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Abstract
Polymerisable liquid crystalline semiconductors, referred to as reactive mesogens
(RMs), consist of π-conjugated cores with reactive end groups decoupled by an
aliphatic spacer. These can be polymerised within a mesophase, maintaining the selfassembled mesophase morphology and charge transport characteristics. By
successfully maintaining desirable charge transport properties in polymerised films,
these molecular systems can be used in organic electronic applications such as charge
transport layers in organic light emitting diodes and field effect transistors. We
present a systematic study in collaboration with Merck Chemicals Ltd (UK), of the
effect of reactive end groups on charge transport in calamitic liquid crystals (RMs)
using the time-of-flight (TOF) technique. Several different compounds were
synthesised with a variation in both the LC mesogenic core group and the functional
end groups.

The introduction of reactive end groups in most cases affects the

mesophase charge transport compared to the non-reactive LC mesophase transport.
This manifests itself as a reduction in mobility, varying from a factor of four in the
best case, to as large as two orders of magnitude. In the best systems studied, however,
the reactive end group effect on the transport, compared to the non-reactive
mesophase transport, is negligible. Polymerised reactive mesogens do maintain longrange transport, with comparable mobilities to those of the phase in which they were
polymerised over a broad temperature range, including room temperature. The
temperature independent hole and electron mobility found in polymerised systems is
explored using the Holstein small polaron model in the nonadiabatic limit, yielding
the relevant polaron binding energies and bandwidths. In addition to this the Bässler
Gaussian Disorder Model is applied to the data yielding the relevant energetic
disorder parameters.
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Introduction

This chapter introduces liquid crystals and describes what liquid crystals are, what
types of liquid crystals exist, and why we are so interested in them. The problems
faced when using such systems are described as is how these can be overcome. The
materials that were used throughout the course of this investigation are introduced.
Related work by other groups is also discussed.

1.1

Liquid Crystals

The study of liquid crystals began in 1888 when Austrian botanist Friedrich Reinitzer
observed that cholesteryl benzoate had two distinct melting points and ever since
liquid crystals have played an important part in modern technology.

Liquid crystals are materials which display characteristics of both the crystalline and
liquid states. These liquid crystalline states can be induced using two methods. Firstly
by changes in temperature, in which case they are termed thermotropic, and secondly
by changes in molecular concentration where they are termed lyotropic. Furthermore
there are two main forms of liquid crystal, discotics “disc like” molecules [1] [2] and
calamitics “rod like” molecules [3]. The latter liquid crystals are commonly used for
displays.
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Discotic LCs

Calamitic LCs

a)

b)

Figure 1: Cartoons of liquid crystals: a) Discotic and b) Calamitic

In this study we will only be considering calamitic liquid crystals. These types of
liquid crystals generally have several common characteristics; among these are rodlike molecular structures, rigidness of the long axis and strong dipole moments.
Furthermore the liquid crystalline state can be broken down into sub phases, which
are termed mesophases. These mesophases can be classed according to the positional
and orientational order of the molecules. There are two main mesophases, the nematic
phase in which the molecules have no positional order but tend to point in the same
direction and smectic phases in which the molecules maintain the general
orientational order of the nematic phase but tend to align themselves into planes.

A typical thermotropic transition sequence on heating progresses from the crystalline
phase (solid state), then to the smectic phase, next to the nematic and then finally to
the isotropic phase (liquid state). This can be seen in Figure 2.
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Crystalline

Nematic

Smectic

Low Temperature

Isotropic

High Temperture

Figure 2: The transition on heating from the crystalline to the isotropic phase of a typical, rod like, thermotropic liquid crystal.
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In recent years the interest in organic semiconductors has grown, mainly due to the
success of amorphous thin films in devices such as light emitting diodes (OLEDS)
and Xerographic copiers. Mobilities of charge carriers in such thin film are in the
order of 10-5-10-3cm2V-1s-1, which limits the performance of organic devices.

Since the discovery of conduction in conjugated calamitic liquid crystals in the 1990s
[4][5], many LCs have been characterized and found to have charge carrier mobilities
in the order of 10-4-10-1cm2V-1s-1.

Therefore they have superior charge carrier

mobilities compared to most amorphous thin films. This makes them good candidates
for semiconductor devices.

Charge transport however, is fastest in highly ordered liquid crystal mesophases
which, in many cases, occur above room temperature. When cooled to room
temperature these systems often form polycrystalline solids, introducing grain
boundaries and other defects which in turn result in trapping, causing unfavorable
charge transport properties. A room temperature mesophase, such as those commonly
used in display applications, would provide desirable transport, but would not form a
solid layer required for device fabrication.

A possible solution is to incorporate polymerisable end groups into the molecular
structure of the conjugated liquid crystals forming reactive mesogens (RMs) [6]. As
with non-reactive mesogens, they are able to form mesophases which, once formed,
can be polymerised, and in doing so produce an insoluble network. This maintains
the structure of the mesophase and hopefully the charge transport properties at room
temperature [7].
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This process is additionally advantageous in the production of multilayer
semiconductor devices such as OFETs and OLEDs for two reasons:

1) Sequential solution based application methods can be easily used without the
solvent from the most recently applied layer facilitating interlayer diffusion.
2) These devices can be laterally patterned by photolithography.

It has been reported that the incorporation of such polymerisable end groups reduces
the charge carrier mobility significantly, when compared to the original non-reactive
material [8], although, for nematic phase RMs, the mobility appears to increase after
the polymerisation [9]. This has been attributed to improvements in positional order
and therefore increased π-orbital overlap.

No major systematic studies of these systems have ever been reported in the literature.
Thus in this thesis we aim to discuss the effect these reactive end groups have on the
charge carrier transport properties. Both RM systems with transport that compares
unfavorably with non-reactive LC systems, as well as RM systems with desirable
transport properties are reported.

1.2

Liquid Crystal Mesophases

1.2.1 Crystalline Phase
A cartoon of the crystalline phase is shown in Figure 3. This usually forms at low
temperature and the molecules within this phase have both positional and
orientational order. The molecules within such a phase are fixed, thus defects which
occur in the lattice are permanent, as are the presence of the grain boundaries.
16

Figure 3: Cartoon of the Crystalline phase with defects

1.2.2 Smectic Phases
Smectic phases occur when the thermal energy is enough to overcome the Van de
Waals attractive forces between the ends of the rods and so positional order of each
layer may be lost.

Several types of smectic phases exist. Two of the most common of which are the
smectic A and smectic C phases. Molecules in smectic A and C phases tend to arrange
themselves into planes. Within these planes no positional order exists, so we can
consider the positional order to be 1D only. All smectic phases display orientational
order. In the smectic A phase the director is perpendicular to the planes, while in the
smectic C phase the director makes an angle other than 90o to the planes i.e. it is tilted.
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a)

b)

Figure 4: Cartoons of the a) smectic A phase and b) the smectic C phase

Many other smectic phases exist from A to K, some of which also display positional
order within the strata. Unfortunately the designation of smectic phases by letters is
more historical than physical, and so, the smectic phase which orients the director
perpendicular to the plane but has positional order within the plane (where the
molecules are arranged in hexagonal lattice), is named the smectic B phase.

1.2.3 Nematic Phase
In the nematic phase the molecules have no positional order but tend to point in the
same direction, along the director, as shown Figure 5. We note that the LCs have
some deviation in direction. However, the average alignment is along the director.
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Director

Figure 5: Cartoon of the Nematic phase

1.2.4 Isotropic
The Isotropic phase occurs when the thermal energy supplied to the liquid crystal
causes the motion of the molecules to increase until eventually the vibrations become
so intense that they destroy both the positional and directional order. Thus we end up
with a totally disorganized system as shown in Figure 6.

Figure 6: Cartoon of the Isotropic phase

1.2.5 Mesophase and Mobility

Let us consider a material which displays the following mesophases on heating :
K – SmC – SmA –N - I
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If we now measure the charge carrier mobility in each of the phases, we would expect
to see the highest value for mobility occurring in the most highly ordered liquid
crystal mesophases, in this case the SmC, and the lowest value for mobility occurring
in the most unordered phase, the isotropic phase. Mobility values are usually not
recovered in the crystalline phase for two main reasons:

1) Defects within the lattice make it difficult for the charge carriers to move.
2) Grain boundaries trap charge carriers.

In general this is what has been found by many groups [10]. It is the generally
accepted view that this increase in mobility with increasing positional and
orientational order is due to the increase in the electron wavefunction overlap as the
conjugated systems become more ordered. A perfect molecular crystal would give
very high mobilities and long-range transport.

1.3

Materials

The general transport behaviour observed in calamitic LC systems shows an
improvement in mobility as the material forms higher order mesophases. The higher
the order of the mesophase, the better the π-orbital overlap between neighbouring
molecules and the higher the subsequent carrier mobility [4] [11]. Consequently one
expects higher mobilities in, for example, a smectic G phase compared to a nematic
phase. With this in mind materials were developed with high order mesophases.

Three mesogenic cores were used in this study, the first set of materials was based on
substituted phenylnaphthalenes (PNP) (Figure 7). These were chosen due to the well-
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known behaviour of the parent liquid crystal system (Figure 7, formula a), which
exhibits ambipolar transport with high mobilities [4]. The second set of materials was
based on substituted bis(4-heptylphenyl)-bithiophene (PTTP), (Figure 8), which has
previously been reported to demonstrate high field effect mobilities as a
polycrystalline film [12]. The third and final set of materials was based on substituted
quaterthiophenes (QT). Quaterthiophenes, (Figure 9), were chosen as they had been
shown to have excellent field-effect mobilities as vacuum deposited thin films [13],
and demonstrate liquid crystalline behavior when substituted with alkyl chains [8].
The details of the preparation of all the materials used in this study can be found in
references [7] and [14].

Each of the mesogenic cores was substituted with various functional end groups.
Namely: acrylate, diene, and oxetane. All endgroups could be polymerised in the
presence of a suitable initiator. Free radical initiators were used for the acrylate and
diene endgroups, and a cationic initiator was used for the oxetane group. The use of
common conjugated cores, allowed the study of how each of the end groups affected
the charge transport properties of the core LC group, both before and after
polymerisation.
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Figure 7: Molecular structures of the phenylnaphthalene LCs: (a) non-reactive
phenylnaphthalene (8PNPO12). (b) phenylnaphthalene acrylate (PNP-acrylate). (c)
phenylnaphthalene diene (PNP-diene).
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Figure 8: Molecular structure of bis(4-heptylphenyl)-bithiophene LCs: (a) nonreactive bisheptylphenyl-bithiophene (PTTP). (b) bisheptylphenyl-bithiophene diene
(PTTP-diene). (c) bisheptylphenyl-bithiophene oxetane (PTTP-oxetane).
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Figure 9: Molecular structure of quaterthiophene
LCs: (a) non-reactive
quaterthiophene (QT). (b) quaterthiophene diene (QT-diene). (c) quaterthiophene
oxetane (QT-oxetane).
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1.4

Related Work by Other Groups

Charge transport measurements have been conducted on many calamitic liquid
crystals since the mid 1990s and much has been revealed about their charge transport
properties in that time [15][16]. One of the growing areas in this field was the concept
and investigation of reactive mesogens or other ways of maintaining mesophase
charge carrier transport properties at room temperature. The aim of this section is to
give a brief overview of relevant and related work regarding Time-of-Flight (TOF)
studies carried out using calamitic LCs and RMs. We also aim to provide information
about other possible applications of such systems.

One such system reported was 8-PNP-012 [4]. 8-PNP-012 displayed non-dispersive
ambipolar transport in the smectic and the isotropic phases. The hole and electron
mobilities were both reported to be 1.6×10-3 cm2/Vs in the lower temperature phase
(SmB) which exists between 79oC and 100oC, and 2.5×10-4 cm2/Vs in the higher
temperature phase (SmA), which exists between 100oC and 121oC. A lower mobility
of 8×10-5 cm2/V was reported for the isotropic phase and all mobilities were
independent of field and temperature within the phase.

Field and temperature independence of the mobility within a phase is commonly
found for both calamitic and discotic LCs [17][4]. A variety of hopping models have
been used to try and describe charge transport in such systems [18][19][20]. Band
transport models have also been used successfully to describe charge transport in a
discotic system which displayed high mobilities ~ 0.06 cm2/Vs [21].
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Ohno et al. attempted to describe the charge transport of 8-PNP-012 using both the
experimental data collected and a Monte Carlo simulation [22]. They found that the
observed transport can be explained by using a two-dimensional hopping model with
a Gaussian distribution of density of states. They calculate the value of σ in their
system (SmB) to be ~60 meV which is much smaller than typical values of σ= 100120 meV found in many organic disorder systems [18]. They argue that this is due to
the disorder of hopping sites in the smectic B being much less than in amorphous
organic systems.

High mobilities, cheap production and processing costs make LCs increasingly
appealing for use in organic devices such as OLEDs, OFETs, and optical
photovoltaics (OPV). The materials still remained impractical to use in such devices
however, as they tend to crystallise at room temperature. One solution is to keep the
mesophase at room temperature, as in this study, by incorporating functional end
groups and polymerising the material. One alternative method has also been reported
in which a semiconductor composite was formed. It consisted of a liquid crystalline
semiconductor namely 8-PNP-012 as mentioned above and a cross-linkable (acrylate
endgroup) polymer derived from hexanediol diacrylate (HDA). This was formed by
photopolymerisation [23]. This composite was photopolymerised in both the smectic
and isotropic phases. In the smectic phase, transport remained non-dispersive and
mobilities were unchanged from that of the pure 8-PNP-012, even when the
concentration of HDA approached 20wt%. However, in the isotropic phase the
transport became dispersive and the mobility dropped by an order of magnitude. They
also found that the carrier mobility of the negative charge carriers was significantly
reduced and became temperature dependent irrespective of the mesophase the
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polymerisation was carried out in, and suggests that this may be caused by impurities
formed during the polymerisation process.

As mentioned above, a major factor which affects charge transport is the impurity
level within the material. This was highlighted by Funahashi et al [24]. TOF studies
were carried out using 8-PNP-012 to investigate the effect impurities have on the
charge transport properties in smectic liquid crystals. This was done by varying the
concentration of a neutral impurity, in this case 6-TTP-6. This material was chosen as
the impurity was shown to have good compatibility with the 8-PNP-O12 and no phase
separation was observed. The study concluded that impurities in such systems do
indeed act as traps and suppress fast electronic transport. In some mesophases it was
found that the electronic conduction completely vanished with an impurity
concentration over 50 ppm. A good review of the TITech group’s work regarding
calamitic and discotic is given in reference [25].

Researchers at the University of Hull have reported TOF mobilities for a reactive
mesogen (diene end groups), which displayed a nematic phase at elevated
temperatures and crystalline phase at room temperature. Polymerisation of the
material was carried out in the nematic phase to form an insoluble network at room
temperature. It was discovered that the mobility increased from 1.5×10-4 cm2/Vs as
measured in the non-polymerised nematic phase [9], to 3×10-4 cm2/Vs in the
polymerised sample at room temperature. The charge transport of the system
displayed large temperature dependence and a weak field dependence. It suggested
that a static disorder model that includes spatial correlation in the carrier energies
could explain these findings.
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PL studies were carried out on the same material [26]. It was found that the quantum
efficiency of the material increased once polymerisation had occurred. Indeed many
groups have synthesized and conducted both PL and EL measurements on nonpolymerised RMs and polymerised RMs in order to assess their applicability in
OLED devices [26] [27] [28]. All indicate that these materials are good candidates for
use in OLEDs.

McCulloch et al. carried out OFET studies using a mesogen with a bisphenyl
bithophene (PTTP) core [29]. Three RMs which incorporated oxetane, methacrylate
and diene-reactive endgroups were also prepared. FET measurements were then
carried out for four systems before and after polymerisation where possible. It was
found that the methacrylate underwent thermal polymerisation and was deemed
unsuitable for thin-film processing and so no measurements were collected once
polymerised. Polymerisation and measurements of the diene and oxetane were carried
out. When all the data was compared it was found that the diene before
polymerisation achieved the highest mobility overall reaching µFET = 1 x 10-2 cm2/Vs
(measured in air). However, after polymerisation it was found that the mobility
decreased by an order of magnitude. The oxetane’s mobility increased post
polymerisation by a factor of 3 to µFET = 2 x 10-4 cm2/Vs. The effect of polymerising
the diene was also investigated by grazing incidence wide-angle X-ray scattering
(GIWAXS). The GIWAXS showed that the crystalline structure was preserved after
polymerization. However, a broader distribution of crystallite orientations was also
discovered. It is believed this was the cause of the reduction in mobility for the diene
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system. The performance of the devices did not deteriorate when exposed to air for a
period of over 200 days.
As will be shown in this thesis, and by research conducted by others, polymerised
networks formed using reactive liquid crystals possess mobilities which may be too
low for certain applications such as OFETs. If liquid crystals are ever to fulfill the
promise they once showed, then non-reactive LCs with higher mobilities need to be
found. Then, and only then, can one expect to produce polymerised networks that
display reasonable mobilities. In order to find such materials, TOF studies must be
continued. One recent study by Funahashi et al describes the design and charge
transport properties of two thiophene-based smectic liquid crystals [30]. They discuss
how the charge carrier mobility is determined by the molecular distance within the
smectic layer. Therefore large π-conjugated systems exhibiting a high order smectic
phase should be favourable for high carrier mobility. However, strong intermolecular
interactions between large π-conjugated systems usually cause crystallisation. In order
to overcome this they design asymmetric molecules which do not disturb the packing
and this asymmetry also has the benefit of reducing and extending the mesophase
temperatures. They report two such materials 6-TTP-yne-4 and 3-QTP-4, both of
which display a smectic phase from below –20oC to 98.6 oC /192 oC respectively, after
which they both undergo a phase transition into the isotropic. 3-QTP-4 was found to
have a very high mobility of 0.1 cm2/Vs, which did not display any electric field or
temperature dependence. 6-TTP-yne-4 had a measured mobility of 0.03 cm2/Vs.
These very high mobilities were attributed to the larger π-overlap due to the small
intermolecular distances and small distances between the layers. A calamitic LC with
a field and temperature independent mobility of 0.1 cm2/Vs would make an ideal
candidate for substitution of functional end groups.
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There is however another possibility for forming polymerised networks from LCs that
display high mobilities. This, of course, is to use discotic systems. These types of LC
systems have displayed mobilities as high as 0.71 cm2/Vs [31].

One such high mobility system was reported recently by Iino et al. They describe the
charge transport properties of a metal-free phthalocyanine derivative [32] [33]. It was
found that the material displayed ambipolar charge transport properties with measured
mobilites values reaching µe=0.3 cm2/Vs and µh=0.2 cm2/Vs in the columnar
hexagonal phase (Colh). These mobilities were obtained by conducting TOF
measurements under both an argon and ambient atmosphere. When the results were
compared, it was found that the air seemed to have no effect i.e. these materials
appear to be air stable. The reason for this air stability is not exactly known but it is
believed to be due to the closely packed molecular arrangement in the discotic
columnar phase. This means that the oxygen could not diffuse into the bulk of the
material.

Discotics, however, may not be suitable for forming such polymerised networks as it
has been found that charge transport in such systems is essentially one-dimensional
[34] i.e. the charge carriers move along the stacks hopping from molecule to molecule
until they recombine with the counter electrode. It is ~ 1000 times more difficult for
these charge carriers to hop to an adjacent molecule in another stack [34]. This causes
no problems in a fluid system in which the intrinsic self-healing nature means that a
defect encountered by a charge carrier will not remain for long. It is believed however,
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that this would cause problems once a system is polymerised and all the defects are
“frozen in”.

1.5

Conducting Organic Molecules

Organic molecules often consist of single and double bonds. Single bonds are referred
to σ bonds and double bonds contain a σ bond and a π bond.

Lets us consider Benzene, σ bonds are formed between electrons in line with carbon
nuclei and π bonds are formed from the overlap of the p-orbitals above and below the
plane of the ring. The bond conjugation gives rise to delocalization of electrons over
the entire system (See Figure 10).
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Figure 10: A representation of a) the p orbitals and b) the delocalization, on a
Benzene ring
This delocalization means the π electrons can move freely within the doughnut shaped
cloud as defined in Figure10 b). Thus in conjugated polymer systems the π electrons
can be extended over a large part of the molecule. Hopping of π electrons between
chains leads to conduction in such systems. In the case of small molecules such as the
liquid crystals in this work the π orbitals extend only over the conjugated segment.
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Again conduction occurs by hopping from molecule to molecule. Such conjugated
molecules also have energy gaps in the visible region of the spectrum and can be
treated as organic semiconductors.

1.6

Potential Relevance to Applications

Inorganic electronics relies on materials such as metals and silicon. It is believed that
electronics constructed from organic materials would provide us with a number of key
advantages over such traditional systems, such as easier/faster processing ability,
lower manufacturing costs and the capacity for large area device fabrication.

It is hoped that the performance of such organic devices would be comparable with
that of its inorganic counterparts, for such devices as organic field effect transistors
(OFETs), Optical Photo Voltaics (OPV) and Organic Light Emitting Diodes (OLEDs).
Organic materials can be utilized as charge transport light emitting or light absorbing
layers in all these devices.

Organic materials have one very appealing advantage over inorganic materials that is
the ability of the electronic properties (e.g. position in energy of HOMO/LUMO
levels) to be molecularly engineered via chemical synthesis. This is important in the
case of OLEDs where you desire a particularly emission wavelength. Chemical
synthesis also enables you to engineer the charge transport layers used in your devices,
in order to optimize their performance.

The processing of organic materials is significantly less complex than that for
inorganic materials both in terms of both cost and techniques. Using ink-jet printing
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techniques it may be possible to print electronic devices such as RFID tags or even
OLEDs displays. Indeed the cheap cost of production for such electronics may lead to
a new generation of disposable devices.
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2

Theory

This chapter first describes the basic electrostatics behind the TOF technique which
enable us to measure mobility values. Next, the charge carrier generation is described
where the charge carriers are created within the sample and what factors affect the
photogenerated charge. We consider when the charge carriers recombine with the
counter electrode and the role played by the interaction between coupled/uncoupled
electrons and holes within the material . Additionally, the types of transport that one
can expect to observe in such systems and models which aim to describe and explain
these observations, are discussed.

2.1

Basic Electrostatics

Consider two parallel metal plates, (Figure 11), which are kept a constant distance d
apart, and a constant voltage V is applied across them. If the plates are large and the
distance between them is small, we can assume that the electric field produced
between them is uniform and the magnitude of the electric field produced is given as:

E=

V
d

(1)

If you create a pair of charges ± q at an electrode then they drift in the electric field. If
the charge has the same sign as the electrode, then it will drift towards the counter
electrode. However, if the charge has the opposite sign, then it will recombine with
the top electrode.
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If the charge moves a distance s, in order to maintain a constant potential, a charge

Qm must flow through the external circuit. Thus q moves in a potential

work done on it by the external circuit is

Vs
and so the
d

qVs
.
d

This work is done by a charge Qm , flowing through the external circuit and is equal to

QmV .

⇒ work done =
⇒∴ Qm =

qs
d

qVs
= QmV
d
(2)

From the above equation it is clear that if the charge moves from one electrode to the
other then s = d ⇒∴ Qm = q . This is the unity gain case, where the charge flowing
through the external circuit is equal to the generated charge.

If this is not the case then Qm is simply the product of q and the fractional distance
s
moved . This gives easy calculation of the range, as long as the generated charge, q,
d

is known.
Qm =

qs
d

⇒∴ s =

(3)
Qm d
q
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To find the instantaneous current I through the circuit, we simply take the time
derivative of Qm from Eq. (3).
qs
d(Qm ) d( d ) q(ds dt)
⇒I=
=
=
dt
d
dt
qv
⇒I= d
(4)
d

Where vd =

ds
i.e. the drift velocity of the charge.
dt

V

I

i(t)
R in

q vd

s

d
Figure 11: A schematic of a charge, q, moving in an electric field causing a current
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If we consider the circuit in Figure 11, an expression for the microscopic current i(t)
within the capacitative structure, relating it to the observable voltage drop across the
load resistor is given by [35] :

i(t) =

1 ⎛
dV (t) ⎞
⎜V (t) + Rin C
⎟
Rin ⎝
dt ⎠

(5)

When RC is small i.e. there is a fast response, the second term can be neglected, and
the expression reduces to Ohm’s law.
I (t) = i (t) =

V (t)
R

(6)

When this is the case, current mode TOF technique is being conducted i.e. measuring
current as a function of time.

When RC is large, we can neglect the first term, thus we end up with the following
expression:
i( t ) = C

dV (t )
dt

(7)

Now integrate w.r.t.time t

∫ i (t)dt = C ∫ dVdt(t) dt
Q( t ) = CV ( t ) (8)
When this is the case, integral mode TOF technique, i.e. measuring charge as a
function of time, is being conducted.

All measurements in this thesis were conducted using the current mode TOF
technique.
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2.2

Recombination at the Counter Electrode

Let us consider the simplest case of charge carrier motion between two electrodes. In
order to do this we must make two assumptions:

1) There is no trapping or recombination within the bulk.
2) There is no charge carrier diffusion within the sample.

Therefore if we instantaneously create a thin sheet of charge carriers near one of the
electrodes and apply a potential, all the charge carriers will move towards the opposite
electrode with a drift velocity,ν d , and recombine with this electrode at time tt. Thus,
the transit time can simply be given by:

tt =

d

(9)

νd

The corresponding charge carrier survival fraction function, n (t), would be:

n(t) = 1

t ≤ tt

(10)

n(t) = 0

t > tt

(11)

and

Thus using Eqs. (10), (11) in conjunction with Eq.(9) a diagram of an ideal
photocurrent can be produced as shown in Figure 12.
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tt

Figure 12: An ideal Time of Flight photocurrent signal

Let us consider what would happen if the entire sample mass was illuminated
homeogenously, thus creating charge carriers throughout the entirety of the sample
and once again making the two assumptions:

1) There is no trapping or recombination.
2) There is no charge carrier diffusion within the sample.

Then we would expect a photocurrent with a triangular decay such as the one shown
in Figure 13.
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Figure 13: Transit of a homogenously illuminated sample

2.3 Charge Generation and the Onsager Theory of Geminate
Recombination
There are several processes governing the charge carrier generation in TOF. The
efficiency, ηφ, can be defined as:

ηφ =

Nq
Np

(12)

Where Nq is the number of free electron-hole pairs created and Np is the number of
absorbed photons. The efficiency is written as a product of two dimensionless
quantities: η, the quantum efficiency for carrier generation (that is, the number of
excitons which undergo dissociation, divided by the total number of photons incident),
and φ, the probability of avoiding geminate recombination (that is, the probability that
a dissociated electron hole pair does not recombine shortly after dissociation). Both of
these processes are electric field dependent. The probability of avoiding geminate
recombination has been analysed in detail using the Onsager theory of geminate
recombination [36] [37], which follows.
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If an electric field is applied across a sample in which an electron-hole pair has been
created, it will cause the electron and hole to separate. Both the electron and hole will
attain thermal equilibrium with the surrounding environment after a certain distance
due to their initial energy being lost through many processes.

+++++++++++++++++++++++++++

E-Field

E-Field

er
e+

---------------------------------------------Figure 14: Charge separation in an electric field

By considering the separation distance r, of the electron-hole pair we can determine
the potential energy between them.

First, let us consider the electrostatic force

between the electron and hole:

F =−

e2
4 πεε0 r 2

(13)

By determining the work done by the electric field on the charges we can derive an
expression for the electrostatic potential, as shown below:

W =

r

∫ Fdr
0

e 2 ⎡ 1⎤
=−∫
dr
=
2
4 πεε0 ⎢⎣ r ⎥⎦0
0 4 πεε 0 r
r

r

e2

⇒ W = U1 = −

e2
4πεε0 r
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(14)

However, we must remember that the electron has moved a distance r from its
original position in the applied electric field. Thus using the same arguments as
previously used, the loss in potential energy of the electron is given by U2.

U 2 = −eEr

(15)

Combining Eq. (14) and Eq. (15), we derive an expression for the total potential
energy of the electron:

Ur = −

e2
4πεε 0 r

− eEr

(16)

When the electron-hole pair are separated by a distance where the potential energy is
equal to the thermal energy, kbT, this is known as the Coulomb radius and is given by
the following expression:
rkb T = −

e2
4 πεε0 kb T

(17)

The electron hole pair will undergo geminate recombination unless the electron can
overcome an energy barrier ∆ε. The probability P of this occurring will take the form
of the Eq. (18), where f ( E ) will depend on the dimensionality of the problem and we
consider this probability to be thermally activated.
⎛ ∆ε ⎞
P = f (E)exp⎜ − ⎟ (18)
⎝ kT ⎠

b

rk

p

r

Ep
kT

∆ε
Eb

Figure15a: Total energy of an electron/hole pair in an electric field
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r

Ep
kT
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Eb

Figure 15b: Total energy of an electron/hole pair with field doubled.

dU
e2
=
− eE = 0
dr 4πεε 0 r 2
e2

r2 =

4πεε0eE

= rkb T

(19)

kbT
eE

(20)

As this value of r is equivalent to our distance of escape, p, we can write:

⎛ e
⎞
⎟⎟
p = ⎜⎜
⎝ 4πεε 0 E ⎠

(21)

Using Eq. (21) we can derive an expression for energy barrier ∆ε as follows:

∆ε = ∆U = U( p, E ) − U(b, E)

⎛
⎞ ⎛
⎞
e2
e2
∆ε = ⎜ −
− eEp⎟ − ⎜ −
− eEb⎟
⎠
⎝ 4πεε0 p
⎠ ⎝ 4 πεε0b

∆ε =

e2 ⎛ 1
⎜ −
4 πεε0 ⎝ b

1⎞
⎟ + eE (b − p)
p⎠
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(22)

(23)

Considering the equation above we can see that the first part of the equation is field
independent, and the second part is not. As E is increased the second term increases,
and because p is larger than b we get a negative term. Thus ∆ε decreases with an
increasing field i.e. we have barrier lowering with increasing field leading to a larger
number of electrons escaping geminate recombination.

There is a further factor which will affect the photogenerated charge, namely,
bimolecular recombination. Consider a system, which initially has a large number of
charge carriers. In such a system unrelated electrons and holes may interact with one
another and recombine. This process is known as bimolecular recombination. This
will clearly limit the photogenerated charge particularly at high charge densities.
However, we note that in the TOF experiments, where the light intensity and
photogenerated charge densities are both small, we see no evidence of this.

2.4

Poole-Frenkel Behaviour

As seen in the last section, in order for an electron to escape electrostatic attraction, it
would have to separate from its twin hole by a distance, p, which is given by Eq. (21).
Also from Eq. (16) it is clear that the potential energy at this distance is field
dependent.

The change in potential energy from the non-zero electric field case to the situation
where there is an electric field is given below:
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∆U(E) = U( p, E = 0) − U( p, E)
= −eEp
e3 E
4 πεε0

=−
=−

β
2

E

1

2

(24)

Where β the Poole-Frenkel coefficient is defined to be:

β=

e3

πεε 0

(25)

If ∆U is less than the thermal energy, kT, then there will be no noticeable effect on
the photocarrier generation. If however, ∆U is greater than kT, which is the case at
higher fields, the effect on the photocarrier generation becomes more pronounced.
This effect is known as the Poole-Frenkel effect.

2.5

Penetration Depth of the Exciton

In order to measure the mobility, we must know s the distance the charge carrier
traverses. This distance, of course, depends on where in the sample the
photogenerated exciton is created.

In an ideal situation the exciton would be created close to the illuminated electrode.
Thus, the inter electrode gap, d, can be used as the distance the charge carriers have
traversed, s.

As the intensity drops exponentially within the material, so will the density of the
exciton formation. In order to characterise where the excitons are formed within the
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material we consider δ , the penetration depth. This will vary for all materials and
must be calculated.

In order to calculate δ we must first take the absorption spectra of the material. Then
using this spectrum in conjunction with the derived relation Eq. (30), we can calculate
the absorption coefficient α ( λ) at the laser wavelength (in this case 337nm).

Given that the intensity at a given wavelength decays exponentially with the medium;

I T = I I e −α ( λ ) x

(26)

Where I I = Incident Intensity
IT =Intensity transmitted

and given that the O.D is defined as;

II
IT

Absorbance = log 10

(27)

Substituting Eq. (26) into Eq. (27) we get:
Absorbance = log

II
I I e −α ( λ ) x

Absorbance =

α (λ ) =

= log e α ( λ ) x

α (λ ) x
2.3

Abs × 2.3
x

(28)

(29)

(30)

Next we need to calculate the penetration depth δ . However, first we need to define it,
because in reality we get a distribution of exciton creation depths and so the
penetration depth δ is defined as: (see Figure 16)
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Intensity

Intensity =

0

II
at δ
e

(31)

I I e −α ( λ ) x
δ

Distance (x)
Figure 16: Intensity as a function distance

Clearly combining Eq.(26) and Eq.(31) we get the following expression:

δ=

1
(32)
α ( λ)

So using α ( λ) and Eq. (32), the penetration depth, δ , can be calculated. The
penetration depth should be δ <0.1d. If not, then we cannot justify using Eq. (34). In
cases where δ >>0.1d, a laser which has an excitation wavelength that corresponds
with an absorption peak of the material being studied must be used in order to achieve
a δ <0.1d.

All the materials in this study were investigated using a 337nm wavelength laser and
were found to have a δ <<0.1d, typically ~200nm.
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2.6

Types of Transport

2.6.1 Non-Dispersive Transport:
Figure 17 shows a non-dispersive photocurrent trace, on which can be seen a constant
current plateau. Using Eq. (3) we can conclude that this constant current plateau is
due to the charge carriers moving with a constant average drift velocity. The
photogenerated charge q remains constant, until q is reduced by recombination at the
counter electrode and I decays to zero.

3.5
tt

Current (µA)

3
2.5
2

t1/2

1.5
1
0.5
0
0

5

10

15

20

Time (µs)

Figure 17: Non-dispersive plot and arrival times

In Figure 17, tt and t1/2 represent the fastest and average transit times (where t1/2 is
taken as the time to half plateau height) for charge carriers. Even though this is termed
non-dispersive transport, because of the presence of the constant current plateau, we
can quantify the spread in arrival times of the carriers by defining the dispersion, W.
W =

(t1/ 2 − t t )
t1/ 2
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(33)

The transit times can be read off the plot and then used to find the mobility of the
charge carriers using Eq. (34).
The mobility µ is defined as the drift velocity normalized to the electric field strength.

vd d d d 2
µ= = × =
E t t V Vt t

(34)

Where d = Inter -electrode gap
V = Potential across the gap
tt = Transit time

Note that one can use t1/2 or tt depending on whether one wants the average mobility
or fastest mobility respectively.

The charge collected at the counter electrode can also be calculated by integrating the
area under the photocurrent transient:
∞

∫ Idt = Q

m

= q (unity gain case)

(35)

0

2.6.2 Dispersive Transport:
In a dispersive system there is a large spread in the drift velocities due to trapping.
Due to trapping events this manifests itself as a drop in the average drift velocity over
time and thus no constant current plateau is present. Photocurrent analysis is carried
out using a double logarithmic plot. A theoretical model [38] based on such a system
(i.e. a system in which there is a exponential distribution of shallow traps and thus the
average drift velocity drops over time), can be reduced to form the Scher-Montroll
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This is shown in equations (36) and (37), where α is the

dispersive law [39].
dispersion parameter.

I( t ) ∝

I(t) ∝

1

t

(1−α )

1

1

(1−α )

2α

t
t
−(1+α )
⇒ I(t) ∝ t

⇒ I ( t ) ∝ t −(1−α )

⇒ I(t) ∝

For t<tt

1
t

For t>tt

(1+α )

(36)

(37)

These relationships are very useful as they allow the analysis of dispersive transport,
which at first sight produces featureless photocurrents, but because of the exponents
of t, a double logarithmic plot will produce an inflection point as shown in Figure 18.
In the Scher-Montroll formalism, the transport is described by a unique dispersion
parameter. This is in contrast to the Bässler Gaussian disorder model (GDM) [18],
based on a system with a Gaussian distribution of transport sites, where the pre and
post transits αs are generally found to be different.

t -(1-α1)
log(I)

t0 Transit time
t -(1+α2)

log(t)
Figure 18: Double logarithmic plot of a dispersive photocurrent transient
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If we argue that the integral under the plot should be closed i.e. converge (see Eq.
(35)), when a transit is occurring we can say:
∞

∫ At γ dt
−

t0

(38)

∞

⎡ 1 1−γ ⎤
= A⎢
t ⎥
⎣1− γ
⎦t 0

This converges only for γ > 1, so we would expect to go from a gradient less steep
than –1, to a gradient which is more steep than –1.

In the case of dispersive transport generally α1 and α2 = F(T) i.e. a function of
temperature [18] and a generalised Gaussian DOS behaviour for photocurrents transits
parametric in temperature is shown in the Figure 19.

log(I)
Low
Temperature

High
Temperature

log(t)
Figure 19: Double logarithmic plot of dispersive photocurrent transients parametric
in on temperature
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2.6.3 Field independent and field dependent mobility:
If µ≠ƒ(E) i.e. independent of electric field then a plot of drift velocity against electric

νd (cm/s)

field would yield a straight line and a constant mobility as shown in Figure 20.

Gradient = µ

E (Electric
field)
E (V/cm)
Figure 20: Linear plot of drift velocity against electric field

However, if µ=ƒ(E) as is often the case in dispersive transport, we would not get a
straight line in a vd vs. E plot. In such cases Poole-Frenkel plots are typically
employed. It has been found that field dependent mobilities in many organic materials
obey a Poole-Frenkel “like” relationship. Shown below is such a relationship Eq. (39).

µ = µ0e β

E

⇒ ln µ = β E + ln µ0

Thus log µ can be plotted against

(39)

E and if the plot shows a straight fit as shown in

Figure 21, the behaviour of mobility can be said to be Poole-Frenkle “like” and
measuring the gradient yields β.
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High T

lnµ (cm2/Vs)

Gradient=β

Low T

E1/2 (V/cm)1/2
Figure 21: Typical Poole-Frenkel plots parametric in temperature

As shown in Figure 21, it is typically found that β varies with temperature. In general
β decreases as the temperature is increased i.e. at higher temperatures there is a
weaker field dependence on mobility.

2.7

Bässler’s Gaussian Disorder Model

Charge transport in organic conjugated systems is considered to occur by a hopping
mechanism between sites that are localised on individual molecules or conjugated
segments. Variations in conjugation lengths lead to an inherent disorder in the
energies of these sites i.e. a distribution of site energies. This energetic disorder is
shown schematically in Figure 22.

Bässler and co-workers have studied the relationship between the Gaussian energy
distribution and the characteristics of the time-of-flight transients using Monte Carlo
simulations. In the model described by the equation below, the charge carriers move
by hopping according to the Miller-Abraham rule between the localized sites on a
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lattice. The site energies are distributed according to a Gaussian distribution with a
width σ , i.e. the energetic disorder. ∑ , the spatial disorder is incorporated into the
hopping rate expression to represent the distribution of inter-site distances. An
empirical expression for the charge carrier mobility as a function of both electric field,
E, and temperature T, was formed from this work, and is shown in Eq. (40) below,

where Σ ≥ 1.5 :

⎛
⎜⎛
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎝
⎝

2

σ
2σ
C
E
−
0
k T
3k T
b
b
µ(T, E ) = µ e
e
0
⎛
⎜
⎜
⎜
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎠

2

⎞
⎟
⎟
⎟
⎟
⎠

− ∑2

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(40)

E

LUMO

HOMO

σ
Density of states
Position

Σ

Figure 22: A cartoon representation of the Gaussian disorder model

The mobility pre-factor µ0 is a hypothetical mobility which would occur at infinite
temperature and when no electric field is applied. C is simply an empirical constant
0
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which has been determined to be 2.9x10-4 (cm/V)1/2 for a cubic lattice with an intersite
spacing of 0.6nm.

Analysis of mobility data using Eq. (40) allows us to recover values for µ0 , σ ,
C and ∑ . Eq(40) predicts Poole-Frenkel like electric field dependence for a given
0

temperature. Thus, if we fit the mobility field data to Eq.(41), a value for µ ((t, E-0)
can be extracted from the plot shown in Figure 23.

µ (E=0)

lnµ (cm2/Vs)

E1/2 (V/cm)1/2

δ(ln µ)
δ

( E)

Figure 23: Poole-Frenkel Plot for calculating µ (T, E=0) at a given temperature

The zero field mobility of equation (40) produces the following relationship:

µ(E = 0) = µ0e

⎛ 2σ ⎞ 2
−⎜
⎟
⎝ 3kT ⎠

(41)

By taking natural logs of both sides we get the following:
⎛ 2σ ⎞2
ln µ (E = 0) = ln µ 0 − ⎜
⎟
⎝ 3k BT ⎠
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(42)

So plotting ln µ(E=0) versus 1/T2 yields σ the energetic disorder from the gradient
and µ0 the mobility pre-factor from the intercept, a typical resultant plot is shown in
Figure 24.

1/T2 (K-2)
lnµ (E=0) (cm2/Vs)

ln µ0

⎛ 2σ ⎞2
−⎜
⎟
⎝ 3kB ⎠

Figure 24: A typical plot of the zero field Bässler relationship

Where
y = ln µ(E = 0),

C = ln µ0 ,

⎛ 2σ ⎞2
m = −⎜
⎟ ,
⎝ 3k B ⎠

In order to find the remaining parameters C0 and
(40)

x=

1
T2

∑, we take logarithms of equation

⎛⎛ σ ⎞ 2
⎞
⎛ 2σ ⎞ 2
2
ln(µ) = ln(µ0 ) − ⎜
⎟ + C0 E ⎜⎜⎜ ⎟ − ∑ ⎟⎟
⎝ 3kT ⎠
⎝⎝ kT ⎠
⎠

and differentiate w.r.t

E
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d (ln µ)
d

Where

d (ln µ)
d

( E)

⎛ σ ⎞2
= −∑ C0 + C0 ⎜ ⎟ (43)
⎝ kT ⎠
E

( )

2

is simply β mentioned in Section 2.7.2

⎛ σ ⎞2
So if we plot β versus ⎜ ⎟ then we can determine C0 and Σ. We can determine β
⎝ kT ⎠
from the Poole-Frenkel plot used to determine µ (T, E=0) at a given temperature, see

β

Figure 23. The resultant plot is shown below:

C0
-Σ2Co
(σ/kbT)2
⎛ σ ⎞2
Figure 25: A typical plot of β vs. ⎜ ⎟
⎝ kT ⎠

Where:

y = β,

C = − ∑ 2 C0,

m = C0 ,

⎛ σ ⎞2
x =⎜ ⎟
⎝ kT ⎠

A straight line fit is carried out and C0 is determined from the gradient which can then
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be used in conjugation with the intercept value to calculate ∑ , the spatial disorder
parameter.

2.8

Holstein Small Polaron

Traditional hopping models used for organic materials, such as the Bässler model,
contain a strong temperature dependence of the mobility. In this, the hopping
mechanism itself is viewed as a thermally activated process of over-barrier jumps and
tunneling between hopping sites. Therefore, hopping mobility is both field and
temperature dependent.

Another theoretical model of interest is the Holstein small Polaron model [40][41].
This model has been successfully applied to discotic and calamitic systems in the past

[42][43][44][45]. In the Holstein model, the charge forms a localized polaron by
distorting its surroundings. This polaron is characterised by its binding energy, Ep,
and the transfer integral (bandwidth) between neighbouring sites, J. In the nonadiabatic limit, that is, when the nearest-neighbour transfer integral (bandwidth) J
between two hopping sites is much smaller than the polaron binding energy EP i.e.
J<<EP, the Holstein polaron mobility can be expressed as:

µp =

1

(k B T )

3
2

ed 2
h

⎛ π
⎜
⎜ 2E
⎝ p

1

⎞2 2
⎛ − Ep ⎞
⎟ J exp⎜
⎜ 2k T ⎟⎟
⎟
⎝ B ⎠
⎠

(44)

Where d is the intermolecular distance and the other symbols have their usual
meanings.
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Figure 26: Potential energy-Position diagram of a small Polaron. Wa' is the activation
energy; ∆E is the bandwidth and for a linear system equals 2J, where J is the nearestneighbour interaction energy; h ω is the energy required for phonon assisted hopping
(From Austin and Mott 1969)

We notice that Eq. (44) contains both pre-exponential and exponential factors that
depend inversely on T. It is therefore possible that given the right combination of
binding energy and bandwidth values, an increase in temperature would lead to a drop
in the pre-exponential factor. This would exactly cancel the rise due to the exponential
factor, and so can lead to the temperature independent mobility.

Liquid crystalline materials exhibit weak intermolecular interactions and because the
transfer integral (J) is a measure of the interaction energy between two neighbouring
molecules, we would expect J to be small, thus justifying the use of the non-adiabatic
limit.
⎛ 3⎞
Eq. (44) implies that a plot of ln⎜µT 2 ⎟ against T-1 would give a straight line with a
⎠
⎝
gradient m, given by:
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m=

−E p
2k B

(45)

and y axis intercept C, given by:

1
⎛
⎞
2⎛
⎞
⎜ 1 ed
π 2 2⎟
C = ln⎜
⎜⎜
⎟⎟ J ⎟
3
⎜ (k )2 h ⎝ 2E p ⎠ ⎟
⎠
⎝ B

(46)

ln(µT3/2) (m2K3/2/Vs)

T-1 (K-1)
1
⎛
⎞
2 ⎛
⎞
⎜ 1 ed
π 2 2⎟
⎜⎜
⎟⎟ J ⎟
ln ⎜
3
⎜ (k )2 h ⎝ 2E p ⎠
⎟
⎝ B
⎠

−E p
2k B
⎛ 3⎞
Figure 27: Typical plot of ln⎜µT 2 ⎟ against T-1
⎠
⎝

Thus EP and J can be recovered from such a plot.
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3

Experimental

This chapter aims to explain the experiments conducted over the course of this project.
The experimental procedures and data extraction methods used are described. The
TOF experiment is explained, as is the equipment used and common pitfalls of such
experiments. Procedures used to characterise the materials and information that can be
gained by using such methods are explained, as is the polymerisation of the materials.

3.1 Electrode Preparation

Two kinds of electrodes were used for the experiments conducted: Indium tin oxide
(ITO) coated glass slides and aluminium coated quartz slides. The indium tin oxide
cells were prefabricated and ranged from 1-20 µm in thickness1.

The aluminium electrodes were produced on site using a vacuum evaporator. Before
these electrodes could be produced the quartz slides first had to be cleaned using the
procedure in appendix A1.

The procedure was slightly different for recycling old aluminium slides, as the old
organic material had to be removed beforehand. The old organic material was
removed by washing the slides in dichloroethane, and then a small amount of ethanol
was added to the solution in the second stage of the procedure.

The evaporation of the aluminium onto the quartz slides was carried out as stated in
appendix A2.

1

Supplied by Merck Chemicals UK
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After the production of the electrodes, the transmission at 337nm was measured using
a Hitachi U3000 UV-Vis spectrometer to ensure that the Al layer was transparent
enough to allow transmission of the laser.

3.2

Hot stage and Liquid Crystal Cell Construction

3.2.1 In House Hot stage
Initially the TOF measurements were carried out using an in-house constructed hot
stage and liquid crystal cells. Figure 28 below shows a schematic of a constructed LC
cell. The chamber formed by the electrodes on each side was filled with a liquid
crystal.

Top
electrode

Laser pulse

PTFE spacer

Sample
in chamber

Bottom
electrode
Figure 28: Schematic of in house LC cell

The LC cell was constructed within the sample holder, but once the experiment had
been conducted and the cell had time to cool, it could be removed and stored. The
chamber which was filled with the liquid crystal was formed by the overlap of the two
electrodes; these electrodes are separated by PTFE “spacers”. The cell was kept in
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place by the sample holder, which sat upon a temperature controlled hot stage. This
hot stage was heated using a 50W cartridge heater and temperature monitored using a
K-type thermocouple, thus allowing the temperature of the hot stage to be controlled.

The aluminium cells were produced by placing the bottom electrode in the sample
holder, aluminium side up. Then PTFE spacers of the desired thickness were cut to
size and cleaned using ethanol and dried in air. These spacers were then placed in
position on the bottom electrode. The top electrode, aluminium side down, was then
placed on top, perpendicular to the bottom electrode (see Figure 28). The covering
plate was then secured in place making the cell rigid. The completed cell was then
connected to the external circuit, using screw clamps, which connected to the BNC
connectors. The sample was then checked for short circuits and its capacitance
measured.

When producing cells, great care was taken to remove any dirt that may have been
present, as this could cause short circuits when the field was applied across the sample,
as well as causing cells of uneven thickness to be formed.

The thickness of the liquid crystal cell, i.e., the distance between the electrodes was
measured by using a spectrophotometer (Hitachi U3000). The LC cell was placed in
the beam path of the spectrophotometer and a transmission spectrum was taken. The
reflections from the internal surfaces of the cell resulted in constructive and
destructive interference and Fabry-Perot transmission peaks were observed.
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The relationship between the resonant wavelength, λ, through a cell of thickness d is
given by the expression:
2dn = mλ

(47)

But when n =1 i.e. refractive index of air
⇒

1

λ

=

1
m
2d

(48)

Where m is the order and n is the refractive index of the material (in this case air, with
n=1).

Therefore, a plot of the wavenumber of the peaks (1/λpeak) versus the order (m) will
result in a linear fit. The value of the gradient will be equal to 1/2d, where d is equal
to the distance between the inner reflecting surfaces of the quartz slides i.e., the
electrodes.

3.2.2 Linkam Hot stage
Most of the measurements were carried out using a commercially available Linkam
hot stage (TMS 94), in combination with prefabricated LC cells.

The main

advantages of using such a hot stage over the in-house constructed hot stage were:
1) It allowed the temperature of the LC sample to be monitored and kept constant
to within 0.1oC.
2) The heating/cooling rate could be controlled with a sensitivity of 0.1oC
3) The sample could be cooled below room temperature using the liquid nitrogen
attachment.
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Using the prefabricated LC cells also leads to a slight reduction in error because of a
far more uniform area of overlapping electrodes, and thus the inter-electrode gap is
more accurate.

Liquid Crystal
Cell

Hot Stage

Quartz
Window

Input for
Temperature
Controller
Gas Inlet

BNC to SmA
(Connection to electrodes)

Figure 29: Photograph of Linkam hot stage with sample

Some modifications of the original hot stage were needed in order to conduct
measurements, such as the addition of electrical feed-through for connection of the
LC sample to the external circuit (See Figure 29) and the substitution of the glass
window for a quartz window, so as to allow the UV laser light to enter the chamber.

Both types of liquid crystal cells were filled in the same way. This was achieved by
heating the cell to a temperature corresponding to the isotropic phase of the LC
material. A small amount of the material was placed on the bottom electrode close to
the chamber entrance. As the material melted it filled the chamber by capillary action.
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The time taken to fill the chamber depended on the viscosity of the material and the
size of the chamber. Once the cell was loaded, the temperature of the cell was altered
to achieve the required phase of the material to be studied. All the materials used were
stored away from light inside a desiccator, as it has been found that both light and
humidity affect the materials.

3.3 Transient Photocurrent Measurement
The TOF experiment was conducted in the following way:

Sample
Signal

Computer

Oscilloscope
Trigger
Photodiode

Beam Path

DC Voltage
Supply

Beam
Splitter

N2 Laser

Figure 30: A schematic of the experimental setup
The λ-Physik N2 gas laser (EMG 101) light pulse was partly reflected at a beam
splitter. The reflected beam was then incident upon a photodiode which was
connected to the external trigger input of an Agilent infinium oscilloscope. This then
triggered the oscilloscope time base. A mirror mounted above the sample reflected the
second beam. This beam was incident upon the sample and created charge carriers
near the top electrode.
The top electrode was connected to a DC Fluke voltage power supply (415B), which
was set to a given potential. The bottom electrode was connected, via a load resistor
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to ground, across the 1MΩ input of the oscilloscope.By changing the polarity of the
applied potential, one can distinguish between charge carriers. Varying the electric
field across the sample was achieved by altering the potential applied or the interelectrode separation.

3.3.1 General TOF Procedure
The laser was warmed up for 15 minutes, after which the high voltage supply was
switched on and set to 30kV.

Then the internal triggering was selected and set to the appropriate frequency. The
apparatus was aligned so that the whole sample was illuminated; a piece of paper was
placed over the sample in order to observe the fluorescence of the UV pulse. Once the
beam was aligned the external trigger of the oscilloscope was adjusted in order to
detect the photodiode output. When completed, a manual shutter was used to block
the laser pulse.

The sample was then heated to the desired temperature at which point it was allowed
to settle for a few minutes. Next the potential and polarity were selected on the
voltage supply in cases where we required large potentials, or on a battery box where
we required low noise measurements. Finally the manual shutter was opened and the
oscilloscope obtained a photocurrent trace, which was then stored.
If no deep trapping occurs and a transit regime is observed i.e. no charge is
accumulated within the sample from pulse to pulse, to improve the signal to noise
ratio, an averaging technique can be applied.
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3.3.2 Incident Light Intensity
In cases where the light intensity was too high a space charge modified transit was
produced. Typically this displayed a distinctive shape (Figure 31). This caused three
problems. It can become very difficult to ascertain the transit time, as the space charge
distortion can sometimes engulf the inflection point. Secondly, as space charge alters
the shape of the photocurrent, it is not always possible to determine the nature of the
transport i.e. dispersive or non-dispersive. Thirdly, if there is a lot of space charge, the
electric field magnitude and uniformity across the sample is affected.

In order to avoid such situations, neutral density (ND) filters are placed in the path of
the beam to attenuate the light. More filters are added until a clear photocurrent transit
is observed (See Figure 31). Further attenuation of the light only leads to a decrease in

Current

signal and not to further shape changes.

Time
Figure 31: Space charge affected photocurrent (blue curve) and attenuated
photocurrent (red curve)
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3.3.3 Data Acquisition and Manipulation
The signals were collected using an Agilent infinium digital oscilloscope, which was
controlled by a Windows operating system. The oscilloscope had a bandwidth of
1Ghz. The software used to collect the data allowed a minimum vertical sensitivity of
2 mV/division. The oscilloscope allowed us to carry out many useful functions, such
as averaging, background subtraction and inversion of the signal. Background
subtraction was very important due to the large amount of coherent RF noise being
produced by the nitrogen laser and the voltage supply.

The oscilloscope was connected to a PC via a Local Area Network (LAN). This
enabled the photocurrents to be saved directly to the PC for further data manipulation
and storage. The signal was saved to a directory on the PC as a comma separated
variable (CSV) file. The data in the file was copied and pasted into a pre-fabricated
Microsoft Excel Work book. Both linear and double logarithmic plots were generated
and the integral under the plots was automatically calculated (i.e. the charge collected).

Once the data had been plotted as current versus time, we then need to recover the
transit time. To ensure that the transit time is assessed in a consistent way, the
following method was employed.

Straight lines were fitted either side of the inflection point. In a non-dispersive case
this would be the plateau and the decay. The intersection of these two lines is the
point chosen as the transit time. Thus by obtaining the equations for both lines we can
recover the transit time by solving the two equations simultaneously.
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Non-dispersive photocurrents (see Figure 17) are relatively straightforward to recover
transit times from and require the use of linear fits. In the case of dispersive transport
the data needs to be plotted on double logarithmic axes (see Figure 32 and 33 where
the same data is plotted). In this situation a power law needs to be fitted and the preintersection gradient of the line would be less steep than –1. The gradient of the line
post inflection would be more steep than –1 (see section 2.62). Once the transit time
has been recovered, all the other parameters can be calculated.
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Figure 32: Linear plot of a dispersive transit
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Figure 33: Double logarithmic plot of a dispersive transient
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3.3.4 RC time constant
As mentioned in section (3.3) the circuit used for the TOF experiment contains many
series resistances. In cases where the photocurrent signal is very small and the signal
to noise ratio is low, we can employ two techniques to increase the photocurrent
signal. The first option is to increase the number of charge carriers produced per unit
area. This is simply done by focusing the light (i.e. increasing the intensity), but this
leads to many problems such as space charge and in general over complicates the
experiment. The second option is simply to increase the resistance of the load resistor
used as the termination. This option is usually employed as it creates very few
problems. We only need to make a note of the resistance used for each measurement
so we can recover the charge. In order to implement this practice a resistance box was
constructed from known resistors in the range from 98Ω - 316KΩ.

A price is paid for using an increased resistance. By increasing the resistance of the
circuit we also increase the time constant τ given by Eq. (49), and thus increase the
response time of the circuit.

τ = RC

(49)

When using the resistance box a very important condition must be imposed:

timebase > τ

If this condition is not strictly adhered to, then the photocurrent is distorted i.e. RC
curving occurs. In general this can lead to three things happening:
1) The inflection point becomes engulfed and undetectable.
2) The inflection point is still visible but a line cannot be fitted to the preinflection point data.
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3) Under some conditions an artifact can be produced, appearing as a transit.

If we wish to use larger resistances we need to reduce the capacitance of the sample.
This can be done by increasing the inter-electrode distance (where the electrode area
is constant) or by decreasing the electrode area and in many cases this works.
However, problems occur if the material displays thickness dependent mobility and
short range charge transport. In these cases the inter-electrode distance may need to be
decreased, which once again leads to a large capacitance and consequently a larger
time constant. It is not a trivial task to pick a correct TOF cell.

3.3.5 Determination of the Errors
The three variables from which any errors could occur were the inter-electrode gap, d,
the voltage, V, and finally the calculated transit time, t t .

The error on d was determined by measuring the thickness of the LC cell (Using the
technique mentioned in Section 3.2.1) in several different positions. The difference
between the smallest value and the maximum value was calculated, ∆d , and divided
by the average thickness of the LC cell.

The error on the transit time, tt , arises from the fitting of the lines to the photo current.
In a non-dispersive case there is relativity little error. However when the photo current
is dispersive and the signal to noise ratio is small it is possible to fit a number of
different lines to the same photo current. This leads to a multiple of possible transit
times. In order to calculate the error on tt the worst possible photo current (i.e.
dispersive and small signal to noise ratio) was used. The best and the worst lines were
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fitted to this single photo current. From these fits the difference in the value of the
transit times could be calculated, ∆t . Once again the percentage error was calculated.

The voltage from the power supply was measured and there was found to be
~ 0% error.

The general percentage error on each variable was calculated to be as follows:

∆V
~ 0%
V

∆d
~ ±5%
d

∆t t
= ±5%
tt

The above values were then used to calculate the general percentage error on the
calculated values, E, ν d and µ , as shown below:

E=

νd =

µ=

∆E ∆d ∆V
d
⇒
≈
+
≈ ±5%
V
E
d
V

∆ν d ∆d ∆E
d
⇒
≈
+
≈ ±5%
E
d
E
νd

d2
∆µ
∆d ∆V ∆t t
⇒
≈2
+
+
≈ ±15%
Vt t
µ
d
V
tt

These percentage error values were used in all of the plots.
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3.4

Characterisation of Materials

3.4.1 Polarised Microscopy
Polarised microscopy along with Differential Scanning Calorimetry (DSC) are
important tools which allow us to monitor the phase behaviour of the LCs over a
temperature range. We can gain information as to how the molecules are aligned
within the cell, which then lets us infer how we think this will affect the transport.

If the incident light is unpolarised, in order to form linearly polarised light, the light is
passed through a polariser. The polariser only allows light with an E-field component,
which oscillates parallel to the polariser’s transmission direction to be transmitted. If
the polarised light then tries to pass through a second polariser (Analyser), which has
its polarising axis perpendicular to the first polariser, no light will be transmitted.

If we now place a liquid crystal between the polariser and the analyser, this is no
longer the case.
Plane Polarised light

Recombined light after
interference

Polariser

Liquid crystal

Analyser

sample

Figure 34: Crossed-Polaroid setup
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The anisotropy of a liquid crystal causes the refractive index, ne, along the director to
be different from that perpendicular to the director, no. Therefore light that is
polarized parallel to the director experiences a different refractive index, and hence
propagates at a different speed to light that is polarized perpendicular to the direction.
This difference in the refractive indices is known as the birefringence (∆n). When
light, that is linearly polarized at an angle θ to the director, is incident upon an LC
sample the two components of the electric field, parallel and perpendicular, to the
director become out of phase as the light travels through the sample. The light
emerges from the LC sample with two components; one component is retarded behind
the other by a definite amount. This will depend on the birefringence (∆n) and the
thickness of the liquid crystal layer, d. Interference on recombination of the two
components will cause the image to appear coloured. Each phase will display a
characteristic texture or transmittance behaviour when rotated between the crossedPolaroids and so allows it to be identified [46][47].

3.4.2 Differential Scanning Calorimetry
Differential Scanning Calorimeter (DSC) is an important method in the study of
liquid crystal systems. In conjunction with crossed polaroid microscopy it allows us to
recover information about the phase transitions associated with each liquid system,
such as the number of phase transitions, the type of phase transitions (i.e. exothermic,
endothermic), the temperature at which the phase transition take place and the energy
required to cause the phase transition.

DSC is a thermo-analytical tool in which the difference in the amount of heat required
to increase the temperature of a sample and a reference is measured as a function of
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temperature. The sample and the reference are maintained at nearly the same
temperature for the duration of the experiment. Over the experimental temperature
range the reference should have a well-defined heat capacity. The basic principle of
this technique is that when a phase transition occurs in the sample, less or more heat
will be required by the sample, compared to the reference in order to maintain both at
the same temperature. In the case of an endothermic phase transitions such as solid to
liquid, more heat will need to flow to the sample, and in an exothermic processes such
as crystallization, less heat will need to flow to the sample. Thus by monitoring the
differences in heat flow between the sample and reference, we are able to measure the
energy absorbed or released during phase transitions and, most crucially, what
temperature these phase transitions occur at.

Perkin-Elmer
DSC
Heater
Sample

Heater
Temperature
Sensor

Reference

Figure 35: Schematic representation of DSC setup

A typical power compensated differential scanning calorimeter consists of a sample
chamber in which there are two sample cells, one for the sample and one for the
reference. Each sample cell has a temperature sensor and heater (see Figure 35). The
samples are placed in pans made of aluminium, and then sealed. The reference is
simply a sealed empty pan. The samples are then placed in the relevant sample cells
and the sample chamber is sealed and put under a nitrogen atmosphere to prevent
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burning of the samples and promote uniform heating of the samples. The two pans are
then heated and cooled uniformly over a pre-selected temperature range at a constant
heating/cooling rate, typically ~10oC/min. While this process is occurring the
temperature of the samples and reference are monitored by the temperature sensors
located below the samples. From these temperature measurements the electrical
power to the heaters can be adjusted so both the sample and the reference are
maintained at the same temperature by the heaters. The electrical power consumption
of the heaters is monitored. This information is sent to a computer and is used to
calculate the differential heat flow as a function of temperature between the sample
and the reference, generating a DSC curve (see Figure 36).

Endothermal

On Cooling

Nematic/ Smectic A
Transition

Crystalline/SmA
Transition
Nematic/Isotropic
Transition
On Heating

Crystalline

SmA

Room temperature

N

Isotropic
Above Room Temperature

Figure 36: A typical DSC curve for liquid crystal systems

When no phase transitions are occurring the differential heat flow is very small and
this produces a steady base line. However, when a phase transition occurs the
differential heat flow is large and this manifests itself as a peak on the DSC. Perkin77

Elmer calculates the differential heat flow by subtracting the reference heat flow from
the sample heat flow. Thus an endothermic process will appear as a positive peak,
while an exothermic process will appear as a negative peak on the DSC curve (This is
not the general convention) [48][49].

3.5

Polymerisation of Materials

3.5.1 General Procedure
In order to polymerise the materials the addition of a suitable photo initiator is needed,
typically 0.5% wt. The photoinitiators Irgacure 651 and Omnikat 550 (see Figure 37)
are used for the polymerisation of diene and oxetane end groups respectively.

a)

b)

Figure 37: Molecular structures of a) Irgacure 651 and b) Omnikat 550.
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The sample is then loaded as previously described, and cooled to the relevant
mesophase. Photopolymerisation is achieved using the 405nm wavelength output
from a continuous wave diode laser (15mW) over 60 minutes. All samples were
polymerised under a nitrogen atmosphere, as oxygen has been found to inhibit
polymerisation [50][51]. The polymerisation of the sample can be confirmed by
raising the sample temperature above the clearing point of the monomer. Under
polarized microscopy, the illuminated areas maintain their phase structure, in contrast
to the non-illuminated area which will undergo the transition to the isotropic phase.
For a full and comprehensive review of polymerisation involving RMs see reference

[52].

hν
Photo initiator

Figure 38: A Cartoon of photo-polymerisation of reactive mesogens.

3.5.2 Polymerisation Mechanism
The possible polymerisation mechanisms for all the functional end-groups used in this
study are shown in Figures 39, 40 and 41 [53][54][55]. The polymerisation
mechanisms of diene and oxetane end-groups are generally not well understood or
agreed upon.
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Acrylate polymerisation is the most common type found in the literature [56][57] and
simply involves propagation of the free radicals in a linear mechanism, with the CH2
part of the monomer attaching to the propagating chain.

Figure 39: Possible polymerisation mechanism for an acrylate group.
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Figure 40: Possible polymerisation mechanism for a diene group.

In the case of oxetane polymerisation there is still some speculation about the ring
opening step (see Figure 41 for possible mechanism).
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Figure 41: Possible ring opening mechanism for an oxetane group.
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4

Results

This chapter presents typical photocurrents, mobility values and general charge
transport characteristics of each of the nine materials discussed in section 1.3. Data
collected for three of the nine materials that underwent polymerisation in a selected
mesophase are also presented. Typical Differential Scanning Calorimetry (DSC)
results and polarized microscopy optical textures are shown whenever possible.
Although we carried out in-house polarized microscopy and DSC (Perkin-Elmer DSC
7) in order to confirm what temperature phase transitions occurred at, all mesophase
identification work was carried out by Merck Chemicals (UK) in collaboration with
Prof. Goodby at the University of York.

4.4

PNP Materials

The first set of materials studied were the phenyl naphthalenes. All the structures can
be seen in section 1.3.1 .

4.1.1 8PNPO12
Initial studies and characterisation were conducted on the non-reactive LC, 8PNPO12.
The DSC of 8PNPO12 is shown in Figure 42.
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Heat Flow Endo Up (A.U)

Phase Behaviour
I-121SmA-101-SmB-70-K

On Cooling

Temperature (oC)
Figure 42: 8PNPO12 DSC.
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Figure 43: A typical photocurrent transient for holes in a 5µm sample of 8PNPO12
(Smectic A phase, 30V bias)
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Figure 44: Drift velocity against Electric field for holes across a 5µm sample of
8PNP012 at 110 oC (Smectic A phase).

Only hole transport was investigated since the samples were prepared in air and the
presence of oxygen is known to suppress electron transport. The hole mobility was
field independent as shown in Figure 44.

The hole transport observed in the Smectic A phase of 8PNPO12 (Figure 7 a)) was in
excellent agreement with literature values reported by Hanna et al [4]. The transport
was non-dispersive and with a mobility of 3.1 x10-4 cm2V-1s-1 (SmA, 110oC).

4.1.2 PNP-acrylate and PNP-diene
Two of the first RMs synthesized were the reactive Phenyl naphthalene LCs, PNPacrylate and PNP-diene (see section 1.3.1). The DSCs for these can be seen in Figure
45 and Figure 47 respectively.
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Figure 45:PNP-A DSC.
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Figure 46: A typical Photocurrent transient for holes in a 2µm sample of PNP-A
(Smectic A phase, 30V bias)
In both phenylnaphthalene RMs, the hole transport in the smectic phase became
dispersive and the mobility was significantly reduced compared to 8PNP012. The
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PNP-acrylate SmA mesophase photocurrent (Figure 46) shows no constant current
plateau, yielding a measured hole mobility of 4.9x10-5 cm2V-1s-1. In the case of PNPdiene we also observe no constant current plateau (Figure 48) and find a low mobility
7.4x10-5 cm2V-1s-1.
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Figure 47:PNP-diene DSC.
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Figure 48: A typical photocurrent transients for holes in a 5µm sample of PNP-diene
(Smectic C phase, 60V bias)
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The first polymerisation reaction achieved was that of PNP-acrylate. However, in the
presence of photoinitiator the material always thermally polymerised before the cell
could be loaded. Consequently, it was concluded that acrylate end groups were too
thermally unstable for this processing technique and thus did not allow enough control
of the phase in which polymerisation occurred. Due to lack of material it was not
possible to study polymerised PNP-diene. The PNP family results are summarized in
Table I.

Table I: Summary of PNP family mobilities
Material

µHolecm2V-1s-1

Mesophase

8PNPO12

3.1 x 10-4

SmA

PNP-acrylate

4.9 x 10-5

SmA

PNP-diene

7.6 x 10-5

SmC
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4.2 PTTP Materials
These were the second set of materials to be studied. Their structures can be seen in
section 1.3.2 .

4.2.1 PTTP
The DSC Figure 49 shows the phase behaviour of PTTP .

Heat Flow Endo Up (A.U)

Phase Behaviour

On
I-234-SmA-229-SmC-225-SmG-140-K
(PTTP)
Cooling

Temperature (oC)
Figure 49:PTTP DSC.
This material displayed fast ambipolar transport (Figure 50) in the smectic
phase (SmG), with resulting hole mobility µHole=4.4 x 10-2 cm2V-1s-1 and
electron mobility µElectron=7.1 x 10-2 cm2V-1s-1(both display low dispersion and
field

independent
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transport).
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Figure 50: Electron (green line) and hole (red line) photocurrents across a 4.9 µm
sample of PTTP in the smectic phase (E = 4 x 104 Vcm-1). The dashed lines are
included as a guide to the eye for the location of the transit time, tt.
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Figure 51: Drift velocity against Electric field for holes across a 4.9 µm sample of
PTTP at 175 oC (Smectic G phase).
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Figure 50 displays hole photocurrents, which show some dispersion. Thus it is
surprising that the hole mobility is field independent, as shown in Figure 50.

Heat Flow Endo Up (A.U)

4.2.2 PTTP-diene

On Cooling

Phase Behaviour
I-174-SmG-75-K

Temperature (oC)
Figure 52: PTTP-diene DSC.
PTTP-diene also displayed ambipolar transport once again in the SmG phase. Both
holes and electrons were found to be dispersive. Mobilities were reduced compared to
the PTTP with a drop of almost an order of magnitude for the holes µHole= 6.6 x 10-3
cm2V-1s-1 and by a factor of 40 mobility in the electrons, µElectron= 1.7 x 10-4cm2V-1s-1.
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Figure 53: Hole photocurrent transients across a 4.3µm film of PTTP-diene (5V bias
red curve, 2.5V bias orange curve) at 135oC. The dashed lines are included as a guide
to the eye for the location of the transit time, tt.
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Figure 54: Drift velocity against Electric field for holes across a 4.29 µm sample of
PTTP-diene at 135 oC.
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Figure 55: PTTP-oxetane DSC

The phase behaviour of PTTP-oxetane is displayed in Figure 55. From this we see the
material appears to have two high ordered mesophases which, from previous studies,
appeared to be a SmB, and SmG phase. When investigating the charge transport
properties of this material the mobility was measured in the SmB phase due to
difficulties associated with working in the narrow SmG phase.

The non-polymerised PTTP-oxetane results were very encouraging. In the Isotropic
phase, both hole and electron transport was non-dispersive (Figures 56 and 58) and
field independent (Figures 57 and 59) with calculated mobilities µHole=7.9 x10-5
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cm2V-1s-1 and µElectron=8x10-5 cm2V-1s-1. When the material was in the Smectic B
phase, the electron transport was dispersive. However, the mobility measured was
much higher than PTTP-diene, µElectron= 7.5 x 10-3 cm2V-1s-1. In the SmB phase the
hole transport remained non-dispersive, reaching µHole= 9.5 x 10-3 cm2V-1s-1 (see
Figure 60). Within the smectic B phase both holes and electrons displayed transport
that was field independent (Figure 61 and 62) and temperature dependent (Figure 63).
Upon transition into the crystalline phase, long featureless decays were observed,
implying that trapping was occurring (see Figure 65). Thus no mobility could be
measured.
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Figure 56: A typical hole photocurrents across a 10µm sample of non-polymerised
PTTP-oxetane at 160 oC (Isotropic phase, 30V bias).
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Figure 57: Drift velocity against Electric field for holes across a 10µm sample of
non-polymerised PTTP-oxetane at 160 oC (Isotropic phase).
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Figure 58: A typical electron photocurrent across a 10µm sample of non-polymerised
PTTP-oxetane at 160 oC (Isotropic phase, 60V bias).
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Figure 59: Drift velocity against Electric field for electrons across a 10µm sample of
non-polymerised PTTP-oxetane at 160 oC (Isotropic phase).
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Figure 60. A family of hole photocurrents across a 10µm sample of non-polymerised
PTTP-oxetane at 140 oC (Smectic B phase).
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Figure 61: Drift velocity against Electric field for holes across a 10µm sample of
non-polymerised PTTP-oxetane at 140 oC (Smectic B phase).
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Figure 62: A typical electron photocurrent across a 10µm sample of non-polymerised
PTTP-oxetane at 140 oC (SmB phase) (100V bias).
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Figure 63: Drift velocity against Electric field for electrons across a 10µm sample of
non-polymerised PTTP-oxetane at 140 oC (Smectic B phase).

The plot of mobility against temperature (Figure 64) clearly displays the typical effect
on the charge carrier mobility by forming a high order mesophase (Iso→SmB).
Mobility in the SmB phase is temperature dependent for both holes and electrons. No
mobility for any carrier could be measured in the crystalline phase. Figure 65 shows a
photo current measurement taken in the crystalline, you can clearly see there is no real
inflection point.
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Figure 64: Mobilities as a function of temperature for PTTP-oxetane (nonpolymerised).
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Figure 65: Holes trapping at room temperature in a sample of PTTP-oxetane (nonpolymerised).
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4.2.4 PTTP-diene polymerised

The material was polymerised at 135 oC (Smectic G). The charge transport was
measured from 15 oC to 195 oC. A typical photocurrent is shown in Figure 66.
Electron and hole mobility appear to be both independent of electric field (Figure 67
and 69) and temperature (Figure 70), typically µElectron=7.5 x 10-4 cm2V-1s-1 and

µHole=7.1 x 10-4cm2V-1s-1. Both electron and hole transport displayed some dispersion.
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Figure 66: A typical hole photocurrent across a 1.9µm sample of polymerised PTTPdiene at 135 oC (42V bias).
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Figure 67: Drift velocity against Electric field for holes across a 1.9µm sample of
PTTP-diene polymerised at 135 oC .
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Figure 68: A typical electron photocurrent across a 1.9µm sample of polymerised
PTTP-diene at 135oC (42V bias).
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Figure 69: Drift velocity against Electric field for electrons across a 1.9µm sample of
PTTP-diene polymerised at 135 oC
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Figure 70: Mobilities as a function of temperature for PTTP-diene (polymerised).
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4.2.5 PTTP-oxetane polymerised

Polymerisation of PTTP-oxetane was carried out as previously described, this time
using 0.5wt% cationic initiator. The polymerisation process was carried out at 140oC
(SmB). The sample was then cooled to 15oC. Non-dispersive hole photocurrents were
observed, yielding a field independent hole mobility µHole= 1.6 x 10-2 cm2V-1s-1
(Figure 71). The electron transport was found to be field dependent and dispersive

µElectron= 2.8 x 10-2 cm2V-1s-1 at 4 x 104Vcm-1 (Figure 72). The hole and electron
mobilities displayed weak temperature dependence (Figure 73). All the PTTP family

Current (A.U.)

results are summarised in Table II.
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Figure 71: Hole photocurrent transients across a 10µm film of polymerised PTTPoxetane (40V bias upper curve, 20V bias lower curve) at 15oC. The dashed lines are
included as a guide to the eye for the location of the transit time, tt.
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It is worth noting that before polymerisation of this material in the SmB phase, a
transit could not be found at room temperature. All that could be found was a long
featureless decay, as shown in Figure 65, due to the trapping occurring in the
crystalline phase at room temperature. Polymerisation ensured that the crystalline
phase no longer occurred at room temperature and thus detrimental effects such as
charge trapping were alleviated. Hence transits were facilitated as shown in Figures
71 and 72.
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Figure 72: Electron photocurrent transients across a 10µm film of polymerised
PTTP-oxetane (40V bias upper curve, 25V bias lower curve) at 15oC. The dashed
lines are included as a guide to the eye for the location of the transit time, tt.
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Figure 73: Mobilities as a function of temperature for PTTP-oxetane (polymerised).

Table II: Summary of PTTP family mobilities
Materials

µHolecm2V-1s-1

µElectroncm2V-1s-1

Mesophase

PTTP

4.4 x 10-2 (at 175 oC)

7.1 x 10-2 (at 175 oC)

SmG

PTTP – diene

6.6 x 10-3 (at 140oC)

1.7 x 10-4 (at 140oC)

SmG

PTTP – diene
(Polymerised)

7.1 x 10-4 (15 oC)

7.5 x 10-4 (15 oC)

-

PTTP – oxetane

9.5 x 10-3 (at 140 oC)

7.5 x 10-3 (at 140 oC)

SmB

PTTP – oxetane
(Polymerised)

1.6 x 10-2 (at 15 oC)
3.3 x 10-2 (at 140 oC)

2.8 x 10-2 (at 15 oC)
2.4 x 10-2 (at 140 oC)

-
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4.3 QT Materials
4.3.1 QT
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Figure 74: QT DSC.
The phase behaviour of QT is shown in the DSC in Figure 74. TOF studies were first
conducted on the non-reactive material, quaterthiophene (QT – Figure 9 a)). QT
exhibited non-dispersive ambipolar charge transport in the isotropic phase. When
cooled to the SmG phase, the hole and electron mobility increased by more than two
orders of magnitude compared to isotropic phase. In the SmG phase the hole transport
was non-dispersive, while the electron transport was dispersive (see Figure 75) and
typical mobilities were measured to be µHole= 6.3 x 10-2 cm2V-1s-1 and

µElectron= 7.7 x 10-2 cm2V-1s-1.
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Figure 75: Photocurrent transients for holes (red curve) and electrons (green curve) in
a 4.5µm sample of QT (Smectic phase, 7.5V bias)
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Figure 76: QT-diene DSC.
A QT-diene DSC is shown in Figure 76. The QT-diene exhibited non-dispersive
transport for both holes and electrons in the isotropic phase. Following the transition
to the SmG phase, hole transport remained non-dispersive with about a 60 fold
increase in mobility reaching µHole= 4.6 x 10-3 cm2V-1s-1 (see Figure 77). However, in
the same phase electron transport became highly dispersive and no mobility data
could be taken. Strong trapping occurred on further cooling to the next smectic phase
below 50oC.
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Figure 77: Photocurrent transient for holes in a 2µm sample of QT-diene (Smectic G
phase, 27V bias)
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4.3.3 QT-oxetane
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Figure 78: QT-oxetane DSC.

A DSC of non-polymerised quaterthiophene-oxetane (QT-oxetane) (Figure 9 c)) is
shown in Figure 77. In the Isotropic phase the material exhibited ambipolar transport.
The holes were both non-dispersive (Figure 79) and field independent (Figure 80).
While the electrons displayed some dispersion (Figure 81), they remained field
independent (Figure 82) yielding the following values µHole= 3.6 x 10-5 cm2V-1s-1 and

µElectron= 1.8 x 10-6 cm2V-1s-1. When the material was cooled to the SmB the hole
mobility increased by more than two orders of magnitude (µHole= 5.8 x 10-3 cm2V-1s-1 )
compared to the isotropic phase and similarly the electron mobility increased by
nearly three orders of magnitude ( µElectron= 5.4 x 10-3 cm2V-1s-1).
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Figure 79: A typical hole photocurrent across a 5 µm sample of non-polymerised QToxetane at 120 oC (Isotropic phase, 50V bias).
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Figure 80: Drift velocity against Electric field for holes across a 5 µm sample of nonpolymerised QT-oxetane at 120 oC (Isotropic phase).
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Figure 81: A typical electron photocurrent across a 5 µm sample of non-polymerised
QT-oxetane at 120 oC (Isotropic phase, 50V bias).
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Figure 82: Drift velocity against Electric field for electrons across a 5 µm sample of
non-polymerised QT-oxetane at 120 oC (Isotropic phase).
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Figure 83: Photocurrent transients for holes (red curve) and electrons (green curve) in
a 4.95µm sample of QT-oxetane (Smectic phase, 20V bias)

5.00E+02

4.50E+02

4.00E+02

Drift Velocity (cm/s)

µh= 5.8E-03 cm2/Vs
3.50E+02

3.00E+02

2.50E+02

2.00E+02

1.50E+02

1.00E+02

5.00E+01

0.00E+00
0.00E+00

1.00E+04

2.00E+04

3.00E+04

4.00E+04

5.00E+04

6.00E+04

Electric Field(V/Cm)

113

7.00E+04

8.00E+04

9.00E+04

Figure 84: Drift velocity against Electric field for holes across a 5 µm sample of nonpolymerised QT-oxetane at 80 oC (Smectic B phase).

Transport for both the holes and electrons were field independent. The holes
displayed non-dispersive transits. However, the electron transits displayed low
dispersion transits (see Figures 83and 84). The transport became more dispersive as

Mobility (cm2/VS)

the temperature was lowered.
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Figure 85: Mobilities as a function of temperature for non- polymerised QT-oxetane.

Looking at Figure 85 we notice that the mobility of both of the electrons and holes
remains temperature independent from 100oC→20oC on cooling. This is very
surprising because looking at Figure 78 the DSC shows a transition at ~70oC, which
corresponds to a transition from the SmB →K phase. There is also an absence of
trapping at RT, unlike all other materials studied.
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4.3.4 QT-oxetane polymerised

A 1%wt mixture of photoinitiator with QT-oxetane was loaded into a 2.45µm cell and
cooled to 80oC (SmB), where it was polymerised.

The sample was then tested for charge transport properties over a temperature range
15oC→140oC. Typical photo current transients for QT-oxetane (polymerised) at 15oC
are shown in Figures 86 and 88. The sample exhibited low dispersion ambipolar
transport.
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Figure 86: Hole photocurrent transients across 2.45µm film of polymerised QToxetane (41V bias red curve and 21V bias orange curve) at 140oC.
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Figure 87: Drift velocity against Electric field for holes across a 2.45 µm sample polymerised QT-oxetane at room temperature oC .
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Figure 88: Electron photocurrent transients across 2.45µm film of polymerised QToxetane (41V bias dark green curve and 21V bias light green curve) @ 140oC.
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Figure 89: Poole-Frenkel plot for electrons across a 2.45 µm sample -polymerised
QT-oxetane at room temperature.

Hole and electron mobilities were both temperature (Figure 90) and field independent
(Figures 87 and 89), and were measured to be µHole=1.6 x 10-3 cm2V-1s-1 and µElectron=
1.1 x 10-3 cm2V-1s-1. For a summary of mobilities for all QT systems see Table III.
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Figure 90: Mobility temperature dependence across 2.45µm film of polymerised QToxetane.

Table III: Summary of QT family mobilities
Materials

µHolecm2V-1s-1

µElectroncm2V-1s-1

Mesophase

QT

6.3 x 10-2

7.7 x 10-2

SmG

QT – diene

4.6 x 10-3

-

SmG

QT – oxetane

5.8 x 10-3

5.4 x 10-3

SmB

QT - oxetane
(Polymerised)
1wt% initiator

1.6 x 10-3

1.1 x 10-3

-
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5

Discussion

5.1

General Observations on the Charge Transport

Charge transport in reactive mesogens, and their applications to OLEDs, have been
previously reported in the literature [9] [58] [59]. Hole and electron mobilities for
nematic phase calamitic RMs have been low (in the range of 10-5 to 10-3 cm2V-1s-1),
much lower than those possible in high order smectic phase liquid crystalline systems

[4]. It is therefore important to begin the molecular design of any cross-linkable
system with an LC core which displays the fastest possible transport.

Table I shows that when the starting material itself (8PNPO12) has low mobility
(SmA: 2.7 x 10-4 cm2V-1s-1), any reactive mesogens synthesised will not have
exceptional transport properties. We also determined that the thermal instability of
the acrylate end group made use of PNP-acrylate difficult, at least when the device
processing required elevated temperatures. Uncontrolled thermal polymerisation was
not as evident in the case of PNP-diene, and this was reflected in the modest
improvement of the hole mobility compared to the acrylate, although we could not
rule out that this difference may have been due to the size and shape of the diene, and
the different LC phase. Thermal polymerisation introduces an unnecessary
complicating factor when attempting to establish the mechanisms affecting the charge
transport and so should be avoided.

Oxetane reactive groups are known to be

thermally stable and showed no evidence of thermal cross linking in any material
studied.
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The high order SmG phase formed by PTTP yielded excellent electron and hole
mobilities, approaching 10-1 cm2V-1s-1 (Table II), making this a suitable candidate for
an LC core. When the transport is compared to the mesophase transport of the two
RMs synthesised, PTTP-oxetane and PTTP-diene, the usual reduction in mobility is
observed. The PTTP-oxetane results were obtained in the SmB phase and yielded
respectable mobilities of the order of 10-2 cm2V-1s-1 for both holes and electrons,
corresponding to reductions of factors of ~4 and ~6 respectively. In this case, the
oxetane end group had a much smaller effect on the transport, compared to the diene,
where the mobilities measured in the high order SmG phase were reduced by a factor
of ~7 in the case of holes and a factor of ~1000 in the case of electrons. The presence
of the diene end group clearly affects the electron transport greatly compared to the
hole transport. When the hole transport displayed by the two RMs is compared, we
note that the higher order SmG phase present in the diene substituted molecules has
no compensating effect on the mobility when compared to the lower order SmB phase
data obtained from the oxetane substituted molecule. Post polymerisation results
yielded long range charge transport in both systems over a large temperature range,
including room temperature, with mobilities comparable to the RM mesophases. In
the case of PTTP-oxetane, the electron mobility was found to be temperature
independent and the hole mobility showed a weak temperature dependence (Figure
73), whereas PTTP-diene displayed temperature independent hole and electron
mobility (Figure 70).

The electron mobility in PTTP-diene increased post

polymerisation, compared to the mesophase value, suggesting that the diene end
groups act as chemical traps for the electrons. This is in contrast to the hole data,
which showed a decrease post-polymerisation, perhaps as a result of trapping due to
the residues from the photoinitiator. In the case of the polymerised PTTP-oxetane,
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there were modest increases to both electron and hole mobilities compared to the
mesophase RM results (It is unclear whether these increases are significant, or simply
due to sample to sample variation). However, they approach the values measured for
the original LC core. The cationic photoinitiator used in the oxetane polymerisation
reaction did not appear to affect charge transport, in contrast to what is observed in
the diene results where a free radical photoinitiator was used.

High electron and hole mobilities, approaching 10-1 cm2V-1s-1, were measured in the
SmG phase of QT (Table III), again suggesting this to be a suitable core for
substitution with reactive end groups. The mesophase transport measured in the two
RMs shows the relative decrease compared to the non-reactive system observed in all
cases so far. In the case of QT-diene, the electron transport was totally suppressed,
leading to featureless photocurrent decays, while the hole mobility showed a drop of
approximately one order of magnitude. The comparison of the mobilities in this case
is more straightforward as both LC and RM were measured in the SmG phase.
Electron transport was observed in the case of the QT-oxetane RM, although both
hole and electron mobilities have been reduced by factors of ~9 and ~11 respectively
when compared to the LC. When the QT-oxetane was polymerised there was no
recovery of the hole mobility, although the transport was measured over a broad
temperature range, remaining largely temperature independent (Figure 90).

A number of significant observations emerged from this study. We have demonstrated
that the reactive mesogen approach is successful in forming semiconducting layers
with desirable transport properties available across a broad temperature range,
including room temperature. There is a large variation in these properties from system
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to system. However, we generally observe that diene end groups always reduce
electron transport, thus, diene containing RMs are unsuitable where ambipolar
transport is needed. We find this not to be the case where the oxetane end group is
concerned. Secondly, it is the combination of both core and end group which is
critical in forming high mobility cross linked films for use in device applications (e.g.
PTTP-oxetane was successful, whereas QT-oxetane was not). We also find that the
choice of photoinitiator used in the polymerisation reaction may affect the transport.
This, of course, is an example of the well-known effect that impurities have on the
transport in all organic systems [24].

Thirdly, and perhaps most surprisingly, the polymerised films produced display
temperature independent charge transport. This is in contrast to amorphous polymer
semiconductors where very strong temperature dependence is observed [60] [61]. One
could assume that the polymerised film would behave as a high molecular weight
polymer, with corresponding temperature dependent charge transport.

Liquid

crystalline mesophases commonly display temperature independent transport [4] [62]
(albeit within the limited range available within a mesophase) and a similar theoretical
approach to that used in LC systems is described in section 5.2.

5.2 Temperature Independence and the Holstein Small Polaron
Model
Mobility-temperature data for all three polymerised systems were fitted to Eq. (49).
Plots for all three systems are shown in Figures 91, 92 and 93 and the resulting values
for the transfer integral J and the polaron binding energy for all three systems can be
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found in Table IV. In all cases, a typical smectic phase intermolecular distance, d =
4.5Å, was used for the calculations.
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Figure 91: The data for QT-oxetane after polymerisation fitted to the small polaron
model. ln(µT3/2) vs T-1 is plotted and the straight lines are fitted to the data. The
deduced parameters are given in table IV
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Figure 92: The data for PTTP-oxetane after polymerisation fitted to the small polaron
3
2

model. ln( µT ) vs T-1 is plotted and the straight lines are fitted to the data. The
deduced parameters are given in table IV.

T-1(K-1)
-6.00

2.00E-03 2.20E-03 2.40E-03 2.60E-03 2.80E-03 3.00E-03 3.20E-03 3.40E-03 3.60E-03

ln(mT(3/2))(m2V-1s-1K(3/2))

-6.50

Holes
-7.00

Electrons

-7.50

-8.00

-8.50

-9.00

124

Figure 93: The data for PTTP-diene after polymerisation fitted to the small polaron
3
2

model. ln( µT ) vs T-1 is plotted and the straight lines are fitted to the data. The
deduced parameters are given in table IV.

With the exception of electrons in PTTP-oxetane, we note that the recovered values in
Table XIV satisfy the condition that the Polaron binding energy EP must be much
larger than the transfer integral J i.e. J<<EP, confirming the applicability of the nonadiabatic limit. Although the Holstein small polaron model is strictly one dimensional,
it seems to fit the data well in what is expected to be, essentially, two dimensional
transport within smectic lamellae. All calculated transfer integral values are below
30meV, as expected in the case of organic molecular crystals [63], and in agreement
with literature values on similar systems [43] [45]. The transfer integral values for
both electrons and holes in PTTP-oxetane (18meV and 19meV, respectively) are
much larger than those calculated for the other systems (ranging from 1eV to 3meV).
These are in qualitative agreement with the relatively higher mobility measured in this
system as a greater wavefunction overlap would result in higher charge mobility.
Polaron binding energy values derived for holes in the three systems range from
102meV to 194meV. These are of the expected order of magnitude for such systems

[42], and compare favourably with those derived for the calamitic smectic system
8PNP-O12 [43]. In all cases, the polaron binding energies calculated for electrons
were smaller than those for the corresponding holes, although they are of the same
order of magnitude as the hole values, and therefore seem plausible. The prevalence
of hole transporting organic materials in the literature means that similar analyses
conducted have reported hole binding energies and transfer integrals only

[42][43][44][45], making electron value comparisons impossible.
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Table IV: Summary of Polaron parameters for polymerised systems

Material

Polaron Binding
Energy (EP)
meV
Holes

PTTP-diene
PTTP-oxetane
QT-oxetane

5.3

102
194
130

Electrons
85
78
49

Transfer Integral (J)
meV
Holes
1
19
3

Electrons
1
18
1

Mobility (µ)
(cm2/Vs)
Holes

Electrons
-4

7.1 x 10
1.6 x 10-2
1.6 x 10-3

7.5 x 10-4
2.8 x 10-2
1.1 x 10-3

Analysis in terms of Bässler’s Gaussian Disorder Model

The Bässler Gaussian disorder model is described in detail in section 2.7. A typical
Poole-Frenkel plot of mobility versus field, parametric in temperature is shown in
Figure 94. The lack of both field and temperature dependence of the mobility means
that the data points from different temperatures appear superimposed on each other, in
contrast to plots typically presented for polymeric systems (see Figure 22). In such
systems the electric field dependence of the mobility decreases with increasing
temperature, while the absolute values of the mobility increase. This is clearly not the
case with the polymerised RM systems presented here. In polymeric systems the
temperature dependence of the zero field mobility is analysed in order to extract the
energetic disorder, σ, and the pre factor, µ0, (see Figures 24 and 25), whereas the
temperature dependence of the field dependence of the mobility (β) is analysed in
order to extract the positional disorder, Σ, and the empirical constant, C0, (see Figures
24 and 26). Despite polymerised systems displaying very weak field and temperature
independent mobility, the experimentally obtained data has been analysed using the
Bässler formalism. A typical plot of zero field mobility versus 1/T2 is shown in Figure
95.
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Figure 94: A Family of Hole Poole-Frenkel plots for polymerised QT-oxetane

1/T2 (K-2)
1.00E-02
4.00E-06

6.00E-06

8.00E-06

1.00E-05

Holes
2
µ(E=0)(cm /Vs)

Electrons

µoHoles=9.9E-04
σHoles=18meV

µoElectrons=7.1E-04
σElectrons= 16meV

1.00E-03

1.00E-04

Figure 95: A plot of zero field mobility versus 1/T2 for polymerised QT-oxetane
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Although mobility displays a weak temperature dependence it is still possible to
extract a µ0 and σ values from such plots. This is in contrast to the typical plots
obtained when attempting to calculate the positional disorder (see Figure 96) where
the large amount of scatter makes any derived parameters virtually meaningless.
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Figure 96: A plot of β vs. ⎜ ⎟ for polymerised QT-oxetane
⎝ kT ⎠
A summary of the parameters derived using this model is shown in table XV. We
note that the energetic disorder values obtained are much smaller than those found in
polymeric system (~20meV compared to ~100meV). Small energetic disorder values
have previously been reported by Ohno and Hanna [22] in comparable calamitic
systems (~60meV in SmB 8PNPO12). However, we note that in their case, small
energetic disorder values were used in Monte Carlo simulations which agreed with the
experiment rather than extracting the values from the temperature dependence as
presented here. A similar approach to Ohno and Hanna was used by Bleyl et Al. [64]
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to calculate small energetic disorder values in discotic systems (48meV in columnar
triphenylene dimer H4TD10). This is consistent with the view that one contribution to
the energetic disorder, σ, in polymers is a distribution in charge carrier delocalization
lengths along the polymer chain. In polymerised RMs the carriers are only delocalized
within the core unit and since the units are identical there is no contribution to the
energetic disorder by the aforementioned mechanism, which applies to conjugated
polymers. We also note that pre factor µ0 is close to the experimentally obtainable
mobilities, again in contrast to polymeric systems in which the pre factor is always
higher than the experimentally obtained values. In general when determining the
empirical constant C we find the extracted value to be in complete disagreement
0
when compared to the valued calculated by Bässler’s group (C0=2.9x10-4 (cm/V)1/2 ).
Similarly when trying to extract values for Σ, the positional disorder, we yielded very
small values compared to those obtained in conjugated polymer systems at best, or
nonsensical values which once again were inconsistent with the model.

It is clear from table V that the parameters obtained are incomplete and subject to
large errors. The same sets of data were used in the Holstein small polaron model in
the previous section and returned reasonable values. Traditionally in conjugated
polymer systems where the mobility is both highly field and temperature dependent,
very few data points are needed for a given temperature. This is due to the relatively
large change in the observables. In our systems however, which display a very weak
temperature and field dependence, any errors resulting from the fitted lines to the
original Poole-Frenkel plots result in an unacceptable amount of scatter in any
consequent plots using the fitted parameters. If the Bässler model is to be applied to
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such systems then a large number of data points would need to be collected in order to
reduce the scatter at any given temperature.
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Table V: Summary of Bässler parameters for polymerised systems

C0 (cm/V1/2)
σ (meV)
µ0 (cm2/Vs)
Σ
µ (RT) (cm2/Vs)
Materials
Holes Electrons
Holes
Electrons Holes Electrons Holes Electrons
Holes
Electrons
-4
-4
-4
PTTP-Diene
26
4.1 x 10
4.3 x 10
7.1 x 10
7.5 x 10-4
PTTP-Oxetane 24
27
2.88x 10-2 2.07x 10-2
1.6 x 10-2 2.8 x 10-2
QT-Oxetane
18
16
9.9x 10-4
7.1x 10-4
5.8x 10-3
0.2
1.6 x 10-3 1.1 x 10-3
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5.4

The Variation in Cooling Rate

In section 3.5 the polymerisation of the LCs is described, and in general all LCs were
loaded in the Isotropic phase then cooled to the required mesophase at 10oC/min
where they were irradiated and polymerised.

Initially we rapidly quenched samples from the isotropic to room temperature to avoid
thermal polymerisation. The samples were then heated to the mesophase and
polymerised. In order to investigate the film formation we varied the cooling rate
from the isotropic phase to the mesophase before polymerisation. This was done in
systems that did not display thermal polymerisation. Figure 97 shows a plot of
cooling method versus mobility. For each sample the electron and hole mobility was
measured at 140oC and room temperature.

The green and red lines on the plot signify the mobility of electrons and holes
respectively in PTTP (i.e. the original non reactive material). You can see clearly
from the plot that the “quenched” sample displays the highest mobilities of all three
samples, indeed approaching the mobilities of PTTP. Notice that the quenched sample
appears to display the least temperature dependence. From this plot it is clear that as
the cooling rate is decreased, the mobility decreases significantly.
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Cooling Methods

1.00E+00

Quenched

20 C/min

0.1 C/min

2

Mobility (cm /Vs)

1.00E-01

1.00E-02

1.00E-03

Electrons @ RT
Holes @ RT
Electrons @ 140C
Holes @ 140C
Holes PTTP - LC
Electrons PTTP - LC

1.00E-04

Figure 97: A plot of Mobility against Cooling method for polymerised PTTP-OX.

This is counter intuitive, as slower cooling rate leads to the formation of larger
domains. One would expect large domains to be associated with faster transport.

Using polarizing microscopy the domain size of all three samples was investigated,
photographs are shown in Figure 98.

133

~1.5mm

(a)

(b)

(c)

Figure 98: Crossed-Polaroid images of polymerised PTTP-ox: (a) Quenched. (b)
Cooled at 20oC/min. (c) Cooled at 0.1oC/min.
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The domain size was largest for the 0.1oC/min sample, but smallest for the
“quenched” sample. The smaller domains were producing the faster charge transport
in TOF.

Figure 99a shows a crossed-Polaroid photograph of PTTP-oxetane before
polymerisation at 140oC (SmB) (courtesy of K.S.Whitehead, Imperial, University of
London). We see clearly that it displays two optical textures: these textures appeared
to correspond to the ones formed in the polymerised samples (Figures 99b and 99c)
when “quenched” and when cooled at 0.1oC/min. One possible explanation is that
they are not two different phases, but a single phase with different orientations of the
smectic lamellae. The LCs cores, if given the opportunity, preferentially align
homeotropically, so when we cool the sample very slowly, we do indeed produce
larger domains but with a greater homeotropic alignment of the molecules. When we
“quench” the sample then heat it to the mesophase and polymerise very quickly we
produce small domains with a distribution of orientations, as they have not had
enough time to align the smectic strata parallel to the plane of the substrate. This
would explain the reduced transport with the appearance of large domains, see Figure
100 for proposed morphologies.
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a)

b)

c)

Figure 99: Crossed-Polaroid images comparing, non-polymerised and polymerised
PTTP-oxetane: a) non-polymerised PTTP-oxetane at 140oC, b) polymerised PTTPoxetane “quenched”, c) polymerised PTTP-oxetane cooled at 0.1 oC/min.
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Slow cooling rate
From Isotropic

Worst Configuration for TOF
and OLED
Best Configuration for FET

Fast heating rate
After quenching

A middle ground for both TOF,OLED
and FET

How can this be achieved?

Best Configuration for TOF and
OLED
Worst Configuration for FET

Figure 100: Possible morphologies produced using different cooling rates
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6

Conclusions and Further Work

6.1 Conclusions
Polymerised networks formed by reactive mesogens form charge transport layers with
a wide range of mobilities (10-5 to 10-2 cm2V-1s-1), offering the choice of unipolar or
ambipolar transport and displaying stable, temperature independent mobilities. The
range of mobilities available makes them attractive as customised charge transport
layers where balanced hole and electron transport is required for efficient device
performance.

Although some reactive end groups (e.g. dienes) appear to act as chemical traps for
electron transport in reactive mesogens, as indicated by the mobility recovery
occurring post polymerisation, their trapping effect alone is not sufficient to explain
the lower mobilities invariably found in RMs, when compared to non-reactive LC
systems.

The theoretically predicted Holstein small polaron mobility (non-adiabatic limit)
adequately explains the weak temperature dependence found in these systems, and the
deduced values for the polaron binding energy and transfer integral appear both
internally consistent and in agreement with literature values.

The Bässler Gaussian disorder model seems to be self-consistent in that it returns
small values for the energetic disorder, which one would expect for systems which
display a weak temperature dependence. This weak temperature dependence means
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however, that the Bässler model requires very large data sets in order to return
sensible values for the empirical constant C and the spatial disorder Σ.
0

In general the mobility seems to decrease compared to the non-reactive LC with the
incorporation of endgroups and then sometimes further when the material is
polymerised i.e. if one begins with a slow non reactive material then the result will be
an even slower polymerised system. Solving this problem requires finding LC
materials that display high mobilities.

The choice of functional end-groups is critical when designing materials to be used in
the construction of polymerised networks. It has been found that the use of acrylate
endgroups in constructing such systems is not practical as they undergo thermal
polymerisation, making the thermally stable diene and oxetane end-groups a more
appealing option.

The formation of the type of mesophase and the way in which the mesophase is
formed plays an important role in determining the charge carrier properties of the LC
materials. This area requires much more research to be conducted before it is fully
understood.

6.2 Further Work
6.2.1 Continued TOF Studies
It has been shown throughout the course of this project and research over past 10
years that charge transport properties of LC materials varies enormously from
material to material. Research in the area is fairly new. Thus, we do not fully
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understand all the factors that affect charge transport within such materials. In order to
produce materials that possess desirable properties e.g. air stability, ambipolar
transport, and high mobilities, more systematic TOF studies need to be carried out i.e.
varying core groups, alkane chain length, incorporation of oxygen, etc. Once this has
been achieved it should provide us with large amounts of data and trends from which
we can design the “ideal LC material”. This information should prove useful when
trying to design polymerised RM systems which display higher mobilities.

6.2.2 Directional TOF studies
It is well known that mobility is anisotropic in anisotropic systems. In particular,
measurements have been conducted using different samples in which the discotic LC
stacks have been aligned homotropically and planarly with the electrodes (In this case
the homeotropic alignment of the stacks should yield greatest TOF mobility
perpendicular to the substrate) (see Figure 101). In calamitic systems you would
expect the TOF mobility to be greatest when they are aligned planar to the substrate
(Figure102a) and lowest when the molecular cores are homeotropically aligned to the
substrate (Figure102b). To the best of our knowledge, no such study has been
conducted on these systems.

E-Field

+++++++++++++++++++++++++++

E-Field

E-Field
E-Field

+++++++++++++++++++++++++++

----------------------------------------------

----------------------------------------------

b)

a)

Figure 101: Cartoon of Discotic orientations a) homeotropic and b) planar

140

E-Field
----------------------------------------------

E-Field

+++++++++++++++++++++++++++
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a)

b)

Figure 102: Cartoon of Calamitic orientations a) planar and b) homeotropic
It would be very interesting to study the mobility of the charge carriers in the same
sample using an ‘in plane’ and ‘out of plane’ TOF technique for both calamitic and
discotic systems. The ‘in plane’ TOF would be achieved by using a cylindrical lens to
focus the laser light adjacent to one of the surface electrodes (see Figure 103). The
subsequent carrier drift between the two surface electrodes would be used to measure
the arrival time, and mobility would be calculated as before.
Bulk TOF Electrodes

LC material

Surface TOF Electrodes

Figure 103: Basic schematic of directional TOF technique
In doing this, it would be hoped that we could differentiate between transport
occurring in systems where the LCs are orientated planarly and homeotropically to the
electrode. Indeed we could use this technique to determine the orientation of the LCs
within the polymerised samples when varying cooling rates. This technique could also
be used to provide important information about the relationship between FET and
TOF measurements.
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6.2.3 Further Investigation of Cooling Rates
It has been discussed previously that the mesophase has an effect on the charge carrier
transport. Thus, it is very important to investigate how we can optimise the formation
of a particular mesophase, i.e. achieve large domains, and preferred alignment and
how this affects the charge transport properties. We have seen in section 5.4 that the
cooling rate would appear to play a critical role in phase formation. Thus further
investigation needs to be conducted by monitoring the charge transport properties as
we vary the cooling rates for both non-reactive and reactive LC systems. In particular,
we need to investigate the “quenching” method further by comparing the charge
transport properties of polymerised networks made using PTTP-diene and QToxetane formed by this method with those of PTTP-oxetane.

6.2.4 Photo DSC Measurements
Photo Differential Scanning Calorimetry (Photo DSC) is an important technique that
can provide information about the polymerisation process, such as the length of the
polymerisation reaction, the conversion percentage, the enthalpy of polymerisation,
and how these vary with both temperature and amount of photoinitiator. The photo
DSC setup works in the same way as a standard DSC described previously, with one
important difference. A fiber optic is coupled to the furnace and sits above each
sample and reference (note sample pans are not sealed). At the end of the fiber optic
sits the light source used for polymerisation (Figure 104).
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Fiber optic

Light source
Perkin-Elmer
DSC
Heater

Heater
Sample

Reference

Temperature
Sensor

Figure 104: Schematic of Photo DSC setup
The sample inside the chamber is then irradiated and begins to polymerise. This
polymerisation would be seen as a strong exothermic peak on the DSC curve, from
this curve the relevant information could be retrieved.

The amount of photo initiator used to polymerise the material is very important
because we believe the initiator could be acting as a trap for the charge carriers. In
any case, it represents the addition of an impurity into the semiconductor. It has been
suggested that in order to polymerise such materials we only need to use 0.01wt% of
photo initiator. This is a factor 100-50 times smaller than the amount currently used

[52]. Therefore, Photo DSC studies need to be conducted where the concentration of
photo initiator is varied and all the relevant parameters monitored.

6.2.5 X-Ray Diffraction Studies
One of the main goals of this project was to preserve a chosen mesophase’s ordering
at room temperature and thus we hoped to form an insoluble material, which
maintains the transport characteristics of that mesophase at room temperature.
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Throughout this project we have used crossed-Polaroid microscopy to identify the
phases formed once polymerisation has occurred. However, we could also use x-ray
diffraction. This technique could provide us with much more information for both
non-reactive and reactive systems; such as the lattice spacing, the inter-molecular
distance and the π-orbital overlap.

It has been suggested that the large decrease in mobility between the non-reactive
material and the reactive material is simply due to the packing of the system being
altered by the incorporation of the functional end groups. This leads to a reduction in

π-orbital overlap and consequently a reduction in mobility. It has also been suggested
that the reduction in mobility that takes place when polymerisation occurs in the
smectic system is due to a decrease in ordering caused by the polymerisation process
(functional end groups locating one another). However, this same process may lead
to greater ordering and consequently higher mobilities in nematic systems.

In order to investigate these ideas we would need to measure all of the materials (nonreactive/reactive) using x-ray diffraction in the required mesophase before and after
polymerisation and compare the calculated parameters.

6.2.6 Construction and Testing of RM Devices
Ultimately, we hope these materials will be used to construct organic devices such as
OLEDs, OFETs and OPVs. In fact, many groups have already begun to construct and
test such devices. Thus the next stage in this project needs to investigate charge
transport properties of in-house OFET devices made using materials used throughout
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this project and how these compare to the bulk charge transport properties measured
using TOF.
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List of Abbreviations
Al
BNC

Aluminum
Bayonet Neill-Concelman Connector

Colh
CSV
DOS
DSC
EL
FET
GDM
HAD
HOMO
ITO
K
LAN
LC
LUMO
N.D
O.D
OFET
OLEDs
OPV
PC
PL
PNP
PTFE
PTTP
QT
RC
RF
RM
RT
SmA
SmB
SmC
SmG
TITech
TOF
UV
V
wt%

Columnar hexagonal phase
Comma Separated File
Density Of States
Differential Scanning Calorimetry
Electro-Luminescence
Field Effect Transistor
Gaussian Disorder Model
Hexanediol diacrylate
Highest Occupied Molecular Orbital
Indium Tin Oxide
Crystal Phase
Local Area Network
Liquid Crystal
Lowest Unoccupied Molecular Orbital
Neutral Density
Optical Density
Organic Field Effect Transistors
Organic Light Emitting Diodes
Optical Photo Voltaic
Personal Computer
Photo-Luminescence
Phenylnaphtalenes
Polytetrafluoroethylen
Bis(4-heptylphenyl)-bithiophene
Quaterthiophene
Electronic response time
Radio Frequencies
Reactive Mesogen
Room Temperature
Smectic A
Smectic B
Smectic C
Smectic G
Tokyo Institute of Technology
Time-Of-Flight
Ultra Violet
Voltage
Percentage Weight
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Appendix A
A1: Subtrate Cleaning Procedure
¾ Clean samples/substrates with detergent and distilled water in hand.
¾ Place samples/substrates in a breaker of distilled water and sonicate for the
following allotted times: 10, 5, 5 and 5minutes, each time changing the water.
¾ Place the samples/substrates in a beaker filled with acetone and sonicate for 5
minutes, each time replacing the acetone (this remove most of the dirt).
¾ Repeat above step with chloroform (this remove drying stains produced by the
acetone).

A2: Evaporation Procedure
¾ Fix substrates in place using glass slides on a sheet of metal.
¾ Position sheet inside the chamber.
¾ Place the material you wish to evaporate in a boat/cage/filament depending on
material used.
¾ Check the circuit is closed, by making sure a current can be drawn.
¾ Clear glass chamber, lid (this ensures a good vacuum) and reassemble
chamber.
¾ Check thickness monitor is working correctly.
¾ Open valve 2 and roughly evacuate chamber to ~5E-2mbar using the rotary
pump.
¾ Switch on the diffusion pump to warm up
¾ Once the chamber has been evacuated ~5E-2mbar, close valve 2 and open
valve 3 and valve 1.
¾ Fill diff pump with liquid nitrogen.
¾ Evacuate the chamber further to ~2E-5mbar.
¾ Input the impedance and density of the material into the thickness monitor.
¾ Now apply current until the material begins to evaporate in the boat.
¾ Once the required thickness is observed on the thickness monitor turn the
current off.
¾ Leave to cool for 30mins.
¾ To open the chamber, shut valve 1 and 3.
¾ Let air back in to chamber, once the chamber is at ambient pressure, remove
case and samples.

See Figure 105 for a schematic of vacuum deposition system.

147
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Electronics
1
Oil
Diffusion
Pump

2
3

Rotary
Pump

Figure 105: Schematic of vacuum deposition system

A3: Patterning Electrodes Using Photo-resist
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾

Set pre-spin at 1600rpm for 10 seconds.
Set final spin at 4000rpm for 40seconds.
Pre Heat oven to 90 degrees.
Pour 10ml of positive photo-resist into a breaker.
Place substrate in spin coater.
Using a pipette, cover the whole surface of the substrate with photo-resist.
Place lid on spin coated, and spin.
Once substrates are coated place in oven for 10 minutes, to bake photo-resist.
Using the UV light box, place desired pattern on the light box and place
substrate behide the pattern (photo resist side down).
Expose for 1 minute.
Once this is completed the substrates need to be developed.
Mix 1 part developer (351- pre made) with 6 parts distilled water in a breaker.
Place exposed substrates in the breaker until the exposed photo resist has
disappear ~30-60 seconds.
Clean with distilled water, to stop any further developments of photo resist.
Using Acetone removes the unexposed photo-resist and other materials as
required.
Example: - How to produce Aluminium electrodes on ITO substrate.

1) Expose photo resist to UV

2) Develop baked photo resist

Mask

Unexposed
Photo Resist

UV light
Photo Resist

Aluminium

Aluminium
Glass Substrate

Glass Substrate
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3) Remove unexposed photo resist in acetone

Aluminium
contacts
Glass Substrate

Figure 106: Patterning electrodes schematic
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