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Visualisation of latent fingerprints present on metallic surfaces has been demonstrated by 
means of  spatially  selective  deposition of  conducting  copolymers.      This  novel  technique 
utilises the inhibition of electrochemical processes on areas that have been masked by the 
fingerprint. This results in electropolymerisation between the ridges, generating a negative 
image of the fingerprint.  The efficiency of recovery in forensically challenging scenarios of the 
copolymers was compared with the corresponding homopolymers. 

 
An  extension  of  this   electrochromic  enhancement  to  include  fluorescence   has  been 

developed using a novel synthetic pathway aiming to create more free volume to aid the 
inclusion of bulky fluorophore moieties.   The unique selectivity of neutron reflectivity (NR), 
with isotopic contrast variation, permitted the diagnosis of chemical and structural changes 
within the depth profile of the polymer during the incorporation of the fluorophore moieties. 

 
The properties of conducting polymer films are determined by film composition and structure 
which, this thesis will show, can lead to different routes to electroneutrality maintenance 
during electrochemically controlled redox switching (doping/undoping).   NR was used to 
quantify the diverse permeation characteristics of conventional solvents and ionic liquids into 
an  electroactive  copolymer.    It  revealed  how  the  availabilities  of  these  mechanisms  are 
dictated by anion and cation sources and sinks in the film and liquid phases where molecular 
solvent is/is not present. 

 
In multi-layered systems, the nature of the polymer/polymer interface is central to the 
rectifying (segregated) or capacitive (interdiffused) characteristics of the films, such that the 
spatial distribution of the different polymer components determines the optical and electronic 
properties of the films. These properties are important for the potential applications of these 
multi-component systems in energy storage.  NR was used to probe the extent of segregation 
and solvation properties of multi-layer films and revealed the order the components are 
deposited has a great effect on the final film properties. 
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1.1. Fingerprints 
 
 

Although fingerprints have been used as a means of biometric identification since the mid- 
 

1800s1, most of the significant advances have come within the past century2.  There are three 

distinct types of fingerprint that can be recovered from a crime scene: patent (visible), plastic 

(impressions), and latent (invisible).  Patent and plastic prints are easier to recover than latent 

prints, as they are visible to the naked eye, and can be recovered with ease by 

lifting/casting/photographing.  Latent fingerprints, on the other hand, are invisible by nature 

and first have to be located and enhanced before they can be recovered. 

 
1.1.1. What are Fingerprints? 

 

 
Fingerprints are made up of individual friction ridges in the skin that group together to form 

patterns.  These friction ridges are present on the fingers, thumbs, palms, toes, soles of feet 

and even lips.  Fingerprints follow Locard’s principle that every contact leaves a trace3: when a 

finger touches a surface it leaves behind traces of sweat and other substances that were 

present on the skin2.  Fingerprints have provided law enforcement officers with an accurate 

means of identifying suspects for over a century.   There are three main principles that 

determine the usefulness of fingerprints in identification: they are unique2, formed during 

pregnancy and remain unchanged throughout a person’s life.  Fingerprints can even survive 

minor  burns  and  being  ‘cut’  off  because  as  the  skin  repairs  itself  the  fingerprints  are 

reformed2.    It  takes  severe  damage  to  the  deeper  layers  of  skin  to  totally  eliminate  a 

fingerprint.   Another key characteristic, with regard to their application from a law 

enforcement perspective, is that fingerprints are one of the final features to leave the skin 

during  decomposition.    They  are  therefore  an  important  tool  in  identifying  bodies,  even 
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several years after death4.  Finally, the classification of fingerprints into three general types, 

loops, whorls and arches2, reduces the number of prints that need to be searched when 

looking for a match5. 

 
1.1.2. Types of Fingerprint Patterns 

 

 
All  fingerprints  can  be  categorised  into one of  three  types of  ridge  patterns:  loops  (that 

account for 60 % of all prints), whorls (that make up 35 %) and arches (that form the remaining 

5 %).  These main groups can then be subdivided into smaller groups resulting in eight types of 
 

fingerprint patterns which are shown in Figure 1.1.  Fingerprints are placed into one of these 

groups based on the shape of the friction ridges and the number of deltas present in the print. 

These are known as primary level characteristics.  A delta is an area within a fingerprint where 

the ridges triangulate (see Figure 1.3).  Arches have no deltas and are formed when ridgelines 

run from one side of the finger to the other making no backward turn.  Arches are subdivided 

into plain arches, which curve at the top and tented arches, which push up to a point in the 

centre forming a distinct triangle.   Loops have one delta and are made up of one or more 

ridges that start on one side and double back on themselves to end on the same side.  Loops 

are distinguished further based upon the direction in which the loop flows: radial loops start 

and end at the radial side of the arm (thumb side), whereas ulnar loops flow to and from the 

ulna (little finger side).   When it is unclear as to which hand a loop has come from, loops 

flowing from the left are referred to as left slant loops and loops flowing from the right are 

referred to as right slant loops.  Whorls contain more than one delta; they are subcategorised 

into four groups: plain, double loop, central-pocket and accidental loop whorls.  Plain whorls 

either form spiral ridges or concentric circles.  Central-pocket whorls are loops containing 

whorls.  Double loop whorls consist of two loops coming together to form an ‘S-shape’, and 

accidental loop whorls are whorls which do not lie in between two deltas6.  A person can have 

fingerprints all of one type or a mixture of two or more. 
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A.  Plain Arch  B.  Tented Arch  C.  Left Slant Loop 
 
 
 
 
 
 
 
 
 

D.  Right Slant E.  Plain Whorl F.  Double Loop 
Loop  Whorl 

 
 
 
 
 
 
 
 
 

G.  Central  H.  Accidental 
Pocket Whorl  Whorl 

 
 

Figure 1.1.         The eight types of fingerprint patterns7. 
 
 

Once the pattern type has been determined, further comparison can then take place by 

evaluating certain ‘points’ within the print.  A ‘point’ is a distinguishable characteristic within 

the print caused by breaks and more detailed patterns within the ridges.  These are known as 

secondary level characteristics.  There are seven classes of ridge points as shown in Figure 1.2. 

A ridge ending occurs when a ridge finishes.  A bifurcation occurs when one ridge splits into 

two distinct ridges.  A lake arises when two split ridges join back together reforming a single 

ridge after a bifurcation.  A dot is a short, almost circular independent ridge.  An island is a 

short independent ridge.  A spur occurs if a bifurcation leaves one of the two forking ridges 

considerably shorter in length than the other.  A crossover runs between two parallel ridges. 
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Figure 1.2.          Examples of the different classes of ridge detail2. 
 
 

The standard required for a lawful recognition of identification varies with different 

jurisdictions.  According to the National Fingerprint Standard adopted in 1953 in the UK, the 

same sixteen ‘points’/characteristics must have been identifiable in both the crime scene print 

and that of the suspect for the prints to be a lawful match.   Now the number of points is 

viewed as less significant and it is left up to the fingerprint expert to decide whether or not the 

two are a match.  As a result of this, a so called zero point system has been adopted in the U.K. 

since 2000.  In order to make this comparison easier, computer based systems have been 

created.    The  current  system  is  the  National  Automated  Fingerprint  Intelligence  System 

(NAFIS).  The NAFIS system scans and digitally stores fingerprints on a database.  Current 

computers can search through 500,000 prints in less than a second when attempting to find a 

positive match for a print4.  However, even with such powerful computers they can still only 

identify candidates for a match: the final assessment still has to be made by a human expert. 

 
Computers can also be used to enhance the quality of recovered fingerprints by varying 

contrast, light, clarity and background.  This can produce a clearer image making comparison 

easier. 
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Another way of evaluating fingerprints is to compare their ridge counts.  This is the number of 

ridges present between the core of a fingerprint and its delta.  However, for whorls it is slightly 

more complicated due to the presence of more than one delta.  In this instance, both ridge 

counts are calculated but only the higher of the two is used for comparison.  Also, because 

arches have no delta, they have a ridge count of zero, meaning ridge counts are useless when 

comparing arches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ridge Count 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3.         Ridge count of a right slant loop (here is equal to 7)2. 
 
 

Tertiary level detail can also be seen and used in the identification process.  The most common 

is the mapping of the positions of the sweat pores along the fingerprint ridges. 

 
Forensic scientists classify fingerprints into three groups based on how they were deposited. 

The first type is patent fingerprints that are formed when a substance on the fingers, such as 

blood or paint, is transferred to an object leaving behind a visible print.  The second type is 

plastic or impression prints that are three dimensional mouldings of the friction ridges that 

occur when a person touches a soft material such as wax or gum.   Both patent and plastic 

prints can be photographed directly in order to record and compare.  However, the third type 
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of print, known as latent, is invisible to the naked eye.   Hence, in order to be seen, latent 

prints must be given characteristics which differentiate them from the surface on which they 

was left.  This is a central issue in the work described in this thesis. 

 
1.1.3. Skin Anatomy 

 

 
The skin is the largest organ in the human body and provides a protective covering from water 

and harmful substances.  It is the site of the touch sensation and some bodily secretions and is 

also responsible for the production of essential vitamin D2.  The thickness of the skin2 in most 

areas of the body is no thicker than 2 mm but on the palms and soles can be as thin as 0.4 

mm.  The skin is made up of two distinct layers: the epidermis and the dermis.  The epidermis 

is the outer region and consists of several layers of cells known as the stratum germinativum, 

stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum.  Together 

these layers have an average thickness of 75 to 150 µm2.  The underlying layer is known as the 

dermis and is made up of collagen, elastin fibres, an interfibrillar gel and proteoglycans as well 

as salts and water.  These form a dense fibroelastic connective tissue which contains the 

millions of secretory glands responsible for perspiration. 
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Figure 1.4.         How friction ridges and pores are linked to sweat glands8. 
 
 

1.1.4. Types of Sweat 
 

 
Latent  fingerprints  are  produced  from  a  number  of  natural  secretions  produced  by  the 

different sweat glands present in the skin.  These secretions spread out from the pores and 

form a layer over the friction ridges.  When an individual then touches something, these 

secretions get transferred to the object leaving behind a latent print. 

 
In the medical community the composition of sweat from the various sweat glands has been 

extensively studied for a variety of reasons centralising around the diagnosis of disease. 

However, there is no guarantee that the composition of sweat within the glands will be 

representative of what is transferred to a surface because of contaminants such as cosmetics. 

Furthermore,  once  the  secretions  are  exposed  on  a  surface  they  are  subjected  to  both 

bacterial and oxidative mechanisms which result in their degradation, which in turn changes 

the  composition.    This  last  point  is  of  particular  importance  as  it  is  rare  that  a  forensic 

examiner will receive fingerprint evidence immediately after deposition.  If there was a deeper 
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understanding   of   exactly   how   latent   fingerprints   degraded   over   time,   enhancement 

techniques could be developed or modified to focus on a specific component of the sweat 

deposit that was known to withstand the test of time. 

 
There are three types of sweat gland: apocrine, eccrine and sebaceous, each producing sweats 

of different compositions.  The apocrine glands are located close to the hair follicles and have 

a large, coiled structure.  However, as they are mainly situated within the axillary regions such 

as the armpits and genitals they rarely contribute to latent fingerprint deposits. 

 
Eccrine glands on the other hand significantly contribute to the deposits as they densely 

populate the palm and sole areas.  The sweat produced from these glands has a water content 

of over 98 %2  but also contains various other compounds including inorganic salts which, in 

high enough levels, can lead to corrosion on metal surfaces9.  Also present are relatively high 

levels of ammonia, and trace amounts of magnesium, iodide, bromide, fluoride, phosphate, 

sulphate,  sulphur,  and  transition  metals  such  as  iron  and  copper.    Amino  acids  are  also 

present, which is crucial for development with ninhydrin (see Section 1.3.2).  Some lipids will 

also be present due to sebaceous and epidermal contamination2.   The amount of eccrine 

sweat secreted is dependent on the amount of water a person has consumed. 

 
Sebaceous secretions also contribute to latent fingerprint depositions.  They are confined to 

areas of the skin containing hair follicles, such as the face, and are absent on the palms.  They 

produce an oily mixture known as sebum.  The constituents of sebum include fatty acids, 

phospholipids, wax esters, sterols and the lipid squalene. 

 
Plastic and patent prints are visible to the naked eye, thus the primary focus of forensic 

investigators is the recording of these prints through photographs and/or casts.  Latent prints, 

on the other hand, are invisible to the naked eye and need to be enhanced before visualisation 

can occur. This will be the primary focus of this research. 
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The quality of enhanced latent prints depends on both the amount of perspiration on the 

finger and the surface of the object touched.  Scene of crime officers collect latent fingerprint 

evidence from a variety of surfaces, which require a range of development techniques.  For 

example, smooth, non-porous surfaces cannot absorb the perspiration transferred from the 

finger and can be enhanced using powder or superglue fuming and then either photographed 

or  lifted.    On  the  other  hand,  porous  surfaces  absorb  the  perspiration  and  have  to  be 

enhanced using a series of chemical techniques. 

 
New techniques are constantly being developed to overcome the difficulties of problematic 

surfaces such as skin and  metal,  as well as to try and improve  existing techniques.   For 

example, methods such as powder dusting rely on the moisture components of the fingerprint 

residue, so if these components are destroyed by exposure to heat or simply through aging, 

there is nothing for the powders to adhere to. Research into the removal of latent fingerprints 

has also shown how heating to high temperatures (>600 °C) can totally remove the fingerprint 

residue10.  This research also showed that acetone, rubbing and washing in warm, soapy water 

are all effective in removing fingerprint residues, which may make current methods fail, so it is 

important to develop a technique that will still work after such harsh conditions are applied. 

 
1.2. The History of Fingerprints 

 
 

The use of fingerprints as a means of identification has been perfected over hundreds of years. 

The first recorded incident of a person studying fingerprints was in 1684 by English plant 

morphologist Nehemiah Grew2.  He was fascinated by the ridges on his hands and produced 

detailed drawings and notes. The first paper to be published on the subject of fingerprints was 

by Joannes Purkinje in 1823.   He classified fingerprints into nine categories including two 

loops, two arches and five whorls.  He also reported on the function of the ridges, furrows and 

pores within the prints. 
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Sir William Herschel was the first to note that fingerprints remain unchanged throughout a 
 

person’s life.  He conducted an experiment to prove this by taking his own palm prints first in 
 

1860 and then again in 1890.  He noted that, excepting a few wrinkles, the ridge details had 

remained the same.  He later used this concept in a prison in India as a means of identifying 

inmates.  Around  the  same  time  Dr  Henry  Faulds  was  looking  into  the  persistency  of 

fingerprints by removing finger pads from his patients and comparing the healed fingerprints 

with the originals. He found them to be the same2. 

 
A major breakthrough came with the recognition of fingerprint individuality by Sir Francis 

Galton in the late nineteenth century.   This led to the replacement of the original 

anthropometric means of identification by fingerprints.   This was further perfected towards 

the end of the nineteenth century by Sir Edward Henry who used Sir Francis Galton’s ideas to 

develop his own classification system that today is used all over the world.   He used the 

number of whorls a person has to categorise prints.   Each whorl is given a numerical value 

based on which finger it is on. Even numbers on the form make up the numerator and the odd 

ones the denominator. In order to avoid a value of 0/0 for someone with no whorls a value of 

one is always added to both the numerator and the denominator.  There are 1024 classes of 

fingerprints according to this system which significantly reduces the number of prints that 

have to be searched. 



11 

Chapter 1: Introduction  

 

 
 

Right Thumb 
16 

Right Forefinger 
16 

Right Middle 
8 

Right Ring 
8 

Right Little 
4 

Left Thumb 
4 

Left Forefinger 
2 

Left Middle 
2 

Left Ring 
1 

Left Little 
1 

 
Table 1.1           Values given to the whorls on each finger, which are added up to form the 

numerators and denominators in the totalled whorl pattern in Sir Edward 

Henry’s method. 

 

1.3. Established Methods for Fingerprint Enhancement 
 
 

As latent deposits are invisible to the naked eye, they require enhancement before a 

comparison/identification  can  be  made.     There  are  many  different  methods  currently 

employed by forensic examiners for this purpose, the most common of which include powder 

dusting, ninhydrin spraying, fuming methods and soaking in chemical dyes.  Some of these 

methods target water soluble components whilst others target lipids.  Choosing the most 

suitable technique for a specific sample is crucial in obtaining a good quality print for 

comparison.  There are several factors that will affect the choice of technique, the most 

important being the nature of the surface (porosity, reflectivity and colour) and any 

environmentally induced changes.  Ideally, fingerprint evidence should be enhanced at a crime 

scene to avoid any unnecessary aging of the prints or damage during transportation to a 

laboratory. 

 
Maximum contrast between the enhancement material and the background material is 

essential in achieving a high quality image of the developed fingerprint.  This is important as it 

is  photographic  images  that  will  be  used  to  determine  a  match  both  through  computer 

systems, such as NAFIS, and fingerprint experts.  Any new techniques being developed should 

take  this  into  account  and  developing  a  method  where  the  colour  of  the  enhancement 

material could be changed would be desirable.  Once a visible print has been developed, the 
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next step is documenting its place at the crime scene by taking a photograph.  Afterwards, the 

print is lifted, using a specially designed adhesive strip, so that a comparison can be made. 

 
1.3.1. Powder Dusting 

 

 
One of the most common methods for enhancing latent prints on a non-porous surface is 

powder dusting.  This is because of their simple application and ease of collection.  They are 

applied by ‘twirling’ a brush over the print.  There are four main types of powders used: 

coloured, luminescent11-13, magnetic14,15  and thermoplastic, all of which consist of small 

particles that stick mainly to residual oils in the perspiration left by friction ridges.   Regular 

powders,  such  as  Sudan  Black  and  aluminium,  contain  a  colorant  to  add  contrast  and  a 

resinous polymer for adhesion.  Luminescent powders are commonly used on multi-coloured 

surfaces.   They contain either a natural or synthetic compound(s) that will fluoresce or 

phosphoresce under a light source such as a UV lamp or laser16-18.  Magnetic powders are 

applied with a special applicator and are good for use on problematic surfaces such as human 

skin and leather2,19,20. Finally, thermoplastic powders (photocopier toner) become fused to the 

surface when exposed to heat. 

 
The quality of a print developed using powder is reliant on a number of factors.  For example, 

not all latent prints contain oils; some only contain amino acids and other compounds which 

powders are less likely to stick to.  The powder used must be fine enough to show the ridge 

detail on the print.  The powder must also be adherent enough to stick to the residue but not 

so adherent that it sticks to the rest of the surface.  The powder must also be the right colour 

for the surface in question, for instance, darker powders cannot be used on dark surfaces. 

 
1.3.2. Ninhydrin Spraying 

 

 
Ninhydrin is commonly employed on porous surfaces such as paper.  The reaction of ninhydrin 

with amino acids found in latent prints is shown in Figure 1.5. 
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Figure 1.5.         Reaction of Ninhydrin with amino acids21. 
 
 

This produces a purple coloured fingerprint that can then be photographed.  Unfortunately, 

ninhydrin development interferes with other techniques, so other more exploratory methods 

are often used beforehand.  Despite this, ninhydrin is a popular reagent for use on porous 

surfaces as it is cheap and easy to produce.  The technique for applying ninhydrin is portable 

and simple to use, allowing it to be used at crime scenes by individuals with minimal specialist 

training.  Although fingerprints that are enhanced using ninhydrin can take a few days to 

develop fully, the process can be speeded up with heat and high humidity2.  Amino acids are 

stable compounds and do not tend to migrate through pores in the paper.  For this reason, 

ninhydrin can be used to develop latent fingerprints on porous materials. 

 
1.3.3. Fuming Methods 

 

 
Another technique for developing fingerprints left on porous surfaces is iodine fuming.  When 

iodine crystals are warmed they produce a purple vapour which physically adsorbs to the 

fingerprint residue22.  Iodine fuming has one main advantage over other techniques such as 

ninhydrin: it is a non-destructive technique, and the print that is produced quickly fades, 

allowing  other  enhancement  techniques  to  be  used  afterwards.    This  allows  for  use  on 
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important documents without risking any damage.   On the other hand, because the print 

fades so quickly, iodine fuming has to be closely monitored and the print has to be 

photographed as soon as it is developed because it soon starts to disappear. 

 
Cyanoacrylate (superglue) fuming is another fuming technique, this time for development of 

latent fingerprints on non-porous surfaces.   Superglue is made up of alkyl-cyanoacrylates. 

When heated to boiling point (120 °C) in a confined space, the cyanoacrylate vapours adhere 

to the fatty acids and amino acids in the deposit as well as moisture in the air to form a sticky, 

white powder along the ridges in the fingerprint.  Once developed, the fingerprint can be 

photographed and lifted directly or it can be further enhanced with powders or dyes and then 

imaged. 

 

 
 
 

Figure 1.6. The mechanism for the anionic chain polymerisation reaction started by the 

reaction of the cyanoacrylate vapours with hydroxide ions23. 

 
The electron withdrawing effects of the cyanide and ester substituents mean that the CH2 

group on the double bond is highly electropositive and therefore open to nucleophilic attack 

from the hydroxide ion.   This pushes the electrons from the double bond on to the other 

carbon forming a carbo-anion.   This carbo-anion then attacks the CH2 group on another 

cyanoacrylate monomer forming a bond between the two monomers.  This is repeated until 

polycyanoacrylates are formed.  It is these polymers that react with the fatty and amino acids 

to form the hardened white powder that enhances the latent fingerprint. 
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1.3.4. Chemical Dyes 
 

 
Chemical dyes are often used as a post treatment after cyanoacrylate enhancement in order 

to maximise the contrast.  Gentian Violet is a chemical dye which stains the fatty acids in the 

sweat residue purple.  In order to achieve this, the cyanoacrylate print is immersed in the 

solution for about a minute, after which the excess dye is removed by rinsing with water. 

Other dyes include Coumarin 540, Rhodamine 6G and Coomassie Brilliant Blue (CBB) (see 

Figure 1.7). 

 
Fluorescent dyes, such as Rhodamine 6G, are commonly used on multicoloured surfaces as 

their fluorescence/phosphorescence, rather than colour, is used to achieve contrast.  1,8- 

diazafluoren-9-one (DFO) is another fluorescent technique that is used on porous surfaces. 

Like ninhydrin it reacts with the amino acids present in latent fingerprints, which can then be 

detected using a laser that causes it to fluoresce.  The solution is made up of methanol, ethyl 

acetate, acetic acid and a small amount of DFO, which are sprayed onto the evidence and then 

oven dried.  Methylene Blue dye (MBD) and Safranin 0 are also fluorescent dyes that are 

commonly used to further enhance prints after superglue fuming. 
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Figure 1.7. Structures of fluorescent materials commonly used in the enhancement of 

latent fingerprints. 

 
1.3.5. Other Techniques 

 

 
As well as fuming, iodine can be used as a spray that is effective in developing fingerprints on 

porous surfaces.  It consists of two solutions: one is iodine in cyclohexane and the other is 

naphthoflavone and methylene chloride24.  This spray technique is particularly effective on 

wallpaper, paint and other glossy surfaces at a crime scene that cannot be taken to the lab for 

further enhancement.   It has even been proved more effective than ninhydrin.   The spray 

reacts with the residual perspiration in the latent print making it appear dark blue.  However, 

this technique is only effective on prints that are up to a week old; after that the development 

is less successful. 

 
Another good technique for waxy or glossy surfaces is silver nitrate solution25.  The evidence is 

soaked in the solution and is then exposed to bright light in order to develop the prints as 

silver nitrate is photosensitive.  A photograph is then taken immediately as the prints do not 

stay visible for long in the absence of light. 
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Vacuum metal deposition (VMD) is occasionally used to enhance latent fingerprints left on 

non-porous surfaces26. A thin layer of gold and zinc is applied to the item under vacuum which 

enhances the prints.  However, the use of gold and the need for a vacuum make this process 

expensive and non-portable; it also requires a more skilled operator, so it is rarely used. 

 
Small particle reagent (SPR) is a technique used for developing latent prints on wet surfaces 

such as window glass, where the use of dry powders may destroy the prints.  Small black 

particles of molybdenum disulphide adhere to the fatty residues in latent fingerprints.   Like 

many enhancement methods, it depends on the amount of residue deposited by the finger 

when forming the print.  This technique can even be used to examine surfaces underwater, 

providing the spray bottle is powerful enough to push the particles through the water. 

 
The order in which enhancement techniques are applied to a piece of evidence is important in 

ensuring the successful recovery of any latent fingerprints.  An example of the systematic 

approach to latent print enhancement is outlined in Figure 1.8.  The standard development 

techniques described above are sufficient for most everyday surfaces.  However, occasionally 

there are unusual conditions, such as previously wetted surfaces or human skin, which will 

require more specialised methods of enhancement.  The majority of development techniques 

are  destructive,  which  is  undesirable.     The  use  of  treatments  on  the  residue  before 

visualisation is something that should be avoided if at all possible.  Spectroscopic techniques 

are a way of achieving this27 as they only measure the interaction between radiation and 

fingerprint matter. 
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Figure 1.8. A systematic approach used for latent print enhancement on a non-porous 

surface15. 
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1.4. Latent Print Development on Metal Surfaces 
 
 

Over 200,000 items of fingerprint evidence are processed each year in the UK, of which 20,000 

are metallic items.   Surprisingly, despite the range of methods available, less than 10% of 

these produce useable fingerprints. Given the prevalence of metallic objects - weapons, tools, 

handles – in criminal investigations this is an important challenge28-30. 

 
The development of latent fingerprints on metal surfaces has been extensively researched 

because of the high quantity of metallic weapons.   Commonly employed enhancement 

techniques  for  metal  surfaces  include  powder  dusting,  vacuum  metal  deposition, 

cyanoacrylate fuming, dying and immersion in small particle suspensions17,31,32.  Fluorescence 

has also been used for development on aluminium using cadmium sulphide nanocomposites 

which bond with the fatty and amino acid components in the deposits33.  Williams et al have 

established a method for latent print visualisation using a Scanning Kelvin Probe34,35.  This 

measures the potential difference between a vibrating probe tip and sample in order to obtain 

a  work  function  map  of  the  surface.    The  salts  within  the  fingerprint  deposit  affect  the 

magnitude of the potential difference.   This method is successful on metal samples that have 

been exposed to high temperatures36.  Fingerprints have also been successfully visualised on 

brass shell casings and discharged brass shell casings using this method, even after other 

techniques such as cyanoacrylate fuming have been employed37.  Another technique involves 

running carbon powder balls over a brass casing, causing the carbon to adhere to the 

fingerprint deposit38. 

 

1.5. Electroactive Polymers 
 
 

Electroactive conducting polymers are organic polymers which can conduct electricity because 

of their molecular structure.   Derivatives of the pyrrole and thiophene families can be 

chemically or electrochemically oxidised to form electronically conjugated polymers39-43. 

Interest in conducting polymers has been growing since the 1970’s44-46  due to their wide 
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spectrum of applications ranging from photo-voltaic devices47,48  and organic-based light 

emitting devices49 to integrated circuits50-53 to use in the automotive industry54.  The desire to 

extend this scope to further technological applications means that there is always a need to 

refine electrodeposition conditions in order to increase the stability of the resulting polymer 

and to extend to different substrates55. 

 
1.5.1. Electronic Structure 

 
Conducting polymers consist of a backbone of sp2 hybridised carbons.  The nature of this type 

of hybridisation means that each carbon has three sigma bonds and a pz orbital perpendicular 

to the plane of the carbon backbone containing one valence electron.  The closeness of these 

orbitals on the backbone allows the valence electrons to delocalise, forming a π electron 

“cloud” along the polymer chain resulting in high mobility of the electrons.  This means that 

electrons can be removed during oxidation (p- doped) forming a film with some empty pz 

orbitals allowing the remaining electrons to move and conduct56. 

 
According to Equation 1.1, colour changes occur due to the promotion of electrons from the 

highest occupied molecular orbital (HOMO) within the valence band to the lowest unoccupied 

molecular orbital (LUMO) in the conduction band.  This causes light of a certain wavelength to 

be absorbed. The oxidation of undoped polymer creates mid gap states from both the valence 

and conduction bands.  This leads to different transitions becoming available both to and from 

these mid gap states, causing a change in transition energy.  This results in light of a different 

wavelength being absorbed causing a change in colour of the polymer film.  The relative 

populations of the mid gap states depends on the potential of the film and therefore, the 

degree of oxidation57.  During doping of the polymer, cations and anions move into/out of the 

film changing the positions of the HOMO and LUMO causing the transition energy to change 

further.  Equation 1.2 relates these transitions to a voltammogram. 
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Figure 1.9. Molecular orbital diagram showing valence and conduction bands in undoped 

polymer as well as the mid gap states found in p-doped polymer. 

 
Equation 1.1 

 
 

where E is energy (J), h is Planck’s constant (J s); v is frequency (s-1). 
 
 

Equation 1.2 
 
 

as work (J) = charge (C) x ΔE and ΔG = -W, where G is Gibbs energy (J mol-1), n is number of 

moles of electrons, F is Faraday’s constant (C mol-1) and E is potential (V or J C-1). 

 
When the polymer film is oxidised, electrons are removed from the dry side of the film.  In 

order to maintain electroneutrality, anionic dopants (A-) and/or cations (C+) diffuse into/out of 

the film to balance the charge (Figure 1.10).  As the oxidation potentials of most conducting 

polymers are lower than those of their corresponding monomers, they are simultaneously 

oxidised during polymerisation58. 
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Figure 1.10. Cartoon  representation  of  ion  migration  within  a  polymer  film  during 

oxidation. 

 
Electrode surface modification using conducting polymers has been extensively researched 

since the term was first used by Murray et al. in 197559-63.  Applications of such modified 

electrodes range from supercapacitors and batteries, in items such as mobile phones and 

electrically powered vehicles64, to corrosion prevention65 and the enhancement of latent 

fingerprints66,67. 

 
1.5.2. Multicomponent Systems 

 
Metal coordination complexes68,69, metal oxides70,71, viologens69,70 and conjugated 

polymers69,70,72 all exhibit electrochromic properties.  Conducting polymers offer advantages 

over other electrochromic materials, such as inorganic metal oxides (WO3/IrO2) and small 

organic molecules (viologens), due to their low processing costs, no dependence on the angle 

of visualisation, fast switching and the ability to tune the band gap and therefore colour by 

structure modification73.  Most electroactive polymers are restricted to two colours or two 

shades of the same colour74.   Changing the electronic character of the polymer backbone 

moves the position of the π - π* transition across the electromagnetic spectrum so that when 
 

different conducting polymers are doped different optical properties are observed75,76.  The 

electrochromic properties of conjugated polymers are the focus of this thesis. 

 
One way to tune electrochromic properties is using copolymerisation of two distinct monomer 

units or homopolymerisation of a hybrid comonomer which can lead to the resulting polymer 
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having optical properties intermediate of the corresponding homopolymers or distinct new 

properties of its own73,77,78. 

 
The layer-by-layer (LbL) fabrication technique relies on electrostatic or other molecular forces 

to construct multiple layers of different components.  In the case of conducting polymers79,80, 

the use of multiple layers allows synergy or the combination of the properties of the individual 

components to create a polymer system with greater functionality.   For example, charge 

storage capacity can increase compared to copolymers of the same monomer units and the 

individual81-83.   Although the different components of the films are deposited sequentially 

there is reason to believe they may be considerably interdiffused which significantly increases 

the electroactivity of the films.  On the other hand, if the layers retain a high degree of 

segregation both layers may experience different degrees of solvation. 

 
Neutron reflectivity can be used to determine the spatial profiles of the individual polymer 

component.  Reflectivity contrast can be manipulated by deuterating selective components to 

accurately determine absolute solvation levels to answer whether equal or differentiated 

solvation of the individual polymer components is seen in multi-layered systems. 

 

1.6. Electrochromic Enhancement of Latent Fingerprints 

Current techniques for developing fingerprints, such as dusting, superglue fuming and wet 

powder  application,  rely  on  physical  or  chemical  interaction  between  a  reagent  and  the 

deposit left from handling an item or surface, resulting in a positive image of the fingerprint. A 

complementary technique has been explored that involves interaction of a reagent with a 

surface rather than the fingerprint deposit itself.  This novel technique exploits the fingerprint 

deposit as an insulating mask blocking electrochemical processes, such as polymer deposition. 

This results in spatially  selective deposition of the polymer on the bare metal surface in 

between the ridges of the fingerprint. 
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This first stage of the concept (illustrated in Figure 1.12) was described by Bersellini et al.84, 

who deposited polypyrrole electrochemically on fingerprinted metal surfaces such as Pt, Au, 

Ag and Ergal (Al alloy). 

 
a b c 

d e f 

 
 

Figure 1.11.       Schematic  representation  of  strategy  for  visualizing  latent  fingerprints  by 

deposition of electrochromic polymer: (a) surface with deposited fingerprint, 

prior to treatment; (b) fingerprinted surface immersed in monomer solution, 

prior to initiation of film deposition; (c) regions of bare (inter-ridge) surface 

covered with thin layer of polymer in early stages of deposition; (d) surface 

optimally covered with polymer; (e) excess polymer deposited, resulting in 

overfilling of trenches and partial obscuring of fingerprint deposit and (f) 

sample after transfer to monomer-free electrolyte and held at a different 

potential, generating a contrasting image (via a colour change) to that in (d). 

 
The electrochromic enhancement explored here uses the electrochemical polymerisation of 

the respective monomers 3,4-ethylenedioxythiophene (EDOT) and aniline (Ani).    The 

fundamental extension pursued in this case is subsequent potential control of the deposited 

polymer to vary its optical properties (colour).   This can be achieved by transferring the 

fingerprinted object to a background electrolyte solution, following polymer deposition, where 

variation of applied potential allows reversible changes to polymer colour thereby optimising 

visual contrast.   The practical significance of this is that one can then optimise fingerprint 
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visual contrast, yielding excellent second level detail and significant third level detail (see 
 

Section 1.1.2). 
 
 

Visualisation of latent fingerprints present on metallic surfaces has been demonstrated by 

means of spatially selective deposition of the polymers polyaniline (PAni)85 and poly(3,4- 

ethylenedioxythiophene) (PEDOT)86. The novel technique utilises the inhibition of the 

electrochemical processes on areas of the surface that have been masked by the fingerprint. 

This results in polymer deposition between the ridges, generating a negative image of the 

fingerprint (Figure 1.13). 
 
 
 
 

1000 µm 500 µm 250 µm 
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100 µm 50 µm 
 
 
 
 
 

D E 
 
 
 
 

Figure 1.12.       Secondary   classification   bifurcation   point   within   a   PEDOT   developed 

fingerprint  (1  day  old,  kept  under  water,  230  s  deposition  time)  at  the 

following magnifications; (A) x 5, (B) x 10, (C) x 20, (D) x 50 and (E) x 100 (see 

scale bars for absolute distances). 

 
By variation of the applied potential, the polymer’s colour can be continuously and reversibly 

adjusted, as different redox states have distinct optical properties, i.e. the polymers are 

electrochromic. This can be used to optimise visual contrast of the fingerprint. 
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Figure 1.13.       Effects  of  ambient  medium  and  applied  potential  on  a  fingerprint  image 

subjected to enhancement by PEDOT deposition.  All images are for the same 

sebaceous fingerprint, deposited on stainless steel, then stored for 3 days in 

ambient   laboratory   conditions   prior   to   the   observations   shown.      (A) 

fingerprint  prior  to  enhancement;  (B-F)  following  PEDOT  deposition;  final 

image quality on the Bandey scale: grade 3.  Sample environment: (B) ex situ; 

(C and D) in situ exposed to 1 mol dm-3  H2SO4; (E and F) in situ exposed to 1 

mol dm-3 H2SO4/0.01 mol dm-3 SDS. Applied potential: (C and E) 0.80 V; (D and 
 

F) -0.80 V. 
 
 

The facility of the method to reveal fingerprints of various ages and subjected to plausible 

environmental histories has been demonstrated. A comparison of this enhancement 

methodology with commonly used fingerprint enhancement methods (dusting with powder, 

application  of  wet  powder  suspensions  and  cyanoacrylate  fuming)  showed  promising 
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performance in a variety of scenarios of practical forensic interest.   The electrochromic 

enhancement outperformed traditional techniques when the sample environment had 

significantly decreased the amount of fingerprint residue left on the surface, for example 

when subjected to high temperatures and when washed with soap87.  This was attributed to 

the fact that an insulating layer of fingerprint residue is enough to prevent 

electropolymerisation  so  only  a  fraction of  the  original  fingerprint  deposit,  which  can  be 

several microns thick88, is required for a successful enhancement.  This is significantly less than 

the amount required by traditional development techniques. 

 
1.7. Deep Eutectic Solvents 

 
 

In energy storage devices the movement of ions and solvent through the polymer film during 

oxidation and reduction is crucial to both application and function, e.g. charging rate, metal 

ion permeability or adhesion stability. 

 
Deep eutectic solvents (DESs) are a form of ionic liquids (ILs) that have been recently 

developed89.  They form eutectic mixtures from quaternary ammonium salts, such as choline 

chloride, complexed with hydrogen bond donors, such as ethylene glycol and urea90.  This is 

how DESs differ from conventional ILs, which interact through electrostatic forces between 

small ions.  DESs consist of bulky cations (salt) and complex anions, which acts as a hydrogen 

bond donor or form metal halide bonds.  DESs are highly conducting (ca. 1 to 10 mS cm-1  at 

30°C)91.   This suggests that the ionic species in the DESs are fully dissociated and can move 
 

independently.  Therefore, utilising DESs as electrolytes should mean a constant supply of 

dopant ions. 

 
In this research Type III DESs were used.  These consist of choline chloride (ChCl) and a 

hydrogen bond donor e.g. ethylene glycol (Ethaline).  Ethaline 200 is made from 1 mole of 

choline chloride to 2 moles of ethylene glycol. 
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Figure 1.14.       Structures of choline chloride and ethylene glycol. 
 
 

1.8. Neutron Scattering 
 
 

For many materials there are differences between the properties (density, composition, and 

solvation) of the bulk and interfacial or surface materials.  To achieve vertical depth profiling, 

with high spatial resolution, a highly penetrating beam must be used92. Neutron scattering is a 

powerful technique for investigating air/liquid93-99, liquid/liquid100-105  and solid/liquid106-111 

interfaces. 

 
Neutrons are neutral, spin ½ particles which have been widely used to probe nanoscale 

structures over a range of length scales112-115.  Like x-rays they can be used to investigate the 

structure of condensed matter in a non-destructive manner116.  However, because of their 

electroneutrality, neutrons penetrate deep into a material and so are more able to probe the 

bulk material than x-ray photons, which are primarily used as a surface probing technique. 

One advantage of neutron scattering is that it emanates from an interaction with the nuclei, 

which varies irregularly with atomic number.  X-rays on the other hand are scattered by 

electrons which means that the scattering ability (scattering cross section) is proportional to 

the atomic number.  As a result of this, neutron scattering is a useful structural probe for 

materials containing elements with lower and/or similar atomic numbers.  Neutrons can also 

distinguish between different isotopes as these possess different nuclear forces.  This allows 

contrast variation using deuterium labelling as the scattering lengths (b) vary greatly (H = -3.74 

fm, D = 6.67 fm).  Another significant characteristic of the neutron is that it possesses a 

magnetic moment; this allows it to interact with any unpaired electrons in a magnetic material 
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offering information on magnetic spin states117,118.  Neutrons can be polarised to align their 

spins so that information regarding specific magnetic states within a material can be 

extracted119. 

 
There are two ways of producing neutrons: 

 
 

1.   Fission reaction:   235U + neutron  fission fragments + 2.52 neutrons + 180 MeV120. 
 

2.   Spallation  reaction:  a  high  energy  proton  hits  a  nucleus  causing  the  release  of  a 

neutron.  In this case the neutron beam is pulsed and the nature of the proton pulse 

determines the nature of the neutron pulse121. 

 
For their practical applications, neutrons can be classified according to their energy: cold, 

thermal and hot.  Cold neutrons probe larger distances or lower energy samples whereas hot 

neutrons probe small lattice spacing or higher energies. 

 
Type of Neutron             Energy                             Wavelength/Å 

 
Cold 

 
Thermal 

 
Hot 

0.05 – 5 meV 4 – 40  

5 – 100 meV 0.9 – 4  

100 meV – 1 eV 0.3 – 0.9  

 
Table 1.2            Properties of cold, thermal and hot neutrons80. 

 
 

Thermal neutrons are at temperature equilibrium with the medium they are in.  They are 

produced during nuclear reactions (fission and spallation).  Hot and cold neutrons are made 

when thermal neutrons are heated or cooled using a moderator. 

 
Neutrons obey the laws of quantum mechanics so may be considered a wave as well as a 

particle.  Neutron beams are transported using neutron guides which utilise the concepts of 

reflectivity. 
 
 
 

Equation 1.3 
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where n is the refractive index and Nb  is the scattering length density which is equal to the 

sum of the bound coherent scattering lengths (bc) of the nuclei and the atomic number density 

(nj). 

∑ Equation 1.4
 

When the angle of incidence (θ) is below a critical angle (θc) then total external reflection is 

observed with none of the beam being transmitted. 

√  Equation 1.5
 

where ρ is the density (g cm-3) of the material. 
 

This is the basic principle behind neutron guides that reduce loss of flux and allow bending of 

the neutron beam during transportation and help to focus beam onto a sample. 
 
 
 

Glass, n>1 

θc  
Air, 

Air, n=1 

 
Glass, n>1 

 
 
 

Figure 1.15        Principle of neutron transport through glass guides. 
 
 

The  basic  principles  described  above  mean  that  neutrons  can  be  employed  in  various 

scattering techniques to probe the properties/processes in condensed matter.   For more 

information on the specific techniques employed in this thesis please refer to Section 2.4. 

 

1.9. Objectives 
 
 

In general terms, the objectives of this thesis relate to enhanced understanding of conducting 

polymer films and their practical applications, specifically in latent fingerprint visualization and 

in energy storage. 
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In  the  former  instance,  the  aim  is  to  visualize  latent  fingerprints  on  metallic  surfaces, 

recovered  from  challenging  environments.  The  means  by  which  this  is  to  be  attempted 

involves electrochemically controlled deposition of conducting polymers based on thiophene- 

and pyrrole-type monomers and co-monomers. The specific objectives that follow from this 

are determination of the electrochemical and electrochromic behaviour of the resultant 

polymers and the efficiency of recovery of usable fingermarks from surfaces subject to various 

environments that simulate forensically challenging scenarios. 

 
The above objectives represent natural evolution of preliminary work carried out before the 

commencement of this project. In a more novel departure from this electrochromic polymer 

approach, an additional goal is fluorescence-based fingerprint imaging. The specific objectives 

en route to this are development of a synthetic pathway to accommodation of bulky 

fluorophore moieties within sterically crowded polymer films and determination of the extent 

and spatial distribution of fluorophore immobilization within the polymer film. 

 
In the case of energy storage, the goals are deposition, characterization and comparison of 

conducting polymer films based on thiophene- and pyrrole-based monomers. A key question is 

the effect of spatial distribution of the components: the objective is to explore this from the 

most intimate mixture of a co-monomer to segregated multi-layers. Additionally, the effect of 

medium  on  film   charge  storage   is  to  be  determined,  by  evaluation  of  film  doping 

characteristics in a traditional electrolyte (LiClO4/acetonitrile) and a DES (Ethaline). The final 

objective, for promising systems, is evaluation of (electro)chemical stability to extensive redox 

cycling. 
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2. Methodology 
 
 
 

2.1. Electrochemical Methods 
 
 

Electrochemistry is the study of electron transfer reactions between electrodes and reactant 

molecules from a surrounding electrolyte i.e. the exchange between electrical and chemical 

energy.  It has a wide range of applications including batteries1-7, corrosion protection8-13, 

electrowinning14-19, biosensors20-25, light emitting devices (LEDs)26-31 and electrochromic 

devices32-37. 

 
Electrochemical processes utilize oxidation and reduction reactions.   Oxidation involves the 

loss of one or more electrons from a chemical species while a reduction is the gain of one or 

more electrons by a chemical species. During a redox reaction, electrons are transferred from 

the   oxidized   species,   to   the   reduced   species.   This   flow   of  electrons   can   either   be 

spontaneously produced by the reaction and converted into electricity, as in a galvanic cell, or 

it can be imposed by an outside energy source to make a non-spontaneous reaction proceed, 

as in an electrolytic cell. 

 
An electrochemical reaction is a chemical reaction that occurs when a voltage is applied 

(electrolysis), or a chemical reaction that produces a voltage (battery).  The rates of these 

reactions can be controlled via electrode potential, the reactivity of the electrolyte, the nature 

of the electrode surface and the structure of the electron transfer interface38. 

 
2.1.1. Cyclic Voltammetry 

 

 
Voltammetric methods measure electrode currents as a function of potential in order to 

determine composition or reactivity of an analyte or to allow control over the rate and extent 
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of polymer deposition39,40.  This technique was employed to electropolymerise homopolymer 

and copolymer modified electrodes in this thesis. 

 
Cyclic voltammetry (CV) is one of many electrochemical techniques performed in a three 

electrode system consisting of a working electrode, a reference electrode and a counter 

electrode.  The working electrode is the site of the reaction of interest, and a reference 

electrode has a known potential and is used to set the potential of the working electrode.  A 

counter electrode connected to a potentiostat is used to ensure that no current flows through 

the reference electrode which could result in a change in its potential. 
 

 
 
 
 
 
 

Pt counter 
electrode 

I V  Ag|AgCl /3 M 
KCl reference 

electrode 

 
 
 
 
 
 
 
 
 
 
 

Stainless 
steel working 

electrode 
 
 
 

Figure 2.1.         Schematic diagram of a three electrode cell. 
 
 

Cyclic voltammetry involves linearly scanning the potential of the working electrode which is 

immersed  in  a  solution  containing  an  electrolyte  (a  solution  containing  free  ions)  and 

measuring the resulting current.  The speed at which the potential is scanned is known as the 

scan rate (V s-1).  The electrolyte solution contains an electroactive species R (in this case a 

monomeric species), which can undergo oxidation to form O (oxidised monomer) as seen in 

Equation 2.1. 
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R  O + ne-                                                                                                                                                                                                  Equation 2.1 
 
 

If the rate of electron transfer is relatively fast, the forward (oxidation) and reverse (reduction) 

current peaks will be of the same magnitude and separated by a potential difference that is 

independent of scan rate. During the forward scan the potential is positively scanned from the 

initial potential to a value that is sufficiently oxidising for the electroactive species (R).  At this 

point the current (I) starts to increase as the electroactive species (R) present on the working 

electrode becomes oxidised.    Once all the R near the electrode has been oxidised to O, the 

current peaks (ipc) at potential Epc  and starts to decrease following a t1/2 decay as the process 

becomes diffusion dependant until the vertex potential (Evertex) is reached.  In the reverse scan 
 

the potential is negatively scanned, causing the current to decrease until all of O near the 

electrode has been reduced, at which point the current peaks (negatively, ipa) at potential Epa 

and starts to increase until the initial potential is reached and the scan is finished.   This 

concept is illustrated in Figure 2.2: 

 

 
 
 

Figure 2.2 Typical CV for a reversible 1 electron transfer reaction for which both oxidised 

and reduced species are in solution. 
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The positions of the oxidation and reduction peaks (Epc and Epa) are determined by the material 

being analysed.  The magnitude of the peak currents for both forward and reverse scan varies 

as a function of the scan rate (peak current α [scan rate]1/2).  For example, if the scan rate is 

decreased, more time is available for electrolysis and the depletion of R in the solution near 

the working electrode increases.   This results in a thicker diffusion layer and a more gradual 

concentration gradient. This results in a smaller peak current (ip) value. 

 
Information from voltammetric experiments is displayed as a plot of current versus potential, 

referred to as a voltammogram.  Providing the rate of the electron transfer is fast, the surface 

concentration of O changes according to the Nernst Equation. 
 
 
 

Equation 2.2 
 
 
 

where E0 is the standard redox potential, E is the equilibrium potential, R is the molar gas 

constant ( 8.314 J mol-1  K-1), F is the Faraday constant (C mol-1), n is the number of electrons 

transferred in the electrode reaction and [O] and [R] are the concentrations of the oxidised 

and reduced species respectively.  Concentrations can be used for dilute species in solution, 

but for surface confined species activities should be used in place of concentration. 
 
 

As the scan rate is fixed within a given experiment, potential varies linearly with time so the 

potential axis can also be thought of as a time axis.  Therefore, from the area under this graph 

the charge of the surface confined species can be calculated.   This allows the use of a 

coulometric assay to determine the molar coverage, thickness and absorbance of films on the 

surface of the working electrode, as done in this thesis. 

∫ Equation 2.3

 

where Q is charge (C), i is current (A) and t is time (s). 
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If all available sites are converted, this can then be used to calculate the molar coverage of the 
 

polymer, per unit area: 
 

 
 

Equation 2.4 
 
 

where Γ is the molar coverage (mol cm-2), n = number of electrons lost from a single monomer 

unit during oxidation, F is Faraday’s constant (C mol-1) and A is the area of the working 

electrode covered by the polymer (cm2). 

Using this molar coverage along with the density and molar mass of the monomer, the 

thickness of the compact, solvent-free film can be calculated from Equations 2.5 and 2.6. 
 
 

Equation 2.5 
 

where c and p are the concentration and density of the monomer respectively and Mr is its 

molecular mass. 
 

 
 

Equation 2.6 
 

 
 

where hf = film thickness. 
 
 

However, upon solvation these values might be expected to increase by 50-100 % as solvent 
 

volume fractions (φsolvent) for electroactive polymer films are typically in the range of 0.3 - 0.542-
 

 
44.  These thicknesses are only estimates based on the surface coverage of the polymer and 

assume complete film redox conversion on the experimental timescale.  Neutron reflectivity 

can be used to accurately determine physical film thickness, both when dry and solvated, as 

well as determining precise solvation levels. 

 
To calculate an estimate of the absorbance of the polymer films, the extinction coefficient (L 

 
mg-1 cm-1) is used along with the molar coverage. 
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Equation 2.7 
 
 

where A = absorbance and ε = extinction coefficient. 
 
 

2.2. Microscopy 
 
 
 

2.2.1. Atomic Force Microscopy 
 

 
Atomic force microscopy (AFM) is form of scanning probe microscopy that measures the 

topography of a surface.  Using this instrument nanometre resolution can be achieved.  The 

AFM works by rastering a cantilever (in this case silicon), with a sharp tipped probe, across the 

sample surface using a piezoelectric scanner.  Variations in the height of the sample surface 

cause the cantilever to deflect up or down.  The tip is mounted on a cantilever that reflects a 

laser, such that the tip and cantilever can move in response to the interatomic forces at the 

surface and the laser can detect this movement45. The forces experienced by the tip are a 

measure of the distance between the tip and the surface.  In order to obtain a measurement, 

the position of the probe is monitored using the deflection of a laser beam onto an array of 

photodiodes46 and the displacement of the tip is converted into a three dimensional image of 

the surface features. 
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Figure 2.3.         Schematic of an AFM. 
 
 

There are three types of operating modes employed by the AFM, contact, non-contact and 

tapping mode.  In contact mode, the repulsive forces between the surface and the probe are 

measured.  This mode is destructive as it involves dragging the tip of the probe across the 

surface.  Non-contact mode, on the other hand, is non-destructive as the probe is held a small 

distance above the sample surface.   As a result of this distance, it is the attractive Van der 

Waals forces acting between the tip and the sample that are measured.  As these forces are 

weak in comparison to those used in contact mode, the tip must be given a small oscillation to 

magnify the signal.    Similarly, in tapping mode, the cantilever is oscillated using an external 

drive signal.  This allows the intermittent probing of the attractive and repulsive interactions 

between the tip and the surface.  In this mode, the frequency and phase of the cantilever 

oscillation are measured to obtain information on the sample surface.  Scanning the tip at a 
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constant height would risk the tip of the probe colliding with the surface, causing damage.  To 

avoid this, the tip-to-sample height is adjusted to maintain a constant force between the tip 

and the sample. 

 
The main advantage of the AFM over other surface microscopy techniques is that it gives a 

three-dimensional  surface  profile  but,  unlike  scanning  tunnelling  microscopy  (STM),  the 

surface does not have to be conducting.  Additionally, samples viewed by AFM do not require 

any special treatments (metal/carbon coatings), that would irreversibly change the surface.  It 

can also provide atomic scale resolution41.  The limitations of the instrument mean that the 

sample must be small enough to mount.  Also, the resolution and image quality obtained are 

dependent on the size and shape of the probe.   Finally, highly sensitive instruments have a 

limited scan range. 

 
The AFM used in this thesis consisted of a Veeco Dimension 3100 Scanning Probe Microscope 

that  was  operated  by  a  computer  using  Nanoscope  6.12rl  software.  The  tips  used  were 

supplied by Veeco (model: RTESP, part: MPP-11100-10).  The calibration of the instrument was 

checked by scanning over a silicon wafer reference.  The image/scan size was 1 – 100 µm2 with 

a scan rate of 0.6 Hz/120 µm s-1. 

 
2.2.2. Optical Profilometry 

 

 
An optical profiler provides a 3D optical microscope image.  Optical profiling, as opposed to 

stylus based profiling, is always non-contact.  It measures height (the Z-axis) by combining the 

regions in focus from multiple optical microscopy images of X and Y lateral dimensions taken 

at a series of different step heights.  Stylus based profilometers are, by nature, 2D as the stylus 

is rastered across the surface, sampling the height over a series of lines.   Optical profiling 

allows the measurement of surface height and roughness in three dimensions using non- 

contact scanning.   This provides a true colour 3D image with height information that is 

otherwise lost in a traditional 2D optical microscope image. 
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2.3. Spectroscopy 
 
 
 

2.3.1. Fourier Transform Infrared Spectroscopy 
 

 
Fourier  transform  infrared  spectroscopy  (FTIR)  is a  technique which is  used to obtain an 

infrared  spectrum  of  absorption  from  a  sample.    When  exposed  to  infrared  radiation, 

molecules absorb radiation of specific wavelengths which causes the change of dipole moment 

and the vibrational energy levels change from ground state to excited state.  The frequency of 

the absorption peak is determined by the vibrational energy gap.  The term Fourier transform 

refers to the mathematical process required to convert the raw frequency versus absorbance 

data  to  the  corresponding  IR  spectrum47.    IR  spectroscopic  methods  are  useful  for  the 

characterization of surface and thin film species in electrochemistry48-54.     Reflectance FTIR 
 

spectra were acquired with p-polarised radiation incident at a reflectance angle of 55° using a 

Spectra-Tech reflectance accessory mounted on a Bomem MB120 infra-red instrument or with 

a Spotlight 400 SYS. 

 
2.3.2. X-ray Photo Electron Spectroscopy 

 

 
X-Ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical Analysis (ESCA) 

is  a  surface  sensitive  technique  (<10  nm)  that  can  be  used  to  determine  elemental 

composition,  chemical  and  electronic  states.     It  has  been  widely  used  for  studying 

electroactive polymer surfaces55-60.    XPS is based upon the photoelectric effect; the 

phenomenon whereby a beam of x-rays of sufficient energy is used to excite the sample 

resulting in the ejection of so called photoelectrons (photoemission).  The kinetic energy of the 

released photoelectrons is small, which limits the escape depth, so XPS is a surface sensitive 

probe, and unique to its environment (elemental, chemical and electronic).  Therefore, the 

kinetic energy (EK) of the photoelectrons is measured and used to calculate the binding energy 

(EB) of the electron, prior to ejection, for a particular energy level using the Einstein 

relationship: 
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Equation 2.8 
 
 

Plotting the number of photoelectrons detected against the binding energy generates a XPS 

spectrum.  As this EB is characteristic of a specific element, it can identify materials with 

unknown composition.  The ratio of the peak areas can be used (incorporating instrument 

sensitivity factors and elemental cross sections) to determine the elemental composition of a 

surface.   The shape of the peaks, along with the binding energy, is dependent on the 

environment of the component atom.    An offset in the expected EB is known as a chemical 

shift, which is defined as the difference in EB  values of one specific chemical state versus the 

BE of the pure element.  The extent of this shift depends on the degree of electron bond 

polarization between the peak element and its neighbouring atoms.  Peaks derived from peak- 

fitting a raw chemical state spectrum are due to the presence of different chemical states.  As 

a result, XPS can also provide chemical bonding information. 

 
2.4. Neutron Reflectivity 

 
 

The principles behind neutron scattering were described in Chapter 1.8.  Neutron reflectivity is 

used to probe the structure of flat, thin films such as conducting polymers61-67.  Both static and 

time resolved measurements allow changes in composition, solvation and structure to be 

monitored during electrochemical and chemical reactions.   This ability to probe internal 

structures in a spatially resolved manner, whilst maintaining sensitivity to chemical speciation, 

makes  neutron  reflectivity  an  invaluable  characterisation  tool.     Neutron  reflectivity  is 

analogous to ellipsometry but instead of using light scattering to probe changes in refractive 

index, neutron scattering is used to probe changes in scattering length densities. 

 
When a neutron beam encounters a lattice of point scatterers separated by a distance (d) it is 

scattered simultaneously by the different points within the lattice68.   Figure 2.4 shows how 

scattering from different planes within the lattice structure provides constructive interference 

according to Bragg’s law.  Bragg diffraction occurs when two beams of equal wavelength and 
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phase are scattered from two atoms within neighbouring planes of a crystalline structure.  The 
 

beam  diffracted from  the lower plane traverses an extra distance of 2d sinθ  (see Figure 
 

2.4/Equation 2.9).   If this distance is equal to an integer of the wavelength then the two 

beams remain in phase.  This causes constructive interference, which produces a Bragg peak in 

the diffraction pattern.  This allows probing of nanoscale structures, i.e. if d = 5 nm and θ = 3° 

then λ = 5 Å.  The distance between the two beams should be a multiple of the wavelength to 

obtain constructive interference. 

 

 
 
 

Figure 2.4.         Elastic  scattering  of  incident  wave  vector  (k)  at  a  lattice  point  to  give  a 
 

reflected wave vector (k’). 
 
 

AC = d 
 
 

BC = CD = d sin θ 
 
 

BCD = 2d sin θ = nλ                                                                                                              Equation 2.9 
 

Generally speaking there are two types of scattering that occur when a neutron interacts with 

a nucleus: elastic and inelastic.  During elastic scattering, the kinetic energy of the reflected 

beam is the same as the incident beam, whereas in inelastic scattering the two energies are 

different.  An example of elastic scattering is shown in Figure 2.5. 
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Scattering wave vector 
Q = k – k’ 

 

 
 

SOURCE Incident wave vector 
k 

Reflected wave vector 
k’ 

DETECTOR 

 
 

2θ 
 
 

SAMPLE 
Ø 

 
 
 

Figure 2.5. Cartoon representation of elastic scattering from a sample. 
 
 

When a neutron from the incident wave vector k is elastically scattered it forms a reflected 
 

wave vector k’ which has the same energy as k. 
 
 

     |    | |      |       Equation 2.10

 

Q is the scattering wave vector/momentum transfer perpendicular to the interface and is 
 

given by the difference between the incident and reflected wave vectors. 
 
 

Equation 2.11 
 

|   |  √ Equation 2.12 
where θ is the angle of incidence. 

 

 
 

Equation 2.13 
 
 
 

When a neutron beam interacts with a nucleus it is scattered.  Elastic scattering occurs mainly 

in solid, crystal structures where the scatterers are fixed in space.  Therefore, none of the 

energy from the neutron beam is converted to kinetic energy.  Elastic scattering occurs when 

the mass of the scatterers is high (mscatterer >> mneutron) and the temperature is low (kBT << 

Eneutron).  However, if the scatterers are moving or are moved by the neutron, for example in a 
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liquid or a gas, then an energy transfer occurs resulting in inelastic scattering.  This happens 

when the mass of the scatterers is low (mscatterer ≈ mneutron) and temperature is high (kBT ≈ 

Eneutron). 

 
Specular reflectivity, as shown in Figure 2.6, occurs if a surface is atomically flat. 

 

 
 
 
 

n0=1 θ θ 
θ1 

n1<1 

Reflected beam 
 
 
 
Refracted beam 

 
 
 
 
 

Figure 2.6. Total external reflection occurs when θincidence < θcritical. 
 
 

where n is the refractive index, θ is the angle of incidence and θ1  is the angle of refraction. 
 

 
∑ Equation 2.14

 
where Nb is scattering length density and δ is dispersion in the order of 10-5 – 10-6. This value is 

 
positive for most materials, as the scattering length is positive for most isotopes.  Therefore, n 

is smaller than one and the transmitted beam refracts towards the interface. 

 
Equation 2.15 

 
 

When n1 is less than 1, the neutron beam is refracted towards surface/interface.  At a critical 
 

angle (θc) total external reflection occurs and θ1 is zero. 
 
 

Equation 2.16 
 
 

If the angle is small, as it is in neutron reflectivity then Equation 2.17 is obeyed. 
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θ 

 
 
 

(  )  Equation 2.17

 

If there is a single layer on the surface of the substrate then specular reflection occurs at both 
 

the surface and the interface allowing laterally averaged depth profiling. 
 
 
 

n0=1 

θ θ 
n1<1 θ1 θ1 

 
n <n <1 

 
 

Surface 
 

 
Interface 

θ2 
1 2 

 
 
 
 
 

Figure 2.7. Specular reflection at both the surface and interface. 
 

If  the  interface  is  rough  then  both  specular  and  off-specular  reflectivity  occur  providing 

information about the both the spatial and lateral planes. 
 

 
 
 
 

n0=1 
Off-specular (α>θ) 

 
 

θ 
n1<1 

α 
Off-specular (α<θ) 

 
 
 

n1<n2<1 
 
 
 
 
 

Figure 2.8.         Off-specular reflection from a rough interface. 
 
 

Neutron  scattering  experiments  involve  measuring  the  scattering  wave  vector  (Q)  as  a 

function of scattering intensity.  This intensity is proportional to the cross section.  The total 

neutron scattering cross section (σtot) is for all neutrons scattered in any direction both 

elastically and inelastically. 
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σtot = x/φ0 Equation 2.18

 
where x is the total number of neutrons scattered per second and φ0  is the incident neutron 

 
flux.  The differential cross section selects only the neutrons scattered onto the detector over 

 
a solid angle (dΩ) as a result of elastic scattering in the direction 2θ and Ø (as shown in Figure 

 
2.9). 

 

 
 

Equation 2.19 
 
 

where R is the rate of arrival of neutrons (s-1) onto the detector in the solid angle of ΔΩ 
 

(steradians) and N is the number of scatterers. 
 
 
 
 
 
 
 
 
 
 

2θ 
 

Ø 
 
 
 

Figure 2.9. Solid angle dΩ of neutrons on the detector. 
 
 

This differential cross section contains contributions from both elastic and inelastic scattering. 

In order to separate these two components, a reflected wave energy must be selected.  This 

provides the double differential cross section for inelastic scattering. 
 
 
 

Equation 2.20 
 

 
 

where RdE  is the rate of arrival of neutrons with a given energy range between the incident 
 

energy (E) and the reflected energy (E + dE’)69. 
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Neutron reflectivity experiments involve measuring the intensity of reflected neutrons as a 

function of either wavelength (λ, time of flight mode) or angle of incidence (θ, monochromatic 

mode) to yield a reflectivity profile of R versus Q. 

 
Reflectivity is a function of the incident and transmitted wave vectors (k and kt). 

 

 
 

Equation 2.21 
 
 
 

where    is the probability amplitude of reflection. 
 

[  ]  Equation 2.22 
where Rf is the Fresnel reflectivity Qc is the point at which total internal reflection occurs. 

 
 

 
 
 

Figure 2.10.         A typical reflectivity plot70. 
 
 

The shape of the reflectivity profile yields information about the different layers causing the 

constructive interference.   The height of the fringes is determined by the difference in 

scattering length densities of the different layers.   The Q value corresponding to the critical 

edge, Qc, is determined by the difference in the neutron scattering length densities of the two 

bulk materials, ∆ Nb. 
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⁄ Equation 2.23
 

 
Film thickness can be determined by the distance between the maxima of the fringes (ΔQ) 

 
which arise from the reflections at the interfaces of a layer as shown in Figure 2.7. 

 

 
 

Equation 2.24 
 
 
 

, therefore Equation 2.25 
 
 
 

, therefore Equation 2.26 
 
 
 

The range of film thickness that can be measured is between 250-900 Å due to instrumental 

restrictions, which mean only a limited range of Q can be accessed due to restrictions to 

wavelength and θ71.  This range is typically 5 x 10-3 – 0.12 Å-1 and resolution limits mean that 

there is essentially a data point every 2.4 x 10-3  Å-1.  Using Equation 2.26 to estimate ΔQ for 

layers 250 and 900 Å thick gives values of 25 and 7 x 10-3 Å-1, respectively.  In the first instance, 
 

this would only give up to four fringes over the accessible Q range, whilst in the latter there 

would be less than three data points per fringe.  In both cases data fitting will be harder and 

more unreliable. 

 
Roughness of the surface/interface (σ) relates to the transition distance at an interface over 

which a change in Nb occurs (FWHM of the Gaussian in the Nb gradient at the interface). 

Experimentally, this can be observed as a drop in the reflectivity curve and by smoothing of 

the fringes. 
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Figure 2.11. Scattering length density profile of a sharp and rough/diffuse interface (top) 
 

and the corresponding derivative of the step function (bottom). 
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Figure 2.12.       Schematic of sharp (left), rough (centre) and diffuse (right) interfaces. 
 
 

Neutron reflectivity experiments were performed on D1772 and FIGARO73 at the Institute Laue 

Langevin, Grenoble, France and on INTER74 and OFFSPEC75 at ISIS, Oxford, UK.  Measurements 

were performed in time-of-flight (TOF) mode.  The scattering angle, θ, is kept constant during 

any given measurement and all the available wavelengths in the beam are used.    Multiple 

reflection angles are used to cover the desired range of Q.  The equipment itself consists of: a 

radiation  source,  a  wavelength  selector  or  chopper(s),  a  system  of  collimation,  sample 

chamber and a detector.   The aim is to measure the reflectivity as a function of the wave 

vector (Q), which is perpendicular to the reflecting surface (see Figure 2.5). 

 
Measurements were taken for both dry films and films which were immersed in different 

electrolyte solutions using a specially designed electrochemical cell. 
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Figure 2.13.       Schematic diagram of the electrochemical neutron reflectivity cell. 
 
 

The cell consisted of Teflon walls with several valves to allow solvent uptake and the addition 

of counter and reference electrodes if the reflectometry was combined with electrochemical 

measurements.  A glass block with Pt gauze formed the counter electrode and the quartz 

working electrode completed the cell (approximate working area = 18 cm2). 

 
Once mounted in the sample chamber it was then roughly aligned using a laser.  The detector 

was set at the correct specular scattering angle, and the height and angle of the sample to the 

beam were scanned for maximum intensity to the detector before being set to the optimum 

value. 

 
2.4.1. Data Analysis 

 

 
The variation with momentum transfer of reflectivity from an interface, R(Q), is determined by 

the depth profile of the scattering length density Nb, where N represents the concentration of 

scattering atoms present and b is their scattering length.   Scattering length is isotopically 

unique and medium independent. The scattering length density of a composite medium, for 
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Lo
g 

(R
)  

 
 

example a solvated polymer film, is a weighted sum of the Nb  values of its components with 

respect to the volume fractions of those components.  Experimentally, this allows the tracking 

of  any  changes  in  film  composition  through  changes  in  scattering  length  density  and 

reflectivity. 

 
2.4.1.1.   Reduction of Raw Data 

 
To gain a reflectivity profile over a wide range of Q requires the use of multiple angles of 

incidence (Equation 2.24).  The data from the different angles are then stitched together using 

a small region of Q where the two angles overlap.  The data are then normalised so that the 

plateau before the critical edge is at 0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Q / Å-1
 

 
 
 

Figure 2.14.       Example of combining Q ranges obtained from a small angle of incidence (red) 
 

and a large angle of incidence (green) to cover a wider range of Q. 
 
 

All ILL data were reduced in LAMP76  and ISIS data were reduced using either Open Genie or 

Mantid.  These are all programs provided by the large scale facilities for raw data conversion 

for subsequent analysis. 
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2.4.1.2.   Data Fitting 
 

Once the raw data have been spliced together it can then be imported into the fitting software 

Motofit77.  This software uses genetic optimisation to allow the user to perform a rough fit, 

based on their knowledge of the system, and Levenberg-Marquardt fitting to finalise the fit to 

the lowest value of chi-squared (Χ2).   Chi-squared is used as a means of evaluating the 

discrepancy between the data points and the reflectivity generated by the fitting function or 

model.   Levenberg-Marquardt is a type of iterative fitting that attempts to minimize the chi- 

squared error.  It is assumed that when the difference between the data and the model 

reflectivity profile approaches zero, the resultant scattering length density profile accurately 

represents the vertical composition and structure of the sample. 

The Motofit software also allows for batch fitting of multiple datasets in different contrasts. 

There are 4 parameters to fit for each layer within the system: thickness (d/Å), scattering 

length density (Nb/Å-2 x 10-6), roughness (σ/Å) and solvation (% v/v). 
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3. Electrochromic Enhancement of 
 

 

Latent Fingerprints with Poly- 
 

 

(Pyrrole-co-EDOT) 
 
 
 

3.1. Introduction 
 
 

The evidential value of fingerprint evidence and the difficulty in capturing it from metallic 

surfaces is widely recognized.  Currently, the most widely used enhancement techniques are 

powder dusting, cyanoacrylate (superglue) fuming and the use of wet powder.   All these 

techniques rely on an interaction (either physical or chemical) between the applied reagent 

and the fingerprint deposit in order to visualise the ridge detail.   Subsequent application of 

dyes   and/or   illumination   with   light   of   various   wavelengths   is   also   necessary   after 

cyanoacrylate fuming to ensure optimal enhancement1.  To address this challenge, a new 

method of latent fingerprint enhancement based on electrochromic conducting polymers has 

recently     been     developed     using     homopolymers     of     aniline     (Ani)2        and     3,4- 

ethylenedioxythiophene (EDOT)3.   A recent comparison survey evaluating the ability of this 
 

method to enhance latent fingerprints subject to ageing in a range of environments suggests 

that there are practically relevant situations in which the methodology may be superior to 

methods traditionally employed4.  Such niches include soap washed or heated samples. 

 
Copolymers have been of growing interest in recent years as they show promise as a method 

of obtaining better electrochromic properties than the corresponding homopolymers5.  Tao et 

al have shown how the copolymerization of EDOT and pyrrole (Py) may help to overcome the 

drawbacks of the individual homopolymers6.   PEDOT is widely used in electrochromic 

applications as it shows good electrochemical stability as well as a fast switching speed7. 
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However, its low band gap means that PEDOT is restricted to only two colours: light blue in the 

doped state and dark blue in the neutral state which restricts its potential applications8.  PPy 

on the other hand exhibits multi-chromic behaviours with a blue-violet doped state and is 

yellow/green when neutral9.  It also has a wider band gap of 2.7 eV.  In this instance stability is 

the restricting factor as PPy films degrade after repetitive redox cycling10.  Fine-tuning the 

electrochromic properties of these two conducting polymers can be achieved through 

copolymerisation.  In this chapter, the use of both the Py homopolymer and various ratios of 

P(Py-co-EDOT) for electrochromic latent fingerprint enhancement will be explored and 

compared to both PAni and PEDOT electrochromic enhancements as well as three traditional 

techniques (dusting, wet powder and superglue fuming) and a controla. 

 

3.2. Experimental 
 
 
 

3.2.1. Instrumentation 
 

 
 

3.2.1.1.   Electrochemistry 
 

An Ivium CompactStat potentiostat running IviumSoft 2.400 was used along with an Ag/AgCl 

reference electrode and a Pt counter electrode. 

 
3.2.1.2.   Superglue Fuming 

The Sandridge superglue fuming cabinet at the Northamptonshire Police chemical laboratory 

was used (MVC 5000; Foster and Freeman, Evesham, U.K.). 
 
 
 
 
 
 
 
 
 
 
 

a  Comparison survey of PEDOT, PAni, dusting, wet powder, superglue and control were all 

conducted during MChem research project with the aid of Dr Ann L. Beresford4. 
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3.2.1.3.   Fingerprint Visualisation 
 

The samples were photographed using a Canon A480 digital camera and were digitally 

enhanced using the GNU Image Manipulation Program 2.6.7. (G.I.M.P.).  Videos were obtained 

using a Pentax Optio M40 digital camera.  These were enhanced using iWisoft Free Video 

Converter video enhancement software.  Fluorescent superglue samples were imaged with a 

Fuji Fine Pix S2 Pro digital camera with a 55 mm Nikkor micro lens.  A blue, 4x4 Crime Lite (430 

– 470 nm) was used along with a filter (476 nm) to obtain fluorescence and a  Zeta 200 Optical 
 

Profiler was used to obtain 3D microscope images. 
 
 

3.2.1.4.   X-ray Photoelectron Spectroscopy 
 

X-ray Photoelectron Spectroscopy (XPS) was performed by NEXUS (EPSRC XPS Users' Service) 

hosted by NanoLAB, University of Newcastle-upon-Tyne.  The instrument used was a K-Alpha 

(Thermo Scientific) which uses a micro-focused monochromated Al Kα x-ray source (hv = 

1486.7 eV). 
 
 

3.2.1.5.   Fourier Transform Infrared Spectroscopy 
 

FTIR was performed on a Perkin Elmer Spotlight 400 FTIR imaging system.  Images were taken 

in reflectance mode with a resolution of 8 cm-1 and a pixel size of 6.26 μm. 

 
3.2.2. Procedures 

 

 
 

3.2.2.1.   Latent Fingerprint Deposition 
 

Stainless steel substrates were polished with Brasso (Reckitt Benckiser plc., Slough, UK) on one 

side for 2 minutes until a mirror like shine was achieved. After this they were washed with 

warm soapy water and acetone to remove any excess polish. 

 
Fingerprint deposits were collected from five individuals, three men and two women, varying 

in age from 21 to 45 years.   This range is designed to ensure a representational range of 

deposit composition and amount of deposit.  To obtain sebaceous sweat the fingertips were 
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rubbed around the forehead and nose area.   To ensure the sweat was distributed evenly 

across  the  fingertips,  the  fingers  were  rubbed  together  and  across  the  palms.    Donors 

deposited their prints by contact with the stainless steel surface for 1–2 sec with natural 

pressure.  Prints were left overnight under ambient conditions before being subjected to their 

respective environments. In the case of the 1-day-old prints, pre-treatment commenced c. 4 h 

after deposition. 

 
3.2.2.2.   Pre-Treatments 

 
The deposited fingerprints were subjected to a number of different pre- 

treatments/environments  prior  to  their  enhancement.    The  first  was  ambient  conditions, 

where the samples were exposed to air at room temperature.   High temperature samples 

were placed on a metal tray and stored in an oven at 150°C.  Samples were also submerged 

under water at ambient temperature.   Soap washed samples were rubbed in warm (40°C), 

soapy water for 30 sec; rinsed in soap-free water and left to dry naturally.  Acetone washed 

samples were agitated in acetone for 30 sec and left to dry naturally.  Both soap and acetone 

washed samples were subsequently stored under ambient conditions prior to enhancement. 

These treatments/environments were designed to represent a range of plausible evidential 

scenarios. 

 
In order to compare the polymer enhancement technique to the methods currently employed 

by the police 1000 samples were preparedb.  Sample were given names based on the type of 

development technique, the amount of time they were aged for, the code corresponding to 

the donor who gave the prints and the pre-treatment used: 
 

 
 
 

b  Comparison survey of PEDOT, PAni, dusting, wet powder, superglue and control were all 

conducted during MChem research project with the aid of Dr Ann L. Beresford4.  PPy, 1:5, 

1:10 and 1:20 P(Py-co-EDOT) were performed as part of this PhD research. 
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[Technique]:[age]:[donor]:[pre-treatment] 

[C/D/S/W/A/E/P/5/10/20] : [1/7/14/28] : [a/b/c/d/e] : [A/B/O/S/W] 

where C = control (prints photographed with no enhancement), D = powder dusting, S = 
 

superglue fuming, W = wet powder and A/E/P/5/10/12 = enhancement with conducting 

polymers (PAni/PEDOT/PPy/P(Py-co-EDOT) 1:5/1:10/1:20 feed ratios respectively). 1/7/14/28 

refers to the age of the prints in days. a/b/c/d/e refers to the identity of the donor.  For the 

pre-treatment references, A = washing in acetone, B = bench (ambient conditions), O = oven at 

150 °C, S = soap wash and W = under water. 
 
 

Photographs of all samples were taken both before and after enhancement. 
 
 

3.2.2.3.   Comparison Techniques 
 

Dusting was performed with standard black powder (WA Products, Burnham on Crouch, Essex, 
 

UK), which was gently dusted back and forth using a mop head squirrel brush. 
 
 

Wet Powder consists of a mixture of iron oxide and detergent (Kodak Professional Photo-Flo 
 

200 [Kodak Eastman Company, Rochester, NY] and distilled water).   It was made to a 

consistency viscous enough to coat a surface but sufficiently optically transmitting that the 

underlying surface could still be seen through the deposited film. Development was achieved 

by applying the wet powder in perpendicular directions to ensure that particles attached to 

the fingerprint ridges. Samples were then rinsed with water and placed in a drying cabinet 

(60°C) for 1 hour. 

 
Superglue Fuming was performed in a superglue cabinet (MVC 5000; Foster and Freeman, 

 
Evesham, U.K.).  A mixture of distilled water and cyanoacrylate was added to the incorporated 

hot plate.   Samples were placed in the cabinet set to the auto glue function.   After 

approximately 8 minutes, sufficient humidity (78.9%) was reached; after which 15 minutes of 

fuming at 119.4°C was performed.   The samples were then removed from the cabinet and 
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dipped in a solution of Basic Yellow 40 dye (2 g ⁄L in aqueous 60% ethanol, see Figure 3.1), 
 

and then rinsed with water.  Samples were left in a drying cabinet (60°C) for 1 hour. 
 
 

 
 
 

Figure 3.1. Structure of fluorescent dye BY40. 
 
 

PAni deposition was performed potentiostatically (E = 900 mV vs. Ag ⁄AgCl⁄ saturated KCl) 
 

from a solution containing aniline (0.1 M) in aqueous H2SO4 (1 M) solution.  Deposition times 

ranged between 2 and 10 minutes. 

 
PEDOT was deposited and the films handled under similar conditions to PAni deposition. The 

 
deposition potential was 900 mV vs a saturated Ag/AgCl reference electrode. The deposition 

solution contained EDOT (0.01 M)⁄ sodium dodecylsulfonate (SDS, 0.01 M) in aqueous H2SO4 

(0.1 M). The role of the SDS surfactant was to solubilize the EDOT monomer in the aqueous 

medium, thus eliminating the need for organic solvents.  Deposition times ranged between 30 

seconds – 5 minutes. 

 
3.2.2.4.   Novel Electrochromic Enhancements: 

 
PPy deposition was performed potentiostatically (E = 800 mV vs. Ag ⁄AgCl⁄ saturated KCl) from 

 
a solution containing pyrrole (0.01 M) and SDS (0.04 M) in LiClO4 (0.2 M).  Deposition times 

were <5 seconds. 

 
P(Py-co-EDOT) was electrochemically deposited from a solution containing the corresponding 

 
monomers; Py (0.002/0.004/0.008 M) and EDOT (0.04 M) in an aqueous solution of LiClO4 (0.2 

 
M) and sodium dodecylsulfate (SDS) (0.04 M).  Three different feed ratios (1:20, 1:10, and 1:5) 
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of the two corresponding monomers were used in order to vary the final ratio of PEDOT:PPy in 

the copolymer films.  Films were grown potentiostatically (E = 800 mV vs. Ag ⁄AgCl⁄ saturated 

KCl). 

 
The electrode configuration was designed so the fingerprinted sample (working electrode) 

could be viewed allowing the enhancement to be visually monitored. When a suitable film was 

deposited, the working electrode (sample) was disconnected (with the film in the oxidized 

state), removed from the cell and rinsed with deionized water.   This ex-situ observation 

downplayed the strength of the electrochromic method as previously demonstrated for PAni2 

and PEDOT3  as subsequent control of optical contrast was sacrificed.   This approach was 
 

adopted to provide a critical appraisal of this new technology. 
 
 

3.2.3. Grading of Fingerprints 
 

 
In order to assess the quality of the enhanced fingerprints, they were each graded according 

to the Bandey classification system11, which is currently employed by the Home Office.  This 

employs a 5-point scale (0 = lowest to 4 = highest) based on the degree of ridge visualisation. 

A  summary  of  this  is  given  in  Table  3.1.    Many  factors  can  affect  the  grade  given  to  a 

fingerprint, from the amount of sweat present on the finger at the time of transfer, to the 

different components contained within the sweat itself, as well as the quality of surface on 

which the enhancement must take place. 
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Grade Description 
 

0 
 

1 
 

2 
 

 
 

3 
 

 
 

4 

No development  

No continuous ridges; all discontinuous or dotty  

One third of the mark comprised of continuous ridges; remainder either show no 
 

development or dotty 

 

Two thirds of the mark comprised of continuous ridges; remainder either show 
 

no development or dotty 

 

Full development; whole mark comprised of continuous ridges  

 
Table 3.1.           Summary of the Bandey fingerprint classification system. 

 
 

3.2.4. XPS Sample Preparation 
 

 
Potentiostatic growth was performed from the above solutions at a series of potentials 

between 700-1000 mV (vs. Ag⁄AgCl⁄saturated KCl) at 50 mV intervals for 25 seconds on Au 

coated microscope slides.  Potentiodynamic growth was achieved by cycling the potential 

between 0.13 – 1.2 V with an anodic current cap implemented at approximately 175 µA at 20 

mV s-1. 

 

3.3. Results 
 
 
 

3.3.1. Electropolymerisation 
 

 
 

3.3.1.1.   Potentiostatic 
 

The current time transients for samples of PEDOT, P(Py-co-EDOT) 1:20, 1:10, 1:5 feed ratios 

and PPy are shown in Figures 3.2-6.  At high Edeposition the rate of electron transfer is fast and so 

the process is diffusion controlled and the current follows a t-1/2 decay.  As Edeposition decreases, 

the process becomes more kinetically controlled and the different nucleation and growth 

mechanisms affect the shape of the current time transients. 
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Figure 3.2 Current-time transient of the potentiostatic growth of PEDOT homopolymer. 
 
 

 
 
 

Figure 3.3 Current-time   transient   of   the   potentiostatic   growth   of   P(Py-co-EDOT) 
 

copolymer using a 1:20 Py:EDOT monomer concentration. 
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Figure 3.4 Current-time   transient   of   the   potentiostatic   growth   of   P(Py-co-EDOT) 
 

copolymer using a 1:10 Py:EDOT monomer concentration. 
 
 

 
 
 

Figure 3.5 Current-time   transient   of   the   potentiostatic   growth   of   P(Py-co-EDOT) 
 

copolymer using a 1:5 Py:EDOT monomer concentration. 
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B C D 
 
 
 
 
 
 

Figure 3.6 Current-time transient of the potentiostatic growth of PPy homopolymer. 
 
 

A B C D 

 
 

Figure 3.7          The  electrodeposition/enhancement  progress  of  PPy  onto  stainless  steel 

(sebaceous print deposit, 28 days old, kept under ambient conditions) at the 

following time intervals; (A) 0.5 s, (B) 1 s, (C) 1.5 s, (D) 2 s. 

 
3.3.1.2.   Potentiodynamic 

 
Films were also grown potentiodynamically from the 5 monomer solutions.  Eox was shown to 

decrease with increasing Py concentration. 
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Figure 3.8 Final growth cycle of potentiodynamic growth on Au electrodes with an anodic 

current limit to show decreasing Eox (Imax = 175 μA, ν = 20 mV s-1). 

 

3.3.2. Electrochromism of P(Py-co-EDOT): a Comparison to 

the Corresponding Homopolymers PPy and PEDOT 

The electrochromic properties of three copolymers of PPy and PEDOT were explored.  Three 
 

different monomer feed ratios (1:5, 1:10 and 1:20 Py:EDOT) were used in order to vary the 

amounts of the corresponding polymers present in the resultant copolymer films.  These films 

were then compared to PPy and PEDOT films grown under the same conditions from the same 

electrolyte solution. 

 
Deposition potential was also varied to see if adding a kinetic component to the deposition 

would affect the final polymer ratio and/or the electrochromic behaviour of the polymer films. 

The  electrochromic  behaviour  was  analysed  by  viewing  the  resultant  polymer  films  in 

monomer free electrolyte [aqueous LiClO4  (0.2 M)/SDS (0.04 M)] under static potential.  The 

resultant colour changes are summarised in Figures 3.9-13. 
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Figure 3.9 PEDOT electrochromic behaviour (Au electrode). 
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Figure 3.10 P(Py-co-EDOT) 1:20 electrochromic behaviour (Au electrode). 
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Figure 3.11 P(Py-co-EDOT) 1:10 electrochromic behaviour (Au electrode). 
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Figure 3.12 P(Py-co-EDOT) 1:5 electrochromic behaviour (Au electrode). 
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Figure 3.13 PPy electrochromic behaviour (Au electrode). 



 

 

In order to quantify the colours seen in the electrochromism of the various polymers analysis 

of the RGB values in the above photographs was performed using Image J software (Wright 

Cell Imaging Facility, Toronto Western Research Institute, University Health Network).  Figure 

3.14 shows the relationships between these so called RGB values and deposition/viewing 
 

potential. 
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A. B. C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D. E. F. 
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G. H. I. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

J. K. L. 
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M. N. O. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.14 3D plots showing RGB values versus deposition and viewing potentials for PEDOT (A-C), P(Py-co-EDOT) 1:20 (D-F), 1:10 (G-I), 1:5 (J-L) and 
 

PPy (M-O). 
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Panels A-C show that for pure PEDOT films the RGB values increase at lower deposition 

potentials and higher viewing potentials.  Adding a small amount of PPy as in panels D-F for 

P(Py-co-EDOT) 1:20  feed ratio  shows a minimising of  the  effect of viewing potential  and 

appears to randomise the blue value.  Continuing to increase the amount of PPy in the films 

(panels G-I and J-L) shows a minimisation of the effect of deposition potential as well and in 

the case of pure PPy the effect of viewing potential is reversed meaning that the values are 

larger for lower viewing potentials. 

 
To see whether or not this could be a useful means of increasing the contrast between the 

fingerprint and the background in a forensic application an image of a fingerprint was split into 

the three colour channels.  Figures 3.15 and 3.16 show how different colour channels were 

more effective for different polymers.  Panel (A) in Figure 3.15 shows that the red channel is 

clearer for PEDOT whereas panel (C) in Figure 3.16 shows that the blue channel is clearer for 

PPy. 
 
 
 

A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15 PEDOT developed fingerprint photograph split into red (A), green (B) and blue 
 

(C) channels. 
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A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.16        PPy developed fingerprint photograph split into red (A), green (B) and blue (C) 
 

channels. 
 
 

In reality these sorts of colour images would not be used by the police as the fingerprint 

experts currently work with only black and white images.  However, Figure 3.17 shows how 

this technology can be applied to the black and white images processed by fingerprint experts 

when confirming a match.  Panel B showing the red channel only is clearer than the original 

“coloured” image merely made black and white (panel A).  The lack of clarity, especially in the 

blue channel (panel D) supports the fact that doing a pseudo background subtraction of these 

lower contrast colour channels would help to increase the contrast in the image. 

 

A B C D 

 
 

Figure 3.17 PEDOT developed fingerprint (A) original colours grey scaled, (B) red channel, 

(C) green channel and (D) blue channel. 
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 Bare Ex situ +0.8 V -0.6 V 

 

PE
DO

T 
    

 

1:
20

 

    

 

1:
10

 

    

 

1:
5 

    

 

PP
y 

    

 
 

Table 3.2            Series of latent fingerprints prior to enhancement, viewed ex situ and under 

potential control at 0.8 and -0.6 V in monomer free aqueous SDS (0.04 M) and 

LiClO4 (0.2 M). 
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Table 3.2 shows five representative examples of the electrochromic latent fingerprint 

enhancement on stainless steel substrates after their aging/pre-treatment regime: PEDOT six 

months  old,  ambient  conditions;  1:20  and  1:10  one  week  old,  kept  at  150  °C  (different 

donors); 1:5 two weeks old, kept at 150 °C and PPy one day old, kept under water.  The first 

column  shows  the  latent  sebaceous  fingerprints  prior  to  enhancement,  whilst  in  most 

instances there is obviously a fingerprint present, there is essentially no ridge detail visible (on 

the Bandey scale, a grade 1 print) or the ridges are visible but the contrast is insufficient.  The 

second column shows the result of depositing a conducting polymer film and viewing the 

enhanced fingerprinted ex situ. As seen below in Figure 3.18 viewing the fingerprint in this 

manner does not realise the full capability of the method, since the potential control that gives 

the added advantage of contrast manipulation through the film’s electrochromic properties 

between the various colours of the un-doped and p-doped states.  Whilst for a substrate like 

stainless steel substrate, this is not a significant limitation, for differently coloured substrates, 

potential control may prove more critical.  The last two columns show the fingerprints under 

potential control in the p-doped (0.8 V) and un-doped (-0.6 V) states. 
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A B C 

D E F 

 
 

Figure 3.18        Effects  of  ambient  medium  and  applied  potential  on  a  fingerprint  image 

subjected to enhancement by PEDOT deposition.  All images are for the same 

sebaceous fingerprint, deposited on stainless steel, then stored for 3 days in 

ambient laboratory conditions prior to the observations shown.  Final image 

quality on Bandey scale: grade 3.  Sample environment: (A) ex situ; (B) and (C): 

in situ exposed to H2SO4  (10 mM); (D) and (E): in situ exposed to H2SO4  (0.01 

M)/SDS (10 mM).  Applied potential: (B) and (D) 0.80 V; (C) and (E) -0.80 V.  (F) 
 

A combination of images (A), (C) and (E) to provide best overall contrast over 

areas where the film was under- and over-deposited. 

 
3.3.3. FTIR 

 

 
FTIR mapping of the P(Py-co-EDOT) enhanced fingerprint samples was performed in order to 

investigate the spatial selectivity of (A) the copolymer, (B) PPy within the copolymer and (C) 

PEDOT within the copolymer.  The results of this are shown in Figures 3.19-21. 
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A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.19        P(Py-co-EDOT) 1:20  feed ratio (A) average absorbance, (B)  picking out the 

absorbance of a single wavelength of 3402 cm-1 representative of N-H 

stretching vibration in PPy12,13  and (C) picking out the absorbance of a single 

wavelength of 1228 cm-1  representative of  stretching vibration between the 

aromatic C-O in PEDOT14. 
 
 
 

A B C 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3.20        P(Py-co-EDOT) 1:10  feed ratio (A) average absorbance, (B)  picking out the 

absorbance of a single wavelength of 3402 cm-1 representative of N-H 

stretching vibration in PPy and (C) picking out the absorbance of a single 

wavelength of 1228 cm-1  representative of  stretching vibration between the 

aromatic C-O in PEDOT. 
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A B C 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3.21        P(Py-co-EDOT)  1:5  feed  ratio  (A)  average  absorbance,  (B)  picking  out  the 

absorbance of a single wavelength of 3402 cm-1 representative of N-H 

stretching vibration in PPy and (C) picking out the absorbance of a single 

wavelength of 1228 cm-1  representative of  stretching vibration between the 

aromatic C-O in PEDOT. 

 
These results qualitatively show that as the concentration of PPy is increased the relative 

absorbance of the PEDOT band in panel (C) decreases. 

 
3.3.4. XPS 

 

 
Monomer species with different structures or containing different functional groups, such as 

pyrrole and EDOT, are known to electropolymerise at varying rates.  As a result of this the 

relative amounts of the two monomer units in the resulting copolymer films are often very 

different from that of the feed monomer solution15. 

 
In order to quantify the amount of each homopolymer present in the copolymer films, XPS 

was performed on the same samples seen in Figures 3.3-5and Figures 3.10-12.  Low resolution 

survey scans (Figure 3.22) were performed over a wide binding energy range (0-1350 eV) prior 

to performing higher resolution spectra around the N(1s) (393-410 eV) and S(2p) (157-175 eV) 

peaks.   Quantification of the copolymer ratio was determined using the ratio of N:S atoms, 
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determined by integration of the N(1s) and S(2p) peaks.   Note that the S(2p) peaks contain 

both a 2p3/2 and 2p1/2 resulting from spin-orbit splitting. The 2p3/2 state is located at lower 

binding energies and the two have an energy separation of approximately 1.2 eV.   The 

measurements were repeated over three different points within the same film (400 μm spot 

size). 

 

 
 
 

Figure 3.22        Representative example of a low resolution survey spectrum of P(Py-co-EDOT) 

(deposited potentiostatically at 900 mV vs saturated Ag/AgCl for 25 seconds 

on Au). 
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Figures 3.23 and 3.24 show the differences in the high resolution scans for each of the 

monomer feed ratios. 

 

 
 
 
 

Figure 3.23 Spectral differences in the N(1s) peak for three P(Py-co-EDOT) copolymers 

deposited at 1 V: 1:5 (green), 1:10 (red) and 1:20 (blue). 

 
The N(1s) peak at a feed ratio of 1:5 consists of 1 main peak at 400 eV with a slight “shoulder” 

towards higher binding energy.  At 1:10 this “shoulder” is more prominent and at 1:20 has 

become a distinct peak (401 eV) with more counts per second than the original peak at 400 

eV.  This can be attributed to the appearance of more PEDOT rings in the copolymer forming 

two environments for the PPy (next to other PPy units or next to PEDOT units). 
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Figure 3.24 Spectral differences in the S(2p) peak for the three P(Py-co-EDOT) copolymers 

deposited at 1 V: 1:5 (green), 1:10 (red) and 1:20 (blue). 

 
The S(2p) peaks exhibit similar behaviour.  The peak shown in Figure 3.24 at 168 eV is present 

in the background scan.  The peak at 163 eV corresponds to the S(2p3/2) state and the peak at 

165 eV is the S(2p1/2) state.  These peaks become more prominent as the ratio of EDOT in the 
 

monomer solution is increased. 
 
 

The results of the N:S quantification are shown in Figures 3.25-28. 
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Figure 3.25 Atomic  percentages  of  N:S  present  in  P(Py-co-EDOT)  made  with  the  1:5 

monomer solution as a function of deposition potential. 

 

 
 
 

Figure 3.26 Atomic  percentages  of  N:S  present  in  P(Py-co-EDOT)  made  with  the  1:10 

monomer solution as a function of deposition potential. 
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Figure 3.27 Atomic  percentages  of  N:S  present  in  P(Py-co-EDOT)  made  with  the  1:20 

monomer solution as a function of deposition potential. 

 
The results as a function of potential seem to show no systematic variation so if we take the 

average across the deposition potentials then a feed ratio of 1:5 Py:EDOT gives a copolymer 

film with 1:0.43 PPy:PEDOT; 1:10 gives 1:1.56 and 1:20 gives 1:2.45. 

 
A similar trend in polymer composition was observed when XPS was performed on three 

samples grown potentiodynamically from each of the monomer solutions.  As expected, the 

amount of sulphur in the polymer films increased with the amount of EDOT in the solution. 
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Figure 3.28 Atomic percentages of N:S present in P(Py-co-EDOT) films grown 

potentiodynamically from the three monomer solutions. 

 
Although in this chapter the effects of the different feedstock ratios are discussed these can be 

correlated to copolymer composition using Figure 3.29. 
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Figure 3.29        Calibration curve correlating the mole fractions of PPy in the copolymers to 

the  mole  fractions  of Py  in the  feedstock  solution  for  both  potentiostatic 

(black) and potentiodynamic (red) deposition. 

 
3.3.5. 3D Profiling 

 

 
In order to assess the quality of the lateral spatial selectivity of the five polymers three 

dimensional profiles were taken using a Zeta 200 optical profiler.  The developed fingerprints 

and corresponding 3D profiles for the five polymers are shown below. 
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Figure 3.30        PEDOT enhanced (as detailed in Section 3.2.2.4) sebaceous print on stainless 

steel: (a) photograph showing a highlighted area (bifurcation) subsequently 

imaged under the 3D profiler (b). 

 

 
 
 

Figure 3.31        P(Py-co-EDOT) [1:20 monomer ratio] enhanced (as detailed in Section 3.2.2.4) 

sebaceous print on stainless steel: (a) photograph showing a highlighted area 

(bifurcation) subsequently imaged under the 3D profiler (b). 
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Figure 3.32        P(Py-co-EDOT) [1:10 monomer ratio] enhanced (as detailed in Section 3.2.2.4) 

sebaceous print on stainless steel: (a) photograph showing a highlighted area 

(core loop of the fingerprint) subsequently imaged under the 3D profiler (b). 

 

 
 
 

Figure 3.33        P(Py-co-EDOT) [1:5 monomer ratio] enhanced (as detailed in Section 3.2.2.4) 

sebaceous print on stainless steel: (a) photograph showing a highlighted area 

(cross over) subsequently imaged under the 3D profiler (b). 
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Figure 3.34        PPy enhanced (as detailed in Section 3.2.2.4) sebaceous print on stainless 

steel: (a) photograph showing a highlighted area (ridge end) subsequently 

imaged under the 3D profiler (b). 

 
These images show that PEDOT give a smoother more even deposit whereas PPy is rougher. 

However,  each  of  the  polymers  is  spatially  selective  enough  to  not  only  highlight  the 

secondary features within the fingerprints (bifurcations, cross overs, ridge ends) but tertiary 

detail with the polymer also depositing in the “holes” in the sweat deposit formed by the 

sweat pores.  These pores are typically only 10-40 μm in diameter which highlights the ability 

of the conducting polymers to enhance latent fingerprint detail. 

 
3.3.6. Comparison with Traditional Fingerprint 

 

 
Enhancement Techniques 

 

 
Fingerprints on metallic surfaces are most commonly enhanced by dusting, cyanoacrylate 

(superglue) fuming, and the application of wet powder.  Each one of these techniques is well 

established within the forensic community and all rely on the reagent interacting (physically or 

chemically) with the sweat deposit in order to visualize the ridge detail of the fingerprint. 

 
In order to assess the ability of the electrochromic enhancement of latent fingerprints using 

conducting polymers, a comparison was made with these three techniques: dusting with black 
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powder, black Wet Wop powder and superglue fuming followed by dying with fluorescent 
 

BY40c. 
 

Figure 3.35 shows examples of 7 day old, grade 3/4 fingerprints that were kept under ambient 

conditions before enhancement from each of the different enhancement techniques. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c This was done with the help of Ann Beresford who developed samples using PAni and 

Northampton Police Headquarters Chemical Laboratory.  The work on PEDOT homopolymer 

and the traditional techniques was performed as part of my MChem research project. 
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D E F 
 
 
 
 
 
 
 
 
 
 
 
 
 

G H I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.35        Photographs of 7 day old enhanced fingerprints all grade 3 or 4 on the Bandey 

scale. Panels   (A-C)   are   the  traditional   techniques:   dusting,  superglue 

fuming/BY40  and  Wet  Wop.    Panels  (D-F)  are  the  three  homopolymers: 

PEDOT, PAni and PPy and panels (G-I) are P(Py-co-EDOT) with monomer feed 

ratios of 1:5, 1:10 and 1:20 respectively (all photographed ex situ). 

 
The photographs in Figure 3.35 are examples of enhanced fingerprints that were left to age 

naturally in air for one week prior to development: this is the optimum condition for the 

traditional enhancement techniques as all of the moisture components in the sweat that they 
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adhere to/react with were still present.  Despite this, the conducting polymers show greater 

contrast between the fingerprint and the background, providing a much clearer image.  The 

fingerprint enhanced with superglue followed by dying and viewing under fluorescence also 

shows good contrast.  However a special camera setup, including a fluorescent light and filter, 

has to be used in order to achieve this. 

 
In order to test the two polymers ability against the traditional methods, the fingerprint 

deposits were also subjected to a series of harsh pre-treatments designed to remove or 

degrade the print deposits.  These pre-treatments included heating in an oven to 150 °C, 

submerging in water for extended periods of time, washing with acetone and rubbing the print 

in warm soapy (40 °C) water.  Work done by Patterson et al16  indicated that these methods 

would be effective in the removal of latent fingerprint deposits.  Similarly, Thomas et al17 has 
 

demonstrated that a natural ageing of the fingerprints also leads to degradation/changes in 

composition.  Therefore, after prints were subjected to the pre-treatments they were left to 

age either in ambient conditions (after washing with soap/acetone) of in the pre-treatment 

environment (oven/under water) for periods of 1, 7, 14 and 28 days before being enhanced. 

 
A fingerprint achieving a grade 3 or 4 on the Bandey scale in a research scenario would be 

deemed useable in a court of law11.   As such the fraction (expressed as a percentage) of 

samples  for  which  the  fingerprint  was  enhanced  to  any  and  to  a  useable  level  by  each 

technique will both be assessed.  Figure 3.36 shows examples of P(Py-co-EDOT) enhanced 

fingerprint allocated different grades on the Bandey scale. 
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A B C D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.36        Examples   of   P(Py-co-EDOT)   (as   detailed   in   Section   3.2.2.4)   enhanced 

fingerprints  of  different  grades:  (A)  grade  1  [1:5  feed  ratio,  14  days  old, 

acetone treated], (B) grade 2 [1:10, 7 days old, oven treated], (C) grade 3 

[1:10, 28 days old, kept under water] and (D) grade 4 [1:20, 14 days old, 

acetone treated]. 

 
The following results summarise a survey conducted on 900 fingerprint samples.  The survey 

was designed to assess 9 different enhancement techniques on fingerprints from 5 donors of 

varying sex and age.  The fingerprints were subjected to 5 different environments with 4 

varying lengths of time between the fingerprints being left on the surface and being enhanced. 
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Figure 3.37        3D bar charts showing the percentage improvements achieved by each of the 

development techniques for samples subject to storage under ambient 

conditions. Each column represents the combined outcome from the five 

donors; the figure captures data from 180 prints. (A) Percentage of prints 

enhanced by the designated protocol; (B) percentage of prints enhanced to a 

useable level (grade 3 or 4) by the designated protocol. 
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Panel (A) in Figure 3.37 shows that each of the traditional enhancement techniques offered 

reasonable enhancement; this is hardly surprising given that no intentional degradation to the 

sweat deposits (other than aging) has occurred.  Interestingly, superglue fuming was shown to 

be the least effective treatment in this set of “control” measurements.  The most effective 

procedure out of those currently employed by police was simple dusting with black powder. 

Of  the  electrochromic  polymer  treatments  here  assessed  the  two  polymers  explored 

previously, PAni and PEDOT appear to be weaker than PPy and the three copolymers. 

 
However, panel (A) does not reveal whether the enhanced prints were of a useable quality. 

Panel (B) shows that under ambient conditions the enhancement quality between the 

traditional  methods  and  the  new  set  of  electroactive  polymers  was  over  40  %  greater. 

However, this relatively unchallenging “control” environment was designed to be the most 

tolerant to the choice of enhancement procedure. 

 
Figures 3.38-41 show the analogous charts for the fingerprint sample subjected to harsher 

pre-treatments/environments. 
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Figure 3.38        3D bar charts showing the percentage improvements achieved by each of the 

development techniques for samples subject to storage in an oven at 150 °C. 

Each column represents the combined outcome from the five donors;  the 

figure captures data from 180 prints. (A) Percentage of prints enhanced by the 

designated protocol; (B) percentage of prints enhanced to a useable level 

(grade 3 or 4) by the designated protocol. 
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Figure 3.39        3D bar charts showing the percentage improvements achieved by each of the 

development techniques for samples subject to submergence under water. 

Each column represents the combined outcome from the five donors;  the 

figure captures data from 180 prints. (A) Percentage of prints enhanced by the 

designated protocol; (B) percentage of prints enhanced to a useable level 

(grade 3 or 4) by the designated protocol. 
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Figure 3.40        3D bar charts showing the percentage improvements achieved by each of the 

development techniques for samples subject to washing with acetone. Each 

column represents the combined outcome from the five donors; the figure 

captures data from 180 prints. (A) Percentage of prints enhanced by the 

designated protocol; (B) percentage of prints enhanced to a useable level 

(grade 3 or 4) by the designated protocol. 



116 

Chapter 3: Electrochromic Enhancement of Latent Fingerprints with P(Py-co-EDOT)  

 

 
 
 
 
 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.41        3D bar charts showing the percentage improvements achieved by each of the 

development techniques for samples subject to rubbing in warm (40 °C) soapy 

water. Each column represents the combined outcome from the five donors; 

the figure captures data from 180 prints. (A) Percentage of prints enhanced by 

the designated protocol; (B) percentage of prints enhanced to a useable level 

(grade 3 or 4) by the designated protocol. 
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This more environmentally challenging part of the survey highlighted the limitations of the 

traditional technique with very low recovery rates of useable fingerprints [panel (B) Figures 

3.38-41].  For the samples kept at 150 °C during the aging process PEDOT previously offered 

the best prospect of recovery4.  However all three of the P(Py-co-EDOT) ratios increased the 

rate of recovery significantly, particularly on older samples.  More useable prints from samples 

kept under water and after washing with acetone were recovered with the copolymers than 

with the other techniques. 

 
Formerly, PEDOT was the only enhancement procedure that offered any success on samples 

that  had  been  hand  washed  in  warm,  soapy  water.     PPy  showed  a  similar  level  of 

enhancement as both homopolymers showed some success on samples up to one week old. 

Importantly, using a copolymer of the two extended the time sale on which useable prints 

could be recovered by a factor of two with the 1:20 monomer feed ratio showing the most 

promise. 

 
The observed drop in recovery rate as fingerprints age means that in a practical forensic 

scenario the immediate processing of evidence is necessary. 

 
3.3.7. Over Oxidation 

 

 
When determining the anodic cycling limit using a soap washed fingerprint enhanced with a 

copolymer  film  that  showed  no  evidence  of  a  fingerprint  an  interesting  phenomenon 

occurred: after irreversibly over oxidising the film the underlying fingerprint detail was 

revealed. 
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Figure 3.42        Photographs of a 1 day old soap washed sample (A) sebaceous print before 

enhancement, (B) after initial enhancement with PPy and (C) after over 

oxidation of the PPy at 1.9 V for 1 minute. 

 
This technique was applied to several films that were given a grade zero on the Bandey scale 

some of which showed a similar level of exposure seen in Figure 3.42.  This behaviour is 

attributed to the fact that the layer of sweat deposit left after soap washing could be only a 

few nanometres.  This could easily be covered with the first “nucleation layer” of polymer. 

However, it may affect the adhesion of the polymer onto the steel underneath it so over 

oxidising the polymer to a level where oxygen evolution starts to occur might be enough to 

rupture the adhesion of the polymer only where the fingerprint is present. 

 
3.3.8. Application to Other Metal Surfaces and Pseudo Items 

of Evidence 

Whilst stainless steel is a common metal for everyday items that might be of evidential value 
 

in a crime scene situation (tools, handles, knives) there are other metals that more evidentially 

important items (bullet casings) are made from.  It is also important to test this technology on 

larger, more structurally challenging surfaces and not simply on flat squares of polished 

stainless steel. 
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Figures 3.43-46 show the application of the four new polymers; PPy, P(Py-co-EDOT) 1:5, 1:10 

and 1:20 to the processing of fresh prints (developed within a few hours) on pseudo items of 

evidence made from stainless steel, brass and nickel. 

 
 
 
 
 
 
 
 
 
 
 
 

A 

D 

 
 
 
 
 
 
 
 
 
 
 
 

B 

C 

 
 

Figure 3.43 PPy enhanced fresh sebaceous fingerprints on (A + B) a stainless steel knife, 

(C) a Ni coated brass bullet casing and (D) a brass bullet casing. 
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Figure 3.44 P(Py-co-EDOT) 1:5 ratio enhanced fresh sebaceous fingerprints on (A + B) a 
 

stainless steel knife, (C) a Ni coated bullet casing and (D) a brass bullet casing. 
 
 
 

A D 
 
 
 
 
 
 
 
 

C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 

Figure 3.45 P(Py-co-EDOT) 1:10 ratio enhanced fresh sebaceous fingerprints on (A + B) a 

stainless steel knife, (C) a Ni coated bullet casing and (D) a brass bullet casing. 
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Figure 3.46 P(Py-co-EDOT) 1:20 ratio enhanced fresh sebaceous fingerprints on (A + B) a 

stainless steel knife, (C) a Ni coated bullet casing and (D) a brass bullet casing. 

 
The lack of acid in the solution along with the relatively high monomer concentrations in 

solution, low deposition potential and short deposition times mean that the same solution and 

electrochemical procedure can be applied to a range of metallic surfaces with different 

chemistries  and  colours.    This  opens  the  technique  up  to  accessing  a  wider  range  of 

evidentially valuable items. 

 

3.4. Conclusions 
 
 

Out of over 200,000 items of fingerprint evidence that are processed each year in the UK, 

approximately 20,000 are metallic items.  Surprisingly, despite the range of methods available, 

less than 10% of these produce useable fingerprints.  Given the prevalence of metallic objects - 

weapons, tools, handles – in criminal investigations this is an important challenge. 
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Visualisation of latent fingerprints present on metallic surfaces has been demonstrated here 

by means of spatially selective deposition of the homopolymer PPy and the copolymer P(Py- 

co-EDOT) with three different feedstock ratios.   This method is complementary to traditional 

enhancements, which require chemical or physical interaction with the fingerprint deposit, as 

it interacts with metallic surface around the fingerprint.  It utilises the sweat deposit as an 

insulating mask resulting in the inhibition of electrochemical processes on regions “protected” 

by the fingerprint.  This results in polymer deposition between the ridges, thus generating a 

negative image of the fingerprint.  Subsequent variation of the applied potential and exploiting 

the polymer’s electrochromic properties means that the colour of the background (polymer) 

can be continuously and reversibly adjusted in order to optimise the contrast with the metal 

surface under the latent/invisible fingerprint deposit.   The fact that this manipulation is 

reversible means that the contrast can be optimised separately in different regions of the 

image, for example in Figure 3.18 where the fingerprint deposit is of variable thickness or 

definition. 

 
For   the   practically   challenging   situations   explored   here,   using   stainless   steel   as   a 

representative surface, the potentiostatic deposition of the comonomers in an aqueous 

SDS/LiClO4  electrolyte solution showed not only a great advantage over traditional methods 

but in some instances a greater recovery rate than the three homopolymers explored: PAni2, 

PEDOT3  and PPy.  Suitable control of deposition rate, via monomer concentration, deposition 

potential and development time, permits progressive filling of trenches between fingerprint 

deposits until optimum contrast is achieved. 

 
The major advantage of this new set of copolymers is that the development time has been 

cut compared to the homopolymers previously explored where a typical time to develop a 

print using PAni was 30 minutes and for PEDOT was approximately 10 minutes.  Here the 

maximum deposition time used was only 10 seconds.   This allowed deposition on more 
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challenging metal surfaces such as brass bullet casings.  Microscopic observation of the 

polymer enhanced fingerprints on the metallic surfaces, using 3D profiling and FTIR 

mapping, showed good definition between the regions protected by the fingerprint sweat 

and the polymer covered furrows in between. 

 
This novel technique involves the interaction of a visualizing reagent with the bare metal 

surface around the fingerprint deposit.  It is complementary to traditional fingerprint 

enhancement methods, which are based on either a physical or a chemical interaction of a 

reagent with the fingerprint deposit itself.   Future work should explore using both 

approaches sequentially, when one technique fails to give a print of evidential quality. 

 
The survey assessment of the electrochromic technique, comparing the homopolymers 

and copolymers with more traditional techniques, revealed a greater ability to enhance 

latent fingerprints of evidentially useful quality from challenging and forensically relevant 

scenarios.  These included attempts to remove the fingerprint with soap or acetone and 

extended exposure to water or heat.  The results showed the electrochromic development 

was competitive with presently used methods across a broad range of scenarios and may 

exceed them in certain scenarios.   Given that these results only took into account the 

initial polymer development and not any subsequent contrast manipulation of the 

polymers’ electrochromic properties means that there is potential for the technique to 

distinguish itself further.  The traditional approach for fingerprint comparison involves the 

use of monochrome black-and-white images but, by definition, electrochromic materials 

allow the manipulation of colour by application of a voltage.  This has been show to reveal 

more underlying detail, for example in areas where over filling of trenches may have 

occurred. 
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4. A Neutron Reflectivity Study of 
 

 

the Fluorescent-Electrochromic 
 

 

Enhancement of Latent 
 

 

Fingerprints 
 
 
 

4.1. Introduction 
 
 

As seen in Chapter 3, the electrochromic enhancement of latent fingerprints using conducting 

polymers is an effective means of visualizing latent fingerprints1,2. It utilises the fingerprint 

deposit as an insulating mask resulting in spatially selective deposition of the polymer on the 

bare metal surface in between the ridges of the fingerprint. 

 
Here we describe an extension of the electrochromic concept, in which capability for emission 

(fluorescence) is added to that of absorption to combine fluorescent and electrochromic 

enhancements of latent fingerprints3.   The objective was to expand the electrochromic 

enhancement, which relies on absorption of light, to include emission as a second means of 

visual contrast.  This can be achieved through incorporation of a fluorophore into the polymer 

film.    The  challenge  is  that  fluorophore-functionalised  monomers  are  not  polymerizable, 

almost  certainly  for  steric  reasons.  The  chemical/electrochemical  route  explored  in  this 

chapter involves the polymerization of a monomer (here, 3-(pyrrol-1-yl)propylamine, Py-NH2) 

functionalised with a relatively large leaving group (here, 9-fluorenylmethoxycarbonyl, FMOC) 

that is sterically  small enough for electropolimerisation. After film deposition, the amide- 

bound FMOC is hydrolysed out, to leave nanoscale voids into which the fluorophores can be 

diffused, to bind with the polymer spine. The ease in which the bulky fluorophore moiety can 
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penetrate into the film will determine the intensity of emission that can be achieved, and 

hence the improvement in visual contrast.  As a result of this, the enhancement of any latent 

fingerprint requires lateral resolution between the ridges of sweat deposit (μmmm length 

scales).   To achieve this requires chemical control (FMOC hydrolysis and fluorophore 

penetration) in the vertical direction and on much smaller length scales (nmμm). 

 
In order to assess the amount of vertical chemical control of fluorophore penetration, neutron 

reflectivity was used to probe the structure of the polymer films during the different stages of 

the reaction shown in Figure 4.3. Neutron reflectivity measures the intensity of reflected 

neutrons as a function of either wavelength (time of flight mode) or angle of incidence 

(monochromatic  mode)  to  yield  a  reflectivity  profile.  The  shape  of  this  profile  yields 

information about the films’ vertical spatial structure4-7.  Kinetic measurements performed on 

INTER neutron reflectometer (ISIS) show how the depth profile of the polymer film alters 

during the hydrolysis in real time and static measurements performed on FIGARO/D17 (ILL) 

and OFFSPEC (ISIS) show the changes in reflectivity after subsequent reaction with a 

fluorophore. This allows the total penetration depth of the fluorophore into PPyNH2 films with 

and without free volume generated by FMOC hydrolysis to be measured. 
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4.2. Experimental 
 
 
 

4.2.1. Monomer Synthesis 
 

 
 

4.2.1.1.   Reduction of N-cyanoethylpyrrole (PyCN) to yield 3-(pyrrol- 
 

1-yl)propylamine (PyNH2) 
 

 
 
 

Figure 4.1          Reduction of PyCN to PyNH2. 
 
 

N-cyanoethylpyrrole (PyCN) was purified by Kugelrohr distillation at 133 °C before use.  In a 
 

250 ml, two neck round bottom flask fitted with a condenser equipped with a drying tube and 

a dropping funnel, LiAlH4 (9.9, 0.26 mol) was dissolved in dry diethyl ether (150 ml).  The flask 

was externally cooled in an ice bath.  PyCN (7 g, 0.056 mol) dissolved in dry diethyl ether (50 

ml) was then added to the solution drop wise over 30 minutes.  The reaction was then left to 

stir for two hours.  Excess LiAlH4 was then neutralised using cold water.  The solution was 

filtered, dried over MgSO4, and filtered.  The solvent was then removed by rotary evaporation 

yielding 3-(Pyrrol-1-yl)propylamine (PyNH2) (yellow oil).   This was purified by Kugelrohr 

distillation (6.1g, 84 % yield).  FTIR of the PyNH2 product showed that all of the PyCN had been 

reduced as the sharp peak at 2250 cm-1 for the nitrile stretch had disappeared and two peaks 

forming a broad stretch had appeared around 3120 and 3295 cm-1  for the 2 NH stretches 
 

(appendix 1). 
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4.2.1.2. Amine  Protection  of  PyNH2  with  9-Fluorenylmethoxy 

carbonyl (FMOC) to yield (9H-fluoren-9-yl)methyl 3-(1H- 

pyrrol-1-yl)propylcarbamate (PyFMOC) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2          Protection of PyNH2 using FMOC. 
 
 

PyNH2 (2.5 g, 0.021 mol) in a solution of Na2CO3 (3 g, 0.028 mol) in water/dioxane (60 ml, 1:1) 

was stirred in an ice bath.  FMOC-Cl (5.5 g, 0.021 mol) in water/dioxane (60 ml, 1:1) was added 

and the mixture left to stir for two hours at room temperature.  Water (50 ml) was added. The 

PyFMOC was extracted three times with ethyl acetate and one back extraction was performed 

to remove any NaCl.  The solution was then dried over MgSO4  and filtered.  The solvent was 

removed via rotary evaporation yielding crude PyFMOC (5.5 g, 79 % yield, white solid).  This 

was purified by column chromatography in DCM/diethyl ether (10:1) to yield pure PyFMOC 

(4.2 g, 60 %).  The FTIR of the PyNH2 monomer after reaction with the FMOC protecting group 

shows only one NH stretch at 3325 cm-1.  A C=O stretch had also appeared for the ester in the 
 

FMOC group at 1705 cm-1. 
 
 

4.2.2. Electrode Preparation 
 

 
Gold coated microscope slides/quartz blocks were used as working electrodes, and were 

prepared  as  follows.    The  substrates  were  washed  and  sonicated  in  Decon,  rinsed  and 

sonicated in isopropanol twice before drying with compressed air.  The substrates were held 

at reflux in isopropanol (400 ml) containing fresh MPTS (12 ml) and distilled water (12 ml) for 
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15 min.   They were then rinsed and sonicated in clean isopropanol and blown dry with 

compressed air.  This process was repeated twice.  A Balzer's Turbo vacuum system was used 

to deposit gold onto the silanised surfaces. 

 
4.2.3. Electropolymerisation 

 

 
 

4.2.3.1.   PPyNH2 

 
PPyNH2  was grown potentiodynamically (0.13 < E/V vs. Ag/AgCl (saturated KCl) < anodic limit 

Imax = 3.8 mA, ν = 20 mVs-1, 30 cycles) from tetraethylammonium perchlorate (TEAP) (10 mM) 

and HBF4 (10 mM, pH 4-5) in MeCN containing the monomer PyNH2 (10 mM). 

 
4.2.3.2.   PPyFMOC 

 
PPyFMOC was grown potentiodynamically (0.13 < E/V vs. Ag/AgCl (saturated KCl) < anodic 

limit Imax = 3.8 mA, ν = 20 mVs-1, 30 cycles) from tetraethylammonium perchlorate (TEAP) (10 

mM) and HBF4 (10 mM, pH 4-5) in MeCN containing the monomer PyFMOC (10 mM). 

 
4.2.4. Post Polymerisation Chemical Modifications 

 

 
 

4.2.4.1.   Amine Deprotection 
 

The base de-protection of PPyFMOC to yield PPyNH2-deprotected was carried out by soaking 

the films in a solution of piperidine (30 % v/v in ACN) for 30 minutes.  The films were then 

washed with ACN to remove excess piperidine. 

 
As the unprotected PPyNH2  films are grown under acidic conditions they were deprotonated 

 
from PPyNH +

 prior to any further chemical modification.  This was done by soaking the films 
 

in a 10 mM sodium carbonate buffer solution for 30 minutes and washing with water. 
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4.2.4.2.   Reaction with Fluorophore 
 

 
 
 

Figure 4.3          Schematic  representation  of  (i)  PPyFMOC  deposition,  (ii)  FMOC  (green) 

hydrolysis to create solvent ‘‘voids’’ (black); (iii) diffusion of fluorophore 

(purple) into voids and attachment to polymer. 

 
In order to chemically bind the fluorophores to the PPyNH2 films, fluorophores functionalised 

with NHS esters were used.  The films were soaked in a solution of the NHS ester fluorophore 

[10 mM in DMSO/pH 7 potassium phosphate buffer (1:9 ml)].  The films were left to react for 

30 minutes before rinsing with water. 
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Figure 4.4          General reaction scheme for activating a carbonyl group on an NHS ester in 

order to promote the formation of an amide bond in the presence of an 

amine. 

 
In total three fluorophores were investigated: Dylight 649 NHS ester (structure unpublished), 

Cy3 and Cy7.5 (see Figure 4.8).  As the structure of Dylight 649 is commercially protected 

physically reasonable approximations were used along with information provided by Thermo 

Fisher Scientifica  in the scattering length density (SLD) calculations.  The molar mass is 1008 
 
 
 
 
 

a Thank  you  to  Ines  Carro-Muino  (of  Thermo  Fisher  Scientific)  for  helpful  conversations 

relating to fluorophore NR calculations. 



133 

Chapter 4. A  Study  of  the  Fluorescent  Electrochromic  Enhancement  of  Latent  Fingerprints 
using Neutron Reflectivity 

 

 

 
Daltons  and  there  are  four  sulfonate  groups  to  aid  solubility  on  an  essentially  aromatic 

 
hydrocarbon skeleton. 

 
 
 
 
 
 
 
 
 
 
 
 

Cy3 NHS ester Cy7.5 NHS ester 
 
 
 
 
 
 
 
 

Figure 4.5 Chemical structures of fluorophores Cy3 and Cy7.5 both of which have been 

functionalised with a NHS ester. 

 
Films  reacted  with  Dylight  649  NHS  ester  fluorophore  were  imaged  under  a  Zeiss  Axio 

 
Observer fluorescence microscope fitted with a Cy5 filter. 

 
 

4.2.1. Neutron Reflectivity 
 

Neutron Reflectivity (NR) measurements were performed on FIGARO8  and D17 at the Institut 

Laue-Langevin (Grenoble, France) and INTER9  and OFFSPEC at ISIS, Appleton Rutherford 

Laboratory (Harwell, Oxford, UK).   Static NR measurements were performed ex situ, on dry 

films (in air) as well as in situ in the relevant hydrogenous and deuterated solvents.  The use of 

deuterated solvents maximises the contrast between the polymer and the electrolyte so that 

the solvation properties of the polymer could be probed.   Comparing reflectivity profiles in 

both deuterated and hydrogenous solvents allows film solvation within the polymer to be 

more accurately probed.  Kinetic measurements were taken in real time during the hydrolysis 

of the FMOC protecting group.   All NR measurements were performed on time-of-flight 

instrumentation with λ ranges of 2–30 Å (ILL) and 1.5–16 Å (ISIS).  Different incident angles 

were used in order to maximise the accessible momentum transfer (Qz) range.  Typically a Qz 
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range of 0.004 < Qz/Å-1  < 0.12 is suitable for samples of this type with the upper limit being 

defined by the point at which the reflectivity hits the background level (Q4 decay).   Q 

corresponds to distance (see Equation 4.4) so a polymer film thicknesses of 300-700 Å were 

chosen  for  the  experiments  to  give  good  periodicity  in  the  fringes  observed  in  the  R(Q) 
 

profiles. Data acquisition times were ca. 1.5 h per static run and 10 min for kinetic runs. 
 
 

Collimation slits were set to give a beam footprint of 30 x 60 mm on the sample; they also 

define the Δθ/θ resolution of the measurement.  The Δλ/λ resolution is dependent on the 

neutron source (spallation at ISIS, reactor at ILL) and any associated instrumentation (for 

example  chopper  settings  at  ILL).    In  both  cases,  the  resultant  resolution  in  momentum 

transfer (ΔQ/Q) was 2–3%. 

 
4.3. Results 

 
 
 

4.3.1. Electropolymerisation 
 

 
Polymer films were deposited potentiodynamically with an anodic current cap applied (imax = 

 
3.8 mA) to inhibit film roughness.  By capping the oxidation current, a limited amount of 

polymer is deposited during each cycle.  The slow scan rate used for deposition aids roughness 

control as the film is allowed to “settle” before another layer is deposited.  Figures 4.6 and 4.7 

show growth curves and subsequent characterisation in monomer-free electrolyte for 

PPyFMOC and PPyNH2 respectively. 
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a b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6 Cyclic voltammogram of (a) PPyFMOC growth (ν = 20 mV s-1) and (b) post 

polymerisation characterisation in monomer free electrolyte ν = 1, 2, 5, 10, 20, 

50, 100 and 200 mV s-1 (increasing ‘‘outwards’’).  Chevron arrows indicate scan 
 

direction. In panel (a) large arrows indicate the time sequence and ‘‘1’’ 

indicates the first deposition cycle (note the nucleation loop).  Panel (c) shows 

the variation of cathodic peak current (from curves in panel (b)) with scan 

rate. 
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a b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7 Cyclic  voltammogram  of  (a)  PPyNH2   growth  (ν  =  20  mV  s-1)  and  (b)  post 

polymerisation characterisation in monomer free electrolyte ν = 1, 2, 5, 10, 20, 

50, 100 and 200 mV s-1 (increasing ‘‘outwards’’).  Chevron arrows indicate scan 

direction. In panel (a) large arrows indicate the time sequence and ‘‘1’’ 

indicates the first deposition cycle (note the nucleation loop).  Panel (c) shows 

the variation of cathodic peak current (from curves in panel (b)) with scan 

rate. 

 
Panel (c) in Figures 4.6 and 4.7 shows that the cathodic peak currents are linearly proportional 

to the potential scan rate.   This indicates complete redox conversion of the film on the 

experimental timescale, validating a coulometric assay of the surface population of polymer as 

discussed in Chapter 2. 
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Equation 4.1 

 

 
 

where Γ is the surface coverage (mol cm-2), q is the charge (C), n is the number of electrons 

transferred (“doping level”, n = 0.3310), A is the electrode area (cm2) and F is the Faraday 

constant (C mol-1).  In this case, the final polymer coverages were ΓPPyFMOC = 20 nmol cm-2 and 

ΓPPyNH2  = 19 nmol cm-2, where in both cases the surface population is expressed in terms of 
 

monomer units. These surface coverages were then used to estimate film thickness. 
 

 
 

Equation 4.2 
 
 
 

where hf  = film thickness and c is the concentration of the monomer units which is equal to 

the density (g cm-3) divided by the molecular mass of the monomer.  The RMM values of 

PyFMOC and PyNH2 are 344 and 122 g mol-1 respectively. Their respective densities are ca. 1.2 

and 1.0 g cm-3.   For compact, solvent-free (“dry”) films, these would correspond to film 

thicknesses  of  ca.  600  Å  and  240  Å  respectively.    After  solvation  these  values  might  be 

expected to increase by 50-100 % as solvent volume fractions (φs) for electroactive polymer 

films are typically in the range of 0.3 - 0.53,12-14.  These thicknesses are only estimates based on 

the surface coverage of the polymer and assume complete film redox conversion on the 

experimental timescale as indicated in panel (c) of Figures 4.6 and 4.7.  Neutron reflectivity 

can be used to accurately determine physical film thickness, both dry and solvated, as well as 

determining precise solvation levels. 
 
 

This observed difference in film thickness between PPyFMOC and PPyNH2 films containing 

essentially the same number of monomer units (20 and 19 nmol cm-2) shows the enormous 

capability for generating free volume during FMOC elution from the PPyFMOC film, which is 

over twice as thick.  The fact that the thickness of the PPyNH2 film is only 40 % of the thickness 

of the PPyFMOC suggests that up to 60 % of the film thickness of the latter film is due to the 

presence of the bulky FMOC protecting group. 
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4.3.2. Post Polymerisation Chemical Modifications 
 

 
Conceptually, the simplest approach of generating fluorescence in a conducting polymer film is 

to functionalise the nitrogen of the pyrrole ring with a fluorophore and then to polymerise the 

film.  However, the size of most fluorophores (required to give the fluorescence) creates 

significant steric hindrance.  As a result of this, the substituted pyrrole monomer units cannot 

be polymerized. 

 
The three step strategy schematically represented in Figure 4.3 has been adopted to 

incorporate the fluorophore after the polymer film has been generated.  In order to generate 

the  maximum  lateral  contrast  between  the  fingerprint  and  the  “background”  (spatially 

selective conducting polymer film) it is necessary to try and encompass as much fluorophore 

as possible to generate sufficient contrast via fluorescence.   In order to accomplish this, 

sufficient free volume must be present within the polymer film to accommodate the 

fluorophore units.  The tactic employed is to polymerize not PPyNH2 itself, but a pyrrole amine 

film where the amine has been protected with a sterically bulky protecting group (FMOC) prior 

to polymerization that can readily be removed post-deposition.  FMOC was chosen to strike a 

balance between using a substituent that is not so large as to inhibit polymerization but which 

is large enough to create significant free volume.  The semi-fluid nature of the polymer film 

means  that  the  randomly  distributed  free  volume  should  be  able  to  merge  together  to 

generate ‘‘voids’’ of sufficient size to accommodate larger fluorophore moieties. Choice of a 

fluorophore with NHS ester functionality provided the means of covalently bonding the 

fluorophore to the polymer via amide formation. 

 
4.3.2.1.   Fluorescence Measurements 

 
In order to demonstrate that the above strategy does indeed result in fluorophore 

immobilization within the PPyNH2 film a series of measurements was performed.  The first of 

these was the fluorescence measurement shown in Figure 4.8.   This crude test shows two 
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PPyNH2  films which have both been reacted with a droplet of fluorophore.  Panel (A) shows 

four  times  greater  fluorescence  than  panel  (B).    This  preliminary  observation  proves  the 

viability of fluorophore emission when in the film environment as the area (top left corner) 

that was reacted with the fluorophore shows up when illuminated (λ = 640 nm) as a sharply 

defined region of enhanced brightness consistent with strong fluorophore emission.  This is an 

encouraging result as the polymer film in panel (A) was synthesised through the PPyFMOC 

hydrolysis pathway whereas the film in panel (B) was electrodeposited from the PPyNH2 

monomer and so had no solvent “voids” to aid the penetration of the fluorophore as the 

PPyNH2 film in panel (A) did.  The fact that a film with these voids gives greater fluorescence is 

significant  as  the  polymer  film  (when  eventually  applied  to  a  fingerprint  enhancement 

scenario) will give greater contrast to the fingerprint deposit itself. 
 
 
 

A B 
 

PPyDylight PPyDylight 
 
 
 
 
 
 

PPyNH2 

(with free volume) 
PPyNH2 

(without free volume) 
 

 
 

Figure 4.8 Fluorescence image of two PPyNH2 films after partial exposure to Dylight 649 
 

NHS ester by contact with a droplet of fluorophore solution (top left corner in 

both cases), and subsequent removal of excess fluorophore by rinsing with 

water: (A) was prepared with solvent “voids” via the PPyFMOC hydrolysis 

pathway and (B) was electrochemically deposited from the PyNH2  monomer. 

Both films were viewed ex situ and illuminated by light of wavelength 640 nm. 

In panel (A), the intensity was attenuated by a factor of four. 
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Although this method provides a functional appraisal, demonstrating the presence of the 

fluorophore in the film, it does not prove that the fluorophore is immobilised in the film.  As 

such, elution of the fluorophore could still occur upon further exposure to electrolyte, thereby 

jeopardizing the potential combination of the fluorescence and electrochromic pathways. 

Consequently, a spectroscopic probe was used to provide direct evidence of fluorophore– 

polymer covalent bonding. 

 
4.3.2.1.   FTIR 

 
FTIR was used to show the presence (or absence) of carbonyl bands associated with the amide 

functionality thus demonstrating whether or not the NHS ester functionalised fluorophore had 

successfully bound to the PPyNH2.  The amide band (1640-1690 cm-1) will be present in both 

the PPyFMOC and successfully immobilized PPy-Dylight film spectra, but should not be present 

in the PPyNH2 spectrum. The results of the FTIR analysis are shown in Figure 4.9: 
 
 
 
 

a 
 
 
 
 

* b 
 
 

c 
 
 
 

* 
 
 
 
 
 
 

Figure 4.9 FTIR spectra showing the different stages of the reaction depicted in Figure 
 

4.3.  (a) PPyFMOC as deposited, (b) PPyNH2 film after FMOC hydrolysis and (c) 

PPy-Dylight.   *denotes the presence of amide peaks. Traces have been 

arbitrarily offset vertically for visual clarity. 
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Whilst the FTIR results demonstrate not only the permeation of fluorophore into the film but 

also its chemical immobilization they yield no information on the spatial distribution of the 

fluorophore or the factor(s) limiting its final population (for example, partial or complete 

collapse of the solvent “voids”).   In order to examine these factors and further understand 

these reaction processes, a technique with vertical spatial resolution is required. 

 
4.3.3. Neutron Reflectivity 

 

 
There are two clear stages to the reaction described in Figure 4.3: FMOC hydrolysis followed 

by a reaction of the resultant PPyNH2 film with an NHS ester functionalized fluorophore.  The 

functionality and therefore application of these polymer films is dependent on each of these 

reactions being uniform in the z direction (full hydrolysation and elution of “freed” FMOC and 

complete penetration/maximum incorporation of the fluorophore moiety). 

 
4.3.3.1.   FMOC Hydrolysis 

 
There are two key questions associated with the hydrolysis reaction: firstly, does the reaction 

go to completion in the allotted time and secondly how much of the free volume generated is 

retained?  The second question is dependent on the rigidity of the polymer film.  If the film is 

rigid then nearly all of the “voids” created will be filled by solvent but if the film is not rigid 

then the “voids” may collapse upon elution of the FMOC before the solvent can fill the space. 

Some degree of film fluidity is necessary as it will allow the polymer to rearrange so that the 

smaller voids created by FMOC elution can coalesce to accommodate the larger fluorophore 

entities but too much fluidity would cause the film to collapse resulting in a loss of free 

volume.  Therefore, the main objective of this work was to assess the retention of free volume 

in the PPyFMOC/PPyNH2 system and to optimise the level of film fluidity. 
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Figure 4.10        Neutron reflectivity profile (INTER, ISIS) of a dry PPyFMOC film measured after 

polymerisation and prior to the hydrolysis of the FMOC protecting group.  The 

circles represent the raw data and the line is the fit of that data (χ2 = 2.1, see 

Table 4.1). 

 
Figure 4.10 shows a typical NR measurement of a dry PPyFMOC film as deposited from the 

corresponding PyFMOC monomer.  At low Q (here, Q < 0.0144 Å-1) total external reflection is 

observed (R = 1) in the form of a critical edge.   This is due to the positive difference in 

scattering length density (SLD) of the two bulk materials.  In this case, the incident neutrons 

are transmitted through, air which has a SLD of zero, and are reflecting from quartz, which has 

a  SLD  of  4.182  x  10-6   Å-2.    The  exact  Q  value  corresponding  to  the  critical  edge,  Qc,  is 

determined by this difference in SLD of the two bulk materials, ∆ Nb: 
( ) ⁄ Equation 4.3 

If we take the value of the critical edge (Qc = 0.0144) and use Equation 4.3  then the difference 
 

in SLD is 4.182 x 10-6 Å-2. This is the SLD of quartz as the SLD of air is zero. 
 
 

At higher Q there is a series of fringes whose spacing is determined by the thickness of the 

films present (binding layer of MPTS, Au electrode and polymer). 
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Equation 4.4 

 
 

If we take the value of ΔQ for the final fringe in Figure 4.10 (0.027 Å-1) and use Equation 4.4 

then the approximate thickness of the Au is 233 Å; this is entirely consistent with the nominal 

thickness of 200 Å from the sputtering process and was confirmed through AFM. 

 
The reflectivity value of these fringes is governed by the SLD contrast and sharpness of the 

interfaces between layers.  At high Q (here, Q > 0.08 Å-1), the fringes can be attributed to the 

Au electrode.  Although these are not of primary interest to the investigation, analysis of them 

does assist fitting of the full R(Q) profile from which the desired information on the polymer 

system can be obtained.  At intermediate Q, these Au fringes are present but are seen in 

combination with the polymer derived fringes.  These polymer fringes are not present at high 

Q due to the diffuseness of the polymer/air (or solution) interface. 

 
In order to extract the information from the data it is necessary to fit the parameters of each 

layer.  There are four parameters to fit for each layer within the system: thickness (d / Å), SLD 

(106 Nb / Å-2), roughness (σ / Å) and solvation (% v / v).  This generates a SLD profile which is a 

plot of Nb versus distance in the vertical plane.  The fit associated with the data in Figure 4.10 

is given below. 
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Figure 4.11 SLD profile of the dry PPyFMOC film shown in Figure 4.10. 

A summary of the fit parameters used is given in table 4.1. 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

PPyFMOC outer 

PPyFMOC inner 

Au 

MPTS 

Quartz 

Bulk 0 N/A  

144.6 2.119 21.3  

420.8 2.278 39.9  

225.1 4.490 5.0  

19.8 0.266 9.8  

Bulk 4.182 5.0  

 
Table 4.1            Fit parameters used in Figure 4.10. 

 
 

The estimated thickness of the Au (233 Å) was slightly thicker than the value obtained from 

the fit (225 Å).  This could be because of the relatively sharp polymer/air interface (σ = 21 Å) 

meaning that some of the polymer was still contributing to the fringes in this Q range.  The 

PPyFMOC was split into two layers.  The majority of the PPyFMOC formed an inner layer that 

was 421 Å thick.   The second outer layer was 145 Å in thickness.   This gives a total film 

thickness of 566  Å.   The SLDs of the inner and outer layer are 2.28 and 2.12 x 10-6  Å-2, 

respectively; these values correspond to densities of 1.28 and 1.19 g cm-3.  This suggests that 
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as the polymer gets thicker it becomes more resistive and so deposition slows, resulting in a 

less compact outer layer. 

 
Next the solvation of the PPyFMOC films was investigated.  This was done by taking static 

neutron reflectivity measurements of the film in solution.   In order to narrow down the 

solvent volume fraction in the PPyFMOC film it was measured in both CH3CN and CD3CN.  The 

reflectivity and corresponding SLD profiles of these measurements are shown in Figures 4.12 

and 4.13. 

 

 
 
 

Figure 4.12        Neutron reflectivity profile of the solvated PPyFMOC film in CH3CN (orange) 

and CD3CN (blue).  The circles represent the raw data and the lines are the fits 

of that data (χ2 = 2.1 and 2.5). 
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Figure 4.13 SLD profile of the solvated PPyFMOC film in CH3CN (orange) and CD3CN (blue). 

A summary of the fit parameters used is given in table 4.2. 

Layer d (Å) Nb (Å-2 x10-6) σ (Å) 
 

CH3CN/CD3CN 
 

PPyFMOC outer 

PPyFMOC inner 

Au 

MPTS 

Quartz 

Bulk 1.320/4.802 N/A  

365.0/367.1 2.139/2.620 22.5  

278.6/276.9 1.831/2.300 20.0  

224.5 4.490 5.0  

24.2 0.266 8.0  

Bulk 4.182 5.0  

 
Table 4.2            Fit parameters used in Figure 4.12. 

 
 

Figure 4.13 demonstrates nicely the difference in contrast between the polymer layer and the 

two solvents with the CD3CN clearly having a larger difference in the SLDs.  In this instance, the 

relevant bulk phases are the quartz block and the CD3CN to which the film is exposed;    the 

scattering length densities are known for these materials (4.182 and approximately 4.8 

respectively), giving ΔNb  = 0.618 Å-2  x10-6. Inserting this into Equation 4.3, we estimate Qc  = 

0.0056 A-1.  This is consistent with the experimental data.  The total film thickness is 644 Å as 
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opposed to 566 Å in the dry film.  This equates to 78 Å, or 14 % film swelling upon solvation. 

The  inner  and  outer  layers  have  also  changed  their  thickness  ratio  with  respect  to  one 

another.  The inner layer is now less dense than the outer layer also suggesting high fluidity 

and rearrangement of polymer “packing” within the film.  Before solvation the densities of the 

inner and outer layer were 1.28 and 1.19 g cm-3  respectively.   Upon solvation those values 

have changed to 1.03 and 1.22 g cm-3. 
 
 

Now the initial film properties have been determined as a “control” experiment, the next 

stage was to monitor the hydrolysis and elution of the FMOC from the film to yield PPyNH2.  A 

preliminary investigation was performed on FIGARO at the ILL since there was no way of 

predicting the timescale of the reaction.  The film was initially exposed to a relatively high 

concentration of piperidine (30 % v/v in ACN), with the aim of assessing the rate of the 

reaction. 

 

 
 
 

Figure 4.14        Raw  kinetic  data  for  the base  hydrolysis removal of  the  FMOC  protecting 

group in CH3CN.   Δ is the first measurement taken approximately 3 minutes 

after the solution was loaded into the neutron cell; ● was after 5 min and o 

after 31 min. 
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Figure 4.14 depicts the raw NR data for an angle of 0.624° taken to assess the time scale of the 

hydrolysis reaction.  It shows that the hydrolysis reaction is very fast in these conditions as the 

only significant changes in reflectivity are observed in the first 5 minutes as the location of the 

first fringe has shifted in both its value of reflectivity and Q.  Whilst this time scale is ideal for 

its final application as a method of enhancing fingerprints it is too fast to perform any real 

time analysis using kinetic NR measurements.  Therefore, in order to slow the reaction to a 

measurable rate, the concentration of piperidine was decreased. 

 
The next set of measurements was performed on INTER (ISIS) show the hydrolysis of the same 

film seen in Figures 4.10-13.  Initially, the concentration was decreased to 0.1 mM piperidine 

in ACN.  As discussed previously, the hydrolysis reaction was conducted in CD3CN medium to 

optimise the NR contrast. 
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Figure 4.15 Kinetic NR data (•), fits (line) and resultant  SLD profiles (inset) showing the FMOC hydrolysis reaction progress in 0.1 mM piperidine/ CD3CN 
 

taken at the start of the reaction (pink)and after 4 hours (cyan).   Film thicknesses = 653 and 648 Å (Χ2  = 1.9 and 1.8), respectively. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

CD3CN 
 

PPyFMOC outer 

PPyFMOC inner 

Au 

MPTS 

Quartz 

Bulk 4.788 N/A  

581.3/577.9 2.483/2.449 30.5/36.8  

71.9/70.5 3.012/3.083 5.7/3.9  

229.0 4.490 3.0(±1.4)  

22.3 0.266 24.5  

Bulk 4.182 5.0  

 
Table 4.3            Fit  parameters  used  at  the  start  (pink)  and  end  (cyan)  of  the  0.01  mM 

 
hydrolysis reaction shown in Figure 4.15. 

 
 

What Figure 4.15 and table 4.3 show is that even after 4 hours the reaction has hardly 

progressed with minimal changed in both thickness and SLDs of the two polymer layers. 

Measurements were taken every 10 minutes but the reaction progress every hour is 

summarised in Figure 4.16. 
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Figure 4.16        Reaction progress of the inner (), outer () and total () polymer later 

during the FMOC hydrolysis reaction in 0.1 mM piperidine.  Top graph is the 

change in thickness and bottom is the change in SLD. 

 
As there was little visible reaction progress after 4 hours the measurement was stopped and 

the concentration of piperidine increased 100 fold from 0.1 mM to 10 mM.  The analogous 

results in 10 mM piperidine are shown below. 
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Figure 4.17 Kinetic NR data (•), fits (line) and resultant   SLD profiles (inset) showing the FMOC hydrolysis reaction progress in 10 mM piperidine in 
 

CD3CN taken every 10 minutes (Χ2 = 1.3 - 2.4) respectively. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

CD3CN 
 

PPyFMOC outer 

PPyFMOC inner 

Au 

MPTS 

Quartz 

Bulk 4.802 N/A  

See table 4.5  

See table 4.5  

266.8 4.490 7.7(±3.9)  

14.3 0.266 11.9  

Bulk 4.182 5.0  

 
Table 4.4 Summary of the fit parameters for the solvent, Au, MPTS and quartz layers of 

the system used in Figure 4.17. 
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d / Å 106 Nb / Å-2 σ / Å d / Å 106 Nb / Å-2 σ / Å  
314.1 2.869 19.6 320.0 2.815 31.1 
313.1 2.902 44.3 319.5 2.795 27.5 
319.2 2.910 20.9 309.9 2.759 34.6 
313.0 2.934 32.2 315.1 2.832 27.2 
324.6 2.876 12.5 294.3 2.779 31.6 
307.6 2.921 16.4 305.9 2.774 28.7 
302.3 2.887 39.1 307.5 2.778 32.0 
291.7 2.948 30.0 314.4 2.797 23.3 
297.6 2.913 11.7 301.1 2.775 29.6 
306.7 2.950 31.6 286.8 2.772 29.3 
295.2 2.936 28.8 293.6 2.811 29.0 
293.7 2.930 11.0 288.7 2.803 28.8 
282.0 2.914 19.7 291.7 2.773 25.2 
305.8 2.948 24.5 265.5 2.818 26.6 
315.9 2.969 20.0 250.3 2.858 29.2 
264.4 2.926 8.4 291.8 2.784 28.1 
289.9 2.944 10.1 262.8 2.806 27.5 
275.8 2.981 28.2 260.4 2.806 29.7 
241.7 2.972 20.4 291.7 2.786 25.3 
255.0 3.001 24.7 272.7 2.770 29.6 
259.1 3.016 36.9 263.0 2.760 28.1 
271.5 3.033 38.0 246.2 2.801 30.3 
261.1 3.147 38.6 195.0 3.419 17.2 
251.1 3.146 29.3 200.2 3.347 23.7 
257.7 3.182 21.4 195.0 3.387 23.6 
247.9 3.158 32.0 200.4 3.380 22.0 
251.2 3.208 30.9 199.6 3.404 19.9 
267.4 3.146 29.9 178.1 3.331 21.8 
231.0 3.228 13.4 212.9 3.346 22.4 
232.8 3.214 46.1 211.5 3.427 21.9 
245.2 3.224 19.5 197.5 3.348 23.1 

 

 
 
 

t / mins 
 

3 
13 
23 
33 
43 
53 
63 
73 
83 
93 

103 
113 
123 
133 
143 
153 
163 
173 
183 
193 
203 
213 
363 
373 
383 
393 
403 
413 
423 
433 
443 

PPyFMOC inner PPyFMOC outer 

 
 

Table 4.5            Summary   of   the   fit   parameters   for   inner   and   outer   layers   of   the 
 

PPyFMOC/PPyNH2 system used in Figure 4.17. 
 
 

Figure 4.17 and table 4.5 show the fringes in the intermediate Q region just above the critical 

edge are progressively widening as time increases.  Since the momentum transfer, Q, is in 

reciprocal space, this stretching corresponds to a decrease in film thickness during FMOC 

elution. This contraction suggests that not all of the free volume generated during the FMOC 
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hydrolysis is retained by the resultant PPyNH2  film.  The quantitative question that follows is 

whether this loss in volume generated by the FMOC is permanent or whether the fluidity of 

the film will allow the film to re-swell in order to incorporate the bulky fluorophore moieties. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18        Reaction progress of the inner (), outer () and total () polymer layer 

during the FMOC hydrolysis reaction in 10 mM piperidine.  Top graph is the 

change in thickness and bottom is the change in SLD. 

 
The gap in the data between 220 – 360 minutes was due to an instrumental malfunction in the 

spallation source at ISIS which resulted in the loss of the neutron beam for this period.  The 
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SLDs of quartz, Au, PPyFMOC, the departing FMOC, the remaining PPyNH2 and CD3CN solvent 

are all known.  The Au thickness is known (from a combination of fabrication protocol and the 

high Q data). Figure 4.18 shows a total thickness change from 634 to 443 Å during the 

hydrolysis reaction.   This corresponds to a collapse of 191 Å.   The roughness of the 

polymer/solution interface is shown in Figure 4.19. 

 

 
 
 

Figure 4.19        Roughness of the polymer/polymer [inner ()] and polymer/solution interface 
 

[outer ()] during the FMOC hydrolysis reaction in 10 mM piperidine. 
 
 

Figure 4.19 shows that the polymer/polymer interfacial roughness fluctuates during hydrolysis 

(8 - 46 Å) whereas the polymer/solvent interfacial roughness decreases with time (35 - 22 Å). 

However, the internal composition of the film (ratio of PPyFMOC to hydrolysed PPyNH2  and 

solvation level) are still unknown.  These values can be extracted from the SLD values of the 

film during the different stages of the reaction as: 

 
Equation 4.5 

 
 

The results of these calculations are shown in Figure 4.20 and Figure 4.21. 
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Figure 4.20 Hydrolysis  reaction  progress  represented  by  the  percentage  of  hydrolysed 

polymer in the inner () and outer () polymer layers. 

 

 
 
 

Figure 4.21 Changes in solvent volume fraction (φCD3CN) observed in the inner () and 

outer () polymer layers during the 10 mM hydrolysis reaction. 

 
Figure 4.21 shows that the difference in φCD3CN between the inner and outer regions of the film 

is relatively small.   Therefore, the average picture shows that φpolymer   at the start of the 

reaction was 0.41. By the end of the reaction, this had increased to 0.60. 
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Once the reaction had gone to completion (no visible change in reflectivity over 30 min) the 

reaction was halted by the removal of the piperidine solution from the cell.  The reflectivity of 

the film was then measured once again in both contrasts to more accurately determine the 

properties of the resulting PPyNH2 film. 

 

 
 
 

Figure 4.22        NR profile of the solvated PPyNH2  film after hydrolysis in CH3CN (green) and 

CD3CN (red).  The circles represent the raw data and the line is the fit of that 

data (χ2 = 1.9 and 2.2). 
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Figure 4.23 SLD profile of the solvated PPyNH2  film after hydrolysis in CH3CN (green) and 
 

CD3CN (red). 
 
 

A summary of the fit parameters used is given in Table 4.6. 
 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

CH3CN/ CD3CN 
 

PPyNH2 

 
Au 

MPTS 

Quartz 

Bulk 1.320/4.758 N/A  

361.7/363.7 1.967/2.869 29.2/12.6  

224.5 4.490 10.0  

24.2 0.266 10.0  

Bulk 4.182 10.0  

 
Table 4.6            Fit parameters used for the hydrolysed film in CH3CN (green) and CD3CN (red) 

 
shown in Figure 4.22. 

 
 

The total film thickness is 363 Å as opposed to 443 Å at the end of the hydrolysis reaction. 

This is a secondary collapse of 80 Å.   This can be attributed to polymer relaxation, which 

occurs on a longer timescale than the FMOC hydrolysis and elution. 
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Before hydrolysis, the densities of the inner and outer layers were 1.03 and 1.22 g cm-3, 

respectively, and φs was 0.41.  After the hydrolysis, the PPyNH2  layer has a density of 1.35 g 

cm-3.  The solvent volume fraction has also decreased further from 0.60 to 0.36.  Figures 4.24 

and 4.25 summarise the changes in reflectivity and SLD profiles before and after the hydrolysis 

reaction.  Note how the widening of the fringes in Figure 4.24 corresponds to a decrease in 

polymer film thickness in Figure 4.25. 

 

 
 
 

Figure 4.24        Changes in reflectivity data before and after hydrolysis in CH3CN (orange and 

green, respectively) and CD3CN (blue and red, respectively).   The circles 

represent the raw data and the line is the fit of that data.  Note that datasets 

for the films in hydrogenous solvent have been manually offset in reflectivity 

for visual clarity. 
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Figure 4.25        Changes  in  SLD  before  and  after  hydrolysis  in  CH3CN  (orange  and  green, 

respectively) and CD3CN (blue and red, respectively). 

 
In order to check the validity of these findings the process was repeated with an analogous 

film (characterised in Figures 4.26-4.29) this time with the hydrolysis reaction taking place in 

CH3CN. 

 

 
 
 

Figure 4.26        Neutron reflectivity profile (INTER, ISIS) of a dry PPyFMOC film measured after 

polymerisation and prior to the hydrolysis of the FMOC protecting group.  The 

circles represent the raw data and the line is the fit of that data (χ2 = 1.9). 
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Figure 4.27 SLD profile of the dry PPyFMOC film shown in Figure 4.26. 
 
 

A summary of the fit parameters used is given in Table 4.7.   In this instance the fitting 

parameters only required one layer of PPyFMOC to fit the dry film data: 

 
Layer d / Å 106 Nb / Å-2 σ / Å 

 

Air 
 

PPyFMOC 

Au 

MPTS 

Quarts 

Bulk 0 N/A  

538.5 2.307 22.7  

228.3 4.490 6.8  

18.4 0.266 7.4  

Bulk 4.182 4.0  

 
Table 4.7 Fit parameters used in Figure 4.26. 
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Figure 4.28 Neutron reflectivity profile of the solvated PPyFMOC film in CD3CN (χ2  = 2.1). 
 

The circles represent the raw data and the line is the fit of that data. 
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Figure 4.29 SLD profile of the solvated PPyFMOC film in CD3CN. 

A summary of the fit parameters used is given in Table 4.8. 
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CH3CN/ CD3CN 

 
PPyFMOC 

Au 

MPTS 

Quartz 

Bulk 4.846 N/A  

579.0 2.488 28.8  

222.54.5 4.490 5.0  

21.6 0.266 11.6  

Bulk 4.182 5.0  

 
Table 4.8            Fit parameters used in Figure 4.28. 

 
 

Here the total film thickness is 579.0 Å, compared to 538.5 Å for the dry film.  This is a swelling 

of 41 Å or 8 % upon solvation.  This increase in thickness during solvation was accompanied by 

a decrease in the density of the polymer film.  Before solvation the density of the PPyFMOC 

layer was 1.30 g cm-3 and upon solvation this changed to 1.22 g cm-3. 

 
Next the film was monitored during hydrolysis in 10 mM piperidine in CH3CN. 
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Figure 4.30 Kinetic NR data (•), fits (line) and resultant   SLD profiles (inset) showing the FMOC hydrolysis reaction progress in 10 mM piperidine in 
 

CH3CN taken every 10 minutes (Χ2 1.2 - 2.2) respectively. 
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d / Å 106 Nb / Å-2 σ / Å  

526.7 2.179 23.1 
517.3 2.065 13.5 
514.8 2.139 21.9 
508.2 2.116 21.5 
503.3 2.085 26.7 
494.6 1.999 16.1 
494.4 2.067 24.6 
482.0 2.038 21.6 
480.8 1.981 24.1 
469.5 1.943 17.8 
466.3 1.957 20.0 
464.1 1.923 20.7 
455.5 1.926 20.5 
449.1 1.923 22.1 
445.3 1.843 18.7 
442.1 1.826 10.2 
408.6 1.695 5.9 
406.7 1.680 6.4 

 

 
CH3CN 

 
PPyFMOC 

Au 

MPTS 

Quartz 

Bulk 1.320 N/A  

See Table 4.10  

228.1 4.490 5.7(±2.0)  

18.3 0.266 10.4  

Bulk 4.182 5.2  

 
Table 4.9 Summary of the fit parameters for the solvent, Au, MPTS and quartz layers of 

 
the system used in Figure 4.30. 

 
 
 
 

t / min 

PPyFMOC 

 
3 

13 
23 
33 
43 
53 
63 
73 
83 
93 
103 
113 
123 
133 
143 
153 
283 
293 

 
 

Table 4.10 Summary   of   the   fit   parameters   for   inner   and   outer   layers   of   the 
 

PPyFMOC/PPyNH2 system used in Figure 4.30. 
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Figure 4.31        Reaction progress of the total () polymer layer during the FMOC hydrolysis 

reaction in 10  mM  piperidine.    Top graph is  the  change  in thickness  and 

bottom is the change in SLD. 

 
Figure 4.31 shows a thickness change from 526.7 to 406.7 Å during the hydrolysis reaction. 

This corresponds to a collapse of 120 Å.  The reaction progress and film solvation are depicted 

in Figures 4.32 and 4.33. 
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Figure 4.32 Hydrolysis  reaction  progress  represented  by  the  percentage  of  hydrolysed 

polymer. 

 

 
 
 

Figure 4.33 Changes in solvent volume fraction (φCH3CN) observed in the polymer during 

the 10 mM hydrolysis reaction. 

 
Again, once the reaction had gone to completion the reaction was stopped and the reflectivity 

of the film was measured in both contrasts. 
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Figure 4.34 NR profile of the solvated PPyNH2  film after hydrolysis in CH3CN (green) and 
 

CD3CN (red).  The circles represent the raw data and the line is the fit of that 
 

data (χ2 = 2.1and 2.0). 
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Figure 4.35 SLD profile of the solvated PPyNH2  film after hydrolysis in in CH3CN (green) 
 

and CD3CN (red). 
 
 

A summary of the fit parameters used is given in Table 4.11. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

CH3CN/ CD3CN 
 

PPyNH2 

 
Au 

MPTS 

Quartz 

Bulk 1.320/4.828 N/A  

304.0/305.1 1.877/2.834 16.4/12.2  

222.8 4.490 5.9  

17.9 0.266 10.7  

Bulk 4.182 5.0  

 
Table 4.11         Fit parameters of the solvated PPyNH2  film after hydrolysis in CH3CN (green) 

 
and CD3CN (red) used in Figure 4.34. 

 
 

The  total  film  thickness  is  304.5  Å,  compared  with  406.7  Å  at  the end of the  hydrolysis 

reaction.  This is a further collapse of 101.5 Å.  The fact that this secondary collapse occurred 

in both films supports the theory that this must be because of polymer relaxation occurring on 

a longer timescale than the FMOC hydrolysis and elution. 

 
Before hydrolysis the density of the PPyFMOC layer was 1.22 g cm-3.  After the hydrolysis the 

solely PPyNH2 layer has a density of 1.32 g cm-3.  The initial φs of the PPyFMOC was 0.35.  This 

rose to 0.58 immediately after hydrolysis and subsequently relaxed back to 0.37.  Figures 4.36 

and 4.37 highlight the changes in both reflectivity and SLD profiles before and after hydrolysis. 
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Figure 4.36 Changes in reflectivity data before and after hydrolysis CD3CN (blue and red, 

respectively).  The circles represent the raw data and the line is the fit of that 

data. 
 
 
 

Au 
Quartz 

CD3CN 
 
 
 
 
 
 
 

Polymer 
 
 

MPTS 
 
 
 
 
 
 

Figure 4.37 Changes  in  SLD   before  and  after  hydrolysis  in  CD3CN  (blue  and  red, 

respectively). 

 
Figure 4.38 shows a cartoon representation of the changes in film properties observed by NR 

 
during FMOC hydrolysis and elution. 
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A B C D 
 
 
 

Figure 4.38        Cartoon representation of film changes occurring during the different neutron 

reflectivity measurements taken to assess the hydrolysis reaction. (A) dry 

PPyFMOC film, (B) PPyFMOC film swelling due to solvation in acetonitrile, (C) 

PPyFMOC film undergoing hydrolysis with FMOC elution and solvent 

incorporation and (D) secondary collapse of deprotected PPyNH2  film due to 

polymer relaxation. 

 
4.3.3.2.   Reaction with Fluorophores 

 
Once the first stage of the reaction depicted in Figure 4.3 had been evaluated, the final stage 

of the reaction was considered.  This involved reacting the PPyNH2 films with a sterically bulky, 

NHS ester functionalized fluorophore.  NR was used to assess a series of films (analogous to 

those used to assess the hydrolysis reaction) before and after the fluorophore reaction.   In 

total three fluorophores were assessed; Dylight 649, Cy3 and Cy7.5 all of which were 

functionalised with a NHS ester in order to chemically bind to the amine. 
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Figure 4.39        NR data for a PPyFMOC film prior to hydrolysis (O), the PPyNH2  film resulting 

from hydrolysis (Δ) and the PPyDylight film following exposure to the 

fluorophore ().  For visual comparison purposes, R(Q) profiles are grouped 

according to medium (see annotations) and are progressively offset in 

reflectivity (χ2 = 1.4-2.7). 

 
As expected because of the positive difference in SLD between quartz and air and CD3CN and 

quartz, the dry and CD3CN exposed films show a critical edge at low Q.  However, there is no 

critical edge in CH3CN as ΔNb is negative (1.32-4.182 x10-6 Å-2). 
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Figure 4.40        SLD profiles for the film exposed to CH3CN (bottom three traces in polymer 

section) and CD3CN (top three traces in polymer section) at each of the three 

stages  of  the   process:  nominally  PPyFMOC  (red),  PPyNH2    (green)  and 

PPyDylight (cyan). 
 
 
 
 
 
 
 
 
 
 
 

Air 
 

PPyXouter 

PPyXinner 

Au 

MPTS 

Quartz 

Bulk 0 N/A Bulk 0 N/A Bulk 0 N/A  

303.4 2.298 35.9 
256.9 1.915 28.5 267.4 1.978 29.6 

 

172.7 2.383 11.2  

208.9 4.490 6.8 208.0 4.490 7.0 208.7 4.490 7.5 

15.7 0.266 16.5 17.1 0.266 18.5 13.1 0.266 16.1  

Bulk 4.182 9.7 Bulk 4.182 10.2 Bulk 4.182 7.1  

 
Table 4.12 Fit parameters used for the dry films: PPyFMOC (red), PPyNH2  (green) and 

 
PPyDylight (cyan). 
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In order to fit the thicker PPyFMOC film it was necessary to model the polymer as two layers. 

As with the film in Figures 4.10 and 4.11 the higher Nb  of the inner layer relates to a higher 

density of the polymer closer to the electrode surface (ρinner = 1.34 g cm-3, ρouter = 1.29 g cm-3). 

The densities of the PPyNH2  and PPyDylight layers were 1.40 and 1.42 g cm-3.  The total film 
 

thicknesses of the PPyFMOC, PPyNH2  and PPyDylight films were 476, 257 and 267 Å, 

respectively.      The significant change observed in the SLD profiles in Figure 4.40 clearly 

demonstrates a change in film composition.  This change took place within the first 15 min of 

the exposure to the Dylight fluorophore solution.  When measured again after an hour there 

was no further change.  This is attributed to the more fluid-like environment of the film 

following hydrolysis and the creation of the solvent “voids”.  Instrumental issues (such as 

sample alignment prior to measurement) and time restraints on experiments meant it was not 

possible to do a kinetic measurement in real time during the fluorophore reaction, but from a 

practical perspective in future applications such a quick reaction time with the fluorophore is 

obviously beneficial. 

 
Tables 4.13 and 4.14 show the properties of the three films upon solvation in acetonitrile. 
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CD3CN 
 

PPyXouter 

PPyXinner 

Au 

MPTS 

Quartz 

Bulk 4.812 N/A Bulk 4.787 N/A Bulk 4.796 N/A  

241.2 2.554 41.7 
324.5 3.172 31.1 272.2 2.887 12.8 

 

308.4 2.844 38.1  

214.5 4.490 6.5 214.5 4.490 6.5 214.0 4.490 21.3 

12.5 0.266 23.4 12.7 0.266 28.3 9.7 0.266 9.0  

Bulk 4.182 16.2 Bulk 4.182 16.2 Bulk 4.182 33.3  

 
Table 4.13 Fit parameters used for the solvated films in CD3CN: PPyFMOC (red), PPyNH2 

 
(green) and PPyDylight (cyan). 

 
 
 
 
 
 
 
 
 
 
 

CH3CN 
 

PPyXouter 

PPyXinner 

Au 

MPTS 

Quartz 

Bulk 1.320 N/A Bulk 1.320 N/A Bulk 1.320 N/A  

205.6 2.179 41.4 87.9 1.935 24.4 
311.0 1.800 12.2 

 

316.3 2.482 95.5  184.0 2.190 174.9  

208.3 4.490 6.0 200.6 4.490 10.7 206.5 4.490 7.0  

14.8 0.266 17.7 15.4 0.266 7.8 12.3 0.266 15.7  

Bulk 4.182 12.0 Bulk 4.182 12.2 Bulk 4.182 8.6  

 
Table 4.14 Fit parameters used for the solvated films in CH3CN: PPyFMOC (red), PPyNH2 

 
(green) and PPyDylight (cyan). 

 
 

The higher roughness at the polymer/polymer interface for the PPyFMOC film in hydrogenous 

acetonitrile is attributed to a contrast effect.   As there is less contrast between CH3CN and 
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PPyFMOC than CD3CN the layers appear to be more diffuse as the neutrons are not able to 

highlight  the  difference  between  the  layers  as  effectively.    The  outer  interfaces  are  also 

diffuse. In the NR profiles, this is seen as damping of the film-based fringes.  In terms of 

reactivity, this would undoubtedly aid faster permeation of the fluorophore moieties. 

 
Based on the solvation properties it is estimated that there was one fluorophore entity for 

every ca. four-five PyNH2  monomer units.   This approximation is based on the Nb  of the 

PPyNH2  polymer that was determined through the NR measurements above and the limited 

information available on the structure of Dylight 649 NHS ester (structure is commercially 

protected).  The molecular mass is on the order of 1000 Daltons and there are four sulfonate 

groups (to provide adequate solubility) on an essentially aromatic hydrocarbon skeleton. 

 
Figure 4.40 shows that the Nb, and thus composition of the PPyDylight film shows only modest 

dependence on depth (none in deuterated media and a high polymer/polymer interfacial 

roughness in hydrogenous).   This indicates that diffusion of reactant into the film is not a 

limiting factor in the fluorophore reaction; if it were, then there would be a clear step in 

Nb/composition representing fluorophore penetration.   Despite the entry of fluorophore into 

the polymer, the films shrink slightly during the reaction.  This indicates that the volume of 

solvent expelled exceeds the volume of fluorophore entering, suggesting that transport 

processes are not so slow that mobile species (here, solvent) are trapped within the film. 

However, the dry film thickness of PPyDylight is ca. 10 Å greater than the PPyNH2  film.  This 

supports the previous statement that the solvated thicknesses are dependent on solvent 

volume fraction.  Finally, the overall thicknesses of the dry films are not much less than for the 

solvated films yet there is still appreciable solvent in the immersed films.   This suggests that 

the film does not collapse upon emersion (any free volume is retained). 
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Inner Outer  

0.34 0.38 

0.47 

0.40 0.62 

 

 
φAcetonitrile 

 
 
 

PPyFMOC 

PPyNH2 

PPyDylight 
 
 

Table 4.15 Summary of film solvent volume fractions at different stages of the reaction 

process. 

 
Figure 4.41 shows ex situ AFM images of the polymer films shown in Figures 4.39-40. 

 
 

 
 
 

Figure 4.41 Ex situ AFM images of (A) PPyFMOC before NR experiment, (B) PPyDylight 

after NR experiment and (C) step height of PPyDylight after NR experiment. 

 
In order to qualitatively assess the value of the extra hydrolysis step in the incorporation of the 

bulky fluorophore molecules the same set of neutron experiments were performed on a 

PPyNH2 film that was deposited from the corresponding PyNH2 monomer (no solvent “voids”). 

The results are shown in Figures 4.42 and 4.43. 
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Air 

CD3CN 

CH3CN 
 
 
 
 
 
 
 

Figure 4.42        NR data for a PPyNH2  film as electrodeposited (Δ) and the PPyDylight film 

following exposure to the fluorophore ().  For visual comparison purposes, 

R(Q) profiles are grouped according to medium (see annotations)  and are 

progressively offset in reflectivity (χ2 = 1.2-2.9). 
 
 
 
 

Au 
Quartz 

CD3CN 

 
 
 

Polymer 
 
 

MPTS 
 
 
 

CH3CN 
 
 
 
 
 
 

Figure 4.43        SLD profiles for the film exposed to CH3CN and CD3CN at each of the three 

stages of the process: PPyNH2 (green) as electrodeposited and PPyDylight 

(cyan). 
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Air 
 

PPyXouter 

PPyXinner 

Au 

MPTS 

Quartz 

Bulk 0 N/A Bulk 0 N/A  

117.8 2.465 25.5 132.3 2.354 25.2  

342.8 2.610 37.8 334.0 2.664 47.1  

205.7 4.490 8.0 204.3 4.490 9.5  

17.1 0.266 15.9 15.0 0.266 13.8  

Bulk 4.182 7.6 Bulk 4.182 5.7  

 
Table 4.16         Fit parameters used for the dry films: PPyNH2 (green) and PPyDylight (cyan). 

 
 

In this instance the only noticeable change between the two systems is a slight lowering of the 

SLD of the outer polymer layer.  Once again in the PPyNH2 film (as electropolymerised) there is 

a denser inner layer (1.90 g cm-3) and a less dense outer layer (1.80 g cm-3) and it is this less 

dense layer only that seems able to react with the sterically bulky fluorophore molecules.  To 

assess the extent of the reaction the corresponding solvated measurements were performed 

in CH3CN and CD3CN. 
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CD3CN 
 

PPyXouter 

PPyXmiddle 

PPyXinner 

Au 

MPTS 

Quartz 

Bulk 4.825 N/A Bulk 4.786 N/A 

167.5 3.176 32.8 155.9 3.133 32.1 

80.7 3.378 27.8 - - - 

260.3 3.612 42.7 356.7 3.751 64.8 

196.3 4.490 8.0 196.9 4.490 9.0 

14.3 0.266 15.0 12.5 0.266 15.0 

Bulk 4.182 9.0 Bulk 4.182 8.0 

 
Table 4.17 Fit  parameters  used  for  the  solvated  films  in  CD3CN:  PPyNH2   (green)  and 

 
PPyDylight (cyan). 

 
 
 
 
 
 
 
 
 
 
 

CH3CN 
 

PPyXouter 

PPyXinner 

Au 

MPTS 

Quartz 

Bulk 1.320 N/A Bulk 1.320 N/A 

66.1 2.381 24.7 127.1 2.640 29.7 

415.8 2.826 44.7 356.8 2.790 24.4 

205.5 4.490 8.7 202.4 4.490 12.7 

15.1 0.266 15.8 12.8 0.266 12.0 

Bulk 4.182 9.1 Bulk 4.182 8.5 

 
Table 4.18 Fit  parameters  used  for  the  solvated  films  in  CH3CN:  PPyNH2   (green)  and 

 
PPyDylight (cyan). 
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Inner Middle Outer  

0.22 0.24 0.26 

0.26 - 0.26 

 

 
The total film thicknesses of the solvated PPyNH2  and PPyDylight films were 509 and 513 Å 

respectively in CD3CN and 482 and 484 Å in CH3CN.  As there is no physical reason for the 

thickness to be different in the two contrasts (essentially the same medium) this must be a 

contrast effect.  Perhaps the lower roughness also observed in the hydrogenous medium is 

actually higher and simply cannot be seen due to a lack of contrast in reflectivity.  In order to 

check that this contrast effect was not simply a case of the film relaxing over time the PPyNH2 

was measured in CD3CN followed by CH3CN and PPyDylight was measured in CH3CN first and 

then in CH3CN.   The effect was seen in both instances and therefore must be related to 

neutron reflectivity contrast and not film aging. 

 
The solvation properties of each polymer were determined utilising the two solvent contrasts. 

The results are summarised in Table 4.19: 

 
φAcetonitrile 

 
 
 

PPyNH2 
 

PPyDylight 
 
 

Table 4.19         Summary of film solvent volume fractions at different stages of the reaction 

process.  Note that the middle layer in the PPyNH2  film was only seen in the 

deuterated contrast. 

 
The PPyNH2  film  in this instance is significantly less solvated than the corresponding film 

created  through  the  PPyFMOC  hydrolysis  pathway.    This  suggests  that  there  is  less  free 

volume.   The inner layer of the PPyDylight film (357 Å) comprises unreacted PPyNH2.   This 

layer is more solvated than the inner layer present in the unreacted PPyNH2 film.  This can be 

attributed to the bulky fluorophore molecules pushing solvent into the film as it enters.  The 

outer layer (127-156 Å) contains one fluorophore molecule to every 6.7 monomer units.  For 

the film as a whole this equates to only 3-4 % of the amines in the film being bound to the 
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fluorophore.   Therefore,  the  18 %  seen  in the  deprotected PPyFMOC film, with  the free 

volume created by FMOC hydrolysis, is significantly higher and therefore a worthwhile step. 

 
The Dylight 649 NHS ester has a molecular mass of 1008 g mol-1. In order to see how much the 

steric bulk of the fluorophore determines its incorporation into the polymer film two further 

fluorophores were explored; Cy7.5 NHS ester (616.2 g mol-1) and Cy3 NHS ester (474.2 g mol- 

1). 
 
 

Figure 4.44 shows ex situ AFM images of the polymer films shown in Figures 4.42-43. 
 
 

 
 
 

Figure 4.44        Ex situ AFM images of (A) PPyNH2  before NR experiment, (B) PPyDylight after 
 

NR experiment and (C) step height of PPyDylight after NR experiment. 
 
 

Cy7.5 NHS Ester 
 
 

Unfortunately issues with the fluorophore precipitating in solution during the time scale of the 

neutron experiment meant that the data interpretation would not be reliable.  As such these 

results will not be discussed.  More work could be done to improve the solubility of the 

fluorophores in solution, for example by the addition of more DMSO to get the data for this 

intermediate sized fluorophore. 
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Cy3 NHS Ester 

 
 

The smaller NHS ester had greater solubility and so was characterised, this time in air and D2O. 

In this instance the CD3CN and CH3CN measurements showed little to no contrast in the R(Q) 

profiles as shown in Figure 4.45. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

CD3CN 
CH3CN 

 
 
 
 
 
 

Figure 4.45        NR data for PPyNH2  as electrodeposited (Δ) and the PPyCy3 film following 

exposure  to  the  fluorophore  ().    For  visual  comparison  purposes,  R(Q) 

profiles are group according to medium (see annotations) and are offset in 

reflectivity. 

 
Once again, PPyNH2  film with solvent “voids” created through the FMOC hydrolysis pathway 

was compared to a film with no extra free volume electropolymerised directly from the PyNH2 

monomer.  Figures 4.46 and 4.47 show the reflectivity and SLD profiles for the PPyFMOC film 

at the different stages of the reaction. 
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Figure 4.46        NR  data  for  a  dry  PPyFMOC  film  prior  to  hydrolysis  (O),  the  PPyNH2   film 

resulting from hydrolysis in D2O (Δ) and the PPyCy3 film following exposure to 

the fluorophore in D2O ().  For visual comparison purposes, R(Q) profiles are 

progressively offset in reflectivity (χ2 = 1.1-2.1). 

 
The sloping of the critical edges in Figure 4.46 was seen in the samples run with the 

samples/cells in a horizontal alignment (FIGARO/OFFSPEC) but not in a vertical alignment 

(D17).     This  was  proved  with  a  series  of  measurements,  on  the  same  film  in  both 

configurations, to be because of a gravitational drop of the long wavelength neutrons.  These 

neutrons are colder and travel slower than shorter wavelength neutrons.   They follow a 

parabolic  incident  pathway  which  causes  them  to  arrive  before  the  sample’s  centre  of 

rotation.   Short λ neutrons follow a “linear” pathway as they travel faster and so reach the 

samples centre of rotation before they experience a gravitational drop.  This drop in the long λ 

neutrons not only changes the illuminated area but in the case of our short gap cells where 

the beam has already been highly collimated to put the beam footprint within the cell 

boundaries it was shown that at angles as low as 0.1° on OFFSPEC the difference in the 

illumination path length was 30 mm.  As the footprint of the beam was set to 60 mm in length 

this equates to the loss of half the longest wavelength neutrons (12-15 Å) as they drop off 
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before entering the cell and are blocked by the Teflon sides.  It also changes the resolution in 

Q where the low range neutrons occur as the angle of incidence is steeper than it is meant to 

be due to the curved pathway.  Δθ/θ is therefore different for short and long wavelength 

neutrons meaning that the resolution at low Q is different to that at high Q, making the fitting 

of data more problematicb. 
 
 
 
 
 

D2O 
 
 

Au 
Quartz 

 
 
 
 

MPTS 

 
 
 
 

Polymer 

 
 
 
 
 
 

Figure 4.47        SLD  profiles for the solvated films in D2O: the PPyNH2   film resulting from 

hydrolysis (green) and the PPyCy3 film following exposure to the fluorophore 

in D2O (cyan). 

 
The less well defined dip for the MPTS layer in Figure 4.47 was attributed to a build-up of 

MPTS over several experiments causing a roughening of the quartz/thickening of the MPTS 

layer itself.  The SLD profiles show a uniform reaction of the film with the Cy3 NHS ester.  The 

gold/polymer interface also appears rougher after the reaction with the fluorophore.  As the 

structure of the gold electrode is unlikely to roughen itself this effect is more likely to be a 
 
 
 
 
 

b   Acknowledgement  and  thanks  to  Dr  Robert  M.  Dalgliesh  for  his  help  and  expertise  in 

understanding the problem of sloping critical edges. 
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result of the polymer rearranging itself to incorporate the bulky fluorophore.  This could also 

have happened with the PPyDylight film but perhaps it can only be seen in the greater contrast 

of D2O and not in acetonitrile. 
 
 
 
 
 
 
 
 
 
 
 

Media 
 

PPyX 

Au 

MPTS 

Quartz 

Bulk 0 N/A Bulk 6.029 N/A Bulk 6.086 N/A  

291.2 2.603 32.4 319.9 3.532 33.7 348.6 2.813 39.7  

360.8 4.490 33.9 360.8 4.490 22.8 361.0 4.490 47.7  

50.7 0.266 33.2 17.1 0.266 23.4 16.8 0.266 24.0  

Bulk 4.182 18.3 Bulk 4.182 25.2 Bulk 4.182 25.0  

 
Table 4.20         Fit parameters used for the dry PPyFMOC (red) film and the solvated films in 

 
D2O: PPyNH2 (green) and PPyDylight (cyan). 

 
 

The dry PPyFMOC film has a scattering length density of 2.603 x10-6 Å-2 corresponding to a 

polymer density of 1.46 g cm-3.  The PPyNH2 film formed after elution of the FMOC protecting 

group had a solvated thickness of 320 Å in D2O (φs = 0.48).  After the reaction with the 

fluorophore, this had swollen to 349 Å (an increase of 29 Å).  This increase in thickness was 

accompanied by a uniform decrease of the Nb of the polymer layer.  Calculation showed that 

this was due to the inclusion of one Cy3 fluorophore to every 2.33 monomer units (φPPyCy3 = 

0.3) and the expulsion of solvent (φs  = 0.36).   This is significantly more fluorophore 

incorporation than for the larger Dylight 649, as predicted. 

 
Figure 4.48 shows ex situ AFM images of the polymer films shown in Figures 4.45-47. 
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Figure 4.48        Ex situ AFM images of (A) PPyFMOC before NR experiment, (B) PPyCy3 after 
 

NR experiment and (C) step height of PPyCy3 after NR experiment. 
 
 

The question now is whether the corresponding electropolymerised PPyNH2 film will fare any 

better with a smaller molecule to incorporate.  Figures 4.49 and 4.50 show the reflectivity and 

SLD profiles of the PPyNH2 film. 

 

 
 
 

Figure 4.49        NR data for the PPyNH2  film resulting from hydrolysis in air and D2O (Δ) and 

the PPyCy3 film following exposure to the fluorophore in D2O ().  For visual 

comparison purposes, R(Q) profiles are progressively offset in reflectivity (χ2 = 

1.3-2.1). 
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Figure 4.50        SLD profiles for the solvated films in D2O: the PPyNH2 film electropolymerised 

directly (green) and the PPyCy3 film following exposure to the fluorophore in 

D2O (cyan). 

 
The fit parameters used in Figure 4.49 are summarised in Table 4.21. 

 
 
 
 
 
 
 
 
 
 
 

Media 
 

PPyX 

Au 

MPTS 

Quartz 

Bulk 0 N/A Bulk 6.073 N/A Bulk 6.027 N/A  

294.1 2.792 35.8 332.5 3.984 20.0 378.5 3.447 24.6  

354.3 4.490 43.1 368.9 4.490 15.0 368.6 4.490 71.3  

37.3 0.266 23.1 10.4 0.266 15.0 7.7 0.266 15.0  

Bulk 4.182 15.3 Bulk 4.182 15.0 Bulk 4.182 15.0  

 
Table 4.21 Fit parameters used for the dry PPyNH2  (olive green) film and the solvated 

films in D2O: PPyNH2 (green) and PPyDylight (cyan). 

 
The dry PPyNH2 (as deposited) has a polymer density of 2.03 g cm-3.  Its dry thickness was 294 

 
Å, this increases by 39 Å to 333 Å when solvated in D2O (φsolvent = 0.30).  A further swelling of 



190 

Chapter 4. A  Study  of  the  Fluorescent  Electrochromic  Enhancement  of  Latent  Fingerprints 
using Neutron Reflectivity 

 

 

 
46 Å was seen upon reaction with the Cy3 fluorophore.  This increase in thickness is more than 

that seen in the corresponding FMOC PPyNH2 film shown in Figure 4.47.  Again, the change in 

Nb observed in the polymer layer was uniform suggesting that, unlike with the bulkier Dylight 

649, the Cy3 fluorophore molecules had managed to penetrate the full depth of the film. 
 

However, calculations showed that there was only one fluorophore molecule to every five 

monomer units (φsolvent = 0.18); significantly less than the 1:2.33 observed with the solvent 

“voids”. 

 
Figure 4.51 shows ex situ AFM images of the polymer films shown in Figures 4.49-50. 

 
 

 
 
 

Figure 4.51        Ex situ AFM images of (A) PPyNH2 before NR experiment, (B) PPyCy3 after NR 
 

experiment and (C) step height of PPyCy3 after NR experiment. 
 
 

4.4. Conclusions and Future Work 
 
 

The aim of this work has been to understand the spatial parameters involved in immobilizing a 

fluorophore within a conducting polymer matrix.   A combination of electrochemical, 

spectroscopic and neutron-based techniques have been used to provide insight into the 

deposition and subsequent chemical functionalization of conducting polymer films for use in 

the joint fluorescent-electrochromic enhancement of latent fingerprints. 
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Electrochemistry allows manipulation and coulometric analysis of the surface population of 

the polymer matrix where the chemical modifications occur.  Fluorescence measurements and 

FTIR spectroscopy was used to qualitatively demonstrate the post-deposition chemical 

modification of the polymer films throughout the functionalization protest by both the 

presence of fluorescence in the final stage and through the disappearance and reappearance 

of the amide band. 

 
Neutron reflectivity was used to accurately determine film composition, thickness and solvent 

content at each stage.  The solvent volume fractions were 0.37 (±0.03) for the PPyFMOC films, 

0.59 (±0.01) immediately after hydrolysis and 0.47 (±0.04) after relaxation (where these data 

originate from both kinetic and non-kinetic experiments). After fluorophore entry, the film 

contracts slightly.  It has been shown that the additional step to create free volume within the 

polymer matrix through the elution of the bulky amine protecting group (FMOC) is beneficial 

as it results in the incorporation of more fluorophore.  Eventually this will lead to greater 

contrast between the masked regions of the fingerprint and the fluorescent polymer. 

Significantly, the diffusion of fluorophore into the polymer film was shown to vary with the 

size of the size of the molecule to be incorporated.  The volume fractions of the smaller Cy3 

NHS ester in PPyNH2 films as deposited and made through the FMOC hydrolysis pathway were 
 

0.17 and 0.30, respectively. These were significantly lower for the larger Dylight 649 NHS ester 

(0.04 and 0.18, respectively).  In the latter case, the PPyNH2  film with no voids only had an 

outer  layer  containing  the  Dylight  649  fluorophore  as  it  proved  too  sterically  bulky  to 

penetrate any further. 

 
Future work should focus on determination of the polymers electrochromic properties at the 

different stages of the reaction and the properties of the immobilized fluorophore.  One of the 

major technical issues that still needs addressing is whether the proximity of the immobilized 
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fluorophore molecules to the working electrode will result in any fluorescence significant 

quenching. 

 
This  preliminary  study  does  not  attempt  to  address  the  lateral  issue  of  imaging  a  full 

fingerprint, but focuses solely on the viability of the joint polymer-fluorophore system by 

understanding the reactivity and composition in the vertical direction at distance scales from 

10–100  nm.       The  potential  for  a  combined  absorption/fluorescence  strategy  in  latent 
 

fingerprint enhancement is clear with the next step being the application of this strategy to a 

fingerprinted surface. 
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5. Probing the Segregation and 
 

 

Solvation of Multi-Component 
 

 

Conducting Polymer Films 
 
 
 

5.1. Introduction 
 
 

The tuning of electrochromic properties of a polymer material has been explored through 

random1, or block co-polymerisation of two discrete monomer units (Chapter 3).   The two 

other ways in which this can be achieved are through homopolymerisation of a hybrid co- 

monomer (see Chapter 6) and secondly, by deposition of the individual homopolymers in 

multi-layered structures2-5.   These three approaches offer varying levels of control over the 

final composition of the resultant polymer film and all result in the optical properties being 

either intermediate to those of the homopolymers, or displaying separate new properties6-9. 

 
The advantage of layering the individual homopolymers to create a composite is that each 

stage of deposition involves only control of a pure phase, which is often already well 

established.   The nature of the polymer/polymer interface is central to the rectifying 

(segregated) or capacitive (interdiffused) characteristics of the multi-layered films10,11, such 

that the spatial distribution of the different polymer components determines the optical and 

electronic  properties  of  the  films.     These  properties  are  important  for  the  potential 

applications of these multi-component systems in energy storage.  The operational goal is a 

polymeric material with rapid charge/discharge capability and the facility to take up charge 

across a wide voltage range. 
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En route to this final application, determination of film composition and structure must be 

achieved.  In this chapter, the specific objectives are the determination of polymer component 

segregation vs. interpenetration and the determination of equal vs. differentiated solvation 

levels  of  the  different  polymer  components.    In  addition  it  is  important  to  understand 

dynamics of mobile species such as solvent or counterions across these interfacial boundaries 

and to quantify these properties as a function of the different oxidation states of the 

electrochromic material.  Another key objective is to try and tune the physical properties of 

the polymer/polymer interfaces. 

 

5.2. Experimental 
 
 
 

5.2.1. Monomer Synthesis 
 

 
 

5.2.1.1.   Base Hydrolysis of PyCN to Form 3-(pyrrol-1-yl)propanoic 
 

Acid (PyCOOH) 
 

3-(pyrrol-1-yl)propionitrile (7.5 g, 62.5 mmol) was added to an aqueous solution of NaOH (10 

g, 0.25 mol, 50 cm3) in a 250 cm3 round bottom flask fitted with a condenser. The mixture was 

refluxed  until  no  ammonia  evolution  was  seen  (ca.  7  hrs.).    This  was  tested  with  moist 

indicator paper at the top of the condenser.  Cold water (25 cm3) was run down the condenser 

and the mixture allowed to cool in an ice bath.  H2SO4  (50 %, 15 cm3, 0.28 mol) was added 

causing the mixture to separate.  The product (upper oily phase) was extracted with diethyl 

ether (4 x 30 ml) and dried with anhydrous Na2SO4  overnight.  Ether was removed by rotary 

evaporation to yield a cream, waxy solid (8.392 g, 59.4 mmol, 96 %). 
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Figure 5.1          Base hydrolysis of PyCN to form PyCOOH. 
 
 

5.2.1.2.   Coupling   of   Pentafluorophenol   with   PyCOOH   to   Yield 
 

Pentafluorophenyl 3-(pyrrol-1-yl)propanoate 
 

A solution of dicyclohexylcarbodiimide (DCC) (9 g, 44 mmol) and pentafluorophenol (8 g, 44 

mmol) in dry MeCN (80 cm3) was added to a stirred solution of 3-(pyrrol-1-yl)propanoic acid (6 

g, 44 mmol) in dry MeCN (15 cm3).  The mixture was stirred overnight.  The white precipitate 

(dicyclohexylurea, 8.9 g, 39.7 mmol) was filtered off and the MeCN removed under vacuum to 

yield golden oil.  This was taken up in hexane (250 cm3) and placed in a freezer (ca. 2hrs). 

Golden needles precipitated out which were filtered off and dried under vacuum (12.06 g, 39.5 

mmol, 89 %). 
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Figure 5.2          Coupling of PyCOOH with pentafluorophenol to yield PFP. 
 
 

5.2.2. Electropolymerisation 
 

 
 

5.2.2.1.   PEDOT/PPFP Multilayers 
 

Multi-layered films were deposited potentiodynamically onto gold working electrodes (0.13 < 

E/V vs. Ag/AgCl (saturated KCl) < anodic limit Imax = 1.8 mA, ν = 20 mV s-1, 12 cycles) from 

tetrabutylammonium perchlorate/TBAP (0.1 M) in CH3CN containing the desired monomer (10 

mM).   After each layer was deposited the films were rinsed in CH3CN and allowed to dry 

before depositing the next layer.  Two systems were deposited: Au/PEDOT/PPFP bilayer and 

Au/PEDOT/PPFP/PEDOT trilayer. 
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5.2.2.2.   PEDOT/PPy Multilayers 
 

Bilayers of PPy and PEDOT were deposited potentiodynamically onto gold working electrodes 

(0.13 < E/V vs. Ag < anodic limit Imax = 1.8 mA, ν = 20 mV s-1, 12 cycles) from lithium perchlorate 

(0.1 M) in CH3CN containing the desired monomer (10 mM).  After each layer was deposited 

the films were rinsed in CH3CN and allowed to dry before depositing the next layer.  Two 

systems were investigated: Au/h4-PEDOT/d3-PPy and Au/d2-PPy/h4-PEDOT. 

 

 
 
 

Figure 5.3          Structures of the hydrogenous monomers used in the multilayer systems. 
 
 

5.2.3. Neutron Reflectivity Measurements 
 

 
Neutron reflectivity measurements were performed on FIGARO (Institut Laue-Langevin, 

Grenoble, France) and INTER (ISIS, Appleton Rutherford Laboratories, Harwell, UK). 

Measurements of the films were performed dry in air as well as CH3CN/CD3CN.  Deuterated 

solvents were used to maximise contrast between the polymer and the electrolyte so that the 

solvation properties of the polymer could be more accurately determined.  All of the multi- 

layered systems described above were held in both their fully oxidised and fully reduced 
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states.  Reflectivity was measured at incident angles of 0.624 and 3.78° (dry) and 0.624, 1.98 

and 3.78° (in acetonitrile) giving a usable momentum transfer range of 0.004  < Q/Å-1  < 0.15 

before the reflectivity of the sample drops below the background level. The collimation slits 

were set to give a beam footprint on the sample of 60 mm x 30 mm and a momentum transfer 

(Q) resolution of 3 %. Data acquisition times were 2-3 hrs. per run.  Model fitting of the 

reflectivity profiles was performed using Motofit software12. 

 

5.3. Results: PEDOT/PPFP Systems 
 
 
 

5.3.1. Electrodeposition 
 

 
Figure 5.4 shows representative final growth curves for each polymer layer in the PEDOT/PPFP 

 
bilayer system. 
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Figure 5.4          Final growth curves for PEDOT on Au (black), PPFP on PEDOT/Au (blue) and 

PEDOT on PPFP/PEDOT/AU (red) [0.13 < E/V vs. Ag/AgCl (saturated KCl) < 

anodic limit Imax = 0.16 mA, ν = 20 mV s-1, 12 cycles].  Note this deposition was 

done on a smaller gold working electrode than the neutron blocks (25 x 16 

mm). 
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5.3.2. Au/PEDOT/PPFP Bilayer 
 

 
 

5.3.2.1.   NR Measurements of the Dry Film 
 

The dry R(Q) and SLD profiles of the bilayer system after deposition are shown in Figure 5.5 
 

and Figure 5.6. 
 
 

 
 
 

Figure 5.5 R(Q) profile of the dry Au/PEDOT/PPFP bilayer system.  O is the raw data and 

the black line is the fit of the data (χ2 = 1.7). 

 
As described in Chapter 3, at low Q total external reflection is observed (R = 1), in the form of 

a critical edge, as a result of air having a lower scattering length density (SLD) than silicon.  In 

this instance the critical edge is not well defined and appears to merge into the first fringe 

indicative of a rough polymer/air interface.  The Q value corresponding to the critical edge, Qc, 

is determined by the difference in the neutron SLDs of the two bulk materials, ∆ Nb. 
( ) ⁄ Equation 5.1 

If we take the value of the critical edge from Figure 5.5 (Qc  = 0.0102) and use Equation 5.1 
 

then the difference in SLD is 2.073 Å-2 x10-6 which is the Nb of the silicon block as the SLD of air 

is zero. Si blocks were used for this experiment as all quartz blocks were being used. 
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Equation 5.2 
 

 
 

As described in previous chapters, taking the value of ΔQ for the final fringe in Figure 5.5 

(0.0319 Å-1) and using Equation 5.2 allows the thickness of the Au to be calculated.  This gives 

a value of 197 Å, which is consistent with the objective thickness of 200 Å in the sputtering 

process. 
 
 
 

Au 
 
 
 
 

Oxide/MPTS 

Silicon 

 
 
 
 
 
 
PEDOT 

PPFP 

 
 
 
 

Air 
 
 
 
 
 
 

Figure 5.6 SLD profile of the dry Au/PEDOT/PPFP bilayer film shown in Figure 5.5. 
 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

PPFP 

PEDOT 

Au 

MPTS 

Oxide Layer 
 

Silicon 

Bulk 0 N/A  

160.1 3.187 34.7  

80.0 2.215 24.3  

197.9 4.490 2.0  

19.5 0.266 21.1  

18.4 4.182 20.3  

Bulk 2.073 21.5  

 
Table 5.1 Summary of the fit parameters used in Figure 5.5. 
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Table 5.1 shows that there were two distinct layers: a thin inner layer of PEDOT and a thicker 

outer layer of PPFP.  The SLDs of these two layers were fitted at 2.215 and 3.187 x 10-6  Å-2, 

respectively.  These correspond to densities of 1.31 and 1.53 g cm-3, which were used in the 

fitting process later on to determine solvation and doping values.   The two layers were 

segregated but there was a roughness of 24.3 Å. As shown in Figure 2.11, this roughness value 

does not represent topographical roughness but the distance over which one scattering length 

density changes to another.  In this instance, there is a distance of 24.3 Å over which pure 

PEDOT becomes pure PPFP.     This is a good indication of the amount of 

segregation/interpenetration of the two layers. 

 
5.3.2.2.   Solvated Film NR Measurements Under Potential Control 

 
In order to assess how the amount of segregation/interpenetration changes, depending on 

oxidation/cycling of the multi-layered system, the bilayer system was measured at a series of 

potentials in both deuterated and hydrogenous acetonitrile/0.1 M TEAP electrolyte.   The 

potentials chosen were -700, 0, and 700 mV.   These represented fully reduced, resting and 

fully oxidised film states that were observed during redox cycling.  The R(Q) profiles of the 

PEDOT/PPFP bilayer in these three oxidation states are given in Figures 5.7-9. 
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Figure 5.7          R(Q) profile of the PEDOT/PPFP bilayer fully reduced at -700 mV in CH3CN 

(blue) and CD3CN (green).  Circles represent the raw data and the solid lines 

are the fits of the data (χ2 = 1.29 and 1.42). 

 

 
 
 

Figure 5.8          R(Q) profile of the PEDOT/PPFP bilayer at 0 mV in CH3CN (cyan) and CD3CN 

(red).  Circles represent the raw data and the solid lines are the fits of the data 

(χ2 = 1.55 and 1.61). 
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Figure 5.9          R(Q) profile of the PEDOT/PPFP bilayer fully oxidised at 700 mV in CH3CN 

(pink) and CD3CN (orange).  Circles represent the raw data and the solid lines 

are the fits of the data (χ2 = 1.34 and 1.17). 

 
SLD calculations for the PEDOT layer were performed in order to calculate the differences in 

solvation for each oxidation state and the doping level of ClO - for the oxidised film.  However, 

for the PPFP layer these calculations, for the pairs of measurements given above in Figures 

5.7-9, were unsuccessful and the numbers were significantly different to one another for the 

CH3CN and CD3CN datasets.  This suggested an additional change in the films during/between 

the   different   NR  measurements.     This  was  proved   through  SLD  calculations  and  IR 

spectroscopy to be the hydrolysis of the poly-pentafluorophenyl 3-(pyrrol-1-yl)propanoate 

(PPFP) to yield poly-3-(pyrrol-1-yl)propanoic Acid (PPyCOOH).  As a result of this, the data are 

now presented in chronological order in Figure 5.10 rather in the analogous redox state pairs 

shown above. 
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Time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.10 R(Q) profiles of the PEDOT/PPFP bilayer offset in reflectivity in chronological 

order so that: 

• Log R = 0: 0 mV in CD3CN/TEAP (red) 
 

• Log R = -1: 700 mV in CH3CN/TEAP (pink) 
 

• Log R = -2: 0 mV in CH3CN/TEAP (cyan) 
 

• Log R = -3: 700 mV in CD3CN/TEAP (orange) 
 

• Log R = -4: -700 mV in CD3CN/TEAP (green) 
 

• Log R = -5: -700 mV in CH3CN/TEAP (blue) 
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Figure 5.11 Corresponding SLD profiles of the PEDOT/PPFP bilayer film shown in Figure 
 

5.10: -700 mV in CD3CN/TEAP (green) and CH3CN/TEAP (blue); 0 mV in 

CD3CN/TEAP (red) and CH3CN/TEAP (cyan); 700 mV in CD3CN/TEAP (orange) 

and 700 mV in CH3CN/TEAP (pink). 

 
Summaries of the fit parameters used are given in Tables 5.2-5. 

 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

PPFP 

PEDOT 

Au 

MPTS 

Oxide 

Silicon 

Bulk 1.320/4.773 N/A  

See Table 5.3  

See Tables 5.4 and 5.5  

200.5(±7.6) 4.490 9.8(±4.1)  

26.4(±8.2) 0.266 16.5(±7.4)  

17.3(±7.0) 4.182 20.8(±8.8)  

Bulk 2.073 9.2(±7.6)  

 
Table 5.2 Average fit parameters used in Figure 5.10 for the Au, MPTS, oxide and silicon 

layers. 
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Conditions d / Å 106 Nb / Å-2
 σ / Å Solvent 

 
volume 

Anion 
 

doping level 

     

fraction / 
 

φs 

 

 

0 mV, CD3CN 
 

700 mV, CH3CN 
 

0 mV, CH3CN 
 

700 mV, CD3CN 
 

-700 mV, CD3CN 
 

-700 mV, CH3CN 

157.2 3.549 59.3 0.49 0  

179.4 2.342 17.6 0.51 0.33  

156.7 2.224 26.4 0.49 0  

173.3 3.763 50.3 0.51 0.33  

157.5 3.550 145.2 0.49 0  

156.5 2.201 100.9 0.49 0  

 
Table 5.3 Fit  parameters  used  in  Figure  5.10  for  the  inner  PEDOT  layer  listed  in 

chronological order. 

 
Table 5.3 shows that the thickness of the PEDOT layer increases when the film is oxidised (700 

mV).  This increase in thickness is accompanied by an increase in solvent volume fractrion of 

0.02 as well as the ingress of perchlorate anions to counteract the positive charge shared over 

every three monomer units of PEDOT.   The roughness of the polymer/polymer interface 

increases (σ in Table 5.3) significantly with time meaning that the two polymer layers become 

more interdiffused over time which would allow more capacitive behaviour. 
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Conditions d / Å 106 Nb / Å-2
 σ /Å Solvent 

 
volume 

Anion 
 

doping level 

     

fraction / 
 

φs 

 

 

0 mV, CD3CN 
 

700 mV, CH3CN 
 

0 mV, CH3CN 
 

700 mV, CD3CN 
 

-700 mV, CD3CN 
 

-700 mV, CH3CN 

210.2 4.000 49.0 0.56 0  

158.9 2.610 49.1 0.47 0.33  

178.3 2.531 48.3 0.56 0  

186.5 3.904 50.8 0.47 0.33  

209.4 2.984 64.4 0.30 0  

209.0 2.082 132.3 0.30 0  

 
Table 5.4 Fit parameters used in Figure 5.10 for the outer PPFP/PPyCOOH layer listed in 

chronological order. 

 
Table 5.4 shows the changes in the PPFP layer of the film over the course of the neutron 

experiment.  However, the interpretation of any trends in thickness/roughness is hindered as 

it is unclear whether these effects are due to film aging/relaxing over time, redox state or the 

added factor of the PPFP hydrolysing to give PPyCOOH during the course of the experiment 

(see Table 5.5). 



210 

Chapter 5: Probing the Segregation and Solvation of Multi-Component Conducting Polymer Films  

 

 
 

Conditions Volume fraction of PPyCOOH / φPPyCOOH 

 
0 mV, CD3CN 

 
700 mV, CH3CN 

 
0 mV, CH3CN 

 
700 mV, CD3CN 

 
-700 mV, CD3CN 

 
-700 mV, CH3CN 

0.00  

0.62  

0.75  

1.00  

1.00  

1.00  

 
Table 5.5            Fit parameters used in Figure 5.10 for the outer PPFP/PPyCOOH layer showing 

the amount of hydrolysis of PPFP to PPyCOOH. 

 
The hydrolysis was confirmed by measuring the bilayer dry after the solvated NR experiments 

and comparing the R(Q) (Figure 5.12) and SLD (Figure 5.13) profiles to those seen in Figures 

5.5 and 5.6. 
 
 

 
 
 

Figure 5.12        R(Q) profile of the dry Au/PEDOT/PPFP bilayer system before the solvated NR 

experiments (black, Figure 5.6) and of the dry Au/PEDOT/PPyCOOH bilayer 

system after the solvated NR experiments (grey).  O is the raw data and the 

line is the fit of the data (χ2 = 1.7 and 1.2, respectively). 



211 

Chapter 5: Probing the Segregation and Solvation of Multi-Component Conducting Polymer Films  

 

 
 
 

Au 
 
 
 

Oxide/MPTS 

Silicon 

 
 
 
 
 
PEDOT 

PPFP 
 
 
 

PPyCOOH 
 
 
 
 

Air 
 
 
 
 
 

Figure 5.13 SLD profiles of the dry Au/PEDOT/PPFP bilayer system before the solvated NR 

experiments (black) and of the dry Au/PEDOT/PPyCOOH bilayer system after 

the solvated NR experiments (grey) shown in Figure 5.12. 

 
Layer d / Å 106 Nb / Å-2 σ / Å 

 

Air 
 

PPyCOOH 

PEDOT 

Au 
 

MPTS 
 

Oxide Layer 
 

Silicon 

Bulk 0 N/A  

143.2 1.924 46.4  

112.3 2.068 20.3  

197.9 4.490 2.0  

19.5 0.266 21.1  

18.4 4.182 20.3  

Bulk 2.073 21.5  

 
Table 5.6            Summary of the fit parameters used for the dry Au/PEDOT/PPyCOOH in Figure 

 
5.12. 

 
 

The PEDOT/PPFP bilayer showed interesting properties in terms of bilayer segregation, with 

two distinct polymer layers showing a relatively large degree of interpenetration at the 

polymer/polymer interface (Table 5.3).  This was shown as a high roughness factor at the 

interface.   This inter-diffusion of the two polymer layers would aid the movement of 

counterions throughout the film during REDOX.  The PPFP was also hydrolysing so a trilayer 
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was also analysed with a layer of PPFP “sandwiched” between two layers of PEDOT to see how 
 

this would affect the rate of hydrolysis. 
 

After the neutron experiment the step heights of the polymer layer and the gold were 

determined using an AFM (Figure 5.14).  This showed the gold thickness to be 206 Å and the 

combined polymer layers to be 240 Å.  This is consistent with the final NR measurement of the 

dry film (see Table 5.6). 
 
 
 
 
 
 
 
 
 

Polymer 
 
 

Au 
 
 

Si 
 
 
 
 
 
 

Figure 5.14        AFM image of Au and the PEDOT/PPyCOOH bilayer on Silicon shown in Figures 
 

5.5-5.13. 
 
 

5.3.3. Au/PEDOT/PPFP/PEDOT Trilayer 
 

 
 

5.3.3.1.   NR Measurements of the Dry Film 
 

A try layer system was also analysed to assess how a third layer would affect the rate of 

hydrolysis as well as assessing interfacial properties in systems with multiple polymer/polymer 

interfaces.  The dry R(Q) and SLD profiles of the trilayer system after deposition are shown in 

Figures 5.15 and 5.16. 
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Figure 5.15 R(Q) profile of the dry Au/PEDOT/PPFP/PEDOT trilayer system.  Circles are the 
 

raw data and the line is the fit of the data (χ2 = 1.8). 
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Figure 5.16        SLD profile of the dry Au/PEDOT/PPFP/PEDOT trilayer shown in Figure 5.15. 
 
 

The hump at the MPTS/Au interface is an effect of the combined roughness of the oxide and 

MPTS layers.  Using the ΔQ (0.0307 Å-1) of the final fringe in Equation 5.2 to approximate the 

thickness of the Au gives a value of 205 Å. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

PEDOT 

PPFP 

PEDOT 

Au 

MPTS 

Oxide Layer 
 

Silicon 

Bulk 0 N/A  

206.5 2.711 44.4  

261.3 3.064 22.7  

45.6 2.303 68.9  

206.4 4.490 5.5  

3.3 0.266 12.9  

25.3 4.182 22.2  

Bulk 2.073 2.0  

 
Table 5.7            Fit  parameters  used  for  the  dry  Au/PEDOT/PPFP/PEDOT  trilayer  shown  in 

 
Figure 5.15. 

 
 

Table 5.7 shows that once again each polymer has a distinct layer.  The outer layer of PEDOT 

was significantly thinner than the inner two polymer layers of PEDOT and PPFP.  This was 

attributed to more of the oxidation current applied being used to oxidise the inner layers 

already present on the electrode and the resistivity created by their presence.  The SLDs of the 

two PEDOT layers were 2.711 and 2.303 x 10-6 Å-2.  These correspond to densities of 1.60 and 

1.36 g cm-3, respectively.  The SLD of the PPFP layer was 3.064 x 10-6 Å-2, which gives a density 
 

of 1.47 g cm-3. 
 
 

5.3.3.1.   Solvated Film NR Measurements Under Potential Control 
 

As with the bilayer in Section 5.3, the trilayer was measured at a series of potentials in both 

deuterated and hydrogenous acetonitrile/0.1 M TEAP electrolyte to assess any changes in the 

amount of segregation/interpenetration.  An additional NR measurement, at an intermediate 

potential, was performed for the more complex trilayer system:  -700, 0, 400 and 700 mV 

representing fully reduced, resting and partially and fully oxidised film states.  Once again the 

R(Q) profiles were analysed in chronological order to assess the amount of hydrolysis in the 

PPFP (Figure 5.17). 
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Time 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.17 R(Q)  profiles  of  the  PEDOT/PPFP/PEDOT  trilayer  offset  in  reflectivity  in 

chronological order so that: 

• Log R = 0: 0 mV in CD3CN/TEAP (χ2 = 1.9, blue) 
 

• Log R = -1: 0 mV in CH3CN/TEAP (χ2 = 1.2, cyan) 
 

• Log R = -2: 400 mV in CH3CN/TEAP (χ2 = 1.3red) 
 

• Log R = -3: 400 mV in CD3CN/TEAP (χ2 = 1.6, orange) 
 

• Log R = -4: -700 mV in CD3CN/TEAP (χ2 = 1.5, purple) 
 

• Log R = -5: 700 mV in CD3CN/TEAP (χ2 = 1.7, pink) 
 

• Log R = -6: -700 mV in CH3CN/TEAP (χ2 = 2.6, dark green) 
 

• Log R = -7: 700 mV in CH3CN/TEAP (χ2 = 1.8, green) 
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Figure 5.18 Corresponding SLD profiles of the Au/PEDOT/PPFP/PEDOT trilayer film shown 

in Figure 5.17: -700 mV in CD3CN/TEAP (dark green) and CH3CN/TEAP (purple); 

0 mV in CD3CN/TEAP (blue) and CH3CN/TEAP (cyan); 400 mV in CD3CN/TEAP 
 

(orange) and 700 mV in CH3CN/TEAP (red); and 700 mV in CD3CN/TEAP (pink) 
 

and 700 mV in CH3CN/TEAP (green). 
 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

PEDOT 

PPFP 

PEDOT 

Au 

MPTS 

Oxide 

Silicon 

Bulk 1.320/4.773 N/A  

See Table 5.12  

See Tables 5.10-11  

See Table 5.9  

207.5(±8.0) 4.490 8.9(±4.9)  

10.5(±5.2) 0.266 9.1(±6.2)  

13.1(±9.0) 4.182 15.5(±11.6)  

Bulk 2.073 11.6(±9.5)  

 
Table 5.8 Average fit parameters used in Figure 5.17 for the Au, MPTS, oxide and silicon 

layers. 
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Conditions d / Å 106 Nb / Å-2
 σ /Å Solvent 

 
volume 

Anion 
 

level 

Cation 
 

level 

     

fraction / 
 

φs 

  

 

0 mV, CD3CN 
 

0 mV, CH3CN 
 

400 mV, CH3CN 
 

400 mV, CD3CN 
 

-700 mV, CD3CN 
 

700 mV, CD3CN 
 

-700 mV, CH3CN 
 

700 mV, CH3CN 

262.2 3.300 60.2 0.34 0 0  

268.6 2.460 47.6 0.34 0 0  

261.6 2.511 35.4 0.34 0.25 0  

292.2 3.513 73.1 0.34 0.25 0  

166.1 2.689 70.9 0.43 0.16 0.16  

353.3 3.744 92.2 0.37 0.25 0  

150.4 1.833 32.1 0.43 0.09 0.09  

265.5 2.198 74.4 0.37 0.25 0  

 
Table 5.9 Fit parameters used in Figure 5.17 for the inner PEDOT layer in chronological 

order. 

 
Table 5.9 shows that the thickness of the PEDOT layer increases when the film is oxidised (400 

and 700 mV).  This increase can best be seen in the deuterated contrast.  As with the bilayer 

system this swelling is accompanied by a slight increase in solvent volume fraction of 0.03 as 

well as the ingress of perchlorate anions to counteract the positive charge shared over every 

four monomer units of PEDOT, in this case suggesting less redox activity than in the bilayer. 

This could be attributed to the thicker multilayer system as a whole or the other two outer 

layers hindering the mobility of the counter ion(s).  This conclusion is supported further by the 

fact that after the initial oxidation the anion seems to be trapped and cation is incorporated 

into the film to balance the negative charge of the anions.   The roughness of the 

polymer/polymer interface is high suggesting a degree of interpenetration of the PPFP layer 

with the PEDOT. 
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Conditions d / Å 106 Nb / Å-2
 σ /Å Solvent 

 
volume 

Anion level 

     

fraction / 
 

φs 

 

 

0 mV, CD3CN 
 

0 mV, CH3CN 
 

400 mV, CH3CN 
 

400 mV, CD3CN 
 

-700 mV, CD3CN 
 

700 mV, CD3CN 
 

-700 mV, CH3CN 
 

700 mV, CH3CN 

215.4 3.811 42.2 0.42 0  

242.4 2.820 80.1 0.42 0  

262.5 2.792 78.1 0.42 0.25  

236.3 3.873 71.3 0.42 0.25  

285.2 2.954 215.4 0.29 0  

223.2 3.878 46.5 0.46 0.25  

252.1 2.021 107.8 0.29 0  

215.3 2.000 200.1 0.46 0.25  

 
Table 5.10 Fit parameters used in Figure 5.17 for the middle PPFP/PPyCOOH layer in 

chronological order. 

 
Table 5.10 shows the changes in the PPFP layer of the film over the course of the neutron 

experiment.  As with the bilayer system the PPFP is hydrolysing to give PPyCOOH over the 

course of the experiment.  The amount of hydrolysed PPFP in each measurement is shown in 

Table 5.11. 
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Conditions Volume Fraction of PPyCOOH / φPPyCOOH 

 
0 mV, CD3CN 

 
0 mV, CH3CN 

 
400 mV, CH3CN 

 
400 mV, CD3CN 

 
-700 mV, CD3CN 

 
700 mV, CD3CN 

 
-700 mV, CH3CN 

 
700 mV, CH3CN 

0  

0.48  

0.48  

0.48  

1.00  

1.00  

1.00  

1.00  

 
Table 5.11 Fit  parameters  used  in  Figure  5.17  for  the  middle  PPFP/PPyCOOH  layer 

showing the amount of hydrolysis of PPFP to PPyCOOH in chronological order. 

 
The properties of the outer PEDOT layer are given in Table 5.12.  Interestingly, in both the 

measurements at 400 mV the outer PEDOT layer contained 0.24 volume fraction of hydrolysed 

pentafluorophenol that was “seeping out” from the PPFP/PPyCOOH layer underneath. 
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Conditions d / Å 106 Nb / Å-2
 σ /Å Solvent 

 
volume 

Anion level 

     

fraction / 
 

φs 

 

 

0 mV, CD3CN 
 

0 mV, CH3CN 
 

400 mV, CH3CN 
 

400 mV, CD3CN 
 

-700 mV, CD3CN 
 

700 mV, CD3CN 
 

-700 mV, CH3CN 
 

700 mV, CH3CN 

91.1 4.240 32.6 68.9 0  

90.0 2.111 49.1 68.9 0  

90.7 2.241 51.5 66.7 0.25  

81.4 4.073 39.4 66.7 0.25  

196.4 3.922 37.7 62.7 0  

71.5 4.384 30.6 69.4 0.25  

200.2 2.112 167.6 69.5 0  

95.0 2.092 56.1 69.3 0.25  

 
Table 5.12 Fit parameters used in Figure 5.17 for the outer PEDOT layer in chronological 

order. 

 
As with the bilayer system, the trilayer was measured in air after the solvated NR experiments 

to confirm the hydrolysis.  Figures 5.19 and 5.20 show the dry film R(Q) and SLD profiles at the 

start and end of the NR experiment. 
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Figure 5.19        R(Q)  profile  of  the  dry  Au/PEDOT/PPFP/PEDOT  trilayer  system  before  the 

solvated NR experiments (black) and of the dry Au/PEDOT/PPyCOOH/PEDOT 

trilayer system after the solvated NR experiments (grey).   O is the raw data 

and the line is the fit of the data (χ2 = 1.8 and 2.0, respectively). 
 
 
 

Au 
 
 

PEDOT/PPFP/PEDOT 
 
 
 
 

Silicon 
Oxide/MPTS 

PEDOT/PPyCOOH/PEDOT 

 
 
 
 
 
 
Air 

 
 
 
 
 
 

Figure 5.20        SLD ) profiles of the dry Au/PEDOT/PPFP/PEDOT trilayer system before the 

solvated NR experiments (black) and of the dry Au/PEDOT/PPyCOOH/PEDOT 

trilayer system after the solvated NR experiments (grey) shown in Figure 5.19. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

PEDOT 

PPyCOOH 

PEDOT 

Au 
 

MPTS 
 

Oxide Layer 
 

Silicon 

Bulk 0 N/A  

45.6 2.300 55.5  

80.3 2.414 32.4  

200.2 2.360 4.7  

206.4 4.490 5.5  

3.3 0.266 12.9  

25.3 4.182 22.2  

Bulk 2.073 2.0  

 
Table 5.13 Summary of the fit parameters used for the dry Au/PEDOT/PPyCOOH/PEDOT 

 
in Figure 5.19. 

 

After the neutron experiment the step height of the combined trilayer was measured by AFM. 

This thickness of 315.7 nm is consistent with the final dry NR measurement (see Table 5.6). 
 
 
 
 
 

Polymer 
 
 

Au 
 
 
 
 
 
 
 
 
 
 

Figure 5.21 AFM image of Au and the PEDOT/PPyCOOH trilayer on silicon shown in Figures 
 

5.15-20. 
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5.4. Results: PEDOT/PPy Systems 
 
 

In order to better understand the effects of redox states on the segregation and solvation of 

multi-layered films a simpler set of bilayers, based on PEDOT and PPy, were analysed with 

neutron reflectivity.  This removes the added variable of hydrolysis seen in the case of PPFP 

and focuses solely on the properties of the conducting polypyrrole backbone. 

 
5.4.1. Au/h4-PEDOT/d2-PPy Bilayer 

 

 
 

5.4.1.1.   Electropolymerisation 
 

The first layer of h4-PEDOT was grown before the neutron experiment and its R(Q) profile was 

measured prior to the formation of the bilayer.  After these measurements, a second layer of 

d2-PPy was grown on top of the h4-PEDOT and the bilayer was studied with NR.   This was 

grown from d4-Py monomer and two D atoms were lost during polymerisation.   The use of 

both hydrogenous and deuterated polymers for different layers was chosen to highlight the 

polymer/polymer interfacial characteristics.   The growth and monomer-free electrochemical 

i-E characterisation curves are shown in Figure 5.22. 
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Figure 5.22        Left: growth curves for h4-PEDOT on Au (black) and d2-PPy on Au/h4-PEDOT 

(red) [0.3 < E/V vs. Ag < anodic limit Imax = 0.18 mA, ν = 20 mV s-1, 12 cycles]. 

Right: Au/h4-PEDOT (black) and Au/h4-PEDOT/d2-PPy bilayer post deposition 

cycling in LiClO4/acetonitrile [0.3 < E/V vs. Ag/AgCl (saturated KCl) < 0.8, ν = 50 

mV s-1]. 

 
A coulometric assay can be achieved by integrating the current of the half cycle in panel b 

performed in monomer free electrolyte, which is not complicated by contributions from the 

(irreversible) anodic polymerization current contribution.  The accuracy of the coulometric 

assay relies upon complete film redox conversion on the experimental timescale. 

 
On this basis, the surface coverage, Γ (mol cm-2), is equal to q/nFA, where q (C) is the charge, n 

is the number of electrons transferred (“doping level”, n = 0.33), A is the electrode area (cm-2) 

and F is Faraday’s constant (C mol-1). In this instance, the polymer coverages are 5.9 nmol cm-2 

for the h4-PEDOT single layer and 14 nmol cm-2 for the h4-PEDOT/d2PPy bilayer.  For compact, 

solvent-free (“dry”) films, these would correspond to film thicknesses of ca. 85 Å and 300 Å. 

 
5.4.1.1.   NR measurements of the Dry Film 

 
The dry R(Q) and SLD profiles of the h4-PEDOT single layer after deposition are shown in 

 
Figures 5.23 and 5.24. 
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Figure 5.23        R(Q) profile of the dry h4-PEDOT single layer.  Circles are the raw data and the 

line is the fit of the data (χ2  = 0.9).  Refer to Figure 5.24 for SLD profile and 

Table 5.14 for fit parameters. 

Using Equation 5.2 to calculate the thickness of the Au using the ΔQ (0.0182 Å-1) of the final 

fringe in Figure 5.23 gives a value of 345 Å. 
 
 

Au 
Quartz 

 
 
 
 
 
 
 

MPTS 

PEDOT 

 
 
 

Air 
 
 
 
 
 
 

Figure 5.24 SLD profile of the dry h4-PEDOT single layer shown in Figure 5.23.   Refer to 
 

Table 5.14 for fit parameters used. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

h4-PEDOT 

Au 

MPTS 

Quartz 

Bulk 0 N/A  

141.7 2.600 51.3  

343.1 4.490 25.4  

27.1 0.266 26.3  

Bulk 4.182 10.0  

 
Table 5.14         Fit parameters used for the dry h4-PEDOT single layer shown in Figure 5.23. 

 
 

The PEDOT single layer has a SLD of 2.600 x 10-6 Å-2, which corresponds to a density of 1.54 g 

cm-3. Measuring the thickness and roughness of the h4-PEDOT single layer, before the addition 

of the d2-PPy to form the bilayer, allows for a more detailed analysis of the polymer/polymer 

interface. 

 
5.4.1.2.   Solvated  h4-PEDOT  Single  layer  NR  Measurements  Under 

 
Potential Control 

 
To understand any changes seen in the bilayer system, the properties of the h4-PEDOT single 

layer system needed to be analysed under potential control in both its fully oxidised and fully 

reduced states. The R(Q) and SLD profiles are given in Figures 5.25 and 5.26. 
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Figure 5.25        R(Q) profile of the h4-PEDOT single layer: fully oxidised at 800 mV in CD3CN 

(red) and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange).  Circles represent the raw data and the solid lines are the fits of the 

data (χ2  = 0.61, 0.88, 0.78 and 1.02).  Refer to Figure 5.26 for SLD profile and 

Tables 5.15 and 5.16 for fit parameters. 
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Figure 5.26        SLD profiles of the h4-PEDOT single layer: fully oxidised at 800 mV in CD3CN 

(red) and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange)  shown  in  Figure  5.25.     Refer  to  Tables  5.15  and  5.16  for  fit 

parameters used. 
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The fit properties used in Figure 5.25 to produce the SLD profiles shown in Figure 5.26 are 

given in Tables 5.15 and 5.16. 

 
Layer d / Å 106 Nb / Å-2 σ /Å 

 
CH3CN/CD3CN 

 
h4-PEDOT 

Au 

MPTS 
 

Quartz 

Bulk 1.320/4.815 N/A  

201.7/205.0 2.604/3.739 62.6/67.4  

322.7/320.5 4.490 27.0/21.7  

25.7/20.8 0.266 15.0/15.0  

Bulk 4.182 11.2/13.7  

 
Table 5.15 Fit parameters for the oxidised h4-PEDOT film in CH3CN (green) and CD3CN 

(red) shown in Figure 5.25. 

 
Layer d / Å 106 Nb / Å-2 σ /Å 

 
CH3CN/CD3CN 

 
h4-PEDOT 

Au 

MPTS 
 

Quartz 

Bulk 1.32/4.814 N/A  

199.8/190.0 2.534/3.599 65.2/77.8  

324.2/326.6 4.490 24.1/24.1  

26.5/21.5 0.266 15.0/15.0  

Bulk 4.182 11.6/13.3  

 
Table 5.16 Fit parameters for the reduced h4-PEDOT film in CH3CN (orange) and CD3CN 

(cyan) shown in Figure 5.25. 

 
Tables 5.15 and 5.16 show that the thickness of the PEDOT layer increases slightly when the 

film is oxidised as seen already in Sections 5.3.2 and 5.3.3.  This increase can best be seen in 

CD3CN as this has the greatest contrast in terms of scattering length densities between the 

hydrogenous polymer and the deuterated solvent.  This swelling is attributed to the ingress of 

perchlorate anions to counteract the positive charge shared over every four monomer units of 

PEDOT  despite  the  fact  that  the  level  of  solvation  remains  the  same  (φs  0.40).    These 
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conclusions are corroborated by the change in SLD between the oxidised and reduced states in 

both CH3CN and CD3CN. 

 
5.4.1.3.   Solvated h4-PEDOT/d2-PPy Bilayer NR Measurements Under 

 
Potential Control 

 
Once the single layer had been fully characterised, a layer of d2-PPy was grown on top (see 

Figure 5.22).   After growth the film was re-characterised in its oxidised and reduced states. 

The R(Q) and SLD profiles are shown in Figures 5.27 and 5.28. 

 

 
 
 

Figure 5.27        R(Q) profile of the h4-PEDOT/d2-PPy bilayer: fully oxidised at 800 mV in CD3CN 

(red) and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange).  Circles represent the raw data and the solid lines are the fits of the 

data (χ2 = 0.97, 1.34, 0.89 and 1.42). 
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Figure 5.28        SLD profiles of the h4-PEDOT/d2-PPy bilayer: fully oxidised at 800 mV in CD3CN 

(red) and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange) shown in Figure 5.27. 

 
The fit parameters used for the solvated d2-PPy/h4-PEDOT bilayer are given in Tables 5.17 and 

 
5.18. 

 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

d2-PPy 
 

h4-PEDOT 

Au 

MPTS 

Quartz 

Bulk 1.320/4.889 N/A  

160.8/162.7 5.377/6.776 45.4/67.8  

222.6/236.0 2.660/3.581 89.4/83.2  

325.0/325.0 4.490 26.6/20.0  

38.4/45.3 0.266 10.0/10.5  

Bulk 4.182 10.0/10.0  

 
Table 5.17 Fit parameters for the oxidised h4-PEDOT/d2-PPy film in CH3CN (green) and 

 
CD3CN (red) shown in Figure 5.27. 
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Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

d2-PPy 
 

h4-PEDOT 

Au 

MPTS 

Quartz 

Bulk 1.32/4.898 N/A  

104.2/100.5 5.777/7.441 51.9/77.8  

237.1/240.9 2.560/3.609 88.2/85.1  

325.0/325.0 4.490 22.6/20.0  

34.4/43.1 0.266 10.0/11.9  

Bulk 4.182 10.0/10.0  

 
Table 5.18         Fit parameters for the reduced h4-PEDOT/d2-PPy film in CH3CN (orange) and 

 
CD3CN (cyan) shown in Figure 5.27. 

 
 

The inner h4-PEDOT layer in Tables 5.17 and 5.18 shows very similar properties to the single 

layer in Tables 5.15 and 5.16 in terms of solvation (φs 0.40), density (ρ = 1.53 g cm-3) and anion 

doping level when oxidised (n = 0.33).   However, the changes in thickness during redox 

switching are reversed with the film shrinking, rather than swelling, during oxidation.  The h4- 

PEDOT/d2-PPy interface shows a higher roughness than the corresponding h4-PEDOT/solvent 

interface in the single layer.  As discussed previously, this roughness is not topographical but 

rather the distance over which a layer with one scattering length density changes into a 

second layer with a different scattering length density.  This is therefore a good indication of 

interpenetration of the two polymers suggesting that PPy fills any voids present in the PEDOT 

single layer producing a graded interface between two distinct layers of homopolymers.  This 

was attributed to PPy tendency to form chemical crosslinks13.   Both polymers in the bilayer 

also have the same solvation and doping levels. 

 
This initial characterisation provided an insight into the properties of the multi-layer film “as 

deposited”.  However, for all of the potential applications of thin polymer films the properties 

of the film during/after repetitive redox cycling are of paramount importance.  To explore this 

question the bilayer was reanalysed after 100 cycles. 
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Figure 5.29 100 cycles of the h4-PEDOT/d2-PPy bilayer in LiClO4/acetonitrile [0 < E/mV vs. 
 

Ag < 800, ν = 100 mV s-1]. 
 
 

The post cycling R(Q) and SLD profiles are shown in Figures 5.30 and 5.31. 
 
 

 
 
 

Figure 5.30        R(Q)  profile  of  the  h4-PEDOT/d2-PPy  bilayer  after  repetitive  cycling:  fully 

oxidised at 800 mV in CD3CN (red) and CH3CN (green); and fully reduced at 0 

mV in CD3CN (cyan) and CH3CN (orange).  Circles represent the raw data and 

the solid lines are the fits of the data (χ2 = 0.97, 1.34, 0.89 and 1.42). 
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Figure 5.31        SLD  profiles  of  the  h4-PEDOT/d2-PPy  bilayer  after  repetitive  cycling:  fully 

oxidised at 800 mV in CD3CN (red) and CH3CN (green); and fully reduced at 0 

mV in CD3CN (cyan) and CH3CN (orange) shown in Figure 5.30. 

 
The  post-cycling  R(Q)  and  SLD  profiles  shown  in  Figures  5.30  and  5.31  provide  a  direct 

comparison with the pre cycling profiles shown in Figures 5.27 and 5.28.  The fringes in Figure 

5.30 have visibly dampened after cycling which is indicative of interfacial roughening.  The fit 
 

parameters used for the solvated h4-PEDOT/d2-PPy bilayer are given in Tables 5.19 and 5.20. 
 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 
 

CH3CN/CD3CN 
 
 

d2-PPy 
 
 

h4-PEDOT 

Au 

MPTS 

Quartz 

Bulk 1.320/4.878 N/A  

124.9/37.6 5.322/7.491 71.1/127.0  

304.2/284.4 2.964/4.167 124.7/94.1  

325.0/325.0 4.490 26.6/20.0  

30.0/23.8 0.266 10.0/10.5  

Bulk 4.182 10.0/10.0  

 
Table 5.19 Fit parameters for the oxidised h4-PEDOT/d2-PPy film in CH3CN (green) and 

 
CD3CN (red) shown in Figure 5.30. 
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Layer d / Å 106 Nb / Å-2 σ /Å 
 
 

CH3CN/CD3CN 
 
 

d2-PPy 
 
 

h4-PEDOT 

Au 

MPTS 

Quartz 

Bulk 1.32/4.735 N/A  

129.9/16.7 5.301/8.882 70.7/116.5  

297.5/282.6 2.773/4.142 116.8/98.9  

325.0/325.0 4.490 22.6/20.0  

30.5/24.5 0.266 10.0/11.9  

Bulk 4.182 10.0/10.0  

 
Table 5.20         Fit parameters for the reduced h4-PEDOT/d2-PPy film in CH3CN (orange) and 

 
CD3CN (cyan) shown in Figure 5.30. 

 
 

The cycling of the bilayer film has had an effect on the structure of the two layers as shown in 

Tables 5.19 and 5.20.   The inner layer of h4-PEDOT layer appears thicker after repetitive 

cycling.  There is also an increase in the SLD of the layer suggesting that some of the d2-PPy, 

which has a higher SLD, has penetrated into the lower SLD h4-PEDOT layer.  The increase in 

roughness  at  the  polymer/polymer  interface  also  supports  the  conclusion  that  the  two 

polymer layers have become more interdiffused during repetitive redox switching.  This could 

be advantageous in terms of observing capacitive behaviour in the multilayers10,11. 

 
A summary of the overall thicknesses of the bilayer before and after cycling is given in Table 

 
5.21. 
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Redox State/Solvent Contrast Thickness before cycling / Å Thickness after cycling / Å 
 

Oxidised/CH3CN 
 

Reduced/CH3CN 

Oxidised/CD3CN 

Reduced/CD3CN 

383.4 429.1  

341.3 427.4  

398.7 322.0  

341.4 299.3  

 
Table 5.21 Changes  in  the  h4-PEDOT/d2-PPy  bilayer  film  thicknesses  before  and  after 

repetitive cycling. 

 
The bilayer film has got thicker after redox cycling and the changes between oxidised and 

reduced states are significantly less.  This can be seen best in the hydrogenous contrast as the 

outer layer of deuterated polymer has greater contrast with the CH3CN than the CD3CN (see 

Figure 5.31).  The deceptively low thicknesses after cycling in Table 5.21 are because the lack 

of contrast means that the outer film thickness is instead modelled as a greater 

polymer/solvent interfacial roughness, which is not seen in the hydrogenous contrast. 

Therefore, the values in Table 5.21 are only the locally homogeneous layer thickness.  Even so, 

the hydrogenous contrast does show that the polymer/solvent interfacial roughness is greater 

after cycling than before which would aid the penetration of counter anions during oxidation 

and subsequent expulsion during reduction.  Interestingly, the layer of MPTS binding the gold 

to the quartz is thinner after the repetitive cycling. 

 
After the neutron experiment the bilayer film was analysed by AFM.  The results are shown in 

Figure 5.32.  This ex situ measurement showed the h4-PEDOT single layer to be 137 Å thick, 

which is entirely consistent with the NR measurements of the dry film (Table 5.14).  The dry ex 

situ thickness of the h4-PEDOT/d2-PPy film was 333 Å. 
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Figure 5.32        AFM images of the h4-PEDOT/d2-PPy bilayer after the neutron experiment: h4- 

PEDOT surface (A) and step height (B); h4-PEDOT/d2-PPy surface (C) and step 

height (D). 

 
5.4.2. Au/d2-PPy/h4-PEDOT Bilayer 

 

 
 

5.4.2.1.   Electropolymerisation 
 

As with Section 5.4.1, the first layer of d2-PPy was grown prior to the neutron experiement 

and was characterised before a layer of h4-PEDOT was grown on top.  Again the reflectivity of 

the film(s) was measured in both hydrogenous and deuterated solvents.  The growth and 

monomer-free electrochemical characterisation curves are shown in Figure 5.33. 
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Figure 5.33        Left: growth curves for d2-PPy on Au (black) and h4-PEDOT on Au/d2-PPy (red) 

[0.3 < E/V vs. Ag < anodic limit Imax = 0.18 mA, ν = 20 mV s-1, 12 cycles].  Right: 

Au/d2-PPy (black) and Au/d2-PPy/h4-PEDOT bilayer post deposition cycling in 

LiClO4/acetonitrile [0.3 < E/V vs. Ag/AgCl (saturated KCl) < 0.8, ν = 50 mV s-1]. 

 
Coulometric assay showed the polymer coverages were 8.6 nmol cm-2  for the d2-PPy single 

layer and 14 nmol cm-2 for the d2-PPy/h4-PEDOT bilayer, which correspond to film thicknesses 

of ca. 60 Å and 300 Å, respectively. 

 
5.4.2.2.    NR measurements of the Dry Film 

 
The R(Q) and SLD profiles of the dry d2-PPy single layer after deposition are shown in Figures 

 
5.34 and 5.35. 
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Figure 5.34 R(Q) profile of the dry d2-PPy single layer from Figure 5.33.  Circles are the raw 
 

data and the line is the fit of the data (χ2 = 1.9). 
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Figure 5.35 SLD profile of the dry d2-PPy single layer shown in Figure 5.34. 

The fitting parameters used in Figure 5.34 are given in Table 5.22. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 0 N/A  

126.1 4.171 32.3  

342.0 4.490 20.0  

31.2 0.266 12.7  

Bulk 4.182 20.8  

 
Table 5.22 Fit parameters used for the dry d2-PPy single layer shown in Figure 5.34. 

 
 

The PPy single layer has a SLD of 4.171 x 10-6 Å-2, which corresponds to a density of 1.05 g cm-3, 

which is suggestive of a very diffuse layer compared to those seen previously in this thesis. 

 
5.4.2.1.   Solvated   d2-PPy   Single   layer   NR   Measurments   Under 

 
Potential Control 

 
As in Section 5.4.1 the properties of the d2-PPy single layer system were measured when both 

fully oxidised and fully reduced. 
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Figure 5.36        R(Q) profile of the d2-PPy single layer: fully oxidised at 800 mV in CD3CN (red) 

and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange).  Circles represent the raw data and the solid lines are the fits of the 

data (χ2 = 1.68, 1.68, 0.61 and 0.74). 
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Figure 5.37        SLD profiles of the d2-PPy single layer: fully oxidised at 800 mV in CD3CN (red) 

and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange) shown in Figure 5.36. 

 
The fit parameters used in Figure 5.36 to produce the SLD profiles are given in Tables 5.23 and 

 
5.24. 
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Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 1.320/4.815 N/A  

165.4/103.4 3.808/5.217 37.5/87.4  

342.6/340.5 4.490 27.7/21.5  

32.2/30.7 0.266 12.8/15.0  

Bulk 4.182 17.1/16.7  

 
Table 5.23 Fit parameters for the oxidised d2-PPy film in CH3CN (green) and CD3CN (red) 

 
shown in Figure 5.36. 

 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 1.32/4.814 N/A  

160.6/100.0 3.697/3.599 38.5/88.8  

351.0/346.6 4.490 24.1/24.1  

32.0/27.5 0.266 15.5/15.0  

Bulk 4.182 14.4/13.3  

 
Table 5.24 Fit  parameters  for  the  reduced  d2-PPy  film  in  CH3CN  (orange)  and  CD3CN 

(cyan) shown in Figure 5.36. 

 
The conclusion in Section 5.4.2.2 that the low density of the single layer was due to the film 

being more diffuse than those in Section 5.4.1.1 is supported by the higher solvation level 

calculated from the solvated scattering length densities.  The solvent volume fraction of the 

d2-PPy single layer is 0.50 which is 0.10 greater than the h4-PEDOT single layer in Section 
 

5.4.1.1. The  oxidised  film  was  doped  with  one  ClO -
 to  every  three  monomer  units,  as 

 
expected based on the behaviour seen in Section 5.4.1.1.  However, sole anion egress during 
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oxidation would have resulted in a SLD higher than that of the oxidised filma.   Total anion 

egress would give a SLD of 4.037 x 10-6 Å-2, but the value obtained from the fits in Figure 5.36 

is 3.697 x 10-6  Å-2.  This is suggestive of cation ingress to balance the charge.  However, sole 

cation egress to balance the charge gives a SLD of 3.292 x 10-6 Å-2, which is too low.  Therefore, 

to get a SLD of 3.697 x 10-6  Å-2, there must be a combination of the two processes: partial 

anion egress and some cation ingress to balance any retained anion.  This change in doping 

behaviour could be due to the more diffuse nature of the film meaning that counter ions can 

flow more freely.  Calculations showed that approximately one anion to every eight monomer 

units is retained in the film during reduction and are balanced by Li+ (SLD = 3.701 x 10-6  Å-2). 

The SLDs obtained from the deuterated fits supported these conclusions. 

 
5.4.2.2.   Solvated d2-PPy/h4-PEDOT Bilayer NR Measurements Under 

 
Potential Control 

 
Once the single layer had been fully characterised, a bilayer was made with the addition of a 

layer of h4-PEDOT.   After growth the film was re-characterised in its oxidised and reduced 

states. The R(Q) and SLD profiles are shown in Figures 5.38 and 5.39. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a  Note here that values discussed are in CH3CN as this provides the best contrast with the 

deuterated polymer. 
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Figure 5.38        R(Q) profile of the d2-PPy/h4-PEDOT bilayer: fully oxidised at 800 mV in CD3CN 

(red) and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange).  Circles represent the raw data and the solid lines are the fits of the 

data (χ2 = 0.45, 0.48, 0.95 and 1.20). 
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Figure 5.39        SLD profiles of the d2-PPy/h4-PEDOT bilayer: fully oxidised at 800 mV in CD3CN 

(red) and CH3CN (green); and fully reduced at 0 mV in CD3CN (cyan) and CH3CN 

(orange) shown in Figure 5.38. 

 
The fit parameters used for the solvated d2-PPy/h4-PEDOT bilayer are given in Tables 5.25 and 

 
5.26. 
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Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

h4-PEDOT 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 1.320/4.769 N/A  

195.7/196.7 2.368/3.188 69.6/67.9  

177.2/175.1 3.708/4.673 47.4/45.9  

347.5/347.0 4.490 24.4/23.3  

33.3/45.3 0.266 15.6/15.5  

Bulk 4.182 12.2/12.3  

 
Table 5.25 Fit parameters for the oxidised d2-PPy/h4-PEDOT film in CH3CN (green) and 

 
CD3CN (red) shown in Figure 5.38. 

 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 

CH3CN/CD3CN 
 

h4-PEDOT 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 1.32/4.748 N/A  

190.4/200.5 2.296/3.213 72.7/77.8  

173.5/240.9 3.595/4.613 41.9/45.1  

348.1/325.0 4.490 21.6/20.0  

34.9/43.1 0.266 13.7/11.9  

Bulk 4.182 13.6/10.0  

 
Table 5.26         Fit parameters for the reduced d2-PPy/h4-PEDOT film in CH3CN (orange) and 

 
CD3CN (cyan) shown in Figure 5.38. 

 
 

The inner layer of d2-PPy is less solvated in the bilayer than it was in the single layer: φacetonitrile 

was 0.40 and 0.50, respectively.  This suggests that some of the solvent has been displaced by 

the interpenetrating h4-EDOT during the formation of the bilayer.   The polymer/polymer 

interfacial roughness is lower in this PPy/PEDOT bilayer than it was in the PEDOT/PPy bilayer in 

Section 5.4.1.  The order in which layers are polymerised could therefore be used to tune the 

properties of the film. 
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i/m
A 

 
 

The doping level of the inner d2-PPy film was again 0.33 when oxidised, with charge balance 

being achieved through anion ingress.   A level of approximately 0.125 was again retained 

during reduction and was charge balanced through the ingress of Li+.  The doping level of the 

outer h4-PEDOT layer was also 0.33 with one anion entering the film during oxidation for every 

three monomer units.  Total anion egress was observed upon reduction and the solvation level 

was 0.40 regardless of oxidation state. 

 
This initial characterisation provided an insight into the properties of the multi-layer film “as 

deposited”.      The   bilayer   was   measured   again   after   100   cycles   during   which   the 

electrochemistry showed the film to be remarkably stable. 
 

 
 
 

1.5 
 

1.0 
 

0.5 
 

0.0 
 

-0.5 
 

-1.0 
 

-1.5  
0.0 0.2 0.4 0.6 0.8 

E/V 
 
 

Figure 5.40 100 cycles of the d2-PPy/ h4-PEDOT bilayer in LiClO4/acetonitrile [0 < E/mV vs. 
 

Ag < 800, ν = 100 mV s-1]. 
 
 

The R(Q) and SLD profiles are shown in Figures 5.41 and 5.42. 
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Figure 5.41        R(Q)  profile  of  the  d2-PPy/h4-PEDOT  bilayer  after  repetitive  cycling:  fully 

oxidised at 800 mV in CD3CN (red) and CH3CN (green); and fully reduced at 0 

mV in CD3CN (cyan) and CH3CN (orange).  Circles represent the raw data and 

the solid lines are the fits of the data (χ2 = 0.35, 0.77, 0.71 and 0.68). 
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Figure 5.42        SLD  profiles  of  the  d2-PPy/h4-PEDOT  bilayer  after  repetitive  cycling:  fully 

oxidised at 800 mV in CD3CN (red) and CH3CN (green); and fully reduced at 0 

mV in CD3CN (cyan) and CH3CN (orange) shown in Figures 5.41. 

 
The fit parameters used for the solvated d2-PPy/h4-PEDOT bilayer are given in Tables 5.27 and 

 
5.28. 
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Layer d / Å 106 Nb / Å-2 σ /Å 
 
 

CH3CN/CD3CN 
 
 

h4-PEDOT 
 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 1.320/4.756 N/A  

195.7/197.2 2.368/3.188 69.6/91.0  

177.2/177.9 3.708/4.672 47.4/47.4  

347.5/345.9 4.490 24.3/23.5  

33.3/33.8 0.266 15.5/15.3  

Bulk 4.182 12.2/12.0  

 
Table 5.27 Fit parameters for the oxidised d2-PPy/h4-PEDOT film in CH3CN (green) and 

 
CD3CN (red) shown in Figures 5.41. 

 
 

Layer d / Å 106 Nb / Å-2 σ /Å 
 
 

CH3CN/CD3CN 
 
 

h4-PEDOT 
 
 

d2-PPy 

Au 

MPTS 

Quartz 

Bulk 1.32/4.735 N/A  

206.2/208.9 2.296/3.213 81.5/80.7  

178.7/182.3 3.595/4.613 46.4/48.9  

348.6/348.6 4.490 26.3/26.0  

34.4/24.5 0.266 14.3/14.9  

Bulk 4.182 13.8/13.8  

 
Table 5.28         Fit parameters for the reduced d2-PPy/h4-PEDOT film in CH3CN (orange) and 

 
CD3CN (cyan) shown in Figures 5.41. 

 
 

The d2-PPy/h4-PEDOT bilayer showed remarkable stability during cycling when compared to 

the h4-PEDOT/d2-PPy bilayer in Section 5.4.1.  Aside from a slight increase in roughness of the 

polymer/solvent interface the film properties before and after cycling are almost the same. 
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After the neutron experiment the bilayer film was analysed by AFM.  The results are shown in 
 

Figure 5.43. 
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Figure 5.43        AFM images of the d2-PPy/h4-PEDOT bilayer after the neutron experiment: d2- 

PPy surface (A) and step height (B); d2-PPy/h4-PEDOT surface (A) and step 

height (B). 

 
This ex situ measurement showed the d2-PPy single layer to be 130 Å thick, which is entirely 

consistent with the NR measurements of the dry film (Table 5.14).  The dry ex situ thickness of 

the d2-PPy/h4-PEDOT film was 302 Å. 
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5.5. Conclusions 
 
 

The properties of two multicomponent layer by layer deposition systems were explored using 

neutron  reflectivity.     The  first  comprised  PEDOT  and  PPFP,  which  showed  interesting 

properties in terms of segregation.   The fitting of the NR data revealed two distinct polymer 

layers, which showed a large degree of interpenetration at the polymer/polymer interface 

parameterised as a high roughness factor at the polymer/polymer interface.  This roughness 

factor increased with time meaning that the two polymer layers become more interdiffused 

over time which would allow more capacitive behaviour. 

 
The thickness of the inner PEDOT layer increased during oxidation due to an increase in 

solvation from φs = 0.49 to φs = 0.51 as well as the ingress of perchlorate anions to counteract 

the positive charge shared over every three monomer units of PEDOT.   However, over time 

the  PPFP  layer  also  hydrolysed  to  PPyCOOH,  complicating  the  interpretation  by  the 

introduction of a time dependent effect.  This meant that it was unclear whether the observed 

changes were a result of polymer backbone interactions or due to the chemical change 

occurring on the functionalised nitrogen of the PPy backbone in the PPFP. 

 
In order to better understand the effects of redox states and time on the segregation and 

solvation of multi-layered films a chemically stable set of bilayers, based on PEDOT and PPy 

were also analysed.  This removed the added variable of hydrolysis seen in the PPFP layers and 

focused solely on the properties of the conducting pyrrole backbone. 

 
It was found that the order of the respective polymers in the multi-layered system greatly 

affected the properties and stability of the bilayers.   As the nature of the polymer/polymer 

interface is central to the rectifying (segregated) or capacitive (interdiffused) characteristics of 

the multi-layered films understanding this means that bi- or multi-layer film properties can be 

tuned based on the order in which the layers are deposited. 
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Depositing PEDOT first leads to a greater degree of polymer/polymer interfacial roughness 

which increases with repetitive cycling, whereas depositing PPy first leads to a higher degree 

of segregation which remains remarkably stable during repetitive cycling.  This is significant as 

the properties of multi-layered systems can be tuned by the individual components deposition 

sequence, to actively select interpenetration/segregation, depending on whether capacitive of 

rectifying effects are desired. 
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6. Thiophene-Pyrrole Comonomer: 
 

 

a Promising Material for 
 

 

Rechargeable Batteries 
 
 
 

6.1. Introduction 
 
 

Electronically conducting polymers based on functionalised pyrrole and thiophene monomer 

units have continued to generate academic interest due to their wide range of potential 

applications.    These  include  portable  power  supplies  (supercapacitors1,2   and  batteries3   of 

various types) for numerous mobile or remotely operated electronic entities, from implantable 

clinical devices4, through mobile phones5 and computers6-10. 

 
One of these energy storage applications is the creation of a new class of fast rechargeable 

zinc/polymer batteries for hybrid/small electric vehicle applications11.   This has been the 

primary focus of the Polyzion project12 (E.U. FP7 funded framework programme). 

 
In the current market electric vehicles use either lead acid (e.g. Ford Ranger EV), NiMH (e.g. 

Toyota Prius) or lithium ion batteries (post 2004 Toyota Prius)13. However, lead acid and NiMH 

batteries have limited power and energy density resulting in the need for a large number of 

cells to sustain the high output current required in an electric vehicle.  Lithium ion batteries 

have a high output but suffer from other drawbacks, such as decreased lifetime compared to 

lead acid/NiMH batteries, as well as temperature dependent performance and safety concerns 

over the structure of the batteries themselves, which are sealed in a polymer bag that may 

rupture upon impact.   In some instances, they may not be sufficiently lightweight or well 

suited to fabrication as an integrated part of the device. 
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The Polyzion initiative is working towards a novel Zn cathode/polymer anode battery, which 

aims  to  overcome  these  issues.     The  electrochemical  redox  properties  of  pyrrole  and 

thiophene have been widely investigated14-19.  However,  their prospective application as part 

of a charge storage device is hindered by the rate of (dis)charge/available current density, the 

available voltage and (electro)chemical stability to repetitive charge/discharge cycling. 

 
Polyzion are aiming to combine conducting polymers with the novel properties of choline 

chloride based Deep Eutectic Solvents (DES) which have wide electrochemical windows, high 

stability and low toxicity as well as being relatively cost effective. 

 
In energy storage devices, the movement of ions and solvent into/out of the polymer film 

during redox cycling is key to the DC capacitance behaviour (extent of charge storage), as well 

as adhesion/stability of the film.  This chapter will discuss the behaviour of polymer films 

derived from the novel comonomer 2-thiophen-2-yl-1H pyrrole (ThPy) in both a conventional 

organic electrolyte (LiClO4 in acetonitrile) and the DES Ethaline.  Specifically, NR will be used to 

probe the vertical structure of P(ThPy) in terms of thickness, roughness and any differences in 

solvation and doping levels in the depth profile. 

 

 
 
 

Figure 6.1          Novel ThPy comonomer. 
 
 

6.2. Experimental 
 

 
The neutron-electrochemical cell as described previously20 consists of a Teflon spacer (forming 

the walls) between a ~30 nm thin-film Au working electrode mounted on a quartz block and a 

Pt coated Ti gauze counter electrode mounted on a glass block.  Also incorporated into the cell 

was a Ag/AgCl wire pseudo reference electrode. 
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6.2.1. Electrode Fabrication 
 

 
The working electrode was prepared by sputter coating gold onto a polished single-crystal 

quartz block (80 x 50 mm, Mark Optics) coated with a monolayer of 3- 

mercaptopropyltrimethoxysilane (Sigma Aldrich) to promote adherence.   Poly-(thiophene- 

pyrrole) was grown potentiodynamically (-0.3 < E/V vs. Ag/AgCl (saturated KCl) < anodic limit 

Imax = 4 mA, ν = 20 mVs-1, 30 cycles) from thiophene-pyrrole (25 mM) in LiClO4 (0.1 M) in 

acetonitrile. 

 
6.2.2. Neutron Reflectivity Measurements 

 
Neutron reflectivity measurements were performed on FIGARO21 at the Institut Laue-Langevin, 

Grenoble, France.  The reflectivity of the films was measured dry in air as well as in h4/d4- 

ethaline and h3/d3-acetonitrile.  Deuterated solvents were used to maximise contrast between 

the polymer and the electrolyte so that the solvation properties of the polymer could be 

probed.  In total three films were studied.  Two of the films were held at static potentials, one 

in acetonitrile/LiClO4 (0.1 M) [P(ThPy)-1] and one in Ethaline [P(ThPy)-2].  Both films were held 

in both their fully oxidised (0.5 and 0.55 V respectively) and fully reduced (-0.2 and-0.22 V) 

states.  The third film [P(ThPy)-3] was cycled in acetonitrile/LiClO4 (-0.2 < E < 0.5 V, ν = 1 mV s-
 

1) whilst kinetic measurements were taken every 50 mV, i.e. every 50 seconds.  The reflectivity 
 

of the films was measured at incident angles of 0.624 and 2.5° when dry and solvated in 

ethaline and at 0.312, 0.624, and 2.5° when solvated in acetonitrile. This provided momentum 

transfer  ranges  of  0.004    <  Q/Å-1   <  0.15  and  of  0.007  <  Q/Å-1   <  0.15,  respectively.  The 

collimation slits were set to give a beam footprint on the sample of 60 mm x 30 mm and a 

momentum transfer (Q) resolution of 2.1 %. Data acquisition times were ca. 2hrs per run. 

Model fitting of the reflectivity profiles was performed using Motofit software22. 
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6.3. Results 
 
 
 

6.3.1. Electropolymerisation of P(Th-Py) 
 

 
P(ThPy) films were deposited potentiodynamically with an anodic current cap applied (imax = 

 
0.1 mA cm-2) to inhibit film roughness by limiting the amount of oxidation/polymerisation 

within each cycle.  Two of the films were grown from the same batch of monomer [P(ThPy)-1 

and P(ThPy)-2].  Both their growth cycles and post growth characterisation in monomer free 

electrolyte (0.1 M LiClO4/acetonitrile) were very similar as shown in Figures 6.2-4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2          Cyclic   voltammogram   showing   the   growth   of   P(ThPy)-1   (26.7   mM)   in 

acetonitrile (0.1 M) [-0.3 < E/V vs. Ag/AgCl (wire) < anodic limit Imax  = 0.1 mA 

cm-2, ν = 20 mV s-1, 30 cycles]. 
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Figure 6.3          Cyclic  voltammogram     showing  the  growth  of  P(ThPy)-2  (26.7  mM)  in 

acetonitrile (0.1 M) [-0.3 < E/V vs. Ag/AgCl (wire) < anodic limit Imax  = 0.1 mA 

cm-2, ν = 20 mV s-1, 30 cycles]. 

 

 
 
 

Figure 6.4          Post polymerisation characterisation of P(ThPy)-1 and P(ThPy)-2 in monomer- 

free electrolyte. 
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However, P(ThPy)-3 was grown from a different batch of ThPy monomer under the same 

conditions and exhibited a similar growth curve but showed an increase in Ia and Ic compared 

with the first 2 films. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5          Cyclic  voltammogram     showing  the  growth  of  P(ThPy)-3  (19.6  mM)  in 

acetonitrile (0.1 M) [-0.3 < E/V vs. Ag/AgCl (wire) < anodic limit Imax  = 0.1 mA 

cm-2, ν = 20 mV s-1, 30 cycles]. 

 
Figure 6.6   shows a comparison of the final growth cycle for all three P(ThPy) films, which 

shows excellent reproducibility. 
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Figure 6.6 Comparison of the final growth cycle of all three P(ThPy) films. 
 
 

 
 
 

Figure 6.7          Comparison of post growth characterisation in monomer electrolyte between 

batch one [P(ThPy)-1 and P(ThPy)-2] and batch two [P(ThPy)-3] of the ThPy 

monomer. 

 
Despite having similar polymerisation currents, the two batches showed significant variations 

in  film  thickness  both  when  estimated  using  coulometry  from  CVs  taken  before  the 
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experiment (Figure 6.7) and when measured with the AFM after the neutron experiment 
 

(Figure 6.8).  Coulometric calculations of the surface coverage, (mol cm-2, Γ = q/nFA) were 26, 
 

25 and 30 nmol cm-2, respectively for the three films.  For compact, solvent-free (“dry”) films, 

these would correspond to film thicknesses of ca. 282, 284 and 340 Å, respectively.  AFM 

measurements showed that films 1 and 2 were 220 and 248 Å thick, respectively whereas film 

3 was 344 Å thick.  This accounts for the increase in Ia and Ic of film 3 in Figure 6.7. 
 
 
 

A 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 

C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.8 AFM images showing the step heights of films 1-3 (A-C respectively). 
 
 

Despite this difference in thickness the topographical roughness measured by the AFM was 

similar for all 3 films (ca. 5 nm). 
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6.3.2. Neutron Reflectivity 
 

 
 

6.3.2.1.   Measurements of Dry Films 
 

Prior to any electrochemical measurements, all three P(ThPy) films were characterised in the 

dry state by neutron reflectivity.  In the case of dry film NR measurements, both the incident 

and  reflected  neutron  beams  travel  through  air  (Figure  6.9)  i.e.  reflection  occurs  at  the 

polymer/air interface. 
 
 
 
 
 
 

Polymer 
 

Au 

 
 
 
MPTS 

 
Quartz 

 

 
 
 

Figure 6.9          Schematic representation of a dry film neutron reflection. 
 
 

In the case of P(ThPy) the scattering length density of the polymer films (Nb) can be expressed 

in terms of the volume fractions (φ) of the polymer film and any additional media such as air 

or solvent/electrolyte. 

 
Equation 6.1 

 
 

As the scattering length density (Nb) of air = 0 Å-2 then the latter half of Equation 6.1 can be 

ignored so that: 

 
Equation 6.2 

 
 

This allows us to calculate the dry film density of the polymer film. 

∑ Equation 6.3
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This provides a good estimation when calculating the volume fractions of polymer and solvent 

in any future solvated film measurements. 

 
Figure 6.10 shows the dry film NR measurements of the three P(ThPy) films after deposition 

from the two bespoke monomer solutions.   As seen in previous chapters, at Q < 0.0144 Å-1 

total external reflection is observed (R = 1) in the form of a critical edge as a result of air 

having a lower scattering length density (SLD) than quartz (ΔNb = 4.182 Å-2 x10-6). 
 
 
 
 
 
 
 
 

1 2 
3 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.10        Dry film neutron reflectivity profiles (FIGARO, ILL) of the three films: P(ThPy)-1 

(cyan), P(ThPy)-2 (green) and P(ThPy)-3 (red).   The circles represent the raw 

data  and  the  line  is  the  fit  of  that  data  (χ2   =  2.1-2.5).    R(Q)  profiles  are 

manually offset in reflectivity for visual clarity. 

 
P(ThPy)-1 and P(ThPy)-2 were from the same batch of monomer and AFM measurements 

showed they were similar in thickness (229.7 and 220.7 Å, respectively) as expected due to 

Figure 6.8.   This is supported by the fact that the d spacing of the fringes in Figure 6.10 is 

almost the same for both films.  P(ThPy)-3 on the other hand shows a decrease in the fringe 

spacing.  This is hard to see as the reflectivity profiles look so different.  Simplistically, if one 

looks at the first three fringes labelled in Figure 6.2, the first fringe seen in P(ThPy)-1 and 

P(ThPy)-2 disappears into the critical edge in the reflectivity profile of P(ThPy)-3.  The second 
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fringe  is  more defined  in  the P(ThPy)-3  R(Q)  profile  and the third fringe  clearly  shows  a 

decrease in the fringe spacing which is indicative of the film being thicker (354.3 Å) as Q is in 

reciprocal space. 

 
However, the fringes are less well defined in the P(ThPy)-2 trace than in the other two which 

indicates a roughening of one or more of the layers in the system.  Figure 6.11 shows the 

corresponding scattering length density (SLD) profiles of the three dry films.  Here we can see 

that the binding layer of MPTS is much thinner than in the other two films and has a higher 

thickness:interfacial ratio.  This was attributed to using non-degraded MPTS in the silanisation 

process for P(ThPy)-1 and 3. 
 
 
 

Au 
Quartz 

 

 
 
 

P(ThPy) 
 
 
 

MPTS 
 
 

Air 
 
 
 
 
 
 

Figure 6.11 SLD profiles of the three films shown in Figure 6.10: P(ThPy)-1 (cyan), P(ThPy)- 
 

2 (green) and P(ThPy)-3 (red). 
 
 

The fit parameters used in Figure 6.10 are summarised in Tables 6.1-3. 



264 

Chapter 6: Thiophene-Pyrrole Comonomer  

 

 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

P(ThPy)-1 
 

Au 

MPTS 

Quartz 

Bulk 0 N/A  

229.7 2.486 20.7  

334.5 4.490 20.3  

26.2 0.266 12.6  

Bulk 4.182 16.3  

 
Table 6.1 Summary of the fit parameters used in Figure 6.10 for P(ThPy)-1. 

 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

P(ThPy)-2 
 

Au 

MPTS 

Quartz 

Bulk 0 N/A  

220.7 2.468 17.2  

332.9 4.490 12.8  

15.0 0.266 15.0  

Bulk 4.182 15.0  

 
Table 6.2 Summary of the fit parameters used in Figure 6.10 for P(ThPy)-2. 

 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

Air 
 

P(ThPy)-3 
 

Au 

MPTS 

Quartz 

Bulk 0 N/A  

354.3 2.460 27.9  

343.5 4.490 23.4  

27.9 0.266 10.3  

Bulk 4.182 17.9  

 
Table 6.3            Summary of the fit parameters used in Figure 6.10 for P(ThPy)-3. 

 
 

The SLDs of all three P(ThPy) films were between 2.460-2.486 x10-6 Å-2 which corresponds to a 

density range of 1.29-1.30 g cm-3.  This shows the growth to be remarkably consistent at 

producing films of similar structures.   All three films showed one uniform layer of polymer, 

indicating that there was no dense inner layer/diffuse outer.  This is promising for its potential 

application in the charge storage industry as it should “react” uniformly during redox switching 

maximising its charge storage capacity. 
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6.3.2.2.   P(ThPy)-1: Static NR Measurements of P(ThPy) in 
 

LiClO4/acetonitrile 
 

Before analysing this novel copolymer’s behaviour in a novel DES its behaviour was first 

characterised in a traditional electrolyte medium, LiClO4 in acetonitrile.   To achieve this, 

P(ThPY)-1 was held in oxidised (p-doped, 0.50 V) and reduced (undoped, -0.2 V) states in both 

hydrogenous and deuterated acetonitrile.    Both contrasts were used to more accurately 

measure the solvent volume fraction (φACN) and track the movement of any counterions into 

and out of the film during the static holds at the extreme redox states (fully oxidised and 

reduced).  The R(Q) profiles from these measurements are shown in Figure 6.12. 

 

 
 
 

Figure 6.12        NR  profiles  of  P(ThPy)-1  in  LiClO4/acetonitrile:  oxidised  (red)  and  reduced 

(green) in CD3CN; oxidised (cyan) and reduced (orange) in CH3CN (χ2 = 1.3-1.6). 

R(Q) profiles are manually offset in reflectivity for visual clarity. 
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P(ThPy) 
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CH3CN 
 
 
 
 
 
 
 

Figure 6.13 SLD  profiles  of P(ThPy)-1 in LiClO4/acetonitrile: oxidised  (red)  and reduced 
 

(green) in CD3CN; oxidised (cyan) and reduced (orange) in CH3CN. 
 
 

The film parameters used in the fit parameters for the oxidised and reduced films are given in 
 

Tables 6.4 and 6.5. 
 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

CH3CN / CD3CN 
 

P(ThPy) 

Au 

MPTS 

Quartz 

Bulk 1.320/4.843 N/A  

301.1/328.0 2.430/3.695 22.4/27.9  

335.0 4.490 25.9/17.4  

30.5/20.5 0.266 16.5/17.4  

Bulk 4.182 9.0  

 
Table 6.4 Fit parameters for the oxidised film in CH3CN (cyan) and CD3CN (red) Figure 

 
6.12. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

CH3CN / CD3CN 
 

P(ThPy) 

Au 

MPTS 

Quartz 

Bulk 1.320/4.842 N/A  

303.6/316.9 2.415/3.604 37.0/31.3  

335.0 4.490 25.5/16.2  

28.7/21.6 0.266 15.7/16.6  

Bulk 4.182 9.0  

 
Table 6.5            Fit parameters for the reduced film in CH3CN (orange) and CD3CN (green) in 

 
Figure 6.12. 

 
 

The slight discrepancies between the fit parameters for the Au and MPTS layers between 

measurements are due to a problem experienced on the experiment with sample 

misalignment.  This produced an offset in the sample angle θ which in turn caused a change in 

the reflected pixel position on the instruments detector.  This caused both the reflectivity data 

to shift in its value of Q and the fringes to stretch/compress.  This meant that the position of 

the critical edge was offset and that the different angles measured did not overlap, so that the 

data at different incident angles could not be spliced. 
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Figure 6.14        Schematic of the 2 variations in sample angle misalignment seen in this data 

set.  θ is the intended sample angle and Δ is the offset due to misalignment.  β 

is the difference in pixel position on the detector [β = (θ + Δ) - (θ – Δ) = 2 Δ]. 

 
This difference in pixel position was corrected for by manually calculating the correct pixel 

position on the detector, using the known position of the critical edge in the air measurement, 

and manually adjusting the value until Qc  and the overlap issues were corrected for all data 

sets. 
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Figure 6.15 Schematic showing the geometry applied in the θ correction process. 
 
 

The offset (Δ) in sample angle (θ) was calculated as follows: 
 

 
 

Equation 6.4 
 

(  )  Equation 6.5 
where Δpix is the offset from the “ideal” pixel position, 1.2 is the pixel size (mm/pix) and D is 

the distance between the sample and the detector (2808.6 mm).  Δpix was calculated to be 

63.56. 
 
 

Whilst the application of this correction set corrected the data, the samples were all slightly 

misaligned and each alignment was different causing the area of the polymer film beneath the 

footprint of the neutron beam to be different after each alignment.     This meant that the 

lateral averaging over the areas was slightly different in each measurement accounting for the 

discrepancies in the chemically/physically unchanging layers in the system. 

 
The total film thickness is 317 Å when reduced (un-doped).  This equates to 87 Å or 38 % film 

swelling upon  solvation.    As  seen in previous  chapters  there  are  apparent differences  in 
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thickness and roughness of the polymer film between hydrogenous and deuterated 

measurements due to the differences in reflectivity contrast.   The solvent volume fraction 

(φACN) was calculated as 0.49 using Equation 6.1. 
 
 

Upon oxidation, a further film swelling of 11 Å was observed corresponding to the 

incorporation  of  two  anions  to  every  three  ThPy  monomer  units  to  compensate  for  the 

positive charge that delocalises over every three rings in the polymer backbone.  There was no 

change in the overall solvation of the P(ThPy) film. 

 
Once the movement of counterions, film solvation and physical characteristics had been 

quantified in this traditional electrolyte a second film was subjected to the same protocol in 

the deep eutectic solvent Ethaline (shown in Section 6.3.2.3). 

 
6.3.2.3.   P(ThPy)-2: Static NR Measurements of P(ThPy) in Ethaline 

P(ThPY)-2 was held in its oxidised (p-doped, 0.55 V) and reduced (undoped, -0.22 V) states in 

both  hydrogenous  and  deuterated  Ethaline. The  fact  that  Ethaline  is  a  mixture  of  two 

components, ethylene glycol and choline chloride, gave an added advantage of deuterating 

one component allowing an additional contrast between the resultant cations and anions 

highlighting and distinguishing between their movements within the film.  D4-ethylene glycol 

was chosen. The measured reflectivity and SLD profiles are given in Figures 6.16 and 6.17. 
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Figure 6.16 NR profiles of P(ThPy)-2 in Ethaline: oxidised (red) and reduced (green) in d8- 

Ethaline; oxidised (cyan) and reduced (orange) in h-Ethaline (χ2  = 1.9-2.5). 

R(Q) profiles are manually offset in reflectivity for visual clarity. 
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Figure 6.17 SLD profiles of P(ThPy)-2 in Ethaline: oxidised (red) and reduced (green) in d8- 

Ethaline; oxidised (cyan) and reduced (orange) in h-Ethaline (χ2 = 1.8-2.5). 

 
The lack of a critical edge in the R(Q) for the film immersed in deuterated Ethaline is because 

there are still 18 hydrogen atoms present and only 8 atoms of deuterium.  This means that the 

SLD of d8-Ethaline is 2.290 x 10-6Å-2  meaning that ΔNb  is negative (see Equation 2.22).   This 
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complicated the fitting process as there is no way to calculate the scale factor for the data so 

one has to be calculated by batch fitting all four data sets to find a scale factor that works in all 

cases.   In fact, the roles of the hydrogenous and deuterated solvent are now reversed, 

compared to what has previously been seen in acetonitrile, as there is now more contrast 

between the hydrogenous Ethaline and P(ThPy) than there is with the deuterated Ethaline. 

 
The film parameters used in the fit parameters for the oxidised and reduced films are given in 

 
Tables 6.6 and 6.7. 

 
 

Layer                                  d / Å                                  106 Nb / Å-2                                     σ / Å 
 

h/d8-Ethaline 
 

P(ThPy) 

Au 

MPTS 

Quartz 

Bulk 0.265/2.290 N/A  

279.1/293.9 2.070/2.846 22.7/22.0  

336.0 4.490 10.0  

15.0 0.266 10.0  

Bulk 4.182 10.0  

 
Table 6.6 Fit parameters for the oxidised film in hydrogenous (cyan) and deuterated 

 
(red) Ethaline in Figure 6.16. 

 
 

Layer d / Å 106 Nb / Å-2 σ / Å 
 

h/d8-Ethaline 
 

P(ThPy) 

Au 

MPTS 

Quartz 

Bulk 0.265/2.290 N/A  

269.4/289.9 1.790/2.696 18.1/22.0  

336.0 4.490 10.0  

15.0 0.266 10.0  

Bulk 4.182 10.0  

 
Table 6.7            Fit parameters for the reduced film in hydrogenous (orange) and deuterated 

 
(green) Ethaline in Figure 6.16. 

 
 

The total film thickness is 269 Å when reduced (un-doped).  This equates to 48 Å or 22 % film 

swelling upon solvation.  As discussed in previous chapters, there are differences in thickness 

and roughness of the polymer film between hydrogenous and deuterated measurements with 
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the hydrogenous Ethaline giving the best contrast.  Interestingly, a lower volume fraction 

solvent volume fraction (φEthaline), which was calculated as 0.20 using Equation 6.1, was 

observed in the deep eutectic medium than in acetonitrile.  This is attributed to the sterically 

bulky nature and high viscosity of the Ethaline which results in less solvent ingress and less film 

swelling. 

 
During polymer oxidation, a further 10 Å of film swelling was observed.   However, the 

deuterated ethylene glycol, forming the anion complex with the chloride [(EG)2Cl-] through 

hydrogen bonding, was not acting as a counterion like the ClO - anion in the traditional organic 

medium.  Instead the choline cation [Ch+] was expelled upon polymer oxidation to neutralise 

the positive charge, i.e. oxidising [P0A-C+] to [P+A-].  Again, calculations showed that there was 

one  counterion  transferred  for  every  three  rings  in  the  polymer  backbone.  This  was 

accompanied by an increase in the overall solvation of the P(ThPy) film from 0.20 to 0.26. 
 
 

6.3.2.4.   P(ThPy)-3:   Dynamic   NR   Measurements   of   P(ThPy)   in 
 

LiClO4/acetonitrile 
 

Now that the static behaviour of this novel copolymer has been established, in both a 

traditional organic electrolyte, and the novel DES Ethaline, the next stage was to track the 

movements of the counterions in real time during a neutron experiment.  To achieve this, 

P(ThPy)-3 was cycled in LiClO4/acetonitrile at 1 mV s-1  for 9 cycles.  A neutron measurement 

was acquired in 50 second intervals, dividing the resultant CV into 32 slices. 
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Figure 6.18        CV of P(ThPy)-3 in ACN/0.1 M LiClO4  (ν = 1 mV s-1).   Red dots indicate the 

starting position in the CV of each of the 32 neutron measurements taken 

throughout the course of the CV.  After each of the 9 cycles of the experiment 

the data was binned and the statistics from each slice were added from each 

cycle. 
 
 

The resultant R(Q) profiles as a function of potential in CH3CN and CD3CN are shown in Figures 
 

6.19 and 6.20. 
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Figure 6.19 3D plot of R(Q) as a function of potential in CH3CN /LiClO4. 
 
 

 
 
 

Figure 6.20 3D plot of R(Q) as a function of potential in CD3CN/LiClO4. 
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The behaviour at the extreme redox states (at E = 0.6 and -0.2 V) was the same as seen in the 

static measurements performed on P(ThPy)-1.  The SLD profiles resulting from the fits at these 

two extremes are shown in Figure 6.21 and the fit parameters are given in Tables 6.8 and 6.9. 
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Figure 6.21 SLD  profiles  of  the  fully  oxidised  and  reduced  state  from  the  dynamic 

measurements shown in Figures 6.19 and 6.20 (χ2 = 1.1-1.2). 

 
Layer d / Å 106 Nb / Å-2 σ / Å 

 

CH3CN / CD3CN 
 

P(ThPy) 

Au 

MPTS 

Quartz 

Bulk 1.320/4.863 N/A  

413.0/443.3 2.420/3.91 27.3/32.0  

346.0 4.490 25.9/16.8  

33.0/29.4 0.266 11.4/19.7  

Bulk 4.182 13.6  

 
Table 6.8 Fit parameters for the oxidised film in CH3CN (cyan) and CD3CN (red) in Figures 

 
6.19 and 6.20. 
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Layer d / Å 106 Nb / Å-2 σ / Å 
 

CH3CN / CD3CN 
 

P(ThPy) 

Au 

MPTS 

Quartz 

Bulk 1.320/4.843 N/A  

422.0/439.7 2.410/3.813 33.4/38.4  

346.0 4.490 22.3/21.8  

33.6/28.2 0.266 12.2/15.7  

Bulk 4.182 15.0  

 
Table 6.9            Fit parameters for the reduced film in CH3CN (orange) and CD3CN (green) in 

 
Figures 6.19 and 6.20. 

 
 

In this slightly thicker film, with a lower density, the solvent volume fraction (φACN) was slightly 

higher  at  0.54  than  in  Section  6.3.2.2.    The  same  level  of  film  swelling  was  seen  upon 

oxidation, again as a result of the ingress of two anions to compensate for the positive charge 

that delocalises over every three ThPy monomer units. 

 
6.3.3. Atomic Force Microscopy 

 

 
The topography of each of the films in Sections 6.3.1 and 6.3.2 was analysed by an AFM. 
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Figure 6.22 Changes  in  topography  of  P(ThPy)-1  (A)  before  and  (B)  after  the  neutron 

experiments in Figure 6.12. 
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Figure 6.23 Changes  in  topography  of  P(ThPy)-2  (A)  before  and  (B)  after  the  neutron 

experiments in Figure 6.16. 

 
Both the films that were held under static potentials showed very little change in surface 

topography and roughness.   However, P(ThPy)-3 that was cycled showed an increase in the 

size of the globules of the polymer on the surface as well as an increase in surface roughness. 

This has an important implication for future applications, as roughening will increase film 

mobility and ion transport but may, over time, decrease stability. 
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Figure 6.24 Changes  in  topography  of  P(ThPy)-3  (A)  before  and  (B)  after  the  neutron 

experiments in Figures 6.19 and 6.20. 
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6.3.4. Electrochemical Characterisation 
 

 
The following figures show the electrochemistry of the films performed during the above 

neutron experiments. 

 
6.3.4.1.   P(ThPy)-1 

 
Figures 6.25 and 6.26 show the electrochemical data to accompany the NR data in Figures 

 
6.12 and 6.13. 

 
 

 
 
 

Figure 6.25 Current-time  transients  for  the  neutron  measurements  for  P(ThPy)-1  in 
 

Section 6.3.2.2. 
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Figure 6.26        Film  characterisation between the neutron measurements  for P(ThPy)-1 in 

Section 6.3.2.2 performed in 0.1 M LiClO4/acetonitrile (ν = 20 mV s-1): before 

(black) and after (red) reduction in CD3CN, after oxidation in CD3CN (green), 

after reduction (blue) and after oxidation in CH3CN. 

 
6.3.4.2.   P(ThPy)-2 

 
Figures 6.27 and 6.28 show the electrochemical data to accompany the NR data in Figures 

 
6.16 and 6.17. 



283 

Chapter 6: Thiophene-Pyrrole Comonomer  

 

 
 

 
 
 

Figure 6.27        Current-time  transients  for  the  static  potential  holds  during  the  neutron 

measurements for P(ThPy)-2 in Section 6.3.2.3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.28        Film  characterisation between the neutron measurements  for P(ThPy)-2 in 

Section 6.3.2.3 performed in Ethaline (ν = 20 mV s-1): before (black) and after 

(red) reduction in CD3CN, after oxidation in CD3CN (green), after reduction 

(blue) and after oxidation in CH3CN. 
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The small current observed in the black trace once the film was initially exposed to Ethaline 

suggests that it takes more time than in seen in acetonitrile for the film to solvate in the more 

viscous DES. 

 
6.3.4.3.   P(ThPy)-3 

 
Figure 6.29 shows the final cycle of each kinetic measurement in Section 6.3.2.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.29        Cyclic voltammograms showing the drop in current after NR measurements  in 
 

CH3CN (red) and CD3CN (black) for P(ThPy)-3 in Section 6.3.2.4. 
 
 

The NR measurement in CD3CN was performed first, suggesting a 33 % loss of electroactivity 
 

after extensive cycling at this low scan rate (ν = 1 mV s-1). 
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6.4. Conclusions and Future Work 
 
 

NR measurements were made on thin films of a new copolymer material, based on a hybrid 

bespoke monomer derived from thiophene and pyrrole.  The resultant P(ThPy) material is a 

promising candidate for one electrode of a battery or supercapacitor.     The 

electropolymerisation curves in Figure 6.6 show a high degree of reproducibility in the growth 

of the polymer, which would be key for the production of polymer anodes in the Polyzion 

project.   NR showed that this produced compositionally homogeneous films that were 

uniformly solvated. 

 
The novelty of the system is enhanced by the use of a room temperature ionic liquid, Ethaline, 

comprising a 2:1 mixture of ethylene glycol (EG) and choline chloride (ChCl).  From an NR 

perspective,  this  choice  of  solvent  medium  allowed  the  practical  advantage  of  using 

deuterated materials for one component of the mixture allowing cation and anion movement 

within the system to be separated.   Industrially, the advantage of DESs over traditional 

electrolytes  is  the  increased  film  ionic  conductivity,  which  is  often  a  limiting  factor  in 

(dis)charge rate. 

 
NR measurements were used to answer questions regarding the concentration and spatial 

distribution of both DES “electrolyte” and to compare this to the distribution of a more 

standard electrolyte (LiClO4/ACN) within the P(ThPy) film.  This provides insight into the films 

charge storage dynamics and permitting design of next generation materials.  Films containing 

the more viscous Ethaline were less solvated (φs  = 0.20 – 0.26) than the films solvated with 

acetonitrile (φs = 0.49  - 0.54). 

 
Ethaline, is composed of solely of choline chloride (Ch+Cl-) and ethylene glycol (EG) in the 

formulation in a 1:2 ratio, so that the electrolyte solution is a mixture of Ch+ cations and 

[(EG)2Cl]- anions containing no neutral “solvent”.  LiClO4/ACN on the other hand is a salt in 

molecular solvent.   The use of NR to compare film composition and structure in these two 
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contrasting  media  revealed  different  routes  to  achieving  electroneutrality  during  redox 
 

switching (p-doping/un-doping).  It was shown that in LiClO4/ACN charge compensation upon 
 

oxidation is achieved through the ingress of two ClO -
 anions to every three ThPy monomer 

 
units [P0  P+A-].  Film solvation during this change in redox state remained the same and the 

film  swelled  to  incorporate  the  anions.    In  the  DES  Ethaline  however  the  polymer  film 

however, charge compensation was achieved through the egress of two Ch+  cations to every 

three ThPy monomer units [P0A-C+  P+A-].   Film solvation and resultant swelling were 

significantly less in the more viscous Ethaline than it was in acetonitrile. 

 
Future  work  should  complete  this  set  of  measurements  by  performing  dynamic  NR 

experiments in hydrogenous and deuterated Ethaline.  This set of measurements could not be 

performed during the course of this project due to the closure of the ILL for maintenance. 
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7. Conclusions 
 
 
 
 
 
 

Most fingerprints at crime scenes are "latent", i.e. non-visible, so they must be treated 

chemically to make them visible. However, despite all the methods available the success rate 

for metallic items (weapons, handles, and tools) is very low.  Out of over 200,000 items of 

fingerprint evidence that are processed each year in the UK, approximately 20,000 are metallic 

items.  Surprisingly, despite the range of methods available, less than 10% of these produce 

useable fingerprints.  Given the prevalence of metallic objects - weapons, tools, handles – in 

criminal investigations this is an important challenge. 

 
Traditionally   employed   techniques   for   enhancing   fingerprints   on   non-porous   metallic 

substrates rely on some form of physical or chemical interaction between a reagent and the 

sweat deposit transferred when handling an item or surface.  Such enhancement results in a 

positive image of the fingerprint. 

 
Visualisation of latent fingerprints present on metallic surfaces has been previously 

demonstrated by means of spatially selective deposition of the polymers; PAni2  and PEDOT3. 

This  method  is  complementary  to  traditional  enhancements,  which  require  chemical  or 

physical interaction with the fingerprint deposit, as it interacts with metallic surface around 

the fingerprint.  It utilises the sweat deposit as an insulating mask resulting in the inhibition of 

electrochemical processes on regions “protected” by the fingerprint.  This results in polymer 

deposition  between  the  ridges,  thus  generating  a  negative  image  of  the  fingerprint. 

Subsequent variation of the applied potential and exploiting the polymer’s electrochromic 

properties means that the colour of the background (polymer) can be continuously and 

reversibly  adjusted  in  order  to  optimise  the  contrast  with  the  metal  surface  under  the 
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latent/invisible fingerprint deposit.   The fact that this manipulation is reversible means that 

the contrast can be optimised separately in different regions of the image, for example in 

Figure 3.18 where the fingerprint deposit is of variable thickness or definition. 

 
Most electroactive polymers are restricted to two colours or two shades of the same colour1. 

Changing the electronic character of the polymer backbone moves the position of the π - π* 

transition across the electromagnetic spectrum so that when different conducting polymers 

are doped different optical properties are observed2,3.  This thesis explored the effect of the 

copolymerisation of two distinct monomer units (EDOT and Py) on the optical properties of 

the resultant polymer.   Suitable control of deposition rate, via monomer concentration, 

deposition potential and development time, was accomplished.  This allowed the progressive 

filling of trenches between fingerprint deposits until optimum contrast was achieved. 
 
 

A  comparison  of  this  enhancement  methodology  with  commonly  used  fingerprint 

enhancement methods (dusting with powder, application of wet powder suspensions and 

cyanoacrylate fuming) showed promising performance in a variety of scenarios of practical 

forensic interest.  For the practically challenging situations explored here, using stainless steel 

as a representative surface, the potentiostatic deposition of the comonomers in an aqueous 

SDS/LiClO4   electrolyte  solution  showed  not  only  a  great  advantage  over  the  traditional 

methods  but  in  some  instances  a  greater  recovery  rate  than  the  three  homopolymers 

explored: PAni, PEDOT and PPy.   The ability of the method to reveal fingerprints of various 

ages and subjected to plausible environmental histories was clearly demonstrated during this 

wide spectrum survey.  The electrochromic enhancement outperformed traditional techniques 

when the sample environment had significantly decreased the amount of fingerprint residue 

left on the surface, for example when subjected to high temperatures and when washed with 

soap4.  This was attributed to the fact that an insulating layer of fingerprint residue is enough 

to prevent electropolymerisation so only a fraction of the original fingerprint deposit, which 
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can be several microns thick5, is required for a successful enhancement.  This is significantly 

less than the amount required by traditional development techniques. 

 
The major advantage of this new set of copolymers is that the development time has been cut 

compared to the homopolymers previously explored where a typical time to develop a print 

using PAni was 30 minutes and for PEDOT was approximately 10 minutes.  Here the maximum 

deposition time used was only 10 seconds. 

 
An extension of the electrochromic concept, to combine fluorescent and electrochromic 

enhancements of latent fingerprints, was also explored6.  The objective was to expand the 

electrochromic enhancement; which relies on absorption of light, to include emission as a 

second  means  of  visual  contrast.     This  was  achieved  through  the  incorporation  of  a 

fluorophore into the polymer film.   The challenge was that fluorophore-functionalised 

monomers were not polymerizable, almost certainly for steric reasons. The 

chemical/electrochemical route explored in this thesis involved the polymerization of a 

monomer (here, Py-NH2) functionalised with a large leaving group (here, FMOC).   After film 

deposition, the amide-bound FMOC was hydrolysed out, to leave nanoscale voids into which 

the fluorophores could be diffused, to bind with the polymer spine. 

 
As the ease in which the bulky fluorophore moiety could penetrate into the film would 

determine the intensity of emission achieved, and hence the improvement in visual contrast 

analysis of the chemical control (FMOC hydrolysis and fluorophore penetration) in the vertical 

direction (nm/μm scale) was performed using neutron reflectivity.  This technique was chosen 

as cold neutron wavelengths are comparable with interatomic spacings.   They are highly 

penetrating allowing bulk properties to measured and their isotopic sensitivity allows contrast 

variation, which can be used to highlight structural and chemical changes in the vertical plane. 
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Neutron reflectivity was used to accurately determine film composition, thickness and solvent 

content at each stage.  Kinetic NR measurements performed on INTER (ISIS) show how the 

depth profile of the polymer film alters during the hydrolysis in real time.  The solvent volume 

fractions were 0.37 (±0.03) for the PPyFMOC films, 0.59 (±0.01) immediately after hydrolysis 

and 0.47 (±0.04) after relaxation (where these data originate from both kinetic and non-kinetic 

experiments). 

 
Static NR measurements performed on FIGARO/D17 (ILL) and OFFSPEC (ISIS) show the changes 

in reflectivity after subsequent reaction with a fluorophore.  This allows the total penetration 

depth of the fluorophore into PPyNH2 films with and without free volume generated by FMOC 

hydrolysis to be measured.   After fluorophore entry, the film contracts slightly.  It has been 

shown that the additional step to create free volume within the polymer matrix through the 

elution of the bulky amine protecting group (FMOC) is beneficial as it results in the 

incorporation of more fluorophore.  Eventually this will lead to greater contrast between the 

masked regions of the fingerprint and the fluorescent polymer.  Significantly, the diffusion of 

fluorophore into the polymer film was shown to vary with the size of the size of the molecule 

to be incorporated.  The volume fractions of the smaller Cy3 NHS ester in PPyNH2 films as 

deposited and made through the FMOC hydrolysis pathway were 0.17 and 0.30, respectively. 

These were significantly lower for the same polymer films containing the larger Dylight 649 

NHS ester (0.04 and 0.18, respectively).  In the latter case, the PPyNH2 film with no voids only 

had an outer layer containing the Dylight 649 fluorophore as it proved too sterically bulky to 

penetrate any further. 

 
Electrochemical methods allowed the coulometric analysis of the surface population of the 

polymer matrix with which the chemical modifications occur.   Fluorescence measurements 

and FTIR spectroscopy was used to qualitatively demonstrate the post-deposition chemical 

modification  of  the  polymer  films  throughout  the  functionalization  process  by  both  the 
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presence of fluorescence in the final stage and through the disappearance and reappearance 

of the amide band. 

 
Future work should focus on determination of the polymers’ electrochromic properties at the 

different stages of the reaction and the properties of the immobilized fluorophore.  One of the 

major technical issues that still needs addressing is whether the proximity of the immobilized 

fluorophore molecules to the working electrode will result in any significant fluorescence 

quenching. 

 
This preliminary study did not attempt to address the lateral issue of imaging a full fingerprint, 

but focused solely on the viability of the joint polymer-fluorophore system by understanding 

the reactivity and composition in the vertical direction at distance scales from 10–100 nm. 

The potential for a combined absorption/fluorescence strategy in latent fingerprint 

enhancement  is  clear  with  the  next  step  being  the  application  of  this  strategy  to  a 

fingerprinted surface. 

 
Interest in conducting polymers has been growing since the 1970’s7-9 due to their wide 

spectrum of applications ranging from photo-voltaic devices10,11  and organic-based light 

emitting devices12 to integrated circuits13-16 to use in the automotive industry17.  The desire to 

extend this scope to further technological applications means that there is always a need to 

refine electrodeposition conditions in order to increase the stability of the resulting polymer 

and to extend to different substrates18. 

 
The properties of two multicomponent layer by layer deposition systems were explored using 

neutron  reflectivity.     The  first  comprised  PEDOT  and  PPFP,  which  showed  interesting 

properties in terms of segregation.   The fitting of the NR data revealed two distinct polymer 

layers, which showed a large degree of interpenetration at the polymer/polymer interface 

parameterised as a high roughness factor at the polymer/polymer interface.  This roughness 
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factor increased with time meaning that the two polymer layers become more interdiffused 

over time which would allow more capacitive behaviour. 

 
The thickness of the inner PEDOT layer increased during oxidation due to an increase in 

solvation from φs = 0.49 to φs = 0.51 as well as the ingress of perchlorate anions to counteract 

the positive charge shared over every three monomer units of PEDOT.   However, over time 

the  PPFP  layer  also  hydrolysed  to  PPyCOOH,  complicating  the  interpretation  by  the 

introduction of a time dependent effect.  As a result, it was unclear whether this was due to 

the polymer backbone interactions or because of the chemical change occurring on the 

functionalised nitrogen of the PPy backbone in the PPFP. 

 
In order to better understand the effects of redox states and time on the segregation and 

solvation of multi-layered films a chemically stable set of bilayers, based on PEDOT and PPy 

were also analysed.  This removed the added variable of hydrolysis seen in the PPFP layers and 

focused solely on the properties of the conducting pyrrole backbone. 

 
It was found that the order of the respective polymers in the multi-layered system greatly 

affected the properties and stability of the bilayers.   As the nature of the polymer/polymer 

interface is central to the rectifying (segregated) or capacitive (interdiffused) characteristics of 

the multi-layered films understanding this means that bi- or multi-layer film properties can be 

tuned based on the order in which the layers are deposited. 

 
Depositing PEDOT first leads to a greater degree of polymer/polymer interfacial roughness 

which increases with repetitive cycling, whereas depositing PPy first leads to a higher degree 

of segregation which remains remarkably stable during repetitive cycling.  This is significant as 

the properties of multi-layered systems can be tuned by the individual components deposition 

sequence, to actively select interpenetration/segregation, depending on whether capacitive of 

rectifying effects are desired. 
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The advantage of layering the individual homopolymers to create a composite is that each 

stage of deposition involves only control of a pure phase, which is often already well 

established.   The nature of the polymer/polymer interface is central to the rectifying 

(segregated) or capacitive (interdiffused) characteristics of the multi-layered films19,20, such 

that the spatial distribution of the different polymer components determines the optical and 

electronic  properties  of  the  films.     These  properties  are  important  for  the  potential 

applications of these multi-component systems in energy storage.  The operational goal is a 

polymeric material with rapid charge/discharge capability and the facility to take up charge 

across a wide voltage range. 

 
En route to this final application, determination of film composition and structure must be 

achieved.   It has been shown in this thesis that polymer component segregation vs. 

interpenetration and equal vs. differentiated solvation levels of the different polymer 

components can be accurately determined via neutron reflectivity.  In addition, NR can also be 

used to probe the dynamics of mobile species such as solvent or counterions across these 

interfacial boundaries and to quantify these properties as a function of the different oxidation 

states of the electrochromic material. 

 
In another application area, creating a new class of fast rechargeable zinc/polymer batteries 

for hybrid/small electric vehicle applications has been the primary focus of Polyzion21 (E.U. FP7 

funded framework programme).  It aims to overcome the issues of batteries currently used, 

such as lead acid (e.g. Ford Ranger EV), NiMH (e.g. Toyota Prius) or lithium ion batteries (post 

2004 Toyota Prius).  Lead acid and NiMH batteries have limited power and energy density 

resulting in the need for a large number of cells to sustain the high output current required in 

an electric vehicle, whereas, lithium ion batteries have decreased lifetime compared to lead 

acid/NiMH batteries as well as temperature dependent performance and safety concerns. 
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The   electrochemical   redox   properties   of   pyrrole   and   thiophene   have   been   widely 

investigated22-27.  However,  their prospective application as part of a charge storage device 

are hindered by the rate of (dis)charge/available current density, the available voltage and 

(electro)chemical stability to repetitive charge/discharge cycling.   Polyzion are combining 

conducting  polymers  with  the  novel  properties  of  choline  chloride  based  Deep  Eutectic 

Solvents (DES) which have wide electrochemical windows, high stability and low toxicity as 

well as being relatively cost effective. 

 
In energy storage devices, the movement of ions and solvent into/out of the polymer film 

during redox cycling is key to the DC capacitance behaviour (extent of charge storage) as well 

as adhesion/stability of the film. 

 
NR measurements were made on thin films of a new copolymer material, based on a hybrid 

bespoke monomer derived from thiophene and pyrrole.  The resultant P(ThPy) material is a 

promising candidate for one electrode of a battery or supercapacitor.  Electropolymerisation 

curves revealed a high degree of reproducibility in the growth of the polymer, which is key for 

the production of polymer anodes in the Polyzion project.  NR showed that this produced 

compositionally homogeneous films that were uniformly solvated. 

 
The novelty of the system was enhanced by the use of a room temperature ionic liquid, 

Ethaline, comprising a 2:1 mixture of ethylene glycol (EG) and choline chloride (ChCl).  From an 

NR perspective, this choice of solvent medium allowed the practical advantage of using 

deuterated materials for one component of the mixture allowing cation and anion movement 

within the system to be separated.   Industrially, the advantage of DESs over traditional 

electrolytes  is  the  increased  film  ionic  conductivity,  which  is  often  a  limiting  factor  in 

(dis)charge rate. 
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NR measurements were used to answer questions regarding the concentration and spatial 

distribution of both DES “electrolyte” and to compare this to the distribution of a more 

standard electrolyte (LiClO4/ACN) within the P(ThPy) film.  This provides insight into the films 

charge storage dynamics and permitting design of next generation materials. 

 
Ethaline, is composed of solely of choline chloride (Ch+Cl-) and ethylene glycol (EG) in the 

formulation in a 1:2 ratio, so that the electrolyte solution is a mixture of Ch+ cations and 

[(EG)2Cl]- anions containing no neutral “solvent”.  LiClO4/ACN on the other hand is a salt 

dissolved in a molecular solvent.  The use of NR to compare film composition and structure in 

these two contrasting media revealed different routes to achieving electroneutrality during 

redox switching (p-doping/un-doping).  It was shown that in LiClO4/ACN charge compensation 
 

upon  oxidation  is  achieved  through  the  ingress  of  two  ClO -
 anions  to  every  three  ThPy 

 
monomer units [P0   P+A-].   Film solvation during this change in redox state remained the 

same and the film swelled to incorporate the anions. In the DES Ethaline however the polymer 

film however, charge compensation was achieved through the egress of two Ch+ cations to 

every three ThPy monomer units [P0A-C+   P+A-].  Film solvation and resultant swelling were 

significantly less in the more viscous Ethaline than it was in acetonitrile.  Future work should 

complete this set of measurements by performing dynamic NR experiments in hydrogenous 

and deuterated Ethaline. 
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Spa tially selective  electrodeposition of poly-3,4-ethylenedioxyt hiophene (PEDOT) thin films on 
metallic surfaces is shown  to be an effective means of visualizing  latent  fingerprints. The  technique 
exploits  the fingerprint deposit  as an  insulati ng mask, such  that  electrochemical processes (here, 
polymer deposition) may only  take  place on deposit-free areas  of the surface between  the ridges 
of the fingerprint deposit; the end  result is a nega tive image of the fingermark.  Use of a surfactant 
(sodium  dodecylsulphate, SDS) to sol ubilise the EDOT  monomer allows  the use of a n aqueous 
electrolyte. Electrochemical (coulomet ric) data  provide a total assay of deposited material, 
yielding spatially averaged  film thicknesses, which are commensurate with substant ive filling of 
the trenches between fingerprint  deposit  ridges, but not overfilling to t he extent  that  the ridge 
detail  is covered. This is confirmed by optical  microscopy and  AFM  images, which show 
contin uous polymer deposition within  the trenches and good definition  at the ridge edges. 
Stainless steel subst rates treated  in this manner and  transferred to backgrou nd electrolyte 
(aqueous sulphuric acid) showed enha nced fingerprints when the contrast between the polymer 
background and fingerprint  deposit  was optimised using the electrochromic properties  of the 
PEDOT films. The facility of the method  to reveal fingerprints  of va rious ages and  subjected  to 
plausible environmental histories was demonstrated. Comparison of this enhancement 
methodology with commonly used fingerprint  enhancement methods (dusting with powder, 
application of wet powder  suspensions a nd cyanoacrylate fumi ng) showed  promising performa nce 
in selected  scena rios of practical i nterest. 

 
introduction 

 
Fingerprints have been used as a means of biometric identification 
since the mid 1800s and, despite the rise of other methods such 
as those based on DNA, remain a cornerstone of the identification 
of individuals for forensic and other purposes. Accordingly, 
the last century  has seen great innovation  of physical and 
chemical methods   for   visualizing  fingerprints on   diverse   
surfaces. 1 

Nevertheless, the  reality is that the success ra te in extracting 
fingerprints of adequate quality for  unequivocal  identification 
remains  low  - in  the  case  of  metallic  surfaces,  only  a  few 

The attractions of  using fingerprints for  identification are 
that  they are unique to an individual, 1 are unchanged through 
out  life, ca n survive su perficial damage  to the ski n 1 and  persist 
for a significant time after death.5 Their  intricate  spatial  form 
also  means  that  it is extremely difficult to "con taminate" an 
object   with  a  perfectly  formed  fingerprint. Formation  of  a 
fingermark on a su rface is an exam ple of the classic  Locard' s 
principle,6 7  commonly ex pressen  as "every cnntnet lenves  n 
trace". There  a re three  types of fingermark: patent (in  which 
the  t ransfer  of  a coloured  substance leaves a visible image), 
plastic (when pressure from the finger on a soft material  leaves 

pereent.2 While incremental improvements to existing methods a 3D  imprint) and  latent (when  the material  exchanged  with 
undoubtedly  have  value,  it  is clear  that  substantive  progress 
requires  the advent  of radically different approaches.  Here  we 
describe one such approach, the basis of which requires an order 
of magnitude less fingerprint residue than typical methodsand the 
nat ure of which introduces the additional dimension of externally 
variable optical properties to optimise visual contrast. 
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the  surface   is  not  visible).'  The last  of  t hese  is  t he  most 
common source of forensic evidence but, by definition, such 
fingerprints require  treatment to reveal  the image. 

Most  latent  fingerpri nts are attri butable  to secret ions from 
two  types of sweat gland: eccrine  glands found  on  the hands 
and sebaceous glands found on the facial areas. Eccrine sweat 
has a very high water content,1 in which the predominant solutes 
a re inorganic saliS (some at a sufficiently high concentration to 
corrode metal surfaces8 as well as lipids and amino acids, whose 
presence is exploited in fingerprint development \vith ninhydrin. 
Sebaceous swea t comprises a complex mixture of fatty  acids, 

 
This journal is @ the  Owner Societies  2012  Phys.Chem.(hem. Phys. 

http://www.rsc.org/pccp
mailto:arh7@le.ac.uk


Publications  

 

   

   a u c 
 
II  

 

 ",.,....,...,...,.. 
 
II 

 
I 

d  e   

 

 
 
 

phospholipids, wax esters,  sterols and  sq ualene, collectively 
referred to as sebum.1 

Broadly speaking, current  fingerprint development methods 
involve interact ion of the chosen  reagent  with one of the water 
soluble or  lipid components of  the S\veat deposit; lack of 
knowledge of the fingerprint history int roduces uncertainty into 
the enhancement process. Traditional reagents and  delivery 
methods include dusting with powders (of a fluorescent,9 11 

magnetic'-'2·13 or t hermoplastic  nature), dipping in (or sprayi ng 
with)    ninhydrin    solution,14    vacuum    metal    deposition,1 5 

small pa rticle reagent,15 physical developer'5 and  fuming with 
cyanoacrylate16·17  ("superglue").  I n  the la tter  insta nce.  the 
white  polymeric  product is commonly visualized  by soaking 
in solutions of basic dyes such as Basic Yellow 40, Rhodamine 
6G (Basic Red 1), Safranine 0 (Basic Red 2) and  Basic Red 14 
and the objects  viewed under fluorescent conditions. A varia nt 
of the fluorescence  approach is the  use of cadmiu m sulphide 
na nocomposites. which  bond  wit h the  fatty  acid  and  amino 
acid  components in fingerprint  deposits.'8  Recent  physically 
based approaches  include using a Scanning Kelvin Probe 19·20  to 
map surface work  function  variations and high  vohage-<l riven 
spatially selective local adhesion of carbon  particulates to semi 
conducting oxides formed on brass surfaces (e.g. bullet casings).21 

While  analysis  of  the  complex  spat ial  patterns of  finger 
prints22 is not t he focus of the present work, a n appreciation of 
their  form  is required   to define  the challenge of  their  visual 
enhancement. Fingerprint detail  is considered at  three levels. 
First  level  detail   describes   the general   t ype  of  fingerprint 
pattern: a  loop.  a  whorl  or  a n  arch.  Second   level  detail 
corresponds to cha racteristic  minutiae within  the fingerprint: 
a  ridge ending, a  bifurcation, a  lake (where  two  split  ridges 
rejoin after a bifurca tion), a dot , a n island (a short independen t 
ridge), a  spur or  a  crossover (ru nning  between  two  pa rallel 
ridges).Third level detail corresponds to smaller features, such 
as pores, on the ridges. First level detail clearly cannot provide 
identification, but can  be useful for elimination purposes.' 
Currently, the spatial relationship  between - though  not  the 
identity  of- second  level feat ures  is the basis of  fingerprint 
identifica tion;   their   unambiguous  imaging  is  th us  critical. 
Third   level  detail,  which is commonl y  not  resolved,  is  not 
presently used in isolation for identification purposes. However, it 
may be used in combination with second (or even first) level detail 
in a holistic approach, exploit ing all the available  informa tion 
to reach a decision  on identification. Thus,  techniques capable 
of resolving third level detail hold considerable f uture promise. 
nota bly  for   pa rtial   fingerprints  or   other   sit ua tions  where 
unambiguous second  level detail  is sparse. 

We now  report  the  successful  implementation  of  a  new 
concept,  based  on  the  usc  of  the  fingerprint  deposi t  as  a 
template, or ·'mask",  through  which  the  visualizing  reagent 
may  be deposited. t o give a negative  image of the fingerprint. 
The approach is complementary to most visualization methods, in 
that it involves interaction  not with the fmgerprint but with the 
W1CO I'ered regions of the substrate. This first stage of the concept 
(illustra ted in Scheme  I ) was described   by Bersellini et ol.,23 
who deposited polypyrrole electrochemically on fingerprinted 
metal surfaces such as Pt. Au, Ag and  Ergal (AI alloy).23 The 
fundamental extension  pursued   here is subsequent potential 
control of the deposi ted polymer to vary its optical propert ies, 

 
 
 
 
 

If 
 
Scheme I Schematic representation of strategy for visualizing latent 
fi ngerpri nts by deposition of electroch romic polymer. Panel a:surface 
with  deposi ted  fingerprint. prior  to  treatment; panel  b: fingerprinted 
surface immersed in monomer solution. prior to initiation of film 
deposition: panel c: regions of bare (inter-ridge) surface covered with 
thin layer of polymer in early stages of deposit ion: panel d: surface 
optimally covered with polymer: panel e: excess polymer deposited, 
resulting in overfilling of trenches and partial obscuring of fingerprint 
deposit: panel/ sample after transfer to monomer-free electrolyte and 
held at a different potential, generating a contrasting i mage (vit1 a 
colour change) to lhat in panel d. 

 
i.e. colour. The  practical  significance  of  this is t ha t one  can 
then  opti mise  fingerprint   visual contrast,  yielding  excellent 
second level detail and  significant  third level detail. 

Irrespective of the detailed fingerprint composition (vide supra), 
the premise is that  it contains sufficient  non-conducti ve material 
to form an insulating mask on the surface. Electron transfer-and 
th us polymer deposition - is prevented by an insulating layer only 
a few nanometres  thick. Since the initial fingerprint deposit may 
be several microns thick,24 one only requires retention of a small 

f raction of the initially deposited  material -far less tha n would 
be commonly required  to give a  visible mark  by interaction 
wit h traditional chemica l  enhancement agents. The practical 
significa nce of this is the potential to image old fingerprints or 
ones t ha t have been subjected to environmental deterioration. 

A  preliminary  communication demonstrated  the  elect ro 
chromic enhancement concept  using polyaniline as the active 

material.25   We  now   implement   this   strategy  using   poly 
(3,4-ethylenedioxythiophene), PEDOT.a widely studied conducting 
polyme 6 32   with  excellent  (elect ro)chemical   stability   and 
electrochromic properties. I n principle,  wi th a wide operating 
potent ial range, one could access th ree sta tes of dist inct optical 
propert ies: 11-doped,  undoped a nd  p-doped.n  However, for 
practical  reasons,  we elect  to operate in aqueous media - 
facilitated   by  using a  surfactant to effect  micella r monomer 
solubilisa tion - a nd thus focus on the interchange of the latter 
two   redox   sta tes,  which  are   read ily  accessible   wit hin  t he 
aq ueous  poten tial wi ndow  under  the conditions employed. 

Summa rizing  t he  preceding  argu ments,  the generic  goal  is 
visualiza tion of latent  fingerprints on  metallic objects. for the 
overwhelming majority of which conventional methods do not 
yield useable images. Specific objectives  related  to t he present 
study include (i) identification of conditions (media  and 
electrochemical  protocols)  for  PEDOT deposit ion   t hat  do 
not simultaneously degrade  the fingerprint; (ii) demonstration 
of PEDOT electroch romic enha ncement of la tent fingerprints; 
(iii) morphological characterization distinguishing trench filling 
(desired)  from  ridge coverage (undesired), showing directly that 
the  PEDOT deposit  yields a faithful  image of  the  fingerprint 
deposit; and (iv) demonstration that enhancement with PEOOT 
as the active agent is competitive with existing methods.This report 
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focuses on  fundamental aspects of these objectives, extending 
the polyaniline-based proof-of-concept;25 complementary 
pt:rformamx aspt:c.;ts an: lht: subjt:c.;t  of  a paralld report." 
As we shall  show,  PEDOT deposition from  aqueous media 
provides  a  powerful  means of latent  fingerprint enhancement 
on metals, with access to second  and  third  level detail  via the 
added  visual dimension of elect roehromism. 

 
Experimental 

 
Materials 

PEDOT films were deposited from  aqueous  0.01  mol  dm-3 

EDOT (Sigma AJdrich)/0.1  mol dm-3 H2S04, (Sigma Aldrich), 
in  selected  cases  (see  figure  legends)  also  containing either 
0.01 mol dm-3 sodium dodecylsulphate (SDS) (Sigma Aldrich) 
or  0.02 mol dm-3 sodium  N-lauroylsarcosinate (SLS) (Sigma 
Aldrich) to facilitate solubilisation of EDOT monomer. 1\ll 
reagents were used as supplied. Subsequent  cyclic voltammetric 
measurements for film characterization and coulometric assay 
involved  exposure   of  t he  films  to  nitrogen-purged aqueous 
0.1  mol dm-3  H2S04, in selected instances  (see figure legends) 
with SDS or SLS present. 

For  exploratory   purposes, four  deposition  solution  formula 
tions   were  used:  (i)  0.1   mol  dm-3   LiCI04/0.07  mol  dm-3 

SDS/().05 mol dm-3  EDOT; (ii) 0.1 mol dm-3 KCI/0.1  mol dm-3 

SDS/0.01   mol  dm-3  EDOT;  (iii)  0.1   mol  dm-3  H2S04/ 

0.01 mol dm-3  SDS/0.01 mol dm-3  EDOT; (iv) 0.1  mol dm- 3 

H2SO.f 0.02 mol dm-3 SLS/0.01 mol dm-3 EDOT.  For reasons 
described  below, formulation (iii) was used most extensively. 

The  substrates were  stainless  steel  304  plates  (2.5 em  x 
2.5  em  x  0.08 em;  one face  i nsulated   to  give  an  exposed 
(electrochemically  active)  geometric area,  A   = 6.25  cm2  

. 

These were incorporated as the working electrode in a single 
compartment   three-electrode cell,  with  a  Pt   Hag counter 
electrode and  a Ag/AgCI/ KCI (saturated) reference electrode, 
against  which all potentials were controlled and  are quoted. 

Reagents and associated  proced u res for standard fingerprint 
visualization methods (for comparison purposes) are described 
in the Supporting lnformation.t 

 
Instrumentation 

 
Electrochemical  measurements  were  made   under   potential 
control using  a J.IA.UTOLAB  type  ll potentiostat.  Optical 
microscopy i mages were taken  with a Meiji Techno MT7100 
trinocular   microscope  operated  by   uEye   (IDS   GmbH). 
The a tomic force microscope (AFM) was a Veeco Dimension 
3100  Scanning Probe  Microscope operated  by  a  computer 
using Nanoscope 6.1 2rl soft ware. The silicon nitride  tips were 
supplied  by  Veeco  (model:  RTESP;  part:  MPP-1 1100-10). 
Calibration  was  effected  by  scanning over  a silicon wafer 
reference. Images (100 j1ITl  x  100 11m) were acquired in tapping 
mode (resonant frequency  200kHz) at a scan  rate of0.6 Hz, 
i.e. 120 llffi s-l 

 
Procedures 

 
The  metal  substrates  were washed  to  remove  any  protective 
grease and one side polished with Brasso to a mirror finish. They 
were then washed again with warm soapy water and acetone to 

remove the excess polish and left to dry at  room temperature. 
In  separate experiments,  eccrine  and  sebaceous  fingerprints 
wt:rt: analyst:d. In both c.;ast:s, donors first  washt:d  tht:ir  hands 
with soapy  water to remove contaminants. Eccrine fingerprints 
were produced  by the donor wearing powder-free nitrile gloves 
for 2 h, then depositing the  print. Sebaceous fingerprints were 
generated by rubbing the fingertips around  the forehead and nose 
area prior to deposition. ln  both cases, minimal force was used: 
this minimizes distortion and provides a more realistic test of any 
erthancement  method. The data  presented are representative of 
fingerprints from a range of donors;  the operational implications 
of their attributes (characteristics such as age and gender) are 
outside the scope of the present fundamental  study. 

Potentiodynamic and  potentiostatic  control  functions were 
explored for  EDOT  polymerization. Deposition  via potentio 
dynamic mode  typically  involved  20 cycles (guided  by visual 
appraisal of film development) with  a cat hodic potential limit 
in the range  -0.6 to -0.5 V and  an anodic potential  limit of 
0.9 to 1.2 Vat scan  rates in the  range 20 < vfmV s-1  < 100. 
Potentiostatic  deposition was in  the  range  0.9  to  1.2  V for 
times in the range 140-3600 s. Conditions specific to a given 
experiment  are  listed  in  the  relevant   figure  legend  but,  in 
general  for  the fingerprint  application considered  here, films 
produced in the absence of H2S04 were either uneven (beyond the 
variations  imposed  by  fingerprint  deposit)  or  failed  to  show 
electrochromic behaviour. As described below, fibns deposited 
under  potentiostatic control  gave the best outcomes in terms of 
image contrast; irrespective of the deposition control function, films 
were  transferred to  monomer-free electrolyte and  characterized 
potentiodynamically. All measurements were made  at  room 
temperature (20 ± 2 •q. 
 
lmage  interpretation 
 

Coulometric  assays of PEDOT surface coverage were made on 
films immersed in nitrogen-purged,  monomer-free 0.1 mol dm-3 

H2S04. For voltammetric measurements the potential limits were 
-0.8 V to 0.8 V. Scan rates in the range  I   < vf mV  s- 1   < 250 
were used to establish complete film electroactivity (or otherwise); 
for coulometric assay the optimum scan rate for films of sufficient 
optical density  to be practically useful was v = 30 mY s 1   The 
total  charge  (Q/C)  was used to estimate  the laterally spatially 
averaged  population density (rfmol em-'} using 
 

r = JL  ( I ) 
nFA 

where n = 0.33 is the maximum doping level during oxidation,35 

F is the  Faraday  constant  and  A Ucm2     is the total  exposed 
electrode  area.  We note  that  removal of  oxygen, and  thereby 
minimization of the partial current associated with oxygen 
reduction, is critical to accurate coulometric  assay of deposited 
polymer  in  a  fundamental  study but  that  this would  not  be 
required in practical application. ln the latter instance, one sinJply 
wishes to use applied potential to establish a particular oxidation 
state  (colour); the charge  required  to do  so  is not  a  measured 
parameter. Since oxygen is not elect roactive in the potential range 
used for EDOT  polymerization, its removal at that stage is also 
not critical. 

As discussed  in more detail  in the supporting information, 
while eqn (I) provides an unequivocal coulometricassay of the 
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total  amount  (moles) of  polymer  present  on  the surface.  the 
spatial distribution- both laterally and vertically- requires more 

These films had  electrochemical   signa tures  (voltammetric 
i-E  curves  in oxygen-free  background electrolyte)   typical  of 

37
 

careful consideration. If the polymer were deposited as a uniform, relatively thick PE DOT films32. (see Supporting l nformationt). 
dense (unsolvated) slab on the surface, its thickness would be: 

 

o r 
We do not explore  t he details of coupled electron/ion (dopant ) 
transfer,  which  have  been  discussed   previously   for  diverse 

38
 

hr.av =c (2) electrolytes. save t o note the  pract ically crit ical feature that 

 
where the zero superscript  signifies the absence of solvent,  the 

vohammet ric cu rren ts were linear  with potential  scan rate and 
(necessa ril y) that  injected/recovered  charge  was independent 

1
 

"av" subscript  signifies a  laterally  averaged   value  and  c  is of scan rate in the range  I < vf mV s- < 250.These films were 

the concentration  of monomer  units in the film (approximated 
at the reciprocal of monomer molar  volume). The fact that the 
lateral  distribution  of polymer is 11ot  unifonn  is, of course, the 
entire basis of tl1e methodology presented  bere. Although  there 
are variations from sample to sample. in a typical situation. the 
deposited fingem1ark obscures ca.50% of the surface so, in those 
unobscured ("bare") regions of the surface where electrochemistry 
does occur, the local film thickness,h- 2h?av· Further.ill situ 
solvation of electroactive polymers is known  to occur and  in 
this configuration will swell the film rerticolly. Anecdotally.i t is  
accepted  tha t  electroacti ve  polymer  film  solvent   vol ume 
fractions vary with polymer charge state, sol vent and electrolyte 
composit ion,  but  they  are  commonly  in  the  range  0.2-{).5, 
i.e. may swell the  polymer  by a  further factor  of  up  to  two 
(1.25hhr 2 hlf). To summarize, the total  population of 
polymer  is unambiguously known, but  local estimates of film 
thickness  requi re some (reasonable) assumptions. 

I mages of full PEDOT enhanced  fingerprints were captured 
using  a  Ca non  A480  digital  ca mera  and  digitally  enhanced 
using  the GNU I mage  Manipulation Program  2.6.7 (G lM P). 
Details of nuorescence, lighting, filters and  still image capt ure 
for finger prints en hanced by standard methods are given in the 
Supporting  l nfom1ation.t  I n  different  instances, films were 
viewed either  ex situ  or  under  potential cont rol ill situ: details 
are given in the figure legends. 

Fingerprint images prior to and subsequent to enhancement 
were graded  according to the  Bandey scale36  (see Supporting 
lnfom1a tion  for deta ilst), a  five point  scale  running from  0 
(no development) to 4 (full development). Although  this scale 
is designed  for  research  rather than   legal  application,  it  is 
broadly accepted  that i mages of grades 3 and  4 wou ld provide 
unequivocal  (legally  undispu ted) identification. 

 
Results 

 
Electrochemistry and m·eniew of PEDOT films 

 
PEDOT film quality  was judged visually by evenness of colour 
on non-fingerprinted sample regions and by uniformity of ridge 
defi nition  across  the  fingerprin ted  area,  electrochemically   by 
charge i nject ion/recovery as functions of potential sca n rate and 
repetitive cycling.and morphologically by microscopic imaging. 
Details of these individual assessments are given below, but the 
summary is that  the highest quality  films were genera ted from 
EDOT  deposition solutions  containing H2S04 and  SDS. and 
vigorously  stirred  i mmediately  prior   to  use  to  ensure  good 
monomer  dispersion. Accordingly, we focus here on  PEDOT 
films deposited   potentiostatically (at  E  = 0.9  V) from  such 
solutions;comments on the outcomes for less effecti ve protocols 
are provided in the Supporting l nformation.t 

stable   to  extended   potential  cycling  in  the  range  - 0.4   < 
EfV   < 0.8;  within  this  range  the  electrochemical response 
was attributable solely to PEDOT (no solvent decomposition) 
and full (un)doping could be accomplished. Altl10ugh not required 
for practical purposes, reasonable stability to application of more 
extreme potentials (from a cathodic limit of E = - 1.4 V to an 
anodic limit of E = 1.5 V) \vaS fow1d; beyond tllis range the severe 
gas evolution  associated with solvent docomposition resulted in 
film rupture.(At least in the case of the catl1odic limit, at which the 
film will be reduced and  very resistive. we recognize that olunic 
drop may  be  significant, so  the  applied   potential   may  not 
reHect  the   potential   at   the  film/solution  interface.)    Films 
subject only to the potential  regime -0.8 < EJV  < 0.8 showed 
electrochromism that could  be regenerated  by re-immersion  in 
background electrolyte  after  extended  dry  storage.  were  not 

detached  from  the surface  by washing  with  water or  acetone. 
but could be damaged  by abrasion (e.g. scratching the surface). 

Based on cou lomet ric assay (see eqn ( I ) and (2)), the range 
of  film  lhickness   explorecl  was  83   < h?. Jnm   < 530.  As 
d iscussed above (see  Experimental procedu res and supporting 
infonnation), t he implication is that local solvated film thickness 
val ues were in the range 0.33  < hr/IJfll  < 2.1. Quite generally, 
the height of a fingerprint deposit can ra nge from 10 nm to 2 J.un. 
according  to the amount  of sweat present on the finger and  the 
pressure applied  du ring depositioo,39  so  the selected hr range 
spans   low   level  filling  (Scheme   I , panel   c)   to   overfilling 
(Scheme  I , panel e) of the trenches; this distinction  is explored 
below using AFM imaging. Based on literature data for PEDOT 
optical  properties.40 the peak absorbances of PEDOT films in 
this coverage   (r) range   should   lie  in  the  ranges   0.4-2.4 
and  0.2-1.1  when  t he  films are  maintained in  the  undoped 
and  p-doped  states, respectively. Although transmission 
measurements cannot  be made  on  the  metal substrates (and 
in  any  case  would   not   be  meaningful  for  films  that  are, 
necessarily  in  this  situa tion,  laterally   varying  in  thickness), 
this  estimated   absorbance range  is  consistent  with  both  the 
needs of visual fingerprint  appraisal (i.e. giving images whose 
film/fingerprint deposit contrast gave feature definition  at  the 
grade   3  or 4  level  on   the  Bandey   scale;  see  Support ing 
informat iont)  and   the  observat ion   that   films  were  readil y 
visible  but  not  totall y opaque. 
 

 
PEDOT clectrochromic enhancement - the effect of applied 
potential 
 
A representative example of latent  fingerprint enhancement on 
a stainless  steel substrate is shown  in Fig. I for  the case of a 
th ree  day  old  fingerpri nt  stored   under  ambient   condi tions. 
Panel  a shows  the  latent  sebaceous fingerprint  as deposited: 
whi le one  can  deduce  qualitatively that  t here is a  fingerprint 
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Fig. I    Effects  of  ambient   medium  and   applied   potential  on   a 
fingerprint image subjected to enhancement  by PEDOT deposition. 
All  images  are  for   the  same  sebaceous  fingerprint.  deposited  on 
stainless steel. then stored for 3 days in ambient laboratory cond i tions 
prior to the observations shown. Panel a: fingerprint prior to enhance 
ment:   panels  b-f   following  PEDOT   deposition   (see  main  text: 
deposition  time 150 s): final  image quality on Bandey sca le: grade 3. 
Sample environment: panel b: ex situ: panels c and d: iu silll exposed to 
I   mol dm-3  H 2S04: panels e and f in situ exposed to  I mol dm-3

 

H2S04JO.OI  mol dm-3 SDS.Applied  potential:panels c and e: 0.80 V: 
panels d andf - 0.80 V. 

 

 
present,  there   is  essentially   no  ridge  detail   visible (on   the 
Bandey  scale, a grade  0 pri nt). Panels b-f  show  the resul t or 
depositing a  PEDOT  film  (f rom  an  acidic  SDS  monomer 
solut ion,  procedure (iii);  see  above)   and   t hen  viev;ing  the 
enhanced    fingerprinted  surface   under   variously   cont rolled 
cond itions.  In  all  cases. i t  is clea r tha t  the  image  bas  been 
significantly  enhanced, al though  differently according to  the 
imposed condi tions.  For  the present, we focus on  the effect of 
applied  potent ial. Comparing panels c and d and  panels e and 
f - where  each   pair  corresponds to  exposure to  t he same 
electroly te-the  result is tha t active maintenance of the film in 
a  red uced  (undoped) st ate gives a more strongly  cont rasted 
image for the case of the stainless steel substrate. In the case of 
pa nel b, for  which  the sample  was simply  removed  from  the 
deposition solution,  rinsed  and  viewed ex  situ,  the  result  is 
similar  to the undoped  state. However, while the colour of the 
PEDOT film is obvious, in this image the full potential (literally) 
of the method is not realised, since the sample is necessarily not 
subject  to  the  potential  control   that  allows  manipulation   of 
film electrochromic  properties between the dark  and  light blue 
colours, respectively, of the undoped and p-doped states. For the 
stainless steel substrdte, this is not a significant limitation, but for 
difrerently coloured substrates.one might imagine that poten tial 
control would be more critical. 

 
Replicate PE DOT deposition experiments on fingerprints of 

varying  ages and  subject  to different  environmental h.istories 
(see below) required  polymer  deposition times on the order of 
hundreds of seconds (as judged visually to give good contrast). 
Performance  variation with fingerprint age and environmental 
history has been the subject of a separate operationally-oriented 
study34  but  transformation  of grade 0 images (on  the  Bandey 
scale) for an as deposited latent fingerprint to grade 3 or 4 images 
(as shown in Fig. I ) was commonly  achievable for fingerprints 
left under ambient  conditions for extended  periods of time. 
Typically, deposi t ion times in excess of20 min lead to decreased 
contrast. The hypothesis,  explored  below, is that  th.is is a 
consequence  of  overfilling  the  trenches   between  fingerprint 
ridges, t he scenario represented  by panel e of Scheme I. 

The in sillt images of Fig. I were acquired with potentiosta tic 
control.  More obvious  variation of contrast  was observed under 
potentiodynamicconditions, with video recording of the (variably) 
enhanoed image. 

 
Effect of electrolyte composition 
 
Given the widely recognized variation in PEDOT electrochemical 
(i-E) responses in the presence of different electrolytes (a typical 
feature  of conducting  polyheterocycle films),  the effects of  the 
presence and ident ity of anionic surfactant  were determined. The 
first of these can be seen by comparison  of panels c and e and 
panels d andf I n the latter instance of each pai r, the background 
electrolyte contained SDS:in the fanner  instance of each pair. it 
did not. Since the two optical responses are different. we deduce 
that (at least some of) the dodecylsulfonate anion  tra nsfers into 
the film as an anionic dopant  upon PEDOT oxidation. lf theonly 
dopant  were bisulfate (the dominant  sulfate species at  t his pH), 

then the presence of SDS would make no difference; the fact that it 
does make a difference uneq uivocally signals its participation 

as a transferrable dopant. Th.is differs from the conclusion  of 
Li et  a/.,41  who deduced  that  os- anions were immobile  in 
Au-supported  PEDOT   films  cycled  in  SDS and   LiBF4.  In 
noting  the effect of  the  presence  of  SDS in  the  background 
elect rolyte used for  redox cycling t he film, it should be recalled 
that  all the images in Fig. I relate to the same fingerprint  and 

t ha t those i n panels b-f  all  relate  to  the sample  following  its 
PEDOT enhancement from an EDOT/SDS deposition solution. 
The conclusion  here is that  the response is predominantly 
determined 1101 by the deposition solution (presence or ot herwise 
of SDS), but rather  by the solution  to which the film is exposed 
when the electrochromic effect is exploited. 

The fact that a nionic surfactant influences film electrochromism 
prompted the use of a different surfactant, the amino acid-based 
sodium   N-lauroylsarcosinate  (SLS), in  place of SDS as  the 
sol ubilising vehicle for EDOT. The outcome, shown in Fig. 2, 
was a  black  PEDOT film. Unfortunately, despite  the  use of 
apparent ly similar conditions to a  previous report  of electro 
ch romism,42 the fingerprint-templated  PEDOT films here did 
not  show an  electrochromic response.  Practically,  the  dark 
film does  provide  excellent  contrast  and  enhancement for 
the  stainless  steel  subst rate   used  in  Fig. 2, bu t  the  loss  of 
electroch romism is in general detrimental. 

I t was also found that  PEDOT films at open circuit showed 
a  response to sol ution  pH. In acidic  sol ution  the films were 
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Fig. 2    Sebaceous fingerprint on stainless steel enhanced by PEDOT 
deposition from EDOT monomer sol ution contai ning I  mol dm-3

 

H1S04/0.0I  mol  dm-3  SLS. Deposition (3500 s) on freshly finger 
pri nLcU !'turfa ,;t::.  VicwOO ex  .Hill; Bamley !)Cedt:: gnu.lt: 3. 

 

 
 

Fig. 3  Effect of pH on PEDOT en hancement for a sebaceous finger 
pri nt on stainless steel (age 24 h under ambien! conditions). Panel a: 
ex situ; panel b: in situ immersed in I mol dm-3 H2S04; panel c: in situ 
immersed in I  mol dm-3 KOH (Bandey scale: grade 4). 

 
light blue and in basic •olu tiu n Lin: film> wo:re dark biUt:wlou r, 
as  shown  in  Fig. 3.  These  a re analogous  to  oxidized  and 
red uced  ftlms. respectively. although the basis of this effect is 
less obvious, given  the absence  of  readily  (de-)protonatable 
sit es in PEDOT. 

 
Lmaging at differen t spatial resolution 

 
The   visual   assessment    of   fingerprin t   enhancement   was 
extended by observations at  progressively increasing magnifi 
cation  using optical a nd then atomic force microscopy. Fig. 4 
shows a  series  of  optical microscope images of  a  sebaceous 
fingerprint   kept  under  water  for  one  da y, then  enhanced  by 
PEDOT deposition. For  illustrative purposes to indicate the 
spatial resolution  of the technique, we show images centred on 
a representative second  level feature (here,  a bifurcaTion) that 
would   be   used  for   identification    purposes.  The  con trast 
between  the  fingerprint   ridge  detail  and  PEDOT deposited 
between   the  ridges  is  excellent.  The   highest  magnifica tion 
optical  image (nominally x20  magnification; see panel c) that 
contains the enti re feature  shows its unambiguous and  clea r 
outlines. It is clear  that. despite the inevitable dissolu tion of a 
substanti ve fraction or  the fingerprint  deposit,  the enhance 
ment  procedure is successful. 

 
Fig. 4    Optical microscope images (viewed ex situ) of progressively 
increasing magnification (nomina lly. a: x 5; b: x 10: r: x 20; d: x50: e: 
x 1 00:see scale bars for absolute dimensions). Fingerprint deposited on 
stai nless steel. kept under water for I day. then PE DOT enhanced (see 
main text: deposition time:230 s).The images focus in on a second level 
detail featu re, a bifurcation. In panel e.red circle highlights onset of 
overfilling (see main text). 
 

The  higher magnifica tion images of  Fig. 4 (panels d a nd e) 
are do  not contain  the full second  level feature. but do allow 
one  to inspect  the PEDOT/ridge in terface. This  is relatively 
sharp, but higher magnification is requi red to assess this fully. 
Accordingly, Fig. 5 shows  an  AFM  image of a (necessa rily) 
small section of ridge detail  subject  to PEDOT enhancement. 
The   fmgerprint   deposi t  and  PEDOT  are   morphologicall y 
d istinct: the PEDOT  is rougher  and  more glohular in natu re. 
as seen for man y conduct ing polymer  films. The primary issue 
at stake is the ex tent of trench  (over)filling, as represented in 
the cartoons of Scheme I. Specificall y, we wish  to determine 
whether  the polymer  surface  populat ion is sufficientl y high to 
be visualized,  but sufficiently low that  t here is still substantial 
uncovered   rid ge detail against   which  the deposi ted  pol ymer 
contrasts. I n the event  that  the  polymer  surface population 
were too grea t, the rising level of PEDOT might be expected  t o 
spread  across the  ridge detail  (see Scheme  I , panel  e). While 
there is some evidence (see red circled area i n panel e of Fig. 4) 
of  limited  spread of  PEDOT across  the  fingermark   ridges, 
visual  appraisal suggests  that  this does not seem  to be wide 
spread. The fundamen t al reason  for tlus is revealed by images 
of the type shown in panel a of Fig. 5, which shows a slightly 
surprising  - but   undoubted ly   advantageous  - outcome. 
Although the  trench  is overfilled,  i.e. the level of  PEDOT is 
higher than  the  upper  surface of  the fingerprint  deposit. the 
PEDOT does no/ flow fully across the ridge. The effect is more 
obvious i n the I D section across the ridge, shown in panel b of 
Fig. 5,  in  which  the initial  fingerprint  "ridge" appears as  a 
valley. Practically  this is ext remely  helpful, since one cannot 
a priori know the di mensions of a gi ven fingcrma rk and  thus 
cannot a nticipate  the optimum polymer coverage,  r. 

Exploring  this  in  more quantitati ve  fashion,  the  exposed 
width of the ridge is 26 J.lln and  the PEDOT film rises 300  nm 
above the  top  of  the fingerprint   rid ge. Coulometrically,  we 
calculate ll?.av   = 353  nm.  I n  this ex si111  measurement, it  is 
likely that  most of the solvent  will ha ve eva porated  so, if the 
film colla pses to reflect this fact. then- 700 nm. (If sol vent 
eva porat ion is not accompanied by film collapse, then the film 
thickness may  be a litt le larger, but most  probably not as large 
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Fig. 5   Ex situ AFM  image of a sect ion  of  fingerpri nt ridge and surrounding PEDOT.  Fingerpri nt was deposited  on  stainless steel. stored  for 
II  days under ambient laboratory conditions, then enhanced by t>EDOT deposition (250 s). Panel a: 3D image;  panel b:  I D line section 
perpendicular to ridge (see red line in panel a). 

 
as a factor of two for a fully solvated film.) By d ifference, we 
deduce  that   the  height of  the fingerprint deposit  above  the 
metal    substra te   was    490    nm.    According   to    Thomas 
e /  af.,39   3 44  the width of a ridge in a latent fingerprint deposit 
can  be anywhere between  1- 50 11m  and  the height  between 
10 nm  t o 2  tm  (depending on  load  when deposited  and  time 
elapsed since deposit ion). The experi mental observations  fall 
within   these bounds and  a re  consistent  with  a  mid-range 
deposit that  is substantiall y, but incompletel y, covered. 

The  example  of  Fig. 5 was a fingerprint aged  for  II  days 
under ambient condit ions, during which  time eva pora tion  of 
the more vola t ile components wi ll have  decreased the ridge 
width  a nd  height.39   From the  perspecti ve of  a  t opographic 
image,  this  may  in part  explain  the relatively  na rrow  finger 
print  ridge  and its less regula r shape. Loss of volatile compo 
nents  wi ll  increase  the  viscosity   of   the  deposit,  making 
rheological   distinction  between  the   viscoelast ic37    PEDOT 
and  fin gerprint  deposit  components less marked. The obvious 
control experiment of imaging the fingerprint as deposited was 
not possi ble due to its fluid-like na ture  prior t o loss of volatile 
components: the  AFM   tip was simply  dragged th rough  t he 
soft deposit. Nonetheless. the evidence of  Fig. 5 is that  their 
different   morphological cha racteristics  pem1it differentia tion 
of the PEDOT a nd fingerprint deposit com ponents. 

 
Assessment of performance and comparison with existing 
enhancement  techniques 

To assess the efficacy of the PEDOT electrochromic enhancement 
technique,  its  ca pability  to  visualize  fmgerprints  subjected   to 
plausible environmental degrada tion scenarios was tested. These 
scena rios were ambient exposure (the least challenging scenario), 
continuous  immersion   in  water,  washing  with  soap solution 
followed  by  ambient  exposure,  washing  with acetone  followed 
by ambient exposure, and continuous exposure to high tempera 
ture ( ISO C: the most challenging scena rio). In each case, samples 
were imaged after periods of I .7.14 and 28 days. Replicate sets of 
samples  (from  different donors) were also  trea ted  with  three 
commonly  used  enhancement  methods,   namely  dusting  with 
black powder, cyanoacrylate ("superglue") fuming followed  by 
dying \vith the fluorescent yellow dye BY40, a nd a suspension of 
iron oxide in detergent (Codeco and distilled wa ter,··wet 
Wop.'). The   empirical  outcomes  of   such  a   survey   
cxeculed    for 
five donors a re presented elsewhere34 wit hout  expla na tion  of 
the underlying electrochemist ry. Here we focus on these more 

fundamental  issues, through illust ra tive examples of scenarios 
where the  PEDOT  enha ncement shows pa rticular  promise. 

Fig. 6 and  7 show images of PEDOT-enhanccd fi ngerprints 
previously su bject ed, respecti vely, to  heat  a nd washing  wit h 
soa p solution. The pract ical significance of these environmen ts 
is that  both diminish the amount of sweat deposit present  on 
the surface. thereby  compromising techniques  that  involve 
interaction with the fingerprint  itself. For exa mple, tradi tional 
techniques  (using   powder.  wet   powder   a nd  cyanoacryla te 
("supergluc") treatments) showed poor  success rates. Moreover. 
i nterest  in samples subjected to these environments is motivated 
by the efficacy of the PEDOT treatment in visualizing these latent 
fingerprints.3For example, across a number  of enhancement 
 

 
 
Fig. 6  I mages of sebaceous fingerprint kept in an oven at 150  C for 
28 days prior to enha ncement with PEDOT. Pa nel 11: fingerprint prior 
10 enha ncement (Bandey scale: grade I ); panel b: ex situ after PEDOT 
deposition (Bandey scale: grade 4). 
 

 
Fig. 7    I mages of sebaceous fingerprint hand washed in wa rm (40  C) 
soapy water then kept in a mbiem conditions  for 7 days prior to 
enhancement with PEDOT. Pa nel a: fingerprilll prior to enhancement 
( Bandey scale: grade I ); pa nel b: ex  situ after PEDOT deposition 
(Bandey scale: grade 4). 
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techniques used to enhance samples subject  to heat treatment. 
PEDOT deposition was responsible over 50% of the successful 
visualizations, and on 7 day old samples  PEDOT showed 
improved images of 60% of fingerprints washed  (with gentle 
abrasion) with soap  solut ion.  For  the  two  examples  shown, 
these high quality  PEDOT-enhanced images, showing excellent 
second level detail and (at least in the case of Fig. 6) significant 
third  level detail,  demonstrate clear  niche applications for  the 
PEDOT approach. 

Although enhancement was possible with both  eccri ne and 
sebaceous  print   residues.   sebaceous  fingerprints  produced 
nigher quality images. We attribute this to the fatty  deposits 
derived from sebaceous fingerprints acting as better  insulators 
and being more resistant to dissolution in the aqueous electrolyte 
than is the case for the analogous deposits for eccrine fmgerprints. 
Practically, this is beneficial since fingerprints in a forensic context 
commonly contain  a mixture of eccrine and sebaceous sweat. I n 
particular, one rarely finds pure ecctine fingerprint deposits, since 
they are frequently contaminated  with  sebaceous  residues as a 
result of contact of the fingertips with the face or hair. 

The overall picture, set in the context  of complementary and 
competing methods, is summarised in Fig. 8. This figures 
aggregates the ou tcomes of a survey involving over 500 samples. 
involving fmgerprints from different donors.subjected to different 
envi ronments/histories. sa mpled  after  different  ti me intervals 
and  enha nced  using different methods. The detailed  effects of 
these parameters from an operational perspective are described 
elsewhere34   for  the m jooity of  this cl tH set. The  purpose  of 
showing the integrated  data set is to assert the potential efficacy 

 

 
 

Fig. 8   Summary of success rates (image enhanced to Bandey seale 
grade 3 or 4) using various latent fingerprint enhancement methods: 
black  powder. wet  powder. cyanoacrylate fuming and    PEDOT 
electrochromic polymer (as  a nnotated).  For  the  t hree traditional 
methods. survey size was 100 samples each and for PE DOT the survey 
size was 130 samples. t n all cases, samples spanned a range of ages 
(1- 28 days) and environmental exposures (see ref. 34 for details). For 
each enhancement methodology, the success rate was normalized to 
the number of s•Hnples. 

of the electrochromic treatment. The simplistic view is that  the 
PEDOT enhancement method  and  powder dusting are t he t wo 
most effective methods, although this superficial assessment 
conceals  the fact  that  the strengths of  the  two best methods 
are   somewhat  complementary. The  poor   performance of 
'"supergl ue'" is perhaps surprising, but it should be emphasised 
that  it is an excellent  method  for  imaging  latent  fingerprints 
on   plastics   and   other   insulating  su rfaces,   for   which   the 
electrochromic approach cannot be used. 

We end   the  discussion   with  some   comments  on  issues 
related   to  practitioner uptake of  this novel  approach. The 
choice of  instrumentation will depend  upon  the object  to  be 
processed,  but capital costs  need not  be more than  for the 
cyanoacrylate (superglue fuming) cabinet  that  is a feature  of 
every  well-founded   fingerprint   laboratory. There   is a  wide 
selection  of  such   instruments  commercially available and 
choice  would  be based on  the cu rrent  requirement: objects of 
larger  area will require  passage  of  larger  current, i.e. a 
potentiostat of grea ter compliance. Reagent  costs a re modest. 
Operation is simple and  processing time will be comparable to 
that  of existing chemical  treatment techniques. We do not 
envisage  substantial ba r riers to  exploitation associated with 
typical  laboratory infrastructu re,  safety  issues  or  economic 
factors. 

 
Conclusions 
 
The  principle of using the hro clly insult ing ch rct eristics of 
a fingerprint  deposit on a metal su rface as a mask, or template. 
for    the   spatially    selective   electrodeposition   of   PEDOT 
films has  been demonst rated. The facility  to alter  tbe optical 
properties - simplistically,  colour  - of the deposited  film via 
the application of an external  voltage provides a means to 
optimise  contrast within  the image. Tllis introduces a new 
dimension  to fingerprint  imaging. Further, the reversibility of 
this latter  process means  that one can independently optimise 
contrast in different regions  of the image,  for example where 
the fingerprint  deposit  is of variable  t hickness or definition. 

For the situations explored -on stainless steel as a representative 
surface - potentiostatic polymerization of EDOT monomer in an 
aqueous SDS surfactant dispersion was found to be optimwn. 
Suitable control of deposition rate, ••ia monomer concentration and 
deposition potential and tin1e, permits progressive filling of trenches 
between fingerprint deposi ts until optimum contrast  is achieved. 
Both eccrine and sebaceous latent fingerprint deposits were 
developed on stainless steel, although sebaceous prints provided 
the  highest  quality  images.  This  is attributed  to  the  greater 
insulati ng  nature   of  the   predominantly  hydrocarbon-based 
deposi ts resulting from these fingerprints. 

Microscopic observation of the polymer/fingerprint deposit 
structures  on   the  surface   show   good   definition.  For   the 
particular  material   used,   PEDOT, it  turns  out   t hat  some 
element  of  overfilling  of  the t renches  can  be tolerated, since 
the  polymer  grows  preferentially vertically  (outwa rds) rather 
than  laterally (across  the top of the fingerprint  deposit). While 
one would naturally attempt to avoid overfilling of the trenches, 
this may  in  practice be difficult for  marks  of va riable deposit 
thickness, so this tolerance  has practical  value. An additional 
attractive practical attribute of this system is the option of using 
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an aqueous elect rolyte for both deposition and  film redox state 
va riation. I n the deposition step, this requires use of a surfacta nt 
to solubilise  the  monomer: limited  exploration of surfactan t 
options suggests   this  may  be  an  addi tional  a rea  for  useful 
optimisation and/or colour manipulation. 

From  an operational  perspective, this method reveals laten t 
fingerprints of evidentially  useful quality from challenging and 
practically  relevant  situa tions,  including  attempts to  remove 
the fingerprint  and extended exposure to water or  heat. In the 
Iauer   two  instances, it  is sum1ised  that   this  is  a  result  of 
removal of water-sol uble (conducting) components, such that 
the insulating organic components are  concentrated  on  the 
surface to provide a more effective template for polymer deposition. 
In the case of heat treatment, water will also be removed. Across a 
range of  fingerprint histories and  ages, PEDOT enhancement 
outperforms cyanoacrylate and wet powder enhancements. Overall, 
it has a similar success rate to dusting with black powder, but the 
strengths of these two reagents are complementary. 

The approach of a visualizing  reagent  interacting wit h the 
ba re su rface is complementa ry to  the majority of fingerprint 
enhancement methods, which arc based on interaction of some 
reagent   with   the  fingerprint   deposi t  itself.  This  offers  the 
promise, to be explored in future work, of using both approaches 
without  mutual  exclusion.  Other  areas of future  enquiry will 
include  application  to  other  metals,  variation   of deposition 
solut ion  formulation  (for  example   using  other surfacta nts 
with  potential generation of different  optical  properties), and 
assessment  of the extent  of third  level  detail  present. 
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Latent fingerprints on metal surfaces may be visualized  by exploiting the insulating 
characteristics  of the  fingerprint deposit  as a "mask" to  direct  electrodeposition of 
an  electroactive  polymer  to the  bare  metal  between the  fingerprint ridges. This 
approach is complementary to most latent fingerprint enhancement methods,which 
involve   physical  or  chemical  interaction  with the  fingerprint residue.  It has the 
advantages  of sensitivity  (a nanoscale residue can block electron  transfer)  and, using 
a suitable  polymer, optimization of visual contrast. This study extends the concept in 
two  significant respects. First, it explores  the  feasibility  of  combining  observation 
based  on  optical  absorption  with  observation  based  on  fluorescence.  Second, it 
extends  the  methodology to  materials  (here, polypyrrole) that  may  undergo post 
deposition substitution chemistry, here  binding of  a fluorophore whose  size  and 
geometry  preclude  direct   polymerization  of   the   functionalised   monomer. The 
scenario involves  a lateral  spatial image  (the  whole fingerprint, first  level detail) at 
the  centimetre scale, with identification features  (minutiae, second level  detail)  at 
the  100-200 11m scale and  finer  features (third  level detail) at the 10-50m scale. 
However, the  strategy  used requires vertical spatial control of the  (electro)chemistry 
at the 10-100 nm scale. We show that  this can be accomplished  by polymerization 
of  pyrrole functionalised with a good  leaving  group, ester-bound FMOC, which can 
be  hydrolysed and eluted from  the  deposited  polymer  to  generate solvent  "voids". 
Overall the  "void" volume and  the  resulting effect  on  polymer  dynamics  facilitate 
entry and amide bonding of Dylight 649 NHS ester, a large fluorophore. FTIR spectra 
demonstrate the spatially integrated compositional changes. Both the hydrolysis and 
fluorophore functionalization were followed using neutron reflectivity to determine 
vertical spatial composition  variations, which  control  image  development in  the 
lateral direction. 
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Introduction 
 

Fingerprints provide an example of pattern formation in nature, carrying information 
that  uniquely identifies an  individual. Notwithstanding the  rise of sophisticated 
genetic methods, they remain  the cornerstone of many criminal investigations and 
have a number  of non-criminal applications based upon identification of an indi 
vidualT! he  efficacy of this  approach  is  in  large  measure  associated  with  the 
complexity of a fingerprint and the consequent practical difficulty of forgery; powerful 
software tools for analysis and recognition facilitate exploitation of this potential. The 
power  of  fingerprint  evidence for analytical purposes  in general  is anecdotally 
recognized by the use of the term in other contexts, such as the "fingerprint" region of 
m spectra   and  DNA "fingerprinting". The  challenge  in  realizing this analytical 
opportu nity lies in visualization of the interfacial chemical transfer that constitutes a 
fingerprint, primarily in the case of latent fingerprints, for which the naturand 
extent' of the deposit mean that they are not immediately visible to the eye. Here we 
explore how this can be accomplished by a novel electroanalytical approach  based 
upon  spatially  selective deposition of electroactive polymers with variable optical 
properties. The intellectual novelty lies in the need to control the (electro)chemistry 
on different length scales and in both the lateral and vertical directions. 

When a finger contacts a surface, exchange of material with the surface leaves 
behind a trace of this contact which resembles  the pattern  present on the finger. 
Dependent on the substrate and the nature of the contact, the fingerprint may be 
visible, latent or plastic.• Since they are not immediately visible  to the eye, and 
thus less readi ly "wiped", latent fingerprints are  the greatest  source of forensic 
evidence.To give an indication of scale, in the UK on the order of 700 000 objects 
are fingerprinted per annum. In response  to this demand, numerous methods 
and  reagents  have been developed  to effect latent  fingerprint  visualization but, 
perhaps su rprisingly,  the operational success  rate is on ly ca. 10%. While there 
may be local variations in demand  and/or success rate for specific types of object, 
the global need for improvement is clear. 

The existence of fingerprint patterns  was recognized in ancient times:•·• they 
have been identified on hand-formed building materials in jericho dating back to 
7000 BC and on the reverse of Chinese clay seals from 300 BC. Much later they 
were used as accompaniments to signatures by citizens claiming  damages 
following the siege of Lo ndonderry in 16915 and by the engraver Bewick who used 
an engraved fingerprint as a signature on his work.•The first documented study of 
fingerprints was in the 17th  centu ry by Grew,S followed by attempts at  pattern 
classification  in 1823 by Pu rkinje,•·• and later by Henry.' 

Development  of  these historical observations for forensic  a pplication  was 
reliant upon  three  crucial  deductions made  during the  19th  century.  First, 
HerscheF made the critical observation - on his own hands - that  fingerprints do 
not change during the life of an individual.'Indeed, the friction ridge ski n pattern 
that constitutes a fingerprint persists after death,  thereby enabling post mortem 
identification." Second,  by  removi ng skin  from  the  fingers and  allowing  it  to 
re-grow, it was demonstrated that  injury does not change fingerprint patterns.' 
Third, in 1892 Galton9 estimated that the odds of two individuals having identical 
fingerprints were 64 billion to 1; thus, for all practical purposes, they are uniq ue to 
an  individual.  Com bination  of  these  observations  pointed   to  the  value  of 
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fingerprints in criminal investigations.10 The outcome of this, in the first decade 
of the 20th centur:y, was establishment of the UK's first fingerprint bureau 5 

'and 
the use of fingerprint  evidence to secure a murder conviction. 6 

Fingerprint  patterns fall into three basic categories (so-called first level detail): 
loops, whorls and arches.s-'' While differences at this gross level can clearly elim 
inate certain  individuals,  positive identification  relies  on the minutiae (or second 
level detail) within the pattern: these include such features as ridge endings, 
crossovers (bridges), short  independent ridges, islands,  bifurcations,  spurs, dots 
and  lakes." The standard for matching  a crime scene fingermark to one from  a 
database varies with jurisdiction: in some cases there is a set minimum number of 
points of similarity (although the number is not universal) and in others (including 
the UK) it is decreed a matter for a recognized expert to decide. As a rule of thumb, 
identification  of around 16 points of similarity can be expected to be considered 
conclusive.·''2 There are also finer features (third level detail) present in a fingerprint 
image: these include the detailed shapes of the ridges and individual sweat pores. 
While  not  currently  used   in  fingerprint   identification,   there   is  considerable 
research  interest  in third  level  detail, since  it may in future  permit  analysis of 
smaller fragments of marks left by a finger, i.e. partial fingerprints. 

Here we focus on latent fingerprints, since  these are  the  primary source of 
forensic evidence. In general terms,  the traditional approach  has been to apply a 
reagent that  interacted with the residues left by contact of the finger. We do not 
rehearse the diverse methods avai lable, since these have been reviewed elsewhere 
recently,'3  15 but rather  show how the apparently diverse  methods used  in fact 
have some similarities that limit their efficacy and  motivate the novel approach 
developed  here. The classical approach  is to apply a powder (either d r:y or as a 
suspension) that  adheres physically to the sweat residues; the  powder  may be 
fluorescent,',...'8 magnetic'9 20 or thermoplastic. In each case, this method  is reliant 
upon  there  being  sufficient  residue   present   for  ad hesion  of  a  powder  with 
adequate optical contrast to the substrate.2' - More recent developments involve 
(by dipping, spraying or gas phase deliver:y, according to the chemistry) ninhydrin 
solution,27   vacuum  metal deposition,2'   small  particle  reagent /8 physical devel 
oper/8 cyanoacrylate ("superglue")  polymerization in conjunction with a suitable 
dye/9 30 S N polymerization3    and cadmium sulphide nanocomposites.32 In some 

•  2  2 ' 

cases the interaction of the reagent  may be relatively unspecific (physical adhe 
sion  of  powders),  in others  it may involve moderately  specific chemistry (CdS 
binding with fatty acids and an1ino acids generally found in fingerprint deposits) 
and in oilier cases it may be ver:y specific (reaction with secreted  drug metabolites 
of antibody-functionalised nanoparticles.33  However, the common  factor is that 
the reagent interacts with the deposited residue.This makes all these technologies 
vulnerable to loss or deterioration  of fingerprint  residue, e.g. as a consequence of 
ageing, environmental  exposure or abuse (attempted  washing). 

The approach developed here is complementary to those described above, in that 
the "reagent" is applied to the bare substrate surface that lies between the deposited 
fingermark ridges.The means of accomplishing tlUs is to use the fingerprint deposit 
as a "mask" or template, whose broadly insulating characteristics preclude electron 
transfer  from a metal substrate to a solution  precursor. Since electron  tunnelling 
can only take place over very short distances, only a ver:y thin layer (ca. 1-2 nm) of 
fingerprint residue is required - far less (by an order of magnitude)  tllan required 
in   the  conventional   strategies  listed  above. We  have  recently  demonstrated 
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proof-of-concept  for this strategy•.35  in the  context  of  electropolymerization  of 
aromatic solution  precu rsors36  to generate conducting polymer films. Other appli 
cations  of  electrochemically-based methods  of  latent  fingerprint   visualization 
include imaging using the SECM38 1 and deposition of Au nanoparticles.42 

-4 

In the case of electroactive polymer enhancement, after transfer to a background 
electrolyte, the electrochromic properties of these materials were exploited to adjust 
the visual contrast between the polymer and the metal substrate. Evaluation of the 
ability of this  approach to visualize fingerprints subject  to ageing  in a  range  of 
environments suggests that  there are practically  relevant  situations in which  the 
methodology may be superior to currently employed methods, for example involving 
powders and cyanoacrylate.37

 

The aim of the present  study is to extend  the concept of the electrochromic 
polymer  enhancement strategy  in  two significant  respects. First, we wish  to 
explore the possibility of combining observation based  on optical absorption (as 
above) with observatio n based  on emission.Since the advantages, nota bly sensi 
tivity,  of  fluorescence  detection   are  a ppreciated  in  fingerprint  visualization, 
translation to practical  appl ication would be facilitated  by existing instrumenta 
tion. In the context of "superglue" enhancement, subsequent use of fluorescent 
dyes is a necessity, since the cyanoacrylate  polymer  is not coloured. This leads 
naturally  to our second generic goal, use of electropolymerized films permitting 
excellent spatial control  but with sub-optimal optical properties. In particular, we 
wish to  move from  th iophenel5  and  an i li ne• based  materials to  pyrrole-based 
systems,  for which  there  is much greater  opportu nity for manipulation of prop 
erties  by substituent chemistry on the :::;N-H functionality. Here we focus on the 
underlying fundamental (electro)chemistry of this approach. 

The future  viabili ty of enhancement and analysis of latent fingerprints using 
this strategy   relies  on  "writing"   (electropolymerization  and   post-deposition 
reaction) and "read i ng" (absorption and emission  observations)  of spatial infor 
mation at different lengt h scales.The precise figures will vary from one i ndividual 
to another, but typically this is at ca.1 em for first level detail (the whole print), at 
100-200 Jlm for second  level detail and  at 10-50 Jlm  (third level detail). These 
feature sizes set the chemical challenge:control of enhancement chemistries with 
commensurate  lateral   spatial  resolution to  the   feature   size.  However,   the 
requ i rement   for vertical  resolution  is somewhat different. Typical  fingerp rint 
deposits  may be a few microns thick  as-deposited, bu t eva porative  and  other 
environmental losses will typically decrease  this to  lOOs of  nm before  enhance 
ment is undertaken. This defines the vertical resolution required for the (electro) 
chemistry: there is an optimum to be found  between the lower limit of detection 
of deposited material and over-filling"5  of the trenches between fingerprint ridge 
deposits.To summarize, th is singu lar analytical challenge of uniquely identifyi ng 
an individ ual based on electroanalytical visualization  of their fingerprint req uires 
simultaneous control  of (electro)chemical processes  on length scales from  the 
nanometre to the centimetre regi me and in both  lateral and vertical directions. 

 

 
Experimental 

 

Reagents, materials and  electrodes 
 

N-Cyanoethylpyrrole (PyCN), piperidine, tetrabutylammoni um perchlorate (TBAP), 
perchloric acid, hydrogenous and deuterated acetonitrile were all used as su pplied 
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(Sigma  Aldrich). N-Aminopropylpyrrole (PyNH2)  was synthesised via reduction 
of PyCN (0.056  mol) with  LiAIH4   (0.26 mol)  in  anhydrous ether. The  reaction 
was stirred for 2 h before excess LiAIH4 was neutralised with water. The solution 
was  dried over  MgS04   before   evaporating to  dryness to  yield   a  yellow  oil 
(84% yield). 

(9H-Fluoren-9-yl)methyl-3-(lH-pyrrol-1-yl)propylcarbamate (PyFMOC) was made 
using a Merrifield  synthesis. FMOC-Cl (0.021 mol) in water-dioxane (60 ml, 1:1) 
was added  to a solution of PyNH2 (0.021 mol) and  Na 2C03  (0.028 mol) in water 
dioxane  (60  ml, 1 :1)  in  an  ice  bath.  The  solution was  then stirred at  room 
temperature for 2  h. PPyFMOC was extracted  with  ethyl  acetate  and  dried over 
MgS04  before evaporating to dryness to yield a white solid (78% yield). 

For   the   neutron  reflectivity (NR)  experiments,  the   working  electrode 
was  prepared by sputter coating gold  onto a  polished  single-crystal quartz 
block   (100   x  50  mm, Gooch   and   Hou sego)   coated  with   a  monolayer  of 
3-mercaptopropyltrimethoxysilane (MPTS) (Sigma Aldrich) to promote adhesion. 
The  nominal Au film thickness was 20 nm. For other  experiments, the electrodes 
were metal sheet, as indicated in the figure legends. The counter electrode was in 
each case a Pt gauze, of adequate size to ensure that the counter electrode reaction 
was  not  limiting.  The  reference electrode   was  a  double junction Ag!AgCliKCl 
(satu rated)  electrode.  These  were assembled into  a standard three electrode  cell 
configuration; for the NR measurements, the purpose built cell has been  described 
elsewhere.43

" 

 
Instrumentation 

 

NR measurements were  performed un  FIGARo•s and  D17 at  the  Institut  Laue 
Langevin (Grenoble, France) and  on INTER46  at the ISIS Facility of the Rutherford 
Appleton Laboratory (Harwell  Oxford, UK). Static  neutron reflectivity  measure 
ments were  performed ex situ in air  ("dry")  and  in situ immersed in  h3- and 
d3-acetonitrile  before and  after   the  film  fabrication stage  (see  Fig. 3,  below). 
Deuterated solvents were used  to maximise contrast between the polymer and  the 
electrolyte  so  that  the  solvation within  the  polymer could  be  probed.  Kinetic 
measurements  were   recorded  during  the   hydrolysis  stage   of   the   reaction 
(see Fig. 3), using time-of-flight instrumentation with}. ranges of 2-30  A (lLL) and 
1.5-16 A  (ISIS).  Using  different  incident angles, this   provides   an  accessible 
momentum transfer range of 0.004 < QIA-l< 0.12, where Q is defined as (4n/,l,.) 
sinO; ,J,. is the wavelength of the neutron and 8 is the incident angle. (Strictly, this is 
Q z but since we only consider specular reflection we use the simpler notation Q.) 
The collimation slits were set to give a beam  footprint on the sample of 60 mm  x 
30 mrn; they also define the  A0/ 8 resolution.The AA/,l,. resolution is dependent on 
the  source (spallation source at ISlS, reactor at  ILL) and  associated instrumen 
tation (chopper settings  at  ILL).  In  both   cases, the   resultant  resolution in 
momentum transfer was AQ/Q "' 2-3%. Data acquisition times were ca. 1.5 h per 
static run  and 10 min  for kinetic  runs. 

Photographs were taken  with a Canon  A480 digital  camera and  were digitally 
enhanced using the  GNU  Image  Manipulation  Program 2.6.7.  (G.I.M.P.).  3D 
profiles were  recorded  with  a Zeta 200 Optical  Profiler. Reflectance FTIR spectra 
were acquired with  p-polarised radiation incident at a reflectance angle  of 55° 
using a Spectra-Tech reflecta nce accessory mounted on a Bomem MB120 infra-red 
instrument. 
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Procedures 
 

Poly(3,4-ethylenedioxythiophene)  (PEDOT) films  were  deposited   potentiostati 
cally (E = 0.90 v) from an aqueous solution containing 0.01M EDOT monomer  in 
0.01M SDS-0.1M H 2S04. Polypyrrole (PPy) films were deposited potentiostatically 
(E = 0.90 V) from an aqueous solution containing 0.01 M pyrrole monomer  in 
0.1M LiCl04• In both cases, the film thickness was controlled by deposition time. 
PPyFMOC and PPyNH2 films were deposited, respectively, from 10 mM PyFMOC 
in 0.1M TBAP-CH3CN and 10 mM PyNH2 in 0.1 M TBAP-CH3CN/HC104  (pH 4.5). 
The films were grovvn potentiodynamically (v = 20 mV s-1  in the potential  range 
0.3 < EN < Emru" where the anodic limit Emax (typically 1.15 V) was set to cap the 
anodic  current  to 4 rnA. This  procedure  was designed to avoid uncontrollably 
rapid growth; the amount of deposited  polymer was varied with adequately  fine 
control by varying the number of deposition cycles. All measurements were made 
at room temperature, 20 ± 2 °C. PPyFMOC films were deprotected using a 30% v/v 
piperidine  solution  in CH3CN to yield PPyNH2•  PPyNH2 films were reacted with 
0.01 M Dylight 649  NHS ester  (hereafter   referred  to as "Dylight", for brevity) 
(Thermo  Scientific) in DMSO-pH7 phosphate  buffer in water (1: 9 ml). 

 
 

Data analysis 
 

The  principles of neutron  reflectivity data  analysis47   and  the issues arising for 
samples involving "wet" interfaces  under  electrochemical   controJ•s have  been 
described  elsewhere. The variation with momentum transfer  of reflectivity from 
an  interface,  R(Q), is determined by the  depth  profile of the scattering length 
density, Nb,where N represents the concentration of scattering atoms present and 
b is their  scattering  length;  the va lue of b is isotopically  unique  and  medium 
independent. The scattering length  density  of  a  composite  medium, here  a 
solvated  polymer film, is a weighted sum of the Nb values of its components: film 
composition determines scattering length density and  thence reflectivity. Exper 
imentally, we invert the process and  use reflectivity, R, to determine composition 
- in practice, the volume fractions of polymer and solvent- by model fitting the 
reflectivity profile, R(Q ). This was accomplished using the box-model approach, 
implemented in the Motofit software.•9 

 

 
Results 
Electrochromic enhancement of latent fingerprints - basic observations in 
absorption mode 

 

Before attempting to exploit the substitution chemistry  opportunities presented 
by the )N-H function in pyrrole, it is first necessary to demonstrate that PPy films 
can  in fact be deposited  with spatial  selectivity directed  by a fingermark  on  a 
metallic  substrate. Fig. 1 and  Fig. 2 show  representative images of two finger 
marks on 304 stainless steel substrates, following enhancement by electrodepo 
sition  of PEDOT and  PPy, respectively. In  panel  (a) of each  figure,  the  paler 
(nominally  white) regions correspond  to the fingermark itself, i.e. the complex 
mixture of materials secreted  from pores along the  ridges on the fingertip. The 
darker  regions (blue for PEDOT in  Fig. 1 and  black for  polypyrrole in  Fig. 2) 
correspond  to  polymer  deposited   on  the  bare  metal  between the  fingerprint 
deposits. The  PEDOT enhanced  image  acts  as  a  control;  this  material   has 
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Fig.1    PEDOT enhanced sebaceous fingerprint on 304 stainless steel. Deposition conditions as in main 
text; deposition time, tdep = 3000 s.Panel (a): whole fingermark image. Dark (blue) regions correspond 
to PEDOT and lighter regions to fingerprint deposit Circles highlight examples of second level detail, a 
bifurcation and a ridge ending. Panel (b): optical microscope image  of selected area from panel (a) (as 
defined by the  rectangle). Larger dark  circular  regions  within light areas represent  individual sweat 
pores. Verticaland horizontal distance scales (expressed inm ) are relative. 

 
 
 

 
 

Fig.2   PPy enhanced sebaceous fingerprint on 304 stainless steel. Deposition conditions as in main text; 
deposition time, tdep = 3000 s.Panel (a): whole fingermark image. Dark regions correspond to PEDOT 
and lighter regions to fingerprint deposit. Circles highlight examples of second level detail, a crossover 
and a ridge ending.Panel(b):optical microscope image of selected area from panel(a) (as defined by the 
rectangle). Larger dark circular regions  within light areas represent individual sweat pores.Vertical and 
hori zontal distance scales (expressed in m) are relative. 

 
 
 

previously been demonstrated to provide good visualization oflatent fingermarks, 
with  high fidelity and  controllable visual contrast.35

 

We  have  quite  deliberately shown   examples that  might   be  typical  of  real 
evidence, rather than  highly controlled ("groomed") model  examples. Thus, one 
can  see  evidence of damage to  the  fingermark and  of adjacent fingermarks in 
Fig.1and of smearing (for exa mple, caused  by motion of the finger on the surface) 
and  variable amounts of residue in Fig. 2. These  and  other imperfections repre 
sent  practical challenges to be addressed. 

At the coarsest level of interpretation,.first level detail,  the fingerprints in Fig.1 
and  Fig. 2 are, respectively, a loop and a whorl. While this  is clearly not sufficient 
for identification purposes, it is clear that there  is much  second level detail  present 
within  these images. Panel  (b) in each  of Fig. 1and Fig. 2 shows higher magni 
fication optical images of the samples in panels (a). By any reasonable standard 
(see above), it would  be possible to achieve  an evidentially acceptable identifica 
tion from  images such  as these using various combinations of second level detail. 
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To illustrate the principle, we simply identify two such features on each image. It 
is also possible to identify a large number of pores, seen as dots along the ridges 
where  the a bsence  of contact  with the  su bstrate permits polymer  deposition; 
these are examples of third level detail. 

 
Overview of extension  to emission mode visual enhancement 

 

The qualitative conclusion  of the  preliminary experiments  shown above is that 
polypyrrole ca n be added  to the set of electrochromic materials (to date,  poly 
aniline34 and PEDO'I'") that permit visualization of latent fingermarks on metallic 
substrates by means of their optical absorption properties; note that the work of 
Bersellini36  in this respect demonstrated the facility to electrodeposit polypyrrole, 
but did not go on to exploit its electrochromic properties. We therefore proceed to 
the more  challenging goal of developing a polymeric system with suitable 
absorption and fluorescence characteristics.Conceptually, the sim plest approach 
is to functionalise the nitrogen of the pyrrole ring with a fluorophore. In practice, 
the (necessarily) large size of most fluorophores creates such steric hindrance that 
the su bstituted pyrrole monomers cannot  polymerize. We therefore arrive at the 
three step strategy schematically represented in Fig. 3. 

The essential idea is to functionalize pyrrole  units with the fluorophore  post 
deposition. However, in order  to accomplish this, there is still a requirement to 
create sufficient free volume within the  polymer film to accommodate the fluo 
rophore un its. The  tactic  employed  is to polymerize  not  pyrrole itself,  but  a n 
N-functionalized  derivative  that  can  readily  be  removed  post-deposition.  The 
balance  to be struck  is use of a substituent that  is not so large as to preclude 
polymerization  but that  is large enough  to create  appreciable free volume. The 
functionality chosen  was the widely used  FMOC protecting group. Thus, we set 
out to polymerize the N-substituted FMOC derivative of pyrrole (PyFMOC), then 
hydrolyze and  leach out  the  protecting  group to leave an amine-functionalized 
polypyrrole  film. The  semi-fluid   nature of  the  polymer  film  means that  the 

 
 

 
 
 
 
 

 
 

Fig.3     Cartoon representationof (i) PPy FMOC deposition,(ii) FMOC hydrolysis to create solvent "voids"; 
(iii) diffusion of  fluorophore into  voids and attachment to polymer. Stylised ellipsoids (simplistically, of 
similar size) represent FMOC (pale green),solvent (black) and fluorophore (diamond chequered). 
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randomly distribu ted free volume  can aggregate to generate "voids" of sufficient 
size to accommodate larger fluorophore moieties.Choice of a fluorophore with a n 
ester functionality provides the  means of cova lent bonding by amide formation 
(see Fig. 3). 

In the experimental realisation of the strategy indicated in Fig.3, critical issues 
are the completion of hydrolysis, the extent to which departing FMOC is replaced 
by solvent cf  film contraction, the vertical (perpendicular to the interface) spatial 
distribution of  replaceable solvent and  the  penetration of  fluorophore into the 
film. The outcomes, which will ultimately determine performance, are addressed 
using a combination of spectroscopic and  neutron reflectivity  measurements. 

 
Optimization of film deposition 

 

The  li mited  aim  of this study is establishment and  assessment of the strategy  of 
Fig. 3 on clean (i.e. non-fingermarked) metal surfaces. The  deliberate absence of 
lateral spatial variation focuses attention on  the  required control of  film 
composition in  the vertical direction. Fig. 4 and  Fig. 5,  respectively, show the 
voltammetric responses of PPyFMOC and  PPyNH 2   films  on  Au during electro 
polymerization (panels (a)) and  after  transfer to  background electrolyte (panels 
(b)).Both sets of responses provide information relating to polymer deposition. In 
the former instance, the integrated current provides cycle-by-cycle  monitori ng to 
facilitate deposition of  the  chosen amount of  polymer.  In  practice, use  of the 
cathodic half cycle response is better, since this is not complicated by contribu 
tions  from  the  (irreversible) anodic polymerization current contribution. 

The  coulometric assay  described above is reliant upon  complete film redox 
conversion on  the experimental timescale; that this  is accomplished is demon 
strated by the  data  in  Fig. 4b  and  Fig. Sb. In  these  measurements (following 
completion of film deposition) there is no monomer present in the solution, so 
the issue of distinguishing polymerization and  film redox chemistty is irrelevant. 
For films of suitable coverage,  i.e. appropriate both  to the NR experiment (giving 
multiple well-defined interference fringes within  the  accessible Q range)  and  to 
future forensic exploitation (not  so thick  as to obscure all image detail  when  a 
fingermark is present), we find that the peak currents are linearly proportional to 
the potential scan  rate  (see Fig. 4c and  Fig. Sc). This  indicates complete redox 
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Fig.4   i-E responses for a PPyFMOC film.Panel (a): during potentiodynamic electropolymerization (v = 

20 mV s-1 ; panel (b): after transfer to a monomer-free background electrolyte (subsequent to the final 
cycle of panel(a)),during cycling at v = 1, 2, 5,10,20,50,100 and 200 mV s-    1 (increasing "outwards"); 
panel(c):variation of cathodic peak current (from curves in panel (b)) with scan rate. Solution compo 
sitions as described in the main text. In panels (a) and (b),chevron arrows indicate scan direction.In panel 
(a) large  arrows  indicate  the  time  sequence  and  "1"  indicates  the  first  deposition cycle (note the 
nucleation loop). 
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Fig. 5   i-E responses for  a PPyNH2  film. Panel (a): during potentiodynamic electropolymerization 
(v = 20 mV s-1  ; panel (b): after transfer to a monomer-free background electrolyte (subsequent to the 
final cycle of panel (a)), during  cycling at v = 1, 2, 5, 10, 20, 50, 100 and  200 mV s-' (increasing 
"outwards"); panel (c): variation of cathodic  peak current (from curves in panel (b)) with scan rate. 
Solution compositions as described in main  text. In panels (a) and (b). chevron arrows indicate scan 
direction. In panel(a) large arrows indicate the time sequence and "1" indicates the first deposition cycle 
(note the nucleation loop). 

 
 

conversion of the film  on  the  experimental timescale, validating a coulometric 
assay of the spatially integrated surface population of polymer. On this  basis, the 
surface coverage,  T/mol cm-2   is determined as q/nFA, where  q/C is the charge, n 
is the  number of electrons transferred ("doping level", n = 0.33) 50  A is the elec 
trode  area  and  F is the  Faraday  constant. For the  data shown, the final  polymer 
coverages are rPPyFMoc = 20 nmol em -2 and  rPPyNH2  = 19 nmol  em-z, where in 
both  cases  the surface  population is expressed in terms of monomer units. 

These  surface  coverages  can  be used  to estimate a physical film  thickness, as 
follows. The  molar volume  of monomer units, V01/cm3 mol-1 (i.e. the  reciprocal of 
the volume concentration of monomer units), can  be estimated as the  quotient of 
monomer molar mass  and  density, RMM / p. The  approximation here  is that  the 
monomer units in the polymer pack essentially the same as in pure monomer. For a 
compact, solvent-free ("dry'')  polymer,  the  film  thickness h*  = V T. The RMM 

01 

values ofPyFMOC and PyNH2 are 344 and 122 g mol-1  respectively. Their respective 
densities are ca. 1.2 and 1.0 g cm-3   Combining these with the values of r PPyFMoc 

rPPyNHz from the previous  paragraph, we estimate "dry" (i.e.collapsed, solvent 
free) film thicknesses of ca. 600 A and  240 A for the PPyFMOC and  PPyNH2  films, 
respectively. Looking ahead  to the NR part of the study, solvation  might be expected 
to increase these  values  by  50-100%, since  typical solvent  volume  fractions for 
electroactive polymer films are in the range 0.3 < 1/Js < o.s.s•-s• This overall scenario is 
appropriate both for a NR experiment (to explore structure) and  filling of the inter 
ridge "trenches" in a typical fingerprint deposit (to accomplish practical  visualiza 
tion). As a final observation, the different thicknesses of these  two PPyFMOC and 
PPyNH2   films  containing essentially  the same  number of  monomer units  (irre 
spective of whether one compares two dry films or two solvated films) shows the 
potential for generation of free volume by FMOC elution from a film. 

 

 
Observation of changes in surface composition using spectroscopic 
measurements 

 

Before  addressing the  more sophisticated issue  of spatial  distribution of active 
components within  the  film, it  is  necessary  to demonstrate that the  strategy  of 
Fig. 3 does  indeed  result  in fluorophore immobilization. In  principle, one  might 
consider accomplishing this using either a fluorescence measurement or some other 
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spectroscopic probe.Superficially, a fluorescence measurement has the attraction of 
also providing  a  more  d irect  functional  appraisal. However, while  this  could 
demonstrate the presence of the fluorophore, it might not do so if quenching were an 
issue; in either  instance,  it would not provide evidence of its immobilization. The 
concern here is that, unless covalent attachment to the polymer is achieved, facile 
entry of the fluorophore could just as easily be followed by its elution upon further 
exposure to electrolyte, thereby jeopardizing the entire surface synthetic strategy. 
Consequently, we sought a spectroscopic probe able  to provide direct evidence of 
fluorophore-polymer binding. Qualitatively, this can be accomplished using vibra 
tional spectroscopy, with particular focus on the presence (or absence) of carbonyl 
bands associated with the amide functionality, which will be present in an PPyFMOC 
film (at the start) and a successfully functionalized PPy-Dylight film (at the end), but 
should  be absent in PPyNH2  (following hydrolysis of the PPyFMOC film). 

Representative data are shown in Fig. 6. Trace (a), representing a PPyFMOC 
film, has a st rong absorption band at 1660 cm-1  Trace (b), for the  hydrolysed 
film, has no significant amide  band, demonstrating removal of the FMOC func 
tionality. Trace (c), for the  hydrolysed  film after  exposure to Dylight solution, 
shows a strong band at 1630 em-1  showing the formation  of an amide. Signifi 
cantly, the last of these  observations demonstrates not only the  permeation of 
fluorophore into the film but a lso its chemical immobilization.Overall, these data 
show elution of FMOC and  binding of fluorophore, but give no insight into the 
spatial distribution  of  the  fluorophore  or  the  factor(s)  limiting  its  final  pop 
ulation. We now address these issues using NR. 

 
Determination of vertical spatial structure using neutron  reflectivity 

 

The second  stage of the strategy in Fig. 3 is the creation  of free volume  in the 
PPyFMOC film by the hydrolysis and elution of the FMOC moieties. Importantly, 
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Fig. 6    Reflectance infra-red spectra for a PPyFMOC film subject to the reaction sequence of Fig.3.Trace 
(a):PPyFMOC film,as deposited; trace (b):PPyFMOC film after hydrolysis,notionally a PPyNH  2 film; trace 
(c): film of panel (b) after reaction with Dylight solution. Traces are arbitrarily offset vertically  for visual 
clarity.Reaction conditions as in main text.The asterisks on traces (a) and (c) indicate the amide peaks 
referred to in the main text. 
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we require this  free volume  to  be created  throughout the  film. Fig.  7  shows 
neutron reflectivity data acquired at different times during the hydrolysis process, 
conducted  in a deuterated solvent  medium  to optimise the contrast. The data 
shown in Fig. 7 in fact represent the second -and, in reaction terms, productive - 
phase of the experiment. Since there was no means a priori to predict  the time 
scale of the hydrolysis-elution process, the film was initially exposed to a low (0.01 
mM)  concentration of  piperidine, with  the  aim  of slowing the  reaction  to a 
measurable rate.This approach turned out to be more than successful, in that the 
rate of hydrolysis was immeasurably slow. However, this  had the  advantage of 
providing a film solvation  profile at a true  "t = 0"; the outcome  of this is cited 
below in the discussion of Fig. 7c.The hydrolysis solution  was then exchanged to 
higher piperidine concentration (10 mM) and the data shown  in Fig. 7a acquired. 
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Fig.7    Time-resolved NR experiment for PPyFMOC hydrolysis to give PPy-voids. Panel (a):R(Q) profiles as 
a function of time (indicated by arrows);panel (b) model fitted scattering length density proflies as a 
function of time (from the data of panel(a));panel (c):solvent volume fraction in the film at selected time 
intervals (see main text for comment on absolute values) during the hydrolysis.(•inner polymer layer; 
+:outer polymer layer). 

 
402  I Faraday Discuss., 2013, 164, 391-410      This journal is© The Royal Society of Chemistry 2013 



Publications  

 

) 

) 

, 

, 

 
 
 
 

Paper                                                                                     Faraday Discuss·ons 

The  time  taken  for  cell  mounting and  alignment and  for  initiation   of data 
acquisition was on the order of30 min. Hence the time axis in Fig.7c has an offset 
of this order; since there is no attempt  to extract kinetic or diffusional  parameters, 
this is not critical. 

Broadly speaking,  the R(Q) profiles of Fig. 7a comprise three regions. At low Q 
(here, Q < 0.0055 A-1   there  is total external  reflection (R = 1); this is a conse 
quence  of the substrate material  the neutrons are transmitted through  (quartz) 
having a lower scattering length density than the material they are reflecting from 
(the deuterated solvent). Beyond this, there is a series of fringes whose periodicity 
is dictated  by the thickness of the films present  (Au electrode and  polymer) and 
whose  amplitude  is  dictated   by  the  scattering length  density  contrast and 
sharpness of the interfaces  between layers. At high Q (here, Q > 0.06 A-1 

, the 
fringes seen are attributable to the Au electrode. Although these are not central to 
the aims of the experime nt per se, their quantitation does assist fitting of the full 
R(Q) profile from which we extract the polymer film data. At intermediate Q, the 
Au-derived fringes are seen,  but superimposed on  these are fringes that  result 
from the polymer film. The latter do not persist to high Q as a consequence of the 
diffuse polymer/solution interface. 

Independent of any model, we can make four deductions from the data. Trivi 
ally, the presence of a critical edge shows that the film scattering length density is 
below that of the solution. The  position  of the critical edge, Q*  = (167t bY 12 

where  corresponds to the difference in scattering length densitie 
two bulk phases in the sample. In  this instance, the relevant bulk phases are the 
quartz block supporting the electrode and the bathing solution to which the film is 
exposed; the scattering length densities are known for these materials, giving   b 
= 0.62 x 10-6  A-2

.  Inserting  this  into the expression  above, we estimate  Q* "' 
0.0056 A-t, consistent  with the  experimental  data  of Fig. 7. Secondly, the time 
invariance of the fringes at high Q allows these to be assigned to the Au electrode, 
the composition and thickness of which (necessarily) do not vary with time. Thirdly, 
an Au electrode thickness of 210 A can be estimated  from the periodicity of the 
fringes, 6.Q = 0.03 A-1 via the equation 6.Q = 27t/d (where d = film thickness); this 
is entirely consistent with the  nominal  thickness  of 200 A from  the sputtering 
process. Fourthly,  the higher frequency fringes  present only in the intermediate 
Q region can be seen progressively to stretch out with time. Since the momentum 
transfer, Q, is in reciprocal space, this stretching corresponds to some element of 
contraction of film thickness with hyd rolysis of the FMOC groups.The quantitative 
question that follows is whether this contraction results in loss of some or all of the 
"void" volume generated  by the FMOC departure. 

To address this last question, detailed fitting of the data is required. Full details 
of this standard  procedure are given in the Experimental section and elsewhere,47     9 

-4 

but the essential points are as follows. The scattering lengths of all the components 
present (quartz, Au, PPyFMOC, the departing FMOC, the remaining PPy-amine and 
CD3CN solvent) are all known. The Au thickness is known (from a combination  of 
fabrication protocol, bare electrode observations and the high Q data of Fig.7).The 
unknowns are therefore the internal composition of the film (predominantly, 
solvation level), film thickness and the roughness of the polymer/solution interface. 

The outcomes of the fitting process are shown in Fig. 7b and 7c. In  the first of 
these,  the scattering length  density  of the system,  from  the  quartz  block sup 
porting  the electrode  through  to the  bulk solution,  is shown as a function  of 
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distance, z (perpendicular to the interface). The values for quartz, Au and solvent 
represent bulk values for the pure components. The sharp dip between the quartz 
support and the Au electrode  represents the MPTS bonding  layer used to ensure 
good Au adhesion. For the purposes of this work, the region of interest is from the 
Au electrode outwards. The interface  between the Au and  the film is relatively 
sharp; a small amount of diffuseness (typically 10 A) is required to account for the 
finite  roughness of the Au surface. Interestingly, the polymer film is not compo 
sitionally  homogeneous at any point in the process: there is a relatively diffuse 
outer  region  (a transition from "bulk"  film to bulk solution  over 40 A) and  the 
interior of the film comprises compositionally distinct inner  and outer regions. A 
single polymer layer with high interfacial roughness was insufficient to model the 
film. The  key outcome  is  a  substantial  shrinkage of  the  film  as  hydrolysis 
proceeds. For the example  shown, the dry film thickness  (measured in air) was 
561A, and the solvated film thickness (measured upon exposure to solvent, prior 
to hydrolysis) was 639 A, and the latter shrunk to 443 A following completion  of 
FMOC hydrolysis  and elution. 

The significance of this  in  solvation  terms  is shown in the solvent  volume 
fraction data of Fig. 7c. While the fitting unquestionably demands that some film 
inhomogeneity be recognized (see Fig. 7b), the  difference in scattering length 
density (and thence solvation) between the inner and outer  regions of the film is 
relatively smalL We therefore look at the average picture.The film solvent volume 
fraction  at  the outset,  as  solvated  PPyFMOC exposed  to a  low piperidine 
concentration (as explained  above) is 0.41. By the end of the hydrolysis process, 
this increases to 0.60, but it subsequently falls to 0.52. The latter decrease is the 
result of polymer relaxation, which occurs un a Iunger timescale than  the FMOC 
hydrolysis and  elution. 

It is of course not  possible  to make the analogous measurements in hydrog 
enous solvent (CH3CN) for the same film, since the hydrolysis reaction  is a one 
time process. However, such measurements were made on a nominally identical 
film and the outcome, in summary form for the analogue of Fig. 7c, was an initial 
solvent volume  fraction of 0.35, rising  to 0.58 immediately  after  hyd rolysis and 
subsequently relaxing back to 0.44. The common  conclusion  from these experi 
ments is that FMOC removal increases the film solvent volume fraction  by llif>s ,...., 
0.2 in the short  term, but this increase is subsequently d iminished  to lli/Js ,....,  0.1. 
While  this  may seem  modest,  we note  that  relatively small changes in solvent 
content can  have profound  effects on  polymer  chain  mobility, for example as 
manifested in viscoelastic  propertieS,54 55  which  would facilitate  permeation  of 
fluorophore reactant. In an absolute sense, a replaceable solvent volume fraction 
if>s  > 0.4  is more  than  adequate to give  a  high  (and  thus visible) fluorophore 
population. 

This leads to consideration of the  final step in  the scheme  of Fig. 3, fluo 
rophore functionalization of the PPy-NH2 film.What reaction did occur - and the 
significant  changes   in  R(Q) profiles  do  unequivocally   demonstrate c hange, 
quantified below- took place within the first 15 min of exposu re to fluorophore 
solution.  We  attribute  this   to  the  more  fluid-like  environment  of  the  film 
following  hydrolysis (see above). From a mechanistic perspective, this  removed 
the opportunity to follow the kinetics of the process (largely due to instrumental 
issues such  as sample alignment prior  to measurement), but from  a practical 
perspective in future application it is obviously beneficia l. 
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Consequently, on  a separate (but  nominally similar) film to  that  of Fig. 7,  a 
separate set  of  measurements were  made,   as  follows.  First,  R(Q)  data   were 
acquired for a PPyFMOC film in the dry state (solvent-free) and exposed  to h3- and 
d3-acetonitrile,  prior  to  hydrolysis. Second,   the  film  was  hydrolysed  (with  no 
attempt to monitor the time-dependence of this process) and R(Q) data acquired 
for  the  resultant PPyNH2   film in  the  three environments (air, hr and  d3-aceto 
nitrile). Finally, the film was Dylight functionalised and R(Q) data acquired in the 
same three environments. This last  part of the  experiment is complementary to 
the  hydrolysis step,  in that  the  aim  is entry  of a large  reactant to consume  free 
volume, rather than  elution of a large leaving group to generate free volume. As 
compensation for sacrifice of any kinetic information, this suite of measurements 
provided  data  in different solvent contrasts for the same film, which  (through co 
refinement) gives greater certainty in fitting.The resulting R( Q) profiles are shown 
in Fig. Ba, grouped according to the  film environment; the general form  of the 
profiles  is analogous to those of Fig. 7. 

The  key parameters of interest are film thickness and  solvent  content at each 
stage. To extract  these, we need  to consider the contributions of the  polypyrrole 
spine, fluorophore and  solvent components to the scattering length density. For 
the  polypyrrole   and  solvent components, the  scattering length and   physical 
density are  known.  For  the  fluorophore, whose  structure is commercially pro 
tected, this is not so straightforward, but acceptable approximations are possible, 
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Fig.8   Panel (a): R(Q) data for a PPyFMOC film prior to hydrolysis (0), the PPyNH 2 film resulting from 
hydrolysis (L',) and the PPy-Dylight film following  exposure to the fluorophore  (D). Points represent 
data; lines represent fits (see panel (b)). For visual comparison purposes, R(Q) profiles  are group 
according to  the  ambient  medium  (see annotations). Data are progressively offset downwards for 
presentational purposes; for the dry and dracetonitrile exposed films, a critical edge is seen, below 
which  R = 1. Panel (b). model fitted  scattering length density profiles for the film exposed to hr 
acetonitrile and d,-acetonitrile  at each of the three stages of the process: nominally PPyFMOC (red 
traces),PPyNH 2 (green traces) and PPy-Dylight (blue traces). 
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as follows. The molar  mass  is on the order of  1000 Daltons and  there  are four 
sulfonate groups  (to provide adequate solubility)  on an essentially  aromatic 
hydrocarbon skeleton. We thus have an entity that comprises ca. 320 Daltons of 
"S03-, and ca. 680 Daltons of "CH"; we make the plausible approximation that 
the overall density is unity. With these physically reasonable approximations, 
combining the data sets for the h3-acetonitrile and d3-acetonitrile environments, 
we estimate that there is one fluorophore entity for every ca. five pyrrole monomer 
units.  Physically,  this is  plausible,  given  the  geometrical  constraints of  the 
cartoon  representation of Fig. 3 and  practically this is expected to be usef ul. 

The model scattering length density profiles best fitting the data are shown in 
Fig.8b and theR( Q) fits (lines) are shown alongside the data (poi nts) in Fig. 8a; the 
agreement is good across the accessible Q range. We particularly highlight  four 
characteristics. First, the  outer  interfaces  are diffuse. In  the R( Q) profiles, this 
accounts for  the  damping of the  film-based  fringes. In  terms  of reactivity, it 
undoubtedly contributes to the faster permeation of the fluorophore  molecules. 
Second,  once  one  progresses to  the  interior  of  the  film, its scattering length 
density, and thus composition, shows at most only modest dependence on depth 
(actually, none for PPyNH2).This indicates  that diffusion of reactant into the film 
is not  a  limiting  factor;  if  it were,  then  there  would  be a clear  gradient of 
composition representing fluorophore  penetration. Third,  despite  the entry of 
fluorophore   into  the  polymer,  the  films  shrink slightly  during the   process 
(compare the traces for PPyNH2 and PPy-Dylight). This indicates  that the volume 
of solvent expelled exceeds the volume of fluorophore entering,  suggesting that 
transport processes are not so slow that mobile species (here, solvent) are trapped 
within the film. Finally, while the outer interface is slightly sharper for the dry film 
(profile  not shown), the overall thickness  is not much less than for the solvent 
exposed film.Since (see Table 1) there is still appreciable solvent in the immersed 
films, this suggests that the film does not collapse  upon emersion. 

The characteristics of the model profiles are summarized in Table 1. Consid 
ering first the thickness data,  the dramatic  collapse of the PPyFMOC film upon 
hydrolysis (by ca. 40%) is accompanied by an increase in solvent content of the 
resulting PPyNH2 film. This apparently counter-intuitive result is a consequence 
of the size of the FMOC group; recall the earlier  estimations of film thickness 
accompanying the coulometry,  when it was noted  that  the FMOC group  consti 
tutes  ca. 60% of the film volume. Turning  to the solvent  volume fraction, the 
values for PPyFMOC (1/Js = 0.36) and PPyNH2 (1/Js = 0.47) are satisfyingly consistent 

 
 

Table 1  Summary of film thickness and solvent content values at each stageof assembly of the surface 
architecture represented  schematically  in Fig. 3. PPyNH2 films could  be modelled as a single layer (i.e. 

were internally homogeneous), so "inner" and "outer" regions are merged 
 

Environment  
 

Air ("dry")   

Exposed to acetonitrile  
 

 
Parameter 

  
 
Thickness/A 

  
 
Thickness/A 

  
Solvent  volume 
fraction/cps 

 
Film region   

Inner  Outer  
 
Inner  Outer   

Inner  Outer 
 
PPyFMOC   

173  303   
312 (±18) 223  (±4)  

 
0.34  0.38 

PPyNH2  257  318 (±8)  0.47 
PPy-Dylight  104  164  188 (±3)  84 (±3)  0.40  0.62 

 

406  I Faraday Discuss., 2013, 164, 391-410 This journal1s ©The Royal Society of Chemistry  2013 



Publications  

 

 
 
 
 

Paper                                                                                     Faraday Discussions 

with those of ¢>s = 0.38 and ¢>s = 0.48 at the same points in the surface chemistry 
of Fig. 3 determined  by averaging the outcomes of the two kinetic experiments of 
Fig. 7 and its h3-acetonitrile counterpart. 

 
Functional viability of the fluorophore-modified film 

 

This report focuses on construction of the interfacial architecture and, via the NR 
measurements, on  establishing spatial  control  of tluorophore immobilization 
within  the  polymer  matrix;  essentially,  this  represents  the  compositional and 
structural aspects of the strategy. In a subsequent phase of the work, the focus will 
shift to determination of the polymer chromophore and immobilized  tluorophore 
properties; these represent the functional  aspects  of the strategy. The latter will 
involve a  substantive  programme of  measurements,  notably  as  fu nctions  of 
excitation and observational wavelengths and of polymer charge state (i.e. doping 
level, manipulated via applied potential). Nonetheless, in advance of such a future 
report,  there  is merit  in a forward look to establish at a qualitative  level fluo 
rophore activity in the polymer fil m context. The technical issue here  is whether 
(or not) proximity of the fluorophore  sites  to the underlying electrode  results in 
fluorescence  quenching. 

Fig. 9  shows  two  images  of  PPy-based  films  representing two  stages  - 
simplistically, in the absence  and  presence  of fluorophore,  respectively - of the 
assembly process shown in Fig.3. This preliminary observation  does not attempt to 
address the spatial issue  of imaging a full fingerprint,  but focuses solely on the 
viability of fluorophore  emission  when  in  the film environment The  left hand 
image shows a section of a PPyNH2  film deposited on an Au su bstrate (using the 
procedure of Fig. 5, terminati ng at the cathodic end of a potential cycle to establish 
the undoped  redox state), removed from solution  and viewed ex situ (dry) under 
illumination by light of wavelength 640 nm. This control observation shows a few 
brighter areas, but nothing systematic or substantive.The right hand image shows 

 
 
 

 
 

Panel a Panelb 
 

Fig. 9   Panel (a): PPy film on Au (deposition procedure as in main text); this represents the control 
experiment,in the absence of fluorophore.Panel (b): PPyNH 2 film prepared by hydrolysis of a PPyFMOC 
film (deposition and subsequent treatment as in main text) after partial exposure to Dylight 649 NHS 
ester by contact with a droplet of fluorophore solution, and subsequent removal of excess fluorophore 
by rinsing.The top left part of the viewed region includes part of the droplet-€xposed area.In both cases, 
the films were in the reduced (undoped) state and were viewed ex situ under illumination by light of 
wavelength 640 nm. In panel (b), the intensity was attenuated by a factor of 4. 
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a partially Dylight 649 ester functionalised film, prepared as follows. A PPyFMOC 
film was deposited on Au and  hydrolysed (as discussed  earlier with reference to 
Fig. 7), then a droplet of Dylight 649 NHS ester solution  placed on one part of the 
surface, followed by rinsing with  pure water (to  remove unbound and  surface/ 
exterior fluorophore) and  air drying (at  room  temperature  for ca. 15  min). The 
resultant  film was viewed ex situ under  illumination  with  light  of wavelength 
640 nm. The top left part of the viewed region in panel (b) of Fig. 9 includes patt of 
the droplet-exposed  area. The sharply defined  region  of enhanced  brightness is 
consistent with strong fluorophore emission; note that the intensity was attenuated 
(see legend) so the distinction between the images in panels (a) and (b) is signifi 
cant. Although this is not a quantitative measure of the fluorescence efficiency and 
does not totally exclude quenching- perhaps from fluorophores sites closer to the 
electrode (see Fig. 8 for evidence of deep penetration offluorophore)- it is clear that 
at least some fluorophore sites are sufficiently distant from the electrode that they 
are not vulnerable  to quenching. Pragmatically, the practical viability of the inter 
facial (elect ro)chemical strategy is established. 

 

 
Conclusions 

 
A combination of spectroscopic, electrochemical and neutron-based techniques 
provides  the  capability   to  follow  and  q uantify  deposition and  su bsequent 
functionalization of electroactive polymer films relevant to latent fingerprint 
visualization. This a pproach  has  been used  to explore  the (electro)chemistry of 
pyrrole-FMOC electropolymerization and deposition, followed by hydrolysis of the 
FMOC leaving group,  then  permeation  and  bonding of the fluorophore  Dylight 
649 NHS ester. By revealing  the  presence,  removal and  reintroduction  of amide 
functionalities, FI1R spectroscopy demonstrates qualitative success  of this post 
deposition functionalization strategy. Electrochemistry provides control over (and 
coulometric assay of) the surface population of polymer, the electrochromic matrix 
into which the fluorophore is introduced. Neutron reflectivity provides insight into 
the vertical spatial distribution of the permeating fluorophore and  the changes in 
film population of the solvent that must leave to create space for it. Together, these 
techniques provide insights into  film composition, structure and (in the cases of 
the electrochemical and  neutron  data) dynamics; simplistically,  they address the 
tersely expressed questions "what, how much and where?" 

We have demonstrated that  the  portfolio  of materials suitable for electro 
chromic enhancement of latent fingerprints can be extended from the previously 
used aniline and thiophene (PEDOT) families to include pyrrole-based  materials. 
Specifically, this  was accomplished for the  parent polypyrrole,  N-propylarnine 
functionalised pyrrole and FMOC functio nalised pyrrole. In future, in addition  to 
the substitution chemistry explored here, this will provide a wider colour palette 
with which to optimise latent  fingerprint visual contrast  against the substrate. 

In the post-deposition functionalization of PPyFMOC, the hydrolysis process 
(leading to  FMOC removal)  is  relatively  slow (ca. 3  h  under  the  conditions 
employed), which allowed the progress of the reaction to be monitored by neutron 
reflectivity.The subsequent entry of fluorophore (Dylight 649 NHS ester) is much 
more  rapid  - too rapid  to follow readily  using neutron reflectivity - which  is 
attributed to the  higher  solvent  volume fraction  and  thence greater  fluidity of 
the film. During this sequence  of events, the solvent volume fraction  rises by ca. 
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0.2 immediately upon   hydrolysis and  FMOC elution, but  then  falls  by ca. 0.1, 
presumably as a consequence of polymer relaxation in the now highly plasticised 
film. In absolute terms, the solvent volume fractions are 0.37 (±0.03) for PPyFMOC 
prior to hydrolysis, 0.59 (±0.01) immediately after hydrolysis and 0.47 (±0.04) after 
relaxation (where  these data  originate from  both  kinetic  and  non-kinetic experi 
ments). After fluorophore entty,  the film contracts slightly. 

Future prospects for  a combined absorption/fluorescence strategy in  latent 
fingerprint enhancement appear promising. The  next step  is i mplementation of 
the strategy  described here  to fingerprinted surfaces. Having established control 
of reactivity  and  composition in  the  vertical  direction at  distance scales  from 
10-100 nm, this fine control can  now be applied to the lateral direction. Since the 
fingerprint feature sizes  are at the scale  of >10 11m, the  prospect of high  resolu 
tion,  high fidelity fingerprint images  is excellent. 
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