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PREFACE

Solid electrolytes for applications like
chemical sensing, energy storage, and conversion have been
actively investigated and developed since the early
sixties. Although of immense potential, solid state
protonic conductors have been ignored in comparison with
the great interest that has been shown to other ionic
conductors like lithium and silver ion conductors. The
non-availability of good, stable protonic conductors could
be partly the reason for this situation. Although organic
solids are better known for their electrical insulating
character, ionic conductors of organic origin constitute a
recent addition to the class of ionic conductors.
However, detailed studies (N1 such conductors are scarce.
Also the last decade has witnessed an unprecedented boom
in research on organic "conducting polymers". These newly
devised materials show conductivity spanning from
insulator to metallic regimes, which can be manipulated by
appropriate chemical treatment. They find applications in
devices ranging from rechargeable batteries to "smart
windows".

This thesis mainly deals with the synthesis and
investigations on the electrical properties of (i) certain
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organbc protonic conductors derived from ethylenediamine
and (ii) substituted polyanilines.

The dissertation is divided into two parts.
Part I deals with the synthesis, characterisation;
electrical properties and -phase transitions of four
ethylenediammonium salts viz., ethylenediammonium
dichloride (EDC), ethylenediammonium dinitrate (EDN),
ethylenediammonium sulphate (EDS) and ethylenediammonium

achfl phosphate (EDAP). The objective was txb assess the
influence of the anions on their electrical properties and
to evolve an understanding of the conduction mechanism in
these organic solid state protonic conductors.

Part II of the thesis describes the synthesis of
poly(meta-toluidine) and copolymers of aniline with meta
toluidine formed under different monomer feed ratios and a

comparative study (If the electrical properties of
carefully purified poly(meta-toluidine) and poly(aniline
co—meta-toluidine) at different levels of proton doping.

Part I of the dissertation is divided into six
chapters. The First Chapter is an overview of the
electrical conduction iJ1 ionic solids with special
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reference to protonic conduction in ammonium salts. The
Second Chapter outlines the synthesis of materials,
formation of single crystals and the methods of measure
ments. The results of the studies of the thermal and
electrical properties of EDC form the content of the Third
Chapter. Chapter 4 presents the preparation and measure
ment of electrical properties of EDN. Chapters 5 and 6
contain results of the studies on EDS and EDAP respect
ively. The influence of the nature of anion on the
electrical properties of EDC, EDN, EDS and EDAP are
discussed in Chapter 7.

Part II of the thesis consists of five chapters,
beginning with Chapter 8, which describes the present
status «of research (N1 organic conductimg polymers, with
special reference txn polyaniline. The methods of
synthesis, purification and doping of poly(meta-toluidine)
and poly(aniline co-meta—toluidineJ are «outlined in
Chapter 9. The characterizathmi of poly(meta-toluidine)
by ck: and ac electrical conductivities, dielectric
constant, DSC, and infrared and UV-Visible spectroscopy is
presented in Chapter 10. Chapter 11 embodies the methods
of synthesis, and characterization of poly(aniline
co-meta—toluidine) prepared under different monomer feed
ratios by DSC, dc and ac electrical conductivities and
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dielectric constant. Chapter 12 iii the last chapter of
the thesis and is a comparison of properties of poly(meta
toluidine) euui poly(aniline» co-meta-toluidine). In
interpreting the results <1f electrical measurements,
efforts were made to elucidate the mechanism of conduction

in insulating as well as in conducting materials described
in the foregoing chapters.

Part <1f the results presented jJl this thesis
have been published/presented/communicated in form of the
following papers:

1. dc electrical conductivity studies IU1 pure, doped and
deuterated potassium acid phthalate
Hazeena George, N.C.Santhakumari, R.Navilkumar and
C.P.G.Vallabhan

Proceedings of the )CD( National Seminar on Crystallo
graphy, Mahatma Gandhi University, Kottayam, Paper
No.D-15 (1987).

2. dc electrical conductivity of polyaniline conducting
plastic
N.C.Santhakumari and C.P.G.Vallabhan

Proceedings of the National Symposium on Current Trends
in Pure and Applied Physics, Cochin University of
Science and Technology, Paper No.M-34 (1988).



3. Fabrication anui performance of aa micro-gas coulometer
for the detection of protonic conduction in solids.
N.C.Santhakumari and C.P.G.Vallabhan

Proceedings of the National Seminar on Instrumentation,
Cochin University (bf Science and Technology, Cochin,
Paper No.P-33 (1989).

Electrical conductivity and transition inphase

ethylenediammonium dichloride

N.C.santhakumari, R.Navilkumar and C.P.G.Vallabhan

Proceedings of the Solid State Physics Symposium,
Indian Institute of Technology, Madras, Paper No.P-19
(1989).

High temperature phase transition in ethylenediammonium

sulphate single crystals
N.C.Santhakumari, R.Navilkumar and C.P.G.Vallabhan

Proceedings of the Second Annual General Meeting of the

Materials Research Society of India, National Physical
Laboratory, New Delhi (1991).

Dielectric studies of ethylenediammonium acid phosphate
single crystals.
N.C.Santhakumari, R.Navilkumar and C.P.G.Vallabhan



vi

Proceedings of the Second Annual General Meeting of the
Materials Research Society of India, National Physical
Laboratory, New Delhi (1991).

Electrical properties and phase transitions in
ethylenediammonium dinitrate.
N.C.Santhakumari and C.P.G.Vallabhan

Solid State Ionics, 45 (1991) 329.

Electrical conductivity, dielectric properties and
phase transition in ethylenediammonium sulphate single
crystals.
N.C.Santhakumari and C.P.G.Vallabhan

Journal of Physics and Chemistry of Solids (in press).
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PART I

STUDIES ON THE ELECTRICAL PROPERTIES OF SOME

ETHYLENEDIAMMONIUM SALTS



Chapter 1

IONIC CONDUCTIVITY IN SOLIDS - AN OVERVIEW

Abstract

This chapter outlines briefly the theory of ionic
conductivity in solids. Effect of phase transitions on
the electrical properties of ionic solids is discussed
at some length. Occurrence of protonic conductivity in
different materials has been reviewed exhaustively. Special
reference has been made to protonic conductivity in ammonium

salts. The major applications of solid state protonic
conductors have been summarised to project their importance
in modern technology.



1 . 1 INTRODUCTION

The demand for materials showing high ionic
conductivity for various applications in devices has given
a new impetus to research in solid state ionic conductors.
Our __present knowledge of these materials is based on the
early work of Schottky [1], Wagner [2], and Mott and
Littleton [3,4]. It was found that the transference of
mass and charge occurring in alkali halide crystals is
mainly by means of ionic processes. Later the subject
of ionic conductivity was expounded at length by Lidiard
[5-7], Fuller [8-13], Barr [14,15] and Franklin [16].
In addition to these some other notable works [17-34] can
also be found in the literature.

Most of the earlier work in ionic conductivity
is centred around the alkali halides. The results of
Kelting and Witt [35] can be considered as typical for
the behaviour of conductivity as a function of temperature.
The principal feature of their results is a straight line
variation of log 0' against l/T for the high purity case
and an approximate straight line for a low temperature
highly doped case. The first of these regions is referred
to as the intrinsic region since the conduction properties
are those of chemically pure crystal, the second region



is called extrinsic since the conductivity depends on the
nature and concentration of impurities. An approximate
empirical relation for the conductivity can be written
as

O“ = G; + O; (1.1)
= Oge exp(-Ee/kT) + 031 exp (-Ei/kT) (1.2)

where Ee and Bi are the conduction activation energies
for the extrinsic and intrinsic regions respectively.
The constant Oge depends on the impurity content while
0“Oi depends only on the host crystal. One would therefore
expect O39/O81 to be much less than unity, and of the order
of impurity fraction; this is borne out experimentally.
It iii also found from experiment that Ee/Bias %: this is
explained by noting that Be should be the activation energy
for the motion of extrinsically introduced defects, while

Ei contains in addition the activation energy for creation
of the defect within the originally perfect crystal.

The simplest type of thermally generated lattice
defects which are used to explain the conductivity of ionic
solids are Frenkel and Schottky defects. In the formation
of an Frenkel defect an ion, which is originally at a site



of the perfect lattice moves to an interstitial position,
the net result of the process is to generate two imper
fections——a vacant lattice site enui in interstitial ion.
A Schottky defect is formed by the migration of an ion
which was originally at a site of the perfect lattice to
a surface position, the net result of this is to generate
only one imperfection-—the vacant lattice site. ‘The other
type of defects usually found in ionic crystals are:
impurity ions, impurity-vacancy complexes and impurity
vacancy pairs.

1.2 THEORY OF IONIC CONDUCTIVITY

Consider the case of ionic conductivity in a
sodium chloride lattice in which vacancies are ‘made to
move under an applied electric field. In a one dimensional
model the vacancies migrating in the lattice do so by a
series of jumps of distance 'a' from one position to the
next over a potential barrier. The potential barriers
are all the same and equilibrium positions are equivalent.
It can be shown from classical statistical mechanics [5]
that the probability per unit time for a vacancy to make
the transition to a neighbouring equilibrium position is
given by

a0 = yo exp(-Ag/kT) (1.3)



where 1% is a frequency which is interpreted as the vibra
tional frequency of the ions surrounding the vacancy and ggg
is the Gibb's free energy of activation. The Gibb's free
energy can be written in terms of the corresponding
enthalpy Ah and entropy As as

Ag = Ah - TAS (1.4)
Now consider the case of a cation vacancy (effect

ive charge -e) moving from one equilibrium position to
another in the presence of a uniform field F directed along
the x—axis (Fig.l.l), the effect of the field is to add
a term eFa to the potential energy. A jump in the direction
of the field now takes place with a decreased probability.

5. yo exp[(Ag + eFa/2)/kT] (1.5)

and jump against the field with increased probability

a) = L% exp[*QSg - eFa/2)/kT] (1.6)

The mean drift velocity u (in the direction of
positive current flow) is therefore given by

ans" -u3')C.’ II

a }% exp(—Ag/kT)x2Sinh(eFa/2kT) (1.7)



4- Mean potential
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Fig.l.1 Schematic representation of the mean potential
energy of a cation vacancy with an electric fieldin the x-direction.
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Fig.l.2 Illustration <mf the possible jumps for ea cation
vacancy to the nearest neighbour cation positions
in an NaCl—type lattice.



For low field strength, we assume eFa << kT and we get

2u = (a e)%)E‘/kT) exp(-Ag/kT) (1.8)

which corresponds to mobility

_ 2}L—- (a ezg/kT) exp(-Ag/kT) (1.9)

Equation (1.8) holds for“ a one dimensional model. For
the motion of a cation vacancy in a three dimensional model
we refer to Fig.l.2. Consider the electric field to be
applied in (100) direction. The central cation ‘vacancy
can jump to any one of the twelve nearest neighbour cation
sites, each of which is at a distance of a5 away from
the vacancy. The electric field makes no change in the
energy requirement for a jump in the transverse direction,
nor do these jumps cause any flow of current. Of the remain
ing eight possible jumps, four are in the field direction.
The only change in time equations (1.7), (1.8) and (1.9)
is therefore the appearance of a factor 4.

Hence equation (1.9) will now read

J3. = (4a2e))O/kT) exp( -Ag/kT) (1.10)



Now the discussion on the density of mobile species falls
into inn) parts viz., those corresponding to intrinsic and
extrinsic regions of conduction.

If nm, and ncv be the densities of the anion
and cation vacancies respectively’ and N txa the density
of possible vacancy sites, then from statistical thermo
dynamics,

(nAV/N)(nCV/N) = exp(-gs/kT) (1.11)

where gs is the Gibb's free energy of formation of a pair
of Schottky defects.

Now the intrinsic conductivity can be written
as

01 = “Av§PAv + ”cv?Fcv (l‘12)

4N a2e2
= —EE——— exp(-gs/kT) X [jiv exp -(AQAV/kT) +

IJCV exp - (/-lgcv/kT)] (1.13)

Considering Agcv (4AgAV, so that to a high degree of
approximation, only the cation vacancies move. Making



approximate definitions of Gibb's free energy in terms
of enthalpy and entropy

gs = hs - TSS (1.14)
and

Agcv = Ahcv - TASCV (1.15)

we have 2
4Nae2l%V

O; = ———ET——— exp[(ASbV + S5/2)/k] x

Aexp[( hcv + hs/2)/kT] (1.16)

Equation (1.16) is valid only for cubic crystals
of alkali halide type. If both. anions anui cations are
mobile, then the approximation made in deriving equation
(l.l6) from (l.l3) is not valid. In comparison with the
experimental data, it is possible that contributions to
current from all sources except Schottky defects have been
ignored.

1.3 IONIC CONDUCTIVITY OF CRYSTALS CONTAINING ALIOVALENT
IMPURITIES

In ionic crystals, there is aux opportunity to
create a rather unique defect complex by the introduction
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of aliovalent impurities, i.e., impurity ions which differ
in charge from the corresponding solvent ion. When such
impurities are introduced, additional defects (either
vacancies or interstitial ions) must accompany’ the aalio
valent ion in order tun achieve charge compensation, the
defect possessing’ an «effective charge equal. but opposite
to that of impurity ion.

We shall consider the effect of divalent cationic
impurities in an ionic crystal of the alkali halide type.
The conductivity in the impurity sensitive region can be

called extrinsic conductivity (6%). In equation (1.11)
nAV and ncv are no longer equal but are subject to the
condition

n = n + n (1.17)
where n1 is the density of divalent cationic impurities.

Hence knowing equation (1.11)

“cv (“CV ” ”I)N N = exp(—gS/kT) (1.18)
which. is a quadratic equation in ncv whose solution is



ll

nI 4N2exp(—gS/kT) 2ncv = 5- [1 + 1 + 2 1 (1.19)
“I

The conductivity is therefore given by

e " “Av?PAv + ”cv?Pcv (1°2O)

Ne(PAV + PCV) exp(-gs/2kT) x

nI 1/[ 1 + 2 2
4N exp(-gs/kT)

T1 I .Pcv '.FAv ] (1.21)

2N exp(-gs/kT) _fCV + yAV

from equations (1.18) and (1.19). Recalling that the
intrinsic conductivity (1.13) is equivalent to

G1 = Ne(PAV + FCV) exp(-gs/kT) (1.22)

We have from (1.21)

O. : G. “I Pcve i N exp(-gs/kT) PCV + PAV (l°23)
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In deriving equation (1.23) we assumed that

nI >> 2N exp(-gs/2kT)

If we assume that PCV>)_PAV, equation (1.23) reduces to

072 : “I9? (1-24)
which is a quite obvious result in view of approximations.
Using equations (1.10) and (1.24) we obtain

4n a2e2L) AS0" = I CV exp(e kT — CV
k )exp(-Ahcv/kT) (1-25)

which is approximately of the empirical form

0; = Oge exp(-Be/kT). (1_25y
A comparison of equations for the intrinsic and

extrinsic conductivities [equations (1.16) and (l.25)]
is very much useful for explaining the experimentally

observed orders of magnitude of the ratios Oge/Ole and
Ee/Ei.
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1.4 DIELECTRIC PROPERTIES

The dielectric properties of a material depends
on its interaction with an applied electric field at the
electronic, atomic and molecular level. Polarisation
and dielectric loss are the phenomena of interest and
usually studied as a function of frequency.

When an electric field is applied to a dielectric
material, the dipole moments of separate kinetic elements
or atomic groups will tend to orient in the field direct
ion. If the field is removed after a certain time, induced
polarisation of the sample ‘will diminish to zero as a
result of thermal motion cflf separate kinetic elements,
and the system ‘will return ix) its previous equilibrium
(or quasi-equilibrium) state. Such a process of reverting
to equilibrium is called dielectric relaxation. It. is
characterised by the relaxation time’t .

If an alternating electric field is applied to
the material, the dielectric properties will depend on
the frequency of the applied potential and the dielectric
relaxation time T’.
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The dielectric properties of a material can be
expressed by its complex dielectric constant (relative
permittivity)

€ = C - i€ (1_27)
I II

where C anui Q are the real and imaginary parts of the
complex dielectric constant. Q is also known as the
dielectric loss factor. The ratio

-,- = tan8 (1.28)
is the dielectric loss tangent. It characterises the
phase shift between the ac signal applied across a capa
citor with the sample as the dielectric and the current
passing through it.

If the dielectric relaxation can be described
by a single relaxation time, then

, e - e
C - Ca, *"‘—'—2 (1.29) (1.29)

].+<a)2"r

(co - c&):.>~(9" = 2 2 , and (1.30)
l+& T
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(e - cm) 01’tan8 = O 2 2 (1.31)
€O + €aQ’,_,)-C

where €° is the dielectric constant at ‘-3: O and €60 the
dielectric constant at U3 = co

If CO is the static dielectric constant, €r the
relative permittivity. («J the angular frequency and tan5

the loss tangent, the ac conductivity Oéc may be expressed
[36]

O" = C Q Qtans (1-32)ac o r
1.5 PHASE TRANSITIONS IN SOLIDS

Phase transformations in solids are often accom
panied by pmominent changes in their physical properties.
The two important thermodynamic variables in the study
of phase transitions are temperature and pressure. Any
study of a phase transition therefore involves measurement
of properties as a function of temperature or pressure.
Several techniques are employed to investigate phase transi
tions depending on the nature of the solid and the propert
ies of interest. A wide range of techniques like X-ray
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diffraction, thermal, optical and electrical measurements
are available to study phase transitions [37-43].

A solid phase is characterised by its uniformity
in structure and composition and is separated from other
phases by sharp boundaries. At the boundary a disconti
nuity occurs to the uniform structure or composition or
both. At phase transition, a particular phase of the
solid becomes unstable. A change iJ1 free energy at the
phase transition is associated with the structural and
compositional changes.

During phase transition the free energy of the
system :remains. continuous. Howevery other ‘thermodynamic

quantities like entropy, heat capacity, volume etc. under
go discontinuous changes. Depending on the nature of
discontinuous change undergone by the thermodynamic quantity,

and the Gibb's free energy function, phase transitions
may be classified [44] as follows.

According to the classification proposed by
Ehrenfest [44], a phase transition has the same order
as the derivative of the Gibb's free energy which shows
a discontinuous change at the point of phase transition.
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Gibb's free energy is given by,

G = H - T8 = E + PV — TS (1.33)

Hence

dG dE + PGV + VdP - TdS - SdT (1.34)

VdP - SdT

The first and second derivatives of G may be written as

(<':—(;')T = V (1.36)
<§%>P = —s (1.37)
<::§>T = <§‘E—fi)T = -v,e (1.38)

(:::T) = - (§%)P = V°< (1.39)

(:-:3 P = -(:33;->9 = - :3 (1.40)
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Here CP, oé and ‘fl are the heat capacity, volume thermal
expansivity and compressibility respectively. We see
that transformations in which a discontinuous change occurs
in heat capacity, thermal expansivity and compressibility
belong to the second order. Third and higher-order transi
tions involve further differential quantities.

A first-order transition involving discontinuous
change zhu entropy iii represented graphically ix: Fig.l.3.
In Fig.l.4 a similar first order pressure transition involv
ing discontinuous change in volume at constant temperature
is shown.

A large number of examples of both thermal and
pressure transformations in inorganic solids belonging
to the first order are known [45—48]. Phase transitions
of the first order generally exhibit hysteresis which
may also be taken as a characteristic of these transitions
[49-SO]. In first-order transitions, the high temperature
phases having high internal energy and low density will
also have higher entropy. In fact, the high temperature
structures are generally of higher symmetry’ and higher
disorder than the low temperature structures.
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Energy

Fig.1.3 Variation of enthalpy and free energy with tempe
rature in a first order phase transition.

G I
>8‘ G11 1Q’ I
C.‘m IT!“

1 VIIpt P

Fig.1.4 Variation of volume and free energy with
pressure in a first order phase transition.
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CJH “"“‘, H11
u

1

I1 .
Fig.l.5 Variation of enthalpy, specific heat and order

parameter in a second order transition.
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In Fig.l.5 variations of enthalpy, heat capacity
and the ‘order parameter‘, with temperature during a
second—order transformation are dipicted. Transformation
belonging to the second order are almost always associated
with somet kind of disordering process [49,50]. The
disordering (or randomization) can be in terms of position
or orientation.

A large number of transitions which are often
incorrectly referred 133 as second order transitions are
actually lambda transitions. In these transitions the
heat capacity tends txa infinity at time phase transition
temperature.

1.6 PROTONIC CONDUCTORS

Majority cflf the superionic conductors reported
iJ1 which. monovalent cations act en; charge carriers are
based on silver and lithium. Those baseflon protons have
been studied in any detail only in a few cases
[51,52]. Protonic conductors assume significance in fuel
cells, high energy density batteries, and in sensors.
This recent interest has initiated detailed investigations
on thermally stable protonic conductors [53,54].
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The existence of proton as a conductor in a
medium is not that simple as it appears to be. An
unsolvated proton has an very’ small radius. Such free
protons are not found in materials under equilibrium
conditions. Hydrogen atom is covalently bonded to
electronegative atoms such as carbon, nitrogen or oxygen.
Hydrogen has the rare capability for expanding its
covalency forming additional bond (hydrogen bond) which is
characterised by directional properties. Oscillations of
the hydrogen. atom 1J1 such situations ‘would effectively
lead txn a shift imm its equilibriuun position. This is
equivalent to the transport of a proton. Since the
hydrogen kxnui has directional characteristics, transport
of a proton across a hydrogen bond has different
magnitudes along different crystal axes depending upon the
lattice structure.

1.7 MECHANISM OF PROTON CONDUCTION

1.7.1 Liquid-like transport

Certain protonic conductors with layered
structure contain intercalated water nmdecule, eg.,
&>[Zr(PO4)2H2]H£D, H<Al montomorillonite etc. In these
layered materials, water molecules present in ‘the
interlayer space form a liquid-like network permitting
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high protonic conductivity [55]. In pellicular materials
with adsorbed moisture, the water present on the surface
and in the interpellicular space can also act as a liquid
transport medium eg., ZrO2.n H20 [56].

1.7.2 Proton jump followed by reorientation of
hydrogen bonds

Proton jump is often possible by a process of
tunnelling through a hydrogen bond. In effect, a
reorientation of the hydrogen bond occurs. This mechanism
operates in hydrated salts, ammonium salts and organic
acids. The probable modes of transport are described
below.

(i) Polyatomic ion migration (Vehicle mechanism)

This conducticn1 mechanisnl operates lJ1 strongly

acidic media containing water where H30 species is
dominantly present. e.g., H3O+ - If-alumina [57],
phosphomolybdic acid (H3PMol2O4d29H2O) [58]. In these
cases H3O+ species migrates, thus effectively trans
porting H+. A layered configuration of the anions
facilitates this type of vehicular transport. Since the
transport involves ndgration CHE massive polyatomic ions,
the activation energy of the process is fairly high.
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(ii) Co-operative proton transfer (Grothus mechanism)

Conduction can also occur due to proton exchange
across a continuous chain or network of hydrogen bonds.
This occurs in some layered hydrates which. are ‘weakly
acidic or basic. The activation energy in such cases will
be due to the barrier for the reorientation of the
hydrogen bond and will be low in magnitude.

1.8 PROTONIC CONDUCTION IN AMMONIUM SALTS

Electrical properties of ammonium salts such as

NH4Cl and NH4Br have been extensively investigated by
various workers [27,59-66]. Herrington and Staveley [27]
made a comparative study of the electrical conductivity of

NH4Cl, NH4Bry ‘NH4I, (NH4)2SnCl6 enui NH4PF6. They
concluded that protons play ea dominant role lJ1 charge
transport iJ1 these ammonium salts. Later investigations

on NH4Cl [59-64] anui NH4Br [65,66] support the observa
tions of Herrington and Staveley. Murti and Prasad
[63(c)] have probed phase transition using electrical
conductivity measurements. They ascribed the excess
conductivity observed at the phase transition to the
release of protons from freely rotating ammonium ions.
This well fits into the proton transport mechanism
proposed by Herrington and Staveley.
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A survey of the literature reveals that NH4H2PO4
(ADP) is enu ammonium compound thoroughly investigated by

several research groups [67-72]. Harris and Vella [69]
have unambigously proved that ADP dissociates according to
the scheme.

NH4H2PO4 ——————9 NH3 + H3PO4

The process was detected at all temperatures above 40°C.
Thus the proton transport mechanism invoked to explain the

conductivity in NH4Cl is applicable here also.

Vallabhan et al have investigated a number of
ammonium salts like (NH LiNH SO , NH H PO ,4)2SO4' 4 4 4 2 4

HPO and (NH4)2Cr 0 [73-84] by dc(NH4)3H(S°4)2' (NH4)2 4 2 7
'and ac electrical conductivity and ionic thermocurrent
measurements.

1.9 PROTONIC CONDUCTION IN SUBSTITUTED AMMONIUM SALTS

Takahashi et al [85] have investigated protonic
conduction in certain substituted ammonium compounds like
triethylenediammine sulphate containing triethylene
diammine and sulphuric acid in the mole ratios 1, 1.5
and 2. The highest conductivity observed was imm
C6Hl2N2.l.5H2SO4. Abrupt changes in conductivity were
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observed at phase transitions which were confirmed by DTA.

Electrolytic and emf measurements confirmed the role of
protons iJ1 charge transport. Investigations tn! the same
authors [85] on hexamethylene tetramine sulphate also
provided comparable results. The work on these materials
have thrown light on a new class of compounds of high
protonic conductivity.

1.10 APPLICATIONS OF PROTONIC CONDUCTORS

An era of active research in solid state
protonic conductors was opened up by the energy crisis in
early seventies. From the energy point of view major
application of solid state protonic conductors is as
electrolytes in fuel cells meant for stand-alone power
systems, heavy duty automobile traction and electricity
storage by the hydrogen route. Other applications include
hydrogen concentration cells, batteries and sensors.

1.10.1 Fuel cells

Electrochemical cells in which the free energy
change of the chemical reaction is transformed directly
into electrical energy are classified as fuel cells.
Batteries have the reacting components stored in the
electrode itself. In fuel cmfld. the active chemical is
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supplied from an external store. Power generation by fuel
cells is free of pollution. The conversion of free energy
into electrical energy has high efficiency. For these
reasons storage of hydrogen as a fuel and its conversion
to electricity are technically feasible and environ
mentally acceptable. The electrode reaction and the
overall cell reaction in hydrogen-oxygen fuel cell can be
represented;

H2 —-——9 2H+ + 26- (anode reaction)
%O2 + 2H+ + 26- -————9 H20 (cathode reaction)

H2 + %O2 -————9- H20 (overall reaction)

1.10.2 Hydrogen concentration cells

When hydrogen at two different activities al and
a2 are separated by a solid state protonic conductor, emf
of the resulting concentration cell is given by the Nernst
equation;

where R is the gas constant, T is the absolute temperature
(K), n is the number of electrons involved in the reaction
and F is the Faraday unit. The difference in activity may
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be the result of different hydrogen ion concentrations or
of different hydrogen partial pressures. Such cells can
act as energy converters and also as sensors. A
temperature difference in time metal hydride‘ compartment
(hydrogen resorvoir) raises the partial pressures in that
compartment by releasing hydrogen. The low partial
pressure lJ1 the other compartment drives the electrode
reactions thus generating power in the external circuit.
The operating voltage,

D-_§E.Vc _ F id

where aid is the ideal efficiency which is the Cornot
efficiency. When AH and «AS are temperature independent,

8 = AGC - AGh ~ T - Tid ThASh hll 13'' 0

Since the device works on pressure difference, liquid
electrolyte is run: suitable. Although time proposition
seems attractive, capital cost for the cell and
the hydride storage are the major obstacles to its
commercialisation.

1.10.3 Batteries

When one of the metal hydride reservoirs in the

hydrogen concentration cell is replaced by an oxygen Or
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air electrode, the system turns out to be a battery. The
technological details remain more or less time same as
those for the fuel cells. A working model of such a
battery using hydrogen uranyl phosphate tetrahydrate (HUP)
has been studied in detailed by Kahil et al. [86].

1.10.4 Sensors

Solid state protonic conductor-based hydrogen
sensors fall into two categories: (i) those used in the
measurement of hydrogen ion concentration (pH) in
solution, and (ii) those used in the measurement of
hydrogen partial pressures. inn a pH measuring cell,SSPC

separates two solutions of pHl and pH2. One is the test
solution and the other is a solution of known pH. The
cell is schematically shown,

Reference electrolyte SSPC electrolyte Referenceelectrode (1) (2) electrode(1) (2)
EMF of this cell is given by,

pH

|E| = u2.3o3 53 -——1nF pH2

Such sensors have the advantage that they are compact and
they can perform instantaneous in—line monitoring without
interfering MHJJ1 the process ixm industrial installations.
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Chapter 2

EXPERIMENTAL METHODS

Abstract

The experimental technique employed and the
measuring systems used in the present investigations are
described in this chapter. The procedure for the
synthesis of materials, conditions for growing single
crystals and preparation of single crystals for measure
ment are also given. The design and fabrication of a
shielded cell which can be used for the measurement of dc
and ac electrical conductivity and dielectric constant
over the temperature range 80 to 530 K are outlined. The
salient features of the instruments used in acquiring the
data on electrical and thermal properties are also
included in this chapter.
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2.1 INTRODUCTION

The results presented in the following chapters
in Part I[ of the thesis were obtained from a systematic
investigation on single crystals of a series of ethylene
diammonium salts viz., ethylenediammonium dichloride
(EDC), ethylenediammonium dinitrate (EDN), ethylene
diammonium sulphate (EDS) and ethylenediammonium acid
phosphate (EDAP) using well established techniques. A
brief description of the procedures for preparing the
materials and their single crystals and the details of the
design and fabrication of a shielded cell, and the
experimental systems are presented in the following
sections.

2.2 PREPARATION OF MATERIALS

2.2.1 General methods for the synthesis of
ethylenediammonium salts

Ethylenediammine of 99.5% purity (Glaxo
laboratories) was distilled from an all glass distillation
apparatus immediately before use. Since ethylenediammine
is volatile and fumes in air, a 6 molar solution was used
in the synthesis. An appropriate volume of this solution
was neutralised with a stoichiometric amount of the acid
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diluted with water. Since the neutralisation reaction is
highly exothermic the reaction mixture was cooled during
neutralisation. The salt solutions were evaporated on a
water bath. The microcrystals were separated by
filtration and were purified by recrystallisation from
double distilled water. The stoichiometry of the final
product was determined by chemical analysis.

2.2.2 Methods for growing crystals

In view of the evergrowing importance of single
crystal devices in solid state electronics and optics,
very efficient methods have been developed for growing
defect-free crystals. These include growth from solution,
growth from melt, growth from vapour, flux growth,
epitaxial growth etc. The crystals used IU1 the present
study were grown from solutions since this method is the
simplest and the only suitable method for growing crystals
which decompose below their melting point.

2.2.3 Crystal growth from solution

A saturated solution of the material in a
moderately volatile solvent was used for growing the
crystal. The solution was taken in a clean beaker and
mounted in a water bath thermostated in the temperature
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range 35 to 60°C depending on the material. The
temperature of the kxnfli was maintained at : O.l°C of the
set temperature. The solution was protected from dust and
air draught using baffles. Moderately sized single
crystals of EDC, EDN, EDS and EDAP could be grown from
aqueous solution by this technique.

Doped single crystals were grown by adding an
appropriate amount of the dopant into the solution of the
pure materials. Deuterated samples were prepared by
repeated recrystallisathmw using heavy water (99.5%
isotopic purity, BARC, Bombay). The incorporation of
deuterium was confirmed from the infrared spectrum.

2.2.4 Preparation of samples for electrical measurements

Single crystals of good transparency which were
devoid of any visual defect as observed under a magnifying
glass were used for measurements. Samples of typical size
5x5xl mm3 were obtained by cleaving and cutting the
slices. The specimen plates were polished using a crystal
polishing kit (Perkin-Elmer). The broad faces of the
specimen were cleaned and vacuum coated with silver to
provide good electrical contact.
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2.3 SHIELDED CELL FOR ELECTRICAL MEASUREMENTS

The reproducibility <mf electrical measurements
on materials which have a tendency’ to adsorb moisture
depend to an large extent on the atmosphere in which the
studies are carried out. It is observed that maintaining
a dynamic vacuum in the sample cell and annealing the
sample at sum elevated temperature help to acquire
reproducible data. Moreover, at subambient temperatures
most of the samples used in the present investigations
turn out to be highly resistive. This leads to small
amplitude signals in ac techniques which are easily
affected by electromagnetic pick up. For these reasons it
became necessary to use a specially designed cell having
the following features for electrical measurements.

i) The cell must be capable of operating over a wide
temperature range.

ii) It must be capable of providing a linear heating rate
with proper heater controls.

iii) The measuring cell and leads must be electromagneti
cally shielded and earthed.
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iv) It must be possible to maintairt a steady dynamic
vacuum in the cell.

Depending upon the nature of measurement
required, several cell designs have been described in the
literature [1-7] . A schematic diagram of the variable
temperature cell fabricated for the present study is shown
in Fig.2.l.

The cell assembly has a cylindrical nickel
plated MS body which acts as an EM shield. The ends of
the MS cylinder are permanently fitted with MS flanges
which are provided with grooves to accommodate neoprene
O~rings for vacuum sealing. One of the flanges rests on
the bottom plate. The top cover plate carries insulated
electrical terminals for heater, thermocouple and the
leads for electrical measurements (M5 the sample. The
terminals for output signal are provided with BNC
connectors. The top cover carries a stainless steel tube
into which liquid nitrogen can be poured. At the end of
the SS tube a solid copper cylinder is brazed in. This
acts as a cold finger. The other end of the copper
cylinder is machined to a block of dimensions 30x30x2O mm.

One of the circular copper electrode is accommodated



1 e 1
5.9:: =: $51 _ 3 —« /9  # 2//4 "P5 C0 ', 82 24ii 2¢ 25, , 91l~/ , 7/I /4/A y/,f é10 ’  ' I:"B '/ ,/ U 3l j E: ¢L_ /E ‘ ¢/ “I5 ‘ I 7:'/‘,2,’ .;4: AI* 1 3 [Z a42} g 4 mi” 77/ "

/4rzz: ' " 6I-1gigéiilu-II--IIIII-lfiafig]l*—""

1_ Top plate 9. Copper cold finger
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Fig.2.l Schematic diagram of the variable temperaturecell used for the measurement of electricalproperties of solids.
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through ea teflon insulator iJ1 a cavity drilled if! this
block. The thermocouple head isolated by a thin sheet of
mica rests (N1 this electrode. The second electrode is
fixed on the detachable ram made of copper through teflon

insulation. This assembly is spring loaded on the static
block. This configuration ensures rapid thermal
equilibration of the sample placed between the electrodes.
The copper cold finger is pmovided with a heater winding
which is also insulated by a thin mica sheet. The heater
is powered by a programmed dc supply.

The salient features of this cell design are the
following:

i) Measurement can be made in the temperature range 80
to 530 K.

ii) A dynamic vacuum down txa l m torr can be maintained
over the sample throughout the experiment.

iii) By virtue of the special design of the liquid
nitrogen holder, the consumption of liquid nitrogen
is much lower than that in conventional commercial
devices.
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iv) ac and ch: electrical conductivities, dielectric
constant and dielectric loss can be measured in the
same cell with excellent sensitivity.

v) Sample mounting and setting up the system for
measurement can be accomplished rapidly.

2.4 METHODS OF MEASUREMENT

The experimental data on a number of electrical
properties like ac and ‘dc electrical conductivity,
dielectric constant and dielectric loss are employed to
extract information CH1 the suitability cxf materials for
technological applications. The~ above informations are
also useful to interpret the mechanism of the electrical
transport and other physical properties of the sample. A
brief outline» of the ‘techniques used iJ1 this study is
presented in the ensuing section.

2.4.1 dc electrical conductivity

Inorganic and cmganic single crystals, in
general, show relatively low conductivity at ambient
temperatures. At sub-ambient temperatures these materials
show still lower conductivities, tfluns necessitating the
use of an electrometer of high current sensitivity. We
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have used Keithley electrometers mode]. 642 and 617 for
measuring the dc currents at an applied bias of 10 to
100 volts dc. The bias voltage was obtained from the
programmable voltage source output of the Keithley
electrometer model 617. This electrometer is capable of
making current measurements down to 10 fA. It was
confirmed that no polarization occurs at the electrodes
for tflua applied voltage imm this range. The samples are
usually mounted in the sample holder of twin electrode
design, the two identical circular electrodes bang in good
contact with the flat parallel surfaces of the specimen of
well defined geometry (section 1.2.3).

2.4.2 ac measurements

Hewlett Packard Impedence Analyzer model 4192 A
was used for the measurement of ac conductance G,
capacitance C and dielectric loss factor tang . In the
lowest range of measurements the instrument gives a
readability 9f 1 nS for G, l pF for C and 0.001 for
tang . Using this instrument, measurement could be
effected in the frequency range 10 Hz to 13 MHz.

The dielectric cmuxantvas calculated from the
measured value of capacitance of a parallel plate
condenser formed with the specimen as the dielectric.
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This method suffers from the disadvantage that it is
difficult to account for the contribution cnf lead and
fringe capacitances towards the measured value- of
capacitance. One of the methods commonly employed to
evaluate the lead and fringe capacitance is to set the
assembly with an air gap equal to the thickness of the
specimen and to measure the capacitance [8]. The cell
used in the present investigations was not suitable to
apply this method. Hence the method suggested by
Ramasastry and Syamasudara Rao [9] was employed. In this
method, the capacitance C of a set of samples of the same
cross sectional area A, but of varying thickness d are
measured. A plot of A/d vs. C (Fig.2.2) gives a straight
line. The intercept cum the capacitance axis gives the
lead and fringe capacitance. There is slight shift in
lead and fringe capacitance with frequency, as can be seen
from Fig.2.2. However, this does not affect the
qualitative nature of the data acquired at different
frequencies.

2.5 DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning- calorimetrdt: measurements
of the materials were carried out on a Perkin Elmer DSC 7

instrument. Finely powdered, accurately weighed samples
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the evaluation of lead and fringe capacitance.
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(3-5 mg) were used. In special cases flawless single
crystal samples were used as mentioned in the text.
Energy flow was noted against blank aluminium pans of
identical nature. A dynamic nitrogen atmosphere was
maintained over the sample by passing nitrogen at the rate
of 3 ml per nfinute. fflue scan rate was set at 10 K per
minute. The data were processed by the standard software
provided tn! the manufacturer. The instrument has
provisions for integrating the peaks and expressing the
enthalpy change (A H) for the phase transition. It also
gives the onset and peak temperatures for transitions.
The onset of thermal anomaly is reported as the phase
transition temperature.
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Chapter 3

ELECTRICAL CONDUCTIVITY AND DIELECTRIC CONSTANT IN

ETHYLENEDIAMMONIUM DICHLORIDE CRYSTALS

Abstract

The results of the studies carried out on the
electrical properties of ethylenediammonium dichloride are
presented in the present chapter. The do and ac
conductivities, dielectric constant and dielectric loss
factor have been measured as a function of temperature.
The activation energies cxf conduction imu different
temperature ranges have been evaluated from the Arrhenius
plots. An anomaly observed at 403 K in the electrical
properties corresponds to as phase transition. This is
also confirmed by the DSC measurements. The electrical
conductivity ZU1 this material. is explained in ‘terms <3f
proton transport. The enhancement of the electrical
properties at the phase transition is probably due to the

reorientation of the -NH3+ group and the concomitant
release of protons by the rearrangement of the hydrogen
bonds.
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3.1 INTRODUCTION

Protonic conductors assumed significance about
two decades ago. The investigations on solid materials
for probable protonic conduction was only’ a scientific
curiosity. One of the simplest of compounds to be
investigated by early workers to establish protonic
conduction was NH4Cl. The choice of tfinxs and related
compounds was judged by a fair understanding of their
crystal structures and simplicity of the methods for
preparing crystals of pure samples.

The first detailed investigation on the
electrical properties of ammonium salts was made by
Herrington and Staveley [1]. Their investigation
conclusively proved the participation of proton in charge

transport mechanism in ammonium containing crystals. They
also suggested a possible mechanism for the transport of
protons. Murti and Prasad [2] extended the measurement of
electrical properties to higher temperatures. They
detected a high temperature phase transition at aboutl4O K
by electrical conductivity’ measurements. They’ ascribed
the conductivity anomaly observed at the phase transition
to the onset of free rotation of NH + ions and the4

release of H+.
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The major limitation of NH4Cl is its volatility
which persists even an: ambient temperatures [1]. If the
ammonium ixnm is substituted by a bulky group, its
volatility cxni be curtailed. Moreover, the introduction
of substituent can influence the hydrogen bonding which
though weak, does exist in ammonium salts.

Ethylenediammonium dichloride, H3NCH2CH2NH3Cl2
(EDC), is 21 well characterized substituted ammonium salt.

Ashida and Hirokawa [3] have elucidated the crystal
structure of EEK) in detail. Other investigations carried
out ix) this material include infrared spectral studies
[4-6], X-ray diffraction [7] and NMR spin-lattice
relaxation measurements [8].

EDC belongs to the monoclinic system with

a = 9.95, b = 6.89, c = 4.42 3. and F = 90.7°. The space
group is P21/a. The unit cell contains two ethylene
diammonium ions and four chloride ions. The ethylene
diammonium ions are hydrogen bonded to the surrounding
anions in the lattice. In this respect it is similar to
ammonium chloride except that it has a much bulkier
substituted ammonium ion. NH Cl is one of the best4

understood materials in terms of its structure and
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electrical properties. ‘A comparison of the two compounds
provides an opportunity to unravel the influence of
substitution of the ammonium group with an organic moiety
on the electrical properties, conduction mechanism and
phase transition. The NMR spin-lattice relaxation
measurements [8] show that when EDC is warmed a drastic
increase in T, from 28 ms to 9 s occurs at 410 K. No
attempt has so far been made to study any of the
electrical properties of EDC. Inn this chapter we report
the results of the studies carried out on the electrical
properties of pure and SO 24 doped single crystals of EDC.

3.2 EXPERIMENTAL

EDC was prepared by mixing distilled ethylene
diammine and hydrochloric acid iJ1Il : 2 mole ratio. The
microcrystals were recovered and recrystallised using
double distilled water. Large single crystals were grown
by the evaporation of the aqueous solution at room
temperature. The crystals thus grown were needle shaped
and elongated along c-axis. A. marked cleavage occurs
perpendicular to c-axis as reported by Ashida and Hirokawa

[3]. SO42- doped single crystals were grown by the same
method as in the case of pure crystals from aqueous
solution of EDC containing 0.1 mole % of EDS (ethylene
diammonium sulphate). Specimens (5x5xlmm3) for electrical
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measurements were cut and polished with their broad faces
parallel to and perpendicular to the cleavage plane, so
that electrical measurements could be made along c and c*
axes. Evaporated films of silver was deposited on the
broad faces to make good electrical contact.

dc and ac conductivities, dielectric constant
and dielectric loss were measured as a function of
temperature in the range 100 to 420 K as described in
Chapter 25 Unless otherwise, stated all the measurements
are reported here along c*-axis. DSC thermograms were
recorded using single crystals as well as powdered
samples.

3.3 EXPERIMENTAL RESULTS

The variation of dc electrical conductivity with
temperature iml the range 300 tn: 420 K imm single crystal
samples of EDC along c and c*-axes are presented in
Fig.3.l. In the temperature range 100 to 320 K the
conductivity does not show any significant variation.
From 320 to 369 K the plot shows a linear rise with
temperature. The activation energy’ in this region is
0.90 eV (c*—axis). From about 369 K it shows a continuous

curvature, and amshaped anomaly is observed at 403 K. The
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doped .-sample, o-- along c-axis for pure sample.
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conductivity of the S042. doped single crystals is found
to be slightly lower than that<mf pure crystals. There is
only slight difference in the activation energy for
conduction in pure and doped crystals. The conductivity
measured along the axis perpendicular to the cleavage
plane (c-axis) is about cnua order of magnitude less than
that along the c*—axis at ambient temperature. This
difference decreases as the temperature increases. The
activation energy values evaluated from the Arrhenius
plots are presented in Table 3.1.

The magnitude of ac conductivity in single
crystals of EDC remains at a steady low value upto about
400 K. Above this temperature it shows a sharp increase
resulting in a ‘A-shaped anomaly as displayed in Fig.3.2.
The variation of tan8 (at 1 kHz) with temperature in the
temperature range 365 to 420 K is also depicted in
Fig.3.2. The variation and anomaly in tans with
temperature are analogous to those for ac conductivity.

The dielectric constant shows significant
variations only at temperatures around the phase
transition. Fig.3.3 is a typical plot of the frequency
and temperature dependence cnf dielectric constant in the
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Table 3.1: Activation energies for dc conduction in EDC.

Sample Temperature range
(K)

Activation
energy (ev)

Reference

EDC (c-axis)

EDC (c*-axis)

EDC (SO42- doped
(c-axis)

NH4Cl

NH4Cl

NH Br (pellet)

NH Br

NH Br

NH4I (pellet)

320

369

320

369

320

369

312

313

345

313

453

280

253

to

to

to

to

to

to

to

to

to

to

to

to

to

369

392

369

392

369

392

439

448

425

408

573

400

407

Present work

Present work

Present work

[9]

[1]
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Fig.3.3: Dielectric constant of BDC as a function of
temperature at different frequencies along
c*—axis.
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temperature range 365 to 420 K. The temperature for the
onset of A—shaped anomaly in the dielectric constant
(403 K) is independent of frequency. However, the peak
height decreases as the frequency increases.

The DSC thermograms recorded for EDC in nitrogen

atmosphere are depicted in Fig.3.4. Powdered samples
(5 mg) show a broad peak with onset at 405 K, followed by
a sharp peak with onset at about 590 K. The latter
endothermic peak is due to melting of the sample. This is
accompanied by the decomposition of the sample. The DSC
thermogram taken with small flawless single crystal sample
of the same mass shows that the broad peak at 403 K has
changed to a sharp peak with onset at the same temper
ature. The rest of the thermogram is identical with that
taken with powdered samples.

3.4 DISCUSSION

Ethylenediammonium dichloride is one of the
substituted ammonium compounds well understood in terms of

its crystal structure [3]. A detailed consideration of
the structure of this material will be helpful in under
standing tflue mechanisnn <of charge transport. The
projections of the crystal structure of EDC on the (010)
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DSC traces for EDC. Inset: (a) peak an: 403 K
using powdered sample, (b) peak at 403 K using
single crystal sample.
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and (001) planes are shown in Figs.3.5 and 3.6. The three
nearest chloride ions of nitrogen atom are Cl(l), Cl(2)
and Cl(3). The corresponding N-H...Cl distances are 3.20:
3.22 and 3.14 5 respectively.

These short contacts are attributed to hydrogen
bonds. CHH2 shortest Cl-Cl distance is 3.88 3. Thus the
three N-H...Cl hydrogen bonds bind the organic ions and
the chloride ions making infinite two dimensional network
perpendicular txn the c-axis. The forces combining these
layers along the c-axis are the van der waals' forces
together with weak electrostatic forces. The low, almost
temperature independent, dc conductivity of EDC at ambient
and sub—ambient temperatures may kxe due tn: the strong
hydrogen bonding between ethylenediammonium and chloride
ions. It is anticipated that as the temperature of the
specimen is raised above room temperature the hydrogen
bonds become progressively’ weaker [8]. It seems
appropriate tub conceive ea proton transport mechanism to
explain the conductivity of EDC single crystals above
320 K. The activaticwx energy ‘values obtained from time
conductivity plots of EDC show very good agreement with
the values for protonic conduction. in ammonium ‘halides
(Table 3.1). To explain the mechanhmn of conduction in
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Fig.3.5: Structure of EDC projected on (010).
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Fig.3.6: Structure of EDC projected on (001).
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ammonium chloride, Herrington and Staveley [1] have
proposed a three stage proton switch mechanism. This has
been further supported by Fuller and Pattern [10] and Taylor
and Lasker [9]. The pmoton switch mechanism seems to be
applicable here to explain the mechanism of charge
transport in EDC in which the cations and anions are
connected by hydrogen bonds. The first step in the
transport process can be the breaking of hydrogen bonds
and the transfer of the protons directly to the neigh
bouring chloride ions where it is held by Coulomb
attraction of the anion. In the second step, the neutral
HCl molecules may fall into a neighbouring vacancy. In
the third and final step, a reversal of the first step
occurs forming the original structure.

Doping cxf EDC with sulphate ion slightly
decreases the magnitude of conductivity in the low
temperature region (Fig.3.l). The conductivity curves for
the pure and doped samples (along c*—axis) merge together
above 369 K. The reduction in the value of electrical
conductivity in doped samples can be explained in terms of
the disturbance caused in the smooth hydrogen bonded
network knr the dopant ions. The hydrogen atoms of the
ethylenediammonium ions are hydrogen bonded to the neigh

bouring chloride ions, tflue participating ionic moeities
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being iJ1 the same tau) dimensional network. The
introduction of «divalent sulphate ixn1 into the lattice
displaces some cm? the chloride ions thus disturbing the
original network of hydrogen bonds. The transport
mechanism envisaged tx> be operative, viz., proton switch
mechanisnl has a «different potential energy barrier and
hence a different frequency of occurrence in these
disturbed regions of the crystal lattice.

The higher conductivity observed along the
c*-axis may be due to the shorter distance between the
neighbouring atoms along tflrhs axis [3]. A proton switch
mechanism can be more facile in the plane in which the
hydrogen bonded network lies.

The continuous curvatume of the logo‘ vs. l/T
plot in the temperature range 369 to 400 K may represent a
continuously variable activation energy barrier [ll]
arising from ea gradual loosening of the crystal lattice
prior to a structural phase transition. The large
increase in conductivity occurring at the phase transition
may be due to the release of excess charge carriers during
the rearrangement of the crystal lattice- at the phase
transition point. Such variations in conductivity at
phase transition have been reported tnr earlier workers
[2,12-15].
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The ac conductivity versus temperature plot
depicted imx Fig.3.2 has some distinct features. At low
temperatures the magnitude of electrical conductivity is
low and remains steady upto 400 K. Asfimrp A—shaped anomaly

with onset at 403 K is observed. This is a typical
indication of a phase transition. Log tanb versus
temperature plot (Fig.3.2) also has similar features.
tanba remains almost steady’ upto 400 K.. An inflection
occurs in tans» at about 403 K confirming a phase
transition at this temperature.

The increase in dielectric constant with
temperature is extremely small upto 400 K, which is
typical of ionic materials [15]. Thereafter it rises
rapidly and then falls off gradually. The value of C’ at
room temperature is 8.12 (at 1 kHz) which rises to a peak
value of 330 during the phase transition. The peak height
is found to be dependent on the frequency of measurement.
Such variations in dielectric constant are usually due to
the contribution of the orientational polarization of the
ions jJ1 the lattice. In EDC ii: is logical tn: anticipate
that as the temperature» of the specimen increases the
hydrogen bonds become progressively weaker. At lower

temperatures the -NH3+ groups are in a state of torsional
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oscillation. At sufficiently high temperature they change
over to a state of free rotation with concomitant
scission of the hydrogen bond. The onset of free rotation
and loosening of the hydrogen bond significantly
contribute txn the orientational polarization of the ions
in the lattice.

The anomalous variations in the electrical
parameters, viz., dc and. ac electrical conductivities,
dielectric loss factor’ and «dielectric constant indicate
the occurrence cnf a structural reorientation with onset
around 403 K.

An interesting feature observed iJ1 the results
of DSC measurements is the dependence of the shape of the
endothermic peak at 405 K on the nature of the sample.
When single crystal samples are used a very sharp peak is
observed at 405 K which turns out to be broad and
suppressed when finely powdered samples of identical mass
are used. The DSC thermograms further confirm the
occurrence of a phase transition with onset temperature at
405 K, which is slightly above the value obtained in
electrical measurements. The» slight non-coincidence <of
temperature with the DSC thermogram may be due to higher
heating rate and hence an apparent temperature lead in the
DSC measurement.
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Chapter 4

ELECTRICAL PROPERTIES AND PHASE TRANSITIONS IN

ETHYLENEDIAMMONIUM DINITRATE

Abstract

The results of measurements of dc and ac
electrical conductivities, dielectric constant and
dielectric loss factor in single crystals of ethylene
diammonium dinitrate (EDN) made axiswise as a function of

temperature are reported iJ1 this chapter. All the above
properties exhibit anomalous variations at 404 K thereby
confirming the occurrence of a phase transition in EDN at
this temperature. The DSC measurements carried out with
EDN are in cxmmdete agreement with the above conclusion.
The loss of nitric acid from the material above the phase
transition temperature is established by chemical
analysis. The activation energies for electrical
conduction in various phases have been calculated. The
mechanism <3f electrical conduction ix: the material has
also been discussed in detail.
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4.1 INTRODUCTION

Electrical properties anui phase ‘transitions in
crystals containing ammonium ions have been extensively
studied with special reference to protonic conduction in
them [1-6]. However, only rarely substituted ammonium
compounds have been investigated in aa detailed ‘manner.
Takahashi et al [7] have studied the ionic conductivity
in triethylenediammonium sulphate and established protonic
conductivity in them. Ethylenediammonium dinitrate:

(EDN) belongs to the category of(H3NCH2CH2NH3)(NO 3 ) 2 I

organic solid ion conductors. The ethylenediammonium ion+ . . . . .
H3N CH2CH2NH3+ is structurally’ interesting since JJZ can
exist in the non-centrosymmetric gauche conformation or in
the planar trans conformation of C symmetry. Ethylene2h

diammonium dichloride [8,9] and majority of the tetra
halide complexes crystallise in the monoclinic system with
ethylenediammonium ion in the trans conformation [10,11].
In ethylenediammonium sulphate the cation exists in the
gauche conformation [12].

The crystal structure of ethylenediammonium
dinitrate (EDN) has been elucidated by Mylrajan and
Srinivasan [13]. At room temperature, the crystal belongs
to the triclinic space group P1 with z = l with one
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molecule in the unit cell having dimensions a = 5.068(2),
b = 5.514(3), c = 7.173(3) R, <£= lO4.93(3), }3= 90.l6(4)
and 'X= 93.65(4)°.

Investigationscnf the Raman and infrared spectra
of EDN and its deuterated derivative have been done by
Mylrajan and Srinivasan [12] iJ1 the temperature range 90
to 430 K. Temperature dependent vibrational frequencies
and line widths revealed the existence of three phases
below its melting point (463 K) viz.,

Phase III 404 K > Phase II 412 K % Phase I

The C-N stretching and -NH3 rocking modes were found to be
sensitive to phase transitions. It was also concluded
that the trans form of CH2 group still prevails in the
high temperature phases. No attempt has so far been made
to study the electrical properties of EDN. In this
chapter we report the results of a detailed investigation
of the temperature dependent variations of dc and ac
electrical conductivity, dielectric constant and
dielectric loss in single crystals of EDN along c-axis and
perpendicular to it (c*-axis) in the temperature range 100
to 420 K. We have confirmed and accurately identified the
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high temperature phase transition and evaluated the
activation parameters for the electrical conduction in
different temperature ranges. Conductivity’ measurements

were also made using crystals of EDN doped with SO42- to
observe the influence of dopant on the conduction
mechanism.

4.2 EXPERIMENTAL DETAILS

EDN was prepared tut mixing solutions <of
distilled ethylenediamine (Glaxo Laboratories) and nitric
acid (BDH Analar) in l : 2 mole ratio. Single crystals of

2
pure and S04 - doped EDN were grown from solutions of the,
recrystallised material as described in section 2.2.
Stiochiometry of the final product was confirmed by
chemical analysis. The single crystals obtained were
transparent. They showed perfect cleavage along (O01)
plane; just as imm the case (If ethylenediammonium
dichloride [9].

Crystals of EDN are not deliquescent. Samples
of typical dimensions 5x5xl mm3were cut parallel to, and
perpendicular to the cleavage plane. The two broad faces
of the samples were vacuum coated with silver to render
good electrical contact. The sample holder and the
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chamber used for the measurement of electrical properties
are described in chapter 2. The samples were annealed at
100°C in vacuum for 30 minutes before making the measure

ments. All the measurements were made in a dynamic vacuum

of 10-3 Torr in the temperature range 100 to 420 K.
Measurements were repeated using different samples to
establish reproducibility.

In the measurement of dc conductivity, a steady
dc bias of 10-100 V was applied across the specimen and
the current was measured using Keithley electrometer
model 617. The ac conductance G, capacitance C and
dielectric loss tanE5 were measured as a function of
frequency as well as temperature using Hewlett Packard LF
Impedance Analyzer model 4192A. Knowing the dimensions of

the sample, the specific conductance was calculated.
Dielectric constantwasderived from the measured values of

capacitance after eliminating time lead and fringe
capacitance using standard methods [14]. DSC traces were
recorded using Perkin Elmer DSC-7 instrument with single
crystals as well as with finely powdered samples. The
temperature corresponding to the onset of thermal anomaly
is reported as the transition temperature.
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4.3 EXPERIMENTAL RESULTS

4.3.1 dc electrical conductivity

Fig.4.l shows the log 0' vs. 103/T plots within
the temperature range 300 to 410 K for EDN along c and
c*—axes, where G’ is the dc conductivity. Each plot
consists cnf two segments below 400 K. The segments fit

into the equation G‘: O; exp(—E/kT) where Ogis a constant
k is the Boltzmann's constant and E is the activation
energy. The sudden jump in the conductivity resulting in
a A-shaped anomaly at 404 K indicates a phase transition.

The activation energy fag and ‘infinite temperature
intercept‘ log 0; obtained by analysing different segments
of the Arrhenius plots are presented in Table 4.1.

Fig.4.2 compares the conductivity cnf pure .and

SO42- doped EDN crystals, the measurement being taken
along c-axis in the temperature range 300 to 410 K. The
conductivity of the doped sample is found to be sli htly
less than that (M3 the pure sample in the entire temper
ature range. However, the activation energy is not
altered significantly. The activation energy values l.l8
and 2.30 ev in the temperature range 300 to 378 K and 378
to 400 K respectively in the case of doped EDN agree well
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Fig.4.1 log CBC vs. 1/T plots for EDN. C>— along c-axis
in the heating run, 13 - cooling run, CJ- along*

c -axis in the heating run.
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Table 4.1: Activation energy Eaand intercept log 05 for dc
conductivity
and c*-axes.

EDN single crystal along c

. Temperature ActivationAXIS range (K) energy (eV) Log 0}
C 300 to 378 1.22 7.9

378 to 400 2.12 15.8
C* 300 to 378 1.11 5.2

378 to 400 2.17 16.6



Fig.4.2: log o‘dC
0-.
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vs 1/T plots for EDN along c-axis.
pure sample, 0 - sulphate doped sample.
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with those of pure sample (Table 4.1). No shift in the
phase transition temperature is observed :hi the doped
specimen.

4.3.2 ac conductivity

Fig.4.3 is a typical plot of log O'aC against
103/T for EDN over the temperature range 320 to 410 K at
30 kHz, the data covering several heating and cooling

runs. The abrupt change in Ogc at 404 K indicates again
the phase transition occurring in the crystal at that
temperature and this is in conformity with dc
measurements.

Fig.4.4 presents the Arrhenius plots (lmggr vs
103/T) for the ac and dc conductivity data obtained using
pure EDN single crystals along c*-axis. It is observed

that Ogc approaches 05¢ at higher temperatures, but
deviates from age at low temperatures, the deviation being
larger for higher frequencies. In the temperature range
from ambient upto 378 K the plots are frequency dependent.

The temperature dependence of Ogc is not very significant
below this temperature. The ac conductivity curves merge
together themselves and also with the dc conductivity
curve above 378 K, showing that the same conduction
mechanism is operative in this high temperature region.
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Fig-4-3 109 Ogc vs. 1/T plot for EDN along c-axis
at 30 kHz.
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4.3.3 Dielectric constant

Fig.4.5 displays the temperature dependence of
dielectric constant along c and c*-axes at different
frequencies. The variation of dielectric loss along
c*—axis is represented in Fig.4.6. The dielectric
constant and dielectric loss vary slowly upto 378 K.
Above this temperature the variation is rapid and an
abrupt change occurs at 404 K, confirming the phase
transition at this temperature.

The results of the measurement of dielectric
constant on single crystals. of IEDN zhi the temperature
range 375 to 410 K are shown in Fig.4.7. Dielectric
constant shows an abrupt increase at 404 K. In the
cooling run it shows a hysteresis of 3 K. Similar results
were obtained by measurements in the c*-axis also.

4.4 DISCUSSION

To explain the conduction mechanism and phase
transition in pure and doped specimens of EDN, an under
standing of the crystal structure~ of this compound is
necessary. Single crystal X-ray diffraction studies of
EDN were carried out by Mylrajan and Srinivasan [13]. The
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Big.4.5 Variation of dielectric constant of EDN as a
function of temperature at different frequencies.
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0 - 30 kHz, 0 — 100 kHz.
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Fig.4.6 Variation of tans with temperature for EDN
along c-axis.
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structural details are the following. Fig.4.8 depicts the
unit cell content of EDN. The cation occupies a centre
of inversion (Ci) at (O, %, %). The anion lies on
the Cl site symmetry. Both cations and anions are
held together by hydrogen bonds. The following are
the bond distances: C-N == 1.474(3), C-C == 1.510(5),

O

N1-O1 = 1.224(3), N1-O2 = 1.255(2), N1-O3 = 1.260(3) A.
The bond angles are: Ol—Nl-O2 = 121.3(3), O2—Nl-O3 =

0

117.6(2), O3-N1-O1 = 121.1(2).

The electrical conduction in ammonium containing
crystals has been discussed by different workers. While
explaining the mechanism of conduction in ammonium
chloride, Herrington and Staveley [15] have postulated
that there is significant amount of dissociation in these
crystals to form molecular species which may be
represented by the process;

NI-14 + c1" ——————> NI-I3 + HCl

They proposed a three stage proton switch mechanism in
which (i) the proton leaves the NH + ion and joins the Cl4

ion forming NH3 and HCl molecules (ii) a vacancy and the
appropriate molecule exchange positions and (iii) the



93

0000

Fig.4.8 Figure showing the unit cell content of EDN.
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+3 4
Thus.ea net displacement of charge can be accomplished by
proton jumps back to NH forming NH and Cl‘ ions again.

an applied electric field. The possibility of ea proton
switch mechanism in ammonium salts has further been
supported by the work of Fuller and Patten [16]] and
Taylor and Lasker [2]. The concepts put forward by
Herrington and Staveley seem tn) be applicable to explain
the mechanism of conduction in EDN also where the cations

and anions are connected by hydrogen. bonds. Here the
initial step in the transport process can be the breaking
of a hydrogen bond and the transfer of the proton directly
to the neighbouring nitrate ion. Thermal disorder giving
rise to fluctuations of the electrostatic field will also
be in favour of such a proton transfer. Subsequently the

neutral HNO3 molecules may migrate to an adjacent vacancy
and in the final step a reversal of the proton switch may
occur. It may be noted that the activation energy for
conduction in EDN below 378 K (Table 4.1) compares very
well with activation energies for proton conduction in
NH4Cl and NH4Br [2,17,18].

A sharp demarcation into three straight line
regions for the conductivity plot for c-axis is not
clearly discernible in comparison with that for c*-axis
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(Fig.4.l). This could probably be due to the existence of
a continuously variable barrier [19] along this direction.

Also the higher value of 03C along c*-axis (Fig.4.l) could
be due to the higher mobility of carriers along this axis,
which if; parallel tx> the cleavage plane. The change in

the slope of log 08¢ vs 103/T plot near 378 K indicates a
change ixu the dominant conduction mechanisnu It is also

seen that the log O‘ac vs 103/T plots merge together and
become identical with. the «corresponding' dc «conductivity
plot at about 378 K. Around this temperature it is
expected that the rotational reorientation of the -NH3+
groups of EDN is initiated as indicated by a gradual shift

in the -NH3+ rocking frequencies in the infrared spectrum.

The lower value of conductivity in the doped
sample indicates that either the concentration of carriers
or their mobility or both are affected by doping. It is
envisaged that (H3NCH2CH2NH3)SO

sites in H3NCH2CH2NH3(NO3)2
chain of hydrogen bonds in the host lattice are broken by

4 occupies some of the
crystals and the regular

the incorporation of divalent SO42- ions. The difference
in the conformation of the EDS molecules may“ also be

causative to this. The two -NH3+ groups of ethylene
diammonium ion are trans to each other in EDN [13] whereas
they are cis to each other in EDS [12].
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Though the magnitude of conductivity decreases
slightly in doped samples, the activation energy for
conduction is not significantly altered. This indirectly
supports the fact that neither the nature of the
conducting species nor the mechanism of conduction is
affected by the dopant.

The magnitudes of ac and dc conductivities of
EDN single crystals show a significant difference in the
low temperature region (Fig.4.4). Similar behaviour was

observed by Berteit et al [20] in NH4Br. The difference
can be attributed to loosely bound protons which are able
to jump with the field. Thus in an ac field, the hopping
probability becomes proportional tx> the frequency of the
field and the ac conductivity shows as increase with
increase in frequency.

The dielectric constant of INMJ single crystals
at 300 K along c*—axis (16) is foumd to be greater than
‘that along c-axis (ll). Ionic crystals ‘with. non-cubic
structure usually exhibit smnfii anisotropy :h1 dielectric
properties. The abrupt changes lJ1 dc and en: conducti
vities, dielectric constant and dielectric loss at 404 K
are certainly due to the structural phase transition
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occurring at this temperature as indicated in the earlier
studies. The thermal hysteresis observed in the
dielectric measurement at this temperature is indicative
of a first order transition. The sharp rise in conducti
vity can be due to the large scale availability of the
mobile carriers released during the rearrangement of the
ammonium group. (Hue higher value of dielectric constant

observed at the transition point arises evidently from the
contribution txa the orientational polarizability from the

freely rotating -NH3+ groups. The mechanism involved in
this transition is analogous to those observed in many
other crystals containing ammonium groups [6,7,l7,2l].

From the DSC and IR and Raman spectral studies,
Mylrajan and Srinivasan [13] have reported the existence of
three phases in EDN below its melting point at 463 K, viz.,

Phase III 404 K % Phase II 412 K % Phase I

Their DSC thermograms indicated two peaks at 404 K and
412 K in the forward run, whereas only one broad peak was
observed at 392 K in the reverse direction. They
attributed the broad peak at 392 K to the merging of
closely occurring phase transitions. The phase transition
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at 404 K is associated with a distinct change in frequency
for all the modes in the infrared spectrum. However, only
the C—N stretching frequency showed slight changes at the

+
3

asymmetric stretching bands was observed at 3193 and
second phase transition at 412 K. Splitting of the —NH

3228 cm_1 in the Raman spectrum at 90 K, while a single
broad band at 3210 cm-1 was seen at 420 K. The band at
58 cm-1 at 300 K moved to lower frequencies as the
temperature was increased. At 420 K it shifted to 40 cm—1
and appeared as a shoulder of the Rayleigh wing,
indicating tendency’ for mode softening. The infrared

active C-N stretch and -NH3+ rocking modes appeared to be
the most sensitive to the phase transitions. The —NI-13+
rocking mode at 1088 cm_l showed a large shift with
increasing temperature. This was observed with increased

it at 4l0I< and at 1068 cm_l athalf bandwidth at 1070 cm’

420 K. These changes clearly indicate rearrangement of

the skeleton. Appreciable —NH3+ reorientation is evident
from the broad and weak nature of -NH3+ stretching;
rocking and bending modes in the spectrum of the high
temperature phase cnf this material. This is zhu good
agreement with the results of our dielectric measurements
which indicater the existence of fairly freely rotating
polar groups in the high temperature phases. However; it
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is to be noted that (C-N) stretching frequency showed only
slight changes near‘ 412 K. X—ray' and/or’ neutron
diffraction studies will be needed to get a clear picture
regarding the crystal structure in the high temperaturephase. I."" () "~41I ~ ,/\ . I‘ '.  /5 ...\‘ 0

D ‘W-3 3 ' *4‘ r»  . -,__1v ,___’) ..-  (‘I ’ L3 2 :  Lb‘;  . X !
Qfiayo«,

In the present investigation it is found that
the samples CHE EDN single crystals remained transparent
after the phase transition at 404 K. The reproducibility
of the results was good in all runs which were terminated
at 408 Kg Our results suggest that if the sample is
heated txn a temperature too close to the reported second
transition temperature of 412 K, the pattern is not well
reproducible. If this temperature is exceeded, the sample
turns opalescent anui the electrical measurements yeild
erratic results.

To alleviate the vagueness regarding the nature
of the reported phase transition at 412 K, we have
approached the problem from two different angles: (i) What
is the influence of the physical form of the sample (ie.,
powder cn: single crystal) cum the phase transitions? and
(ii) Does the sample undergo any transformation with loss
of material in volatile form?
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To ascertain the influence of the physical fOrm Of
the material near this transition, DSC thermograms were
recorded with single crystals as well as with finely
powdered samples of nearly the same weight. The results
are shown in Fig.4.9. The peak at 412 K is of pronounced
intensity in single crystals while it is hardly measurable
with finely powdered samples.

To check the formation of any volatile component
at the transition temperature, the following methodology
was used. Samples of EDN were heated to a temperature
above 412 K in a tube fitted to a capillary scrubber
wetted with distilled water. The vapour was flushed out
in a slow stream of dry nitrogen and trapped in the
scrubber. The scrubber liquid was tested vnlflm diphenyl—
ammine in sulphuric acid [22]. The results indicated the
evoluthmn of nitric acid. ha a separate experiment EDN
was heated txb 416 i l K. The evolved vapours were swept
in a stream of nitrogen for 30 minutes and absorbed in a
trail of bulbs containing triply distilled water. The
amount of nitric acid collected was determined by spectro
photometry [23]. The experiment was repeated and it was
found that the sample gave out an average of 0.15 mg of

HNO3 per gram of EDN.
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of EDN.



103

4.5 CONCLUSIONS

Axis-wise measurements of dc and ac conducti
vities, dielectric constant and dielectric loss factor in
EDN have been carried out within the temperature range 100
to 410 K using single crystals. The occurrence of a phase
transition in this material is confirmed and the
transition temperature has been accurately fixed at 404 K.
The hysteresis shown in the dielectric behaviour indicates
that the transition is cnf first order. The irreversible
peak at 412 K in the DSC trace has been established as due
to the formation of Enfl). Protons are found tn) play a3

vital role in the conduction mechanism.
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Chapter 5

ELECTRICAL CONDUCTIVITY: DIELECTRIC PROPERTIES AND PHASE

TRANSITIONS IN ETHYLENEDIAMMONIUM SULPHATE SINGLE CRYSTALS

Abstract

The results of dc and ac electrical conducti
vities, dielectric constant and dielectric loss factor
in single crystals of ethylenediammonium sulphate;
(H3NCH2CH2NH3)(SO4), measured axis-wise as 23 function of
temperature in the range lOO to 495 K are presented in
this chapter. Anomalous variations in all the above
properties at 480 K indicate the occurrence of a phase
transition in the material at this temperature. The
existence of such a phase transition is also confirmed by
DSC measurements. Electrical conductivity results are
analyzed and the activation energies of conduction in
different temperature ranges are evaluated from the logo‘
vs. lO3WT plot. Deuteration of the sample lowers the
conductivity in the entire temperature range. The
possible mechanisms for «electrical conducticwr and phase
transithmu are discussed. The available results are in
favour of a proton transport model.

107
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5.1 INTRODUCTION

Ethylenediammonium sulphate, (H3NCH2CH2NH3)(SO4)
(EDS) is a structurally interesting material and is known
for its strong optical rotatory power [1]. The crystallo
graphic description of this material has been given by
Groth [JJ and Burgers [2]. The optical studies CHE EDS
were carried out by Burkov et al- [3,4]. In order to
obtain a structural basis for the interpretation of
optical activity, Sakurai [5] made a detailed structural
analysis of EDS by X-ray methods. Ratcliffe [6] studied
the proton spin—lattice relaxation time of the
ethylenediammonium ion in EDS as a function of temperature

from which the activation energies for reorientation of
the -NH3+ groups were evaluated. The results also
indicated a pmase change setting in at 476 K on heating,
with a hysteresis effect on cooling. So far, there exists
no report on any studies made on the electrical properties
of EDS. This chapter covers the results of the
measurements of do and ac electrical conductivities,
dielectric constant and dielectric loss of single crystals
of this material.

5.2 EXPERIMENTAL

Microcrystals of EDS were prepared by mixing
freshly distilled ethylenediammine (Glaxo Laboratories)
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and sulphuric acid (British Drug House, Analar grade) in
l : 1 mole ratio and subsequent evaporation of the
solution on a water bath. Large single crystals were
grown by slow evaporation of the saturated solution of the
material in double distilled water at ambient temperature.
Doped samples were prepared in a similar manner from
aqueous solution of EDS spiked with a known amount

(0.1 mole %) of (H3NCH2CH2NH3)HPO4. Deuterated samples
were prepared by dissolving pure EDS in heavy water (99.5%

purity, BARC, Bombay) and recrystallizing (five times) the
material from the solution. The presence of deuterium in
the samples was verified from the infrared spectra.

The crystals are plate-like and are not hygro
scopic. They exhibit ea nearly perfect cleavage parallel
to (001) plane [5]. Samples in the form of rectangular
plates of about 36 mm2 area and 1 mm thickness were cut
with faces parallel. to the cleavage plane, ens well as
perpendicular to it, so that measurements could be made
along c and c*-axes. Silver electrodes were vacuum
deposited cum to the broad faces of the samples to ensure
good electrical contact and txb remove the effect of any
air gap between the crystal and the electrode surface.
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dc electrical conductivity measurements were
carried out by the two-probe method using a Keithley
Electrometer model 617. The sample holder used in the
present investigations has been. described :h1 Chapter 2.
The dc conductivity measurements were made with voltage
gradients ranging from 100 to 1000 V/cm. The measurements
were made for both directions of current flow. The
conductivity proved txa be independent. of direction and
voltage gradient.

Measurement of dc conductivity in pure, doped
and deuterated single crystals of EDS were carried out as
a function of temperature in the range 100 to 495 K. All
the measurements were made in vacuum to avoid any moisture

absorption cum the surface of tflua sample. Moreover, care
was taken txn anneal the sample aw: 100°C for 30 ndnutes
before each experiment. The temperature dependence of
conductivity was measured at a uniform heating rate of
0.1 K/min near the phase transition temperature and
1 K/min ix: other temperature regions. Measurements were
repeated to ensure reproducibility.

The en: conductance (3, capacitance C, and
dielectric loss tang ‘were measured as a function of
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frequency lJ1 the temperature range 100 txa 495 K. G and
tang of EDS single crystals were found to be below the
detection limit of the instrument (Hewlett Packard LF
Impedence Analyzer model 4192 A) except in the high
temperature region near the phase transithmn. The value
of ac conductivity is calculated using the known
dimensions of the sample. Dielectric constant is derived
from the measured capacitance, after eliminating the lead
and fringe capacitance using standard methods [8].
Differential scanning calorimetric traces were recorded
using Perkin Elmer DSC-7 instrument in nitrogen atmosphere

at a scanning speed of 10 K/min.

5.3 RESULTS

5.3.1 dc electrical conductivity

Typical traces for the variation of dc
electrical conductivity with temperature in pure and
phosphate doped single crystals of EDS are illustrated in

Eig.5.l. The increase of CBC with temperature is
extremely small upto about 340 K. A careful analysis of

the log Jae vs. 103/T plot shows that it is linear in the
range 360 to 408 K. Thereafter it shows a continuous
curvature upto 480 K, where a prominent conductivity
anomaly, indicative of 21 phase ‘transition. occurs. The
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Fig.5.l: log o“dC vs 1/T plots for EDS. 0- pure EDS along
C-axis: 0- phosphate doped EDS along c—axis,
13- pure EDS along c*-axis.
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conductivity of the doped sample is found to be slightly
higher than that of pure sample in the entire temperature
range. Again the conductivity along c*-axis is found to
be higher than that along c-axis. The activation energy
values calculated from time Arrhenius plots are given in
Table 5.1. The conductivity anomalies with distinct
A—shaped peaks at about 480 K are clear indications of a

phase transition taking place at this temperature.

Fig.5.2 shows the ]Lm;0‘vs. lO3/T plot for pure
and deuterated single crystals, the measurement being
taken along c-axis. The anomalous variations in the
conductivity plot of pure and deuterated EDS show that the
pure material undergoes a phase transition at 480 K while
the deuterated analogue has its transition temperature
shifted to 485 K. The magnitude of the electrical
conductivity in the deuterated specimen is lower than that
in pure EDS. The activation energy values calculated from
the conductivity plot cnf the deuterated sample are also
included in Table 5.1.

5.3.2 ac electrical conductivity and dielectric
measurements

The temperature dependence of an: conductivity
and dielectric loss imi EDS single crystals along c-axis
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Table 5.1: Activation energy Ea for do conductivity of EDS
single crystals along c and c*-axes.

. Temperature ActivationS 1amp e AXIS range (K) energy (ev)
EDS (pure) c 360 to 408 1.25

408 to 454 1.86
c* 360 to 408 0.95

408 to 454 1.71

EDS (phosphate doped) c 360 to 408 1.36
408 to 454 1.90

EDS (deuterated) c 360 to 408 1.90
408 to 454 2.13
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Fig.5.2: log 0"dC vs 1/T plots for EDS along c-axis.
0- pure, 0- deuterated.
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are shown in Fig.5.3. The abrupt change in tans and a
A-shaped anomaly in OEC again indicate a phase transition
at 480 K in conformity with the dc conductivity results.

Fig.5.4 illustrates the variation of dielectric
constant along <: and c*—axes at «different frequencies.
The value of dielectric constant at 300 K is 7.29 along
c-axis and 9.27 along c*-axis (at 1 kHz). The increase in

ac and EC,‘ is extremely small upto the phase transition
temperature.Q; and ££,vs. T plots exhibit A—shaped peaks
precisely at tflua same temperature where the conductivity
anomalies occur viz., 480 K. The height of the peak
notably gets suppressed for higher frequencies. Fig.5.5
shows the temperature «dependence» of <dielectric constant
along c-axis around the transition temperature recorded on
heating anui coolimg cycles, the frequency being lO kHz.
The anomaly shows a thermal hysteresis of about 5 K, which
is indicative of a first order phase transition.

5.3.3 Differential scanning calorimetry

Fig.5.6 shows the DSC thermograms of EDS in the

heating and cooling runs. They reveal the following
characteristics: The compound apparently decomposes
following melting at about 554 K. The sharp peak
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Fig.5.6 DSC traces for EDS.
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preceeding decomposition is pmesumably chne to melting of
the sample. The peak with onset at 482 K is due to a
phase transition. The enthalpy change (.AH) for this
phase transition is 14.1 kJ mole-1. This transition shows
a thermal hysteresis characteristics of a first order
phase transition. The compound does not exhibit any
transformation in the temperature range 300 to 400 K;
confirming that it is not a hydrate.

5.4 DISCUSSION

The mechanism of conduction in EDS single
crystals can be understood by a detailed consideration of
its structure [5]. A striking feature- of tflue crystal
structure is that the conformation of the ethylene
diammonium group is not trans but gauche with C symmetry2

(Fig.5.7). The azimuthal angle of one half of the group
with respect to the other is 75.7°, which is much larger
than 60°. This large azimuthal angle may kxa due to the

molecular repulsion between two NH3+ «groups. The C-N
distance is 1.49 3. The average S-0 distance in the
sulphate group is found to be 1.49 3. In order to
illustrate the linkage of sulphate and ethylenediammonium
groups, the structure projected on (001) and (100) are
shown lJ1 Figs.5J3 and 5.9 respectively. As can be seen
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Fig.5.7 Structure of the ethylenediammonium group
in EDS.



Fig.5.8
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Structure of EDS projected on (001).



Fig.5.9

124

Structure of EDS projected on (100).
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from Fig.5.9, the structure can conveniently be described
as built up of layers, parallel to (001), containing
ethylenediammonium .and sulphate groups. In each layer
these two groups are linked by two sets of hydrogen bonds
of lengths 2.80 and 2.81 R and N...O contacts with
distances 3.31 and 3.32 3, while these layers are held
together’ by hydrogen bonds of length 2.82 R. and Ifl...O
contacts with a distance of 3.26  As the number of
linkages between layers formed by each nitrogen atom is
smaller than that within a layer, a nearly perfect
cleavage is observed parallel to (OO].). The two -NH3+
groups of H3NCH2CH2NH32+ ion are cis to each other in EDS.
The structure indicates that both —NH + groups have3

symmetrically equivalent positions in the lattice and that

hydrogen bonding occurs between the -NH3+ protons and the
surrounding oxygen atoms of sulphate groups.

The rigid structure described above could be the
cause for the very low, almost temperature independent
conductivity from 100 K upto 340 K. Moreover, unlike
typical ionic crystals, EDS has two ions of large size.
On account of the large size of these ions, the prob
ability «of occurrence <1f interestnfial ethylenediammonium
and sulphate ions and their vacancies are very low. Also,
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the mobilities <1E these defects are comparatively low.
Hence ethylenediammonium and sulphate ions and their
vacancies cannot contribute tun the conduction process in
any significant manner. As the temperature of the
specimen is raised above room temperature, the hydrogen
bonds become progressively weaker. At this stage it seems
appropriate to conceive of a proton switch mechanism
[9,lO,ll] to explain the conductivity of EDS single
crystals above 340 K.

To explain the mechanism of conduction in
ammonium chloride, Herrington and Staveley [9] have
postulated that there is significant amount of dissocia
tion in these crystals to form molecular species which may
be represented,

NH + C1’ ?—> NH + I-ICl

As already described in chapter 4, they proposed a three
stage proton switch mechanism in which (i) the proton
leaves the NH4+ ion and joins the Cl- ion forming NH3 and
HCl molecules (ii) a vacancy and the appropriate molecule

exchange positions, and (iii) the proton jumps back to NH3
+

forming NH4 and C1— ions once again. The possibility of
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a proton switch mechanism in ammonium salts has further
been supported by the work of Fuller and Patten [10] and
Taylor and Lasker [11]. The concepts put forward by
Herrington and Staveley seem tx> be applicable to explain
the mechanism of conduction in EDS also, where the cations

and anions are connected by hydrogen bonds. The initial
step in the transport process can be the breaking of
hydrogen bonds and the transfer of the protons directly to
the neighbouring sulphate ion where :H: is held tnr the
Coulomb attraction of the anion. In the second step, the

neutral H2804 molecule may migrate to an adjacent vacancy
and in the final step a reversal of proton switch may
occur. Thus ea net displacement of charge results in an
applied electric field. The activation energy values
obtained for pmre, phosphate-doped and deuterated EDS in
the temperature range 340 to 408 K (Table 5.1) are in very
good agreement with those reported in the literature for
similar materials in which the electrical conductivity is
dominated by protonic contribution [ll-14].

The higher magnitude of crdc along c*-axis
(Fig.5.l) could be due to the higher mobility’ of the
.charge carriers along this axis, which is parallel to the
cleavage pdane. The lower activation energy along this
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axis in the temperature range 340 to 408 K also suggests a
comparatively smaller barrier in this direction. The
conductivity of the phosphate doped sample is found to be
slightly higher than that of the pure sample in the entire
temperature range, whereas the activation energy is not
significantly altered (Table 5.1). when EDS is doped with

ethylenediammonium phosphate, (H NCH CH NH3)HPO the3 22 4’
2

HPO4 ions substitute SO42- ions. The~ enhancement of
conductivity in the doped sample may be attributed to the
contribution of the protons of the acid phosphate. This
observation is also in support. of’ the conclusion that
protonic conduction is the dominant mechanism of charge
transport in EDS. The results of the electrical conducti
vity measurements of EDS are quite similar to those
obtained in cnn: studies cum ethylenediammonimn dinitrate
single crystals [14], in which protonic conduction was
established by chemical methods.

Deuteration CHE EDS results ix: an elevation of

transition temperature by about 5 K. This upward shift in
transition temperature is a direct evidence of the role of

-NH5+ group ix: the mechanism cnf phase transition. The
lower value of conductivity observed for the deuterated
samples in the entire temperature range is in clear
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support of the involvement of protons in electrical charge

transport. The lower magnitude of conductivity when ifi of
the ammonium group is substituted by iH is expected to be
due to the lower mobility of the heavier ifl atom. The
slightly higher activation energy may be attributed to the
minor modification in the potential well occurring in the
deuterated sample. The lower xdimational amplitudes in
the deuterated sample might result in a lowering of the

N-iii bond length compared to N-i
change in the bond length, in turn, can affect the

Pi bond length. Such a

potential well. The slightly higher activation energy
observed can thus be due to the modification of the
potential well.

In the NMR spin-lattice relaxation measurements

[6], the T1 minimum of EDS is interpreted in terms of the
decrease of the -NH3+ reorientational barriers with
increasing temperature because cxf lattice» expansion .and
increased vibrational amplitudes. The change in slope of
conductivity plots above 408 K apparently arises from the

initiation of the rotational reorientation of -NH3+ group
of EDS. A varying activation energy above 408 K as
observed can also result from such a gradual decrease of
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the reorientational barriers. Thus some sort of a
‘variable potential barrier ' model [15,16] has to be
invoked to explain the experimental results.

As the temperature of the sample increases
further, the hydrogen. bonds become progressively’ weaker
and at about 480 K, the hydrogen bonds associated with
ethylenediammonium ions can kxa completely broken and the

—NH3+ ions which are assumed to be in a state of torsional
oscillation now change over tn) a state of free rotation.

Such phase changes, where the barrier to -NH3+ group
orientation drops dramatically on going into the higher
temperature phase, have been observed in other salts
[l7-19]. The onset of such ea free rotation can cause a
significant change in the electrical conductivity as well
as dielectric constant at this temperature. Similar
effects have been found to occur in a number of ammonium

salts like (NH4) so [20], NH H P0 [21], LiNH so [7] and2 4 42 4 4 4
(NH4)2HPO [22].4

The variation of dielectric constant with
temperature in the present studies exhibit a thermal
hysteresis of about 5 K. The abrupt increase in conducti
vity at the phase transition point and the thermal
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hysteresis observed in the dielectric measurements and DSC
indicate that the phase transition is of first order. The
slight difference in temperature for the onset of phase
transition as revealed by DSC measurement could be due to
the higher heating rate employed in these experiments in
contrast with conductivity and dielectric measurements.
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Chapter 6

TEMPERATURE DEPENDENT VARIATION OF ELECTRICAL PROPERTIES

IN ETHYLENEDIAMMONIUM ACID PHOSPHATE

Abstract

dc and ac conductivities, dielectric constant,
and dielectric loss of single crystals of ethylene
diammonium acid phosphate (EDAP) have been studied as a
function of temperature in the range 100 to 415 K. At low
temperatures the material is highly insulating. The
Arrhenius plots for dc conductivity show two linear
regions with a knee at 368 K. The observed conductivity
has been explained in terms of a pmoton switch mechanism
involving the anion and cation sublattices. ac conducti
vity, dielectric constant and dielectric loss measured as
a function. of ‘temperature and frequency’ show rm) signi
ficant variations of these quantities upto about 368 K.
Thereafter the above parameters exhibit rapid variations.
Results of the studies on deuterated and doped samples are
also discussed in the light of the proposed proton switch
mechanism.
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6.1 INTRODUCTION

Earlier work done on the electrical properties
of ammonium salts and the work presented in the preceeding
chapters of this thesis have shown that the charge
transport in simple and substituted ammonium salts is
essentially due to protons. It is also seen that the free
rotation of the ammonium moeity at a structural phase
transition enhances protonic conductivity.

Ammonium dihydrogen phosphate (ADP) and
potassium dihydrogen phosphate (KDP) are tan) well
understood materials in terms of their crystal structure;
electrical properties and phase transition [l-9]. In both
cases protonic conduction involving hydrogen kxnui takes
place. The possible applications of ADP are limited since
it dissociates to ammonia and phosphoric acid at elevated
temperatures. An advantageous combination of enhanced
conductivity iJ1 acid phosphates euui better thermal
stability of substituted ammonium salts would result in a
material <if choice vnfixfim has moderate protonic conducti
vity for low current applications.

Acid phosphates of good thermal stability and
moderate electrical conductivity have been investigated in
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depth tn! different workers in recent years [10]. The
electrical transport in amorphous acid salts was
first recognised by Hamlem [ll]. Alberti et ail [12]
have studied the acid phosphates of tetravalent
metals. Acid phosphates such as, °C—[Zr(PO4)2H2.H O] and2

X-[Ti(PO4)H2.H2O] even with their‘ moderate protonic
conductivity, find application in a variety of devices.
Among these materials only hydrates having a layered
structure in ‘which the water molecules are sandwitched
between adjacent layers exhibit good conductivity and that
too, at elevated temperatures. Anhydrous acid phosphates,
eventhough have a lower conductivity than the corres
ponding hydrates, are candidate materials for higher
temperature applications, due 13: their‘ superior thermal
stability.

Ethylenediammonium acid phosphate (EDAP) being a

substituted ammonium acid phosphate is likely to possess
better thermal stability than diammonium acid phosphate,
and pmosphates of tetravalent metals with comparable
electrical conductivity. Also, the information available
on its crystal structure will be helpful to understand the
mechanism of charge transport.
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2+
The crystal structure of (H3NCH2CH2NH3) (HPO4)

was elucidated by Golubev and Kondrashev [13]. The
characterizing parameters are: a = 7.500, b = 8.045:
c = ll.806X ‘X: llO.l3°, Z = 4, space group FQ1/b. The
structure consists of four tetrahedral HPO42- anions and
planar ethylenediammonium cations ixm trans conformation.
An extensive system of hydrogen bonds also exists in this
material. This creates anion layers in the ab plane which
are connected together by layers of ethylenediammonium
ions. In this respect it is very similar to the acid
phosphates of tetravalent metals [10].

6.2 EXPERIMENTAL

EDAP was prepared by mixing a.<S molar solution

of ethylenediammine in distilled water with syrupy
phosphoric acid in l : l mole ratio. The solution was
cooled and filtered to collect the material. It was
further purified by recrystallisation from saturated
solution made with double distilled water.

Single crystals grown by isothermal evaporation
gave both singular rhombohedral and twinned prisms. Large
well defined crystals were grown by suspending small non
twinned crystals in a saturated solution of EDAP at
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ambient temperature. SO42- doped samples were pmepared
from solutions of EDAP spiked with different amounts (0.02
and 0.05 mole %) of ethylenediammonium sulphate.
Deuterated single crystals were obtained by repeated
recrystallisation from solutions made with heavy water of
99.5% isotopic purity.

Samples for electrical measurements were
prepared by cutting specimens of ‘typical size 5x5x1 mm3
with their broad faces perpendicular to and parallel to
c-axis. Silver was evaporated on to the tmoad faces of
the specimens tun ensure good electrical contact. dc and
ac electrical conductivity, dielectric constant and
dielectric loss were measured within the temperature range
100 tx> 415 K, as described in Chapter 2. Xflithin experi
mental error, the conductivity and dielectric constant
measured along c and c*-axes were essentially the same.
All of the cknxa to be discussed here were obtained with
fields applied perpendicular to the c-axis, unless
otherwise stated. DSC thermograms were recorded in aa
dynamic nitrogen atmosphere in the temperature range 323
to 510 K; at a scanning rate of 10 K min-1.
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6.3 RESULTS

6.3.1 dc conductivity

The results cxf dc conductivity measurements of
pure, doped and deuterated single crystals of EDAP as a
function of temperature are presented in Fig.6.l. At low
temperatures EDAP behaves as a defect free ionic
conductor. Upto about 258 K 06¢ is very low and remains
almost steady. Above this temperature, the conductivity
increases with temperature. The Arrhenius plots have
knees at about 368 K, thus giving two distinct regions in
the plots. The high temperature region (I) has an
activation energy 1.99 eV and the low temperature region
(II) has an activation energy 1.03 eV in the case of pure
EDAP single crystals. Annealing the sample at 373 K does
not alter the nature of the plot. The conductivity of the
deuterated sample is found to be less than that of pure
sample. However, activation. energy ‘values show «only 23

2
4

enhanced conductivity in the whole temperature range
marginal increase. Specimens of SO doped material show

(Fig.6.l). The magnitude cnf conductivity increases with
dopant concentration. However, the activation energy
values in the high and low temperature regions remain
almost the same. The activation energy values evaluated
from the slopes of conductivity plots of pure, doped and
deuterated specimens of EDAP are listed in Table 6.1.
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Fig.6.] log CBC versus l/T plots for EDAP along c—axis.
O — deuterated: O - pure; 0 — sulphate doped
(0.02 mole %); I — sulphate doped (0.05 mole %).
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Table 6.1: Activation energy Ea for do conductivity of
EDAP single crystals along c*-axis.

Sam le Temperature Activationp range (K) energy (eV)
EDAP (pure) 258 to 368 1.03

368 to 412 1.99

EDAP (deuterated) 258 to 368 1.20
368 to 412 2.10

EDAP (so42' doped, 258 to 368 1.08
0'02 mole %) 368 to 412 2.17

EDAP (so42' doped, 258 to 368 1.09
0'05 mole %) 368 to 412 2.19
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The magnitude of dc conductivity of pure, doped
and deuterated single crystals of EDAP at 300 K are
compared in Table 6.2.

6.3.2 ac conductivity

The results cnf ac conductivity measurements of
EDAP as a function of temperature at various frequencies

is presented in Fig.6.2. At low temperatures 0-ac is
frequency’ dependent and increases ‘with increase in the
applied frequency. However, the temperature dependence of
ac conductivity is extremely small upto about 368 K. As

the temperature is raised further the plots of log O'aC
against reciprocal temperature merge together. The
activation energy evaluated from the ac conductivity plot
above 368 K is found to be 2.34 eV.

6.3.3 Dielectric constant

Dielectric constant of EDAP at 300 K is 7.33 at

1 kHz. The value of é increases only very slightly with
temperature in the range 100 to 368 K, as can be seen from
Fig.6.3. Dielectric constant has dependence on frequency
at all temperatures, but it becomes more pronounced at
higher temperatures. The variation cnf dielectric loss
factor with temperature (Fig.6.4) is analogous to that of
dielectric constant.
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of EDAP samples at 300 K

Sample log 05C (300 K)
EDAP (pure) -14.20
EDAP (so42’ doped, 0.02 mole %) -13.80

EDAP (SO42- doped, 0.05 mole %) -13.10

EDAP (deuterated) -14.90
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Fig_6,2 log Ggc versus 1/T plots for EDAP along c—axis.
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Fig.6.3 Variation cnf dielectric constant with tempera
ture for EDAP.
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Fig.6.4: Variation of tan 5 with temperature for EDAP
along c-axis.
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6.3.4 Differential scanning calorimetry

The DSC thermograms of EDAP (E‘ig.6.5) do not
indicate any phase transformation upto 480 K. Thereafter
it shows a continuous endothermic transformation, probably
due to decomposition.

6.4 DISCUSSION

A detailed consideration of the crystal
structure <1f EDAP VHJJ. be helpful zhi understanding the
mechanism cmf charge transport process iJ1 this material.
The structure of ions, bond lengths and bond angles are
illustrated in Fig.6.6. The planar ethylenediammonium ion
exists in a trans conformation.

The three P-O bonds in the tetrahedral phos
phoric acid ion are very similar and have an average bond
length of 1.526(7) 3. The fourth p-o bond which corres
ponds to the OH group is longer (1.585 Ex). Such bond
inequality’ is characteristic: of acid .anions [14]. The
arrangement cxf the ions lJ1 the lattice is illustrated in
Fig.6.7. The anion layers in the bc plane alternate with
the cation layers. The structure contains an extensive

hydrogen bond network. The HPOi- anions are connected to
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Fig.6.5 DSC thermogram of EDAP: heating rate 10 K-1.
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Fig.6.6 Lstructure of constituent ions of EDAp_
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E‘ig.6.7: Projection of the structure of EDAP along
c*—axis.
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each other by hydrogen bonds in chains typical of acid
salts [14,15]. The N+H...O hydrogen bonds :h1 which all
the hydrogen atoms cnf the ammonium groups are involved;
connect these chains into layers. They also connect these
layers into ea three dimensional framework. The hydrogen
bonds have a shortened H...O distance relative to the Van

der Waals' distance. The anion oxygen atoms form several
hydrogen bonds.

The two distinct regions shown in the Arrhenius
plots for dc conductivity (Fig.6.l) have activation
energies 1.03 ev below 368 K and 1.99 ev above it. The
activation energy values observed are very close to those
in EDC, EDN and EDS. These, in turn, are in good
agreements with the activation energies reported for
protonic conduction in simple ammonium salts [16-19].
Harris and Vella. D4] explained the electrical conduction
in ADP on the basis of the model put forth by Herrington

and Staveley [17] for NH4Cl. It was considered that the
proton migration in ADP crystal occurs in the NH4+
sublattice imm addition tn) that iJ1 the H2PO4- sublattice
[2]. In the case of EDAP, if we consider the two
sublattices, both can independently contribute to protonic
conduction just as in the case of ADP. The acid phosphate
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sublattice can contribute to protonic conductivity by a
migration of proton across P-O-H....O-P which is in effect
an intrabond jump. This leads to a rearrangement of the
already existing P-O...H hydrogen bond on a receiving
anion segment resulting jJ1.an interbond jump of hydrogen
atom. In terms of the P-O bond lengths this is equivalent
to a rearrangement of three equivalent and one non
equivalent P-O bonds.

Another form cnf proton transport involving the
ammonium sublattice can also be operative. The ammonium
sublattice dissociates transferring a proton to the anion
sublattice.

-NI-13+ + Hpofi ———> -NH2 + H2904"

Such ea dissociation runs been experimentally demonstrated
in ammonium dihydrogen phosphate [4]. The proton transfer
mechanisms in time two sublattices envisaged here are in
effect equivalent to the proton switch mechanism described
ha the preceeding chapters. At higher temperatures the
overall conductivity of EDAP might be the sum of the
contributions of the anion and cation sublattices.



154

The magnitude of dc conductivity observed along
c and c*-axes are close to each other. This is in
contrast to the observation with EDC, EDN and EDS. A
probable explanation can be linked with their crystal
structure. EDC, EDN and EDS have layered structures, the
anion and cation layers being held together by weak van
der Waals' forces. In EDAP a strong three dimensional
framework of hydrogen bonds exists. Hence it is reason
able to assume that there is no preferential direction for
proton migration.

Doping of EDAP with EDS leads tun noticeable
increase in conductivity (Table 6.2). At the same time,
the activation energy values are not affected to any
significant extent. This testifies that doping leads to
the generation of more carriers without affecting the
activation energy barrier. O'Keeffee and Perrino [8]
encountered a similar effect when potassium dihydrogen
phosphate was doped with potassium hydrogen sulphate.
They accounted for the observed increase in conductivity
to an exchange of hydrogen ions between host and dopant
anions. A similar argument can be put forth to explain
the increase in conductivity due txn doping of EDAP with
sulphate ions.
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HPOi_ + so42' i poi’ + H504"

In effect, this is equivalent to a proton switch operating
between the host and dopant anions. The frequency of such
a proton switch depends on the concentration of the dopant
in the host sublattice. Hence an increase in dopant
concentration leads txb an increase in conductivity which
is precisely the observation made here.

The fact that the deuterated samples have lower
conductivity values compared to the undeuterated samples
is a clear and direct evidence for the predominance of
protonic conduction in the crystal, in the entire temper
ature region studied.

The log CBC vs. 1/T pdot has a plateau in the
low temperature region followed by a continuously rising
portion. At higher temperatures the ac conductivity
curves merge together among themselves and also with the
dc conductivity curve. It may be noted that in ‘the low
temperature region an: and dc conductivities differ
considerably in magnitude. Berteit [18], and Taylor and
Laskar [19] have observed similar differences between dc
and ac conductivities in ammonium salts. They attributed
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this difference to the presence of loosely bound protons
which can jump in tune with the ac field. The same
concept is applicable here also since the only mobile ion
present in the lattice is the proton. The probable
phenomenon which can cause a difference in ac and dc
conductivities are blocking and space charge effects. The
absence of these were confirmed by noting that the current
is independent of time at an applied potential. Also,
upon reversing the polarity of the dc field, the magnitude
of current remains the same. These along with the good
reproducibility of data supports the validity of
measurements.

Dielectric constant and <dielectric loss :factor
for EDAP do not show any significant change with
temperature up to 368 K, which is typical of ionic
crystals [20]. However, above this temperature these
parameters increase slowly Lu) to about 392 K and
thereafter rapidly. ZD1 the high temperature region, the
weakening of the hydrogen bonds in the lattice and
consequent change lJ1 the polarisability' of ions may“ be
responsible for this rapid increase in <dielectric
constant.
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The DSC thermogram of EDAP is in sharp contrast
to those of EDC, EDN and EDS. No phase transition was
observed iJ1 the temperature range ILK3 to 480 K. Above
480 K the samples starts melting with decomposition. The
decomposition peak masks the peak due to melting.



[1]

[2]

[3]

[4]

[5]

[6]

[8]

158

REFERENCES

W.P.Mason, Piezoelectric Crystals and their Applica
tions to Ultrasonics (Van Nostrand, New York, 1950)
p.140.

E.J.Murphy, J. Appl. Phys. 35 (1964) 2609.

J.M.Pollock and M.Sharan, J. Chem. Phys. 51 (1969)
3604.

L.B.Harris and G.J.Vella, J. Chem. Phys. 58 (1971)
4550.

V.K.Subhadra, U.Syamaprasad and C.P.G.Val1abhan, J.

Appl. Phys. 54 (1983) 2593.

J.K.Rath and S.Radhakrishna, J. Mater. Sci. Lett. 6
(1987) 929.

V.H.Schmidt and E‘..A.Ueh1ing, Phys. Rev. 126 (1962)
447.

M.O'Keeffee and C.T.Perrino, J. Phys. Chem. Solids,
28 (1967) 211.



[10]

[ll]

[12]

[13]

[14]

[15]

[16]

159

J.K.Rath and S.Radhakrishnan, J. Mater. Sci. Lett. 6
(1987) 334.

J.B.Goodenough, J.Jensen, A.Potier (ed.) Solid State
Protonic Conductors III, Odense University Press;
Odense, Denmark (1985).

R.P.Ham1em, J. Electrochem. Soc. 109 (1962) 726.

G.A1berti and E:.Torracca, J. Inorg. Nucl. Chem. 30
(1968) 1093.

S.M.Go1ubev and Yu D.Kondrashev, J. Struct. Chem. 25

(1984) 471.

D.E.Corbridge, Bull. Soc. Fr. Miner, Cristallogr. 94
(1971) 271.

T.Leban, L.Golic and J.C.Speakman, J. Chem. Soc.,
Perkin Trans. II, (1973) 703.

R.Navi1kumar' and <3.P.G.Va11abhan, .3. Phys.: Conden

Matter 1 (1989) 6095.



[17]

[18]

[19]

160

T.M.Herrington and L.A.K.Stave1ey, J. Phys. Chem.
Solids 25 (1964) 921.

Y.Berteit, A.Kess1er and T.List, Z. Phys. B 24 (1976)
15.

B.E.Tay1or and A.L.Laskar, Phys. Stat. So1.(b) 101
(1980) 423.

C.P.Smith, Electrical Behaviour of Solids, p.132.
McGraw-Hill, New York (1955).



Chapter 7

A COMPARATIVE STUDY OF EXPERIMENTAL RESULTS FOR

ETHYLENEDIAMMONIUM SALTS AND CONCLUSIONS

7.1 CHOICE OF MATERIALS

The choice of the four ethylenediammonium salts:

viz., ethylenediammonium dichloride (EDC), ethylene
diammonium dinitrate (EDN), ethylenediammonium sulphate
(EDS) and ethylenediammonium acid phosphate (EDAP)
selected for the present study was prompted by the
following considerations:

i) Investigations by earlier workers on simple ammonium
salts have established protonic conduction and to
some extent the influence of the counter ion on their
electrical properties.

ii) Ethylenediammonium salts investigated here have well
established crystal. structure [l—4]. A comparative
study of their electrical properties and phase
transitions would shed new light on the role of the
environment cm? the hydrogen atoms cni protonic
conduction.

161
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iii) The anions chosen have varying polarizabilities.
This could influence the environment of the mobile
protons and its consequences may be reflected in the
experimental results.

iv) Protonic conductors of moderate conductivity are
assuming greater significance» due tx) their techno
logical application in devices such as hydrogen ion
detectors; fuel cells and batteries.

An overview of the crystal structure of these
materials will be helpful in discussing the mechanism of
charge transport in them. The features of their crystal
structure are presented in Table 7.1.

7.2 dc CONDUCTIVITY

It has been seen in the preceeding chapters that
essentially protonic conduction occurs. in all the four

materials. The nature of loocrdc vs l/T plots for all of
them are similar. There are three distinct regions in the
plots prior to the phase transition temperature in EDC,
EDN and EDS. Apparently EDAP does not exhibit any
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Table 7.1: Features of the crystal structure of ethylene
diammonium salts studied

Values of Number of
Material Space group Morphology a,,b, c fonmfla1xutsA in unit cell

EDC P21/a monoclinic 9.95:0.0l 2
6.89:0.0l

4.42:0.0l

EDN PT(c£) triclinic 5.068 (2) l
5.514 (3)

7.174 (3)

EDS P4121 or P4321 tetragonal 8.47:0.02 8
8.47:0.02

l8.03:0.04

EDAP P21/b monoclinic 7.500 4
8.045

11.806
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indication of a phase transition. For the sake of
convenience these regions may be named as region I, II and
III in the order of decreasing temperature.

All the four ethylenediammonium salts have low
electrical conductivities .at ambient and subambient
temperatures. Region III of the Arrhenius plots is
almost flat. In this region the temperature dependence of

CBC is extremely small. In region II dc conductivity
increases with temperature. Region I of the plots in the
case of EDC, EDN and EDS show a continuous curvature. In

the conductivity plot of EDAP region I is also a straight

line region, showing an increase of 0'C with temperature.d

The summary of dc conductivity data is given in Table 7.2.

It is seen from Table 7.2 that eventhough the
temperature limits of the regions vary fnmn material to
material, the activation energies for the same region in
different materials along the same axis remains more or
less the same. The difference in the temperature limits
of different regions and the difference in the magnitude
of conductivity and slight difference in activation
energies can be explained in the light of the crystal
structure and nature of bonding in these materials. Also
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it is observed that in EDC, EDN and EDS, which have
layered structures, tflua conductivity zhs higher along the
axis parallel to time cleavage plane than that iJ1 the
direction perpendicular to it.

The environment of the mobile hydrogen atoms
influences the nature of the activation barrier for
conduction. Hence it is necessary to have a look at the
bonding environment of the N—H hydrogen atoms in all the
materials, and also that of the OH hydrogen in EDAP. The

two —NH3+ groups of ethylenediammonium ion may be either
trans to each other as in EDC [1] or cis, as in EDS [3].

These conformations indicate that in each case both -NH3+
groups have symmetrically equivalent positions in the
lattice and that hydrogen bonding occurs between the —NH3+
protons and the surrounding halide ions or oxygens of the
sulphate group.

The higher activation energy and higher upper
temperature limit of region III for EDS may be explained
as follows: It is reasonable to assume that the internal
barriers will be fairly constant for all cases where the

2+ED ion is in the trans conformation or for cases in the
cis conformation. There may tn; some difference between
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the internal barriers for the two conformations since in

the cis form time two -NH3+ groups are close enough that
they must interact to some extent. The cause of the
difference imi the energy barriers becomes clear when the
four known crystal structures are inspected closely.

In the light of the known crystal structures, it
has been possible to link the magnitude cm? the observed

activation energies with the environment of the -NH3+
group. In: is seen that the hydrogen bond length as well
as the distance between the layers vary depending upon the
size of the counter ion, ie., the environment of the
mobile protons are different in all the four cases. The
intact structures naturally would lead to a very low
conductivity at low temperatures as observed in all the
four ethylenediammonium salts studied here. As temper
ature increases, thermal activation CHE the lattice
enhances proton mobility. The activation energy in region
II in all of these materials lie very close to one
another. This is also a qualitative indication of the
occurrence of similar mechanism for charge transport that
is dominant in this temperature range.

The increase in conductivity at phase transition
has been attributed to the release of protons during the
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rotational reorientation of the ammonium group. The
continuous curvature in the Arrhenius plot, observed prior
to the onset of phase transition is an indication of the
existence of a continuously varying activation energy
barrier arising from the loosening of the crystal lattice.
This is especially true of EDC, EDN and EDS. The higher
activation energy at elevated temperatures may probably be
due to the higher energy input required to loosen the
stronger hydrogen bonds.

when EDC and EDN are doped with EDS, a decrease

in conductivity is observed. However, when EDS is doped
with EDAP or vice-versa an increase in conductivity
occurs. In EDC, EDN euui EDS, the change in conductivity
due to doping is only very slight. Appreciable increase
in conductivity is exhibited only in the case of EDAP
doped with EDS.

The activation. energy values jJ1 different
temperature ranges are not affected significantly by
doping in all the four salts. This directly points to the
fact that the activation barriers are not modified to any
large extent by doping. Indirectly it points to the fact
that the mechanism CHE conduction is also not affected by
doping.
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The slight decrease in conductivity in EDC and
EDN upon doping may be explained as follows: When the
impurity ion enters the host lattice substitutionally, it
disturbs the uniform structure of the lattice and creates
local distortion. when the interaction of the impurity
with the lattice increases the barrier height it is
exhibited as a change in the activation energy. A modi
fication jJl the environment cnf the carrier brought about
in this manner can change the mobility of the same.
However, at the levels of doping employed here such
effects are only very slight.

The enhancement of conductivity when EDS is
doped with EDAP or vice-versa may be explained on the same
line; but with an additional factor operating as indicated
.below. The proton of the acid phosphate can exchange with
a sulphate ion as shown below:

4 I
H804- has higher mobility and as a consequence the doped
HSO4 is.ea stronger acid than HPO ie., the proton of

sample has a higher conductivity.



170

Deuteration of all the samples leads to lowering
of conductivity in the whole temperatures range. This
provides a direct clue to the fact that proton is the
effective charge transport agent Hiéfl. Substitution of
hydrogen atoms with deuterium leads to a decrease in
mobility and hence a decrease in conductivity. This is
also reflected as ea slight increase iJ1 the activation
energy values resulting from the slight modification of
the lattice dimensions.

7.3 ac CONDUCTIVITY

In all the materials log géc vs l/T plots show
the same pattern. At low ‘temperatures tflue values are
small and are independent of temperature. At higher
temperatures Ugc increases with temperature . Also such
plots show anomalies at phase transitions.

7.4 DIELECTRIC CONSTANT

The dielectric constant represents a contri
bution of the polarizability of the species in the crystal
lattice. Depending upon the frequency of the field;
different types of dielectric relaxationscan set in. At a
fixed frequency the variation of dielectric response with
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temperature indicates the temperature-dependent contri
bution of dipolar species. Ethylenediammonium salts
behave typical ionic solids. The value of is low at
subambient temperatures and increases only very slightly
with increasing temperature. However, at higher
temperatures the crystal lattice loosens, and the contri
bution form the orientational polarization increases.
This causes a rapid increase in dielectric constant. This
is evident in all the cases studied.

7.5 PHASE TRANSITION IN ETHYLENEDIAMMONIUM SALTS

The phase transition occurring in ED salts were
clearly revealed in kxflfli the electrical measurements and
DSC thermograms. EDC, EDN and EHM3 which. have layered

structures show phase transitions with onset an: 403, 404
and 480 K respectively. At the phase transition point dc
conductivity curves show -shaped anomalies. ac measure
ments (ac conductivity, dielectric constant and dielectric
loss) also show anomalies at the same temperature at which

these occur in dc. In many ammonium salts such anomalous
variations at the high temperature phase transitions have
been attributed to rotational reorientation of the
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ammonium group [10-18]. In solid ED salts the only
reorientations which can occur preserving the symmetry of

the lattice are C3 reorientations of the -NH3+ groups, or
a C2 reorientation of the whole ion. The barrier for the
latter motion is likely to be extremely high considering
the shape and bulk of the ion and the hydrogen bonding at
both ends. It is anticipated that reorientational
barriers decrease with increasing temperature, because of
lattice expansion and increased vibrational amplitudes
[19]. It then seems very reasonable to suggest that the
observed anomaly may be explained in terms of the
rotational reorientation of both the -NH3+ groups of the
ED2+ ion. Such phase changes mxne the barrier to —NH3+
group reorientation drops dramatically (N1 going into the
higher temperature phase have also been observed using NMR

spin lattice relaxation measurements [20—22].

7.6 CONCLUSIONS

The observations discussed in the preceeding
sections make it clear that protonic conduction occurs in

all the four ethylenediammonium salts studied. 05C; 03C:
(and tan5 measurements as a function of temperature have
shown that anomalous variation occurs to these parameters
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at a phase transition. This is attributed to the
rotational reorientation of the —NH3+' ion. with simult
aneous release of protons am: the phase transition. The
migration of protons with relatively low activation
energies in all the materials can be linked with
rearrangement of -N—H...X hydrogen. bonds .and/or O-H...X
hydrogen bonds through a proton switch mechanism.
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PART II

STUDIES ON THE ELECTRICAL PROPERTIES OF POLY(META-TOLUIDINE)

AND POLY(ANILINE CO-META—TOLUIDINE)



Chapter 8

CONDUCTING POLYMERS--AN OVERV I EW

Abstract

Conducting polymers have turned out to be a
material reality lJ1 recent years. This chapter gives a
review CHE the development cyf conducting organic polymers

covering the techniques used txb make them conductive and
some of their more important uses. The various theories
put forward to explain the charge transport in conducting
polymers are discussed briefly; The conducting polymers
derived from aniline have been reviewed exhaustively and
some of the disparities observed in their properties are
highlighted.
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8.1 INTRODUCTION

One of the salient features of most polymers,
which distinguishes them from metals, is their inability
to carry electrical current. This insulating property is
the first and foremost advantage in the context of
conventional applications of polymers. For example,
coatings of polymers are used for insulating electrical
wires. This creates a general impression that plastics
and electrical conductivity are mutually exclusive.

During the last two decades a novel class of
organic polymers vdlfli remarkable electrical. conductivity
has been synthesised. In fact, they form a major section
of a general class of materials termed synthetic metals.
Initially these remained only as a laboratory curiosity.
But the enormous potentials they offer for various
applications make them materials of choice in many
applications.

8.2 TYPE OF CONDUCTING POLYMERS

Among the many polymers studied for their
conductivity polyacetylene, polyaniline, polypyrrole,
polythiophene, poly(phenylene sulphide) poly(phenylene
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vinylene) are the best studied so far. Of these,
polyaniline has been known eversince 1862 when H.Letheby
[1] prepared it for the first time by the anodic oxidation
of aniline in sulphuric acid. However, the study <3f
conducting polymers took an exciting turn ‘when ix; was
demonstrated that polyacetylene can assume metallic
conduction under proper conditions of doping [2]. Poly

acetylene is a simple macromolecule of. formula (CH)n.
Polyacetylene as such is an infusible highly insulating
solid. It was the combined efforts of Shirakawa,
MacDiarmid, Heeger and others [2] that revealed the
surprising fact that partial oxidation of polyacetylene
enhances its conductivity by nine orders of magnitude.

Three other polymers studied subsequently are
polypyrrole [3], polythiophene [4], euui polyaniline [5],
Diaz et al. [3] have shown that polypyrrole, which
normally occurs as emu intractable black powder could be
rendered conductive by electrolytic oxidation. Later,
Tourillon et al. [4] showed that thiophene also can give a
conductive polymer by electrochemical oxidation.

Polyaniline has been. described try English and
French chemists [6,7] at the turn of this century. It can
exist imm different oxidation states of varying conducti
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ll 1 -1vity from 10- to 10 ohm_ cm . Different oxidation
states of polyaniline have different colours and
electrical properties. The order of conductivity and
nature of dopant related to various conducting polymers
are given in Table 8.1.

The ease of preparation, manipulation of
advantageous properties by simple chemical treatments, and
the wide range of conductivity that can be attained by
doping with acids make polyaniline one of the most
attractive materials.

8.3 POLYANILINE - AN OVERVIEW

Eventhough polyaniline was known for a century
in the form of ‘aniline black‘ it was Jozefowizc and
coworkers who showed that the conductivity of polyaniline
could be varied by doping with acid [7]. They also
recognised the potential of PA as an electrode material in
batteries. In the 1980's PA was subjected to intense
synthetic, structural and physical characterisation by
various groups [5,8-17]. Wudl et al- [15] and Baughman
and Shacklette [16] have shown that flzwas a general
structure which may be schematically represented as
given in Fig.8.l.



Table 8.1: Some more
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common conducting polymers reported

ApproximatePolymer Dopants conductivity
(ohm- cm_ )

Polyacetylene I2, Br2, Li, Na, ASF5 10,000
Polypyrrole BF4-, C104-, tosylate 500-7500
Polythiophene BF4_, C104-, tosylate, 1000

FeCl4'

Po1y(3—alkylthiophene) BF 4’, c104’, Fec14' 1000-10,000

Poly(phenylene sulphide) AsF5 500
Poly( phenylenevinylene) ASE‘ 5 l 0 , 000
Poly( thienylenevinylene) ASE‘ 5 2 700
Polyphenylene ASF5, Li, K 1000
Poly(isothianaphthene) BF4-, C104- 50
Polyazulene BF4-, c104" 1
Polyfuran BF4-, C104- 100Polyaniline HCl 200
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Fig.8.l: Schematic illustration of the structure of

(a) polyaniline (emeraldine) base
(b) protonated polyaniline (emeraldine salt)
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The form represented here is known as emeraldine, in which
the oxidation of polyaniline is carried out to an extent
of 50%. Higher and lower oxidised forms do not show the
high degree of conductivity observed in emeraldine. It is
also seen that emeraldine treated with a base such as
caustic soda or ammonia turns out to be a strong insulator
[5]. It is evident that partially oxidised aniline
(emeraldine) which its protonated, alone shows good
conductivity.

The polyaniline family of conducting polymers
differs from other conducting polymers in several aspects:

Firstly, the quasi—one dimensional polyaniline
is not charge conjugation symmetric,ie., Fermi level and
bamd gap are not formed lJ1 the centre of the band so
that the valence and conduction bands are asymmetric.
Consequently, the energy level positions of doping induced
[18,19] and photon induced [20,21] absorptions differ
substantially from those lJ1 charge conjugation symmetric
polymers such as polyacetylene, polypyrrole and polythio—
phene [22,23].

Secondly, both carbon rings and nitrogen atoms
are within the conjugation path forming a generalized A-B
polymer [24].
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Thirdly, the emeraldine base form of polyaniline
can be converted from the insulating to the metallic state
by adding protons to the imine (—N=) sites, while the
number of electrons associated with the emeraldine chain
is unaltered [5,8,l9,25,26].

Various theories have been proposed to explain
the conductivity observed in doped polyaniline.
Electrical conductivity studies (mu protonated emeraldine
salt have given evidence for the formation of a "granular"
polymeric metal [27], :he., within the protonation regime
the charge conducthmn is dominated by phase seggregation
into protonated and unprotonated regions. In such cases
it is likely that a charging energy limited tunneling
mechanism exists [28]. It is also found that the
conductivity of protonated emeraldine is sensitive to
humidity [29-33]. There funne been only limited studies
[34-36] on the conduction process in less conducting forms
of polyaniline.

8.4 SUBSTITUTED POLYANILINE

A perusal of literature shows that the
conditions of chemical synthesis of polyaniline vary from
one study txa another [37—47].. These ‘variables include
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reaction medium, type and concentration of acid, oxidant,
washing agents and drying temperature. These, in turn,
affect chemical structure, composition, oxidation state,
thermal stability’ and electrical. properties <3f the
resulting material. However, most of these studies were
centered around materials derived from aniline. The
influence of substitution on aniline has rarely been
studied in any detail.

Shenglong et al. [48] synthesized substituted
polyanilines from m-toluidine, o-chloroaniline and nitro
aniline by chemical polymerization. They’ characterized
the resulting polymers by DSC, X—ray, IR, XPS and. dc
conductivity. The results revealed that the substituent
affects the regularity of the polymer chain.

Copolymerization cxf 2—chloroaniline enui 2-iodo

aniline individually with aniline in different manomer
feed ratios showed that the properties of the resulting
material depended on the monomer feed ratio [49]. An
increase in the fraction of substituted aniline beyond 0.5
decreased the extent of protonation drastically. The
polymers derived from substituted anilines invariably show
lower electrical conductivity.
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Studies carried out by Langer [50] on poly
(N-methylaniline) and copolymers of N-methylaniline with
aniline showed that the electrical properties depended
upon tflua method of pmeparation, doping level, molecular
conformation and residual oligomeric impurities. The role
of oligomeric impurities have also been observed by
different workers [5l—53].

It is clear that the results reported by various
workers on polyaniline as well as on substituted
polyanilines differ in the quantitative aspects presumably
due to subtle variations in the molecular aspects, and due
to the presence of oligomeric impurities. It was thought
worthwhile txn investigate ix) detail the electrical
characteristics <mf copolymer cxf aniline with nhtoluidine
after careful purification.

8.5 THEORIES OF ELECTRICAL CONDUCTION IN CONDUCTING
POLYMERS

The electrical conductivity 0' represents the
transport cm? net charge through ea medium imu an applied
electric field E,

ie., 0’ 2 él (8.1)
where j is the current density
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As the solitons, polarons and bipolarons may exert
considerable effect on the electronic states accessable to
electrons, these may dramatically affect transport
properties. At this point, it will be helpful if some of
the predictions for ac enui dc conductivities ixl model
systems are considered. As most of the conducting
polymers have crystalline orders over a segment of about
200 A and as this reduces to a few tens of Angstrom -after
doping, it is reasonable to compare this with the
electronic structure of disordered semiconductors.

In dc conductivity studies the net charge
transported across the entire sample is measured. In ac
conductivity measurements, the electrical conductivity is
measured as a function of the frequency of an alternating
electric field. A difference in the behaviour of 61f) is
likely to occur when conduction takes place by the motion
of charge carriers zhi the extended states by hopping in
localized states, hopping among solition, polaron or
bipolaron states, or by transport between small "metallic"
particles embedded in an insulating polymer matrix. The
density cnf states N(e) determines to ea large extent the
transport mechanism. When carriers are in extended states
as in a metal, the conductivity does not depend upon
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frequency. When carriers are excited across the band gap
of a crystalline semiconductor or across the mobility edge
into extended states in a disordered semiconductor, the
conductivity is independent of frequency. Here 0‘ is
proportional to the product of density of excited charge
carriers and the temperature dependent mobility of the
excited charge carriers. However, when carriers are not
in excited states as in a disordered or inhomogeneous
system, the conductivity at higher frequency is usually
larger than the dc conductivity.

The frequency dependence of conductivity is
common to disordered semiconductors and insulators [54].
Diverse physical mechanisms [55,56] including variable
range-hopping and the presence of surface barriers and
ionic dipoles may be invoked to explain these observa
tions. The observed conductivity is commonly expressed
as]

O-Tot : o—dc + Uac (f'T) (8'2)

In all treatments dealing with hopping in a
manifold of states near the Fermi level, it is assumed
that ac and dc conductivities are only weakly dependent
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on T. A typical case is the variable-range-hopping model
suggested by Mott [55]. According to this model, hopping
of a charge carrier in three dimensions produces a
conductivity given by,

o'(T) — . N(EF)/o<kT] 0 e eXP[-(TO/T) (3_3)

where To == l6o(3/kN(EF),‘£-1 is the decay length of the
localized state, 2% a hopping attempt frequency, N(EF) the
density of states at the Fermi energy BF, 'e' the
electronic charge, and k the Boltzman constant.
Similarly, the Austin-Mott [57] analysis of pairwise
hopping between localized states near the Fermi energy
predicts a linear temperature dependence for the ac
conductivity:

o‘aC = 27r2/3) e2kTN2(E ) oc‘5F f [1n( 2J0/277-f)]4 (8_4)

For moderate frequencies (lo2< f (108 Hz) and 1/0 of the
order of about 1012 Hz, this model [55] gives,

o-ac <>< Tfs (8.5)
A strong T dependence of qéc can result from thermal
activation of charge carriers from localized states in the
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gap to localized states in the valence or conduction band

tails. Here the temperature dependence of Use and 05C is
determined largely by the number of charge carriers
excited to the band tails [56]. Thus,

oac GC exp(-E;/kT) (8.6)
ogc ac f5T exp(—Eé/kT) (8.7)

with E; A Ea. Here Ea is the energy for activation to
extended states.

Hopping of polarons can also lead to a strong T

dependence for oac anui ogc [56,58]. Kivelson proposed
[59] a phenomenological model for hopping conduction based

on the separation of energy (temperature) and spatial
dependence of the rate of hopping among states. The
corresponding expression simplifies to the form,

n+1)]4= K-l(f/T)[ln(Df/T E K'x (8.8)ac

where K‘ and D are constants.

The hopping mechanism is characterized by a
log-normal distribution of hopping rates. Hence all such
hopping mechanisms exhibit some common features.
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A high frequency limit is reached when frequency is
greater than the maximum hopping rate (attempt frequency F0).
The ratio of o‘(f=o)/o‘(f>>r,,) is a useful quantity since it
is aa measure of the distribution of site energies. Also
it is independent of the detailed considerations of
hopping mechanism [60]. For two extreme cases of
isoenergetic hopping where the distribution of site
energies is narrow compared with kT and variables range
hopping in which distribution is much broader than kT, the
ratio obtained is very different in the two limits. This
ratio is a useful diagonostic of the charge conduction
mechanism. The arguments can be summarised in the
relationship derived by Kivelson and Epstein. For
isoenergetic hopping,G‘ 2BR

C,‘°°’ = L <-‘—>4F (——9> exp<2aRO/g > (8.9)(o) 327rA R0 §
where A = 0.45, B = 1.39, D 3:: l and E‘(X) is given by;

F(X) = (1 + X-1 + 7x_2 + 12x-3 + l2x-4 - X2 e‘X)-1

and is equal to l for large x.

For variable-range—hopping [55],

(co) : 37r<2.3> 3 3/20.2 (T )
O

G exp[+TO/T)l/41x

[1 + 0 [(T/TO)1/41} (8.10)
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In both mechanisms o"( f) is an increasing
function of f anui approaches its infinite frequency value

when f :>]‘O. The composite metal—insulator systems also
show a decrease in dc conductivity with decreasing
temperature. A frequency dependence occurs from
capacitive coupling between conducting metallic regions.
The effective medium theory put forth by Springett [61]
predicts that time frequency dependence <3f measured

conductivity oh emerges at some frequency, depending upon
the relative conductivities of the metal and insulating
regions and their volume fractions.

8.6 APPLICATIONS OF CONDUCTING POLYMERS [62]

(i) Batteries

Majority of the conducting polymers developed so
far are the oxidised forms of extended conjugation
polymers. These find use as active electrodes in
rechargeable batteries. All solid state batteries based
on conductive polymers have been developed by Hitachi, and

Bridgestone in Japan, Allied Signal in USA, and Varta in
Germany. The button type polyaniline cathode/Li-Al anode
3—Volt battery developed by Bridgestone is characterized
by high cycle life and energy density several times higher
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than that of CdNi and Pb/acid batteries. Varta has
commercialised a Li-Al/polypyrrole battery in collabor
ation with BASF. These batteries are excellent for
applications where low power, long life, and reliable
operation are required. Examples are back-up sources for
static random access memories, intelligent telephones and
timers, for video casstte recorders, and as batteries for
calculators and television remote controls.

(ii) Electronic devices

Certain conducting polymers like polyaniline
show a wide range of colours as a result of change in the
oxidation state and protonation. The electrochromic
properties of such polymers are exploited to produce
devices like displays and thermal ‘smart windows‘. These
can be fabricated in large areas enui unlimited visual
angles. Because these do not change~ colour after the
applied voltage has been switched off, the electrochromic
device exhibits a memory function (bistability) and can be
used to store information.

(iii) Gas separation membranes

An unusual application of polyaniline is in gas
separation. Kaner enui Heiss have discovered that
conductive polyaniline membrane which is subjected to
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repeated doping—undoping cycles, becomes porous. and can
act as a medium for the separation of gases, eg.;
separation of oxygen from nitrogen.

(iv) Conducting textiles and surface coatings

.A textile VNJJ1 amazing electrical conductivity
has been pmoduced by immmegnating the fabric with
polypyrrole and polyaniline. These textiles have the same
strength as their commercial counterparts. Such
conductive fabrics incorporated into the plastic
composites when used tx> cast aeroplane frames, dissipate
charge during lightning strikes preventing any damage to
the aeroplane. Such fabrics distort radar signals. When
incorporated into the aircraft surface finish they mislead
the enemy radar. Latex compositions containing colloidal
polyaniline, polyathiophene and polypyrrole when sprayed
onto surfaces conductive coatings capable of electro
magnetic sheilding are formed, thus preventing electronic
eavesdropping.

Eventhough tremendous progress has been made in

this field, challenges still remain. Materials with
higher carrier mobilities are needed. Structural
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modifications can lead to more desirable properties and a
correlation of the structure with properties will help to
develop better materials.

(v) Semiconductor applications

As semiconductors, conducting polymers find use
in electronic and electro-optic devices. The formation of
unipolar devices such as Schottky diodes, metal-insulator
semiconductor diodes enui meta1-insulator-semiconductor

field effect transistors have been fabricated using
polyacetylene, polypyrrole and polythiophene. Bipolar
devices suffer from the diffusion of dopant across the
p-n junction.

(vi) Optical applications

The interest in conducting polymers in electro
optical devices is multifold. The non-linear response of
a polymer chain results in a field dependent modulation of
the?’-'r* absorption spectrum. This gives a large induced
absorption. Trans-polyacetylene and po1y(phenylene
vinylene) have been used as optical modulators. Very
recently electro-optic devices especially electrolu
miniscent ones have been reported.
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In spite of the fact that a large volume of work
has been reported (N1 the properties of pwlyaniline, the
properties cnf its derivatives are little known. In the
ensuing chapters of this thesis the results of the
investigations carried out on poly(meta-toluidine) and the
copolymers of aniline with meta-toluidine are presented.
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Chapter 9

EXPERIMENTAL METHODS ADOPTED FOR THE STUDY OF

CONDUCTING POLYMERS

Abstract

This chapter summarises the experimental methods
employed for preparing poly(meta-toluidine) and poly
(aniline co-meta-toluidine) and for characterising them by
optical, thermal enui electrical methods. The techniques
employed include uv-visible and infrared spectroscopy:
differential scanning calorimetry, ac and dc conductivity,
and dielectric constant measurements.
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9.1 INTRODUCTION

The results reported on the properties of
polyaniline considerably differ depending on the method of
preparation [l-12]. Various factors contribute tn: such
discrepancies. In chemically prepared samples factors
like the oxidant used txa bring about polymerization, the
ratio of monomer to oxidant, the temperature at which
oxidation is carried cnn:, the post-treatment given to the
crude material like washing, doping and drying, and
exposure to humidity influence the properties. Sometimes,
samples prepared by the same method also significantly
differ in properties. One of the factors which invariably
affects the electrical properties is the retention of
moisture knr doped samples. The chemical polymerization
also leaves some oligomeric impurities [13]. The
oligomeric compounds being low molecular weight quino—
neimines, their salts will have a higher electrical
conductivity.

It was also observed during our priliminary
studies that, when polyaniline samples in the form of
compacted pellets were maintained at 10-6 Torr for
depositing silver electrodes, a violet component was
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deposited inside the dome of the vacuum system. This is
perhaps due to the presence of low molecular weight
compounds which cxni sublime under reduced pressure and
elevated temperature.

In the experimental procedures followed here,
meticulous care was exercised to purify the monomers, to
remove the oligomeric residues from the crude polymer and
to maintain identical conditions for post-preparative
treatment.

9.2 SYNTHESIS OF POLYMERS

9.2.1 Purification of aniline

Commercially’ available aniline contains traces
of aromatic hydrocarbons and nitrobenzene. On storing
aniline develops a dark colour probably due to air
oxidation. Hence aniline was purified by recommended
methods [14].

Aniline was dissolved in 6 M HCl. Any preci
pitate of aniline hydrochloride was dissolved by stirring
with more of water. The solution was extracted ‘with
toluene tun remove neutral and acidic impurities present.



The aniline hydrochloride soluthmn was rendered alkaline
with 40% caustic soda. The contents were cooled. The
oily liquid that separated out was removed, dried over
solid sodium hydroxide and distilled. The middle fraction
which distilled out at 184 to 186°C was collected.

9.2.2 Purification of meta-toluidine

m-toluidine (CDC, Bombay) was dark in colour.
It was subjected txn the same treatment described in the
previous section for aniline. The fraction distilling out
at 200 to 202°C was collected.

9.2.3 Preparation of polymers

The purified monomer or a mixture of monomers

(0.1 mole) was dissolved in 500 ml of 2 molar H2804. The
solution was cooled to 5°C and flushed with nitrogen gas.
Ammonium persulphate (0.1 mole, 22.8 g) dissolved in a
minimum quantity of water was added slowly with stirring.
The reaction mixture was stirred further for 4 hrs. The
solid product was collected by filtration and washed with

2 molar H2804 and then with copious amount of distilled
water. The solid was dried in air.
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9.2.4 Preparation of polymer base
The crude polymer salt obtained from the above

step was powdered and stirred with excess of ammonium
hydroxide solution for 2 hrs. The base so formed was
filtered under suction. and ‘washed with distilled. water
till the washings were free of ammonia._ The base was
dried in an air oven at 80°C and stored in a vacuum
dessicator.

9.3 PURIFICATION OF POLYMER BASE

Polyaniline base and its salts are insoluble in
water, dilute acid, alkali and in common organic solvents.
However, it was found that methanol and accetonitrile leach
lea out a coloured component from the crude polymer base.
Since methanol is readily available, it was chosen for
extracting the soluble portion, which is probably the
oligomer.

The oligomer is only slightly soluble in
methanol. Hence the powdered sample was taken in a filter
paper thimble and extracted in a Soxhlet extractor on a
water bath for about 200 hrs. The progress of extraction
was monitored by withdrawing nascent extract periodically
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from the Soxhlet apparatus and recording the uv-visible
spectrum. Extraction was assumed to be complete when the
extract did not give any absorption band in.tIme3oo—7oo nm

range of the spectrum.

9.4 DOPING

It has been observed by earlier workers [12,15]
that doping of polyaniline from moderately concentrated
HCl results jJ1 the incorporation of chlorine atom to the
aromatic ring. For this reason, the purified base was
doped with HCl of upto one molar concentration. Finely
powdered base (1 g) was shaken with 200 ml of hydrochloric
acid %f appropriate concentration for 24 hrs. The
protonated material formed was filtered without the aid of
solvent, sucked dry by drawing air using a water pump. It
was dried in EH1 air oven at 80°C, and then stored in a
vacuum dessicator.

The pH of the equilibrium solution was measured
using a pH meter (Systronics model 335). A combination of
glass and calomel electrode was used, and was calibrated
with standard buffers.
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9.5 CHARACTERIZATION OF THE MATERIAL

The samples of polymer prepared were charact
erized by the IR spectrum, uv-visible spectrum,
differential scanning calorimetry and electrical
properties.

9.5.1 Infrared spectra

The infrared spectra’ CH3 the samples were
recorded tn; nujol mull technique CH1 a Perkin-Elmer model

683 infrared spectrophotometer.

9.5.2 UV-Visible spectra

UV-Visible spectra of solutions were recorded
using Shimatzu uv-visible spectrophotometem ‘model 160 A.

UV-Visible spectra of finely powdered solids were recorded
by Quagliano's method using Hitachi model 340 uv-visible
NIR spectrophotometer. A paste of finely powdered sample
was mulled with nujol and uniformly spread over a strip of
whatman No.40 filter paper. A. strip of filter paper
smeared with nujol was used as blank.

9.5.3 DSC

Differential scanning calorimetric traces were
recorded using Perkin—Elmer DSC 7 instrument as described
in 2.5.
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9.5.4 Electrical properties

Finely powdered, dried samples of atmut 250 mg
were pressed txa circular discs iJ1.a pelletizer [Perkin
Elmer] at a pressure of 4 tons/cm2. Both broad
faces of time pellet were vacuum deposited with silver to
provide good electrical contact and measurements were
taken on the same day.

The instruments and their configuration used in
the electrical measurements were the same as those
employed in section A.2Jv The specimens were preheated to
80°C in a dynamic vacuum of 10-3 Torr for 30 minutes prior
to the experimental runs. The samples were then cooled to
the initial temperature of the runs. dc and ac electrical
conductivity, dielectric constant and dielectric loss were
measured as ea function of temperature as well as
frequency. The experiments were repeated with different
samples to ensure reproductivity of results.
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Chapter 10

ELECTRICAL CONDUCTIVITY AND DIELECTRIC CONSTANT OF

POLY(META-TOLUIDINE)

Abstract

The dc and ac conductivities and dielectric
constant of poly(meta-toluidine) prepared by chemical
oxidation kunma been measured after careful purification.
The dc conductivity at 300 K for the pristine base

llto 3.24xlO-9 ohm-lcm_l upon dopingincreases from 5.7xlO

with 1 M HCl. Its conductivity does not reach the
metallic regime. Temperature and frequency dependence of
electrical properties were analysed using various formats
to elucidate the possible mechanism of electrical
conduction. In the base and lightly doped materials
conduction is aa thermally activated process. In heavily
doped materials conduction takes place by a variable
range-hopping mechanism.

214



215

10.1 INTRODUCTION

The details on the synthesis of substituted
polyaniline have appeared only scarcely in the literature.
Bingham and Ellis [1] synthesised substituted
polyanilines. Shenglong et al. [2] have investigated the
polymerization reactions of meta—toluidine, ortho
chloroaniline and cmtho-nitro-aniline. Of these, nitro
aniline does not yield an polymer. They‘ characterised
poly(meta—toluidine) anui poly(chloroaniline) knr DSC,
X—ray, IR, XPS and room temperature dc conductivity
measurements. Snauwaert en: al. K3] have observed that
partial dechlorination occurs during the synthesis of
poly(chloroaniline). In all these cases the results
reported are on the as-prepared polymers. No special
procedure was employed to remove the oligomeric impurities

which are present in the as-prepared material.

Meta—toluidine is aniline with a methyl
substituent on the meta-position of the benzene ring.
Para-position is free and can participate in a head-to
tail linkage with another molecule as in the case <of
aniline, thus forming poly(meta—toluidine) (Fig.lO.l).
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11Zn ©*NH2 —©— N =<:= N'/CH3 CH3 CH3
Fig.lO.l Schematic illustration of the formation of

poly(meta-toluidine).

The resulting poly(meta-toluidine) base differs from
polyaniline only for the methyl group present on the
benzene ring. This substituent can lead to a twisting of
the planar structure of this quasi-one dimensional
molecule, thus modifying its electrical properties.

It is therefore worthwhile to undertake a
detailed experimental study cm? the electrical properties
of this material. We have here carried out a systematic
investigation of the electrical properties of oligomer
free pristine poly(meta-toluidine) base and its HCl-doped
forms. The oligomer-containing material has a low melting
point and was not further investigated.
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10 . 2 EXPERIMENTAL

10.2.1 Preparation of poly(m—toluidine)

Meta—toluidine (CDH, Bombay) was purified as
described in section 9.2.2. Pure meta-toluidine
(0.1 mole, 10.7 g) was dissolved in 500 ml of 2! molar
sulphuric acid. The solution was flushed with nitrogen
gas and cooled to 5°C. To this solution, 0.1 mole
(22.8 g) of ammonium persulphate dissolved in a minimum
quantity’ of water was added ‘with .slow stirring. The
solution was kept stirred for 4 hrs. The crude material
was filtered and washed with water. The crude polymer
containing oligomers was dried in an air oven at 80°C. A
portion of this product was finely ground and equilibrated
with excess of ammonium hydroxide solution to convert it
to the base. It was stirred for 2 hrs., filtered and
washed with distilled water till the washings were free of
ammonia.

10.2.2 Removal of oligomers

Poly(m-toluidine) so prepared contained
oligomeric impurities soluble ix: methanol. These ‘were
removed by continuous extraction with methanol in a
Soxhlet extractor for about 200 hrs. Progress of
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extraction was monitored by taking out fresh extract and
recording time UV-Visible spectrum. Extraction was
continued till the extract did not give any absorption in
the visible spectrum.

10.2.3 Doping

Finely powdered poly(meta—toluidine) sample
(1 g) was shaken with 200 ml of HCl of appropriate
concentration for 24 hrs. The material was filtered
without the aid of any solvent. pH of the filtrate was
determined. The solid was dried at 80°C in an air oven.

10.2.4 Preparation of specimen for electrical
measurements

About 200 mg of powdered dry poly(m-toluidine)
free of cdigomers (PT) and doped materials derived from
these (PTD) were pressed to circular discs of 12 mm
diameter and thickness about 1.3 mm using a hydraulic
press at aa pressure of 4 tons cm—2. Broad faces of the
discs were vacuum deposited with silver to provide good
electrical contact. The samples were kept in an evacuated
desiccator and used for the electrical measurements on the

same day.
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10.2.5 Measurement of electrical properties

dc electrical conductivity as a function of
temperature, and en: conductivity and dielectric constant
as functions of temperature and frequency were measured as
described in section 9.5'of this thesis.

10.2.6 Thermal and spectral characterization

Differential scanning calorimetric Ineasurements
were made as described in section 9.§', UV-Visible spectra
of the solid samples were recorded. after mulling ‘with
nujol and smearing on a strip of filter paper.

10.3 EXPERIMENTAL RESULTS AND DISCUSSION

10.3.1 UV-Visible spectrum of the oligomer extract

Extracthmi of the crude polymer gives a highly
coloured solution. As can be seen from Fig.lO.2, the
complex nature of the spectrum indicates the presence of a
variety cnf compounds ix: the initial stages. In later
stages of extraction, the absorption in the visible range
disappears. At this stage it is assumed that the material
is free of soluble oligomers.
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10.3.2 Infrared spectrum

The infrared spectrum of the purified base (PT)
gives absorptions at 2970, 2865, 2820, 1480, 1375, 810 and
720 cm-1. The band at 1375 cm_l confirms the presence of

methyl group in the material. In PTD4 (ie., PT base doped
in l M HCl) a weak band occurs at 1145 cm-1 which is
characteristic of protonated polyaniline.

10.3.3 Effect of doping

Protonation of polyaniline is known to modify
its electronic spectrum. In PT, the effect of doping is
very slight as can be seen from Fig.l0.3. This is perhaps
due to the inability of the polyaniline backbone in PT to
get protonated. This is further reflected in the
electrical properties.

10.3.4 Electrical properties

Poly(meta-toluidine) contains cnflqr one type of
repeat unit viz., meta-toluidine (Fig.l0.l). It is known
that substituents present on quasi-one-dimensional
molecules forming conjugate double bonds can restrict the
long range planarity. For a polymeric conductor it is
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essential that the double bonds are extensively
conjugated. fflua lack of extended conjugation of ‘W-bond
might be the reason for the very low conductivity in PT.
Even doping in ]_bd HCl does not improve its conductivity
significantly (Table 10.1) compared to that in
polyaniline.

10.3.5 dc conductivity

The dc conductivity of PT shows strong
dependence on T. Also its magnitude increases with
increasing concentration of the dopant. In order to
facilitate the comparison of various models of transport
in disordered materials, the available dc conductivity
data are presented in different formats.

The Arrhenius plot for the dc conductivity data
for pristine PT base and acid doped PT base are presented
in E‘ig.lO.4. with increasing protonation the degree of
curvature of the plots in the low temperature region
increases. For various protonation levels, the slope of
the Arrhenius plots ie., the activation energy' in the
temperature region 210 to 370 K decreases with increasing
degree of gmotonation. As can be seen from Table 10.1;
the activation energy shows only slight variations with
increase in the degree of doping.
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The dc conductivity data when plotted as log 0‘
vs log T (Fig.lO.5) loosely fit into a power law behaviour

dc

n varies only slightly with the degree of doping.

1/The plot of log o'T2 vs T is shown in::\*‘

Fig.lO.6. It gives a better linear fit than the log o'vs
T-l plot. This observation is in agreement with the
variable-range-hopping model [4,5] for which crac can be
written,

0' = [9°<N°]% 2’ ex [-(T /T)%] (10 1)dc 8FkT ph p 0 '
where T = ———l§—3—0 kNOc£
Here NO is the density of states at the Fermi level,2#L
is the phonon attempt frequency and «x is the three
dimensionally averaged characteristic decay length for the
localized sites involved in variable-range-hopping. A
good fit to this plot is in agreement with a composition

dependent To as given in Table 10.1.

The ch: conductivity data treated iJ1 accordance
with the theory for various mechanisms for conduction show
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that the best fit is obtained for a variable-range-hopping
model. Though doping enhances conductivity in PT, the
increase is much less than that in polyaniline.

10.3.6 ac conductivity

The experimental results for ac conductivity of
PT base and that doped in 1 D1 Hcl are presented in
Fig.l0.7 and 10.8. Measurements were made CH1 PT and PT

doped with HCl at different concentrations of dopant
represented in Table 10.2. However, typical plots for PT

and PTD4 alone are presented in the figures. For all the
materials studied the ac conductivity versus frequency
plots are linear at very low temperatures. As the
temperature rises, the low frequency contribution of ac
conductivity increases. Also the conductivity increases
with increasing degree (Hf dopimg. The dependence of ac
conductivity on the degree of doping is listed in Table
10.2. At all temperatures tine conductivity’ at higher
frequencies varies as,

0' DC f (10.2)
where s v\O.42.
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Table 10.2: Dependence of ac conductivity and dielectric
constant of poly(meta-toluidine) on the
equilibrium concentration of dopant HCl.

Material Equilibrium QH of log[o'(ohm71cm-1)]doping solution (300 K, lkHz) (300 K, 1 kHz)

PT 7.0* -8.85 6.87
PTD1 0.56 -8.79 6.93
PTD2 1.32 -8.66 7.08
PTD3 2.24 -8.28 11.85
PTD4 2.87 -8.12 12.85
* distilled water
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10.3.7 Dielectric constant

Fig.l0.9 and 10.10 show the\mmiatkx1of dielectric

constants of pristine and doped PT as a function of
frequency at different temperatures. The dielectric
constant of doped PT, (PTD Fig.l0.l0), has ea higher4!

value than the pristine base (Table 10.2). In all these
materials, the dielectric constant is almost frequency
independent at low temperatures. At low frequencies there
is an increasing temperature contribution to the
dielectric constant.

10.3. 3 Differential scanning calorimetry

DSC thermograms of the samples presented in
Fig.l0.ll show a broad hump which starts at about 50°C and
levels off around 120°C. Thereafter they show a platau up
to 240°C. This iii followed tnr a continuous endothermic
process probably’ due tKD conformational rearrangement of
the chain or due to decomposition. The endothermic
process between 50 and 120°C is due to the loss of
adsorbed moisture [6,7]. iflua electrical. data presented
above were measured after annealing the sample at 80°C in
a dynamic vacuum for 30 min. This explains the absence of
any spurious conductivity cnr dielectric variation due to
adsorbed moisture in the results given above.
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Chapter 11

ELECTRICAL PROPERTIES (H? POLY(ANILINE CO-META-TOLUIDINE)

Abstract

Poly(aniline co-meta-toluidine) was prepared
using different mole ratios of aniline to meta—toluidine.
ac and dc electrical conductivities and dielectric
constant were measured for the as-prepared material, which
contains oligomers,as vufld. as for oligomer—free samples.
Studies were also conducted with these materials doped to
different levels with protonic acid. The oligomer
containing material shows higher conductivity as well as
dielectric constant. Doping enhances conductivity and
dielectric constant iJ1.all the nmterials. Dependence of
conductivity as well as frequency was studied in detail
and analysis was made using different mechanistic formats.
The activation parameters thus derived indicate that
conduction is a thermally activated process in pristine
base and lightly doped materials. In heavily doped
materials a variable-range-hopping mechanism applicable to
disordered semiconductors is prevalent. However, the
substitutional effect exerted by the meta—toluidine repeat
units inhibits conductivity and in spite of heavy doping;
it never reaches the metallic conductivity shown by
polyaniline.

238
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ll . 1 INTRODUCTION

The work presented in the preceeding chapter
reveals some interesting differences in the properties of
poly(meta-toluidine) from polyaniline. The most striking
difference is with regard to electrical properties,
especially tflue electrical conductivity. Conductivity of
polyaniline can be raised to metallic regime by simple
proton doping, whereas poly(meta-toluidine), which is
nothing tun: polyaniline with a methyl substituent on each
repeat unit, attains only a conductivity about six orders
of magnitude less. This points to the interesting results
that may be anticipated if one investigates the electrical
properties of copolymers of aniline with meta-toluidine in
different mole ratios of the monomers.

The chemical structure anui electrical. charact
eristics of polyaniline prepared under various conditions
have been exhaustively studied [l—26]. However, studies
directed to reveal the influence of substituents on the
properties <1f polyaniline have been scarce [27-28].

The copolymers of aniline with 2-chloroaniline
and 2-iodoaniline have been reported by Neoh et al. [28].
The composition of the copolymers could be effectively
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controlled by varying the monomer feed ratio. These
studies were essentially confined to a simple measurement
of dc electrical conductivity along with investigations on
the structural elucidation by IR and X-ray photoelectron
spectroscopy.

This chapter summarises the experimental methods

employed iJ1 the synthesis of poly(aniline co-meta
toluidine), its purification, doping technique and
physicochemical and electrical characterisation of the
resulting materials. The conduction mechanism in samples
treated by different techniques are also discussed.

11.2 EXPERIMENTAL

11.2.1 Preparation of poly(aniline co—meta-toluidine)

Aniline and meta-toluidine were purified as
described in section 9.2. Copolymers were prepared ‘by
taking the monomer in the feed ratios shown in Table 11.1.

Aniline and meta-toluidine were taken in
appropriate mole ratios and dissolved in 800 ml of 2 molar

H2504. The solution was cooled to 5°C. Ammonium
persulphate dissolved in a minimum quantity of water was
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slowly added txa the amine solution with stirring.
Stirring was continued for 2 hrs. The precipitate was
filtered and washed with water and dried at 80°C.

Poly(aniline co-meta-toluidine) base (PAT) was
prepared by stirring finely powdered salts with excess of
ammonia. The base so obtained was thoroughly washed with
distilled water till all traces of sulphate were removed
and the washings were free of ammonia. The base was dried
at 80°C in an air oven.

11.2.2 Removal of oligomers

PAT prepared as described in the above section
contained a fraction which readily dissolved in methanol.
Removal of the soluble fraction, which is probably the
oligomer, was rather slow in the latter stages of
extraction. Hence the samples were continuously extracted
for about 200 hrs. in a Soxhlet extractor using methanol.
Portions of nascent extract were withdrawn and the
UV-visible spectrum was recorded. The extraction of
oligomer was assumed txn be complete when the spectrum of

the extract did not show any peak in the visible region.
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11.2.3 Doping

Finely powdered sample (1 g) was shaken with
100 ml hydrochloric acid of appropriate strength for
24 hrs. The solid was filtered off without the aid of
solvent. The pH cm? the filtrate was also noted
(Table 11.1).

11.2.4 Measurement of electrical properties

The electrical properties of the samples were
measured (N1 compacted pellets. Silver electrodes ‘were
vaccum deposited on the broad faces to provide good
electrical contact. dc conductivity’ as a function of
temperature and ac conductivity and dielectric constant as
a function of frequency as well as temperature were
measured as described in section 9.5.4.

11.2.5 Differential scanning calorimetry

DSC traces were recorded using a Perkin Elmer
DSC instrument in flowing nitrogen atmosphere. Details
are presented in section 1 2.5.



243

Table 11.1: Reagent feed ratio employed in the preparation
of po1y(ani1ine co-meta-toluidine)

Ani1ine- Weight of Weight of Weight of
Material m-toluidine aniline m-toluidine (NH4)2S2O8mole ratio (g) (g) (g)

PATl 2 : 1 12.4 7.1 45.6
PAT2 1 : 1 9.3 10.7 45.6
PAT 1 : 2 6.2 14.3 45.6
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11.3 EXPERIMENTAL RESULTS AND DISCUSSION

11.3.1 Removal of oligomer

It is observed that chemically prepared
copolymers contain ea considerable proportion cnf methanol
soluble fraction [29-31]. This fraction lji insoluble in
aqueous mineral acids and bases. Extraction of PAT with
methanol gives an blue-violet solution. The absorption
spectrum of the initial extract has an absorption maximum
at 542 nm (Fig.ll.l). This absorption maximum changes
gradually as extraction proceeds. Such a shift in the
absorption maximum ixuaa conjugated 77-system is charact

eristic of increasing extent of conjugation. In the
present case the shift in the absorption maximum of the
extract as extraction proceeds may be due to the
increasing proportion of higher molecular weight fraction
in the extract.

11.3.2 Influence of oligomer

The influence cnf low molecular weight oligomer
fraction on the electrical properties of high molecular
weight polymers is likely txa be pronounced. The relaxa
tion phenomena associated with conformational raxgamEmtux1

of long chain molecules are reflected in the temperature
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and frequency dependence of ac conductivity and dielectric
constant [l9(b)]. It has been conclusively shown [29—3l]
that low molecular weight species are present in poly
aniline prepared under various conditions. Yet najority
of the studies have not considered the influence of
oligomers. In this study it is observed that the
as—obtained co-polymers contain methanol soluble material
which is probably the oligomer.

The marked influence of oligomer on the
electrical properties can be assessed from the data given
in Tablesll.2 and 11.3. The presence of oligomer imparts
a higher conductivity and dielectric constant to all the
materials studied.

11.3.3 Nature of the copolymer

The incorporation of meta-toluidine units in the
polymer is conclusively evidenced by the appearance of an
infrared absorption band at 1370 cm-1 due to a substituent
methyl group. Other characteristic peaks CHE the poly
aniline system ie., those at 1580, 1490, 1380, l330,88O
and 810 cm‘l also appear in the spectrum [28]. The weak
band appearing at 1140 cm-1 is characteristh: of the HCl
doped material [32].
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Table 11.2.1: dc conductivity data for poly(aniline
co—meta-toluidine (PATl)

Equilibrium _l _
Material** pH of dopant log o'F(ohm cm. dHCl solution at 300 K

Activation energy
) in the temper

ature range
1

280-360 K (eV)

PAT1 7.00* -12.03 0.61
PATIDI 3.26 -10.90 0.58
PAT1D2 2.10 -9.75 0.52
PATID3 1.13 -7.34 0.35
PATID4 0.41 -6.84 0.31
PATIO 7.00 -11.49 0.53
PATIOD4 0.45 -4.82 0.26

* distilled water

** Legend: PAT1 - aniline to m-toluidine feed ratio 2:1
D — dopant level
0 — oligomer-containing
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Table 11.2.3: dc conductivity data for poly(aniline
)co-meta-toluidine (PAT3

. ** Equilibrium 1) Activation energyMaterial pH of dopant in the temperHCl solution at 300 K ature range
280-360 K (ev)

lug qi:(omfdcm

PAT3 7.00* -13.60 0.59
PAT3D1 2.73 ‘-13.36 0.58
PAT3D2 1.59 -12.88 0.59
PAT3D3 1.01 -11.74 0.58
PAT3D4 0.36 -11.10 0.58
PAT30 7.00* -10.79 0.50
PAT30D4 0.42 -5.85 0.26

* distilled water

** Legend: PAT3 - aniline to meta-toluidine feed ratio 1:2
D — dopant level
0 — oligomer-containing
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Table 11.3.1: ac conductivity and dielectric constant
)data for poly(aniline co-meta-toluidine) (PATI

Equilibrium 1) Dielectriclog ogé (ohm-1cmMaterialhk pH of dopant constant
HC1 solution 1 kHz, 300 K ClkHz,3OOPO

PAT1 7.00* -9.33 3.64
PATlD1 3.02 -9.26 3.84
PATIDZ 2.00 -9.17 3.93
PAT1D3 1.14 -6.74 40.42
PAT1D4 0.28 -6.75 40.42
PATIO 7.00* -9.28 5.26
PAT10D4 0.39 -4.96 3745.0

* distilled water
** Legend: PAT1 - aniline to meta-toluidine feed ratio 2:1

D - dopant level
0 - oligomer-containing
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Table 11.3.2: ac conductivity and dielectric constant data
)for poly(aniline co—meta-toluidine) (PAT2

Equilibrium -1 -1 Dielectric
Material** pH of dopant 109 dac (Own Cm ) constant

HCl solution (1 kHz, 300 K) (1 kHz, BWDK)

PAT2 7.00* 4 -9.50 4.72
PATZD1 3.26 4 -9.50 4.81
PATZDZ 2.10 A -9.50 4.88
PATZD3 1.13 -7.38 22.08
PATZD4 0.41 -2.21 22.51
PAT20 7.00* -9.59 4.78
PATZOD4 0.45 -4.68 1939.45

* distilled water
** Legend: PAT2 — aniline to meta-toluidine feed ratio 1:1

D - dopant level
0 - oligomer-containing
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Table 11.3.3:

for poly(aniline
ac conductivity and dielectric constant data

co—meta-toluidine) (PAT3)

Equilibrium -l -1 Dielectric
Material** pH of dopant 109 Gac (ohm cm ) constant

HCl solution (1 kHz, 300 K) CLkHz,3QOI0

PAT3 7.00* .4—9.50 4.29
PAT3Dl 2,73 .2-9.50 4.42
PAT3D2 1.59 ‘(-9.50 4.63
PAT3D3 1.01 4 -9.50 5.14
PAT3D4 0.36 4 -9.50 6.01
PAT30 7.00* -8.61 7.01
PAT30D4 0.42 -5.58 134.00

* distilled water

PAT3

D — dopant level
** Legend:

0 - oligomer-containing

- aniline to meta-toluidine feed ratio 1 2
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11.3.4 Solid state electronic spectrum

In the case of heavily doped copolymers it is
seen that the electronic spectra differ slightly from
those of the base material (Fig.1l.2). However, such
changes are not so pronounced as with polyaniline [33].

11.3.5 dc conductivity

The copolymers prepared from different monomer
ratios of aniline and meta-toluidine and their doped forms
show that dc conductivity increases with increasing
proportion of aniline in the copolymer. Also dc conducti
vity rises with decreasing equilibrium pH of dopant HCl
(ie., increasing acid concentration) as can be seen from
Table 11.2. The Arrhenius plots cu? dc conductivity for
various dopant levels, assuming that the incorporation of
dopant is proportional to the equilibrium concentration of

dopant :h1 solution] are presented zhu Fig.ll.3, 11.4 and
ll.5. For the pristine base as well as for the lightly
doped forms, the Arrhenius plots give straight lines.
This indicates that a single activation process is
responsible for conductivity in these materials for the
whole temperature range. At very’ 1ow"temperatures the
base and lightly doped materials are highly insulating and
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Fig.11.2.l:
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Effect of doping on the solid
state electronic spectrum of PATl.
(a) PAT1 base : (b) PAT1D4 (doped
in 1 M HCl).
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the reliability of conductivity measurements decreases.
In heavilly doped materials, the Arrhenius plots show a
curvature at low temperatures. The activation energy
measured from the linear portion of the Arrhenius plots
are given in Table ll.2. It is seen that the activation
energy decreases with increasing’ degreee of jprotonation.
In this respect it is similar to polyaniline base as
reported by Zuo et al. [l9(b)]. One of the distinct
features observed in these studies is that the dc
conductivity’ of the» materials decreases ‘with increasing
proportion of meta-toluidine in the copolymer.

As is evident from Figs.ll.3-11.5 that dc conducti
vity data do not give a precise linear fit for log o‘
vs l/T plots for heavily doped forms in the whole
temperature range. Therefore, the ch: conductivity data

c.\’'‘
Lwere ploted in log o'vs log T and log o'T2 vs T formats.

The behaviour of these plots is similar for all the three
copolymers. Hence the plots for PAT which are typical2

alone are depicted in Figs.ll.4.2 and 11.4.3. It is clear
1:-\"‘

Lthat the log o“T2 vs T plots give a better fit especially
in the case of heavily doped meterials. For the base as
well as lightly doped forms, the conduction seems to be a
thermally activated process. Doping leads to the
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formation of conductive segments dispersed in an insulating
matrix. The enhanced conductivity observed with oligomer
containing materials may be due to the formation of
oligomer salts of higher conductivity.

11.3.6 ac conductivity

The ac conductivity of oligomer-containing
samples is higher than that for purified samples in the
pristine as well as doped forms.

(a) Copolymer base

The base forms of the copolymers, oligomer
containing as well as oligomer—free, show very low ac
conductivity (Table 11.2). Also, the frequency and
temperature dependence of o‘aC for all samples of the base
are very small. A typical representation of frequency and

temperature dependence of Ogc is given in Fig.ll.6.

(b) Doped copolymers

As the extent of doping increases, the magnitude
of ac conductivity’ in doped copolymers also increases.

The frequency and temperature dependence of o"aC for all
samples listed in Table 11.2 were studied. Of these the
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copolymer containing the highest proportion of aniline
7shows maximum values for conductivity (l.8xlO- and

2.lxlO-5 ohm-lcm-1 for PATID4 and PATlOD4 respectively, at
300 K and 1 kHz). Fig.ll.7 to 11.9 illustrate the
temperature and frequency dependence of VAC for the fully
doped forms (doped with l M EKHJ <1f the polymers, viz.,

PATID4, PATIOD4, PATZD4, PATZOD4, PAT3D4 and PAT3OD4.
Though the value of ac conductivity at a fixed frequency
at a particular temperature varies from material to
material, the general pattern of the plots are quite
similar ie., the nature of frequency and temperature
dependence is the same in all the samples. This indicates
that the same conduction mechanism is operative in all the
copolymers.

At low temperatures the ac conductivity of
samples of oligomer-containing and oligomer—free copolymer

doped with ].Dd HCl (PAT2) conforms txa the relationship,

ac

with the value of s A’ 0.52 aMuiAJO.47 for PATZD4 and
PATZOD4 respectively. The corresponding values cnf s for
the base forms (PAT and PAT O) are ~*O.24 and ~»O.l9.2 2
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It is also seen that the value of s increases with
increasing level cnf doping. Other copolymers also show
similar behaviour with regard to ac conductivity, the
value of s slightly varying with the nature of the
copolymer.

11.3.7 Dielectric constant

The variation of dielectric constant as a
function of frequency and temperature were studied in the
case of all the copolymer samples (Table 11.3). Only the
plots for the base and heavily doped (doped with l M HCl)
forms are presented in Fig.ll.lO to 11.13.

The general pattern of the plots for the samples
remains the same. At the lowest temperatures studied the
dielectric constant does not vary significantly with
frequency. As the temperature is raised, the low
frequency contribution. of cdielectric constant increases.
The dielectric constant cnf the base forms are relatively
small at all temperatures. At 300 K its value varies from
5 to £3 (at 1 kHz). The value of dielectric constant
increases with increasing level of doping. The doped
forms of the copolymers show abnormally high values of
dielectric constant at elevated temperatures.



277

The high temperature and low frequency
dielectric constants of the copolymers increase with
increasing level <mf protonation. For PATlOD4, ie., the
oligomer containing copolymer of highest aniline ratio
protonated with l M HCl, the value of dielectric constant
is about 3800 at 1 kHz (300 K). For the corresponding

oligomer—free material (PAT D4) the value is only 40. The1

‘giant’ dielectric constant is perhaps due to the
contribution of the substituent present on the benzene
ring and of the charge carriers generated by doping. Of
all the copolymers studied the oligomer-containing
materials have higher dielectric constant compared to
purified materials.

11.3.8 Thermal behaviour

The DSC thermograms of the poly(aniline co-meta
toluidine) samples in the base and doped forms are
presented in Fig.ll.l4.l to ll.l6.2. An analysis of the
shapes cnf these thermograms reveals some important

features. The oligomer-free pristine bases, PATI and PAT2
show a broad endothermic hump in the temperature range

50-180°C. With PAT3 and the heavily doped forms of all
the pure copolymers (ie., PAT D , PAT D and PAT14 24 3D4) ‘3
more defined endothermic peak is observed with ea maximum

at about 90°C. All the cfligomer—containing samples and
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their heavily doped forms show only a very broad hump with
onset at about 50°C and spanning over a wide temperature
range. The pronounced influence of the oligomers on the
characteristics of the copolymers is ‘well evidenced by
these thermograms. They also clearly show that the nature
of the pristine base is modified by the incorporation of
the dopant.

11.4 CONCLUSIONS

The oligomer-containing copolymers show higher
values for conductivity and dielectric constant compared
tn) the corresponding oligomer—free compounds. The
magnitudes of conductivity and dielectric constant for the
copolymers depend on the proportion of aniline repeat
units in the copolymer. As the ratio of the aniline
repeat units imm the copolymer increases the conductivity
and dielectric constant also increase.

Analysis of the temperature dependence of dc
conductivity and the frequency as well as temperature
dependence of ac conductivity and dielectric constant
observed ix: this study shows that ii: is appropriate to
consider charge hopping among fixed polaron sites to
explain the charge transport in the heavily doped
copolymers whereas a thermal activation mechanism is
appropriate for conduction in the pristine bases.
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Chapter 12

SUMMARY AND CONCLUSIONS

The electrical characteristics of poly(meta
toluidine), copolymers cnf aniline with meta-toluidine in
various ratios and their acid—doped forms have been
studied. The» materials in .as—prepared form invariably
contain oligomeric substances which can be extracted with
methanol. To ascertain the influence of oligomeric
impurities, studies were carried out with oligomer—free as
well as with oligomer-containing materials. The retention
of moisture by the oligomer-containing polymer is higher
than that by the purified material as can be seen from the
DSC thermograms. The retained moisture is released by the
materials slowly above the .ambient temperature, becomes
very rapid above 60°C and is almost complete above 100°C.
The variation in dc and ac electrical conductivity and
dielectric constant effected by the presence of oligomeric
impurities are quite noticeable.

The incorporation of meta-toluidine in the
copolymer is confirmed by the IR spectrum. Meta—toluidine

modifies the electrical properties significantly. All the
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polymer bases are strong insulators. Doping with acid
enhances the electrical conductivity as well as dielectric
constant in all the polymer samples. However, the
influence of dopant varies depending on the nature of the
polymer. It is also found that as the ratio of meta
toluidine in the copolymer increases, the electrical
conductivity as well as dielectric constant decreases.
The effect <1f dopant concentration cn1 the properties of
poly(meta-toluidine) and the copolymers are illustrated in
Fig.l2.l, l2.2 and 12.3. It can be seen from these
figures that the values for electrical properties reach a
saturation when the concentration of the dopant is
increased.

Depending on the degree of doping, the
conduction mechanism registers a change. In pristine
copolymer bases and their lightly doped forms the
conduction seems txa be by thermal activation. At higher
concentrations of dopant a variable—range—hopping
mechanism is proposed as revealed from the analysis of the
conductivity data. The large value of dielectric constant
observed at high dopant levels may be due to the contri
butions of the structural units as well as of the charge
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carriers generated by doping. The large dielectric
constant associated with the doped forms of PAT1 and PAT2
apparantly makes them suitable candidates for charge
storage applications.
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