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is reduced 8 times for presenting purposes.
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113

Fig.
5.26
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by the RenishawinVia spectrometer.
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schematic chemical structure of the molecule with its transition moment
directions labelled on it with red arrows.
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Summary

The alignment of the bonds in a molecule or the orientations that individual molecules take
with respect to each other in a macromolecular structure is of significant importance to
understanding the molecular mechanics and the nature of their interactions with their
environment. There are a variety of different techniques available to investigate this
matter.1,2 In comparison with other widely used techniques such as crystallography and
fibre diffraction, linear dichroism (LD) is simpler to apply, less time-consuming and also
gives useful information about the transition polarisations.3–5 In the preliminary stages of
this work, we tried to optimise the technique in order to collect data of higher quality than
had been previously possible for a wide range of different types of molecules with different
characteristics. We invented a new method of orienting polar and slightly-polar molecules
by changing the surface of polyethylene (PE) films to have oxygen groups on them, making
PEOX. Then we tried to combine the improved orientation and LD spectroscopy techniques
with fluorimetry to make fluorescence detected linear dichroism (FDLD) to increase the
sensitivity and selectivity of our experiments. As all UV-visible spectroscopy techniques,
including LD and FDLD, are limited by the small number of UV-active functional groups
(chromophores) in molecules, we then turned to vibrational spectroscopy techniques. In
particular, we have worked on a new type of polarised Raman spectroscopy - Raman
Linear Difference (RLD) spectroscopy. The first RLD spectra had been published in 2011.6
In this work, we used our new PEOX films and the new Raman spectroscopic technique to
study the alignment of molecules in the vibrational realm. After recording high resolution
polarised vibrational data for a set of small molecules using a Raman microscopy system,
we designed a new polarised Raman spectrometer which was built in the final stages of
this project. We evaluated the newly built instrument by repeating polarised Raman
experiments we had performed on the microscope system and found that the results were
a significant improvement.
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Chapter One

Introduction

1

2

Chapter One - Introduction

To know the orientation that molecules take with respect to the environment they are in
could open new insights onto biomechanical aspects of different biological phenomena
such as interactions of drugs with DNA molecules, orientation of protein channels inside
cell lipid membrane or of steroid receptors on cancer cell walls. It could also provide useful
information for synthetic chemists, polymer chemists and nanotechnology engineers. Xray crystallography, NMR experiments and spectroscopic techniques are widely used
techniques to get information about the structure of molecules, the orientation of their
components and their alignment with respect to other molecules in the system. Usually, Xray crystallography requires complicated and time consuming sample preparation
procedures, and NMR is limited to the size of the molecule under the study and requires
professional expertise to interpret the resulting data. By way of contrast, spectroscopic
techniques such as UV-visible linear dichroism, polarised infrared and polarised Raman
spectroscopy require minimum sample preparation and time, providing useful information
about the structure and orientation of molecules. UV-visible linear dichroism is limited by
the number of distinct transitions in a molecule making polarised vibrational spectroscopy
techniques with many more transitions advantageous.

The aim of this work was to develop polarised vibrational spectroscopy to obtain useful
information on the orientation parameters of molecules. Raman spectroscopy has
advantages over the infrared absorption spectroscopy, in the case of biological samples,
which led us to develop a new polarised Raman scattering technique. In the first stages of
this work we focused on optimising the sample preparation procedure to record polarised
spectroscopic data. Thus, we were able to record spectra of a higher resolution than had
been previously possible for a wide range of small molecules. Using UV-visible linear
dichroism we compared data collected using our newly optimised technique with ones

3
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obtained using the conventional way and data which had been reported in the literature.
Besides UV-visible linear dichroism, we applied our technique to record fluorescence
detected linear dichroism in order to investigate the dimerisation of a set of polycyclic
aromatic hydrocarbons. Finally, using this technique with polarised Raman spectroscopy
theory we had previously developed, we were able to record vibrational data on the
orientation of different bonds in a set of different molecules. We also tried using the
technique to study the alignment of small biomolecules imbedded into lipid bilayer
systems.

As the linear dichroism and polarised Raman spectroscopy are the two main techniques
developed and optimised during this work, below is a brief introduction on the techniques.

1.1 Linear dichroism 7–9

Linear dichroism is a UV-visible spectroscopy technique used to study the level of
orientation for an aligned system. The chromophores in molecules which are intrinsically
aligned or compelled to be oriented (by an external force) in one direction, absorb the
linearly polarised light differently when it is polarised parallel (∥) and perpendicular (⟘)

to the alignment axis. An LD spectrometer measures this small difference as is shown in
Eq. 1.1:
=

∥

−

⟘

Eq. 1.1

A chromophore within an aligned molecule absorbs more light when its orientation axis is
oriented parallel to the polarisation of light, and hence produce a positive LD signal. In
4
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contrast, a chromophore will absorb less light when its orientation axis is arranged
perpendicular to the light polarisation, and hence producing a negative LD signal.

As discussed above, in order to have an LD signal, a molecule has to be either intrinsically
oriented or is oriented during an experiment. Depending on the polarity, size and other
characteristics of the molecule under the study, there are different orienting techniques.10
The shear flow force is widely used for aligning long and thin molecules such as DNA and
fibre proteins.11,12 The sample is placed between two concentric cylinders, one stationary
and one spinning, so the induced shear flow aligns the long molecules with their long axis
horizontal. Another widely used orienting technique is to use stretched polymer films for
small molecules such as steroids13, polycyclic aromatics14 and nucleotides15. In this
technique the molecules adsorbed onto polymers surface layers and, as Fig. 1.1 shows,
stretching the film, aligns the molecules imbedded between polymer’s chains.8

Fig. 1.1 Schematic model for the effect of stretching on polymer chains and guest molecules
imbedded between them. χ is the angle between the long axis of average molecules and the
horizon.

1.2 Raman spectroscopy

Vibrational spectroscopic techniques such as infra-red and Raman spectroscopy are widely
used in chemistry and physics to characterise the structural features of molecules. Many
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applications have been developed in art and archeology16, electronics17, and material
science18. Despite providing similar vibrational information, Raman spectroscopy has
some advantages over the IR spectroscopy. Apart from belonging to two different type of
spectroscopy (absorbance and scattering), a key element making two techniques different
is the dissimilar selection rules each technique follows. Thus a vibration is IR-active only
if the electric field of an electromagnetic beam changes the charge distribution along the
bond or in other words changes the electric dipole moment of the bond. The greater the
change in the dipole moment during a vibration, the more intensive the peak in the IR
spectrum. The dipole moment changes when the charge times the distance in the molecule
changes. Thus symmetrical vibrations in bonds involving similar elements (such as C=C
or symmetric stretches of carbon dioxide) are not IR-active as the change in their charge
times distance is constant. In contrast, for a vibration to be Raman-active, it should change
the shape of the electron cloud or in another words it should change the polarisablity of the
bond. In molecules with a centre of inversion vibrations are either Raman or IR active. In
molecules of lower symmetry most vibrations are apparent in both spectra but with
different intensities. A particularly useful fact for biomolecules is that the Raman scattering
of H2O is small, so it does not hide the signals due to solutes. By way of contrast H2O IRactive vibrations have intense signals. These differences make Raman spectroscopy more
beneficial than the IR spectroscopy when the sample under the study is in an aqueous
solution or contains water (e.g. biological samples). Usually the IR spectra of such
molecules contain a broad peak around 3200 cm–1, corresponding to water’s O–H
stretching vibrations, which obscure the C–H, N–H and O–H stretching vibrations of the
sample. More importantly, water has IR absorbance intensity in the amide regions (~1650
cm–1) of the spectrum whereas Raman does not. Another advantage of Raman
spectrometers over conventional IR machines is their larger frequency range from the very
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near IR to the very far IR (7–3850 cm–1). IR spectrometers are more limited particularly in
aqueous solution.

1.2.1 History and the development

Raman spectroscopy was first explained by the Indian physicist Sir C.V. Raman, when he
observed light scattering through liquid and solid samples. These discoveries led to him
later being awarded a Nobel Prize in 1930.19 Raman developed Lord Rayleigh’s
explanation of the sky’s colour. Formerly, Rayleigh had reported that the blue colour of
the mid-day sky is due to the scattering of the blue wavelengths of the sun light by the air
molecules more than red.20 However, he explained that the blue colour of the sea is caused
by the reflection of the sky colour. Raman and his collaborators’ experiments on an Alpine
glacier proved that the blue colour of the sea is also due to the light scattering.

Raman and his collaborator, K.S. Krishnan, isolated the violet light of the solar spectrum
by placing a violet filter between the sun and a beaker containing different solutions (Fig.
1.2). The observed scattered light was violet in colour as was expected from the Rayleigh’s
law. However, after passing the scattered light through a green filter (to remove everything
except green light), a weak green light was observed. This was due to the inelastic
scattering of the violet incident light after hitting the solution in the beaker. This
experiment was repeated for 60 different samples and the results were published in The
Nature magazine in 1928.21 In the following years Raman replaced sun by the mercury
lamps as the source of the incident light22 and used a quartz spectrograph23 which allowed
him to photograph the scattered light spectrum and measure its wavelengths.

7
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Fig. 1.2 The schematic model for Sir C.V. Raman’s early experiment on the change of the incident
light colour after passing through a solution. The sun light used as the source of the light and the
results were collected by visual observation.

The first commercial Raman spectrometer became available in 1953.24 Since then gradual
improvements have taken place in the instrumentation of the Raman spectrometer. This
happened for:
1) the illumination source25–28, from the mercury lamps22 to microwave powered
lamps29 and then lasers30 and microchip lasers such as Nd-LSB31,
2) the detection system, from photographic plates to cooled cascade type RCA IP21
detector32 and then photomultipliers33–35 and CCD cameras (charge-coupled
device), and
3) the optics by adding monochromators and holographic grating to reduce the stray
light interference.
All the improvement and developments in Raman instrumentation made recent machines
faster, more accurate, simpler and cheaper than the machine built in 1953.36

1.2.2 Raman scattering theory37–40

A molecular Raman vibration occurs when the energy of an electromagnetic photon
changes the shape of the electron cloud around a bond. The photon’s energy transfers the
8
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bond electrons to higher ‘virtual’ (i.e. ill-defined due to Heisenberg’s uncertainty principle)
vibrational states. The electrons remain in this so-called “excited” state for a very short
period of time (about 10–13 to 10–14 s) so have a large energy uncertainty. Upon emitting a
photon, the molecule returns (usually) to the ground electronic state, sometimes to a
different vibrational level from which it started. Almost all the scattered photons have the
same energy as the incident light thus returning to the starting state. Such elastic scattering
is called Rayleigh scattering (Fig. 1.3a). Another type of scattering in which the energy of
the scattered light is different from that of the incident light, is called Raman scattering.
The Stokes and anti-Stokes are two types of this inelastic scattering. A Stokes scattering
(10–6 the intensity of Rayleigh scattering) happens when the molecule emits a photon with
smaller energy than the incident light, thus ending up in a vibrational level higher than the
ground state (Fig. 1.3b). The anti-Stokes phenomenon happens even less than the Stokes
scattering. It occurs when for some reason, such as high temperature, the molecule begins
in a higher vibrational level than ground state. The light emitted in this situation may
possess a shorter wavelength (higher energy) than the incident light (Fig. 1.3c).

9
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Fig. 1.3 The schematic diagrams for a) Rayleigh, b) Stokes and c) anti-Stokes scatterings where ∆Ei
and ∆Es are respectively the energy of the incident and the scattered light, and i and s are the
incident and scattered light frequency respectively. The frequency difference between the
ground state and the first vibrational state is shown by m. In the Rayleigh scattering the energy
of the incident and the scattered (emitted) lights are equal, whilst they are different in the
inelastic scatterings; the scattered light has lower energy levels than the incident light in the
stokes scattering and has higher energy than the incident light in the anti-Stokes scattering.

As shown in the Fig. 1.3 the frequency difference between the ground and the first
vibrational states is equal to the energy difference between the incident and the scattering
lights. By blocking the wavelengths with the same frequency as the incident light with a
notch filter, only the inelastic scattered light reaches the detector. The Raman machine’s
detector measures the difference between the incident and scattered light energies and
calculates it as the Raman shift frequency (cm–1). Each molecular vibration has a different
energy, due to its components and the environment, so its Raman shift (

m)

is different.

The computer connected to the Raman spectrometer registers each vibration as a peak with
distinct Raman shift and Raman intensity.
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2.1 Introduction

As it is discussed in §1, stretched polymers, in particular polyethylene films (PE), have
been used to orient small planar molecules for decades. Thulstrup et al. in 197041 concluded
that it was generally agreed that most of the solute was dissolved in the amorphous parts
of a PE sheet. Despite this, Wirtz et al.42 concluded in 2011 that the oriented chromophores
are bound to PE crystals (though with a distribution about the stretch direction) and are
oriented when the crystallites to which they are bound orient. They also deduced that the
crystallites become oriented along the stretching direction of a film, because the large local
strain destroys the lamellae (thin extended sheets of crystallites that are typically tens of
nanometers thick and tens of micrometers long) and subsequently recrystallization occurs.
Thus they concluded that stretching does not cause a gradual increase in alignment of a
molecule but causes the crystallite to which it is bound to orient or, at higher stretch ratios,
a phase change that leads to more crystallites. We do know that molecules are likely to
orient on PE with their long axes parallel to the stretching direction.43 However, PE films
do not orient polar or hydrophilic molecules. To solve the problem a change in the substrate
to polyvinylalcohol (PVA) films is usually recommended in literature44. However, these
films take days to prepare and usually involve the analyte being integrated into the
polymerising film.45 This makes the kind of experiments discussed below, where we vary
concentration of parent solution and degree of stretch, extremely time consuming. PVA
films are also very brittle and hard to stretch reproducibly.46

In this work we report the development and application of oxidised polyethylene films
(PEOX) to determine transition polarizations of polar molecules with the same versatility
and ease of use that is possible with PE.
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2.2 Materials and methods

All chemicals were purchased from Sigma-Aldrich and used without further purification.
Solvents used in the measurements were 18.2 MΩ-cm water (Millipore Direct-QTM),
chloroform (spectrophotometric grade, Sigma-Aldrich), methanol (Laboratory grade,
Fisher Chemicals) and methyl cyclohexane (spectrophotometric grade, Sigma-Aldrich).

The PE films to be used as sample matrices were cut from Glad® Snap Lock® bags, and
stretched so that the direction of stretch is parallel to the observable faint lines in the film.
Stock solutions of each analyte were prepared in chloroform (for PE) or methanol (for
PEOX).

2.2.1 Sample preparation

For most experiments, a piece of PE or PEOX film (of size 2.5 × 4 cm2) was placed between
two jaws of the mechanical stretcher designed for this purpose (Fig. 2.1a). The film was
then stretched from 2.5 centimetres to different lengths. The analyte was sometimes added
before and sometimes after stretching the film (see details in 2.3 Results and discussion).
Baselines were collected on stretched films where a small volume of solvent had been
dropped on and left to dry. Samples (30–40 mL in solution with the same solvent as the
baseline) were placed on the stretched film, then left to evaporate creating a dried layer.
The stretched film and its holder were usually placed horizontally into the spectrometer so
that the light beam was incident on the analyte with the stretch direction was horizontal (in
our instrument the direction of the parallel polarized light).
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Fig. 2.1 a) Mechanical film stretcher designed and built at the University of Warwick. b) Cylindrical
film holder (originally designed for oriented circular dichroism measurements)47 where film is
held between two quartz plates (1 mm thick) themselves sandwiched between Teflon rings and
O-rings.

In order to check for the presence of higher order structures e.g. formation of dimers or
sample crystallisation on the surface of the film, several samples were routinely prepared
using serial dilutions of the stock solution. In the absence of higher order structures, shapes
of the obtained LD spectra are independent of concentration.

In some experiments the film was mounted in a cylindrical holder (Fig. 2.1b) and rotated
to different orientations. For film-rotation LD experiments, the film was first stretched in
the film stretcher, the sample added and then the film transferred (ensuring it remained
stretched) to the cylindrical film holder shown in Fig. 2.1b. To secure the sample within
the cylindrical film holder, the two quartz plates were placed on either side of the PE film
and clamped to maintain the tension on film. The film was cut to remove excess PE film.
The sandwiched film was then placed in the holder and fixed in place by a screw fitting
which, when screwed fully into the holder, maintained the tension on the film.
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2.2.2 Ultra-violet absorbance and linear dichroism spectroscopy

Ultra-violet absorbance and LD spectra on films oriented with the stretch direction parallel
to the horizontally polarized light were measured using a Jasco J-815 circular dichroism
spectropolarimeter adapted for LD spectroscopy by collecting LD in one data channel and
A in another. In general, baselines were collected on the films before the addition of the
sample. The data acquisition and baseline subtraction were performed using the J-815
Spectra Manager software version 2.07.02. The spectra of samples (and baselines) were
measured as a function of different stretching lengths of polyethylene. If a single film was
measured at different stretch factors, baselines were measured on three independent films
treated in as close to identical fashion as was possible. All measurements for film-rotation
LD were performed using a Bio-Logic MOS-450 spectrometer.

Reduced LD (LDr), the LD divided by the isotropic absorbance, is independent of
concentration and path length (sample thickness, which can change upon stretching). The
usefulness of the LDr depends on both spectra being measured on exactly the same
molecules. This requires both the film not to be moved and there not to be any unoriented
molecules in the light beam whose absorbance is measured but which do not contribute to
the LD. In the simple case of uniaxial orientation with the horizontal polarization of the
instrument along the film stretch direction46

=

=

(3⟨

⟩ − 1)

Eq. 2.1

where α is the angle between the molecular orientation direction, z, and the polarization of
the transition of interest, ⟨⟩ denotes average over the population of molecules present, and

S is the orientation parameter (0 for unoriented samples, 1 for perfectly oriented samples).
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2.2.3 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) data48 were collected at the Science City
Photoemission Facility, University of Warwick by Dr. Marc Walker. The samples
investigated in this study were mounted on Omicron sample plates using electrically
conductive carbon tape and loaded in to the fast-entry chamber. Once a pressure of less
than 1 × 10–7 mbar had been achieved (approx. 1 hour), the samples were transferred to a
12-stage storage carousel, located between the preparation and main analysis chambers,
for storage at pressures of less than 2 × 10–10 mbar. XPS measurements were conducted in
the main analysis chamber (base pressure 2 × 10–11 mbar), with the sample being
illuminated using an XM1000 monochromatic Al-Ka X-ray source (Omicron
Nanotechnology). The measurements were conducted at room temperature and at a takeoff angle of 90° (more penetration depth) and 30° (closer to the surface). The
photoelectrons were detected using a Sphera electron analyser (Omicron Nanotechnology),
with the core levels recorded using a pass energy of 10 eV (resolution approx. 0.47 eV).
Due to the insulating nature of the samples, a CN10 charge neutralizer (Omicron
Nanotechnology) had to be used in order to prevent surface charging, whereby a low
energy (typically 1.5 eV) beam of electrons was directed on to the sample during XPS data
acquisition. The data were analysed using the CasaXPS package, using Shirley
backgrounds and mixed Gaussian–Lorentzian (Voigt) line shapes. All binding energies
were calibrated to the C 1s peak at 284.6 eV. The energy is calibrated weekly using the
Fermi edge of a polycrystalline Ag sample is accurate to (±)0.02 eV. Compositional
analysis of Au, Cu and Ag samples was used to give a transmission function for the
analyser resulting in an accuracy of around 1%. The uncertainty in composition analysis
of the system was estimated using a polycrystalline silver. We scanned four peaks and in
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an ideal world they would give equal composition. In reality it is ±1%, however, doing this
test (known as the transmission function) allowed us to be as accurate as we could be. In
terms of energy position, we will have used the charge neutraliser and then energyreferenced the data afterwards. These energies are accurate to ±0.1 eV provided we picked
a valid reference value. In any case, it is not only the absolute position, however, also the
separation of components in, say, the C 1s region which we used for peak assignment.

2.2.4 Contact angle measurements

Contact angle measurements were performed using a Krüss DSA (droplet shape analyser)
100 (Krüss Instruments, Germany) on a 10 mL droplet of water dispensed onto
polyethylene substrate. The Tangent-1 fitting measurement was used to yield the left and
right three phase contact angles of the droplet.

2.2.5 XRD measurements

X-ray diffraction (XRD) experiments were performed on Siemens D500 diffractometer
with the CuKα (λ 1.5428 Å) radiation source, step 0.02° and step interval 20 s.
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2.3 Results and discussion

As explained in §1 Linear dichroism, LD, is a differential absorption spectroscopy
technique from which one can extract transition moment polarizations if the sample
orientation is known or chromophore orientation information if transition moments have
been assigned. The main work of this chapter relates to a new polymer surface for LD,
PEOX. The results below describe how PEOX was produced and characterised thus enabling
us to collect data on previously intractable samples.

2.3.1 PEOX oxidised films

Tissington, et al.49, showed that by using oxygen plasma treatment it is possible to form
active oxygen-containing groups on the surface of the polyethylene film. In this work
pieces of PE film (2.5 × 4 cm) were placed in a Plasma Asher and treated with two different
powers (50 and 100 W) and four different timings (10, 30, 60 and 120 seconds). As Fig.
2.2 shows, the hydrophilicity of the surface increases with the duration of the treatment.
However, the lower power showed higher final levels of hydrophilicity as deduced from
the water contact angle (Fig. 2.2). This could be caused by the degradation of the PE fibres
at high plasma power.50 For our spectroscopy experiments we therefore chose to prepare
films using 50 W and 1 minute and denote the treated films as PEOX.
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Fig. 2.2 a) Water drops on polyethylene films treated at the indicated power levels for the
indicated times. b) The contact angle of PE films placed in the plasma asher at different power
levels as a function of time.

To investigate the type and percentage of different oxygen based functional groups added
on the PE films we performed x-ray photoelectron spectroscopy (XPS) experiments
(performed and analysed by Dr. Marc Walker) on the treated PE films in different
conditions explained above. The collected data for oxygen functional groups on PE and
PEOX are summarised in Table 2.1. The 30° data are indicative of surface groups as the
beam penetrates less than in the 90° configuration. The treated samples show a slight
enhancement over time in carbonyls relative to OH, consistent with oxidation proceeding
from alcohol, to aldehyde, to carboxylic acid. The difference as a function of angle of
incidence suggests that the surface is slightly enriched with carbonyls (relative to OH)
compared to the depth of the film.
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Table 2.1 Carbon 1s orbital XPS data for PE and PE OX. 30° denotes 30° angle of beam
incidence. 90° denotes perpendicular incidence (so maximum penetration).
% of counts in region
PE 50 W, PEOX 50 W, PEOX 50 W, PEOX 50 W,
30 s
30 s
60 s
60 s
30°
90°
30°
90°
51.56%
49.46%
51.22%
48.44%
25.78%
24.73%
25.61%
24.22%
5.16%
4.95%
5.12%
4.84%
0.83%
0.79%
0.82%
0.78%
1.13%
8.10%
0.60%
8.55%
5.84%
3.46%
6.64%
4.02%
4.39%
3.16%
3.97%
3.14%
5.31%
5.35%
6.01%
6.02%
16.5%
20.0%
17.0%
20.5%
OX

Peak Energy
284.6
284.99
285.38
285.77
285.93
287.06
288.02
289.31

Assignment
C-C, C-H
PET loss peak 1
PET loss peak 2
PET loss peak 3
C-OH
H-O-C-O-H [?]
C=O
COOH
Total O%

PE
90°
54.70%
27.35%
5.47%
0.88%
3.57%
0.00%
7.53%
0.51%
11.5%

The X-ray diffraction studies performed by Dr. Chmel seem to support the conclusion that
stretching increases the crystallinity of PE.51 The XRD pattern of non-stretched PE
(prestretched by the manufacturer during production) and 2.0× stretched (using the LD
stretcher) film are shown in Fig. 2.3. The two reflections at 22° and 24° are characteristic
of the typical orthorhombic Pnam crystalline phase of PE.52 The intensity of these
reflections, however, suggests that they are not the prevalent phase in the unstretched film.
The intense reflections at 14° and 17° dominate the diffractogram. There is an excellent
agreement between these and other less intense reflections and the monoclinic Cc phase of
polyisopropylene (PP),53 suggesting that the film used is in fact a ethylene/propylene copolymer—with the propylene component being highly crystalline. This is further
supported by the NMR analysis51, done by Dr. Chmel, which suggests that 1.5% of the
film by weight is PP. There are also several less intense reflections of varying sharpness
present in the diffractogram, suggesting presence of at least one more crystalline or
semicrystalline phase in the sample. There are significant changes in the diffractogram
after stretching 2.0×. The relative intensities of the reflections characteristic of the
orthorhombic crystallites are much stronger than for an unstretched film, suggesting that
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the crystallites of this structure are now prevalent in the film. The relative intensities of the
22° and 24° reflections (orthorhombic PE) have also changed after stretching suggesting a
change in preferred orientation of the crystallites in the film. Other differences include
appearance of new reflections at 19° and 36° as well as disappearance of a low intensity
sharp reflection at 12°, which suggests profound changes in the relative amounts and
orientations of different crystal phases present throughout the film. Using the Scherrer
equation it was possible to estimate the size of the crystallites in the polymer.54 The
estimated values for PP crystallites do not change after stretching, while the average size
of the PE crystallites decreases with stretching, which is consistent with creation of new
(smaller) crystallites in the polymer.

Fig. 2.3 X-ray diffraction patterns of un-stretched and 2× stretched PE films. The uncertainty in
measurement was kept below 0.015°.
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2.3.2 UV-visible studies on the interactions of molecules deposited on stretched
polyethylene film

As explained before molecules adsorbed on the surface of polyethylene interact with the
crystalline phase of the polymer. Thus aligning the crystalline phase, induced by stretching,
would lead to orient the guest molecules. To understand the interactions between the
molecules, polyethylene and the light, we performed a series of stretched polyethylene
UV-visible spectrometry and LD experiments (using a BioLogic MOS-450). In this
experiment we chose small planar molecule of anthracene, which will be studied in more
detail in §3 as our probe molecule.

Fig. 2.4 shows the absorbance spectra for anthracene deposited on a 1.8× stretched
oxidised polyethylene film recorded every 2 minutes for 2 hours after the sample was
loaded on the film. The intensity of almost all peaks (Fig. 2.4b and c) increased
significantly over time in the first 30 minutes after the sample was loaded. The intensity
then increased in a much slower manner for 30 minutes and finally stopped after an hour
from the beginning of the measurement. This enhancement is due to the slow evaporation
of the solvent (methanol) and the increase of the sample concentration on the PEOX film.
However, continuous exposure to the incident light of the machine triggered photolysis
which led to the slow decrease in the intensity of all peaks (shown by dashed arrows in the
Fig. 2.4a).
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Fig. 2.4 a) The absorbance spectra of anthracene (40 μL from a 0.5 mg/mL methanolic solution)
deposited on a 1.8× stretched PEOX film taken every 2 minutes (time for recording one spectrum)
from the first moments of sample loading for 2 hours. For presenting purposes only 10 spectra
are shown (the time each spectrum is recorded is shown in the legend). The arrows show the
ascending and descending trends in the peak intensity upon the time. b) and c) show the signal
intensity trends upon the time of the measurement for the peaks at 254 and 248 nm (a) and 394,
378 and 268 nm (b).

Fig. 2.4 a and c show a decrease in the intensity trend for the bands at 394 and 268 nm
upon time from the beginning of the experiment. These bands, which will be more studied
and discussed later in §3 are arising from non-monomeric structures formed on the surface
of PEOX due to the high concentration of the solution. As attraction forces between such
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dimeric

units

are

far
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molecular
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photodecomposition faster than the monomeric molecules.

Linear dichroism experiments (Fig. 2.5) showed similar result to the absorbance
spectroscopy: the intensity of peaks increased the first quarter of the experiment, which
could be due to both enhancement in concentration and alignment of the sample, then
decreased with a higher rate than absorbance signals.
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Fig. 2.5 a) The UV-visible LD spectra of anthracene (the same conditions as absorbance
experiment) deposited on a 1.8× stretched PEOX film taken every 2 minutes from the first
moments of sample loading for 2 hours. For presenting purposes only 10 spectra are shown (the
time each spectrum is recorded is shown in the legend). The arrows show the ascending and
descending trends in the peak intensity upon the time. b) and c) show the signal intensity trends
upon the time of the measurement for the peaks at 254 and 248 nm (a) and 394 and 381 nm (b).

To investigate the role of PE crystalline phase in orienting guest molecules, we performed
a temperature dependent stretched polymer LD. According to J. Cowie and J. McEwen’s
differential scanning calorimetry data55 polyethylene’s glass transition temperature is –78
°C (however, depending on the density and crystallinity of the polymer it could vary to –
125 °C).56 Liquid nitrogen (boiling point: –196.15 °C) was used in order to decrease the
temperature lower than PE’s glass transition temperature. As was expected decreasing the
temperature and consequently increasing the amount crystalline phase, led to an abrupt and
significant enhancement in the intensity of anthracene LD peaks (Fig. 2.6).
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Fig. 2.6 a) The UV-visible LD spectra of anthracene deposited on a 1.8× stretched PEOX film taken
every 2 minutes from the first moments of sample loading for 2 hours. Liquid nitrogen was poured
on the stretched polymer 8 and 62 minutes after the experiment started. For presenting purposes
only short wavelength region of the spectrum is shown for 10 spectra are shown (Spectra
recorded between 4th and 12th minutes are shown on the left hand side and the ones recorded
between 58th and 62nd minutes are shown on the right hand side). b) and c) show the signal
intensity trends upon the time of the measurement for the peaks at 254 and 248 nm (a) and 381
nm (b). The jump at 28th minute in figure b could be due to a change in the ambient light.

Besides the temporary enhancement in the alignment of anthracene on PEOX, freezing the
polymer helped to party eliminate vibrational transitions in anthracene. This could be
observed in Fig. 2.6a (6th and 62nd minutes, blue spectrum) where the LD peaks are become
sharper and there is a slight separation between the band at 256 and its shoulder at 249 nm.

Results achieved from freezing the polyethylene encourages us to repeat the experiment
and study the behaviour of the polymer when it is heated. Polyethylene is a thermoplastic
polymer with high melting point (85–145 °C) so by using an industrial blow drier
(generating 45°C heat) we tried to increase its amorphous phase without melting it. Fig.
2.7 shows the effect of heat on anthracene’s LD spectrum. The intensity of the LD peaks
decreased significantly when we heat the polymer and it returned to its natural trend
quickly after the heat was removed. The LD spectra recorded when the heat was being
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applied show slightly broader peaks than the rest, which could be due to a slight increase
in the number of vibrational transitions occurring because of the heat.

Fig. 2.7 a) The UV-visible LD spectra of anthracene deposited on a 1.8× stretched PEOX film taken
every 2 minutes from the first moments of sample loading for 2 hours. The polyethylene was heat
using a blow drier 6 and 60 minutes after the experiment started. For presenting purposes only
short wavelength region of the spectrum is shown for 10 spectra are shown (Spectra recorded
between 2nd and 10th minutes are shown on the left hand side and the ones recorded between
56th and 64th minutes are shown on the right hand side). b) and c) show the signal intensity trends
upon the time of the measurement for the peaks at 254 and 248 nm (a) and 381 nm (b).
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These experiments helped us to understand more about polyethylene’s morphology, the
effect of solvent and temperature on absorbance and LD spectroscopy of molecules
deposited on PE.

2.3.3 Orienting small molecules on PE

2.3.3.1 Progesterone: a medium polarity molecule that orients in the same manner on
PE and PEOX

Fig. 2.8 shows the LD spectra on both PE and PEOX films of a medium polarity molecule,
progesterone, with a single π–π* transition in the accessible region of the spectrum. The
progesterone spreads somewhat more uniformly on PEOX when dissolved in methanol than
on PE when dissolved in chloroform which seems to have resulted in slightly better (in
terms of LDr) spectra and higher orientation factor S. The LDr traces are fairly flat as
expected for a single transition. If we assume that (i) the molecular orientation is uniaxial
(see below for more discussion of this); (ii) the long axis is the z-axis, and (iii) the transition
is polarized along the carbonyl bond, then using Eq. 2.1, S ~ 0.12 for 1.8× stretch PE and
0.13 for 1.8× stretch PEOX (with error less than %5). We can therefore conclude that PEOX
orients progesterone in much the same way as PE but with marginally higher efficiently
and uniformity.
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Fig. 2.8 Spectra of progesterone (deposited from 0.65 mg/mL in chloroform for PE and methanol
for PEOX and left to dry). LD on (a) PE, and (b) PEOX prestretched by factors ranging from 1 to 2.2×.
(c) and (d) LDr for data from (a) and (b) respectively overlaid with absorbance and LD spectra for
1.8× stretch.

We wished to optimise the sample orientation in the films and also to check whether degree
of stretching affected the spectroscopy. The progesterone spectra suggest that the
maximum LD is obtained with a stretch factor of ~ 1.8 and a maximum LDr with factor of
~ 2.0 when the sample was added to a stretched film. This ran counter to our expectation
that more stretching would always correspond to more orientation. For progesterone, and
for the other analytes discussed below, the variation in LDr maximum proved to be due
mainly to variations in the absorbance; molecules unoriented on the film absorb light but
may not contribute to the LD. The film thickness did not change significantly with
stretching, though the changes in the spectra do show changes in the binding of the analytes
to the PE.
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2.3.3.2 Uniaxial orientation

The analysis of LD is facilitated if we can use Eq. 2.2, which holds for uniaxially oriented
samples. We have concluded51 that a sample is uniaxially oriented if its LD signal depends
on the rotation about the X-axis (direction of propagation of light) according to

=

= (3〈
= (3〈

=

Eq.2.2

〉 − 1)(3〈

〉 − 1)cos(2 )

〉 − 1)cos(2 )

where χ is the angle between Z (the stretch direction of the film) and the horizontal
direction, θ is the angle between z (the molecular orientation axis) and Z, and Aiso is the
isotropic absorbance. If there are multiple populations of molecules or less symmetric
orientation mechanisms, then a different function of χ, α, and θ is observed. Thus, we can
use plots of LD as a function of χ to determine whether a molecule is uniaxially oriented
(Fig. 2.9).
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Fig. 2.9 Left: LD of progesterone (~ 0.5 mg/mL) on 1.8× stretched a) PE and b) PEOX films as a factor
of rotation angle, χ, of the film. 0° is where the stretch direction is as close to horizontal as loading
the film in a small circle enabled, right: LD at wavelength indicated as a function of χ. Dashed line
is the plot of cos(2χ).

An overlay of the LD of progesterone as a function of film-rotation angle, χ, is shown in
Fig. 2.9 along with a plot of signals at the LD maxima as a function of χ. The cos(2χ)
dependence of the signals means that either the molecule behaves as a uniaxial rod or the
film ensures uniaxial orientation or a combination of the two. Within experimental error
of loading the sample and noting none of the spectra are baseline corrected, each molecule
and film studied in this work behave consistently with a uniaxial orientation mechanism.

2.3.3.3 DAPI

DAPI (4,6-diamidino-2-phenylindole) is a good test case for PEOX as DAPI fails to orient
on PE and there is literature PVA film data available for comparison.57 Fig. 2.10 shows the
variable stretch LD spectra of DAPI on PEOX. Our data go to lower wavelength than the
PVA spectrum but in other respects are similar. The broad band at approximately 350 nm
actually consists of two transitions, one at 330 nm and another at 380 nm. Analysis of their
DAPI PVA data led Kubista et al. to conclude that S ~ 0.66 and that the 380 nm transition
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was the most oriented and was polarized close to the indole-phenyl bond.57 They assigned
polarizations to the other transitions but were not able to determine whether they were +d°
or –d° from z. Comparison of their data with our PEOX data (Fig. 2.10) gives us a way to
determine this since the relative magnitudes of peaks on PVA and PEOX differ, indicating
a slightly different orientation.

Fig. 2.10 Spectra of DAPI on PEOX (deposited from 0.4 mg/mL in methanol and left to dry). (a) LD
prestretched by factors ranging from 1 to 2.2×. (b) LDr for data from (a) overlaid with absorbance
and LD spectra for 1.8× stretch.

Like progesterone, DAPI’s LD signal on 1.8× stretched PEOX is follows cos(2χ), showing
the molecule behaves uniaxially on PEOX (Fig. 2.11).

Fig. 2.11 LD of DAPI (deposited from 0.4 mg/mL in methanol) on PEOX stretched 1.8× as a function
of film-rotation angle. a) wavelength scans, b) signal at 203, 229, 272 and 336 nm as a function of
rotation angle  overlaid on a plot of cos(2).
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Fig. 2.12 4',6-Diamidino-2-phenylindole illustrating approximate transition polarizations
consistent with this work and the PVA reference.57

The 270 nm transition on PEOX (Table 2.2) has the largest value of LDr, so we assume it is
along z (α=0). It then follows that for the 1.8× stretch PEOX experiment, S ~ 0.18. The
directions of z and the other transition moments can then be deduced from LDr data and
are given in Table 2.2 where the PVA results are also summarized. Transition moment
polarizations consistent with both data sets are illustrated in Fig. 2.12. Overall, the quality
of the DAPI–PEOX spectra suggest PEOX can replace PVA for polar molecules making a
much simpler quicker experiment.

Table 2.2 Angles between DAPI transition moments and the orientation axis in the PVA
data of Kubista et al. 57 and the PE OX data of this work. PE OX LDr data are for 1.8 stretch.
The directions illustrated in Fig. 2.12 are consistent with both data sets. The uncertainty
for angle measurements was less than %5.
Wavelength
380 nm
330 nm
270 nm
228 nm

PVA angle
0–5°
15–17°
12–19°
>50°

PEOX angle
26°
17°
0°
45°

LDr on PEOX
0.39
0.48
0.55
0.14

2.3.3.4 1-Pyrenecarboxaldehyde: different binding to PE and PEOX

1-Pyrenecarboxaldehyde (PyCO, Fig. 2.13) provides an interesting illustration of how PE
and PEOX may, in some cases, be used to provide complementary data that can be used in
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a manner similar to that done for DAPI and PEOX above since PyCO turns out to orient
slightly differently on the two films. The aldehyde group of PyCO is polar and the pyrene
is very non-polar. LD data for the pyrene chromophore on films and in liposomes are
available in the literature43,58,59 (see Table 2.3). The absorbance spectroscopy of PyCO
(Fig. 2.13) is similar to that of pyrene but shifted to longer wavelengths with additional
features including the 234 nm peak. PyCO has Cs symmetry (pyrene is D2h), so its π–π*
transitions are constrained to be in the plane but not necessarily along either the long axis
or the short axis of the pyrene chromophore.

Fig. 2.13 Left: LD spectra of 1-pyrenecarboxaldehyde (deposited from 0.4 mg/mL in chloroform
for PE and methanol for PEOX and left to dry) on (a) PE, and (b) PEOX prestretched by factors ranging
from 1 to 2.2, right: The corresponding LDr spectra of the spectra on the left side overlaid with
the LD and absorbance spectra when the film stretched for 1.8×.
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The LD and LDr spectra (Fig. 2.13) indicate spectral ranges of single polarizations as
summarised in Table 2.3. With PEOX, the 207 nm transition is closest to Z (though its LDr
value does depend on how the baseline correction is done), then the 350–400 nm band,
whereas with PE, 246–253 nm has the largest LDr, so is closest to Z. In pyrene these
transitions are all long-axis polarized. We speculate that the two films orient PyCO
differently because the carbonyl interacts with the more polar PEOX surface but not with
PE. The solid arrow in Fig. 2.14 is thus a reasonable estimate of z for PEOX with (the lower
limit of) S = 0.21. An iterative trial and error process led us to conclude that S was the
same for both films (knowing PyCO behaves uniaxially on both films, Fig. 2.15); there
was 6° difference between their molecular orientation axes (the orientation axis on PE is
illustrated by the dashed line in Fig. 2.13 and by the solid arrow on PEOX); and the
transition polarizations are approximately as illustrated in Fig. 2.14 and summarized in
Table 2.3. The 207 nm, 380 nm and 234 nm transitions are thus close to the pyrene long
axis, whereas the others, particularly the former pyrene short axis polarized transitions, are
significantly perturbed from their pyrene values.

Fig. 2.14 Polarizations of PyCO transitions assuming the orientation direction of PEOX is as
indicated by the thick solid line (the longest molecular axis with O lying flat on the film). The thick
dashed line is then the orientation on PE.

36

Chapter Two - Oxidized Polyethylene Films for Orienting Polar Molecules for Linear Dichroism Spectroscopy

Fig. 2.15 LD of 1-pyrenecarboxaldehyde on (a) PE and (b) PEOX as a function of film-rotation angle.
Left: wavelength scans, right: signal at 205, 233, 249, 276, 288, 364, 375 and 395 nm as a function
of rotation angle χ overlaid on a plot of cos(2χ). Note: the film stretcher horizontal direction was
not quite parallel to the PE stretch direction due to challenges of loading the film into the
cylindrical holder.

Table 2.3 LDr data for 1-pyrenecarboxaldehyde on PE and PEOX at 1.8 stretch, literature transition
polarizations for pyrene, and PyCO transition moment polarizations (±3°) with respect to the PE OX
z as illustrated in Fig. 2.14(+ denotes anticlockwise rotation as illustrated). The uncertainty for
angle measurements was less than %5.
Wavelength
207 nm
234 nm
246–253 nm
276 nm
288 nm
350–400 nm

LDr on PE
0.39
0.53
0.57
0.28
0.077
0.51

LDr on PEOX
0.64
0.62
0.51
0.13
0.038
0.56

Pyrene assignment 60

220–240 nm: Long
260 nm: Long
270–280 nm: Short
300–340 nm: Long

PyCO assignment
~0°
+9°
–21°
–46°
+53°
–16°

2.4 Conclusions

In this work we have shown that we can change the surface properties of polyethylene (PE)
by oxygen plasma treatment enough to enable even the most polar of small molecules to
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be oriented on its oxidised surface (PEOX). Overall, the quality of the DAPI PEOX spectra
suggest PEOX can replace polyvinyl alcohol for polar molecules making a much simpler
and quicker experiment. In general we found that the sample deposition was more uniform
with the PEOX surfaces making it usually the preferred substrate. The orientation of our
films increased with stretch factor due to changes in crystallinity and crystallite orientation
in the PE substrate (which also includes crystalline polypropylene). For some molecules
(e.g. 1-pyrenecarboxaldehyde) we found the different interactions between analyte and the
two films enabled us to assign transition moments of low symmetry molecules. Easy
transition moment assignment follows if the molecules orient uniaxially on the polymer
film. We have shown that a simple matrix rotation experiment can be used to determine
whether or not the orientation may be assumed to be uniaxial.
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3.1 Introduction

Anthracene is a well-studied molecule with extensive literature on its spectroscopy in
solution, crystal and on films. However, we found in preliminary studies that despite this
work, there were still many mysteries regarding anthracene’s behaviour, particularly on
films. Much of the challenge proved to relate to anthracene’s propensity to dimerise or
oligomerise on films.

Fig. 3.1 Schematic model of anthracene molecule showing the long and short axis of the molecule
aligned with Z and Y axis of the molecule respectively.

As the starting point for our analyses below, we accept the work of Friedrich et al.61,
namely that the long wavelength band for anthracene is the 1La band of B2u symmetry (i.e.
y-polarized in an axis system where z is the anthracene long axis and y is its in-plane short
axis, Fig. 3.1) with the origin at about 379 nm (depending on the solvent). This transition
has clear vibronic progressions in solution and on film (Fig. 3.3a). We can see totally
symmetric (a1g) vibrational progressions due to a ~1420 cm–1 stretching vibration and a
399 cm–1 skeletal bending vibration (which is apparent as a high energy shoulder at ~372
nm in our spectra). Overlaid on these is a 1480 cm–1 62 or 1630 cm–1 or perhaps 1481 cm–1 61
b3g progression that mixes in intensity from the 250 nm 1Bb long axis polarized band
resulting in intensity of B1u symmetry. The electronic polarization of this progression is
therefore along z.
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3.2 Materials and methods

Anthracene was purchased from Sigma and used without further purification. Solvents
used in the measurements were 18.2 MΩ-cm water (Millipore Direct-QTM), chloroform
(spectrophotometric grade, Sigma-Aldrich), methanol (Laboratory grade, Fisher
Chemicals) and methyl cyclohexane (spectrophotometric grade, Sigma-Aldrich).

The PE films to be used as sample matrices were prepared as explained in §1.

3.2.1 Linear Dichroism and absorbance spectroscopy studies

The LD and absorbance spectra of anthracene were recorded as reported in §1.

3.2.2 Fluorimetry studies

The fluorescence emission spectra of anthracene in methylcyclohexane solution (0.05–2
mg/mL, using a 0.5 centimeter-pathlength-cell) and deposited on PE film were recorded
using a FP-6500 Jasco spectrofluorometer when the detector was aligned 90° to the
incident light (Fig. 3.2). Each time, the excitation wavelength was set on a peak wavelength
of the anthracene absorbance spectrum when a bandpass of 3 nm for both monochromators
(excitation and emission) was set.

42

Chapter Three - Anthracene: Optical Properties and Dimerisation Investigation

Fig. 3.2 The schematic diagram for 90°-setup-fluorimetry experiment for samples deposited on
stretched PE films. The stretcher is placed horizontally in the beam path the way that the film has
an angle of 45° with respect to the excitation beam (green arrow) and the detector (presented as
eye in the figure).

3.2.3 Fluorescence detected linear dichroism studies

The FDLD spectra of anthracene (with different concentrations) deposited on 1.8×
stretched PEOX film were recorded in 0° geometry using a BioLogic MOS-450
spectrophotometer when a 4 nm bandpass for the excitation monochromator was set (Fig.
3.3). The FDLD experiments were performed with the same conditions used for collecting
LD spectra inserting a long-pass-filter (400 nm) in front of the photomultiplier tube. The
PEOX films’ spectra were used as the background in each case. Each time an aliquot
(~40μL) of the sample was deposited on PEOX, the LD and FDLD spectra of it were
recorded by averaging 2 and 3 spectra respectively. All spectra were recorded using a 0.5
nm/s scanning speed. Sample aliquots were added until a change in the shape of spectra
noticed.
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Fig. 3.3 The schematic diagrams for a) LD and b) FDLD experiments for samples aligned on
stretched PE films. A longpass filter is placed in front of the detector to block the incident light,
so only the emission fluorescence reaches the detector.

3.3 Results and discussion

3.3.1 Linear dichroism and absorbance spectroscopy studies

Despite being a non-polar molecule, anthracene orients well (see below) on both PE and
PEOX films. The PEOX data are usually slightly better as the sample spreads more uniformly
on the film. LD film rotation experiments show that the monomeric anthracene orientation
is always uniaxial in our experiments (Fig. 3.4a), whilst anthracene’s oligomeric structures
do not behave entirely the same way (Fig. 3.4b). (§1)
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Fig. 3.4 LD of anthracene on a) PEOX and b) PE (from 0.15 and 0.4 mg/mL solutions respectively)
as a function of film-rotation angle. Left: wavelength scans, right: signal at 246, 253, 324, 339,
353,360 and 379 nm plotted as a function of rotation angle  overlaid on a plot of cos (2). Note:
the film stretcher horizontal direction was not quite parallel to the PE stretch direction due to
challenges of loading the film into the cylindrical holder.

3.3.1.1 Monomeric anthracene

By depositing anthracene from a dilute solution of CHCl3 (0.1 mg/mL) onto PE we are
able to ensure a fairly pure monomer spectrum as shown by a comparison of the film and
solution (methylcyclohexane) absorption spectra (Fig. 3.5a) where the solution has a slight
blue shift relative to the 0.1 mg/mL film spectrum. The monomer spectra as a function of
stretch factor are shown in Fig. 3.5c and d. The longest wavelength band (the 0–0 vibronic
band of the 1La band) in solution absorbance, film absorbance and film LD occurs at ~378
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nm and the main vibronic components occur at ~1400 cm–1 intervals. The third vibronic
band has a positive LD signal indicating that the contribution of the 254 nm band is
becoming dominant. If we assume that the strongly positive LD from 245–258 nm is long
axis polarized with a α = 0o, then from Eq. 2 S ~ 0.23 for the 1.8× stretch (PE or PEOX). It
then follows that the vibronic components of the 377 nm band have average angles as
indicated in Table 3.1 with gradually increasing contribution from the long axis polarized
electronic transition. The fact that the 378 nm (fundamental band) α is not 90o reflects the
fact that we do have some oligomeric species present (see below).

We begin our analysis with the 0.1 mg/mL sample which is very similar in spectra shape
to the solution spectrum. We therefore conclude that what we are detecting in its
absorbance and LD spectra is predominantly the monomer.
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Fig. 3.5 Spectra of anthracene. (a) Absorbance of anthracene in solution (0.25 mg/mL
cyclohexane) overlaid on absorbance spectra of 1.8× stretch films (PE) deposited from chloroform
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solutions of the concentrations indicated in the figure. (b) LD corresponding to (a) film spectra
with solution absorbance overlaid normalised to have areas under the curves equal to one. (c) LD
(deposited from 0.1 mg/mL solution in methanol, to ensure monomer, see text) on PE OX as a
function of stretch factor (indicated – sample deposited after stretching). LD deposited from
solutions in chloroform in (e) 1 mg/mL (g) 8 mg/mL as a function of stretch (sample added before
stretching). (d), (f), and (h) LDr for data from respectively (c), (e), and (g) overlaid with absorbance
and LD spectra for 1.8× stretch.
Table 3.1 Approximate effective polarizations (error is of the order of 5%) of the vibronic
components of the 379 nm B2u vibronic progression of anthracene, and the fractions of short axis
and long axis electronic contributions to the total determined from 1.8× stretch data in Fig. 3.4b
assuming the 254 nm band is long axis polarised. Calculations are performed on the centre of
each band from low energy half height to high energy half height. The fraction of the ag
progression is fraction of intensity that is due to the short axis polarized component assuming the
same oscillator strength for the two components.
Wavelength
maximum
assuming 1400
cm–1 progression

Wavelength
maximum
of LD

LD sign

αeffective

378 nm
360 nm
342 nm
327 nm
313 nm

378 nm
360 nm
339 nm
323.5 nm
309 nm

—
—
+
+
+

75o–90o
62o
47o
34o
31o

Fraction of ag
progression
(assuming only
monomer
present)
0.93–1.0
0.78
0.59
0.45
0.36

3.3.1.2 Oligomeric anthracene

A further complication is the possibility of anthracene forming dimers (or other higher
order structures).63 Chandross et al. identified two dimer forms with different
spectroscopy: a so-called sandwich dimer which required a cryogenic glass to stabilize it
and a stable dimer (or higher order structure) which they concluded had ~55° between the
short axes and not more than 5o between the long axes. They were unable to study the 254
nm band of their stable dimer of anthracene as they found that the transition was shifted

48

Chapter Three - Anthracene: Optical Properties and Dimerisation Investigation

beyond their range of observation.63 Consistent with these structures, the crystal structure64
has two distinct anthracene pairs, one parallel and slightly displaced and one skewed with
angles of 54° between the short axes and 14° between the long axes. However, we found
we could not interpret our film data in terms only of these structures.

If we prepare anthracene films from higher concentration solutions we observe absorbance
and LD signals in the region of 400 nm and see intensity at ~268 nm and changes in the
245 nm region. What is observed depends on the way the experiment is done, whether the
films are pre-stretched or stretched after the sample is added and also on the concentration
of the solution that is added. Some examples are given in Fig. 3.5a, b, e–h showing the
effect of exciton coupling65 between anthracene units with intensity appearing at either
high energy or low energy or both.
Table 3.2 Different component spectra identified in the anthracene film LD spectra of Fig. 4.5.
‘Large’ indicates where the long wavelength region has enhanced intensity relative to the 250 nm
region. Vibronic progressions are indicated where they are apparent. Sh denotes shoulder.
Spectrum in
which
component is
most apparent
Monomer

LD at
~230 nm

LD at
~254 nm

LD at
~268 nm

LD at 379
nm

LD at
~400 nm

Geometry
consistent
with LD

0

+ve

0

0

Fig. 3.6a

0.5 mg/mL
Fig. 3.5b

+ve (sh)

(?)

–ve

–ve
(large)

Fig. 3.6c

1 mg/mL
Fig. 3.5e
unstretched

0

(?)

+ve

1 mg/mL
Fig. 3.5e
stretched
8 mg/mL
Fig. 3.5g
stretched

0

+

+ve
(small)

–ve from
379 nm
14000 cm–1
from 399
nm,
16000 cm–1
(large)
+ve, from
396 nm,
14800 cm–1
(large)
–ve

+ve
(small)

Fig. 3.6a
and c

0

–ve

0

–ve (large),
from 378
nm,
~14000 cm–1

0

Fig. 3.6b

Fig. 3.6c
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Most of our concentrated films showed positive LD signals for the longest wavelength
signal at 397 nm (the maximum of the stable dimer of Chandross et al.63) and at 266–267
nm. Some showed negative signals at both 399 nm and at 268 nm. There are at least 4
different component spectra apparent in our spectra, all overlaid on each other and the
monomer. The monomer is dominant at low concentration (see above) and becomes
dominant at high stretch with medium concentration stock solutions (1 mg/mL), reflecting
the increased crystallinity of the PE with stretch making more monomer binding sites
available. The high concentration (8 mg/mL) spectra seems to be an overlay of the 1
mg/mL unstretched spectrum with one that has negative LD occurring at the monomer
transition energies for both the long and short axis polarized transitions. There is also a
spectrum that has positive signals at energies lower than the monomer transitions (396 nm
plus vibronic progression and 268 nm), but which matching higher energy exciton
component is small or zero. Another spectrum with negative LD at 399 nm and 268 nm
and positive (shoulder) at 230 nm is observed in a 0.5 mg/mL film. The features of these
spectra are summarized in Table 3.2. The monomer, as discussed above, is uniaxially
oriented with its long axis along the stretch direction giving positive 250 nm LD and
negative 379 nm LD. The complex spectral features discussed above are the result of
higher order anthracene structures adopting other orientations on the film and exciton
coupling to give signals at higher and lower energies usually with one positive and one
negative in sign. To have completely negative LD at the monomer transitions (8 mg/mL,
last line of Table 3.2), the anthracenes must be oriented with their planes perpendicular to
the stretch direction. If the anthracenes have parallel molecular planes, but the nearest
neighbour long axes are twisted by 90o with respect to one another then there is zero
exciton energy shift. An extended cross-hatched structure as illustrated in Fig. 3.6b is
consistent with this and is expected to be stable on the stretched film. We postulate this is
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what is happening in the 8 mg/mL film. The geometries giving rise to the 1 mg/mL
unstretched and 0.5 mg/mL spectra are harder to identify uniquely. Possible arrangements
include the following. A geometry similar to that of the skew pair in the crystal structure64
gives rise to almost no intensity for the out-of-phase couplings for both long and short-axis
anthracene transitions and (if the long axes are along the stretch direction) positive LD for
the in-phase coupling. A geometry where one layer of anthracenes are aligned in a headto-tail along the stretch direction (as are the monomers) and a second layer is tilted as in
the crystal (14.4o between long axes and 54o between short axes) but displaced enough to
ensure V < 0 as illustrated in Fig. 3.6c accounts for the 1 mg/mL unstretched spectrum.
The 0.5 mg/mL spectrum is consistent with a geometry where the first layer is the same as
this but the second layer has the molecules parallel to the first and rotated about X axis by
2γ – 60o (Fig. 3.6c). This geometry has V > 0 (All exciton coupling energy shifts are
calculated by Prof. A. Rodger), both in-phase and out-of-phase short wavelength
transitions positive, and long-wavelength in-phase positive but out-of-phase negative.

Fig. 3.6 The three proposed orientations of anthracene on PEOX films, (a) uniaxially oriented
single molecules, (b) extended cross-hatched structure and (c) skewed dimers.
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3.3.2 Fluorimetry studies

There is some evidence in the literature of spectroscopic signatures of anthracene
oligomers forming in solution.63 Although we were interested in films, we first repeated
the literature type of experiment. To investigate the presence of anthracene’s dimers or
other higher order structures in solution a series of UV/Vis absorbance spectra of
anthracene dissolved in methylcyclohexane for a variety of concentrations was collected
(Fig. 3.7). However, there is no significant sign of dimerisation upon increasing the
concentration except for a gradual intensity increase for the very weak band at 265 nm.

Fig. 3.7 Absorbance spectra of anthracene in methylcyclohexane solution (room temperature)
with ascending concentrations from 0.05 to 2 mg/mL (listed in the legends). Except from the band
at 253 nm in 2 mg/mL spectrum (due to the instrument cut-off), all bands’ intensities follow the
Beer Lambert law.
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Studies by Lacy and Lyons66, Ferguson67 and Chandross63 between 1964 and 1966 showed
the feasibility of observing the presence of anthracene's excimer and excited state stable
dimers in solution using fluorimetry. However, they did not provide a clear spectral
interpretation, peak assignment or information about the concentration dependency of
dimerisation. Our fluorescence emission spectra of anthracene solutions with different
concentrations (Fig. 3.8) showed changes in relative intensities of fluorescence peaks when
the concentration increases that is not in accord with the Beer Lambert law suggesting the
presence of different interactions.

The resulting fluorescence spectrum consists of four bands at 380.4, 399.6, 423.2 and 448.2
nm. Corresponding to the absorbance bands at 378, 360 and 339 nm, we were able to assign
the peaks at 380.4, 399.6 and 423.2 to 0–0, 0–1and 0–2 energy levels respectively (the
mirror image rule).68
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Fig. 3.8 Fluorescence emission spectra of anthracene in methylcyclohexane solution with
ascending concentrations from 0.05 to 2 mg/mL (listed in the legends). Each set of spectra was
recorded using different excitation wavelength (indicated in top left hand corner). All spectra are
shown scaled to have the area under the curve of the spectrum equal 1 to facilitate comparison
of relative intensities.

As shown in Fig. 3.8 upon increasing the anthracene concentration, the fluorescence band
at 382 nm reduces in intensity and slightly red shifts to become a shoulder for the band at
399.6 nm whilst the rest of the bands grow slightly in intensity. Ferguson67 found that the
changes in the amount of excited state stable dimer and the excimer could be observed by
changes in the intensity of the band at 399.6 nm. Also changes in the intensity of bands at
423.2 and 448.2 nm could be due to the change in amount of the stable aggregate fractions
in a sample. As the spectra in the Fig. 3.8 are integrated to have area equal to 1 we can
conclude that the bands for the dimers influence grow in intensity when concentration
increases.

As Ware and Cunnigham69 reported, anthracene as a "complex molecule" exhibits no
resonance fluorescence, so the shape of the emission spectrum must not change when the
excitation wavelength is set between 240 and 365 nm. However, our results show when
the concentration is constant changing the excitation wavelength causes a relative intensity
change for emission peaks. This could be further evidence for the presence of dimers. In
low concentrations (mostly monomeric) the band at 380.4 nm has its highest intensity when
the excitation wavelength is set at anthracene's short axis polarised wavelengths. In
concentrations above 1 mg/mL it fluoresces more when the excitation wavelength is set on
247.5 and 252 nm. The other three bands have their highest and lowest intensities
respectively when the excitation wavelength is set on 252 and 377 nm. This is due to the
less long axis polarised transition moment mixing into the 380.4 nm band.61
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Repeating the analogous experiment on the dried anthracene on PE (a slight red shift of ~
3 nm is observed), gave similar results to the solution experiment for the bands at 382,
426.2 and 453.8 nm (Fig. 3.9). However, the band at around 402 nm decreases in intensity
when the concentration of the depositing solution was increased. As Ferguson notes, the
excimer only forms in solution. Thus the peaks at 426.2 and 453.8 nm are more likely to
be dominated by the excited states of stable dimers and aggregates.67

Fig. 3.9 Fluorescence emission spectra of anthracene deposited on PE (1.8× stretched) from
methylcyclohexane solution with concentrations of 0.1, 4 and 8 mg/mL (black, red and blue lines
respectively). Each set of spectra was recorded using different excitation wavelength. All spectra
are shown integrated to have the area under the curve of the spectrum equal 1.
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3.3.3 Fluorescence detected linear dichroism studies

Anthracene’s fluorescent nature and our fluorimetry results motivated us to design a new
fluorescence detected linear dichroism (FDLD) experiment to investigate the dimerisation
of this molecule. Thus, for the first time, we set up a stretched PEOX FDLD experiment by
depositing anthracene from different MeOH solutions onto PEOX films and recorded FDLD
spectra in 0°-mode (the detector was placed in front of the incident light – Fig. 3.3) using
a Bio-Logic MOS-450 spectrometer with a 400 nm long pass filter to avoid the unabsorbed
incident light reaching the detector. Fig. 3.10 shows LD and FDLD spectra of a series of
loads from anthracene solutions with different concentrations deposited on 1.8× stretched
PEOX. Fig. 3.11 shows an overlay of selected spectra. Using different type of spectroscopy
(absorbance versus fluorimetry) the signals in LD and FDLD show different sign.
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Fig. 3.10 LD (left) and corresponding FDLD (right) spectra of anthracene deposited on 1.8×
stretched PEOX from (a) 0.1, (b) 1 and (c) 4 mg/mL methanolic solution (drops of chloroform were
added to help dissolve 4 milligrams of anthracene in methanol). The black line in each diagram
(indicated as 1 in the legend) represents the first aliquot of sample (40 µmL) on the film. Each
number in the legend represents the number of aliquots (40 µmL) added on the film.

Due to FDLD’s higher sensitivity in comparison to LD, we were able to detect the
formation of dimers and oligomers upon adding layers of molecules with greater sensitivity
than was previously possible (Fig. 3.10). The first aliquot (40 µl) from a 0.1 mg/mL
solution resulted the most monomeric spectrum judging from both LD and FDLD spectra.
Adding more aliquots of sample did not cause significant shape change but only an increase
in the intensity of LD bands. However, the FDLD spectra underwent an inversion in sign
for the band at 255 nm and an increase in the intensity for the bands at 248 and 326 nm
(3.8a). Loads from higher concentration (1 mg/mL) again did not show the presence of
dimers in the LD spectra except for the final (14th) addition where a positive signal at 255
nm was apparent together with an increase in the intensity for the band at 248 nm.
However, from the first aliquot, the FDLD spectrum showed a positive contribution to the
signal at 255 nm overlaid on the broad negative band which increased in intensity upon
adding more layers of molecules. Depositing more layers of anthracene molecules caused
a change in the direction of the FDLD band at 248 nm, and appearance of the negative
band at 387 nm (Fig. 3.10b). When the sample is deposited from 4 mg/mL solution a weak
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negative LD band at 272 nm appeared which then red shifted to 276 nm when more sample
was added. Also the band at 255 nm was obscured by the band at 250 nm. The short
wavelength region of FDLD spectrum consists of a strong negative band at 240 nm,
inverted long axis band at 255 nm with its shoulder at 249 nm, and a strong positive band
at 275 with a shoulder at 266 nm. A strong negative band at 389 nm appears in the long
wavelength region of spectrum (Fig. 3.10c).

Fig. 3.11 LD (solid) and FDLD (dashed) spectra of monomeric anthracene (black, 0.1 mg/mL) and
oligomeric (red and blue, 1 and 4 mg/mL respectively) on PEOX.

Fig. 3.11 shows the formation of different oligomeric anthracene structures upon
increasing the concentration. FDLD spectra show more sensitivity and selectivity to the
different types of dimeric structures. As discussed in §3.1 the monomeric anthracene
molecules (0.1 mg/mL) orient with their long axis parallel to the stretching direction.
Increasing the concentration leads to an intensity increase at ~ 240 nm, an inversion in the
58

Chapter Three - Anthracene: Optical Properties and Dimerisation Investigation

sign of the bands at 248 and 255 nm, and a band appearance at 388 nm in the FDLD
spectrum (1 mg/mL). This corresponds to the dimer illustrated in Fig. 3.6b. When the
concentration is 4 mg/mL, an extra positive band at 275 nm with a shoulder at 266 nm
appears which is similar to the monomer long axis with 20 nm red shift. On the long
wavelength of the FDLD spectrum the monomeric bands lose intensity and a strong
dimeric band at 388 nm appears. This feature might have arisen from the formation of Haggregates of anthracene with parallel planes with long axis rotated 90o to the stretching
direction.

3.3.4 Computational modelling for possible dimers of anthracene (all computational
simulations done for this chapter are performed by Dr. Shirin Jamshidi)

To evaluate the validity of our experimental data on dimerisation of anthracene, we
compared them with the computational models generated using two different approaches
of Molecular Dynamics (MD, AMBER program package)70,71 and docking (Autodock
Vina)72. In the MD approach, 15 molecules of anthracene were considered in contact with
each other and methanol molecules in an octahedral box (399900.120 Å3). We deliberately
chose the size of the box to be spacious enough so the molecules would move freely. Thus
the possible dimeric configurations simulated by the software are only due to the
favourable interactions between anthracene molecules and not because of the lack of space
between them. The shape of the box was defined to be octahedral and not cubic to avoid
molecules getting trapped in the corners of it. Anthracene molecules’ movement in the box
was simulated for 2 nanoseconds and 1000 frames were generated and the configurations
suspected to be dimeric were selected. These configurations are shown in Fig. 3.12. The
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angles between long axis and short axis of dimer unites of were calculated for each species
(Table 3.3).
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10

Fig. 3.12 The schematic models of the possible dimers of anthracene generated by the Molecular
Dynamics approach.

Using the docking approach we were able to calculate the energy level (–5.8 kcal/mol) of
the most stable possible dimer for anthracene with less than 10° difference between its
unit’s long axis and short axis (Fig. 3.13). This geometry is similar to one of the crystal
structures proposed by Mathieson et al.64

Fig. 3.13 The schematic model of the most stable possible dimer of anthracene generated by the
docking approach.
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Table 3.3 The calculated angles between long axis and short axis of dimer units presented in the
Fig. 3.12 and 3.13.
Approach used

MD

Docking

Figure

Longitudinal torsion Transverse torsion
(degrees)
(degrees)
3.12 - 1
8.25
72.75
3.12 - 2
26.35
21.60
3.12 - 3
35.77
77.95
3.12 - 4
36.16
40.12
3.12 - 5
41.56
81.12
3.12 - 6
48.78
57.2
3.12 - 7
48.95
13.41
3.12 - 8
58.72
17.98
3.12 - 9
69.85
40.99
3.12 - 10
88.18
50.57
3.13
9.91
9.67

As shown in Table 3.3 computational simulations we have done suggest that there are more
possible dimeric structures for anthracene than are reported in the literature. Such models
could justify some of our experimental results on possible geometries for anthracene’s
higher order structures explained in this chapter. For example the models in Fig. 3.12-2
and Fig. 3.13 have similar configurations as H-aggregate dimer, and the model in Fig. 3.1210 is close to the crossed-dimer configuration.

3.4 Conclusions

Our work on anthracene deposited on stretched film samples shows the importance of
knowing what is being studied. For anthracene, the analyte must be deposited from quite
low concentration solutions (<0.25 mg/mL) to ensure monomers dominate the
spectroscopy. Films prepared from high concentration stock solutions of anthracene
showed a variety of different higher order structures with corresponding variations in
spectra resulting from different exciton couplings. The LD sign patterns can be readily
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used to eliminate possible oligomer geometries, however, the overlay of spectra for
different structures usually makes it challenging to definitively identify structures.
Calculating the oligomeric exciton coupling effects on the absorbance and LD spectra of
anthrocene helped us identifying some dimeric conformations (Fig. 3.6 and Table 3.2).
Our fluorescent spectroscopy experiments on solution samples with different
concentrations and dried sample on PE films resulted in more information about different
dimeric structures presenting in solution and dried films of anthracene. The FDLD data of
anthracene on stretched PE, which was done for the first time, added a higher sensitivity
and selectivity to our LD studies which is utilised more in §5 of this work. The FDLD
experiments revealed that a slight change in the concentration of the sample deposited on
PE films could lead to dimerisation. This had not been detectable before, using LD
experiments. Computational simulations assisted us in justifying some of our experimental
data interpretations on the possible geometries anthracene dimeric structures might have.
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4.1 Introduction

So-called xanthene dyes are commonly used to label proteins in order to probe their
location and activity using fluorescence spectroscopy and microscopy. However,
fundamental properties such as the polarizations of transitions for many of the dyes have
not been available. In this chapter we report the use of oxidised polyethylene (PEOX)
stretched film linear dichroism to determine the transition polarizations of xanthene, 9methyl-2,3,7-trihydroxy-6-fluorone, pyronin Y, pyronin B, fluorescein, and rhodamine 6G
(Fig. 4.1). The effect of the formation of higher order structures is also discussed when
they occur.

Fig. 4.1 a) Xanthene with z and y axes indicated by || and ^ respectively, b) 9-methyl-2,3,7trihydroxy-6-fluorone, c) pyronin Y, d) pyronin B, e) fluorescein, and f) rhodamine 6G.
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4.2 Material and methods

Xanthene and 9-methyl-2,3,7-trihydroxy-6-fluorone were obtained from Aldrich
and MP Biomedicals respectively, the other dyes were purchased from Sigma and
used as received. Methanol and chloroform were obtained from respectively VWR
Chemicals and Fisher Scientific. The polyethylene film was obtained from Glad®
Snap Lock® plastic bags. The film was treated, as reported in §2, using an Emitech
K1050X Plasma Asher with parameters: O 2 at 10 mmHg, 50 W RF power level, 1
minute ashing time to increase the hydrophilicity of the surface. 51

4.2.1 PEOX film preparation

Polyethylene films (4 cm  2.5 cm) were cut from Glad® Snap Lock® plastic bags.
PEOX pieces were then prepared by treating the films in a Emitech K1050X Plasma
Asher connected to an oxygen gas supply for 1 min at 50 W power setting. Then
they were clamped between the jaws of a home built film 2 stretcher with the initial
distance between the jaws being 2.5 cm. It has been shown in general that it does
not matter whether the sample is added to PE films before or after stretching, 51
though different stretching amounts do affect the PE crystallite alignment and
population which does affect the spectrum observed. 2 However, when a dye is prone
to assembling into higher order structures, different films prepared in nominally the
same way can give rise to different spectra, so repeat experiments are required.
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4.2.2 Linear dichroism and UV-visible absorbance spectroscopy studies

The protocol used in this work to collect single LD and absorbance spectra was first
to stretch the film, then add an aliquot of solvent (methanol:chloroform = 70:30),
measure the baseline and then add the sample and measure the sample LD and
absorbance. When degree of film stretch was a variable a baseline film and a sample
film were stretched in the same way and measured for each stretch factor. Data were
collected using either a Jasco (Japan) J-720 (adapted to use a 150 W Xe lamp) or a
Jasco J-815 spectropolarimeter both adapted for LD spectroscopy. The baseline
spectra were subtracted from the sample spectra. Unfortunately, this methodology
did not completely account for differences in scattering between the sample and
baseline films, particularly in the absorbance spectra. This resulted in low
wavelength LDr signals being attenuated. To calculate LD r spectra we therefore
subtracted an additional baseline by zeroing spectra in linear steps at clear minima
in the spectra using OriginPro 8.5.1 (OriginLab Corporation, US).

Solution absorbance spectra were obtained using a Jasco V-660 spectrophotometer
with 0.1 mg/ml of sample dissolved in spectroscopic grade methanol. Quartz
cuvettes were used with a path length of 0.01 cm. A background spectrum was
measured for the solvent in the cuvette and subtracted from the sample spectrum.

Stock solutions of each dye were prepared by dissolving dye in analytical grade
methanol and chloroform (70:30). An aliquot of 30 μl was dispensed onto each side
of the PEOX film of desired stretch ratio (thus doubling the amount of dye while
reducing the propensity to oligomerise) and the solvent was allowed to evaporate
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over 3 minutes in the dark under a fume hood to maintain a controlled environment
and to avoid degradation of the dye. 0.2 mg/mL and 1.8 stretched PEOX films were
used for the LD by the factor of rotation experiments. Other experiments were at
concentrations noted in the figure captions.

4.3 Results and discussion

Although many of the highly fluorescing xanthene dyes often used as labels for
proteins have a single aromatic ring conjugated to a xanthene motif (Fig. 4.1), most
of their spectroscopy is due to the planar xanthene motif. We therefore began our
work with the simpler structures of xanthene, 9-methyl-2,3,7-trihydroxy-fluorone
(to represent the main chromophore of fluorescein), and pyronin Y and B (to
represent the main chromophore of the rhodamine dyes). The key challenge in this
work was the measurement of reproducible data. The dyes are prone to assembling
into a range of dimer and higher order structures or aggregates, similar to the
situation observed for anthracene in §3. These effects were particularly a problem
given the evaporation method used to produce the film sample for spectroscopy.
Further, absorbance detects all species on the film, whereas LD detects only the
oriented molecules making measurement of LD r challenging. To address these
issues we increased the relative populations of monomers by loading less dye
(though the intensities are concomitantly reduced) using more dilute stock solutions
of dye. Conversely, where a population of higher order structures was required high
concentration samples were loaded from higher concentration stock solutions. The
degree of stretch of the film also affects the populations, with high stretch factors
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favouring monomers, presumably due to the increase in oriented crystallites in the
film9 (§2 and 3). The molecules studied in this work are all of sufficiently high
symmetry that we can assume the transitions are polarized either along the long axis
of the xanthene motif or perpendicular to it. The three-ring structures when bound
to the films as isolated monomers are expected to align with their long axis along
the PEOX stretch directions.51 The situations for the more complex structures
(fluorescein and rhodamines) and for oligomeric structures is less obvious and are
discussed below.

4.3.1 Xanthene

Xanthene is a semi-planar molecule with group symmetry C2v mostly used as a
fungicide and also is nominally the parent compound for all the fluorescein and
rhodamine dyes. Spectra for xanthene are shown in Fig. 4.2. There is little or no
spectral shape change as a function of stretch just a gradual increase in orientation.
Also the increase in concentration does not change the spectrum shape. It is clear
from these data and Eq. 1.1 (§1) that xanthene behaves uniaxially on PE OX and also
that the weak transition from 280–300 nm is short axis (⊥) polarized (negative LD
with LDr half the magnitude of the other bands) and the other two accessible
transitions are long axis (||) polarized.
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Fig. 4.2 Spectra of xanthene on PEOX dropped from a 0.2 mg/mL solution onto an unstretched film and then
stretched (stretch factor as indicated in inset). || and  indicate transition polarization with respect to the
xanthene long axis in Fig. 4.1. (a) LD, (b) LDr calculated as indicated in §2 (Eq. 2.1) overlaid with absorbance
and LD spectra of 2.4 stretched PEOX. (c) absorbance, LD and LDr spectra of different concentration (0.2
and 1 mg/mL) on 2.4× stretched PEOX (d) wavelength scans, (e) signal at 205, 251 and 292 nm as a function
of rotation angle  overlaid on a plot of cos(2).
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4.3.2 9-Methyl-2,3,7-trihydroxy-6-fluorone

The fluorone chromophore of fluorescein is midway between 9-methyl-2,3,7trihydroxy-6-fluorone (MeOH 3-fluorone) and xanthene so we also analysed the
spectra for MeOH3-fluorone. It is a Cs symmetry molecule as illustrated in Fig. 4.1,
though can be treated as approximately D2h. We found it challenging to obtain a
monomeric LD spectrum with reasonable signal to noise ratio for this molecule. The
small LD signals also meant that scattering affected the baselines noticeably,
particularly at lower wavelengths. Fig. 4.3a shows the overlay of two LD spectra
collected on 2.4 stretched films prepared from 0.01 and 0.2 mg/mL stock solutions.
Fig. 4.3b shows the overlay of corresponding absorbance and LD r spectra with a
solution spectrum. The 0.01 mg/mL spectrum with positive LD maxima at 450 nm
and 245 nm and negative maximum at 280 nm (see right hand axis of Fig. 4.3b)
compares in position with the vibronically resolved solution phase spectrum, so we
assume both are monomeric. The 450 nm and 245 nm transitions are therefore longaxis polarized (||) and 280 nm short-axis polarized ().

The 0.2 mg/mL spectrum in Fig. 3a is shifted to shorter wavelength than the 0.01
mg/mL one with additional positive LD intensity at 400 nm. In addition a broad
negative LD is apparent from 290–350 nm. We attribute the extra features to dimers
or higher order assemblies of the MeOH 3-fluorone. Given there is little or no extra
intensity on the long wavelength side of the 450 nm band, a geometry similar to that
of the so-called H-aggregate, where the monomers are stacked vertically with their
long axes parallel to one another (Fig. 8) is most likely. The 400 nm dimer signal
has positive LD indicating alignment along the stretch direction, thus the dimer
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retains the monomer orientation. The lower wavelength regions are more
complicated to interpret due largely to smaller signals and higher scattering. The
320 nm region is almost certainly short-axis polarized ( ^ ), whereas the 245 nm
region is long axis polarized (||). It should be noted that the 0.2 mg/mL absorbance
spectrum has evidence of structures not apparent in the LD with significant intensity
above 550 nm which is presumably due to assemblies that do not orient because
they are far from the polymer film.

Fig. 4.3 (a) LD spectra of 9-methyl-2,3,7-trihydroxy-6-fluorone on PEOX deposited from 0.01 and
0.2 mg/mL solution and stretched by a factor of 2.4. || and  indicate transition polarization
with respect to the xanthene long axis in Fig. 2. (b) Absorbance and LDr spectra of the LD spectra
in Fig. 3(a) overlaid with solution absorbance spectrum (S).

4.3.3 Pyronin Y and pyronin B

Pyronin Y and B are similar C2v molecules (Fig. 4.1c, d) chosen for this work
because of their relationship to the xanthene motif part of the rhodamine dyes. As
with other dyes, the pyronins are prone to dimerisation and oligomerisation and we
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had to use a low stock solution concentration to be able to observe the monomer
spectrum.

According to Jaconsen et al., 73 the pyronin Y long wavelength monomer maximum
is at 547 nm with a 511 nm H-aggregate (Fig. 4.8a, parallel vertical stack
arrangement, presumably with the substituents on alternating sides) peak. 74 As
shown in Fig. 4.4, the film LD from the most dilute pyronin Y solution has a larger
positive LD component at 551 nm and a smaller one at 515 nm. When the stock
solution concentration is increased and dimer or oligomers dominate the spectrum,
a single positive LD band at 501 nm dominates (it is at ~509 nm in the absorbance)
with intensity at both higher and lower energy relative to the monomer. Small
negative LD signals also emerge at 350 nm and 300 nm for the oligomers. These
peaks may be present in the monomer spectrum, but would be below the limit of
detection in the monomer spectrum if present due to the concentration needed to
ensure monomers dominate. Dimers/oligomers also have positive LD at 254 nm.
Overall we can conclude that the transitions are long axis polarized above 400 nm,
short axis polarized between 300 and 400 nm, and predominantly long axis polarised
below 300 nm, though of mixed polarisation below 250 nm. These conclusions are
consistent with the polyvinyl alcohol film polarized absorbance and the PariserParr-Pople calculations of Okubo et al. 75
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Fig. 4.4 (a) LD spectra of pyronin Y on PEOX deposited from solutions of concentrations indicated
in the Figure. || and  indicate transition polarization with respect to the xanthene long axis in
Fig. 4.1a (b) Absorbance and LDr spectra of samples with concentrations 0.01 and 0.2 mg/ml
overlaid with solution absorbance spectrum (S) and the dimer/monomer difference spectrum.

The wavelength maximum for pyronin B monomer is deemed to be at 552 nm and
for the H-aggregates at 520 nm. 74 The pyronin B LD spectra of Fig. 4.5 show
comparatively little shape change with increasing concentration until 0.1 mg/mL at
which point negative high-energy and positive low energy intensities become
apparent. The detectable monomer absorbance signals all have positive LD so are
long axis polarized. The LD thus makes it more obvious than does the absorbance
that the bulky substituents of pyronin B make more complicated structure(s) than
was assumed for the simple H-aggregate of pyronin Y above. Assuming that the
pyronin B dimer is formed by associating a second monomer with one already
aligned on the film, a geometry giving rise to an in-phase positive component at
longer wavelength and an out-of-phase negative component at shorter wavelength
component51 is to stack the pyronins as in a brick wall thus somewhere between an
H- and J-aggregate as illustrated in Fig. 4.8. This geometry makes room for the
bulky substituents and allows for effective - interactions.
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Fig. 4.5 (a) LD spectra of pyronin B on PEOX deposited from solutions of concentrations indicated
in the Figure. || and  indicate transition polarization with respect to the xanthene long axis in
Fig. 4.1. (b) Absorbance and LDr spectra of samples with concentrations 0.01 and 0.2 mg/ml
overlaid with solution absorbance spectrum (S) and the dimer/monomer difference spectrum.

4.3.4 Fluorescein

Film LD spectra for fluorescein are given in Fig. 4.6. The low concentration sample
(0.01 mg/mL) has positive LD at 497 nm and 465 nm, perhaps a very small negative
LD at 322 nm, positive LD at 277 nm, and positive LD at 230 nm in accord with
literature positions for monomer absorbances. 76,77 Thus, as with fluorone, we
conclude that: the longest wavelength band is polarized along the long axis (||) of
the xanthene chromophore; there is probably a short axis polarized (⊥) transition at
322 nm; and the next bands are long axis polarized. At even slightly higher
concentrations, the film LD spectrum becomes much more complicated with
evidence of a small negative LD at 560 nm, positive LD at 516 nm, and negative
LD at 453 nm with probably another component between these two. The lower
wavelength region also changes. The number of new bands suggests a variety of
oligomeric structures are formed on the film. The fluorescein oligomeric spectra
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resemble those of pyronin B suggesting that fluorescein can also stack on the PE
film in the brick-like structure of Fig. 8b.

Fig. 4.6 (a) LD spectra of fluorescein on PE OX deposited from solutions of concentrations
indicated in the Figure. || and  indicate transition polarization with respect to the
xanthene long axis in Fig. 2. (b) Absorbance and LD r spectra of samples with concentrations
0.01 and 0.2 mg/ml overlaid with solution absorbance spectrum (S) and the
dimer/monomer difference spectrum.

4.3.5 Rhodamine 6G

Fig. 4.7 shows the film LD and absorbance spectra of rhodamine 6G as a function
of concentration of stock solution. At low concentration there is a larger positive LD
peak at 535 nm and smaller positive peaks at 350, 290, 248, and 229 nm indicating
these are all polarized along the long axis (||) of the xanthene chromophores.
Comparison with solution absorbance data 87 with the film spectra indicates that this
spectrum is monomeric rhodamine 6G. The high concentration samples behave
similarly to the fluorescein, though have a greater propensity to stack.
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Fig. 4.7 (a) LD spectra of rhodamine 6G on PEOX deposited from solutions of concentrations
indicated in the Figure. || and  indicate transition polarization with respect to the xanthene long
axis in Fig. 4.1. (b) Absorbance and LDr spectra of samples with concentrations 0.01 and 0.2 mg/ml
overlaid with solution absorbance spectrum (S) and the dimer/monomer difference spectrum.

4.4 Conclusions

We have undertaken careful studies of xanthene dyes on oxidised polyethylene film
in order to be able to assign the polarizations of the component transitions. By
depositing samples from 0.01 mg/mL solutions we were able to measure monomer
stretched film spectra. Although xanthene is nominally the parent compound of
these dyes, its spectroscopy differs significantly from the others. It has a small
negative (short axis polarized, ) LD band at ~290 nm and its higher energy
transitions are long axis (||) polarised. The extra conjugation introduced into the
xanthene moiety of fluorones, pyronins, fluoresceins and rhodamines results in an
intense long axis polarized transition in the region of 500 nm. They also have long
axis (||) polarized transitions from about 280 nm downwards in wavelength. There
are suggestions of a weak short axis () polarized transition in the region of 320–
350 nm in each case.
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Fig. 4.8 (a) H-aggregate geometry which is consistent with the data for MeOH3-fluorone and
pyronin Y at high concentrations. (b) Offset stacked geometry which is consistent with the data
for pyronin B, fluorescein, and rhodamine 6G at high concentrations.

Upon depositing the dyes from high concentration solutions, with the exception of
xanthene itself, the spectra changed shape showing intensity on either the high
energy side or on both high and low energy sides of the lowest energy transition
indicating exciton coupling of the dyes (as explained in §3). 9-Methyl-2,3,7trihydroxy-6-flourone and pyronin Y spectra are suggestive of them forming Haggregates (parallel vertical stacks, Fig. 4.8a) aligned along the film stretch
direction. This is consistent with the literature for pyronin Y. Pyronin B has also
been suggested to form H-aggregates in solution, however, on the films we observed
both high and low energy exciton components whose high energy term was negative
in sign. A geometry that gives this sign pattern is an offset H-aggregate like a portion
of a brick wall aligned along the film stretch direction (Fig. 4.8b). We postulate this
is the geometry adopted in the pyronin B dimers/oligomers. Fluorescein and
rhodamine 6G both follow the pyronin B spectroscopy so may also be adopting a
brick-like stacking, presumably driven by the need to avoid the extra substituents
overlapping.
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5.1 Introduction

Fluorescence detected circular dichroism (FDCD) was first introduced by Douglas Turner
and Ignacio Tinoco in 1974.79 They measured the difference in fluorescence intensity when
the incident light was left and right circularly polarised to obtain the CD spectrum of single
chromophore in a micromolecule when the chromophore was fluorescent. They developed
the method by assuming that the excitation spectrum of the fluorescent chromophore is
similar to its absorbance spectrum. The FDCD spectra can be collected by any CD
spectrometer in the same way as was done by Turner and Tinoco, by moving the
photomultiplier tube to 90°, with the difference that in the new spectrometers the Pockels
cells, which are voltage-controlled waveplates, are replaced by photoelastic modulators
(PEM). In order to record a FDCD spectrum a longpass filter with a selected wavelength
is inserted in front of the photomultiplier tube, so by blocking the excitation light, only the
fluorescence reaches the detector (Fig. 5.1).

Fig. 5.1 The absorbance spectra of air recorded when 300 (black), 341 (red) and 400 nm (blue)
longpass filters are inserted in front of the PEM (after subtraction of the corresponding spectra
of air when the filter was not placed).
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A similar experiment can be performed in linear dichroism mode if a spectropolarimeter
is adapted for LD spectroscopy. Fluorescence detected LD (FDLD) has some potential
advantages over conventional LD experiments, if a fluorophore is being studied, as it is
expected to require lower concentrations and be more sensitive to the changes in the
structure and alignment of the molecules under study.80 The other advantage is the
selectivity of the technique, so if the absorption wavelength of the fluorescent
chromophore is coincident with that of other chromophores in the system, their LD signal
can be studied independently. Morimatsu et al. utilised FDLD to analyse the structure of
RecA–DNA complex filaments.81 This helped them to achieve information about the
alignment of ethidium bromide residues of RecA–DNA–ethidium bromide complex,
whereas LD measurements provides only the sum of the signals related to the complex
obscured by the signal from DNA at ~258 nm.

Our results in §3 showed that FDLD is more sensitive to the change in the alignment and
dimerisation of anthracene molecules than LD experiments. In this chapter we studied the
FDLD of a group of molecules, including 4',6-diamidino-2-phenylindole (DAPI, a
fluorescent stain usually used to bind to the minor grove of A–T rich sequences of
DNA57,82) and four polycyclic aromatic hydrocarbons (naphthalene, pyrene, perylene and
olympicene) depicted in the Fig. 5.2. In particular we considered the role of their degree
of alignment and the potential complications caused by their dimerisation.
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Fig. 5.2 The chemical structure of a) 4’,6-diamidino-2-phenylidole, b) naphthalene, c) pyrene, d)
perylene and e) olympicene.

5.2 Materials and methods

DAPI, naphthalene and perylene were purchased from Sigma and pyrene was obtained
from Janssen Chimica. Olympicene was synthesed by A. Mistry at the University of
Warwick.83 All chemicals were used without further purification. Methanol (Laboratory
grade, Fisher Chemicals) was used as the solvent. Different concentrations of each
molecule were prepared by dissolving the solid in methanol.
The longpass cut-off filters used in this work were of the “step-function” series bought
from Semirock.
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5.2.1 UV-visible experiments

The UV-visible spectra of the methanolic solutions (0.05–0.1 mg/mL) of each sample were
recorded using a 0.1 cm pathlength cell and a Jasco V-660 UV-visible spectrophotometer.
Methanol’s spectrum was used as the background.

5.2.2 Fluorimetry experiments

The emission fluorescence spectra of the methanolic solutions (0.01–0.1 mg/mL) of each
sample were recorded using a 0.5 centimeter-pathlength-cell and a Jasco FP-6500
spectrofluorometer. A bandpass of 3 nm for both monochromators (excitation and
emission) was set. The excitation wavelength for each sample was set on the most intense
peak of its UV absorbance spectrum.
The UV-visible and emission fluorescence spectra of samples helped us to choose the most
suitable long-pass-filter for each sample (Table 5.1) so to block the excitation wavelength
and only record the emission spectra.

5.2.3 Film preparation

The PEOX films were prepared as described in §2.
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5.2.4 Linear dichroism and fluorescence detected linear dichroism experiments

The LD and FDLD spectra of samples (with different concentrations) deposited on 1.8×
stretched PEOX film were recorded in 0° geometry using a BioLogic MOS-450
spectrophotometer as explained in §3. Sufficient signal:noise ratio was achieved with a 4
nm bandpass for both excitation and emission monochromators. The FDLD experiments
were performed with the same conditions used for collecting LD spectra but also inserting
a long-pass-filter (Table 5.1) in front of the photomultiplier tube. The PEOX films’ spectra
were used as the background in each case. Each time an aliquot (~40 μL) of the sample
(apart from naphthalene) was deposited on PEOX, the LD and FDLD spectra of it were
recorded by averaging 2 and 3 spectra respectively. All spectra were recorded using a 0.5
nm/s scanning speed. Sample aliquots were added until a change in the shape of the
spectrum was noticed. In the case of naphthalene, 14 single accumulation spectra were
collected for the sample deposited from different concentrations on PEOX and then the
spectra were compared with each other and those of different concentrations as discussed
below.

Table 5.1 Longpass filter cut-offs used to record FDLD spectra of each sample.

Sample
300
DAPI
Naphthalene
Pyrene
Perylene
Olympicene

Longpass filter used / nm
341

400
×

×
×

×
×

×
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5.3 Results and discussion

The absorbance and emission fluorescence spectra of DAPI and different polycyclic
aromatic hydrocarbons were recorded in order to choose the right longpass filter to block
the absorbance wavelengths and allow fluorescence wavelength reaching the detector to
record the FDLD spectra. More aliquots of each solution were added to induce dimerisation
of the molecules deposited on the stretched PEOX.

5.3.1 4',6-diamidino-2-phenylindole

The absorbance and fluorescence spectra of DAPI are shown in the Fig. 5.3. Table 5.2
shows the wavelengths for DAPI’s absorbance and fluorescence spectra. To block the
absorbing wavelengths used in the excitation spectra we used a 400 nm longpass filter
which allows most of the emitted light to reach the detector and none of the incident light.
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Fig. 5.3 The absorbance, fluorescence emission (excitation wavelength: 342 nm) and excitation
(emission wavelength: 455 nm) spectra of DAPI (0.1 mg/mL).

Table 5.2 The absorption and emission wavelengths of DAPI from the literature84 compared with
the data we recorded in our laboratory. The error in peak wavelengths is less than 2 nm.
Absorbance / nm
Recorded data
Literature
194
222
261
258
342
341

Fluorescence / nm
Recorded data
Literature
457
453

As is reported in §2, using PEOX enabled us to study the alignment factor and transition
moments of oriented DAPI molecules. The molecule’s LD signals on PEOX show a slight
red shift from their wavelengths in the solution absorbance spectrum which is due to major
conformational order, resulting in different energy levels distribution (Fig. 5.3). The FDLD
spectrum of DAPI on PEox contains an intense negative band at 300 nm and some very
weak bands below 258 nm (Fig. 5.4b and d). Adding more aliquots (40 μL) of DAPI did
not lead to a change in the shape of DAPI’s LD nor FDLD spectra. As shown in the Fig.
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5.3 adding more sample only causes a slight fluctuation in the intensity of peaks in the LD
and FDLD spectra of DAPI. This shows that there is no dimerisation occurring on PEOX.

Fig. 5.4 LD (left) and corresponding FDLD (right) spectra of DAPI deposited on 1.8× stretched PE OX
from (a and b) 0.01 and (c and d) 0.1 mg/mL methanolic solutions. The black line in each diagram
(indicated as 1 in the legend) represents the first aliquot of sample (40 µmL) on the film. Each
number in the legend represents the number of aliquots (40 µmL) added on the film.

As explained above and shown in Fig. 5.5, increasing the concentration (from 0.01 to 0.1
mg/mL) does not change the shape of the LD nor FDLD spectra of DAPI. The slight
increase in the intensity of 0.1 mg/mL spectra is only due to the higher absorption caused
by the increased amount of sample through which the light beam passes.
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Fig. 5.5 LD (solid) and FDLD (dashed) spectra of DAPI deposited on PEOX (1.8× stretched) from
methanolic solutions with different concentrations: 0.01 (black) and 0.1 (red) mg/mL.

5.3.2 Naphthalene

In contrast to DAPI, polycyclic aromatic hydrocarbons such as anthracene (which was
studied in §3) have the tendency to form dimers or other higher order structures. We started
studying such phenomenon with the simplest polycyclic aromatic hydrocarbon,
naphthalene.

Fig. 5.6 shows the absorbance and fluorescence spectra of naphthalene. Similar to
anthracene, naphthalene’s spectrum consists of two main bands: one with higher energy
and intensity (220 nm) and another low intensity broad band with fine structure (vibronic
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progression) at the lower energy side of the spectrum (240–295 nm). The more extended
conjugation in anthracene leads to a significant wavelength red shift for the transition
moments of the molecule in comparison to naphthalene.

The emission spectrum of naphthalene in the Fig. 5.6 (red line) shows that the molecule
starts to fluoresce at around 312 nm (main peaks at 322, 331, 335 and 345 nm) with similar
progression as for its absorption peaks in the 240–295 nm region (~10 nm). A 300 nm
longpass filter was chosen to block all the excitation wavelengths and allow emission
beams to reach the detector was used to record (Fig. 5.1). This allowed us to record FDLD
spectra for naphthalene deposited on PEOX from methanolic solutions with 4 different
concentrations (0.1, 1, 4 and 15 mg/mL).

Fig. 5.6 The absorbance and fluorescence emission spectra of naphthalene (0.01 mg/mL).
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The dried samples of naphthalene on PEOX underwent a photolysis during the course of the
experiment. This prevented us from recording the LD and FDLD spectra for naphthalene
with high numbers of accumulations. To investigate the formation of higher order
structures for naphthalene we recorded LD and FDLD spectra for samples deposited on
PEOX from solutions with different concentrations. Fig. 5.7 shows the spectra collected
from 0.1, 1, 8 and 15 mg/mL methanolic solutions. Twelve sequential scans were recorded
from each sample which show the decrease in the intensity of each spectrum upon the
number of the scan.

The LD spectra of the sample deposited on PEOX from the 0.1 mg/mL solution are very
similar to the absorbance spectrum of the solution sample in Fig. 5.5a (with a slight red
shift of ~2 nm). There is about the same wavelength difference between the shoulder at
~216 nm and the band at 222 nm as for the long axis bands in anthracene spectrum (~8
nm). The FDLD spectra (Fig. 5.7b) show very similar intensity to their corresponding LD
spectra (Fig. 5.7a) but with lower resolution especially in the longer wavelength region. In
the case of samples deposited from higher concentrations, the FDLD spectra show much
weaker intensities in comparison with their corresponding LD spectra, which could be due
to the self-quenching effect of naphthalene molecules. The spectra of the sample deposited
from the 1 mg/mL solution (Fig. 5.7c and d) are very similar in shape but higher in intensity
compared with those of 0.1 mg/mL sample (showing monomeric characteristics, Fig. 5.8a).
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Fig. 5.7 LD (left) and corresponding FDLD (right) spectra of naphthalene deposited on 1.8×
stretched PEOX from (a and b) 0.1, (c and d) 1, (e and f) 8 and (g and h) 15 mg/mL methanolic
solutions. The black line in each diagram (indicated as 1 in the legend) represents the first scan in
the total of 12 scans. Each number in the legend represents the number of the scan recorded
from each sample.

The LD spectra corresponding to the samples deposited from 8 and 15 mg/mL (Fig. 5.7e
and g) show a slight blue shift for the intense peak in the short wavelength side of the
spectrum. This could be due to the formation of H-aggregates and also a dimer with a
geometry whose monomer units orient perpenducular to each other (in a crossed geometry,
Fig. 5.8c). The latter is more obvious in their corresponding FDLD spectra (black line in
the Fig. 5.7f and h) where there is an intense peak at ~222 nm pointing upwards (close to
zero). This peak reduces intensity and turns to a more monomeric shape as time goes by
(cyan line in the Fig. 5.7f and h). This might be illustrating that photolysis affects more on
the dimer than the monomer molecules.

Fig. 5.8 Schematic chemical structures for naphthalene’s a) monomeric and three dimeric forms:
b) eclipse, c) crossed and d) J-aggregate.

As shown in the Fig. 5.9 two negative peaks at 212 and 235 nm appear in the FDLD spectra
of naphthalene upon increasing the concentration. The band at 212 nm could be due to
formation of the dimer with its subunits’ long axes parallel to each other (eclipse dimer,
Fig. 5.8b), and the one at 235 nm could be corresponding to the formation of J-aggregats
(Fig. 5.8d). This follows by appearance of a broad band at ~250 nm.
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Fig. 5.9 LD (solid) and FDLD (dashed) spectra of naphtalene deposited on PEOX (1.8× stretched)
from methanolic solutions with different concentrations: 0. 1 (black), 1 (red), 8 (blue) and 15
(magenta) mg/mL. The spectra shown in this figure are recorded by a single scan after depositing
the sample on polyethylene film.

5.3.3 Pyrene

Pyrene’s absorbance and emission fluorescence spectra are shown in the Fig. 5.10. The
spectroscopic characteristics of pyrene carboxaldehyde, which is structurally similar to
pyrene, is discussed previously in §2.
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Fig. 5.10 The absorbance and fluorescence emission spectra of pyrene (0.05 mg/mL).

The ~40 nm gap between the longest absorbance wavelength (334 nm) and the shortest
emission wavelength (372 nm) allowed us to use a 341 nm longpass filter to record FDLD
spectra of pyrene deposited on PEOX from methanolic solutions with different
concentrations (0.1, 1 and 4 mg/mL, Fig. 5.11). To compare the effect of blocking different
wavelengths by using different longpass filters we repeated the experiment using a 400 nm
longpass filter (Fig. 5.13).
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Fig. 5.11 LD (left) and corresponding FDLD (right, a 341 nm longpass filter was used) spectra of
pyrene deposited on 1.8× stretched PEOX from (a and b) 0.1 and (c and d) 1 and (e and f) 4 mg/mL
methanolic solutions. The black line in each diagram (indicated as 1 in the legend) represents the
first aliquot of sample (40 µmL) on the film. Each number in the legend represents the number of
aliquots (40 µmL) added on the film.
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The LD spectra of pyrene deposited on PEOX showed a ~4 nm red shift from the molecule’s
solution absorbance spectrum. When the solution’s concentration was 0.1 mg/mL no
change in the shape of LD spectrum was observed after we added more aliquots of sample
on 1.8× stretched PEOX. However, their corresponding FDLD spectra in Fig. 5.11b show a
sign change for the bands at 243 and 325 nm which, as Thulstrup et al.43 reported, are
related to the π→ π* transitions of pyrene’s long axis. When the sample was deposited from
a 10 mg/mL solution, upon increasing the number of aliquots added on the PEOX the LD
spectra changed shape from monomeric (Fig. 5.11c black line) to a dimeric spectrum with
a downward band at 243 nm (Fig. 5.11c orange line). There is also a decrease in intensity
for the band at 338 nm. The FDLD spectra in the Fig. 5.11d shows the presence of dimers
or higher order structures from the first aliquot deposited on PEOX where all the peaks
present in the monomeric spectrum (Fig. 5.11b black line) have upward peaks. Upon
increasing the number of aliquots added, the intensity of FDLD peaks changes from more
negative numbers towards positive numbers. The 4 mg/mL spectra showed similar trend
to 1 mg/mL with higher intensity (Fig. 5.11e and f).

The LD and FDLD spectra of pyrene deposited on PEOX from solutions with different
concentrations are compared in the Fig. 5.12. The FDLD of 4 mg/mL sample, with its
peaks close to zero, could be illustrating a dimeric structure with its long axis perpendicular
to the film’s stretching direction.
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Fig. 5.12 LD (solid) and FDLD (dashed, a 341 nm longpass filter was used) spectra of pyrene
deposited on PEOX (1.8× stretched) from methanolic solutions with different concentrations: 0.1
(black), 1 (red) and 4 (blue) mg/mL. The 1 and 4 mg/mL LD spectra are respectively 8 and 20 times,
and all FDLD spectra 5 times reduced in intensity.

Similar results achieved when a 400 nm longpass was used to record FDLD spectra of
pyrene (Fig. 5.13 and 5.14). Again, a dimeric structure with its long axis perpendicular to
the stretching direction was observed when higher concentrations of the sample solution
was deposited on PEOX.
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Fig. 5.13 LD (left) and corresponding FDLD (right, a 400 nm longpass filter was used) spectra of
pyrene deposited on 1.8× stretched PEOX from (a and b) 0.1 and (c and d) 1 and (e and f) 4 mg/mL
methanolic solutions. The black line in each diagram (indicated as 1 in the legend) represents the
first aliquot of sample (40 µmL) on the film. Each number in the legend represents the number of
aliquots (40 µmL) added on the film.
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Fig. 5.14 LD (solid) and FDLD (dashed, a 400 nm longpass filter was used) spectra of pyrene
deposited on PEOX (1.8× stretched) from methanolic solutions with different concentrations: 0.1
(black), 1 (red) and 4 (blue) mg/mL. The 0.1 mg/mL LD spectrum is 5 times magnified and that of
4 mg/mL is 1.5 times reduced in intensity.

As shown in Fig. 5.15 using a longer wavelength longpass filter allowed us to scan a bigger
range of spectrum, however, blocking the main emission fluorescence wavelengths led to
a decrease in the intensity of FDLD peaks.
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Fig. 5.15 The FDLD spectra of pyrene using a 400 (black) and a 341 (red) nm longpass filters when
the solution concentration is a) 0.1, b) 1 and c) 4 mg/mL. The spectra recorded using different
longpass filters are obtained from different samples.

5.3.4 Perylene

The absorbance, LD and LDr spectra of perylene are shown in Fig. 5.16. The bands at ~441
and 255 nm are related to the transitions with perpidicular transition moment directions.85
Also Halasinski et al.85 experiments showed that these bands are long and short axis
polarised respectively. The perylene’s LDr spectrum (Fig. 5.16) shows that the band at
~200 nm has a polarisation parallel to the long axis of the molecule and the stretching
direction. We calculated the alighment parameter of S = 0.3 when the angle for the long
axis polarised transition moments is close to zero, and close to 90° for the band at 255 nm.
Thulstrup et al.43 reported that the band at 441 nm is related to the 0–0 electronic transition
and the fine structures with shorter wavelengths are vibronic transitions.
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Fig. 5.16 Absorbance (black), LD (red) and LDr (blue) spectra of perylene (from a 0.01 mg/mL
methanolic solution) deposited on 1.8× stretched PEOX.

Fig. 5.17 shows the absorbance and emission fluorescence spectra of pyrelene (0.01
mg/mL, methanolic solution). A 400 nm longpass filter was used to block most of the
absorbance wavelength and allow all emission bands (starting from 439 nm).
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Fig. 5.17 The absorbance and fluorescence emission spectra of perylene (0.01 mg/mL).

The LD and FDLD spectra of perylene (Fig. 5.18) were recorded when the sample
deposited on 1.8× stretched PEOX from methanolic solutions with three different
concentrations (0.01, 0.1 and 1 mg/mL, perylene’s solubility decreases in higher
concentrations). As shown in the Fig. 5.18 LD and FDLD spectra of the sample change not
in shape but in intensity when more aliquots are deposited on PEOX. This could be due to
the increase in the thickness of the dried sample or the increase in the alignment of the
molecules.
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Fig. 5.18 LD (left) and corresponding FDLD (right) spectra of perylene deposited on 1.8× stretched
PEOX from (a and b) 0.01, (c and d) 0.1 and (e and f) 1 mg/mL methanolic solutions. The black line
in each diagram (indicated as 1 in the legend) represents the first aliquot of sample (40 µmL) on
the film. Each number in the legend represents the number of aliquots (40 µmL) added on the
film.

Besides the slight difference in the shape of the FDLD band at ~380 nm when the sample
is deposited from a higher concentration solution, there is no significant change in the LD
or FDLD spectra of the samples deposited from different solutions (Fig. 5.19). This could
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be interpreted as the abscence of the higher order structures of perylene when the molecules
are dried on PEOX. Nevertheless, we could find reports on perylene dymer formation in the
literature. Oliveira et al.87 reported the formation of perylene aggregations by appearing a
band at ~458 nm whilst the bands at 441 and 414 nm decrease in intensity.

Fig. 5.19 LD (solid) and FDLD (dashed) spectra of perylene deposited on PEOX (1.8× stretched) from
methanolic solutions with different concentrations: 0.01 (black), 0.1 (red) and 1 (blue) mg/mL.

5.3.5 Olympicene

Benzo[cd]pyrene cation was first synthesised by Reid and Bonthrone88 in 1965. In 2013
the neutral molecule was synthesised by David Fox and Anish Mistry in the University of
Warwick and called olympicene.83 The sample worked on in this chapter was kindly
provided by A. Mistry. Fig. 5.21 shows the absorbance and emission fluorescence spectra
of olympicene (0.1 mg/mL methanolic solution) and Fig. 5.20 shows the UV-visible LD
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and LDr spectra of the molecule deposited on a 1.8× stretched PEOX from two different
solution concentrations (0.01 and 0.1mg/mL). In order to check the effect of depositing
more aliquots on the alignment of the molecules we calculated the LDr spectra of first and
second aliquots of olympicene added on PEOX (Fig. 5.20 red and blue spectra). As it is
shown in Fig. 5.20 LDr spectra of both conditions are the same meaning that adding more
sample does not significantly change the orientation of the molecules adsorb onto
polyethylene. Alignment parameter (S) of 0.3 was calculated when the sample was
deposited form a lower concentration solution (0.01 mg/mL, black spectra). Having
positive LDr intensity we figured that the band at 297, 224 and 198 nm are long axis
polarised with their transition moments respectively 0°, 17° and 30° away from the
stretching direction. The only short axis polarised band we were able to distinguish is the
negative LD band at 241 nm with the transition moment angle of 64° away from the
stretching direction.

Fig. 5.20 LD (solid line) and LDr (dashed) spectra of olympicene deposited from 0.01 (black), 0.1
(red and blue) mg/mL methanolic solutions on 1.8× stretched PEOX. The blue spectra are recorded
when two aliquots (each aliquot is 40 μL) of the sample (0.1 mg/mL) was deposited on the film.
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The FDLD spectra of olympicene (from three different concentrations of 0.01, 0.1 and 1
mg/mL) were recorded placing a 341 nm longpass filter in front of the PMT (Fig. 5.22).

Fig. 5.21 The absorbance and fluorescence emission spectra of olympicene (0.1 mg/mL).

Fig. 5.22a shows LD spectra of olympicene aliquots deposited from a 0.01 mg/mL
methanolic solution on 1.8× stretched PEOX. The shape of the spectra does not change upon
adding aliquots and only the intensity of them increases which is due to the concentration
change. Fig. 5.22b shows corresponding FDLD spectra; adding more aliquots increased
the intensity of the FDLD peaks and slightly decreased the intensity ratio of the bands at
297 and 285 nm. The LD spectra of olympicene deposited from a 0.1 mg/mL solution (Fig.
5.22c) also does not show significant change in shape upon adding more aliquots.
However, their FDLD spectra (Fig. 5.22d) show a change in direction of peaks at long
wavelength following by decreasing in intensity and progressing towards the positive side
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of the spectrum. This trend continues when the aliquots are deposited from 1 mg/mL
solution until peaks intensity get close to zero (Fig. 5.22f). The LD peaks at 197 and 295
nm in Fig. 5.22e also show a gradual change in signal sign.

Fig. 5.22 LD (left) and corresponding FDLD (right) spectra of olympicene deposited on 1.8×
stretched PEOX from (a and b) 0.01, (c and d) 0.1 and (e and f) 1 mg/mL methanolic solutions. The
black line in each diagram (indicated as 1 in the legend) represents the first aliquot of sample (40
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µmL) on the film. Each number in the legend represents the number of aliquots (40 µmL) added
on the film.

Fig. 5.23 shows an overlay of LD (solid lines) and FDLD (dashed) spectra of olympicene
deposited from differenct concentration on PEOX. There is no significant shape difference
between LD spectra of samples deposited from 0.01 and 0.1 mg/mL solutions. However,
there is a change in sign of the long axis-polarised bands 197 and 295 nm. This could be
due to the formation of dimer with its long axis perpendicular to the stretching direction.
The FDLD spectra of different concentrations show more difference as all bands start
changing sign in higher concentrations.

Fig. 5.23 LD (solid) and FDLD (dashed) spectra of olympicene deposited on PEOX (1.8× stretched)
from methanolic solutions with different concentrations: 0.01 (black), 0.1 (red) and 1 (blue)
mg/mL. The LD spectrum of 0.01 mg/mL sample has been magnified 5 times and the intensity of
the spectrum related to 1 mg/mL sample is reduced 8 times for presenting purposes.
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5.3.6 Computational modelling to study the possibility of dimerisation for polycyclic
aromatic hydrocarbons

Computational simulations, done by Dr. Shirin Jamshidi, showed at least 5 possible dimers
for each molecule studied in this chapter (Fig. 5.24–27). The modelling was perform as
explained in §3. The angles between long axes and short axes of each dimer units were
calculated using two different approaches of Molecular Dynamics and Docking (Table
5.3). Our experimental data showed the presence of dimeric structures for all the polycyclic
aromatic hydrocarbons apart from perylene. This could be due to the way perylene interacts
with stretched polyethylene. Previously in §3 we observed that in high stretching factors
molecules tend to show monomeric behaviour. Other possible reason could be the weak
attraction forces between dimeric units which undergo decomposition under light
exposure.

Table 5.3 The angles between the long axes and the short axes of each dimer units. To estimate
the angles we assumed the long axis horizontal and then calculated the angles between two dimer
units. The numbers in front of each configuration in the table below refer to the models in the
Fig. 5.24–27.

Dimer
Angles
between
dimeric units
MD
1
approach 2
3
4
5
6
Docking
approach
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Naphthalene

Pyrene

Perylene

Olympicene

Long
axes

Short
axes

Long
axes

Short
axes

Long
axes

Short
axes

Long
axes

Short
axes

3.37
16.41
50.02
79.54

54.90
11.20
48.57
98.73

8.64
9.21
56.46
71.99
73.59
84.70

74.29
87.12
31.16
32.73
76.41
12.66

2.26
39.02
82.64
82.65

36.6
32.42
59.21
35.14

2.28
46.21
49.79
78.09
83.65

26.12
70.95
19.14
54.05
53.92

11.11

46.11

87.11

46.51

20.48

39.22

9.7

4.01
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Fig. 5.24 The schematic models of the possible dimers of naphthalene generated by Molecular
Dynamics and docking approach.
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1

2

3

4

Docking
approach model

MD approach models

Fig. 5.25 The schematic models of the possible dimers of pyrene generated by Molecular
Dynamics and docking approach.

Fig. 5.26 The schematic models of the possible dimers of perylene generated by Molecular
Dynamics and docking approach.
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2

4

3

5

Docking
approach model

MD approach models

1

Fig. 5.27 The schematic models of the possible dimers of olympicene generated by Molecular
Dynamics and docking approach.

5.4 Conclusions

The dimerisation of DAPI, naphthalene, pyrene, perylene and olympicene was investigated
using stretched polyethylene LD and FDLD. DAPI and perylene’s experimental data did
not show any significant evidence on the formation of higher order structures, however,
the computational simulations done by Dr. Shirin Jamshidi showed possible dimeric
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configurations for perylene. Comparing LD and FDLD data, we noticed that FDLD is
much more sensitive to the changes in the structure of molecules.

The electronic transition moments of olympicene, for the first time, were investigated and
the alignment parameters of the molecule deposited on PEOX were calculated. The LD and
FDLD results on the dimerisation of olympicene might help synthetic chemists to use the
molecule in order to build bigger polycyclic aromatic hydrocarbonic structures.
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6.1 Introduction

As explained §2, treating polyethylene films (PE) with oxygen in a plasma asher resulted
in a more hydrophilic surface. Such treated films (denoted PEOX) assisted us with aligning
polar or hydrophilic molecules which we had not been able to align with normal PE films.
The degree of surface hydrophilicity was evaluated by contact angle measurement
experiments and the newly added functional groups were investigated using X-ray
photoelectron spectroscopy. The ability of PEOX in aligning different molecules with
different polarities was examined using linear dichroism (LD) experiments. Depending on
the sample preparation (depositing the aliquots of sample before or after stretching the
film) the ideal stretching factor was determined. In this chapter we discuss polarised
Raman spectroscopy of oriented small biomolecules on PE and PEOX.

6.2 Materials and methods

Progesterone, DAPI, 1-pyrenecarboxaldehyde, anthracene, thymine, thymidine, thymidine
5'-monophosphate (TMP), cytosine, cytidine, cytidine 5'-monophosphate (CMP), methyl
3alpha-acetoxy-delta 7,9(11)-choladienate, 1,10 – phenanthroline, fluorene and fmoc
chloride were bought from Sigma Aldrich and 2,2′:5′,2′′- terthiophene was obtained from
Alfa Aesar. All chemicals were used without further purification. Methanol (Laboratory
grade, Fisher Chemicals) and chloroform (spectrophotometric grade, Sigma-Aldrich) were
used as the solvent for sample preparation.

Polyethylene pieces were treated in a plasma asher, as explained in §2, and used as a matrix
for samples used in this chapter.
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6.2.1 Polarised Raman spectroscopy

Samples from high concentrated solutions were deposited on 1.8× stretched PE or PE(OX)
and left under a gentle stream of nitrogen gas to vaporise the solvent (mainly chloroform
for PE and methanolic solvents for PEOX) and form a thin layer of sample on the film.
Loading extra aliquots (40 µL) continued until the Raman spectrometer’s CCD camera
detected signals from the sample. If possible, the sample’s alignment and the possibility of
dimerisation were determined and checked by LD experiments after each aliquot was
added. Polarised Raman spectra were recorded (Table 6.1) using either a Renishaw inVia
Microscope equipped with a CCD camera or a custom-made BioTools Chiral Raman 2-X
Spectrometer (Fig. 6.1). The former spectrometer records polarised Raman spectra in 0
and 90 degrees, then the average and difference spectra (Raman linear sum, RLS, and
Raman linear difference, RLD, respectively) were calculated manually (Eq. 6.1).

Eq. 6.1

=

0°

= 0°

+ 90°
2

− 90°

Thus, if the PE films stretching direction (z) is parallel to the instruments Z axis, and the
guest molecule behaves uniaxially and aligns by its long axis in the stretching direction,
then the Raman-active transitions along the long axis of the molecule cause positive RLD
signals and transitions along its short axis would result in negative RLD peaks.6

The BioTools spectrometer (Fig. 6.1), which was designed and built for this project, has
the ability to record Raman (RLS) spectrum in one channel and Raman optical activity
(ROA) or RLD spectrum in another. In both BioTools and Renishaw spectrometers the
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stretcher is placed in the machine in such a way that the electric field of a) the incident
light for the Renishaw and b) scattered light for Biotools instrument, when the polarisation
is 0°, was parallel to the film’s stretching direction. A 20 fold microscope objective lens
used when the Renishaw instrument was utilised.

Fig. 6.1 The custom-made BioTools Chiral Raman 2-X Spectrometer with its schematic
instrumentation map.

Table 6.1 List of samples and spectrometers used to produce the RLD spectra.
Sample
Polyethylene
PTFE
Progesterone
DAPI
1-Pyrenecarboxaldehyde
Anthracene
Thymine
Thymidine
TMP
Cytosine
Cytidine
CTM
Methyl 3α-acetoxy-δ
7,9(11)-choladienate
1,10 – phenanthroline
2,2′:5′,2′′- terthiophene
Fluorene
Fmoc chloride

Spectrometer
Renishaw inVia
BioTools
×
×
×
×
×
×
×
×
×
×
×
×

Laser used / nm
532
532
633
633
633
532
633
633
633
633
633
633

×

633

×
×
×
×

633
633
633
633
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6.3 Results and discussion

The versatility of PEOX film, as a small molecule orienting substrate, means that we have
been able to perform analogous experiments with a set of compounds (including ones of
which we have investigated the alignment using UV-visible LD experiments in §2 and §3),
using our new polarised Raman spectroscopy technique. Before recording polarised
Raman spectra of molecules deposited on stretched PEOX, we investigated the vibrational
structure of polyethylene and how it changes upon stretching. We repeated similar
experiments for polytetrafluoroethylene films and compared the ability of it in orienting
small molecules with that of PEOX.

6.3.1 Polyethylene

Polyethylene played a significant role as sample substrate in our LD experiments as it is
UV-invisible and gives fairly flat baseline with small raise of intensity in the short
wavelength region of spectrum (~180 nm) due to light scattering. We used commercial PE
plastic bags (Glad® Snap Lock® sandwich bags) as our PE source because they are cheap,
very uniformly manufactured, thin and we were able to stretch them more than 3 times.
The polyethylene film synthesis, also, is time consuming and the resulting film’s thickness
is not as even as plastic bags. In §2 we reported how PE induces alignment for guest
molecules. Here we explain the change in the orientation of PE chains upon stretching
using polarised Raman spectroscopy.
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The vibrational spectrum of polyethylene consists of numerous peaks. Generally the
spectrum’s fingerprint is studied in three regions: 1) C–C stretching vibrations in 1000–
1130 cm–1 region, 2) CH2 twisting vibrations around 1300 cm–1 and 3) CH2 bending and
wagging vibrations in 1360–1500 cm–1. The peak numbers, their RLD direction and
assignments89–92 are summarised in the Table 6.2 and the CH2 in-plane and out-of-plane
vibrations are illustrated in the Fig. 6.2.

Table 6.2 The Raman band frequency and RLD direction (Fig. 6.3) with the assignment of PE
Raman peaks. Abbreviation: sym: symmetrical, asym: asymmetrical.

Band
cm–1
1461

RLD
direction
–

CH2 bending

1441

–

CH2 scissoring

1417

+

CH2 wagging

1371

+

CH2 bending

1295

+

CH2 twisting

1173

–

CH2 rocking

1129

+

C–C sym stretching

1080

+

C–C stretching

1063

+

C–C asym stretching

888

+

Assignment
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Fig. 6.2 The schematic model for in and out of plane bending vibrations for CH2.

The RLS and RLD spectra of unstretched PEOX were recorded and compared to ones of
stretched films (Fig. 6.3). Stretching the film causes a change in the relative intensity of
RLS bands corresponding to the in-plane CH2 vibrations, whilst the relative intensities of
the bands at 1295 and 1417 cm–1 remain unchanged (Fig. 6.3a). Strobl and Hagedorn93
found that these two out-of-plane CH2 bands, along with the bands at 1063 and 1129 cm–1
(symmetrical and asymmetrical C–C stretching vibrations respectively), are related to the
(orthorhombic) crystalline PE and the rest are observable in the Raman spectrum of melted
PE (an amorphous phase). The decrease in the intensity of bands at 1461, 1441 and 1080
cm–1 upon stretching is thus further evidence for an increase in the amount of crystalline
phase in comparison to the amorphous one during the stretching of polyethylene film (see
§2)
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Fig. 6.3 Spectra of PEOX. a) RLS and b) RLD spectra recorded for different stretching factors, from
unstretched (solid black) to 2.2× (dashed red). Each spectrum was recorded using the BioTools
instrument with 60 mW laser power for 10 minutes.

The RLD spectra of Fig. 6.3 show an increase in the intensity of peaks upon stretching
confirming our XRD results, discussed in the §2, meaning an enhancement in the
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orientation of polyethylene chains. As discussed above, we assume that the stretching
direction is along the C–C chains of polyethylene, thus their stretching vibrations in the
1000–1130 cm–1 region and all CH2 out-of-plane vibrations should result in positive RLD
peaks. Vibrations perpendicular to the C–C chains (in-plane CH2 bending and scissoring
vibrations) should give negative RLD bands.

Polyethylene’s RLS and RLD spectra confirmed that stretching causes an increase in the
amount of crystalline phase, and the orientation of the PE chains. As we have concluded
that the guest molecules orient on the crystalline phase, higher stretching factors not only
provide more sites for guest molecules to attach to but also, by better orienting those sites,
cause a better alignment for the attached molecules.

The high number of vibrational peaks of PE could be an obstacle when RLS and RLD of
molecules deposited on film are studied. Conversely, it has the advantage of providing an
internal standard to investigate the alignment of the guest molecule. Konwerska et al.94
previously reported molecules preferentially absorbing on the film with the “zig-zag”
pattern of their planar carbon structure, matching the similar pattern produced by the
adjacent segments of the PE chain in the crystallite. Thus, knowing the vibrational structure
and orientation of PE chains could help one to understand those of guest molecules
adsorbed on PE films.
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6.3.2 Polytetrafluoroethylene

We continued the study by recording polarised Raman spectra of polytetrafluoroethylene
(PTFE) films with different stretching factors. The RLS peaks show a uniform decrease in
intensity upon stretching (Fig. 6.4a). After normalising the spectra to have the area beneath
them equal to 1, they became almost identical in all wavenumbers (Fig. 6.4b). The drop in
Raman intensity is probably therefore simply due to the reduction in the thickness of the
film during the stretching process.

Table 6.3 The Raman band frequency and RLD direction (Fig. 6.4c), with the assignment, of PTFE
Raman peaks. Abbreviation: sym: symmetrical, asym: asymmetrical96,97.

Band
cm–1
1380
1302
1217
739
602
587
399
309

RLD
direction
+
+
–
–
–
–
–
?

Assignment
C–C sym stretching
C–C asym stretching
CF2 stretching
CF2 sym stretching
CF3 sym deformation
CF3 umbrella
CF2 twisting
CF2 wagging
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Fig. 6.4 Raman spectra of PTFE film when it is unstretched (black), stretched with 1.2× (red) and
1.6× (blue) stretching factor. RLS spectra (a) before and (b) after normalising by the area beneath
the spectra. (c) RLD spectra.

Carbon–carbon vibrations (1260–1480 cm–1) are the only positive bands in PTFE RLD
spectrum (Fig. 6.4c) and the rest of the peaks (related to C–F vibrations) are negative
(Table 6.3). Upon stretching, an increase in the intensity of C–C vibrations and a decrease
in the intensity of C–F bands occurs. This indicates that the film stretching direction is
along the PTFE chain axis. The former is simply because of the increase in orientation of
chains and the latter could be due to a decrease in the distance between PTFE chains, or
their distortion during stretching process.

To evaluate the ability of PE films in aligning molecules we compared the LD spectra of
anthracene deposited on PE and polytetrafluoroethylene (PTFE). PTFE is another inert
apolar polymer in this case with saturated CF2 chains which is invisible in UV-Vis
spectroscopy (Fig. 6.5).
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Fig. 6.5 LD spectra of anthracene (40 µL) deposited on a) PE and b) PTFE (cut from thread seal
tape) from a 0.1 mg/mL chloroform solution.

As shown in Fig. 6.5, the PTFE film failed to provide much orientation of anthracene
compared to the effect of PE. The LD signal to noise ratio for anthracene molecules on
PTFE film is very low which makes distinguishing of peaks from noise difficult. The short
wavelength region includes a broad negative band and also a (presumably) oligomeric
band at 390 nm (see §3) is observable, which is not found in anthracene spectrum when it
is deposited on PE. This shows that anthracene molecules, even in low concentrations, do
not orient well and tend to self-associate on the PTFE films.

6.3.3 Progesterone
Since studying polyethylene’s vibrational structure and the way it behaves upon stretching
could be measured using polarised Raman spectroscopy, also because the absorbance and
LD data on PE and PEOX were of high quality, we decided to investigate the behaviour of
small molecules absorbed into polyethylene films using Raman spectroscopy to see if it
provides complementary information. In §2 we reported the alignment of progesterone on
PE and PEOX. LD experiments showed that progesterone aligns approximately along its
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long axis in a similar manner on both films. However, to get more orientation information
we recorded RLS and RLD spectra of the molecule deposited on PE film (Fig. 6.6).

Fig. 6.6 RLS (black) and RLD (red) spectra of progesterone deposited on PE film overlaid with the
Raman spectrum of progesterone in powder phase (cyan, the spectrum intensity diminished 11
times). Peaks labelled by an asterisk are present in both the progesterone powder spectrum and
PE. Progesterone’s Raman spectrum below 1000 cm–1 (not shown here), like other steroids, is full
of C–H bending vibrations which makes the interpretation of each peak exceedingly difficult. The
powder spectrum is recorded using the Renishaw inVia instrument and the spectra of the sample
deposited on PE are recorded by the BioTools spectrometer.

Progestrone’s long axis is parallel to its C3 to C20 axis (Fig. 6.6), thus vibrational transition
moments along this axis should give positive RLD peaks (Table 6.4). Two carbonyl bands
in the structure give peaks at 1697 and 1660 cm–1. The first peak corresponds to the
stretching vibration of C20=O bond, as a free carbonyl bond, and the second one relates to
the C3=O bond which is shifted to a lower frequency due to the conjugation of the band
with C4=C leading to delocalisation of π electrons and reduce double bond characteristic
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of the carbonyl band. All three unsaturated bonds have positive RLD bands (Fig. 6.6)
confirming the alignment of progesterone along its long axis.

Table 6.4 The band frequency, RLD direction (Fig. 6.6), and assignments of progesterone Raman
peaks. The frequencies labelled in red are present in both progesterone (powder and sample
deposited on PE film) and polyethylene. Abbreviation: str: stretching, bend: bending. 97–99
Band
cm–1

RLD
direction

Assignment

Band
cm–1

RLD
direction

Assignment

Band
cm–1

3027
2991
2984
2969

–
+
+

C–H str
"
"
"

2863
2850
1697
1660

–
–
+
+

"
"
C20=O str
C3=O str

1419
1336
1291
1277

+
+
+

2954

+

"

1616

+

C4=C str

1227

+

C3=O bend
Ring
vibration

"

1590

+

1199

+

"

1192

+

"

1162

+

"

2925

+

"

1480

–

Ring
vibration
CH3 and CH2
scissoring

2901
2887
2881

–

"
"
"

1460
1445
1436

–
+
–

"
"
"

2943

–

RLD
direction

Assignment

"
"
C20=O bend

6.3.4 DAPI

DAPI is a polar molecule with a long semi-planar structure and the accessible (i.e. above
200 nm) electronic transition moments are along its long axis (see §2). The LD spectrum
of the molecule deposited on PEOX and PVA57 contains several positive bonds
corresponding the conjugated C=N and C=C bands (in the long axis of the molecule).

The most important and studied peak in the Raman spectrum of DAPI is the peak at 1612
cm–1 which

corresponds to stretching vibrations of C=N bonds. The rest of the spectrum is
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dominated by C–C and C–N peaks in 1139–1212 cm–1 region and ring C=C peaks around
1460–1584 cm–1 100 (Table 6.5). The RLD spectrum of DAPI consists of all positive Raman
bands indicating that all Raman-active vibrational transition moments of the molecule are
along its long axis (Fig. 6.7), except perhaps C–H vibrations overlaid on top of PE bands
or other DAPI vibrations.

Table 6.5 The Raman band frequency and RLD direction (Fig. 6.7) with the assignment of DAPI
Raman peaks. The band at 2879 cm-1 labelled with red is present in polyethylene. Abbreviation:
str: stretching.

Band cm–1

3065
2936
2879
1612
1580
1519
1485
1461

132

RLD direction

+

+
+
+
+
+

Assignment
2

Sp C–H
Sp2 N–H
Sp3 N–H
C=N str
C=C str
"
"
"

Band cm–1

RLD direction

1388
1317
1294
1182
1140
1016
934
745

+
+
+
+

Assignment

C–C and C–N str

"
+
+
+
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Fig. 6.7 Raman spectrum of DAPI in powder phase (cyan) overlaid with RLS (black) and RLD (red)
spectra of the molecule deposited on PEOX. The labelled peaks by asterisks are from the PE
substrate. The polyethylene negative C–H band in the spectrum works like an internal standard
to confirm the aligning orientation of DAPI on PE chains.

6.3.5 1-Pyrenecarboxaldehyde

1-PyCO, due to its aldehyde group (Cs), does not align along its pyrene (D2h) motif on PE
films.101 As discussed in §2 the molecule orients such that all its electronic transition
moments are below the magic angle. As Fig. 6.8 and Table 6.6 show the ring C–H
stretching modes in 3070–2910 cm–1 give positive RLD peaks while the aldehyde C–H
vibration at 2904 cm–1 gives a very weak negative band. The aldehyde band at 1598 cm–1
has a red shift with respect to the free aldehyde bands (1725 cm–1) which is due to its
conjugation with the pyrene motif of the molecule. Its RLD peak is split into a positive and
a weaker negative band. This splitting could be due to free rotation (or distribution of
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orientations) of the chromophore. Pyrene’s ring C=C bands in 1350–1500 cm–1 have
positive RLD peaks. Polyethylene’s negative C–H stretching bands at 2848 and 1880 cm–
1

, as an internal standard, confirms the orientation of 1-PyCO vibrations. Thus pyrene’s

C=C and C–H stretching vibrations are aligned along the PE film stretching direction and
due to the free rotation of aldehyde bond, its vibrations give weak RLD peaks.

Table 6.6 1-PyCO Raman band frequencies with their RLD directions (Fig.6.8). The frequencies
labelled with red are arise from PE film C–H stretching vibrations.
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Band
cm–1

RLD
direction

Band
cm–1

RLD
direction

Band
cm–1

RLD
direction

3068
3043
3013
2951
2939
2917
2904
2880
2848
1598
1441
1415

+
+
+
+
+
+
–
–
–
±
+
–

1401
1359
1295
1252
1195
1163
1128
1059
1038
901
874
805

+
+
–
+
+
+
–
–
+
+
+
+

701
586
563
510
465
510
465
410
367
216
169

+
+
+
+
+
+
+
+
–
+
+
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Fig. 6.8 RLS (black) and RLD (red) spectra of 1PyCO on PE. The labelled peaks with asterisks
correspond to polyethylene’s C–H stretching vibrations. The spectra recorded by the Renishaw
inVia spectrometer.

6.3.6 Anthracene

Anthracene belongs to the D2h group point. It has 66 vibrations of symmetry (12 Ag + 11
B1g + 6 B2g + 4 B3g + 5 Au + 6 B1u + 11 B2u + 11 B3u) of which 28 (the B1g, B2g and B3g
vibrations) are IR and 33 (the Ag, B1g, B2g and B3g vibrations) are Raman active bands.

As LD results for anthracene deposited on PE and PEOX showed the 1.8× stretched film
gives a decent orientation parameter (S) on both films. Previously, James Cheeseman6
calculated the RLS and RLD spectra for anthracene when its long axis is oriented in 0°,
45°, and 90° to the orientation direction (Fig. 6.9), which correspond to Fig. 3.4a, c and b
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in §3 respectively. In our article in 2010, we compared the calculated spectra with
anthracene’s powder, dried-on-quartz and deposited-on-PE-film spectra measured using
the Renishaw microscopy Raman spectrometer.6

Fig. 6.9 Calculated RLS spectra (with arbitrary, but consistent, intensity scale), and calculated RLD
spectra (with arbitrary, but consistent, intensity scale) for anthracene oriented with the
anthracene long axis at 0°, 45°, and 90° to the orientation direction.

The peaks previously reported for anthracene 18,102–105 between 244 and 1632 cm−1 are all
present and shown in the Table 6.7.

Table 6.7 Anthracene Raman frequencies in powder phase and dried on PE film compared with
literature along with the assignment for each vibration.
Anthracene Raman band wavenumbers / cm–1
Calculated
Powder
Dried on PE
Literature
(Renishaw)
(BioTools)
398
393.3 (w)
409.9 (w)
395

136

536
766

518 (vw)
750.8 (m)

534.8 (vw)
756.6 (m)

522
753

1033

1006.4 (vw)

1008.3 (w)

1010

Assignment

C–C out of plane
bending
C–C in plane
bending
Ring breathing
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1213
1292

1427

1521
1594
1667

1162.1 (m)
1185.7 (w)
1257.6 (m)

1164.6 (w)
1185.5 (m)
1259 (m)

1155
1184
1257

1357.1 (vw)
1401.2 (s)
1410.4 (m)
1478.9 (vw)
1503.1 (w)
1555.8 (s)
1632.1 (w)

1375.8 (vw)
1402.3 (s)

1375
1400
1414
1481
1505
1557
1630

1478.5 (w)
1504.3 (vw)
1555.3 (s)
1630.5 (m)

C–H out of plane
bending
C–H in plane
bending
C–C stretching
C–C stretching
C–C stretching
C–C stretching
C=C stretching
C=C stretching
C=C stretching

Due to the insensitivity of Raman spectra we had to load high volumes of anthracene
solution on the PE film in order to observe anthracene's Raman peaks. This prevented us
from collecting monomeric spectra. Instead, we could detect different dimeric or
oligomeric species formed on the PE film. Fig. 6.10 shows a number of different RLD
spectra recorded for anthracene and their corresponding RLD peak directions are
summarised in the Table 6.8.

Fig. 6.10 Different RLD spectra of anthracene deposited on PE film recorded using the BioTools
spectrometer. The numbers in the legend are to label each spectrum. Each spectrum is recorded
by either moving the film around or preparing a new sample by depositing the molecules on a
new PE film. The PE spectrum has been subtracted from each anthracene spectrum. The spectra
are displaced to present the change in the peak directions more clearly.
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Table 6.8 Anthracene’s RLD peak directions for calculated and recorded spectra for each peak.
The first three rows correspond the RLD peak directions of calculated anthracene spectra when
the molecule is aligned 0 (bold black), 45 (bold red) and 90 (bold blue) degrees in respect to the
orienting direction. The rest are related to the RLD spectra shown in Fig. 6.10. The bold spectra
are the ones with similar RLD directions to the calculated spectra.

Calc. 0o
Calc. 45o
Calc. 90o

409
+

495
–

–

756
+
+
–

RLD direction of peaks / cm–1
1010 1164 1261 1402
+
+
–
+
+
–
–
–
–
+
+
–

1487
+
+
–

1555
–
–
+

1630

–
+
–
–
+
–
+

+
–
+
+
–
–
+

+
+
–
–

–

Spectrum
number
(Fig. 6.10)

1
2
3
4
5
6
7

+
+
–
+
–
–
+

–
–
+
–
+

+
+
–
+
–
–
+

+
–
–

+
+
–
+

–
+

+
+

+
+
+
+
–
–
+

+
+
–
+
–
–
+

–
+

Comparison between calculated and experimental data (shown in Table 6.8) we observed
that the RLD spectrum number 2 has similar peak directions to anthracene monomers
oriented with their long axis parallel to the orientation direction. The spectrum number 5
has similar RLD peak directions to the calculated spectra of anthracene when the molecule
is oriented with its long axis at 45o to the orientation direction, whereas the spectrum
number 3 corresponds to the 90° calculation. The rest of the spectra show different
vibrational transition moment behaviour.

According to the peak assignments in the Table 6.7 the vibrations in the 1500–1640 cm–1
region correspond to C=C vibrations. The band at 1630 cm–1 shows no RLD signal when
the molecule is oriented with either its long or short axis parallel to the PE film stretching
direction (Table 6.8). Therefore, this signal could originate from two symmetrical C=C
stretching vibrations of equal intensity but perpendicular polarizations, thus cancelling
each other out when RLD spectrum is calculated (Fig. 6.11, when the red and blue
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vibrations are equal). The bands at 1555 and 1261 cm–1 give RLD signals with negative
signs when the molecule is oriented with its long axis parallel to the stretch direction and
positive when it is aligned with the short axis along the stretch direction. The first signal
(1555 cm–1) could be due to the C=C vibrations perpendicular to the long axis of the
molecule (Fig. 6.11, vibrations highlighted by blue). The band at 1261 cm–1 corresponds
to C–H in-plane bending vibrations which are short axis polarized. The out-of-plane C–H
bending vibrations (1164 cm–1) and C–C stretching vibrations (1402 and 1487 cm–1) are
along the long axis of the molecule (Fig. 6.11, red), thus they result in positive and negative
RLD signals when the molecule is oriented along its long and short axis respectively.

Fig. 6.11 Schematic structure of anthracene with its vibration directions along its long (red) and
short axis (blue).

6.3.7 Thymine, thymidine and thymidine 5'-monophosphate

The molecular structures of thymine, thymidine and thymidine 5'-monophosphate are
shown in Fig. 6.12.
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Fig. 6.12 Molecular structures of a) thymine, b) thymidine and c) thymidine 5'-monophosphate
with their longest axes shown in red.

RLS and RLD spectra of thymine, thymidine and thymidine 5'-monophosphate (Fig. 6.12)
are shown in Fig. 6.13. The peak assignments for the molecules are presented in Table
6.9.106–113 The bands in common between three molecules are due to the thymine moiety
and the bands only appearing in the spectra of thymidine and thymidine 5'-monophosphate
are due to the deoxyribose moiety. The band at 1671 cm–1 corresponds to the stretching
vibrations of C(4)=O and C(5)=C(6) in thymine, this band red-shifts to 1665 cm–1 in
thymidine and TMP spectra. The N(3)–H bending vibration gives a peak at ~1480 and
~1230 cm–1 for thymine and thymidine. The N(1)–H bond, only presenting in the structure
of thymine, vibrates at 1408 cm–1. The in-plane bending vibrations of C(6)–H and in-phase
and out-of-phase rocking vibrations CH3 appear at ~1370, 1000 and 1060 cm–1. The peak
at 746 cm–1 is related to the pyrimidine ring breathing vibrations and the bands at 380 cm–1
in thymidine and TMP are corresponding to the deoxyribose vibrations.
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Fig. 6.13 The RLS (black) and RLD (red) spectra of a) thymine, b) thymidine and c) thymidine 5'monophosphate deposited on 1.8× stretched PEOX. The peaks labelled by asterisks are from
polyethylene vibrations.

According to Ushizawa et al.113 the bands at 1665, 1370, 1000, 680 and 630 cm–1
(respectively corresponding to C(4)=O and C(5)=C(6) stretching, C(6)–H in-plane bending,
CH3 in-phase rocking, deoxyribose mode and C(2)=O/C(4)=O “windscreen wiper”
vibrations) have the same polarisations. The RLD peaks corresponding to these vibrations
are negative in the thymine spectrum and positive in the thymidine and TMP spectra. This
is consistent with their orientation being along the longest axes of the molecules in
thymidinr and TMP (Fig. 6.12) leading to a different (by almost 90°) orientation with
respect to thymine on PEOX. Bonds with negative RLD signals in the thymine spectrum
(Fig. 6.13a) have vibrational transition moments perpendicular to the molecules long axis
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(stretching direction, Fig. 6.12a). The same vibrations in thymidine and TMP (Fig. 6.12b
and c) have transition moments parallel to the molecules’ long axis (Fig. 6.13b and c).

Table 6.9 The RLS peak wavenumbers, their corresponding RLD signs (Fig. 6.13) and assignments
for thymine, thymidine and thymine 5’-monophosphate. The frequencies labelled by red are
related to vibrations from polyethylene. Abbreviations: str (stretching), bend (bending), def
(deformation), sym (symmetrical) and asym (asymmetrical).

Band / cm–1 with RLD directions
Thymine
Thymidine
TMP
1671 –
1665 +
1663 +
1489 –
1478 –
1459 –
1430 +
1437
1441 –
1419 +
1408 –
1369 –
1295
1252
1215
1155

+
–
–
–

1053 +

1362 +

1373 +
1295 +

1229 +
1199 +
1124 +
1103
1065 –

1238 +
1199 +

1063 +

1018 +
986 –
938 +
856 –
809 –
746 –
626
566
489
442

–
–
–
+

981 +
901 +
854 +
794 +
746
682
641
579
503

+
+
+
+
–

396 +
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908 +
866 +
786 +
754 +
675 +
566 +
508 +
396 +

Assignment
C(4)=O and C(5)=C(6) in-phase str
N(3)–H in-plane bend
Polyethylene CH2 bend
C–N asymmetrical str / CH3 asymmetrical bend /
polyethylene CH2 scissoring
polyethylene CH2 wagging
N(1)–H bend
C(6)–H in-plane bend / C–N / CH3 asymmetrical
bend
Polyethylene CH2 twisting
Thymine ring str
N(3)–H bend / C–N
C–C / ribose C–O str
Polyethylene C–C sym str
CH3 out-of-phase rocking / polyethylene C–C asym
str
CH3 in-phase rocking
CH3 in-phase rocking
Sugar, 2’-CH2 rocking
C–C str
N(1)–C(2)
P–O str
Pyrimidine ring breathing / C=O def
Coupling of deoxyribose mode with 641 cm–1 band
C(2)=O/C(4)=O “windscreen wiper”
Base in-plane ring deformation
Base in-plane ring deformation
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6.3.8 Cytosine, cytidine and cytidine 5'-monophosphate

The molecular structures of cytosine, cytidine and cytidine 5'-monophosphate are shown
in Fig. 6.14. The polarised Raman spectra of them are shown in Fig. 6.15.

Fig. 6.14 Molecular structures of a) cytosine, b) cytidine and c) cytidine 5'-monophosphate with
their longest axes shown in red.

The RLS band assignments114–119 and their corresponding RLD signal signs for cytosine,
cytidine and CMP are summarised in Table 6.10. The broad band covering the 1560–1695
cm–1 region corresponds to the cytosine moiety’s C(2)=O and C(5)=C(6) stretching
vibrations. This band continues to 1730 cm–1 in cytosine’s RLS spectrum due to overlap
with the bending vibrations of N(1)–H bond which is absent in cytidine and CMP
molecules. The peaks corresponding to cytidine ring stretching and C–H bending
vibrations occupy the 1200–1500 cm–1 region of the three molecules’ spectra. The
vibrations related to the sugar moiety of cytidine and CMP molecules happen in 600–1200
cm–1 region.
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Fig. 6.15 The RLS (black) and RLD (red) spectra of a) cytosine, b) cytidine and c) cytosine 5'monophosphate deposited on 1.8× stretched PEOX. The peaks labelled by asterisks are from
polyethylene vibrations.

Assuming that the molecules are aligned with their long axis parallel to the PEOX stretching
direction, the RLD signal directions suggest that almost all Raman-active vibrations in
cytosine and CMP molecules are long axis (within 54.7° from the long axis) polarised (Fig.
6.15a and c). The cytidine long axis, however, is located in the way that C(2)=O and
C(5)=C(6) vibrations have different angles with respect to the PEOX stretching direction. As
it is shown in the Fig. 6.15b and Table 6.10 the carbonyl polarisability changes more when
the incident light’s polarization is perpendicular to the long axis of the molecule. However,
the polarisability of the C(5)=C(6) bond changes more with parallel polarised incident light.
Thus their RLD signs are respectively negative and positive for cytidine molecule.
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Table 6.10 The RLS peak wavenumbers, their corresponding RLD signs (Fig. 6.15) and assignments
for cytosine, cytidine and cytidine 5'-monophosphate. The frequencies labelled by red are related
to vibrations from polyethylene. Abbreviations: str (stretching), bend (bending).

Band / cm–1 with RLD directions
Cytosine
Cytidine
CMP
1683 +
1651 +
1657 –
1649 +
1627 –
1597 +
1596 +
1608 +
1532
1532 +
1532 +
1493 +
1496 +
1469 –
1463 –
1458 +
1450 +
1435 –
1434 –
1415 +
1416 +
1420 +
1378 +
1374 +
1379 +
1293 +
1291 +
1298 +
1279 –
1254 +
1247 +
1252 +
1222 +
1193 +
1155 +
1155 +
1116 +
1129 +
1061 +
1067 +
1040 +
1053 +
1012 +
1003 +
974 +
988 –
980 +
952 –
898 +
861 +
879 +
822 +
794 +
795 +
787 +
763 –
700 +
637 –
651 +
608 –
606 +
605 +
561 +
568 +
551 +
495 –
480 +
463 –
465 –

Assignment
N(1)–H bend / C(2)=O str
C(2)=O str / C(5)=C(6) str
C(2)=O str
C(5)=C(6) str
NH in-plane bend / N(3)=C(4) / ring str
NH bend / ring str
C–N str / CH bend / polyethyelene CH2 bending
N(1)–H bend / C–N str / CH bend???
Polyethylene CH2 scissoring
Polyethylene CH2 wagging
C–N str / CH bend
Polyethylene CH2 twisting
CH out-of-phase bend
Ring str / CH bend
Sugar vibrations / C(1’)–N(1) str
Ring bend and str / CO str
Sugar vibrations
Polyethylene C–C asym stretching
Sugar vibrations
Ring bend / out-of-plane C–H bend
Ring bend / NH2 rocking
Sugar vibrations
Sugar vibrations
Sugar vibrations / C(1’)–N(1) bend
O–P str
Ring breathing / out-of-plane C–H bend
Sugar vibrations
Sugar vibrations
Ring bend / C=O bending
C–N in-phase bend
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6.3.9 Methyl-3-α-acetoxy-δ-7,9(11)-choladienate

The chemical structure, RLS and RLD spectra for methyl-3-α-acetoxy-δ-7,9(11)choladienate (donated as choladienate) are shown in the Fig. 6.16 and the RLS
wavenumbers, their corresponding RLD signal directions and assignments120 are presented
in the Table 6.11.

Fig. 6.16 The schematic structure for methyl 3α-acetoxy-δ 7,9(11)-choladienate with the RLS
(black) and RLD (black) spectra of the molecule deposited on a 1.8× stretched PEOX. The peaks
labelled with asterisks are from polyethylene vibrations. The red line on the structure presents
the molecule’s long axis. (However, there are free rotations along chain C–C bonds.)

As shown in the Fig. 6.16 the most intensive peak in the RLS spectrum of coladienate
appearing at 1647 cm–1, belongs to the asymmetrical stretching vibrations of the
conjugated C=C. The ester carbonyl bond of the molecule exhibits a weak RLS peak at
1732 cm–1 which is not apparent in the RLD spectrum. The second most intense RLS band
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at 1393 cm–1 corresponds to the scissoring vibrations of the methyl group adjacent to the
carbonyl bond. The ester C–O stretching vibrations occur in the 1025–1245 cm–1 region of
the spectrum. The spectrum region below 1000 cm–1 is full of out-of-plane deformations
of the molecule’s C–H bonds.

Table 6.11 The RLS wavenumber peaks with their corresponding RLD signal signs (Fig. 6.16) and
assignments for methyl 3α-acetoxy-δ 7,9(11)-choladienate. Abbreviations: str: stretching, def:
deformation, sym: symmetrical, asymm: asymmetrical.

Band / cm–1 with
RLD directions
1732
1647 –
1605 –
1441 –
1419 +
1393 –
1344 –
1297 +
1272 –
1245 –
1185 –
1131 +
1065 +
1027 –
964 –
938
906
849
731
690
664
597
574
489

–
–
+
–
–
+
–
–
–

Assignment
C=O str
C=C asymm str
C=C symm str
Polyethylene CH2
scissoring
Polyethylene CH2
wagging
(OC)–CH3
scissoring
(OC–O)–CH3
scissoring
Polyethylene CH2
twisting
Ester C–O str
Ester C–O str
Ester C–O str
Ester C–O str
(OC)–O–CH3 str
C–H out-of-plane
def
“
“
“
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As the RLD spectrum of choladienate in Fig. 6.16 shows the carbonyl band does not show
any significant RLD intensity. This could be due to the free rotation existing between the
carbonyl bands and their adjacent carbons leading to different orientations for them. By
way of contrast, C=C vibrations exhibit a strong negative RLD band, showing that the
orientation of these bonds are perpendicular to the long axis of the molecule. Different
vibrations of the ester C–O gives positive and negative RLD peaks in the 1025–1245 cm–1
region of the spectrum.

6.3.10 2,2′:5′,2′′-terthiophene

According to the UV/visible absorbance spectroscopy studies of Potratz et al.121 on
terthiophene, the absorbance spectrum of this molecule (Fig. 6.17 black line) contains one
long axis polarised band at ~355 nm and a short axis polarised band at ~256 nm. Our
stretched PEOX LD experiments (Fig. 6.17) showed that terthiophene aligns with an
alignment parameter of 0.52 with its long axis parallel to the stretching direction and its
short axis is perpendicular to it. We also detected a third band at 204 nm with a mixed
polarization (<α> = 62°). Knowing the alignment direction of terthiophene we recorded its
RLS and RLD spectra (Fig. 6.18).
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Fig. 6.17 The absorbance, LD and LDr spectra of 2,2′:5′,2′′-terthiophene deposited from a 0.3
mg/mL methanolic solution onto 1.8× stretched PEOX overlaid with the schematic chemical
structure of the molecule with its transition moment directions labelled on it with red arrows.

The wavenumber, RLD sign and assignments17,122 for the RLS peaks of terthiophene are
summarised in the Table 6.12. The C=C bonds of terthiophene exhibit vibrations in
the1430–1560 cm–1 region of the molecule’s RLS spectrum. Another strong peak from the
sample occuring at 1063 cm–1 is related to the out-of phase bending vibrations of C–H
bonds.
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Fig. 6.18 The RLS (black) and RLD (red) spectra of 2,2′:5′,2′′- terthiophene deposited on 1.8×
stretched PEOX. The peaks labelled by asterisks are from polyethylene vibrations.

The in-phase stretching vibrations of the molecule’s C=C bonds show positive RLD peaks
in Fig. 6.18 indicating their vibrations are parallel to the PEOX stretching direction. As
expected, their out-of-phase stretching vibrations have negative RLD signals. The positive
RLD signal for the band at 1063 cm–1 confirms that the direction of the in-plane C–H
bending vibrations is parallel to the in-plane stretching vibrations of C=C bonds.
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Table 6.12 The RLS wavenumber peaks with their corresponding RLD signal signs (Fig. 6.18) and
assignments for 2,2′:5′,2′′- terthiophene. Abbreviations: str: stretching, def: deformation, sym:
symmetrical, asymm: asymmetrical.

Band / cm–1 with RLD
directions
1550 +

Assignment

1532 +

C=C asym str

1461 +
1439 –

C=C sym str
Out-of-phase C=C str

1417 +

Polyethyelene CH2 wagging

C=C str

1367
1295 +

Polyethylene CH2 twisting

1171 –

Polyethyelene CH2 rocking

1129 +

Polyethylene C–C sym str

1063 +

In-plane C–H bend /
polyethyelene C–C asym str

6.3.11 1,10-phenanthroline

As reported by Fergusen et al.1231,10-phenanthroline’s absorbance spectra (Fig. 6.19)
contains two long axis polarised transition moments at 231 and 265 nm. Our UV-visible
stretched PEOX LD experiment showed that the molecule aligns with its long axis parallel
to the stretch direction on the PEOX surface (S = 0.09).

151

Chapter Six - Polarised Raman Spectroscopy Application for Aligned Small Biomolecules
(Introducing Raman Linear Sum and Difference Spectroscopy)

Fig. 6.19 The absorbance, LD and LDr spectra of 1,10-phenanthroline deposited on 1.8× stretched
PEOX overlaid with the schematic chemical structure of the molecule with its transition moment
direction labelled on it with red arrow.

The unpolarised and polarised Raman spectra of phenanthroline are shown in the Fig. 6.20.
The C=C and C=N stretching and bending vibrations occur in the 1340–1600 cm–1 region
of spectrum. The CH2 bending vibrations happen at 1446 and 1096 cm–1. The band at 1037
cm–1 corresponds to symmetrical ring stretching vibrations.124,125
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Fig. 6.20 The RLS (black) and RLD (red) spectra of 1,10-phenanthroline deposited on 1.8×
stretched PEOX. The peaks labelled by asterisks are from polyethylene vibrations.

The stretching vibrations of C=C and C=N bonds of phenanthroline have positive RLD
signals (Table 6.13) showing that the polarisability of these bonds changes more when the
electric field of the incident light is parallel to the stretching direction of PEOX. The RLD
signal direction of the bending vibrations of CH2 is also positive, showing that their
vibrations are in the same direction as those of unsaturated bonds of the molecule.

Table 6.13 The RLS wavenumber peaks with their corresponding RLD signal signs (Fig. 6.20) and
assignments for 1,10-phenanthroline. Abbreviations: str: stretching, def: deformation, sym:
symmetrical, asymm: asymmetrical.

Band / cm–1 with RLD
directions
1591 +
1567
1504 +
1446 +

Assignment
C=C and C=N str
C=N str
C=C str
CH2 scissoring
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1404 +
1344 +
1295 +
1171 –
1131 +
1096 +
1063 +
1037 +
718 +

C=C and C=N str
Polyethylene CH2 twisting
Polyethylene CH2 rocking
Polyethylene C–C sym str
C–H bend
Polyethylene C–C asym str
Sym ring str
Out-of-plane ring def

6.3.12 Fluorene and Fmoc chloride

The unpolarised and polarised Raman spectra of fluorene (Fig. 6.21a) and fmoc chloride
(Fig. 6.21b) are shown in the Fig. 6.22. The RLS wavenumbers, their corresponding RLD
sign directions and assignments are summarised in the Table 7.6.

Fig. 6.21 The schematic chemical structures of a) fluorene and b) fmoc chloride.

Fluorene and fmoc chloride have similar RLS and RLD spectra. The only differences are
in the presence of the bands at 1402, 1325, 1090 and 849 cm–1 only in the spectrum of
fluorene and the bands at 1105 and 870 cm–1 only in the spectrum of fmoc chloride.
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Fig. 6.22 The RLS spectra of fluorene (black) and fmoc chloride (red) with their corresponding RLD
spectra (blue and purple respectively). The peaks labelled by asterisks are from polyethylene
vibrations.

The RLD peaks of the both molecules are positive (Table 6.14) confirming that the
orientation of all Raman-active vibrations of them are parallel to the PEOX stretching
directions.

Table 6.14 The RLS wavenumber peaks with their corresponding RLD signal (Fig. 6.22) signs and
assignments126–131 for fluorene and Fmoc chloride. Abbreviations: str: stretching, bend: bending,
def: deformation, asymm: asymmetrical.

Band / cm–1 with RLD directions
Fluorene
Fmoc chloride
1611 +
1614 +
1576 +
1585 +
1478 –
1482 +
1442 +
1448 +
1402 +
1343 +
1347 +
1325 +

Assignment
In-plane C=C str
CH2 bend
CH2 bend
C–C str
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1295
1191
1151
1133

+
+
+
+

1090 +
1063 +
1022 +

849 +
787 +
745 +

1299
1191
1157
1129
1105

+
+
+
+
+

1063 +
1024 +
944 +
870 +

C–C str

Ester C–O str
Aromatic CH def
Polyethylene C–C asym str
Ring breathing mode

C–C str
791 +
737 +

Ring breathing

6.4 Conclusions

In this chapter we examined and evaluated our new polarised Raman spectroscopy
technique by recording RLS and RLD spectra of polyethylene and polytetrafluoroethylene
and aligned small biomolecules deposited on stretched PEOX films. The RLS and RLD
spectra of polyethylene gave us more information on how the film structure and
crystallinity changes upon stretching. Understanding the RLD spectrum of stretched
polyethylene abled us to interpret the vibrational alignment of molecules deposited on the
stretched film. The vibrational orientation of a set of compounds with different polarity
from different types was investigated. The differences between the alignment of nucleic
acid bases, nucleosides and nucleotides, and fluorene and fmoc chloride were studied. The
addition of deoxyribose moiety to thymine changed the long axis direction of the molecule,
thus the RLD spectra of thymidine and TMP are different from that of thymine. However,
adding extra groups to cytosine and fluorene did not significantly change their vibrational
transition moments. Recording the polarised Raman spectra of different anthracene
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samples resulted in different RLD spectra, showing the difference in the alignment of
different anthracene dimers or higher order structures.
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7.1 Introduction

Lipid vesicles play an important role in biological systems. They provide a semi-permeable
bilayer membrane around cells and isolate the cytoplasm from the external environment.
They also provide cellular compartments in eukaryotic cells. Many molecules such as
proteins and steroids can bind to lipids and form channels, receptors and fluidity regulators.
Embedding small biomolecules in lipid vesicles in order to investigate their influence on
the fluidity of lipid bilayer systems132,133 and also to transport them in biological
systems134,135 has been studied for decades. One important question is that of where and
how does the guest molecule orient in a phospholipid bilayer? Depending on the size,
polarity and charge of the molecule, it may align between the phospholipid molecules, lie
on the surface of the vesicle or be captive inside it (Fig. 7.1). There are different techniques,
including linear dichroism, that have been utilised to investigate the way a molecule
interacts with lipid vesicles.136–138 Our aim has been to develop methods to use Raman
spectroscopy to study lipid bilayer systems and to probe how guest molecules orient inside
them.

Fig. 7.1 Three general ways a guest molecule interacts with lipid vesicles: a) inserting between
the phospholipid molecules, b) lying on the surface of the vesicle and c) being captive inside the
vesicle.

In this chapter we report the study of a range of molecules (listed in the Fig. 7.2) using: (1)
UV-visible linear dichroism to investigate their orientation on polyethylene films (PE and
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PEOX), (2) polarised Raman spectroscopy to identify vibrational bands of molecules in
known orientation, (3) polarised Raman spectroscopy to study their alignment in lipid
vesicles dried on polyethylene, and finally (4) differential scanning calorimetry (DSC) to
measure the effect of the probe molecule in lipid environment and also to determine their
interaction sites.

Fig. 7.2 Chemical structures of a) DPPC, b) retinol, c) retinal and d) abietic acid.

Retinoids and abietic acid (Fig. 7.2) were chosen as the guest molecules for this study and
DPPC (dipalmitoyl phosphatidyl choline) as the lipid. Vitamin A and its aldehyde form
(retinol and retinal respectively) are naturally fat soluble vitamins effective in vision and
growth.139 NMR studies of Hilde De Boeck et al. in 1988 confirmed an interaction between
DPPC fatty acid tails and retinol.140 Four years later Antonio Ortiz et al. reported that the
high hydrophobicity of retinoids leads to them interacting with the non-polar phases of
lipid bilayer.141 Their DSC experiments showed that retinol aligns with the acyl chains of
DPPC in the way that its hydroxyl group be placed in lipid/water interface.
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Abietic acid, usually used as an inhibitor of testosterone 5-α reductase142, is a tricyclic
carboxylic acid with a isopropyl substituent considered as a toxic substance for the
environment with potential health hazard for human.143 Its amphiphilic behaviour makes
it an interesting molecule to be studied inside membrane bilayers.

7.2 Materials and methods

Dipalmitoyl phosphatidyl choline (powder) was purchased from Avanti Polar Lipids.
Retinol, retinal and abietic acid were purchased from Sigma. All chemicals were used
without further purification. Solvents used in the measurements were 18.2 MΩ-cm water
(Millipore Direct-QTM), chloroform (spectrophotometric grade, Sigma-Aldrich) and
methanol (Laboratory grade, Fisher Chemicals).

7.2.1 UV-visible LD

UV-visible linear dichroism was used to investigate the alignment and uniaxial behaviour
of the molecules on PE and PEOX as reported in §2.
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7.2.2 Polarised Raman spectroscopy of molecules on polyethylene

Polarised Raman data of molecules deposited on polyethylene were recorded as reported
in §6.

7.2.3 Lipid preparation

Firstly the solid lipid (10 mg) and the molecule of interest were co-dissolved in a 2:1
mixture of chloroform and methanol. The molar ratio of the small molecule to DPPC was
taken to be 1:10 for DSC and 1:4 for Raman experiments. After evaporating the solvent
under a stream of nitrogen gas to produce a ‘cake lipid’ layer, the dried sample was frozen
in liquid nitrogen. Then the sample was placed in a rotary evaporator for at least 12 hours
above its gel-to-liquid-crystalline transition temperature (around 50°C for DPPC) to make
sure all the solvent had evaporated. The sample was then hydrated by adding purified water
(1 mL) to make multilamellar vesicles (LMV) and sonicated for 15 minutes above 50oC to
homogenize their size. To break the large multimellar vesicles into unilamellar vesicles,
we froze and thawed them (at least three times) and then extrude them (using a 200 nm
pore filter).144
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7.2.4 Polarised Raman spectroscopy of molecules embedded in lipid vesicles

Aliquots (30 µl) of DPPC/guest molecule aqueous solutions (1:4 molar ratio of the guest
molecule to DPPC) were dropped on polyethylene (1.8× stretching factor) until the sample
signal was detected by the Raman spectrometer’s CCD camera (Renishaw inVia
microscope Raman spectrometer, the stretcher was placed in the instrument so that the
stretching direction is parallel with the Z axis of the instrument). Polarised Raman spectra
of the sample deposited on polyethylene was recorded in two polarisation of 0° and 90°,
then RLS and RLD were calculated in the way reported in §6.

7.2.5 Differential scanning calorimetry experiments of molecules embedded into lipid
vesicles

Differential scanning calorimetry (DSC), first was developed in 1962 by Emmet Watson
and Michael O’Neil145, is a thermoanalytical technique to measure the difference in the
amount of heat required to increase the temperature of sample and a reference in a heatingcooling process.146 The sample and reference are kept at nearly the same temperature as
each other throughout the experiment and the temperature of the reference (usually air) is
set to increases or decreases during the programmed heating-cooling cycles. However,
during the measurement, the sample goes through physical reactions (phase transition)
which depending on whether they are exothermic or endothermic release or absorb energy.
The machine records the released or absorbed heat and outputs it as enthalpy changes (ΔH)
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in a thermogram. DSC thermograms include a peak corresponding to the temperature at
which the sample (here lipids) goes through a phase transition from ordered gel packing to
fluid liquid/crystalline phase. In the case of lipids this temperature (Tc) depends on the
head group, the fatty acid chain length and the degree and type of unsaturations present in
the chains. If the head groups are the same, lipids with shorter tails or higher number of
unsaturated chains leads to lower Tc, also cis-unsaturated tails lower the Tc more than transunsaturated ones.147

Addition of a foreign molecule to a phospholipid system changes the transition temperature
of the lipid if both molecules are miscible.143 Ladbrook et al. in 1967 reported that
transition temperature (Tc) of dipalmitoyl-L-lecithin decreased after the addition of low
concentrations of cholesterol.148 Ortiz et al.141 in 1992 discovered that the change in the
enthalpy of DPPC and DPPE after introducing retinal and retinoic acid into vesicles is due
to the interactions between the guest molecules and the lipid system. According to Mady
et al.149 the change in the gelliquid/crystalline transition temperature of DPPC when
doxorubicin (a frequently used chemotherapy drug) is added corresponds to the binding of
the guest molecule to the heads or tails of phospholipids. They reported that the decrease
in the Tc is because of the significant perturbing effect of doxorubicin present on the
phospholipid tails.

DSC data of the system (50 µL of 1:10 molar ratio) were recorded by a DSC 1 STARe
System Metler Toledo in three heating-cooling runs between temperature ranges of 30° to
60°, with the scanning speed of 0.2 °C/sec until identical thermograms were obtained.
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7.3 Results and discussion

The alignment of retinoids (Fig. 7.1–4) and abietic acid (Fig. 7.5) deposited on PE and
PEOX was studied using UV-visible LD and polarised Raman spectroscopy (Fig. 7.6–7).
Then the result was compared with that of embedded sample in DPPC vesicles dried on
polyethylene film. Differential scanning calorimetry was performed to measure the effect
of guest molecules on the fluidity of DPPC and also to locate if the molecules interact with
the polar head or fatty acids of DPPC.

7.3.1 UV-visible LD experiments of the molecules aligned on PE and PEOX

7.3.1.1 Retinoids

Absorbance spectra of retinol and retinal, in the wavelength range 190–500 nm, contain
only one peak due to the π-π* transition of the long polyunsaturated chain. Due to the
aldehyde’s electron withdrawing effect this peak which occurs at 331 nm for retinol red
shifts to 370 nm in retinal’s UV absorbance spectrum. Our LD by the factor of rotation
experiments show that both retinoids behave uniaxially on both PE and PEOX films (Fig.
7.3 and 7.4). As their LD spectra in Fig. 7.3 and 7.4 show, both molecules align with their
long axis on PE and PEOX with their transition moment parallel to the film stretching
direction. Retinal aligns slightly better than retinol on both films, whilst in both molecules,
PEOX results in a higher S value (Table 7.1).
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Table 7.1 The S value of retinol and retinal deposited on PE and PEOX (determined by assuming
the transition moment of the molecule is parallel to the stretching direction (α=0)).

Sample
Film
S

168

Retinol
PE
0.08

Retinal
PEOX
0.1

PE
0.11

PEOX
0.14
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Fig. 7.3 LD spectra of retinol (0.4 mg/mL, 35–40 µL) deposited on a) PEOX and c) PE stretched to
different lengths (from unstretched to the stretching factor of 2.2×). b) and d) LD r spectra
respectively correspond to a) and c) overlaid with absorbance and LD spectra of the sample
deposited on 1.8× stretched films. e) and g) LD spectra by the factor of rotation when the film
(PEOX and PE respectively) is stretched 1.8×. f) and h) signals from e) and g) respectively at 370 nm
as a function of rotation angle  overlaid on a plot of cos(2).
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Fig. 7.4 LD spectra of retinal (0.4 mg/mL, 35–40 µL) deposited on a) PEOX and c) PE stretched to
different lengths (from unstretched to the stretching factor of 2.2×). b) and d) LD r spectra
respectively corresponding to a) and c) overlaid with absorbance and LD spectra of the sample
deposited on 1.8× stretched films. e) and g) LD spectra by the factor of rotation when the film
(PEOX and PE respectively) is stretched 1.8×. f) and h) signals from e) and g) respectively at 370 nm
as a function of rotation angle  overlaid on a plot of cos(2).

7.3.1.2 Abietic acid

The conjugated C=C diene is the only UV-active chromophore existing in the structure of
abietic acid and its UV absorbance spectrum consists only of one π-π* transition centred at
242 nm, with ~1430 and 1278 cm–1 vibronic progressions, in 190–300 nm region. The LD
spectra of the molecule deposited on PE and PEOX are shown in Fig. 7.5 (part (a) and (b)
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respectively). Similar to the retinoids and other molecules studied in the previous chapters,
stretching factors above 1.8× result in the higher LD and LDr intensities (for both PE and
PEOX) than stretching factors below it (Fig. 7.5 a–d). As Fig. 7.5 e–h show, abietic acid
behaves uniaxially on both films. Nevertheless, a better spreading pattern from methanolic
solutions on PEOX than chloroform solutions on PE lead to more uniform thickness of
sample on PEOX. Thus, rotating the PEOX film in order to examine uniaxial behaviour of
the molecule did not lead to the light being incident on different thicknesses of the sample,
unlike what happened in the case of sample deposited on PE film (Fig. 7.5 g and h).

The positive LD band at 242 nm, arising from the conjugated chain of the molecule, shows
that the molecule aligns with its long axis parallel to the film stretching direction. The
polarity of abietic acid makes it orient slightly better on PEOX than PE film. This is
illustrated by the slightly higher S value calculated for PEOX (0.05) than PE (0.045).
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Fig. 7.5 LD spectra of abietic acid (0.4 mg/mL, 35–40 µL) deposited on a) PEOX and c) PE stretched
to different lengths (from unstretched to the stretching factor of 2.2×). b) and d) LD r spectra
respectively correspond to a) and c) overlaid with absorbance and LD spectra of the sample
deposited on 1.8× stretched films. e) and g) LD spectra by the factor of rotation when the film
(PEOX and PE respectively) is stretched 1.8× (the polyethylene baseline of spectra in the figure g is
not subtracted and only manually corrected using OriginLab software’s baseline subtraction tool).
f) and h) 370 nm signals from e) and g) respectively overlaid on a plot of cos(2 ).
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7.3.2 Polarised Raman spectroscopy of the molecules aligned on polyethylene

7.3.2.1 Retinoids

Polarised Raman data of retinoids on treated polyethylene film (PEOX) are presented in the
Fig. 7.6 and the peak frequencies and associated assignments are given in the Table 7.2.
The peaks from the sample deposited on PEOX are slightly shifted to higher frequencies
comparing with those from powder. The sp3 stretching vibrations of C–H bonds occur in
2790–2930 cm–1 while the peak at 2992 cm–1 is related to the C–H sp2 stretching vibration.
These peaks are only visible in the powder spectra and are covered by the C–H stretching
vibrations of polyethylene in RLS and RLD spectra of retinoid deposited on polyethylene
film. Due to the conjugation with carbonyl group, C=C bonds of retinal (1574 with a
shoulder at 1595 cm–1) vibrate in lower frequency than retinol (~1595 with a shoulder at
1625 cm–1). Retinal’s conjugated carbonyl group gives a weak peak at 1657 cm–1. All
vibrations along the molecules’ conjugated chain have positive RLD peaks and the peaks
at 1280 and 1295 cm–1 relating to CH2 unmethylated trans vibrations are negative,
confirming the orientation of the molecules as having their long axis along the film stretch
direction.
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Fig. 7.6 RLS (black) and RLD (red) spectra of a) retinol and b) retinal (on polyethylene film) overlaid
with their powder spectra (cyan, the spectrum intensity diminished for presenting purposes).
Peaks labelled by an asterisk are from polyethylene vibrations.

Table 7.2 The band frequency, RLD direction, and assignments of retinol and retinal’s Raman
peaks.150,151 The frequencies labelled in red are polyethylene vibrations. Abreviation: str:
stretching, bend: bending, UT: unmethylated trans mode.
Retinol
Band
RLD
cm–1
direction
2992
2922
2881
–
2848
–

174

1625
1595

+
+

1440
1418
1330
1294
1281
1270

–
+
+
+
+
+

1196

+

1160

+

1128
1061

+
+

1010
965

+
+

Retinal
Band
RLD
cm–1
direction
2992
2922
2880
–
2848
–
1657
+
1595
1574

+
+

1333
1294
1280
1269
1255
1197
1177
1162
1148
1128
1061
1027
1007
966

+
+
–
+
–
+
+
+
+
+
+
+
+

Assignment

sp2 C–H str
sp3 C–H str

C=O str
C=C str
C=C str
C=C str

C–H bend
CH=CH UT
CH2 deformation
CH=CH UT
C–C str
C–C str

Methyl in-plane rocking
C–H out-of-plane wagging
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7.3.2.2 Abietic acid

The most intensive band in the fingerprint region of abietic acid Raman spectrum (Fig. 7.7)
appears at 1648 cm–1 which is related to the stretching vibrations of conjugated trans C=C
bonds in the molecule. Bands at 1468 and 1430 cm–1 correspond to the bending vibrations
of CH2 and CH3, and the band at 1441 cm–1 is related to the scissoring vibrations of the
same bonds. The bands in 2880–3030 cm–1 correspond to the stretching vibrations of sp3
and sp2 C–H bonds.

As shown in the Table 7.3, bonds along the long axis of the molecule including the C=C
stretching and CH2 bendings have positive RLD peaks. One of a few bands with negative
RLD peak is the scissoring vibration of CH2. Therefore, we conclude that the molecule
aligns with its long axis parallel to the film stretching direction in accord with the UV LD.

Fig. 7.7 The RLS and RLD spectra (black and red solid lines respectively) of abietic acid deposited
on polyethylene film overlaid with the unpolarised powder spectrum (cyan). The long frequency
region of the spectrum is magnified 10 times.
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Table 7.3 The band frequency, RLD direction, and assignments of abietic acid’s Raman peaks.152
The frequencies labelled in red are polyethylene vibrations. Abreviation: PE: polyethylene, str:
stretching, bend: bending, scissors: scissoring vibrations.

Band
cm–1

RLD
direction

assignment

Band
cm–1

RLD
direction

assignment

Band
cm–1

3023

+

SP2 C–H str

2660

+

"

1365

2934

+

1648

+

C=C str

1295

+

2904
2881
2847
2833

+
–
+
+

1628
1605
1558
1468

+
+

"
"

1278
1227
1213
1202

+
+
+

2749

+

CH2, CH3
and OH str
"
"
PE C–H str
CH2, CH3
and OH str
"

1441

–

1180

+

C–C ring
breathing

2707

+

"

1430

+

1166

–

2660

+

"

1416

+

1127

+

PE CH2
rocking
C–C ring
breathing

CH2 and
CH3 bend
CH2 and
CH3
scissors
CH2 and
CH3 bend
PE CH2
wagging

RLD
direction

assignment

CH2 and
CH3 bend
PE CH2
twisting

CCH str

7.3.3 Differential scanning calorimetry of the molecules embedded into lipid vesicles

Fig. 7.8 shows the thermograms of pure DPPC and DPPC with embedded molecules. The
horizontal axis shows the transition temperature and the vertical axis presents the heat flow
(ΔH). The effect of the guest molecules on the transition temperature of DPPC is listed in
the Table 7.4.
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Fig. 7.8 DSC thermograms illustrating the effect of retinals and abietic acid on
gelliquid/crystalline transitions of DPPC.

Table 7.4 Transition temperatures (Tc) of pure DPPC and DPPC/retinoids and DPPC/abietic acid
(0.1 molar fraction).

TC (°C)

DPPC
40.72

DPPC/retinol
40.48

DPPC/retinal
40.40

DPPC/abietic acid
39

The thermograms of DPPC/retinoids systems in Fig. 7.8 show a decrease in both ΔH and
Tc of DPPC vesicles in the presence of retinoids, indicating that they both interact with the
acyl chains of DPPC phospholipids and increase its fluidity. However, it appears that
retinal decreases the transition temperature slightly more than retinol. This could be
attributed to the different polarity strengths of the carbonyl and alcohol functional groups:
the more polar alcohol group in retinol gives rise to interactions between it and carbons of
the acyl chains closer to the polar head group in DPPC, whereas the less polar carbonyl
group will interact with carbons further away from the head group. The increased
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interactions between retinal and DPPC molecules results in a decrease in the transition
temperature greater than that caused by interactions between retinol and DPPC. On the
other hand, retinol decreases the enthalpy slightly more than retinal, which means a higher
degree of fluidity and disorder is induced by retinol than retinal.

Aranda et al.143 published DSC data for abietic acid in 1997 and concluded that the polar
carboxyl group of abietic acid tends to locate near the polar head of DPPC phospholipids
in order to interact with the water interface and probably form hydrogen bonds with water
molecules. They reported that low concentrations of abietic acid do not affect ΔH
significantly. However, concentrations higher than 0.1 mol fraction (similar to the
concentration ratio in our experiments) cause lateral separation between DPPC molecules
and bulky abietic acid domains. This perturbs the lipid system highly and leads to a crucial
reduction in DPPC’s transition temperature and ΔH. Fig. 7.8 shows the thermogram of
DPPC with 0.1 mole fraction of abietic acid overlaid with the pure DPPC thermogram.
The presence of abietic acid shifts the transition temperature of DPPC from 40.72 °C to a
very broad band at 39°C. The significant reduction of ΔH could be due to the significant
disruption of the phospholipid molecules’ structure caused by bulky non planar abietic acid
molecules.

7.3.4 Computational modelling studies on the docking position of guest molecules
embedded in lipid bilayer

The computational modelling performed by Dr. Shirin Jamshidi confirmed our DSC data.
The simulation performed using the docking approach and the affinity energy between the
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guest molecules and DPPC was calculated using Autodock Vina program package72 (Table
7.5). Negative affinity energies confirmed the favourable interactions between molecules.
As Fig. 7.9 shows, all three molecules align with their long axis parallel to the DPPC
molecules while their polar groups located towards hydrophilic side of the lipid bilayer.
As discussed above retinal locates closer to DPPC head groups than retinal. On the other
hand, abietic acid interacts with phospholipid bilayer the way Aranda et al.143 reported,
showing that the concentration we used in our experiment was too high and caused
formation of a cluster spacing between lipid molecules.
Retinol

Retinal

Abietic acid

Fig. 7.9 Simulated models for interactions between retinol, retinal and abietic acid with DPPC
molecules in a bilayer system (top) with their corresponding zoomed in ball-and-stick models
(bottom).
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Table 7.5 The calculated affinity energies of retinol, retinal and abietic acid with DPPC molecules
obtained from Autodock Vina program package.
Guest molecule
Calculated
affinity
energy (kcal/mol)

Retinol

Retinal

Abietic acid

–5.4

–7.9

–5.7

7.3.5 UV-visible LD experiments of retinal embedded into lipid vesicles deposited on
PEOX and quartz

LD experiments of retinal embedded into DPPC vesicles deposited on PEOX and quartz
(Fig. 7.10) revealed important information about the alignment of vesicles on both
surfaces.

When the incident light was perpendicular to the surface of lipid molecules deposited on
quartz, any transition moment oriented perpendicular to the surface will not absorb light.
In practice orientation is not perfect so some absorbance is observed. However, there will
be no LD for such transitions as the sample is symmetric about the incidence direction.
This is what we observed for DPPC/retinal samples on quartz (Fig. 7.10b black line). When
the quartz was tilted to ~45°, an LD signal appeared (Fig. 7.10b red line). Somewhat to our
surprise, the LD experiments with DPPC/retinal deposited on PEOX (Fig. 7.6a) showed
different behaviour. A strong retinal LD signal, increasing in intensity upon stretching,
convinced us that lipids align on PEOX differently from quartz and more similar to the way
small molecules orient on polyethylene.
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Fig. 7.10 LD spectra of retinal deposited on a) PEOX (then stretched from 1.4× to 2.0× stretching
factor) and b) quartz plate when the plate’s surface was placed perpendicular to the direction of
beam light (black line) and when it was tilted to 45° (red line).

7.3.6 Polarised Raman spectroscopy of the molecules embedded into lipid vesicles

The Raman spectra of DPPC deposited on PEOX are dominated by polyethylene peaks.
However, the 1500–1850 cm–1 region is dominated by stretching vibrations of DPPC
carbonyl bonds. The DPPC carbonyl bonds give a peak at ~1736 cm–1 with negative RLD
signal (Fig. 7.11) suggesting that the carbonyl is preferentially perpendicular to the stretch
direction, so the long chains are preferentially parallel to it. RLD spectra of retinoids and
abietic acid embedded into lipid vesicles (Fig. 7.11) show negative bands at 1625
(corresponding to retinol’s C=C bond), 1586 (with a shoulder at 1625 cm–1 from retinal’s
C=C bond) and 1648 cm–1 (related to abietic acid’s double bonds stretching vibrations).
The disappearance of retinal’s carbonyl band and shifting its C=C band vibrations closer
to that of retinol could be an evidence for the interactions between the carbonyl band of
retinal and the phospholipid molecules. The change in the direction of RLD signals for the
guest molecules when embedded in the vesicles shows the formation of a different
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alignment compared to their orientation on PE (Fig. 7.5 and 7.6) where their long axis were
aligned parallel to the stretching direction. However, the LD spectra of retinal embedded
into DPPC deposited on PEOX (Fig. 7.10a) suggested that retinal is aligning by its long axis
parallel to the polyethylene’s stretching direction. Thus we conclude that retinoids and
abietic acid, when embedded inside DPPC vesicles, have their long axis electronical and
vibronical transition moments perpendicular to each other.

Fig. 7.11 RLS and RLD spectra of DPPC vesicles (magenta and blue dashed lines respectively) and
DPPC vesicles containing guest molecules: (a) retinol, b) retinal and c) abietic acid (with 1:4 lipid
to retinoid molar ratio) dried on PEOX (black and red solid lines respectively). d) The RLS spectra
of retinoids (powder: thin solid line, deposited on PEOX: thick solid line, and embedded into DPPC
vesicles deposited on PEOX: dashed line). The 1500–1850 cm–1 region of the spectra is selected to
present as the rest is dominated by polyethylene peaks. The intensity for DPPC spectra (dashed
magenta and blue) has been normalised in this diagram.
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7.4 Conclusions

Combining the results from UV-visible linear dichroism, differential scanning calorimetry
and polarised Raman spectroscopy (RLD), we were able to study the interactions between
three small biomolecule (retinol, retinal and abietic acid) and phospholipid (DPPC)
molecules. This work could be a preliminary stage to investigate: 1) the interactions
between more complex molecules such as membrane proteins with membrane lipids and
2) the respective orientation of such molecules embedded in lipid vesicles, which is very
complicated and difficult using techniques such as NMR and x-ray crystallography.
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Spectroscopic signatures of an fmoc–
tetrapeptide, fmoc and fluorine
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8.1 Introduction

The hydrophobic Fmoc [N-(fluorenyl)-9-methoxycarbonyl, Fig. 8.1b] unit is a
protective group commonly used in solid state peptide synthesis. 153 Fmoc is also
often conjugated to peptides to confer amphiphilicity on the molecules and
introduce the potential for aromatic stacking interactions. 154,155 Some applications
of

Fmoc

chemistry

include

self-assembling

biomimetic

scaffolds, 156,157

functionalised gold nanoparticles, 158 PNA synthesis and functionalization, 159,160 and
amino acid analysis.161 In each case, the Fmoc conjugates need to be characterised
by a number of different techniques including the spectroscopic ones: absorbance,
fluorescence, circular dichroism, linear dichroism, infrared absorbance and Raman
spectroscopy. The work reported here was undertaken because extracting as much
information as possible from spectroscopic data on complicated structures including
Fmoc groups requires a clear idea of which spectral signatures are due to the Fmoc
chromophore. Our group’s recent work on Fmoc–GRDS (Fig. 8.1c) and Fmoc–
RGDS peptides,155,162,163 and the structures they form led us to realise that the
spectroscopic features of Fmoc were not available in the literature. In 2011,
Castelleto et al.155 needed to know whether observed bands are due to the Fmoc or
the peptide (glycine-arginine-aspartic acid-serine) or due to a combination of the
two. This work has been undertaken to answer that question and to identify
transition polarisation directions and energies of the Fmoc chromophore. The GRDS
peptide used in this work was supposedly a random sequence control for the RGD
sequence from fibronectin, 164 but it was found to form structured fibres that contain
-sheet structure.155
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Fig. 8.1 Molecular structures of a) fluorene, b) Fmoc-Cl, and c) Fmoc–GRDS with probable
fluorene orientation axes in stretched polyethylene films as deduced from reduced linear
dichroism spectra (see text)

8.2 Materials and methods

Fmoc–GRDS and GRDS were purchased from AltaBioSciences and used without
further purification (preliminary experiments on extensively HPLC-purified
samples gave the same results). Peptide samples for spectroscopy were made up in
water (Millipore, 18.2 M-cm) to the required concentrations and sonicated either
for 5 minutes at room temperature (denoted RT) or for 10 minutes at 55–60°C
(denoted FT). The notation FT refers to fibre-forming temperature as upon cooling
to room temperature Fmoc–GRDS forms a gel that has previously been shown to
contain fibres.155
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8.2.1 Ultra-violet absorbance, circular and linear dichroism spectroscopy

UV absorption spectra were collected on a Jasco V-660 spectrometer in 1 mm path
length quartz cells. Circular dichroism (CD) spectra were collected on a Jasco J-815
spectropolarimeter and data were analysed using Johnson’s structure fitting
programme CDsstr.165 Linear dichroism (LD) data were also collected in a Jasco J815 spectropolarimeter adapted for LD spectroscopy. Experiments were performed
using either polyethylene (PE) stretched films to orient small molecules to
determine transition polarisations or Couette flow to orient polymeric samples (in
this case fibres).45,46,166 The polyethylene films, used as sample holders in LD and
Raman measurements, were cut from Glad® Snap Lock® bags, and stretched so
that the direction of stretch is parallel to the faint lines observable in the film. The
Couette flow cell45,46,166 was custom built by Crystal Precision Optics, Rugby and is
now available from Dioptica Scientific Ltd, Rugby.

All samples in this work can be treated as uniaxial rods so the reduced LD may be
written10,46

LDr 





LD 3
 S 3 cos2  1
A 2

Eq. 8.1

where A is the isotropic absorbance of the same sample, S is the orientation
parameter (=1 for perfect orientation and 0 for no orientation) and  is the angle
between the polarisation of the transition and the sample orientation axis.

denotes

average over the molecules in the sample. LD spectra of fibres often have a
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significant contribution from light scattering. Miakti et al. 167 found that an empirical
correction of the form
LD(scattering )  a k

Eq. 8.2

where a and k are constants and  is the wavelength (nm) of light is often useful in
LD spectroscopy. This is implemented here with α=92000 and k=3.

8.2.2 Fourier transform infrared and Raman spectroscopy

Fourier transform infrared (FT/IR) spectra were collected on a Jasco FT/IR-470 plus
Fourier transform infrared spectrometer, equipped with linear polarizers, an MCT
detector, and germanium attenuated total reflectance (ATR) accessory (Pike
Technologies). 1000 scans were performed for each spectrum, using a resolution of
4 cm–1. Powder samples were placed on the germanium plate. Solution samples were
dissolved in water (sonicated and heated if required) or methanol and air-dried.

Raman spectra were collected on Renishaw InVia Raman microscopes, equipped
with 633 nm He–Ne or 785 nm solid state diode lasers together with Renishaw CCD
(Visible → NIR) and InGaAs (Infrared) detectors. The 633 nm laser was used unless
fluorescence dominated the spectrum. Samples were prepared as for IR, but
deposited on quartz.
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8.3 Results and discussion

8.3.1 UV-visible spectroscopic data

8.3.1.1 Absorbance

Fig. 8.2a contains the absorbance spectra of fluorene, Fmoc-Cl, GRDS and Fmoc–
GRDS. Peptide GRDS without conjugated Fmoc shows gradually increasing
absorbance due to the peptide bonds from about 220 nm downwards. Fmoc-Cl and
fluorene have similar spectra with Fmoc peaks in methanol at 299, 288, 264, 210
nm and clear shoulders at 275, 227 and 219 nm. Fmoc peaks on polyethylene are 1–
2 nm red-shifted and Fmoc–GRDS on PE are further red-shifted. Conjugation of the
Fmoc to the peptide removes some of its spectral structure and overlays the 210 nm
band with peptide intensity.

8.3.1.2 Circular dichroism

CD is the difference in absorption of left and right circularly polarized light. It is
particularly useful for identifying the appearance of chiral structures in proteins.
Empirical estimates of e.g. -helical or -sheet content can often be made from data.
Fig. 8.2b shows the circular dichroism spectra of the tetrapeptide GRDS and of
Fmoc–GRDS prepared either with short sonication at room temperature (RT) or
with incubation for 10 minutes at ~60°C (FT) which usually produces fibres. There
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is no induced CD apparent in the Fmoc transitions of any of the samples. The GRDS
peptide (however samples are prepared) and Fmoc–GRDS(RT) have CD spectra
with a single negative peak at 200 nm consistent with a random coil structure being
adopted.168 The Fmoc–GRDS(FT) is not purely random coil, nor does it look like a
-sheet/random coil mix. If one assumes that the concentration of 0.1 mg/mL is
accurate (accurate concentrations are a challenge for fibrous samples) and also that
a CD structure fitting programme not designed for peptides can be used, then we
can estimate the secondary structure content of our Fmoc–GRDS(FT) fibre. Curtis
Johnson’s programme CDsstr 165 estimates ~10% helix, ~20% -sheet, and ~10%
polyproline II (which is spectroscopically indistinguishable from random coil), and
~45% other structures.

b

Fig. 8.2 a) Absorbance spectra (0.1 mg/mL in 1 mm pathlength cuvettes) of fluorene and
Fmoc-Cl in methanol, Fmoc-Cl on PE film (dried sample) GRDS and Fmoc–GRDS in water.
b) CD spectra of GRDS, Fmoc–GRDS(RT) and Fmoc–GRDS(FT) (0.1 mg/mL, 1 mm path
length), GRDS, Fmoc–GRDS(RT) spectra are smoothed (30 points with 3 polynomial order.
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8.3.1.3 Linear dichroism

Fig. 8.3a and b show the film absorbance, LD and LD r spectra for fluorene and
Fmoc-Cl and the LD for Fmoc–GRDS(RT). The observed bands are all positive
indicating the molecules are all oriented so that the transition moments are
preferentially along the stretch direction of the films. The GRDS samples were
indistinguishable from the film baseline, and the Fmoc–GRDS(FT) (data not shown)
spectrum is the same as the Fmoc–GRDS(RT) but with smaller intensity LD signal
for the same absorbance suggesting less effective orientation. Overall the fluorene
and Fmoc LD spectra are similar, the Fmoc peaks are slightly red-shifted. Fmoc has
positive LD maxima at 301, 290, 277 (shoulder), 267, 259 (shoulder), 228
(shoulder), 221, and 211 nm.

Fig. 8.3 a) Polyethylene stretched film absorbance, LD, and LD r spectra of fluorene, b)
polyethylene stretched film absorbance, LD, and LD r spectra of Fmoc-Cl and LD of Fmoc–
GRDS, c) solution absorbance (0.5 mm pathlength), couette flow LD, scattering corrected
LD (a = 92000 and k = 3) and LD r of Fmoc–GRDS(FT).
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Fluorene has C2v symmetry so all its - transitions are polarized either along its
long axis or its short axis. In order to extract more information from the spectra we
need an estimate of the orientation parameter S. We proceed by assuming that the
fluorene chromophore orients with its long axis along the stretch direction of the
film and that 270 nm region of the spectrum for fluorene and Fmoc-Cl (which has
close to maximum LD signal) is long axis polarized – i.e. along the probable
orientation axis illustrated in Fig. 8.1 (with  = 0). The 270 nm fluorene LD r ~ 0.47,
so, from Eq. 8.1, the orientation parameter in this experiment is S ~ 0.16. It then
follows that the polarisation of the transitions at ~210 nm lies at 32±3° from the
orientation axis (Fig. 8.1). This means that the 220 nm region of the spectrum is an
overlay of long and short axis transitions. The Fmoc-Cl spectra in Fig. 8.3b are very
similar to those of fluorene indicating the fluorene chromophore dominates the
Fmoc orientation in PE films. The contribution of the peptide backbone to the low
wavelength end of its spectra is apparent in the Fmoc–GRDS film LD spectrum in
Fig. 8.3b.

Fmoc–GRDS(FT) samples were the only ones that gave a flow aligned LD spectrum
and the details of what was observed varied from sample to sample. The spectrum
of the sample in Fig. 8.3c is typical. The LD r spectrum was estimated after correcting
the LD spectrum for light scattering. Overall the main thing to note is that the Fmoc
LD signals (down to ~210 nm) are of opposite sign from the film experiment. Thus
in the fibres formed by Fmoc–GRDS, the long axis of the fluorene chromophores
(260 nm) is more perpendicular than parallel to the helix axis. This is expected if strand orientation occurs along the flow direction. The mixed polarisation 210 nm
fluorene band is further from the helix axis than the long axis polarized 260 nm
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band, suggesting that Fmoc groups are stacked tilted slightly from perpendicular to
the fibre axis. The shape of the fibre LD spectrum at 200 nm and below (which is
dominated by the GRDS spectrum) suggests there is positive signal at 200 nm
overlaid on a negative one. It is not however the large positive signal at 200 nm
expected of a classic cross- amyloid fibre.169,170

8.3.2 Vibrational data

8.3.2.1 FTIR

Fig. 8.4 contains FTIR absorbance spectra of fluorene, Fmoc-Cl, GRDS and Fmoc–
GRDS(FT). The fluorene chromophore contributes a lot of the structure to the
Fmoc-Cl spectrum. Fmoc also shows evidence of C=O stretches at 1765 and 1756
cm–1. The GRDS spectrum is essentially a single broad spectrum with Amide I
maximum at 1650 cm–1 consistent with the peptide being unfolded. 171 The FmocGRDS spectrum is not simply the sum of the Fmoc and the GRDS indicating that
the fibres adopt a new structure. We previously concluded the IR spectrum was
consistent with the presence of at least some -sheet due to the peak at 1630 cm –1.155
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Fig. 8.4 ATR FTIR spectra of fluorene and Fmoc (0.5 mg/mL) in methanol, GRDS (100
mg/mL) and Fmoc–GRDS (0.1 mg/mL respectively, sonicated or for 10 minutes at 55–60°C)
in water.

8.3.2.2 Raman spectroscopy

The Raman spectra of fluorene and Fmoc-Cl powders from 500–1800 cm –1 are
shown in Fig. 8.5a. Most of the peaks present in fluorene are also present in Fmoc,
the main exception being the 1400 cm –1 region. An overlay of Fmoc, GRDS and
Fmoc–GRDS in powder and fibre forms is given for the 1500–1800 cm –1 region
(Fig. 8.5b). Although both providing vibrational data, due to the high symmetry of
the Fmoc group, the IR and Raman spectra look quite different. The GRDS Raman
spectrum is dominated by arginine signals 155,172,173 in the 1700 cm–1 region. Fluorene
signals are prominent in samples containing it. The Fmoc-GRDS(FT) also has a
large 1666 cm–1 peak which is present but small in the powder. There is also an IR
band at this point. Its most probable assignment is to -turns or 310 helices.174
Combining this with the IR signals suggests the fibre contains secondary structure
elements but not the classic amyloid fibre cross- strand structure.175
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Fig. 8.5 a) Raman spectra of fluorene and Fmoc powders (with 785 nm laser, 30 scans). b) Raman
spectra (collected with samples placed on a quartz plate) of Fmoc powder (Fmoc (785 nm laser,
30 scans), Fmoc-GRDS(FT) (100 mg/mL, 785 nm laser, 100 scans), Fmoc-GRDS powder (633 nm
laser, 100 scans) and GRDS powder (633 nm laser, 100 scans.

8.4 Conclusions

A variety of spectroscopic techniques were used to characterise Fmoc and Fmocpeptide conjugates. Fmoc has two UV-region bands, one centred at 265 nm and one
centred at 210 nm. Fmoc itself is achiral and so has no solution phase CD signal.
When conjugated to GRDS as a free monomer in solution, the CD spectrum
corresponds to that of the unfolded peptide. When fibre structures are formed,
induced CD signals are not observed in the Fmoc absorbance region suggesting that
the Fmoc groups are not arranged in strongly chiral structures. By way of contrast
the Fmoc-GRDS fibre LD is dominated by the Fmoc units. The 265 nm region of
the Fmoc film LD spectrum is positive and so we deduce it is polarized along the
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long axis of the fluorene group. In the fibres, this transition has a negative signal
indicating that the long axis of the Fmoc units extends away from the fibre axis. The
210 nm region of the film spectrum is neither long axis nor short axis polarized,
though by symmetry any one transition must be one or the other. Thus this region
of the spectrum is an overlay of different transitions. In the fibre these transitions
have a large negative signal. These two pieces of information together suggest the
Fmoc units are approximately perpendicular to the helix axis with the long axis tilted
somewhat more than the short axis. The IR and Raman spectra support that the fibres
structures differ from those of free monomer systems—but do not correspond to the
classic cross- strand structure.

These Fmoc spectroscopic data will be useful in characterising a wide range of
biomaterial structures and delivery agents that are currently being developed with
Fmoc.176
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9.1 Conclusions

One of the main aims of this work was to improve the molecular alignment techniques for
polarised spectroscopic techniques such as UV-visible linear dichroism. One of the most
widely used alignment techniques is to deposit the analyte on the surface of a stretched
polymer film and stretch it more (or load the sample on an unstretched film, then stretch
it) to orient the molecules in the direction of stretching. Previously, depending on the
polarity of the molecule under the study, polyethylene, polyvinylalcohol or
polyvinylchloride films (PE for non-polar, PVA and PVC for polar molecules) were used.
However, using PVA and PVC requires long sample preparation procedures and results in
brittle films. This would make the type of experiments we were interested in (such as
recording spectra of the analyte deposited on films with different stretching factor), very
time consuming and difficult. Thus, in order to record polarised spectroscopic data of polar
molecules, we changed the PE surface to be more hydrophilic by treating it in an oxygen
plasma asher. Our contact angle measurement data showed that treating the films for one
minute when the power is set to 50 mW results in an ideal degree of hydrophilicity on the
surface of the polyethylene film. Also the X-ray photoelectron spectroscopy experiments
showed that treated samples exhibit a slight enhancement over time in carbonyls relative
to OH, consistent with oxidation proceeding from alcohol, to aldehyde, to carboxylic acid.
We examined the ability of the treated PE films (denoted as PEOX) in orienting molecules
by comparing the LD spectra collected for a set of small molecules deposited on them with
ones using PE and PTFE films. Using PEOX films, we were able to align polar molecules
such as DAPI and xanthene based dyes which previously were had not been able to be
studied using PE films. We realised that molecules, regardless of their polarity, align with
a slightly bigger aligning factor (S) on PEOX than on PE films. Some molecules (such as
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1-pyrene carboxaldehyde) aligned differently on PEOX and PE which resulted in more
structural information about the alignment of the molecules. This enabled us to deduce
spectroscopic information for low symmetry molecules. We also investigated the sample’s
orientation upon increasing the film’s stretching factor. We have found out, depending on
the sample preparation technique (depositing the analyte before or after stretching the
film), what stretching factor would result in the highest alignment in the sample. We
studied the reason using X-ray diffraction experiments (done by Dr. Nikola Chmel), LD,
temperature dependent UV and LD and polarised Raman spectroscopy, and we realised
that the molecule’s alignment on PE’s surface is very depending on the amount of
crystalline phase in the polymer which increases upon stretching and also freezing.

During our studies we noticed a change in the shape of anthracene’s LD spectra upon
increasing the solution concentration. After collecting UV-visible absorbance,
fluorescence emission, LD and fluorescence detected linear dichroism (FDLD) we
detected the formation of different dimers when increasing the concentration of the analyte.
Prof. Alison Rodger’s calculations on the exciton couplings helped us identifying some of
the possible dimers on the stretched polyethylene film. Also we could confirm the presence
of dimers by comparing our experimental data with the molecular dynamics by Dr. Shirin
Jamshidi. Performing different spectroscopic techniques, we realised how necessary and
complementary is to collect fluorescent data along with absorbance data in order to
investigate small changes in the structure of sample under the study. We repeated LD and
FDLD experiments for a set of polycyclic aromatic hydrocarbons to study the dimerisation
of them on the stretched PEOX film.
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After optimising the orienting technique, examining and evaluating it with UV-visible
techniques, we utilised it for our newly introduced polarised Raman spectroscopy (Raman
linear difference - RLD). We recorded RLS (Raman linear sum) and RLD spectra of a set
a molecules, with known and unknown electronic transition orientations, on stretched
PEOX films. Obtaining satisfactory results about the orientation of vibrational transition
moments of the samples, we designed a ROA/RLD spectrometer working with the theory
we had developed. The newly made instrument’s result validity was examined by
comparing them with known vibrational transition moment orientation. We also were able
to detect the presence of different anthracene dimers and oligomers using the RLD
technique.

As an application for our new technique we studied the orientation of small biomolecules
imbedded into phospholipid bilayer systems supporting by data obtained from UV-visible
absorbance, LD, differential scanning calorimetry and computational modelling. We found
out that the molecules we chose (retinol, retinal and abietic acid) align parallel to the
phospholipid (DPPC) molecules such that their C=C vibrations are in the same plane as
the carbonyl group vibrations in the DPPC molecules.
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9.2 Future work

9.2.1 Shear flow Raman linear difference

As for LD spectroscopy, to record an RLD signal the molecules have to be intrinsically
aligned or oriented by an aligning technique such as stretched polymer which we optimised
in this work. However, this technique is helpful only if the size of the analyte is small. In
the case of samples such as DNA, fibre proteins and vesicles it is recommended to use
other aligning techniques such as shear flow. The next stage of this work will be to design
a shear flow cell for ROA/RLD instrument and recording polarised Raman spectra upon
increasing the sheer flow.

9.2.2 Linear dichroism and RLD of molecules imbedded inside lipid systems
deposited on quartz

Another ongoing project is to investigate the alignment of small molecules imbedded into
lipid vesicles deposited on quartz plate. As we discussed in §7, due to the hydrophilic
characteristic of quartz, lipid molecules tend to orient on it with their head groups close to
the surface. If there is a molecule imbedded inside the lipid system, its transition moments
would be parallel to the incident light beam direction when the sample is deposited on
quartz and the quartz surface is placed in front of the light beam. In such situation there
must not be any LD or RLD signal detected by the detector whilst absorbance spectrum
could be recorded. By tilting the quartz surface the angle between the molecules transition
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moment and the light beam increases so a weak LD or RLD signal should be detected. The
LD or RLD signal should be increased upon increasing the angle. This experiment would
give useful information about the orientation of molecules inside lipid bilayer systems.

9.2.3 Cryo-linear dichroism and cryo-polarised Raman spectroscopy

As reported in §2 cryo studies could be very helpful to study linear dichroism of samples
with high vibrational interference or weak electronic transition moments. This effect could
also studied with polarised Raman spectroscopy.

9.2.4 Calculating the reduced fluorescence detected linear dichroism

As our FDLD results in §5 showed, this technique adds more sensitivity and selectivity to
conventional LD experiments. Similar to the LD data, in order to eliminate the effects of
concentration and path-length, it is possible to calculate reduced FDLD (FDLDr). This
requires to divide the FDLD spectra by their corresponding excitation fluorescence data.
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9.2.5 Polarised Raman mapping for stretched polyethylene films

In §6.3.1 we studied the effect of stretching on the vibrational structure of PEOX films by
recording polarised Raman spectra of a single film when it was stretched to different
stretching factors. During the measurement we tried to keep the laser beam on the same
spot on the PEOX film everytime we stretched it more. This experiment could be done with
higher accuracy if it is done with an automated stretcher. Polarised Raman mapping also
could help to investigate the uniformity of stretching effect along the film.
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