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Samples of polyphenylenes have been prepared from benzene,
biphenyl and 1,4-dibromobenzene using a variety of synthetic
procedures. The nature and composition of the polymers has been
studied indirectly by solvent extraction of low-molecular weight
material. Chromatographic techniques have shown that a major
proportion of this material is comprised of para-substituted
oligophenylenes. The reduction coupling of benzene has been
found to yield a great variety of polyaryl compounds in addition
to para-substituted polyphenylenes. The polymerization of
biphenyl in solution in cyclohexane using A1Cl./CuCl., catalysts
gave predominantly para-substituted polyphenyl&nes afid relativ-
ely large amounts of the odd membered oligomers. A reaction
scheme has been prepared to account for these observations.

The dielectric and electro-optical properties of tetracyano-
quinodimethane and iodine complexes of benzene, toluene, o-,

m-, p-Xylene, biphenyl, terphenyl and m-biphenylbenzene and those
of the pure compounds was undertaken through the measurement of
static dielectric permittivities and Kerr constants. Experimental
molar Kerr constants have been derived for the complexes and
compared to theoretical values calculated using bond and group
polarizabilities taken from the literature. The experimental
molar Kerr constants were in general considerably larger than

the corresponding theoretical values and these differences were
attributed to either increases in polarizability and/or increases
in the anisotropy of polarizability of the complexes.

The effects of exhaltation on the magnitudes of the molar Kerr
constants has also been considered.

Kerr effect and dielectric studies have also been carried out
on complexes formed between tetracyanoquinodimethane and
different stereoregular forms of poly(N-vinylcarbazole) in
solution in 1,4-dioxane. The magnitude of the Kerr effect was
found to vary with changes in tacticity for the range of
molecular weights and molecular weight distributions considered
in this study.
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CHAPTER 1

INTRODUCTION

Conductivity of Polymer and Polymer/dopant System§52

The performance, cost and processing advantages of organic
polymers are responsible for the continuing displacement of
conventional metals in a variety of areas. These range from
structural applications to applications in photoconductor,
pyroelectric and piezoelectric devices. Until recently,
these applications have been limited to cases where high
electrical conductivity was desired and in which composite
structures with conventional metals were used. The situation
changed with the discovery that polymers such as

é3’42 could be transformed

polyacetylenél’zz polyphenylene
into semi-conducting and metallic conductors if suitably

doped with either electron donors or electron acceptors.

Electrical conductivity can be varied as much as 18 orders
of magnitude by varying dopant concentrations. This makes
electronic property control feasible over a whole range from
insulator to semi-conductor and then metal. But, to put
things in perspective, it must be remembered that this
research area is embryonic. Extending the technology of
conducting polymers to provide materials having a total
properties profile that is optimal is a challenging task.
This process involves the development of a deeper under-
standing of the physics and chemistry of polymer complexes.

Progress in understanding molecular charge-transfer

e



complexes has critically depended upon the availability of
large dimension single crystals. Such crystals made possible
the evaluation of inherent anisotropic electronic properties
and sometimes subtle structural changes that determine these
properties. The situation is completely different for
conducting organic polymers that are formed by the addition
of electron donors or acceptors to insulating polymers._The
polycrystalline or -amorphous nature of parent polymers and
the disorder introduced during complex formation provided a
barrier for determining critical aspects of their structure
and properties. For these reasons, Baughman et alts)
described conducting polymers as essentially a multicompon-
ent 'black box' which can be experimentally examined in
aggregate by electrical and spectroscopic methods, or
theoretically examined by use of highly idealized and
simplified concepts of the components of the box.

1(5) examined a variety of organic polymers to

Baughman et a
define the variation in molecular, Crfstallographic and
defect structures that are compatible with high conductiv-
ities. They classified these materials into three categories

depending upon backbone type: Polyacetylenes, polyphenylenes

and polyphenylene chalcogenides.

They observed that dopant species and polymer dopant
interactions are important for these analyses which were
enormously complicated by irreversible chemical modification
of polymer backbone that sometimes accompanies formation of
conducting polymeér complexes. The important factors which

form the basis for conducting behaviour of polymer systems
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was outlined by Baughman and co-workers. These include
polymer structure, structure of 'simple complexes', covalent
band formation with dopants and formation of molecular

aggregates.

Polymer structures: The polymer chain structures present in

undoped polymers and as modified by the doping process are
thought to be the key determinant for the electronic propert-
ies of the polymer/dopant systems. Polymer and dopant
components can occupy comparable volumes in heavily doped
materials. However, there is no evidence from any investig-
ated system that electronic conductivity along dopant
molecular arrays provides the major contribution to observed
conductivities. More specifically the signs of Hall
Coefficients, thermo-power coefficients and polarity of
junction devices suggest hole conductivity for acceptor-
doped polymers and electron conductivity of donor-doped

polymers.

Polymers that form highly conducting complexes need not have
a planar backbone or a continuous system of overlapping
Carbon mrorbitals. Structural investigations by Baughman et

al(s) (7) for

and theoretical calculations by Bredas et al
cis- and trans-polyacetylene show consistency with planar
backbone structures for these polymers. In contrast,

poly (p-phenylene), poly(p-phenylene sulphide) and poly(m-
phenylene) which form conducting complexes are noted for non-
Planar backbone structures. Structural data for phenylene

oligomers predicts an angle of 23° between neighbouring

phenyls in poly(p-phenylene). Nevertheless, poly(p-phenylene)

e



forms AsFS-complexes having a comparable conductivity to
that for polyacetylene (about 500 and 1200 Ecmﬁl) respect-
ively for unoriented polymergl’42 A more interesting example
is provided by poly(p-phenylene sulphide) which forms ASF5
complexes with conductivities of about IScﬁJ(B? The
neighbouring phenyl rings are inclined by alternating +45°
and -45° with respect to the planar zig zag chain of the

(9)

sulphurs . The interaction of phenyl mw-orbkitals with
sulphur P-orbitals has been suggested to provide the delocal-
ized electronic system necessary for high conductivities in
the doped polymers. The oligomer calculations by Duke and

(10) and polymer calculations of Bredaseﬂ:al(ll)

Patron
support this view. The introduction of methylene linkages
(as an unbridged 1ink in the polymer backbone) is known to
dramatically decrease observed conductivities for the doped
polymers. For example the replacement of chain chalcoqens
with methylene in poly(p-phenylene sulphide) or poly(p-
phenylene oxide) reduces the electrical conductivity for the
AsF5 doped polymer from 1 and 10-353351 respectively, to

7 1. This change in backbone structure

(11)

less than 10 ' Scm

(supported by Bredas theoretical calculations ) increases
the ionisation potential of the polymer and also interrupts
electronic delocalization thus explaining the observed

conductivity results,



A B (A, | (B), | (aB) | (aB,),
HC=CH CeH, 1200 500 3
CeHy CgH,S 500 1 0.3 0.02
CgH,S CgH 40 1 102 et L s

1) for unoriented

(5)

Table 1 Observed conductivities (Scm

Ast - doped polymers and copolymers

As shown in Table 1, homogeneous chain structures appear to
give complexes with higher conductivities. Regular copolymers
are observed to dope to lower conductivities than do homo-
polymers containing any one of the constituent chain elements.
An exception to this correlation might occur where copoly-
merization removes steric hindrances to planarity which are
present in one of the homopolymers. Also if one of the chain
elements interrupts electronic connectivity in the polymer
backbone, the copolymer complex might have a higher conduct-
ivity than the homopolymer having these linkages. Al though
this relationship cannot be generalized , the correlation
suggested by the data in Table 1 provides a useful guidance
for synthetic efforts aimed at optimizing electrical
conductivity. The importance of the homogeneity of the
backbone cannot be over emphasized since chemical hetero-
geneity can yield carrier localization on the chain unit
which provides the lowest potential for holes (or electrons
in the case of donor doping). This has been confirmed by

Bredas et al(ll)

quantum chemical calculations which
demonstrate the link between the homogeneous character of

the polymer backbone and the width of the highest occupied
-



m -band. The width of the m-bands can be related to the
degree of delocalization of the =m-system along the polymer
backbone and to some extent to the mobility of the carriers
in these bands. The Bredas calculations showed that the band
width of the highest occupied band for poly(p-phenyleneviny-
lene) is about 2.8 eV (ionisation potential 5.1 eV), while for
the constitutive homogeneous polymers, polyacetylene and
poly(p-phenylene), the values are 6.5eV (I.P. 4.7 eV) and

3.5eV(I.P. 5.6 eV) respectively.

f 'Simple' Complexes: Dopants generally function'
as either simple electron acceptors or donors for polymer
chains. For example the alkali metal doping of polyacetylene
and poly(p-phenylene). It was also another Bredas calculation
on undoped and lithium doped trans-polyacetylene that
provided insight into the effect of polymer-dopant interact-
ion on backbone geometry. Their calculations suggested that
even modest charge transfer drastically alters chain
geometry and as a result electronic structure, and therefore
cast doubt on the detailed use of rigid band structure
models in the study of polymer—dobed interactions.

(12)

Crystallographic data on biphenyl and biphenyl radical

anions(13’14)

has been used to estimate structure changes
during doping of poly(p-phenylene) with alkali metals. These
changes are in the direction depicted for an increased

admixture of the quinoidal resonance form:



The bonds parallel to the chain direction (bonds 'a' and 'c')
shorten and bonds inclined to this direction elongate in
forming the biphenyl anion. While bonds 'a' and 'b’' are
nearly equal in the neutral species ('b‘'-'a‘' = 0.008 A), the
bonds differ by about 0.05A in the anion. Bonds 'b' and ‘c'
in the neutral spgcies, which differ by about the same

amount as do adjacent bonds in polyacetyiene (lotath = 0.102)
become nearly equal in the anion ('c'='b' = 0.008A). The bi-
phenyl anion is non-planar in sodium triglyme complex and in
a rubidium tetraglyme complex with rotation angles between
phenyls are 7.2° and 9.4° as compared with 10.2° for the

(12). The anion is planar (or disordered)in

neutral species
potassium tetraglyme . Concentration of alkali metal in these
biphenyl complexes (two phenyls per metal atom) nearly

equals the highest obsefved sodium concentration in poly(p-
phenylene), (C6 PAL )353). By extrapolating the biphenyl
results to poly(p-phenylene), it would be expected that the

maximum bond-length difference in this polymer be approx-

imately halved upon doping.

Halogen-doped polyacetylene also provides conducting
systems that can be viewed as 'simple' charge-transfer
complex. Raman, U.V.,, photoelectron and mass spectroscopy
have all demonstrated the existence of I; and I species
for iodine-doped polyacetylene, Brg for bromine-doped

polyacetylene, and Clg for chlorine doped polyacetylene.

ASF5—doped poly(p-phenylene) is also another example of a
'simple' acceptor-doped charge-transfer complex. Hall co-
efficient measurements at high dopant level are consistent

==



with about one hole carrier per dopant molecule(4). The

only irreversible chemical modification that is observed on
doping is an increase of molecular weight via para coupling

of polymer chain ends and corresponding loss of hydrogen.

Covalent Bond Formation During Doping: Another important

class of conducting polymers is comprised of those that
undergo irreversible chemical modification during doping.
In some cases this chemical modification provides a more
extended conjugated structure, with corresponding reduction
in ionisation potential and increase in 7Z~band widths. In
other cases this reaction interrupts conjugation and corres-
pondingly limits conductivity of the complexes. The doping

- of polyphenylene with 503 from oleum provides an example
where side reactions can occur to decrease the obtainable
conductivity. I.R spectra of the polymer after doping
suggested that there are three competing reactions. In the
first case a conductive charge transfer complex is formed
(b et Scm_l). This complex involves charge-transfer between
a polymeric cationic species and a dopant anion. In the
second case the 803 reacts directly with the polymer back-

bone to form a sulphonic acid group (A).

. O-0-0-0
Qasﬁp
. ©O<O<0~0

(Chemical modification of PPP induced by high temperature .

doping with 503 )



The attachment of sulphonic acid groups leads to a soluble,
non-conductive material. The third type of chemical

modification (B) results after addition of a second SO, to

3
an attached sulphonic acid group, followed by reaction with
the neighbouring phenyl and liberation of HZSO4.

Formation of Molecular Aggregates: There is hardly any

experimental data available in the literature to show the
relationship between electrical properties and supramolecular
organisation. The enormous complexity of polymer structures
poses the key problem. For example; the presence of folded, -
coiled or extended chains, segregated or non-segregated chain
ends, intercrystallite tie molecules, and amorph;us_regions
can affect microscopic electronic connectivity and the whole

host of electronic properties.

Macroscopic d.c. conductivity measurements can be affected
by such features, as well as by features which can occur
from micro-to millimeter scales, such as spherulitic or
fibre-like morphologies. All currently investigated polymers
that can be doped to high conductivity levels are unfortun-
ately, grossly inhomogeneous. Crystalline and amorphous
regions of the undoped polymers can have different ionisat-
ion potentials, different electron affinities, different
trap and scattering centre characteristics and concentration
and different dopant diffusion coefficients. Likewise the
equilibrium dopant concentration and the dopant concentrat-
ion at which the semi-conductor-metal transition occurs can
reasonably be expected to depend upon differing states of
order in different regions of the polymer. The inhomogeneity

=0



of the parent polymer could be replicated to a greater or
lesser extent in the doped polymers. Measured properties
would then be influenced by the composite structure.. For
example the often observed non-metallic temperature
dependence of bulk d.c. conductivity for highly conducting
doped polymers might commonly reflect the dominance of inter-
phase and interparticle resistivities. There is generally an
increase in conductivity for déped polymers with increasing
perfection of the precursor polymer. However it is not true
that three-dimensional crystallinity is a necessary pre-
requisite for obtaining highly conducting complexes

2seml). High-angle x-ray diffraction measurements

(g > 10"
indicate no significant long range three-dimensional order
for AsFg doped poly(p-phenylene sulphide)(s’ls) despite the
high conductivity observed (1.5:&?1). Conductivity differences
have been observed upon ASFS*doping of poly(p-phenylene)
prepared with different synthetic methods, but no obvious
correlation was made between conductivity and crystallinity
of the precursor, undoped polymer. Comparable conductivity

values have been obtained for the doping of either amorphous

or crystalline poly(p-phenylene sulphide).

Areas of Application for Conducting Polymers: Although there

still remain enormous potential areas for the application of
conducting polymers, they have been employed successfully in
low current circuitry systems, electromagnetic and electro-
static shieldings, batteries, stabilized electrodes, semi-

conductor devices and in solar cells, etc.

Perhaps the most important application of conducting polymer

o



systems to date is the use of poly(N-vinyl carbazole), PVK
in the electroreprographic industry. In Xerography, for
instance, the surface of a drum, coated with a photoconduc-
tive material, is first uniformly charged by a corona and
then exposed to a bright image of the item to be copied.
Where the light falls, the charge leaks away to the under-
lying earthed, metal drum. The remaining charged, originally
dark,areas are able to attract the dry ink or toner for
transfer to the copy paper. Amorphous selenium used to be
the photoconductive material on the drum, but now PVK is
also used extensively, It has an added advantage in
toughness and is easy to fabricate. PVK complexes are

discussed further in Chapter (VI).
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CHAPTER 2

POLY ( P-PHENYLENES) (PPP)

The polyphenyls comprise a series of hydrocarbons of the
general formula Cn Hn-Z(N-l)’ where n is the number of
carbon atoms and N is the number of phenyl nuclei. However,
it is the aromatic hydrocarbons in the p-polyphenyl

( @ @ n ) series which have attracted considerable
attention because of their good thermal stability, high

melting points, insolubility, electronic configuration and

their use as moderators in nuclear reactors.

Previously, the individual, higher, isolable p-poiyphenyls
have usually been prepared by classical methods, such as
Ullman coupling, the Fittig reaction, or Grignard synthesis.
These routes however, suffer from one or more of the follow-
ing limitations; very low yields, necessity for drastic
conditions, tedious purifications, difficulties in
reproducing results, multistep synthesis from the aromatic
hyrocarbon precursor, and the formation of gross mixtures
due to competing reactions. For example in the Ullman
synthesis of p-sexiphenyl from 4-iodo-p-terphenyl and silver

(16)

powder at 330°C, Pummerer and Bittner remarked on the

difficulty of effecting condensation, and subsequently
applied the method to a mixture of 4-iodobiphenyl, 4,4~
diiodobiphenyl and copper powder which provided a 25% yield

based upon the iodo-aromatics(l7). In a modified version,

Kuhn(ls)

obtained p-sexiphenyl by zinc-acetic acid reduction
of the product derived from 4,4'- diiodobiphenyl and copper.

2l D



(19)

Nozakli and co-workers also investigated the Ullman
procedure with 4-iodo-p-terphenyl and reported a 10% yield
based upon the p-terphenyl precursor in this multistep
synthesis. In connection with their studies of p-polyphenyls
and the corresponding methylated derivatives, Kern and

Wirth(zo)

utilized the Ullman and Grignard reactions for
preparative purposes. In addition the catalytic reduction of
p-dibromobenzene in the presence of methanol afforded a
gross mixture from which p-sexiphenyl was isolated in only

0.7% yieia(?l)

. P-quarterphenyl was also conveniently
prepared from 4-bromo or 4-iodo-biphenyl, magnesium, and
cupric chloride by a method described by Krizewsky and

Turner(zz)

for the production of biphenyl from magnesium
phenyl halide. It has also been obtained by the pyrolysis
of biphenyl; the yield however was very low, with a consid-
erable formation of carbon, and the product contaminated

with isomeric quaterphenyl and octaphenyl.

Poly(p-phenylenes)are however now available commercially
due to an easy preparative route pioneered by Kovacic and

co~workers(23). Marvel and Hartzell(24)

were the first to
obtain the impure polymer by the chloranil oxidation of
poly-1,3-cyclohexadiene prepared by Ziegler polymerisation.

(23) that

It was however, the works of Kovacic et al
constituted the first case wherein an aromatic monomer
functioned in a well defined polymerization leading to homo-
polymer. They converted benzene to p-polyphenyl in Lewis
acid-catalyst oxidant systems such as ferric chloride,
molybdenum pentachloride and aluminium chloride-cupric

Chloride(ZS).

-13-



The C.H -Al1Cl,-CuCl, System According to Kovacic.

Poly(p-phenylenes) may be readily prepared.by the treatment of
benzene with aluminium chloride-cupric chloride under mild

conditions according to Kovacic as shown by equation (2.1)

nC Hg+(2n-2)cuct,— (OXO) +(2n-2)CuCl+(2n-2)HCl (2.9
A |

2.01
Mechanism of the Polymerization.

Initiation

Three modes of initiation have been proposed, namely

cationic, radical cationic, and radical. The possible

(25)

involvement of a sigma complex is depicted in equations

2.2 and Z.3.

AlCl. + HX — H~ (A1C13x)' , (2.2)

3

where X is a halogen.

+

CgHy —— @ (2.3}
I

This approach is analogous to that generally accepted for

the cationic polymerisation of olefines catalysed by metal

(26)

halides . The importance of the Lewis acid catalyst was

demonstrated in the aluminium chloride-cupric chloride system

(27)

by a control experiment . The possible intermediacy of

radical cations was first advanced by Kovacic and Koch(23),

and subsequently favoured by Mano and Alvestza)

. This path-
way involves loss of an electron from the M-cloud of

benzene (equation 2.4).

@ = (2.4)

31
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With AlCl;-CuCl,, the electron acceptor would be CuCl, or
a CuClz—AlCl3 complex. Of interest is the observation by

Ruwana and co—-workers( 23 )

that electro-oxidation of benzene
vields mixed polyphenylenes via a radical cation. Initiation

by phenyl radicals obtained by deprotonation of initially

formed radical cations was suggested by Mano and Alves(zs)
(equation 2.5).
+
_H 1
P T

IIT
Elimination of a ring proton from a radical cation in
sufficiently basic media has been noted in the prior

1iterature(29).

Propagation

Several modes of propagation for the benzene polymerisation

by AlC1l vCuClz have been advanced by several investigators.

3
Kovacic and co-workers proposed a cationic pathway which
could involve either the Sigma Complex, I, or the radical

(27)

cation, II , from the initiation step. Propagation by

these moities are shown in equations 2.6 and 2.7.

| nCH,
>@> * CoHg — m ————> polymer (2.6)
Iv

I

- C6H6—-—~) %—)POIWEI (2.?)
A%

o 5 5

Further chain extension with 'V' is then believed to proceed

via the positive end of the species.

] S



In marked disagreement, Mano and Alves(zs) proposed a
different method of propagation entailing radical entities.

Their concepts are depicted in equations 2.8 and 2.9.

- @ Sl ﬂ) Polymer (2ed)

Tl A"

@ + @' L S n---——---)cf’l-l6 Polymer (2.9)
B VI '

Species II and III are obtained from the initiation step.
Their mechanism entails the radical end of structure V as

the propagating species.

Regardless of the polymerization mechanism, radical or
cationic, one point of agreement(zs’zs)is that propagation
leads to structures, such as VII, which are subsequently
oxidized to poly(p-phenylene).

A

WLt

Kovacic and Kyriakis(27) noted that the exact stage at which
rearomatization occurs is unknown. Presumably restoration of
an aromatic nucleus at some point in VII, prevents reversal

(28)

of the propagation step. Mano and Alves concluded from
their studies that rapid chain extension to VII occurs before
appreciable oxidation.

(30)

Kovacic and Engstrom carried out further work with the

aim of determining whether a cationic or radical pathway was
—16=



involved in the propagation step in the polymerization of
benzene. The work was based on the differences in
reactivity of the propagating species with aromatic sub-
strates containing substituents. Their key reference point
comprised the known relative rates of reaction for radicals
and electrophiles toward substituted aromatic nuclei. For
example, the relative rates, 'K' haloarene/ 'K' benzene

(31) (32) increases

in radical phenylation and cyclohexylation
from chlorobenzene, o - and p-dichlorobenzene, and 1,3,5
trichlorobenzene with the increase in degree of substitution.

(33,34) shows a

In contrast electrophilic substitution
decrease in relative rates as the number of chlorine substit-
uents increases. It is for this reason that Kovacic and
Engstrom carried out polymerisation of equimolar mixtures of
benzene and haloarene under standard conditions. It was
expected that a growing end which is radical in character
would yield a polymer containing appreciable amounts of
chlorinated monomer and the degree of incorporation in the
copolymer would be predicted to increase in the order

G H.Cl'wiog « and p=C_H . Cl. =< 1,3,5 =« C_H.CIL If the

655 674772 639"
propagating species is cationic, the resulting copolymer
would be composed almost exclusively of benzene monomer,
with relatively small quantities of haloarene, and the degree
of participation would be expected to follow the trend,

l53aD~ @ H Cl3 <0 - and p - C6H4C12 e CEHEA

6 3 65

Poly(p-phenylene) prepared in neat benzene contains small

amounts of chlorine (2.7 - 3.3%) as has been shown(35)

by
elemental analysis: C, 88.7-92.6%; H, 4.9-5.3%; and Cl1, 1.6-
4,.8%. The polymer also contains about 14-16 phenyl units per

=17~



Cl atom and a C/(H+Cl) ratio of 1.46-1.51. It also shows
characteristic infra-red band n;804c351 indicative of

para substitution. These data fit into a consistent pattern
strongly supporting propagation by an electrophilic entity.

Kovacic and Engstrom(ao)

found that analytical figures for
the polymers obtained in their mixed system were very close
to those for the product formed with benzene alone, indicat-
ing a strong preference by the growing end for the benzene
monomer. Microanalysis ahd C/(H+Cl) ratios for the product
formed in presence of o- and p- dichlorobenzene and 1,3,5-
trichlorobenzene were virtually identical to those obtained
from the poly(p-phenylene) produced in the standard
polymerization (no haloarene) demonstrating that these
highly deactivated aromatics are being incorporated in
negligible quantities. These workers further observed that
I.R. spectrum of poly(p-phenylene) (prepared from neat
benzene) which exhibits the following absorptions: 695 and
765 cm L (monosubstitution from end groups), 804-807 cm *
(strongest band, parasubstitution from the repeating units),

1000, 1400 and 1480 cm '

were indistinguishable from spectra
of polymer prepared in presence of haloarenes, and therefore
verified the conclusions drawn from the microanalysis as to

the identity and composition of the polymers.

2.02 The Oxygen Effect (Radical Trapping)

The use of scavengers, such as oxygen, to inhibit free-

radical reactions in selution is well documented(as_aa).

Most carbon radicals react rapidly with oxXygen to yield

(39)

which are relatively unreactive in
SR

peroxy radicals



relation to the chain sequence. The combination of alkyl

radicals with oxygen has been shown to occur with a rate

constant of approximately 108-1010

(37)

1/mol-sec, approaching
diffusion control « In the polymerization of styrene,
interception occurs 2.5x105 times faster than chain

propagation(39)

. If a species known to react rapidly with
radicals affect the rate of reaction, it is a good indication
that radicals are involved. Depending on the particular
system and the fate of the peroxy radicals produced, such
trapping of free radicals may result in rate retardation or
complete inhibition. It is for this reason that Kovacic and

Engstrom(30)

studied the effect of 0, on the polymerization
system to strengthen their claim regarding the nature of the

propagating species.

The effect of oxygen on the polymerization of benzene in the
lewis acid - oxidant system has been determined principally
by two sets of workers, but with conflicting results.

(40)

Kovacic and Wu » using ferric chloride as a combined
catalyst and oxidant, found no noticeable difference between
polymerizations carried out under nitrogen and those perfor-
med with oxygen continuously bubbled through the reaction
(28)

mixture. In sharp contrast, Mano and Alves investigating
the aluminium chloride-cupric chloride system, noted a
retardation of the polymerizaﬁion as a result of the presence
of oxygen. The insensitivity of the ferric chloride system
suggested therefore a characteristic of a non-radical
propagating species, such as IV (equation 2.6) and the
inhibition reported for the AlCl,-CuCl, was used to support

the claim of an involvement of a cyclohexadienyl type

-19-



radical VI (equation 2.9) as the growing entity.

In order to gain further insight into the nature of the
propagating moiety and to resolve the discrepancy, Kovacic

and Engstrom(BO)

carried out a check on the findings of Mano
and Alves by polymerizing benzene in a standard system under
nitrogen and oxygen atmospheres. They monitored the progress
of the reaction by titrating the evolved hydrogen chloride
gas with standard caustic soda. The method was based on the
stoichiometry of equation 2.1. They found a plot of hydrogen
chloride gas evolved against time for the nitrogen run
identical to the plot for the oxygen run. They also found a
further evidence for the iack of participation by oxygen in
the early stages of the reaction, where no retardation or
inhibition was evident. Some types of chain terminators
produce prolonged induction periods after which reaction

(36). In addition, they did

proceeds at the uninhibited rate
not observe any significant decrease in product yield as
compared with the 23% decrease from the presence of oxygen
observed by Mano and Alves. Based on the negligible effect
of oxygen on product yield and hydrogen chloride evolution
in their work, Kovacic and Engstrom further suggésted that
it is unlikely that radicals are involved in the propagation

as set forth by Mano and Alves. This data also supports

their earlier conclusions from the ferric chloride reaction.

2,03 Decomposition of Benzoyl Peroxide in Benzene-

Cupric Chloride

Kovacic and Engstrom went further and argued that if the

- 20 =



Mano-Alves mechanism was valid, then generation of phenyl
radicals by alternate, unequivocal means in the presence of
benzene and cupric chloride should give rise to poly(p-
phenylene). Thermal decomposition of benzoyl peroxide in
benzene has long been an important source of phenyl radicals
which have been intensively studied in homolytic aromatic

(31,39)

substitution . The overall process in dilute benzene

has been summarised according to equation (2.10) by De Tar

and co—workers(4l).

+ + (; other products(2.10)

VIILE

The major products in the reaction being benzoic acid and
biphenyl, together with a great deal of higher molecular
weight material from which quarterphenyl and tetrahydro-
quarterphenyls have been isolated in low yields. The biphenyl
is obtained from the intermediate phenylcyclohexadienyl
radical VI, identical to the proposed propagating species

in the polymerization of benzene. The higher molecular
weight material is the result of side reactions involving

dimerization of VI.

Decomposition of benzoyl peroxide in benzene with cupric-
chloride was then performed by Kovacic and Engstrom. Their
results indicated an increase in benzoic acid and biphenyl
at the expense of the higher molecular weight dimerization
products. In addition, no polyphenylene was detected in the
small amount of residue obtained after work up. They there-
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fore suggested that the absence of poly(p-phenylene) in the
decomposition products was unexpected if VI was involved in
propagation. The increase in biphenyl and the resultant
disappearance of higher molecular weight products observed
by Kovacic and Engstrom was attributed to oxidation of the
intermediate phenylcyclohexadienyl radicals 'VI' by cupric
chloride. They explained the effect of cupric chloride on
their reaction by the well known behaviour of Cu(ll) salts
towards free radicals. Cupric ions have been shown to
function as an efficient trap through oxidation of the

(37,42,43)

intermediate radicals . With certain carbon radicals

cupric halides accomplish this primarily through ligand

transfer resulting in excellent yields of halogenated sub-_

strates(44’45)

og(36)

and this type of reaction has been determin-
to occur extremely rapidly in the case of sec.-butyl

radicals K = 108

1/mol sec. These workers concluded that the
absence of poly(p-phenylenes) among the products in the
presence of Cu012 sheds serious doubt on the ability of
phenyl radicals to initiate the polymerization of benzene.
Their result was further confirmed by the works of Hey and

(46) on the thermal decomposition of benzoyl

co-workers
peroxide in benzene with cupric benzoate and copper bronze.
The terminating effect of Cu(ll) ion on intermediate 'VI'
produced in dilute solution employed by Hey et al produced
even more dramatic results. Biphenyl accounts nearly
quantitatively for the phenyl radicals produced. It was also
significant, they noted, that other oxidants employed in the
Lewis acid-oxidant system display similar behaviour toward
free-radicals. Ferric chloride, chloranil, benzoquinone and

nitrogen-dioxide all function as oxidants leading to the

=P



production of material resembling poly(p-phenylene).

It is now generally accepted from these findings that a
radical species, as proposed by Mano and Alves, would be
incapable of propagation in a system containing such
efficient radical traps as cupric chloride, ferric chloride,
p-benzoquinone, chloranil or nitrogen dioxide, since rapid
termination would be expected. The designation of the poly-

merization as oxidative cationic is now most favoured.

A puzzling aspect though, of the proposed polymerization
pathway (oxidative cationic) is that propagation occures
rather than rearomatization by proton loss. The rearomatizat-
ion reaction is energetically favoured in almost 100% of the
cases for simple aromatic substrates. Kovacic et al(49)
suggested that a modifying feature may be the presence of
electron density in the unsaturated ring adjacent to the
complex. They examined a model of the propagating end (IX
anle) which indicates stereochemical feasibility of inter-

action between the somewhat acidic Sp3 hydrogen of the

complex and the #m-orbitals of the neighbouring diene.

IX X

Co-ordination in this manner could thus render loss of a

proton more difficult.
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2.04 Determination of Molecular Weight

The extreme insolubility of poly(p-phenylene) has made the
determination of its accurate molecular weight almost
impossible. Apprdximate determination: of its molecular
weight has however, been obtained from elemental analysis,
I.R.spectroscopy, soluble derivatives and catalytically

hydrogenated products.

Elemental analysis: Theoretically, the data from elemental

analysis could provide information pertinent to the molecular
weight problem. For example the C/H atomic ratio varies from
1.285 for p-terphenyl to a limiting value of 1.5 for an
infinitely long poly(p-phenylene) chain. Practically, this
approach has serious limitations, considering that a poly-
phenylene of quite low molecular weight (n = 20) posseses a
C/H value = 1.46 which is experimentally indistinguishable
from the limiting value. This approach is further complicated
by the fact that all polyphenylenes contain chlorine usually
in small amounts and therefore, the C/H ratio for the parent
hydrocarbon is better obtained from the expression C/(H+ Cl),
assuming that chlorine is introduced by replacement of

hydrogen.

I.R. Spectroscopic analysis: Approximate indications of

relative molecular weights in the polyphenylene series have
been obtained from the ratio of intensity (para band) to
intensity (mono band) in their I.R. spectra. The oligo - and

polyphenylenes exhibit characteristic I.R. absorptions

1

corresponding to parasubstitution (800-840 cm =, arising from
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internal phenylene rings) and monosubstitution (730-770(351

and 690~710tufl, arising from the end phenyl units).

){47’48) of the

Quantitative analysis (base line technique
absorption values for the para and mono bands of quaterphenyl,
quinquephenyl and sexiphenyl yvielded a linear relationship
between the ratio of para/ (¥ mono) and the number of rings.
As the molecular weight increases, this ratio becomes larger.
A regression analysis of the data for the first three
compounds (quarterphenyl, quinquephenyl and sexiphenyl)
produced a value of '9' rings for poly(p-phenylene), #hich

is in good agreement with the average value (n=8) observed
from GPC of hfdrogenated PPP and slightly more than one-half
the 'n' value determined for alkylated PPP(49). Caution must‘
however, be exercised in interpreting the I.R. data. From

(35), chlorine (1-2%) and oxygen (1-2%)

elemental analysis
are known to be present in PPP prepared by standard methods.
Substitution along the polymer backbone would alter the infra-
red spectrum, decreasing the intensity of the para band
relative to the mono bands. There is also the possibility of
the presence of non-aromatic rings in the polymer chain.
Structural irregularities such as p-quinoid or cyclohexadiene
units, arising from incomplete oxidation have been used to

(48). The interruption of

rationalize the brown colour
con jugation would have an effect on the spectral results and
therefore the values of 'n' obtained from I.R. data should
probably be considered at least a lower 1limit for the degree
of polymerisation. Also, the position of the para band in
oligo(p-phenylenes) is known to shift to a lower wave number
as the number of units increases in the p-poly(p-phenylene)

(27 and the shift is also known to decrease with

-25-
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increasing molecular weight. The shift in the para band
position provide a reasonable comparison of the lower
molecular weight polymers and PPP which differ widely in

molecular weight.

Soluble derivatives: Sulphonated derivative of PPP for

molecular weight determination was first attempted by

(49) but the undesirable features of

Kovacic and co-workers
drastic reaction conditions (concentrated H,S0, at 264°¢c for
24 hours) and the presence of both highly polar and non-

polar moieties in the end product induced them to pursue an

alternate course, namely Friedel-crafts alkylation.

The solubility of the alkylated polymer is enhanced for two
reasons: a decrease in the regularity (non-planarity of the
nuclei and presence of side chains) and introduction of

solubilizing alkyl moieties.

2.05 Alkylation of Poly(P-Phenylene) .

Kovacic and co-workers carried out a successful alkylation
of the polymer with n-propyl bromide, n-propyl chloride and
isopropyl bromide. They also unsuccessfully attempted to
alkylate the polymer with ethyl bromide, n-butyl bromide,
4-methyl-l-pentene and 4-methyl-2-bromopentene.

(49): In

n-propyl bromide or n-propyl chloride alkylation

this method, crude PPP (3-5g) was placed in a 100ml, three-
necked, round-bottomed flask equipped with thermometer and

condenser with CaCl, drying tube. Excess n-propyl halide
=06 =



(50ml) was added with stirring, and the suspension was
heated to reflux (4606 for chloride, 66°C for bromide) for
24 hours. After addition of 18% HCl1 (50ml), the mixture was
filtered to yield a black, tarry mass. Repeated extraction
with acetone provides a light golden-tan powder which was
then treated with boiling 18% HC1l and boiling water. The
solid was then dried overnight at 110%@. A typically recov-
ered weight is 300%. The material does not melt at elevated
temperatures. Infrared spectrum of the sample (KBr pellet)
indicates absorptions at 2950, 1450, 1360 (gem-dimethyl),

1

1060 and 890 cm ~. The diffuse reflectance visible spectrum

had a Amax 360 nm.

Calculated elemental analysis for (018H28)n 1 E,88.52%;
H.’ 11.48%.
Found: C, 88.68%; H, 9.79%.

(49)

Isopropyl bromide alkylation: In this method, purified

PPP (0.08 g) and anhydrous AlClq (1.5g) were placed in a
three-necked round-bottomed flask equipped with thermometer
and condenser with CaCl, drying tube. Excess isopropyl brom-
ide (20 ml) was added with stirring, and the suspension was
heated at reflux (SQOC) for 24 hours. Work up as in the
preceding sections, yielded 0.14g (172% recovered weight)

of light brown powder. The I.R. spectrum (KBr pellet) of the
product exhibited bands at 1950, 1460, 1360, 1060, 875 and

805 cm L.

Calculated elemental analysis for (C21H26)n= C,90.65%;

H;9,35%. Found ¢ C,90.15%; H,9.23%.
iy



These I.R. spectral studies of the alkylated polymers

suggest the structure 'XI' with the occurrence of

R

O

XI

disubstitution on opposite sides of the ring. Substitution
beyond the stage shown in XI was considered unlikely. Steric
hindrance to nuclear attack on XI by another alkyl moiety
would be great. Also by analogy, according to prior invest-
igations, alkylation of p-Xylene with alkenes under a
variety of conditions yielded mono and dialkylated material,
but no tri or tetra alkylated derivatives(so). Kovacic et al
then determined the number average molecular weight 'Mn' of
their alkylated polymer (XI) by vapour phase osmometry and

found a value of 3755. This corresponded to an average of 15

aromatic units.

2.06 Catalytic Hydrogenation of Poly(P-Phenylene)

(51)

Kovacic and Durham carried out the catalytic hydrogen-

ation of PPP, thereby forming a completely reduced, soluble

product containing 1,4-cyclohexylene (1,4-cyclohexadienyl)

O = K

XII

(XII) units.
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The following method was adapted by these workers for the

catalytic hydrogenation.

A 500ml rocker-type high-pressure ‘parn bomb was charged

with the polymer (1 g), catalyst (or polymer with deposited
catalyst), cyclohexane (iSOnﬂ), and glass beads to aid in
mixing. After hydrogen was introduced to the desired pressure
the bomb was rocked at 193-200° to ensure thorough mixing.
After the readtion, the mixture was filtered, and the solid
was washed well with the solvent used in the reduction.
Further extraction of the insoluble material with hot

benzene gave negligible amounts of soluble product. The
combined dried cyclohexane filtrate was freed of solvent
under reduced pressure. The residue was dissolved in the
minimum amount of benzene at room temperature and then
precipitated by addition of methanol. After the suspension
was centrifuged and the liquid decanted, the procedure was
repeated five times. The resultant white powder was dried
under vacuum overnight. The product softened slightly at 135°%

and melted at 180-210°C.

Calculated elemental analysis for (C6H10)n= C, 87-7%;

H, 12.29%. Found: C, 85.04%; H, 12.22%.

Molecular weight determination of the hydrogenated polymer
'XII' using Waters gel-permeation chromatograph (model 200)
equipped with three Styrogel Columns (900, 400, 45 R) and
employing perhydro-p-sexiphenyl (0.1% in THF) as standard
demonstrated that the average number of cyclohexane units

per chain was 7.5, with a maximum of 16 and a minimum of 4.
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These workers also ran a gas chromatography of crude 'XII'
(6 ft x% in column, 30% SE-30 on 45-60 mesh chromosorb W(AW),
190°C, 48 ml/min) and observed the presence of a small amount
of dicyclohexyl (retention time, 9.0min) and a higher
molecular weight component (retention time 11.5min). These
results compare favourably with the data obtained from the

vapour phase osmometry.

Although the molecular weight of poly(p-phenylene) remains
unknown, the study of the alkylated and hydrogenated
polymers by Kovacic and co-workers has shown that the

polymer contains chains at least 16 phenyl units in length.

2.07 Control of Molecular Weight (Solvent effect)

The molecular weight of PPP prepared by reaction of benzene
with AlCl,-CuCl, in different kinds of solvent was found to
vary with the nature of solvent, concentration of solution

and to some extent the reaction temperature. Kovacic and

Li-Chen HSU(48)

carried out a detailed study of such effects.
They found a good agreement among solubility, infrared and
reflectance analysis in relation to the relative changes in
molecular weight. They noted the following extremes:
Solubility in chloroform (2.2-20%), infrared para-band
position (801-804 cmi ') and reflectance Amax (395-385cml).

They also found the following order of effectiveness of the

solvents in reducing molecular weight: 0—C6H4C12 ol 2 .4

> E-H-s

CeH3Cly > p-C.H,Cl, > TiCl, > SnCl, 6He

A good correlation has also been found to exist between

=30~



increasing diglectric constant and increasing effectiveness
of solvent in decreasing molecular weight. The following
order of effectiveness in reducing molecular weight was
observed: O-C6H4C12 > 1,2,4-C6H3C13 > SnCl4 > C82:> C6H6
which have dielectric constants of 7.5, 3.98, 2.87, 2.64

and 2.28 respectively. A further rationalisation of the
effect of aromatic solvents on polymerisation_was also
attempted using the observation that '7' and 'n’ complexegSB)
might so deactivate the growing end that the rate of

propagation decreases and termination by proton loss

assumes a more favoured status.

2.08 The Lewis Acid - Catalyst-Oxidant Systems:

Having established the process, Kovacic and Hsu(48)

proceeded with a series of investigations to define the scope
of benzene polymerization in the system benzene-Lewis acid
catalyst oxidant. In particular, they carried out an

exhaustive study of the reactions, benzene-A1Cl -CuCl, to

3
determine the effect of water, cuprous chloride and the
variation in catalyst-oxidant ratio on polymer vield. In a

(40) evidence was

previous investigation by Kovacic and Wu
found in benzene-ferric chloride reactions for co-catalysis
by Bronsted acids such as water, acetic acid and nitro
ethane. Bearing this observation in mind, Kovacic and Hsu
undertook an investigation of water as a potential co-catal-
yst in the A1C13-CuC12 system. They observed that polymer
yield varied inversely with the amount of water added to the

system and suggested a rather plausible interpretation for

their observation. This involves the destruction of aluminium
-31-



chloride by hydrolysis on the assumption that large quantit-
ies of catalysts were required for high yields. Another
suggestion was that some water was consumed in a chain
termination reaction which was in keeping with the small
amounts of oxygen in the polymers. However, there was no
simple correlation which was apparent entailing oxygen

content and the amount of added water.

A1C13—Cu012 molar ratio: These workers also investigated

the effect of variation in AlCl,;-CuCl, molar ratio at 30-
32°c for 2 hours and found that polymer yvield rose rapidly
with increasing molar ratio, reached a maximum at 2:1 and
then remained constant. This observation prompted them to
ask the question; why the necessity for large quantities of
catalyst? To find an answer to this question, they examined
the influence of initially added cuprous chloride to the
system and found very strikingly, no essential polymerization
occurred even at reflux temperature when cuprous chloride
and aluminium chloride were used in equimolar ratio. They
also found that at a CuCl,-Al1Cl; molar ratio of 1:2 the yield
was 39% and closely corresponded with a 35% yield obtained
with half this amount of aluminium chloride in the absence
of added cuprous chloride. These findings led them to

suggest that cuprous chloride generated during the course

of the CSHS—A1013-—CU.C12 reaction acts as a powerful inhibitor
by associating with aluminium chloride. The union apparently
results in a 1:1 complex which contains the aluminium
chloride in a catalytically inactive form. An examination

of benzene filtrate of the reaction mixture by the addition

of water to the dark green solution produced an exothermic

.



reaction resulting in evolution of acid fumes and precipit-
ation of copious quantities of cuprous chloride. They
suggested that since the salt itself is very insoluble in
benzene, their observation compellingly argues for the
presence of cuprous chloride in complex form. They obtained
confirmation from solubiiity measurements on cuprous chloride
and aluminium chloride individually (which were found to be
only slightly soluble < 3% in benzene) while a mixture
_containing equimolar quantities of the two salts dissolved
almost completely at room temperature with the formation of a

yvellow solution.

A further evidence for this complex formation was provided
by Amma and Turner(52) in a detailed x-ray analysis which
revealed that the compound was formed in the ratio 06H6-0u01-

A1C13 1:1:1 and possessed the structure 'XIII'.

G2 02
(?u-—Cl-Al-Cl-(ISu—Cl-Al-Cl
C6H6 CeHg

XIII

Kovacic and co-workers also observed that the polymerization
reaction was characterised by induction periods varying from
15 to 25 minutes when carried out in the absence of added
water. However, cuprous chloride virtually eliminated the
induction period when introduced in the ratio CuCl-AlCl, 1:2,
Thus cuprous chloride may function both as an inhibitor and
a promotor, and although the precise nature of the promoting
action is unknown, several conjectures were considered;

among which include:-
~33=



i) the cuprous chloride might be an efficient catalyst
at some stage in the reaction sequence; and
ii) that a cuprous-cupric complex comprises the actual

dehydrogenating agent.

2.09 Solid State Polymerisation

(57)

Recently, Banghman et al discovered a novel method for
the preparation of highly conducting poly(p-phenylene). The
method involved the simultaneous solid state polymerisation
and doping of p-phenylene oligomers (p-terphenyl,
p-quarterphenyl, p-quinquephenyl and p-hexaphenyl) by a
prolonged exposure of their AsFS—complexes to 400 torr AsFS.
This lead to a highly conducting charge transfer complex.
The polymer material prepared in this way, when compensated
with (CH3)20H and annealed to remove residual oligomer
resulted in a highly crystalline polymer. The x-ray diffrac-
tion studies of the annealed material unambiguously indicate
poly(p-phenylene). The discovery of the solid state
polymerisation in presence of Ast is particularly signific-
ant because it allows the use of the highly processible p-
phenylene oligomer as precursors to the insoluble, infusible
poly(p-phenylene). In this way, thin conducting films of
metallic poly(p-phenylene) can be prepared directly from
films of the oligomers, which have in turn been deposited
from the vapour phase or from solution. Alternatively chain-
oriented poly(p-phenylene) can be produced by reacting
single crystals or epitaxially grown films of the oligomer
with AsF.. Single crystal plates of terphenyl have been

5 '
reacted with AsF5 to form oriented poly(p-phenylene)
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complexed with ASFS. The oriented complex has been shown to
be optically polarizing and exhibits a strong conductivity

anisotropy.

2.10 PPP-Charge Transfer Complex and Electrical

Conductivity

Poly(p-phenylene) prepared by the Kovacic method is a good

2

insulator (o0<< 10~ scﬁqd. However, doping of the polymer

with Ast, NoBF , and lithium naphthalide increases its

4 X

conductivity markedly, and conductivities over 10~ sm~ for

doped polymer has been measured(B). The increase in
conductivity is due to the ability of PPP to form complexes
with both 'n' and p-type dopants. It has been shown that the
conductivity of the ‘pre-déped' polymer can further be

(54). For acceptor doping,

increased by electrochemical doping
the polymer electrode was maintained at a positive potential
with respect to a platinum counter electrode in an electro-
chemical cell. For example doping with PFg was accomplished
from a 0.5nxsolutionlof tetraethylammonium hexafluorophos-
phate in rigorously dried propylene carbonate. Conductivit-

1

ies of 50Scm -~ has been obtained in this manner with dopant

PFéﬂ Donor doping with lithium has also been done by
employing a counter electrode of lithium in a 0.5m solution
of lithium perchlorate in THF. The configuration itself
being an electrochemical cell and doping proceeds spontan-
eously when electrons are allowed to flow from the lithium
to the polymer through an external circuit. The doping

process corresponds to the discharge of the cell as shown in

equation (2.11).
=R



discharge - &
(C6H4)n + anLi (C6H4) Li LN e T T

R ——
charge n

Baughman et a1(57)

observed that the stoicheiometry 'a' in
equation (2.11) given for discharge varied from 0 to 0.5,

and that the cell has a rather low open circuit voltage with
a discharge characteristic extending from ca 0.9 to ca 0.4V,
The major portion of the discharge plateau was between 0.6
and 0.4 V. These workers further obtained a much higher volt-
age cell by combining an acceptor-doped polyphenylene cathode
with a lithium anode in an electrolyte composed of 1m LiAsF6
in a propylene carbonate. The cell reaction proceeds

according to equation (2.12) where they observed electro-

chemical doping levels up to a = 0.10.

discharge
+a - ¥ 5
(06H4) (ASFS)a _ + anLi (C6H4)n + anLiAsF.
n charge

{2:12)

During charge, the PPP was oxidised and the AsFé' anions

from the electrolyte enter the polymer to provide counter
ions for the positively charged polymeric cation. During
discharge these ions diffuse back into the electrolyte. Cells
using the salts LiBF4, LiPF6 and LiAsF6 have been constructed

(57)

by Baughman and co-workers and each displayed approxim-
ately the same open circuit voltage (OCV) vs lithium, 4.4V,
for a charge level corresponding to a=0.10. These workers
also constructed cells with alkali-metal doped PPP as an

anode and acceptor-doped PPP as a cathode and observed an

open circuit voltage of ca. 3.3V.
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Although solvent compatibility is still a problem area and
obviously requires further investigations, batteries
employing poly(p-phenylene) electrodes have been shown to
have a great potential since doped PPP exhibits many of the
attributes of the ideal electrode: high electronic conduct-
ivity, high ionic mobility, insolubility, structural

integrity and high voltage.
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CHAPTER 3

EXPERIMENTAL METHODS

.01 Introduction

The measurement of dielectric permittivity and electrically
induced optical birefringence (Kerr effect) forms the main
basis of this work. The apparatus and techniques employed to

facilitate these measurements are described in this chapter.

The phencmenon of electrical double-refraction discovered by
John Kerr whilst studying glasses is known as the electro-
optical Kerr effect. If a transparent isotropic substance

is placed in a uniform static electric field it becomes
optically anisotropic and doubly refracting. In liquids this
is due to the orientation and ﬁolarisation of the molecules
brought about by coupling of the electric field with their
induced and permanent dipole moments. Although the tendency
to orientate in the applied electric field is opposed by
thermal motions, a steady state will exist for a given
temperature and electric field strength. if the molecules
are not perfectly symmetrical, a difference in the velocity
of 1light and hence refractive index in the directions
parallel and perpendicular to the electric field will be
observed. Thus, if a molecule is electrically anisotropic

at low frequencies, then it usually follows that the molecule
will exhibit optical anisotropy. A more detailed description

of the theory is given in Appendix 1.
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The measurement and interpretation of the anisotropy of
polarizability which is sensitively dependent on bond type,
molecular structure, conformation and morphology (for solids)
forms the analytical basis of the electro-optical Kerr

effect.

Gans(58) was the first to realise the relationship between
Kerr constant and the magnitude of the optical anisotropy
of a molecule. His discovery then led to the first use of
the Kerr ‘effect as a powerful investigative technique for
molecular behaviour. Since then, equations
relating macroscopic phenomena of refractivity, light
scattering, dielectric polarization to molecular properties
(59,60)

have been developed . The Kerr effect is now used

widely in the study of macromolecules.

Static dielectric permittivity measurements on the other
hand are less complicated than the Kerr effect and are used
extensively for calculating dipole moments of molecules in
the investigation of molecular structures. It is a useful
technique for the study of polymeric materials, but is often
difficult to interpret because of the large number of

conformations which can be adopted by polymer molecules.

3.02 The Kerr Effect Apparatus

The molar Kerr constant of a substance may be visualised as
the difference in molecular refraction for directions, E, in the
parallel and perpendicular to a unit electric field in the

substance. The quantity that is of interest is the experimen-
—-39-



tal Kerr constant B, defined simply by the equation:

n et
B = _.E..__...__..é = _8__. (3‘1)

EZA 271 E2

where np and ng are the refractive indices for the component
of the light in the medium parallel and perpendicular to the
electric field E, Ais the wavelength of light, 1 is the
optical pathlength and § is the phase difference between

components of light parallel and perpendicular to E.

'The Kerr effect apparatus was designed to measure the Kerr
constant B of non-conducting, liquid system by application of
rectangular-shaped high voltage pulses of short duration
across liquid samples. The diagram of the apparatus used to
measure the electrically-induced phase difference, §, is
shown in Figure 3.1. A parallel plane-polarized beam of mono-
chromatic light is passed through the Kerr cell such that the
plane of polarization of the light is at an angle of 45°
relative to the direction of the applied electric field. In
the presence of this electric field the 1ight leaving the
cell is generally elliptically polarized. After passing
through a quarter-wave retarder (de Senarmont compensator)
orientated with its principal optical axis at 450 to the
direction of the applied electric field, the light is trans-
formed into plane polarized light which can be extinguished
by rotating the analyser. The angular difference, @, between
the principal planes of the polarizer and the analyser is
then equal to /4 provided that the electric field is
applied as a rectangular pulse (cf 6/2 if a d.c. electric
field is used).
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"9 “@ouadassip aseyd paonput ALLedLd329]d ayy adnseaur 03 pasn snjededdy

L)

2

340250111250

H3NdILINKW
=~ 010Hd

-

T

5

A%Z-0

_ _ H3ISATVYNY
q

L€ aanb1y

(ML siois1531 11v)
UNOCE x L + UWS L+ BWZ-L + UWLY
qumop 2 : BWG L + UWLY
IPAD
e AISL/ QL - IV s
3s51nd — 2 [—— L'H
Z) | 1
Asl N06 FSWE
kRe £y by _
i
: = /
P nnltw.\ﬁill!n_.nll- [ kg vt 43SV
I ey
¥3S1Hv10d
J1IVIdIAVM
H314vNO ._._uu
CREED



Two light sources were used. One was a 2.6nM’helium—neon
laser (Scientifica and Cook,model SLH/2) emitting at a
wavelength of 632.8 nm. A second He/Ne laser from the same
manufacturer was also used.Iteﬁittedlight at the same wave-
length as the former but it was more powerful (~+10mW) and
gave a brighter beam of light. It was therefore, mostly used
in this work. The plane of polarization of the light

emitted from these laser sources was horizontal. The degree
of polarization of the light entering the Kerr cell was
improved by passing the beam through a high quality polarizer.
Both the polarizer and analyser were Glan-type prisms
(Ealing Beck Ltd.) mounted in brass tubes. The analyser
could be rotated by means of a series of gears connected to
a graduated disc which allowed rotations as small as 0.005
degrees to be read with an accuracy of #0.002 degrees. The
quarter-wave retérder was cleaved from mica (F.Wiggins and

Sons Ltd.), used at 632.8 nm and mounted between glass discs.

Changes in levels of light were detected by a photomultiplier.
The output of the photomultiplier was connected to an oscill-
oscope (Tektronix Inc.,type 465B) thus enabling the
electrically-induced optical pulse to be effectively
displayed. The electrical configuration of the electrodes

of the photomultiplier tube (E.M.I.9816B) is shown in Figure
3.2 and is recommended by the manufacturer for high gain

use. A quanta of light impinging upon the semi-transparent
caesium-antimony photo cathode, K, causes the emission of

an electron. After being focused and accelerated this
electron gives rise to an avalanche of electrons along the

dynode chain, dl—dl4. The resulting electrical photo-

T K



“aqny Ja1(diynwojoyd ay3 Jo sSapoua1daLd 3yl 40 uoljeanblLjuod [eI1U4109| ]

OPAOSL /401 J1WVH3) OS10 910-1D

)

&

A
WZo

PMZ- 010
7

4%, )
e s e

Y Iy
P ANAAT NN
HGPE NGl
—"A —
SIo~

2 91D SiDN St nON i Ul 69 83 1) 92 SI
auaikiskiod T _I?__ 1 __I..I_—lwl__g.l: 1 __.AT__I_L_JT__lT__I.I_ L_J
8
NWDIID I5I( :
(Juu) (ML) g1y | sty | vy ey | | ny oty |6y | ey | cu | 9y | sy | vy
0Z L% 04 20 |o0O1QZZ IS Ol ZZ VAV VA 270 T o7 an aVA s aVAVES SV B N e A A7 VR B E YA
-H\ M_.-M?Ho .._.m S 0700V 2z L7 Ol 14001 |M001[MOO! [MOOI [¥00L OO MOOL {001 |MO01 [MOOL {00! MOOL HOZ1
oy o W w
® . . . A . ] L] . e v [
m;>Lﬁ|>|xi>:#|>.¢n.>¢$.>uxa>¢xl>.¢m.>:xv>.+w>,
¢
® 4 F
1 Ty
s . ¢
AN s s A s s s S A A
0- @ e —h A
14110 v 70 ©id 70 To 0id 50 w0 L0 9GS a
~ S30ONAQ %10-10
apoyioy  H
apoi)22)3 buisniog 19 ONILVOD 3JAILINANOD TVNHILXT

9p04)23)3 bunoiapaoy IJIV
apouy ¥



induced current.is collected at the anode, A., and converted
into a voltage drop across the anode load resistor, RL‘ The
extent of the gain and/or smoothing of the output from the
photomultiplier tube may be adjusted by changing the values
of RL and CL’ respectively. A Brandenberg model 472R power

pack was used to supply the high-tension voltage which was

continuously variable in the range 0-2 kV.

3:03 Optical Alignment

In optical systems, light is lost due to reflection and
refractions from the optical components. Such loss of light
increases with any misalignment of the optical components
and would consequently reduce the signal/noise ratio. It is
therefore important to properly align the optical components
of the Kerr apparatus to minimise scattering and to prevent
the hindrance of light beam passing through the Kerr cell
and other components to the photomultiplier tube. Deformat-
ions of the photocurrent pulses from a rectangular shape are
usually observed when there is an improper position of light
beam between the electrodes in the Kerr cell. The lateral
position of the Kerr cell containing the electrodes and
liquid sample was achieved by fine adjustment of a trans-
verse mechanism while observing the image of the light beam
on a paper screen was judged to be satisfactory (a single
circular spot of uniform intensity). The screen was also
placed between the analyser and the photomultiplier in order
to observe the quality of the extinction of the image when
the polarizers are crossed. A non-extinction of the image

would usually indicate the presence of a mechanically-induced
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optical strain due to overtightening of securing screws in
the windows of the cell. The light beam could also be moved
vertically as desired by means of adjusting screws on the

laser mounting.

3.04 High-Voltage Pulse Former

A rectangular-shaped pulse of high voltage is applied to
the electrodes of the Kerr cell using the pulse former
circuit shown in Figure 3.3. Only the essential aspects are
given here. For a more detailed description of Ehe circuit

and its operation the reader is referred to reference (61).

The pulseformer can be operated in one of two modes. In the
first mode (sl closed) a relaxation oscillator based on a

uni junction transistor, resistor Rl and capacitor C1 provides
an accurately timed sequence of narrow pulse which triggers

a monostable (Timer 1). The output of Timer 1 is a rectan-

gular pulse of duration T2-T determined by R2 and C2. The

1
leading edge of this pulse triggers a second monostable
(Timer 2) which energises a solenoid to close a high-voltage
reed switch S5 at time T, . This action applies a high
voltage to the Kerr cell. The trailing edge of the pulse
output from Timer 1 triggers a third monostable (Timer 3),
the output of which closes a second reed switch, 84, ét time
T2. This action shorts the high voltage of the Kerr cell to
ground. The on-time'of Timer 2 is not very important

provided that Ry and C, are chosen so that the duration of

3
the output exceeds the longest time (T2-T1) set by the
variable resistor RZ and Cs. The output of Timer 3 after

~45~
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Figure 3.4 Rectangular-shaped pulse as displayed

on the oscilloscope
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triggering must be held for a time sufficient to ensure that
the high voltage electrodes are completely grounded. Finally,
Timer 2 releases 53 to the open position and Timer 3 acts
similarly with respect to reed switch Sy+ In the second mode
of operation (Sl open) the pulse-former may be operated

manually on a one-shot basis, by closing switch S,.

3. 05 Small Capacity Kerr Cell (K1)

A diagram of the small capacity Kerr cell is shown in

Figure 3.5. The body of the cell was fabricated by milling

a rectangular channel through one face of a solid stainless
steel cuboid. The two electrodes, also of stainless steel,
are positioned in this channel. The high voltage electrode
is isolated from the body of the cell by two pieces of glass
or teflon which cover the bottom and one side wall of the
channei. The earthed electrode makes electrical contact with
the cell body by means of two stainless steel ball bearings
housed in theelectrodes which may be pressed firmly into
contact with the inner wall of the cell by screwing down two
Allen-Key grub screws. This locking mechanism also serves to
keep the electrode assembly rigid. The electrode gap is set
by four glass spacers, which fit into opposite holes drilled
in the two electrodes. The depth of the holes in the high
voitage electrode may be varied by adjusting four Allen-Key
grub screws and in this way the electrode gap may be varied.
In the present study the electrode gap was set at 1.35 mm.
The earth electrode was dressed back 2mm along its upper
edge to prevent arcing between the electrode gap above the

liquid level. The high-voltage electrode was made shorter
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than the earth one to prevent arcing between the ends of
the high-voltage electrode and the window assembly. The
length of the high-voltage electrode (42 mm) was taken as
the effective optical pathlength between the electrodes.
The stainless steel window seating rings were fastened to
the cell body using three screws and sealed with epoxy
resin. The windows of the cell consisted of two optical
quality'quartz discs which were carefully selected for their
freedom from strain bire-fringence. Each window was secured
to the cell by a stainless steel retaining ring and three
screws. A leak-proof seal was achieved between each window
and its mounting using paper washers. A rubber O-ring
cushioned the seal of the retaining ring upon the window.
The electrical connections to the electrodes passed through
holes in the stainless steel 1id of the cell and each hole
was fitted withan electrically insulating PTFE sleeve. The
temperature of the cell could be controlled to within 0.05k
by means of a close fitting water-jacket connected to a
Churchill water pump/thermostat. A Wallis (Worthington)
model S103/3 power pack was used to supply the high-tension
voltage, which was continuously variable in the range

0-10 kV. The voltage applied across the Kerr cell was

measured on a digital Keithley model 616 electrometer.

3.06 Large Capacity Kerr Cell (K2)

The large capacity Kerr cell (K2) was used in this work only
in conjunction with the Kerr cell (K1) to demonstrate the
use of a double cell technique for the measurement of the

RKerr effect of solutes in solution.
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A cross-sectional diagram of the cell is shown in Figure 3.6.°
The design used in the construction of the cell resembles

that used by other workers(SI)

+ The cylindrical body of the
cell and window mountings were made from brass, whilst the
two electrodes were made from stainless steel. The brass
body was electro-plated with nickel. The lower electrode was.
semi-circular in cross-section and made electrical contact
with the cell wall, which was earthed..The upper electrocde,
also semi-circular in cross-section, had a smaller ra@ius
than the lower electrode and was electrically insulated from
the cell be means of a PTFE sleeve through which passed the
high-voltage electrical connection. The central stainless
steel screw also served to keep the electrode assembly rigid.
The inter-electrode separation was 1.08 mm and was set by
means of two uniformly ground glass spacers. The length of
the electrodes was 99 mm and this was taken to be the effect-
ive optical path length between the electrodes. The windows
of the cell consisted of two optical quality quartz discs
which were carefully selected for their freedom from strain
birefringence. Each window was secured between a window
seating and a window retaining ring by three spring-loaded
nuts. A leak proof seal was achieved using washers cut from
good quality paper. A rubber O-ring was used to effect a
liquid tight seal between the window mounting assembly and

the end faces of the Kerr cell.
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3,07 Measurement of Experimental Kerr Constant B

The experimentally determined Kerr constant B, is defined

by the equation:

B = S A WO U (i LA,

271 (v/d)>

where § is the electrically-induced phase difference between
the components of light parallel and perpendicular to the
apprlied electric field E, 1 is the optical path length
between the electrodes, v is the applied voltage and d is

the electrode separation.

If the Kerr effect is measured using a pulsed electric
field, the rotation of the plane of polarization, @ from
the crossed position in the absence of an electric field,

is related to the phase difference, § , by

ey
- S ' 5 Sy e e R

Eliminating § from equation 3.2 and rearranging gives:

2
a: nll-v./TdLB .0..0!..[3-4)

If the Kerr law is obeyed then a plot of & versus v2 should
give a straight line graph passing through the origin with
a gradient of (nlB)/Zdz,frcm which the experimental Kerr
constant B may be determined. In practice the true rotation,
a', proportional to a was obtained from an arbitrarily
calibrated dial. The rotation @ is related to a by a
constant factor (0.9) governed by the overall ratio of the

gear train used to rotate the analyser. Thus, the true

B



angular rotation, @, of the plane of polarization of the

light is given by
= 0.9a .1001.1(305)

Note that equation (3.5) requires @ to be expressed in

radians. (1° = 0.0174532 radian).

3.08 Measurement of Relative Kerr Constant

The. Kerr constant of liquid sample was determined by
comparing its electrically induced phase difference,d with
that of a standard. The Kerr cell was first calibrated with

a liquidlof known Kerr constant, Bs' Using Mx and MS to
denote the gradients of plots of @' versus v2 for the unknown
and standard liquids respectively, the experimental Kerr
constant of the unknown material Bx can be readily calculated
from the Kerr constant of the standard liquid using the

simple relationship:

B E B o+ snsel3e6)

X

Plots of @' versus v2 for solutions of biphenyl in cyclo-
hexane are shown in Figure 3.7. The slopes of the graphs and
the correspondingly calculated Kerr constant using equation

(36) are shown in Table (3.1).
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3.09 Measurement of Kerr Constant by Double

Cell Technique

The measurement of Kerr effect by a double cell method was
demonstrated using Kerr cells K1 and K2. This arrangement,

first suggested by des Coudres(sz)

employs the use of a
second cell which compensates the birefringence developed

in the first cell. This occurs when the configuration of

the electrodes in the second cell are perpendicular to those
in the first or when one cell contains a liquid with positive

birefringence while the second contains a liquid with

negative birefringence.

The method was applied when the Kerr effect due to solvent
tends to mask the effects due to the solute being investig-
ated. The Kerr cell, K2 was filled with solution of material
unger investigation. The two cells were then arranged in
series between the polarizer and the quarter-wave plate. In
this way the birefringence due to solvent in K1 is partially
cancelled out by the phase retardation induced in K2. The
resultant measured effect was therefore attributabkle in
greater proportion to solute under investigation. The
technique was successfully demonstrated for a solution of
p-terphenyl in chloroform. The double cell arrangement is

shown in Figure 3.8.

For perfect cancellation of solvent effect the Kerr effect
will be entirely attributable to the solute. However, in
practice, because of slight mismatch between the cells, it

is impossible to achieve a perfect compensation. Under these
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circumstances the resultant Kerr effect may be regarded as
that due to a solute dissolved in a solvent possessing a

very small Kerr constant.

3.10 The Dielectric Apparatus

The arrangement of the dielectric apparatus used for this
study is shown in Figure 3.9. The apparatus consists of a
variable frequency oscillator (V.F.0), a variable air
capacitor,(CSpF) (Sullivan and Griffiths precision variable
air capacitor), a dielectric cell (CCELLpF) and a precision
frequency counter (Venner Electronics Ltd., type T5A 6636/2m).
The dielectric cell (manufacturer unknown) was comprised of
two cylindrical blocks of brass (Figure 3.10). The external
surfaces were nickel plated and the internal surfaces in
contact with the sample were gold plated. The outer cylinder,
C, was hollow to allow passage of coolant liquid. The cell
was fitted with an external screw-top 1id, B, through which
the cell could be filled and an internal perforated 1id. The
latter ensured that the effective volume of the dielectric
cell was reproducibly constant and independent of the actual
volume (nu20cnf3)of liquid sample in the cell, provided that
the liquid level was above the internal 1id. The height and
diameter of the inner cylindrical electrode, D, were 35 mm
and 33 mm respectively. The electrode gap was approximately
1.5mm and the vacuum capacitance of the empty cell was

determined to be 47PF.
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Figure 3.9 Configuration of the dielectric apparatus
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3:11 Measurement of Static Dielectric Permittivity

The dielectric apparatus shown in Figure 3.9 permits the
determination of capacitances indirectly by the measurement
of the frequency of the V.F.0. The cell acted as one of the
principal capacititive elements of the variable frequency
oscillator. The frequency of operation of the V.F.0. was
measured using the precision frequency counter to an

accuracy of 1 part in 105.

The frequency of the V.F.0. was measured for the empty cell

(fa.

lr), the cell filled with solvent (fl) and for the cell

filled with a series of solutions (flz) covering a range of

concentrations. All measurements were conducted at 298 K.

The static dielectric permittivity, 612, of the solution was

calculated using the expression

2 2
€ 51 12 BiX (e, ="1) R B
12 1/f2-1/f2j 1
1 air

where El is the dielectric permittivity of solvent at 298 K.

F.12 The Automatic Sublimator

The automatic sublimator used in this work was designed and
built in the Department of Chemistry work shops. It consists
of a molecular still, a heating chamber, an electrically
driven motor and a power controller unit. The molecular
still enclosed in the heating chamber is shown in Figure
(3.11). The still, made of pyrex glass (~300mm long),

. D
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consists of a sublimation chamber, S, containing a cold
finger, C (~ 8 mm from the inner walls of the chamber) through
which coolant liquid is circulated. A pyrex sample boat, B
(~40mm long) fitted with a magnet is placed about 6 mm from
the cold finger (glass pimples at the bottom of the boat
reduces the gap between the cold finger and the inner wall
of the chamber to 6 mm). The heating chamber consists of two
concentric glass cylinders. The heating coil, H, is wound
round the inner cylinder and connected to the output of the
power controller unit, while the outer cylinder serves as a
protective shielding. A second magnet attached to a brass
rod is driven along the length of the sublimator by an
electric motor and gear box and in so doing moves the magnet

and the attached sample boat in the sublimation chamber.

313 Power Controller for Automatic Sublimator

The temperature of the sublimator is controlled by the
magnitude of the electric current passing through the heater
coils. Accurate control of the electric current was achieved
using a triac-based power controller, the circuit of which
is shown in Figure 3.12. The controller consists of one
triac, a diac, a coil (L1) of capacitor (Cl) to suppress
radio interference and an RC network. The charging and
discharging times of capacitor C2 can be set by one of four
potentiometers Pl through P4. The latter are selected
sequentially at preset intervals of time by three micro-
switches $S3-S5 operated by a sliding rod driven by an
electric motor and a 4 speed gear box. The times taken for

the sample tray to transverse the sublimator could be set by
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the gear box to 3, 14, 51 and 215 minutes.

Using this apparatus the sample could be subjected to a
programmed sequence of temperature versus time. The
sublimator was fitted with a cut-out (stop) switch for
automatic running. The temperature was recorded by means

a thermometer.

=BG~

of



CHAPTER 4

SYNTHESIS AND CHARACTERISATION OF POLY(P-PHENYLENES)

4,01 Introduction

Poly(p-phenylenes) employed in this work were mainly
prepared by the oxidative cationic polymerization method
developed by Kovacic and co-workers, according to the

procedure outlined in reference (23).

These polymerizations were performed in a three-necked flask
equipped with a thermometer, paddle stirrer and a nitrogen
inlet, and acco¥ding to the Kovacic procedures. Since poly-
phenylenes are highly insoluble in almost any known solvent,
measurements in solution to'study their properties are
virtually impossible. The oligomers (e.g biphenyl,
p-terphenyl, p-quarterphenyl, p-quinquephenyl, etc.) are
however, reasonably soluble particularly in chloroform. For
this reason, some modifications of the basic polymerization
process were attempted in order to produce polymers with
increased molecular weight distributions and to provide
materials with variable compositions containing soluble
extractable oligomers for subsequent studies. This involved
the polymerization of benzene in bulk and its polymerization
in various 'inert' solvents. The Kovacic method was also
used to polymerize biphenyl to polyphenylene. The polymer
was also prepared by a novel type of polycondensation

utilizing transition metal-catalysed 'C-C' coupling.

Ny



It was our view that electrical properties of this highly
insoluble polymer could be studied indirectly by looking at
properties of oligomers from the polymer. Measurement of their
dielectric and electro-optical properties in solution would

be useful in explaining the electronic properties of the
polymer. Thus, a study of solutions of pure oligomer and
solutions of oligomer/dopant systems could provide useful
information on the nature of the reported highly conducting
charge-transfer complexes that the polymer forms with both o

(3)

donor and acceptor dopants .

4.02 Bulk Polymerization of Benzene with A1C13—CuC12

Catalyst-Oxidant

In this method of preparation, benzene was polymerized by

the Kovacic method in bulk (no solvent) under mild conditions
(30-35°C, 30-40 minutes). The proportions of monomer,
catalyst and oxidant were 1:0.5:0.5 ?espectively. The polymer
produced was a light brown, insoluble, infusible powder. The
total quantity oﬁtained was 8.4g which corresponded to a
10.8 percent yield based on benzene. Elemental analysis of
the polymer gave: C = 76,1, H = 4.0, C1 = 6.5 and copper

and oxygen amounted to 13.4%.

The I.R.spectra (KBr disc) of the polymer exhibited a strong

1 indicative of para band, and

absorption band at 810 cm
rather weak mono band absorptions at 695 and 770(351. These
observations suggests that the polymer was formed by the
linkages of phenyl rings para to one another to give poly(p-

phenylenes). For convenience, the polymer sample produced by

this method will be subsequently referred to as sample Pl.
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4.03 Synthesis of Poly(P-Phenylene) from Solutions of

Benzene and Biphenyl in Cyclohexane

Medium dilution: In this method, the polymerization of

benzene was effected in a solvent (cyclohexane). The
proportion of benzene/cyclohexane was 1:1 by volume and
the catalyst-oxidant (A1C13—CuC12) ratio and preparation
conditions remain the same as in the bulk process. The
product was a black powder and proved to be insoluble in
common solvents and infuéible. The total yield is 2.9gq,
which corresponded to 7.4 percent based on benzene.
Elemental analysis of the polymer gave C = 87.3, H = 4.6,

Cl = 6.6 and copper and oxygen amounted to only 1.6 percent.

The I.R spectrum (KBr disc) of the polymer exhibited strong

absorption at 810, 755 and 700 et

. The absorption at 810
is due to the para band and the absorptions at 755 and 700
cm-l leads to a small para/ mono band ratio and therefore
suggests that the polymer is of low molecular weight. The

product of this preparation will be subsequently referred to

as P2.

High dilution: In this method, the polymerization was

carried out in high dilution with a total monomer/solvent
volume ratio of 1:6 (benzene/cyclohexane). Cyclohexane

(250 cma) with the catalyst-oxidant (A1C13-CuC12) was placed
in a three-necked reaction flask and 1OOcm3 of the mixture
of benzene and cyclohexane (1:1 v/v) was introduced dropwise
into the polymerization system from a dropping funnel at a

rate of about lcm3 per minute while stirring continuously.
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The polymeric product was dark brown in colour and similar
in appearance to material obtained by the medium dilution
method. It was also insoluble and infusible. The yield based

on benzene, was calculated to be 7.8 percent.

Elemental analysis of the polymer gave: C = 84.2, H = 4.6,
Cl = 6.8. Copper and oxygen accounted for the remaining 4.4

percent.

The I.R spectrum (KBr disc) exhibited a para band absorption

1

at 820 cm! and mono bands at 770 and 700 cm©. The para band

intensity is weaker than either of the two mono band
intensities. The para/Xmono ratio is even smaller than that
for P2. This therefore suggests that the polymer has a
lower molecular weight than P2. The polymer produced by this

method will subsequently be referred to as P3.

4,04 Polymerization of Biphenyl

This preparation closely followed the Kovacic method but
employed biphenyl as the monomer and cyclohexane as the
solvent. Biphenyl(0.5moles ) was dissolved in 50 cm3 of cyclo-
hexane and placed into a three-necked flask together with
AlCl

-CuC1, catalyst-oxidant system. The proportions of

3
biphenyl, aluminium chloride and cupric chloridewere 1:1:1.
The reaction apparatus was assembled as previously (section
4.01) and polymerization was allowed to proceed for 40 minutes
at 30-35°C. This was followed by the work up procedure as

described in reference (23). The polymer produced was yellow

in colour and the total yield amounted to 34 percent based

T =



on biphenyl.

Elemental analysis of the polymer gave: C = 89, H = 5.7,

Cl = 3I2I

The I.R spectra gave strong para absorption peak at 820 and

mono peaks at 765 and 700 cm *

. This suggests that the polymer
is essentially formed by linkages of phenyl rings at the
para positions to one another. The para/Xmono ratio also
suggests that the polymer has a low molecular weight. The
polymer produced by this method will be subsequently

referred to as P4.

4,05 Polymerization of Benzene-Ether Mixtures

The polymerization of benzene in the presence of ethers
(diethyl ether and dioxane) was attempted to study the
possibility of incorporation of the ethers into the final
product. An incorporation of the ethers into the polymer
would provide additional peak in the I.R spectrum and could
influence the para and mono bands of the polymer. The effect
of the presence of ether on product yield, molecular weight
and oligomers could also be studied. The system could also
provide additional information about the mechanism of

polymerization proposed previcuslytzs’zs).

Benzene and 1,4 - Dioxane:

The experimental method was basically the same as that
employed in the bulk synthesis of poly(p-phenylene) but was
carried out in the presence of small amounts of 1,4 dioxane.
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With a benzene/l,4~dioxane ratio of 50:1 (v/v), the total
yield based on benzene was 1.4 percent. When the proportion
of 1,4 dioxane was increased to give a benzene/1,4 dioxane
ratio of 10:1 (v/v), complete inhibition occurred and no
polymer was formed. However, when an excess of catalyst
(AlCla—CuCI2 = 4:31) was employed while still maintaining a
benzene/1,4 dioxane ratio of 10:1 (v/v), a yield of ca 0.5
percent was obtained.

Elemental analysis of the polymer produced by this method
gave: C = 87.1, H = 4,8, C1 = 6.5 and copper and oxygen

amounted to 1.6 percent.

The I.R.spectrum (KBr disc) exhibited a strong para
absorption at 810 and weak mono absorptions at 770 and 700
cm™l. This gives a high para/Ymono ratio and therefore
suggests the polymer may have a high molecular weight. For
convenience, the polymer produced by this method will be

subsequently referred to as P5.

Benzene and Diethyl Ether

In this method of preparing poly(p-phenylene), benzene was
polymerized according to the Kovacic method in the presence
of varying proportions of diethyl ether. For a benzene/
diethyl ether volume ratio of 5:1 the yield of polymer was
ca 7.3 percent. When the quantity of diethyl ether was
increased to give a benzene/diethyl ether volume ratio of
1:1, no visible polymerization occurred. However for
benzene/diethyl ether ratios of 1:1 together with a modified

catalyst-oxidant mix (AlClB—CuCI2 = 4:1), some polymer was
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formed (yield ca 5.7 percent). The polymeric product obtained

was light brown in colour and similar in appearance to Pl.

Elemental analysis showed: C = 88.5, H =4, C1 = 6.5, and

copper and oxygen amounted to only 1 percent.
The I.R spectrum (KBr disc) gave strong para band at 810 and
weak mono bands at 770 and 700 cml. The polymer obtained by

this method will be subsequently referred to as P6.

4.06 Preparation of Poly(P-Phenylene) by Transition

Metal-Catalysed 'C-C' Coupling

Transition metals or their compounds are known to catalyze
the coupling of Grignard reagents with aryl halides(63) and
since this transition metal catalyzed coupling reaction
proceeds selectively and quantitatively under mild conditions,
it has been applied to the preparation of various organic

aromatic compounds(63).

The principle of the transition metal catalyzed coupling was

(64) who applied it for the

extended by Yamamoto et al
preparation of polyphenylene type polymers having regular
recurring units by starting from dihalogenated aromatics.
P-dihalobenzene, for example, can be dehalogenated by re-
acting with magnesium in the presence of a suitable transit-

ion metal catalyst. In this reaction, linear polyphenylenes

are formed according to the equation (4.1)

X_Ox + Mg Satalyst, x__@_x + nMgX, (4.1)

n
T



Polymerization of 1,4 Dibromobenzene:

The Yamamoto method(64) was employed in the present study to
prepare poly(p-phenylene) from p-dibromobenzene using
magnesium metal and a catalyst of nickel bipyridyl in dry

tetrahydrofuran.

The nickel bipyridyl complex used in this method was prepared
from anhydrous nickel chloride and 2,2  -bipyridyl. This was
achieved by dissolving a 1:1 by weight mixture of anhydrous
nickel chloride and 2,2’ bipyridyl in absolute ethyl alcohol
which formed an intense red solution of the bipyridyl
complex. On standing the solution turned to intense blue.
This change in colour is due to the transformation of the
unstable red complex (square planar) to the more stable blue
complex (tetrahedral). The blue complex was isolated from
solution by gradual evaporation of the solvent at room

temperature.

The tetrahydrofuran (THF) used as solvent for the polymeriz-
ation was dried over sodium napthalide according to the
following procedures: To 250-350cm3 of THF in a three-
necked flask fitted with a reflux condenser, 1-2g of sodium
metal and the molar equivalent of napthalene was added. A
deep blue sclution was obtained due to the formation of
sodium napthalide. The solution was refluxed for 30 minutes
and then distillated to give anhydrous THF. The THF was
either used immediately or left to stand for brief periods

in a tightly stoppered flask.

P-dibromobenzene (11.8 g) and magnesium metal turnings (1.2g)

Sl X



were thoroughly mixed in the dried THF (50cm3) in a round-
bottomed flask. The nickel chloride - bipyridyl complex (51
mg) was added to the mixture which was then refluxed for

5 hours. The reaction mixture was poured into SOOcmF of ethyl
alcohol. The precipitated polymer was collected using a
sintered glass filter funnel, washed with dilute hydochloric
acid followed by ethyl alcohol and then dried in a vacuum
oven at 80°C. The polymer was light yellow in colour and

the yield was 3.1 g (26.3%) based on dibromobenzene.

Elemental analysis of the polymer gave: C = 62, H = 4.5,

Br ="30.5.

The I.R spectrum shows a strong para band absorption at 810
and mono absorptions at 770 and 700(351. This observation
suggests that the polymer was formed by the linkages of
phenyl rings in positions para to one another. The spectra

L due

also shows a prominent absorption at 1075-1080 cm
to 'C-Br'. Bromine has already been shown to be present in
significant amounts in the polymer from the elemental

analysis. Samples of polymer obtained using this method will

be subsequently referred to as P7.

4,07 Sulphonation of Poly(P-Phenylene) (P1)

The sulphonation of the polymer was carried out as follows:
Into a three-necked, round-bottomed flask equipped with a
thermometer, mechanical stirrer, gas inlet and gas outlet
were placed 50cm3 of sulphuric acid and 1g of Pl. The

mixture was heated to ca.lBOOC under a nitrogen atmosphere

=i



for about six hours. The black reaction product was cooled
to room temperature and poured over ice. A black solid was
isolated by suction filtration, washed thoroughly with

deionized water and then dried in an oven at 120°C.

4,08 Infrared Analysis of Polyphenylenes

I.R. spectra of the'polyphenylenes and oligomers were
obtained using Pye Unicam Sp 1000. KBr discs were prepared
with the composition of polymer amounting to about 10 percent
of the disc. Pure samples of p-terphenyl and p-quarterphenyl
were obtained from Aldrich Chemicals. P-quinquephenyl was
obtained from K and K Chemicals Ltd. Polymer samples Pl1-P6
were synthesized in this laboratory according to methods

described in previous sections of this chapter.

All these materials exhibit I.R absorption bandscharacteris-
tic of para substitution and mono substitutions discussed
in Section 2.04. The position and relative intensities of
para and mono bands for these samples are listed in Table 4.1.
The para band position in the spectrum is seen to shift to

a lower wave number (845—810:351) with increase in phenyvl
units in the polyphenylene series p-terphenyl to polypheny-
lene (P1-P6). This observation complements comments made by

(48) (65).

Kovacic et al and Jozefowicz

The para absorption band for polymer P3 and P4 was found
to be at 820(351, significantly higher than that (810(351)
observed for samples Pl, P2, P5, P6 and P7. The observations

correlate with the amount of oligomers extractable from

"



these polymers. P3 and P4 had the highest proportion of
extractable oligomers. This is only possible if P3 and P4
have a broad molecular weight distribution. The ratio of
intensities (Para/ Ymono bands) has also been used to give
an approximate indication of relative molecular weights in

(48)

the polyphenylene series . These ratios listed in Table
4.1, Column 8) increase, as expected from p-terphenyl to
p-quinquiphenyl. However for the polymers there are important
exceptions to this trend. For example P2 and P3 have the
ratio of intensities (para/ Ymono) lower than p-terphenyl.
This discrepancy could not be attributed to differences in
molecular weights since the polymers P2 and P3 have higher
molecular weights than the p-terphenyl and therefore would
be expected to have the higher para/ Ymono band ratiés. A
probable explanation for this reversed trend could be the
presence of substituents e.g. chlorine and oxygen along

(48) to decrease

polymer backbones in P2 and P3 which is known
the intensities of the para bands relative to the mono bands.
This argument is supported by elemental analysis of the
polymers which indicates the presence of chlorine and oxygen.
The differences in the para band position (P2 = 810:351 and
P3 = 820(351) and the ratios of para/ Ymono bands (P2 = 0.31
and P3 = 0.2) appear to depend on the method of preparation.
The polymer P3 has been prepared in greater solvent presence
(50 c:m3 benzene in 300 cm3 cyclohexane) than P2 (50 cm3
benzene in 50cm3 of cyclohexane). The greater solvent presence
would not significantly alter the rate of initiation but
would quite significantly decrease the rate of propagation
and hence the kinetic chain length. Polymers with low molec-

ular weight would consequently be formed. This is seen to be

S T
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the case for P3.

4,09 Analysis of Poly(phenylenes) using X-ray Diffraction

X-ray diffraction study of poly(p-phenylene) was shown

(24) (66)

previously by Marvel and Hartzell and Kovacic et al

that the polymer is significantly crystalline. Kovacic et
al(66) also demonstrated from their x-ray diffraction study,
that crystallinity in the polymer increases as a result of
pressing of the powder, increase in moulding temperature and
subsequent heat annealing at 400—500°C; They observed a
decrease in the half-width of the strongest crystalline
reflection as crystallinity increases, indicating an increase
in crystallite size. The d-spacing of this reflection was
also observed to systematically decrease as the crystallinity
increases. These workers attributed the increase in
crystallinity, crystallite size and the decrease in d-spacing
of the most intense reflection to the annealing effects and
loss of chlorine at the high temperature (400-500°C). They
also suggested that such thermal treatment would enhance
mobility of chains in the amorphous portion of the polymer
and hence induce additional crystallinity. Marvel and

Hartzell(24)

previously suggested that the most intense
reflection at 4.533 could be due to repeat distance along
the chain of the polymer. This was refuted by Kovacic et
a1(66) who argued that a repeat of one p-phenylene unit
should be 4.20-4.302.(and not 4.532), and suggested that
the reflection at 4.53 % is most probably related to the

lateral packing of the poly(p-phenylene) chains.
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X-ray diffraction work has proved to be a useful and quick
method for looking at crystallinity in polymers, and was

employed for this work.

All the polyphenylenes synthesized in this study were
crystalline, exhibiting similar d-spacing characteristics to
each other, and to the d-spacing characteristics of p-
quarterphenyl, p-quinquiphenyl and p-sexiphenyl reported by

Toussaint and Vos(67)

. The d-spacings for these polymers and
oligomers are shown in Table 4.2. As shown in the table, the
pattern is in good agreement with the data published by

(66) and Marvel and Hartze11(24)

Kovacic et al for pqupheny-
lenes prepared by the oxidative cationic polymerization of
benzene and by the 1,4 polymerization of 1,3-cyclohexadiene
followed by dehydrogenation methods respectively. The
similarities ﬁould therefore suggest that the various methods
of synthesis studied do not produce any change in crystall-

inity of the polymer.

Figure 4.1 shows a comparison of the x-ray diffraction
patterns of Pl before and after sulphonation with concentra-
ted sulphuric acid. The disappearance of the sharp diffrac-
tion pattern characteristic of crystallinity after
sulphonation is as expected. This is because treatment of
the polymer with sulphuric acid (see section 4.07) leads to
the introduction of sulphonic acid groups into the polymer
backbones and hinders easy packing of the polymer chains on
a regular lattice. As a result an amorphous polymer 1is

produced with an appropriate x-ray diffraction pattern (Fig4.l1B)
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CHAPTER 5

5.01 Preparation and Chromatographic Characterisation

of Oligophenylenes

This chapter details experimental investigations largely
concerned with the extraction and characterisation of
phenylene oligomers from the polymers. The extractions were
accomplished by Soxhlet extraction technique and by a
continuous solvent.reflux action on the polymers. The
polymer P4, prepared by the polymerisation of biphenyl gave
the highest percentage (48.2%) of chloroform soluble oligom-
ers per dry weight of polymer. This could be rather mislead-
ing because of a substantial presence of unpolymerised
biphenyl in the extract. The polymerisation of benzene in
solvent (cyclohexane) produced polymers with a substantial
increase in éhe proportion of chloroform extractable
oligomers compared with polymers prepared in the bulk
(percentage extraction from Pl = 0.08, while percentage
extraction from P3 = 22.3). This observation was anticipated
because the polymerisation in 'inert' solvent (cyclohexane)
would have little or no effect on the rate of initiation but
would significantly reduce the rate of propagation and
consequently the kinetic chain length. Polymers with broad
molecular weight distribution and high proportion of extract-

able oligomers would then be produced.

The polymerisation of dibromobenzene to produce polymer P7,
also gave materials with significant proportions of chlorof-

orm extractable oligomers (7.8%) per dry weight.

-83-



Gel permeation chromatographic and gas liquid chromatographic
methods were used for the characterisation. Outlines of these
techniques are given together with some description of

instrumentation.

5.02 Extraction of Oligomers from Polymers

Two methods of extraction were employed using chloroform
as solvent and gave similar extraction efficiencies. In the
continuous solvent reflux action method, a weighed amount
of finely powdered polymer and a known volume of chloroform
were placed in a round-bottomed flask fitted with a condenser
and refluxed for 24 hours. The refluxed material was then
filtered and its chloroform_soluble portions were collected
into a clean beaker. The chloroform was then evaporated in
a vacuum oven leaving a mixture of solid oligoﬁhenylenes
The second method of extraction was by a soxhlet extraction
technique. A weighed amount of polymer material was taken
in a porous thimble (made from tough filter paper) and
placed in the soxhlet apparatus which consists of a solvent
round~bottomed flask fitted with a reflux condenser. The
arrangement provides a continuous condensation of solvent
vapour into the thimble, and extracts the oligomers which
sieve through the porous thimble back into the bulk solvent
flask. This process is automatically repeated until
.complete extraction was effected, after which the solvent

(chloroform) was evaporated to give solid oligomers.
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5,03 Gel Permeation Chromatography

Gel permeation chromatography, GPC, is a rapid technique for
separating mixtures of soluble organic species into their
different sizes. The separation is made regardless of
chemical nature of the species in most cases, and separation
of materials of the same chemical structure and different
molecular weights are made to good effect. The size
parameter involved is the size of the solubilized molecule.
Often two materials of different molecular weight and
different chemical structure possess the same size in a
particular solvent and no separation would be detected unless
detectors specific to one component were used. Similarly,
molecules of the same molecular weight but different

chemical structure may have different effective sizes.

Mechanism of GPC

The separating medium in GPC is usually a porous cross linked
polystyrene gel having a mean particle size of 35-75u. The
gel contains pores which may range from around BOg.to 1073
in diameter. The gel is packed into tubes and is retained
with fine sinters at either end and are commonly called
columns. These columns when in use are maintained saturated
with solvent which flows through continuously. When a
polymer solution is passed through the column, the dissolved
molecules "permeate" into and out of the gel pores. The
molecules are only able to enter the gel pores that are
large enough to accept them. Hence a separation will be
effected through the difference in pore volume available to

each species. The larger molecules will pass through the
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column fairly quickly with the time of elution becoming
progressively slower for the smaller molecules. This is
illustrated in Figure 5.1. The residence time of each species
in the column is measured from the quantity of solvent
emerging from the columns from the point of injection, i.e.

the"retention volume" or "elution volume".

The use of.particular dextran gels for separations according
to size was first introduced by Porath and Flodin(es) in a
process termed gel filtration chromatography and has found
many applications in Biochemistry. It is however the
technique of gel permeation chromatography (GPC) introduced

(69)

by Moore in 1964 that has proved to be a versatile tool

for fractionation of a homologous series of macromolecules
according to size. The technique is now applied not only in
the determination of molecular weight distribution of
polymers, but alsoc in the separation of organic compounds
and oligomers. For example, 1ow—molécu1ar weight homologs
of poly(ethylene glycol) have been separated using cross-

(70) .

linked dextran gels (Sephadex) and higher oligomers in

several polyamides have been isolated on a preparative

o(71)

scale using Sephadex G 25 and Bio-Gel P-1 . Determann et

al(72) also prepared a copolymer of methyl methacrylate and
ethyl glycol dimethacrylate which they successfully used
for fractionation of low-molecular weight polystyrenes.

(73)

Heitz et al also fractionated oligophenylenes and

oligourethanes using several cross linked gels.
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5.04 Gel Permeation Chromatograph

The basic essential components of the gel permeation
chromatograph used for this work are: a solvent delivery
system, a column unit with a syringe loading sample injector,
a detector system for monitoring flow and concentration, a
chart recorder to continuously monitor solute concentration

and an automatic fraction collector.

The solvent delivery system consists of a large solvent
reservoir (to minimise fluctuations in solvent quality), a
solvent filter, a system of teflon and steel connection

tubes and a pump.

ACS-HDLC Model 300 Pump: The pump is a single-head

reciprocating type, with a unique feature of controlling

and eliminating all pulses without increasiﬁg the dead
volume. Changes in flow rate are achieved by changing piston
stroke length, but is so arranged that the maximum extension
of its piston is constant thus ensuring the emptying of
liquid in its cylinder at each stroke. Because its piston
stroke is very rapid (23 per second), much greater than the
systems response, no pulsations are observed. Its flow
control system incorporates automatic feedback which measures
the actual flow at each stroke and automatically adjusts the
piston stroke length thereby compensating for any variations

in solvent compressability or back pressure.

Syringe-.Loading Sample Injector: The sample injector

employed was the Rheodyne model 7125. It consists of a six-
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port sample injection valve in which loading of sample loop
is accomplished with a syringe through a needle port built
into the valve shaft. Figure 5.2 shows the flow diagram of
the valve. The view is of the stator-rotor interface, where
flow switching takes place, as seen from the front of the
injector. The six small circles represent the ports in the
valve stator (rear of injector). The two heavy arcs
represent the connecting passages in the rotor. The large
circle represents the needle port (front of injector). The
needle port is used to fill the sample loop in the load
position. In the inject position the loop is switched into
the solvent stream and the needle port is vented through
valve port 5. Rotation of the knob through 60° switches the
valve from load to inject position. Two methods of loading
samplescan be used with the injector: the complete loop
£illing method and partial loop filling method. The complete
loop f£illing method is most widely adapted and it employs
the use of excess sample to insure that the sample loop is
completely filled. The volume of sample is then determined
precisely by the loop volume to give a high degree of
precision. The partially filling method is used only when
small quantities of sample are available. A microsyringe is
used to determine the volume of sample delivered to the loop.
It is possible with this method to inject samples ranging
from less than one microlitre up tb approximately 50% of

the loop capacity and the injector is capable of accommod-
ating sample loops ranging from 10 microlitre capacity up to

2 millilitres.

1
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5.08 Column Systems

Two types of columns were adapted for this work and were
designated as systems Cl and C2. The column system Cl, was
designed and built in the Department of Chemistry. It
consists of a cylindrical glass tube 1 cm in diameter and

180 cm long. Attached to the upper end of the tube is a 250 c:m3
solvent reservoir and at the bottom end is fitted an adaptor
for connecting the narrow bore steel tubing to a spectromon-
itor equipped with a flow cell. The material used for
packing this column was sephadex LH-20 obtained from
Pharmecia Fine Chemicals. Dry gels of sephadex LH-20 were |
first suspended in chloroform for 24 hours to form swollen
gels.The column was mounted vertically and small pieces of
glass wool were laid over the outlet capillaries. A slurry
of the swollen gel was then packed into the column by
introducing it gently at the top and gradually draining
off the chloroform until a continuous gel was formed.
Separation was effected by simple gravimetric flow through
the column. The solvent reservoir provided a continuous

3

stream of the liquid phase with an elution rate of ca. 30cm

per hour.

Column system C2 (SR 25/100) was obtained from Pharmecia
Fine Chemicals. It is suitable for all kinds of liquid
chromatography in aqueous or organic solvents. Each column
is complete with two flow adaptors for perfect bed protect-
ion and easy sample application and allows the use of re-
cycling chromatography, upward flow elution and columns in

series. The column is capable of resisting pressures up to
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1 Kg c:m_2 (14 psi) and can be used at temperatures up to 60°¢C.

5.06 Packing Material (Sephadex LH20 and LH60)

The packing materials used for the columns are Sephadex LH 20
and LH 60 obtained from Pharmecia Chemicals. These are highly
cross linked dextran gels which swell in both aqueous and
organic solvents. They have wide applicability in the
fractionation of 1lipids, steroids, fatty acid, hormones,
vitamins, oligomers and other smali molecules. Apart from

gel filtration in organic solvents, Sephadex LH 20 and Iﬁf60
are useful for adsorption and partition chromatography. The
Sephadex LH 60 has a higher fractionation range while the
Sephadex LH 20 has a stronger adsorptive property for aromatic

and polycyclic compounds.

Spectromonitor(HPLC MONITOR 750-11): The spectromonitor

used for sample detection was HPLC Monitor 750-11 obtained
from Applied Chromatography Systems. It is characterised by
its selectable wavelength range, by the use of filter
cassettes, in the range 200nm to 300 nm. It has a wide
spectral range deuterium lamp as a source of UV light, and
the filters allow the transmission of the UV light beam at
the wavelength selected through a sample cell to a detector.
The sample cell has an inlet, for connection to the chromat-
ographic column, at the bottom of the cell and an outlet to
a fraction collector. Absorbance range selection is . push
button controlled on the front panel of the monitor giving
0,005, 0,07 . 0,022,005, 0.35, 052,51 05and 2, 0 absarbance

units (AU) full scale on a 10 mV recorder.
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Fraction Collector (Frac-100): The fraction collector

employed was the Pharmacia Fine Chemicals fraction collector
model, Frac-100. It is a versatile instrument for automatic
fraction collection and evaluation of chromatograms. In its
standard form it can collect up to 95 fractions in tubes with
diameters 10-18 mm. When connected to a suitable monitor, it
can measure peak heights, areas and elution volumes or times
for up to 11 peaks as well as indicating into which tubes

the peaks have been collected.

Fractions can be collected in a variety of different ways,
based either on time or volume and is controlled via simple
specified programs. For example uniform fractions of fixed
time can be collected until all tubes are used up and then
the Frac-100 automatically switches off. In other collection
sequences, an induction period could be specified before
collection. The liquid corresponding to the induction period
is then collected in a separate container from the collection
tubes. Collections may be done by collecting peaks in
smaller fixed fractions than the main part of the eluents,
thus readily providing a means of distinguishing between
tubes containing peaks and those without. Collection may
also be done only for peaks, while the remaining part of the
eluent is allowed to run into a separate container. The
fraction collector may either be time or volume programmed

to switch itself and a connected pump off automatically.

Chart recorder: The chart recorder used was the Knauer

Single-channel recorder No0.41.20.00. It has the special

feature of automatically doubling its chart width from 25 to
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50 cm via a polarity change, if the signal to be measured
exceeds the maximum input voltage corresponding to full-
scale deflection. A block diagram illustrating the principal
components of the chromatograph is shown in Figure 5.3.

The operation of the instrument is as follows: The eluent
(chloroform) was drawn from the solvent reservoir, filtered
and then pumped through the sample columns, into and out of
the UV detector. The operating pressure and hence the flow
rate is controlledby a press button system on the front panel
of the pump. Where the use of more than one column was
necessary, the columns were connected in series by a narrow
bore teflon tubing. Measured quantities of samples were
loaded into the column via the sample loading injector.
Detection of the separated components was based upon their
absorption of UV light at a fixed wavelength (254 nm). The
absorptions are automatically traced into chromatograms by

the chart recorder which is connected to the detector.

5.0 7 G PC Chromatograms

Chromatograms were obtained using the two column systems

Cl and C2 on oligomers extracted from the polymers. These
column‘systems gave similar chromatograms in terms of
resolution when packed with Sephadex LH-20 in both cases.
Packing with Sephadex LH-60 produces chromatograms different
in terms of resolution to the Sephadex LH-20. We found
rather unexpectedly, that using two columns in series in the
C2 system does not improve the resolution. This is rather
surprising because connecting two columns in series would
effectively increase the number of theoretical plates and
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therefore be expected to improve on resolution of a single

column.

Figure 5.4 shows the chromatogram of the phenylene oligomers
extracted from Pl using the column system Cl. The chromato-
gram was obtained at room temperature (299°K) using an
elution rate of BOlmfgper hour. The spectromonitor was set
at a fixed wavelength of 275 nm and a sensitivity of 0.5 AUFS.
Chart recorder speed was;120nm per hour and set at 10 mV f£sd.
The chromatogram indicates five distinct peaks with peak
elution volumes: Vel = 95; Ve2 = 102; Ve3 = 107; Ved = 114
and Ve5 = 124cmq To identify the various peaks, the
chromatogram was spiked with standard oligomer compounds.
This was done by individually adding the pure model compounds
of biphenyl, p-terphenyl, p-quarterphenyl and p-quinquiphenyl
to the oligomer extract and a chromaﬁogram for each spiked

sample was obtained.

A reinforcement of peaks 5, 4, 3 and 2 by biphenyl, p-
terphenyl, p-quarterphenyl and p-quinquiphenyl respectively
suggested their presence in the extract. A plot of the
logarithms of molecular weights of the model compounds against
their peak elution volume produced a straight line (See Figure
5.5).This observation suggests a homologous series of
compounds in the extract. The chromatograms were not
sufficiently well resolved to enable isolation of the
individual components. This problem was further complicated

by the rather broad peak on top of which the narrower
component peaks appear to be located. An attempt to obtain
better resolution using the C2 type column system was not
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successful. The poor resolution observed even with the
lengthening of column (Two C2 columns connected in series)
could be due to peak broadening by diffusion or caused by

the presence of dead volumes often encountered in GPC systems.

Figure 5.6 shows the GPC chromatograms of oligophenylenes
obtained using column system Cl on extract from P3. It
indicates distinct peaks 5 and 4 and broad and less
distinct peaks designéted 1, 2 and 3. The distinct peaks 4
and 5 were identified as previously to be terphenyl and
biphenyl respectively, but the broadening and overlap in
the case of peaks 1-3 made identification impossible. An
interesting observation is the peak elution volume Vel
(corresponding to peak 1), it was the same as the exclusion
volume (VO) of the column. This could be the reason for the
non-resolution of peaks at the higher molecular weight end
of the chromatogram. It also provided information that
oligophenylenes large enough to be excluded from the column
but sufficiently soluble in chloroform were extracted. A
chromatogram of oligomers from the P3 extract was also
obtained using the column system C2. This is shown in Figure
5.7 and isvery similar in terms of resolution to that obtained
using Cl 'see Figure 5.6). The peaks 2, 3, 4 and 5 in the
chromatogram were identified (by spiking with the model
compounds) as p-quinquiphenyl, p-quarterphenyl, p-terphenyl
and biphenyl respectively. Peak 1 represents oligomers that
are excluded from the column. It is clear from Figures 5.6
and 5.7 that there is little difference in resolution between
Cl and C2 systems. A trial run using the C2 system employing

two columns in series did not produce any change in resolut-
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ion as explained previously.

The column system C2 was packed with Sephadex LH-60 and
used to separate oligomers from the P3 extract. Figure 5.8
shows the GPC chromatogram obtained and it shows quite
Clearly that Sephadex LH-60 was not as capable of separating
the oligomers as Sephadex LH-20. It was however, capable of
isolating the higher molecular weight oligomers (peak 1,
which are also excluded from the column) from the lower

molecular weight portions (peak 2).

Figure 5.9 shows the chromatogram of oligophenylenes
extracted from polymer P4 obtained using the column system
Cl packed with Sephadex LH-20. The chromatogram indicates
six distinct peaks labelled 1-6, with peak elution volumes;
75, 82, 87, 96, 107 and 118 cm> respectively. Peaks 3, 4, 5
and 6 were identified by spiking with model compounds to be
p-quinquiphenyl, p-quarterphenyl, p-terphenyl and biphenyl
respectively. A plot of logarithms of molecular weights of
these model compounds against the peak elution volumes was
constructed and gave a straight line as shown in Figure 5.10,
suggesting that the components eluting are members of a
homologous series. An important feature of Figure 5.9 is
that the peaks appear well resolved compared to the previous
cases (i.e. Figures 5.4 and 5.6). This appears to suggest
that the polymerization of biphenyl (to produce P4) is a
cleaner process than the bulk and solvent polymerisation of
benzene. It is rather surprising that p-terphenyl and p-
quinquiphenyl peaks appear in the GPC chromatogram (Figure
5.9), because if the polymerization occurred only by an
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irreversible stepwise addition of biphenyl to the propagating
species, it would not be expected to produce terphenyl and
quinquiphenyl. This observation therefore suggests the
existence of a reversible depolymerization process. Although
the peaks appeared well-resolved in the chromatogram, collec-
tion based on the peaks (except biphenyl peak 6) did not
produce single components as shown by their individual U.V
spectrum. Although peaks 1 and 2 were not identified by

the spiking experiment, they were assumed to be the next two
higher members in the series and are seen to fit well in

Figure 5.10.

A chromatogram for the oligomer extract from P4 was also
obtained using the C2 column system packed with Sephadex LH-
20. This is shown in Figure 5.11 and exhibited similar
resolution to the one obtained using the Cl system (Figure

5.9).

In Figure 5.11 the peaks 1, 2, 3 and 4 were identified by
spiking with the model compounds as p-quinquiphenyl,
p-quarterphenyl, p-terphenyl and biphenyl respectively. The
two additional peaks corresponding to hexaphenyl and hepta-
phenyl observed previously in Figure 5.9 appear to be absent
or present only in very small concentration in Figure 5.11.
The analysis of the chromatogram shown in Figure 5.11 was
monitored at a fixed wavelength 254 nm, a region where the

hexaphenyl and heptaphenyl have no appreciable absorptions.

Figure 5.12 shows the GPC chromatogram of oligomers

obtained using column system C2 to analyse the extract from
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P7. It shows three distinct peaks 1, 2 and 3 and two
shoulders 4 and 5. Peaks 1, 2 and 3 were identified through
spiking with model compounds as biphenyl, p-terphenyl and
pP-quarterphenyl respectively. Although the shoulders 4 and

5 were not identified by the spiking experiment, they

appear to be the next two higher members of the series.
Collection based on peaks was carried out on peaks 1, 2 and

3 and their individual U.V spectrum was determined usinga pye
Unicam Sp 800. The U.V spectrum of these peaks suggested
single components with Amax positions at 260, 292 and 305nm for
the peaks 1, 2 and 3 respectively. The absorption maxima-of
these peaks shows a shift to higher values compared with

the corresponding pure model compounds (measured Amax for
biphenyl, p-terphenyl and p-quarterphenyl are 250, 279 and
%;ibuun respectively). A comparison of Amax positions for the
model compounds and the corresponding individual peaks from
Figure 5.12 is shown in Figure 5.13. The model compounds have
a lower Amax value . This is expected because elemental
analysis on P7 indicated substantial presence of bromine
(30.5%) which could only be present as substituents in the
polymer. Such bromine substitution would produce a batho-
chromic shift in Amax position from that of the corresponding

unsubstituted polymer and hence the effect will also be

reflected in the oligomers extracted from the polymers.

5.08 Gas Liquid Chromatography

Gas-liquid chromatography (GLC) first proposed by Martin

and Synge(74)

as a suitable method for separating volatile
compounds has since developed into a highly automated tech-
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nique with a variety of applications. The fundamental
principles, however, have remained the same. Samples or
mixtures, whose components are required to be separated, are
volatilised in a carrier gas and then passed through a
column which is packed with a finely-sieved, inert, granular
material. The latter serves as a support for a thin, liquid
layer, which acts as a solvent for the sample components.
The degree of separation of these components depends upon
differences in their distribution partition coefficients
between the mobile gas phase and the stationéry liquid phase.
The separated components emerge from the columﬁ and pass
through a suitable détector producing an electrical signal

which is fed into an amplifier/recorder system.

The chromatograph used in this work was the Pye Unicam GCD
chromatograph. This was fitted with a dual high vacuum
silicon grease column (12 ft long on glass-phase prep A60-
85 mesh). The chromatograph employed a flame ionization

detector.

The GLC chromatography was employed in this work to investig-
ate the presence of any species other than oligomers in the
chloroform extract of the polymers. Figure 5.14 shows the

GLC chromatogram of the oligomer extract from polymer P3. A
systematic spiking of the extract with standard compounds

le d to the identification of some of the peaks as shown.
Peaks arising due to impurities from the column were also
identified by a blank run on the column and are marked 'X'

in Figure 5.14. There are however some species as indicated on

the chromatogram which were not identified. This tends to
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suggest that the benzene polymerization according to the

. . " . ‘ .
Kovacic method is not an entirely clean process since some
species in addition to the pure polymer and oligomers seem

to be produced.

5.09 Vapour Pressure Osmometry

The average molecular weight of the chloroform soluble
portions (oligophenylenes) from the polymers was determined
with a Mechrolab 301 A vapour pressure osmometer using

chloroform as solvent at 298°K.

Molecular weight determination was first carried out on a
molecule of known molecular weight (m-biphenyl benzene) to
check the accuracy of the instrument. The molecular weight
measured for m—bipﬁenyl benzene was 227 and compares
favourably with the actual molecular weight of 230.
Measurements under the same conditions were carried out to
determine the average molecular weight of oligophenylenes
from the polymers. The oligomers extracted from P3 gave an
average molecular weight of 839 which corresponded to 11
phenylene units while oligomers extracted from P4 gave an
average molecular weight of 341 and therefore correspond

to an average of 3-4 phenylene units.
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CHAPTER 6

Dielectric and Kerr Effect Studies of Aryl-Iodine

and Aryl-Tetracyanoquinodimethane Complexes

6.01 Introduction

It is well known that iodine solutions may be either
violet or brown depending on the nature of the solvent.

The halogen is violet in media such as the aliphatic
hydrocarbons and carbon tetrachloride, and brown in

solvents such as alcohols, ethers, ketones, organic acids
etc. The visible absorption maximum of the violet solutions
is located in the 520-540nm region and the overall
spectrum is similar to that of iodine in the vapour state.
The maximum for brown solutions occur at lower wavelengths
(460-480 nm). The ultraviolet and visible spectra of

iodine in different solvents have been of interest to
chemists for over half a century. Numerous explanations
were proposed to account for the 'abnormal' (i.e. non-
violet) colouration. Early explanations based on the
formation of iodine dimers or complex aggregates, were
discounted when Beckmann(75) demonstrated by cryoscopic
methods that dissolved iodine molecules are in the
diatomic state regardless of the colour of the solution.

He then suggested that the brown colour was characteris-
tic of solvent-solute addition products. Lachmann(76)
suppofted this explanation pointing out that solvents

which give rise to viclet colour are unsaturated. He
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observed that small additions of alcohol to a solution of
iodine in chloroform shift the colour stepwise from

violet to brown. Hilderbrand and Glascock(77)

also found
that when iodine and an alcohol were both added to a
'violet' solvent (e.g. bromoform or ethylene bromide),
the molal lowering of the freezing point was considerably
less than additive, indicating combination of iodine with
alcohol. Furthermore, they investigated colorimetrically
the equilibria of iodine with ethyl alcohol, ethylacetate
and nitrobenzene dissolved together in a 'violet' solvent
such as carbon tetrachloride, chloroform or carbondisul-
phide and found in each case an equilibrium constant
corresponding to a 1:1 complex. Many workers have since
shown curiosity about the chemical basis for the solvation

(78)

of iodine. Walker first suggested dipole moment

interaction as an explanation, but this was quickly and

(79)

conclusively discounted by Hilderbrand and Benesi when
they showed that iodine solubility (which would be altered
by solvation effects) bears little or no relation to the
dipole moment of the solvent molecule. They observed that
for molecules such as alcohols, which possess relatively
large dipole moments, their effect was readily understand-
able but the interaction between iodine and benzene (which
form a brown colour with iodine) was puzzling, since it
was previously considered to be a normal non-polar liquid.
These workers suggested the presence of a complex (brown
colour) formed via an acid-base interaction and subsequen-

tly regarded a donor-acceptor pair, similar to the format-

ion of I3 from the base I and the acid IZ' Evidence of
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such basic character in benzene has long been observed

in its interaction with aluminium chloride(so), sulphur

(81) and trinitrobenzene(sz). Fairbrother(aa)

dioxide also
supported this view by reporting that iodine had an
abnormally high dielectric polarization in dioxane, iso-
butylene, p-xylene and benzene and concluded that the
high polarization was due to the presence of a solvent -
I*I- complex. Perhaps the most dramatic contribution
reléting to the formation of iodine solvent complexes was

made by Benesi and Hilderbrand(7g)

, Who examined not only
the visible but also the ultraviolet spectra of solutions
of iodine in carbontetrachloride, benzene, toluene,
Xylene and mesitylene. More significant, however, was the
discovery of an intense ultraviolet absorption peak for
the aromatic hydrocarbon solutions which was absent for
solutions of iodine in carbontetrachloride. The position
of the ultraviolet absorption maximum in the hydrocarbon

solutions ranged from 297 nm for benzene to 333 nm for

mesitylene.

The ability of quinones to form stable solid complexes
with aromatic amines has been known for many decades(84).
Such complex formation is due to interaction of the
electron deficient =m-orbital system of the quinone (a 7-
acid or an acceptor) with the electron rich m-orbitals

of the amine (a 7-base or a donor). In certain cases,
where solid complexes are formed between aromatic diamines
and relatively strong m-acids such as polyhaloquinones,

(85)

strong paramagnetic resonance absorptions are exhibited
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indicating unpairing of electron spins. These are often
classed as semi-conductors because of the exponential
variations of their electrical resistivities with temp-
erature. It was however the discovery of 7,7',8,8' -
tetracyano-p-quinodimethane (TCNQ XIV) by Du Pont workers,
Acker et al in 1960 that lead to the development of

highly conductive materials based on radical-ion systems.

CN CN
N

&
CN~  CN

(TCNQ XIV)

TCNQ is a very strong electron acceptor forming first the

radical anion and then the dianion as shown by equation:

S L N ON CN_  CN
—e Y-

eN” N CN” CN CN” TN
= 2

Oxidised Semi-reduced Reduced
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The unique characteristic of the TCNQ as a 7T-acid derives
partly from the high electron affinity of the polyene
system conferred by the powerful electron withdrawing
effect of the four cyano groups and partly from the
planarity and high symmetry of the TCNQ structure. The
molecule forms three types of electrically conducting
compounds. First, in keeping with its quinoid character,
the TCNQ forms crystalline w-complexes (charge-transfer
complexes) with aromatic hydrocarbons, amines and poly-
hydric phenols. These complexes are characterised by

2 to 1014

intermediate to high resistivity (10 ohm cm).
The TCNQ also forms two series of stable, salt-like
derivatives, each involving complete transfer of an elec-
tron to TCNQ with the formation of the anion-radical.
Simple salté,thus formed, could be represented by the
formula m Z(TCNQ™)n, %é'which 'm' may be a metallic or
organic cation, and are characterised by resistivities

in the range 104 to 1012 ohm cm. In some cases, the salt

*NreNQT )R (TCNQ) in which a

formed is of the type m
molecule of formally neutral TCNQ is present in addition

to the radical-anion TCNQ®. This type of complex are
2

characterised by low electrical resistivities (10 © to
103 ohm cm)(SG).
TCNQ: mw-complexes: In most organic solvents, the comp-

lexes formed between TCNQ and suitable donor compounds
are much less soluble than either of the individual
components thereby permitting their isclation. With very
few exceptions these are found to be 1:1 complexes and

: i = Al
are usually obtained by adding solutions of the donor to
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solutions of TCNQ in solvents such as tetrahydrofuran,
chloroform and dichloromethane. These 1:1 complexes
generally have interesting electrical properties. Although
donors possessing high basicity (i.e. the diamines) have
been shown to give highly conductive complexes, no
consistent correlation has been made between structure

or basicity of the donor and electrical conductivity of
the corresponding TCNQ complex. For example, 1:1 p-
phenylenediamine-TCNQ complex has a resistivity of about

3

10® ohm cm. On the other hand, N,N,N',N'~tetramethyl-p—

phenylenediamine affords a complex with a resistivity of

8

about 106-10 ohm cm even though one would expect the

methylated amine to have a higher m-base strength by
virtue of hyperconjugative effects(87). It has been
suggested that these differences may be related to molec-
ular packing within crystals and that smaller NH2 groups
of the unmethylated amine allow greater continuity of the
donor/acceptor pair with consequently increased . T-orbital
overlap. This would be expected to present a lower energy
barrier to the electron transport required for conductiv-
ity. In addition, impﬁrity effects may be important in

accounting for these differences.

Both iocdine and tetracyanoquinodimethane have been used
extensively as dopants to enhance the electrical
conductivities of polymeric materials (e.g. iodine doping
of polyacetylene and TCNQ doping of poly(N-vinylcarbazole).
These dopants also form complexes with simple aryl

compounds. This chapter details an experimental study of
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some 'simple' aryl complexes with iodine and TCNQ carried
out as preliminary work with a view to understanding the
nature of complexes they form with poly(p-phenylene) and
poly(N-vinyl carbazole). The static dielectric permittiv--
ities and electro-optical Kerr effects of a series of

aryl compounds (benzene, toluene, P-, 0- and m-xylene)
were first measured in the pure state and when complexed
with iodine and TCNQ. The complexes were usually prepared
by dissolving a fixed amount of the dépants in the various

aryl solvents so as to form a binary system.

6.02 Solution Kerr Constants of Aryl-Iodine Complexes

The formation of a complex between the aryl compcunds
benzene, toluene, P-, 0- and m~-xXylene and iodine can be
represented by the following equation

K
B =200 A D (6.2)

—_—

where A, denotes the acceptor (iodine), D the donor (aryl
compound), AD the iodine-aryl complex and K is the

equilibrium constant.

Therefore K = [A%Q[JB] (6.3)

The quantities [A], [D] and ﬁuﬂ represent the concentrat-
ion in moles per litre of uncomplexed iodine, uncomplexed

aryl compound and iodine-aryl complex, respectively.

Thus, the total amount of iodine in the system will be
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equal to the sum of iodine in the free-state and in the

complex form.

]

Hence (&), .., 1A ;o + [aD] (6.4)

[-A] free LA-) total” ‘-A]ﬂ (6.5)

Substituting equation (6.5) into (6.3) and rearranging

gives

[aD]
I

R} o ois ) (6.6)
However the concentration of donor is usually chosen to
be in excess of all other components, hence the concentrat-

ion of the donor is approximately constant. Thus we may

write

LD]free ‘;ﬂtotal (6.7)
Substituting (6.7) into (6.6) gives
. (AD)
KLﬁ]total LA]total - |AD] {6.85

Thus (6.8) may be used to calculate the concentration of

complex, provided K, LA}total and LD]total are known.

For the benzene-iodine system the stoichiometric quantities

for a 0.2% (w/v)
1

of benzene |D] and iodine [A]

total total

solution of iodine in benzene are 11.19 mol.l1 ~ and
0.0078 m:::l.l_'1 respectively. Substituting these values
into equation (6.8) permits the calculation of the

concentration of the benzene-iodine complex [AD], for
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1)(88)

a known value of the equilibrium constant, XK(0.21 mol

Thus 0.2 x 11.19(0.0078 - (AD]) = [AD]
|AD] = 0.00539 mo1.17%
i x -1
Hence |A]. __ = (0.0078 - 0.00539) = 0.0024 mol.l

The amount of free iodine in a 0.2% w/v solution of iodine
in benzene is 0.0024 mol.l-1 which implies that the
concentration of 1:1 complex (I2 - benzene) is 0.0078 -

0.0024 = 0.0054 mol.1 L,

The equilibrium constant used in this calculation was
determined for a dilute solution of iodine and benzene

in n—heptane(as)

. This method of calculating the concen-
tration of complex was used to determine the molecular

composition of the other aryl-iodine systems.

Solution Molar Kerr Constants mK12

Solution molar Kerr constants may be calculated using the

equation

K = 64n + 2)2(512 + 2)2d

o (6.9)

2
12 B12M 2/ (ng, 12

where MlZ is the molecular weight, Ny, the refractive

index, dlz,density of the medium. A is the wavelength of
light employed in the determination of the Kerr constant.
and CC1

Typical data for benzene-I --I2 systems are shown

2 B

o I



in figure 6. 1. The solution Kerr constants, were

842
calculated as described in Chapter 4 and are presented in

table 6.01. The dielectric data are also presented in

table 6.02.

For a dilute solution of polar solutes the following

approximations are normally acceptable;

where n, dl’ and M1 are refractive index, density and
molecular weight of solvent respectively. Equation (6.9)
then becomes

2 2

¥ 2
ity o B 6)Ln1 Blel/(nl + 2) (612+ 2) dl (6.10)

Wwhere the experimental Kerr constant, B,, for a 0.2% w/v

solution of iodine in benzene was determined to be

0.66 x 10-14 V-zm. The corresponding static dielectric

permittivity, 612 was found to be 2.277. The refractive
index, Ny, the density dl, and molecular weight, My of
benzene was taken as 1.4973, 873.8 Kg1ﬂ43 and 78 respect-

ively. The wavelength of light, A, for which measurements

were performed was 632.8 x 10~2 nm.

Substituting these values into equation 6.10, the solution

molar Kerr constant was calculated to be 10.2}:10-26

5 1

V-zrn mol —.
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Figure 6.2 Diagram of Benzene-Iodine Complex
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70
(d)

Figure 6.3 Overlap diagrams for TCNQ complexes with
various aryl compounds: (a) hexamethyl-
benzene (b) p-xXxylene (c) o-xylene
(d) m-xylene
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Figure 6.4 Molar Kerr constants, mK as a function of the
number of aromatic units for the oligophenylene
compounds: (@) theoretical and (A) experimental

values
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Solution Molar Kerr Constant of Iodine-Arvl Complexés

The solution molar Kerr constant of an iodine-aryl complex

may be calculated using the following alligation relation-

ship(g)

B = i K 3

m 13 1m'1 + f5 K (6.11)

2m2 * f3nf3
where fl’ f2 and f3 are the mole fractions of aryl
compound, iodine and the complex, respectively and mxl’
sz and mK3 are the corresponding molar Kerr constants.

Rearranging equation (6.11) yields

mk3 = pfi3 - (£ oK) - (£, (Kp) (6.12)
~ T
3

For a C.2% w/v iodine in benzene, the calculated solution
molar Kerr constant was 10.2::10-26V’2m5nm1"1. The molar
Kerr constant, mKl of benzene and the molar Kerr constant,

26 =25 =1
N

k2 of iodine were determined to be 6.9x10" mol

and 6.54x 1029 v~ 2p5 mo17! respectively. The mole fraction,
fl of benzene and the mole fraction, f2 of iodine and the
mole fraction, f3 of the benzene-iodine complex were 0,999,

2.15x10"% and 4.8x107% respectively.

Substitution of the above values into equation (6.12)

24 _~-2_5 i

yields a value of 67.6x10 “"V “m"mol - for the molecular

Kerr constant, mKB of the benzene-iodine bimolecular complex.

The solution Kerr constants and the molar Kerr constants
for the o, p- and m-xylene-iodine complexXes were

similarly obtained. A summary of the results is given in
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table (6.01).

6.03 Solution Molar Kerr Constant of TCNQ-xylene

Complexes

The experimental Kerr constants B12 and dielectric
permittivities, €12 for solutionsof 0.1% (w/v) TCNQ in
the various aryl solvents were determined as described in
section 6.03. A summary of the results is given in table

(6.03) and (6.04).

For the 0.1% (w/v) solutions of TCNQ in the ortho, meta
and para xylenes, all the TCNQ was assumed to be in the

complex state.

The equilibrium constants are not known for these
systems as far as the author is aware. The consequence of

this assumption will be discussed subsequently.

The solution molar Kerr constants were calculated using

equation (6.13).

K =l o

1 ml "

+ £ K

5 3" gl (6.13)

2 m

where f f2 and f3 are the mole fractions of the Xylenes,

1!
TCNQ and the TCNQ-xylenes complex respectively and mKl’

sz and mK3 are the corresponding molar Kerr constants.

For a 1:1 complex formed using all of the available TCNQ,

it follows that £, = 0 and that £4 may be calculated from
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the total number of moles of TCNQ.

Therefore
wb12 T f1 uf1 T f2f3 (6.14)
K - f K

Equation 6.15, therefore, permits the calculation of the

molar Kerr constants, mKB for the TCNQ-xylene complexes.

For a 0;1% (w/v) solution of TCNQ in o-xylene , the

solution molar Kerr constant, mKlZ was determined to be

4.95::10_26v72m5nm1_1 and the Kerr constant,  K; for

26 =2 .5 1

o-xylene was 3.2x10 “"v “m“ mol ~. The mole fractions,

f1 of o-xylenes and mole fraction, f2 of the TCNQ were

calculated to be 0.999 and 0.00059 respectively.

Substituting the above values into equation (6.15) gave

a molar Kerr constant for TCNQ-o-xXylene complex of

2,98 x107%3 v"%° mo1 7L,

A similar approach was used to calculate the molar Kerr

constant of TCNQ-complexes formed with p- and m-xylenes.

A summary of the results is given in table 6.03.
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6.04 Discussion of Results

The experimentally determined Kerr constants Bl for the
solvents carbon tetrachloride, benzene, toluene, o-xylene,
p-Xylene and m-xylene at 298K are presented in table 6.01
along with the corresponding Kerr constants for 0.2% w/v
solutions of iodine in these materials. The Kerr constant .
increment OB (= By - Bl) was observed to be relatively

small (0.033{10_14

V_zm) for the solution of iodine in
carbon tetrachloride. It has been noted previously that
iodine molecules in a carbon tetrachloride medium may be
regarded as 'free' and equivalent to the gaseous form of
iodine. Thus, the Kerr constant increment, in this
instance may ke attributed solely to uncomplexed iodine
molecules., Much larger Kerr constant_increments were found
for the aryl solvents. The largest increment was

14\f2

062 x 10" m found for the o-xylene-iodine system.
The increments found for the aryl-iodine systems have been
interpreted as the sum of Kerr effect contributions from
'free' iodine and from aryl-iodine complexes. Strictly
speaking the observed increments must also reflect the
decrease of 'free' aryl molecules. Although the latter
contribution is expected to be small for dilute solution
of iodine in pure aryl compounds its effect was still

taken into account when calculating the molar Kerr const-

ants of the complexes.

Although a comparison of experimental Kerr constants,
B12 is quite useful it is much more informative to examine

the molar Kerr constants which relate more directly to
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molecular structure via optical anisotropies and molecular
dipole moments. It is interesting that the molecular Kerr

27 =25 1)

constant (654x10 “'v “m” mol™ ") determined for the

iodine molecule is nearly an order of magnitude greater
than that (67:{10_27Vf2m5um1"1) found for chlorine(QO}
indicating that iodine molecules are considerably more
polarizabkle, along the kond axis, than chlorine molecules;
.an observation reflecting the well known differences in
general chemical behaviour of these two halogen molecules.,
Refering to the contents of table 6.01 it can be seen
that the experimental molar Kerr constants of the aryl-
iodine complexes cover a wide range of values. Even a
brief examination of the molar Kerr constants for the
xXylene-iodine complexes reveals that there must be

considerable differences between their optical anisotropic

and/or dipole moments.

Similarly, the experimentally determined Kerr constants
for solutions of TCNQ (0.1% w/v) in o, p and m-xylene at
298K are presented in table 6.03. An attempt to perform
similar determinations with benzene and toluene was not
successful due to the extreme insolubility of TCNQ in
these solvents. It is interesting that the solution Kerr
constants for the solutions of TCNQ in these solvents

(o, p and m-xylene) exhibited similar trendsto the
solution Kerr constants of iodine in these solvents. Thus,
the o-xylene produced the largest Kerr constant increment
followed by the p-Xylene solution. The m-xXylene gave by

far the smallest solution Kerr constant.
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Referring: to the dielectric data shown in table 6.04, the
dipole moment values quoted for the complexes have been
calculated from the dielectric increments resulting from
the formation of the complex. Thus, the dielectric
increment was attributed solely to the complex. These
dipole moments indicate the highest positive value (20.2D)
for the m-xylene-TCNQ system. The calculated dipole
moments for the o-xylene and p-Xylene systems (8.9 and
4.6 respectively) are much smaller than obtained for the
m-Xxylene system. It is anticipated that these dipole
moments would be acting in a direction more or less at
right angle to the plane of maximum polarizability of the
complex and this would effectively produce a negative
Kerr constant from the 92 term (see Chapter 7). If the
dipole moment acting at right angle to plane of maximum
polarizability is large enough, the overall Kerr constant
of the complex may be negative. It would therefore appear
that the dipole moment associated with the TCNQ-complex
in the m-xylene system was sufficient to substantially
offset the positive contribution to the Kerr constant but
not large enough to produce an overall negative Kerr
constant. The effect of the dipolar term, 82 would be
smaller for the o-Xylene and p-xylene system as indicated
by the calculated dipole moments of their complexes. This
would consequently be reflected in the effects they
produce on the magnitude and sign of the Kerr constant of

the complex.

Since the Kerr constants depend on anisotropy (81) and

dipole moment (92) contributions, the magnitude and sign
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of the Kerr constants would depend on which of these
factors is dominant. It may be seen that the dipole

moment calculated for the complex in the o-Xylene system
(8.9D) is greater than that calculated for the complex

in the p-xylene system (4.6D). However, the Kerr constant
of the o-xylene-TCNQ complex is larger than the Kerr
constant of the p-xylene-TCNQ complex. This could probably
be due to a greater anisotropy of the o-xylene-TCNQ
complex compared to the anisotropy of the p-xylene-TCNQ

complex.

In Chapter 7, theoretical Kerr constants are calculated
for various aryl-TCNQ system. In this chapter a more
detailed examination of the electro-optical properties and
possible molecular structures of p-oligophenylene-TCNQ

complex will be undertaken.

Colton and Henntsg) have previously indicated that even

a completely substituted benzene (hexamethylbenzene)
exhibits a considerable overlap with the TCNQ molecule.
The predicted donor-acceptor arrangement for benzene-TCNQ
and hexamethylbenzene-TCNQ (drawn by Colton and Henn)
together with overlap diagrams for o-, p- and m-xylene-

TCNQ using the same basis are shown in figure 6.2.

Although little information has been reported about the
detailed structure of the TCNQ-aryl complexes, structures
of aromatic complexes with a similar molecule, tetracyano-

ethylene (TCNE) have been reported in relatively more
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detail. For example, in naphthalene(gl), pyrene(gz) and
perylene(93) complexes the donor and acceptor molecules
were observed to alternate in stacks of 1:1 stoichiometry.

Adman et a1(94)

showed using overlap diagrams, that the
TCNE molecule lies almost directly above a p—p' vector of
a given benzene ring of the particular polycyclic hydro-
carbon. They suggested that the TCNE molecule is always
associated with the centre of a particular benzene ring
of an electron donor and not with the periphery of the

ring, and that it is associated with a ring at the periph-

ery and not the centre of the larger polycycles.

Although there remains much work to be done before the
electro-optical behaviour of aryl-TCNQ complexes can be
fully interpreted in terms of their molecular structures
it has been demonstrated that a combination of dielectric
and Kerr effect techniques can provide useful information
about structure and electrical properties of charge-

transfer complexes in solution.

6,05 TCNQ-Complexes of Phenylene Oligomers in 1,4-

Dioxane

Poly(p-phenylene) and the oligomers are known to form
charge-transfer complexes with both n- and p-type dopants.
The most extensively studied complexes are those formed
with AsF

NoBF , and lithium naphthalide (see section

57 e
2.09). Tetracyanoquinodimethane (TCNQ) has been used
similarly to dope polymers for the purpose of enhancing

their electrical conductivity. A notable example is the
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doping of poly(n-vinylcarbazole) with TCNQ which is

discussed in Chapter 8.

Although TCNQ has for sometime been known to form a
charge transfer complex with the polyphenylene compounds,
detailed investigations of the structure of the complex
have been relatively sparse. This is mainly due to the
extreme insolubility of the poly(p—phenylenes) and the
oligomer in the majority of solvents that would be

considered suitable for a complex.

The present chapter describes a study (using mainly di-
electric and electro-optical Kerr effect techniques) of

the oligomers soluble in 1,4-dioxane.

6.06 Preparation of TCNQ-Oligophenylene Complexes

All the TCNQ-complexes of the oligomers (biphenyl,
m-biphenyl benzene, terphenyl) were prepared in 1,4-

dioxane.

Solutions of biphenyl and m-biphenyl benzene-TCNQ complexes
were each prepared by dissolving 2% and 0.1% (w/v) of
oligomer and TCNQ respectively in 1,4-dioxane. These were
shaken in a stoppered flask for approximately 24 hours at
room temperature. Solution of terphenyl-TCNQ complex were
prepared by dissolving 1% of oligomer and 0.1% of TCNQ in
1l,4-dioxane. The solubility of terphenyl in 1,4-dioxane

is poor ( < 2%).
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The freshly prepared solutions of oligophenylenes and
TCNQ possessed an intense red colour similar to that
observed for solutions of TCNQ in the orthc-, meta- and

para-xylenes.

607 Solution Molar Kerr Constants of Oligophenylenes

and Oligophenylene-TCNQ Complexes

The estimation of the molar Kerr constant of solutes at
infinite dilution was first adopted by Le Févre(go). The
procedure involves the extrapolation of measurements of
four experimental parameters to infinite dilution before
calculating the Kerr constant of a solute. This is
facilitated by the following relationships which are
assumed to applyat high dilution for the permittivity

(612),density (dlz), refractive index (nlz) and experimen-

tal Kerr constant (Blz) of the solution.

€12 = €,(1 +crw2) (6.16)
d, = 4,(1 +pw) (6.17)
Ny, = n(l+¥Pw) (6.18)
Big 2 Byl +d.ws) (6.19)

Thus, by making measurements for a series of solutions
with different weight fractions, w, of solute, the values
ofa,p, ¥V and & may be evaluated. These values, together
with equation (6.20) may then be used to calculate the
specific Kerr constant of the solute at infinite
dilution,

ol oK)
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OD(SKZ) = [(1 - ﬁ’ T HY - Jael)] sKl (6.20)
where H = 4n12/(n12 » 2) (8.21)
and g = 2/(61 1) (6.22)

sKl is the specific Kerr constant of the solvent.

In practice for polar solutes, 8 and } are usually very
small relative to the other contributions denoted by «
andd . Thus, a simplified version of equation (6.20) may

be used, namely:

K ' = (1 + & - Jae ) K (6.23)

s1

The majority of measurements were made on dilute solutions
(Z=2% w/v) of the solutes in the solvent 1,4-dioxane at

298 K..

The permittivity and specific Kerr constant of 1,4-dioxane

25

were taken to be 2.209 and 0.138x 10 V-zmSKg-l respec-

(121)

tively . The coefficients, ¢ and & were determined from

the gradients of plots of € Vs W, and B VS Wy,

12 12
respectively. Solute specific Kerr constants SKZ were then

calculated using equation (6.23).

6.08 Molar Kerr Constants of TCNQ-Oligophenylene

Complexes in Solution in 1,4-dioxane at 298

The composition of a qguantity Wg‘of a solution of complex

may be expressed as follows:
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1 X W dioxane
Wy X W biphenyl

w3 X W TCNQ

where Wys Wy and wy are the weight fractions of dioxane,

biphenyl and TCNQ respectively.

Given that the molecular weight of TCNQ equals 204, then

the total number of moles of TCNQ per W solution will be:

w3 x W

204

If it is assumed that all the TCNQ is incorporated in a
1:1 complex with the aryl molecule, then the weight of

complex present in W of solution will then be given by:

WB X W

( 204 ) Mc

where MC is the molecular weight of the complex. Hence
the weight fraction of complex, LOY will be given by:

g ¥ Wa > MC

4 204

The number of moles of aryl molecule involved in the
formation of the complex is equal to w3:cW/204 and the
total weight of aryl molecules incorporated in the complex
will be given by

w3 X W xM
204

where M is the molecular weight of the aryl moeity.
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It therefore follows that the weight of uncomplexed aryl
molecules may be expressed as

Wo X WX M

3
Wo X W - 204

and the weight fraction of the uncomplexed aryl

molecules, w2' , Will then be given by:
W X M
w, = (W, - i iy )
2 2 204

The solution specific Kerr constant, SK13 for the aryl-
TCNQ complex in 1,4-dioxane may then be calculated using

the following relationship:

Kl + W, K2 o WB K, + w K (6.24)

i i L s g3 4 s'4

1l s

where Wy and sK4 are the weight fraction and specific

Kerr constant of the aryl-TCNQ complex, respectively.

For the formation of a 1:1 complex the term Wy K5 equals

zero and equation (6.24) reduces to

shiz = W K * Wy Ko+ W, Ky (6.25)
Substituting for wz' and Wy yvields
Wy X M Wy X Mc
sfya & W f ¥ (Wy ~ ~ama=) Ky r Fpr) oy
(6.26)
Rearranging to find Ka
w3 2t M 204
fq" ° Rz W K g - ) Ko o X M_
(6.27)

enable the specific Kerr constant of the complex to be

readily obtained.
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For the biphenyl-TCNQ system, the values for
25 ZmSKg—l

sf132 &K

S
~25 =2 5. .~1

were 0.209x10 “° v y 0,138 x10 V “m” Kg

2
and 2.18x10°2° v 2P kg™

and K
s

1 respectively.

Substituting these quantities into equation (6.27) gives

8D =L D 1

a value of 25.4x10 “°V “m” Kg =~ for the specific Kerr

constant of the TCNQ-biphenyl complex and a corresponding

225.=2.5 T

molar Kerr constant K, of 9.09x10 ““V “m” mol"~

4
(Kg = K4 x molecular weight of complex).

The same procedure was used to calculate the molar Kerr
constant of terphenyl-TCNQ complex and m-biphenyl benzene-
. TCNQ complex in solution in 1,4-dioxane at 298 K. The results

of these calculations are summarised in table 6.06,

6.09 Discussion of Results

The dielectric and Kerr effect data for the oligophenylenes,
biphenyl, m-biphenyl benzene and terphenyl in solution in
1l,4-dioxane at 298 K are presented in table 6.05., Also
included in this table are the corresponding experimental
specific and molar Kerr constants of these molecules
calculated using procedures described earlier. The molar

Kerr constants in the final column of table 6.05 were

* —
calculated using polarizabilities bl & 11.32x 10 24,
b, = 11.32>c10-24, by = 7.19x10"%? for the phenyl nucleus
and'b, = 2B %1090 5. w 0.3 x10"°% B, = 0.77x107%%

1 2 3

for the carbon-carbon bond between the phenyl rings. These

calculations were carried out using the computer program

* units 1w cm3
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1014 B 1047 x 10%7 k
i 8 2 m 2
FRple =2 5 G e | =Bl o
(v “m) (wi™n " Rg ~F 1 (v “m"mot ™)
2% Biphenyl 0.098 15.2 [ 0.35 218 33L7
(31)
2% m-Biphenyl-| 0.123 32.5 | 0.35 456 105 22
benzene (69.8)
1% Terphenyl 0.098 29.3(1.82 390 o0 X0
(69.8)
Table 6.05 Kerr effect and dielectric data for solutions
of oligophenylenes in 1,4-dioxane at 298 K-
mKZ in parenthesis are theoretical values
1014 B 1027 x 10°7 &
13 s 4 m 4
Sample <2 ) a 2.5 =1 -2.5 -1
vy T m) (v m RBRg ")l (v “m mol °)
2% Biphenyl 0.114 24.5 | 16.8 254 910% 130
(0.100) |
2% m-Biphenyl-| 0.116 | 26.3| 0.81 ~115 I “370% 706
benzene (B.125)
1% Terphenyl 0.117 54.3| 4.3 734 820 % 230
(0.100)

Table 6.06

Kerr effect and dielectric data for solutions

of TCNQ (0.1%) and oligophenylene in 1,4-

dioxane at 298 K»
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Sample

13

Por/D

2% Biphenyl

| 2.224 2.246

2% m—Biphenyl-I 2.234 2.245

benzene

1% Terphenyl

2.252 242352

23.0

11.%

Table 6.07

Dielectric data for solutions of
TCNQ-oligophenylene in 1,4-dioxane

at 298 K. €12 and 613 denotes the
dielectric permittivities of the pure
oligophenylene solution and the

solution of the TCNQ complexes

respectively

~146-




described in Appendix 2.

For biphenyl there is good agreement between the experim-

ental Kerr constant, 33x10 =ed v 2m5nm1 =1 and the

theoretical Kerr constant, 31}(10_27V_2m5nm1_1.

The theoretical molar Kerr constants calculated for m-

biphenylbenzene and terphenyl are identical (69.82{10_27

v 2m5nmﬂ ) because the polarizability of the aromatic
nuclei and consequently those of the molecules is
isotropic along directions lying in the plane of these
molecules. The experimental molar Kerr constants of m-
biphenylbenzene and terphenyl were determined to be
1051027 v ?n° mo1~} ana 90x107%7 v~ %> mo1~! respect-
ively. The difference between these two values may not be
significant in view of the fact that the error bars
associated with these values are overlapping. However,
despite these reservations it is likely that the Kerr
constant of m-biphenylbenzene is slightly greater than
that of its isomeric form, terphenyl, because its non-
linear structure will give rise to a small dipole moment,
lying in a direction coincident with the axis of symmetry
of m-biphenylbenzene which would increase the magnitude
of the positive Kerr constant. By way of illustration, a
dipole moment of 0.75D would raise the theoretical Kerr

Soristant trom 70220~V %5 mo1 t (p = 0) to

11010 %" v *u° mol +

The experimental molar Kerr constants found for m-biphenyl-
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benzene and terphenyl are significantly greater than the
theoretical values calculated using tabulated bond and
group polarizabilities taken from the literature. These
differences are not great and probably arise from changes
in the polarizability of the phenyl moeity when it is

incorporated in an extensive conjugated system.

Attempts were made to measure the Kerr effect of solutions
of the higher molecular weight oligophenylenes (e.g.
p-quarterphenyl, p-quinquiphenyl) Dbut their extremely
poor solubility in solvents suitable for making Kerr
effect measurements prohibited such an analysis. Figure
6.05 shows experimental and theoretical molar Kerr
constants for several oligophenylenes. The theoretical
values were calculated assuming that the molecules are

rod-like and planar.

The addition of small amounts of the powerful electron
acceptor TCNQ to solutions of the oligophenylenes gave
rise to substantial changes in the experimental solution
Kerr constants. Referring to Column 1 in table 6.06 the
entries in parenthesis are the solution Kerr constants
estimated for the 1,4-dioxane-oligophenylenes-TCNQ
systems based on ideal mixing of the solutes i.e. no
specific solute-solute interactions. For biphenyl and
terphenyl the experimental solution Kerr constants, BlB’
are 14% and 17% greater than the corresponding values
predicted for the ideal solutions. These are significant

differences and indicate that there are specific inter-
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actions between biphenyl and TCNQ and between terphenyl

and TCNQ. For convenience it will be assumed that these
specific interactions result in the formation of a 1:1
complex although it is recognised that the stoichiometry
and exact concentration of the complex cannot be estab-
lished from Kerr effect measurements alone. This problem
will be discussed subsequently. It is interesting to note
that the addition of TCNQR to solutions of m-biphenylbenzene
produces a éignificant lowering of the solution Kerr
constant indicating the formation of a complex possessing

a negative Kerr constant.

The experimental molar Kerr constants listed in the final
column of table 6.06 were calculated from the solution
Kerr constants 513 assuming that all of the TCNQ is in

a complexed form. Thus, these molar Kerr constants rep-
resent minimum values of the molar Kerr constant of the
oligophenylene-TCNQ complexes. It is important to
appreciate that the experimental molar Kerr constants
calculated for the complexes are underestimated guantities.
The experimental molar Kerr constants found for the comp-
lexes are substantially greater than those found for the
constituent molecules. These results indicate that the
polarizability and/or anisotropy of polarizability of the

complexes greatly exceeds that of the separate molecules.
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CHAPTER 7

Calculation of Molecular Kerr Constant of Bimolecular

Complexes using Bond Polarizabilities

T Introduction

S—

Previous chapters have described the measurement of
molecular Kerr constant of complexes formed between a

variety of donor and acceptor molecules in solution.

From a consideration of the magnitude and sign of the
experimentally determined molecular Kerr constant it is
possible to deduce a limited amount of information regard-
ing the overall shape and electrical properties of the
complexes. In this chapter a more detailed analysis of

the molecular structure and electro-optic properties of
the complexes will be undertaken based on the calculation
of molecular Kerr constants using bond polarizabilities

and electric dipole moments.
Theoretical Considerations:-

Le Fevre and his many co-workers have consistently
demonstrated that for a large variety of organic molecules
the electrical and optical molecular polarizabilities may
be represented by appropriate tensor sums of the constit-
uent bond polarizabilities. It is known that the anisotropy

of molecular polarizability is very dependent on the
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overall shape of molecules. Thus, by comparing experimental
and theoretical molecular Kerr constant of a molecule
(typically a solute molecule) it is possible to deduce
useful information concerning its structure and conformat-
ion. This approach can be extended to cover solute-solvent
and solute-solute interaction. Indeed, departures of
solutes from ideality due to association between molecules
are readily studied using the electro-optical Kerr effect,
provided that scattering is minimal and specific absorption

effects are recognised and taken into account.

The molecular Kerr constant of a molecule is normally
regarded as the sum of two contributions, a term (91)
associated with induced electric dipole moments and a
second term (62) associated with permanent electric

dipole moments.

Thus mK el e (8, + 92) (7.01)

The first term, 91 is usually referred to as the induced
anisotropy term and its magnitude, which is always
positive is a measure of the anisotropy of optical and
electrical polarizability. N is Avogadras number.

The form of 91 is

2

2
[(bl = by)° + (by - by)

oot €= 1)

! ASKT (h* - 1)

2
- (b3 - hﬁ)]

{7.04)

In this expression bl’ b2 and b3 are the principal electro-
static polarizabilities of the molecule, € is the dielectric

constantsand n is the refractive index. T and K are the
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temperature and Boltzmann's constant respectively.

The dipole term, 92, sometimes referred to as the

orientation term, is given by:

1 2 2 2 2
2} W el - b =B ) + - (b, - b,)
2 M = [ e S Bl R B
+ (}132_]112)(103-1:1)} (7.03)

Where p,, M, and p, are the components of the permanent
dipole moment vector along directions parallel to bl’ b2
and b3.

From the Langevin-Born-Gans Theory, the Kerr constant of
the medium is

av(n + 2)2( €+ 2)2(@1 +0,)

B = 7 nl (7.04)

Where v is the number of molecules per unit volume andA

is the wavelength of the light used to make measurements.

On rearranging equation (7.04) we obtain

O B 27nd (7.05)

;r'r,p(n2 - 2)2(6 - 2)2

which may be substituted into equation (7.01) to give:

o 26nB.)LZN (7.06
& (n“+2)(€+2)°p

The quotient N/v may be shown, by simple manipulation, to
be equal to M/d, where M and d are the molecular weight

and density respectively. So finally we obtain:
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6nBAM
. (7.07)
m (n2+2)( e+ 2)° g

Thus, using equations(7.01 - 7.03), together with a

b b, and

il R
corresponding dipole moment components P12 Po and B3> the

knowledge of molecular polarizabilities b

theoretical molecular Kerr constant may be calculated.
Such a value may then be compared with the corresponding
experimental value calculated by substituting experimen-

tally determined values of B, n, € and 4 into equation 7.07.

However, before a comparison may be made between theoret-
ical and experimental molecular Kerr constants the

molecular polarizabilities have first to be calculated.

It is assumed that the electro-static and optical
polarizability of a molecule can be represented by a
single polarizability tensor, T This assumption implies
that the electrostatic and optical polarizabilities are
related by a scaling factor. The molecular polarisability

tensor Tm is given by the tensor sum of the bond polariz-

ability tensorsTi. The latter posses the general formtgs).
bL 0 0
Ti = 0 bT 0 (7.08)
0 0 bV i

The diagonal components, bL, bT’ bv of the tensor of the
BB

3! bond Ti correspond to the principal axes of the electro-
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th

optical polarizability ellipsoid of the i bond in the

molecule.

The electrostatic polarizability tensor of a molecule

may be written in the following form:
N
R - Z & e (7.09)
m R

Where N is the number of bonds in the molecule and Si is
a 3x3 transformation matrix for representing the bond

polarizability tensor with an arbitrarily chosen reference

1

coordinate system. The matrix Si' is the inverse of Si'

For transformation using Cartesian co-ordinate Sil is

i
simply the transpose of Si. The transformation matrix_Si

depends on the relative orientation of the ith

bond and
the bond chosen as a reference co-ordinate system. Si is
expressed as a serial product of the intervening bond

transformation matrices iRj' Thus:
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o TEL R (7.10)

i jag A3

where j indexes the bonds linking the ith bond to the
reference bond, such that j=0 corresponds to the
reference bond and j=R+1 to the ith bond. The index i

serves merely as a label for the bonds and is not involved

with the ordinal numbering of the bonds that connect the
th

reference bond to the i bond. Bond transformation
matrices required by equation (7.10) are given by(gs)
Cos 6. Sin ©. 0
J J
R = Sin 6. Cos @. =-Cos ©, Cos 0. Sin @.
i n 8, Cos §; b ¢J FjJ

S i ] i . & ‘ i ‘ - '
in @, sin ﬂj Cos 8, sin ¢J Cos ¢J

(hell)

wherelthe elements of the transformation matrix, Rj, are
functions of the bond rotation angle ¢j and the bond angle

supplement Gj of the jth

intervening bond. Application of
equations (7.08 - 7.11) yields molecular polarizability

tensors which have the general form:

b b b
XX Xy XZ
= b b Tol2
bZX bZY bZZ

If the components of the permanent dipole vector expressed
in the reference co-ordinate system are Py Py and j
then the molecular Kerr constant may be calculated using

the following equations:
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K = N(Gl + 82)/26O (T 13}

m
. 2 2 2
8, = [{bxx-byy) G LR T
6bxybxy + 6bszZx + 6byzby%J PD/45PEKT (7+14)
_ 2 2 2 2 b
0, = [(px = ].1},)(bmc = by.y) + ()AY = }..12)(131,,y By
2 2
b (Pz 7 P‘X)(bzz & bxx) i spx}lybxy ki 6}'1ybyz y tS}JZ}IZI:’Z){
/45;{2'1'2 {7e15)
where PD and PE are the distortion and electronic

polarisation, respectively. Diagonalisation of the molec-
ular electro-optical polarizability tensor, T enables
equations (7.14-7.15) to be simplified, since the terms

involving off-diagonal elements of Tm disappear.

A computer program, 'Kerr Constants' written in Basic for
the Apple II computer was used to calculate the meclecular
polarizability tensor, the molecular dipole moment and
the induced, dipolar and total molecular Kerr constants.
A detailed description of the structure and use of this

program is presented in Appendix 2.

Tio U2 Theoretical Molar Kerr Constant of Iodine Complexes

The principal polarizabilities of iodine were estimated
from the knowledge of its refractive index, density,
molecular weight and its experimentally determined molar

Kerr constant.

Theoretically, the molar Kerr constant can be expressed
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in terms of polarizabilities (b) and dipole moments (P)
(induced and permanent).

27N (91 + 82}

Thus K =

" 3 (7.01)

where 61 is known as the induced term and 82 as the

dipolar term.

Since the iodine molecule is symmetrical, it has no net

dipole moment. Therefore 92 becomes zero

Equation (7.01) then reduces to:

2#(91)
mK = —-9— Wiialie)
o 1 2 2 2
But el = ZERT [(bl—bz) +(b2-b3) +(b3—b1):| 9 )

For the cylindrically symmetric iodine molecule, we may

assume b2 = b3. Then equation (7.17) reduces to:

o i
8, = == [(bl-bz):' (7.18)
Therefore from (7.16) and (7.18)

2 9 mK 45KT

GRS o g (518

(bl -b

Molar refraction is also related to the principal polar-

izabilities by the following equation:

_ 4nN
B RE TN bk (7.20)

_ amN
Then R —6—-(b1-+2b2) (7 21.)
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But molar refraction can also be represented by the

following equation:

2
(g_-1) "M (722}

R
(n®+2) a

where n is the refractive index, M the molecular weight

and d the density.

From equation (7.21) and (7.22):

5he (nt=1 )0

b = = - 2b (7.23)
1 47N (n?+2) d 2
and from equation (7.19):
ngx 45KT

Combining equation (7.23) and (7.24), so as to eliminate

2, we obtain:
. o
g O ]9K45KT 1
b, = (Eae) t B x - (7.25)
47N n“+2 4 szr 2 3

The polarizabilities bl and b2 can therefore readily be
calculated. The polarizability b3 is readily evaluated

since it is simply equal to b2.

The calculated principal polarizabilities are 18.6;{10_24

cm3, 9.2931:10_2‘4 cm3 and 9.29x10_24 cm3 for b,, b, and b

l,

respectively. These polarizability values were used in

3

the program described in Appendix 2 to calculate the

molar Kerr constant of the iodine complexes.
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7.03 Theoretical Kerr Constant of Tetracyanoguino-

dimethane

In order to calculate the molar Kerr constant of a
molecule it is necessary to have a complete knowledge of
the electrostatic polarizability tensor and the permanent
electric dipole moment of the molecule. The symmetrical
structure of TCNQ will ensure that its time-averaged
dipole moment is zero. The molecular polarizabilities bl,
b2 and b3 may be calculated by the tensorial addition of

the individual bond polarizabilities by, b and by.

2
%

Figure 7.1 Structure of TCNQ molecule

Figure 7.1 shows the structure of the TCNQ molecule. All
the bond angles were assumed to be close to 120°. For
the purpose of calculation it is convenient to classify
the bonds in terms of their orientation in the X-Y plane.
(The plane in which lie all of the atoms). Bonds lying
along the direction of the X-axis are labelled with the
letter 'a'. Bonds which may be considered as rotated

clockwise (~6OO) about the Z-axis are designated with a
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Compounds Principal Polarizabilities(esu)/1024 J (Debyes)
By ¥y g

Benzene 11.32 11.32 7.19 0
Toluene 13.75 13.03 8.7 e i
P-xylene 15.75 155108 10.24 0
O-xylene 156 ; G e 12,05 0.62
M-xylene 15.3 156 12.05 0.37
Iodine 18.6 9.29 9.29 0
TCNQ 29.16 18.76 11.12 0
Biphenyl 23 .34 21.34 130 0
M-Biphenyl-

BaiYena 31.36 31 .36 19.6 0
Terphenyl 31.36 31 .36 19.6 0
Table 7.01 Principal polarizabilities of the aryl

compounds.

The polarizability values for benzene,
toluene and the xylenes were obtained from
reference 120,

Values for iodine, TCNQ and the oligopheny-

lenes were calculated.
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'b'. An equivalent set of bonds labelled 'c' may be
regarded as having been rotated anticlockwise (+60°)
about the Z-axis from a direction initially parallel to
the X-axis. The description of the molecule is consistent
with the view that each bond is oriented along the X-axis
of a local invariant cartesian co-ordinate system. It is
the latter (for bond types 'c' and 'b') that has been
rotated through 60° relative to the co-ordinate system

(X, ¥, Z) affixed to the molecule.

Bond polarizabilities (in cm3) for the relevant bonds

are as follows:(97)
b 5 24
) T By X10
C-H 0.65 0.65 0.65
c=cC 2.80 0.73 0.77
Cl=0 0.97 0.26 0.26
C-(C=N) 4,03 1.54 1.54

It follows that the total polarizability contributions bl,

b2 and b3 for bonds 'a', 'b' and 'c' are:

221 222

]
'—l
=
(58]
-
(og

=3.08, 10, =3.6,

w1 = L2

bb3=3.6, Cbl=10, Cb2=3.6, b, =3.6 respectively.
These values together with the appropriate rotational
angle (O, -60° or +60°) were used in the computer program
"Kerr Constants" (See Appendix 2) to give the diagonalised

molecular polarizability tensor and the molar Kerr

constant of TCNQ at 298 K. The principal components of the
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molecular polarizability tensor (bl, b2 and b3) were found
o ba 25,2, 18.8 and 11.2 (10°%% em®). The correspending
theoretical molar Kerr constant was calculated to be

1.24 x 10722 v 25° mo1 !

. This value is nearly 17 times
greater than that determined for TCNQ in solution in 1,4-
dioxane at 298 K. Such a large difference between exper-
imental and theoretical Kerr constants 1s normally
indicative of either a significant departure from the
tensorial additivity of bond polarizabilities and/or a
substantial degree of association between the solvent

and solute molecules. In the former case it is known that
the presence of extensive conjugation in unsaturated sys-
tems may give rise to increased optical and electrical
anisotropies (usually referred to as exhaltation).

Le Févrés(gségggudies of this effect for a series of &,
w-diphenyl polyenes Ph(CH =CH)n Ph, showed that for n=1
the experimental Kerr constant was approximately 120 times
greater than that calculated using bond polarizabilities
deduced from saturated chemical system. It is difficult
to estimate the magnitude of this effect for TCNQ, but it
is believed that the difference between experimental and
theoretical molar Kerr constants cannot be attributed
entirely to the effects of exhaltation. The other possible
contributing factor alluded to briefly is that resulting
from the association between TCNQ and 1,4-dioxane. It is
well known that both of these molecules are able to form
complexes with a variety of donor and acceptor molecules.

A detailed discussion of the complexing ability of TCNQ

has already been given. For 1,4-dioxXane a few comments are
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—
Compound

Molecular Kerr Constants

K

m 3
Minimum Mean Maximum
Experimental Theoretical

0-xXylene 24800 29400 253 (911) 34000
P-xylene 8500 8900 210 (794) 9300
M-xylene 750 1050 182 (783) 1350
Biphenyl 780 910 238 (858) 1040
M-Biphenyl- . % > -
Benzene -440 370 369 (-30) 300
Terphenyl 590 820 346 (990) 1050
Table 7.03 £,

Experimental molecular Kerr Constant mK3:<10

-2.5

(v “m™ mo

Theoretical

o

1

) for TCNQ-aryl complexes.,

mKB values enclosed 1n brackets

were from altered principal polarizabilities

of TCNQ (bl=50, b2=18.76, b3=11.12)
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in order. It is known that 1,4-dioxane will dissolve a
variety of metal salts, when the lattice energy of the
salt is outweighed by the heat of solvation of the metal
ion by the molecules of 1,4-dioxane. It is partly for this
reason that care has to be exercised in the drying of 1,4-
dioxane using anhydrous metal salts. Considering the
strong electron withdrawing effects of the cyano groups

of TCNQ, which make this molecule a powerful electron
acceptor, it would seem reasonable to anticipate that

TCNQ would interact quite strongly with the lone pair
electron of the oxygens of 1,4-dioxane. Such an interaction
would be expected to be favoured by a boat-like configur-

ation of the 1,4-dioxane molecule.

Although the formation of a 1:1 bimolecular complex
between TCNQ and 1,4-dioxane has not been proven it is
useful to depict a possible juxtaposition of the two

molecules in diagramatic form as shown in figure 7.2.

PD ‘.O

N=——C—C

ﬁ\ . )4

Aot o g 0
45 ﬁu'r
e [

Figure 7.2 Structure of predicted 1,4-dioxane-TCNQ

complex.
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Polarization of the complex indicated by the partial
charges & and & together with the dipole moment
contribution of 1,4-dioxane will result in a diminution
of the molar Kerr constant since the resultant dipole

moment P is normal to the axis of maximum optical polar-

izability.
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CHAPTER 8

Dielectric and Electro-Optical Properties of Poly(N-vinyl-

Carbazole) in Solution with Tetracyanoquinodimethane.

8.01 Introduction

e

The photo-induced and bulk electrical conductivity of
poly(N-vinylcarbazole), PVK, has been a subject of inten-
sive investigation. The system is particularly interesting

-14 ohm_]‘ cm-l )

because the intrinsic semi-conductivity (=10
of the polymer may be greatly enhanced by treatment with
various dopant molecules such as TCNQ and I,. These

dopants also influence the photo conductivity of the
polymer by shifting the absorption spectrum into the
visible region. In the pure PVK, conduction is dominated

by holes which are long-lived and photo injected from metal
electrodes. The unusual performance of this photo conduc-
tive polymer has been connected with its tendency to take
up a helical conformation with successive aromatic side
chains lying parallel to each other in a stack along which
electron transfer is relatively easy(gg). The addition of
equimolar amounts of electron acceptor e.g. tetracyano-
quinodimethane (TCNQ) and trinitrofluorenone (TNF) leads

to increased photo conductance and is particularly useful
in the generation of significant conductance under visible
radiation. This is achieved by the formation of charge—

transfer complexes (which strongly absorb in the visible

region) between pendant carbazole residues acting as donor
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groups and acceptor dopant molecules. The conductance is
then dominated by electrons rather than holes. For a more
detailed discussion of the application of PVK photo-

conductive systems, see Chapter 1.

In PVK:TCNQ complexes, the carbazole side group acts as
the donor and TCNQ is the electron acceptor. As a direct
result of the PVK:TCNQ complex formation, there is a
charge transfer band in the absorption spectrum at

600rnn(100’101).

The PVK:TCNQ and PVK:TNF complexes are the systems mostly
studied. In both cases complete complexing with the
repeat units of PVK does not occur. The degree of
complexing (ratio of complexed acceptor molecules to the
stoichiometric amount) has been found to depend on
component mole ratio. For example the degree of complexing
was observed to decrease with the increase of acceptor
concentration from 80% for a PVK:TCNQ mole proportion of

S50k] o eU% for 101l ratia.

Poly(N-vinylcarbazole), exists in various stereoregular
forms because of the presence of an asymmetrical carbon

13C 2 50 ¢ PO <8

in the repeat unit of the polymer. Proton and
studies have indicated that synthetic routes used to
prepare the polymer have a marked effect on its stereo-
structure (102"105). The various stereoregular forms of
PVK therefore provide an interesting opportunity to study

the effects of tacticity on the electrical and photo-
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electrical properties of the pure polymer and when
complexed with various dopants. Although some work has

been done on the dielectric properties of PVK, Beevers

(106)

and Mumby were the first to present a detailed study

in which the dielectric and electro-optical data were

correlated with 13C N, spectra for well character-

ised fractions of different stereostructural forms of
PVK. Although the exact nature of these various structures
has been the subject of much interesting discussion,

broadly speaking there appear to be three main types of

stereostructure as judged by NMR Spectroscopy' °/"114),

(115-118)

xX-ray diffraction and measurements of glass

transition temperature(llg).

8.02 Synthesis and Characterisation of Stereoregular

Poly(N-vinylcarbazole)

The various stereoregular forms of PVK employed in this
work were prepared and characterised in this laboratory(GIJ
For the sake of completeness a brief description of the

preparative procedures will be given here.

N-vinylcarbazole was polymerised in solution using three
different types of initiator. The polymerisation reactions
were carried out in purpose-built glass reaction vessels
(approximately 250cm3)fitted with glass-tight PTFE-glass
joints and Suba Seals. The reaction vessels could be
attached to a vacuum line for charging with solvent. All

the solvents were distilled, dried over alumina and re-
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distilled before use. The N-vinylcarbazole monomer
(Fluka Ltd., Purum grade) was used as received. For all
the polymerisation reactions the concentration of the

monomer was approximately 0.5:n(97g1-1).

(1) Initiation using aluminium chloride:

The vinyl monomer was placed in the reaction vessel and
toluene was added by distillation under nitrogen. The
solution was thermally equilibrated at 298 K before adding
a suspension of aluminium chloride (0.20g) in toluene.
The aluminium chloride was purified by subliming the
material twice under vacuum. The concentration of the
initiator was 0.5mol1 % (0.0025m) of the monomer concen-
tration. The polymerisation was allowed to proceed for
18.5 hours at 298 K under dry nitrogen gas. The polymer
sample prepared in this manner will be referred to as

sample Sl.

{(2) Initiation with boron trifluoride etherate:

The vinyl monomer and freshly distilled toluene (150cm3)
were placed in the reaction vessel. A small quantity
(0.17cm3) of the initiator boron trifluoride etherate

was injected into the reaction flask using a gas-tight
syringe. The concentration of the initiator was 0.5%
(0.0025m) of the monomer concentration and the polymer-
isation time was 18.5 hours. All of these operations were
conducted under an atmosphere of dry nitrogen. For conven-
ience, polymers produced by this procedure will be referred

to as S52.
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(3) Initiation with azobisisobutyronitrile

A solution of the monomer in benzene (l40cm3) was
evacuated and degassed several times. The initiator,
azobisisobutyronitrile (0.123g) in solution in benzene
(£=6cm3) was injected into the reaction vessel through a
Suba Seal. The concentration of the initiator was 1.00%
(0.005m) of the monomer concentration. The polymerisation
reaction was allowed to proceed for 7 hours at 343K

under the vapour pressure of the solution. Polymer obtained

by this procedure will be referred to as S3.

All of the polymerisations were terminated by pouring the
reaction mixtures into methanol (500cm3).The polymers
were purified by repeated precipitation (at least three
times) by the dropwise addition of a 1% w/v solution of
the polymer in toluene into methanol (500cm§),'while

vigorously stirring the mixture.

A commercial sample of PVK, prepared by the thermal
polymerization of N-vinylcarbazole, was obtained from
Polymer Consultants Ltd. London. This sample was purified
by several precipitations in the manner previously
described, and will subsequently be referred to as

sample S4.

The polymer samples Sl - S4 prepared by the methods
described above had a very broad distribution of molecular

weight (Mw/Mn >9) as judged by gel permeation chromatog-
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raphy, with the exception of sample S3, which was estimated
to have a polydispersity index of ¢a 2.9. The polymer
samples S1 - S4 were fractionated to produce fractions
possessing a range of molecular weights and a variety of
polydispersity indices. This was achieved by dissolving
the polymers in toluene to give an approximately 1% w/v
solution and sufficient methanol was slowly added to
produce a faint turbidity at 333 K. The temperature of the
solution, which was controlled to within *0.05 K, was
slowly decreased by a few degrees until a portion (~ 10%)
of the polymer had precipitated. The temperature was kept
constant for several hours during which time the flask was
shaken regularly to permit the solution and the precipit-
ated polymer to attain thermodynamic equilibrium. After
allowing the system to form a well-defined boundary
between the two phases the uppermost solution was care-
fully removed by decantation. The remaining layer
represented the required fraction. This was dissolved in
toluene, reprecipitated by adding methanol and dried.
Further fractions were produced from the remaining solut-
ion by repeating the above procedure at successively

lower temperatures down to a final temperature of 273 K.

The fractions of the PVK samples were characterised in
terms of number-average and welght-average polystyrene
equivalent molecular weights, Mn and Mw, respectively,
using a Waters gel permeation chromatograph fitted with

Styrogel columns with nominal porosities 103, 104, 105 and

1061un. This combination of columns produced a satisfactory
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separation for the majority of the PVK fractions. However,
some of the higher molecular weight fractions were
excluded from the columns and for these samples no reliable
values of molecular weight and polydispersity index were

obtained.

The absolute weight-average molecular weights of the various
samples were also determined using a low-angle light-
scattering (LALLS) unit attached to the eluent output of

the GPC instrument.

One of the earliest carbon-13 NMR Spectra of poly(N-vinyl-
carbazole) was that published by Tsu chishashi et 31(1122
They assigned most of the absorption peaks by comparing
the spectrum of the polymer with those obtained for the
model compound n-propyl carbazole. Kawamura and

Matsuzaki(114)

completed the assignment of the peaks in

the carbon-13 spectrum of PVK and observed that the shapes
and relative intensities of the methine and methylene
carbon absorptions depended on the method of polymerisation.
The absorptions of the methine carbon of samples of PVK
prepared by radical routes were observed to be split into

a 'triplet', while those for samples of PVK obtaingd by
cationic methods were split into a 'doublet'. It was
tentatively assumed that the polymers of n—vinylcarbézole,
obtained via radical polymerization, possessed a high
proportion of syndiotactic sequences, and that PVK prepared

usingEﬁé etherate was predominantly isotactic and that PVK

synthesised using Al1(Et)Cl was composed of stereoblock
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structures. Williams and Froix(ll3)

have reported
carbon-13 spectra for samples of PVK prepared using
synthetic methods similar to those described previocusly.
However, the spectrum obtained by these authors for PVK

initiated by BF., etherate, closely resembles the NMR

(114)

3
spectrum published by Kawamura and Matsuzaki

for PVK
prepared using Al(Et)C%f Williams and Froix deduced that
the methine peak was comprised of absorptions due to mr,
rr and mm triads (where m and r respectively denote meso
and racemic dyads of consecutive repeat units) and that
the methylene carbon-13 peak was the sum of absorptions
associated with rmr, mrm, rrr, mrr, mmr and mm tetrad
stereostructures. By measuring the relative intensities
of these various contributions these authors were able to
draw certain conclusions regarding the spatial distribut-
ion of the pendant carbazole groups. Williams and Froix
refuted the notion that PVK molecules consist of long
blocks of either isotactic or syndiotactic sequences.
However, the text of their paper notes that there is an
increase in racemic content for cationically prepared PVK
whereas the corresponding NMR data apparently indicate a
decrease in racemic content, in agreement with the obser-

vations of Okamoto et al(llo).

The NMR spectral data for the PVK samples used in the

(61) and supported by the published work

(113)

present study
of Williams and Froix indicate that cationically
prepared PVK possesses 54% meso dyads and 46% racemic dyads

and that radically prepared PVK is comprised of 41% meso
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dyads and 59% racemic dyads. For the PVK sample obtained
by thermal initiation(S4), Beevers and Mumby obtained(106)
a close match between calculated and experimental dipole

moments using a value of 1:7 for the ratio of meso dyads

to racemic dyads, respectively.

8.03 Preparation of PVK:TCNQ complexes in Solution in

1,4 Dioxane

Solutions of the PVK samples Sl - S4 (1% w/v) in 1,4-
dioxane were prepared by dissolving accurately weighed

3 of 1,4-dioxane.

quantities ( ~ 1g) of polymer in 100 cm
Granular forms of the polymers were first crushed into
powders to aid the dissolution. In some cases, sonific-
ation was employed to aid the dissolution of the polymers.
Generally the polymer-solvent mixture was allowed to stand
for at least 24 hours to ensure that all the material has

gone into solution. The solutions were transparent and

viscous.

Similarly, the PVK:TCNQ complexes were prepared by
dissolving 1 g of polymer and 0.1 g TCNQ in 100 cm3 of
1,4-dioxane. This gave an intensely green, viscous
solution of the TCNQ-polymer complexes. Solubility of the
polymer-TCNQ complexes was rather poor (~ 1 -2% w/v) in
1,4-dioxane and the solution was therefore kept in stopp-

ered flasks in a water bath maintained at about 333 K for

2 -3 hours to aid dissolution.
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' 8.04 Kerr Effect of the PVK Samples S1 - S4 and their

TCNQ Complexes

All the measurements of the Kerr effect of solutions of
PVK samples Sl - S4 and their corresponding TCNQ complexes
were made at 298 K. Although some difficulties were
experienced due to the attenuation of l1ight by the intense
green solution of the polymer complexXxes, reproducible

results were obtained with these materials.

Figures 8.1, 8.2, 8.3 and 8.4 show plots of the rotation
of plane polarized light(r', versus the sgquare of applied
voltages for the polymer samples S1, S2, S3 and S4,

respectively, in 1,4—diokane at 298 K. These figures also

include data for the pure polymers in 1,4-dioxane at 298 K.

These data indicate that PVK samples S2 and S4 exhibited
an increased Kerr effect when complexed with TCNQ whilst
samples S1 and S3 produced a decreased Kerr effect as a
consequence of complex formation with TCNQ. This is
apparent by comparing the gradients of the plots of a’
versus V2 for the pure polymers and their corresponding

TCNQ complexes.

The experimental Kerr constants, B, for the pure polymer
samples S1 - S4 and the Kerr constants of their correspon-
ding TCNQ complexes were determined as previously described
in section 3.08. These are given in table 8.1. All the PVK

samples S1 - S4 gave negative experimental Kerr constants,
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Rotation of plane-polarised light as a function
of the square of applied voltage for PVK sample
S2 ( @ ) and the TCNQ complex ( A ) in

1,4-dioxane at 298 K
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s1 ¥l .00 16.0 25,0 36.0
¥ 0.57¢ 0.7 0.94 1.20
si-tenal v*| 4.0 6.25 9.0 12,25  16.0
complex| & | 0.76 0.84 0.95 1.05 1.16
s2 v?| 9.0 12.25 16.0  20.25 25.0
@ Fe L 0ead s 1.0 1.34 1.63 1.96
s2-renal w2 | 9.0 12.25 16.0 20.25 25.0
complex| & | 0.9 1.2 1.41 1593, % 2.
s3 v?| 9.0 12.25 16.0 20.25 25.0
@ | 0.84 0.94 1.05 1.21 1.4
s3-tenal v2| 9.0 12.25 16.0 20.25 25.0
complex| a | 0.98 1.05 1.15 1.2 §onn
s4 vl .25 gia' 9095  16.0°  20.25
a | 0.6¢ 7 0,74 0.83 . 0.91 1.03
s4-tcNg| v | 6.25 9.0 13,25 15,0 20.25
complex| o | 0.87 0.95 1.02 1.17 1.3
Table 8.1 Rotation of plane polarized light as a

function of the square of the applied
voltage v for pure PVK samples and
their TCNQ complexes in 1,4-dioxane

at 298 K
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TCNQ complexes in 1,4-dioxane at 298 K

B13 and

B23 denotes the solution Kerr

constant of the complex and the additional

increment in the solution Kerr constant

due to the presence of TCNQ.

513 and

23

-182-

14 14 ,

PVK =107 Bys [ -107" B, AB, -512 -513 4623
Samples (v_zrn) (vnznﬂ

23 § 0.58 0.46 [ [ 678 516 162

S2 0.86 0.94 -0.08 1077 1184 -107

S3 0.397 022 Qo1 77 443 204 239

sS4 0.297 0.36 -0.063 305 396 -91
Table 8.2 Rerr effect data for PVK samples and their

are the corresponding delta values
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PVK Mw Ao+ Bis | .8 £ 5 € - €
Samples (v-zm)
S2/F1 231,000 0.74 915 | 2.2606 0.053
S2/F2 2,880,000 0.73 9o | 2.2817 »| @.073
S2/F3 7,050,000 0.744 920 | 2.2587 0.050
S2/F4 13,600,000 0.79 987 | 2.2684 0.059
S1/F1 5,360,000 0.422 476 | 2.2569 0.048
S1/F2 329,000 0.383 423 | 2.2541 0.045
S1/E3 966,000 0.453 520 | 2.2532 0.044
Table 8.4 Kerr effect data for a 1% w/v solution of

various molecular weights of PVK samples
(Ss2/F1, S2/F2, S2/F3, S2/F4, B% initiated
and S1/Fl1, S1/F2, S1/F3, AlC1, initiated)

in 1,4-dioxane at 298 K
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B. It is interesting to note that samples S1 and S3
produced TCNQ complexes with decreased solution Kerr
constant with respect to the solution Kerr constant of
the pure polymer, and the magnitudes of the decreases were
similar (4B,; for S1 = 0.12 and 3B23 for S3 = 0.177).
Similarly, the PVK samples S2 and S4 produced complexes
with larger solution Kerr constants than the corresponding
pure polymers. The differences between the solution Kerr
constant of the complex and the pure polymer for these
samples are similar. (3B23 for S4 = -0.063 and 3B23 for

S2 = -0.08).

S1 type PVK sample (A1013 initiated) forms TCNQ complex
with smaller Kerr constants than those found for the pure
polymer. This is only possible if the complex formation

is accompanied by a decrease in the optical anisotropy
compared to that of the pure polymer. It could also be
due to a smaller dipole moment associated with the complex
compared to the repeat unit of the pure polymer. However,
the dielectric increment (see table 8.3) suggests that

the resultant dipole moment of the complex is greater than
that of the pure polymer. The dipole moment contribution
tc the Kerr constant therefore appears to be rather insig-
nificant with respect to the anisotropy corntribution.

For the polymer sample S2 (BF., initiated) the complex

3
formation is accompaﬁied by an increase in Kerr constant
which would tend to suggest an increased anisotropy and/or

an increased dipole moment as a result of complex formation.
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The negative dielectric increment further favours the
anisotropy change as the dominant factor in the determin-

ation of the Kerr constant.

Similarly, S3 type PVK samples (AZBN initiated) form a
TCNQ complex with a substantial decrease of the Kerr
constant with respect to the pure polymer. The most
probable explanation for this change could be the decrease
in anisotropy as a result of the formation of the complex
and/or a smaller resultant dipole moment associated with
the complex. However, the magnitude of the dielectric
increment suggests an insignificant change in dipole
moment. A decrease in optical anisotropy as a result of
complex formation would make the dipole moment term a
dominant factor in determining the magnitude of the Kerr

constant of the complex.

For the PVK type S4 (thermally initiated) the formation

of the TCNQ complex produced a substantial increase in
the Kerr constant. This may arise from a change in
conformation as a result of the complex formed with TCNQ

or it could be due to larger resultant dipole moment.
However, the dielectric data (see table 8.3) for the com-
plex indicate a negative dielectric increment, thus appear-
ing to rule out the significance of the dipole moment
contribution to the Kerr constant. A significant change

in conformation adopted by the complexed PVK molecule
appears to be responsible for the increase in Kerr constant

of the complex with respect to the pure polymer. It is
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interesting to note that dipole moment calculations on

the PVK type S4 by Beevers and Mumby(106)

suggested that
it has the highest degree of stereoregularity with an
estimated ratio of 1:7 for meso dyads to racemic contents

respectively. Thus it has a racemic content nearest to

syndiotactic PVK.

8.05 Investigation of Molecular Weight Dependence on

Kerr Constant for PVK Samples

The dependence of Kerr constants and dipole moments on
molecular weight for the pure PVK samples was investigated.
Dielectric and Kerr effect measurements were performed on
various molecular weights of PVK types S1 and S2. A

summary of the results is given in table 8.4.

Both the Kerr effect and the dielectric data indicate no
significant changes with molecular weight of these samples.

For example the PVK sample S2/F1(Mw = 7,050,000) has a

solution Kerr constant, By, of O.744:<10"14‘v_2m. Similarly

the dielectric increment (512- € for the sample S2/F1

1)
is 0.053 and the dielectric increment for the sample

52/E3 is 0.050,

8.06 Dielectric Permittivities of PVK and PVK:TCNQ

Complexes in Solution in 1,4-Dioxane

The static dielectric permittivities of PVK samples S1 -

S4 and their TCNQ complexes has been determined in 1,4-
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dioxane at 298 K and according to the procedure described
previously in section 3.11. The data of the dielectric
measurements are summarised in table 8.3. Only PVK sample
S1 showed an enhanced dielectric increment attributable

to the formation of a complex with TCNQ ( d€ = 0.681 ).
Samples S2, S3 and S4 on the other hand showed a decreased
dielectric constant when they form complexes with TCNQ.
The PVK samples S2 ( €= -0.0022) and samples S3 ( o€ =
-0.0023) show a comparable decrease in dielectric constant
with the formation of the complex. The PVK sample S4
appeared to be modified to a greater extent than the other
samples as evident in the magnitude of the dielectric

increment ( 0€= -0,0123).

In principle, it should be possible to calculate, using
measured dielectric permittivities)the molecular dipole
moment of the complex formed between the carbazole units
and a molecule of TCNQ. However, there are a nﬁmber of

difficulties associated with this exercise.

Firstly, it is necessary to have an accurate estimate of
the concentration of complex formed in solution since it
is absolutely essential that the dielectric increment is
apportioned between free (uncomplexed) carbazole groups,

free TCNQ molecules and the PVK:TCNQ complex.

Secondly, the experimentally determined dielectric
increment must be very accurate, which in practice was
found to be a difficult constraint to satisfy mainly due

to the rather poor solubility of the PVK:TCNQ complex.
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However, despite these reservations concerning the
interpretation of the solution dielectric permittivities
they are sufficiently accurate to be used in the (6-1-2)2

term appearing in equation (6.9) used to calculate

molecular Kerr constant.
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CHAPTER 9

General Conclusions and Suggestions for Future Work

In this chapter the main conclusions of the preceeding
chapters are discussed and enlarged upon. Suggestions are

also made for extending certain aspects of the research.

It has been demonstrated, using mainly chromatographic
techniques, in conjunction with infra-red spectroscopy

and carbon-hydrogen analysis, that the preparation of
oligophenylenes and polyphenylenes can be carried out
using a variety of synthetic techniques starting with
benzene, 1l,4-dibromobenzene or biphenyl. It has been shown
that the amount of extractable, low-molecular weight
material is very dependent on the synthetic route and
reaction conditions. Analytical gel permeation chromatog-
raphy has permitted the separation and identification of

para-substituted oligophenylenes.

©+01+0O

with n = 0=-6

The quantity of chloroform extractable oligomeric species

from polymers produced by reactive para-coupling of benzene



dramatically increases When the polymerization is carried
out in the presence of substantial volume proportions of
an 'inert' solvent (e.g. cyclohexane). However, even small
quantities of ethereal types of solvents were found to
severely inhibit the polymerization process, indicating a
substantial degree of complexation between the solvent and

the 'catalyst' (particularly with AlClB).

The Kovacic method of preparing polyphenylenes was repeated
in this laboratory. Analysis of the chloroform extractable
material using analytical GPC revealed that the extracts

were composed of a very wide range of non-para substituted

poly-aryls, in addition to the linear polyphenylenes.

The polymerization of biphenyl in solution in c¢yclohexane
employing Kovacic types of catalyst mixtures, resulted in
high yields of predominantly para-substituted oligopheny-
lenes. Analytical gel permeation chromatography indicated
almost entirely para-substituted products over the range
n=2-7, An interesting feature of this synthetic procedure
was that it produced substantial quantities of odd-numbered

oligophenylenes.

The simplest polymerization scheme for biphenyl is one in
which there is an irreversible propagation step and a

(122) first proposed

termination stage. Kovacic and Lange
that the polymerization proceeded by an oxidative cationic
mechanism similar to that advanced for the benzene polymer-

ization as described earlier. Thus:
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B biphenyl

Cu012

oI 54 -2H
Propagation .

< dehydrogenation

However, this scheme would produce only even-membered

Y

oligophenylenes. An element of reversibility (depolymeriz-
ation), in which either one or two phenyl units are removed
from the main oligomeric chain, is a possible explanation
for the production of odd and even membered oligophenylenes
from biphenyl monomer. More elaborate explanations can be

devised to account for these observations.

One of these involves the formation of an initiator complex
comprised of a single phenyl unit similar to that believed
to exist for the reductive polymerization of benzene. We
therefore propose the following scheme in an attempt to
account for the formation of the odd-numbered phenylene

oligomer.

Sl b v e R

(IT) (IIT)

H H — H — —
H ; :;;: H “~— — —

further propagation

5

dehydrogenation
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The scheme involves the formation of biphenyl cation which
splits to form two reactive species, a phenyl radical and

a phenyl radical cation. The radical cation looses its
lone electron to form the cation and propagates cationic-
ally by reacting with a neutral biphenyl molecule. Although
the reaction conditions did not permit the detection of
benzene, trace amounts were observed by Kovacic and

Lange(lzz)

. We anticipated the formation of benzene to

occur through hydrogen abstraction by the phenyl radical
species (II) or by a proton loss from the radical-cation (III).
This hypothesis would also account for the relatively large
concentrations of terphenyl and quinquiphenyl during

solution polymerization of biphenyl. The noticeable reduc-
tion in non-para-substituted oligomers may well be due to

the mutual directing influence of the phenyl moeities of

biphenyl.

Polyphenylene and oligophenylenes were also synthesized by
a transition-metal catalysed carbon-carbon coupling method.
This procedure gave good yields of polymer and quite high
proportion of chloroform extractable oligophenylenes.
However, elemental analysis showed that the oligomers
contain bromine atoms, presumably in the terminal para
positions. In view of this it is probably more appropriate
to describe these oligomers as 1,4 -dibromo-para-

oligophenylenes.

Analysis of the extracted mixtures of oligomers showed

that the polymerization reaction was almost 100% para-
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coupling between the growing oligomer and the monomer, 1,4-
dibromobenzene. The presence of terminal bromine atoms in
the oligomers formed from the coupling of 1,4-dibromoben-
Zzene enables these species to be regarded as possible pre-
cursers or blocks that may be incorporated into the back-
bone of flexible polymer molecules such as those of the

(123)

polysiloxanes or polyvinyls. Flory has shown that

some of the oligophenylenes exhibit mesogenic (liquid
crystal) behaviour in their melts. Other workers(124’125)
have demonstrated that interesting mesogenic behaviour can
be induced in polymers of relatively simple structure by

incorporating mesogenic groups either in the backbone of

the polymer or by their attachment to flexible side-chains.

An important aspect of the investigations described in the
preceding chapters was that involved with the doping of
polymers in order to greatly enhance their electrical
conductivity. Because of the intractable nature of the
majority of polymer-dopant systems it is very difficult to
study their detailed molecular structure. A partial solut-
ion to this problem is achieved by examining the properties
of complexes formed between oligomers and dopant molecules
when dissolved in a suitable solvent. In this way it should
then be possible to derive information concerning the
nature of the electronic interactions between the polymers

and dopant molecules.

A comparative study was undertaken of the dielectric and
Kerr effect behaviour of o-, m- and p-Xylenes in the pure

state and with small amounts of added iodine and TCNQ.
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Although the measurements of dielectric permittivity
indicated relatively small differences in the degree of
complexation of the Xylenes with iodine and TCNQ, the
molecular Kerr constants of the complexes were found to

differ quite considerably for the three Xxylene systems.

The magnitudes and signs of the molar Kerr constants found
for the o-, m- and p-xylene/iodine system and o-, m- and
p¥xylene/TCNQ system indicated that the complexes are
either substantially more polarizable or substantially more
anisotropic than the sum effect of their constituent
molecular components. Significantly smaller molar Kerr
constants were found for the iodine and TCNQ complexes of
toluene. The methyl substituents and their substituted
pattern appear to play an important role in determining the
electronic properties of the Xylene-acceptor complexes,
probably through their ability to donate negative charge
via a +I inductive effect. The net polarization of the
complexes is also dependent on the interactions between
the permanent dipole moment of the Xylene molecule (m- and
o-xylene only) and the electrons of either the iodine or
TCNQ molecules. Interactions of a similar nature are not
ruled out for p-Xylene which despite a zero dipole moment,
possesses a non-zero quadrupole moment that can interact
with the electrons of I2 and TCNQ. In the calculation of
the molar Kerr constants of the complexes certain approx-
imations were made that would lead to an underestimation
of these quantities. Thus, a more accurate determination
(where applicable) would be expected to increase, not

decrease the magnitudes of the molar Kerr constants.
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Similar studies were also carried out for benzene, biphenyl,
terphenyl and m-biphenylbenzene. These studies were performed
in solutions in 1,4-dioxane at 298 K, except for benzene

which was studied in the pure state.

The molar Kerr constants determined for the benzene-iodine
-1 e - ; i .
complex (6.8 x10 wzzmsnml 1) which is approximately ten

times larger than the value (6.5}:10"25v'2m5nml-1)

measured
for iodine in carbon tetrachloride, indicates that there
are substantial changes in either the polarizability or
anisotropy of polarizability of the molecules as a result

of complex formation and/or that the complex is endowed
with a modest dipole moment. The latter proposal appears

to be supported by dielectric data (see table 6.02) obtained
for solutions of iodine in benzene. Although complexes
formed from benzene and TCNQ were made it was not possible

to study their dielectric and electro-optical properties

because of insufficient solubility in acceptable solvents.

The Kerr effect data for solutions of biphenyl, terphenyl
and m-biphenylbenzene indicates that there are marked dep-
artures from ideality in the presence of TCNQ. The molar
Kerr constants of the aryl molecules and TCNQ are very
small compared to those of the resultant complexes and it
is anticipated that these differences will be increased if
the concentration of complex is decreased relative to the

concentration of free (not complexed) TCNQ.

Dielectric and Kerr effect techniques were also used to
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investigate the nature and extent of complex formation
between TCNQ and various stereoregular forms of poly(N-
vinyl carbazole). The results of these experiments have
shown quite clearly that stereoregularity has a marked
effect on complex formation between TCNQ and poly(N-vinyl-
carbazole), as judged by differences in the corresponding
molar Kerr constants of the complexes. However, no evidence
was found for any dependence of the Kerr constants on

molecular weight or dispersity of molecular weight.

The performance of the poly(N-vinyl carbazole) as a photo-
conductive polymer described in earlier sections, has been
attributed to its tendency to adopt helical conformation
in which successive aromatic side-chains are parallel to
each other and in so doing permit relatively easy transfer
of electrons along the molecular framework. In complexes
formed between TCNQ and PVK,the TCNQ molecules are believed
to be interleaved with the carbazole side-groups in a
'herring-bone' fashion, so as to maximise orbital overlaps
between donor (carbazole) and acceptor (TCNQ) groups. It
would seem reasonable to expect that the photoconductive
behaviour of PVK-TCNQ complexes would be affected by the
stereoregularity of the polymer molecule since this would
influence the formation of a regular helical structure.
Further studies are necessary concerning this particular
aspect of the work in order that measurements of photo-
conductivity may be correlated with electro-optical data
derived for the TCNQ complexes for the various stereo-

regular forms of PVK.
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APPENDIX 1

OPTICAL THEORY OF THE KERR EFFECT

A1-1 The Use of a Quarter Wave Retarder

The diagram in Figure Al-1 of the electric vectors of the light
before entering, and after leaving, the various optical components,
serves to illustrate the use of a quarter wave plate. The parallel
beam of incident 1ight, whose electric vectors are randomly oriented,
is plane polarized at an angle of-45° to the direction of the applied
electric field, E, by the polarizer. Tﬁe glectric vector,

Vs = a sinut, (A1-1)
may be resolved into the parallel and perpendicular components

Ve = a sinwt sin 45° (A1-2)
and Tu. = a sinut cos 45° (A1-3)
respectiveiy. On passing through a birefringent sample the parallel
component is retarded relative to the perpendicular component by a

phase difference, 8, and the resultant waveform becomes
7' = a sin (ut - §)sin 45°. (A1-4)

The parallel and perpendicular components of the electric vector may
each be further resolved into two components at 45° to the direction
of the applied electric field. These components are |

ﬁls - a sinwt c0s245° + a sin(wt - §)sin?45° (A1-5)

and

-

Vi, = a sinwt cos?450 sinds® - a sin(wt - a)sind5%co0s45°%, (A1-6)
respectively. Component, ?;5, suffers a relative phase retardation of
/2 (900) on passing through the quarter wave nlate. - The waveform
emerging from the gquarter wave plate may now De represented by the
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following orthogonal electric vectors
Ve, = a sin(wt - 7/2) cos?45% + a sin(wt -6 - m/2) sin245% (A1-7)
and
V¢is = a sinwt cos 459%in459 - a sin(wt - &) sind59 cos45° (A1-8)
Since,
$in45°% = cos450

the two components may be simplified to give

?:;acc;szﬂ,so[sin(wt - w/2) + sin(wt -§ - n'/Z)} (A1-9)
and
?;-35= a cos?45° l:sinmt - sin(wt - 6):1. | (A1-10)

Applying the identity,
sin x £t siny = 2 sin}(xty)cos(x-+y),

enables equations (A1-9) and (A1-10) to be rewritten in the form

Ve, = 2a cos?45? |sin(ut - m/2+ut - & - 7/2)
cos} (wt - 7/2 - wt + 68 + w/23] (A1-11)
and V", = 2a cos2450 [sin}(wt - wt + &)cosi(wt + wt -8)| . (A1-12)
135 L

These further simplify to give

Ve, = 2a cos?45° cos 6/2 sin(wt - m/2 - §/2) (A1-13)
and V%, = 2a cos® 459 sin 8/2 cos (wt - 8/2). (A1-14)
Since,

sin(x - m/2) = -cosx

equation (A1-13) may be written in the form

Vo, = - 2a cos®459 cos 8/2 cos {(wt - 8/2). (A1-15)
Thus, it can be seen that the two orthogonal components,

P!, = -2acos?45° cosé/2 cos (wt - 8/2) (A1-15)
and Vi,s = 2a cos245° sin §/2 cos(wt - 8/2), (A1-14)

have the same phase relationship, and differ only in their relative
amplitudes. Therefore, the :light emerging from the quarter wave plate
is polarized and may thus be completely extinguished by the analyser
when the latter is rotated by an amount .2, from its normally crossed
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position. The above procedure corresponds to the measurement of the
static electro-optical Kerr effect.

AL-I1 Measurement of Phase Difference, &, Using Static Electric Fields

Consider the waveform of the light after having passed through

the sample and the quarter wave plate. The two orthogonal components

of the electric vector of the light are expressed by equations (A1-15)
and (A1-14). These components, Vis (=A) and Vy,s (=B), may be resolved
(see Figure Al1-2(a)) into two pairs of components, Ex and Qx, and iy and
By, such that Ay and 8y cancel one another, and Ay and B8y augment each
other. In other words ﬁy and Ey, together, represent plane polarized
light with the direction of the electric vector denoted by ¢x,. Referring

to Figure Al1-2(a), it can be seen that

S‘in san i ﬁx)lﬁ e

= Al-16
COS <Cn B./B ( )

Tol| CO1

Substituting expressions for components ﬁ(z?:s) and 5(3ﬁ235), as defined

by equations (A1-15) and (A1-14), into equation (A1-16) one obtains

singa, . 2acos?45° sin §/2 cos(ut - §/2) (A1-17)
CO0S¢ln -2ac0s245° cos /2 cos(ut - 8/2) °

which may be readily simplified to give

s - S (A1-18)
Hence,

tanga, = - tan §/2 (A1-19)
and therefore,

<@y = -(8/2) £ 2nm (A1-20)

Thus, for rotations of the analyser of less and 180° the relation
st = - 8/2 (A1-21)
may be employed ta determine the electrically-induced phase retardation,

S.

=201~



B8 AY - By o
» e
N A S A
N\ / i
N\ 4 ’
- N ,.f ¥
; ’
Bx \ ~ ‘ﬂ\ X, Vs
iy AR JA>/
- \ .f P
oA ;',/"
T
M /s
\'Q I’
2 1:.“'\\
/'/ \\"\.
7y N
5 Va !. N \\
/ N -
F ~ g
7 ! % o
Vs 'f N \A:‘
Ve K4 ~\
Fd o ~
7’ | 3 N
’ ;/ o
” Ny

Figure Al-2(a) Resolved electric vector of light having passed
through sample and quarter wave plate

I(E20, X=pXp ) 4 —

+VE KERR EFFECT

[(E20, x3pap)

-

oo et LI 4 .VE KERR EFFECT
{ (E=20, c:c:r:noL

Y

TIME

Figure Al - 2(b) Optical pulse cbserved for different analyser

rotations and electrical field conditions.

-202~



Al1-I1II Measurement of the Phase Difference, &, Using Pulsed

Electric Fields

The symbol, p%n s denotes the rotation of the analyser, from its
normally crossed position, required to null the pulse of light
transmitted through the sample during the application of a short
duration pulse of high voltage to the Kerr cell. In practical terms
the amplitude of the pulse viewed on the oscilloscope is reduced,
by rotation of the analyser, to the level corresponding to the
absence of the applied electric field. See Figure Al1-2(b).

The relationship between the transmitted intensity, I, of a
plane polarized beam of light, the initial intensity, I, and the
rotation, @, of the analyser with respect.to the nulled position is
known as Malus' Law and may be expressed as

I = Iysin®e
Applying Malus' Law, the intensity of light transmitted by the analyser,
when the applied electric field, E, is zero, is given by

Ig., = lesin®a. (A1-22)

However, upon application of an electric field to the samplie, the
light transmitted by the sample becomes

Tes, = losin®(a + 6/2) (A1-23)

If the electronically-induced pulse of light is nulled, by rotating
the analyser, to the quiescent level then intensities Ip_, and IE#o
become equal. Thus, from equations (A1-22) and (A1-23) we may write

lesin® o, = Iasﬁnz(pan +8/2).

P
Thus,

sinzpan = sin®(pan + 8/2), (A1-24)
and for arguments corresponding to less than 20° a satisfactory

approximation is given by

@3 = (pon *+ 6/2)% (A1-25)

-203~-



Expanding and rearranging equation (A1-25) gives
e §/4 (A1-26)

Thus, for the pulsed mode of operation, expression (A1-25) describes

the relationship between the angular rotation of the analyser, required

to null the optical signal, and the alectronically-induced pnase

retardation, d. '

On comparing squation (A1-28), With the corresponding relationsnip
given by equation (A1-21) for the static d.c. method of operatién,
onebwould predict a higher signal-to-noise ratio jn favour of the
static method. This is indeed the case for birefringent samples
which are not unduely perturbed ?y the application of a high valtage
electric field. However, for samples which are somewhat electrically
conductive, the signal-to-noise ratio is found to favour the pulsed

electric field methed, since the samples are less disturbed by the

application of an electric pulse of short duration.
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APPENDIX 2 COMPUTER PROGRAMS

Program 1 (Kerr Constants) Calculation of Theoretical

Molar Kerr Constants

From a knowledge of bond polarizabilities, bond dipole
moments and molecular geometry the optical anisotropy of a
molecule can be calculated. The magnitude and sign of
this molecular anisotropy is denoted by the symbol mK and
is called the molar Kerr consfant when reference is being
made to an Avogadro number of molecules. This appendix is
chiefly concerned with a description of the structure and
use of the computer program used in the calculation of the
Kerr constants of bimolecular complexes. The theoretical
aspects involved in the calculation of molar Kerr
constants are discussed in detail in the first part of

Chapter 7.

The computer program 'Kerr Constants was designed to run
on a bench top micro-computer (Apple II) since it was
required that the program should be highly interactive.
Maximum flexibility, concerning the input and changing of
data was achieved by presenting the user with a series of
menus. This type of structured programming allows the

user to input and change parameters very quickly.

The program is capable of calculating Kerr constants of
single molecules in isolation and Kerr constants of two

molecules simultaneously. In the latter case it is
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possible to orientate the molecules relative to each other
and then calculate the total molar Kerr constant for the
pair of molecules. This approach was employed in the
calculation of the molar Kerr constants of bimolecular
complexes between iodine (or tetracyanoquinodimethane) and

a number of aryl compounds.

The computer program is organised into ten identifiable
sections, each of which possesses a menu. The relation-
ships between the menus is best appreciated via reference
to figure A2-1 which shows a block outline of the struct-
ure of the program. The first section contains a master

menu through which the smaller menus can be assessed.

The composition of the molecular polarizability tensors
has already been discussed in Chapter 7. However, a few
comments, regarding the juxtaposition of molecules 1 and

2 are in order. The angular relationship between molecules
1 and 2 is defined by two angles 6 (tilt angle) and

& (rotate angle) as shown in figure A2-2. Thus molecule

2 may be rotated about the common z-axis and about its

own y-axis. The angles may be regarded as angular displace-
ments between the principle axes of the polarizability
ellipsoid of molecule 2 with respect to the x, y and z
axes of a rectangular Cartesian co-ordinate system
centredon molecule 1. The electrostatic polarizabilities
along directions parallel to the x, y and z axes are

denoted by and by sz, b, b for molecules

lbx’ i 1bz vy N

1 and 2 respectively.
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Choice Main Menu

INITIALISE PROGRAM

COMMENTS (TITLE)

DIPOLE VECTOR (MOLECULE

-

OPTICAL TENSCR (MOLECULE

v ¥

1)
DIPOLE VECTOR (MOLECULE 2)
L
2

OPTICAL TENSOR (MOLECULE

)
)
ANGLE OF TILT (MOLECULE 2)

w v

ANGLE OF ROTATION (MOLECULE 2)

w

CALC BIMOLECULAR DIPQLE

CALC BIMOLECULAR TENSOR

CALC BIMOLECULAR KERR CONSTANTS

'Kt*‘??CiHmC)'ﬂquOlﬂi"

QUTPUT RESULTS
QUIT PROGRAM

F .

Initialise: Set Constants
Read Gans Ratio
Read Temperature
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b A 4
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Optical Polarizability Tensors
of Molecules 1 and 2

bxJ by’ bz

.

-
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Set A and 0

-~
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4

Calc Optical Polarizability Tensor
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-

-

Calc Kerr Constant Terms
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Printer

-
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.




The components of the dipole moments vectors of molecules

1 and 2, p., 1Byr 1Pz and Sp_, 2Byr 2R, are similarly

assigned.
Auxillary Computer Programs

In addition to the main computer program 'Kerr Constants'
described in Appendix 2 four other Basic (Apple II)
programs were used to evaluate and manipulate experimental

data.

These programs were primarily concerned with the
calculation of the refractive indices of solutions, the
calculation of molar Kerr constants at infinite dilution,
evaluation of the permanent electric dipole moment and
the calculation of molar Kerr constants using simple

alligation formulae.
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10
20
30
40
50

REM MOLAR KERR CONSTANT FOR A
REM BIMOLECULAR COMFLEX FORMED IN

60 N =0

53

ba

70

20

70

100
L
115
120
130
135
140
150
153
140
170
175
180
190
200
204
203
204
207
210

REM SOLUTION.REBUIRES OPTICAL TENSOR
REM AMD DIPOLE VECTOR OF EACH MOLECULE
REN s#sssssiisss

PRINT *A INITIALISE (DO THIS FIRST)"

PRINT "B COMMENTS (TITLE ETC)"
PRINT

PRINT *C DIPQLE VECTOR (1)*
FRINT *D DIPOLE VECTOR (2)"
PRINT

PRINT "E QPTICAL TENSOR (1)*
PRINT "F OPTICAL TENSOR (21"
PRINT

PRINT "6 ANGLE OF TILT®

FRINT "H ANGLE OF ROTATION*
PRINT

PRINT *I CALC COMPLEX DIFOLE"
FRINT *J CALC COMPLEX TENSOR®
FRINT *K CALC KERR CONSTANTS"
FRINT

PRINT *(L) OUTPUT RESULTS"
PRINT

FRINT *(M) QUIT PROGRAM®

GET K$: IF K$ = "* THEN 210

215 FG = ASC (k%)

20
230

230
260
437

[F FG ¢ 63 OR FG 3 77 THEN 210

IF IN = 0 AND K$ ¢ > A" THEN 210
240 FG = FG - 441 HOME
ON FG GOSUB 1000,2000,3000, 3000, 4900, 4000, 5200, 5000, 7000, 3000, 7000, 4000, L0000

6070 70

FRINT "TOTAL="5MK(3) # 1.11243 # 10 ~ {
PRINT “TOTAL=";MK(3) # 1.11265 # 10 * (
PRINT "TOTAL="{MK(3) # |, 11245 # [0 * {

PRINT "TOTAL="jMK(3) # L. 11245 # 10 * {

"
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DIN DA(3),DB(3),PA(3,3),PB(3, 30, U130, T43,3), T1(3, 10, T2(3,1),PL(3, 3)
DIN P2(3,3)

HONE

PRINT *CHOOSE OPTION (A-H)"
PRINT

13} 5" INDUCED="3MK(4) # 1, 11245
1573 “INDUCED="5Mr(4) # 1.11263
13) 3 " INDUCED="5HK(&) # L.11Z263

15) 5 “INDUCED=";MK (&) # L.11263

# 10

L

£ 10 ¢

L



1000
1009
1010
1012 F
1013 F
115 1
1020 K
1030 N
(040 P
1050
1060
1070
1080
1099
1100
(Lo F
1120
1130
1140
1300
1310
1320
1330
1340
{350
1360
1370
1400
1410
1420
1430
1440
1450
1440
1470
1999
2000
2003
2010
2015
2020
2023
2030
2038
2040
2030
2033
2040
2070
2080 F
2099
2095
2100
2110
2300
2310

aTIE
Ldid

REH FEEFFRREEREFFIIEFERIES

REM INITIALISE

REM #5343 R54555550 33553543

1 =10~ ¢(~-9): REN FACTOR
2=10*{-3): REM FACTOR FOR TERM B
MN=1

1.38052; REM FHOLTZRANN
6.02252: REM AYOGADRO

[ = 3.141393: REM (0BVIOUS
HOME

PRINT "CHCOSE OPTION(1-3)": PRINT
PRINT "{1) GANS RATIO®

FRINT *{(2) TEMFERATURE/K"
FRINT "(3]1 RETURN TO MAIN MENU®
BET K$: IF K$ = " THEN {100

G = VAL (K$) .
IFFG { { ORFG >3 THEN 1100
HOME

ON FG GOTO 1300,1400,1999
FRINT

FRINT "GANS RATIOD "iGA

PRINT "CHANGE VALUE 2(Y/N)"
GET K&: IF K$ = "" THEN 1330
IF K$ = "N* THEN 1030

IF K$ < 3 "Y" THEN 1330

INPUT "GANS RATIO :"3GA

60TO 1030

PRINT

FRINT "TEMFERATURE/K "3

PRINT "CHANGE TEMPERATURE ?2(Y/N)"
GET K$: IF K$ = *" THEN 1430
[F K = "N* THEN 1030

[F EK$ ¢ » "Y" THEN 1430
INFUT "TEMPERATURE/K:"3T

8070 1030

RETURN

REM S3sRirssfsssspesssssss

REM  COMMENTS/TITLE

REH ####dssstidsrsdsssinss
HOME

FRINT "CHOOSE OPTION L-4"
PRINT

FRINT "(1) TITLE/COMMENTS"
FRINT

FRINT "(Z) NAME OF MOLECULE ("
FRINT (3] NAME OF MOLECULE 2*
PRINT

PRINT *(4) RETURN TO MENU®

GET K$: IF K$ = ** THEN 2070
6= VAL (k%)

IF F6 ¢ | OR FG > 4 THEN 2079
HOME

ON FG GOTO 2300,2400,2500,2959
GOTO 2013

FRINT

PRINT "TITLE/COMMENTS": FRINT
FRINT T#: PRINT

LU [}
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2320 FRINT "CHANGE THESE 2(Y/N)"

2330 GET K$: IF K$ = "™ THEN 2330

2340 IF K% = "N THEN 2013

2350 IF K$ ¢} "Y" THEN 233

2360 FPRINT "NEW TITLE ANOD/OR COMMENTS:®
2365 INPUT T$

2370 6070 2015

2400 PRINT

2410 PRINT : PRINT "NAME OF MOLECULE (": PFRINT : PRINT NA$: PRINT
2420 FRINT "CHANGE MAME 7(Y/N)®

2430 GET K$: [F K$ = "* THEN 2430

2440 IF K5 = "N" THEN 2015

2450 IF K$ ¢ 3 "Y" THEN 2430

2460 INPUT "NEW NANE:"jNAas

2470 5070 2015

2500 FRINT

2310 PRINT "NAME OF MOLECULE 2°: FRINT : PRINT NBS: PRINT
2820 PRINT "CHANGE NAME 2(Y/N)"

2330 GET Kk$: IF K$ = "* THEN 253

2540 IF K3 = "N" THEN 20135

2350 IF K$ € 3 ™Y" THEN 2530

2540 [NFUT "NEW NAME:*;NBY

2370 &OTO 2013

2999 PETURN

TO00)  FEM 348343350 p22s23444

3005 FEEM  DIFOLE VECTORS

JULU REM sesdsesespssnbpessinet

3015 HOME

3020 FRINT "CHOOSE OPTION {-3": PRINT
3030 PRINT "(1) DIPOLE VECTOR 1"

3040 FRINT *(2) DIPOLE VECTOR 2": FRINT
3043 PRINT "{3) RETURN TO MAIN HMENU"
3030 GET K$: [F K$ = "* THEN 3080

3040 FG = VAL (K$)

3070 IFF6 < L OR FG > 3 THEN 3050

3080 HOME :

3090 ON FG GOTO 3300,3500,37999

3095 6OTO 3013

3300 PRINT °DIPOLE YECTOR I (X,Y,1):"s PRINT
3310 PRINT *X,Y,I: "j0A{1),DA(2),DA(3): FRINT
3320 PRINT "CHANGE THESE 2(Y/N)®

3330 GET K$: IF K3 = *" THEN 3330

3340 IF K$ = °N" THER 3013

3330 IF K$ ¢ > "Y* THEN 3330

3360 INPUT *X,Y,Z"iDA(1),DA(Z),DA(3)
3379 6OTO J0ts

3300 FPRINT "DIPOLE VECTOR 2 (X,Y,1)": FRINT
3510 PRINT *X,Y,l: "4DB(3),DB(2),DB(L)
3320 FRINT "CHANBE THESE 2{Y/N)®

J930 GET K$: IF K$ = ** THEN 3330

3540 [F K$ = "N" THEN 3013

I530 IF K$ <} "Y' THEN 3530

35360 INFUT *X,Y,I"i0B(3),0B{(2),DB(})
J§70 GOTO 3019

3999 RETURN
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4000 REN #3853 #5635 % R4 ERTHEF

4005 REH OPTICAL TENSORS
4010 REM #3352 883 55855558554

4015 HOME
4020 PRINT "CHOOSE OPTION(I-3)": PRINT
4030 PRINT "{1)TENSOR ("
4040 PRINT *42) TENSOR 2": PRINT
4050 FPRINT "(3) RETURN TO MAIN MENU®
4060 BET K%: IF K§ = " THEN 4040

4070 FG = VAL (K§)
4080 [F F& { | OR FG » 3 THEN 4040
4090  HOME
4100 GON FG 6OTO 4300,4400,4999

4110 6OTO 4015
4300 PRINT "TENSOR l:": FRINT

4310 FOR I =1TO0O3
4320 FRINT PACI,1)5PALL, 20 3PA(T,3) s NEXT I
4330 PRINT : PRINT "CHANGE THESE 7(Y/N)"
4340 GBET K$: IF K§ = "" THEN 4340

3590 IF K% = "N" THEN 4015

4360 IF K§ € » "Y" THEN 4340 3
4370 FOR 1 =1 TQ 3: FRINT "TYPE IN RAH"!
4380 INPUT PALL,1),PA(L,2) ,PALL,3): NEXT I
4390 GOTO 4015
4500 FPRINT "TENSOR Z:": FRINT

4610 FORI=1T103

48620 PRINT PB(I,3),PB(L,2),FB(T, 1) NEXT [
4630 FRINT @ FRINT "CHANGE THESE “iY/N)*®
4640 GET Ks: [F K§ = "* THEN 4640

44630 IF E§ = "N" THEN 4013
1660 IF K3 { > "Y* THEN 4440

44670 FOR I = | TO 3: PRINT "TYPE IN RAW";I
4530 [NPUT PB(I,1),PB(I,2),PBLI,3): NEXT I
4470 GOTQ 4015

4999 RETURN

SO00  REM ##33sisssasssissessssi

5005 BEM TILT AND ROTATE ANGLES

SOL0 REM #$#¥3833343 538088555844

5015 HOME

3020 FRINT °CHOOZE OPTION (1-4)": PRINT
3030 FRINT "(1) ANGLE OF TILT"

5040 PRINT "{(2) ANGLE OF ROTATION®

J045 FRINT

S030  PRINT "(3) CALC NEW TRANSFORM MATRIX®
033 FRINT

S0&0  FRINT "(4) RETURN TO MAIN MENU"

3070 BET K$: IF K$ = *" THEN 5079
3080 FG = VAL (k3

3090 IF FG6 < 1 OR FG > 4 THEN 5070

100 HOME

S119 0N FE 6OTO 5200,5400,5400,5999

3115 BOTO0 9015

S200 PRINT : PRINT "ANGLE OF TILT"iTHETA: FRINT
3220 FRINT "CHANGE THIS VALUE “(¥/N)"

230 BET k$: [F K% = "' THEN 5230

3240 IF K$ = "N THEN 5015

9250 IF K& ¢ > "Y{" THEN 35230

SZA0 NPT "NEW ANGLE/DEGREES:™;THETA
5270 BOTO 3015
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5400 PRINT : PRINT "ANGLE OF ROTATION":PHI: FRINT
5420 PRINT "CHANGE THI3 VALUE 7(Y/N)*
5430 GET K$: IF K8 = ** THEN 5430
5440 IF K$ = *N* THEN 5015
5450 IF K$ ¢ ) *Y* THEN 5430
5460 INPUT "NEW ANGLE/DEGREES:®;PHI
S470  6OTO 5015
5400 RD = 2 & PL / 340 %
5610 TA = THETA # RD:RA = FHI & RD:SB = SIN (TA):CT = COS (TA):SP = SIN (RAJ:CP = COS (R
A)
5620 TR(1,1) = CT:TR(L,2)
- CT # CP:TRIZ,3)

= SB:TR(L,3) = 0
5630 TR(2,1) = 3B *# CP:TR(2,2) = = gp
5640 TR{Z,1) = B # SP:TR(3,2) = - CT # SP:TR(3,3) = - CP

3630 GOTO 5013

3999 RETURN

000 FREM #4335 s43 4535558583234

6093 FREM  OQUTPUT RESULTS

SO0 REM ¥##23 3538455838853 444

6013 HOME :T$ = "KERR EFFECT-BIMOLECULAR COMPLEXES®

4020 FRINT "CHOOSE OFTIONS(1-7)": FRINT

6030 PRINT "(1) COMPLEX (SCREEN)® £

6040 PRINT *(2) COMPLEX (PRINTER)"

4050 FRINT

4060 FPRINT "(3) MOLECULE { (SCREEM)"

8070 PRINT °(4) MOLECULE L (PRINTER)®

6080 PRINT

6090 PRINT "{3) MOLECULE 2 (SCREEN)®

al00 PRINT "(8) MOLECULE 2 (PRINTER)"

alll FRINT

§120 PRINT "(7) EXIT TO MAIM MENU"

6130 GET K$: IF K§ = "" THEN 4130

6140 F& = VAL (K$)

6l50 IF FG ¢ L OR FG ) 7 THEN 4130

5160 HOME

6170 ON FG GOTO 6200,6300,4400,4300,8600,4700,4799

6175 GOTO 40135

4200 REM COMPLEX (70 SCREEN)

6203 PRINT Té: PRINT : FRINT "MOLECULE 1 "jNAS$: FRINT : PRINT "MOLECULE 2 °jNB$: PRINT

6210 FRINT "DIPOLE VECTOR (X.Y,Z) (DEBYES):PRINT

6215 FRINT UC1),U(2),U(3): PRINT

6220 FRINT "OPTICAL POLARISABILITY TENSOR (ESU#[0°24)"

6223 FOR I =1 70 3: PRINT Til,1),T4I,2),TCI,3): PRINT 33 NEXT I: PRINT

6230 FRINT "MOLECULAR KERR CONSTANT (ESUN®

6233 PRINT "TQTAL = "$HK(1);" INDUCED = ";MK(2)

6236 FRINT "(501)°

6237 PRINT "TOTAL = "sMK(1) % 1, 11265 # 10 ~ ( - 131" INDUCED = "$MK(2) # 1,11265 # 10 *
{ =515}

4240 PRINT &« PRINT "PRESS A KEY FOR MENU®

6242 GET K$: IF K§ = " THEN 4242

6244 BOTO 4015

4300 FREM COMPLEX (TO FRINTER)

6301 PRE 2

6303 FPRINT T$: FRINT : PRINT *MOLECULE ! "iNAS$: FRINT : PRINT "MOLECULE 2 ";NBS: FRINT

6310 FPRINT "DIPOLE VECTOR (X,Y,Z) (DEBYES)": FRINT

8315 FRINT Ut Uiz, 03 : FRINT

320 PRINT "OPTICAL POLARISABILITY TENSOR (ESU¥{(~24)"

4325 FOR T = 1 TO 32 PRINT TOL 1), T4T,2),TAL,3) s NEXT & PRINT

6330 FRINT "MOLECULAR KERR COMSTANT (ESU)*: PRINT
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6333
6336
6337

6330
6400
8403
6410
6413
64210
6423
6430
6433
6438
8437

8440
6442
6444
6300
4301
8305
0dld
63135
652

6523
6330
4333
6336
6337

6340
6400
LLUG]
6610
6615
6620
8423
6630
6635
6636
8637

6640
6642
b644
6700
6701
8703
6710
6713
6720
8725
6730
8733
6734
4737

6740
6999

PRINT * TOTAL = "jMK(1);" [INDUCED = *;MK(2)

PRINT *(S0)"

PRINT " TOTAL = "§MK(1) # 1.11285 # 10 * { - 15);" INDUCED = *5MK(2) # 1,11265 # 10 ~
(=13

PRE 0: GOTO 4015

REM NOLECULE [ (TO SCREEN)

PRINT "MOLECULE (*: FRINT

PRINT "DIPOLE VECTOR (X,Y,Z) (DEBYE)': PRINT

FRINT DACL1),DA(2),DA{3): FRINT

PRINT "OPTICAL POLARISABILITY TENSOR (ESU®10°24)": PRINT

FOR I =1 TO 3: PRINT PACI,1),PA(1,2),PALI,3)s NEXT I: PRINT

PRINT "MOLECULAR KERR CONSTANT (ESU)": PRINT

PRINT * TOTAL = "jMK(3);" INDUCED = ";MK{4): PRINT

PRINT "(S1)" .
PRINT * TOTAL = "jMK(3) # 1. 11265 # 10 # { - 15);" INDUCED = "{MK(4) # {.11285 # 10 *
( = 15): PRINT

PRINT : PRINT "PRESS A KEY FOR MENU"

GET K$: IF K$ = *" THEN 4442

50T0 6013

REM MOLECULE 1 (7O PRINT) -

PRE 2

PRINT "MOLECULE L"iNA$: PRINT

PRINT DA(1),DA(2),DA{3): PRINT

FRINT ,DAL1);DAC2)5DAL3): PRINT

FRINT "OPTICAL POLARISABILITY TENSOR (ESU®10~24)": PRINT

FOR [ = 1 7O 3: PRINT PACI,1),PACI,2),PA(I,3): NEXT I: PRINT

PRINT "MOLECULAR KERR CONSTANT (ESUI": PRINT

FRINT * TOTAL = "jMK(3)5" INDUCED = ";MK(4): FRINT

FRINT *{SD)"

PRINT * TOTAL = "jMK(3) # 1.11265 # 10 ~ ( - 13);" INDUCED = "jMK(4) # {,11265 # 10 *
( - 18): PRINT :

PRL 0: GOTO 4013

REM MOLECULE 2 (TO SCREEN)

FRINT "MOLECULE 2"iNB$: PRINT

FRINT "DIFOLE VECTOR (X,Y,Z) (DEBYES)": FRINT

FRINT DB(1);DB(2)50B13): PRINT

FRINT "OPTICAL POLARISABILITY TENSOR (ESU*10°24)*: PRINT

FOR T = 1 TO 3: PRINT PB(I,1),PB(1,2),PB(I,3)}: PRINT : NEXT I: PRINT

PRINT "MOLECULAR KERR COMSTANT (ESU)": PRINT

PRINT * TOTAL = "jMK(3);" INDUCED = *;MK(é): PRINT

FRINT “(S1)"

PRINT * TOTAL = "MK(S) # 1.11265 # L0 ~ ( - 15);* INDUCED = "jMK(&) # 1, 11265 ¢ 10 *
( - 13): PRINT

PRINT : PRINT "PRESS A KEY FOR MENU"

GET K$: IF K% = *" THEN 4442

GOTO 4015

REM MOLECULE 2 (TO FRINTER)

PRE 2

FRINT *MOLECULE 2 *iNB$: FRINT

PRINT "DIPOLE VECTOR (X,Y¥,l) (DEBYES)": PRINT
FRINT DB(1),DB(2),08(3): FRINT

FRINT "OIPTICAL FOLARISABILITY TENSOR (ESU#10°24)": FRINT

FOR I =1 70 3¢ PRINT FB(1,4),FBCI,2),PR(1,3): PRINT : NEXT I: FRINT

FRINT "MOLECULAR KERR CONSTANT (ESUI*: PRINT

FRINT ® TOTAL = "jMK(3);" INDUCED = *jMK(&): FRINT

FRINT "(S1)"

PRINT * TOTAL = "jMK(S) # 1.11265 # 10 * { - 19)5" INDUCED = “jMK(6) * 1,11265 » 10
{ - 13): PRINT

FRE 0: GOTO 6013

RETURN
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TO00 REM SE8%543F5332 855345 F 28054
7005 REM DIPOLE MOMENT OF COMPLEYX

TOLO REM #edfiside bt sssabssienss

7015 HOME

7020 PRINT "CALCULATING-PLEASE WAIT"

7030 U(L) = TROL, L) # DB{1) + TR{1,2) ¢ DR(2) ¢+ TR(L,3) & DB(3) + DALL)
7040 UL2) = TR(Z,1) = DB(1) + TRIZ,2) # DB(2) + TR(Z,3) # DB(3) + DA{2)
7030 UL3) = TR(3,1) # DB(1) ¢ TR{3,2) * DB(2) # TR(3,3) * DBI3) + DALY
7500 REM COULD PRINT QUT VECTOR U ?

8000 FEM #8553 755524852555 455 55535

8003 REM CALCULATE COMPLEX'S TENSOR

BOLO FEM ¥rsessdsssaeesassipsspesss

3013 HOME : PRINT "CALCULATING-PLEASE WAIT®
8020 FOR I =11703

8030 FORJ=1T02

8040 SUK = ¢

8050 FORKK=1T03

BO&0 SUM = SUN + PB(I,KK) # TR{J,EK) s NEXT KK
3070 PLLI,I) = SN

d080 NEXT J: NEXT I

8099 FOR I =1T03

BlOO FORJ =1T03

8110 5UM = 9 =
8120 FOR KK =170 3

8130 SUM = 3UM + TRII,KK) * FLIKE,J) 1 MEXT KK
8140 P2(1,J]1 = 5UN

B30 NEXT J: NEXT I

8160 FOR I =1T03

8170 FORJ=1T03

BI180 T(I,J) = PALIL,J) + P2U1,J)

8190 NEXT J: NEXT I

8300 REM COULD PRINT OUT TENSOR ?

8999 RETURNM

G000 FEM $SF¥3E58sbE5EFFRFESLRFISREFE

9005 REM CALCULATE KERR CONSTANTS

FOL0 REN #ee¥ssssisssbisssasssdosiss

9015 HOME

9020 PRINT "CALCULATE KERR COMSTANTS": PRINT
9030 FRINT *CHOOSE OPTION (1-7)": PRINT

9040 PRINT "(1) COMPLEX (INDUCED+DIFDLE)"
9030 PRINT "(2) COMFLEX {INDUCED)"

9040 PRINT

9070 PRINT "(3) MOLECULE ! (INOUCED+DIFOLE)"
9060 FRINT "(4) MOLECULE 1 (INDUCED)®

7090 PRINT

9100 PRINT "(5) MOLECULE 2 (INDUCED+DiPQLE)"
9110 FRINT "(4) MOLECULE 2 (INDUCED)®

7120 PRINT

9130 PRINT "(7) EXIT TO MAIN MENU"

9140 GET K$: IF K$ = " THEN 9140

9130 F6 = VAL (K$)

9160 IF FG ¢ | OR FB > 7 THEN 9149

7170 HOME

9180 0N F& EOTO §200,9300,9400,7500, 9600, 5700, 7779
7190 EETURM

9200 REM CONFLEX'S KEFR CONSTANT

9210 BC = (T4L, 1) = TiZ,2)) # (UIL) * 2 - WID) * 2) + UT(2,2) - TU3,3)) & CUL2) » 2 - u3) »
2)
9220 BC = BC + (T(3,3) - TU,10) # (M3 2 2 - 0U1) ~ 20 # 3 & 001) & WD) & 1(1,2)
9225 BC = BC + 3 & U12) # UI3) » T2, 0
230 BC = BC +# 3 & (UML) # U43) # TUL,3) « WM2) # ULL) # T(Z,0) + UI3) # UL2) * TH3,2)
9235 BC = BC +

3 (U3 & UL & T(3,10)
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9300 AC = (TU,1) - T{2,2)) * 2 + (T{Z,2) - T{3,3)) » 2

9310 AC = AC + (TI(3,3) = TULLD » 2+ 3 & (TU1,20 ~ 24 T2, 1) ~ D)
9320 AC = AC + 3 & (T(1,3) A2 ¢ T(3,1) * 2+ T(2,3) ~ 2+ T(3,2) » D)
9330 GOTO 9B800: REM GO CALC M¥

9400 REN MOLECULE 1 KERR CONSTANT

9410 BL = (PALL, 1) - PA(2,2)) # (DA(L) * 2 - DA(D) * D)

9413 Bl = Bl + (PA(Z,2) - PA(3,3)) # ((DA(2) ~ 2 - DA(3)) ~ Q)

9420 Bl = BL + (PA(3,3) - PACL, 1)) # (DAL3) * 2 - DACL) ~ 2) + 3 ¢ (DACL) # DA(2) # PALLZ))
9423 Bl = Bl + 3 # (DA(2) # DA(3) * PA(Z,3))

7430 BL = BL + 3 # (DACL) # DA(3) # PA(L,3) + DA(Z) # DALL) & PA(2,1) + DA(3) * DA(2) ® FA(3
9433 Bl = Bl + 3 # (DA(3) * DA(L) # PA(3,1))

9300 Al = (PA(L,1) - PAL2,20) ~ 2 + (PAL2,2) - PA(3,3)) ~ 2

9310 AL = A1 + (PA(3,3) - PALL, L)) ~ 2 + 3 & (PALL, D) ~ 2 4 PA(2,1) * 2)

9320 AL = AL + 3 # (PA(L,3) * 2 + PA(3,1) ~ 2 + PA(2,3) * 2 + PAI3,2) ~ 2)
7330 GOTO 9850: REM 60 CALC MK
7600 REM MOLECULE 2 KERR CONSTANT

9610 BZ = (FB(l,1) - FR(2,2)) * ({DB(1) ~ 2 - DB(2)) * 2)

9413 BZ = B2 + (PB(Z,2) - FB(3,3)) * (DB(2) ~ 2 - DB(3) * 2

7620 B2 = B2 + (FB(3,3) - PR(L, 1)) # (DB(3) ~ 2 - DBCL) ~ 2) + 3 * (DB(L) # DB(2) # PB(1,2))
9623 B2 = B2 + 3 & (DB(2) % DB{(3) # PBI2,3))

9630 B2 = B2 + J ¥ (DB(3) # DB(!) * PB(3,1))

9700 AZ = (PB(L,1) - PBI2,2)) * 2 + (FB(2,2) - PB(3,3)) * 2

9710 AZ = A2 + (PB(3,3) - PB(1,1)) * 2 + 3 # (PRUL,2) ~ 2 + PB(2,1) * 2)

9720 AZ = A2 + T & (PBUL,3) ~ 2 ¢ PBIS, 1) “ 2 + PBI(2,3) * 2 + PB(3,2) * 2)

9730 £0OTO 9900

9800 REM CALC COMPLEX’S KERR CONSTANT
9805 MA = FL ¢« AC # GANS / (45 # K & T)
9810 MB = (F2 # BC) / (45 # K ¥ K # T+ T)
9813 MK(L) = (MA + MB) # 2 # PL # N / 9
9820 HK{2) = HA # 2 ¢ PL ¥ N / 9

9830 GOTQ 9013

9830 REM CALC MOLECULE | KERR CONSTANT
9855 MA = Fl ®# AL # BANS / (45 # K # T)
9860 MB = (F2 ¢ Bl) / (45 ¢ K # K 8T # 1)
9845 MKI3) = (MA + HB) # 2 # PLe N/ 9
9870 ME{4) = MA # 2 # Pl £ N / 9

98280 60TO 9015

§900 REM CALC MOLECULE 2 KERR CONSTANT
9905 MA = FL # A2 # GANS / (45 ¢ K + T)
F9L0 MB = (FZ # B2) / (43 # K # K T # 1)
9915 MK(S) = (MA + MB) # 2 # PL ¢ N / 9
9920 MK(B) = MA # 2 # Pl ®# N/ ¢

9930 GOTO 9015

9999 RETURN

10000 FEM BE¥s3sssssssdshshsbbiniis
10005 REM AUIT FROGRAN ROUTINE

10010 FREM #5434 33845850505 FEFF R 5084
10020 HOME : PRINT "WANT TO QUIT FROGRAM 2(Y/N)"
10030 BET K$: [F K3 = ** THEN 10030

10040 [F K% = "N® THEN RETURN

10050 IF K§ ¢ > "Y" THEN 10040

LO0&0  HOME : END

10070 RETURN
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Program 2 Calculation of Solution Molar Refractions

and Refractive Indices

The molar refraction R12 of a two component ideal solution

can be calculated using the alligation formula:

R12 = flRl + f2R2 A2.1

where R1 and R2 are the molar refractivities of the solvent
and solute, respectively and fl and f2 are the correspond-
ing mole fractions. The molar refractioﬁ of these

components is given by the Lorenz-Lorentz relationship .

2
(ny%, - 1) M 5

R =

1,2 A2.2

(nlf2 +.2) @

where n, M and d, with suitable subscripts, denote the
refractive index, molecular weight and density of the pure
components.

For solutions the molar refraction may be written as:

2

A2.3

From a knowledge of the composition of the solution the

molecular weight M12 and density dlZ may be calculated

using:
M12 = flM1 i f2M2 A2.4
(Wi'+ Wé) d, d,
and dl2 = A2.5
'd, + w,d

s P2 R |
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where wf and Wi are the weight of solvent and solute,

respectively.

Equations A2.1 - A2.5 enable the solution refractive index
n12’ to be derived. The accompanying computer program
requires the refractive index, molecular weight, density
and weight fraction of the pure components of the solution.
This program and the others to be described subsequently

are well documented using REM statements.
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10 FEM LORENZ-LORENZT

20 HOE ! FRINT

30 FRINT "DATA FOR COMPONENT 1"} FRINT

40 INPUT "MOLECLLAR WEIGHT ="iMl

S0 INPUT “IENSITY =":[1

60 INPUT "REFRACTIVE INDEX ="iNi

70 PRINT

80 FRINT "LATA FOR COMPONENT 2"

70 IWPUT "MOLECULAR WEIGHT ="iM2

100 INPUT "DENSITY =12

110 INPUT “ReFRACTIVE INLEX ="iR2

120 FRINT

130 FRINT “DATA FOR SOLUTION OF 1 AND 2": FRINT
140 INPUT “WEIGHT OF COMFONENT {=";uWl

150 INFUT "WEIGHT 0OF COMFONENT 2="jW2

160 FRINT

170 FRINT "HIT-SPACE-EAR TO CONTINUE"

180 GET K3$: IF K§ = "" THEN 180

170 REM CALCULATE MOLE FRACTIONS

200 FL= (WL /Z L) /7 (LWL Z ML) + (W2 /7 N2))
210 F2=1 -F1

220 FEM MOLAR REFRACTION GF

230 RL = ((NLANU - 1) X NL) /7 CINL XN+ 2)410)
240 FREM MOLAR ReFRACTION OF 2

QDO R2=C(N2 X N2 - 1) % M2) /7 CCN2 X N2 + 2) 2 [2)

260 FeM CALC, 30LM MOLAR REFRACTION

-220-



270 K5 = F1 ¥ Rl + F2 ¥ R2

280 REM CALC.HOL.WT. OF SOLN

290 M3 = FL X ML + FZ X M2

300 REM CALC, MOLAR VOL. OF L
ovi=M /I

320 REM CALC, MOLAR VOL, OF 2
3Jpv2=M2/12

340 REM CALC, MOLAR VOL. OF SOLM
I[0V3=FL x VL +FIXVE

340 REM CALC, CENSITY OF SOLN

370 5=M5 /5

330 KEM CALC REFRACTIVE INDEX OF SOLR
390 N5 = GBR ((MS + 2 X RS X RS) / (M3 - IS X RS))
400 REM FPRINT TO SCREEW

410 HOME

420 PRINT “COMFONENT 1" FRINT

430 FRINT "HOLAR \OLUME="3V1

440 FRINT "HOLAR REFRACTION="iR1

450 FRINT

450 ERINT "COMPONENT 2°% PRINT

470 FRINT "MOLAR VOLUME="iVZ

480 FRINT "MOLAR REFRACTION="iRZ

490 FRINT

500 FPRINT "SOLUTION'

S10 FRINT "HOLAR VOLLME="VS

520 FRINT "HOLAR REFRACTION="R3

6§30 FRINT "REFRACTIVE INLEX="3N5

540 FRINT

550 FRINT “HIT-GPACE-EAR TO CONTINUE"

540 GET ks IF K& = "" THEN 360

- 20]=



410 TF K8 = THEN 20
| 620 FRINT 3 FRINT ¢ FRINT




Program 3 Calculation of Infinite Dilution Molar

Kerr Constants

By measuring the experimental Kerr constant, By 5o

refractive index 0y 55 static dielectric permittivity €17
and density dlZ of a series of solutions containing
different weight fractions w, of solute it is possible

to calculate the molar Kerr constant of the solute at
infinite dilution. The approximate equation will be
reproduced here with no description or definition of

the variables since this aspect has been adequately dealt
with in Chapter 6. The computer program requires the
molecular weights of the solvent and solute, the refract-
ive index of the solvent, the static permittivity of the
solvent and the density of the solvent. The constantsg,
ﬁ,y and § which are deduced from the initial gradients

of ¢, d, n and B against the weight fraction of solute are

also required. (See equations 6.16 - 6.22).
The computer program calculates the specific and molar

Rerr constants of the solute in solution at infinite

dilution.
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ra

FEX INFINITE DILUTION KERR CONSTANTS

4 REM 1,2+3 [ENOTE SOLVENTsSOLUTE,SOLUTION, RESFECTIVELY
& FReM K1sK2:K3 MOLECULAR NERR CONSTANTS
8 ReM 51,52/53 SPECIFIC KERR CONSTANTS
10 ReM D[1,02,03 DENSITIES

12 FEN E1,E2E3 DIELECTRIC FERWITTVITIES
14 REN MN1,N2/N3 REFRACTIVE INDICES

16 FEN B1,B2H3 EXPERIMENTAL KERR CONSTANTS
17 FREM H1sMZsH3 MOLECULAR WEIGHTS

18 REM Wi,W2 WEIGHT FRACTIONS

20 REM ALFHA (AL) SLOPE GF E3 V5, U2

&2 FEM EBETA (EE) SLOFE OF I3 VS, HE‘

24 REM GAMMA (GA) SLOPE OF N3 3, W2

28 Rl DELTA (DE) SLOPE OF B3 VS, W2

28 REM LB WAVELENGTH OF KERR EXCERIMENT
30 LB = 432.8E - (7

32 HOME

33 FRINT & PRINT "SOLVENT DATA"! FRINT
40 INPUT "DIELECTRIC PERMITTVITY =";Ei

20 INFUT "DENSITY = "iDt

60 INFUT "REFRACTIVE INEX = "int

70 INPUT "KERR CONSTANT, B = "33t

73 INPUT "MOLECULAR WEIGHT = *iMt

80 FRINT & FRINT "SOLUTION [ATA": FRINT
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90 INPUT "ALPHA (SLOFE 3 V3.M2) = ™AL

100 INUT "BETA (SLOFE [3 VS.M2) = "jEE

110 INPUT "GAHA(SLOPE N3 US.42) = "iGA

120 INPUT "DELTA (SLOFE B3 V5.M2) = "i[E

124 INPUT "SOLUTE MOLECULAR WEIGHT ="iH2

130 REM CALCULATE SOLUTE AH0 SOLVENT KERR CONSTANTS
140 81 = & % LB % NL % BL / Dt

150 §1 =51 / (4EL + 2) X (EL + 2) X (NL A NL +2) X (NL X NL + 2))
150 K1 = 51 % Mt

170 H=(4 X NLANL) 7 (NL X NL + 2)

180 J = 2 / (El + 2)

190 52= (1 - BE + GA+ DE - H ¥ GA - J ¥ AL X E1) X 51
194 K2 = 52 & 2

200 FRINT : PRINT "CALCULATED FARAMETERS®: FRINT

210 FRINT "SOLVENT SPECIFIC NERR CONGTANT = "i5t

220 PRINT "SOLVENT MOLECULAR NERR CONSTANT = "iKI

230 FRINT ¢ PRINT "SOLUTE SFECIFIC KERR CONSTANT = *j52
240 PRINT "SOLUTE MOLECULAR NZRR COWSTANT = *3h2

250 FRINT : INPUT "CHANGE SOLVENT 7iAs

260 IF A% = "Y* GOTO 32

270 PRINT & INPUT "CHANGE SOLUTE 7" 3&s

280 IF B$ = *{* GOTO &0

270 HOME ¢ VTAB 15% HTAR 103 FRINT "sdex END wxax" ! END
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Program 4 Calculation of Dipole Moments

This computer program calculates the permanent electric
dipole moment of solute molecules in dilute solution
using the Debye-Guggenheim relationship. This approach
does not necessitate a knowledge of the density of the
solutions. Variables required by the program are the
refractive index, static permittivity and density of the
pure solvent together with the temperature used in the
measurement of the solution static permittivities. The
initial gradient of the graph of solution permittivity
versus weight fraction of solute is also required. The

computer program is well described in the REM statements.
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a5 HOKE

10 FRINT "GUGGENHEIM - [ERYE FROGRAH"

20 INUT "TEMPERATURE =";T
30 INUT "MOL, WT, SOLUTE =";K2

35 M2 = N2 / 1000

40 INPUT "SOLVENT PERKITTIVITY =";E1

S0 INPUT *SOLVENT REFRACTIVE INLEX ="iNi
80 INPUT "SOLVENT DENSITY =*3[

70 INUT "GRADIENT OF E12 V3, W2 FLOT ="iG
80 E = 8.354€ - 12

90 K = 1,38012

100 W = 6,02217

0TE=27 XEXK AT

120 TE= TE X G % ¥2 / D

130 TE= TE / (N X (EL + 2) % (NL % NL + 2))
140 T = SOR (TE)

150 PRINT

160 FRINT "DIFOLE MOMENT X E30 = *5 SOR (TE) & 1.0607
170 PRINT

180 FRINT "REFEAT CALC,7(YORN)”

190 GET K$! IF K$ = ™ THEN 150

200 IF K$ = *Y* THEN GOTO S

210 IFK$ = "N* THEN COTO 230

220 €070 130

230 HRE

240 FRINT "XXkMk END OF FROGRAW

230 END
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Program 5 Calculation of Solute Molar Kerr Constants

Using Alligation Formulae

This is a general program used for the analysis of electro-
optic data obtained for solutions that approximate to

ideal behaviour. Although the relevant equations have been
described in detail in an earlier chapter, the principal
expressions will be given here for the sake of convenience.

(Further details are given in Chapter 7).
Solution molar Kerr Constant

K ST Re & £ K A2.6

where mKl and sz are the molar Kerr constants of the

solvent and solute respectively.

For a pure medium the molar Kerr constant may be expressed
in terms of the experimental Kerr constant B, refractive
index n, static dielectric permittivity ¢, density 4,
molecular weight and the wavelength of light used to

measure n and B. Thus:

T [ 62/1nMB2] 474
bl (€+2)° (n+2)° dlg

where O denotes the appropriate subscript for solution (12y

solvent (1)’ or solute (2)°

The subscript on the RHS of equation A2.7 implies that the

guantities within the square brackets are each appropriately
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subscripted (except A ).

The computer program requests information concerning the
solvent (but not sz) and the solution. It then proceeds
to calculate the molar Kerr constant of the solute using
data for a given concentrations$of solutes. The calculation
1s normally repeated for additional concentration and a

mean value of mKZ is eventually derived.

For systems where the solubility of the solute was very
low several solutions corresponding to the maximum possible
solubility were analysed and the corresponding solute Kerr
averaged. Although this approach may 'hide' non-linearities
(in plots of B, , versus wz) it leads to improved experim-
ental errors. The majority of the electro-optical work was
performed on solution possessing solute concentration of
less than 1% and it is unlikely that departures from
linearity would be significant. This was confirmed by
carrying out dilution tests on soluble solutes and the
graphs of B12 against W, were found to be linear for

concentrations up to approximately 2% by weight.
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r3

REM ELECTRO-OPTIC CALCULATIONS

4 REM LN-REFRACTIVE INDEX WAVELENGTH

& FEM LE-KERR EFFECT WAVELENGTH

B REN REM 1,2+3 DENOTE SOLVENT SOLUTE AND SOLUTION PROPERTIES RESPECTIVELY

10 ReM
12 Fe
14 REM
16 kel
18 FREM
20 FReM
22 Red
24 REM
26 Red
28 ReM

30 FEd

M1sH2,M3 HMOLECULAR WEIGHTS

R1+E2:R3 EXPERIMENTAL RERR CONSTANTS
E1,E2/E3 UIELECTRIC FERMITTIVITIES
N1sNZ)N3 REFRACTIVE INDICES

[t ,02,03 DENSITIE

R1sR2/R3 HOLAR REFRACTIONS

F1yP2sF3 HOLAR FOLARISATIONS
U1,42,V3 MOLAR VOLUHES

K12K2/K3 MOLECULAR KERR CONSTANTS
WisW2 WEIGHTS OF SOLVENT AND SOLUTE

F1sF2 MOLE FRACTICNS

40 INFUT "REFRACTIVE INDEX WAVELENGTHAM 7 ="ilN

o
[

wn
o

N

INPUT "KERR-EFFECT WAVELEMGTH/MH 7 ="iLB
FRINT & FRINT "SOLVENT DATA"! FRINT

INFUT "MOLECULAR WEIGHT ="iHl

70 INFUT "REFRACTIVE INIEX ="iNl

80 INFUT "FERMITTIVITY ="jE1

90 INPUT "NERR CONSTANTsE ="iBl

100 INPUT “DENSITY ="ill

110 REY CALCULATE SOLVENT FARAMETERS

120vi=0l /L

125 PRINT "SOLVENT MOLAR VOLUME ="3iV1

130 Nt = NL & LN / LB

135 PRINT “CORRECTEL SOLVENT REFRACTIVE INDEX ="iN1
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140 Rl = (NL & N1 - 1) X ML/ (CND X NL X +2) % D1)
145 FRINT "SOLVENT MOLAR REFRACTION ="jR1

150 PL=(EL1 - 1) X ML / ({El + 2) X [i1)

135 PRINT "SOLVENT MOLAR FOLARISATION ="iF1

160 Ki=6 X LE X N X Ml X Bl / [l

170 Kl =KL /7 ((EL +2) K(EL +2) K (NL XNL+2) K(NLEN +2))
175 FRINT "SOLVENT MOLECULAR RERR CONSTANT ="jRi
180 FRINT § FRINT "SOLUTE LATA"! FRINT

170 INPUT "MOLECULAR WEIGHT ="§2

200 INFUT "REFRACTIVE INDEX ="iN2

210 INPUT “PERMITTIVITY ="j€2

220 INFUT "RERR CONSTANT, B ="iB2

230 INPUT “DENSITY ="il2

240 REM CALCULATE SOME 50 UTE PARAMETERS

200 V2 =H2 /12

253 FPRINT "SOLUTE MOLAR VOLUME ="#V2

260 N2 = M2 ¥ LN / LB

285 FRINT "CORRECTED SOLUTE REFRACTIVE INDEX ="iN2
Z70F2=(N2 XA N2 - 1) X M2/ (N2 X N2 +2)%2)
275 FRINT "SOLUTE MOLAR REFRACTION ="iR2
200P2=(E2-1) % M2/ ((E2 + 2) % [2)

285 FRINT "SOLUTE HOLAR POLARIGATION =";F2

270 FRINT ¢ FRINT "SOLUTION DATA"! PRINT

300 INFUT "UEIGHT OF SOLVENT ="jul

310 INPUT "WEIGHT CF SOLUTE ="jW2

320 INPUT "PERHITTIVITY ="jE3

330 IWUT "RcrRACTIVE INDEX ="iN3

340 INPUT "DENSITY ="il3

330 REM CALCULATE SULUTION FARAMETERS

360 FL=(ML / Wl) /7 (ML / WL ¢ M2 / W2)
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365 FRINT "MOLE FRACTION OF SOLVENT ="iFl
370F2= 1 - Fl

375 PRINT "MOLE FRACTION OF SOLUTE ="iFZ
380 M3 = F1 % ML + F2 X M2

385 FRINT "SOLUTION MOLECULAR VEIGHT ="iti3

390 U3 = FLEVE $F2KUD

395 FRINT "SOLUTION MOLAR VOLUKE ="iV3

400 N3 = N3 X LN / LB

410 IF 03 > 0 GOTO 430

420 13 = M3 / V3

430 IF N3 > 0 GOTO 460

440 F3 = FL XRL + F2KR2 :

450 N3 = SOR ((2 X R3 % I3 + 2 X ¥3) / (M3 - 13 ¥ R3))% GOTO 470
460 K3 = (NI X N3 - 1) X M3/ (NS %13 +2) 2 [3)
464 FRINT "SOLUTION REFRACTIVE INDEX ="iN3

465 FRINT "SOLUTION HOLAR REFRACTIVITY ="iR3

470 F3=(E3 - 1) A 3 / UEB + 2) X [3)

475 PRINT "SOLUTION MOLAR FOLARISATION ="3F3

480 K3= 6 X LEX N3 X M3 X3/ 13

490K3= K3/ (ET + ) K(ET # 2) ¥ B A M3 + 2) X (NI X N3 + 2))
495 FRINT "SOLUTION MOLECULAR NERR CONSTANT ="ik3
500 RN CALCULATE SOLUTE MOLECULAR NERR CONSTANT
510 K2 = (K3 - F1 X K1) / F2

€20 FRINT ¢ INFUT "ALTER SOLVENT DATA 7"7hd

530 IF AS = "Y" GOTO 55

540 INPUT "CHANGE SOLUTE 7°385

S50 IF B = *Y* GOTO 180

560 INPUT "ALTER SOLUTE CONCENTRATION 7*iC3

s70 IF C3 = *Y* GOTO0 270

530 INPUT "CHANGE KERR EFFECT WAVELENGTH T y0s
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590 IF 5 = "Y" GOTO 40
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