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Abstract

In this thesis, a preliminary study is conducted into surface-enhanced Raman spec-
troscopy (SERS) and fluorescence spectroscopy towards the detection and analysis of
pterins. Firstly, investigation of some optical properties of various pterin species is con-
sidered, using absorption and fluorescence spectroscopy. Silver colloids for SERS anla-
ysis are then investigated, particularly concerning substrate reproducibility and analysis
optimisation. Complementary to the study of using silver colloids is the investigation
of SERS using two nanoparticulate substrates, prepared using pulsed laser deposition
(PLD) and electron beam evaporation (EBE). These materials are also characterised
according to their SERS reproducibility and the PLD films are compared to a commer-
cial substrate. The appendices consider other materials and techniques used during the

project, and an outlook for future work is also presented.
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Introduction and Theory

An understanding of light has been developed over the centuries to include Isaac New-
ton’s work on prism refractions and their consequent colour distribution! and James
Clerk Maxwell's demonstrations of its electromagnetic wave nature.? Coupled with the
wave nature of light, further thinking by Max Planck® and Albert Einstein* led to the
development of the theories of the particle and quantum nature of light. The particle
view considered light to behave as if it was composed of a stream of particles, with an
associated and quantised energy per particle that was related to its frequency. These
particles have become known as photons, and the energy contained in a photon can
interact with charged particles, such as the electrons within a molecule. The study of
such interactions has led to the fields of photophysics and photochemistry, with many
spectroscopic techniques being developed. In this thesis the detection and quantifica-
tion of a class of biological compounds known as pterins has been considered, using
fluorescence spectroscopy and surface-enhanced Raman spectroscopy (SERS). Com-
parisons have been made with standard fluorescence and SERS probes, and SERS in

particular is investigated with respect to its viability in pterin detection.
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1.1 Pterins

1.1.1 History and Description

Research into pterins began with Frederich Gowland Hopkins in 1889 when he isolated
the yellow pigment from the wings of the Brimstone butterfly (Gonepteryx rhamni),®
a feat that he repeated with the white pigment from the Cabbage White butterfly
(Pieris rapae).® These pigments were named xanthopterin and leucopterin respectively
by H. Wieland and C. Shopf, after the Greek words for yellow and white (xanthos and
leukos) and for wing (pteron).” Details of their molecular structure proved difficult and
it was 1940 by the time that the compounds were synthesised by Purrmann and the
structures were validated.” Purrmann also established the structure for isoxanthopterin
and soon afterwards a system was devised to nominate a basic pterin unit, composed of
a pyrazine ring and a pyrimidine ring combined together, from which derivatives could
be described based on attached substituents. The basic pterin structure is shown below

in Figure 1.1.

Figure 1.1: Pterin, composed of a pyrazine and a pyrimidine ring.

1.1.2 Photochemical & Photophysical Properties

One important factor concerning pterins is that many species exhibit poor solubility in
water and most organic solvents.® 1% This solubility varies from species to species with
solubilities for xanthopterin and isoxanthopterin in water at 20°C found to be one part
in 40,000 (2.5x107° M), one part in 200, 000 (5.0x107°% M)!! and biopterin and 7,8-
dihydrobiopterin one part in 10,000 (1.0x10~* M) and one part in 500 (2.0x1073 M)
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respectively. The solubility of compounds is, however, affected by the pH of the solution,
and in the datasheet from Schircks Laboratories, a prominent provider of pterins, it is

stated that a concentrated solution of biopterin may be prepared in 0.05 M NaOH.?

The involvement of pterins in various photobiological processes is a topic that has been
investigated in recent times.'*!®> They are particularly prone to UV absorption,1® al-
though similar species can show quite pronounced differences in their UV properties -
iIsoxanthopterin has an almost twice as large extinction coefficient as xanthopterin under
254 nm excitation!’ - 12400 to 6500. Under UV exposure pterins can become fluo-
rescent and can photo-oxidate into separate photoproducts, and they are also capable
of photoinducing the oxidation of DNA and its derivatives.82° Particular fluorescence
and photooxidation properties of the pterins have been suggested as being relevant in
certain biological systems. Pterins behave as weak acids in aqueous solution, and have
been seen to form an acid-base equilibrium, displaying an amine group and a pheno-
late group respectively, at pH values greater than 5.%! The acid dissociation constant
(pK,) is a measure of the strength of an acid in solution; with values of 9.42 for
xanthopterin,?? 10.8 for isoxanthopterin,?® 8.1 for biopterin?! and greater than 10 for

7,8-dihydrobiopterin.1®

Their changing fluorescent properties with pH have also resulted in pterins being used
in pH sensing.?* Shown in Figure 1.2 are the structures and literature UV/Vis spectra

of the pterins investigated in this thesis.
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Figure 1.2: (a) The structures of isoxanthopterin, xanthopterin, biopterin and 7,8-dihydrobiopterin. (b)
shows the UV/Vis spectra of biopterin (Dashed line) and 7,8-dihydrobiopterin (Solid line),
reproduced from Vignoni et. al.'* (c) shows the spectrum for xanthopterin taken from
Plotkin et. al.?> and (d) shows the spectrum for isoxanthopterin (Black spectrum), taken

from Hall et. al. 20
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1.1.3 Pterins in Biological Systems

Pterins have been widely studied in biological systems, in all manner of living organisms.
Much of the work has been concerned with colour pigmentation, and indeed much
has been directed towards members of the Lepidoptera, the insect order that contains
butterflies and moths. In the Oriental Hornet (Vespa orientalis) xanthopterin is found
in the thorax of the adults, seemingly to absorb harmful UV radiation.?® Pterins have
also been studied as blue-light receptors?’ and can be found in photoreceptive organs
in plants,?® in the pigments of insect eyes,?° and in the skin of amphibians,® the scales

of fish3! and the feathers of birds. 32

Other organisms found to exhibit pterins include the tunicate Ascidiella aspersa, which
shows pterin and isoxanthopterin to be excreted from the organism, though whether the
compounds are synthesised by the organism or acquired through diet is not known.3? The
Great Crested Newt, Triturus cristatus, has been found to possess increased levels of
tetrahydrobiopterin during tail regeneration, which is later replaced by isoxanthopterin,
and these changes affect protein synthesis.” Studies in rats have shown that the con-
centration of biopterins varies in different areas of the anatomy, with the tetrahydro
form being the most plentiful, with high concentrations found in the pineal gland, bone
marrow and in the spleen.3* Rat brains, while showing a relatively low concentration
overall, did show a distribution of the biopterin with one of the highest concentrations
found in the area known for high levels of serotonin. Other studies on rats have shown
increased concentrations of the tetrahydrobiopterin during liver regeneration,3® with

rapid excretion of the reduced dihydrobiopterin form.3°

In humans, biopterin is also found in body fluids, along with similar concentrations of
neopterin.’” Blood and serum levels of biopterin in humans have been linked as indica-
tors of various diseases, including tumour-growth, gout, liver disease and neurological
diseases. Changes in pterin concentrations in human urine have also been associated
with various diseases; neopterin and biopterin both exist in high concentrations in nor-
mal human urine, and other species such as isoxanthopterin and xanthopterin area also

found.3” Pterins have also been linked to roles in the early stages of postpartum de-
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pression. 38

Xanthoptein, and its structural isomer isoxanthopterin, have come under further study
regarding research into the diagnosis of various diseases, and in particular various can-
cers. While both xanthopterin and isoxanthopterin are both excreted by cells, leading to
potential in diagnoses, they have also been applied to studies on the reaction of cells to
pterin addition. One interesting study involving both xanthopterin and isoxanthopterin
was conducted with respect to their potential cytotoxicity towards MCF-7 cells.®® MCF-
7 is a breast cancer cell line, and in the course of the research these cells were exposed
to varying pterin concentrations, and mixtures of the two pterin compounds. The aim
of the study was to examine the ICsq values for each pterin and for a range of mixtures
of the two, and in doing so examine the potential of the pterins in treatment of breast
cancer. 1Cxq is the half maximal inhibitory concentration of a substance, and relates to
the concentration of the substance that will cause an inhibition of a biological process
to the factor of a half. Results showed that incubating the cell line with increasing con-
centrations of both xanthopterin and isoxanthopterin produced a decreasing trend in
the percentage of surviving cells. Mixtures of the two pterins in varying concentrations
showed a rise in the percentage survival of cells at a certain concentration ratio, with
the authors speculating that it could potentially be due to concentration-dependant
reactions within the cell. Another study into the anti-tumour properties of pterins was
performed with regards to Dalton’s Lymphoma, where mice induced with the condition

showed a greater survival rate following treatment with 2-amino-4-hydroxypteridine. 4°

In metabolic pathways the reactions that take place can be classified either as anabolic
pathways or catabolic pathways. Anabolism is the set of pathways that are concerned
with construction, the building of useful compounds from smaller components, and
is a process that requires energy input. Catabolism is the opposite of this where di-
etary compounds are broken down into smaller units, a process that releases energy.
The released energy is stored by the synthesis of adenosine triphosphate (ATP) or by
the reduction of the coenzyme nicotinamide adenine dinucleotide phosphate (NADP*
to NADPH). These become energy-rich fuel sources, which can then be used in the

anabolic pathways.
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Amino acids are one type of compound that are broken down in these catabolic pro-
cesses. The product of these degradation steps are usually compounds that can be
metabolized to CO, and H,O or else can be used in gluconeogenesis. This latter term
refers to a process whereby glucose is synthesized in the body from non-carbohydrate
sources, and represents a significant fraction of the glucose produced in the human

body, occurring within only a few hours of eating.

Pterins are important molecules in these metabolic pathways as they act as coenzymes
that facilitate enzyme reactions.*! Phenylketonuria is a condition that can result in
mental health problems within a few months of birth if not detected and treated im-
mediately. The reason for this condition is an inhibition to the metabolic pathway that
converts the amino acid phenylalanine to tyrosine. Tyrosine then plays a further impor-
tant role in biological functions, as it is further converted into neurotransmitters such

as dopamine. #?

The pathway for the conversion of phenylalanine is shown in Figure 1.3, where it can
be seen that the reaction is catalysed by the enzyme phenylalanine hydroxylase. This
reaction, however, cannot occur without the pterin species 7,8-dihydrobiopterin, which
is converted to 5,6,7,8-tetrahydrobiopterin by the enzyme dihydrofolate reductase and
the energy-rich NADPH. The pterin is then oxidized in the same step that facilitates
the oxidation of phenylalanine, before being reduced back to the starter molecule again

by dihydropterin reductase and NADH.

Analysis of the relative concentrations of coenzyme 7,8-dihydrobiopterin would therefore
be of some significance within biological analysis, and likewise with many other species

of pterins.

1.1.4 Pterin Detection

Other pterin species, such as xanthopterin and isoxanthopterin, are found to be present
in heightened concentrations in the urine samples of cancer patients.*> Much of the

diagnosis work undertaken on pterins has been done through the means of separation
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Figure 1.3: The metabolic pathway for converting phenylalanine to tyrosine, with 7,8-dihydrobiopterin

playing a role as coenzyme.

techniques coupled with established detection systems. Popular separation methods
such as liquid chromatography, ** high-performance liquid chromatography (HPLC)#5~°°
and capillary electrophoresis (HPCE)*3°1:52 have all been used for pterin studies, most
frequently employing fluorescence detection, though other techniques such as mass
spectrometry have also been used.®® Although these methods have become very sen-
sitive over the years (Limits of detection of about 1x107!° M) they still offer only
a limited amount of information about the structure of the molecules. Nuclear mag-
netic resonance (NMR) spectroscopy is one method that has been applied to obtain
structural information.>*>® Raman spectroscopy can also be used for structural analy-
sis of pterins,®’ and because of the potential of surface-enhanced Raman spectroscopy
(SERS) in the detection of lower concentration levels there have been some studies on

this, %89 with Feng et. al. obtaining a detection limit for xanthopterin of 5x107° M.58
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1.2 Light Interactions with Matter

Photons of a particular energy can be absorbed by a molecule, so long as the energy
spacing between the levels within the system allow this, and the molecule will be pro-

moted into an excited state. This concept is shown in Figure 1.4.

E,

Figure 1.4: The absorption of electromagnetic radiation.

Light interactions with matter can result in many different processes, three of which

discussed here will be absorption, fluorescence and scattering.

1.2.1 Optical Absorption

When light is incident on a material, the interaction between it and the molecules within
the material can be described though the use of molecular energy distribution diagrams.
Changes in the energy levels in a molecule can originate from changes in the electron
orbitals as they are promoted to different states, or indeed through the movement
of atoms within the molecule, be it molecular rotations or vibrations about the atom

positions.

One of the most widespread ways in which the motion of electrons within a molecule
is described is by use of Jablonski diagrams, which were devised by the Polish physi-
cist Aleksander Jabloriski.®' Figure 1.5 shows a simple representation of one of these

diagrams.

In Figure 1.5 the electronic states of the system are described by a series of levels, and

in this case the ground state (Sp) and the first excited singlet state (S;) are shown.
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Figure 1.5: Jablonski diagram showing the absorption and subsequent relaxation processes involved when
a photon of light promotes an electron from the ground state (Sp) to the first excited singlet

state (S1).

Within these states are shown the vibrational states of the species, which are much
closer in energy than the electronic states, and these are described as v = 0 for the
lowest vibration state within an electronic state through to v = n. The upward arrow
on the diagram relates to absorption; in this case energy is absorbed to promote an
electron in the lowest vibrational state within Sy into the v = 4 vibrational state in S;.
Relaxation processes occur within the S; state, followed by relaxation back down to the

Sy state, which is often associated with an optical emission event.

Electrons from a molecule in the ground state occupy the lowest available energy state,
with electrons usually paired and occupying different spin states.®?> Once promoted to
an excited state, an electron from this pair can be of the same spin, as it is in a different

electronic state.

The motional states of a molecule refer to the rotations and vibrations, which can pro-
duce small variations in the electronic distributions. The energies involved in transitions
between vibrational states are usually much lower than those between the electronic
states, while those relating to rotations are usually lower again. The rotational and
vibrational states are typically coupled to the electronic states, a state which is termed

as a vibronic state.®3

Transitions between different electronic or vibrational states of a molecule can be either

10
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radiative or non-radiative.®! Radiative transitions concern the absorption or emission of
a photon, facilitating a change in the energy state of the molecule. Radiative transitions
between singlet and triplet states are forbidden, but can occur if a spin-relaxation mech-
anism is present. Non-radiative transitions in a molecule can occur because of external
interactions, such as with the solvent or with other molecules, or because of internal
interactions such as internal conversion. Thermal interactions can also cause transi-
tions, and non-radiative transitions can also occur between singlet and triplet states.
A transitions between a singlet and triplet state is usually referred to as inter-system
crossing, which involves a transition between states of different multiplicities, and is

usually not very likely, though it is involved in processes such as phosphorescence.

Absorption occurs when a photon of energy E is absorbed by a molecular species,
promoting the molecule from the electronic energy level £, to the level E5; in the
simplest form this refers to excitation from Sy to S;. This occurs due to the energy
between the two energy levels corresponding to the absorbed energy of the photon,
and is the principle of UV /Vis spectroscopy. Infra-red absorption concerns excitation
to a higher vibrational state within the molecule, and occurs due to the absorption
of photons of much smaller energy. Infra-red spectroscopy is used to investigate the

vibrational structure of molecules.®*

1.2.2 Fluorescence

Fluorescence has been observed for many centuries, and in fact its presence is mentioned
in a medical report by Nicélas Monardes in 1565 of artefacts acquired from expeditions
to the West Indies. This observation was concerned with the bluish opalescence of
the water infusion of the wood of a small Mexican tree.®® Translations of Monardes's
work into both Latin and English resulted in the phenomenon becoming more widely
studied, and the Jesuit priest Athanasius Kircher noted in a publication in 1646 that
light passing through an aqueous infusion of the wood appeared yellow, while the light
reflected from it appeared blue.%® The effect was noticed in further materials, such

as quinine sulphate in 1845 by John Herschel, the discovery of which was published
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in the Philosophical Translations.®” George Gabriel Stokes investigated this further in
1852, using a prism to disperse the spectrum, and discovered that there was no effect
on a solution of quinine until it was placed in the UV region of the spectrum. From
this he was able to deduce that the emitted radiation was of a longer wavelength to
that of the incident radiation, an effect that is now termed the Stokes shift. Further
research led to the discovery and development of a variety of fluorescent materials and
dyes, and eventually fluorescence microscopes were developed from UV microscopes by
Otto Heimstaedt and Heinrich Lehmann between 1911 and 1913. From then onwards
fluorescence spectroscopy grew rapidly, and has been widely used as a research and

detection technique in the century since.

Fluorescence occurs in certain molecules through the absorption of a certain wavelength
of light and, after a brief period of time, the subsequent re-emission of the absorbed
energy at a longer wavelength. This absorption represents a change in the molecule
from a ground electronic state to an excited electronic state, an event that typically
takes place at very small time values, on the order of 107° seconds.®® The absorption
is characterised by the energy spacing available between the ground state and excited
electronic, vibrational and rotation values. A relaxation process then occurs whereby
the molecule reverts to the lowest vibrational energy level of the excited singlet state,
denoted as the v = 0 value in the S; state in Figure 1.6. This relaxation process is
known as internal conversion, which is a thermal process characterised by collisions of the
excited state molecule with solvent molecules, a process usually occurring on the order
of 107! seconds. The molecule now exists in the lowest vibrational energy level of the
excited singlet state (S;) for a time on the order of nanoseconds before relaxing back to
the ground state (Sg). A second process can also occur within the molecule, known as
inter-system crossing, also shown in Figure 1.6, whereby the molecule relaxes to a long-

lived triplet state (T;), which is the basis for the phenomenon of phosphorescence. %!

The quantum yield of a fluorophore is a ratio of the photons emitted as fluorescence
to the photons absorbed from the radiation source, and as such is a measure of the
emission efficiency. The fluorescence lifetime, usually denoted as 7, is the time the

molecule remains in its excited state before returning to the ground state. Excitation

12
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Figure 1.6: Jablonski diagram showing the absorption, relaxation and emission processes involved in both

fluorescence and phosphorescence.

using a brief pulse of light from, for example, a laser light source, will result in a

fluorescence decay described by the equation

I(t) = loel=7) (1.1)

where /(t) is the intensity after a time t and /y is the initial light intensity.®! Thus the
fluorescence lifetime is defined as the time taken for the fluorescence intensity to decay

to 1/e of the initial intensity.

1.2.3 Scattering Processes

Another important interaction between incident photons and a molecular species is
that of scattering, which is a process involving the absorption of one photon and the
emission of another one. The type of scattering is described according to the energy of
the scattered photon. If the energy of the incident and scattered photon is the same,
the process is known as elastic scattering, or as Rayleigh scattering. After such an
interaction the energy of the molecule is in the same state as before the interaction
with the light, and not much information is provided about the internal structure of
the molecule. In the case of the scattered photon possessing a different energy to
that of the incident photon, the process is called inelastic scattering, with the energy

difference relating to a transition within the molecule. Raman scattering is a form

13
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of inelastic scattering concerning the transitions between vibrational and/or rotational

energy levels.®3

Raman scattering and fluorescence processes are in a way similar, with both involving
the emission of a photon of different energy following interaction with the incident
photon. The important difference between the two is the timeframe upon which both
are based. Fluorescence occurs after a delay of about 10~° seconds following absorption
while Raman scattering is a much faster process. Scattering processes are, however,

weak when compared with other processes such as fluorescence or absorption.

1.2.4 The Width & Intensity of Spectral Lines

It might be expected that the energy transitions within molecules or atoms would result
in very precise, sharp and defined spectral peaks. One reason why this does not occur,
and why peaks of a certain width are seen instead, is because of the resolution of the
spectrometer grating itself. There will be an inherent range of frequencies, however
small this range might be, passed through the sample, which will in turn lend a certain
lack of definition to the peaks in the shape of broadening. But despite progress towards
instrumentation of higher resolution there is still a natural line width associated with
any spectrum, which cannot be avoided through advanced instrumentation. Two fac-
tors that in particular contribute to this natural line width are collision broadening and

Doppler broadening.%*

Collision broadening, as the name suggests, is based on collisions that occur between
free-moving atoms or molecules in gaseous or liquid media. Collisions result in slight
deformations of the molecules, particularly in liquids where there is a greater concen-
tration of molecules, and this manifests itself particularly regarding the outer electrons
of molecular species. This particularly affects transitions examined in UV/Vis spec-
troscopy, as the outer electrons contribute predominantly in this process. Doppler
broadening is again evident in both gaseous and liquid samples, due to the Doppler shift
of frequencies based on the movement of bodies emitting the radiation. This effect

broadens the spectral lines on either side of the peak because of the random motion
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of the particles; the frequencies are shifted to both higher and lower frequencies. The
Heisenberg uncertainty principle, in this case, states that a system existing in an energy

state for a certain time will have an intrinsic uncertainty in its energy.

The intensity of any given spectral line can also be attributed to a combination of factors,
in particular the transition probability, the population of states and the concentration
of the sample. The transition probability relates to the selection rules that govern
the transition in question, and are defined for different spectroscopic techniques. The
population of states is described by Boltzmann distribution statistics, and the ratio of
the relative populations of the upper and lower energy states can be determined through

the formula:

NU er
BRS¢

3

1:2)
NLower (
where AE is the energy gap between the upper and lower energy levels, T is the tem-

perature in Kelvin and k is the Boltzmann constant.®

Regarding the concentration, the Beer-Lambert Law can be implemented, which in

terms of the absorbance can be represented as thus:

0

A = log (/i) = ecl (1.3)

where € is what is known as the molar absorption coefficient, and is specific to the
material in question. c refers to the concentration of the sample and / is the path

length, i.e. the distance through which the incident light passes.

1.3 The Raman Effect

Raman spectroscopy was discovered by the Indian physicist C.V. Raman in 1928, 7© for
which he won the 1930 Nobel Prize in Physics. The effect is based on the scattering of
light, at higher and lower frequencies to that of the incident light. When a monochro-
matic light beam is passed through a transparent sample, there will be some scattering

of the light. The majority of the light undergoes elastic scattering, i.e. it is scattered at
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the same frequency as the incident radiation, in a process known as Rayleigh scattering.
But some of the light will also undergo inelastic scattering, both of higher and lower
energies. The signal received due to lower energy scattering is referred to as having
undergone a Stokes shift, while that of higher energy is said to have undergone an

anti-Stokes shift. It is these shifts that are considered in Raman spectroscopy.

Both Stokes and anti-Stokes shifted spectral lines are very weak, and the intensity of
the lines is dependent on the sample temperature and thus the relative populations
of the vibrational energy levels. At room temperature Stokes shifted signals are the
more strongly observed, and so are usually the ones studied in conventional Raman
spectroscopy. Laser light is now implemented in obtaining Raman signals, as it is both
highly monochromatic and extremely powerful, so as to obtain resolved and strong
material spectra. One issue with using the laser source for Raman measurements is that
the heat caused by intense beam absorption can cause decomposition of the sample, !
especially if the sample has an absorption peak at the same frequency as the incident
laser. One method for dealing with this problem is by changing the incident wavelength.
Fluorescence can also be an issue, as it is a much stronger signal and as such can
completely swamp a Raman sample measurement.’?> One way to combat this is to
use time-resolved detectors that can differentiate between the Raman signals and the

significantly slower fluorescence lifetimes. 3

The Raman effect can be described both classically and by the use of quantum theory.

Following will be a brief account of both.

1.3.1 Classical Interpretation of the Raman Effect

The classical interpretation of Raman scattering concerns the molecular polarisability
of a molecule. In an electric field the electrons and nuclei experience a force and as
such respond, causing a certain distortion of the molecular species. This causes what is
known as an induced dipole moment and the molecule becomes polarised. This induced
dipole moment is termed w and can be related to the magnitude of the applied electric

field, E, and to what is known as the polarisability of the molecule, o, which is the ease
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with which a molecule can become polarised. ®*

= daE (1.4)

The induced dipole moment varies with molecular orientation in a static electric field;
for a H, molecule the value is found to be about twice as large for a field applied along

the bond axis compared to one applied perpendicular to the axis.%*

One of the ways of representing this relationship is by using a polarisation ellipsoid, which
is essentially a surface surrounding the molecule. The distance from the electrical centre
of the molecule to this surface is proportional to 1/,/a;, with a; being the polarisability
joining the electrical centre to a point / on the surface. Because this is an inverse
relationship, the points at which the polarisability is greatest will correspond to points
on the surface that are closest to the electrical centre.®* A schematic is shown in
Figure 1.7, which represents a cross-section taken of this ellipsoid in the case of the H,

example.

Figure 1.7: Schematic showing the cross-section of a polarisability ellipsoid for H,. The red arrows show
the distance from the electrical centre of the molecule to points on the ellipsoid, with the

greatest polarisability to be found along the bond axis.

The electric field experienced by a molecule when a sample is irradiated by a beam of

radiation is described by the formula:

E = Epsin2mut (iv5)

and coupling this with Equation 1.4 gives us:

it = aE = afqysin2nut (1.6)
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which means that the induced dipole also undergoes oscillations of frequency v. This os-
cillating dipole emits radiation, which is of course that which is associated with Rayleigh
scattering. If vibration or rotation of the molecule occurs, altering the polarisability pe-
riodically, then there will also be an oscillation according to the motion in question. This

can be represented by an equation in the form

a =g+ Bsin 2T, pt (1.7)

where ag Is the polarisability at equilibrium and g is the rate of change of the polaris-
ability and wv,;p is the vibrational frequency. Substituting this into Equation 1.6 leaves

us with:

u = aE = (ag + Bsin 2wv,;t) Eq sin 2yt (1.8)

and multiplying this out gives us

= ok = agEqsin 2nvt -+ BEesin 20Vt sin 2n0E (1.9)

which can be modified using the trigonometric relation:

sinAsin B = %{cos (A—B) —cos(A+ B)} (1)

to give:

: 1
= agEqsin2mut + EﬁEo{cos 2T(U — Vyip)t — cos2m(U + Vyip)t} (aay

From all this it can be seen that the dipole has oscillations of v £+ v, in addition
to that of the incident frequency.®* From this the general selection rule for Raman
scattering can also be established; for a molecular vibration or rotation to be Raman
active, there must be an associated change in the molecular polarisability. This is a
useful requirement, as it differs from that of infra-red spectroscopy, which also studies
vibrational bands but has the requirement that the motion alters the molecule’s electric
dipole. For this reason Raman spectroscopy can be a complementary technique to
infra-red spectroscopy, as the two techniques can provide different information on a

molecule's vibrational structure. %474
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1.3.2 Quantum Iinterpretation

Considering an incident photon of energy hv on a molecule, the majority of the scattered
radiation will be Rayleigh scattered, and the radiation reaching the detector will be of
the same energy as the incident light. Instances where the scattered light is not of
the same frequency as the incident light, where the light is inelastically scattered, can
either occur where the scattered light will be of more or of less energy than the incident
light. In the case where the scattered light has less energy, then this will correspond to
hv — AE and the scattered radiation will have a frequency equal to v — AE/h. This
incidence, where the frequency of the scattered light is less than that of the incident
light, is known as Stokes shifted radiation. The converse case, where the energy of the
light is hvu + AE, is known as anti-Stokes radiation, although it is generally observed
at much lower intensities than Stokes radiation. Both are very small though regardless,
with Stokes scattered radiation usually accounting for only 1 in 10° photons of incident
light. The process is described in Figure 1.8, which also shows the presence of what

are known as "virtual states’ .63

First Excited

L Singlet State
v=1 (51)
v=0

SR TR MittualState
v=3
v=2 Ground State
= e ¥

Figure 1.8: Raleigh, Stokes and anti-Stokes scattering processes.

In this representation, virtual states are used to describe each of the three scattering
events. While there is no physical meaning to this virtual state concept, it stems
from a quantum mechanical understanding of Raman scattering, and helps to visualise

scattering occurring at any incident laser wavelength.®3
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1.4 Plasmons

Plasmons are involved in the surface-enhancing properties of metals on Raman signals,
and they are generally described as quantised waves, arising from the collective excitation
of conduction electrons in metallic materials.”> Many metals can be treated as free
electron systems, which means that it is the conduction electrons within the material
that define the overall electronic and optical properties of the material. Because the
free electron model contains an equal number of electrons and fixed positive ions, the
material can be related to as a plasma, and under an external electric field these electrons

can oscillate coherently at a specific frequency.

1.4.1 Plasmons and the Free Electron Model

Plasmons that occur within an infinite bulk material will have the frequency of oscillation

[ Ne2
— 112
Wp colMe ( )

where N is the number density of mobile electrons, €q is the dielectric constant of a

described by the formula

vacuum, e is the electron charge and m. is the electron mass.”® The electrons oscillate
according to the applied electromagnetic field, although they do experience collisions,
which are described by the damping constant, or the collision frequency «y. This fre-
quency is also represented in an inverse form, v = 1/7 where T is the relaxation time
of the free electron gas, which is typically about 107 '* s at room temperature.”® The
plasmon frequency and the damping constant are both involved in the definition of the

dielectric function of the free electron gas:

w2

AR M el DO
g(u) = 1 e iy

The real and imaginary parts of this equation, whereby €(w) = €;(w) +iex(w), are given

by76

Ld27'2
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wiT
(1.15)

€2(w) = dEPulD)
The region where w < w,, is an important region for plasmonics. For frequencies close
to w, there is negligible damping, and €(w) is predominantly real. The low frequency
regime sees greater influence from the imaginary part of the function, in which region
metals are mainly absorbing. The region of w > w, sees a greater background contri-
bution from the positive ion cores, and because of this a further dielectric constant €,
is brought into the equation.®3

&) = ex(l i —‘ﬁ—-) (1.16)

w? + /’Yo(JJ

The dielectric function of this model, the Drude model, describes the optical response
of metals only for energies below the threshold before interband transitions occur. For
noble metals this can begin to occur from energies of about 1 eV, "® which corresponds
to a wavelength of about 1200 nm, so the transitions occur by the time the energy
approaches the visible region of the spectrum. Plots of the real and imaginary data for
gold and silver have previously been plotted against fits of the Drude model, showing the
breakdown of this model in the visible region.’® At frequencies above this threshold, due
to the presence of the interband transitions, there is an increased damping of the surface
plasmon excitation, resulting in increased competition at visible frequencies.’® Because
of this a further term can be added to Equation 1.16 to account for the inter-band

transitions.
2
w
P
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From studies into the plasmonic properties of various metals, gold and copper are found
to behave favourably at wavelengths greater than about 600 nm. Below this silver is

the most prominent material, and indeed it and gold are the most widespread of the

plasmonic materials. %3

An infinite bulk material is of course an ideal concept. Electromagnetic waves, incident
on the surface of a metal, will only penetrate a certain depth into the material. This

is related to the wavelength and is less than 50 nm for noble metals such as gold or
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silver in the visible region.” This means that the electric field required for the coherent
excitation of the conduction electrons is limited to electrons within this region. The
concept of infinite dimensions cannot be applied here, as the surface of the metal and
the surrounding materials of varying dielectric constants must also be considered. For a
metal-vacuum interface the plasmon frequency will be lower than in a bulk material, ”®
and is described as w,/v/2. These collective oscillations at a metal surface are known as
surface plasmon polaritons (SPPs). On a surface these can be represented as periodic
alternations of surface charge density, propagating along the surface in the form of a

longitudinal wave. This concept is shown in Figure 1.9.

In very small particles or spherical colloids the surface plasmons are confined further,
to a finite volume. The oscillations within the particles mean that the charge density
will result in a separation of charge across the particle, but as there is nowhere for
the wave to travel the plasmon is confined to the particle. These types of surface
plasmons are known as localised surface plasmons (LSPs) and are generated when the
conduction electrons oscillate coherently with an incident electromagnetic wave. In a
vacuum the resonant frequency will become wp/\/§ as the plasmons are confined in

three dimensions.
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Figure 1.9: (a) Schematic showing the collective oscillations of free electrons leading to the propagation
of longitudinal surface charge density waves. (b) Schematic of the oscillations in a spherical

gold particle. Because of the confinement there are only dipole plasmon resonance effects.

The shape of the particle is also of some importance. Gustav Mie developed an ex-
pression to describe the extinction coefficient E(X) of spherical particles in the long-

wavelength limit. "’

E(N)=

24mNaaen’ j
TNya’e ( € ) (1.18)

In (10) (er +2€m)? + €2
In this formula, N4 is the areal density of the nanoparticles, a is the particle radius,
€m IS the dielectric constant of the surrounding medium and €, and ¢; are the real and
imaginary parts of the metal dielectric function. When ¢, = —2¢,, a resonant peak is
observed, and for gold and silver this appears in the visible part of the spectrum. The
€, + 2€,, term in Equation 1.18 describes a spherical particle, but for other shapes this
is replaced by €, + x€,,, where x is what is known as the shape factor. Thus there is
clearly quite a strong dependence on the particle shape, and the resonant peak can be

tuned according to this relationship.
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1.5 Surface-enhanced Raman Scattering (SERS)

Surface-Enhanced Raman Spectroscopy (SERS) is a technique that was initially devel-
oped in the late 1970’s. It was discovered through observations of an enhanced Raman
scattering from pyridine adsorbed to electrochemically-roughened silver surfaces. Two
independent research groups discovered this phenomenon separately, “®° but the tech-
nique initially failed to build on early promise, in a large part due to the difficulty of

being able to reproducibly replicate substrate surfaces.

In recent times there has been a renewal of interest in the area due to nanofabrication
techniques now being able to combat this issue, producing more reproducible substrate
features capable of achieving signal enhancement. The use of the word "features” is
important when applied to the substrate fabrication, as the shapes and dimensions of
these features play a critical part in reproducibly obtaining high enhancement fields.
The discovery of single molecule SERS (SMSERS) in 1997 was a major breakthrough
for the technique, 88! and since then SERS has been applied to a number of analytical
and theoretical studies, 8283 and the increased exposure has led to the development of

more sophisticated instrumentation.

A thorough understanding of the principals behind SERS has been challenging. The
initial enhancement factor (EF) of 10°-fold was seen as originating from two factors
an electromagnetic enhancement and a chemical enhancement. This happens because
the intensity of the Raman scattering is directly proportional to the square of the induced
dipole moment, which is itself the product of the Raman polarisability and the magnitude

of the incident electric field.®* The SERS concept is shown in Figure 1.10.
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Figure 1.10: Representation of surface-enhanced Raman scattering, showing enhancement of the Raman

signal due to adsorption of a compound to silver colloids.

1.5.1 Plasmons & SERS Enhancements

The Raman cross-section from a given vibrational mode can usually be translated to a
SERS cross-section through an enhancement factor.®® SERS enhancements are gener-
ally believed to stem from two sources; an electromagnetic enhancement or a chemical
enhancement. The electromagnetic enhancement is thought to contribute the most
towards the SERS effect; it is essentially the coupling of the incident field and the
Raman scattering field with the SERS substrate.®® The Raman field enhancement is
dependent on the excitation of localised surface plasmons on the SERS substrate. The
chemical enhancement is still poorly understood, though it is believed to originate from
some kind of alteration to the polarisation of the molecule when it becomes adsorbed
onto the SERS substrate, 8 after which resonant effects can come into being, even at

non-resonance wavelengths.

2b



1.5. SURFACE-ENHANCED RAMAN SCATTERING (SERS)

1.5.2 Surface Enhanced Resonance Raman Spectroscopy (SERRS)

The Raman scattering intensity observed can vary by many orders of magnitude depend-
ing on the probe used and on the incident laser wavelength.®® Regular Raman scattering
is found to be higher for molecules that have an electronic energy close to that of the
incident laser, for example dyes. This effect is termed resonance Raman scattering
and can be up to about 10° times greater than that for off-resonance molecules. This
resonance effect also translates to SERS; if the incident laser is in resonance with the
electronic transition of a molecule that is close to an enhancing substrate then the
cross-section of the molecule can become much more enhanced, which leads to the
observation of surface-enhanced resonance Raman spectroscopy (SERRS).%* Any fluo-

rescence due to excitation of the SERS probe is quenched by the enhancing substrate.

SERS enhancements on the order of 10° are reqularly described but the multiplicative
resonance effects from SERRS can result in 10* to 10® enhancements.®8” The added
sensitivity offered by SERRS has led to the possibility of single-molecule detection, 80-88
though this sensitivity is dependent on the excitation wavelength.8® SERRS has also
recently been used for the immunochemical localization of ovalbumin in paintings,®° for
the investigation of metmyoglobin®! and for the investigation of enzyme-like properties

of silver nanoparticles towards the detection of hydrogen peroxide.®?> The processes of

Raman, SERS and SERRS are shown in Figure 1.11.

Raman Surface-enhanced Surface-enhanced
Raman Resonance Raman

Figure 1.11: Comparison of Raman, SERS and SERRS.

26



Optical Properties of Pterins

The response of pterins to light has been investigated for several decades, °>°* and their
presence has been well documented in many photobiological roles in the animal king-
dom. Many pterin species have also been found to be fluorescent, with these properties
found to vary with pH.% In this chapter the optical response of pterins has been exam-

ined using UV /Vis spectrometry and fluorescence spectroscopy.

2.1 UV/Vis & Fluorescence Spectra

Four pterin species were examined using a Shimadzu UV-2401PC UV /Vis spectrometer;
xanthopterin, isoxathopterin, biopterin and 7,8-dihydobiopterin. The spectrometer was
operated at a fast scan rate using a 1 nm slit width, using disposable PMMA cuvettes
(manufactured by Plastibrand®) with a 1 cm path-length and 18 Q Millipore water was
used as the solvent throughout. Xanthopterin and isoxanthopterin were obtained from
Sigma-Aldrich at 97% purity and biopterin and 7,8-dihydrobiopterin were obtained from
the School of Biochemistry, originally sourced from Shircks Laboratories at 98% purity.
These purities were not verified prior to use. The structures of each species are shown
in Figure 2.1. The solubility of xanthopterin was tested, with a sonicated 1 x 1073 M
solution vacuum filtered through a Buchner Flask and the remaining solute weighed.
This was repeated four times and the results found the solubility limit to be 7.6 x 10~*

M, which is in the region of stock solutions that were prepared during the thesis. This
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insolubility means that there will be an error associated with the absolute concentrations

quoted in the thesis, meaning that measurements are purely comparative.

Pootitaey

Isoxanthopterin Xanthopterin

i osgal

Biopterin 7,8-dihydrobiopterin

Figure 2.1: The chemical structures of isoxanthopterin, xanthopterin, biopterin and 7,8-dihydrobiopterin.
The 7 and 8 labels on the final species show the position of the extra two H atoms, that

differentiate it from biopterin.

The absorption spectra of pterins usually consist of two main absorption bands between
230-500 nm.?1%® These two absorption bands relate to transitions between singlet
states of the pterins. The high energy band, at 290 nm, corresponds to a transition
from the singlet ground state to the second excited singlet state (Sog — S,), while the
lower energy band relates to a transition to the first excited singlet state (S, — S;).2?
Moving to higher concentrations can affect the absorption profiles of many materials,
due to re-absorption effects.?” Other factors such as the type of solvent used, the pH

of the solutions and the temperature can also affect the absorption profiles.

Biopterin and 7,8-dihydrobiopterin are very similar compounds, and the latter is known
to be involved in the metabolism of amino acids.?® Both of these species, and other
derivatives, are also known to accumulate in sufferers of the chronic depigmentation
disorder vitiligo.%® Fluorescence spectra were measured on a Varian Cary Elipse fluores-
cence spectrometer using 5 nm excitation and emission slit widths and a 10 nm/s scan
rate. 1 mL cuvettes with a 1 cm path length were used for measurement and water was

employed as the solvent for each investigation. For some measurements the integrated
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fluorescence is used for data analysis; this refers to the area under the curve in each
incidence. Fluorescence excitation spectra taken at an emission wavelength of 450 nm,

and the respective UV/Vis spectra are shown in Figure 2.2.
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Figure 2.2: The absorption and excitation spectra of 5 x 107® M aqueous solutions of (a) biopterin and
(b) 7,8-dihydrobiopterin. The absorption spectra were taken using 1 nm slit widths and a
scan rate of 10 nm/s and the excitation spectra using 5 nm excitation and emission slit
widths and a 10 nm/s scan rate. Both excitation spectra were measured at an emission

wavelength of 450 nm.

The two compounds show similar high-energy absorption bands, with a peak located

at about 275 nm, though the lower energy peak differs slightly, with that of biopterin
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slight red-shifted from that of 7,8-dihyrdobiopterin, which is consistent with literature
observations.* The high energy band in both cases displays a greater absorption com-
pared to the lower energy band, while in the excitation spectra the lower energy bands
become more prominent. Because the emission spectra remain unchanged regardless of
the excitation wavelength, this suggests that only the S; band is emissive.?! A similar

investigation was carried out with isoxanthopterin and xanhopterin, shown in Figure 2.3.
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Figure 2.3: The absorption and excitation spectra of 1 x 10> M aqueous solutions of (a) xanthopterin
and (b) isoxanthopterin. The absorption spectra were taken using 1 nm slit widths and a scan
rate of 10 nm/s and the excitation spectra using 5 nm excitation and emission slit widths
and a 10 nm/s scan rate. The excitation spectrum of the former species was measured at

an emission wavelength of 490 nm and the latter was measured at 410 nm.
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The absorption spectra in both cases were quite weak, though xanthopterin was ob-
served to show a greater absorption regarding its higher-energy band, the opposite of
which was true for isoxanthopterin. The excitation spectra, taken at a 490 nm emission
wavelength for xanthopterin and a 410 nm wavelength for isoxanthopterin, showed a

better response, with the lower-energy band becoming more prominent in both cases.

The emission spectra of each of the four pterin species were also measured, and are
shown in Figure 2.4. Fluorescence quantum vyield calculations by Thomas et. al. sug-
gested that only a fraction of the energy excited to higher-energy excited states (S,

etc.) is translated to the lowest excited singlet state.®®

31



2.1 UN/VIS & FLUORESCENCE SPECTRA

—— 7,8-dihydrobiopterin

=00 —— Biopterin

400 +
300 -
200 +

100

Fluorescence Intensity (a.u.)

0

350 400 450 500 550 600
Wavelength (nm)

(a)
Isoxanthopterin
—— Xanthopterin
" 2504
3
&
> 200
‘»
=
L 1504
£
8 1001
=
)
@
o 50 -
S
T 0
350 400 450 500 550 600

Wavelength (nm)
(b)

Figure 2.4: The emission spectra of aqueous solutions of (a) 1 x 10~* M biopterin and 1 x 107% M
7.,8-dhydrobiopterin (Amax = 450nm) and (b) 1 x 107> M isoxanthopterin Amax = 410nm
and 1 x 10> M xanthopterin Am.x = 490nm. The spectra were taken using 5 nm excitation
and emission slit widths and a 10 nm/s scan rate. The excitation wavelength in (a) was set
to 352 nm for both species and in (b) it was set to 342 nm and 390 nm for isoxanthopterin

and xanthopterin respectively.

The emission spectra for the two biopterin species shows the position of the fluores-
cence band to be at 450 nm for each, although the 7,8-dihydrobiopterin shows a greater
fluorescence intensity despite a similar concentration being used. The two species are

very structurally similar, differing only in the presence of extra hydrogen atoms at posi-
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tion 7 and 8 on the pyrimidine group, as shown in Figure 2.1. The similar fluorescence
peak value would make the species difficult to resolve through conventional fluorescence
spectroscopy. The emission spectra for isoxanthopterin, in Figure 2.4(b), shows a much

stronger fluorescence to xanthopterin, again despite similar concentrations being used.

2.2 The Inner Filter Effect

The intensity of fluorescence can be dependent on the optical density or turbidity of the
sample, which can lead to an inner-filtering effect.?”1%9 This effect, which can decrease
the observed fluorescence through re-absorption processes, means that fluorescence
intensities are only proportional to concentration over a limited range. The effect can

be reduced by using shorter path lengths or can be corrected for by using the equation:

ODex+ODem )
2

Feorr = Fobs10( it}
where OD,, and OD,,, are the optical densities at the excitation and emission wave-
lengths respectively. High optical densities can also display other distortions to emission
spectra, such as in a shift in the emission spectrum of Rhodamine 6G to longer wave-
lengths at higher concentrations.°* This occurs due to a re-absorption of the shorter
wavelength region of the emission profile. Another problem with using samples that
are too concentrated is that all of the light can be absorbed at the surface facing the

incident light.

Xanthopterin solutions were prepared in the concentration range from 1 x 107* M to
2 x 107> M, and the fluorescence response was measured over this range. Shown in
Figure 2.5(a) and (b) are the emission spectra for the xanthopterin before and after
inner-filter correction respectively. Figure 2.5(c) shows the spectra integrated from 260

nm to 400 nm and plotted against concentration.
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Figure 2.5: The excitation spectra of xanthopterin in aqueous solution from 1 x 107™* M to 2 x 107°
M (a) before and (b) after inner-filter correction according to Eq. 2.1. The spectra were
taken using 5 nm excitation and emission slit widths and a 10 nm/s scan rate, with the
emission wavelength set at 410 nm. (c) shows the spectra integrated between 260 and 400

nm plotted against concentration.
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Evident from these spectra is that the response loses linearity at higher concentrations,
due to re-absorption effects. Applying the correction for inner-filter effects yields a

better response.

2.3 pH

The pH of the solvent can have a large effect on the properties of pterins; the acidic
and basic forms are different molecules, meaning that the electronic energy levels will
be different in energy, symmetry and/or conformation and this can result in different
absorption and fluorescence spectra. In general, pterins behave as weak acids in aqueous
solutions and in solutions of pH greater than 5 possess an equilibrium involving an
acid form (or amide form) and a basic form (or phenolate form).?1% This acid-base

equilibrium is shown in Figure 2.6.

o

I
+
Hy N = H Ho N)§

Figure 2.6: The acidic and basic forms of pterins.

For many pterin species this equilibrium exists in the pH range from 4-12.192 The
acid dissociation constant (pK,), which is a measure of the strength of an acid, has
been measured at about 8 for many pterins, though some functional groups that are
attached to certain types have stronger values of about 2. Differences in the photo-
physical behaviour of pterins due to the pH environment is an important consideration
concerning fluorometric analyses, 193719 and understanding these variations could aid in

understanding their roles in biological systems.
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2.3.1 UV/Vis Spectra

The absorption spectra of pterins are known to be highly sensitive to pH.04106.107

Solutions of 2.54 x 107*M isoxanthopterin and xanthopterin at pH 3 and 12 were
prepared, with the pH varied using an Orion 420a pH meter and dilute HCI and NaOH
to prepare the acidic and basic solutions respectively.®® The meter was calibrated using
pH 4 and pH 7 standard solutions. Neutral solutions of about pH 7 were also prepared

using Millipore water. The UV/Vis spectra are shown of these solutions in Figure 2.7.
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Figure 2.7: The UV/Vis spectra of acidic, neutral and basic pH solutions of 2.54 x 10=°M of (a)

isoxanthopterin and (b) xanthopterin.
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The basic forms of each compound in Figure 2.7 show a quite dramatic increase in
absorption, which corresponds to the phenolate form from Figure 2.6. The acidic form
does not appear to show much change in the absorption properties from the neutral
pH measurement, suggesting that the equilibrium at this pH favours that of the acidic
form. This would be consistent with pH studies carried out on other pterin species,
where pterins were found to behave as weak acids in aqueous solution.?® The large
increase in the absorption value between the acid form and the basic form is not,

however, something that appears to be noted in relation to other pterin species.

The high energy band in both basic forms is blue-shifted from the acidic and neutral
forms, which is consistent with investigations by Lorente on other species.?! For the
higher energy bands Lorente found the basic form to be red-shifted from that of the
basic form, while in our measurements we found little variation in this peak position

across all pH values investigated.

2.3.2 Fluorescence Spectra

The fluorescence properties of isoxanthopterin and xanthopterin in different pH solu-
tions were also analysed, using a greater range of pH values. A similar trend was
observed as with that of the UV/Vis measurements, with the basic pH values producing
the fluorescence. This relationship can be seen in the emission spectra for each of
isoxanthopterin and xanthopterin (measured at excitation wavelengths of 342 nm and

390 nm respectively) at a concentration of 2.54 x 107> M, shown in Figure 2.8.
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Figure 2.8: The fluorescence spectra of acidic, neutral and basic pH solutions of 2.54 x 107> M of (a)
isoxanthopterin and (b) xanthopterin, taken at excitation wavelengths of 342 nm and 390

nm respectively.

The change in signal between the acidic and basic media is the most striking for xan-
thopterin, in Figure 2.8(b). The intensity for the 390 nm excitation peak at pH 3 is
only about 5% of the intensity at pH 12. There is also more of a shift in the position of
the emission peak for xanthopterin, with the peak in the basic solution being red-shifted
from that of the neutral solution, and the acidic form being red-shifted even further,
though the fluorescence decreases with acidity. This contrasts with the investigations

of Thomas et. al. who found the acidic forms of four pterin species to produce a
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red-shifted fluorescence relative to the basic form.® Xanthopterin and isoxanthopterin
were not involved in this study however, and it is possible that these species behave

differently to those investigated by Thomas.

2.4 Pterin Mixtures

Isoxanthopterin and xanthopterin are found in abnormal levels in the urine samples of
cancer patients,*>°! and the relative concentration of pterin species is also a useful
measurement, as incremental variations in these ratios have also been reported in can-
cer research. 198109 Relative pterin concentrations can be investigated using synchronous
fluorescence spectroscopy, 1'% but here we wanted to explore the use of isoxanthopterin
as an internal standard for the determination of xanthopterin using conventional fluo-

rescence spectroscopy.

2.4.1 UV/Vis Properties of Pterin Mixtures

The two pterins were mixed together in varying ratios, beginning with a 0:1 isoxanthopterin-
to-xanthopterin ratio, with the one ratio unit corresponding to 1 x 10~*M concentra-
tion. Ratios were then made up keeping the isoxanthopterin concentration constant

and changing that of the xanthopterin, from 1:1 up to 1:5.
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Figure 2.9: (a) The original absorption spectra of the aqueous isoxanthopterin:xanthopterin mixtures

and (b) the spectra overlaid.

In the plots shown above in Figure 2.9, the xanthopterin absorption spectrum on its
own can be seen as the 0:1 line. As the isoxanthopterin is added in for the 1:1 solu-
tion the properties change slightly, with a representative peak appearing at about 350
nm. Henceforth the baseline of the plots continues to increase periodically, and from
Figure 2.9(b) it can be seen that the peak at about 280 nm also increases slightly with

the added xanthopterin concentration.
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2.4.2 Excitation and Emission Properties

The samples were also analysed both using the isoxanthopterin and the xanthopterin
excitation and emission maxima, as the mixed solutions had elements of both. This
required excitation spectra to be taken at both a 410 nm and 490 nm fixed emission for
isoxanthopterin and xanthopterin respectively, and emission spectra to be taken at both
342 nm and 390 nm. The resulting excitation spectra at the two emission wavelengths

are shown in Figure 2.10.
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Figure 2.10: The excitation spectra of the aqueous mixed pterin solutions at different isoxan-

thopterin:xanthopterin ratios for emission wavelengths of (a) 410 nm and (b) 490 nm.

The spectrum shown in Figure 2.10(a) shows the excitation of isoxanthopterin. For the

xanthopterin spectra in Figure 2.10(b) there is not as much of a change as might be
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expected for the increasing xanthopterin concentration.

The same approach was taken to look at the emission spectra, this time using the

chosen excitation maxima for both pterin species. The results of this are shown in

Figure 2.11.
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Figure 2.11: The emission spectra of the aqueous mixed pterin solutions at different isoxan-

thopterin:xanthopterin ratios for excitation wavelengths of (a) 342 nm and (b) 390 nm.

The spectra shown in Figure 2.11(a) show the emission spectra according to excitation

at 342 nm, which is the excitation wavelength of isoxanthopte<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>