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FT-infrared and pyroelectric studies on
calix[8]arene Langmuir-Blodgett films
Pyroelectric activity is exhibited by materials w hich possess a spontaneous tem peraturedependent electric polarisation. These materials generate a current as their temperature
is changed. M any classes o f organic m aterials exhibit pyroelectric activity but only if
processed in such a way that a non-centrosym metric arrangem ent o f dipole results.
W hen deposited as alternate layers by the Langm uir-Blodgett (LB) technique a
macroscopically polar assembly is formed. To date, the best perform ance has been
achieved by alternately depositing two materials, one containing acid groups and the
other containing amine groups. Calixarenes are one family o f materials w hich are
particularly good vehicles for the acid and amine groups. Alternate layer LB films o f
acid- and amine-substituted calixarenes have high pyroelectric coefficients and form
extremely robust films.
Fourier transform infrared (FTIR) spectroscopy is a useful tool in exam ining the
properties o f thin film samples. Using the FTIR techniques o f attenuated total reflection
(ATR) and reflection-absorption infrared spectroscopy (RAIRS) it is possible to study
the behaviour o f the acid and amine groups within the pyroelectric samples.
This thesis describes the pyroelectric properties o f a series o f calix[ 8 ]arenes. The
dependence o f the pyroelectric coefficient on temperature, film thickness and substituent
chain length is analysed. The infrared spectra show that the acid and amine groups
interact by proton transfer but also that the rem aining acid groups form either facing
dimers with the amine or sideways dimers between themselves. The spectra do not
change with temperature. This dem onstrates that the films are therm ally stable.
Additionally, this invariance shows that the pyroelectric activity in these films does not
arise from a change in the proton transfer as has been previously postulated. Theoretical
calculations undertaken predict that the source o f the dipole change required for the
level o f pyroelectric activity seen is likely to be a change in distance between the acid
and amine groups. Further observations, quantitatively exam ined by curve fitting
techniques, show that the greater the num ber o f proton-transferred pairs, the low er the
pyroelectric coefficient. Thus, only the tem perature-dependent separation o f the acid and
amine pairs which have not undergone proton transfer is responsible for the pyroelectric
activity in these systems.
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FT-infrared and pyroelectric
studies on calix[8]arene
Langmuir-Blodgett films

l

1. Introduction

1.1 Aims
Calixarenes are a family o f materials w hich have a wide range o f potential
applications ’ and thus are the subject o f a great deal o f research. Additionally, much
progress has been made in the field o f organic heat sensors, especially using films o f
m aterials containing acid and amine groups.
The focus o f this study is a group o f specially synthesised calixarenes containing such
moieties. These materials have been made to allow them to be deposited as thin films by
the Langm uir-Blodgett (LB) technique. Films o f these calixarenes, when deposited in an
alternate layer structure, have already been shown to be pyroelectric . 3 ,4
The main aim o f this project is to investigate the structural and electrical properties o f
thin multilayered films o f these carboxylic acid- and amine-substituted calix[ 8 ]arenes.
The pyroelectric nature o f these calixarene assemblies will be assessed for the various
combinations o f materials available. This is the first step in understanding the
pyroelectric mechanism since any variations in the pyroelectric effect due to small
variations in the m olecular structure will be revealed.
The next stage in understanding these systems is the use o f the Fourier-transform
infrared (FTIR) methods o f attenuated total reflection (ATR) and reflection-absorption
infrared spectroscopy (RAIRS). It is the interaction between the acid and amine groups
which is thought to be the main mechanism for pyroelectricity. The FTIR spectroscopic
techniques o f A TR and RAIRS make it possible to observe the carboxylic acid and
amine bands in these types o f thin film s . 5 By m onitoring the behaviour o f these bands
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under various conditions, an insight into the pyroelectric effect can be gained.
Firstly, a picture o f the systems at room temperature can be built up in order to
understand the structure o f the films as well as the state o f the acid and amine bands at a
fixed temperature. Secondly, the behaviour o f the relevant bands can be m onitored
w hilst the temperature o f the film is varied. Hence, the correspondence between the
m easured pyroelectric coefficient and the acid and amine moieties can be analysed. An
added benefit o f using FTIR is that any other changes in films structure can also be
exam ined and hence any secondary mechanisms o f pyroelectricity may also come to
light.

1.2 Pyroelectric LB films
In order for a material to display pyroelectric properties, it m ust possess a temperaturedependent polarisation. In the case o f organic materials, this requirem ent m eans that
there must be an overall dipole across the sample in one preferred direction. Generally,
for materials in which the molecules are arranged randomly, there w ill be no net
polarisation across the sample. Therefore, a way o f arranging the m olecules in a noncentrosymmetric m anner is needed to ensure that there will be an overall polarisation
across the sample. The Langm uir-Blodgett deposition technique provides the m eans to
manufacture thin films o f organic materials in a highly ordered way.
Extensive research has been undertaken into the pyroelectric behaviour o f organic
Langm uir-Blodgett films. A variety o f systems have been studied, such as ion
com plexes , 6 ,7 molecules displaying a large internal dipole , 8 polym ers , 9 even biological
m olecules 10 as w ell as alternate layer structures o f two different m aterials . 1 1 ,1 2 The
greatest success has been obtained by using alternate-layer structures o f m aterials in
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w hich carboxylic acid and amine groups on different molecules are brought together by
alternate layer LB deposition. Various carrier molecules have been used, from simple
straight chain system s 1 1 ,1 3 to polymeric siloxanes . 14 It has been found that while it is the
acid and amine pairing w hich provide the source o f the pyroelectric activity in such
systems, the form o f the molecules used has a significant effect on the resultant
pyroelectric coefficient. To date, calixarenes have been shown to be the best vehicles for
the acid and amine m oieties . 15

1.2.1 The pyroelectric coefficient
A pyroelectric material has a net polarisation in one direction. A t a constant temperature,
this polarisation is m asked by surface charges. For a sample w ith parallel plate type
electrodes, the surface charges induce image charges . 7 W hen a change in temperature,
5T, occurs, a change in polarisation perpendicular to the plates, 8 P3, results. This in turn
gives rise to a change in surface charge,

8

Q, on the electrodes, described by the

following relationship:
SQ _ 5(P3A)

8T

Equation 1-1

w here A is the electrode area.
The pyroelectric coefficient, T, is defined as the rate o f change o f polarisation w ith
tem perature . 16 It has components in all directions but only the com ponent perpendicular
to the plane o f the electrodes, T 3 , is usually measured. A ssum ing that the sample
experiences constant stress, a , (i.e. it is free to expand) the pyroelectric coefficient is
then:

4

' d Q ) + _Q (SA
A2U t

r 3= —
3
A v9t J„

Equation 1-2

The second term in this relationship arises from the therm al expansion o f the sample,
since all pyroelectric materials are also piezoelectric. However, in the case o f the thin
film samples under analysis, the change in electrode area on heating is negligible. In
addition, alternate layer acid/amine LB systems have been found to display particularly
low piezoelectric coefficients . 17 Therefore, the second term is effectively zero and can
be ignored, leaving:

r =

iM
^

Equation 1-3

°

The subscript on the pyroelectric coefficient will be omitted for brevity from now on
since pyroelectric measurements are invariably made using a parallel plate electrode
system. Therefore, all pyroelectric coefficients quoted can be assumed to be the T 3
components o f the pyroelectric vector.
It should be noted that equation 1-3 combines the primary and secondary pyroelectric
contributions. These are the temperature dependent spontaneous polarisation and the
change in polarisation due to the mechanical deformations o f the material respectively.
Further analysis is required to separate these com ponents but this w ill not be discussed
here. The interested reader is referred elsew here . 18

1.3 Materials
The main focus o f the project is on calixarenes but other materials have been used to
provide a base from w hich to study the calixarenes. A description o f all the materials
used is given here.
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1.3.1 Straight chain materials
The straight chain materials used were stearic acid and octadecylamine (Aldrich
>99.5% )

[Figure

1-1]. The abbreviations

SA

for stearic acid and

ODA

for

octadecylamine w ill be used from now on. These materials were used to provide a
background before m oving onto calixarenes.

Figure 1-1: Stearic acid (SA, top) and octadecylamine (ODA, bottom).

1.3.2 Calixarenes
Calixarenes, as a family o f chemicals, have shown much potential in a variety o f
•

• 1 2

•

applications. ’ M ost importantly for this work, LB films o f substituted calixarenes can
be used in heat sensing devices . 19 Indeed, a num ber o f the applications o f calixarenes
arise because their chemical structure may be modified to a significant degree while still
allowing their deposition in the form o f LB film s . 2 0 The LB technique is essential for the
realisation o f a wide variety o f functional devices ; 21 calixarenes are thus an ideal family
o f materials to use in such contexts. A n illustration o f this is that nanoparticles have
been made using LB films o f the same calixarenes used in this w ork . 2 2
Chemical sensing is a wide field in w hich the calixarene family o f materials have shown
great promise. Again, LB films have been used in the construction o f sensors . 2 3 ,2 4
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However, calixarenes may also be incorporated into sensing devices by various other
means and have been shown to be useful in a huge range o f detection applications . 2 5
Their chemical versatility is such that, w ith suitable modification, selective com plexes
may be formed w ith a vast num ber o f ionic species . 2 6 This is the first stage in the
development o f ion-selective sensors such as for the detection o f sodium , 2 7 calcium , 2 8
lead 2 9 or organic amides among many others . 3 0 Calixarenes have also been used in the
form o f self-assembled systems to detect organic com pounds in w ater 31 and volatile
organic compounds.

T9

•

In addition to the range o f species w hich may be detected by

calixarenes, their usefulness as sensing materials is increased by the fact that they can
provide several different transduction m odes . 33
The name, meaning a cuplike (calix) aromatic hydrocarbon (-arene), is derived from the
Greek, kalux, meaning husk, shell or pod and refers to the most com mon shape adopted
by the molecules. The m onom er o f the basic calixarene consists o f a benzene ring w ith a
hydroxyl group adjacent to a CH 2 “link” . At least four o f these m onom ers form a ring to
give rise to the calixarene oligomer, for example eight units for a calix[ 8 ]arene [Figure
1-2].
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HO

OH

HO
OH

HO
OH

HO

OH

Figure 1-2: Calix[8]arene.

When drawn in this manner the true shape is not obvious. In reality, the conformation o f
the molecule is such that the hydroxyl groups are at the lower part o f a bowl formed by
the benzene rings. Figure 1-3 is an example o f the form o f these molecules. The bowl
shape can clearly be seen in this projection.

8

HO

Figure 1-3: Side view o f C3 molecule.

In order to display pyroelectric activity, the calixarenes m ust be modified. Firstly,
carboxylic acid and amine groups m ust be introduced and secondly the m olecules m ust
be capable o f forming Langm uir-Blodgett assemblies. To satisfy the first condition the
hydroxyl groups on the lower rim have been substituted for a short alkyl chain
term inated by either a carboxylic acid or amine moiety. Subsequently, the hydrogen
atoms on the top rim have been replaced by a t-butyl group to allow LB deposition. The
changes made are summarised in Figure 1-4 and Table 1-1 along w ith the abbreviations
used throughout this thesis.
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R

n>4

OX
Figure 1-4: General form of substituted calixarene.

M aterial

Abbreviation

R

X

Amine-substituted calix[ 8 ]arene

AM

t-butyl

(CH 2 ) 3 N H 2

A cid-substituted calix[ 8 ]arene

Cl

t-butyl

c h 2c o o h

Acid-substituted calix[ 8 ]arene

C3

t-butyl

(CH 2)3COOH

A cid-substituted calix[ 8 ]arene

C5

t-butyl

(CH 2 ) 5 c o o h

Table 1-1: Substituent groups and abbreviations used.

1.4 Resume of thesis
The background to the pyroelectric effect has been covered in this chapter. A description
o f the aliphatic materials, used for the background work, as well as the calix[ 8 ]arenes
under analysis in this project has been given.
Chapter 2 concerns the technique o f Langm uir-Blodgett deposition. The preparation o f
films is described, starting with those containing a single material before going on to
look at the method o f making alternate layer structures. The different types o f
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assemblies obtainable by LB deposition are shown, with emphasis on those which result
in the non-centrosym metry required for pyroelectric behaviour.
The infrared techniques used to study the thin films under analysis in this thesis are
covered in chapter 3. Firstly, a general background to FTIR spectroscopy is given,
followed by a description o f A TR and RAIRS. The reasons for choosing these methods
to study LB films are outlined.
The pyroelectric analysis o f the calixarene systems is the subject o f chapter 4. Initially,
the measured physical properties o f the materials on the w ater surface are discussed.
Then the system used to make the pyroelectric measurements is presented. Finally, the
pyroelectric results obtained are shown and analysed along with some suggested
theories regarding the possible mechanisms o f the pyroelectric effect in the calixarene
films.
The FT-inffared results obtained at room temperature form chapter 5. Firstly, the spectra
obtained o f the aliphatic systems are shown and the pertinent bands identified. This is
followed by the A TR and RAIRS results obtained for the calixarene assemblies, both
individually and as alternate layer systems.
Chapter

6

starts by examining the ex situ spectra taken o f the alternate layer calixarene

films at room temperature and at an elevated temperature. This is followed by a
description o f the specially designed apparatus used to obtain FTIR spectra at different
temperatures in situ. The results obtained from the in situ m easurements are then
presented and their implications discussed, in particular w ith respect to the pyroelectric
measurements obtained in chapter 4.
Chapter 7 summarises the important results and conclusions and finishes w ith some
suggestion for continuing the research in future.
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11912-11917.
3j D. Diamond, M. A. McKervey, Calixarene-based Sensing Agents, Chemical Society Reviews, 1996,
15-24.
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2. Langmuir-Blodgett deposition

2.1 Introduction
This chapter introduces the technique o f Langm uir-Blodgett (LB) deposition. Following
a b rief historical background, a general overview o f the equipment used is given. The
formation o f floating monolayers, their transfer onto solid substrates and the m ultilayer
morphologies obtainable are explained. Finally the alternate layer deposition o f
calixarenes, w hich gives rise to films displaying pyroelectric activity, is described. The
description given here is necessarily specific to this project. For a broader background to
the LB technique, the interested reader is referred elsew here . 1 ,2 ,3

2.2 Background
The Langm uir-Blodgett technique dates from the early part o f the last century and stems
from w ork by Irvine Langm uir and Katherine Blodgett. Based on previous studies by
Lord Rayleigh 4 on floating oil layers and Agnes Pockels’ detailed investigations o f
surface tension , 5 ’6 Langm uir proved that such layers were ju st one single molecule
thick . 7 Blodgett achieved the next im portant step in transferring the floating Langm uir
layer onto a solid substrate . 8
The LB technique uses the fact that am phiphilic molecules spread to a single m olecular
thickness on a w ater surface. W hen bounded by a moveable barrier, this layer can be
compressed such that a two dimensional solid is formed. It is this solid layer w hich is
transferred to a substrate forming a Langm uir-Blodgett film.
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2.3 Materials
M aterials must have certain properties if they are to be used to form Langm uir-Blodgett
films. Firstly, they m ust be insoluble in w ater and thus form a floating monolayer at the
w ater surface. Secondly, they need to be readily soluble in a suitable solvent so that they
may be spread easily onto the w ater surface. Additionally, there is often a requirem ent
that the material will arrange itself such that all the molecules are orientated in the same
direction. The latter is achieved by using molecules w hich are am phiphiles, that is, have
both hydrophobic and hydrophilic parts.
The m ost common hydrophilic groups are hydroxyl (-OH), amine (-N H 2 ) and carboxylic
acid (-COOH), the latter two being useful for the generation o f pyroelectricity. The
hydrophobic part is generally a unit containing aliphatic chains, aromatic rings or a
combination o f these. This portion o f the molecule also ensures that the first
requirement, o f insolubility in water, is fulfilled. Two groups o f materials were used in
this study; straight chain molecules and calixarenes. Both o f these sets o f m olecules
were described in Chapter 1.

2.4 The Langmuir trough
The basic piece o f equipment used to make LB films is the Langm uir trough [Figure 21]. The apparatus is made up o f a PTFE trough (not shown) filled w ith ultra pure water,
known as the subphase. The barrier is a PTFE-coated fabric belt w hich is stretched
around six PTFE rollers. This is then h alf submerged into the w ater so that there is a
confined surface area within the barrier. This arrangem ent is know n as a constantperim eter system 9 as the area within the barrier can be adjusted while the perim eter
16

length remains unchanged. The area is controlled automatically during deposition using
a feedback mechanism operating between the W ilhelmy balance and the barrier motors,
in order to maintain a constant pre-set surface pressure [section 2.5.1]. The final part is
the deposition system which allows the substrate to be passed up and down through the
air-water interface at a controlled speed. This is very im portant as the speed o f
deposition can affect the final morphology o f an LB film . 10

Wilhelmy
balance

Comparator

Deposition
drive

Reference
pressure

Wilhelmy
plate

Substrate
PTFE
rollers
Barrier
drive
PTFE coated
barrier

Water
surface

Figure 2-1: The components of a Langmuir trough.

2.5 Monolayer formation
The material to be used m ust first be dissolved in a suitable solvent; chloroform has
been used for all the materials in this project. The solution is then spread over the w ater
surface, drop by drop, while the area within the barrier is maintained at maximum.
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a) Gas

b) Liquid

c) Solid

d) Collapse

►

Figure 2-2: Phases of a floating monolayer.

A fter the solvent has been allowed to evaporate, the molecules on the surface are w ell
separated with no significant interaction between molecules. This can be thought o f as a
two-dim ensional equivalent o f a gas [Figure 2-2a]. The barrier is then gradually closed,
reducing the available surface area. A t some point, the m onolayer enters a liquid phase
[Figure 2-2b] where the molecules interact but retain a great deal o f m olecular freedom.
Eventually, as the available area is reduced further, a solid phase is reached
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[Figure 2-2c]. A true monolayer has now been formed and the molecules are closely
packed and highly ordered. I f the monolayer is com pressed further, the film will
collapse forming crystallites or multilayered domains [Figure 2-2d],

2.5.1 The Wilhelmy method
The phases described above can be defined in terms o f surface pressure. As previously
mentioned, a W ilhelmy plate is used to m onitor the surface pressure. This consists o f a
piece o f filter paper w hich is hung from an electrobalance such that it dips into the
subphase [Figure 2-3].

J

Pp

J

11

h
lJ

w
front

►

side

Figure 2-3: The Wilhelmy plate.

The overall force on the plate when it is in the w ater is the resultant o f the dow nward
forces o f gravity and surface tension and the upward force due to the buoyancy o f the
plate. This can be expressed as:
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F = p pglw t + 2y(t + w ) cos 0 - p sghwt

Equation 2-1

where 1, w and t are the plate dimensions,
pp and ps are the densities o f the plate and the subphase respectively,
h is the depth o f immersion,
y is the surface tension,
0

is the contact angle o f the subphase on the plate and

g is the acceleration due to gravity.
W hen material is spread onto the surface it causes a decrease in the surface tension and
thus a change in the force on the plate. M easurements are made when the W ilhelmy
plate is completely w etted and as the plate is chromatography paper,
cos0 «1 and w » t

0

issmall

so

so w + t « w . Therefore, the change in the force acting on the

plate AF is:

Equation 2-2

AF = 2wAy

where Ay is the change in surface tension or the surface pressure. This is given the
symbol n and so:

Equation 2-3

Expressed in units o f m N m '1, the surface pressure is a very im portant param eter in the
LB deposition process. It is used to ensure that deposition takes place w ith the material
in the desired phase, usually when the monolayer is a solid.
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2.5.2 Isotherms
The measurement o f surface pressure is not solely used to control the barrier during
deposition. I f it is recorded while the barrier is gradually closed the result is a pressurearea (IT-A) isotherm, that is a plot o f the surface pressure against the area available to
the material [Figure 2-4]. A n isotherm can yield a lot o f important information about the
material concerned. The regions where the material is in the gaseous, liquid and solid
phases can be identified, as well as the point o f collapse (these are m arked on Figure 2-4
as a, b, c and d corresponding to the equivalent parts o f Figure 2-2). LB film forming
materials show a variety o f different behaviours on the w ater surface and this can be
seen in their differing isotherms. The different phases are not always seen [Figure 2-4i]
or there may be plateaux [Figure 2-4ii] depending on the shape o f the molecule.
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Figure 2-4: An ideal isotherm (left) and some example isotherms (right).

An important feature o f isotherms is that they provide a direct m easure o f crosssectional molecular area. Extrapolation o f the solid phase back to the x-axis (as shown
in Figure 2-4) yields the area taken up by the m olecules on the surface, A. From this and
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know ing the volume, v, and concentration, c, o f the solution spread on the w ater
surface, the area per molecule, A m, is:
Am
A m = --------

_
Equation 2-4

vcN a

where m is the molecular mass
and N a is A vagadro’s number.
Finally the compressibility o f a material can be obtained by measuring the gradient o f
the relevant part o f the isotherm. This can reveal further details regarding the
arrangem ent and packing o f m olecules on the w ater surface.

2.6 Deposition
Once the monolayer has been formed at the air-water interface, the next step is to
transfer the material onto a substrate. Prior to deposition the substrate to be used must be
meticulously cleaned. The silicon A TR crystals were first placed in an ultrasonic bath
under chloroform. This was followed by refluxing in pure isopropyl alcohol (IPA) for a
minimum o f six hours. The latter has the dual benefit o f ensuring the cleanliness o f the
surface and also rendering it somewhat hydrophilic, w hich aids the transfer o f the
materials used here. The aluminium-coated glass slides were always freshly made, in the
same manner as for the bottom contacts o f the pyroelectric devices [chapter 4, section
4.3.1] and then also underw ent refluxing in IPA before use.
Deposition is achieved by passing the substrate through the interface. The result is that
the molecules adhere to the surface o f the substrate, forming an LB monolayer.
M ultilayers can be built up through repeated transfers in this manner. D epending on the
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nature o f the material and substrate used, different types o f LB films result. The
following describes the possible film morphologies when a single material is deposited.

2.6.1 X-, Y-and Z-type deposition
An LB film o f a single material can fall into one o f three categories: X-; Y- or Z-type.
The three possible arrangements arise because material can be deposited in tw o ways.
The substrate can be m oved through the floating m onolayer from the w ater to the air (an
upstroke, Figure 2-5) or from the air to the w ater (a downstroke, Figure 2-6).
Subsequent layers can then be deposited by repeating the process in the same direction
or the other direction.

t
t

t

Figure 2-5: Langmuir-Blodgett deposition of one monolayer on an upstroke.
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I f deposition only occurs during the downstroke, an X-type film results [Figure 2-7a].
Likewise, deposition only during the upstroke produces a Z-type film [Figure 2-7c]. A
Y-type structure is achieved when a monolayer is transferred both on the upstroke and
the downstroke [Figure 2 -7b].

Figure 2-6: Langmuir-Blodgett deposition of one monolayer on a downstroke.
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W hich film structure is obtained in practice depends on the material itself, the type o f
substrate used and the design o f the trough. Thus, a degree o f control over the nature o f
the LB film is afforded the experimenter. This is important for certain applications, such
as pyroelectricity or second harmonic generation, where an overall dipole m om ent is
required. Any molecular dipoles present are cancelled out in a centrosymmetric
arrangem ent such as a Y-type film so a non-centrosymmetric, X- or Z-type film is
needed.

X -ty p e

Y -ty p e

Z -ty p e

Figure 2-7: Langmuir-Blodgett film structures.

2.7 The alternate layer trough
The pyroelectric LB films described in this thesis consist o f two different m aterials.
These systems have been made using a specially designed double trough . 11 This trough
has many similarities with that described in section 2.4. The W ilhelmy method is used to
measure the surface pressure and the barriers are controlled by the same feedback
system. The alternate layer trough is also o f the constant perim eter type but the area
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w ithin the movable barrier is split by a fixed PTFE barrier. This barrier incorporates the
dipping mechanism and sample holder [Figure 2-8]. Each com partment o f the trough (A
and B) has a separate pressure monitor and barrier drive so each can be independently
controlled. This allows the deposition o f alternate layers at different pressures.
The dipping mechanism consists o f a rotating drum onto w hich the substrate is mounted.
This passes the substrate up through one side and down through the other as it rotates at
a controlled speed. W ith this system, the sample may be rotated in either direction and
also the deposition rate can be altered for each section. Therefore, deposition from each
com partment o f the trough may be made as an upstroke or dow nstroke and importantly
at a different rate from one side to the other. This ensures that each material can be
deposited w ith the optimum param eters needed for a high quality film.

F ix ed barrier
S u b s tr a te

R o ta tin g s a m p le h o ld e r

*P T F E rollers

w%

M o v a b le b arriers
Figure 2-8: Top view of alternate layer trough.
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2.7.1 Deposition
The films produced by the alternate layer trough consist o f two different materials and
so their morphology is not the same as for films made with one material only. As the
substrate is passed through each side in turn, layers are built up in the sequence
A/B/A/B/A/B ... [Figure 2-9]. The result is that although the structure is similar to the
Y-type previously described, as it is com posed o f two different materials it is noncentrosym m etric.

B
B
A
B
A

Figure 2-9: Alternate layer deposition (left) and resulting film structure (right).

If the materials are chosen so that their dipoles do not cancel out, a m acroscopically
polar LB film is produced. In the case o f the calixarenes used here, the dipoles in the
acid-substituted and amine-substituted materials point in opposite directions w ith
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respect to the pendant alkyl chains. Therefore, when such materials are deposited as
alternate layer films, their dipoles point in the same direction and a non-zero polarisation
results [Figure 2-10]. In this case, there is a temperature-dependent change in the dipole
and the films exhibit pyroelectric activity which forms the basis o f the research
presented in this thesis.

P=o
HO

HO

H

Figure 2-10: Polarisation in an alternate layer LB film .
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2.8 Summary
The concept o f Langm uir-Blodgett films has been introduced. An overview o f the
manufacture o f m onolayer and multilayered systems has been given. This included the
methods o f measuring the surface pressure and obtaining isotherms o f the materials on
the w ater surface. There followed a description o f the technique used to make the
pyroelectric alternate layer assemblies under investigation here. The reasons behind the
need for alternating and thus non-centrosymmetric structures were outlined.
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3. Infrared Spectroscopy

3.1 Introduction
This chapter describes the theory o f infrared spectroscopy. A general background o f the
technique is given, followed by a more detailed account o f Fourier Transform infrared
(FTIR) spectroscopy. Finally, the m ethods o f attenuated total reflection (ATR) and
reflection-absorption infrared spectroscopy (RAIRS), used for the analysis o f the thin
films in this project, are covered.

3.2 Background
Infrared radiation was discovered by Sir W illiam Herschel two centuries ago. In the
electromagnetic spectrum, it lies beyond the red portion o f the visible spectrum in the
w avelength range 0.78-1000pm [Figure 3-1]. Infrared radiation is com monly referred to
in ‘frequency’ units o f wavenumbers, cm '1, w hich will be used from now on. Thus the
range given above corresponds to -1 2 8 0 0 -10cm '1. This generally is divided into three
parts: near- (~12800-4000cm '1); mid- (~4000-650cm '1) and far-infrared (-6 5 0 -1 0 cm '1).
Infrared radiation induces transitions between quantized vibrational energy levels and
this forms the basis for infrared spectroscopy. The theory o f infrared spectroscopy has
been amply covered elsew here 1, 2, 3, 4, 5 so only the pertinent aspects will be presented here.
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Figure 3-1: The electromagnetic spectrum.
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Figure 3-2: The Morse curve, an anharmonic potential for a diatomic molecule.
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m

3.2.1 Interaction of infrared radiation with matter
Electrom agnetic radiation interacts w ith m atter across a broad range o f energies, with
different results. In the case o f infrared spectroscopy, this interaction is in the energy
range o f molecular vibrations and rotations. For electromagnetic radiation, such as
infrared, to be able to interact with matter, certain conditions m ust be met.
Consider the simple case o f two atoms joined by a bond. For such a system, the potential
energy, E, can be approxim ated to a M orse curve [Figure 3-2] given by the function:

E = D e(l-e x p [a (re - r

Equation 3-1

)])2

where: D e is the energy o f dis-association o f the molecule,
r is the intem uclear distance,
re is the equilibrium distance, i.e. the bond length
and a is a constant.
Applying the M orse function in the Schrodinger equation gives the perm itted energy
levels as:

Equation 3-2

where xe is the anharmonicity constant = ^

and n = 0, 1, 2, 3, ...
Therefore, for a transition to occur, ju st the right am ount o f energy m ust be absorbed (or
emitted) to exactly reach another vibrational state. Thus the selection rule is An = +/- 1,
+/- 2, +/- 3, ...
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A dditionally, if a molecule is to absorb (or emit) radiation [Figure 3-3 a] it must have an
associated transition dipole. This means that a change in the dipole moment, p, [Figure
3-3b] due to a vibration must occur, that is:

Equation 3-3

— * 0

where r is the molecular separation.

For a non-polar diatomic molecule consisting o f two identical atoms (i.e. N?) — = 0
dr
and there is no infrared spectrum. However, for polyatomic molecules, infrared radiation
can be absorbed even though no perm anent dipole exists (e.g. benzene) as transition
dipoles can occur.

E,

hu

E,~

a)

b)

Figure 3-3: Absorption and emission (a) and a molecular dipole (b).

3.2.2 Molecular vibrations
Since the vibrational frequency o f a given band is dependent on the atomic m asses and
bond involved, different molecular groups can be identified by their particular
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adsorption frequencies. For a molecule o f N atoms, 3N-6 separate vibrations can occur.
This is because each atom has 3 degrees o f freedom, less 3 translation modes (all atoms
moving along the same axis) and 3 rotation m odes (all atoms rotating around a common
axis). Some examples o f possible vibrational modes are shown in Figure 3-4.
Generally, the fundamental frequency o f a particular vibration is observed, that is an
energy change corresponding to An = +/- 1. O ther transitions o f An = +/-2, +/-3 ... are
know n as overtones and occur at frequencies o f twice (first overtone) and three times
(second overtone) etc. that o f the fundamental vibration. Further types o f bands are
known as combination and difference bands. These arise from the addition or
subtraction respectively o f two or more fundamental or overtone bands. A t room
temperature, overtones and combinations are generally w eak and only the fundam ental
bands are seen.

Figure 3-4: Some possible molecular vibrations: a) symmetric stretch;
b) antisymmetric stretch; c) bending.

3.2.3 Environmental factors
FTIR spectroscopy does more than indicate w hich chemical groups and m odes are
present in a given sample. The absorption bands are affected by a num ber o f factors,
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giving rise to trem endous variations in the m easured band shape. This can be used to
glean information about the environm ent occupied by any give absorption mode.
The first important effect on the absorption band o f any given infrared active mode is
the position it occupies w ithin a molecule. N eighbouring atoms or groups can cause
other vibrations to be shifted to higher or lower energies or cause bands to have
increased or decreased intensities. These effects, however, simply tend to make band
assignments more difficult and do not result in useful information when the chemical
structure o f the material under analysis is already known, as in this case.
The next main cause o f variations in the form o f absorption bands is from the chemical
environm ent surrounding the group in question. This is particularly im portant for
material in solid film form where a wide range o f different states can occur. These
include

differing orientations

o f the molecules, various

crystalline

forms

and

interactions with neighbouring molecules. A n im portant observation w hich can be made
is that the absorption band width depends on the degree o f orientational order found in a
sample. In a highly ordered structure, as can be expected in LB films, a band w ill tend to
be narrow er than for the same mode in a randomly arranged state. Similarly, for
m aterials adopting crystalline states, bands can be narrowed in this way. A further effect
on an absorption band can arise from the crystal field, this can cause one band to be split
into two or more for example.
A final point to note is that the instrum ent and param eters used to obtain the infrared
spectrum also have an effect on the band width. This can potentially cause problem s
w hen quantitatively comparing data from different machines. Thus it is im portant to
ensure that the same instrument param eters are always used in order that different
spectra may be accurately compared.
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3.3 Dispersive infrared spectroscopy
The traditional infrared spectrom eter is o f the dispersive type. The infrared source
w ould ideally be a blackbody em itter but m ost commonly a G lobar (a SiC rod
electrically heated to 1750K) source is used. The infrared radiation is directed using
m irrors into two beams, one o f w hich passes through the sample to be analysed. The
beam s are then split into their com ponent frequencies by a dispersive element such as a
prism or grating and the intensities are measured and com pared sequentially by a
detector.

3.4 FTIR spectroscopy
Fourier transform infrared (FTIR) spectroscopy is an alternative m ethod o f m easuring
infrared spectra [Figure 3-5]. The principle difference between the conventional and the
FT method is that the dispersive element is replaced by an interferometer. This results in
an interferogram being measured at the detector which must be Fourier-transform ed to
obtain a spectrum.
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Figure 3-5: Schematic diagram of a FTIR spectrometer.

3.4.1 The Michelson interferometer
The interferometer used in FTIR is o f the M ichelson type. This consists o f a beam
splitter (KBr) and two mirrors; one which is fixed and one which moves back and forth.
The infrared beam from a polychromatic source (Globar) is collim ated by m irrors and is
then passed through the beam splitter w hich is angled at 45°. Thus 50% o f the beam is
transm itted to the moving mirror and 50% reflected to the stationary mirror. The
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reflected beams recom bine at the beam splitter and are directed through the sample to
the detector. The m oving mirror introduces a path difference or retardation, x, between
the two recom bined beams. W hen both mirrors are equidistant from the beam splitter,
there is zero path difference (ZPD) and constructive interference occurs for all
wavelengths. A t a particular wavelength, X, when the m oving m irror moves by X
/ A, the
path difference is x/2 so the recom bined beams w ill interfere destructively. A s the
m oving m irror oscillates about the ZPD position, an interference pattern is produced for
each wavelength and the sum o f all such patterns produces the final interferogram
m easured by the detector, since the source is polychrom atic [Figure 3-6].
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Figure 3-6: A typical interferogram.

The interferogram as detected is clearly not a spectrum and further processing is
required in the form o f a Fourier transform.
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The intensity o f radiation at the detector as a function o f path difference, x, can be
expressed as:
oo

I(X) = |S(v) cos(2ftvx)dv
o

Equation 3-4

w here J (x) is the intensity o f the interferogram at x,
§

is the spectral density amplitude at v ,

x is the retardation,
and v is the frequency in cm '1.
Since the Fourier transform is to be com puted numerically, the signal m ust be digitised.
This is achieved by m easuring the signal at fixed distances o f m irror travel, know n as
the sampling interval, Ax. A laser in the machine is used as a reference, usually a HeNe
laser emitting at 632.8nm. Thus the amplitude o f the real part o f each frequency element
is:
D

S(v) = 2 1(x) c o s ( 2 t u v x ) A x
x=0

Equation 3-5

The product o f the sampling interval, Ax, and the num ber o f samples taken, N , give the
path difference, x. N is usually in the range 500 to 10,000.
A side effect o f discrete sampling intervals is the possibility o f aliasing. This occurs
when there is the possibility o f more than h alf a wavelength passing betw een sampling
intervals, that is when:

X
Ax < —

Equation 3-6

this gives a maximum frequency which may be studied of:
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Equation 3-7
H

2 Ax

Sampling every laser w avelength, for a HeNe laser, results in a maximum frequency o f
7901cm '1. This is above the transm ission w indow o f the KBr beam splitter used in midinfrared instruments and thus aliasing is automatically avoided.

3.4.2 Advantages
FTIR spectroscopy offers several advantages over the dispersive method.

3.4.2.1 The Fellgett advantage
The Fellgett, or multiplex advantage, ,7 arises since all spectral elements are m easured
simultaneously. The signal to noise ratio, S n, for thermal detectors depends on the
square root o f the observation time o f each element. The num ber o f spectral elements in
a digitised spectrum, N , is the frequency range divided by the resolution. Thus for a
dispersive instrument:

q1Yi
00 n >T

Equation 3-8

where T is the total experiment time.

However, for an FT instrument, all elements are observed for the w hole experim ent time
so:

Equation 3-9

SN oc T ^
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This means an im provement in Sn by a factor o f N /2 for the same experim ent time. This
is a great advantage for the study o f thin film samples such as the calixarene assemblies
under analysis in this project. It should be noted that this advantage only applies when
the greatest source o f noise is from the detector (see section 3.4.3).

3.4.2.2 The Jaquinot advantage
The Jaquinot, or throughput advantage,8 occurs as there are no slits to attenuate the
infrared beam in an FTIR spectrometer. Therefore a much greater signal reaches the
detector than in the case o f a dispersive instrument. The ratio o f optical throughputs o f
an interferometer,

, to that o f a grating,

, assuming equal collim ated beam areas,

has been shown to be:

GL
27cf
— = ——
Gv
h

.
„ _
Equation 3-10

where f is the focal length o f the collimator
and h the height o f the entrance slit o f the grating.
In a sensitive grating spectrometer f/h can be >30 giving an optical throughput more
than 190 times greater in the FTIR machine. This results in a significant im provem ent in
the signal to noise ratio. However, in the case o f ATR, the beam throughput is limited
by the thickness o f the crystal used so this advantage is not as great as it might otherwise
be.
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3.4.2.3 The Connes advantage
The Connes advantage9 results from the frequency scale being know n extremely
accurately. As the distance or time domain o f the interferogram is fixed precisely by the
laser wavelength, when the Fourier transform is applied the result is an exact
wavelength scale. This offers the benefit that spectra can easily be added to or
subtracted from each other.
The first case is used to improve signal to noise as the spectra from many individual
scans can be co-added. This is equivalent to an increase in the experiment time. Thus,
the signal to noise ratio is improved proportionally to the square root o f the num ber o f
co-added scans [Equation 3-9]. This is im portant for the analysis o f thin samples such as
the LB films o f calixarenes under investigation in this project. The ability to subtract
one spectrum from another is very useful for the analysis o f various samples where
w eak bands are involved. Additionally, this can be used to improve the quality o f
spectra by removing unwanted bands, for example due to w ater vapour and CO 2 .

3.4.3 Disadvantages
The disadvantages o f FTIR spectroscopy are by far outweighed by the advantages. In
the past, the principle problem was that FTIR instruments measure interferograms and
do not directly yield spectra. The resulting com puter analysis needed a lot o f com puting
pow er and time. However with m odem desktop computers the necessary Fourier
transform can now be perform ed in no more than seconds.
M ore troublesome is the fact that FTIR spectrom eters are o f the single beam type while
dispersive instm ments tend to be double beam. This means that a reference background
is not taken at the same time as the spectm m o f the sample. The problem here is that
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atmospheric components such as CO 2 and water vapour are very strong infrared
absorbers. Thus a small variation in atmospheric conditions between background and
sample scans can result in absorptions from CO 2 and H 2 O appearing in the spectrum,
possibly m asking bands o f interest. This problem can be overcome in two ways: either
the spectrom eter can be purged w ith dry CCVfree air or dry nitrogen, or the offending
bands can be digitally subtracted from the spectrum by com puter [section 3.4.2.3].
A final problem only applies to certain machines; those w hich are source noise-limited.
In these cases, the Fellgett disadvantage applies because all frequencies are observed
simultaneously. If there is noise in a particular part (i.e. frequency range) o f the radiation
emitted by the source when the Fourier transform is applied it w ill affect the whole
spectrum. However, this is only really a problem for far-infrared machines since midinfrared machines are detector-noise limited and the Fellgett advantage applies.

3.5 Sampling techniques
There are many methods o f obtaining infrared spectra from samples. The techniques
chosen depend on the characteristics o f the sample to be analysed and on the
information required. In this project, attenuated total reflection (ATR) and reflectionabsorption infrared spectroscopy (RAIRS) were used. These are briefly discussed in the
following sections along w ith transm ission infrared (TIR) for comparison.

3.5.1 Transmission
This is the simplest method in which the infrared beam is passed directly through the
sample [Figure 3-5]. A lthough it is easy to set up, sampling by TIR has several
disadvantages. Samples which are very thick or strongly absorbing cannot be studied.
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Additionally, it is difficult to obtain spectra o f weakly absorbing or, importantly for this
work, very thin samples as TIR is not a very sensitive technique. Finally, only transition
dipoles w hich have a com ponent parallel to the substrate surface are sampled
[Figure 3-7].

Figure 3-7: Polarisations in transmission infrared spectroscopy.

3.5.2 Attenuated total reflection
The method o f attenuated total reflection (ATR) depends entirely on the phenom enon o f
the evanescent wave. N ew ton observed the penetration o f the electrom agnetic field into
an optically rarer medium during total internal reflection w ithin an optically denser
medium in the early 1800s10. This effect was used in the 1960s to produce infrared
spectra for the first tim e.11,12 It was shortly after applied to the study o f m onolayers13
and is now a w idely used sampling technique14,15 [Figure 3-8].
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The sample to be analysed is placed in contact with an optically denser crystal or
internal reflection element (IRE). The infrared beam is then directed into the IRE such
that the angle o f incidence at the interface with the sample is greater than the critical
angle. This results in total internal reflection, attenuated by the material under
investigation via the evanescent field. The form o f the IRE can be chosen so that several
internal reflections occur, each one adding to the intensity o f the evanescent field and
thus to the sensitivity o f the measurement. The IRE used in this project is
parallelepipedal and made o f intrinsic silicon and gives approxim ately 40 reflections
(n = 3.4, 0} = 45°).

Evanescent wave

Sample

beam

Standing
wave

ATR
crystal

Figure 3-8: The ATR experiment (not to scale).

The m ost important com ponent o f an A TR experiment is the evanescent field since it is
this w hich interacts w ith the samples to obtain a spectrum. It has some important
properties w hich are that:
The field is confined to the interface and decreases in intensity w ith increasing distance
into the rare medium, normal to the interface (along the z-axis);
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The field intensity in the rare medium is non-zero but there is an instantaneous normal
com ponent o f energy flow across the interface with a time average equal to zero.
Therefore there is no energy loss at the interface and total internal reflection occurs;
The field has components in all spatial directions and thus interacts w ith transition
dipoles in any orientation;
There is a non-zero energy flow parallel to the surface (along the x-axis) resulting in the
incident and reflected waves being displaced. This effect is the G oos-H anchen shift . 16
The first point determines how much o f the rare medium is sampled. The decay in the
evanescent field is exponential and can be written as : 17

E = E 0 exp

^ ( s i n 20 , - n

Equation 3-11

where E is the electric field amplitude,
Eo is the value o f E at the interface (z = 0),

X\ = 7dn\ is the wavelength o f the radiation in the dense medium,
0i is the angle if incidence,

Tin = n 2 /ni, the ratio o f refractive indices o f the rare medium to the dense medium
and z is the distance normal to the interface.

3.5.2.1 Depth of penetration
Due to the exponential nature o f the evanescent wave em erging from the IRE, it
theoretically continues to infinity, much greater than the depth o f material w hich can
m eaningfully be sampled. Therefore the depth o f penetration, dp, has been defined as
being z w hen E = Eoexp[-l]. By defining the electric field amplitude decay constant y as:
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Equation 3-12

then:
E = E 0 exp[-yz]

Equation 3-13

and thus:

dp

1

Equation 3-14

y

The electric field amplitude at dp is - 3 7 % o f Eo so the actual depth sampled, ds, is

Equation 3-15

For this w ork assuming ni = 1.5, with the IRE mentioned above (n 2 = 3 .4 , 0j = 4 5 °) and
at a frequency o f 1600cm '1 the depth sampled is therefore ~ 1 .6 pm.
Since an LB monolayer o f the calixarenes used in this project are o f the order o f l-2nm
thick, even the very thickest films are entirely sampled by the evanescent wave.

3.5.2.2 Advantages
The main advantage in using A TR over transm ission is the enhanced sensitivity
obtained. This factor is very im portant in obtaining good quality spectra o f the
calixarene LB films under investigation, something which w ould be difficult to do using
the transm ission method. Additionally, the sensitivity is even greater w ith the A TR
crystals used in this project due to the large num ber o f reflections obtained. A nother
benefit is that there are never any interference fringes in spectra obtained by A T R (other
than from the beam splitter) w hich can be a problem in transm ission spectra o f thin
films.
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3.5.2.3 Disadvantages
The most common drawback o f ATR spectroscopy is that since the evanescent wave
samples such a short distance, very good contact is required between crystal and sample.
This is not a problem in this case since the LB films analysed are deposited directly onto
the IRE, which has been thoroughly cleaned beforehand. A bigger problem is that the
ciystals used are very thin (0.5mm) in order to obtain a large num ber o f reflections and
therefore high sensitivity. However, this means the infrared beam is greatly attenuated
and consequently the energy throughput o f the system is small in com parison to
transmission. This is countered by using many co-added scans for each spectrum. A
further related drawback is that there is an increased sensitivity to small changes in
w ater vapour conditions w hich can mask bands o f interest.

3.5.3 Refection-absorption infrared spectroscopy
This method is commonly used to study surfaces and thin films, even sub-monolayers.
Also know n as grazing angle infrared spectroscopy, RAIRS shows a considerable
increase in sensitivity compared to TIR. The sample under investigation m ust be on a
reflective substrate. In this project, aluminium coated glass slides are used. The infrared
beam is directed through the film where it is reflected at the substrate and passes back
through the sample [Figure 3-9]. In this simple picture it is clear that even at norm al
incidence the effective amount o f material sampled is doubled com pared w ith TIR.
Therefore, when performed at grazing incidence a further increase in sensitivity can be
expected.
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Figure 3-9: RAIRS sampling geometry.

This simple picture is in reality more com plicated and the electric fields m ust be
considered in more detail. The system shown in Figure 3-9 is a three layer system
consisting o f air, a thin film sample and a metal substrate. In order to understand the
interaction o f the infrared radiation fully, the electric field interactions w ith the sample
and substrate must be calculated. This has been well docum ented so only the important
results will be covered here.
Firstly the absorbance in the sample is heavily dependent on the polarisation o f the light
and the angle o f incidence. For parallel (Ep) polarisation at norm al incidence there is no
absorbance and this remains the case until around 45°. A fter this point it increases up to
a maximum at

8 8

° before subsequently falling sharply to 0 at 90° [Figure 3-10].

Therefore, the optimum angle for analysis would seem to be

8 8

°. In practice, it is

difficult to obtain a good signal to noise ratio at this angle and it is better to conduct the
analysis at 85° where good reflectance is achieved together w ith a much better signal to
noise ratio.
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Figure 3-10: The effect of the angle of incidence on the relative absorbance
observed during the RAIRS experiment.18

For perpendicular (Es) polarisation there is virtually no absorbance at any angle [Figure
3-10]. A lthough this polarisation does not contribute to the signal o f the spectrum
obtained, it adds to the noise . 19 Therefore, the sensitivity o f RAIRS is m axim ised by
using Ep polarised radiation only and an 85° angle o f incidence.
These reflectance characteristics are not difficult to understand. They arise because, for
a reflecting surface (such as a metal), the standing wave formed has a node at the
surface in the x and y directions. The result is that, for films w hich are m uch thinner
than the period o f the standing wave, transition dipoles with com ponents parallel to the
surface are not sampled. This is known as the surface selection rule [Figure 3-11]. It
also explains why there is no reflectance near to normal incidence. In this case both
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polarisations would sample dipoles in the x and y directions. However, since each
polarisation now has a node at the surface, the reflected wave cancels out the incident
one and no absorption by the material occurs.

3.5.3.1 Advantages
RAIRS provides an increase in sensitivity com pared to transm ission w hich makes it
suitable for thin film samples. H owever the great benefit o f this technique is that only
transition dipoles w ith components normal to the substrate surface are sampled. This
provides information on the orientation o f the molecules in the material studied.
Additionally, this information is complementary to that obtained in transm ission where
dipoles parallel to the surface are sampled [Figure 3-7].

3.5.3.2 Disadvantages
The main disadvantage is that, even though RAIRS is a sensitive technique, long
sampling times are required for a good signal to noise ratio. Other disadvantages are
ones common to infrared techniques such as w ater vapour and CO 2 w hich can be
rectified by purging with dry air or nitrogen or by making use o f digital subtraction.
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Figure 3-11: The surface selection rule in RAIRS.

3.6 Summary
A general background to infrared spectroscopy has been presented. FT-infrared
spectroscopy and the specific techniques o f A TR and RAIRS, used in this study, have
been described, along with the reasons for choosing them to analyse the Langm uirBlodgett films o f calixarenes under investigation.

53

3.7 References

1 C. N. Banwell, Fundamentals o f Molecular Spectroscopy, McGraw-Hill, 1966.
2 B. Schrader, Infrared and Raman Spectroscopy, VCH, 1995.
3 J. L. McHale, Molecular Spectroscopy, Prentice Hall, 1999.
4 D. H. Williams, Spectroscopic methods in organic chemistry, McGraw-Hill, 1995.
5 S. F. Johnston, Fourier transform infrared: a constantly evolving technology, Ellis Horwood, 1991.
6 P. Fellgett, Multi-Channel Spectrometry, Journal o f the Optical Society o f America, 1952,42, 872.
7 P. Fellgett, Three concepts make a million points, Infrared Physics, 1984,24, 95-98.
8 P. Jacquinot, The Luminosity o f Spectrometers with Prisms, Gratings or Fabry-Perot Etalons, Journal of
the Optical Society o f America, 1954,44, 761-765.
9 B. C. Smith, Fundamentals o f Fourier transform infrared spectroscopy, CRC Press, 1996.
101. Newton, Optiks II book 8, 97,1817.
11 N. J. Harrick, Surface chemistry from spectral analysis o f totally internally reflected radiation, Journal
o f Physical Chemistry, 1960, 64,1110-1114.
12 J. Fahrenfort, Attenuated total reflection, Spectrochimica Acta, 1961,17, 698-709.
13 L. H. Sharpe, Observation of Molecular Interactions in Oriented Monolayers by Infrared Spectroscopy
Involving Total Internal Reflection, Proceedings of the Chemical Society, 1961,461-463.
14 N. J. Harrick, Internal Reflection Spectroscopy, Harrick Scientific Corporation, New York, 1987.
15 F. M. Mirabella, Internal Reflection Spectroscopy: Theory and Applications, Marcel-Dekker, 1993.
16 F. Goos, H. Hanchen, Ein neuer und fundamentaler Versuch zur Totalreflexion, Annalen der Physik,
1947,1, 333-346, (in German).
17 F. M. Mirabella, Internal reflection spectroscopy, Applied Spectroscopy Reviews, 1985, 21(1 and 2),
45-178.
18 C. Sammon, PhD Thesis, Vibrational spectroscopic studies o f degradation and diffusion processes in
polyethylene terephthalate, Sheffield Hallam University, 1997.

54

19 Y. P. Song, M. C. Petty, J. Yarwood, Effects o f polarisation of infrared spectra collected in reflection at
grazing incidence, Vibrational Spectroscopy, 1991,1, 305-309.

55

4. Pyroelectric analysis

4.1 Introduction
It is well known that straight chain 1,2 and other types 3 o f m olecules containing
carboxylic acid and amine groups can be pyroelectric, if deposited as alternate layer LB
films [chapter 1]. Additionally, it has been dem onstrated that calixarene films show
particularly high pyroelectric coefficients . 4 ,5 ,6 By studying a family o f these systems, an
insight into the pyroelectric mechanism can be gained. This know ledge can then be used
to obtain further improvements in the pyroelectric properties o f LB film systems, such
as by chemical modification or in the film manufacture.
The analysis o f the pyroelectric properties o f the calixarenes under investigation is the
subject o f this chapter. The manufacture o f the pyroelectric LB films is outlined,
including a description o f the physical properties o f the m aterials as m easured by
isotherms on the w ater surface. This is followed by a description o f the equipm ent used
to perform the pyroelectric measurements and the results obtained are then presented
and analysed.

4.2 Langmuir film formation
All the materials under investigation were treated in the same m anner in the form ation
o f the alternate layer LB assemblies. Each was dissolved in chloroform at a
concentration o f-O .lm g m f . The solutions were spread drop by drop, using a Hamilton
250pl syringe, onto the w ater surface in the Langm uir trough [chapter 2]. The
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chloroform was then allowed to evaporate for a period o f 15 minutes. The evaporation
was assisted by a fan mounted in the trough housing.

4.2.1 Isotherms
Prior to the manufacture o f the actual alternate layer systems to be investigated, each
material was studied individually. Pressure-A rea (Tl-A) isotherms were taken for all the
materials. A fter spreading the material and allowing the solvent to evaporate, the barrier
o f the trough was gradually closed and the resultant variation in surface pressure
recorded. The resulting isotherms are shown below [Figure 4-1 - Figure 4-4]. These all
have the same scale for ease o f comparison. A summary o f the measurem ents appears in
Table 4-1.
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Figure 4-1: Pressure-Area isotherm of C l.
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Figure 4-2 Pressure-Area isotherm o f C3.
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Figure 4-3: Pressure-Area isotherm of C5.
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Figure 4-4: Pressure-A rea isotherm o f AM .

Material

Area per molecule (A )

Compressibility (k)

Cl

350±5

0.77

C3

275±5

1.02

C5

255+15

1.72

AM

275±5

0.63

Table 4-1: A rea per m olecule and com pressibility obtained from the isotherm s.

In general, these isotherms show that all the materials formed rigid solid phases, thus
indicating that there is efficient packing o f the molecules on the subphase. Considering
the isotherms obtained for the acid-substituted calixarenes, it is clear that the measured
area per molecule decreases with increasing substituant chain length. While this may
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seem counterintuitive it can be seen from CPK models that the t-butyl part o f the
molecules form the w idest point [Figure 4-5 and Figure 4-6]. The measured area per
molecule from the CPK m odels is -3 2 0 A 2 w hich is a little smaller than the actual area
o f the C l molecule but rather larger than that o f the other materials. Therefore it is likely
that the longer chains allow the carboxylic acid moieties greater freedom o f movement
on the w ater surface.
The com pressibility data provide further inform ation on the conformation o f the
molecules. It shows that the longer the pendant chain length, the “softer” the film
formed. This confirms that there is greater flexibility in the m olecules w ith longer
pendant chains. The logical conclusion is that for very short chains (C l), the acid groups
stay tucked underneath the calix bowl so that this latter and the t-butyl groups form the
w idest part o f the molecule. As the chain length is increased, the pendant groups can no
longer fit under the calix bowl, thus causing the molecules to adopt a more cylindrical
rather than conic conformation. In turn, this effectively reduces the area occupied by
each molecule and increases the compressibility.
Additionally, it can be seen that the amine groups interact differently to the acid groups
at the w ater surface as the compressibility o f A M is much less than for the equivalent
acid (C3) but the area per molecule is the same.
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Figure 4-5: Side view of C l.

Figure 4-6: Top view of C l.
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4.3 Pyroelectric devices
In order that the pyroelectric properties o f an LB film can be measured, the sample must
be incorporated into a parallel plate capacitor type device. The process by w hich such a
device is manufactured is described below along w ith the experimental arrangem ent
used to obtain the pyroelectric results.

4.3.1 Device manufacture
The substrates used for the deposition o f the pyroelectric LB assemblies were Super
Premium M icroscope (M erck) glass slides coated with 750A o f thermally evaporated
aluminium (99.9%). The glass slides were first thoroughly cleaned by ultrasonification
in Decon 90 solution. This was followed by copious rinsing w ith ultra pure w ater and
then drying using com pressed nitrogen gas. They were then loaded into the evaporator
w hich was pumped down to -

1 0 '6

torr and the aluminium was evaporated at - 5 A s'1.

This bottom layer acts as one electrode in the final device. The LB films w ere then
deposited [chapter 2 ] and the samples returned to the evaporator for the application o f
the top electrode. This is done in the same m anner as for the bottom electrode except
that a mask is used to form an electrode o f a pre-determ ined shape. Additionally, to
avoid damaging the LB film, the evaporation rate was initially kept at -0 .1 As' 1 for the
first

1 0 0

A before being increased to - 5 As"1 for the remaining deposition. The result is a

device with the form o f a parallel plate capacitor shown in Figure 4-7.
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Figure 4-7: Geometry of the LB pyroelectric device.

4.3.2 Pyroelectric measurement
In order to asses the pyroelectric properties o f a material, it is necessary to be able to
measure the changes in electric polarisation it undergoes w hen the tem perature is
altered. There are three ways o f doing this: the static m ethod , 7 whereby the tem perature
is changed and then held constant while the change in polarisation is measured; the
dynamic m ethod , 8 in w hich the sample is heated w ith chopped infrared radiation and the
quasi-static m ethod , 9 used in this research.
In the quasi-static method, the sample is heated and cooled using a non-radiative source.
Ideally, this heating and cooling takes the form o f a triangular function w ith a small
amplitude. A change o f <1°C has been used here. This ensures that any variation in the
pyroelectric coefficient with temperature is minim ised and thus an accurate value can be
obtained. The changing temperature profile causes a variation in the polarisation o f the
sample. In the case o f the LB devices described above, the top and bottom electrodes
can be short-circuited. The result is that a current is measured, induced by the changing
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polarisation. Rearranging the previously obtained equation for the pyroelectric
coefficient, T, [chapter 1, section 1.2.1] to include the pyroelectric current, IP, results in
the following expression:

dT
IP = FA—

Equation 4-1

dT

where — is the rate o f change o f temperature with time

and A is the area o f overlap o f the electrodes.
Since the sample is alternately heated and cooled in a linear fashion there are two rates

o f change o f temperature,

(dT)

J

and
h

(dT\

„
, o f opposite sign. The pyroelectric current
c

caused by each o f these is then:

Iph = T ^ — J

Equation 4-2

and

dT
IPc = r<4[ — )

Equation 4-3

The peak to peak pyroelectric current is defined as I P2P = \lPh\ + \lPc\ = I Ph - 1 Pc. This is
because the rates o f change o f temperature for heating and cooling are opposite in sign.
The pyroelectric coefficient is therefore given by:

r =

LP 2 P

( dT)
A
V dt I

Equation 4-4

(dT
^ dt

64

Therefore, the pyroelectric coefficient can be evaluated by measuring the amplitude o f
the generated current and the gradient o f the temperature variation. This is shown in
Figure 4-8.
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Figure 4-8: Ideal pyroelectric current output.

In reality, the pyroelectric current is rarely exactly a square wave [Figure 4-9]. One
source o f the variation from the square wave nature arises due to therm al currents
induced within the sample. Additional deviations occur due to the finite response times
o f the measurement equipment, the electrom eter and chart recorder. This, however,
demonstrates an advantage o f the quasi-static method, as non-pyroelectric currents can
easily be distinguished by the shape o f the current profile.
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Figure 4-9: Typical pyroelectric trace (C 3,13 alternate LB layers, 22°).

4.3.3 Pyroelectric experiment arrangement
A schematic o f the equipment used is shown in Figure 4-10. Linear heating and cooling
ramps are obtained using an 18W Peltier device in contact w ith a copper block, to
ensure even heat distribution. The sample is then m ounted on top using zinc oxide heat
sink paste so that there is good therm al contact. In order to m easure the tem perature in

situ, a platinum resistance therm ometer is placed in contact w ith the top o f the sample.
Finally, the contacts o f the pyroelectric device are connected to a pico-am m eter
(Keithley 614 electrometer) with gold wire (0.5mm diameter). The connections are
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made to the device using silver conductive paste (RS components) to improve electrical
contact. The w hole system is then allowed to settle for at least one hour.
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Figure 4-10: Pyroelectric measurement equipment schematic (top) and the heating
stage components (bottom).

4.4 Pyroelectric results
The materials used were described in chapter 1. From the four calixarenes available,
three sets o f pyroelectric samples can be made: C l/A M ; C3/AM and C5/AM . Firstly,
pyroelectric measurements were attempted on the materials individually, for exam ple 15
LB layers o f C3. Only therm al currents were observed in these samples, showing that
the acid alone cannot produce a pyroelectric effect in these calixarenes. Subsequent
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m easurements were perform ed on the pyroelectric samples investigating the effect o f the
num ber o f LB layers deposited and temperature variations on the pyroelectric
coefficients. These results are presented in the following sections.

4.4.1 Variation with number of layers
The total num ber o f LB layers in the devices (i.e. the num ber o f acid layers plus the
num ber o f amine layers) was varied from 9 to 23. The total num ber o f layers is always
odd as the first and last layers deposited are both o f the acid-substituted calixarene. The
results obtained are shown in Figure 4-11.
The first observation to make is that the pyroelectric coefficients recorded are large for
•

9

1

LB devices, up to ~15pC m ' K ' . However, there is a marked decrease in pyroelectric
activity w ith increasing chain length.
The variation in pyroelectric coefficient with the num ber o f deposited layers does not
seem to follow any simple relationship. There is a maximum in the coefficient at 13
layers for both C l/A M and C3/AM systems. The reasons for these facts are not yet
know but possible explanations are discussed below.
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Figure 4-11: The variation of pyroelectric coefficient with total number of LB
layers.

4.4.2 Variation with temperature
The num ber o f LB layers which showed the greatest pyroelectric activity were used for
the temperature studies. The results o f the effects o f temperature variation are shown in
Figure 4-12. There is a general trend for all samples for the pyroelectric coefficient to
gradually decrease w ith increasing temperature. Normally, pyroelectric coefficients in

LB film systems increase dramatically w ith increasing tem perature . 10 This linear
variation is an advantage in the manufacture o f pyroelectric sensors as it is easier to
compensate for. A non-linear dependence requires complex electronic processing, a
disadvantage which can outweigh the potential benefit o f a higher pyroelectric
coefficient at high temperature.
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Figure 4-12: The variation of pyroelectric coefficient with temperature.

4.5 Interpretation and summary
This chapter has covered the pyroelectric analysis o f the alternate layer calix[ 8 ]arene
films. A variety o f interesting properties have been observed. From the isotherms there
is evidence that increasing the substituent chain length can serve to increase the density
o f acid amine pairs by reducing the area per molecule. H ow ever the pyroelectric
measurements indicate that the pyroelectric activity in fact decreases. The reason is that
as the chain length increases, there is an overall drop in the num ber o f acid/am ine pairs
per unit volume, despite an increase in the plane o f the LB layers. C alix[ 8 ]arenes were
chosen because they provide a high acid/amine pair density (due to their extrem e
thinness in the z-direction) and this result seems to confirm that this is the reason for
their high pyroelectric coefficient.
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This is not the full story however, as the increase in chain length from one CH 2 unit
(C l) to five CH 2 units (C5) results in approximately a doubling o f the size o f the
molecule but the m easured pyroelectric coefficient decreases by approximately an order
o f magnitude. It w ould seem that, in the case o f these calixarenes, an increase in the
flexibility o f the molecules, corresponding to greater freedom for the acid and amine
moieties, reduces the pyroelectric coefficient. This indicates that there is another
mechanism for pyroelectricity.
Furthermore, there is a significant peak in the pyroelectric coefficient at 13 layers as
well as an oscillation w ith num ber o f deposited layers. This points to a long range effect
throughout the films w hich has an influence on the pyroelectricity. One possible
explanation is a shift in dipole direction as each bilayer is deposited. Since LB
deposition is surface dependent, the dipole o f a previously deposited bilayer could affect
the deposition o f the next bilayer. I f this were to result in a change in the dipole
direction for the new layer away from normal (the ideal direction) a dilution o f the
overall polarisation across the film would occur. Therefore, the pyroelectric coefficient
w ould be reduced. However a further bilayer could have a dipole norm al to the surface
again, thus increasing the pyroelectric coefficient [Figure 4-13]. It is interesting that this
sort o f variation is not unique to this particular calixarene system; it has been observed
in calix(4)arenesu and linear polysiloxanes 12 [Figure 4-14].
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Figure 4-13: Example of the variation in pyroelectric coefficient due to varying
dipole direction.
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The behaviour with respect to temperature is unusual for a pyroelectric material as
generally an increase in activity with temperature is observed. The reason for this
behaviour is not know but it may be a result o f the great therm al stability o f these
• IT
•
materials. Straight chain systems show increasing pyroelectric activity up to the point
o f m elting . 1 4 ,1 5 The m elting points o f these calixarenes are greater than 200°C compared
to <100°C for straight chain acid/amine system s . 1 6 ,1 7
Additionally, in fatty acid LB films, disorder induced by chain melting is not recovered
on cooling . 1 ’

Therefore, these calixarene-based devices offer a more robust product,

resilient to temperature variations even far outside their operational range.
Overall, these results show promising signs for the potential o f LB film devices as heat
sensors. These calixarenes dem onstrate that reasonably high pyroelectric coefficients
can be achieved along w ith a good stability o f response over a useful temperature range.
There is no reason to believe that further improvements cannot be made in related
systems as calixarenes can undergo a wide variety o f structural m odifications and still be
suitable for LB deposition.

A nother alternative would be to make use o f novel

superstructures . 21
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5. Room temperature infrared analysis

5.1 Introduction
The first stage in understanding the behaviour o f calixarene films w ith varying
temperature is to have a picture o f their infrared characteristics at a single temperature.
In this m anner the pertinent absorption bands can be identified, that is those w hich are
due to the parts o f the molecules expected to be sensitive to changes in temperature.
This chapter describes the FTIR-A TR and -RAIRS spectra o f the materials studied,
taken at room temperature. Firstly, spectra o f related but simpler, aliphatic systems in
cast film and LB film form are presented. Subsequently spectra o f the calixarenes
individually and o f the pyroelectric alternate layer systems are described.

5.2 Straight chain systems
In order to gain a thorough background knowledge o f the acid- and am ine-substituted
calixarene films under analysis, the much simpler systems o f straight chain assemblies
were first investigated. Samples o f stearic acid (SA) and octadecylamine (ODA) (as
described in chapter 1) were made in the form o f cast films as well as in LB films. The
spectra obtained using A TR and RAIRS are described in the following sections.

5.2.1 Cast films
Films o f each material were cast individually, from chloroform solution, directly onto
the relevant substrates (silicon for A TR and aluminium-coated glass slides for RAIRS)
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in order to obtain randomly oriented samples. To compare w ith the alternate layer LB
devices, mixed cast films were produced. This was done by thoroughly m ixing both
solutions together and casting the mixture as for the individual samples.

5.2.1.1 Attenuated total reflection infrared spectroscopy
The FTIR-A TR spectra o f SA, ODA and a mixture o f the two are shown in Figure 5-1.
In the SA (blue) spectrum a strong C = 0 absorption band is seen at 1701cm '1 indicating
carboxylic acid groups are hydrogen bonded as cyclic dim ers . 1 Progression bands from
the CH 2 w agging mode from 1312 to 1185cm '1 indicate that the alkyl chains are highly
ordered in the crystalline state. Additionally, the CH 2 scissoring band occurs as a
doublet at 1472 and 1465cm"1 w hich is also due to the high crystalline order o f the
*7
•
1
hydrocarbon chains. The absorption band at 1299cm' , assigned to a coupled vibration
o f the C-O stretch and the OH in-plane bending modes, shows that the carboxylic acid
dimers are in the energetically favourable trans configuration . 3
The most important features o f the ODA (green) spectrum are the N H 2 stretching bands
at 3330 and 3163cm '1 and the N H 2 deformation modes at 161 1 - 1

5 6 6 0

^ . It should also

be noted that the CH 2 w agging progression bands are not seen, implying that there is a
lower level o f crystalline order than in the case o f stearic acid. H owever, there is some
splitting in the CH 2 scissoring absorption band, indicating that this material is still, to
some degree, in a crystalline state.
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Figure 5-1: FTIR-ATR spectra of SA (blue), ODA (green) and a mixture of the two
(red) in cast film form.
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The spectrum for the cast mixture o f SA and ODA (red) shows signs o f deprotonation o f
the carbonyl moiety. The carbonyl stretching mode at 1701cm '1 is reduced in intensity
and the N H 2 stretching absorption bands at 3330 and 3160cm '1 are no longer visible.
The related N H 2 deformation modes at 1611 and 1566cm '1 are also reduced in intensity
and have been overtaken by a host o f new absorption bands. These new bands are at
1617 and 1507cm '1, assigned to N H 3 + bending modes, and at 1561 and 1407cm '1 due to
the C O O ' antisymmetric and symmetric stretching modes 4 respectively. Additionally,
the 1299cm '1 absorption band is no longer seen. The CH 2 w agging progression, while
still present, is w eaker than in the case o f the acid alone and the CH 2 scissoring band
appears as a single absorption. All this shows that the crystal structure is significantly
different in this mixture than for either o f the com ponents alone.

5.2.1.2 Reflection-Absorption infrared spectroscopy
The FTIR-RAIRS spectra for cast films o f SA, ODA and a mixture o f the tw o are
shown in Figure 5-2. For the SA (blue) spectrum the same features (as in the A TR
spectrum) can be seen. These include the CH 2 w agging progression and the C = 0
stretching band, now seen at 1706cm '1, as expected for R A IR S . 5 The im portant point to
note is the variation in the relative intensities o f the bands com pared w ith those found in
the A TR spectrum. The most obvious differences are the enlargem ent o f the acid C = 0
stretching band and the CH 2 wagging progression bands in com parison w ith the other
bands. In the case o f the ODA (green), the absorption bands due to the N H 2 groups are
significantly different. The most prom inent mode occurs at 1592cm '1 w ith shoulders at
either side corresponding to the bands seen in the A TR spectrum.
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Figure 5-2: FTIR-RAIRS spectra of SA (blue), ODA (green) and a mixture of the
two (red) in cast film form.
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Similarly, an absorption is seen at 1642cm"1 in RAIRS w hich was seen as a shoulder in
ATR. These changes arise from the orientational sensitivity o f RAIRS as com pared to
ATR. An interesting feature o f the spectrum o f the mixture (red) is the very large
1404cm '1 band due to the symmetric COO" stretching mode showing that this transition
dipole is close to being perpendicular to the surface. Similarly, it is likely that the
remaining C = 0 groups are aligned nearly parallel to the surface as the 1706cm"1 band is
now very weak. This results in there being an apparently greater am ount o f proton
transfer, in com parison to that seen in the A TR spectra [Figure 5-1], but the ratios o f
proton-transferred to hydrogen-bonded species are probably similar in both cases.

5.2.2 Langmuir-Blodgett films
Langm uir-Blodgett film samples were made as described in chapter 2. In the case o f the
alternate layer samples, the acid m onolayer was always deposited first and last. This is
in order that the samples analysed by FTIR are as similar as possible to those prepared
for the pyroelectric devices, [Chapter 4] which also have one more acid layer than amine
layer.
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Figure 5-3: FTIR-ATR spectra of SA (blue) and SA/ODA (red) in LB film form.
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5.2.2.1 Attenuated total reflection infrared spectroscopy
The FTIR-A TR spectra for LB deposited stearic acid and the alternate layer system are
shown in Figure 5-3. For SA (blue) the only real difference, in com parison to the cast
film, is in the overall intensity o f the spectra. This is simply due to having less material
sampled as the LB films are very m uch thinner than the cast films. In addition, it is
reasonable to expect that the molecules in the cast film self-assemble with the carboxylic
acid groups at the surface. Since this is the expected conformation in the LB film, and
since A TR (in particular) is most sensitive at the interface between crystal and sample, it
is not surprising that the spectra o f cast and LB films are similar. This also confirm s the
crystalline order o f these straight chain systems when deposited as LB films.
The FTIR-A TR spectrum for 15 alternate layers o f SA and ODA is shown in red. The
most obvious feature o f the A TR spectrum is that there are not as many peaks as in the
cast film. The main difference between the two is that the v(COO") peaks, w hich usually
show very strong absorption, are ill defined. Only the symmetric stretching mode is
really visible at 1380cm '1. Additionally, there are no well defined NFL or N H 3 + bands.
Instead, there is a broad absorption between 1670 and 1 3 5 0 cm 1 w hich is probably due
to all these overlapping bands. The bands due to the CH 2 wagging progression, although
not as strong as for the acid alone, show that the alkyl chains have a reasonably high
degree o f crystalline ordering.
Octadecylamine does not readily form LB films 6 so no spectrum is shown for it here.
However, since the SA and mixed spectra are reasonably similar to their cast versions, it
can be safely assumed that there would be no great differences for the case o f ODA.
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5.2.2.2 Reflection-Absorption infrared spectroscopy
The FTIR-RAIRS spectra for the LB deposited aliphatic systems showed the same
bands as in the cast film case. The only real difference was that the CH 2 w agging
progression bands (1332-1187cm '1) were particularly strong, especially for the SA.
These bands and the alkyl stretching bands indicate that the chains are oriented closer to
the surface normal, on average, than in the cast film case. As the main advantage o f LB
films is the high degree o f orientational order which can be obtained, it is confirm ation
that these films are w ell deposited.
The band assignments for all the straight chain spectra described above are given in
Table 5-1.
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Band Position (cm'1)

Assignment

Occurrence (ATR, RAIRS)

3331

v(NH2)

A, R

3163

v(NH2)

A

2952

va(CH3)

A, R

2917

Va(CH2)

A, R

2870

vs(CH3)

A, R

2947

vs(CH2)

A, R

1706

v(C=0)

R

1701

v(C=0)

A

1617

A

1611

5(NH2)

A

1592

6(NH2)

R

1566

6(NH2)

A

1561

Va(COO')

A

1507

8(NH3+)

A

1470+ 1466

5(CH2)

A, R

1430

5(CH3)

A, R

1414

5(CH3)

A

1404

Vs(COO')

A, R

1380

vs(COO)

A, R

1299

v(CO) + OH in plane bending2

A, R

1312-1185

CH2 wagging progression

A, R

Table 5-1: The assignments of infrared bands for the straight chain materials.
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5.3 Calixarene systems

5.3.1 Cast films
The cast films o f the C3 set o f calixarenes were made in the same way as those o f the
straight chain systems. Unfortunately, no C l was available for the m anufacture o f
infrared samples and only limited supplies o f C5 were available so cast film samples
were not made for it alone or as a mixture.

5.3.1.1 Attenuated total reflection
The FTIR-A TR spectra for cast films o f C3, A M and a mixture o f these are shown in
Figure 5-4. They are clearly very different to the straight chain system spectra. This is
due to the structure o f the calixarene [Figure 5-5]. The alkyl stretching bands (31002800cm '1) highlights the different ratio o f CH 3 to CH 2 groups in these molecules,
com pared to the aliphatic materials [Table 5-2]. The region 1480-1150cm '1 contains
many bands arising from vibrations o f the t-butyl groups and benzene rings . 4 The main
bands o f interest in this study are those due to the acid and amine groups. In the C3
spectrum (blue) the acid band is prominent, occurring at 1710cm '1 w ith a shoulder at
1735cm' due to a sideways dimerisation o f the acid groups. The A M spectrum (green)
has broad N H 2 absorptions at 1638 and 1561cm '1, a slight shift in com parison to ODA.
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Figure 5-4: FTIR-ATR spectra of C3 (blue), AM (green) and C3/AM (red) in cast
film form.
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These bands are broad and are complicated by a benzene ring mode at -1 6 0 0 c m '1.
Additionally, the amine stretching modes are not seen. In the case o f the mixture (red)
the acid band has virtually completely disappeared and there is a broad absorption from
1680-1500cm '1. A point to note is that there do not appear to be any bands due to
v(C O O ') modes appearing. This is unusual as they can be strong.

O

O

HO

O
HO-

O

Figure 5-5: The structures of C3 (left) and C5 (right).

M aterial

N um ber o f CH 2 groups

N um ber o f CH 3 groups

CH 3 :CH 2

(Number o f C-H vibrations)

(Number o f C-H vibrations)

vibrations

SA

15 (30)

1 (3 )

1 :1 0

ODA

17(34)

1 (3 )

3:34

C3

4 (8 )

3 (9 )

9:8

3 (9 )

3:4

3 (9 )

9:8

C5
AM

6

(1 2 )

4 (8 )

Table 5-2: Ratios of the vibrations arising from CH 3 groups to those from CH 2
groups for the materials under analysis.

5.3.1.2 Reflection-absorption infrared spectroscopy
The FTIR-RAIRS spectra for cast films o f C3, AM and a mixture o f the two are shown
in Figure 5-6. In the C3 spectrum (blue), the occurrence o f tw o different states for the
acid groups is clear. Other than this, the bands are much the same as for the A TR case,
probably because o f the disorder in the film. The same is true o f the A M spectrum
(green) except for the slightly greater prominence o f the benzene ring mode at 1600cm '1.
The spectrum o f the C3/AM mixture does how ever have an interesting feature. The acid
band can still be seen and additionally it now appears as a doublet. This indicates that
the acid groups forming sideways dimers undergo significantly less proton transfer w ith
the amine relative to those forming facing dimers. A further point is that there is again
very little sign o f corresponding bands appearing due to the deprotonation o f the acid
groups. However, this absence has been previously observed in RAIRS studies o f acidamine LB systems.
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Figure 5-6: FTIR-RAIRS spectra of C3 (blue), AM (green) and C3/AM (red) in
cast film form.
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5.3.2 Langmuir-Blodgett films
The LB film samples o f the calixarenes for FTIR analysis were made in exactly the
same way as those destined for the pyroelectric measurements. The only difference was
in the silicon substrate used for the A TR measurements as opposed to aluminium-coated
glass slides used for both RAIRS and the pyroelectric analysis.

5.3.2.1 Attenuated total reflection

5.3.2.1.1 C3 systems
The FTIR-A TR spectra for LB films o f C3, AM and C3/AM alternate layers are shown
in Figure 5-7. Looking at the C3 spectrum (blue) the structural bands o f the calixarene
are very similar to the cast film. The acid band how ever is shifted slightly to 1708cm '1
but it still has a shoulder at -1 7 3 0 cm '1 due to a proportion o f the carboxylic acid groups
forming sideways dimers. The AM spectrum (green) also shows the same structural
absorptions but the amine bands are somewhat less well defined than in the cast film
case.
The alternate layer C3/AM spectrum (red) shows the biggest differences from the cast
film equivalent. The acid band is still present but is reduced in com parison to in the case
o f C3 only. Therefore, only partial deprotonation has occurred. Additionally, this band
now occurs at 1721cm '1, confirming the observation made in the case o f the cast films
RAIRS

spectra, that the

acid groups

forming

sideways

deprotonation than those in the facing dimer configuration.
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Figure 5-7: FTIR-ATR spectra of C3 (blue), AM (green) and C3/AM (red) in LB
film form.
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There is also a broad absorption between 1680cm '1 and 1500cm '1, due to the presence o f
N H 3+ and N H 2 as well as a benzene ring mode. Finally, a band at 1546cm"1 has appeared
w hich is likely to be the antisymmetric CO O ' stretching band.

5.3.2.1.2 C5 systems
The FTIR-A TR spectra o f LB films o f C5, A M and C5/AM alternate layers systems are
shown in Figure 5-8. It is clear that there is very little difference between the C5/AM
assembly spectrum (red) and that o f the C3/AM (Figure 5-7, red spectrum). Chemically,
the only difference between the two systems is a slight increase in the alkyl chain length
(two CH 2 groups, see Figure 5-5) o f the acid substituted calixarene. Therefore, only
small changes in the infrared spectra from one to the other can be expected.
An important observation is that the proportion o f deprotonation is somewhat larger in
the case o f the C5/AM system as compared to the C3/AM case. Related to this, it can
also be seen that for the C5/AM alternate layer assembly, the position o f the C = 0
stretching band is only shifted by 3-4cm " 1 from that o f the LB film o f C5 alone
(1709cm"1). This is significantly less than the shift observed for the C3 LB systems
[Figure 5-7] and means that there is less o f a difference in the relative am ounts o f
deprotonation between the groups forming sideways and facing dimers.
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Figure 5-8: FTIR-ATR spectrum of C5 (blue), AM (green) and C5/AM (red) in LB
film form.
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5.3.2.2 Reflection-absorption infrared spectroscopy

5.3.2.2.1 C5 systems
The FTIR-RAIRS spectra o f LB films o f C5, A M and C5/AM alternate layer systems
are shown in Figure 5-9. In the C5 spectrum (blue) the acid band is again stronger than
in the A TR case and there is a slight change in the relative intensities o f the C H 2 and
C H 3 groups w ith the latter becom ing even more dominant. The amine groups in both the

A M (green) and the C5/AM spectra (red) are very weak. The latter how ever shows that
either a high degree o f deprotonation o f the acid group has occurred or that the acid
groups are oriented quite differently in the alternate layer system from w hen deposited
by themselves. Additionally, the band is shifted to 1722cm '1 indicating that if the
carboxylic acid groups form sideways dimers, they are less likely to undergo proton
transfer w ith the amine groups.
The band assignments for all the calixarene systems are shown in Table 5-3.
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Figure 5-9: FTIR-RAIRS spectra of C5 (blue), AM (green) and C5/AM (red) in LB
film form.
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Band Position (cm'1)

Assignment

Occurrence (ATR, RAIRS)

3040

v(CH)

A, R

2958

Va(CH3)

A, R

2927

Va(CH2)

A, R

2904

vs(CH3)

A, R

2868

vs(CH2)

A, R

1735, 1722, 1714, 1711

v(C=0)

A

1721, 1712-1708

v(C=0)

R

1642

8(NH2)

A, R

1590

v(benzene ring)

A, R

1545

Va(COO')

A

1480

8(CH3)

A, R

1470

8(CH2)

A, R

1460

6(CH3)

A, R

1445

v(benzene ring)

A, R

1414

8(CH3)

A, R

1362

v(benzene ring)

A, R

1391, 1300-1200

t-butyl deformations

A, R

Table 5-3: The assignments of infrared bands for the calix[8]arene systems.
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5.4 Summary
A good picture o f the structural and packing characteristics o f the calix[ 8 ]arenes has
been obtained. Additionally, some light has been shed on the interaction w hich occurs
between the carboxylic acid and amine moieties. The m ost basic observation is that
proton transfer occurs between these groups. In the cast films this transfer is almost
complete but for the LB films this is a long way from being the case.
An important point to note is that the form o f the calixarene m olecules has a significant
influence on the carboxylic acid groups. Firstly, the formation o f sideways dimers is
encouraged as com pared to the straight chain case. Secondly, less proton transfer occurs
for the calixarene systems. Further, it can be seen that the longer the substituted chain on
the calixarene, the more proton transfer occurs, that is, the system tends more to straight
chain behaviour. Finally, it is clear that, on the whole, the carboxylic acid moieties
forming sideways dimers are less likely to undergo deprotonation than those forming
facing dimers.
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6. Variable temperature infrared analysis

6.1 Introduction
In order to gain an insight into the im portant mechanisms o f pyroelectric behaviour, an
analysis o f the calixarene systems at different temperatures is required. The pyroelectric
coefficient has been shown to be heavily dependent on the acid/am ine pairs [Chapter 4]
and these pairs clearly interact, by proton transfer, as seen in their infrared spectra at
room temperature [Chapter 5]. Therefore, some change in these groups, related to the
pyroelectric properties, can be expected to be seen in infrared spectra taken at various
temperatures. This chapter looks at such spectra and then goes on to examine the
correlation between the infrared analysis and the pyroelectric effect.

6.2 Variable temperature infrared measurements
Initially, the samples were heated ex situ and the infrared spectra taken. Subsequently, a
specially designed heating rig [section 6.2.2.1] was constructed to perm it in situ FTIRA TR studies.

6.2.1 Ex situ temperature variation
For the ex situ measurements, samples were placed in an oven at 80°C for 20 minutes.
They w ere then transferred to the spectrometer (at room temperature) and a series o f
spectra taken. Since the samples are small and not likely to retain heat for long, few er
co-added scans were used than for the room temperature measurem ents in order to
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reduce the scan time. This can only be achieved due to the high sensitivity o f the A TR
method.
The resulting spectra are shown in Figure 6-1. The spectra are somewhat noisy because
o f the shorter scan times, but it is clear that no change has occurred in the spectrum
between the initial measurement, immediately after removal from the oven, and after a
subsequent period o f cooling. The collection o f the initial spectrum was completed
within

2

m inutes o f removing the sample from the oven and no subsequent change was

observed over the next 30 minutes.
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Figure 6-1: FTIR-ATR spectra of a C3/AM LB film immediately after heating to
80°C (red) and after 30 minutes of cooling at room temperature (blue).

There are two possible conclusions; either that the sample cooled com pletely in the first
minute out o f the oven, or that no change occurs w ith temperature for these materials.
To ascertain which o f these is the case, the sample m ust be m aintained at different
temperatures and spectra obtained in situ.

101

6.2.2 In situ temperature variation
A special heating stage and control system was designed and constructed to allow the
collection o f A TR spectra while m aintaining the sample at a set temperature. The
arrangem ent o f this system is described below, followed by the results obtained using it.

6.2.2.1 Experimental arrangement
The heating stage used for the in situ measurements is shown in Figure 6-2. The back o f
the A TR crystal, w ith the LB film on front side, is placed in direct contact w ith a Peltier
heater/cooler. On the reverse o f the heater is a heat sink to assist w ith the cooling o f the
sample. A platinum -wire resistance therm om eter (PRT) is placed in contact w ith the LB
film to measure the temperature precisely at the sample. The Peltier device is controlled
by a feedback mechanism from the therm om eter and can maintain a pre-set tem perature
in the range 0-80±0.2°C.
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Figure 6-2: The in situ temperature variation stage.

6.2.2.2 In situ results
FTIR-A TR spectra were taken o f both the C3/AM and C5/AM LB films at a range o f
temperatures. The resulting spectra o f the C3/AM system are shown in Figure 6-3 and
the C5/AM spectra are shown in Figure 6-4. It is clear that even w ith a tem perature
change o f 60°C, there is virtually no change in the spectrum, for either type o f film.
The changes which are seen at 1362cm"1 and 1300-1200CH1"1 may be indicative o f some
rearrangem ent in the packing o f the calixarene bowls and the t-butyl groups at the upper
rim.

103

r 0.02-

1800

1700

1600

1500

1400

1300

1200

W avenum bers

Figure 6-3: FTIR-ATR spectra of a C3/AM LB film at 20°C (blue) and 80°C (red).
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Figure 6-4: FTIR-ATR spectra of a C5/AM LB film at 20°C (blue) and 80°C (red).
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Some change in the arrangem ent o f the molecules is to be expected in organic thin films
exposed to such a large therm al change but the variations are so small that they could
feasibly arise from the effect o f the temperature change on the A TR experiment itself.
Either way, it is clear that these calixarene films display a rem arkable resistance to
temperature alterations. However, the m ost im portant fact regarding these spectra is that
they confirm that there is no change in the nature o f the acid groups w ith temperature.
That is, there is no change in the amount o f proton transfer between the acid and amine
moieties.

6.3 Relationship between the pyroelectric effect and the infrared spectra
In order to understand the correlation between the infrared spectra m easured above and
the observed pyroelectric results [Chapter 4], some theoretical calculations are needed.
It is possible to determine the likely changes in the acid and amine groups w hich w ould
give rise to the m easured pyroelectric coefficients. This will then help in the
interpretation o f the infrared spectra. In the case o f the C3/AM system, for a typical
pyroelectric coefficient o f

6

pC m '2 K _1 and looking at a single pair o f molecules, the

following can be obtained.
The pyroelectric coefficient is defined as the rate o f change o f polarisation w ith time:

dP

T=—

Equation

6-1

Equation

6-2

with:

dP = NAju

where N is the num ber o f dipoles per unit volum e and Ap is the change in dipole.
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In the ideal case where the molecules in each layer are perfectly aligned [Figure 6-5],
then the unit volum e is one pair o f acid- and am ine-substituted calixarenes. Since there
are

8

dipoles within this volume:

Equation 6-3

N = -------25A „

4

where, A m is the area per molecule, previously measured from the isotherms o f the
m aterials and 5 is the molecular thickness, calculated from CPK models.
Therefore the change in dipole is given by:
.

2 r d T A m5

^

Ap = ------

Equation 6-4

Applying the figures to this equation, the change required per dipole (in order to
obtain

a

pyroelectric

coefficient

of

6

pC m ‘2 K"1)

is

calculated

to

be:

2 x 6 x l ( T 6x 1x275xl(T20x 1.5xl0~9 ^
~
Aji = ----------------------------------------------------= 6 .2 x 1 0 - 3 3 C m .

8

Based on this value, an assessm ent o f the physical changes w hich w ould give rise to this
change in dipole may be made.
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Figure 6-5: Schematic diagram of an ideal calix(8 )arene bilayer (top), showing the
unit volume (red) and two possible dipoles (bottom), pT for the proton-transferred
state and pe for the hydrogen-bonded state.
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Figure 6 - 6 : (a) The hydrogen-bonded state and (b) the proton-transferred state.

In the case where proton transfer is initially complete [Figure

6

- 6 b], the condition that

the electric polarisation can only change as a result o f a change in the separation o f the
acid and amine groups can be imposed. This change in distance, Ad, can then be
calculated. The electronic charge o f the dipole, q, is that o f the transferred proton and is
thus known. Hence the change in dipole is simply:

Equation 6-5

Ap = qAd

Therefore, for the generated pyroelectric coefficient o f 6 pCm"2 K '’, the change in dipole
33 ^
6.1875x10 -33
is 6 . 2 x 1 Cm and Ad =
' ~ "7,— = 3.867x10

1.6x10

14

m . This is a tiny am ount but it

J

should be noted that the separation o f the acid and amine groups is only o f the order o f

1.5xlO'10m.
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On the other hand, imposing the condition that the length o f the dipole is fixed at
1.5xlO~ 10 m, the charge flow needed to obtain the same pyroelectric coefficient
9

1

( 6 pCnT K ' )

can

be

calculated.

The

result

is

that

a

charge

of

6 1 8 7 5 x l0 -33
Aq = —----------- 77,— = 4.125x10 2jC m ust flow from one group to the other. This is the
1.5x10
^
F

equivalent o f ~2.5xlO ' 4 protons transferred per acid/amine pair.
This analysis applies equally to the case where there is no initial proton transfer [Figure
6

- 6 a]. However, as neither the distances or charges involved in the dipole are know n for

this state, the results obtained are inevitably less accurate. Even so, it is likely that the
distance scale is sim ilar 1 and thus the same result regarding the current flow is obtained.
U sing a distance o f 1.5xlO '10m and a previously calculated value o f the dipole 2 o f
6.9x10'3 0 Cm, the effective charge in the hydrogen bonded system is 4.6x10' 2 0 C.
Therefore, the

change

in

distance

required

in the

hydrogen-bonded

case

is

6 1875xlCT33
Ad = —----------- - — = 1.345 x l 0 “ljm . This is som ewhat greater than for the proton4.6 x l O' 20
F

transferred system.
In the case where the change in polarisation arises solely from a change in distance, this
represents an expansion o f ~1x10" 5 K _1, a typical value for an organic material
(-4 .5 x 1 0' 5 K _1 for the hydrogen-bonded case, a rather large amount). H owever, for the
case

involving

proton

transfer

only,

the

charge

transfer

am ount

calculated

(2.5x1 O' 4 protons) is equivalent to a current o f ~ 1 .0 x l0 '23A w hich is many orders o f
magnitude smaller than the measured pyroelectric current (~150pA). This m eans that the
pyroelectric effect cannot be due to the interconversion from a hydrogen-bonded to a
proton-transferred state (or vice versa). Therefore, it is solely a change in distance
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between the acid and amine moieties w hich is responsible for the pyroelectric activity in
these alternate layer films.
H aving established the m ost likely source o f the pyroelectric activity in these calixarene
films, it is interesting to consider w hat the calculated values (o f the change in distance
required) mean in a real sample. The theoretical model, presented above, assumes that
the calixarenes are entirely rigid. Thus the value for the change needed in the distance o f
the dipole to produce a given pyroelectric coefficient has been translated into an
expansion coefficient. However, this is not necessarily an accurate assessm ent since a
variation o f this level in the dipole may arise from one o f many mechanisms (or several
acting together). The first o f these possibilities is that the distance between each layer
changes uniformly, that is, in the m anner assumed in the calculation o f the expansion
coefficients [Figure 6-7b]. Alternatively, the pendant chains attached to the calixarenes
could flex in such a way that the separation o f the acid and amine moieties between a
pair o f molecules was increased [Figure 6-7c and d]. This sort o f flexing m otion w ould
give rise to much less expansion, if any, across the film as a whole and could explain the
excessive value o f the expansion coefficient calculated for the hydrogen-bonded system
(-4 .5 x 1 0'5 K ‘').
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Figure 6-7: Possible changes from the normal state (a) in calixarene LB films
giving rise to dipole changes: expansion (b); flexing (c, d and e) and tilting (f).
Red arrows indicate the direction of change of the dipole (diagram not to scale).
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A nother possibility is that the bow l structure o f the molecules can itself flex, causing the
substituent chains to splay apart or be pinched together [Figure 6-7e]. Finally, the
calixarene m olecules may tilt in their entirety [Figure 6-7f], resulting in a non-uniform
distance change across the dipoles which, on average, amounts to the value predicted by
the model.
The hypothesis that a distance change is the source o f pyroelectric activity is supported
by previous theoretical models. These also show that changes from the hydrogenbonded to proton-transferred states w ould result in a much greater change in polarisation
than actually occurs.

The fact that a change in the ratio o f proton-transferred to

hydrogen-bonded states is not the m echanism for pyroelectricity explains the lack o f
noticeable change

in the

infrared

spectra.

Indeed, this

also

leads to

further

reinterpretation o f results already published. In a study o f the effects o f tem perature on
straight chain acid/amine systems, the am ount o f proton-transferred species was seen to
decrease w ith increasing temperature. However, in the case o f the calixarenes studied
here there is no observed change over a similar temperature range (20-80°C),
demonstrating that the ratio o f the two states remains steady.
This may seem contradictory, but the answer lies in the variation o f the pyroelectric
coefficient w ith temperature. In this analysis o f calix[ 8 ]arenes the pyroelectric activity
was found to be more or less unchanged w ith increasing temperature, but in the case o f
straight chain type systems the pyroelectric coefficient generally increases with
tem perature . 2 ,4 ,5 Therefore, it is clear that when the ratio o f proton-transferred to
hydrogen-bonded species decreases, the pyroelectric effect is enhanced; not because o f
the change in the ratio itself but due to the greater num ber o f hydrogen-bonded pairs
which result.

112

111
A
b0.25
8
°U'
r
b1.158

n 0.04-

9Ml0

A
1/
\

'us
Jf
/r

s.*-

11

11

11

ii

ii

ii

ii

ii

11

11

11

WHenumbers

11

11

11

11

11

Wavenumbers

Figure 6-8: The v(C = 0) mode in ATR spectra of LB films. Left, C3 (blue) and
C3/AM (red). Right, SA (blue) and SA/ODA (red).
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Figure 6-9: The v(C=0) mode in ATR spectra of LB films. Left C3 (blue) and
C3/AM (red). Right C5 (blue) and C5/AM (red).
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11

From this, it is now possible to explain why the calixarenes studied here show such
large pyroelectric coefficients. The reason is that these calixarene systems have a lower
proportion o f proton-transferred acid/amine pairs as com pared to the straight chain
systems. This is clearly seen in the infrared spectra [Figure

6

- 8 ] w hich show that many

more carboxylic acid groups remain for the C3/AM system than in the SA/ODA
assembly.
Furtherm ore, the reason for the dramatic decrease in the pyroelectric coefficient as the
substituent chain length increases can be elucidated. The infrared spectra reveal that as
the substituent chain length is increased (from 3 CH 2 groups in the C3 to 5 in the C5
material), the proportion o f proton-transferred groups, in the respective alternate layer
systems (C3/AM and C5/AM ), increases [Figure 6-9]. In other words, the longer the
chain length in the calixarenes, the closer they come to straight chain behaviour. This
explains why the reduction in pyroelectric coefficients on going from C3/A M to the
C5/AM system is greater than that expected due to the reduction in the acid/am ine pair
density.
The conclusions w hich can be drawn from all the above are as follows. Firstly, the
results o f the calculations show that the pyroelectric effect m ust arise from a variation in
the dipole length scale, rather than from proton transfer. Secondly, em pirical observation
shows that the greater the amount o f acid and amine moieties w hich are in a hydrogenbonded state, the higher the pyroelectric coefficient. It is extremely im portant to note
that, while in some systems (e.g. straight chain systems3) there may be a tem peraturedependent change in the proportion o f proton-transferred and hydrogen-bonded nature,
this interconversion does not contribute to the pyroelectric activity. It does, how ever,
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affect the pyroelectric coefficient since the am ount o f acid/amine pairs in the hydrogenbonded state is changed.
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Figure 6-10: (a) Facing and (b) sideways dimers.

The reason for the larger amount o f hydrogen-bonded nature in the calixarene systems is
twofold. Firstly, a benzene ring in proxim ity to the carboxylic acid or amine groups
withdraws electrons and has the effect o f stabilising the hydrogen-bonded state . 2
Secondly, the form o f the calixarene m olecules favours the form ation o f sideways
dimers [Figure 6-10] o f the carboxylic acid. This type o f dimer results in the hydrogen
atom o f the carboxylic acid group in effect being w ithheld from the am ine group,
m aking it less likely for the pair to undergo proton-transfer.
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Indeed, it is evident from infrared spectroscopy that deprotonation o f carboxylic acid
groups in the sideways dimer conformation is hindered [Figure 6-11]. The v (C = 0 )
stretching band occurs at 1707cm '1 in the C3 LB film, w ith a shoulder at -1 7 2 5 c m '1
indicating that sideways dimers are present. In the C3/AM assembly this same band
appears to be formed by two alm ost even contributions at 1722cm"1 and 1710cm '1. The
reason for this change is that the 1707cm '1 facing dim er mode has undergone
proportionally more proton transfer w ith the amine groups than the sideways dimer
mode at 1722cm '1.

0. 1 2 -

0.08
A

b
s
o
r
b
a
n
c
e

1710

0.02-

0 .0 0 -

1800

1750

1700

1650

1600

Figure 6-11: The v(C = 0) mode in the ATR spectrum of C3 (blue) and C3/AM
(red) LB films.

Further confirm ation that it is the hydrogen-bonded state w hich make the m ost
important contribution to the pyroelectric effect comes from previous studies on a
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modified straight chain system. Alternate layer 22-tricosenoic acid/4-octadecylaniline
systems show more sideways dimers and also display an increased pyroelectric
coefficient com pared to an entirely aliphatic system . 6
A more detailed picture o f the relationship between the am ount o f proton transfer and
pyroelectric coefficient can be obtained by applying curve fitting techniques to the
measured spectra. This allows the intensity o f a given band to be assessed. For the
spectra shown above [Figure

6 -8

and Figure 6-9], curve fitting was perform ed on the

carbonyl stretching band. From this it is possible to ascertain quantitative inform ation
regarding the proportion o f carboxylic acid moieties in the proton-transferred state. The
integrated intensity o f the band was calculated and normalised against the C H 3
antisymmetric stretching mode, in order that an accurate com parison may drawn
between one spectrum and another. The percentage reduction in the overall C = 0
stretching mode was then obtained. The results are plotted in Figure 6-12 and show an
interesting relationship between the pyroelectric coefficient and am ount o f proton
transfer.
It can be seen that in the region where the proportion o f proton-transferred carboxylic
acid is greater than 70%, even a relatively large change in the proportion o f hydrogenbonded to proton-transferred species gives rise to only a slight change in the pyroelectric
coefficient. This is seen in previous studies, in that the infrared spectra show a large
shift towards a more hydrogen-bonded nature but w ith a relatively small increase in the
pyroelectric coefficient . 2 ,3 Conversely, below 70% even a slight change in the hydrogenbonded to proton-transferred ratio w ill result in a significant alteration in the
pyroelectric coefficient.
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Figure 6-12 The relationship between the amount of proton transfer and
pyroelectric coefficient

It should be made clear that the curve fitting perform ed to obtain Figure 6-12 results in
the measurement o f the total am ount o f the hydrogen-bonded species. This com prises
sideways as well as facing dimers. As has previously been shown [Figure 6-11 and
Chapter 5] a higher proportion o f the pairs w hich form facing dimers undergo proton
transfer. Therefore it is to be expected that a more accurate picture w ould be obtained by
separating these two components. Unfortunately, this has not been possible w ith the data
obtained so far. To do so would require spectra o f m uch better resolution in order to
perform the curve fitting with the necessary degree o f precision. H owever, if both
sideways and facing dimers in the alternate layer systems contribute to the pyroelectric
effect by approximately the same amount, then the results w ill be m uch the same as
those presented here.
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6.4 Summary
N o change w ith temperature is observed in the infrared spectra o f these calixarene
assemblies. This is a surprising result especially as a significant change occurs over a
temperature variation o f 1°C in the form o f a large pyroelectric current. There are two
possible conclusions to draw from this observation; that no change occurs or that the
change is not detectable in the infrared. Since there are clearly tem perature-dependent
changes in these systems, it seems likely that infrared spectroscopy is not sensitive to
these minute changes. It should also be noted that the infrared spectra were taken at
fixed temperatures. This is potentially very im portant as the pyroelectric coefficient is
effectively zero at any fixed temperature, w hether high or low. Infrared is, however,
sensitive to the orientation o f alkyl chains and can detect their m elting or other
deformations, in ordered films, so this is not occurring. This is therefore a testam ent to
the therm al stability o f these materials in LB film form.
The absence o f any great variation in the infrared spectra also provides a valuable
insight into the pyroelectric mechanism. It is now clear that proton transfer in
acid/amine LB systems makes little or no contribution to the pyroelectric effect. In fact,
it a change in the distance between acid and amine groups w hich causes the change in
polarisation responsible for pyroelectric current generation. Indeed, it w ould seem that
the strong dipole formed between proton-transferred species in effect, locks them
together. Thus, only the acid and amine pairs w hich have not undergone proton transfer
can move further apart (or closer together) as the tem perature changes and are
responsible for the pyroelectric activity in these systems. This em phasises the point that
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it is not the magnitude o f the polarisation in a film w hich is o f importance in
pyroelectric devices but the dependence o f any polarisation on temperature.
A final conclusion w hich can be drawn from these results is that it should be possible to
assess the magnitude o f the pyroelectric coefficient o f an acid/am ine system directly
from the infrared spectrum o f such a system. In order to achieve this, more w ork needs
to be done on these types o f system before this technique o f pyroelectric coefficient
measurem ent can be applied. Additionally, the dependence o f the pyroelectric
coefficient itself on temperature can potentially be measured in the same way.
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7. Summary and conclusions

7.1 Summary
The w ork presented in this thesis concerns research undertaken on pyroelectric
calix[8]arene Langm uir-Blodgett (LB) deposited assemblies. The calixarenes were
specially synthesised in order to be suitable for both LB deposition and pyroelectric
current generation. The latter w as achieved by the substitution o f the hydroxyl groups, at
the lower rim o f the calix bowl, w ith pendant alkyl chains ending in either a carboxylic
acid or an amine group. The attachm ent o f these moieties also goes some way to
enabling the materials to be deposited using the LB technique. However, the addition o f
t-butyl groups to the top rim o f the calix bowl is also necessary.
Alternate layer LB deposited films o f acid- and am ine-substituted calixarenes have
already been shown to have pyroelectric properties. O f the systems previously analysed,
t-butyl substituted calix[8]arenes dem onstrated the highest pyroelectric coefficients.
Therefore, further investigation has been undertaken into the pyroelectric behaviour o f a
family o f these particular calixarenes. Three different acid-substituted calix[8]arenes
were available (Cl, C3 and C5), each w ith different pendant chain lengths, along w ith
one amine-substituted calix[8]arene (AM).
In the first instance, the physical properties o f each material, in the form o f a Langm uir
layer, were investigated. The isotherms taken allowed the area per m olecule o f each
material, as well their compressibility, to be measured. Subsequently, each acidsubstituted calixarene was LB deposited in an alternate layer fashion w ith the am inesubstituted calixarene, thus producing systems w hich exhibit pyroelectric activity. The
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dependence o f the pyroelectric coefficients o f these LB films on temperature and
num ber o f deposited layers was investigated. This was done for all three o f the alternate
layer structures.
Fourier transform infrared spectroscopy was used to glean structural inform ation about
the pyroelectric assemblies. The techniques o f attenuated total reflection (ATR) and
reflection-absorption infrared spectroscopy (RAIRS) w ere used as these are particularly
suited to the analysis o f thin films samples. Initially, aliphatic systems containing
carboxylic acid and amine moieties were examined, both as cast films and LB deposited
assemblies. The calixarenes were then studied individually, at room temperature,
starting w ith the m aterials in cast film form and then as LB films. This was followed by
the analysis o f the alternate layer systems. For com parison w ith the ordered samples,
cast films o f m ixtures o f the materials were studied as well. A fter the room tem perature
analysis, a specially constructed heating stage was designed and built to allow FTIRA TR spectra to be obtained at various temperatures. This was used to investigate the
effect o f temperature on the infrared spectra o f the pyroelectric systems in situ.
Finally, some theoretic calculations regarding the pyroelectric systems were carried out
in order to better understand the observed pyroelectric and infrared results.

7.2 Conclusions
The conclusions derived from each part o f the project are outlined individually below.
This is followed by a discussion o f the overall conclusions obtained from this w ork,
drawing the separate aspects together.
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7.2.1 Pyroelectric properties
The pyroelectric results obtained show that LB film systems made up o f alternate layers
o f acid- and am ine-substituted calix[8]arenes are good candidates for heat sensing
applications. This is m ost clearly dem onstrated by the high pyroelectric coefficients
measured, particularly in the case o f the C l/A M system. Such large coefficients can be
obtained because o f the extreme thinness o f the LB deposited calixarene monolayers.
The variation o f the pyroelectric coefficient w ith the different chain lengths em phasises
the need for a high density o f such pairs per unit volume.
Further improvements w ith this particular set o f materials could potentially be obtained
by shortening the pendant chain on the amine substituted material. This can be expected
to give rise to a pyroelectric coefficient o f approximately 20pC m '2K '1, considering the
im provement obtained by changing the acid material from C3 to C l. H owever, it should
also be possible to make even more progress using related systems.
In addition, it is important to note the added benefit o f these calixarenes; their
remarkable thermal stability. This is seen, in the pyroelectric sense, by the invariance in
their m easured coefficients with temperature change. Such stability and linearity o f
response, in com bination w ith the large pyroelectric coefficients dem onstrated, show
that calixarenes have the potential to form the basis o f practical heat sensing devices.
The acid/amine pair density does not fully explain the large pyroelectric coefficients in
these systems. The unique structural characteristics o f the calixarenes clearly play a
significant role. This was the subject o f the infrared investigation.
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7.2.2 FTIR analysis
The infrared study o f the pyroelectric calix[8]arene LB systems was preceded by some
background work. Firstly, an analysis at room temperature was conducted o f straight
chain systems containing the same acid and amine groups as the calixarenes. This, along
w ith the spectra o f the cast calixarene films, allowed the pertinent bands to be identified.
From these it was clear that the bands arising from the proton-transferred acid and
amine moieties in the alternate layer LB systems are particularly weak. Therefore, the
main tool in observing the temperature dependent effects is the carboxylic acid
absorption band near 1710cm '1.
Other conclusions drawn from the room temperature infrared study include the high
degree o f crystalline order in both the cast and LB films. This is especially true o f the
straight chain systems. Additionally, it is clear that the calixarene m olecules are more
likely to form sideways dimers than the straight chain systems. These are probably
mainly intramolecular hydrogen bonds, arising from the bow l shape o f the calixarenes.
Finally, and m ost importantly, the room tem perature spectroscopy revealed that the
carboxylic acid groups forming sideways were significantly less likely to undergo
proton transfer w ith the amine groups than those forming facing dimers.
The next step was the analysis o f the calixarene systems at a variety o f tem peratures.
The m ost unexpected result was the invariance o f the infrared spectra in all the
calixarene systems studied. This means that there was no change in proton transfer w ith
temperature. It is also confirmation that the calixarene LB film structure possesses an
extremely high thermal stability. Initially, this lack o f change in the infrared spectra
seemed contradictory to the pyroelectric results obtained for the same samples w hich
clearly show that there m ust be some great changes occurring in the films to produce
such a large pyroelectric effect. A model calculation perform ed provided the explanation
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for the lack o f observed change. It was found that the fluctuation in the polarisation
(which gives rise to the pyroelectric activity) is m ost likely caused by a change in the
intermolecular distances between monolayers in the film, rather than a change in the
am ount o f proton transfer between the acid and amine groups. This change in distance
between the acid and amine moieties is far too small to be detected by infrared
spectroscopy. However, the FTIR measurements do explain the behaviour o f the
pyroelectric coefficients w ith tem perature for the calixarene devices. Since the
pyroelectric coefficient is more or less constant w ith temperature over the range studied,
the infrared results imply that this is because using calixarenes as vehicles for the acid
and amine groups results in an extremely stable structure. This structure is resistant to
tem perature variations w hich result in irreparable damage to other (straight chain)
systems.

7.2.3 Overall conclusions
The pyroelectric properties o f these calix[8]arenes clearly show their great potential for
use in pyroelectric detectors. The infrared results are a testam ent to the great therm al
stability o f the devices but there is also another very interesting link between the
infrared and pyroelectric measurements. The calculations regarding the change in dipole
required to obtain the m easured pyroelectric coefficients showed that the source is m ost
likely a variation in the distance between the acid and amine groups. H owever, they do
not identity whether or not there is a difference between the contributions arising from
the moieties in the hydrogen-bonded or the proton-transferred state. This can be
determined by comparing the infrared spectra w ith the pyroelectric data. By using curve
fitting techniques (and w ith films o f the acid-substituted material as a reference), the
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am ount o f hydrogen-bonded species in the pyroelectric samples can be calculated. The
results show that the greater the am ount o f hydrogen-bonded species in a sample, the
larger the pyroelectric effect. Previously, it was thought that the proton-transferred
groups played the main role in pyroelectric activity w ith other effects making only minor
contributions. However, it is now clear that in fact the proton-transferred moieties make
only a secondary contribution, if any. One possible explanation is that the protontransferred m oieties become ‘locked’ together, thus inhibiting any further change in the
dipole.
The relationship between the am ount o f hydrogen-bonded species and the pyroelectric
coefficient reveals the reasons behind the superior pyroelectric properties o f calixarenes.
From the infrared spectra o f the LB films o f each individual material, it can be seen that
the carboxylic acid groups in the calixarenes have a greater tendency to form sideways
dimers as com pared to those in stearic acid. This is m ost probably due to the form o f the
calixarene molecule. Further, the spectra o f the alternate layer systems show that the
sideways dimers are less likely to undergo proton transfer. Therefore, given that it is the
hydrogen-bonded species w hich are the source o f pyroelectric activity, calixarenes w ill
automatically demonstrate high pyroelectric coefficients because o f their shape.
Additionally, calixarenes are extremely thin and this benefits their pyroelectric
behaviour even more, as a high density o f acid/amine pairs results in the alternate layer
system.
It is interesting to note that while the change from the hydrogen-bonded to protontransferred states involves a huge change in dipole, in systems where this change occurs
w ith temperature (i.e. straight chain) it is not accompanied by an equivalently large
pyroelectric current. Therefore, this change m ust occur in a different way to the changes
w hich cause the pyroelectric effect in these films.
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7.3 Future research
There is clearly much more w hich needs to be done on the subject o f calixarene-based
LB pyroelectric sensors. Firstly, obtaining a clearer picture o f the relationship between
the hydrogen-bonded nature o f the films and their resultant pyroelectric activity would
be immensely useful in producing marketable devices. In order to do this, further
analysis m ust be done on the infrared spectra o f the alternate layer systems. The
separation o f the hydrogen-bonded components, by curve fitting on higher resolution
spectra, w ill reveal how m uch o f a contribution each dimer (sideways or facing) makes
to the pyroelectric coefficient. This can be backed up by com puter m odelling o f the
dipoles expected from each. Additionally, a fuller study o f a similar system, such as
straight chain or polysiloxanes, will show w hether or not the relationship between the
hydrogen-bonded nature and the pyroelectric coefficient o f a sample is the same for all
systems or if each type o f vehicle for the acid and amine moieties m odulates the
dependence.
Once this has been done, it should then be possible to w ork on devices w ith even higher
pyroelectric coefficients. This could be achieved by applying know ledge gained thus far
to the synthesis o f different substituted calixarenes. From the w ork done so far it seems
that the ideal acid material would be one w hich had the maxim um am ount o f sideways
dim erisation o f the carboxyl groups. This should then be coupled w ith an amine material
in w hich the amine group was stabilised by some nearby electron w ithdraw ing structure.
These two conditions should result in a maxim um am ount o f acid/am ine pairs being in a
hydrogen-bonded state. It should be noted that for the amine, care needs to be taken that
the material can still be deposited by the LB technique. Additionally, the ideal materials
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would deposit as very thin LB layers, thus ensuring a high density o f acid/amine pairs
per unit volume.
Finally, the mechanism for the change in dipole mom ent o f the hydrogen-bonded groups
is as yet unknown. Further w ork could be done to elucidate the origins o f such change.
Indeed infrared study at a higher resolution may cast some light on the subject.
However, other methods should also be applied. U sing different techniques in
com bination w ith FTIR would show if the pyroelectric effect arises from large scale
changes between the layers, such as the whole films expanding, or smaller molecular
changes, like individual molecular tilting.
Some preliminary atomic force microscopy (AFM ) measurements were made on the
calixarene films studied in this project [Figure 7-1].
The striations due to the dipping direction can clearly be seen as can the domain nature
o f the LB film. However, due to time restraints it was not possible to pursue the A FM
analysis further. It w ould be very useful to obtain in situ A FM images o f the pyroelectric
films. These would show any changes in the surface roughness associated w ith
temperature change and this may reveal more detail about the type o f m ovem ent
occurring within the films.
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Figure 7-1: AFM image of 3 C3 LB layers on aluminium.

Further information could be obtained from conducting an x-ray analysis o f the films.
X-ray scattering w ould provide a further insight into the behaviour o f these films as it is
capable o f detecting changes in the thickness o f films as w ell as variation in the
m olecular spacing.
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7.4 Final comment
The w ork presented in this thesis represents a significant step forward in furthering the
understanding o f calix[8]arene pyroelectric LB films. The most im portant result is that
the source o f the pyroelectric effect, in these films has been found to be an interaction
between acid and amine pairs w hich have not undergone proton transfer. However, there
is still a lot more w ork to be done in order to fully com prehend this mechanism. There
are also many avenues to explore in term s o f applying the know ledge gained to produce
a functional pyroelectric device based on organic LB films. It is hoped that this thesis
may provide a foundation on w hich to build the future generation o f pyroelectric
sensors.
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