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Abstract

In th is thesis, a prelim inary study is conducted in to  surface-enhanced Raman spec­

troscopy (SERS) and fluorescence spectroscopy towards the detection and analysis o f 

pterins. Firstly, investigation o f some optica l properties o f various pterin species is con­

sidered, using absorption and fluorescence spectroscopy. Silver colloids fo r SERS anla- 

ysis are then investigated, particularly concerning substrate reproducib ility and analysis 

optim isation . Complementary to  the study o f using silver colloids is the investigation 

o f SERS using tw o nanoparticulate substrates, prepared using pulsed laser deposition 

(P L D ) and electron beam evaporation (E B E ). These materials are also characterised 

according to  the ir SERS reproducib ility and the PLD film s are compared to  a com m er­

cial substrate. The appendices consider o ther m ateria ls and techniques used during the 

project, and an outlook fo r fu tu re  work is also presented.
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1
Introduction and Theory

An understanding o f light has been developed over the centuries to  include Isaac New­

to n ’s work on prism refractions and the ir consequent colour d is tribu tion^ and James 

Clerk M axwell’s dem onstrations o f its e lectrom agnetic wave nature.^ Coupled w ith  the 

wave nature o f light, fu rthe r th inking by Max Planck^ and A lbert Einstein"^ led to  the 

development o f the theories o f the particle and quantum  nature o f light. The particle 

view considered light to  behave as if  it was composed o f a stream o f particles, w ith  an 

associated and quantised energy per particle th a t was related to  its frequency. These 

particles have become known as photons, and the energy contained in a photon can 

in teract w ith  charged particles, such as the  electrons w ith in  a molecule. The study o f 

such in teractions has led to  the fields o f photophysics and photochem istry, w ith  many 

spectroscopic techniques being developed. In th is thesis the detection and quantifica­

tion  o f a class o f biological compounds known as pterins has been considered, using 

fluorescence spectroscopy and surface-enhanced Raman spectroscopy (SERS). Com­

parisons have been made w ith  standard fluorescence and SERS probes, and SERS in 

particular is investigated w ith  respect to  its v iab ility  in pterin detection.
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1.1. PTERINS

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 o f the Brimstone butterfly (Gonepteryx rhamni),^ 

a feat tha t he repeated w ith the white pigment from the Cabbage W hite 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 o f their molecular structure proved d ifficu lt and 

it was 1940 by the time tha t 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 o f 

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.

O

Figure 1.1: Pterin, composed o f a pyrazine and a pynmidine ring.

1.1.2 Photochemical ^  Photophysical Properties

One important factor concerning pterins is tha t many species exhibit poor solubility in 

water and most organic s o l v e n t s . T h i s  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 .5 x 1 0 “  ̂ M), one part in 200,000 (5 .0xl0~®  and biopterin and 7,8- 

dihydrobiopterin one part in 10,000 (1 .0 x1 0 “  ̂ M) and one part in 500 (2 .0 x 1 0 “  ̂ M)

2



1.1. PTERINS

respectively. The so lubility o f compounds is, however, affected by the pH o f the solution, 

and in the datasheet from  Schircks Laboratories, a prom inent provider o f pterins, it is 

stated th a t a concentrated solution o f biopterin may be prepared in 0.05 M NaOH.^^

The involvem ent o f pterins in various photobiological processes is a top ic  th a t has been 

investigated in recent t i m e s . T h e y  are particularly prone to  UV absorption,^® al­

though sim ilar species can show quite pronounced differences in the ir UV properties - 

isoxanthopterin has an almost tw ice as large extinction  coeffic ient as xanthopterin  under 

254 nm e x c i t a t i o n - 12400 to  6500. Under UV exposure pterins can become fluo ­

rescent and can photo-oxidate in to  separate photoproducts, and they are also capable 

o f photoinducing the oxidation o f DNA and its derivatives. Particular fluorescence 

and photooxidation properties o f 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, a t pH values greater than 5.^^ The  acid dissociation constant 

(pKa) is a measure o f the strength o f an acid in solution; w ith  values o f 9.42 for 

xanthopterin ,^^ 10.8 fo r i s o x a n t h o p t e r i n , 8.1 fo r biopterin^^ and greater than 10 fo r 

7 ,8-d ihydrobiopterin.^^

T he ir changing fluorescent properties w ith  pH have also resulted in pterins being used 

in pH sensing.^'' Shown in Figure 1.2 are the  structures and lite ra ture  U V /V is  spectra 

o f the pterins investigated in th is thesis.

3



1.1. PTERINS
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Figure 1.2: (a) The structures o f isoxanthopterin, xanthopterin, biopterin and 7,8-dihydrobiopterin. (b) 

shows the UV/V is spectra o f 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.^®
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1.1. PTERINS

1.1.3 Pterins in Biological Systems

Pterins have been widely studied in biological systems, in all manner o f living organisms. 

Much o f the  work has been concerned w ith  colour p igm entation, and indeed much 

has been directed towards members o f the Lepidoptera, the insect order th a t contains 

butte rflies  and moths. In the O rien ta l Hornet {Vespa orienta lls) xanthopterin  is found 

in the thorax o f the adults, seemingly to  absorb harmful UV r a d i a t i o n . P t e r i n s  have 

also been studied as b lue-light receptors^^ and can be found in photoreceptive organs 

in plants,^® in the pigments o f insect eyes,^^ and in the skin o f a m p h i b i a n s , t h e  scales 

o f fish and the feathers o f birds.

O the r organisms found to  exhibit pterins include the tun ica te  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 k n o w n . T h e  

Great Crested Newt, Tritu rus cristatus, has been found to  possess increased levels o f 

te trahydrob iop te rin  during ta il regeneration, which is la ter replaced by isoxanthopterin, 

and these changes affect protein synthesis.^ Studies in rats have shown th a t the con­

centra tion  o f biopterins varies in d iffe ren t areas o f the anatomy, w ith  the te trahydro  

form  being the most p lentifu l, w ith  high concentrations found in the pineal gland, bone 

marrow and in the s p l e e n . R a t  brains, while showing a re latively low concentration 

overall, did show a d is tribution  o f the  biopterin w ith  one o f the  highest concentrations 

found in the area known fo r high levels o f serotonin. O the r studies on rats have shown 

increased concentrations o f the te trahydrob iop te rin  during liver regeneration,^^ w ith  

rapid excretion o f the reduced d ihydrobiopterin  form .^^

In humans, b iopterin is also found in body fluids, along w ith  sim ilar concentrations o f 

neopterin.^ Blood and serum levels o f b iopterin in humans have been linked as indica­

tors o f various diseases, including tum our-g row th , gout, liver disease and neurological 

diseases. Changes in pterin concentrations in human urine have also been associated 

w ith  various diseases; neopterin and biopterin both exist in high concentrations in nor­

mal human urine, and o ther species such as isoxanthopterin and xanthopterin  area also 

f o u n d . P t e r i n s  have also been linked to  roles in the  early stages o f postpartum  de-

5



1.1. PTER IN S

pression.^®

Xanthopte in , and its s tructura l isomer isoxanthopterin, have come under fu rthe r study 

regarding research in to  the  diagnosis o f various diseases, and in particu lar various can­

cers. W hile  both xanthopterin  and isoxanthopterin are both excreted by cells, leading to  

potentia l in diagnoses, they have also been applied to  studies on the reaction o f cells to  

pterin addition. One interesting study involving both xanthopterin  and isoxanthopterin 

was conducted w ith  respect to  the ir potentia l cy to to x ic ity  towards M C F-7 c e l l s . M C F -  

7 is a breast cancer cell line, and in the  course o f the research these cells were exposed 

to  varying pterin concentrations, and m ixtures o f the tw o  pterin compounds. The  aim 

o f the study was to  examine the IC50 values fo r each pterin and fo r a range o f m ixtures 

o f the tw o, and in doing so examine the potentia l o f the  pterins in trea tm en t o f breast 

cancer. IC50 is the half maximal inh ib itory concentration  o f a substance, and relates to  

the concentration o f the  substance th a t w ill cause an inhib ition o f a biological process 

to  the fac to r o f a half. Results showed th a t incubating the cell line w ith  increasing con­

centra tions o f both xanthopterin  and isoxanthopterin produced a decreasing trend in 

the  percentage o f surviving cells. M ixtures o f the tw o pterins in varying concentrations 

showed a rise in the percentage survival o f cells at a certain concentration ratio , w ith  

the authors speculating th a t it  could potentia lly  be due to  concentration-dependant 

reactions w ith in  the cell. A no ther study in to  the  an ti-tum ou r properties o f pterins was 

performed w ith  regards to  D a lton ’s Lymphoma, where mice induced w ith  the condition 

showed a greater survival rate follow ing tre a tm e n t w ith  2-am ino-4-hydroxypteridine.'^°

In m etabolic pathways the reactions th a t take place can be classified e ither as anabolic 

pathways or catabolic pathways. Anabolism is the set o f pathways th a t are concerned 

w ith  construction, the building o f useful compounds from  smaller components, and 

is a process th a t requires energy input. Catabolism is the  opposite o f th is  where di­

etary compounds are broken down in to  smaller units, a process th a t releases energy. 

The released energy is stored by the synthesis o f adenosine triphosphate (A T P ) or by 

the reduction o f the coenzyme nicotinam ide adenine dinucleotide phosphate (N A D P + 

to  N A D P H ). These become energy-rich fuel sources, which can then be used in the 

anabolic pathways.

6



1.1. P T E R IN S

A m in o  acids are one type  o f  com pound th a t  are broken down in these ca tabo lic  pro­

cesses. T h e  p roduc t o f  these degradation steps are usually com pounds th a t  can be 

m etabolized to  C O 2  and H 2 O or else can be used in gluconeogenesis. T h is  la t te r  te rm  

refers t o  a process whereby glucose is synthesized in the  body fro m  non-carbohydra te  

sources, and represents a s ign if ican t f rac t ion  o f  the  glucose produced in the  human 

body, occurr ing  w ith in  only a few  hours o f  eating.

P ter ins are im p o r ta n t  molecules in these m etabo lic  pathways as they  ac t as coenzymes 

th a t  fac i l i ta te  enzyme r e a c t io n s .P h e n y lk e to n u r ia  is a cond it ion  th a t  can result in 

m enta l health problems w ith in  a few  m on ths  o f  b ir th  i f  no t  de tected and trea ted  im ­

mediately. T h e  reason fo r  th is  cond it ion  is an inh ib it ion  to  the  m etabo lic  pathway th a t  

converts  the  am ino acid phenylalanine to  tyrosine. Tyros ine then  plays a fu r th e r  im por­

ta n t  role in biological func t ions , as it is fu r th e r  converted in to  neu ro transm it te rs  such 

as dopamine.

T h e  pa thway fo r  th e  conversion o f  phenylalanine is shown in Figure 1.3, where it can 

be seen th a t  the  reaction is catalysed by the  enzyme phenyla lanine hydroxylase. Th is  

reaction, however, canno t occur w i th o u t  the  pterin species 7 ,8 -d ihydrob iop te r in , which 

is converted to  5 ,6 ,7 ,8 - te tra hyd rob iop te r in  by the  enzyme d ihydro fo la te  reductase and 

the  energy-rich N A D P H . T h e  pterin is then  oxidized in the  same step th a t  fac i l i ta tes  

the  ox idation  o f  phenylalanine, before being reduced back to  th e  s ta r te r  molecule again 

by d ihydrop te r in  reductase and N A D H .

Analysis o f  the  relative concen tra t ions  o f  coenzyme 7 ,8 -d ihyd rob iop te r in  would there fo re  

be o f  some signif icance w ith in  bio logical analysis, and likewise w ith  many o the r  species 

o f  pterms.

1.1.4 Pterin Detection

O th e r  pterin species, such as xan thop te r in  and isoxanthopter in , are found to  be present 

in heightened concen tra t ions  in the  urine samples o f  cancer p a t i e n t s . M u c h  o f  the  

diagnosis work  undertaken on pterins has been done th rough  th e  means o f  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 w ith established detection systems. Popular separation methods 

such as liquid chrom atography/'* high-performance liquid chromatography (HPLC)^^~^° 

and capillary electrophoresis (HPCE)^^'^^'^^ 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 (L im its o f detection o f about 1 x1 0 “ ^° M) they still offer only 

a limited amount o f information about the structure o f the molecules. Nuclear mag­

netic resonance (NM R) spectroscopy is one method that has been applied to  obtain 

structural i n f o r m a t i o n . R a m a n  spectroscopy can also be used for structural analy­

sis o f pterins, and because o f the potential o f surface-enhanced Raman spectroscopy 

(SERS) in the detection o f lower concentration levels there have been some studies on 

this,^®"^° w ith Feng et. al. obtaining a detection lim it for xanthopterin o f 5 x 1 0 “ ^

8



1.2. LIGHT INTERACTIONS W ITH  M ATTER

1.2 Light Interactions with Matter

Photons o f 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 o f electromagnetic radiation.

Light interactions w ith m atter can result in many different processes, three o f 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 o f 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 

o f atoms within the molecule, be it molecular rotations or vibrations about the atom 

positions.

One o f the most widespread ways in which the motion o f electrons w ithin a molecule 

is described is by use o f Jablohski diagrams, which were devised by the Polish physi­

cist Aleksander Jablohski.®^ Figure 1.5 shows a simple representation o f one o f these 

diagrams.

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

in this case the ground state (So) and the firs t excited singlet state (S i)  are shown.

9
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\'=4
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\'=4
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v=l
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Singlet State  

(S i)

Ground State  
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Figure 1.5: Jabloriski diagram showing the absorption and subsequent relaxation processes involved when 

a photon o f light promotes an electron from the ground state (So) to  the first excited singlet 

state (S i).

W ith in  these states are shown the  vibrational states o f the species, which are much 

closer in energy than the electronic states, and these are described as =  0 fo r the 

lowest v ibration state  w ith in  an e lectronic state  through to  ^' =  n. The upward arrow 

on the diagram relates to  absorption; in th is  case energy is absorbed to  prom ote an 

electron in the lowest vibrational s ta te  w ith in  So in to  the v  — A  vibrational state  in S i. 

Relaxation processes occur w ith in  the S i state, followed by relaxation back down to  the 

Sq state, which is often associated w ith  an optica l emission event.

Electrons from  a molecule in the ground state  occupy the lowest available energy state, 

w ith  electrons usually paired and occupying d ifferent spin states.®^ Once promoted to  

an excited state, an electron from  th is  pair can be o f the same spin, as it is in a d ifferent 

e lectronic state.

The m otional states o f a molecule refer to  the ro ta tions and vibrations, which can pro­

duce small variations in the  e lectronic d istributions. The energies involved in transitions 

between vibrational states are usually much lower than those between the  electronic 

states, while those relating to  ro ta tions are usually lower again. The ro ta tiona l and 

vibrational states are typically coupled to  the electronic states, a state  which is termed 

as a vibronic state.

Transitions between d ifferent e lectron ic or vibrational states o f a molecule can be either

10



1.2. LIGHT INTERACTIONS W ITH  M ATTER

radiative or non-radiative.®^ Radiative transitions concern the absorption or emission of 

a photon, facilitating a change in the energy state o f the molecule. Radiative transitions 

between singlet and trip le t states are forbidden, but can occur if a spin-relaxation mech­

anism IS present. Non-radiative transitions in a molecule can occur because o f external 

interactions, such as w ith the solvent or w ith other molecules, or because o f internal 

interactions such as internal conversion. Thermal interactions can also cause transi­

tions, and non-radiative transitions can also occur between singlet and trip le t states. 

A transitions between a singlet and trip le t state is usually referred to  as inter-system 

crossing, which involves a transition between states o f different multiplicities, and is 

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

Absorption occurs when a photon o f energy E is absorbed by a molecular species, 

promoting the molecule from the electronic energy level E i to  the level E2 ; in the 

simplest form this refers to  excitation from So to  S i. This occurs due to  the energy 

between the two energy levels corresponding to  the absorbed energy o f the photon, 

and is the principle o f U V /V is spectroscopy. Infra-red absorption concerns excitation 

to  a higher vibrational state within the molecule, and occurs due to  the absorption 

o f photons o f much smaller energy. Infra-red spectroscopy is used to  investigate the 

vibrational structure o f molecules.®'^

1.2.2 Fluorescence

Fluorescence has been observed for many centuries, and in fact its presence is mentioned 

in a medical report by Nicolas Monardes in 1565 of artefacts acquired from expeditions 

to  the West Indies. This observation was concerned with the bluish opalescence of 

the water infusion o f the wood o f a small Mexican tree.^^ Translations o f 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 tha t 

light passing through an aqueous infusion o f 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 o f which was published

11
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in the Philosophical Translations.^^ George Gabriel Stokes investigated th is  fu rthe r in 

1852,®® using a prism to  disperse the spectrum , and discovered th a t there was no e ffect 

on a solution o f quinine until it was placed in the UV region o f the  spectrum . From 

th is  he was able to  deduce th a t the em itted radiation was o f a longer wavelength to  

th a t o f the incident radiation, an e ffect th a t is now term ed the  Stokes sh ift. Further 

research led to  the discovery and development o f a variety o f fluorescent m aterials and 

dyes, and eventually fluorescence microscopes were developed from  UV microscopes by 

O tto  Heim staedt 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 o f a certain wavelength 

o f light and, a fte r a brie f period o f tim e, the subsequent re-emission o f the  absorbed 

energy a t a longer wavelength. Th is  absorption represents a change in the molecule 

from  a ground e lectronic s ta te  to  an excited electronic state, an event th a t typ ica lly  

takes place at very small tim e  values, on the order o f 10” ^  ̂ seconds.®® The absorption 

is characterised by the  energy spacing available between the ground state  and excited 

electronic, v ibrational and ro ta tion  values. A relaxation process then occurs whereby 

the molecule reverts to  the lowest vibrational energy level o f the  excited singlet state, 

denoted as the v  — 0  value in the S i state  in Figure 1.6. Th is  relaxation process is 

known as internal conversion, which is a therm al process characterised by collisions o f the 

excited state  molecule w ith  solvent molecules, a process usually occurring on the order 

o f 10“ ^̂  seconds. The  molecule now exists in the lowest v ibrational energy level o f the 

excited singlet s ta te  (S i)  fo r a tim e  on the order o f nanoseconds before relaxing back to  

the ground state  (So). A  second process can also occur w ith in  the  molecule, known as 

inter-system  crossing, also shown in Figure 1.6, whereby the  molecule relaxes to  a long- 

lived tr ip le t state  (T i) ,  which is the basis fo r the phenomenon o f phosphorescence.®^

The quantum  yield o f a fluorophore is a ra tio  o f the photons em itted  as fluorescence 

to  the photons absorbed from  the radiation source, and as such is a measure o f  the 

emission efficiency. The fluorescence lifetim e, usually denoted as r ,  is the tim e  the 

molecule remains in its excited state  before returning to  the ground state. E xcita tion

12
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Fluorescence

Phosphorescence

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

fluorescence and phosphorescence.

using a brief pulse o f ligh t from , fo r example, a laser ligh t source, w ill result in a 

fluorescence decay described by the  equation

where l { t )  is the in tensity a fte r a tim e t  and Iq is the in itia l ligh t intensity.®^ Thus the 

fluorescence life tim e is defined as the tim e  taken fo r the  fluorescence intensity to  decay 

to  1 /e  o f the initial intensity.

1.2.3 Scattering Processes

A nother im portant in teraction  between incident photons and a molecular species is 

th a t o f scattering, which is a process involving the absorption o f one photon and the 

emission o f another one. The  type o f scattering is described according to  the energy o f 

the scattered photon. If the  energy o f the incident and scattered photon is the same, 

the  process is known as elastic scattering, or as Rayleigh scattering. A fte r such an 

in teraction the  energy o f the molecule is in the same sta te  as before the interaction 

w ith  the light, and not much in form ation is provided about the internal s tructure  o f 

the  molecule. In the  case o f the scattered photon possessing a d ifferent energy to  

th a t o f the incident photon, the process is called inelastic scattering, w ith  the energy 

difference relating to  a trans ition  w ith in  the molecule. Raman scattering is a form

l { t )  =  loe^ (1.1)
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of inelastic scattering concerning the transitions between vibrational and/or rotational 

energy levels.

Raman scattering and fluorescence processes are in a way similar, w ith both involving 

the emission o f a photon o f different energy following interaction w ith the incident 

photon. The im portant difference between the two is the timeframe upon which both 

are based. Fluorescence occurs after a delay o f about 10“  ̂ seconds following absorption 

while Raman scattering is a much faster process. Scattering processes are, however, 

weak when compared w ith other processes such as fluorescence or absorption.

1.2.4 The Width Intensity of Spectral Lines

It m ight be expected tha t 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 o f a certain width are seen instead, is because o f the resolution o f the 

spectrometer grating itself. There will be an inherent range o f frequencies, however 

small this range m ight be, passed through the sample, which will in turn lend a certain 

lack o f definition to  the peaks in the shape o f broadening. But despite progress towards 

instrumentation o f higher resolution there is still a natural line width associated w ith 

any spectrum, which cannot be avoided through advanced instrumentation. Two fac­

tors tha t in particular contribute to  this natural line width are collision broadening and 

Doppler broadening.®"^

Collision broadening, as the name suggests, is based on collisions tha t occur between 

free-moving atoms or molecules in gaseous or liquid media. Collisions result in slight 

deformations o f the molecules, particularly in liquids where there is a greater concen­

tration o f molecules, and this manifests itself particularly regarding the outer electrons 

o f molecular species. This particularly affects transitions examined in U V /V is 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 

o f frequencies based on the movement o f bodies em itting the radiation. This effect 

broadens the spectral lines on either side o f the peak because o f 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 tha t a system existing in an energy 

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

The intensity o f any given spectral line can also be attributed to  a combination o f factors, 

in particular the transition probability, the population o f states and the concentration 

o f the sample. The transition probability relates to  the selection rules tha t govern 

the transition in question, and are defined for different spectroscopic techniques. The 

population o f states is described by Boltzmann distribution statistics, and the ratio o f 

the relative populations o f the upper and lower energy states can be determined through 

the formula:

where A E  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 o f the absorbance can be represented as thus:

where e is what is known as the molar absorption coefficient, and is specific to  the 

material in question, c refers to  the concentration o f the sample and I is the path 

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

Raman spectroscopy was discovered by the Indian physicist C.V. Raman in 1928,^° 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  tha t o f the incident light. When a monochro­

matic light beam is passed through a transparent sample, there will be some scattering 

o f the light. The majority o f the light undergoes elastic scattering, i.e. it is scattered at

L o w e r
—  e  kT ( 1.2)

(1.3)

1.3 The Raman Effect
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the same frequency as the  incident radiation, in a process known as Rayleigh scattering. 

B u t some o f the  light w ill also undergo inelastic scattering, both o f higher and lower 

energies. The signal received due to  lower energy scattering is referred to  as having 

undergone a Stokes sh ift, while th a t o f higher energy is said to  have undergone an 

anti-S tokes sh ift. It is these shifts th a t are considered in Raman spectroscopy.

Both Stokes and anti-S tokes shifted spectral lines are very weak, and the in tensity o f 

the lines is dependent on the sample tem perature and thus the relative populations 

o f the vibrational energy levels. A t room tem pera ture  Stokes shifted signals are the 

more strongly observed, and so are usually the ones studied in conventional Raman 

spectroscopy. Laser ligh t is now implemented in obtain ing Raman signals, as it  is both 

highly m onochrom atic and extrem ely powerful, so as to  obtain resolved and strong 

material spectra. One issue w ith  using the laser source fo r Raman measurements is th a t 

the heat caused by intense beam absorption can cause decomposition o f the sample, 

especially if  the sample has an absorption peak a t the same frequency as the incident 

laser. One method fo r dealing w ith  th is  problem is by changing the incident wavelength. 

Fluorescence can also be an issue, as it is a much stronger signal and as such can 

com pletely swamp a Raman sample measurement.^^ One way to  com bat th is  is to  

use time-resolved detectors th a t can d iffe rentia te  between the Raman signals and the 

s ign ificantly slower fluorescence lifetimes.

The Raman e ffect can be described both classically and by the use o f quantum  theory. 

Following w ill be a brief account o f both.

1.3.1 Classical Interpretation of the Raman Effect

The classical in terpreta tion  o f Raman scattering concerns the molecular polarisability 

o f a molecule. In an electric fie ld the electrons and nuclei experience a force and as 

such respond, causing a certain d is tortion  o f the  molecular species. Th is causes w hat is 

known as an induced dipole m om ent and the molecule becomes polarised. Th is  induced 

dipole m om ent is term ed jj. and can be related to  the magnitude o f the applied electric 

field, E, and to  w hat is known as the polarisability o f the molecule, a , which is the ease
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w ith which a molecule can become polarised.

=  a E  (1.4)

The induced dipole moment varies with molecular orientation in a static electric field; 

for a H2 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 o f the ways o f representing this relationship is by using a polarisation ellipsoid, which 

is essentially a surface surrounding the molecule. The distance from the electrical centre 

o f the molecule to  this surface is proportional to  w ith a, being the polarisability

jo ining 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 tha t are closest to  the electrical centre.®'^ A schematic is shown in 

Figure 1.7, which represents a cross-section taken o f th is ellipsoid in the case o f the H2 

example.

Figure 1.7: Schematic showing the cross-section o f a polansability ellipsoid for H2. The red arrows show

the distance from the electrical centre o f the molecule to points on the ellipsoid, with the

greatest polansability 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 =  Eq sin 2-Kvt (1-5)

and coupling this w ith Equation 1.4 gives us:

^  =  a E  =  aEoS\n2TTVt (1.6)
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which means t h a t  the  induced dipole also undergoes oscillations of f requency v.  This  os ­

cillating dipole emi ts  radiation, which is o f  course t h a t  which is associated with Rayleigh 

scat ter ing.  If vibration or rotat ion 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 t h e  form

a  =  QJo+/3sin27r^»^,,^,f (1.7)

where ao  is the  polarisability a t  equilibrium and /3 is the  rate  of  change of  the  polaris­

ability and Vvib is the  vibrational frequency. Subst i tut ing this  into Equation 1.6 leaves 

us with:

^  =  a E  =  ( ao  +  P sin 27rt/^,bt)Eo sin 2-Kvt (1.8)

and multiplying this  ou t  gives us

/Li =  a E  =  aoEo sin 2-Kvt +  PE q sin 2'KVyit,ts\n 2-nvt (1.9)

which can be modified using the  t r igonomet r ic  relation:

sin /A sin 6  =  ^ { c o s  {A — B) — cos{A  +  6 ) }  (1-10)

to  give:

^ =  aoEo sin 2'nvt +  ^ /3Eo{cos27r( t '  — Vvib)t -  cos27r( t '  +  Vvib)t} ( 1 - H )

From all this  it can be seen t h a t  t h e  dipole has oscillations of  t/ i t  v îb in addition 

to  t h a t  of  the  incident f r e q u e n c y . F r o m  this  t h e  general selection rule for Raman 

scat ter ing can also be established; for a molecular vibration or rotat ion to  be Raman 

active, there  must  be an associated change in t h e  molecular polarisability. This  is a

useful requirement ,  as it differs f rom t h a t  of  infra-red spectroscopy,  which also studies

vibrational bands but  has the  requirement  t h a t  the  motion alters the  molecule’s electric 

dipole. For this  reason Raman spectroscopy can be a complementa ry  technique to  

infra-red spectroscopy,  as  the  two techniques  can provide different information on a 

molecule’s vibrational s t ructure .
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1.3.2 Quantum Interpretation

Considering an incident photon o f energy hv on a molecule, the majority o f 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 o f 

the same frequency as the incident light, where the light is inelastically scattered, can 

either occur where the scattered light will be o f more or o f less energy than the incident 

light. In the case where the scattered light has less energy, then this will correspond to 

hv — A E  and the scattered radiation will have a frequency equal to v  — AE jh .  This 

incidence, where the frequency o f the scattered light is less than tha t o f the incident 

light, is known as Stokes shifted radiation. The converse case, where the energy o f the 

light is hv +  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, 

w ith Stokes scattered radiation usually accounting for only 1 in 10® photons o f incident 

light. The process is described in Figure 1.8, which also shows the presence o f what 

are known as "v irtua l states” .®̂

First Excited
Singlet State

Virtual State

Ground State 

(S o )

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

In this representation, virtual states are used to  describe each o f the three scattering 

events. While there is no physical meaning to  this virtual state concept, it stems 

from a quantum mechanical understanding o f Raman scattering, and helps to  visualise 

scattering occurring at any incident laser wavelength.®^

\ '= 3

v=2
v = l
. ,-n
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1.4 Plasmons

Plasm ons are involved in th e  surface-enhancing properties  o f  m eta ls  on Raman signals, 

and th e y  are genera lly described as quantised waves, arising fro m  th e  co llec tive  exc ita tio n  

o f  conduc tio n  e lec trons in m e ta llic  m a t e r i a l s . M a n y  m eta ls can be tre a te d  as free 

e lec tron  system s, w h ich  m eans th a t  it  is the  conduc tio n  e lec trons w ith in  the  m ateria l 

th a t  define th e  overall e le c tro n ic  and op tica l p roperties  o f  the  m ate ria l. Because the  

free e lectron  model con ta ins  an equal num ber o f  e lec trons and fixed pos itive  ions, the  

m ateria l can be re la ted to  as a plasm a, and under an externa l e lec tric  fie ld  these e lectrons 

can osc illa te  cohe ren tly  a t a spec ific  frequency.

1.4.1 Plasmons and the Free Electron Model

Plasm ons th a t  occu r w ith in  an in fin ite  bulk m ate ria l w ill have th e  frequency o f  osc illa tion  

described by th e  fo rm u la

where N  is th e  num ber density  o f  m obile  e lectrons, eo is th e  d ie le c tr ic  co n s ta n t o f  a 

vacuum , e is th e  e lec tron  charge and /r?e is th e  e lec tron  mass.^^ T h e  e lectrons osc illa te  

according to  th e  applied e le c tro m a g n e tic  fie ld , a lthough  th e y  do experience collis ions, 

w h ich are described by th e  dam ping  co ns tan t, o r th e  co llis ion  frequency 7 . T h is  fre ­

quency is also represented in an inverse fo rm , 7  =  1/ r  w here r  is th e  re laxation  tim e  

o f  th e  free  e lec tron  gas, w h ich  is typ ica lly  abou t 10“ '̂̂  s a t room  tem perature .^®  T he  

plasm on frequency and th e  dam ping  con s ta n t are bo th  involved in th e  d e fin itio n  o f  th e  

d ie lec tric  fu n c tio n  o f  th e  free e lec tron  gas:

T h e  real and im ag inary  parts o f  th is  equation , w hereby e(oj )  =  e i(w )  - f  ie2 {ui),  are given

( 1.12)
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(1 .15)

T h e  region where u  <  Up, is an im p o r ta n t  region fo r  plasmonics. For frequencies close 

t o  Up there  is negligible damping, and e(w ) is p redom inan tly  real. T h e  low frequency 

reg ime sees greater influence f rom  the  im aginary part o f  the  func t ion ,  in which region 

m eta ls  are mainly absorbing. T h e  region o f  u  >  Up sees a g rea te r background co n tr i ­

bu t ion  f rom  the  positive ion cores, and because o f  th is  a fu r th e r  d ie lectr ic  cons tan t 6 0 0  

is b rough t in to  the  equation.®^

T h e  d ie lectr ic  func t ion  o f  th is  model, th e  D rude model, describes the  optica l response 

o f  meta ls  only fo r  energies below the  thresho ld  before in terband trans it ions  occur. For 

noble meta ls th is  can begin to  occur f rom  energies o f  about 1 eV,^® w hich corresponds 

t o  a wavelength o f  abou t 1200 nm, so the  trans it ions  occur by the  t im e  the  energy 

approaches the  visible region o f  the  spectrum . P lo ts  o f  the  real and im aginary data fo r 

gold and silver have previously been p lo tted  against f i ts  o f  the  D rude model, showing the  

breakdown o f  th is  model in the  visible region.^® A t  frequencies above th is  threshold, due 

t o  the  presence o f  the  in terband trans it ions , the re  is an increased dam ping o f  the  surface 

p lasmon exc ita t ion , resulting in increased c o m p e t i t io n  a t visible frequencies.^^ Because 

o f  th is  a fu r th e r  te rm  can be added to  E quation  1.16 to  accoun t fo r  the  in ter-band 

trans it ions .

From studies in to  the  p lasmonic properties o f  various metals, gold and copper are found 

t o  behave favourab ly  a t wavelengths g reater than  abou t 600 nm. Be low  th is  silver is 

th e  m os t p rom inent m ateria l, and indeed it and gold are the  m os t widespread o f  the 

p lasmonic materials.®^

An in f in ite  bulk materia l is o f  course an ideal concept. E lec trom agne t ic  waves, incident 

on the  surface o f  a metal, will only penetra te  a certa in  depth  in to  the  m ateria l.  T h is  

is related to  the  wavelength and is less than  50 nm fo r  noble m eta ls such as gold or

(1 .16 )
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1.4. PLASMONS

silver in the visible r e g i o n . T h i s  means tha t the electric field required for the coherent 

excitation o f the conduction electrons is limited to  electrons within this region. The 

concept o f infinite dimensions cannot be applied here, as the surface o f the metal and 

the surrounding materials o f 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 ( jp / \ /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 o f surface charge density, propagating along the surface in the form o f 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 fin ite volume. The oscillations within the particles mean tha t the charge density 

will result in a separation o f charge across the particle, but as there is nowhere for 

the wave to  travel the plasmon is confined to  the particle. These types o f surface 

plasmons are known as localised surface plasmons (LSPs) and are generated when the 

conduction electrons oscillate coherently w ith an incident electromagnetic wave. In a 

vacuum the resonant frequency will become Upj \ /3  as the plasmons are confined in 

three dimensions.
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Dielectric

V  +  +  +  V

Metal

(a)

(b)

Figure 1.9: (a) Schematic showing the collective oscillations o f free electrons leading to the propagation 

of longitudinal surface charge density waves, (b) Schematic o f the oscillations in a spherical 

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

T h e  shape o f the  pa rtic le  is also o f some im portance . G ustav M ie developed an ex­

pression to  describe th e  e x tin c tio n  co e ffic ie n t E { \ )  o f  spherical partic les in th e  long- 

w ave leng th  lim it.

* '  In (10) (,(€, + 2£„)2 +  € ? j

In th is  fo rm u la , N a is th e  areal density o f  th e  nanopartic les, a is th e  pa rtic le  radius, 

is th e  d ie lec tric  co n s ta n t o f  the  su rround ing  m edium  and and e, are th e  real and 

im ag inary  parts  o f th e  m eta l d ie lec tric  fu n c tio n . W hen Sr =  —26^ a resonant peak is 

observed, and fo r gold and silver th is  appears in th e  visib le pa rt o f  th e  spectrum . T he  

€r +  26m te rm  in E quation  1.18 describes a spherical pa rtic le , bu t fo r  o th e r shapes th is  

is replaced by +  x^m.  where x  is w h a t is known as th e  shape fa c to r. T h u s  the re  is 

clearly q u ite  a s trong  dependence on th e  pa rtic le  shape, and th e  resonant peak can be 

tuned accord ing to  th is  re la tionsh ip .
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1.5. SURFACE-ENHANCED RAM AN SC ATTER IN G  (SERS)

1.5 Surface-enhanced Raman Scattering (SERS)

Surface-Enhanced Raman Spectroscopy (SERS) is a technique th a t was in itia lly  devel­

oped in the late 1970’s. It was discovered through observations o f an enhanced Raman 

scattering from  pyridine adsorbed to  electrochem ically-roughened silver surfaces. Tw o 

independent research groups discovered th is phenomenon s e p a r a t e l y , b u t  the tech­

nique in itia lly  failed to  build on early promise, in a large part due to  the d ifficu lty  o f 

being able to  reproducibly replicate substrate surfaces.

In recent tim es there has been a renewal o f interest in the  area due to  nanofabrication 

techniques now being able to  com bat th is  issue, producing more reproducible substrate 

features capable o f achieving signal enhancement. The  use o f the word ’’ features” is 

im portan t when applied to  the substrate fabrication, as the shapes and dimensions o f 

these features play a critica l part in reproducibly obtain ing high enhancement fields. 

The  discovery o f single molecule SERS (SM SERS) in 1997 was a m ajor breakthrough 

fo r the technique,®®’®̂  and since then SERS has been applied to  a number o f analytical 

and theoretical s t u d i e s , a n d  the increased exposure has led to  the  development o f 

more sophisticated instrum entation.

A thorough understanding o f the principals behind SERS has been challenging. The  

in itia l enhancement fac to r (EE) o f 10®-fold was seen as orig inating from  two facto rs 

an e lectrom agnetic enhancement and a chemical enhancement. Th is  happens because 

the intensity o f the Raman scattering is d irectly proportional to  the  square o f the induced 

dipole m om ent, which is itse lf the product o f the  Raman polarisability and the m agnitude 

o f the incident e lectric f i e l d . T h e  SERS concept is shown in Figure 1.10.
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R am an

jLa_*, J jjJ
SERS

Silver

N an o p ar tic les

Figure 1.10; Representation o f surface-enhanced Raman scattering, showing enhancement o f the Raman 

signal due to  adsorption of a compound to  silver colloids.

1.5.1 Plasmons 8 i SERS Enhancements

The Raman cross-section from a given vibrational mode can usually be translated to  a 

SERS cross-section through an enhancement f a c t o r . S E R S  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 o f the incident field and the 

Raman scattering field w ith the SERS substrate.®^ The Raman field enhancement is 

dependent on the excitation o f localised surface plasmons on the SERS substrate. The 

chemical enhancement is still poorly understood, though it is believed to  originate from 

some kind o f alteration to  the polarisation o f the molecule when it becomes adsorbed 

onto the SERS s u b s t r a t e , a f t e r  which resonant effects can come into being, even at 

non-resonance wavelengths.
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1.5.2 Surface Enhanced Resonance Raman Spectroscopy (SERRS)

The Raman scattering intensity observed can vary by many orders o f magnitude depend­

ing on the probe used and on the incident laser w a ve le n g th .R e g u la r Raman scattering 

is found to  be higher for molecules tha t have an electronic energy close to  tha t o f the 

incident laser, for example dyes. This effect is termed resonance Raman scattering 

and can be up to  about 10® times greater than tha t for off-resonance molecules. This 

resonance effect also translates to  SERS; if  the incident laser is in resonance with the 

electronic transition o f a molecule tha t is close to  an enhancing substrate then the 

cross-section o f the molecule can become much more enhanced, which leads to  the 

observation o f surface-enhanced resonance Raman spectroscopy ( S E R R S ) . A n y  fluo­

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

SERS enhancements on the order o f 10® are regularly described but the multiplicative 

resonance effects from SERRS can result in 10'  ̂ to  10® e n h a n c e m e n t s . T h e  added 

sensitivity offered by SERRS has led to  the possibility o f single-molecule detection, 

though this sensitivity is dependent on the excitation wavelength.®® SERRS has also 

recently been used for the immunochemical localization o f ovalbumin in paintings, for 

the investigation o f metmyoglobin®^ and for the investigation o f enzyme-like properties 

o f silver nanoparticles towards the detection o f hydrogen peroxide.®^ The processes o f 

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.
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2
Optical Properties of Pterins

The response of pterins to  light has been investigated for several d e c a d e s , a n d  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, w ith these properties 

found to  vary with pH.®^ In this chapter the optical response o f pterins has been exam­

ined using U V /V is spectrometry and fluorescence spectroscopy.

2.1 UV/Vis ^  Fluorescence Spectra

Four pterin species were examined using a Shimadzu UV-2401PC U V /V is 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 PM M A 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 o f Biochemistry, originally sourced from Shircks Laboratories at 98% purity. 

These purities were not verified prior to  use. The structures o f each species are shown 

in Figure 2.1. The solubility o f xanthopterin was tested, w ith a sonicated 1 x 10“  ̂ M 

solution vacuum filtered through a Buchner Flask and the remaining solute weighed. 

This was repeated four times and the results found the solubility lim it to  be 7.6 x 10“ '̂  

M, which is in the region o f stock solutions tha t were prepared during the thesis. This
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2.1. U V /V IS  8̂  FLUORESCENCE SPEC TR A

insolubility means th a t there will be an error associated w ith  the absolute concentrations 

quoted in the thesis, meaning th a t measurements are purely comparative.

O

HI

HjN
H

Isoxanthopterin  

O OH

OH

Biopterin

CH.

Xanthopterin

O

HI

H,N

OH

CH.

OH

H

7,8-dihydrobiopterin

Figure 2.1: The chemical structures of isoxanthopterin, xanthopterin, bioptenn 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 o f pterins usually consist o f tw o main absorption bands between 

230-500 nm .^^’®® These tw o absorption bands relate to  transitions between singlet 

states o f the pterins. The  high energy band, a t 290 nm, corresponds to  a transition  

from  the singlet ground s ta te  to  the second excited singlet s ta te  (So S2 ), while the 

lower energy band relates to  a trans ition  to  the  f irs t excited singlet s ta te  (So ^  S i).^^  

Moving to  higher concentrations can affect the absorption profiles o f many materials, 

due to  re-absorption e f f e c t s . O t h e r  factors such as the type o f solvent used, the pH 

o f the solutions and the tem pera ture  can also a ffect the absorption profiles.

B iopterin  and 7 ,8-d ihydrobiopterin  are very sim ilar compounds, and the  la tte r is known 

to  be involved in the m etabolism  o f amino acids.®® Both o f these species, and other 

derivatives, are also known to  accum ulate in sufferers o f the chronic depigm entation 

disorder vitiligo.®® Fluorescence spectra were measured on a Varian Cary Elipse fluores­

cence spectrom eter using 5 nm excita tion  and emission s lit w id ths and a 10 n m /s  scan 

rate. 1 mL cuvettes w ith  a 1 cm path length were used fo r measurement and w ater was 

employed as the  solvent fo r each investigation. For some measurements the integrated
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2.1. U V /V IS  FLUORESCENCE SPECTRA

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 o f 450 nm, 

and the respective U V /V is spectra are shown in Figure 2.2.
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Figure 2.2: The absorption and excitation spectra o f 5 x 10” ® M aqueous solutions o f (a) biopterin and 

(b) 7,8-dihydrobiopterin. The absorption spectra were taken using 1 nm s lit w idths and a 

scan rate o f 10 nm /s  and the  excitation spectra using 5 nm excitation and emission slit 

w id ths and a 10 nm /s  scan rate. Both excitation spectra were measured at an emission 

wavelength o f 450 nm.

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

at about 275 nm, though the lower energy peak differs slightly, w ith tha t o f biopterin
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2.1. U V /V IS  FLUORESCENCE SPEC TR A

slight red-shifted from  th a t o f 7 ,8-d ihyrdobiopterin , which is consistent w ith  lite ra ture 

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 prom inent. Because the emission spectra remain unchanged regardless o f 

the excitation wavelength, th is  suggests th a t only the S i band is e m i s s i v e . A  sim ilar 

investigation was carried out w ith  isoxanthopterin and xanhopterin, shown in Figure 2.3.
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Figure 2.3: The absorption and excitation spectra o f 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 o f 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 o f the former species was measured at 

an emission wavelength o f 490 nm and the latter was measured at 410 nm.

30



2.1. U V /V IS  8̂  FLUORESCENCE SPEC TR A

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 o f 

which was true  fo r isoxanthopterin. The excitation spectra, taken at a 490 nm emission 

wavelength fo r xanthopterin  and a 410 nm wavelength fo r isoxanthopterin, showed a 

bette r response, w ith  the lower-energy band becoming more prom inent in both cases.

The emission spectra o f each o f the four pterin species were also measured, and are 

shown in Figure 2.4. Fluorescence quantum  yield calculations by Thom as et. al. sug­

gested th a t only a fraction  o f the energy excited to  higher-energy excited states (S2 

e tc .) is translated to  the lowest excited singlet state.
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Figure 2.4: The emission spectra of aqueous solutions o f (a) 1 x 10“ *̂ M biopterin and 1 x 10"^' M 

7,8-dhydrobiopterin (A^ax =  450nm) and (b) 1 x 10“ ® M isoxanthopterin A^ax =  410nm 

and 1 X 10^® M xanthopterin A„ax =  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 o f 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 o f 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 d ifficu lt 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 o f fluorescence can be dependent on the optical density or turb id ity o f the 

sample, which can lead to  an inner-filtering e f f e c t . T h i s  effect, which can decrease 

the observed fluorescence through re-absorption processes, means tha t 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:

r -  I -  - ( O D s x ± O D s m \  ,
Fcorr =  FobsWy  2 ) ( 2 .1)

where ODex and ODgm 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 o f Rhodamine 6G to  longer wave­

lengths at higher concentrations. This occurs due to  a re-absorption o f the shorter 

wavelength region o f the emission profile. Another problem with using samples tha t 

are too concentrated is tha t all o f the light can be absorbed at the surface facing the 

incident light.

Xanthopterin solutions were prepared in the concentration range from 1 x 10“ "̂ M to  

2 X 10“  ̂ 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 o f xanthopterin in aqueous solution from 1 x 10” "' M to  2 x 10~® 

M (a) before and (b) after inner-filter correction accordmg 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.

34



2.3. PH

Evident from  these spectra is th a t the response loses linearity at higher concentrations, 

due to  re-absorption effects. Applying the correction fo r inner-filte r effects yields a 

be tte r response.

2.3 pH

The  pH o f the solvent can have a large effect on the  properties o f pterins; the acidic 

and basic form s are d ifferent molecules, meaning th a t the electronic energy levels will 

be d iffe ren t in energy, sym m etry a nd /o r conform ation  and th is  can result in d ifferent 

absorption and fluorescence spectra. In general, pterins behave as weak acids in aqueous 

solutions and in solutions o f pH greater than 5 possess an equilibrium involving an 

acid form  (or amide form ) and a basic form  (o r phenolate form).^^'®^ Th is  acid-base 

equilibrium  is shown in Figure 2.6.

O O"

H2

Figure 2.6: The acidic and basic form s o f pterins.

For many pterin species th is  equilibrium exists in the  pH range from  4-12.^°^ The 

acid dissociation constant (pK ^), which is a measure o f the strength o f an acid, has 

been measured at about 8 fo r many pterins, though some functiona l groups th a t are 

attached to  certain types have stronger values o f about 2. Differences in the photo­

physical behaviour o f pterins due to  the pH environm ent is an im portan t consideration 

concerning fluo rom etric  analyses, and understanding these variations could aid in 

understanding the ir roles in biological systems.
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2.3.1 U V/V is  Spectra

The absorption spectra o f pterins are known to  be highly sensitive to  pH.

Solutions o f 2.54 x 10~'^M isoxanthopterin and xanthopterin at pH 3 and 12 were 

prepared, w ith 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 o f about pH 7 were also prepared 

using Millipore water. The U V /V is  spectra are shown o f these solutions in Figure 2.7.
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Figure 2.7: The UV/V is spectra o f acidic, neutral and basic pH solutions o f 2.54 x lO^^M  o f (a) 

isoxanthopterin and (b) xanthopterin.
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The basic form s o f each compound in Figure 2.7 show a quite d ram atic  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 th a t the equilibrium at th is  pH favours th a t o f the  acidic 

form . Th is would be consistent w ith  pH studies carried out on o ther 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 th a t appears to  be noted in relation to  o ther pterin species.

The  high energy band in both basic form s is blue-shifted from  the acidic and neutral 

form s, which is consistent w ith  investigations by Lorente on o ther s p e c i e s . F o r  the 

higher energy bands Lorente found the basic form  to  be red-shifted from  th a t o f the 

basic form , while in our measurements we found litt le  variation in th is  peak position 

across all pH values investigated.

2.3.2 Fluorescence Spectra

The fluorescence properties o f isoxanthopterin and xanthopterin  in d ifferent pH solu­

tions were also analysed, using a greater range o f pH values. A sim ilar trend was 

observed as w ith  th a t o f the U V /V is  measurements, w ith  the basic pH values producing 

the fluorescence. Th is relationship can be seen in the emission spectra fo r each o f 

isoxanthopterin and xanthopterin  (measured at excitation wavelengths o f 342 nm and 

390 nm respectively) at a concentration o f 2.54 x 10“  ̂ M, shown in Figure 2.8.
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Figure 2.8: The fluorescence spectra o f acidic, neutral and basic pH solutions of 2.54 x 10“  ̂ M o f (a) 

isoxanthopterin and (b) xanthopterin, taken at excitation wavelengths o f 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% o f the intensity at pH 12. There is also more o f a shift in the position of 

the emission peak for xanthopterin, w ith the peak in the basic solution being red-shifted 

from tha t o f the neutral solution, and the acidic form being red-shifted even further, 

though the fluorescence decreases w ith acidity. This contrasts w ith the investigations 

o f Thomas et. al. who found the acidic forms o f 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 tha t 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 p a t i e n t s , a n d  the relative concentration o f pterin species is also a useful 

measurement, as incremental variations in these ratios have also been reported in can­

cer r e s e a r c h . R e l a t i v e  pterin concentrations can be investigated using synchronous 

fluorescence spectroscopy, but here we wanted to  explore the use o f isoxanthopterin 

as an internal standard for the determination o f 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 w ith a 0:1 isoxanthopterin- 

to-xanthopterin ratio, w ith the one ratio unit corresponding to  1 x lO^'^M concentra­

tion. Ratios were then made up keeping the isoxanthopterin concentration constant 

and changing tha t o f 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 shov\/n 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, w ith a representative peak appearing at about 350 

nm. Henceforth the baseline o f the plots continues to  increase periodically, and from 

Figure 2.9(b) it can be seen tha t the peak at about 280 nm also increases slightly with 

the added xanthopterin concentration.
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2.4. PTERIN MIXTURES

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 o f 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 o f the aqueous mixed pterin solutions at different isoxan- 

thopterin:xanthoptenn ratios for emission wavelengths o f (a) 410 nm and (b) 490 nm.

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

xanthopterin spectra in Figure 2.10(b) there is not as much o f a change as might be
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2.4. PTERIN MIXTURES

expected for the increasing xanthopterin concentration.

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

chosen excitation maxima for both pterin species. The results o f 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 o f isoxanthopterin. There are variations 

in the observed signals despite a similar concentration being used, probably due to  re-
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absorption by the xanthopterin, which absorbs close to  the isoxanthopterin emission. 

The emission spectra excited at 390 nm in Figure 2.11(b) show the emission o f xan­

thopterin to  increase gradually, but not linearly, according to  the increasing xanthopterin 

concentration in the mixture.

P lotting the integrated xanthopterin emission peaks, between 410 and 600 nm, against 

the concentration results in the graph shown in Figure 2.12(a). Normalising these points 

with the integrated peak values o f the isoxanthopterin data shows a linear response, as 

can be seen in Figure 2.12(b).
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Figure 2.12: (a) The integrated emission spectra, between 410 and 600 nm, at 390 nm excitation for the 

mixed pterin solutions plotted against xanthopterin concentration and (b) these integrated 

values normalised by the integrated values obtained from the emission spectra at 342 nm 

excitation.

The normalisation o f the pterin mixture by using isoxanthopterin as an internal standard 

does seem to  work in this instance. Powerful methods such as HPLC and CE are 

capable o f separating out pterin compounds based on their different migration times 

through an active medium, which would likely give more accurate and quantifiable data. 

Synchronous fluorescence pterin measurements in solution in this way could however be 

useful as an indicator towards relative pterin concentrations.
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2.5. OXYGEN QUENCHING

2.5 Oxygen Quenching

One factor tha t can affect the fluorescence and absorption behaviour o f pterin species 

is the presence o f oxygen in solution. In a study by Cabrerizo et. al.^“  solutions purged 

o f oxygen and irradiated for 2 hours showed no changes in their absorption or fluores­

cence spectra, but a decrease in the pterin concentration over tim e was observed in 

aerobic conditions. This was attributed to  photoactivated reactions, which produced 

non-fluorescent photoproducts. This is an im portant factor in quantitative pterin anal­

ysis as it is a dynamic process, occurring as the compound is being investigated. A 

5 X 10“  ̂ M aqueous solution o f isoxanthopterin was tested in air-equilibrated conditions 

and also after bubbling under nitrogen for five minutes, w ith the emission spectra shown 

in Figure 2.13
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Figure 2.13: The fluorescence emission spectra o f a 5 x 10“  ̂ M aqueous solution o f isoxanthopterin 

in air-equilibrated and N j-treated conditions. The spectra were averaged from three mea­

surements and an excitation slit o f 10 nm and an emission slit o f 2.5 nm were used at a 

scan rate o f 10 nm/s.

From the information shown in Figure 2.13 it can be seen tha t there is a small decrease 

in the fluorescence o f the isoxanthopterin in the air-equilibrated solution, which could 

be attributed to  the presence o f molecular oxygen reacting under UV exposure to  form 

photoproducts and thus decreasing the concentration o f isoxanthopterin. This prospect
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2.5. OXYGEN QUENCHING

was investigated further by looking at the U V /V is  absorption spectra o f air-equilibrated

7.8-dihydrobiopterin and xanthopterin solutions over time. A 1 x 10“  ̂ M solution o f

7.8-dihydrobiopterin and a 2.5 x 10“ '̂  M solution o f xanthopterin were prepared, with 

twenty consecutive scans taken from 250-400 nm, equating to  a 36.6 minute exposure 

tim e to  UV light. The resulting spectra are shown in Figure 2.14.
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Figure 2.14: The UV/V is spectra of air-equilibrated solutions o f (a) 1 x 10“ ® M 7,8-dihydrobioptenn 

and (b) 2.5 x 10“ '* M xanthopterin. The insets show the spectra integrated between 260 

and 400 nm plotted against time.

The U-shaped plot obtained from the 7,8-dihydrobiopterin spectra can potentially be ex-
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2.5. OXYGEN QUENCHING

plained according to  Vignoni et. al. who describe the consumption o f 7,8-dihydrobiopterin 

w ith UV irradiation time and a concomitant increase in the concentration o f biopterin. 

Because the two species have a similar absorption profile, this could explain the shape of 

the curve in Figure 2.14. in contrast the absorption o f xanthopterin decreases linearly 

w ith irradiation time.

The UV response o f the pterins were also investigated after bubbling under nitrogen for 

10 minutes, with the responses plotted versus tim e in Figure 2.15.

28.90-,
E
D

■4—f 28.85-o
0)
Q.
CO 28.80-
c
g

Q. 28.75-
O(/)
-Q
< 28.70-
TJ
Q)
15 28.65-

B 28.60-
0 5 10 15 20 25 30 35

Exposure to UV light (mins)

(a)

E 9.9-3

O
0 )
Q .
CO 9.8-

c
_ o

9.7-
o(/)

n
< 9.6-
~ o

B
" ( 5
L_
0 5 9.5-
0

C

0 5 10 15 20 25 30 35 40

Exposure to UV light (mins)

(b)

Figure 2.15: The UV/V is spectra o f N2-equilibrated solutions o f (a) 1 x 10“ ® M 7,8-dihydrobiopterin 

and (b) 2.5 x lO ” '* M xanthopterin integrated from 260 - 400 nm and plotted against time.
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From the responses shown in Figure 2.15 it can be observed th a t there is s till a de­

crease in signal follow ing a 10-m inute period o f N2 bubbling. For xanthopterin  the 

decrease is still generally linear (a lthough the firs t point could be an ou tlie r), but the 

decrease is 1% follow ing the N 2 trea tm en t whereas it was 10% beforehand. For the 

7,8-d ihydrobiopterin  a decline o f 4%  as opposed to  6% is observed follow ing the N2 

trea tm en t, and there is no increase o f the signal again a fte r about 20 m inutes. Th is 

could be due to  a lower oxygen content not allowing or slowing down the photoconver­

sion to  another form  o f b iopterin, assuming from  the continuing decrease in signal th a t 

10 m inutes N 2 tre a tm e n t is insufficient to  elim inate all o f the oxygen.

The photophysical properties o f pterins investigated in th is chapter were all undertaken 

using air-equilibrated solutions, so it is likely th a t photodegradation o f the  compounds 

is occurring. Th is  in tu rn  will de tract from  quan tita tive  analysis, and any fu tu re  work 

to  consider using U V /V is  and fluorescence spectroscopy fo r quan tita tive  means would 

need to  consider the im pact o f molecular oxygen and the pho toreactiv ity  o f each o f the 

pterin species.

2.6 Conclusions

Many pterin compounds show a strong in teraction  w ith  UV radiation,^® which can 

induce fluorescence or photo-oxidative effects. These effects have been studied in 

detail in the  papers o f A .H . Thom as, though not in the cases o f isoxanthopterin

and xanthopterin . Both o f these la tte r species do appear in the lite ra ture, in many 

cases regarding the ir presence in the urine samples o f cancer p a t i e n t s . M u c h  o f 

the detection work involves separation o f the  pterins from  solution, using designated 

separating techniques, followed by detection, usually fluorom etric .

Initial fluorescence spectroscopy w ith  respect to  concentration led to  the observation 

o f saturation a t higher pterin concentrations, and to  how th is  could be som ewhat com ­

pensated fo r by using inner-filte r correction. Measurements o f the pterins in d iffe rent 

pH environm ents showed both absorption and fluorescence to  be more pronounced in
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basic environments. This is something tha t occurs in some fluorescent proteins. 

Fluorescence spectroscopy o f mixed pterin solutions showed a linear response upon 

normalisation o f increasing xanthopterin concentrations w ith a fixed isoxanthopterin 

concentration, though fluorescence detection o f multiple species in solution would be 

difficu lt w ithout the use o f some form o f separation technique.

Analysis o f solutions o f isoxanthopterin, one air-equilibrated and the other bubbled under 

nitrogen to  remove some o f the oxygen content, found the fluorescence intensity o f the 

air-equilibrated solution to  be slightly lower than tha t o f the nitrogen-bubbled analogue. 

Subsequent U V /V is  analysis o f 7,8-dihydrobiopterin and xanthopterin over a period o f 

36.5 minutes UV exposure in the U V /V is spectrometer showed changes in the U V /V is 

spectra, due to  conversion to  alternative photoproducts.
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3
Silver Colloids in Surface-enhanced Raman 

Spectroscopy

Silver colloids prepared according to  Leopold and L e n d l w e r e  used to  investigate 

the  SERS response towards the  reproducible detection o f various chemical compounds. 

SERS probes used fo r the characterisation and optim isation  were benzotriazole and the 

Rhodamine dyes B and 6G, the la tte r o f which is particularly prevalent in the lite ra ture  

when characterising SERS r e s p o n s e s . F i n a l l y ,  xanthopterin  and isoxanhopterin 

were considered w ith  the focus on the applicability o f SERS towards the ir detection and 

quantifica tion .

3.1 Colloids

Surface-enhanced Raman Spectroscopy (SERS) has long been considered a technique 

o f some potentia l, but th is  is tempered by the fa c t th a t it is a d ifficu lt technique to  

contro l. Irreproducib ility in measurements is the  m ajor d r a w b a c k , w h i c h  can 

occur fo r a number o f reasons. Variations in the  size or separation o f the enhancing 

colloids^^®’^^° or in the type o f aggregating agent used^^^ are tw o such reasons, and 

indeed variations can even occur between colloid batches prepared according to  the 

same procedure. Many synthesis procedures fo r a variety o f d ifferent nanoparticle shapes 

are available, and contro lling monodispersity is also p o s s i b l e . D e g r a d a t i o n  o f  the
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3.1. COLLOIDS

sample due to  interaction w ith the incident laser is also an issue, and can often

be identified by the appearance o f bands due to  graphitic or amorphous c a r b o n . A s  

a consequence o f these factors it is important to  consider the effect o f signal variations 

in SERS and to  take measures in order to  reduce their effects as much as possible.

Silver colloid suspensions have proved popular in SERS research, in particular those pre­

pared by the Lee-Meisel method, though there are other competitive synthesis tech­

niques, such as tha t developed by Leopold and L e n d l , W o r k  has also been published 

on the use o f other synthesised metal nanostructures, such as triangular nanoplates and 

nanorods, in the investigation o f the SERS effect. Sanci and Volkan report the growth 

o f silver nanorods directly onto a sol-gel covered glass surface as an alternative to  syn­

thesis o f the nanostructures in solution before their deposition onto the substrate. This 

study was carried out as an analysis for its potential w ith respect to  various dyes, with 

results showing intense spectra and indicating tha t the procedure could offer potential 

in SERS detection probes. Another interesting material employed towards SERS are 

triangular nanoplates, as it is possible to  tune the light absorption maximum by varying 

the aspect ratios o f the triangles during synthesis.

One o f the important things to  note w ith regard to  using these features as substrates 

for SERS is the significance o f the LSP bands. These bands shift w ith respect to  the 

aspect ratios and degree o f aggregation o f the nanomaterials, and the maximum SERS 

enhancement is expected when the A^ax o f the LSPR is slightly longer than tha t o f the 

laser excitation source. Because o f its sensitivity and selectivity there is the inevitable 

link o f SERS to  chemical and biological sensing. A further advantage is tha t there 

is little  impact on the data from water. However, one other point o f consideration 

regards tha t o f the interaction between the analyte molecules and the metal surface 

o f the substrate. Bare gold and silver surfaces as direct adsorption sites for biological 

molecules can cause a denaturing o f the molecules o f interest, as was first investigated 

by Cotton et. al. w ith regards to  myoglobin and cytochrome c.^^^ Another issue with 

colloidal-based substrates regards certain characteristics o f the solution, for example 

pH, ionic strength or the concentration o f the target biological molecule, which cause 

aggregation o f the colloids and greatly affect the enhancement profile.
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Bare metal surfaces have a fu rthe r issue o f being unable to  isolate the biological com­

pound o f interest from  o ther unwanted species. Due to  the  distance-dependence o f 

SERS, signals are still obtainable up to  a few nanometres from  the surface o f the enhanc­

ing metal, so it possible to  functionalise the surface using a self-assembled monolayer 

o f certain molecules, such as t h i o l s . A t o m i c  layer deposition is another technique 

applied to  th is purpose, though label-free, reproducible SERS detection is still

actively sough t.’-̂ ®

In th is  chapter a Horiba LabRAM  HR Raman spectrom eter was used fo r the SERS 

experiments using 532 nm and 633 nm excita tion . A  lO x  objective lens and a grating 

o f 600 lines/m m  were also used.

3.2 Synthesis of Silver Colloids

The silver nanoparticles were synthesised according to  a method developed by Leopold 

and L e n d l . B r i e f l y ,  AgNOs was reduced using an alkaline hydroxylamine hydrochloride 

so lu tion, the alkalin ity o f which was obtained through addition o f sodium hydroxide. A 

final pH o f 7 is obtained from  the  resultant nanoparticle solution. T w o  approaches can 

be taken in the synthesis. The  firs t (N P l)  involved adding 10 mL o f a 10~^ M solution 

o f silver n itra te  dropwise to  90 mL o f a 1.67 x 10“  ̂ M hydroxylamine hydrochloride 

so lu tion, containing 3.33 x 10“  ̂ M sodium hydroxide. The second (N P 2) used 10 mL 

o f a more concentrated solution o f the reducing agent (1.5 x 10“  ̂ M ), mixed w ith 

3 X 10“  ̂ M sodium hydroxide and then adding th is  dropwise to  90 mL o f a 1.11 x 10“  ̂

M solution o f AgNOs. The solutions were stored in plastic containers. Using an approx­

im ation o f a silver a tom ic radius o f 165 pm and an fee unit cell structure^^^ a colloid 

concentration o f 0.38 nM was calculated (See Appendix A ). O ther nanomaterials were 

also considered fo r SERS, but showed poorer performances, a lbeit w ith  less investiga­

tion  than the Leopold/Lendl colloids (See Appendices A-C fo r details o f the ir synthesis 

and application).

U V /V is  and SEM images were taken o f both m ethods o f colloid preparation fo r the

53



3.3. REPRODUCIBILITY MEASUREMENTS IN COLLOID BATCHES

Leopold and Lendl technique, as shown in Figure 3.1.
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Figure 3.1; (a) UV/V is absorption spectra o f both sets o f colloid, (b) (c) show SEM images taken

o f the N P l and NP2 colloids respectively.

For the N P l solution in Figure 3.1(b) it can be seen tha t the colloids seem to  have 

aggregated quite closely. The individual particle sizes are d ifficu lt to  make out, but 

appear to  be in the 50 nm—100 nm range, which is a little  larger than expected. The 

NP2 solution shows quite large particles, o f about 100 nm.

3.3 Reproducibility Measurements in Colloid Batches

Five batches o f the silver colloids were prepared together, in order to  assess their per­

formance from batch to  batch. A 9.1 x 10“ ® M concentration o f Rhodamine 6G was
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used to  investigate the SERS response of each batch, and 3 droplets were used for each 

batch to  observe variations within batches.

For these experiments the relative percentage deviation (%RSD) was used as a figure- 

of-m erit, according to  the following formula

where a  and are the standard deviation and mean o f the peak heights or integrated 

spectra values o f the data. Ten spectra were nominally taken o f each droplet.

3.3.1 Colloid Preparation and U V /V is  Spectra

The colloids were prepared according to  the more monodispersed Leopold Lendl 

s u s p e n s i o n , a s  described in section 3.2. This procedure corresponds to  17.0 mg 

o f the silver nitrate being measured out into 10 mL o f water and 10.4 mg o f the 

hydroxylamine hydrochloride being measured out into 90 mL o f water. 18 Q Millipore 

water was used in all o f the solutions.

A U V /V is  spectrum was taken o f each resulting colloid batch, w ith the suspension 

diluted one-in-four in water to  avoid saturation o f the signal on the spectrometer. The 

resultant spectra are shown in Figure 3.2

% R S D  =  100 X (3.1)

Batch #1

9 c ;. Batch #2

0 . 0 -
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Figure 3.2: U V /V is  spectra fo r each o f the five batches o f silver colloids prepared.
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From the U V /V is  spectra a clear variation over the five batches can be seen. Batches 

1 and 4 show a broader ta il-o ff o f the 410 nm absorption peak, while the three other 

batches show a narrower peak width, albeit w ith varying absorption intensity. These 

variations could have arisen from small variations in the amount o f reagent measured 

for the the syntheses.

3.3.2 SERS Measurements

SERS measurements on the colloid batches were all conducted using a 9.1 x 10“ ® M 

concentration o f Rhodamine 6G. A solution o f twice this concentration was mixed half- 

and-half w ith the respective colloid batch in order to  obtain this concentration value. 

All measurements were conducted on a 6 )LiL droplet deposited onto a glass slide and 

ten spectra were taken from each o f three separate droplets for each colloid batch, at 

an exposure tim e o f 0.5 s using a lO x  objective lens. Shown in Figure 3.3 are the ten 

spectra for each o f the three drops used in the analysis o f the Batch 1 solution, as well 

as a table o f some %RSD figures.
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3.3. REPRODUCIBILITY MEASUREMENTS IN COLLOID BATCHES
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(a)

Batch 1 - %RSD Values

Drop 1 Drop 2 Drop 3 All Drops

TO 616cm-i 74.6 47.9 98.1 7.3
U(U 771cm-i 75.2 47.7 94.3 6.4
a.LO 1315cm-i 76.0 46.8 100.7 4.9
<

1367cm-i 75.4 47.6 100.0 6.1

1514cm-i 76.5 48.1 99.8 6.4

Int. Peaks 75.3 46.6 101.8 4.2

(b)

Figure 3.3: (a) shows the spectra taken of a 9.1 x 10~® M Rhodamine 6G solution for each o f the three 

drops measured, using a 633 nm excitation wavelength and a 0.5 s exposure time, (b) shows 

the %RSD values for the maximum peak heights for the five principle peaks for each drop, 

as well as that for the integrated area under the spectral curves (Int. Peaks). The final 

column represents the %RSD in the peak heights and integrated spectra across the three 

drops.
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W hat can be observed from both the spectra in Figure 3.3(a) is tha t there is much 

variation between spectra from  within a single droplet. The table in Figure 3.3(b) shows 

the %RSD in the maximum peak height for the five principle Rhodamine 6G peaks and 

the %RSD in the integrated spectra for each o f the three droplets. Also shown is the 

%RSD in the average signal from across the three droplets, shown in the 'All Drops’ 

column, which corresponds to  the variation between droplets, again for the five principle 

peaks and the integrated spectra values. The %RSD values o f ~  50 -  100% are very 

high and not o f promise quantitatively. The variation across the droplets is better, but 

given the high uncertainty w ithin each drop this is somewhat insignificant.

One method to  improve these figures can be achieved through the removal o f the 

highest and lowest spectra from the data set; applying this approach resulted in the 

data shown in Figure 3.4.
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3.3. REPRODUCIBILITY MEASUREMENTS IN COLLOID BATCHES
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Figure 3.4: (a) shows the  spectra taken o f a 9.1 x 10“ ® M Rhodamine 6G solution using a 633 nm 

excita tion wavelength and a 0.5 s exposure tim e, but w ith  the highest and lowest spectra 

removed, (b) again shows the %RSD values fo r the maximum peak heights and integrated 

spectra.
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The 'Best 8' spectra in each o f the  droplets in Figure 3 .4(a) still show large variations, 

as is reflected in the % RSD values o f ~  40 -  60%, which although bette r is is still 

too  high. The  variation across the droplets increased in th is  case, though again th is  is 

somewhat irrelevant given the  varia tion w ith in  the droplets themselves. Th is high level 

o f variation was not observed in all o f the batches, as can be observed in Figure 3.5, 

which shows the averaged spectra in tegra tion  fo r each droplet fo r each batch, w ith  error 

bars showing the  standard deviation w ith in  each droplet. Figure 3 .5 (a ) shows the data 

averaged over all ten acquired spectra and Figure 3 .5 (b ) shows the  data fo r the 'Best 

8 ’ data.
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Figure 3.5: (a) shows the average integrated spectra values (between 500 and 1630 cm“ ^) taken for 

each of the droplets over each o f the five colloid batches. The error bars show the standard 

deviation over the range o f spectra taken, (b) shows the same relationship but with the 

highest and lower spectra removed from each data set.

From this data the impact o f using the 'Best 8' approach can clearly be seen, with 

a significant decrease in the extent o f the error bars. Also evident is tha t Batch 1 

is the poorest o f the batches, showing both the lowest spectral intensities and the 

highest irreproducibility between spectra. Batch 4 also shows a poor %RSD count, and 

comparing back to  the U V /V is spectra in Figure 3.2 these two batches correspond to 

the two tha t showed the slughtly broader absorption peaks. It is thus possible that
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a poor colloid batch can be identified through the U V /V is  profile, although further 

investigation would be required to  validate this observation.

The three other batches, batches 2, 3 and 5, show better reproducibility within each 

o f the droplets, although batch 5 shows a drop-off in the average intensity o f the third 

droplet, possibly due to  contamination. The table shown in Figure 3.6 shows the %RSD 

values across the three droplets for each o f the droplets measured, for data involving 

all ten spectra and tha t involving the 'Best 8 ’ data.

%RSD Across Droplets

All 10 Best 8
Batch 1 4.2 13.7

Batch 2 9.3 3.4

Batch 3 11.9 11.7
Batch 4 18.2 18.4

Batch 5 27.8 27.6

Figure 3.6: U V /V is  spectra fo r each o f the  five batches o f silver colloids prepared.

From this it can be concluded tha t batch 2 shows the greatest potential towards quan­

tifiable SERS analysis, due to  low variations w ithin each o f the droplets and a low %RSD 

o f 3.4% across the three droplets measured, in the 'Best 8' scenario. The data for each 

o f the droplets for batch 2 is shown in Figure 3.7.
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Figure 3.7: (a) shows the same 'Best 8' spectra as in Figure 3.4 bu t fo r Batch 2 instead o f Batch 1.

(b ) again shows the %RSD values fo r the maximum peak heights and integrated spectra.

W hile batch 2 showed the greatest signal response fo r the  com bination o f signal and 

reproducib ility using Rhodamine 6G as the SERS probe a d iffe rent relationship was
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observed when examining xanthopterin. Only one droplet o f each was examined in this 

case, with the resulting spectra all shown in Figure 3.8.
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Figure 3.8: SERS spectra fo r 2 .5 4 x1 0  M xanthopterin mixed w ith  each o f the  different silver colloid 

batches. A 633 nm excitation wavelength was used w ith  a 10 s exposure time.

All the xanthopterin spectra were taken at 10 s exposure times, with batch 3 being 

the only set o f colloids to  show an appreciable SERS response with xanthopterin. The 

consistency o f the measurements is good w ith a %RSD value o f 9% across the 10 

spectra taken. Batch 5 did show one large xanthopterin response, probably due to 

excitation at a ’hot-spot’ region. A possible explanation for this is the need to  add an 

aggregation agent, which will be discussed in the next section.
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3.3.3 Colloid Contamination

A nother issue w ith  the im plem entation o f silver colloids in SERS experiments is th a t it 

is no t uncomm on to  see spectral features due to  the presence o f an im purity  or contam ­

inant. Th is  can arise from  a number o f sources, be it from  the synthesis glassware used, 

from  the p ipette  tips being handled by a contam inated glove or indeed from  the ink o f 

the  marker used to  mark the solution vials. Careful preparation procedures are required 

to  prevent these contam ination issues from  arising and colloids should be checked fo r 

such artefacts prior to  fu rthe r SERS analysis. Background signals fo r the batch 3 colloid 

solution are shown in Figure 3.9, w ith  no obvious contam inants being present in th is 

case.
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Figure 3.9: Raman spectra o f the batch 3 colloid set.

The spectra fo r the fou r o ther batches can be found in Appendix E from  Figure E . l to  

Figure E.20.

3.3.4 Laser Power Fluctuations

A nother issue w ith  taking reproducible SERS measurements concerns the incident power 

o f the  laser on the s a m p l e . T h i s  was investigated over an in itia l hour-long period 

fo llow ing the in itia l sw itching on o f the system. The power was measured at 10-m inute 

intervals and the  power was observed to  stabilise a fte r about 20 minutes.
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3.3.5 Objective Lenses

The Raman system consisted o f two lasers, a 633 nm red laser and a 532 nm green 

one. The system also contained two objective lenses, one a 100x magnification with 

a 0.75 numerical aperture, the other a lO x  w ith a 0.25 numerical aperture. The theo­

retical diffraction limited spatial resolution can be predicted according to  the following 

formula

0.61A
Laser Spot Size =  —r r ^  (3.2)

NA  ̂ '

where A is the wavelength o f the laser and NA  is the numerical aperture o f the objective 

lens. Thus the minimum resolution for the lO x  and lOOx objective lenses can be 

calculated to  be 1.5 /^m and 0.5 ixm respectively for the 633 nm laser and 1.3 /txm and 

0.24 ^m  respectively for the 532nm laser.

Regarding the SERS data obtained, using a lOOx objective tended to  produce large 

variations within the same sample droplet. One reason for this is due to  the very 

small volume being probed, as large local variations due to  "h o t spots" on the colloid 

aggregates would produce large variation from scan to  scan. Measurements carried out 

w ith a lO x  objective lens, which probes a larger sample area and thus can to  some 

extent average out local variations in the enhancements, were found to  improve the 

signal strength and the reproducibility as can be observed in Figure 3.10, though this 

was not quantified.
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Figure 3.10: SERS spectra for a 4.2 x 10^'* M benzotriazole solution, taken using lO x  and lOOx 

objective lenses.

3.3.6 Glass Microslide Background

Droplets deposited onto  glass microslides were investigated as the media fo r SERS 

analysis due to  the ease w ith  which th is was applicable to  the  Raman system. One o f 

the  issues w ith  using glass as a Raman substrate is th a t o f the potentia l presence o f 

bands due to  silica bonds in the glass. The slides also received no prior cleaning before 

use, which could provide a source o f contam ination . In our experiments we found th a t 

the influence o f the glass substrates on the Raman signals obtained to  be m inimal, 

and comparing the background signal w ith  th a t o f an a lternative substrate such as 

alum inium  fo il appeared to  o ffe r litt le  advantage. The background spectra fo r a glass 

m icroslide are shown in Figure 3.11.

57



3.3. REPRODUCIBILITY MEASUREMENTS IN COLLOID BATCHES

30000 -

25000-

^  20000 -

3  15000-

> >  10000 -

Q) 5000-

0 500 1000 1500 2000

Wavenumber (cm'^)

Figure 3.11: The background Raman signals obtained from ten scans o f a glass microslide using a 633 

nm laser and 10 s exposure time.

3.3.7 Droplet Evaporation

Because the droplets used were o f a small 6 ^ L  volume, much o f the surface o f the liquid 

was exposed to  the surrounding environment, and as such to  the effects o f evaporation, 

which would result in the sample becoming more concentrated as the water content 

evaporated off. To examine these effects an analysis was set up using a 6 /laL droplet 

o f a 9.1 X 10“ ® M concentration o f Rhodamine 6G with silver colloids from the most 

reproducible batch 3 set. A spectrum was taken every 15 seconds over a 30-minute 

period, w ith the integrated spectra o f this analysis plotted against tim e in Figure 3.12.

In Figure 3.12(a) there is a very evident impact on the SERS spectra due to  evaporation, 

w ith the obtained signal increasing by quite an amount by the 30-minute stage. Taking 

the first five minutes o f the data however shows a less obvious increase in signal over 

time, as shown in Figure 3.12(b), and indeed the %RSD o f this data works out at 5.4%, 

which is less than the figures obtained during the batch analysis. W hile evaporation will 

occur immediately after droplet deposition, the SERS measurements are also taken as 

soon after deposition as possible, and given the low %RSD over a five-minute period 

SERS data can be taken tha t lies within the error range inherent in the colloid batch.
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Figure 3.12; (a) shows the increase in the integrated spectrum values as the SERS spectrum of a droplet 

o f Rhodamine 6G and silver colloids is measured at 15 second intervals over a half hour 

period, (b) shows the first five minutes o f this data, over which the %RSD is 5.4%.

3.4 Quantitative SERS &. SERS of pterins

SERS has previously been applied to  the  study o f pterins, but there does not seem to  

be an extensive am ount o f work on th is  in the lite ra ture. C oncentration-re lated studies 

involving the detection o f fo lic  acid using silver nanoparticles have been accomplished, 

leading on to  the technique being applied to  human serum samples.^® Pterin analysis
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has also been conducted using silver nanoparticles in the work o f Stevenson et. al. 

where studies were carried ou t on synthesised samples o f 6 -acety l-7 ,7-d im ethyl-7 ,8- 

d ihydropterin and 5 ,6 ,7 ,8 -te trahydropte rin , which shows detection down to  nanomolar 

c o n c e n tra t io n s .A ls o ,  Feng et. al. have shown sim ilar nanomolar detection w ith  en­

hancements o f 10^ fo r xanthopterin  using silver nanoparticles as the SERS substrates.^® 

The spectrum  o f xanthopterin  obtained from  th is  la tte r source is shown in Figure 3.13.
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Figure 3.13: The SERS spectrum o f xanthopterin (Obtained from Feng et.

Raman spectroscopy can experience variation in the signal levels based on only small 

changes in experimental procedure, fo r example sample p o s i t i o n i n g . S E R S  has the 

added com plication o f reproducib ility in the enhancing substrates; fo r example molecules 

can adsorb at d ifferent orientations, which may result in the appearance o f d ifferent 

Raman bands in the spectra, or o f  band broadening.

A no ther fa c to r in SERS reproducib ility in colloids is in the aggregation o f the  col- 

lo ids.63,140 SERS enhancements from  aggregated colloids are larger than fo r those o f 

individual colloids, though contro l is im portan t fo r the aggregation steps so as to  avoid 

tim e-dependent results or precip ita tion from  solution. A stable solution o f small colloidal 

aggregates is considered an ideal s y s t e m . T h e  most widespread method fo r obtain ing 

colloid aggregation is through the addition o f a salt as an aggregating agent. For Lee 

Su. Meisel colloids, the addition o f 10 mM KCI to  the solution has been found to  result 

in a stable solution w ith  good SERS activity. The use o f halide ions such as C l“  as 

aggregation agents are also though t to  provide anion-enhancement effects as well as
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providing colloid aggregation.

Signals generated by Raman measurements are proportional to  concentration, meaning 

tha t direct calibration plots should be obtainable. Irreproducibility due to  factors such 

as were mentioned above can be a serious issue for SERS, and is a major issue for 

quantitative measurements using this technique.

3.5 Internal standardisation using Rhodamine dyes

One method to  address the reproducibility issues is to  use an internal standard o f 

constant concentration, and use this to  normalise tha t o f the compound being investi­

gated. Rhodamine 6G and Rhodamine B were used to  investigate this; the structure 

and SERS spectra o f both dyes are shown in Figure 3.14.
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Figure 3.14: (a)Comparison between the SERS spectra o f Rhodamine 6G (R6G) and Rhodamine B 

(RhB). (b) (c) show the chemical structure o f both dyes.

The SERS response o f Rhodamine B was found to  be much less than for Rhodamine 

6G; sim ilar concentrations o f the tw o  compounds were found to  show a several-fold 

difference in signal intensity. Th is  is due to  steric hindrance on the Rhodamine B 

molecule, due to  the positions o f the  nitrogen atoms, giving it  a lower binding a ffin ity  

to  the silver surface. A range o f concentrations o f Rhodamine B were prepared from  

0.5 — 2 . 5~ ^  M, w ith  10 SERS scans being taken o f each and the spectral peaks at 1281 

cm~^ being integrated to  give the peak areas. These values were then p lo tted  against 

the respective concentrations, and tw o  separate analyses were conducted, using the 

same sets o f solutions.
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Figure 3.15: The integrated 1281 cm“  ̂ peaks plotted against a range o f Rhodamine B concentrations 

from 0.5 — 2.5“ '' M. Two sets of data (a) and (b) were taken. The %RSD for each data 

point was less than 20%.

The concentration curves in Figure 3.15(a) and (b) do not show a linear trend, w ith the 

2 X M data point particularly offset. Similar concentrations o f Rhodamine B were 

again prepared, including 2.5 x 10“  ̂ M Rhodamine 6G as an internal standard. While 

the two compounds are quite similar in terms o f their molecular structure, there are a 

few differences in their vibrational Raman modes. The most prominent are the strong 

bands at 770 and 1313 cm“  ̂ for Rhodamine 6G, which are absent in Rhodamine B, and
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the 1281 cm“  ̂ band for Rhodamine B, which is absent in Rhodamine 6G. There is also 

a double peak at about 1500 cm “  ̂ for Rhodamine B, while there is only a single peak 

here for the Rhodamine 6G. These differences in the spectra offer the opportunity to  

normalise one set o f data with respect to  the other. In terms o f internal standardisation 

this means keeping one o f the compound’s concentrations constant whilst varying the 

other, before using the data obtained from the standard to  normalise tha t o f the variable. 

The benefit o f this sort o f setup is tha t any variance in data due to  external factors 

(i.e. not concentration) can be somewhat compensated for, if  the standard responds 

in the same way to  these variances. Using two similar compounds is useful because 

they should respond similarly to  external conditions.

When adding a concentration o f 2.5 x  10“  ̂ M Rhodamine 5G to  the same concentration 

range as studied before for the Rhodamine B, it was found tha t the peaks for the former 

species could be seen amongst the more prominent Rhodamine B peaks. The follow­

ing three graphs show the full spectra and also magnifications o f certain wavenumber 

ranges.
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Figure 3.16: (a) Spectra from 500 to  1625 cm “  ̂ show/ing 2.5 x  10“  ̂ M Rhodamine 6G against spectra 

o f mixed Rhodamine samples where the Rhodamine B concentration was varied from  0.5 — 

2.5“ '* M w ith Rhodamine 6G kept constant at 2.5 x  10~^ M. (b) shows a m agnification o f 

the spectra from  1200 to  1400 cm “  ̂ and (c) shows the spectra from 1400 to  1600 c m " ^
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Observing these differences in the spectra it was decided to  use the 1281 cm “  ̂ Rho­

damine B peak and the 1321 cm“  ̂ Rhodamine 6G peak for one set o f normalisation 

data. A second set was taken from the ratio o f the Rhodamine B double peak inten­

sities at 1512 cm “  ̂ and 1532 cm“ ^  with the Rhodamine 6G only displaying the lower 

wavenumber peak o f this double it was expected tha t the ratio would change with de­

creasing Rhodamine B concentration. The results o f the normalisation data are shown 

in Figure 3.17.
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Figure 3.17: Normalised peaks comparing the integrated Rhodamine B and Rhodamine 6G peaks in the 

mixed solution, (a) shows the 1282cm"^ Rhodamine B peak divided by the 1312cm“  ̂

Rhodamine 6G peak while (b) shows the 1532cm“  ̂ Rhodamine B peak divided by the 

1512cm~^ one.
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The data plotted in Figure 3.17 shows the normalising process involving the 1282 cm “  ̂

and the 1312 cm“  ̂ peaks to  be the more successful, w ith a reasonably linear relationship, 

and displaying an R^ value o f 0.96. In comparison the R^ value for the normalisation 

involving the 1532 c m " ’- and 1512 cm“  ̂ peak is 0.57.

It is interesting to  note the good linearity shown using the firs t normalisation data set, 

particularly as the original data included a very low value in the case o f the 2.0 x 10“  ̂

M concentration o f Rhodamine B. The process was repeated using the same solutions, 

w ith the R^ values working out at 0.9 and 0.88 for the same normalisation protocols.
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Figure 3.18: Normalised peaks comparing the integrated Rhodamine B and Rhodamine 6G peaks in the 

mixed solution, (a) shows the 1282cm“  ̂ Rhodamine B peak divided by the 1312cm“  ̂

Rhodamine 6G peak while (b) shows the 1532cm“  ̂ Rhodamine B peak divided by the 

1512cm“  ̂ one.

3.6 Investigation of quantitative pterin SERS

Quantitative analysis o f two pterin species was carried out using a series o f mixed con­

centrations in varying ratios, w ith the aim o f using internal standardisation for quantita-
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tion . Th is analysis was in itia lly  carried out using a solution o f aggregated silver colloids 

and 532 excitation. Solutions were prepared o f xanthopterin  and isoxanthopterin in a 

1 : 1 ra tio  w ith  the  aggregates before a droplet o f  5 /iL  was deposited onto  a glass 

microslide, w ith  a suitable aggregate being located using the CCD viewfinder on the 

instrum ent. The 532 nm laser was used in the case o f these experiments as it per­

formed bette r than the 633 nm laser, due to  both the  inherent relationship between 

wavelength (A) and scattering intensity (/scat) where I s c a t  =  and to  resonance 

Raman contribu tions obtained by using an excita tion wavelength closer to  the pterin 

absorption transitions.

One o f the great advantages o f Raman spectroscopy is its ability to  o ffe r in form ation 

on the  molecular s tructure  o f a compound. The fine-s tructu re  o f the spectral data can 

d iffe ren tia te  between molecules w ith  highly sim ilar structures. Xanthopterin  and isox­

anthopterin  are s tructura l isomers, d iffering only by the  orienta tion o f the ir pyramidine 

unit, but despite th is structura l s im ilarity they do exhibit quite d ifferent properties, par­

ticu la rly  in the ir fluorescence characteristics, and SERS is also capable o f d ifferentia ting  

between the tw o compounds.

3.6.1 Variation in pterin SERS signals

The SERS intensity o f isoxanthopterin was investigated w ith  respect to  concentration, 

working from  2.5 x M through to  2.5 x  10“  ̂ M. In the spectra shown in Figure 3.19 

it can be seen th a t the intensity o f the isoxanthopterin peaks generally decrease w ith  

concentration, but the  relationship is not linear.
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Figure 3.19; SERS spectra o f 2.5 x 10 M - 2.5 x 10  ̂ M isoxanthopterin at 532 nm excitation and 

5 s exposure time with 5 accumulations.

The spectra in Figure 3.19 were obtained using a five-second exposure w ith five accu­

mulations in order to  reduce noise in the spectra. The colloids were aggregated using 

10 mM NaCI and spectra were taken for three different aggregates w ithin the solutions 

before averaging. Xanthopterin SERS spectra were also taken and are presented in 

Figure 3.20(a) from 2.5 x lO"'^ M down to  2.5 x 10"® M.
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Figure 3.20: SERS spectra o f 2.5 x 10 M - 2.5 x 10 ® M xanthopterin at 532 nm excitation and 5 s 

exposure time.

The SERS intensity for xanthopterin decreases w ith concentration in Figure 3.20, with
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each spectrum in this case the average o fte n  spectra taken from a 6 droplet.

A normalisation process was investigated for the two pterins mixed together in solution, 

based on the ratios in which the two are m i x e d . B e c a u s e  o f their similar chemical 

structure the two pterins should respond similarly to  any variations in experimental 

conditions, and should represent similar adsorption characteristics.

In order to  investigate the potential o f simultaneous xanthopterin and isoxanthopterin 

detection, mixtures o f different ratios o f the two substances were examined. In Fig­

ure 3.21 spectra are shown for the isoxanthopterin and the xanthopterin separately, as 

well as for the 1 : 1 ratio mix o f the two compounds (Each was present at a concen­

tra tion o f 5 X 10“  ̂ M).

 Isoxanthopterin
Xanthopterin 
1:1 Mix

I-----------'---------- 1--------------------'--1-------------------- '-1------------------- ■--1-------------------■--1-------------------- -̂1---------- ■-----------1

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm'^)

Figure 3.21: SERS spectra of 5 x 10"^ M isoxanthopterin, xanthopterin and a mixture o f the two at a 

1 : 1 ratio. All spectra were taken at 532 nm and a 5 s exposure time.

In this figure the data has been manipulated for presentation purposes, w ith each o f 

the spectra normalised to  make them the same height, and each separated out from 

each other. Raw data is presented in Appendix E.5. For this reason the y-axis for SERS 

intensity has been om itted as the figure is solely for comparison o f the spectra.

There are a number o f differences between the two pterin spectra. Working from left to 

right, the group o f peaks between 400 and 800 cm“ ,̂ attributed to  skeletal vibrations,^® 

are in differing ratios for each o f the molecules. The main group o f peaks between 1000
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and 1500 cm“  ̂ are quite different, w ith the isoxanthopterin showing fewer observable 

features, and moreover, the xanthopterin spectrum has a greater range of peaks from 

which to  deduce information. For example, the peak at 1200 cm“  ̂ is absent from the 

isoxanthopterin spectrum.

For the spectrum o f the mixed solutions features o f both pterins can be observed, 

which is further elaborated in Figure 3.22, where the data is composed of a set o f ratios 

ranging from 5:1 in favour o f xanthopterin to  5:1 in favour o f isoxanthopterin. In each 

case one ratio unit corresponds to  a concentration o f 5 x 10“  ̂ M. One way o f looking 

at this is to  consider tha t either the xanthopterin or the isoxanthopterin is being used 

as an internal standard to  the other one, and while many o f the band energies lie in 

similar regions, there are sufficient difference in the spectra for potential normalisation 

information.

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm‘ )̂

Figure 3.22: SERS spectra for a range o f pterin mixtures, at differing ratios of xanthopterin : isoxan­

thopterin.

The data represented in Figure 3.22 was again modified for presentation purposes; 

in reality the absolute intensities from one sample to  the next varied, but from the 

representation shown there are some useful changes tha t can be o f use, such as the 

decreases in the peaks at 1315 cm“  ̂ and 1198 cm “  ̂ w ith increasing isoxanthopterin 

presence, and an increase in the peak at 697 cm“ .̂
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Four SERS spectra were taken o f each o f the pterin mixture concentration ratios, 

and using the raw data o f the spectra, the peak areas for the 597, 1198, 1315 and 

1470 cm“  ̂ peaks were all calculated through integration. The ratio o f the 1315 cm“  ̂

peak area when compared to  the 1470 cm“  ̂ peak generally decreases w ith increased 

isoxanthopterin presence, as does tha t o f the peak area o f the 1198 cm~^ peak relative 

to  the 697 cm “  ̂ peak. Both o f these relationships are plotted in Figure 3.23(a) and 

(b) respectively, while combining these two plots, by multiplying the two sets o f data, 

results in the plot in Figure 3.23(c), which shows an increased linearity as shown by the 

R^ value o f almost 0.9.
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Figure 3.23: (a) shows the ratio  o f the  peak area o f the  1315 cm “  ̂ peak relative to  the 1470

peak, (b) shows the ra tio  o f the 1198 cm “  ̂ peak to  the 697 cm “  ̂ peak. Both o f these 

plots decrease in a linear fashion, and when the data from  each is combined (m ultip lied) 

the linearity increases, as is displayed in graph (c). n — 4  fo r the original data sets.

While this analysis shows the differences between the two species, more quantitative 

analysis could be provided by greater control o f the aggregation procedure and analysis 

could be performed by more sophisticated techniques such as multivariate analysis.
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3.7 SERS of xanthopterin using stainless steel wells.

Stainless steel wells were prepared, according to  Ryder et. al,^"^^ as th is p la tfo rm  should 

help to  reduce surface evaporation and contam ination . The  material, stainless steel 

316L grade was obtained from  Im pact Ireland M etals before holes were drilled according 

to  the schem atic in Figure 3.24. A  photo o f the  finished wells is also shown. The wells 

were cleaned using isopropanol and rinsed thorough ly w ith  M illipore water before use.

7 mm 6 mm 9 mm

50 mm

15 mm

000 oo
0 0 0  O Q
0 0 0 0 0
0 0 0  O Q
0 0 0 0 0

uuuu
50 mm

(a)

9 mm

6 mm

(b )

Figure 3.24; (a) A schematic o f the  stainless steel wells and (b) a photograph o f the finished device.

Xanthopterin  solutions o f concentrations from  2 - 10 x  10“  ̂ M were prepared fo r analysis 

using both the stainless steel wells and the glass microslides. The  effects o f aggregation 

were also investigated by preparing separate samples aggregated using 10 mM NaCI. A 

633 nm laser was used in all instances.

Four sample sets fo r xanthopterin  were thus prepared; 1) using aggregated colloids 

measured in the  wells, 2) using unaggregated colloids in the  wells, 3) using aggregated 

colloids measured on the slides and 4) using unaggregated colloids on the  slides. The 

f irs t o f the these is considered in the firs t figure below in Figure 3.25. 100 o f 

the sample was deposited in to  the well and ten spectra were taken, w ith  the highest 

and lowest being removed, and the  remaining eight being used fo r analysis. Only the
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average spectra are shown in the follow ing figures but all o f the spectra can be found 

in Appendix E.
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Figure 3.25: (a) Xanthopterin from  2 - 1 0  x lO ~ ^  M measured in stainless steel wells w ith  10 mM NaCI 

aggregating agent, using a 633 nm laser and 20 s exposure tim e, (b) shows the integrated 

spectra between 1230 and 1390 cm “  ̂ p lo tted against concentration.

The xanthopterin  response using the wells was good, and the average spectra across 

the d ifferent concentrations showed a general linear response, w ith  an R^ o f 0.86. The 

response according to  the lack o f aggregating agent was also investigated in the wells, 

w ith  these spectra shown in Figure 3.26.
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Figure 3.26: (a) Xanthopterin from 2 - 10 x 10“ ® M measured in stainless steel wells with no aggregating 

agent, using a 633 nm laser and 20 s exposure time, (b) shows the integrated spectra 

between 1230 and 1390 cm“  ̂ plotted against concentration.

From the spectra shown in Figure 3.26 it can be observed tha t the response is much 

lower than tha t o f the aggregated solutions. The linearity o f the response is also much 

worse, with an R^ value o f only 0.62. The %RSD values were measured across the 

spectra taken for each xanthopterin concentration, w ith the results shown in the table 

in Figure 3.29. From this it can be seen tha t the reproducibility o f the responses 

was far superior for the aggregated samples. These observations show much improved
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sensitiv ity and reproducibility for aggregated colloids over non-aggregated colloids.

Cone. (xlO'^M) 10 ' 8 6 4 2
W ells -W ith  NaCI 3.7 8.3 . 4-7 4.3 8.6

Wells - W ithout NaCI 7.5 16.8 19.2 14.4 13.1

Figure 3.27: Comparison o f the %RSD values for each o f the  xanthopterin concentrations, w ith  and 

w ith o u t the additional aggregating agent. The spectra fo r the aggregated samples are 

shown m Figures E.6 to  E.IO and those for the unaggregated samples are shown in Figures 

E . l l  to  E.15.

Droplets deposited onto  the glass microslides were also investigated fo r comparison 

w ith  the wells. The average spectra obtained fo r the  aggregated colloids are shown in 

Figure 3.28.
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Figure 3.28: (a) Xanthopterin from 2 - 1 0  x lO “ ® M measured on glass microslides with 10 mM NaCI 

aggregating agent, using a 633 nm laser and 20 s exposure time, (b) shows the integrated 

spectra between 1230 and 1390 cm“  ̂ plotted against concentration.

From these spectra it can be observed tha t the responses and linearity w ith concentra­

tion are lower than those obtained when using the wells. The %RSD for the slides was 

also much worse than for the wells, as can be seen in the table in Figure 3.25.
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%RSD

Cone. (xlO-SM) 10 8 6 4 2
W ells -W ith  NaCI 3.7 8.3 4.7

i
8.6

iSlides - W ith NaCI 5.9 25.7 24.8 22.6 22.4

Figure 3.29: Comparison o f %RSD values for each o f the xanthopterin concentrations, using both the 

stainless steel wells and the glass microslide. The spectra for the wells are shown in Figures 

E.6 to E.IO and those for the microslide are shown in Figures E.16 to  E.20.

The non-aggregated samples were also investigated using the glass microslides but no 

appreciable signal was obtained fo r using th is  m ethod o f analysis. From th is  it can be 

concluded th a t using the stainless steel wells is the superior method o f analysis, in term s 

o f signal response and in term s o f reproducibility. U n fortunate ly the study could not be 

repeated due to  subsequent issues w ith  the Raman laser.

3.8 Conclusions

Colloid reproducib ility was investigated through the  preparation and analysis o f five col­

loid batches, w ith  d is tinct variability observed in the  response across these batches. 

T h is  was not investigated using aggregated collo ids though. Analysis o f d rople t evap­

oration found the SERS signal to  increase markedly over the course o f half an hour as 

the drople t volum e decreased and the analyte concentration increased. However, over 

the f irs t five m inutes o f th is  measurement the  SERS variations were observed to  be 

consistent w ith  the  %RSD fo r the given colloid batch.

In order to  obta in  concentration dependent m olecular detection normalisation tech­

niques were investigated using Rhodamine dyes and pterins. Rhodamine 6G was used 

as an internal standard fo r Rhodamine B, w ith  the  results showing increased linear­

ity  w ith  spectral norm alisation. Relative concentrations o f xanthopterin  and isoxan­

thop te rin  were investigated in mixed pterin solutions, w ith  the resulting SERS spectra 

being used to  create normalised data th a t yielded a som ewhat linear relationship over 

a large relative range.

The effects o f aggregation and o f the use o f stainless steel wells over glass microslides
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were fina lly considered. The  response using the wells was found to  be superior to  th a t 

o f the slides, both in signal obtained and in reproducibility. Similarly, aggregation was 

found to  dram atica lly increase the quality o f the obtained signals, showing th a t the use 

o f aggregated colloids and a well-plate setup to  be advantageous fo r effective SERS 

analysis.
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Nanostructured Substrates for SERS

In th is chapter silver nanoparticle film s prepared using electron beam evaporation (EBE) 

and pulsed laser deposition (P L D ) w ill be discussed w ith  respect to  the ir SERS re­

sponses. EBE was carried ou t on a Temescal FC-2000 system in a clean room environ­

m ent in the CRANN institu te , w ith  deposition at a rate o f 0.1 A /sec. Tw o  varieties o f 

PLD  film  were prepared, using tw o d ifferent laser systems; a 248 nm KrE laser w ith  a 

pulse w id th  o f 25 ns and an 800 nm solid s ta te  T i-Sapphire laser w ith  a pulse w idth  o f 

130 fs. Th is  preparation was carried ou t by Inam Mirza in James Lunney’s photonics 

group. The  morphological and SERS-dependent effects o f annealing were also inves­

tigated on the film s.

4.1 SERS using metal nanoparticle films

Nanoparticle film s w ith  feature sizes in the range o f 1 — 100 nm is an area th a t has 

received a tten tion  due to  the ir novel magnetic, ca ta ly tic  and optica l properties. M ore­

over, the ability  to  selectively contro l the optica l properties o f such nanoparticle film s 

is an area o f particular relevance regarding SERS.^^^ Techniques such as nanosphere 

lithography (N S L) have shown the  ability to  carefully contro l the size, height and shape 

o f nanoparticles f i l m s , a n d  w ith  th is  is provided the opportun ity  to  prepare more 

ordered and reproducible SERS-active film s. Using th is  technique has also re­

sulted in the development o f metal film  over nanoparticle (M F O N ) substrates,
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th a t dem onstrate good s tab ility  over time.^^^ Many reviews exist o f metal film s for 

SERS applications^^^'^^®'^^® and several o ther fabrication techniques th a t have been 

investigated regarding the ir plasmonic and SERS properties include film s prepared by 

e-beam l i t h o g r a p h y , L a n g m u i r - B l o d g e t t ,  electrochemical deposition, 

m icro -con tact printing^®® and self a s s e m b l y . A  wide range o f shapes and structures 

have been developed and examined fo r the ir SERS activity, including nanowires, 

nanopillar arrays,^®® nanostars^^° and even nanotrees.

The adsorption properties o f the  investigated m aterials are also a consideration in sub­

stra te  preparation; investigations in to  SERS fo r protein analysis have found changes 

in signal due to  conform ationa l or o rientation changes on the  metal surface. Issues 

such as protein m ultiadsorption and irreproducible nanoparticle aggregation on bare 

metal substrates have also led to  the development o f media such as silica-silver core­

shell substrates, which show good SERS activity.

Pulsed laser deposition (P L D ) is a relatively simple and effective fabrication technique 

fo r nanoparticle film s. In PLD , a high power pulsed laser is focused on the ta rge t 

surface. For a suffic ien tly  high laser fluence (fo r metals about 1 J /cm ^), each laser 

pulse vaporises, or ablates, a small am ount o f m ateria l which expands rapidly from  the 

ta rge t surface in vacuum. T h is  ablated material provides the  deposition flux  fo r th in  film  

growth, and the m orphology and size o f nanoparticles can be controlled by the  number 

o f laser pulses. Nanostructured Ag substrates prepared using PLD in a background gas 

have proved to  be a promising candidate fo r SERS, and have previously performed 

well in comparison w ith  com m ercial substrates.

Both nanosecond (ns) and fem tosecond (fs) pulsed lasers can be used fo r the  ablation 

o f a metal ta rge t and fabrica tion  o f a nanoparticle film  but the physical mechanism 

is d ifferent in both cases. In the nanosecond case there is much evidence th a t the 

nanoparticle grow th takes place on the substrate by surface diffusion o f the  deposited 

m a t e r i a l , w h i l e  in the  fem tosecond case it has been observed by studying the 

dynamics o f the  laser ablation plume using fast photography and optical emission spec­

troscopy th a t the  nanoparticles are present in the ablation plume, which can la ter be 

collected on the solid substrate.
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Film evaporation is another relatively stra ightfo rw ard  technique, which has also been 

investigated regarding its SERS properties. Subsequent annealing at tem peratures 

ranging up to  350°C was found to  improve the SERS performance o f some films, 

and increased s tab ility  o f the SERS response over tim e  was also discovered,^®® while in 

o ther cases it  was found to  reduce performance.^®^

4.2 Comparison of PLD films

PLD film s were prepared on glass microslides to  varying thicknesses and then subse­

quently investigated regarding the ir SERS responses. Both nanosecond PLD (nsPLD ) 

and fem tosecond PLD  (fsP LD ) film s were prepared a t up to  10 nm thickness. They 

were generally used for SERS analysis as soon a fte r preparation as possible, but any 

overnight storage was carried ou t in an argon-filled vacuum environm ent.

4.2.1 U V /V is  properties of PLD films with respect to film thickness

The U V /V is  spectra fo r the fsP LD  film s from  1 — 10 nm thickness were taken, while 

those from  5 — 10 nm for the  nsPLD film s were obtained. SERS activ ity  below 5 nm 

thickness was found to  be low so focus was generally applied to  film s o f 5 nm plus. The 

U V /V is  data fo r these film s is shown in Figure 4.1.
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Figure 4.1: (a) shows the UV/V is spectra for 5 — 10 nm nsPLD films and (b) shows the 1 — 10 nm 

fsPLD films.

From these spectra it is clear tha t there is an increase in the light absorption (and also 

an increase in the contibution from reflection) as the thickness o f silver increases, as 

expected. For the fsPLD films the spectra are all relatively broad and there is also a 

shift in the peak maximum towards the IR region, except for the 10 nm film, which 

shifts back towards about 450 nm again. In the nsPLD films there is also a change in 

the 10 nm film , w ith a dramatic broadening o f the UV absorption profile.
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4.2.2 Scanning transition electron microscopy of nsPLD films

The 5 — 10 nm nsPLD films were also imaged using scanning transmission electron 

microscopy (S TE M ), shown in Figure 4.2.

(c)

Figure 4.2: STEM  images o f (a) a 5 nm, (b) a 7 nm and (c) a 10 nm nsPLD film .

From the STEM  images the general observation is tha t there is an increase in the size 

o f the nanoparticulate structures from 5 nm through to  10 nm. As the film  thickness is 

increased the nanoparticle features appear to  become more fused, leaving these larger 

structures, and smaller gaps in between the structures.
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4.2. COMPARISON OF PLD FILMS

4.2.3 SERS response of PLD films of varying thickness

As previous mentioned, the SERS response o f the lower thicknesses yielded a small to  

negligible signal; appreciable SERS responses were only observed from 5 nm thickness 

upwards for both the nsPLD and the fsPLD films. 6 droplets were deposited onto 

the films and spectra were taken from the interface between the liquid and the film . 

The hydrophobicity o f the liquid on the films was also observed to  increase with the 

film thickness, which is shown in Appendix G. In terms o f the SERS response regarding 

thicknesses, a gradual increase in signal was observed from 5 nm through to  10 nm for 

both o f the preparation methods. The spectra taken for a 4.2 x 10""^ M solution o f 

benzotriazole on each o f the 3 films are shown in Figure 4.3.

From these spectra a couple o f things can be observed. Firstly, the average signal 

strength does increase gradually w ith increasing film  thickness and secondly, the relative 

error also increases w ith thickness.
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Figure 4.3: A set o f eight spectra o f a 4.2 x 10“ '̂  M benzotriazole solution on a (a ) 5 nm, (b ) 7 nm 

and (c) 10 nm nsPLD film . All spectra were taken a t 633 nm w ith a 5 s exposure time.

This init ial exploratory work was also carried ou t for each o f  the films using a 2.4 x  10
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M solution o f xanthopterin, the spectra o f which can be seen in Figure 4.4.
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Figure 4.4: A set o f eight spectra o f a 2.4 x 10“ '* M xanthopterin solution on a (a) 5 nm, (b) 7 nm 

and (c) 10 nm nsPLD film. All spectra were taken at 633 nm with a 10 s exposure time.
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4.2. COMPARISON OF PLD FILMS

A similar trend is observed in Figure 4.4, w ith an increase in both the obtained SERS 

response and o f the relative error as the film thickness increases.

4.2.4 Comparison of ns and fsPLD films

Using 10 nm films prepared both by the nanosecond system and by the femtosecond 

system, SERS measurements were made to  compare the two. Structural differences 

can be observed from STEM images, as shown in Figure 4.5.

(b)

Figure 4.5: STEM images o f (a) a 10 nm nsPLD film and (b) a 10 nm fsPLD film.

In both cases the films are nanostructured, w ith the nsPLD film  showing a percolated 

structure due to  nucleation and coalescence between small nanoparticles into single 

units, while the fsPLD film  shows more spherically-shaped nanoparticles w ith diameters 

in the range o f about 5 - 1 5  nm. Comparison o f the SERS response o f the two films 

was performed using a 4 .2 x1 0 “ '̂  M solution o f benzotriazole, w ith the resultant spectra 

shown in Figure 4.6.
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Figure 4.6: The average SERS spectra on the 10 nm nsPLD and fsPLD films, taken at 633 nm and 

compiled from eight spectra, o f (a) 4.2 x lO ” "* M benzotnazole at 5 s exposure time and 

(b) 2.4 X 10~"' M xanthopterin, taken at 10 s exposure.

Benzotriazole has a better SERS response than xanthopterin due to  its triazole group, 

v^hich has a strong affinity to  bind to  gold or silver s u b s t r a t e s . I n  this analysis the film 

prepared using the femtosecond laser was observed to  perform better for the benzo­

triazole but worse for the xanthopterin. The %RSD values for the benzotriazole were 

measured at 18.6% and 24.5% for the femtosecond and nanosecond films respectively 

and 21.3% and 33.0% for the xanthopterin. These figures show the femtosecond film 

to  perform slightly better in both cases. Due to  issues w ith the femtosecond laser 

equipment this exploratory study could not be investigated further, though it would be
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an in teresting study fo r fu tu re  work.

4.3 Analysis of annealed and non-annealed EBE and 

PLD films

T h e  e lectron beam evaporated (E B E )  silver f i lm s  were prepared on glass microslides to  

a th ickness o f  10 nm, using a deposit ion rate o f  0.1 A /s e c .  10 nm fs P L D  f i lm s were also 

prepared and annealing was carried o u t  a t 400°C  under fo rm ing  gas (A r :H 2 ) a t 1 Torr. 

C haracter isa tion  was carried o u t  by U V /V is  spectroscopy and a tom ic  force m icroscopy 

(A F M ) .

4.3.1 U V/V is spectra of the EBE films

Th ree  EB E  f i lm s were investigated as-prepared and a fu r th e r  th ree  were annealed sub­

sequent to  investigation. T h e  U V /V is  properties o f  each f i lm  are shown in Figure 4.7.
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Annealed
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Figure 4.7; (a) shows the  U V /V is  spectra fo r an as-prepared and an annealed 10 nm EBE films, while 

(b) shows a photograph o f both films. (Grey =  as-prepared and yellow =  annealed)

T h e  tw o  f i lm s differed visually subsequent to  annealing, w ith  the  as-prepared f i lm s 

showing a grey-purp le  co lou r and the  annealed ones a yellow one. T h is  a lte ra t ion  is
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clearly reflected in the absorption properties o f the EBE films w ith the as-prepared films 

showing a broad absorption band stretching towards the IR region o f the spectrum and 

the annealed films showing a much narrower distribution, w ith a peak centred at about 

420 nm.

4.3.2 Atomic Force Microscopy of the EBE films

AFM, measured using an M FP-3D Stand-Alone AFM from Asylum Research, was used 

to  investigate the surface features o f the EBE films, and in particular to  any morpho­

logical or surface-roughness changes tha t occur due to  the annealing process.

The AFM data from a 1 /zm^ region o f an as-prepared EBE film  is shown in Figure 4.8.

Figure 4.8: A 1 area o f the  as-prepared EBE film , showing (a) a 3D A FM  map. (b) a 2D image

w ith  tw o lines th a t are subsequently p lo tted as the profiles in (c). Line 1 represents the 

black p lo t in (c) and Line 2 the  red plot.

(a)

 Line 1
Line 2
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The 3D map in Figure 4.8(a) shows the surface profile o f the region examined, with a 

number o f small features, confined to  sub-10 nm in height dimensions. The image in 

Figure 4.8(b) shows a 2D representation o f this area, with two lines drawn onto it to 

examine the lateral profiles o f the surface features. Line 1 was drawn to  encompass the 

large, double-peaked feature in the centre o f the examined area, which was found to  

measure about 200 nm laterally, though only about 5 nm vertically. Line 2 was drawn 

to  encompass an area tha t held no larger features, and this showed narrower lateral 

features o f between 50 — 100 nm. Root mean squared (RMS) data is often used to 

represent the surface roughness o f a material, and in the case o f the area measured 

above this was found to  be 2.30 nm.

AFM mapping o f an annealed EBE film  was also carried out, w ith data from a 1 ^m^ 

region shown in Figure 4.9

(a)

20 0nm

(b )

201 Line 2

Ec

0.0 02 04 06 08 1.0

Distance (nm)

(c)

Figure 4.9: A 1 area o f the annealed EBE film , showing (a) a 3D A FM  map, (b) a 2D image w ith 

tw o lines th a t are subsequently p lo tted as the  profiles in (c).
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From the 3D map in Figure 4.9(a) the film  surface is observed to  show a greater array 

o f nanoparticulate features than for the non-annealed film . The map shows quite an 

even distribution o f features, while the Line 1 profile shown in Figure 4.9(c) shows 

the features to  protrude from about 10 -  20 nm from the film surface, w ith lateral 

dimensions o f about 150 nm. The profile drawn by Line 2 shows the smaller features 

to  protrude only a few nanometres, w ith smaller lateral dimensions o f about 20 — 30 

nm. The RMS value for this surface was found to  be 4.36 nm, and this rougher surface 

could be expected to  provide a greater SERS enhancement.

4.3.3 UV/Vis spectra of the fsPLD films

The annealing process also affected the appearance and U V /V is profiles o f the PLD 

films, as can be seen in the photograph and spectra o f the 7 nm fsPLD films shown in 

Figure 4.10.
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Figure 4.10: (a) The UV/V is spectra o f the as-prepared and annealed fsPLD films and (b) a photograph 

showing the two films. (Grey =  as-prepared and yellow =  annealed)

From Figure 4.10 a narrow absorption maximum is found to  occur around the region o f 

410 — 420 nm for the annealed film , which is similar to  tha t observed for silver colloids 

and which may indicate tha t the feature sizes are equivalent. The as-prepared substrate 

was again found to  possess a much broader absorption profile for both the nsPLD and 

the fsPLD films, although there is still an absorption maximum feature at around 525
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nm. The films were also quite different in colouration, w ith the annealed films appearing 

yellow and the non-annealed films grey-purple.

4.3.4 AFM of as-prepared and annealed fsPLD Films

As-prepared and annealed 7 nm fsPLD films were also examined using AFM, taking a 

surface area o f about 5 /j,m^ and then magnifying to  a 1 region for a more resolved 

image o f the surface profile. The images and data obtained from this are featured in 

Figure 4.11.
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Line 2

Figure 4.11: A 1 area of the as-prepared fsPLD film, showing (a) a 3D AFM map, (b) a 2D image 

with two lines tha t are subsequently plotted as the profiles in (c).

In the case o f the 3D representation shown in Figure 4.11(a), the surface appears to 

possess more nanoparticulate features than tha t found on the as-prepared EBE film  in
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Figure 4.8(a). The profile lines in Figure 4.11(c) show larger features on the order o f 

about 15 — 20 nm vertically, and about 150 nm laterally, but the RMS value o f 2.38 

nm is similar to  tha t observed for the as-prepared EBE film . The AFM data for the 

annealed substrate is shown in Figure 4.12.
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Figure 4.12: A 1 /izm  ̂ area o f the annealed fsPLD film, showing (a) a 3D AFM map, (b) a 2D image 

with two lines tha t are subsequently plotted as the profiles in (c).

Figure 4.12(a) shows a surface tha t possesses features tha t appear a little  more rounded. 

The profiles displayed in Figure 4.12(c) show the larger features to  consist o f mainly the 

same height as those seen for the as-prepared substrate, though the lateral dimensions 

are a little  wider at about 200 nm. The RMS value recorded for the annealed fsPLD 

film was 3.31 nm, a greater value than for the as-prepared film , but not as great as for 

the annealed EBE film . Line 2 shows the features in between the larger protrusions, 

and these appear broader than the equivalent measurement in Figure 4.11(c).
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4.4 Investigation of the reproducibility of EBE and PLD 

films

In th is  section the SERS response o f the various nanoparticle film s w ill be considered, 

particularly regarding reproducible performance. 10 nm film s prepared by EBE and 

nsPLD were used fo r th is study; the fsP LD  film s were not investigated due to  the 

fem tosecond laser being ou t o f operation at the tim e.

4.4.1 SERS response of EBE films

In th is  investigation six lOnm  EBE film s were prepared, w ith  three o f them  being sub­

sequently annealed. The  U V /V is  profile o f all o f the film s are shown in Figure 4.13
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Figure 4.13: The UV/V is spectra of (a) the three as-prepared EBE films and (b) the three annealed 

films.

The three spectra in each case show the same general profile, w ith the annealed films 

displaying the expected narrowing to  form a peak at about 420 nm. There are slight 

variations in the absorption profiles in each case, which are possibly due to  size effects.

A solution o f 2.5 x 10“ ^̂ M xanthopterin was used as the SERS probe, and three 

droplets were deposited on each film  for measurement. W ith in each droplet 10 spectra 

were taken at an exposure tim e o f 20 s, w ith the most intense and least intense spectra 

being removed from the data set to  leave a 'best 8 ’ set. These remaining spectra were 

integrated between 1270 and 1395 cm “  ̂ for direct comparison o f the %RSD values for 

each droplet. A value for the signal-to-noise ratio (SNR) was also calculated, which
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can be thought o f as a figure-of-m erit for the quality o f a signaL This figure is a ratio 

o f the true signal amplitude to  the standard deviation o f the noise, and for random 

fluctuations a general rule is tha t the standard deviation is approximately one-fifth of 

the peak-to-peak variations o f the fluctuations.^®® For the xanthopterin SERS spectra 

the noise fluctuations were obtained by calculating the peak-to-peak variation for three 

baseline regions o f the spectra where no signals were observed; the regions from 812- 

875 c m ^ \ from 998-1031 cm“  ̂ and from 1085-1118 cm “ \  The three values were then 

averaged to  obtain a single peak-to-peak value to  describe the noise fluctuations in a 

single spectrum. The standard deviation o f the noise was then calculated by dividing 

this peak-to-peak value by five, as described above, and the SNR was then approximated 

by taking the ratio o f the amplitude o f the signal, i.e. the height o f a specific peak, to 

this standard deviation value. The 1320 cm“  ̂ peak o f xanthopterin was used for the 

calculation o f the SNR figures.

The eight spectra investigated for each o f the three droplets on the first o f the EBE 

films are shown in Figure 4.14(a) - (c).
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Figure 4.14: Three separate drops o f a 1 x 10“  ̂ M solution o f xanthopterin were deposited on an 

as-prepared EBE film. Eight SERS spectra, taken using a 633 nm excitation and a 20 s 

exposure time, are shown for each drop in (a)-(c) respectively. The average %RSD and 

SNR are also shown for each set o f data.
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The firs t observation o f the data shown in Figure 4.14 is tha t there is quite a bit o f 

variation from droplet to  droplet. The 1320 cm“  ̂ peak intensity is greatest for the first 

droplet and drops o ff markedly for droplets 2 and 3, a feature tha t is consistent in the 

SNR values. The %RSD values are all around the 10% mark for the three droplets, 

though the variation in signal intensity over the three areas o f the film  examined are 

higher than desired.

The SERS response o f the other two EBE films was also investigated w ith xanthopterin, 

w ith a summary o f the %RSD and SNR data shown in the table below in Figure 4.15. 

The full spectra for these measurements are provided in the appendix.

%RSD
SNR

Film 1 Film 2 Films
Drop 1 Drop 2 Drop 3 D ro p l Drop 2 Drop 3 D rop l Drop 2 Drop 3

8.9 10.8 10.2 
78.6 49.4 45.9

12.2 1 27.5 1 17.3 
26.6 9.3 I 31.6

25.4
142.3

5.8
25.1

8.8
55.1

Figure 4.15; A summary of the %R5D and SNR values for xanthopterin for each of the three drops on 

the first unannnealed EBE film. The spectra for the second and third films are shown in 

Figure F .l and Figure F.2.

The %RSD values for the droplets on the subsequent two films show quite a variation 

between droplets, and in some cases quite a variation within a single droplet. The SNR 

figures show similar levels o f variation to  those observed for the first droplet, namely 

tha t high variations are present across each o f the films, suggesting a variable surface 

profile o f films produced by this method.

The same investigation was also carried out using a solution o f 1.8 x 10“  ̂ M Rhodamine 

6G as the SERS probe, which was again measured using the 633 nm laser source, and 

this tim e an exposure time o f 3 s. A summary o f the %RSD and SNR data is shown 

in the table below in Figure 4.16 and the spectra for each o f the droplets are shown in 

the Appendix.
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%RSD
SNR

Film 1 Film 2 Films
Drop 1 Drop 2 Drops Drop 1 Drop 2 Drops D rop l Drop 2 Drops

11.5 10.3 22.7 9.1 8.1 19.1 10.6 17.3 13.5
70.9 33.2 58.8 38.9 39.5 76.3 163.2 112.4 123.5

Figure 4.16: A summary o f the %RSD and SNR values for Rhodamine 6G for each of the three drops 

on the unannnealed EBE films. A 633 nm excitation and 3 second exposure time was used 

for the acquisition o f this data. The spectra for the three films are shown in Figure F.3, 

Figure F.4 and Figure F.5.

The figures for the examination using Rhodamine 6G show a similar trend to  those using 

xanthopterin, w ith the SNR varying to  an undesired degree between films and between 

droplets deposited onto different areas on the same film . The %RSD values obtained 

were also similar to  the xanthopterin analysis, w ith some o f the droplets showing good 

spectral reproducibility and others showing variations o f abour 20%.

Annealed EBE films were also investigated but all three showed a very poor response to  

xanthopterin, w ith only barely-observable signals obtained. Two o f the films showed a 

reasonable response to  droplets o f Rhodamine 6G, and the droplets deposited on these 

films are summarised in Figure 4.17.

%RSD
SNR

Film 1 Film S
Drop 1 Drop 2 Drop S Drop 1 Drop 2 Drops
20.4 40.2 17.6 29.2 20.5 32.4
23.1 18.5 11.7 8.3 29.6 24.1

Figure 4.17: A summary o f the %RSD and SNR values for Rhodamine 6G for each of the three drops 

on two o f the annnealed EBE films. A 633 nm excitation and 3 second exposure time was 

used for the acquisition o f this data. The spectra for the two films are shown in Figure F.6 

and Figure F.7.

For these films both the SNR and %RSD values are very poor, showing little  promise 

for the annealing o f evaporated films in SERS analysis.
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4.4.2 SERS response of nsPLD films

A similar investigation was performed using three 10 nm nsPLD films, the absorption 

profiles o f which are shown in Figure 4.18.
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Figure 4.18: The UV/V is spectra of the three nsPLD films.

From these absorption profiles, there is quite a bit o f variation between the three films, 

w ith the first film  showing a profile shifting towards the IR region o f the spectrum. 

Regarding the SERS response o f these films, three droplets o f a 1 x 10“  ̂ M solution 

o f xanthopterin were again deposited onto each film . For the first film  very little  xan­

thopterin response was observed, though the second and third films each showed a 

response. The spectra in Figure 4.19 were taken from each o f the three droplets de­

posited onto the second film , again obtained using a 20 s integration tim e and analysed 

according to  their %RSD and SNR figures.
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Figure 4.19: Three separate drops o f a 1 x 10“ '* M solution o f xanthopterin were deposited onto a 10 

nm nsPLD film. Eight SERS spectra, taken using a 633 nm excitation and a 20 s exposure 

time, are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are 

also shown for each set o f data.
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From these spectra it is evident tha t the SNR varies from region to  region on the PLD 

film ; even though the majority o f the absolute peak heights are observed at about 4000 

a.u. for each droplet the SNR varies from 15.8 to  72.7. There is also much variability 

across the %RSD values obtained indicating that, like the EBE substrate, the PLD 

films are too unpredictable for quantitative SERS. The two films investigated using 

xanthopterin are summarised in the table below, and the spectra for the third PLD film 

are shown in Figure F.8.

%RSD
SNR

Film 2 Film 3
Drop 1 Drop2 Drops Drop 1 Drop 2 Drops

14.7
72.7

18.2 ; 7.3 

15.8 22.6
13.0
14.7

14.9
27.7

19.8
48.5

Figure 4.20: A summary of the %RSD and SNR values for xanthopterin for each of the three drops on 

tw/o o f the nsPLD films. A 633 nm excitation and 20 second exposure time was used for 

the acquisition of this data. The spectra for the third film are shown in Figure F.8

From this summary it is also evident tha t there is variation between films, something 

tha t can also be observed from results using Rhodamine 5G as the probe. 533 nm 

laser excitation was again used for this investigation, w ith a 3 s exposure time, and a 

summary o f the results can be seen in the table below with the spectra displayed in 

Figure F.9, Figure F.IO and Figure F . l l .

%RSD
SNR

Film 1 Film 2 Films
Drop 1 Drop2 Drops Drop 1 Drop 2 Drop 3 Drop 1 Drop 2 Drops

4.5
55.6

6.4 I  5.3 

48.3 80.9
9.8 8.5 1 7.2 

112.9 ' 74.0 i  70.6
6.0

53.0
6.8

55.5
10.4
56.3

Figure 4.21: A summary o f the %RSD and SNR values for Rhodamine 6G for each o f the three drops 

on the nsPLD films. A 633 nm excitation and 3 second exposure time was used for the 

acquisition of this data. The spectra for the three films are shown in Figure F.9, Figure F. 10 

and Figure F . l l .

From the spectra and summary data presented in this section it can be observed from the 

SNR and %RSD figures tha t there is substantial variation within each individual droplet, 

and subsequently between different areas on individual films and between different films.
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Quantitative analysis using the films would thus be unachievable w ithout some form of 

standardisation. The ability to  implement careful control over the homogeniety o f the 

films surfaces could help to  develop techniques for the preparation o f SERS substrates 

o f greater reproducibility using PLD and EBE.

4.4.3 Combined SERS response of PLD films with silver colloids

Solutions o f 1.8 X 10“  ̂ M Rhodamine 6G mixed w ith silver colloids were also prepared, 

in a 1 - to - l ratio o f colloid-to-analyte solution. These solution were then deposited 

onto each o f three nsPLD films, prepared separately from the films mentioned in the 

preceding section, and investigated for their SERS responses. A 0.1 s exposure time 

was used in this instance, instead o f 3 s, to  avoid saturation when using the colloids, and 

spectra were also taken o f 1.8 x 10"^ M Rhodamine 6G w ithout colloids for comparison. 

The spectra for the firs t three droplets o f the Rhodamine 6G solution w ithout colloids 

are shown in Figure 4.22 and those for the Rhodamine 6G solution w ith colloids in 

Figure 4.23.
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Figure 4.22: Three separate drops o f a 1.8 x 1 0 '^  M solution o f Rhodamine 6G were deposited onto 

a 10 nm nsPLD film . The spectra, taken using a 633 nm excitation and a 0.1 s exposure 

tim e, are shown fo r each drop in (a )-(c ) respectively. The average %RSD and SNR are 

also shown for each set o f data.
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Figure 4.23: Three separate drops o f a 1.8 x 10“ ® M solution o f Rhodamine 6G, mixed w ith  silver 

colloids, were deposited onto a 10 nm nsPLD film . The spectra, taken using a 633 nm 

excitation and a 0.1 s exposure tim e, are shown fo r each drop in (a )-(c ) respectively. The 

average %RSD and SNR are also shown fo r each set o f data.
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From the spectra presented in these figure it  is evident th a t the solutions incorporating 

the  colloids are stronger both in term s o f the ir absolute peak heights and also in the ir 

SNR values. The % RSD values are also superior fo r the colloid-based samples. Regard­

ing the droplet to  droplet measurements, and indeed the film  to  film  measurements, 

summaries o f each o f these sets o f data can be observed in Figure 4 .24(a) and (b).

Film 1 Film 2 Films
Drop 1 Drop 2 Drops Drop 1 Drop 2 Drops Drop 1 Drop 2 Drop S

%RSD
SNR

21.9 13.9 12.4 

31.1 28.0 26.0
14.4  ̂ 6.7 18.8 

34.0 33.3 28.1
15.5 , 16.0 15.5 

20.2 17.1 18.9

(a)

Film 1 Film 2 Film 3
Drop 1 Drop 2 Drops Drop 1 Drop 2 Drops Drop 1 Drop 2 Drops

%RSD
SNR

8.9 6.7 8.7 

116.9 141.6 150.9
11.0 6.2 19.3 

134.6 135.7 163.9
11.7

115.3
6.9

146.6
20.7

176.0

(b)

Figure 4.24: A summary o f the %RSD and SNR values for the 1.8 x 10~® Rhodamme 6G solutions 

(a) in the absence and (b) in the presence o f silver colloids, for each o f the three droplets 

deposited onto the nsPLD films. A 633 nm excitation and 0.1 second exposure time was 

used for the acquisition of this data. The additional spectra for the second and third 

films are shown in Figure F.12 and Figure F.13 for the non-colloid based samples and in 

Figure F.14 and Figure F.15 for the colloid based samples.

There are again variations between droplets on the same film s and between the d if­

ferent film s measured, though the colloid-based study does m ostly show a reasonable 

perform ance in term s o f the %RSD w ith in  droplets. The SNR is also good across the 

colloid-based samples, though there is more variance in the  values than would be de­

sired. The 1.8 X 10“  ̂ Rhodamine 6G solution was also measured on a glass microslide, 

w ith  a summary o f these observations shown in Figure 4.25.
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D ro p l Drop 2 Drop 3
Glass

%RSD
SNR

26.8 17.9 21.4
127.2 143.6 137.3

Figure 4.25: A summary o f the %RSD and SNR values for Rhodamine 6G for each o f the three drops 

on the glass microslide. A 633 nm excitation and 0.1 second exposure time was used for 

the acquisition of this data. The spectra are shown in Figure F.16.

The absolute peak height values for the Rhodamine 6G SERS spectra on the glass 

microslides showed a slightly lower response to  those observed from the PLD films, 

though the SNR values don 't really reflect this observation, possibly to  a greater back­

ground noise generated from the PLD films. The observed increase in the absolute 

peak intensities could be due to  reflection o f SERS signals back o ff the silvered film 

surface.

4.5 Comparison of a PLD film with a commercial sub-

A comparative test o f the SERS performance o f the PLD films was undertaken by using 

a 7 nm nsPLD film and a commercial SERS substrate called Klarite® obtained from 

Renishaw Diagnostics.^®® The analysis used Rhodamine 6G and benzotriazole as the 

SERS probes for the c o m p a r i s o n . T h e  Klarite® substrate consists o f micron-sized 

gold pyramid structures, ordered periodically on the surface o f the film . SEM images, 

taken on a Zeiss Ultra Plus SEM in the Advanced Microscopy Laboratory (A M L) in the 

Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), o f the 

features are shown in Figure 4.26, showing the structures to  measure at about 1.2 

along each edge.

strate
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(a) (b)

Figure 4.26: (a) SEM image o f the Klarite® films, showing a low-magnification view o f an array o f the 

surface features on the films, (b) shows a higher magnification on one o f these features.

These Klarite® films provided a good opportunity to  examine a uniform substrate in 

direct contrast to  our substrate prepared by PLD, which is randomly ordered. The SERS 

response from each o f these substrates was investigated, w ith a particular emphasis 

on the reproducibility o f the obtained signals. The data shown in Figure 4.27 is o f 

Rhodamine 6G and benzotriazole, w ith the average peak heights shown for the major 

peaks o f each species, with error bars representing the variance in data over ten averaged 

spectra.

Evident from this is tha t the colloids and the 7 nm film  outperform the Klarite® film 

in terms o f signal obtained. Meanwhile the error bars in Figure 4.27 show the Klarite® 

film  to  be the most reproducible. The 7 nm film  doesn’t  perform much worse than 

the colloids in the case o f the Rhodamine 6G analysis, and the colloids show a very 

high variation. This figure diminishes somewhat in the analysis o f the benzotriazole, 

though the performance o f the PLD film  also decreases. The Klarite® in both cases 

shows the lowest signal, but the highest reproducibility. The changes in reproducibility 

measurements in the colloids and the PLD film  when moving from one probe to  another 

serve to  highlight the reproducibility issues in these media.
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Figure 4.27: SERS response o f three enhancing media using (a) Rhodamine 6G and (b) benzotriazole 

as the probes.

A fu rthe r exam ination o f the  performance o f the three media in term s o f reproducibility 

was carried out using the normal d is tribu tion  about the calculated mean.^^® Th is was 

performed by taking  the 613 cm “  ̂ peak o f Rhodamine 6G, from  which an average peak 

height was calculated from  ten separate spectra, each taken at separate areas w ith in  

the deposited Rhodamine 6G droplets. Using th is  in form ation a p lo t was developed 

according to  the follow ing form ula fo r normal d is tribution :

where i i  is the  mean peak height, a  is the  standard deviation and is the data variance. 

The function  is p lo tted  against each o f the obtained peak-height values, and can also
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be further modelled by plotting incremental values o f x  to  cover the range observed in 

the data. The resultant distribution plot is shown in Figure 4.28.

Klarite
0.040-1 7nm Film 

Colloids0.035-

0.030-

0.025-

O  0 .020-

0.015-

0 .010 -

0.005-

0.000
200 400 600 800 10000

X

Figure 4.28: Normal d istribution fo r the 613cm “  ̂ peak fo r each o f the three enhancing media.

The measured x —values are shown as the data points on the modelled graphs, corre­

sponding to  the intensity o f each o f the measured peak heights for the 613 cm“  ̂ peak 

for each medium. The central vertical line within each curve represents the mean value 

based on the 10 data-points measured, while the lines to  either side o f this represent 

one standard deviation o f data, both above and below this mean value. The f ( x )  value 

on the vertical axis can be described as the probability o f a scan resulting in the mean 

peak height. As can be seen from Figure 4.28, the Klarite® performs best in terms of 

the probability o f a scan resulting in the mean value, but as has been shown in Fig­

ure 4.27 there is a large trade-off for this in terms o f the signal intensity. A similar result 

was found for xanthopterin, although the data for tha t is not shown here. While the 

PLD film performs better in terms o f its signal intensity, further study involving a larger 

number o f films would be o f benefit to  fully validate the extent o f this observation.

4.6 Conclusions

The SERS response o f silver films produced by EBE and PLD was investigated. The 533 

nm laser source was focused onto the interface between a droplet o f the probe solution
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and the film  surface and both the EBE and PLD films were found to  produce SERS 

activity. EBE films, both as-prepared and annealed at 400°C, were characterised using 

AFM, with the resultant images showing a greater concentration o f nanoparticulate 

features on the surface o f the annealed film . The RMS surface roughness measurement 

also showed a greater surface roughness for the annealed films, a relationship tha t was 

also observed for fsPLD films.

PLD films were fabricated using two laser systems, which result in slightly different 

nanoparticle film  morphologies. Thickness investigations o f these films suggested tha t 

films o f at least 5 nm thickness were necessary for appreciable SERS activity, and 

increases in signal were observed up to  10 nm film  thickness.

Reproducibility o f the EBE films was investigated through the preparation o f six 10 nm 

films, three o f which were measured as-prepared and three o f which were annealed. 

Three nsPLD films were also prepared for this study. On each film  3 droplets o f 

the probe solution (xanthopterin and Rhodamine 6G) were deposited, with 10 spectra 

being taken from within each o f these droplets. The spectra were then integrated, 

w ith the highest and lowest valued spectra being removed and the remaining eight 

being averaged. Signal-to-noise ratio (SNR) and relative standard deviation (%RSD) 

values were calculated for this data, and it was found tha t the annealed EBE films 

performed very poorly for both o f these figures. The non-annealed EBE films and the 

nsPLD films showed better SNR and %RSD figures, though variations between droplets 

on different areas o f the film  surface and between the different films themselves were 

observed to  be undesirably high. From this it can be ascertained tha t the films would be 

unsuitable for quantitative analysis in their current form and would require some form 

o f standardisation mechanism introduced to  the measurements, or optim isation o f the 

film  surface to  reduce the variable SERS responses.

The SERS performance o f a 7 nm nsPLD film  was compared to  tha t o f a commer­

cial substrate obtained from Renishaw Diagnostics called Klarite®. In terms o f SERS 

response the PLD film  was found to  perform better than the commercial film , but 

the uniform nanostructures o f the Klarite® film  performed much better in terms o f 

reproducibility.
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Films produced by both EBE and PLD were found to  produce SERS, though the re­

sponse was not as strong as when using silver colloids. There is still potential for the 

future investigation o f these films towards SERS o f pterins, though a strong emphasis 

on their reproducibility would be essential.
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5
Conclusions &l Future Work

The m otivation fo r th is  thesis was the investigation o f spectroscopic techniques towards 

pterin detection. The  optica l properties o f pterins v\/ere in itia lly  considered, w ith  spectra 

taken o f the ir absorption and fluorescence profiles, comparing to  lite ra ture  sources where 

available. The optica l response o f the pterins in d ifferent pH environm ents was found to  

vary, which is an im portan t fac to r regarding detection in biological systems. The effects 

o f molecular oxygen on the optica l properties was investigated, w ith  the presence o f 

oxygen found to  reduce the absorption and fluorescence properties o f the pterins.

Silver nanoparticles were prepared according to  a method developed by Leopold and 

L e n d l . T h e s e  colloids were found to  provide a good SERS response, though fu rthe r 

investigations o f the reproducibility between colloid batches found th a t the SERS signal 

varied from  batch to  batch, and sometimes s ign ificantly w ith in  a single batch. D rop le t 

evaporation was not found to  contribu te  to  sign ificant SERS variations as long as 

measurements are taken w ith in  a 5-m inute tim efram e.

As a means o f tackling the irreproducibility issues, standardisation methods were in­

vestigated, in itia lly  w ith  Rhodamine 6G acting as an internal standard fo r a range o f 

Rhodamine B concentrations, w ith  a more linear response obtained. A sim ilar type o f 

analysis was also applied to  pterins w ith  d ifferent m ix ratios o f xanthopterin  to  isoxan­

thop terin  being prepared. W hile  th is experim ent could benefit from  a greater number o f 

data points there was an in itia l observation th a t some form  o f linear relationship could 

be obtained.

Droplets deposited onto  glass microslides were used fo r the m ajority o f the SERS work
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but an investigation into the use o f stainless steel wells showed the la tter to  produce a 

better SERS response and better reproducibility. Aggregation was also found to  provide 

a far greater signal

Finally, two methods for silver film  production were investigated - pulsed laser deposition 

(PLD ) and e-beam evaporation (EBE). The PLD films were found to  perform better 

at thicknesses greater than 5 nm so three PLD films o f 10 nm thickness and six EBE 

films o f 10 nm thickness, three annealed and three non-annealed, were prepared and 

investigated for their SERS performance. The PLD films and non-annealed EBE films 

were found to  perform best regarding signal intensity, with the former showing the best 

reproducibility. This preliminary work should provide an opportunity to  investigate these 

films further, particularly involving the preparation variables, such as film  thickness and 

deposition rate, tha t could lead to  better film  performance. The PLD technique was 

also compared to  a commercial substrate from Renishaw called Klarite®, w ith the SERS 

response found to  be superior, though with poorer reproducibility.

Future work in this area would involve further investigations o f the fluorescence and 

SERS responses o f a more extensive range o f the family o f pterins. Future fluorescence 

investigations could include considerations o f metal-enhanced fluorescence. This 

could potentially be achieved through the use o f polyelectrolyte layers as spacer layers 

between the fluorophore o f interest and the enhancing metal substrate. The metal sub­

strate itself could consist o f a deposited colloidal layer or o f nanoparticle films prepared 

by PLD or EBE.

As well as improvement o f the silver colloid reproducibility, different nanomaterials for 

SERS would be another area o f future interest, perhaps investigating the potential for 

improved SERS response from nanotriangles. Further pterin quantification experi­

ments could also be designed using some form o f internal standardisation technique. 

The silver films prepared using PLD and EBE also showed some promise, and optim i­

sation o f their preparation and reproducibility could lead to  their development as useful 

SERS platforms.

Pterin detection is a worthwhile objective, as they are species tha t occur in many
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biologically relevant situations. Moreover in form ation  on the ir concentrations could 

be useful in cancer diagnosis. W hile separation techniques coupled w ith  fluorom etric  

detection provide good sensitivity on th is  fro n t, surface-enhanced Raman spectroscopy, 

if  reproducibility issues are able to  be adequately contro lled, could o ffer an alternative 

detection mechanism.
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A
Appendix A: Synthesis and analysis o f gold 

nanoparticles

In th is  appendix a brie f discussion o f  the  experim enta l details will be provided fo r  gold 

nanopartic les th a t  were synthesised fo r  an investigation in to  th e ir  p lasmonic properties. 

Some character isa tion  and imaging data will also be presented w ith  th is  discussion.

A .l Gold Nanoparticle Synthesis

Synthesis o f  the  gold nanopartic les (N P s) was conducted  according to  the  work  o f  

G it t in s  and Caruso. T h e  f i rs t  stage o f  the  synthesis involved th e  t rans fe r o f  the  

metal salt f ro m  an aqueous so lu tion  th rough  to  organic phase, in th is  case to luene.

T h e  f i rs t  stage o f  th e  synthesis procedure involved the  add it ion  o f  a 30 m M  aqueous 

gold chloride (H A u C U ) so lu tion  to  a 25 m M  te t ra o c ty la m m o n iu m  brom ide ( T O A B )  

so lu t ion  in to luene. T h is  is carried o u t  in a separator funnel and shaking to  m ix  the  

so lu t ions in it ia tes a phase trans fe r  o f  the  gold f rom  the  aqueous phase to  the  organic 

to luene phase. T h e  aqueous phase was removed f ro m  th e  separator funnel once it had 

tu rned clear and the  to luene so lu tion  was added to  a ro u n d -b o t to m e d  flask.

W ith  the  gold so lu t ion  in th e  to luene, the  reduction  o f  gold was in it ia ted  th rough  

addit ion o f  an aqueous 0.4 m M  solu t ion  o f  sodium borohydra te  ( N a B H 4 ) dropwise until
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the colour changed from  yellow to  a deep vio let-blue. A t th is point the rest o f the 

NaBH 4 was added to  the  flask and the m ixture was covered and le ft to  s tir and react 

overnight.

Following reduction o f the gold the  aqueous phase was again separated ou t to  leave the 

organic phase w ith  the  gold. A solution o f aqueous 0.1 m M  4-dim ethylam inopyrid ine 

(D M A P ) was then added to  the  solution to  instigate a phase transfer o f the nanopar­

tic les across from  the organic to  the aqueous phase.

A.2 U V /V is  Characterisation

U V /V is  analysis was carried ou t to  calculate the extinction  spectra o f the gold colloids, 

as is shown in Figure B.2.

0 . 8 -

0 .6 -  

B 0 . 5 -

0 . 2 -

400 500 600 700 800

Wavelength (nm)

Figure A .l :  The U V /V is  spectrum o f the gold colloids.

The gold colloids showed a peak at about 530 nm, alongside quite a high background 

absorption.
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A .3 Size Analysis of Gold Colloids

T h e  Malvern Ze ta  Sizer Nano ZS was used fo r  size and zeta po ten t ia l analysis o f  the  

gold nanopart ic le  so lu t ion , which has a m easurem ent range o f  0 .3  nm - 10.0 i i m .  T h e  

f i r s t  scan o f  th e  orig inal nanopart ic le  so lu t ion  revealed an average nanopart ic le  d iam ete r 

o f  230 nm, w h ich  suggested th a t  there  was perhaps clustering involved in the  so lu t ion . 

O n a 1 in 5 d i lu t ion  o f  the  sample th is  d iam ete r was reduced to  114.2 ±  8.8 nm, over 

an average o f  5 samples.

Size Distribution by Inlensty

20

01 1 10 100 1000 10000

Size (d nm)

Figure A .2: D istribution o f particle size w ith  respect to  the scattered laser intensity.

T h e  p lo t in F igure A .2 displays on the  y-axis the  re la tive percentage o f  633 nm laser l igh t 

sca tte red  by partic les in various size classes. T h is  is measured according to  the  random 

Brow n ian  m o t io n  th a t  partic les undergo in so lu t ion . As th is  m o t ion  is part ly  due to  the  

in te rac t ion  o f  th e  partic les w ith  the  so lvent molecules, d if fe ren t sizes o f  partic les will 

undergo d iffering degrees and velocit ies o f  m ovem en t as a result o f  these in teractions. 

T h e  analysis above uses a Dynam ic  L igh t S ca tte r ing  (D L S )  approach th a t  involves a 

laser source being shone th rough  the  sample, w ith  th e  in tens ity  f lu c tu a t io n s  th a t  reach 

the  de tec to r  being d irec t ly  proport iona l to  the  sizes o f  the  partic les in so lu t ion . T he  

larger, and hence slower, partic les will result in m ore prolonged f luc tua t ions ,  hence the  

g rea te r relative percentage in tens ity  reading a t 100 nm in Figure A .2. T h e  smaller and 

fas te r  partic les result in more frequen t f lu c tu a t io n s  a t  the  de tec to r,  giving a fa r smaller 

relative in tens ity  reading fo r  the  18 nm peak.

T h e  Zetas izer has a m easurem ent range o f  0.6 nm to  8.9 / im  and uses the  in fo rm ation  

gathered f rom  th e  in tens ity  f lu c tua t ion s  a t the  d e te c to r  to  generate a corre la t ion  func-

135
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tion from which it generates a value for the diffusion coefficient. W ith this diffusion 

coefficient (D ) the hydrodynamic diameter (D h ) of the nanoparticles can be calculated 

using the Stokes-Einstein equation,

kbt
D

37T77Dh
(A .l)

where 77 is the viscosity (in this case water =  0.8872), ks is Boltzmanns Constant and 

T  is the temperature (in this case room temperature). The hydrodynamic diameter 

accounts for the particle core and also considers surface structures such as adsorbed 

molecules and also the concentration of ions in the medium. This results in the hydro- 

dynamic diameter being slightly larger than those obtained through electron microscope 

images, where the nanoparticles are dried and out of solution, and these hydrodynamic 

diameter values can change with the suspension conditions.

The Zetasizer is then able to take the intensity information and, using Mie Theory, 

convert the data to a volume-based format, which is of course proportional to mass and 

thus the proportional representation o f particles within a suspension. Assumptions made 

for the conversion are that the particles are all spherical, they all have a homogeneous 

and equivalent density and that the refractive index and absorbance is known. The data 

for the volume plot is a better representation of the relative amounts o f each peak in the 

distribution while the intensity plot is more accurate for representing the size of each 

peak in the distribution. The plot for the volume distribution is shown in Figure A .3.

Size DistribiJion by Votume

^  15

10

0,1 1 10 100 1000 10000

Size

Figure A .3: Distnbution o f particle size w ith respect to  the volume occupied.

This plot shows that the most abundant particle size in the solution is that of 15.7 

nm hydrodynamic diameter. Comparisons to the nanoparticle sizes achieved by Gittins
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et. al. shows a d ifference in th a t  the ir  partic les registered a t 5.2 nm in aqueous media 

th ro u g h  analytica l u lt racen tr i fug a t ion  measurements.^®^

A.3.1 AFM of Gold Colloids

Tapp ing -m od e  A F M  was carried o u t  on the  gold co llo ids using a D ig ita l Ins trum ents  

m u lt im o d e  S P M  w ith  a Nanoscope Ilia con tro l le r  w i th  a nano scope 3A  contro lle r, 

w i th  the  resulting image in F igure A .4 showing clusters o f  the  nanopartic les along w ith  

isolated partic les and smaller aggregations.

142 nm 

28 nm

Figure A .4: A 3D representation o f the A FM  data fo r the gold colloids.

As can be seen f rom  th e  image above, the  colloid clusters rise t o  abou t 100 nm above the  

substra te , while  the  size o f  a single nanopart ic le  appears t o  vary over the  area measured. 

In order to  ob ta in  some more lateral in fo rm a t ion  on the  sizes o f  th e  nanopartic les, profile 

da ta  was ex trac ted , which is shown below in Figure A . 5.

As can be seen f ro m  the  profiles in Figure A .5 (b ) ,  th e  large collo id c lusters p ro trude  

abou t 80 nm fro m  the  substra te  surface, while  th e  lateral d imensions o f  the  tw o  clusters 

are abou t 500 nm and 1 iim  respectively. Line 2 was drawn to  accom m oda te  some o f  the  

smaller fea tures on th e  graph, and f rom  the  representa tion o f  the  profile in Figure A .5 (b )  

these fea tu re  measure abou t 200 nm across.
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Figure A .5: (a) A 2D representation of the gold nanoparticles and (b) the surface profile along the two 

lines o f measurement, shown in (a).

A.4 SEM Images of Gold Colloids

A Zeiss Supra 35 VP SEM was used in the Centre for Microscopy and Analysis in 

Trin ity College in order to  get a clearer picture o f the size and appearance o f the 

colloids. Shown below in Figure A .6 is a collection o f three SEM images taken o f the 

gold colloid clusters.
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( C )

Figure A .6: (a) shows a low m agnification image o f a group o f gold clusters, located towards the edge 

o f the dried droplet. Figure (b) 8̂  (c) show a higher m agnification images o f tw o clusters.

Using this image the size o f 30 colloidal particles was estimated, w ith an average size 

for the gold colloids subsequently found to  be 66 ±  15nm.

A.5 Determination of Nanoparticle Concentration

SEM analysis o f a dried droplet o f the synthesised colloidal gold solution yielded an 

average particle size o f 66 ±  15 nm. From the synthesis procedure a 30 mM solution 

o f HAuCU was used as the source for the gold. A 30 mM solution is composed o f 0.03 

moles o f gold atoms per litre o f the dissolved compound. In this synthesis only 30 mL 

o f the HAuCU was prepared, and so this results in 9 x 10“  ̂ moles. Using Avogadro’s 

number, the number o f molecules in 1 mole o f any substance is equal to  6.022 x 10^^
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molecules. In the synthesis carried out it is possible to  work out tha t the number o f 

molecules o f HAuCU used is;

9 X 10“ '̂  moles x 6.022 x 10^^ molecules/mole =  5.42 x 10^° molecules

Because there is only one atom o f gold per molecule o f HAuCU then there must also 

be 5.42 X 10^° atoms o f gold involved in the initial reaction mixture.

Using the atomic radius o f gold to  be equal to  174 pm^®^ the atomic volume occupied 

by a gold atom was derived to  be 2.207 x 10~^® m^ using the volume o f a sphere, |7rr^. 

Using the average diameter o f the gold nanoparticles observed in the SEM images, the 

average radius was used to  calculate the average volume o f the nanoparticles using 

the ideal assumption tha t the nanoparticles were all spherical in shape. This gave an 

average nanoparticle volume o f 1.483 x 10“ ^  ̂ m^.

The unit cell o f gold structures is face-centred cubic (fee), as shown in Figure A .7 

below, and consists o f half o f a centred atom on each face o f the unit cell as well as 

one-eighth o f an atom located at each o f the unit cell vertices. An fee unit cell has a 

packing factor (the ratio o f the volume o f atoms to  the to ta l volume o f the cell) o f 0.74 

and each unit cell holds an equivalent volume o f 4 atoms. This model was hence used 

in constructing a numerical approximation for the amount o f gold atoms in an average 

gold nanoparticle o f diameter 66 nm.

Figure A .7: fee un it cell fo r gold.
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Because the packing factor o f the fee unit cell is 0.74 the volume o f the unit cell can 

be worked out from the ratio

Volume o f atoms in cell ,
______________________ =  0 74 (A 2)

Total volume o f cell

The volume o f 4 atoms is 8.828 x 10“ ®̂ m^ so the to ta l volume o f the unit cell is 

thus 1.193 X 10“ ®̂ m^. Tha t means tha t for every four atoms the volume o f free 

space equates to  this value minus the volume taken up by the four atoms, which is 

3.102 X 10“ ®̂ m^. Dividing this figure by 4 will give the amount o f free space associated 

with each atom, which works out to  be 7.755 x 10“ ^° m^. The effective volume of 

each atom can now be calculated from the volume o f the atom plus the volume o f the 

associated free space, which works out to  be 2.983 x 10“ ®̂ m^.

The number o f atoms per nanoparticle o f diameter 66 nm can now be calculated by 

dividing the nanoparticle volume by the effective volume o f one atom, to  give a tota l 

o f 4.972 X 10® atoms per nanoparticle.

The number o f gold atoms in the prepared solution was 5.317 x 10^° so dividing this fig­

ure by the number o f atoms per nanoparticle will give the to ta l number o f nanoparticles 

in the synthesised solution. This figure works out to  be 1.069 x 10̂ "̂  nanoparticles.

This can then be converted to  a concentration using Avogadro’s number and the amount 

o f solution yielded. Dividing the number o f nanoparticles by Avogadro’s number gives 

the number o f moles o f nanoparticles, which in this case turns out to  be 1.775 x 10“ °̂ 

moles. 83 mL o f solution was yielded so, assuming full transfer and capture o f the gold 

nanoparticles, these two figures can be used to  calculate an estimated colloid particle 

concentration o f 2.14 nM.

A .5.1 SERS using Gold Nanoparticles

Both benzotriazole and xanthopterin were tested for SERS analysis, the resulting spectra 

o f which are plotted in Figure A .8.

Both o f these spectra were taken using gold colloids tha t had been centrifuged and
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Figure A .8: Gold colloid SERS spectra of (a) 4 .2x10^^ M benzotriazole using a 5-second exposure 

and (b) 2 .5x1 0 “ '̂  M xanthopterin taken using a 10-second exposure. A 633 nm excitation 

source was used in both instances.

then redispersed in 10 mM NaCI. In the spectrum o f the benzotriazole sample, there 

are features present o f this compound, notably the peak at about 1400 cm “  ̂ and the 

right-hand peak o f the doublet ju s t blow 800 cm“ ,̂ but the other features don 't f it  into 

the benzotriazole spectrum. The case is similar for the xanthopterin spectrum shown in 

Figure A .8(b), which shows a typical xanthopterin characteristic at about 1320 cm~^ 

with the broad feature, but the remaining peaks are not what would be expected, and 

indeed correspond w ith the unknown features in the benzotriazole spectrum. A spectrum 

was taken o f the gold colloids alone, which resulted in the subsequent discovery o f a 

spectrum belonging to  one o f the synthesis reactants, DMAP, as shown in in Figure A .9. 

This spectrum was taken using silver colloids, to  show the spectrum better.
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Figure A .9: SERS spectrum taken o f DMAP using the silver colloids.

The gold colloids showed a markedly worse SERS response than the silver colloids and so 

they were discarded from  fu rthe r SERS analysis. However, only very prelim inary inves­

tiga tions were carried out, and the use o f centrifugation  to  elim inate the contam inant 

and the consideration o f d ifferent aggregating agents may yield improved responses.

A .6 Investigation of Linear Arrangements of Gold Nanopar­

ticles

Linear a lignm ent o f the gold colloids was investigated,^^® the aim being to  produce 

linearly-arranged gold nanochains. The principal m ethod examined here was w ith  regard 

to  the  linear arrangement o f the gold nanoparticles w ith  respect to  the ir a ffin ity  w ith  one 

another. According to  the work o f G ittins  et. al.^®^ the  surface stabiliser molecules (in 

th is  case D M A P ) become desorbed from  the molecule surface and aggregate in solutions 

o f pH less than 3. The e ffect o f pH was thus investigated, both in the acidic and the 

basic domain, to  see whether linear aggregation could be achieved through dipole-dipole 

in teractions. A second method was also investigated regarding the polarity o f the solvent 

used. Liao and co-workers^°° have reported th a t re-dispersing nanoparticles in ethanol 

can weaken the a ffin ity  o f the  stabilisers fo r the nanoparticle surface, again w ith  a view 

to  tem plate-free  nanochain arrangement o f the particles.

A series o f d ilu tions was prepared at acidic and basic pH values using an Orion 420a pH
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meter and dilute HCI and NaOH solutions to  vary the pH values and the concentrations 

were diluted to  half tha t o f the original nanoparticle solution. The acidic pH values were 

measured to  be 3.14 and 4.14 and those o f basic pH to  be 10.16 and 10.99. A neutral 

pH o f 7.12 was also used to  act as a reference. The solutions were also heated for 

30 minutes at 60 —70°C before being analysed using U V /V is spectrometry and imaged 

under a light microscope.

Following the analysis in aqueous solution the respective nanoparticle solutions were 

centrifuged to  remove the bulk o f the nanoparticles, before being redispersed in ethanol. 

This further set o f solutions was then again analysed using U V /V is and light microscopy.

The solutions were also heated for 30 minutes at 60 —70°C as U V /V is spectra previously 

taken after heating had shown the development o f a higher wavelength band, which 

would potentially signify a longitudinal surface plasmon band. On this occasion however, 

spectra o f the nanoparticles showed no such band for any o f the various nanoparticle 

samples in solution. When deposited and dried onto microslides, however, there is a 

clear absorption band at around 720 nm, indicating the longitudinal plasmon resonance, 

though this is likely due to  aggregation upon drying. These observations are shown in 

Figure A.10(a) and (b).
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Figure A .10: Absorption spectra o f (a) the gold colloids in d ifferent pH solutions, (b) the colloids de­

posited and dried onto a glass microslide and (c) a blank glass microslide.

In this procedure 3 //L  o f the solution was dropped onto a glass microslide and allowed
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to  dry at room temperature before being measured. The solution o f pH 7,12 showed 

a peculiar trend; the colour was markedly different from the acidic and basic solutions, 

despite the dilution occurring only in de-ionised water. This had not been previously 

observed and may have been due to  some form o f contamination o f the water source. 

On the microslide the spectrum is more consistent w ith the rest o f the samples, though 

the presence o f the higher wavelength band also suggests little  change due to  the 

introduction o f acidic and basic pHs.

The second method aimed at the formation o f nano-chain arrangements was explored 

via the re-dispersion o f the nanoparticles in ethanol. As a less polar compound than 

water the affinity for the solvent towards the stabilisers coating the nanoparticles is 

far reduced. W ith the stabilisers less attracted to  the nanoparticle surface, it was 

investigated as to  the formation o f nano-chains due to  dipole-dipole interactions. A 

drop o f 3 ^ L  was again deposited onto a microslide and the absorption spectrum is 

shown below in Figure A .11, where it can be seen tha t there is an extended absorption 

band when compared to  the solutions in aqueous form. The control in the figure refers 

to  the originally synthesised nanoparticle solution, centrifuged and redispersed as w ith 

the rest o f the samples but w ith no prior pH treatm ent or dilution.
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Figure A .11: Absorption spectra o f gold nanoparticle solutions dispersed in ethanol and dried onto a 

glass microslide.

Light microscope images were taken o f samples o f 3 ^ L  volume dried on microslides. 

Some of the images o f the samples are shown in Figure A .12 and focus on the pH 10.16
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and 10.99 samples at 1 /2  dilution, as these offered the greatest suggestion o f linear 

formations.

As can be seen in the images there appear to  be some form o f linear structures in 

aqueous solution. Figure A.12(b), taken w ith a lOOx magnification o f the pH 10.99 

sample, shows some suggestion o f a linear arrangement in clusters o f nanoparticles. 

This form of structure was also noticed in the pH 10.16 sample, Figure A .12(c), but 

was not evident in the lower pH samples. In the ethanol samples the control is shown 

in Figure A.12(d) where there was a large gold deposit due to  the much higher con­

centration o f nanoparticles in solution. On the surface o f the gold layer there was no 

evidence o f any linear formations. In the 10.16 and 10.99 pH samples, Figure A.12(e) 

and Figure A .12 (f), there was evidence tha t the gold layers had some form o f linear 

arrangement, but in more o f a fractal arrangement than on the scale o f nano-chains. 

A possible alternative is tha t the pH treatm ent o f the aqueous samples prior to  their 

redispersion in ethanol instigates a tendency to  form a networked structure as opposed 

to  a mass film -type deposition.
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(a) (b )

(d )

(c)

(e) (f)

Figure A .12: (a) A 5 0 x  m agnification o f the pH 10.99 heated sample w ith  a fu rthe r m agnification o f 

lOOx shown in (b). Image (c) shows the  pH 10.16 sample at 5 0 x  magnification, (d ) is 

an image o f the contro l sample in ethanol, where a large gold deposit was observed, (e) 

shows a 5 0 x  image o f the  pH 10.16 sample in ethanol and ( f )  shows a lOOx image o f 

the pH 10.99 sample in ethanol.

SEM images were also taken o f some o f the above samples, though the colloids were 

already quite old at this stage. Images for colloids mixed w ith a pH 10 solution are 

shown below in Figure A .13.

(a) (b )

Figure A .13: SEM images o f the  gold colloids in a pH 10 solution, (b) is a magnified image o f (a).
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The linear features th a t were evident in Figure A .12 are still present here, though they 

do not appear to  represent a linear arrangement o f gold nanoparticles. Images were 

also taken for colloids in a pH 3 solution, and for colloids dispersed in ethanol.

(a ) (b )

Figure A .14: SEM images o f the  gold colloids in (a) a pH 3 solution and (b) dispersed in ethanol.

The pH 3 colloids d o n 't appear to  show much change from  the  standard colloid solution, 

but the ethanol-based sample appears to  create a more film -like  effect. The absorption 

plots in Figure A .11 show quite a large change from  the colloidal suspension, and this 

could perhaps explain th a t change.
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Appendix B; Synthesis and analysis o f silver 

nanowires

One-dimensional nanostructures have received a certain am ount o f a tten tion  due to  

the ir interesting p r o p e r t i e s . I n  th is  appendix a brie f discussion o f the experimental 

details w ill be provided fo r silver nanowires th a t were synthesised fo r investigation in to 

the ir plasmonic properties in the early stages o f the  project, before SERS was consid­

ered fo r investigation. Some characterisation and imaging data w ill also be presented 

w ith  th is  discussion.

B .l Synthesis of Silver Nanowires

The synthetic technique employed towards silver nanowire production was according 

to  the work o f Sun et al.^°^ who quote nanowire lateral dimensions on the order o f 

30 -  40 nm and lengths up to  about 50 i i m .  The  use o f a surfactan t in the reactant 

solutions is im portan t in its capacity to  influence N W  grow th to  these aspect ratios o f 

1000. A nother im portan t parameter in the  technique is careful contro l o f the reaction 

tem perature as any a lteration has been seen to  a ffect the resultant NW  length.

The experimental work was carried ou t using a standard reflux setup, w ith  a 3-neck 

round-bottom ed flask connected to  a therm om eter fo r tem perature contro l, a Liebig
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condenser for refluxing capabilities and the third neck being used for introduction o f 

samples or removal o f a sample after a desired period. The setup for the synthesis is 

shown in Figure B .l.

Condenser
Apparatus

Water
Out

Water In

Thermometer 
kept at ~160°C

Injection Port

Heating
Mantle

Figure B .l:  Apparatus used in silver nanowire synthesis.

The synthesis was begun through the addition o f 5mL o f ethylene glycol (HO CH 2 CH2 OH) 

to  the round-bottomed flask. This was then heated to  160°C and stirred continuously 

w ith a magnetic stirring bar. A solution o f platinum chloride (P tC l2 ) was then prepared 

using 2 x 10“  ̂ g in 0.5 mL o f ethylene glycol. The solution was then added to  the 

refluxing apparatus at 160°C where the ethylene glycol acts as both a solvent for the 

P tC l2 powder and also as a reducing agent to  induce the formation o f platinum nanopar­

ticles. This process is known as the polyol process, and was first described by Fievet 

et. al.^°^ These platinum nanoparticles act as seeds for the subsequent growth o f the 

silver NWs and the initial concentration o f the P tC l2 is important in tha t an increase 

in the number o f seeds in solution decreases the diameter o f the silver NWs. Analysis 

from the Sun et. al. source paper states tha t a 10-fold increase in P tC l2 concentration 

at the beginning o f the synthesis stage decreases the NW diameter from 40 nm to  30 

nm.^°^ The approach taken here was w ith the lower concentration o f platinum seeds 

and so the resultant NWs were expected to  have a 40 nm diameter.

Four minutes after the P tC l2 solution was added to  the reaction mixture, solutions o f 

silver nitrate (AgNOs) and poly(vinyl pyrrolidone) (PVP) were also added. The AgNOs 

solution was prepared as 0.05 g in 2.5 mL ethylene glycol and the PVP surfactant 

as 0.2 g in 5 mL of the same solvent. The AgNOa becomes reduced immediately by
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the ethylene glycol, and in the presence o f the PVP surfactant, a mixture o f silver 

nanoparticles are formed in two size ranges. Smaller particles o f <  5 nm in diameter 

are formed in a homogeneous nucleation process while larger particles o f 20 — 30 nm 

diameter are formed via heterogeneous nucleation on the platinum seeds. From the work 

o f Zhang et. al. it is known tha t the PVP plays a role in preventing the agglomeration 

o f the silver nanoparticles in s o l u t i o n . T h e  chemical and physical bonding o f the 

surfactant to  the surface o f the silver prevents particle-particle contact and thus any 

aggregation o f the colloidal dispersion. Refluxing the mixture continuously at 150°C 

causes an Ostwald ripening effect whereby the smaller particles dissolve into solution 

and grow upon the more energetically favourable larger particles. The PVP is then 

important in inducing a NW growth from the larger particles in solution. This process 

is not clearly understood but no nanowire growth was observed in the absence o f the 

PVP, or indeed w ithout the PtCb tha t acts as the source o f the platinum seeds.

A fte r the addition o f the AgNOs the solution turned a translucent brown colour but as 

the reaction proceeded the colour changed to  an opaque milky texture. Samples were 

obtained from the reaction mixture, in accordance w ith the source paper for means of 

c o m p a r i s o n , a f t e r  10, 20, 40 and 60 minutes when the reaction was stopped and the 

solution was cooled to  room temperature.

B.2 UV/Vis Characterisation

U V /V is analysis was carried out for the silver nanowires at varying reaction times.
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Figure B.2: The UV/V is spectrum o f the silver nanowires at different reaction times.

The silver nanowires showed a changing spectrum with regards to  the reaction time, 

w ith the 10 minute sample showing absorption predominantly in the 400 — 450 nm region 

before absorption in the higher wavelength region o f the spectrum begins to  occur after 

20 minutes as the nanowires begin to  form. As the reaction moves on through 40 — 60 

minutes the absorption across the region increases as the silver nanowires continue to  

be produced.

B.3 Transmission Electron Microscopy of Silver Nanowires

The silver nanowires were imaged using a Jeol 2100 Transmission Electron Microscope 

(T E M ) in the Centre for Microscopy and Analysis, w ith the results shown for the solution 

after 10 minutes reaction and after the full 60 minute reaction.

From the images shown above in Figure B.3, no nanowires at all were found in the 10 

minute sample, while in the 60 minute sample there were many. Nanoparticles tha t had 

not begun the transition to  nanowires were still found in this sample though, as can 

be seen in Figure B.3(b). The nanowire shown above has dimensions o f about 50 nm 

diameter and 3 ^m  length.
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Figure B.3: Silver nanowires after (a) 10 m inutes and (b) 60 minutes reaction

B.4 Investigation into Silver Nanowire Alignment

The reaction solution o f nanowires in ethylene glycol was diluted 1 /3 0  in ethanol and 

then centrifuged at 1700 rpm fo r 20 minutes. The  resulting liquid phase was removed 

and the product a t the bo ttom  o f the tube was then re-dissolved in more ethanol and 

centrifuged again under the same conditions. Th is process was repeated 6 times.

Analysis o f the drying o f the solutions under the m icroscope showed th a t the ethanol 

evaporates very quickly, w ith  the drople t re tracting  inwards towards its centre at an 

in itia lly  rapid rate. Th is rate slows down towards the centre, and the remaining liquid 

part takes an unusually long tim e to  dry up fully. Th is  could be because there is still a 

small fraction  o f the original ethylene glycol solvent le ft in the solution.

L ight microscope images showed th a t the nanowires in the solution tend to  orient 

themselves parallel to  the d irection o f the drople t recession, th a t is to  say in a radial 

fashion around the centre o f the droplet, as shown in Figure B .4 (a ). The effects o f 

scratching grooves in to the surface o f a glass slide were also examined, w ith  the droplet 

being placed over the groove in an a tte m p t to  model a m icrochannel in order to  induce 

capillary transport o f the droplet. Initia l results on th is  showed a single sample th a t 

suggested tha t th is method could be useful in term s o f nanowire alignm ent. Th is is 

shown in Figure B .4 (b ). The rest o f the  droplets analysed, however, did not show the 

same suggestion o f a lignm ent along the  channels and litt le  evidence o f any capillary
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flow being generate in the channels.

(a) (b)

Figure B.4: (a) Evidence o f radial alignment o f the silver nanowires based on the rapid evaporation of 

the ethanol solvent, (b) Suggestion o f the use o f microchannels on the surface o f a glass 

slide for nanowire alignment.

In order to  pursue the method o f using the microchannels etched into the glass surface, 

a few methods were investigated. One involved etching the channels at different angles 

radially around an injection point to  see if the previous alignment might have been 

influenced by any anisotropy in the glass surface. A second method involved etching 

lines o f different depths and widths based on the force applied to  the diamond scribe. 

The third method used a second slide placed over the top o f the channel to  effectively 

produce a sealed and covered microchannel, in the hope o f promoting capillary flow.

The methods investigated failed to  show any further suggestions o f nanowire alignment 

along the channels, although the method with the enclosed channels was hard to  judge 

based on the method for the construction o f the channels. Using the ethanol-based 

solvent solutions it was found tha t pressing the slides together as much as possible 

could not stop the solution from leaching out across the entire slide and not ju s t along 

the desired channel. This method would need to  be analysed in more detail.

A further technique tha t was examined was tha t o f electric field alignment o f the 

nanowires. The glass substrates were coated w ith two electrodes, composed o f a con­

ducting, metal epoxy at 4 mm apart. These were hooked up to  a voltm eter and the 

solution was placed in between the interfaces o f the two electrodes. As the voltage was 

increased through around 2.5 V  it was found tha t the nanowires in the solution woud 

begin moving across the channel. Reversing the electrical contacts would move the
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B.5. SERS USING SILVER NANO W IRES

wires in the opposite d irection. Th is has potentia l in aligning the nanowires, although 

using the metal epoxies proved unsuitable as the epoxy would oxidise and particles o f it 

would come out and in to  solution. One solution to  th is  could be by evaporating silver 

contacts onto  the glass slides, still leaving a gap o f about 4 mm between them .

B.5 SERS using Silver Nanowires

The nanowires as prepared were not good SERS substrates due to  contam ination , as 

shown in Figure B.5. Because they were not prepared explic itly  fo r SERS analysis no 

in-depth study was carried out; fu rthe r investigation in to  centrifugation  and aggregation 

o f the m ixture may provide improved SERS activity.

 Nanowires
5501 30000Colloids
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Figure B.5; SERS o f Rhodamine 6G using silver nanowires (black spectrum) compared to using silver 

colloids (red spectrum).
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Appendix C: SERS using silver triangular 

nanoplates

T riangu la r nanop lates were ob ta ined fro m  th e  labs o f  John Ke lly  in th e  D e p a rtm e n t o f 

C hem istry . T h e  g rea t advantage o f  using these m ate ria ls  is th e  ab ility  to  tu n e  th e ir  

absorp tion  charac te ris tics , based on th e  aspect ra tio  o f  th e  nanop la te  dim ensions. T he  

absorp tion  peak o f  one set o f  nanop la tes was chosen to  o ccu r a t 633 nm, th e  w ave leng th  

o f  th e  exc iting  Raman laser. T h e  second set o f  nanop la tes had an absorp tion  band a t 

500 nm, abou t ha lfw ay between the  conventiona l silver co llo ids { X m a x  =  410 nm ) and 

the  f irs t  nanop la te  so lu tion . T h e  co llo ida l so lu tion  was d ilu ted  down so as to  com pare 

all media a t the  same absorp tion  value. T h e  absorp tion  spectra  and th e  resu lting  SERS 

responses are shown in F igure C . l .

W h ile  the  nanop lates produce an in fe rio r SERS spectrum  to  th a t  o f  th e  co llo ids i t  is 

nevertheless an e legan t techn ique . T h e  633 nm absorbing nanop lates showed a b e tte r 

SERS response to  th e  500 nm absorbing one, likely due to  resonance w ith  th e  exc iting  

w aveleng th. X a n th o p te r in  was also investiga ted  using th e  nanop la tes bu t no e ffic ie n t 

spectra  were ob ta ined . P roper aggrega tion  procedures w ould probably im prove th is  

result, though  th is  was n o t investiga ted  a t th e  tim e  because th e  fu ll im po rtance  o f 

aggregation  had no t been realised.
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Figure C .l: (a) shows the absorption spectra for the triangular nanoplates and the silver colloids, (b) 

shows the SERS response o f each o f the materials using Rhodamine 6G and (c) shows a 

photograph o f the nanoplates and the silver colloids in vials.
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Appendix D: Investigation of droplet-on-film 

profiles

Shown below are CCD images using the lO x  objective, which show the 7 nm PLD 

substrate both outside and inside one o f the sample droplets. It is evident tha t at 

the same focus the area outside the drop is in focus while moving inside the droplet 

the substrate surface moves out-of-focus. This is im portant when working w ith PLD 

substrates as SERS is known to  be a short-range effect, and the focus needs to  be 

changed when moving to  the droplet, although it is not as easy to  focus through the 

solution as it is on the bare substrate.

]IJ
(a) (b)

Figure D .l:  W hite light image o f (a) the bare 7 nm fsPLD substrate and (b) the substrate as seen 

through the sample droplet, both images taken at the same focus.
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D .l. DROPLET HEIGHT PROFILE

D .l Droplet height profile

An experiment was set up to look at the SERS response as the focus of the objective 

lens was changed. Using a glass microslide and focusing on both the top and bottom 

surfaces allowed for an estimation of the distance moved for one turn of the focusing 

dial on the microscope. This distance was estimated at 0.2 jj,m, and was applied to 

droplets of benzotriazole placed onto the 7 nm fsPLD film. This was accomplished 

both using benzotriazole alone and also when mixed with the silver colloid solution, the 

results of which can be seen in Figure D.2.
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Figure D.2: (a) Rhodamine B deposited onto the fsPLD films and (b) Rhodamine B mxed with silver 

colloids before being deposited onto the substrates.

Figure D.2(a) and (b) shows an expected relationship between the focusing point o f the 

laser and the signal obtained. Using the peak height for the 792 cm“  ̂ benzotriazole 

peak, the average from four spectra was taken at each focal position, with point 0 

referring to the laser focused onto the substrate outside of the droplet. The short-range 

effect of SERS manifests itself in Figure D.2(a) as a narrow peak, as the highest signals 

are found at the point when the film comes into focus at about 0.4 ^m  removed from 

the initial focus point outside the droplet. Signals are still evident outside o f this peak 

region, though they are much smaller, and are probably due to out-of-focus or scattered 

light. In Figure D.2(b) the relationship between the signal and the focal position is not 

as critical, due to the presence of the colloids in solution providing a SERS response
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regardless, which is a big advantage o f using the co llo id /substra te  com bination. The 

highest signals are still in the 0.2 -  0.6 iirr\ range though.

D.2 Droplet Contact Angle

Also investigated was the droplet profile on the d ifferent fsPLD  film  thicknesses. D roplets 

o f w ater were deposited onto  each film , and onto  a bare glass microslide, before the ir 

profile was photographed using a Canon IXUS 80IS. The  resulting images can be seen 

below in Figure D.3.

Visually, the change in the droplet from  the glass m icroslide to  the 7 nm nsPLD film s is 

quite  dram atic, w ith  the droplets offering a much more rounded and hydrophobic profile 

than on the glass. Th is relationship was p lo tted  by using the contact angle, which is 

defined in the schem atic at the to p -le ft o f Figure D.3, fo r each o f the droplets shown 

here. Th is data is p lo tted  in Figure D.4, and also displayed is the change in the droplet 

height, which was measured through comparison w ith  a metal ruler laid fla t down on 

the  table beside the  droplet, w ith  its thickness pre-determined through the use o f a 

m icrom eter.

<p

Contact Angle

Inm

7nm

Figure D.3: Droplet profiles for water deposited onto a glass microslide (0 nm) and the 4 fsPLD thick­

nesses. Also shown is a schematic for the determination of the contact angle.

As can be seen from  the data in Figure D.4, the con tac t angle generally increases w ith  

increasing thickness, a lthough the 5 nm film  doesn’t  quite  hold true  w ith  th is trend. The
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droplet height shows a sim ilar profile to  the con tac t angle data. A  more hydrophobic 

surface could be useful in SERS as repulsion o f the solvent molecules could result in 

the ta rge t analytes adsorbing more readily.
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Figure D.4: Height and contact angle change with regards to  fsPLD film thickness.

The changing droplet shape should also influence the focus position o f the laser when 

moving the laser in to  the droplet. It is impossible to  get the focus exactly correct using 

the CCD image as d iffe rent wavelengths will re fract at d ifferent wavelengths regardless, 

so more work would need to  be done on th is  in order to  gauge the fu ll relationship.
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Appendix E: Additional SERS Spectra - 

Chapter 3

This appendix contains the sets o f spectra referred to  in Chapter 3.
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Figure E.l; Raman spectra o f the Batch 1 colloids taken using a 633 nm excitation wavelength and 10 

s exposure time.
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Figure E.2: Raman spectra o f the Batch 2 colloids taken using a 633 nm excitation wavelength and 10 

s exposure time.
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Figure E.3: Raman spectra o f the Batch 4 colloids taken using a 633 nm excitation wavelength and 10 

s exposure time.
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Figure E.4: Raman spectra o f the Batch 5 colloids taken using a 633 nm excitation wavelength and 10 

s exposure time.
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Figure E.5: 5ERS spectra ot b x 1(J M isoxanthopterin, xanthopterin and a mixture ot the two at a

1 : 1 ratio. All spectra were taken at 532 nm and a 5 s exposure time.
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Figure E.6: The eight SERS spectra o f the  10 x lO “  ̂ M xanthopterin  solution w ith  colloids aggregated 

using 10 mM NaCI. The spectra were taken in the stainless steel wells at 633 nm using a 

20 s exposure.
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Figure E.7: The e ight SERS spectra o f the 8 x lO “  ̂ M xanthopterin solution w ith  colloids aggregated 

using 10 mM NaCI. The spectra were taken in the stainless steel wells at 633 nm using a 

20 s exposure.
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Figure E.8: The eight SERS spectra o f the 6 x lO ”  ̂ M xanthopterin  solution w ith  colloids aggregated 

using 10 mM NaCI. The spectra were taken in the stainless steel wells at 633 nm using a 

20 s exposure.

(/)
12000 -

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm’ )̂

Figure E.9: The eight SERS spectra o f the 4 xlO~® M xanthopterin  solution w ith  colloids aggregated 

using 10 m M  NaCI. The spectra were taken in the  stainless steel wells a t 633 nm using a 

20 s exposure.
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Figure E.IO: The eight SERS spectra o f the 2 x lO “  ̂ M xanthopterin solution with colloids aggregated 

using 10 mM NaCI. The spectra were taken in the stainless steel wells at 633 nm using a 

20 s exposure.
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Figure E . l l :  The eight SERS spectra o f the 10 x lO   ̂ M xanthopterin solution using no aggregating 

agent. The spectra were taken in the stainless steel wells at 633 nm using a 20 s exposure.
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Figure E.12: The eight SERS spectra o f the 8 x lO “  ̂ M xanthopterin solution using no aggregating 

agent. The spectra were taken in the stainless steel wells at 633 nm using a 20 s exposure.
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Figure E.13: The eight SERS spectra of the 6 x lO “ ® M xanthopterin solution using no aggregating 

agent. The spectra were taken in the stainless steel wells at 633 nm using a 20 s exposure.
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Figure E.14: The eight SERS spectra o f the 4 x lO ~^ M xanthopterin solution using no aggregating 

agent. The spectra were taken in the stainless steel wells at 633 nm using a 20 s exposure.
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Figure E.15: The eight SERS spectra o f the 2 x lO “ ® M xanthopterin solution using no aggregating 

agent. The spectra were taken in the stainless steel wells at 633 nm using a 20 s exposure.
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Figure E.16: The eight SERS spectra o f the 10 x 10“ ® M xanthopterin solution with colloids aggregated 

using 10 mM NaCI. The spectra were taken on glass microslides at 633 nm using a 20 s 

exposure.
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Figure E.17: The eight SERS spectra o f the 8 x lO “ ® M xanthopterin solution with colloids aggregated 

using 10 mM NaCI. The spectra were taken on glass microslides at 633 nm using a 20 s 

exposure.
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Figure E.18: The eight SERS spectra of the 6 x lO “  ̂ M xanthopterin solution with colloids aggregated 

using 10 mM NaCI. The spectra were taken on glass microslides at 633 nm using a 20 s 

exposure.
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Figure E.19: The eight SERS spectra o f the 4 x l0 ~ ^  M xanthopterin solution with colloids aggregated 

using 10 mM NaCI. The spectra were taken on glass microslides at 633 nm using a 20 s 

exposure.
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Figure E.20: The eight SERS spectra o f the 2 x lO ”  ̂ M xanthopterin solution with colloids aggregated 

using 10 mM NaCI. The spectra were taken on glass microslides at 633 nm using a 20 s 

exposure.
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Appendix F: Additional SERS Spectra - 

Chapter 4

This appendix contains the  sets o f spectra referred to  in Chapter 4. A  list o f the 

featured spectra is thus:

Figure F . l  8  ̂ F igure F.2: Unannealed EBE film s 2 and 3 w ith  xanthopterin , 20 s 

exposure tim e.

Figure F.3 - Figure F.5: Unannealed EBE film s 1-3 w ith  Rhodamine 5G, 3 s exposure 

tim e.

Figure F.5 Figure F.7: Annealed EBE film s 1 and 3 w ith  Rhodamine 6G, 3 s exposure 

time.

Figure F.8: nsPLD film  3 w ith  X anthopterin , 20 s exposure tim e.

Figure F.9 - Figure F . l l :  nsPLD film s 1-3 w ith  Rhodamine 6G, 3 s exposure tim e.

Figure F.12 Figure F.13: nsPLD film s 2 and 3 w ith  Rhodamine 6G, 0.1 s exposure 

time.

Figure F.14 Sj. Figure F.15: nsPLD film s 2 and 3 w ith  Rhodamine 6G mixed w ith  silver 

colloids, 0.1 s exposure tim e.

Figure F.16: Glass microslide w ith  Rhodamine 6G mixed w ith  silver colloids, 0.1 s 

exposure tim e.
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Figure F .l: Three separate drops for a 1 x 10“ '* M solution o f xanthopterin deposited onto the second 

unannealed EBE film. The spectra were taken using a 633 nm excitation and a 20 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are 

also shown for each set o f data.
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Figure F.2: Three separate drops for a 1 x 10“ '* M solution o f xanthopterin deposited onto the third 

unannealed EBE film. The spectra w/ere taken using a 633 nm excitation and a 20 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are 

also shown for each set o f data.
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Figure F.3: Three separate drops fo r a 1.8 x  10“  ̂ M solution o f Rhodamine 6G deposited onto the  firs t 

unannealed EBE film . The spectra were taken using a 633 nm excitation and a 3 s exposure 

tim e, and are shown fo r each drop in (a )-(c ) respectively. The average % RSD and SNR are 

also shown for each set o f data.
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Figure F.4: Three separate drops fo r a 1.8 x  10“  ̂ M solution o f Rhodamine 6G deposited on to  the 

second unannealed EBE film . The spectra were taken using a 633 nm excitation and a 3 

s exposure tim e, and are shown fo r each drop in (a )-(c ) respectively. The average % RSD 

and SNR are also shown fo r each set o f data.
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Figure F.5: Three separate drops for a 1.8 x 10“ ® M solution of Rhodamine 6G deposited onto the third 

unannealed EBE film. The spectra were taken using a 633 nm excitation and a 3 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are 

also shown for each set of data.
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Figure F.6: Three separate drops for a 1.8 x 10“  ̂ M solution o f Rhodamine 6G deposited onto the first 

annealed EBE film. The spectra were taken usmg a 633 nm excitation and a 3 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are 

also shown for each set of data.
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Figure F.7: Three separate drops for a 1.8 x 10“  ̂ M solution of Rhodamine 6G deposited onto the third 

annealed EBE film. The spectra were taken using a 533 nm excitation and a 3 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are 

also shown for each set o f data.
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Figure F.8: Three separate drops for a 1 x 10“ '̂  M solution o f xanthopterin deposited onto the third 

nsPLD film. The spectra w/ere taken using a 633 nm excitation and a 20 s exposure time, 

and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are also 

shown for each set o f data.
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Figure F.9: Three separate drops for a 1.8 x 10”  ̂ M solution of Rhodamine 6G deposited onto the first 

nsPLD film. The spectra were taken using a 633 nm excitation and a 3 s exposure time, 

and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR are also 

shown for each set o f data.
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Figure F.IO: Three separate drops for a 1.8 x 10“ ® M solution o f Rhodamine 6G deposited onto the 

second nsPLD film . The spectra were taken using a 633 nm excitation and a 3 s exposure 

tim e, and are shown fo r each drop m (a )-(c ) respectively. The average % RSD and SNR 

are also shown fo r each set o f data.
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Figure F .l l :  Three separate drops for a 1.8 x 10“ ® M solution o f Rhodamine 6G deposited onto the 

third nsPLD film. The spectra were taken using a 633 nm excitation and a 3 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR 

are also shown for each set o f data.
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Figure F.12: Three separate drops o f a 1.8 x 10“  ̂ M solution o f Rhodamine 6G deposited onto the 

second nsPLD film. The spectra were taken using a 633 nm excitation and a 0.1 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR 

are also shown for each set of data.
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Figure F.13: Three separate drops of a 1.8 x 10“  ̂ M solution o f Rhodamine 6G deposited onto the 

third nsPLD film. The spectra were taken using a 633 nm excitation and a 0.1 s exposure 

time, and are shown for each drop in (a)-(c) respectively. The average %RSD and SNR 

are also shown for each set o f data.

190



2000

1500-

i  1000-

c
(C
E
(D
a:

500

0 -

Drop 1
% RSD = 11.0% 
SNR = 134.6

400 600 800 1000 1200 1400 1600 1800

Wavenumber (c m ')

(a)

2000

- r  1500- 

3
t  1000-1
C
<D

C
CD

E
CD
a:

500-

0 -

Drop 2
% RSD = 6.2% 
SNR = 135.7

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm ')

(b)

3
ni

2000-1

1500-

-  1000
c0)

c
(0
E
CD
a:

500-

Drop 3
% RSD = 19.3% 
SNR = 163.9

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm ')

(c)

Figure F.14: Three separate drops of a 1.8 x 10“ ® M solution o f Rhodamine 6G, mixed with silver 

colloids and deposited onto the second nsPLD film. The spectra were taken using a 633 

nm excitation and a 0.1 s exposure time, and are shown for each drop in (a)-(c) respectively. 

The average %RSD and SNR are also shown for each set o f data.

191



2000 n

c
ni
E
(D
OH

1500

1000 -

500

0 -

Drop 1
% RSD = 11.7% 
SNR = 115.3

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm

(a)

2000 n

15003
3
■s 1000
C

B
S
c .
(D
E
CD
cn

500-

0

Drop 2
% RSD = 6.9% 
SNR = 146 6

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm'^)

(b)

2000

^  1500D

t  1000
c0
c
C 500
(D
E
OJ

0

Drop 3
% RSD = 20.7% 
SNR = 176.0

400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm'^)

(c)

Figure F.15: Three separate drops of a 1.8 x 10“  ̂ M solution o f Rhodamine 6G, mixed with silver 

colloids and deposited onto the third nsPLD film. The spectra were taken using a 633 nm 

excitation and a 0.1 s exposure time, and are shown for each drop in (a)-(c) respectively. 

The average %RSD and SNR are also shown for each set o f data.
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Figure F.16: Three separate drops o f a 1.8 x 10“ ® M solution o f Rhodamine 6G, mixed w/ith silver 

colloids and deposited onto a glass microslide. The spectra were taken using a 633 nm 

excitation and a 0.1 s exposure time, and are shown for each drop in (a)-(c) respectively. 

The average %RSD and SNR are also shown for each set o f data.
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