molecular weight
207

• 

Figure 4.23 illustrates the frequency temperature plane location 
I 

for the ~ process in low salt loading poly(ethylene glycols) and c 
/ 

the ~ g process for purely amorphous poly(ethylene glycol) salt 

complexes. The temperature shift with increasing frequency is seen 

to be small especially at low frequencies. The effect of such a low 

molecular weight with subsequently such a narrow distribution of 

relaxation times produces such a frequency temperature profile. 

I 
Figures 4.24 and 4.25 show the frequency dependence of 10gl0 E 

Ii 
and 10gIO E for a 15 mole% lithium thiocyanate-poly(ethylene glycol) 

complex at various temperatures respectively. As was seen for other 

polymer systems a well defined family of curves were observed. One 

can discern the tendency of low molecular weight oligomers to form 

a peak in the dielectric constant with increasing temperature at low 

frequency. 
I • 

The onset of a second process above 01. g 1S observed in 

Figure 4.25 at a temperature of -0.50C at low frequencies. 

4.5 Inorganic Salt Complexes Blended with 
Poly(ethylene vinyl acetate) 

92 

Inorganic salt complexes of poly(methyl vinyl ether) were blended 

with poly(ethylene vinyl acetate). (EVA). in various amounts. Figure 

4.26 shows the dielectric relaxations observed for these blends. A 

11 0 
single relaxation which appears as a peak in E at -9 C at 5 kHz was 

observed for pure EVA. Upon blending with inorganic salts of poly 

(methyl vinyl ether) two relaxation peaks are discernible over the 
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frequency and temperature range studied. A peak corresponding to 

EVA and one at a higher temperature corresponding to the salt complex. 

One can clearly see an increase in the dielectric loss peak upon in-

creasing. the amount of salt· complex in the blend which is to be 

expected. It is pertinent to note that in a pure salt complex above 

the cl/process, conductive processes are believed to occur. These 

conductive processes may override the ~I process making it rather 

difficult to be able to discern between the two. In the above blends, 

if well blended, the salt complex will be dispersed throughout the 

sample. The resulting blend will thus comprise a relatively non-

conductive matrix of EVA with the more conductive salt complex 

dispersed throughout the matrix. 
. I 

TheK process of the salt complex 

should therefore appear without the masking effect of the conducting 

process because of the EVA matrix preventing conductivity observed 

in Figure 4.26. In this way we have a method for studying the process 

without the interfering effects of conductivity. 

4.6 Applications Testing 

Figures 4.27 and 4.28 show the theoretical dielectric heating 

parameter (tan $ / £' ) for various salt complexes with temperature 

at 10 MHz and 20 MHz respectively. For all systems excluding a 

7 mole% ZnC1 2 poly(propylene glycol) complex the dielectric heating 

parameter (tan S / £' ) increases with increasing temperature. The 

7 mole% ZnC1 2 poly(propylene glycol) complex is seen to decrease 

marginally with increasing temperature at 10 MHz. 

Barium thiocyanate, lithium trifluoromethyl sulphonate and 

30 mole% lithium thiocyanate poly(propylene glycols), showed markedly 

higher values for theoretical dielectric heating capability over the 

other systems. 
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Increasing the salt loading appears to improve the theoretical 

dielectric heating capability in the lithium thiocyanate poly(propylene 

glycol) complex especially between 20 and 30 mole% salt content. 

Sodium thiocyanate shows higher values than potassium thiocyanate 

for theoretical dielectric heating capability especially at room 

temperature when complexed with poly(propylene glycol). 

Replacing the thiocyanate anion with a trifluoromethyl sulphonate 

anion in a lithium cation results in a marked improvement in dielec­

tric heating potential especially above ambient temperatures. A 

poly(tetramethylene glycol) lithium thiocyanate complex appears to 

give similar values for dielectric heating potential to its poly 

(propylene glycol) counterpart. 

The salt complexes appear to compare favourably with dielectri­

cally heat-sealable plasticised poly(vinyl chloride) which typically 

has a dielectric heating parameter of 0.0074 at 2S
o

C. A non-dielec­

trically heat-sealable dielectric like poly(styrene) has a correspon­

dingly much lower tan & / E'value of 0.00015. 

Table 4.6 lists examples of polymers that have been rendered 

heat-sealable upon blending with a poly(ether) salt complex. The salt 

complexes referred to as dielectric enhancers were blended in at 

levels between 10 and 20 weight %. 

Table 4.7 shows some typical machine settings and times for 

salt complexes blended with usually non heat-sealable polymers. The 

dielectric machine settings, output and overload, refer to the 

amount of voltage applied to the system. The higher the value the 

more power input. The dielectric heating was performed on a 

Dynatherm Dielectric Welding Press. 



TABLE 4.6 Examples of polymers that have been converted into dielectrically heat-sealable 
materials by salt complexes 

Polymer Dielectric Enhancer (DE) Heating Time 

ABS 

ABS 

HYTREL 

HYTREL 

HYTREL 

Poly (ethylene) 

Poly(propylene) 

Poly(styrene) 

SBS 

Poly(propylene glycol) M.W. 2000 
Acrylonitrite-butadiene-styrene 

10 mole% NaSCN/PPG 

10 mole% KSCN/PPG 

15 mole% Ba(SCN)2/PPG 

10 mole% KSCN/PPG 

15 mole% SnClz'PPG 

10 mole% KSCN/PPG 

10 mole% KSCN/PPG 

20 mole% LiSCN/PPG 

10 mole% LiSCN/PPG 

PPG = 
ABS= 
HYTREL 
SBS = 

= A Dupont trade name for segmented poly(ether)-poly(ester) 
Styrene-butadiene-styrene triblock copolymer 

for seal (seconds) 

-
3 

-
-

6 

-
20 

10 

10 

Weight % DE 

20 

20 

15 

10 

15 

10 

10 

10 

10 . 

ID 
(]1 



TABLE 4.7 Dielectric heating settings and time for dielectrically enhanced polymers 

Polymer Dielectric Enhancer (DE) 

ABS 10 mole% NaSCN/PPG 

ABS 10 mole% KSCN/PPG 

ABS 10 mole% LiSCN/PTMG 

.ABS 20 mole% Ca(SCN)2/P™G 

HYTREL 15 mole% Ba (SCN)/PPO 

IlYTREL 15 mole% SnCl/PPO 

HYTREL 20 mole% NaSCN/PTMG 

SBS 10 mole% LiSCN/PPG 

Poly(styrene) 20 mole% NaSCN/PTMG 

PTHG = Poly(tetramethylene glycol) H. W. 1040 
PPO = Poly(propylene oxide) H.W. 100,000 

Weight % DE Dielectric Ilachine Settings for Seal 
Output Overload Time/seconds 

20 6.5 7 5 

20 4.5 4.5 3 

10 9 7 8 

10 9 6 10 

15 9 7 10 

15 8 7 6 

10 9 6 10 

10 9 6 5 

10 9 6 10 

<D 

'" 
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Figure 4.29 show typical examples of resistivities versus 

temperature for various salt complexes. One can discern a non-linear 

decrease in resistivity with increasing temperature. The resistivities 

appear to be lowest for lithium based complexes. The lowest resis-

tivities shown correspond to complexes containing poly(propylene 

sulphide} and poly(propylene glycol}. It is pertinent to note that 

the glass transition temperature of these low resistivity complexes 

lie considerably below those of the poly(vinyl alcohol} and poly 

(ethyl vinyl ether) complexes. 

From the limited data shown, at ambient temperatures, the 

lithium based complex shows a resistivity of more than one and a 

half decades below that of an equivalent zinc based complex in 
\ 

poly(propylene sulphide}. 

Table 4.8 compares the charge stored and storage time of two 

uncomplexed polymers with those of complexed polymers. It can be 

seen that on increasing salt content from 18 mole% to 27 mole% 

ZnC1 2 in poly(propyelene oxide) the charge stored and the half life 

of storage is reduced. Complexation of poly(propylene oxide} 

appears to increase manifestly the half life of storage with comparison 

to uncomplexed poly(styrene} and poly(vinylidene fluoride}. The 

actual charge stored however appears to be greatest for unmodified 

poly(vinylidene fluoride}. The lower salt loading polymer appears 

to store more charge than poly(styrene} but the higher salt loaded 

polymer considerably less. 
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TABLE 4.8 Charge storage capacity of salt complexes 

Polymer Charge/foC Half life 20°C} 
(minutes) 

Poly(styrene} 0.029 33 

Poly (vinylidene fluoride} 0.2l 25 

18 mole% ZnC12/PPO 0.072 105 

27 mole% ZnC1 2/PPO 0.0029 1. 3 x 10 4 



5.0 DISCUSSION OF INORGANIC SALT COMPLEXES OF POLYETHERS 

5.1 General Observations on Po1yether Inorganic 
Salt Complexes 

It was shown in chapter 4 that two types of system could be formed 

upon the addition of inorganic salts to po1yethers. The general 

properties of the two types of system have been described previously 

but will be briefly clarified here. 

Systems of type I were transparent viscous liquids, or were so 

above their Tm's when crystallinity was involved. Type 11 systems 

were opaque. Although transparency in itself is not an absolute 

measure for a single phase, because anyheterogeneities smaller than 
o 

2000 A would not be observable, the opacity of type 11 systems clearly 

indicated the presence of two phases. It was therefore optically 

apparent that the salt present was disper.sed differently in the two 

types of systems. 

The thermal properties of the two types of systems further illus-

trated their differences. An elevation in Tg and suppression of crys-
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ta1linity where present with respect to their parent polymer character-

ised systems of the first type. Systems of the second type showed 

essentially no change in the observed thermal properties. A strong 

interaction between the salt and the polymer is therefore clearly 

indicated for polymers of the first type. 

The water sensitivity of the two types of systems further illustra-

ted their differences. Systems of the first type were in general 

derived from salts of a highly deliquescent nature, these salts often 

rapidly dissolved in their own water of crystallisation when exp~sed to 

the atmosphere. The resulting polymer salt complexes of type I systems 

were considerably less deliquescent than the uncomplexed salt with 



only a slight water uptake upon prolonged exposure to a humid atmos-

phere. However it was found that systems of the second type absorbed 

water rapidly from the atmosphere. 

From these basic observations systems of the first type may be 

regarded as complexes where the salt is molecularly distributed along 

the polymer chain. In contrast systems of the second type shared no 

or very weak interactions between the salt and the polymer, with the 

salt acting as· a filler only. 

5.2 Glass Transition Temperatures of 
Inorganic Salt Complexes of Polyethers 

. 17 21 E1senberg , has ·recently reviewed the effects of the elevation 
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in the glass transition temperature by ions. He considered three models 

derived from a consideration of cross-linking, ion-clustering and 

copolymerisation effects all of which were capable of explaining the 

Tg elevation Seen. 

Otocka and Eirich209 employed the first of these three models 

in their studies of copolymers of butadiene with ionic monomers. A 

linear relationship between Tg and the concentration of ionic groups 

was found. Furthermore the magnitude of the Tg was found to be depen-

dent upon the nature of the ionic monomer. Viscoelastic studies of 

these systems showed a temperature much higher than Tg, below which 

the ions appeared to be acting as crosslinks. They concluded that the 

Tg was not due to ionic mobility but to other chain segments and that 

the ionic crosslinks increased Tg. 

Studies by Otocka and Kwei81 on the dynamic mechanical properties 

of ethylene-metal methacrylate copolymers showed a shift to higher 

temperatures of the glass transition with increasing salt content. 

They found that the system obeyed the basic copolymer equation 
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(5.1) 

A third mechanism for the elevation of Tg in ion containing polymers 

was proposed by Matsura and Eisenberg208 involving the clustering of 

ions. The results obtained from an investigation of the glass transitions 

exhibited of various ethyl acrylate ionomers of various compositions 

found that the variation of Tg with ion content was uniquely sigmoidal. 

Furthermore that the steepest point on the curve concurred with the 

point in viscoelastic measurements when time-temperature superposition 

became ineffectual. The curves could be superimposed when the charge 

to ion separation (q/a) ratio was taken into consideration. They 

concluded that the results could be explained in terms of ion c1ustering92 

involving a subsequent decrease in segmental motion of sufficient magni-

tude to affect Tg. 

211 More recently Tsutsui and Tanaka were able to successfully 

correlate the glass transition temperature with the cohesive energy 

density for ionic polymers such as polyphosphates, polyacry1ates and the 

ionenes. They proposed that the increases in intermolecular forces 

in ionomersas a consequence of the introduction of ionic structural 

units overpowered the normal Tg influences. They dominated to such 

an extent that at higher ion content Tg was solely a function of the 

electrostatic intermolecular forces and thus deducible from basic 

electrostatic theory in terms of cohesive energy density. 

The theories stated above have been applied in the main to 

systems in which ionisab1e structural units have been copo1ymerised 

into the backbone. The elevation of Tg is however not solely restric-

ted to these systems and it may be pertinent at this juncture to 

underline the work of Wetton and James47 , Moacanin and Cuddihy49 and 

Hannon and Wissbrun2l2 • The first two papers involved the incorporation 
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of zinc chloride and lithium perchorate respectively into poly(propylene 

oxide}. They described the resulting elevation of Tg in terms of a 

strong electrostatic interaction between the cation and the ethereal 

oxygens. d W" b 212 " "b d hI" b d Hannon an 1SS run slmply ascr1 e tee evat10n 0 serve 

in Tg of a calcium thiocyanate-phenoxy system in terms of a reduction 

in free volume caused by the salt. 

Several mechanisms have been proposed in this section for the 

elevation of Tg by the incorporation of ionic·species into a polymer. 

Evidently the observed increase in Tg may be as a combination of any 

of the above models and before any definite assertion can be made 

supportive evidence would be required. 

It is the intention over the next sections to apply the mecha-

nisms discussed and present further evidence in support. 

5.2.1 A Single Phase Model 

In an earlier section it was stated that optical clarity in itself 

is not absolute evidence for a single phase. However the glass tran-

sition data obtained can give valuable support to this assumption. 

213 It is well documented that block and graft copolymers and 

147 148 
blends ' can clearly show two Tg's corresponding to the two 

polymer components separated into individual polymeric phase domains. 

The appearance of a single glass transition process in the 

polyether inorganic salt complexes is indicative of the presence of 

a single polymeric phase. 

MacKnight et al.
214 

has estimated the degree of molecular compati-

bility of a series of compatible blends of poly(phenylene oxide}/poly 

(styrene) from the breadth of the glass transition. A single glass 



transition was observed although somewhat broader than the glass 

transitions of the two homopolymers. In the case of a homogeneous 

blend a single glass transition of the same breadth as the homopolymers 

would be expected , any broadening therefore may be attributed to 

inhomogeneities. 

Mason215 has studied the effects of cross-linking in rubbers 

upon the thermal expansion, glass transition temperatures and imaginary 

shear modulus of rubbers. He noticed an increased broadening of all 

the above properties with increased degrees of crosslinking. This 

'smearing out' of the transition was attributed to the existence of a 

distribution of the values of the fractional free volume. 

A broadening of the glass transition accompanied by a reduction 

in magnitude of the glass transition was observed in poly(tetramethylene 

glycol) and poly(ethylene glycol) with respect to poly(propylene glycol). 

This is a consequence of the inherent crystallinity in the former two 

in comparison to the amorphous low molecular weight poly(propylene 

glycol). Thus prior to the complexation with salts there is a broader 

glass transition in the crystalline polyethers studied. 

At low salt loadings, the glass transition data presented in 

Figure 4.1 for poly(propylene glycol) complexes indicates compatibility 

as described by MacKnight et al. 214 or lack of any significant cross-

linking. As the salt loading increases and the glass transitions 

broaden inhomogeneities may occur, or as will be described in detail 

later, crosslinking between polymer chains by the salt will start to 

occur as the ether oxygens are progressively complexed in the chelate 

46 
rings as described by Wet ton and James • 

Obviously the broadening observed in the crystalline polymers 

with respect to the amorphous poly(propylene glycol) undergo further 
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broadening upon salt comp1exation except where crystallinity has been 

totally suppressed as in poly(ethylene glycol). Figure 4.19 shows a 

sharpening of the glass transition corresponding to loss in crysta11i-

nity in po1y(ethy1ene glycol) as salt loading increases. It would 

therefore appear that crystallinity has a marked effect upon the breadth 

of the glass transition. Reduction of crystallinity by the addition 

of salt to form polymer salt complexes appears to sharpen the glass 

transition in comparison to salt addition in amorphous polymers which 

broadens the glass transition. 

Amorphous and crystalline phases in semi-crystalline polymers are 

obviously inhomogeneous. Reduction of this inhomogeneity should 

sharpen the glass transition as described by MacKnight et al. 214 • Total 

suppression of crystallinity (as observed for a 20 mo1e% calcium thio-

cyanate poly (tetramethylene glycol) complex) should therefore markedly 

sharpen the observed glass transition, because the inhomogeneous crys-

tal1ine phase which is of the order of 20 to 30% in the pure polymer 

to 0% in the comp1exed po1yether is a large change in inhomogeneous 

content. Only a relatively small sharpening of the complex however is 

observed. It would therefore appear that the breadth of a glass 

transition of a po1yether inorganic salt complex is dependent upon both 

the degree of cross linking caused by salt bridges between polyether 

chains and the degree of inhomogeneity introduced into the system upon 

complexation. 

This interference with the breadth and the positioning of the 

glass transition in polyether salt complexes suggests that· the salt is 

dispersed on a molecular level throughout the polymer. A single 

polymeric phase could be oberved if the salt was behaving like a con-

. 1 f·ll· 213 vent10na 1 er , However the positioning of the glass transition 

temperature would be expected to be close to the pure polymer glass 

104 
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transition in direct contrast to that which is observed. 

Visual evidence for a single phase system comes from a comparison 

between types I and 11 compounds. It was clearly obvious that in type 

11 compounds that two phases existed as a consequence of their opaqueness 

in direct contrast to the transparent type I compounds. Furthermore 

type 11 compounds showed no appreciable change in their glass transition 

temperatures. The observed behaviours of type I and type 11 compounds 

was strongly indicative of a single phase in the former and a two-phased 

filled system in the latter. 

Figure 4.4 revealed the variation in magnitude of the glass 

transition with the amount of salt present. It was self-evident that 

in the lithium chloride system the lithium chloride was acting as a 

filler and so no significant change in Tg was observed as seen in 

Figure 4.4. In these type 11 compounds only the polymer present under-

went a glass transition whereas in the type I compounds the whole sample 

including the salt underwent a glass to rubber transition. Further 

indicating that the type I compounds were dispersed throughout the 

system on a molecular level. 

5.2.2 The Elevation of the Glass Transition 
Temperature of Polyethers by Lithium Thiocyanate 

Attempts were made without success to produce an inorganic salt 

complex of poly(methylene oxide). This was as a consequence of several 

problems. Poly(methylene oxide) is highly crystalline (circa 90%) and 

as a consequence is insoluble in many solvents. It is however soluble 

in dichlorobenzene if refluxed at sooe for several hours. Addition of 

a salt solution and subsequent solvent removal did not however yield the 

desired polymer-salt complex. In fact in the case of the weak Lewis 

acid zinc chloride a black oil was produced presumably as a consequence 

of the depolymerisation reaction. 
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Poly(ethylene glycol), poly(propylene glycol) and poly(tetramethylene 

glycol) all showed elevation of their respective glass transitions upon 

complexation with lithium thiocyanate as shown in the previous chapter. 

It was shown previously that several factors influence the position of 

Tg but to produce the variations in Tg observed molecular complexation 

between the polymer and the salt, rather than the much weaker physical 

effects of a filler, must occur. 
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Essentially the most likely interactions for molecular complexation 

are those between the lone electron pairs of the end hydroxyl group and 

of the ether oxygens with the cation. Padova
216 

claims that the anion 

thiocyanate has a zero solvation number. A coordinate bond would result' 

as the consequence of such an interaction between the polymer chain 

and the cation. The lithium cation, like many other cations, is capable 

of accepting more than one lone pair of electrons and therefore more 

than one ether linkage is possible. 

If two adjacent ether oxygens on the same chain were coordinated 

to the same cation a chelate ring would result. If, however, the 

oxygens were on different chains or were the terminal oxygens at the 

end of the chains a crosslink via the salt would be formed. The ultimate 

choice between intra and intermolecular coordination will be dependent 

on both the salt and the polymer and for some systems it is likely that 

both exist. 



107 

A coordination number of four is favoured by the lithium cation with 

h l ' d d h 1 h l' 17 t e 19an s arrange tetra edra 1y around t e centra cat10n •. Figure 

5.1 illustrates some.of·the possible interactions between po1y(ethy1ene 

glycol) and po1y(propy1ene glycol) with lithium thiocyanate. The 

simplest case for coordination occurs when only a single ether or hydroxyl 

oxygen is interacting with the lithium ion. When two oxygen atoms are 

involved there is the possibility for both intra and intermolecular 

coordination. It is however only until three oxygen atoms are involved 

in the coordination process that the lithium ion has fulfilled its co or-

dination requirements. For the intramolecular case three adjacent 

oxygen atoms are required to interact with the cation. For intermole-

cu1ar coordination it is possible that all three oxygen atoms belong to 

different chains. Alternatively that two adjacent oxygens form a five-

membered chelate ring containing the lithium salt and a third oxygen 

from a different chain coordinates to the lithium. 

If the thiocyanate anion is ionised it is possible for four oxygen 

atoms to be coordinated to the lithium cation. For the intramolecular 

situation this would require four adjacent oxygens to coordinate. For 

intermolecular coordination several possibilities may occur. Two 

adjacent oxygen atoms on different chains may all be coordinated to 

the same cation, or a three oxygen chelate ring and a fourth oxygen coming 

from a different chain. It is also possible for a two oxygen chelate 

ring and the remaining two oxygens from two different chains. Or, finally, 

all four oxygens could be coordinating from four different chains. 

If the thiocyanate is covalent1y bound to the lithium cation then 

it is possible for a maximum of three oxygens to coordinate to the salt. 

In the situation where the thiocyanate is ionised a maximum of four 

oxygen atoms may be employed for coordination. Furthermore if the 

coordination was ion-dipolar rather than coordinate in nature it would 
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be possible for more than four atoms to be involved in the coordination. 

This situation has been observed for crown ethers and poly(ethylene 

oxide) containing alkali metal cations. 

Poly(tetramethylene glycol) and poly(tetramethylene oxide) present 

a somewhat different situation. It is well known that the most stable 

. • 1 • h f· . b • h • 17 rlng structures lnvo ve elt er lve or SlX mem ers ln t e rlng It 

is clearly evident that both poly(ethylene glycol) and poly(propylene 

glycol) can fulfil this requirement. However poly(tetramethylene 

glycol) or the high molecular weight polymer are only capable of forming 

an energetically unfavourable seven-membered chelate ring involving 

four carbons, two oxygens and the salt molecule. It therefore seems 

likely that low and high molecular weight poly(tetramethylene oxides) 

are not capable of forming intramolecular interactions with in·organic 

salts. The complexes of poly(tetramethylene oxides) must therefore be 

intermolecular to ensure full coordination of the lithium salt. 

The solubility of an inorganic salt may reasonably be expected to 

reach a maximum when all the oxygen atoms available for coordination, 

have coordinated to the salt. The maximum mole% of inorganic salt 

incorporated into a polyether will depend upon the coordination number 

of the cation and will thus vary for the four schemes presented above. 

Table 5.1 gives the maximum value of salt in a polyether for a given 

coordination number. 

Figures 4.2 and 4.19 show the elevation in Tg for lithium thio-

cyanate complexes of poly(ethylene glycol) and poly(propylene glycol). 

It can clearly be seen that the Tg elevation tended towards a limiting 

value close to 25 mole% salt loading, indicating on average a coordi-

nation of 3 oxygen atoms to every salt molecule. This corresponds to 

the model for 3 oxygen coordination described earlier. The relationship 

derived between the number of coordinating oxygens and the maximum 

mole percentage of salt incorporated does however present problems. 



TABLE 5.1 The theoretical relationship between the solubility of 

an inorganic salt in a polyether and the coordination model 

Number of coordinating oxygen atoms Maximum mole% of inorganic 
salt soluble in polyether 

1 0.5 

2 0.33 

3 0.25 

4 0.20 

5 0.17 

6 0.14 

7 0.12 

8 0.11 

TABLE 5.2 K-values and glass transition temperatures of the structures 

observed in poly(propylene glycol) salt complexes 

Salt 3 Oxygen 2 Oxygen 1 Oxygen 
coordination coordination coordination 
K TgB K' TgC K" T80 

LicNS 0.3 305 0.3 250 0.9 220 

NaCNS 0.4 350 0.3 290 0.9 220 
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It assumes that the number of coordinating oxygens is independent of 

salt concentration up to the maximum mole% achieved. It may not be 

unreasonable to suppose that at low salt loadings more oxygen atoms 

are coordinated to the salt than at the maximum salt loading. 

The sigmoidal shape of the Tg versus mole% of inorganic salt present, 

coupled with the fact the salt complexes follow the basic copolymer 

equations, are evidence against greater coordination at low levels. 
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More importantly the assumption that all the oxygen atoms are freely 

available for coordination and that steric or conformational hindrances 

are negligible must be somewhat erroneous. Even in purely amorphous 

polymers some short term order exists. 

It is therefore clear that the experimentally derived value for 

the maximum mole% will be below the theoretically permissible maximum 

value. It would therefore appear that the number of coordinating 

oxygens is close to three for the lithium thiocyanate complexes which 

in theory is the preferred coordination number for a simple lithium salt 

molecule. 

5.2.3 Intramolecular versus Intermolecular Coordination 

It has been shown in the previous section that in polyethers 

lithium thiocyanate is coordinated to three oxygens. For such a 

coordination number both intra and intermolecular coordination is 

possible in poly(ethylene glycol) and poly(propylene glycol). In 

poly(tetramethylene glycol) the energetically unfavourable seven­

membered ring will result in the possibility of intermolecular coordi­

nation only. 

In·poly(ethylene glycol) and poly(propylene glycol) the existence 

of ringed chelate structures along the polymer chain would cause an 



increase in chain stiffness and as a consequence increase the glass 

transition temperature. The resulting polymer may be considered as a 

random copolymer of coordinated and uncoordinatedmonomer units. 
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Figure 5.2 shows the Tg data for lithium thiocyanate complexes of poly 

(propylene glycol) as shown previously in Figure 4.3 replotted in terms 

of weight fraction. The Tg of the resulting random copolymer may be 

predicted from the Gordon-Taylor-Wood equation 

Tg + (KTgB - TgA ) WB Tg = -----=--:----'''---...::. 
1 -( l-K) W

B 

(2.13) 

A reasonable fit up to a weight fraction of 0.60 was obtainable 

between experimental data and equation (2.1) by varying values of K and 

TgB. The solid line in Figure 5.2 represents the theoretical values of 

Tg corresponding to K = 0.3 and TgB = 305. Above a weight fraction 

of 0.60 the experimental values appear higher than the theoretical 

values. The dashed line shows the Tg elevation resulting from cross-

linking derived from the empirical relationship 

Tg = 
4 

3.9 x 10 
Mc 

(2.10) 
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It was assumed that the crosslinking involved a 5-membered chelate ring 

on one chain and an oxygen atom from another chain. 

Above a weight fraction of 0.6 the experimentally obtained values 

for Tg became asymptotic whereas the theoretical values derived from the 
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crosslinking and copolymer equations continued on to higher values. 

It would therefore appear that at weight fractions up to 0.60 for 

a poly(propylene glycol)-lithium thiocyanate complex the salt is intra-

molecularly coordinated to the polyether. This as described earlier will 

involve 3 adjacent monomer units. Obviously as the number of monomer 

units complexed to the salt increases, the probability of three adjacent 

monomeric units being available for complexation reduces. Until a 

point is reached where three adjacent uncomplexed monomer units do not 

exist or that they are in conformations so situated that intramolecular 

complexation is not possible. This appears to correspond to a weight 

fraction of 0.60. Above this weight fraction, if all 3 coordinate bonds 

available to the lithium salt are to be employed, intermolecular bonding 

of some form must take place. 

As the experimental values fall below the theoretical values incom-

plete chain chelation begins to occur. Uncomplexed oxygen atoms will 

arise as the number of oxygens available for complexation falls to such 

a level, that the possibility for 3 oxygen atoms being available in a 

given space for complexation is extremely low as salt loading reaches 

high levels. 
22 

James observed a deviation from the Gordon-Taylor-Wood 

equation above 70 weight % for a zinc chloride poly(propylene oxide) 

complex. They ascribed the slight elevation in Tg above this salt 

loading: to coordination of only one ether oxygen to a salt molecule. 

220 . 
Evans et al. have considered the effects of competing irreversible 

cooperative reactions on polymeric chains. They applied this principle 

to the data of James et al. 47 and altered the Gordon-Taylor-Wood 

equation to account for the coordination of one oxygen to one molecule. 

From the modified equation 

where subscripts A , Band C refer to poly(propylene oxide), chelate 

ring coordination to salt and single oxygen coordination respectively, 
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a better fit to experimental data was achieved. It was assumed that 

below a salt loading of 0.6 in lithium thiocyanate and 0.5 in sodium 

thiocyanate all the complexation was essentially intramolecular. Above 

these salt loadings it was assumed that complete coordination of the 

salt did not take place. From a consideration of the possible structures 

values for Tg, K and weight fraction have been successfully assigned to 

intramolecular structures containing both three and two oxygen atoms 

and a third structure where only one oxygen atom is assumed to be coor-

dinated to the salt molecule. This may be described by a further modi-

fication of the Gordon-Taylor-Wood equation such that 

+ K" W (Tg - Tg ) = 0 
D D 

(5.3) 

where K, K' and K" are the K-factors for three, two and one oxygen 

coordination respectively and Tg
B

, Tg
C 

and T80 are the corresponding 

glass transitions of the three structures. Values for K, K' and K" 

and their corresponding glass transitions for a lithium thiocyanate 

system and a sodium thiocyanate system are given in Table 5.2. The two 

structure and three structure modifications to the Gordon-Taylor-Wood 

equation are shown in Figure 5.2. One can discern a good fit of 

experimental and theoretical values upon consideration of the three 

structure model. 

Flory21 has studied the intramolecular reactions between neigh-

bouring groups on vinyl polymers. Statistical analysis of the conden-

sation of consecutive substituents, x, in the polymeric structure 

-(CH2CHX -). Even when these units (X's) were arranged regularly on 

alternate atoms along the chain, 13.5% of them did not react as a 

consequence of isolation effects. Analogies between the above system 

and the. random formation of chelate rings can be made. Thus, from 
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a statistical viewpoint a maximum of 86.5% (corresponding to a maximum 

possible weight fraction of 0.94) of the available oxygen atoms can 

form chelate rings when a five-membered ring is involved. Obviously 

the value will be less as the size of the chelate ring increases. The 

number of oxygen atoms available, on a statistical basis, for complexa-

tion will thus decrease as the coordination number of the salt molecule 

increases. 

The complexation of lithium thiocyanate with poly(ethylene glycol) 

cannot be treated in the same manner as for poly(propylene glycol) above, 

because of the inherent crystallinity at low salt loadings. The varying 

degrees of amorphous content as the salt loading increases and the 

inability to ascertain the degree of complexation in the crystalline 

regions render the applicability of the copolymer equation infeasible. 

. 218 39-42 Wr1ght et al.' have been consistent in producing alkali and 

ammonium thiocyanate complexes of poly(ethylene oxide) in which the 

cation is coordinated to four ether pxygens. They claim that the 

complex exists in both an amorphous and a double helical crystalline 

form. They also found that a reduction occurred in the melting points 

of sodium thiocyanate complexes when using poly(ethylene glycols), of 

molecular weights 6000 or less, when compared to higher molecular 

weight complexes. Also an amorphous poly(ethylene glycol) 600 maleate 

gel was found to show a crystalline peak upon complexation with a 1:6 

sodium iodide to polymer ratio. It would therefore appear that salt 

complexes of poly(ethylene oxide) can form stable crystalline complexes. 

It is however pertinent to note that the crystalline structure for oligo-

mers may be different to that of their high molecular weight counter-

218 parts It therefore seems likely that a less ordered crystalline 

structure results from low molecular weight poly(ethylene glycol) 

complexes and in the case of a lithium thiocyanate complex at high 

salt loading is suppressed completely. 



It was observed in Figure 4.19 that the elevation in Tg levelled 

off at around 20 mole% which corresponds to the 1:4 salt to ether 

ratio observed by Wright et al. 39- 42 , 216. Assuming the same consi­

derations described earlier by Flory2l7 that on a statistical basis at 

least 13.5% of available oxygens cannot coordinate in a two oxygen 

system and is likely to be higher for systems requiring more oxygens, 

it is likely that three oxygens only would be involved in the coordi-
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nation of lithium thiocyanate to poly(ethylene glycol). It would there-

fore appear from the evidence that the bonding in lithium thiocyanate 

complexes of poly (ethylene glycol) is predominantly intramolecular as 

observed for poly(propylene glycol) complexes. 

The observed variation of glass transition temperature with increa-

sing mole percentage of salt content is complex for lithium thiocyanate 

poly(tetramethylene glycol) solutions as shown in Figure 4.15. It was 

observed in poly(ethylene glycol) complexes that a suppression of the 

degree of crystallinity is observed upon increasing salt content. This 

phenomenon was also observed in poly(tetramethylene glycol) systems 

culminating in a total suppression in crystallinity for calcium thio-

cyanate complexes of high salt loadings at all temperatures. 

No large elevations for the value of Tm were observed in poly(tetra-

methylene glycol) complexes as were observed for poly(ethylene oxide) 

39-42 218 . complexes ' (1n fact many salts appeared to reduce the value of 

Tm as shown in Table 4.4). It may therefore be assumed that the manner 

of incorporation of salt into the crystalline phase as observed for 

39-42 218 poly(ethylene glycol) complexes ' does not occur in the poly 

(tetramethylene glycol) complexes. It is likely that lithium thiocyanate 

is excluded from the crystalline regions in poly(ethylene glycol) and 

poly(tetramethylene glycol) complexes or only partially incorporated in 

for example the chain ends inside the crystalline phase. 



The elevation of Tm by some salts in poly(ethylene oxide) has been 

found to be more dependent upon the molecular weight of the polymer 

than the complexing salt
42 

Tm elevation was observed for the higher 

molecular weight poly(tetramethylene oxides) as shown in Table 4.4 but 

nothing like the Tm elevations observed in poly(ethylene oxides). 

The weaker Tm and Tg elevation observed in poly(tetramethylene 

glycol) complexes in comparison to poly(ethylene glycol) complexes is 

therefore a consequence of the nature of the salt complex interaction. 

Poly(ethylene glycol) complexes are formed by intramolecular coordina­

tion of the cation to oxygen atoms. Strong intermolecular coordination 

would result in a greater elevation in Tg than observed. The inability 

of poly(tetramethylene glycol) to form intramolecular coordination to 

salts and the lack of strong intermolecular coordination indicate that 

the coordination of the ether oxygens is on a one cation to one ether 

oxygen basis. If this occurred however the Tg should be expected to 

continue rising up to a theoretically possible 50 mole% maximum salt 

loading. The observed Tg data appeared to indicate a maximum in the 

value of Tg with increased salt loading. It is therefore proposed 

that a weak ion-dipole interaction occurs involving more than one 

chain, in which the cation is surrounded by a cage structure of weakly 

coordinated ether oxygens. Each ion-dipole interaction is very weak 

and as a consequence any cross links formed are negligible. The ratio 

of coordinating oxygen atoms to the salt will necessarily be higher 
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than that for intramolecular complexes. Therefore a maximum salt 

loading will occur at a much lower mole% in ion-dipole interactions than 

for intramolecular interactions. Any further coordination of salt to 

polymer above this maximum will necessitate the breaking of ion-dipole 

interactions and as a consequence a lowering of the value of Tg with 

respect to the maximum. It is clearly discernible that a maximum in Tg 
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is observed for poly(tetramethylene glycol) complexes with increasing 

salt loading, as shown in Figure 4.15 and further addition of salt results 

in a lowering of Tg. 

Crystallinity has two effects on the glass transition of poly 

(tetramethylene glycol) complexes. If crystallinity were not present 

the value of Tg for the pure polymer would be expected to be lower in 

temperature. Therefore as salt is coordinated and crystallinity 

suppressed, the effective value of TgO (the glass transition of pure 

polymer) would be expected to fall. Thus the combined effect of ~go' 

and the glass transition of fully coordinated polymer would appear to 

fall as TgO' decreased. Secondly a reduction in crystallinity would 

result in a narrowing of the glass transition due to reduced cross-

linking effects. 

5.2.4 Other Salt Complexes of Polyethers 

In the previous section it was shown that lithium thiocyanate 

formed several structures with polyethers. The structure adopted for 

a particular lithium thiocyanate polyether complex has been shown to 

depend on the polymer involved. It was shown that for poly(ethylene 

glycol) and poly(propylene glycol) the complex formed with lithium 

thiocyanate was predominantly a chelate structure involving three 

adjacent oxygen atoms with intermolecular coordination occurring at 

high salt loadings. The coordination model proposed for poly(tetra-

methylene glycol) involved weak ion-dipole interactions. 

P . I 47 1't h b h h h' h "f' reV10US y as een s own t at t e an10n can ave a s1gn1 1-

cant effect upon the Tg of poly(propylene oxide) complexes of zinc 

halides. 

Figure 5.3 illustrates the effect of cationic radius upon the glass 
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transition temperature of thiocyanate complexes of poly(propylene glycol). 

It is clearly evident that a simple relationship between ionic size 

and the elevation of Tg does not exist. For if cationic size were the 

sole governing factor in elevating Tg ammonium thiocyanate would be 

expected to have shown the greatest shifts in glass transition, due to 

increased flex energy, as it has the largest cationic radius. 

22 23 
Both James and Rowe concluded that the observed Tg elevation 

was a balance of both the ionic radius and the polarity of the cation-

anion bond. 

Table 5.3 shows ionic radii and typical coordination numbers of some 

cations. One would expect from a consideration of coordination numbers 

that the higher the coordination number the greater the elevation in 

the glass transition there would be. For the more ether oxygens bound 

to the cation the greater the increase in chain stiffness and thus 

increase the value for Tg. Lithium thiocyanate complexes have been 

shown to coordinate to three oxygen atoms. Sodium thiocyanate has 

been shown in Figure 4.3 to behave in a similar manner to lithium and 

is suggested to coordinate to three oxygen atoms. Even though the 

sodium cation is usually six-coordinated, sodium structures showing 

four coordination exist. The most widely known example being that of 

the salicylaldehyde complex Na(OC6H4CHO) (HOC
6
H

4
CHO). As one continues 

down the alkali metal group the electron pair acceptor ability of the 

cation is increasingly impaired. As the charge density decreases with 

increasing ionic radius (the ratio of charge to ionic radius will be 

even less for NH4+ than K+ because of the cationic size of NH
4

+) so 

the ligand binding becomes weaker. 

It was observed that at temperatures above approximately 900 C the 

salt complexes of both potassium and ammonium with poly(propylene glycol) 



TABLE 5.3 Ionic radii, ratio of the charge to ionic radii and 
coordination number of several cations 

Cation Ionic radii Charge/Ionic Coordination 
, radii number 

Li+ 0.68 1.47 4, 6 

Na 
+ 

0.97 1.03 6 

+ 
1.33 K 0.75 6 

+ 
1.43 NH4 0.70 6 

Ca 
2+ 

0.99 2.02 6 

Ba 
2+ 

1.34 1.49 6 

Zn2+ 0.74 2.70 4 

Sn 
2+ 

0.93 2.15 4 
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broke down and the salt came out of solution. Whereas the other complexes 

appeared stable to much higher temperatures. This was presumably due 

to the weaker interaction of these ions to the ether oxygen. 

The complex stability for non-transition metal ions decreased with 

decreasing ratios of charge/ionic radius
18

• Thus the stability constants 

decrease in the order: 

Also due to the higher charge density on the cations of the alkaline 

221 earth metals, these cations are more strongly hydrated It is found 

that calcium complexes are more stable than those of sOdium18 • 

Obviously as the coordination number increases the number of 

oxygens involved in coordination increases if complete coordination of 

a cation is to occur. Providing the anion remains attracted to the 

cation five oxygen atoms are required for complete coordination of the 

cation for both ammonium and potassium complexes. It is highly unlikely 

in this case that the coordination is intramolecular as this would in-

volve the coordination of five adjacent oxygen atoms along the chain; 

thus forming a fourteen-membered chelate ring in either poly(ethylene 

glycol)or poly(propylene glycol). The coordination therefore is likely 

to involve both inter and intramolecular linkages. If strong inter­

molecular linkages occurred the resulting complex would be expected to 

show rubber-like behaviour. However it has been stated above that the 

complex stability of potassium and ammonium ions is low therefore any 

crosslinking linkages would be expected to be weak. These labile 

linkages may explain why potassium and ammonium complexes appear as 

viscous liquids at room temperature. 

The ratio of the charge to ionic radius of both calcium and barium 
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cations is high. Therefore one would expect, and has been shown, that 

these cations would form very stable complexes, binding the oxygen 

atoms very tightly. From Table 5.2 it can be seen that both barium and 

calcium have a coodination number of six. If the anions remain bound 

to the cation, four oxygen atoms will be required for full coordination 

of the salt. As was shown for potassium and ammonium above the likeli-

hood of an intramolecular structure is small as this would involve 

four adjacent oxygen atoms forming an eleven-membered ring. It therefore 

.seems likely that both intra and intermolecular bonding occurs in barium 

and calcium complexes. It was observed that upon heating to high tem-

peratures or if left for a considerable length of time, the viscous 

liquids produced by complexation of barium and calcium thiocyanate to 

poly(propylene glycol) converted into gels. This gelation was irrever-

sible. It is therefore suggested that the final structure of a barium 

or calcium thiocyanate complex with poly(propylene glycol) is one invol-

ving two chelate rings, each involving two oxygen atoms, from neighbour-

ing chains. The salt therefore acts like a strong crosslink between 

two chains. The crosslinks are stable whereas in potassium or ammonium 

they are not because of the greater strength of the coordinate bond in 

alkaline earth cations as shown earlier. It was shown. earlier that the 

effect of crosslinking upon elevation of Tg is more marked than the 

elevation predicted by the Gordon-Taylor-Wood equation for copolymer 

behaviour. Figure 5.3 clearly shows the enhancement of Tg due to the 

crosslinked barium complex in comparison to the moderate enhancement 

of the mainly intramolecularly coordinated complexes. Further evidence 

for the crosslinking effect is given in Figure 4.1, from the breadth 

of the glass transition of the barium thiocyanate complex. It has been 

h 213 h .. l' .. f . b d' f h s own t at crossl1nk1ng resu ts 1n a slgnl lcant roa enlng 0 t e 

glass transition. The glass transition of the barium thiocyanate complex 

appears much broader than for comparable mole percentages of other salts. 



It is however possible for all four coordinating oxygens to originate 

from the same chain. In doing so it is not necessary for the four 

oxygen atoms to be adjacent to each other. It is possible that the 

cation may be coordinated to oxygen atoms from different parts of the 

same chain. As a consequence the structure would be the equivalent 

of a cyclisation process. 

Both tin 11 and zinc cations have a coordination number of four 

18 and form tetrahedral complexes It would therefore be expected that 

these structures form five-membered chelate rings with poly(propylene 

glycol). 47 James et al. have also proposed this. The ratio of the 

charge to ionic radii of these cations is very high therefore one 

would expect these complexes to be very stable. Even to very high 

temperatures James
22 

found the zinc chloride complexes to be very 

stable. 

The anion appears to affect the glass transition by influencing 
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both the intermolecular forces and the chain flexibility. The polarity 

of the molecule will obviously vary with the anion and as a consequence 

influence the intermolecular forces. The size of the anion will affect 

the chain flexibility. 

An increase in anionic size would be expected to raise Tg by in-

creasing the flex energy, however the amount of free volume associated 

with the anion will increase with increasing size of anion. This 

increase in free volume will cause a reduction in the value of Tg. 

Hence in Figure 4.1 the lithium complexes involving trifluoromethyl 

sulphonate, thiocyanate and iodide show increased glass transition 

elevations with reducing anionic size. 

Figure 4.15 shows typical glass transitions observed in poly 

(tetramethylene glycol). The glass transition temperature of poly 
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(tetramethylene glycol) is lower in temperature than poly{propylene 

glycol) f01: two) main reasons. Firstly the polarity is less in poly 

(tetramethylene glycol) and therefore intramolecular forces are 

reduced as a consequence of the number of dipoles per unit volume. 

Secondly there are nO side groups to hinder rotation around a central 

axis which affect chain flexibility. The inherent crystallinity in 

poly(tetramethylene glycol) however acts to increase the value of Tg 

by in simple terms acting as crosslinks and causing chain stiffness. 

The resulting glass transition is a compromise between these three 

effects. The observed glass transition of poly(tetramethylene glycol) 

appears broader, reduced in height and at a lower temperature than 

poly(propylene glycol). The broadening of the glass transition has been 

d 1 . b d l' k' ff 213 h' h' 1 state ear 1er to e ue to cross 1n 1ng e ects ,w 1C 1n po y 

(tetramethylene glycol) are· as a result of crystallinity. The reduction 

in height is partly a consequence of a lesser amount of material under-

going the glass transition as the weight fraction of amorphous material 

is reduced. 

It was stated earlier that complexation resulted in a broadening 

of Tg. One can clearly see the broadening of Tg of poly(tetramethylene 

glycol) as a consequence of complexation with inorganic salts. The 

exception being calcium thiocyanate which appears to show a sharper Tg 

than equivalent mole% salt loaded complexes. 

It was proposed for lithium thiocyanate complexes of poly(tetra-

methylene glycol) that the coordination involved consisted of weak 

ion-dipole interactions. A cage structure of oxygen atoms weakly 

interacting with the cation results. The strength of the ion-dipole 

interaction will obviously vary with the number of oxygens involved 

and the ratio of the charge to ionic radii. It was also shown for 

lithium thiocyanate that once a cage structure had formed any further 



addition of salt would only act to disrupt this structure resulting 

in a reduction in Tg. 
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The sharpening of the temperature profile is indicative of a 

reduction in crystallinity. Thus 10 mole% of calcium thiocyanate has 

almost suppressed crystallinity appears as a relatively sharp transition. 

At 20 mole% calcium thiocyanate the transition has broadened again even 

though crystallinity has been totally suppressed presumably because 

of the array of structures present in a 20 mole?' salt complex of poly 

(tetramethylene glycol). 

For any given mole% of salt complexed to poly(tetramethylene glycol) 

the resulting Tg will depend upon the level of crystallinity and the 

degree of ion-dipole interaction. 

Even though the ion-dipole interactions are relatively weak cross­

links, the crosslinking effect is evident in samples like 5 mole% 

lithium thiocyanate poly(tetramethylene glycol) where no large change 

in crystallinity has occurred. The breadth of the glass transition is 

extremely broad due to crosslinking effects from both crystallinity and 

the weaker ion-dipole interactions. The effect seems to be even larger 

for 10 mole% ammonium thiocyanate. 

5.2.5 Molecular Weight Effects on Salt Complexes 

Variations in molecular weight have been observed45 for low and 

high molecular weight poly(propylene oxide) complexes of lithium per­

chlorate. Two glass transitions were observed in high molecular weight 

poly(propylene oxide) corresponding to pure polymer and the polymer 

complex. A single transition was observed in the low molecular weight 

complex. 
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22 
James however observed a single glass transition in zinc halide 

complexes of both high and low molecular weight poly(propylene oxide}. 

He found that at low and high salt loadings the Tg was independent of 

molecular weight, but that the Tg between these extremes of the low 

molecular weight polymer complex always appeared at higher temperatures. 

Single glass transitions were observed in both high and low mole-

cular weight complexes of poly(tetramethylene oxide}. Total suppression 

of the melting peak was observed in low molecular weight poly(tetra-

methylene oxide} but not in high molecular weight polymer. This is 

conceivable if one considers that a certain length of uncoordinated 

monomer units is required for crystallisation;if the chains are equally 

coordinated the probability for a given number of free units to be 

available for crystallisation must be less in the low molecular 

weight polymer. 

5.3 Viscosity Studies of Polyether Complexes 

24 Eisenberg et al. observed a viscosity enhancement in low mole-

cular weight poly(ethylene glycol} and poly(propylene glycol} upon 

complexation with lithium perchlorate. They were able to superimpose 

a log viscosity versus temperature plot for various salt loadings 

to form one master curve. Above a 3 mole% loading they observed a 

linear relationship between the increase in viscosity and the increase 

in the glass transition temperature. Below this salt loading a rapid 

increase in the viscosity was accompanied by only a small change in Tg. 

It was observed in Figures 4.5, 4.7 and 4.21 that a large vrscosity 

enhancement occurs upon addition of salt. It has been suggested in this 

thesis that the salt is coordinated to the oxygen atoms contained in the 

polyether. The large viscosity increases are indicative of a strong 

interaction between the polymer and the salt. 



In Figure 4.6 the increase in viscosity was plotted against the 

increase in Tg. A similar shape to that observed by Eisenberg et al.
24 
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was recorded, that of an initial large increase in viscosity accompanied 

by a small increase in Tg at low salt loadings followed by a linear 

relationship between increases in viscosity and Tg. 

It is feasible to suggest that the initial increase in viscosity 

may be associated with the joining together of hydroxyl chain ends. Two 

types of oxygen atoms are present in poly(propylene glycol), a hydroxy 

oxygen atom at the chain end and the ethereal oxygen atom in the back­

bone of the chain. The hydroxy oxygen atom will have a more strongly 

electron donating power than the ethereal oxygen atom. Therefore it is 

reasonable to suppose that the salt will be complexed with the hydroxy 

oxygen atoms in preference to the ethereal oxygen atoms. At low salt 

loadings the salt will complex with hydroxy oxygen atoms at the chain 

ends and may tie up several chain ends as a consequence, without com-

plexing with any or few ethereal oxygen atoms. The apparent chain 

length will thus appear to increase as a consequence of these salt 

linkages and thus increase the viscosity markedly without affecting the 

glass transition temperature of the main chain significantly. 

Once all the hydroxy oxygen atoms have been complexed further salt 

loadings will result in complexation with ethereal oxygen atoms. The 

resulting increase in viscosity appears to be as a consequence of the 

increase in the glass transition temperature. 

The viscosity and Tg data for sodium thiocyanate complexes and 

lithium trifluoromethyl sulphonate complexes were transposed onto Figure 

4.6 they were observed to lie upon the same line. This would suggest 

that the same structures produced in the lithium thiocyanate complexes 

are also prevalent for these other two complexes. 



5.4 Dielectric Relaxation Studies of 
Polyether Salt Complexes 

5.4.1 Dielectric Relaxation Studies of Poly(propylene 
glycol) Salt Complexes 

Dielectric studies of oligomers of poly(propylene glycol) have 
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been undertaken by several workers in the bulk207 • Bauer and Stockmayer222 

observed a double dispersion in e: I and E". A high frequency process 

which did not vary with molecular weight was attributed to the glass 

transition. A low frequency process which shifted to lower frequency 

with increasing weight and became more diffuse. 207 Varadarajan and Boyer 

have studied this second relaxation dispersion at low frequencies 

designating it the TIl process, that of a liquid-liquid transition invol­

ving motion of the whole polymer. They calculated activation enthalpies 

-1 
for the Tg and Tll of 39 and 18 k Cal mol respectively. 

Figure 4.12 shows the frequency temperature locations for the 

relaxation of lithium thiocyanate complexes of poly(propylene glycol). 
, 

It can be seen that theO<~process shifts to higher temperatures with 

increasing salt content in accordance with the observed glass transi-

tions. The activation energies may be determined from equation (5.4) 

d ( log f ) 
d (liT ) = - AE 

2.303R (5.4) 

One can see that the slopes of the frequency temperature plots in 

Figure 4.12 increase with decreasing temperature, indicating an increase 

in activation energy with decreasing temperature. The activation 

energy at high temperatures appears to increase with increasing salt 

content. Typical values for the variation of activation energy with 

temperature are shown in Table 5.4. As stated above the activation 

energies are seen to increase with decreasing temperature. 



TABLE 5.4 Temperature dependency of the activation energy of 
the ~/-relaxation of inorganic salt complexes of 
poly(propylene glycol) 

Mole% Salt ~ -1 T 
KJ mol K 

4 LiSCN 40.23 285.7 
52.22 277 .8 
59.33 270.3 
78.16 263.2 

12 LiSCN 73.65 294.1 
90.01 285.7 

157.18 277 .8 

15 LiSCN 70.45 307.7 
158.37 294.1 

20 NaSCN 108.57 322.6 
157.19 312.5 
189.75 307.7 

20 LiCF 3S03 96.22 322.6 
120.43 I 312.5 
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The observed increase in activation energy with decreasing 

temperature is typical of a main chain relaxation in wholly amorphous 

223 
polymers Williams223 calculated the activation energy of the 

0( -process and found it indicative of a cooperative process namely 

the glass transition. James observed a shift in temperature of the 

0( -transition with increasing salt content at low salt loadings. 

In section 5.2 an attempt was 

in terms of the Gordon-Taylor-Wood 

made to interpret 

• 143 144 
equat~on ' 

salt complexes 

This copolymer 

model was found to be inappropriate ·for a copolymer of coordinated 

and uncoordinated structures because of the variety of coordination 

structures possible. By applying the modification described by Evans 

et al. 2lB it was possible to achieve a good fit to experimental data. 
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A single glass transition was observed by differential thermal analysis, 

it is however conceivable that each of the different coordinating units 

will exhibit a dielectric relaxation associated with that unit. MacKnight 

212 .et al. have observed this effect in a blend of poly(2,6-dimethyl-

1,4, - phenylene ether) and poly(styrene). It was found from dynamic 

mechanical measurements that even though partial mixing had occurred 

two distinct phases existed in all the blends studied. However differ-

ential scanning calorimetry only gave a single Tg process for the 

blends. It therefore becomes obvious that the nature of the experiment 

and the size of the molecular process it represents will govern whether 

or not it is a viable test for homogeneity. 

At relatively low lithium thiocyanate complexes two dielectric 

relaxations were observed, one associated with the glass transition of 

pure polymer and the other with the glass transition of coordinated 

units. It will be recalled that in the previous section the observed 

viscosity behaviour at low salt loadings was due to the coordination of 

hydroxyl oxygens at the chain ends. It is feasible to suppose that 
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such coordinated units will have a different glass transition to 

that of coordinated units on the main chain. Therefore further additions 

of salt will have dielectric relaxations at higher temperatures. It , 
can be seen in Figures 4.8 and 4.12 that the cL relaxation is shifted 

to higher temperatures with increasing salt loading. It therefore seems 

likely that the coordination of ether oxygen atoms is dominating the 

dielectric response. The peaks are not separated in temperature by 

many degrees and therefore appear as one merged peak. 

One can clearly discern two relaxation areas in Figure 4.9 for 

20 mole% loadings of sodium thiocyanate and lithium t~ifluoromethyl 

sulphonate complexes of poly(propylene glycol). If the complexes can 

be described in terms of a three. two or one oxygen atom coordination 

then the low temperature relaxation will correspond to a one oxygen 

atom coordination model of low Tg merged with the shifted ot-relaxation. 

The two and three oxygen atom coordination may not be separated in 

temperature extensively and appear as one merged peak. However the 

sodium thiocyanate complex appears to have a smaller shoulder on the 

low temperature side of the aL' loss peak and this may correspond to 

two oxygen atom coordination. 

It was stated earlier that the cL -relaxation shifted to higher 

temperatures upon complexation with the salt molecules. This is indi-

cative of a significant degree of molecular mixing between the 

coordinated and uncoordinated phases. It has been observed in polymer 

blends that the individual components of a blend may exhibit two Tg's 

corresponding to the individual phases that have broadened and moved 

148 closer together This would appear to explain the observed dielectric 

behaviour of salt complexes of poly(propylene glycol). As the salt 

loading of lithium thiocyanate increased the cL -relaxation merged 
, 

into the at -relaxation peak. 



Data from Figures 4.13 and 4.14 has been redrawn in the form of 

155 Cole-Cole plots as shown in Figure 5.4. The theoretical implica-

tions have been discussed in chapter 2, but as previously described 

it is possible to derive values for E ,E and ol , the relaxed, 
r. u 

unrelaxed dielectric constants and the distribution of relaxation 

times from such diagrams. 
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Table 5.5 shows the values of Er and E at various temperatures 
u 

I . 
over the ~ -relaxation of a 15 mole% lithium thiocyanate poly(propylene 

glycol) complex. The values of Er and E were derived as de~cribed 
u 

in chapter 2 from a series of Cole-Cole plots at the corresponding 

temperatures. One can discern from Table 5.5 that E was constant 
u 

over the temperature range but that Er decreased slightly with in-

creasing temperature. Hence, the magnitude of the dielectric relaxation, 

( E r - E u) also decreased with increasing temperature. 

It was shown in the Fr6hlich-Kirkwood theory equation (2.67) that 

the temperature dependence of the magnitude of the dielectric relaxation 

is determined by the temperature dependence of e: r' E u' ;tleff the 

effective dipole moment and g the reduction factor. It can be seen . r 

from this equation that if the molecular configurationjt eff remains 

constant, the temperature dependence of E - e: will depend on the r u 

intramolecular interactions grand the liT factor. Depending on which 

is the dominant factor will decide whether or not Er - E u' increases 

or decreases with temperature. The observed decrease in temperature 

indicates that the liT factor is dominant. 

Values of 0( , the distribution of relaxation times, from the 

• fJ. h ' 156 "1 d' 'b ' Cole-Cole dlagrams and IV t e Fuoss-Klrkwood emp,r,ca lstrl utlon 

parameter were found to be independent of temperature, The parameter 

~ was calculated from the data in 4.14 using equation (2,45), The 
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TABLE 5.5 Temperature dependence of £ and £ for the r u 
C(/-relaxation of a 15 mole% poly(propylene glycol) 

lithium thiocyanate complex 

Temperature (oC) Er Eu 

8.5 79.0 7.5 

25.0 79.0 7.5 

32.5 78.5 7.5 

40.0 77 .4 7.5 



isothermal values of Cl. enabled a normalisation of the dielectric data 

in Figure 4.14 to form a master curve for the ot' -relaxation shown in 

Figure 5.5. . * q From this master curve it is eVl.dent that the £ / £ max 

curve was almost symmetrical about log f/fmax = O. The full line 

represents the Debye curve calculated for a single relaxation time 

model153 using equations (2.36) and (2.37). 
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The symmetry and breadth of the master curves of theo<'-relaxation 

suggests that the relaxation may not be associated with the glass 

transition of the complex. The relative symmetry of the master curves 

of the 0( I -relaxation made it possible to apply the empirical Cole-Cole155 

distributions. A value for C( = 0.14 was used for the Cole-Cole dis-

tributions. The distribution is represented by the dashed line. A 

good fit between experimental and theoretical values was obtained upon 

the high frequency scale of the distribution but at low frequencies 

deviations were observed. These deviations are believed to. arise as a 

result of conductivity effects which tend to increase the value for 

the dielectric loss at low frequencies. 

The dash dot line represents the Cole-Cole.distribution of the 

0(' -relaxation of an 18 mole% zinc chloride poly(propylene oxide) 

22 complex, as calculated by James It can be seen that the distribution 

_, I. • • 
is rather broader than the V\ -relaxatl.on of the 15 mole% ll.thl.um 

thiocyanate poly(propylene glycol) complex. This may well be as a 

consequence of the sizeable difference in the molecular weights of 

the two polymers. It was over 100,000 for poly(propylene oxide) in 

comparison to only 2000 for poly(propylene glycol). It is further 

noted that at low frequencies deviations occurred between the theoretical 

and experimental values in both the systems. The deviations were 

however more noticeable in the zinc chloride system. This may well 

reflect upon the ability to displace the cations in the two systems. 
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James showed that the zinc chloride poly(propylene oxide) system 

involved coordination of the salt in a five-membered ring involving 

two adjacent ether oxygens. It is believed the lithium thiocyanate 

is coordinated to three adjacent oxygen atoms. Therefore the area 

of attack for the extra coordinating oxygen to displace the anion is 

much greater in the zinc chloride system with respect to the lithium 

thiocyanate system. Therefore the number of ions displaced could be 

expected to be less in the lithium thiocyanate system. This appears 

to be reflected in the magnitude of the relaxation which appears to be 

considerably greater in the zinc chloride system. Furthermore the 

high charge density of the lithium cation will make it considerably 

more difficult for the anion to be completely displaced from the 

vicinity of the cation with respect to the zinc system. Hence the 

number of ions likely to be involved in conduction would be expected 

to be greater in the zinc system. As a consequence the discrepancies 

between theory and experimental values of the Cole-Cole plots, as 

observed, would be more marked in the zinc sY6tem. 

Activation energies of some complexes have been calculated from 

the slopes at high frequencies of the plots shown in Figure 4.12 

using equation (5.4). Figure 5.6 shows the activation energies calcu-

lated from this method. One can discern a linear relationship between 

activation energy and lithium thiocyanate loading but it is not until 

high salt loadings that the activation energy approaches values that 

approximate to a cooperative motion. Also included are values for a 

different anion and a different cation. 

Figure 4.9 shows the dielectric loss and constant for a poly(pro-

pylene glycol) complex containing lithium trifluoromethyl sulphonate 

and sodium thiocyanate complexes. Although there is a considerable 
I 

difference in the glass transition temperatures the cC -relaxation 
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of these two systems at this mole% appear to be occurring at approxi-

mately the same temperature. This further supports the belief that 

the of' -relaxation is not associated primarily with the glass transi-

tion temperature. 

5.4.2 
, 

A Molecular Model for the ol -Relaxation 

Previous publications relating to the dielectric properties of 

ion-containing polymers have been mainly concerned with ionomeric 

systems 20,24 and in particular ethylene-methacrylic acid copolymers 

and their salts87 ,90,224. No relaxations akin to the ~'-relaxation 

of poly(propylene glycol) inorganic salt complexes have been observed. 

MacKnight et al. 224 studied the dielectric properties of poly 

(ethylene) modified by the addition of phosphoric acid side groups. They 

observed an additional dielectric dispersion at high phosphoric acid 

levels that increased in magnitude with increasing phosphoric acid 

content. It was further noted that the relaxation shifted to lower 

temperatures with increasing phosphoric acid content and that the 

activation energy was independent of the number of acid groups. A 

broadening of the distribution of relaxation times however did occur. 
I 

This is in direct contrast to the observations for the"" -relaxation 

in salt complexes of poly(propylene glycol). These showed an increase 

in activation energy with increasing salt content, a shift to higher 

temperatures of the relaxation with increasing salt content and the 

distribution of relaxation times was seen to be independent of temperature. 

M K · h 1 224 . d h' b' h b . ac n1g t et a. 1nterprete t e1r 0 servat10ns upon t e aS1S 

of a 
. 177-179 Maxwell-Wagner-S1llars types of interfacial polarisation 

involving a separated system of microphases. They noted however that 

the relaxation could not be entirely a MWS-type polarisation, as this 

necessitates an unlimited increase in values of E' and " E ,because 
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h b d k 1·n c:-Iland t ey 0 serve a pea ~ E' approached an asymptotic value. 

In section 2.2.7 Maxwel1-Wagner-Si11ars effects were discussed. 

A prerequisite for such a system was heterogeneous phases. Visual 

observations and thermal properties have indicated a single phase 

structure for inorganic salt po1y(propy1ene glycol) complexes up to 

high salt 10adings. Therefore conventional Maxwe11-Wagner-Si11ars 

would not be possible in these systems. 

186 187 . Poh1 ' observed h1gh dielectric constants in macromolecules 

containing a high degree of conjugation; he ascribed the values to 

hypere1ectronic polarisation as described in section 2.2.9. There is 

no evidence for unsaturation in po1y(propy1ene glycol) or the complexes 

formed by coordination with inorganic salts. Therefore this effect 

appears to be inappropriate for salt complexes. 

The existence of bound salt molecules on a polymer chain is akin 

d 1 d b S h l83,lB4 d· d • 1· • to a mo e suggeste y c warz 1scusse prev10us y 1n sect10n 

2.2. B. He described a system whereby mobile ions are electrostatically 

attached to stationary counter ions but are isolated from other similar 

regions. It is clear that both crown ethers and salt complexes contain 

stationary ions that are segregated by virtue of their coordination 

along the polymer chain. If the Dl. I -relaxation is analogous to the 

model described by Schwarz then the anion must be locally mobile around 

the cation. However the stereochemistry of the complexes and the sterie 

restraints imposed by the anion preclude such mobility in the anions. 

James 22 observed the disappearance of the of,. I -relaxation loss 

peak and a reduction of the dielectric constant upon absorption of 

water into zinc ha1ide poly(propy1ene oxide) complexes. He concluded 

I . 
that since thee( -relaxat10n was observed for a salt bound to the 

polymer, the relaxation was associated with complex formation. 



None of the above mechanisms were found adequate to describe the 

el'-relaxation in inorganic salt complexes of poly(propylene glycol). 
, . 

From the observations made it is believed that the ~ -relaxat10n may 

result as a consequence of the type of equilihria shown in Figure 5.7. 

It is possible for these equilibria to occur because of the fast 

segmental motion of the polymer chain above Tg. The disrupting oxygen 

atom may come from either the next monomeric unit or from a different 

chain. The species designated Band C are representative of the type 
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of interaction 'occurring although other structures are possible. Obvi­

ously such a process inevitably must lead to conduction as a res~lt of 

ionic transport through the polymer. It is therefore suggested that 

the cL' -relaxation occurs as a consequence of equilibria illustrated 

in Figure 5.7. The chemical interactions involved in such equilibria 

are clearly not complicated and therefore would be expected to have a 

narrow distribution of relaxation times. 

As the salt loading increases the number of uncoordinated oxygen 

atoms available to undergo equilibrium reactions described above 

decreases. As a consequence it will become increasingly more difficult 

to form species such as Band C. The magnitude of the relaxation 

will therefore be seen to depend on not only ~e level of salt present 

but, above a definite concentration, will be dependent upon the 

number of uncoordinated oxygen atoms present. It can be shown that at 

low salt loadings, e.g. 10 mole%, if 3 ogygen atoms are coordinated to 

the salt the ratio of uncoordinated oxygen atoms to salt molecules 

will be approximately 6:1. However a doubling of the salt concentration 

to 20 mole% will reduce this ratio to 1:1. It is clear that a theo­

I 
retical maximum must occur in the magnitude of the 0( -relaxation with 

increasing salt content corresponding to 20 mole% in a chelated structure 

involving 3 oxygen atoms. However experimentally, the somewhat obscure 

maximum occurred around 10 mole%. 
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I 
The activation of the ~ -relaxation will be affected by the 

number of oxygen atoms available for equilibrium coordination. Figure 

4.12 shows the frequency temperature plane loci of lithium thiocyanate 

complexes of poly(propylene glycol). It can be seen that the log f 

versus liT plots are straight lines at higher frequencies similar to an 

h . 225 '" . Arr enius-type rate constant ,normally assOCiated with the kinetics 

of chemical reactions. It would be expected that at low salt loadings 

the number of oxygen atoms available for coordination will be high 
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ensuring a low activation energy. At high salt loadings the availabil-

ity of oxygen atoms for equilibrium coordination will be significantly 

reduced resulting in a higher activation energy for these complexes 

as a consequence of the increased number of chain segments required to 

rearrange to instigate equilibrium coordination. This will result in 

the necessity for a more cooperative process and hence a higher acti-

vat ion energy. In Figure 5.6 one can clearly discern an increase in 

the activation energy with increasing salt loading. 

Figure 4.12 also shows the frequency temperature plane loci 

of two salts other than lithium thiocyanate namely sodium thiocyanate 

and lithium trifluoromethyl sulphonate. The activation energies 

calculated from Figure 4.12 of these complexes lie on the same slope 

as the lithium thiocyanate complexes. It would therefore appear that 

the activation energy is independent of both cation and anion for a 

complex having the same structural arrangement. This is feasible if 

one considers that the activation energy will be determined more by 

the chain process rearrangement than by the energetically fairly simple 

ionisation of the cation-anion bond. 

From Figure 4.12 one can see that the temperature location of the 

I 
o{-relaxation is shifted to higher temperatures for sodium thiocyanate 
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and lithium trif1uoromethy1 sulphonate complexes with respect to the 

lithium thiocyanate complexes. It is believed that steric hindrance 

of the equilibrium coordinating oxygen by the larger anion, trif1uoro-

methyl suphonate, necessitates a greater conformational freedom of the 

chain to allow the coordinating oxygen to approach the cation. This 

requires a higher temperature. 

I 
The temperature shift of the~ -relaxation in sodium thiocyanate 

complexes is believed to be a Tg effect. The conformational freedom 

of the chain at any temperature will· depend on the position of Tg. 

For any complex a certain conformational freedom will be req·uired for 

an equilibrium coordination to occur. The temperature at which this 

occurs for any system will be some definite temperature above Tg. If 

the complexes have the same anion, i.e. no added steric effects, the 

el'-relaxation will occur at this definite temperature above Tg. It 

has been shown previously in Figure 4.3 that for the same mo1e% sodium 

thiocyanate shifts the Tg more than lithium thiocyanate. Therefore 

one would expect the conformational freedom of the sodium thiocyanate 

complex to be less than a lithium thiocyanate complex at any temperature. , 
As a consequence the ol -relaxation would be expected to occur at a 

higher temperature than lithium thiocyanate which is what is observed. 

Above the c<'-re1axation the dielectric constant comes to a 

limiting value before starting to rise again. The dielectric loss dips 

after the d..' -relaxation and once again starts to rise. This high 
I 

temperature process designated at in Figure 4.8 is believed to be due 
c 

// 
to conductivity effects. The dielectric loss term; EO' arising from 

d.c. conductivity157 is given by equation (5.8) 

K G 
= 

o 
f 

(5.8) 

where Go is the d.c. conductivity of the sample. K is a proportionality 

constant and f is the frequency of measurement. A plot of log £~o 
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versus log f has a slope of -1 if conductivity is occurring. Figure 

* I 5.8 shows log £ versus log f plots for three complexes in thee( o c 

region. Their slopes are all -1 therefore conductivity appears to be 

occurring in this region. 

I 
It is clear that at some point above the oL -relaxation the anion 

dislodged from the complex by the extra coordinating oxygen will start 

to migrate. From Figures 4.8 and 4.9 it is clear that the temperature 

.at which this conductivity begins to occur increases with increasing 

mole% of salt present, except for 8 mole% lithium thiocyanate. This 

salt loading corresponds to the highest values of Er for the systems 

shown in Figure 4.8. It therefore seems likely that the onset of 

conductivity is dependent upon the number of anions available for 

conductivity which shows a maximum at around 10 mole% salt loading for 

a three coordinate oxygen system. Although the anion is displaced by 

the extra coordinating oxygen it will still be associated with the 

cation. It will therefore require an extra impetus of energy to remove 

the anion completely, i.e. the temperature has to increase. The onset 

of conductivity appears to be governed by whether or not there is 

sufficient energy available to remove the anion completely from the cation 

and the number of such anions present. It must also be recalled as 

shown in Figure 4.8 that poly(propylene glycol) also shows conductivity 

effects above its glass transition. 208 Binks and Sharples have described 

proton conductivity for several polyethers above their glass transitions. 

5.4.3 Dielectric Relaxation Studies of 
Poly(tetramethylene glycol) Inorganic Salt Complexes 

d Oll O 226 dOh dOl 0 0 Wet ton an W1 1ams have stu 1ed t e 1e ectr1c propert1es 

of amorphous and crystalline poly(tetramethylene oxide). They observed 

a broadening of the loss curves with decreasing temperature in the 

frequency plane. They were able to resolve this data into two component 
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relaxations Ol and f3 An increase in the loss peak of some 30% 

was observed in the amorphous polymer in comparison to a 33% crystal-

line polymer, supporting the belief the 0( -relaxation was associated 

with the glass transition in the amorphous regions of the polymer. 

The low temperature ~ -process was believed to occur as a result of 

227 local motions of the chain as proposed by Yamafugi and Ishida 

The dielectric relaxations over the temperature and frequency 

range studied' were dominated by the crystallization process as can 

be seen in Figure 4.16. It is well known that interfacial polarisation 

177 178 179 of the type described by Maxwell ,Wagner and Sillars may arise 

188 in crystalline polymers The polarisation arises as a result of 

charge conduction through the sample usually occurring at low frequen-

cies or high temperatures. Additionally there will be a part of the loss 

factor arising from bulk conductivity rising steeply as the tempera-

ture is raised. Obviously as the heterogeneity disappears, i.e •. the 

sample melts the effects described above will disappear, as seen in 

Figure 4.16. 

o The melting points of the lithium thiocyanate complexes are 34 C, 

o 0 32 C, and 22.6 C for 10, 15 and 20 mole% lithium thiocyanate poly 

(tetramethylene glycol) complexes respectively. The positions of the 
I 

cl -relaxation appears to follow this trend. The breadth of the 
m 

, I • 
0( -relaxation peaks are considerably narrower than the P{ -relaxatlon 

m 

peaks observed in poly(propylene glycol) complex peaks and so the 

relaxation times are narrower for this process. It was stated in 

section 4.3.3 that the melting peak as observed by DTA decreased with 

increasing salt content. The peak height of the dielectric loss 

I 1 . d d b 10 cl 15 1 % cl' cl' 0{ m-re axatlon ecrease etween an mo eo an lncrease agaIn 
I 

to 20 mole%. It therefore appears that the 0< -relaxation is dependent 
m 
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upon the crystalline content at whose boundaries the polarisation 

takes place and the salt content which generates the charges trapped 

at the boundaries. 

It is pertinent to note that the final values for the dielectric 

constant did not fall as the heterogeneities were removed but con-

tinued to rise to a limiting value of similar magnitude to that observed 
I 

for the ci. -relaxation in poly(propylene glycol) complexes. 

The interfacial polarisation process appears to be superimposed 

upon another process. Figures 4.17 and 4.18 show the frequency depend-

ence of the dielectric constant and loss around the interfacial polari-

sation process. A very broad curve is observed in the loss data 

h · h· . d· . f· h f 157 I . w 1C 1S 1n 1cat1ve 0 t e presence 0 two processes t 1S tenta-

I 
tively suggested that the underlying process which the~m-process 

I 

is superimposed upon is an 0( -relaxation similar to that observed 

in poly(propylene glycol) complexes. It was not possible to segregate 

the peak heights and calculate the activation energy of this underlying 

process. However its temperature profile and magnitude are concurrent 

with the belief that this process is similar to the 0(1 -relaxation in 

poly(propylene glycol) complexes. It is unfortunate that an extensive 

study of the dielectric properties of a poly(tetramethylene glycol) 

complex that had suppressed crystallinity completely had not transpired. 

For this would have allowed a more positive assessment of this under-

lying process. In the next section the dielectric properties of a 

polymer complex that has suppressed crystallinity completely is 

discussed. 

5.4.4 Dielectric Relaxation Studies of Poly(ethylene 
glycol) Lithium Thiocyanate Complexes 

Connors et al. 228 have studied the dielectric relaxations, shear 



143 

moduli and nuclear spin-lattice relaxation times of po1y(ethy1ene 

oxides) of various molecular weights. They observed a strong influence 

in the dynamic properties upon varying molecular weight. Conductivity 

effects limited the frequency range studied in low molecular weight 

samples. The variation with molecular weight were believed to arise 

from the dependence of crystallinity upon molecular weight. It was 

suggested that the .relaxations observed below the melting point were 

due to an overlapping mechanism involving motions of the chain back-

bone from within both the amorphous and crystalline phases. 

Figure 4.22 shows the temperature plane dielectric relaxations 

for poly(ethylene glycol) and complexes with lithium thiocyanate. 

Three regions are discernible in the loss data, corresponding to the 

glass transition and melting of the polymer with a transition inter-
229 .. 

mediate between the two. Lang et al. has observed three transitions 

below the primary crystallization process two of which were related 

to glass transitions and a third appeared to be a secondary melting peak. 

It is suggested that the intermediary peak eX. ., is related to the 
1 

secondary melting peak. Above the melting peak the loss values 

decrease slowly, suggesting the presence of the onset of a further 

1 A . 1 230 I dIE" 1 f f ·h oss process. r1sawa et a. p otte og versus og or t e 

above Tm region and calculated a slope of -1 indicative of conduction. 

As mentioned previously Binks and Sharples 208 explained this in terms 

of proton hopping in poly(ethers). A single broad relaxation step is 

observed in the dielectric constant at 5 kHz over the temperature range 

studied. 

At 5 mole% salt loading the three relaxations observed in the 

dielectric loss of the uncomplexed polymer are replaced by a single 

asymmetric relaxation peak which is broader on the low temperature side 

of the relaxation. This is indicative of the presence of more than 
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one relaxation. From Figure 4.20 it is clear that the S mole% salt 

loaded polymer is semi-crystalline (although somewhat reduced in crys-

tallinity). The melting point of the complex is seen to shift to higher 

temperatures but a much larger shift is observed in the glass transition 

temperature. The melting process and the glass transition are therefore 

closer together in temperature than for the pure polymer and may as a 

consequence appear as one asymmetric relaxation. The dielectric con­

o stant appears as one relaxation, which appears to broaden above -20 C. 

At 10 mole% salt loading three relaxations are observed in the 

loss data. A broad low temperature process associated with the glass 

transition, a narrow relaxation at approximately -SoC and a small 

process at around 220 C. At this salt loading the crystallinity is 

severely reduced. From Figure 4.20 one can see a reduction in the 

value 6f the melting point and a shift to lower temperatures of the 

glass transition. The reduction in crystallinity appears to be supported 

by the lower value of the glass transition and the sharpness of the 

transition as seen in Figure 4.19. The size of the loss process also 

appears to reflect the reduction in crystallinity. The reduction in 

crystallinity together with the lower value of the glass transition 

. would indicate a greater degree of conformational freedom of the 

amorphous chains. In which case an eX/-relaxation as observed above 

for poly(propylene glycol) salt complexes may be expected to occur. As 

the temperature is lowered the anions 'freed' by the ~/-relaxation 

may become trapped at the interface of the crystals. If this occurred 

Maxwell-Wagner-Sillars effects may be expected to occur. The sharpness 

of the relaxation and the slope of the frequency temperature location 

as shown in Figure 4.23 are indicative of a Maxwell-Wagner-Sillars 

polarisation as observed around -SoC. 

The shift of the glass transition to· lower temperatures· for the 
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10 mole% sample with respect to the 5 mole% sample would appear to 

explain why this process is visible in the dielectric loss data in 

10 mole% and not in 5 mole%. The low temperature process is likely 
I I 

therefore to be a merged 0( g and 0( -process. 

At 15 mole% salt loading no evidence for crystallinity was found. 

A single relaxation which appears broader on the low temperature side 

of the relaxation is observed in the dielectric loss as shown in Figure 

4.22. The height of the loss peak is increased with respect to lower 

salt loadings. The loss peak appears at lower temperatures for 15 

mole%, in comparison to 5 and 10 mole% salt loaded systems. The lack 

of a high temperature(crystallinity) process will cause a shift of 

the combined relaxation peak to lower temperatures. 

At 20 mole% the loss peak shifts to a higher temperature presumably 

as a consequence of the increase in the glass transition as shown by 

Figure 4.19. The loss peak still appears slightly broader on the low 

temperature side indicating the presence of more than one process. The 

dielectric constant of 20 mole% clearly shows however two processes as 

seen in Figure 4.22. This splitting of the dielectric constant into 

two regions was observed in low salt loaded poly(propylene glycol) 

complexes. The two processes were designated 0(' 
g 

I • 
and 0( and 1t is 

believed the same process occurs in poly(ethylene glycol) complexes. 

That of a process associated with the cooperative motion of the polymer 

I 
complex, ~ ,and a process occurring at higher temperatures involving 

g 

the further coordination of an oxygen atom as subsequent ionisation of 

the cation-anion bond occurs. 

Further evidence for the presence of more than one process is 

discernible in Figures 4.24 and 4.25. The breadth of the relaxation 

157 with frequency is indicative of the presence of more than one process 



6.0 APPLICATIONS OF INORGANIC SALT COMPLEXES 

6.1 High Frequency Dielectric Relaxation Studies 
of Poly(ether) Salt Complexes 

To ascertain the possible usage of salt complexes as dielectric 

enhancers it was necessary to measure the dielectric properties of the 

complexes at high frequencies. It will be recalled from section 2.4 

that the theoretical heating ability is proportional to the frequency, 

therefore the higher the frequency the more heat generated by the 

system. Also from section 2.4 it will be recalled that all other 

factors being equal, the heating ability is proportional to tan S / £' 
• co I, co' 2 which more significantly may be wr1tten as ~ /~ 

Figure 4.10 shows the dielectric loss and constant at 10 MHz for 

a series of lithium thiocyanate poly(propylene glycol) complexes of 

various salt loadings. For the pure polymer it can be seen that in 

o the temperature range studied, from ambient temperatures up to 100 C, 
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no significant variation in dielectric constant and only a small decrease 

in dielectric loss is observed. This indicates that over this tempera-

ture range the polymer is above the ot -relaxation and no significant 

conduction is occurring as a consequence of insufficient ion-hopping. 

Hence the low values in the dielectric loss data. 

As the frequency is increased the C( -relaxation has been seen 

to broaden and shift to higher temperatures. Williams23l observed a 

loss peak at approximately -200 C at 3.3 MHz. At low salt loadings 

(10 and 15 mole% lithium thiocyanate) a small relaxation is observed 

at approximately -200 C which may be attributable to the ()I. -relaxation 

of poly(propylene glycol'). 

The loss curves for the remainder of the temperature profile 



147 

continue to increase with temperature without showing any further peaks. 

The dielectric constant however shows transitions for 10, 15 and 20 mole% 

lithium thiocyanate. 
I • 

Evidently these transitions are the ex. -relaxat10ns 

observed at low frequencies, as discussed in the previous chapter, 

obviously shifted to higher temperatures with increasing frequency. 

It was shown in the las't chapter that the dielectric strength, as 

measured from Er - E u' increased up to a maximum of 10 mole% and then 

decreased. Also the eX I -relaxation shifted to higher temperatures at 

constant frequency with increasing salt content. It therefore becomes , ' 

evident that the dielectric constant around the 0( -relaxation and above, 

Le. from approximately 200 e upwards, decreases with increasing salt 

content. It will be recalled that the dielectric heating factor is 

inversely proportional to the square of the dielectric constant. If 

this were the sole governing parameter then one would expect an increase 

in the theoretical dielectric heating capability with increasing salt 

content. 

This however is not the case as the dielectric heating parameter is 

directly proportional to the dielectric loss also. However it can be 

seen in Figure 4.10 that there are only small differences in the dielectric 

o 
loss below 50 C except for 30 mole% salt loading between the various 

salt loadings. Even though the 30 mole% salt loading has a lower die-

lectric loss at these temperatures the large difference in the square 

of the dielectric constant in comparison to the other systems more than 

compensates for this at higher temperatures (60
0 e upwards) as the die1ec-

tric loss nears the values for the other systems. 

It was also shown in the previous chapter that upon increasing the 

size of the anion a shift to higher temperatures of the o('-re1axation 

resulted. This shift to higher temperatures will ensure that the 



dielectric constant of the salt system containing the bulkier anion 

(assuming the same cation) will have a lower value than corresponding 

smaller anion systems. The dielectric loss values at this frequency are 

almost identical at room temperatures for salt loadings up to 20 mole% 

in the lithium thiocyanate system. The lithium trifluoromethyl sulpho-

nate system has similar values also. Therefore as a consequence of the 

larger anion size of trifluoromethyl sulphonate with respect to thiocy-

anate a system containing the former has a higher theoretical dielectric 

heating capability than the latter, assuming all other parameters are 

the same. 

Figure 4.11 showed the dielectric relaxations exhibited by salt 

complexes of P3, poly(propylene glycol) and P3l7, a poly(propylene 

glycol/poly (ethylene glycol) block copolymer. It can be seen that the 
I 
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~ -relaxation is strongly dependent on the type of salt present. With 

the exception of the potassium thiocyanate systems the positions of the 

eX. I -relaxations appear to reflect upon the glass transitions of the 

complexes. Namely ·an increase in temperature for the oc I -relaxation with 

increasing glass transition temperature. It has been stated earlier that 
I 

the cl -relaxation is not solely dependent upon the glass transition but 

is also influenced by the steric hindrance. However the degree of con-

formational freedom available at any temperature will be dependent upon 

the glass transition temperature. 

The potassium thiocyanate system is the exception to the rule. It 

was observed that at approximately BOoe that the complex began to break 

up. The salt became clearly visible and a two·phase system formed. A 

similar complex breakdown was observed in ammonium complexes. It is 

believed that the inability to achieve adequately the desired coordina~ 

tion number of six, together with the high size/charge ratio results in 

a weaker complex structure for potassium and ammonium salts. 
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I 
It can be seen that the 0( -relaxation in P3l7 systems are shifted 

to lower temperatures with respect to equivalent P3 systems. It is also 

evident that the dielectric strengths of the cC'-relaxation of P3l7 

systems are somewhat reduced in magnitude, as measured by Er -e: u' 

with respect to the equivalent P3 systems. It is obvious that the 

ethylene glycol units have a significant effect on the dielectric pro­

perties of these systems. A comparison of the ot'-relaxations, as shown 

in Figures 4.8 and 4.22, for poly(propylene glycol) and poly(ethylene 

glycol) complexes show a sharper transition for the latter over the 

of
, • 

former. Also that the -relaxat~on of poly(propylene glycol) complexes 

occur some 400 C higher in temperature than poly(ethylene glycol) complexes. 

This obviously reflects upon the restriction of conformational freedom 

that is introduced by the larger molecular weight and the presence of 

methyl groups on the backbone in poly(propylene glycol). 

It is likely that during the manufacture of p3l7 complexes compe-

tition exists between ethylene glycol units and propylene glycol units. 

Furthermore, that the slightly more polar ethylene glycol units may 

offer a more attractive site for coordination than the propylene glycol 

units. In either case the ~I , and o('-relaxations of the two compo­
g 

nents will be separated in temperature. This will introduce additional 

• I. freedom to the cha~n and the observed 0( -relaxat~on for the propylene 

glycol units will occur at lower temperatures. 

It is clear from the evidence presented in this thesis that the 

complex stability differs markedly for different salt systems. Ranging 

from weak complexes of potassium and ammonium salts to strong complexes 

involving barium and calcium salts. The dielectric properties of the 

complexes are markedly affected by the coordination strength of the 

various linkages. This is manifested in the 0(' -relaxation where the 

strength of the anion-cation bond will have some influence on the 
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ability of the extra coordinating oxygen atom to displace the anion. 

Although the overall activation energy is dependent upon the conforma-

tional freedom of the polymer complex it is evident in the potassium 

.system, for instance, that this is not the only factor. Conversely 

in barium and calcium thiocyanate systems where some degree of cross-

linking is believed to occur, the complexes are extremely stable. 

Furthermore it is evident from the size or the 0(1 -relaxation that they 

do not readily loose the anion. In fact the size of the loss peak of 

barium thiocyanate would suggest that few anions are liberated. The 

anions that are liberated will also find it difficult to migrate through 

the crosslinked structure and hence shows less conductive effects than 

other systems. 

An analysis of the dielectric heating parameter as shown in Figure 

4.27 and 4.28 reveals superior dielectric heating capabilities in those 

complex systems which produce fewer anions as the consequence of the 
I 

cl -relaxation. For although the dielectric. loss increases markedly·in 

the weaker complexed systems it is accompanied by a large increase in 

the dielectric constant. It will be recalled that the dielectric 

heating capability is inversely proportional to the square of the dielec-

tric constant •. Therefore it is necessary for the dielectric loss 

increase to be equal to the square of the dielectric constant to 

maintain the same heating capability. For the heating capability to 

further improve requires a dielectric loss increase of even greater 

proportions. It is evident that for the more weakly coordinated systems 

the dielectric loss does rise more than the square of the dielectric 

constant with increasing temperature, but not sufiiciently to raise the 

dielectric heating parameter markedly. 

In the more tightly bound complexes it is evident that the dielectric 

loss and constant do not rise to the values observed for potassium and 
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ammonium complexes. However because the dielectric constant does not 

increase so much it is obvious that such a large increase in dielectric 

loss is not required to maintain the same heating capability. Hence in 

these systems the theoretical dielectric heating capability is manifestly 

increased with increasing temperature as shown in Figures 4.27 amd 4.28. 

For the relatively small increase in dielectric constant is more than 

offset by the increase in dielectric loss. 

6.2 Use of Salt Complexes as Dielectric Enhancers 

It was shown in section 2.4 that the rates of dielectric heating 

are proportional to tan ~ / E'. From a theoretical consideration' if the 

salt complex is to act as a dielectric enhancer, at the required low 

concentrations, it is necessary for the salt complex to have a dielectric 

heating parameter greater than the matrix polymer. If the preferred 

concentration is < 10 pph then to have a significant effect upon the 

overall heating rate, the heating parameter must be at least an order of 

magnitude higher. 

At room temperatures the inherent dielectric heating parameter of 

poly(vinyl chloride) is approximately 0.0074 and poly(styrene) is 

0.00015 at 10 MHz. It can be seen from Figure 4.27 that at 200 C the 

dielectric heating parameters of salt complexes lie between 0.012 and 

0.049. It is therefore clear that the salt complexes will enhance the 

dielectric heating capability of poly(styrene) manifestly but not poly 

(vinyl chloride) at low loadings. It is evident therefore to improve 

the dielectric heating capability of poly(vinyl chloride) a dielectric 

enhancer whose theoretical heating parameter is of the order of 0.10 or 

greater at room temperature is required. Furthermore, to improve the 

dielectric heating capability of poly(vinyl chloride) to commercially 

interesting levels it is likely that a dielectric heating parameter of 



greater than 0.5 would be required. However it must be said that the 

dielectric heating characteristics of PVC are normally adequate for 

most applications. 

It is clear therefore that in polymers that at present have very 

low or no dielectric heating capability, the incorporation of a salt 

complex renders these polymers capable of being heated dielectrically. 

However in systems like poly(vinyl chloride), which are already used 

commercially for dielectric heating, the salt complexes measured are 

at least an order of magnitude too low to be of commercial interest 

as dielectric enhancers. That is not to say that a salt complex may 
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not be found,that may be of use in poly(vinyl chloride) systems. From 

the discussion in the previous section it is apparent that a high salt 

content complex which is bound strongly to the polymer, possibly a 

divalent cation, whose anion is bulky, may well prove to be of the order 

of magnitude required. 

Similar problems were encountered with the dielectric enhancement 

of a poly(ethylene vinyl acetate), EVA, system. The dielectric heating 

parameter for this polymer is approximately 0.016 at 200 C. A blend 

containing 10% of a potassium thiocyanate poly(propylene glycol) complex 

produced only a 25% improvement in heating rate. An improvement of 

the order of 100% is required to render the system commercially inter­

esting. Figure 4.26 showed the dielectric properties of various blends 

of salt complexes with EVA. It is evident that the components of the 

blend are acting independently dielectrically speaking. Therefore it 

seems likely that two distinct phases of a matrix of EVA containing 

salt complex inclusions exists. However the values of the dielectric 

constant and loss normally associated with these complexes appears to 

be drastically reduced. Although the dielectric loss and constant 

appear to increase with increasing weight fraction of the more 



conductive phase the numbers are some two to three orders of magnitude 

less. It appears therefore that at the interface between the salt 

complex and the EVA, the EVA is constraining the salt complex to such 

an extent that only polymer in the centre of the inclusions is capable 

of undergoing the al' -relaxation. As the inclusions will be relatively 

small a proportionally large reduction in the amount of salt complex 

I 
capable of undergoing an ot -relaxation will result as a consequence 

of the restraining action of the matrix. 
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This effect obviously adds further problems to the ability of a salt 

complex to enhance the dielectric heating capability of a polymer like 

EVA. It is further worth noting that the long range conductive effects 

observed above the o! '-relaxation are inhibited by the matrix. Hence the 

decrease on the high temperature side of the loss peak not usually 

observed in the pure complex. This will naturally result in a maximum 

value in the theoretical dielectric heating parameter in the blended 

system with increasing temperature. It will be recalled that in 

Figures 4.27 and 4.28, the dielectric heating parameter generally in-

creased with increasing temperature. 

6.3 Other Electrical Uses for Salt Complexes 

Considerable interest worldwide has been shown in the development 

of a solid electrolyte system. Obviously salt complexes if of the order 

of magnitude required would be very promising materials for this end 

use. The resistivity of an electrolyte is dependent upon the film thick-

ness. An estimate of the resistivity that would be required gives 

values of 105 ~ cm) at 1).1. m and 104 
(.J1. cm) at lO)A-m. Figure 4.29 

showed resistivities measured at 500 Hz (to avoid polarisation effects). 

It is evident that systems based on po1y(propylene sulphide) and poly 

(propylene glycol) approximate to the order of magnitude required. Those 
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of poly(vinyl alcohol) and poly(ethyl vinyl ether) do so at elevated 

temperatures. This is to be expected as anions will not be released 

for conduction in the required numbers until the ol' -relaxation has 

d Th _I' 1 . . 1 ( 1 1 1) d 1 ( occurre. e ~ -re axat10n 1n po y propy ene g yco an po y pro-

pylene sulphide) have been shown to occur at temperatures much lower than 

the other two systems. 

It is clear that for conductive effects to be maximised requires 

that the anion and, to a lesser extent, the cation are capable of 

moving. It is likely that the smaller the ion the greater will be its 

mobility in the viscous medium of the salt complex. Other factors 

including the electronegativity of the anion and hence the degree of 

ionic character of the cation-anion bond together with the degree of 

shielding of the cation by the anion will influence the ability of the 

anion to break free from the cation. It was also mentioned in the 

discussion of the aL' -relaxation that a maximum occurred in the dielec-

tric strength of the cl' -relaxation. This maximum will vary in accord-

ance with the number of oxygen atoms coordinated to the salt. It is 

obviously important to achieve the maximum dielectric relaxation 

strength possible as this corresponds to the maximum number of ions 
I 

generated for the cl -relaxation of the system. 

It will be further recalled that the conductive effects on the 
, 

high temperature side of the cl -relaxation were more pronounced the 

lower the salt content. It therefore seems likely that the opposite 

of the effects desired for dielectric heating are required for an 

electrolyte. 

Finally it is necessary to have a solid electrolyte. Therefore it 

is necessary to convert the normally viscous liquids into solids. This 

is achieved for poly(propylene glycol) complexes by incorporating 
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urethane chemistry and as a consequence converting the glycol complexes 

into crosslinked urethanes. 

Further uses considered in the electrical field have concentrated 

on the ability of these systems to store charge. Table 4.8 has shown the 

half life storage times of some polymer electrets. It can be seen that 

good electrets could be formed from salt complexes but that the necessity 

to maintain an anhydrous environment severely limits the commercial 

potential of these compounds as electrets. 

Possible uses as capacitors are limited because of the deliquescent 

nature of the complexes and also the necessity to maintain a steady value 

for the dielectric constant over the required temperature range from 

-20 to +800 C. This could be achieved if the ",'-relaxation lay outside 

of this temperature range. Table 6.1 shows two possible systems that 

partly fulfil these requirements. The two complexes correspond to the 

pre - 0(' -relaxation (10 mole% NH
4

SCN!PEVE) and the post- ot'-relaxation 

(15 mole% LiSCN!PEG). There is always the possibility above the at '-re-

laxation for ion migration towards the electrodes which is particularly 

dangerous for a system containing thiocyanate as this is converted to 

cyanide and sulphur at the electrode. 
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TABLE 6.1 

Frequency = 5 kHz 

Salt Complex Temperature Dielectric Constant 
(oC) 

10 mo1e% 0 7.5 

NH4SCN PEVE 40 8.5 

60 10.0 

15 mo1e% 

LiSCN PEG 0 71.0 

20 70.7 

40 70.85 

60 70.46 

70 70.21 



7.0 CONCLUSIONS 

7.1 Overall Features 

In this thesis a series of poly{ether) inorganic salt complexes 

have been prepared, studied and assessed for commercial viability. The 

complexes prepared were generally optically transparent (above their 

melting points where appropriate) and to high temperatures remained 

thermoplastic. Complexes of ~oly{propylene glycol) were all amorphous 

but those of poly{ethylene glycol) and poly{tetramethylene glycol) 

showed varying degrees of crystallinity depending upon salt loading. 

All the evidence in this thesis is indicative of the formation of 

complexes between the salt and the polymer rather tha, the salt acting 

as a second phase filler. It has been apparent that a range of complex 

structures have been formed dependent upon the particular salt/polymer 

system involved. 

7.2 Poly{propylene glycol) Complexes 

The actual structure of the poly{propylene glycol) complexes 

was found to be strongly dependent upon the nature of the coordinating 

salt. In essence three types of structure were believed to form. 

The first type exemplified by complexes with lithium thiocyanate 

and zinc chloride were believed to involve the formation of chelate 

rings involving three and two oxygen atoms respectively. A single Tg 

was observed for all the complexes formed and occurred at an elevated 

temperature with respect to the parent polymer. 
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The second type of complex formed was believed to involve more than 

three oxygen atoms. It is believed that these complexes involved 

relatively weak ion-dipole interactions. The complexes showed single 

glass transitions higher than the original polymer but were unstable 
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at higher temperatures breaking down into their constituent parts. This 

type of complex was exemplified by salts of ammonium and potassium. 

The third type of complex involved elements of both intra- and 

intermolecular bonding. It was thought likely that the complex involved 

two separate five-membered chelate rings possibly from different chains 

but not necessarily coordinated to the same salt molecule. This 

resulted in a much larger shift in the glass transition temperature with 

respect to other complexes and a broadening of the glass transition 

which is indicative of crosslinking. This type of complex was exempli-

fied by alkaline earth metal thiocyanate complexes. 

Viscosity measurements showed a systematic increase with increasing 

shift in the glass transition as a consequence of increased salt loading 

except at low concentrations. It is believed that at low salt loadings 

the salt is mainly bound to the hydroxyl chain ends resulting in an 

apparent increase in molecular weight and hence a dramatic increase in 

viscosity with only a marginal elevation of Tg. 

The observed viscosity increases and Tg elevations were found to 

vary with both the amount and type of salt added. It was evident from 

the above observations that the salt was molecularly dispersed through-

out the polymer. It was therefore possible to consider the system as 

a copolymer of complexed and uncomplexed structural limits. A modifi-

cation of the copolymer equation to allow for the different possible 

structures formed as the salt loading increased ensured a good fit to 

the experimentally observed glass transitions. 

Dielectric studies revealed two new transitions not present in the 

original polymer. A transition associated with the glass transition of 

the complex and a transition higher in temperature designated the 

I I 
~ -relaxation. The 0/ -relaxation was not found to depend solely 



upon the position of the glass transition although this obviously had 

some effect. Other steric factors were found to influence the position 

I 
of the ~ -relaxation. High values for both the dielectric loss and 

I 
constant were observed for the oL -relaxation depending on salt con-

centration and the type of salt involved. A mechanism is proposed 

involving the displacement of the anion from the complex structure 

by an additional coordinating oxygen. Eventually the anion was totally 

displaced from the environment of the cation and ionic conductivity 

was observed. 

7.3 Poly(ethylene glycol) Complexes 
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Complex structures similar to those observed in poly(propylene glycol) 

complexes were believed to exist in poly (ethylene glycol) complexes. 

Much of the behaviour was however dominated by the presence of crystal-

linity in these complexes. However at high salt loadings (from 15% lithium 

thiocyanate and higher) the crystallinity was found to be totally sup-

pressed at all temperatures. 

Elevation of the- glass transition was observed upon complexation 

although the observed elevation with increasing salt content was more 

complicated than observed in poly(propylene glycol)complexes. This was 

believed to arise as a consequence of the suppression of crystallinity 

upon complexation. 

Maxwell-Wagner-Sillars type polarisations dominated the dielectric 

relaxation studies in the low salt loaded complexes. The polarisation' 

arising from the trapping of ions at the crystalline interface. However 

I 
at high salt loadings. in the absence of crystallinity an ot-relaxation 

was observed similar to that seen in poly(propylene glycol) complexes. 
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7.4 Poly(tetramethylene glycol/oxide) Complexes 

Both low and high molecular weight poly(tetramethylene oxide) 

complexes with inorganic salt complexes have been prepared. The degree 

of crystallinity was found to influence the properties of the complexes 

markedly. No crystallinity however was observed in a low molecular 

weight poly(tetramethylene glycol) calcium thiocyanate complex at 

high salt loading. The high molecular weight equivalent however did 

show the presence of a crystalline phase. 

The relatively small shifts in glass transition temperature upon 

complexation with respect to poly(propylene glycol) and poly(ethylene 

glycol) complexes indicated a much weaker interaction between the salt 

and the coordinating polymer. It was suggested that a weak ion-dipole 

interaction and complexes involving single oxygen coordination were 

responsible for the formation of poly(tetramethylene glycol) inorganic 

salt complexes. 

As was observed in poly(ethylene glycol)complexes Maxwell-Wagner­

Sillars type polarisations were believed to dominate the dielectric 

relaxations observed in poly(tetramethylene glycol) complexes. 

7.5 Commercial Uses of Salt Complexes 

Although clearly at an early stage in their development, salt 

complexes appear to have varied applications. Clearly the most developed 

area is as dielectric enhancers. It has been shown that insufficient 

improvement in the dielectric heating capability occurs upon blending 

into polymers that already are used in dielectric welding. Although 

future salt complexes may be developed to overcome this problem. It 

is clear however that salt complexes can be used to render polymers that 



at present are incapable of being dielectrically heated into dielec­

trically weldable materials. Several companies have shown interest and 

performed trials to this end. 

Other less well developed areas have been explored and it is 

clear that in areas such as solid electrolytes, salt complexes have an 

interesting future. Further development work is clearly required if 

salt complexes are to find outlets as capacitors or electrets. 
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