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ABSTRACT
Forensic Analysis of Fiber Dyes via Surface-Enhanced Raman Spectroscopy
by
Mircea Alexandru Comanescu
Advisor: Thomas A. Kubic, M.S., J.D., Ph.D.
Fibers are a common piece of evidence found at crime scenes that may become a link
between the scene and a suspect, or allow for the reconstruction of certain crime events. Although
a big portion of fibers are still white cottons, the advancement of commercial fiber production and
dyeing in the past century led to an increase in types of synthetic fibers and dye applications that
can be found and used in forensic analyses. Nonetheless, the fiber evidentiary value is not fully
explored, as for the most part, the separation and analysis of the dye on the fiber is not routinely
done. This is mostly because traditional methods for dye analysis require lengthy or expensive
procedures, combining extractions or hydrolysis, solvent tailoring, separation procedures such as
TLC or HPLC, and potential mass-spectrometry for the extract identification.
Currently, the prescribed method of fiber forensic analysis involves the fiber macro and
microscopical examination, determination of optical properties, cross-sectioning, and
spectrophotometric and infrared analysis. In the case where fibers of same polymer make have
similar colors that cannot be separated by spectrophotometric analysis, there is still a chance that
those fibers could have been dyed using differing dyes. It is possible to analyze those dyes by
surface-enhanced Raman spectroscopy, a method which allows for high enhancements of low
concentration, microliter volume samples, allowing the analyst to extract single fibers in small
volumes of solvents.
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This research focused on the comparison of solvent systems, alongside hydrofluoric acid
fuming and in situ SER analysis, to develop a working routine for forensic fiber dye analysis. The
research was also expanded to simulate casework, showing that the extraction methods coupled
with SERS and statistical analysis can be used to differentiate and successfully classify questioned
fibers when compared to known sets. Tweaks and improvements to the method of analysis are
presented by either acid-addition, or use of coffee-ring – SERS analysis on high performance thinlayer chromatography plates. Methods of improvement and further research are also presented,
with the scope of validating of SERS by both forensic science and the courts.
Because this project presents a novel approach to the completion of forensic fiber analyses,
it shows that SERS can be a valuable tool and aid in the improvement of forensic science and the
criminal justice system. The presented approach shows a successful, rapid and inexpensive
technique that can also be expanded and utilized for the analysis of other evidence types.
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Chapter 1
Introduction
A.

Statement of Problem
Improving fiber analysis methods has always been of great interest to forensic examiners,

with special concentration in identifying not only the fiber’s basic chemical makeup, but also fiber
type, manufacturer, and ideally, establishing a strong absolute association to the source object or
person. Various methods have been employed to achieve these goals, including the use of FT-IR
for polymer identification (Grieve, M., Griffin, R., & Malone, R., 1998), colorimetric UV-VIS,
and fluorescence spectrophotometric characterization of the native fiber and coloring agents.
(Kubic, King, DuBey, 1983) Morphological characteristics obtained via microscopy, when
combined with the FT-IR and UV-VIS analyses can give additional support to forensic
associations, but they do not provide a full picture of any fiber under investigation. Attempts in
completing such analyses have been made, to the extent of using a combination of HPLC UV-Vis
and MS methods for colorant analysis. (Petrick, L. M., Wilson, T. A., & Fawcett, W. R., 2006)
However, this increase in the amount of resources and instrumentation required to perform
all or most analyses may not be routinely feasible due to either cost, training, time requirements,
or simply because the weight added to the evidential value may not be substantial enough to justify
the effort. Where a connection between two fibers can be established with some degree of
certainty, basic analyses may be enough. Nonetheless, one aspect of forensic fiber analyses seems
weakly explored, and that is the analysis of very small amounts of the fiber dye. Where UV-Vis
or fluorescence information may be obtained by microspectrophotometry pertaining to the
electronic transitions of the fiber and dye system, the dye structural information and ultimately
identification of the specific dye, which is of potential forensic interest, currently eludes
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criminalists, where samples are very small. However, the chemical structure may be obtained via
Raman (Minčeva-Šukarova, B., Mangovska, B., Bogoeva-Gaceva, G., & Petruševski, V. M.,
2012) and surface-enhanced Raman spectroscopy (SERS) (Geiman, I., Leona, M., & Lombardi, J.
R. 2009), as well as with mass spectrometry. The advantage of using SERS in forensic
investigations is that it is a relatively simple technique that is complementary to existing methods.
It provides information that can otherwise be missed, and which can prove important in
discriminating between fibers or in providing more detail about the fiber-dye system. The
technique can be used with microliter volumes of low concentrations, thereby requiring very little
material for analysis.
The purpose of this proposed research project is to analyze various fiber and dye systems
to produce a systematic approach for a more complete characterization of unknown fibers by
vibrational spectrometry, with a focus on the SERS analysis of fiber dyes. Fiber dyeing processes
are dependent on the fiber type, as well as on the efficiency of dyeing, cost, and desired longevity,
that is light, water and other reactive fastness that the dyes may have. A general dye classification
based on the type of dye-fiber interaction can be: acidic, basic, direct, disperse, mordant, reactive,
and vat dyed fibers. (Was-Gubala, Starczak, 2015; Aspland, 1993, Groves, Palenik C., Palenik S.,
2016) Direct dyes interact with fibers at a molecular level via attractive forces, while acid and
basic dyes interact via ionic bonding. Reactive dyes become permanently bonded to fiber
structures, while mordant dyes employ a metal-dye complex that mediates the dye-fiber interaction
(typically cationic dyes are mordanted). Dispersed dyes are water insoluble dyes that are deposited
as suspensions on fibers under high temperatures or by use of carrier molecules. Lastly, vat dyes
are water insoluble dyes that are applied to fibers and textiles as a water-soluble reduced leuco
form. (Platania et al., 2015) Where solvent systems are used, any variation in carrier solvent
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mixtures appears to produce significant differences in the adsorption of the dye on fibers (Mishra,
Butola, 2012). Given the potential of SERS for analyzing synthetic dyes (Chen, K. et al. 2006;
Geiman, I., Leona, M., & Lombardi, J. R. 2009), this project will attempt to develop procedures
that are appropriate for fiber dye extraction based on assumed fiber dyeing method.

B.

Principles of Vibrational Spectroscopy
The development of quantum mechanical theories regarding atomic and molecular

behaviors followed observations, such as Balmer’s discrete hydrogen emission lines (Hollas, 2015,
p. 2), showed that small-scale processes, including molecular bonding, excitations, vibrations, or
other type of transitions did not strictly follow Newtonian physics. The need to understand these
mechanics and subsequently to have a better understanding of chemical structure and processes
led to many theories that have been tested, perfected, and confirmed over the last century.
One of a few of the principal theoretical developments crucial to understanding
spectroscopy is Heisenberg’s uncertainty principle, which can be phrased as there being an
uncertainty in precisely knowing the values of two dependent processes, classically momentum
versus position or time versus energy. A second important concept is Schrodinger’s equation
relating electron wave functions to the probability of locating an electron at a certain moment,
giving rise to the electron cloud. This cloud is representative of all the probable locations of an
electron at any given moment. Further, Schrodinger’s postulate that the quantum mechanics energy
function can be rewritten in terms of the electron wave function set in a Laplacian (three
dimensional) space. Having the tools, the goal then became that of determining the wave function
of any object of interest.
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The issue however is that it is close to impossible to determine any clear and precise wave
function for complex molecules. To date (Hollas, p.11), the hydrogen atom is the only system for
which the Schrodinger equation can be absolutely solved. Any other model developed to explain
all other mono- and polyatomic systems are approximations based on theoretical models as well
as on collected observations and computer modeling. The solution to the hydrogen atom led to
understanding that given a certain system, the wave function can be separated between angular
wave functions and radial wave functions. The angular component describes electron positions on
a spherical surface relative to a center, whereas the radial component describes the distance from
the center to the electron. (Hollas, p. 12) This factorization of the hydrogen atom wave function
can be translated to the energy of any atomic or molecular system. The total energy of a system is
composed of the electron energy, nuclear energy, and due to natural vibrations and free nuclear
rotations, vibrational and rotational energies, giving what is known as the Born-Oppenheimer
approximation. (Hollas, p. 20)
The rotational energies can be understood by analogy to the angular component of a
hydrogen atom, where the angular wave function gives the position of a certain free or shared
electron on a sphere relative to the nucleus. The radial wave function, which is a probability
distribution of an electron’s distance relative to the nucleus, becomes an increasingly problematic
calculation. When adding the complexity of bonded atoms, the radial distribution of the electron
cloud relative to two nuclei changes depending on atomic properties such as polarity, size, or type
of bonding. We can see then that natural atomic vibrations will induce natural coupled vibrations
in atomic bonds, and such vibrations will be also experienced by the electron cloud because any
change in the nucleus is instantaneously adjusted to by the electrons (free and bonded).
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Typically, the model used to describe bond vibrations is the harmonic oscillator (Hollas, p.
142), where the frequency is dependent on the bond strength and reduced mass of the bonded
atoms, rather than the spring constant and mass. It can be seen then that any difference in types of
bonds or atoms will inherently cause a difference in vibration. Realistically, there is a deviation
from this model because each atom in a bond has its own natural vibration independent of the bond
vibration, but which can be constrained, or restricted in movement by that bond. This creates
anharmonicity. To calculate energies for an anharmonic model, there is then a further need for
approximations. These are typically represented by power series of proposed solutions in such a
way that the power series model comes close to fully explaining the observed results. One such
approximation is the Franck-Condon principle.

C.

Principles of Raman and Surface Enhanced Raman Spectroscopy
Molecular vibrations can be observed by spectroscopic methods if a beam of incident

radiation contains the proper quanta of energy to amplify the natural vibrations. Observing the
scattered or transmitted radiation from the sample can give rise to either Raman or infrared spectra
(Hollas, p. 166). There are however some limitations, or selection rules, for each of the types of
spectroscopic methods. In infrared spectroscopy, a molecule must have an asymmetrical dipole
moment that can change in amplitude by absorbing incoming radiation that is of the same
frequency as its natural vibrations. This indicates that infrared spectroscopy is more suitable for
identification of functional groups, because a functional group would induce an unequal electron
cloud distribution in a bond (therefore a dipole moment), whereas a repetitive backbone structure
would not. Raman spectroscopy requires that a molecule be polarizable, or that it allows distortions
of the electron cloud induced by an electric field. This implies that the backbone structure of
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molecules would be more affected, and therefore more visible, as a mostly uniform electron cloud
starts distorting; in an existing dipole moment, although the Raman effect may be observed, it may
be of lesser intensity in functional groups with higher electronegativity.
From a mathematical standpoint, the selection rules of normal modes (allowed transitions)
for both Raman and Infrared are dictated by the symmetry of the molecule; where they differ is
that Infrared active normal modes are those that are transitions on any of the three principal axes,
whereas Raman active modes are those that are transitions on binary combinations of the principal
axes. The total number of normal modes allowed for an N-atom molecule is given as 3N-6 (or 3N5 for a linear molecule). In a molecule there are 3N degrees of freedom, of which three are the
whole molecular transition of the axes and three molecular rotations about the axes. (Hollas, p. 89)
The remaining modes are the possible vibrational transitions. Typically, these transitions are
selected by Δυ = ±1 (transitions between vibrational states) for both vibrational Raman and
infrared, although overtones of ±2, ±3, or more are allowed but weak. (Hollas, p. 155) Rotationalvibrational Raman also requires that there must be a change in angular momentum ΔJ of 0 or ±2.
It should be noted that transitions may happen between vibrational states of the same electronic
state, or may jump to vibrational states for different electronic energy levels. These vibronic
transitions are explained by either the Franck-Condon principle (Hollas, p. 246), or the HerzbergTeller coupling. The Franck-Condon principle does not account for nuclear distances due to the
seemingly inert inter-nuclear motion, and as such, allowed transitions are those that have a higher
overlap. Herzberg-Teller coupling corrects for the fact that between different excitation levels,
internuclear distances may be different from those of the ground states. Depending on the
magnitude of that difference, the potential energies and vibrations will be shifted and as such
transitions between vibrational states that have larger wave overlaps will be favored over the ±1
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rule. This explains why there are differences between theorized peak intensities and the intensities
observed in actual spectra, as well as slight differences in peak wavenumbers from one
determination to another.
A further difference between infrared and the Raman effect is that infrared involves some
form of energy absorption, implying a quantum process, whereas Raman is a non-quantized
scattering effect; the polarizability of a molecule, when considering a bond, is essentially the
ability of an electric field to distort an electron cloud in some way. This distortion is characteristic
in as much as it gives a similar shift value (the vibrational difference between its initial and final
states), but it does not necessarily require the same excitation energy; similar spectra are observed
when different laser lines are used for Raman excitation sources, which means that no quantized
absorption happens, but something does happen because Stokes (lower energy) and some antiStokes (higher energy) photons are read at the detector.
Raman has one drawback however, and that is the fact that it is a weak effect. Scattering
can happen as either elastic or inelastic effects. Elastic scattering, also known as Rayleigh scatter,
is the scattering of light with no loss in energy. Inelastic scattering, or Raman scattering, is the
scattering of light with a change in energy, where Stokes scattering has a loss in energy, and antiStokes a gain. The issue here is that Raman scattering produces very few Stokes or anti-Stokes
photons per Rayleigh scattered ones. Further, it is generally approximated that the intensity of
Raman peaks is proportional to the fourth power of the excitation beam frequency. (Skoog, Holler,
Crouch, p. 486) This means that intense Raman spectra could be obtained by use of short
wavelength excitation sources, mainly in the UV or visible range, but this would give rise to a
commonly encountered problematic issue in Raman spectroscopy, which is fluorescence. Further,
high energy excitation beams may not be desirable with photosensitive samples, or for long
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exposure due to the possibility of burning or charring organic samples. This could be avoided by
use of long wavelength (IR) sources, but the intensity of the spectra may be so small as to fall
below detectable limits.
A solution to fluorescence has been observed in Surface Enhanced Raman Spectroscopy
(SERS) by using rough metallic surfaces (on voltammetry electrodes) or more recently
nanoparticle systems to adsorb target molecules for observations. Either type of substrate is
observed to quench the fluorescence of molecules as well as enhance the Raman signals to
magnitudes much higher than typically observed with normal Raman. The fluorescence quenching
is believed to be a result of energy transfers between the adsorbed molecules and the metallic
substrates. (Dulkeith, et al 2002)
There are a few schools of thought regarding what is the mechanism allowing surface
enhancement of Raman signals when surfaces adsorb target molecules. A more comprehensive
discussion has been provided by Lombardi and Birke (2009) who propose, in short, that there are
up to three processes that contribute to the observed intensities, namely surface plasmonic
resonance, charge transfers, and molecular resonance. Surface plasmonic resonance is a process
whereby an incoming beam of radiation creates a resonant vibration in a metallic structure’s
electrons due to their otherwise rigid crystal-like conformation in their attempt to stay equidistant
to other electrons. This resonant movement causes an amplification of the electric field which can
be then felt by a molecule if it is properly oriented and close to the metallic surface. This
enhancement may be seen to contribute to up to 106 to peak intensity than experienced by the
molecule from the radiation alone. Further, molecular resonance may occur from the highest
occupied orbitals to the lower unoccupied from the radiation alone, but also, charge transfers from
the molecule’s highest occupied orbitals to the metal’s Fermi level, or from the metal’s Fermi level
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to the lowest unoccupied orbitals may also occur. A maximum signal enhancement of about 1014
is expected for molecule – nanoparticle systems where the surface plasmonic resonance, charge
transfer, and molecular resonance energy profiles are overlapping and the used excitation line is
close to all three maximum values, or in an area where there is high overlap. Unlike normal Raman
spectroscopy, SERS may present some modes that are Raman forbidden and infrared allowed, and
may lose intensity in Raman-allowed peaks, due to the change in the molecule’s symmetry as it
adsorbs onto the nanoparticles. Due to the fluorescence quenching, SERS permits use of shortwavelength excitation sources. However, as mentioned, this may also cause sample degradation
and burning. For organic materials, this becomes evident as a double-hump Carbon peak.
(Jurasekova et al, 2010)

D.

Contributions to the fields of Criminal Justice and Forensic Science
Although much research has been done on methods of extracting or sampling dyes from

fibers and textiles, as well as methods of improving or applying SERS, the two study areas have
rarely been combined for a systematic approach in fiber and dye analysis. Such an approach would
be of tremendous value not only to heritage preservation and analysis projects, but also to the
forensic community. Where the two fields differ is that heritage textiles may have some attached
information prior to any type of analysis – if the period, culture, geographic provenance, or perhaps
maker are known, then some good guesses can be made as to the types of expected fibers as well
as the types of dyes in common use. Forensically, fibers are a common evidence type, but they are
generally unknown in make, composition, or chemistry. No assumption can be made, and so a
complete analysis is required. However, fiber probative value is lessened by a lack of their
complete characterization. This may be due to a combination of time limitations that an analyst
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has per evidence piece, as well as a lack of resources and developed protocols. One advantage of
SERS is that the workbench (a Raman spectrophotometer) allows for analysis of both fibers and
their dye components in a relatively short time. Further, reasonably priced portable Raman
spectrometers are available which can facilitate fieldwork analysis of target molecules (such as
explosives or drugs) by either traditional Raman or SERS. For work on fibers, SERS would require
the acquisition of a Raman spectrophotometer coupled to a microscope, but such purchase and
maintenance costs are comparable to any other microspectrophotometric systems, and much lower
than the requirements of SEM, TEM, or GC/LC-MS systems. Training and ease of use, as well as
short analysis times are a major advantage of SERS.
One inherent issue limiting the value of fiber samples in forensic work is the inability to
link two fibers as having been part of the same object, or to link them to the same manufacturing
origin. This is in part due to there being largely uniform methods for the manufacture and shaping
of synthetic fibers, small variations in dyeing methods, and a large variety in bulk fiber distribution
within the textile industry. Unless a fiber has a specific patented cross-section to only one fiber
manufacturer, one cannot determine its origin. Even when such a link exists between questioned
and known fibers, there is still some uncertainty in that link because the fiber manufacturer is
probably not the same as the textile producer. Further, even if colorimetric determinations show
similar spectra, the fact is that such determinations are not specific, leaving a large uncertainty to
the link between fibers. Through SERS, this gap can be further narrowed by obtaining the chemical
information and identity of the dye. Although such analysis does not remove all origin questions,
it does strengthen the evidentiary value of fibers based on the compounding probability of common
origin when two fibers share so many common characteristics.
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It is not uncommon to encounter fabrics that are dyed with mixtures, and it may be the case
that the dyeing is not uniform across the entire material. (SWGMAT, 2004) For SERS, given that
the objective is not quantitation but rather identification, in the case of an unknown fiber, pattern
matching can allow association of a fiber to a fabric. Where unequal dyeing is concerned, the
results will be highly dependent on the dye-substrate adsorptivity, with the stronger adsorbing dye
being predominant in the observed spectrum, and the less adsorbing potentially being identifiable
by a few characteristic peaks. Given that SERS is a method that works at very low concentrations,
unless the unequal dyeing spans orders of magnitude, the concentration of the dyes is going to be
less influential than the adsorbing strength of the dyes. Where a fiber needs to be compared to a
fabric, common practice is that several fibers from the fabric are analyzed to establish a range
within which questioned fibers can be considered to have been part of that fabric. This should be
done in validation of SERS as a forensic tool for fiber examination as well.
Through using SERS on fiber evidence, forensic laboratories can choose to develop their
own database of the types of dyes that are encountered in correlation to the fiber types. Barring
actively collecting samples for fiber and dye local population studies, a database can lead to an
approximation of the commonality of a fiber type and dye combination. This could be used as a
first step in calculating a likelihood of common origin, imparting a more objective comparison
than an examiner’s experience. It should also be evident that SER microspectrophotometry is a
microscale procedure. This has a few advantages, among which some are that, on a general basis
exposure to harmful reagents is minimized, and presumably valuable information can be obtained
from very small samples. Further, the utility of a Raman microspectrophotometer is not only
limited to fiber and fiber-dye analyses; Raman and SERS may be used for the forensic analysis of
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other polymers, drugs and drug phases (Hedoux, Guinet, Descamps, 2011), minerals (Kharbish,
2012), or explosives (Xu, Hao, Braida, Strickland, Li, Meng, 2011).
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Chapter 2
Literature Review
A.

Nanoparticle substrates
Multiple formats for nanoparticle substrates delivery have been explored, such as aggregate

solutions (sols), gels, dry films, or islands, and they have been principally developed from the need
to be able to analyze microscopic samples of similar dyes, and minimize fluorescence, in heritage
preservations projects. An inexpensive and easy method for nanoparticle synthesis has been
published in 1982 by Lee and Meisel. In short, the Lee-Meisel systems use the reduction of silver
sulfate or silver nitrate, or chloroauric acid with either polyvinyl alcohol, polyvinyl alcohol and
sodium borohydride, or water and sodium citrate in boiling water baths for one to three hours.
Alternatively, Leopold and Lendl (2003) proposed a fast mechanism for reducing silver nitrate by
use of an alkaline solution of hydroxylamine hydrochloride, producing a wide variety of particle
sizes. When the same reaction mixture is used but the hydroxylamine hydrochloride is in a more
dilute form (essentially using a higher volume ratio), a more uniform and narrow particle-size
distribution is obtained. A more recent proposal comes from Leona (2009) where silver sulfate is
reduced by sodium citrate in glucose using microwave heating at 120oC for a few minutes, which
gives a more stable, uniform and narrow particle size distribution than the Lee-Meisel system.

B.

Dye extraction systems
Typically, the dye extraction system needs to be tailored to either the type of analysis that

needs to be performed, the types of fibers that are being analyzed, or the type of dying method
employed onto the fiber. In a survey of literature regarding fiber dye extractions for forensic
purposes Groves, Palenik, and Palenik (2016) found that there was no real consensus regarding a
13

specific solvent system – this is brought on by the variety of fiber types and dyeing methods
encountered in forensic cases. A short classification of dyeing methods includes acidic, basic,
direct, disperse, mordant, reactive, and vat dyeing, each of which is appropriate for only a few
types of fibers; further, various fiber treatments prior to dyeing may be employed as well to
increase dye fastness and longevity. Groves et al. determined that a pyridine: water (4:3) mix is
most common between fiber and dye system classes; in surveying 195 fiber samples from shade
cards (acetate, acrylic/modacrylic, nylon, PET, rayon, cotton, wool, silk and linen fibers) they
selected only fibers that had known dye application classes. Not all classes of fibers had all classes
of dyes, but disperse dyes seemed to have been used for all but linen type fibers. Acid dyes
followed closely, with no linen or cotton fibers. The extraction was performed at 100oC for 30
minutes, evaluating efficiency based on apparent color stripping of fibers following extraction. On
a whole, about 82% of the fibers could be extracted with this system (following one or more
extraction steps), with reactive dyes having no or very little extraction, which is most probably due
to the solvent not being strong enough to break the covalent bonds formed between the dye and
fiber.
Where dyes need to be extracted from other surfaces aside from fibers, Bruni, Guglielmi,
and Pozzi (2010) show that extraction can be achieved by suspending samples in 1 mL of N, Ndimethylformamide (DMF) heated to 70oC for 5 minutes, then filtered. For wool dye extractions,
a 30:1 MeOH: HCl 37% mixture can be used at 65oC for 60 minutes then filtered. Although not
tested here, DMF can be used to extract water insoluble materials; depending on fiber reactivity,
this may be employed in extreme cases for fiber extractions. Another important point in potentially
using DMF for extractions is that, for mordant dyes, the traditional hydrolysis by use of strong
acids may destroy or distort fibers. Tiedemann and Yang (1995) show that in using a 0.1% EDTA
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to 1/1 mix of water/DMF extraction system, fibers remain intact and are also not stripped of color.
The extraction does however remove some of the dye, as UV-Vis can confirm dyes presence in
extracted liquid, and high yields of dye extraction are observed. Tiedemann and Yang employed
the same system in testing four historical fibers samples with similar results to test fibers (i.e.
confirmation of dye extraction and potential identification based on UV-Vis observations). Fibers
require that they be heated in a test tube containing the extracting material, and placed in a boiling
water bath for 30 minutes followed by a rapid cooling in a cold water bath. The biggest issue
presented by using DMF in any extraction system is that N, N-Dimethylformamide is classified as
potentially impairing and causing liver and kidney damage, and may potentially cause birth defects
(CDC).
Dockery et al. (2009) explored systems that could extract direct, reactive, or vat dyes, in
this case extracted from cellulosic fibers (cotton), for analysis by capillary electrophoresis. Direct
dyes appear to be well extracted from fibers by a 35% pyridine to 65% water extraction solvent.
For reactive dyes, alkaline hydrolysis by use of 1.5% NaOH was deemed best, but this also led to
the need for SPME to remove high sodium concentrations which is undesirable for CE. Vat dyes
were insoluble in water, which means that either organic solvents that are incompatible with CE
systems such as 2,5-hexanedione could be used, or reduction of the dyes by sodium dithionite
forming water insoluble pigments – which can be then potentially solvated in a 40:60 acetonitrilewater mixture.
In a similar study, Stefan et al. (2009) studied acid dye extractions from nylon fibers.
Extractions were performed at three temperature-time conditions, with mixtures of
pyridine/ammonia/water. Using ternary solvent triangles plotted against extraction efficiency
resulted in three-dimensional curve surfaces which showed what solvent mixtures would be
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similarly suited for extractions. This allowed further predictions of what temperatures of extraction
as well as mixture of solvents would be required to extract either anthraquinone, azo, or metal
complex acid dyes. Anthraquinones have a good extraction at a 42:58 pyridine: water at 60o, but
the pyridine content can be reduced and yet extraction increased by increasing temperatures to
100oC. For azo and metal complex dyes, pyridine: ammonia mixtures in a 50:50 range is
preferable, and may work for any unknown cationic dye given that the fitted response surface for
the anthraquinone dye has an almost equal ridge going from pure water, to triangle center (equal
triple solvent), to 50:50 pyridine: ammonia.
In analyzing acrylic fibers, either cyanine/methine, monoazo/azo, oxazine, triarylmethane,
or anthraquinone dyes (all cationic) may be encountered in forensic casework, as shown by Grieve,
Griffin, and Malone (1998). In their FT-IR analysis of such dyed fibers, there were some peaks
unexplained by the fiber’s polymeric structure. On extraction by use of 1:1 formic acid: water,
those peaks disappear, indicating that the peaks were probably due to some IR absorbance by the
dyes. This successful extraction however indicates that formic acid and water can be used for
acrylic – cationic dye fibers, but it may also be potentially useful for general cationic dye
extractions. Another form of water insoluble dyes is represented by solvent dyes, which are used
for the dyeing of plastics, fuels or other organic materials. In a study of thermos-fixation of such
dyes on polyester fibers, and in analyzing solvent dye diffusion in the fibers, Li and Sun (2006)
present an extraction system by placing fibers in benzene alcohol at 80oC and shaking. Dye
extraction was monitored by visible spectrometry until constant absorbance values were observed,
indicating that the total dye adsorbed by the fiber had been extracted.
For vat dye extractions, Platania et al. (2015) propose the use of the same reducing solvent
(“leuco solution”), as used for the dyeing process. In their case, for dyeing cotton with Indigo and
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Tyrian purple, the reducing solvent was a 1:2 sodium hydroxide: sodium dithionite mixture. An
easy application of this type of extraction is by use of agar and silver-agar hydrogels wetted with
the solvent mixture and placed onto the substrate of interest. After a given time, the gel can be
dried and read for either Raman or SERS spectra of extracted dyestuff.

C.

Raman and SERS applications
A good example as to why a simpler method of analysis and identification may be desired

can be seen in Cochran, Barry, Muyddiman, and Hinks (2013) use of IR-MALDESI (infrared
matrix-assisted laser desorption electrospray ionization for mass spectrometry) for dye
identification on textiles. Although this is an efficient technique for dye analysis and identification,
it is hard to assume that most crime laboratories can afford such has instrumentation, especially
considering that LC-MS, a less costly system, has been used traditionally for dye identification on
textiles. Further, it is less likely that this method could be used for single-fiber analyses, as desired
for forensic practice, thus making the IR-MALDESI or any other such proposed system as too
costly, and therefore less useful.
When instrumentation is not an issue and a Raman microspectrophotometer is available,
we note that there are pitfalls to using only Raman spectroscopy for fiber analysis. As seen with
Minceva-Sukarova et al. (2012), when analyzing polyacrylonitrile fibers dyed with cationic dyes,
the spectrum of dyes could be obtained by spectral subtraction of the raw fiber spectrum. In a
forensic context, this may pose an issue, as a raw fiber of the same make and manufacture is surely
not likely to be available, which would mean that extraction of the dye would be a logical step.
Having the extractant, a comparison of the dye SERS spectra to spectral subtraction would show
which can better characterize the dye.
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Similarly, Was-Gubala and Starczak (2015) examined mixture-dyed PET or cotton fibers
by Raman spectroscopy with 514 nm, 633 nm, and 785 nm laser excitation wavelengths. The dyes
were either disperse for PET or reactive for cotton, and at low concentrations. The 785 nm and
514 nm laser sources seemed to be better suited for examination of reactive and disperse dyes. In
combination with fiber type, the 785-nm allowed for collection of spectra from all polyester fibers.
However, when looking at the spectrum, the predominant peaks are from the PET fiber, with just
a few peaks present from one of the dyes. The best spectra for cotton fibers were also by use of
785nm. Unlike the PET fibers, cotton allowed for the differentiation of two of the three mixture
dyes due to the low dominance of cotton fibers in the spectrum. This, as with spectral subtraction,
can be problematic as various classes of fibers can be found in forensic cases. A dominance of the
spectrum by the fiber leads to few dye peaks that can be identified in the spectra, and when
combined with mixtures of dyes, the lack of confirmation of all major components leads to
incomplete characterization of the analyzed fiber. The need to extract the dye, or make its analysis
possible separate from the fiber becomes evident, which can be readily done using SERS.
Nanoparticle systems can be used for a wide variety of applications. Casadio, et al. (2010)
present a compilation of research that shows the versatility of silver nanoparticles which can be
tailored to work depending on the type of substrate of interest – where paintings or archaeological
objects are concerned, substrates that could remove insignificant amounts from such materials are
preferable; such small amounts can later be analyzed by either using silver island films or films
created over polystyrene or silica beads, or hydrogels either containing nanoparticles, which can
be treated with nanoparticles following sampling. Alternatively, textiles or fibers can be directly
analyzed by in-situ colloid application with or without HF treatment, allowing for good spectra
collection with no actual dye extractions.
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An early application of hydrosols, or nanoparticle solutions, was published by Caudin et
al. (1995), where they used FT Raman microspectrophotometry in the detection of carotenoids by
use of Lee-Meisel silver nanoparticles applied onto four types of TLC plates (fluorescent and nonfluorescent versus classical and high performance). There were no observable differences in
spectral quality between the types of silica substrate; in the case of fluorescent or non-fluorescent,
it may be that the use of NIR excitation source at 1064 nm avoids interfering fluorescence from
plates. Quantitatively, it was shown that the lower limit of detection of 10 -2M for crocetin by just
µFT-Raman, could be improved tremendously by the addition of nanoparticles. With µFT-SERS,
good crocetin spectra were obtained as low as 10-5M. Assuming homogeneity of the sample and
of nanoparticles distribution, as well as only monolayer formations and no other deviations, the
expected lower detection limit for crocetin mass was calculated to be about 0.02 fg (2 × 10 -17 g).
These results were obtained by using high powers for laser the laser excitation (around 100 – 200
mW), and a sampling spot of about 8 µm (using a 60x objective). This may cause in more sensitive
samples, upon longer exposures, to exhibit burning.
Brosseau et al. (2009) used silver nanoparticle solutions for distinguishing mixtures of
dyes developed by TLC. Developed spots were wetted with a silver nanoparticle solution and read
via a Raman microspectrophotometer. Even with very similar dyes having relatively the same Rf,
readings around the spot area indicate some variation in concentrations and allows for the
differentiation of the dyes (here alizarin mixed with purpurin). Dye extractions were performed by
an 85:15 methanol: formic acid mixture. Alternatively, where dye extractions could not be
performed, a washing of the test or of the historical fibers with methanol and then treatment with
highly concentrated nanoparticle solutions can lead to some in-situ observations. This method,
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although nondestructive, requires removal of fibers from a test material which may not be desirable
due to a requirement for object or evidence preservation.
In a similar separation example, Canamares et al. (2014) spotted and developed mauve,
which is synthetic dye composed of multiple similar compounds, after which they added
nanoparticles and aggregant mixture onto the separated spots. The five components, which have a
similar backbone but differently positioned and number of methyl groups, were separated
successfully, all having different Rf values; in addition, spotting the plate with nanoparticles
allowed for a SERS collection of each component, which revealed enough differences between
spectra to allow for differentiation based on peak positions, as well as spectral shape. In both TLC
examples, we can see that although fluorescent plates may be used, their Raman activity is not
hindering discrimination of well or poorly separated compounds in the presence of nanoparticles.
Bruni, Guglielmi, and Pozzi (2010) show that extractions of dyestuff from non-textile
samples like bones, can be done via suspension of the object in N, N-dimethylformamide heated
to 70oC for 5 minutes, then filtering. Fibers, in this case wool, can be extracted by placing them in
a methanol and hydrochloric acid mixture for 60 minutes and then filtered. The usefulness of
DMF is that it can be used for extraction of water-insoluble dyes, such as Tyrian purple. When
added to a silver nanoparticle solution, DMF extracted samples from archaeological artifacts
compared favorably with commercially available dyes. However, wool fiber extracts initially
presented poor SERS signals, and FT-IR analysis showed that peptide chains that hindered SER
interactions were present in the extracts, probably due to the aggressiveness of the extraction
solvent. Addition of poly-L-lysine and ascorbic acids however were found to allow for SERS
readings even with the more aggressive type extraction.
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In a more forensic-oriented type analysis, Zhu et al. (2014) investigated the use of SERS
on developed TLC plates for the fast detection of adulterants in diabetes pills. Testing to see
whether colloid concentrations had effects on analysis, it was found that past a low concentration
of added nanoparticles, presumably the concentration required for a monolayer to be formed onto
the developed TLC spots, the enhancement factor began degrading. Further, comparison of
conventional Lee-Meisel systems, and microwaved-mediated nanoparticles indicated that,
although microwaved systems did produce Raman enhancements, they were less efficient for the
target analytes. Using a 785-nm excitation source, fluorescence issues were avoided from either
components or TLC plate substrate.
Similarly, Lv, et al. (2015) explored the detection and discrimination of ephedrine
analogues used to adulterate dietary supplements. Using a similar setup with Lee-Meisel
nanoparticles and a 785-nm laser, TLC-developed spots were marked under UV light and wetted
with nanoparticle solution. Although similar in molecular makeup, the TLC Rf separation, as well
as SERS spectra could clearly differentiate between ephedrine analogues, and allowed
differentiation by a partial least square – discriminant analysis based on molecule characteristic
peaks. This shows the ability to have some statistical certainty to differentiating between unknown
compounds, which may be highly valuable in a forensic setting where no known samples, such as
dye standards, are available.
In analyzing cultural heritage samples such as lakes, dyed textiles, oil paintings, or painted
cloths, Pozzi, Lombardi, Bruni, and Leona (2012) present a direct application of hydrofluoric acid
fume exposure of samples and analysis by SERS, as opposed to direct in-situ nanoparticle
application. A general issue with natural dyes, especially those used in old heritage samples, is that
most are attached by mordanting, but a similar issue arises with organic dyes, like lakes. Mordants
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are dye-metal complexes reacted onto fibers so that the metal ions become the binding sites
between the dyes and the fibers. Typically, strong acids are used to strip the dyes off fibers, which
is a potential issue with natural fibers where protein breakdown may occur leading to spectral
noise, artefacts, or potentially organic charring which is observable in the spectrum. Exposure of
fibers to HF fumes for some time hydrolyzes these dye-metal complexes allowing some of the
dyed material to go into solution when a drop of nanoparticles is added. This research presents an
early application of the Leona nanoparticle systems (microwave-assisted reductions). HF
hydrolysis allowed for the analysis of all samples, except dyed silk fibers which degraded. This
indicates that the extraction system is useful for the hydrolysis of a variety of unknown dyes, but
also shows the applicability of the Leona nanoparticles and their stability, especially given the use
of a 488-nm laser excitation source which would normally cause overwhelming fluorescence. A
further explored issue was the effect of nanoparticle concentration on spectral intensity, finding
that high concentrations lead to a large degradation of the enhancement; unlike Zhu et al.’s where
a monolayer of nanoparticles was desired on the separated spot samples, Pozzi et al.’s samples
were liquid drops. The observed intensity decrease is probably due to very few dye molecules
adsorbing on each available nanoparticle, as opposed to the formation of a monolayer of dye which
would be the ideal SER condition.
Zaffino et al. (2014) present a similar application of HF hydrolysis of fibers and use of
Lee-Meisel silver colloids for FT-SERS to study historical textile fibers. In their study, they used
a 532 nm and 1064 nm laser for excitation. Comparing to known dye spectra allows for the
identification of component fiber dyes on test samples as well as ancient textile fibers. However,
extractions from ancient textile fibers display more degraded spectra, which means that no real
quantitative match can be done to identifying the dye components; the presence of some peaks

22

characteristic of known dyes and the apparent peak shapes can be an indication of what type of
dye was used for older samples. One possibility to increase the spectral quality could be by longer
HF exposures to facilitate more dye-metal complex hydrolysis, and thus allow for more dye
molecules to adsorb onto the nanoparticles.
A non-hydrolyzing, non-extracting, dry approach to analyzing heritage textiles is given by
Zaffino et al. (2016), where they use dry silver nanoislands and silver films deposited on
microscope slides. To produce the islands and films, Lee-Meisel and Leopold and Lendl
nanoparticles systems were used. For analysis, textile fibers and dye powders were sandwiched
between a nanoparticle slide and a normal glass slide. Readings were performed at 632.8 nm for
nanoisland substrates, and at 532 nm for film substrates. Comparison of non-corrected spectra
indicates that the Lee-Meisel films seem less prone to fluorescence than LL films. Some peaks
from dyestuff can be observed by the dry-state approach, but the spectrum shape is dissimilar to
the actual dye spectrum, especially for nanoislands. In comparing between nanoislands and films,
it appears that films are a much better option for direct fiber observations. This may be due to their
being less prone to the “coffee ring effect” and having a more homogeneous spread.
Another form of nondestructive SERS analysis of historical samples is given by Leona et
al. (2011) where they used hydrogels saturated with 1:1 DMF/water and 1% EDTA. Applying
these gels onto the object of interest, there is technically no extraction of the dye, but some removal
of surface dyes occurs, allowing those dyes to adsorb onto the gel surface, with little gel
permeation. Adding nanoparticles to the surface of the gels allows good SER spectra collections
comparable to known analyzed dyes. This form of sample treatment allows for the pick-up and
analysis of dyes off mordanted textiles, as well as that of inks and pigments.
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Hydrogels can be used either as just transfer substrates, as shown by Leona et al., or
alternatively, they can be made to incorporate silver colloidal suspensions in their matrix if
nanoparticle sols are mixed with the gel solution, as shown by Lofrumento et al. (2012). These gel
probes can also remove insignificant amounts of mordanted dyes from textiles. The gels allowed
for the collection of good spectra off test dyed fibers, which compared favorably to the spectra of
just the pure dyes combined with silver nanoparticles and aggregant. Testing this probe system on
historical textiles showed their ability to pick up some dye, allowing for the confirmation of
Alizarin being present on a pre-Columbian textile.
An in-situ type of analysis was presented by Jurasekova et al. (2010), where a 514.5 nm
laser was used for the photoreduction of AgNO3 to nanoparticles on the surface of dyed fibers.
Although some spectra from test fibers favorably compared to direct solutions of dyes, most dyed
fibers showed amorphous carbon backgrounds indicating some fiber degradation from the highpowered laser and longer reading exposure times (up to 300s). Further, photoreduction was done
for up to 20 minutes, and even though no visible degradation was observed of the nanoparticles or
fibers, the fact that amorphous carbon was present in the spectrum indicates an issue in the
procedure.
A very precise and efficient method of analyzing single fibers and dyes is the use of SEMµSERS. (Prikhodko et al., 2015) The technique is extractionless, where Lee-Meisel silver
nanoparticles were deposited onto mordanted fibers and allowed to dry and create a thin film. A
low power 785nm laser was directed through the SEM coupled with Raman via a Renishaw
structural and chemical analyzer. The SEM was used to locate aggregated nanoparticles on the
fibers and direct sample beam. Readings on the silver nanoparticle aggregations were very similar
to the reference dye spectra regardless of the non-uniform nanoparticle distribution on fibers,
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whereas readings away from the aggregated particles resulted in poor spectra. The fact that this
system works shows that even with highly problematic dyes, such as the strong mordant systems,
SERS is still a useful and powerful technique that may not require removal of dye from the fiber.
It should be noted however, that the narrow beam used for this analysis of a sample fiber which
allowed for differentiation between aggregated and non-aggregated areas is not attainable in a
normal Raman microspectrophotometer.
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Chapter 3
Research Design
Given the lack of any preliminary information about questioned fibers, a complete analysis
would entail finding out both the fiber type, and traditionally perform some form of colorimetric
determination to be able to classify and attempt discrimination between questioned and known
sample fibers. Although it would be desirable that dye extraction would start with considerations
regarding the dye itself, it is more feasible to determine the fiber chemistry and then determine
what the dye extraction solvent should be by knowing the fiber’s reactivity and perhaps some
traditionally used dyeing methods for the fiber type. Ideally, a single extraction and analysis
method would be preferable, but where this is not readily attainable, developing a small number
of extraction and analysis methods should suffice.

A.

Instruments and Standards
An Anton Paar Multiwave 3000 microwave digestion system was used in the production

of microwave-reduced nanoparticles.
Photographs and micrographs of the samples and unknowns were taken through a Nikon
D3200 camera.
FT-IR studies were done using a Nicolet™ Continμum™ Infrared Microscope with a
Thermo Electron Corp. Infinity Series ATR Objective with a diamond internal reflection element
(IRE). The ATR-IR standard of choice was a polystyrene film.
Visible and fluorescence studies were performed using an Ocean Optics USB2000+
spectrometer attached to an Olympus BH microscope. The transmission source was a 6v20W
filament bulb, while the Epi-illumination for fluorescence was provided through a Chiu Technical
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Corp Mercury-100W source. The accuracy and calibration of the Ocean Optics spectrometer was
checked by using a Hoya didymium glass filter. Cargille Type 300 Cargille Immersion Oil was
used as a mounting medium for fluorescence studies. Glycerol was used as a mounting medium
for Visible spectroscopy.
Raman and SERS studies were performed on a WiTec Alpha 300R Confocal Raman
Imaging spectrometer system equipped with 532 nm green and 785 nm NIR lasers. The WiTec
Raman spectrometer laser alignment was set by using a silicon wafer which is known to have a
peak around 520 ± 3 wavenumbers for both employed lasers. For wet chemistry and ensuring
proper nanoparticle functionality, a known Crystal Violet solution in 10% Methanol was used.

B.

Supplies and Materials
For Raman laser calibration check a Ted Pella 3” Silicon wafer was used.
HPTLC Silica gel 60 Multiformat EMD Merck Millipore non-fluorescent high

performance thin layer chromatography plates were used for TLC separation and coffee ring
methods.
The following lists the chemicals that were used to produce any solvent system, wash, or
the substrates necessary in this study: Acetic Acid, Glacial Certified ACS Grade, Fisher Chemical
(CAS: 64-19-7 ); Ammonium Hydroxide Certified ACS Plus Grade, Pharmco-Aaper (CAS: 133621-6 CAS: 7732-18-5); Crystal Violet Certified Biological Stain, Fisher Chemical (CAS: 548-629); N,N-Dimethylformamide GC Headspace Grade, Merck KGaA (CAS: 68-12-2);
Ethylenediamine Tetraacetic Acid, Disodium Salt Dihydrate Certified ACS Grade, Fisher
Chemical (CAS: 6381-92-6); Hydrofluoric Acid ACS Reagent Grade, Honeywell Fluka (CAS:
7664-39-3); Methanol Certified ACS Reagent Grade, Fisher Chemical (CAS: 67-56-1); Nitric
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Acid TraceMetal Grade, Fisher Chemical (CAS: 7697-37-2); Potassium Nitrate Certified ACS
Grade, Fisher Chemical (CAS: 7757-79-1); Pyridine Certified ACS Reagent Grade, Fisher
Chemical (CAS: 110-86-1). Where water was necessary ultrapure 18 MΩ was used.
Fiber samples were obtained by either purchase or request of fabric sample swatches from
various online vendors. Cotton fiber samples were procured from Sweet Kyla Collection Fabric
Crib Sheets, Bali Blinds fabrics, Pottery Barn fabrics, and Simplicity Sofas fabrics. Nylon fiber
samples were procured from Alena Mokhan Milliskin Tricot sample color card. Polyester fiber
samples were procured from PCollins LTD multipurpose fabrics, Book #1452 and #1453. A set of
10 similarly colored turquoise fabrics of unknown fiber make was procured from Joybird Custom
Furniture and Modern Décor fabrics.
C.

Methods of extraction, hydrolysis, purification, or analyses
Two extraction systems were used, one made of an equal part mixture of pyridine, water.

and ammonia, and the other by an equal mixture of dimethylformamide to a 1% water
ethylenediamine tetraacetic acid solution. Both extractions were performed by allowing a few
fibers removed from the fabrics to sit in a 1 mL aliquot of solution in a microcentrifuge tube. The
tubes were placed in an 80oC water bath for 60 minutes.
Hydrofluoric acid hydrolysis was performed by exposure of a few fibers to a saturated
atmosphere of HF for five to ten minutes, followed by five minutes of air exposure to allow the
evaporation of any remaining HF from the fiber, as per Pozzi et al. (2012). The HF micro-chamber
was constructed by using a 2-mL microcentrifuge tube laying on its side. The conical bottom of
the tube can easily fit 10 μL of HF, and keeps the HF in place by electrostatic forces and surface
tension. Two separate caps were taken from another microcentrifuge tube; in one, a small central
piercing was made to be used as the work cap for the exposure chamber. This is to allow a flow of
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HF over the fiber surface. The second was cut to size to allow it to be used as a tray for placing
target fibers in and out of the tube. While stored over-night, the HF exposure tube would be capped
with its original cap to ensure no HF escaped. This arrangement was sufficient for one-week’s
exposure of fiber work.
Thin-layer chromatography was performed on those extracts which were clearly colored,
but which exhibited little or no SER signal. This was assumed to be due to the probability that the
used extraction system may be too aggressive, removing not only dyes, but also SERS-interfering
compounds from the fibers. As such, a TLC development could potentially separate the extracted
dyes from interfering agents and allow for Raman and SERS analysis. The mobile phase solvent
was a 3:3:4 methanol: acetic acid: water mixture.
Another method of attempting to separate extracted colorants from other interfering
compounds was by using the same TLC plates for coffee-ring staining, where approximately 10
μL of target extract were spotted with a capillary on the plate and allowed to diffuse circularly
outward. Due to the high-performance nature of the plates, the colored rings would be concentrated
in thin, narrow bands that could be then read as either normal Raman or SERS.
In cases where the fibers degraded during extraction, or did not readily extract with either
solvent system, in-situ SERS was done by exposing the fiber to the nanoparticle solution and
allowing the nanoparticles to form a thin film on the fiber surface.
Cross-sections of the fibers, if synthetic, were obtained as a potential further classification
step. Cross-sectioning was performed by threading fibers through perforated slides, and adhering
them to the surface using nail polish. Once dry, fibers were sliced using a sharp X-Acto knife and
observed with a light microscope.
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For casework emulation, a selection of ten turquoise fabrics was evaluated by removing
one fiber from each to represent a questioned fiber, and another ten as known fibers. Each was
treated using both extraction systems and hydrofluoric acid exposure. Linear discriminant analysis
of the questioned versus known fibers was performed to evaluate the potential of discrimination
between the fabrics and fibers, as well as to validate SERS as a qualitative forensic method.

D.

Nanoparticle systems
The nanoparticles used in this study were produced via the Leona procedure. This was done

by the reduction of 12.5 mL of 5x10-4 M silver sulfate in the presence of 1 mL of 1% (w/v) glucose
by the addition of 0.5 mL of 1% (w/v) sodium citrate and microwaving in a digestion system to a
temperature of 120oC for one minute (if possible by a 30oC/minute ramp) using a high-pressure
Teflon capped container. For working solutions, an aliquot of the citrate/nanoparticle solution is
centrifuged at 10,000 rpm followed by removal of excess sodium citrate, and reconstitution to
desired concentration. It was determined that the best enhancements were observed when 900 μL
of excess sodium citrate was removed from every 1 mL nanoparticle aliquot after centrifugation,
and diluting the remaining nanoparticles with ultrapure water to a volume of 250 μL. For analyses,
a 5 μL aliquot of working nanoparticle solution was mixed with 0.5 μL of 0.5M potassium nitrate,
and 1 μL of test solution. In the case of TLC spotting, 1 μL of nanoparticles and 0.1 μL of
potassium nitrate solution were placed on the target area.

E.

Spectroscopy Methods
Visible spectroscopy was used to obtain the absorbance spectra of the questioned fibers

mounted in glycerol. The spectra were obtained using a 40x objective, by averaging 5 scans, each
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with a 500 ms integration time, and having a 50-pixel smoothing, as given by the Ocean Optics
Overture system. Focusing on a mounted slide with no fiber in the field of view was used as the I0
for the instrument.
Fluorescence spectroscopy was used to determine which questioned fibers fluoresced when
exposed to UV radiation; spectra were obtained using the same instrumentation as for visible
spectroscopy, as well as having a 420-nm barrier filter, by averaging 5 scans, with varying
integration times between 140 and 1500 ms to ensure the detector was not oversaturated, and 50pixel smoothing.
ATR- FT-IR was used to determine or confirm the type of fiber that was being analyzed.
Each determination consisted of 128 scans, with a resolution of 4 cm-1.
Normal Raman spectra were obtained by direct reading of fibers through a 10x objective
on the confocal microscope, using both available lasers. Five replicate readings of each sample
were obtained. Each analysis with the 532-nm laser consists of 10 second integration times, 3
averaged scans, 0.15 mW laser power, with a 600 l/mm grating, while with the 785-nm laser the
same conditions were used, with a laser power of 2.50mW.
SERS spectra were obtained by reading the nanoparticle drop mixed with the aggregant
and the target of analysis (fiber, or solution), and each run was consistent with the same conditions
as with the Normal Raman obtained spectra. A background, solvent spectrum, and crystal violet
spectrum were obtained at the beginning of each work day. Where a sample was observed to
exhibit no signal different from the background, only 3 replicates were obtained. Where a signal
was observed, 10 to 15 replicates were obtained. Where samples were visibly colored extracts but
no SERS signal was obtained, 0.5 μL of 1M HNO3 were added to acidify the environment and
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potentially promote dye-substrate interactions. If a high fluorescence was observed when using the
532-nm laser, the 785 nm was used to potentially eliminate its effect.

F.

Spectral Processing and Statistics
Due to the high volume of collected SERS spectra, a dedicated R program was written for

spectral processing, plot output, and statistical analyses. To ensure proper functionality of the
program as it was written, some conditions had to be prearranged prior to input.
The spectra set for each method should be contained within one comma-delimited csv file,
with the first column being the Raman shift wavenumbers, the second being the background or
solvent blank, and the remainder being the sample replicates. The file name should be named
“Method_laser.csv”, where the method would be one of the extraction or purification methods as
stated above, and the laser would be either of the two used. A second file, named
“Method_laser_B.csv” should be created with two rows; both first and second row would contain
in the first cell “X-Axis”, the second “Background”, and the following would be the name of the
samples. Each sample replicate should only contain the sample name, with each replicate having
identical names. The method and laser in the B file name should be the same as in the first file.
This is necessary since R will add a number at the end of the name of columns that have the same
name when importing tables, to differentiate them. However, for discriminant analyses, it is
necessary that replicates have the same name, for the algorithm to be able to classify sample
variations.
The program imports the data when given the proper working directory, retaining the
methods presented, as well as the lasers, and it creates a new folder named after the method in
which the spectra plots will be exported. The data is then baseline corrected using the adaptive
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iteratively reweighted penalized least square method (airPLS) (Zhang, Chen, Liang, 2010), and a
Savitzky-Golay smoothing quadratic filter is applied. A two-dimensional linear discriminant
analysis scores plot is produced based on the scaled and centered principal component model,
using only those components that have a cumulative variance of up to 96%. The plot point of each
sample is color coded to the sample name, and is indicated in the legend of the plot.
The data is then separated in individual samples, and the mean and standard deviation of
each sample is extracted. A plot of the sample mean, 2 standard deviations and overlaying
background is then produced, as well as a legend above the plot, with a limit on the x-axis of
spectra collected using the 532-nm laser to between 800 and 1600 wavenumbers, and to 200 –
1850 wavenumbers for the 785-nm spectra. This ensures proper visibility of the fingerprint
regions. Each plot file is named with the method, laser, and sample number.
Linear discriminant analysis is used as a measure of differentiation ability of a method, as
well as during the forensic case simulation. Linear discriminant analysis is particularly useful
because it attempts to find combinations of features within samples that allows the algorithm to
possibly separate the given samples into classes. Having a known data set, one can use the LDA
classification to predict the class of any questioned sample, assuming the sample is the same as
one of the knowns. This can be displayed in a confusion matrix, where the questioned classification
is displayed vs the knowns. This matrix can be used to calculate the model’s prediction accuracy,
and Cohen’s kappa coefficient, a statistic describing the agreement between each classified model.
For the questioned and known LDA plots, the mean spectra of the questioned sample are
used to produce the points being compared to the knowns. FT-IR spectra and absorbance and
fluorescence spectra were displayed using OriginPro 9.0.
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Chapter 4
Results and Discussion
Normal Raman data did not prove particularly useful at differentiating the studied fiber
samples via discrete, observable peaks. In some cases, a high fluorescence was observed when
using the 532-nm excitation source, but no signal was attained when using the 785-nm source for
these fluorescing samples. Although fluorescence was still observed even with some of the postextraction analyses, a much higher throughput of differentiation was attained with SERS methods.
ATR- FT-IR data was obtained for all fiber samples. The method proved most useful for
identification or confirmation of sample fiber composition (Fig. 1), although some peak
differentiation could be observed for certain fibers. In the case of the cotton fiber samples, four
samples showed distinctive patterns indicative of either aromatic rings due to various stretches
between 1400 – 1600 cm-1 or a C-O-C stretch indicated by multiple strong peaks between 1018 –
1250 cm-1 (Fig. 2). This information may be useful in as much as differentiating four out of thirty
fiber samples, but it is by no means a definitive tool. Furthermore, cross-sectioning of the synthetic
fibers did not prove useful, as most fiber types were generally trilobal, thus allowing little
differentiation; the modification index of the fibers was not calculated.

Figure 1. Example of Cotton sample vs database cotton standard obtained via ATR- FT-IR.
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Figure 2. ATR-FT-IR comparison of cotton samples.

Figure 3. SER spectrum of Crystal violet using a 532 nm excitation source as a calibration check.

A 10-3M solution of crystal violet in 10% Methanol was used as a check of the instrument
calibration prior to daily use, as well as the enhancement properties of the nanoparticle system.
Figure 3 is an example of Crystal violet spectrum using 532 nm focusing on the modes between
600 and 2000 wavenumbers, while Figure 4 is an example of Crystal violet using a 785-nm
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excitation source. Table 1 gives the corresponding assigned density functional theory (DFT) modes
(Canamares, Chenal, Birke, Lombardi, 2008) and their collected data at 633 nm, versus the
observed enhancements at 532 nm excitation. As observed, most assigned modes have shift less
than 15 wavenumbers from the calculated DFT values; this is to be expected, with slight variations
due to the actual nanoparticle size versus the one used for the calculation, or real dye-nanoparticle
interaction.

Figure 4. SER spectrum of Crystal violet using a 785-nm excitation source as a calibration check.

Table 1. Assigned and observed Raman modes for Crystal violet using a 532 nm excitation sources.

DFT
1627
1601
1360
1295
1165
902
792
715

Vibrations contributing to normal mode

SERS 633 nm* SERS 532 nm SER 785 nm
1620
1619
1620
1587
1587
1584
νas(CCcenterC)/δ(CCC)ring/δ(CH)
1377
1372
1393
νas(CCcenterC)/δ(CCC)ring/δ(CH)
1298
1301
1293
νs(CCcenterC)/δ(CCC)breathing/ρr(CH3)
1172
1168
δ(CCcenterC)
916
915
916
806
805
802
ν(CN)
726
730
722
ν, stretching (s, symmetric; as, asymmetric); δ, bending; *Canamares, Chenal, Birke, Lombardi, 2008
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A.

SERS of Dimethylformamide – Water - EDTA extractions
Using dimethylformamide mixed with a 1% EDTA in water solution was successful in

extracting some dyes from the fiber samples. It should be noted that, although in some instances
the extracts were visibly colored, SERS spectra were not always obtained. This is not uncommon
however, as Leona, Stenger, and Ferloni (2006) reported similar findings when attempting
extraction of dyes from fibers from works of art; their attempt at purification via a toluene phase
extraction and acetic acid wash did not yield significant improvements of results. The authors
attribute this effect to the strength of the solvent, as it may remove other agents aside from the dye
from the fiber surfaces, leading to interferences to the dye-nanoparticle interactions. This has been
observed in the present study for some instances of both DMF and pyridine-ammonia-water
extraction protocols. A potential fix to this problem is proposed and demonstrated via the coffeering effect using high performance thin-layer chromatography plates. For this study, a successful
extraction is considered when a useful SER spectrum is generated from the extract.
1.

Cottons

The following spectra represent the demonstration of successful extractions using DMF1% EDTA as a solvent for cottons samples. Seven out of the thirty fiber extracts produced SERS
spectra, six produced with the 532 nm as an excitation source, while one with the 785 nm. It should
be noted that with post baseline correction processing, the signals are relatively weak, with
intensity maxima of about 100 counts. Given the demonstrated enhancement of the nanoparticle
system via the use of crystal violet, other factors should be considered that affect the spectra
intensity. The most likely explanation is that, much like those extracts that were observed to be
colored but produced no direct SERS spectra, it may be possible that even with those that do, the
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interfering agents extracted along the dye are strong enough to cause a weakening of the dyenanoparticle intensity.

Figure 5. Mean spectrum of Cotton sample 1 DMF extracts collected using a 532-nm excitation source.

Figure 6. Mean spectrum of Cotton sample 6 DMF extracts collected using a 532-nm excitation source.
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Figure 7. Mean spectrum of Cotton sample 13 DMF extracts collected using a 532-nm excitation source.

Figure 8. Mean spectrum of Cotton sample 15 DMF extracts collected using a 532-nm excitation source.
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Figure 9. Mean spectrum of Cotton sample 21 DMF extracts collected using a 532-nm excitation source.

Figure 10. Mean spectrum of Cotton sample 29 DMF extracts collected using a 532-nm excitation source.
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Figure 11. Linear Discriminant Analysis of Cotton samples DMF extracts collected using a 532 nm excitation source.

Figure 12. Mean spectrum of Cotton sample 4 DMF extracts collected using a 785-nm excitation source.
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When plotting the first two scores of the linear discriminant analysis (Fig. 11) for all cotton
extracts from DMF, some grouping is observed, with a clear separation of cotton samples 6, 13,
15, and 29. On visual inspection of the spectra, samples 1 and 21 are also observed to have
distinctive patterns. Note that although in the 2-dimensional LDA, cottons 1 and 21 are not clearly
separated from the rest of the samples, their replicates tend to group towards one edge of the
clusters containing similar spectra. This means that, if a machine learning program would be used,
and the number of scores is increased, it may be possible that those two samples could also be
differentiated from the collection of cottons. Overall, including those two samples as well as the
785-nm positive, DMF on direct SERS analysis appears to have an approximate 20% yield of
success for dyed cottons.
2.

Nylons

The following spectra are the successful extractions using DMF-1% EDTA as a solvent for
nylon samples. Twelve out of the thirty fiber extracts produced SERS spectra, all using the 532nm laser as an excitation source. No spectra were observed when using the 785-nm laser. Except
for nylon sample 8, most spectra suffered from the same relatively weak intensity as in the case of
cotton extracts even after baseline correction processing.
The LDA plot suggests that only four of twelve nylon samples could be differentiated using
the two-dimensional scores. It should be noted that this is possibly due to the low S/N ratio of the
observed peaks for most of the spectra; this does not explain however the absence of sample 1 as
a separate group, as its characteristic peaks are highly distinguishable with high S/N.
For nylon extracts, this method has a 40% successful extraction yield.
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Figure 13. Mean spectrum of Nylon sample 1 DMF extracts collected using a 532-nm excitation source.

Figure 14. Mean spectrum of Nylon sample 3 DMF extracts collected using a 532-nm excitation source.
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Figure 15. Mean spectrum of Nylon sample 8 DMF extracts collected using a 532-nm excitation source.

Figure 16. Mean spectrum of Nylon sample 9 DMF extracts collected using a 532-nm excitation source.
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Figure 17. Mean spectrum of Nylon sample 10 DMF extracts collected using a 532-nm excitation source.

Figure 18. Mean spectrum of Nylon sample 11 DMF extracts collected using a 532-nm excitation source.
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Figure 19. Mean spectrum of Nylon sample 13 DMF extracts collected using a 532-nm excitation source.

Figure 20. Mean spectrum of Nylon sample 14 DMF extracts collected using a 532-nm excitation source.
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Figure 21. Mean spectrum of Nylon sample 15 DMF extracts collected using a 532-nm excitation source.

Figure 22. Mean spectrum of Nylon sample 21 DMF extracts collected using a 532-nm excitation source.
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Figure 23. Mean spectrum of Nylon sample 26 DMF extracts collected using a 532-nm excitation source.

Figure 24. Mean spectrum of Nylon sample 27 DMF extracts collected using a 532-nm excitation source.
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Figure 25. Linear Discriminant Analysis of Nylon samples DMF extracts collected using a 532-nm excitation source.

3.

Polyesters

The following spectra are the result of successful extractions using DMF-1% EDTA as a
solvent for polyester samples. Eight out of the thirty fiber extracts produced SERS spectra, all
using the 532-nm laser as an excitation source, and one of the eight also for the 732-nm source.
Similarly to the cotton and nylon sample extracts, the spectra have relatively weak intensity even
after baseline correction processing. The successful extraction yield for polyesters is 27%.
From the LDA plot, samples 6, 24, 28, 29, and 30 are clearly grouping in differentiating
clusters. However, when viewed side-by-side most spectra appear to have mostly the same peaks,
with just a few number of the samples, such as polyester 1, having a different pattern. This can be
an indication of one of two things: either that all sampled polyester dyes were very similar in
chemical makeup, or, more likely, the observed enhancement may not be due to the dyes but rather
some other extracted chemical.
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Figure 26. Mean spectrum of Polyester sample 1 DMF extracts collected using a 532-nm excitation source.

Figure 27. Mean spectrum of Polyester sample 7 DMF extracts collected using a 532-nm excitation source.
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Figure 28. Mean spectrum of Polyester sample 8 DMF extracts collected using a 532-nm excitation source.

Figure 29. Mean spectrum of Polyester sample 24 DMF extracts collected using a 532-nm excitation source.
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Figure 30. Mean spectrum of Polyester sample 28 DMF extracts collected using a 532-nm excitation source.

Figure 31. Mean spectrum of Polyester sample 29 DMF extracts collected using a 532-nm excitation source.
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Figure 32. Mean spectrum of Polyester sample 30 DMF extracts collected using a 532-nm excitation source.

Figure 33. Linear Discriminant Analysis of Polyester samples DMF extracts collected using a 532-nm excitation source.
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Figure 34. Mean spectrum of Polyester sample 30 DMF extracts collected using a 785-nm excitation source.

Across all three fiber types, DMF-1% EDTA produces a 29% successful extraction yield,
making it somewhat useful as an exploratory method, but not likely useful for a routine forensic
method of extraction and analysis of unknown fibers.
B.

Pyridine-Ammonia-Water Extractions
1.
Cottons
Sixteen out of the 30 cotton samples were successfully extracted using a pyridine-

ammonia-water mixture and produced SER spectra with 532 nm laser as an excitation source. This
makes the pyridine solvent have a 53% successful extraction yield for cottons. No spectra were
observed with the 785-nm source. Unlike the DMF-EDTA extracts, most spectra produced via this
method did not suffer from low intensity effects after baseline correction and processing. However,
the LDA analysis does not show clear grouping of the spectra extracts.
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Figure 35. Mean spectrum of Cotton sample 10 Pyridine extracts collected using a 532-nm excitation source.

Figure 36. Mean spectrum of Cotton sample 11 Pyridine extracts collected using a 532-nm excitation source.
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Figure 37. Mean spectrum of Cotton sample 12 Pyridine extracts collected using a 532-nm excitation source.

Figure 38. Mean spectrum of Cotton sample 13 Pyridine extracts collected using a 532-nm excitation source.
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Figure 39. Mean spectrum of Cotton sample 14 Pyridine extracts collected using a 532-nm excitation source.

Figure 40. Mean spectrum of Cotton sample 15 Pyridine extracts collected using a 532-nm excitation source.
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Figure 41. Mean spectrum of Cotton sample 16 Pyridine extracts collected using a 532-nm excitation source.

Figure 42. Mean spectrum of Cotton sample 17 Pyridine extracts collected using a 532-nm excitation source.
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Figure 43. Mean spectrum of Cotton sample 19 Pyridine extracts collected using a 532-nm excitation source.

Figure 44. Mean spectrum of Cotton sample 20 Pyridine extracts collected using a 532-nm excitation source.

60

Figure 45. Mean spectrum of Cotton sample 21 Pyridine extracts collected using a 532-nm excitation source.

Figure 46. Mean spectrum of Cotton sample 22 Pyridine extracts collected using a 532-nm excitation source.
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Figure 47. Mean spectrum of Cotton sample 25 Pyridine extracts collected using a 532-nm excitation source.

Figure 48. Mean spectrum of Cotton sample 28 Pyridine extracts collected using a 532-nm excitation source.
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Figure 49. Mean spectrum of Cotton sample 29 Pyridine extracts collected using a 532-nm excitation source.

Figure 50. Mean spectrum of Cotton sample 30 Pyridine extracts collected using a 532-nm excitation source.
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Figure 51. Linear Discriminant Analysis of Cotton samples Pyridine extracts collected using a 532-nm excitation source.

2.

Nylons

Ten out of the 30 nylon sample extracts produced spectra with a 532-nm laser after using
a pyridine-ammonia-water extraction mixture. This results in the pyridine solvent having a 33%
successful extraction yield for nylons. Five of the obtained spectra were produced after the addition
of 0.5μL of 1M HNO3 to the test drop to acidify the drop and promote dye-nanoparticle
interactions. No spectra were observed with a 785-nm source. Most spectra suffered from low
intensity effects after baseline correction and processing. Further, the LDA analysis does not show
clear grouping of the spectra extracts.
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Figure 52. Mean spectrum of Nylon sample 8 Pyridine extracts collected using a 532-nm excitation source.

Figure 53. Mean spectrum of Nylon sample 9 Pyridine acidified extracts collected using a 532-nm excitation source.
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Figure 54. Mean spectrum of Nylon sample 10 Pyridine acidified extracts collected using a 532-nm excitation source.

Figure 55. Mean spectrum of Nylon sample 13 Pyridine extracts collected using a 532-nm excitation source.

66

Figure 56. Mean spectrum of Nylon sample 14 Pyridine extracts collected using a 532-nm excitation source.

Figure 57. Mean spectrum of Nylon sample 18 Pyridine extracts collected using a 532-nm excitation source.
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Figure 58. Mean spectrum of Nylon sample 25 Pyridine acidified extracts collected using a 532-nm excitation source.

Figure 59. Mean spectrum of Nylon sample 26 Pyridine acidified extracts collected using a 532-nm excitation source.
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Figure 60. Mean spectrum of Nylon sample 27 Pyridine acidified extracts collected using a 532-nm excitation source.

Figure 61. Mean spectrum of Nylon sample 29 Pyridine extracts collected using a 532-nm excitation source.
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Figure 62. Linear Discriminant Analysis of Nylon samples Pyridine extracts collected using a 532-nm excitation source.

3.

Polyesters

Fourteen out of the 30 polyester sample extracts produced spectra with at 532 nm laser
using a pyridine-ammonia-water extraction mixture. This makes the pyridine solvent have a 47%
successful extraction yield for polyesters. One of the obtained spectra was produced after
acidifying the drop. No spectra were observed at 785nm. Some of the spectra suffered from low
intensity effects after baseline correction and processing. However, the LDA analysis shows a
large scatter of no visible grouping of any of the sample extracts.

70

Figure 63. Mean spectrum of Polyester sample 3 Pyridine extracts collected using a 532-nm excitation source.

Figure 64. Mean spectrum of Polyester sample 6 Pyridine extracts collected using a 532-nm excitation source.
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Figure 65. Mean spectrum of Polyester sample 7 Pyridine extracts collected using a 532-nm excitation source.

Figure 66. Mean spectrum of Polyester sample 10 Pyridine extracts collected using a 532-nm excitation source.

72

Figure 67. Mean spectrum of Polyester sample 11 Pyridine extracts collected using a 532-nm excitation source.

Figure 68. Mean spectrum of Polyester sample 12 Pyridine extracts collected using a 532-nm excitation source.
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Figure 69. Mean spectrum of Polyester sample 13 Pyridine extracts collected using a 532-nm excitation source.

Figure 70. Mean spectrum of Polyester sample 14 Pyridine extracts collected using a 532-nm excitation source.
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Figure 71. Mean spectrum of Polyester sample 15 Pyridine extracts collected using a 532-nm excitation source.

Figure 72. Mean spectrum of Polyester sample 22 Pyridine extracts collected using a 532-nm excitation source.
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Figure 73. Mean spectrum of Polyester sample 23 Pyridine extracts collected using a 532-nm excitation source.

Figure 74. Mean spectrum of Polyester sample 24 Pyridine extracts collected using a 532-nm excitation source.
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Figure 75. Mean spectrum of Polyester sample 25 Pyridine extracts collected using a 532-nm excitation source.

Figure 76. Mean spectrum of Polyester sample 30 Pyridine acidified extracts collected using a 532-nm excitation source.
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Figure 77. Linear Discriminant Analysis of Polyester samples Pyridine extracts collected using a 532-nm excitation source.

Overall, pyridine-ammonia-water as an extraction solvent produces a 44% positive yield
regarding SER spectra. Using only two-dimensional linear discriminant analysis, none of the three
fiber types seem to classify in clear, distinguishable groups that would yield easy classification.
However, visual comparison of the spectra presents differentiating aspects for some of the
produced spectra. Much like DMF-EDTA as a solvent system, pyridine-ammonia-water seems to
be a good method for exploration, but not for routine forensic analysis of all fiber types. It would
appear though that is may be most suitable for cotton analyses, resulting in more than 50%
successful extractions.
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C.

Hydrofluoric Acid Hydrolysis
1.

Cottons

Twenty-three of the thirty cotton samples produced useful spectra after hydrolysis with
exposure to HF fumes. This produces a 77% successful yield. Although some of the spectra have
low intensities after baseline correction and processing, most successfully produced high intensity
data. It should be noted however that this is most likely due to the different type of nanoparticle
interactions; in liquid dyes, the spectra are generally a product of the sampling of a lot of dyenanoparticle complexes via the Brownian motion of the particles. For the hydrolysis method, the
sampled nanoparticles cluster near the surface of the fiber, thus most likely producing hotspots.
Not all spectra can be differentiated when compared side by side, and this is also reflected in the
LDA scatter plot.

Figure 78. Mean spectrum of Cotton sample 4 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 79. Mean spectrum of Cotton sample 5 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 80. Mean spectrum of Cotton sample 6 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 81. Mean spectrum of Cotton sample 7 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 82. Mean spectrum of Cotton sample 8 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 83. Mean spectrum of Cotton sample 9 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 84. Mean spectrum of Cotton sample 10 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 85. Mean spectrum of Cotton sample 11 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 86. Mean spectrum of Cotton sample 12 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 87. Mean spectrum of Cotton sample 13 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 88. Mean spectrum of Cotton sample 14 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 89. Mean spectrum of Cotton sample 15 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 90. Mean spectrum of Cotton sample 17 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 91. Mean spectrum of Cotton sample 18 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 92. Mean spectrum of Cotton sample 19 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 93. Mean spectrum of Cotton sample 20 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 94. Mean spectrum of Cotton sample 21 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 95. Mean spectrum of Cotton sample 22 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 96. Mean spectrum of Cotton sample 23 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 97. Mean spectrum of Cotton sample 27 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 98. Mean spectrum of Cotton sample 28 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 99. Mean spectrum of Cotton sample 29 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 100. Mean spectrum of Cotton sample 30 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 101. Linear Discriminant Analysis of Cotton samples Hydrofluoric acid hydrolysis collected using a 532-nm excitation
source.

2.

Nylons

A total of 12 nylon samples produced weak spectra when observed after HF exposure. This
means HF has a 40% successful yield. Three of the spectra were produced with the 785-nm laser,
while the rest used the 532-nm laser. Much like the cottons, the nylons cannot be clearly
differentiated when viewed side-by-side. This is also reflected in the random, undifferentiated
LDA two-dimensional scatter plot.

91

Figure 102. Mean spectrum of Nylon sample 1 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 103. Mean spectrum of Nylon sample 3 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 104. Mean spectrum of Nylon sample 4 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 105. Mean spectrum of Nylon sample 5 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 106. Mean spectrum of Nylon sample 6 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 107. Mean spectrum of Nylon sample 8 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

94

Figure 108. Mean spectrum of Nylon sample 9 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 109. Mean spectrum of Nylon sample 10 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 110. Mean spectrum of Nylon sample 14 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 111. Linear Discriminant Analysis of Nylon samples Hydrofluoric acid hydrolysis collected using a 532-nm excitation
source.
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Figure 112. Mean spectrum of Nylon sample 19 Hydrofluoric acid hydrolysis collected using a 785-nm excitation source.

Figure 113. Mean spectrum of Nylon sample 27 Hydrofluoric acid hydrolysis collected using a 785-nm excitation source.
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Figure 114. Mean spectrum of Nylon sample 28 Hydrofluoric acid hydrolysis collected using a 785-nm excitation source.
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3.

Polyesters

Like cotton and nylon, nineteen polyester samples (63% success yield) produced spectra
after HF hydrolysis that are not easily distinguished on side-by-side comparison, when using the
532-nm excitation laser. This is further evinced in the LDA scatter plots. No 785 nm excited
spectra were observed.

Figure 115. Mean spectrum of Polyester sample 3 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 116. Mean spectrum of Polyester sample 5 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 117. Mean spectrum of Polyester sample 7 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 118. Mean spectrum of Polyester sample 10 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 119. Mean spectrum of Polyester sample 11 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 120. Mean spectrum of Polyester sample 12 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 121. Mean spectrum of Polyester sample 13 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 122. Mean spectrum of Polyester sample 15 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 123. Mean spectrum of Polyester sample 16 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 124. Mean spectrum of Polyester sample 17 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 125. Mean spectrum of Polyester sample 19 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 126. Mean spectrum of Polyester sample 20 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 127. Mean spectrum of Polyester sample 21 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 128. Mean spectrum of Polyester sample 22 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 129. Mean spectrum of Polyester sample 23 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 130. Mean spectrum of Polyester sample 24 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 131. Mean spectrum of Polyester sample 25 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 132. Mean spectrum of Polyester sample 26 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 133. Mean spectrum of Polyester sample 29 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 134. Linear Discriminant Analysis of Polyester samples Hydrofluoric acid hydrolysis collected using a 532-nm excitation
source.

Hydrofluoric acid hydrolysis appears to have the highest spectra yield of the three chemical
interactions methods that were evaluated in this study, having an average yield of 60%, compared
to 44% for pyridine-ammonia-water, or 29% for dimethyformamide-1% EDTA. However, the
downside of this seemingly successful method is that it is difficult to firmly state whether the HF
fuming produces spectra that are characteristic of the dyes, or is it purely hydrolyzing surface sites
onto which the nanoparticles can attach, and produce polymer Raman spectra. This may be the
case, as indicated by the poor LDA separation ability of HF, and by the very similar spectra when
viewed side-by-side. Much like ATR-FT-IR, it seems to produce a spectrum mostly characteristic
of the fiber type, with perhaps minor peaks visible from dyes on the surface of the fibers.
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D.

In Situ SERS
Unlike extracts or hydrolyzed fiber surfaces, in situ analysis has been shown to sometimes

produce SERS spectra by the formation of films on the surface of the tested fibers. As seen below,
some signals were observed only for the 532-nm laser, with ten cotton, three nylon, and five
polyester samples producing spectra that were clearly different from the collected background.
The spectral intensities were varied, with some very low, and some very high enhancements
observed; much like the HF analysis, the LDA scatter plots for all three fiber types do not seem to
produce clearly definable groups. Nonetheless, visual inspection of the sample spectra clearly
shows some differentiating features both in spectral shape and pattern. Some examples can be seen
for cotton samples 4, 11, 21, 22, the three nylon samples, and polyester samples 25 and 27.
1.

Cottons

Figure 135. Mean spectrum of Cotton sample 2 in situ collected using a 532-nm excitation source.
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Figure 136. Mean spectrum of Cotton sample 3 in situ collected using a 532-nm excitation source.

Figure 137. Mean spectrum of Cotton sample 4 in situ collected using a 532-nm excitation source.
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Figure 138. Mean spectrum of Cotton sample 8 in situ collected using a 532-nm excitation source.

Figure 139. Mean spectrum of Cotton sample 11 in situ collected using a 532-nm excitation source.
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Figure 140. Mean spectrum of Cotton sample 17 in situ collected using a 532-nm excitation source.

Figure 141. Mean spectrum of Cotton sample 18 in situ collected using a 532-nm excitation source.
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Figure 142. Mean spectrum of Cotton sample 21 in situ collected using a 532-nm excitation source.

Figure 143. Mean spectrum of Cotton sample 22 in situ collected using a 532-nm excitation source.
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Figure 144. Mean spectrum of Cotton sample 24 in situ collected using a 532-nm excitation source.

Figure 145. Linear Discriminant Analysis of Cotton samples in situ collected using a 532-nm excitation source.
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2.

Nylons

Figure 146. Mean spectrum of Nylon sample 8 in situ collected using a 532-nm excitation source.

Figure 147. Mean spectrum of Nylon sample 21 in situ collected using a 532-nm excitation source.
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Figure 148. Mean spectrum of Nylon sample 29 in situ collected using a 532-nm excitation source.

Figure 149. Linear Discriminant Analysis of Nylon samples in situ collected using a 532-nm excitation source.
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3.

Polyesters

Figure 150. Mean spectrum of Polyester sample 23 in situ collected using a 532-nm excitation source.

Figure 151. Mean spectrum of Polyester sample 25 in situ collected using a 532-nm excitation source.

118

Figure 152. Mean spectrum of Polyester sample 26 in situ collected using a 532-nm excitation source.

Figure 153. Mean spectrum of Polyester sample 27 in situ collected using a 532-nm excitation source.
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Figure 154. Mean spectrum of Polyester sample 29 in situ collected using a 532-nm excitation source.

Figure 155. Linear Discriminant Analysis of Polyester samples in situ collected using a 532-nm excitation source.
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E.

Coffee-Ring SERS
Some sample extracts via DMF-EDTA and Pyridine-ammonia-water were observed to

produce poor, or no SER spectra. Given the literature suggestion that some of the solvents may be
too strong, thus extracting interfering agents from the fiber, thin-layer chromatography was
considered as a method with the demonstrated potential for separating dyes and dye mixtures for
on-plate SER spectra collection. However, after development of the spotted dyes using a 3:3:4
methanol-acetic acid-water mixture, the previously clearly colored dye spots had disappeared, with
no visible color remaining on any of the plate tracks. Testing various spots with normal Raman or
SERS on the plates produced no spectra different from the background. This means that generally
solvent tailoring would be necessary for extracts, requiring of a typical forensic analyst much more
work than this project proposed would be necessary.
Nonetheless, it was observed that, when spotted on the high-performance TLC plates, the
dyes would concentrate in strong ring bands on the circumference of the spots (see Fig. 156)
described as the coffee-ring effect. Given the nature of the plates, it could be supposed that
separation of the dye and interfering agents would follow outward from the center of the spotting
circle, allowing for the circumferential dye ring to be most likely a pure dye. A normal Raman
spectrum could be collected from those rings, after which spotting of a nanoparticle and aggregant
mixture adjacent to the ring, allowing the nanoparticle mixture to diffuse out and create an interface
with the dye ring would potentially allow for successful SER spectra collection. As seen in Figure
157, where the dye ring is erased or diluted by the nanoparticles, there is an expectation that the
dye would produce a SER spectrum.
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Figure 156. High performance TLC plate coffee-ring effect of dye extracts.
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Figure 157. Interface between coffee-ring dye and nanoparticles on high performance TLC plate, as viewed through the 10x
objective on the WiTec confocal Raman instrument.

Eighteen sample extracts that had not successfully produced acceptable SER spectra were
spotted on the TLC plates. Of these, twelve produced usable SER spectra, with only nine also
producing normal Raman spectra. It should be noted that for pyridine polyester sample 12 extract,
acidifying the nanoparticle spot produced a clearly defined spectrum. As shown in Figure 157, a
dilute interface between the nanoparticle and dye rings would be expected to produce a SER
spectrum. For polyester pyridine sample extracts 6 ,10, and 12, and nylon 9, 25, and 26, no
disruption of the dye ring was observed after nanoparticle addition, and no spectra were attainable
for SERS. The nylon spots produced high-fluorescence spectra for normal Raman investigations.
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Figure 158. Mean Normal Raman spectrum of Cotton sample 13 Coffee-Ring DMF extract collected using a 532-nm excitation
source.

Figure 159. Mean spectrum of Cotton sample 13 Coffee-Ring DMF extract collected using a 532-nm excitation source.
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Figure 160. Mean Normal Raman spectrum of Cotton sample 13 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.

Figure 161. Mean spectrum of Cotton sample 13 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.
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Figure 162. Mean Normal Raman spectrum of Cotton sample 17 Coffee-Ring DMF extract collected using a 532-nm excitation
source.

Figure 163. Mean spectrum of Cotton sample 17 Coffee-Ring DMF extract collected using a 532-nm excitation source.
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Figure 164. Mean Normal Raman spectrum of Cotton sample 17 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.

Figure 165. Mean spectrum of Cotton sample 17 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.
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Figure 166. Mean Normal Raman spectrum of Cotton sample 21 Coffee-Ring DMF extract collected using a 532-nm excitation
source.

Figure 167. Mean spectrum of Cotton sample 21 Coffee-Ring DMF extract collected using a 532-nm excitation source.
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Figure 168. Mean Normal Raman spectrum of Cotton sample 21 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.

Figure 169. Mean spectrum of Cotton sample 21 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.
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Figure 170. Mean Normal Raman spectrum of Cotton sample 30 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.

Figure 171. Mean spectrum of Cotton sample 30 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.
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Figure 172. Linear Discriminant Analysis of Cotton samples Coffee-Ring collected using a 532-nm excitation source.

Figure 173. Mean Normal Raman spectrum of Nylon sample 13 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.
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Figure 174. Mean spectrum of Nylon sample 13 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.

Figure 175. Mean Normal Raman spectrum of Nylon sample 23 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.
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Figure 176. Mean spectrum of Nylon sample 23 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.

Figure 177. Mean Normal Raman spectrum of Nylon sample 27 Coffee-Ring Pyridine extract collected using a 532-nm excitation
source.
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Figure 178. Mean spectrum of Nylon sample 27 Coffee-Ring Pyridine extract collected using a 532-nm excitation source.

Figure 179. Linear Discriminant Analysis of Nylon samples Coffee-Ring collected using a 532-nm excitation source.
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Figure 180. Mean Normal Raman spectrum of Polyester sample 12 Coffee-Ring Pyridine extract collected using a 532-nm
excitation source.

Figure 181. Mean spectrum of Polyester sample 12 Coffee-Ring Pyridine acidified extract collected using a 532-nm excitation
source.

135

F.

Fiber Method Summary
Tables 2 through 4 summarize the SERS methods investigated to obtain spectra from the

target fibers. It should be noted that, although HF appears to be the most successful method of the
four, both by visual comparison of spectra and LDA two-dimensional score plots, it is a method
of low differentiating potential. As previously postulated, an explanation could be that fuming
hydrolysis disrupts some of the fiber surface bonds, creating sites to which the nanoparticles can
aggregate; the Raman effect is then seen for the fiber polymer rather than for dyes, with weak
peaks being sometimes visible in the HF spectrum, but with an overall similar spectrum in each
fiber category. In situ sampling, although not ideal, did prove to have some varying levels of
success, with an overall 20% success yield. Further dedicated investigations and comparisons
between HF fuming and in situ sampling may reveal what the actual interactions between the
samples are in each circumstance.
Unlike HF, dimethylformamide-1% EDTA and pyridine-ammonia-water produce spectra
that are differentiable when compared visually, although the statistical analysis does not always
produce categorical clustering of the tested fiber extracts. This is not to say that the extraction
methods do no work; the statistical work attempted in this study is limited in scope due to the small
sample and sampling size. Given ample time, and routine fiber and fiber-dye investigations, an inhouse laboratory database could ultimately allow for more robust statistical discrimination
between analyses. Further, these two methods can be enhanced using the coffee-ring effect on
high-performance TLC plates, especially in the case of extracts with visible coloring, but not direct
observable SER spectra. The coffee-ring effect is similar to circular chromatography (Saifer,
Oreskes, 1953), however, without any addition of solvents aside from those already existing in the
sample spot. In some instances, the addition of HNO3 to acidify the sampled spots proved to be
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useful in promoting more dye-nanoparticle interactions, and resulting in obtaining a SER spectrum
from either sampled drops or TLC dyes spots.
Table 2. Summary of investigative methods for Cotton fiber samples.

Fiber
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30

Method
Color
Dimethylformamide Pyridine-ammonia-water HF In Situ
Pink
Y
Pink
Y
Pink
Y
Aquamarine Y*
Y
Y
Aquamarine
Y
Aquamarine Y
Y
Green
Y
Green
Y
Y
Green
Y
Light Blue
Y
Y
Light Blue
Y
Y
Y
Light Blue
Y
Y
Dark Blue
Y
Y
Y
Dark Blue
Y
Y
Dark Blue
Y
Y
Y
Orange
Y
Orange
Y
Y
Y
Orange
Y
Y
Red
Y
Y
Red
Y
Y
Red
Y
Y
Y
Y
Brown
Y
Y
Y
Brown
Y
Brown
Y
Yellow
Y
Yellow
Yellow
Y
Gray
Y
Y
Gray
Y
Y
Y
Gray
Y
Y

*Y indicates a successful spectrum generation after acidifying the spot.
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Coffee-Ring

Y

Y

Y

Y

Table 3. Summary of investigative methods for Nylon fiber samples.
Fiber
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
N30

Color
Brown
Brown
Brown
Yellow
Yellow
Yellow
Orange
Orange
Orange
Pink
Pink
Pink
Violet
Violet
Violet
Turquoise
Turquoise
Turquoise
Green
Green
Green
Blue
Blue
Blue
Purple
Purple
Purple
Red
Red
Red

Method
Dimethylformamide Pyridine-ammonia-water HF
Y
Y
Y

In Situ

Coffee-Ring

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y

Y
Y
Y

Y
Y
Y

Y
Y

Y

Y

Y

Y
Y*
Y

Y
Y
Y
Y
Y

Y*
Y*

Y

Y
Y

*Y indicates a successful spectrum generation after acidifying the spot.
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Table 4. Summary of investigative methods for Polyester fiber samples.

Fiber
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30

Method
Dimethylformamide Pyridine-ammonia-water HF In Situ Coffee-Ring
Y

Color
Light Brown
Light Brown
Light Brown
Brown
Brown
Brown
Gray
Y
Gray
Y
Gray
Red
Red
Red
Orange
Orange
Orange
Green
Green
Green
Aquamarine
Aquamarine
Aquamarine
Blue
Blue
Blue
Yellow
Yellow
Yellow
Violet
Violet
Violet
Y*

Y

Y
Y

Y
Y

Y

Y
Y
Y
Y
Y
Y

Y
Y
Y
Y

Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y
Y

Y

Y
Y
Y
Y
Y

Y

*Y indicates a successful spectrum generation after acidifying the spot.

139

G.

Forensic Case Simulation
Ten sample swatches of turquoise color were selected for testing known-questioned

hypotheses, to simulate a forensic case. All fibers were tested by ATR-FT-IR and were found to
be polyesters. The following represent the spectra obtained from the unknown samples by using
dimethylformamide-1% EDTA extraction, pyridine-ammonia-water extraction, and hydrofluoric
acid hydrolysis.
1.

Dimethylformamide – Water - EDTA extractions

Figure 182. Mean spectrum of Unknown sample 1 DMF extracts collected using a 532-nm excitation source.
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Figure 183. Mean spectrum of Unknown sample 2 DMF extracts collected using a 532-nm excitation source.

Figure 184. Mean spectrum of Unknown sample 3 DMF extracts collected using a 532-nm excitation source.
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Figure 185. Mean spectrum of Unknown sample 4 DMF extracts collected using a 532-nm excitation source.

Figure 186. Mean spectrum of Unknown sample 5 DMF extracts collected using a 532-nm excitation source.
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Figure 187. Mean spectrum of Unknown sample 6 DMF extracts collected using a 532-nm excitation source.

Figure 188. Mean spectrum of Unknown sample 7 DMF extracts collected using a 532-nm excitation source.
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Figure 189. Mean spectrum of Unknown sample 8 DMF extracts collected using a 532-nm excitation source.

Figure 190. Mean spectrum of Unknown sample 9 DMF extracts collected using a 532-nm excitation source.
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Figure 191. Mean spectrum of Unknown sample 10 DMF extracts collected using a 532-nm excitation source.

2.

Pyridine-Ammonia-Water extractions

Figure 192. Mean spectrum of Unknown sample 1 Pyridine extracts collected using a 532-nm excitation source.
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Figure 193. Mean spectrum of Unknown sample 2 Pyridine extracts collected using a 532-nm excitation source.

Figure 194. Mean spectrum of Unknown sample 3 Pyridine extracts collected using a 532-nm excitation source.
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Figure 195. Mean spectrum of Unknown sample 4 Pyridine extracts collected using a 532-nm excitation source.

Figure 196. Mean spectrum of Unknown sample 5 Pyridine extracts collected using a 532-nm excitation source.
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Figure 197. Mean spectrum of Unknown sample 6 Pyridine extracts collected using a 532-nm excitation source.

Figure 198. Mean spectrum of Unknown sample 7 Pyridine extracts collected using a 532-nm excitation source.
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Figure 199. Mean spectrum of Unknown sample 8 Pyridine extracts collected using a 532-nm excitation source.

Figure 200. Mean spectrum of Unknown sample 9 Pyridine extracts collected using a 532-nm excitation source.
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Figure 201. Mean spectrum of Unknown sample 10 Pyridine extracts collected using a 532-nm excitation source.

Figure 202. Mean spectrum of Unknown sample 3 Pyridine extracts collected using a 785-nm excitation source.
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Figure 203. Mean spectrum of Unknown sample 8 Pyridine extracts collected using a 785-nm excitation source.

Figure 204. Mean spectrum of Unknown sample 10 Pyridine extracts collected using a 785-nm excitation source.
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3.

Hydrofluoric Acid Hydrolysis

Figure 205. Mean spectrum of Unknown sample 1 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 206. Mean spectrum of Unknown sample 2 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 207. Mean spectrum of Unknown sample 3 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 208. Mean spectrum of Unknown sample 4 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 209. Mean spectrum of Unknown sample 5 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 210. Mean spectrum of Unknown sample 6 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 211. Mean spectrum of Unknown sample 7 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 212. Mean spectrum of Unknown sample 8 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 213. Mean spectrum of Unknown sample 9 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.

Figure 214. Mean spectrum of Unknown sample 10 Hydrofluoric acid hydrolysis collected using a 532-nm excitation source.
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Figure 215. Linear Discriminant Analysis of Known-Unknown sample DMF extracts collected using a 532-nm excitation source.

Figure 216. Linear Discriminant Analysis of Known-Unknown sample DMF extracts collected using a 785-nm excitation source.
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Table 5 shows the produced confusion matrix of predicted questioned and known DMFEDTA extracts as predicted using linear discriminant analysis. The overall accuracy is 1, and a
Cohen’s kappa of 1.
Table 5.Confusion Matrix and Statistics for dimethylformamide questioned and known 532 nm LDA
statistics.

Q10 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9
Prediction
K10D
K1D
K2D
K3D
K4D
K5D
K6D
K7D
K8D
K9D

1
0
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
0
1
0
0
0
0
0
0
0

0
0
0
1
0
0
0
0
0
0

0
0
0
0
1
0
0
0
0
0

0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0
1
0
0

0
0
0
0
0
0
0
0
1
0

0
0
0
0
0
0
0
0
0
1

Similarly, Table 6 shows the produced confusion matrix of predicted questioned-known
pyridine-ammonia-water extracts as predicted using linear discriminant analysis. The overall
accuracy is 1, and a Cohen’s kappa of 1.
Table 6. Confusion Matrix and Statistics for pyridine-ammonia-water questioned and known 532 nm LDA
statistics.

Q10 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9
Prediction
K10P
K1P
K2P
K3P
K4P
K5P
K6P
K7P
K8P
K9P

1
0
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
0
1
0
0
0
0
0
0
0

0
0
0
1
0
0
0
0
0
0
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0
0
0
0
1
0
0
0
0
0

0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0
1
0
0

0
0
0
0
0
0
0
0
1
0

0
0
0
0
0
0
0
0
0
1

Figure 217. Linear Discriminant Analysis of Known-Unknown sample Pyridine extracts collected using a 532-nm excitation
source.

Figure 218. Linear Discriminant Analysis of Known-Unknown sample Pyridine extracts collected using a 785-nm excitation
source.
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Figure 219. Linear Discriminant Analysis of Known-Unknown sample Hydrofluoric acid hydrolysis collected using a 532-nm
excitation source.

Figure 220. Linear Discriminant Analysis of Known-Unknown sample Hydrofluoric acid hydrolysis collected using a 785-nm
excitation source.
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Table 7 shows the produced confusion matrix of predicted questioned-known
hydrofluoric acid hydrolysis as predicted using linear discriminant analysis. The overall accuracy
is 0.3, and a Cohen’s kappa of 0.22.
Table 7. Confusion Matrix and Statistics for hydrofluoric acid hydrolyzed questioned and known 532 nm
LDA statistics.

Q10 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9
Prediction
K10HF
K1HF
K2HF
K3HF
K4HF
K5HF
K6HF
K7HF
K8HF
K9HF

1
0
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
1
0
0
0

0
1
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
1
0
0
0

As seen through both the two-dimensional LDA score plots and from the confusion matrix,
hydrofluoric acid hydrolysis is a poor method if needed to discriminate and classify questioned
and known fibers. One should note however that comparisons of the unknown spectra shows that
dimethylformamide extracts do not produce discriminating spectra; of the ten, only unknown fiber
samples 1, 9, and 10 have spectra that are different from the background. However, spectra for
unknowns 9 and 10 seem indistinguishable. Contrasting to this, pyridine-ammonia-water extracts
produce a fully discriminating spectrum, both proved by the LDA and confusion matrix, but also
by visual inspection of the spectra. For 532 nm excitation, only unknown sample 3 seems to have
a spectrum barely different from the background; nonetheless, the sample can be differentiated
when analyzed with the 785-nm excitation laser. Although the coffee-ring effect proved a useful
tool in analyzing the cotton, nylon, and polyester samples, it did not appear to be necessary for the
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forensic casework simulation, as one of the three methods proved viable for differentiating within
this closed set.
When all data for cotton, nylon, polyester, and unknown fiber pyridine-ammonia-water
extractions were combined, an LDA predictive analysis yielded an overall accuracy of 0.9, with a
Cohen’s kappa of 0.8889, with only questioned sample 9 incorrectly assigned as known sample 1.
This is simulating a more open set scenario for casework analysis. The fact that none of the
questioned samples were assigned to other groups indicates that SERS via pyridine-ammoniawater extracts can be a valuable tool for forensic use in analysis of dyes and fibers. A twodimensional LDA scores plot of this data (Fig 221) shows some grouping, but is nonetheless not
ideal in visualizing clearly the capacity for differentiation as much as the confusion matrix (Table
8).

Figure 221. LDA analysis of all sample, known, and questioned fiber extracts using pyridine-ammonia-water, at 532 nm excitation
wavelength.

162

Table 8. Comparison of all pyridine-ammonia-water extracts to questioned samples.

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10
Prediction
K1
K2
K3
K4
K5
K6
K7
K8
K9
K10

1
0
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0

0
0
1
0
0
0
0
0
0
0

0
0
0
1
0
0
0
0
0
0

0
0
0
0
1
0
0
0
0
0

0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0
1
0
0

1
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
1

Table 9 summarizes the success of obtaining data for questioned/known fibers via the three
tested methods; it should be noted that, although HF appears to produce a large number of spectra,
its ability to differentiate samples is very low; further, the LDA for dimethylformamide-EDTA
extracts would suggest, without visualizing the spectra, that it has great potential for
discrimination. Of the three pyridine-ammonia-water extracts seem to be the most efficient in both
successful extractions and yielding differentiable data for all tested samples.
Table 9. Summary table of unknown fiber testing using three methods.

Fiber
U1
U2
U3
U4
U5
U6
U7
U8
U9
U10

Method
Dimethylformamide Pyridine
Y
Y
N
Y
N
Y, Y
N
Y
N
Y
N
Y
N
Y
N
Y, Y
Y
Y
Y
Y, Y

HF
Y
Y
Y
Y
Y
Y
Y
Y
N
Y

Y – 532 nm spectrum Y – 785 nm spectrum
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Chapter 5
Conclusion and Further studies
Investigations into the extraction and analysis efficiency of the two solvent systems, in-situ
analysis, and hydrolysis revealed that the solvent system most suited for fiber dye analyses is the
pyridine-ammonia-water mixture. This is supported in by the fact that it had a higher extraction
yield than the dimethylformamide-1% EDTA system, and visual comparison of spectra reveals
discrete differences from sample to sample to allow qualitative determinations. Further, for the
most part, the pyridine extracts did not suffer from low intensity effects following baseline
correction; this indicates that the probability that the observed peaks are in fact due mostly to noise
is minimal, and that what is observed through SERS analysis is in fact a real dye extract interaction
to nanoparticles. It should be noted however that not all extracts, even when visibly colored,
resulted in successful SERS analyses. This is attributed to the fact that the extraction system
strength may be high enough to strip not only the targeted dye, but also other compounds from the
fiber, and this may impede successful enhancement or successful dye-nanoparticle bonding. This
fact has also been previously reported in the literature.
A potential solution to this issue is presented using the coffee-ring effect on highperformance thin-layer chromatography plates. It is possible that, due to the high separation
efficiency innate to these types of plates, even without TLC development a partial separation of
dye and interfering compounds still happens to the point where the dye becomes concentrated in a
narrow band that can then be analyzed by either normal Raman or SER spectroscopy. Some of the
presented extracts show no normal Raman signal after coffee-ring spotting, but do show a clear
strong SER signal with the addition of nanoparticles. In some instances, both for the coffee-ring
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extracts, and for liquid dyes combined with nanoparticles, the addition of nitric acid to acidify the
drop promotes dye-nanoparticle interactions and yields better SER spectra.
In situ analysis and hydrofluoric acid hydrolysis proved to be poor methods for dye analysis
on the fiber. For one, it is a rare instance where in situ nanoparticles bind directly to the dyes on
the fiber, and any signal that maybe observed is potentially due to hot-spotting. Although this
produces a recognizable dye spectrum, it also means that it has a low chance of reproducibility, as
hot spotting does not occur due to the target analyte, but rather due to the random chance of
nanoparticles binding and capturing a target analyte between their surfaces. For the part of
hydrofluoric acid, it appears that most produced spectra are more indicative of the fiber type, rather
than the dye; this is possibly an effect of fuming hydrolyzing sites on the fiber where the
nanoparticles would bind, and any enhancement effects are felt by the polymer, rather than the
targeted dye. As such, HF hydrolysis, much like ATR-FT-IR and normal Raman spectroscopy,
seems more suited for analysis of the substrate polymer, rather than that of the dye.
When applied to casework simulation, the pyridine-ammonia-water solvent system seemed
to produce the most reliable results, with respect to both visual qualification of the SER spectra,
as well as the statistical analysis. Within a closed set of ten turquoise fiber questioned-known set,
a linear discriminant prediction correctly classified all questioned fibers. When the closed set was
combined with all previously collected data from pyridine-ammonia-water extracts, thus
potentially simulating a database search method, or purely a more open-set scenario, only one of
the ten questioned fibers was improperly classified. However, that misclassification was not to a
different fiber type, or data set, but rather within the same closed set. This indicates a robustness
to the extraction method as well as SERS as a forensic tool, given that a further visual inspection
of the classified vs questioned spectra would indicate to an analyst that the result is misclassified,
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and not truly the correct class. Absorbance spectroscopy of the questioned fibers revealed a large
overlap between some of the fibers. As such, although a small separation can be attempted within
the set, it would result in a grouping, rather than individualizing result. Further, fluorescence
spectroscopy, for those fibers that did seem to fluoresce, produced fully overlapping spectra. This
would indicate that, as previously postulated, when a set of similarly colored fibers are to be
analyzed, an investigation past the absorbance/emission of those fibers is necessary for
individualization.
Further studies should be considered with respect to developing surface enhanced Raman
spectroscopy as a routinely used forensic tool. In this study, microwave reduced nanoparticles had
been used as the method of surface delivery; however, multiple methods of producing Raman
surfaces have been introduced over the years, and perhaps some of these could be explored.
Principally, the most useful methods to be considered would be those that remove the need for
extraction steps, such as hydrogels produced via embedding nanoparticles as well as an extraction
solvent within them. These can be then pressed onto target surfaces, or fibers, and directly analyzed
with a Raman system producing SER spectra. Further, the study should be expanded to encompass
more than the three fiber types that had been analyzed. Ideally, the extracts that are collected could
then be put through a GC-MS for dye identification; this could be then used to the eventual building
of a purely SERS database where a given spectrum can be assigned to a certain dye, given the
background GC-MS structural confirmation.
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Chapter 6
Contributions to the fields of Criminal Justice and Forensic Science
A general guideline for the forensic practitioner is proposed in regard to a given fiber or
fiber set in a case scenario. The fiber should be analyzed first as prescribed by the Scientific
Working Group for Materials Analysis Fiber subgroup, and that is by visual macro and
microscopical inspection, cross-sectioning, and UV/VIS, fluorescence and FT-IR analysis. This
would allow for classification of the fiber type, as well as elimination of any gross inconsistencies
between fibers (such as a fluorescent vs a non-fluorescent fiber). Following, a small portion of the
fiber should be extracted via pyridine-ammonia-water in a water bath; this extract can then be
analyzed through SER spectroscopy; if no spectrum is initially visible, even if the extracted is
colored, then acidifying the drop may help. If acid addition does not produce any result, a quick
spotting on a high-performance TLC plate followed by the addition of nanoparticles to the plate
adjacent the dye ring and retaking of SER spectra should lead to a result.
This research attempted to provide the missing link between the examination of fibers and
their extracted dyes via surface enhanced Raman spectroscopy. This approach is of tremendous
value not only to heritage preservation and analysis projects, but also to the forensic community.
Although fibers are a common type of evidence, the lack of a complete characterization of the
evidence by also a complete molecular analysis of the dye lessens their probative value.
Although questions of fiber origins can never truly be answered within the laboratory,
given the presented study, it should become evident that the potential for discriminating very
similar fibers is greatly amplified by using SER analysis on the fiber extracts. This further step,
which does not require prohibitive work times, use of exceptionally hazardous materials, or tedious
techniques, can be then a tremendously useful tool for strengthening the discrimination or common
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origin supposition of questioned and known fibers. From the statistical analysis, one can
understand that given a closed set, the likelihood of unaided misclassification is small; in a larger
data set, that likelihood remains small, but can be corrected by simple qualitative comparison of
questioned and search-hit spectra. Further, it should be noted that given the time and effort, a
laboratory can build a database that can be used for likelihood determinations, thus strengthening
and qualifying any forensic report regarding the analyzed fibers. This database can be appended
by GC-MS data of the extracts, which can be used for the identification of any target fiber dyes.
To date, there have been no further studies that utilize SERS for the analysis and
differentiation of fiber dyes; Groves, Palenik and Palenik (2018) present a robust method for
analyzing

dyes,

but

through

the

combination

of

multiple

methods

(HPTLC,

microspectrophotometry: Raman, IR, UV-VIS; color coding, etc.) and by using pure dyestuff for
the purposes of creating a working database. Where a large commercial dyestuff collection is
lacking, or the information is not public domain, a laboratory would have to adapt their methods
to suit each case; further, as seen in the present study, not all dyes have normal Raman signals, or
a non-fluorescent overpowering of the signal. Therefore, it is considered that a method such as
SERS is of advantage over normal Raman.
Given the successful classification results presented in this study, as well as high extraction
success and yield of SER spectra, it is evident that surface enhanced Raman spectroscopy is an
even more valuable tool in field of forensic analyses. Reproduction of the above method, as well
as its expansion should be encouraged, as it can eventually lead to the validation of SERS by both
practitioners and the courts. Further, SERS has been demonstrated as a useful tool for other type
of target analytes, such as drugs, explosives, organic gunshot residues, etc., proving its versatility
for the forensic field.
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Chapter 7
Appendices
Appendix I R© Script
library(rgl)
library(chemometrics)
library(pls)
library(caret)
library(MASS)
library(chemCal)
library(baseline)
library(hyperSpec)
library(airPLS)
library(foreign)
library(factoextra)
library(stringr)
library(signal)
library(dplyr)
setwd("/Users Working Directory/")
files <-list.files(pattern = ".*.csv")
laser.f<-0
for (i in 1:length(files)){
laser.f[i]<-as.numeric(str_extract(files[i],'([0-9][0-9][0-9])'))
}
dirn<-unlist(strsplit(files[1], split="_"))[1]
pt<-c(seq(1, by = 2, length=length(files)/2))
dir.create(paste("/Users Plots Directory/",dirn))
dir<-paste("/Users Plots Directory/",dirn)
#Main Reiterative Program
for (tz in c(pt)) {
setwd("/Users Working Directory/")
#Read Data and apply airPLS
temp<-read.csv(files[tz], sep = ",")
data<-matrix(ncol=ncol(temp), nrow=nrow(temp))
data[,1]<-temp[,1]
for (i in 2:ncol(temp)){
v<-airPLS(temp[,i])
data[,i]<-temp[,i]-v
mtr<-0
mtr<-sgolayfilt(data[,i], p = 3, n = 7)
data[,i]<-mtr
}
#Read Sample names
temp<-read.csv(files[(tz+1)], sep=",")
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colnames(data)=colnames(temp)
p<-colnames(data)
#Select Unique sample names
dat<-t(data[,2:ncol(data)])
cp<-0
cp2<-0
cp<-as.matrix(temp[,3:ncol(temp)])
cp2<-as.matrix(temp[,2:ncol(temp)])
rownames(dat)<-cp2
lbl<-factor(cp2[1,])
Ls<-unique(c(cp))
PcMat<-dat
zlp<-unique(cp2[1,])
zlbl<-0
zcol<-0
for(i in 1:length(zlp)){
zlbl[which(cp2[1,]==zlp[i])]<-i
zcol[which(cp2[1,]==zlp[i])]<-palette(rainbow(length(zlp)))[i]
}
#LDA&PLOT
pca.model<-prcomp(PcMat,center=TRUE,scale=TRUE)
vars <- apply(pca.model$x, 2, var)
props <- vars / sum(vars)
Mpc<-max(which(cumsum(props)<0.96))
Zpc<-predict(pca.model)[,1:Mpc]
lda.model<-lda(Zpc,lbl)
Mcv<-3
Acv<-lda.model$scaling[,1:Mcv]
Zcv<-Zpc %*% Acv
setwd(dir)
jpeg(filename=paste("LDA",dirn,"_",laser.f[tz],".jpg", sep = ""), res=300, width = 1800, height
= 1200)
opar = par(oma = c(0,0,0,5.5))
plot(Zcv[,1],Zcv[,2],col=zcol,pch=16,xlab="LD1",ylab="LD2")
box()
title(paste("LDA Score Plot of",dirn,"using",laser.f[tz],"nm"))
par(opar)
opar = par(oma = c(0,0,0,0), mar = c(0,0,0,0), new = TRUE)
legend("right", inset = -0.075, legend=zlp, col=unique(zcol),pch=16, title="Color Legend",
cex=0.5, ncol=2)
par(opar)
dev.off()
# Spectra Plots
meanmat<-matrix(ncol=length(Ls), nrow=nrow(data))
colnames(meanmat)<-Ls
for (j in 1:length(Ls)) {
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l1<-min(which(cp==Ls[j]))
l2<-max(which(cp==Ls[j]))
dat3<-0
dat3<-cbind(data[,1],data[,l1:l2])
nr<-ncol(dat3)
dat3<-cbind(dat3, 0, 0, 0)
for (i in 1:nrow(dat3)) {
dat3[i,(nr+1)]<-mean(dat3[i,2:nr])
dat3[i,(nr+2)]<-dat3[i,(nr+1)]-sd(dat3[i,2:nr])
dat3[i,(nr+3)]<-dat3[i,(nr+1)]+sd(dat3[i,2:nr])
}
pl.mi<-0
pl.ma<-0
if (laser.f[tz] == 532) {
pl.mi<-800
pl.ma<-1600
} else if (laser.f[tz] == 785) {
pl.mi<-200
pl.ma<-1850
}
da<-cbind(dat3[,1],dat3[,(nr+1):(nr+3)])
colnames(da)<-c("wavenumber","mean","min","max")
da2<-da[which(da[,1]>pl.mi & da[,1]<pl.ma),]
attach(as.data.frame(da2))
meanmat[,j]<-da[,2]
jpeg(filename=paste(dirn,"_",laser.f[tz],"_", Ls[j], ".jpg", sep = ""), res=300, width = 1800,
height = 1200)
ti<-c("Mean spectrum of", Ls[j])
wmin<-min(which(da[,1]>pl.mi))
wmax<-max(which(da[,1]<pl.ma))
ylmax<-c(max(data[wmin:wmax,2]), max(da[wmin:wmax,2]), max(da[wmin:wmax,3]),
max(da[wmin:wmax,4]))
bmax<-max(ylmax, na.rm = TRUE)
ylmin<-min(-10, da[wmin:wmax,3], na.rm=TRUE)
plot(wavenumber, data[which(da[,1]>pl.mi & da[,1]<pl.ma),2], ylim=c(ylmin, bmax), type="l",
col="blue", xlab = expression("Wavenumber Shift cm"^-1), ylab="Intensity", main=ti)
points(wavenumber, min, type="l", col="grey")
points(wavenumber, max, type="l", col="grey")
polygon(c(wavenumber, rev(wavenumber)), c(max, rev(min)), col = "grey", border = NA)
points(wavenumber, data[which(da[,1]>pl.mi & da[,1]<pl.ma),2], type="l", col="blue")
points(wavenumber, mean, type="l", col="red")
lls<-paste(laser.f[tz],"nm", sep=" ")
legend("bottomright", c("Background","Mean","SD", lls), col = c("blue","red","grey","black"),
lty=1, cex = 0.5, inset=c(0,1), xpd=TRUE, horiz=TRUE, bty="y")
dev.off()
}}
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Appendix II
ATR-FT-IR Data

Figure 222. Polystyrene standard vs database polystyrene.

Figure 223. ATR-FT-IR spectra of Cotton samples 1 through 5, and a standard database cotton fiber spectrum.
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Figure 224. ATR-FT-IR spectra of Cotton samples 6 through 10.

Figure 225. ATR-FT-IR spectra of Cotton samples 11 through 15.
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Figure 226. ATR-FT-IR spectra of Cotton samples 16 through 20.

Figure 227. ATR-FT-IR spectra of Cotton samples 21 through 25.
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Figure 228. ATR-FT-IR spectra of Cotton samples 25 through 30.

Figure 229. ATR-FT-IR spectra of Nylon samples 1 through 5, and a standard database nylon fiber spectrum.
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Figure 230. ATR-FT-IR spectra of Nylon samples 6 through 10.

Figure 231. ATR-FT-IR spectra of Nylon samples 11 through 15.
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Figure 232. ATR-FT-IR spectra of Nylon samples 16 through 20.

Figure 233. ATR-FT-IR spectra of Nylon samples 21 through 25.
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Figure 234. ATR-FT-IR spectra of Nylon samples 26 through 30.

Figure 235. ATR-FT-IR spectra of Polyester samples 1 through 5, and a standard database polyester fiber spectrum.
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Figure 236. ATR-FT-IR spectra of Polyester samples 6 through 10.

Figure 237. ATR-FT-IR spectra of Polyester samples 11 through 15.
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Figure 238. ATR-FT-IR spectra of Polyester samples 16 through 20.

Figure 239. ATR-FT-IR spectra of Polyester samples 21 through 25.
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Figure 240. ATR-FT-IR spectra of Polyester samples 26 through 30.

184

Figure 241. ATR-FT-IR spectra of Unknown samples 1 through 5, and a standard database polyester fiber spectrum.

Figure 242.. ATR-FT-IR spectra of Unknown samples 6 through 10, and a standard database polyester fiber spectrum.
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Appendix III
Normal Raman Data

Figure 243. Normal Raman spectra of Cotton samples 1 through 10 collected using a 532 nm laser.

Figure 244. Normal Raman spectra of Cotton samples 1 through 15, 17, 21, 22, 24, 25 collected using a 532 nm laser.
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Figure 245. Normal Raman spectra of Cotton samples 16 collected using a 532 nm laser.

Figure 246. Normal Raman spectra of Cotton samples 18, 19, 20, 23 collected using a 532 nm laser.
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Figure 247. Normal Raman spectra of Cotton samples 26 through 30 collected using a 532 nm laser.

Figure 248. Normal Raman spectra of Nylon samples 1, 2, 3, 5, 6, 7 collected using a 532 nm laser.
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Figure 249. Normal Raman spectra of Nylon samples 4, 8, 9, 10, 13, 14 collected using a 532 nm laser.

Figure 250. Normal Raman spectra of Nylon samples 11, 12, 16, 17, 19 through 22, 24, 28, 29, 30 collected using a 532 nm laser.
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Figure 251. Normal Raman spectra of Nylon samples 15, 18, 23, 25, 26, 27 collected using a 532 nm laser.

Figure 252. Normal Raman spectra of Polyester samples 1 through 10 collected using a 532 nm laser.
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Figure 253. Normal Raman spectra of Polyester samples 11 through 20 collected using a 532 nm laser.

Figure 254. Normal Raman spectra of Polyester samples 21 through 30 collected using a 532 nm laser.

192

Figure 255. Normal Raman spectra of Unknown samples 1 through 6 and background, collected using a 532 nm laser.

Figure 256. Normal Raman spectra of Polyester samples 7 through 10 collected using a 532 nm laser.
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Appendix IV
Absorbance and Fluorescence Data of Unknown Fibers

Figure 257. Absorbance spectra of unknown fibers 1 - 10.

Figure 258. Fluorescence spectra of unknown fibers 2, 5, 6, 7, 8, 10
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